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mice (Fig. 5, A to C). mTOR not only is 
a master regulator of protein translation 
but also can lead to increases in mRNA. 
Therefore, we examined whether Hcn4 
mRNA was increased in RhebCA- com­
pared to GFP-electroporated cortices from 
3- to 4-month-old mice. Quantitative 
reverse transcription polymerase chain 
reaction (qRT-PCR) was performed for 
Hcn1, Hcn2, and Hcn4, as well as Vegf, 
which is increased in hyperactive mTOR 
conditions (32, 33). The expression of 
Hcn1, Hcn2, and Hcn4 mRNA were 
unchanged, whereas the expression of 
Vegf mRNA was significantly increased 
(P < 0.05, Student’s t test; Fig. 5D). 
Considering that HCN channel expres­
sion has been shown to be up- or down-
regulated by seizures (34), we examined 
whether RhebCA neurons would express 
HCN channels during postnatal cortical 
development before the onset of convul­
sive seizures, which were visible in >P21 
mice. Recordings in slices from P8 to 
P12 mice showed that RhebCA neurons 
displayed zatebradine-sensitive Ih currents 
that were greater than that in control 
GFP neurons recorded in littermate mice 
(P < 0.001 at −90 mV and P < 0.0001 at 
−100 to −130 mV, two-way repeated 
measures ANOVA followed by Tukey’s 
posttest; Fig. 5, E to G). In addition, 
there was a significant increase in Ih 
currents in RhebCA neurons during de­
velopment from age group P6-P12 to 
P28-P42 (P < 0.0001, one-way ANOVA) 
but no change in control neurons (Fig. 5H). 
These data indicate that mTOR hyper­
activity participates in the aberrant 
expression of HCN4 in FCM neurons 
before the onset of convulsive seizures.

HCN4 is abnormally expressed 
in human TSC and FCDII neurons
Data presented above indicate that HCN4 
channels confer a spiking advantage in 
RhebCA neurons that otherwise would 
not be able to generate repetitive firing 
upon cAMP stimulation. To examine 
whether abnormal HCN4 expression 
occurs in patients with FCM, we ob­
tained cortical tissue from nine patients 
who underwent surgery for epilepsy due 
to FCM. Details about the samples (pa­
tient age, sex, fixation type, and medical 
notes) and the staining performed are 
summarized in table S1. Seven patients 
had the histopathological diagnosis of 
FCDII, and two patients had TSC. Patients 

Fig. 5. HCN4 expression is mTOR-dependent and precedes seizure onset. (A and B) HCN4 immunostaining 
(NeuroMab) and tdTomato fluorescence in RhebCA mice treated with vehicle (A) or rapamycin (B) and higher-magnification 
images. Scale bars, 140 and 60 m, respectively. (C) Integral fluorescence in cells expressing RhebCA from mice treated 
with vehicle or rapamycin. (D) Normalized qRT-PCR values for Hcn1, Hcn2, and Hcn4 as well as Vegf divided by Gapdh 
from microdissected cortices containing GFP or RhebCA. (E and F) Representative current traces in P8 to P12 cortical 
neurons expressing GFP (control) or RhebCA. Scale bars, 100 ms/500 pA. The blue dotted lines illustrate where the 
h current amplitude (Ih) was measured within each voltage step to generate Ih-V curves (F). (G) Plot of the zatebradine 
block of Ih (measured at −90 mV) over time in a RhebCA neuron. Left inset: Traces of zatebradine block at −90 mV in 
RhebCA neurons. Scale bars, 200 ms/100 pA. (H) Bar graphs of −Ih at the different ages under control and RhebCA 
conditions. Statistical analyses: Unpaired Student’s t test. (C), two-way repeated measures ANOVA followed by 
Tukey’s posttest (F), and one-way ANOVA (H). Data are means ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001. Exact 
P values can be found in table S4.
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Fig. 6. Ectopic HCN4 expres-
sion in diseased neurons 
in human FCDII cortices. 
(A and B) Staining for HCN4 
in patient 1 with FCDII at 
low (A) and high magnifi-
cations (B). Images in (B) 
were approximately from 
the squares in (A). Scale 
bars, 250 m (A) and 30 m 
(B). (C) Staining for HCN4 in 
patient 2 with FCDII at low 
and high magnifications. The 
pink arrows point to HCN4-
positive cells. Scale bars, 
250 and 30 m. (D) Image 
at a lower magnification for 
patient 2. Scale bar, 2600 m. 
(E and F) Relative soma size 
(E) and HCN4 intensity (F) in 
HCN4-positive and HCN4-
negative cells averaged per 
FCDII sample. (G and H) Im-
munostaining for HCN4 and 
phospho-S6 (G) or SMI-311 
(H) in FCDII tissue from pa-
tient 6 costained with DAPI. 
Scale bars, 70 m (G) and 
30 m (H). Statistical analy-
sis: Paired Student’s t test. 
**P < 0.01 and ***P < 0.001.
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had FCM detected on magnetic resonance imaging and underwent 
EEG with a combination of subdural grid and depth electrodes be­
fore FCM resection. Patients were identified as FCDII after surgery 
on the basis of pathological examination of the hematoxylin-stained 
resected tissue and identification of hallmarks of FCDII, including 
cortical dyslamination and the presence of cytomegalic neurons. In 
all the samples (n = 7 FCDII and n = 2 TSC), we performed HCN4 
immunostaining and observed enlarged cells with strong HCN4 
immunoreactivity (NeuroMab and Alomone antibodies in all nine 
samples and in three frozen samples, respectively; Figs. 6 and 7 and 
figs. S5 to S7). Upon quantification, HCN4-positive cells displayed 

increased soma size compared to normal-appearing, surrounding 
cells that had no or weak HCN4 staining (mean of 15 to 53 analyzed 
cells per sample, n = 7 hematoxylin-stained samples; Fig. 6, E and F). 
HCN4-positive fibers were visible in six of nine samples (Fig. 6) 
and may correspond to either processes of diseased neurons or 
thalamic inputs or both (35). In three frozen samples (two FCDII 
and one TSC), we coimmunostained for HCN4 and phospho-S6 
(Figs. 6, G, and 7, A to C, and fig. S7, A to C). HCN4-positive cells 
displayed increased phospho-S6 compared to surrounding cells (13 to 
14 cells analyzed per sample; Fig. 7D). In addition, in three frozen 
samples used for immunofluorescence (two FCDII and one TSC), we 

Fig. 7. Ectopic HCN4 
expression in diseased 
neurons in human TSC 
cortices. (A and C) Im-
munostaining for HCN4 
and phospho-S6 TSC tis-
sue from patient 8 cos
tained with DAPI. Scale 
bars, 70 m (A) and 40 m 
(C). (B) Higher magnifica-
tion of the cell shown in 
the white square in (A). 
Scale bar, 35 m. (D) Quan-
tification of phospho-S6 
(pS6) intensity in HCN4+ 
and HCN− cells. Statistical 
analysis: Paired Student’s 
t test. *P < 0.01. (E) Immuno
staining for HCN4 and 
SMI-311 in TSC tissue from 
patient 9 costained with 
DAPI. Scale bars, 40 m. 
(F) Higher magnification 
of the cell shown in the 
white square in (E). Scale 
bar, 20 m. NFL, neuro-
filament light chain.
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coimmunostained for SMI-311, which is a pan-neuronal neurofila­
ment (NF) that is accumulated in the soma and dendrites of dys­
morphic neurons in human and murine FCD and is considered a 
marker of these neurons [Fig. 6H and fig. S7 (D to F) for FCDII; Fig. 7 
(E and F) for TSC] (10, 14, 36). Every HCN4-positive cell was im­
munoreactive for SMI-311, identifying them as dysmorphic neurons 
(n = 7 to 15 cells per sample). Collectively, these data show that both 
mouse FCM neurons and dysmorphic human neurons from patients 
with TSC and FCDII display abnormal expression of HCN4 channels.

Overexpressing HCN4 in control neurons does not lead 
to convulsive seizures
We next examined whether ectopic expression of HCN4 alone was 
sufficient to trigger convulsive seizures (27, 28, 37, 38). To do so, we 
expressed a plasmid encoding HCN4 together with tdTomato or GFP 
using IUE at E15 to target layer 2/3 neurons. As reported above, 
HCN4 antibodies detected HCN4 immunostaining selectively in pyra­
midal neurons electroporated with HCN4 plasmid (fig. S4). Neurons 
overexpressing HCN4 were located in layer 2/3 as in control condition 
and did not display increased soma size or increased phospho-S6 
staining compared to contralateral layer 2/3 neurons (fig. S8, A to 
C). In acute slices of P21 to P43 mice, HCN4-overexpressing neu­
rons displayed larger hyperpolarization-activated inward currents 
and mean depolarized RMP compared with control neurons (fig. S8, 
D to F). HCN4-overexpressing neurons displayed a mean input-output 
(number of action potentials) curve similar to that of control neu­
rons, although firing was detected earlier (fig. S8, G and H). We next 
performed 7-day-long video-EEG recordings of mice expressing HCN4 
channels. None of the HCN4-expressing mice displayed tonic-clonic 
seizures (n = 7/7; fig. S8K). Nonetheless, five of seven mice displayed 
epileptiform discharges containing spikes, spike trains, or waves 
[defined in (39)] that were absent in GFP-expressing mice (fig. S8, 
I to K). These data show that HCN4 overexpression in control pyramidal 
neurons of the mPFC without morphological alterations typical of 
RhebCA neurons was not sufficient to trigger convulsive seizures.

Blocking HCN4 activity prevents the establishment 
of epilepsy
To then address whether the ectopic expression of HCN4 channels in 
RhebCA neurons contributed to seizure generation in FCM-expressing 
mice, we blocked HCN channel activity in vivo. To do so, we ex­
pressed nonfunctional HCN4 (HCN4NF) subunits that were gener­
ated by adding two mutations into HCN4 (40). HCN4NF subunits are 
expected to form heteromers with endogenous HCN4 subunits and 
render the endogenous HCN4 channel unable to conduct ions, thus 
acting as dominant negative. Both the sag responses observed in 
current clamp and the h currents recorded in voltage clamp in RhebCA 
neurons were eliminated in RhebCA neurons that coexpressed HCN4NF 
(Fig. 8, A and B). Furthermore, HCN4NF expression hyperpolarized 
the RMP of RhebCA neurons (Fig. 8C) similarly to what was shown 
with the HCN channel blocker zatebradine in Fig. 3. Similar to the 
experiments with Kir2.1, expressing HCN4NF in RhebCA neurons did 
not interfere with mTOR hyperactivity as measured by phospho-S6 
immunofluorescence and soma size (Fig. 8, D and E). HCN4NF ex­
pression in RhebCA neurons did not alter the properties of action 
potentials (Fig. 8F) or the input-output curve (Fig. 8, G and H). 
Thus, expressing HCN4NF in RhebCA neurons did not alter their 
ability to generate actions potentials, but it blocked the activity of 
endogenous HCN4 channels and hyperpolarized RMP. Last, a 

7-day-long continuous video-EEG monitoring of mice containing 
RhebCA neurons expressing HCN4NF revealed that these mice had 
no seizures, whereas littermate mice containing RhebCA neurons 
(without HCN4NF) displayed a mean of three daily convulsive sei­
zures (Fig. 8, I and J). Together, these data indicate that the abnormal 
expression of HCN4 channels in FCM neurons is necessary for 
generating seizures and blocking HCN4 channels is sufficient to 
decrease seizure activity.

DISCUSSION
To examine whether RhebCA neurons may be hyperexcitable and 
thus trigger seizures, we expressed Kir2.1 channels in RhebCA neu­
rons to hyperpolarize them (18). Kir2.1 expression hyperpolarized 
RhebCA neurons and increased their membrane conductance, leading 
to a right shift in the input-output curve without preventing in­
creased cell size, mTOR hyperactivity, and misplacement in mice. 
RhebCA neurons expressing Kir2.1 were thus less excitable and less 
responsive to depolarization. As a result of this manipulation, 
mice had fewer seizures, suggesting that alterations in RhebCA 
neurons’ electrical properties contribute to seizures. Using patch 
clamp recordings to examine electrical properties, we confirmed 
that RhebCA neurons have depolarized RMP and are thus closer 
to the threshold for generating action potentials. However, they also 
displayed increased conductance and required a larger depolarizing 
current injection to reach firing threshold. Therefore, RhebCA 
neurons are less responsive to depolarization than control neurons. 
These findings seemed to contradict the conclusion from the Kir2.1 
experiment, suggesting that RhebCA neurons should not trigger seizures. 
However, we identified the aberrant expression of HCN-mediated 
currents, which provided an explanation for the increased likelihood 
of RhebCA neurons to generate action potentials independent of 
depolarizing inputs but dependent on intracellular cAMP concen­
trations, as further detailed below. In young adult mice, RhebCA 
neurons expressed larger inward currents than in controls, includ­
ing a combination of HCN-mediated and presumed Kir-mediated 
currents. Outward currents could not be examined in RhebCA mouse 
neurons because of unclamped firing upon depolarizing voltage 
pulses. Because of the large increase in RhebCA neuron size, it was 
not surprising to find larger Kir-mediated currents, which are ex­
pressed in control layer 2/3 pyramidal neurons (41, 42). However, 
finding HCN-mediated currents was unexpected because control 
layer 2/3 pyramidal neurons do not express such currents, as 
confirmed here. HCN channels, particularly HCN2 and HCN4, are 
sensitive to intracellular cAMP concentrations and that high con­
centrations lead to increased HCN-mediated currents (15, 16). 
Considering that the concentrations of cAMP increases in develop­
ing hippocampal neurons (43) and could be altered in disease con­
dition, it is conceivable that the increase in HCN-mediated currents 
could also be due to increased cAMP concentrations in RhebCA 
neurons. We could not directly measure cAMP concentrations in 
RhebCA neurons. However, using immunostaining, we identified 
the selective expression of HCN4 that was not present in control 
neurons, and expressing HCN4NF led to a reduction of HCN-mediated 
currents. These data suggest that HCN-mediated currents in RhebCA 
neurons are primarily due to the ectopic expression of HCN4 chan­
nels independent of changes in cAMP concentrations. Increasing 
intracellular cAMP concentrations with forskolin was sufficient to 
trigger the firing of RhebCA neurons. Therefore, although RhebCA 
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neurons have an increased membrane 
conductance and require more current 
injection to reach firing threshold, they 
are more depolarized and thus closer 
to the firing threshold, and an increase 
in intracellular cAMP concentrations, 
as opposed to excitatory input-induced 
depolarization, could act as the trigger 
to induce RhebCA neuron firing. These 
data show an unanticipated mechanism 
of excitability that is consistent with a 
decrease in the excitatory drive [onto 
RhebCA neurons (18)]. Cortical pyrami­
dal neurons receive multiple inputs [in­
cluding noradrenergic and dopaminergic 
innervation from the locus coeruleus (44) 
and the ventral tegmental area (42, 45)] 
that activate receptors, leading to cAMP 
increases. Noradrenaline or dopamine 
released from these inputs could thus 
increase cAMP and activate HCN4 chan­
nels that would lead to firing and seizures. 
It is conceivable that preventing aberrant 
increases in cAMP, through inhibition 
of these specific receptors, might con­
tribute to reduce seizure activity.

Among the different HCN channels, 
we found the selective expression of HCN4 
channels in RhebCA neurons. HCN4 ex­
pression was absent in control pyramidal 
neurons in our sections, consistent with 
previous reports showing no expression 
in cortical pyramidal neurons in adult 
mice despite the presence of mRNA 
(29–31, 46, 47). Finding HCN4 chan­
nels in neurons that normally do not 
express these channels may seem unex­
pected. However, as shown in the de­
veloping hippocampus (43, 48), HCN4 
channels are expressed perinatally in the 
cortex and are markedly decreased in 
young adults (P30) (31). Considering that 
HCN4 expression was mTOR-dependent 
and mTOR increases protein translation, 
it is conceivable that the ectopic HCN4 
expression results from increased trans­
lation of mRNA already present in py­
ramidal neurons. Consistent with this 
idea is the lack of changes in Hcn4 mRNA 
expression in RhebCA-expressing neurons. 
This is also consistent with the lack of 
changes in Hcn4 mRNA expression in 
gene arrays performed in cortical tuber 
samples from individuals with TSC (49–51).

Our findings add to a large body of 
literature on HCN expression and sei­
zures. Several studies have reported 
alterations in the expression of HCN, par­
ticularly HCN1 and HCN2, in different 

Fig. 8. Blocking HCN4 channel activity in FCM neurons prevents epilepsy. (A and B) Representative voltage 
traces of RhebCA neurons with and without nonfunctional HCN4 (HCN4NF) channel expression. Neurons were recorded 
in acute slices from P21 to P35 littermate mice electroporated with RhebCA + GFP or RhebCA + HCN4NF (+tdTomato). 
(B) Ih-V curve in each condition. (C) Bar graphs of RMP. Recordings were obtained in acute slices from P21 to P35 
mice. (D) Confocal images of GFP and tdTomato fluorescence (pseudo-colored green) and phospho-S6 immunostaining 
(red) in coronal sections from 4-month-old mice expressing RhebCA + GFP or + HCN4NF (+tdTomato). Scale bars, 80 m. 
(E) Bar graphs of soma size and normalized (to GFP control cells) phospho-S6 immunofluorescence for neurons ex-
pressing RhebCA + GFP or RhebCA + HCN4NF. (F) Bar graphs of the action potential threshold and half-width. (G) Rep-
resentative depolarization and action potentials upon current injection in RhebCA neurons with and without HCN4NF. 
Scale bars, 200 ms/40 mV. (H) Input-output curves of RhebCA neurons with and without HCN4NF. The gray area indi-
cates the SEM for each curve. (I) Representative EEG traces in RhebCA mice with and without HCN4NF. (J) Bar graphs 
of the number of seizures per day. Data are means ± SEM. Statistical analyses: Two-way repeated measure ANOVA 
followed by Sidak posttest (B and H), Student’s t test (C, E, and F), and Mann Whitney U test (J). **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. Exact P values can be found in table S4.
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types of epilepsy in both mice and humans [for review (34, 52)] 
(53). Regarding HCN4 channels, a study reported no change in 
HCN4 expression in the hippocampus after febrile seizures despite 
changes in HCN1 (54). However, loss-of-function mutations in 
HCN4 have been associated with benign myoclonic epilepsy (55), 
and increased HCN4 expression in the hippocampal dentate gyrus 
has been reported in individuals with sudden unexpected death 
(56). Nevertheless, it was unclear whether the alterations in HCN4 
expression preceded seizure occurrence or were responsible for 
seizures. Here, we identified the abnormal expression of HCN-
mediated currents in RhebCA neurons as early as P8, about 2 weeks 
before the onset of convulsive seizures (observed starting at P21). In 
addition, HCN4 expression was not detected in the contralateral 
hemispheres lacking FCM but experiencing epileptiform activity. 
Overexpression of HCN4 channels in control layer 2/3 pyramidal 
neurons was not sufficient to cause convulsive seizures despite 
depolarizing them. However, expressing nonfunctional HCN4 
channels in RhebCA neurons that act as dominant negative prevented 
seizures. These data show that HCN4 channels in FCM neurons are 
necessary for seizures. The lack of convulsive seizure generation 
with HCN4 channel expression is expected, considering that FCM 
neurons display an array of alterations, such as increased dendrite 
complexity and axon lengths (16, 21, 22). Thus, our data suggest that 
a combination of alterations is required for seizures, but blocking 
one single alteration, such as ectopic HCN4 expression or increased 
filamin A expression (57), is sufficient to prevent seizures.

Identifying ectopic HCN4 has several important clinical implica­
tions. At the present time, there are no HCN blockers that are selective 
for HCN4. However, our findings support HCN4 as a prime candidate 
for short hairpin RNA (shRNA)–based gene therapy for treating sei­
zures associated with FCDII and TSC that exhibit FCMs. While ectopic 
HCN4 expression was eliminated with rapamycin treatment, directly 
targeting HCN4 for epilepsy treatment would prevent the severe 
adverse events that occur when using the higher rapamycin doses 
necessary to improve efficacy (6). Furthermore, considering that 
HCN4 is downstream of mTOR signaling, our findings are likely 
applicable to other mTORopathies resulting from mutations in the 
mTOR and GAP activity toward RAGs (GATOR) pathway genes (58).

We acknowledge several limitations to our study. First, we did 
not use a dual construct containing RhebCA and Kir2.1-mCherry 
or HCN4. A few cells will thus express Kir2.1-mCherry or HCN4 
without expressing RhebCA. Could these cells contribute to the 
decrease in seizures? This is unlikely for the following reasons: The 
coelectroporated vectors are expressed in the same cell type, layer 
2/3 pyramidal neurons, and ~92% of the electroporated neurons 
will colocalize both plasmids (59). Considering that IUE targets 
about 10% of layer 2/3 neurons, we do not anticipate that silencing 
0.8% of layer 2/3 control neurons intermingled with RhebCA neu­
rons would be sufficient to prevent seizures. In the case of HCN4NF, 
the control layer 2/3 pyramidal neurons do not express HCN, and 
hence, the expression of nonfunctional channels is like expressing 
channelrhodopsin, which has no impact on the cell biophysics. 
Second, although we found that the increase in HCN4 (protein) is 
mTOR dependent and there is no increase in its mRNA, the mecha­
nisms leading to this increase remain unknown. It is, however, pos­
sible that a small increase in Hcn4 mRNA was not detectable in 
microdissected tissue. Third, although it has been shown that 
blocking another molecular player, filamin A, can reduce seizures 
in adults (57), it remains to be examined whether blocking HCN4 

activity in adults once epilepsy is established can also reduce seizures. 
Fourth, our seizure data are only acquired using a mouse model of 
the TSC. It is unknown whether data obtained in mice would be 
applicable to humans. Nevertheless, considering that our mouse 
model recapitulates the pathological features observed in humans 
(14, 17, 18, 20, 23) and the increase in HCN4 is also observed in the 
cortices of patients with TSC and FCDII, we hope that our seizure 
data will be applicable to humans. Last, it is essential to assess 
whether viral delivery of an shRNA against Hcn4 would reduce 
seizures without leading to brain inflammation. It would be prefer­
ential to express the shRNA selectively in pyramidal neurons using 
specific promoter to avoid targeting interneurons, some of which 
may express HCN4, and validate that the viral vector infects diseased 
neurons. In addition, it will be necessary to assess whether one or 
multiple viral injections are required to cover the cortical malforma­
tions and assess how many diseased neurons need to be infected to 
reduce seizures.

In conclusion, we have provided evidence that enlarged, dys­
morphic mutant neurons in mouse and human FCMs express HCN4 
channels that are normally absent in cortical neurons in adults. In 
mice, this ectopic HCN4 channel expression is mTOR dependent, 
precedes the development of epilepsy, and contributes to the gener­
ation of seizures by depolarizing FCM neurons that are then closer 
to the firing threshold and by enhancing their cAMP-dependent 
excitability. Our findings add to the body of literature on HCN 
channels in epilepsy and highlight a possible mechanism of seizures 
in mice that involves HCN4 channels that have high cAMP sensitivity. 
This mechanism might help explain how sensory stimulations leading 
to the activation of cAMP-generating dopaminergic or adrenergic 
inputs onto FCM neurons would trigger seizures. In addition, the 
unique expression of HCN4 channels in dysmorphic FCM neurons 
provides a potential target for reducing seizures in TSC and FCDII.

MATERIALS AND METHODS
Details of the methods are provided in the Supplementary Materials.

Study design
Our research objective was to investigate whether, and if so how, 
FCM neurons contributed to seizure generation in our mouse model 
of TSC/FCD. We have extensive experience with the mouse model 
that we developed that is based on using IUE of RhebCA. To assess 
whether FCM neurons could contribute to seizures, we expressed 
selective ion channels, Kir2.1, to hyperpolarize FCM neurons. After 
finding that Kir2.1 hyperpolarized FCM neurons and decreased 
seizure frequency, we obtained whole-cell patch clamp recordings 
to assess the biophysics of FCM neurons. Using patch recordings 
followed by immunostaining, we identified the expression of HCN4 
in FCM neurons. Antibodies were validated with siRNA in cell lines. 
The Alomone lab was validated by other labs. To then block the 
activity of HCN4 channels, we expressed nonfunctional HCN4 
channels that acted as dominant negative, which was validated with 
patch clamp recordings. Experimental and control animals were 
littermates, although several litters had to be used for most experi­
ments, and none were excluded from analysis at the time of harvest. 
Experimental animals were lost before or during seizure recordings 
either because of sudden death by seizure or because of technical 
issues with the recording system. No attempt was made to segregate 
results on the basis of gender or sex. Analysis was performed blindly, 
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and seizure analysis was performed by two investigators. Blinding 
was performed at multiple points during the experiments. For ex­
ample, after video-EEG recording, the recording files were renamed 
for analysis by investigators blinded to the treatment condition.

Normality was checked with D’Agostino and Pearson normality 
test and reported in data file S1. Sample sizes were estimated on the 
basis of our previous experience both for assessing neuronal bio­
physical properties and seizure activity. The sample size calculation 
was performed using power analysis with G*Power 3 (60). For each 
set of experiments, the sample size was estimated for an effect size 
of 50 to 70% using SD calculated from the control population and a 
power at 0.8 ( = 0.2) and an  of 0.05. Each experiment was reproduced 
at least three times with n ≥ 3, as detailed in table S4. We removed 
one outlier in Fig. 2F using Grubbs’ test, as indicated in data file S1. 
There was no impact on statistical results (no significant differences). 
The brain of every recorded mouse was examined after EEG record­
ing to make sure that the mouse with no seizure had proper electro­
poration. Raw data are reports as separate Excel document in data file S1.

Statistical analyses
All analyses were conducted blindly knowing only the arbitrarily 
assigned animal ID (independent of electroporation condition). 
Statistical tests and plots were performed using Prism 7 (GraphPad 
Software Inc.), with P < 0.05 for significance for all experiments. 
Specific statistical tests used for each experiment are described in 
table S4. Data are presented as means ± SEM.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/570/eabc1492/DC1
Materials and Methods
Fig. S1. The concentration of RhebCA influences h current amplitudes.
Fig. S2. HCN1 to HCN3 immunostaining.
Fig. S3. siRNA validation of HCN4 antibodies.
Fig. S4. HCN4 antibodies detect HCN4 overexpression.
Fig. S5. HCN4 immunostaining in patient 2 with FCDII.
Fig. S6. HCN4 immunostaining in patients 3 to 5 with FCDII.
Fig. S7. HCN4 and phospho-S6 or SMI-311 immunostaining in patient 7 with FCDII.
Fig. S8. HCN4 overexpression does not lead to convulsive seizures.
Table S1. Patient information.
Table S2. Constructs used.
Table S3. Primary and secondary antibodies.
Table S4. Summary of statistical tests.
Movie S1. Example of a convulsive seizure in a mouse containing an FCM.
Data file S1. Raw data.
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HCN4, suggesting that HCN4 could be targeted for treating seizures in patients with FCM.
membrane potential. Expression analysis in cortical tissue from patients with FCM showed increased expression of
channels expressed in FCM neurons were responsible for seizure generation by depolarizing the resting 

HCN4mouse model of FCM to understand the mechanism of seizure generation. The authors showed that ectopic 
 performed in vitro and in vivo studies in aet al.seizure occurrence are not completely understood. Now, Hsieh 

pathway. Patients often develop pharmacoresistant epilepsy; however, the molecular mechanisms underlying 
Focal cortical malformations (FCMs) develop in a group of diseases caused by mutations in the mTOR

Out of place channels drive seizures
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