


(A) TS< H eAdxioTn ataitnon

\ Cluster of light- yla n dnuioupyia

sensitive cells opBaAuoU eival n
UTTAPEN OCUMTTAEYUATOC

(B) Light-sensitive cells clustered in a pitlike depression (PWTOUTIOOEKTIKWY

othe i KUTTAPWYV TTOU

TePIBAAAOvVTaI ATTO

KUTTAPQA TTOU TTEPIEXOUV

TTPOOTATEUTIKN paupn

XPWOTIKN.
(O H KUpla Asitoupyia Twv
@@ S PWTOUTTOOOXEWV Eival
§ . .
Qg g& ~Pinhole eye 11 RETATRIOTH TOU BT
FRE (QWTOVIA) Oc XTHIKI)
EVEPYEIQ.

(D) (E) Cornea

oo T

Opening closed with Eye with cornea
transparent skin and lens
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H EuyAnvn €xel pia oTrTikA KNAida yia
TNV aviXveuon Tou QwToG. Agv UTTOPEI
va BewpnBei wc oPOAAUOC KaBwGS
avTIAaPBAveTal JOVO TNV EVTACT TOU
QPWTOC Kal kaBopilel TNV KaTeLBuUvonN
NG Kivnong Tng EuyAnvng mmpog
QewTeIvA TTNYN. To oTiyua atroTeAgiTal
atro 30-40 Kokkia B-kapoTivng
(TTPOOTATEUTIKA XPWOTIKN).
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A blue-light-activated
flavoprotein, adenylyl cyclase,
mediates photoavoidance in
Euglena gracilis

Mineo Iseki, et al, Nature 415,
1047-1051 (28 February 2002).

O pwrtouTtrodoxEag
Bpioketal oto PAB

(50 oTeva TOTTOBETNUEVES
avadITTAWOEIC TNG

MEPPBPAVNG)

H qwTtocuaioBntn adevuAikil KUKAGoN atroTeAgiTal atrd 2 a-uttouovAadeg Kal 2 3-uTtouo-
vadec. Kabe utropovada TrepiEXel U0 TTEPIOXEC aUuvOEoNG QAARBIVWYV KAl QU0 KATAAUTIKEG
TTepIoxEC AC. Ta @wTovia ICoUEPILIVOUYV TIC PAaBives Kal evepyoTrolouv Tnv AC.

H augnon Tou cAMP odnyei o€ augnon Tou Ca?* kal Kivnon Tou JaoTiyiou.




OTTIKES KNAISEC - MAavapia

PG
AVIXVELETAI UOVO TO PWG TTOL
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OTITIKN XPWOTIKN —
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HaLPEN XPWOTIKN

OTITIKN KNAiSa |

TO PG TTOL TTEPTEI ATTO TTAQYIQ

KaTeLOLVON &€V AVIXVEVETAI YIATI

ATTOPPOPATAI ATTO KOTTAEA TTOL
TTEPIEXOLY PALEN XPWOTIKN






TO PG TTOL TTEPTEI ATTO ALTAYV TNV
KaTeLOLVON Sev AVIXVELETAI YIATI
ATTOPEOPATAI ATTO KOTTAPA TTOL

TTEPIEXOLY PAVPN XPWOTIKN

H mAavdplo amopakpUVETOL oo
™V GWTELVA TTNYR Kol
KateuBUVETAL TIPOC TO OKOTASL

Qwtoevaiodnta kUTTAPA TTOU
nepléxouv podoivn

OnTka vevpa Xpwpodopa kutTOpQ
TPOG TOV LLE T(POOTOTEVUTIKN
gykédaho HaUupn XPWOTLKA




Light-sensitive organs in a common ancestor
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ZTa paTLa Tovu eidouc apposition
(mapaBsong), Ta oppatidia
Aseltoupyouv aveéaptnta, SnAadn To
KAOe oppoatidlo BAEmeL To mepfariov
LE €va TPOTIO AVEEAPTNTO aTto T AAAL
oppatidLa.

Ta KUTTAPA PE ATIOPPODNTLKEC
PWTOXPWOTIKEC oxnuati{ouv TETOLO
XITwva yupw aro tov apdLBAnotposldn
WOTE TO GWC TTOU TIPOEPXETAL ATIO TOV
Papswpa  pako, Sev punopet va ptavel oe
VELTOVIKA oppatidla. To oxtw
pafdopepn oxnuatilouyv pla evotnta.
To kaBe pafdopepec epebiletal oe
guBela avaloyia pE TNV MocoTNTA
dWTOC TTOU TIPOEPXETOL ATIO TO UEPOC
Tou meplfariovtoc nou Pploketal
LTIPOOTA TOU O€ OXEOoN HE ToV afova
Tou oppatidiov.

PapSmua XpwoTiKN

ZTa paTia tov €i60¢ superposition
(umépBeonc),to oppatidla
ocuvepyalovtal, yloti utapyxouv Atya
KOTTOPO LE ATIOPPOPNTIKEC XPWOTLKEG.




To k&Be oppartidlo 0O PAETTEl TO  PEPOC  TOU
TTEPIBAAAOVTOC TTOU BPICKETAI PTTPOOTA TOU, GAAA pOVO
TV TT000TNTA TOU QWTOC O€ QUTO TO MEPOG, ONAadM
avTIAauBaveTal éva JOVO OnPEIO WS TTI0 OKOUPO 1] WG TTIO
QAVOIXTO.

H troiotnTa 1ng €ikévac BéRBaia e€aptdaral amrd 10 aplOuo
TWV OMMATIOIWY, OTTWC OTIC YNYPIAKES EIKOVEC N TTOIOTATA
eCapTatal atrd ToV ApIBUO TWV EIKOVOOTOIXEIWV.

Ta nétala tng Wedelia trilobata daivovtal otov avBpwrto Kitpva, EVw OTLC
HEALOOEC oL oTtoieg SLakpivouv To uTtEPLWOEG, PaivovTal UMAE. ZNUELWOTE OTL TO
KEVTPO TOU AoUAoudLoU OTtoU PPLOKETOL TO VEKTAP ELVOL TTLO EVTOVA
XPWHOTLOUEVO.



Eye
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Ta paBodouepr) R1-R6
ekppadlouv TNV oyivn Rh1
EUPEOC PAOATOG.

To paBdouepéc R7
ekppadel Tnv oyivn Rh3-
Rh4 1T0U atmroppopd TO
UTTEPIWOEG.

To paBdopepéc R8
ekppadel Tnv owivn Rh5
TTOU ATTOPPOPA TO MTTAE
Pwc Kal TNV Rh6 110U
aATTOPPOPA TO TIPACIVO.



To pATI TOTTOL KAPEPAG TWV BNAACTIKWYV
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Ciliary
muscle

Cornea / o e Choroid
Sl \ b =S \ . \
“n\n\ sl W\ — Retina
B o - e .o

s I Optic

To €idwAo TWV aAvTIKEINEVWY TToU TTPORAAAETalI TTAVW OTOV au@IBANCTPOEIDN
XITWva €ival aveoTpaAuPEVO. AUTOC O TTPOCAVATOAIONOG Oev ONMIOUPYEI KATTOIO
TTPORANUA yIa ToV eYKEPAAO. O eyKEPAAOG dNUIOUPYEI TOV ECWTEPIKO KOO KAl £TOI
Oev eVOIQQEPETAlI TIWG TO €IOWAO TTPOCAVATOAICETAI QAPXIKA, MTTOPEI va KAVEI
TTPOCAPUOYEGC AOXETA ATTO TOV TTPOCAVATOAIOUO TWV EIKOVWY TTOU JEXETA.

Eav @opcoeig yuaAid TTou avTIOTPEPOUV TA OTITIKA QVTIKEIMEVA KAl CUVEXIOEIG VA
Ta QOPAC YIA APKETEC MEPEC, O KOOUOG aTNV apXN 6a TTapouaidleTal aveOTPAUMEVOS
OAAG PETA CaQVIKA Ba @aiveTal KAVOVIKOG €TTEION 0 eykKEPaAAOG Ba dlopBwaoel Tnv
dlaoTpERAWON. TeplEpyws, POAIGC aQAIPEDEIC TA YUOAAIQ O KOOMWOG TTpocwpivd Ba
QAIVETAI AVECTPAMMEVOS AAAN pIa @opd. TeEAIKA, 0 eYKEPAAOG Ba AUCEI TOV YpipOo Kal
0 KOOUOG Ba €TTIOTPEWEI OTOV CWAOTO TTPOCAVATOAITUO.




For near vision, ciliary
muscles contract, causing
the lens to round up.

OT1rTIKO
veUpo

~ AKTIVWTO oWua

For distant vision, ciliary muscles
relax and suspensory ligaments
pull the lens into a flatter shape.

BoBoni

L o d

Qxpn
KnAida

D




MeAavivn: attoppo®d T0 WG TTOU £XEI DIATTEPACEI TOUG BIOKOUG TWV PaRdiwv aTTOTPETTOVTAG TO VA
dlaoKOPTTIOTEN (OKEOQAOTUOG) OTN OTIBAdA TWV PUWTOUTTOOOXEWV

Light travels through layers of transparent ... and is absorbed by the rods and
neurons—ganglion, amacrine, bipolar, cones (the photoreceptive layer) at
and horizontal cells... the back of the retina.
To optic nerve 4 \ Photoreceptors
[ s N 7 A N
Cornea Lens Retina Amacrine  Bipolar  Cone Rod Pigmented
cell cell epithelium
Lich I 6
ight Tty g
—
Ao} ToL APPIBA 5 . |
opn Tov ApPIBANGTPOEISN Ganglion cells /\ Horizontal cell
. Axons of
100 exar. Pab§|a ganglion Visual information is processed
4 e¢kar. Kwvia cells through several layers of neurons...

1 ekar. MayyAiakd kUTTApPA

...and finally converges on ganglion
cells, which send their axons to the brain.
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(a) Cross section of eye
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Rod and epithelium
cone cell
(b) Cross section layer
of retina Bipolar
cell layer
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(c) Photoreceptors (d) Outer segments of rod
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cell

Cone
cell

(e) Transmitter release from
base of rod
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. O 6iokol €xouv wn Lovo Alywv

' eBSopadwy, HETAVOOTEVOUV TIPOC TA AKPQA,
Staxeovtal Kot GoyoKUTTOPWVOVTAL o Ta
XPWOTLKA eTONALOKA KUTTOPAL.
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PaBéia:

100 ekatoppupLa

MeyaAn evaitoOnoia oto pwg
(meplocotepoug diokoug).

XapnAn avaAvon oto Xwpo.
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XPWHATWVY. MepLéxouv pia
XPWOTLKN.
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EUpoc Aettoupyiog Papdiwv kot Kwviwv

Quwrtewvotnto
- -4 2 0 . !
Aotepo | Qeyyapo QOwTtlopog ’
dwg - dwg EOWTEPLKOU XWPOU H)\_lOC

OxL xpwuatikn 6paocn XpwpaTtikn 6pacn
XapnAn kavotnta avr't}\mlrmq YynAn kavédtnto avtidndng
Omtkny & skotomik) —#——— Meoomk) — PR TR} 1) (TG 4
Aettoupyla T | : T 50% bleach *
paBSiwy KwVIiwV twv papdiwy  acuty aphthalm- passible
Eekwva sope
PaBoia
Kwvia

2.€ METPIO ETTITTEDQ PUWTOC
AgiIToupyouv Kal Ta pafdia Kai
Ta KWwvia



- Oaopata anoppodnong Twv Kwviwv: Ta tpia €idn Kwviwv TepLExouv SLadopeTLKA HopLa
oivng, kaBeva amnod ta onoila anoppodd o AAAO UKOG KUUATOC .

- H Urtapén tplwv umodoxewv Kwviwv cUPUBAAAEL oTnVv avtiAnPpn Touv XpWHOTOC.

- OL TPELG TUTIOL KWVIWV Katavepovtal tuxaia otov apdBAnotpoeldn, yL'auto eipoote tkovol
va VTIAOUBAVOUOOTE TA XPWHOTO CUVEX KATA TTAATOC TOU OTtTIKOU Tediou.

- Ytapxouv (ool aplOpol KOKKIVWV Kal TTPACLVWY KwVIwV, EVW UTIAPXOUV ALyOTEPA UTTAE, TTOU
onualvel eipaote Alyotepo evaloOnNTOL OTO UITAE XpWHA TOU opaTtol PpACUATOC.

S- - L-co_nes

1 559 nm

S (short) i p1TAE
M (middle) ; Trpdoivol
L (large) fj KOKKIvOI

Relative absorbance

Cones

400 450 300 530 600 650
Wavelength (nm)
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10.25 Responses of the Four Main Types of Spec-



Receptors/mm?

Avion Katavopn Papéiwv kot Kwviwv otov AvBpwrniivo ApudLBAnotpoeidn
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Distance from the fovea (degrees)

Percentage of acuity
(relative to foveal acuity)

1004

Temporal side Nasal side

Distance from the fovea (degrees)

Ta papdia kai Ta Kwvia ToikiAouv
o€ ap1Ouod Kal KaTtavoun eykdpoia
Tou ap@IPAncTpocIdn.

H diapopd oTnv oTtTIKA 0EUTNTA
opeiAeTAlI OTNV KATAVOUA TWV
KWViwv.



Retina
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Receptors/mm?

Avion Katavopn Papéiwv kot Kwviwv otov AvBpwrniivo ApudLBAnotpoeidn
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160,000 4
140,000 1
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60,000 4 f
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20,000 A
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(relative to foveal acuity)
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To TUPAO anpeio Oev TTepIEXEI
pwToUTOod0XEIC
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Fig 8. Schematic diagram of Rhodopsin in the outer segment discs.
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Light

cis Isomer trans isomer
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(pigment appears purple) (“bleached” pigment appears clear)




DoTopeTaywyn: Nwc N aAAayn SIapoPPWoNG TNS PETIVAOANG HETASISE

OTA VELPIKA KOTTAPA TO OTITIKO £pEBICUA

UEUPOAVR TOL EEWTEPIKOL TUNUATOG
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Light stimulates a small,
circular area of the retina.

Photoreceptors in a circular
receptive field send input
to a single ganglion cell.

Photoreceptors

> Light

e

/

Pattern of light
stimulating retina

RESULTS
Stimulus patterns
on retina

Complete darkness

Small spot falling
on center of
receptive field

Large spot covering
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Ring of light excluding
center of receptive field

An oscilloscope shows —
action potentials generated 111
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Bipolar cells

Action potentials in
on-center ganglion cell

Stimulus

of brain

Ganglion cell

Action potentials in
off-center ganglion cell

Stimulus

An off-center ganglion cell is stimulated by
light falling on its receptive field’s surround
and is inhibited by light falling on its center.

An on-center ganglion cell is
inhibited by a ring of light falling
on its receptive field’s surround.
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YmodekTika mmedia NayyAlakav Kotrapoyv
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YmodekTika media NayyAiakaov Kotrapoyv (2)

Distance (degrees) from center of receptive field



Ymodekrtika media NayyAlakov Kuttapwv (3)




YrrodekTika media NayyAlakwyv Kovtrapoyv (4)

Background level of illumination

Drischarge rate (spikes/s)
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Kevrpikeg MpoPoAeg NayyAlakwv Kottapwyv
AugpiBAnoTposidn (1)
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MpoPoAn OnTikoVL Mediov oTov AUPIBANCTEOEISN
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{A) Experimental setup (B) Stirmulus Stirmuilus
orientation  presented

Light bar stimulus
projected on screen

Recording from visual cortex
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Coronal section

Lateral
ventricle

Thalamus
Lateral

gemculate
nucleus

Hippocampus | Brainstem e
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Dorsal

In the four main dorsal layers
(3-6), the cells are relatively
small (parvocellular).

In the two main ventral layers
(1-2), the cells are large
(magnocellular).

Cells in layers 1, 4, and 6
(yellow) receive input from
the eye on the opposite side of
the body. Cells in layers 2, 3,
and 5 (blue) receive input
from the eye on the same side.
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Kiovoeibng Opyaveon Tov NMpooavatoAiIoHoL
EmAoyng (Orientation Selectivity)
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Magno- kai Parvo- kuttapika Movormaria




Ymodiaipeoei§ Tov EEpaPdwtod ®Aoiob oToVv
Macaque




Eviomopog TtV NMoAAamAwyv OnTiK®V Meploxwv
OTOV IAvaoorro (fMRI)

{A) Lateral

{B) Medial



O1nTikKa Movormaria

FParietal Drorsal (spatial
lobe vision) pathway

Ventral l:
lobe recognition) pathway
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FIGURE 30-9

Parallel visual pathways and their
suggested functions in the macaque
monkey. (Adapted from DeYoe and
Van Essen, 1988.)



Stimulus projected

f respon
on screen Record of response—

neural spikes

Microelectrode

Amplifier

Examples of receptive fields of brain cells:

Stimulus
(a) Lateral geniculate cell
with concentric field;
on-center /off-surround.

1. Response to light in
center of cell’s field

2. Response to light in
periphery of cell’s field

(b) Cortical cell sensitive
to orientation. This cell
responds strongly
only when the stimulus
is a vertical stripe.

(c) Cortical cell sensitive to ~
the direction of motion.
This cell responds strongly
only when the stimulus
moves down. It responds
weakly to upward motion
and does not respond at all
to sideways motion.




(a) Macaque brain, lateral view

(b) Macaque brain, medial view

(d) Visual areas in the human occipital cortex, “flattened”
by computational techniques

(¢) Visual areas in the macaque cortex, unfolded view

eye
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(a) Method for visualization of (b) Cortical regions driven by left eye
ocular dominance columns . i (red) are more active, require a greater
Ty blood supply, and therefore reflect
light differently than those driven
by right eye (blue).

Computer to control
stimulus and record
and process data
from camera

(c) Method for visualization (d) Cortical regions driven by stimuli in four
of orientation columns =i different orientations are each coded in
a different color (note that, as in part b,
the color coding is arbitrary, and has
nothing to do with color perception).

Computer to produce
different stimulus
orientations and
record and process
data from camera
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Each strip is uniform, |

yet they all look
lighter on the left.

(b)

These two areas reflect the
same amount of light but

differ in perceived brightness.

SR

(c)

Ganglion
cells

Lateral

inhibitory

connections

Receptor
cells

Rate of
neural firing

R R 0T Y 1 N O]

Position of ganglion cells

UOISSTLUSURL)
[eusrs jo uondaI

To
brain



Orientation
columns

|||||||||||||||||||||||||||||||| iy
e
1 I
S 1
e !
||||||||||||||||||||||||||| -t --==h
b -
o # 0 i
sie &7 [} 1
||||||||||||||||||| -== 3 ! :
Sl st S|
lhunununuun.ww.. ||||| 2 .A_Hur.nu._nqﬁ. .\\.“ 1=
\\“ " \\\ 1 | L} \\.. i ._ I
I GRS A ) - -lliL.lll_lrla. i
-~ : I (B I VRV S | e
: ; ]
i i " ; | R 1 “ "
Y I
= -~ " ) “ i __ " " T e
- 8l i ) I i
-1 I " 1 “ | ”_ " “ =57
I I I
-~ 1 | Il 3 .—_ I :
o e Iﬁ!!num 1 i i r _..L 1 !
-\..\ i - i - i i - i
_..... il 3 _;\\ ! |
..\lllllllllnllll I_||||Inll.l.“r_|. ll...I\I...J.\ |
et Gt I
R el ettt [ttt mmmpd= | pE ==
© Y I R R e R 7
P . -

s1ade] [e21I0D)

Blobs

AN

—
Right-eye
ocular dominance slab

v—

Left-eye

ocular dominance slab

Color code

o
Q
bl )
)
o
ke
S
v
.
o
|
&

w
g
&
=
'S
&)




Optic

nerve

Chptic

chiasm

Optic

tract

Lateral
geniculate
e levis

Optic ="\

radiation

Striate corbex ==

EAAcippaTa OnTikoO Mediov

Left eye
visual field

(i

(E)

Right eye
visual fleld

P00e®



“NMpoocavartoAicnog” TV Nevpwvev
ToL MNMpwToyevoLg OmTikKoL PAoIovL

{A) Experimental setup (B) Stirmulus Stirmuilus
orientation  presented

Light bar stimulus
projected on screen

Recording from visual cortex
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Avapei€n tov OnTikv Movomrarieov

(A Lateral geniculate nucleus Striate cortex (0
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Kiovoeibng Opyaveon Tov NMpooavatoAiIoHoL
EmAoyng (Orientation Selectivity)
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Ymodiaipeoei§ Tov EEpaPdwtod ®Aoiob oToVv
Macaque




Eviomopog TtV NMoAAamAwyv OnTiK®V Meploxwv
OTOV IAvaoorro (fMRI)

{A) Lateral

{B) Medial
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FParietal Drorsal (spatial
lobe vision) pathway

Ventral l:
lobe recognition) pathway
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FIGURE 30-9

Parallel visual pathways and their
suggested functions in the macaque
monkey. (Adapted from DeYoe and
Van Essen, 1988.)



