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Over the course of neural development, changes in the
morphology of the neural tissue are accompanied by
changes in patterns of activity. One form of activity that is
highly studied in cultured cortical networks is neuronal

avalanches, characterized by bursts whose distribution fol-
lows a power law. Despite a detailed characterization of
neuronal avalanches, much remains unknown about their
gradual emergence during development [1]. Here, we
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Figure 1 Avalanches and information transfer over the course of neuronal development. A. Distribution of spikes per avalanche (28 days in
vitro), with time-bins of different durations. B. Gradual decrease in the slope of best-fitting power law during development. C. Alteration in the
distribution of transfer entropy over development. D. Network efficiency in artificial data derived from power laws with different scaling
exponents (a) and densities (d).
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examined 643,039 avalanches in 15 cortical cultures grown
to 35 days in vitro on microelectrode arrays. We employed
maximum likelihood estimation to evaluate the fit of a
power law to the duration and amplitude of avalanches at
different points during development (Figure 1A). The slope
of the best-fitting power law followed a gradual trend from
a≈2.3 in early recordings to a≈1.5 around 25 days in vitro
(Figure 1B).
To examine the implications of this trend, we evaluated

communication between pairs of neurons using a mea-
sure of transfer entropy that quantifies the amount of
information (in bits) in a neuron found in the past history
of another neuron [2]. Transfer entropy increased over
development, and its distribution followed a power law
with a slope approaching a≈1.5 towards 30 days in vitro
(Figure 1C). Next, we generated artificial data whose dis-
tribution matched the power law of transfer entropy
observed experimentally. Using graph-theoretical ana-
lyses, we show that a power law with an exponent of
a≈1.5 maximizes network efficiency by facilitating rapid
communication across neurons while minimizing the
overall traffic burden (Figure 1D).
In sum, this study links the gradual development of

power law scaling with increased communication efficiency
in networks of cortical neurons. Incremental changes in
network dynamics suggest that power scaling of avalanches
and communication are shaped concurrently over the
course of in vitro development, and may arise from a com-
mon origin. This developmental trend poses a particular
challenge for computational models of avalanches that
typically focus on the endpoint of development [3], and
therefore merits the attention of further experimental and
theoretical work.

Acknowledgements
This work was funded by grants to J.P.T. from NSERC Discovery and CIHR
operating funds, as well as intramural funds from the National Research
Council. Authors are thankful to Amy Aylsworth for technical assistance.

Authors’ details
1School of Psychology and Center for Neural Dynamics, University of Ottawa,
Ottawa, Ontario K1N 6N5, Canada. 2Human Health Therapeutics, National
Research Council, Ottawa, Ontario K1A 0R6, Canada.

Published: 21 July 2014

References
1. Tetzlaff C, Okujeni S, Egert U, Worgotter F, Butz M: Self-organized criticality

in developing neuronal networks. PLoS Comput Biol 2010, 6(12):e1001013.
2. Vincent K, Tauskela JS, Thivierge JP: Extracting functionally feedforward

networks from a population of spiking neurons. Front Comput Neurosci
2012, 6:86.

3. Rubinov M, Sporns O, Thivierge JP, Breakspear M: Neurobiologically
realistic determinants of self-organized criticality in networks of spiking
neurons. PLoS Comput Biol 2011, 7(6):e1002038.

doi:10.1186/1471-2202-15-S1-P31
Cite this article as: Thivierge and Tauskela: Development of avalanches
and efficient communication in neuronal networks. BMC Neuroscience
2014 15(Suppl 1):P31.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Thivierge and Tauskela BMC Neuroscience 2014, 15(Suppl 1):P31
http://www.biomedcentral.com/1471-2202/15/S1/P31

Page 2 of 2

http://www.ncbi.nlm.nih.gov/pubmed/21152008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21152008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23091458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23091458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21673863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21673863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21673863?dopt=Abstract

	Acknowledgements
	Authors’ details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


