
Criticality in the developing zebrafish brain
Michael H McCullough1, Robert Wong2, Zac Pujic1, Biao Sun1 & Geoffrey J Goodhill1,2,†

(1) Queensland Brain Institute, The University of Queensland, Australia; (2) Washington University in St Louis, MO, USA; (†) e-mail: g.goodhill@wustl.edu

1 Introduction

• Recent studies have shown evidence for neural criticality in larval
zebrafish at whole-brain scale via avalanche analysis [1, 2].

• Brain-wide imaging in zebrafish also offers a unique opportunity
to discover how neural avalanches differ between different brain
regions.

• Using 2-photon brain-wide imaging of spontaneous activity in lar-
val zebrafish we find substantial variations between regions, with
optic tectum showing the best evidence for criticality.

2 Imaging and neuronal avalanches

(A) Zebrafish larvae (n=25) aged 9 days post-fertilisation with pan-
neuronal expression of nuclear-targeted GCaMP6s were imaged
using a 2-photon resonance scanning microscope. 3D volumes (6-7
planes at 7 µm intervals) of spontaneous activity containing ∼10000
neurons per fish were recorded at 1 Hz / volume for 30 minutes in
darkness. (B) Neural activity was extracted using CAIMAN [3] and
binarized by calcium deconvolution [4]. (C) At brain-wide scale a
spatial constraint is needed to limit when sequential activation of two
neurons is considered part of the same avalanche. We implement
this via a k-nearest neighbours (kNN) network of neurons. (D) A
schematic of a spatio-temporal avalanche in the network.
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3 Criticality metrics for whole-brain data are sensi-
tive to cutoffs and connectivity

First we combined all regions together. (A-B) Avalanche duration
T and size S distributions appear to have power law scaling for a
range of connectivity parameter k. (C-D) Power law exponents α

and τ drift with increasing lower cutoffs and (E-F) vary substantially
with k. (G-H) Likelihood ratio tests comparing power laws with ex-
ponential and log-normal distributions only pass consistently for du-
ration when k = 8, and for size when k ≤ 24 (I) Average avalanche
size against duration appeared to have power law scaling. (J) Expo-
nent β varies with k and (K) did not match with βSC estimated from
optimal shape collapse [5]. (L) Avalanche profiles did not collapse
onto a single trajectory but changed shape with increasing duration
suggesting deviation from criticality (k = 8).

4 Extent of local connectivity has a strong effect on
avalanche statistics

(A) Variations in avalanche number with k across regions.
(B-C) Avalanche distributions were distinct from circular shuffles in
the optic tectum and hindbrain but not in the habenula, suggesting
that local connectivity as a spatial constraint may be limiting for cap-
turing population dynamics in some anatomical regions.

5 Evidence for criticality depends on regions, met-
rics and parameters

(A) Relationships between α, lower cutoffs and k vary across re-
gions. α did not plateau to a stable value when increasing the cut-
off as would have been expected for a power law (except in the
habenula). Likelihood ratio tests did not consistently indicate power
laws for duration distributions. (B) Similar regional variation was ob-
served for exponent τ . However, τ appeared to converge to a stable
value as the lower cutoff increased (except in the neuropil). Likeli-
hood ratio tests consistently favoured power law distributions in the
optic tectum and hindbrain. (C) β and the deviation from critical-
ity coefficient (DCC) [6] were higher in the optic tectum than other
regions for intermediate values of k. Shape collapse was evident
except in the hindbrain.

6 Conclusions

• Avalanche statistics are region dependent.
• Criticality metrics have strong dependence on parameters.
• Optic tectum shows the best evidence for neural criticality.


