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Sudden Unexpected Death in Epilepsy
and Respiratory Defects in a Mouse
Model of DEPDC5-Related Epilepsy
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Objectives: DEPDC5 is a common causative gene in familial focal epilepsy with or without malformations of cortical
development. Its pathogenic variants also confer a significantly higher risk for sudden unexpected death in epilepsy
(SUDEP), providing opportunities to investigate the pathophysiology intersecting neurodevelopment, epilepsy, and
cardiorespiratory function. There is an urgent need to gain a mechanistic understanding of DEPDC5-related epilepsy
and SUDEP, identify biomarkers for patients at high risk, and develop preventive interventions.
Methods: Depdc5 was specifically deleted in excitatory or inhibitory neurons in the mouse brain to determine neuronal
subtypes that drive epileptogenesis and SUDEP. Electroencephalogram (EEG), cardiac, and respiratory recordings were
performed to determine cardiorespiratory phenotypes associated with SUDEP. Baseline respiratory function and the
response to hypoxia challenge were also studied in these mice.
Results: Depdc5 deletion in excitatory neurons in cortical layer 5 and dentate gyrus caused frequent generalized
tonic–clonic seizures and SUDEP in young adult mice, but Depdc5 deletion in cortical interneurons did not. EEG sup-
pression immediately following ictal offset was observed in fatal and non-fatal seizures, but low amplitude rhythmic
theta frequency activity was lost only in fatal seizures. In addition, these mice developed baseline respiratory dysfunc-
tion prior to SUDEP, during which ictal apnea occurred long before terminal cardiac asystole.
Interpretation: Depdc5 deletion in excitatory neurons is sufficient to cause DEPDC5-related epilepsy and SUDEP. Ictal
apnea and respiratory dysregulation play critical roles in SUDEP. Our study also provides a novel mouse model to
investigate the underlying mechanisms of DEPDC5-related epilepsy and SUDEP.
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Epilepsy affects more than 70 million people globally.
Sudden unexpected death in epilepsy (SUDEP) has a

global incidence of 0.22 to 1.2 of 1,000 individuals/year,1

accounting for up to 17% of death in patients with epi-
lepsy, second only to stroke in potential life-years lost due

to neurological diseases.2 The etiology of SUDEP is heter-
ogenous, including cardiac, respiratory, and autonomic
dysregulation in different epilepsy syndromes.2 Previous
SUDEP studies focused primarily on channelopathies. For
example, SCN1A encodes the alpha-subunit of the
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voltage-gated sodium channel Nav1.1 in the mammalian
brain and heart. Its pathogenic variants were identified in
> 70% of children with Dravet syndrome whose SUDEP
risk was estimated to be 15-fold greater than other
childhood-onset epilepsies.3 Other channelopathies also
affect the brain and heart, suggesting that they could con-
fer a higher risk of SUDEP via direct effects on cardiac
functions. Therefore, a “brain-heart” hypothesis for
SUDEP has been proposed.4 On the other hand, Kim
et al concluded that SUDEP in patients with Dravet syn-
drome resulted from primary central apnea.5 This hypoth-
esis was supported in Scn8a mutant mice that developed
apnea during the tonic phase of a seizure and failed to
resume breathing.6

Pathogenic variants of DEPDC5, an important gene
in the mTOR signaling pathway, were first identified in 7
large families with familial focal epilepsy with variable foci
and in approximately 12% of smaller families with focal
epilepsy.7 The Epi4K consortium and Epilepsy Phenome/
Genome Project collaborations later demonstrated that
among the top 5 most enriched genes for epilepsy risk, only
DEPDC5 reached the study-wide significant enrichment for
familial non-acquired focal epilepsy.8 Meanwhile, several
studies suggested that pathogenic variants of DEPDC5 sig-
nificantly increase the risk of SUDEP.9–12 For example,
DEPDC5 variants were found in approximately 10% of
cases in a retrospective SUDEP cohort.10 In contrast to
channelopathies, DEPDC5-related epilepsy primarily mani-
fests as a focal lesion in the brain.13,14 Whereas patients
with tuberous sclerosis complex (TSC), the prototypical
monogenic disorder of the mTOR pathway, develop wide-
spread developmental lesions in the brain and other organ
systems (eg, skin, heart, and kidneys),15 patients with
DEPDC5-related epilepsy have no extra-neural lesions.13,14

For example, 16 patients with GTPase-activating protein
activity toward Rags-1 (GATOR1)-related epilepsy showed
no evidence of cardiac arrhythmia or structural abnormality
on Holter monitoring and transthoracic echocardiogram.
More importantly, no clinical cardiac anomalies were
detected in 3 of 3 patients carrying pathogenic DEPDC5
pathogenic variants who succumbed to SUDEP.9

Understanding the pathophysiology of DEDPC5-
related SUDEP has significant clinical implications. Such
knowledge could identify preventable causes and biomarkers
for patients at high risk of SUDEP. However, the lack of
an animal model that reliably and faithfully recapitulates the
human phenotype has made it challenging to parse out the
mechanisms. For example, mice with Emx1-Cre mediated
conditional knockout of Depdc5 in dorsal cortical progeni-
tors that give rise to excitatory neurons and astrocytes died
around postnatal day (P)16 to 18. These mice developed
clusters of tonic–clonic seizures, status epilepticus, wasting,

and malnutrition, making it difficult to determine the cause
of death.16,17 On the other hand, mice with a pan-neuronal
knockout of Depdc5 died after a single terminal seizure at
3 months of age.9,18 Interestingly, the majority of these mice
had no history of seizures, representing an extremely rare
patient event. In this study, we showed that Depdc5 deletion
in a subpopulation of mouse forebrain excitatory neurons
caused frequent generalized tonic–clonic seizures in young
adult mice. These mice eventually developed SUDEP. The
respiratory recording showed interictal respiratory dys-
regulation and ictal apnea long before the terminal cardiac
asystole. Our studies provide a refined framework to further
investigate the pathophysiology of DEPDC5-related epilepsy
and SUDEP at molecular, cellular, and circuit levels.

Materials and Methods
Animals
Rbp4-Cre transgenic mice (B6.FVB(Cg)-Tg (Rbp4-Cre)
KL100Gsat/Mmucd, RRID: MMRRC_037128-UCD, donated
by Dr. Kenneth Kwon at the University of Michigan) were
crossed with mice with floxed alleles of Depdc5F/F (Depdc5tm1c

(EUCOMM)Hmgu, donated by Dr. Jun Hee Lee at the University
of Michigan) to generate Depdc5 conditional knockout (CKO)
mice. Ventral medial ganglionic eminence (MGE) progenitor-
specific Nkx2.1-Cre transgenic mice (Jackson Laboratories
#008661) were used to generate interneuron-specific Depdc5
CKO mice. Ai9 mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)
Hze/J, Jackson Laboratories #007909) were used to label cells
with recombinase activity mediated by Rbp4-Cre. Male homozy-
gous floxed Depdc5 mice (Depdc5F/F) were bred with female
mice heterozygous for floxed Depdc5 (Depdc5F/W) and heterozy-
gous for the Cre allele to generate litters of homozygous CKO
(Rbp4-Cre; Depdc5F/F or Nkx2.1-Cre; Depdc5F/F), heterozygous
CKO (Rbp4-Cre; Depdc5F/W or Nkx2.1-Cre; Depdc5F/W), and
wild-type (WT) (Depdc5F/F or Depdc5F/W) mice. Because our
pilot study showed that Rbp4-Cre; Dedpc5F/W displayed no
pathological or epileptic phenotypes, in addition to previous
studies showing that Emx1-Cre; Depdc5F/W and Syn1-Cre;
Depdc5F/W had no phenotypes,16–18 Rbp4-Cre; Depdc5F/W mice
were also used as littermate controls. DNA was extracted from
mouse tail biopsies using the Extract-N-Amp Tissue polymerase
chain reaction (PCR) kit (Sigma; XNAT2-1KT) according to the
manufacturer’s instructions. Genotyping of the Depdc5 gene was
performed using primers (forward: 50- CTGGAATTACAGG-
GGGTAAGCCAGTG-30; and reverse: 50- CAGGACTACAC-
AGAGAAACCCTGTCTC-30) that flank LoxP sites surrounding
exon 5, allowing concurrent detection of the WT and condi-
tional alleles. Agarose gel electrophoresis was performed to detect
a 177-base pair (bp) band for the WT allele and a 337-bp band
for LoxP conditional allele. The presence of the Rbp4-Cre rec-
ombinase gene was determined using primers (forward: 50-
GGGCGGCCTCGGTCCTC -30; and reverse: 50-CCCCAG-
AAATGCCAGATTACGTAT-30) to detect a 600 bp band. The
presence of the Nkx2.1-Cre recombinase gene was determined
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using primers (forward: 50-CTCTGGTGGCTGCCTAAAAC-30;
and reverse: 50-CGGTTATTCAACTTGCACCA-30) detecting a
410 bp band. All mice were housed in a 12-hour light–dark cycle,
climate-controlled room, with access to food and water ad libitum.
The protocol for the study has received approval from the Institu-
tional Animal Care and Use Committee at the University of Michi-
gan, and all studies were conducted in accordance with the
United States Public Health Service’s Policy on Humane Care and
Use of Laboratory Animals.

Immunohistochemistry
Brains were removed and fixed in 4% paraformaldehyde in
phosphate-buffered saline after transcardial perfusion, sectioned
at 50μm on a Leica VT1000S vibratome, and processed for
immunocytochemistry as free-floating sections. Primary anti-
bodies included rabbit anti-Parvalbumin (1:1000; Abcam; Cat#
ab181086), rabbit anti-GFAP (1:1000; Abcam; Cat# ab7260),
and rabbit anti-phospho-S6 ribosomal protein Ser 235/236
(1:2000; Cell Signaling). Fluorescently conjugated secondary
antibodies (Alexa Fluor 488, 594, or 647, 1:500) were obtained
from Molecular Probes, and nuclei were labeled with
bisbenzimide (Molecular Probes; Cat# H1398).

Electroencephalogram (EEG) Implantation and
Analysis
To determine if Rbp4-Cre; Depdc5F/F and Nkx2.1-Cre; Depdc5F/F

CKO mice exhibit electroclinical seizures and interictal epilepti-
form discharges (IEDs), we monitored animals with continuous
video-electroencephalogram (vEEG; Natus, Middleton, WI). Mice
were implanted with three epidural screw electrodes (E363/96; P1
Technologies, Roanoke, VA) at P30. Procedures for affixing elec-
trodes were performed as previously described.16 Three electrodes
were positioned and fastened through burr holes, with 2 electrodes
implanted over the left and right parietal lobes and a reference
electrode implanted over the cerebellum. The sockets were fitted
into a 6-pin electrode pedestal, and the entire apparatus was
secured with dental cement (Stoelting). Five days after surgery, the
animals were monitored continuously for up to 60 days or until
death. Recordings were sampled at 4096 Hz and analyzed offline
with concurrent video. Seizures and epileptiform activity were
assessed manually in their entirety by fellowship-trained and
board-certified epileptologists blinded to the genotype. IEDs were
defined as transients distinguishable from background activity with
characteristic morphology typically, but neither exclusively nor
invariably, found in interictal EEGs of people with epilepsy19 and
had to meet at least 3 of following criteria: (1) di- or tri-phasic
waves with a sharp wave or spike morphology (< 200 msec dura-
tion); (2) different waveform from the ongoing background activ-
ity; (3) asymmetry of the waveform: a sharply ascending phase and
a slower descending phase, or vice versa; (4) the transient is
followed by an associated after-going slow wave; and (5) the back-
ground activity is disrupted by the presence of the epileptiform
discharges. Seizures were defined as EEG phenomena consisting of
repetitive epileptiform discharges at > 2 cycles/second and/or a
characteristic pattern with quasi-rhythmic spatiotemporal evolution
(ie, gradual change in frequency, amplitude, morphology, and

location) lasting at least several seconds (usually > 10 seconds).
Two other short-duration (< 10 seconds) EEG seizure patterns
were defined as electro-decrement or low voltage fast activity seen
during clinically apparent epileptic seizures. EEG seizure patterns
unaccompanied by behavioral epileptic manifestations were
referred to as electrographic or subclinical seizures.19 Mice with
dislodged EEG head caps were excluded from the study.

Recordings in European Data Format (EDF) were trans-
formed using the “edfread” function in MATLAB. Spectrograms
were constructed using the MATLAB “fft” function to analyze data
from 10 minutes before to 10 minutes after seizure offset in rectan-
gular 1-second windows without overlap. Signal power at 1 to
70 Hz was represented in the spectrograms on a log scale. Differ-
ences in the time-frequency spectrograms between fatal and non-fatal
seizures were evaluated with a shuffle test. For the 24 seizures
reported (16 non-fatal and 8 fatal), the difference between the mean
non-fatal and mean fatal spectrograms were calculated for
600 seconds preceding and following seizure offset. To generate a
surrogate distribution of differences in the mean spectrograms, the
labels “fatal” and “non-fatal” were randomly assigned to each seizure,
and the difference in mean spectrograms was recalculated. This was
repeated 10,000 times. The p value testing the null hypothesis of no
difference between fatal and non-fatal seizures at each time-frequency
point was determined as the fraction of surrogate differences greater
than the true difference. The p values were smoothed using a 2D
Gaussian filter with a standard deviation of 0.5.

Simultaneous Recording of EEG,
Electrocardiogram, and Breathing During
SUDEP
Mice around 2 months old were implanted with EEG and electrocar-
diogram (ECG) electrodes. For EEG electrodes, 2 holes were drilled
into the skull (one on the parietal bone and the other above the cere-
bellum), and electrodes were positioned and fastened using mounting
screws (E363/96). For ECG electrodes, the wires were bilaterally con-
nected to the tissue under the skin on the side of the body and
extended subcutaneously to the head. Both EEG and ECG electrodes
were connected to the head mount, which was stabilized by dental
cement. After 1 week of recovery, mice were placed in the whole-
body plethysmograph chamber (Buxco; approximately 500 mL), and
the head mount was connected to the amplifier. EEG, ECG, and
breathing data were collected by PowerLab (AD instruments). The
sampling rate was 1,000 Hz. The EEG signal was digitally filtered
using a band-pass filter (25–300 Hz) and integrated (time constant
of 0.1 seconds) by LabChart (AD instruments). The ECG signal was
digitally filtered using a high-pass filter (25 Hz). The mice were
recorded daily until they developed SUDEP.

Breathing Recording in Hypoxia Challenge
For breathing recording in the basal and hypoxia condition, mice
were placed in the whole-body plethysmography chamber at
room temperature. Mice were allowed to acclimate to the cham-
ber in normoxia (21% O2 balanced with nitrogen) at 1 L/minute
flow rate before recording breathing. For the hypoxia challenge,
mice were exposed to normoxia for 20 minutes and then
switched to hypoxia (10% O2 balanced by nitrogen) for
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20 minutes before switching back to normoxia. During the
switches, the chamber was flushed with the new gas mixture for
1 minute before data collection. Breathing parameters were
recorded and analyzed by EMKA IOX2 software (EMKA Tech-
nologies, Beijing, China) that calculates the tidal volume based
on the Drorbaugh and Fenn formula.20 Body temperature was
tested by a rectal probe connected to a temperature controller
(Physitemp Instruments; TCAT-2LV) in the hypoxia challenge.

Image Acquisition, Soma Size, Cortical Thickness
Measurement, and Statistical Analyses
Multi-channel imaging was performed using a Leica SP5 confocal
microscope. All images were further processed in Adobe Photo-
shop software. The soma size of Ai9+ or PV+ neurons from
approximately P21 to 30 brains were compared between control
and Depdc5 CKO. Cortical thickness was measured from the pial
surface to the white matter from the somatosensory cortex. Auto-
mated measurement was performed in ImageJ. Statistical analysis
was performed using GraphPad. The number of animals used in
each experiment was listed in the results and figure legends. The
p values were determined by the Student t test. Analysis of vari-
ance was conducted with Bonferroni post hoc correction for multi-
ple comparisons. All data were shown as mean � SEM. A p value
less than 0.05 was considered to be statistically significant. In fig-
ure panels throughout the paper, the following labeling conven-
tions for statistical testing are used: no significance (ns): p > 0.05;
*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

Results
Depdc5 Deletion in a Subpopulation of
Forebrain Excitatory Neurons Causes Epilepsy
We and others have shown that Emx1-Cre mediated
Depdc5 deletion in dorsal cortical progenitors causes severe
epilepsy, megalencephaly, and premature death around
postnatal (P) weeks 2 to 3.16,17 Surprisingly, Syn1-Cre
mediated Depdc5 deletion in all neuronal lineages (excit-
atory and inhibitory neurons) and neural structures often
caused just one terminal seizure followed by death at
3 months old.9,18 These striking phenotypic differences
suggest that epileptogenesis and SUDEP in DEPDC5-
related epilepsy could be cell-type dependent.

To test whether Depdc5 deletion in excitatory neu-
rons alone causes epilepsy, we crossed Rbp4-Cre trans-
genic mice21 to mice with floxed Depdc5 alleles16 to delete
Depdc5 in a subset of forebrain excitatory neurons as early
as at embryonic day (E) 16.521 (hereafter referred to as
Rbp4-Cre; Depdc5F/F CKO mice). To examine the recom-
bination pattern, we first crossed Rbp4-Cre to the Ai9
reporter line.22 tdTomato signal was observed in the
somata, dendrites, and axons of layer 5 pyramidal and
dentate gyrus granule excitatory neurons (Fig 1A), consis-
tent with the previous report.21 Furthermore, these
tdTomato labeled cells were not immunopositive for
markers of interneurons (Fig 1B), astrocytes (Fig 1C), or

oligodendrocytes (data not shown), suggesting that
Rbp4-Cre recombinase activity is both spatially and cell-
type specific. We then crossed Rbp4-Cre to both Ai9 and
Depdc5F/F transgenic lines to generate Depdc5 conditional
knockout (Rbp4-Cre; Ai9; and Depdc5F/F) and littermate
controls (Rbp4-Cre; Ai9; Depdc5F/W or Rbp4-Cre; Ai9;
Depdc5W/W). Because of the lack of a specific antibody
against DEPDC5, immunohistochemistry and Western
blot could not be performed to directly detect the Cre-
mediated Depdc5 deletion. Instead, we examined the
expression level of ribosomal protein S6 (pS6), the down-
stream target of the mTOR signaling pathway. Compared
to layer 4 or 6 neurons (tdTomato negative), layer
5 Depdc5 knock-out (KO) neurons (tdTomato positive)
in the same Rbp4-Cre; Depdc5F/F CKO mice brain
showed a robust increase in pS6 immunoreactivity
(Fig 1D, D"), indicating elevated mTOR signaling. Com-
pared to layer 5 WT neurons, layer 5 Depdc5 KO neurons
also showed significantly increased pS6 staining (data not
shown) with a much larger soma surface area (Fig 1E–G),
a pathological hallmark of mTORopathies. Cortical thick-
ness, however, was not significantly increased in
Rbp4-Cre; Dedpc5F/F CKO mice (Fig 1H).

To determine whether Depdc5 deletion mediated by
Rbp4-Cre is sufficient to cause spontaneous seizures, con-
tinuous vEEG monitoring was performed (Fig 2A,
n = 19). All Rbp4-Cre; Depdc5F/F CKO mice developed
IEDs, including spike and wave discharges that at times
were periodic or rhythmic and lasted up to several seconds
(Fig 2B, B’). Mice developed their first seizures by
2 months old (postnatal day 57.25 � 10.92 days old).
The seizure frequency was 1.49 � 0.83 per day (Fig 2D,
F). Most seizures were characterized by generalized tonic–
clonic (GTC) activity followed by wild running (Racine
score 5, n = 122 out of 126),23 and a few were subclinical
seizures (n = 4 out of 126). All seizures showed bi-
hemispheric onset with rhythmic spike-and-wave dis-
charges followed by evolution in frequency and amplitude
(Fig 2C, C’). Seizures were brief (Fig 2E), and no animals
developed status epilepticus (defined as lasting longer than
3 minutes) or seizure clusters (defined as > 2 seizures
within 1 hour). In contrast, Rbp4-Cre; Depdc5F/W mice
(n = 11) did not show IED or spontaneous seizures.

To test if Depdc5 deletion in interneurons
(IN) causes epilepsy, we deleted Depdc5 in ventral cortical
progenitors within the MGE using Nkx2.1-Cre transgenic
mice.24 The MGE is the primary source of parvalbumin
(PV) and somatostatin (SST) interneurons25 that respec-
tively provide the major contribution to perisomatic and
dendritic inhibition.26 Cre expression in Nkx2.1-Cre mice
was detected in the MGE as early as E10.5 and postna-
tally in more than 80% of PV- and SST-positive INs.24
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(Figure legend continues on next page.)
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Although PV+ INs were cytomegalic with significantly
increased pS6 immunostaining (Fig 3A–C), Nkx2.1-Cre;
Depdc5F/F CKO mice showed no change in cortical thick-
ness (Fig 3D) and no seizures during 2 to 6 weeks of con-
tinuous vEEG recording (data not shown). In summary,
our data suggest that Depdc5 deletion in a subpopulation
of excitatory neurons in the brain is sufficient to drive epi-
leptogenesis and cause seizures.

Rbp4-Cre; Depdc5F/F CKO Mice Develop SUDEP
Rbp4-Cre; Depdc5F/F CKO mice grew normally into
young adulthood but had a shortened life span (Fig 4A).
Nearly all Rbp4-Cre; Depdc5F/F CKO mice died suddenly
without physical or behavioral concerns. The carcasses
were often in a tonic posture with extended hindlimbs,
raising concern for SUDEP. Littermate WT and

Rbp4-Cre; Depdc5F/W mice all survived beyond 6 months.
Continuous vEEG monitoring was performed to identify
SUDEP. Eight of 12 Rbp4-Cre; Depdc5F/F CKO mice
died immediately following a generalized tonic–clonic sei-
zure (Racine score of 5). The fatal and the last non-fatal
seizures from the same animal were analyzed to investigate
if EEG features could predict SUDEP. The EEG signals
started recovering within 10 to 30 seconds from the onset
of post-ictal suppression in non-fatal seizures, whereas the
EEG signals never recovered from the suppression in fatal
seizures (Fig 4B, C). Visual inspection of the post-ictal
EEG revealed that all non-fatal seizures preserved low
amplitude rhythmic theta frequency activity, whereas fatal
seizures did not (see Fig 4B, C inserts), which was con-
firmed by a statistically significant difference in theta
power immediately after seizures (see Fig 4D, D’). The

FIGURE 1: Rbp4-Cre mediates Depdc5 deletion in cortical layer V and dentate gyrus excitatory neurons. (A) A representative
coronal section of an Rbp4-Cre; Ai9 mouse brain. In the cortex, tdTomato-positive neurons are in cortical layer V and send out
interhemispheric cortical-to-cortical axonal projection (stars). In the hippocampus, granular cells (gc) in the dentate gyrus (DG),
mossy fibers (mfs), and dendrites in the molecular layer (ml) are intensely labeled. (A’ and A") Are higher magnification images of
the cortex and hippocampus, respectively. Dotted lines are drawn to outline the cortex. Roman numerals indicate different
cortical layers. CTX: cortex. (B-B00) tdTomato-positive cells are not positive for the interneuron marker, Parvalbumin (green
arrows), or C-C00) the astrocyte marker, GFAP (green arrows). (D–D00) Representative images obtained from an Rbp4-Cre;
Depdc5F/F; Ai9+/� mouse brain. In the cortex, dtTomato-positive Depdc5 knockout (KO) neurons in layer V have significantly
increased immunoreactivity of pS6 (green), as compared to dtTomato-negative neurons in layers IV and VI. (E-G) Compared to
tdTomato-positive layer V neurons in control animals (E; arrowheads), tdTomato-positive Depdc5 KO neurons (F; arrows) are
cytomegalic and have a significantly increased surface area (G; control: 219.7 � 7.46 um2, n = 3, vs conditional knockout [CKO]
395.5 � 7.64 um2, n = 4. p < 0.0001). (H) Cortical thickness is not increased in Rbp4-Cre; Depdc5 CKO mice (control:
1235 � 49.97 um, n = 6 vs CKO 1262 � 34.9 um, n = 5, p = 0.6). Scale bar = 250 μm in A; 1 mm in A’ and A"; 100 um in B to F.

FIGURE 2: Rbp4-Cre; Depdc5F/F CKO mice develop spontaneous generalized tonic–clonic seizures. (A) Timeline of continuous
vEEG monitoring experiments. The EEG implantation was performed around one-month-old. The vEEG started 5 days after
implantation and continued until P3 months (m). (B, B0) Representative examples of interictal epileptiform discharges (IEDs),
including singly occurred spikes in (B) and periodic spike-and-wave discharges in B0). In (B0), arrows indicate spikes, and stars
indicate the after-going slow waves. (C) A representative EEG trace of generalized tonic–clonic seizures. (C0) The spectrogram of
the seizure in (C). The boxed area displays a surge of increased power across all frequency bands, representing the seizure in (C).
Postictally, decreased power in all frequency bands (stars) is evident and represents EEG background suppression, lasting up to
200 seconds (s). The background then gradually recovers. (D-F) Age of seizure onset = 57.25 � 3.16 postnatal days (n = 12),
seizure duration (42.65 � 3.544 seconds, n = 12), and seizure frequency (1.45 � 0.25 per day, n = 11). LH = left hemisphere;
RH = right hemisphere.
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absence of this specific theta frequency (3–12 Hz) band
could suggest that “death” already occurred before the
seizure offset or could represent a unique electrographic
marker indicating imminent death or an irreversible
pathological state. Because the seizure was brief and car-
diac asystole did not occur ictally (see the next section),
the immediate EEG suppression likely represented an
abrupt and widespread circuit perturbation that is not
reversible and results in death. Semiologically, there was
no difference in severity between the fatal and last non-
fatal seizure because most seizures in each group were
GTC (Fig 4E). The seizure duration did not differ
between the fatal and last non-fatal seizure (Fig 4F). The
frequency of non-fatal seizures did not increase before
the terminal seizure (Fig 4G). Fatal seizures occurred
during both the nocturnal and diurnal phases (4 in the
light phase and 4 in the dark phase). The age at SUDEP
ranged from P46 to 116 days (Fig 4H). Our data show
that the Rbp4-Cre; Depdc5F/F CKO mouse model reca-
pitulates many features of epilepsy and SUDEP in
humans.

Rbp4-Cre; Depdc5F/F CKO Mice Develop Ictal
Apnea and Interictal Respiratory Dysregulation
To better understand the cause of post-ictal death in
Rbp4-Cre; Depdc5F/F CKO mice, a custom mouse

epilepsy monitoring unit was used to record EEG, ECG,
behavior, and plethysmography. Mice were singly housed
in a plethysmography recording chamber and underwent
daily 12-hour recording sessions until they developed
SUDEP. Although the majority of SUDEP events
occurred when the recording was temporarily halted or
after the recording apparatus was dislodged, 3 SUDEP
events were recorded and analyzed. Pre-ictally, Rbp4-Cre;
Depdc5F/F CKO mice exhibited rhythmic breathing and
heartbeats (Fig 5A, B, B1 enlarged from B). Interestingly,
slightly before ictal onset detected by EEG (Fig 5C1,
arrow), Rbp4-Cre; Depdc5F/F CKO mice already increased
their breathing rate (see Fig 5C1, arrowhead) without
clear body movements detected on video or by movement
artifacts on EEG. During fatal seizures, tachypnea contin-
ued into the ictal period and then abruptly developed into
complete apnea (Fig 5D1, red arrowhead), which persisted
into the post-ictal period and never recovered (Fig 5E).
Modest bradycardia was seen during the post-ictal phase,
but the heartbeat continued for several minutes with
slowly worsening bradycardia, eventually leading to termi-
nal asystole (see Fig 5E1 enlarged from E). It is notewor-
thy that the clinical and electrographic seizure was still
ongoing after the onset of apnea. In contrast, tachypnea
was observed through the ictal and post-ictal periods dur-
ing non-fatal seizures. These results suggest the critical role

FIGURE 3: Depdc5 deletion in interneurons does not cause seizures. (A, B) Representative images of anti-pS6 (green) and anti-
PV (red) co-immunohistochemistry staining on P21 brain coronal sections from control (A) and Nkx2.1-Cre; Depdc5 CKO mice.
Compared to control PV+ interneurons (arrowheads in A), Depdc5 KO PV+ interneurons (arrows in B) show significantly
increased immunoreactivity of pS6 (yellow). (A’ and B0) Are higher magnification images. (C) Quantification shows that cortical PV
+ interneurons in Nkx2.1-Cre; Depdc5F/F CKO mice have an enlarged soma size (n = 4 in control and CKO groups, student
t test, p < 0.001). (D) Nkx2.1-Cre; Depdc5 CKO mice do not display increased cortical thickness. Scale bars = 500 um in A and B;
and 25 um in A’ and B0. CKO = conditional knockout; Ctrl = control; ns = not significant; PV+ = parvalbumin positive.
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of ictal apnea in the death of Rbp4-Cre; Depdc5F/F

CKO mice.
Because these animals failed to recover from ictal

apnea, we next asked if they have interictal respiratory
phenotypes and performed hypoxia challenge test. At base-
line (normoxia), Rbp4-Cre; Depdc5F/F CKO mice and
their littermate controls had similar respiratory rates
(Fig 5F, I), but Rbp4-Cre; Depdc5F/F CKO mice showed
decreased tidal volume (TV; Fig 5G, H) and minute ven-
tilation (MV; Fig 5J,K). Upon exposure to 10% O2 (hyp-
oxia), Rbp4-Cre; Depdc5F/F CKO mice and their
littermate controls showed similar body temperature
(36.0 � 0.4�C in control vs 36.2 � 0.2�C in CKO mice,
n = 3) and developed a similar hypoxia ventilatory
response, including increased respiratory rate, TV, and
MV (see Fig 5F–H, arrows). During the 20-minute chal-
lenge, control mice gradually exhibited hypoxic ventilatory
depression, in which their respiratory parameters returned
to baseline.27 In contrast, Rbp4-Cre; Depdc5F/F CKO
mice showed a sharp and continuous decline of respiratory
function (see Fig 5F–K). By the end of hypoxia challenge,
their respiratory rate, TV, and MV were not only

significantly lower than control mice but also lower than
their own baseline. These results suggest that Rbp4-Cre;
Depdc5F/F CKO mice have intrinsic circuit disturbances
resulting in maladaptation to hypoxia.

Discussion
Depdc5 Deletion in Cortical Layer 5 and
Hippocampal Dentate Gyrus Excitatory Neurons
is Sufficient to Cause Epilepsy
The DEPDC5 encodes the DEP domain-containing pro-
tein 5 (DEPDC5) that, together with nitrogen permease
regulator 2-like (NPRL2) and nitrogen permease regulator
3-like (NPRL3), forms GATOR1 complex, the main neg-
ative regulator of the amino acids sensing machinery in
the mTORC1 signaling pathway.28 The mTOR pathway
plays critical functions in various physiological and behav-
ioral processes, and its aberrant hyperactivation has been
linked to different pathological conditions, including epi-
lepsy. Cell type-specific loss of the mTOR inhibition in
cerebellar, dopaminergic, serotonergic, or striatal neurons
induces different cognitive and behavioral deficits in the
absence of epilepsy,29–34 suggesting that distinct cell types

FIGURE 4: Rbp4-Cre; Depdc5F/F CKO mice develop SUDEP. (A) Rbp4-Cre; Depdc5F/F CKO mice (red line, n = 20) have a
shortened lifespan and die by 4 months of age. In contrast, control (green line, n = 19) and Nkx2.1-Cre; Dedpc5 CKO (data not
shown) mice survive beyond 6 months. (B, C) Representative EEG examples of the last non-fatal (B) and fatal seizures
(C) recorded from the same animal. The arrowhead and arrow indicate the ictal onset and ictal offset, respectively. Immediately
following the ictal offset, generalized EEG suppression is seen in both non-fatal and fatal seizures. However, close-up visual
examination (black boxes) reveals that low amplitude monotonous theta frequency activity is preserved only in non-fatal
seizures. (B0, C0) Mean spectrograms showing log10 (power) for non-fatal (B0, n = 16) and fatal seizures (C0, n = 8) in the 0–70 Hz
frequency bands. Insets show �20 seconds to +30 seconds from seizure offset (time 0, dashed line) and frequencies from 0 to
15 Hz. Immediately after the ictal offset, spectrograms display decreased power in the 0 to 10 Hz band in fatal seizures,
confirming the electrographic findings. (D) Difference between mean log10 (power) spectrograms (non-fatal – fatal). (D0) The
p values that the difference between fatal and non-fatal seizures arises due to chance alone as a function of time and frequency.
A significant difference (p < 0.05, inset) is observed immediately after the ictal offset in the theta frequency band. (E) The last
non-fatal seizures and fatal seizures are generalized tonic–clonic seizures. (F) The last non-fatal and fatal seizures have similar
seizure duration. (G) The seizure frequency does not increase significantly on the day of non-fatal seizures. (H) Quantification of
the age of SUDEP.

8 Volume 00, No. 0

ANNALS of Neurology
 15318249, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ana.26773 by U
niversity O

f M
ichigan L

ibrary, W
iley O

nline L
ibrary on [07/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and circuits are responsible for specific neuropsychiatric
manifestations. Here, we showed that Depdc5 deletion in
a subset of forebrain excitatory neurons was sufficient to

cause epilepsy and SUDEP. In contrast, Nkx2.1-Cre
mediated IN-specific Depdc5 deletion did not cause
spontaneous seizures, consistent with previous studies.

(Figure legend continues on next page.)
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For example, mice with Tsc1 deletion in PV+ or SST+
INs did not develop spontaneous seizures and grew nor-
mally into adulthood.35 Mice conditionally expressing the
constitutively active Pik3ca p.H1047R pathogenic variant
in MGE-derived interneurons (Nkx2.1-Cre),36 or more
specifically in PV+ INs (Pvalb-Cre),37 did not develop
spontaneous seizures. These results suggest that
mTORopathy-related epilepsy is not caused by the dele-
tion of the mTOR pathway genes in INs. Interestingly, a
recent study used a human cerebral organoid model of
TSC and identified the over-proliferation of caudal late
interneuron progenitor cells as a vulnerability for brain
tumors and cortical malformation.38 Although human-
specific neurodevelopmental programs could be unique, it
remains unclear whether these findings from cultured
organoids representing very early embryogenesis can be
translated into functional changes in more mature brains.

Although patients with familial DEPDC5-related
epilepsy harbor a germline mutation, they primarily pre-
sent with focal pathology in the brain.13,14 Genetic evi-
dence has emerged that the focal pathology is the
consequence of a pathogenic germline mutation and a
somatic mutation leading to mosaic biallelic DEPDC5
loss-of-function (LOF),39–41 concordant with Knudson’s
“2-hit” hypothesis.42 Although our studies did not pre-
cisely recapitulate this “2-hit” genetic mechanism,
Rbp4-Cre; Depdc5F/F CKO mice modeled the mosaic
biallelic LOF mutation in the brain.

Rbp4-Cre; Depdc5F/F CKO Mice Recapitulate
DEPDC5-Related Epilepsy and SUDEP
Rbp4-Cre; Depdc5F/F CKO mice developed fatal seizures
between approximately P50 and P120, equivalent to
young adulthood in humans. It is noteworthy that
SUDEP occurs at approximately 20 to 40 years old on

average, with a higher incidence at the younger end.43 We
also did a literature search and identified 8 well-
documented DEPDC5-related SUDEP cases with the age
of death ranging from 18 to 58 years old.9,11,12

Rbp4-Cre; Depdc5F/F CKO mice developed frequent
spontaneous tonic–clonic seizures, the greatest risk factor
for SUDEP, and their death did not occur in the context
of status epilepticus or repetitive seizures, phenocopying
humans with SUDEP. These features were remarkably dif-
ferent from previous animal models of DEPDC5-related
epilepsy. We previously generated dorsal progenitor-
specific Emx1-Cre; Depdc5F/F CKO mice that developed
severe seizures and died during the third postnatal
week.16,17 These mice developed seizure clusters, immo-
bility, malnutrition, and wasting preceding death, making
it challenging to use them for SUDEP studies. On the
other hand, most Syn1-Cre; Depdc5F/F CKO mice died of
a single seizure at approximately 3 months without any
prior spontaneous (clinical or subclinical) seizures, which
represents an extremely rare event in patients with
SUDEP.9,18 This is also in sharp contrast to the clinical
hallmark of mTORopathies: frequent seizures. Although
the strain background could slightly differ in these trans-
genic experiments (for example, it is unclear if previous
studies used a congenic C57BL/6 Syn1-Cre strain),9,18 the
drastic difference in seizure severity was likely caused by
Depdc5 deletion in different cell populations.

Electrographically, all fatal seizures showed immedi-
ate flattening of EEG activities upon ictal offset, which
could represent post-ictal generalized EEG suppression
(PGES).5,43 This immediate and abrupt switch from brief
high amplitude ictal discharges to absolute inactivity sug-
gests an intrinsic cerebral shutdown or an irreversible fail-
ure resulting in imminent death. PGES was proposed as a
strong predictor of SUDEP, with the odds of SUDEP

FIGURE 5: Rbp4-Cre; Depdc5F/F CKO mice develop ictal apnea and interictal respiratory dysregulation. (A) Representative EEG,
breathing, and ECG traces during a spontaneous fatal seizure. Red dotted rectangles indicate (B) the baseline/pre-ictal stage,
(C) the ictal onset, (D) the seizure progression, and (E) the post-ictal stage. (B1–E1) Expanded traces of (B-E). (B1) Pre-ictally,
heartbeat and breathing are rhythmic. (C1) Ictal onset is marked by the arrowhead on the EEG trace. The mouse displays
tachypnea with increased respiratory rate slightly before the definite electrographic onset (arrowhead on the breathing flow
trace), suggesting a possible hypersynchrony involving respiratory circuits. Although the ECG trace is soon masked by muscle
artifacts (star), there is no clear cardiac arrhythmia or irregular heartbeat at the seizure onset. (D1) Tachypnea persists in the ictal
period and suddenly transitions to complete apnea (red arrowhead) in the middle of the seizure (approximately 15 seconds after
the onset). (E1) During the post-ictal stage, the background suppression on EEG and the complete apnea on plethysmography
continue and never recover during SUDEP. In contrast, mild bradycardia is evident on ECG and continues to worsen for several
minutes leading to a terminal asystole. Scale bars: 5 seconds in A; 1 seconds in B1–E1. (F–H) Respiratory rate (bpm) (F), TV (G),
and MV (H), of the Rbp4-Cre; Depdc5F/FCKO mice (n = 6, red) and their littermate controls (n = 10, blue) before, during, and
after hypoxia challenge (each period of 20 minutes). Upon exposure to a hypoxia condition, CKO mice and their littermate
controls initially develop a similar hypoxia ventilatory response, including increased respiratory rate, TV, and MV (arrows).
However, during the last 5 minutes of the challenge, CKO mice exhibit significantly diminished respiratory function in all
3 parameters (arrowheads). (I-K) Quantification of respiratory rate (I), tidal volume (J), and minute ventilation (K) show that
Depdc5 CKO mice (n = 6) and their littermate controls (n = 10) before, during, and after the hypoxia challenge. bpm = beats
per minute; MV = minute ventilation; TV = tidal volume.
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increasing by a factor of 1.7% (p < 0.005) with each
1-second increase in PGES duration.44,45 However, several
follow-up studies did not reproduce these findings and
showed that non-fatal generalized tonic–clonic seizures
could also cause PGES. These discrepancies could be
explained by heterogeneous patient populations and inher-
ent difficulties defining PGES. PGES was defined as dif-
fuse EEG background attenuation (eg, < 10 μV) based on
the standard human 10 to 20 system scalp EEG record-
ing45,46 that has relatively low sensitivity and often cannot
detect low-voltage cortical activity. Therefore, non-fatal
seizures could result in PGES on scalp EEG but still show
clear cortical activity on intracranial EEG. The mouse
EEG in our studies was obtained from screw electrodes
fixed in the skull, similar to epidural electrocorticography,
which could explain the high specificity of PGES in our
study. Interestingly, in non-fatal seizures, the post-ictal
low voltage rhythmic EEG activity and the preserved
breathing rate were both in the theta frequency range. It is
well-known that nasal respiration could drive neuronal
oscillations.47 Prominent respiration-entrained oscillations
have been observed in the barrel cortex,48 medial prefron-
tal cortex,49 and parietal cortex,50 during immobility,
sleep, and active exploration. The post-ictal theta-
frequency on EEG could represent activity driven by res-
piration, not the classically defined theta rhythm.

Rbp4-Cre; Depdc5F/F CKO Mice Develop Ictal
Apnea and Interictal Respiratory Dysfunction
In the landmark MORTEMUS study, patients who died
of SUDEP in epilepsy monitoring units showed terminal
apnea preceding terminal asystole.51 Several animal models
also recapitulated seizure-induced respiratory arrest. For
example, death could be prevented in a Dravet mouse
model by mechanical ventilation and intra-
cerebroventricular infusion of atropine, suggesting a cen-
tral apnea mechanism of SUDEP.5,52,53 Importantly, the
tonic phase-related apnea has been observed in both
Dravet mice and WT mice with chemically induced sei-
zures, suggesting a possible common SUDEP mechanism
independent of epilepsy etiology.6 In agreement with these
studies, Rbp4-Cre; Depdc5F/F CKO mice developed ictal
apnea before cardiac asystole during fatal seizures and,
more interestingly, had baseline respiratory dysregulation.

It remains unclear how seizures lead to respiratory
arrest in SUDEP, but there are several possibilities. First,
direct and indirect projections from the cortex to
brainstem respiratory centers could be the anatomic sub-
strate for seizure-induced respiratory dysfunction. General-
ized seizures drive dual inhibition on the central
respiratory and cardiac pathways resulting in ictal apnea
and bradycardia.54 In addition, it is possible that seizures

alter cellular or neural network function, leading to pro-
gressive respiratory disruption and increased SUDEP
propensity. Radiographic and pathological studies indeed
showed structural and cytoarchitectural abnormalities in
the ventral lateral and raphe regions of the medulla, which
both play important roles in central respiratory regula-
tion.55 Recurrent seizures could trigger extensive gliosis in
those areas resulting in respiratory abnormalities and pre-
mature mortality.56 Concordantly, the inadequate
response to hypoxia in Rbp4-Cre; Depdc5F/FCKO mice
suggests that the breathing circuit develops increased vul-
nerability to severe seizures over time that results in respi-
ratory decompensation and, ultimately, failure. A second
possibility is that defective molecular programs in respira-
tory control regions make the breathing circuit more vul-
nerable to seizures. For example, neurons in breathing
control regions express ion channels important for respira-
tory functions. In a Dravet syndrome mouse model,
expression of an SCN1A pathogenic variant in inhibitory
neurons in the retrotrapezoid nucleus, a key brainstem
region in the breathing circuit, resulted in defective che-
mosensation and SUDEP.57 A third possibility is that
developmentally accumulated molecular and cellular
defects induced by recurrent seizures, together with intrin-
sically perturbed homeostasis due to gene mutations, pro-
gressively increase the susceptibility of critical respiratory
centers to failure during generalized tonic–clonic seizures.

In summary, our study provides a novel animal
model of DEPDC5-related epilepsy and SUDEP with
good construct and face validity, paving the way to parse
out the pathophysiology at molecular, cellular, and circuit
levels.
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