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LECTURE 6 -

The \odn,mwv‘ of e ion thawnele of A%Mﬂ)& "31!94- 5 (e:g,J S=K+,or Ss Na]td’a)

caw e desertbed by us»‘ng, the g‘&quCn% clagse of modeks - lJ

where, ¢ T4 2 comenk glmsda
C‘p( =I- V curve o£® smgl,e. fon channel a[ J-\/pe 5

N
2 nomber of chawnels Lor vt of surface.

N
g (\/ t) bmbor} on 04 o]mn channels n the La}u lation of N channels

* | How do we wodel e (\’,.Jc) ool ngfv)?

To model @q(V) we can eibher use eleckrodiffusion Mﬁdnmwfs‘ o
An.er%tﬁ.. e wouke - The ot&mm& a._C*H'LL'.Q ef-{er’r LSy -

|

. | : |

W) 3L the cedh lhas dowg channels or Ligh concenbralvons of iong : |
< N~ f

@ (vIE (v-ve) Va £ Nernct Lotewtiol |

|

Thee is Yhe case for cells T+ is Unear| g - |

n tavertebratee \ |

| “Both models o |

nok-elebere—on——

time £ 3

b) TL the cell has short chamnels: g . |
o) = (@D [8) -[e], £ &Y /

D) %

¥ —

T+ is  GHK - abbroximation l
Thig is the case Lo :

celhe via vertt b rakec
cebie v el o ra el




In cate a) (tic uSuko Writren |

Ts= 3, %S(v,c) (v-Vva)

ﬁaé N - max conductaute dencity
Nf rd e

Tn - cage \o) ct is c&sww(g Written J\gf_ v.)
" 2 o S
j'_s — /%, (Z‘F) 1’4 ~%(g(.\/"‘t.) [5][. [g]e, 2 - .
- (22
il 1-¢ (mv)_ N
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Be = NJM - ey l?"mm‘b””j
s
rele bl o fructlon
To mooled, gs(\/ﬁ:} we  taw, consider: é of Nchomnels
| | (V)
o The convexsion of chauwels 1 R LQ_!: [9} -
Lrow one ctate to one - aneother J eto

The complexity of Huce aperoach grows withthe momber of states,

and fonctoons o (V) aud FM racd o be aclomatedd. awjway

IS e

* A brobakilishc charackengation. | Coudli koo,

R
N éa@ﬁﬁ@lﬁ
0-(: e tramsition -Frow\, one, elake, k ==> Ex: (C;L ﬁ clhanned

o one. another // FF -
/4

TS He brdealilily
of gotng fromopun

. To YcleSed .
We gﬁb\j +he ?mba,\b\‘ubq of one chawnel, to be ebeaw

wader Volaae V' oud - simee N ig Vuj b.‘% - we

asSVVNL o %owt mao{-oﬁw‘n% between kmk:ﬂa&h‘ﬁ{ aud,
.ng{-(ov\_ O.F open channels




o A data -driven au!of:{‘eac/h = For Instanee, if the vroded tewblate. is.

Te=3ga,(v5) (V-Ve)

£) = T

,.—we,qc-,mrsid;m’rhpiai,i&;; I O S . -

(v

V- V¢

couse Ig V ond V¢ moy be wmeasured in a Volb&céz,aclam!g <x perimend,

i duene out that meacurements of 2(V.&) can e obtained uwwder vartoug

settinas e.9.:
A J

~ Ove cam fix V and, meagwre e evolukion in time of %(\/jb);

//.“‘“. CUTVES axe. Black dots are axonbles
) - obtained, for of actuad measorements
A e Various clotces wlile, the Wnes vebresent
o0 ¥ of AV Heor in‘[-e/rl:aohkl‘on
o ’L'b :
. V== VQ+A\/
I AV
(¢ '
o ‘?lo’rs of Yype A) ave
Hypicak of k' channdls I
IOk . |
: e Plote of 4ype B) ke
curves olsbained ) -
B) Fa ™ foc varions choices typicak of Nal channels
| A
: {*t \R/‘ |
v=Ve + AV ?i%.&’s ih your Yextbook i
J IA\/ Shows the meoasvrewents ‘
Ve collecked. Tn The axon of |

Y éq'wwt nearon




"'Then one con conoider Hhe value %, = Auww 2(VE) measored

t—00
Jor ,md/\ thorce, of V wnder Steody stoke cowditton and reconsbruct

the I-V cweve - Tor instance | Lrom g\o'l's A) awnd %) one Olten s

T-V corves as in This Hgure:

I 4
From A>\ / (%) Note thak a we,%cou%ivz, correnk
/// mB ndicakes that the direction of
B
DA ¥ L +he, ton Llow ynovy be. veversed.
\/ . under checcfie Values of V
~G0mV )k 40wV ' ’
, {4;4} 4

Note: Plofs Like A) awnd ) %Jn, information. ow how channes

open_amd chose wader a constank membrane vo Wage V =5 They reveal
/

the channel dynamcs

Plok c) inshead, wsee T (V)= 2y (\/ \/s) = Tt is +ime -(ndebendent

GMA SO%L O\LWS on the wmloey o-@ eipw\/ channels wnder vo{{;a%g, \/:% .

T+ is a “s{—ean}}_&wlm“ I-V cwrve v .

Problew t What Lunchiow can we use to inberbolabe meagvrements W

seb A)-8)-c)? o

o -

In o burdfq ,eml,cn‘cak Way , one Can Stw that the fundiion foc the blots in A);

rarst lncrease momimmw‘M with £ and V| and, ' Tt must have a catoration 2

- 00 = gt@nwzdal Lukc,}und'wns coud worke d ——

%im«:\aﬂ‘n} . e Londvon Lorthe plots tn 3) wugh be the result of & opposite
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dynawces | one tnoreasing. att and V tnertates  and. one. deCreasSing. =>
7 ¥ J 7 9

k class of Hnckione (VL) =Ly (k) fo (V) with £40) and £5(°)

st%mou‘o\ak—b:ke, couvld wWorlc

Note: Becauce we are frooeoh‘wg, with wo clue on the wmechamosms of OPchn?r

__and olesing of the chamnels, we hane wo Msighd that can constrain

our chotlce . The ow\);[ conctratuks ic that wWe wauk the Lonckions £t Hee

data. a8 much as we com = We are o\,of%% a black - box medel,

|
Tt wos fovnd that - with daka wvuh‘w(gj. Lromthe axon of o Squid, — & axgellewt, |
Lt couwld be detained, as Lollow:

For blot A) (x+ okannei&}i

|
1
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For %\a‘\? ‘B) (Na* o’nowm}s}t |

» (\Vt)= é\Tc nt (k)

e (VE) =q nE) W (V)
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1
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What is Veq and hwow is it determined 7

The Seconkicte who conducted. the 2xpertments awmd fouud these {foncheons

(Hod%kivx and W\ey) vue,glec{-eok the 0= tons oawmd assumed, +hat +he

cell vaenloroume. coukd be wodeled og:

HZAHQ i: + 3y (\/'VN«.> + ﬂk(V VK) us: (v-v )= 0
Where:  a. £ wdh ﬁ,_(\/ v‘_) \eoukago_ mrrw& I* s
JNa <INa
e é\s né o {;vmﬁ ohmee eyrrent

“that accovnts Lor any other

P B A A
W“VVV‘I vt V\\ YR 2

not \,‘n\/ol ve Naor

Tions (eg.) Co- wm.as)

T 4his cace , Veq 18 defoned as the wmewlovane voltage ok steady -stade
t ¢ 7

":\Dé:o => %Un (Ve.q"‘\//\fa)"‘ gK(Va?"Vk) + e (\/a!—'VL) =0

___,> Veq _ g—NO\VNq, + g_k\{k + gLVL

 mam —a:

3Nq+ Qe+ gL

Do n,m, and h have vy {ph:/sColn%{cal, meouwm%o

No)%\rwl\/ dowat . Moreover, nt oand w2l were Lle lowest bower of the

luuo’n)ons o, omd W that could Fot the data . 'Hmc,e,l,'tke, order

of the rower hat wo %ky;folp%;ca,l g oung, 2ither




Howerer note 4o

Neo (V)= otn (V) ) P
Ofn(v>’\’Pn(V) % = % = M‘“
' T
T (AL) L B — ——
dn(v)+(3n(V) (W 1<i ¥V

Jor the choice. of o, and fn ¥ 1c also we=0

Sl\mlax\q ,one, Cam weite
s &

Mm(\l)g ot (V) ) |

St (V) + Ben () / dm_ Moo(-m 1

| R + " |

T (V) = : ( . () 5

Ild )\ o g ef)-k |
o () & o) [ dv T (¥)

dh(V)+Ph (V) '- \ with maq(vl awd \(\oo(\f) fnthe mmgne/ |

TR (v) £ 1 ) To,4] {wm?chpece,apv : J

U, (V) + R (v) +

|

Ac o cecult Jfor 2oy Lixed, value V, the varcablee w, h, and n woll wn‘uw%eb

o volwe, between O ond 4 Wikh a rate that ig decerbed by q,.‘ﬂ\‘rs{"_erolfw Winear |

oDE = n(\l,‘b) , M(V, %), omd b (V,‘b) € [_O‘ 4] LA —-%Th@y Can be t‘wl:vqam\-e&:‘

as fractons of open gubuwite or - ec!ww\«ewfj - ags probakilities of Swbuwits

Lam% oben = Tn +he WAy, We Com sok;,:

g, =9, nt => It s wakhematically equivalewt 4o a chonel with 4 Subowtks.
gt - J ] ‘

T ach swbuwt hae a fr_o\m)a\‘h‘@ h 4o be obon aud all subunits

have the come {:m\oa\vimﬁ v = The {:W\OM[’OE‘{ of Hhe, K+

channel to be apen ic wt




= /_01\ w3h =7 Tt ic mathematically aquivalewt 10 4 chawnel with 4

q N
g .
cubwate , 2 of MAJOUCW& of ty,‘ae 1 and ove of Hrew,

betug of dyped Type-1 swbvnits have-the brobaleilily

“\;VLLO?MES m2h

""" '  wotv be opon amd Type-L subunite have the brobakilily

b o W%&~W%WMKWM““

Note thok we are not moolwm% all the bossible condotnakions of open/closed.

subuwsts buk we are only wmaldxn% the pobakility of open chaunnels,Also

wote -Hnaft' for the. NaT c‘wmmﬂs% we awd, b have an 9#?05['&@ behowlor as

V tnereaged
14\400(\/)" e —_ . 4 u & w
N\ — Hence m 18 called e * achvakion
wmoo(V) ’
\ / vartalole. and W ts calhed the " thackivakton
N = . } TWYT:\NBLQ.- -
-30 o V(m\/) '

What 15 the rationale foc thws kind of medels 7

The tdea, s to modulate the rate of thﬂ%& of these models wnder owfforewt

| \Lo\{moﬁ;cs N by kawmg_ #he time constaut T=T(V). In Lack 1“’)’ ﬁcxingr V=y¥

one has:

TR e
dt To(v¥) 4 L ]
tctval
Cound.tions:
w (vt &) =0

We have o et%mot‘c\al—likc funckoon whose slope varces for 2ach vajue of V




Anal,oTo;roueg,-Hm constants Tp and T, have different magndude ok defferout |

Voltoges owd Aheer ratio okm%e,s with the Vo\‘cq%& 400+

1
|
|
i

) 4
, ? - In parbioder, T(V) < Talv) alweys,

7\ onlV) .
\k d we., Nat chawnels ackivele fast and

wactivate Sl,ouJB = Thwe Ca.Hums the

<eb) \ -FM{F +het | ax ey \rolbq%a \/) the corenk

o > e ) firstratses awotthew ci,emgg

The ratio T /T, Vades (axgelj wibh N = There are volbages at which the

chomnele tnockivate very S(ﬂw&a{ => The awovat of tons {wain% le [awcder ok

hece \/on,%es = That' ¢ why the .!w;ayk in the e TR (V)’c) COn cho;n%e in

awblitade and \m%kk) e.g.:

& INa,
V=Vy /\ VeV,
o 10 e (ms) 0 o % (me)

Onfom (Vi) €< T frm (V2)

va;/ do we _spend Lime. on thes mooled ?

?‘_frs'\'j i+ {6 a model -l:erm\giad:e. thot krovides resulte consigtent with o*“lrwr'/

more formal redeling abbroaches (e.g., mod@i«‘:n%‘b)% probaleility of stake,

breasitton )

Second, it Works cw@r@angb} well Whewn it comes +o modal oD Ik oo

\IM\Q\E‘ Q.L neplons (\M‘b Oh\:l\; ‘h\«@ Sq‘w:&, M0§) -?cxmme\"ems wwx'; C«’nm%&/




fuackions oy (V) amd le,st (v) oy hawe. dillecent forms buk the ‘%OMVL%_

_Iprocess does mi;cw%e, - o

Therd,, ¥ can be sxtended to other fypes of ton channels (¢3., CC5 Co?, de.)

wheeh weans thak the moded of the menmbrane cow be a (v»on,l,ch,ewr)

Lleckeic cirowit with tow corrente That are added tw pocolled one at the Hime:

¢ axteacedl, . &=

T, L L

=i, T ' T Vo T Ve

(k%)

S ¢ Ly L

I /(fwg,:q(v) ? F<V) t%‘—“!/\ »i@cc(v)l/ v

[ES———

:Four’r]n/ Lhese mooele are delined for a lour%e, conge ol V am,a(} ol,,ge,wdmg on

the value of V, ooy Wowe_éig u;,(fccw%(j d.>fLecend -+ evborod dynanics =>They

ave of e oubmost taterest bo wmodel those celha that com sxberonce lak?‘e,

&

cariakiong inthe membrane voltage . Cele lifce:

¥ neurons

cordiac celle 7
% pscle celle It brﬂqe«-b\{ akienmlated, , they cam axberence a large.
1 r <

k bancreaic cells Axevesion (&a\, 60 wV o mer@,) v Hhe menbrane
]

hybothala mic cells b in o fonite ime (conge s 4450 ms)

T

+tc.

These cellg are called “exatalle”

Note that two features define an exciakle cell:

w)'\'\r\& axwreeton i meaubrane volbage (a.k.a. "ackion potevdkiad® or * G{;fbc“)

does wot tnply that large Tie or g, ocours . For instance, the Ll of




Not ond kt fong in the squid axon dourﬁn% an_a.chon pm}md 'S <40"”‘mo\es Jow®

b) The ackon bolrew\:\ul wiliates in ove \‘aoi‘n’r of the membrone and propagates
along the meombrane . I entually transfers o o wearby ol via. aleckvo-

chewical reactions

Depolaxization ]

Ex.:

= Fa R ® The hyberpolavaeation is o |
v ? é action Ffwtm( : It
AmeT y\\ phase ot the tmd of +he Spilte
Q :
rest /\Q Hypecpolaniaation d»n‘ina. whieth Vs lower Haan
Volbage, 77 t (ms) “the vest Value.
= ¥ |
= q4wme

No -(‘-‘ur"'\n,w SI:C\QS cam b_(.._______

taitlaked tndhee Hn. ase.

\)| The action botewtval is threchold - baced e, V muset reach o aridieal

Voluwe, tworder To make the whole, txwrsion

D)

The achon poleutiak is o aM-.or-m*Mn% phenormenen, te., if V veaches

“the threshold Fhen the spike eccors with Y”‘NM“““}@ ={;4Vis

below the Threghold, e probaloilily of dvoning tako o spike is 20

iii)‘ The mechawems of iwtiakwon and terminakion of av action fc{'cwﬂak, can be

sxplosined. by using +he ¥-H model, owd \ooking. ab the dynawice of Nat and k* chamwels:.

Lel us ascume that some txogemous b (‘/resho)?*f (weually)
A — 7

En!wd— increases V aloove the rest value, n (\/mst,. 0)Z0 ‘(lASMU{/)
(Vnsl—) /ﬂ Twm (VrQ&) hGY TL(‘/NS\'), T, (Vm&)
kiCk-0FF )

CYT AT
L7 B~ A




Hence, , we will stack inoreasing from ths indtiad value, M(‘/ns{’,o) with a,

pace_faster than the chan gee of "W amd "w" (Na' CHANNELS ACTNATION>

% o

Tya &tarte Wh% Hw, cell mem brane. awd that increases the valwe of \V/

(HE MAERANE DE\’OLA—K(&ATION)

¥

As V taoceases  we have : Ty (v) ¢ Moo (V) $

Tn (\[) ¢ oo (V>f . -

As a n,SuH?j Tia staxts decreasing. becanse of h (V%) (Na* cHANNELS ENACT(VAT!ON)

owd Tjc starte inoreasing bub Ty flows toward Pae exbra cellular awnronment

I

Tk contrtbutes 4o decreage V (venerane fZEfoLAm%A‘rloN)

%

Ao VE Vieat + ngo (V) 0 ond he (V)4 a%axn‘Howewer,,‘cn (V) and Th(V)

e \Mge. ,So it Takes a whale o h(Ng) ond n(\gt) 4o redvca 4o the vest volue.,

nthe mcocmtcmc/. \V kieeps dzmasiwg. hnd qoes below Viest (Mereg. HYPéKﬁ)LAR\}.A‘nO»D

&

Ac V< Vicect ) VL(\/,b) Yeaches 0 awnd ‘n(\//{':) reaches ’f euwh@ujq, w‘u‘l&ibfw

hegros growing. => V repolowizes do Vred
q ¢

ackion poteuttal ‘

Feostt, foedborkc |
[T e | A |Fositive. feedback |
N ﬂd:""‘———'*' iM’A‘ i ‘ .
IZHVa)cion {nereages J Natchanned - inereases
LS » 31 | Vnactivation " gua®0
N Depolawization \ sl ?\ it d‘\;m wal i
~1// ackivadion .
Q. == Repolaraation
N
S L -
. \ : o
I s
N

KICK-OFF
EVENT




Note +hot | o\un‘ng hyper %oiax\‘aah‘ow , we hawe.:

W(v,£)Zo = Tu,¥o ) Not channels cannot tompensate for Ty Hence
(V)T = Ty ielange | thore cannok be another ackon pobubial,t e,

hy per polarization dalines o, " refractory fw‘od,“

How do we moded an 2xogenons what iy the ,uguucvaiwt cerouct (Gesk) 2

Cen OV 4 9wt (V—VK> -+ ?1 wmrh (\/-Vm\) t 9 (\/-V\.) = Yok
= TR / <SHw e

Tobe Cam bt an txbernad input apblied, ft’hrnugh an_tleetrede Lo moola‘-ify ‘e,
aleckrveal, behoyior of the colh wembranes

V T IQH,:O V. Tapb > Tdhceshold
Vieegt /4 /4
—
- fk‘ - *’p
\ &

Tn case of neocens, Topp can be ?mvio\&de ‘m,; +he elechre chemical Wterbace

(sywapse ) with anether neyn:

sphey
) A

neuron { 2 wevron 2

&y ncx‘:;sz,

nevrow 4

T oy f
o 5’""#“%@0 f ({'& o ckiithag

veseiclee @ f (‘Po‘*" 9“%{"‘)

L.

TWEeRU<
m?\;hu'ﬂ :\" d&@{‘\



)| The axival of an ackon bofential in the ternwnatton (Lutton) of +he, axen

P

delol arizes the membrane and opens Ca™ chawnels in die bre-synaptic nesron
ko , essyns

Destrption \U’
of +he.
Syhapse. h}‘ The tnflux of Ca®* tons camses the vescicles Yo open_and release the,
nevre s ran St %ﬁrs} which pase the celd mewmbrane and, diffuse inthe cleft,
N eurobransmitters are, molecoles Fhat can binol with the protecns of fon chainels
and epenthe channels elecpite the membrane vol‘coc%u

¢y

¢) | Nevrobransmotrers "o the cleft bind with ceceptors on channels inthe post—Synagtic
newn and open the c\nav{nds; Ldﬂt\\m% the eocreuts Tapk Llows W the bost-

gyna e neven

¥ How 15 model the syngbse?

*J&) awd L) ¢ Toc our cases , we neglect the dy nowmics of the Ca*' tons and we

lume the whole brocess oCeorring in e bre-synakhic neoron as a
dolooy At bekwern whew +he ackion belential is gomorates, and,
when the. nerebrancmiter i released. inbhe cleft. We also
assume that the diffusion of the nevrobransmitter tn e cleft is

‘Lmlowlstve ) oot

LL]{L= Lo © (ﬁ’Ak)

7 l_e:. qu{ramsmﬂ"&r (a. k‘a,., ub,ﬁa,vld'))
Lmox S max concevivutton of L in+the cleft

s 2 Dicae's delta _@Jnd—caﬂ/




¢) ¢ There are_soveral types of hevtgbrangnu tters (c‘g.; Ach, GABA, Gl eke.)

f———

and_tach type moy inkeract with one +yse of ton channels (ecther anton or
7T 7 : VAL

cazvon chowwvelg):-)) Nevrotranemihers can cause either olb}:o\wwginz,

cocrent § (c.(}.} Gﬁ\?) or k\/;l.u\"!»o\ari,&ang, cocreuts (6.3.) GA@A),

Also,, Mm.»‘\;‘v\ﬂug,k nevrobransuiters tnbernck with volvage - gaked. chovanel

(4., (e, Nat etc. ) the 2ffects of +he nevrsbransmitter can maske the

tffecks of voltnge =) T make senseto model the resuttant ion corcent

A an exogenous npuk Fothe post-Synafite e e lorane

is;m4 35\/._ [V—VsTyn>

f \ Syvnable reversSe

WW~A&W botential

condackounce

[ We can model the Synaptic conductance by uetng the formaliom ceen
Lor Hhe ton, channels . Typocally one of +the following schemes Us considered_?

(L)

A |lt=0 C2 closed oake v (L)2 - [L]
g
i % é OW gtate i, Cy, é ra}rf, (‘,th\‘deS
(¢} CL) A ’
3) C—0 D= desenscitized Stare . T+ models o tondition when Hhe
9, .
"Jl% currenk flow decreages tn time or 18 blocked. woen
D though the nevroteangwitter opwns the channels
-
) |[C+—0 o (L)% - LL]

D

5\




Examble : To wmodel B) we hawe

—
:.'.E:B. 0 £ Prackion of chamnels
C P O Y s :
2 rT Lrs d A—.;-Prwo{—t}ow?e‘. cha,nhd_i
‘%D in-desensrtized —sted-€

cti-0-d

CEIA (4—0—&) +ryd - (rz +'"s)°
de B ‘
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