Modeling synapses:
Noise and dynamics I
I

Mark van Rossum
ANC
University of Edinburgh
mvanross@inf.ed.ac.uk

Lawrence York, Jesus Cortes, Cian O'Donnell,
Paul Clark,
Robert Smith (U Penn)



Adverts

Neuroinformatics
Doctoral Training (Centre



Links between synapses and
perception in the visual system
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Action
potential

. Receptors
Postsynaptic for re-uptake
membrane of transmitter

A

At

|II Presynaphc voltage

r A\ Intracellular calum
'|
|| I| 50 i
L
C i'.l Activated protains and vesicies
it
J\L 0.07 N
D |rII Transmittar rawased

\

[

Sms



The synapse

Table of contents:

Action
potential

- synapse models and synaptic noise
- synaptic non-linearities
- release probability
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- receptor insertion/diffusion
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PART 1: Synaptic channel models
I



Synaptic currents
o ———

e Current based, e.g.

I,,=1exp(—t/T

o)
* Conductance based, e.g.

[,=g..V(t)-V,lexp(-tit,)
e Full state diagram: e.g. AMPA channel
Ry T Ryt Ro
Cu — C] — Cg — 0O
R., R., R,
R 2, r B,

[ 1,



Noise in synaptic input
T ————

Synaptic current 1s noisy because

- vesicles vary in size

. . . Action
- vesicle release is stochastic pot;nﬁgl

- variation 1n release location

- synaptic channel opening 1s stochastic
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Synaptic currents simulation

Markov diagrams can be
simulated

Stochastically

or

deterministically
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Markov formulation
10
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CelC'=0

. . ds S
State vector s, given occupation of each state e =W.s

—kT o 0
W=kT —k'T-a « A=[0,A, A,
0 k'T '

s(t)=s_+c exp(—t/A,)+C,exp(—t/A,)

Preserve probability d Z 5 =0
dt



Markov formulation
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Detailed balance (statistical physics) \//\ C \\
- B

In equilibrium detailed balance should hold.

Without detailed balance, looping would be

possible. P( o )= PO )

In diagrams without loops,
detailed balance is trivial.
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Markov formulation
12
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CeC'=0

Suppose equilibrium has been reached (e.g. transmitter
in the bath). Autocorrelation function

t)=[dt's(t")s(t"+1)

Autocorrelation has two time-constants in this case: 1/A,,1/A,

Wiener-Khichin theorem:

The channel dynamics determine
PSD( f 4f Jcos (21 ft)dt the noise spectrum

e
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Using the noise: Noise analysis
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Using the noise: Noise analysis
o SS————
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: | Noise analysis in practice:
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Model with geometry
[Raghavachari & Lisman '04] 15
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PART 2: Post synaptic non-linearities
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Post-synaptic complications

Second messenger synapses, channel opening is caused by activated

membrane bound messenger.
Example in cortex: GABAb, mGluR
Retina: mGIuR
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Second messenger: noise removal

at rod to rod-biﬁolar sxnaﬁse 19

Scotopic : 1 photon / rod / 10 min

Retinal performance:

e Miss at most 75% of photons: false negative rate < 75 %
» False positives: less than dark light (0.01 /rod /sec)

[van Rossum & Smith 1998, Clark & van Rossum 2006]



Rod pathway circuitry
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Rod response to dim flashes
Schneeweis and Schnapf 95
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The need for a thresholding synapse
C I ——

rod with
dark dark photon dark cark

AL UL LA A A

rod

P(V) rod bipolar cell

All dark MMO% photon

false ° false
negatives positives

No threshold: many errors Thresholding: keep errors small

e Simple pooling 1s bad [Baylor et al 1984].
e Threshold before summing
e Set threshold high (reject many events).



Second messenger synapse
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Second messenger synapse
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e Requires high vesicle release rate. About 80 ves/sec for

Poisson release.

e Experiments confirm model [Sampath & Rieke, '04]

e Only 0-2 channels open 1n the dark, 30 open for single photon response.



Experimental evidence
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Performance with thresholding
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Simulation of visual perception

Different synapses, different perception
Low level modeling with high level consequences

Other applications ?
Detection of single, binary signal amidst many, noisy inputs



PART 3: Synaptic depression and

network dynamics 27
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Short term synaptic depression
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Short term synaptic depression
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Ring attractor network

e Ring network with centre-surround profile

e With strong enough recurrence: line-attractors

neuron position



rate (Hz)

Ring attractor network

Rate Plot
¥
&
! T
20 30 @ 50
neuron position

Rate Plot

W\

[ /
A~

(L 7
AL i

/ i

rate (Hz)

Rate Plot




neuron number

neuron number
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Destabilization,
rotating attractors

« With depressing synapses, rotating solution
e The rotation speed depends on uniform background current

* With spike rate adaptation, speed is fixed[Hansel and Sompolinsky]
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Ring attractor network
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Rotation speed

Ring network rotation speed

rotation speed (rew/s)
3
1
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input amplitude (Hz)

Possible application: pattern generation with variable frequency.
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Alternative solutions In the
presence of noise
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2 dimensional field
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Conclusions

e Synapses are not only a way to do connect neurons
e They can have rich behavior: Non-linear, noisy, dynamical

» And this 1is reflected on a systems level
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