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Abstract
Dravet Syndrome (DS) is an inherited childhood epilepsy caused by a mutation

in the SCN1A gene, which encodes the voltage-gated sodium channel NaV1.1. It

has an incidence rate of 1:16,000 live births; patients suffer from refractory and

generalized seizures that can evolve into status epilepticus, which can result in

premature death. The disease is also associated with significant cognitive impair-

ments. DS remains untreatable by either medical or surgical means.

Gene therapy for DS is challenging; we and others (Feldman and Lossin, 2014)

have experienced difficulties in propagating wild-type SCN1A plasmids in E.coli

competent cells. Furthermore, the coding sequence of SCN1A (6kb) prevents its

incorporation into an adeno-associated virus vector (AAV). This thesis describes

an approach to overcome these problems by splitting SCN1A into two comple-

mentary halves. The hypothesis is that the dual AAV8-SCN1A constructs would

produce polypeptides which would reconstitute post-transcriptionally into a fun-

ctional NaV1.1 protein (Stühmer et al., 1989).

Two AAV8 vectors were designed; the two halves of SCN1A were driven by a pan

neuronal promoter, human Synapsin. In vitro, co-transfection appeared toxic for

cells, in a subset of recordings a small sodium current was observed. 

A knock-out mouse model was established and characterised to test these vectors

in vivo. Unfortunately the treatment did not modify the phenotype of the knock-

out mice. I propose this was the result of insufficient number of cells expressing

both vectors or that the split channel does not have the same characteristics as

its full-length counterpart.
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Impact Statement
Dravet Syndrome is a severe and debilitating condition associated with signific-

ant cognitive impairment. The social and personal costs associated with the long

term caring of Dravet patients is significant, and the need to improve their qual-

ity of life is pressing. 

An approach to treat this disease using Adeno Associated Viruses (AAVs) is

presented in this study. Over the following pages it is shown that SCN1A can be

incorporated into plasmids and AAV vectors. The expression in vitro of these

plasmids, measured by qPCR was significant, but the produced protein was in-

sufficient to generate significant sodium currents, and they appeared to be toxic

to cells. As NaV1.1 function is also reliant on other proteins expressed in neur-

ons, the vectors were tested in vivo, expecting a better result in this environ-

ment. The produced AAV8 vectors were used to treat Scn1a knock-out mice,

however these constructs were not successful in alleviating the phenotype or ex-

tending survival in the mouse model. This outcome, although negative, helps

other investigators to either improve the approach presented here, or propose

new ones.

Another important contribution of this work is the establishment and character-

isation of two mouse models of Dravet Syndrome. The characteristics of the

mice, like their mortality rates, provide valuable information from which other

investigators can build upon. More importantly, these animals are being used in

our laboratory to test new approaches to treat the disease, as well as being part

of collaborations with other laboratories within UCL; all with the final aim of

providing a better option of treatment for the children and families affected by

this disease.
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AAV Adeno-associated virus
ADA-SCID Adenosine deaminase severe combined immunodeficiency
AIS Axon initial segment
BCA Bicinchoninic acid assay
CA (Brain area) Cornu Ammonis areas
CAMs Cell adhesion molecules
CMV Cytomegalovirus
DAB 3,3’ Diaminobenzidine
DAPI 4',6-diamidino-2-phenylindole
DG Dentate Gyrus
DMEM Dulbecco's Modified Eagle Medium
DNA Deoxyribonucleic acid
dNTP Deoxyribonucleotide triphosphate
FACS Fluorescence-activated cell sorting
Flox flanked by LoxP
GABA Gamma-Aminobutyric Acid 
GABRG2 Gamma-Aminobutyric Acid-A Receptor, Gamma 2 
GEFS+ Genetic Epilepsy with Seizures plus 
GFP Green fluorescent protein
GL Granule Layer
HEK Human embryonic kidney
Het Heterozygous
HIV-1 Human Immunodeficiency Virus-1 
Hom Homozygous
ICEGTC Intractable Childhood Epilepsy with Generalised Tonic-Clonic Seizures
ITR Inverted terminal repeats
LB Luria-Bertani
LDL Low-Density Lipoproteins
LTR Long Terminal Repeats 
MOPS 3-(N-morpholino)propanesulfonic acid
Na+ Sodium
Nav voltage-gated sodium channels 
NeuN Neuronal nuclei, Hexaribonucleotide Binding Protein-3
PBS Phosphate buffered saline
PCDH19 Procadherin 19 
PCR Polymerase chain reaction
PEI Polyethylenimine
PES Polyethersulfone
PFA Paraformaldehyde
PV+ Parvalbumin positive
RNA Ribonucleic acid
rpm Revolution per minute
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SCN1A Sodium channel, voltage-gated, type I, alpha subunit 
SMEI Severe Myoclonic Epilepsy of Infants 
SUDEP sudden unexpected death in epilepsy 
SV40 Simian virus 40
TAE (Buffer) Tris base, acetic acid, EDTA
TBS Tris-buffered saline
TBST Tris-buffered saline-Triton
TE (buffer) Tris, EDTA
TTX Tetrodotoxin 
VSV-G G glycoprotein of Vesicular Stomatitis Virus 
WPRE Woodchuck hepatitis virus post-transcriptional regulatory element
WT Wild-type
X-SCID X-linked severe combined immunodeficiency
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1.1 - Dravet Syndrome

Dravet Syndrome (DS), also known as Severe Myoclonic Epilepsy of Infants

(SMEI), was first described in 1978 by Charlotte Dravet (Dravet, 2011). It is a

childhood epilepsy characterised by fever-sensitive, refractory and generalised

tonic-clonic seizures (Fujiwara, 2006) which usually evolve into status epilepticus

(Akiyama et al., 2010). The symptoms become apparent between 6 months to 1

year of life (Ogiwara et al., 2007; Oakley et al., 2009; Wang et al., 2011).

DS has been classically separated into “typical” and “borderline” based on the

disease characteristics. Borderline DS is associated with myoclonic seizures and

atypical absence seizures, characteristics that are not usually present in the clas-

sical (typical) description of the disease. Both share a common genetic back-

ground (Akiyama et al., 2010; Dravet, 2014; Takayama et al., 2014), de novo

mutations in the SCN1A gene (Fukuma et al., 2004), which encodes the voltage

gated sodium ion channel NaV1.1.

DS is considered as an epileptic encephalopathy, in which the epileptic disorder

is thought to contribute to the altered brain function (Dravet, 2011). However, it

seems other factors also affect the cognitive alterations, as patients with similar

epileptic profiles have different cognitive outcomes (Ragona et al., 2010;

Ragona, 2011). It is also worth noting that NaV1.1 is involved in cognitive pro-

cessing and learning, as shown by cognitive alterations in Alzheimer’s Disease

mice models that can be partially reverted with an increased expression of the

channel in interneurons (Martinez-Losa et al., 2018).

The disease has a worldwide reported incidence of ~1:16000 to 1:40000 (Figure

1) (Hurst, 1990; Yakoub et al., 1992; Brunklaus et al., 2014; Bayat et al., 2015;

Rosander and Hallböök, 2015; Wu et al., 2015). The estimated mortality is 6%

at 5 years of age (Brunklaus et al., 2014) and approximately 15% by adulthood

(Sakauchi et al., 2011; Scheffer, 2012). The main cause of death are sudden un-

expected death in epilepsy (SUDEP), acute encephalopathy in status epilepticus

and accidents at home, like drowning, which are mostly clustered in the first

twelve years of life (Sakauchi et al., 2011).
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Figure 1. Incidence of Dravet Syndrome. The incidence is reported to
range between 2.5 to 4.5 per 100,000 live births in a year. Data from (Hurst,
1990; Yakoub et al., 1992; Brunklaus et al., 2014; Bayat et al., 2015; Ros-
ander and Hallböök, 2015; Wu et al., 2015).

1.1.1 -  Disease symptoms and progression

Children affected by DS usually have a normal development until the onset of

disease symptoms, which typically manifest between six to twelve months of life,

this coincides with the increase of NaV1.1 expression that normally occurs during

this period. At this point, they experience frequent febrile/non-febrile convulsive

seizures, usually generalised, although they can have a focal nature (hemiclonic

seizure) before expanding to an entire side of the body (Dravet, 2011; Genton

et al., 2011). As the disease progresses, the seizure profile evolves with new

types appearing; myoclonic, atonic, generalised tonic-clonic and absence

seizures (Bender et al., 2012). These episodes are difficult to treat and often lead

to status epilepticus. 

Early childhood is marked by a stagnation of psychomotor development at the

first or second year (Guzzetta, 2011) which leads to an apparent regression as

shown by the developmental quotient in Figure 2 (Wolff et al., 2006; Ragona et

al., 2010, 2011).
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Figure 2. Developmental quotient of Dravet patients over time. The de-
velopmental quotient is defined as the ratio between the developmental age
and the chronological age. This decreases overtime in most of Dravet pa-
tients showing the stagnation in acquisition of psychomotor abilities which
tends to stabilise by six years of age. Figure redrawn from Wolff et al. 2006.

After five or six years, myoclonic seizures become less frequent, status epileptic-

us and focal seizures decrease, and when they occur, it is mainly during sleep, al-

though fever sensitivity persists (Akiyama et al., 2010; Genton et al., 2011;

Bender et al., 2012). Psychomotor development tends to stabilise, but the cognit-

ive alterations persist. Only around 50% of patients gain independent walking,

while language and higher intellectual abilities are severely compromised (Wolff

et al., 2006). Patients that reach adulthood usually present with severely altered

motor abilities, poor language acquisition and almost all of them are dependent

on others (Genton et al., 2011). It is also common to find behavioural disorders

like attention deficit, hyperactivity and autistic features (Ragona et al., 2011;

Brunklaus et al., 2012; Jansson et al., 2020).
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1.1.2 -  Genetics of Dravet Syndrome

Several genes have been associated with Dravet syndrome, however the most

common cause is mutations found in the SCN1A gene (Fukuma et al., 2004;

Dravet, 2011; Marini et al., 2011). SCN1A is one of ten genes encoding different

α-subunits of the sodium ion channel family, resulting in NaV1.1 to 1.9 (Catterall

et al., 2005) and NaVX (Wang et al., 2017). SCN1A mutations account for ap-

proximately 80% of Dravet patients around the world (Ragona et al., 2010; Mar-

ini et al., 2011; Guerrini, 2012). In the UK it has been reported that around 68%

of Dravet patients have a mutation in this gene (Brunklaus et al., 2014); SCN1A

positive Dravet syndrome has an estimated incidence of 1:12200 in the United

Kingdom (Symonds et al., 2019). Approximately half of those 80% mutations

result in truncation of the protein and the other half are missense. Other genetic

changes have been reported, including intronic splice sites changes (Harkin et

al., 2007), whole exon deletion or duplication (Mulley et al., 2006). Functional

studies have shown that around 80% of all the mutations lead to loss of function

resulting in haploinsufficiency (Meng et al., 2015; Wu et al., 2015). Most of

these mutations are de-novo (Scheffer et al., 2009), and preferentially on the pa-

ternally-inherited chromosome 2 (Heron et al., 2010). Around 5% of the cases

have been reported to be inherited from a parent that exhibited less severe

symptoms (like simple febrile seizures), implying that other genetic or environ-

mental factors also influence the development of DS (Kimura et al., 2005; Guer-

rini et al., 2010; Vadlamudi et al., 2010). 

Mutations found in the following genes have also been reported to cause Dravet

syndrome. These are; Procadherin 19 (PCDH19), Gamma-Aminobutyric Acid

(GABA) A Receptor, Gamma 2 (GABRG2) (De Jonghe, 2011; Scheffer, 2012;

Lesca and Depienne, 2015), SCN1B (Wallace et al., 2002) and many more which

are mentioned in Table 1 (Scheffer, 2012). However, these cases, are usually

characterised by atypical presentation of the disease phenotype, hence they are

usually classified as borderline DS (Gontika et al., 2017).
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Gene Encodes Possible mechanism

SCN1B β-subunit of NaV channels Encodes for β1 subunit of Nav1.1; modulates the channel’s gating 
and surface expression (Isom et al., 1992; Chen et al., 2004). Loss 
of β1 in mice results in increased excitability in pyramidal neurons 
from the subicular region and cortical layer 2/3 (Reid et al., 
2014). 

PCDH19 Protocadherin 19 Encodes a calcium-dependent molecule mediating cell-cell 
adhesion. Pathogenic variants lead to a complex epileptic 
syndrome with autistic features, behavioural and intellectual 
impairment. PCDH19-related syndrome follows an X-linked 
pattern, in which female patients show the main symptoms whilst 
males are usually asymptomatic carriers (Smith et al., 2018). 

GABRG2 GABA(A) Receptor γ2
Subunit

GABAA receptors are heterpentamers forming chloride ion 
channels, mediating fast inhibitory synaptic transmission in the 
CNS. The channels are composed of several subunits, which, if 
mutated, are associated to epilepsy of variable severity (Kang and 
Macdonald, 2016). Most mutations are autosomal dominant. As 
these channels mediate most of the fast inhibitory transmission in 
neurons, it is unsurprising that their mutations lead to severe 
epilepsy (Kang and Macdonald, 2016).

SCN9A Sodium voltage-gated
channel α9 subunit

(NaV1.7)

The gene, located on 2q24 like SCN1A, encodes for the voltage-
gated sodium channel Nav1.7 (Yang et al., 2018). Thought to 
confer increase susceptibility to DS (Mulley et al., 2013)

GABRA1 γ-aminobutyric acid
receptor α1 subunit

Impaired functioning of GABA inhibition (Carvill et al., 2014; 
Gontika et al., 2017)

CHD2 Chromodomain helicase
DNA binding protein 2

Most mutations are de novo and cause photosensitive epilepsy 
(Bernardo et al., 2017). The epileptic mechanism is unknown, 
although it has been suggested that helicase disfunction may result
in hyper-excitability (Suls et al., 2013)

STXBP1 Syntaxin binding protein
1

Missense mutations of the encoding gene alters  neurotransmitter 
release, by affecting syntaxin binding capacity. Heterozygous de 
novo mutations have been linked to early-onset epileptic 
encephalopathies and neurodevelopmental impairment (Carvill et 
al., 2014).

SCN2A Sodium voltage-gated
channel α2 subunit

(NaV1.2)

It has a neonatal and adult splice forms. The neonatal form is less 
excitable, but mutations can increase its excitability to adult levels.
This in turn would result in increase seizure susceptibility (Xu et 
al., 2007) 

SCN8A Sodium voltage-gated
channel α8 subunit

(NaV1.6)

Heterozygous missense mutations have been observed in children 
suffering from early-onset encephalopathy and epilepsy. Mutations 
cause gain-of-function, resulting in hyper-excitability (Bagnasco et 
al., 2018).

HCN1 Hyperpolarization-
actiated cyclic nucleotide-

gated ion channel

This channel is permeable to sodium and potassium and conduces 
depolarising currents in the heart and brain (DiFrancesco and 
DiFrancesco, 2015). de novo gain of function mutations associated 
to increase excitability, for example by reduced half-voltage 
activation or slower deactivation of the channel (Nava et al., 
2014).

KCNA2 Potassium voltage-gated
channel subfamily A
member 2 (Kv1.2)

KCNA2 are involved in modulation of neuronal excitability, loss or 
gain of function can be pathogenic. Gain of function leads to an 
increase of potassium current and seizures (Syrbe et al., 2015; 
Steel et al., 2017).

Table 1. Other genes associated with Dravet Syndrome. Modified from
Scheffer, 2012
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Mutations in the SCN1A gene have also been associated with Benign Febrile

Seizures, Genetic Epilepsy with Seizures plus (GEFS+) and Intractable Child-

hood Epilepsy with Generalised Tonic-Clonic Seizures (ICEGTC), amongst others

syndromes (Fujiwara, 2006; Lossin, 2009; Hoffman-Zacharska et al., 2015). It

has been suggested that there is a correlation between genotype and disease

symptoms. A higher frequency of missense mutations occur in GEFS+ and ICE-

GTC, while Dravet Syndrome is associated with mutations resulting in protein

truncation (Fujiwara, 2006; Gambardella and Marini, 2009), but the evidence

for a meaningful clinical difference between mutations types is still weak

(Gertler et al., 2020). Zuberi et al. compared the severity of the mutations in

GEFS+ and Dravet syndrome using the Grantham Score; which is a measure of

change in amino acid polarity. On average, higher scores were associated with

the more severe phenotype, i.e. Dravet Syndrome (Scheffer et al., 2009; Zuberi

et al., 2011).

According to the SCN1A mutation database (http://www.gzneurosci.com/

scn1adatabase/, last visited on 03/01/2020), there are currently 1871 SCN1A

mutations associated with a phenotype (Meng et al., 2015). 1136 of them have

been associated with Dravet syndrome; 1081 of them reported the mutation loc-

ation. Dravet-associated mutations seem to be more prevalent in domains I, III

and IV (Figure 3) of NaV1.1, a diagram of the protein is available in Figure 5 and

6 (Page 28).

Figure 3. Mutations in SCN1A associated with Dravet syndrome by pro-
tein domain. Percentage are calculated against the 1081 mutations with a
reported location. Number of mutations is shown below the percentages.
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47.39% of these are in segments 4 and 5. Pore-forming regions within these two

segments are more prevalent, representing 25.65% of all reported mutations

(Figure 4). These regions are thought to be associated with the most severe dis-

ease symptoms, whilst the mutations found outside of this region produce a

milder dysfunctions (Marini et al., 2011; Meng et al., 2015); supporting the sug-

gestion that the location of the mutation is important for the phenotype.

Although this supports a genotype-phenotype correlation, other factors, such as

environmental (Hoffman-Zacharska et al., 2015) and genetic background

(Rhodes et al., 2004, 2005; Suls et al., 2010) cannot be underestimated. This is

exemplified by children having seizures because of vaccines (McIntosh et al.,

2010), warm baths (Ragona et al., 2010). It has been suggested that increased

environmental temperatures could also help precipitate seizures (Sisodiya et al.,

2019), although there is still no sufficient evidence to confirm this. Genetic back-

ground is relevant as well; inherited mutations have been found in families of

Dravet patients; showing widely different phenotypes, from asymptomatic all the

way to Dravet syndrome (Kimura et al., 2005; Guerrini et al., 2010; Passamonti

et al., 2015). For example, the mutations p.R1596C and p.R1596H have been

found to produce a wide variety of phenotypes, ranging from severe cases of DS

to asymptomatic carriers (Hoffman-Zacharska et al., 2015).
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Figure 4. Frequency of mutations in the SCN1A gene associated with
Dravet Syndrome. Mutation frequency is shown according to their location
in the NaV1.1 protein domains and segments. The percentage corresponds to
the number of identified mutations in a given region divided by the total of
known mutations. The colour key is associated with the frequency of
mutations.

The disease phenotype is most likely the result of a complex interaction between

the genetic background (Suls et al., 2010), post-translational processes and pro-

tein–protein interactions (Brunklaus et al., 2014). Also as mentioned above,

SCN1A mutations are associated with GEFS+ and ICEGTC and therefore sup-

ports the theory that the disease symptoms are a result of several factors. There

is evidence for several genetic and environmental modifiers interacting in this

disease, but it is clear the case for majority of cases can be traced to a mutation

in SCN1A gene.
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1.1.3 -  Treatment

Treatment for Dravet syndrome has been ineffective. To date there is no phar-

macological treatment that can completely control the seizures (Dravet and

Oguni, 2013). Of all the available anti-epileptic drugs; valproate and benzodi-

azepines are usually the first line of treatment (Wirrell et al., 2017). However,

these are mostly insufficient and lead to the use of additional drugs like

Stiripentol and Topiramate (Chiron et al., 2000; Wallace et al., 2016). Currently,

the most effective course of treatment is a combination of Valproate, benzodi-

azepine (like Clobazam) and Stiripentol (Nguyen Thanh et al., 2002; Wirrell et

al., 2013; Brigo and Igwe, 2015; Catterall, 2018; Cho et al., 2018), with Topir-

amate added to the treatment strategy if additional seizure control is required

(Kröll-Seger et al., 2006). Fenfluramine has also shown promising results as an

added therapy (Ceulemans et al., 2016; Schoonjans et al., 2016), with a seizure

frequency reduction of up to 54% when added to a therapy regimen that in-

cludes Stiripentol (Nabbout et al., 2019). Levetiracetam was first found to have

similar effect as Fenfluramine, but later studies have shown lower efficacy (Stri-

ano et al., 2007; Chhun et al., 2011). There is evidence from a phase 3 clinical

trial for cannabidiol to be effective and safe. It is currently recommended for pa-

tients of 2 years and older (Devinsky et al., 2017; Kaplan et al., 2017; Szaflarski

et al., 2018; Abou-Khalil, 2019). Lamotrigine (Guerrini et al., 1998), Car-

bamazepine (Shi et al., 2016) and high dosage of phenobarbital have been tes-

ted and have shown to increase the severity of the seizures (Chiron, 2011). More

details about these drugs and their mechanism of action is available in table 2.

There is no conclusive data regarding a surgical treatment approach (Wallace et

al., 2016). Vagal Nerve stimulation has been shown to be helpful and some pa-

tients have demonstrated more than 50% reduction in seizure frequency; most

have at least a 30% reduction (Bremer et al., 2011; Zamponi et al., 2011; Orosz

et al., 2014). A few reports have shown deep brain stimulation as another op-

tion, with some achieving more than 50% seizure reduction (Andrade et al.,

2009; Dlouhy et al., 2016). Cortical resection has not been beneficial (Skjei et

al., 2015).
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Drug Mechanism Use

Valproate Increasing GABA levels , decreases NMDA 
excitation  among others (Ghodke-Puranik et 
al., 2013; Greenfield, 2013).

First line (Wirrell et al., 2017).

Clobazam Benzodiazepine; GABAA receptor agonists 
(Greenfield, 2013)

First line (Wirrell et al., 2017).

Lamotrigine Na+ channel inhibitor (Yasam et al., 2016) Not indicated, increases seizures 
(Guerrini et al., 1998; Brunklaus et al., 
2012).

Carbamazepine Na+ channel blocker (Schwarz and Grigat, 
1989; Kuo et al., 1997)

Not indicated, increases seizures 
(Brunklaus et al., 2012; Shi et al., 
2016).

Phenobarbital Increases Cl- channel opening GABAA receptor 
(Rho et al., 1996).

Use in low dosages, increases seizures at
high dosages (Chiron, 2011).

Stiripentol GABAA receptor allosteric modulator (Fisher, 
2009), also increases levels of Clobazam by 
cytochrome P450 inhibition (Cao et al., 2012).

First line (Brigo et al., 2018; Pembegul 
Yıldız et al., 2018; Eschbach and Knupp,
2019).

Topiramate GABAA receptor allosteric modulator (White et
al., 2000), Blocks sodium channels 
(DeLorenzo et al., 2000), antagonist of 
glutamate receptors (Gibbs III et al., 2000)

Second line (Kröll-Seger et al., 2006; 
Chiron, 2011).

Levetiracetam Modulation of neurotransmiter release (Lynch 
et al., 2004). 

Used as added therapy, low evidence 
available (Striano et al., 2007; Chhun et
al., 2011)

Cannabidiol Not clear, interacts with G protein–coupled 
receptor 55 (GPR55), agonist at the 5-HT1A 
receptor and transient receptor potential 
vanilloid type 1 channels (TRPV1), among 
several others (Szaflarski and Bebin, 2014; 
Santos et al., 2017; Billakota et al., 2019). 
Interactions with Clobazam (Devinsky et al., 
2019), Topiramate (Gaston et al., 2017) and 
Stiripentol (Ben-Menachem et al., 2020; 
Wheless et al., 2020)

Added therapy. (Bialer et al., 2018; 
Lattanzi et al., 2018; Chen et al., 2019).

Fenfluramine Serotonin receptor agonist (Sourbron et al., 
2017), positive modulator or sigma-1 
receptors (Martin et al., 2020). Possible 
synergies with Stiripentol (Boyd et al., 2019).

Effective as an added therapy (Nabbout 
et al., 2019).

Table 2. Antiepileptic drugs that have been used to control seizures in
Dravet patients.

The use of ketonic diet has also been explored in Dravet patients. The typical ke-

togenic diet mirrors the effects of fasting and includes high fat and low carbo-

hydrates and protein consumption, low calories and fluids, in order to shift

metabolism to use fats as the main source of energy (Rho, 2017). Recent studies

have shown a reduction in seizure frequency between 40-50%, with some pa-

tients turning seizure-free (Kang et al., 2005), and thus being comparable to cur-

rent drug treatment in terms of seizure control (Dressler et al., 2015) The mech-
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anism by which seizure control is achieved is not completely understood and

results remain controversial. It has been suggested that the production of ketone

bodies during fatty acids oxidation could decrease neuronal excitability by alter-

ing cellular substrate and mediators, linked to neural cell excitability (Dutton et

al., 2011; Knupp and Wirrell, 2018). The applicability of ketogenic diet, how-

ever, is limited by its poor palatability and high restrictively, which often leads

patients to discontinue it (Rho, 2017).

To date there is no pharmacological treatment that can completely control the

seizures (Dravet and Oguni, 2013). Although it seems that better seizure control

is achieved with age (Rilstone et al., 2012). The relationship between cognitive

decline, seizures and treatment is not clear and it appears that polypharmacy

could be detrimental in this aspect (Akiyama et al., 2010; Guzzetta, 2011).

It has been suggested that better seizure control would result in less cognitive

impairments (Akiyama et al., 2010), but no such correlation has so far been

found (Genton et al., 2011; Bender et al., 2012). It has therefore been suggested

that cognitive impairments are related to an altered neuronal synchrony, which

would also provoke the seizures (Bender et al., 2012). As such, the cognitive al-

terations would form part of the main disease phenotype, rather than being a

consequence of the frequent seizures.
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1.1.3.1 - Treatments under development since project

initiation

Other laboratories and companies have started development of a treatment for

Dravet syndrome since the initiation of this project. Colasante and collaborators

have published a gene editing approach in which they increase Scn1a expression

by modifying its promoter in vitro and in a DS mouse model in vivo. They show

increased NaV1.1 expression and reduced seizure sensitivity to temperature

(Colasante et al., 2019). Hernandez and colleagues (CIMA, Universidad de Nav-

arra, Spain, https://cima.unav.edu/en/ last visited on 12/12/2019) have de-

veloped an approach using an adenovirus vector design to overcome the space

limitation of adeno-associated viruses (AAV). In Canada, Lee et al. are develop-

ing an approach using an AAV vector that only delivers α-subunit of NaV1.1.

They have shown increased life-span and reduced autism-like behaviour in a

Dravet mouse model (Lee et al., 2019). Encoded Therapeutics have developed

an AAV-based approach using regulatory elements to increase SCN1A expression

restricted to GABAergic neurons (Young et al., 2019); a clinical trial is due to

start in 2020/2021.  

Stoke Therapeutics is utilising small antisense oligonucleotides (ASOs) to in-

crease protein expression. ASOs are short nucleotides sequences that can modify

protein expression by binding to RNA molecules (Rinaldi and Wood, 2018).

Stoke Therapeutic's approach, called TANGO, is to increase protein expression by

increasing mRNA, by delivering an ASO that binds to the pre-mRNA (Han et al.,

2019, 2020). Hsiao et al. showed a similar approach, but targeting the long non-

coding mRNA from the antisense transcript (NAT) (Derrien et al., 2012) of

SCN1A. By developing a sequence that binds to the SCN1A NAT (AntagoNAT)

they showed reduction of seizures in a mouse model of Dravet Syndrome (Hsiao

et al., 2016). Both approaches require repeated administration and the chal-

lenges imposed by the cellular machinery to reach an effect (Juliano and Carver,

2015).
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1.1.4 -  Mouse Models of Dravet Syndrome

Several mouse models have been developed for Dravet Syndrome. They recapit-

ulate disease symptoms such as frequent seizures, hyperactivity, anxiety-like be-

haviour, low sociability, cognitive deficits (Han et al., 2012; Ito et al., 2013;

Kearney, 2013b) and SUDEP (Kalume et al., 2013; Kearney, 2013a). They also

highlight the influence of genetic background on the phenotype (Miller et al.,

2014). 

Yu et al. generated a model by deleting the last coding exon (exon 26) of Scn1a.

The phenotype of homozygous mice is characterised by ataxia and seizures be-

ginning at P10, progressive loss of postural control and death at, or before, P15.

The mice have a complete loss of the NaV1.1 channel, hence why the phenotype

which is more severe than DS in humans. Heterozygous mice showed differences

depending on the strain background. Mixed 129SvJ:C57BL/6 mice showed

seizures and sporadic death, where around 40% died by the fifth week of age.

They also demonstrated that if maintained on the 129/SvJ background, only

around 10% of heterozygous mice died, whilst those on a C57BL/6 background

had a death rate of 80% by week 13 (Yu et al., 2006). The variety of phenotypes

dependent on the strain background has been associated to modifier genes that

are expressed at different levels in each strain (Hawkins et al., 2018), an ex-

ample of this is the Gabra2 gene (Hawkins et al., 2020).

Kearney and colleagues developed the Scn1atm1kea mice model on the 129/SvJ

and C57BL/6 strain. They inserted a neomycin selection cassette into exon 1 in

mouse embryonic stem cells derived from 129Sv/J mice (TL1 ES cells). They

showed a similar phenotype and differences between strains as seen by Yu et al.

(2006). 129SvJ:C57BL/6J mice had seizures at P18 and more than 50% died by

the fifth week of life. Heterozygous mice in the 129/SvJ had no discernible

phenotype, although a mortality of around 15% was observed (Miller et al.,

2014; Mistry et al., 2014). It has also been described that heterozygous mice

born from a mixed 129SvJ:C57BL/6N background have better survival; around

69% are alive by week 9 compared to 42% in 129SvJ:C57BL/6J (Kang et al.,

2018). These differences have been associated to different genetic strain back-
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ground. For example, C57BL/6 and 129SvJ mice express the gene Gabra2

(which encodes the GABAA α2-subunit) at different levels. Increasing the expres-

sion of this gene in C57BL/6 reduced the observed mortality (Hawkins et al.,

2016, 2020). These observation correlate to the human disease, where the same

mutation can give rise to different symptoms in different individuals (Kimura et

al., 2005; Guerrini et al., 2010; Hoffman-Zacharska et al., 2015; Passamonti et

al., 2015).

Ogiwara et al. developed knock-in mice model with a truncation mutation in

Scn1a (R1407X). Homozygous knock-out mice developed spontaneous seizures

by P12, dying within the third postnatal week. Heterozygous littermates had

seizures starting at P18; around 40% died by week 12. No anatomical abnormal-

ities or alterations in cell densities were found between knock-out and wild-type

animals (Ogiwara et al., 2007). 

The JAX Laboratories also offers a mouse model, B6(Cg)-Scn1atm1.1Dsf/J (https:/

/www.jax.org/strain/026133). Two LoxP sites surround the wild-type exon 26

and a mutated exon 26 carrying the A1783V mutation is appended. When

crossed with a Cre-line mice the LoxP sites and the sequence between them are

excised activating the mutation (Hall et al., 2009). The model has background-

dependent phenotype. Heterozygous mice have a mortality rate of 70% by week

8, with cognitive and motor alterations, as well as anxiety and hyperactive beha-

viour (Ricobaraza et al., 2019). Interestingly, it also shows some phenotypic dif-

ferences between sexes. Females have lower electroconvulsive seizure thresholds

while this is not significantly different between genotypes in the males. Males

show more severe impairments in learning and memory test compared to fe-

males. Also, unlike previous models, these mice show normal social behaviour

(unpublished data from JAX Laboratories). No significant differences between

sexes has been reported.

In this project, I have chosen the B6(Cg)-Scn1atm1.1Dsf/J and the 129-Scn1atm1kea

mice strain. As they present a clear phenotype that can recapitulate important

characteristics of the disease. See results section for further details.
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1.2 - The NaV1.1 sodium channel

Neuronal function is reliant on several ion channels that allow them to generate

an action potential (Noskov and French, 2016). Among them, voltage-gated so-

dium channels (NaV) play an essential part in the initiation and propagation of

the action potential (Whitaker et al., 2000). The first members of this family

were first identified in the early 1980 (Agnew et al., 1980; Hartshorne and Cat-

terall, 1984). In humans, nine genes, encoding α-subunits 1.1 to 1.9 have been

identified, in addition to four β-subunits. Four of them are clustered in chromo-

some 2 (NaV1.1, 1.2, 1.3 and 1.7), three in chromosome 3 (NaV1.5, 1.8 and 1.9),

while NaV1.6 is in chromosome 12 and NaV1.4 is on chromosome 17 (Table 2).

Compared to those in chromosome 2 the other NaV channels have an amino acid

sequence similarity between 64-84% (Catterall et al., 2005). 

As with potassium and calcium channels, NaV channels share a basic structure

consisting of four domains with six transmembrane segments each (Anderson

and Greenberg, 2001). It is thought that a common prokaryotic progenitor ori-

ginated Calcium and NaV channels; this single domain progenitor gene later du-

plicated twice resulting in the current four-domain structure (Anderson and

Greenberg, 2001; Cai, 2012; Liebeskind et al., 2013). 

CHANNEL GENE LOCATION

 Nav1.1 SCN1A 2q23-24
 Nav1.2 SCN2A 2q23-24
 Nav1.3 SCN3A 2q23-24
 Nav1.4 SCN4A 17q23-25
 Nav1.5 SCN5A 3p21-24
 Nav1.6 SCN8A 12q13
 Nav1.7 SCN9A 2q23-24
 Nav1.8 SCN10A 3p21-24
 Nav1.9 SCN11A 3p21-24

 β1 SCN1B  19q13
 β2 SCN2B  11q23
 β3 SCN3B  11q24
 β4 SCN4B  11q23

Table 3. Sodium channels currently identified in humans.
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1.2.1 -  The α-Subunit

The α-subunit is a 2009 amino acid, 230kDa protein that can be subdivided into

four domains (DI-IV, Figure 5A) with each domain consisting of six transmem-

brane segments (S1-S6, Figure 5B) (Catterall, 2000; Anderson and Greenberg,

2001; Catterall et al., 2005), one of them (S4) is positively charged, while the

other five are hydrophobic (Catterall, 2000). S5-S6 form the Na+ selective pore

through a ring of four amino acids: Aspartic acid (Domain I), Glutamic acid (II),

Lysine (III) and Alanine (IV); called the DEKA (by their single-letter amino acid

code) motif (Figure 6A) (Favre et al., 1996; Sun et al., 1997). Voltage sensitivity

is provided by segments 1-4. S4 undergoes a conformational change upon depol-

arisation that is critical for the opening of the pore through the S4-S5 linker

(Payandeh et al., 2011). The inactivation mechanism is thought to be part of the

linker segment of domains III-IV (Figure 6B) (Vassilev et al., 1988; Shen et al.,

2017) mediated by a four amino acid region conformed by Isoleucine,

Phenylalanine, Methionine and Threonine (IFMT) (Goldin, 2003).

Figure 5. The NaV1.1 protein. A) Representation of the different domains in
the NaV1.1 protein, a similar disposition is shared by all other members of
the sodium channel family. B) Different transmembrane segment present in
Domain I. The other three domain share similar structure, each providing
part of the pore forming region.
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Figure 6. The NaV1.1 sodium channel structure. A) Schematic view of an
NaV Channel with the four domains and six segments; The DEKA amino acids
are indicated, as it is the loop between DIII and DIV associated with the
channel inactivation B) Side view of a bacterial sodium channel, showing
S5-6 forming the pore and the linker between S4-5 that is thought to facilit-
ate movement towards the cell membrane, allowing the opening of the
channel. Adapted from Bender et al. 2012 and Payandeh et al. 2011.

Studies in Xenopus oocytes have shown that the α-subunit can generate a func-

tional channel on its own (Noda et al., 1986; Whitaker et al., 2000), but in neur-

ons the voltage-gated sodium channel is a heterodimeric protein formed by an α-

subunit and one or more β-subunits (Hartshorne and Catterall, 1984). The

channel complex has several associated proteins: Ankyrin-G, Contactin, Neuro-

fascin (Nr186) and the Neuronal cell adhesion molecule (NrCAM) that not only

modulate its activity (Catterall et al., 2005), but also participate in the channel

cellular domain destination and membrane stability (Catterall et al., 2005; Duf-

locq et al., 2008).

1.2.2 -  The β-subunit

The β-subunits are not necessary to generate a functional channel, but has im-

portant functions modulating the expression and activity of the α-subunits (Whi-

taker et al., 2001). The β-subunits are 33-36kDa proteins with a general struc-

ture consisting of a transmembrane domain and an extracellular

immunoglobulin (Ig)-like motif (Chopra et al., 2007). They are expressed

throughout the nervous system in neurons, glia, astrocytes and Schwann cells

(Patino and Isom, 2010). They can interact with the α-subunit non-covalently (β-

subunits 1 and 3) or through a disulphide bond (β-subunits 2 and 4)(Chen et al.,

2012).
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NaV1.1 has been shown to interact with the four known β-subunits, all modulat-

ing its function (Patino and Isom, 2010). For example, β1 seems to favour inact-

ivation while β4 favours an active state when coexpressed with NaV1.1 (Aman et

al., 2009), but the same β-subunits do not have the same effect in other NaV

channels (Zhao et al., 2011).

β-subunits also act as cell adhesion molecules (CAMs) and their interaction with

other proteins stabilises the channel membrane expression (Kazarinova-Noyes et

al., 2001; McEwen and Isom, 2004). They interact with neurofascin (Ratcliffe et

al., 2001) and contactin though its Ig-like domain (McEwen and Isom, 2004)

and with Ankyrin-G by a 16 amino acid segment in its intracellular domain (Mal-

hotra et al., 2002). β1 seems to be fundamental in the assembly of the protein

complex and overall channel expression and localisation in the cell membrane

(Chen et al., 2004). 

1.2.3 -  NaV1.1 expression in the central nervous system

NaV1.1 channels are usually found in high concentrations at the axon initial seg-

ment (AIS) and the nodes of Ranvier, where they are immobilised (no lateral

mobility) (Srinivasan et al., 1988). In the human brain, NaV1.1 can be detected

in most regions. It is primarily expressed in the hippocampus, dentate Gyrus,

CA3 and CA2, layer V/VI of the cortex, granular layer, molecular layer, deep nuc-

lei and Purkinje cells of the cerebellum (Whitaker et al., 1999, 2000, 2001), sim-

ilar distribution is found in the rodent brain (Beckh et al., 1989; Schaller and

Caldwell, 2003; Yu et al., 2006; Ogiwara et al., 2007). Beckh et al. described a

gradient of RNA expression in which the caudal regions of the brain have higher

levels than the rostral ones (Beckh et al., 1989). NaV1.1 has also been found in

microglia (Pappalardo et al., 2016) and astrocytes (Black et al., 2010), but there

is currently no information regarding a pathological link to these cells. 

Although NaV1.1 has a widespread distribution, it seems its importance for neur-

onal function is fundamental for GABAergic interneurons. NaV1.1 loss of function

primarily affects hippocampal GABAergic interneurons but no major effect is
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seen in excitatory neurons (Yu et al., 2006). Furthermore, it seems that the par-

valbumin-positive (PV+) interneurons are particularly affected in knock-out

models (Ogiwara et al., 2007; Li et al., 2014).

At a sub-cellular level, NaV1.1 is primarily expressed in neuronal cell bodies

(Whitaker et al., 2001), dendrites of Purkinje cells (Schaller and Caldwell, 2003;

Lai and Jan, 2006) and in the axon initial segment (AIS) of retinal ganglion cells

(Van Wart et al., 2007) and PV+ interneurons (Ogiwara et al., 2007; Li et al.,

2014). In comparison, somatostatin-positive interneurons have a mix of NaV1.1

and NaV1.2 in their AIS and are less affected by SCN1A mutations (Li et al.,

2014).

The regulation of α and β-subunits expression is complex, involving hormones,

growth factors and the channel’s own activity (Schulz et al., 2008). α-subunits

have a negative feedback loop in which their own activity reduces their expres-

sion (Klein et al., 2003) and the lack of it has the opposite effect (Shiraishi et al.,

2003). The intracellular domain of β2 subunit has also been shown to be in-

volved in the regulation of NaV1.1 expression (Kim et al., 2011).

1.2.4 -  NaV1.1 expression in the CNS development

NaV1.1 expression increases during development in rats. It has been found with-

in the Purkinje cells by P15 (Felts et al., 1997) and reaches adult levels during

the first month in rodents (Ogiwara et al., 2007; Mashimo et al., 2010). In hu-

mans however, its expression peaks at around 7-8 months of age (Wang et al.,

2011). The onset of symptoms in both species coincides with the expected time

at which the expression of NaV1.1 should increase (Figure 7) (Ogiwara et al.,

2007; Oakley et al., 2009). At the same time in development, NaV1.3 expression

decreases, and it has been suggested that the loss of NaV1.1 due to mutation and

the normal decrease in NaV1.3 leads to the development of seizures (Oakley et

al., 2009). It might be possible that NaV1.3 could compensate the decrease in

NaV1.1 expression, bit there is currently no evidence in this regard.
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Figure 7. NaV1.1 expression changes over development in the mouse.
NaV1.1 reaches adult levels by the end of the first month. The sharp increase
in expression coincides with the decrease in expression of NaV1.3, which to-
gether with NaV1.2. have higher levels during early development. NaV1.3 de-
creases to its low-adult levels by day 30. Some authors have found that
NaV1.1 peaks around day 30 and stays stable though adulthood (solid red
line, Beckh et al. 1989). Other have found that NaV1.1 peaks around 30 days
of life and then slowly decreases to adult levels, which are around 50% of its
peak (dotted red line, Gong et al. 1999; Wang et al. 2011) Image modified
from Beckh et al. 1989.

β1 and β2 are not expressed in embryonic brain, but reach high levels of expres-

sion by P21 (Schaller and Caldwell, 2003) similar to NaV1.1 expression profile.

1.2.5 -  Associated proteins

The restricted expression of NaV1.1 is thought to arise from the interaction

between several CAMs and membrane proteins such as Ankyrin-G, Contactin,

Nr186 and NrCAM; in addition to the β1-subunit (Lai and Jan, 2006). The des-

tination to the AIS seem to be related to the interaction of Ankyrin-G with the

DII-DIII linker in the sodium channel (Garrido et al., 2003). The motif is con-

served among neuronal NaV subunits (Lemaillet et al., 2003) and, besides inter-

acting with Ankyrin-G, it also seems to be important for the channel tethering to

the cytoskeleton (Figure 8) (Fache et al., 2004). 
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Figure 8. Sodium channel restricted expression to AIS. It has been pro-
posed that the channel is expressed throughout the cell body and later re-
stricted to the AIS, where it is “trapped” by the Ankyrin-G/βIV-Spectrin com-
plex, while α-subunits that lack this interaction are eliminated by
endocytosis (Garrido et al., 2003; Fache et al., 2004). a) Using CD4 chimeras
containing the linker region of domains II-III, widespread expression is seen
in the first hours after plasmid transient transfection. b,c) overtime the
channel is more localised in the AIS until d) by 24h is restricted to the AIS.
Arrows show the AIS. Figure from Fache et al. 2004. 

Ankyrin-G is mainly expressed in AIS and nodes of Ranvier (Kordeli et al., 1995)

where it colocalizes with CAMs (Davis et al., 1996) and several other membrane

proteins (Figure 9) (Srinivasan et al., 1988; Lambert et al., 1997). The protein is

formed by three independent domains, of which the 89-kDa NH2-terminal do-

main is the one interacting with sodium channels in a 1:1 stoichiometry

(Srinivasan et al., 1992). Ankyrin-G appears early in development (Jenkins and

Bennett, 2001) regulated by a negative feedback loop with NF-kβ (König et al.,

2017). Mutations in Ankyrin-G have been associated to neurodevelopmental dis-

orders, which includes seizures (Yang et al., 2019)

Targeting the complex to a specific cellular location seem to be dependent on

Ankyrin-G (Kordeli et al., 1995; Jenkins and Bennett, 2001). The 480kDa variant

of Ankyrin-G seem to be related to early development of the AIS (Fréal et al.,

2016). The α-subunit also interacts with the CAMs neurofascin-186 and NrCAM

(Ratcliffe et al., 2001; Lai and Jan, 2006). They are apparently involved in the

beginning of the cluster assembly to recruit Ankyrin-G (Lambert et al., 1997;

Ratcliffe et al., 2001). Neurofascin-186 has been associated with the recruitment

of Ankyrin-G to the membrane (Zhang and Bennett, 1998) as shown by the dis-

ruption of AIS localisation when absent (Alpizar et al., 2019). Mutations in

Neurofascin have been associated to developmental disorders with variable

symptoms (Smigiel et al., 2018; Monfrini et al., 2019) Similarly, the integration
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between β1 and contactin has been shown to increase sodium channel surface

expression (Kazarinova-Noyes et al., 2001; McEwen and Isom, 2004). βIV-Spec-

trin is also found in nodes of Ranvier and AIS, colocalising with Ankyrin-G

(Berghs et al., 2000) and its function might be to further restrict expression to

these regions (Komada and Soriano, 2002). 

Figure 9. Membrane proteins associated with NaV1.1. β1/3 interacts with
contactin, Neurofascin 186KDa (Nf186) and NrCAM, which are also connect
to Ankyrin-G, as is NaV1.1 though its II-III linker. β2/4 establishes a disulph-
ide bond (SS) with NaV1.1. Ankyrin-G is associated with βIV-Spectrin which
links the complex to the actin cytoskeleton. Modified from Lai and Jan
(2006).

The whole complex seems to be interdependent, as the absence of Ankyrin-G dis-

rupts the expression of βIV-Spectrin (Jenkins and Bennett, 2001) and neurofas-

cin (Zhou et al., 1998), but the absence of IV-Spectrin also disrupts the distribu-

tion of Ankyrin-G to the axon initial segment (Komada and Soriano, 2002).

It is also important to note that even though Ankyrin-G is essential for the forma-

tion of the AIS (Hedstrom et al., 2007), it can interact with several NaV channels,

for example, in the AIS of retinal ganglion cells it is associated with NaV1.1 and

NaV1.6 (Van Wart et al., 2007).
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1.2.6 -  Channel function and seizure mechanism

The high density of sodium channels in the AIS decreases the threshold for the

action potential initiation (Wimmer et al., 2010). The type of NaV channel ex-

pressed in the AIS is also important; PV+ cells depolarise at lower membrane

potentials than somatostatin interneurons, and this could be, at least partially,

due to the presence of both NaV1.1 and NaV1.2 (Li et al., 2014).

The first mouse model generated for Dravet syndrome suggested that a marked

decrease in sodium currents in GABAergic hippocampal interneurons, without

additional changes in the voltage dependence of activation or inactivation, was

the main mechanism by which seizures are generated (Yu et al., 2006). A year

later, Ogiwara et al. (2007) showed that a subpopulation of GABAergic neurons

are mainly affected by SCN1A mutations; the PV+ interneurons (Ogiwara et al.,

2007) which mostly express NaV1.1 in their AIS (Li et al., 2014). Both groups

found minimal alteration in pyramidal excitatory neurons (Yu et al., 2006)

which have lower levels of NaV1.1 expression compared to PV+ cells (Ogiwara et

al., 2007). Recently it has been shown that spontaneous seizures result from the

ablation of Nav1.1 expression in either the hippocampus or the cortex (Jansen et

al., 2020). This further supports the findings that restricted deletion of SCN1A in

GABAergic neurons in the forebrain lead to epilepsy and death (Cheah et al.,

2012). The specific deletion of SCN1A in PV+ cells led to increased hyperther-

mia sensitivity and seizure propensity, a phenomenon not observed when NaV1.1

expression was instead restricted in excitatory cells (Dutton et al., 2013). All

these findings have resulted in what is called the interneuron theory; that the

mechanism behind the seizures is an imbalance in the inhibition of neuronal net-

works due to loss of function of NaV1.1 affecting mainly the PV+ interneurons in

the hippocampus (Yu et al., 2006; Bender et al., 2012).

Although the interneuron theory has been the prevalent theory to explain the oc-

currence of seizures in Dravet Syndrome, there is evidence that other mechan-

isms might exist (Isom, 2014). It has been found that patient-derived neurons

show increased excitability in both bipolar (GABAergic) and pyramidal neurons;

suggesting that the seizure mechanism could be through a “network hyper-excit-
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ability or synchronisation” (Jiao et al., 2013; Liu et al., 2013; Kearney, 2014). In-

creased pyramidal excitability has also been found in a mouse model of Dravet

Syndrome (Mistry et al., 2014). There is currently no agreement on how to

reconcile these opposing findings (Chopra and Isom, 2014) and it is likely that,

owing to the large number of mutations associated with Dravet Syndrome, both

mechanisms act in different mutations or different cells types (Jiao et al., 2013;

Isom, 2014).

1.2.7 -  Temperature sensitivity

The mechanism for temperature sensitivity remains largely unknown (Oakley et

al., 2009; Guevara-González et al., 2018). However, it is a common observation,

where more than 30% of Dravet cases have their first seizure associated with

fever (McIntosh et al., 2010). Research into the mechanism involved in the gen-

eration of febrile seizures have shown that there is an increase of pro-inflammat-

ory signals, which possibly have a link to epileptogenesis (Vezzani and Baram,

2007; Aronica and Crino, 2011). Seizure induction in animals models revealed

increased Il-1β expression within an hour of an epileptic episode (Vezzani et al.,

1999; Heida and Pittman, 2005), along with its receptor (IL-1RI), IL-6, TNF-α

(De Simoni et al., 2000; Ravizza and Vezzani, 2006) and endocannabinoid re-

ceptors (Chen et al., 2003). Some of these inflammatory mediators have also

been shown to be increased after febrile seizures in children (Haspolat et al.,

2002; Aronica and Crino, 2011).

These fever associated agents (for example TNF-α or Il-1β) do not commonly eli-

cit seizures, but they decrease seizure threshold and have an epileptogenic effect

(Dubé et al., 2005; Mazarati, 2007; Galic et al., 2012). There is evidence that

the increased seizure propensity from Il-1β is mediated by an increase in NMDA-

mediated calcium currents (Vezzani et al., 1999; Viviani et al., 2003; Dubé et al.,

2005). It has also been shown that this pathway is associated with long-lasting

changes in NMDA subunit expression (Harré et al., 2008). Additionally. Il-1β ex-

pression has been shown to result in an increased activity of the glutamate α-

amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor, through

the activation of transient receptor potential vanilloid 1 (TRPV1) channels, res-
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ulting in an increased calcium permeability (Dubé et al., 2009; Manna and

Umathe, 2012; Rossi et al., 2012). Another member of this family, TRPV4, has

also been observed to increase neuronal excitability with temperature incre-

ments (Shibasaki et al., 2007). It has been postulated that these changes could

form part of a long-term development of the epileptic phenotype; especially in

the hippocampus (Vezzani et al., 1999; Dubé et al., 2006; Vezzani and Baram,

2007). 

The endocannabinoid type 1 receptor is increased in the presynaptic GABAergic

neurons after seizures (Chen et al., 2003). This increase is long-lasting and can

also be induced by Il-1β (Feng et al., 2016). In epileptic syndromes, this might

result in network-disinhibition and increased excitability (Rosenberg et al.,

2015). Furthermore, the endocannabinoid signalling pathway also activates

TRPV1 (Manna and Umathe, 2012). It should be noted that the endocannabin-

oid system has also protective effects (Friedman and Devinsky, 2015), and there

is no agreement on how these opposed effects could influence disease progres-

sion (Feng and Chen, 2016).

Brain alkalosis has also been suggested as a possible mechanism, being the result

of increased breathing frequency under high body temperature (Schuchmann et

al., 2006), maybe related to their immature CO2 chemosensor feedback system

(Mazarati, 2007), although the applicability of this mechanism to human disease

is controversial (Dubé et al., 2009).

A possible relationship between these factors is illustrated in Figure 10, but the

mechanism by which increased body temperature precipitates seizure is yet to be

understood (Oakley et al., 2009).
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Figure 10. Possible mechanisms involved in epilepsy by the generation
of inflammatory signals. Genetic factors predisposing seizures could inter-
act with inflammatory signals to increase neuronal excitability. Il-1β has been
involved in decreasing GABAergic signalling and conversely increasing
glutamatergic activity, as does TNF-α. Seizures themselves can increase ex-
pression of Il-1β and are also associated with the expression of endocan-
nabinoid receptors in presynaptic GABAergic buttons. TNF-α has also been
associated with the endocytosis of GABAA receptors in the postsynaptic neur-
on. All of this increases neuronal excitability and the likelihood of seizures,
which could be part of a self-sustaining cycle in which seizures increases
Il-1β, which promotes fever, which increases the production of these cy-
tokines and increases excitability.
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1.3 - Gene Transfer

A treatment based on gene therapy has a relatively simple definition; introduce

“a functional copy of a defective gene to replace the missing function” (Herzog

et al., 2010). The European Medicines Agency defines it as a “medicinal product

characterised by (a) containing an active substance which consists of a recom-

binant nucleic acid administered to human beings with the aim of regulating, re-

pairing, replacing, adding or deleting a genetic sequence; (b) its therapeutic ef-

fect relates directly to the recombinant nucleic acid sequence it contains, or to

the product of genetic expression of this sequence” (Wirth et al., 2013).

The observation by Howard Temin showed that genetic mutations could be in-

herited after a viral infection (Temin, 1961), which gave rise to the idea that vir-

uses could be used to deliver genetic material to cells (Tatum, 1966). Several

decades of research followed, including the introduction of exogenous DNA into

mammalian cells, but it was not until the decade of 1970 that the first recombin-

ant viral vector systems were developed (Wolff and Lederberg, 1994; Wadding-

ton et al., 2016). By 1990 the first clinical trial in humans for adenosine deam-

inase severe combined immunodeficiency (ADA-SCID) was performed (Blaese et

al., 1995). However, it was not until the year 2000, with a seminal work that

successfully treated X-linked SCID (X-SCID) using a γc Moloney retrovirus–de-

rived vector, that more progress was seen in the field (Cavazzana-Calvo et al.,

2000). This work also showed some of the challenges and adverse effects that

can be associated with gene therapy. Four out of ten treated children developed

leukaemia as a result of insertional mutagenesis activating the proto-oncogene

LIM domain only 2 (LMO2) and Polycomb complex protein BMI-1 (BMI1); one

patient died and the other three survived after chemotherapy (Hacein-Bey-Abina

et al., 2003, 2008, 2010). It also showed a limit in the therapeutic window, as at-

tempts to treat two older patients were unsuccessful (Thrasher et al., 2005).

After these events, refinements have been made to improve safety. Self-inactivat-

ing vectors minimise the promoter activity derived from HIV-based vectors (Yu et

al., 1986) and thus, are less likely to activate proto-oncogenes (Schambach et

al., 2006). Development of tissue-specific promoters can also decrease these un-
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wanted effects (Haase et al., 2013). Further refinements to the viral vector

design of lentiviruses (Lidonnici et al., 2018; Milone and O'Doherty, 2018) and

adeno-associated viruses (AAVs) (Lykken et al., 2018; Pei et al., 2019) have al-

lowed for further improvement to their safety profiles (Dunbar et al., 2018). To

this day, there have been more than 3000 clinical trials involving gene therapies

(http://www.abedia.com/wiley/ accessed on December 2019), most of them

aiming to treat cancer. 

The advancement in the field is best exemplified by the two gene therapies that

have been approved by the medical regulators (Shahryari et al., 2019) to treat

neurological diseases: Luxturna is an AAV2 based therapy to treat inherited ret-

inal dystrophy (Russell et al., 2017b) and Zolgensma, an AAV9 gene therapy that

has shown promising results to treat spinal muscular atrophy (Mendell et al.,

2017). 

1.3.1 -  Gene Therapy Vectors

Gene therapy is being developed and applied to acquired diseases like cancer

and HIV. Cancer is being targeted by delivering toxins (Lin et al., 2015) stopping

cancer progression (Pinsky et al., 2006), directing cancerous cells towards apop-

tosis (Roth, 2006) or by the modification of the patient's own immune cells to re-

cognise cancerous cells (CAR-T cells) (Sermer and Brentjens, 2019). HIV treat-

ment is being developed to try to emulate results obtained from bone marrow

transplant from people immune to HIV infection by modifying the patient's own

cell with this resistance (Peterson and Kiem, 2019) and through RNA interfer-

ence (McIntyre et al., 2009; Goguen et al., 2019). 

As previously mentioned, genetic disorders are a clear application of this techno-

logy. Gene therapy is currently used in inherited retinal dystrophy (Russell et al.,

2017a), spinal muscular atrophy (Finkel et al., 2017; Mendell et al., 2017) and

Adenosine deaminase-deficient severe combined immunodeficiency (Cicalese et

al., 2016).
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For these therapies to be successful, development of different vector systems and

their corresponding production have been carried out. For this work I have

chosen to work with lentivirus and adeno-associated virus (AAV) vectors, that

have desirables characteristic for gene transfer (Table 3) (Mulligan, 1993; Co-

trim and Baum, 2008; Nayerossadat et al., 2012). Adenovirus vectors could also

be used, but their short-term expression and immunogenic capacity (Hollon,

2000) makes them less desirable.

VECTOR ADVANTAGES DISADVANTAGES

AAV • Not associated with any disease in humans 
(Calcedo et al., 2009; Ferreira et al., 2014)

• AAV8/9 has strong tropism for cells of the 
nervous system (Howard et al., 2008; Royo 
et al., 2008; Zincarelli et al., 2008)

• AAV9 can be administer intravenously and 
reach the central nervous system (Zhang et 
al., 2011; Hudry et al., 2018)

• Long term expression (Leone et al., 2012; 
Sondhi et al., 2012; Walia et al., 2015; 
Sehara et al., 2017)

• Low insert carrying capacity: 4.8kb 
(Marcus et al., 1981)

• Complicated process of vector production 
(Wang et al., 2019)

Lentivirus • Integrate into dividing and non-dividing cells
(Naldini et al., 1996b)

• Long term expression (Naldini et al., 1996a)
• Insert carrying capacity: 11kb (Counsell et 

al., 2017)
• Some serotypes have a strong tropism for 

cells of the nervous system (Kordower et al., 
1999; Desmaris et al., 2001)

• Low immunogenicity (Palfi et al., 2014)

• High titre vector is difficult to produce 
(Ellis et al., 2011)

• Restricted distribution (Parr-Brownlie et 
al., 2015)

Adenovirus • Carrying capacity of up-to 45kb in third 
generation (Nemerow et al., 2012)

• Broad tissue tropism (Goswami et al., 2019)
• Can express in episomal form or integrate 

into host DNA (Goswami et al., 2019)

• Leaky expression of viral proteins non-
helper-dependent iterations (Liu and 
Muruve, 2003)

• Loss of expression (Wen et al., 2000)
• Third generation vector (helper 

dependent) have better safety profile, but
more complicated production process 
(Alba et al., 2005)

Table 4. Characteristics of AAV, Lentivirus and adenovirus based vector
systems.
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1.3.2 -  Adeno-associated virus vectors 

12 odd serotypes and over 100 variations of AAV viruses have been identified

from human and primate sources (McClements and MacLaren, 2013; Hammond

et al., 2017), all of them sharing the same basic structure comprising a single-

stranded DNA sequence with three functional regions: two open reading frames

(ORF): rep and cap, and the inverted terminal repeats (ITRs). The ITRs serve as

an origin of replication and are involved in vector integration into the host gen-

ome; rep encodes proteins involved in replication and integration, while cap en-

codes the capsid proteins, VP1, VP2 and VP3.

Entry of AAV to the cell is a process meditated by endocytosis after attachment

to the corresponding receptor on the cell surface. Internalisation varies between

serotypes; it can occur in around 30min with AAV2 (Bartlett et al., 2000), but

AAV6 seems to have higher internalisation rates on cells of cardiac origin (HL-1,

PNCMs) than AAV2 (Sipo et al., 2007). The internalisation mechanisms used by

AAVs include clathrin mediated endocytosis (AAV5) (Bantel-Schaal et al., 2009),

macro-pinocytosis (Rac1, AAV2) (Sanlioglu et al., 2000), phagocytosis, clathrin-

Independent Carriers/GPI-Enriched Endocytic Compartment (CLIC/GEEC) endo-

cytic pathway (AAV2) among others (Nonnenmacher and Weber, 2012). The

capsids are the main determinant for tissue tropism; for example, AAV8 and

AAV9 show strong and widespread expression in the CNS (Howard et al., 2008;

Royo et al., 2008; Zincarelli et al., 2008). Further modifications, like mosaic

capsids, chemical modifications and the use of a cell-specific promoter, among

others, can further modify tropism, efficiency and specificity (Castle et al.,

2013). Although there are several routes by which AAVs can enter the cell, Pillay

et al. have recently identified a receptor (named AAVR) (Pillay et al., 2016;

Summerford et al., 2016) which seems to be essential in the internalisation of

several serotypes (Pillay et al., 2017), although some serotypes have alternative

routes (Dudek et al., 2018). Other membrane receptors associated to different

serotypes have been reviewed by Nonnenmacher et al. (2012) and Pillay et al.

(2017).
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After endocytosis, AAV2 is released from the endosome in a process dependent

on acidification (Bartlett et al., 2000). AAV2 and AAV5 undergo processing at

the Golgi apparatus (Bantel-Schaal et al., 2002) where the capsids get the modi-

fications necessary for transduction. This involves the exposure of VP1 and VP2

N-terminal domains outside the capsid (Sonntag et al., 2006). Where and how

uncoating and import to the nucleus occurs is still not clear (Büning et al.,

2008), but certain studies have suggested that uncoating occurs in the perinuc-

lear region, after which the vector genome is imported (Lux et al., 2005). Once

inside, wild-type AAV can enter a latent infection phase by integrating into chro-

mosome 19 (ql3.3-qter) (Kotin et al., 1992; Chandler et al., 2015; Gil-Farina and

Schmidt, 2016) or, in the presence of a helper virus (like Adenovirus or herpes

simplex virus, HSV), enter a lytic cycle were gene expression takes place

(Gonçalves, 2005).

Transduction efficiency is also influenced by the time at which the administra-

tion is performed. Neonatal intraventricular injection of AAV8 and AAV9 show

widespread neuronal expression (Chakrabarty et al., 2013; Kim et al., 2014), but

injection later in development results in reduced spread and a change to non-

neuronal cell transduction (Chakrabarty et al., 2013; Murlidharan et al., 2014).

1.3.3 -  Production of recombinant AAV (rAAV) vector 

Most rAAV vectors are based on serotype 2, as it is the prototype of the genus

(Gonçalves, 2005). Their production strategy is based on a three-plasmid system.

The transgene plasmid is designed with ITRs flanking it so that the heterologous

gene is linked to the amplification and packing sequences. The rep and cap se-

quences, coding for proteins necessary for vector replication and viron assembly,

are provided in a second plasmid. The third plasmid provides the adenovirus

helper sequences E2A, E4ORF6 and VA and HEK293 cells already contain the

E1A/E1b gene also required for production (Figure 11). Random integration

events have been reported (McCarty et al., 2004), and genotoxicity due to vector

integration is a growing question (Chandler et al., 2016, 2017)

43 | Introduction



Figure 11. AAV vector production. Vector production is based on the usage
of three distinct plasmids. The transfect plasmid is the one carrying the tar-
get transgene and is constructed by replacing the ORF and viral sequences
with the sequence of the desired transgene and a promoter. These are
flanked by ITRs which allow the sequence incorporation into the newly-pro-
duced vectors. The rep/cap plasmid contains the excised sequences that al-
low vector assembly. AAV production used to exploit a helper adenovirus to
trigger the lytic phase, but after identification of the requisite sequences, a
plasmid containing these sequences was designed to replace the role of ad-
enovirus. Later, it was possible to stably express the E1A/E1B gene in
HEK293 cells, further simplifying the process. Modified from Büning et al.
2004, Gonçalves et al. 2005.

One of the main disadvantages of rAAV is their low carrying capacity; genomes

over 5kb have reduced packing efficiency (Nayerossadat et al., 2012). Although

it seems that oversized sequences are truncated, packaged and, through an un-

known cellular process, are still able to produce detectable transgene expression

(Dong et al., 2010). An option to address this is to generate trans-splicing vec-

tors (Figure 12). These consist of splitting the transgene in two and adding a

consensus splice donor and acceptor sequence, respectively. In co-transduced

cells, head-to-tail heteromerization allows the splicing out of the ITR sequences

and the reconstitution of the desired transgene (Yan et al., 2002; Reich et al.,

2003; Gonçalves, 2005). This approach has been tested in retinal diseases

(Colella et al., 2014) and Duchenne Muscular Dystrophy using two (Ghosh et al.,

2009) or three (Koo et al., 2014) trans-splicing AAV vectors. It should be noted
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that this approach reduces the efficiency of gene delivery (as both vectors have

to transduce the same cell) and only the hetero-concameter will result in the

full-length gene (Gonçalves, 2005).

Figure 12. Trans-splicing vectors mechanism. Two vectors are generated,
each carrying part of the transgene, the vector containing the 5’-end of the
gene (left) also carries the promoter and on its 3’-end a splice donor se-
quence (SD). The vector with the 3’-end carries a splice acceptor sequence
before it. When both are transduced into the same cell, the AAV sequences
are recombined and the ITRs and consensus sequences are spliced out, res-
ulting in full-length protein expression. Modified from Reich et al. 2004,
Gonçalves et al. 2005.
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1.3.4 -  Lentivirus vectors 

Most lentivirus vectors are derived from the Human Immunodeficiency Virus-1

(HIV-1). Lentivirus belong to the retroviruses family and are lipid enveloped

particles containing a single-stranded RNA sequence. The main advantage of len-

tiviruses over other retroviruses is that they can integrate into non-dividing cells

(Gray et al., 2010b).

The basic structure consists of two Long Terminal Repeats (LTR) flanking the vir-

al genome. The HIV-1 genome can be divided into several regions essential for

the viral life cycle (Table 5) (Nekhai and Jeang, 2006; Malim and Emerman,

2008; Pluta and Kacprzak, 2009; Maetzig et al., 2012).

SEQUENCE CODING REGION PROPERTIES

LTR U3 Promoter

R Transcription start

U5 Attachment site for integrase (IN)

Gag MA Matrix protein, essential for the association to the membrane of gag/pol

CA Capsid, surround the inner core

NC Nucleocapsid, attaches to the packing signal of the RNA

Pol PT Protease, cleaves gag/pol into functional subunits (RT, IN)

RT Reverse transcriptase

IN Integrase

Env SU Envelope protein

TM Transmembrane protein

Tat Regulatory element that increases rate of transcription

Rev Associated with transport and packing of RNA

vif, vpr, vpu, nef Essential for the replication and pathogenesis of the virus

Table 5. HIV-1 coding regions and their function. Information from Nekhai
et al. 2006, Malim et al. 2008, Pluta et al. 2009, Maetzig et al. 2012.

The lentivirus life cycle can be divided into an infectious and replication phase.

During infection, the SU protein recognises the CD4 receptor in the cell mem-

brane (Dalgleish et al., 1984), which produces a conformational change in the

transmembrane protein, allowing fusion of the membranes. Once in the cyto-

plasm, the RNA is transcribed into cDNA by reverse transcriptase and remains
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associated with integrase, Vpr and MA, among other cellular and viral proteins

to be translocated into the nucleus. Here, integrase exposes the 3’OH end of the

viral DNA, allowing its integration into the host DNA (Engelman et al., 1991;

Miller et al., 1997; Frankel and Young, 1998; Suzuki and Craigie, 2007). The in-

tegrated viral genome then enters the replication phase, driven by the promoter

in the LTR region. This generates a new viral RNA that is transported to the cyto-

plasm to be packaged; a process dependent on the Rev protein. This complex un-

dergoes a maturation process that includes the cleavage of gag/pol, and is then

released from the cell (Frankel and Young, 1998; Mattei et al., 2015).

1.3.5 - Production of second generation lentivirus vector

The need to segregate elements from the viral genome have led to the splitting

of these elements onto different plasmids to greatly reduce the capacity for gen-

erating replication competent vectors (Kim et al., 1998; Pluta and Kacprzak,

2009). The second generation system consist of three plasmids (Figure 10); one

carrying the transgene, another for packing components (which encode gag, pol,

tat and rev derived proteins) and one to carry the envelope sequences (Cockrell

and Kafri, 2007).

The use of a neuronal-specific promoter allows increased neuronal specificity

(Hioki et al., 2007) while the modification of the envelope proteins (pseudo-typ-

ing), specifically by the use of the G glycoprotein of Vesicular Stomatitis Virus

(VSV-G), confers three great advantages: 1) its receptor is ubiquitously expressed

(Schlegel et al., 1983), 2) provides greater vector stability (Naldini et al., 1996b)

and 3) by its use of the LDL receptor family (Finkelshtein et al., 2013), allows

the vector to enter by an endocytic pathway, reducing the accessory proteins

needed for efficient infectivity (Aiken, 1997).
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Figure 13. Lentivirus vector production. In a second generation system,
three plasmids are used in production. The packing plasmid encodes lentivir-
us structural and enzymatic proteins, among them: matrix (MA), capsid
(CA), nucleocapsid (NC) reverse transcriptase (RT) and integrase (IN). The
VSV-G sequence is carried on the envelope plasmid. A human cytomegalovir-
us (CMV) drives the expression of packing and envelope plasmids. Modified
from Naldini et a. 1996, Maetzig et al. 2012.

1.3.6 -  Gene therapy for neurological diseases

Neurological diseases represent less than 2% of ongoing gene therapy clinical tri-

als. AAV vectors are used in around 40% of these trials (http://www.wiley.com/

legacy/wileychi/genmed/clinical/) with serotypes 8 and 9 being specially desir-

able for CNS gene therapy, as they mainly infect neurons instead of glial cells

(Cearley and Wolfe, 2006). rAAV vectors have become a promising treatment op-

tion owing to the lack of major adverse effects (Gil-Farina and Schmidt, 2016)

and positive results seen with diseases like Leber’s Congenital Amaurosis (LCA)

(Cideciyan et al., 2009) and more recently in spinal muscular atrophy (SMA)

(Bevan et al., 2011). 

Lentiviruses have not been used extensively for CNS gene therapy, mainly due to

safety concerns (Gray et al., 2010b) which have been reduced by non-integrating

vectors (Wanisch and Yáñez-Muñoz, 2009). Furthermore, promising results

treating X-linked adrenoleukodystrophy (Cartier et al., 2009) and Parkinson’s
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disease (Palfi et al., 2014), and the lack of serious adverse effects (Persons,

2010), coupled with their higher carrying capacity (Snowball and Schorge,

2015), makes lentivirus a desirable vehicle to treat neurological problems. 

1.3.6.1 -  Vector selection

Both vector system are therefore good candidates to treat epilepsies (Snowball

and Schorge, 2015). As NaV1.1 is expressed in several areas of the brain, AAV

vectors represent a better alternative for widespread brain transduction. Conver-

sely, it is thought the inhibitory interneurons in the hippocampus play a major

role in development of Dravet Syndrome, and lentivirus could be a better altern-

ative due to its more restricted expression profile (Kullmann et al., 2014) related

to the site of injection (Hirai, 2008; Yizhar et al., 2011).

1.3.6.2 -  AAV capsid for CNS application 

AAV serotypes 1, 2 (Broekman et al., 2006), 5 (Shevtsova et al., 2005), 8 (Pig-

nataro et al., 2017) and 9 (Cearley et al., 2008) have been shown to work well

in the CNS; AAV2 is expressed in neurons, but mostly restricted to the injection

site. Serotype 5 has a more widespread expression (Shevtsova et al., 2005). It

has been shown that AAV8 expresses better than serotypes 1, 2 (Broekman et al.,

2006) and it can express as well as AAV9 in intracerebroventricular injection

(Klein et al., 2008; Chakrabarty et al., 2013). 

Currently, AAV9 is more favoured for CNS applications (Hocquemiller et al.,

2016), in our group we have seen AAV8 perform as good as AAV9, including the

intravenous delivery of the vector expressing extensively in the brain (Karda et

al., 2020). Having this in consideration, combined with the successful use of

AAV8 has in pre-clinical settings to treat epilepsy (Theofilas et al., 2011) and

spinal muscular atrophy (Passini et al., 2010) and the easiest availability of

AAV8 in our group, made this the capsid of choice to develop the vectors. 

49 | Introduction



1.3.6.3 -  Determine a time of injection 

There are two main reasons to target the delivery of the vector to neonatal mice.

Firstly, the immaturity of the immune system allows for a reduced immune reac-

tion against the vector (Nivsarkar et al., 2015). Treating at this age is also neces-

sary as the DS mouse model has a short lifespan. Additionally, P0 represents the

best point at which delivery should be made, as it has been shown that is at this

age AAV8 and 9 preferentially transfect neurons (Chakrabarty et al., 2013). It

should be noted that AAVs have been used in clinical trial for older patients and

shown to be safe with an immune response proportional to the dosage used

(Marks Jr et al., 2008).

1.3.6.4 -  Promoter Selection 

For an initial testing of the vector, a promoter that can restrict expression to

neurons was selected. AAV8 allows a wide physical spread of the vector while

the human synapsin promoter has been shown to be effective in restricting ex-

pression to neurons when the vector is delivered to the CNS, although it has also

been shown to drive expression in the liver, to lower levels compared to other

promoters like CBA (Jackson et al., 2016). These characteristics would be desir-

able considering the presence of NaV1.1 in several areas of the CNS (Section

1.2.3, page 30).
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_______________________
Chapter 2:

Aims and objectives
_______________________

For neurological diseases with reduced therapeutic options, caused by a mono-

genetic disorder, such as Dravet Syndrome, AAV and lentivirus offer a promising

avenue of treatment by means of reliable transgene expression and increasing

safety evidence (Simonato et al., 2013; Kullmann et al., 2014).  

The aims of my project are:

1. Produce two AAV8 plasmids, each containing half of the sequence for

SCN1A.

2. To produce high titre AAV8 vectors containing the human SCN1A

transgene.

3. To establish and phenotype the Dravet mouse colony at UCL.

4. To assess the biodistribution of the human SCN1A after neonatal intracra-

nial injection of SCN1A AAV8 vector.

5. To treat SCN1A knock-out mice with lentivirus or AAV8-SCN1A vector
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_______________________
Chapter 3:
Hypotheses

_______________________

1. The use of the AAV vectors containing a correct copy of the SCN1A gene

will be effective in treating SCN1A knock-out mice.

2. The cloning of plasmid containing SCN1A halves into two AAV backbone

plasmids will be possible. Splitting the SCN1A sequences is necessary due

to the AAV carrying capacity constrains.

3. The AAV plasmid/vectors will deliver their corresponding halves of

NaV1.1 and when expressed in the same cells, result in a functional sodi-

um channel by proteins transcomplementation.

4. Using AAV vectors, it is possible to deliver the SCN1A gene to mouse

neurons and obtain functional channel expression for a prolonged period

of time.

5. Using established genotyping protocols, I will be able to breed Scn1a

knock-out mice that show Dravet Syndrome characteristics.
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_______________________
Chapter 4:

Materials and Methods
_______________________
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4.1 - Plasmid production 

4.1.1 -  Plasmid cloning

In-Fusion cloning (Takara, US), following manufacturer procedures, was used to

insert the transgenes into the corresponding plasmids. An AAV backbone plasmid

was selected and linearised. Fragments to be inserted included between 15 to

20bp of complementary sequence with the backbone and were obtained by syn-

thetic synthesis from Integrated DNA Technologies (IDT, Belgium) or from PCR

amplification using primers that also include the overhang complementary re-

gions. Q5 High-Fidelity DNA Polymerase enzyme (New England Biolabs (NEB),

Ipswich, Massachusetts, USA) was used to amplify the fragments (reaction mix-

ture in table 6) under the thermal-cycling conditions detailed in Table 7. 

REAGENT VOLUME (μL)

DNA Template 40ng

ddH2O Adjust to 50

Forward Primer 1

Reverse Primer 1

2X TaqMan Universal PCR Mix 25

Total volume 50

Table 6. PCR reaction mixture .

STEP TEMPERATURE (ºC) TIME NOTES

1 98ºC 30sec Activation

2 98ºC 10sec Denaturation

3 55ºC to 72ºC 20sec Annealing. Variable

4 72ºC Extension: variable depending on fragment size

Repeat steps 2 to 7 for 25 cycles

5 72ºC 2min Final extension

6 4ºC Infinite Hold

Table 7. Thermal-cycling condition for PCR amplification of In-Fusion
fragments. The annealing temperature was variable as each reaction was
ran four times, each with a different annealing temperature: 55, 60, 65 and
72ºC.
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Once amplified, the fragments were run on a 1% agarose gel to confirm they

were of the correct size. The best fragment was treated by adding 2 μl of Cloning

Enhancer (Takara, US) to 10 μl of the PCR fragment, incubated for 15min at

37ºC and then 15min at 80ºC. Treated fragments were used in the In-Fusion re-

action mixture in table 8. This mixture was incubated for 15min at 50ºC and

then placed on ice to be used to transform bacteria.

COMPONENT AMOUNT VOLUME

Purified PCR fragment 1 50-100 ng usually ≈ 1 μl
Purified PCR fragment 2 50-100 ng usually ≈ 1 μl
Purified PCR fragment 3 50-100 ng usually ≈ 1 μl
Purified PCR fragment 4 50-100 ng usually ≈ 1 μl

Linearised plasmid 50-100 ng usually ≈ 1 μl
5X In-Fusion HD Enzyme 2 μl

dH2O bring up to 10 μl

Table 8. In-Fusion Cloning Reaction. Depending on the design, more or
fewer PCR fragments were used and dH2O volume was adjusted accordingly.
If the fragments volume needed was too high, the reaction final volume was
adjusted to 20µl and the In-Fusion enzyme was doubled to 4µl

4.1.2 -  Competent bacterial cell transformation

8.75g of LB Broth with Agar (Sigma-Aldrich, UK) were mixed in 250ml of ddH2O

and autoclaved. Once at room temperature, the appropriate antibiotic was added

to reach a concentration of 100μg/ml and the solution was transferred to culture

plates and stored at 4ºC until required. Three different bacterial cells were used

for transformation: One Shot(R) Stbl3TM (Invitrogen), SURE competent cells

(Agilent Technologies) and C3040H Stable Competent E. Coli (NEB, Ipswich,

Massachusetts, USA). The vials were thawed on ice. 50 to 100ng of DNA were

added to 50uL of competent bacterial cells, gently mixed and incubated on ice

for 30 minutes. The cells were heat-shocked for 30 seconds at 42ºC, then left on

ice for 2 minutes. 250μL of LB broth (Sigma-Aldrich, UK) was added. The cells

were incubated at 200rpm, 30ºC for 90 minutes. 80μL of the transformed

bacteria were spread onto agar plates and incubated until colonies were visible;

usually 48 to 72 hours at 30ºC (Feldman and Lossin, 2014).
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4.1.3 -  Plasmid production

After incubation, colonies were selected using a 10μl sterile pipette tip; slow

growing and well-separated colonies were preferred. These colonies were grown

in 10ml of LB Broth (100μg/ml of antibiotic) for 48-72 hours at 30ºC (for plas-

mids containing SCN1A sequences) or 37ºC (all other plasmids), 200rpm. Trans-

formed bacteria were stored at -80ºC by adding 200uL of Glycerol (VWR Chem-

icals, UK) to 600uL of bacterial culture.

Plasmid DNA was extracted using Qiagen Miniprep kit as per manufacturer in-

structions. For higher concentrations of plasmid, 500μl of the previously grown

bacteria were added to 500ml of LB Broth with the corresponding antibiotic and

incubated at the same conditions as described for the mini-cultures. Plasmid

DNA extraction was conducted using HiPure Plasmid Filter Maxiprep Kit

(Invitrogen).

DNA concentration was measured using a FluoStar Omega LVIS plate reader

(BMG Labtech, Buckinghamshire, UK) spectrophotometer at a wavelength at

which the nitrogen rich bases absorb light: 260nm. The concentration was calcu-

lated using equation 1.

Equation 1. DNA concentration calculation. Formula used to calculate the
DNA concentration in the spectrophotometer. The concentration was calcu-
lated using Beer’s law, were A is the absorbance, b is path-length (cm) of the
light, c is the concentration of the substance and e is the substance specific
extinction coefficient.

Purity determination was carried out measuring the absorbance at 230nm and

280nm and calculating the 260/280 and 260/230 ratios. The OD values were

corrected for light scattering by subtracting the OD value at 340nm from the pre-

viously mentioned measurements.
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After determining the DNA concentration, the plasmids were run in a 1%

agarose gel in the following conditions: circular, linearised, digested by at least

two enzymes. If the correct bands were observed, the plasmids were sub-

sequently sequenced. 

4.1.4 -  Plasmid Sequencing

Plasmids were sequenced by Sanger sequencing at Source BioScience (Notting-

ham, UK). Primers used covered the eGFP and RFP sequences and each of the

halves of the SCN1A codon optimised sequence.

PRIMER SEQUENCE TARGET

SCN1A-A-For1 AGTGCTGAGAGCCCTGAAAA First half of SCN1A (CO)

SCN1A-A-For2 CAGCTGAAGAAGCAGCAAGA First half of SCN1A (CO)

SCN1A-A-For3 CCACGTGTCCATGGATTTTC First half of SCN1A (CO)

SCN1A-A-For4 TGGCACATGAACGATTTCTT First half of SCN1A (CO)

SCN1A-A-Rev1 TCATCACGTCGCTCAGTTTC First half of SCN1A (CO)

SCN1A-A-Rev2 TAGAATCGCTCAGTCTGCCA First half of SCN1A (CO)

SCN1A-A-Rev3 TTCTTCCAGTTCTTCCACGG First half of SCN1A (CO)

SCN1A-A-Rev4 ACTTCCATGCAATCCCACAT First half of SCN1A (CO)

SCN1A-B-For1 GCTGGCAAATTCTACCACTG Second half of SCN1A

SCN1A-B-For2 TTTGTGGTTGTCATTCTCTCCA Second half of SCN1A

SCN1A-B-For3 CTCTCAATCTGCCACAACCA Second half of SCN1A

SCN1A-B-Rev1 TCGAGCAGTCTCATTTCTTTCT Second half of SCN1A

SCN1A-B-Rev2 GGATCACTCGGAACAGGGTA Second half of SCN1A

SCN1A-B-Rev3 CCGCTTTGTAAAAGCAAATAAGA Second half of SCN1A

RFP-For ctgagagcgcagtcgagaaggtacGGCGCGCCACCATGGTGTCTA RFP

RFP-Rev CTTGTACAGCTCGTCCATGCCATTAAGTTT RFP

EGFP C F CAT GGT CCT GCT GGA GTT CGT G eGFP

EGFP Nrev CGT CGC CGT CCA GCT CGA CCA G eGFP

Table 9. Primers used for plasmid sequencing. For the SCN1A primers, not
all were used at the same time, but at least 4 were selected to cover the
whole transgene sequence. ITR integrity was also assessed.
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4.1.5 -  Succinate dehydrogenase activity (MTT assay)

MTT assay was used to assess cell viability (Stockert et al., 2018). Cells were

grown in a 96-well plate until 70% confluency. Each well with cells was transfec-

ted with 1μl of Lipofectamine 2000 (ThermoFisher, UK) diluted in 50μl of Op-

tiMEM (ThermoFisher, UK). The same number of plasmid copies were diluted in

50μl of OptiMEM. The two solutions were mixed and incubated at room temper-

ature for 5 to 10min. Once ready, the media from the cells was extracted and the

Lipofectamin-DNA mix was added (100μl/well). After overnight incubation, the

mix was replaced with DMEM (10% FCS + penstreep). A control plasmid only

carrying GFP was used to assess successful transfection. The cells were left for 3

to 4 days and media was changed if needed. 

On the last day, 10μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT, Sigma-Aldrich, UK) were added to each well. The plate was

covered with aluminium foil and incubated for 3 hours at 37ºC, 5% CO2. When

ready, the media was removed and 100μl of Dimethyl Sulfoxide (DMSO, Sigma-

Aldrich, UK) were added to each well. The plate was then placed at room tem-

perature in an orbital shaker for 15min, still covered. 

The absorbance of each well was measured using a FluoStar Omega LVIS plate

reader (BMG Labtech, Buckinghamshire, UK) spectrophotometer at a

wavelength of 590μm. The duplicates were averaged and the background from

the media was subtracted.
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4.2 - Vector Production

4.2.1 -  Cell Culture

Human embryonic kidney (HEK) 293T and HT1080 cells were a gift from Dr. Ra-

jvinder Karda. From a frozen stock, cells were thawed and re-suspended in 10ml

of DMEM medium supplemented with 10% fetal bovine serum (FBS) and 5%

penicillin/streptomycin (PS). Cells were cultured in a T75cm2 flask at 37ºC with

5% CO2 concentration until they were confluent. Once confluent, cells were

washed with PBS (1x PBS, Sigma, St Louis, USA) and detached by using 5ml of

0.05% Trypsin (Life Technologies). The trypsin reaction was stopped by adding

10ml of culture media. The cell resuspension was then centrifuged at 1500rpm

for 5 minutes, the supernatant was discarded and the cells were re-suspended in

25ml of DMEM (10% FBS and PS) and put on a T175cm2 flask, incubated at

37ºC in 5% CO2. When cells reached 80-90% confluency, they were split again

following the same procedure into the appropriate container, T175cm2 flask,

145cm2 dish or cell culture plates and incubated under the same conditions.

4.2.2 -  Cell counting

When needed, cell concentration was determined using a haemocytometer (Cel-

eromix, France). 10μl of the cell resuspension from a 80-90% confluent T175

flask were diluted 1:5 in PBS, 10μl of the dilution was added to 10μl of Trypan

Blue dye (ThermoFisher, UK). 10μl of this mixture was loaded into the chamber,

cell were counted in an area equivalent to 1/10000 of 1ml at least three times,

the average number of cells were used to calculate the concentration in 1ml

(Equation 2).

Equation 2. Calculation of cell concentration. The average cell number
count from at least three fields was used. The factors correspond to the dilu-
tions; 2 is for the 1:2 dilution in TrypanBlue, 5 corresponds to the 1:5 dilu-
tion in PBS and 10000 is the conversion factor from the hemocytometer to
obtain a concentration in [cells/ml].
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4.2.3 -  Production of AAV vectors

6x106 HEK 293T cells (per dish) were seeded into 40 dishes (Greiner Bio-One,

143 cm2) with 15ml DMEM (10% FCS+PS) and incubated overnight at 37ºC

with 5% CO2. The following day the cells were 70 to 80% confluent. Two mix-

tures were prepared: Mix 1 consist of 3ml of PEI (Polysciences, Northampton,

UK) in 57ml OptiMEM (Gibco, Loughborough, UK). Mix 2 is composed of 300µg

of AAV8 plasmid, 300µg of transgene plasmid and 900µg of helper plasmid into

62ml OptiMEM. Both were mixed and incubated at room temperature for 20min.

3ml of the combined solution was added to each plate drop-wise and left incub-

ating for 24h, subsequently the media was removed and replaced with 15ml of

DMEM (2% FCS+PS). 48h later the cells were harvested by scraping them off

the plates and collected with the supernatant into 50ml falcon tubes to be centri-

fuged for 10min at 1500rpm, 4ºC. The supernatant and cell pellet were pro-

cessed separately. The supernatant was stored at 4ºC and cell pellet at -80ºC.

The cell pellet was re-suspended in PBS, centrifuged for 10min at 1500rpm; the

supernatant (PBS) was discarded and the cells were re-suspended in 40ml of lys-

is buffer (TD buffer, Table 10) and stored at -80ºC. The next day the cells were

frozen and then thawed 5 times, after which 50µl/ml of 10% Sodium deoxy-

cholate (final concentration: 0.5%) and 8µl of benzonase (Life Technologies, fin-

al concentration: 12.5U/ml) was added. The mixture was incubated for 30min at

37ºC and centrifuged at 4000rpm for 30min. The virus-containing supernatant

was filtered through a 0.45µm PES filter (Sartorius Stedim, Goettingen, Ger-

many) and stored at 4ºC for up-to 24h.

REAGENT AMOUNT FINAL CONCENTRATION

NaCl 8.181g 140mM
KCl 372.8mg 5mM

K2HPO2 95.26mg 0.7mM
MgCl2 333.23mg 3.5mM
Tris 3.0285g 25mM

ddH2O Fill up to 1L

Table 10. TD Buffer recipe. The solution is adjusted to pH 7.5 and
autoclaved
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The stored supernatant was aliquoted into 50ml falcon tubes, then 5µl of ben-

zonase (12.5 units/ml) and 100µl of 100mM MgSO4 (at 1:1000 volume ratio)

were added to each aliquot of supernatant and incubated for 30min at 37ºC;

then centrifuged for 30min at 4000rpm. The supernatant was filtered with a

0.45µm Stericup (Merck Millipore, USA) and stored at 4ºC until purification.

4.2.4 -  AAV purification using High Performance 
Liquid Chromatography (HPLC)

Vector particles were purified in an ÄKTA HPLC system (GE Healthcare UK Ltd,

Buckinghamshire, UK) by affinity chromatography using a POROS™ Capture-

Select™ AAV Resin (Thermo Scientific, #A36739) packed into a 1ml column

(Generon, Maidenhead, UK). All lines were washed with 20% ethanol. Then line

A was placed in PBS (pH 7.5) and line B was placed in 50mM glycine (filtered at

0.22 uM, pH 2.7) solution. The system was washed with PBS to equilibrated the

column. A manual run was selected with a flow rate of 5.0ml/min. The AAV cell

lysate and supernatant were run through the system, after which a PBS wash

was performed. 

The virus containing TD Buffer from the cells was put through the system (Fig-

ure 14, number 1). The waste of this process was collected and run immediately

after (Figure 14, number 3). Glycine was used to detach the particles from the

POROS column by changing the concentration of line B to 100% and fraction

size was set to 1ml, the fractions were collected into 1ml FACS tubes containing

30µl of 1M Tris (filtered at 0.22 uM, pH 8.8) (Figure 14, number 2). Finally, the

treated supernatant was passed through the column (Figure 14, number 5) and

the vectors were collected as described. During this process, UV and conductance

curves were monitored in the AktaPrime 5.31 software (GE Healthcare). Frac-

tions containing vector were identified by peaks at absorbance 260nm and

280nm. The vector fractions were collected and transferred into a 10kDa dialysis

cassette (Slide-A-Lyzer ThermoScientific, Loughborough, UK) and left spinning

overnight in PBS. The POROS column was washed with PBS and then with 20%

ethanol for storage at 4ºC.
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Figure 14. AAV vector purification by HPLC. The absorbance (in milli-
Absorbance Units, mAu) curve (blue) in the HPLC software will show the
proteins passing through the system. After establishing a baseline (0), a sig-
nificant increase in the signal marks the proteins from the cell pellet passing
though the column (1). After reaching the baseline again, the vector should
be collected (2). The insert shows a magnification of the collection of peak 2,
in which the 1ml fractions are being collected into FACS tubes. The fraction
that contain vector are the ones in which a peak in absorbance is detected. In
the figure it is fractions 4, 5 and 6. Fraction 6 was collected because the
sensor is located before the collection point. If waste is collected, it should
show a similar increase in the absorbance (3), but the elution peak will be
significantly less (4). The supernatant takes longer as the volume is much
larger (5). The elution peak reaches similar levels as the one obtained in the
cell pellet (6). Image from (Antinao Diaz et al., 2020).

4.2.5 -  AAV Vector Concentration

For vector concentration, an Amicon Ultra 15_100kDa MWCO filter was primed

with 5ml of PBS and centrifuged for 5min at 4500rpm. The flow-through was

discarded and the vector from the Slide-A-Lyzer dialysis cassette was added and

centrifuged at 4500rpm for 5min. The concentrated vector on the membrane

was washed with 200µl of PBS and then placed into a 1.5ml micro centrifuge

tube. The concentrated virus was centrifuged at 13,400rpm for 10min. For short-

term use the vector was stored at 4ºC, for long term storage the vectors are kept

at -80ºC.
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4.3 - Vector titration and gene expression

4.3.1 -  qPCR primers and probes design 

A primer pair was designed targeting each of the transgenes to be used: each

part of the codon optimised SCN1A, AAV2 ITR region, eGFP, tagRFP, Scn1a, Il-1β

and Gapdh and β-Actin. Several primers set were designed and the ones selected

for further use are available in table 11.

4.3.1.1 -  Primer design methodology

For each of the target sequences, between 5 to 10 primer sets were designed, se-

lecting the ones that would provide most accurate quantification of the target

gene without interference from other sequences. The primer design was carried

out using Primer-Blast (Ye et al., 2012) using the refSeq Database and the target

organism was either Homo sapiens (taxid:9606) or Mouse (taxid: 10088). The

amplicon size was set to be between 70 to 150bp; if a primer set produced an

amplicon from another gene, but the product was over 1000bp, it was con-

sidered for further analysis as well. 

Primer sets were further analysed using PrimerQuest Design Tool

(www.idtdna.com/SciTools, IDT, Belgium) and Probes were designed and selec-

ted in this step as well. 

Primers and their corresponding probes (when designed) were analysed using

Beacon Designer Free Edition (PREMIER Biosoft) to detect the stability of cross

dimers between the forward, reverse and probe sequences, self dimers and hair-

pin secondary structures. Primers that were predicted to have a secondary struc-

ture with ΔG below -4.0 were usually discarded unless no better primer design

was available. The expected amplicon was analysed using Mfold web server

(Zuker, 2003) for their secondary structure stability. 
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4.3.1.2 -  qPCR Primers and product secondary structure 

The resulting amplicons were analysed for possible secondary structures, which

could affect the efficiency of amplification by impeding the primers to anneal to

the corresponding sequence in the DNA fragment. The analysis was performed

using Mfold web server (Zuker, 2003). Annealing temperature can have an effect

on the resulting secondary structures (see figure 15). Therefore the final temper-

atures in the qPCR reaction could not be present in the current analysis as the

primers were optimised empirically. 

Figure 15. Effect of annealing temperature in amplicon secondary struc-
ture. Examples of the effect of the annealing temperature in the resulting
amplicon secondary structure from Gapdh and eGFP primer sets. With in-
creasing temperature the secondary structure becomes less and less stable,
seen by the decrease in the ΔG free energy.  
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All primers designed were analysed using Beacon Designer Free Edition (PREMIER

Biosoft) to detect the stability of cross dimers between the forward, reverse and probe

sequences, self dimers and hairpin secondary structure (figure 16). 

Figure 16. qPCR Primer set secondary structure. All primer set were ana-
lysed for secondary structure stability. Ideally these conformations should be
unstable (low ΔG energy) so they don't interfere with the PCR reaction. In
this example, the stability of interaction with the same primer or probe is
low (A, B and C), the interactions between the different sequences reaches a
ΔG of -2.6 at the most (D, E and F). 

The primers kept were those that had a ΔG energy higher than -4.0 in most cases, see

table 12 for details on each primer. This table also contains the ΔG for the main expec-

ted secondary structures for each qPCR amplicon at the selected reaction temperature. 
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4.3.1.3 -  qPCR primers validation

Once 2 to 4 primers sets were selected, they were validated to confirm that they

perform correctly on a detection range of at least a 5-log serial dilution of the

standard. Primers specificity was assessed by their melt curves, expecting a

single peak in a SYBR-green reaction. Amplicon size and no template control

(NTC) CT values were also considered for the final primer selection. The amplic-

on products were run on an agarose gel to confirm size, where the NTC samples

are expected to show no amplification, although small bands could be present

due to primer-dimers. 

Because comparison between qPCR assay is only valid under similar conditions,

all reactions were optimised to obtain an efficiency between 90 to 110%. To de-

termine the reaction efficiency, a 5-log serial dilution of the corresponding stand-

ard was used. The reason for this arrangement can be observed in figure 17; by

using this method, the theoretical efficiencies possible to obtain are restricted to

a range between 92 to 108%; using a 1-log serial dilution greatly increases the

possible range of efficiencies. 

Figure 17. Effect of serial dilution on qPCR Efficiencies. Performing a
standard curve with a 1-log serial dilution can yield efficiencies between 70
to 168% while doing this with a 5-log serial dilution reduces the range to
92-108% (From ThermoFisher white-paper). 
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The coefficient of determination (R2) measures how good the experimental

standards fit the regression curve, a good level of linearity ensures that the reac-

tion has the same efficiency across the studied range of copies. An R2 value of

0,98 or higher is considered desirable.

To be able to precisely discriminate between a 2-fold dilution in more than 95%

of the cases, a standard deviation between replicates should be less or equal to

0.250, this has been set as the threshold for the difference between replicates on

a qPCR assays.

Sensitivity to detect low-copy numbers of a target gene depends on the assay ef-

ficiency, but should also be noted that low-copy samples follow the Poisson dis-

tribution, on which around 37% of replicates will have no sample at all while

other will have variable number of copies even though the replicates come from

the same original sample, this means that a higher number of replicates is neces-

sary for low-copy detection. 

67 | Materials and Methods



PRIMER SEQUENCE NOTES FLUOROPHORE QUENCHER SOURCE

SCN1A-A5-For GAGGTGTCACTCGTTGGAGG First half of codon optimised
SCN1A

Product size: 89bp

IDT

SCN1A-A5-Rev CGCATCTCTGTCTCGGTTGT IDT

SCN1A-A5-Probe TGTGCCTACAAGCCCTGTTGGACA ABY QSY ThermoFisher Scientific

SCN1A-B3-For GCCCGTAGTGGAACCTGAAG Second half of SCN1A
Product size: 142bp

IDT

SCN1A-B3-Rev TCGGAAACACGTCCTTCTCAG IDT

SCN1A-B3-Probe TCAAATCAATGTGGAAGAAGGCAGAGGA FAM /ZEN/3IABkFQ/ IDT

SCN1A-Mid-For GACCTGGAAGAGAGCAAAGAG Split region between first and
second half of codon optimised

SCN1A. Product size: 92bp

IDT

SCN1A-Mid-Rev CACTACGGGCTGTTCTTCTAC IDT

Scn1a-For TCAGAGGGAAGCACAGTAGAC Wild-type mouse Scn1a,
Product size: 138bp

IDT

Scn1a-Rev TTCCACGCTGATTTGACAGCA IDT

Scn1a-Probe CCAGAAGAAACCCTTGAGCCCGAA ABY QSY ThermoFisher Scientific

eGFP-For GGCACAAGCTGGAGTACAAC Enhanced GFP
Product size: 81bp

IDT

eGFP-Rev AGTTCACCTTGATGCCGTTC IDT

eGFP-Probe AGCCACAACGTCTATATCATGGCCG FAM /ZEN/3IABkFQ/ IDT

TagRFP-For GACCACAGACTGGAAAGAATCA TagRFP
Product size: 97bp

IDT

TagRFP-Rev CTAGGGAGGTCGCAGTATCT IDT

Il-1β-For AACCTGCTGGTGTGTGACGTTC Mouse wild-type Il-1β
Product size: 78bp

IDT

Il-1β-Rev CAGCACGAGGCTTTTTTGTTGT IDT

Il-1β-Probe TTAGACAACTGCACTACAGGCTCCGAGATG FAM /ZEN/3IABkFQ/ IDT

Gapdh-For ACGGCAAATTCAACGGCAC Mouse wild-type Gapdh
Product size: 93bp

IDT

Gapdh-Rev TAGTGGGGTCTCGCTCCTGG IDT

Gapdh-Probe TTGTCATCAACGGGAAGCCCATCA VIC QSY ThermoFisher Scientific
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β-Actin-For GTAGCACAGCTTCTCCTTAAT Human β-ACTIN
Product size: 106bp

IDT

β-Actin-Rev GGACCTGACTGACTACCT IDT

β-Actin-Probe CGCGCTCGGTGAGGATCTTCAT FAM /ZEN/3IABkFQ/ IDT

PRIMER SEQUENCE NOTES FLUOROPHORE QUENCHER SOURCE

LTR-For TGTGTGCCCGTCTGTTGTGT Lentivirus LTR
Product size: 139bp

IDT

LTR-Rev GAGTCCTGCGTCGAGAGAGC IDT

LTR-Probe CAGTGGCGCCCGAACAGGGA FAM /ZEN/3IABkFQ/ IDT

ITR-For GGAACCCCTAGTGATGGAGTT AAV2 ITR region
Product size: 62bp

IDT

ITR-Rev CGGCCTCAGTGAGCGA IDT

Table 11. qPCR Primers. Primers used for titration and gene expression analysis from cells and tissue. Primers sets that include a
probe were used in TaqMan reactions while those without a probe were used in SYBR-Green reactions.
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PRIMER SET TM(ºC) CROSS DIMER (ΔG) SELF DIMER (ΔG) HAIRPIN (ΔG) HIGHEST ΔG ENERGY OF

AMPLICON

REACTION TEMPERATURE

SCN1A-A5-For 56.8 -1.0 -1.3 -1.0 -1.26 kcal/mol 66ºC

SCN1A-A5-Rev 56.89 -1.0 0.0 0.0

SCN1A-A5-Probe 64.19 With For: 2.6; With Rev:-2.6 -1.0 -1.0

SCN1A-B3-For 57.14 -2.4 0.0 0.0 -0.87 kcal/mol 66ºC

SCN1A-B3-Rev 57.08 -2.4 -3.3 -1.3

SCN1A-B3-Probe 63.17 With For -2.4; With Rev -5.3 0.0 0.0

SCN1A-Mid-For 55.27 -3.4 0.0 0.0 -1.33 kcal/mol 60ºC

SCN1A-Mid-Rev 55.4 -3.4 0.0 0.0

Scn1a-For 56.4 -2.5 0.0 0.0 -1.43 kcal/mol 60ºC

Scn1a-Rev 58.4 -2.5 -3.5 -3.5

Scn1a-Probe 63.21 With For: -3.2; With Rev: -1.8 -0.5 -0.5

eGFP-For 56.46 -3.9 -3.0 0.0 -1.04 kcal/mol 60ºC

eGFP-Rev 55.79 -3.9 -0.9 -0.9

eGFP-Probe 63.5 With For: -2.4; With Rev: -3.0 -4.4 -3.9

TagRFP-For 54.79 -3.1 -1.5 -1.5 -2.15 kcal/mol 60ºC

TagRFP-Rev 53.95 -3.1 -1.6 0.0

Il-1β-For 62.02 -4.9 -3.3 -1.5 -1.97 kcal/mol 60ºC

Il-1β-Rev 59.27 -4.9 -1.8 -1.8

Il-1β-Probe 67.48 With For:  -3.0; With Rev: -3.9 -3.4 -1.1

Gapdh-For 57.78 -1.3 -1.1 0.0 -1.04 kcal/mol 60ºC

Gapdh-Rev 60.81 -1.3 0.0 0.0

Gapdh-Probe 63.6 With For: -2.4 ; With Rev:-3.4 -2.0 -2.0
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ITR-For 55.95 -1.0 -1.6 -0.7 -3.13 kcal/mol 60ºC

ITR-Rev 54.31 -1.0 -4.4 -1.0

PRIMER SET TM(ºC) CROSS DIMER (ΔG) SELF DIMER (ΔG) HAIRPIN (ΔG) HIGHEST ΔG ENERGY OF

AMPLICON

REACTION TEMPERATURE

β-Actin-For 53.68 -1.8 -3.0 -1.8 -3.07 kcal/mol 60ºC

β-Actin-Rev 51.76 -1.8 0.0 0.0

β-Actin-Probe 63.46 With For: -2.6; With Rev: -1.5 -5.2 -1.0

LTR-For 60.52 -0.7 0.0 0.0 -2.02 kcal/mol 60ºC

LTR-Rev 60.37 -0.7 -3.1 0.0

LTR-Probe 65.29 With For: -3.7 ; With Rev: -3.0 -9.1 -2.0

Table 12. Primers and Probes ΔG characteristics. Only the highest ΔG energy is listed but most primers and probes had more than
one possible secondary structure. 
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4.3.1.4 -  Primers Melt curves 

Primers melt curves were analysed to detect the production of primer dimers. Primers

showing two or more peaks were discarded. Primers prone to form primer-dimers show

a second peak in the melt curved for wells containing less copies of the target DNA or

when only water is added (NTC) to the reaction (see figure 18).

Figure 18. Selection of primers using their melt curve. Primers prone to
form primer-dimers show a secondary peak increasingly higher with the de-
crease of target DNA present in the sample. In the image AAV-A1 shows a
secondary peak from 106 copies and AAV-A2 shows the second peak from 104

copies. Both have this secondary peak in the no template control (NTC). On
the contrary, AAV-A3 shows a single peak throughout the tested temperature
range, therefore, it was selected for further optimisation.
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4.3.1.5 -  Primers Efficiency 

All primer sets were optimised to have a reaction efficiency between 90% to 110%.

Table 13 contains the final result of this optimisation. Optimisation also included the se-

lection of the combination of temperature and primers/probe concentration that

provided best results in the no template control (NTC) wells. 

PRIMER SET FWD AND REV

PRIMERS

PROBE ANNEALING/EXTENSION TEMPERATURE EFFICIENC

Y

NTC CT

SCN1A-A5 150nM 250nM 66ºC 95.71% 35.93

SCN1A-B3 150nM 250nM 66ºC 94.45% 34.53

Gapdh 450nm 250nM 60ºC 94.57% 35.21

eGFP 150nM 250nM 60ºC 108.29% 34.92

Scn1a 250nM 250nM 60ºC 103.34% 33.97

Il-1β 250nM 250nM 60ºC 98.99% ND

β-ACTIN 450nM 250nM 60ºC 93.20% 36.79

LTR 450nM 250nM 60ºC 101.22% 39.17

ITR 450nM 250nM 60ºC 99.73% 32.66

SV40 450nM 250nM 60ºC 108.44% 38.07

SCN1A-Mid 250nM - 60ºC 90.18% 37.58

TagRFP 250nM - 62ºC 95.10% 33.68

Table 13. qPCR primers and probes concentration; annealing temperat-
ures and efficiencies in singleplex TacMan reaction. used in qPCR reac-
tion for the listed targets. The efficiencies are the ones obtained in the best
combination of the different parameters during optimisation. The NTC CT lis-
ted is the lowest one for the listed settings found during optimisation. Sets
without a listed probe were run on a SYBR-Green reaction. ND= Not
detected.

4.3.1.6 -  qPCR Multiplexing

Three multiplexing reactions were optimised:

1. Targets: AAV-A5 and AAV-B3 with Gapdh as the housekeeping gene.

2. Targets: Scn1a and Il-1β with Gapdh as the housekeeping gene.

3. Target: eGFP with Gapdh as the housekeeping gene.
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Each target was ran individually in its optimised settings (table 13). Then a

series of multiplexing reactions were done modifying annealing temperature and

primers concentrations until a combinations that provided efficiency of

100±10% with NTCs ideally over CT 35. It is expected that each target should

have lower fluorescent signal in multiplexing conditions, but the resulting CT for

a given copy number should be similar. See figure 19 and table 14 for an

example.

Figure 19. Multiplexing optimisation. Multiplexing parameters were selec-
ted when the selected settings provided efficiencies between 90-110% for all
targets with NTCs having CT over 35. Once these parameter were found
(curves B, D and F), the resulting curves were compared to each target react-
ing individually (curves A, C and E).

To obtain the optimal multiplexing settings, several rounds of optimisation were

done until the best combination was found. Table 14 shows these rounds of op-

timisation of the multiplexing reaction including AAV-A5, AAV-B3 and Gapdh.

Further details for the optimisation of eGFP and Gapdh and Il-1β, Scn1a and Gap-

dh are in the annex (Table 53 and Table 54 respectively).
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Target Final Primer
Concentration

[nM]

Annealing
Temperature (ºC)

Efficiency (%) NTC (CT)

AAV-A 250 55 98.58 31.33

AAV-B 250 55 105.12 26.42

Gapdh 350 55 97.29 30.42

AAV-A 250 58 103.51 30.48

AAV-B 250 58 110.38 27.23

Gapdh 350 58 99.14 31.81

AAV-A 450 60 137.66 26.01

AAV-B 450 60 102.95 27.71

Gapdh 450 60 95.59 ND

AAV-A 350 60 105.97 22.09

AAV-B 350 60 108.85 21.26

Gapdh 350 60 96.5 ND

AAV-A 150 60 103.4 23.27

AAV-B 150 60 108.21 23.05

Gapdh 350 60 95.04 33.79

AAV-A 250 62 106.24 30.28

AAV-B 250 62 109.69 28.57

Gapdh 350 62 97.3 31.87

AAV-A 350 62 107.75 23.28

AAV-B 350 62 107.49 23.53

Gapdh 350 62 96.5 32.54

AAV-A 150 62 105.08 23.24

AAV-B 150 62 106.27 23.18

Gapdh 350 62 96.55 33.62

AAV-A 250 64 105.89 32.47

AAV-B 250 64 110.54 31.57

Gapdh 350 64 103.02 37.88

AAV-A 100 64 108.18 29.74

AAV-B 100 64 110.12 30.84

Gapdh 350 64 102.87 ND

AAV-A 350 64 108.35 23.90

AAV-B 350 64 107.38 23.73

Gapdh 350 64 96.69 30.43

AAV-A 150 64 105.04 23.49

AAV-B 150 64 105.36 23.30

Gapdh 350 64 96.31 32.50

AAV-A 250 66 104.98 32.36

AAV-B 250 66 110.76 31.09

Gapdh 350 66 102.12 37.33

AAV-A 100 66 105.02 30.99
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AAV-B 100 66 108.82 31.57

Target Final Primer
Concentration

[nM]

Annealing
Temperature (ºC)

Efficiency (%) NTC (CT)

Gapdh 350 66 103.02 35.64

AAV-A 150 66 95.71 35.93

AAV-B 150 66 94.45 34.53

Gapdh 250 66 94.57 35.21

AAV-A 100 66 96.358 36.43

AAV-B 100 66 91.797 36.16

Gapdh 250 66 100.513 37.31

AAV-A 250 68 104.44 32.31

AAV-B 250 68 109.21 31.77

Gapdh 350 68 103.79 34.54

AAV-A 100 68 104.42 29.60

AAV-B 100 68 99.51 33.04

Gapdh 350 68 103.6 34.76

Table 14. Multiplexing optimisation for the first (AAV-A) and second
(AAV-B) of SCN1A. All probes were kept at a concentration of 250nM in all
reactions. In yellow are the singleplex reactions and in green are the chosen
reactions setting for multiplexing these three targets. ND=Not detected.

Further details for the multiplexing optimisation of the eGFP plus Gapdh and

Il-1β, Scn1a and Gapdh can be found in the annex, pages 281 and 283 respect-

ively. The final settings for the multiplexing reaction are in table 15.

Target Final Primer
Concentration

Annealing Temperature Efficiency (%) NTC (CT)

AAV-A 100nM 66ºC 96.36% 36.43

AAV-B 100nM 66ºC 91.80% 36.16

Gapdh 250nM 66ºC 100.51% 37.31

Il-1β 250nM 63ºC 97.16% ND

Scn1a 250nM 63ºC 102.42% 35.32

Gapdh 250nM 63ºC 96.72% ND

eGFP 150nM 60ºC 94.60% 34.53

Gapdh 250nM 60ºC 97.59% ND

Table 15. Multiplex reactions parameters. Final primer and probes concen-
trations obtained after optimisation are presented, with the annealing tem-
perature and the corresponding efficiency. no template control (NTCs) are
also listed. ND=Not detected.
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4.3.2 -  Standards preparation

Plasmid concentration was determined by spectrophotometry (ng/ml). The num-

ber of copies per µl was calculated as shown in equation 3; the plasmid used was

the same utilised for vector production.

Equation 3. Plasmid copy number per µl calculation. Where MM is the
molecular mass of the plasmid. The standard dilutions were prepared from
this calculation.

Once the concentration is known, a dilution is prepared to a concentration of

2x109 copies/µl. 20µl aliquots were prepared and stored at -20ºC. Each time a

qPCR plate was done, a new aliquot was thawed and a new serial dilution pre-

pared. The aliquots and the serial dilution were stored and prepared using 100X

Pluronic F-68 (ThermoFisher Scientific, UK) (Fagone et al., 2012) diluted 1:100

in H2O. When 5µl of the standard are added to the qPCR plate, the well contain

1x1010 (5µl x 2x109copies/µl), 1x109 copies, and so on. The lowest dilution was

usually 1x103 copies.

Measured concentration is in ng/µl; convert to gr/L:

The molecular weight (MM) is in gr/mol, and to find the molar mass in the sample:

We use Avogadro’s number to calculate the number of copies:

To express this in copies per µl:

[C] ng [C] gr
µl 1000L

=

=

=

=

=x

x

x
1L

1x106µl
Copies

µl

[C] gr
1000L

[C]x1mol
1000L

[C]x1mol
1000L 1000L

6.022x1023 copies
mol

1mol
gr

[C] gr
1000L

MM

( )

6.022x1023 x [C] copies

1000L 1x109
6.022x1023 x [C] copies 6.022x1023 x [C]
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4.3.3 -  DNA extraction from cells and tissue

DNeasy Blood & Tissue kit (Qiagen, UK) was used to extract DNA from samples

when necessary. Manufacture instructions were followed. Briefly, the samples

were lysed by incubation at 56ºC with . After adding ethanol, the samples were

added to a DNeasy Mini spin column, washed with buffers AW1 and AW2. Fin-

ally the column was placed in a new 1.5mL eppendorf tube and the DNA was

eluted from the column using 50µl to 200µl (depending on the initial amount of

tissue/cells) of buffer AE. 

4.3.4 -  RNA extraction from cells and tissue

RNA extraction was performed using TRIzol reagent (Invitrogen, UK) combined

with the PureLink™ RNA Mini Kit (Invitrogen, UK). For cell, the media was re-

moved and the cells were washed with PBS, then 1ml of TRIzol per 1x105 to

1x107 was applied. The lysate was pipetted up and down several times before

transfer into a 1.5ml tube. Tissue extracted from mice was collected into 1.5ml

tubes and immediately stored at -80ºC. When ready for processing, 1ml of TRI-

zol was added per 50-100mg of tissue. A 3mm staines steel bead (Qiagen,

Manchester , UK) was added and the tubes were placed on TissueLyser II (Qia-

gen, UK) and shaken at 30Hz for 3min. At this point the samples can be stored at

4ºC to process the next day or -20ºC for up to 1 year, although they were pro-

cessed immediately for the experiments in this work.

The 1.5ml tubes were centrifuged at 12000g for 5min. The pellet was discarded

and the supernatant was transferred to a Phasemaker™ tube (Invitrogen, UK).

The sample was incubated at RT for 5min and then 200µl of chloroform (Sigma-

Aldrich, UK) was added to the sample and shaken for 15sec followed by incuba-

tion at RT for 5 to 15min. The sample was centrifuged for 5min and the upper

aqueous phase was transferred to a new tube, an equal volume of 70% ethanol

was added and vortex. From this point the instructions for the PureLink™ RNA

Mini Kit were followed until the final RNA was eluted in a total volume between
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40µl to 150µl depending on the weight of the tissue at the beginning. RNA con-

centration was measured using a FluoStar Omega LVIS plate reader (BMG

Labtech, Buckinghamshire, UK). The samples were stored at -80ºC until needed.

4.3.4.1 -  Reverse transcription

RNA samples were normalised to 2µg in a total volume of 10µl. Reverse tran-

scription master mix was prepared for the desired number of samples, with a

volume of 10µl per reaction, using the High-Capacity cDNA Reverse Transcrip-

tion Kit (ThermoFisher, UK). 10µl of the master mix were added to the normal-

ised RNA and the combined solution was incubated at 25ºC for 10min, 37ºC for

120min, 85ºC for 5min and kept at 4ºC until used immediately, or stored at

-20ºC for used later.

4.3.4.2 -  Gene expression reaction by qPCR

The qPCR master mix was prepared using Luna Universal Probe qPCR Master

Mix (NEB, UK) with the parameter determined for single (Table 13, page 73) or

multiplex (Table 15, page 76) reactions. Antarctic Thermolabile UDG (NEB, UK)

was added to prevent carry-over contamination. Nuclease-free Water (NEB, UK)

was used when necessary. An example is shown in figure 20. 15µl of the master

mix was added to each well in a MicroAmp™ Fast Optical 96-Well Reaction Plate

(ThermoFisher, UK). 5µl of cDNA was added to each well and each sample was

run in triplicates along with the corresponding standards. The plates were sealed

with EU Opti-Seal – Optical Disposable Adhesive Seals (Geneflow, Staffordshire,

UK). 

The plates were run in a StepOne Real-Time PCR system (ThermoFisher Scientif-

ic, UK) or a QuantStudio 3 Real-Time PCR system (ThermoFisher Scientific, UK)

with the default setting for a standard run, but extension temperatures adjusted

to the optimised parameters. Absolute copy number were obtained from

StepOne Plus Software (v2.3, ThermoFisher Scientific) or QuantStudio Design

and Analysis (v1.5.1, ThermoFisher Scientific) depending on the instrument

used. 
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Figure 20. Example of a multiplex master-mix. The master-mix was pre-
pared to detect the first half and second half of SCN1A, using Gapdh as the
housekeeping gene. 

4.3.5 -  Lentivirus titration

HT1080 cell were chosen because of their more stable karyotype (Chen et al.

1983). 100,000 cells seeded into each well of a 6-well plate and transduced the

following day with a 40% confluency, using concentrated vector in dilutions of:

1:2, 1:4, 1:8, 1:16 and 1:32. For lentivirus the cells were passaged twice once

they reached a 90% confluency, after which the DNA was collected using a

DNeasy Blood & Tissue Kit (Qiagen, UK). Lentivirus transfected cells were incub-

ated for 72h with the vector followed by DNA collection. The concentration of

DNA in each sample was determined using a FluoStar Omega LVis plate reader.

Each sample was diluted to 20ng/µl.

The following primers and probes (details in Table 13) were used:

1. LTR: region of HIV cDNA integrated into the host DNA between the left 

long-terminal repeat (LTR) and the 5' end of the gag gene (Butler et al., 

2001). 

2. Human β-ACTIN gene and its probe, designed by Dr. John Counsell.

The qPCR reaction was setup as described in section 4.3.4.2 (page 79), but UDG

was not used. Copy numbers were calculated based on the standard curves of

known DNA concentrations for LTR and β-ACTIN. Vector copy number was calcu-

lated with equation 4 (Barczak et al., 2014):
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Equation 4. Vector copy number calculation. This calculates the vector
copy number per cell in the sample; the 2-fold factor accounts for the two al-
leles of the β-ACTIN gene. 

To obtain the titre, we use the following equation: 

Equation 5. Lentivirus vector titre. Cell at the day of transfection are
around 200000. The average titre of all the dilutions from the same sample
was considered the final titre.

4.3.6 -  AAV-vector particles titration by qPCR

Residual plasmid DNA from vector production was removed by performing a 

digestion with DNaseI (NEB, Walsworth, UK) at 37ºC for 30min (Table 16).

REAGENT VOLUME (UL)
2000U/ml DNAse 5

DNAse Digestion buffer 40
AAV sample 5
Total volume 50

Table 16. AAV vector digestion.

Dilutions of the vector were prepared in either 1:2 or 10:10 serial dilutions 

depending on the expected titration. The same procedure described in section 

4.3.5 was applied; primers directed towards the SV40 poliadenylation signal and

for the corresponding transgene of the vector were used from (Table 13, page 

73). Vector concentration was calculated using equation 6:

Equation 6. AAV Vector titre calculation. Where C is the copies measured
from the qPCR reaction. It is divided by 5 to account for the 5 μl used in the
qPCR reaction. 1000 is the conversion factor from μl to ml, D is the dilution
factor (i.e. for a 1:2 dilution from the digested vector, this will be 2) and 10
is the initial dilution of the AAV vector in the digestion (5μl in 50μl). 2 ac-
counts for the complementary strand not targeted by the primers.
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4.3.7 -  Gene expression analysis

Gene expression data is usually presented using the ΔΔCт method (Livak and

Schmittgen, 2001; Schmittgen and Livak, 2008). For this method to works it is

required that the control samples provide a baseline from which to calculate the

differences in Cтs. The qPCR reactions using the primers targeting the second

half of SCN1A resulted in negative samples that had no signal recorded. By con-

vention, in this case those samples would be assigned a Cт value of 40; doing

this resulted in an overestimation of the expression of the second half of SCN1A

coming from plasmids or vector. This effect on non-reacting negatives has been

discussed elsewhere (McCall et al., 2014) and is the reason why absolute quanti-

fication has been used in the results section. The following section explains

briefly the problem and the treatment of the absolute data.

4.3.7.1 -  Relative gene expression of SCN1A 

For any experiment where either both plasmids or vectors carrying the halves of

SCN1A were used, the same number of copies of each was used. The gene ex-

pression from these vectors in the cortex resulted in an increase in expression of

2.4x105 (95% CI: 1.7-3.4x105) times for the second halve while the first halve

only reached an expression level of 7.7x104 (95% CI: 6.2-9.5x104) times higher

compared to the un-injected WT (Figure 21). 
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Figure 21. AAV gene expression in the cortex. The target AAV-A (left) is
measuring the expression of the first half of SCN1A carried by the first vec-
tor; AAV-B does the same for the second half. There is a significant increase
in expression from the un-injected WT control littermates in both cases.
There is a significant difference in the expression levels of the second halve
compared to the first (p<0.001). There is no difference in gene expression
between un-injected animals. 

As the vectors copies applied initially were similar and everything in construct

design is the same besides the transgene, it was unexpected that these vectors

would have a significant difference on their expression. To check that the calcu-

lation and reaction were accurately reporting changes in gene expression from

both vectors, a lentivirus vector carrying the complete coding sequence of SCN1A

was used. From this vector, gene expression analysis from both reactions should

report similar levels. KO animals were injected and the fold-change was meas-

ures as shown in figure 22.
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Figure 22. Lentivirus gene expression in the cortex. As the mRNA is being
transcribed from a lentivirus containing the complete sequence of SCN1A, it
was expected that the qPCR reactions targeting the first (AAV-A) and second
(AAV-B) half would report the same level of change in expression. This did
not occur, and AAV-A reported a higher level of expression that was signific-
antly different from the un-injected WT; AAV-B reported a non significant in-
crease in expression.

AAV-A reported an increase in expression of 8.4 (95% CI: 5.26 to 13.4) times

compared with WT, while AAV-B showed an increase of 2.44 (95% CI: 1.76 to

3.40) times. Further analysis of the raw data from the qPCR reaction showed dif-

ferences in the curves obtained from each reaction in the un-injected controls

(see figure 23). Because the ΔΔCт method normalises the gene expression fold-

change to the un-injected controls, in the case of AAV-B, the curves for the con-

trol animals resulted in higher or undetectable Cт values, because of this, the

ΔΔCт calculation results in an expression level for AAV-B higher than AAV-A. In

animals for which the Cт values from the AAV-A and AAV-B reactions are similar

(as in figure 23D) will result in a fold-change increase higher for AAV-B because

the distance to the control (the ΔΔCт) is higher when compared to AAV-A (green

arrow in figure 23B). Additionally, the curve in the control group shows no lin-

ear phase (exponential phase of PCR). 
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Figure 23. ΔΔCт qPCR analysis limitations. To be able to perform and
compare gene expression differences between genes, qPCR assays should
have similar efficiencies. In the case of Gapdh, AAV-A and AAV-B this was
achieved in a range ranging from 109 down to 103 copies; AAV-B can also be
extended to 102 copies. A) Shows the last common standard curve for which
all assays work as intended. B) in the case of AAV-B (green), the curves ob-
tained bellow 103 copies (approximately a Cт of 26) do not show and linear
phase (green arrow); their signal is weaker and variations between replic-
ated become higher. C) A similar effect as described in B) can be observed in
the lentivirus injected animals, due the the low levels of expression achieved
(expression is bellow 103 copies). D) In the presence of both AAV vectors car-
rying SCN1A, the curves fall within the previously established standards and
have a linear phase as expected. 

These results seem to imply that AAV-B overestimates gene expression in the

ΔΔCт method when the target gene is expressed within the established standard

curve (as seen in the cortex, figure 21) and underestimates the increase in ex-

pression when the target is expressed at low levels; as seen from the lentivirus in

figure 22. Therefore, the ΔΔCт method would not allow the comparison of gene

expression coming from each vector. Because of this reason, the analysis of gene

expression will be done by the quantitative method, calculating the number of

copies from each target in each replicate using a standard curve. The graphical

representation will the standardised to the average expression of the un-injected

controls.

A) Standard 103 B) WT Control

C) Lentivirus injected KO D) AAV Injected KO
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4.3.8 -  Absolute qPCR accuracy 

As previously shown, the qPCR assays for the first and second halves of SCN1A

seem to behave differently. To assess if it is possible to accurately quantify the

number of copies of SCN1A, and if this quantification is equal for both assays, an

experiment was set up using a lentivirus plasmid carrying the complete sequence

of SCN1A. Reaction were setup as described before (section 4.3.1.6). The

primers targeting the first and second halve of SCN1A were used in conjunction

with primers used to detect Gapdh. Three different samples were set up contain-

ing known quantities of lentivirus plasmid and Gapdh fragment (Figure 24). This

revealed that primers targeting the first and second halve can report results up

to 22% difference, but usually this value would be below 12% (Table 17). 

Figure 24. Absolute qPCR accuracy.. A known number of copies were ad-
ded to three different tubes (steps 1 and 2). A lentivirus plasmid containing
the full SCN1A sequences was used. These samples were measured (3) in a
qPCR reaction using standards for the first and second half of SCN1A (inde-
pendent plasmid). The software returned a quantified copy number in the
sample (4) that were compared to the theoretical number of copies initially
added to the samples (5). Results of this procedure are in table 17.

1 2 3

Theoretical Sample 1 Sample 2 Sample 3
Lentivirus SCN1A 7.56x108 copies 3.70x108 copies 1.89x108 copies
Gapdh fragment 1.00x108 copies 1.00x108 copies 1.00x108 copies

Detected
AAV-A 5.92x108 copies 3.25x108 copies 1.86x108 copies
AAV-B 6.79x108 copies 3.30x108 copies 1.85x108 copies
Gapdh 1.02x108 copies 9.08x107 copies 9.67x107 copies

Difference with theoretical
AAV-A 22% 12% 1%
AAV-B 10% 11% 2%
Gapdh 2% -9% -3%

Difference between A and B
(A-B)/B*100 [%] -12.85% -1.31% 0.92%

Known number of copies

Calculate copy number
using standard curves

Compare with known
quantities

qPCR detection

1

2

3 4 5
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Table 17. qPCR Accuracy. Results from procedure illustrated in figure 24.
Overall the reaction targeting the second halve of SCN1A (AAV-B) seem to be
more accurate at higher levels of expression as the detected difference from
the theoretical copy number is smaller than AAV-A, with a deviation of 10%.
At lower levels AAV-A becomes more reliable; this is also because this reac-
tion has a wider detection range. Both targets seem to behave similarly when
the samples are within the range from 1x108 down to 1x103 copies.

4.3.9 -  Treatment of absolute qPCR data 

To compensate for the differences in the amount of DNA loaded into each well,

the absolute copy numbers obtained en each reaction was normalised to the

number of copies detected of Gapdh or β-ACTIN, depending on the species where

the cells/samples originated; as the number of copies of the housekeeping gene

was usually between 2 to 4x106 copies, this would result in the final number to

be significantly smaller than 1, for this reason the final number was multiplied

by 106 as shown in equation 7.

Equation 7. Normalisation absolute gene copy number. The absolute
copy number of a gene "t" could not be used directly for analysis as this num-
ber will be directly proportional to the amount of DNA loaded into a reac-
tion. To obtain a normalised copy number of the replicate "r" of sample "s",
the calculated copy number for the target gene "t" in that sample was divided
by the corresponding amount of Gapdh copies that sample. As Gapdh copies
are usually around 3 million copies; the final number was multiplied by 106,
resulting in a normalised number of the gene "t" per 106 copies of Gapdh.

1 2 3

Theoretical Sample 1 Sample 2 Sample 3
Lentivirus SCN1A 7.56x108 copies 3.70x108 copies 1.89x108 copies
Gapdh fragment 1.00x108 copies 1.00x108 copies 1.00x108 copies

Detected
AAV-A 5.92x108 copies 3.25x108 copies 1.86x108 copies
AAV-B 6.79x108 copies 3.30x108 copies 1.85x108 copies
Gapdh 1.02x108 copies 9.08x107 copies 9.67x107 copies

Difference with theoretical
AAV-A 22% 12% 1%
AAV-B 10% 11% 2%
Gapdh 2% -9% -3%

Difference between A and B
(A-B)/B*100 [%] -12.85% -1.31% 0.92%

Known number of copies

Calculate copy number
using standard curves

Compare with known
quantities

qPCR detection

1

2

3 4 5
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4.4 - Protein Analysis

4.4.1 -  Protein lysate

Frozen samples were homogenised using 800μl of Buffer 1 for a whole hippo-

campal region. The samples were left on ice for 30min followed by centrifuga-

tion at 700g for 10min. The supernatant was transferred to a new tube and was

centrifuged at 37,000g for 40min at 4ºC. The supernatant was discarded and the

pellet resuspended in 300μl of Buffer 2.

REAGENT FINAL CONCENTRATION (STOCK) ADD FOR 10ML

Tris HCL 10mM (1.5M pH 7.4) 66.7μl
EDTA 5mM (0.5M) 100μl

Sucralose 320nM (1M) 3200μl
Sodium Orthovanade 0.1M (100mM) 10μl

Phenylmethylsulfonyl fluoride (PMSF) 0.1M (100mM) 10μl
Aprotinin 5ul/ml (2mg/ml) 25μl
Leupeptin 5ul/ml (1mg/ml) 50μl

Sodium Fluoride (NaF) 5mM (100mM) 500μl
EGTA 1mM (250mM) 40μl
dH2O 5998μl

Table 18. Protein extraction buffer 1.

REAGENT FINAL CONCENTRATION (STOCK) ADD FOR 10ML

Tris HCL 10mM (1.5M pH 7.4) 66.7μl
Sodium Orthovanade 0.1M (100mM) 10μl

Phenylmethylsulfonyl fluoride (PMSF) 0.1M (100mM) 10μl
Aprotinin 5ul/ml (2mg/ml) 25μl
Leupeptin 5ul/ml (1mg/ml) 50μl

Sodium Fluoride (NaF) 5mM (100mM) 500μl
EGTA 1mM (250mM) 40μl
dH2O 9298μl

Table 19. Protein extraction buffer 2.

REAGENT FINAL CONCENTRATION ADD FOR 10ML

SDS 20% 2gr
β-mercapto-ethanol 50% 5ml

dH2O up to 10ml

Table 20. Protein extraction buffer 3.
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4.4.2 -  Determination of protein concentration 

The Pierce BCA Protein Assay Kit (Thermo-Fisher Scientific, Glasgow, UK) was 

used to determine protein concentration. Standards were prepared according to 

manufacturer instructions and 10μl were loaded into a 96-well plate (Thermo-

Fisher Scientific, Glasgow, UK) alongside the 10μl of each sample in duplicate 

from the previous step. 200μl of working solution (1:50 BCA reagent B:A) were 

added and pipetted up and down to mix. The plate was incubated for 30min at 

37ºC covered in aluminium foil. The absorbance was measured at 562nm. Raw 

data was exported into Microsoft Excel and a blank-corrected linear regression 

for the standards vs concentration (μg/ml) was obtained, from which the protein

concentration of the samples was determined. If samples fell outside the 

standards range, they were diluted and the assay repeated.

4x Laemli Buffer was added to 10μg of protein sample, the volume was adjusted 

to up to 40μl (maximum volume of accepted by the gel wells) with dH2O. The 

sample was boiled at 95-100ºC for 5min and then centrifuged at 13000rpm for 

5min. 

4.4.3 -  Western blot 

4.4.3.1 -  Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE)

10μg of sample were used in conjunction with 10% of the sample volume of buf-

fer 3 (ex. for 10μl of sample, 1μl of buffer 3) and boiled at 95ºC for 5min. 10μl

of PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa (ThermoFisher Sci-

entific, UK) were loaded to a NuPage 4-12% Bis-Tris gel (BioRad, UK) placed in

a western blot tank filled with 1x MOPS buffer (ThermoFisher, UK). The gel was

run at 120mV at room temperature until the loading dye reached the bottom of

the gel; normally around 2 hours.
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4.4.3.2 -  Wet transfer to a PVDF membrane

A polyvinylidene difluoride (PVDF) membrane (Hybond-P-membrane, GE

Healthcare) was prepared by immersion in 100% methanol for 10sec, the mem-

brane was then placed on transfer buffer and left for 2 to 3min. The "transfer

sandwich" was prepared by using a plastic holder, followed by a sponge and two

pieces of thick blot filter paper (BioRad, UK), the already run gel was placed on

top of the paper followed by the PVDF membrane, these were covered with an-

other two pieces of paper and a sponge. Care was taken to avoid any bubbles

between the gel and the membrane. The holder was closed and placed in a gel

tank; the membrane faced towards the anode and the gel the cathode (Figure

25). The wet transfer was carried out for 2 hours in a cold room (4ºC) at 250mA

using 1x Tris-Glycine-SDS Buffer buffer (Sigma-Aldrich, UK).

Figure 25. Wet transfer sandwich configuration.

4.4.3.3 -  Immunoblotting

The PVDF membrane was blocked with 10% non-fat dried milk powder (Marvel,

UK) prepared in 0.1% Tween 20 (Sigma-Aldrich, UK) in PBS (PBS-T) for 1 hour

at room temperature. The membrane was cut on the lane at the 75kDa mark; the

top part was used to detect NaV1.1 and the bottom for Gapdh. Primary antibod-

ies (Table 21) were diluted in 5% milk in PSB-T; the membrane was placed in-

side a 15ml falcon tube with the diluted antibodies and incubated overnight on a

roller at 4ºC. The next day the membranes were washed three times in PBS-T,

Cathode

Anode

Sponge

Sponge

Paper

Paper

Gel

Membrane
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5min each time. Secondary antibodies were diluted in 5% milk in PSB-T and in-

cubated for 1 hour at room temperature in a roller. Three washes in PBS-T were

made before the detection reaction.

ANTIBODY COMPANY SOURCE AND TYPE DILUTION

Primary Anti-NaV1.1 (#ASC-001) Alomone Labs Rabbit, polyclonal 1:500

Primary Anti-Gapdh Mouse, polyclonal 1:1000

Secondary Anti-rabbit HRP (P0448) Dako Goat, polyclonal 1:1000

Secondary Anti-mouse HRP (P0260) Dako Rabbit, polyclonal 1:5000

Table 21. Primary and secondary antibodies in western blot.

4.4.3.4 -  HRP protein detection

The Horseradish Peroxidase (HRP) enzyme linked to the secondary antibodies

can be detected when its substrate is applied, here Amersham ECL Prime West-

ern Blotting Detection Reagent (GE Healthcare, UK) was used. Solution A and

solution B were mixed 1:1, 500μl of the mixture were applied to the membrane

and incubated for 2min at room temperature. Imaging was performed in a Im-

ageQuant LAS 4000 machine (GE Healthcare, UK).

4.4.4 -  In-cell western

Cells were grown in a 24-well plate until 70% confluency. Each well with cells

was transfected with 2μl of Lipofectamine 2000 (ThermoFisher, UK) diluted in

50μl of OptiMEM (ThermoFisher, UK). The same number of plasmid copies were

diluted in 50μl of OptiMEM. The two solutions were mixed and left to incubate

at room temperature for 5 to 10min. Once ready, the media from the cells was

extracted and the Lipofectamin-DNA mix was added (100μl/well). After

overnight incubation, the mix was replaced with DMEM (10% FCS + penstrep).

A control plasmid only carrying GFP was used to assess successful transfection.

The cells were left for 3 to 4 days, media was changed if needed. 

Once ready, the media was carefully removed and the cells were fixated and per-

meabilised with methanol cooled at -20ºC. After 10min, the methanol was re-

moved and the cells were washed with PBS. Then 300μl/well of LI-COR PBS

Blocking Buffer (LI-COR Biosciences, UK) were added and incubated for 90min
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at room temperature. The primary antibody was diluted 1:200 in Licor PBS

Blocking Buffer and add 100μl/well of the dilution was added to the plate and

incubated for 2hours. The cells were washed with 300μl/well of PBS containing

0.1% Tween20 (Sigma-Aldrich, UK) for 5 minutes. This was repeated for a total

of 3 washes. CellTag 700 Stain (LI-COR, UK) and IRDye 800CW Goat anti-rabbit

IgG (LI-COR, UK) were diluted 1:1,000 each in Licor PBS Blocking Buffer;

100μl/well of the dilution were added to the plate. The plate was incubated for

1h at room temperature, covered in aluminium foil. The cells were washed with

300μl/well of PBS containing 0.1% Tween20 (Sigma-Aldrich, UK) for 5 minutes.

This was repeated for a total of 3 washes. A final wash with 300μl/well of PBS

was done. Finally, the PBS was removed and the plate was dried in the bench

up-side down for a few minutes. The plates were read immediately on the Licor

Odyssey CLx (LI-COR, UK). 

The measurement from the CellTag 700 Stain was used to normalise the protein

expression detected from the IRDye 800CW Goat anti-rabbit IgG.
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4.5 - Animals Procedures

All experiments were carried out under United Kingdom Home Office regula-

tions and institutional guidelines at University College London (UCL) under the

project licence held by Dr. Simon N Waddington (PPL 70/8030).

The welfare of the knock-out mice was assessed daily. The main outcome meas-

ured was weight, and a threshold of a 15% loss of weight was set as the humane

end-point.

The animals were housed in individually ventilated cages (IVCs); up-to 5 anim-

als per cage, males used for breeding were individually housed after being separ-

ated for the first time. For animals housed alone (males, pregnant females), the

cages had a refuge; all cages had a cardboard tube, soft wood block, and nesting

materials, constant access to food and water. The cages were maintained in an

individual room, with day/night cycle of 12h each, checked every day and

cleaned at least once a week. To minimise stressful stimuli, the animals were

handled from early in life by the same laboratory technician and researcher. 

Breeding was set up between the necessary genotypes using mice older than 6

weeks; normally two females would be left with a male until signs of pregnancy

were observed and then de-mated. Once born, the pups were tattooed in their

paws and 2 to 3mm of tissue was extracted from their tail (tail clip) for genotyp-

ing. When necessary, jealousy mating was use; the female was put in the cage of

a male for around 10min, after which it was transferred to the cage of a different

male (Roybal et al., 2012)

4.5.1 -  Animal Groups

Animal were randomly allocated to three groups. Each time a new litter was

born, genotype was performed on the pups. The results were only known by Dr

Rajvinder Karda, whom assured that there were at least one treated and un-
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treated pups within the same litter. No other considerations were considered for

treatment assignment other than genotype. I was unaware of the treatment, or

lack of it, that each mice received: 

GROUP CHARACTERISTICS

Control WT animals

KO-un-treated KO animals, no treatment provided

KO-AAV KO animals, treated with AAV vectors

Table 22. Animal groups.

4.5.2 -  Experimental outcomes

Main outcomes to be analysed were: (1) survival (days), (2) weight compared to

age-matched littermates (gr), motor development using the righting reflex test

and open field test.

4.5.3 -  Sample size

The necessary animal numbers for these experiments was calculated using the

following information:

• Ogiwara et al. (2007) has reported a life expectancy for KO mice in the

129S strain of 17,0+-0,8 days, calculated SD: 2,26, for animals in the B6

strain; 15,8+-0,8 days, calculated SD: 3,49. Expected outcome: survival

to 182 days; effect size: 165 days, SD to be used will be the highest re-

ported; 3,4.

• Seizure frequency has been reported by Mistry et al in the 129S strain as

1 event per 31+-6 hours (n=4), calculated SD: 8,49. Expected outcome:

reduce seizure to 1 in 62 hours; effect size:???  SD to be used: 8,49

• Temperature induced seizures have been reported to be elicited at

40,2+-0,3ºC (P20-22, n=8) and 39,1+-0,3ºC (P30-46, n=10); calcu-

lated SD: 0,85 and 0,95 respectively. Control and younger animals did

not experience seizures at a maximum of 42,5ºC (Oakley et al. 2009).

Expected outcome: Normalisation (42.5ºC); effect size: 2.3ºC. It has

been described that temperature induced seizure are more reproducible

and represent a better measurement of treatment (Cao et al., 2012).
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• Ogiwara et al. (2007) reports a body weight loss of around 40% when

compared to age-matched littermate at P14-15; the decrease starts at

P10. No SEM or SD was reported, SD will be assumed to be 3. Mice by

two weeks weight around 9.7g (SD: 1.9). Expected outcome: normalisa-

tion, effect size: 3.88gr.

The necessary animal numbers for these experiments was calculated using the

parameters in table 23, for the references were no SD was informed, this was

calculated using equation 8:

Equation 8. Standard deviation (SD) calculation. Formula used to calcu-
late the SD when it was not reported, but the standard error of the mean
(SEM) and total number of samples (n) was available.

Parameter Life expectancy Seizures T seizure Weight loss

Effect size of interest 17d -> 90d 1/31 -> 1/62h 40.2 -> 42.2ºC 5.8->9.7gr

Standard deviation 3.49 8.49 0.95 1.9

α error probability 0.05 0.05 0.05 0.05

Power 0.80 0.95 0.95 0.95

Allocation ratio (N1/N2) 1 1 1 1

Sample size (N1+N2) 10 12 10 12

Table 23. Parameter used for power calculation.

Sample size for the Log-rank test used for survival analysis (life expectancy

column) was obtained using the program Power and Sample Size Calculations,

v3.1.2 ((Dupont and Plummer, 1990). Sample size for the other variables was

obtained using G*Power v3.1.9.2 (Faul et al., 2009) for a one-tail t-test for dif-

ferences between two independent samples (Figure 26). 
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Figure 26. Power Calculation Software.. Screenshots of the Power and
Sample size program used for survival sample size calculation (left) and
G*Power (right) used to calculate sample sizes for Seizure frequency, tem-
perature sensitivity change and weight loss.

4.5.4 -  Genotyping

4.5.4.1 -  Cre/lox B6(Cg)-Scn1atm1.1Dsf/J 

2 to 3mm of from a tail clip was obtained and the animals tattooed in their paws

for further identification. 75μl of 25mM NaOH with 0.2mM EDTA (pH 12) were

added to the tissue and incubated for 10min at 95ºC. The mix was cooled to

room temperature and 75μl of 40mM Tris-HCL (pH 5) were added. 4μl of the

mix were used for the PCR reaction.

A Kapa2G Fast PCR kit (Kapa Biosystems, UK) was used for the PCR reaction

(Table 24) following manufacturer instructions. The primers as well as the PCR

cycling conditions (Table 25) were obtained from JAX Laboratories; Forward

plasmid: 5'-TACTGGGATCCACCTCCACT-3', Reverse plasmid: 5'-

TAGCTCCGCAAGAAACATCC-3'. The genotype was determined by DNA electro-

phoresis on a 3% agarose gel. The expected bands for WT mice are: one band at

461bp, heterozygote: two bands, 495 and 461bp, homozygote: one band of

495bp.
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REAGENT VOLUME (μL)
5x Kapa 2G HS Buffer 4

25mM MgCl2 1.6
50μM Forward Primer 0.4
50μM Reverse Primer 0.4

dH2O 9.12
10mM dNTPs 0.4

2.5U/μl Kapa 2G HS taq 0.08
DNA 4

Total volume 20

Table 24. PCR reaction for B6(Cg)-Scn1atm1.1Dsf/J genotyping.

STEP # TEMP ºC TIME NOTES

1 94 2min
2 94 20sec
3 65 15sec -0.5ºC per cycle decrease
4 68 10sec
5 Repeat step 2-4 10 times
6 94 15sec
7 60 15sec
8 72 10sec
9 Repeat steps 6-8 28 times

10 72 2min
11 10 Infinite Hold

Table 25. Cycling conditions for PCR reaction for both B6(Cg)-
Scn1atm1.1Dsf/J and 129S-Scn1atm1Kea/Mmjax genotyping.

4.5.4.2 -  129S-Scn1atm1Kea/Mmjax

On the day of birth, a 2 to 3mm of from a tail clip was obtained and the animals

tattooed in their paws for future identification. Procedure was taken place on the

day of birth. The DNA extraction protocol (Dr. Ben Whalley from the University

of Reading) employed a PCRBIO Rapid Extract Kit (PCR Biosystems, UK): 20μl

of buffer A, 10μl of buffer B and 70μl of dH2O were added, vortexed and incub-

ated for 5min at 75ºC. This solutions was then incubated at 95ºC for protease in-

activation and 900μl of water was added to deactivate the reaction. The solution

was centrifuged and 2μl of the supernatant were used for the PCR reaction as

detailed in Table 24.
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REAGENT VOLUME (μL)

5x Kapa 2G HS Buffer 4

25mM MgCl2 1.6
50M Forward Primer 0.2

50μM Reverse Primer (WT) 0.2
50μM Reverse Primer (Mut) 0.2

dH2O 11.32
10mM dNTPs 0.4

2.5U/μl Kapa 2G HS Taq 0.08
DNA 2

Total volume 20

Table 26. PCR reaction for 129S-Scn1atm1Kea/Mmjax genotyping.

Primers were provided by the JAX Laboratories (https://www.jax.org/strain/

024761, last visited on 01/11/2019). Forward: 5’-GTCTGTACCAG-

GCAGAACTT-3’, Reverse (WT): 5’-CCCTGAGATGTGGGTGAATAG-3’, Reverse

(Mut): 5’-AGACTGCCTTGGGAAAAGCG-3’. Cycling conditions were the same as

described in Table 26. The genotype was determined by DNA electrophoresis on

agarose gel. The expected bands are: WT: 357bp, homozygous: 200bp and het-

erozygous: 357 and 200bp.

4.5.5 -  DNA Electrophoresis on agarose gel 

A 2% gel was prepared by adding 2g of agarose to 100ml of 1xTAE buffer (Tris

acetic acid, EDTA), microwaved until boiling. 5μl of SafeView (NBS Biologicals,

Huntingdon, UK) was added before transferring to a gel tank with a 20-well

comb. Once the gel has solidified, it was placed in a electrophoresis tank filled

with 1xTAE buffer. 4μl of loading buffer was added to 20μl of the PCR sample,

12μl were loaded into each well and allowed to run for 1h at 100V. An image

was taken in a benchtop ultraviolet transilluminator BioDoct-It Imaging system

(UVP, Upland, CA, USA) with UVO TS software (UVP, Upland, CA, USA).

REAGENT QUANTITY

Tris-Base 242g

Glacial acetic acid 57.1mL

EDTA 18.6g

dH2 O up to 1L

Table 27. TAE Buffer recipe.
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4.5.6 -  Vector injection

Animals selected to be treated were anaesthetised at postnatal day 1 (P1) on ice

and between 5μl to 10μl of vector was injected intracranially following the pre-

viously described procedure (Kim et al., 2014). The sutures were used as refer-

ence points from where the needle was located in between the Bregma and

Lambda sutures, 1mm lateral from the Sagittal suture; to the right in case of a

single injection or bilaterally (Fig. 27). The needle was inserted to a depth of

around 3mm. 

Figure 27. Intracranial injection of vector into neonatal mice.

Intravenous delivery to neonatal mice was done through the superficial temporal

vein (Yardeni et al., 2011)

4.5.7 -  Tissue extraction

Mice were anaesthetised by inhaled Isoflurane (5%, Abbott Laboratories) in an

induction chamber. For maintenance, 1.5% isoflurane was delivered though a

nose cone. Once the animal ceased to respond to the paw withdrawal reflex, an

incision below the sternum was performed and extended toward the thorax,

carefully dissecting the diaphragm and avoiding damaging the heart. Transcardi-

al perfusion was performed by an incision in the right atrium followed by injec-

tion of 10ml of PBS though the left ventricle until hepatic blanching became ap-

parent. Finally, both ventricles were incised.
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4.5.8 -  Tissue sample processing

Tissue samples from the cortex, hippocampus, diencephalon, cerebellum, cervic-

al spinal cord, heart, liver, spleen and kidney were collected. Samples destined

for DNA, RNA or protein extraction were collected into 1.5ml Eppendorf tubes

and frozen at -20 or -80ºC (RNA and protein) for further analysis. Brain regions

were collected as follows: 

1. The brain was extracted from the skull and placed on a petri dish

2. The hemispheres were separated by cutting with a blade through the inter-

hemispheric fissure.

3. The posterior part of the brain was cut; this is the cerebellum.

4. The olfactory bulb was cut

5. The remaining tissue was placed so that the medial part of the brain faces

upwards. 

6. The median part of the tissue was removed; this is the diencephalon, which

contains the thalamus, hypothalamus, septum, among other structures.

7. After removing the diencephalon, the hippocampus was visible, having a

half-moon shape

8. The rest of the tissue is the cortex.

Tissue destined for staining was extracted and organs were fixed for 24h in 4%

PFA. Then the brain was removed from the skull and fixed for a further 24h. Fin-

ally, the tissues were transferred to 30% sucrose (Sigma Aldrich) and stored at

4ºC until sectioning.
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4.5.9 -  Righting reflex

To study the righting reflex, the mice was placed on it back and the time it took

to return to have its four paws back on the table was measured (Jänicke and

Coper, 1996; Butchbach et al., 2007; Feather-Schussler and Ferguson, 2016;

Grin’kina et al., 2016). The test was videoed to be analysed later using BORIS

(Behavioral Observation Research Interactive Software) v7 (Friard and Gamba,

2016) to determine the duration of the events (Figure 28). The person perform-

ing the test and the one analysing the recordings were blinded.

Figure 28. BORIS Software used to analyse the righting reflex. The video
recording for each animal was blindly analysed on the software codifying the
time it took the animal to return to the prone position. Three trial were
made per animal. The software allows to quickly assign events and analyse
frame by frame if necessary.

Normally wild-type mice between post-natal day 10 and 15 would take 10

seconds or less to return to the prone position; to avoid exhausting knock-out

pups and increasing their stress, 30 seconds was set as the cut-off time at which

the test would be terminated and the mice returned to prone. 
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4.5.10 -  Open Field recording

The open field test is commonly used to assess exploratory behaviour and gen-

eral activity in mice (Gould et al., 2009). The procedure has been described else-

where (Gould et al., 2009; Seibenhener and Wooten, 2015), but briefly: the mice

were placed in a light grey square box of 25cm by 25cm with a height of 30cm.

Mice were transported to the procedure room at least 20 min before the start of

the test and the lighting conditions were the same as the ones in which they are

keep daily. The motor activity was recorded and analysed using SMART Video

Tracking System v3.0 (Panlab SL, Barcelona, Spain). The analysis was done by

defining a peripheral and central zone (Figure 29) from which the software

provided the time, distance, percentage of time spent in activity or static and

several other parameters. 

As young pups are not able to properly thermoregulate body temperature, re-

cordings were taken for 4 minutes and then returned to their dam. Older mice

were recorded for 15min.

Figure 29. SMART v3.0 Software. Animals were recorded in 25 by 25cm
boxes. A peripheral (red) and central (blue) zone were defined to assess mo-
tor activity. The software is previously calibrated with the physical measure-
ments of the boxes. 
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For the analysis, slow speed was considered 2.5cm/s or lower; fast was over

15cm/s. The anti-vibration filter was applied set to consider any movement be-

low 0.2cm/s as the mouse being static; this is because of detection errors due to

the image resolution from the recording camera. The artefact rejection filter was

set to discard any point that resulted in a speed over 40cm/s; this was especially

important for mice with white fur as the software would detect sudden move-

ments with small variations of lighting condition in the box (shadows). To com-

pensate for this loss of points, the LOWESS smoothing algorithm was applied,

this calculated the expected pattern between two points in the absence of a point

between them (when discarded because of the previous filter for example). All

parameters analysed are listed in Table 28. 

PARAMETER DEFINITION FORMULA

Time in zone
(%)

Percentage of time the mice spends in the analysed
zone

Total distance Total distance walked by the mice during the
observation period.

Distance in
zone (%)

Percentage of the total distance that the mice covered
in the analysed zone.

resting time
(%)

Percentage of time the mice was immobile in the
studied zone.

Slow time (%) Percentage of time the mice walked at slow speed,
defined as a speed between 0 to 2.5cm/s.

Fast time (%) Percentage of time the mice walked at slow speed,
defined as a speed  over 15cm/s; upper limit is

defined by the artefact rejection filter to 40cm/s .

Mean speed
without resting

Mean speed of the mice during the period on which is
moving.

Maximum
speed

Maximum speed recorded for the mice regardless of
the zone on which it happened.

Parallel index Calculates how parallel is the direction of the current
movement compared to the previous recorded
movement. The closest to one the value is, the
straighter the animal moves, the more near -1

indicated frequent changes in direction.

For angles less than 20º, the 
cosine of the angle is used, 
between 21 to 90º the value is 0 
and over 90º the value is -1.

Turning
tendency

Indicates the tendency to turn to one side of the
other. The average of these values is the final result.

a value of 1 is given to a right 
rotation and -1 for a left rotation.

Table 28. Parameters measured in the open field. "zone Y" refers to the
zone being analysed for the given parameter.
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4.6 - Free-floating Immunohistochemistry 

4.6.1 -  Tissue sectioning

For sectioning, the brain was mounted using OCT embedding matrix (Ther-

moFisher Scientific, UK) onto a ThermoFisher HM430 freezing microtome.

40μm coronal sections were collected and stored in 96-well plates with TBSA-F

buffer at 4ºC.

Representative sections from the olfactory bulb, prefrontal cortex, midbrain, stri-

atal region and cerebellum were selected. For whole-brain staining, sections

were taken every 480μm. Sections were washed three times for 5 minutes in

1xTBS (Tris Buffered Saline solution) in an orbital shaker.

REAGENT QUANTITY

Tris-Base 64g

NaCl 85g

HCl 32mL

dH2 O up to 1L

Table 29. 10x TBS Buffer recipe. pH was adjusted to 7.6

REAGENT QUANTITY

10% Na azide 3.5mL

1xTBS 346.5mL

Table 30. TBSA recipe.

REAGENT QUANTITY

Sucrose 72g

Ethylen glycol 150mL

TBSA 350mL

Table 31. TBSA-F buffer recipe.

REAGENT QUANTITY

Triton X-100 300μl

1xTBS 100mL

Table 32. TBS-T recipe.
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4.6.2 - Diaminobenzidine horse radish peroxidase reac-

tion (DAB) 

Endogenous peroxidase activity was blocked by incubation in 1% hydrogen per-

oxide (Sigma, St Louis, MO, USA) for 30min, then washed three times. None

specific protein binding was blocked using 15% normal goat serum (Vector

Laboratories, USA) in TBST (0,1% Triton-X 100 in TBS) for 30min, then washed

three times in 1xTBS (1L: 2.4g Trisamine (Tris), 8.8g NaCl and 3.4ml Hydro-

chloric acid; pH 7.6) followed by overnight incubation with primary antibody

(Table 33) in 10% goat serum in TBS-T in an orbital shaker.

The following day the sections were washed three times in TBS and incubated

for 2h at room temperature in the corresponding biotinylated secondary anti-

body (Vector, Burlingame, CA, USA), 1:1000 in 10% normal goat serum in TBS-

T. Then washed three times in TBS and incubated for further 2h in Vectastain

avidin-biotin solution (ABC; Vector Labs, Burlingame, USA). Sections were

washed three times in 1xTBS and visualisation was achieved by applying 0.05%

3.3’-diaminobenzidine (DAB, Sigma, UK) solution in 1xTBS with 0.01% H2O2.

The reaction was monitored until visualisation and stopped using ice-cold

1xTBS. The sections were washed three times in 1xTBS and then mounted onto

double coated gelatinised glass slides and left to dry at room temperature

overnight. The next day they were dehydrated in 100% ethanol for 10min and

placed in Histo-clear (National diagnostics, Atlanta, GE, USA) for 30min. Lastly,

the slides where cover-slipped using DPX mounting medium (Sigma, UK).

ANTIBODY COMPANY SOURCE AND TYPE DILUTION

Anti-NaV1.1 (ASC-001) Alomone Labs Rabbit, polyclonal 1:250 to 1:500

Anti-GAD57 (MAB5406) Millipore Mouse, monoclonal 1:1000 to 1:5000

Anti-GFP (ab290) Abcam Chicken 1:500

anti-NeuN (MAB377) Millipore Mouse 1:500

Biotinylated Anti-Chicken IgY Vector Laboratories Goat 1:1000

Biotinylated Anti-Rabbit IgG Vector Laboratories Goat 1:1000

AlexaFluor 488 Anti-Rabbit IgG ThermoFisher Goat 1:500

AlexaFluor 488 Anti-Chicken IgY ThemoFisher Goat 1:500

AlexaFluor 568 Anti-Rabbit IgG ThemoFisher Goat 1:500

Alexa Fluor 568 Anti-Mouse IgG ThemoFisher Goat 1:500

Table 33. Primary and secondary antibodies used for staining.
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4.6.3 -  Fluorescent staining 

The protocol for the first day was previously described (section 4.6.2), the only

difference is that the block of endogenous peroxidase activity was not

performed.

In the second day the sections were washed three times in TBS and the sections

were incubated for 2h at room temperature in the corresponding AlexaFluor an-

tibody (Thermo-Fisher Scientific, UK), 1:500 in 10% normal goat serum in TBS-

T, away from light. Sections were washed three times in TBS and incubated for

2min in 1:5000 DAPI (Invitrogen, Thermo-Fisher Scientific, California, USA) in

TBS. Finally, sections were washed three times in TBS and transferred to double

coated gelatinised glass slides. 40μl of Fluoromount (SuthernBiotech) were ad-

ded to each slide, cover-slipped and sealed with nail polisher and left overnight

at 4ºC.

4.6.4 -  Immunocytochemistry

Autoclaved coverslips were placed into a 24-well plate, coating solution (50g/ml

Poly-L-Lysine) was added and incubated for 1h at 37ºC. The solution was re-

moved and the coverslips left to dry before seeding 1x105 cells into each well for

incubation overnight. The next day the media was replaced. 2x108 lentiviral vec-

tor particles or 2x109 of AAV vector particles were added. Alternatively, a transi-

ent transfection was performed by removing the media and adding 0.5μg of

transgene plasmid to 200μl of Opti-MEM (Life Technologies) supplemented with

PEI (25μg/ml) for 5h at 37ºC, 5% CO2. The solution was removed and new

DMEM (10% FCS) was added. Incubation lasted 48 to 72h; the media was

changed over this time if necessary. Lastly, the cells were washed with PBS and

fixed by adding 200μl of 4% PFA for 10min, then washed in 1xTBS three times.

After this, the same protocol from sections 9.16 and 9.16.2 were followed.
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4.6.5 -  Image analysis 

4.6.5.1 -  Quantitative analysis of DAB images

Images were acquired on a stereoscopic fluorescence microscope (MZ16F and

DM4000; Leica, Wetzlar, Germany). Representative images were captured using

a DFC420 digital microscope camera and Image Analysis software (Leica, Wet-

zlar, Germany). The exposure time was set to prevent saturation, the same sett-

ings were use for all the sections in the same experiment. To correct for uneven

illumination within the image and possible camera dead pixels following the

protocol described by Landini (2006-2014, https://imagejdocu.tudor.lu/

doku.php?id=howto:working:how_to_correct_background_illumina-

tion_in_brightfield_microscopy). A script for Fiji was made to process the images

in batch (Available in Page 298).

Quantitative image analysis was performed using Image-Pro Premier v10 (Media

Cybernetics, Silver Spring, Maryland). Ten images of each area or organ were

used from each mice. The software threshold analysis was used to quantify the

percentage of the area stained above the defined threshold. The threshold was

set using the control animals; or the animals in the group that had the weakest

staining. The results were exported to Microsoft Excel and analysed on GraphPad

Prism (v8.3.0 for Mac, GraphPad Software, La Jolla California USA).

Figure 30. DAB quantification in Image-Pro Premier v10. Several images
from the control groups, randomly chosen, were used to establish the
threshold at which the software would consider an area as stained (positive
staining). The threshold (2) was set so that a control image (1) would be
minimally positive (blue area).
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4.6.5.2 -  Fluorescent image analysis

Immuno-fluorescent images were taken at 40X magnification in a Leica DM 4000

microscope (Leica corporation) using the software LAS X v1.2. Each channel had

individual settings to avoid saturating the image and these settings were main-

tained throughout the samples analysed. Once the desired region was localised,

between 6 to 8 group of images were taken. All coloured images were then con-

verted to 8-bit images using a script (available in annex page 298) in Fiji v2.0.0

(NIH, Bethesda, Maryland, USA) (Schindelin et al., 2012). Images for display in

figures were edited and merged in Fiji, but colocalisation analysis was performed

in un-edited images.

Once all the images for a region were ready, they were analysed using CellPro-

filer v3.1.9 (Broad Institute) (McQuin et al., 2018). The images were processed

using the available colocalisation example (https://cellprofiler.org/examples/

visited on 10/12/2019). The images were corrected for uneven illumination, and

then superimposed to determine the area that is colocalised. This was followed

by a module that analysed the image and attempts to detect individual features

(cells); then detected cells that are superimposed and calculated the number and

percentage of colocalisation. 
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Figure 31. Fluorescent colocalisation analysis. The analysis was per-
formed using CellProfiler v3.1.9. A) 40x magnification images were taken for
each of the regions of interest, at least 6 image pairs were obtain per region.
B) The obtained images were converted to 8-bit using Fiji v2.0. C) Using
CellProfiler colocalisation pipeline, the objects (cells) from each image were
identified. D) Both "object" images are superimposed and colocalised cells
were identified (Yellow). E) The colocalised cells were extracted and coun-
ted. With the total number of cells obtained in C (top) a percentage of coloc-
alisation is calculated.

The percentages of colocalisation were used in the statistical analysis. To obtain

a good segmentation of the cells from the background, it was necessary to modi-

fy the default parameters in the cell detection module; these were: 

• Object (cell) size was set to be between 40 to 150 pixels

• Threshold strategy was set to "Global", with the method being "RobustBack-

ground", the averaging method was "Mode" and the lower and upper bounds

on threshold were modified per-group of images to achieve better cells detec-

tion. The range was determined empirically comparing test images manually

and the results from different setting until the difference was minimal.

• Method to distinguish clumped objects was set to "Intensity" and the method

to draw dividing lines between these objectes was set to "Shape"

The results were analysed as described in section 4.7.4.
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4.7 - Statistical analysis 

4.7.1 -  Survival

Data was analysed in GraphPad Prism for Mac v8.3.0 (GraphPad Software Inc,

La Jolla California USA, www.graphpad.com). Data for each mouse was recorded

with an individual ID. The age (in days) at which the animal was culled or was

found dead was recorded. Only animals found dead were recorded as dead while

culled animals were considered censored at the age of culling. Survival curves

were compared with the Log-rank (Mantel-Cox) test. A p-value below 0.05 was

considered significant. Kaplan-Meier curves was be used to plot time to symptom

and death.

4.7.2 -  Weight and motor development

Mice weight (in g) were recorded for each day in the initial 20 to 25 days of life,

then weekly for one month and monthly thereafter. The average weight of a giv-

en age (in days) was calculated for each experimental group. Repeated measure-

ments ANOVA was meant to be used, but animals have missing values for week-

end days, as missing values are not permitted in this kind of analysis. Instead,

the statistical differences was analysed per day using the mixed effects model ap-

proach to analysing repeated measures data (https://www.graphpad.com/

guides/prism/8/statistics/stat_anova-approach-vs_-mixed-model.htm) available

in GraphPad Prism with Tukey's multiple comparisons test. A p-value below 0.05

was considered significant.

4.7.3 -  Statistical analysis of qPCR data 

Each sample was run in triplicates. The number of copies in a given well were

calculated by the qPCR machine software according to a standard curve. The

data was exported to Microsoft Excel (Microsoft Corporation, USA), the number

of copies for a given replicates was divided by its corresponding copies of the

housekeeping gene copies. The resulting normalised values were averaged for

the three replicates of a sample, if the original CT values of a replicates deviated

by over 0.25 CT, it was discarded and only the remaining two were used. The
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sample's averages were imported into GraphPad Prism for Mac v8.3.0. The gene

copies per gapdh data are presented in a table and analysed by one-way ANOVA

with Tukey's multiple comparisons test, comparing the three genotypes within

the same area/organ. As the data was not normally distributed (D'Agostino &

Pearson test) between areas/organs, this data was normalised by the expression

level observed in the wild-type animals and analysed by two-way ANOVA with

Tukey's multiple comparisons test, these results were used to draw the main con-

clusions in this thesis. If the comparison was made between two groups, the dif-

ferences were analysed using the Mann Whitney test as it does not relies on any

assumption about the distribution of the samples. A p-value of less than 0.05 was

considered to be significant. 

4.7.4 -  Staining

Between 5 to 8 pictures per area/organ were taken, these were individually ana-

lysed and the resulting values were averaged for a given animal using Microsoft

Excel. The sample's averages were imported into GraphPad Prism for Mac v8.3.0.

If three or more groups were present, the data was analysed by one-way ANOVA

with Tukey's multiple comparisons test. If the comparison was made between

two groups, the differences were analysed using the Mann Whitney test. A p-

value of less than 0.05 was considered to be significant.
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_______________________
Chapter 5:

Generation of plasmids carrying SCN1A
_______________________

112 | Generation of plasmids carrying SCN1A



5.1 - Generation of plasmids carrying SCN1A

This section describes the method to insert SCN1A sequences into AAV-Backbone

plasmids. It includes a description of the procedure to insert the transgene, the

necessary steps to add red and green fluorescent proteins to those plasmids, and

finally the transfers of the fluorescent construct with the SCN1A sequences into a

lentivirus backbone. These steps took a significant amount of time as SCN1A has

been shown to be particularly problematic to work with in bacterial systems.

The main objective for this section is: 

1. To show that the generation of a plasmid containing SCN1A sequences
in an AAV backbone is possible.

2. That the resulting plasmids are able to generate enough DNA copies
for vector production.

5.1.1 -  Main findings 

SCN1A was successfully inserted into the AAV backbone, although it was neces-

sary to codon-optimise the first half of the gene for this strategy to be successful.

Additional fluorescent proteins were added, although these plasmids were not

used for vector production as they were above the AAV packing limit. The ex-

pression of the SCN1A halves can be detected in vitro from plasmids and vector

by qPCR. A western blot also showed the expression in vitro from plasmid. Vec-

tor for treatment was produced. 
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5.1.2 -  Rational for vector design

Several options for the elements contained in the constructs were considered, in-

cluding the promoter to be used and regulatory elements, but the main factor af-

fecting the design was the size of the SCN1A gene halves the vectors have to

carry.

1) Serotype: AAV2/8 was chosen for initial vector testing, as it has been shown

to effectively transduce the mouse brain by intracerebroventricular (Broekman et

al., 2006; Klein et al., 2008) or intravenous injection (Gray et al., 2010a) and a

low seroprevalence compared to other serotypes in children (Fu et al., 2017).  

2) Promoter: I selected human Synapsin as the promoter to drive these vectors

as it provides widespread expression in the mouse brain while having minimal

expression in systemic organs (Kügler et al., 2003a; McLean et al., 2014; Jack-

son et al., 2016). Widespread expression was considered desirable as the expres-

sion of NaV1.1 seems to be present throughout the brain, although mainly in hip-

pocampus and cerebellum (see section 1.2.3, page 30). Due to the lack of a

promoter that could target only these two areas, Synapsin has been used. Glial

cells were not targeted as there is no clear pathological link to them in Dravet

syndrome.

3)Simian virus 40 (SV40) Poly(A) sequence: Transcription termination signal, it

is associated with mRNA stability, reduced degradation and is part of the nuclear

export of the mRNA (Powell et al., 2015). 

4) SCN1A split transgene: The SCN1A gene has 26 exons (Depienne et al., 2009)

with a total length of 6027bp, rendering it too big to fit into one AAV vector.

Stühmer et al. showed that by splitting SCN2A between between domains II and

III (between exons 13 and 14), sodium currents could still be detected from

these fragments (Stühmer et al., 1989). It should be noted that to obtain these

currents, no additional sequences, like those used in trans-splicing or overlap-

ping vectors (Duan et al., 2001; Yan et al., 2002; Hirsch et al., 2016) were neces-

sary. This allows for the design of each half as independent vectors with no need

for them to directly interact to restore the full SCN1A coding sequence, instead
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this strategy relies upon protein trans complementation of the resulting halves

(Figure 32). In addition, the sequence in the first half contained a mutation that

confers resistance to the sodium channel inhibitor TTX (Kontis and Goldin,

1993), to allow to distinguish the channel produced from the vector from those

already present in neuronal cells.

Figure 32. Split AAV SCN1A vector design. Two vectors carrying half of the
SCN1A gene were produced. AAV-A carries the first 3432bp of SCN1A, which
has also been codon optimised. AAV-B carries the last 2565bp of SCN1A.
Each vector acts independently driven by a Synapsin promoter. AAV-A pro-
duces repeats I and II and AAV-B delivers repeats III and IV. The produced
halves of SCN1A would interact and reconstitute the full NaV1.1 channel,
which would be transported to the cell membrane.
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5.2 - Generation of AAV plasmids carrying 
SCN1A

Two plasmids carrying each half of the SCN1A sequence were assembled (Table

34). Splitting of the SCN1A sequence was made following the described proced-

ure for SCN2A carried your by Stühmer et al. (Stühmer et al., 1989) for more de-

tail see page 114. The initial design was to synthetically produce each half of

SCN1A and then incorporate these into the AAV backbone plasmid. Unfortu-

nately none of the consulted companies (Integrated DNA Technologies, IDT and

ThermoFisher) were able to produce these fragments. 

A new strategy was designed to insert each half into the AAV backbone by Dr.

John Counsell. The corresponding halves were split into smaller sequences that

could be PCR amplified from a plasmid kindly given by Professor Stephanie

Schorge (UCL School of Pharmacy) containing the complete sequence of SCN1A,

then these were incorporated into the backbone by InFusion cloning. The first

half of the wild-type SCN1A sequence proved to be complex to clone. The second

half showed no major problems in this regard. To solve the issue with the first

half, the sequence was codon-optimised for Homo Sapiens by GeneArt (Regens-

burg, Germany) using the the GeneOptimizer Algorithm (Raab et al., 2010). All

the plasmids are driven by a human Synapsin (hSyn) promoter (Figure 33).

PLASMID AMINO ACIDS CODIFIED NOTES

pAAV-hSyn-cY1A-CO 1-1144 TTX resistance mutation, codon optimised sequence

pAAV-hSyn-cY1-B 1145-2009 WT sequence

Table 34. Characteristics of plasmids carrying the SCN1A gene. Plasmids
designed by Dr John Counsell.
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Figure 33. Diagram of the AAV plasmids carrying the split SCN1A se-
quence. A) Diagram of the plasmid carrying the first section SCN1A (AAV-A).
AAV-A contains the first 3432bp of the coding sequence, which has been
codon optimised. B) Diagram of the plasmid containing the last 2565bp of
SCN1A, this corresponds to the wild-type sequence. No additional elements
are included in the construct due to space constrains. Figure produced in
SnapGene (v5.0, GSL Biotech LLC, USA).

Figure 1. Diagram of the AAV plasmids carrying the split SCN1A sequence. A) Diagram
of the two plasmids (AAV-A (A.1) and AAV-B (A.2)) designed to carry half of the SCN1A
gene each. No additional elements are included in the construct due to space
constrains.

A) First half SCN1A plasmid - AAV-A

B) Second half SCN1A - AAV-B
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1kb KpnI
SapIMluI

1kb SalI
NheI MfeI

KpnI

SapIMluI

SalI

MfeINheI

A) AAV-RFP-A B) AAV-B-GFP

Digestion AAV plasmids with fluorescent proteins

Digestion AAV original plasmids

AAV-A AAV-B

XhoI XbaIBamHI BglI PstIBamHI

Figure 34. Split SCN1A plasmid production and validation. Digestion to
confirm plasmid integrity, the restriction enzymes used are also shown in the
plasmid diagrams in figure 33. The expected band sizes are at the bottom of
each band; unexpected bands contain no size information, as in the digestion
of AAV-B with BamHI shows. * with a number represent bands that are not
visible in the image. Sequencing of these plasmids revealed no mutations.
Simulated gel from SnapGene is shown to the left.

5.2.1 -  Inserting fluorescent proteins into AAV-plasmids 

To allow for easier staining and in vitro and in vivo functional testing, I decided

to add an additional marker gene to each of the constructs, to detect cell-specific

expression from the plasmids/vectors. I decided that regardless of the transgene

to be introduced, any attempt would be designed to insert the maker gene be-

fore the first half in AAV-A and after the second half in AAV-B. These genes

would be separated from the SCN1A halves by a 2A linker. These are small pep-

tides (18 to 22 amino acids long) that allow for the cleavage after transcription

of a longer peptide to produce two independent proteins (Furler et al., 2001;

Verrier et al., 2011). This system has been shown to have a near 100% cleavage

efficiency (Subramanian et al., 2017). It should also be mentioned that it has

been shown that after cleavage, 21 amino acids are left attached to the upstream

protein and one (proline) is left on the N-terminus of the downstream protein

(Szymczak-Workman et al., 2012; Subramanian et al., 2017). There are at least
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4 commonly used linkers, the two most efficient are P2A and T2A (Liu et al.,

2017). In this work I have chosen to use T2A, and the design was done in such

way that the the region where the two SCN1A halves are expected to interact is

protected. 

The length of the first half of SCN1A sequence carried by AAV-A imposed a re-

striction on the size of a marker gene to insert. The first option considered was

to add a 3xHA or 3xFlag marker, they have antibodies available for them and

their relatively small size (81bp and 66bp respectively) would allow the produc-

tion of AAV in titres enough for in vivo testing; unfortunately after multiple at-

tempts, these were not possible to be inserted into the plasmids. These attempts

resulted in either the complete absence of the marker gene or a recombination of

the SCN1A sequence.

Another option was the introduction of a split GFP system (Cabantous and

Waldo, 2006; Kamiyama et al., 2016); in this case, only the cells carrying both

plasmids/vectors would be fluorescent, allowing for the quantification of the

cells effectively transduced by both vectors, especially useful for electrophy-

siology; this approach had the benefit of still being within the size constrains of

AAV carrying capacity if GFP11; the last and smallest component of this system,

was inserted into AAV-A. The rest of the system (GFP1-10) would be carried in

AAV-B, which has more space available. It is also interesting to note that this

split GFP system relies in the same principle that I am implementing to express

NaV1.1; protein transcomplementation. This system has even been shown to

work from three independent part and efficiently show GFP expression (Cabant-

ous et al., 2013). Unfortunately, this attempt was also unsuccessful. Additional

strategies attempted are listed in Table 35.

AAV-A AAV-B NOTES

3xHA 3xFlag PCR and digestions successful, no cloning, checked by sequencing.
3xFlag 3xFlag PCR and digestions successful, no cloning, checked by sequencing.
GFP11 GFP1-10 PCR and digestions successful, no cloning, checked by sequencing.

GFP BFP PCR and digestions successful, no cloning, checked by sequencing.
RFP GFP PCR and digestions successful, successful cloning Checked by sequencing.

Table 35. Tag genes attempted to clone into AAV SCN1A plasmids.

119 | Generation of plasmids carrying SCN1A



Finally, the approach that provided the expected results was to add RFP to AAV-A

and GFP to AAV-B. To add RFP to AAV-A, the latter was digested using KpnI; this

linearised the plasmid between the hSyn promoter and the first half of SCN1A; A

donor plasmid containing an enhanced version TagRFP-T (Shaner et al., 2008)

was obtained from Professor Stephanie Schorge; the transgene was amplified

(see page 279) using primers on table 36, which included the required over-

hangs to be complementary to the 5' end of hSyn on its 3' end; while the 5' end

of the amplified RFP sequence is complementary to a gBlock (IDT, see page 279)

which contains the T2A sequence; this fragment is also complementary to the 3'

end of the linearised plasmid at the beginning of SCN1A (Figure 35). An initial

attempt to insert the T2A and the GFP sequences amplified from donor plasmids

without a gBlock was unsuccessful. In some instances these strategies seemed to

result in recombination of the SNC1A gene, as the digestions performed after

bacterial growth resulted in unexpected band and the band that correspond to

SNC1A had difference sizes. These were not confirmed by sequencing.

PRIMER SEQUENCE NOTES

EX045-JA1-F ctgagagcgcagtcgagaaggtacGGCGCGCCACCATGGTGTCTA Donor plasmid: pCCL_Flexed_MCS (RFP)

EX045-JA1-R CTTGTACAGCTCGTCCATGCCATTAAGTTT Donor plasmid: pCCL_Flexed_MCS (RFP)

Table 36. Cloning of AAV-RFP-A plasmid.

The addition of enhanced GFP (eGFP) to AAV-B had to be done by using a gB-

lock containing the complete sequence (IDT, see page 279) to be inserted in the

plasmid; that is, the T2A sequence, eGFP and the overhangs on the 3' end com-

plementary to the second half of SCN1A and in the 5' end complementary to the

SV40 polyA (Figure 35). Previous attempts trying to PCR amplify eGFP, adding

the overhangs in the PCR primers were unsuccessful. 
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Figure 35. Split AAV SCN1A plasmids with fluorescent proteins. Diagram
of the AAV plasmids carrying the split SCN1A sequence with an added se-
quence for a fluorescent protein. A) AAV-A contained a red fluorescent pro-
tein (RFP) sequence preceding the first half of SCN1A sequence, joined by a
T2a fragment. B) AAV-B contained a green variant (GFP) sequence located
after the second half of the SCN1A sequence. Figure produced in SnapGene
(v5.0, GSL Biotech LLC, USA).

Figure 5. Diagram of the AAV plasmids carrying the split SCN1A sequence with an
added sequence for a fluorescent protein. A) AAV-A has a red fluorescent protein (RFP)
preceding the SCN1A sequence joined by a T2a fragment. B) AAV-B has a green
variant (GFP) that is located after the second halve of the SCN1A sequence.

A) AAV-RFP-A

B) AAV-B-GFP
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Figure 36. Split AAV SCN1A with Fluorescent proteins. Digestion to con-
firm A) AAV-RFP-A and B) AAV-B-GFP plasmid integrity. The enzymes used
are also shown in the plasmid diagrams in Figure 35. A simulated gel pro-
duced in SnapGene (v5.0, GSL Biotech LLC, USA) is to the left of each
digestion.

Overall, any attempt that included the insertion of a small sequence (like 3xFlag,

or the T2a sequence) resulted in failed cloning or recombination of the trans-

gene. Additional attempts to improve selectivity by breaking the antibiotic resist-

ance gene and then reconstituting it during cloning were made; most of these at-

tempts resulted in no growth in the bacterial culture. 

To generate the control plasmid, the AAV-A construct was used as a template.

The first half of SCN1A that it carries was excised by digestion with KpnI and

SalI. A donor plasmid carrying GFP was used to PCR amplify its sequence using

the primers in Table 37. These include overhangs to attach to the previously di-

gested ends of AAV-A. The fragments were joined by In-Fusion cloning; generat-

ing the control plasmid for all experiments. 

PRIMER SEQUENCE NOTES

EX020-JA2-F AGCGCAGTCGAGAAGATGGTGAGCAAGGGCGAGG Donor plasmid: pAAV.SFFV.JDG.WPRE.SV40pA

EX020-JA1-R tgtctggatcgtcgaTTACTTGTACAGCTCGTCCATGCC Donor plasmid: pAAV.SFFV.JDG.WPRE.SV40pA

Table 37. Cloning of AAV-GFP Reference plasmid.

1kb KpnI

SapIMluI
1kb SalI

NheI MfeI

KpnI

SapIMluI

SalI

MfeINheI

A) AAV-RFP-A B) AAV-B-GFP

Digestion AAV plasmids with fluorescent proteins
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5.3 - Lentivirus split SCN1A 

Due to the final size of the AAV-RFP-A plasmid (5234bp), and the low in vitro ex-

pression of AAV8 (Ellis et al., 2013; Duong et al., 2019), a lentivirus version of

these plasmids was generated. These new plasmids were produced from the ex-

isting AAV-TagRFP-A and AAV-B-eGFP plasmids, from which the SCN1A and

fluorescent probe was PCR-amplified and subsequently inserted into a lentivirus

backbone. 

The recipient plasmid, pLNT-SFFV-JDG contained sequences for Luciferase and

GFP which were not necessary; they were excised by digestion with BamHI and

MluI. As these vectors were only intended for validation, the hSyn promoter

from the original plasmid was discarded and the SFFV promoter from the recipi-

ent lentivirus backbone was kept, as it has been shown to drive a stable and

long-term gene expression in 293T cells (Mao et al., 2015) and neurons to simil-

ar levels as the CMV promoter (Yip et al., 2010).

To generate pLNT-RFP-A, the lentivirus version of AAV-RFP-A, the latter was amp-

lified using primers EX045 in Table 38 resulting in a 4301bp fragment that was

incorporated by InFusion Cloning into the recipient plasmid previously digested.

pLNT-B-GFP was generated from the same protocol using primers EX044 in Table

38. These lentivirus vectors were designed for electrophysiology using brain

slices, as an approximation to the assessment that was not possible to perform

using the AAV vectors because of their lack of fluorescent proteins.

PRIMER SEQUENCE NOTES

EX045-JA1-F cgcccgggggggatccATGGTGTCTAAGGGCGAAG Donor plasmid: AAV-RFP-A

EX045-JA1-R atcgatgatgacgcgtTCACTTTCCCTTGGCCTTAGAGCC Donor plasmid: AAV-RFP-A

EX044-JA1-F cgcccgggggggatccATGGAGCAAACAGTGCTTACTG Donor plasmid: AAV-B-GFP

EX044-JA1-R atcgatgatgacgcgtTTACTTGTACAGCTCGTCCATGCCG Donor plasmid: AAV-B-GFP

Table 38. Cloning of Lentivirus plasmids of split SCN1A A and B carrying
fluorescent probes.
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Figure 37. Split Lentivirus SCN1A with Fluorescent proteins. A) Diagram
of the two plasmids; AAV-RFP-A (A.1) and AAV-B-GFP (A.2), which only dif-
fer from the ones shown in figure 1 by the addition of RFP (to AAV-A) and
GFP (to AAV-B) respectively. B and C) Digestion to confirm AAV-RFP-A and
AAV-B-GFP plasmid integrity, respectively. The enzymes used are also shown
in the plasmid diagrams in A) and the expected band sizes are at the bottom
of each band. Figure produced in SnapGene (v5.0, GSL Biotech LLC, USA).

Figure 7. Diagram of the lentivirus plasmids carrying the split SCN1A sequence with an
added sequence for a fluorescent protein. These plasmids carry the same transgene
sequence of those on figure 5. The main difference is that the hSyn promoter was
replaces by SFFV on both. A) Lentivirus carrying sequences for RFP and the first halve
of SCN1A linked by T2a . B) Lentivirus carrying the second halve of SCN1A and GFP
linked by a T2a sequence.

A) Lentivirus RFP-A

B) Lentivirus B-GFP
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Figure 38. Split Lentivirus SCN1A with fluorescent proteins. Digestion to
confirm pLNT-RFP-A (Lentivirus-A) and pLNT-B-GFP (Lentivirus-B) plasmid
integrity, respectively. The enzymes used are also shown in the plasmid dia-
grams in figure 37 and the expected band sizes are at the bottom of each
band. A simulated gel produced in SnapGene (v5.0, GSL Biotech LLC, USA)
is to the left of each digestion.

5.3.1 -  Plasmid amplification

DNA was obtained following the protocol in section 4.1.3 (page 56). Digestion of

the obtained DNA was done using the same enzymes previously described to

confirm the plasmids sequences. Plasmids were sequenced (Source BioSciences,

Cambridge, UK) every 4-5 maxi-preps, to ensure sequence integrity. For all the

previously produced plasmids, the ones containing the first half of SCN1A; AAV-

A, AAV-RFP-A and pLNT-RFP-A always result in DNA concentrations between 25

to 50% lower than plasmids containing the second half of SCN1A.

Lentivirus-A Lentivirus-B

BsrGI BamHIPstI BsrGI NsiI
+EcoRI

MfeI

Digestion lentivirus plasmids
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5.4 - Assessing production of NaV1.1 from 
plasmid

5.4.1 -  Western Blot 

Transient transfection of AAV-A and B (without fluorescent proteins) was per-

formed in N2a cells. Attempts were made to obtain enough proteins to perform a

western-blot. Cell culture in 24 and 5 well plates, as well as 75cm2 dishes did not

yield enough sample. It was necessary to seed 2 million cells into a 145cm2 dish,

transfer the following day and subsequently let the cells grow for 3 days to ob-

tain the necessary protein concentrations. Western-blot was performed as de-

scribed in section 4.4.3 (page 89) using anti-SCN1A (NaV1.1) Antibody

(ASC-001, Alomone Labs, Jerusalem, Israel) at a concentration of 1:500. This

antibody targets amino acids 465-481 between domains I and II, hence, it would

be able to detect the presence of the full length NaV1.1 or the plasmids contain-

ing the first half. As expected, in the presence of the plasmids carrying the first

half, a faint band of around 130KDa is observed, the same band appears in the

presence of both plasmids, but there is also a band over 200KDa in this case,

which most likely corresponds to the complete NaV1.1 protein. Plasmids carrying

the second half do not show any bands, nor do the control samples (Figure 39).

A duplicate of this experiment with more biological replicates is shown in Figure

143, page 285.

An in-cell western was also performed in transfected N2a cells cultured in 24-

well plates. A significant increase compared to the un-transfected control was

found in the presence of either the first (p=0.006), or both plasmids (p=0.032)

(Figure 40).
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Figure 39. Western Blot from plasmid. In transfected N2a cells. Control
lane shows no protein expression and the lane corresponding to AAV-B
shows no band as the antibody is targeted towards the first half of NaV1.1; in
the presence of both plasmids two bands are observed, one corresponding to
the first half (AAV-A, green arrow) and another one corresponding where the
full size of NaV1.1 protein (red arrow). Predicted sizes according to coding
sequence carried in the plasmids are underneath each plasmid name. Note:
the faint band of GAPDH for the AAV A+B lane is a bubble under the mem-
brane. Un-edited image is on page 284.

Figure 40. In-cell western in N2a cells. A significant increase in NaV1.1
was found in the first half plasmid (AAV-A, p=0.006) and when both plas-
mids where present (AAV-A+B, p=0.032). No significant difference was
found with the second half plasmid (AAV-B, p=0.085). Anti-NaV1.1
(ATS-001) detects only the first half. 3 biological replicates for each condi-
tion. Analysed by one-way ANOVA with Sidak's multiple comparison test.
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The appearance of a band for the complete protein was surprising. This would

imply that the halves were not completely denatured, so the fully-transcomple-

mented NaV1.1 is being observed in the gel. To check if the interaction between

both halves could be modified, different conditions were tested around the pro-

tein boiling step (Figure 41). Skipping the boiling step abrogated protein detec-

tion, boiling without Laemmli buffer had inconsistent results. The addition of β-

mercaptoethanol (BME, reaching a final concentration of 20%, added to the

10% from Laemmli buffer) resulted in the strongest bands for the first half and

for the complete protein. Using Dithiothreitol (DTT) greatly weakened the

bands. More replicates are available in Figure 143, page 285.

Figure 41. Western blot protein denaturation. The protein denaturation
step was modified. When the sample were not boiled (0ºC), no bands could
be seen in the membrane treated with the anti-NaV1.1 antibody, Gapdh was
still detected. Boiled samples (Boil) showed no bands in samples from cells
transfected with the first half, but resulted in a smear for samples with both
halves. The addition of BME (bM) resulted in bands similar to the ones pre-
viously observed; the use of DTT weakened all previously observed bands,
although increasing the contrast of the image showed that the bands were
still present, although very faint (dotted insert, DTT*). 
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5.4.2 -  Electrophysiology

To check if the NaV1.1 protein being produced by the plasmids AAV-RFP-A and

AAV-B-GFP is a functional ion channel an electrophysiology reading in N2a cells

transiently transferred with both plasmids was performed. When compared to

the control containing only the AAV-GFP plasmid, cells expression both RFP and

GFP showed small currents. Unfortunately the expression of these plasmids re-

duces the viability of these cells; a lot of them would burst once the electrode

touched the membrane. This resulted in a very small number of cells producing

a good patch seal to perform the readings. In figure 42 it can be seen one of two

cells that was possible to record. 

Figure 42. Electrophysiology in transfected N2a cells. Plasmid carrying
fluorescent protein sequences, AAV-RFP-A and AAV-B-GFP, were used to
transfect N2a cells. A) In cells that express both halves of SCN1A, hence ex-
pressing GFP and RFP, show a depolarisation (blue arrow) upon current in-
jection (orange arrows). B) In the presence of the control plasmid, which
only carried the GFP sequence, the injection of current (red arrow) does not
produce such depolarisation. The experiment was carried over using TTX to
distinguish channels expressed in the cells from those delivered by the plas-
mids (which are TTX resistant).

A B C

D E

Figure 2. Protein functionality validation. Western blot from transfected N2a cells.
Control lanre shows no protein expression and the lane corresponding to AAV-B shows
no protein because the antibody is targeted towards the first half; in the presense of
both plasmids two bands are observed, one corresponding to AAV-A (green arrow) and
another one corresponding to the whole Nav1.1 protein (red arrow). Predicted sized
according to coding sequence are underneath each plasmid name.

GFP RFP Brightfield GFP Brightfield

A B

GFP controlBoth halves present

Voltage step (-70 to -20 mV) Voltage step (-70 to -20 mV)
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5.4.3 -  Cell viability with SCN1A plasmids

Given the difficulty in patching the cells, and the apparent toxicity associated

with these plasmid in N2a cells I decided to perform an MTT assay. This is a col-

orimetric assay of cellular metabolic activity used to assess cell viability (Mos-

mann, 1983; Stockert et al., 2018). No significant differences compared to con-

trol cells were found, regardless if the plasmids were transfected on their own

or together (Figure 43), meaning that in each condition there was approximately

the same number of live cells by the end of the experiment. 

Figure 43. MTT assay in SCN1A transfected cells. No significant differ-
ences between un-transfected cells (Control) and those transfected with the
first half plasmid (AAV-A, p=0.292), the second half (AAV-B, p=0.969) or
both (AAV-A+B, p=0.132) were found. High concentration of PEI was used
as a positive control for decreased cell viability, this was significantly differ-
ent from all other groups (p<0.001). Analysed with one-way ANOVA with
Sidak's multiple comparison test. n= 19 wells for AAV-A, AAV-B, AAV-A+B,
16 control and 7 PEI.
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5.5 - Gene expression from plasmids

Gene expression from the AAV plasmids carrying half of the SCN1A sequence

was assessed by qPCR. In each condition the same number of copies of the relev-

ant plasmid was used. When transfected individually (AAV-A or B), both express

at similar (p=0.907) levels in HEK 293T cells. When both plasmids are used for

transfection (AAV-A+B), the halves expressed to similar levels (p>0.999) as

well, but the number of copies detected of the SCN1A halves was between 70 to

80% lower (p<0.001 for both) than those obtained from a single transfection.

These results are observed in N2a cells as well, in single transfection both halves

showed similar levels of expression (p= 0.939). When both plasmid are used to-

gether, no differences between the halves is found, although, as it was found in

HEK 293T, the expression is lowered between 70 to 80% (p<0.001) in this con-

dition. Comparing the expression obtained between cells lines, N2a cells reach

significantly higher (p<0.001) levels of detected copies compared to HEK 293T

cells (A compared to C in Figure 44). Comparing the loss of expression in dual

transfection between cell lines (B compared to D in Figure 44) showed that the

the first half lost slightly more in N2a cells than in HEK293T (p=0.020); the

second halve loss of expression in this condition was similar in both cell lines

(p>0.999) .
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Figure 44. AAV plasmid expression assessed by qPCR. Gene expression
was determined using HEK 293T cells and N2a cells using the same number
of plasmid copies in each condition. In HEK 293T cells, A) gene expression of
each plasmid individually reached a similar (p=0.907) increase in expres-
sion; the first half had 46678 (CI: -11813.18 to 105169.17) copies while the
second reached 55049 (CI: 30517.24 to 79580.91); these were both signific-
antly higher than control (p<0.001). B) when both plasmids were applied to
the cells, their expression was lowered to a similar level (p=0.9469); the
first half is reduced by 76.89% (CI: 52.13 to 101.64%) of its single transfec-
tion expression and the second halve is reduced by 77.48% (CI: 51.29 to
103.67%). N2a cells have a different profile of expression. C) The first half
had 955451 (CI: 861408.92 to 1049493.25) copies; the second expresses at
similar levels (p= 0.939) with 888142.29 (CI: 769151.73 to 1007132.84)
copies; both were significantly different from controls (p<0.001). D) when
both halves are together, their expression was reduced to similar levels
(p=0.358). The first half lost 80.18% (CI: 75.08-85.28%) of its expression,
the second half was reduced by 73.57% (CI: 64.39-82.74%) compared to its
single-transfection expression. The increase in expression level of the first
half was similar in both cell-lines with either the first plasmid alone
(p=0.6247) or in conjunction with the second plasmid (p=0.8681). n=3 for
all groups. Analysis: two-way ANOVA with Sidak's multiple comparison test. 
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Performing the same experiment with the AAV plasmids carrying additional RFP (first

half) and GFP (second half) resulted in a significant increase in the presence of plasmid.

The first half was expressed at lower levels (p<0.001 in both) than the second in both

cells lines (around 40% lower). When both halves were transfected together, they ex-

pressed SCN1A at similar levels (p>0.999 for both). As described before, significantly

higher levels of expression were found in N2a cells (p<0.001). No significant difference

in the level of expression- reduction (when both plasmids were present) was found

between cell lines (Figure 45 B vs D) (p=0.984 for the first halve, p=0.935 for the

second halve).

As these plasmids contain the RFP (first halve) and GFP (second halve) se-

quences, the expression of these was also assessed. The same pattern of expres-

sion observed in Figure 45 was found for these transgenes (Figure 46).
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Figure 45. Expression from AAV plasmids with fluorescent proteins as-
sessed by qPCR. Gene expression was determine using HEK 293T cells and
N2a cells using the same number of plasmid copies in each condition. In HEK
293T cells (A), gene expression of each plasmid individually was signific-
antly different. The first half was expressed to 18218 copies while the second
has 32238 copies (p<0.001). Both higher than control (p<0.001). B) when
both plasmids were together, the loss of expression of the second half was
significantly higher (p<0.0001); the first half lost 66.54% (CI: 65.45 to
67.63%) and the second was reduced by 83.52% (81.48 to 85.56%). C) Ex-
pression in N2a cells was also significantly different (p<0.001) between
plasmids on their own. The first half reached 683004 copies while the
second reached 1470152 copies. Both higher than control (p<0.001). D)
when both halves were delivered together, their expression was reduced to
similar levels (p=0.274). The first half lost -73.45% (CI: 56.57 to 90.33%) of
its expression, the second half lost 82.59% (CI: 67.03 to 98.15%) of its ori-
ginal expression. n=3 for all groups, analysed by two-way ANOVA with
Sidak's multiple comparisons test.
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Figure 46. Expression of fluorescent proteins from AAV plasmids carry-
ing RFP and GFP sequences assessed by qPCR. Gene expression was de-
termined in HEK 293T cells and N2a cells using the same number of plasmid
copies in each condition. In HEK 293T cells, (A) gene expression of RFP (first
half plasmid) was significantly lower (p<0.001) than GFP (second half plas-
mid). RFP reached 2509 copies while GFP had 5672. Both were significantly
different from control (p<0.001). B) when both plasmids were delivered to-
gether, the loss of expression of GFP was higher, but it did not reach signific-
ance (p=0.068); RFP lost 72.39% (CI: 66.85 to 77.92) of its single expres-
sion while GFP was reduced by 85.41% (CI: 81.91 to 88.91). C) N2a cells
expressed RFP and GFP to similar levels (p>0.999) in single transfection.
RFP reached 691723 copies and GFP reached 698575 copies, both signific-
antly higher than control (p<0.001). D) when both halves were co-de-
livered, the loss of expression in GFP was significantly higher (p=0.044);
RFP lost 69.72% (CI: 57.08 to 82.35%) compared to single transfection
while GFP was reduced by 87.44% (CI: 72.26 to 102.61%). There was no
significant difference in the amount of loss of expression seen when both
plasmids were present for HEK 293T cells and N2a cells (B vs D) (RFP
p=0.996, GFP p>0.999). n=3 for all groups, analysed by two-way ANOVA
with Sidak's multiple comparisons test.
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The assessment of the lentivirus plasmids carrying the SCN1A halves and fluores-

cent sequences is consistent with the previous results. The first half expressed at

lower levels (p<0.001 in both cell lines) than the second in 293T cell (around

50% lower), but reached similar levels compared to the second in N2a cells

(p=0.562). When both halves were transfected together, they expressed SCN1A

at similar levels (p>0.999 for 293T and p=0.722 for N2a cells). 

As described before, significantly higher levels of expression were found in N2a

cells (p<0.001). Higher percentages of expression loss were observed in N2a

cells than in 293T. This was especially significant for the first half in 293T, that

had no significant loss (p>0.99) compared to single transfection, while N2a lost

65% of its expression (p<0.001). In N2a cells, the second half lost 81% of ex-

pression while 293T only showed a decrease of 47% (p<0.001) (Figure 47 B vs

D).

The fluorescent protein sequences in the lentivirus plasmids reflected the find-

ings from the previous SCN1A assessment. Higher percentages of expression loss

were observed in N2a cells than in 293T. Once again, the outlier was RFP in

293T cells, which had no significant loss (p>0.999) compared to single transfec-

tion, while N2a lost 66% of its expression (p<0.001). In N2a cells, the GFP lost

81% of expression while 293T only showed a decrease of 39% (p<0.001) (Fig-

ure 48 B vs D).

As with the previous plasmids, RFP expression was significantly higher in N2a

cells when the plasmid was alone (p=0.0004) or when both halves were present

(p=0.0001). Similarly, GFP reached significantly higher levels of expression in

N2a cells, either alone (p=0.0005) or in the presence of both halves

(p=0.0019). When both plasmids were present, RFP lost expression significantly

more in N2a cells than in HEK293T (p=0.0003), this was mainly determined by

the almost null loss that was observed in HEK293T cells. GFP expression was sig-

nificantly reduced in N2a cells (p=0.0005) (Figure 48D).
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Figure 47. Expression from lentivirus plasmids with fluorescent proteins
assessed by qPCR. Gene expression was determined using HEK 293T cells
and N2a cells using the same number of plasmid copies in each condition. In
HEK 293T cells (A), the second half reached a significantly higher level of
expression (p<0.001) with 70332 copies while the first half only had 36546
copies. Both were significantly higher than control (p<0.001). B) when both
plasmids were co-delivered, the loss of expression of the second half was sig-
nificantly greater (p<0.001); the first half lost 8.14% and the second half
was reduced by 51.50%. C) N2a expressed the plasmids to similar levels. The
first half reached 881628 copies while 1019416 copies were detected from
the second. Both were significantly higher than control (p<0.001). D) when
both halves were co-delivered, the second half lost 81.67%, significantly
more (p<0.001) than the first halve, that only lost 65.17%. n=3 for all
groups, analysed by two-way ANOVA with Sidak's multiple comparisons test.
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Figure 48. Expression of fluorescent protein RNA from lentivirus plas-
mids with fluorescent proteins assessed by qPCR. Gene expression was
determine in HEK 293T cells and N2a cells using the same number of plas-
mid copies in each condition. A) In HEK 293T cells, gene expression from
these plasmids was significantly different (p<0.001). RFP from the first half
reached 6134 copies, while GFP from the second plasmid reached almost
twice that with 11677 copies. both significantly higher than control
(p<0.001) B) when both plasmids were together, the loss of expression in
GFP was significantly higher (p<0.001); RFP lost 1.77% (CI: -20.86 to
24.41%) of its original expression while GFP was reduced by 41.03% (CI:
24.53 to 57.53%). C) Expression from these plasmids did not reach the same
levels in N2a cells. RFP from the first half had 895093 copies, while GFP
was significantly lower (p<0.001) with 334091 copies. D) when both halves
were co-delivered, the loss of expression in GFP was significantly higher
(p=0.007); RFP lost 67.98% (CI: 58.82 to 77.14%) of its single-transfection
expression while GFP is reduced by 84.85% (CI: 77.10 to 92.60%). n=3 for
all groups, analysed by two-way ANOVA with Sidak's multiple comparisons
test.

To assess if for any reason the full SCN1A sequence was being reconstituted, and

as a possible explanation for the western blot results, a qPCR reaction was de-

signed to target the mid-section of SCN1A, where it was split. 
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Figure 49. qPCR to detect presence of full length SCN1A.. A qPCR reac-
tion was designed to target the section where constructs A and B meet; as
they are split, gene expression should be the same regardless of the con-
struct(s) being used. A) SCN1A expression in HEK 293T cells from different
plasmids. There is a significant difference in expression (ANOVA p<0.001)
when both lentivirus plasmids are present. This is significant when compared
to all other conditions (p-value ranges from <0.001 to 0.001). B) Gene ex-
pression in N2a cells shows no difference between conditions was found
(ANOVA, P=0.171). (*) denotes the plasmids carrying both RFP and GFP.
Plasmids only carrying one half of SCN1A with a fluorescent protein se-
quence are not shown. No difference was found for these plasmids.
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5.5.1 -  Vector production

AAV2/8 pseudo-typed vectors were produced from all plasmids. The titres ob-

tained from these vectors were usually between 1x1012 or 1x1013 vg/ml, but

AAV-RFP-A was usually lower, with titres around 1x109 vg/ml. This is in accord-

ance with what has been observed for oversized rAAV (Dong et al., 2010). 

5.5.2 -  Vector expression in vitro 

Due to the reported low efficiency of expression of AAV vector in vitro and the

high number of cells that were necessary to detect NaV1.1, western blot was not

attempted. To assess the vector's functionality, qPCR was chosen as the best ap-

proach. Different MOIs were tested: 250, 100,000 and 1,000,000. Only with the

latter was possible to detect the vectors (Figure 50).

Figure 50. AAV-SCN1A vectors gene expression in vitro. 1x106 copies of
each vector were used in each condition. There was a significant increase
compared to controls when the vector carrying the first half was used alone
(p<0.001) or with the one carrying the second half (AAV-B, p<0.001). No
difference in the expression of AAV-A alone or in dual application was found
(AAV-A+B; p=0.923). AAV-B was significantly increased on its own
(p<0.001) or in conjunction with AAV-A (p<0.001). No difference in the ex-
pression of AAV-B alone or in dual application was found (AAV-A+B;
p=0.996). Two-Way ANOVA with Sidak's multiple comparisons test. n=3 bi-
ological replicates and 2 technical replicates per condition.

For in vivo assessment of vector expression, please see Chapter 8.
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5.5.3 -  Vector generation - Discussion

Over this chapter I have shown that producing plasmids containing the SNC1A

sequence is possible. As other authors have found (Feldman and Lossin, 2014),

SCN1A is complex to work with. Interestingly, it was the first half of SCN1A that

generated the most problems and eventually required to be codon-optimised in

order to incorporate the sequence into a plasmid. It is not clear why sodium

channels are difficult to amplify in bacteria; it has been suggested that it could

be the result of the several internal homologous repeats they have (Feldman and

Lossin, 2014).

Crucially, after obtaining the plasmids carrying the halves of SCN1A, I was able

to show in vitro that they actively express the SCN1A sequences by qPCR. The

detected RNA is being translated into the desired protein. I have found evidence

of this for the first half, that is detected by the Anti-NaV1.1 antibody from

Alomone Labs; this antibody also showed faint protein of the expected size of

the complete NaV1.1 channel. Ideally, this protein could have been sequenced to

confirm it is NaV1.1, unfortunately this was not possible.

I was able to add sequences for fluorescent proteins to these plasmids, allowing

the functional validation though electrophysiology. These plasmids were not

meant to produce vector, as the addition of the RFP and GFP resulted in a pack-

ing sequence in excess of the carrying capacity of AAVs (Dong et al., 2010). It

was not possible to insert smaller tag sequences into the constructs, but a further

refinement of this approach would be to attempt the insertion of a single copy of

the HA or FLAG tags, or codon optimise their sequences. This improvement

would be within the packing capacity of AAVs, and would allow for better in vivo

assessment of these vectors. The results from electrophysiology could provide

further proof that a functional channel is being produced, unfortunately the ap-

parent toxicity of the construct limited the number of recording possible to ob-

tain a definite answer. If these constructs do produce a small sodium current,

these results would corroborate what Stühmer et al. showed for SCN2A

(NaV1.2); both channels can be expressed from independently coded proteins
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when the full coding sequence is split between domains II and III (Stühmer et

al., 1989). This was the basis for this approach and initially seems possible as

both genes are located in chromosome 2, have a similar evolutionary origin

(Goldin, 2002) and are the two most closely related sodium channel; sharing

more than 95% of their coding sequence (Goldin et al., 2000).

While performing the functional validation of the plasmids, it seemed that the

constructs were toxic to the cells. Performing an MTT assay to assess cell viabil-

ity (Stockert et al., 2018) showed no significant differences with cells without

the constructs. It is still possible this assay does not account for the processes

happening in the cells, as the cells were frail and would easily detach from a

plate during patch clamping. Other authors have developed different protocols

to overcome the problems brought about by ion channels in vitro setting (Sen-

atore et al., 2011), this could be a further refinement of the results here

presented. 

Western blot was performed only for the first half, and showed positive expres-

sion from plasmids. A possible antibody targeting the second half of NaV1.1 was

found; NeuroMab 75-023, which target the amino acids in the C-terminus do-

mains (amino acids 1929-2009). Unfortunately all attempts to use this antibody

were unsuccessful. Because of this reason, I decided that the most reliable way

to initially assess the plasmids was by qPCR. 

The constructs were not designed using a trans-splicing approach, but due to the

appearance of a band at the expected size of NaV1.1 in the western blot, which

was not expected. A qPCR reaction was designed to assess if reconstitution of the

complete SCN1A could explain this. No evidence of this process was found. The

most likely explanation for the observed results would be a strong interaction

between the NaV1.1 halves, as it has been described with other split proteins

(Magliery et al., 2005; Köker et al., 2018).

142 | Generation of plasmids carrying SCN1A



All plasmid expressed their corresponding halve of SCN1A, those carrying a

fluorescent protein sequence, expressed them as well. In most cases the first half

was expressed at a lower level than the second, and the corresponding fluores-

cent protein followed the same pattern for the most part (Table 39).

293T N2A

AAV-A AND B ALONE A<B A>B*

AAV-A+B A<B A<B

AAV-RFP-A AND B-GFP ALONE A<B*, RFP<GFP* A<B*, RFP<GFP (=)

AAV-RFP-A+B-GFP A>B, RFP<GFP A<B, RFP>GFP

PLNT-RFP-A AND B-GFP ALONE A<B*, RFP<GFP* A<B, RFP>GFP*

PLNT-RFP-A+B-GFP A<B, RFP<GFP A>B, RFP>GFP

Table 39. Gene expression comparison. In most cases, the first half is ex-
pressed less than the second, although usually the difference is not signific-
ant. RFP and GFP seem to be affected by the cell line, GFP is expressed high-
er in 3 out 4 conditions while the reverse happens in N2a cells, were RFP is
more highly expressed. * denotes a significant difference.

Bicistronic vectors using the T2A linker have been reported to express their

transgenes at similar levels. (Verrier et al., 2011). In the case of the plasmids

here presented, only the plasmids carrying RFP followed by the first half of

SCN1A in N2a cells reached similar levels of expression for both genes, as meas-

ured by qPCR (Figure 51). This was not the case in HEK 293T cells, as here the

first half was expressed on average 7 times higher than RFP. The differences in

expression of the first and second half were not significant in most cases (Table

39); the differences could rely on the qPCR efficiency, but the results for RFP-A

would go against this theory, as well as the fact that during testing with known

quantities of DNA fragments for both halves, measurements were consistent

between them. It could be possible that 293T cell are somehow degrading the

RFP mRNA. The lower GFP expression was consistent in both cell lines, although

the reduction was higher in HEK 293T.
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Figure 51. Transgene expression comparison by qPCR. Bicistronic plas-
mids were designed using the T2a linker. Percentages are calculated in base
to the expression of the gene upstream to T2A; i.e. for RFP-A the percentage
corresponds to the expression of the first half of SCN1A ("A") compared to
RFP. A) The expression in HEK 293T cells showed that the plasmids carrying
RFP followed by the first half of SCN1A had a significantly higher expression
of the SCN1A half compared to RFP (*, p<0.001). The same was observed
for the plasmids carrying the second half of SCN1A followed by GFP, in this
case GFP was expressed at significantly lower levels (*, p<0.001), in average
to only around 18% of the second half of SCN1A. B) Expression in N2a cells
was different. No significant differences were found in the expression of RFP
and the first half of SCN1A. GFP was expressed to lower levels, on average to
33% of the expression of the second half of SCN1A; this reduction was not
statistically significant. n=3 for all groups. Analysed by two-way ANOVA
with Sidak's multiple comparisons test.

This data suggest that in vitro, these constructs are able to drive significant levels

of mRNA expression in HEK293T and especially in N2a cells. Results from west-

ern blot and electrophysiology were inconclusive, especially the later, but consid-

ering that sodium channels may rely on neuronal processing to assemble prop-

erly and be transported to their correct location within the cell, I decided to

proceed to investigate whether in vivo expression was more effective than in

vitro. This will be described in the following chapter.
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_______________________
Chapter 6:

Dravet mouse models
_______________________
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6.1 - Establishment of mouse models

This chapter describes the characterisation of the mouse models that were used

to assess the efficiency of the designed gene therapy vectors. There are currently

several models for Dravet syndrome in mice and zebrafish (Griffin et al., 2018)

(See section 1.1.4, page 25); we have established in our laboratory a knock-out

and heterozygous mouse model which have been previously described (Yu et al.,

2006; Miller et al., 2014). The knock-out model was chosen to conduct a proof

of concept study and provide a quicker readout from the AAV treatment. The

heterozygous model represents the phenotype that resembles the symptoms ob-

served in Dravet patients, therefore it is a more clinically applicable model

Here I present the main characteristics of these animal models, including their

life expectancy and the baseline motor assessment. This chapter also includes in-

formation about the expression of Scn1a in the different strains, as well as an as-

sessment of inflammation markers by qPCR and immunohistochemistry.

The main objectives for this section were: 

1. To show that the chosen animal models recapitulated important charac-
teristics observed in children with Dravet syndrome.

2. Show that the characteristics described here are consistent with the cur-
rently published literature for these mouse models (Yu et al., 2006; Miller
et al., 2014; Kang et al., 2018).

3. Provide the baseline on which further experiments will be assessed, to de-
termine if the vectors can modify the described phenotype.

6.1.1 -  Main findings 

I have established two mice models in our laboratory, both follow the pheno-

types previously described by other researchers; high mortality associated with

SUDEP, frequent seizures and motor alterations, like ataxia. I have shown the di-

fference in Scn1a expression between different phenotypes, and the absence of

inflammatory markers in the symptomatic mice. Interestingly, I have also ob-

served a new phenotype modification based on the strain background, which has

not been previously described.
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6.2 - The 129S-Scn1atm1Kea/Mmjax strain

This strain was initially described by Frank H Yu and collaborators (Yu et al.,

2006). The animals were kindly given to us by Professor Ben Whalley (Univer-

sity of Reading). The strain was developed by replacing exon 1 of Scn1a in

129S6/SvEvTac-derived TL1 embryonic stem cells. The resulting mice were ini-

tially maintained as a cross with 129S6/SvEvTac (referred to as 129S from now

onwards) in every generation (Miller et al., 2014). In JAX laboratories, the

colony was established by breeding the mice with 129S1/SvImJ mice for at least

one generation (Laboratories, 2019).

The main objective of this section was to characterise this strain in our laborat-

ory. I hypothesised that their characteristics would follow the described pheno-

type in the literature.

6.2.1 -  Genotype distribution in 129S mice

The strain was maintained as described by JAX Laboratories. Mating of a wild-

type (WT) and heterozygous (HET) mice (HET+WT) resulted in an average of

59% (44 to 72% CI) heterozygous pups being born (Figure 52B). HET+HET

mating resulted in 23% (16 to 31% CI) knock-out (KO) pups with a similar pro-

portion of WTs and around 50% heterozygous pups. There was no significant dif-

ference in the litter sizes depending on the genotypes of the parents (Figure

52B).
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Figure 52. 129S strain litter genotype. A) There was no difference in the
number of pups being born depending on the genotype of the parents
(p=0.210). The average litter size for HET+WT was 3.82 (2.45 to 5.19 CI)
and HET+HET averaged 5.38 (4.38 to 6.38 CI) pups per litter. B) Mating a
WT with a HET resulted in slightly more heterozygous pups than WT (59%
vs 40% respectively). Two heterozygous parents resulted in around 25% of
WT and HET pups and 50% (41 to 59% CI) HETs. One-way ANOVA with
Tukey's multiple comparison test. Number of litters for HET+WT: 11,
HET+HET: 21. 

The number of pups born per litter was quite low compared to other strains

(Flurkey and Currer, 2009) and resulted in an average of 1.24 (SD:1,14) knock-

out pups being born from each HET+HET mating pair. 23% of the HET+HET

breeding pairs resulted in no knock-outs. Females in this strain also took longer

to get pregnant, typically over one month, and it was necessary to do jealousy

mating and frequently change the males to obtain a pregnancy. It also should be

noted that some heterozygous females died while taking care of their pups, res-

ulting in the loss of those animals. Whenever possible, fostering was attempted,

but the small number of concurrent litters limited this option. Breeding diet was

also used.
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6.2.2 -  Survival

KO pups showed significantly reduced survival compared to wild-types and het-

erozygous mice. KO mice reached humane end-point by post-natal day 15 (P15).

In the first month, heterozygotes showed no significant difference in survival

when compared to their wild-type litter-mates (Figure 53).

Figure 53. Survival of 129S mice in the first thirty post-natal days. There
is no significant difference (p=0.602) between wild-types and heterozygous
mice; only one dead heterozygote was recorded during the first 30 days of
life. Knock-out mice had a significantly lower survival rate than their wild-
type (p<0.001) and heterozygous (p<0.001) litter-mates. Their median sur-
vival was 14 days. Log-rank (Mantel-Cox) test was performed to compared
curves. 
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Over a year, we observed the mortality of heterozygous mice was significantly

higher than wild-type litter-mates (Figure 54).

Figure 54. One year survival of 129S mice. Heterozygous mice showed
significantly increased mortality (p=0.011) when compared to wild-types.
Log-rank (Mantel-Cox) test was performed to compared curves.
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6.2.3 -  Weight analysis

Weight was also significantly different between genotypes. Knock-outs stopped

gaining weight and plateaued around P9-10. This was followed by a decrease

that resulted in reaching humane-endpoint. The weight differences became sig-

nificant from day 9 compared to wild-types and heterozygotes (p<0.001 for all

comparisons, Figure 55). Differences between sexes were not analysed due to

the reduced number of animals.

Figure 55. Weight gain of 129S mice by genotype. Knock-out pups cease
to gain weight by day 9 or 10, from which point there was a significant dif-
ference in weight when compared to WT and HET litter mates (all p<0.001,
until day 14). Each point represent the mean±SD. Analysed by mixed effects
model with Tukey's multiple comparisons test. The indicated n number are
valid for days 1 through 14.
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6.2.4 -  Scn1a expression in the 129S strain

The loss of Scn1a has been shown to result in a severe phenotype in mice (Yu et

al., 2006; Ogiwara et al., 2007), but no correlation between severity and Scn1a

expression has been performed to date. In order to determine the Scn1a expres-

sion profile in Dravet mice, I measured the expression of Scn1a by RT-qPCR (de-

tails in section 4.3.4) in the different genotypes. No significant differences could

be detected between WT and HET mice in all tissues analysed (Figure 56 and

145). Conversely, KOs showed a trend towards decreased expression (Table 40),

which only reached significance in the cortex (Figure 56). In the cortex, hippo-

campus, diencephalon and cervical spinal cord knock-out expression was

between 40% to 50% of the expression detected in wild-types.

HET Scn1a expression when compared to WT was between 88-102%. In the

cerebellum no decrease was found, and knock-outs only had 14.5% less expres-

sion than wild-types (Figure 56). The number of copies detected in each area

can be found in Table 40.

AREA WT HET KO WT VS HET WT VS KO
Cortex 257.1 (171.4-342.7) 261.8 (189.9-333.8) 133.0 (37.5-228.5) 0.994 0.067
Hippocampus 190.3 (173.7-206.9) 138.2 (65.9-210.4) 128.4 (73.2-183.7) 0.316 0.211
Diencephalon 350.2 (145.0-555.3) 311.1 (174.4-447.8) 222.4 (135.8-447.8) 0.827 0.179
Cerebellum 371.3 (198.7-543.9) 328.3 (153.3-503.4) 317.6 (248.6-386.5) 0.832 0.752
Cervical spine 1482 (1200-1765) 1338 (602.1-1704) 926.3 (484.3-1368) 0.428 0.243

Table 40. Scn1a gene expression in CNS areas of the 129S mice. All val-
ues are expressed in number of Scn1a copies per 104 Gapdh copies. Ranges
are 95% confidence intervals. One-way ANOVA with Turkey's multiple com-
parisons test.

Scn1a expression in the heart, liver, spleen and kidney was also assessed, but un-

fortunately only 2 knock-outs were available for analysis. Only the liver showed

significant differences between genotypes (Annex 10.4, Figure 145, page 287).

Also it should be noted that all these results are on the threshold of detection of

the qPCR assay for Scn1a (Annex 10.4, Table 55, page 287).
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Figure 56. Scn1a expression in the CNS of 129S Dravet mice. All values
normalised to WT expression. A) WT animals were not significantly different
from the level detected in heterozygous mice of 1.019 (0.739-1.299,
p=0.993) times WT expression. Knock-outs had lower expression, reaching
only 51.7% (36.3-67.18%) of the WT expression (p=0.019 vs WT, p=0.003
vs HETs). B) In the hippocampus, heterozygous had an average expression of
0.726 (0.347-1.106, p=0.258), knock-outs only reached 0.67
(38.47-96.55%, p=0.152) times WT level. C) In the Diencephalon, there was
no significant difference between wild-types and heterozygotes (p=0.794),
heterozygotes had 0.88 (0.50-1.28) times WT expression and KOs had only
0.63 (0.39-0.88, p=0.095) times. D) There was no significant difference
between wild-type and heterozygotes (p=0.902) or knockouts (p=0.679) in
the cerebellum. E) The cervical spinal cord showed less Scn1a expression,
but the difference did not reach significance; KO expression was 0.62
(0.41-1.15) times the observed in WTs. Two-way ANOVA with Tukey's mul-
tiple comparisons test. n= 3 WT, 5 HET, 5 KO.
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6.2.5 -  Il-1β expression in the 129S strain

More that 30% of Dravet cases have their first seizure associated with fever

(McIntosh et al., 2010); the mechanism for temperature sensitivity remains

largely unknown (Oakley et al., 2009; Guevara-González et al., 2018). Research

in this area has shown that there is an increase of pro-inflammatory signals,

which possibly have a link to epileptogenesis (Vezzani and Baram, 2007; Aronica

and Crino, 2011). Seizure induction in animal models has been shown to in-

crease Il-1β expression within an hour of an epileptic episode (Vezzani et al.,

1999; Heida and Pittman, 2005), along with other inflammatory signals (De Si-

moni et al., 2000; Ravizza and Vezzani, 2006). In light of this, expression of Il-1β

was assessed in the different genotypes by RT-qPCR. No significant differences

were found in most of the areas studied. Heterozygous and knock-outs showed

no significant differences in any brain area (Table 41 and Figure 57). In the sys-

temic organs, no significant differences were found, except for the liver. (Annex

10.4, Table 56 and Figure 146, page 288). 

AREA WT HET KO WT VS HET WT VS KO
Cortex 2.43 (1.63-3.24) 2.51 (1.87-3.14) 2.14 (1.05-3.24) 0.988 0.836
Hippocampus 2.04 (1.96-2.15) 2.25 (1.65-2.84) 2.23 (1.38-3.09) 0.884 0.902
Diencephalon 1.41 (0.62-2.16) 1.89 (1.49-2.28) 1.40 (1.17-1.63) 0.111 0.999
Cerebellum 2.44 (2.03-2.86) 2.44 (1.92-2.97) 2.39 (1.62-3.15) >0.999 0.987
Cervical spine 2.17 (2.00-2.35) 2.74 (2.26-3.21) 1.92 (-2.02-5.86) 0.120 0.697

Table 41. Il-1β gene expression in CNS areas of the 129S mice. All values
are expressed in number of Il-1β copies per 104 Gapdh copies. Ranges are
95% confidence intervals. One-way ANOVA with Tukey's multiple comparis-
ons test. n= 3 WT, 5 HET, 5 KO.
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Figure 57. Il-1β expression in the CNS of 129S Dravet mice. Data normal-
ised to WT level. All values correspond to the mean (95% CI). No clear trend
was observed in the heterozygous mice or knock-out mice. A) In the cortex
HETs had no difference from WT; KOs had 0.88 (0.43-1.33) times WT ex-
pression; the later did not reach significance (p=0.774). B) In the hippocam-
pus, an increase to 1.09 times WT expression was seen in HETs and KOs. C)
The diencephalon showed a non-significant increase in HETs to 1.34 (1.06 to
1.62) times of WT Il-1β expression. No difference was found in KOs. D) In
the cerebellum, no differences between genotypes were found. E) In the
spinal cord, there was a small to increase in HETs to 1.26 of the expression
seen in WTs; KOs had 0.88 of WT Il-1β expression, none of these differences
were significantly different from WT. Two-Way ANOVA with Tukey's multiple
comparison test. n= 3 WT, 6 HET, 5 KO.
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6.2.6 -  Reactive microglia analysis

CD68 is a common marker to study microglial activation (Korzhevskii and Kirik,

2016) as part of an inflammatory process. No overt inflammatory process has

been reported in Dravet patients, although post-mortem analysis of the brain-

stem and spinal cord has shown infiltration of CD68-immunopositive macro-

phages in some patients (Catarino et al., 2011). I hypothesise that the mice will

have no major difference between genotypes in accordance to what has been ob-

served in patients. Immunohistochemical analysis of CD68 in discrete regions of

the brain showed no significant increase in CD68. However, in the thalamus and

cerebellum KO showed an decrease when compared to WT sections. No signific-

ant difference was observed in the visceral organs (Figure 58).
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Figure 58. CD68 immunostaining quantification in 129S mice by geno-
type. The pre-frontal cortex (A) and hippocampus showed no differences
between genotype. The thalamus (C) and cerebellum (D) showed a signific-
ant decrease in CD69 immunostaining compares to wild-type. E) No differ-
ence was found in the striatum. F) The heart showed a significant decrease
compared to wild-types. No major differences were found in the liver (G),
spleen (H) and kidney (I). One-way ANOVA with Tukey’s multiple comparis-
on test. n=3 for each genotype. 
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Figure 59. CD68 staining in 129S mice. Representative images from the
sections used to obtain data in Figure 58. 
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6.2.7 -  Astroglial activation

GFAP is a marker for astroglial activation, usually associated to noxious stimuli

to the central nervous system (Brahmachari et al., 2006; Zhang et al., 2017).

Gene expression analysis has shown an increase in GFAP expression in Dravet

mice with seizures (Hawkins et al., 2018), but GFAP has not been reported to in-

crease when assess by immunohistochemistry. This was confirmed by analysing

GFAP staining in discrete regions of the brain, were no differences between KOs

and WTs and HETs was found.

Figure 60. GFAP immunostaining quantification in 129S mice by geno-
type. No astrogliosis was found when knock-outs were compared to their lit-
ter-mates in the cortex pre-frontal cortex (A), hippocampus (B), thalamus
(C), cerebellum (D) or striatum (E). One-way ANOVA with Tukey’s multiple
comparisons test. n= 3 for each genotype.
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6.2.8 -  Motor development: righting reflex

As the Dravet KO mice exhibit a very severe phenotype with spontaneous

seizures and ataxia. I wanted to test their motor development by conducting

righting reflex test. The time it takes the mice to return to the prone position

from supine was measured (Fox, 1965; Tremml et al., 1998). No significant dif-

ferences between wild-types and heterozygous were found, but knock-out were

significantly impaired from day 12 until reaching humane end-point (Figure 61).

Figure 61. Righting reflex over time in 129S Dravet mice. No significant
differences between wild-types (WT) and knock-out (KO) was found until
day 12, were KOs were significantly slower (p=0.018) in returning to the
prone position from supine compared to WT litter-mates. The same was
found in day 14; were KO where even slower than on day 12. Analysed by
Two-Way ANOVA with Sidak's multiple comparisons test. n= 5 WT, 8 KO
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6.2.9 -  Motor development: open field

These mice have been described to experience ataxia and reduced motor activity

(Yu et al., 2006). As a way of measuring these changes in motor activity, open

field recordings were performed from day 10 onwards. Recordings lasted only 4

minutes to restrict the amount of temperature loss experienced by the pups.

Some of the parameters obtained from these recordings were consistently differ-

ent between wild-types and knock-outs: the mean speed without resting was sig-

nificantly different from day 12 onwards (Figure 62D), and the parallel index,

showed consistent differences between genotypes, although significance was

only achieved on days 11 and 12 (Figure 64B). There was a tendency for wild-

types to walk longer distance (Figure 62B), and do it at faster speeds (Figure

62C and D). Knock-outs tended to stay on the centre while wild-types did most

of their walk on the periphery (Figure 62E and F).
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Figure 62. Open Field in 129S strain (1). A) Diagram of the zones define
for the open field analysis. The pups were recorded for four minutes. B) The
total distance walked by WT pups had a tendency to be higher than for KOs,
but no significance was reached, except for day 12. C) No difference was
found for the maximum speed. D) The mean speed while moving showed a
constant decline for the knock-outs that became significant from day 12. At
P14 WTs had an average speed of 5.01cm/s while KOs walked at 0.82cm/s
(p=0.015). E) The percentage of distance walked in the centre and (F) peri-
phery had no difference. But there was a trend for KOs to stay in the centre.
Two-way ANOVA with Sidak's multiple comparisons test, n= 4 WT, 7 KO.
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KOs spent more time resting (significant in days 11 and 12, Figure 63A), moved

at slower speed than WT mice. From P14, they did not move at all (Figure 63C).

KOs remained in the centre of the box (Figure 63E and F), as a result of their

loss of movement.

Figure 63. Open Field in 129S strain (2). The tables show the comparison
between WT and KOs in the corresponding days, in bold those with a p value
<0.05. A) Of the recorded time, KOs tended to spent most of it immobile
compared to WTs. B) No differences in the number of transitions between
genotypes was found. C) Most pups walked at <2.5cm/s, KOs moved less
with time and WT moved to medium speeds. D) the pups did not reach
speeds >15cm/s. E and F) KOs tended to stay in the centre of the recording
box while WTs spent most of the time in the periphery. Two-way ANOVA
with Sidak's multiple comparisons test, n= 4 WT, 7 KO.
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The parallel index seems to be able to differentiate between genotypes; this in-

dex measures how parallel the animal's movements is in relation to the previous

one (Figure 64A). KOs tend to have movements with more changes of direction

than their WT litter-mates, as their index is increasingly near -1 (more changes

in direction) while WTs tend to walk in straight lines (near 1) (Figure 64B). The

pups from both genotypes had no preference for turning to either the left or

right (Figure 64D).

Figure 64. Open Field in 129S strain (3). A) Diagram explaining how the
parallel index is calculated based on the mice movements comparing the cur-
rent direction of movement (p2-p3) to the previous one (p1-p2) and the
value assigned depending on the angle "a" between these vectors of move-
ment. B) KO pups tend to experience more changes in direction as expressed
by the decreasing parallel index; which is significant from day 11 and 12;
and is near significance in days 13 and 14. C) Diagram explaining how the
turning tendency index is calculated based on the mice movements compar-
ing the current direction of movement (p2-p3) to the previous one (p1-p2)
and the value assigned depending on the angle "a" between these vectors of
movement. D) No difference was found in the turning tendency of the pups
from either genotype. Two-way ANOVA with Sidak's multiple comparisons
test, n= 4 WT, 7 KO.
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6.2.10 -  Phenotype of knock-out 129S mice

Knock-out mice experienced ataxia from day 10. Initially presented as a slight

sway of their head that evolved into side to side sway of their body and by day

14 a complete loss of postural control; in the righting reflex often overshooting

the force needed to return to prone if they were able to do it. They walked pro-

gressively less until being almost immobile at day 14, except when they fell onto

their back (as in the righting reflex).

6.2.11 -  129S strain

The phenotype described for this strain is consistent with what has been previ-

ously described, including the high mortality at day 14-15 (Yu et al., 2006).

Seizures were not observed, but only a few knock-out mice were available and

they were not consistently monitored to record seizures.

Knock-outs pups from this strain were initially planned to be used to test the de-

signed treatment vectors. This was not possible due to the small litter sizes and

the considerable amount of time it took for a females to get pregnant (Page

148). These shortcomings also affected the qPCR results, as the available num-

ber of samples was too low to obtain consistent results, especially in the knock-

outs. To overcome this obstacle, I decided to cross the 129S heterozygous anim-

als with wild-type CD1 mice, expecting that this would increase the litter sizes

and the number of knock-out pups being born. This combined strain will be de-

tailed in the following pages.

The original mice were maintained in the 129S background for breeding pur-

poses, but no further experiments were performed on this strain.
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6.3 - The mixed 129S-Scn1atm1Kea/Mmjax+CD1 
strain

In consideration of the low litter-size (~5 pups) from the 129S strain, which

made it difficult to conduct in vivo studies; we decided to cross a heterozygous

mice from the 129S strain with CD-1 IGS mice (Charles Rivers) to obtain the

first generation of heterozygotes of the 129S+CD1 strain (F1 129S+CD1). F1

129S+CD1 heterozygotes were mated to obtain the second generation (F2

129S+CD1). We did this in light of the bigger litter sizes in CD1s (Tanaka, 1998)

compared to 129S (Flurkey and Currer, 2009).

This section contains the characterisation of this strain. The main hypothesis is

that these mice have a similar phenotype as the 129S Dravet mice described in

the previous section.
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6.3.1 -  Mutation inheritance

Similarly to the 129S strain, mating F1 129S+CD1s heterozygous mice produced

approximately 25% of the pups being knock-out and wild-types while approxim-

ately 50% of them were heterozygous. The litter size in the mixed strain was sig-

nificantly bigger than on the 129S strain, and as a consequence, so was the num-

ber of knock-outs (Figure 65).

Figure 65. 129S+CD1 strain litter genotype. A) The litter size from the
129S+CD1 strain was significantly bigger than those obtained in the 129S
background (p<0.001). The average litter for HET+HET mating on the
129S mice was 5.38 (4.38 to 6.38 CI) pups per litter; the F2 129S+CD1 lit-
ters had an average size of 9.52 (8.23-10.82 CI) pups. B) Two heterozygous
parents resulted in 19.5% (14.6-25.54%) WT and 29.50% (23.61-36.16%)
KO pups; the remaining 51% (57.84-44.12%) were HETs. WT= wild-type,
HET= heterozygous, KO= knock-out. One-way ANOVA with Turkey's mul-
tiple comparison test.
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6.3.2 -  Survival and weight gain

The second generation of mice on the mixed 129S+CD1 background had a simil-

ar survival (Figure 66) and weight gain (Figure 67) profile as the original 129S

mice (see Section 6.4 for a detailed comparison).

Figure 66. Survival of the mixed Dravet strain 129S+CD1. Wild-types had
no deaths, heterozygous had 8 deaths. This difference did not reach signific-
ance (p=0.088). Knock-out mice showed a significantly decreased survival
compared to wild-types (p<0.001) and heterozygous (p<0.001) with a me-
dian survival of 14 days. Analysed by mixed effects model with Tukey's mul-
tiple comparisons test.

Figure 67. Weight gain of F2 129S+CD1 mice by age. A) there was no sig-
nificant difference in weights between day 1 to day 12, where all mice
gained around 15% in weight compared to the previous day. B) Magnifica-
tion of the box in A, showing weights from ages 10 to 16. The table shows
the p-value comparing KO weights to WTs and HETs. From day 13 and up-to
day 15 there was a significant difference in the weighs of knock-out com-
pared to wild-types (green *) and heterozygous (blue †). Between day 14
and 15 knock-out reached humane end point. Analysed by mixed effects
model with Tukey's multiple comparisons test.
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6.3.3 -  Scn1a expression in the 129S+CD1 strain

Five different areas of the CNS were studied. The expression levels were determ-

ined by establishing a base-line expression profile from the WT tissue; significant

differences in Scn1a expression were found between wild-type and knock-out tis-

sue, but heterozygotes showed a decrease that was not significant. No differ-

ences between heterozygous and knockouts were found in discrete regions of the

brain. Table 42 shows that in the cortex, heterozygous mice had a 72% of the

WT Scn1a expression; knock-outs only had 46% of wild-type expression. Simil-

arly, in the hippocampus heterozygotes had 62% and knock-out reached 53% of

wild-type levels. In the diencephalon and cervical spinal cord similar results

were found. In the cerebellum heterozygous had a significant difference with

wild-types, but knock-outs had a non-significant decrease. The analysis of norm-

alised data showed significant differences between knock-out and wild-types in

most brain areas analysed; the differences were significant in the cortex, hippo-

campus, and cervical spinal cord (Figure 68). 

AREA WT HET KO WT VS HET WT VS KO
Cortex 64.11 (52.79-75.43) 46.26 (38.38-54.15) 29.98 (22.97-36.98) 0.347 0.017
Hippocampus 37.78 (32.23-43.34) 23.23 (16.33-30.14) 20.37 (15.81-24.93) 0.154 0.038
Diencephalon 85.29 (64.76-105.8) 47.46 (30.01-64.92) 53.50 (39.80-67.20) 0.008 0.019
Cerebellum 114.9 (100.2-129.7) 69.68 (21.67-117.7) 95.13 (64.61-125.7) 0.023 0.412
Cervical spine 168.7 (101.6-235.7) 90.48 (65.64-115.3) 80.59 (21.17-140.0) 0.116 0.044

Table 42. Scn1a gene expression in CNS areas of the F2 129S+CD1 mice.
All values are expressed in number of Scn1a copies per 104 Gapdh copies.
Ranges are 95% confidence intervals. WT= wild-type, HET= heterozygous,
KO= knock-out. One-way ANOVA with Tukey's multiple comparison test. n=
8 WT, 5 HET, 6 KOs.

In the heart, liver, spleen and kidney no differences were found between geno-

types (Figure 69). The number of copies detected in these organs was signific-

antly lower than any of the CNS areas analysed (Table 43).
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Figure 68. Scn1a expression in the CNS of F2 129S+CD1 Dravet mice
according to genotype. Gene expression is shown in relation to the baseline
established from the wild-type (WT) tissue. All areas showed a decrease in
expression in both HETs and KOs. No difference between KO and HETs was
found (p-values between 0.929 to 0.087). A) in the cortex, HET animals had
72% (CI: 59 to 84%) of the expression observed in WTs; KOs only had 46%
(CI: 35 to 57%) of WT expression; only KOs reached significance (p=0.003).
B) In the hippocampus HET and KOs had less expression than WTs, only
reaching 61% (CI: 43 to 79%, p=0.043) and 53 (CI: 41 to 66%, p=0.016) of
the WT expression respectively. C) In the diencephalon both HETs and KOs
showed less Scn1a expression than WTs; HETs had 55% (CI: 35 to 76%,
p=0.027) and KOs reached 62% (CI: 47 to 79%, p=0.056) of WT level. D)
In the cerebellum no significant differences were found; HETs had and av-
erage expression of 61% (CI: 19 to 102%) of the WTs and KOs had 77% (CI:
62 to 93%) of WT expression. E) The cervical spinal cord showed a decrease
in expression in both HETs and KOs compared to WTs, the first had 53% (CI:
39 to 68%) of WT expression and KOs had 62% (CI: 34 to 89%) of WT ex-
pression. Two-way ANOVA with Tukey's multiple comparison test. n= 8 WT,
5 HET, 6 KOs.
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AREA WT HET KO WT VS HET WT VS KO
Heart 0.46 (0.30-0.61) 0.28 (0.10-0.47) 0.26 (0.09-0.44) 0.215 0.131
Liver 0.23 (0.15-0.31) 0.22 (0.15-0.28) 0.15 (0.07-0.24) 0.934 0.196
Spleen 0.50 (0.28-0.72) 0.39 (0.13-0.64) 0.40 (0.09-0.39) 0.631 0.093
Kidney 0.31 (0.21-0.40) 0.29 (0.17-0.40) 0.42 (0.24-0.60) 0.958 0.321

Table 43. Scn1a gene expression in systemic organs of the F2 129S+CD1
mice. All values are expressed in number of Scn1a copies per 104 Gapdh cop-
ies. Ranges are 95% confidence intervals. WT= wild-type, HET= heterozyg-
ous, KO= knock-out. One-way ANOVA with Tukey's multiple comparison
test. n= 8 WT, 5 HET, 6 KOs.

Figure 69. Scn1a expression in the systemic organs of F2 129S+CD1
Dravet mice according to genotype. A) The heart shows a trend towards a
diminished number of Scn1a particles in the HETs and KO animals, the first
having 62% (22 to 103%) expression while KOs had 58% (21 to 96%) of WT
expression; none of them reached significance. Similar results were observed
in the B) liver, C) the spleen and D) kidney, where a non-significant decrease
in expression from the KOs was observed. One-way ANOVA with Tukey's
multiple comparison test. n= 8 WT, 5 HET, 6 KOs.
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6.3.4 -  Il-1β expression in the F2 129S+CD1 strain

Il-1β expression has been shown to increase within an hour of an epileptic epis-

ode (Vezzani et al., 1999; Heida and Pittman, 2005), along with other inflam-

matory signals (De Simoni et al., 2000; Ravizza and Vezzani, 2006). In consider-

ation of this, the expression of Il-1β was explored in this strain.

No significant differences in CNS areas were found between wild-types and het-

erozygous mice. Knock-outs had an increase in expression in all the CNS regions

analysed, particularly in the hippocampus, diencephalon and cerebellum. These

differences did not reach statistical significance. Heterozygous pups showed no

differences with either wild-types or knock-outs in any region. See Table 44 and

Figure 70 for more details.

AREA WT HET KO WT VS HET WT VS KO
Cortex 1.07 (0.92-1.22) 1.09 (0.76-1.42) 1.25 (0.90-1.62) 0.993 0.422
Hippocampus 0.67 (0.47-0.88) 0.59 (0.20-0.99) 0.85 (0.44-1.27) 0.886 0.558
Diencephalon 0.39 (0.27-0.51) 0.38 (0.14-0.63) 0.55 (0.27-0.82) 0.997 0.310
Cerebellum 0.58 (0.47-0.69) 0.51 (0.32-0.69) 0.87 (0.54-1.28) 0.860 0.111
Cervical spine 0.66 (0.42-0.91) 0.59 (0.29-0.89) 0.83 (0.36-1.29) 0.935 0.645

Table 44. Il-1β gene expression in CNS areas of the F2 129S+CD1 mice.
All values are expressed in number of Scn1a copies per 104 Gapdh copies.
Ranges are 95% confidence intervals. WT= wild-type, HET= heterozygous,
KO= knock-out. One-way ANOVA with Tukey's multiple comparison test. n=
6WT, 4 HET, 6 KO.

For the heart, liver, spleen and kidney, the results usually showed less than 1000

copies of Il-1β copies; this is below the lower established standard (103 copies).

The analysis of this data showed no significant differences between genotypes in

any of the studied organs (Table 45 and Figure 71).
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Figure 70. Il-1β expression in the CNS of F2 129S+CD1 Dravet mice ac-
cording to genotype. No clear trend was observed in the heterozygous or
knock-out mice. A) In the cortex HETs showed no difference from WT; KOs
had 1.17 times (0.84 to 1.49) times increase in Il-1β expression from WT;
the later did not reach significance (p=0.754). B) In the hippocampus, a
non-significant (p=0.493) increase in KOs to 1.26 (0.65 to 1.88) times WT
Il-1β expression was found. C) The diencephalon showed similar results,
with KOs showing 1.40 (0.70 to 2.10) times increase in Il-1β expression com-
pared to WTs (p=0.241). D) In the cerebellum, KOs had 1.50 (0.78 to 2.21)
times increase, which was not significantly different (p=0.088) from WT
levels. E) In the spinal cord, no significant differences in Il-1β expression was
found. Two-way ANOVA with Tukey's multiple comparison test. n= 3 WT, 6
HET, 5 KO.
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AREA WT HET KO WT VS HET WT VS KO
Heart 1.65 (0.96-2.34) 1.91 (0.59-3.23) 1.09 (0.60-1.58) 0.839 0.389
Liver 30.22 (19.51-40.94) 35.40 (26.36-32.58) 22.15 (3.63-40.68) 0.817 0.558
Spleen 34.33 (20.30-48.37) 25.17 (8.03-42.30) 45.71 (25.74-65.67) 0.653 0.459
Kidney 2.84 (2.29-3.40) 2.07 (0.91-3.15) 3.61 (2.40-4.82) 0.344 0.270

Table 45. Il-1β gene expression in systemic organs of the F2 129S+CD1
mice. All values are expressed in number of Scn1a copies per 104 Gapdh cop-
ies. Ranges are 95% confidence intervals. WT= wild-type, HET= heterozyg-
ous, KO= knock-out. One-way ANOVA with Tukey's multiple comparison
test. n= 3 WT, 6 HET, 5 KO.

Figure 71. Il-1β expression in the systemic organs of F2 129S+CD1
Dravet mice according to genotype. A) In the heart, KOs had an Il-1β ex-
pression that was 0.66 (0.36 to 0.96) times WT levels (p=0.0343) B) The
liver had a similar decrease, KOs only expressed to 0.73 (0.12 to 1.34) times
of WTs level (p=0.513). C) In the spleen KOs had a non-significant increase
(p=0.360) to 1.33 (0.75 to 1.91) times the Il-1β found in WTs. D) The kid-
ney also had a non-significant increase to 1.27 (0.85 to 1.69) times over WT
level (p=0.552). HET pups were not significantly different from their WT lit-
ter-mates in any of the four organs. Two-way ANOVA with Tukey's multiple
comparison test. n= 6WT, 5 HET, 6 KO.
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6.3.5 -  Reactive microglia analysis

CD68 is a common marker to study microglial activation (Korzhevskii and Kirik,

2016) as part of an inflammatory process. Immunohistochemical analysis of

CD68 in discrete regions of the brain showed no significant increase in CD68 ex-

pression in the KOs compares to WT and HETs littermates. No significant differ-

ence was observed in the visceral organs (Figure 58).

Figure 72. CD68 immunostaining quantification in 129S+CD1 mice by
genotype. A) The pre-frontal cortex and B) hippocampus showed no differ-
ences between genotypes. No immunoreactivity was found in C) the thal-
amus, D)cerebellum and E) striatum. No major differences were found in the
Heart (G), liver (G), spleen (H) and kidney (I). One-way ANOVA with
Tukey’s multiple comparison test. n=3 for each group. 
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6.3.6 -  Astroglial activation

GFAP is a marker for astroglial activation, usually associated to noxious stimuli

to the central nervous system (Brahmachari et al., 2006; Zhang et al., 2017).

GFAP gene expression has been reported in heterozygous mice in the 129S+B6

strain (Hawkins et al., 2018), but not in 129S+CD1. As with the 129S mice, no

significant differences in discrete regions of the brain were found in KO tissue

when compared to WT or HET litter mates. Staining in the spinal cord revealed a

significant increase in GFAP immunoreactivity in the cervical region (Figure 73).

Figure 73. GFAP immunostaining quantification in 129S+CD1 mice by
genotype. No astrogliosis was found when knock-outs were compared to
their litter-mates in the A) pre-frontal cortex, B) hippocampus, C) thalamus,
D) cerebellum or E) striatum. F) A significant increase in GFAP immunore-
activity was found in the KO mice compared to the WT and HET litter mates
in the cervical spinal cord. One-way ANOVA with Tukey’s multiple comparis-
ons test. n=3 for all groups. 
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6.3.7 -  NaV1.1 Staining

It was not possible to observe a difference in the DAB staining against NaV1.1 us-

ing the Anti-NaV1.1 ASC-001 antibody (Alomone Labs) between genotypes.

Staining quantification (Figure 74) was not different between genotypes. 

Figure 74. NaV1.1 staining. A) in the prefrontal cortex there was increase
immunoreactivity in the KOs, but this did not reached significance compared
to WT or HETs. B) The cerebellum showed a decrease that was significant
when compared to HETs (p=0.017), but not agains WT (p=0.420). C) A de-
crease compared to WT was found in the KO animals (p=0.872) in the CA1
region; HETs had an increase that was not significant against WT (p=0.180).
D). In the CA3 region, no significant differences were found.
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6.3.8 -  NaV1.1 western blot

NaV1.1 was detected using the same antibody used previously. The expected size

of NaV1.1 is 227KDa, but commonly observed around 250KDa (https:/

/www.alomone.com/p/anti-nav1-1-2/ASC-001, visited on 01/08/2020); a faint

band of this size is observed in wild-types and heterozygous, but also in knock-

outs. These bands were faint in the extracted proteins from the hippocampus

(Figure 75). A western from a whole brain extraction revealed several bands be-

sides the one expected for NaV1.1 (Figure 144, page 286).

Figure 75. NaV1.1 western blot from hippocampus. Protein extracted from
hippocampus. A faint band of around 230KDa is observed in all genotypes.
Unlike a whole brain protein extract, here only one band is visible. 
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6.3.9 -  Motor development: righting reflex

The righting reflex test was used to assess motor development in the mice as an

easy measure not affected by learning (Fox, 1965; Tremml et al., 1998). No sig-

nificant differences between wild-types and knock-outs were found up to day 13

(p=0.013), although through all these days KOs showed a trend to be slower

than WTs; on day 13 KOs were significantly slower to return to the prone posi-

tion compared to WT (Figure 76). It should be noted that although KOs do not

actively move by day 14 (as shown in the next section), but when put in the su-

pine position, they do attempt to return to prone. An example of this assessment

is available in a video, called "129S+CD1_Righting.mp4".

Figure 76. Righting reflex over time in F2 129S+CD1 pups. No signific-
ant differences between wild-types (WT), heterozygous (HET) and knock-out
(KO) were found until day 13, when KOs were significantly slower to return
to the prone position from supine compared to WT (p<0.001) and HETS
(p<0.001); day 14 did not reached significance (p=0.414). On all days KO's
average time was higher than WTs. In red is shown the times observed in the
KOs from the original 129S strain. Two-way ANOVA with Sidak's multiple
comparison test.
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6.3.10 -  Motor development: open field

129S knock-outs were shown to have decreased motor activity. I hypothesise that

the 129S+CD1 knock-outs would have a similar phenotype. Pups were recorded

from post-natal day 9 to day 14 for the knock-outs and beyond these develop-

mental days for wild-types and heterozygous litter-mates. Trends could be ob-

served on most measurements; differences usually became significant by day 11

or more commonly on day 13. Significant differences between wild-types and

knock-outs were found in the total distance walked, maximum speed, the mean

speed without resting, (Figure 77), the percentage of time resting, the percent-

age of time walking at slow speed (Figure 78) and the parallel index, which was

significant from day 11 (Figure 79B).
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Figure 77. Open Field in 129S+CD1 strain (1). The p-value on the table
corresponds to the comparison between wild-types and knock-out at the cor-
responding age. Only one KO mouse reached 15 days, therefore all comparis-
ons were done up to day 14. A) Diagram of the zones considered on the ana-
lysis of the open field recording. B) The total distance walked was
significantly different on days 11, 13 and 14 when KO were compared to WT
(table) and HETs (significant in days 10, 11, 13 and 14; p-values between
0.0134 and 0.0015) C) WTs (table) and HETs had significantly higher top
speeds compared to KOs in most days; HETs were significant on the same
days as WT. D) The mean speed while moving of KOs showed no major in-
crease through the days, unlike WTs and HETs that steadily increased their
speed; differences became significant on day 13 were WTs had an average
speed of 7.09cm/s while KOs walked at 3.48cm/s. E) The percentage of dis-
tance walked in the centre and periphery (F) was not significantly different
but there was a tendency for KOs to walk more in the centre than WTs and
HETs. Two-way ANOVA with Sidak's multiple comparison test. n= 6 WT, 10
HET, 7 KOs.

8 10 12 14 16 18
0

25

50

75

100

125

Days

%
of
di
st
an
ce
in
ce
nt
er

E) % of distance in centre

8 10 12 14 16 18
0

25

50

75

100

125

Days

%
of
di
st
an
ce
in
pe
rip
he
ry

F) % of distance in periphery

8 10 12 14 16 18
0

500

1000

1500

2000

Days

D
is
ta
nc
e
(c
m
)

Total distance
WT
HET
KO

8 10 12 14 16 18
0

5

10

15

20

25

30

35

Days

M
ax
im
um

sp
ee
d
(c
m
/s
)

C) Maximum Speed

8 10 12 14 16 18
0

5

10

M
ea
n
sp
ee
d
(c
m
/s
)

Mean Speed w/o resting

WT HET KO
Days

Periphery

centre

A) Open field zones

Open field analysis in 129Sv+CD1 pups

Day P-value

9 0.2261

10 0.3605

11 0.0063

12 0.4413

13 0.0421

14 0.0038

Day P-value

9 0.8409

10 0.7187

11 0.2042

12 0.1354

13 0.0028

14 0.0024

Day P-value

9 0.4619

10 0.4645

11 0.6672

12 0.1080

13 0.0209

14 0.2983

Day P-value

9 0.8089

10 0.8965

11 0.0335

12 0.3038

13 0.0012

14 0.0008

Day P-value

9 0.4619

10 0.4645

11 0.6672

12 0.1080

13 0.0209

14 0.2983

B) Total distance

D) Mean speed w/o resting

181 | Dravet mouse models



Figure 78. Open Field in 129S+CD1 strain (2). The tables show the com-
parison between WT and KOs in the corresponding days, in bold those with a
p value <0.05. A) Of the recorded time, KOs tended to spent most of it im-
mobile compared to WTs and HETs. B) No differences in the number of
transitions between genotypes was found. C) Most pups walked at <2.5cm/
s, KOs moved less with time D) KO pups did not reach speeds >15cm/s; WT
and HETs did so from day 13; but this represented less than 5% of their
overall movement. E and F) From day 12, KOs tended to stay in the centre of
the recording box while WTs and HETs spent most of their time in the peri-
phery. Two-way ANOVA with Sidak's multiple comparison test. n= 6 WT, 10
HET, 7 KOs.

knock-outs tended to spend more time immobile than wild-types and heterozyg-

ous (Figure 78A); of the time walking, knock-outs and wild-types did it mostly at

a slow speed (Figure 78C) in the first days; then wild-types and heterozygous in-

creased their walking speed as seen in the increased proportion of time at a fast
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between 2.5cm/s to 15cm/s (not shown). Figure 77 (E & F) and Figure 78 (E &

F) show the KOs tended to stay mainly in the centre of the box and their wild-

type and heterozygous litter-mates stayed mainly on the periphery (Figure 78E

and F). This is the result of the reduced mobility of KOs 

As in the 129S strain, the parallel index differentiates between KOs, WT and

HETs (Figure 79A). The differences become significant from day 11 onwards;

both WT and HET are significantly different from KOs on these days. There is no

difference between wild-types and heterozygous pups on any day. No particular

preference on turning (right or left) was found (Figure 79B).

Figure 79. Open Field in 129S+CD1 strain (3). A) Diagram explaining
how the parallel index is calculated based on the mice movements compar-
ing the current direction of movement (p2-p3) to the previous one (p1-p2)
and the value assigned depending on the angle "a" between these vectors of
movement. B) KO pups show more changes in direction; as seen by the de-
creasing parallel index; this becomes significant from day 11 when compared
to both WTs and HETs. C) Diagram explaining how the turning tendency in-
dex is calculated based on the mice movements comparing the current direc-
tion of movement (p2-p3) to the previous one (p1-p2) and the value as-
signed depending on the angle "a" between these vectors of movement. D)
No difference was found in the turning tendency of the pups from either gen-
otype. Two-way ANOVA with Sidak's multiple comparison test. n= 6 WT, 10
HET, 7 KOs.
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6.3.11 -  Phenotype of 129S+CD1 mice

Knock-out mice experienced ataxia from day 10. Initially presented as a slight

sway of their head that evolved into side to side sway of their body and by day

14 a complete loss of postural control; in the righting reflex often overshooting

the force needed to return to prone if they were able to do it). They walked pro-

gressively less until being almost immobile in day 14, except when they fell onto

their back (as in the righting reflex). Seizures were observed on days 13 and 14;

they were generalised, bilateral clonic, evolving into complete extension of the

limbs before they ended. Mouth automatisms were also observed, resembling

suckling.

Heterozygous were found to have increased mortality; only 72% of them were

alive by one year. The death events often occurred at night as the mice were

found in the morning, already with rigor mortis. Several heterozygous mice were

observed while they had generalised clonic seizures, usually lasting around

1min. None of them died during these observed epileptic episodes. 

The phenotype described for both heterozygous and knock-outs in this strain is

consistent with the description of knock-out mice in the 129S inbreed back-

ground (Yu et al., 2006) and with the observation we have obtained here.
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6.4 - The 129S Dravet strain compared to the

129S+CD1 strain

This section compares the results obtained from the original strain in the 129S

strain with those obtained from the mixed 129S and CD1 (F2 129S+CD1). My

hypothesis is that new 129S+CD1 strain would be similar to the original Dravet

strain in the 129S background, with the added benefit of an increased number of

pups born per litter. 

6.4.1 -  Survival

Survival of mice in the old 129S strain was compared to the new mixed strain.

The results showed that there was no significant difference between them. 

Figure 80. Knock-out strains survival comparison.. No significant differ-
ences were found when the same genotype was compared between strains.
Heterozygous on the mixed 129S+CD1 strain showed a slight trend towards
increased mortality, but no significant difference was found. KO were similar
between strain (p=0.420) and had the same life expectancy (14 days). Log-
rank (Mantel-Cox) test.
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6.4.2 -  Weight gain

The average weight of the 129S pups for a given age and genotype was com-

pared to the corresponding weight in the F2 129S+CD1 pups. No significant dif-

ference was found between genotypes; except between KOs in days 13 and 14.

Where the KOs of the 129S strain were lighter than KOs of the 129S+CD1 strain.

Figure 81. Knock-out strains weight gain comparison. The table presents
the p-values obtained from the comparison of genotypes in the two strains of
the given age. No differences were found for any of the genotypes, except for
the KOs in the last two days, were the pups in the 129S strain showed signi-
ficantly less weight than those in the mixed 129S+CD1. Analysed by mixed
effects model with Sidak's multiple comparison test. 129S WT: 70, 129S
HET: 92, 129S KO: 8, 129S+CD1 WT: 67, 129S+CD1 HET: 114, 129S+CD1
KO: 12.

6.4.3 -  Open field

Each of the open field parameters previously analysed in the 129S pups was

compared with corresponding genotypes on the F2 129S+CD1 pups. No signific-

ant differences were found in any of the parameters from the open field record-

ings. At most one day in each parameter was found to deviate significantly on

one strain from the other. This happened either on the comparison between

wild-types or between knock-outs. No comparison between heterozygous was

performed, as there is no data available from the 129S strain for this genotype. 
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Figure 82. Knock-out strains open field comparison (1). All comparisons
were made against the same genotype in 129S and F2 129S+CD1. No differ-
ences in the total distance walked (A), the mean speed while on movement
(B), the maximum speed achieved (C), the percentage of distance walked on
the periphery (D), the time the pups spent immobile (E) or the number of
zone transitions made (F) on the observation period were found when WT
and KO on the 129S strain were compared to WT and KOs (respectively) on
the F2 129S+CD1 pups; all p-values are noted on the table for each para-
meter. Two-way ANOVA with Tukey's multiple comparison.
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Figure 83. Knock-out strains open field comparison (2). No differences
were found on the percentage of time that the mice walked at a slow (A) or
fast speed (B); the percentage of time the pups spent on the centre (C) and
periphery (D) of the box was also similar. So were the tuning tendency and
the parallel index were also no different between each other when WT and
KO on the 129S strain were compared to WT and KOs (respectively) on the
F2 129S+CD1 pups; all p-values are noted on the table for each parameter.
Two-way ANOVA with Tukey's multiple comparison.
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6.4.4 -  The Scn1a knock-out Dravet strains

Over the previous sections both the 129S and the 129S+CD1 pups have been de-

scribed and compared. Both strains show a significant mortality in the knock-out

mice; reaching humane end-point by day 14. Pups were born in proportions fol-

lowing the expected mendelian ratios. These characteristics are in agreement

with the previous description of the knock-out strain (Yu et al., 2006; Ogiwara et

al., 2007). 

In heterozygotes Yu et al. described deaths of around 10% by 15 weeks in the

129/SvJ background, here both strains show a similar profile; by week 15, 9%

for 129S heterozygous had died; 129S+CD1 had a slightly higher mortality, with

9.3% of heterozygous dead by week 15. This mortality is below the one observed

by Ogiwara and collaborators (2007) by the third postnatal month (40%), but is

similar to the one described by Miller and collaborators on the 129S background

(Miller et al., 2014). Here I have described that when these mice are followed

for a year, they exhibit increased mortality, between 17,89 % (129S) to 27,68%

(129S+CD1), that is significantly different from the wild-types. This is in agree-

ment with previously reported life expectancy for this model. 

No major phenotype has been described for heterozygous mice, and seizures

have not been reported (Miller et al., 2014), but in the follow-up period of one

year, I observed seizures in heterozygous mice. Miller and collaborators did not

observed events in 240h of recordings, this would be in agreement with our find-

ings as these were sporadic and unpredictable. For these reasons no protocol

could be set in place to monitor for seizures in the long term. 

A significant decrease in the expression of Scn1a was found in the 129S+CD1

knock-out strain. A trend towards decrease of the expression of this gene was

also found in the heterozygous mice of both the F2 129S+CD1 strain and the

129S strain. The latter might not have reached significance because of the re-

duced number of samples available on that strain. The biggest decreases were

observed in the cortex and the hippocampus. The fact that both areas showed

the most significant decreases is in agreement with previous description of inhib-
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itory interneurons in the hippocampus, especially parvalbumin positive GABAer-

gic neurons are particularly affected in these animals (Yu et al., 2006; Ogiwara

et al., 2007). The cortex was also shown to be important, as deletion of Scn1a in

forebrain cells was shown to cause epilepsy and increase mortality (Cheah et al.,

2012).

It is worth noting that a difference in expression was found in the cervical spinal

cord. This has not been previously reported. The differences are consistent in

both strains, measured by the expression of Scn1a by qPCR; CD68 staining also

revelled increased inflammation in the knock-outs, consistent with the increased

Il-1β expression (although this was not significant). These findings would imply

that there is in fact expression of NaV1.1 in the spinal cord. As an important

pathways for the bi-direction relay of information between the CNS and the peri-

pheral systems, the spinal cord could be implicated in the symptoms observed in

Dravet patients.

Walking abnormalities have been noted in Dravet patients (Nabbout et al.,

2013), from slow acquisition to the later loss of walking ability. These character-

istics have been associated to the ataxia and hypotonia that these patients

present (Dravet, 2011), but in light of the previous results, the differences in the

expression of Scn1a in knock-out mice in the spinal cord could also implicate this

structure in the development of the walking abnormalities. The spinal cord con-

tains central pattern generators (CPGs); spinal circuits that can produce motor

patterns, like walking or breathing (Kiehn, 2016). There is evidence for CPGs

controlling the fore-limbs and hind-limbs (Frigon, 2017), the first located in cer-

vical levels (Ballion et al., 2001) while the lower limbs are associated with a CPG

located in the lumbar segments in rodents (Cina and Hochman, 2000; Nishimaru

et al., 2000). CPGs work by reciprocally inhibiting neurons controlling opposite

action, like flexion and extension on opposite sides of the body (Marder and

Bucher, 2001); if NaV1.1 is part of the inhibitory networks, it could be part of the

source of the motor alterations observed in Dravet patients. There is still scarce

evidence for how the CPGs work in humans, most of our knowledge is derived

from animals models, like the classical spinalised cat (Barbeau and Rossignol,

1987; Whelan, 1996). The combination of this approach with the study of tis-
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sues donated by patients examining the pathology is for now the best aproxima-

tion we have to the human physiology, in addition to experiments performed in

primates (Duysens and Van de Crommert, 1998).

Interestingly, a component of the CPG controlling breathing, the pre-Bötzinger

complex (Munoz-Ortiz et al., 2018), has been shown to work on the basis of per-

sistent sodium currents (Pace et al., 2007; Yamanishi et al., 2018), of which

NaV1.1 has been found to be part, among other sodium channels (Ptak et al.,

2005). This observation could be related to another problem observed in Dravet

patients, sleeping problems (Zuberi, 2018). In mice sleep alterations have been

associated with altered NaV currents in the GABAergic neurons in the reticular

nucleus of the thalamus (RNT) (Kalume et al., 2015), but a contribution could

relate to breathing, as patients with Dravet syndrome have been found to have

sleeping problems as a result of breathing alterations (Licheni et al., 2018). The

study of Kalume and collaborators (Kalume et al., 2015) in the RNT would also

be in agreement with the decrease in Scn1a that was found in the Diencephalon

of both 129S and 129S+CD1 mice.

Ataxia is another important symptom observed in patients (Gataullina and

Dulac, 2017) and described in knock-out mouse models (Yu et al., 2006; Ogi-

wara et al., 2007; Oakley et al., 2011; Ito et al., 2013). Here both strains present

with ataxia, observed from day 11; starting with a head sway that affected the

gait until leading to a complete inability to walk, even resulting in the pup fall-

ing into supine position. A decrease in expression of Scn1a was found in the

cerebellum of both strains in knock-out pups, consistent with the described

symptoms and with previous reports that NaV1.1 is present in the cerebellum

(Felts et al., 1997; Whitaker et al., 2000; Chung et al., 2003; Schaller and

Caldwell, 2003). If these findings are also true in humans (no study was found

on this regard), it could help to explain part of the cognitive and social issues

that form part of Dravet Syndrome. Some adults and children with a restricted

lesion in the cerebellum suffer from cerebellar cognitive affective syndrome,

which affects decision-making, visual-spatial and linguistic abilities; and in chil-

dren, these lesions have also been associated to irritability and autistic features
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(Schmahmann, 2004). This is a similar description to the one given to children

with Dravet (Wolff et al., 2006). Alteration in cerebellar pathways in mice have

also shown its involvement in social behaviour (Carta et al., 2019).

These cerebellar findings are also correlated with what appears to be the most

reliable measurement from the open field test; the parallel index. The increas-

ingly negative index in the knock-outs mice is reflecting the increasing ataxia

with each consecutive day, leading them to sometimes even turn over without

any outside force applied. It has been widely described that cerebellar alteration

are associated with problems in coordination in humans (Manto et al., 2012)

and mice (Cendelin, 2014); cerebellar ataxia compromises the ability to walk in

humans (Ilg et al., 2007; Buckley et al., 2018) and mice (Glynn et al., 2005;

Long et al., 2014). The parallel index is a reflection of the randomness associ-

ated with the ataxic gate shown by the knock-out in both the 129S strain and the

129S+CD1 strain.

The strain comparison also showed that the WTs in the 129S+CD1 seem to have

better locomotion than WTs in the 129S strain. Although these differences were

not significant (except in a handful of days). Other authors have measured the

exercise capacity in different mouse strains, and showed that CD1 seem to be the

fastest in terms of speed achieved on a treadmill (Billat et al., 2005). Unfortu-

nately, in this study the 129S strain was not used, but the strain background

could help explain the differences observed, and it is possible that more signific-

ant deviations could appear in adult mice.

Both strains are comparable under the parameters previously analysed. The

main advantage of the 129S+CD1 strain is its increased litter size. This allows to

obtain significantly more knock-outs for vector testing, which is the reason why

these animals were used in the experiment described in chapter 8.
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6.5 - The mixed 129S-Scn1atm1Kea/Mmjax + B6
strain

This mixed strain has been previously described by Miller and collaborators

(Miller et al., 2014). Heterozygous 129S mice were mated wild-type WT C56BL/

6J (The JAX Laboratory, from now on B6). The first generation (F1 129S+B6)

was characterised. 

Figure 84. 129S cross with B6 strains result in different phenotypes.

It should be noted that the results in this section have been separated depending

on the mating pair combination. It was found that depending on the strain to

which the female or male belonged, the pups will show symptoms or not (Figure

84), this might be explained by differences in gene expression, as seen for

Gabra2 when 129S are compared to C56BL/6J mice (Hawkins et al., 2020). A

heterozygous female from the 129S strain (described in Section 6.2, page 147)

mated with a wild-type male from the B6 strain (F1 129S(M)+B6), resulted in

pups having symptoms by P20-P22 as others have described. Mating a heterozy-

gous 129S male and a wild-type B6 female resulted in F1 pups (F1

129S+B6(M)) with no distinguishable phenotype. The main objective of this

section is to characterise this strain in our laboratory and confirm that it follows

the described phenotype in the literature.
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6.5.1 -  Genotype distribution

Mating pairs showed no differences in the litter sizes; on average 6 pups were

born each time. The genotype of the pups was mostly equally distributed

between wild-types and heterozygous, and no differences between mating pairs

was found (Figure 85)

Figure 85. 129S+B6 strain litter genotype. A) No significant differences
were found in the litter sized between females in the 129S background and
in the B6 background (p=0.914). The average litter for the 129S females
was 6.05 (5.29 to 6.80 CI) pups per litter; the F1 129S+B6 litters had an av-
erage size of 6.60 (1.66 to 11.5 CI) pups. B) The genotype of the pups on
mating involving a HET and WT was not significantly different. 129S females
had 49.61% (41.05 to 58.19%) wild-types and 50.39% (41.81 to 58.95%)
heterozygous; B6 females gave birth to 54.55% (37.99 to 70.16%) wild-
types and 45.45% (29.84 to 62.01%) heterozygous. Litters n: 21 for 129S, 5
for B6. 

6.5.2 -  Survival and weight gain

Originally all pups, regardless of the parents original strain, were studied. This

resulted in higher levels of survival than those previously reported. Further ana-

lysis revealed that those pups born from a heterozygous 129S female had in-

creased mortality, while those with a B6 mother showed no differences with

wild-types (Figure 86). 
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Figure 86. Survival of mice from the 129S+B6 strain depending on par-
ent's strain. A) The F1 129S(M)+B6 mice showed a significant difference
between wild-types and heterozygous (p<0.001); they had a median surviv-
al of 24 days, at which time only 41.70% of them was still alive. B) No signi-
ficant differences were found between genotypes in the F1 129S+B6(M)
mice (p>0.999). Log-rank (Mantel-Cox) test.

Wild-types and heterozygous that survived over 40 days in the F1 129S(M)+B6

had similar weight. Heterozygotes that eventually died during this period

showed a trend towards less weight, that was significant in in days 27

(p=0.029), 30 (p=0.002) and 32 (p=0.029) (Figure 87A). F1 129S+B6(M) had

no difference in weight between genotypes (Figure 87B).

Figure 87. Weight gain of mice from the 129S+B6 strain depending on
parent's strain. A) wild-type mice belonging to the F1 129S(M)+B6 strain
showed no differences in weight with the heterozygotes that survived bey-
ond 40 days. The heterozygotes that died during this period were signific-
antly different from wild-types on days 21 (p<0.001), 27 (p=0.025), 30
(p=0.002) and 32 (p=0.024). B) mice born to a B6 female showed no dif-
ferences on weight between wild-types and heterozygous. Shown as av-
erage±SD in each day. Analysed by mixed effects model with Tukey's mul-
tiple comparisons test.
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6.5.3 -  Scn1a expression in the 129S+B6(M) strain

The expression of Scn1a was assessed in both strains, given the significant differ-

ence in their phenotype; I hypothesised that this could be related to the amount

of expression lost from the loss of one allele of Scn1a.

No significant differences in expression of Scn1a was found between wild-types

and heterozygous mice born from a B6 female and a heterozygous 129S male.

Most areas of the brain showed a non-significant decrease in Scn1a expression.

In the diencephalon and cerebellum and particularly in the cervical spinal cord,

the overall number of copies detected was higher than in the cortex and hippo-

campus. More detail can be found in Table 46 and Figure 88.

AREA WT HET P-VALUE

Cortex 95.87 (76.71-115.0) 86.72 (65.26-108.2) 0.388
Hippocampus 52.15 (28.63-75.67) 40.03 (26.83-53.23) 0.519
Diencephalon 147.7 (115.6-179.9) 134.7 (96.46-173.0) 0.529
Cerebellum 154.1 (132.9-171.9) 149.6 (120.8-178.5) >0.999

Cervical spine 325.8 (304.5-347.1) 335.8 (-521.1-1193) >0.999

Table 46. Scn1a gene expression in CNS areas of the 129S+B6(M) mice.
All values are expressed in number of Scn1a per 104 Gapdh copies. Ranges
are 95% confidence intervals. Analysed with Mann Whitney test, n=9 WT
and 5 HETs.
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Figure 88. Scn1a expression in the CNS of 129S+B6(M) Dravet mice ac-
cording to genotype. Expression normalised to the WT expression. No signi-
ficant difference in the levels of expression of Scn1a was found in the studied
brain areas. A) In the cortex, HETs had 90% (68 to 112%) of the WT expres-
sion (p=0.934). B) In the hippocampus HETs had 94% (67 to 122%) of WT
expression. C) In the diencephalon HETs were similar to WTs with a mean
Scn1a expression of 91% (65 to 117%). D) No differences were found in the
cerebellum, HETs reached 98% (79 to 117%) of WT expression. E) In the
cervical spinal cord no differences (p>0.999) between WT and HET Scn1a
expression was found. Analysed with Two-way ANOVA with Sidak's multiple
comparisons test. n= 9 WT and 6 HET; cervical spine only has 2 HET.

Gene expression in the heart, liver, spleen and kidney was assessed, but due to

the low number of heterozygous mice available, it was not possible to conduct

an appropiate statistical analysis. The currently available data is available in

Table 57 and Figure 147 (Page 289). 
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6.5.4 -  Scn1a expression in the 129S(M)+B6 strain

Unlike F1 129S+B6(M) mice, animals born from a heterozygous 129S female

and a wild-type B6 male showed a significant increase in mortality, seizures

events. Considering the findings from the previous section, I hypothesised that

greater differences in Scn1a expression would be found in these mice.

Heterozygotes F1 129S(M)+B6 mice showed significant differences in the ex-

pression of Scn1a in most areas of the CNS analysed when compared to their

wild-type litter mates. Of the analysed regions, the cervical spine had the highest

number of Scn1a copies per Gapdh particles (Table 47); significance differences

were found in the cortex, hippocampus and diencephalon (Figure 89). 

AREA WT HET P-VALUE

Cortex 105.1 (81.31-128.8) 46.69 (37.08-56.30) 0.036
Hippocampus 32.95 (20.58-45.32) 20.57 (13.18-27.97) 0.071
Diencephalon 143.3 (114.3-172.3) 67.67 (27.09-108.2) 0.036
Cerebellum 149.2 (116.4-182.0) 111.9 (93.84-130.0) 0.143

Cervical spine 330.6 (301.1-360.2) 247.1 (212.5-281.8) 0.036

Table 47. Scn1a gene expression in CNS areas of the 129S(M)+B6 mice.
All values are expressed in number of Scn1a per 104 Gapdh copies. Ranges
are 95% confidence intervals. Analysed with Mann Whitney test, n= 5 WT
and 3 HET.

In the peripheral organs, only the heart showed a significant decrease of Scn1a

expression in heterozygous compared to wild-types. The Liver and spleen had re-

duced Scn1a expression that did not reach significance (Table 48 and Figure 90).

AREA WT HET P-VALUE

Heart 0.12 (0.09-0.14) 0.07 (0.05-0.09) 0.036
Liver 0.25 (0.16-0.35) 0.16 (0.15-0.17) 0.071

Spleen 0.27 (0.15-0.40) 0.14 (0.08-0.20) 0.071
Kidney 0.13 (0.11-0.16) 0.14 (0.11-0.16) >0.999

Table 48. Scn1a gene expression in systemic organs of the 129S(M)+B6
mice. All values are expressed in number of Scn1a per 104 Gapdh copies.
Ranges are 95% confidence intervals. Analysed with Mann Whitney test, n=
5 WT and 3 HET.
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Figure 89. Scn1a expression in the CNS of 129S(M)+B6 Dravet mice. Ex-
pression normalised to the WT expression. Most CNS areas showed a signi-
ficant difference between WTs and HETs. A) In the cortex HETs only had
44% (35 to 53%) of the expression seen in WTs. B) In the hippocampus
HETs only had 62% (40 to 85%) of WT Scn1a expression. C) The Dienceph-
alon followed the same trend, with HETs only reaching 47% (19 to 76%). D)
In the cerebellum the difference was less pronounced. HETs had 75% (63 to
87%) of the WTs Scn1a expression. E) The cervical spinal cord was similar to
the cerebellum, HETs only had 75% (64 to 85%) of WT expression. Analysed
with Two-way ANOVA with Sidak's multiple comparisons test, n= 5 WT and
3 HET.

Absolute quantification Scn1a gene expression in 129Sv+B6 (129Sv Mom) strain in
the CNS areas
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Figure 90. Scn1a expression in the systemic organs of 129S(M)+B6
Dravet mice. A) In the heart, HETs had 62% (39 to 84%) of the Scn1a ex-
pression seen in WTs (p=0.045). B) A non-significant difference was found
in the liver, were HETs had 63.93% (58.29 to 69.57%) of WT Scn1a expres-
sion. C) HETs in the spleen had 52% (31 to 73%) of WT expression
(p=0.025). D) No significant differences were found in the kidney between
HETs and WTs (p>0.999). Analysed with Two-way ANOVA with Sidak's mul-
tiple comparisons test, n= 5 WT and 3 HET.
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6.5.5 -  Il-1β expression in the 129S+B6(M) strain

Il-1β has been shown to increase its expression after seizures (Vezzani et al.,

1999; Ravizza and Vezzani, 2006). My hypothesis was that in consideration of

F1 129S+B6(M) showing no overt phenotype, and no differences in Scn1a ex-

pression, no differences in Il-1β expression would be expected in these mice. 

In the areas of the CNS studied, no significant differences in Il-1β expression

between wild-types and heterozygous was found (Table 49 and Figure 91).

AREA WT HET P-VALUE

Cortex 1.25 (1.09-1.41) 1.80 (0.62-2.99) 0.181

Hippocampus 0.70 (0.59-0.80) 1.23 (0.25-2.21) 0.181

Diencephalon 0.41 (0.33-0.48) 0.43 (0.37-0.48) 0.755

Cerebellum 1.07 (0.28-1.86) 0.68 (0.54-0.82) 0.864

Cervical spine 0.88 (0.83-0.94) 0.82 (-0.73-2.37) >0.999

Table 49. Il-1β gene expression in CNS areas of the 129S+B6(M) mice.
All values are expressed in number of Il-1β per 104 Gapdh copies. Ranges are
95% confidence intervals. Analysed with Mann Whitney test. n= 9 WT and 6
HET (except in the cervical spine, HET=2).

Gene expression of Il-1β in the heart, liver, spleen and kidney was assessed, but

due to the low number of heterozygous mice available, it was not possible to

conduct an appropriate statistical analysis. The currently available data is avail-

able in Table 58 and Figure 148 (Page 290).

201 | Dravet mouse models



Figure 91. Il-1β expression in the CNS of 129S+B6(M) Dravet mice. Ex-
pression normalised to the WT expression. There was no significant differ-
ence in Il-1β expression between both genotypes. A) In the cortex, heterozy-
gous had no difference on the expression compared to wild-types, with 1.09
(0.73 to 1.45) times the expression observed in wild-type. B) In the hippo-
campal region, heterozygotes had 1.24 (0.71 to 1.77) times the wild-type ex-
pression. C) Similarly, heterozygous in the Diencephalon had 1.05 (0.91 to
1.18) times the expression of wild-types. D) No differences were found in the
cerebellum either, where heterozygous averaged 0.93 (0.74 to 1.12) times
wild-type expression. E) In the cervical spinal cord heterozygous mice had
0.93 (-0.82 to 2.69) times the wild-type expression. Analysed with Two-way
ANOVA with Sidak's multiple comparisons test. n= 9 WT and 6 HET (except
in the cervical spine, HET=2).
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6.5.6 - Il-1β expression in the F1 129S(M)+B6 strain

mice

As F1 129S+B6 mice suffer seizure and die from SUDEP, I hypothesise that these

mice would have an increased expression of Il-1β.

There was a trend towards increased Il-1β expression in the hippocampus, dien-

cephalon and cerebellum. The cortex and cervical spinal cord showed no signi-

ficant differences between the two genotypes (Table 50 and Figure 92). 

AREA WT HET P-VALUE

Cortex 1.50 (0.89-2.09) 1.08 (0.63-1.52) 0.250

Hippocampus 0.90 (0.45-1.34) 1.08 (0.63-1.52) 0.786

Diencephalon 0.48 (0.35-0.62) 0.70 (0.42-0.97) 0.071

Cerebellum 0.95 (0.46-1.44) 1.83 (1.14-2.51) 0.071

Cervical spine 1.14 (0.97-1.31) 1.28 (0.85-1.70) 0.250

Table 50. Il-1β gene expression in CNS areas of the 129S(M)+B6 mice.
All values are expressed in number of Scn1a per 104 Gapdh copies. Ranges
are 95% confidence intervals. Analysed with Mann Whitney test. n= 5 WT
and 3 HET.

There was a non-significant increase in Il-1β expression in the heart and spleen.

The kidney and liver showed a small decrease that was not significant (Table 51

and Figure 93).

AREA WT HET P-VALUE

Heart 1.05 (0.72-1.38) 1.67 (0.78-2.56) 0.057

Liver 4.31 (-0.90-3.06) 3.56 (1.17-5.95) 0.071

Spleen 106.6 (71.04-142.1) 130.6 (107.8-153.4) 0.143

Kidney 4.34 (3.29-5.40) 3.63 (2.91-4.35) 0.143

Table 51. Il-1β gene expression in systemic organs of the 129S(M)+B6
mice. All values are expressed in number of Scn1a per 104 Gapdh copies.
Ranges are 95% confidence intervals. Analysed with Mann Whitney test. n=
5 WT and 3 HET.
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Figure 92. Il-1β expression in the CNS of 129S(M)+B6 Dravet mice.
There was no significant difference in Il-1β expression between both geno-
types. A) In the cortex, heterozygotes showed no difference in expression
compared to wild-types, with 0.72 (0.42 to 1.02) times the expression ob-
served in wild-type. B) In the hippocampal region, heterozygotes had 1.20
(0.70 to 1.70) times the wild-type expression. C) Similarly, heterozygotes in
the Diencephalon had 1.47 (0.87 to 2.02) times the expression of wild-types.
D) A significant difference between WT and HETs (p<0.001) was found in
the cerebellum, where heterozygotes averaged 1.93 (1.20 to 2.65) times
wild-type expression. E) In the cervical spinal cord heterozygous mice had
1.12 (0.75 to 1.49) times the wild-type expression. Analysed with Two-way
ANOVA with Sidak's multiple comparisons test. n= 5 WT and 3 HET.
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Figure 93. Il-1β expression in the systemic organs of 129S(M)+B6
Dravet mice. All comparison against WT. A) In the heart heterozygous had
159% (74% to 244%) of wild-type's expression (p=0.124). B) No significant
difference was found in the liver, were heterozygous had 36% (11% to 59%)
of WT expression. C) No differences were found in the spleen (p=0.986). D)
No difference (p=0.945) was found in the Kidney, were heterozygous had
83% (67% to 100%) of WT expression. Analysed with Two-way ANOVA with
Sidak's multiple comparisons test. n= 5 WT and 3 HET.

6.5.7 -  Motor development: open field

Heterozygous mice have been shown to have hyperactivity and impaired social

interaction (Han et al., 2012). Only F1 129S(M)+B6 mice were assessed in the

open field. The animals were followed for a total of 9 weeks and recordings were

made every 2 weeks. No significant differences were found between heterozy-

gotes and wild-types in the first five weeks of life (data is available for weeks 3,

4 and 5); from week 7 onwards the heterozygous group was significantly re-
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duced as there were only 6 mice alive (from 26 initially). No clear trend from

these heterozygotes could be found, although they seemed to prefer the peri-

phery of the box (Figure 94F).

Figure 94. Open Field in 129S+B6 strain (1). In all tables, the p-value cor-
responds to the comparison between the wild-types and heterozygotes at the
corresponding week. A) Diagram of the zones considered on the analysis of
the open field recording. No significant differences were found between
wild-types and heterozygotes in B) the total distance walked, C) the mean
speed without resting time, D) the maximum speed at which the mice
walked. E) The mice seemed to prefer the periphery of the box, shown by
the reduced distance walked in the centre of the box, significant in weeks 5
and 7. F) Similarly, the mice walked significantly more in the periphery, sig-
nificant in weeks 5 and 7. For weeks 2 to 9, n= 15 wild-types and 26 hetero-
zygotes. weeks 5 to 9 only had 6 heterozygotes. Two-way ANOVA with
Sidak's multiple comparisons test.
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Figure 95. Open Field in 129S+B6 strain (2). In all tables, the p-value cor-
respond to the comparison between the wild-types and heterozygotes at the
corresponding week. No significant differences were found between wild-
types and heterozygotes regarding the A) percentage of the recording time
they spent resting, B) the number of transitions between zones, C) the per-
centage of time they walked at a slow (<2.5cm/s) or D) fast (>15cm/s)
speed. No differences were found in E) the percentage of time they spent in
the centre or F) the periphery. For weeks 2 to 5, n= 15 wild-types and 26
heterozygous. weeks 5 to 9 only had 6 heterozygotes. Two-way ANOVA with
Sidak's multiple comparisons test.
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Figure 96. Open Field in 129S+B6 strain (3). In all tables, the p-value cor-
responds to the weekly comparison between the wild-types and heterozyg-
ous. A) No significant differences were found between wild-types and het-
erozygotes in the parallel index; where only one week was significantly
different, but no clear trend was observed, B) nor in the turning tendency,
where both strains were similar. For weeks 2 to 5, n= 15 wild-types and 26
heterozygotes. Weeks 5 to 9 only had 6 heterozygotes. Two-way ANOVA with
Sidak's multiple comparisons test.

0 2 4 6 8 10
0.3

0.4

0.5

0.6

0.7

Days

P
ar
al
le
lI
nd
ex

WT
HET

A)Parallel index

0 2 4 6 8 10
-0.10

-0.05

0.00

0.05

0.10

Days

P
ar
al
le
lI
nd
ex

B) Turning tendency

Week P-value

3 0.991

4 0.988

5 0.284

7 0.169

9 0.856

Week P-value

3 0.990

4 >0.999

5 0.983

7 0.039

9 0.999

Open field analysis strain comparison 129Sv+B6

208 | Dravet mouse models



6.5.8 -  Summary of the 129S + B6 strains

The animals from the F1 129S(M)+B6 strain have been previously described

(Miller et al., 2014; Mistry et al., 2014). Miller and collaborators (2014) found a

mortality of around 50% by 30 days; Ogiwara and collaborators showed a mor-

tality of around 40% in a mixed 129S (25%) and B6 (75%) background and no

increased mortality on a 75-25% (129S vs B6) background at 13 weeks (Ogi-

wara et al., 2007); Yu and collaborators found an 80% mortality by 13 weeks on

129S (50%) and B6 (50%) background (Yu et al., 2006). This is in agreement

with what has been described here, with around 67.4% dying by day 30 and

72.9% of them dying by week 13. The inheritance of the mutated gene seemed

to follows a mendelian ratio, with 50% of the pups on the first generation being

heterozygotes. Weight showed no significant differences between genotypes. All

these findings are in accordance with previous studies (Yu et al., 2006; Ogiwara

et al., 2007; Miller et al., 2014; Mistry et al., 2014).

Kang, Hawkins and collaborators also found heterozygous animals to have a

mortality of around 40%; similar to the 20% (129S) and 30% (129S+CD1)

found here, the authors also note that mortality depends on the strain back-

ground (Hawkins et al., 2018; Kang et al., 2018). Similar findings have been

found in other genetically modified mouse models, where the strain background

would modify the observed phenotype (Montagutelli, 2000; Doetschman, 2009).

For example, mutations in the cystic fibrosis transmembrane conductance regu-

lator (CFTR) protein would not produce lung disease in a mixed background

(Clarke et al., 1992; Snouwaert et al., 1992), but mice in the C57BL/6J back-

ground showed lung disease (Kent et al., 1997).

Hsiao et al. assessed the expression of the Scn1a in heterozygous mice from the

Scn1aE1099X/+mouse model, which has similar characteristics as the mice de-

scribed here (Tsai et al., 2015). They found that there was a significant differ-

ence, with most brain areas showing around 50% of the expression seen in wild-

types. They observed that the area with the most loss of expression was the cor-

tex, followed by the hippocampus and diencephalon. Finally the cerebellum and
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brain stem were less affected (Hsiao et al., 2016). Here I have shown a similar

profile of decreased in the expression of Scn1a in the symptomatic heterozygous

mice. 

Regarding the motor assessment performed here, no differences were found

between genotypes in the different strains. Han and collaborators found that het-

erozygous mice travel significantly longer distances than their wild-type litter-

mates (Han et al., 2012); a finding I have not been able to replicate here. This

discrepancy is likely due to the increased number the authors had (10-12 adult

mice per group). Here the adult heterozygous mice were only three, the ones

that survived to adulthood. It is possible that by increasing this number, the dif-

ferences would become apparent. This would require a significantly longer time

(unfortunately not available at this point), and larger number of mice. In this

strain only 32% of heterozygous survived past 30 days. Following previous stud-

ies, we would require 12 heterozygous mice alive after week 5 to determine any

significant difference between WT and HET mice in open field analysis. There-

fore, this would require a total of 38 HET mice to be assessed. With an average

litter size of six pups; this would require 13 successful mating on the 129S fe-

males, each normally taking a month to litter down. Ito and collaborators found

no hyperactivity in heterozygous mice, although they showed hyperactivity when

exposed to a novel environment (Ito et al., 2013; Kearney, 2013b). It is possible

that the results here presented reflect the habituation of the mice to the open

field test, as it was repeated several times.

Several authors have found that these mice can present with autistic features

(Han et al., 2012; Rubinstein et al., 2015; Ricobaraza et al., 2019), and it is pos-

sible that these characteristics could be found on the 129S(M)+B6 strain. Test-

ing these autistic features could be a possible future experiment to further valid-

ate the 129S(M)+B6 Dravet mouse model. Given the consistency with previous

studies, this strain would be used to further validate the vectors after initial test-

ing in the knock-outs of 129S+CD1.
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It is interesting that the F1 129S+B6(M) offspring showed no significant differ-

ences in survival between the heterozygous and wild-type mice. This may be due

to the fact that these mice were not followed for a year, in contrast with the oth-

er dravet strains. Future experiments would require a follow on survival study of

this strain. Given that in strains with a milder phenotype heterozygotes show a

mortality around 20% I would hypothesise that it is possible that the F1

129S+B6(M) heterozygous would have an increased mortality of around 20%.

Unfortunately time, financing and space constrains did not allow maintenance of

these animals for a longer time. One possible explanation could relate to mater-

nal genes that are expressed to different levels in 129S or B6 mice. It was not

possible to find a comparison of gene expression profiles that can support this

claim. In spite of this, there is evidence of maternal gene silencing. Mutations in

the paternal MAGEL2 gene (located in chromosome 15) result in Prader–Willi

syndrome, this is because the maternal MAGEL2 copy is silenced, and therefore

these patients effectively have no expression of the gene (Butler et al., 2016).

The same phenomenon has been shown in mice (Bischof et al., 2007) and simil-

ar results are seen in a mouse model of Angelman syndrome (Lewis et al., 2019).

Another possible explanation could relate to modifier genes and their different

expression in different mouse strains. Miller an collaborators have shown poten-

tial modifier genes in chromosomes 5, 7, 8 and 11 when comparing 129S mice

with 129S+B6 (Miller et al., 2014). More recently it has been found that the

Gabra2 gene is expressed to lower levels in B6 mice, and that when its expres-

sion is increased, the observed phenotype is ameliorated (Hawkins et al., 2020).

qPCR experiments revealed no significant difference in Scn1a expression

between heterozygous and wild-type mice. Furthermore comparing Scn1a ex-

pression in discrete regions of the brain, spinal cord and visceral organs from the

129S(M)+B6 and 129S+B6(M) strains showed a significant difference in the

cortex, while there was a trend in the hippocampus and diencephalon and cere-

bellum, however they did not reach significance (Figure 97). All this seems to be

in agreement with the lack of an observable phenotype in 129S+B6(M) mice

and would directly relate the phenotype to the level of expression of Scn1a. Oth-

er authors have reported differences between sexes on Dravet mice (Williams et
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al., 2019), but so far none as been found regarding differences being related to

the parent's genotype or strain. These results point to an underlying genetic

modifier of the phenotype. A survival study with an increased number of

129S+B6(M) mice will be needed to confirm these result, and it would be inter-

esting to perform a study similar to the one conducted by Miller et al. in which

they looked at possible disease modifier genes comparing the 129S and

129S(M)+B6 strain (Miller et al., 2014). 

Figure 97. Scn1a expression loss in the 129S+B6 strains. There were sig-
nificant differences in the percentage of expression that is lost in heterozyg-
ous depending on the strain. 129(M)+B6 animals showed less expression in
all areas; but only reaching significance in the cortex; the hippocampus and
diencephalon almost reached significance. The differences in the cerebellum
and cervical spinal cord were less marked. Analysed using Two-Way ANOVA
with Sidak's multiple comparisons test.
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6.6 - Animal models for Dravet syndrome

6.6.1 -  The mortality of heterozygotes is influenced by 
strain background

In this chapter I have described four different background strains carrying the

same mutation; most of them lead to heterozygotes showing around 20% mor-

tality (Figure 98). When a heterozygous 129S male was used, the resulting het-

erozygous pups had a mortality of around 20%. Heterozygous females were only

mated with either a 129S or a B6 male; the first results in heterozygous mice

with 20% mortality, while the second combination results in a significantly more

severe phenotype that has 80% mortality. Mating a heterozygous 129S female

with a wild-type CD1 was not performed as the objective of introducing CD1 was

to increase the number of pups; hence only female CD1s were used. Considering

CD1 tend to be more resilient to genetic modifications (Tylzanowski et al., 2006;

Cobolli Gigli et al., 2016), it is possible that this combination would result in the

previously observed 20% mortality as well.

Figure 98. Observed heterozygous mortality by the parent's genotype
and strain. The size and colour are proportional to the observed mortality.
The yellow squares correspond to the matings not studied; a wild-type CD1
with a heterozygous 129S female and a male 129S with a wild-type B6
female. 

It has been reported that using C57BL/6J or C57BL/6N results in different phen-

otype (Kang et al., 2018). More recently Niibory et al. have performed a similar

mating combining heterozygous females and males in the 129S strains with

C57BL/6J wild-types; unfortunately they don't report mortality for each com-

bination, but the overall mortality is 70% by day 56. They also found significant

differences in the phenotype of male and female offspring's (Niibori et al.,

2019); the latter was unfortunately not assessed here. Regardless, it is clear that
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all these observations highlights the influence that strain background had on

phenotype and point to disease-modifying genes depending on genetic back-

ground (Hawkins et al., 2018).

6.6.2 -  Scn1a expression across strains

Hawkins et al. analysed the expression of Scn1a and other genes in the 129S and

129S(M)+B6 strain, showing that the major differences between genotypes is in

Scn1a expression, while a possible explanation for the less severe phenotype of

the 129S heterozygous could be related to an increased expression of Gabra2

(Hawkins et al., 2018). Comparing the expression of Scn1a in the different

strains shows that the level of expression seems to be related to the observed

phenotype. It is possible to group gene expression loss (compared to wild-types)

according to the observed mortality on the strain the samples belongs to. Anim-

als showing lower levels of mortality (129S heterozygotes, 129S+CD1 heterozy-

gotes and 129S+B6(M) heterozygotes) overall lost less expression of Scn1a than

those with high mortality (129S knock-out, 129S+CD1 knock-out and

129S(M)+B6 heterozygous); these differences between these groups (high mor-

tality vs low mortality) were significant in all the studied areas except the cervic-

al spinal cord (Figure 99). Comparing the results for each strain per area shows

that the cortex and the hippocampus are the regions where these differences

seemed to be more consistent. The loss of expression in 129S+CD1 heterozyg-

ous mice seems to be equal to that observed in mice with high mortality; except

for the cortex. The lack of major differences between knock-out and heterozyg-

ous mice in this strain was previously observed in the strain description (Section

6.3.3, page 169). Overall these results seem to imply that the severity of the

phenotype, at least in relation to mortality, could be related to how much Scn1a

expression is lost compared to wild-type mice. It is logical to expect a severe

phenotype and high loss in the knock-out mice, but it is interesting that the

129S(M)+B6 heterozygous seem to lose as much expression as the knock-outs,

while 129S+B6(M) heterozygous did not. In none of the analysed areas was

there a difference between 129S(M)+B6 heterozygous and the knock-out anim-

als from the other two strains. 
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Figure 99. Comparison of Scn1a expression in discrete regions of the
brain and mortality rate in different mouse strains of Dravet syndrome.
Blue-shaded strains have around 20% mortality; red-shades correspond to
strains with mortalities between 80 to 100%. A) A significant difference was
found in the cortex when the overall loss observed in low-mortality strains
was compared to the high-mortality strains(p<0.001). Comparison between
individual strains (table) showed significant differences between heterozyg-
ous in the 129S and 129+B6(M) with all high-mortality strains and geno-
types. Heterozygous in the 129S+CD1 showed no significant differences
when compared to the high-mortality animals. Similar results were found in
the B) hippocampus, C) diencephalon and D) cerebellum. Comparisons
between individual strains did not reach significance in these areas, except of
a handful, highlighted in bold. No significant differences were found in the
cervical spinal cord. One-way ANOVA with Sidak's multiple comparisons test.
Tables show the p-values corresponding to the comparisons between strain.
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corresponding survival of the strain to which the sample belongs to. All CNS

areas showed a trend for a positive correlation; the higher the percentage of

Scn1a expression compared to WT, the greater the survival of the Dravet mice

(Figure 100).

Further analysis of the trend using Spearman correlation showed a moderate

(Akoglu, 2018), but significant correlation between the percentage of expression

lost in the cortex and the survival observed in each strain. A weaker (Akoglu,

2018) correlation was found in the hippocampus, diencephalon and cerebellum

(Figure 100).

Figure 100. Correlation between loss of expression of Scn1a and surviv-
al in the different brain area. Expression loss in heterozygous and knock-
out compared to wild-types was associated to the overall survival in their
strain. For example, heterozygous in the 129(M)+B6 have a 27.1% survival.
The linear regressions and its corresponding 95% confidence intervals are
presented. A) There was a significant correlation in the cortex (rs[30]=
0.552, p<0.001). B) In the hippocampus there also was a significant correla-
tion between expression loss and survival (rs[30]= 0.396, p=0.010). C) A
significant correlation was found in the diencephalon (rs[29]= 0.284,
p=0.020) and in D) the cerebellum (rs[29]= 0.236, p=0.041). E) No correl-
ation was found in the cervical spinal cord (rs[22]= 0.143, p=0.372). The
box in each graph contains Spearman r and its corresponding p-value. The
main table contains the values for each of the presented linear regressions.
The slopes from all but the cervical spinal cord are significantly different
from zero. SE= Standard error, Cx= Cortex, Hip= Hippocampus, Dcn= Di-
encephalon, Cer= Cerebellum, Dsp= cervical spinal cord.
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from zero. Cx= Cortex, Hip= Hippocampus, Dcn= Diencephalon, Cer= Cerebellum,
Dsp= Dorsal Spine
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The observed phenotype such as spontaneous seizure, ataxia etc can be ex-

plained by the qPCR data which showed a loss of Scn1a expression in the cortex

and hippocampus; with a contribution from the cerebellum. This would be in

agreements with what previous authors have shown. Cheah and collaborators

deleted Scn1a in GABAergic neurons in the forebrain (the cortex and hippocam-

pus), and showed that by doing this, the observed phenotype was similar to that

observed with global deletion of Scn1a (Yu et al., 2006). Therefore the authors

concluded that the loss of expression in these two areas is sufficient to produce

an epileptic phenotype and mortality (Cheah et al., 2012). Furthermore, studies

have shown that a restricted deletion of Scn1a in PV+ cells leads to increased

hyperthermia sensitivity and seizure propensity, phenomena not observed when

NaV1.1 deletion was instead restricted to excitatory cells (Dutton et al., 2013).

Considering all these findings, it seems likely that the core phenotype in these

mice, the increase mortality and seizure propensity, is caused by the lack of

Scn1a in the cortex and hippocampus, most likely in the inhibitory interneurons

in these areas. The cerebellar contribution may explain the observed ataxia in

the knock-out mice; which as also been observed and suggested by others

(Kalume et al., 2007). The cerebellum might also be part of the seizure-genera-

tion mechanism (Marcián et al., 2016).
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6.6.3 -  Conclusions

Over this chapter I have shown that the newly established Dravet strains recapit-

ulate the main characteristics of Dravet Syndrome. The knock-out mice models

(129S and 129S+CD1) have an ataxic phenotype which as been observed in the

human disease (Connolly, 2016; Gataullina and Dulac, 2017); these mice show a

high mortality, greater than that observed in humans (Sakauchi et al., 2011;

Shmuely et al., 2016). The higher mortality in these models is probably a results

of the complete lack of Scn1a expression (KOs) while the disease in humans is

the result of a heterozygous mutation (De Jonghe, 2011; Bechi et al., 2012).

However, the heterozygous 129S(M)+B6 mice seem to recapitulate more faith-

fully the symptoms of Dravet patients, less severe mortality, frequent and SUDEP.

These mice did not show major motor alterations, although more adult heterozy-

gous mice are required to confirm this observation. Knock-outs showed ataxia,

commonly observed in patients (Wolff et al., 2006; Genton et al., 2011; Con-

nolly, 2016; Gataullina and Dulac, 2017). Overall, the use of these mouse strains

provide us with a wide spectrum of symptoms, recapitulating the main charac-

teristics of Dravet syndrome (objective 1). It is also worth noting that the de-

scribed strains agree with description of others authors (Yu et al., 2006; Ogiwara

et al., 2007). The novel findings in this chapter was the data that showed a signi-

ficant difference in the phenotypic presentation when the 129S were mated with

B6 mice depending on the parent's strain. All the assessments performed in this

chapter provide the baseline for the characteristics of the Dravet strains, and will

be used to assess the efficacy of the gene therapy vectors generated in this thesis.
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Chapter 7:

Vector biodistribution
_______________________
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7.1 - Bio-distribution assessment of control 
AAV8 vectors 

This chapter aims to characterise the biodistribution the designed vectors would

have once injected into the selected animal model. Due to the space constrains

resulting from the size of the SCN1A gene, none of the treatment vectors can fit

the sequence for a fluorescent protein, to more easily assess their expression. It

was not possible to introduce smaller sequences like 3xHA tag due to repeated

recombination events. Unfortunately it was not possible to differentiate between

wild-types and knock-outs using the NaV1.1 antibodies targeting the first half

(Alomone Anti-NaV1.1, amino acid residues 465-481) or the second half (Neur-

omab Anti-NaV1.1, amino acid residues 1929-2009); hence, these antibodies

could not be used to assess the expression of the SCN1A halves from the vectors.

Therefore, I assessed the biodistribution by using a vector that has the exact

same design as the treatment vectors, but instead of containing part of the

SCN1A sequence, it carried the sequence for enhanced green fluorescent protein

(eGFP). 

The main objective for this chapter were: 

1. Show that the vector design can deliver GFP protein in mice.
2. Characterise areas where the vector is expressed in the mouse central

nervous system (CNS) and systemic organs.
3. Assess the cell tropism of the vector.

4. Determine whether, or not, the used vector copies had a detrimental out-
come on the mice.

7.1.1 -  Main findings 

The control hSyn-eGFP vector was expressed throughout the brain; it was partic-

ularly strong in the cortex, hippocampus and diencephalic areas; it was weaker,

but still present, in the cerebellum and dorsal spinal cord. This vector mainly

transfected neurons and was effective in targeting inhibitory interneurons in the

hippocampus. NaV1.1 is expressed to lower levels in the heart, but with the

design used here the expression in this organ was minimal. No adverse effects

were observed in the mice that received this vector. 
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7.1.2 -  AAV2/8 Vector biodistribution

P1 pups received the AAV8-hSyn-eGFP vector by three different routes: in-

tracerebroventricular (ic), intravenous (iv) and a combination of both (ic+iv).

The ic injection delivered 2.18x1011 copies of vector; the iv injection contained

5.80x1011 copies and the combined injection delivered the same amounts as the

individual injections. The mice were culled at P25 and ex vivo GFP expression

was assessed.

Figure 101. AAV2/8-hSyn-eGFP biodistribution experiment. AAV2/8-
hSyn-eGFP vector was administered by intracerebroventricular (ic), intraven-
ous (iv) or a combination of both routes. Animals were monitored for ad-
verse effects and after 25 days, tissue was collected to assess biodistribution
of the vector.
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7.2 - Survival and weight gain

No differences in survival or weight gain were found between the animals injec-

ted by each route and the vehicle-injected controls (Figure 102).

Figure 102. Survival of mice injected with AAV8-hSyn-eGFP vector by
three different routes. No differences were found between the injected and
un-injected mice, regardless of the route of administration. No deaths were
registered during the observed period (25 days).

Figure 103. Weight gain of mice injected with AAV8-hSyn-eGFP vector. ic
injected mice were significantly heavier than un-injected mice on days 5 to
12. No significant differences were found between iv and combined ic+iv
mice and control pups. Analysed by mixed effects model with Tukey's mul-
tiple comparisons test.

The difference in weights observed in the ic injected mice compared to the iv

and ic+iv group were due to the fact that the mice were from different litters.

The iv and combination injections were injected in one litter, while ic was injec-

ted in another litter. This litter was smaller than the litter which received the iv

and combination injections. 
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7.3 - AAV8-hSYn-GFP biodistribution

GFP expression was found in the fore-brain and mid-brain (Figure 104). Anti-

GFP antibody revealed GFP positive cells distributed from the prefrontal cortex

to cerebellum in ic and combined injections. Fewer GFP positive cells were

present in the iv injected mice, which resulted in significantly less expression in

the analysed brain areas (figure 105), not reaching a significant difference with

the un-injected controls in all of them. ic injection and ic+iv were significantly

different from the control animals in all areas (p<0.001 for both, figure 106). In

most areas the ic injection appeared to reach higher levels of expression than the

combined ic+iv delivery; this difference was significant in the pre-frontal cortex,

hippocampal areas CA1 and CA3 and the caudoputamen (p<0.001). The iv in-

jection only reached a significant difference compared to the control in the CA3

area (p<0.001) (figure 107), which could be the result of the CA3 receiving a

higher blood volume fraction than CA1-2 (Zhang et al., 2019) .

The cerebellum showed consistently lower levels of expression for all delivery

routes. In this regions, the cells expressing GFP were morphologically consistent

with Purkinje cells and their fibers over the molecular layer of the of the cerebel-

lar cortex (figure 106). The quantification of immunoreactivity also confirmed

the expression pattern observed in figure 104, where the cerebellum was the

area of least GFP expression.
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Figure 104. Ex vivo GFP expression after intracerebroventricular injec-
tion of AAV2/8-hSyn-eGFP vector in a representative new born wild-type
the mouse brain. Mice were injected with 2.18x1011 copies of vector by bi-
lateral ic injections. Widespread expression of GFP can be observed in the
cortex. GFP is also expressed in the areas around the lateral ventricles. The
cerebellum has significantly less expression than the cortex; not visible in
this image. 

Immunohistochemistry detection for GFP was also performed on visceral organs

A few GFP cells were detected in the liver of all the animals that received vector,

but no GFP staining was observed in any other organ (Figures 108 and 109).

Threshold analysis revealed a significant difference in immunoreactivity in the

liver in combination and un-injected controls.
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Figure 105. Coronal sections stained for GFP in mice injected with
AAV8-hSyn-eGFP vector. 40um sections stained against the GFP protein. A)
Intracerebroventricular (ic) and the C) combined intravenous (iv) and ic in-
jection showed similar expression through the different brain areas. B) iv in-
jection on its own showed more sparse expression, but cells expressing GFP
were present in most brain areas. D) The un-injected control showed no
staining. Magnified images are shown in figure 106. 

D) Un-injected controlC) Combined ic and iv injection

B) Intravenous (iv) injectionA) Intracerebroventricular (ic) injection

1mm

225 | Vector biodistribution



Figure 106. Magnified images of coronal sections stained for GFP in
mice injected with AAV8-hSyn-eGFP vector. GFP expression from ic and
combined ic+iv injections have a similar expression distribution in the brain,
showing high levels in most of the studied areas except the cerebellum. iv in-
jections shows a similar patter of expression, but the staining is less pro-
nounced than in the other delivery routes. Images from equivalent sections,
the controls showed no staining in any of the areas studied. 

iv Control

CA
1

ic

Pr
ef
ro
nt
al
Cx

Th
al
am

us
Ce
re
be
llu

m
CA

3
Ca
ud
op
ut
am

en

ic+iv

50um

226 | Vector biodistribution



Figure 107. Staining quantification of GFP expression in the brain of
mice injected with AAV2/8-hSyn-eGFP vector. Images as the ones shown
in figure 106 were used to quantify the expression of GFP by measuring the
percentage of the image area that is positively stained. Each individual im-
age is represented by a point in the graph. Immunoreactivity from the ic and
combined ic+iv delivery was significantly higher in all analysed areas. A) In
the pre-frontal cortex, , ic administration was higher than the other routes
(p<0.001). B) in the CA1 region there was also a significant difference
between ic (95%) and ic+iv (77%) (p<0.001). C) CA3 showed significantly
higher expression for the three delivery routes, ic being the highest
(80±2.49%), followed by ic+iv (50±5.09%) and then iv (27±7.29); all sig-
nificantly different from each other (p<0.001). D) In the caudoputamen and
E) thalamus the ic delivery resulted in higher immunoreactivity than the oth-
er routes of administration (p<0.001). F) In the cerebellum ic injections res-
ulted in an immunoreactive area of 14±5.20%, while ic+iv reached
16±5.27%. These were significantly different from the control (p<0.001)
but not different from each other (p=0.910).
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Figure 108. Magnified images of sections from systemic organs stained
for GFP in mice injected with AAV2/8-hSyn-eGFP vector. GFP expression
in the different organs was low, with only a few cells being positively stained
in the iv and combined iv+ic administration. The main differences was ob-
served in the ic+iv tissued in the heart and liver. The quantification of the
staining is in figure 109.

The increase in expression observed in the combined ic+iv delivery could be re-

lated to the observation that other researchers have made. AAV vectors are able

to cross the blood brain barrier and be detected in the periphery (Yang et al.,

2014; Karda et al., 2020).
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Figure 109. Staining quantification of GFP expression in the systemic or-
gans of mice injected with AAV2/8-hSyn-eGFP vector. All organs and
routes of administration showed low expression of the vector. A) In the heart
only the combined ic+iv delivery resulted in a significant difference
(p=0.020) from the control (2.36±1.18%) with an average stained area of
5.66±2.14%. B) The combined ic+iv delivery resulted in an average stained
area of 6.00±2.31%, which was significantly different (p=0.001) from the
control (2.19±1.21%). In the spleen (C) and kidney (D) there was no signi-
ficant increase in the stained area compared to the un-injected animals. 

Vector biodistribution was also assessed by qPCR. Data was analysed by two

methods: ΔΔCт with efficiency correction and absolute copy number, normalised

to Gapdh copies. Both methods resulted in the same profile of expression (figure

110) for each analysed area. In the following pages, only the absolute quantifica-

tion will be presented and the results for the ΔΔCт quantification can be seen in

section 10.5.
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Figure 2 (left). GPF immunoreactivity in different brain areas.

Figure 3 (top). GFP immunoreactivity in different systemic organs.
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Figure 110. qPCR analysis to determine GFP expression in the cortex of
mice injected with control vector. The analysis done by either the ΔΔCт or
absolute quantification method, normalised to the wild-type expression, res-
ulted in similar profile of expression. A) vector delivery by ic injection resul-
ted in a significantly higher expression of 5539 (95% CI: 2351 to 8726)
times higher than the control (p<0.001), the combined delivery ic+iv was
3465 (95% CI: 1593 to 5337) times higher than the control (p<0.001). The
iv delivery was not significantly higher (p>0.999) with an increase of ex-
pression 26 (95% CI: 13.66 to 39.92) times higher than the control. B) abso-
lute quantification of GFP expression showed that the ic injection resulted in
the detection of 37229 (95% CI: 28580 to 45878) copies of GFP, while the
ic+iv injection had an average of 22384 (95% CI: 19207 to 25560) copies,
both significantly higher than the control (p<0.001). iv injection resulted in
199 (95% CI: 173.9 to 224.7) copies, which were not significantly different
from the control (p>0.999). The absolute quantification showed three times
more data points because it shows each replicate of a given sample while the
ΔΔCт shows the average of the three replicates as a single point.

GFP expression from the ic and combine ic+iv injection could be detected in all

the brain regions analysed. This increase was more significant for the ic injection

(p<0.001 compared to control in all regions) than for the combined ic+iv deliv-

ery, that was significant in the cortex, hippocampus, diencephalon and cerebel-

Figure 4. GPF gene expression in different brain areas by route of administration.
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Figure 4. GPF gene expression in different brain areas by route of administration.

ic iv ic+iv Control
10-5

10-4

10-3

10-2

10-1

100

Route of administration

G
FP

G
en
e
ex
pr
es
si
on

(G
FP

co
pi
es

/G
ap
dh
co
pi
es
)

GFP Expression in the cortex

p<0.001

p>0.999

p=0.040

ic iv ic+iv Control
10-1

100

101

102

103

104

105

G
FP

G
en
e
ex
pr
es
si
on

(fo
ld
ch
an
ge

fro
m
co
nt
ro
l)

p<0.001

p>0.999

p=0.038

A) GFP expression - Cortex (ΔΔCт)A) GFP expression - Cortex (∆∆CT) B) GFP expression - Cortex (Absolute)

230 | Vector biodistribution



lum, but did not reach significance in the cervical spinal cord (p=0.911). The iv

injection resulted in a non-significant increase in the detected copies of GFP in

all regions (figure 111).

Figure 111. GFP gene expression in the CNS after AAV2/8-hSyn-eGFP
vector administration. Absolute quantification of GFP copies was normal-
ised to the expression in the control samples. A) in the hippocampus, a signi-
ficantly higher expression compared to the control (p<0.001) was found for
the ic and combined ic+iv (p=0.023) delivery. The expression between ic
and combined ic+iv was not significantly different (p=0.529). iv delivery
resulted in a non-significant increase in GFP copies (p>0.999). B) in the di-
encephalon, only ic delivery reached a significant increase (p=0.002) com-
pared to un-injected control. Expression from iv injection was not significant
(p=0.992). C) The cerebellum followed the same pattern with a significant
increase from the ic and ic+iv injections (p=0.001) with a no-significant in-
crease from the iv (p>0.999). D) In the cervical spinal cord none of the de-
livery routes reached a significant increase in GFP expression compared to
controls. Analysed by two-way ANOVA with Tukey's multiple comparisons
test. Biological replicates n= 5 control, 5 ic, 3 iv and 3 ic+iv.

Figure 5. GPF gene expression in different systemic organs by route of administration.
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Detection of GFP copies showed a gradual decrease the further away the struc-

ture was located from the lateral ventricle in the animals injected by in-

tracerebroventricular injection. The detected copies were significantly higher in

the cortex and hippocampus than in the other regions, especially compared to

the cerebellum and cervical spinal cord. The diencephalon showed expression

mid-way between the other areas, being significantly lower than the cortex and

hippocampus (p<0.001), but not different from the cerebellum and cervical

spine (p= 0.995 and 0.992 respectively). Intravenous injection resulted in all the

regions reaching similar levels of expression (p>0.999 for all comparisons,

(figure 112).

Figure 112. Comparison of GFP expression in the brains of ic and iv in-
jected groups. Box plot graph showing the 10-90th percentile. in-
tracerebroventricular (ic) delivery resulted in similar levels of expression in
the cortex and hippocampus (p>0.999) while the other areas were signific-
antly lower compared to the first two (p<0.001 for all comparisons); there
was no difference between the expression in the diencephalon, cerebellum
and the cervical spinal cord (p= 0.690 and 0.613 respectively). The intra-
venous (iv) injection reached similar levels of expression in all the areas
(p>0.999 for all comparisons). 
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No significant expression of GFP was found in the peripheral organs, only the

kidney showed a small, but significant increase in detected copies from the ic in-

jection (figure 113).

Figure 113. GFP Gene expression in the visceral organs after AAV2/8-
hSyn-eGFP vector administration. A) In the heart no significant increase in
GFP expression was found. B) In the liver, no significant differences between
groups was detected C) No significant increase in GFP expression was found
in the spleen. D) In the kidney, only the ic injected reached significance
(p=0.041); although the differences between routed of administration was
not significant. Analysed by two-way ANOVA with Tukey's multiple comparis-
ons test. Biological replicates n= 5 control, 5 ic, 3 iv and 3 ic+iv.

Figure 4. GPF gene expression in different brain areas by route of administration.
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7.3.1 -  AAV8-hSyn-eGFP cell tropism

Previous studies have shown the human Synapsin promoter to be highly ex-

pressed in neuronal cells (Kügler et al., 2003a; McLean et al., 2014; Jackson et

al., 2016). To confirm these findings, the control vector AAV8-hSyn-eGFP was in-

jected to new-born mice via intracerebroventricular (ic), or intravenous (ic) or

combine (ic+iv) injections. A greater number of GFP positive cells were ob-

served in the IC, and IC+IV group. In the iv groups a few GFP positive cells were

observed. Furthermore, the Cell software was used on discrete regions of the

brain to detect the co-localisation percentage of GFP and NeuN. The results

showed high expression in all analysed brain areas for ic and combined ic+iv in-

jections, minimal expression was found from the iv delivery. The pre-frontal cor-

tex was the area with the highest expression, with an average of 26.97% (CI:

21.89 to 32.04%) of cells colocalizing in the ic injected animals (Figure 114 and

Figure 115). Similar to previous results, the combined ic+iv injection was lower

than ic alone (p=0.049) with 19.58% (CI: 13.28 to 25.69%) of cells colocalized.
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Figure 114. Fluorescent staining against GFP and NeuN in the pre-front-
al cortex of mice. The mice were received an IC, IV or IC+IV neonatal injec-
tion of AAV8-hSyn-eGFP. Brain tissues of mice injected with the control vec-
tor were collected at P30 and sectioned. Immunofluorescent staining was
performed using anti-GFP and anti-NeuN antibodies. GFP expression was
greater in IC and IC+IV groups whereas only a few cells were observed in IV.
Co-localisation between GFP and NeuN was found in IC and combined injec-
tion. Widespread expression of GFP was found in the pre-frontal cortex of
animals injected via ic or combined ic-iv injection. No GFP positive cells were
found in the controls and very faint expression was observed in the iv-injec-
ted animals (white arrows).

Similar results were found in the hippocampal areas CA1 (Appendix 10.6.1, page

293)and CA3 (Appendix 10.6.2, page 294); see Figure 115 although the number

of colocalised cells was lower and there was no significant difference between

animals injected by ic injection and those with combined ic-iv. No significant ex-

pression was found in the cerebellum for any of the delivery routes (Figure 115

and Appendix 10.6.3, page 295).
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Figure 115. Quantification of cell colocalisation between NeuN and GFP.
A) 26.97% of NeuN labelled cells (NeuN(+) colocalized with GFP-positive
cells in the ic-injected animals, this was similar to ic+iv (18.88%, CI: 11.03
to 26.72%, p=0.175), but significantly higher than iv (11.94, CI: 10.29 to
15.76%, p=0.017) and control (1.16%, CI: -3.82 to 6.14 %, p<0.001). B) In
the CA1 region of the hippocampus, 16.77% (CI: 6.87 to 26.67%) of
NeuN(+) cells were also GFP positive in ic-injected tissue, this was similar to
the 16.48% (IC: 10.81 to 22.15%) found in ic+iv (p>0.999). Both were sig-
nificantly higher than controls (1.93 cells detected, p<0.002), and iv (2.88,
CI: -3.72 to 9.48%, p=0.003). C) In the CA3 region, ic-injection reached
14.41% (CI: 11.94 to 16.88%) of NeuN(+) cells, ic+iv only reached 11.19%
(CI: 8.99 to 13.39%) cells colocalizing with GFP. iv-injected tissue was even
lower (p=0.048 vs ic) with 7.12% (CI: 5.77 to 8.48%) of cells colocalized.
D) In the cerebellum no significant differences from control were found, ic-
injected tissue was the highest with an average of 1.79% (CI: 0.42 to 3.17%)
of cell colocalizing with GFP.
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Figure 116. Vector tropism. Percentage of GFP positive cells that colocalise
with NeuN-labelled cells (Neurons). A) 84.81% of GFP positive cells colocal-
ized with NeuN-labelled cells in the ic-injected animals, this was similar to
ic+iv (81.70%, CI: 60.35 to 103%, p=0.903), but significantly higher than
iv (p<0.001) and control (p<0.001). B) In the CA1 region of the hippocam-
pus, 91.67% (CI: 75.13 to 108.2%) of GFP(+) cells were also NeuN positive
in ic-injected tissue, this was similar to the 95.33% (IC: 91.54 to 99.13%)
found in ic+iv (p=0.580). Both were significantly higher than iv and control
(p<0.001). C) In the CA3 region, ic-injected animals had 84.64% (CI: 70.11
to 99.22%) of GFP(+) cells identified as neurons, ic+iv reached 92.67% (CI:
88.87 to 96.46%); no significant difference (p=0.893) between the two
were found. D) In the cerebellum no significant colocalisation between
GFP(+) and NeuN (+) was found.

Most Dravet animal models have shown a predominant involvement of the in-

hibitory interneurons of the hippocampus in the pathology of the disease (see

Section 1.2.6, page 35 for more details). Considering this information, I assessed

if AAV8 vectors targeted these neurons. GAD67 is expressed in these cells

(Uchida et al., 2014; Lazarus et al., 2015). As the best delivery route was the ic

injection, only these sections were assessed. The AAV8-hSyn-eGFP vector trans-

duced 40.5% of GAD67 positive cells in the CA1 area of the hippocampus and

30.7% of GAD67 positive cells in the CA3 region (Figure 117).
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Figure 117. GAD67 and GFP colocalisation in the hippocampus. A) Im-
ages from an un-injected (control) and ic-injected animals showing the
colocalisation of GAD67 (red) and GFP in injected animals. B) Colocalisation
quantification in the CA1 region showed that the vector is able to target
around 40.5% (CI: 3.30% to 77.6%) of GAD67 positive cells. C) in the CA3
regions, the vector is able to transduce 30.7% (CI: 17.5% to 43.8%) of
GAD67 positive cells. 
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7.3.2 -  Discussion

Given the space restriction in the AAV vectors carrying the SCN1A sequences, it

was not possible to add fluorescent proteins. Staining using the anti-NaV1.1 anti-

bodies revealed non-specific staining for both antibodies used, Alomone

ASC-100 for the first halve and Neuromab anti-NaV1.1 for the second. Neither

antibody discriminated between wild-types, heterozygous or knock-outs. Under

these conditions, I decided that the best approach to assess the biodistribution of

these vectors was using a new AAV-GFP vector, with equal structure to the treat-

ments vectors, replacing the SCN1A sequence for GFP. This chapter described

that vector.

The control vector carrying GFP has been the main alternative to assess the biod-

istribution and cells tropism that this vector has in the mouse brain. The vectors

shows a biodistribution similar to the one previously reported for AAV vectors

driven by the synapsin promoter (Gholizadeh et al., 2013; McLean et al., 2014;

Dashkoff et al., 2016). In this chapter I have shown that the expression can be

detected in all major brain areas, the cortex, hippocampus, diencephalic region

and the cerebellum. These findings were confirmed by RT-qPCR and IHC. The

expression of AAV8 in the brain of mice has been explored previously (Broekman

et al., 2006; Klein et al., 2008; Karda et al., 2020), and is similar to the one

found here. I also found that this vector was expressed to a lesser extent in the

cerebellum; this was confirmed by both RT-qPCR and immunostaining. Other au-

thors have reported hSyn to be heterogeneous (Kuhn et al., 2012) and with

weaker expression (McFarland et al., 2009; McLean et al., 2014; Hammond et

al., 2017) in the cerebellum. The expression is probably hindered as well by the

lack of WPRE in these vectors, which is commonly used and increases transgene

expression (Zufferey et al., 1999; Hlavaty et al., 2005). It is interesting that the

pattern of expression seem to be related to the physiological movement of the

cerebrospinal fluid (CSF) though the different ventricles and ducts in the CNS.

The CSF is produced in the intracranial subarachnoid space and the choroid

plexus. Within the brain parenchyma, CSF is secreted to the lateral ventricles

(Miyajima and Arai, 2015), the same place used for the intracerebroventricular
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injection. The CSF then moves to the third ventricle (near the diencephalic area)

and thought the aqueduct of Sylvius, into the fourth ventricle (near the cerebel-

lum and the brainstem), which is connected to the central canal of the spinal

cord (Spector et al., 2015; Khasawneh et al., 2018). Interestingly, the GFP gene

expression analysis though the five CNS structures analysed here seems to follow

the previously described pattern (Figure 112, page 232), implying that maybe

the decrease in expression seen in the latter structures could be compensated by,

for example, an additional injection into the fourth ventricle.

I also confirmed that the expression of the vector is primarily neuronal, as shown

by the immunofluorescence staining. This is in agreement with the previously re-

ported results (Kügler et al., 2003a, 2003b; Shevtsova et al., 2005). Further-

more, this vector transduced inhibitory interneuron in the hippocampus, which

are thought to be the source of most of the symptoms in Dravet patients (See

section 1.2.6, page 35 for more details.)

Over this chapter I have shown that the AAV8 control vector targets the brain ef-

ficiently. It should be noted that because of the decreased expression in the cere-

bellum, it could be possible that some of the symptoms in the mouse model used

might not be treated effectively, namely, the ataxic profile observed in the knock-

out pups. NaV1.1 has been shown to express in the cerebellum (Schaller and

Caldwell, 2003; Kalume et al., 2007). In the context of the Dravet mice used

here, this could results in the persistence of the ataxia in the treated animals if

the vectors, expressed at lower levels, do not reach enough activity to supple-

ment the loss of NaV1.1 in this area.

Weight and survival was not affected in these mice. Other researchers have ana-

lysed the use of similar constructs, and found no toxicity in the brain (Watakabe

et al., 2017); although it has been reported that GFP can be toxic when over-ex-

pressed (Howard et al., 2008) using a strong promoter like CMV (Watakabe et

al., 2017). 

Here I have also provided evidence for the selection of an appropriate route of

administration targeting the brain. Iv injection was the least efficient way to de-

liver a vector to the brain; although it has also been shown that AAV8 is capable
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of crossing the blood brain barrier and successfully transducing brain cells

(Karda et al., 2020). There were no major differences between administering the

vector by ic alone or a combined ic+iv delivery; this is likely to the limited effi-

ciency that iv alone had, not significantly adding to the effect of ic alone. Vector

biodistribution from ic delivery for the AAV8 capsid (Chakrabarty et al., 2013;

Hammond et al., 2017) and hSyn (Gholizadeh et al., 2013; McLean et al., 2014)

has already been studied, as well as iv (Broekman et al., 2006; Karda et al.,

2020; Massaro et al., 2020). However, our vector does not contain an WPRE due

to limited capacity space in the AAV8. Therefore this was not included in the

control vector either. The combined ic+iv delivery has also not been published

for an AAV8-hSyn vector. It is interesting that the combined delivery resulted in

less overall vector-expression in spite of the higher number of copies. One ex-

planation for this observation could be that the large number of AAV particles is

triggering an immune response in the mice, this could be tested measuring the

neutralising antibodies against the vectors, as it has been previously shown

(Wang et al., 2018). It has been shown that mice with neutralising antibodies

against AAV capsids have reduced vector transduction (Fitzpatrick et al., 2018).

Furthermore, the prior intramuscular delivery of an AAV9 vector has been shown

result in the formation of neutralising antibodies that compromised the effi-

ciency of a second AAV9 vector to transduce neurons in the CNS (Wang et al.,

2018). The experiments in this chapter where I presented combination treatment

will be difficult to translate in an clinical setting. Due to the volume required and

the invasiveness of the administration of the gene therapy vectors. Recently, the

death of patents participating in a phase 2 gene therapy trial for a rare neur-

omuscular disease, has highlighted the risks associated to the use of high

dosages of AAV vector delivered systemically (Nature_Biotechnology, 2020). 

Considering these results, I decided to administer the treatment vector by ic in-

jection. This has the added benefit of reducing the volume need for each animal,

as the iv delivery used twice as much vector as the ic injection.
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_______________________
Chapter 8:

Treatment of Dravet mice
_______________________
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8.1 - Dual AAV8 treatment to new-born knock-
out dravet mice

The in vitro electrophysiology studies performed on cells demonstrated only a

weak sodium current and the NaV1.1 western blot showed a weak band. Consid-

ering that the location and function of sodium channels depends on the presence

of other proteins as well and that the protein is located in the axonal initial seg-

ment in neurons in vivo (Section 1.2.5, page 32), I decided to press on and test

these vectors in mice.

This chapter describes assessment of the efficacy of the dual AAV8 gene therapy

approach in the knock out Dravet mouse model (which was described previously

in Section 6.3, page 166).

The main objectives of this chapter are:

1. Assess human SCN1A expression in vivo by qPCR.

2. Assess the mortality and weight gain of the treated knock-out 129S+CD1

Dravet mice, un-treated knock-outs and wild-types mice.

3. Assess if there are changes in the motor development of treated knock-

out compared to untreated knock-outs.

4. Assess if these vectors up-regulate markers of neuroinflammation includ-

ing CD68 and GFAP in the brain of treated KO Dravet mice. 

5. Compared the biodistribution of the AAV8-SCN1A vectors to the biodistri-

bution of the control GFP vector assessed in the previous chapter.

8.1.1 -  Main findings 

No adverse effects were observed in WT and HET mice that received both vec-

tors. A significant increase in the expression of both halves of SCN1A measured

by qPCR was found in all treated mice regardless of their genotype. The treat-

ment of KO mice with both vectors did not modify their phenotype. The vectors

were detected by qPCR and produced faint bands in western blot. 
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8.1.2 -  Experimental setup 

New-born KO Dravet mice received the AAV8 dual gene therapy treatment via ic

injection. The vectors were initially tested in wild-type and heterozygous mice

(Figure 118) before preceding to treat knock-out mice (Figure 119). Vectors con-

taining the first half of SCN1A (AAV-A) and the second half (AAV-B) were titre

matched and a final copy number of 2.40x1011 vg/vector/pup was used to treat

the mice. Animals were monitored for their weight, survival and motor develop-

ment. If the weight of a mouse decreased by 10-15% the mice were then hu-

manely culled and tissue was collected for either qPCR or IHC analysis. This

study was blinded for both injection and analysis.

Figure 118. Initial vector assessments in vivo. The vectors were initially
delivered by ic injection to WT and HET mice to explore any potential ad-
verse effects or unexpected seizures. Another objective with the injected
mice was to confirm that the vectors were expressed in vivo, and that they
can be detected with the available assays. All the assessments were com-
pared to un-injected WT litter mates. Figure created in biorender.com

Figure 119. Treatment of knock-out Dravet mice. After confirmation that
the vectors were active in vivo, KO pups were treated and compared to un-
treated KO litter mates. Figure created in biorender.com
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8.2 - WT and HET 129S+CD1 mice injected 
with dual AAV8-SCN1A vectors

By injecting WT and HET mice I intended to assess whether the dual AAV8-

SCN1A vectors are active in vivo, and if any overt adverse effect is observed. The

mice were injected with the same vectors and dosage intended to be used in the

treatment of KO Dravet mice . These animals were followed for 30 days.

The expression level of the two halves of SCN1A was measured by qPCR in five

CNS areas and four peripheral organs. The results showed no significant differ-

ences between the expression of the vectors halves, except for the hippocampus

and diencephalon, where the second half showed higher levels (Figure 120). 

Figure 120. Gene expression from AAV8-SCN1A vectors in injected mice.
All mice were ic injected with the same number of vector-copies. Both halves
reached a significant increase in expression compared to un-injected WT in
all areas. Each of the halves was expressed to a similar level, except in the
cortex, where the first half was significantly higher than the second
(p<0.001 for both injected groups), Analysed by two-way ANOVA with
Sidak's multiple comparisons test. WT= 8, WT AAV= 2, HET AAV= 4 mice.
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Interestingly, a significant increase in the expression of both SCN1A was found in

the heart, liver and kidney. In the spleen only the second half reach a significant

increase (Figure 121).

Figure 121. Expression of the SCN1A halves in peripheral organs. A sig-
nificant increase in the expression of both halves was found in the A) heart,
and C) kidney. The B) liver and D) spleen only showed a significant increase
for the first half. No significant differences were found in the expression of
the first and the second half in the heart, spleen and kidney. In the liver, the
first half was expressed higher than the second (WT AAV p<0.001, HET AAV,
p<0.001), similar to the kidney (WT AAV p=0.016, HET AAV, p=0.004).
Analysed by two-way ANOVA with Sidak's multiple comparisons test. WT=
8, WT AAV= 2, HET AAV= 4 mice.

The injected WT and HET mice were indistinguishable from the control WT litter

mates in terms of survival or weight gain during the observation period (Figure

122A and B respectively). No seizures were observed in the injected mice.
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Figure 122. Survival and weight of heterozygous and wild-type mice in-
jected with AAV8-SCN1A vectors. Wild-type (WT) and heterozygous (HET)
mice were injected with both halves of the AAV8-SCN1A vectors. A) No signi-
ficant difference was found between injected and un-injected WT
(p>0.999), between injected an un-injected HETs (p>0.999), or between
WTs and HETs (p>0.999). B) Weight gain of the injected WT and HETs was
indistinguishable from their un-injected WT litter mates. WT= 22, WT AAV=
2, HET AAV= 4. Analysed by mixed effects model with Tukey's multiple com-
parisons test.

Additionally, Il-1β expression was assessed in these mice. No significant differ-

ences were found in the brain of dual-treated wild-type and heterozygous mice

(Figure 123). A decrease was observed in the heart of injected heterozygous

mice, but it did not reach significance (p=0.993), the decrease in the liver

reached significance (WT AAV p=0.929, HET AAV p=0.016) (Figure 124).

Figure 123. CNS Il-1β expression in wild-type and heterozygous mice
treated with dual AAV8-SCN1A vectors. No significant differences in the
expression of Il-1β was found in the injected heterozygous and wild-type
mice compared to the un-injected wild-type litter mates. Analysed by Two-
way ANOVA with Sidak's multiple comparisons test. WT= 8, WT AAV= 2,
HET AAV= 4 mice.
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Figure 124. Il-1β expression in peripheral organs of wild-type and het-
erozygous mice treated with dual AAV8-SCN1A vectors. When compared
to un-injected WT, no significant differences in the expression of Il-1β was
found in injected mice, except for the A) heart, where injected heterozygous
showed a non-significant (p=0.993) decrease. B) The liver had a significant
decrease in the expression of Il-1β in injected heterozygous (p=0.016), injec-
ted wild-types were not significantly different from controls (p=0.929).
There was no significant differences in the expression of Il-1β in the C)
spleen and D) kidney. Analysed by Two-way ANOVA with Sidak's multiple
comparisons test. WT= 8, WT AAV= 2, HET AAV= 4.

8.3 - Weight and survival of dual AAV8 treated 
KO Dravet mice

As no overt adverse effects were observed in the ic injected WT and HET mice. I

proceeded to treat newborn KO mice with the dual AAV8 vectors. Delivery was

via intracerebroventricular injection. This study was blinded for both injections

and analysis.

Vectors containing the first half of SCN1A (AAV-A) and the second half (AAV-B)

were titre-matched and a volume of 10ul (5ul to each hemisphere) with a final

copy number of 2.40x1011 vg/vector/pup was used. Animals were monitored for

their weight, survival and motor development. If the weight of a mouse de-

creased by 10-15% the mice were then humanely culled and tissue was collected

for either qPCR or IHC analysis. 
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The results showed the survival of treated and untreated mice were indistin-

guishable. The weight of the treated and untreated mice followed a similar trend

and a decrease in weight was found in both treated and un-treated KO mice

from around 10 days of development. No significant differences between them

were found on any day (Figure 125). 

Figure 125. Survival and weight gain of dual AAV8-treated knock-out
Dravet mice. A) Survival of knock-out 129S+CD1 mice treated with both
AAV vectors carrying the SCN1A halves resulted in no significant difference
compared the un-treated group. B) Weight gain of the treated knock-outs
was not different from un-treated mice at any day; both were significantly
different from wild-types from day 13. p-values of weight-comparisons by
day between groups are shown in the table. Survival analysed by Log-rank
(Mantel-Cox) test; weights were analysed by mixed effects model with
Tukey's multiple comparisons test.

8.4 - Quantification of SCN1A expression in 
treated KO mice 

RNA was extracted from the treated and untreated KO mice between P14 and

P15 (at the time when their weight decreased>10%). WT and Het litter mates

were collected at the same time point. cDNA was produced from the RNA

samples and qPCR was performed to detect SCN1A expression.

Gene expression analysis from the samples of injected knock-out mice showed

that the vector carrying the first half of SCN1A (AAV-A) was expressed consist-

ently higher than the second half (AAV-B) (figure 126 to figure 128). On av-

erage, AAV-A reached twice as much expression compared to AAV-B. All expres-

sion was compared to the un-injected WT; no difference in SCN1A expression

was found between WTs and un-injected HETs and KOs. 
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In the cortex, the first half reached twice as much expression compared to the

second half, this difference was significant (p=0.003, figure 126A). There was

no significant difference in expression between the un-injected mice regardless

of genotype, but all of them were significantly different to the injected KO pups

(figure 126A). 

In the hippocampus the expression was similar to the cortex (p=0.798 for the

first half and p=0.547 for the second); AAV-A reached an average of 618415

copies while the second half reached 489171 copies. In this region AAV-A had

29% more copies when compared to AAV-B (figure 126B), this difference was

not significant (p=0.558).

Figure 126. SCN1A gene expression in the cortex and hippocampus.
Each animal sample was ran in triplicates and each of those technical replic-
ates are represented in the graph. A) The average detected copy number
from the vector containing the first half of SCN1A was 6.60x105 copies in the
injected KO animals. The second half reached half that level with 3.24x105

copies detected. The difference between them was significant (p=0.003).
These copy numbers were also significantly different when compared to the
un-injected wild-type (p<0.001 and p=0.009), heterozygous (p<0.001) or
knock-outs (p<0.001) litter-mates. B) The average detected copy number for
the vector containing the first half of SCN1A was 6.18x105 copies in the in-
jected KO animals. The second half reached half that level with 4.89x105

copies. No significant difference (p=0.558) was found in the expression of
the SCN1A halves. The copy numbers were also significantly different when
compared to their corresponding un-injected wild-type (p<0.001), heterozy-
gous (p>0.001 and p=0.005) or knock-outs (p<0.001) litter-mates. Ana-
lysed by two-way ANOVA with Sidak's multiple comparisons test. n= 8 WT, 5
HET, 6 KOs, 9 treated KOs.
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The diencephalon showed levels of expression similar to the hippocampus, with

the first half having 33% more expression than the second (p=0.123). The in-

crease in expression was significant for both vectors when compared to any of

the un-injected groups (p<0.001, Figure 127A). 

The detected number of copies in the cerebellum were less than in the previous

three regions. Here, AAV-A was expressed 2.8 times higher than AAV-B

(p<0.001). The first half was significantly different to all the un-injected litter-

mates (p<0.001), but the second half did not reach a significance with the un-

injected litter mates (Figure 127B). 

Figure 127. SCN1A gene expression in the diencephalon and cerebel-
lum. The average detected copy number from the vector containing the first
half of SCN1A was 6.03x105 (95% CI: 4.76x105 to 7.31x105) copies in the
injected KO animals. The second half reached half that level with 4.54x105

(95% CI: 2.14x105 to 6.93x105) copies. The difference between both vectors,
of 1.49x105 (CI: -26054 to 325481) copies, was not significant (p=0.123).
This copy numbers were also significantly different when compared to their
corresponding un-injected wild-type (p<0.001), heterozygous (p<0.001) or
knock-outs (p<0.001) litter-mates. B) In the cerebellum, the average detec-
ted copy number from the vector containing the first halve was 2.05x105

(95% CI: 1.0x105 to 3.10x105) copies in the injected KO animals. The second
half reached an expression of only 36% compared to AAV-A, with 7.36x104

(95% CI: 2.74x104 to 11.97x104) copies. The difference of 1.31x105 (CI:
58392 to 203993) copies between the vectors was significant (p<0.001).
These copy numbers were also significantly different when compared to their
corresponding un-injected wild-type for the first half (p<0.001), but the
second half did not reach significance against wild-type (p=0.084), hetero-
zygous (p=0.177) or knock-out (p=0.104) litter-mates. Analysed by two-
way ANOVA with Sidak's multiple comparisons test. n= 8 WT, 5 HET, 6 KOs,
9 treated KOs.

AAV-A AAV-B
10-2
10-1
100
101
102
103
104
105
106 p<0.001

p=0.084

p<0.001
B) Vector expression - Cerebellum

AAV-A AAV-B
10-2
10-1
100
101
102
103
104
105
106
107

G
en
e
co
py
nu
m
be
r

(C
op
ie
s/
10

6
co
pi
es

of
G
ap
dh
)

Wild-type (n=8)

Heterozygous (n=5)

Knock out (n=6)

Knock out (A+B) (n=9)

p<0.001

p<0.001

p=0.123

A) Vector expression - Diencephalon

Treated 129S+CD1 KO pups AAV-A and B expression (treated)

Treated 129S+CD1 KO pups AAV-A and B expression (treated)

251 | Treatment of Dravet mice



The cervical spinal cord showed the least expression of the first/second half

when compared to the other discrete regions of the brain. This area followed the

same pattern of expression as the cerebellum, only the expression from the first

half reached significance compared to the un-injected litter mates. The expres-

sion from the second half was less than the first half, but the difference did not

reach significance (p=0.259) (figure 128).

Figure 128. SCN1A gene expression in the cervical spinal cord. The av-
erage detected copy number from the vector containing the first half of
SCN1A was 4.97x104 (95% CI: 2.09x104 to 7.86x104) copies in the injected
KO animals. The first half was expressed 1.7 times higher than the second,
which had 2.90x104 (95% CI: -6.83x103 to 6.49x104) copies. The difference
between them was not significant (p=0.259). These copy numbers were also
significantly different when compares to their corresponding un-injected lit-
ter mates for the first half, but not for the second; wild-type (A: p<0.001; B:
p=0.092), heterozygous (A: p=0.003; B: p=0.190) or knock-outs (A:
p<0.001; B: p=0.114). Analysed by two-way ANOVA with Sidak's multiple
comparisons test. n= 8 WT, 5 HET, 6 KOs, 9 treated KOs.
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the cerebellum and cervical spinal cord was not significantly different between

the two halves of SCN1A (p=0.869 for the first half, p>0.999 for the second,

figure 129). 

Figure 129. Expression of SCN1A halves from vector in the CNS of
treated KO mice. Box plot showing the 10-90th percentile. Samples with
values outside this range are graphed individually. Analysis of the expression
of the first half of SCN1A (AAV-A, left), shows no significant differences
between the expression obtained in the cortex, hippocampus and diencephal-
ic structures (p>0.999); these three areas have significantly higher levels of
expression than the cerebellum (green dotted lines, cortex: p=0.014, hippo-
campus: p=0.006, diencephalon: p=0.009) and the cervical spinal cord (red
dotted lines, p>0.001 for all comparisons). There is no significant difference
between the copies of the gene found in the cerebellum and the cervical
spinal cord (p=0.869). Similar results were found for the second half of
SCN1A (AAV-B, right); cortex, hippocampus and diencephalon reach similar
levels of expression (p=0.917 and p=0.987 respectively). Hippocampus and
diencephalon showed significantly higher expression than the cerebellum
(p=0.006 and p=0.015 respective) and the cervical spinal cord (p=0.002
and p=0.004 respective). No difference between cerebellum and cervical
spinal cord expression was found for the second half (p>0.999). To the right
is shown a colour-coded diagram of the different areas analysed to illustrate
their relative anatomical location. The vector was delivered to the lateral
ventricle. Hipp= Hippocampus, DSpC= Dorsal spinal cord. Analysed by two-
way ANOVA with Sidak's multiple comparisons test. n= 8 WT, 5 HET, 6 KOs,
9 treated KOs. *= significant difference.

Treated 129S+CD1 KO pups AAV-A and B expression (treated)

SCN1A expression in the CNS

Cortex

Diencephalon

Cerebellum

DSpC

Hipp

Lateral
ventricle

AAV-A AAV-B
101

102

103

104

105

106

107

G
en

e
co

py
nu

m
be

r
(C
op
ie
s/
10

6
co
pi
es

of
G
ap
dh
)

Cortex

Hippocampus

Diencephalon

Cerebellum

Dorsal Spine

✱

✱

✱

✱

SCN1A expression from vector - CNS

253 | Treatment of Dravet mice



8.4.1 -  Expression of SCN1A halves in peripheral organs 

The expression in peripheral organs was lower when compared to the expression

levels observed in the CNS. In all peripheral organs, the expression of the second

half of SCN1A was around 50% of that of the first half.

In the heart, AAV-A produced on average 1783.21 copies per 106 Gapdh copies,

which was significantly higher than the un-injected controls (p<0.001). No sig-

nificant difference (p=0.962) was found from the AAV-B vector compared to un-

injected WT samples. The difference between the expression achieved by the

first and second half vector was significant (p<0.001) (figure 130A). In the

spleen only the first half reached a significant increase (p<0.001) compared to

un-injected WT. The second half had 71% lower copies than AAV-A, not signific-

antly different from un-injected WT (p=0.433). The difference between AAV-A

and AAV-B in the spleen was significant (p<0.001) (figure 130B). 

Figure 130. SCN1A halves gene expression in the heart and spleen. A) In
the heart the first half showed an expression of 1783.21 (95% CI: 1042.01 to
2524.40) copies per 106 gapdh copies in the heart, significantly different to
all un-injected groups (p<0.001 for all comparisons). The second half did
not reached significance (WT, p=0.962, HET, p=0.982, KO, p=0.969) with
182.80 (98.97 to 266.64) copies. No statistical difference between the first
and second half was found B) In the spleen the first half reached an increase
in expression significantly higher compared to the un-injected controls (all
comparisons p<0.001). The second half had a significantly lower expression
(p<0001) than the first and the increased expression did not reach a signi-
ficant difference compared to the un-injected controls (WT, p=0.433, HET,
p=0.545, KO, p=0.437). Analysed by two-way ANOVA with Sidak's multiple
comparisons test. n= 8 WT, 5 HET, 6 KOs, 9 treated KOs.
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There was a significant increase from the first half vector in the liver (p<0.001)

and kidney (p<0.001) compared to the un-injected litter mates. There was no

significant difference in the expression from the second half in the liver

(p=0.807 compared to un-injected WT), but the increase was significant in the

kidney (p=0.004 compared to un-injected WT). In both organs the expression of

AAV-B was significantly different (p<0.001) than the first (Figure 131).

Figure 131. SCN1A halves gene expression in the liver and kidney. A)
Detection of the first half of SCN1A in the liver showed an expression of
3530.39 (95% CI: 1927.01 to 5133.77) copies per 106 Gapdh copies, signific-
antly different to all un-injected groups (p<0.001 for all comparisons). The
second half had 580.38 (300.91 to 859.85) copies, not significantly higher
than un-injected WT (p=0.807), HET (p=0.892) or KO (p=0.837). The dif-
ference between the first and second half was significant (p<0.001). B) In
the kidney, the first half reached an increase in expression significantly high-
er than the un-injected controls (all comparisons p<0.001) with 392.63 (CI:
238.89 to 546.38) copies per 106 gapdh copies. The second half had a signi-
ficantly lower (p<0.001) expression of 184.40 (CI: 128.49 to 240.32) copies
per 106 Gapdh copies; this was significantly higher than un-injected WT
(p=0.004), HET (p=0.010) or KOs (p=0.004). Analysed by two-way AN-
OVA with Sidak's multiple comparisons test. n= 8 WT, 5 HET, 6 KOs, 9
treated KOs.
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liver (p<0.001), but similar to the heart (p=0.208). The second half of SCN1A

followed the same pattern of expression, but the differences did not reach signi-

ficance (Figure 132).

Figure 132. Expression of SCN1A halves from vector in peripheral or-
gans. Box plot graph showing the 10-90th percentile. Samples with values
outside this range are shown individually. Analysis of the expression of the
first half of SCN1A (AAV-A, left), shows a significantly higher expression
from the spleen compared to the heart (p=0.001) and kidney (p<0.001).
The liver was also significantly higher than the kidney (p<0.001). No differ-
ence was found between the liver and heart (p=0.052) or between the heart
and the kidney (p=0.208). No significant differences were found in the ex-
pression of the second half (AAV-B, right) between organs, but the same pat-
tern already described is repeated. The spleen shows similar expression com-
pared to the liver (p=0.714), slightly higher than the heart (p=0.355) and
kidney (p=0.403). Liver and heart have no significant differences (p=0.934)
and the heart has the same expression than the kidney (p>0.999). Analysed
by two-way ANOVA with Sidak's multiple comparisons test. n= 9 treated
KOs.
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8.5 - NaV1.1 western blot

To show that we could reconstitute the human NaV1.1 in treated knock-out mice,

western blots were performed in brain tissue collected from treated mice at

P14/15. I hypothesise that these animals should show similar results as those

shown in figure 39 (page 127); one band of ~130kDa corresponding to the first

half of the channel, and another near 230kDa; the weight of the complete

NaV1.1 channel.

The results showed that the vectors could be detected by western blot, although

the bands are faint. Injected animals show a smear between 130kDa and

230kDa, similar to that observed from cells transfected with plasmids. In addi-

tion, the band observed at the NaV1.1 expected size is more prominent in the

samples from AAV-injected animals. It can also be observed an additional band

at around 130kDa, which is the size of the half-protein produced from the vector

carrying the first half sequence of SCN1A (Figure 133).

Figure 133. NaV1.1 western blot from hippocampus in dual AAV8 treated
mice. Animals injected with Both AAV vectors show a band at around
230kDa, the expected side of NaV1.1 (red arrow). As observed in cell trans-
fected, these samples show a smear not present in the un-injected samples.
These mice also have a band at around 130kDa, corresponding to the size
expect for the first half (green arrow).
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8.6 - AAV8 gene therapy vectors did not modify 
Il-1β expression

In the characterisation of the strain used for these experiments it was found that

the knock-out pups showed a trend that was not significant towards increased

expression of Il-1β compared to wild-type litter mates (Section 6.3.4, page 172),

this was especially apparent in the hippocampus, diencephalon and cerebellum.

In this section instead, I explored the expression of Il-1β in the treated KO Dravet

mic. Xionga and collaborators have reported an increase of this inflammatory

mediator after the application of high dosages of AAV vectors driven by broadly

active promoters (Xiong et al., 2019). MyD88 is recruited in the AAV recognition

by the immune system and its activation results in the increased release of in-

flammatory mediators (Rogers et al., 2011), among them Il-1β (Netea et al.,

2010; Chen and Ichinohe, 2015). Il-1β has also been shown to be involved in the

immune response against WT AAVs in humans (Kuranda et al., 2018)

This section describes the effect the dual AAV8 treatment of knock-out mice has

over the expression of Il-1β. As no significant differences were found in the

strain characterisation, I would expect no differences between treated KO anim-

als and their un-treated WT and KO litter mates; unless the vectors are triggering

an immune response. No significant differences were found when un-treated and

treated knock-outs were compared, although in most regions there seemed to be

a slight increase in Il-1β in the injected animals over the un-injected litter mates

(Figure 134).
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Figure 134. Il-1β expression in the CNS after a neonatal injection of the
dual AAV8-treatment to knock-out Dravet mice. A) In the cortex no signi-
ficant difference was found between the treated animals and WT (p=0.497)
or un-treated knock-outs (p=0.924) litter mates. B) Expression in the hippo-
campus was not different between genotypes. C) In the diencephalon there
was a small increase in Il-1β expression in the treated KOs that did not reach
significance (p=0.383). D) the cerebellum had similar results, no differences
were found. E) The cervical spinal cord showed a significant increase in Il-1β
expression in treated KOs when compared to WTs, but the difference was not
significant when compared to KOs. Analysed by two-way ANOVA with
Tukey's multiple comparisons test. n= 8 WT, 6 untreated KOs, 9 treated KOs.
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In the systemic organs, the spleen and kidney replicated the results obtained in

un-treated knock-out study (Section 6.3, Figure 71, page 174); no significant dif-

ferences between genotypes or the treated KO was detected. A significant de-

crease Il-1β expression was found in the liver when treated animals are com-

pared to wild-type litter mates, the reduction was not significantly different from

un-treated knock-outs (Figure 135).

Figure 135. Il-1β expression in peripheral organs of AAV-treated knock-
outs. A) The heart showed a non-significant decrease in Il-1β expression in
the treated knock-outs compared to wild-types (p=0.985) and un-treated
knock-outs (p=0.997). B) The liver showed a significant decrease in treated
animals compared to wild-types (p=0.021), but no differences with the un-
treated knock-outs (p=0.239). C) The spleen showed no significant differ-
ence between treated mice and wild-types (p=0.325) or un-treated knock-
outs (p=0.960). D) The kidney had no differences between treated and un-
treated knock-outs (p=0.999) or wild-types (p=0.998). Analysed by two-
way ANOVA with Tukey's multiple comparisons test. n= 8 WT, 6 untreated
KOs, 9 treated KOs.
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8.7 - Effect of AAV8-SCN1A vectors in CD68 and 
GFAP expression in KO treated mice

To assess whether the gene therapy vectors caused any off target effects, I ex-

amined the CNS of treated KO, and compared them to untreated KO, HET and

WT mice for astrogliosis (Brahmachari et al., 2006; Zhang et al., 2017) and mi-

croglia activation (Korzhevskii and Kirik, 2016). Unfortunately, not enough vec-

tor was available to treat WT and HET mice and perform this assessment. I hypo-

thesised that these markers would not be modified in the injected mice, unless

the vectors were provoking an inflammatory response.

8.7.1 -  Reactive microglia analysis

No significant difference in CD68 expression between genotypes was found in

the strain characterisation. In the previous section, several brain areas from the

treated KO Dravet mice showed increase Il-1β expression, although this increase

was not significant compared to wild-types and un-treated KOs. No differences

were found in most areas, but the prefrontal cortex showed a significant

(p=0.022) increase comped to wild-type litter mates; the increase did not reach

significance when compared to heterozygous and un-treated knock-outs. 
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Figure 136. CD68 immunoreactivity in KO Dravet mice treated with dual
AAV8-SCN1A vectors. A) A significant increase (p=0.022) in immunoreact-
ivity was found in the treated KO compared the WT litter mates, this differ-
ence did not reach significance compared to HET (p=0.224) or un-treated
KO (p=0.156). B) A small increase was found in the hippocampus, but it
was not significant compared to WT (p=0.199), HET (p=0.985) or un-
treated KO (p=0.073). No immunoreactivity was found in any genotype for
C) the thalamus, D) cerebellum and E) striatum. One-way ANOVA with
Tukey’s multiple comparisons test. n=3 for all groups.
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8.7.2 -  Astroglial activation

Previously it was shown the no significant differences in GFAP staining were

found between un-treated KO and their HET and WT litter mates. 

The results showed that there was a significant difference in GFAP expression in

the hippocampus and striatum of the treated KO mice, compared to KO mice. No

significant difference was observed in the prefrontal cortex, thalamus and cere-

bellum. (Figure 137).

Figure 137. GFAP immunostaining quantification in 129S+CD1 KO
Dravet mice treated with AAV8-SCN1A vectors. No astrogliosis was found
in treated KO mice compared to the other genotypes in the prefrontal cortex
(A), thalamus (C) and cerebellum (D). In the hippocampus (B) only the un-
treated KO were significantly lower (p=0.038) than the treated group. In the
striatum (E) the treated KO had significantly higher immunoreactivity than
all other litter mates not treated with the AAV vectors. One-way ANOVA with
Tukey’s multiple comparisons test. n=3 for all groups.

GFAP Staining in injecte KO mice

WT HET KO AAV
0

200

400

600

800

1000

M
ea
n
im

m
un

or
ea
ct
iv
ity

m
m

2

P=0.611

P=0.993

p=0.993

D) Cerebellum

WT HET KO AAV
0

200

400

600

800

1000 p=0.094

P=0.038

p=0.163

B) Hippocampus

WT HET KO AAV
0

200

400

600

800

1000

M
ea
n
im

m
un

or
ea
ct
iv
ity

m
m

2

p=0.391

p=0.094

p=0.424

A) Prefrontal cortex

WT HET KO AAV
0

200

400

600

800

1000
P=0.033

p=0.033

p=0.029

E) Striatum

WT HET KO AAV
0

200

400

600

800

1000

P=0.230

p=0.257

p=0.990

C) Thalamus

263 | Treatment of Dravet mice



8.8 - Motor development is not modified in 
treated KO Dravet mice

Characterisation of the 129S+CD1 strain (Section 6.3.10, page 180) showed

that the KO mice took significantly longer to return to the prone position after

being put in supine position compared to wild types and heterozygotes. 

I hypothesised that the dual AAV8 gene therapy treatment would significantly

modify the disease phenotype in the KO Dravet mice. The time that treated KO

mice took to return to the prone position (righting reflex) did not differ from the

un-treated KO Dravet mice (Figure 138) and was significantly higher than the

time taken by WT and HET litter mates. 

Figure 138. Righting reflex analysis in gene therapy treated knock-out
Dravet mice. Treated KO mice showed no significant difference compared to
the un-treated KO group. Treated mice were significantly slower to return to
the prone position than WT and heterozygous litter-mates. the table shows
p-values for the comparison in each day. Analysed by 2-way ANOVA with
Sidak's multiple comparison test. n= 17 WT, 20 HET, 10 KO, 16 treated KO.

The Open field behavioural analysis showed no significant differences. The para-

meters from the open field test were significantly different between wild-types

and un-treated knock-outs were not modified by the treatment of KO mice with

both vectors (Figure 139). 
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Figure 139. Open field test conducted on the gene therapy treated KO
Dravet mice. The figure contains selected parameters found to be signific-
antly different between WT and KO. The p-values from the comparison
between treated (KO A+B) and un-treated KO (KO) groups are presented in
the table next to each corresponding graph. No significant difference was
found in any parameter between treated and un-treated KOs, both were sim-
ilarly different to WTs, usually becoming significant from day 13. Two-way
ANOVA with Tukey's multiple comparison test. WT= 8, KO= 10, KO A+B= 5
pups. 
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8.9 - Discussion

In this chapter I have described the attempt at treating knock-out Dravet mice

with the highest dosage vector I was able to produce. For consistency, all animals

were injected with vector from the same batch, therefore, the same titre. An ex-

ploratory experiment injecting 5x109 and 1x1010 copies of each vector (n=2 for

each) to knock-out mice was done previously. Only survival was analysed and no

differences were found (data not shown). From previous studies in our laborat-

ory, I expected that the administration of 1x1010 copies would result in a modific-

ation of the phenotype, however, this was not the case. Tthe final treatment de-

scribed here were performed with the highest possible dosage allowed by the

vectors produced (2.40x1011 vg/vector/pup); no significant differences were

found comparing treated and un-treated knock-out mice.

Expression of the SCN1A halves by qPCR in wild-type and heterozygous injected

mice showed a significant increase in vector-injected mice for both halves, with

no significant differences between the vectors when injected at equal titre. Simil-

ar results were found in the treated knock-out mice, although in this case the ex-

pression of both halves was not equal in all the CNS areas studied; in the cortex

and cerebellum the first half of SCN1A was expressed to significantly higher

levels than the second. This variation could be the result of preparing a new di-

lution of the vectors using new aliquots for these experiments, in spite of these

being from  the same batch as the one used to inject wild-type and heterozygous.

The gene expression analysis showed that the expression observed for the

SCN1A halves is consistent with that found in the GFP injected mice ((Figure

112, page 232). The expression in the different areas follows the movement

cerebrospinal fluid in the CNS (Miyajima and Arai, 2015; Spector et al., 2015;

Khasawneh et al., 2018). 

The assessment of vector expression in the peripheral organs showed that the

vectors were expressed in the four organs analysed, particularly in the spleen

and liver. Although this was not expected, the same results has been described

recently by Massaro et al, where they found their vector to be expressed particu-
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larly in the liver, but also in the spleen and heart (Massaro et al., 2020). There-

fore, the hSyn promoter not only drives expression in neuronal cells in the brain,

but also in several visceral organs. Other researchers have shown that AAV8 vec-

tors cross the blood brain barrier from a peripheral deliver (Gray et al., 2010a;

Karda et al., 2020), but also that AAV vector have a peripheral dissemination

when delivered directly into the CNS (Yang et al., 2014; Karda et al., 2020). In

agreement to this, here I found that the vectors can cross from the CNS to the

rest of the body when delivered after an intracerebroventricular injection.

The treated knock-out mice received 2.40x1011 vg/vector/pup. I found some

evidence that this dosage can result in a toxic effect, this was apparent in the

prefrontal cortex in the CD68 staining and in the hippocampus and striatum in

the GFAP staining. These areas are the nearest to the injection site. It has been

found that several AAV capsids result in an inflammatory response near the site

of injection that is resolved months after injection (Reimsnider et al., 2007). The

initial study in WT and HET animals was intended to assess the vector's expres-

sion in vivo by qPCR, but unfortunately it was not possible to perform CD68 and

GFAP staining as there was not enough vector available to inject additional an-

imals for this purpose. A future analysis of the GFP-injected animals used in the

biodistribution study would allow a better understanding; to distinguish if this

results can be attributed to the increased expression of SCN1A, or to the number

of AAV copies that the animals received. 

No difference or trend in the expression of Il-1β was observed in the CNS of

wild-type or heterozygous mice injected with the two AAV vectors. There was a

slight increase in the expression of Il-1β in treated knock-out mice, although this

did not reached significance compared to wild-types. Other researchers have ex-

plored changes of Il-1β expression in relation to AAV toxicity, finding no signific-

ant differences (Zaiss and Muruve, 2008; Greig et al., 2017), although this could

depend on the tissue and capsid used, as other researchers have found an in-

crease in the expression of this molecule after injection of 1x109 to 1x1012 vg into

the eye of mice (Xiong et al., 2019).
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It was possible to analyse the expression of Il-1β of these animals, as the RNA

samples were available. Il-1β is involved in the inflammatory response (Chen

and Ichinohe, 2015), in reactive astrogliosis (John et al., 2003; Woiciechowsky

et al., 2004; Sticozzi et al., 2013) and in the activation of microglial cells (Mon-

tolio et al., 2007; Li et al., 2009; Prins et al., 2013). No significant differences in

Il-1β expression was found in brains areas of treated wild-type and heterozygous

mice (Figure 123). A decrease in the expression of Il-1β was found in the heart

and liver of treated knock-outs (Figure 135, page 260). The same was found in

the heart of injected heterozygous mice (Figure 124). In the liver the same trend

toward less expression in injected animals was observed, but there was only a

significant decrease in the injected knock-outs (Figure 140).

Figure 140. Decreased Il-1β expression from dual AAV8 gene therapy
vector application. All animals received ic injections of the same number of
copies of the vectors carrying the first and second half of SCN1A. A decrease
in the expression of Il-1β was observed after vector injection. A) In the heart,
a significant decrease was found in the injected heterozygous (p=0.042)
and knock-out (p=0.006) mice compared to their corresponding un-injected
litter mates. B) In the liver there was a trend towards less expression, that
was only significant in the injected knock-out nice (p=0.011). Un-injected
WT=8, HET=5, KO= 7; injected WT=3, HET= 4, KO= 11. Two Way AN-
OVA with Sidak's multiple comparisons test.
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This was an unexpected finding. No literature could be found on an effect like

this; a further improvement will require a larger number of mice involved in the

experiments. If this data is treated as preliminary, it would require up to 60 mice

in each group to properly assess if the activity of these vectors indeed result in a

decrease of Il-1β expression in these organs.

Treated knock-out mice tissue was also assessed for the expression of human

NaV1.1 by IHC. No significant differences when compared to uninjected KO mice

were found (available in annex 10.7, page 296). Using this antibody I was not

able to observe differences between genotypes (page 177). Kalume and collab-

orators have shown differences between genotypes in the reticular nucleus of

mice (Kalume et al., 2015), but no other KO validation has been found so far.

Here I did not assess the reticular nucleus of the thalamus. The lack of over ex-

pression in the KO mice treated with the two AAV vectors could be the result of

low protein production, or the halves could be subject to fast degradation/inst-

ability due to the splitting region. It is possible that the problem lies with the

protocol here used to stain the treated KO brain sections and that further refine-

ment is needed.

The lack of a positive outcome could also be related to an observation made by

Stühmer et al. They noted that the NaV1.2 channel obtained from transcomple-

mentation had similar steady-state activation and inactivation to the wild-type

channel, but the current magnitude was smaller (Stühmer et al., 1989). The lat-

ter observation could help explain the null effect of the vectors in the mice phen-

otype. Dravet syndrome is not only produced by non-functional channels

(Ohmori et al., 2006; Liu et al., 2013), it is also associated to NaV1.1 channels

that have reduced, but detectable, sodium currents (Sugawara et al., 2003;

Ohmori et al., 2006). As previously described, in vitro the plasmid from which

these vectors were produced result in small sodium currents (Page 42); the pro-

duction of the complete channels appears to be inefficient, as shown by the west-

ern blot from in vitro (Page 127) and in vivo (Page 257) experiments. One likely

explanation for the failure of these vectors to modify the phenotype of the KO

Dravet mice is that the biophysical characteristics of the channels produced by
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transcomplementation are still within the pathogenic range, resulting in the lack

of positive outcomes. The limited data available from the electrophysiology did

not allow for a complete analysis of the current characteristics. The western blot

from injected KO pups showed no major difference with the untreated animals,

which could point to a problem with the antibody or the protocol used, but also

to a limited capacity of the vectors the express NaV1.1. Yu and collaborators have

seen differences between genotypes using 100μg of protein instead of the 40μg

used here (Yu et al., 2006) and Miller et al. used 50μg with the NeuroMab anti-

body (clone K74/71) which I was not able to optimise for these experiments

(Miller et al., 2014). The limited amount of protein used was the results of low

protein concentrations I obtained after extraction.

It would have been extremely interesting to assess if the vector are able to gener-

ate better expression of NaV1.1 in vivo by performing electrophysiology on the

injected KO mice. Electrophysiology on samples obtained from injected mice

would requires the identification of the cells that contain both constructs, unfor-

tunately the treatment vectors do not contain a fluorescent tag due to space lim-

itation, making this option unfeasible in the current design. I have been able to

produce lentivirus vectors carrying both the SCN1A halves and fluorescent pro-

teins. These vectors were meant to further characterise the channels properties

in vivo, but in light of the negative findings, I have decided against continuing

using animals to answer this question.
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_______________________
Chapter 9:

Conclusions
_______________________

Protein transcomplementation has been shown to be effective in restoring the

function of mutant proteins, such as cystic fibrosis transmembrane conductance

regulator (CFTR) protein (Davies et al., 2012). CFTR is a chloride channel; it has

been shown that a non-functional channel can be rescued when co-expressed

with amino acid fragments encoded from the wild-type sequence of CFTR (Cor-

met-Boyaka et al., 2004). This approach has been shown to be effective in restor-

ing channel function in lung cells by transcomplementation of the fragments

with the non-functional channel (Cebotaru et al., 2013; Bergbower et al., 2019).

This strategy is similar to the one shown in this thesis, and represents an ex-

ample of positive outcomes possible with this approach. 

Another example of a protein transcomplementation is seen in split fluorescent

proteins. Cabantous and Waldo (2006) demonstrated that it is possible to split

the GFP sequence, and by expressing the halves independently in the same cell,

obtain a complete, functional protein (Cabantous and Waldo, 2006; Feng et al.,

2017). When the fragments are expressed in the same cell, they are in an equi-

librium between monomers (individual fragments) or dimers (transcomplemen-

ted fragments). As it would be expected, the higher the concentrations of the

halves, the more likely it is for them for form dimers to have a functional protein

(Köker et al., 2018).
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9.1 - Establishment of two mouse models 

Part of the work carried out here required the establishment of a mouse model to

test the designed vector in vivo. During this time I have established two models

of Dravet Syndrome in our lab. The knock-out mouse model combining the 129S

strain previously described by several authors was found to present challenges in

terms of the number of pups obtained from each mating. To solve this issue a

mixed strain was created, using CD1 mice. I was able to show that the knock-out

and heterozygous mice from this new strain are indistinguishable from the ones

on the 129S background. This provides us with the advantage of having a signi-

ficantly higher number of pups per litter. These mice showed severe ataxia by

day 14, with loss of weight from day 10 and seizures observed on days 13 and

14. The survival of 14 days and the motor alterations we also similar. All of this

has been in agreement with the observations from other investigators in the

129S strains.

Additionally, the heterozygous strains were established to further test the vectors

in a model with more similar characteristics to the human disease. Interestingly,

I found that the strain of the mice used in the mating was a modifier of pheno-

type. Only mice born from a 129S heterozygous female and a wild-type B6 male

showed a phenotype. For these mice, they show the same phenotype previously

described in the literature. Originally intended for further testing of the vectors,

it was not possible to carry out this experiment because the titres of first half

vector (AAV-A) produced after the batch used to treat the knock-outs was signi-

ficantly lower, in the order of 1x1011 vg/ml. 

The significant differences in the heterozygous mice from the 129S(M)+B6 and

129S+B6(M) strain provides a further avenue to investigate. The survival study

of 129S+B6(M) needs an increased number of animals to corroborate the initial

results described here. Looking for differences in the expression of genes

between B6 and 129S mice could provide a new target to treat Dravet

Syndrome. This could be done for example by whole-genome expression profil-

ing (Metsis et al., 2004). Other researchers have found differences between
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strains, life the Gabra2 gene found to be less expressed in B6 mice (Hawkins et

al., 2020), but a difference between male and female mice has not been reported

so far. If the expression of another gene is found to be significantly different, a

treatment to increase or decrease its expression in the symptomatic mice could

be designed.

9.2 - Dual AAV8-SCN1A vectors

In this study I was able to produce the intended vectors for a treatments using a

transcomplementation approach; the application of these vectors to knock-out

mice did not results in a positive outcome. This could be the results of problems

in the transcomplementation step, the biophysical characteristics of the

transcomplemented channel or in the number of cells receiving both constructs. 

The western blot results showed a faint band corresponding to the first half and

to the complete NaV1.1 protein when both plasmid and vectors were co-ex-

pressed in vitro and in vivo. The appearance of a band at around 230kDa was not

expected, but similar result have been reported in fluorescent proteins. For ex-

ample a particular study showed that when two proteins are co-expressed, they

are in an equilibrium, but once they interact, their complementation becomes ir-

reversible (Magliery et al., 2005; Köker et al., 2018). If we assume that there is

an equilibrium between the halves being as monomers or a dimer (Kc1 in Figure

141), one reason for this approach to not have worked could be that the mono-

meric conformation is preferred, and not enough NaV1.1 channels are being

reconstituted, limiting the effectivity of the vectors. Considering the appearance

of a band for the complete NaV1.1 protein, it could be possible that a second

equilibrium constant (Kc2 in Figure 141) is involved in the process of establishing

the interaction between the halves, allowing for this unexpected band to appear

in the western blot. This stabilisation step has been observed in split fluorescent

proteins, that reconstitute themselves by protein transcomplementation and un-

dergo an irreversible binding step (Köker et al., 2018). Unfortunately there was

insufficient time to explore this in this study. 
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Figure 141. SCN1A halves equilibrium. Both halves are being independ-
ently expressed by their corresponding vectors. Kc1 represents the equilibri-
um constant between the halves being monomers or a self-assembled dimer
that reconstitutes the complete NaV1.1. If Kc1 favours the monomeric con-
formation, then less NaV1.1 will be present. Given that there seem to be a
stable interaction between the halves (complete NaV1.1 band in western
blot), it is possible that once the halves interact, they become stable and
don't separate after. There is another option in which the dimer is initially
not stable (state 1) and by another process, represented by Kc2, they become
stable (state 2).

For in vitro validation, red (RFP) and green fluorescent proteins (GFP) were

linked by a bicistronic linker (T2A) to either the first or second half respectively.

Co-transfection appeared toxic for cells, although the MTT assay (page 130)

showed no significant difference between cells with or without the constructs. It

was possible to perform a subset of recordings where a small amount of sodium

current was observed (page 129). However, these cells were not healthy, and

most of them did not tolerate the patch clamp. It is possible that the electrophy-

siology did not work properly due to the NaV1.1 channel being toxic to these

cells. Several factor can modify the results obtained in the MTT assay, for ex-

ample, cells undergoing apoptosis could still reduce the MTT compound (Wang

et al., 2010; Śliwka et al., 2016), thereby not reflecting the toxicity of the

plasmids.
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In the biodistribution study (Section 7.3.1, page 234), it was found that the vec-

tor targeted 40.5% and 30.7% of GAD67 positive cells in the CA1 and CA3 re-

gion, respectively. If we interpret this as probabilities, it would mean that the

treatments vectors have a 4/10 chance of being present in cells of the CA1 area.

Each vector would have the same probability and the probability of one entering

a cell is not modified if another vector is already inside, therefore they would be

independent events. This would imply that the chances of finding both vectors in

the same cell would be 16/100, implying that only 16% of the cells in the CA1

area would contain both vectors. For the CA3 the theoretical number of cells

with both vectors would be only 9%. 

Other researches have found similar levels of dual-transduction. Two AAV8 vec-

tors have been used in the mouse retina, with a reconstitution of the delivered

protein in between 1% to 9% of cells (Carvalho et al., 2017). In muscle, AAV9

was used to deliver the Mini-Dystrophin Gene in a dog model of Duchenne Mus-

cular Dystrophy with an efficiency between 25 to 90% (Zhang and Duan, 2012).

This wide range of efficiencies could also be part of the reason for the lack of a

meaningful effect in this study. I have calculated that between 9% to 16% of in-

hibitory interneurons would be targeted by the approach here presented; it is

possible that a higher number of cells in these areas need the NaV1.1 function re-

stored, to produce a modification in the phenotype. A proper measurement of

the vectors co-expression would have been ideal, but unfortunately it was not

possible to produce data for this kind of analysis, as the vectors did not contain a

reporter gene that could be used for IHC. As discussed previously, this was be-

cause of the difficulties presented in cloning these sequences into the treatment

vectors. Antibodies targeting the first (Alomone Anti-NaV1.1, ASC-001, targeting

amino acid residues 465-481) and second half (Neuromab Anti-NaV1.1, 75-023,

targeting amino acid residues 1929-2009) of NaV1.1 were tested, but no effective

staining was obtained. Another option to elucidate this question would be to as-

sess vector biodistribution by in situ hybridisation; targeting the RNA molecules

produced from the vectors; this technique would require a custom probe for each

of the SCN1A halves which was not possible to obtain during this time. There is a

new technology that could provide even more accurate information. In situ se-

275 | Conclusions



quencing offered by CARTANA can detect dozens of target genes in a brain sec-

tion (Qian et al., 2018; Soldatov et al., 2019), it is a novel technique that has re-

cently become available and as such, was not considered in our experimental

design. 

This study was designed to an 0.80 power for survival, with an expected increase

in survival to 90 days in the knock-outs. I did not find a difference in survival

after the treatment with both AAV vectors; it is possible that the vectors could

results in smaller improvement, but this study was not powered for those results.

For example, 5 days of increased survival would require 534 knock-out mice split

into two groups to have a 80% power. 

No power calculations were performed for the qPCR analysis at the initiation of

this project, as there was not previous data available. A post hoc analysis of the

Scn1a expression in the different strains showed that all the experiments assess-

ing gene expression in the CNS areas had an statistical power over 0.8, except

for those from the 129S+B6(M) strain. The assessment for the peripheral organs

were also underpowered in all strains, due to the smaller differences between

genotypes (Table 52)

AREA CNS P. ORGANS

129S 0.88 0.51
129S+CD1 0.87 0.31

129S+B6(M) 0.18 0.24
129S(M)+B6 0.80 0.44

Table 52. Scn1a gene expression experiments post hoc analysis for
achieved power. All values were calculated using G*Power 3.1. 

It is possible that there could be a real difference in the expression of Scn1a in

the peripheral organs, but it is more likely that there is no difference at all, ex-

cept for the heart, where Scn1a expression has already been established by other

researchers (Krause et al., 2015; Frasier et al., 2018). It is likely that the differ-

ences between genotypes in the 129S+B6(M) strain are also minimal. 

276 | Conclusions



During the development of this project I have had the opportunity of participat-

ing in the development of the lentivirus vector carrying the complete coding se-

quence of SCN1A, all experiments shown in this thesis have been performed as

well with this vector and the results confirm the findings here shown. As those

result for part of a different project, they were not included in this text.

9.3 - Refinements

The development of this project has allowed the establishment of two mice

colonies to be used in future vector designs to treat Dravet Syndrome. In the first

instance, testing the vector in the symptomatic heterozygous mice could yield

better results than in the knock-outs. But through this thesis I have shown that

the delivery of SCN1A to reconstitute NaV1.1 expression based in the transcom-

plementation of two independents halves is not effective; with the channel's fun-

ctional characteristics compromised. Further tests in the heterozygous mice

might allow for better results, as this model is a more clinically applicable dis-

ease model.

A further refinement of this approach could be the use of a trans-splicing ap-

proach, to reconstitute the SCN1A sequence before protein production; this

should result in a NaV1.1 channel with no alterations in its functionality. 

Additionally, the mouse model could be used to treat approaches where RNA de-

gradation is modified (Hsiao et al., 2016), by the delivery of small peptides

(Richards et al., 2018) or the use of the CRISPR/Cas technology of gene editing

to correct the relevant SCN1A mutation (https://gtr.ukri.org/projects?ref=MR/

S011005/1).

277 | Conclusions



_______________________
Chapter 10:

Annexes
_______________________

278 | Annexes



10.1 - Fragment sequences 

10.1.1 -  RFP PCR sequences

ctgagagcgcagtcgagaaggtacGGCGCGCCACCATGGTGTCTAAGGGCGAAGAGCT-

GATTAAGGAGAACATGCACATGAAGCTGTACATGGAGGGCACCGTGAACAACCAC-

CACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAGAC-

CATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACATCCT-

GGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAACCACACCCAGG-

GCATCCCCGACTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGA-

GAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACAC-

CAGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGT-

GAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGC-

CAACACCGAGATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAACCGACAT-

GGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTCAAGACCA-

CATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGT-

GGACCACAGACTGGAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTC-

GAGCAGCACGAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGG-

GCACAAACTTAATGGCATGGACGAGCTGTACAAG

10.1.2 -  Linker gBlock RFP-T2A-SCN1A

CACAAACTTAATGGCATGGACGAGCTGTACAAGtGGCGCGCCACCGAGGGC-

CGGGGCTCATTGCTGACCTGTGGAGATGTCGAGGAAAATCCCGGCCCCaggtac-

cggatcGCCGCCACCATGGAA

10.1.3 -  Insert gBlock T2A-eGFP-SV40 

CCTTCCTATGACCGGGTGACAAAGCCAATTGTGGAAAAACATGAGCAAGAAG-

GCAAAGATGAAAAAGCCAAAGGGAAAGGCTCCGGCGAGGGCCGGGGCTCAT-

TGCTGACCTGTGGAGATGTCGAGGAAAATCCCGGCCCCATGGTGAGCAAGGGC-

GAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACG-

GCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGC-

CACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGT-

GCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC-
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CGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGC-

CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAAC-

TACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATC-

GAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCT-

GGAGTACAACTACAACAGCCACAACGTCTATATCATGGC-

CGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATC-

GAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG-

GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGC-

CCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGT-

GACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAgtcgacg-

atccagacatgataagatac
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10.2 - Multiplexing optimisation

10.2.1 -  Multiplexing eGFP and Gapdh

Target Final Primer
Concentration

[nM]

Annealing
Temperature (ºC)

Efficiency (%) NTC (CT)

eGFP 150 55 54.74 30.26

Gapdh 150 55 85.83 38.24

eGFP 350 55 96.36 30.11

Gapdh 350 55 94.23 ND

eGFP 150 55 94.6 34.53

Gapdh 250 55 97.59 ND

eGFP 150 58 104.44 28.94

Gapdh 250 58 91.12 31.6

eGFP 150 60 94.46 32.52

Gapdh 250 60 95.15 36.96

eGFP 150 60 96.99 30.48

Gapdh 150 60 96.11 37.75

eGFP 350 60 98.15 30.34

Gapdh 350 60 97 36.78

eGFP 150 62 102.45 28.28

Gapdh 250 62 90.77 30.89

eGFP 350 62 100.5 34.72

Gapdh 350 62 88.56 36.01

eGFP 250 62 87 32.2

Gapdh 250 62 98.21 ND

eGFP 150 62 98.68 31.81

Gapdh 150 62 84.65 35.55

eGFP 350 64 97.68 31.16

Gapdh 350 64 87.37 35.5

eGFP 150 64 100.87 31.54

Gapdh 150 64 88.77 34.78

eGFP 350 66 99.14 31.15

Gapdh 350 66 85.49 33.73

eGFP 150 66 94.35 31.54

Gapdh 150 66 86.89 34.21

eGFP 150 65 95.39 31.19

281 | Annexes



Gapdh 350 65 91.27 33.7

Target Final Primer
Concentration

[nM]

Annealing
Temperature (ºC)

Efficiency (%) NTC (CT)

eGFP 150 65 97.33 30.81

Gapdh 250 65 91.55 32.8

eGFP 150 66 90.89 29.98

Gapdh 350 66 86.06 30.63

eGFP 150 66 92.74 30.21

Gapdh 250 66 89.25 30.35

eGFP 150 67 81.72 31.33

Gapdh 350 67 86.37 31.87

eGFP 150 67 85.92 32.89

Gapdh 250 67 92.35 28.41

Table 53. Multiplexing optimisation of eGFP and Gapdh. All probes were
kept at a concentration of 250nM in all reactions. In green are the chosen re-
actions setting for multiplexing. ND= Not detected.
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10.2.2 -  Multiplexing Il-1β, Scn1a and Gapdh

Target Final Primer
Concentration

[nM]

Annealing
Temperature (ºC)

Efficiency (%) NTC (CT)

Il-1β 250nM 63ºC 97.16% ND

Scn1a 250nM 63ºC 102.42% 35.32

Gapdh 250nM 63ºC 96.72% ND

Il-1β 250nM 66ºC 84.77% 35.67

Scn1a 250nM 66ºC 108.72% 25.60

Gapdh 250nM 66ºC 88.51% 30.35

Il-1β 250nM 68ºC 85.41% ND

Scn1a 250nM 68ºC 73.97% ND

Gapdh 250nM 68ºC 85.75% 36.09

Il-1β 250nM 70ºC 73.97% ND

Scn1a 250nM 70ºC No reaction ND

Gapdh 250nM 70ºC 86.72% ND

Table 54. Multiplexing optimisation of Il-1β, Scn1a and Gapdh. All probes
were kept at a concentration of 250nM in all reactions. In green are the
chosen reactions setting for multiplexing. ND= Not detected.
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10.3 - Western blot

Figure 142. Western blot from transfected N2a cells. This is the un-edited
image shown in figure 39. It shows an additional lane that contains proteins
extracted from cells transfected with a lentivirus carrying the complete
SCN1A sequence. No clear band was observed; the amount of DNA used in
the transfection was lower than for the AAV plasmid and could explain this
result. 
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Figure 143. Western blot from transfected N2a cells - Technical replic-
ates. Samples used in figure 39 were used again, this time with another two
biological replicated for a total of three. Similar results as those described
before were found. In the presence of both plasmids, a band for the whole
protein (red arrow) and for the first have (green arrow) can be seen. No
bands are observed in samples with the second halve or in un-transfected
controls. Samples for the first halve show faint bands for the anti-NaV1.1 an-
tibody, but this was caused by the low protein loaded. Plasmids containing
the whole SCN1A sequence (Lenti and db) were used, but protein extraction
was not successful (as shown by the lack of a Gapdh bands in B). For the
samples with both halves, DTT was added on top of the protocol already de-
scribed, this was done in an attempt to check if the top band (whole protein)
would be modified by this treatment. Fainter bands are observed, but no
complete disappearance was observed, the amount of protein loaded was
less on this samples as well, which could explain the fainter bands, although
the forth AAV-A+B sample shows similar results with higher protein
concentration.
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Figure 144. Western blot from whole bran extraction.. A) Top: the
Alomone anti-NaV1.1 (ASC-001) antibody shows several non-specific bands
in protein extracts from whole brain, a band at around 230kDa (green ar-
row) shows the expected weight of NaV1.1. This band can be seen in all gen-
otypes and is faintly present in the sample from cells transfected with both
plasmids (Cell-Pl). Bottom: Gapdh loading control, present in all samples. B)
The automatic analysis of the blot using Image Lab 6.0.1 (Bio-Rad Laborator-
ies, Inc. 2017) shows several bands when the anti-NaV1.1 (ASC-001) anti-
body is used, including the mentioned 230kDa bands associated to NaV1.1.
Gapdh is not shown in this image.

Western blot anti-nav1.1 Alomone. No conclusive result. No major difference between
genotypes

Whole brain western blot using alomone anti-nav1.1 antibody. No difference between
genotypes

250kDa

150kDa

75KDa

37KDa

37KDa

25KDa

20KDa

100KDa

Ladder WT HET KO Cell-Pl

A) Whole brain WB B) Automatic analysis
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10.4 - Gene expression in peripheral organs

10.4.1 -  Scn1a expression in 129S mice

AREA WT HET KO WT VS HET WT VS KO
Heart 2.10 (-0.02-4.22) 1.39 (0.75-2.03) 1.54 (0.51-2.58) 0.341 0.550
Liver 1.43 (1.06-1.80) 1.60 (1.02-2.19) 4.19 (-15.87-24.48) 0.965 0.032
Spleen 2.41 (1.67-3.14) 2.73 (1.86-3.60) 2.83 (-15.21-20.87) 0.886 0.875
Kidney 2.24 (1.79-2.69) 2.22 (1.77-2.67) 2.79 (-2.16-7.60) 0.997 0.268

Table 55. Scn1a gene expression in systemic organs of the 129S mice. All
values are expressed in number of Scn1a copies per 104 Gapdh copies.
Ranges are 95% confidence intervals. One-way ANOVA with Turkey's mul-
tiple comparisons test. n= 3 WT, 6 HET, 5 KO.

Figure 145. Scn1a expression in the systemic organs of 129S Dravet. All
values normalised to WT expression. A) No significant difference was found
between genotypes in the heart. B) The liver showed more RNA molecules
detected from the knock-outs compare to the other two genotypes. C) The
spleen had no detected differences in expression in the different genotypes
while D) the kidney showed no significant differences between genotypes.
One-way ANOVA with Turkey's multiple comparisons test. n= 3 WT, 5 HET, 2
KO. Only the heart had 4 KOs samples.
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10.4.2 -  Il-1β expression in 129S mice

AREA WT HET KO WT VS HET WT VS KO
Heart 2.77 (1.36-4.18) 3.70 (1.96-5.44) 3.35 (1.78-4.92) 0.619 0.834
Liver 17.27 (10.67-23.87) 38.17 (6.34-70.00) 70.94 (58.94-82.93) 0.359 0.045
Spleen 80.55 (65.04-96.06) 91.26 (66.99-115.5) 53.25 (-273.5-380) 0.762 0.364
Kidney 6.48 (5.09-7.87) 8.18 (4.63-11.74) 8.00 (5.63-10.37) 0.563 0.738

Table 56. Il-1β gene expression in systemic organs of the 129S mice. All
values are expressed in number of Il-1β copies per 104 Gapdh copies. Ranges
are 95% confidence intervals. One-way ANOVA with Tukey's multiple com-
parisons test. n= 3 WT, 6 HET, 5 KO. Liver, spleen and kidney have 2 KO.

Figure 146. Il-1β expression in systemic organs of 129S Dravet mice.
Data normalised to WT level. All values correspond to the mean (95% CI).
A) Expression in the heart was not different, with a trend towards increase
expression in knock-outs, heterozygous had a mean increase of 1.34
(0.71-1.96, p=0.373) times and knock-outs had 1.21 (0.64-1.76, p=0.893)
times WT expression. B) The liver was the only organ where significant dif-
ferences were detected; in the knock-outs (p<0.001) there was an average
increase in expression of 4.10 (3.41-4.80) times, in heterozygous the in-
crease was to 2.21 (0.35-4.05, p=0.035) times the expression seen in WT. C)
In the spleen and D) kidney there was no significant change between the
genotypes. Two-way ANOVA with Tukey's multiple comparisons test. n= 3
WT, 5 HET, 5 KO. Liver, spleen and kidney have only 2 KO.
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10.4.3 -  Scn1a expression in 129S+B6(M)

AREA WT HET P-VALUE

Heart 0.10 (-0.02-0.21) 20.45 (-0.006-0.41) 0.267
Liver 0.10 (0.01-0.19) 0.17 (-0.07-0.41) 0.267

Spleen 0.14 (0.008-0.28) 0.23 (-0.65-1.12) 0.267
Kidney 0.10 (0.04-0.15) 0.13 (0.007-0.25) 0.533

Table 57. Scn1a gene expression in systemic organs of the 129S+B6(M)
mice. All values are expressed in number of Scn1a per 104 Gapdh copies.
Ranges are 95% confidence intervals. One-way ANOVA with Sidak's multiple
comparisons test. n= 4 WT and 2 HET

Figure 147. Scn1a expression in the systemic organs of 129S+B6(M)
Dravet mice according to genotype. Expression normalised to the WT ex-
pression. A) In the heart heterozygous had 209.5% of the expression found
in WTs. B) In the liver heterozygous had an expression 163.7% higher than
WTs. C) HETs had an expression of 164.4% of WTs in the spleen. D) In the
kidney the expression in HETs was 132.7% that of WTs. Please note that
these results are underpowered as the n number for the HETs animals is only
2. Two-way ANOVA with Sidak's multiple comparisons test. n= 4 WT and 2
HET. 

Absolute quantification Scn1a gene expression in 129Sv+B6 (B6
Mom) strain in systemic organs
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10.4.4 -  Il-1β expression in 129S+B6(M)

AREA WT HET P-VALUE

Heart 1.56 (0.53-3.69) 0.54 (-.22-1.30) 0.800

Liver 8.65 (6.84-10.45) 6.10 (-11.76-23.97) 0.267

Spleen 90.75 (15.71-165.8) 37.73 (14.02-61.44) 0.133

Kidney 3.53 (2.72-4.33) 3.72 (-2.08-9.52) 0.800

Table 58. Il-1β gene expression in systemic organs of the 129S+B6(M)
mice. All values are expressed in number of Il-1β per 104 Gapdh copies.
Ranges are 95% confidence intervals. Mann Whitney test. n= 4 WT and 2
HET

Figure 148. Il-1β expression in the systemic organs of 129S+B6(M)
Dravet mice. Expression normalised to the WT expression. A) In the heart
heterozygotes had 34% (-14% to 83%) of wild-type's expression (p=0.371).
B) No significant difference was found in the liver, where heterozygotes had
70% (-136% to 277%) of WT expression C) A decrease (p=0.481) was
found in the spleen, heterozygous had 41% (15 to 68%) of WT expression.
D) No difference (p>0.999) was found in the Kidney, where heterozygotes
had 106% (-59% to 270%) of WT expression. Analysed with Two-way AN-
OVA with Sidak's multiple comparisons test. n= 4 WT and 2 HET.
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10.5 - Relative gene expression of GFP

10.5.1 -  GFP Expression in the brain

Figure 149. GFP Gene expression in the CNS after AAV2/8-hSyn-eGFP
vector administration analysed by the ΔΔCт method. A) in the hippocam-
pus, a significantly higher expression compared control was found for the ic
(p=0.001) and combined ic+iv (p=0.046) delivery. the expression reached
by these two routes was not significantly different (p=0.551). iv delivery
resulted in a non-significant increase in GFP copies (p>0.999). B) in the di-
encephalon, only ic reached a significant increase in expression (p=0.028),
none of them were significantly different from each other (p=0.074 to
0.682). Expression from iv injection was not significant (p=0.998). C) The
cerebellum follows the same pattern with significant increase from the ic and
ic+iv injections (p=0.002 and p<0.001 respectively) with a non significant
increase from the iv (p>0.999), there was no significant difference between
ic and ic+iv injection (p=0.108). D) In the cervical spinal cord none of the
routes resulted in a significant increase in GFP expression and they were not
significantly different from each other.

Figure 5. GPF gene expression in different systemic organs by route of administration.
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10.5.2 -  GFP Expression in the systemic organs

Figure 150. GFP Gene expression in the systemic organs after AAV2/8-
hSyn-eGFP vector administration analysed by the ΔΔCт method. A) In
the heart none if the injections routes reached a significant difference com-
pared to un-injected controls. B) In the liver, only ic and iv were significantly
higher; with an increase of 13.60±3.30 and 15.55±6.11 times higher than
the control. The combine delivery did not reach significance. There was no
significant difference between the routes of administration; p=0.697 for ic
vs ic+iv, p=0.970 for ic vs iv and p=0.536 for ic+iv vs iv. C) In the spleen,
no route resulted in a significant increase in GFP expression (p between
0.138 and >0.999). D) in the kidney showed similar results, no injection
showed a significant increase in GFP expression; and the routes were not sig-
nificantly different from each other (p=0.151 to 0.997).
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10.6 - NeuN and GFP colocalisation in brain 
regions

10.6.1 -  Hippocampus - CA1

Figure 151. Fluorescent staining against GFP and NeuN in the CA1 re-
gion. The highest colocalisation between NeuN(+) cells and GFP(+) cells
was found in animals injected via ic or combined ic-iv injection. No GFP pos-
itive cells were found in the controls and very fain expression was observed
in the iv-injected animals (white arrows).
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10.6.2 -  Hippocampus - CA3

Figure 152. Fluorescent staining against GFP and NeuN in the CA3 re-
gion. The highest colocalisation between NeuN(+) cells and GFP(+) cells
was found in animals injected via ic or combined ic-iv injection. No GFP pos-
itive cells were found in the controls and very fain expression was observed
in the iv-injected animals (white arrows).
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10.6.3 -  Cerebellum

Figure 153. Fluorescent staining against GFP and NeuN in the cerebel-
lum. No major expression of GFP was found in the cerebellum, only a hand-
ful of cells were detected in ic and combined ic+iv animals (white arrows).
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10.7 - NaV1.1 over-expression could not be 
detected by IHC

Treated knock-out sections were stained to detect NaV1.1 expression. In the

strain characterisation previously described (page 177), no differences could be

detected in the CNS between genotypes. As the vector is expected to increase ex-

pression of the NaV1.1 protein, I hypothesis that the NaV1.1 expression will in-

crease in the CNS in gene therapy treated mice. Upon analysis comparing treated

and un-treated KO mice, no differences could be found between them (Figure

154). 

Figure 154. NaV1.1 immunostaining of treated knock-out mice. No differ-
ences were found in staining between treated and untreated sections. Higher
magnification pictures had no differences as well.

Quantification revealed an increase in staining in the CA1 region (p=0.036) of

the hippocampus and in the cerebellum (p<0.001).

Scn1a staining of untreated and treated knock-out.

Un-treated knock-out Treated knock-out
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Figure 155. NaV1.1 immunostaining quantification by brain region. No
differences between wild-type and either un-treated or treated (AAV) knock-
outs was found in any region. A) In the prefrontal cortex no difference
between groups was found. B) In the CA1 a significant increase in staining
was found in the treated animals compared to the un-treated. C) No differ-
ence was found in the CA3 region between treatment groups. D) In the cere-
bellum, a significant difference was found between the un-treated and
treated KOs. Analysed by one-way ANOVA with Tukey's multiple comparisons
test. Each group has n=3 animals.
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10.8 - Fiji scripts

10.8.1 -  Convert coloured images to 8-bit

1. //Select directory in which the images to convert are located   
2. dir1 = getDirectory("Choose Source Directory ");  
3. format = getFormat();  
4. //Select directory in which the converted image will be stored  
5. dir2 = getDirectory("Choose Destination Directory ");  
6. list = getFileList(dir1);  
7. setBatchMode(true);  
8. for (i=0; i<list.length; i++) {  
9.    showProgress(i+1, list.length);  
10.    open(dir1+list[i]);  
11.    if (format=="8-bit TIFF" || format=="GIF")  
12.       convertTo8Bit();  
13.    saveAs(format, dir2+list[i]);  
14.    close();  
15. }  
16.   
17. function getFormat() {  
18.      formats = newArray("TIFF", "8-bit TIFF", "JPEG", "GIF", "PNG",  
19.         "PGM", "BMP", "FITS", "Text Image", "ZIP", "Raw");  
20.      Dialog.create("Batch Convert");  
21.      Dialog.addChoice("Convert to: ", formats, "8-bit TIFF");  
22.      Dialog.show();  
23.      return Dialog.getChoice();  
24. }  
25.   
26. function convertTo8Bit() {  
27.     if (bitDepth==24)  
28.         run("8-bit");  
29.     else  
30.         run("8-bit");  
31. }  

10.8.2 -  DAB image background correction
1. //written by Juan Antinao  
2. //Gets the directory with the ORIGINAL images  
3. dir1 = getDirectory("Choose Source Directory ");  
4. //

If you want to save the images to a different directiory, activate the f
ollowing line, a new dialog will ask you for the new folder to save the 
files. You also need to change line 42  

5. //dir2 = getDirectory("Choose Destination Directory ");  
6. //To select the image of brightfield (NO tissue)  
7. bright=File.openDialog("Select your whitefield file");  
8.         open(bright);  
9.         rename("Brightfield");  
10. //To select the image of Darkfield (Camera ON, but NO light)  
11. dark=File.openDialog("Select your darkfield file");  
12.         open(dark);  
13.         rename("Darkfield");  
14. //Crates a list of the files in dir1  
15. list = getFileList(dir1);  
16. //

calculates (Brightfield - Darkfield) to compensate the background illumi
nation  

17. imageCalculator("Subtract create", "Brightfield","Darkfield");  
18.         selectWindow("Result of Brightfield");  
19.         rename("Divisor");  
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20. //
Batch processing of files from dir1, only .tif files will be selected   
    

21. setBatchMode(true);  
22. for (i=0; i<list.length; i++) {  
23.     showProgress(i+1, list.length);  
24.     filename = dir1 + list[i];  
25.     if (endsWith(filename, "tif")) {  
26.         open(filename);  
27. //

Calculated the specimen (tissue sample) - darkfield to compensate for ho
t pixels.  

28. imageCalculator("Subtract create", list[i],"Darkfield");  
29.     rename("Numerator");  
30.     //

calculate the transmittance as the ratio of transmitted light through th
e specimen and the incident light to produce the corrected image. That i
s, the division of images: Numerator / Divisor.  

31.     run("Calculator Plus", "i1=Numerator i2=Divisor operation=[Divide: i
2 = (i1/i2) x k1 + k2] k1=255 k2=0 create");  

32.         selectWindow("Result");  
33.         title=replace(list[i], ".tif", "-");  
34.         rename(title);  
35. //rename("Corrected");  
36.         //imageCalculator("Subtract create", list[i],"Darkfield.tif")  
37.         //selectWindow("Result of image7087");  
38.         //rename("Numerator");  
39.         //

run("Calculator Plus", "i1=Numerator i2=Divisor operation=[Divide: i2 = 
(i1/i2) x k1 + k2] k1=255 k2=0 create")  

40.         //selectWindow("Result")  
41.         //rename("Corrected")  
42.         //

Saves in the original directory a new image with the same filename+BackC
orr at the end, if you activated the option to save the files in a compl
etely differend directory, change "dir1" for "dir2"  

43.         saveAs("TIFF", dir1+title+"BackCorr");  
44.         selectWindow("Numerator");  
45.         close();  
46. }  
47. }  
48. //Deletes duplicated-

corrected bright and dark images (Will disply and error message if its n
ot able to delete), closes all windows in ImageJ and displys a message  

49. del_successful =File.delete(replace(bright, ".tif", "-BackCorr.tif"));  
50.     if (del_successful == 0) {  
51.     print("Could not find or delete the file: " + yourfilename);  
52.     showMessageWithCancel("Error during file deletion","Could not find o

r delete the file: " + yourfilename + ". Press Cancel to abort macro.");
  

53. }   
54. del_successful2 =File.delete(replace(dark, ".tif", "-BackCorr.tif"));  
55.     if (del_successful2 == 0) {  
56.     print("Could not find or delete the file: " + yourfilename);  
57.     showMessageWithCancel("Error during file deletion","Could not find o

r delete the file: " + yourfilename + ". Press Cancel to abort macro.");
  

58. }   
59. run("Close All");  
60. showMessage("Finished!","All images processed");  
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