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The Devil’s in the Details: How to Harness
Inhibition for Seizure Control

Paradoxical Effects of Optogenetic Stimulation in Mesial Temporal Lobe Epilepsy

Levesque M, Chen LY, Etter G, et al. Ann Neurol. 2019;86(5):714-728. doi:10.1002/ana.25572.

Objective: To establish the effects induced by long-term, unilateral stimulation of parvalbumin (PV)-positive interneurons on
seizures, interictal spikes, and high-frequency oscillations (80-500 Hz) occurring after pilocarpine-induced status epilepticus
(SE)—a proven model of mesial temporal lobe epilepsy (MTLE)—in transgenic mice expressing or not expressing ChR2.
Methods: Both PV-ChR2 (n ¼ 6) and PV-Cre (n ¼ 6) mice were treated with pilocarpine to induce SE. Three hours after SE
onset, unilateral optogenetic stimulation (450 nm, 25 mW, 20 ms pulses delivered at 8 Hz for 30 seconds every 2 minutes) of
CA3 PV-positive interneurons was implemented for 14 continuous days in both groups. Results: Rates of seizures (P < .01),
interictal spikes (P< .001), and interictal spikes with fast ripples (250-500 Hz; P< .001) were lower in PV-ChR2 than in PV-Cre
mice. Ripples (80-200 Hz) occurring outside of interictal spikes had higher rates in the PV-ChR2 group (P < .01), whereas
isolated fast ripples had lower rates (P < .01). However, seizure probability was higher during optogenetic stimulation in PV-
ChR2 compared to PV-Cre animals (P < .05). Interpretation: Our findings show that the unilateral activation of CA3 PV-
positive interneurons exerts anti-ictogenic effects associated with decreased rates of interictal spikes and fast ripples in this
MTLE model. However, PV-positive interneuron stimulation can paradoxically trigger seizures in epileptic animals, supporting
the notion that g-aminobutyric acid type A signaling can also initiate ictogenesis.

Commentary

Albert Einstein is quoted as having noted that “Everything

should be made as simple as possible, but not simpler.” The

role of parvalbumin (PV)-expressing inhibitory neurons in sei-

zures has been shown to be anything but simple.

The role of GABAergic signaling itself is complicated and

can depend on a number of factors including potentially the

reversal potential of chloride at any given time or location.

This in turn can impact the effect of activation of inhibitory

neurons on seizures. For example, photoactivation of inhibi-

tory neurons in CA31 or dentate gyrus2 has been shown to

inhibit seizures, while photoactivation of inhibitory neurons

in the subiculum actually prolonged seizures,1 and photoacti-

vation of inhibitory neurons in the entorhinal cortex (in the

dorsal intrahippocampal kainate model of temporal lobe epi-

lepsy) had no effect,2 presumably due to its relationship to the

seizure focus.

Increasing the specificity of intervention to exciting just

PV-expressing interneurons does little to reduce the com-

plexity. On-demand intervention, with light delivery to the

hippocampus ipsilateral or contralateral to the seizure focus

in mice expressing channelrhodopsin in PV neurons (PV-

ChR2 mice), can inhibit spontaneous seizures months after

intrahippocampal kainate injection.3 Similarly, others have

shown that chemogenetic activation of hippocampal PV

neurons can inhibit seizures.4 However, a study examining

acute seizures (focal 4AP application to the cortex) found

mixed effects depending on the relative timing of the optoge-

netic activation of PV cells, with light delivery inhibiting sei-

zures when applied during the ictal phase, but interictal light

delivery actually having a strong ictogenic effect.5 Work

examining effects on epileptiform activity in slices has shown

divergent effects of stimulation of PV cells,6-11 again with

suggestions that the timing7 and/or relative location of light

delivery9 are key factors. An additional important consider-

ation is the heterogeneity of PV cells themselves.12

A recent study by Lévesque and colleagues adds addi-

tional complexity to the effects of PV cell activation on

seizures. Lévesque et al13 examined the impact of periodic

optogenetic stimulation of CA3 PV neurons for 2 weeks

starting 3 hours after intraperitoneal pilocarpine-induced

SE in mice. Stimulation consisted of 20 milliseconds light

pulses at 8 Hz, for 30 seconds, every 2 minutes. While the

power of light used was fairly high (25 mW), opsin-negative

animals were used as a control, relieving concerns of off-

target effects of the light.
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The authors report no change in latent period or average

seizure duration but did find a significant (and sizeable) reduc-

tion in seizure rate with light delivery in PV-ChR2 compared to

PV-Cre (opsin-negative control) animals. This was accompa-

nied by a reduction in interictal spiking in PV-ChR2 animals,

and an increase in isolated ripples. The reduction in seizure

frequency is of obvious clinical relevance, but so too is the

reduction in interictal spiking and increase in isolated ripples,

as it may improve cognitive outcomes.14,15 Together, these

findings suggest a strong inhibition of epileptiform activity

through activation of PV cells.

However, things got more complicated when Lévesque

et al took a closer look at their data. Given the decrease in

both interictal spiking and seizure rate in animals with peri-

odic activation of PV cells, a particularly surprising finding

was that light-on periods had a relatively higher rate of sei-

zures than light-off periods in PV-ChR2 mice. This suggests

both a seizure inhibiting effect (PV-ChR2 vs PV-Cre) and a

seizure promoting effect (light-on vs light-off) of activation of

PV cells. What could be driving these differing results?

Experimentally, the comparisons are different. One pos-

sibility is that activation of PV neurons (in this location and

model) increases the probability of seizures, and the reason

that it appears to reduce seizure frequency when comparing

PV-ChR2 and PV-Cre mice is actually a strain susceptibility

difference. Specifically, the seizure phenotype—regardless

of activation of PV cells—might be stronger in PV-Cre

mice. However, the authors separately examined the fre-

quency of seizures in PV-ChR2 mice not treated with light;

the seizure frequency in nontreated PV-ChR2 mice appeared

to be higher than in either PV-Cre or light-treated PV-ChR2

mice. Therefore, it appears that the dichotomous effects

of light are real—activation of PV cells produces a global

decrease in seizure frequency, but, at the specific time

of light delivery, the animals are relatively susceptible

to seizures.

How could this be happening? One possibility is that activa-

tion of PV cells creates a pro-ictal state, but that immediately

following light, an (apparently stronger) anti-ictogenic state is

entered. This potential explanation is somewhat difficult to

reconcile with previous literature but is a tempting interpreta-

tion of the cumulative histograms Levesque and colleagues

provide. Visual inspection of those histograms suggests a

strong reduction in seizure probability immediately following

light delivery.

Another possibility, discussed briefly above, is that the tim-

ing of the intervention is critical. For example, if the animal is

just starting to have a seizure, light delivery may be able to

quickly prevent that seizure. In contrast, light delivery at other

times could help create a pro-ictal state. This may be especially

true with pilocarpine16 and given the strong impact Levesque

and colleagues noted of the chosen 8 Hz light pattern on (non-

ictal) hippocampal oscillations. Such an interpretation is in

strong agreement with previous work using an acute seizure

model in the cortex, in which PV activation during

electrographic seizures terminated seizures, while PV activa-

tion during interictal phases actually had a pro-ictal effect.5

Overall, in the work by Levesque and colleagues, the decrease

in seizure likelihood appears to outweigh the occasional

increase, resulting in a net decrease in seizure frequency. This

could explain why a chemogenetic approach to activation of

PV cells (which would also lack temporal specificity) would

also show a (net) decrease in seizure frequency.4 Finally, a

timing explanation additionally fits squarely with previous

work showing that on-demand (ie., where light delivery is

timed to match seizures) excitation of PV cells inhibits sei-

zures.3 If the timing interpretation is true, it would provide a

strong argument for using on-demand interventions, which

would allow the benefits of intervention without the

drawbacks.

One thing is clear—the impact of PV cells on seizure activ-

ity is not simple. However, detangling the complexity may be a

fruitful endeavor; harnessed the correct way, PV inhibitory

neurons could provide significant benefits for outcomes in

epilepsies.
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11. Shiri Z, Manseau F, Lévesque M, Williams S, Avoli M. Activa-

tion of specific neuronal networks leads to different seizure onset

types. Ann Neurol. 2016;79(3):354-365.

12. Christenson Wick Z, Krook-Magnuson E. Seizing sequencing

data to consider cell and circuit complexity. Epilepsy Curr.

2019;19(2):124-125.
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Interictal epileptiform discharges induce hippocampal-cortical cou-

pling in temporal lobe epilepsy. Nat Med. 2016;22(6):641-648.

15. Kleen JK, Scott RC, Holmes GL, et al. Hippocampal interictal

epileptiform activity disrupts cognition in humans. Neurology.

2013;81(1):18-24.

16. Yi F, DeCan E, Stoll K, Marceau E, Deisseroth K, Lawrence JJ.

Muscarinic excitation of parvalbumin-positive interneurons con-

tributes to the severity of pilocarpine-induced seizures. Epilepsia.

2015;56(2):297-309.

Commentary 101



<<
  /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


