Early and Intermediate Visual System

NEU/MOL 502A: From Molecules to Systems to Behavior



Overview

e Retina and Thalamus
* Moving up the cortical hierarchy
* Beginning to Parse Objects: How to distinguish figure and ground?



The Visual Hierarchy

The ‘subway map’ of the visual
brain.

Often misinterpreted to mean
unidirectional connections —
almost all of these connections
are bidirectional.

NOTE: Even LGN receives more
inputs from V1 than from the
retinal




Anatomy of the Eye
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Photoreceptors: Rods and Cones

Your eye has two classes of

photoreceptors: rods and cones.

Outer segment
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Both work in roughly the same way: light causes a
conformational change in a membrane-bound G-coupled
protein which closes Na+ channels, hyperpolarizing the
rod/cone and stopping the release of Glutamate.
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Photoreceptors: Rods and Cones are Tuned Differently

Rods are much more sensitive to light than cones. All four photoreceptors have different

responses to wavelengths.
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Photoreceptors: Distribution of Rods and Cones

Distribution of Cones
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Visual Responses in the Retina

Signals propagate through several layers of neurons in the retina. Canonically,
these have identified three stages, each with lateral connections.
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Visual Responses in the Retina
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Detecting changes in firing rate of neurons
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Building Color Opponency in the Brain
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Opponency in all sensory systems...
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Three of the Major Retinal Ganglion Cell Types

e Midget (ON, OFF)
e Parasol (ON, OFF)

e Small bistratified
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The Visual Heirarchy

The ‘subway map’ of the visual

brain.
Often misinterpreted to mean
unidirectional connections — H ; =
almost all of these connections SR o
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Projections from Retina into Thalamus
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Organization of LGN
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The Visual Heirarchy

The ‘subway map’ of the visual
brain.

Often misinterpreted to mean
unidirectional connections —
almost all of these connections
are bidirectional.

NOTE: Even LGN receives more
inputs from V1 than from the
retinal
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LGN Projects into Primary Visual Cortex

Unlike the retina, the cortex no longer has to deal with a direct spatial
mapping — it can expand those regions of greatest interest. This leads to

cortical magnification.
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Inputs from LGN to V1 largely target
layer 4. However, the exact layer
depends on the cell type. This leads to a
separation between parvo and magno
inputs.



Neural Receptive Fields in V1

Experimental Setup Orientation Selectivity
Ll;.,‘l\tl:dr:flmu]ua Of a lSimple’ Ce“




LGN and V1 Simple Cells
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V1 Complex Cells

Translational invariance with Translational invariance, plus
orientation selectivity directional selectivity




Models of V1 Responses

e LGN =» Simple Cell




Organization across cortical layers

Complex Cell

Simple Cell

Orientation
Selectivity

LGN @ «— I,



Cortical Hierarchy



Anatomical distinctions between regions

—— Brain regions were initially differentiated
based on cytoarchitectonic markers.
A/I Striation in V1 I
: "/,,..% Distinction between striate and extra-striate
' “v.-,%’ cortex is obvious. However, distinguishing

M between many other extra-striate regions is
difficult based on anatomy alone.

V2 is not striated I

Gattass, Gross, Sandell J Comp Neuro 1981



Receptive Fields Increase Along Cortical Hierarchy
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Receptive Fields Increase Along Cortical Hierarchy

Receptive field size




V2 Anatomy and Topography
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V1 to IT: Visual complexity increases along hierarchy

Neurons in V1 respond to ‘simple’ visual properties, such as orientation, spatial frequency, and motion.

V1: Simple cells respond to oriented bars ‘End-stop’ cells respond to oriented bars
with a specific length

Receptive_ |
field N

Cell
response —_—

Stmulus: on off



V2: Conjunction of Lines

=]
]

180

27(0°

Classical Receptive Field

Line 2
;‘.._'-."L[f..-'_..-,‘l

V2 neurons begin to respond to object parts, such as corners

= r Y«

B <<

TS

{ L

N\

B s

-

A A

AN

L

v ¢ N™AA NN\
1(('\\\\/\#b}




V4: Increasing complexity and invariance
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V4: Increasing complexity and invariance

Convexity: ———Convex

V4 neurons show greater complexity
than V2 as well as growing invariance
to contrast and translation.
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V4: Increasing complexity and invariance

Convexity: —————Convex

V4 neurons show greater complexity
than V2 as well as growing invariance
to contrast and translation.

Spatial Invariance within RF
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Posterior |T Responds to Comblnatlons of Surfaces

How do you find the response
properties of neurons that
respond to increasingly
complex stimuli?

Learn it!

X
ANNOAGONG BER
A0aupDoEn HEDRpneR
QEAENEENE BoSODAannn

dabanoinnnnE Ooananonnn

Yamane et al, Nat Neuro 2008




Posterior IT Responds to Combinations of Surfaces

Repeated runs finds a neuron responds
to similar shapes (it is ‘tuned’)
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Posterior IT Responds to Combinations of Surfaces
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Visual complexity increases along cortical hierarchy

Posterior IT neurons respond

to surface parts of objects

V4 neurons are invariant to
translation and contrast inversion

O 00000

V2 neurons begin to respond to
object parts, such as corners
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Building Models of the Visual System

RET
Construct hierarchy models that attempt B ° S5
to mimic the hierarchy used by the brain. -
= 3
Increasing complexity of representations . N |
A S4

along hierarchy is matched by increased
spatial receptive fields.

PG Cortex

Alternating layers of average (e.g. simple
cells) followed by winner-take-all (e.g.
complex cells).

This performs surprisingly well — one of the | N 52

best computer vision algorithms we have 5 SIS _____ ‘ S C1

to date... '] U:FI 0008 000 .‘6% eo0® S
+ ’ *.. "\

L
N\
RO A0
s Vs,
A “v

dorsal stream : ventral stream L+ Complex cells O Simple cells ;
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f 2 L 4 = Main routes - TUNING
- Bypass routes wee MAX
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Gabriel Kreiman (2008) Biological object recognition. Scholarpedia, 3(6):2667.



Cortical Hierarchy

Dorsal pathway

Classically, neuroscientists have defined two
separate ‘streams’ of processing in visual
cortex.

Parietal

Frontal
A ventral pathway that does object

perception and a dorsal pathway that does
object localization.

Occipital

Temporal Ventral pathway



Anatomical and Physiological Evidence for Separate
Pathways
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Anatomical and Physiological Evidence for Separate
Pathways

E Color

=—= Depth

<~X1 Direction

-\VI/ - Orientation

[ —  Complex form

Parvocellular

L Midget
;-Z“’f?‘ ganglion
U cells

Magno-
cellular ;
4~ Parasol
LGN A9 %, ganglion
I3 o cells
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Motion Perception



Area MT: Percelving motion

Motion perception begins in V1: Similar selectivity is seen in area MT:
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Area MT: Stimulating MT induces motion perception

Electrical stimulation biases perception, as if there is an
additional stimulus in the neuron’s preferred direction.
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Perceiving Flow Fields

It is important to perceive movement that extends across the entire visual field, as it can provide information about
heading direction. In addition, it is necessary to subtract the global motion from any local movement signal in order

to accurately calculate movement. PLANAR
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Perceiving Flow Fields

It is important to perceive movement that extends across the entire visual field, as it can provide information about

heading direction. In addition, it is necessary to subtract the global motion from any local movement signal in order
to accurately calculate movement.

MST neurons represent full-field movement.
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Perceiving Flow Fields

It is important to perceive movement that extends across the entire visual field, as it can provide information about
heading direction. In addition, it is necessary to subtract the global motion from any local movement signal in order to

accurately calculate movement.
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Visual complexity increases along cortical hierarchy

MST responds to
full-field movement
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NOTE: MT doesn’t require V1; lesioning V1
preserves motion selectivity in MT (most likely

due to projections from SC)

Rodman et al, J Neurosci 1989



Interactions between Motion and Objects

Movement helps define objects while object
information helps constrain movement.

Dorsal pathway

Frontal

L Ventral pathway
8 Temporal

If true, then how is information shared? How separate
are the two streams?

www.georgemather.com



http://www.georgemather.com/

Visual Perception and Art

I Look @ eyes: Smile

Look @ mouth: No smile

Spatial frequency effects perception of Mona Lisa’s smile.

Picasso uses water
color effect.

Matisse relies on
figure/ground
segregation.
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