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Objective: More than one-third of patients with temporal lobe epilepsy (TLE) continue to have seizures despite treatment with
antiepileptic drugs, and many experience severe drug-related side effects, illustrating the need for novel therapies. Selective
expression of inhibitory Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) allows cell-type-specific
reduction of neuronal excitability. In this study, we evaluated the effect of chemogenetic suppression of excitatory pyramidal
and granule cell neurons of the sclerotic hippocampus in the intrahippocampal mouse model (IHKA) for TLE. Methods:
Intrahippocampal IHKA mice were injected with an adeno-associated viral vector carrying the genes for an inhibitory
DREADD hM4Di in the sclerotic hippocampus or control vector. Next, animals were treated systemically with different single
doses of clozapine-N-oxide (CNO; [, 3, and 10 mg/kg) and clozapine (0.03 and 0.1 mg/kg), and the effect on spontaneous
hippocampal seizures, hippocampal electroencephalography (EEG) power, fast ripples (FRs), and behavior in the open field test
was evaluated. Finally, animals received prolonged treatment with clozapine for 3 days, and the effect on seizures was
monitored. Results: Treatment with both CNO and clozapine resulted in a robust suppression of hippocampal seizures for at
least I5 hours only in DREADD-expressing animals. Moreover, total EEG power and the number of FRs were significantly
reduced. Clozapine-N-oxide and/or clozapine had no effects on interictal hippocampal EEG, seizures, or locomotion/anxiety in
the open field test in non-DREADD epileptic IHKA mice. Repeated clozapine treatment every 8 hours for 3 days resulted in
almost complete seizure suppression in DREADD animals. Significance: This study shows the potency of chemogenetics to
robustly and sustainably suppress spontaneous epileptic seizures and pave the way for an epilepsy therapy in which a sys-
temically administered exogenous drug selectively modulates specific cell types in a seizure network, leading to a potent

seizure suppression devoid of the typical drug-related side effects.

Commentary

Over the past 15 years, the explosion in tools to selectively
modulate activity of defined populations of neurons has raised
substantial promise and interest for the treatment of epilepsy.
Preclinical tools such as optogenetics, which exploits light-
sensitive ion channels, or chemogenetics, which employs
designer receptor/drug combinations, have shown efficacy in
a wide array of models of epilepsy. For a recent review of these
approaches, see Walker and Kullmann.'

The use of optogenetics, however, has far outstripped the
use of chemogenetics. While optogenetic approaches offer
real-time neuromodulation, chemogenetic approaches rely on
designer drug delivery, which is inherently slower and thus not
amenable to real-time neuromodulation. This has, in part, led to
more restricted use of chemogenetics in preclinical studies of
epilepsy. However, while the reduced temporal resolution of
chemogenetic approaches may be a weakness in some regards,
the approach offers several strengths®: (1) drug can be

delivered in a minimally invasive manner, whereas optoge-
netics requires indwelling hardware, (2) larger volumes of tis-
sue and/or distributed network nodes may be easier to target as
the volume of tissue modulated isn’t limited by light delivery,
and (3) chemogenetics avoids tissue heating that can been seen
with optogenetics.

One of the earliest reports to describe chemogenetic manip-
ulations used an “excitatory” approach in which DREADDs
(Designer Receptors Exclusively Activated by Designer Drugs)
were expressed in forebrain excitatory neurons; activation of
these receptors by administration of clozapine-n-oxide (CNO),
a metabolite of the antipsychotic drug clozapine, produced
repeated limbic seizures in transgenic mice.> Since the original
characterization of these tools, DREADDs have been used to
attenuate seizures in an array of models including focal neo-
cortical seizures,4 amygdala kindled seizures,” and seizures
following systemic pilocarpine® or intrahippocampal kainate.”
As is often the case with emerging technologies, our
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understanding of the limitations of reagents increases with
time—in the intervening years, it has become clear that CNO
can cause effects in and of its own right® and that its utility as a
drug target is likely limited due to poor blood—brain barrier
penetrance.” As a result, alternative approaches, including the
use of clozapine,” and more recently olanzapine'® as high-
affinity DREADD agonists have been suggested.

Desloovere and colleagues'' employed a chemogenetic
strategy (inhibiting excitatory neurons in the hippocampus in
mice following intrahippocampal kainate injection) and used
clozapine as their drug of choice. Clozapine offers some advan-
tages over CNO, including better brain penetrance, and some
have suggested that CNO may be metabolized into clozapine,
which in turn is actually responsible for CNO effects on
DREADDs.? As clozapine is an approved antipsychotic agent,
the use of low-dose clozapine may be more readily translatable
to humans as compared to CNO (however, note that clozapine
use may be limited in humans as it can cause severe
neutropenia).

In a head-to-head comparison of CNO and clozapine, these
authors found equivalent suppression of electrographic seizure
activity in mice. They also reported significantly greater sup-
pression of seizure activity with a higher dose (0.1 mg/kg) of
clozapine as compared to a lower dose (0.03 mg/kg). These
effects were evident for up to 15 hours following administra-
tion of a single dose, which suggests minimal receptor desen-
sitization (or alternatively, a large receptor reserve), which is
precisely the profile that would be necessary for translational
utility.

To evaluate longer term seizure suppression, Desloovere
et al'' carried out monitoring during 36-hour repeated cloza-
pine dosing. As in the prior studies evaluating DREADD-
mediated seizure control in spontaneous models,®’ Desloovere
used an on-off-on design. The authors found a near complete
suppression of electrographic seizure activity during the 36-
hour “off” period. This profile is complementary to that
reported by Wang and colleagues’ who found that chemoge-
netic activation of parvalbumin interneurons or chemogenetic
inhibition of hippocampal pyramidal neurons robustly sup-
pressed behavioral seizures in the intrahippocampal kainate
model in mice. The seizures in the intrahippocampal kainate
model are predominantly electrographic, although a subset of
electrographic events are convulsive.'? Unfortunately Desloo-
vere and colleagues did not report effects on behavioral seizure
activity, which would have served as a strong complement to
their findings.

Interestingly, Desloovere et al'! as well as Wang et al’
found a profile suggestive of a posttreatment rebound excit-
ability, with the frequency of seizure events increasing over
baseline after termination of chemogenetic therapy. While in
neither study did this reach the level of statistical significance,
this does raise the possibility that even moderate-term chemo-
genetic therapy may produce cellular and network compensa-
tion, and as with many antiseizure therapies, discontinuation
may need to be gradual.

AN I

In addition to the effects on seizure activity, Desloovere
et al'! also found that CNO treatment decreased both hippo-
campal power and fast ripple prevalence in DREADD-positive
animals, but not in controls. The authors did not report effects
of chemogenetic therapy on normal ripple activity; thus, it is
unclear if this approach would spare or impact normal ripple
oscillations, which have been associated with memory conso-
lidation processes.'> Abolishing fast ripples and seizures while
sparing normal ripple activity seems an ideal strategy to avoid
cognitive impairment. Above and beyond DREADD-mediated
effects on normal physiology, clozapine (and CNO) may have
DREADD-independent actions.® Reassuringly, Desloovere
et al'! found no effects of clozapine or CNO delivery on hip-
pocampal activity or seizures in animals that did not express
DREADD receptors and similarly found no effect of either
drug in the open field task. While by no means a comprehen-
sive assessment of potential off-target effects, these data none-
theless strengthen the case for this approach.

The results of this study provide strong preliminary rationale
to continue pursing chemogenetics as a potential approach for
human TLE. The effects of these chemogenetic approaches are
similar in magnitude to those reported using optogenetics in the
same model.'* Follow-up proofs-of-concept that characterize
additional DREADD strengths and potential side effects will
help to determine whether this approach can be employed
chronically without the risk of rebound, to continue to evaluate
more efficacious designer drugs, and to ensure that such seizure
suppression occurs without interfering with normal
hippocampus-dependent processes.

The accumulating evidence for chemogenetic approaches in
temporal lobe epilepsy models raises a few questions about
translation. First, how well will DREADD technology work
in the human brain? A growing number of studies have used
chemogenetics in nonhuman primates,'” and while the success
rate has certainly been lower than in rodents, these studies
suggest that it is feasible to scale the approach to a larger brain.

In sum, this study indicates that chemogenetic suppression
of excitatory neurons at the seizure focus is sufficient to reduce
seizure burden in a robust and prolonged manner. It adds more
translational pharmacology (ie, clozapine) to a growing litera-
ture employing chemogenetics to control seizures and, while
still far removed from clinical use, underscores the intriguing
translational potential of this methodology.

By Safwan K. Hyder and Patrick A. Forcelli

ORCID iD

Patrick A. Forcelli 2 https://orcid.org/0000-0003-1763-060X

References

1. Walker MC, Kullmann DM. Optogenetic and chemogenetic
therapies for epilepsy. Neuropharmacology. 2019. doi:10.1016/
j-neuropharm.2019.107751.


https://orcid.org/0000-0003-1763-060X
https://orcid.org/0000-0003-1763-060X
https://orcid.org/0000-0003-1763-060X
https://orcid.org/0000-0003-1763-060X
https://orcid.org/0000-0003-1763-060X

Commentary

— W WA

2.

159

Forcelli PA. Applications of optogenetic and chemogenetic meth-
ods to seizure circuits: where to go next? J Neurosci Res. 2017,
95(12):2345-2356. doi:10.1002/jnr.24135.

. Alexander GM., Rogan SC, Abbas Al, et al. Remote control of

neuronal activity in transgenic mice expressing evolved G
protein-coupled receptors. Neuron. 2009;63(1):27-39. doi:10.
1016/j.neuron.2009.06.014.

. Kitzel D, Nicholson E, Schorge S, Walker MC, Kullmann DM.

Chemical-genetic attenuation of focal neocortical seizures. Nat
Commun. 2014;5:3847. doi:10.1038/ncomms4847.

. Wicker E, Forcelli PA. Chemogenetic silencing of the midline

and intralaminar thalamus blocks amygdala-kindled seizures. Exp
Neurol. 2016;283(pt A):404-412. doi:10.1016/j.expneurol.2016.
07.003.

. Zhou QG, Nemes AD, Lee D, et al. Chemogenetic silencing of

hippocampal neurons suppresses epileptic neural circuits. J Clin
Invest. 2019;129(1):310-323. doi:10.1172/JCI95731.

. Wang Y, Liang J, Chen L, et al. Pharmaco-genetic therapeutics

targeting parvalbumin neurons attenuate temporal lobe epilepsy.
Neurobiol Dis. 2018;117:149-160. doi:10.1016/j.nbd.2018.06.
006.

. MacLaren DAA, Browne RW, Shaw JK, et al. Clozapine N-Oxide

administration produces behavioral effects in Long-Evans rats:
implications for designing DREADD experiments. ENeuro
2016;3(5). doi:10.1523/ENEURO.0219-16.2016.

. Gomez JL, Bonaventura J, Lesniak W, et al. Chemogenetics

revealed: DREADD occupancy and activation via converted

10.

11.

12.

13.

14.

15.

clozapine. Science. 2017;357(6350):503-507. doi:10.1126/sci-
ence.aan2475.

Weston M, Kaserer T, Wu A, et al. Olanzapine: a potent
agonist at the HM4D(Gi) DREADD amenable to clinical trans-
lation of chemogenetics. Sci Adv. 2019;5(4). doi:10.1126/
sciadv.aaw1567.

Desloovere J, Boon P, Larsen L, et al. Long-term chemogenetic
suppression of spontaneous seizures in a mouse model for tem-
poral lobe epilepsy. Epilepsia. 2019;60(11):2314-2324. doi:10.
1111/epi.16368.

Twele F, Schidlitzki A, Tollner K, Loscher W. The intrahip-
pocampal kainate mouse model of mesial temporal lobe
epilepsy: lack of electrographic seizure-like events in sham
controls. Epilepsia Open. 2017;2(2):180-187. doi:10.1002/
epi4.12044.

Girardeau G, Benchenane K, Wiener SI, Buzsaki G, Zugaro MB.
Selective suppression of hippocampal ripples impairs spatial
memory. Nat Neurosci. 2009;12(10):1222-1223. doi:10.1038/
nn.2384.

Krook-Magnuson E, Armstrong C, Oijala M, Soltesz 1. On-
demand optogenetic control of spontaneous seizures in temporal
lobe epilepsy. Nat Commun. 2013;4:1376. doi:10.1038/
ncomms2376.

Nagai Y, Kikuchi E, Lerchner W, et al. PET imaging-guided
chemogenetic silencing reveals a critical role of primate rostro-
medial caudate in reward evaluation. Nat Commun. 2016;7. doi:
10.1038/ncomms13605.




<<
  /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


