
















Furthermore, such a phase transition is expected to be characterized by a spontaneous 286

symmetry breaking [87], which can be measured by several metrics. Here, we used the 287

population vector for that purpose, calculated as 1
N

∑N
k=1 ske

iφk where φk ≡ 2πk/N . 288

Although in our case the boundary conditions are not periodic, we assume their effect to 289

be negligible since N � 1. 290

Learning rules 291

The goal of the network is to find the set {W ∗,K∗, T ∗} which maximizes the entropy 292

H(s) of the steady state outputs. To do so, we used the objective function described 293

in [42], with additional regularization terms on the `1 and `2 norms of W and K, 294

respectively: 295

ε ≡ −1

2

〈
log
(
χTχ

)〉
x

+ λW
∑
i,j

|Wij |+
λK
2

∑
i,k

K2
ik, (3)

where χij ≡ ∂si
∂xj

is the Jacobian of the transformation given by χ = φW , and 296

φ ≡ (I −GK)−1G [42]. 297

This objective function, without the regularization terms, would lead to an increase 298

in the singular values of χ. One way to achieve that goal is to decrease the eigenvalues 299

of (I −GK) to zero, which may lead one of them to turn slightly negative due to 300

numerical errors. This will result in instability of the fixed point and a phase transition, 301

as discussed above. The goal of the regularization terms is to prevent this phenomenon, 302

which is a general property of unregularized entropy maximization systems of 303

continuous variables [88]. 304

The learning rules were derived using the gradient descent method, as in [42]: 305

∆W ≡ −η ∂ε
∂W

= η
(〈
φT
((
χ+
)T

+ yxT
)〉

x
− λWS (W )

)
∆K ≡ −η ∂ε

∂K
= η

(〈
φT
(
χχ+ + ysT

)〉
x
− λKK

)
∆T ≡ −η ∂ε

∂T
= η

〈
−φTy

〉
x
,

(4)

where yl ≡ (χχ+φ)ll
g′′(hl)

(g′(hl))
3 , hl ≡

∑M
j=1Wljxj +

∑N
k=1Klksk − Tl, S (A) is defined by 306

(S (A))ij ≡ sign (Aij) and χ+ stands for the pseudo-inverse of χ (in the overcomplete 307

case used here, χ+ =
(
χTχ

)
χT ). 308

Auditory inputs 309

The input stimuli were chosen according to certain heuristics to emulate the system’s 310

response to tones of varying frequencies and amplitudes. Each input sample embodies 311

the reaction of the auditory hair cells to a combination of tones of certain frequencies. 312

The input profile for a pure tone is centered on the neuron that best matches that 313

frequency, and drops off to neighboring neurons to form a narrow Gaussian response 314

curve. The amplitude and the frequency were selected at random with a uniform 315

distribution on the permitted ranges. In addition to the input response, all neurons 316

feature some spontaneous activity that is irrespective of the inputs to model the neurons’ 317

reaction to background noises and non-stimulated motion of the hair cells (Fig. 1B). 318

The amplitudes of natural sounds are not uniformly distributed, loud sounds being 319

exponentially less common; however, the response of the inner hair cells is determined 320

not only by the absolute amplitude of the sound, but also by the reactivity of the 321

basilar membrane, as controlled by the outer hair cells. This serves as an automatic 322

gain control mechanism, giving the inner hair cells use of their full motion capacity for 323
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normal inputs. Therefore, we hold the uniform distribution to be a good approximation 324

to the output of the inner hair cells when presented with natural sounds [89,90] 325

To model sensory deprivation, we attenuated the higher half of the frequency domain 326

by applying a (monotonically decreasing) sigmoid envelope to all stimuli (Fig. 1C). The 327

choice of attenuating the higher frequencies was based on the most common type of 328

hearing loss [91,92], but attenuation could be applied to other frequency bands. 329
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59. Noreña A, Micheyl C, Chéry-Croze S, Collet L. Psychoacoustic characterization
of the tinnitus spectrum: Implications for the underlying mechanisms of tinnitus.
Audiology and Neurotology. 2002;7(6):358–369. doi:10.1159/000066156.

60. König O, Schaette R, Kempter R, Gross M. Course of hearing loss and
occurrence of tinnitus. Hearing Research. 2006;221(1):59–64.
doi:10.1016/j.heares.2006.07.007.

61. Hastie T, Tibshirani R, Friedman J. The elements of statistical learning: data
mining, inference, and prediction. 2nd ed. Springer Series in Statistics. Springer,
New York, NY; 2009.

62. Reale RA, Imig TJ. Tonotopic organization in auditory cortex of the cat. Journal
of Comparative Neurology. 1980;192(2):265–291. doi:10.1002/cne.901920207.

63. Escab́ı MA, Schreiner CE. Nonlinear spectrotemporal sound analysis by neurons
in the auditory midbrain. Journal of Neuroscience. 2002;22(10):4114–4131.
doi:10.1523/jneurosci.22-10-04114.2002.

64. Humphries C, Liebenthal E, Binder JR. Tonotopic organization of human
auditory cortex. NeuroImage. 2010;50(3):1202–1211.
doi:10.1016/j.neuroimage.2010.01.046.

65. Levy RB, Reyes AD. Spatial profile of excitatory and inhibitory synaptic
connectivity in mouse primary auditory cortex. Journal of Neuroscience.
2012;32(16):5609–5619. doi:10.1523/jneurosci.5158-11.2012.

66. Pons TP, Garraghty PE, Ommaya AK, Kaas JH, Taub E, Mishkin M. Massive
cortical reorganization after sensory deafferentation in adult macaques. Science.
1991;252(5014):1857–1861. doi:10.1126/science.1843843.

67. Grüsser SM, Mühlnickel W, Schaefer M, Villringer K, Christmann C, Koeppe C,
et al. Remote activation of referred phantom sensation and cortical
reorganization in human upper extremity amputees. Experimental Brain
Research. 2004;154(1):97–102. doi:10.1007/s00221-003-1649-4.

68. Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB.
Activity-dependent scaling of quantal amplitude in neocortical neurons. Nature.
1998;391(6670):892–896. doi:10.1038/36103.

69. Turrigiano GG, Nelson SB. Hebb and homeostasis in neuronal plasticity. Current
Opinion in Neurobiology. 2000;10(3):358–364.
doi:10.1016/S0959-4388(00)00091-X.

December 28, 2020 14/16

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 11, 2021. ; https://doi.org/10.1101/2021.01.11.426188doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.11.426188
http://creativecommons.org/licenses/by/4.0/


70. Turrigiano GG, Nelson SB. Homeostatic plasticity in the developing nervous
system. Nature Reviews Neuroscience. 2004;5(2):97–107. doi:10.1038/nrn1327.

71. Turrigiano GG. The self-tuning neuron: Synaptic scaling of excitatory synapses.
Cell. 2008;135(3):422–435. doi:10.1016/j.cell.2008.10.008.

72. Styr B, Slutsky I. Imbalance between firing homeostasis and synaptic plasticity
drives early-phase Alzheimer’s disease. Nature Neuroscience. 2018;21(4):463–473.
doi:10.1038/s41593-018-0080-x.

73. Beggs JM, Plenz D. Neuronal avalanches in neocortical circuits. Journal of
Neuroscience. 2003;23(35):11167–11177. doi:10.1523/jneurosci.23-35-11167.2003.

74. Tagliazucchi E, Balenzuela P, Fraiman D, Chialvo D. Criticality in large-scale
brain fMRI dynamics unveiled by a novel point process analysis. Frontiers in
Physiology. 2012;3:15. doi:10.3389/fphys.2012.00015.

75. Palva JM, Zhigalov A, Hirvonen J, Korhonen O, Linkenkaer-Hansen K, Palva S.
Neuronal long-range temporal correlations and avalanche dynamics are correlated
with behavioral scaling laws. Proceedings of the National Academy of Sciences.
2013;110(9):3585–3590. doi:10.1073/pnas.1216855110.

76. Shriki O, Alstott J, Carver F, Holroyd T, Henson RNA, Smith ML, et al.
Neuronal avalanches in the resting MEG of the human brain. Journal of
Neuroscience. 2013;33(16):7079–7090. doi:10.1523/jneurosci.4286-12.2013.

77. Massobrio P, Pasquale V, Martinoia S. Self-organized criticality in cortical
assemblies occurs in concurrent scale-free and small-world networks. Scientific
Reports. 2015;5(1):10578. doi:10.1038/srep10578.

78. Arviv O, Goldstein A, Shriki O. Near-critical dynamics in stimulus-evoked
activity of the human brain and its relation to spontaneous resting-state activity.
Journal of Neuroscience. 2015;35(41):13927–13942.
doi:10.1523/jneurosci.0477-15.2015.

79. Arviv O, Medvedovsky M, Sheintuch L, Goldstein A, Shriki O. Deviations from
critical dynamics in interictal epileptiform activity. Journal of Neuroscience.
2016;36(48):12276–12292. doi:10.1523/jneurosci.0809-16.2016.

80. Fekete T, Omer DB, O’Hashi K, Grinvald A, van Leeuwen C, Shriki O. Critical
dynamics, anesthesia and information integration: Lessons from multi-scale
criticality analysis of voltage imaging data. NeuroImage. 2018;183:919–933.
doi:10.1016/j.neuroimage.2018.08.026.

81. Arviv O, Goldstein A, Shriki O. Neuronal avalanches and time-frequency
representations in stimulus-evoked activity. Scientific Reports. 2019;9(1):13319.
doi:10.1038/s41598-019-49788-5.

82. Priesemann V, Wibral M, Valderrama M, Pröpper R, Le Van Quyen M, Geisel T,
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