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The persistent unresponsiveness of many of the acquired epilepsies to traditional antiseizure medications has motivated the
search for prophylactic drug therapies that could reduce the incidence of epilepsy in this at risk population. These studies are
based on the idea of a period of epileptogenesis that can follow a wide variety of brain injuries. Epileptogenesis is hypothesized
to involve changes in the brain not initially associated with seizures but which result finally in seizure prone networks.
Understanding these changes will provide crucial clues for the development of prophylactic drugs. Using the repeated low-
dose kainate rat model of epilepsy, we have studied the period of epileptogenesis following status epilepticus, verifying the
latent period with continuous EEG monitoring. Focusing on ultrastructural properties of the tripartite synapse in the CAl
region of hippocampus, we found increased astrocyte ensheathment around both the presynaptic and postsynaptic elements,
reduced synaptic AMPA receptor subunit and perisynaptic astrocyte GLT-| expression, and increased number of docked
vesicles at the presynaptic terminal. These findings were associated with an increase in frequency of the mEPSCs observed in
patch clamp recordings of CAl pyramidal cells. The results suggest a complex set of changes, some of which have been
associated with increasingly excitable networks such as increased vesicles and mEPSC frequency, and some associated with
compensatory mechanisms, such as increased astrocyte ensheathment. The diversity of ultrastructural and electro-
physiological changes observed during epileptogeneiss suggests that potential drug targets for this period should be broadened

to include all components of the tripartite synapse.

Commentary

In recent years, we have come to appreciate the complex roles
that glial cells play in epileptogenesis. Here, we focus on astro-
cytes, a glial cell type that directly shapes synaptic function via
its ability to take up neurotransmitters, to buffer potassium, and
to physically interact with synaptic structures as part of the
“tripartite synapse.”’ Astrocytes are particularly intriguing
because reactive astrocytosis, a dramatic shift in astrocyte form
and function, is a hallmark of the epileptic brain. Furthering our
intrigue, experimentally inducing astrogliosis, without any other
insult, is sufficient to cause hyperexcitability and seizures.>>
Changes associated with reactive astrocytosis include altered
astrocyte morphology, remodeled physical interaction with
synapses, initiation of inflammatory signaling, and an altered
ability to take up neurotransmitters. Complicating the situation,
we do not know whether these changes cause, or are caused by
seizures, nor whether they are helpful or harmful. Therefore, we
need a firm understanding of how the astrocyte-neuronal rela-
tionship changes during the progression of epilepsy.

Recently, Clarkson et al gave us a new perspective by recon-
structing the ultrastructure of the tripartite synapse with elec-
tron microscopy (EM) during the latent phase of
epileptogenesis.* Electron microscopy observations of epilep-
tic brain tissue have been carried out before and provided fas-
cinating insight.” Now, Clarkson et al report EM results for the
first time during the latent phase of epileptogenesis, before
spontaneous seizures emerge. Focusing on glutamate signaling,
the authors monitor the relationship between astrocytic pro-
cesses and synaptic neuronal structures at the hippocampal
CA3-CALl synapse 7 days after kainic acid (KA)-induced status
epilepticus. This study was motivated by the group’s previous
results showing more efficient astrocytic glutamate uptake fol-
lowing KA-induced epileptogenesis. Surprisingly, in that study
they did not find a change in the expression of the astrocytic
glutamate transporter 1 (GLT-1),® which mediates the vast
majority of glutamate uptake in the brain. Intuitively, one
would expect GLT-1 expression to be increased and cause the
observed facilitation of astrocytic glutamate uptake. Instead,
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the authors hypothesized that changes in how astrocyte pro-
cesses physically interact with synapses could enhance gluta-
mate clearance.

This EM study suggests that their hypothesis is indeed cor-
rect! Using 3D-reconstructions of the tripartite synapse gener-
ated from serial EM imaging the authors show that the
ensheathment of presynaptic terminals and postsynaptic dendri-
tic spines by astrocyte processes was dramatically increased in
KA-treated rats. Of all, ~27% of the presynaptic terminals and
~29% of the postsynaptic spines were enwrapped with astro-
cyte processes which amounted to 3.5-fold and 2-fold increases,
respectively, compared to sham-treated rats. These structural
changes could have a big effect on synaptic astrocytic glutamate
uptake since astrocyte processes more closely interact with
synapses. Glutamate transporter 1 transporters are better posi-
tioned to rapidly remove synaptically released glutamate from a
tightened extracellular space. This morphological change alone
could explain the previous results showing more efficient gluta-
mate uptake without changes in GLT-1 expression. In fact, the
authors now report a modest reduction in GLT-1 density by ~
20% in synapse-facing astrocyte membranes, likely driven by
the increased astrocytic surface area. This putative mechanism
needs to be confirmed in future studies but highlights the
strength of high-resolution EM in combination with electrophy-
siological and biochemical data. Together these approaches
strongly support that astrocyte glutamate uptake is enhanced
after KA-induced seizures due to ultrastructural changes of the
tripartite synapse. Further interventional experiments, possibly
incorporating modeling approaches, are necessary to definitively
assess if the increased coverage is a compensatory, antiepilepto-
genic change limiting excitability of the network.

The reported increase in astrocytic coverage is particularly
interesting since reactive gliosis is associated with both pro- and
antiepileptogenic changes. For example, reactive astrocytes
release molecules activating inflammatory cascades’ can be neu-
rotoxic and neuroprotective,® and can drive synaptogenesis and
synaptic pruning.”'® Dividing reactive gliosis into subprocesses
with potentially opposite effects on epileptogenesis is compli-
cated, but critical to harnessing glial changes for translation into
novel treatment approaches. It may be feasible to counteract
astrogliosis in whole to halt epileptogenesis, but a more selective
approach facilitating synaptic astrocytic ensheathment could
also be effective and possibly more efficient. Of course,
approaches to selectively attenuate known proepileptogenic sub-
processes within astrogliosis would be equally desirable.

This EM study also revealed that in KA-treated rats presy-
naptic terminals were enlarged and contained more docked
glutamatergic vesicles, with relatively little effect on the post-
synaptic density (PSD). This results in a net increase in readily
releasable vesicles per PSD area during KA-induced epilepto-
genesis. This change may be unique to epileptogenesis as pre-
vious work on the same synapse suggests that the number of
docked vesicles and size of the PSD usually scale together.'’
Interestingly, AMPA receptor immunogold labeling showed a
large reduction in GluAl, GluA2, and GluA3 subunits. Less
postsynaptic AMPA receptors and more readily releasable

presynaptic glutamate will have opposing effects on synaptic
excitability and potentially on epileptogenesis. So, what net
effect do these EM observations have on glutamatergic neuro-
transmission? In parallel experiments, glutamatergic function
was quantified by recording miniature excitatory postsynaptic
currents (MEPSCs) in CA1 pyramidal cells. Miniature excita-
tory postsynaptic currents frequency was 3-fold higher in
KA-treated rats, compared to shams. So, while glutamate
receptors are less abundant, glutamatergic synaptic communi-
cation is enhanced, likely due to the increase in presynaptic
docked vesicles seen using EM. This finding demonstrates the
importance of subsynaptic organization, on the nanometer
scale, for synaptic function. It is already clear that nanodo-
mains in the pre- and postsynaptic membranes, and even across
the synaptic cleft, govern synapses’ dynamic properties.'* In
addition, the topographical arrangements of postsynaptic
receptors in the PSD can produce vastly different synaptic
properties.'®> Understanding how the structure of the tripartite
synapse changes on this scale during epileptogenesis will be
essential to our ability to manipulate synaptic function to
improve the treatment of epilepsy.

In summary, Clarkson et al delivered an impressive study
with novel insights into epileptogenic and compensatory pro-
cesses by taking a snapshot during the latent phase of epilep-
togenesis. As with most new insights, more questions arise and
further studies examining ultrastructural changes will be
required to understand the complexity of the system. How do
these changes evolve over time? What structural rearrange-
ments occur after the first seizure? Certainly, NMDA receptors
should be investigated as well as inhibitory synaptic inputs onto
the same cell. Obviously, different synapses in other circuits
are also of great interest. Unfortunately, EM experiments and
their subsequent analysis are very labor-intensive and not tri-
vial to conduct, but combined with functional experiments,
they offer a great opportunity to better understand epileptogen-
esis and enable robust modeling studies.

By Zin Juan Klaft and Chris Dulla

ORCID iD

Chris Dulla  https://orcid.org/0000-0002-6560-6535

References

1. Papouin T, Dunphy J, Tolman M, Foley JC, Haydon PG. Astro-
cytic control of synaptic function. Philos Trans R Soc Lond B Biol
Sci. 2017;372(1715):20160154. doi:10.1098/rstb.2016.0154

2. Ortinski PI, Jinghui D, Alison M, et al. Selective induction of
astrocytic gliosis generates deficits in neuronal inhibition. Nat
Neurosci. 2010;13(5):584-591. doi:10.1038/nn.2535

3. Robel S, Susan CB, Jessica LB, et al. Reactive astrogliosis causes
the development of spontaneous seizures. J Neurosci. 2015;35(8):
3330-3345. doi:10.1523/INEUROSCI.1574-14.2015

4. Clarkson C, Roy MS, Meredith GH, John AW, Maria ER, Karen
SW. Ultrastructural and functional changes at the tripartite
synapse during epileptogenesis in a model of temporal lobe


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

232

Epilepsy Currents 20(4)

epilepsy. Exp Neurol. 2020;326:113196. doi:10.1016/j.expneurol.
2020.113196

. Buckmaster PS, Yamawaki R, Thind K. More docked vesicles

and larger active zones at basket cell-to-granule cell synapses in
a rat model of temporal lobe epilepsy. J Neurosci. 2016;36(1):
3295-3308. doi:10.1523/INEUROSCI.4049-15.2016

. Takahashi DK, Vargas JR, Wilcox KS. Increased coupling and

altered glutamate transport currents in astrocytes following
kainic-acid-induced status epilepticus. Neurobiol Dis. 2010;
40(3):573-585.

. Liddelow SA, Kevin AG, Laura EC , et al. Neurotoxic reactive

astrocytes are induced by activated microglia. Nature. 2017;
541(7638):481-487. doi:10.1038/nature21029

. Liddelow SA, Barres BA. Reactive astrocytes: production, func-

tion, and therapeutic potential. Immunity. 2017;46(2):957-967.
doi:10.1016/j.immuni.2017.06.006

9.

10.

11.

12.

13.

AN I

Lau LA, Noubary F, Wang D, Dulla CG. a26-1 signaling drives
cell death, synaptogenesis, circuit reorganization, and
gabapentin-mediated neuroprotection in a model of insult-
induced cortical malformation. ENeuro. 2017:4. doi:10.1523/
ENEURO.0316-17.2017

Eroglu C, Barres BA. Regulation of synaptic connectivity by glia.
Nature. 2010;468(7321):223-231. doi:10.1038/nature09612
Harris KM, Stevens JK. Dendritic spines of CA 1 pyramidal
cells in the rat hippocampus: serial electron microscopy with
reference to their biophysical characteristics. J Neurosci.
1989;9(1):2982-2997.

Biederer T, Kaeser PS, Blanpied TA. Transcellular nanoalign-
ment of synaptic function. Neuron. 2017;96(3):680-696. doi:10.
1016/j.neuron.2017.10.006

Nusser Z. Creating diverse synapses from the same molecules.
Curr Opin Neurobiol. 2018;51:8-15.




<<
  /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


