Over the HH-model

Different currents Function

slow K* firing frequency adaptation
perzistent (non-inactivating)  Na*burst

Ca* burst

Ca?*-(and V-) dependent K* burst, adaptation
H hyperpolarization activated pacemaker

(i) (i) —
Voltage dependent currents  L=s:(0(E~Vi0), 0,(0=a, [T pil0), =”X°°fZ<<3it>f -

d[Ca]i_ [Cal(t)
b 10—

Ca*-dependent gate oy _ p§§>w<[Ca]i<r>>—§»<t>

dt T ,0([Cali(t)

Ca&* concentration
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l_(X,1)

| (Xt ¥ |

plasma

ve core: |

conducti

The Cable Equation/ 1

I(x+dx,t)

V(xt) R V(x+dx,)

X
1oV
IalX,t)=====
ax1al(X ) Ri ax
ol
axia :I ,t
L

x [cm], t [msec]
VimV], | [HA] | [uA/cm]
R [kQ/cm], R [kQcm], C[uF/cm]

A=yR /R [cm]
t=R _C_[msec]

m m

ANDMNAN

l_(X,1)

lV(x,t)
I (x,0)=I(x,t)+ 1 (x,t)+..=—C, %\Z_V(g,t)
simplification: no voltage-dependent currents! "
10V aV—V(X’t):()
R ox>* "ot R,
2
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The Cable Equation/ 2

1 Voltage attenuation for different boundary conditions

08T Sealed end
axial ( X 0) =0
06 |
A
04
V(0)=0
27 Clamped end Infinite cable
. V(X,) = 0 | .
0 0 0.5 1 15 ) 25 "
X=Xx/\

Constant current injection: Transient current injection:

steady-state spatial temporal development
voltage spread - of voltage spread
I\ _B 100 ™= !
\'J P
1.0 (mv) GP
10
ViVo
1
0.5

0.1

0 05 1.0 0 05 10 15
distance (x/2) time (t/tm)
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The Cable Equation/ 3

Anatomy
. wf;«»?q};\,yigm . Attenuation (in) Attenuation (in) delay (in
o \\ff basal tip apical tip y (in)

Attenuation (out)

N e T e—
B
N
J

Iin (
) *+— Iin 10 ms
AL 0.1 Agtf e
{ ef
\; 100 um
\ S o
/\
— 0Hz
TN
T
N

WA 500 Hz

1/e
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A. Characterized Neuron

Multicompartmental modeling

B. Cable Model

10V oV _Vixy_,
R ox> ™ot R C. Compartmental Mode|,

m

>
>
>
>
<
b3 l

k%=1k(t)+Vk_l(t)_vk(t)-l—Vkﬂ(t)_vk(t)
d R, R,

all sorts of ionic currents (HH, etc)
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Stratum radiatum

Stratum lucidum
Stratum pyramidale

Stratum oriens

Level

L~ SO W

©

11
IS

Axon

Na®

10
100

30

1-0
-0
-0
1-0
-0
1-0
2:0
3:0
3:0
1-0
1-0

Axon

(a?* K(DR)

100 um

08
08
0-8
08
08
08
08
(]
0-8
08
08

Detailed cell models: Why?
|. Reproducing different phenomena (how does it works?)

Traub & Miles (1991, 1994) hippocampal pyramidal cell model

Table 2. Active conductance densities (mS cm™2)

K(AHP) K()

40
40
8-0
20
30
80
40
12
12
40
40

Level 8

Level 6

Level 4

Level 2

Modellek az idegrendszer-kutatasban - ELTE TTK, 2003 tavaszi félév
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10‘: ':“x T 1L_l042nA
50 ms 50 ms

EXPERIMENT SIMULATION

mwmv

¥
L, B

}f\ ALI 10 m¥
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1. Common sense (Lisman): more robust transmission

Detailed cell models: Why?
|. Revealing computational functions (What it isgood for?) / 1

What is a burst good for?

1

2.5ms

Pulses cancel

2. 1zhikevich: selective communication with resonance ﬂ ] J1my || eachother

wl

W

inhibitory input

:
= =i

Pulses

Pulses cancel

add up ﬂ iach other

A\ 6 ms AN 12 ms A__N 18 ms
Slngle pulse Non-resonant doublet Resonant doublet Non-resonant doublet
V_ Threshold| |Y_ Threshoid| |Y_ Threshold| |Y__ Threshold

S

WALAT
5ms
Non-resonant burst

Modellek az idegrendszer -kutatasban - ELTE TTK, 2003 tavaszi $
http://ww.rnki.

Kf ki .

LELAL B J L R A}
15 ms i0ms
Non-resonant burst Resonant burst

hu/ ~l mat e/ kur z/

C

Period
18 ms

F iz my
Vv——

Resonant for B Resonant for C
I 1 ——
12 ms 18 ms
Period
- 12ms
B |2 mV
/\d\—’m

|20 mv
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Detailed cell models. why?
I1. Revealing computational functions (What it is good for?) / 2

What is the role of the dendrites?

1. Common sense (Cook&Johston): amplification of distal synaptic effects

" i I Linear Cell Nonlinear Cell
2. Mel: increasing storage capacity enline Ce
- Odi
., od = a\x a\x
1 S| dmk=3 (%) N(x)
1 2 j
1 hE 4 ff; TT— - @ b(2x1+ x,) +
\ m o / X g 4x + 342 | b(2xy+x) +
i J B Wrg o y - g b(xa+ 2x3)
. . 4, 3P F - ] s S
oo, L E
: ' - x e
| Ty g . - ‘ & b(2x; + x3) +
Ele g e o T : £ 4+ 3042 | bl +2x) +
| o 8 ,: =™ : bxy + xp+ x3)
s i
Total number
d of distinct /o 110 220
functions
A Capacity for Fixed Branch Length B Capacity for Fixed Branch Count C Capacity for Fixed Cell Size
5 5 4
g5 x 10 25 x10 15 x10
d =1000
d =400 d =400 =10,000
2 > 2 4 © d=400
a ) / 10| Nonlinear model
215 Nonlinear model ¢ 15 Nonlinear model 4
Z ;
.‘é
%
o 1 1
o)
A
05 05
Linear model Linear model i ~-—- Linear model ‘\\\‘__' \|
0 e 0 5 = — \ /

0 05 1 15 2 0 05 1
Number of Sites (k -m) x10%

—

¥ —

15 2

Number of Sites (k -m) x10*

s

0 1

\
2 3 4

Number of Branches (log ,,m)

K %
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2D taxonomy of single cell modells

. Morphology
multi compartment

one compartment  two compartments

discrete

branching

continuous

linear
McCulloch-Pitts
Rate
Integrate and fire
N R-C circuit = Equvivaent
O = leaky Integrator cylinder
C | FitzHugh
> .
N | Morris-Lecar
Hodgkin-Huxley Ball & Stick
Wang
Pinsky-Rinzel
Traub '91
complex

Modellek az idegrendszer-kutatasban - ELTE TTK, 2003 tavaszi félév
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compartmental

Standard
multi
compartmental

Bursting

Multi
compartmental
(Traub '94)

cable-equation

(Rall)

Sjepow paseq aournpuod [easAydolg

SUO 11 JJU32U0D
puebi|
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Synaptic models

1. presynaptic action potential

2. Ca* influx

The aim synaptic models:
To calculate the postsynaptic
potential changes, based on
the presynaptic activity.

3. transmitter release from the vesicles

“—s 4. transmitter-receptor binding

:

5. postsynaptic conductance (' PSG"),
e current (PSC) and potential changes (PSP)

Modellek az idegrendszer-kutatasban - ELTE TTK, 2003 tavaszi félév
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Between tWO neur on: T h e Sy N ap Sse {A}  IOM-CHANMEL LINKED RECEPTOR

& T jons

@ == lonotrophic (A) and
#——4\F metabotrophic (B,C)

receptors

(B} G-PROTEIN-LINKED RECEFTOR

ligand

G protaein activated activated % ’.E, ,\:
B YITE OF G protein EnTYImE of
on channel ion channal

€1 EMZYME-LINKED RECEFTOR

ligand
—
Nerve =
impulse G
inactive active

@ domain domain
Excitatory and inhibitory postsynaptic potentials

(a) Excitatory synapse
my

-60 = (b} Inhibitory synapse

mw

Acatylcholina addad
10 RAesting potential

Resting potential _72

Acetyleholing addad —

1 | | 1 | |
Sarcoplasmic reticulum [s] 20 30 40 1 2 3

Modellek az idegrendszer-kutatasban - ELTE TTK, 2003 tavaszi félév e ms) Time (s)
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Excitatory and inhibitory neurotransmitters

Glutamat

Information transmission . . .
( ! ) GABA-gamma aminobutyric acid

Serotonin (in the central neural system)
(mood, wake/sleep)

Acetlicholin
(neuromuscular junction

| Glycine
Noradneraline M (in the periphery)

(arousal)

Dopamine
(reward system,
Parkinson disease,
schizophrenia)

Modellek az idegrendszer-kutatasban - ELTE TTK, 2003 tavaszi félév
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Detalled kinetic synaptic models:
the presynaptic side (1-3.)

kinetic schema 2+ 2+
(example) d[Ca :Blca(t)_[ca (t) _ V. | 40 mV
dt TCa :
B ICa Ca2+ TCa 24
g g —4k,|Ca”"|(t) X (¢)+4k, X (t)
k
ACa*+X < > X* .
K, ‘zl—)f:— . Ca® () X (6)+k, X () [Ca?] ﬂ | sonm
k
X*W o > We 5 nT Ko
" dX" e lca? (0 X (t)—k, X" (2)
Ca?" intracellular calcium d - J&
X,X*  protein, activated protein . . - . 0.07 nM
W,W* vesicle, activated vesicle —k, X (t>W(t)+k2W (t) X5 W . "
T transmitter W
— =k, X ()W (t)+k,W (t)
Reminder: dt ‘05 "
* 2 M
Ieo(t)=6,S()| Eq= V. (1), %zle*(t)W(t)—k2W*(t)—k3W*(t) ]
ds soo(Vpre(t)—s(t) 5 ms
T d|T
dt Ts(Vpre<t)) ([jt } k nW [T]
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Detalled kinetic synaptic models:

?Vpost

the postsynaptic side (4-5.)

kientic schema

(example)

‘ |
g g T T
‘SJ-T-' . e T e eBeelhe o
T leak ~ syn ¢

777777

Reminder:

I (t)=7,,q ()| E =V ()]

transmitter

closed receptor
desensitized receptor
open receptor

o0 -

AMPA

Simplified kinetic synaptic models

presynaptic side

[T][V,.(t)]= e

Vpre(t) _V®

1+e Ko

postsynaptic side

o [T]
C «*O
(19 B (g

Z_?:o(:T](t)(l—q(t))—BQ(f)

Modellek az idegrendszer-kutatasban - ELTE TTK, 2003 tavaszi félév
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AMPA

Lengyel M&té Egysejit modellek 111/ 14



Phemomeol ogical synaptic models

The postsynaptlc conductance change, caused by one, V
single presynaptic action potential ost

p
Isyn<t):gsyn Esyn post f A pre tO) 14 ).q<t_t0)dt0 J_ g

Ieak - syn

Linear summation of the individual
conductance changes
(convolution by Dirac-delta function)

| sy

alpha-function double exponential function

» » » 2 » » »
0 Time [msec] 800 0 Time [msec] 800
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Number of
variables

reproduced
phenomena

Synaptic models: summary

presynaptic

postsynaptic

senzitisation

desenzitisation
saturation (PSG, PSC)
saturation (PSP)

Mo ' o
http://ww. rnki. kfki.

Excitation or inhibition?
E
c e
O 1 additive effect
o N
{s)
D)
_ Vthr&ehold
Shunting divisive effect
inhibitioMY o =
O
=
E v
=1 subtractive effect

hu/ ~I mat e/ kur z/

40

-40

0.8
0.6 -
0.4
0.2
JIL =
62 -

-64

-68

-80

detailed
>=5

~5
yes

yes
yes
yes

Vpre/mv

P

[ [Tymm

'
)
.q
s

simplified
0

1
no

no
no
yes

v
[
A
Y
.
.
~
.o
11N | S —

] v mV
1/ >~

=70
24

0 10 20 % 40 0
t [msec]

T T T 1
10 20 30 40

phenomenological
0

no

no
no
no

ShNNN

t [msec]
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