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Abstract

To investigate the enormous complexity of the functional and pathological brain there are a number
of possible experimental model systems to choose from. Depending on the research question choosing
the appropriate model may not be a trivial task, and given the dynamic and intricate nature of an intact
living brain several models might be needed to properly address certain questions. In this review we
aim to provide an overview of neural cell and tissue culture, reflecting on historic methodological
milestones and providing a brief overview of the state-of-the-art. We additionally present an example
of an effective model system pipeline, composed of dissociated mouse cultures, organotypics, acute
mouse brain slices, and acute human brain slices, in that order. The sequential use of these four model
systems allows a balance and progression from experimental control to human applicability, and
provides a meta-model that can help validate basic research findings in a translational setting. We then
conclude with a few remarks regarding the necessity of an integrated approach when performing

translational and neuropharmacological studies.



Introduction

The adult human brain is composed of approximately 80 billion neurons and 40-50 billion glial cells £,
while overall brain size computed using a number of factors differs 100,000 fold across the mammalian
class 2. It is the most energetically demanding organ in the body- despite the fact that it makes up
around 2% of the body by weight, it demands nearly 20% of oxygen mobilized in the bloodstream,
most of which enables the generation of action potentials, the reestablishment of pre-synaptic ion

gradients, and the generation of post-synaptic ion fluxes 3.

The brain is also one of the most dynamic organs over a developmental time course, and can undergo
substantial rearrangement well into adulthood “. Precursor cells known as neuroblasts give way to
neurons and glial cells that will compose both the central and peripheral nervous systems. Unlike glial
cells, neurons typically do not divide, but rather develop a range of involved and patterned branches
and arborizations known as dendrites and axons. These branches follow complex pathfinding programs
coordinated by attractive and repulsive signaling molecules °, undergo pruning and refinement ¢, and
generate complex networks, ranging from microscopic cellular arrangements such as cortical layers
and columns, up to macroscopic and hemispheric divisions that govern encompassing processes such

as the visual and motor cortices.

Taking into account the spatial and temporal intricacy of the nervous system, as a functional structure,
it may be the most complex we have discovered so far in our universe. Additionally, current
neuroscientific methodology for in-vivo research is limited by several factors, including the fragility and
sensitivity of the brain to invasive procedures, relative optical opacity of the skull and brain tissue,
permeability of the blood-brain-barrier, and more. While some methods are not affected by these
limitations or have been designed around them (EEG, for example), other methods such as imaging or
electrophysiology remain challenging. Due to the conceptual and practical complexities associated
with studying the brain its systematic deconstruction, and the iteration of neuronal and cell-type-
mixed model systems, has expanded outwards in different directions, yielding a range of creative and
varied models as a result. This complexity also applies to research into pathological circumstances, as

in many cases of neurological disorder the etiology and path forward are not clear.

In this review we aim to provide a brief overview of the development of model systems used to study
the normal and pathological functioning of the brain to date, and to propose an integrated model
system approach aimed especially at researchers whose goal is to validate their findings from other
mammals such as rodents, and to translate fundamental research into drug targets or potential

therapies in humans.



An Overview of Neuronal Model Systems

The Rise of Neuronal Cell Culture

The first ex-situ preparations of neurons designed for live growth outside of the body were the first
such preparations of any multicellular eukaryote in history 7. The system used, namely the hanging
drop (figure 1a), was a preparatory protocol devised by Ross Harrison and first published on in the year
1907. This was a landmark study in which small resected pieces of embryonic frog tissue, which at the
time were “known to give rise to nerve fibers” were placed in an indentation on a glass coverslip. A
drop of lymph was then applied to the tissue, which clots and holds the tissue in place, also providing
a satisfactory nutritional and electrolytic composition. Under these conditions Harrison was able to
keep the tissue alive for between one and four weeks, during which he characterized the differential
growth patterns of nerves derived from distinct anatomical regions of the embryo. Only later was the
hanging drop strategy applied to non-neuronal cell biology studies . This was one of the first systems
devised that demonstrated not only that single cells and a variety of tissues derived from multicellular
eukaryotes were able to be removed from the body without cell death, but also that they could be
cultured and propagated. Later, in an effort to simplify and improve cell culture techniques, a range of
culture flasks were designed. The precursor to the modern culture dishes were the Carrel flasks,
intended to give more experimental control to the researcher (figure 1b). This included easier access
to the cultures, more medium bathing the tissue, greater surface area, and improved longevity °. Carrel
flasks have since been improved upon, resulting in modern culture flasks used today. Improvements
include being manufactured out of plastic instead of glass, marked with volumetric indicators, and
standardized in size. They are also no longer equipped with cotton stoppers, but rather with screw

caps, sometimes including semi-permeable membranes to allow for gas exchange.

Further developments meant that lymph as a medium was replaced by predefined salt solutions mixed
with agar and chicken stock ¢, a solution based on the ones composed by Ringer and Buxton in 1885
to investigate acutely resected frog hearts !!. The additional agar and factors in the chicken stock
promoted longevity of cultures and allowed more defined media to become standardized, improving
reproducibility and experimental control. In 1955 Harry Eagle published a paper on minimum essential
medium (MEM), in which pH buffering agents were introduced 2. Today a modified version of MEM
known as Dulbecco’s modified MEM (DMEM) is still widely used. Serum from bovine, horses, and
specifically fetal calves is often supplemented to improve culture growth and longevity by providing
growth factors, hormones, vitamins, trace elements, and more 3. More recently efforts have been
made to use serum-free culture media, replacing components of biological origin with known factors
14 Media that cater specifically to neuronal demands have also been designed, such as the B27

supplemented Neurobasal medium 2%, and the more recently developed BrainPhys medium, based on



an improved formulation 6. To mimic physiological conditions, cell culture media pH is typically
maintained using a bicarbonate buffer, characterized by the balance between bicarbonate (HCOs),
carbonic acid (H,COs), and CO,, requiring an incubator with controlled CO; levels, generally 5%.
Another development was the Hibernate E medium, which maintains neural tissue viability for several
days at ambient CO,, and up to several weeks while refrigerated, greatly facilitating storage and
transport of neuronal cultures and tissues . These innovations in cell culture viability, reproducibility,

and practical implementation provided the foundation for modern neuronal culture.
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Figure 1. Scheme depicting historic cell culture milestones. (a) the hanging drop, composed
of tissue contained in a clotted drop of lymph, situated in the groove of an indented glass
slide, hanging from a coverslip attached to the slide by sealant such as grease, and (b) The
Carrel Flask, containing cultured cells and growth media, with a canted neck designed for
easier maintenance and accessibility, as well as a cork or cotton stopper to allow for gas
exchange while still protecting against contamination.

Directed Growth and Cellular Manipulation
In order to generate the right model system, the manipulation of neural cell cultures’ intrinsic
properties is often necessary. Through the use of transfections, infections, electroporation, and

microinjections 8

, as well as de-novo mutations in transgenic mouse lines ¥, the introduction of
genetic elements such as coding sequences, shRNA, and more can be controlled. This facilitates the
generation of cell cultures that express channels, receptors, or any specific gene of interest, either as
mutated forms or their wild-type counterparts, for functional binding, signaling, and

electrophysiological studies.



As the field of cellular neuroscience develops the ability to finely manipulate the external setting and
microenvironment of cells also becomes increasingly desirable. This includes regulating the
extracellular microenvironment and controlling cellular development and interactions via external
cues, as well as growth conditions. Efforts to control cell-cell interactions and single cell dynamics led,
for example, to the development of the micro-island culture method. While investigating neuron-
cardiomyocyte interactions and following the idea that “the incidence of detectable interaction would
increase if the innervation field of a given neuron was concentrated,” the researchers developed glass
coating protocols that allowed cell adhesion only at small sites, spanning the range of only a few
hundred micrometers, resulting in “islands” composed of single cells or groups of just a few cells %°
(figure 2). As a model system the micro-island introduced a greater degree of reductionism to in-vitro
work on the brain, allowing for a finer dissection of cellular and subcellular interactions. Micro-islands
have been used to study a range of topics including but not limited to synapse maturation ?* %, the
role of connectivity on transmission 2> 24, single-cell epileptiform dynamics %, and heterogeneity of

active release sites 2% %7,

Figure 2. Example of micro-island neuronal cultures. Light microscopy images show (a) a
single rat cortical neuron and (b) a single neuron with an accompanying astrocyte, growing
on a droplet of permissive substrate (poly-D-Lysine and collagen) deposited on top of an
agarose-coated glass coverslip. The neurites and cell processes remain confined to the disk
of substrate as their growth is inhibited by the agarose coating of the coverslip. Scale bars,
10um. Other micro-island configurations such as two connected neurons are also possible.
(Modifed with permission from F.D. Morgenthaler 26, Univ. Lausanne).

The natural evolution of the controlled growth paradigm also led to the development of microfluidic
devices, culture chambers that house compartments or channels of microscopic dimensions ?4. The

introduction of new advances in microfabrication techniques and their ease of implementation meant



that creative design solutions can now be implemented to overcome geometric limitations of
conventional cell culture methods. This possibility allows microenvironmental control of
cytoarchitecturally distinct regions of individual neurons such as dendrites and axons 2%, as well as cell
assemblies, such as injured nerve fibers 3 or neuromuscular units %, through the controlled delivery
of microliters or nanoliters of compositionally distinct solutions to individual compartments. This
allows the model system to mimic multiple environmental states, such as are found in different brain
regions 2, or in healthy vs diseased states 33, making microfluidics a potentially powerful experimental
system for pharmacological and translational studies. For example, a recent publication utilizing a so-
called “on-a-chip” in-vitro corticostriatal neuronal network using microfluidic  techniques
demonstrated that the presynaptic cortical component of the network plays a larger role in
Huntington's Disease (HD) pathology than previously thought 4. The authors also remark on the
benefits of their on-a-chip system, such as its suitability for high temporal and spatial resolution
imaging, testing drugs for treatment of HD, and its applicability to other pathologies. It is now well
established that glial-derived factors play a large role in neuronal development and maintenance 3%,
which has led to methodological development of co-culture techniques #*4? designed to better mimic
conditions found in the brain. Co-cultured glial cells and neurons are often grown on separate surfaces
and only share the media they are submerged in (figure 3a), while other co-culture methods will have
cells in physical contact (figure 3b). Of note is that co-culture techniques are compatible with both
micro-island cultures ** #* (figure 2b) and microfluidic chambers *> %, Advantages of co-cultures can
also be reaped for translational and pharmacological research. One such study reported on a human
cell line co-culture model of Parkinson’s Disease (PD) with a pharmacological profile demonstrating it
was a “closer model of human brain tissue than conventional cultures,” and, “Its use for screening of
candidate neuroprotectants may increase the predictiveness of a test battery”#’. Another study
established a blood-brain- barrier model via co-culture techniques using human induced pluripotent
stem cells (hIPSCs) and fetal neural stem cells, performing permeability testing with reference

substances to demonstrate the relevance of the model for drug transport studies .
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Figure 3. Scheme depicting co-culture variants including (a) methods without direct cell-cell
contact that rely solely on soluble factors from shared media, either via porous inlays (top)
or conditioned media replacement (where compositionally conditioned culture media is
removed from one set of cells and used to culture another; bottom), and (b) methods that
result in direct cell-cell contact, such as mixed monolayer cultures (top) and 3-dimensional
mixed cultures. Neurons may be grown on a feeder layer of astrocytes, for example.
(bottom).

The hIPSC discovery advanced the use of human derived cell lines considerably. The initial finding that
the transduction of just four transcription factors into cultured adult and embryonic fibroblasts could
induce pluripotency # led to a surge of research into genetic lineage reprogramming technology and

50, 51[ and

methodology, leading to a simultaneous report by two groups of human cell reprogramming
later direct lineage reprogramming of somatic cells into neural stem cells or neurons, removing labor
intensive intermediate steps associated with pluripotent cell culture and maintenance >3, It has also
been demonstrated that urine derived cells can be directly reprogrammed into neurons 4. Using less
invasive somatic cell collection methods such as urine collection makes reprogramming neurons from
a wider range of patients a viable strategy. The ability to culture neurons containing the genetic code
of specific and living cohort subjects, as well as patients, may not only help fundamental and

translational research, but may also play a larger role in personalized medicinal strategies going

forward.



The Acute Brain Slice

One of the most widespread model systems in neuroscience is the acute brain slice *>*’. Living brain
tissue cut into thin sheets between 100-400 um in thickness can be kept alive in incubation chambers
mimicking natural conditions in the brain and can be used over an experimental session lasting several
hours. Typical protocols involve the acute preparation of brain slices, usually from juvenile animals
unless the experimental question demands older ones, and their subsequent incubation in
oxygenated, buffered salt solutions that mimic cerebrospinal fluid. Although ice-cold cutting solutions
are the methodological norm, cutting at physiological temperatures has also been established 2.
Incubation of the slices is commonly performed at room temperature, while recordings are often
performed closer to physiological temperatures. It is also important to consider cutting orientation,
since both the functional connectivity between cells, or between cell assemblies via fibers, should be
preserved as much as possible. This may require protocol optimization and practice, as well as pre-

existing knowledge about the circuitry and anatomy.

Acute slices can also be prepared from transgenic animals such as those designed to act as models of
specific pathologies, or that have mutated, knocked-in, or knocked-out genes. Behavioral data from
specific mice can also be correlated with data obtained from the slices of those animals, such as
functional or morphological data. They are also often prepared from animals genetically engineered
for optogenetic applications, which allows for ex-vivo dissection of behavior and condition related
circuitry *% . Brain Slices can also be acutely loaded with fluorescent ion indicators or other

fluorescent dyes.

The power of the acute brain slice model lies in its functional connectivity and relative homology to
the intact brain. This enables research into specific systems, something dissociated cell cultures lack.

61,62

The model has provided insight into thalamocortical pathways , olfactory network activity %°, and

6668 just to name a few of many research avenues that employ acute slices. In

hippocampal circuitry
terms of the model’s advantage over intact, living animals, acute slices permit a large degree of
experimental control. The ability to provide drugs without a blood brain barrier, to visualize specific
cells and structures, and to perform more involved electrophysiological or pharmacological studies
make it a versatile system. Answering specific research questions that require the identification of cell
types, the control of the extracellular microenvironment, and a wider range of measurements is

therefore greatly facilitated, allowing for fine quantitative studies of mechanistic and conditional

processes .
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Brain Organoids and Tissue Culture

Although acute brain slices constitute a powerful neuroscience model system they suffer from a
relatively low throughput rate. Every experimental session requires more preparation, and tissue
remains viable for a few hours, or up to three days using advanced environmental control methods 7°.
Acute slices are relatively short-lasting, so in order to achieve a higher throughput and reduce the
number of animals used, all while retaining connectivity and 3-dimensionality, one may turn to
organoid and tissue cultures methods. Organoid cultures are 3-dimensional cultures that are typically
grown using either human or animal IPSCs or embryonic stem cells (ESCs) differentiated into neural
tissue. They provide models that not only successfully recapitulate early stages of human and animal

| 72, but also provide some degree of 3D

brain development at a genetic and single-cell leve
cytoarchitectural homology with real brains, and have already been used to investigate the
development of a number of pathologies 2. Like normal cell culture methods, organoid cultures can

be maintained in culture for much longer than acute slices.
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Figure 4. Example of organotypic slice infected with GCaMP6, a green fluorescent
genetically encoded calcium indicator, including (a) a confocal image of a hippocampal
organotypic slice (A, 488nm), scale bar=20um, and (b) typical fluorescence traces from an

astrocyte (top) and a neuron (bottom) during real-time calcium imaging.

The organotypic slice culture has properties that lie somewhere in-between dissociated cell cultures
and acute brain slices. They are cultured resections of tissue that generally retain typical morphological

structure associated with the original organ, even after prolonged culture. An example would be the
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hippocampus, which can be resected, sliced into thin sections, and cultured. As a model system
organotypics became more widespread after the advent of porous membranes on which the tissue
could be cultured, which reduced the difficulty and increased the reproducibility of the model 7. The
first reference to organotypics in neuroscience was a study focused on cerebellar tissue 74, and since
then they have been produced from various regions of the brain including but not limited to the
cortex 7°, substantia nigra 7%, striatum 77, olfactory neuroepithelia 7%, and the hippocampus 7. Since a
range of brain areas can be investigated using organotypic cultures, it stands to reason that they might
be used to model a range of neuropathologies. For example in terms of Alzheimer's Disease (AD),

80, 81

organotypics have been used to investigate signaling and toxicity , oxidative stress %, tau

83 84

phosphorylation ®°, and variables affecting AD development in-vitro such as age °* and growth

89, %0 and other

factors 8°. Organotypics have also been used to model PD %% ischemic injury
pathological conditions °* 2. Since organotypics can be cultured for significant periods of time, they
are also useful for long-term observation and can also be genetically modified with relative ease, for

example using genetically encoded sensors (figure 4).

A Model System Pipeline for Translational Neuropharmacology

Necessity of an Integrated Approach

A general point of concern regarding translational neuroscience is the broadness of applicability of
laboratory findings. Discoveries in cell culture models may not apply to the acute slice, and discoveries
in the acute slice may not apply to intact animals. Finally, the degree of similarity between animals and

humans needs to be evaluated in regards to specific questions when performing translational research.

Cell Culture - Organotypics - Acute Rodent Slices 2 Acute Human Slices

nal Relevance

Experimental Control

Figure 5. A progressive neuronal model system pipeline, composed of cell culture
(scale bar=20um), organotypic slices, acute rodent slices (scale bar=20um), and acute
human slices. As a study transitions from one model system to the next, experimental
control is decreased, but translational relevance is gained.
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As a result, findings need to be carefully evaluated using a range of model systems, especially when
they pertain to potential drug targets and therapies. As an example of the degree of congruency
between laboratory findings and biomedical advances, the average percentage of translated cancer
studies aiming to find therapies for humans based on animal results that pass phase 1 trails is just 8%
93 One way to increase the likelihood of success in specific cases and to accelerate discovery of
incongruence between different models and organisms is to design an integrated model system
pipeline, where several model systems” strengths are used to support weaknesses of others within a
body of research.The models we propose integrating are the dissociated neuronal cell culture, rodent
organotypics, acute rodent brain slices, and acute human brain slices (Figure 5). Depending on the type
of research being conducted one may develop another effective model system pipeline. As our
laboratory is currently focused on metabolic and neuropharmacological research that may also be
relevant to human pathology, we use a sequence of model systems that provide good experimental
control and group sizes at the fundamental level, as well as human applicability at a broader
translational level. This system is one we have recently established and optimized in our laboratory,
and has proven invaluable for gathering yet unpublished and promising data. The reasoning,
advantages, and challenges associated with choosing several models are presented below, along with

a few practical tips.

From Cells to Tissue

A classical approach to studying the complexity of the brain is to reduce the complexity to something
more easily accessible and controlled, via dissociated neural cell cultures. Neuronal cultures can be
generated from a variety of organisms, brain regions, and at different developmental stages, although
in biomedical research they are typically produced from mice or rats using perinatal or embryonic
neuronal tissue, as young tissue is more resistant to damage and glial cell growth can be more easily
controlled. In order to generate neuronal cultures from older animals, for example, specialized
dissociation protocols should be used, however the process is more prone to failure %. Glial cell
cultures, cultures of peripheral neurons, dissociated co-cultures, and cultures from adult animals are
also possible. Establishing a typical neuronal culture is done by dissociation, plating, and maintenance
of neurons, while they grow in an incubator until maturation, and until weeks after plating, neurons

can be seen developing processes and new morphological features.
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Neural cultures have several advantages that make them a good model system to start with, the first
of which is the large degree of environmental control compared to the other models. Control over
media and growth conditions allows for investigations into the effect of the delivery of controlled
concentrations of chosen compounds for tightly controlled periods of time, which can be used to
elucidate temporal and concentration based effects of factors and pharmacological agents on neuronal
development and function * %, Dissociated cultures also benefit from their relatively easy bright field
(figure 6a) and fluorescent observation (figure 6b), due to their low density and nature as a monolayer.
For example, in intact tissue, the labelling of cell populations of interest may lead to a large number of
densely packed fluorescent neurons, which can hamper morphological analysis and quantification of
single cells, making cell culture a valuable alternative *’. Good microscopic resolution in a monolayer
also facilitates subcellular quantification and analyses, such as of specific organelle morphology %1%,
and protein trafficking 1°21%, Thin monolayer cultures also become more powerful in terms of imaging
as imaging techniques themselves become more powerful, and today techniques such as

superresolution microscopy % and total internal reflection fluorescence microscopy 1% are being

routinely employed using cell cultures.

a b

Figure 6. Example of primary mouse cortical neuronal culture. Images show (a) a
phase-contrast image of cultured neurons at DIV 14, scale bar=100 um, (b) Fluo-8
fluorescence in a subset of cultured neurons at two time points and (c) Spontaneous
synaptic currents measured from one neuron (H. De Castro Abrantes, J.-Y. Chatton,
unpublished, Univ. Lausanne).

Electrophysiological studies can also be performed in cell culture (figure 6c), which provides several
advantages to the experimenter. First, dissociated preparations are simplified models that may be

better suited to investigating some mechanisms, since dissociated cells have less uncontrollable
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synaptic inputs and neuromodulatory factors, such as hormones, which are present in intact tissue.
Another advantage of cell culture models is their high-throughput capabilities. During a dissection
dozens of samples can be generated for upcoming experimentation, and the long-lasting nature of
cultures in an incubator means that large data sets can be generated relatively rapidly. Finally, using
cell culture also allows cell lysates and extracts to be easily generated from specific cells or cell types

for biochemical analyses.

Given the wide range of possible experimental methodologies that can be combined with cell cultures,
as well as the large sample sizes, it often makes sense as a first step model system. There are, however,
a number of limitations that cannot be overcome without the addition of more complex model systems
such as intact tissue. Since a large number of neurological phenomena manifest only at the network
level, cells that do not form the necessary synaptic or morphological connections will not recapitulate
the phenomenon. While there may still be measurable correlates in the single cell, there may also not,
and the emergent property of network interaction will inevitably be lost, leading to questions
regarding the relevance of the single-celled measurements. It has also been shown that the degree of
network connectivity in a neuronal culture regulates synapse phenotype - changes can be seen in
spontaneous release event frequency, kinetics of evoked release, as well as vesicle distribution and
release probability ?%. Given that even basic electrophysiological parameters are heavily affected by
the culturing process, research that aims to go beyond subcellular neuroscience into cellular and

systems neuroscience requires intact tissue.

A good intermediary between dissociated cultures and acute slices in this regard is the organotypic
slice. These preparations, like dissociated neurons, can be cultured for extended periods of time. This
makes environmental control such as media composition or genetic manipulation easy and
approachable. Scalable microfluidic/organotypic slice systems have also been designed for high
throughput drug discovery in relation to translational neuroscience %7, and as a model system they
can provide faster data acquisition than the alternative, acute slices. Some control is lost when moving
from dissociated cultures to organotypics. Microscopic visualization although possible, is more difficult
in thick tissue, which might prevent the visualization of subcellular processes at sufficient resolution in
the slice. Organotypics are less difficult than acute slices in this regard, since they flatten out and
become thinner over time. Another issue is that not every slice is similar, and since they were each
produced by adjacent pieces of tissue without dissociating the cells, some structures will be present in
one organotypic slice but not another. Additionally, cell types are necessarily mixed, introducing not
only more complexity and difficulty, but also relevance to the in-vivo situation. An example of an
experimental difficulty introduced by the necessity for mixed cell types can be seen on the surface of

organotypics, where over time a layer of glial cells proliferate to form a thick barrier of cells.
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It is important to highlight some distinctions between organotypics and acute slices that make acute
slices additionally valuable. For example, single neuron labelling with fluorescent dyes has revealed a
higher degree of neuronal process branching in organotypics compared to acute slices, as well as an

increase in the frequency of glutamatergic miniature synaptic currents 2%

, an indication that maybe
the overall number of synapses is artificially increased in organotypics. Perhaps a result of continued
and compensatory development in the face of axotomotical destruction during slicing, this effect may
constitute both a drawback and an advantage. As an advantage organotypics may act as a model for

research into sprouting and functional recovery after injury %,

The drawback is reduced homology
to the in-vivo situation, which makes acute slices potentially the closest model system to in-vivo

conditions when studying events or activity that depend on microcircuitry.

The acute slice is the third model system in our pipeline due to the aforementioned benefits, as it
constitutes an ex-situ preparation which is not cultured, and largely represents the in-vivo brain in
terms of cytoarchitecture, functioning, and network dynamics, a powerful benefit when aiming for the
identification and validation of novel therapeutic agents %%, Validating findings using acute slices that
have been demonstrated with more approachable and high-throughput methods is also a powerful
way to increase the impact and potential applicability of the research. The drawbacks of the acute slice
are the reason why cell culture and organotypics often precede it- a large number of animals have to
be sacrificed to gain statistically significant datasets, every experimental preparation requires a lengthy
preparatory phase, and a large degree of experimental control is lost. Although the acute slice, like cell
culture, is potentially associated with a large degree of extracellular control, it is not as easy to achieve.
Drugs that are applied to the acute slice in the perfusion bath will diffuse slowly through the tissue,
and the concentration of any pharmacological compound reached in the center of an acute slice will
depend on a number of factors such as diffusion through the slice and slice thickness. Any desired
genetic manipulation also has to be performed first in the living animal from which slices were
obtained, which is more difficult and time consuming than infection or transfection of an organotypic

or cell culture.

From Mouse to Human

Despite the relative homology between an intact mouse and an acute mouse brain slice, there is always
further potential for discordance between rodents and humans. Even though animal models are often
hoped or assumed to predict human outcomes and mechanisms, systematic reviews indicate that at a
statistical level this predictive power is disputed ** 21 112, Since animal findings may not constitute
predictors, findings that claim to be translational in nature need to be validated in human models. Here
we will focus on the acute human brain slice (figure 7), a model we are able to use based on a

collaboration with neurosurgeons at a nearby university hospital. While a combination of logistical
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113 its use has become increasingly

issues has prevented the widespread use of human brain tissue
frequent for translational studies, for example in the field of epilepsy research 21417 |n terms of our
model system pipeline, human slices have the additional advantage over IPSCs that they bear some
degree of homology to acute rodent slices, and the methodology and equipment used for human slices
is very similar or identical, allowing for consistency within a study. Since both forms of slices were
resected from living animals and contain original cellular arrangements, the possibility for analogous
findings may depend more on the applicability of biological mechanisms to humans rather than to
methodological differences. The largest advantage of the human brain slice, however, is that it is the
closest representation of the in-vivo human brain outside of a living person, and is one of the only

avenues for testing the effect of pharamacological agents or therapies on humans without clinical

trials.

o |

2min
|

Tetrodotoxin

Figure 7. Human neurons in acute slice. (a)Two-photon images of human neurons
loaded with the fluorescent calcium indicator Fluo-8 in a temporal cortex acute
slice (Aex 810nm) taken at three different time points. In the false colors images
green and yellow correspond to elevated Ca?*. (B) Trace showing the fast
fluorescence transients (sampling rate=1.5 Hz). This cell shows spontaneous
neuronal activity that was abolished by the addition of the sodium channel blocker
tetrodotoxin (1uM).

While the possibility for insight into human pathology exists with this model system, the degree of
experimental control afforded to the researcher is minimal. This is the reason it is the last model

system in our pipeline- it provides the most applicability and relevance for translational neuroscience,
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but the least control (it is more useful once a target and experimental methodology have already been
established). Access to human tissue is highly restricted and privileged, meaning sample sizes are small,
and data takes a long time to gather. The schedule of the research is now subservient to the schedule
of the operations. Additionally, patients vary in their age, region of resection, and type as well as
degree of pathology. While all human tissue obtained will be to a large extent pathological in nature,
this may or may not be desirable depending on the research question and type/degree of pathology.
Dead or dying tissue is the occasional reality when dealing with resected human tissue, perhaps in part
to the operating procedure or pathology, and perhaps in part to the transportation of the tissue. While
the maintenance of tissue can be achieved during short periods of transport in university hospitals
tightly linked to research labs, long distance transport may be unfeasible. Additionally, many
experimental questions may be unapproachable with this model system, due to the inability to focus

on specific brain regions or employ specific methodologies, such as genetic manipulation.

In situations where acute human slices cannot serve as a model system, either due to insufficient
infrastructure or experimental demands, IPSC derived human models are a recently publicized
alternative, however they lack the multicellular architecture of an acute brain slice, being more akin to
normal dissociated cell cultures in terms of advantages and disadvantages. Another altenative and also
a recent advancement in human brain slicing is the pathological human organotypic slice 3. The
human organotypic combines the best of human tissue experiments with organotypics, providing an
unprecedented degree of control over human tissue in terms of cell-type specific viral infection, long-
term imaging, and environmental manipulation, and may serve as a viable alternative to the human

brain slice.

Conclusions

Together the four model systems we presented have allowed us to better develop our mechanistic
understanding of both the animal and human brain. Throughout the rich history of neuronal model
systems a range of possibilities have emerged, starting with the very first publication of ex-situ
mammalian tissue preparations for culturing nerve fibers in 1907. Now, more than a century later,
countless models and variations exist, each with their own advantages and disadvantages. Choosing
appropriate model systems for neuroscience research is a non-trivial task, in part due to the brains
enormous spatial and temporal complexity, as well as our increasingly thorough understanding of its
mechanisms and pathologies. Here we hope to have illustrated the need for several model systems,
especially in the face of an increasing demand for neurological treatment options, providing an

example of a model system pipeline that balances experimental control and human applicability.
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