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ABSTRACT
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This Bachelor’s thesis is a literature review of in vitro differentiation methods in which hippo-
campal neurons are generated from human-derived stem cells, specifically human embryonic
stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Several methods for
differentiating hippocampal neurons were gathered from previous studies and the findings were
compared and discussed.

Over the years, novel methods to differentiate hippocampal neurons from cells with human
origin have been developed to provide accurate information of hippocampal neuronal functions.
The use of hiPSCs offers a unique opportunity to model neuronal networks with patient-specific
genetic background. In addition, these cells have better availability compared to human derived
tissue samples, which require biopsy. Furthermore, hiPSCs reduce the ethical questions of stem
cell therapy, as they can replace the use of embryonic stem cells.

Main findings from the discussed differentiation methods demonstrated the efficacy of specific
molecular cocktails, including factors such as Wnt3, brain-derived growth factor (BDNF),
SB431542, Cyclopamine, DKK1 and CHIR 99021. Furthermore, many of the methods utilized co-
culturing with hippocampal astrocytes to direct neuronal differentiation towards hippocampal fate.
Characterization techniques, such as immunocytochemistry, were used to successfully confirm
the differentiation into hippocampal neurons. Commonly used markers for identifying hippocam-
pal fate were for example PROX1, NEUN, GRIK4 and FOXG1.

The hippocampus is associated with epilepsy, a group of syndromes in which excessive dis-
charge activity occurs, causing epileptic seizures. Approximately a third of the 65 million epilepsy
patients do not respond to currently available medications, which is why novel research methods
are needed. This thesis briefly discusses research in which differentiated hippocampal neurons
have been used to model epilepsy in vitro. The aim of the thesis is to provide the reader with up-
to-date information about the use and variety of in vitro differentiation methods for hippocampal
neurons.

Keywords: Cell culture, co-culture, epilepsy, hippocampus, induced pluripotent stem cells,
neuron, stem cell

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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Tama kandidaatin tutkielma on kirjallisuuskatsaus in vitro erilaistamismenetelmista, joissa hip-
pokampuksen hermosoluja tuotetaan ihmisperaisista kantasoluista, erityisesti ihmisen alkion kan-
tasoluista seka ihmisesta indusoiduista monikykyisista kantasoluista. Useita menetelmia hippo-
kampuksen hermosolujen erilaistamiseksi kerattiin yhteen edellisista tutkimuksista, seka niiden
keskeisimpia I0ydoksia vertailtiin keskenaan.

Uusia menetelmia hippokampuksen hermosolujen erilaistamiseksi ihmisperaisista soluista on
vuosien varrella kehitetty, jotta hippokampuksen hermosoluverkostojen toiminnasta saataisiin tar-
kempaa tietoa. Ihmisten monikykyisten kantasolujen kaytté antaa ainutlaatuisen mahdollisuuden
naiden verkostojen tutkimiseen, silla ne tarjoavat tutkimuksiin potilaskohtaisen geneettisen taus-
tan. Tallaisten solujen saatavuus on myos parempi verrattuna ihmisen alkuperaisiin kudosnayt-
teisiin, joiden kerdaminen vaatii leikkausta. Lisaksi monikykyiset kantasolut vahentavat kanta-
soluterapiaan liittyvia eettisia kysymyksia, koska niilla voidaan korvata alkion kantasolujen kaytto.

Oleellisimpia l6ydoksia tutkimuksista olivat tietyt molekyylisekoitukset, jotka erilaistivat soluja
tehokkaasti hippokampuksen soluiksi. Nama sekoitukset sisalsivat erilaisia kasvutekijéita, joita
olivat esimerkiksi Wnt3, BDNF, SB431542, Cyklopamiini, DKK1 ja CHIR 99021. Lisaksi moni
naistd menetelmista hyddynsi yhteisviljelmia hippokampuksen astrosyyttien kanssa, mika ohjasi
hermosolujen erilaistumista hippokampaaliseen suuntaan. Viljeltyjen hermosolujen maarittami-
seen kaytettiin karatkerisointimenetelmia, kuten immunosytokemiaa, jolla onnistuttiin vahvista-
maan erilaistuminen hippokampuksen hermosoluiksi. Yleisimpia merkkiaineita hippokampuksen
hermosolujen ominaisuuksien tunnistamiseksi olivat esimerkiksi PROX1, NEUN, GRIK4 ja
FOXG1.

Hippokampus on yhdistetty epilepsiaan eli joukkoon oireyhtymia, joissa hermosoluissa esiin-
tyy liiallista s&hkdista purkaustoimintaa aiheuttaen epileptisia kohtauksia. Noin kolmasosa 65 mil-
joonasta epilepsiapotilaasta ei reagoi talla hetkelld saatavilla oleviin I1&akkeisiin, minkd vuoksi uu-
sia tutkimusmenetelmia tarvitaan. Tassa tutkielmassa kasitelldan lyhyesti tutkimuksia, joissa eri-
lasitettuja hippokampuksen hermosoluja on kaytetty epilepsian in vitro -mallinnuksessa. Tutkiel-
man tarkoituksena on tarjota lukijalle ajankohtaista tietoa hippokampaalisten hermosolujen in vitro
-erilaistamismenetelmien kaytosta seka niiden valikoimasta.

Avainsanat: Epilepsia, hermosolu, hippokampus, indusoidut monikykyiset kantasolut,
kantasolu, soluviljelma, yhteisviljelmat

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

This Bachelor’s thesis examines in vitro differentiation methods for generating hippocampal neu-
rons from human-derived stem cells, while also introducing some recent applications of hippo-
campal neuron cultures in epilepsy modeling in vitro. The main goal of this thesis was to collect
and compare different methods that have been used to differentiate hippocampal neurons with

human origin.

Pluripotent stem cells are unspecialized cells, which can differentiate into any cell types of the
embryonic or adult human body. Human embryonic stem cells (hESCs) are self-renewing pluripo-
tent stem cells that can be obtained from embryonic blastocyst, whereas human induced pluripo-
tent stem cells (hiPSCs) are artificially derived from adult somatic cells by reprogramming meth-
ods. A significant advance of the hiPSC technology is the possibility of using stem cells without
utilizing embryos and therefore reducing ethical concerns. In addition, since the hiPSCs can be
derived from patient’s own cells, utilizing them in stem cell therapy eliminates the risk of immune
rejection. (Zakrzewski et al., 2019) HiPSCs can be used in wide range of applications, such as

disease modeling and patient-specific regenerative therapy. (Poetsch et al., 2022)

In this thesis, the focus was on differentiation protocols that utilized hESCs or hiPSCs to differen-
tiate hippocampal neurons. Hippocampus is a part of the central nervous system (CNS), and its
development initiates from telencephalon, a region in embryonic neural tube (Pang et al., 2018).
A fully developed hippocampus consists of separate subfields based on neuron properties, the
principal neurons being granule cells and pyramidal neurons. The primary roles of hippocampus

consider memory, spatial navigation and information processing. (Anand & Dhikav, 2012)

The differentiation of hippocampal neurons in vitro offers opportunities to study their formation
and to gather information about essential signaling pathways and growth factors, but also to mimic
human body systems more accurately, compared to animal models (Park et al., 2024). Therefore,
by utilizing these in vitro models, it is possible to examine hippocampus-related diseases more
efficiently. One such example is epilepsy, a neurological condition in which electrical activity of
the brain is disturbed. A subtype of this disease, temporal lobe epilepsy (TLE), is associated with
hippocampal sclerosis. The most common treatment for epilepsy is anti-seizure medications
(ASMs). However, about a third of 65 million epilepsy patients do not respond to these medica-
tions. Due to this, novel investigations of epilepsy mechanisms are needed in order to develop
new efficient treatments, and one research method is to study the neuropathology of hippocampal
neurons with in vitro models of epilepsy. (Klein et al., 2024; Mcintosh & Das, 2023) This thesis

also briefly explores the recent use of hippocampal neurons in epilepsy modeling.



2. HIPPOCAMPAL NEURONS

2.1 Human nervous system

The human nervous system consists of two main parts, the central nervous system (CNS) and
the peripheral nervous system (PNS). The CNS is composed of the brain and the spinal cord,
while the PNS includes nerves that connect the spinal cord to different parts of the body trans-
porting electrochemical stimuli bidirectionally between CNS and PNS. (Bazira, 2024) The main
role of the CNS is to receive, process and respond to sensory information, as the PNS transmits
this information between the brain and body. (Murtazina & Adameyko, 2023; Thau et al., 2022)

The brain encased by the skull consists of nervous tissue and has responsibilities concerning for
instance responses, body movements, emotions and memory. It is divided into right and left hem-
ispheres, which are accountable for different behaviors but are still constantly communicating with
each other. (Thau et al., 2022) Both hemispheres are further subdivided into cerebral hemi-
spheres, diencephalon, cerebellum, midbrain, pons and medulla. The last three form the brain
stem. (Noback, 2005) The spinal cord, in turn, is in the vertebral column, and its role is to send
motor commands from brain to the peripheral parts of the body and relay information from the
sensory organs to the brain. (Thau et al., 2022) The CNS consists of gray and white matter. Gray
matter comprises neuronal somas, dendrites, axon terminals, synapses and glial cells, as the
white matter consists of myelinated axon bundles and oligodendrocytes, which generate the my-
elin in the CNS. Besides that the myelin causes the color of white matter, it enables the electric
impulses to move faster forward along the axon. (Noback, 2005; Stadelmann et al., 2019) Unlike
the white matter, the gray matter has high blood circulation (Noback, 2005). The outermost layer
of the brain is called the cerebral cortex, which is composed of grey matter and can be divided
into four lobes: frontal, parietal, occipital and temporal lobe (Thau et al., 2022). The most demand-
ing information processing and cognitive functions occurs in the cerebral cortex, as it includes
approximately 16 billion neurons, which comprises over 80% of the brain mass (Cadwell et al.,
2019; Vanni, 2021).

In the human brain alone there are approximately 100-200 billion neurons (Noback, 2005). There
are different types of neurons in the CNS. They can be classified in many ways, such as based
on their morphology, functions, connectivity and neurochemistry. For example, based on their
effect on other neurons, they can be classified into excitatory, inhibitory and modulatory neurons.
(Riedemann, 2019) In the cerebral cortex there are two main types of neurons: excitatory projec-
tion neurons and inhibitory interneurons (Heng et al., 2010). Other important components are glial
cells, which have supporting roles and are the most abundant cell type in the nervous system
(Haataja, 2024).



Neurons are responsible for transmitting nerve impulses between the nervous system and the
body. All the neurons have three main parts: a cell body called soma, an axon which extends from
the soma, and dendrites (Figure 1A). The axons transmit the impulses away from the soma, as
the dendrites transmit them towards it. (Bazira, 2024) The soma includes a nucleus, which is re-
sponsible for the metabolic and synthetic functions of a neuron. The signaling between neurons
is combined with electrical and chemical signaling mechanisms. An electrical signal called the
action potential (AP) transmits information in axon (Figure1B). It is a series of voltage changes in
the neurons’ membrane, which is generated when a strong enough stimulus, threshold stimulus,
changes the neurons’ membrane potential and opens voltage-gated sodium channels. As a result,
sodium ions stream inside the cell and change the inner side of the membrane more electroposi-
tive, which is called the depolarization. The inflow ends as the membrane potential rises from the
threshold potential, which is around -50 mV, to the action potential peak, around 61 mV. The
channels close and the cell potential opens voltage-gated potassium channels. This causes po-
tassium outflow, which decreases the cell’s electropositivity. This repolarization is followed by
hyperpolarization, in which the cell has more negative membrane potential than the resting po-
tential is. However, soon after this the membrane reaches back to the resting state, around -70
mV, and all the phases of the AP are completed. As the AP reaches an axon terminal, the signal
proceeds into a synapse, a cell-cell junction which allows the signals to move from one neuron’s
axon to another neuron’s dendrite (Figure 1C). In electrical synapse, the connection between

neurons is made through gap junctions, which connect the cytoplasms of the two cells. (Alberts,
2017)
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Figure 1: A) Anatomy of the neuron. B) A diagram that illustrates the action potential. C)
Structure of electrical and chemical synapses (Alberts, 2017). Created with BioRender.com.



In the case of chemical synapse, the terminal button becomes depolarized and releases neuro-
transmitters into the synaptic cleft from a synaptic vesicle. These neurotransmitters bind to their
receptors which are in the postsynaptic membrane of the target cell. In turn, this event opens or
closes the ligand-gated channels of the postsynaptic membrane and thus either stimulates or
inhibits the signal. (Alberts, 2017)

2.2 Development of the hippocampus in vivo

Hippocampus, named after Greek words for sea horse, is a 5-centimeter-structure in the limbic
system, which is a region of the temporal lobe responsible for emotional, memory and motivational
processes. Hippocampus has important roles concerning information processing, long and short
term memory and spatial navigation. (Anand & Dhikav, 2012; Torrico & Abdijadid, 2024) Hippo-
campus divides into parts called a head, body and tail. It is also divided into three areas, which
are hippocampus proper or cornu ammonis (CA), dentate gyrus (DG) and subiculum (Figure 2).
The structure of these three, along with the entorhinal cortex, is called the hippocampal formation.
In addition, there is a bundle of fibers called the fornix that connects hippocampus to the temporal
lobe. Hippocampus is also the primary region of neurogenesis — a process in which a progenitor
cell transforms into a differentiated and mature neuron. Adult hippocampal neurogenesis occurs

in dentate gyrus and produces new excitatory granule cells. (Kempermann et al., 2015)

Anatomy of the Hippocampus
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Figure 2: Anatomy of the Hippocampus. Hippocampus consists of dentate gyrus, cornu am-
monis, which divides CA1, CA2, CA3 and CA4 subfields, and subicular cortex, which includes
subiculum and presubiculum. Next to subicular cortex is the entorhinal cortex and parasubicu-

lum. (Pang et al., 2018)
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The hippocampus consists of different cell layers divided into subfields called CA1, CA2, CA3 and
CA4 based on neuron morphology, connectivity and other properties (Figure 2). The principal
neurons in the DG are previously mentioned excitatory granule cells, as the CA1, CA2 and CA3
areas consist mostly of excitatory pyramidal neurons. (Anand & Dhikav, 2012; Fogwe et al., 2024)
In addition, there are other key cell types. Common interneurons in the hippocampus are GA-
BAergic inhibitory neurons, which release inhibiting neurotransmitters called gamma-aminobu-
tyric acid (GABA), and glutamatergic excitatory neurons, which release glutamate. Their role is to
connect and regulate the activity of pyramidal and granule neurons. Interneurons are quite a het-
erogenous group of neuronal cells due to the diversity in their morphology, connectivity and syn-
aptic features. (Booker & Vida, 2018) The entorhinal cortex (EC) is the primary source of cortical
input to the hippocampus. Its strongest projections travel through the perforant pathway to the
DG, from where the sensory information proceeds to the CA3 region’s pyramidal cells via the DG
cells’ axons called mossy fibers. This is followed by a projection to CA1 through the Schaffer
Collateral pathway and finally to the subiculum or back to the entorhinal cortex. This is called the
trisynaptic loop (Figure 3), which describes the hippocampal anatomical connectivity. Moreover,
the entorhinal cortex can project also directly to CA1 and CA3 regions. (Khalaf-Nazzal & Francis,
2013)
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Figure 3: A visualization of the regions of
rat’s hippocampus and the trisynaptic loop. En-
torhinal cortex (EC) sends information to den-
tate gurys (DG), from where the information
proceeds to cornu ammonis (CA). Modified
from Knierim et al., 2015.

Current Biology

The development of the human hippocampus begins from the telencephalon, which is a region
located in the dorsal section of the embryo’s neural tube. In the early stages of embryonic
development, approximately on embryonic day 12.5, the telencephalon polarizes into vental
subpallium (SP) and dorsal pallium (Pal), which later develops into the cerebral cortex (Figure
4A). Studies indicate that the initiation of hippocampal development requires signals from the
cortical hem (CH), a part of the medial region of Pal. The principal signals for initiating the

development are Wnt signals. (Pang et al., 2018; White et al., 2024)
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Figure 4: Development of the Hippocampus. Wnt signaling is the principal signal in the initia-
tion of hippocampal development. Along with Wnt, bone morphogenetic protein (BMP) is secreted
by cortical hem (CH). Modified from Pang et al., 2018.

Hippocampal development initiates approximately in E13.5-14.5 (Figure 4B). By 8-9 weeks of
pregnancy, hippocampus becomes a distinctly separate area from other brain regions. After 10
weeks, the growth rate and thickness of DG and CA start to increase, causing them to fold into
two C-shaped structures. This process occurs between weeks 13 and 16 and is called the hippo-
campal inversion. Until week 20, the hippocampus grows faster than other brain regions and peak
neurogenesis also occurs. However, neurogenesis continues to two years of age, and after that
continues throughout life especially in granule cells in decreased rate. From week 18 to 21, the
hippocampal formation starts to take shape and the sulcus, which separates the DG from the
subiculum and CA1 region, appears. Figure 4C shows how the hippocampal formation finally folds
into S-shape and divides into its subregions. This happens around the time of birth. (Pang et al.,
2018; White et al., 2024) Although the development of hippocampus begins in the first weeks of

pregnancy, it continues for approximately five years in the human infant brain. (White et al., 2024)



3. STEM CELLS

In general, stem cells are unspecialized cells, which can differentiate into any cell types in the
body. They also have the capability of self-renewal. Stem cells can be found in embryos as well
as in adult tissues. Stem cells can be classified into five different groups. Totipotent stem cells
can differentiate and divide into any cell of an organism, meaning it is able to form both embryonic
and extra-embryonic cells. In turn, pluripotent stem cells (PSCs) can form cells of all germ layers
except extraembryonic structures, such as placenta. The remaining groups of stem cells are mul-
tipotent, oligopotent and unipotent stem cells. Multipotent stem cells have reduced differentiation
spectrum compared to PSCs, but they are still able to differentiate into several cell types. Oligop-
otent cells have even narrower capacity of differentiation, and lastly, unipotent stem cells can only

form one cell type. (Zakrzewski et al., 2019)

3.1 Human embryonic stem cells

Human embryonic stem cells (hESC) are self-renewing pluripotent stem cells, and they are de-
rived from the inner cell mass (ICM) from embryonic blastocyst (Thomson et al., 1998). Through-
out embryogenesis, hESCs differentiate into three germ layers: endoderm, mesoderm and ecto-
derm. After differentiation, they become multipotent and can further differentiate to only the cells
of specific germ layer, based on external and internal signals. (Zakrzewski et al., 2019) Despite
the promising opportunities, the studies have encountered ethical challenges. Even though
hESCs are usually collected from poor quality embryos donated by couples undergoing in vitro
fertilization treatment, it still raises ethical questions, as the embryo could have had potential for
becoming a human. In addition, significant challenge of hESCs are immune rejections since the

stem cells are not patient-derived. (Skottman, 2010; Zakrzewski et al., 2019)

3.2 Human induced pluripotent stem cells

Human induced pluripotent stem cells (hiPSCs) are artificially derived either from embryonic epi-
blasts or from patient’'s somatic cells (Zakrzewski et al., 2019). In 2006, the first iPSCs were in-
duced from murine fibroblasts by Takashi & Yamanaka. They used retroviral transduction with 4
transcription factors, also called the Yamanaka factors: Octamer-binding protein 3/4 (Oct3/4), sex
determining region Y-box (Sox2), Kriippel-like factor 4 (KIf4) and c-Myc. (Takahashi & Yamanaka,
2006) The next significant breakthroughs occurred shortly after this, when hiPSCs were gener-
ated from human fibroblasts using the same four factors and retroviral transduction (Takahashi et
al., 2007), as well as lentiviral transduction and transcription factors Oct4, Nanog, Sox2 and Lin28
(J. Yu et al., 2007).



In the deriving process, terminally differentiated somatic cells are reprogrammed back to pluripo-
tent cells. Since the accomplishment by Takashi and Yamanaka et al., reprogramming efficiency
has reached up to 4% depending on the cell type and method. There has been research on
various sources of hiPSCs, and fibroblasts, originally used in the early studies, seem to be the
most optimal, although they don’t have the best accessibility due to requirement of biopsy.
(Zakrzewski et al., 2019) In addition to fibroblasts, other common somatic cells used in repro-
gramming are hair keratinocytes, blood mononuclear cells and urine cells. However, the use of

various cell types is rapidly increasing as research progresses. (Poetsch et al., 2022)

Reprogramming can be done by using integrative or non-integrative strategies. The integrative
approach can cause mutations, since transgenes are inserted to the cell genome. Therefore,
methods using exogenous reprogramming factors have been developed to provide safer options:
in non-integrating viral method transgenes are delivered for instance by using adenovirus,
whereas non-viral method utilizes for example episomal vectors and synthetic mRNAs. In addition
to choosing non-integrative methods, studies suggest that using younger somatic cells can lead

to lower mutation levels in hiPSCs as well. (Poetsch et al., 2022)

There are many significant advances with hiPSC technology: they allow stem cell therapy possi-
ble without using embryos and eliminate the risk of immune rejection. (Zakrzewski et al., 2019)
HiPSCs can be used in various applications, such as patient-specific regenerative therapy, tissue
engineering, disease modeling and drug screening (Poetsch et al., 2022). Furthermore, the hiPSC
technology can reduce previously widely used animal experiments, which include ethical issues

and are unable to accurately mimic human body systems (Park et al., 2024).



4. DIFFERENTIATION OF HIPPOCAMPAL NEU-
RONS IN VITRO

4.1 Hippocampal neuron differentiation

Since the iPSCs were discovered, scientists have developed novel in vitro methods to generate
and culture different types of human neuronal cells. The differentiation protocols are based on
developmental pathways, including specific molecule cocktails, which determine the stem cells’
developmental orientation. There are studies that have come up with differentiation protocols for
inducing hippocampal neurons, such as pyramidal cells and granule cells, from hESCs or hiPSCs.
After the differentiation process, the cells are analyzed by characterization methods to determine
their type and assess the success of the research. To date, the range of studies remains relatively
limited, and many differentiation methods are quite similar to each other. There are eight different
studies from the last decade presented in this chapter, of which five included original differentia-

tion methods. The studies are presented in Table 1.
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Table 1: Most relevant articles on hippocampal differentiation from hPSCs and hESCs since 2014, including the cell lines and methods used in each

study.
Authors & Title of the paper
year
Yuetal. Modeling Hippocampal Neurogenesis Using
2014 Human Pluripotent Stem Cells
Mertens et pigterential responses to lithium in hyperex-
al. citable neurons from patients with bipolar
2015 disorder
Sakaguchi Generation of functional hippocampal neu-
et al. rons from self-organizing human embryonic
stem cell-derived dorsomedial telencephalic
2015 tissue
Hiragi et al. A Differentiation of Human Induced Pluripotent
Stem Cell (hiPSC)-derived Neurons in
2017 Mouse Hippocampal Slice Cultures
Sarkar et Efficient Generation of CA3 Neurons from
al. Human pluripotent Stem Cells Enables
Modeling of Hippocampal Connectivity /In
2018 Vitro
Neurons derived from patients with bipolar
Sternetal. | jisorder divide into intrinsically different sub-
2018 populations of neurons, predicting the pa-
tients’ responsiveness to lithium
Pomeshchik Human iPSC-Derived Hippocampal Sphe-
etal. roids: An innovative Tool for Stratifying Alz-
heimer Disease Patient-Specific Cellular
2020 Phenotypes and Developing Therapies
IQSEC2 mutation associated with epilepsy,
Brantetal. | ieliectual disability, and autism results in
2021 hyperexcitability of patient-derived neurons

and deficient synaptic transmissions

Cell
line

hiPSC

hiPSC

hESC

hiPSC

hESC

hiPSC

hiPSC

hiPSC

Method

DKK1, Cyclopamine, Noggin, SB431542, Wnt3a + BDNF,
DMEM/F12+N2+B27, Co-culturing on human hippocampal astrocytes

DKK1, Cyclopamine, Noggin, SB431542, Wnt3a + BDNF,
DMEM/F12+N2+B27, Co-culturing on human hippocampal astrocytes

GMEM, KSR, Y-27632, SB431542, IWR1e, DMEM/F12+N2, CHIR99021,
BMP4

MT-fCFA, MT-CDM+SB431542, LDN193189, MT-fCF+SB431542, Neuro-
basal/B27+Cyclopamine

DMEM/F12+N2+B27, DKK1, Noggin, Cyclopamine, SB431542, cAMP,
BDNF, WNT3a, AA

DKK1, Cyclopamine, Noggin, SB431542, Wnt3a + BDNF,
DMEM/F12+N2+B27, Co-culturing on hippocampal astrocytes

dual SMAD: LDN193189 and SB431542, DMEM/F12+B27+NEAA, XAV-
939, Cyclopamine, BDNF, CHIR99021, Neurobasal+N2+NEAA+L-gluta-
mine

DKK1, Cyclopamine, Noggin, SB431542, Wnt3a + BDNF,
DMEM/F12+N2+B27, Co-culturing on human hippocampal astrocytes

Hippocampal
cell type

DG granule
neurons

DG granule
cell-like neu-
rons

DG granule-

and pyrami-

dal-like neu-
rons

DG granule
neurons and
pyramidal
neurons

CA3 pyrami-
dal neurons

DG granule
neurons

DG granule
neurons

DG granule
neurons

Time (total
weeks)

40 days + differ-
entiation in co-
culture (~10
weeks)

40 days + differ-
entiation in co-
culture (~10
weeks)

197 days (~29
weeks)

28 days (4
weeks)

10-23 days + 21
days + 7-42
days of differen-
tiation (~6-12
weeks)

40 days + differ-
entiation in co-
culture (10
weeks)

100 days (~14
weeks)

40 days + differ-
entiation in co-
culture (~10
weeks)

Yield

32% (QRT-PCR

& immunostain-

ing)

Not determined

Not determined

Not determined

Not determined

Not determined

Not determined

36% (FACS)

Functionality
evaluation

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

AA=ascorbic acid, B27=B27 supplement, BDNF=brain-derived neurotrophic factor, BMP4=bone morphogenetic protein 4, cAMP=cyclic adenosine monophosphate, CHIR99021=glycogen synthase kinase 3 inhibitor, DMEM=Dul-
becco’s Modified Eagle Medium, DKK1=Dickkopf-1 protein, FACS=fluorescence activated cell sorting, F12=nutrient mixture, GMEM=Glasgow’s Minimum Essential medium, IWR1e=Wnt-signaling inhibitor, KSR=Knockout Serum
Replacement, LDN193189=BMP inhibitor, MT-CDM=modified chemically defined medium, MT-fCFA=MT-CDM with activin A and fibroblast growth factor 2, NEAA=non-essential amino acid, N2=N2 supplement, gRT-PCR=quan-
titative reverse transcriptase polymerase chain reaction, SB431542=TGF@ inhibitor, SMAD=group of proteins that transfer signals from TGFf receptors to gene expression regulation, Wnt3a=Wnt3a protein, XAV-939=Dickkopf-
specific chemical agonist, Y-27632=the ROCK inhibitor
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In 2014, Yu et al. established a differentiation protocol for hiPSC-derived hippocampal neurons.
They used schizophrenia patient-derived hiPSCs and control hiPSCs to differentiate DG granule
neurons in vitro, utilizing free-floating embryoid bodies (EBs) to provide 3D spatial cues. These
cues have been proven to stimulate the early stages of embryonic development, especially gas-
trulation. EBs were first treated with anticaudalizing factors, DKK1, Nogging and SB431542. This
cocktail mimicks the anterior-posterior patterning signals of the forebrain and obtains telence-
phalic neural precursors by blocking the Wnt, BMP and transforming growth factor-g (TGF-B)
pathways. In addition, the EBs were treated with cyclopamine to antagonize the Sonic Hedgehog
pathway, thus enhancing the formation of dorsal forebrain progenitors. The cells maturated for 20
days, after which they were treated with Wnt3 to promote the maintenance of hippocampal pro-
genitors and their differentiation to granule neurons, along with brain-derived growth factor
(BDNF) to support hippocampal neurogenesis. The culture was left to differentiate for 35 days,
and after that the cells were characterized by immunostaining and the observations were further
confirmed with quantitative reverse transcription PCR (RT-PCR). Remarkable expression of DG
granule neuron specific PROX1 marker was detected (~32%). To study further neuronal matura-
tion, the cells were cocultured with human hippocampal astrocytes after 40 days of differentiation.
Consequently, the neurons generated widely branched dendrites and highly expressed PROX1,
MAP2AB and NEUN markers, which indicate postmitotic hippocampal granule neurons. (D. X. Yu
etal., 2014)

Yu et al. further modified the protocol to use a monolayer of hippocampal neural progenitor cells
(NPCs) during differentiation. On differentiation day 20, the anticaudalizing factors treated cells
were plated on laminin/polyornithine-coated tissue culture surfaces causing rosette formation.
After 7 days, the rosettes were segregated to separate the NPC population. By immunostaining
and quantitative PCR, the NPCs treated with the anticaudalizing cocktail were shown to express
higher levels of hippocampal NPC markers PAX6, FOXG1 and EMX2 than the control population.
The hippocampal NPCs were then differentiated into DG granule neurons by utilizing Wnt3a and
BDNF. In Wnt3a and BDNF treated cultures, PROX1 levels measured with gPCR were higher
(~70%) compared to control cultures (~20%). Additionally, immunostaining analysis using
vGLUT, a marker for glutamatergic neurons, and GABA, a marker for GABAergic neurons, re-
vealed that over 85% of the produced neurons were glutamatergic, whereas under 15% of the
neurons were GABAergic neurons. (D. X. Yu et al., 2014) The normal percentage of GABAergic
neurons in the hilus of DG is approximately 21%. (Czéh et al., 2013) The functionality of the
generated neurons was evaluated with whole-cell patch-clamp recordings after 4 weeks of differ-
entiation with astrocytes, as well as calcium imaging at 3 weeks and 6 weeks of differentiation.
The maijority of the cells had spontaneous action potential bursts and high frequency of calcium

transients, indicating successful neuronal activity. (D. X. Yu et al., 2014)

In 2015, Mertens et al. collected fibroblasts from bipolar disorder-patient and reprogrammed them
into iPSCs by using the four Yamanaka factors (Takahashi & Yamanaka, 2006). They further
differentiated the iPSCs into hippocampal DG granule cell-like neurons using the previously de-

scribed protocol by D.X. Yu et al., 2014. Like the previous results, over 80% of the differentiated
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cells were glutamatergic neurons expressing vGLUT1 marker detected with immunostaining. The
majority of these neurons were granule cell-like neurons, which was detected by PROX1 pro-
moter-driven lentiviral vector or PROX1 antibody. In contrast, only 2-7% of the differentiated neu-
rons were GABAergic. The abnormal ratio of GABAergic and glutamatergic neurons could origi-

nate from the neuropathological features of bipolar disorder. (Mertens et al., 2015)

Also based on the method described by D.X. Yu et al., 2014, in 2018 Sarkar et al. differentiated
hippocampal CA3 pyramidal neurons from hESCs to study human neuronal network properties
in neurodevelopmental disorders. In this protocol, the huES6-derived hippocampal NPCs were
treated with medium containing 5 ng of Wnt3a gradient instead of 20 ng, since in vivo, CA3 pre-
cursors lie further away from the CH than DG precursors and therefore are exposed to lower
levels of Wnt3 signals. Along with Wnt3a, the cells were introduced to BDNF, ascorbic acid (AA)
and cyclic AMP (cAMP) for 3 weeks. This was followed by up to 6 weeks of differentiation without
exposure to Wnt3a. After this period, most of the neurons (>90%) expressed VGLUT1 and NEUN
markers, indicating that they were glutamatergic neurons. Furthermore, approximately 70% of
MAP2 positive neurons also expressed the GRIK4 gene, which is specific to CA3 neurons. This
was detected with immunocytochemistry. Functional evaluation of the neurons was performed
with whole-cell patch-clamp recordings after 6 weeks of differentiation. Spontaneous and evoked
APs were detected, as well as excitatory postsynaptic currents in voltage clamp recordings. This
indicated that the neurons were able to generate functional neuronal networks in vitro. (Sarkar et
al., 2018)

A quite different method was introduced in 2015, when Sakaguchi et al. generated granule cells
and pyramidal neurons from dorsomedial telencephalic tissue from hESC-derived cortical neu-
roepithelium (NE). They first developed a method to direct hESCs’ differentiation into the choroid
plexus by using BMP and Wnt signals. The choroid plexus is a dorsomedial part of the telenceph-
alon and is located in the dorsal midline, the main source for BMP signals, and it tends to differ-
entiate more dominantly than the intermediate region tissues. Thus, these cells were produced
first, and afterwards the dorsalizing signals were optimized to promote the differentiation of more
intermediate regions, including the medial pallium and CH. The medial pallium, in turn, is the
precursor of hippocampus, and it is located in dorsal telencephalon between choroid plexus, CH
and neocortex. It receives its most essential patterning signals from CH and dorsal midline of the
telencephalon. The cortical NE aggregates were produced by a previous neocortex induction
method, which was developed by Kadoshima et al. in 2013. In this protocol, hESCs were treated
with TrypLE Exrpess containing DNase | and Y-27632, Glasgow-MEM, IWR1e Wnt inhibitor and
SB431542. After culturing this for 18 days, the cell aggregates were treated with dorsalizing fac-
tors, BMP4 plus CHIR99021, to mimic in vivo dorsal midline and CH signaling to generate choroid
plexus-like tissue. For medial pallium and CH induction, the culture conditions were modified so
that the produced cell aggregates patterned into NE domains, which expressed telencephalic
marker FOXG1 and Venus marker, indicative of medial pallium region, and aggregates without

Venus marker, indicative of the choroid plexus and CH regions. This was achieved by adjusting
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the timing, treatment period and concentration of the dorsalizing treatment. After treating the ag-
gregates from day 18 to 21 with CHIR plus BMP4, observed with immunocytochemistry, about
70-80% of the aggregates expressed FOXG1 and Venus markers. To differentiate the medial
pallium tissues into hippocampal tissue, the basal media of NE aggregate culture were changed
into Neurobasal medium at day 27. Furthermore, the aggregates were cut in half at day 35 and
transferred onto high O2-penetrating dishes at day 50 to destroy developed rosette-like structures.
After this, the NE tissue was maintained until day 75. On day 61, NE portion with positivity of Lef1,
a marker that indicates medial pallium, was clearly formed next to choroid plexus- and CH-like
domains. The more basal layer of the Lef1+ NE expressed Neuropillin 2 (Nrp2), which indicates
embryonic hippocampus. Additionally, the Lef1+ NE expressed Zbtb20 marker, which points out
hippocampal neurons and their precursors. To maintain the healthy condition of the cells, the cells
were transferred on poly-D-lysine-laminin-coated plates at days 73-84. On day 136, whole-cell
patch-clamp recordings revealed that the neurons were able to form functional synapses, since
Na-K currents, APs and spontaneous postsynaptic currents were detected. Additionally, on day
143, calcium imaging showed spontaneous calcium transients in the neurons. After 197 days, the
cells made aggregations connected to each other with MAP2 positive projections, and most of
the cells expressed Zbtb20 (~75%), observed with immunocytochemistry and confirmed with
gRT-PCR. Furthermore, these cells were examined by using immunocytochemistry, and the anal-
yses revealed the presence of neurons expressing FOXG1, Venus and KA1 markers, as well as
FOXG1, Venus and PROX1 markers indicating CA- and DG-type characteristics. Both CA- and
DG-like neurons’ percentages were approximately 34%. In addition, CaMKII, a marker associated
with hippocampal neuron maturation, was detected in the majority of KA1 and PROX1 positive
neurons. Altogether, these findings suggest the development of hippocampal pyramidal- and
granule-like neurons from dorsomedial telencephalic tissues derived from hESCs. (Sakaguchi et
al., 2015)

In 2017, Hiragi et al. examined if hiPSC-derived neurons could differentiate into hippocampal
neurons in a co-culture system with mouse hippocampal slices. To begin with, neuronal differen-
tiation was achieved with three main steps, starting with generating neuroectoderm from hiPSCs.
First, the hiPSCs were cultured in a single-cell and feeder-free culture system in MT-fCFA medium
and plated on collagen type I-coated dishes. Exposed to MT-CDM medium, LDN193189 and
SB431542 factors, the cells developed into neuroectoderm in 7 days by dual-smad inhibition. The
second step was to generate spheroids from the neuroectoderm cells by transferring them to
suspension culture dishes containing MT-fCF medium with SB and FGF2 factor. The spheroids
formed in 7 days. On day 14, the cells were dissociated and plated on poly-L-ornithine/laminin-
coated dishes, where they differentiated for 14 days exposed to Neurobasal medium and cyclo-
pamine. This allowed the spheroids to develop into cortical progenitor-like neurons. After the gen-
eration of hiPSC-neurons, the cells were transplanted into hippocampal slice cultures taken from
six-day-old mice. On day 7 after transplantation, about 12% of the hiPSC-neurons transplanted
in pyramidal cell layer expressed HuB, a marker for CA3 pyramidal neurons. Additionally, over
2% of the neurons planted in DG cell layer expressed PROX1. On day 14, the HuB expression
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had increased approximately to 30%, as the PROX1 expression reached nearly 15%. In addition,
hiPSC-neurons were transplanted in non-neuronal regions of the slice cultures to examine the
influence of neuronal cell layers in cell differentiation. By day 14, over 40% of these cells ex-
pressed the glial cell marker GFAP, whereas only about 6% of the neurons expressed this marker
in the pyramidal cell layer. These findings suggest that factors within neuronal layers may play a
role in promoting neuronal differentiation of hiPSC-neurons. To visualize and examine the mor-
phological differentiation of transplanted hiPSC-neurons, they were electroporetically transfected
with mGFP protein before transplantation. At 14 days post-transplantation, mGFP+ hiPSC-neu-
rons in the granule cell layer had formed granule cell-like dendrites with spine-like protrusions.
(Hiragi et al., 2017)

In 2018, Stern et al. published a research article, in which hippocampal DG granule cell-like neu-
rons were generated from bipolar disorder (BD) patient-derived Epstein-Barr virus (EBV) -immor-
talized B-lymphocytes. The research was executed to study hyperexcitability of BD-patient de-
rived neurons. First, B-lymphocytes were immortalized with EBV virus and then reprogrammed
into iPSCs by using the Yamanaka Episomal vector set, after which they were differentiated into
primed neural progenitor cells and further into hippocampal DG granule-cell-like neurons. This
was executed by using the formerly established protocol by D.X. Yu et al. in 2014. In this study,
PROX1 marker was expressed by over 48% of the differentiated neurons, which is indicative of
DG granule neurons. (Stern et al., 2018) In addition, Brant et a. further utilized the protocol by
D.X. Yu et al. in studying epilepsy patient-derived neurons with IQSEC2 mutation linked to severe

infantile epilepsy (Brant et al., 2021).

A more recent differentiation paradigm was established by Pomeshchik et al. in 2020 to generate
hippocampal spheroids (HSs) to examine Alzheimer disease. In this method, Alzheimer patient-
derived hiPSCs and control hiPSCs were first differentiated into EBs based on a method by Pacsa
et al. (2015), and further differentiated to dorsomedial telencephalic neural precursors. This was
done by treating EBs with dual SMAD signaling inhibitors LDN193189 and SB431542. To specify
the cells towards dorsal telencephalic direction, they were exposed to Dickkopf-spesific chemical
antagonist XAV-939 and cyclopamine. Furthermore, they were treated with CHIR99021 and
BDNF to promote hippocampal differentiation. After aging the cells 30 days in vitro, the cells were
analyzed with immunocytochemistry. The majority of the cells expressed Lef1 markers indicating
that the protocol led the neural progenitors towards medial pallium tissue. Additionally, most of
the neuronscontained MAP2-positive neurons detected with quantitative analysis. Furthermore,
immunocytochemistry and gRT-PCR revealed that 90% of the cells were positive for Zbtb20 and
up to 60% for PROX1. In addition, some GABAergic cells were detected. When the neurons were
aged for 100 days, they were mostly composed of MAP2-positive neurons expressing both Zbtb20
and PROX1. At this point, also pre-synaptic synaptophysin clusters were detected by immunocy-
tochemistry at the MAP2/PROX1-neurons surface, forming the so-called HSs. Whole-cell patch-
clamp recordings were executed to examine the functionality of the neurons. Both control and
Alzheimer patient-neurons were able to fire APs, however, control neurons with a higher rate.

Compared to the method reported by Sakaguchi et al., this method produced approximately the
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same percentage of Zbtb20 and PROX1 positive cells. However, this more recent method was
faster and could be executed without long-term attachment culture. Furthermore, the mature neu-
rons were possible to generate without plating hippocampal neural progenitors on a monolayer

of hippocampal astrocytes, unlike in the paradigm by Yu et al. in 2014. (Pomeshchik et al., 2020)

4.2 Characterization of hippocampal neurons

To identify the generated neuron types in differentiation protocols, the cells must be character-
ized. For instance, these characterization methods include immunostaining, genome analyzing
and cell sorting. In addition, the functionality of hippocampal neurons can be evaluated by differ-
ent assays, such as electrophysiological recordings and calcium imaging. In the case of neurons,

functionality means their electrical activity.

Immunocytochemistry is a cell characterization technique, where cell specific proteins or other
markers are detected with antibodies and antibody-linked reporters. Usually, the antigen is bound
by a primary antibody, which, in turn, has been bound by a secondary antibody modified with a
fluorescence tag. When the primary antibody is targeted to the antigen, the reporter molecule of
the secondary antibody sends a signal. This signal can be visualized with a microscope. (Ren-
shaw, 2017) Different types of hippocampal neurons have their typical markers: for example, DG
granule cells can be identified by markers such as prospero homeobox protein 1 (PROX1),
whereas GRIK4, KA1 and HuB are expressed in CA3 neurons. Furthermore, PAX6, FOXG1,
EMX2 and Zbtb20 are indicative of hippocampal neuronal identity. To identify a specific neuron
type, it is necessary to examine several markers of the cells. For example, Sakaguchi et al. used
immunocytochemistry to examine the expression of hippocampal regional markers FOXG1 and
Venus in the generated neurons. This is illustrated in Figure 5. (Hiragi et al., 2017; Sakaguchi et
al., 2015; D. X. Yu et al., 2014) In contrast to immunocytochemistry, immunohistochemical anal-
ysis is used to detect the specific markers in a tissue sample. This was used by Hiragi et al. to
analyze the formation of transplanted hiPSC-neurons in the co-culture system, where the neurons
were stained with CA3 pyramidal cell marker HuB and mature dendritic marker MAP2. (Hiragi et
al., 2017)
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Figure 5: Immunocytochemistry of hippocampal neurons on day 174. KA1 is a marker indi-
cating CA3-type neurons, whereas PROX1 indicates DG-type neurons. FOXG1 and Venus are
hippocampal regional markers, which are illustrated with green color in the figure. Modified from

Sakaguchi et al. (2015).

By analyzing the cell genome, expression of specific genes can be confirmed. Real-time RT-PCR
is a technique to measure the expression of RNA transcription factors in the cells by utilizing
fluorescent markers. Furthermore, quantitative RT-PCR enables the identification of RNA levels.
Typical markers to observe with PCR are similar to the ones detected with immunocytochemistry,
such as PROX1, PAX6 and FOXG1. Furthermore, it can be used to measure the levels of genes
specific to differentiation pathways, such as TGF-f. Different types of PCR were commonly used
to characterize hippocampal neuron types in the research articles. Additionally, it was often used
to confirm observations made with immunocytochemistry. (Mertens et al., 2015; Pomeshchik et
al., 2020; Sakaguchi et al., 2015; Sarkar et al., 2018; D. X. Yu et al., 2014)

Functional evaluation can be done to examine electrophysiological properties and activity of the
cultured neurons. Microelectrode array (MEA) is a method for studying the activity of neuronal
networks. In this method, dissociated neuronal cultures are planted on micro-electrodes allowing
real-time, noninvasive and repeated measurements of extracellular electrical activity of neuronal
networks. (Hyvarinen et al., 2019) Sarkar et al. used MEA recordings to provide information about
the stages of differentiation and maturation of hippocampal neurons by collecting longitudinal ac-
tivity from the culture. (Hales et al., 2010; Sarkar et al., 2018) Furthermore, neuronal function can
be done by using whole-cell patch-clamp recordings to measure neuronal ion currents and mem-
brane potentials. This recording can be executed in two ways: in voltage-clamp measurement,
voltage pulses are injected into cells to monitor ion currents, whereas in current-clamp method,
the ion current is controlled and the measured unit is usually current-induced action potentials.
(Sakaguchi et al., 2015). In addition, calcium imaging can be used to record neuronal activity. In
this technique, calcium-dependent fluorescent sensors are recorded, and the data is visualized
with computational methods. For example, Sakaguchi et al. evaluated the formation of functional
networks in granule- and pyramidal neuron cultures. In this study, the neurons were considered
as active, if calcium transients occurred at least once per minute. Unlike in electrophysiological

recordings, it is possible to exactly localize the cells in tissue, which is beneficial for example in
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analyzing the connections between activity and cell location. (Sakaguchi et al., 2015; Stringer &
Pachitariu, 2019)

Cell sorting methods are needed for separating chosen cells from a mixed population. These
methods can improve differentiation processes, since only successfully differentiated cells can be
selected for further research. Usually, the cells are separated by utilizing their specific surface
markers or expressed genes. For instance, cells can be sorted by fluorescence-activated cell
sorter analysis (FACS). In this method, target cells are stained with fluorescently tagged antibod-
ies that bind to surface markers of the cells, and then passed through a flow cytometer, which
detects these cells and sorts them by using electrical charges. For example, Sarkar et al. used
FACS to measure the ratio of presynaptically and postsynaptically connected neurons to examine

the connectivity differences between CA3 and DG neurons. (Basu et al., 2010; Sarkar et al., 2018)

In Figure 6 is illustrated the timeline of the differentiation method by Yu et al. (2014). They used
several characterization methods in many time points to evaluate the functionality of produced
neurons and to identify the produced cell types. After about 26 days of differentiation (Figure 6A),
they used immunocytochemistry to evaluate the differentiation of the hippocampal NPCs by de-
tecting specific proteins. They found that the neurons expressed significantly PAX6, FOXG1 and
EMX2. At the same time point, they used gPCR to confirm this observation.
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Figure 6: A timeline of a differentiation method of hippocampal neurons by Yu et al. (2014).
First, human induced pluripotent stem cells were treated with DKK1, Cyclopamine, Nogging and
SB421542 factors, which promoted differentiation. Then, embryoid bodies (EBs) where plated on
laminin/polyornithine-coated tissue culture surfaces, after which they dissociated formed rosettes
manually. After this, neural progenitor cells (NPCs) formed. They were differentiated and treated
with Wnt3a and brain-derived growth factor (BDNF) to maturate into DG granule neurons. Modi-
fied from Yu et al. (2014).

The functionality of the neurons was examined with whole-cell patch-clamp recording after differ-
entiating the cells for 4 weeks with human hippocampal astrocytes (Figure 6B). They found that
the PROX1-positive cells had normal levels of ion currents, which indicated proper functionality
of the neurons. Additionally, about 80% of the neurons had bursts of action potential. They also
used calcium imaging to determine the maturation of neuronal networks at 3 and 6 weeks after
differentiation. They found a significant increase in calcium transient frequency at 6 weeks com-

pared to the time point of 3 weeks. This indicated that the neuronal networks maturated over time.
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After treating the NPCs with Wnt3a and BDNF (Figure 6C), they observed significantly high levels
of PROX1 expression with gPCR. In addition, after 5 weeks of differentiation (Figure 6D) they

used immunocytochemistry to show the levels of vVGLUT and GABA markers. (D. X. Yu et al,,
2014)
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5. HIPPOCAMPAL NEURONS USED WITH IN
VITRO MODELS OF EPILEPSY

5.1 Hippocampus in epilepsy

Epilepsy is a group of syndromes in which the brain’s electrical activity is disturbed, and epileptic
seizures occur, affecting approximately 65 million people worldwide in all age groups. An epileptic
seizure is a result from excessive discharge activity of neurons in the brain, and it can differ from
hallucinations and altered consciousness to body convulsions. Up to 20% of epilepsy cases result
from acute CNS injuries, including traumatic brain injury and stroke and infections. (Klein et al.,
2024) Epileptic seizures have been classified into generalized and partial epilepsy, generalized
meaning that the seizures affect the entire brain, while partial epilepsy affects a specific part of
the brain. Even 60% of epilepsy cases are partial, majority of them being temporal lobe epilepsy
(TLE) that typically starts with seizures in hippocampus. (Mclntosh & Das, 2023; Nakahara et al.,
2018) TLE is associated with hippocampal sclerosis in DG, which has some main histopatholog-
ical characteristics. First, there is loss of principal cells and interneurons, often inhibitory GABAer-
gic interneurons, which causes changes in neuronal function patterns. Second, there are struc-
tural adaptations, which mean growth of new neural connections and neurogenesis, along with
cell dispersion. Moreover, hippocampal sclerosis can include blood-brain barrier disruption, neu-

roinflammation and changes in glial cells. (Curia et al., 2014; Klein et al., 2024)

Approximately a third of epilepsy patients do not respond to currently available antiseizure medi-
cations (ASMs), despite the variety of over 30 licensed ASMs. Drug resistance is a remarkable
problem particularly in TLE patients. Therefore, novel methods to treat epilepsy are needed. De-
spite the availability of validated animal models for epilepsy and acute seizures, their usage in
drug development process has not effectively resulted in new treatments in the market. Recently
new in vitro models, such as brain organoids and hiPSC-based approaches, have been devel-
oped. With these models, species-specific differences can be avoided and better relevance to
human biology can be achieved. In addition, they can be used to study new targeted therapies
for epilepsy, also considering the patient’s genetic background. (Klein et al., 2024; Sgrensen &
Kokaia, 2013)

Hippocampal neurons have been utilized to model epilepsy in vitro and to investigate epileptic
neuropathology in different epilepsy-associated mutations. Brant et al., 2021, examined the effect
of an epilepsy-associated mutation in IQSEC2 gene with patch-clamp experiments, immunocyto-
chemistry and RNA sequencing of patient-derived DG granule neurons. To compare the function
of mutagenic neurons to normally functioning neurons, they created isogeneic neurons with
CRISPR-Cas9-method and used those as a control culture. In weeks 5-6, whole-cell patch-clamp
recordings showed that immature IQSEC2 mutant neurons were remarkably more hyperexcitable

than control neurons, which was observed as a greater number of evoked potentials. In addition,
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the percentage of inhibitory GABAergic neurons was significantly lower in mutant neurons than
in the control culture, which also increased the hyperexcitability. However, as the neurons matu-
rated, by 11 weeks post-differentiation the mutant neurons had lost their hyperexcitability and
become hypoexcitable. The rate of synaptic activity, as well as sodium and potassium currents,

was remarkably reduced compared to the control neurons. (Brant et al., 2021)

Furthermore, McCrimmon et al., 2024, studied mutations in SCN8A-gene, which are associated
with Developmental and Epileptic Encephalopathy 13 (DEE-13) causing early-onset epilepsy.
They generated hippocampus-ganglionic eminence (Hc+GE) assembloids using iPSCs with two
different SCN8A variants, derived from DEE-13 patients. These were also compared to isogenic
control cultures. They evaluated circuit-specific effects of the mutations with extracellular record-
ings of local field potentials and calcium imaging. Like the mature neurons in the study by Brant
et al. (2021), neither Hc+GE mutant assembloids were hyperexcitable. They also had a loss of
monophasic theta-gamma coupling, which is a pattern in human epilepsy patients. Additionally,

these mutant assembloids showed reduction in inhibitory interneurons. (McCrimmon et al., 2024)

So far, hippocampal slice cultures obtained from rodents have been used more commonly for
epilepsy modeling compared to hippocampal neurons derived from hiPSCs (Grainger et al.,
2018). The iPSC-derived neuron cultures may lack naturally occurring features, such as natural
ratio of inhibitory and excitatory neurons. Additionally, iPSC-derived organoids might not receive
enough external stimuli, which can affect the normal development of the neurons. Instead, hippo-
campal slices can retain their defined cytoarchitecture, receptors and other features, that would
occur in the full brain system. (Grainger et al., 2018) However, it is likely that in the future epilepsy
studies will increasingly utilize iPSC-derived hippocampal neurons due to their many promising
advantages discussed before. Although there are still relatively few hippocampal in vitro hiPSC-
neuron models for epilepsy, numerous in vitro epilepsy models have been developed using other
hiPSC-derived neurons, such as cortical neurons and forebrain-like neurons (Liu et al., 2013;
Pelkonen et al., 2020).
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6. CONCLUSIONS

This thesis reviewed various in vitro methods for differentiating human pluripotent stem cells into
hippocampal cultures, highlighting the potential of hiPSCs and hESCs to model hippocampal
functions and diseases. The use of hiPSCs enables disease modeling of epilepsy, offering alter-

natives for animal models and embryonic stem cell sources.

Key findings in this thesis include the successful neuronal differentiation towards hippocampal
fate, primarily into granule and pyramidal neurons, using specific molecular cocktails and co-cul-
ture techniques. Many of the methods utilized Wnt3 and BDNF factors to promote the mainte-
nance of hippocampal progenitors and to support hippocampal neurogenesis. Other commonly
used factors were SB431542, Cyclopamine, DKK1 and CHIR 99021. In addition, co-culturing the
neurons on hippocampal astrocytes directed the hippocampal differentiation successfully in sev-
eral studies. A characterization method used in many studies was immunocytochemistry, in which
typical hippocampal markers were detected. These markers included for example DG granule
cells-specific PROX1, CA3-specific GRIK4, KA1, and HuB, and other hippocampal regional mark-
ers such as PAX6, FOXG1 and Zbtb20. By detecting these markers, hippocampal fate of the
generated neurons could be confirmed. Additionally, patch-clamp recordings were a commonly

utilized method to examine the neuronal functions of cultured neurons.

These hippocampal neuronal models provide valuable tools for studying the neuropathology of
epilepsy and other hippocampus-related conditions. To date, hippocampal models have been
used more commonly to study other conditions than epilepsy, such as BD and schizophrenia.
This could possibly be explained by more urgent need of new treatments for those conditions,
since they have been identified more recently and their research and treatment approaches may
therefore be less advanced. However, a couple of studies examined genetic epilepsies with hip-
pocampal in vitro models. They found that the epileptic neurons had reduced synaptic activity
compared to control neurons, and the percentage of inhibitory neurons was decreased. Further-
more, the use of hiPSCs avoids ethical concerns associated with embryonic stem cells and offers
better availability compared to human tissue slices, which require postmortem patients to be ob-
tained. The ability to generate patient-specific neurons opens new opportunities for personalized

medicine, allowing the development of targeted therapies and improved drug screening.

In conclusion, the differentiation of hiPSCs into hippocampal neurons represents a significant
advancement in biomedical research. It offers a platform for investigating the mechanisms of
neurological diseases and developing novel therapeutic strategies for patient-specific cases. The
discussed differentiation methods seem promising, since they generated relatively high percent-
ages of wanted neuron types. Additionally, the methods generated electrically active and func-
tional neurons, which was detected by electrical characterization methods, such as patch clamp.
However, the methods were quite slow and some of them required coculturing with tissue slices.

In the future, research should focus on developing these differentiation protocols to be less time-
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consuming to enable their wider use in research. In addition, the focus should be on mimicking
the natural environment more accurately without tissue samples. This could be achieved by de-
veloping new organoid and 3D-models. Hippocampal neurons could also be applied to 3D-models

that have already been developed but only used with other neuron types.
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