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Abstract

Nervous tissue investigation has always been in the interest of many scientists.
Throughout the whole period of nervous system research, many investigations were
conducted on animals in vivo to understand the underlying mechanisms of pathologies
and pharmacological effects of medications. However, some research needs are
challenging or cannot be fulfilled with in vivo research on animals. Many methods are
developed to isolate and culture nervous tissue in vitro to investigate neuronal
physiology, disease mechanisms, and drug safety in vitro.

Through in vivo studies of a particular organ system, numerous influences of the
entire organism interfere with the precise scope of the study. Hence, it is not possible to
eradicate the impacts of other organ systems and regulations of the organism before the
study of the isolated system in scope. As a solution to this issue, the idea to isolate and
keep the wanted tissue in vitro ascended. The tactic of culturing tissues was initiated
about a century before. The tissue culture technique was first conducted with
aggregated tissue particles, which limited the growth with the radial migration of cells
from the tissue particle. Nevertheless, this method gave very restricted prospects for the
study, which, successively, served as an opening move for the further development of
the approaches.

The categories of studies that may be implemented with the tissue cultures
embrace elementary studies on cellular metabolism, the regulation of gene expression,
and the cell phenotype at different stages of development. Moreover, the tissue cultures
can be applicated to immunology, pharmacology, toxicology, tissue regeneration, and
transplantation.

In obtaining primary neuron cultures, alive cells are used from an organism.
Then, these cells are cultivated in cultural media, where they have all the needed
materials to maintain their normal life. Neurons have no capacity to divide, and in the
primary cultures, they only grow and expand cellular outputs, which are axons and
dendrites. Primary neurons can be gained from different parts of a rodent’s brain, and
depending on the study objective, that part can be the cortex, hippocampus, or
cerebellum. These cultures, parallelly with neurons, may and may not contain glial
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cells. In some instances, for example, when these cells are the study’s objective, only
glial cells may be cultured. As a source of primary cells can serve both embryonal and
early postnatal animals.

Another type of culturing neuronal tissue, called organotypic culture, is to
harvest and culture the whole tissue without disaggregating the cells. Compared to
neuronal cell cultures, organotypic cultures are relatively difficult to obtain. Still, as
they more accurately represent the complex structure and unity of nervous tissue, new
tactics were desired to solve this problem. Steps frontward were the invention of the
organotypic slice technique and the roller tube technique to culture organotypic brain
slices. In these methods, the intact brain tissue slices are plated on coverslips and
semipermeable membranes that are put in nutritious media.

Thanks to the technologies and methods of tissue engineering, another possible
way to obtain a nervous cell culture is the usage of already differentiated somatic cells.
These cells are harvested from different sources and can be reprogrammed into induced
pluripotent stem cells. The latter is capable of proliferating and differentiating into new
specialized cells, such as neurons.

As mentioned, in vitro neuronal culture methods have been developed for
different research tasks. The resultant cultures resolve many problems for researchers,
make the research more accessible, and allow the studies of isolated nervous tissue.
However, they still are not capable of satisfying all desires, as they are limited in terms
of lifecycle and cell number and do not embody the structural and functional
complexity of the nervous tissue. Therefore, the approaches need to be enhanced, and
more studies should be done regarding this topic to improve the similarity of the
cultures to the actual natural nervous tissue.

This review summarizes the historical development, the methodological
approaches, and the opportunities given by two- and three-dimensional nervous tissue
cultures and organotypic brain slice cultures.

Keywords and phrases: nervous tissue, cell culture, tissue culture, organotypic
culture
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UccnenoBanue HepBHOW TKaHM BCerjJa HMHTEPECOBAI0O MHOTMX y4eHbIX. Ha
IIPOTSHKEHUU BCETO IEPHUOJA U3YyUEHMs] HEPBHOM CUCTEMBI IPOBOJWIOCH MHOYKECTBO
HCCIICIOBAaHUM Ha JXUBOTHBIX in VIVO JAJs MOHWMAaHHS TIIyOMHHBIX MEXaHH3MOB
MATOJIOTHH ¥ (papMaKOJIOTUYECKOTO JECHCTBUS JIEKApCTBEHHBIX MpernapaToB. Tem He
MEHee HEKOTOpBIE HCCIICHAOBATENBCKUAE MOTPEOHOCTH SBILSIFOTCS CIOKHBIMH WM HE
MOTYT OBITh YIOBJIETBOPEHBI C IMOMOIIBIO HCCIEJOBAaHUI HAa JKUBOTHBIX in Vivo.
Pa3paboTaHo MHOKECTBO METO/IOB BBIJCIICHUS U KyJbTHBUPOBAHHS HEPBHOW TKaHU in
vitro IS uccienoBaHUS (DU3UONOTHU HEHPOHOB, MEXaHHM3MOB 3a00JIeBaHUS U
0e30MacHOCTH JIEKapCTB in Vitro.

B umccnemoBaHMsX in Vivo KOHKPETHOH CHCTEMBI OpPTraHOB MHOTOYHCIICHHEIC
BIUSIHUA BCETO OpraHM3Ma MeIalT TOYHOMY HcclieoBaHuo. ClieaoBaTeNbHO,
HEBO3MOYKHO MCKOPEHUTH BIIMSHHUE JIPYIMX CHUCTEM OPIaHOB M PEeryysLuil OopraHuzMa
JUISL W3Yy4eHUs M30JMPOBAHHON CHUCTEMBl HHTEpeca. B KkauecTBe pelIeHUs S5TOH
po0JIeMBI BO3HHUKIIA WIesl BBIACIICHUS U COXPAHEHHS HYXXHOHM TKaHU in vitro. TakThka
KyJIbTHBAPOBaHHS TKaHeW ObLIa Ha4aTa MPUMEPHO 3a CTOJICTHE JO 3TOro. TexXHHUKa
KyJIbTHBUPOBaHMS TKAaHH ObLIa BIICPBBIC NPHMEHEHA K arperHpOBAaHHBIM YaCTHIAM
TKaHM, TJI€ POCT OIpaHMYUBAJICA PaJUaNIbHON MHUIpalUell KIeTOK M3 4acTULbl TKAHU.
Tem He MeHee OTOT METOJ JaBal OYEHb OTPAHWYEHHBIE IEPCHEKTUBBI UL
UCCIIEJIOBAHUS, YTO BIOCJIEACTBUM MOCIYXWIO HayaJIbHBIM IIAroM JUIs JajbHEHIIero
Pa3BUTHS TTOJXOJIOB.

Kareropun mccienoBanmnii, KOTOpBIE MOTYT OBITH peai30BaHBI C KyJIbTypaMHU
TKaHeW, OXBAThIBAIOT JJIEMEHTApHBIE WCCIIEAOBAHUS KJIETOYHOIO MeTaboau3Mma,
PETyJISIIUH KCIPECCHN TeHOB W (PEHOTHIA KIETOK Ha PAa3HBIX CTATUsIX Pa3BUTHS.
Kpome Toro, KyapTypsl TKaHEH MOTYT MIPUMEHSTHECS B HIMMYHOJIOTHH, (hapMaKOJIOTHH,
TOKCUKOJIOTUH, PETEHEPALMU TKaHEN U TPaHCIUIAHTALUH.

[Ipu nosnydyeHuu NEpBUYHBIX KYJIBTYp HEHPOHOB HCHOJB3YIOT JKUBBIE KIETKH
OpraHu3Ma. 3aTeM ATH KJIETKH KYJbTHBHUPYIOT B KYJIbTYPalbHBIX Cpelax, TIe y HHUX
eCThb BCC HEOOXONWUMBIE MaTepHanbl Uil TOANCPKAHMS HOPMAaJIbHOW JKH3HE-
nestensHOCTH. HelipoHsl He 00J1aJaloT CIOCOOHOCTBIO AENUTHCS, W B IMEPBUYHBIX
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KyJIbTypax OHH TOJIBKO PAacTyT M paCIIUPSIOT KJIETOYHbIE OTPOCTKH, KOTOpBIE
MPEACTABIBIIOT cO0O0¥ aKCOHBI U NeHIPUTHI. [lepBUYHBIE HEHPOHBI MOJKHO TIOJTYIHUTDH U3
pasHBIX YacTe Mo3ra TPbI3YHOB, U B 3aBHCUMOCTH OT LEJIM HCCIEIOBAaHMUA 3TOil
YacThI0 MOXKET OBITh KOpa, TUIIOKAMII WM MO3KEUOK. IJTH KYIBTYPBI, HApSIy C
HellpoHamMM, MOTYT COJAEp:KaTb, & MOTYT U HE COAEpXkKaTb INIHAIBHBIX KICTOK. B
HEKOTOPBIX CllydasiX, HallpuMep, KOrJa 3TU KIIETKU SBIIAIOTCS LENBIO HCCIIEN0BaHMA,
MO>KHO KYJIbTHUBUPOBATh TOJIbKO TJHANbHbIE KJIETKH. VICTOUHHUKOM MEpBUYHBIX KIETOK
MOTYT CIY>KUTh KaK YMOpPHOHAIbHBIE, TAK ¥ PAaHHHUE TIOCTHATAJIBHBIC SKUBOTHBIE.

HApyroi  TUm  KyIbTHBHPOBAaHHWsS  HEHPOHHOW  TKaHH,  HAa3bIBAEMBIN
OPraHOTUIIMYECKOM KyJIbTYpOH, 3aKII0UaeTCsl B cOOpe U KyJIbTUBUPOBAHUU BCEH TKaHU
0e3 mesarperamym KIETOK. [lo cpaBHEHHIO C KylIbTypaMH HEHPOHAIBHBIX KIIETOK
MOJYYNUTh OPraHOTUIIMYECKHE KYJIBTYPbl OTHOCHTENIBHO CIOXHO. TeM He MeHee,
MIOCKOJIBKY OHH 00Jiee TOYHO OTPaKaloT CIOXHYIO CTPYKTYPy M €IMHCTBO HEPBHOM
TKaHH, JUIs pEemIeHus 3TOH NpoOiaeMbl TpeboBanCch HOBBIE TakTHKU. Lllaramu Briepen
ObUTO HM300peTeHHEe MeETOAa OPraHOTHUIMYECKMX CpPEe30B M METOIa POJHMKOBBIX
MPOOHPOK T KyTETHBUPOBAHHS OPTaHOTHUITMYECKHUX Cpe30B Mosra. B atmx meromax
Cpe3bl MHTAKTHOW MO3rOBOM TKAaHM BBICEBAIOT Ha IIOKPOBHBIE CTEKNA |
MOJYTIIPOHUIIAEMBIE MEMOPaHbI, KOTOPHIE IIOMEIIAIOT B TUTATEIBFHYIO CPELy.

JpyruM BO3MOXHBIM CIIOCOOOM TONYyY€HHMS KYNbTYpbl HEPBHBIX KJIETOK,
Omarozmapsi TEXHOJIOTHSIM M METO/IaM TKaHEBOW WH)KEHEPHH, SIBIISICTCS MCIIOIB30BAHIE
yxe nudhepeHIPOBaHHBIX COMAaTHYECKHX KIETOK. OTH KIETKH COOMparoTcs Hu3
pasHBIX HCTOYHHKOB W MOTYT OBITH IIEPEIpOTrpaMMHPOBAHBI B HHIYIIPOBAHHBIC
IUTIOPUIIOTEHTHBIE CTBOJIOBBIE KieTKH. [locnmenmuss crmocoOHa mnpoingepupoBaTth H
IuQQepeHIUPOBATHCS B HOBBIE CIICIIMATN3UPOBAHHBIC KICTKH, HAIPpUMEP HEHPOHEL.

Kak yxe ymoMuHamoch, METOABI KYyJIbTYphl HEHPOHOB in vitro ObUH
pa3paboTaHbl ISl PA3IMYHBIX HCCIIENOBATENbCKUX 3a1ad. [losydeHHBIE KyIbTYpBI
pemaroT MHOTHE NpOOJeMBbI IS HCCIeNOBaTelei, IeNaloT HCCIEAOBaHUS Oonee
JIOCTYIHBIMHM U TIO3BOJISIIOT M3ydaTh HU30JUPOBAHHYK HEpPBHYH TKaHb. OJHAKO OHU
erre He CIocOOHBI YIOBIETBOPUTE BCE HYXKIBI, TAK KaK OTPAaHWYCHBI IO KU3HEHHOMY
UKy ¥ KOJMYECTBY KJIETOK W HE BOIUIOMIAIOT CTPYKTYPHO-(PYHKIIMOHAIBHYIO
CIIO)KHOCTh HEpPBHOM TKaHW. TakuMm oOpa3oM, MOIXOIBl HEOOXOAWMO YIy4IIUTh, H
HEOOXOIMMO TIPOBECTH JOIOJIHUTENIbHBIE WCCIENOBAaHHUA II0 3TOH TeMe, YTOOBI
YIIy4UIUTb CXOACTBO KYJbTYP C pealbHOM NIPUPOIHON HEPBHOM TKAHBIO.

B astom o0030pe 0000HICHBI KCTOPHUYECKOE pPa3BUTHE, METOJOJOTHUECKUE
MOJAXOJbl U BO3MOXKHOCTH, NPEJOCTAaBISIEMbIE IBYX- M TPEXMEPHBIMU KyJIbTypaMH
HEPBHOM TKAHU U KYJIbTypaMU OPraHOTUIIMYECKUX CPE30B MO3Ta.

KiroueBble cj10Ba U CJI0BOCOYETAHUSI: HEPBHAS TKAHb, KJIETOYHAS KyJbTypa,
TKaHEeBas KyJbTypa, OpraHOTUNINYECKAs KyJIbTypa.
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Introduction

During in vivo examinations of a particular organ system, many factors of the
whole organism interfere with the specific scope of research. During in vivo research,
it is impossible to eliminate influences of other organ systems and regulations of the
organism and investigate the isolated system of interest. To solve this problem, the idea
of isolating maintaining of the desired tissue in vitro arose. The approach of culturing
tissues was originated about a century ago. In the evolution of the technique, three
stages can be denoted: first step, Harrison, Carrel, and others tried to explant and study
the outgrowth from cells [17, 2]; the second step was the development of cell lines,
both limited [18] and continuous [7, 14]; and the third, contemporary period, is the
investigation of gene expression in cell lines and freshly isolated cells. Step by step, the
method was changed from simply exploring into a robust instrument in cell and
molecular biology, virology, cellular pathology, bioengineering, and industrial
pharmaceutics.

Chart 1: Tissue culturing method evolution stages

explantation and study of cell | 19005
L outgrowths J
[ development of cell lines ©1950s
[ investigationsin cell lines and freshly | *CUrren
‘\ isolated cells .
period

The tissue culture technique was first elaborated with non-disaggregated tissue
fragments, and growth was limited with the migration of cells from the tissue fragment
radially. However, this approach gave very limited opportunities for the research,
which, in turn, served as a starting point for the further improvement of the methods.

The types of investigation that can be conducted using the tissue culture are
summarized in Table 1. These include basic studies on cellular metabolism, the
regulation of gene expression and the cell phenotype at different stages of
development, and the application to immunology, pharmacology, toxicology, and
tissue regeneration and transplantation.
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Table 1: Different areas of tissue culture method usage [44, 11]

Intracellular | Genomics Cell to cell Cell products

activity interactions

e DNA e genetic analysis | ® morphogenesis | ® biotechnology
transcriptio | e transfection e proliferation e bioreactors
n e immortalization | e adhesion e product

e protein e motility harvesting
synthesis

e metabolism
® apoptosis

Immunology | Pharmacology Tissue Toxicology
engineering
e cpitopes e drug action o tissue e infection
e immune e molecular constructs e cytotoxicity
response targeting e matrices and | e carcinogenesis
e antibody scaffolds e inflammation
production e stem cells

e signaling

Antiviral vaccine production and investigation of neoplasia were the first

medical research directions that induced cell culture development. Emerging
commercial supply of cultural media, sera, and antibiotics to manage the
contaminations opened the doors for developing standardized conditions, making tissue
cultures available to a dispersed range of interests. Nowadays, tissue culture is not
extraordinary but a powerful research tool in many biomedical disciplines and
biotechnology.
Another force for empowering tissue culture methods development has been the
presentation of worry by many animal-rights groups about the unneeded usage of
experimental animals [41, 30]. Although most accept that some animals will resume
being required for preclinical trials of new medications, there is overall apprehension
that extensive usage of animals for cosmetics development and similar actions are not
morally defendable. Thus, there is continuing propaganda for more in vitro assays.

The culture of nervous tissue began at the beginning of the 20" century when
neuronal outgrowth was detected in frog embryos attached to coverslips [17].
However, effective long-term culture of mammalian central nervous tissue was first
accomplished years later with the Rollertube method [13, 39].

Neurological research has not profited from working with bred cell lines from
the normal nervous tissue, as it has not been possible in vitro without using the
transformed cells. However, developments with human embryonic stem cell cultures
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[42,46] indicate that this strategy may supply reproducing cultures that differentiate
into neurons and provide valuable and distinct models for neuronal diseases [8].

In cultures, cells need to attach to a base for growth, making intercellular interactions
and behaving as integral tissue. Different cell types need different materials to attach,
and for this reason, the dishes are treated with particular materials to enhance cell
attachment. Neurons cannot tolerate untreated glass or plastic satisfactorily but
demonstrate neurite outgrowth on collagen and poly-D-lysine. Neurite outgrowth is
encouraged by the polypeptide nerve growth factor [25] other factors secreted by glial
cells [27, 9].

In mammals’ central nervous system (CNS), neural stem cells (NSCs) can be
isolated from embryonic and adult tissues [28]. Different research questions need
neurons from different areas of the CNS. Therefore, it is essential to mind the
possibilities of acquiring particular neuronal types. Embryonal NSCs can be isolated
from multiple regions, while in the adult brain it can be performed only two regions,
where cell proliferation occurs: the subventricular zone and the subgranular zone of the
hippocampal dentate gyrus [26].

Producing in vitro cultures of neuronal cells has been central to expanding the
nervous system’s performance knowledge. While different highly proliferating cells,
such as epithelium, are relatively easy to maintain in vitro, culturing neuronal cells is
incredibly complex because mature neurons are not dividing [10]. An approach to
overcome this is to make secondary cell lines that are originated from neuronal tumors
and were immortalized. These lines can grow effortlessly in cell culture and give
unlimited cells. Another plus is minimized unevenness among cultures. The minus of
these cell lines is that they show numerous dissimilarities with the cell type derived
from them [15].

Another application of the tissue culturing technique can be the treatment of
some nervous system diseases with NSCs. Here the culturing method is an intermediate
step for acquiring the cells and applying them to the target organism. In an animal
model of multiple sclerosis, adult neuronal stem cells were obtained and injected into
the affected mice [33]. The intervention showed some recovery of the pathological
process. In another study with animal modes of impaired dopaminergic neurons [32],
neural stem cell implantation resulted in the recovery of lost neurons and
neuroprotective effects.

Primary cell cultures are not immortal, and therefore the quantity of cells present
for research is restricted and remains the same throughout the whole research.
Consequently, it complicates the task, as more efforts should be made to keep these
cells alive. Moreover, as animal tissues in vivo consist of several cell types, it is
required to isolate the required cell type from others and determine the cleanliness of
the resultant cultures, for instance, through immunocytochemistry [16] by cell lincage-
specific markers [23]. For the primary neuronal cell cultures, it is required to isolate
them from the glial cells as much as possible. Another essential consideration for
primary cultures is obtaining ethical approvals and using animal or human cells [35].
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Sometimes the research tasks require the same environment for neurons as in
vivo. However, the complex structure of the central nervous system (CNS) is not
reconstructed in cultures; hence, other approaches, such as thin slice culture, have
become valued. For investigating neuronal and glial physiology inside the environment
of the physiologically relevant tissue setting [4]. The slice culturing methodology with
a membrane interface ensures direct access to both CNS tissue and feeding medium,
enabling experiments that would be impossible in vivo. The technique includes the
settlement of brain slices on a semipermeable membrane insert [20]. The latter is
assembled in a medium to balance the slices between medium and a humidified
atmosphere. A thin layer of medium is let to cover the slice to ensure sufficient
hydration and nutrient absorption without interfering with the gas exchange [29]. The
modeled slices can be effectively maintained for up to several weeks. The described
methods can be used to perform a broad assortment of investigations within pathology,
immunology, and pharmacology for neural tissue [5, 31].

Primary neuronal cell cultures

Primary neuron cultures are obtained via taking cells from an organism and
cultivating them in cultural media. Neurons are not dividing, and hence in the primary
cultures, they are only capable of growing and expanding outputs. Primary neurons can
be obtained from rodent brain different parts, and depending on the research aim, it can
be the cortex, hippocampus, or cerebellum [15, 3]. The cultures may contain neurons
with or without glial cells. On some occasions, only glial cells may be cultured when
these cells are in the scope of research [43]. As a primary cell source can serve both
embryonal and early postnatal animals.

To enhance the adhesion of cells, the culture dishes and plates are coated with
different compounds, such as poly-D-lysine [22]. One of the standard culture media
used to grow neurons is Dulbecco’s Modified Eagle Medium (DMEM) [45] This
medium contains essential compounds needed for the cells’ survival. Neurons use
glucose as the primary energy source; thus, high-glucose DMEM is preferred. In
addition to glucose, sodium pyruvate can be used as a supplement to provide additional
carbon and energy. Cell cultures are often contaminated with bacteria and fungi. To
prevent these contaminations, antibiotics such as gentamycin are added [21]. To have
no endothelial and glial cells in the culture, their reproduction can be stopped with a
cytostatic cytosine arabinoside [24]. Other standard operations performed are the same
as in other tissue cultures.
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Chart 2: Main steps of primary cerebellar granular cells culture preparation [24]
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Organotypic nervous tissue cultures

Neuronal cell cultures, compared to organotypic cultures, are relatively easily
affordable. However, as they do not represent nervous tissue’s complex structure and
unity, new approaches were desired to solve this problem. A step forward was the
invention of the organotypic slice technique. The term “organotypic” was first used in
Reinbold’s work [34] in 1954 regarding the chicken embryo eye differentiation. More
detailed technical approaches were described in further works. Gahwiler’s group
proposed the roller tube technique to culture organotypic brain slices [12]. In this
method, the brain slices were plated on coverslips plasma. The plasma was coagulated
with thrombin to attach the slices to the coverslip.

Later, the roller tube method was developed by Stoppini and coauthors [38], and
the semipermeable membrane technique was proposed. In this approach, the brain
slices are put on a semipermeable membrane, and the medium is added under the
membrane. This allows having two compartments, separated by a membrane, where the
slices can be cultured above the membrane, and cells can be cultured under it. The
membrane pores size governs if some cells and substrates can diffuse to slice and
whether the slices can be cultured with the particular cells; thus, the method mimics the
blood-brain barrier [6].
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To get the slices, the brain is removed, and with vibratome, whole-brain sagittal
or coronal slices are cut with 100-400 micron thickness. As the tissue is native, the
cutting process should be performed very carefully and quickly to minimize tissue
integrity and functionality damage. After cutting, the slices are placed in the plate
membrane, the general culturing media, such as DMEM, are added, and the slice is
incubated in a 37°C and 5% CO, incubator. Medium is renowned weekly or twice a
week.

Chart 3: Main steps of organotypic brain slice culture preparation

Postnatal 6-8 Pups head Brain Brains
days old rats - —> dissection extraction >/ transferredto
selected a microtome
v Whote-brat I
Brains glued jofe-brain The slices are DMEM
to the chuck S 83?:88” r;[?m N placed in the N medium is
of'the thickness are plate added to
microtome cut membrane cover the slice
v |
The slice is
incubated at
37-C and 5%
CoO,

Induced pluripotent stem cell-derived neuronal cultures

Already differentiated somatic cells from different sources can be reprogramed
into induced pluripotent stem cells (iPSCs) that are capable of proliferating and
differentiating into new specialized cells [36]. After acquiring, the iPSCs are
differentiated into neurons by in vitro neuroectodermal induction [37]. The resulting
neurons can be maintained in the culture and represent the functional characteristics of
the same type of neurons in the brain [40].

The first stage of iPSC differentiation is primitive and neural rosette-type NSC
generation in a two-dimensional (2D) setting [47]. This gives a patient-specific neuron
culture that can serve as a model for investigating drug effects and underlying
mechanisms of pathologies. Besides the 2D modality, three-dimensional (3D) cultures
can be acquired. The 3D cultures are developed as neurospheres and floating 3D NSC
cultures that are more similar to in vivo settings than 2D cultures [19].

Adding to the 3D cultures of the artificial scaffolds and extracellular-matrix
materials can mimic the anatomical structure of the brain, and consequently, the
cultures will become more accurate for studying the pathology mechanisms [1,48].
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Table 2: Comparison of several neuronal culturing methods

ethods Primary Immortalized Organotypic Induced
neuronal cell neuronal cell nervous tissue pluripotent
cultures line cultures cultures stem cell-
Properties derived
neuronal
cultures
Source animals tumor cells animals cells
Similarity to the low low high low
actual structure
Approachability easy hard easy hard
Life span limited unlimited limited limited

As described, methods of in vitro neuronal cultures have been developed to

fulfill different research tasks. The resulting cultures solve many problems for
researchers, simplify the research, allow investigating the nervous tissue isolated.
However, these methods still cannot satisfy many needs, as they are limited in terms of
lifespan and cell quantity and do not represent the structural and functional complexity
of the nervous tissue. Consequently, the methods need to be improved, and more
research should be done regarding this topic to maximize the similarity of the cultures
to the natural nervous tissue.

REFERENCE

1.

Briannvall K, Bergman K, Wallenquist U, et al. Enhanced neuronal differen-
tiation in a three-dimensional collagen-hyaluronan matrix. J Neurosci Res.2007;
85(10):2138-2146. doi:10.1002/JNR.21358

Carrel A. ON THE PERMANENT LIFE OF TISSUES OUTSIDE OF THE
ORGANISM. The Journal of Experimental Medicine. 1912;15(5):516. doi:10.
1084/JEM.15.5.516

Choi WS, Kim HW, Xia Z. Preparation of primary cultured dopaminergic
neurons from mouse brain. Methods Mol Biol. 2013;1018:61-69.d01:10.1007/9
78-1-62703-444-9 6

Croft CL, Futch HS, Moore BD, Golde TE. Organotypic brain slice cultures to
model neurodegenerative proteinopathies. Molecular Neurodegeneration 2019
14:1.2019;14(1):1-11. doi:10.1186/S13024-019-0346-0

Croft CL, Noble W. Preparation of organotypic brain slice cultures for the study
of Alzheimer’s disease. F1000Res. 2018;7:592. doi:10.12688/F1000RESEAR
CH.14500.2

Duport S, Robert F, Muller D, Grau G, Parisi L, Stoppini L. An in vitro blood—
brain barrier model: Cocultures between endothelial cells and organotypic brain
slice cultures. Proceedings of the National Academy of Sciences. 1998;95
(4):1840-1845. doi:10.1073/PNAS.95.4.1840

199



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

200

Earle WR, Schilling EL, Stark TH, Straus NP, Brown MF, Shelton E. Produc-
tion of malignancy in vitro; IV: The mouse fibroblast cultures and changes seen
in the living cells. J Natl Cancer Inst . 1943;4(165-212).

Ebert AD, Yu J, Rose FF, et al. Induced pluripotent stem cells from a spinal
muscular atrophy patient. Nature 2008 457:7227. 2008;457(7227):277-280.
doi:10.1038/nature07677

Ernsberger U. The role of GDNF family ligand signalling in the differentiation
of sympathetic and dorsal root ganglion neurons. Cell and Tissue Research.
2008;333(3):353-371. doi:10.1007/S00441-008-0634-4/TABLES/2

Fishel ML, Vasko MR, Kelley MR. DNA repair in neurons: So if they don’t
divide what’s to repair? Mutation Research/Fundamental and Molecular Mecha-
nisms of Mutagenesis. 2007;614(1-2):24-36. doi:10.1016/J.MRFM MM.2006.
06.007

Freshney RI. Culture of Animal Cells. John Wiley & Sons, Inc.; 2010.doi:10.
1002/9780470649367

Gahwiler BH. Morphological differentiation of nerve cells in thin organotypic
cultures derived from rat hippocampus and cerebellum. Proceedings of the
Royal Society of London - Biological Sciences. 1981;211(1184):287-290.
doi:10.1098/RSPB.1981.0007

Geller HM. Effects of some putative neurotransmitters on unit activity of tuberal
hypothalamic neurons in vitro. Brain Res. 1976;108:423-430.

Gey GO, Coffman WD, Kubicek MT. Tissue culture studies of the proliferative
capacity of cervical carcinoma and normal epithelium. Cancer Res. 1952;12:
364-365.

Gordon J, Amini S, White MK. General overview of neuronal cell culture.
Methods Mol Biol. 2013;1078:1. doi:10.1007/978-1-62703-640-5 1

Grabinski TM, Kneynsberg A, Manfredsson FP, Kanaan NM. A Method for
Combining RNAscope In Situ Hybridization with Immunohistochemistry in
Thick Free-Floating Brain Sections and Primary Neuronal Cultures. PLOS
ONE. 2015;10(3):e0120120. doi:10.1371/JOURNAL.PONE.0120120

Harrison RG. Observations on the living developing nerve fiber. Experimental
Biology and Medicine. 1906;4(1):140-143. doi:10.3181/00379727-4-98
Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains.
Exp Cell Res. 1961;25:585-621.

Hofrichter M, Nimtz L, Tigges J, et al. Comparative performance analysis of
human iPSC-derived and primary neural progenitor cells (NPC) grown as
neurospheres in vitro. Stem Cell Res. 2017;25:72-82. doi:10.1016/J.SCR.2017.
10.013

Humpel C. Organotypic brain slice cultures: A review. Neuroscience. 2015;305:
86-98. doi:10.1016/j.neuroscience.2015.07.086

Jin Y, Lundkvist G, Dons L, Kristensson K, Rottenberg ME. Interferon-y
Mediates Neuronal Killing of Intracellular Bacteria. Scandinavian Journal of
Immunology. 2004;60(5):437-448. doi:10.1111/J.0300-9475.2004.01500.X



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kim YH, Baek NS, Han YH, Chung MA, Jung SD. Enhancement of neuronal
cell adhesion by covalent binding of poly-d-lysine. Journal of Neuroscience
Methods. 2011;202(1):38-44. doi:10.1016/J.JNEUMETH.2011.08.036

Kotani M, Osanai T, Tajima Y, et al. Identification of neuronal cell lineage-
specific molecules in the neuronal differentiation of P19 EC cells and mouse
central nervous system. Journal of Neuroscience Research. 2002;67(5):595-606.
doi:10.1002/JNR.10150

Krdmer D, Minichiello L. Cell Culture of Primary Cerebellar Granule Cells.
Methods Mol Biol. 2010;633:233-239. doi:10.1007/978-1-59745-019-5 17
Levi-Montalcini R. The nerve growth factor: Its mode of action on sensory and
sympathetic nerve cells. Harvey Lect. 1966;60:217-259.

Li W, Wang S, He H, et al. Expression and function of Ndell during the
differentiation of neural stem cells induced by hippocampal exosomesticle. Stem
Cell Res Ther. 2021;12(1). doi:10.1186/S13287-020-02119-2

Marchionni MA, Goodearl ADJ, Chen MS, et al. Glial growth factors are
alternatively spliced erbB2 ligands expressed in the nervous system. Nature
1993 362:6418. 1993;362(6418):312-318. doi:10.1038/362312a0

Moghadam FH, Sadeghi-Zadeh M, Alizadeh-Shoorjestan B, et al. Isolation and
Culture of Embryonic Mouse Neural Stem Cells. J Vis Exp. 2018;2018(141).
doi:10.3791/58874

Morrison B, Cater HL, Benham CD, Sundstrom LE. An in vitro model of
traumatic brain injury utilising two-dimensional stretch of organotypic hippo-
campal slice cultures. Journal of Neuroscience Methods. 2006;150(2):192-201.
doi:10.1016/J.JNEUMETH.2005.06.014

Nikodijevi¢ DD, Jovanki¢ J v., Cvetkovi¢c DM, Andelkovi¢ MZ, Nikezi¢ AG,
Milutinovi¢ MG. L-amino acid oxidase from snake venom: Biotransformation
and induction of apoptosis in human colon cancer cells. European Journal of
Pharmacology. 2021;910. doi:10.1016/j.ejphar.2021.174466

Noraberg J. Organotypic brain slice cultures: An efficient and reliable method
for neurotoxicological screening and mechanistic studies. ATLA Alternatives to
Laboratory Animals. 2004;32(4):329-337. doi:10.1177/026119290403200403
Ourednik J, Ourednik V, Lynch WP, Schachner M, Snyder EY. Neural stem
cells display an inherent mechanism for rescuing dysfunctional neurons. Nat
Biotechnol. 2002;20(11):1103-1110. doi:10.1038/NBT750

Pluchino S, Quattrini A, Brambilla E, et al. Injection of adult neurospheres
induces recovery in a chronic model of multiple sclerosis. Nature. 2003;
422(6933):688-694. doi:10.1038/NATURE01552

Reinbold R. Différenciation organotypique, in vitro, de 1’oeil chez I’embryon de
poulet [Organotypic differentiation of the eye of the chick embryo in vitro]. C R
Seances Soc Biol Fil. 1954;148(15-18):1493-1495.

Robertson JA. Ethics and Policy in Embryonic Stem Cell Research. Kennedy
Institute of Ethics Journal. 1999;9(2):109-136. doi:10.1353/KEN.1999.0013

201



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

202

Shi Y, Inoue H, Wu JC, Yamanaka S. Induced pluripotent stem cell technology:
a decade of progress. Nat Rev Drug Discov. 2017;16(2):115-130. doi:10.1038/
NRD.2016.245

Shi Y, Kirwan P, Livesey FJ. Directed differentiation of human pluripotent stem
cells to cerebral cortex neurons and neural networks. Nature Protocols 2012
7:10.2012;7(10):1836-1846. doi:10.1038/nprot.2012.116

Stoppini L, Buchs P, methods DMJ of neuroscience, 1991 undefined. A simple
method for organotypic cultures of nervous tissue. Elsevier. Accessed January
18, 2022. https://www.sciencedirect.com/science/article/pii/016502709190128M
Storts RW, Koestner A. General cultural characteristics of canine cerebellar
explants. Am J Vet Res. 1968;29:2351-2364.

Tao Y, Zhang SC. Neural Subtype Specification from Human Pluripotent Stem
Cells. Cell Stem Cell. 2016;19(5):573-586. doi:10.1016/J.STEM.2016.10.015
Teixeira TL, Oliveira Silva VA, da Cunha DB, et al. Isolation, characterization
and screening of the in vitro cytotoxic activity of a novel L-amino acid oxidase
(LAAOcdt) from Crotalus durissus terrificus venom on human cancer cell lines.
Toxicon. 2016;119:203-217. doi:10.1016/j.toxicon.2016.06.009

Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic Stem Cell Lines
Derived from Human Blastocysts. Science (1979). 1998;282(5391):1145-1147.
doi:10.1126/SCIENCE.282.5391.1145

Verkhratsky A, Kettenmann H. Calcium signalling in glial cells. Trends in
Neurosciences. 1996;19(8):346-352. doi:10.1016/0166-2236(96)10048-5

Verma A, Verma M, Singh A. Animal tissue culture principles and applications.
Animal Biotechnology. Published online January 1, 2020:269-293. doi:10.1016
/B978-0-12-811710-1.00012-4

Wang TTH, Jing AH, Luo XY, et al. Neural stem cells: Isolation and
differentiation into cholinergic neurons. NeuroReport. 2006;17(13):1433-1436.
doi:10.1097/01.WNR.0000227980.06013.31

Webber DJ, Minger SL. Therapeutic potential of stem cells in central nervous
system regeneration. Current Opinion in Investigational Drugs (London, Eng-
land: 2000). 2004;5(7):714-719. Accessed January 18, 2022. https://euro pep-
mc.org/article/med/15298066

Yan Y, Shin S, Jha BS, et al. Efficient and rapid derivation of primitive neural
stem cells and generation of brain subtype neurons from human pluripotent stem
cells. Stem Cells Transl Med. 2013;2(11):862-870. doi:10.5966/SCTM.2013-
0080

Zhang ZN, Freitas BC, Qian H, et al. Layered hydrogels accelerate iPSC-
derived neuronal maturation and reveal migration defects caused by MeCP2
dysfunction. Proc Natl Acad Sci U S A. 2016;113(12):3185-3190. doi:10.1073/
PNAS.1521255113



The article has been submitted for publication: 14.12.2022
Znpywdp bbpluyuglly Fungugpnippui. 14.12.2022
Crarss npezcraprera k mybruxagun: 14.12.2022

The article is sent for review: 05.03.2023
Znpywsh niquplyly Fgpuipinuniyeyui. 05.03.2023
Crarsa ornpasiena Ha perersmuio: 05.03.2023

The article is accepted for publication: 15.05.2023

Znpywsh pagnilyly Funwwgpnipyub. 15.05.2023
Crarsa npuHAaTa k megaru: 15.052023

203



