let's look for a fraveling wave Sohdion so we tan find a wave traveling down the axom

V':\’Cj)l w'-'w(f). jzc‘t‘ X, waves we'l dra Gt the end will 90 €rom r,'gh-'--ro left

O cev' = fo-wrev”

@ w' =yv-w

bith v,w=20 as § 4

[£ is harder 10 do phase plane analysy mow betause the phase plone s
three-dimensimal vather than two. v, w, v

However, eci % his aifowss us to mmake pragress wiihout having 1o wnsider #he
three-dimensional  phase space.

Theres are four different regions of behaviour

() To begin with , if (e aren't on the cwrve w={Iv) then we quickly muve there
bewnuse of

/@ ECV’ - -f(v)—w ¥ Ean“

In this region, things happen over o fost f Swde. This  Suggests re&qlih\’ Feer

J— d..\L__ - zv
0 = cdp = frv w')'i‘_‘r.z 0

and in his region. tonsiderirg the ather quaiion, (W'=yv-w  (® ¢ rom a.bove>

) c%_ & (VW)

9 w=onstant.
We choose coordinates  Suth that the resting state @ rresponds to (v, w)=60,0).
Thus W= const = Wrecting =0 . This is mot swdjn that an wnt W Must be €0
but starting Erom restfhe “§low vaviable @ hasy'+ moved yet. So it equals its
Vesﬁng valve (which is @ nthe shifted amrds)



3,
Now set  dv o Then we o write ©) € 4 < prpy-of +0%¥ o ,
e J / J 'F(V)"‘U,

dI where ’ dendtss
Then our phase plane system is | V/<u alent/wa?fu;mw
y'=cu-Flv

Fixed points of thyg problem are y<p, V=0,a,
—
U A the 3 equllibio

are the zems of fLv)

/\ With us<o
‘f_ﬁaj o @\u chy) nullcline

can see this through finearisotion

Linear stability analysis §hows that U=0,1 are saddies and V<Q (s an unstable node
So we are interested in the trcyectoy in the phase plane that goes from v=o to V<)

fixed points (to replicate  the action potential we had in the space~clamped case
Where we had the fast behavivur J'umm“na out of the nullcline)

up
\ fast
\ N\
slow \ \\ slow
| \
a
fost

There is onlj one value of c That achieves this now:

3.;/‘1_ = Voo ocu-Fmny - ¢-fw) =c atv=0, s0 gradient of l‘rg)'edo»:y is C
v Uu ’1: \

pewose £(v=0)=0



" . " ua
mo high we Wil T f

we ore atter the purple sme
ot fakes us from veo 1o VT

if we
are +0

[ow we'll
also fly off

wave speed

Lihe a shooﬂnj problem. This is how ¢ is Seledta - this means Hhere is o

Unique wave speed (o the tmuellinj wave .

@). Thus,onee we jand on the o walicine  (w=£IV) ;e y' - F(v)) we
C c

slowly move e 445, Specifically. mthis we have vt et
=2 OV StV

L= Jny wtet v
SC‘\I/ (v 3 CW'=yV ) @ from before
EfN = fW)-wtetv" v

10 leading order In £
2l we f| §

This toxes us up The wrve 'u=:f%2 until we reach W=V (the eqm 0f @)

W

n

a different slice now
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" Cv) | 9, o U=Lpeyy nuidine
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Note that c is notthe maximum of w=fa) unlike in the spa.ce-damped model.

Now c Is where w=yv. We need to find what this value (W) &, which we
g

Wil find od [0 the next s{'age

iif) Once e hove reached this point we enter another {dst phase .Agwin reswle

:fc €J| o @pture this, but this time wcw, [a mmzero Gnstant, which we nepyd

to find out whot value it is). Then the sysiem is

V' = f) ~oc t " where o =§'_§
“The advantege of this now 18 (08 N again turn i into o phase Plone , by writing it as
a first-order system .

Phage plone  cystem vi=Uu from vefore, becomes now
u' = cu-f

2|v =y
u = cu -Fv) + we

Going back inta the (u) plane again We end up w/ something quite similar
w o

“Ode

w\s’tﬂ‘”\e

NN,
p 4/ e\

Vv NITted qown
_ fo)
sym pt L= " @

s W



C & D are saddies and this tne we lave a trajectory that tukes us
Lfom C 0 D.

This time it I We that we needto choose correCtly Lust like we hed 10 choose
jhe wave speed ¢ @rrectly i part V).

LN

LLPN
W n

0 <\ 2
X /\ o3 34
T\/ >, ° \@/(B v

AR, B2c, c—D, DA
fast glow fast Slow

The overall ecture s a travelling wave that moves down -he axan and lodks Ilike this

The ,tmjed_odes v @' 8—C (H-' Yyou look at the plot @ﬂ - R
A—g an the right, above, 8 v goes trom 0 to 9
R-C G doesntt d)mge m™uch) & i+ huPPem qw‘cklj
C—0 LI R Al —
DA A

talce @ certain. Fewall that oihte We dhase 7=c}~A, >0

amoaint of time
but we are interesied \
in the voltage A A X

Wwe 9o {rom r(‘ghi to




@ c—0 This takes ucfrom Va1 to v=0 Chura bit ey adive)

+ Stme as Jhe space-cdamp version, buf inthot wge +he wase tminabove wowld be a fime trace

Wheeag, e one above s mcm'hg down the axon .

7

The section above s abowt how o &igna»( pmpago.tes from owr brain ‘o our Musdes to
soy “do something " But the muscle then has t do somethirg- “This is whel we wil

cover Next.

Chopper & : CALCIUM DYNAMICS

Galiom ( (™) is mportant in_musde dynamics and  Cell Signalling

(a2t is stared in cells in bones & rleased by hoimavel _ stimyfatian The internal store fs
Cahed the sarwoplasmic retiud om.

I+ vefeases (a2t via talciom indwed release.

The intratellwlar flwid matric & called the sarwplesm).

Extracellar G2Y wneentrations are higher than infracellular @nwentratims so @7
must be pumped out.

Musde cells are bundles (fasciwules) of muscle fibves (cefls) cadh of Which contatns arvays of
filament Structures (micofibrils) which contract wider the actim of (ot

/—'\\ A -

@ _$ ~-‘\/’ ’
muscle. B
Cantro.cton biceps"

Und ey stimulahm fion o nene el an action potentral is triggered and propagates
along the fibre.



Not floods in and this aflows G2 ih oo

The release of (a2t is quite Spiky n

Cn”
Ooncent.

v

The two-poo| wod el

We want to derive a model 10 explain how (a2t Mmoves between the Jarcoplasmic
velfudum (the stove) and the Sercopiosm.
% ]_—inﬂuf\]

kC
(Tea LQje.J
Sorwoplasm

rehudvm

G

= concentrgtion of Ca?' in the sartoplasm

C
C = P Sarcoplasmic reticulum (SRY)
3
Js

rate of take op of Ga*t by the sarwoplasmic reticulum (by receptors)
[active uptake]

T_ = roie at which the SR veleases its internal Store (" calciow indoced Celcium release)
[active releuse]

r=influx of Ca?' into the Sarcoplasm fiom the outside wovld because of on appired
stimulus.

ke = rate of leakage of (@ from SR info the Sarcoprasm [_ pousive ‘&Y:&f’;ﬁ"‘?’f"l 10]
ation



] 3
kC = rate of leakage of G2t fom Sarcoplasm o outside world [-(busfve - propovtirnal }3'
tonentrahon ]
dta < T, -7 ke <
= e ko = F
é’d% = v-kc -CTf - J- ‘l(,C:)
= r-ke -F
Ne choose T . () (o (from experiments)
K+ C"

Ne Y is not a voltage . # coneniralion raje.

Vi.h,n are d‘us-t mumbers :
these bits aren't important

I_ =

This fs -}be impovkant bit thet @uses +he calcivm induced
calcium release.

nNon-dimensionalisation

C=Ku, ¢-thv, t=Lit : wut, ¢
J G f t kt , F=Vf all dimensionless
@unterparts
[ du
dt }‘L_ é—@(u.v}

de. Lfaw)  whee 1 P(u—u) (,f;){:%ub'“

With |‘”=krz )'5"]]%. g= hlh «|

>

as owr dimensionless parametess.



This is o two-din)chsianal system [w.V) 0 We may use phage-plane antilysrs.

€«| means thot we qu\ckla Jump omtp the v-nulldine, fouv) =0

VA

{ (=0  v-muldine

How to piot this wne?

O €<<l So iaho*ring the b&-term in {(u,v) gchJ

i F(u—u) (Hv'“){;l%u') -SV\TO

n the nul\chine
n
v - —L; det
(+y™M ‘J'tl,f = Jw
o< P+uP K(u)
4 Tw)fe )
)Y
Klu)
J(u)
™ > /

I
7

Y

= V=M TW s e ’“3>

Kiw Klu)

7 U V=

V'“( Riuw) = Jw) = d(v)
\ B)R) K
J—(u) l/m

= P(uU)
Kiu) -J'Iu;] v



fuv)=o v-puchine

A\ )
\ u

o app roximate this part, Seb ve %

Now Jets Logk at the dynamics. v mprd)y approaches the v-nullcine that (e
hwe fourd, bewuse of the &M the SL equation;.

But now € we ook af Hhe M oquohicn we have

d o fe-u- K‘\C(u.v)
o o-u- &

W we don'¥ just bhave u= copst wnike jnihe previoks wses. This Hime we note Fhat

i Lfuy) = AW ooy —ydy
Since %Mb_bﬂuv) => it fo—u Jdt

= du. +X

On the fast dimeswle |t=gt| we hawe Eg—tu = fu,\) bewomes i’ = f(u,V)

giving the movement of v 4o the v-mullcine and d

4 st = ethw

2 UrPV= const. W leading order h &.

So we move o the v-hullcline atong the ling V= &s‘;l: "s,—u + Qonst
Y



NV A %

I, and |i_ are the points where the
,r"?\ emdien'l' of the wrve -f(u,v).:o is -%7.
\ = fuvy =0
! ol Recw) trom
S Fﬁ?Hugh —l\lagu mp
" u
Case G): oo <j<fuy iy

Then j’.(.:(wzv): fe-u- When u<fu. we move fo the right

When u >, we move 10 the Lest fu,v)=9p

This leads to cerf—sustainad or relaxation 08¢ flations. g;JWUVFP'" <0 when U>Jy ww

Vv VA >0 when U<h_ v
I tl >+
Cose Gy o< pu_
Then 3'{ (utyv) = j-u <0 when UL M we move 40 the rght

When  u>jh we move jo the left

/-\
\_ /// -'F(MIV) =0

4
u

N &

B

We meed a bit of enery /excitation to move away from the blue equilibrium point,
and then we 3et an exasfsim — @ muscle contraction !




N &

/ \\/7J,,_/ fuwy =0

7
u

Cose Giiy: p> bt

I
t(ufxv\=}l-u. When ULh we move to the n'ght‘

U we moe 1o the lest

Q_|D..

he equilibvium lies at U>fe g, Whidh is high. This leads to cramps @ and vigor mowts ee

¥
i.e. Concentration of (gt Stoys high always



