(b}
[CaMgl/[CaM;qiz]

: 0.
9.5 08
0.6 0.7
.
0.2 0.4

0 0.3
200 0.2

100 0

frequency (Hz)

0.1 60 time ()

_f» ‘ﬁ_l r““ [

,Lv-

Nicolas Le Novere
Babraham Institute,
n.lenovere@gmail.com
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Some of Babraham Institute’s historical fame

= Discovery of the liposome
Bangham AD, Standish MM, Watkins JC (1965) Diffusion of univalent ions across the
lamellae of swollen phospholipids. J Mol Biol 13, 238—252

= Discovery of IP3 signalling and release of internal calcium stores
H Streb, RF Irvine, MJ Berridge, | SchulzH Streb, RF Irvine, MJ Berridge, | Schulz
(1983) Release of Ca2+ from a nonmitochondrial intracellular store in pancreatic
acinar cells by inositol-1, 4, 5-trisphosphate. Nature 306, 67-69

= DNA methylation responsible of parental imprinting
W Reik, A Collick, ML Norris, SC Barton, MA Surani (1987) Genomic imprinting
determines methylation of parental alleles in transgenic mice. Nature 328, 248-251

= Phosphorylation of PIP2 into PIP3 by PI3K
PT Hawkins, TR Jackson, LR Stephens (1992) Platelet-derived growth factor
stimulates synthesis of Ptdins(3,4,5)P3 by activating a Ptdins(4,5)P2 3-OH kinase.
Nature 358, 157-159

Centre de Biologie Integrative, Toulouse, 10 June 2016



Excitatory post-synaptic potential

Pre-synaptic

neuron Voltage 4
O -
l Cst
@
-70 |
Post-synaptic ' | i ' i i >
neuron ‘ time (msec)
stimulation
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Bidirectional synaptic plasticity

I

e.g. high frequency stimulation
e.g. low frequency stimulation

/3
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W\Ilhe calcium theory of synaptic plasticity

- L-type
SCENARIO VOC .. NMDAR AMPAR

Lisman (1989) \x\

PNAS, 86 9574-8

Calmodulm
low high
calcium calcium

Calcineurin (PPZB PP3) | CaMKII

LONG TERM

LONG TE RM
OTENTIATIO

DEPRESSION

Centre de Biologie Integrative, Toulouse, 10 June 2016




%, Calmodulin, the memory switchboard

SCENARIO VOC . . AMPAR

NMDAR

Lisman (1989) \/ k \

PNAS, 86: 9574-8

Calmodulin
low high
calcium calcium

Calcineurin (PP2B, PP3) | CaMKII
LONG TERM LONG TERM
DEPRESSION OTENTIATIO
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Calcium

CASTING :
+‘ +

Neurogranin

Calmodulin

Calcineurin
(aka PP2B, aka PP3)
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Adair-Klotz + key-lock

K. Binding to targets
Ca2++CaM CaCaM K
\ + C32+%’ Ca,CaM K _
f!{z FCate > Ca,CaM g

4>

-« Ca CaM

’ I _‘ _ 22
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Adair-Klotz does not permit differential activations

0.2 1

dose-response normalised

[CaN]=[CamKII]=[CaM]/10 ;
Kd CaMKII = 10xKd_CaN;

1e-05

Centre de Biologie Integrative, Toulouse, 10 June 2016

T I T T T T I
0.0001 0.001
mol/fl

Calmodulin can activate calcineurin with 3 Ca**
(Kincaid and Vaughan 1986)

Calmodulin can bind CaMKII with 2 Ca?* (Shifman et al 2006)

Calmodulin affinity for calcium increases once bound to CaMKI|
(Shifman et al 2006; Previous reports on other targets: e.g. Burger et
al 1983. Olwin et al 1984)




@ Modulation of thermal equilibria # induced-fit

o) .

Transition State

AG A
S N
@ ............ " sss & ...

T
7 Do

Ro]
L > 1 = Equilibrium strongly biased‘ >

“Inactive”=T “active”’=R
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@ Modulation of thermal equilibria # induced-fit

[&

R

~ &

7 Dol KT
Ro) KT

c << 1 = ligand has strong effect ‘

% AG A Transition State
T @ “

%f’)fzii

oﬂ

“Inactive”=T “active”=R
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@ Concerted transitions # sequential model

Centre de Biologie Integrative, Toulouse, 10 June 2016



Kuboniwa et al. (1995).
Nat Struct Biol 2: 768-776



Babu et al. (1985).
Nature 315: 37-40

Centre de Biologie Integrative, Toulouse, 10 June 2016




: Zn2*-loaded N-CaM Ca?*-free N-CaM (1CFD) Ca?*-loaded N-CaM (1CLL)y

I -\* ™ e |

e o, @ S

: L £ 3! - be ) I
Q’J \ﬂ_- i * i , 1 L

I I “ NGB0 \ ; ' :7\" '

D64 . X I

: T62 X I

1

I
1
y iy, I Warren et al. (2007).
~ix)hey, )Mol Biol 374: 517-527
i
I

Y
-
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APO

liganded

Stefan MI, Edelstein SJ, Le Novere N (

Allosteric model of Calmodulin activation

closed (T)

open (R)

2008, 2009)J

50000+

-100000 T4 =

\wrg
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Allosteric model of Calmodulin activation

- TS
closed (T) open (R) 50000 _

APO

liganded




Allosteric model of Calmodulin activation

- TS
closed (T) open (R) 50000 _

APO

liganded




Allosteric model of Calmodulin activation

- TS
closed (T) open (R) 50000 _

APO

liganded




Allosteric model of Calmodulin activation

- TS
closed (T) open (R) 50000 _

APO

liganded




Allosteric model of Calmodulin activation

- TS
closed (T) open (R) 50000 _

APO

liganded




Different targets stabilise lobes in different states

Neurogranin

Lai M, Brun D, Edelstein S}, Le Novere N (2015)
Lai M, Edelstein S, Le Novere N (in preparation)

Centre de Biologie Integrative, Toulouse, 10 June 2016




Hemiconcerted model of calmodulin

3 = N-lobe E =TT conformation
l | = C-lobe
Lc E = RT conformation
= T-state
O - R-state B = TR conformation
-
N C— =target B = RR conformation
| Ky
TT] [TR) [TT]  [RT]
|RT| \RR) [TR] [RR]
/ oR @ OB Krr
7 N Krg “ Kpr
1 Krr oL _ K1
Ln - en N Kopr “ " Krr

Centre de Biologie Integrative, Toulouse, 10 June 2016




Bindings of calcium and targets

T-state
Le OO  Restate
> ( x )
K’ —— c— -
O Cal
/ L /K:R H K. alcium
> - CD — Target
A Mk )
K, R ———— Conf. transition
' LC»E )
K Ktyv T GDFO ——— Calcium binding
Iy / | v /t Ky o
Lc K —)
> m R —— Target binding
<<
4 A
K KR 4 KR o
T v cze | C — ——
K
« 3. Noe ~ [
K — 4 i ™
1 Z T Le | A L Kg

49 @
D g <




Calcium binding to lobes and whole CaM (exp)

45
m R
4 +
] ? ‘
# Peersen et al 1997 ¢gn
L]
35| ePorumb et al 1994
* PY |
W Crouch and Klee 1980
3 ..‘ 3.0 T -
.. V V Jiang 2010, N-lobe
* X X Grabarek 2005, N-lobe
25 asht * Van Scyoc 2002, N-lobe
) Y “||O O Chen 2011, N-lobe
[Ca]bound ¢ ¢ Zhou 2010, N-lobe
_— " O O Evans2009, N-lobe
[CaM] 2 20(|v v Jiang 2010, C-lobe
' X X Tan 1996, C-lobe
[ ] + + Van Scyoc 2002, C-lobe
1.5 ‘ 1540 O chen 2011, C-lobe
¢ ¢ Zhou 2010, C-lobe
O O Evans2009, C-lobe
1 . 10}
®
0.5 ‘ 0.5}
*
]
0 *e® e pE

10

106 107  10° 105  10¢  10°° 10
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Calcium binding to lobes and whole CaM (sim)

I:Ca]bound

[CaM]

Centre de Biologie Integrative, Toulouse, 10 June 2016

5 T 1 T T T
© o N-lobe saturation, exp.

o o C-lobe saturation, exp. o ©
al|© © wtCaM saturation, exp. ~O.0n
— N-lobe saturation, fit ‘

— (C-lobe saturation, fit
sl wtCaM saturation, fit
2 -
1 L
0 o
10° 107 0 10 107 107 10°
I:Ca]free

3



Parametrisation using accurate measurements

e Ca?* binding in presence of targets: none, skMLCK, PhK5, CaATPase
« Ca’* dissociation constants for complete calmodulin and N and C term mutants

1 in 20000 active w/o Ca**

!

0670 K?,=8.32 10°
KR =1.66 10°

C=3.96 10° KR =1.74 10°
{ KR =1.45 10

Affinity of Ca** for “open
state” 250 times higher
than for “closed state”

Centre de Biologie Integrative, Toulouse, 10 June 2016

2 high, 2 low, as expected




Activity of unsaturated calmodulin (state function)

Fractional activity depends on the number of calcium ions bound

R, 1

T, L-c2

R,/T, = 1/20000 (1/L)

R,/T, = 1/170
R,/T, = 0.69 ===y half-saturation = equi-probability

R,/T, = 10000

Centre de Biologie Integrative, Toulouse, 10 June 2016



Targets as allosteric effectors

4 —
3 -
=
o
O
i 2 -
Ly ]
o
(& ~—0— Calmodulin
— o + PhKA
T4 —#A — + CaATPase
...e-- + SMMLCK
<o + SKMLCK
0 - —0— + MKl
||| T |'|'r|—|'||l T r|'|'|'r'r|"|— T T 1 Trrrr T |'r||l|rri T illllll|
10° 108 107 10 10° 10

Peersen et al. (1997)
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Binding to target increases the affinity for Ca#

1

® ® CaM alcine. exp. (Baylely et al. 1996)

Th 5H — CaM alone, simulation i
Stablllse R State ® & CaM + WFF, exp. (Bayley et al. 1996)
of both lobes _l

— CaM + WFF, simulation
Stabilise R state —l al

® ® CaM + WF10, exp. (Bayley et al. 1996)
of C lobe

— CaM + WF10, simulation

w

[Ca bound] / [CaM]

N

10 10°® 10~ 10° 10° 10" 10
[free Ca] (M)
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Targets stabilises Ca* binding into the
physiological range

® ® CaM alcine. exp. (Baylely et al. 1996) l
HH 5H — CaM alone, simulation
Stablllse R State ﬂ ® ® CaM + WFF, exp. (Bayley et al. 1996)
of both lobes — CaM + WFF, simulation
® ® CaM + WF10, exp. (Bayley et al. 1996)
Stabilise R state _I 4l — CaM + WF10, simulation
r
of C lobe 94% _ > >
s o
] @
(;J. 3 o]
- [ ]
© (3
- . . by
3 Physiological
©
= range S
. - ®
ONE spikey .°
1 oo (&}
o o
5% — '.
2% o° e
0 2 ph0°
10° 10°® 10" 10° 107 10" 10°

[free Ca] (M)
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Calmodulin, its ligand and its targets

1A
b
>
© CaM/
h CaN
2 05 CaM/
© CaMKIl
£
(o]
C
0 1e* 1e” 1e 19?

[Ca*]
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CaM half-activated at half-saturation of Calmodulin

}

CaM/
CaN

CaM/
CaMKIl

normalised activity
o
)

1e ' 1e* 1e* 1 e?
[Ca*’]
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Bidirectional synaptic plasticity

LTD LTP

4

CaM/
CaN

CaM/
CaMKIl

normalised activity
S
8

1e* 1e? e 1 e?
[Ca*’]
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Calcineurin stabilises CaM R — no deactivation

1A
>
=
3]
©
©
3 05 CaM/
= CaMKI
£
o
c
1e” 1e 19?

[Ca*]
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Neurogranin binds to apo-CaM, decrease
affinity for [Ca?*] and increase dissociation rate

1 ® CaM
1.09 ¢ CaM/Ng
2 0.8-
w
2 |
€ 08 Hoffman et al (2014)
5
8 044
C_U p
£ 0.2-
S |
< 00
e 5.8 e CaM
001 0.1 1 10 ] * CaM/Ng
[Free Ca?] (uM) = 587
= _
& 541
< ]
8 524
[an
- _
?  50-
Kumar et al (2013) S
= 4.8-
0.0 | 0.2 | 0.4
Time (sec)
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Effect of R and T stabilising targets on CaM affinity

3.0 r ,
Bayley et al (1996) O TR M L
. — TR2C alone, (simul.)
R Stab"lSlng >sl|® @ TR2C + WFF (exp.)
peptide I —  TR2C + WFF (simul.)
T Stabilising e ® TR2C + NaVv1l.2IQp (exp.)
. ()
Theoharis et al (2008) &
||_
= 1.5}
=)
=
=
o
L
S 1.0}
0.5}
0.0
10" 10°® 10”7 10°° 10° 10" 107

[free Ca](M)
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14||® @® CaMalone, exp. (Gaertner et al. 2004) :
— CaM alone, simulation

® @ CaM + Ng, exp. (Gaertner et al. 2004) : ‘
1.2 — CaM + Ng, simulation Dosia s S

Il Il
0 50 100 150 200 250
[Total Ca] (uM)

Centre de Biologie Integrative, Toulouse, 10 June 2016

15 I I

— (CaM alone, simulation

— (CaM + Ng, simulation

O O CaM alone, exp. (Gaertner et al. 2004)

O O CaM + Ng, exp. (Gaertner et al. 2004)

0.0F

Q00000000 000 NNOnm.

! |
0.00 0.01 0.02

|
0.03
Time (s)

|
0.04

|
0.05
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No large effect of Ng on [Ca?*free]

With Ng
b
12 F |
10 ok |
=
208L i ]
©
O
v
v
E06L o |
04l o |
A R R

0.0 : :
—-20-15-10-5 0 5 10 15 20
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Time (ms)

Ng KO
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5 10 1
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Ng affects the distribution of CaM

(A) with Ng (B) Ng KO
Free CaM PP2B [ Free CaM PP2B | Free CaM
8.0% 1.2% E CaMKIl Free CaM 2.4% B CaMKIl
BN Ng 15.4% B PP2B

El PP2B

48.6% Ng

caMKil 42:2%

82.2%
CaMKll

73

Centre de Biologie Integrative, Toulouse, 10 June 2016
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Hemi-concerted model of Calmodulin, 2 states for EF
hands, binding Ca?* with different affinities

Apparent affinity for Ca2* increases when bound to target

CaM able to bind targets with less than 4 Ca** bound

CaN can bind calmodulin at low Ca?* concentration while
both CaN and CaMKIl bind CaM at high Ca?* concentrations

Neurogranin stabilises Calmodulin in the T state,
resetting the system and acting as a Calmodulin reservoir

Centre de Biologie Integrative, Toulouse, 10 June 2016




Wait a minute!
Signal transduction is not at equilibrium!

AMPAR post-synaptic potential: 5 ms
Calcium spike: 50 ms
Half saturation calmodulin (kon=1.5e6, koff=100): 5 ms
Relaxation between calmodulin states: 1 ms

autophosphorylation of CaMKIl (kon=6): 100 ms

Centre de Biologie Integrative, Toulouse, 10 June 2016




Ca_buffS

slow

Ca_buffM moder

i

Dynamic of calcium
Main input In the spine

Ca_CaN
' /
Li L, Stefan MlI, Le Novere N

%)

Franks et al 2001 Ca
Naoki etal 2005 . (2012) PLoS ONE, 7(9): e43810
Ca_DbuffF pump Ca_CaM
(Michaelis-Menten)
ultrafast \J
%) b) 2
24
Ca_buffU c cal! s izt
) 08¢ one Ca?* spike % Ca™ spikes at 0.98 Hz
E 0.7 | ‘% 15 F
| -SP\M g 0.5 F &g 1L
=i &: 04 F ‘EE -
E 03 | £ '
e £ o5¢f "
5 02F 3 i | |
g o1} _*g '
Wi < - RN .. |
Sabatini e{ al2002 70y T ” ’ ” :ime (s) "~ ° B
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Calcium/calmodulin kinase |l

Auto- |nh|b|tory

Calmodulin trapping is
an apparent increase of
affinity of CaMKIl for CaM

when T286 is phosphorylated T286P causes

constitutive activity

Stefan MI, Marshall D, Le Novere N (2012)]
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Calcium/calmodulin kinase |l

Auto- |nh|b|tory

(St T306P blocks
Tile KLY CaM binding

CaM binding site

Dodecamer:
Trans-phosphorylation of T286 T286P causes
by neighbouring subunits constitutive activity

Cis-phosphorylation of T306
Most quantitative measurements made on monomers ...

/3
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P A given fraction of activated CaMKll monomers, Calculate the probabilities of having an active neighbour

on one specific side (indicated by the arrow) of the activated monomer of
+ interest (blue outline) (since only the asymmetrical situation is

considered), The possible positions of activated monomers are listed as
Randomly allocate activated monomers to CaMKIl hexamers. the following, with corresponding probabilities:
—= Record the number of hexamers containing different numbers of active
menomers (in red) as the following:

* ad {;{wo Eaifies

r’C
b‘fﬁ

|
v

Calculate the average population for each number of
active mongmers per hexamer,

Repeat for every 1% increase
of CaMEKll active monomers

Multiply average populations of each number of active monomers <
per hexamer by their corresponding probabilities of having an
active neighbour,

The sum of these six numbers is a coefficient that can he used to
adjust CaMKIl autophosphorylation rate.

Y

Fit these 100 coefficients into a polynomial function of activated CaMEI
monamers, and embed this function in the model. — 0




R,-CaMKi|

R
KCaM i
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.......... R -CaN4Ca
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Frac

T286P" |
!
06 |
04 [

0.2

0

Validation of
CaMKIl kinetics

simulation result
. Bradshaw 2092 fit

0

10 20 30 40 50
time (s)

Bradshaw JM, Kubota Y, Meyer T,
Schulman H (2003). PNAS 100: 10512-10517.

calcineurin activity
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12 ¢
11 F

1 =
0.9 E
08 E
0.7
06 E
05 F
04 F
03 E
02
01 F

0 =
0.1 f

02—
0.1

simulation result
Quintana 2005 fit
..., Quintana 2005 experimental points, ———

1 10 100 1000
CaM initial [nM]

Frac

Ca2+
released 1
=
o
O
£
S
=
[
@
<@
o
ctm
(@]
0

05

Validation of
CaM Kkinetics

simulation result
Black 2007 experimental points

+

0 250
time (ms)

500

Black D], Selfridge JE, Persechini A (2007).
Biochemistry 46: 13415-13424.

! Validation of calcium-

activation of CaN

1 Quintana AR, Wang D, Forbes JE,
i Waxham MN (2005). BBRC 334: 674-680.
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Calmodulin
[caMHFEGaM activation

200
100

.1
08 F 0.9
06 0.7
0.4 F 0.6
0.2 F 0.5
' 0.4 .
0 03 CaM without targets. Low
0.1
0

frequencies do not activate
calmodulin (binding events
without conformational changes)

time (g)
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0.8
0.6
0.4
0.2

0
200
100

CaM with targets. Binding to
CaN and CaMKIl stabilises
R state, with higher affinity.
Positive feedback loop

=¥ bistability

Centre de Biologie Integrative, Toulouse, 10 June 2016

time (g)

1
0.8
0.6
0.4
0.2

0

200
100

frequency

Calmodulin
activation

CaM without targets. Low
frequencies do not activate
calmodulin (binding events
without conformational changes)

ooooooDo00—
=i P30 o LR~ QO D

coopoopooo—
= pILY BN ~J00 WD

(Hz)

80
1 150

0.1 .60 time (g)




Calmodulin
[caMHFEGaM activation

200

100 frequencies do not activate

calmodulin (binding events
without conformational changes)

0.1 5 time (s)
[CaMp)/[CaM, ]

1
0.8 0.9
06 0.7
0.4 0.6
0.2 0.5
' 0.4 .
0 03 CaM without targets. Low
0.1
0

At high frequency, effects of 08 b

calcium signals last much 06 |

longer than the signal itself 0.2

0
200

CaM with targets. Binding to 100
CaN and CaMKIl stabilises LTP

coopoopooo—
= pILY BN ~J00 WD

R state, with higher affinity. Hm |
Positive feedback loop requenwll[__lz_}D 1 80
-» bistability o
i
0.1 -60 time (s)
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Temporal activation

1 ¢ '
activated calcineurin ——
e of CaMKIl and CaN
gotivated CaMKIl ——
0.8 | Ca“"* signal duration ——
0 %71 Calcineurin,ye/CaMKll4ive
T 06
2 7
& 05 6 | 7
I i ]
E 04 5 6
o 4 F 5
= E
03 F 3 F 4
o b
0.2 ¢ 1 3
2
0.1 | 8 1
0E 0
-60 0 &0 120 180 240 300
time (s) e
1 I frequency (Hz)
: activated calcineurin ——
D9t activated PP1 ———
i Smtivated CaMKIll ——
08 Ca“" signal duration ——
07 |

normalized value

All calcium frequencies increase
CaN AND CaMKIl. Itis not a
Switch. But the ratio of activation
changes

-60 0 60 120 180 240 300
time (s)
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Bidirectional plasticity

Constant catalytic rates of active enzyme

—> quantity of catalysed reaction events
prop to integral of the activation curve

3

Centre de Biologie Integrative, Toulouse, 10 June 2016



kinase (CaMHKll} - phosphatase (PP2B,PP1) activities

Centre de Biologie Integrative, Toulouse, 10 June 2016

30 ¢
20

10 |

10 L

Bidirectional plasticity

Constant catalytic rates of active enzyme

—> quantity of catalysed reaction events
prop to integral of the activation curve

Bienestock-Cooper-Munro
(BCM) curve: difference of
active areas*catalytic activities

kinase aclivity < phosphalase activity ——
kinase activity = phosphatase activity ——

:Om

01

1 1 10 100 200

Freque_nc:.r (Hz}
Balbraham )
Institute




Frequency (Hz)
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Bidirectional plasticity

Constant catalytic rates of active enzyme

—> quantity of catalysed reaction events
prop to integral of the activation curve

Bienestock-Cooper-Munro
(BCM) curve: difference of
active areas*catalytic activities

kinase aclivity < phosphalase activity ——
kinase activity = phosphatase activity ——
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Effect of calcium duration and amount

10 spikes
20 spikes ——
30 spikes —=—
40 spikes —=—
50 spikes
60 spikes
70 spikes ——
B0 spikes ——
90 spikes
100 spikes ——
110 spikes ——
120 spikes ——
130 spikes —— 4 r s
[ - 140 spikes [ Caj’ spike peaks al 0.3uM ——
T ':._,;_.\ N 150 spikes Ga; spike peaks at 0.7uM ——
L) 160 spikes —e— CaZ" spike peaks at 1.4uM —=—
170 spikes —e— Gaz‘ spike peaks at 2.8uM —=—
180 spikes —a— o Cy; " spike peaks at 5.6uM
afr Ca”"' spike peaks at 12.0uM

calcineurin / CaMKll activated area

01 1 B S 100 200 1000
Freguency (Hz)

180 spikes 10 spikes
=3 Hz =70 Hz

calcineurin / CamMKEIl activated area
P

Prolonged or intense signals o1 1 10 oo 20 1000
Freguency (Hz)

decrease Om: It is not an 12 uM 0.3 uM
intrinsic property of the synapse =0.3Hz = 20 Hz

Centre de Biologie Integrative, Toulouse, 10 June 2016

3



Effect of intrinsic system perturbations

as b _ théﬁSf‘;{’:‘%E; E I - CaMKII not co_nstitutively active
. : No CaM trapping
< : " .
S 1 157 & Never any positive plasticity
£ 1 e Giese et al (1998) Science, 279:870-873
-% : ‘\:‘%—‘—024
g o : , o7 <& Lower deactivation of CaMKI|

| |
o T T o0 200 > ' ' '
> 1.3Hz 4.3 Hz (CaM15 M —— -

[CaM]=60 uM —=—

Competition for CaM, CaN wins

Effect of Ng” (Huang et al 2004).
Better performance at low frequencies.

NB: No need of direct interactions between
CaN and CaMKlIl to explain effect of T306
phosphorylation (Pi et al 2010). T206P 0.01
releases limiting CaM, that can then activate CaN

calcineurin / CaMKI| activated area
| |

45Hz 40H

0.5 Hz
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Allosteric stabilisation triggers bistable CaM response
> certain freq, CaM activation longer than initial signal

Calcium signals activate both CaN and CaMKIl at ALL
frequencies. The ratio of activity changes

®©m is not an intrinsic property of the synapse, but a

dynamical one that depends on the length and
amplitude of stimulations

©®m and intensity affected by reactions, parameters and initial
conditions. [CaM] decides the balance CaN/CaMKIl
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Axial Resistence

Axial Rasistence
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2554 1504 spines i
4761 compartments /
16362 channels ra

NEURON
Mattioni M, Cohen U, Le Novere N (2012) 37

Mattioni M, Le Novére N (2013)
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Axial Resistence

Scaling and
Converting

AMPAR :
[AMPAR'P]t Synaptic - .

%4 1504 spines
4761 compartments / _
16362 channels \ L r

Mattioni M, Cohen U, Le Novere N (2012)

Mattioni M, Le Novere N (2013)



Developers of ECell3,
NEURON, Scilab, and ...

COPASI

EMBL i
wellcometrust

Michele Stuart Massimo
PV PROGRAMME Mattioni Edelstein Lai
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Are those spikes realistic?

1.2 0.8

s 82 ) ot
‘ z
% 06 |
9 0.8 §
% 0.6 &i 0.4
€ o4 o
2 o2
0.2 / g
0 . L 0
0 0.1 0.2 0 0.05 01 0.15 0.2
time (s) time (s)
Relative uncertainty increases when
concentration decreases, both in
EUU% AF/F concentration and time, but no
35 nM —_— spine dff . d .
T — dandHte ifference in dynamics.
b A Sabatini et al (2002)
Fluorescence Free calcium Neuron 33: 439-452.
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