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Glia-Neuron Interactions Underlie State Transitions to Generalized Seizures
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Brain activity and connectivity alter drastically during epileptic seizures. The brain networks shift from a balanced resting state
to a hyperactive and hypersynchronous state. It is, however, less clear which mechanisms underlie the state transitions. By
studying neural and glial activity in zebrafish models of epileptic seizures, we observe striking differences between these
networks. During the preictal period, neurons display a small increase in synchronous activity only locally, while the gap-
junction-coupled glial network was highly active and strongly synchronized across large distances. The transition from a
preictal state to a generalized seizure leads to an abrupt increase in neural activity and connectivity, which is accompanied by a
strong alteration in glia-neuron interactions and a massive increase in extracellular glutamate. Optogenetic activation of glia
excites nearby neurons through the action of glutamate and gap junctions, emphasizing a potential role for glia—glia and glia—

neuron connections in the generation of epileptic seizures.

Commentary

Hypersynchronous neuronal activity is the defining feature of
epileptic seizures, and almost all of our strategies for recording
ictal brain states focus on identifying signatures of this neuro-
nal dysfunction. But it is not all about the neurons: astrocytes
have recently achieved due recognition as more than just
“support crew” for the more flashy neurons; they actively par-
ticipate in brain homeostasis, signal processing, and dynamic
regulation of brain states." And as Diaz Verdugo and col-
leagues elegantly demonstrate in zebrafish, a gap junction
coupled network of astrocytes also seems to play a key role
in the ictogenesis of generalized seizures.

Although zebrafish are distant cousins of ours on the phy-
logenetic tree, they share key features in brain organization,
function, and pathology with human. This includes a propen-
sity for epileptic seizures when exposed to chemoconvulsants
or in the context of certain gene mutations.” This can be
demonstrated even in very early larval stages, mere days after
fertilization. Furthermore, the larvae’s small size coupled with
advances in microscopy now allow studies that are impossible
in any other vertebrates. As shown elegantly by Diaz Verdugo
and colleagues, with calcium imaging in larval zebrafish, we
can now track changes in brain-wide activity at single-cell
resolution during the transition into epileptic seizures.

Acute epileptic seizures induced by the y-aminobutyric acid
(GABA) blocking chemoconvulsant pentylenetetrazole (PTZ)
had already been shown to produce seizure-like discharges and

network connectivity changes.’ But we can now move beyond
this observation and start dissecting how different cell popula-
tions contribute to the brain-wide dynamics. Using a range of
specifically engineered zebrafish lines with cell-type specific
expression of fluorescent calcium indicators, Diaz Verdugo
and colleagues demonstrate the dynamics of both neurons and
glial cells during PTZ-induced seizures. They show that early
after PTZ exposure, glial cells are already more synchronized
than neurons. Synchronous activity of glial cells in this early
stage is associated with a dampening of neuronal activity—
suggesting, perhaps, that this glial cell activity dampens run-
away neuronal activity bursts in the early phase following PTZ.
However, this relationship drastically changes when the ictal
activity generalizes. On generalization of the seizure, synchro-
nized bursts of astrocytic activity precede neuronal ictal bursts
by seconds. This temporal relationship, and some additional
optogenetic validation experiments indeed suggest that syn-
chronized bursts of glial cell activity may play a causative role
in the transition toward a generalized epileptic seizure in this
model.

Glial cells—in particular mammalian astrocytes—have long
been acknowledged for their key role in acquired epilepsies.
Glial cell changes in metabolic regulation and neurotransmitter
homeostasis for example is a key step in epileptogenesis in a
number of chronic pharmacologically induced epilepsy mod-
els.* But studies like the one by Diaz Verdugo et al now point to
a much more dynamic role of glial cells in the generation and
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Figure 1. Glial cell networks modulate excitation-inhibition balance during epileptic seizures. A, A model of connected excitatory and inhibitory
neuronal populations shows high amplitude oscillations when GABAergic inhibition is reduced (simulating the effect of PTZ treatment). This
simulated seizure activity represents coordinated oscillations of excitatory and inhibitory populations, which when plotted against each other
form so-called limit cycles. The value of GABAergic inhibition at which stationary activity transitions into the high amplitude limit cycle is known
as bifurcation point. B, Here a syncytial network of glial cells is added to the model above with other parameters unchanged. The syncytium
allows for lateral spread of activity and is recurrently coupled to excitatory cells, reproducing calcium mediated glial glutamate release. Without

changing neuronal parameters from (A), the glial cells alter the response of the whole system. Specifically, much smaller reductions of

GABAergic inhibition are sufficient to push the system into the high-amplitude, limit-cycle regime. Glial cells can therefore contribute to the
emergence of generalized seizure-like dynamics in simple network models of neuronal population activity. PTZ indicates pentylenetetrazole.
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evolution of individual seizures. Astrocytes have been previ-
ously shown to respond to neuronal input, and be able to gen-
erate intracellular Caztwaves, which in turn can affect
neuronal function and thus play an active role in information
processing. This causal role in information processing has most
recently also been impressively demonstrated by Mu and col-
leagues in zebrafish using a virtual reality setup.” Thus, even in
this most simple of vertebrate models, a dynamic coupling
between glial cells and neurons is present during normal brain
function, and may thus go awry during pathological states such
as epileptic seizures.

But how does this novel appraisal of glial cells’ role sit with
our existing models of brain dynamics in epileptic seizures?
Decades of theoretical work in epilepsy have focused on how
disturbances in the intricate balance between coupled excita-
tory and inhibitory neuronal populations allow for transitions
of brain dynamics into pathological, epileptic regimes. In fact
many key features of epileptic seizures—such as their sudden
emergence from resting brain activity, the widespread synchro-
nization across brain areas, or the sudden seizure offset—can
be explained with simple models of coupled excitatory and
inhibitory neuronal populations.® An example toy model con-
sisting of coupled excitatory and inhibitory populations is
shown in Figure 1A. Here the effect of an acute reduction in
inhibitory transmission (as could be induced by PTZ) leads to
the emergence of synchronized large amplitude oscillations,
after a “threshold” is crossed.

What contributions then can a glial cell network—Iike the
one described by Diaz Verdugo and colleagues from their zeb-
rafish data—make to the dynamics of an epileptic seizure? We
can explore this by adding to our toy model a simple syncytium
of glial cells—here the glial syncytium is recurrently coupled
to the excitatory cell population, and when activated will excite
the excitatory neurons. This allows for fast lateral spread of
activity, amplification of neuronal signals, and some degrees of
temporal summation that alter the dynamics of the neuronal
populations that were otherwise unchanged (Figure 1B). In this
case, PTZ still induces “epileptic” oscillations, but the bifurca-
tion point or “threshold” occurs sooner (ie, with more intact
inhibition) and responses at each stage are greatly exaggerated
compared in the neuron-only model. Thus in this toy model,
glial cells shape the dynamic regime under which the neuronal
oscillations operate and thus sensitize the system to blockade of
inhibition.

The mechanisms by which glial cells could amplify neuro-
nal signals remain to be seen, but potential mechanisms include
modulation of neuronal glutamate excitation, alteration in
extracellular K* buffering, release of “gliotransmitters,” and
more. Diaz Verdugo and colleagues’ work highlights the role
of calcium mediated glial glutamate release that has been
described previously in rodents.” But there are other mechan-
isms through which glial cells shape neuronal dynamics—
including regulation of extracellular potassium concentrations,
pH, and neuronal energy metabolism.® Biophysically inspired

AN I

computational models of varying complexity have been used to
expand the view on glial cell contribution to ictal dynamics,’
and more theoretical models have long emphasized the role of
non-neuronal dynamics in seizures. But, so far compelling
whole-brain data on which to test some of the resultant predic-
tion has been scarce. However, this is about to change with
many new zebrafish lines of genetic epilepsies arriving on the
scene,'” and the incredible detail with which we can now image
their brain dynamics across neurons and glial cells alike.

By Richard E. Rosch © and Chris G. Dulla

ORCID iDs

Richard E. Rosch
Chris G. Dulla

https://orcid.org/0000-0002-0316-5818
https://orcid.org/0000-0002-6560-6535

References

1. Seifert G, Steinhduser C. Neuron-astrocyte signaling and epi-
lepsy. Exp Neurol. 2013;244:4-10.

2. Grone BP, Baraban SC. Animal models in epilepsy research:
legacies and new directions. Nat Neurosci. 2015;18(3):339-343.

3. Liu J, Baraban SC. Network properties revealed during multi-
scale calcium imaging of seizure activity in zebrafish. Eneuro.
2019;6(1):ENEURO.0041-19.2019.

4. Hadera MG, Eloqayli H, Jaradat S, Nehlig A, Sonnewald U.
Astrocyte-neuronal interactions in epileptogenesis. J Neurosci
Res. 2015;93(7):1157-1164.

5. Mu Y, Bennett DV, Rubinov M, et al. Glia accumulate evidence
that actions are futile and suppress unsuccessful behavior. Cell.
2019;178(1):27-43. el9.

6. da Silva FHL, Blanes W, Kalitzin SN, Parra J, Suffczynski P,
Velis DN. Dynamical diseases of brain systems: different routes
to epileptic seizures. IEEE Trans Biomed Eng. 2003;50(5):
540-548.

7. Tian GF, Azmi H, Takano T, et al. An astrocytic basis of epilepsy.
Nat Med. 2005;11(9):973-981.

8. Glia and epilepsy: excitability and inflammation | Elsevier
Enhanced Reader [Internet]. https://reader.elsevier.com/reader/
sd/pii/S0166223612002056?token=824A9DF751D5SECD2D
208EC131887B9EOC58AAGEE38146C27131B5CAS537C239B3
COCI9AC355C66C30CE3FB04A8DE27474C. Accessed January
07, 2020.

9. Volman V, Bazhenov M, Sejnowski TJ. Computational models of
neuron-astrocyte interaction in epilepsy. Front Comput Neurosci.
2012;6:58. https://www.frontiersin.org/articles/10.3389/fncom.
2012.00058/full. Accessed January 07, 2020.

10. Rosch R, Burrows DRW, Jones LB, Peters CH, Ruben P, Samarut
E. Functional genomics of epilepsy and associated neurodevelop-
mental disorders using simple animal models: from genes, mole-
cules to brain networks. Front Cell Neurosci. 2019;13:556.
https://www.frontiersin.org/articles/10.3389/fncel.2019.00556/
full. Accessed January 07, 2020.


https://orcid.org/0000-0002-0316-5818
https://orcid.org/0000-0002-0316-5818
https://orcid.org/0000-0002-6560-6535
https://orcid.org/0000-0002-6560-6535
https://orcid.org/0000-0002-0316-5818
https://orcid.org/0000-0002-0316-5818
https://orcid.org/0000-0002-0316-5818
https://orcid.org/0000-0002-6560-6535
https://orcid.org/0000-0002-6560-6535
https://orcid.org/0000-0002-6560-6535
https://reader.elsevier.com/reader/sd/pii/S0166223612002056?token=824A9DF751D5ECD2D208EC131887B9E0C58AA6EE38146C27131B5CA537C239B3C0C9AC355C66C30CE3FB04A8DE27474C
https://reader.elsevier.com/reader/sd/pii/S0166223612002056?token=824A9DF751D5ECD2D208EC131887B9E0C58AA6EE38146C27131B5CA537C239B3C0C9AC355C66C30CE3FB04A8DE27474C
https://reader.elsevier.com/reader/sd/pii/S0166223612002056?token=824A9DF751D5ECD2D208EC131887B9E0C58AA6EE38146C27131B5CA537C239B3C0C9AC355C66C30CE3FB04A8DE27474C
https://reader.elsevier.com/reader/sd/pii/S0166223612002056?token=824A9DF751D5ECD2D208EC131887B9E0C58AA6EE38146C27131B5CA537C239B3C0C9AC355C66C30CE3FB04A8DE27474C
https://reader.elsevier.com/reader/sd/pii/S0166223612002056?token=824A9DF751D5ECD2D208EC131887B9E0C58AA6EE38146C27131B5CA537C239B3C0C9AC355C66C30CE3FB04A8DE27474C
https://www.frontiersin.org/articles/10.3389/fncom.2012.00058/full
https://www.frontiersin.org/articles/10.3389/fncom.2012.00058/full
https://www.frontiersin.org/articles/10.3389/fncel.2019.00556/full
https://www.frontiersin.org/articles/10.3389/fncel.2019.00556/full


<<
  /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 /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /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 false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


