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Abstract

Advancement of understanding the etiology and treatment of epilepsy has largely depended on the use of acute and
chronic animal models. An alternative approach, which is being increasingly used by a select number of laboratories
worldwide, is to perform functional mechanistic studies in brain slices of living human tissue resected during surgery for
drug resistant epilepsies. Pharmacoresistant epilepsy is a major clinical problem with a significant proportion of patients
not receiving any symptomatic benefit from available anti-epileptic drugs. Animal models of epilepsy have dominated
the landscape with regard to research and development, however they have failed to deliver new agents that would
provide seizure control in patients with drug refractory epilepsy. Moreover, these models have considerable issues with
respect to validity and animal welfare considerations. A compelling alternative is the use of live human epileptic tissue,
which recapitulates a number of key features of refractory epilepsy. The use of live epileptic human tissue offers unprece-
dented opportunities to understand the mechanisms associated with difficult to treat epilepsy whilst also permitting studies
of efficacy of novel agents that are being developed to alleviate epilepsy in drug resistant patients.

1 Introduction

Up to 1% of the population suffer recurring seizures and are di-
agnosed with epilepsy, equating to around 600,000 people in the
UK and 50 million worldwide!. A significant proportion of these
people (30-40%) are refractory to drug treatment, leaving sur-
gical resection of the identified focus as the most viable alter-
native (Mohanraj and Brodie, 2006). A better understanding of
the disease etiology and improved treatments are highly desir-
able. Basic or experimental epilepsy research has long made use
of animal models, but the usefulness of these is increasingly be-
ing questioned (Sloviter, 2005; Sloviter and Bumanglag, 2013).
Historically, cats, dogs and non-human primates were more com-
monly used to study epilepsy, however, since the 1980’s, rodent
models have been the dominant species in epilepsy research
(Grone and Baraban, 2015). The most recent UK Home Office
statistics (UKHO, 2019) show the second highest proportion of

animal procedures performed in basic research is for studies of
the nervous system (21% of all procedures), with procedures in
mice (60%), fish (17%) and rats (9%) comprising the vast major-
ity of these. Unfortunately, there are no records which specify the
number of animals used solely for epilepsy research.

An animal model of epilepsy, using electrically induced con-
vulsions in cats, heralded the discovery of the first modern antie-
pileptic drug (AED), phenytoin, that was subsequently studied
in a large cohort of patients (Putnam and Merritt, 1937). Later,
other models of epilepsy were developed and proved useful in
the search for safer and more efficacious AEDs. This approach
was successful in that it produced a second generation of bet-
ter tolerated and clinically effective AEDs for patients (LaRo-
che, 2007) (e.g., lamotrigine, levetiracetam, topiramate, lacos-
amide, pregabalin and others). However, despite the impressive
armory of AEDs (ca. 20 medications) that clinicians can avail of
for symptomatic treatment, approximately 30% of all epilepsy
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patients remain resistant to treatment by AEDs (Mohanraj and
Brodie, 2006).

The most common form of focal intractable epilepsy is mesi-
al temporal lobe epilepsy (MTLE), and it is estimated that ~70%
of patients with MTLE are refractory to available AEDs (Engel,
2001; Schmidt and Léscher, 2005). Neuropathological studies
have demonstrated that in patients with refractory MTLE, me-
sial temporal sclerosis (hippocampal atrophy) is the common
pathological substrate of the condition (Engel, 1996). Using his-
topathological approaches in human surgical samples, this atro-
phy is characterized by neuronal cell loss in the cornu ammonis
(CA) 1 and 4 subfields of the hippocampus, dentate gyrus gran-
ule cell death, astrogliosis, and extensive reorganization of axons
(Bliimcke et al., 2013). In the majority of cases, the etiology of
MTLE is idiopathic, however it is believed that there is an initial
causative injury that can include trauma, febrile seizures, stroke,
status epilepticus (SE) or a brain infection (Mathern et al., 1995;
Engel, 2001). It is thought that these injuries trigger a neuro-
pathological chain reaction that sets off a process of epileptogen-
esis in the hippocampus and associated structures within the tem-
poral lobe. Following a latent period, which can last for months
or years, the patient then presents with epilepsy, which proves to
be pharmacoresistant in a significant proportion of cases.

Given the impact of the condition and the impetus to deliv-
er improved symptomatic treatments and possible cures for epi-
lepsy, many researchers have turned to animal models, predom-
inantly using mice and rats, to attempt to understand more about
the pathophysiology that gives rise to temporal lobe epilepsy
(TLE). Broadly speaking, three forms of animal models are capa-
ble of recapitulating some of the electroencephalographic, patho-
logical and behavioral aspects of human MTLE. These involve
either the systemic administration (intraperitoneal injection; ka-
inic acid (Ben-Ari et al., 1980), pilocarpine (Turski et al., 1983;
Curia et al., 2008)) or topical application (intracerebral injection;
kainic acid (Ben-Ari et al., 1979; French et al., 1982), pilocar-
pine (Millan et al., 1993), tetanus toxin (Mellanby et al., 1977))
of chemoconvulsant agents or the repetitive electrical stimula-
tion (kindling) of limbic brain structures (Loscher, 1997, 2011).
Additionally, various genetically engineered animal models are
available for genetic epilepsies, which are also frequently phar-
macoresistant. The pressing challenge for the experimental ep-
ilepsy research community is to translate the findings of these
preclinical studies into the clinical arena. The major questions
that presently dominate this area are i) the elucidation of the
mechanisms that explain pharmacoresistance and ii) the discov-
ery of novel compounds that could bring about seizure control in
AED refractory patients.

There is strong evidence to suggest that patients with refracto-
ry epilepsy (e.g., MTLE) benefit from surgical intervention ear-
lier in the course of the condition rather than later in order to im-
prove the chance of seizure freedom (Wiebe et al., 2001; Engel et
al., 2003; de Tisi et al., 2011; Engel, 2012). Considering this, the
increased numbers of patients undergoing resective surgery pres-
ent a unique opportunity for in vitro experimental studies of hu-
man epileptic tissue. Whilst there is little knowledge to be gained
from this tissue with respect to epileptogenesis, given the end state
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nature of the tissue, there is much to be gained from this tissue in
the context of understanding the pathology that underlies pharma-
coresistance. In this review, we will outline the problems associ-
ated with examining drug resistant epilepsy using animal models
and the advantages of using epileptic human tissue for the purpos-
es of electrophysiological studies to address this clinical problem.

2 Difficulties in recapitulating drug resistant
epilepsy in animal models

A key issue is the clinical relevance of animal models for epi-
lepsy research and, in assessing this, the usefulness of a model
can be evaluated by using three criteria: construct validity, face
validity and predictive validity (van der Staay, 2006). In an ide-
al world, the perfect animal model would meet all criteria, i.e.,
demonstrate a similar etiology to that observed in the human
condition; demonstrate a similar physiological, genetic and be-
havioral phenotype; and exhibit a similar response (or lack of) to
AED therapies. We will now discuss each of these criteria indi-
vidually, examining the evidence that supports or refutes the va-
lidity in a number of animal models of epilepsy, and summarize
our conclusions in Table 1.

With construct validity in mind, inherited mutations in ion
channel or synaptic receptor genes contribute significantly to the
monogenic causes of idiopathic epilepsy. Using clinical and mo-
lecular genetic analysis collected from patients, the construct va-
lidity of the molecular etiology can then be assessed by devel-
oping an appropriate animal model using genetic engineering
techniques. Subsequent experimental epilepsy studies can then
be conducted on the animal model in order to gain a better under-
standing of the mechanisms underlying epilepsy.

Several examples of using this approach currently exist. It is
now well established that in Dravet syndrome, the cause in the
majority of human cases is a de novo mutation of the SCN1A
gene producing a loss of function of the type I voltage-gated so-
dium channel (Nay1.1) (Claes et al., 2001, 2003). Using this clin-
ical knowledge, multiple mouse models of Dravet syndrome
have been developed (Yu et al., 2006; Ogiwara et al., 2007; Mill-
er et al., 2014), and it has been demonstrated that Scn/a™- mice
exhibit both spontaneous and hyperthermia-induced seizures
(Oakley et al., 2009).

In humans, a dominant-negative missense mutation in a potas-
sium channel gene (KCNA1) produces partial temporal lobe sei-
zures and generalized tonic-clonic seizures (Zuberi et al., 1999).
The KCNAI gene codes for the Ky1.1 voltage-gated potassium
channel. K,1.1 is critical for regulating numerous features of
neuronal function, including action potential propagation and
shape, repetitive firing properties and neurotransmitter release
(Tanouye et al., 1981; Zhang et al., 1999; Dodson and Forsythe,
2004). Whilst 50% of the mice generated with a null knockout of
the Kcnal gene died suddenly at 3-5 weeks old, they did exhibit
what appeared to be generalized seizures before death. The mice
that survived beyond this time point continued to display sporad-
ic spontaneous seizures, as measured behaviorally and with EEG
recordings (Smart et al., 1998).
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Mutations in specific subunits of the NMDA receptor are also
emerging from the clinical literature. Specifically, de novo muta-
tions in GRIN2B and GRIN2A, which encode the GIuN2B and 2A
subunits of the NMDA receptor, are reported in individuals with
epilepsy and intellectual disability (Endele et al., 2010). Subse-
quent electrophysiological studies in Xenopus laevis oocytes have
demonstrated that a missense de novo mutation in the receptor
pore region (GIuN2A(N615K)) is capable of altering the current
density of the receptor and the receptor’s sensitivity to exogenous
and endogenous modulators (Marwick et al., 2015). It has sub-
sequently been demonstrated that Grin2a knockout mice exhibit
spontaneous epileptiform discharges (Salmi et al., 2018).

With advances in molecular and genetic techniques, particular-
ly homologous recombination, a variety of useful insights into the
role of mutations of single genes in epilepsy have been revealed.
The ability to integrate the specific genetic abnormality derived
from human patients (e.g., Ogiwara et al., 2007) has to a certain
degree resulted in significant face validity. The models reiterate
a critical phenotypic feature (spontaneous seizures) of the hu-
man condition. Whilst such Mendelian epilepsies only constitute
a small number of all the epilepsies, their clinical burden is signifi-
cant in that they are frequently difficult to treat with AEDs.

As outlined above, spontaneous seizures have been reported in
numerous studies, however a major shortcoming of the work to
date with genetically modified mouse models has been a lack of
assessment of the predictive validity of these models. It would be
worthwhile to test if these models recapitulate non-responsive-
ness to commonly used AEDs. Undertaking this endeavor would
require significant resources, as almost 1000 genes have been as-
sociated with epileptic phenotypes (Wang, J. et al., 2017). How-
ever, if a large cohort of genetically modified mice exhibiting
epilepsy could be phenotypically screened (using EEG and be-
havioral measurements) to identify individual pharmacoresistant
models, this would help to select out mice that demonstrate face
validity.

With an increasing number of identified human epileptic mu-
tations and genes leading to an escalation of the number of ge-
netically modified mice, welfare issues are worth considering.
Adverse welfare effects associated with spontaneous seizures
include weight loss; increased stress and anxiety; hyper-reac-
tivity and aggression. These should be anticipated, and good re-
finement protocols and control measures used to reduce possible
suffering (Lidster et al., 2016). Whilst easy to produce and inex-
pensive, it is important that genetic modification reproduces the
pathophysiological state observed in the human condition accu-
rately. The gene targeting approaches outlined in this section are
optimal in that they reliably reproduce the genetics, pathology
and phenotype of the human epileptic condition.

In many cases of epilepsy, Mendelian patterns of inheritance
play no role in the pathology. These non-Mendelian cases usu-
ally arise with sporadic frequency due to traumatic brain injury,
brain tumors, developmental abnormalities and vascular insults!.
Whilst in the case of genetic disorders the development of an an-
imal model is derived from a known molecular etiology, in con-
trast, non-Mendelian models must demonstrate face validity (i.e.,
recapitulation of distinct clinical feature(s)). From a clinical per-
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spective, MTLE has received a high degree of characterization,
meaning that a significant level of design and appraisal of animal
models of this condition can be undertaken.

Whilst MTLE can be heterogenous in terms of etiology, a key
feature is conserved across the majority of patients, i.e., the uni-
lateral pattern of hippocampal neuronal loss and gliosis termed
hippocampal sclerosis (Bliimcke, 2009). In many patients with
MTLE, the sclerotic hippocampus can be visualized on magnetic
resonance imaging (MRI) or by histopathology using resected tis-
sue obtained from surgery. Localized hippocampal damage (ede-
ma, increased T-2 weighted intensity) can be observed days fol-
lowing focal uncontrollable febrile seizures, with subsequent hip-
pocampal atrophy occurring in the months after the initial seizures
(VanLandingham et al., 1998). Febrile and afebrile SE in children
and adults, respectively, are now thought to be a major factor in
the development of epilepsy following a seizure-free epoch of in-
constant duration (Annegers et al., 1987; Tsai et al., 2009). Indeed,
an analysis of a cohort of 67 patients undergoing elective neuro-
surgery for refractory MTLE demonstrated that the majority had
SE preceding the onset of their epilepsy (French et al., 1993).

From a pre-clinical perspective, a variety of animal models of
SE provoked TLE have been developed. Broadly, these can in-
clude the systemic or topical administration of chemoconvulsants
or direct electrical stimulation of the brain. Systemic convulsants
are useful as they can trigger epileptogenesis, with face validity
similar to human MTLE. Topical chemoconvulsants may be used
to trigger acute seizures or to trigger epileptogenesis in some cas-
es (see below for a detailed discussion of the intra-amygdala kain-
ic acid model). Electrical kindling can also trigger epileptogenesis
through non-chemical targeting of specific brain pathways.

However, only one model would appear to capture several fea-
tures of the clinical syndrome and therefore go some way in terms
of achieving the criteria of face validity. The infusion of the glu-
tamate receptor agonist kainic acid (KA) into the basolateral nu-
clei of the amygdala (BLA) can produce SE that is subsequent-
ly followed by mTLE (Ben-Ari and Lagowska, 1978; Ben-Ari
et al., 1979; Lévesque and Avoli, 2013). This model (KA-BLA)
produces this epileptic phenotype in both young and adult ro-
dents and usually involves a rapid onset of a period of SE, which
is terminated by the administration of a benzodiazepine (diaze-
pam or lorazepam) to decrease the risk of mortality (Sharma et
al., 2008; Lévesque and Avoli, 2013). Following a latent period
of epileptogenesis lasting several days after the KA insult and SE
event, spontaneous recurrent seizures occur and have been doc-
umented to persist. The only major difference between the im-
plementation of the model in juvenile and adult rodents is that in
young rats SE is permitted to run its course and naturally termi-
nate. In both cases, following a significant period of time (weeks
to months), both behavioral and electrographic seizure activity
is manifest, proving the presence of MTLE. Moreover, unilater-
al hippocampal sclerosis that coincides with the development of
epilepsy has been confirmed using imaging and histopathologi-
cal techniques.

Whilst these experimental observations support the face va-
lidity of this model, some elements are at odds with the clinical
syndrome. Firstly, the length of the latent period is vastly differ-
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Tab: 1: Summary of benefits and limitations of resected human tissue from patients with drug-resistant temporal lobe
epilepsy versus animal models, iPS cells and computational models

experimental
preparation

outcome must take
precedence over
research outcome.
Tissue can be damaged
during resection.
Sclerotic tissue is largely
unusable.

by the researcher.

technically challenging,
but are well controlled
by an experienced
researcher.

Human tissue Animal models iPS cells Computational
models
Throughput Low as subject to clinical | High. Animals are Medium. Cells/organoids | Very high
procedures typically available when may need a long time
needed. to form mature neurons
and networks.
Quality of Variable. Clinical High. Easily controlled Preparations may be Easily controlled by

the researcher.

Construct validity

High. The experimental
preparation is the exact
construct for which
treatment is required,
though may be damaged
during resection or
removed from wider
network connections.

Can be high for some
genetic epilepsies,
where the exact

human mutation can

be modeled in mice.
Lower for MTLE models,
where the causative
insult in humans is often
unknown and unlikely
to be reflected in mouse
models.

High at the cellular

level; variable at the
network level. The cells
are derived from human
material, but do not
necessarily form realistic
or mature neuronal
networks.

Low as epilepsy

is modelled using
computers and not
biological substrates.

Face validity

Resected slices can
generate spontaneous
interictal activity, though
seizure-like activity
usually must be evoked
by chemoconvulsants
and may not reflect the
pathological network
activity that caused
seizures in the patient.

Models can capture
epileptogenesis and
show spontaneous
seizures that appear
to reflect those

seen in humans.
Other behavioral
characteristics or co-
morbidities may not be
represented.

Can capture cellular
features of genetic
epilepsies. Organoids
can generate
spontaneous network
activity. No evidence of
spontaneous seizures.

Can capture micro-

or macroscopic
biophysical features,
but usually not both at
the same time.

Predictive validity

Good. Tissue is resistant
to AEDs, a property

not seen in brain tissue
resected from non-
epileptic cases.

Limited evidence. In
some models,

30-40% of animals show
pharmacoresistance,

in line with human MTLE.

Difficult to assess as
current models do not
exhibit spontaneous
seizures. Some evidence
at the cellular level in
Dravet syndrome

Further work is required
to assess this.

Ethical
considerations

Informed patient consent
and specific ethical
approval is required.

Project and personal
licenses are required for
animal procedures.

Human-derived
cells may be subject
to existing ethical
agreements.

Less applicable as not
using biological tissue.

ent between the animal model and that seen in humans. In hu-
mans the latent period can vary between months and many years,
whereas in the animal model it is a few days. It should also be
noted that the neuropathological findings from the animal mod-
el do not concur with those observed in humans. Specifically, in
human MTLE, most neuronal loss is found in the CA1 and hilus
subfields. In the KA model, neurons in CA1 are spared, and neu-
ronal loss is instead focused in CA3 (Mouri et al., 2008) and the
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hilus. Finally, it is worth mentioning that the construct validity of
this model is flawed. Whilst the model does recapitulate the ini-
tiating pathology, that is SE, this is in response to a convulsant
agent (KA) rather than febrile illness. It is interesting to note that
the C57BL/6J strain of mice and young rat pups (postnatal day
10-11) can exhibit febrile seizures after hyperthermia induced by
exposure to warm air (van Gassen et al., 2008). Prolonged febrile
seizures induced by this model can go on to produce spontaneous
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electroclinical seizures in a third of the adult rats (Dubé¢ et al.,
2006). Further work is required to demonstrate the overall validi-
ty of this particular model.

The major limitation of this epilepsy model and others con-
cerns predictive validity. Predictive validity can be defined as
the effectiveness of research studies or tests to predict the out-
come of future interventions. This definition can be used to ar-
gue that predictive validity is when the animal model recapitu-
lates treatment responsiveness. However, given that a key clin-
ical problem in MTLE is pharmacoresistance to AEDs, perhaps
it is worth reconsidering the concept of predictive validity in this
context. High predictive validity is how closely an animal mod-
el recapitulates AED responsiveness that is observed in humans.
We would posit that we should consider high predictive validity
of a preclinical animal model of MTLE as its ability to demon-
strate it to be non-responsive to AED therapy. This observation
would bring a preclinical animal model in line with the clinical
definition of pharmacoresistance. To that end, it is critical that
the pharmacological responsiveness, or not, of spontaneous sei-
zures is examined in an animal model of human MTLE. Unfor-
tunately, this has been a poorly studied area of epilepsy research,
partly due to difficulties associated with attempting this type of
work. The testing of the efficacy of AEDs is laborious, time con-
suming, expensive and complicated by differences in pharmaco-
kinetics between rodents and humans. Prolonged video telemetry
recordings of rodents are also required to compare seizure inci-
dence during periods of no drug versus seizure frequency during
epochs when animals receive AED treatment.

Using the pilocarpine model of MTLE, it was found that rats
demonstrated a significant inter-individual variation in respons-
es to levetiracetam administered via an osmotic pump (Glien et
al., 2002). Up to 40% of rats responded to the drug with virtual-
ly complete control of spontaneous seizures, 40% of the rats tested
were non-responsive to the AED, whilst the remainder showed so
much variation in seizure control pre- and post-drug that they were
excluded. In a separate study, rodents exhibiting spontaneous re-
current seizures induced by BLA electrical stimulation (kindling)
could be divided into responders and non-responders to phenobar-
bital (Brandt et al., 2004). In other studies, this finding was repli-
cated with 30-40% of rats non-responsive to phenobarbital. A sig-
nificant proportion of these non-responders were also resistant to
subsequent treatment with phenytoin (Ldscher, 2002).

The International League Against Epilepsy (ILAE) defines
pharmacoresistant epilepsy as failure of two tolerated (maximum
doses), appropriately chosen and used AEDs (whether as mono-
therapies or in combination) to achieve protracted seizure free-
dom (Kwan et al., 2009). In light of this description, it would
appear that these limited studies demonstrate predictive validi-
ty in the form of AED non-responsiveness. However, it should
be noted that both the pilocarpine model and the BLA electri-
cal stimulation model have additional limitations with respect
to validity. From an electrophysiological perspective, there is a
much smaller degree of variation in seizure onset sites in human
patients as compared to rats that have been exposed to pilocar-
pine (Toyoda et al., 2013). Moreover, in humans with MTLE, the
lesion and onset are usually lateralized, whereas in the pilocar-
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pine model the lesion and onset are found equally in left and right
hemispheres. It should be noted that whilst the lesion created by
pilocarpine is bilateral, the neuronal degeneration in CA3/CAl
(Covolan and Mello, 2000) and mossy fiber sprouting (Shibley
and Smith, 2002) are reminiscent of the neuropathological find-
ings reported in human MTLE. In contrast, it is generally accept-
ed that the various neuropathological changes observed in hu-
man MTLE are virtually absent in the BLA kindled model (Ma-
thern et al., 1997; Brandt et al., 2003).

Due to the nature of inducing experimental models of MTLE,
i.e., induction of SE, a process which in isolation can exert signif-
icant mortality, there are a number of animal welfare issues that
arise from this type of work (Lidster et al., 2016). Using the KA-
BLA model as an example, the generation of animals with epilep-
sy using this approach is associated with several adverse effects
and co-morbidities, including potential issues with stereotaxic
injections into the brain (death due to anesthesia, post-surgical
infection, post-surgical pain, failure of sutures, dehydration). If
animals are to undergo EEG video-telemetry, there is risk asso-
ciated with brain inflammation and infection due to foreign bod-
ies (electrodes) causing alterations in rodent behavior following
recovery from surgery. The development of spontaneous recur-
rent seizures can, as outlined for genetically altered mice above,
cause serious adverse effects. Finally, the long-term administra-
tion of pharmaceutical agents (i.e., AEDs), particularly at maxi-
mally tolerated doses, has the potential to cause deleterious and
unexpected effects in animals.

3 Alternative methods of addressing
drug resistant epilepsy

Considering the issues highlighted above concerning validity
with respect to animal models of drug resistant epilepsy, it is im-
portant that we identify alternatives that are more relevant to the
human condition. Apart from the obvious animal welfare issues
described in previous sections, there are other persuasive reasons
to search for different options available to experimental scien-
tists with an interest in epilepsy. The last number of years have
seen considerable numbers of animals being used in pre-clinical
studies, particularly in studies testing novel compounds in devel-
opment. Despite this dramatic increase in animal use and bud-
gets associated with pharmaceutical industrial research and de-
velopment pipelines, the number of compounds that transition to
clinical trials or are licensed for therapeutic use, particularly in
the central nervous system (CNS) domain, is currently stagnant.
Coupled to the lethargic condition of drug discovery pipelines is
the number of late stage failures and high profile recalls of po-
tentially successful drugs (Gribkoff and Kaczmarek, 2017). This
evidence would suggest that, in general, pharmaceutical research
and development urgently requires novel strategies that comple-
ment or move away from traditional animal-based biomedical re-
search. This is most pertinent with regard to the field of epilepsy.
Notwithstanding the array of experimental approaches and vari-
ety of pre-clinical epilepsy animal models developed over many
decades, clinicians are still faced with 30% of patients who are
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refractory to commonly used AEDs. With respect to this clinical
bottleneck, alternative approaches could include induced plurip-
otent stem cells (iPSCs) and computational modelling. However,
the most plausible alternative to animal models of epilepsy is the
use of live human epileptic tissue for in vitro functional studies
as a means of predicting drug efficacy and aiding the drug dis-
covery process.

iPSCs can be derived from patient skin biopsies or blood sam-
ples and can subsequently be differentiated into neurons, glia, or
other cell types of interest. These can be grown in two-dimension-
al cultures or in three-dimensional scaffolds to generate cerebral
organoids with physiologically realistic brain architectures (Beni-
to-Kwiecinski and Lancaster, 2019; Niu and Parent, 2020). The
resulting cells contain the same genetic material as the original
human tissue sample. This mediates a high degree of construct
validity in the context of genetic epilepsies, where seizures are
caused by specific gene mutations, and many such iPSC models have
been developed (Simkin and Kiskinis, 2018; Niu and Parent, 2020;
Sterlini et al., 2020). However, in the context of TLE, both two-di-
mensional iPSC cultures and brain organoids have limited con-
struct validity since the underlying pathophysiology of acquired
epilepsies does not have a purely genetic basis. Regarding face
validity, iPSC-based models can capture some important pheno-
typic aspects of genetic epilepsies. For example, iPSCs derived
from Dravet syndrome patients show hypoactivity in interneurons,
whilst excitatory neurons appear to be unaffected (Sun et al., 2016),
and iPSCs carrying a KCNTI mutation show increased network
excitability and synchrony in two-dimensional culture (Quraishi et
al., 2019). Brain organoids cultured for > 8 months exhibit spon-
taneous neuronal network activity (Quadrato et al., 2017), how-
ever current evidence that brain organoids can generate sponta-
neous epileptiform seizures is limited. This may limit the face va-
lidity of protocols for modelling epilepsy in organoids at present.
It is challenging to assess the predictive validity of iPSC models
in testing anti-seizure therapies since seizures are not well re-ca-
pitulated in current versions of these models. However, there is
some evidence supporting predictive validity. For example, can-
nabidiol (CBD) is a promising therapeutic in children with Dravet
syndrome. Correspondingly, in iPSC models of Dravet syndrome,
CBD reduces excitatory neuron activity whilst boosting inhibitory
cell firing (Sun and Dolmetsch, 2018), suggesting that iPSC mod-
els can reproduce certain therapeutic actions seen in patients.

Computational models of epilepsy offer alternatives in terms
of examining the cellular, synaptic and network properties under-
lying seizure generation (Lytton, 2008). Computational models
range from those that capture microscopic biophysical features
(e.g., changes in particular ionic gradients and dynamics) but do
not reproduce macroscopic features to models that faithfully rep-
resent network features (e.g., EEG patterns associated with epi-
lepsy) but lack a full consideration of the underlying physiolog-
ical processes. The utility of computational models of epilepsy
in addressing refractory epilepsy is debatable. Recent computa-
tional studies have helped to bridge the gap between the micro-
and macroscale regarding seizure generation (Liou et al., 2020).
However, further work is required to ensure that such seizure
models capture activity that is resistant to parameter changes that
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could be considered as anti-seizure medication interventions.
Moreover, the value of a biologically realistic model is enhanced
by the ability to incorporate “real world” and detailed neurophys-
iological characteristics. Therefore, an iterative process via col-
laboration between computational and experimental neuroscien-
tists, particularly those focused on understanding the biology of
the human epileptic brain, is required to ensure future “in silico”
seizure models fully capture the disease condition.

Despite these alternatives to animal models of epilepsy, resec-
tive human tissue remains a leading candidate for the reduction
and replacement of animal models. The issue of functionality of
human tissue is an important one. A large number of human brain
tissue samples removed during neurosurgery are ultimately used
for diagnostic purposes. Previously, this has meant that limited
scientific information has been derived from this resource, as his-
topathological stains and molecular techniques are used to exam-
ine such samples. Whilst this is useful in providing a molecular
basis for observed phenotypic variations in the pathological con-
dition, it tells us little regarding the functional changes that cor-
respond to cellular, synaptic and network activity in the human
epileptic brain. From a functional perspective, epilepsy remains a
disease of the brain that arises due to excessive neuronal activity,
and it is through this neuronal activity that AEDs will exert their
therapeutic effect, or not. For those reasons and the fact that elec-
trophysiological studies in patients (e.g., EEG) remain the diag-
nostic “gold standard”, the focus of this section on human tissue
will review the use of electrophysiological techniques using ep-
ileptic human brain slices in vitro (e.g., extracellular local field
potential (LFP) recordings).

The very reason that human brain tissue is surgically removed
to treat drug resistant epilepsy provides a unique opportunity for
neuroscientists to undertake in vitro research on this valuable re-
source. Using human brain tissue in this way allows for the re-
placement, or at least reduction (Flecknell, 2002), of the use of
animal models to study pharmacoresistant epilepsy. The fact that
this tissue is derived from patients and is likely to capture the
causal neuronal mechanisms of epilepsy in humans supports the
construct validity of live human epileptic tissue.

Regarding face validity, several phenotypic characteristics can
be derived from epileptic human tissue that also support this ap-
proach. One limitation of using the human in vitro brain slices ap-
proach to study epileptic activity is the lack of correlate with the
behavioral and clinical seizure phenotype. However, recent work
has demonstrated that a particular type of neuronal oscillation
observed in in vivo recordings of human epileptic brains is con-
served at the level of a human epileptic brain slice (Staba, 2013).
This activity is strongly associated with epileptogenic networks
in patients with MTLE. Recent work has suggested that patholog-
ical high frequency oscillations (HFOs) may represent a unique
biomarker that could aid in the localization of brain regions to be
resected during epilepsy surgery (Staba, 2013). HFOs can be con-
sidered as LFP oscillations whose frequency is greater than 80 Hz,
extending up to frequencies of ca. 500 Hz. Clinically, HFOs can
be detected using high-sampling rate scalp or intracranial (depth
or sub-dural electrodes) EEG approaches. They can be measured
experimentally in resected human brain sections using standard
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extracellular local field potential recordings (Jones et al., 2016).
Moreover, HFOs associated with interictal events are intimately
correlated with seizure onset zone in drug resistant epilepsy pa-
tients (Jacobs et al., 2010; Wu et al., 2010; Akiyama et al., 2011;
Cho et al., 2012; Haegelen et al., 2013; Okanishi et al., 2014).
Given this profound association between HFOs and seizure gen-
eration, a better understanding of the neuronal behaviors that gen-
erate HFOs will provide information that could be used to phar-
macologically target HFOs and potentially overcome the issue of
drug resistant epilepsy by developing compounds that target the
mechanisms critical for this pathological oscillation.

In this respect, several laboratories have exploited the use of
epileptic human brain slices to study the mechanistic nature of
HFOs. Initially reported by Koéhling et al. (1998) in epileptic hu-
man neocortical slices, HFOs are tightly correlated with interic-
tal sharp wave events. This study examined the cellular and syn-
aptic features of the sharp wave events, concluding that they are
mediated primarily through non-NMDA and GABAergic medi-
ated synaptic activity. More recently, Roopun et al. (2010) re-
corded spontaneous HFOs (100-500 Hz) in association with in-
terictal sharp waves in human neocortical slices obtained from
MTLE patients. Alongside a computational network model, this
work demonstrated a weak correlation between chemical synap-
tic conductance and HFOs. They also observed that antagonism
of gap junctions abolished HFOs, whereas the application of a
GABAA receptor blocker had no effect. In a subsequent study us-
ing a similar dataset, HFOs were divided into ripple (< 200 Hz)
and fast ripple (> 200 Hz) components (Simon et al., 2014). Us-
ing a multi-electrode array recording approach, it was shown that
both forms of activity were predominant in the superficial (II/I1T)
layers of the neocortex. Concurrent extracellular recordings and
intracellular measurements of principal cell membrane potential
revealed that, whilst excitatory postsynaptic potentials (EPSPs)
occur during fast ripple HFOs, there was no significant correla-
tion between synaptic activity and the network HFOs. This find-
ing supports the hypothesis that human fast ripple HFOs are gen-
erated by a gap junction coupled plexus of axons (Roopun et al.,
2010; Traub et al., 2011, 2014; Cunningham et al., 2012; Simon
etal., 2014).

Given that the tissue in the aforementioned studies was ob-
tained from pharmacoresistant cases, this suggests that HFOs
are a strong biomarker of disease activity in refractory epilepsy
(Staba, 2013). Most AEDs that will have failed in these refracto-
ry cases are known to target neuronal ion channels (sodium, po-
tassium) or synaptic receptors (GABA, glutamate). If axonal gap
junctions, which are not targeted by conventional AEDs, are im-
portant for human epileptogenesis, then it would be reasonable
to suggest that the development of compounds that selectively
antagonize the axonal gap junction could bring about therapeu-
tic benefit. Experimental studies have demonstrated that a gap
junction blocker, carbenoxolone (CBX), suppresses HFOs in ep-
ileptic human tissue (Roopun et al., 2010). However, whilst ap-
proved for use in humans, it is unclear if CBX can pass the blood
brain barrier (BBB). However, it is encouraging that two oral-
ly bioavailable gap junction blockers, tonabersat and carabersat,
have been shown to have anticonvulsant action in preclinical ani-
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mal models (Upton et al., 1997). It would be intriguing to test the
anti-epileptic potential of these compounds in epileptic human
tissue and their impact on HFOs.

The predictive validity of any model is an important yardstick
for translational studies. Predictive validity can be considered as
the ability to predict that the effect (e.g., of a novel AED) in the
assay will be reflected in the patient condition. Additionally, pre-
dictive validity can be thought of as the equivalence of disease
mechanisms (e.g., ion channel mutation) and pathophysiologi-
cal features (e.g., imbalance between inhibitory and excitatory
neurotransmission) that are similar across the model and the hu-
man condition. Given the source, scientific studies in this tissue
are advantageous from the point of view of validating pharma-
coresistance and probing potential mechanisms underlying this
finding. As suggested above, high predictive validity of epileptic
tissue from AED refractory patients should be their non-respon-
siveness to therapy.

There are already precedents for examining this question in the
literature. Jandova et al. (2006) have demonstrated that in epilep-
tic human hippocampal brain slices obtained from drug-resistant
MTLE patients, induced epileptiform activity recorded as an ex-
tracellular field was resistant to a commonly used AED, carba-
mazepine (CBZ). Moreover, they also showed that in tissue from
patients not resistant to AEDs (tumor patients), CBZ could sup-
press induced ictal spiking. In an earlier study, using whole-cell
patch clamp recordings conducted in hippocampal neurons from
CBZ resistant patients, it was shown that the use dependent block
of sodium channels was lost in these patients (Benardo, 2003).
Alongside these single cell studies, extracellular recordings of
epileptic activity were also insensitive to CBZ. In contrast, in a
small number of samples from patients clinically responsive to
CBZ, use-dependent block of sodium channels and suppression
of epileptic events was observed (Remy et al., 2003).

An alternative hypothesis regarding pharmacoresistance
centers around the role of multidrug transporter proteins
(MDTs). MDTs include multidrug resistance-associated proteins
1-5 (MRP1-5) and P-glycoprotein (Pgp), and anatomical studies
in resected epileptic human brain tissue have reported an upreg-
ulation of these proteins in brain tissue and BBB from drug re-
fractory epilepsy patients (Aronica et al., 2004, 2012). The trans-
porter hypothesis outlines a scenario whereby the accumulation
of tissue AED concentrations is obstructed by the efflux of drug
out of the neuropil and BBB, facilitated by MDTs. In order to test
whether Pgp and MRPs contribute to AED resistance in epilep-
tic human hippocampal and cortical tissue, Sandow et al. (2015)
examined a number of AEDs and unspecific blockers of MDTs.
They observed that in the presence of CBZ, phenytoin (PHT)
and valproate (VAL) induced (reduced GABA function and in-
creased extracellular potassium concentration) epileptiform ac-
tivity was unaltered. It was also reported that non-specific in-
hibitors of Pgp and MBP (verapamil and probenecid) were also
found to not alter induced epileptic activity. Moreover, co-ad-
ministration of AEDs and drug transport inhibitors failed to sup-
press activity in the majority of samples. Taken together, these
findings suggest that the presence of MBP and Pgp in the neuro-
pil does not underlie the refractory nature of resected tissue.
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One final hypothesis should be considered that may be ad-
dressed using epileptic human brain tissue, i.e., the network hy-
pothesis, which proposes that structural brain alterations and/or
network changes (e.g., hippocampal sclerosis) are involved in
resistance to AEDs (Fang et al., 2011). Profound structural and
functional abnormalities in neuronal networks are found in re-
fractory epilepsy. Overall, these changes can be considered alter-
ations in brain plasticity and include axonal sprouting (Mello et
al., 1993), synaptic reorganization (Sutula et al., 1988), aberrant
neurogenesis (Goldberg and Coulter, 2013) and gliosis (Devin-
sky et al., 2013). In particular, studies on post-mortem and surgi-
cal resection samples from patients with intractable MTLE have
demonstrated that astrogliosis is a significant feature of the epi-
leptic brain (Wang, L. et al., 2009). Given that astrogliosis plays
a critical role in the formation of scar tissue, which itself will hin-
der the access of drugs to a lesion, it is possible that astrogliosis
may contribute to pharmacoresistance in epilepsy. Another fea-
ture that is well established in epileptic human tissue is synaptic
reorganization. Mossy-fiber sprouting is a consistent finding, and
this mis-wiring of neurons within the hippocampus brings about
network hyperexcitability through the enhancement of recurrent
excitation (Magloczky, 2010). It is plausible that this augmenta-
tion of excitation within neuronal networks will facilitate patho-
logical synchronization between neurons.

There are, of course, limitations to the use of live human epi-
leptic tissue. In many cases, seizure activity is induced by manip-
ulation with a proconvulsant medium. It is rare to observe spon-
taneous ictal events, and it can be difficult to evoke such events.
It is not known if the resistance of induced epileptic activity re-
flects the refractory nature of spontaneous pathological events in
human slices or, indeed, patients for that matter. Gaining access
to human tissue can be time-consuming, logistically challenging
and hampered by low throughput (Jones et al., 2016). Moreover,
tissue specimens can be of a heterogeneous nature, meaning that
it can be difficult to get consistency in terms of the anatomical
source of the tissue and the phenotype of the patient. However,
often the amount of epileptic human tissue is substantial, and re-
peated measures can be achieved from within the same subject.
Thus, in rare cases of drug-resistant epilepsy (e.g., focal cortical
dysplasia), one might envisage a scenario where a single patient
case study (with repeated observations from several slices) could
provide insight into the potential efficacy of a novel anti-epilep-
tic compound. Alternatively, one solution to low throughput is-
sues and the heterogenous nature of samples would be to con-
vene a number of laboratories working with human samples into
a multi-center grouping. This approach would allow the “pool-
ing” of samples and experimental studies and greatly increase
productivity. This laboratory has made advances in this area by
developing an in vitro system that allows electrophysiological re-
cordings from multiple human brain slices at the same time. This
system permits that each slice can be independently treated with
pharmacological agents, maximizing the number of novel agents
that could be tested in brain slices from pharmacoresistant pa-
tients. Other groups, using experimental refinements discovered
in rodent brain slice studies (Buskila et al., 2014), have recent-
ly developed methods to prolong the longevity of acute human
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slice preparations to ca. 72 hours by treating the perfusing artifi-
cial CSF with UV light to prevent bacterial growth. This permits
the use of more slices from each patient (Wickham et al., 2018).

There are numerous important practical considerations for
the implementation of human brain tissue recordings. Primarily,
such work is subject to the availability of tissue samples. Surgi-
cal resections are typically carried out as elective procedures at
specialized hospital sites, and therefore the research lab intend-
ing to use the resected tissue must be near the hospital. Such sites
typically generate regular specimens (for example resective sur-
gical procedures at Beaumont Hospital, Dublin, generate approx-
imately 5-10 brain specimens each month, with each specimen
typically generating at least 15 brain slices for research).

It must also be considered that resected specimens are also re-
quired for neuropathological assessment as part of the clinical
work-up. It is possible to divide specimens for research and pa-
thology either in the surgical theatre or, if the pathologist is avail-
able to immediately dissect the tissue, this can be done in the pa-
thology lab. In either case, detailed procedures must be established
between surgeons, pathologists and researchers to ensure that re-
search needs can be met with no impact on clinical procedures. The
quality of the research specimen varies depending on how it is re-
sected and handled. Typically, the most viable specimens for elec-
trophysiological recordings are resected en bloc and submerged di-
rectly into a modified artificial cerebrospinal fluid for transport.
However, for molecular and morphological analyses, it is sufficient
to transport the specimen without any solutions.

Additionally, specific ethical approvals are required prior to any
human tissue work, and informed consent must be obtained from
each patient before their tissue can be used. Finally, interindivid-
ual differences such as age, sex and AED history may impact ex-
perimental observations and must be carefully considered.

To summarize, resected human tissue offers several key ad-
vantages over other model systems to study TLE (Tab. 1). It has
the ultimate construct validity since it is the exact tissue of in-
terest. It also exhibits strong predictive validity in terms of AED
resistance and good face validity, although chemoconvulsants
may be required to trigger seizure-like activity in these speci-
mens. However, relatively modest throughput, coupled with the
practical considerations described, may represent drawbacks of
this approach, some of which may be overcome using animal,
iPSC-based and computational models.

4 Conclusion

Epilepsy is a serious neurological condition that has significant
social and economic implications on a global scale. Despite ma-
ny years of experimental research using animal models, a major
shortcoming is the lack of drug efficacy for a significant propor-
tion of patients. In this review, we have attempted to demonstrate
that despite best efforts, numerous animal models fail to align
with the clinical syndrome and recapitulate core features of the
clinical disorder, i.e., drug refractory MTLE. We suggest that the
use of live human epileptic tissue may provide improved clini-
cal relevance by fulfilling the three key criteria of construct va-
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lidity, face validity and predictive validity. In addition to import-
ant welfare issues, there is a clear scientific advantage to using
epileptic human tissue. Detailed scientific studies of brain tissue
from pharmacoresistant epilepsy patients allows a direct correla-
tion between the patient’s phenotype and the underlying disease
processes. This approach will increase the probability of identi-
fying novel mechanisms that bring about pharmacoresistance in
human epilepsy. This knowledge could be used to develop new
medicines to provide therapeutic benefit to refractory epilepsy
patients. Moreover, the use of epileptic human tissue will aid the
ability to predict the effectiveness of novel AEDs that emanate
from research and development pipelines. Indeed, the poor pre-
dictive nature of epilepsy animal models is being increasingly
recognized by industry, academia, public and regulators. Whilst
there is still much work to be done with regard to the reliability
and relevance of epileptic human brain tissue, this approach will
be beneficial for improving drug development and overcoming
drug resistant epilepsy.
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