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1. Introduction

In the central nervous system information is transmitted from neuron to neuron due to
functional contacts, or synapses, where a chemical intermediary, or neurotransmitter,
releases following electrical signals in presynaptic cells; its binding to surface receptors
triggers an influx of ions into the postsynaptic cells causing the shift of membrane
potential away from the resting state. Glutamate releases in majority of brain synapses.
The glutamate concentration time course in the synaptic cleft is influenced markedly by
the geometry of the space that surrounds the synapse and the properties of glutamate
diffusion in this geometry. Intracellular signals that lead to regulation of cell processes
are transmitted by a limited number of small molecules, which are called second
messengers. Their diffusion ensures the spreading of the signal all over the cell. Ca*" is a
unique molecule that relays signals mediated by membrane potential changes to the cell
interior. Furthermore, in response to the binding of glutamate with metabotropic
glutamate receptors, inositol 1,4,5-triphosphate (IPs) is generated that releases Ca>" from
the intracellular stores.

Recently first communications that neurotransmitters in the extracellular space and
second messengers in the dendrites of neurons can undergo anomalous diffusion
appeared [1, 2]. Earlier diffusion kernel with fractional dimension was used for
approximation glutamate diffusion in calyx of Held synapses [3]. Diffusion of IP; in the
spiny dendrites was proven to occur owing to trapping of molecules in these structures
[2]. Nevertheless the causes of anomalous diffusion of both IP; in smooth dendrites, and
glutamate in the extracellular medium are not evident. Can the diffusion of
neurotransmitters and second messengers be only apparently anomalous?

2. Simulation of glutamate diffusion and uptake in the extracellular space with
complex geometry and IP; diffusion and degradation in smooth neuronal dendrites

Previously we have shown that glutamate diffusion in the cerebellar glomerulus, a
structure where a mossy fiber (MF) terminal makes synapses with dendrites of granule
cells (GrCs), was much better approximated by equation for fractional Brownian motion
(FBM) than by normal diffusion equation and suggested anomalous diffusion of the
neurotransmitter [1]. For some short period of time (up to 2 ms) this observation could
be explained by normal diffusion of glutamate from a 2-dimensional (2D) cleft between
the MF terminal and the surface of dendrites into a 3-dimensional (3D) porous medium
with a low volume fraction. Some transitory region exists, where effective diffusion

coefficient and dimensionality depend on z.
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Nonlinear time-dependence of spatial variance can also arise from time-dependence
loss of molecules owing to binding with immobile buffers, degradation, or diffusion into
other dendrites if diffusion of species in theses structures is considered, but in this case a
power-law relationship between variance and time is not observed.

It was shown that IP; in smooth dendrites diffuses with anomalous exponent 4.5.
Intracellular binding and degradation were suggested to be candidates for such behavior
[2]. To investigate this possibility, we developed a model of synaptically evoked Ca*"
elevations in smooth GrC dendrites. This model included the mechanisms of Ca?" influx,
release and buffering. The rates of IP; conversion to IP, via 3-kinase and their [Ca®';
dependence and to IP, via 5-phosphatase in range of experimental measurements were
tested. The time constant of IP; degradation was much slower than the time course of
IP; diffusion and could not produce anomalous diffusion behavior in our model.

Overcrowding of molecules causes anomalous diffusion only if molecules are large
and have dimensions of dextrans or proteins in spite of significant retardation of the
diffusion of both small and large molecules. IP; is a sufficiently small molecule with
MW<0.5 kDa. Which physical processes can produce anomalous diffusion of IP; in
smooth dendrites still remains unclear.

The other question, which we asked was if binding of glutamate transporters that are
responsible for glutamate uptake from extracellular medium, can produce apparent
anomalous diffusion. In the glomerulus transporters are situated on glial membranes at
distance about 1.5 pm from the surface of MF terminal. The glutamate concentration
transients were numerically integrated using a finite-difference method in an idealized
model of glomerulus morphology. In our previous model [1] glutamate uptake was
modeled by introducing an absorbing boundary for the diffusion field. In this work
transporters that possessed kinetic properties of the transporter subtype GLAST of
Bergman glial cells were included explicitly. Only the latest phase of currents mediated
by glutamate spillover from neighboring release sites was influenced. Thus glutamate
uptake by distantly situated transporters could not account for apparently anomalous
glutamate diffusion. Glutamate buffers are not known and their existence is doubtful.
Attachment plaques between dendrites could be considered as the sites of glutamate
trapping, but their role is still ambiguous.

3. Conclusion

The causes of anomalous character of IP; diffusion in the smooth dendrites and
glutamate diffusion in the extracellular medium of the cerebellar glomerulus still are not
understood. Anomalous diffusion should be distinguished from the processes that
resemble it. Our simulations show that IP; degradation or glutamate uptake by
transporters could not produce anomalous diffusion behavior.

References

[1] E.E. Saftenku, J. Theor. Biol. 234 (2005) 363-382.
[2] F. Santamaria, S. Wils, E. De Schutter, G.J. Augustine, Neuron 52 (2006) 635-648.
[3] E. Neher, T. Sakaba, J. Neurosci. 21 (2001) 444-461.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


