= PETER PAZMANY KL SEMMELWEIS

U DG
e CATHOLIC UNIVERSITY - UNIVERSITY

375

Development of Complex Curricula for Molecular Bionics and Infobionics Programs within a consortial* framework**

Consortium leader

PETER PAZMANY CATHOLIC UNIVERSITY

Consortium members

SEMMELWEIS UNIVERSITY, DIALOG CAMPUS PUBLISHER

The Project has been realised with thpport of the European Union and has beifinanced by the European Social Fund ***

**Molekuléris bionika és Infobionika Szakok tamgaganak komplex fejlesztése konzorciumi keretben

***A projekt az Eurépai Unio tAmogatésaval, az Eundpaocialis Alap tarsfinanszirozasaval valosul meg.

Nemzeti Fejlesztési Ugynokség
UMFT infovonal: 06 40 638 638 ;
NFH nfu@nfu.gov.hu ® www.nfuhy TAMOP - 4.1.2-08/2/A/IKMR-2009-0006




Peter Pazmany Catholic University

\/ |
Faculty of Information Technology

5 ef 7OV
375

www.itk.ppke.hu

BEVEZETES A FUNKCIONALIS
NEUROBIOLOGIABA

INTRODUCTION TO
FUNCTIONAL NEUROBIOLOGY

By Imre Kallé

Contributed by: Tamas Freund, Zsolt Liposits, Zoltan Nusser, Laszlo Acsady, Szabolcs Kali, Jézsef Haller, Zsofia
MagloczKky, Norbert Hajos, Emilia Madarasz, Gyorgy Karmos, Miklos Palkovits, Anita Kamondi, Lérand Eréss, Rébert
Gabriel, Zoltan Kisvarday, Zoltan Vidnyanszky

2011.10.14. TAMOP — 4.1.2-08/2/A/KMR-2009-0006




Introduction to functional neurobiology: Electrophysiology

T oS

378 www.itk.ppke.hu

Electrophysiology
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.  Membrane and action potentials in neurons.

Il. Signal transmission at the synapses.

I1l. Synaptic plasticity

I\VV. In vitro and in vivo recording techniques

V. Firing properties of different neuronal phenotypes.
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lon concentrationsrand Equilibrium Potentials

Distribution of ions on opposite sides of a cellular membrane is unequal due the
semipermeability of the membrane retaining the negatively charged protein
molecules within the cell and the regulated action of ion channels and ion pumps
transferring ions from one side of the membrane to the other. The voltage
difference generated by the altered ionic concentrations on the opposite sides of
the cellular membrane is called the membrane potential . The concentration of
sodium (Na+; 145mM vs. 18mM) and chloride (Cl—, 120mM vs 7mM) ions are high
in the extracellular region, whereas potassium (K+, 135mM vs. 3mM) ions, along
with large protein anions have high concentrations in the intracellular region.
Calcium ions are kept intracellularly at nanomolar concentrations (100nM),
elevations of which from the extracellular space (1.2 mM) and intracellular stores
change the membrane potential, as well as activate calcium-dependent
intracellular processes. Each of the ions are characterized by a membrane
potential at which its flow from one side of the membrane to the other is in
equilibrium , consequently its net (overall) flow is zero.
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-60 to -75 mV

lon concentrationsrand Equilibrium, Potentia

Inside (mM) Outside (mM) Equilibrium 5 % Na*(150) Ena = +56
potential (mM) Na™ (18) 4

Squid giant axon

" K*(3) Ex=-102

Nat 50 440 +55 K* (135) |
K+ 400 20 '76 Intracellular é Extracellular
Cl 40 560 -66 Cr (7 [ cr(120) Eoi=-76
Ca* 0.4 uM 10 +145 §
Mammalian neuron Ca® (0.1uM) g
m Ca®*(1.2) Eg 2 =+125
Na' 18 145 +56 _\ §‘
K+ 135 3 - 102 5 Lipid bilayer
cr 7 120 76 i
Ca* 0.1 uM 1.2 +125
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The Nernst Equation

particle will decrease the potential difference needed
to balance diffusion. Therefore, E;, is inversely pro-

The equilibrium potential for an ion can be cal-
culated using the Nernst equation:

RT [ion],
Eion=?"303 zF log [ion]i

where

Ei;n = ionic equilibrium potential
= gas constant

T = absolute temperature

z = charge of the ion

F = TFaraday’s constant

log = base 10 logarithm
[ion],= ionic concentration outside the cell
[ion]; = ionic concentration inside the cell

The Nernst equation can be derived from the
basic principles of physical chemistry. Let’s see if we
can make some sense of it.

Remember that equilibrium is the balance of two
influences: diffusion, which pushes an ion down its
concentration gradient, and electricity, which causes
an ion to be attracted to opposite charges and
repelled by like charges. Increasing the thermal ener-
gy of each particle increases diffusion and will there-
fore increase the potential difference achieved at
equilibrium. Thus, E;, is proportional to T. On the
other hand, increasing the electrical charge of each

portional to the charge of the ion (z). We need not
worry about R and F in the Nernst equation because
they are constants.

At body temperature (37°C), the Nernst equation
for the important ions—K*, Na*, CI-, and Ca2*—
simplifies to:

Ex = 6154 mV log [K'lo

[K~];

Ena = 61.54 mV log INa*l,

[CE
Cl- i
Eca =30.77 mV log (2],

Ca & [Ca +]i

Ec) =-61.54 mV log

Therefore, in order to calculate the equilibrium
potential for a certain type of ion at body tempera-
ture, all we need to know is the ionic concentrations
on either side of the membrane. For instance, in the
example we used in Figure 3.12, we stipulated that
K* was twentyfold more concentrated inside the cell:

[l |
" = 20

and log 2—10 =-1.3

then Ex =61.54 mV X -1.3
=-80 mV.

2011.10.14.
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The Goldman Equation

If the membrane of a real neuron were permeable
only to K+, the resting membrane potential would
equal Ey, about -80 mV. But it does not; the measured
resting membrane potential of a typical neuron is
about —65 mV. This discrepancy is explained because
real neurons at rest are not exclusively permeable to
K*; there is also some Na* permeability. Stated anoth-
er way, the relative permeability of the resting neuronal
membrane is quite high to K* and low to Na*. If the
relative permeabilities are known, it is possible to cal-
culate the membrane potential at equilibrium by
using the Goldman equation. Thus, for a membrane
permeable only to Nat and K* at 37°C:

PK [K+]0 an PNa [Na+]0

V. = 61.54mV1
o e PK [K+]i + PNa [Na*]i

www.itk.ppke.hu

where V_, is the membrane potential, Px and Py, are
the relative permeabilities to K* and Na*, respective-
ly, and the other terms are the same as for the Nernst
equation.

If the resting membrane ion permeability to K* is
40 times greater than it is to Na*, then solving the
Goldman equation using the concentrations in
Figure 3.15 yields:

40 (5) + 1 (150)
40 (100) + 1 (15)
350

= 61.54 mV log —
4015

Vi = 61.54mV log

= —65mV

2011.10.14.
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The Action IPotential

The Nobel Prize in Physiology or
Medicine 1963

sird.c. AL AF.
Eccles Hodgkin Huxley

“for their discoveries concerning the ionic mechanisms
involved in excitation and inhibition in the peripheral
and central portions of the nerve cell membrane"

2011.10.14. TAMOP — 4.1.2-08/2/AIKMR-2009-0006
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What is'happening duringAction Potential?

N (ma/icme)

30
20

-10
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The Heodgkin:Huxley:-eqguations

Action potential conduction on the squid axon is governad by the partial differantial
acjuation

d EI‘?'I.-"
45‘ ax? E}*

+G W -¥_ WG, il -V, J+C 'l -V )=0

whare Cisthe capacitance par unitarga of tha axon (of diameter d and axoplasmic
resistivity R). G .. Eﬂmd G, are tha maximal conductances per unit area of the
laak, transiant-MNat and delayed-rectifier-K* currents, respactively, and V| . V,, and
Vi are the corrasponding reversal potentials. In the space-clampad condition,
whare an alectroda is insartad longitudinally along the axon, the first tarm
(carrasponding to the axial current) disappears and the partial differential equation
above bacomas an ordinary differential aguation. An extra term must also e
added to tha right-hand sida to account for the current flowing through the
alactroce,

Tha prasance of tha voltage-dependent variables m (Nascurrant activation),
i (Na*-currant inactivation) and n{Kcurrent activation) maketha partial
diffarantial @quation above nonlinear. These gating variables satisfy first ordar
kingtic aquatians of the form

2011.10.14.

TAMOP — 4.1.2-08/2/AIKMR-2009-0006 10
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The HodgkintHuxley:equations

L =x ()-x

whara tha sigmaid function x_ givesthe level of (inlactivation achievaedin valtage
clamp, and £, isthe ralaxation time constant of variable x {x = m, hor n).
Thase kinetic equations can ba rewritten as

ax
& - 0, V) -x)- B

Thea rata functions a, and fi, are now interpreted a5 mean transition rates ofionic
channals from closad to open state and vice versa. Values of all parameters

invalvad —abtained by fitting voltage-clamp data - can be found in Ref, [a].

Refer=ncea

A Flodglin, A L. and Fuoxizy, & F (1952 A guantitalive desor i puion of membrane corrznt
and ILs application Lo conductionand excitation innerve. J. Fhysiol (Lond ) 117, 500-544

2011.10.14. TAMOP — 4.1.2-08/2/AIKMR-2009-0006 11
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Potentialcchanges during-Action Potential

s f A. L.
Hodgkin

2011.10.14. TAMOP — 4.1.2-08/2/AIKMR-2009-0006 12
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Current\electrode
o W
A
xon U Current ]
monitor ['Voltage The voltage clamp is a current generator
CUMeNt es— clamp
electrode

</

Current

Feedback Command Signal

Current\electrode amplifier potential  general

— Y, Current {D The voltage clamp operates under a negative

| monitor | feedback mechanism
Current
electrode |
- }—o Vin
Membrane
potential
amplifier
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Demaonstration ofdonicimoavementsduringtAction Potential
(mV)
O_ _________________________________________________________
Vm
o0 [T e N R
U/
G Current measured in
= the presence of TTX
5
o)
Im 0- T T T T T N T T Gt measred in
2 the presence of TEA
g Na
= —
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The Nobel Prize in Physiology or
Medicine 1991

“for their discoveries concerning the function
of single ion channels in cells"

Sodium Sodium
channel (closed) channel {open)
| |

Gigaohm —
seal

i
Edge of
membrane patch

Patch<clampecording

—85 mV e TS e it e LY
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Direct examination of lchannelproteins

(R =
Mw-b[———ﬂ—vw—r**“ww Closed k// Membrane ™ -Open 1T
I | e — potential (V) ] \ ﬁﬂ : L“ Il 1 S
| . I| l o | 1 +50 mV L—‘ [e—— oy swesenn — Closed 3
------------ W}M Ao Open Glass b | : -
micropipette B {
| I 0
bl | ; - Open
1 5 : Y1 idoine +25 mV J.LJ-L . i - Closed
|| Acetylcholine
4 | _[P receptor Tight
channels seal Cell membrane
oOmv ety
mw———wmw,.
| Muscle cell
............... 'p.,;ml r'.'...!,

-25mV foans e il e — Closed
1pA | | i
—LJ-J m - Open

i -50 mV [ . Li— LJ- ~ Closed
! |
_________________________________________________________ |
75mV | 175 mv Srvieney - Open
| 0.5pA

2 sec

-1 pA
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Movementcofiionsiduring ActionPotential
. 9% > Ona
Coplisarzon Sodium Potassium Sodium-potassium
channel v channel pump_. 'r
: ' vm|
Inside N —80mV o AR S, ol
cell 5
Ga >> 9
Vm
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Movementcofiionsiduring ActionPotential

gFC = gNa

- 80 mV -

2011.10.14. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 18
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Openingcofiion:channels
during Action IPotential

Currents
through
voltage—gated
sodium
channels

Currents
through
voltage—gated

| Inward
+ ¥ current

. A Outward

. current
potassium

channels
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Na* channel ] n [\

Extracellular
side

Structuresand functionfofvoltage-
gatediion:channels

Ca?* channel

NH,

K* channel
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Greatwariety»of firing:activity of neuroens
Regular firing Burst firing 1

A = e
Burst Mode Cerebral cortex

200 ms

Hippocampus

Striatum \
\ Cerebellur

Olfactory
25mV  bulb
75

50 ms
Transfer mode

e Ve Ve

T

Thalamic relay cell
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Morphology ©f neurons

/

Dendritic tree

\

AXon
initial
~ segment

S0 pm. 44
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Synapticpotentials; passivecand activeddendrites

(a) Passive cable (b) CA1 hippocampal pyramidal neuron (c) Meocortical layer & pyramidal neuron
Proximal Distal Peri-somatic Distal
Synapse , Bynapse synapse ,'n‘.._ synapse
i | l"\.
\\‘.

0.25 4 = i .
. ﬁ' : y
i i _.I ".' — _1-2_: . .1-2 = a
% 0.20 0 A oy :E z
o 0154 % | e 3 5 031 Dendrita 2 091
E 3 o N 206 2 06
i D 1 D = 1%‘ ! I.. -\ E- - E -
< 0054 M < 03 o < 03-
0 B 0 _ Q-
['] Zﬁﬂ MI]D E{I:H:I' Eé“]‘ Soma 200 400 800 200 Soma 200 400 60O 800
Site of generation (pm} 100 pm Site of generation {um) 100 um Site of generation (um)

TRENDE in Naurosoiences

Williams SR, Stuart GJ. Role of dendritic synapse location in the control olfaction potential output.
Trends Neurosci. 2003 Mar;26(3):147-54.
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The asynchronous:excitatonyinputisisummechlinearly,whereas
synchronousrinputisupralinearly in:-thedendrites

| J
#16, #18, #20 —

#14 7 = 8
E
a8
a

#12
L

#10 2

#8 &

#6 2

#d i

; a

Y T il i | o g = T T |

]
01 2 3 4 5
10 ms expected EPSP {mV)

Losonczy A, Magee JC. Integrative properties of radial oblique dendrites in hippocampal CA1 pyramidal neurons.
Neuron. 2006 Apr 20;50(2):291-307.
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The amplitude ofithe:retrogrageopagating actionpotential inithe
dendriteiisidependent.on:the firing pattern

A B | A Physiological Pattern B Mean Pattern

) Soma )
1
1
T% |' Dendrite
V 620 jm ’ 20 mv

ke

0.1s
-
2,% r’\ “m‘ s40um |2o mv
P N \ N\.— MM

Stuart G, Sakmann B. Amplification of EPSPs
by axosomatic sodium channels in neocortical | '
pyramidal neurons. Neuron. 1995 Nov;15(5):1065-76.

soma |40 my
Williams SR, Stuart GJ. Mechanisms and
consequences of action potential burst firing in rat - W
neocortical pyramidal neurons. J Physiol. 1999 Dec L | L
1;521 Pt 2:467-82. BE— MR LERAT T
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Removal of & ions fremithe
extracellularsspace

Membrane potential (mV)

-100 Rk 8 1 e 1 b S
1 10 100
[K*] (mM)
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Synapticrneurotransmission
The presynapticiside
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Mechanism>of.neurotransmission

Action potential in Ca”* entry causes Receptor-channels open,
nerve terminal vesicle fusion and Na* enters the postsynaptic
opens Ca®*channels transmitter release cell and vesicles recycle
Presynaptic
#fion potential Presynaptic
mv nerve
i terminal
“0 -

e Epm g

BhE - — ——-Threshold
at
* Recept
Excitatory eceptor-
postsynaptic \ ; \ .. /channer
patential ;, t §
:: S - Threshold st
[ | f\ Na* Na* ?e/lr'\ap ic

-0 L —

1 ms
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Proving the:chemical:nature of
neurotransmission

Experiment.of Otta Loewi

in 1920

www.itk.ppke.hu

a— Stimulator

Electrical stimulus

HTHTITITT

—

Polygraph recording

Ringer

Flow of Ringer solution

Polygraph recording
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C
Synaptotagmin

Synapticwesicle andsi
assaociated proteins

Calmodulin-dependent

kinase Il Plasma membrane
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proteins

Proton pump

ATP

rab 3
ADP. N
+Pj

Transmitter
transporters
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Vesicle
fhembrane

Vesicle
transporter

Plasma

A
Endosome
)
e®e ©
@ /l Targeting \
@® géi\
(2 Dacking
3 Priming 4 Fusion
© "
B
Classical Kiss and run Bulk endocytosis
SN ————
0Q~3E o0 Qo '

Release) ofitheccontent ofisynapticivesicls

Target

! v-SNARE
N /
+SNARE ! =
o
/
7
membranes ( /
— - ,f

/
/

’
’

Figure 14-15 The molecular machinery for fusion and ex-
ocytosis.

A. The SNARE hypothesis. Vesicle and target membrane
compartments have distinct receptors—the v-SNARES (blue)
and the t-SNARES (red)—that mediate docking and fusion
(steps 1-4). Following fusion, two cytoplasmic proteins, NSF

o
e &

ADP

and SNAP, bind to the SNARE complex and disassemble it
(steps 5 and 6)

B. Model of the minimal fusion apparatus. At presynaptic ter-
minals the v-SNARE VAMP (blue) binds to the two 1-SNAREs:
syntaxin (red) and SNAP-25 (green). The ternary complex
consists of a coil of four a-helices, one each from VAMP and
syntaxin and two from one molecule of SNAP-25. This coiled-
coil structure is oriented parallel to the plane of the mem-
brane, bringing the vesicle and target membranes in close ap-
position and thus promoting fusion. The sites of cleavage by
botulinum (BoNT) and tetanus toxin (TeNT) are indicated

2011.10.14.
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Exocytesisiincrease the capacitance of-the cell

A Mast cell before and after exocytosis B Membrane capacitance during and after exocytosis of mast cell vesicles

Membrane capacnance

During exocytosis r’—’{ During retrieval of membrane

p 251F
=l 30s

C Calcium-dependent exocytosis of synaptic vesicles

IQ 221
é 24 | | | ‘
.g v, ‘
S 20t lea U
03 —
— 20ms |
%_ 0.2
S 01F |
|
L {
o Dep(jlarize 10s 'I
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Synapticrneurotransmission
The postsynaptic side
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Frgs:ynaptic
#lion potential

Mechanism>of.neurotransmission

Action potential in
nerve terminal
opens Ca?*channels

Ca®* entry causes
vesicle fusion and
transmitter release

Receptor-channels open,
Na* enters the postsynaptic
cell and vesicles recycle
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Presynaptic

v nerve
E terminal
40 -
| S
-65[- — — — - Threshold
70+
: . . ./Transmitter . g
Exctatory ® ® eceptor-
postsynaptic 5= ° channel
! ' Post
-557 '-—*1;-——,..— ——Threshold synaptic
I cell
o —-
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Structurecof-poestsynapticion Transmmer\
. 1 1 Channel

channels and:receptor proteins et 82ns

OnOtrOpIC Eiﬁtéaceilular

receptor

G protein-coupled receptor il
v C_Eté)plasmic

Transmitter

Second-messenger cascade

Receptor tyrosine kinase

Transmitter

Second-messenger cascade

Structure of metabotropic receptors
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Functionof c«channelproteins

-~ == C Volt ted Ch
- n
A Ligand-gated Oltage-gate ange
- 77 g e membrane

Bind ligand potential
Extracellular e -

side

Cytoplasmic ]
side

B Phosphorylation-gated
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—_
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Fast((10ms) «ionotropicr=cneurotransmission

Excitatory: Inhibitory:
glutamate receptors - AMPAT. (Na* and K*) GABA receptors - GABAar. (Cl)
kainate r. (Na* and K*) glycine receptors (CI)

NMDA . (Na*, K*and Ca?*)
acetylcholine receptors - nicotine r. (Na*, K* and Ca?*)
serotonin receptors - 5HT3r. (Na*, K*and Ca?*)

Slow (100ms) +metabotropic = neurotransmission

glutamate receptors - MGIUR r. (IMGIuR1-8)
GABA receptors - GABADb .
acetylcholine receptors - muscarinic r. (M1-5)
serotonin receptors - 5HT1-8r.
dopamine receptors - D1-D6 .
adrenergic receptors - alpha 1,2 r.; betal,2r.
histamine - H1-3r.
2011.10.14. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T £ 25
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Excitatory neurotransmission -
: . Axon
(e.g. glutamate orcacetylcholine: receptors) .
' | Axon terminal
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Inhibitory neurotransmission —
(e.9. GABAarreceptors) / o

Axon terminal

(a)

» Postsynaptic
ﬂ dendrite

Neurotransmitter
molecules

A

.................................................. v, \_/IPSP/'
' -65mV '
4 1 T 1 T
Transmitter-gated 0 2 4 6 8
(b) ion channels (c) Time from presynaptic action potential (msec)
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Cholinergicpathways imthe rat4orain

Acetylcholine

FIGURE 8.12 Schematic of acetylcholine cell bodies and projections in a saggital section of the rat.
Abbreviations: as in Figure 8.6; BF, basal forebrain.
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Serotonergic pathways indhe rat brain

Serotonin

FIGURE 8.8 Schematic illustrating some of the major collection of serotonergic cell bodies (red circles)
and projection areas. Abbreviations: as in Figure 8.6.
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Noradrenergic pathways indthe ratbrain

Norepinephrine
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Dopaminergic pathways inthelrat:brain

Dopamine
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Activation of secondrmessengers |.
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Retrograde signalization

) Gaseous: nitrogen monoxide (NO), carbon monoxide (CO)
i)  Peptides: BDNF, dynorphin

i)  Lipids: endocannabinoids, arachidonyl acid

Iv)  Classical neurotransmitters: GABA, glutamat
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Retrograde synapticsighalization
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Wilson RI, Nicoll RA. Endocannabinoid signaling in the brain. Science. 2002 Apr 26;296(5568):678-82. Review.
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Retrograde synaptic signalization
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Short termpplasticity of synapses

It is dependent on the quality of target elements

It can be depressive, facilitative and temporally stabile
Causes of depression: i) probability of transmitter release is high
i) desensitation of receptors
i) intracellular factors (e.g. spermin)

Causes of facilitation: accumulation of Ca?* in the presynaptic
terminal

It can be influenced by e.g. activation of presynaptic receptors

. lnvzeting in your fieture T *
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Elements of lthe neocortical network
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Elements of the neocortical network

pia
The somatostatin-containing cells
show bitufted (B) morphology, which
innervate the dendritic tree of other
neurons.

The parvalbumin -containing cells show
multipolar (M) morphology, which
innervate the perisomatic region of other
neurons (basket or axo-axonic cells)

Reyes A, Lujan R, Rozov A, Burnashev N, Somogyi P, Sakmann B.

Target-cell-specific facilitation and depression in neocortical circuits. Nat
Neurosci. 1998 Aug;1(4):279-85.
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Spatially and temporally;distinguished role of Imultipolar perisoma

and lbitufted/dendriticiinhibitorycells:
The functional differenceroriginate from:the diént plasticity,of excitatory,synapses
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Pouille F, Scanziani M. Routing of spike series by dynamic circuits in
the hippocampus. Nature. 2004 Jun 17;429(6993):717-23.
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Spatially and temporally;distinguished role of Imultipolar perisoma

and lbitufted/dendriticiinhibitorycells:
The functional differenceroriginate from:the diént plasticity,of excitatory,synapses
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Pouille F, Scanziani M. Routing of spike series by dynamic circuits in
the hippocampus. Nature. 2004 Jun 17;429(6993):717-23.
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Long-termplasticity,of; synapses

It is dependent on the quality of traget elements

It can be LTP —bng Term Potentiation
or LTD — Long_Term Depression

Methods which can induce: i) high frequency stimulus of the filB#ks £ Lomo, 1973)
i) synchronous co-activation of pre- and postsynaptic cells
(plasticity window: presynaptic and postsynaptic spikes
less than 15 ms apart)
i) temporal difference between the activation of pre- and
postsynaptic cells

Mechanisms: NMDA-dependent, non-NMDA dependent, receptor insertion, receptor
subunit exchange, retrograde messengers etc.

; lnvzeting in your fieture /,-—_*\
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Spike-timedependent plasticitys4 STDP
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Markram H, Lubke J, Frotscher M, Sakmann B. Regulation of synaptic efficacy by coincidence of
postsynaptic APs and EPSPs. Science. 1997 Jan 10;275(5297):213-5.
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Spike-timedependent plasticitys4 STDP
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Markram H, Lubke J, Frotscher M, Sakmann B. Regulation of synaptic efficacy by coincidence of
postsynaptic APs and EPSPs. Science. 1997 Jan 10;275(5297):213-5.
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Kang J, Jiang L, Goldman SA, Nedergaard M. Astrocyte-
mediated potentiation of inhibitory synaptic transmission. Nat
Neurosci. 1998 Dec;1(8):683-92.
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