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Spiking correlated to behavior
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Spiking variability correlated to behavior
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Fig. 1. Reliability of firing patterns of cortical neurons evoked by constant and fluctuating current. (A) In
this example, a superthreshold dc current pulse (150 pA, 900 ms; middle) evoked trains of action
potentials (approximately 14 Hz) in a regular-firing layer-5 neuron. Responses are shown superimposed
(first 10 trials, top) and as a raster plot of spike times over spike times (25 consecutive trials, bottom). (B)
The same cell as in (A) was again stimulated repeatedly, but this time with a fluctuating stimulus [Gaussian

white noise, n, = 150 pA, o, = 100 pA, 7, = 3 ms; see (74)].

Mainen and Sejnowski, 1995



Softy-Koch “Paradox”, 1993
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Open Questions
Remain

Answer: Balanced State
Van Vreeswijk and Sompolinsky, 1996 & 1998

Connections strong and sparse,
Chaotic state is a fixed point
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What is the dynamical repertoire of
a network of spiking neurons?



V (mV)

Neuron phase model

100
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dv =1 —cosf + I(1 + cosb)

dt
Theta neuron

AKA ERMENTROUT-KOPELL CANONICAL MODEL



Network

0; =1 —cosb; + (I +u;)(1+ cosb;)

Synapse

\ i = —fui + B Y wid(t —3(6;)
1,8

ts={t|0;(t) =m,0; >0}

w;; ~ N(0,0°/N)  Random coupling
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Column sum corrected

Network moael

=1 -
1 —cos6; + (I +u;)(1+ cosb;)
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Can also use adaptation instead of sum correction

9; =1 — cos0; + (I + u; — a;)(1 + cosb;)

iy + Bui = B wizo(t —t5(6;))
7,8

Only needs local information



Network revisited

9; =1 — cos0; + (1 + u;)(1 + cosb;)

uz’ ‘|‘6uz 52 (wm _ _szk) t_ts ))

L



Empirical density n;(0,t) =6(0 —0,(t))

Y 0t —t5) =n;(m,t)0;],—x = 2m;(m,t)  Spiking rate

S

is(#) s (93 Zﬂf%@m} (1)) =0

1
Network mean nt) = — Zﬁj (t)



Neurons are conserved

Exists in weak sense

6’7577@-(9,16) 89FZ((9,UZ)77@((9,t) =

F;=1—cos8; + (I + u;)(1+ cosb;)

Regularize by integrating (averaging)



Reformulated network

8,577@-(9, t) -+ (%FZ(H, UZ)UZ((Q,t) =

( T 6“@ — 20 Z Wi 4 77] 77(

t)) =0



Disorder to noise

575777:(9» t) + aQF’i(ev ui)ni(‘ga t)

=0



Reformulated network

8t77i(6), t) -+ 89FZ(9, uz)m(ﬁ,t) =\

w; + Bu; = zi(t)

Elz(t)] =0

Covlas(t), zi(s)) = 460 [ dtds 3™ [y () = NG, O]y . 5) = A, s)

J

N — e/
Network covariance
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1st order expansion
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Can we frain wi; so network
does what we want?



Network

0; =1 —cosb; + (I +u;)(1+ cosb;)

;= YPugpr »  wiio(t —t3(6;)
J 7,8

rp=—Brj+ By 6(t—t(0;)

Goal: Train wj; so u and r follow fargets



| earning

Minimize over w

Super hard in general Targets

since u(w)=wr Linear in w

1
and r(w) = ;\/wr Quasi-static approx

Recursive least squares or FORCE learning



Learning innate trajectories
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Extends Laje and Buonomano (2013) to spiking networks



Chaotic trajectories from another system
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Periodic functions
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Stochastic OU process
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Arbitrary combinations
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Multiple targets in one network
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Real cortical neurons

Contra-preferring neurons
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Neurons

IN-vivo data

network model

(@)] [@)]
c £
£ :
(]
Y— Y
g g
o Q
© ©
(@]
v O
© n [
*é -}
") ()]
()] = (=)l
c £
= =
% 10 g
— —
o Q
2 2
0
10° 102
10 f 1
10°
)| 10}
102 1
10!
0 | 0
100——4 =% > g 6 19.10

Synaptic weight

—-0.05

0.00 0.05
Mean indegree

0.10

r——

Trial

Ly
o 3 .
X
o
- M
2 1 0 1
Time (sec)
©
=
v
) 10}
20 9 P
—_— (]
o R
(V] Q
("]
o 3 1 0 i
Time (sec)
10
©
=
0 21
v
w
§ W
a
w
o 2 1 0 1
Time (sec)
10°
10%Hf
1
103
102
10!
0
105 2 3 4 5

Bidirectional connection




LT RN M T LA ) Y

LA R et B L it e e W

8 O WP O O O R N O A T

23} ﬂ-4-
0 0 lhtan

AR N U 0 TN U i S YA W R VA

Y P 0 ™ N o W L B WO AV O Y
b LA MM el e T o T AL e Lo

I I LN I T A K/ D e ST

oA A B TN TN O L TN

B P VN e VO 2 P O U NP VP
b kol ML INS I sl AT R TP TN e ML

3@% BW W GM i
0 0 0 0 0

LN LA AN ') W il A

L SN L

Jomd "1 b AN Lt LA T i ot s A P L a2
BT PR VA B VPR 9 N TN P IO Y R Y

4t | 6[ 1 GN 19{ h 5i'
oﬁﬂmﬂé 0 0 0 Ol s




Universal Dynamical System?
Oy (0, 1) + B F3 (0, u;)n; (6,) = 0
w;(t) + Bui(t —Qﬂzwzﬂb m,t) =0

u(t) = we(u(t))

Conjecture: network can approximate an
arbitrary set of continuous functions™

*under a mild set of conditions
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