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While central autonomic, cardiac, and/or respiratory dysfunction underlies sudden unexpected death in epilepsy (SUDEP), the
specific neural mechanisms that lead to SUDEP remain to be determined. In this study, we took advantage of single-cell neu-
ronal Ca®* imaging and intrahippocampal kainic acid-induced chronic epilepsy in mice to investigate progressive changes in key
cardiorespiratory brainstem circuits during chronic epilepsy. Weeks after induction of status epilepticus (SE), when mice were
experiencing recurrent spontaneous seizures (chronic epilepsy), we observed that the adaptive ventilatory responses to hyper-
capnia were reduced for 5 weeks after SE induction with its partial recovery at week 7. These changes were paralleled by alter-
ations in the chemosensory responses of neurons in the retrotrapezoid nucleus (RTN). Neurons that displayed adapting
responses to hypercapnia were less prevalent and exhibited smaller responses over weeks 3-5, whereas neurons that displayed
graded responses to hypercapnia became more prevalent by week 7. Over the same period, chemosensory responses of the
pre-sympathetic rostral ventrolateral medullary neurons showed no change. Mice with chronic epilepsy showed enhanced sen-
sitivity to seizures, which invade the RTN and possibly put the chemosensory circuits at further risk of impairment. Our findings
establish a dysfunctional breathing phenotype with its RTN neuronal correlate in mice with chronic epilepsy and suggest that

the assessment of respiratory chemosensitivity may have the potential for identifying people at risk of SUDEP.

Commentary

Upon entering the California Academy of Sciences, visitors are
greeted by a large floor inscription that reads: “It is not the
strongest of the species that survives, nor the most intelligent
that survives. It is the one that is most adaptable to change.”
Though a paraphrase of Darwin’s evolutionary theory, this
quote could also apply to epilepsy. For instance, seizures can
impair breathing, leading to altered levels of oxygen and
carbon dioxide in the blood. If these changes are not properly
sensed and adapted to with an appropriate ventilatory response,
they can potentially lead to brain damage or even death.
While seizures have long been associated with changes in
blood gases, it was the landmark MORTEMUS study that
brought respiratory arrest into focus as a potential critical event
leading to sudden unexpected death in epilepsy (SUDEP).! One
possible explanation for fatal respiratory arrest following seizures
is the failure of breathing to adapt to increases in blood CO, levels
(PCO,), the so-called hypercapnic ventilatory response (HCVR).
Generalized convulsive seizures can evoke significant post-ictal
increases in PCO,.>? Normally, central respiratory chemorecep-
tors located in the brainstem sense rising PCO, and trigger
increases in breathing rate and lung tidal volume to restore
normal CO, levels, thus averting life-threatening complications

due to acidosis. In people with epilepsy, HCVRs appear
blunted, suggesting an inability to adapt to high PCO, levels,
potentially increasing SUDEP risk.*> The elevated post-ictal
PCO, levels can occur without dyspnea (shortness of breath) or
air hunger, further exacerbating risk by preventing awareness of
the need to breathe.>® Despite the importance of peri-ictal respi-
ratory impairment as a potential SUDEP risk factor, the underly-
ing neural circuitry and mechanisms remain elusive.

A new study by Bhandare and Dale’ offers valuable
insights into how seizures impact chemosensory neural cir-
cuitry in the brainstem, leading to impaired adaptive respira-
tory responses. Using single-neuron Ca®" imaging, they
investigated whether mice with chemically induced epilepsy
experience progressive changes in cardiorespiratory brain-
stem circuits that could impair HCVR, increasing vulnerabil-
ity to SUDEP. Specifically, they monitored changes in
neurons of the retrotrapezoid nucleus (RTN) and the rostral
ventrolateral medullary (RVLM), brainstem regions that reg-
ulate chemosensory control of breathing and autonomic car-
diovascular function, respectively.

To measure in vivo seizure-related changes in the RTN and
RVLM, Bhandare and Dale conducted a series of complex surgi-
cal procedures and recordings in mice. First, they performed ster-
eotactic viral injections to transfect RTN or RVLM neurons with a
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genetically encoded Ca®* indicator. Then, they implanted the
mice with electroencephalography (EEG) electrodes, unilateral
hippocampal cannulas, and microscopic gradient-index lenses
for Ca®* imaging. Finally, they installed cranial baseplates to
hold miniature epifluorescence microscopes for visualizing Ca*
* levels in single RTN or RVLM neurons.

Once the mice were fully instrumented, they were anesthe-
tized, “plugged” in to record EEG and image Ca®*, and then
administered unilateral intrahippocampal kainic acid (KA)
through the attached cannula to induce status epilepticus
(SE). After the KA injection, anesthesia was removed and
the mice were placed into an open-field chamber to monitor
behavior, EEG, and single-cell Ca** fluorescence in RTN or
RVLM neurons in response to acute SE. Seven weeks later,
when the mice had developed epilepsy, RTN and RVLM
responses to KA-induced seizures were re-tested to assess
the cumulative effects of chronic epilepsy on cardiorespira-
tory brainstem networks. Finally, recordings were also
coupled with plethysmography to measure HCVRs to 3%
and 6% CO, at the level of the whole animal and individual
RTN and RVLM neurons. A notable strength of this study
was its longitudinal design, which enabled imaging of the
same neurons over several weeks, thereby tracking functional
changes over time.

Bhandare and Dale’s work reveals several key findings
with potential implications for SUDEP. They demonstrated
that during SE, seizures spread to the brainstem, causing sig-
nificant increases in the activity of RTN and RVLM neurons.
However, by seven weeks later, during chronic epilepsy,
seizure induction failed to significantly increase the activity
of RTN or RVLM neurons for reasons that were not apparent.
Terminal cardiorespiratory failure in SUDEP is thought to ini-
tiate minutes after a seizure, but no post-ictal measurements
were obtained.

During chronic epilepsy, mice exhibited altered baseline
breathing phenotypes, including reductions in lung tidal
volume and minute ventilation. Furthermore, when epileptic
mice were exposed to hypercapnia, they exhibited depressed
tidal volumes and minute ventilation for 3 to 5 weeks after
SE, indicating an attenuated HCVR and impaired respiratory
chemosensitivity. However, by 7 weeks post-SE, the HCVR
in epileptic mice had recovered to healthy levels, prompting
questions about the potential importance of this mechanism in
SUDEP pathophysiology.

A main strength of this study was the ability to categorize
chemosensitive RTN and RVLM neurons into five functional
subtypes based on their firing patterns. Bhandare and Dale
focused on two main types: excited adapting (E4) and excited
graded (Eg) neurons. E, neurons are silent at rest but exhibit
initial transient bursts of Ca®* activity with exposure to 3%
CO,. In contrast, Eg neurons are silent at rest but exhibit
increased Ca”" activity with exposure to 3% CO,, increasing
further at 6% CO,.

In the RTN, at 3 weeks post-SE during chronic epilepsy,
the proportion of E, neurons significantly decreased, but
later normalized. This decrease in the fraction of Ep
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neurons correlated with a decrease in baseline neuronal
activity that subsequently returned to normal levels at later
time points. Additionally, E, neurons exhibited greatly
attenuated responses to hypercapnia during chronic epi-
lepsy. In contrast to E5 neurons, Eg neurons significantly
increased in proportion by 7 weeks post-SE, possibly
accounting for the recovery of the HCVR at this time. In
the RVLM, analogous measurements revealed no significant
changes in the function of E5 neurons. However, by 7 weeks
post-SE, the proportion of E, neurons had significantly
decreased, and the fraction of Eg neurons had significantly
increased. Whether the observed changes in the proportion
and firing patterns of neuronal subtypes were due to plastic-
ity or differential vulnerability to seizure-induced cell death
among different types of neurons was not tested. Regardless,
these results demonstrate that seizures alter the neuronal
composition and chemosensory responses of brainstem net-
works, specifically in the RTN where adapting E5 neurons
appear particularly affected.

This study possessed some nuances that limit its translatability
for SUDEP. No SUDEP events were recorded or reported among
the mice, weakening the model’s relevance to SUDEP. Technical
limitations prevented the measurement of neuronal activity during
spontaneous seizures, which are more clinically relevant.
Experiments utilized only male mice, leaving unclear how includ-
ing females might have affected the results. Finally, the brainstem
contains several important chemosensory regions that were not
investigated here, such as the serotonergic raphe nuclei.® Thus,
the RTN may be one of several brainstem regions underlying
abnormal adaptive ventilatory responses in epilepsy.

The discovery by Bhandare and Dale that dysfunctional
RTN neurons, specifically adapting E, neurons, contribute
to seizure-related respiratory chemosensitivity deficits repre-
sents a significant advance. These findings are important for
SUDEP because they pinpoint a specific brainstem neuron
population that could lessen the baseline drive to breathe
after a seizure. The findings also reinforce the potential
value of assessing respiratory chemosensitivity as a bio-
marker of SUDEP risk. As evidence accumulates that seizures
can impair the ability of respiratory chemosensory neurons to
adapt breathing to changing PCO, levels, it is becoming
clearer that this failure to adapt could have deadly
consequences.

Edward Glasscock, PhD
Department of Biological Sciences,
Southern Methodist University

ORCID iD

Edward Glasscock (2 https:/orcid.org/0000-0001-8702-2349

Declaration of Conflicting Interests

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


https://orcid.org/0000-0001-8702-2349
https://orcid.org/0000-0001-8702-2349
https://orcid.org/0000-0001-8702-2349

Commentary

— WA

369

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

References

1.

Ryvlin P, NashefL, Lhatoo SD, et al. Incidence and mechanisms of car-
diorespiratory arrests in epilepsy monitoring units (MORTEMUS): a
retrospective study. Lancet Neurol. 2013;12(10):966-977.

Seyal M, Bateman LM, Albertson TE, Lin T-C, Li C-S. Respiratory
changes with seizures in localization-related epilepsy: analysis of periic-
tal hypercapnia and airflow patterns. Epilepsia. 2010;51(8):1359-1364.

. Kim Y, Bravo E, Thirnbeck CK, et al. Severe peri-ictal respiratory

dysfunction is common in Dravet syndrome. J Clin Invest.
2018;128(3):1141-1153.

. Teran FA, Sainju RK, Bravo E, et al. Seizures cause prolonged

impairment of ventilation, CO, chemoreception and thermoregula-
tion. J Neurosci. 2023;43(27):4959-4971 .

. Sainju RK, Dragon DN, Winnike HB, et al. Ventilatory

response to CO2 in patients with epilepsy. Epilepsia. 2019;60(3):
508-517.

. Harmata GI, Rhone AE, Kovach CK, et al. Failure to breathe per-

sists without air hunger or alarm following amygdala seizures.
JCI Insight. 2023;8(22):¢172423.

. Bhandare AM, Dale N. Neural correlate of reduced respiratory

chemosensitivity during chronic epilepsy. Front Cell Neurosci.
2023;17:1288600.

. Teran FA, Massey CA, Richerson GB. Serotonin neurons and

central respiratory chemoreception: where are we now? Prog
Brain Res. 2014;209:207-233.



	 Commentary
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /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 /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /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
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


