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Modelling the transduction of light
into an electrical signal by rod and
cone photoreceptors in the retina
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Outline

Biological introduction
- Duplex vision in vertebrates
- Photoreceptor properties

How to use modeling to understand photoreceptor functioning
- Single Photon Response in Rods
- Identification of main differences between rods and cones

- Derivation and application of analytic results

Modelling challenges

- How do cones adapt to bright light ?
- What is the physiological role of the variety of ion channels in

the inner segment ?
- What is the voltage dependent dynamics of glutamate release
at the ribbon synapse ?



The signaling pathway for binocular vision
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https://www.perkins.org/the-visual-pathway-from-the-eye-to-the-brain/



The Retina is a Complex Neuronal Network
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Duplex vision: Rods for night vision (scotopic vision)
and cones for daylight vision (photopic vision)

Colored EM of Retinal Rod and Cone

Confocal microscopy image with : ¥ photoreceptors (Science photo library)
fluorescent probes. EM of Retinal Rod and Cone

(Robert Fariss, NIH)
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Distribution of rods and cones in the retina
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Near periphery photoreceptor mosaic Foveal cone mosaic

~120 millions rods

~6-7 millions cones
(red 64%, green34%, blue 2%)

http://www.webexhibits.org/causesofcolor/1G.html



Human color vision is based on the spectral sensitivity and
activation patterns of 3 types of cones

Spectral sensitivity Activation pattern for light of 580 nm
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Colorblindness

Normal vision Protanopia Deuteranopia ¥ Tritanopia &

Coloris a
perception but
not a physical

property of light !

* https://www.sas.upenn.edu/~scottds/vision/colorvis.html
* https://www.verywellhealth.com/what-do-color-blind-people-see-5092522



How do animals see colors ?
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Mantis shrimp: 12 photoreceptors !

* https://www.quora.com/What-color-can-most-animals-not-see
* Kasparson et al (2013)



Rods are much more sensitive to light than cones

Responses of dark adapted mouse
rod and cones to flashes of light
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A
Moonlight Bright sunlight
~ 10" Lux ~ 102 photons/um?/s ~10% Lux ~ 108 photons/pm?/s
Sunset/sunrise

* Ingram et al, (2016)

Rods and cones cover a
Luminance Range ~ 10° lux !

Iluminance Example
120,000 lux Brightest sunlight
111,000 lux Bright sunlight
20,000 lux Shade illuminated by entire clear blue sky, midday
1,000 - 2,000 lux | Typical overcast day, midday
<200 lux Extreme of darkest storm clouds, midday
400 lux Sunrise or sunset on a clear day (ambient illumination).
40 lux Fully overcast, sunset/sunrise
<1 lux Extreme of darkest storm clouds, sunset/rise

For comparison, nighttime illuminance levels are:

Illuminance Example

<1 lux Moonlight[!

0.25 lux Full Moon on a clear night[4][5]

0.01 lux Quarter Moon

0.002 lux | Starlight clear moonless night sky including airglow!!
0.0002 lux | Starlight clear moonless night sky excluding airglow!*]

0.00014 lux | Venus at brightest[]

0.0001 lux | Starlight overcast moonless night sky

1 Lux ~ 103 photons/um?/s



Cones are less sensitive to light but have a higher temporal
resolution compared rods
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Responses of mouse rods and cones to flashes of light

Ingram, Fain and Sampath (2016)



Temporal resolution depends on the photoreceptor size

ROD

Photocurrent (pA)

Frog and mouse rod




First evidence that rods can detect the absorption of single
photons from behavioral experiments in humans (1942)
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Percentage of flashes that have evoked
a visual response as a function of the
log of the flash intensity

Flashes illuminated an area of the
retina containing ~500 rods

1. The stochastic number of absorbed photons per flash is Poisson distributed
2. Minimum of n photon absorptions are necessary to see a flash
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Direct experimental evidence that rods detect the
absorption of a single photon (1979)

Suction electrode
recordings in toad rods
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Fig. 3. Amplitude histograms for flash responses. Amplitudes were measured by the
least squares method described on p. 614. Ordinate is number of occurrences of ampli-
tude shown on abscissa, bin width 0-2 pA. 4, from same cell and same flash intensity
(0-029 photons ym~—2) as in Fig. 2; ninety-nine trials. Response amplitude had mean
4 = 056 pA and variance o = 0-58 pA%. The curve is eqn. (10) with m = 0-53,
a = 12pA, 0y = 015 pA and o, = 0:3pA. B, same cell, lower intensity (0-014
photons um-%); fifty-two trials. Mean response y = 0-17 pA, variance 0 = 0-21 pA3.
Curve is for same parameters, except m = 0-25. Arrows mark the criterion level of
0-5 pA used to separate responses from failures.

Time (sec)

Photon Absorptions

No absorption, only
background noise

Baylor, Lamb, Yau (1979)
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Gaussian distribution
for the amplitude

Poisson distribution for the
number of absorbed photons



Ability to detect single photon absorptions is crucial for the visual
sensitivity under very dim light conditions

Consider a very dim flash with mean photon absorptions gl < 1:
Dl O =t a Iyl
pn=1)=e gl ~ 1

I)?
= ~qr (41)” 0
p(n=2)=e 5

¥

« On average I’ rods are necessary to see the flash if rods can signal
single photon absorption

« On average I° » I'" rods are necessary if rods would need 2 photon
absorptions to generate a signal



Reproducibility of the single photon response (SPR)
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Cvarea ~ 0.4 <1

CV = coefficient of variation = mean/SD

Why is the cellular response generated from a single molecular event so reproducible ?

How can we use modelling to understand how the geometry and the biochemistry of the

signaling pathway determine the photoreceptor response ?




Photoreceptor physiology
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Structure of rod and cone outer segments

Cone outer segment with
Rod outer segment with invaginations

internal discs



Biochemistry of the signal transduction cascade

PDE Activation
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Amplification

One activated Rhodopsin » Many activated PDE

Pugh & Lamb (2000)



Important parameters for a mouse rod model

Geometry:

Radius ~0.7 um

Length ~24 um

Cytoplasmic Volume: ~ 18 um3

Protein abundancies: Spontaneous pigment activations

have to occur extremely seldom
Rhodopsin. : ~25000/pum? in order to allow for reliable
G-protein :~3000/um? ,~ 7x10° single photon detection !

PDE : ~500/um? , ~ 1x10°

~ 800 Discs

Darkness:
cGMP ~ 4uM, Ca%* ~ 0.3 uM, Current ~ -15 pA, Voltage ~ -40mV

Physical Units: mV (voltage), pA (current), um (length), uM (concentrations)

1 1 1
N =6.02 x 10 = 6.02 x 10 A 602’de,u = Avogadro constant

A
LS A Gl 2L D0 e o
mol M pm?

Faraday constant



Why is the SPR so reproducible ?

A primate guinea pig
1pA|

singles

failures

Amplification

One activated Rhodopsin » Many activated PDE

If Rhodopsin is deactivated in a single stochastic event, its lifetime is
exponentially distributed and one expects a CV of the order 1.

Solution

Sequential deactivation via by multiple phosphorylation steps

Rieke Baylor(1998)
Mendez et al (2000)
Field & Rieke (2002)



Effect of sequential deactivation via multiple stochastic steps

1) Deactivation occurs through a single stochastic event with rate u. The lifetime of
activated rhodopsin T has an exponential Probability Density Function (PDF):
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Examples of Erlang distributions I'( N, Nu) with u = 1s7!

Time (s)



Sequential deactivation coupled to stochastic PDE activation

Assume that rhodopsin activates PDE with rate A (we neglect the intermediate
step of transducin activation)

What is probability distribution for the number of activated PDEs ?

00 e—AT()ﬂ_)n (N,LL)NTN_le_N“T

n! T

Ao /0 B e /O Dl N, Ny = /0

/OO N+n-1,-z N¥a™(N +n —1)!
=3 xZ (& €r =
o e T e AT T S nl(N — D)I(N + a)N+n

0.04

0.02f




Sequential rhodopsin deactivation coupled to stochastic PDE activation

NYE™(N +n — 1) ) 7

T 2:_ 2 —
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p(n) = 1

1
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Stochastic simulations (Gillespie algorithm) with A=10"1, u=1s* (n = 10)

(Vie =il




Stochastic model of time dependent PDE activation

Set of reactions modelled by Continuous time

A
R’ ; R
n :) n-l Markov chain
R, — R,
R+7 " r+7- . Probability to find at time t the system
n n P('n, l, ]f, t) . : >
T +PDE S  PDE in configuration (n,l,k)
PDE" ke § PDE I: number of activated transducin

k: number of activated PDE

Master Equation:

Transition probabilities
OP(n,l, k,tny,ly, ko, ty)
= Y W(n,Lkln',l' k', )P(n', ', k', t|no, Lo, ko, o) Win, Lk|n', ' k', t) = Ay8npm 18118k + My 60011 ici
K + kact(n)an,n’81,1’+18k,k’ +0,0 61110k x
~ oLkt bk, to) 3, W', LK L), Rl By 1B Hk BB,
= |
=

17, I ,
EP(T’L, Lk.t) = M Pn+ 1,0k t)+ 000 N,Z_l f P01 K T)

+kact(n)P(’n,l — 1, k, 1‘) +
+hs(l+ 1) P(nd+ 1k = 1,1) + ky(k+ 1) P(n. 1k + 1,1)
— (Mn F pn + Ea(n) + ksl + kgk) P(n, 1, ke, t).

Time dependent mean and variance of activated PDE:

P(t) = Y kP(n,L,k,1).  32(¢) = Y K*P(n,1,k,1) — P(¢)"

n,Lk n,lk
Reingruber & Holcman (2008)



activated PDE

Stochastic simulation of PDE activation

Rhodopsin deactivation in a
single step

60

Rhodopsin deactivation after 6
phosphorylation steps
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But how do we know that around 10-15 PDEs become
activated during a SPR ?

0.9




Estimation of the cGMP hydrolysis rate of an activated PDE

Activated PDE is highly efficient enzyme

¥

cGMP hydrolysis is determined by the diffusion limited
encounter rate between activated PDE and cGMP

Mean first passage time (MFPT) analysis to compute the encounter rate:

42 MFPT for a diffusing cGMP to encounter activated

Sl 7(¥) PDE on the surface when starting at position
O Y SR i
K\\\\\\\\\\X\\{ j mkﬁ%y (9tp(x,t\y) L DAyp(X,t‘y) Backward Fokker

R Ll

w Planck Equation
. i
. . L DAT(y) = —1 MFPT equation

1 D ( lay(l/a) 4In(R/a) -3\ Spatially averaged
s NG T 8 encounter rate

-

77

— kenc — ﬁ

Mouse: ~ 60 s!

Toad: ~3s!

Impact of the geometry !

Reingruber&Holcman (2009)



Computational framework for the current response

Simulations of PDE activation in the
compartment where the photon is absorbed

Model for the OS
with 800 comp

normalized current

activated PDE

Adjust PDE activation to obtain
correct current amplitude
(Exp confirmation in 2019 by group
of KW Yau at JH)

0.15¢
0.1F

0.05F

0.5 1
time (sec)

Corse grained effective 1D
model with longitudinal
diffusion of cGMP and calcium

Dynamics of cGMP synthesis and
hydrolysis

Current dynamics based on CNG
Channels and Ca-Exchangers

-

1g(n.,t
('{/((;4;) =dg(g(n+1,t) + g(n —1,t) — 2¢(n,t))
' o
Ta+ (L= ra) o
+8, ka +Z_§j§”-f) — (kP (n,1) *;(n.t)) (n,t)
"O+(1_r0) n -

a(n, t) S (1+K5M)gn, e (14 keg)ca(n, 1)
dca(n, . . R : cm)g(n, t)ne cer ) CO(TL,
———L =du(ca(n+ 1,t) + ca(n — 1,t) — 2ca(n,t)) +~ ch n— — =

7 (ca(n+1,t) + ca(n ) —2ca(n,t)) + v ( g(n, t)nen + koer ca(n, t) + kex )
1) 2 (L4+K&")g(n,t)ren fea (14 kez)ca(n,t)

n,t) = - : -
fea+2 g(n,t)ren + ket fea+2 ca(n,t) + key

. ]- (t) 1 A'Vcomp
Io(t) = =22 = — I(n,t).

’ I 0s,d A"comp Z ( )

n=1

But what about the background noise due to

spontaneous PDE activations and deactivations ? -l e



Dark noise analysis to estimate the biophysical properties of
spontaneous PDE activation

Recordings of dark noise from a WT Recordings of dark noise from a
mouse rod GCAPs KO mouse rod
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Dark noise analysis to estimate the biophysical properties of
spontaneous PDE activation

Analytic result for the GCAPs Ko PS:

Mean number of spont.

P (T e 2 activated PDEs per
: 3 > sp,comp e compartment
S Sj,, (@) = o ot b} Spont. activation and
: Is = o * 2 pont. activation an
N NcompP + @?) (U2, + w?
= ; - comp= sp,comp (ﬁd )('uSP ) sp) Hsp deactivation rates of a
single PDE

Extract parameters from fitting:

time (sec) ) =9 . &t .
D . E——) Psp,comp ~ 0.9 psp~12s

N
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a i 5 .
10°¢} —Experiment a 4 Stochastic simulations
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Simulations of single photon responses with dark noise
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Prediction: PDE density has to adapt to rod geometry

Why is the PDE density in mouse rod around 5-fold higher than in a toad rod ?

2
ﬂ dﬂsp
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2
P* Y Ptot,comp)\sp ' sp

sp,comp ~
Hsp HMsp

SPR for a mouse rod
with reduced PDE
density as in a toad
rod

2180 - The Journal of Neurosdence, March 16, 2022 - 42(11):2180-2189

Cellular/Molecular

Reproducibility of the Rod Photoreceptor Response Depends
Critically on the Concentration of the Phosphodiesterase
Effector Enzyme

Ala Morshedian,' Gabriela Sendek,’ Sze Yin Ng,' Kimberly Boyd,? Roxana A. Radu,' Mingyao Liu,*

angha
Science ces, East China Normal University, Shanghai, China, 200062, and *Department of Integrative Biology and
Physiology, University of California Los Angeles, Los Angeles, California 90095-7239



Prediction: Catalytic activity of spontaneous and G-protein activated
PDE are different

Diffusion limited hydrolysis rate of Hydrolysis rate of spont. activated PDE:
PDE activated by transducin:
—1
) 60 S-1 . == (A 4.58
Psp Tk 0.9

A SPR for an mouse rod where also the
q‘ ; '," h ,,(\ ‘l“ d“\ ’(“ \‘k activity of spontaneously activated
U Y PDE would be high and diffusion

~0.05) w lfu o M'le'!‘n”'l"‘bl"w;" limited

24
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l 0
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What distinguishes rods from cones (except photopigments) ?

Cone

Photopigment:
ConeRh  ——3>» Rod Rh

G protein (transducin):
o, I33 Yo —> O, B1 Y

Similar pathways but
many adaptations

Phosphodiesterase:

PDE6C > PDEGA&B
PDE6H PDE6G

cGMP-gated channels:
A3+B3 —>» A1+B1

—>» Slower turnover of cGMP

Ingram, Fain, Sampath (2016)

» Which differences are most relevant ?
» How to modify parameters to transform a rod into a cone ?



One possible approach: Detailed models based on a large system
of equations + sensitivity analysis

[RK free] = [RK totai] (Eq. S73)
. . — ([MI17 « RK o] + [MII§ ¢ RK o] + [MII; ¢ RK
M t h t I I + [MII} « RK .| + [MII} ¢ RK,,,. - ATP]
atnematical analysis B+ W8
[PDEfye.] = [PDE oral] (Eq. S74)

of phototransduction reaction

. +[cG - PDE* « G, - GTP] + [RGS9 + PDE* + G, - GTP])
t d d [Tsree] = [Teotal (Eq. S75)
parame ers In ro S an cones ' l—([MII;‘]-G'GDP]+[MII:)-G]+[MIIB-G'GTP]+[G-GTP}
+[Gy* GTP] + [PDE « G, - GTP] + [PDE" « G, - GTP]

Yukari Takeda’®, Kazuma Sato?*?, Yukari Hosoki?, Shuji Tachibanaki®, Chieko Koike* &
]
+[cG - PDE" + G~ GTP] + [RGS9 « PDE" « G- GTP])

Akira Amano?*?

[RGS9srce| = [RGS9tora]l — [RGSY « PDE" « G, - GTP] (Eq. S76)
Retinal photoreceptor cells, rods and cones, convert photons of light into chemical and electrical [6C ree] = [GCtora] — [GC - GTP] (Eq. $77)
signals as the first step of the visual transduction cascade. Although the chemical processes in [6TP ree] = [6TP 1] (Eq. S78)
the phototransduction system are very similar to each other in these photoreceptors, the light — ([MIIy + G- GTP] + [ GTP] + [G, - GTP] + [PDE + G, - GTP]
sensitivity and time resolution of the photoresponse in rods are functionally different than those +[PDE" + G, GTP] + [cG - PDE" « G- GTP]
in the pho?oresponses of cones. To systematically inves-tigate how ph?toresponses are dive.rgently + [RGS9 « PDE" + G, - GTP] + [GC - GTP])
regulated in rods and cones, we have developed a detailed mathematical model on the basis of the 4 (Fq. 579)
Hamer model. The current model successfully reconstructed light intensity-, ATP- and GTP-dependent 7 1ATP] = Kpia[MIT) ¢ RK e - ATP] + Ky [MIT} ¢ RK,,,.. - ATP) ’

changes in concentrations of phosphorylated visual pigments (VPs), activated transducins (Tr*s)

and phosphodiesterases (PDEs) in rods and cones. In comparison to rods, the lower light sensitivity — kris[ATP][MII; « RK pye| — ki3 [ATP][MII} « RK e

of cones was attributed not only to the lower affinity of activated VPs for Trs but also to the faster d (cGMP] = Kes P (Eq. $80)
desensitization of the VPs. The assumption of an intermediate inactive state, MIl, in the thermal dt 14 ([Caz*])m
decay of activated VPs was essential for inducing faster inactivation of VPs in rods, and possibly also in K.
cones. — (Baark[cGMP] + By, [cG - PDE* + G, - GTP])
d Iohoto (Eq. S81)
(e 1=-b ZF"]'-lvol — ¥ea([€a?*] = co) — kps[Ca®*1(er — [Cab)) + kyz[Cab)
Takeda Et al, Scientific Rep (2022) . (Eq. 582)
g lCabl = ky1[Ca**](er — [Cab]) — ky[Cab]
[cGMP]™ (Eq. S83)

Tphoto = Gmaxm(vm —E,)

Problems: Most parameters are unknow, only simulations, derivation
of conceptual insight from a sensitivity analysis of such complex
models is difficult !



Minimal model for rod and cone with only the most relevant features:
Less is more

Phototransduction equations assuming a spatially uniform outer segment :
d

%R* = Qb(t)/f Z Mth* Photopigment activation and deactivation
i L e o ) Transducin activation and deactivation
dtT kactR ,utrT
o e T I PDE activation and deactivation
i - Ta o AR — (Ba+ BeusP*) cGMP concentration with
qgpe9 T Cmaz e —I— K e d sub synthesis and hydrolysis
z o i dich Calcium dynamics is Ceatunl v
urrent: [ = Iy o proportional to the current:  c., 4 14
: 5. ; SCoE Cea s d
Normalized quantities: s Coines ; e Lt
Ceg,d Cca,d Id
Current Change
. A Id e I 2
(zeroindarkness) ; — ¢ = _ 1 _
14

Reingruber et al (2020)



Experimental data for mouse rods and cones to calibrate the model
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Elimination of non-identifiable parameters

d Initial conditions in darkness:

—T* = k'actRﬂ< - ,u'trT* écg p— IA = ].
—P* = kT — diep*

dt Current:

d . 1+ Kno‘ TaC?;"Ch + Ka %\ A ’\nch
%ch = Bq o KZ}“ énanch n Kn (ﬁd + Bsuv P )ch Z = O I =%y g

Variable p* . ,8 P* j’-,* . Bsubktr T* R* . Bsubkactktr R*
Transformation — Peub T e T Lipdelttr

d = ok Transduction gain:
R = pen(e(t)kE — R ransduction gain:
d

j ~ kact/Bsubktr

_T* ST R* . T* -
Ccllt _ ( _ ~) Krhpde Ltr
CB = (T — )

dt

d 1-|-K"a Ta c"a”ch—l—K”a ~

e A — P* A
=7 Ceo B R T e — (Ba + P*)éeq

I Analysis for the difference between rods E, Lrhy ttr > Modes Bd
and cones is reduced to 5 parameters: P




Most significant differences between rods and cone

Extracting parameters from data

>

[ Rod WT

© o o o

Normalized current
o N D D o —
v LA LA ok ] L LA

—data

——simulation

Cone Gnatl=/~

Normalized current X

—data
—simulation

W Normalized current W

Normalized current

L Rod GCAPs ™/~ — data

——simulation

Rod | Cone
pde (s 1) |5 [ 37.8
Ba(s71) |41 |12
Time (s) £ 0.18 | 0.0007
F Cone Gnatl~/~;GCAPs /- Rk (Mm2) 0.28 | 0.013

Dynamics

Sensitivity



>

Normalized current

o
(V)
NN

Single photon response for rod and cone

—Rod WT

- -Rod GCAPs ™/~

—Cone Gnat1/~ x 154

- —Cone Gnatl~/~;GCAPs ™/~ x 168

Va N

vy}

L —Rod
8 [ —Cone x 52

# activated PDE

Time (s)

No amplification in cones !



Experimental evidences for the differences between rods and cones

PDE deactivation rate ~ 7 fold increased in cones
~10x higher GAP concentration in cones (Cowan et al. 1998; Zhang et al. 2003)

Dark cGMP turnover rate ~ 3 fold faster in cones
Factor of 3 in salamander (Cornwall & Fain 1994, Cornwall et al. 1995)
increased spontaneous activity of cone PDE (Majumder et al 2015)

Rate of transducin activation ~ 3 fold reduced in cones

- Amplification constant is smaller in cones (Nikonov et al, 2006; Cao et al, 2014,
Ingram et al. 2016)

- 3 fold reduced sensitivity for rods with cone transducin (Chen et al, 2010)

PDE activity ~ 2 fold reduced in cones
Decreased sensitivity in mouse rods with exchange of cone for rod PDE6
(Majumder et al. 2015)



Analytic solutions for SPR and dim light responses

—R* = pn(p(t)s€ — RY)
iy L N ,Utr(R* . T*)
_P* — /-Lpde(T* . ]5*)

dt R
d R 1 + R’na Ta énanch + Kna _
%ch - Bd’l‘ + Igna énanch + Kn o (/Bd + P*)CCg
(87 8
Linear response écg — e Y y & 1
analysis l
%R* g (qﬁ(t)ﬁzf % R*) Analytlc solution:
d -~ * R % 5k " i lig Qb gy t 7 S>
aT = Mir IR S
- o i o e LN ~
Lpe g (7~ ) i(t) = 1 — e ~ neay(®)
dt
d > e v e e Rl s e vy
Ll .. P* ", 1 n O{, g (t) - Mr:—ul:;:t Hrh—Mpde ) Mrh—Pa Mtr elﬁ:t Mtr—Mpde ) Utr—Pa
dt Yy 6d ( + ChT ) Y * (upae—tn) (pae—tier) (Rpae—Ba) (5d_/vbrh)(Bd‘i‘btr)(lgd_ﬂpde) ’

Strength of calcium feedback to cGMP synthesis o e



Analytic solution vs simulation

[ Rod WT  —data
L - simulation
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Application: Revisiting formula for the amplification constant
characterizing the rising phase of flash response

A

1 b S
Z(t) ~ §R0nchka0t58ubt2 A= nchkactﬂsub

Claim: Initial rising phase is quadratic and is
determined by activation rates (Pugh & Lamb
of (1992,1993)):

Use analytic result to analyze the rising phase:

AL

0.8F

As— Nch kact BsubcS

0.6}
0.4f Depends only on

ook deactivation rates

Mouse rod: 6 ~ 0.11




Current

Application: What limits the recovery of flash responses ?
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Challenges for future work

1. Adaptation to an increasing background light
2. Voltage response in the inner segment

3. Dynamics of glutamate release at the synaptic terminal



Photoreceptor functioning in background light and adaptation

Data from salamander rod
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Most important features for adaptation:
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1. Ca?*dynamics and feedback processes that occur on long

time scale

2. Visual pigment regeneration and bleaching
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Implications of slow visual pigment regeneration

R Photopigment regeneration (derived from Vitamin A)
activation several minutes (~3-4 cones, ~30 rod)
* ] $
R Deactivation| R,
mSs
Fractions of activated proteins at steady state Current and steady state
concentrations
> (/bl/? A B
] ey e 8 0.19% :
®1/2 + ¢o s 0.0lfyo 0.95
R* o T’r‘h ¢0 _.GZj 10 5 00010/ 0 9:_
- O 00 B
3 Teyce ¢0+¢1/2 ..g : F
85F—1I)
P Pk Rtot kact O 060 A
AT Ui e £ F—Gego
Ptotﬂpde - 0.8 "%, .
10°
G0/ P1/2

Po/P1/2



Extended model with protein conservation

Conservation equations

Ry = R+R+Ry=Ru(R+R+ R,

Tt = T+T"+P*=Tou(T +T" +1,,P")

Py = P+ P*=Pyu(P+P. Simulations

>

Transduction equations 1F

o Saak

%R* = ¢(t)kR — ppR" % 08 [

O L

@Rb = prn B — prnp Ry 4; E 0-61

S = kpuR T TP §0.4f

df o~ € |

@P* = TP = ppacP* 202}
%ccg = a—- (ﬁd + 5subP*)CCQ 0

d 1 (fch,ca

-5, tca Ic mazlc _Iexmaac ex
dt* FVs(1+ By) \ 2 cwmasPeh ™ feasmazP )



Development of a molecular model for the inner segment

A 20

< 151

gm»
« CNG channels = o) SSRSSEE Mouse

OS ° NCKX EXChanger 0 100 200 300 400 cone
B
3
0 100 200 300 400
Time (ms)
» Voltage and Ca?* gated K* channels L
» Hyperpolarization-activated HCN channels st
I S -+ Ca?* activated CI- channels o} Macaque
+ Voltage gated Ca?* channels _n cone
« Ca?* pump (PMCA) 2]
« Na*K* Cl- pump PA 10¢
i

1 L L )
0.0 0.1 0.2 03
Time (s)

What are the contributions and
physiological roles of the different
channels in the inner segment ?

* Ingram et al (2019)
* Scneeweis&Schnapf (2000)



Development of a molecular model for vesicular release at
rod and cone ribbon synapses

Multivesicular release with Erlang
statistics at -40 mV

@
)
©

N
o

Cone Synapse Rod Synapse

Number of events
N w
o o
odsay 1ybi poy

=
(Aw) asu

What is the voltage dependent dynamics of
Ca?* and vesicular release ? 1000 2000 3000 4000 5000

o

How does the synapse signal a SPR with e
1mV voltage change ?

* Hays et al (2021)
* Waessle (2004)






