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Most of the excitatory cortical synapses reside on den-
dritic spines. Although these spines undergo a remark-
ably high turnover [1,2], they have been shown to be
involved in learning and long-term memory. Along this
line, it is unclear how information is preserved while its
substrate (synapses or spines) is permanently changing.
Here, we use a simple stochastic model of structural

plasticity to investigate this phenomenon : We assume a
certain number of potential synaptic locations from one
neuron to another.
At those locations, synapses (spines) are created with a

constant probability and removed with a probability
depending on the number of existing synapses and the
stimulation of the neurons. From these two probabil-
ities, the stationary distribution of the number of
synapses between two neurons can be calculated.
Experimental measurements of these stationary prob-

ability distributions in the cortex show that the majority
of connections has either zero or multiple synapses
while one or two contacts are very improbable [e.g.,
[3-5]]. Using information theoretic measures we show
that, in our model, such bimodal distributions enable
information storage over time scales many orders of
magnitudes higher than the involved probabilities. Thus,
in this system the conflict of rapid spine turnover (prob-
abilities) and long-term memory is resolved by storing
the information collaboratively in multiple synapses.
In the following, we will consider the bimodal station-

ary distributions as the working point of the system.
Then, we can model external signals, as, e.g., increased
or decreased activities during learning, as changes of the
removal probabilities and stationary distributions (e.g.,
mediated by synaptic plasticity [6]).

For instance, for learning signals resulting to unimodal
stationary distributions (only connected or only uncon-
nected), we find that learning is orders of magnitude
faster than forgetting. Along this line, we observe that
retraining a task does not induce an increased overturn
rate as during initial training, which has been similarly
observed for dendritic spines in vivo [1,2]. Our results
clearly relate the difference in time scales to the shape
of the stationary distribution and therefore reveal the
functional advantage of the bimodal distribution found
in experiment.

Authors’ details
1Bernstein Center for Computaional Neuroscience, Third Physics Institute,
Göttingen, Germany. 2Max Planck Institute for Dynamics and Self-
Organization, Göttingen, Germany. 3Weizman Institute, Rehovot, Israel.

Published: 18 December 2015

References
1. Yang G, Pan F, Gan WB: Stably maintained dendritic spines are associated

with lifelong memories. Nature 2009, 462:920-924.
2. Xu T, Yu X, Perlik AJ, Tobin WF, Zweig JA, Tennant K, et al: Rapid formation

and selective stabilization of synapses for enduring motor memories.
Nature 2009, 462:915-919.

3. Feldmeyer D, Egger V, Lübke J, Sakmann B: Reliable synaptic connections
between pairs of excitatory layer 4 neurones within a single ‘barrel’ of
developing rat somatosensory cortex. J Physiol 1999, 521(1):169-190.

4. Feldmeyer D, Lübke J, Silver RA, Sakmann B: Synaptic connections
between layer 4 spiny neurone-layer 2/3 pyramidal cell pairs in juvenile
rat barrel cortex: physiology and anatomy of interlaminar signalling
within a cortical column. J Physiol 2002, 538(Pt 3):803-822.

5. Hardingham NR, Hardingham GE, Fox KD, Jack JJB: Presynaptic efficacy
directs normalization of synaptic strength in layer 2/3 rat neocortex
after paired activity. J Neurophysiol 2007, 97(4):2965-2975.

6. Fauth M, Wörgötter F, Tetzlaff C: The formation of multi-synaptic
connections by the interaction of synaptic and structural plasticity and
their functional consequences. PLOS Comput Biol 2015, 11(1):e1004031.

doi:10.1186/1471-2202-16-S1-O15
Cite this article as: Fauth et al.: Collective information storage in
multiple synapses enables fast learning and slow forgetting. BMC
Neuroscience 2015 16(Suppl 1):O15.

* Correspondence: mfauth@gwdg.de
1Bernstein Center for Computaional Neuroscience, Third Physics Institute,
Göttingen, Germany
Full list of author information is available at the end of the article

Fauth et al. BMC Neuroscience 2015, 16(Suppl 1):O15
http://www.biomedcentral.com/1471-2202/16/S1/O15

© 2015 Fauth et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://
creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated.

mailto:mfauth@gwdg.de
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

	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


