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Transfer of SCN1A to the brain of adolescent mouse
model of Dravet syndrome improves epileptic,
motor, and behavioral manifestations
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Dravet syndrome is a genetic encephalopathy characterized by
severe epilepsy combined with motor, cognitive, and behavioral
abnormalities. Current antiepileptic drugs achieve only partial
control of seizures and provide little benefit on the patient’s
neurological development. In >80% of cases, the disease is
caused by haploinsufficiency of the SCN1A gene, which encodes
the alpha subunit of the Navl.1 voltage-gated sodium channel.
Novel therapies aim to restore SCN1A expression in order to
address all disease manifestations. We provide evidence that a
high-capacity adenoviral vector harboring the 6-kb SCNIA
cDNA is feasible and able to express functional Navl.1 in neu-
rons. In vivo, the best biodistribution was observed after intra-
cerebral injection in basal ganglia, cerebellum, and prefrontal
cortex. SCNIA A1783V knockin mice received the vector at
5 weeks of age, when most neurological alterations were pre-
sent. Animals were protected from sudden death, and the
epileptic phenotype was attenuated. Improvement of motor
performance and interaction with the environment was
observed. In contrast, hyperactivity persisted, and the impact
on cognitive tests was variable (success in novel object recogni-
tion and failure in Morris water maze tests). These results
provide proof of concept for gene supplementation in Dravet
syndrome and indicate new directions for improvement.

INTRODUCTION

Dravet syndrome (DS; also known as severe myoclonic epilepsy of in-
fancy, SMEI) is a genetic encephalopathy caused in nearly 90% of cases
by de novo mutations in one of the two SCNIA alleles (OMIM
607208)." Studies in large populations estimate an incidence as high
as 1:15,000 births.” SCNIA encodes the o subunit of a voltage-gated so-

dium channel (Navl.1) that is essential for the function of inhibitory
interneurons in the brain.>* Whereas complete SCN1A loss is supposed
to be embryonically lethal in humans, haploinsufficiency alters the
excitatory/inhibitory equilibrium in the brain, causing a wide variety
of clinical manifestations. The first symptoms appear typically at 4-
8 months of age and consist of febrile seizures, which are usually refrac-
tory to antiepileptic drugs and can lead to status epilepticus (SE). Dur-
ing the next years a variety of febrile and afebrile seizures, myoclonic
seizures, and absences increase in frequency, and a delay in psychomo-
tor development becomes evident.” Seizures become less frequent in
late childhood and adolescence, but the risk of sudden unexpected
death in epilepsy (SUDEP) remains elevated throughout the patient’s
life. Mortality rate of DS is estimated as 10%-15% in industrialized
countries.” Despite intense pharmacological and support therapies,
motor, intellectual, and behavioral alterations cause a dramatic deteri-
oration in the quality of life of patients and their families. Apart from
the development of improved antiepileptic drugs, intense efforts are
now focused on the stimulation of Navl.1 expression and function in
order to address all disease comorbidities. Considering that DS patients
harbor one healthy copy of the SCNI1A gene and therefore produce a
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reduced amount of the Navl.1 channel, screenings of small-molecule
activators are ongoing. The main challenge is to find drugs with enough
potency and selectivity to avoid unwanted activation of other channels
controlling vital functions such as heart beat. Other approaches try to
stimulate the function of the healthy allele by means of antisense oligo-
nucleotides” or stable expression of synthetic transcriptional activators
delivered by adeno-associated vectors (AAVs).® Gene supplementation
with a correct copy of the SCN1A coding sequence offers the possibility
of obtaining long-lasting Navl.1 restoration without the need of ex-
pressing exogenous proteins. However, this is an important challenge
because SCNIA is a large gene, with a 6-kb-long cDNA, and it is prone
to rearrangements in the context of plasmids.” This size exceeds the
cloning capacity of AAV vectors, which are nowadays the most
advanced vector platform for in vivo gene therapy in humans. There-
fore, delivery of SCNIA requires alternative vectors with enhanced
cloning capacity, high genome stability, and the ability to transduce
neurons in vivo. We work on the hypothesis that high-capacity adeno-
viral vectors (HC-AdVs), a different viral platform with no close struc-
tural or antigenic similarities with AAVs, can meet these requirements.
In contrast with early versions, HC-AdVs (also known as Helper-
Dependent or “gutless”) are devoid of all viral coding genes.'>'" This
feature is critical for the properties of these vectors. On one hand, it al-
lows a cloning capacity of up to 37 kb, sufficient to accommodate most
human ¢cDNAs. On the other hand, it avoids the possibility of residual
expression of viral genes in the transduced cells. As a result, cellular im-
mune responses against these cells are blunted,'” and the transgenes
remain in an episomal state for years after a single vector administra-
tion in tissues with slow cellular turnover such as brain or liver."> Of
note, HC-AdVs contain a very stable double-stranded DNA genome
that is transcriptionally active soon after infection.

In this work we provide proof of concept that HC-AdVs are a feasible
platform for supplementation of SCNIA in the brain. The cDNA
sequence was codon-optimized to guarantee plasmid stability, and
it was incorporated in a prototypic HC-AdV vector under the control
of a ubiquitous promoter. Intracerebral administration in adolescent
mice carrying a pathogenic SCNIA mutation was well tolerated, ob-
tained elevation of functional Navl.1, and showed partial restoration
of the DS phenotype. This information can guide further improve-
ments in vector specificity and biodistribution in order to maximize
the therapeutic effect.

RESULTS

Codon optimization increases the stability of the SCN1A cDNA
and allows expression of a functional Nav1.1 channel

Plasmids containing the SCN1A ¢cDNA are known to be prone to rear-
rangements upon amplification in E. coli. The use of recombination-
free bacterial strains and growth at low temperature (30°C) has been
proposed to overcome this problem.” However, when the synthesis
of this sequence was ordered from a commercial source, they could
only provide a small amount of plasmid, which already contained a
substantial fraction of copies with altered restriction pattern (not
shown). In contrast, a codon-optimized version of the sequence could
be successfully amplified using the recommended conditions, and it al-
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lowed subcloning following standard molecular biology techniques.
For initial verification of expression and function, SCN1A expression
was placed under the control of three ubiquitous regulatory sequences:
the citomegalovirus (CMV) early enhancer and promoter; the hybrid
CAG promoter (early CMV enhancer, chicken B-actin promoter
with first intron and rabbit B-globin splice acceptor); and the human
Elongation Factor 1a. (EF1a). In the latter plasmid, SCNIA and green
fluorescent protein (GFP) are co-expressed by virtue of an internal ri-
bosomal entry site (IRES) (Figure 1A). Transfection of plasmids in cells
with low endogenous Navl.1 levels (HEK-293) confirmed efficient pro-
duction of the SCNIA mRNA by qRT-PCR using primers specific for
the codon-optimized sequence (Figure 1B). A robust increase of the
Navl.1 channel content was also detected by western blot in mem-
brane-enriched cell fractions (Figure 1C) and immunofluorescence
(IF) (Figure 1D). The function of the transgene was confirmed by patch
clamp in GFP" HEK-293 cells transfected with the bicistronic plasmid
pEF-SCN1A-GFP (not shown).

HC-AdVs vectors expressing SCN1A are feasible

As a proof of concept for vector feasibility, we incorporated the CAG-
SCN1A or EF-SCN1A-GFP expression cassette into plasmids con-
taining the genome of a HC-AdV vector. Rescue of vector particles
was performed by transfection of the pro-viral plasmids in packaging
cells, followed by infection with a helper virus (HV). Subsequent steps
of amplification are based on co-infection of vectors and HVs in a
growing number of cells, as described previously.'* During this pro-
cess, genome stability is crucial to withstand multiple rounds of repli-
cation, and the influence of transgene expression can be detrimental
for the cells. Despite these potential drawbacks, we found that both
prototypic vectors (HCA-CAG-SCN1A and HCA-EF-SCN1A-GFP,
genomes depicted in Figure 2A) could be produced using the standard
procedure. The yields were moderate (1.05 x 10'* £ 0.57 x 10'* viral
particles [vp]/mL; 6.25 x 10" £ 8.4 x 10"" viral genomes [vg]/mL;
2.27 x 10" + 3.08 x 10"! infectious units [iu]/mL), possibly because
of over-production of Navl.l channels in the packaging cells. To
further validate the function of the transgene product, sodium cur-
rents were analyzed by patch clamp in HEK-293 cells infected with
the HCA-EF-SCN1A-GFP vector. Figures 2B and 2C show robust so-
dium currents in infected cells. Importantly, these currents were
modulated by the selective Nav1.1 opener Hm1la, resulting in marked
reduction in channel inactivation (Figure 2B).">'® Purthermore,
voltage dependence of activation (Half-activation voltage [V ,,)] of
27.7 £ 2 mV) and fast inactivation (Vy/, of —59.6 £ 2.2 mV) (Fig-
ure 2D) were similar to previous reports in HEK-293 cells transfected
with human Navl.1 expression plasmids.'” These vectors were used
to infect the neuroblastoma-derived cell line SH-SY5Y, as well as pri-
mary neuronal cultures from mouse. In both cases, we found a dose-
dependent increase of SCNIA mRNA (Figure 3A) and Nav1.1 protein
(Figure 3B). The vector containing the CAG promoter obtained
higher expression levels, consistent with its reported suitability for
transgene expression in the brain.'®*' This concept is supported by
our in vitro data using luciferase reporter plasmids, showing higher
promoter activity of CAG versus EFla in neuronal cultures (Fig-
ure S1). As expected, the HCA-CAG-SCN1A vector was able to
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Figure 1. Plasmids encoding the codon-optimized
SCN1A cDNA achieve efficient expression of
Nav1.1. in HEK-293 cells

(A) Schematic representation of the plasmids expressing
SCNT1A (not drawn to scale). The plasmids were trans-
fected in HEK-293 cells. The pCDNA3 empty plasmid
was used as a negative control. Transgene expression
was analyzed 48 h after transfection. (B). Quantification of
SCN1A mRNA was performed by gRT-PCR. The values
correspond to copies of SCNTA mRNA per cell. (C).
Detection of Nav1.1 protein by western blot in mem-
brane-enriched protein extracts. GAPDH in total extracts
is shown as a housekeeping control. (D). Detection of

Cc Nav1.1 by IF. Bars indicate averages for each group, and
MW individual values are represented by small circles. IRES,
pPCDNA3 pCMV-SCN1A pPCAG-SCN1A  pEF-SCN1A-GFP . . . ) )
(kDa) internal ribosomal entry site; pA, polyadenylation signal.
Nav1.1 (260)» : *p < 0.01, Kruskal-Wallis with Dunn’s multiple compari-
225 & g F ” - - S § son test. Scale bar, 25 pm.
150 ‘ :
102
-
This phenomenon has been previously
- observed after intracerebral'> and sys-
GAPDH (33) > DD S @B o e ----- temic”> *° administration of HC-AdVs. It
may reflect the initial transduction of
heterogeneous cell populations with different
D — POMV-SCRIA peas ScR lifespans or the influence of transient, vec-

transduce all cell phenotypes in the primary culture, including those
presenting astroglial and inhibitory and excitatory neuronal markers
(Figure S2).

CAG and EF1a promoters obtain similar kinetics of transgene
expression in mouse brain

Since the CAG promoter is a hybrid consisting of viral and eukaryotic
sequences, some concerns about in vivo silencing have been raised in
organs such as the liver.”> To compare the stability of transgene
expression controlled by the CAG and EFla promoters in the brain,
we used HC-AdV vectors encoding the reporter gene luciferase
(HCA-CAG-Luc and HCA-EF-Luc, respectively). The vectors were
administered by stereotaxic injection in the brain of in wild-type
(WT) C57BL/6 mice (basal ganglia (BG) and cerebellum (Cb), bilat-
erally), and luciferase expression was monitored by bioluminescence
imaging (BLI) over >3 months. In both cases, we observed a biphasic
pattern of light emission, with a rapid decay during the first 4 weeks
and then a prolonged stabilization stage (Figure 4).

tor-related inflammation. In our case, the
result is compatible with long-term expression
from neurons, using both promoters.

Basal ganglia and cerebellum are favorable
locations for AdV injection

Based on the previous data, the HCA-CAG-
SCN1A vector was selected to evaluate the ther-
apeutic potential of SCNIA supplementation in
a DS mouse model. Considering the multifocal
epileptogenic origin of seizures in DS*>*” and
the global imbalance of inhibition/excitation accounting for other co-
morbidities,”>*’ the need of widespread transgene expression is pre-
dicted. To determine the optimal route of administration, bio-
distribution studies were carried out in WT mice. To this end, we
produced an E1/E3-deleted AdV vector expressing the fusion protein
GFP-Luciferase under the control of the CAG promoter (Ad-CAG-
GFPLuc). Since E1/E3-deleted and HC-AdV vectors share the same
capsid structure, this is an efficient way to study the access of the vec-
tors to different tissues. The GFP-Luciferase reporter combines the
sensitivity and high dynamic range of luciferase quantification with
the possibility of identifying individual transduced cells upon histo-
logical examination using epifluorescence or immunohistochem-
istry/IF techniques. The vector was administered by stereotaxic injec-
tion in the brain of 5-week-old mice, using bilateral coordinates
specific for the following structures: cortex (Ctx: prefrontal, somato-
sensory, and visual); hippocampus (HC); bBG (audate-putamen, in
the interface with globus pallidum); Cb; a combination of the latter
two regions (BG/Cb); and the combination of them with the pre-
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Figure 2. Functional validation of the SCN1A transgene
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(A) Schematic representation of the HCA-CAG-SCN1A and HCA-EF-SCN1A-GFP genomes. (B) Representative sodium current traces from HEK-293 cells infected with
HCA-EF-SCN1A-GFP before (left) and after addition of the selective Nav1.1 opener Hm1a (50 nM, right). (C) Average current densities (+SD) of cells expressing HCA-EF-
SCN1A-GFP (filled symbols, n = 10) and uninfected cells (empty symbols, n = 4). (D) Voltage dependence of activation (right curves: V4, of —27.7 + 2 mV) and the voltage

dependence for steady-state fast inactivation (left curves, Vi, of —59.6 + 2.2 mV).

frontal cortex (BG/Cb/pCtx). See Materials and methods for details.
Stereotaxic coordinates are displayed in Table S1. Two days later, light
emission from the head was visualized by BLI. However, in vivo im-
aging and quantification of luciferase activity from the brain gives
poor spatial resolution because the light is heavily quenched and
distorted by the skull (Figure S3). Therefore, mice were sacrificed
for dissection of different brain structures from one hemisphere.
Luciferase activity was measured in protein extracts and expressed
as relative luciferase units (RLU)/pg protein (Figure 5). The other
hemisphere was processed for detection of GFP by IF. Note that the
global luciferase activity from each region depends on its total protein
content (Figure S3).

Our results indicate that among all single injection locations, the one
achieving wider distribution of expression was BG. We detected
intense luciferase activity not only in these structures (including the
thalamus) but also in the hypothalamus, and to a lesser extent in
the HC and the Ctx (Figure 5C). Injection in Cb achieved efficient
expression in this organ, but only some spread was observed in the
BS, as expected because of its anatomy (Figure 5D). More surpris-
ingly, direct injection in HC showed a very restricted expression in
this area. In addition, IF analysis revealed that most transduced cells
were in the corpus callosum, leaving some critical areas such as the
dentate gyrus relatively untargeted (Figures 5B and 5G). The combi-
nation of injections in BG and Cb allowed expression in most areas,
with only the pCtx being relatively excluded (Figure 5E). Of note, sys-
temic exposure to the vector was marginal, as indicated by the low
luciferase activity in Li. As expected, luciferase activity and GFP
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expression showed good correlation in most regions. Regarding the
identity of transduced cells, a combination of neurons and glia was
detected, as previously described'” (Figure S4). On the basis of these
results, we evaluated simultaneous injections in pCtx, BG, and Cb
(Figure 5F). Although this is a more invasive procedure, it was well
tolerated and allowed an improvement of brain coverage using a clin-
ically compatible technique.

Intracerebral injection of HCA-CAG-SCN1A in adolescent DS
mice is well tolerated and improves most disease
manifestations

Expression of functional Nav1.1 in the brain and reduction of
interictal epileptiform discharges (IEDs)

For therapeutic evaluation, the HCA-CAG-SCNI1A vector was in-
jected in the brain of mice harboring a pathogenic SCNIA missense
mutation (Scnla™ 21783V mice, hereafter referred to as DS mice).
These mice show a severe DS phenotype with a full spectrum of
epileptic, motor, cognitive, and behavioral manifestations.>’ In order
to validate the functionality of the transgene, some animals received
the vector in BG (4 x 10° or 2 x 107 vg/injection) and others were in-
jected with the same volume of saline solution as a control. During the
same surgical procedure, deep electrodes were placed in BG, close to
the site of injection. In addition, a superficial electrode (screw attached
to the skull) was placed over the pCtx. After recovery, this approach
allows chronic recordings of behaving mice, as described in Materials
and methods. One week after surgery, electrophysiological recordings
were performed in both groups of mice. A significant reduction of
IEDs was observed in animals receiving the HCA-CAG-SCN1A vector
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Figure 3. Nav1.1 expression from HC-AdV vectors

SH-SY5Y cells and primary mouse neurons were infected with the vectors at the indicated multiplicities of infection (MOls), and Nav1.1 was detected by gRT-PCR (A) and IF
(B). Scale bars: 50 um. Bars indicate averages for each group, and individual values are represented by small circles. ITR, inverted terminal repeats; pA, polyadenylation
signal; W, packaging signal. *p < 0.05 Kruskal-Walliswith Dunn’s multiple comparisons test.

at the highest dose, whereas the lower dose had only a partial effect
(Figure 6A). This is in agreement with partial restoration of the
Navl.1 function. Additional mice were treated with the vector to iden-
tify transduced cells overexpressing Navl.l by IF (Figure 6B). Note
that WT and DS mice show equivalent endogenous Navl.1 content,
as previously described,”® which means that transduced cells express-
ing low levels cannot be distinguished from untransduced cells. Co-

staining of Nav1.1 with neuronal (neuronal nuclei, NeuN) or astroglial
(glial fibrillary acidic protein, GFAP) markers was performed to deter-
mine the identity of transduced cells. The number of neurons and as-
trocytes overexpressing Navl.l in the injected area was 18.65 + 2.91
and 29.23 = 15.66 cells/mm®, respectively, in mice injected with the
highest dose (mean + SEM, Figure 6C). Taking into account the pre-
dominance of neurons versus astroglia in the analyzed region, the
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Figure 4. CAG and EF1a promoters obtain similar kinetics of transgene
expression in mouse brain

The HCA-CAG-Luc and HCA-EF-Luc vectors were administered by stereotaxic
injection in basal ganglia and cerebellum of C57BL/6 mice (2 pL/injection at 6.5 x
108 vg/uL, bilateral). Luciferase activity was quantified at the indicated times by BLI
after intraperitoneal administration of the substrate D-luciferin. The graph represents
average light emission (+SEM) from the head.

estimated rate of transduction was 1.65% of neurons and 9.71% of as-
trocytes. Among cells overexpressing Navl.1, 43% were neurons and
57% were astrocytes. In animals treated with the lowest vector dose,
the nature of infected cells was maintained, but the percentage of
transduced neurons dropped to 0.51%. Quantification of transgenic
SCNIA mRNA was performed by qRT-PCR using primers specific
for the codon-optimized sequence in mice injected with the highest
dose. We detected an average of 7.44 x 10°> + 4.28 x 10° SCNIA
copies/pig mRNA in treated mice (Figure 6D). To analyze the influence
on endogenous Scnla expression, murine mRNA was quantified with
a different pair of primers (see Materials and methods) and compared
with WT mice. No significant differences in endogenous Scxnla expres-
sion were observed among groups (WT: 1.08 x 10°+7.35 x 10°,n=3;
DS: 1.18 x 10° + 141 x 10%, n = 3; DS+SCN1A: 1.35 x 10° + 6.65 x
10*, n=4, p = 0.58, Kruskal-Wallis with Dunn’s multiple comparisons
test). In agreement with this result, no major changes in the global
content of Navl.1 were detected in the BG of mice by western blotting
(Figure 6E). These results indicate that a significant reduction of
epileptogenic activity can be achieved by supplementation of SCN1A
in a relatively low percentage of neurons in BG.

Improvement of survival and attenuation of sensitivity to
hyperthermia-induced seizures

For evaluation of safety and therapeutic potential, the HCA-CAG-
SCN1A vector was administered to adolescent DS mice (5-week-
old) following two methods selected from our biodistribution study:
injection in BG/Cb and triple injection in BG/Cb/pCtx, in order to
obtain the maximal extension of gene supplementation. Control
groups included untreated DS mice (ut) or DS mice treated with
the vector expressing luciferase. All vectors and procedures were
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well tolerated, and mice rapidly recovered from surgery. Although
the mortality rate in DS mice is moderate after the first 5 weeks of
life,”” a significant increase of survival was still observed in mice
treated with HCA-CAG-SCN1A by both administration methods
(ut n = 17; BG/Cb n = 16, p < 0.04; BG/Cb/pCtx n = 12, p < 0.02,
log rank test, Figure 7A). This result is consistent with protection
from SUDEP. One month after treatment, mice were subjected to
controlled hyperthermia to determine their seizure threshold temper-
ature. As shown in Figure 7B, only mice that received the triple bilat-
eral injection of HCA-CAG-SCNI1A showed a significant increase in
the threshold, compared with control mice or their own pre-treat-
ment values (WT: >42°C, n = 11; ut: 39.87°C = 0.17°C, n = 15;
Luc: 39.36°C = 0.19°C, n = 14; BG/Cb: 39.56°C + 0.13°C, n = 14;
BG/Cb/pCtx: 40.72°C + 0.19°C, n = 14; p < 0.01, one-way ANOVA
with Sidak’s multiple comparison test). In contrast, no change could
be demonstrated when the vector was administered only in BG/Cb
(39.5 £ 0.5°C, n = 14). The effect on spontaneous seizures is difficult
to quantify in adolescent and young DS mice, but our observations
during animal husbandry suggest that the BG/Cb route is able to
reduce the lethality but not the frequency of crisis (Figure S6). These
results suggest that reducing the predisposition to thermal-induced
tonic-clonic seizures requires wider distribution of SNC1A expression
compared with protection from early death.

Amelioration of motor and some behavioral manifestations but
no correction of hyperactivity and learning delay

After demonstration that HCA-CAG-SCN1A attenuates the most
life-threatening consequences of SCNIA deficiency, we started the
evaluation of other important comorbidities. To this end, mice treated
with a triple bilateral injection of the therapeutic vector or the corre-
sponding controls were subjected to a series of motor, cognitive, and
behavioral tests. Evaluation started 2 months after treatment and
spanned 1 additional month. Of note, cognitive and behavioral man-
ifestations were already present in adolescent DS mice (Figure S5),
whereas motor defects were evident only after the third month of
life.”” Quantification of cognitive functions started with the novel ob-
ject recognition (NOR) test (Figure 8A). Mice treated with HCA-
CAG-SCN1A (SCNIA group) showed an improvement in the
discrimination index (DI) between novel and known objects (WT:
63.5 + 245 s, n = 21; ut: 47.4 + 4.56 s, n = 20; Luc: 47.7 £ 7.69 s,
n = 14; SCNI1A: 64.6 + 2.71%, n = 12; p < 0.05, one-way ANOVA
with Sidak’s multiple comparison test), suggesting amelioration of
long-term visuospatial recognition memory. However, the Morris
water maze test (MWM) failed to demonstrate any improvement in
task learning (Figure 8B). The visible platform (VP) phase of the
test (Figure 8B, left) confirmed that all DS mice can learn a task
because the time needed to reach the platform is reduced by training
(p <0.0001, Friedman test), but this time is consistently higher than in
WT mice (p <0.001, one-way ANOVA with Sidak’s multiple compar-
isons test), irrespective of the treatment. The invisible platform (IP)
phase of the MWM test (Figure 8B, center) evidenced the inability
of DS mice to use visual cues (mean + SEM, p < 0.001, one-way
ANOVA with Sidak’s multiple comparisons test; p > 0.05, Friedman
test), and the treatment with HCA-CAG-SCN1A was unable to
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Figure 5. Basal ganglia and cerebellum are favorable locations for AdV injection

The Ad-CAG-GL vector was administered by stereotaxic injection in different locations of C57BL/6 mice (1.5 uL/injection at 3.5 x 107 vg/uL, bilateral): (A) cortex (Ctx,
prefrontal, parietal, and occipital); (B) hippocampus (HC); (C) basal ganglia (BG); (D) cerebellum (Cb); (E) basal ganglia and cerebellum (BG/Cb); (F) basal ganglia, cerebellum,
and prefrontal cortex (BG/Cb/pCtx). 48 h later, luciferase activity was quantified by BLI after intraperitoneal administration of the substrate D-luciferin. One h later, mice were
sacrificed and brains were collected. One hemisphere was processed for detection of GFP, and the other was dissected for separation of the following brain structures: pCtx;
ptCtx (parieto-temporo-occipital cortex); HC; Cb; brain stem (BS); BG; and hypothalamus (HT). The liver (Li) was collected to analyze the expression in extracerebral organs.
Luciferase activity was measured in protein extracts from these structures and represented as RLU/ug protein. (G) representative images of GFP detection (green), with nuclei
stained by DAPI (blue). For each injection location, two sections with different lateralization are shown. Note that in the case of the cortex the vector was injected in three
different coordinates. Parietal and occipital are shown in the left image and prefrontal in the right image. Bars indicate averages for each group, and individual values are

represented by small circles. Scale bar, 2 mm.

improve it (p > 0.05, Friedman test). Consistent with the persistence
of visuospatial memory retention defects in treated mice, the probe
test (P) showed no amelioration in the time spent in the right quad-
rant, as shown in Figure 8B, right (mean percentage of time in the last
probe, WT: 52.53 + 2.92 s, n = 20; ut: 22.59 + 2.24 s, n = 17; Luc:
27.04 £ 3.29 s, n = 15; SCN1A: 29.37 + 3.74 s, n = 11, all DS groups
p < 0.0001 versus WT, p > 0.05 SCN1A versus ut and Luc, one-way
ANOVA with Sidak’s multiple comparison test). Overall, a global
improvement in cognitive performance could not be demonstrated
when the HCA-CAG-SCNIA vector was administered in adolescent
DS mice. This result is consistent with the failure to correct the hyper-
active behavior, analyzed in the open-field (OF) test (Figure 8C). In
Figure 8C, left we show that the increase in movement velocity
observed in DS versus WT mice (WT: 6.27 + 0.28 cm/s, n = 23; ut:
9.87 £ 0.51 cm/s, n = 22; Luc: 11.5 + 0.60 cm/s, n = 17, p < 0.001,
one-way ANOVA with Sidak’s multiple comparisons test) was un-
changed upon administration of the HCA-CAG-SCNI1A vector

(SCN1A: 9.8 = 0.5 cm/s, n = 10, p > 0.05). The same outcome was
observed when we analyzed the avoidance to explore the center of
the arena (Figure 8C, center), which is indicative of anxiety behavior.
Mice treated with HCA-CAG-SCN1A showed no difference in the
time spent in the center of the arena compared with untreated or
luciferase vector-treated groups (ut: 48.80 + 6.04 s, n = 21; Luc:
60.9 £ 749 s, n = 18; SCN1A: 40.1 £ 8.73 s, n = 11, p > 0.05, one-
way ANOVA with Sidak’s multiple comparisons test), which is lower
than WT mice (WT: 95.2 £ 10.8 s, n = 23, p < 0.001). The hyperactive
behavior of DS mice was also apparent when we measured the num-
ber of stereotypies (Figure 8C, right) (WT: 3.18 + 0.26 stereotypies/
min, n = 21; ut: 8.34 + 0.54 stereotypies/min, n = 24; Luc: 7.55 +
0.30 stereotypies/min, n = 12, p < 0.001, one-way ANOVA with
Sidak’s multiple comparisons test), which was unchanged in mice
treated with the therapeutic vector (SCN1A: 8.04 + 0.70 stereo-
typies/min, n = 11, p > 0.05). In contrast, species-adapted motiva-
tion-related tests indicated improvement of behavioral traits related
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to interaction with the environment, which are a good indicator of the
individual’s performance in daily life activities.”’ On one hand, the
marble burying test (Figure 8D) revealed an improvement in explor-
atory behavior, with a reduction of uncovered objects compared with
the control groups (WT: 2.05 + 0.32 marbles, n = 23, ut: 7.28 + 0.73
marbles, n = 28; Luc: 8.48 + 0.64 marbles, n = 14; SCN1A: 3.98 + 0.59
marbles, n = 11, p < 0.05 SCN1A versus ut; p < 0.01 SCNIA versus
Luc, Kruskal-Wallis with Dunn’s multiple comparisons test). On
the other hand, the nest building test, which is considered an indicator
of the animal’s welfare,”’ showed better nest assembly skills in DS
mice treated with the HCA-CAG-SCNI1A vector (Figure 8E),
although the amelioration was only partial.

Finally, the vector obtained a clear improvement of motor function, as
demonstrated in the rotarod test (Figure 8F), which evaluates coordi-
nation and balance. The latency to fall from the rotating surface was
increased in the therapeutic group compared with DS controls
(SCN1A: 101 + 10.1 s, n = 12; ut: 63.9 + 621 s, n = 17; Luc: 52.8 +
7.18 s,n =17, p < 0.001, one-way ANOVA with Sidak’s multiple com-
parisons test), and it was equivalent to WT mice (WT:84 £7.02s,n =
19; p > 0.05). In agreement with the improvement of cerebellar ataxia, a
reduction in the clasping index was observed in mice treated with
HCA-CAG-SCNI1A (WT: 0.04 + 0.04, n = 21; ut: 229 + 0.16, n =
14; Luc: 2.09 + 0.31, n = 11; SCN1A: 1.33 £ 0.31, n = 12, p < 0.01,
one-way ANOVA with Sidak’s multiple comparisons test) (Figure 8G).

DISCUSSION

Gene transfer of the SCNIA coding sequence is a straightforward
mechanism of action for the treatment of DS from a conceptual
standpoint. It offers the opportunity of permanent disease control
upon a single vector administration, without the need of expressing
exogenous genes. However, this approach needs to overcome impor-
tant technical barriers. In this work we have dissipated some uncer-
tainties by demonstrating that a codon-optimized version of the
SCNI1A cDNA can be efficiently amplified and manipulated to pro-
duce HC-AdVs. The production of these vectors is more complicated
than AAVs, but recent improvements are increasing their clinical
feasibility.3 %> DS-treated animals were protected from SUDEP, their
epileptic features were attenuated, and a consistent amelioration of
motor function and some behavioral traits was observed. Our results
are in line with a recent work using an AAV vector to deliver guide
RNAs for a transgenically expressed Cas9-based transcriptional
activator specific for the SCNIA promoter.®® This elegant proof-of-

principle study limits Navl.1 expression to inhibitory neurons and
leverages the efficacy of the AAV-PHP.eB serotype in mouse brain,
obtaining a partial therapeutic effect when administered to adolescent
(P30) mice.

As expected, generalized transgene expression cannot be obtained af-
ter a single intracerebral administration of adenoviral vectors, and the
coverage obtained is different depending on the injection site. The
CAG promoter was chosen because it guarantees transgene expres-
sion in all cell types, it ensures long-term ubiquitous expression in
the brain, and it facilitates the characterization of different routes of
administration. Using this tool, we have found that the need for ho-
mogeneous and widespread transgene expression is not as stringent
as predicted in DS. The hippocampus is considered an important
target for this disease,”*> but we found that HAdV5 vectors admin-
istered in this location reached a relatively low number of neurons
and did not transduce neighboring structures. Injection in the cortex
obtained efficient but locally restricted transgene expression, while
cerebellum and especially basal ganglia were more permissive for vec-
tor transduction, in agreement with previous reports.”® Further opti-
mization of vector dissemination in the brain could improve not only
seizure control but also other DS manifestations, as discussed below.
However, until efficient methods to deliver large particles across the
blood-brain or ependymal-brain barrier are developed, selective ste-
reotaxic injections are the most realistic option. We believe the
method described here is clinically feasible and allows the transduc-
tion of brain areas with relevance for DS. The therapeutic benefit of
focal transgene expression cannot be generalized for other genetic en-
cephalopathies, and it should be investigated in specific preclinical
models in order to evaluate the scope of this approach.

Interestingly, injection of HCA-CAG-SCNI1A in basal ganglia and
cerebellum improved survival of DS mice. As shown in our bio-
distribution experiments, transduction of cerebellum produced a
concomitant expression of the transgene in brain stem (pons). Both
structures play a central role in autonomic and respiratory regulation
and, therefore, in SUDEP.”” In fact, the pons is connected with the
thalamus, and a marked reduction in the resting-state functional con-
nectivity between them has been described for patients at high risk of
suffering SUDEP>®, Moreover, an extensive cerebellar volume loss has
been described in these patients.”” Tissue loss may be derived from
excitotoxicity in Purkinje cells due to a hyperactivation of pontine
or long climbing fibers of olivary projections. Damaged Purkinje cells

Figure 6. Intracerebral administration of HCA-CAG-SCN1A increases the expression of functional Nav1.1 in DS mice

Two groups of 5-week-old DS mice received the vector by stereotaxic injection in basal ganglia at 4.6 x 10° or 2 x 107 vg/injection (DS+SCN1A (LD) and (HD), respectively).
Control mice were injected with saline solution in the same location. Electrodes were placed close to the injection site and in the prefrontal area during the same surgical
session. (A) One week later, electrophysiological signals were recorded from awake, freely moving animals. Representative signals from deep and superficial electrodes are
shown at top and bottom, respectively. The number of IEDs per min was quantified and is represented at right. *p < 0.05, Kruskal-Wallis with Dunn’s multiple comparisons
test. Note the presence/absence of [EDs in the DS and DS+SCN1A (HD) traces, respectively, and the partial effect in the DS+SCN1A (LD). (B) The basal ganglia of additional
mice receiving the same treatment were processed for identification of cells overexpressing Navi.1 by IF, in green, counterstained with DAPIin blue. (C) Co-staining of Nav1.1
(green) with NeuN and GFAP (in red) was performed to distinguish transduced neurons and astrocytes, respectively. The graph on the right indicates the percentage of cells
overexpressing Nav1.1 in the injected region. (D) Quantification of endogenous scna and codon-optimized SCN1A mRNA expression in DS+SCN1A (HD), together with DS
and WT controls. (E) Detection of Nav1.1 protein in the same groups of mice by western blot. In (A) and (D), bars indicate averages for each group, and individual values are
represented by small circles. In (C), bars indicate average + SEM. Scale bars, 250 um in (B) and 50 um in (C).
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Figure 7. Intracerebral administration of HCA-CAG-SCN1A improves survival and attenuates sensitivity to hyperthermia-induced seizures in DS mice

Five-week-old DS mice received bilateral stereotaxic injections of the vector (2 x 107 vg/injection) in basal ganglia and cerebellum (BG/Cb) or basal ganglia, cerebellum, and
prefrontal cortex (BG/Cb/pCtx). Control DS mice were left untreated (ut) or were injected with the reporter vector HCA-CAG-Luc. (A) Survival after treatment. p = 0.02 in BG/
Cb/pCtx versus ut; p = 0.04 in BG/Cb versus ut, log-rank test. (B) Mice were subjected to controlled hyperthermia 1 month after treatment. The graphs represent the average
seizure threshold temperature with indication of individual values (left). Right: the cumulative fraction of mice suffering a generalized tonic-clonic seizure for each body
temperature before (pre) and 1 month after treatment (post). More than 80% WT mice experienced no seizures at the maximal temperature tested (42.5°C). **p < 0.01, **p <

0.001, one-way ANOVA with Sidak’s multiple comparisons test.

would affect the function of the deep nuclei, impairing the recovery
from hypotension and apnea following a generalized tonic-clonic
0" Altogether, this evidence suggests that restoration of
SCNIA expression in cerebellum and brain stem is a key factor for
protection from SUDEP in DS mice, probably improving autonomic
and respiratory regulation. We cannot rule out the possibility that
SCNIA expression in the thalamus could also contribute to control

the excitatory stimuli in distant brain regions not reached by the vec-
41,42

seizure.

tor In addition, the efficient transduction of the hypothalamus
could exert a positive effect by normalization of circadian
rhythms,*** although this possibility has not been directly investi-
gated. The potential role of this region in the therapeutic effect of
HCA-CAG-SCNI1A requires further study to identify the GFP™ cells
by IF, since this small structure was entirely collected for luciferase

analysis.

Despite the effect observed after administration of the vector in basal
ganglia and cerebellum, the addition of a prefrontal cortex injection
was needed to provide protection from febrile seizures in the DS
mouse model, suggesting the requirement of wider distribution in or-
der to control the generalization of crisis. This concept is supported
by a recent study carried out in patients suffering from Lennox-Gas-
taut syndrome,*” showing the importance of the prefrontal cortex in
the initiation of epileptic activity, followed by propagation to the
brain stem and then to the thalamus. This region is also well posi-
tioned to promote rapid communication with spinal motor neurons
involved in tonic seizures. In addition, the crucial role of the prefron-
tal cortex in cognitive functions* is in agreement with the improve-
ment observed in the NOR test in treated mice. Some reports suggest
the implication of this region in spatial memory."”** However, DS

594 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

mice receiving the HCA-CAG-SCN1A vector after the triple bilateral
injection (BG/Cb/pCtx) showed no improvement in the MWM test,
which is the gold standard for evaluation of spatial learning and reten-
tion. This result supports the importance of the hippocampus in these
brain functions. In the same vein, although HCA-CAG-SCN1A
improved the general welfare of DS mice—evaluated with the marble
burying and nest building tests—it failed to avoid the hyperactive
behavior, suggesting that wider vector distribution is required, espe-
cially in cortical and hippocampal areas. This could be accomplished
by advanced delivery methods (convection-enhanced infusion’** or
sonoporation®’) or by using vectors derived from alternative adeno-
viral members with superior neuronal tropism. In addition, better
control of SCNIA expression could improve the therapeutic efficacy.
Even if the SCNI1A gene is normally expressed in different cell popu-
lations (including inhibitory interneurons, excitatory neurons, and
glia), overexpression in some of these cells may be detrimental for
the restoration of the excitatory/inhibitory balance in the brain. The
use of the CAG promoter, which ensures long-term expression
without cell specificity, has demonstrated the safety of this approach.
Still, obtaining physiological expression of SCNIA is one of our cur-
rent priorities, aided by the ability of HC-AdV's to accommodate large
regulatory regions. The use of the endogenous promoter could modu-
late expression without assuming the identity of the optimal target
cell/s, which are still not fully defined. While these are relevant op-
tions for treatment optimization, our results demonstrate that signif-
icant amelioration of disease manifestations can be achieved upon
SCNIA transfer in a fraction of neurons, highlighting the feasibility
of this approach. Importantly, optimization of gene transfer should
occur in parallel with the improvement in transgene regulation in or-
der to avoid a generalized increase in Navl.1 function. Although it is
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Figure 8. Intracerebral administration of HCA-CAG-SCN1A in adolescent DS mice improves motor skills and ameliorates some behavioral manifestations

but not hyperactivity and learning

Five-week-old DS mice received bilateral stereotaxic injections of the HCA-CAG-SCN1A vector (2 x 107 vg/injection) in basal ganglia, cerebellum, and prefrontal cortex (BG/
Cb/pCtx). Control mice were left untreated (ut) or were injected with the reporter vector HCA-CAG-Luc (Luc). Wild-type littermates (WT) are included as a reference of normal
score for each test. Mice were subjected to the following tests: NOR (A); MWM (B); OF (C); marble burying (D); nest building (E); rotarod (F); and clasping (G). Bars represent
the average value of each group, and individual scores are indicated by symbols (WT, gray inverted triangles; ut, empty orange diamonds; Luc, red circles; SCN1A, green
triangles). In the MWM (B), the visible and invisible platform phases of the test (VP and IP, respectively, mean +SEM) and the 60-s probe tests (P60) are represented at left,
center, and right, respectively. (C) In the OF the mean velocity, time spent in the center of the arena, and number of stereotypies/min are represented at left, center, and right,
respectively. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Sidak’s multiple comparisons test (A-D and F) and Kruskal-Wallis with Dunn’s test (G).

not clear whether SCNI1A overexpression and gain-of-function mu-
tants are functionally equivalent, the latter have been associated

. . . 51-53
with serious diseases.

In this work we took the challenge of treating adolescent DS mice, in
which the full spectrum of disease comorbidities is already estab-
lished, with the only exception of motor alterations.”® Although
treatment at earlier ages could render better results, we believe this
group of patients is clearly in need of new therapies. Therefore, it
was important to determine to what extent pre-existing defects can
be reverted by disease-modifying therapies. Apart from mortality
and sensitivity to hyperthermia-induced seizures, we demonstrated

improvement of some behavioral tests (marble burying, nest build-
ing) and the NOR test, as well as prevention of motor deterioration.
One limitation of our study is the rudimentary evaluation of sponta-
neous seizures. Proper assessment requires specific equipment for
long-term video-electroencephalogram (EEG) recording, taking
into account the relatively low frequency of seizures in adolescent/
adult DS mice. Therefore, we cannot reach strong conclusions on
this disease manifestation. On the other hand, hyperactivity and
spatial learning delay were not significantly ameliorated. At this
moment it is not possible to determine whether this is due to the sub-
optimal vector distribution and selectivity or is a consequence of irre-
versible functional/structural alterations. Of note, seizures can
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provoke pathogenic remodeling that is promoted by—but not specific
to—SCNIA mutations.”* In addition, alterations of the neurogenic
niche have been recently described in the hippocampus of DS
mice.”” This issue deserves special attention in order to define the
scope of novel SCNIA-targeted therapies.

Despite all the current limitations, our results demonstrate that the
transfer of the full SCNIA cDNA using HC-AdVs is feasible and
potentially therapeutic for DS. The next challenge is to increase the
efficacy and selectivity of transgene expression into the brain, depend-
ing on vector biodistribution, infectivity, and transcriptional regula-
tion. Each one of these parameters may require specific optimization,
which goes beyond the scope of the present work. Here we have
defined a basic approach with therapeutic potential and indicate po-
tential ways of improvement.

MATERIALS AND METHODS

Plasmids and construction of vector genomes

pcDNA3.1 was purchased from Invitrogen (Carlsbad, CA, USA). The
pCMV-SCNIA plasmid encoding the codon-optimized human
SCNIA cDNA was obtained from Invitrogen (GeneArt). The CAG pro-
moter was obtained from the pCAGGS plasmid.*® The EF1a; regulatory
sequence was obtained from the pTGC1100 plasmid. The IRES and
eGFPLuc sequences were derived from the pIRES and pEGFPLuc plas-
mids, respectively (Clontech, Mountain View, CA, USA). All subclon-
ings were performed by standard molecular biology techniques using
restriction endonucleases from New England Biolabs (Ipswich, MA,
USA). Ligase was from Promega (Madison, WI, USA). Oligonucleotides
were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the con-
struction of the Ad-CAG-GFPLuc vector, the CAG-GFPLuc expression
cassette was inserted into the Clal (blunted)-Xbal sites of pSAdBst. This
plasmid contains the sequence of HAdV5 with a small poly-cloning site
(ClaI-Xbal-BstBI) substituting the E1 region and a deletion of E3. For
the construction of the HC-AdV vectors, the CAG-SCNI1A and EF-
SCN1A-GFP expression cassettes were introduced into the Ascl sites
of pD23E4** or pD20-E4 plasmids, respectively. pD20-E4 was obtained
from pDelta28E4°” by deletion of the stuffer region comprising Swal-
BstEII sites and insertion of NotI and Mlul sites.

Vector production

The E1/E3-deleted Ad-CAG-GFPLuc vector was obtained by transfec-
tion of the Ad-CAG-GFPLuc plasmid in HEK-293 cells, and the culture
was maintained until cytopathic effect (CPE) was apparent. The
virus was cloned by end-limiting dilution and amplified in HEK-293
cells. Purification was performed by double CsCl density-gradient
ultracentrifugation and desalting in Sepharose size-exclusion columns.
Production of HC-AdVs was performed as previously described.*
Quantification in vg was performed by qPCR of purified virus using
the primers 5 AGCATCCGTTACTCTGAGTTGG 3 (forward);
GCATGTTGGTATGCAGGATGG (reverse) for E1/E3-deleted vectors
and 5 TAGTGTGGCGGAAGTGTGATGTTG 3’ (forward); 5
ACGCCACTTTGACCCGGAACG 3’ (reverse) for HC-AdVs. The
same primers were used for quantification of iiu, as previously
described.”®
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Cell culture

The cell lines HEK-293 (ATCC CRL-1573, American Type Culture
Collection), A549 (ATCC CRL-185, American Type Culture Collec-
tion), and 293Cre4 (courtesy of Stefan Kochanek, University of
Ulm, Germany) were maintained in DMEM. G-418 (400 pg/mL)
was added to 293Cre4 cells. SH-SY5Y cells (ATCC CRL-2266, Amer-
ican Type Culture Collection) were maintained in a 1:1 mixture of Ea-
gle’s minimum essential medium and F12 medium supplemented
with 1% non-essential amino acids. All culture media were supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, and 2 mM L-glutamine. Reagents were ob-
tained from Gibco (Gaithersburg, MD, USA). All cells were main-
tained at 37°C with 5% CO, in a humidified incubator. Cells were
routinely tested for mycoplasma contamination. HEK-293 cells
were seeded in 24-well, 6-well, or P100 plates at a density of 2.5 X
10°, 1 x 10% or 5 x 10°, respectively; SH-SY5Y cells were seeded at
2.5 x 10° or 2.5 x 10° in 24-well or 6- well plates.

Brains obtained from C57BL/6 mice at the 14.5th day of embryogenesis
(E14.5) were used to prepare primary neuronal cultures. Pregnant mice
were sacrificed, and embryos were extracted. Embryo brains were
removed from the skull; after dissection of the cortex and hippocampus,
the tissues were collected in Hank’s balanced salt solution (HBSS) (Life
Technologies) with 10 mM HEPES (Gibco). To dissociate cells, 60 uL of
DNase I at 10 mg/mL (Roche) and 120 pL of 2.5% trypsin solution
(Gibco) were added, followed by a 15-min incubation at 37°C. Enzy-
matic digestion was stopped by adding 5 mL of plating medium (PM:
Neurobasal medium [Gibco] supplemented with 10% FBS [Sigma],
2% B-27 [Thermo], 1% GlutaMAX [Gibco], and 100 U/mL penicillin
and 100 pg/mL streptomycin [Gibco]). After a centrifugation of
5 min at 90 X g, supernatant was removed and 3 mL of maintenance
medium (MM: Neurobasal medium [Gibco] supplemented with 2%
B-27 [Thermo], 1% GlutaMAX [Gibco], and 100 U/mL penicillin and
100 pg/mL streptomycin [Gibco]) was added to carry out the mechan-
ical dissociation. Neurons were seeded at a density of 4 x 10> neurons
per well on 24-well or 4 x 10° neurons per well on 6-well (Eppendorf)
pre-treated plates (coated with 100 pg/mL poly-1-lysine [Sigma] diluted
in sterilized double-distilled water and 2.5 mg/mL Matrigel [Corning,
374234] diluted in Leibovitz’s L-15 medium [Gibco]) and grown in
800 uL of MM; 12 h later cell culture medium was complemented
with 50 ng/mL brain-derived neurotrophic factor (BDNF, PeproTech).

Transfections and luciferase assay

Cells were seeded in 24-well plates at 80%-90% confluence. Transfec-
tion was performed 24 h or 4 days later—for stable cell lines or pri-
mary cultures, respectively—by Lipofectamine 2000 (Invitrogen) us-
ing 0.5 pg of each firefly luciferase reporter plasmid. The transfection
mixture was removed 5 h later and replaced by fresh culture medium.
Cells were lysed 48 h later, and 10 pL of each sample was analyzed for
luciferase activity with the Luciferase Reporter Assay System (Prom-
ega) on a Lumat LB 9507 Luminometer (Berthold Technologies). Re-
sults were normalized by pg of protein loaded, determined by Brad-
ford assay (Bio-Rad).
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Patch clamp

HEK-293 cells (ATCC CRL-1573) were infected with 400 vp/cell. 24 h
after infection, recordings were performed as described previously.'”
Briefly, Sutter IPA amplifier was used (Sutter Instrument, Novato,
CA, USA). The pipette solutions contained 140 mM CsF, 10 mM
NaCl, 1 mM EGTA, 10 mM HEPES, and 10 mM glucose, adjusted
to pH 7.3 with NaOH. The external solution contained 140 mM
NaCl, 20 mM glucose, 10 mM HEPES, 1 mM MgCl,, 3 mM KCl,
and 1 mM CaCl,, adjusted to pH 7.35 with NaOH. Chemicals were
purchased from Sigma-Aldrich or Fisher Chemical. The voltage
dependence of activation was measured from a holding potential of
—120 mV. Cells were depolarized for 20 ms to potentials ranging
from —70 to +40 mV in 10-mV increments. The selective Navl.1
opener Hmla (50 nM, Alomone lab, Jerusalem, Israel; Cat# STH-
601) was added to a subset of cells.

Infections in cell cultures

SH-SY5Y cells and primary neurons were seeded at a density of 2.5 x
10° or 4 x 10° in 24-well or 6- well plates, respectively. Infections were
performed 24 h or 4 days later, respectively, preparing the infection
mix in 100 or 500 pL of growing medium, respectively. 48 h later, cells
were processed for qRT-PCR or IF analyses.

Animals and stereotaxic injections

The conditional Scnla-A1783V mice (B6(Cg)-Scnlatml.1Dsf/], The
Jackson Laboratory, stock no. 026133) were bred to mice expressing
Cre recombinase under the control of the CMV promoter (B6.C-
Tg(CMV-Cre)1Cgn/], The Jackson Laboratory, stock no. 006054°°).
Breeding pairs consisted of heterozygous male Scnla-A1783V and
homozygous female CMV-Cre mice. See https://www.jax.org/strain/
026133 for details about allele modification and genotyping.
Offspring carrying one mutated allele (genotype hereafter referred
to as DS) express the A1783V mutation in the Scnla gene in all
body tissues, mimicking what happens in DS. Animals were housed
4-6 per cage with free access to food and water, weighed weekly,
and maintained in a temperature- and light-controlled (12 h/12 h
light/dark cycle) environment. Breeding and experimental protocols
were approved by the Ethical Committee of the University of Navarra
(in accord with Spanish Royal Decree 53/2013).

For stereotaxic administration 5-week-old animals were anesthetized
with ketamine-xylazine (80:10 mg/kg i.p.) and placed in a stereotactic
frame. After the scalp was shaved and disinfected, a longitudinal inci-
sion was made along the midline to expose the skull, which was cleaned
with iodine and hydrogen peroxide to remove the periosteum and pre-
vent infection. Next, 2-6 burr holes were drilled at the defined posi-
tions. Coordinates (Table S1) were determined according to the Paxi-
nos and Watson mouse brain atlas (1998). A 10-uL Hamilton syringe
(Hamilton) was used for vector delivery. Viral suspensions (1.0-1.5 uL)
were administered per injection point following a 0.4 pL/min infusion
rate. The needle remained in place for 3 min before and after vector
infusion to favor the absorption of the vector. The incision was stitched,
and the animals were observed until full recovery from anesthesia and
daily during the following days to avoid surgical complications.

Quantitative PCR

In order to minimize the number of animals employed in this part of
the study (n = 3 or 4), one brain hemisphere of each animal was
dissected and employed to determine mRNA levels of Scnla or
SCNIAco genes by quantitative PCR, and the other was fixed for
the identification of Navl.1 protein by IF. Brain tissues or cell pellets
from the in vitro experiments were processed with the Maxwell 16
LEV simplyRNA Cells/Tissue Kit (Promega) for total RNA isolation
according to manufacturer’s indications. Two micrograms of RNA
were then treated with DNase I and retro-transcribed into cDNA
with Moleney Murine Leukemia Virus (M-MLV) retro-trasncriptase
enzyme (Invitrogen) and random primers (Life Technologies). These
procedures were performed in a GeneAmp PCR System 2400
(Applied Biosystems). Quantitative analysis was performed by real-
time PCR using iQTM SYBR Green Supermix reagent (Bio-Rad) in
the CFX96 Touch Real-Time PCR Detection System (Bio-Rad).
Mouse Scnla and human SCNI1Aco expression levels were deter-
mined with specific primers (mScnla: FP 5-CATGTATGCT
GCAGTTGATTCCA-3' and RP 5-AACAGGTTCAGGGTAAA
GAAGG-3'; hSCN1Aco: FP 5'- TCAACATGTACATTGCCGTC-3’
and RP 5'-ATCAGCTGCAGTTTGTTGG-3'),"” and mouse/human
36b4 was used as housekeeping gene (FP 5-AACAATCTCCCC
CTTCTCCTT-3' and RP 5-GAAGGCCTTGACCTTTTCAG-3').
Primers were purchased from Sigma. All samples were tested
in triplicate, and at least two independent qPCR experiments
were performed. The relative quantification was carried out using

Delta threshold cycle (~-A . . L6l
the 27Delta threshold cycle (5-ACt) - rrected with primer efficiencies.’

Preparation of membrane-enriched extracts and western
blotting

Membrane-enriched protein fractions (P2) were obtained from cells
and brain tissues as previously described.”> Protein concentration
was determined by Bradford assay (Bio-Rad), and part of the prepa-
ration was solubilized in denaturing conditions as described previ-
ously.'"*® Protein samples were mixed with 4x urea-EDTA buffer,
resolved onto 7.5% SDS-polyacrylamide gels, and transferred to poly-
vinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% BSA and 0.05% Tween 20 in Tris-buffered saline
(TBS), followed by overnight incubation at 4°C with the following
primary antibodies: rabbit polyclonal anti-Navl.1 (Alomone Labs
Cat# ASC-001, 1:500) and rabbit monoclonal (14C12) anti-GAPDH
(Cell Signaling Technology, Cat# 2118S, 1:5,000) diluted in 2.5% BSA,
0.05% Tween 20, and 0.01% azide in TBS. Immunolabeled protein
bands were detected by using an anti-rabbit immunoglobulin G
(IgG) horseradish peroxidase (HRP) conjugate (GE Healthcare,
Cat# NA934V, 1:10,000) and an enhanced chemiluminescence sys-
tem (Lumigen ECL Ultra TMA-6, Lumigen, Cat# TLA-100). Images
were acquired with a ChemiDoc system (Bio-Rad).

Immunofluorescence procedures

Animals were perfused transcardially with 0.9% saline under an over-
dose of ketamine-xylazine anesthesia (240:30 mg/kg body weight;
Ketamidor 100 mg/mL injectable solution, Richter Pharma, Wels,
Austria, and Rompun 20 mg/mL injectable solution, Bayer Animal
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Health, Leverkusen, Germany; respectively). After perfusion, brains
were removed and one hemisphere was fixed in 4% paraformaldehyde
(PFA) (PanReac) for 48 h at room temperature (RT) and then cryo-
preserved in 30% sucrose solution in phosphate saline buffer 0.125 M
(PBS, Gibco) at 4°C until they sank. Microtome sections (thickness:
30 pm) were cut sagittally with a freezing microtome and stored in
cryopreserving solution (30% ethylene glycol, 30% glycerol in phos-
phate buffer 0.1 M, Sigma) at —20°C until processed. To carry out
the IF, two to four free-floating tissue sections per animal were pro-
cessed (n = 3 or 4 in each group). Brain sections were washed 3 times
with PBS at RT, and then a blocking step was performed (2% donkey
or goat normal serum [Jackson ImmunoResearch], 0.5% Triton X-
100 [Sigma], and 1% BSA [Sigma] in PBS [Gibco]), followed by
overnight incubation at 4°C with the primary antibodies (rabbit poly-
clonal anti-Nav1.1, Alomone Labs Cat# ASC-001, 1:400; rabbit anti-
GFP, Abcam, Cat# MAB377, 1:200; mouse anti-NeuN clone A60,
Merck Millipore, Cat# MAB377, 1:400; mouse anti-GFAP [GA5],
Cell Signaling Technology, Cat# 3670, 1:500) diluted in blocking so-
lution (simple IF anti-GFP) or Chemmate antibody diluent (Dako, for
double IF or simple IF anti-Navl.1). After being washed 3 times with
PBS, slices were incubated with the secondary antibodies (Donkey
anti-Rabbit IgG [H+L] Alexa Fluor 488 Cat# A-21206, 1:400; Goat
anti-Mouse IgG [H+L] Alexa Fluor 568 Cat# A-11031, 1:400) for
90 min at RT and protected from light. To enable the visualization
of nuclei, sections were incubated for 5 min with the DNA marker
4 ,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific
Cat# D1306, 300 nM) protected from light and washed twice with
PBS. For Navl.l immunostaining, slices were also incubated for
3 min at RT with the autofluorescence eliminator reagent (Millipore).
Finally, slices were mounted on Superfrost plus slides (Thermo), air-
dried for 24 h protected from light, and rinsed in toluene (5 min).
Coverslips (Thermo) were placed with Immu-Mount mounting me-
dium (Thermo Fisher Scientific Cat# 9990402). To ensure compara-
ble immunostaining, sections were processed together under identical
conditions. For the assessment of non-specific primary and secondary
immunostaining, some sections from each experimental group were
incubated without primary or secondary antibody, and no immuno-
staining was observed in any case. Fluorescence signals were acquired
with the Axio Imager M1 microscope (Zeiss) using the EC Plan Neo-
fluor 20x/0.50 M27 objective. Images were acquired with the Axio-
Cam MR R3 camera and the program ZEN 2 blue edition (Zeiss).
The employed excitation and emission wavelengths were 488 and
509 nm for Navl.l and GFP, 558 and 575 nm for NeuN and
GFAP, and 353 and 465 nm for DAPI. Emissions were color-coded
in green, red, and blue, respectively. Acquired fluorescence images
were adjusted in parallel for brightness and contrast in ZEN 2 blue
edition (Zeiss).

For IF detection of Nav1.1, GFAP, VGAT, and VGlutl in culture, cells
were fixed for 5 min in 4% PFA (PanReac) and 4% sucrose (Sigma)
diluted in PBS with calcium and magnesium (PBS**, Gibco).
Cells were then permeabilized with 0.1% Triton X-100 (Sigma) in
PBS™"*, blocked for 30 min at RT in blocking solution (2% BSA [Sigma]
and 3% Normal Goat Serum [Jackson ImmunoResearch] in PBS**),
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and incubated overnight with the rabbit anti-Nav1.1 (1:400, Alomone
Labs Cat# ASC-001), mouse anti-GFAP (GA5), (1:500, Cell Signaling
Technology, Cat#3670), mouse anti-VGAT CL2-793 (1:500, Thermo
Fisher, Cat# MA5-24643), and mouse anti-VGlutl (1:1.000, Sigma,
Cat# AMAD91041) diluted in blocking solution. After washes, cells
were incubated with the secondary antibodies diluted 1:400 for 2 h at
RT and protected from light (Goat anti-Rabbit IgG [H+L] Alexa Fluor
546 Cat# A-11010; Goat anti-mouse IgG [H+L] Alexa Fluor 488 Cat#
A-11019). The GFP expression was detected by epifluorescence. Fluo-
rescence signals were acquired with the DM IL LED inverted fluores-
cence microscope (Leica) equipped with a fluorescence cube slider (Fil-
ter 1, cube GFP for Alexa 488 staining: EF BP 470/40 nm, SP BP 525/
50 nm, and DM 500 nm and filter 2, cube N2.1 for Alexa 546 staining:
EF 515-560 nm, SP 590 nm, DM 580 nm), coupled to a mercury metal
halide lamp (EL6000, Leica) using the HL Plan I 10x/0.22 PH1 or the
HCX PL Fluotar L 20x/0.44 CORR objectives. Images were acquired
with the DFC345FC camera (Leica Capture quality: 2.048 x 1.536
pixels [3 megapixels]) and the program Leica Application Suite (Leica
Image information: 8 bits, dimensions 1,600 x 1,200, calibration
1.14 pm/px for 10x objective and 2.27 pm/px for 20x objective). Emis-
sions were color-coded in red for Navl.1 and green for GFP, GFAP,
VGAT and VGlutl. For each panel, acquired fluorescence images
were adjusted in parallel for brightness and contrast in Image] 1.52p
(NIH, Bethesda, MD, USA). Sharpness was improved by employing
an unsharp mask filter (radius [sigma]: 5.0 px, and mask weight; 0.50).

Quantifications of labeled cells and colocalizations were performed by
two independent blinded investigators using Image] software.

Analysis of in vivo or ex vivo bioluminescence in mice

For in vivo BLI, mice were anesthetized with intraperitoneal injection
of a ketamine-xylazine mixture (80:10 mg/kg i.p.). The substrate
D-luciferin (Regis Technologies) was administered intraperitoneally
(200 pL of a 30 ug/pL solution in PBS). Light emission was detected
5, 10, 15, and 30 min later with a PhotonImager Optima apparatus
(Biospace) for identification of the peak values. Data were analyzed
with M3Vision software (Biospace), representing the maximal value
obtained for each animal. In Figure 5, mice were sacrificed 1 h later
for collection of brain and liver. Brain structures (prefrontal cortex,
parieto-temporo-occipital cortex, basal ganglia, brain stem, hypothal-
amus, hippocampus and cerebellum) were dissected before freezing in
liquid nitrogen. Luciferase activity was measured in these samples as
described for cell lines.

Electrophysiological recordings

Electrophysiological studies were carried out in 6-week-old animals
(n =5 per group). For the vector/saline administration the same proto-
col described above was followed. Three miniature stainless steel screws
were placed, one of them over the prefrontal cortex, pCTX
(AP: +2.58 mm and ML: £1.5 mm) and the other two over the cere-
bellum contralateral and ipsilateral to the registration point, being
used as ground and reference, respectively. Animals were left to recover
from surgery, and 1 week after implantation they were connected to an
acquisition system for electrophysiological recordings (Intan RHD2000
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system, IntanTech). Recording sessions were simultaneously video re-
corded to evaluate the behavioral state of the animals and the appear-
ance of clinical seizures. Animals were recorded for 30 min freely mov-
ing at RT on an OF box (60 cm x 60 cm x 60 cm). Electrophysiological
data were converted from Intan format into Spike2 format (Cambridge
Electronic Design) with custom-made routines in MATLAB (Math-
Works, Natick, MA, USA). Reviewed features of the Spike2 software
were used to analyze the recordings in order to assess the presence of
IEDs, which were semi-automatically annotated by performing an
initial detection following previously described methods®* and further
validated by visual inspection. To do this, signals were loaded with
MATLAB scripts, resampled to 1,000 Hz, band-pass filtered in the
60-100 Hz range, and rectified. IED events were detected when the
filtered envelope was >3 times above standard deviation of baseline. En-
velope was computed by estimating the root mean square (RMS) value
within a 200-ms window. Then, candidate events were uploaded into
the Spike2 file as a marker channel that was further reviewed and
curated by two specialists.

Thermal induction of seizures

Epileptogenic thermal threshold of mice was tested by induction of
hyperthermia seizures. The animals were body restrained into a meth-
acrylate cylinder coupled to an infrared lamp that gradually increased
ambient temperature inside the chamber. Mouse body temperature
was measured before initiation of heating with a RET-4 rectal probe
(Physitemp Instruments) connected to a TCAT-2LV controller (Phys-
itemp Instruments). Animals were introduced into the cylinder pre-
warmed at 25°C, and the temperature was gradually increased 0.5°C
every 2 min to a maximum of 42.5°C or until a generalized seizure
was observed. Body temperature was measured again just after removal
of the animals from the cylinder, and they were placed in contact with a
rubber bag filled with cold water to accelerate the recovery. Animals
were tested twice: at least 2 days before administration of vectors
(pre-surgery) and ~30 days after vector administration (post-surgery).
Both pre- and post-surgery heat-induced seizure periods were also
emulated in control animals (WT mice and DS mice untreated or
treated with the HCA-CAG-Luc vector).

Behavioral assessment

Morris water maze test

The MWM is a hippocampus-dependent learning task that serves to
test the working and reference memory function. The test was carried
out as described previously.”® The water maze consisted of a circular
pool of 1.2-m diameter and 0.6-m height (LE820120, Panlab Harvard
Apparatus) filled with water tinted with non-toxic white paint and
maintained at 20°C. During the first part of the test, visible platform
(VP), mice were trained to find the platform in order to escape from
the water. During this phase, the platform was raised above the water
surface and mice were trained for 5 consecutive days (four trials per
day). In the second part of the test, invisible platform (IP), the plat-
form was placed in the opposite quadrant and hidden below water
level, and visible cues were placed in each of the four quadrants of
the maze to allow spatial learning. Mice were trained for 8 consecutive
days (four trials per day). In both phases, mice were placed into the

maze facing toward the wall of the pool in selected locations
pseudo-randomly established. Each trial was finished when the
mouse reached the platform (escape latency) or after 60 s; when an
animal was unable to find the platform, it was gently guided onto
it. After each trial, animals remained on the platform for 15 s. On
the 4, 7™ and 9™ days of the IP phase all mice were subjected to a
probe trial in order to evaluate their retention. The platform was
removed from the pool, and mice were allowed to swim for 60 s in
the pool, measuring the time spent in the quadrant where the plat-
form was placed during the IP. All trials were recorded and analyzed
with the program WaterMaze3 (Actimetrics, Evanston, IL, USA).

Evaluation of spontaneous seizures

Mice were placed in the OF box and video recorded for 1 h/day for
12 weeks after treatment. In all cases, recordings took place in the
morning. Identification of tonic-clonic seizures was performed by
trained personnel in a blinded fashion.

Novel object recognition test

The NOR test was conducted for the assessment of visuospatial mem-
ory. The test was carried out as described previously.”” A standard
squared four-compartment mildly illuminated OF box was employed
(LE800SC, Panlab Harvard Apparatus, 90 x 90 x 40 cm). Before per-
forming the test, animals were habituated to the box over 15 min;
these data were employed to evaluate their motor spontaneous activ-
ity and stereotypes as described below. The test consists of two
different stages; during the first one (habituation phase) two identical
objects were placed into the box, symmetrically separated from each
other, and each mouse was allowed to explore them for 5 min. After a
delay of 24 h, the mouse was placed again in the cage and exposed for
5 min to one familiar object in the same position and to a novel object
placed in a new location (NOR 24 h phase). All trials were video re-
corded, and the total time spent exploring each object was measured
manually with a stopwatch. To avoid the presence of olfactory trails,
the apparatus and the objects were thoroughly cleaned after each trial.
The DI was calculated as a percentage according to this equation:
(Exploration time of the novel object/Total exploration time) x
100. Consequently, a ratio of 50% reflects equal exploration of the
familiar and the novel object, indicating no learning retention, and ra-
tios above 50% are indicative of visuospatial learning retention.

Open-field test

Motor activity was tested for 15 min in a standardized squared four-
compartment mildly illuminated OF box (LE800SC, Panlab Harvard
Apparatus, 90 x 90 x 40 cm). Trials were video recorded and auto-
matically analyzed with a video tracking system (Ethovision XT 5.0,
Noldus Information Technology). Parameters of mean speed (cm/s)
and time spent in the central zone (15 cm apart from the walls)
were measured and represented. Of note, mice showing very low
exploratory activity were excluded from the analysis, since they
tend to remain in one corner of the cage and would introduce a
bias in the evaluation of anxiety. The presence of stereotypies, indic-
ative of anxiety and hyperactivity, was also evaluated by visual inspec-
tion and manually counted.
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Marble burying test

Normal exploratory behavior was assessed with the marble burying
test.”” Twelve glass marbles were put uniformly in a cage, three mar-
bles per line, and mice were placed in the center of each cage and al-
lowed to interact with them for 30 min. After this period of time, two
blind experimenters quantified the number of unburied marbles.

Nest building test

This test is useful for identifying abnormal behavior in mice.”” Ani-
mals were placed in a box provided with a piece of tightly packed cot-
ton material (Nestlets Nesting Material, Ancare) and allowed to
interact with it overnight. The next day, the nesting index was evalu-
ated and scored as no nest, partial nest, or complete nest covering the
mouse.

Rotarod test

Motor coordination, balance, and physical condition were tested in a
rotarod apparatus (LE8200 Panlab, Harvard Apparatus). The test was
carried out as described previously.” The day before the test, animals
were trained to walk over the rotating rod for 5 min at a constant speed
of 12 rpm. For the test, animals were positioned on a rod programmed
to rotate with lineal increasing speed, going from 4 to 40 rpm in 5 min.
Animals underwent three trials with a resting time of 60 min between
them on 2 consecutive days. The time spent in the accelerating cylin-
der was recorded, representing the mean value.

Hindlimb clasping test

This test can be used as a marker of disease progression in several
mouse models of neurodegeneration.”® Animals are grasped by the
tail near its base and lifted. Hindlimb position is evaluated for 30 s.
The animal receives a score of 0 when hindlimbs are splayed outward,
1 when one of them is retracted toward the abdomen for >50% of the
duration of the test, 2 if both hindlimbs are partially retracted for
>50% of the time, and 3 if they are completely retracted.

Statistical analysis

GraphPad Prism software was used for analysis. Datasets following
normal distribution (D’Agostino and Pearson normality test) were
compared by one-way ANOVA with Sidak’s multiple comparisons
tests. Otherwise, groups were compared by Kruskal-Wallis with
Dunn’s multiple comparison test. The Friedman test was applied to
identify intra-group improvement over trials in the MWM test. The
log-rank test was used for analysis of survival.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2021.08.003.
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