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Microglia are the resident immune cells of the center nervous system and participate in various neurological diseases. Here, we
determined the function of microglia in epileptogenesis using microglial ablation approaches. Three different microglia-specific
genetic tools were used, CX3CR | <R/ R26PTAT  CX3CRI<ER/*: R26'PTR' ™ and CX3CRICER*: Csf| rFodFlox mice.
We found that microglial depletion led to worse kainic acid (KA)—induced status epilepticus, higher mortality rate, and
increased neuronal degeneration in the hippocampus. In KA-induced chronic spontaneous recurrent seizures, microglial
depletion increased seizure frequency, interictal spiking, and seizure duration. Therefore, microglial depletion aggravates the
severity of KA-induced acute and chronic seizures. Interestingly, microglial repopulation reversed the effects of depletion upon
KA-induced status epilepticus. Our results demonstrate a beneficial role of microglia in suppressing both acute and chronic

seizures, suggesting that microglia are a potential therapeutic target for the management of epilepsy.

Commentary

A wealth of evidence implicates neuroinflammatory processes in
the pathogenesis of epilepsy.! In human cases, and in animal
models of acquired and genetic disease, a wide variety of inflam-
matory mediators are elevated in epileptogenic brain tissue, and
targeting these in experimental models can suppress seizures,
and impede progression of epileptogenesis, implicating causal
involvement in disease development.”> The primary source of
these inflammatory molecules is attributed to activation of glial
cells—both microglia and astrocytes—as well as damaged neu-
rons and endothelial cells. The specific contributions of each of
these cell types to the broad inflammatory cascades have not yet
been clearly articulated, although it is logical to suggest that,
since these cells play complementary physiological roles in the
central nervous system (CNS), they may also differentially con-
tribute to neuroinflammation in epilepsy. The current study by
Wau et al® seeks to explore the specific contribution of microglial
cells in the pathogenesis of epilepsy.

In addition to conducting a range of homeostatic functions
necessary for CNS health, including synaptic pruning during
development and synaptic plasticity and neurogenesis in adult-
hood, microglia are recognized as resident immune cells of the
brain. CNS challenges such as invading pathogens, protein
aggregates or brain injury, trigger these cells to become
“activated,” causing a morphological and molecular shift in
their phenotype designed to overcome these challenges. These

responses are now recognized to be diverse and wide-ranging,
and can be both beneficial and deleterious to disease develop-
ment and progression. For example, microglial phagocytosis of
cell debris or toxic proteins would enhance CNS function, but
excessive release of pro-inflammatory cytokines could pro-
mote dysfunction. These cells can therefore play a variety of
roles, through surveillance to pathogenic, and anywhere in
between.*

With respect to epilepsy, microglia are heavily implicated
in pathophysiological processes through their association
with neuroinflammation, and strategies to manipulate these
cells for therapeutic benefit are emerging.” In addition,
evidence is accumulating describing neuroinflammation-
independent actions of microglia which may also be rele-
vant.® Microglia can be rapidly activated by seizures, such
as those triggered by chemoconvulsants.” They are also
found to be activated in chronic epilepsy, both in brain
tissue of patients with temporal lobe epilepsy,® and in
rodent models.” In these cases, they are generally consid-
ered to play detrimental roles, adopting hyper-ramified or
amoeboid morphology and promoting pro-inflammatory cas-
cades and neurodegeneration. However, reactive microglia
can also trigger epilepsy in the absence of pronounced neu-
roinflammation.'® The influence of microglia on epilepsy
development, and the underlying mechanisms, is therefore
complex and requires further study.
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To address this, Wu et al developed 3 different transgenic
mouse lines to allow them to selectively deplete microglial
cells, and investigated the influence of this manipulation on a
range of outcomes relating to epilepsy. These cells were tar-
geted by utilizing CX3CR1-Cre mice, since this chemokine
receptor is highly expressed on microglia cells. Temporal con-
trol of cell death was afforded by the use of tamoxifen-
inducible Cre, and cell death was triggered using either
diphtheria toxin or excision of the CSF-1 receptor, which is
essential for microglial survival. The authors provide convin-
cing evidence that microglia are depleted in all 3 mouse lines,
evidenced by loss of IBA1 immunostaining, although they do
not extend their histological evaluation to establish the speci-
ficity of cell depletion to microglia. Interestingly, despite per-
sisting with either diphtheria or tamoxifen injections, microglia
depletion only persists for a couple of weeks, before these
strategies lose effectiveness. At this time, new microglia begin
to repopulate the brain,'! an event which also has the potential
to impact chronic neurological disease.'?

In the first series of studies, they examined how loss of
microglia impacted seizures and neurodegeneration induced
by a chemoconvulsant. Depletion of microglia prior to intra-
cerebroventricular administration of kainic acid (KA) resulted
in more severe behavioral seizures during status epilepticus
(SE), and greater mortality. Exacerbated hippocampal neuronal
degeneration occurring in the subsequent days after SE was
also noted in microglia-depleted mice, possibly a consequence
of the more severe seizures observed in these mice. This study
demonstrated clear detrimental consequences of the absence of
microglia on drug-induced seizures and associated neuronal
cell death, suggesting that these cells normally protect against
such effects.

They next examined the influence of microglial depletion in
a model of chronic epilepsy, this time induced by intrahippo-
campal KA. Epilepsy was allowed to develop over 20 days
following KA, at which point microglia depletion was trig-
gered. Epilepsy severity was assessed 1 to 2 weeks later at a
time when microglial depletion was maximal, using electro-
graphic assessment of spontaneous seizures and spikes. In all
3 mouse lines, depletion of microglia resulted in more frequent
spikes and seizures, suggesting that microglial cells play
disease-limiting roles in chronic epilepsy. This seems counter-
intuitive, since dogma suggests that pro-inflammatory pro-
cesses appear to contribute to epilepsy.' However, other
evidence supports a protective role: for example, SE promotes
a dramatic increase in microglia—neuron interactions mediated
by CX3CRI1, and loss of this signaling factor leads to more
severe seizures. "

The authors noted that after a period of 1 to 2 weeks, despite
continuing with tamoxifen administration to induce Cre
expression, microglial cells began to repopulate the brain. This
was consistent across models and is known to occur when the
factor provoking microglial depletion is removed.'* For the
final experiment, the authors returned to their acute seizure
model and asked whether depletion and subsequent repopula-
tion of microglia prior to SE impacted seizure severity. In this

case, mice with repopulated microglia behaved no differently
from controls, suggesting that once these cells are replaced,
they perform similar functions as original microglial cells.
Although not characterized in this study, after SE, these cells
adopt an activated phenotype.’ One intriguing question which
remains unanswered concerns depletion of these activated
microglial cells after SE: do the subsequent repopulated cells
adopt an activated phenotype? Or are they “resting,” poten-
tially promoting a regenerative environment and improve epi-
lepsy pathogenesis. In addition, it would be valuable to
characterize the neuroinflammatory response in chronic epi-
lepsy when microglia are not present. Is this limited by removal
of microglia, or do existing astrocytes and neurons maintain
this environment? Such a question might inform about the
mechanism of effect of microglial depletion.

The study from Wu et al comprehensively demonstrates that
depletion of microglia intensifies the severity of drug-induced
SE and enhances disease severity in chronic epilepsy, suggest-
ing that native cells have antiepileptic properties, both at rest,
and in pathological environments. This appears contrary to the
majority of the literature, which suggests that microglia con-
tribute to the chronic and pathogenic neuroinflammation
observed in epilepsy, although neuroinflammation-
independent roles are now emerging also. The mechanism of
the observed neuroprotective and antiepileptic effects may
either be direct—endogenous microglia could provide a pro-
tective role through maintenance of glutamate homeostasis and
suppression of ictogenesis; or indirect—the consequences of
microglia depletion on brain structure and function may cause
nonspecific adverse effects, such as degradation of brain
cytoarchitecture, which manifests here as enhanced seizure
susceptibility. Indeed, some reports suggest that depletion of
microglia, from the healthy brain, leads to astrogliosis,'" so this
may synergize with the existing neuroinflammation to exacer-
bate disease. However, if the former is true, this study promotes
the idea that enhancing endogenous microglial functions may
result in therapeutic benefits for people with epilepsy.

By Nigel C. Jones

ORCID iD

Nigel C. Jones (® https://orcid.org/0000-0002-1080-8439

References

1. Vezzani A, Balosso S, Ravizza T. Neuroinflammatory pathways
as treatment targets and biomarkers in epilepsy. Nat Rev Neurol.
2019;15(8):459-472.

2. Maroso M, Balosso S, Ravizza T, et al. Toll-like receptor 4 and
high-mobility group box-1 are involved in ictogenesis and can be
targeted to reduce seizures. Nat Med. 2010;16(4):413-419.

3. Wu W, LiY, Wei Y, et al. Microglial depletion aggravates the
severity of acute and chronic seizures in mice. Brain Behav
Immun. 2020;89:245-255.

4. Salter MW, Stevens B. Microglia emerge as central players in
brain disease. Nat Med. 2017;23(9):1018-1027.


https://orcid.org/0000-0002-1080-8439
https://orcid.org/0000-0002-1080-8439
https://orcid.org/0000-0002-1080-8439
https://orcid.org/0000-0002-1080-8439
https://orcid.org/0000-0002-1080-8439

56

Epilepsy Currents 21(1)

. Therajaran P, Hamilton JA, O’Brien TJ, Jones NC, Ali I.Micro-

glial polarization in posttraumatic epilepsy: potential mechanism
and treatment opportunity. Epilepsia 2020;61(2):203-215.

. Wyatt-Johnson SK, Brewster AL. Emerging roles for microglial

phagocytic signaling in epilepsy. Epilepsy Curr. 2020;20(1):
33-38.

. Vezzani A, Conti M, De Luigi A, et al. Interleukin-1beta immu-

noreactivity and microglia are enhanced in the rat hippocampus
by focal Kainate application: functional evidence for enhancement
of electrographic seizures. J Neurosci. 1999;19(12):5054-5065.

. Morin-Brureau M, Milior G, Royer J, et al. Microglial phenotypes

in the human epileptic temporal lobe. Brain. 2018;141(12):
3343-3360.

. Borges K, Gearing M, McDermott DL, et al. Neuronal and glial

pathological changes during epileptogenesis in the mouse pilo-
carpine model. Exp Neurol. 2003;182(1):21-34.

10.

11.

12.

13.

14.

AN I

Zhao X, Liao Y, Morgan S, et al. Noninflammatory changes of
microglia are sufficient to cause epilepsy. Cell Rep. 2018;22(8):
2080-2093.

Elmore MR, Najafi AR, Koike MA, et al. Colony-stimulating
factor 1 receptor signaling is necessary for microglia viability,
unmasking a microglia progenitor cell in the adult brain. Neuron.
2014;82(2):380-397.

Willis EF, MacDonald KPA, Nguyen QH, et al. Repopulating
microglia promote brain repair in an I1-6-dependent manner. Cell.
2020;180(5):833-846 el6.

Eyo UB, Peng J, Murugan M, et al. Regulation of physical
microglia-neuron interactions by fractalkine signaling after status
epilepticus. eNeuro. 2016;3(6):ENEURO.0209-16.2016.
Waisman A, Ginhoux F, Greter M, Bruttger J.Homeostasis of
microglia in the adult brain: review of novel microglia depletion
systems. Trends Immunol. 2015;36(10):625-636.




<<
  /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


