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Abstract

The causative link between focal cortical malformations (FCM) and epilepsy is well-accepted,
especially among patients with focal cortical dysplasia type Il (FCDII) and tuberous sclerosis
complex (TSC). However, the mechanisms underlying seizures remain unclear. Using a mouse
model of TSC- and FCDII-associated FCM, we showed that FCM neurons were responsible for
seizure activity via their unexpected abnormal expression of the hyperpolarization-activated cyclic
nucleotide-gated potassium channel isoform 4 (HCN4), which is normally not present in cortical
pyramidal neurons after birth. Increasing intracellular cAMP concentrations, which preferentially
affects HCN4 gating relative to the other isoforms, drove repetitive firing of FCM neurons but

not control pyramidal neurons. Ectopic HCN4 expression was dependent on the mechanistic target
of rapamycin (mTOR), preceded the onset of seizures, and was also found in diseased neurons

in tissue resected from patients with TSC and FCDII. Finally, blocking HCN4 channel activity

in FCM neurons prevented epilepsy in the mouse model. These findings suggest that HCN4 play
a main role in seizure and identify a cAMP-dependent seizure mechanism in TSC and FCDII.
Furthermore, the unique expression of HCN4 exclusively in FCM neurons suggests that gene
therapy targeting HCN4 might be effective in reducing seizures in FCDII or TSC.
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A cAMP-dependent mechanism mediates seizures in mTOR disorders due to the ectopic
expression of HCN4 channels in diseased neurons.

Introduction

Disorders caused by mutations in the mTOR pathway genes lead to mTOR hyperactivity,
brain malformations, and life-long epilepsy in the majority of patients (1, 2). Among

this group of disorders, FCD and TSC account for the largest population of children

and young adults who undergo brain surgery to treat intractable epilepsy (3-5). Nearly
two-thirds of these patients are refractory to treatment with antiepileptic drugs and
experience life-long seizures, leading to a spectrum of neurocognitive and psychological
disabilities (1). Upon failure of conventional antiepileptic drugs, surgical resection of the
seizure foci or pharmacological inhibition of mTOR signaling in the case of TSC are

the only available treatments for mTOR-dependent focal epilepsy, but neither option is
fully effective (6, 7). Despite the identification of the molecular pathways dysregulated

in TSC and FCDII and the pathological characteristics associated with seizures (3, 8,

9), the mechanism of epileptogenesis remains to be fully elucidated, although several
hypotheses of epileptogenicity have been proposed. These include abnormal reorganization
of the circuitry within and surrounding FCMs and abnormal electrophysiological properties
of FCM neurons (4, 10-12). In addition, the exact site and the cell types responsible

for epileptogenic activity in humans remain controversial as some studies have recorded
epileptic discharges both inside and outside of FCMs whereas other studies have found
FCMs to be electrically silent (12, 13). The lack of consensus on the site of seizure
generation further reflects our poor understanding of the epileptogenic mechanisms, which
has hampered the identification of therapeutic targets and more effective treatment options.

Using a mouse model of TSC and FCDII (14), we show here that silencing FCM neurons
prevented the occurrence of seizures, suggesting that FCM neurons might be responsible
for seizure activity. To identify how FCM neurons drove seizures, we obtained patch clamp
recordings in FCM neurons and identified an abnormal expression of HCN4, which is

not present in normal pyramidal neurons. Although FCM neurons were depolarized and
hence closer to the threshold for action potential generation, they required more current
injection than controls to reach that threshold due to the cells’ increased size and intrinsic
conductance. Consistent with the fact that HCN4 channels are the most CAMP sensitive

of all HCN channels (15, 16), increasing intracellular cCAMP induced repetitive firing of
FCM neurons and suggested a possible mechanism of firing and seizure induction different
from the traditional excitatory input-induced firing mechanism. HCN4 was also found in
dysmorphic cortical neurons from patients with TSC and FCDII who underwent surgery
for epilepsy treatment. Finally, using a genetic approach to block HCN4 activity in FCM
neurons prevented seizures in the mouse model. Collectively, our findings identified a
potential mechanism responsible for seizure generation in mTOR-dependent FCM and
suggest that a targeted gene therapy treatment option to prevent seizure initiation might

be effective in reducing seizures in TSC and FCDII.
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Silencing FCM neurons decreases seizure activity in mice

To investigate the mechanisms of seizure generation in FCM, we used a mouse model

that recapitulates the focal nature of the cortical malformation and the cellular mosaicism
of human FCDII and TSC brains (14, 17). To generate this model, we used in utero
electroporation (IUE) to induce mTOR hyperactivity in pyramidal neurons in a limited
cortical area (Fig. 1A) (14, 17-21). IUE at embryonic day (E) 15 specifically targets radial
glia that generate layer 2/3 pyramidal neurons (Fig. 1B). To increase mTOR activity, we
expressed a constitutively active mutant Rheb (RhebC4), the canonical mTOR activator
(18, 20, 22-24) (Fig. 1B). A green or red fluorescent protein (GFP or tdTomato) was co-
expressed to label neurons. These mice developed a singular FCM in the medial prefrontal
cortex (Fig. 1C) that displayed a pathology resembling that of human FCM, including the
presence of misplaced and cytomegalic RhebCA-expressing neurons that are interchangeably
called FCM neurons (Fig. 1D). Whereas control GFP-expressing neurons are located in
layer 2/3, FCM neurons are scattered across cortical layers 2-to-5 (Fig. 1E). In addition,
FCM neurons showed an increase in soma size and immunoreactivity for phosphorylated
protein S6 (phospho-S6), a read-out of MTOR activity, compared to control neurons in
mice electroporated with GFP only (Fig. 1F-H). Mice containing FCM were visually
observed to develop convulsive seizures by postnatal day (P) 21. To better characterize

the seizures, we obtained epidural electroencephalography (EEG) recordings combined with
video monitoring for 57 consecutive days in 3—4 months old mice. Mice containing FCM
exhibited recurrent, Racine grade 4-5 seizures with classical interictal, tonic, clonic, and
postictal periods (Fig. 11 and J, and movie S1; seizure frequency and duration are shown in
subsequent figures).

Using our mouse model of FCM, we previously reported that FCM neurons display
depolarized resting membrane potentials (RMP) compared to their control counterparts and
are therefore closer to the threshold for generating action potentials (18). We thus examined
whether silencing FCM neurons without normalizing their morphological abnormalities,
which could contribute to seizure generation, would limit the incidence of seizures. To

do this, we overexpressed inwardly rectifying potassium channels 2.1 (Kir2.1) that are
expected to hyperpolarize neurons and decrease their membrane resistances (25). Using
E15 IUE, we co-expressed Kir2.1 with RhebCA (Fig. 2A). In the control condition, GFP
was co-electroporated with RhebCA, Kir2.1 expression in Rheb®A neurons did not prevent
the formation of FCM (Fig. 2A and B) and did not interfere with mTOR hyperactivity as
shown by quantification of soma size and phospho-S6 immunofluorescence, respectively
(Fig. 2C). Furthermore, patch clamp recordings of Rheb®A neurons in acute slices from P26
to P42 validated that Kir2.1 expression did not alter membrane capacitance (a read-out of
soma size), but significantly hyperpolarized Rheb®A neurons and increased their membrane
conductance (P<0.05 and <0.01, Student’s t-test, respectively, Fig. 2D). The properties of
current-induced action potentials, including half-width and threshold, were unaltered by
Kir2.1 expression (Fig. 2E and F), but consistent with the changes in RMP and membrane
conductance, larger current injections were required for the generation of action potentials
in Kir2.1-expressing FCM neurons that resulted in a shift in the input (injected current
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amplitude)-output (number of action potentials) curve (Fig. 2G, H). Thus, expressing Kir2.1
rendered FCM neurons less excitable, in part via hyperpolarizing their RMP further away
from the action potential threshold. Mice overexpressing Kir2.1 in FCM neurons displayed
a significant decrease in seizure frequency (from a mean of 4.5 to 0.5 seizures per day,
P<0.01, Student’s t-test) without affecting seizure duration (Fig. 21 and J). Collectively,
these data suggest that alterations in the electrical properties of FCM neurons are involved
in seizure initiation and that silencing these neurons is sufficient to reduce the number of
seizures in mice.

FCM neurons abnormally express HCN channels leading to depolarized RMP and cAMP

sensitivity

We next examined the electrical properties of FCM neurons using patch clamp recordings in
acute brain slices from P26-P42 mice. As we previously reported, we confirmed that FCM
neurons displayed significantly depolarized RMP and increased conductance compared to
control neurons in littermate mice expressing only GFP (P<0.0001, Student’s t-test, Fig.

3A and B) (21). Consistent with an increased conductance, there was a shift in the input
(injected current from their RMP)-output (# of action potentials) curve, suggesting that
RhebCA neurons are less likely to generate action potentials upon depolarizations (Fig. 3C
and D). Using hyperpolarizing current step, we noticed a robust “sag” response in RhebCA
neurons that was either minimal or mostly not present in control neurons (Fig. 3E and G)
(26). Such a sag response suggests the presence of HCN channels. Under control conditions,
HCN channels are primarily expressed in deep but not in superficial (2-3) layer neurons
(26), which are the neuronal population targeted by IUE at E15. In addition, HCN-mediated
currents are known to control neuron RMP and may contribute to the depolarized RMP in
RhebCA neurons (15, 16, 27). Therefore, we preferentially focused on these channels. To
validate that these sags were due to the presence of HCN channels, we recorded RhebCA
neurons in the presence of the HCN channel blocker, zatebradine. Zatebradine reduced the
sag response in Rheb®A neurons (Fig. 3F and G). Using voltage clamp, we applied 500-ms-
long hyperpolarizing voltage steps (from -40 to —130 mV) to activate HCN channels (Fig.
3H). Rheb®A neurons displayed large hyperpolarization-activated inward currents that were
much larger than in the control neurons (Fig. 3, H and I). These inward currents displayed

a slow activation kinetics resembling that of HCN-mediated currents (called h currents),
which required a 3-s-long voltage pulse to reach full amplitude (fig. S1), and were reduced
in the presence of zatebradine (Fig. 3, H and I). However, zatebradine did not fully block the
increased hyperpolarization-induced inward currents. This is likely due to an increase in the
amplitude of inwardly rectifying K currents (Kir) in Rheb® neurons compared to control,
which accompanies the increase in cell size. As observed on the current-membrane potential
curves (Fig. 3H), zatebradine shifted RMP of cells to hyperpolarized values that were similar
to the RMP of control neurons (Fig. 3J and see Fig. 3A). This effect is consistent with a
functional block of HCN channels. To quantify the h current amplitudes, we measured the
amplitude difference (Al) between the onset and the end of the current trace using a 500-ms-
long voltage step (see dotted line and lh in Fig. 3H). Zatebradine significantly reduced Al [P
< 0.001 at —80 mV and P < 0.0001 at —90 and up, two-way repeated measures analysis of
variance (ANOVA) followed by Tukey posttest; Fig. 3K]. In addition, there was no residual
inward current at —90 mV, consistent with the lack of Kir currents at this voltage (Fig. 3K).

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.
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Throughout the rest of the manuscript, Ih current amplitude will then be measured as Al

at —90 mV. Consistent with the normalization of RMP with zatebradine, larger h currents
were associated with more depolarized RMPs in Rheb®A neurons (Fig. 3L). The amplitude
of the h currents was also dependent on the amount of electroporated Rheb®A plasmid and,
thus, the degree of mTOR activation (fig. S1). HCN channels contribute to the generation
of rhythmic firing in neurons and heart cells (27, 28) and display different sensitivity to
intracellular cAMP concentrations (15, 16). We thus examined whether increasing CAMP

in Rheb®A neurons would be sufficient to trigger spontaneous, repetitive firing independent
of depolarizations. We bath-applied a well-characterized cell-permeable adenylate cyclase
activator, forskolin, to increase intracellular cCAMP in acute brain slices containing Rheb®A
neurons. When recorded at RMP, all Rheb® neurons were depolarized by forskolin and 4/9
neurons generated repetitive action potentials (Fig. 3, M and N). This effect did not occur in
control superficial layer neurons (layer 2/3; Fig. 3, M and N), which express very few or no
HCN channels.

Ectopic HCN4 expression in FCM neurons

HCN channels are encoded by four genes, HCNI—4, with different expression patterns
throughout the brain (15). In the adult cortex, deep layer pyramidal neurons predominantly
express HCN1 and display low HCN2 expression (30). HCN3 and HCN4 display weak,
diffuse expression in the cortex thought to arise from subcortical projections and HCN4
expression has recently been found in neuronal cell bodies scattered in the cortex that

may be GABAergic neurons (30-32). Consistent with the previous finding on HCN1

and HCN2 (30), we observed HCN1 staining in presumed apical dendrites of deep layer
neurons and weak, diffuse HCN2 staining in the cortex (Fig. 4A and). However, we

found no changes in HCN1 and HCN2 staining pattern in the ipsilateral cortex containing
FCM compared to the contralateral cortex of 2-month old mice (Fig. 4A, B, and E, and
Fig. S2A and B). We found no HCN3 staining in the cortex and no change between
ipsilateral and contralateral cortex (Fig. 4E and S2C). However, we identified strong HCN4
immunostaining in the cortex containing Rheb®A neurons that was higher than that in the
contralateral cortex (Fig. 4C-E). he increase in HCN4 channel expression in the ipsilateral
versus contralateral cortex suggests that aberrant HCN channel expression does not result
from recurrent seizures. About 83% of Rheb®A neurons displayed HCN4 immunoreactivity
that decorated their soma, dendrites, and axons (N=4 mice, Fig. 4F and G. One of the
HCN4 antibodies (Alomone Labs) was previously validated in conditional knockout mice
(31). The specificity of both HCN4 antibodies was further confirmed by siRNA-mediated
HCN4 knockdown in vitro (Fig. S3). Further, these antibodies showed immunoreactivity

in pyramidal neurons electroporated with an HCN4 overexpression plasmid, and not in

the surrounding non-electroporated cells (Fig. S4). Finally, GFP-expressing cells in mice
electroporated with GFP instead of Rheb® did not display HCN4 expression (Fig. 4H and
). Thus, Rheb®A-expressing neurons display selective HCN4 expression that was absent in
control pyramidal neurons.

Abnormal HCN4 expression is mTOR-dependent and precedes seizure onset

To assess whether increased mTOR activity was responsible for the abnormal expression of
HCN4, we treated mice with the mTOR inhibitor rapamycin using the treatment paradigm

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hsieh et al.

Page 6

(1 ma/kg every 48 hours from P1 to 2 months of age) that prevented FCM and the
development of seizures (14). Rapamycin treatment prevented the expression of HCN4 in
RhebCA neurons compared to vehicle-treated mice (Fig. 5A-C). mTOR is a master regulator
of protein translation, but can also lead to increases in mMRNA. Therefore, we examined
whether Hcn4 mRNA was increased in Rheb®A- compared to GFP-electroporated cortices
from 3—-4 month-old mice. Quantitative RT-PCR was performed for Hcnl,2, and 4, as well as
Vegf, which is increased in hyperactive mTOR conditions (33, 34). The expression of Hcnl,
2and 4 mRNA were unchanged whereas the expression of VegfmRNA was significantly
increased (P<0.05, Student’s t-test, Fig. 5D). Considering that HCN channel expression has
been shown to be up- or down-regulated by seizures (35), we examined whether RhebCA
neurons would express HCN channels during postnatal cortical development prior to the
onset of convulsive seizures, which were visible in >P21 mice. Recordings in slices from
P8-P12 mice showed that Rheb®A neurons displayed zatebradine-sensitive 1h currents that
were greater than in control GFP neurons recorded in littermate mice (P<0.001 at —90

mV and <0.0001 at —100 to —130 mV, two-way repeated measures ANOVA followed by
Tukey’s post-test, Fig. 5E-G). In addition, there was a significant increase in Ih currents in
RhebCA neurons during development from P6-12 to P28-P42 (P<0.0001, one way ANOVA),
but no change in control neurons (Fig. 5H). These data indicate that mTOR hyperactivity
participate in the aberrant expression of HCN4 in FCM neurons prior to 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 cCAMP
stimulation. To examine whether abnormal HCN4 expression occurs in patients with FCM,
we obtained cortical tissue from nine patients that underwent surgery for epilepsy due

to FCM. Details about the samples (patient age, sex, fixation type, and medical notes)

as well as the staining performed are summarized in Table S1. Seven patients had the
histopathological diagnosis of FCDII and two patients had TSC. Patients had FCM detected
on magnetic resonance imaging (MRI) and underwent EEG with a combination of subdural
grid and depth electrodes prior to FCM resection. Patients were identified as FCDII post-
surgery based on 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 2 TSC), we performed HCN4
immunostaining and observed enlarged cells with strong HCN4 immunoreactivity (Figs.

6 and 7, and Figs. S5-S7, Neuromab and Alomone antibodies in all 9 samples and in 3
frozen samples, respectively). Upon quantification, HCN4-positive cells displayed increased
soma size compared to normal-appearing, surrounding cells that had no or weak HCN4
staining (Fig. 6E and F, mean of 15-53 analyzed cells per sample, N=7 hematoxylin-
stained samples). HCN4-positive fibers were visible in 6/9 samples (Fig. 6) and may
correspond to either processes of diseased neurons or thalamic inputs or both (36). In three
frozen samples (2 FCDII and 1 TSC), we co-immunostained for HCN4 and phospho-S6
(Fig. 6G and H, Fig. STA-C, and Fig. 7A-C). HCN4-positive cells displayed increased
phospho-S6 compared to surrounding cells (Fig. 7D, 13-14 cells analyzed per sample). In
addition, in three frozen samples used for immunofluorescence (N=2 FCDII and 1 TSC),
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we co-immunostained for SMI-311, which is a pan-neuronal neurofilament (NF) that is
accumulated in the soma and dendrites of dysmorphic neurons in human and murine FCD
and is considered a marker of these neurons (10, 14, 37) (Fig. 6E and S7D-F for FCDII; Fig.
7E and F for TSC). Every HCN4-positive cell was immunoreactive for SMI-311, identifying
them as dysmorphic neurons (n=7-15 cells/sample). Collectively, these data show that both
mouse FCM neurons and dysmorphic human neurons from TSC and FCDII patients 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 (28, 29, 38, 39). 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 pyramidal 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. SBA-C). In acute
slices of P21-43 mice, HCN4-overexpressing neurons displayed larger hyperpolarization-
activated inward currents and mean depolarized RMP compared to control neurons (Fig.
S8D-F). HCN4-overexpressing neurons display a mean input-output (# of action potentials)
curve similar to that of control neurons although firing is detected earlier (Fig. S8G

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, 5/7 mice displayed epileptiform discharges containing spikes, spike
trains, or waves (defined in (40)) that were absent in GFP-expressing mice (Fig. S81-K).
These data show that HCN4 overexpression in control pyramidal neurons of the medial
prefrontal cortex (MPFC) without morphological alterations typical of RhebC 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 Rheb®” neurons
contributed to seizure generation in FCM-expressing mice, we blocked HCN channel
activity in vivo. To do so, we expressed nonfunctional HCN4 (HCN4NF) subunits that

were generated by adding two mutations into HCN4 (41). 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. Indeed, both the sag
responses observed in current clamp and the h currents recorded in voltage clamp in RhebCA
neurons were eliminated in Rheb®A neurons that co-expressed HCN4NF (Fig. 8A and B).
Furthermore, HCN4NF expression hyperpolarized the RMP of Rheb® neurons (Fig. 8C)
similarly to what was shown with the HCN channel blocker zatebradine in Figure 3. Similar
to the experiments with Kir2.1, expressing HCN4NF in Rheb®A neurons did not interfere
with mTOR hyperactivity as measured by phospho-S6 immunofluorescence and soma size
(Fig. 8D and E). HCN4NF expression in Rheb® neurons did not alter the properties of
action potentials (Fig. 8F) or the input-output curve (Fig. 8G and H). Thus, expressing
HCN4NF in Rheb®A neurons did not alter their ability to generate actions potentials,

but it blocked the activity of endogenous HCN4 channels and hyperpolarized the RMP.

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hsieh et al.

Page 8

Finally, a 7-day long continuous video-EEG monitoring of mice containing Rheb® neurons
expressing HCN4NF revealed that these mice had no seizures whereas littermate mice
containing Rheb®A neurons (without HCN4NF) displayed a mean of three daily, convulsive
seizures (Fig. 81 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 Rheb®” neurons may be hyperexcitable and thus trigger seizures, we
expressed Kir2.1 channels in Rheb®A neurons to hyperpolarize them (18). Kir2.1 expression
indeed hyperpolarized Rheb® neurons and increased their membrane conductance leading
to a right shift in the input-output curve without preventing increased cell size, mTOR
hyperactivity, and misplacement in mice. Rheb®” 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 Rheb® 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 upon intracellular cAMP concentrations as further detailed below. In young
adult mice, Rheb®A neurons expressed larger inward currents than in controls, including

a combination of HCN- and presumed Kir-mediated currents. Outward currents could not
be examined in Rheb®” mouse neurons due to unclamped firing upon depolarizing voltage
pulses. Due to the large increase in Rheb®A neuron size, it was not surprising to find

larger Kir-mediated currents, which are expressed in control layer 2/3 pyramidal neurons
(42, 43). However, finding HCN-mediated currents was surprising because control layer
2/3 pyramidal neurons do not express such currents, as confirmed here. HCN channels, in
particular HCN2 and HCN4, are sensitive to intracellular cAMP concentrations with higher
concentrations leading to increased HCN-mediated currents (15, 16). Considering that the
concentrations of CAMP increases in developing hippocampal neurons (44) and could be
altered in disease condition, it is conceivable that the increase in HCN-mediated currents
could also be due to increased cAMP concentrations in Rheb®A neurons. We could not
directly measure cCAMP concentrations in Rheb®A neurons. However, using immunostaining
we identified the selective expression of HCN4 that was not present in control neurons and
expressing HCN4NF |ed to a reduction of HCN-mediated currents. These data suggest that
HCN-mediated currents in Rheb®A neurons are primarily due to the ectopic expression of
HCN4 channels independent of changes in cAMP concentrations. Increasing intracellular
cAMP concentrations with forskolin was sufficient to trigger the firing of RhebCA neurons.
Therefore, although Rheb®A neurons have an increased membrane conductance and require
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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 Rheb®” neuron
firing. These data show an unanticipated mechanism of excitability that is consistent with
a decrease in the excitatory drive (onto Rheb®” neurons (18). Cortical pyramidal neurons
receive multiple inputs (including, noradrenergic and dopaminergic innervation from the
locus coeruleus (45) and the ventral tegmental area (43, 46)) that activate receptors leading
to CAMP increases. Noradrenaline or dopamine released from these inputs could thus
increase CAMP and activate HCN4 channels that would lead to firing and seizures. It is
conceivable that preventing aberrant increases in cAMP, through inhibition of these specific
receptors, might contribute to reduce seizure activity.

Among the different HCN channels, we found the selective expression of HCN4 channels in
RhebCA neurons. HCN4 expression 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 mMRNA (30-32, 47, 48). Finding HCN4 channels in
neurons that normally do not express these channels may seem surprising. However, as
shown in the developing hippocampus (44, 49), HCN4 channels are expressed perinatally

in the cortex and are dramatically decreased in young adults (P30) (32). Considering HCN4
expression was mTOR-dependent, and mTOR increases protein translation, it is conceivable
that the ectopic HCN4 expression results from increased translation of mRNA already
present in pyramidal neurons. Consistent with this idea is the lack of changes in Hcn4
mRNA expression in Rheb®A- neurons. This is also consistent with the lack of changes in
Hen4 mRNA expression in gene arrays performed in cortical tuber samples from individuals
with TSC (50-52).

Our findings add to a large body of literature on HCN expression and seizures. Several
studies have reported alterations in the expression of HCN, in particular, HCN1 and

HCNZ2, in different types of epilepsy in both mice and humans (for review (35, 53)).

(54) Regarding HCN4 channels, a study reported no change in HCN4 expression in the
hippocampus following febrile seizures despite changes in HCN1 (55). However, loss-of-
function mutations in HCN4 have been associated with benign myoclonic epilepsy (56)

and increased HCN4 expression in the hippocampal dentate gyrus has been reported

in individuals with sudden unexpected death (57). 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 Rheb®A
neurons as early as P8, about two weeks prior to 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
HCNA4 channels in FCM neurons are necessary for seizures. The lack of convulsive seizure
generation with HCN4 channel expression is not surprising considering that FCM neurons
display an array of alterations, such as increased dendrite complexity and axon lengths (16,
21, 23). Thus, our data suggest that a combination of alterations is required for seizures,
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but blocking one single alteration, such as ectopic HCN4 expression or increased filamin A
expression (58) is sufficient to prevent seizures.

Identifying ectopic HCN4 has several important clinical implications. 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-based gene therapy for treating seizures
associated with FCDII and TSC that exhibit focal cortical malformations. While ectopic
HCNA4 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 GATOR pathway genes (59).

We acknowledge several limitations to our study. First, we did not use a dual construct
containing Rheb®A and Kir2.1-mCherry or HCN4. A few cells will thus express Kir2.1-
mCherry or HCN4 without expressing Rheb®A. Could these cells contribute to the decrease
in seizures? This is unlikely for the following reason. The co-electroporated vectors

are expressed in the same cell type, layer 2/3 pyramidal neurons, and ~92% of the
electroporated neurons will colocalize both plasmids (60). 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 Rheb®A neurons would be sufficient to prevent seizures.
In the case of HCN4NF  the control layer 2/3 pyramidal neurons do not express HCN

and as such 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 mechanisms
leading to this increase remains unknown. It is, however, possible that a small increase

in Hen4 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
(58), 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 (17, 18, 20, 22, 24), 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. Finally, it is essential to assess whether viral delivery of an shRNA
against Hcn4 would reduce seizures without leading to brain inflammation. It would be
preferential 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 malformations and assess how
many diseased neurons need to be infected to reduce seizures.

In conclusion, we have provided evidence that enlarged, dysmorphic 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 generation of seizures by
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depolarizing FCM neurons that are then closer to the firing threshold and by enhancing
their cCAMP-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 to 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 material.

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 Rheb®A. 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 indeed 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 littermate although several litters had to be used for most experiments,
and none were excluded from analysis at the time of harvest. Experimental animals were
lost prior to or during seizure recordings either due to sudden death by seizure or due

to technical issues with the recording system. No attempt was made to segregate results
based on gender or sex. Analysis was performed blindly and seizure analysis was performed
by two investigators. Blinding was performed at multiple points during the experiments.

For example, 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 based on our previous experience both for
assessing neuronal biophysical properties and seizure activity. The sample size calculation
was performed using power analysis with G*Power 3 (61). For each set of experiment, the
sample size was estimated for an effect size of 50-70% using SD calculated from the control
population and a power at 0.8 (f=0.2) and an a of 0.05. Each experiment was reproduced
at least three times with n greater or equal to three 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 post-EEG recording to make sure that the mouse with no seizure had proper
electroporation. Raw data are reports as separate excel document in Datafile S1.
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Statistical analyses

All analyses were conducted blindly knowing only the arbitrarily assigned animal 1D
(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 mean + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Model of mTOR-dependent FCM-associated seizures.
(A) Timeline of the experimental paradigm. (B) Diagram of Rheb®A effect on mTOR

complex 1 (mTORC1). (C) Diagram of a mouse brain with superimposed image of a FCM
in the medial prefrontal cortex (mPFC). Linked circles mark the approximate locations of
independent pairs of recording electrodes in the ipsilateral and contralateral hemispheres.
(D) Confocal images of GFP and tdTomato (pseudo-colored green) fluorescence and
phospho-S6 immunostaining (red) in coronal sections from 3 month-old mice expressing
GFP (control) or Rheb®A (+ tdTomato) in the mPFC. Scale bars: 150 pm. (E and F)

Bar graphs of the distance from pia surface (E) and soma size (F) of GFP- and RhebCA-
expressing neurons. (G) B&W phospho-S6 immunostaining from images shown in D.
Scale bar: 150 um. (H) Bar graphs of phospho-S6 (pS6) immunofluorescence in GFP

and Rheb®A-expressing neurons. (1) Image of the video-EEG set-up. (J) Representative
examples of an EEG trace and higher temporal resolution traces in the inset. Scale bars: 10
s/200 pV and 2 s/200 pV (inset). Data are mean £ SEM. ***; P<0.001, ****; P<0.0001,
ns: not significant. Statistical analysis: MannWhitney U test (E), Student’s t test (F and G).
Exact Pvalues can be found in Table S4.
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Figure 2: Silencing cytomegalic neuronsin mTOR-driven FCM prevents seizure activity.
(A) Confocal images of GFP and tdTomato fluorescence (pseudo-colored green) and

phospho-S6 immunostaining (red) in coronal sections from 4 month-old littermate mice
(used in panel J) expressing Rheb®A + GFP or + Kir2.1 (fused to tdTomato). Scale bar:

100 pm. (B) B&W phospho-S6 immunostaining from images shown in A. (C) Bar graphs
of normalized phospho-S6 immunofluorescence intensity and soma size of Rheb®A neurons
co-expressing GFP (green) or Kir2.1 (pink). (D) Bar graphs of cell capacitance, resting
membrane potential (RMP), and membrane conductance of Rheb®” neurons co-expressing
GFP or Kir2.1. Patch clamp recordings were obtained in acute slices from P26-P42 mice.
(E) Superimposed individual action potentials from Rheb®A neurons in both conditions.
Scale bars: 2 ms/40 mV. (F) Bar graphs of the action potential (AP) half-width and
threshold. (G) Representative depolarization and action potentials upon current injection in

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hsieh et al.

Page 18

RhebCA co-expressing GFP or Kir2.1. Scales: 200 ms/40 mV. (H) Injected current amplitude
against the mean number of action potentials for generating an input-output curve in RhebCA
neurons. The grey area outlines the SEM for each curve. (1) Heat map of the number of
seizures over a 7-day long recording period in mice containing Rheb® neurons with GFP or
Kir2.1. (J) Bar graphs of the duration and number of seizures per day in the two conditions.
Statistical analyses: Student’s t test (C, D, F, and J, seizure frequency), Two-way repeated
measure ANOVA, followed by Sidak post-test (H), and Mann Whitney U test (J, seizure
duration). Data are mean + SEM. *: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001, ns:
not significant. Exact £ values can be found in Table S4.
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Figure 3: Abnormal HCN-mediated currentsin FCM neurons are depolarizing and confer

cAM P-dependent firing.

(A and B) Bar graphs of the RMP and conductance of control (GFP) and Rheb®A neurons
recorded in littermate P26-P42 mice. (C) Representative depolarization and action potentials
upon current injection in Rheb®A or control (GFP) neurons. Scales: 100 ms/40 mV. (D)
Injected current amplitude plotted as a function of the mean number of action potentials

for generating an input-output curve in Rheb® neurons. The grey area outlines the SEM

for each curve. (E) Representative voltage traces in response to a =500 pA step in neurons
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expressing GFP (black) or RhebCA (green). Neurons were recorded in current-clamp at
their RMP and voltage traces were superimposed post-recording. The arrow points to

a hyperpolarization-induced voltage sag. Scales: 100 ms/10 mV. (F) Voltage traces in
response to a —500 pA step from GFP-expressing neurons (black), Rheb®A-expressing
neurons (green), and Rheb®A-expressing neurons in the presence of zatebradine (40 uM,
red). Voltage responses were rescaled and superimposed post-recording. Scale: 100 ms.

(G) Plots of the sag amplitude following a =100 pA from GFP or RhebC®A neurons (left)

or a =500 pA step protocol from Rheb®A neurons under vehicle or zatebradine condition
(right). (H) Representative current traces in cortical GFP or Rheb® neurons with vehicle
or zatebradine. Protocol: conditioning step to —40 mV followed by 10 mV-hyperpolarizing
steps from —130 to —40 mV. Scale bars: 200 ms/1 nA. The blue dotted lines illustrate where
the difference in current amplitude (Al) was measured within each voltage step to generate
current-voltage (Al-V) curves in K. (I) Current amplitude (I, measured at the end of the
trace) versus the voltage in each condition. The grey area indicates the SEM for each curve.
(J) Bar graphs of the RMP for each condition. (K) Al-V curves. At =90 mV, Al corresponds
to Ih. Statistics is for Rheb®* vs RhebCA + zatebradine. (L) Scatter plot of Ih (measured

at —90 mV) against the RMP. Two-tailed Pearson r with correlation coefficients. (M and

N) Voltages traces during bath-application of forskolin on Rheb®* and control neurons (M),
and resulting plots of the voltage changes (N). The red dots indicate the neurons (4/9) that
generated repetitive firing upon forskolin application. Scale bars: 5 min/30 mV. Data are
mean + SEM. Statistical analyses: Unpaired Student’s t test (A,B, and J), Mann-Whitney U
test (G), paired Student’s t test (N), Two-way repeated measure ANOVA, followed by Sidak
post-test (D) and by Tukey’s post-test (I, K). ****:P<0.0001, ***:P<0.001, *:P<0.05, and
ns: not significant. Exact Pvalues can be found in Table S4.
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Figure 4: FCM neuronsdisplay abnormal mTOR-dependent HCN4 expression.
(A-D) Immunostaining for HCN1 (A), HCN2 (B), and HCN4 (C) in coronal sections

containing Rheb®A neurons co-expressing tdTomato. HCN4 staining was performed using
antibodies from Neuromab and Alomone. The bottom images display HCN staining in
B&W. Scale bars: 200 um. The brain section in D was more caudal than the ones in

A-C resulting in a larger cortex. In addition, 2.5 instead of 2 pg/pl of Rheb® was used.

(E) Quantification of HCN1-HCN4 immunostaining in the ipsilateral versus contralateral
cortex.. (F) Higher magnification images of HCN4 (green, Neuromab antibody), DAPI, and
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tdTomato. Scale bar: 60 pm. (G) Quantification of the percentage (%) of tdTomato+ cells
expressing HCN4. (H) Images of HCN4 immunostaining, tdTomato fluorescence and DAPI
in GFP electroporated mice. Scale bar: 60 um. (1) Bar graph of integral fluorescence per
GFP or RhebCA cell. Data are mean + SEM. Statistical analyses: paired Student t-test (E for
HCNZ1, 3, and 4), unpaired Student t -test (1), and Wilcoxon test (E, for HCN2), P<0.0001,
ns: not significant.
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Figure 5: HCN4 expression ismTOR-dependent and precedes seizur e onset.

(A and B) HCN4 immunostaining (Neuromab) and tdTomato

fluorescence in RhebhCA mice

treated with vehicle (A) or rapamycin (B) and higher magnification images ). Scale bars:
140 and 60 pm, respectively. (C) Integral fluorescence in cells expressing Rheb®A from
mice treated with vehicle or rapamycin. (D) Normalized gRT-PCR values for Henli, 2,

and 4 as well as Vegfdivided by Gapdh from microdissected cortices containing GFP or
RhebCA, (E and F) Representative current traces in P8-P12 cortical neurons expressing GFP
(control) or RhebCA. Scale bars: 100 ms/500 pA. The blue dotted lines illustrate where the

h current amplitude (1h) 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
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neuron. Left inset: traces of Zatebradine block at =90 mV in Rheb®A neurons. Scale bars:
200 ms/100 pA. (H) Bar graphs of -1h at the different ages under control and Rheb®A
conditions. Statistical analyses: Unpaired Student t-test. (C), Two-way repeated measures
ANOVA followed by Tukey’s post-test (F), and One way ANOVA (H). Data are mean +
SEM, ****:p<(0,0001, ***:P<0.001, *:P<0.05, and ns: not significant. Exact Pvalues can be
found in Table S4.
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Figure 6: Ectopic HCN4 expression in diseased neuronsin human FCDI| cortices.
(A and B) Staining for HCN4 in patient 1 with FCDII at low (A) and high magnifications

(B). Images in B was approximately from the squares in A Scale bars: 250 um (A) and 30
pum (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 um and 30 um. (D) Image at a
lower magnification for patient 2. Scale bar: 2600 um. (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) Immunostaining for HCN4 and phospho-S6 (G) or SMI-311 (H) in FCDII tissue
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from patient 6 co-stained with DAPI. Scale bars: 70 um (G), 30 um (H). Statistical analysis:
paired Student t-test, ***:P<0.001, **:P<0.01.
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Figure 7: Ectopic HCN4 expression in diseased neuronsin human T SC cortices.
(A and C) Immunostaining for HCN4 and phospho-S6 TSC tissue from patient 8 co-stained

with DAPI. Scale bars: 70 pm (A) and 40 pm (C). (B) Higher magnification of the cell
shown in the white square in A. Scale bar: 35 um. (D) Quantification of phospho-S6

(pS6) intensity in HCN4+ and HCN- cells. Statistical analysis: paired Student t test. (E)
Immunostaining for HCN4 and SMI 311 in TSC tissue from patient 9 co-stained with DAPI.
Scale bar: 40 um. (F) Higher magnification of the cell shown in the white square in E. Scale
bar: 20 pm.

Sci Transl Med. Author manuscript; available in PMC 2023 January 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hsieh et al.

Page 28

A B V (mV) C
( -120 -100 -80 -60 -40 o

S
2
A = E
= g a .
=
62 &
[71] Rhebc -8 -
[ Rheb® + HCN4NF ;
D RhebC? Rhebt*+ HCN4Y — E .
:‘u:)
- S 14
‘}‘E 600 £ 12
=2 ©
© 400 R 10
= 32 0.8
® 200 N 06
£ ©
(% 0 E 0.4
2 [*]
phospho-S6 Fluorescent Protein =z

F S G Rheb® H
20
> ns % = eI n
E215  Zw £
£ 12 $ 0] 8 S
2 £ Rhebc + HCNaw 21
21 -20 5
5 2 8"
s 2 ER
o 000
<, Z o0 o 500 1000 1500
1 nA-injection Injected current (pA)
I J kK
o
s WMW — :

VR,
Rheb®” + HCN4NF

b wﬁmwwwwmwwm«wm |

|

Average seizures/day
HCN4NF

o = N W H O

Figure 8: Blocking HCN4 channel activity in FCM neurons prevents epilepsy.
(A and B) Representative voltage-traces of Rheb®* neurons with and without nonfunctional

HCN4 (HCN4NF) channel expression. Neurons were recorded in acute slices from P21-P35
littermate mice electroporated with Rheb®A+GFP or Rheb®A+HCN4NF (+ tdTomato). (B)
Ih-V curve in each condition. (C) Bar graphs of RMP. Recordings were obtained in acute
slices from P21-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 Rheb®A+GFP or + HCN4NF (+ tdTomato). Scale bars: 80 um. (E) Bar
graphs of soma size and normalized (to GFP control cells) phospho-S6 immunofluorescence
for neurons expressing Rheb®A+GFP or Rheb®A+HCN4NF, (F) Bar graphs of the action
potential (AP) threshold and half-width. (G) Representative depolarization and action
potentials upon current injection in Rheb®” neurons with and without HCN4NF, Scales:

200 ms/40 mV. (H) Input-output curves of Rheb® neurons with and without HCN4NF,

The grey area indicates the SEM for each curve. (1) Representative EEG traces in Rheb®A
mice with and without HCN4NF. (J) Bar graphs of the number of seizures per day. Data are
mean + SEM. Statistical analyses: Two-way repeated measure ANOVA followed by Sidak
post-test (B, H), Student’s t test (C, E, F), and Mann Whitney U test (J). *: P<0.05, **:
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P<0.01, ***: P<0.001, ****: P<0.0001, ns: not significant. Exact P values can be found in
Table S4.
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