Calsequestrin-Mediated Mechanism for Cellular Calcium
Transient Alternans
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Luminal gating of SR Ca®* release

A crucig g ement in modq ing EC coux] ing is the mechanism
s whichjuming Ca’?* contrqs _. rqease. In the hiferaw
modgq , it was assumed that the an‘k‘)unt of .Ca’'r ease isa
ahenomenq ogicq nor inear function oA:the « Ca*"joad
which secomes stees for highjoads (8). he‘;origin of this
nor inear rq ationshi», however, is not wg) understood.
Cq cium rq ease from the . is regyated s the r anodine
receators (« _«S), which aakn uson arise in thej ocq ¢ tosq ic
Ca®* concentration (14). here is a growing sod of exaeri-
mentg evidence showing that juming Ca’* regy ates the
sensitivit of the . s s the interaction of auxjiar aro-
teins (triadin-1/junctin, /J) with the juming Ca®" suffer
cq s uestrin (C_ @N) (e.g., (15 17)). Inmarticy ar, G orke

»



the @ uations and modq 4 arameters is given in the Aasendix.
In fementar Ca®" .qease _ nit tructure we descrise the
intracq] y ar conwartments and th& various currents in our
modgq . In Cq) Architecture we sridh  descrise the geometr

of ventricyar m oc tes, which we use to registicgy im-
A ement our ssatig] extended modg . Fing] , in the sus-
sections Luming Gating and Luming Buffering wearesent a
new mathematicg formy ation of C @N-mediated | uming
gating and suffering that takes into acdeunt the transition from
monomeric to dimeric forms of C QN with increasing | u-
ming free Ca®>" concentration.

Elementary Ca®* release unit structure

Ex citation-contraction couay ing, thearocess s which cardiac
m oc tes transform the memsrane desq ari ation signg into
cq] contraction, is a coma] ex sarocess that ssans my tia e
scges (44,45). Cgcium ions (Ca’") enter the cqy uson
memsrane desqari ation, triggering discrete Ca”" rq ease
events atthe g ementar C._ softhe, ,anintracq]y ar store
whose arimar function is #e s ubstration and rq ease of
intracq) y ar Ca®". hese Ca>* saarks (46,47) are high ]o-
cqi edinssace (~1 um)and time (~20ms). he _.isasac-
like structure which forms a swatig) dense Retwork of
interconnected tusy es and cisternae. he . tusy ar network
isusug) referredtoasnetwork _« (N _s)kwhi e the cisternae
are referred to as junctiong ‘3 a j:). hese cisternae are
10cqi ed in q osearoximit t&'the ‘Ttu.aq es, cq] memsrane
invaginations that form g so a dense structure in ventricy ar
m oc tes(48). hecisternae areusug] cqjedd ads,and the
swace setween ad ad and the sarcq emma is referred to as the



numser of LCC channg saer d ad woyd resyt in a more
heterogeneous |, current am#j itudeaser C «_ , since different
numsers of channgs coyd asen within sose narrow time









Ky Yar,'. )

where 7, and 7, are the characteristic unsinding (§ ow) and
sinding (fast) times, and B o~ 74400 uM is the normg
C @N concentration and guakantees that kj4Z7, ' forjow
C]‘: L Ne wi] choose these constants sased on exserimentq]
mkasured s»ark restitution curves. he transition rate from the
aien C, @N-unsound to the awen C @N-sound state is taken
to se the same as the one from the ckosed C @N-unsound to
the q osed C. @N-sound state, k3 ¥ K4. King] , to satisf
detajed sqance, Kiokazkaskyy Ya Kigkyzksokag, we set the
transition rate from the asen C @N-sound to the awen
C, @N-unsound to se

»

’ k32 Ya k41k12/k43- (10)

he vq ue of theaarameters can se found] aterin asg e 10 and
further detaj s can se found in the Aasendix.

Ne wi] modq each d ad as having 100 « _« channgs.
Each channg evq ves stochasticq] , indesendent of the other
channg s in the d ad. However, to avoid keeaing track of the
~20,000 X 100 « _«channgsinthem oc te, we o kees

trackineachd ad of the numser of channg s that are in each of
the four states. As descrised in the Aasendiy, these numsers
can se undated in each time-stes inawa thatisd uivg ent to
individug] evq ving each channg. herefore we are asge to
saneed ua the simy ations s  a factor of ~20 (from 100 « _ss
and four L-t ae channg s to the numser of « . channq saer
state and four L-t ae channg s).

A crucig feature of the modq descrised asove is that the
transition rate from the C. @N-unsound to the C. @N-sound
states deaends d namicq‘: on the] uming Cazt:concentra-
tion through the desendence of the monomer concentration
[M] on c; _.In Fig. 2 b weay ot the fraction of monomers M
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of C. @N-sound channg s increases. hese channg s have a

Jowek aeen arosasyit , and therefore the swark terminates

shory thereafter. ussd ueny ,theJ . f®s,and eventu-
. 2+ . .

q] thejuming Ca™" concentration ‘;ecomes high enough

that the concentration of monomers decreases. C, @N un-

sinds fromthe /J comajex ofthe » _.channgs, anc"{he d ad












of Fig. 7 weay ot the averaged ¢ tosq ic Ca>" concentration ¢;
(8 . 1) asafunction of time for as acingaeriod of T %2220 ms.
In the sottom.aang we show thearoximg ssace Ca”" con-
centration C, as a function of time for a transversg | ine of
d ads across the m oc te, indexed in the verticg axis. his
aang shows that, even though there is wq] -dw ned whq e cq)
C A,individug d adsdo notnecessary r& ect this, since, in
the time intervg shown, there are somed ads ringon inthe
seats with] arge C;, somém ring ever seat, and somé ring
irregy a , exama) es of which are indicated with the hori-

ontg arrows and marked as @, b, and ¢, ressectivq . he
verticg arrows in the tawsang indicate the time ofaacing. In
Fig. 8 a we show the maximum v ues of the averaged Ca®"
¢ tosq ic concentration during stead state aacing for differ-
entaacing seriods. A sifurcation to C A aasears when the
aacingaeriod is decreased at <






devq aament of g ternans. Inserting these exaressions in B .
22 and] ineari ing, we ostain

Bl ) ,, (81 QRPOL+QUP  QROL+QUPY (8l
8t ) "\ 9gdl gRee ™ QgdRe ™ )\ 8f, )

(23)
where the derivatives are evguated at the vques |, f. he
condition for g ternating growth of the aertursations is that
the eigenvgue of the matrix in H . 23 with the jargest
magnitude is < 1 (for gternans, this eigenvgue is nega-
tive). his condition resy ts in that g ternans devg a» when

81+ QUPSGR 1P+ gRQge ™ >1






y ator of « _« activit , which g] ows us to investigate the rq e
of C. @N inaromoting C A. In Fig. 11 ¢ we show the may-



numser of avaj ag e _« _« channg s, and vice versa. However,
when the uatake is enough to reduce or g iminate the deaen-
dence of the diastq ic | _« content on the numser of avaj age
<« .« channg s in theA?reVious seat, one can osserve C A
without sige cant g ternations in diastqic . Ca®" content
as in Fig. 8 c. \

Another ims ortant feature of our modq 1is that, for them rst
time, it simy ates a req istic numser (~20,000) of diffusivg
cous ed, ah siqogicg] detajed gementar rqease units,
where each unit has a registic (~100) numser of « «









Diffusion from proximal space to submembrane



arohisitive, since diffusive couajing setween adjacent C.._ s 18 uires the
simy taneousarocessing of « _« gatingd namics. o reduce tl# comsutation
time to reasonag e] evq s, we do not simy ate each individug channg in a
given C._, sut rather kees track of the numser of channg s in a given C .
that are in @ch state. he numser of states in the N d ad in the asen C @N¢

sound (3), asen C, @N-unsound (2), and qosed C. @N-unsound (k) are

RS W . ‘ .
denoted » X3, Xy Sandx|",ressectivg (the numse¥of . _.sin the q osed

C @N-sound state is XZ"D Y4100 x?nb xg"b xg"p.) Henceforth we wij

ot the suserscriat (). he rq ease current |, desends ony ~ on the fraction of
states in the aaen states P, ¥4 (X, + X3)/100, rather than on whichaarticy ar
channg s are in each state. herefore, at each time stes we oy need to
commute the numser of channg s that make transitions from one state to
another. ince we have the arosasj ities for the transition of an individug

channgq , khe distrisution of the numser of channg s making a transition from
state j can se ostained from a my tinomig distrisution with the numser of
trig s seing the numserof « _ssinstate j and thearosasy ities of success seing
thesrosasy ities of transition to another state given » the exaressions in B .
55. Ne remark that, so far, this is an & uivg ent mathematicg formy ation of
thearocess that 18 uires, for the] arge numser of « _« channg s we consider,
1ess comautationg effort. Further aanroximations g ow us to increase the
ok cienc of the simy ation. Inaractice, thearosas ities of transition.aer unit
time are smg] and we can treat transitions to different states as indesendent.
For examwj e, if at time t there are X; channg s in the q osed unsound state, the
arosas]it that X, of these channg s makes a transition to the aaen unsound
state and X;4 channg s make a transition to the q osed sound state in the time
intervg [t, t + At)is

POX;, X2, Xi4P ¥a MOX,, KppAt, ki, Atb, (56)
Box, k
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