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Neocortical heterotopia consist of ectopic neuronal clusters that are frequently found in individuals with cognitive disability and
epilepsy. However, their pathogenesis remains poorly understood due in part to a lack of tractable animal models. We have
developed an inducible model of focal cortical heterotopia that enables their precise spatiotemporal control and high-resolution
optical imaging in live mice. Here, we report that heterotopia are associated with striking patterns of circumferentially projecting
axons and increased myelination around neuronal clusters. Despite their aberrant axonal patterns, in vivo calcium imaging
revealed that heterotopic neurons remain functionally connected to other brain regions, highlighting their potential to influence
global neural networks. These aberrant patterns only form when heterotopia are induced during a critical embryonic temporal
window, but not in early postnatal development. Our model provides a new way to investigate heterotopia formation in vivo and
reveals features suggesting the existence of developmentally modulated, neuron-derived axon guidance and myelination factors.

Commentary

The abnormal presence of neuronal cell bodies in Layer I of the
neocortex is associated with wide-ranging neurological dis-
orders including epilepsy, developmental dyslexia, and a rare
form of muscular dystrophy.' However, the degree to which
these anatomical abnormalities cause the clinical symptoms
associated with these disorders remains unclear. Perhaps some
confusion about the prevalence of Layer I heterotopias in
normal and diseased brains comes from subtle differences in
classification and quantification of microscopic abnormalities
of cortical gray matter. The (sometimes overlapping) termi-
nology includes, among others, neuronal ectopias, micro-
dysgenesis, focal dysplasia, heterotopia, and “brain warts”.
The work highlighted here describes an abnormality in which a
cluster of neurons forms ectopically in Layer I (the molecular
layer) of the neocortex. Going forward this will be referred to
as Molecular Layer Heterotopia (MLH). In epilepsy, there is
some evidence to suggest a correlation between the prevalence
of MLH and drug-resistant epilepsy.! And, in tissue resected
for the treatment of mesial temporal lobe epilepsy (MTLE), the
success rate of the surgery was correlated with the density of
MLHs" in the removed tissue. The relationship between MLHs
and MTLE has yet to be well-characterized, but this finding

implies that neuronal clusters in Layer I are co-located with
(presumably deeper) ictogenic tissue. There was not, however,
a significant difference overall in the Layer I neuronal density
between tissue resected from patients with intractable epi-
lepsy and autopsy controls.* Furthermore, cerebro-cortical micro-
dysgenesis is seen to some degree in “normal brains”,” suggesting
that low-level migrational disturbances are not sufficient to cause
epilepsy. In other words, Layer I heterotopia are present overall at
“normal” levels in epileptic brains, but their density covaries with
tissue ictogenicity in MTLE. It is not clear whether they are
causally or incidentally related to the ictogenic zone.

MLH are associated with reduced seizure threshold in
genetic mouse models® and in rats in which widespread
neuronal heterotopia were induced with low-dose gamma ir-
radiation in utero.” In vivo recording of anatomical and
functional properties of neurons in and around MLHs will be
an important step in understanding whether MLHs are icto-
genic (ie focal origin of seizures), indirectly related to epilepsy
(eg their presence disturbs normal activity in surrounding
brain), or simply a red herring (a harmless side effect of some
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other epileptogenic process). Unfortunately, with genetic and
systemic induction of heterotopia in rodents, it is difficult to
control the prevalence and location of heterotopia, which
complicates their study in vivo.

In the highlighted work,® demonstrate a novel method for
targeted induction of molecular layer heterotopia in mouse
neocortex. As with many great inventions, the technique was
developed accidentally. When attempting to perform in utero
electroporation (IUE) to label and image cortical axons in vivo,
the authors discovered that neuronal cell bodies at the site of
DNA injection clustered in cortical layer I, closely resembling a
molecular layer heterotopia. Unlike global genetic predisposition
or radiative manipulations, in uftero electroporation creates a
single nodular heterotopia ata controlled location, with the added
advantage that a subset of the MLH cells could be transfected
with a plasmid (eg encoding for a fluorescent protein). Ana-
tomical characterization of these ITUE-induced heterotopia
using both immunohistochemical analysis of fixed tissue and
a novel microscopy technique capable of imaging unlabeled
axons in vivo® revealed an increased density of oligoden-
drocytes and ectopic bundles of myelinated and unmyelinated
axons surrounding and underneath the MLH, similar to the
anatomy of spontaneously occurring MLH in specific strains
of mice.'%!"!

The cellular composition of the induced MLH included a
diverse population of glutamatergic projection neurons and
GABAergic interneurons, with interneuron density compa-
rable to that of adjacent control Layer I cortex. Neuronal birth-
dating techniques revealed that cells within the heterotopia
were born at various stages of development. Interestingly,
although postnatal day zero (P0O) injections of adeno-
associated virus (AAV) also led to ectopic neuronal clusters
in Layer I, only embryonic injections (between days 14 and 17)
associated with in utero electroporation exhibited abnormal-
ities in axon guidance, myelination, and oligodendrocyte cell
body density. Thus, the developmental timing of MLH in-
duction has a dramatic impact on its anatomical phenotype.
Importantly, there is not an increased density of glia or mi-
croglia within or surrounding the MLH. Thus, although the
mechanism of heterotopia induction remains unclear, the
“trauma” associated with the MLH-inducing injection does not
produce a glial scar, which would have complicated inter-
pretation of experiments using this model, as it would be
difficult to disentangle the effects of gliosis from those of the
heterotopia.

To directly address the question of whether MLHs are not
only anatomically anomalous, but also functionally abnormal,
heterotopic and surrounding normotopic cortex were transduced
with the genetically encoded calcium indicator GCaMP6f. In
two-minute movies acquired from awake, head-fixed mice,
there was no significant difference in calcium activity between
neurons within the MLH and adjacent normotopic layer II/I1I
neurons, as measured by spike event frequency, spike vari-
ance, or synchronous activity. Furthermore, neurons within the
MLH responded robustly to whisker stimulation, suggesting
that they are functionally connected to other brain areas.

Unfortunately, no data was shown during whisker stimulation
from adjacent normotopic cortex to indicate whether the ap-
parently ubiquitous response to whisker stimulation in the MLH
was unexpectedly high (which would suggest pathological
functional connectivity).

Notably, there was no epileptiform activity observed in any
of calcium imaging epochs presented, nor was an epileptic
phenotype in mice with the induced MLH reported. This is
not entirely unexpected, as IUE-injections produce a single
MLH with a mean diameter of 474 um and there seems to be a
relationship between the density of heterotopias and detect-
able behavioral phenotypes.'* Small numbers of MLH may
be considered within the “normal” range in humans.® While
no micro-seizures were observed during calcium imaging of
the MLH, the authors note that the recordings were short and
longer imaging sessions may have revealed epileptiform ac-
tivity. Furthermore, the controlled nature of the induced MLH
in this model make it potentially feasible in future work to
vary the size and number of MLHs to test the hypothesis that
the epileptic phenotype is related to the density of MLHs. If
an epileptic phenotype can be induced using this approach, it
would also be strong evidence that MLHs themselves are
epileptogenic, as the injection-induced MLH is a highly tar-
geted manipulation, with no obvious systemic effect. While
the study from Li et al just begins to crack the surface of
characterizing the functional impact of molecular layer het-
erotopias, it introduces a powerful new tool for isolating their
putative role in epilepsy.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by National Institute of Neurological Disorders and
Stroke (ROINS112538).

ORCID iD

Kyle P. Lillis (& https://orcid.org/0000-0003-0219-8113

References

1. Eriksson S, Rydenhag B, Uvebrant P, Malmgren K, Nordborg C.
Widespread microdysgenesis in therapy-resistant epilepsy - a case
report on post-mortem findings. Acta Neuropathol. 2002;103:
74-77. DOI: 10.1007/s004010100426.

2. Galaburda AM, Sherman GF, Rosen GD, Aboitiz F, Geschwind N.
Developmental dyslexia: Four consecutive patients with cortical
anomalies. Ann Neurol. 1985;18:222-233. DOI: 10.1002/ana.
410180210.


https://orcid.org/0000-0003-0219-8113
https://orcid.org/0000-0003-0219-8113
https://orcid.org/0000-0003-0219-8113

260

Epilepsy Currents 22(4)

. Ramos RL, Siu NY, Brunken WJ, et al. Cellular and Axonal

Constituents of Neocortical Molecular Layer Heterotopia. Dev
Neurosci. 2014;36:477-489. DOI: 10.1159/000365100.

. Thom M, Sisodiya S, Harkness W, Scaravilli F. Microdysgenesis in

temporal lobe epilepsy: A quantitative and immunohistochemical
study of white matter neurones. Brain. 2001;124:2299-2309. DOI:
10.1093/brain/124.11.2299.

. Meencke HJ, Veith G. Migration disturbances in epilepsy. Epilepsy

Res Suppl. 1992;9:31-40.

. Gabel LA, Manglani M, Ibanez N, Roberts J, Ramos RL, Rosen GD.

Differential seizure response in two models of cortical heterotopia.
Brain Res. 2013;1494:84-90. DOI: 10.1016/j.brainres.2012.11.040.

. Roper SN, Gilmore RL, Houser CR. Experimentally induced

disorders of neuronal migration produce an increased propensity
for electrographic seizures in rats. Epilepsy Res. 1995;21:205-219.
DOI: 10.1016/0920-1211(95)00027-8.

8.

9.

10.

11.

AN I

Li AM, Hill RA, Grutzendler J. Intravital imaging of neocortical
heterotopia reveals aberrant axonal pathfinding and myelination
around ectopic neurons. Cerebr Cortex. 2021;31:4340-4356. DOI:
10.1093/cercor/bhab090.

Schain AJ, Hill RA, Grutzendler J. Label-free in vivo imaging of
myelinated axons in health and disease with spectral confocal re-
flectance microscopy. Nat Med. 2014;20:443-449. DOI: 10.1038/
nm.3495.

Lipoff DM, Bhambri A, Fokas GJ, et al. Neocortical molecular
layer heterotopia in substrains of C57BL/6 and C57BL/10 mice.
Brain Res. 2011;1391:36-43. DOI: 10.1016/j.brainres.2011.03.
026.

Ramos RL, Smith PT, DeCola C, Tam D, Corzo O, Brumberg JC.
Cytoarchitecture and Transcriptional Profiles of Neocortical
Malformations in Inbred Mice. Cerebr Cortex. 2008;18:
2614-2628. DOI: 10.1093/cercor/bhn019.



	Molecular Layer Heterotopia: Harmless Brain Warts or Ictal Main Force?
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	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 1.3
  /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


