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How does the brain perform the
complicated computations that allow us
to learn about & interact with the
environment?

The rapid advances in optical imaging, ML & the
availability of computational resources, provide a
unique opportunity to decipher this fundamental

guestion.

Improve the understanding of neural circuit
function.

Integrate the findings in deep learning
architectures & in neuromorphic circuits,
aiming to develop a new generation of
computing technologies based on the
organizing principles of the biological nervous
system, optimized for higher levels of
cognition.

Recorded by Sminakis Lab, Harvard Medical School.



Kataypadnke and tnv opada Tou K. TUUPVAKN OTNV
latpikr) 2xoAn tou Mavemotnuiov Harvard.
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computing elements,

Scale of Neural
Computation

That’s ~10%3
each capable of propagating signals

e Each with up to 10,000 synapses
others forming circuits and sharing
S. Ramon y Cajal

e 10-100 billion neurons in the brain
information

Each neuron communicates with




Neurons and numbers in the human brain

Brain: 3 Ibs
Brain: 2-3% body weight 20% energy, oxygen use

~100 billion neurons (101) (~10%%in cerebral cortex, ~10%! in cerebellum);

10-100 trillion synapses (1013 - 10%4);

Synapses sparse: only 100-1000/cell;
Cell body size: 10 microns (1/10 hair thickness)
Axon/cell length upto I m

1 mm?3 of grey matter in the cortex contains ~3 km of axons, mainly formed by pyramidal neurons.



OL TtepLloXEC TOU eyKePAAOU ival eéetdikeUpueVeC yLo SLaPOPETIKEC AELTOUPYLEC.

H yYAwooa kat AAAEC YVWOTLKECG Asttoupylec evtomilovioal otov PAOLO TwV EYKEDAALKWY
nuodaLpiwy.

OL voNnTLKEC SLlEpYOCLEC AVTLITPOCWTTEVOVTOL OTOV EYKEPAAO ATIO TIC OTOLXELWOELC SPACELS
TOUC.

H cuvéeoipotnta nailel KATaAUTIKO POAO OTNV VEUPO-avaTopia, TNV nAektpoduoiodoyia,
v avtiAnyn.

H avaAluon tng apXLTEKTOVIKAC KOl OUVOECLUOTNTAC TOU SLKTUOU Kol n oUVOEDN ToU LE
AeLltoupylec Tou gykedalovu.



* MepimAoka cuotAuata, opyaviopoi & meptBarlovta avantiooouv N utootnpilovtal amno
diktual

 Ta dlkTua avTd £Xouv SLoLPOPETLKA XOLPOLKTNPLOTLKA, SOUEC, TOTtOAOYia, XWENTLKOTNTAL.

e Enekteivovtal & eéeAiooovtal oe SLOPOPETIKEC XWPO-XPOVIKEG KALUOKEC.

Nwc xapaktnpilouvpe TNV amodoon touc; MoLEC EMUMTWOELG UTIOPEL VO £XEL N TOTtOAOYLOL TOU
OLKTUOU:;

MolEC apXEC APXLTEKTOVLKNC Kot AsLttoupyilac ta SLEmouv;

TL avTtikTtumo €xouv ol SUCAELTOUPYLEC KATIOLWY TUNUATWY TOUC 0TNV OpaAn AsLtoupyia
OAOKANPOU TOU SLKTUOU Kol TEALKA TOU OpPYQVIOUOU;



2TOLYELWOELC KaL 2UVOEeTEC AELTOUPYLEC

MILKPEC XWPLOTEC TIEPLOXEC OTOV
geykedaAo dev puBuilouvv oUvBeTEG
AeLltoupylec Tou vou, aAAd paAlov
eKTEAOVV OTOLYELWOELC ASLTOUPYIEC.

Lo ouvOBeTeC AstTOUpYLEC
kaBlotavtal ePLKTEC, LE TIC £V OELPA
Kol EV MapaAARAw SLaocuvOEDELC
OLPKETWV TIEPLOXWV TOU EYKEPAAOU:

* BAaPn oe pia teploxn dev odnyel
UTTOXPEWTLKA OTNV ATIWAELQ LLOG
oAOKANpPNC Aettoupylac.

* e oplOpEVO BaBuo, umapyel
avadlopyavwaon otov eyKEPaAo.

A AlaBaopa Aégewv

B "AKOUOHO AégewV



* When the person is cognitively at rest but quietly awake & alert, the brain exhibits a
dynamic activation pattern.

 Changes in the stimuli result in highly specific brain activation patterns.

Such patterns are effects of dynamic perturbations of a complex continually active
network.

Brain & body are dynamically coupled through continual cycles of action & perception.

By causing bodily movement, brain networks can structure their own inputs & modulate
their internal dynamics.




Kplolpec Aettoupyiec Tou eykedpalou mou cuoxetilovral pe tTn petadoon cnUATwyY

* Enetepyaoia atoOntikwv nAnpodopLwv

* [POYPAUUATIOMOC KIVNTLKWY & cuVOLoONUOTLKWY aToKPLOEWV
e Ma6non

* Mvipn



Outcomes of brain trauma & disease include significant & long-lasting neurological deficits.
* These insults result in structural network damage.
 Use their extend & location for predicting the nature & severity of cognitive dysfunction
& the potential for recovery.

Healthy individuals exhibit significant variation in cognitive performance.

. Draw links between variations in
Brain & body are dynamically coupled through continual cycles of action & perception.
By causing bodily movement, brain networks can structure their own inputs
& modulate their internal dynamics.



Histological or
imaging data

Functional brain network
Sensorimotor

R %

Temporal pole
Graph theoretical analysis

Bullmore & Sporns, Nat Rev Neurosci, 2009



OepeAwwderc AvakaAvyelc otn Nevpwvikn Oswpia

Ta teAevtaia xpovia tou 19° awwva:

* O Golgi avemTuée pLa TEXVLIKN apYUPOUXOU XPWOEWC N OTtOLOL ATTOKAAUTITE UTIO TO LKPOOKOTILO TO
OUVOAO TOU VEUPWVQ, LE TO KUTTAPLKO TOU cwHa Kal Touc SUo KUpLoucg TUTtouC tpoekBoAwv (N
anoduadwv) touc devrpitec kat tov vevpafova.

* O Cajal xpnolpomoinoe autn TNV TEXVLKN YL VO CNHAVEL XWPLOTA KUTTAPA armodeLKvUOoVTOC ETOL OTL
0 VEUPLKOC LOTOC SeV eival pa cuvexng pada, aAAd eva SIKTUo aveédPTNTWY KUTTAPWV.

Kata t dtdpkela tou 19°V awwva:

* oL Reymond, Muller, kat von Hermholtz avakaAuoav otL N NAEKTPLKA SpacTneLOTNTA EVOG
VEUPLKOU KUTTAPOU EMNPEAlEL TNV Spaotnplotnta evoc AAAOU KUTTAPOU UE ITPoBAEYLouUC
TPOTOUGC.




ERIC R. KANDEL, JAMES H. SCHWARTZ, THOMAS M. JESSELL

Neupoemotriun

KAl 2. UUTTEPIPOPA

AndBoon oto e Xopes KoDopdc, Alopias KopopaiSac, fedpyas X. MNonoSénoukos
Emotnpovas empthos Alopio Kopopadidag

Nevpka Kuttapa &
YupmnepLdopa

Nevpoeniotiun Ko Zuunepipopd
Eric Kandel, James Schwartz, and Thomas Kessell
Metadpaon ota EAAnVIka, Xapnc Kallapnc et al.
Novernotnulakeg Ekdooelc Kpntng

"Essentials of neural science and behavior", Simon & Shuster, 1995



Kplolueg Aettoupyiec tou eykedaAou tou cuoxeti(ovtal PE TN PeTadoon onUATWY

e Enetepyaoia altocOntikwyv mAnpodopLwv

* [MPpOYyPAUUATIOMOC KIVNTIKWV & ouvaLoONUOTIKWY OIMOKPLOEWV
 Mabnon

* Mvnun



Mopdoloyia Nevpwva
A Kopugaiol SevBpiteq

AVQOTOATIKY
anoéAngn
veupagova

| 1. Kuttopiko cwua
Kevipo petaBoAlopou Tou KUTTapou
= )\

Kuttapik6 owpa
/

2. Aevtpiteg

KUpLo nEpog tng emidaveLog umtodoxng Tou veEupwva

Lol LE TO KUTTOLPLKO CWHOL SEYOVTOL TOL CUVATTTIKO CHUATO
Qo TOL TIPOCUVATTTIKA KUTTOpO

Metadepel mMAnpodopLleC MPOC TO KUTTAPO

AIEYEPTIKY
andéAngn
veupaova

Sevdpiteg

NeupaEovag
(apxixo Tufipa)
EKQUTIKOG
KWVOG

MueAwdeg —
€AUTPO

o~ 3. Neupaéova

2tolxeio dtaBiBaonc¢ mAnpodopiac npoc aAAouc¢ VEUPWVEC
KOpLa povada aywyng Toug veupwva

Metadepel nAektplkd cnpota (duvautka evepyeiog)

MNpoouvanTiké KUTTapo

-l
|

4. MPOCUVATTIKA TEALKA KOMBLO

varnTika kutrapa



Parts of a
neuron

Nucleus

_ Cell Body

!

Dendrite Schwann cell

(Myelin Sheath)
Axon

A

Nodes of
Ranvier

Axon
Terminals



AleyepTikn
amohnén
veupdova

Metaoguvantika

._|4

= 0

MNpoguvantike kiTrapo

KUTTapa

—

AvaoTalTikr
amohnen
veupdfova

Neupdtovag
{opy o T pa)

Kopfog Ranvier —Ir

Mushwdeg
E\utpo

z
Neu pdﬁovotc%[

| Kopudaiot

Aevbpiteg

Nuprvac

Baowol
Sevdpiteg

Exdutikog
KUWVOC

KuTTopikd Zwpo

MNpoguvanTiKa
el kopfio

FUVOTTTIKE
oYLOLr

W ETQOUVATITIKOC
Sevbpitng

Lhoang



\ Kopudaiot

KUTTOPLKO 2w

» Kevtpo ustaBoAiouou

 [lepLEXEL TOV MUpnVa otov omoio Bplokovrtal Ta
yovidLa TOU KUTTAPOU KOl TO KOKKWOEC Kal AELO

AvaoTaATIr

EVOOTIAOLOLLATLKO OLKTUWTO, TO OTIOLo GUVOETEL arméhar
ote ’ veupdatova
TG TTPWTELVEC TOU KUTTAPOU \ _ Kurtapus Sina
ALsyepmu‘] /_\'
! ! ! ! amoAnén
e To KUTTOPLKO cwWHA XopnYEL cuvnBwc duo L il
eldwv npoekPBoAEc N amodpuadec:

* Aevipitec (umopel va eival apketol) A
* Neupatova (povo Evac)
ATIO TO KUTTOPLKO OWHLA EKTIOPEVETAL ATIO

Lo £EELOLKEVEVN TIEPLOXT TOU KUTTAPLKOU
CWHOTOC TOV EKPUTLKO KWVO

Bagokol
Sevdpiteg

Neupdtovag
{apywo T pa)

ExduTIKOg
KVOoCQ

KéuBog Ranvier ——1r Avayevvartal To

MuEAGiBE: duVaLKO gvepyelag
gAuTpo

)

Neu pc’onvaq——Eﬂ

JVOTITLKO KUTTPO



Cell body (soma): Directs metabolism; Contains DNA; Controls protein manufacturing
Cell nucleus

‘ ; Myelin sheath
‘ Dendrites ATwEEG LOVWTLKO EAUTE
Axon mou ePLBAAAEL TOUG peyAaAoug veupa&oveg
W, i
WA B .\‘
" v Neural jp,
Pul%\‘ -
Cell | .
body \ ;;“ S A

. Insulating layer around nerves;\‘r
Made up of protein & fatty substances;
Allows electrical impulses to transmit

quickly & efficiently - \\

Image from thinglink.com Axon terminals




N , L Signal

direction
Axon hillock Ayon >

OO ‘ — '
Presynaptic cell Synaptic
Myelin sheath terminals

Exk¢puTtikoc Kwvo
d) S S Ta NAEKTPLKA opaTa Tou SLATPEXOUV ToV VEUPAEoVA KAAOUVTOL SUVOLLKG EVEPYELOLC.

Anploupyolvtal 0ToV EKPUTLKO KWVO.
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Source: https://content.byui.edu/file/a236934c-3c60-4fe9-90aa-d343b3e3a640/1/moduleb/readings/neuron_pysiology.html



Dendrite i
terminal

:

, , Node of

i

\" Ranvier 7
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Schwann cell
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nucleus



Neurons -~1coooceityes A

Vast complexity in dendritic structure.
Could lead to rich spatial and spatio-
temporal input interactions.
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Neupwvag - 2Nua
HOVTEAO

> —-— A ZNpa aywyng
(Suvapiko

EVEPYELQG)

v :LT;:\ ‘e :'_:‘LL € {,_‘-“:: o znua
R - £E050U
NeuvpodiaBiBaome

Ot BaolkeC LOLOTNTEC TN NAEKTPLKNAG
LETAO00NC ONUATWY ELvVaL OUOLEC OF
OAoL T VEUPLKA KUTTAPO



Resting-state: Pumps maintain ionic segregation

* Tran-synaptic membrane pumps use energy (ATP) to actively maintain chemical gradients
across the membrane.

* Concentration gradients of various ions:

e e e
out 145 12
out 1.5 107




Resting State: lonic segregation generates voltage drop across membrane

Chemical gradient of ionic species A sets up voltage difference through Nernst Potential:

€ — electron charge
kBT [A] out Z = charge of ionic species (Ca?*:2, Na*: 1)
Vm [A] T = temp in Kelvin
v kp = Boltzmann const.

* Generalization to multiple ionic species/non-equilibrium: Goldman-Hodgkin-Katz Potential
(see Johnston & Wu textbook):

Vim = —55 — 60 mV



Activity in a neuron: electrical potential

An action potential is

Action

a brief, highly potential
nonlinear, +40
stereotyped, and
rapid voltage change
in the cell’s state. E

o 0

Q.
The action potential 5
«communicates» a =
binarized version of
the somatic state in a -35
way that is 70

regenerative and
non-dissipative
across short and long
distances in the brain.

First recording of AP by electrode
inserted into squid axon:

0 1 p. 3 4 5 Hodgkin Huxley 1939; model:
1952; Nobel prize: 1963

Time (ms)



TumoL 2nuatwy: Tormka & Avvapuka Evepyeloc

Toruka

* To otowElo ELOGSOL apayEL
SltaBaduLouEva TOTIKA onpoTa

* 2TOUC aLoOONTLKOUC VEUPWVEC:

H pon pevpatoc apyilel amo TNV EMPAVELX
untodoxn¢, OTIou OPLOLEVA MTPWTEIVIKA pLopLaL
glvall evaioOnta oe aloOnTka epeBiopata

Mo va petadoBel emTUXwWES 0TOo UTTOAOLTTO
VEUPLKO cUOTNLLO, TO GO TIPEMEL VOl
EVIOYVUOEL va avayevvnOetl

Auvvopika EvepyeLog
* Metadibopeva TUToUu OAOV 1] OUSEV
* Mavrtote idta TN yLa To 8o KUTTOPOo

e AnuioupyouvTol amo ULo OTIYULae ELCGPON
votpiov dla LEcou taogosvaloBnTwy
StaUAwv vatpiov

e Zwvn gKKivnong N onueio evapéncg tng
WONC OTOV EKQUTIKO KWVO

MepLKOL VEUPWVEC EXOUV ULl ETTLITAEOV
{wvn ekkivnon¢ otouc¢ devrpiteg (Omou n
oud0C yLaL TO OUVALULKO EVEPYELAC ELVOL
XaunAo)



Muscle
spindle

Trigger Sensory neuron
zone Myelinated O cell body

\ axon
Stretch ‘ ‘ b i o — ~ Synaptic
\ terminal

A Receptor potential B Trigger action C Action potential D Output signal
(transmitter release)

L]
e °
Spike threshold g

20r

0 =

Stimulus (stretch) =201
-40}

_I_ IAmplitude jg: ‘ \ __]

e

Duration

L

Membrane potential (mV)

-40f
60
80t

1 J

5 10

I
J]II!HHHH[H



TUMoC ZAMATOC EUpoG

Tortika onuarto

Avvopikd utodoxea  Mikpo
(0,1-10 mV)

JuVarTKA Suvaulka  Mikpo
(0,1-10 mV)

Metadiboueva onuata

Auvvapika evépyelag  Meyalo
(70-110 mV)

AlapkeLa

Mukpn
(5-100 ms)

MuKpr €w¢
LEYAAN
(5 ms -
20 min)

Mukpn
(1-10 ms)

ABpoion

AwaBaBuiopévn

AwaBaBuiopévn

OMov 1 oudev

Apadon tou
OLOTOC

YriepmoAwon
N EKMOAWON

YriepmoAwon
N EKMOAWON

EkrtoAwon

Tpomog¢
HETASOONG

MNoBntikn

MNoBntikA

Evepyntikn

Mivakac 2-1: Ztolyeia TwV TOTILKWV ONUATWYV (6UVAMLKA UTTOSOXED KOL GUVATTTLKA SUVOMLKA) Kot

TWV HETAOLOOMEVWV oNMATWV (duvapka evépyeLoag)



Eloodog OlokAnpwaon Aywyn EEodog Eloodog OAoxAnpwon Aywyn

HUVALIKO EVEPYEIRS

EEobog Eloodog OAorAfnpwon Aywyr) Zupncpxpopa

Auvapwo evEpYEelag

(?chuegggf ;]) Auvapwd  AUVOUIKO on&)\st(:)uoc;‘;(oon
Ao HOUEVO Auvapxo | Auvapo ! ' U K a ot
6uvmo = BVEPYLIOC | /evEpYEIag o evepyRIag] » evipyeag 7 BV SrpeaR

unodoxéea F UVANTIKG 6338110(2 Zuvarmo ZUVArTIwo

& duvapwo | _//\ / Suvapiko J ) @m«o
| 4 T gmm )}
( . KUTTAPO
Muuuj ﬂpomoq Muehivn ) , 'y\mﬂgﬁ 4 ____V
m@ | LO — o — :;:_‘_ D — e T 1L 01|
f SRl Mucg

AKTO0N = YNOOO: = ZGo)r) _l{\g\:;&u — - D NV QT) — Zwvn NeupOfovag —= Z0vayn

x£ag exxivniong exxivnong

H dudtaon evog Luog mapayel Eva SUVAHLKO UTTOSoXEQ OTLC TEALKEC ATTOAREELC TOU aloOnTKoU veupwva (KUTTOPO Tou

vwTtlaiou yayyAiou).

To eUpog Tou Suvapkou utodoxea eival avaloyo mpo tn¢ Evtaon tng dataongc.

2Tn OUVEXELA TO SUVAULKO AUTO e€amAwvetal maBntikd otn {wvn ekkivnonc.

Edv to Suvapiko tou utodoxea eivol apketd peyalo, Snuoupyet Eéva Suvapko eveépyelac otn {wvn ekkivnong. Itn ouvexela
TO SUVOULKO EVEPYELOC LETASIOETOL EVEPYNTLKA KO XWPLC aAAQyr] KATA KOG TOU VEUPAEova, LEXPL TNV TEALKI TLEPLOXN TOU.



Ta NAEKTPLKA CHOTA TIOU SLATPEXOUV
Tov veupaéova KaAouvtal SUVOLKA
EVEPYELOL.

2 UVTOUEG KOl TIOPOOLKEC VEUPLKEC WOELC
TOoU TUTIOU OAov 1) oudEyv, pe eUpoc 100
mV ko Slapkela ~ 1ms

Anpovpyouvtal otov EKGUTLKO KWVO.
ALOTPEYXOUV TOV VEUPAEOVO XWPLC
aroTu)ia 1 apaLopPWOELC UE

toxutntec petaéu 1-100m/s

H won tumou 0Aov ] oudEV
ovolyeEvvatot SLopkKwe.

Action Refractory
potential period

FrSheing e

Threshold

....................

50 —
S
E
s 0-
2
QO
5
Q.
ab)
S 50 —
5
=
@
=
-100

I W G
0 1 2 3 4 5

Time (milliseconds)
Action Potential in a Neuron



Tat NAEKTPLKA CLOLTAL TTOU SLOTPEXOUV TOV VEUPAEova KAAOUVTOL SUVOULKO EVEPYELOC.

JUVTOUEC MOPOSIKEC VEUPLKEC WOELE, TUTIOU OAov 1 oUbEVY, Le eVpog 100 mV & dlapkela ~ Ims
SNULOUPYOUVTOL OTOV EKPUTIKO KWVO.
ALOTpEXOUV TOV VEUPALOVA YWPIC armoTtuyia N MAPAUOPPWOELC L TaXVUTNTEC peTaty 1-100m/s
H won tumov 0Aov i oudEV avaysvvatal SLapKwC.

Action Refractory
0 — potential period

AR e

o
|

Ta Suvapka eVEPYELOG TipoKaAoUvTal
aro nolkiAa puoika yeyovota Tou
nepLBAaAlAovroc ta onolo EpYoviol O
emaPpn HLE TO CWHUA LOC — HNXOVIKA
EMOPN, WOTIKA KUUATO, OCUOYOVA, (PWG.

Threshold

....................

|
o
o

|

.......................

Membrane Potential (mV)

-100 T I R W B
0 1 2 3 4 5 6 1/
Time (milliseconds)

Action Potential in a Neuron



* Excitatory & inhibitory influences add together
within the dendrites and
combine to determine the net depolarization of

the neuron.

* If net depolarization is strong enough, the
neuron emits an action potential.

* Action potentials produce transmitter release
at synapses, influencing target neurons




Apxn tn¢ Auvapikic MoAwonc

e Tol NAEKTPLKA onuata ayovratl rpog pa tpoBAsYwun kat otadepn kateuduvon, Kal LOVo
TPOC AUTN TNV KATELOUVON C€ EVaL VEUPLKO KUTTAPO.

* H katevBuvon exeL popa anmo ti¢ 3€aetg ummodoyne¢ (cuvnOwG Toug SEVTIPLTEC KL TO KUTTAPLKO

ocwpa) tpo¢ t™n {wvn EKKIiVvNONC OTOV EKQUTIKO KWVO.

Ekel Snuiovpyeital to SuvapLko EVEPYELOC KOl LLETADEPETAL UOVOSPOUQ KOTA LLAKOC TOU
VEUPAEOVA, EWC TLC TIPOCUVOTTTIKEC BEoeLC ameAevBepwonC ota TEALKA KopPia.

Apxn tn¢ E¢sdikevong cuvdeong

e A&V UTIAPXEL KUTTOPOTIAQLOLOTLKY) CUVEYELO LETOED TWV VEUPLKWVY KUTTAPWV.
AKoun Kot otn ouvayn, To MPO-CUVATTTIKO TEALKO KOUPBlo xwplleTal amo 10 HETA-CUVATTTLKO

KUTTOPO LLE TNV CUVOITTIK OXLOMA.
e Ta vEUPLKA KUTTAPO OEV EMKOWWVOUV HETAEL TOUC adlaKpitwe Kol oUTE oxnuatiouv
tuyaia Siktua.




Ot veupwvec dlatnpouv pa dtadopa nAeKTpLKoU dopTiov TNE TAENC Twv 65MV KATA HAKOC
TNC KUTTOPLKAC LEMPpPAVNC TOUC.

H dtadopa avtr ovopdletol SUVauULKO NPEUiag TG LEUPBPAVNG.

e Anploupyeital amo TNV dvion KOTAVOUA LOVIWV
vatpiov, Kadiou, YAwpiov, Kol opyavIKwyV
QAVIOVIWV EKATEPWOEV TNC HEUBPAVNC KoL AOYW
TNC EMAEKTIKNC SlamepatoTnTac tTnC LeUBpavng

aro 1o KAALo. .K O
* To eéwTtepPLko TNG EUPBPAVNC oplleTal avdaipeTa ® O

* To EOCWTEPLKO TNC MEUBPAVNG Eival apvnTiKa
(POPTLOUEVO OE OXEON UE TO EEWTEPLKO.

Cell Membrane in Resting State

* To SUVAMLKO NPEpiag TG LEUBpAvVNC ival -65mV.
* Nevpwka kUTTOpa: amno -40mV Ewg -80mV.

* Muika kuttapa: vpnAotepo -90mV.




To SuVAULKO npepioc TNG LEUBPAvNC dnuLoupyeital amo o
. @
1) tnv dvion Katavoun toviwyv vatpiou, KaAiou Kat YAwpiou, OK.

KOLL OPYOLVLKWYV QVIOVTWVY EKATEPWOEV TNC KUTTAPLKNG
HepBpavng, kot Aoyw

2) TG emtAektikng diamepartotnToc TG LEUBPAVNC ATTO TO
KAALO.

Cell Membrane in Resting State

* To ECWTEPLKO TNC HEUBpAVNC Elvall apvnTKA GOPTLONEVO OE
OXE0ON HE TO EEWTEPLKO.

* To e€WTEPLKO TNG MEUPBPAVNC OpileTarl avOaipeTa WG (A) UITIPRA
MNOEVLKO. 30 J/\J

* To GUVOULKO NPEULAG TNG HEUBPAVNG Eival -65mV. = ' \.3 -

* Neuplkd KUTTap: KUMOVETaL amo -40mV £wg -80mV. 2’ W / """" i'\- """""""""""""

* Muika kuttapa: akopn upnAotepo -90mV. B \o /’W«M

-100 4

Time (ms)



AvtAia Natpiou-KaAiou —Etdikn) MepBpavikn Mpwteivn

H avion katovopn tovtwv dlatnpeital Pe pa elOkN HERBPAVLKN TPWTELVN, Tou Asttoupyel
wC avtAia petadepovtac varpto EEw amo To KUTTAPO Kol KAALO UECQ OE AUTO.

AlaTtnpEL TNV CUYKEVTPWON TOU vaTpiou 01O
E0WTEPLKO TOU KUTTAPOU YAUNAOTEPN OLTLO OTL O ®
O0TO £EWTEPLKO KOLL TNV CUYKEVTPWON TOU .K+

kKaAlouv uPnAn, ~ 20 popec uPnAoTtepn amo otl ®

oto e§WTEPLKO TtEPLPAANOV.

Cell Membrane in Resting State

Na* 145mM 15mM
K* 4mM 150mM
Ca* 2mM 108M




To Suvapko npepiog TnG HEpBpavne odpeiletal oe duo LOLOTNTEC

1) AwadopEG GUYKEVTPWONG TTOU SNULOUPYEL N avTAia vatplou-kKaAiou
2) NG HEUPPAVNG OE KATAOTAON NPEUING OTIO TO KOL OE OXETLKA
XapnAn dianepatotTnTal OO TO VATPLO

Outside of Cell

K+
®

E€awtiac tng

, TO KAALO TEiVEL var
Byet arto to kUtTapo, UTO TNV ENidpacn TNC
S1adpopAC CUYKEVTPWONG, LLE OLTIOTEAEGUO N

Cell Membrane in Resting State

HEUBPAVN VO YIVETOL TTLO NAEKTPO-OPVNTLKN
OTO ECWTEPLKO TNG (0rtd OTL 0TO EEWTEPLKO
™ng).




AvtAia Natpiou-KaAiov H avion katoavour LOviwyv 6LatanLtaL HE pla £L6u<r] HeEUBpavIKN
npwtewn, IOV AELToUpYEL WC avtAla petadEpovTa VATPLO £EW OO TO KUTTAPO Kol KAALO pHEoA

O€ QUTO.

To duvapko npepiog NG LepPpavng opeiletal og SUo LOLOTNTEC

1) Alodop€EC OUYKEVTPWONC vatpiou-kKaAiou

2)  YgnAn Samepatotnta TnG LEUPBPAVNC ATTO TO KAALO KOl OXETLKA
XapunAn dtamepatotnta amno To VATPLO

Cell Membrane in Resting State

Muwa peiwon tou duvauikou tng pueuBpavn kot 10mV (ota -55mvV)
NiPOKaAel TNV Evapén evoc duvautkou evépyeiac to onoio pndevilel
O POSLKA KOl 0T CUVEXELA AVAOTPEPDEL TO SUVAULKO TNG LEMUBpPAVNCG.

To SUVAULKO EVEPYELOC oUVLIOTATOL O€ MLKPN NAEKTPLKA atAAayn Ttou petadidetal Kot LLAKOG TOou
veupacova.

Kata tn dtapketa Suvautkou evépyetac, n LEUBPAVN YIVETOL EVTOVa SLATTEPOATH QIO TO VATPLO.
Ynueiwon: Ta kavaAla tou vatplo (eidoc mpwteivneg) eival voltage-gated (specific for Na+).




E¢ilowon Nerst

AUVOLLKO LOOPPOTILOC EVOC LOVTOC: TIEPLYPAPEL TO SUVAMLKO TNC HEMBPAVNG
oTO omoio Ba L.ooppomnoeL To KUTTAPO OTavV N HEUPBpaAvn yivel dramepatn
OTO GUYKEKPLUEVO LOV.

@epuoKpaTia
£
RT LN_I_]G «—— ECwrepikd
EK — ln ZUYKEVTPWON KaAiou
ZF KF‘I‘]E <—EOWTEPIKO KUTTAPOU
(RN

21aBepa Faraday

2 0EVOC TOU 1OVTOG
Hermann (Walther) Nernst

AuVapike lgopporTiag 1920 Nobel Prize for chemistry 18641941



Electrical Signal within a Neuron

e Electricity can flow within a neuron due to the properties of the cell membrane

* Semi-permeable: some elements can go through but others are “trapped” either
on the inside or outside

* Pumps: spend energy to force elements to go into or out of a neuron

* Channels: proteins with “holes” in them; They are in the membrane and serve as
gates to let elements flow into or out of the cell
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lons: Atoms with units of (+) or (-) electrical charge

Membrane Permeability: how easy is it to get through the membrane
e Sodium Na+: (+) charged ion, difficult

* Chloride Cl-: (-) charged ion, difficult

e Potassium K+: (+) charged ion, easy

lon pumps keep an uneven distribution of electrical charges inside & outside the
neuron cell




lon pumps and ion channels maintain the
resting potential of a neuron

* Every cell has a voltage (difference in electrical
charge) across its plasma membrane called a
membrane potential.

* Messages are transmitted as changes in membrane
potential.

* The resting potential is the mebrane potential of a
neuron not sending signals.



Link to source of images: https:
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‘ The cell body processes and
‘ integrates that information.
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https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr

Link to source of images: https:

If the stimulation
is strong enough, An action potential doesn't get
bigger with a bigger stimulus.

It. either hlappenS. What can change is the frequency
or it doesn't happen. of the action potential.

Kdarmolog¢ €vtovog moOvog UMopEL va TIPOKAAECEL Eval VEUPWVA VA TIUPOSOTEL Lo ouyVA.



https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr

Link to source of images: https:

A bundle of axons traveling
together is called a nerve.

What can change is the frequency
of the action potential.

It either happens,
or it doesn't happen.

An action potential doesn't get
bigger with a bigger stimulus.



https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
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" by passive diffusion I <
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Link to source of images: https://youtu.be/oabrvUllg7o?si=JFnoFLg7gLaA-ODr



https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
https://youtu.be/oa6rvUJlg7o?si=JFnoFLg7qLaA-ODr
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Phase 1 Phase 2

Membrane potential (mV)

Resting potential

Phase 3

Time (msec)

(a) Three phases of an action potential

action potential 1 N€ three phases of an Action Potential

Phase 1. Depolarization.

The membrane potential goes
from -70 mV to 30 mV.

Phase 2. Repolarization.

The membrane potential becomes negative
again returning to -70 mV.

Phase 3. After-Hyperpolarization.

The membrane potential to approach the
equilibrium potential of K+ (-94 mV).




Action potential
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1 G Threshold
= 70 Resting potential

Phase 3

Time (msec)

(a) Three phases of an action potential

Phase 1. Depolarization. A sudden increase in the
permeability of the membrane to Na+ causes Na+ ions to

rush into the cell. The permeability of Na+ is > that of K+

and the membrane potential swings toward the
equilibrium potential for Na+ (+60 mV). The membrane
potential goes from -70 mV to 30 mV.

Phase 2. Repolarization. Within 1 msec, Na+ permeability
decreases rapidly & K+ permeability increases. This
causes a net outflow of positive charge as K+ moves
down its electrochemical gradient; the membrane
potential becomes negative again, returning to -70 mV.

Phase 3. After-Hyperpolarization. The K+ permeability
remains high for 5-15 msec. This causes the membrane to
overshoot the resting membrane potential and
hyperpolarize as the increase in K+ permeability causes
the membrane potential to approach the equilibrium
potential of K+ (-94 mV).




Membrane potential (mV)
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Action potential

Phase 1 Phase 2

Threshold

P e e R e e e e e T e e . ————

Phase 3

_Rest_inq potential

Phase 1. Depolarization

A sudden increase in the permeability of the membrane to
Na+ causes Na+ ions to rush into the cell

The permeability of Na+ is > that of K+ and

the membrane potential swings toward the equilibrium
potential for Na+ (+60 mV).

The membrane potential goes from -70 mV to 30 mV.

Time (msec)



Action potential
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(a) Three phases of an action potential

Phase 2. Repolarization

Within 1 msec, Na+ permeability decreases rapidly &

K+ permeability increases.

This causes a net outflow of positive charge as K+ moves
down its electrochemical gradient;

the membrane potential becomes negative again
returning to -70 mV.
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(a) Three phases of an action potential

Phase 3. After-Hyperpolarization

The K+ permeability remains high for 5-15 msec.

This causes the membrane to overshoot the resting
membrane potential and hyperpolarize as the increase in
K+ permeability causes the membrane potential to
approach the equilibrium potential of K+ (-94 mV).



ACTION POTENTIAL

e A stimulation (sight, sound, touch, etc.) opens the ion
channels so that the sodium starts to get pumped into the
cell.

* This changes the internal charge and when it rises from —
70mV to =55mV it reaches a THRESHOLD and it triggers a

nerve IMPULSE or ACTION POTENTIAL. The cell is now
firing!

 The firing is an "ALL OR NONE" response — it either fires or
doesn't fire - there are no levels of intensity.




REPOLARIZATION
e After the cell fires it will reach a peak at +40 to +30mV.

* THEN sodium channels shut down and the
potassium channels open as + charged ion are pushed out
of the cell.

This brings the internal charge back down toward —=70mV

HOWEVER — so much potassium flows out of the cell that
its internal charge drops BELOW the resting potential of —
70mV and goes down to —80mV.



REFRACTORY PERIOD

* When the internal charge of a neuron drops below —=70mV

the neuron CANNOT FIRE. This refractory period lasts about
.001 seconds.

* Eventually the ion pumps bring the internal charge back up
to -70mV and the cell is once again at rest and ready for an
action potential to occur.

* Action Potentials always begin at the cell body of the
neuron and travel down the AXON.




=)

Wnaptic cel S—"—|

. Generate intrinsic activity (at any given site in the

neuron through voltage-
dependent membrane properties and
internal second-messenger mechanisms).

. Receive synaptic inputs (mostly in dendrites, to

some extent in cell bodies, and in some cases in
axon hillocks, initial axon segments, and
axon terminals).

. Integrate signals by combining synaptic responses

with intrinsic membrane activity (in dendrites, cell

bodies, axon hillocks, and initial axon segments).

. Encode output patterns in graded potentials or

action potentials (at any given site in the neuron).

. Distribute synaptic outputs (from axon terminals

and, in some cases, from cell bodies and dendrites).
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2uvayelc oto KNZ (Mapadeiypota)

o Atobevrputikn (Axodentritic): Atovag > Aevipitng
* Atoocwpatikn (Axosomatic): Atovag > Zwua
e Afoatovikn (Axoaxonic): Atovag > Atovag

e Aevtpodevipitikn (Dendrodendritic): Aevtpitng - Aevtpitng

/

__A

2@ >

Zuvaelg: MIKpOOKOTILKEC SOMEC
TIOU ETILTPETIOUV OE EVA VEUPWVOL
va LETAOWOEL EVOL NAEKTPLKO

N XNULKO oA 0€ Evov AAAO
VEUPpWVO

Neutozciancs: Explesng the Besin, S1d E4, Bear. Connam, and Paradizo Copyright @ 2007 Lippincott Williams & Wikins
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Neupagovag —

Mpoouvantiko
TEAIKO
KouBio

ZUVQITTIKN
OXoun

7 MeTaouvamntiko
oevdpiTnNg

Ta cuvartkad koppBia AEN
ETUKOLVWVOUV QVOTOLLLKA UE
TO LETACUVOTTTLKO KUTTAPO
YTapxelL Eva dtaotnpa: n
OUVQTTTIKN oXloun




Neupatovac: otowxeia Staifaonc veupwvwv
Ekteivovtal 0To cwuo o€ anootaon LEyaAUTEPN Ao 1m
MNeploootepol oAU Aemttol (blapetpo petav 0,2, 20um)

A Kopugaiol devdpiteg

ATtoOnkeUeL TIC yeVeTIKEC MANpodopieg

AvagTaTIy (Bpiokovtal ta yovidla) & yivetal n cuvBOeon
veupdgova TWV MTPWTEIVWV
\ Kuttapiké cwua
Ale,YAepETle] /—_\v
: .
Segpgﬁg\m\\> Muprivag
' Baoikoi
' Sevdpiteq
i
|

Neupa&ovag
(apx1kd TUAMA)



Avvapka Eveépyeloc — HAektpka Znpata mou Alatpexouv tov Nevpwva

e MMpokaAovvtal oo motkila GuoLkA yeyovata Tou ePLBAAAOVTOC TO OO0l EPXOVTOL OF
emadn He To owpa pac (pnxavikn emadn, ospoyova, Gwc, WOTLKA KULLOTO)

* @eoelc uTtodoyXN¢ (Y BEVTPLTEG, KUTTAPLKO CWHA) TIPOC TN {Wvn EKKIvNoNnG 6Ttov eKPUTLKO
KWVOo

* Movodpopa KATd HNKOC TOU VEUPAEOVA EWC TLC TIPOOUVATTTIKEC BEoelc ameAevBepwonc ota
TEALKA KOuBla

* JUVTOUEC TIOPOSIKEC VEUPLKEC WOELC TOU TUTIOU OAOV 1] OUOEV
e EUpoc: 100 millivolt (mV)

e AnuioupyolvTol 0ToV EKPUTLKO KWVO KoL SLATPEXOUV TOV VEUPWVA, XWPLE artotuyia
nopopopdwon, He TaxLTNTEC LetaéL [1m/s, 100m/s]

e HAEKTPLKO peva: LOVTa IToU dlayeovral



Baoelc tnc 2uyxpovnc 2uvOeTiknc MNMpooeyyLlong tou Eykepaiou

e Auvapkn NMoAwaon
e E¢eldlkevpevnc ocuvdeong



Avvopkn MoAwon

KaBe veupwvacg €XeL TO TTOPAKATW:

* L0 GUOKEUN UTIOSOXNG: TO WA &
Touc Sevtpltec

* L0 GUOKEUN EKTTOUTTAG: TOV
VELpAEova, KoL

* ULO CUCKEUN yla dtavoun: TG TEALKEC
aTtoANEELC TNG VEUPLKNAC Lvag

E¢elbilkevon Zuvdeong

AgV UTIAPXEL KUTTOLPOTIAQLOMLOLTLKI) GUVEXELQL
LETAEY TWV VEUPWVIKWVY KUTTAPWV

H cuvartikn oxtopn otn cuvodn xwpilet to
TPOCUVATITIKO TEALKO KOUPlo armo to
LETOLOUVOTTTLKO KUTTOPO

Ta veupLka KUTTAPO OEV EMKOLVWVOUV
HeTaEL TouC adlakpitwe, ouTte oxnuatilouvv
tuyaia diktua

KaBe KUTTAPO EMIKOWVWVEL LE OPLOUEVOUC
HETOLGUVATLKOUG KUTTAPLKOUC GTOXOUC,
aAAQ OXL pE aAAouC & mavta o€
e€elbLlKEVEVEC DEOELC CUVATITIKNG EMaLPNG



H mAnpodopia mou petadpepeTal Le Eva SUVAULKO eVEPYELAG KaBoplleTal OXL Ao TOV TUTIO
TOU oNUatoc, aAAd aro TNV 0060 Tou eykePAAOU otnVv omolo 0deUEL TO onua




Taéwvounon Nevpwvwyv pe Baon tn Asttoupyla Toug

1. AtoOntikoli (A mpocaywyoli) veupwveg LETAPEPOUV OTO VEUPLKO cuoTtnpa MAnpodoplec yLa
TNV avtiAnyn Kot ToV KLVNTIKO CUVIOVIOMNO

2. Kwntikol petad€pouv eVIOAEC O€ PUG KOl OOEVEC

3. Awapeoot:

2UYKPOTOUV TN oadpwc MoAU-aplOpotepn opada, armoteAoUMEVN Ao OAa To KUTTAPA TOU
VEUPLKOU CUCTAMOTOC Ta omoia Hev €lvol KLVNTLKA 1 ateOnTika.

e Autoli pe peyalo veupagova: petadpEpouv MANPOPOPLEG OE LEYANEC ATTOCTACELG, ATIO LLLOL
TLEPLOXN TOU €YKEDAAOU O€ pLot AAAN

* Tormukoli SLapeool: €xouv BpaxL vevpadéova kat emetepyalovtal TAnpodopiec o TOMIKA
Sdiktua.



Medulla oblongata responsible for
vital autonomic functions, e.g.,
digestion, breathing, control of heart
rate.

Cerebellum lies behind the pons; is

connected to the brain stem by

several major fiber tracts

(peduncles)

* Modulates the force & range of
movement

* |sinvolved in the learning of
motor skills

conveys information about
movement from the cerebral
hemisphere to the cerebellum

7. Cerebral / \ ‘ \
hemisphere / \

Q \

\
\
6. Diencephalon —
\\\
5. Midbrain -

Brain stem . 3. Pons

2. Medulla -
oblongata Lervica

4. Cerebellum -

1. Spinal cord

Moat

‘ S Aasra

Figure 1-2A The central nervous system can be divided into seven main parts.



Spinal cord:

Receives & processes sensory information
from the skin, joints, and muscles of the
limbs & trunk

Controls movement of the limbs & trunk
Subdivided: cervical, thoracic, lumbar, &
sacral regions

Continues rostrally as the brain stem

Basal ganglia

7. Cerebrum

6. Diencephalon

5. Midbrain
Brain stem | 3. Pons

2. Medulla
oblongata

4, Cerebellum

1. Spinal cord

@ Cervical

Forebrain

} Midbrain

Hindbrain

%Thomcc

LLumbar

Sacral



Precentral gyrus

Central (Primary motor

sulcus cortex) Postcentral gyrus
(Primary somatosensory
cortex)

Dorsolateral
prefrontal cortex

Parietal lobe

o ‘;‘ A'-,{' .
rrg:tal 4 f Primary visual
0 / g g / cortex
Orbitofrontal - _ N
cortex ‘-N h\
Lateral surface

Occipital lobe

Primary
auditory
cortex

Temporal lobe



1. Electrical impulses (action potentials) travel
from one neuron to another across a tiny gap
known as a synapse.

Sending neuron

Receiving neuron

Sending
A neuron

Action

potential Reuptake

2. When an action potential 3. The sending neuron

Vesicle reaches an axon terminal
containing it stimulates the release of POHMATY RCA OIS cirss

: neurotransmitter molecules
neuro- neurotransmitter molecules .

; a process called reuptake.
from sacs called vesicles. P P

f < A Axon These molecules cross the
Synapse Terminal synaptic gap and bind to
receptor sites on the

_.  receiving neuron. The

2 il neurotransmitter molecules
either excite or inhibit a new
action potential in the
receiving neuron.

transmitters

Receptor sites on .
receiving neuron  Neurotransmitter




From eye to brain, the human visual system
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A. MovomoAo KUTTtapo

Asvdpitng

—— Kuttapiko
owua

Nevpwvag acmovéulou

B. AlrtoAo kuTtTOpO

V\Z_‘_{rw— Aevdpitec

AirnoAo kUtTOpO
Tou apdipAnotpoedoic

r. Weudopovomolo kutTapo

—

Kevtplkog
KAadoc¢

Anoduada npv
Ao Tov Siaouo

{‘@—— Kuttapikd ocwpa
=

Mepidepikog KAadog yla to
//& SEPHA KOl TOUG HUG

Neupiko KUTTOPO
vwTtiaiou yayyAiou




A Unipolar cell B Bipolar cell C Pseudo-unipolar cell

— Axon g ¥
terminals \"J \ \\‘} — Dendrites
Dendrites
Peripheral axon

2 to skin and
4 muscle
—— Axon
N — Cell body

* Neurons can be classified by their

5 Single bifurcated
\/ — Cell body L process

| - A o structure, connections &
] MA« neurotransmitters
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Sogurce: Kim E. Barrett, Susan M. Barman, Scott Boitans, Heddwen L. Brooks: Ganong's Review of Medical Physiology, 25th Ed.
v, accessmeaedicine. com
Copyright © MoGraw-Hill Education. All rights reserved,
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A. Tal povortoAa KUTTapo EXOUV pia
arodpuada, SLaPOPETIKA THAUOTO TNE OTIOLOG
AeLtoupyouv w¢ enpavelec utodoxneg n
amoAnéeLc aneAevBEpwonc.

Ta povomoAa KUTTapa ELval YO POLKTNPLOTLKA
TOU VEUPLKOU CUCTAUOTOC TWV aloTIoVOUAWV.
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* Kevtplko, mpog Tov vwTLaio HUEAD

Ta aoBnTka KUTTOPA TTOU LETAPEPOUV OTO VWTLOLO
LLUEAO TANPOPOPLEC OXETLKA LLE TOV TOVO, TNV TLEDN,
NV adn, arnoteAoUV eLOLKEC MEPUTTWOELC SUTOAWV
KUTTAP WV
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* Neupwveg pe 6LadopeTIKOUC HLAUAOUC LOVTWYV UTTOPOUV VAL KwSLKOTIOLN ooV TNV oL
Kotnyopia cuvarmntikol SUVapLkoU o€ SLopopeTLKOU TUTTOUC EKTTOAWGNG, KoL CUVETTWC,
UItopoUV va Kwdikomolouv & va ayouv StopopeTKA opoto

e AnuioupyouvTtol amo eEELOIKEVUEVEC TIPWTELVEC TNC KUTTOPLKAC LEMBPAVNG

* Mpoobdibouv og Evav veupwva TIoKIALA oudwv, LBLOTATWV OLEYEPOLUOTNTAC & TUTTIWV
EKTIOAWONC

e Ayouv Lovta
* Avayvwpilouv & emIAEYyOUV CUYKEKPLHEVA LOVTA
* Avoiyouv & KAEiVOUV QITOKPLVOUEVOL OE ELOLKA NAEKTPLKA, LNXOLVLKA ] XNULKA orjpota

* E¢aodaAifouv taxeia pon pevpatog, otnv onoia opeilovtal ot LeTaBOAEC Tou SuvapLkou
™G HeUBpavng



Electrical activity in neurons is sustained & propagated via ionic currents through neuron
membranes
Types of ions

positive charged: sodium (Na*), potassium (K*), calcium (Ca %)

negative charged: chloride (Cl)

The concentrations of these ions are different on the inside vs. outside of a cell, which
creates electro-chemical gradients --- the major forces of neural activity

* Intracellular medium: high concentration of K* & negatively charged ions

* Extracellular medium: high concentration of Na* and ClI-

Cell membrane has large protein molecules, forming channels through which ions can flow
according to their electrochemical gradients

At rest: the flow of Na+ and Ca2+ is not significant but the flow of K+ and CI- is

However this does not eliminate the concentration asymmetry due to:

1. Passive redistribution: the impermeable anions A- attract more K+ into the cell
(opposite attract) and repel more Cl- out of the cell, thereby creating concentration
gradients

2. Active transport: ions are pumped in and out of the cell via ionic pumps
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lon pumps and ion channels maintain the
resting potential of a neuron

* Every cell has a voltage (difference in electrical
charge) across its plasma membrane called a
membrane potential.

* Messages are transmitted as changes in membrane
potential.

* The resting potential is the mebrane potential of a
neuron not sending signals.
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§ Phase 1 Phase 2

2

4

c

'~

L G — Threshold
g 70 Resting potential

Phase 3

Time (msec)

(a) Three phases of an action potential

1. Depolarization. A sudden increase in the permeability
of the membrane to Na+ causes Na+ ions to rush into the
cell. The permeability of Na+ is > that of K+ and the
membrane potential swings toward the equilibrium
potential for Na+ (+60 mV). The membrane potential goes
from -70 mV to 30 mV.

2. Repolarization. Within 1 msec Na+ permeability
decreases rapidly & K+ permeability increases. This causes
a net outflow of positive charge as K+ moves down its
electrochemical gradient; the membrane potential
becomes negative again returning to -70 mV.

3. After-Hyperpolarization. The potassium permeability
remains high for 5-15 msec. This causes the membrane to
overshoot the resting membrane potential and
hyperpolarize as the increase in K+ permeability causes the
membrane potential to approach the equilibrium potential
of K+ (-94 mV).



Synaptic communication



. AACAUIULAL vYyllAapou
Presynaptic cell r T

Postsynaptic cell

Vesicles: ~40 £ 7 nm

! ___Chemical synapse: V- chemical2> V
f A . SR S i -
& {1 B - Oy A a X A

dendrites

synaptic /7
20+ potential /*
mV /
-40
20} action oo
i mv potential 8 . A , -
' -40 - 0 2 4 6 8 msec % .
b ‘-—.--_‘-- i
-w:-.) k/‘ oy :: ----- -
1 -80 1 1 e \\‘ 18 '
g;. 0 2 4 6 \‘Tsec —
~y #node of Ranvier i

: axon b\

S R 105 s £ Lo D Eo e S0 N 2 e AOPREL: LA " s A it o S Sl e B

myelin sh . . .
y! sheath C. Koch, Biophysics of Computation



M TNV emwtuxn €KAvon veupodiaBiBaoti
Artouteital n EkKAvon SUVAULKOU EVEPYELOC OTTO TO AU,
TPOCUVATTTIKO KUTTAPO NELPOSLABLBAOTHC "oy, Oﬁ(/’cu%
* To SUVOULKO EVEPYELOC IPOKAAEL TNV \
gvepyomoinon stavAwv acBeotiou \ Fa (3 Mpoouvantikss
\

uetadopéag )

* AU&NON EVOOKUTTAPLAC CUYKEVTPWONG is;ﬁrﬂ —7—\., SLoBLBOTH
aoBeotiou \
* To HEyeOOC TOU ELOEPXOUEVOU PEUOTOC TeosoeheyBuevoL ) \
aofBeotiov ennpealel TNV noooTNIA Stawhot Ca?* & X /
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! 1 / MeTaouvartLki : Y
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SuvauLkou

* O veupodiaBiBaotnc sivol amoOnKeVUEVOC O€ KUOTIOLA £lTE KOVTA OTNV MEUBPAVN TOU TEPUATLKOU
Tou afova eite MPoodEUEVA TIAVW OTO KUTTOPO-OKEAETO

*  JUVYKEKPLUEVEG MPWTEIVEC oxNUAT{OUV TTOPOUC CUYXWVELGONC TwV VO peuBpavwy OnA. Tou kuoTidlou
KOLL TOU KUTTAPOU, WOTE Va YIVEL N Evwon Touc & n aneAevBEpwaon tou veupodiaBiBaocth) oto
g&wkutTtaplo epLariov
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Dale’s law: A neuron releases the same set of neurotransmitters from all its synapses. (Stated by
Eccles in this form.)



AuvoLKO npepiog tnc HepBpavne: Altadopd nAektpkol doptiov (65mV) katd UnKog
KUTTOPLKAC LEUBPAVNG

Anplovpyeital amo tnv Avion KATavopn Loviwv vatpiou, Kadiov & yAwpiov kabBwe &
OPYOVIKWYV QVIOVTWV EKATEPWOEV TNC HEUBpAVNC & AOYW TNG ETUAEKTLKNAC HLATTEPATOTNTOG
NG LEMBPAVNC OTTO TO KAALO & YOLHNARC StamepaToTNTAC OO TO VATPLO

EowTteplko mepLBaAAov TNG LEUPPAVNC OPVNTLKO OE OXEOH LE TO EEWTEPLKO

AVLON KOTOVOUI LOVTWV HECW MLOC ELOIKAC LEUBPAVIKNC TIPWTEIVNG: HETADEPEL VATPLO EEW
& KAALo pEoa oto KUTTAPO

YnepnoAwon: avénon dSuvapikou EkmoAwon: peiwon duvapikou
* Awyotepo mibavn n YEVECSN GHULATOC *  AUEAVEL TNV LKOVOTNTO TOU KUTTAPOU
StaBLBaotn va dSnuLoupynoel SUVALKO EVEPYELOC

*  AvVOOTOATIKN * ALEYEPTIKN
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Auvvapika EvepyeLog

Metadidopeva tumov 0Aov  OUSEV
Mavtote idta TN ya to idto KuTTapo

AnuiouvpyouvTol Ao JLo GTyLoior ELopon
votpiovu dla LlECOU TaogosvaloBnTwy
SLtaUAwv vatpiov

Zwvn eKKivnonc N onueio evapénc tng
wWOoNC 0ToV EKPUTLKO KWVO

MepPLKOL VEUPWVEC EXOUV LA ETILITAEOV
(wvn €KKlvnong otoucg devpitec (0mou n
oud0Oc¢ yia To SUVAULKO EVEPYELAC Elvarl
XaUNAO)

Toruka

* To otoweio EL0GSOL apayEL
SLtafaOpopéva Tomika ocnpota

e 2TOUC 0lLoBNTLKOUC VEUPWVEC:
H pon pevpatoc apyilel amno tnv enwpavela

UTtOSOXNC, OTIOU OPLOLEVA TIPWTEIVIKA popLa
glvan evaiodnta oe aloOnTIKA epediopata

Mo val LeTad0BEel EMLTUYWCE OTO UTTOAOLTTO
VEUPLKO CUOTNUC, TO GO TIPETEL VOl
evIoXUOEei, va avayevvnOei






(fivaxac 2-1 SToLYEi0 TOV TOTIKOV CTHETOV (DUVAULKE UTO00YEX KO CUVANTLKE OUVEUIKE) KA1 TOV HETASISOMEVOV

oNudtov (Suvapixd svEPYELNS)

Ebpoc Adpkera Abpoion dpdan Tpénoc
Tov grjpatog perddoonc
Tonucd onuaza ' , AtiiBal '
Awvayxd vrodoyéa  Mixpd Muxp wpabpiopévn  Yreprotwon adn ik
(0,1-10 mV) (5-100 ms) 1| exndAoon
Zovantikg Svvauiké  Mikpo Muxp?) g Araabuopévn Ynepnoroon Madnriks
(0,1-10 mV) peyain 1| exnéroon
(5 ms-20 min)
Metadidéueva orjuara 2 :
A et Meydho Mikpn Olov Exnoloon E ;
VVapIK@E EVEPYELRG (70_71"-le V) (1-10 ms) 4 o3y VEPYNTIK
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H dudtaon evog Luog mapayet €va SUVALKO UTIOSOXEQ OTLE TEALKEC AITOAREELS TOU aloONTKOU veupwva (KUTTOPO Tou
vwTtlaiou yayyAiou).

To €Upoc¢ Tou Suvapkou urtodoxea eivat avaAoyo Tpo tn¢ Evtaon tng dataong.

2tn ouvEXeL To SUVAULKO auTO e€amAwveTal TAONTIKA otn {wvn €KKLvnonc.

Edv to Suvapiko tou utodoxEa eival apketd peyalo, Snuoupyet Eéva Suvapko evepyelac otn {wvn ekkivnong. Itn ouvexela
TO SUVOULKO EVEPYELOC LETASISETOL EVEPYNTLKA KO XWPLC AAQYT] KATA KOG TOU VEUPAEOVA, LEXPL TNV TEALKNA TIEPLOXN TOU.




MopLa uTtoSOXEWV yLla AVAOTAATLKN Kol SLEyEPTIKA XNULKNA veupodlaBifaon Pplokovtol o€
dladpopa onueila Tov veupwva

* AVOOTOATIKEC OTO KUTTOPLKO OWHL

e AleyepTKeEC cuvalelc oTouc devTpiteC

OL avaoTOATLKOL VEUPWVEC areAeuBepwvouv dtaBLBaotr) mou UTIEPTIOAWVEL TO SUVAULKO
LEUBPAVNC TOU LETACUVATITIKOU KUTTAPOU KOl EMOMEVWCE LLELWVEL TNV TILBaVOTNTA EKITOAWONC



MeTabLOOUEVA ONUATA TWV VEUPWVWV: OUVOULKA EVEPYELOC

e AnuioupyouvTal amo pLa oTypLoia etopon vatpiov dla peécouv tacosvaicOntwy dtavAwv
vatpilou

e Otav n kuttapkn pepPpavn ekmoAwvetal, n aAloyn oto SUVALKO TNC avolyeL Toug SLavAoug

QUTOUC, ETILTPETIOVTAC OTO VATPLO VA UELWOEL TN SLtapopd CUYKEVTPWONCE TOU AVAUECO OTO
eEWTEPLKO TEPLBAAAOV TOU KUTTAPOU KOl OTO ECWTEPLKO TOU.

* To apXLKO TUNMO TOU VEUpAEova EXEL
e MeyaAUTtepn MUKvOTNTA TaosogvalocOntwyv SlavAwv vatpiou
e XapnAotepo oudo yla TNV oPAywyr VOC SUVALLKOU EVEPYELOG



2Nuota

* AVaOTAATLKA 1 OLEPYETLKA

e AvaoTtaAtikol vevupwvec ameleuBepwvouv StafLBaoth mou
UTTEPTIOAWVEL TO OUVALKO MEUBPAVNC TOU LETACUVOTTTLKOU KUTTAPOU
KOl EMOLLEVWE MELWVEL TNV TIOAVOTNTO EKTTIOAWONC



OL BaOLKEC LOLOTNTEC TNC NAEKTPLKNC LETAOOONC ONUATWY Elvall OPOLEC O€ OAQL TA VEUPLKA KUTTOPA.

* H roAuntdokotnta Twv dlacuvdécewv H kwntomoinon opKeTwv Opadwy VEUPWVWV N
ETUTPETIEL OE OXETLKWG OMOLA VEUPLKA KUTTOPA OLKKETUL)V oSwv yLa TN HETA600N OUOLWV
va LeETadLOoUV HoVaOLKEC TTANPOPOPLEC. nAnpodoplwv

* JUYKEKPLUEVEG TTAEUPEG TNG ene&egyapiaq Au&avel TNV aflomLoTia TwV AELTOUPYLWY HECA
MANPOdOPLWV TEPLOPLLOVTAL OE ELOLKEG OTO KEVIPLKO VEUPLKO CUOTNUOL

TLEPLOXEC TOU EYKEPAAOU
1Y oL TAnpodoplec yia kaBepia
aro TI¢ aoBnoelc vdplotavral emesepyaoia

O€ XWPLOTEC TTEPLOXEC H TTOAUTTAOKOTNTA TWV CUVOECEWV UETAEU

TWV TTOAAWV oTOoLXELWV Kal oL N
AUO TUTIOL XAPTWV: EVAV YLA LOONTIKEG TLOAUTTAOKOTNTA TWV ETILUEPOUG OTOLXELWV
MANPOPOPLEG & EVAV YLA KIVNTIKEG EVIOAEG elval ekelvn n omola KaBLoTd bkt TNV
Aev gival yvwoth o€ BaBog n dtacuvdeon Toug. enefepyacio moAUTAOKwWVY TANpodopLWV



To onua EKKlvnoNnG LETOTPETEL TO OO EL00O0U 0€ SUVOLKA EVEPYELAG TTOU Oat
netadoBouv Katad YKo Tou veupatova.

AuvaLKO eveépyelacg SnpLoupyeital povo otav to duvapiko urtodoxea (oToug
aLoONTLKOUC VEUPWVEC) 1 TO oLVATTTIKO SUVALLLKO (0TOUC KLYNTLKOUC VEUPWVEC) Elvall
LEYAAUTEPO ATIO EVOLV OPLOLLEVO 0USO OLEYEPONC.

Otav 10 onpa eLoodou vmepPaivel avutov Tov oudo, KABE epalTEpW AVENON OTO EVPOC
TOU ONUATOC ELl00S0U QUEAVEL TN CUXVOTNTA UE TNV omoia dnuLoupyouvTol T
SUVAULKA EVEPYELAC KAl OXL TO EUPOC TOUC.

Etol, n StaPabuiopevn puon Twv onUATWY £Ll0050oU peTadpAlETAL OE EVAV KWOLKAL
duvauLKkwyv eveépyelag otn {wvn ekkivnonc. H dtapkela tou onuatoc eLoodou kabopilel
TOoV apLOO TWV SUVAULKWY EVEPYELAC.
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Otav 10 onpa eloodouv unepPaivel autov Tov oudo, KAOE
MEPALTEPW aUENON OTO €UPOC TOU ONUATOC €L0OO0U
auaveL TN ouxvotnta HE TNV omoia dnuioupyouviol T
OUVOULKA €EVEPYELOC KOl OXL TO €UpPOC Touc. Etol, n
StaBabuiopevn dévon Twv  onuAtwv  €lLcodou
uetadppaletal o €vov KwWOLKA SUVOULKWY EVEPYELOC OTN
(wvn ekkivnhonc. H Odldpkela tou onpatog¢ ewoodou
kKaBopilel Tov aplOUo Twv SUVALLLKWY EVEPYELQLC.

Spike threshold

I

B Trigger action

C Action potential D OQOutput signal

(transmitter release)

..

Otav 10 Ouvaulkd evépyelag ¢pOBaAvel otn
ouVATTLK amoAnén, To KUTTapo ameAevBepwvel
Evav XNULKO StaBLBaoti mou Asttoupyel wg onpa
ge€obou. O OUVOALKOC aplOuoC Twv SUVOULKWV
EVEPYELOC ava povada xpovou  koBopilel
enakpBwe tnv moootnta veupodlaBifactny mou
Ba aneAevBepwBel amod To KUTTAPO.
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KUplot Tumtol NeupoyAotakwv Kuttapwv

A OMyodevdpokuTtTapo B Kitrapo Schwann I AotpokuTtTapo
1
OAyodev uTT MNepveupwvo
mwmmomwo OAYOSEVEPOKUTTOPO
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Receptive field examples

Stimulus presentation Response function of a
cases specific neuron under two
stimulus presentation cases

membrane potential membrane potential

After removing the stimulus from the inhibitory (off) area,
after a small period of time, the neuron may fire



Examples of receptive fields of different neurons
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and inhibitory (grey, “-”) zones

A. Receptive fields of concentric  B. Receptive fields of simple
cells of retina and LGN cells of V1

Wurtz, Robert and Eric R. Kandel. “The Retina Projects to Subcortical Regions in the Brain.” (2006).
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b) When the stimulus is presented at the grey zone (“-” ) and then
“removed”, after a small time period, the neuron fires; We can think of
the grey as being responding to the darker stimulus OR (perhaps
equivalently as having the “pink”/”+” of higher intensity compared to
the grey/”-"”; (kind of adaptation)

c) There is a cancelation due to stimulating simultaneously the

excitatory (pink) and inhibitory (grey) zones

Wurtz, Robert and Eric R. Kandel. “The Retina Projects to Subcortical Regions in the Brain.” (2006).




Neuroidal Model
“...we do not have a logic for

the transformation of neural
activity into thought ... | view
discerning [this] logic as the
most important future
direction of neuroscience...”
Richard Axel, Neuron, Sep 2018

Les Valiant’s theory
of neuroids
and memory items [ca 1995]

What are we looking for? The Assembly Calculus

» A formal probabilistic model of the brain
» A basic data type

» a computational system . .
» Basic operations

» consistent with current understanding of the brain

. aaid Paper
» explains cognitive phenomena

Papadimitriou, V, Mitropolsky, Collins, Maass
“Computation by assemblies of neurons”
PNAS, June 2020



Textbooks

* Nevpoemiotiun kot cupnepidopa. Eric Kandel, James Schwartz, and
Thomas Jessell (Metadpaon ota eAAnvika, Xapnc Kalhopnc Ko
aAlot, Maverotnuiakeg Ekdbooelc Kpntng)

* Networks of the Brain by Olaf Sporns, The MIT Press ISBN 978-0-262-
01469-4
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Educational Videos

MIT OpenCourseWare: MIT 9.40 Introduction to Neural Computation
https://www.youtube.com/watch?v=PnJEj6 TokDA&list=PLUI4u3cNGP6114al5T60aFfRK2gihjiMm
https://www.youtube.com/playlist?list=PLUI4u3cNGP60IKRN_pFptIBxeiMcOMCIJP

Receptive Fields: https://www.youtube.com/watch?v=fCqt07IXUPI

Receptive fields of Retinal Ganglion Cells: https://www.youtube.com/watch?v=0BJSG15Nq2E
LGN & V1 https://www.youtube.com/watch?v=CvxIN2_bTzY

Retinotopic Maps: https://www.youtube.com/watch?v=MhFJigeY-ZY

Orientation Selectivity: https://www.youtube.com/watch?v=ePPOG7FJGPI
https://www.youtube.com/c/MITCBMM/videos

MIT OpenCourseWare, Brains, Minds, and Machines Summer Courses (instructors Tomaso Poggio and others)
Yto eMANVIKA, ol SLOAEEELC TNC KUTTAPLKAG puotoAoyiag amo tnv ka Kikn ZiénpomnouAou ot
https://www.youtube.com/playlist?list=PLNNm8tIsTZk4PeBsXxDZx9hrSJeby)0Q4



https://www.youtube.com/c/MITCBMM/videos
https://www.youtube.com/playlist?list=PLNNm8tlsTZk4PeBsXxDZx9hrSJebyJ0Q4

Datasets, Videos and Other Resources

BrainMap

* BrainMap database of published functional and structural neuroimaging experiments with coordinate-based results (x,y,z) in
Talairach or MNI space. The goal of BrainMap is to develop software and tools to share neuroimaging results and enable meta-
analysis of studies of human brain function and structure in healthy and diseased subjects.

* http://brainmap.org

Allen Brain Map
* Accelerating progress toward understanding the brain.

* https://portal.brain-map.org/

Human Brain Project

* The Human Brain Project aims to putin place a cuttinfg-edge research infrastructure that will allow scientific and industrial
researchers to advance our knowledge in the fields of neuroscience, computing, and brain-related medicine.

* https://www.humanbrainproject.eu

Brain Drop
* A Mixed-Signal Neuromorphic Architecture With a Dynamical Systems-Based Programming Model.
* https://ieeexplore.ieee.org/document/8591981



