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It Matters Who Starts the Fire in Mesial
Temporal Lobe Epilepsy

CA3 Principal Cell Activation Triggers Hypersynchronous-Onset Seizures in a Mouse Model of Mesial
Temporal Lobe Epilepsy

Wang S, Lévesque M, Fisher TAJ, Kennedy TE, Avoli M. J Neurophysiol. 2023;130(4):1041-1052. doi:10.1152/jn.00244.2023

Mesial temporal lobe epilepsy (MTLE) is the most common form of focal epilepsy, and it is characterized by seizures that are
often refractory to medications. Seizures in MTLE have two main patterns of onset that have been termed hypersynchronous
(HYP) and low-voltage fast (LVF) and are believed to mainly depend on the activity of excitatory principal cells and inhibitory
interneurons, respectively. In this study, we investigated whether unilateral open-loop optogenetic activation of CaMKII-
positive principal cells in the hippocampus CA3 region favors the generation of spontaneous HYP seizures in kainic acid-
treated (KA) CaMKII-ChR2 mice. Optogenetic activation of CA3 principal cells (1 Hz, 180 s ON, 220 s OFF) was implemented
for 15 days after KA-induced status epilepticus. We found that both LVF and HYP seizures occurred in nonstimulated CaMKII-
ChR2 (n ¼ 6) and stimulated CaMKII-Cre (n ¼ 5) mice. In contrast, optogenetic activation of principal cells in CaMKII-ChR2
mice (n ¼ 5) triggered only HYP seizures that were characterized by high fast ripple (250–500 Hz) rates during the pre-ictal
and ictal periods. These results provide firm evidence that in MTLE spontaneous seizures with different onset patterns depend
on distinct neuronal network mechanisms of generation. They also demonstrate that HYP seizures occurring in vivo along
with their associated fast ripples depend on the activity of principal cells in the CA3 region. NEW & NOTEWORTHY
Previous evidence suggested that different seizure onset patterns rely on the activity of distinct neuronal populations. In this
study, we show for the first time that in vivo optogenetic stimulation of CaMKII principal cells in kainic acid-treated mice
triggers hypersynchronous-onset seizures that are associated with fast ripples. Our findings indicate that in patients with
predominant HYP-onset seizures, anticonvulsant treatments should be aimed at limiting the firing of principal neurons in the
seizure onset zone.

Commentary

Our inability to control seizures in approximately 30% to 40%
of the patients with mesial temporal lobe epilepsy (MTLE)

remains a significant clinical challenge. Despite the introduc-

tion of new anti-seizure medications and deep brain stimulation

paradigms, this core population of patients remains untreatable.

The development of more effective therapeutic approaches is

dependent on better identification of the abnormal cellular net-

works responsible for seizure development. Historically, the

EEG has been the definitive tool for the diagnosis of epilepsy.

Initially, the identification of pathologic electrographic activity

was limited to interictal spikes and ictal activity. With

improvements in sampling rates, resolution, and depth elec-

trode recording 2 patterns of seizure onset have been identified

in patients with MTLE1,2 and in experimental models of

epilepsy.3,4 Hypersynchronous (HYP) onset seizures are char-

acterized by repetitive high-amplitude low-frequency spikes

(*2 Hz) lasting less than 5 seconds and are thought to be the

result of HYP activity in excitatory principal neurons.1-3,5,6

Low-voltage fast (LVF) onset seizures are characterized by a

single spike followed by low-amplitude high-frequency activ-

ity in the gamma range with experimental evidence suggesting

they result from HYP inhibitory neuron activity.4-7 There is a

strong correlation between the type of seizure onset and the

pattern and distribution of neuronal loss in the accompanying

anatomical lesion.1,2 Hypersynchronous onset seizures tend to

be focal in origin, associated with classic hippocampal sclero-

sis while LVF onset seizures tend to be associated with more

diffuse and widespread cell loss, often involving extratemporal

areas and more likely to spread to other structures.1,2 The dif-

ferent types of seizure onset are also associated with different

types of pathological high-frequency oscillations (HFOs).3,4

Low-voltage fast seizures are associated with ripples (80-200

Hz) while HYP onset seizures are associated with fast ripples

(250-500 Hz). This relationship between the type of seizure

onset and type of pathological HFO is important since HFOs
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have been hypothesized to be better biomarkers for the

identification of the location of seizure onset than interictal

spikes.5 Collectively, these differences between the 2 different

types of seizure onset suggest 2 different cellular networks are

generating each type of seizure.8 A better understanding of the

pathological cellular networks responsible for the generation of

each type of seizure onset has the potential to improve identi-

fication of the epileptogenic zone for more refined surgical

resection and the development new pharmacologic therapies

targeted to the individual patient’s network defect.

The highlighted study9 was well-designed to characterize

the role of CA3 pyramidal neurons in the generation of seizures

with the different types of ictal onset in vivo. It builds upon

the results of previous experimental and clinical studies

that suggest HYP onset seizures are the result of excitatory

neuronal activity. Optogenetic stimulation combined with

24/7 video/EEG monitoring was performed in transgenic mice

treated systemically with kainic acid to induce status epilepti-

cus (SE). The transgenic mice were generated such that

CaMKII-positive principal neurons expressed Cre activated

channelrhodopsin-EYFP (CaMKII-ChR2) and control mice

expressed CaMKII-Cre. Immunohistochemistry confirmed that

staining for CaMKII-ChR-EYFP was negative in CaMKII-Cre

mice and only expressed in CA3 pyramidal cells in CaMKII-

ChR2 mice. No staining was observed in GAD-67 expressing

GABAergic inhibitory neurons. Optogenetic activation of CA3

was initiated 3 hours after SE and continued for 15 days during

the preictal period. Video/EEG recording was initiated before

SE and continued for an additional 10 days after optogenetic

stimulation was discontinued. Three experimental groups of

mice were examined: (1) CaMKII-ChR2—optogenetically

stimulated; (2) CaMKII-Cre-optogenetically stimulated; and

(3) CaMKII-ChR2—no stimulation. All video/EEG recordings

were analyzed manually to detect seizures with a duration

greater than 5 seconds. Algorithms written in Matlab were used

to calculate the occurrence of seizures in relation to optogenetic

stimulation, circadian responses, and the occurrence of HFOs.

Spontaneous seizures exhibiting both HYP and LVF types of

ictal onset were observed in all 3 groups of mice with LVF

seizures having a longer duration than HYP onset seizures.

Surprisingly, seizures only occurred in the CaMKII-Cre mice

during the 15 days of optogenetic stimulation despite not exhi-

biting channelrhodopsin. Optogenetic stimulation of CaMKII-

ChR2 mice consistently only triggered seizures with a HYP

ictal onset. These evoked seizures followed a circadian pattern

with the frequency of HYP seizures higher during the 15-day

stimulation period. These results clearly confirmed that sei-

zures localized to the hippocampus with a HYP ictal onset were

generated by activity of principal, excitatory neurons. This

finding was supported by the observation that optogenetic

stimulation of CaMKII-Cre mice never evoked a HYP onset

seizure. The study also correlated seizures with the different

types of ictal onset with types of HFOs. Consistent with earlier

experimental3,4 and clinical studies,1,2 seizures with an LVF

onset were associated with ripples, and seizures with a HYP

ictal onset were associated with fast ripples. The strong

correlation of fast ripples with the optogenetic activation of

CA3 pyramidal neurons supports the hypothesis that fast

ripples result from glutamatergic neuronal activity.

The observation that optogenetic stimulation of CA3

pyramidal neurons in CaMKII-ChR2 mice that had not under-

gone SE did not evoke a seizure suggests that a loss of feedback

and feed forward inhibition, due to the loss of hippocampal

inhibitory neurons after SE, contributes to an underlying

increase in hyperexcitability necessary for seizure development

and that optogenetic activation of excitatory neurons alone is

insufficient to induce a seizure. It would be interesting to see if

optogenetic activation of CA3 pyramidal neurons combined

with inhibition of inhibitory neurons in CaMKII-ChR2 control

mice would evoke HYP onset seizures.

If there is one weakness in the study, it is that the EEG

analysis of interictal spike and HFO frequency and type was

limited to a daily assessment of a 10 minutes EEG epoch,

collected during the day while the animal was asleep. This

limited sampling period may not have provided an accurate

picture of the distribution and types of pathologic electro-

graphic events. However, despite this limitation, the study pro-

vides definitive in vivo evidence that HYP onset seizures arise

from excitatory neuronal activity.

In conclusion, this basic science study builds upon the

results of previous experimental and clinical studies that corre-

lated seizures with different types of ictal onset with patterns of

neuronal loss and the expression of different types of patholo-

gical HFOs in the EEG. The present study provides definitive

in vivo evidence that seizures with a HYP ictal onset result

from the HYP activity of principal neurons and that this type

of seizure correlates with an increase in pathological fast ripple

HFOs. Moreover, the results of this study suggest that therapies

for patients who exhibit seizures with a predominant HYP ictal

onset should target excitatory neuronal activity and that the

development of new therapeutic interventions be based on the

individual patient’s electrographic seizure onset patterns and

pathological EEG signatures.
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9. Wang S, Lévesque M, Fisher TAJ, Kennedy TE, Avoli M.

CA3 principal cell activation triggers hypersynchronous-

onset seizures in a mouse model of mesial temporal lobe

epilepsy. J Neurophysiol. 2023;130(4):1041-1052. doi:10.1152/

jn.00244.2023

199Commentary


	It Matters Who Starts the Fire in Mesial Temporal Lobe Epilepsy
	Commentary
	ORCID iD
	Declaration of Conflicting Interests
	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 /Warning
  /CompatibilityLevel 1.4
  /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


