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Supplementary information

Supplementary equations

Here, we examine under which conditions a passive membrane can give rise to
multiplication-like signal amplification. To extract the nonlinearity, we compare the
response to two coincident inputs with the sum of the responses to each individual input
presented in temporal isolation (‘linear expectation’). We consider the simple case of an
electrical equivalent circuit of a passive isopotential neuron that receives two excitatory
input signals x and y, which control the excitatory conductances gexc1 and gexca,
respectively (Extended Data Fig. 5b). The neuron’s membrane potential }, at steady state is
given by

— Eexc (Jexcit Gexcz) + Eleak Jleak .
Jexc1 t Gexcz + Jleak

where E,,. and Ej,,, are the reversal potentials of excitatory and leak currents, respectively,
and gjeqx is the leak conductance. In the absence of input signals (i.e. when x = y = 0), the
neuron’s resting potential Vye5¢ = Ejeqr -

If we express the membrane potential response AV as the difference between V,,, and V;.qg;

and all conductances relative to g;eqx, then the membrane potential response to two
coincident excitatory inputs is

AV = Eexc(Gexc1 + Gexc2)+Eieak _
Gexc1 T Gexcz2 +1

rest -

FOr gexc1 = %, Gexcz = ¥, and Vyest = Ejeqr = 0 the response to the combined inputs can be
written as

x+y
x+y+1’

AVl,z = Eexc
The individual responses AV; and AV, to each input presented in isolation are

x Yy
AV1 = Eexcm and AVZ = Eexcm .

Now we show that, for two excitatory inputs, AV; , is always smaller than the linear
expectation AV; + AV, :

x+y X y
— — + Eope——
€XC xty+1 €XC x+1 + Bexc y+1
Factoring out E,,., we obtain
Xy X LY

x+y+1  x+1  y+1°
The left expression can be broken into two components:

X y X Yy
x+y+1  x+y+1  x+1  y+1 '



If follows that, for positive non-zero values of x and y,

x x y Yy

< an .
x+y+1  x+1 x+y+1  y+1

Ifa <cand b < d, thena + b < c + d. Therefore, the response of a passive neuron to two
coincident excitatory inputs AV; , is always sublinear; i.e. smaller than the linear expectation
AV; + AV, (Extended Data Fig. 5b).

Next, we consider the pairing of an excitatory with an inhibitory input (Extended Data
Fig. 5c). This neuron’s steady-state membrane potential is

V. = EexcexctEinnginhtEleakJieak
m - .
GexctdinhtJieak

As before, we let goy. = x, but the inhibitory conductance g;; follows 1 — y, meaning that it
decreases with increasing signal y (just like Mi9 neurons hyperpolarize with increasing light
intensity). Again, we express the membrane potential response AV as the difference between
Vi, and V.5 and all conductances relative to gjeqx:

V. = Eexc X + Einh (1-¥)+E|eak
m =

x+(@A-y)+1 and

AV = Vin = Vrest -

All reversal potentials are expressed as the difference to Ej.qx, which we set to zero (Ejeqx =
0). Note that, unlike before, the neuron’s membrane potential at rest (i.e. when x =y = 0) is
Now Vyest = Einn/2. The response to the combined inputs is

AV, . = Eexc X + Einp (1-Y) _ Einn .
12— X—y+2 2 7

which can be written as

AV, . = X (2Eexc = Einn) — YEinh
1.2 22 +x—y) )

The individual responses are

_ X(2Eexc — Einn) _ ~YEinn
AV, = o and AV, = ey

In the following, we show under which conditions, AV ; is larger than the linear expectation
AV, + AV, :

X(2Eexc = Einn) = YEinn  X(2Eexc — Einh) _ YEinn
22+x —y) 2(2 +x) 22 -y)




This simplifies to

%(2Eexc — Einh) = YEinn > x(2Eexc = Einh) __YEinh
24+x-y 2+x 2-y '

Put over a common denominator, it can be written as

(x(2Eexc — Einp) = YEinn) 2+ x)(2 —y) > x(2Eexc — Einpn) 2 +x —y)(2 —y) —
YEmnn(2+x—y)(2+x) .

Expansion leads to

X(2Eexe = Emn) 2+ x)(2 —y) = YEmn (2 +x)(2 —y) >
X(2Eexe = Einn) (2 4+ x)(2 = y) = xy(2Eexe — Einn) (2 = ¥) = YEqn (2 = y) (2 + x) —
xYEinn (2 +x) .
Subtraction of the blue and the red expressions on both sides yields
0> —xy(2Eexc — Einn) (2 = y) — xyEinn (2 + x) .

Division by (—xy) reverses the inequality sign:

(2Eexc —Einn)2 = y) + Epp(2 +x) > 0.

This simplifies to
2Eexc2—=Y) + Eqp(y +x) >0;
or
+
Eexc > _Einhz(xz—_yy) .

Note that E,y. and Ej,;, are expressed as the difference to Ejpqr. For0 <x <land0<y <1
(i.e. positive conductances smaller or equal to gjeqx) and |Eeyc| > |Einn |, the above inequality
always holds. In the extreme case of x = y = 1 the coincidence of an excitatory input with
the release from an inhibitory one gives rise to a supralinearity as long as E;y;, is closer to
Ejear than E,,. (Extended Data Fig. 5d). Other values of x and y yield supralinear responses
over much wider ranges of E, . and E;,;, (Extended Data Fig. 5e).



Supplementary Table 1. Statistical analyses of Figs. 2, 5.

Figure Statistical test Measured variable Experimental Test statistic P
groups/comparisons
2c Shapiro-Wilk test Membrane potential change T4 > GFP W=0.9317 0.0849
Shapiro-Wilk test Membrane potential change T4 > GluClaRNAi W=0.8429 0.0178
Two-tailed paired Student's t-test Membrane potential T4 > GFP before vs. after glutamate s =6.124 2.111x10%
Two-tailed Wilcoxon matched-pairs Membrane potential T4 > GluClaRNAi before vs. after W=27.00 0.4263
signed rank test glutamate
2e Two-way repeated-measures ANOVA Input resistance Genotype x glutamate Fg, 216 = 9.743 1.579x10-1
Genotype Fi,27=2.263 0.1441
Glutamate Fas15,9492 = 22.57 3.458x10-12
Cell Fo7,216 = 77.93 4.295x10-%
2g Shapiro-Wilk test Resting membrane potential T4 > GFP W=0.9827 0.0178
Shapiro-Wilk test Resting membrane potential T4 > GFP, GluClaRNAi W=0.9915 0.7673
Two-tailed Mann—Whitney U test Resting membrane potential T4 > GFPvs. T4 > GFP, GluClaRNAi U = 2959 3.404x10-%3
2h Shapiro-Wilk test Input resistance T4 > GFP W=0.9708 0.0002
Shapiro-Wilk test Input resistance T4 > GFP, GluClaRNAi W=0.9677 0.0115
Two-tailed Mann—Whitney U test Input resistance T4 > GFPvs. T4 > GFP, GluClaRNAi U=5979 4.751x10-11
5¢c Shapiro-Wilk test Lair T4 > GFP W=0.9626 0.4679
Shapiro-Wilk test Laie T4 > GluClaRNAi W=0.8984 0.0640
Shapiro-Wilk test Lair T4 > Nmdar1RNAi W=0.8522 0.0391
Kruskal-Wallis test Lair H=15.27 0.0005
Dunn's multiple comparisons test Lair T4 > GFP vs. T4 > GluClaRNAi Z=3.906 0.0002
Lair T4 > GFP vs. T4 > Nmdar1RNAi Z=1.318 0.3748
5f, ON Shapiro-Wilk test Angular velocity T4/T5 > W=0.9418 0.2839
Shapiro-Wilk test Angular velocity GluClaRNAi W=0.9038 0.0670
Shapiro-Wilk test Angular velocity T4/T5 > GluClaRNA W =0.9605 0.5536
Shapiro-Wilk test Angular velocity Nmdar1RNAi W=0.9478 0.3915
Shapiro-Wilk test Angular velocity T4/T5 > Nmdar1RNAi W=0.9701 0.8000
Brown—Forsythe test Angular velocity Fa, 83 = 1.589 0.1843
One-way ANOVA Angular velocity F4,88=7.715 2.237x105
Holm-Sidak’s multiple comparisons test Angular velocity T4/T5 > vs. T4/T5 > GluClaRNAi tss = 3.000 0.0105
GIuClaRNAi vs, TA/T5 > GluClaRNA tss = 4.084 0.0004
T4/T5 > vs. T4/T5 > Nmdar1RNAi tss = 1.857 0.1289
Nmdar1RNAi vs, T4/T5 > Nmdar1RNAi tsg = 0.4669 0.6417
5f, OFF Shapiro-Wilk test Angular velocity T4/T5 > W=0.9258 0.0695
Shapiro-Wilk test Angular velocity GluClaRNAi W=0.9532 0.3398
Shapiro-Wilk test Angular velocity T4/T5 > GluClaRNAi W=0.9039 0.0488
Shapiro-Wilk test Angular velocity Nmdar1RNAi W=0.9183 0.0920
Shapiro-Wilk test Angular velocity T4/T5 > Nmdar1RNAi W=0.9251 0.1241
Kruskal-Wallis test Angular velocity H=14.54 0.0058
Dunn's multiple comparisons test Angular velocity T4/T5 > vs. T4/T5 > GluClaRNAi Z=1.796 0.2897
GluClaRNAi ys, T4/T5 > GIuClaRNAi Z=3.488 0.0019
T4/T5 > vs. T4/T5 > Nmdar1RNAi Z=0.8056 >0.9999
Nmdar1RNA vs, T4/T5 > Nmdar1RNA Z=0.4493 > 0.9999
5i Shapiro-Wilk test Fixation in front T4/T5 > W=0.9786 0.9513
Shapiro-Wilk test Fixation in front GluClaRNAi W=0.9274 0.1751
Shapiro-Wilk test Fixation in front T4/T5 > GluClaRNA W =0.9447 0.2696
Shapiro-Wilk test Fixation in front Nmdar1RNAi W=0.9611 0.7406
Shapiro-Wilk test Fixation in front T4/T5 > Nmdar1RNAi W=0.9216 0.4427
Brown—Forsythe test Fixation in front Fa,72=5.425 0.0007
Welch's ANOVA Fixation in front Wa.000,27.14 = 12.78 5.645x106
Dunnett's T3 multiple comparisons test Fixation in front T4/T5 > vs. T4/T5 > GluClaRNAi trg7 = 6.427 2.337x10%
GluClaRNAi ys, T4/T5 > GIuClaRNAi tro.42 = 3.641 0.0042
T4/T5 > vs. T4/T5 > Nmdar1RNAi ts.760 = 0.1015 >0.9999
Nmdar1RNAi ys, T4/T5 > Nmdar1RNA tis.65 = 0.6369 0.9456




Supplementary Table 2. Statistical analyses of Extended Data Fig. 10.

Extended | Statistical test Measured variable Experimental groups/comparisons Test P

Data statistic

Figure

10b Shapiro-Wilk test Forward walking speed T4/T5 > W =0.9605 0.6706
Shapiro-Wilk test Forward walking speed GluClaRNAi W =0.9340 0.2280
Shapiro-Wilk test Forward walking speed T4/T5 > GluClaRNA W=0.9422 0.2403
Shapiro-Wilk test Forward walking speed Nmdar1RNAi W=0.9454 0.4913
Shapiro-Wilk test Forward walking speed T4/T5 > Nmdar1RNAi W=0.8049 0.0323
Kruskal-Wallis test Forward walking speed H=4.563 0.3352

10d Shapiro-Wilk test Forward walking speed R59E08-AD; R42F06-DBD W=0.8979 0.1743
Shapiro-Wilk test Forward walking speed GluClaRNAi W=0.9520 0.5927
Shapiro-Wilk test Forward walking speed R59E08-AD; R42F06-DBD > GluClaRNAi W =0.9309 0.3139
Brown—Forsythe test Forward walking speed F,36 = 0.2397 0.7881
One-way ANOVA Forward walking speed F2,36 =0.1688 0.8453

10f Shapiro-Wilk test Fixation in front R59E08-AD; R42F06-DBD W =0.9553 0.7126
Shapiro-Wilk test Fixation in front GluClaRNAi W =0.9909 0.9998
Shapiro-Wilk test Fixation in front R59E08-AD; R42F06-DBD > GluClaRNAi W=0.9768 0.9517
Brown—Forsythe test Fixation in front Fz,36 = 1.748 0.1887
One-way ANOVA Fixation in front Fz,36 = 19.00 2.327x106
Holm-Sidak’s multiple comparisons Fixation in front R59E08-AD; R42F06-DBD vs. R59E08-AD; ts = 6.120 9.599x107
test R42F06-DBD > GluClaRNAi

GluClaRNA vs, R59E08-AD; R42F06-DBD > tss = 3.523 0.0012

GluClaRNA
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