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Preface

The impressive progress in the field of neuroscience in recent years and the remaining
importance of neurological diseases, such as neuro-AIDS, MS, and Alzheimer’s, highlight
the value of developing methods to grow neural cells and tissues in culture. In this book,
we endeavor to provide an overview of the latest aspects of the culture of neural cells while
explaining the practical and theoretical considerations of the techniques involved. Starting
with a general overview of the neuronal culturing principles that are described, we will
cover cell line models for neural cells, the isolation and propagation of primary cultures,
stem cells, transfection and transduction of neural cultures, and other more advanced tech-
niques. This book will be of interest to scientists at all levels developing cell culture models
for neuroscientific studies.

Philadelphia, PA Shobveh Amini
Martyn K. White
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General Overview of Neuronal Gell Culture

Jennifer Gordon, Shohreh Amini, and Martyn K. White

Abstract

Chapter 1

In this introductory chapter, we provide a general overview of neuronal cell culture. This is a rapidly evolv-
ing area of research and we provide an outline and contextual framework for the different chapters of this
book. These chapters were all contributed by scientists actively working in the field who are currently using
state-of-the-art techniques to advance our understanding of the molecular and cellular biology of the cen-
tral nervous system. Each chapter provides detailed descriptions and experimental protocols for a variety of
techniques ranging in scope from basic neuronal cell line culturing to advanced and specialized methods.

Key words Neurons, Cell culture, Cell lines, Primary cultures, Stem cells, Progenitor cells

The ability to produce in vitro cultures of neuronal cells has been
fundamental to advancing our understanding of the functioning of
the nervous system. The culture of neuronal cells is particularly
challenging since mature neurons do not undergo cell division.
One way to overcome this is to establish secondary cell lines that
are derived from neuronal tumors and have become immortalized.
These have the advantage of being able to be grown fairly easily in
cell culture to give unlimited cell numbers as well as minimizing
variability between cultures. The disadvantage of these cell lines is
that they will show many important physiological differences with
the cell type from which they were derived. Often such cell lines are
induced to display a more neuronal phenotype by manipulations of
the culture conditions, e.g., addition of specific growth factors. In
Chapter 2, “Considerations for the Use of SH-SY5Y Neuroblastoma
Cells in Neurobiology” by Jane Kovalevich and Dianne Langford,
one such cell line is discussed, SH-SY5Y, which has been cultured
and used extensively in research on neuronal cells. As described in
detail by Kovalevich and Langford, the human SH-SY5Y cell line
was derived by subcloning from the parental metastatic bone tumor
biopsy cell line SK-N-SH by June Biedler in the 1970s [1]. A mod-
ified protocol is presented based on the original culturing condi-
tions described by Biedler for SH-SY5Y cells [2]. The normal
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culture conditions for SH-SY5Y cells that are routinely used today
remain largely unchanged since the 1970s. SH-SY5Y cells can grow
continuously as undifferentiated cells that have a neuroblast-like
morphology and express immature but not mature neuronal mark-
ers [3]. Difterentiated SH-SY5Y cells are morphologically similar
to primary neurons with long processes and exhibit a decrease in
proliferation rate, exit the cell cycle, and enter Gy, and show
increased expression of neuron-specific markers [3]. As described
in Chapter 2, a number of agents can be used to induce differentia-
tion, e.g., retinoic acid, phorbol esters, dibutyryl cAMP. Markers
for differentiation include PIII-tubulin, synaptophysin, microtu-
bule-associated protein-2 (MAP2), neuron-specific enolase, synap-
tic associated protein-97 (SAP-97), and neuronal specific nuclear
protein NeuN. The morphologies of undifferentiated and differen-
tiated SH-SY5Y cells are shown in Figs. 2.1, 2.2, and 2.3.

Other secondary cell lines have also been used as models to
study neuronal cells. In Chapter 3, “Cultured Cell Line Models of
Neuronal Differentiation: NT2, PC12,” Nune Darbinian describes
the culture of NT2 and PC12 cells. NT2, also called NTera, is a
human neuronally committed teratocarcinoma cell line that is able
to be induced into neuronal cultures by treatment with retinoic
acid and inhibitors of mitosis, whereupon they show expression of
neuronal markers. Available from the ATCC, NTERA-2 CL.D1
[NT2/D1] (ATCC® CRL-1973™) cells derive from a malignant
pluripotent embryonal carcinoma arising in the testis of a 20-year-
old male [4]. PC12 is a rat cell line that was derived from a pheo-
chromocytoma of the adrenal medulla [5]. PC12 cells cease to
proliferate and undergo terminal differentiation into a neuronal
phenotype when treated with nerve growth factor [6]. This cell
line is also available from the ATCC—PC-12 (ATCC® CRL-
1721™). NT2 and PC12 are suitable host cells for DNA transfec-
tion and protein transduction as shown in Figs. 3.4, 3.5, and 3.6.
Another type of neuronal cell culture can be derived from mouse
teratocarinomas as described in Chapter 4, “Murine
Teratocarcinoma-Derived Neuronal Cultures” by Prasun Datta.
This chapter describes the culture and propagation of the murine
embryonic stem cells, F9 and P19 and strategies for the differentia-
tion of these stem cells into neurons. These include protocols
which focus on obtaining enriched populations of mature neurons
from P19 cells and differentiation of F9 cells into serotonergic or
catecholaminergic neurons. These protocols can be employed to
dissect pathways such as gliogenesis and neurogenesis that are
involved in differentiation of F9 and P19 into glial cells or termi-
nally differentiated neurons.

While neuronal cell lines have been very useful in the study of
neuronal cell cultures and continue to be used today, the use of
primary cultures is desirable because they are not tumor-derived
and hence are more likely to recapitulate the properties of neuronal
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cells in vivo. However, unlike cell lines that provide unlimited sup-
plies of homogeneous cells, the preparation and culture of primary
cells is much more challenging and this is especially true for neuro-
nal cells. Primary cell cultures are not immortal and hence the
number of cells available for experiments is much more limited.
Furthermore, since animal tissues in vivo are made up of several
different types of cell, it is necessary to separate the cell type of
interest from other cell types and to determine the purity of the
resulting cultures, e.g., by immunocytochemistry with cell lineage-
specific markers. In the case of primary neuronal cell cultures, it is
necessary to separate them, as much as possible, from astrocytes
and oligodendrocytes. Also with primary cultures, there are other
important considerations, i.¢., obtaining necessary ethical protocol
approvals, which in US universities for example, would come from
an Institutional Animal Care and Use Committee for animal cells
and from an Institutional Review Board for the protection of
human subjects for human tissue. Lastly, it should be noted that
primary cultures in general are less easy to transfect than cell lines
but that specialized transfection protocols or viral transduction can
be used to introduce DNA into these cells, as described later.
In Chapter 5, “Isolation and Propagation of Primary Human and
Rodent Embryonic Neural Progenitor Cells and Cortical Neurons,”
Armine Darbinyan and her colleagues describe the preparation and
culture of primary neuronal cell cultures and also include culturing
of neural and oligodendrocyte progenitor cells.

The brain is not the only source from which neurons can be
cultured. Yonggang Zhang and Wenhui Hu describe protocols for
the isolation and culture of neurons from the gut of the mouse in
Chapter 6, “Mouse Enteric Neuronal Cell Culture.” A complex
network of neurons embedded within the wall of the gut controls
the gastrointestinal tract, which forms the enteric nervous system,
also dubbed “the second brain.” The enteric nervous system also
contains glial cells and consists of at least two plexuses, the myen-
teric plexus and the submucosal plexus. The isolation of enteric
neurons presents technical difficulties not encountered in the isola-
tion of neurons from the brain. There are established protocols for
the isolation of enteric neurons from the guinea pig, rat, and human
but the mouse is particularly attractive because of the availability of
inbred and genetically engineered strains and the economic cost.
Zhang and Hu describe two methods to obtain enteric neurons
from the mouse myenteric plexuses: (1) direct culture of primary
neurons as shown in Fig. 6.1; (2) induction of neuronal differentia-
tion of enteric neural stem/progenitor cells as shown in Fig. 6.2.

Perhaps no more exciting area in cell biology has emerged in
recent years than stem cells. This is particularly the case for neuro-
nal cell culture. As noted above, one problem in culturing of
neuronal cells is that mature neurons do not proliferate. This is not
the case for neural stem cells and they proliferate and are capable of
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long-term self-renewal. In Chapter 7, “Preparation of Neural Stem
Cells and Progenitors: Neuronal Production and Grafting
Applications” by Joseph Bonner, Christopher Haas, and Itzhak
Fischer, a comprehensive description is given of the techniques
involved in the preparation and culture of the stem cells that are
involved in the generation of differentiated neurons. This chapter
provides in detail the methods required for the isolation, propaga-
tion, storage, and differentiation of neural stem cells (NSC) and
neural precursor cells (NPC) isolated from rat fetal spinal cords for
subsequent in vitro or in vivo studies. Of particular note,
Subheading 1.2 provides some useful definitions of terms used in
the field, e.g., pluripotency, multipotency, progenitor, precursor,
which are all clearly defined. Two major protocols are described in
Chapter 7: (1) preparation of Neuroepithelial cells (NEPs) from
E10.5 rat spinal cord; (2) preparation of Neuronal Restricted
Progenitors (NRPs) and Glial Restricted Progenitor (GRPs) from
E13.5 rat spinal cord. NEPs are multipotent cells that can self
renew in vivo and can differentiate into neurons, astrocytes, and
oligodendrocytes. Thus, NEDs are a true NSC population that rep-
resents an intermediate stage between pluripotent immature cells,
such as embryonic stem cells and mature differentiated neural cell
phenotypes. On the other hand, NRPs/GRPs are a mixed culture
of two cell types that together can produce neurons, astrocytes,
and oligodendrocytes, but NRPs will only differentiate into neu-
rons while GRPs will only differentiate into astrocytes and oligo-
dendrocytes. Thus, NRPs/GRPs are not a true NSC population
but represent a necessary intermediate step between multipotent
NSCs and mature neural or glial phenotypes.

In Chapter 8, “Derivation of Neuronal Cells from Fetal
Normal Human Astrocyte (NHA)” by Ausim Azizi and Barbara
Krynska, protocols are described for a different approach to the
differentiation of cells into the neuronal lineage. The starting point
here is commercially available cultures of normal human astrocytes
(NHA) that have been isolated from normal fetal human brain tis-
sue. Some of the glial fibrillary acidic protein (GFAP)-positive
astrocytes have stem cell properties and the genesis of neuronal
lineage cells from NHA in adherent culture can be induced by
removal of serum and addition of basic fibroblast growth factor
(bFGF). These neuronal precursor cells express doublecortin, nes-
tin and are negative for GFAP and can later mature into neurons
after withdrawal of the bFGEF. Since this model system of neuro-
genesis is an in vitro system containing of both neurons and glia, it
may be thought of as a “human brain in a dish,” which is useful for
certain studies requiring assays of the effects of various treatments
on developing human neurons.

Rather than dispersing cells from a tissue and seeding the cells
into primary culture, an alternative is to place unseparated sections
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of tissue into culture, a technique known as ex vivo culturing or
slice culturing. Kalen Dionne and Kenneth Tyler have authored
Chapter 9, “Slice Culture Modeling of CNS Viral Infection,” which
describes this technique applied to the brain. Since the complexity
of the central nervous system (CNS) cannot be recapitulated in cul-
tures of disassociated primary cells, the advantage of thin slicing and
subsequent culture of CNS tissue is that it allows a valuable means
of studying neuronal /glial biology within a physiologically relevant
tissue context. Slice culturing facilitates investigator access to both
the tissue and the culture medium and these cultures are viable for
as long as several weeks after isolation. The protocol described by
Dionne and Tyler is based on the membrane-interface method of
brain slice culture [7]. Briefly, this procedure involves the place-
ment of explanted rodent brain slices upon a semiporous membrane
insert, which sits in a well containing medium such that the slices
are suspended at the interface between medium and a humidified
atmosphere of 5 % CO, at 36 °C (see Fig. 9.1). A thin film of
medium forms above the slices by capillary action, thus allowing
not only hydration and nutrition but also gaseous exchange. In this
way, viability can be maintained for several weeks [8].

An important consideration in the isolation of primary cultures is
the purity of the culture. There are a number of markers that can be
used to label cells for lineage-specific markers to reveal the constitu-
ents of the resulting cultures. Classic lineage-specific markers for CNS
cells include PIII-tubulin for neuronal cells, GFAP for astrocytic cells,
04 for oligodendrocytic cells, and OX-42/CD-11b for microglial
cells. In the case of cultures of stem or progenitor cells, linecage-spe-
cific markers also exist for the degree of differentiation, e.g., Nestin
and SOX2 for neuroprogenitor cells, NG2 for oligodendrocyte pre-
cursor cells. The chapters dealing with primary cultures and stem cell
cultures contain information about these markers, for example see
Chapter 7, Subheadings 2.3 and 3.3. In addition, Chapter 10,
“Neurospheres and Glial Cell Cultures: Immunocytochemistry for
Cell Phenotyping” by Amanda Parker Struckhott and Luis Del Valle,
describes a detailed procedure for the immunophenotyping of cul-
tures from the CNS. In particular, Table 10.1 of Chapter 10 lists spe-
cific biomarkers that are available for the different cell types of the
CNS. A complementary approach is suggested by Darbinyan et al. (see
Chapter 5, Subheading 3.4, step 2) which uses Q-RT-PCR to detect
and quantify expression of mRNAs for lineage-specific markers. This
has the advantage of providing precise quantitation of marker expres-
sion but does not address what percentage of cells in a given culture is
positive for a marker and hence it should be used in addition to, and
not instead of, immunohistochemistry.

Also included are chapters describing common techniques that
are employed with neuronal cultures. For example, it is often of
interest experimentally to investigate the effects of ectopic
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expression of a particular protein in a culture. As noted above, pri-
mary cultures in general, and neurons in particular, tend to be
refractory to transfection. In Chapter 11, “Transfection of
Neuronal Cultures,” Ilker Sariyer shares his experience of perform-
ing transfection experiments with neuronal cells using a variety of
different transfection reagents to define an optimized protocol,
which is described in detail. As shown in Fig. 11.1, transfection of
neuronal cells using this protocol with an expression plasmid for
enhanced green fluorescent protein as an indicator for transfected
cells, a high efficiency of transfection is achievable. An alternative
approach is to perform transduction of the DNA of interest into
cells by cloning into a viral vector, packaging the virus and then
infecting the target primary culture. In Chapter 11, “Lentiviral
Transduction of Neuronal Cells,” Hassen Wollebo and coworkers
describe the use of a lentivirus vector system for this purpose.

One of the major defining features of neuronal cells is the
polarized transmission of information through axons and den-
drites. Two compartment systems have now been developed that
allow the investigation of these vectoral functions in neuronal cell
cultures. In Chapter 13, “Compartmentalized Neuronal Cultures,”
Armine Darbinyan and coworkers describe the AXon Investigation
System (AXIS™) device which provides an opportunity to orient
neuronal outgrowth and spatially isolate neuronal processes from
neuronal bodies. AXIS is a slide-mounted microfluidic system with
four wells connected by a channel on each side of the device as
shown in Fig. 13.1. Channels are connected by microgrooves that
do not permit passage of the cell body but allow extension of
neurites. This facilitates the performance of experiments on the
control of the extension of neurites and on the specific constituents
of neurites in neuronal cell cultures.

Throughout the chapters on neuronal cell cultures, a number
of common factors have emerged that are crucial in the cultivation
of these cells. One of these is the substrate on which the cells are
seeded. For example, in order for PC12 cells to undergo neuronal
differentiation in response to nerve growth factor (NGF), they
must be plated on collagen IV-coated dishes (see Chapter 3). Poly-
D-lysine coated dishes/slides are used in the growth of primary
neuronal cultures (see Chapters 5 and 13). Enteric neurons will
also attach to poly-p-lysine coated plates but better adherence can
be achieved with the poly-p-lysine /fibronectin or poly-p-lysine/
laminin coating. However, double coating is expensive and needs
1-2 days for the coating process (see Chapter 6). Poly-1-lysine and
laminin coated dishes are used in the culture of neural precursor
cells (see Chapter 7). Matrigel is also used as a substrate in many
applications (see Chapters 6, 7, and 6). The importance of the sub-
strate in promoting or inhibiting neurite outgrowth in in vitro
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cultures of rat dorsal root ganglion (DRG) neurons is explored in
the protocols described in Chapter 14 “Quantitative Assessment of
Neurite Outgrowth Over Growth Promoting or Inhibitory
Substrates” by George Smith and coworkers. This is important in
the study of axonal growth, neurotrophic dependence, and the
structure and function of growth cones.

Equally as important as the substrate is the composition of the
culture medium especially with regard to growth factors and
serum. For example, in order for PC12 cells to undergo neuronal
differentiation, they are treated with NGF in the absence of serum
(see Chapter 3). Primary human embryonic neural progenitor cells
are cultured in neural stem cell medium, which contains basic
fibroblast growth factor (bFGF), epidermal growth factor (EGF),
and insulin like growth factor-1 (IGE-1) as described in Chapter 5.
The protocols for culturing multipotent neuroepithelial cells
(NEPs) use culture medium that is supplemented with bEGF (see
Chapter 7). In Chapter 8, the genesis of neuronal lineage cells
from the astrocytes is described by the removal of serum and expo-
sure to bFGF. The serum-free medium and bFGF induce astro-
cytes to generate neuronal precursors that express doublecortin
and nestin but are negative for GFAP.

Finally, it should be noted that the frequency and cell density
is of central importance in neuronal cell culture as is the case for
most cells.

In this book, the chapters describe a number of important and
up-to-date protocols but it is not intended to be comprehensive.
For example, the cell line HEK 293 was generated in the 1970s
from normal primary human embryonic kidney (HEK) cells with
sheared adenovirus 5 DNA in an early example of the technique of
transfection by Graham in the laboratory of van der Eb [9].
Originally thought to be derived by transformation of a fibroblas-
tic, endothelial, or epithelial kidney cell, HEK 293 turned out by
later analysis to have characteristics of immature neurons, suggest-
ing that the adenovirus transformed a neuronal lineage cell in the
original kidney culture [10]. Thus 293 cells express the neurofila-
ment (NF) subunits NF-L, NF-M, NF-H, and many other neuron-
specific proteins [10]. Since other independently derived HEK
lines also expressed NFs, this suggests that the human adenovi-
ruses preferentially transform human neuronal lineage cells and
that HEK 293 is a human neuronal cell line rather than a kidney
epithelial cell line [10]. Finally, it should be noted that recent
investigations of cellular plasticity led to the recent discovery that
induced neuronal (iN) cells can be generated from mouse and
human fibroblasts by expression of defined transcription factors
such as Ascll, Brn2, Olig2, Zicl, and Mytll. These studies have
been the subject of an excellent recent review [11].
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Chapter 2

Considerations for the Use of SH-SY5Y Neuroblastoma
Cells in Neurobiology

Jane Kovalevich and Dianne Langford

Abstract

The use of primary mammalian neurons derived from embryonic central nervous system tissue is limited
by the fact that once terminally differentiated into mature neurons, the cells can no longer be propagated.
Transformed neuronal-like cell lines can be used in vitro to overcome this limitation. However, several
caveats exist when utilizing cells derived from malignant tumors. In this context, the popular SH-§Y57
neuroblastoma cell line and its use in in vitro systems is described. Originally derived from a metastatic
bone tumor biopsy, SH-SY5Y (ATCC® CRL-2266™) cells are a subline of the parental line SK-N-SH
(ATCC® HTB-11™). SK-N-SH were subcloned three times; first to SH-S7, then to SH-SY5, and finally
to SH-SY5Y. SH-SY5Y were deposited to the ATCC® in 1970 by June L. Biedler.

Three important characteristics of SH-SY57 cells should be considered when using these cells in in
vitro studies. First, cultures include both adherent and floating cells, both types of which are viable. Few
studies address the biological significance of the adherent versus floating phenotypes, but most reported
studies utilize adherent populations and discard the floating cells during media changes. Second, early
studies by Biedler’s group indicated that the parental differentiated SK- N-SH cells contained two morpho-
logically distinct phenotypes: neuroblast-like cells and epithelial-like cells (Ross et al., J] Nat Cancer Inst
71:741-747, 1983). These two phenotypes may correspond to the “N” and “S” types described in later
studies in SH-8Y57 by Encinas et al. (J Neurochem 75:991-1003, 2000). Cells with neuroblast-like mor-
phology are positive for tyrosine hydroxylase (TH) and dopamine-f-hydroxylase characteristic of catechol-
aminergic neurons, whereas the epithelial-like counterpart cells lacked these enzymatic activities (Ross et
al., J Nat Cancer Inst 71:741-747, 1983). Third, SH-SY57Y cells can be differentiated to a more mature
neuron-like phenotype that is characterized by neuronal markers. There are several methods to differentiate
SH-S8Y57Y cells and are mentioned below. Retinoic acid is the most commonly used means for differentia-
tion and will be addressed in detail.

Key words Neuroblastoma, Differentiation, Neuron

1 Introduction

1.1 Preface A detailed report by Biedler et al. in 1978 describes the original
culturing conditions for SH-8§Y57 cells [ 3] and a modified version
of this protocol is presented in Subheading 3 of this chapter. In
brief, SK-N-SH cells and derived clones including SH-§Y57 are
plated at a density of 2 x 10° or 4 x 10 cells /60 mm dish in Eagle’s

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
DOI 10.1007/978-1-62703-640-5_2, © Springer Science+Business Media New York 2013

9



10 Jane Kovalevich and Dianne Langford

1.2 Undifferentiated
Versus Differentiated
SH-SY5Y Cells

minimum essential medium supplemented with nonessential amino
acids, 15 % fetal bovine serum, penicillin (100 IU/ml) and strep-
tomycin (100 pg/ml). These original plating densities were used
to determine the doubling time and saturation densities. Although
SH-8Y5Y doubling time was not reported specifically, the parental
neuroblast-like populations has a doubling time of approximately
27 h and the subclones were reported to have similar doubling
times. SH-SY5Y cells are reported to have a growth saturation
density of >1x10° cells/cm?. In this study, both adherent and
floating cells were collected when cells were passed. Floating cells
were removed in culture medium, whereas adherent cells were
detached with trypsin. The two cell populations were combined,
centrifuged, and re-plated at appropriate densities. Combining the
suspended and adherent cells may become an important aspect
during differentiation protocols and will be discussed in later sec-
tions. Cells are grown in a humidified chamber with 5 % CO, at
37 °C. Little has changed over the past four decades with regard to
normal culture conditions for SH-SY57 cells. These early studies
also addressed transmitter properties and indicated that SH-§Y5Y
consisted of homogeneous neuroblast-like populations. Analyses
of specific neuronal enzyme activities in SK- N-SH cells and clones
indicated dopamine-p-hydroxylase levels of 3.74 nmol/h/mg in
SH-SH5Y cells, although only one set of cell cultures was
assayed [3]. Levels of choline acetyl-transferase, acetyl-cholinester-
ase, and butyryl-cholinesterase were negligible in SK- N-SH and its
clones, including SH-SY57.

The ability for researchers to differentiate SH-SY57 neuroblas-
toma cells into cells possessing a more mature, neuron-like pheno-
type through manipulation of the culture medium has afforded
numerous benefits in the field of neuroscience research. Advantages
include the capacity for large-scale expansion prior to differentia-
tion, with relative ease and low cost to culture compared to pri-
mary neurons. Since these cells are considered a cell-line, the
ethical concerns associated with primary human neuronal culture
are not involved. Additionally, since SH-§Y57 cells are human-
derived, they express a number of human-specific proteins and
protein isoforms that would not be inherently present in rodent
primary cultures. Furthermore, differentiation synchronizes the
cell cycle, which can fluctuate dramatically in unditferentiated SH-
SY5Y cells and other commonly used cell lines, to produce a
homogenous neuronal cell population [1, 2].

Both undifferentiated and differentiated SH-SY57 cells have
been utilized for in vitro experiments requiring neuronal-like cells.
Neuronal differentiation entails a number of specific events, includ-
ing formation and extension of neuritic processes, increased elec-
trical excitability of the plasma membrane, formation of
synaptophysin-positive functional synapses, and induction of
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Fig. 1 Undifferentiated SH-SY5Y cells. Cells tend to grow in clusters and may form clumps of rounded cells on
top of one another (arrow). At edges of the cluster, cells begin to extend short neurites (arrowhead)

neuron-specific enzymes, neurotransmitters, and neurotransmitter
receptors [4-8]. Thus, when determining whether undifferenti-
ated or differentiated cells should be utilized for a particular exper-
iment, all of these properties should be taken into consideration.
In the undifferentiated form, SH-SY57 cells are characterized
morphologically by neuroblast-like, non-polarized cell bodies with
few, truncated processes. The cells tend to grow in clusters and
may form clumps as cells appear to grow on top of one another in
the central region of a cell mass (Fig. 1). Likewise, the cultures
contain both adherent and floating cells, and some studies suggest
that the floating cells are more likely to adhere and differentiate
into “N” type cells upon RA-differentiation than the adherent cells
present in undifferentiated cultures. Undifferentiated SH-SY57
cells continuously proliferate, express immature neuronal markers,
and lack mature neuronal markers [6]. Undifferentiated cells are
considered to be most reminiscent of immature catecholaminergic
neurons [7, 9]. Following treatment with differentiation-inducing
agents, SH-SY57 cells become morphologically more similar to
primary neurons with long, exquisite processes [6] (Fig. 2). Mature
cells may exhibit numerous but randomly distributed processes or
become distinctly polarized, depending on the differentiation
induction method. Differentiation of SH-SY57 cells also induces a
decrease in proliferation rate, as cells are withdrawn from the cell
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Fig. 2 Differentiated SH-SY5Y cells. Cells do not cluster and have a more pyramidal shaped cell body (arrow-
head). Neurites begin to extend, reminiscent of dendrites and/or axons

1.3 Retinoic Acid

cycle, and an increase in the activity of neuron specific enolase
(NSE), the dominant enolase-isoenzyme present in neuronal and
neuroendocrine tissues [2, 6]. A number of methods exist for
induction of differentiation in SH-SY57Y cells, and are mentioned
below. SH-8Y57 cells can be driven toward a variety of adult neu-
ronal phenotypes including cholinergic, adrenergic, or dopaminer-
gic, depending on media conditions [9]. The differentiation
method selected for in vitro experiments should ultimately be
determined by the desired phenotype following differentiation, as
well as for the reduction of non-target effects on experimental
pathways in question by particular differentiating agents.

One of the most commonly implemented and best-characterized
methods for induction of differentiation in SH-SY5Y cells is
through addition of retinoic acid (RA) to the cell culture medium.
Retinoic acid is a vitamin A derivative known to possess powerful
growth-inhibiting and cellular differentiation-promoting proper-
ties [10, 11]. In fact, vitamin A deficiency is linked to the develop-
ment of squamous metaplasia in various epithelial tissues, while
administration of vitamin A can reverse these effects and restore
normal cellular differentiation [10, 11]. Typically, RA is adminis-
tered at a concentration of 10 pM for a minimum of 3-5 days in



Considerations for the Use of SH-SY5Y Neuroblastoma Cells in Neurobiology 13

1.4 Phorbol Esters

1.5 Dibutyryl
Cyclic AMP

serum-free or low serum medium to induce differentiation [6, 12],
although slight variations in media are reported.

Retinoic acid treatment has been shown to promote survival of
SH-SY5Y cells through activation of the phosphatidylinositol
3-kinase /Akt signaling pathway and upregulation of the anti-
apoptotic Bcl-2 protein [13, 14]. Furthermore, some studies show
that RA-differentiated cells are less vulnerable than undifferenti-
ated cells to toxin-mediated cell death induced by agents including
6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), or its metabolite, 1-methyl-4-phenyl-
pyridinium ion (MPP*) than undifferentiated cells [12].

SH-SY5Y cells differentiate primarily to a cholinergic neuron
phenotype in response to RA treatment, as evidenced by increased
expression of choline acetyl transferase (ChAT) activity and vesicu-
lar monamine transporter (VMAT) expression [7, 15]. Cells may
also be driven toward a mature dopaminergic phenotype by RA
treatment, but this typically requires co-administration of addi-
tional agents such as phorbol esters [15]. While controversy exists
in the literature over whether dopaminergic markers present in
undifferentiated SH-SY5Y cells significantly increase during
RA-induced differentiation, studies demonstrate robust increases
in tyrosine hydroxylase (TH), dopamine receptor 2 and 3 subtypes
(D2R and D3R), and dopamine transporter (DAT) expression
when RA administration is followed by treatment with phorbol
esters [15]. Interestingly, Encinas et al. reported in 2000 that
RA-differentiated SH-SY57 cells responded to carbachol stimula-
tion by increased release of noradrenaline [2]

In addition to RA-mediated differentiation, SH-SY57 cells have
been shown to differentiate in the presence of phorbol esters such
as 12-O-tetradecanoyl-phorbol-13 acetate (TPA) [5]. In 1981,
Pahlman et al. demonstrated that SH-SY57 cells exposed to
1.6x10-% M TPA for 4 days appeared morphologically differenti-
ated with long, straight processes of uneven appearance and fre-
quent varicosities [ 5]. TPA treatment also resulted in partial growth
inhibition, an approximate twofold increase in NSE activity, and
the appearance of cytoplasmic neurosecretory granula, which can
be visualized by electron microscopy [5, 6]. One striking difference
between TPA- and RA-induced differentiation of SH-8SY57 cells is
that TPA treatment increases the cellular noradrenaline content up
to 200-fold while RA treatment causes an approximate fourfold
induction in noradrenaline [6]. Therefore, use of TPA to induce
differentiation of SH-8Y57Y cells produces a predominantly adren-
ergic cellular phenotype [16, 17].

Hormones and neurotransmitters that upregulate intracellular lev-
els of cyclic AMP (cAMP) promote differentiation and long-term
potentiation in neuronal cells [ 18, 19]. Exposure of SH-SY57 cells
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1.6 Additional
Methods of
Differentiation

1.7 Markers
for Differentiation

to dibutyryl cyclic AMP (dbcAMP) results in neurite extension, as
well as in increased expression of the mature neuronal marker
growth-associated protein 43 (GAP43) [19, 20]. Studies demon-
strate that treatment with 1 mM dbcAMP for 3 days decreases cell
aggregation, reminiscent of the aggregation commonly observed
in undifferentiated cultures (Fig. 1), and induces significant neu-
rite elongation and branching [20]. Exposure to dbcAMP also
leads to a significant increase in tyrosine hydroxylase (TH) immu-
noreactivity and in the cellular content of noradrenaline in a pro-
tein kinase A (PKA)-dependent manner [14, 20]. In comparison
to RA and TPA treatment, which increase expression of Bcl-2,
dbcAMP decreases Bcl-2, highlighting one biochemical difference
among differentiation methods. These studies indicate that differ-
entiation of SH-S§Y57 cells with dbcAMP produces a morphologi-
cal phenotype similar to that seen in RA and TPA-differentiated
cells, and that the differentiated culture is comprised of primarily
adrenergic neuron-like cells.

A number of less-common alternative methods to induce differen-
tiation in SH-SY57 cells have been described, as well. Staurosporine,
a PKC inhibitor triggers neuritogenesis and cell cycle arrest in SH-
SY5Y cells [21, 22]. However, unlike cells differentiated with RA,
staurosporine-treated cells display increased vulnerability to toxic
insults including cisplatin, 5-fluorouracil, 6-OHDA, and
y-radiation, and express decreased levels of Bcl-2 [22].
Consequently, staurosporine-treated cells undergo apoptosis in a
dose-dependent manner. In addition to staurosporine, treatment
with growth factors such as nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF) has been shown to support
differentiation into and maintenance of a mature neuronal pheno-
type, particularly when used in combination with RA or TPA treat-
ment [2, 23, 24]. Similarly, culturing SH-S757 cells in neurobasal
medium with B27 supplement, conditions commonly used for pri-
mary neuronal culture, has been shown to enhance differentiation
[25]. Other methods include treatment with cholesterol, vitamin
D, or insulin, or culturing cells on a substrate designed to promote
neuronal differentiation and survival [26-29]. Again, selection of a
suitable differentiation induction agent should be carefully
evaluated depending on the possibility of downstream, unintended
effects on output measures caused by treatment alone.

Unditferentiated SH-SY57 cells typically resemble immature cate-
cholaminergic neurons. They are characterized by markers indica-
tive of proliferation, such as proliferating cell nuclear antigen
(PCNA), as well as by immature neuronal markers such as nestin
[7, 30]. Undifferentiated cells also express differentiation-
inhibiting basic helix-loop-helix transcription factors ID1, ID2,
and ID3, all of which are significantly decreased following
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Fig. 3 Differentiated cells populations consist of two morphologically distinct types: “S” and “N”. The “S” type
cell is epithelial-like with no processes (arrows), whereas the “N” type is more neuronal-like with pyramidal
shaped bodies (asterisk) and long processes (arrowheads)

treatment with RA or TPA [13]. Following differentiation, SH-
SY57 cells express a number of mature neuronal markers, includ-
ing PIII-tubulin, microtubule-associated protein-2 (MAP2),
synaptophysin, NeuN, synaptic associated protein-97 (SAP-97),
and NSE [7, 12]. Additionally, expression of differentiation-pro-
moting genes NEURODG6 and NEURODI increase following RA
treatment [13]. Differentiation of SH-SY57Y cells can result in a
relatively homogenous population of GO stage, neuronal-like cells
which display an absence of markers for other CNS cell types, such
as the astrocytic marker glial fibrillary acidic protein (GFAP) [2,
11], but care should be given to assess proliferation of cells that
lack the neuronal-like phenotype as discussed below.

Numerous reports have specifically addressed methods to
obtain neuron-like cells from undifferentiated SH-SY5Y. Some
reports suggest using only floating cells in differentiation proto-
cols, while others recommend using only adherent cells for differ-
entiation. A detailed description for RA-differentiated, BDNF
maintained SH-S§Y57 cells was published in 2000 by Encinas et al.
[2]. In these studies, the authors classify undifferentiated cells as
either S-type (substrate adherent) without neuron-like phenotype
or N-type (neuroblastic) characterized by neuritic processes
(Fig. 3). In the study by Encinas, cells were plated at 10* cells/cm?
on collagen-coated (0.05 mg/ml) plates in DMEM with 2 mM
L-glutamine, penicillin (20 IU /ml), streptomycin (20 mg,/ml) and
15 % FBS. Upon differentiation with 10 pm all-z7ans-RA for 5 days,
N-type cells were reported to gain neuron-like characteristics more
readily than S-type. However, at day 10 post-RA, the percentage of
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1.8 Markers
for Receptors/
Transporters

1.8.1  Dopaminergic
Neurons

S-type cells in the culture increased and cultures were overgrown
by the S-type population. Thus, short term RA treatment (up to
5 days) appeared to induce differentiation of N-type cells, but lon-
ger treatment (>10 days) promoted proliferation of S-type cells
thereby promoting unbalanced proportion of S- to N-type cells.
Based on results such as these, consideration should be given not
only to passage number, but also to cell phenotype in culture when
designing in vitro experiments. One potential solution to prevent
the imbalance, recommended by Encinas et al. is adding 50 ng,/ml
BDNEF to RA-treated cultures since RA is reported to induce TrkB
receptors on SH-8Y5Y cells with maximal expression 5 days after
BDNEF exposure. Removal of serum in combination with BDNF
treatment is recommended to prevent replication of S-type cells.
Including serum during RA-BDNF treatments can promote S-type
proliferation that is observed as a monolayer of S cells under the
differentiating N-type cells. Cultures maintained under serum-free,
BDNF supplemented conditions were stable for up to 3 weeks
without S-type cell over growth with minimal apoptotic cells as
determined by TUNEL assay and biochemical analyses. With
BDNEF cells are arrested, but BDNF withdrawal induces cells to
enter the S-phase of the cell cycle [2].

Neuronal marker expression of cultures exposed to RA, BDNF
and serum-free conditions was assessed by immunocytochemistry
and western analyses. In these studies, neither untreated nor
RA-BDNF treated SH-SHY57 cells expressed GFAP, but NSE was
detected in all conditions. On the other hand, both medium and
high molecular weight neurofilament was detected in untreated
and 5-day RA treated neurons, but disappeared after BDNF was
added. GAP-43 expression increased after 5 days RA treatment fol-
lowed by 1 day of BDNF treatment. However, continued BDNF
treatment for 39 days resulted in return of GAP-43 levels to base-
line. The authors suggest that this expression profile coincides with
the high levels of neurite extension during which GAP-43 is
required. However, the removal of RA from BDNF-containing
medium may have contributed, as well.

SH-S8Y5Y cells in both undifferentiated and differentiated states
express a number of dopaminergic neuronal markers. These cells
express TH, an enzyme critical for the catalysis of dopamine and,
further downstream, noradrenaline (norepinephrine) and adrena-
line (epinephrine) [20]. Importantly, SH-SY57 cells also express
the dopamine transporter (DAT), as well as dopamine receptor
subtypes 2 and 3 (D2R and D3R), making them an exemplary in
vitro system for the study of neurotoxicity in dopaminergic neu-
rons as well as for drugs, which are known to produce primary
effects through activation of dopamine receptors [31]. Expression
of TH, DAT, D2R, and D3R has been shown to increase following
differentiation in a number of studies, particularly when a
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1.8.2 Adrenergic
Neurons

1.8.3 Cholinergic
Neurons

combination of RA and TPA are utilized to induce differentiation
[7, 15, 32]. However, there also exists a body of literature that
reports no significant difference in levels of TH or DAT following
differentiation, although these studies typically utilized RA alone
or agents, which promote a non-dopaminergic phenotype to
induce differentiation [12, 33].

SH-SY57 cells can be driven toward an adrenergic phenotype by
RA- or TPA-induced differentiation. Again, the expression of TH
is required, as nor-adrenaline and adrenaline are derived from
dopamine catalyzed in a TH-dependent manner [20]. Studies
demonstrate that both differentiated and high-passage undifferen-
tiated SH-SY57 cells express sufficient levels of dopamine-f-
hydroxylase, the enzyme that catalyzes the formation of
nor-adrenaline from dopamine, and are capable of converting
intracellular dopamine into nor-adrenaline (nor-epinephrine).
Additionally, SH-SY5Y cells express the norepinephrine trans-
porter (NET) and the vesicular monoamine transporter (VMAT),
characteristic of adrenergic neurons.

The expression of both muscarinic and nicotinic acetylcholine
receptors has been reported in SH-SY57 cells. The G-protein cou-
pled muscarinic receptors are present on membranes of both undif-
ferentiated and differentiated cells, though levels and binding
properties are differentially regulated according to method of dif-
ferentiation. For instance, TPA treatment decreases while RA
treatment increases the number of muscarinic binding sites [4].
Both TPA- and RA-treated cells display significantly increased ace-
tylcholinesterase activity compared to undifferentiated cells.
However, only RA treatment has been shown to increase choline
acetyltransferase activity [4]. The ligand-gated ion channel nico-
tinic acetylcholine receptors (nAChR) are also present in SH-SY57
cells and are deemed to be analogous to human ganglia-type
nAChR [34, 35]. The nAChR on SH-8Y57 cells have been shown
to desensitize in response to nicotine but regain full sensitivity fol-
lowing washout, similarly to what is known to happen in primary
neurons upon receptor activation [36].

2 Materials

2.1 CGells

2.2 Reagents

Cells can be purchased from ATCC (ATCC® CRL-2266) http://
www.atcc.org/. Cells will arrive on dry ice and should be processed
immediately or placed in vapor phase liquid nitrogen until ready
for culturing.

1. Dulbecco’s Minimum Essential Medium (DMEM).
2. F12 Medium.


http://www.atcc.org/
http://www.atcc.org/
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3.

Fetal Bovine Serum (FBS), 10 % final concentration.

4. Penicillin /Streptomycin (Pen/Strep), 1 % final concentration

10.
11.
12.

0 2 N oo

(100 IU/ml, 100 pg/ml, respectively).

Trypsin/EDTA.

Neurobasal medium (NB).

B27 supplement.

GlutaMAX.

All-trans-retinoic acid (ATRA).

DMSO.

1x Phosphate-buftered saline (PBS).

Sterile disposable filter apparatus, with 0.22 pm pore size.

3 Methods

3.1 Initial Culture
Conditions

3.2 Sub-culture
Conditions

. Prepare growth medium: DMEM /F12 (1:1, v:v) medium,

(10 % FBS and 1 % pen/strep) and filter through a 0.22 pm
pore filter apparatus.

Obrain cells from the ATCC (ATCC® CRL-2266) and thaw
quickly at 37 °C.

. Gently remove cell suspension from tube and add to a T-75

tissue culture flask containing warm (37 °C) growth medium
(see Note 1).

Culture cells at 37 °C, 5 % CO,. Growth medium should be
refreshed every 4-7 days (see Note 2). Monitor cells for

confluence. When cells reach 80-90 % confluence, subculture
as described below.

. Aspirate medium under sterile conditions. If a number of

floating cells are present, medium can be collected and centri-
fuged so non-adherent cells can be recovered and re-plated.

. Rinse adherent cells once with sterile 1x PBS pre-warmed to

37 °C or room temperature (se¢ Note 3). To prevent detach-
ing cells, add the PBS to the inside surface of the culture flask
that does not have cells attached. Do not add PBS directly
onto cell monolayer. Gently tip the flask so that the PBS
washes over the cell monolayer. Aspirate PBS.

. Add trypsin to adherent cells for approximately 2 min or until

cells visibly detach from culture flask (see Note 4).

Neutralize trypsin by adding an equal volume of DMEM /F12
medium containing 10 % FBS.

Collect detached cell suspension and centrifuge at 1,500 rpm
for 5 min at room temperature to concentrate cell pellet.
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3.3 Differentiation

3.4 Freezing Down

6.

Aspirate supernatant carefully without disturbing the cell
pellet.

Gently suspend pellet in DMEM/F12 medium containing
10 % FBS.

. To separate cells from clumps, pipette up and down gently

until the suspension appears homogenous (see Note 1).

Count cells using a hemocytometer and plate at approximately
3x10° to 1x10° cells/cm? (see Note 5).

. 2448 h after plating, replace serum-containing medium with

Neurobasal medium (containing B27 supplement and
GlutaMAX) and 10 pM all-zrans-retinoic acid (ATRA) to pro-
mote differentiation and neuronal phenotype.

. Allow cells to grow in ATRA-containing neurobasal medium

for a minimum of 3-5 days, refreshing the medium every 48 h.

. Differentiation can be monitored microscopically via

morphological assessment of neurite outgrowth (compare
Figs. 1 and 2).

. To freeze down SH-SY5Y cells, begin with undifferentiated

cultures.

Harvest 80-90 % confluent monolayer from a T75 flask and
pellet cells as described above (see Note 6).

. Suspend the cell pellet gently in 1 ml of 90 % EBS, 10 % DMSO

in a sterile 1.5 ml screw cap vial appropriate for storage in the
vapor phase of liquid nitrogen.

. Store cells at —-80 °C for approximately 24 h in an insulated

cryobox and then transfer tubes to liquid nitrogen for long-
term storage.

4 Notes

. To improve cell survival, be careful not to introduce air when

pipetting/transferring cells between flasks or tubes.

. The color of the medium indicates the rate of metabolism of

key components by cells. When medium becomes more acidic
(color appears more yellow than red), it is likely time to change
the medium.

. Rinsing with PBS removes the majority of the serum con-

tained in growth medium. Trypsin works more efficiently in
the absence of serum as serum inhibits its activity.

Reduce the amount of time cells are exposed to trypsin. Once
cells have been exposed to trypsin for about 1 min, you may
gently tap the flask to assist in detachment.
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5. You will discover that SHSY5Y cells need to be plated at a
density conducive to cell-cell communication to proliferate. If
cells are plated too sparsely, growth rate is reduced and cell

death is high.

6. A'T75 flask that is about 89-90 % confluent contains an appro-
priate number of cells to freeze down in approximately 1 ml of
freeze medium allowing you to plate into a T75 flask upon
thawing and re-culturing. This is important because when
cells are thawed and re-plated after having been in liquid nitro-
gen, inevitably some cells will die. The density of surviving
cells should allow the culture to be maintained at least 24 h
before sub-culturing is necessary.
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Chapter 3

Cultured Cell Line Models of Neuronal Differentiation:
NT2, PC12

Nune Darbinian

Abstract

The lack of a convenient, easily maintained and inexpensive in vitro human neuronal model to study neu-
rodegenerative diseases, prompted us to develop a rapid, 1-h differentiated neuronal cell model based on
human NT2 cells and C3 transferase. Here, we describe the rapid differentiation of human neuronal NT2
cells, and the differentiation, transduction and transfection of rat PC12 cells to obtain cells with the mor-
phology of differentiated neurons that can express exogenous genes of interest at high level.

Key words Human neuronal cells, NT2, PC12, Differentiation, NGF, Rho kinase inhibitor,
C3 transferase

1 Introduction

Developing of suitable and affordable neuronal models was always
an important issue in neuroscience research. Although, several in
vitro neuronal models have been proposed previously [1-3], all
these techniques are time-consuming and require long-term (up to
4-6 weeks) incubations and expensive reagents. Differentiated
human NT2 and rat PC12 cells may represent an excellent neuro-
nal source for in vitro studies of neurodegenerative diseases, inves-
tigating pro-survival pathways and agents protecting human
neuronal cells from cell death-mediating stresses.

The most ideal cell culture for analysis of the processes of neu-
ronal differentiation would be one that can be differentiated rap-
idly so that it could be maintained easily and, at the same time,
could be transfected with high efficiency to produce a stable or
transient population of cells expressing exogenous gene products.
These cells would promote extensive neuronal processes similar to
that of primary neurons in culture. NTera (NT2), a human terato-
carcinoma cells are capable of differentiating in response to reti-
noic acid, RA. To obtain pure neuronal cultures from RA-treated
NT2 cells, further treatment with mitotic inhibitors should be

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
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performed for at least 6 weeks [1]. These neurons (NT2-N cells)
express all ubiquitous neuronal markers that can be identified in
axons or dendrites using molecular and functional criteria. The aim
of this study was to develop a neuronal culture system that can be
easily maintained and can be rapidly differentiated. Thus, we fur-
ther developed an in vitro neuronal model to obtain rapidly dif-
ferentiated NT2 and PC12 cells.

2 Materials

10.
11.
12.
13.
14.
15.

16.

. NTera 2/cl.D1 (NT2), a human teratocarcinoma cell line.

NT2 cells are obtained from American Type Culture Collection
(ATCC, Manassas, VA).

PCI12 rat pheochromocytoma cells (ATCC No. CRL-1721)
cells are from American Type Culture Collection.

Retinoic acid, RA.

. F-12 medium supplemented with 15 % horse serum and 2.5 %

fetal bovine serum.

. Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented

with 10 % fetal bovine serum (Life Technologies, Inc.) and anti-
biotics (100 U/ml penicillin and 10 pg/ml streptomycin).

. Dulbecco’s modified Eagle’s medium high glucose (DMEM

HG) supplemented with 10 % fetal bovine serum and penicil-
lin/streptomycin.

. DMEM for neurite regeneration with 10 % FBS, penicillin/

streptomycin, supplemented with mitotic inhibitors (1 pM
cytosine arabinoside and 10 pM uridine).

. DMEM/F12 medium for PC12 cells containing 10 % fetal

bovine serum (FBS) and 5 % horse serum (HS).
37 °C humidified Incubator containing 7 % CO,.
Collagen-coated 60 mm tissue culture dishes.
Serum-free F-12 medium.

NGEF solution (100 ng/ml).

Cold phosphate-buftered saline (PBS).
pLECFEP-C1 (Clontech, Mountain View, CA).

Commercially purchased synthetic peptide containing the
arginine rich protein transduction domain (PTD) of HIV-1
Tat (amino-acids 47-57) fused to an N-terminal 6 histidine
epitope tag.

Cover Glass (finest grade, Premium Hard, Glass/Clear/Pre-
Cleared /Non-Corrosive /Non-Fogging, Thickness No 1 Size:
24 mm x40 mm.
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17. Chamber Slide Lab-Tec System Well Permanox Slide 4 chambers
mounted on Permanox slide with cover.

18. Chamber Slide System and Chambered Coverglass Lab-TekII
Chamber Slide.

19. 2 well Permanox slide.

20. Tissue Culture Dish Polystyrene 60 x 15 mm.

21. Tissue Culture Dish 100x20 mm Style.

22. Tryple Express enzyme (Invitrogen, Carlsbad, CA).
23. RhoA inhibitor, C3 transferase.

3 Methods

3.1 Cell Culture

3.1.1  Human Neurons

3.1.2  Postmitotic
Terminally Differentiated
Polarized Human Neurons

3.1.3 PC12

3.2 Treatment

3.2.1 PC12 Cells

Ntera (NT2) human embryonic teratocarcinoma cells are main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM) at 37 °C
in a humidified atmosphere containing 7 % CO,. Cells are plated in
T75 flasks at a density of one million cells, and 12x well dishes at a
density of 3x10*/well and cultured in 3 ml medium.

Postmitotic Terminally Differentiated Polarized Human Neurons
are derived from NT2 according to published protocols [ 1-3] with
some modifications. Cells are cultured in Dulbecco’s modified
Eagle’s medium high glucose (DMEM HG). Cells are induced to
differentiation upon incubation with RA 10 pM RA twice a week
for 4 weeks. For neurite regeneration following RA treatment, cells
are incubated in DMEM with mitotic inhibitors for 2—4 weeks.
Then DMEM is replaced with Neurobasal medium. Differentiated
neurons establish polarized neurites with the characteristics of
axons and dendrites after 4 weeks of RA treatment and 2—4 weeks
of incubation with mitotic inhibitors. Cells are maintained at 37 °C
in a humidified incubator containing 7 % CO, (se¢ Note 1).

PC12 rat pheochromocytoma cells are cultured on 60 mm poly-p-
lysine-coated dishes at a density of 1 x10° cells per 60 mm dishes
in DMEM /F12 medium containing 10 % fetal bovine serum (FBS)
and 5 % horse serum (HS). To induce neuronal differentiation,
PC12 cells are plated on collagen IV-coated dishes and treated
with 20 ng/ml nerve growth factor (NGF) in serum-free medium
(SEM). Neuronal processes begin to form within first 24 h follow-
ing the treatment and are preserved as differentiated neuronal cul-
tures for 5 days (see Note 2).

PC12 Cells are differentiated in the presence of NGF (20 ng/ml)
for 5 days. The images of neurite-like processes were taken from
series of photographs from selected microscopic fields and reflect
an average length of neurite-like processes in a particular micro-
scopic field.
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3.2.2 NT2 Cell Treatment

3.3 Transfection

3.4 Microscopy

3.5 Antibodies

3.6 Protein
Transduction and
Fluorescence Staining

3.7 Expected Results
and Conclusions

NT2 cells are plated onto 12x well tissue culture plates at a density
of 3x10* and cultured for 1 day. Cells are starved in serum free
DMEM for 2 h prior to C3 transferase stimulation (1 pg/ml) for
1 h or 16 h. Each culture is also incubated with C3 transferase in
the presence of serum [4].

PC12 cells are transfected with pLEGFP-C1 plasmid (2 pg) using
a high efficiency transfection reagent such a Lipofectamine 2000
(3 pl). Human neuronal cells are also transfected with pLEGFP-
C1 expression plasmid (3 pg each) using a high efficiency transfec-
tion reagent (see Note 3).

Contrast and brightness were adjusted equally for all images using
Adobe Photoshop version 5.5. Original magnification was 200x.

Expression of the GFP protein was examined by immunocyto-
chemistry, using Living Colors full-length monoclonal antibody
(BD Biosciences/Clontech). The presence of Protein Transduction
Domain (PTD) from HIV-1 Tat protein fused to 6 Histidine
amino acid sequence was examined by immunocytochemistry
using anti-His(C-term)-tag Antibody (Invitrogen).

Approximately 1x10° PC12 cells are seeded in 60 mm dishes in
medium containing fetal bovine and horse serum. After 8 h,
medium is replaced with DMEM /F12 without serum for 16 h,
after which the cells were treated with NGF for 48 h in 1 ml
DMEM/F12 plus fetal bovine and horse serum. For staining,
approximately 1,000 cells were seeded in poly 1-lysine coated slide
chambers and after 0, 2, and 24 h treatment with 25 pM of syn-
thetic Tat PTD peptide tagged with six histidine amino acids, cells
were fixed with cold acetone for 3 min and washed with PBS.
Immunocytochemistry was performed by blocking with normal
horse serum and incubating with anti-histidine antibody
(Invitrogen) at 1:200 dilution for 16 h at room temperature. Cells
were incubated with a fluoroscein labeled secondary antibody for
1 h. For nuclear counter staining, propidium iodide was included
in the mounting medium. Protein Transduction Domain (PTD)
was visualized in fluorescence green.

The lack of an easy maintained in vitro neuronal models to study
human neurodegenerative diseases and signaling pathways that
control neuronal differentiation, prompted us to develop a rapid,
1-h differentiated neuronal cell model based on NT2 human neu-
ronal cells. Our aim was to develop an advanced in vitro model,
generating sustainable cells with morphology of human, mature
neurons during short period of time. First, we have developed a
modified protocol to obtain a terminally differentiated NT2 cells
that show the typical neuronal morphology with neuronal features,
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RA

LT

Fig. 1 Differentiation of neuronal NT2 cells. Phase images of undifferentiated and differentiated (8-week)
human NT2 cells showing the morphologic changes during the terminal differentiation of NT2 cells. (Top left
panel) Untreated NT2 cells (x1,000); (second left panel) untreated NT2 cells at higher magnification (x200);
(top right panel) NT2 cells following 4-weeks of RA treatment; (second right panel) NT2 cells following replate
and 4-weeks of treatment with mitotic inhibitors (note that most cells exhibit the morphology of neurons and
extensive process outgrowth has occurred); (bottom left panel) terminally differentiated NT2 cells showing the
typical neuronal morphology of these cells at higher magnification x200 (note cell body and defined neuronal
processes); (bottom right panel) single differentiated cell with neuronal features, the long process resembling
an axon and the three major processes that resemble dendrites

the long process resembling an axon and the three major processes
that resemble dendrites (Fig. 1). Inhibition of RhoA activation by
a RhoA inhibitor, C3 transferase, also promotes massive long-
lasting neurite outgrowth during short period of treatment of NT2
cells. Treatment of cells with C3 transferase produced extensive
neurite outgrowth after as early as 1 h of incubation. Massive neu-
rite outgrowth after 3 h of C-3 transferase treatment in
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Rapid and robust (1-hour) differentiation of NT2 cells in serum-free media: no RA and mitotic
inhibitors

Serum- (2 h)
h

Fig. 2 Time-dependent effect of C3 transferase on neurite outgrowth in human NT2 neuronal cells. (7op) The
effect of C3 transferase on the formation of neuronal processes in NT2 cells after 1 h incubation in serum-free
medium. (Bottom) Neuronal outgrowth in NT2 cells, mediated by C3 transfeease in the presence of serum

GFP-expressing cells (Fig. 2). Interestingly, removal of C3 trans-
ferase does not lead to neurite retraction indicating that the C3
transferase in neuronal cells is critical for neuronal differentiation
at early stages of treatment (Fig. 3). This model is useful to study
signaling pathways resulting in neuronal cell injury. We also
improved transfection protocols, specifically using Lipofectamine
2000, to efficiently transfect differentiated or undifferentiated neu-
rons with various plasmids (Fig. 4). Immunocytochemical analysis
of NT2 neuronal cells overexpressing GFP revealed cytoplasmic
immunoreactivity for GFP and massive neuronal outgrowth
(Fig. 5). Thus, it is possible transfect undifferentiated NT2 cells
with expression plasmids allowing the introduction of expressed
proteins into cells that can subsequently undergo induction to
develop into stable, postmitotic, human neurons.

Another neuronal model, actively used by our group, isa PC12
rat neuronal cell line [5-7]. PC12 cells are differentiated upon
NGEF treatment (20 ng/ml) and can be used for rapid protein
transduction assays. We have developed differentiation/protein
transduction assay followed by immunocytochemistry and micros-
copy (Fig. 6). Results from PC12 differentiation and protein



Fig. 3 Differentiation and rescue assays. Incubation of neuronal cells with C3 transferase longer than 1 h
effects on. (Top) Neurite outgrowth in NT2 cells treated with the RhoA inhibitor, C3 transferase for 24 h. (Bottom
panels) Removal of C3 transferase does not lead to neurite retraction, indicating that the C3 transferase in
neuronal cells is critical for neuronal differentiation at early stages of treatment

a
Serum+, RA, GFP GFP+C3

Serum- 2h, C3, 1h

=

Fig. 4 NT2: Rapid differentiation, transfection, and neurite outgrowth. NT2 neuronal cells were transiently
transfected with pLEGFP-C1 plasmid for 16 h and cells, after 2 h of serum starvation, were treated with C3
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Fig. 4 (continued) transferase for 3 or 16 h to induce differentiation via RhoA inactivation. (a) Fluorescence
images (magnification x200) of neuronal cells transfected with GFP and incubated with C-3 transferase for 3
(b). Phase and fluorescence images of transfected and differentiated cells. Cells were kept in serum-free
medium for 2 h and then incubated with C3 transferase for 16-h. C-3 transferase causes massive outgrowth
in GFP-expressing cells
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serum- 2 h, Living Colors

Fig. 5 NT2: Rapid differentiation, transfection, and immunostaining. Immunocytochemical analysis of NT2
neuronal cells overexpressing GFP and incubated with C3 transferase for 1 h. (Top panels) Immunostaining
was performed with Living colors (for GFP protein) on cells with C3 transferase treatment (right panels) or
without C3 incubation (left panels). Cytoplasmic immunoreactivity is seen for GFP. GFP-expressing cells dem-
onstrate massive neuronal outgrowth (right panels). (Bottom panels) DAPI nuclear staining was performed in
cells without or with C3 transferase

transduction experiments using a synthetic peptide containing the
arginine rich Protein Transduction Domain (PTD) of HIV-1 Tat
(aa 47-57) and a His Tag revealed cellular internalization and
nuclear appearance of the PTD peptide after 2 h and its detection
in nuclei up to 24 h after treatment. PC12 cells were also trans-
fected with a plasmid expressing a gene of interest prior to differ-
entiation (Fig. 7).
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anti-His (FITC)

PC12 (Phase)

PC12 cells (bottom panels) upon NGF treatment (20 ng/ml) were used for rapid protein transduction assays.
We have developed differentiation/protein transduction assay followed by immunocytochemistry and micros-
copy. Results from PC12 differentiation and protein transduction experiments using the synthetic peptide
representing the arginine rich Protein Transduction Domain (PTD) of HIV-1 Tat revealed cellular internalization
and nuclear appearance of the PTD peptide visualized with anti-histidine antibody after 2 h and its detection
in nuclei up to 24 h after treatment

Fig. 7 PC12: differentiation and transient transfection. GFP-expressing PC12 cells were grown on 12x well
plates (Falcon) for 1 day, then treated with increased concentrations of NGF (10-20 ng/ml). Results from trans-
fection/differentiation experiments using two concentrations of NGF revealed robust cellular internalization of
GFP and massive neuronal outgrowth after 48 h after treatment
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Thus, NT2 cells and PC12 cells represent a unique model sys-
tem for studies of human and rat neurons, and signaling pathways
that control neuronal differentiation and represent novel models
for the expression of diverse gene products in terminally differenti-
ated polarized neurons, or robustly differentiated neuronal cells.

4

Notes

1. Make sure to add antibiotics to media for long incubation of
NT2 cells before cells start to differentiate.

2. Itis important to use fresh poly-p-lysine-coated dishes or col-
lagen IV-coated dishes for efficient attachment and differenti-

ation of PC12 cells.

3. The presence of antibiotics or serum in the media does not
inhibit the transtection efficiency, it highly purified DNA used
in transfection reactions.
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Chapter 4

Murine Teratocarcinoma-Derived Neuronal Cultures

Prasun K. Datta

Abstract

This chapter describes the culture and propagation of murine embryonic stem cells, F9 and P19 and strate-
gies for differentiation of these stem cells into neurons. Protocols focus on maintenance and propagation
of these cells and routine procedures employed for differentiation into neuronal cells. Additional protocols
are also described for obtaining enriched populations of mature neurons from P19 cells and differentiation
of F9 cells into serotonergic or catecholaminergic neurons.

The protocols described herein can be employed for dissection of the pathways such as gliogenesis and
neurogenesis that are involved in differentiation of pluripotent stem cells such as F9 and P19 into glial cells
or terminally differentiated neurons.

Key words Embryonal carcinoma, Teratocarcinoma, Retinoic acid, P19, F9, Neurons, Differentiation

1 Introduction

Embryonal carcinoma (EC) cells are pluripotent stem cells of tera-
tocarcinoma that can differentiate and give rise to all three primary
germ layers: endoderm, mesoderm and ectoderm [1]. Currently,
two mouse teratocarcinoma cell lines, F9 and P19 are widely used
for differentiation into neuronal cells [2, 3]. Normal spontaneous
differentiation of F9 and P19 cells is very low however the differ-
entiation pathway can be induced by addition of retinoic acid (RA)
or RA and dibutyryl cyclic AMP (dcAMP) into a variety of cell
types including neuronal cells [4-9]. There are limitations in the
use of RA as a differentiation agent for generation of neuronal cells
since studies have shown that P19 cells yield various types of neu-
rons as well as astrocytes, oligodendrocytes, and microglia after
treatment with retinoic acid [ 10]. Thus, these stem cells are ideally
suited for dissection of the differentiation pathway to a terminally
differentiated neural phenotype. However, molecular studies are
hindered by the heterogeneity of differentiation.

Therefore, in recent years alternative strategies have been
developed for both of these cell lines to induce differentiation into
more mature neurons with significant enrichment of neuronal
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population. It is worth mentioning that neurons derived from the
P19 cells treated with RA express functional GABA receptors [11],
and ionotropic glutamate receptors of both NMDA and AMPA/
kainite types [12]. Furthermore, studies demonstrate that neurons
derived from P19 cells mature in vivo and capable of displaying
neuronal electrophysiological characteristics after 4 weeks of
implantation into rat brains [ 13, 14]. P19 cells have also been used
to understand the mechanism of mu-opioid receptor (MOR) upreg-
ulation during neuronal differentiation in P19 embryonal carci-
noma cells and role of epigenetics in MOR upregulation [15, 16]

This chapter describes the techniques used for maintenance
and expansion of both F9 and P19 cells (Basic Protocol A), and
routinely used protocol for differentiation into neurons (Basic
Protocol B), and then followed by recent protocols that involve
modification of basic protocol B to differentiate into more mature
enriched neuronal population (Specific protocols).

2 Materials

2.1 Cell Lines

2.2 Reagents

Prepare all solutions for use in tissue culture using tissue culture
grade water. Use of ultrapure water (prepared by purifying deion-
ized water to attain a sensitivity of 18 MQ cm at 25 °C) is highly
recommended for all other purposes. Tissue culture wares, flasks
and dishes, cryovials. The described procedures are performed in a
Class 1I biological laminar-flow hood.

Refrigerated Centrifuge, -20 °C and -70 °C Freezers and
Tissue culture incubator.

F9 cells (ATCC, VA, USA, CRL-1720).
P19 cells (ATCC, VA, USA, CRL-1825).

DMEM.
o-MEM.
Fetal calf serum.

New born calf serum.

AN Al

Penicillin /Streptomycin 100x stock solution (10,000 units of
penicillin and 10,000 pg of streptomycin per ml).

Neurobasal-A medium.
N2 supplement (100x).

Dulbecco’s PBS without calcium and magnesium.

0 % N

All trans-retinoic acid.

10. Ethyl Alcohol.

11. Dibutyryl-cAMP.

12. Cyclohexane carboxylic acid.
13. DMSO.



2.3 Growth and
Differentiation Media

2.4 Preparation
of Retinoic Acid

2.5 Preparation
of Dibutyryl-cAMP
(db-cAMP)
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1. F9 growth medium: DMEM, low glucose 90 %, fetal calf
serum 10 %.

2. P19 growth medium: aMEM 90 %, Newborn calf serum
7.5 %, fetal calf serum 2.5 %.

3. B9 differentiation medium: DMEM, 95 %, fetal calf serum 5 %.
4. P19 differentiation medium: a-MEM, fetal calf serum 5 %.

5. Freeze media: Growth media containing 10 % (v/v) tissue
culture grade dimethyl sulfoxide (DMSO).

Dissolve all trans-retinoic acid (RA) in ethanol to a stock solution
of 3 mg,/ml (0.01 M) (see Note 4).

db-cAMP is prepared as 102 M (10x) or 2x102 M (20x) stock
directly in tissue culture media. Filter the dissolved solution using
a 0.2 pm filter before use and is recommended to be used
immediately.

3 Methods

3.1 Basic Protocol A

3.1.1 Maintenance
and Propagation of F9
Cells in Culture

3.1.2 Maintenance
and Propagation of P19
Cells in Culture

1. Remove and discard culture medium and wash cells with
Dulbecco-PBS to remove residual serum from culture media
(see Notes 1 and 2).

2. Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe
cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min) (se¢ Note 3).

3. Add 8-10 ml of complete growth medium to inactivate tryp-
sin and aspirate cells by gently pipetting.

4. Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.

5. Discard supernatant and resuspend cells in 10 ml of F9 growth
medium, count the number of cells using a Neubauer
hemocytometer.

6. Plate cells at a minimal density of 6x10° cells/cm? in tissue
culture dish or tissue culture flask.

7. Incubate cultures in a humidified tissue culture incubator at
37 °C with 5 % CO,.

1. Remove and discard culture medium and wash undifferenti-
ated cells (Fig. la) with Dulbecco-PBS to remove residual
serum from culture media (se¢ Notes 1 and 2).

2. Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe
cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min) (se¢ Note 3).
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Fig. 1 Neural differentiation of P19 murine embryonic carcinoma cells. (a) Undifferentiated P19 cells. (h)
Embryonic body (EB) formation, P19 cells treated with RA for 2 days and plated on non-adherent petri dishes.
(c) EB bodies plated on day 3 on adherent tissue culture dish, note migration of cells from EB and formation of
neurites in individual cells (arrows)

3. Add 8-10 ml of complete growth medium to inactivate tryp-
sin and aspirate cells by gently pipetting.

4. Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.

5. Discard supernatant and resuspend cells in 10 ml of P19
growth medium, count the number of cells using a Neubauer
hemocytometer.

6. Plate cells at a minimal density of 6x10° cells/cm? in tissue
culture dish or flask.

7. Incubate cultures in a humidified tissue culture incubator at
37 °C with 5 % CO,.

3.1.3 Freezing Cells 1. Remove and discard culture medium and wash cells with
Dulbecco-PBS to remove residual serum from culture media.

2. Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe
cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min).

3. Add 8-10 ml of complete growth medium to inactivate tryp-
sin and aspirate cells by gently pipetting.

4. Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.

5. Discard supernatant and resuspend cells in 5 ml of P19 or F9
growth medium, count the number of cells using a Neubauer
hemocytometer.

6. Pellet cells by centrifugation for 5 min at 500 x 4.

7. Resuspend cells at 1-2 x 10° cells/ml in freezing medium, mix
gently, and transfer 1 ml of aliquots into labeled cryovials.

8. Store cells overnight at =70 °C, then transfer vials to liquid
nitrogen cryotank for long-term storage.



3.2 Basic Protocol B

3.2.1 Induction
of Neuronal Differentiation
of F9 Cells

3.2.2 Induction
of Neuronal Differentiation
of P19 Cells
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This protocol is widely used to differentiate F9 cells into neurons
and is based on a published protocol [17].

1.

Remove culture medium from flask containing F9 cells
(75-80 % confluency), wash cells with PBS (sez Notes 1 and 2).

. Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe

cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min) (se¢ Note 3).

. Add 8-10 ml of complete growth medium to inactivate tryp-

sin and aspirate cells by gently pipetting.

Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.

. Discard supernatant and resuspend cells in 10 ml of P19

growth medium, count the number of cells using a Neubauer
hemocytometer.

. Plate 1 x10° cells in 10 ml of F9 differentiation media in tissue

culture dish or flask and induce differentiation by adding RA
and dcAMP solutions to achieve a final concentration of
107 M and 10-* M, respectively (see Note 5).

Rock the suspension gently to ensure even mixing of cells and
RA. Leave the dish/flask undisturbed in a humidified tissue
culture incubator at 37 °C with 5 % CO, for 10 days.

. Change media in the dish/flask every 2-3 days. Continue

adding RA and dcAMP after each media change as described
in step 6.

This protocol is used for differentiation of P19 cells into mature
neurons and involves generation of cell aggregates popularly
known as embryonic bodies (EB) using cells plated on non-
adherent culture ware in presence of RA, the aggregates are then
plated in presence of RA in regular tissue culture ware.

1.

Remove culture medium from flask containing P19 cells
(75-80 % confluency), wash cells with PBS (see Notes 1 and 2).

Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe
cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min) (se¢ Note 3).

. Add 8-10 ml of complete growth medium to inactivate tryp-

sin and aspirate cells by gently pipetting.

Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.

. Discard supernatant and resuspend cells in 10 ml of P19

growth medium, count the number of cells using a Neubauer
hemocytometer.
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3.3 Specific
Protocols

3.3.1  Protocol for
Generation of Serotonergic
or Catecholaminergic
Neurons from F9 Cells

6. Plate 1x10°¢ cells in 10 ml of P19 differentiation media in
100 mmx 10 mm bacteria grade petri dish and induce differ-
entiation by adding 1 pl of stock RA solution to 10 ml medium
to attain a final concentration of 1 pM RA.

7. Rock the suspension gently to ensure even mixing of cells and
RA. Leave the petri dishes undisturbed in a humidified tissue
culture incubator at 37 °C with 5 % CO, for 2 days for forma-
tion of EB (Fig. 1b).

8. On day 2 harvest the EB by transferring them to a 50 ml coni-
cal tube and allow the aggregates or EB to settle down at
room temperature in the tissue culture hood for 15-20 min.

9. Remove the media and then add 10 ml of P19 growth media
and transfer cell suspension to regular tissue culture flask or

dish and incubate in a humidified tissue culture incubator at
37 °C with 5 % CO, for 2 days.

10. On day 2 remove the media from culture ware and add 10 ml
of P19 differentiation media and incubate in a humidified tis-
sue culture incubator at 37 °C with 5 % CO, for 7-8 days,
replace half of the media every 2 days to allow maturation of
neurons (Fig. 1¢) (see Note 8).

This section describes recent protocols for differentiation of F9
and P19 cells into more mature neurons with significant enrich-
ment of neuronal population.

This protocol described by Mouillet-Richard et al. [18] utilizes a
F9 derived cell line that was generated by introduction of the early
genes of SV40 under the control of the adenovirus E1A promoter
[19] known as 1C11 clone to differentiate into serotonergic or
catecholaminergic neurons. The advantage of using 1C11 cells is
that one can attain pure population of neuronal cells that convert
within 4 days of induction into serotonergic cells and are able to
metabolize, store, and take up serotonin (5-HT)! [20] and express
5-HT13,p, 5-HTsa, and 5-HT,p receptors [21]. Similarly, with
appropriate induction the 1C11 cells within 12 days display a com-
plete catecholaminergic phenotype, coincident with the induction
of a functional norepinephrine (NE) uptake (se¢ Note 9).

1. Remove culture medium from flask containing 1C11 cells
(75-80 % confluency), wash cells with D-PBS.

2. Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe
cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min).

3. Add 8-10 ml of complete F9 growth medium to inactivate
trypsin and aspirate cells by gently pipetting.

4. Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.



3.3.2 Protocol for
Generation of High-Yield
Enriched Neuronal Cultures
from P19 Cells
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5. Discard supernatant and resuspend cells in 10 ml of F9 growth
medium, count the number of cells using a Neubauer
hemocytometer.

6. Plate 4x10* cells/cm? in F9 growth media containing 10 %
EBS (see Note 7) and supplemented with 1 mM dbcAMP and
0.05 % cyclohexane carboxylic acid (CCA) in tissue culture
dish or flask to differentiate into serotonergic neurons.

7. Leave the dish /flask in a humidified tissue culture incubator at
37 °C with 5 % CO, for 4 days.

8. Change media in the dish /flask every 2 days. Continue adding
1 mM dbcAMP and 0.05 % CCA after each media change as
described in step 6.

9. Plate 4x10* cells/cm? in DMEM supplemented with 5-HT
depleted 10 % FBS and 1 mM dbcAMP, 0.05 % CCA and 2 %
DMSO in tissue culture dish or flask to differentiate into cat-
echolaminergic neurons.

10. Leave the dish/flask in a humidified tissue culture incubator at
37 °C with 5 % CO, for 12 days.

11. Change media in the dish/flask every 2 days with DMEM
supplemented with 5-HT depleted 10 % FBS and 1 mM db-
cAMP, 0.05 % CCA and 2 % DMSO.

The cell culture protocol described in the following section is
adapted from the protocol described by Monzo et al. [22] and has
been demonstrated to generate a large number of fully mature
neurons at both morphological and electrophysiological levels.

1. Remove culture medium from flask containing P19 cells (75—
80 % confluency), wash cells with D-PBS.

2. Add 1-2 ml of 0.25 % Trypsin/EDTA solution and observe
cells under an inverted microscope until cell layer is dispersed
(usually within 5-15 min).

3. Add 8-10 ml of complete growth medium to inactivate tryp-
sin and aspirate cells by gently pipetting.

4. Transfer cell suspension into 15 ml conical centrifuge tube and
centrifuge cells for 5 min at 500 x 4.

5. Discard supernatant and resuspend cells in 10 ml of P19
growth medium, count the number of cells using a Neubauer
hemocytometer.

6. Plate 6x10* cells/cm? in P19 differentiation media supple-
mented with 1 pM RA in tissue culture dish or flask.

7. Incubate cells in a humidified tissue culture incubator at 37 °C
with 5 % CO, for 4 days.

8. Replace media with P19 differentiation media supplemented
with 1 pM RA after 2 days.
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10.

11.

12.

13.

14.

15.

. After 4 days in culture wash the cells two to three times with

culture medium and trypsinize the cells as described in steps
2-4.

Resuspended cell pellet obtained in step 5 in P19 growth
medium, recentrifuge cells, and wash cell pellet twice with
Neurobasal-A medium without supplements.

Resuspend cells in NBA-medium supplemented with N2 sup-
plement and 2 mM GlutaMAX.

Plate 9x10* cells/cm? on Matrigel coated plates (see
Subheading 4, see Note 6) for preparing plates, if you wish to
coat your own plates.

Incubate plated cells in a humidified tissue culture incubator
at 37 °C with 5 % CO, for 20 days with medium changes on
day 2 and 4 with NBA-medium supplemented with N2 and
GlutaMAX.

On day 5, replace culture medium with NBA-medium supple-
mented with 2 mM GlutaMAX, 1xB27, 8 pM Cytosine-D-
arabinofuranoside (AraC) and 8 nM 2’-deoxycytidine
(2dCTD; Sigma) for the following 5 days. Replace media
every 2 days.

On day 10 replace cell culture medium with NBA-medium
supplemented only with 2 mM GlutaMAX and 1x B27 until
day 20. Change cell culture medium every 2 or 3 days.

4 Notes

. Culture for both cell lines must be maintained in the exponen-

tial growth phase. F9 and P19 cells grow rapidly with a gen-
eration time of 10-12 and 12-14 h, respectively. Since these
cells do not regulate their multiplication in a density-depen-
dent manner it is highly recommended that cells are subcul-
tured at a ratio of 1:10 with renewal of media every 2-3 days.

Do not allow cells to be too confluent before the initiation of
differentiation.

. To avoid clumping do not agitate the cells by hitting or shaking

the flask while waiting for the cells to detach. Cells that are dif-
ficult to detach may be placed at 37 °C to facilitate dispersal.

. Sterile filter high grade ethanol used for dissolving RA. RA is

light sensitive to light, wrap tubes containing stock solution
with aluminum foil and store it at -80 °C for long-term stor-
age. Stock solution is stable for 1 month if stored at -20 °C.
Vortex the stock solution of RA to ensure that any precipitate
that may have formed is redissolved. An alternative approach
to redissolve RA faster is to leave the stock solution at room
temperature for 15 min.
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. An alternative approach of increasing the intracellular concentra-

tion of cAMP for differentiation of F9 cells is to use a combina-
tion of cholera toxin at a final concentration of 1071 M and the
cyclic phosphodiesterase inhibitor, 3-isobutyl-L-methylxanthine
(IBMX) at a final concentration of 10~ M [23].

. Dilute Matrigel stock solution in the ratio 1:45 in NBA-

medium and dispense a volume of 0.1 ml/cm? of desired
plate /flask. Leave plates/flask at room temperature for about
1 h, aspirate the coating solution and leave plates /flask to dry
at room temperature for about 15 min. Store coated plates
sealed at 4 °C.

. It is important to deplete 5-HT from medium used for dif-

ferentiation of P19 cells into serotonergic neurons by dialysis
of culture media supplemented with 10 % FCS to less than
1 nM [18].

. If desired, the status of neuronal differentiation can be assessed

by immunohistochemistry using antibodies for neuronal
markers such as p-tubulin I, enolase, neurofilament 200, and

MAP2 [18].

. Differentiation of 1C11 cells into serotonergic or catecholamin-

ergic neurons can be also assessed by immunohistochemistry
using antibodies for 5-HT or norepinephrine, respectively [21].
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Chapter 5

Isolation and Propagation of Primary Human and Rodent
Embryonic Neural Progenitor Cells and Cortical Neurons

Armine Darbinyan, Rafal Kaminski, Martyn K. White, Nune Darbinian,
and Kamel Khalili

Abstract

The research on human neural progenitor cells holds great potential for the understanding the molecular
programs that control differentiation of cells of glial and neuronal lineages and pathogenetic mechanisms
of neurological diseases. Stem cell technologies provide also opportunities for pharmaceutical industry to
develop new approaches for regenerative medicine. Here we describe the protocol for isolation and main-
tenance of neural progenitor cells and cortical neurons using human fetal brain tissue. This protocol can
be successtully adapted for preparation of rodent neural and oligodendrocyte progenitor cells. While sev-
eral methods for isolation of neural and oligodendrocyte progenitors from rodent brain tissue have been
described, including techniques which use gene transfer and magnetic resonance beads, few methods are
focused on derivation of human oligodendrocyte progenitor cells. Development of human culture pro-
vides the most physiologically relevant system for investigation of mechanisms which regulate function of
oligodendrocyte, specifically of human origin.

Key words Human neural progenitor cells, Neurosphere, Oligodendrocyte progenitor cells, Neuron,
Oligodendrocyte

1 Introduction

We developed protocols for preparation of fetal cortical neurons,
human embryonic neural progenitor cells (hNPC) and their differ-
entiation into oligodendrocyte lineage based on studies published
studies [1—4]. Cultures of hNPC are prepared from human fetal
brain tissue (embryonic age 16 weeks). Rodent NPC are isolated
from the brain of timed-pregnant, embryonic day 16 or 17 (ED16
or ED17) Sprague-Dawley rat. It is important to note that while
hNPC can be propagated several times and can be cryopreserved,
primary neurons should be utilized without splitting and cryopreser-
vation. Oligodendrocyte lineage progression is achieved by adjusting
cell culture medium with defined growth factors required at particu-
lar developmental stage of cells [5]. In our protocol differentiation
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of cells is achieved without gene-transfer manipulations providing a
platform for studying the cellular behavior in “natural” conditions.
This system is also can be used for investigation of more complex
neuroglial interactions in co-culture experiments [6].

2 Materials

2.1 Brain Tissue

2.2 Reagents

Large number of hNPC and primary cortical neurons can be
obtained from one fetal brain (approximately 10.0-11.0 g in aver-
age). Five to eight rat embryos produce acceptable number of
NPC. The following protocol describes methods for isolation of
NSC from human fetal brain. Carry out all procedures in sterile
conditions at room temperature unless otherwise specified.

Human fetal brain is obtained from Advanced Bioscience Resources
(ABR), Inc., Alameda, CA 94501 USA in accordance with
NIH guidelines.

One timed-pregnant, embryonic day 16 or 17 (ED16 or ED17)
Sprague—Dawley rat (Charles River Laboratories).

Protocols using human tissue and animals must be approved by an
Institutional Animal Care and Use Committee (IACUCQC).

Tryple™ Express (Gibco, cat# 12605).
DNase I (Sigma, AMPDI1-1KT, St. Louis, MO).
Phosphate-buffered saline (1x PBS; Sigma, cat # P-5368).

anti-PSA-NCAM antibody (Developmental Studies Hybridoma
Bank, University of lowa, DSHB, 5A5).

Poly-p-lysine (Sigma, St. Louis, MO).
Cytosine arabinoside (Ara-C, C1768 Sigma, St. Louis, MO).

Immunopanning cocktail (50 mM Tris-Cl, pH 9.5/1 % BSA
(w/v)/50 pg/ml anti-PSA-NCAM antibody).

Roche Applied Sciences Sybr Green mix (cat # 04707516001).
Neural stem cell medium (NSCM):

Neurobasal medium (Invitrogen, # 10888-022).

N2 supplement (Invitrogen, # 17502048).

B27 supplement without vitamin A (Invitrogen, #12587-010).
GlutaMAX (Invitrogen, 100x, cat # 35050061).

10 ng/ml Recombinant Human Fibroblast Growth Factor Basic
(bFGEF, Invitrogen, PHG0264).

10 ng/ml Recombinant Human Epidermal Growth Factor (EGF,
Invitrogen, PHGO0311).
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2.3 Dissection
Instruments,
Plasticware,
and Glassware
(All Sterile)

10 ng/ml Recombinant Human Insulin Like Growth Factor
(IGE-1, Invitrogen, PHGO0078), Penicillin/streptomycin
(Sigma, 100x, cat # P4333).

Gentamicin solution, 50 pg/ml final (Sigma, cat # G1272).

Amphotericin B, 2.5 mg/] final (Sigma, cat # A2942) (see
Note 1).

Oligodendrocyte medium (OM): 1 part of NSCM and 1 part of
glial medium with growth factors (GM+).

Glia medium with growth factors (GM+):

DMEM/F12 (1:1) high glucose (Gibco, cat # 11330).
N2 supplement (Invitrogen, # 17502048).

GlutaMAX (Invitrogen, 100x, cat # 350500061).

20 ng/ml bFGF (Invitrogen, PHG0264).

20 ng/ml EGF (Invitrogen, PHG0311).

20 ng/ml Recombinant human Platelet Derived Growth Factor-AA
(PDGEF-AA, Invitrogen, cat # PHGO0035).

Penicillin/streptomycin (Sigma, 100x, cat # P4333).
Gentamicin solution, 50 pg/ml final (Sigma, cat # G1272).
Amphotericin B, 2.5 mg/1 final (Sigma, cat # A2942).

Neuronal medium

Neurobasal medium (Invitrogen, # 10888-022).
B27 supplement with vitamin A (Invitrogen, cat # 0080085SA).
GlutaMAX (Invitrogen, 100x, cat # 35050061).

5 ng/ml Human Recombinant Brain-Derived Neurotrophic factor
(BDNE, Invitrogen, cat # 10908010).

Penicillin /streptomycin (Sigma, 100x, cat # P4333).
Gentamicin solution, 50 pg/ml final (Sigma, cat # G1272).
Amphotericin B, 2.5 mg/1 final (Sigma, cat # A2942).

Dissecting forceps, straight (Fisher, cat. no. S17327).

Dissecting forceps, blunt (Fisher, cat. no $§17326).

Fisherbrand* Mayo dissecting scissors straight (Fisher, cat 13-804-06).
Iris scissors straight (Fisher, cat S17337).

Iris scissors curved (Fisher, cat S17338).

Fisherbrand* delicate dissecting scissors straight (Fisher, cat
08-951-10).

Spatula microdissecting (Fisher, cat NC9005108).
Fisherbrand* Handi-Hold* Microspatula (Fisher, cat 21-401-15).
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2.4 Preparation
of Anti-PSA-NCAM-
Coated Dishes

BD Falcon* Cell strainers, mesh size 70 pm (Fisher, cat 08-771-2).

15-mm petri dish (bacterial grade, non TC-treated; BD Falcon,
cat. no. 351029).

Conical tubes 15 and 50 ml.

Glass slides Cat #15-188-52 size 3” x 1” Fisher Bioteck probon +.
70 % ethanol.

4 % paraformaldehyde (PFA) in 1x PBS.

37 °C, 5.0 % CO, incubator, 95 % humidity.

Biosafety laminar flow/tissue culture hood.

The surface of 100 mm non-tissue culture grade petri dishes coat
with 4 ml of the immunopanning cocktail (50 mM Tris—Cl,
pH 9.5/1 % BSA (w/v)/50 pg/ml anti-PSA-NCAM antibody).
Remove cocktail after 40 min and wash petri dishes three times
with PBS, then once with 5 ml PBS /1 % BSA before use.

3 Methods

3.1 Initiation (Fig. 1)

1. Place the brain tissue in a 50-ml conical tube. Carefully remove
meninges. Wash with 20 ml cold Hibernate E medium with
pen/strep by gently inverting the tube. Repeat three
times—7—-10 min.

2. Incubate brain tissue in the presence of Tryple™ Express...
and DNase I (10 U/ml; Sigma, St. Louis, MO) 10 min at
37 °C—10 min.

3. Add 4 ml of neurobasal medium to the brain tissue and
mechanically dissociate the tissue by gently aspirating and
releasing the suspension. Avoid the formation of bubbles and
foaming—>5 min.

4. Triturate cells through a fire-polished Pasteur pipette and filter

the cell suspension through a cell strainer (mesh size 70 pm)
to remove cell clusters—5 min.

5. Add 10 ml of neurobasal medium. Centrifuge cells for 7 min
at 500 x g, room temperature—8-10 min.

6. Discard the supernatant. Resuspend the cell pellet in 10 ml of
neurobasal medium and gently dissociate the pellet. Transfer
the half of the cell suspension into new tube (tube N—for
preparation of neurons). Another half (tube NPC) will be
used for preparation of glial progenitor cells—3 min.
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Fig. 1 Schematic presentation of initiation and preparation of neural cultures: 1. Preparation of neurons.
2. Propagation of neuronal stem cells. 3. Differentiation of neural progenitor cells into oligodendrocyte lineage

3.2 Isolation and 1. Assess cell viability using Trypan Blue stain (cells with dam-
Expansion of Primary aged plasma membrane are stained blue).

Human Emb’y‘_’"ic 2. Count cells using hemacytometer and plate onto fresh PSA/
Neural Progenitor NCAM-—coated dishes (1x 10 cells/100-mm) dish in 7 ml of
Cells (hNPC) in NSCM.

Chemically Defined 3. Incubate cells overnight at 37 °C with 5.0 % CO, and 95.5 %

Media (Fig. 2) humidity.

4. Next day, transfer nonattached cells to a 15 ml conical tube,
centrifuge for 7 min at 500 x g, room temperature, save the

conditioned medium .

5. Dissociate pellet in NSCM and plate cells onto fresh PSA/

NCAM-coated dishes

6. Incubate cells overnight at 37 °C with 5.0 % CO, and 95.5 %

humidity.

7. On the next day, transfer nonattached cells to a 15 ml conical
tube, centrifuge for 7 min at 500 x g. Dissociate pelleted cells
in 5 ml of their own medium and in 5 ml of NSCM and plate
on poly-D-Lysine coated dishes/slides at a density of approxi-
mately 1.5x10¢ per 60 mm dish for experiments or further
differentiation into oligodendrocyte lineage. Feed cultures
with fresh NSCM and one-third conditioned NSCM every
other day supplemented with 10 ng/ml human bEGF, 10 ng/
ml recombinant human EGF, and 10 ng/ml recombinant

human IGF-1 (see Note 2).
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Nestin DAPI

Fig. 2 Isolation and expansion of primary human embryonic neural progenitor cells (hNPC) in chemically

defined media

3.3 Differentiation
of hNSC into the
Oligodendrocyte
Lineage (Fig. 3)

8. Cells also can be propagated in flasks as three dimensional cul-
tures of “neurospheres.” Neurospheres, which grow at a
slower pace than attached cells, can serve as a renewable source
of neural stem cells. Neurosphere cultures grown in flasks
should be dissociated routinely to keep the spheres uniformly
small (approximately 2 mm in diameter).

The hOPC arise from the neural precursors with a characteristic
bipolar shape and undergo sequential morphological rearrange-
ments during the course of differentiation as they acquire features
specific to OL [6]. Each developmental stage of OL is character-
ized by the presence of specific markers. Neural stem cells express
NKX2.2. PSA-NCAM, Nestin, Pax6. OPCs, while continuing to
express Nkx2.2, become positive for Oligl, Olig2, NG2, A2B5,
CD3, Sox9, and PDGFRa. Immature Ol express O4, Ol,
2’,3’-cyclic nucleotide 3’ phosphohydrolase (CNP), followed by
galactocerebroside (GalC). Mature Ol in culture are characterized
by highly developed network of cytoplasmic extensions and expres-
sion of myelin-specific proteins proteolipidprotein (PLP), myelin
basic protein (MBP), myelin-associated glycoprotein (MAG), and
myelin oligodendrocyte glycoprotein (MOG). Like NPC, oligo-
dendrocyte progenitors (hOPC) can be propagated in two- and
three-dimensional cultures (oligospheres) [7]. Like NPC, attached
OPC grow faster. The transition of hNPC to commit to the OL
lineage is achieved by gradual switch of the culture medium to Glia
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a hOPC
A2BS Tuj1 DAPI GFAP Nestin DAPI GFAP Tuj1 DAPI

b hOL (4 days differentiation)
GalC Tuj1 DAPI GFAP DAPI

Fig. 3 Differentiation of hNSC into the oligodendrocyte lineage. (a) hOPC were immunolabeled for A2B5, Tuj1, GFAP,
and Nestin and labeled with DAPI. (b) hOL were immunolabeled for GalC, Tuj1, and GFAP and labeled with DAPI

defined medium with growth factors (GM+) To enhance matura-
tion of OL, cells will be cultured in GM without bFGF, EGF, and
PDGEF-AA supplementation [8]

1. Feed NPC plated onto poly-p-lysine coated dishes with a
medium containing one part of self-conditioned NSCM and
one part of an oligodendrocyte specification medium (OM).
OM containing one part of NSCM and one part of glia defined
medium with growth factors (GM+) (DMEM /F12 high glu-
cose, N2 supplement, GlutaMAX, 20 ng/ml bFGF, 20 ng/ml
EGF, 20 ng/ml PDGEF-AA, and penicillin/streptomycin).

2. The transition of hNPC to commit to the OL lineage is
achieved by gradual switch of the culture medium to GM+.

3. To enhance maturation of OL culture cells in GM without
bFGF, EGF and PDGEF-AA supplementation during 9 days.
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4. Characterizing NPC and OPC.

(a) Immunostaining.

Fix the cells with freshly prepared 4 % PFA at room
temperature for 7 min (sec Note 3).

Gently rinse the cells without dislodging them with
1x PBS.

Perform immunostaining according protocols [6, 9].

(b) Analysis of expression of molecular markers by quantita-
tive polymerase chain reaction (Q-PCR).

RNA preparation, Isolate total RNA using the RNeasy
kit (Qiagen, Valencia, CA) with on column DNA
digestion.

Reverse transcription (RT).

Perform the RT reaction using 1 pg of total RNA,
oligo (dT) 12-18 primer (P/N 58862, Invitrogen)
and M-MuLV RT enzyme as we have described previ-
ously [10].

Quantitative real-time polymerase chain reaction
(QPCR). Dilute cDNA samples five times and perform
PCR using Roche Applied Sciences Sybr Green mix (cat
#04707516001) on LightCycler480 machine (Roche).
PCR reaction conditions: activation 95 °C 5 min, PCR
45 cycles: 95 °C 10 s, 60 °C 20 s, 72 °C 30 s, melting
curve (95-65 °C), cool down 40 °C 30 s. The following
primers were used:

PDGEFRA,S:5"-TCAGCTACAGATGGCTTGATCC-3'.
AS: 5'-GCCAAAGTCACAGATCTTCACAAT-3'.
Oligl S: 5-CTAAAATAGGTAACCAGGCGTCTCA-3.
AS: 5’-CCCGGTACTCCTGCGTGTT-3".

Olig2 S: 5'-TGCGCAAGCTTTCCAA.

GAT-3"; AS: 5'-CAGCGAGTTGGTGAGCATGA-3".
Nkx2.2 S: 5-TCTACGACAGCAGCGACAAC-3'.
AS: 5'-CTTGGAGCTTGAGTCCTGAG-3'.

PLP1, S: 5-AGTCAGGCAGATCTTTGGCG-3'.
AS: 5'-GACACACCCGCTCCAAAGAA-3'.
MBP,S:5"-ACTATCTCTTCCTCCCAGCTTAAAAA-3'.
AS: 5'-TCCGACTATAAATCGGCTCACA-3'.
Nanog, S: 5-ATGCCTCACACGGAGACTGT-3".
AS: 5-AAGTGGGTTGTTTGCCTTTG-3'.
OCT4B, S: 5'-GTTAGGTGGGCAGCTTGGAA-3'.
AS: 5’-TGTGGCCCCAAGGAATAGTC-3".
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a

Fig. 4 Human primary neurons (prepared from fetal brain tissue, embryonic age 16 weeks). (a) Phase image
of live cultures. (b) Neurons stained with antibody specific to class lll 3-Tubulin (green fluorescence). Nuclei are

stained with DAPI (blue)

3.4 Isolation

and Maintenance
of Primary Human
Embryonic Cortical
Neurons (Fig. 4)

For relative quantification, the expression level of genes was
normalized to the housekeeping gene pB-Actin.

B-Actin, S: 5'-CTACAATGAGCTGCGTGTGGC-3".
AS: 5'-CAGGTCCAGACGCAGGATGGC-3'.

. Assess cell viability in the tube N using Trypan Blue stain (cells

with damaged plasma membrane are stained blue).

. Count cells using hemacytometer and plate onto fresh poly-

D-lysine—coated dishes in neuronal medium (1.8 x 10° cells per
60-mm dish in 4 ml of neuronal medium).

. After 16 h add Cytosine arabinoside (Ara-C, Sigma; final con-

centration 1 pM) was added after 16 h for 2 days to reduce
glial proliferation.

. Characterizing neurons:

e Fix the cells with freshly prepared 4 % PFA at room tem-
perature for 7 min.

e Gently rinse the cells without dislodging them with 1x PBS

e Perform immunostaining according previously protocols

[6,9].

4 Notes

. We do not use antifungal reagents during preparation of cul-

tures from rodents.

. The final concentration of poly-D-lysine solution for coating plas-

tic dishes is 100 ng/ml, and 500 ng,/ml for coating glass slides.
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3. We add gradually increasing amounts of fixative to the cells
without removing culture medium. When the volume of fixa-
tive becomes equal to the volume of culture medium, medium
with fixative will be replaced by fixative only and incubated for
5 min at room temperature.
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Chapter 6

Mouse Enteric Neuronal Gell Culture

Yonggang Zhang and Wenhui Hu

Abstract

In the enteric nervous system, there exist a lot of local intrinsic neurons which control the gastrointestinal
functions. Culture of enteric neurons provides a good model system for physiological, electrophysiologi-
cal, and pharmacological studies. Here, we describe two methods to obtain sufficient enteric neurons from
mouse myenteric plexuses by directly culturing primary neurons or inducing neuronal differentiation of
enteric neural stem/progenitor cells.

Key words Enteric neurons, Neural stem/progenitor cells, Neuronal differentiation, Cell culture, Mouse

1 Introduction

The enteric nervous system, also called “the second brain,” is embed-
ded within the wall of gut, which control the complex functions of
gastrointestinal tract such as peristalsis, blood flow, and secretion
[1-3]. The enteric nervous system consists of at least two major
ganglionated plexuses, the myenteric plexus between the circular
and longitudinal muscle layers and the submucosal plexus between
the circular muscle and mucosal layers [2, 3]. The cell bodies of
enteric neurons are surrounded and protected by enteric glial cells
[4]. Enteric neurons from different plexuses have different functions
and many subtypes of enteric neurons exist in the plexuses [5-7].
There are some difficulties in isolating and culturing enteric
neurons in contrast to brain neurons: food debris, bacteria, and
fungi in the lumen of the gut; mixed cell types in the tissue or
plexus preparation; long network between various plexuses; and
anatomically diffuse distribution of plexuses embedded into
smooth muscle layers and mucosa layers. Most early studies used
guinea pig for enteric neuronal culture due to relatively easy isola-
tion of the loose and large plexuses [8—10]. Also, culture of enteric
neurons in rat and human has been established [9, 11-13].
Recently, successful culture of mouse enteric neurons has been
reported [14, 15]. The mouse model attracts wide attention

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
DOI 10.1007/978-1-62703-640-5_6, © Springer Science+Business Media New York 2013
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because of the versatility in inbred and genetically engineered
strains and the economic cost. In this chapter, we describe a unique
isolation of mouse myenteric plexuses, the primary culture of
mouse enteric neurons as well as the culture and neuronal differen-
tiation of enteric neural stem/progenitor cells.

2 Materials

2.1 Isolation of
Smooth Muscle/
Myenteric Plexus (SM/
MP) Strips

2.2 Reagents

Fine scissors and fine forceps.
Stereomicroscope.
. Agar plate (2 % agar PBS in 10 cm sterile petri dish, see Note 1).

Ice box.

S SR

Sterile petri dish.

p—

Ice cold HBSS with 10 mM HEPES (calcium and magnesium
free).

2. Enteric neuronal culture medium (equal to enteric neural
stem/progenitor cell differentiation medium):

To make 50 ml of complete medium:

DMEM/F12 medium 44 ml
Heat inactivated Fetal Bovine Serum (HS-FBS) 1 ml

Chick Embryo Extract 2.5 ml
Penn/Strep (100x) 0.5 ml
Gentamicin (500x) 100 pl
Amphotericin (100x) 0.5 ml
N2 (100x) 0.5 ml
B27 (50x%) 1 ml

3. Enteric neural stem/progenitor cell proliferation medium:
To make 50 ml of medium:

DMEM /F12 medium 39.5 ml
Chick Embryo Extract (CEE) 7.5 ml
Penn/Strep (100x) 0.5 ml
Gentamicin (500x) 100 pl
Amphotericin (100x) 0.5 ml
N2 (100x) 0.5 ml
B27 (50x%) 1 ml
Glutamine (100x) 0.5 ml

(continued)



4.

5.

Mouse Enteric Neuronal Cell Culture 57

FGF-b (10 pg/ml) 50 pl
EGF (10 pg/ml) 100 pl
Heparin (0.2 %) 5 pl

Digestion medium:

(a) Collagenase digestion medium: 1 mg/ml collagenase IV
(from Worthington), 0.5 mM CaCl,, 10 mM HEPES in
HBSS.

(b) Trypsin digestion medium: 0.05 % Trypsin with 0.53 mM
EDTA in HBSS.

(c) Digestion neutralizing medium: 400 U DNase, 1 mg,/ml
BSA in DMEM /F12 medium.

Growth factor-reduced Matrigel.

3 Methods

3.1 Isolation

of Smooth Muscle/
Myenteric Plexus
(SM/MP) Strips from
Mouse Gut

(The whole procedure is done on ice, see Note 2)

1.

Immediately prior to the experiment, euthanize the adult
mouse using CO,.

. Dissect out the whole small intestine (usually from duodenum

to ileum or the regions of interest), and put into 10 cm petri
dish filled with ice-cold HBSS (Ca* and Mg?** free) solution.

. Carefully remove mesenteries, fat tissue, and gut-associated

organs free from the gut wall.

Flush the stool from ileum to duodenum three times using
10 ml syringe connected with a polyethylene tube.

. Wash the gut with HBSS three times and transfer into a new

sterile petri dish containing HBSS solution.

Cut the gut into 8 cm long pieces and use the scissors to open
the lumen.

. Transfer one piece into agar plate (see Note 1). Use forceps to

unfold the gut with the lumen upward for SM/MP dissection.
At one end of the gut, use one forceps to hold the gut and the
other one to scratch off the mucosa layer followed by submucosa
layer carefully under the stereomicroscope to make a window.
When the submucosa layers are separated from SM/MP layers,
use one forceps to hold the SM /MP layers and the other forceps
to peel off the submucosa and mucosa layer (see Note 3).

. Transfer the dissected SM/MP strips into new sterile petri

dish containing HBSS.

Use the fine scissors to cut the layers/MP strips into about
1 cm long pieces and transfer all of them into 15 ml tube.
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3.2 Enzymatic
Dissociation of SM/MP
Tissues

3.3 Culture
of Primary Enteric
Neurons

1. Centrifuge the collected tissues (200x 4, 5 min at 4 °C) and

aspirate the solution, add 3 ml prewarmed (37 °C) collagenase
digestion medium to resuspend the tissue and incubate in
37 °C water bath shaker (40 rpm) for 15 min (se¢ Note 4).
For every 5 min, take the 15 ml tube out and invert several
times to resuspend the tissues.

. Release the smooth muscle cells from the myenteric plexuses

(see Note 5):

Spin down the dissociated tissue (200xg, 5 min at 4 °C)
and aspirate the solution. Add 2 ml HBSS and use a cut-off
P1000 pipette tip to transfer the pellet into a 10 cm petri dish
containing 10 ml HBSS. Shake softly (15 rpm) for 10 min at
room temperature. Use the sterile forceps to transfer the tis-
sues into a new 10 ml petri dish containing 10 ml HBSS and
shake 10 min at room temperature.

. Transfer all the tissues into 15 ml tube with 1 ml of Trypsin

digestion medium, and incubate in 37 °C water bath shaker
(40 rpm) for 10 min.

. Add 2 ml digestion neutralizing medium into the tube and

spin down at 200 x g, 5 min, 4 °C. Aspirate the solution, add
1 ml digestion neutralizing medium and triturate vigorously
using a P1000 pipette until no visible tissue clumps remain.

. Add the HBSS solution to 10 ml, spin down the cells (200 x g,

5 min at 4 °C), and resuspend the cells using 1 ml digestion
neutralizing medium.

. Count the cell number using standard Trypan blue staining

and hemocytometry.

. Matrigel coating of the culture plates (sec Note 6):

Thaw the Matrigel on ice (If at room temperature, it will
form the gel quickly).

— Dilute the Matrigel (1:200) in ice cold DMEM/F12
medium, vortex 10 s. Precool the pipette tip before trans-
ferring the Matrigel

— Add the diluted Matrigel into the precooled culture plates
and put into the incubator (37 °C) for 1-2 h. The coating
volume used depends upon the experimental purpose: for
10 ¢m dish, 6 ml; 60 mm dish, 3 ml; 35 mm dish or 1 well
of 6-well plate, 1.5 ml; 24-well plate, 0.5 ml/well; 96-well-
plate or 8-well chamber slide, 100 pl/well. For immunocy-
tochemistry and /or confocal imaging, sterile coverslips can
be added into 6-well or 24-well plate.

— Wash the coated wells once with HBSS, and add half vol-
ume of the culture medium immediately (the other half will
be added together with the cells). Do not let the dish or
plate dry after coating.
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Fig. 1 Representative phase-contrast (a) and immunofluorescent (b) micrographs of primary enteric neurons
cultured from small intestinal myenteric plexuses of 8-week-old mouse. After 5 days in culture, cells were
fixed with 4 % paraformaldehyde/PBS for 10 min and standard immunocytochemistry was performed using
rabbit anti-Tuj-1 polyclonal antibody (1:5,000, Sigma) and Alexa Fluor® 488 (green) conjugated donkey anti-
rabbit secondary antibody (1:400; Invitrogen). Hoechst 33258 was used for counterstaining of nuclei (Blue)

3.4 CGulture and
Differentiation of
Enteric Neural Stem/
Progenitor Cells

(See Note 7)

. Seed the dissociated cells into Matrigel-coated dish or plate at

the density of 1 x 10° /cm? with enteric neuronal culture medium,
and culture at 37 °C with 5 % CO,, change medium every day.

. The morphological changes of the cultured cells are observed

daily under phase-contrast microscope. After 1-2 days in cul-
ture, enteric neurons attach to the coated surface and develop
long processes. After 5-7 days in culture, some neurons
attempt to form ganglion-like plexuses over a layer of the flat-
ter, wider glial cells (Fig. 1a). Immunocytochemical staining
using neuronal marker Tuj-1 (p tubulin IIT) validates the suc-
cess of enteric neuronal culture (Fig. 1b).

. Primary neurosphere culture of enteric stem/progenitor cells.

Seed the dissociated cells with the enteric neural stem/pro-
genitor cell proliferation medium at the density of 1 x 10° /cm?
in 60 mm sterile petri dish without any coating (5 ml culture
medium per dish), and culture at 37 °C with 5 % CO,. After
6-7 days in culture, the enteric neurosphere will be ready for
passage (Fig. 2a). Around 1,500-2,000 enteric neurospheres
per adult mouse can be obtained.

. Dissociation of enteric neurospheres into single cells.

—  Warm enteric neural stem/progenitor cell proliferation
medium to 37 °C. Collect primary neurospheres to 15 ml
tube, and spin down the neurospheres by centrifuge at
400 rpm (90 xg) for 1 min.

— Aspirate the supernatant and add the Accutase solution to
resuspend the neurospheres. Incubate at 37 °C for
15 min. Here is one example for neurospheres cultured in
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Fig. 2 Culture and differentiation of enteric neural stem/progenitor cells from 8-week-old mouse. (a) Neurosphere
culture for 7 days. (b) Monolayer culture. (¢, d) Differentiation for 4 days. Representative phase-contrast (a—c) and
immunofluorescent (d) micrographs are shown. Standard immunocytochemistry was performed using rabbit
anti-Tuji1 polyclonal antibody (1:5,000, Sigma) and Alexa Fluor® 488 (green) conjugated donkey anti-rabbit
secondary antibody (1:400; Invitrogen). Hoechst 33258 was used for counterstaining of nuclei (Blue)

a60-mm dish using 0.8 ml Accutase solution. Alternatively,
the collagenase IV at final concentration of 1 mg,/ml also
works fine.

— Add 2x volumes of DMEM /F12 medium to 15 ml tube
to dilute the enzyme. Centrifuge at 210 x g for 4 min.

— Aspirate off all of the supernatant and resuspend cells in
0.2 ml neural stem/progenitor cell proliferation medium
by gently pipetting the cell pellet using the 200 pl tip, and
then add the medium to 1 ml. Count the cell number
using standard Trypan blue staining and hemocytometry.

3. Expansion of enteric neural stem/progenitor cells (sec Note 8).
Seed the dissociated single cells on the Matrigel-coated
plate at the density of 2 x10* cells/cm? and culture with the
enteric neural stem/progenitor cell proliferation medium at
37 °C with 5 % CO,. Change medium every day. At 90-95 %
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confluence (Fig. 2b), the cells can be dissociated into single
cells and subculture again (1:3).

. Neuronal differentiation of enteric neural stem /progenitor cells.

Seed the dissociated single cells on the Matrigel-coated
plate or coverslips at the density of 2 x 10* cells/cm? and cul-
ture with enteric neuronal culture medium at 37 °C with 5 %
CO,. Change medium every day. After 3—4 days in culture, the
enteric neurons enriched with neurites will be observed under
phase-contrast microscope (Fig. 2¢). Immunocytochemical
staining using neuronal marker Tuj-1 (p-tubulin III) validate
the successful culture of enteric neurons differentiated from
enteric neural stem/progenitor cells (Fig. 2d).

4 Notes

. Smooth muscle/myenteric plexus layer is a thin out layer of

gut. It is very soft and easily damaged during the dissection.
Agar plate is soft and will avoid damage to tissue during the
dissection

. There are a lot of enzymes in the gut, and the enteric neurons

will be easily damaged. So every step of the dissection must be
performed on ice. When dissected under the stereomicro-
scope, solution should be changed every 5 min to keep lower
temperature.

. The myenteric plexus lies between the circular and longitudinal

muscle, so we first peel off the mucosa and sub-mucosa layers
to reduce the contamination from the contents in the lumen.

. The time of digestion with collagenase is very critical, and

different for individual animals. We checked the digestion
every 5 min. When the color of tissue begins to change into
white, stop immediately.

. Smooth muscle/myenteric plexus layer contains a lot of

smooth muscle cells. We first used the collagenase to separate
the myenteric plexus from two smooth muscle layers and then
treated the myenteric plexus with trypsin. After digestion of
the smooth muscle/myenteric plexus, the cell suspension is
composed of several cell types including neurons, glia cells,
smooth muscle cells, fibroblast, and neural stem/progenitor
cells. During the culture, smooth muscle cells will die off and
the neuron and glial cells will survive due to the culture
conditions.

. We tested different coating matrixes. A few neurons will attach

on the poly-D-lysine coated plate. Better adherence can be
reached with the poly-p-lysine /fibronectin or poly-p-lysine/
laminin coating. However, double coating costs a lot and
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needs 1-2 days for the coating process. BD Matrigel™ matrix
is a reconstituted basement membrane preparation from the
Engelbreth-Holm-Swarm (EHS) mouse sarcoma. This mate-
rial is comprised of approximately 60 % laminin, 30 % collagen
IV, and 8 % entactin. We found that Matrigel-coated dishes or
coverslips efficiently support the attachment and growth of
primary neurons, differentiating neurons and neural stem/
progenitor cells. The coating procedure takes less than 1 h.

. The enteric neuron is a type of terminally differentiated cell.

Direct culture of primary enteric neurons is often difficult to
obtain large number of enteric neurons. In vitro culture of
enteric neural stem/progenitor cells from embryonic, neona-
tal, and adult gut tissues has been established [16-20].
Differentiation of cultured enteric neural stem/progenitor
cells provides an easy approach to obtain a larger number of
enteric neurons which are usually more pure.

. The enteric neural stem/progenitor cells can be expanded

through either monolayer or neurosphere culture. We prefer
the monolayer culture because of its higher efficiency of expan-
sion, easy dissociation into single cells, and even exposure to

nutrients.
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Chapter 7

Preparation of Neural Stem Cells and Progenitors:
Neuronal Production and Grafting Applications

Joseph F. Bonner, Christopher J. Haas, and Itzhak Fischer

Abstract

Neural stem cells (NSC) are not only a valuable tool for the study of neural development and function, but
an integral component in the development of transplantation strategies for neural disease. NSC can be
used to study how neurons acquire distinct phenotypes and how the reciprocal interactions between neu-
rons and glia in the developing nervous system shape the structure and function of the central nervous
system (CNS). In addition, neurons prepared from NSC can be used to elucidate the molecular basis of
neurological disorders as well as potential treatments. Although NSC can be derived from different species
and many sources, including embryonic stem cells, induced pluripotent stem cells, adult CNS, and direct
reprogramming of non-neural cells, isolating primary NSC directly from rat fetal tissue is the most com-
mon technique for preparation and study of neurons with a wealth of data available for comparison.
Regardless of the source material, similar techniques are used to maintain NSC in culture and to differenti-
ate NSC toward mature neural lineages. This chapter will describe specific methods for isolating multipo-
tent NSC and neural precursor cells (NPC) from embryonic rat CNS tissue (mostly spinal cord). In
particular, NPC can be separated into neuronal and glial restricted precursors (NRP and GRP, respectively)
and used to reliably produce neurons or glial cells both in vitro and following transplantation into the adult
CNS. This chapter will describe in detail the methods required for the isolation, propagation, storage, and
differentiation of NSC and NPC isolated from rat spinal cords for subsequent in vitro or in vivo studies.

Key words Neural stem cells, Neural precursor cells, Pluripotency, Multipotency

1 Introduction

1.1 Preface Neural stem cells (NSC) grown in culture are a valuable tool for
the study of neural development, neural function, and the develop-
ment of therapeutic strategies for neural disease. In the fields of
neural development and function, NSC can be used to study how
neurons acquire diverse, region specific, phenotypes and how
interaction between neurons and glia in the developing nervous
system shape the structure and function of the CNS. Although
NSC are often considered as a therapeutic tool, they can be used as
a source of neurons for mechanistic studies that require a popula-
tion of naive neurons that have not yet been influenced by the

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
DOI 10.1007/978-1-62703-640-5_7, © Springer Science+Business Media New York 2013
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1.2 Terminology

CNS environment [1, 2]. NSC can also be used in the study of
neurological disorders to elucidate the molecular basis of the dis-
ease and how it could potentially be treated. This application has
become particularly exciting with the recent progress of obtaining
NSC derived from patient cells through the induced pluripotent
technology [ 3, 4].

Although NSC can be derived from different species and many
sources, including embryonic stem cells (ESC), induced pluripo-
tent stem cells (iPSC), adult CNS, and direct reprogramming of
non-neural cells [5], isolating primary NSC directly from fetal tis-
sue is an important technique with certain advantages. Whether
NSC are derived from fetal tissue or pluripotent sources, such as
ESC and iPSC, similar techniques are used to maintain NSC in
culture and to differentiate NSC toward mature neural lineages.
ESC and iPSC cultures produce neurons only after progressing
through a sequence of intermediate cell types with concomitant
gradual fate restriction, which include the generation of NSC [6].
In this way, pluripotent stem cell research can follow protocols
developed for primary NSC culture. This is particularly evident in
the derivation of neurons from NSC, where the diversity and com-
plexity of neuronal phenotypes can be difficult to replicate in vitro.
This chapter will describe specific protocols for isolating multipo-
tent neuroepithelial cells (NEP) and neural precursor cells (NPC)
from embryonic rat CNS tissue (mostly spinal cord). Several labo-
ratories have previously shown that these cell types can be used to
reliably produce neurons in vitro [ 7-9], with NPC also reliably pro-
ducing neurons after transplantation into the adult CNS [9, 10].

Stem cell research exists at the junction of development, embryol-
ogy, and cell biology. While this diversity leads to exciting discover-
ies across multiple areas of research, confusion often arises regarding
terminology. Several terms will be briefly defined and discussed for
this Chapter. Stem cells are defined by their phenotypic potency
and capacity for self-renewal. Potency is the range of cells that a
particular stem cell can produce and is best tested by clonal analy-
sis. Pluripotent cells can form all the cells of the mature organism,
including cells from all 3 germ layers, and theoretically have unlim-
ited capacity for self-renewal. The term embryonic stem cell (ESC)
specifically refers to pluripotent stem cells derived from the inner
cell mass of a developing embryo. Multipotent cells can produce
multiple types of cells but are generally limited to one germ layer.
Both their potency and capacity for self-renewal are more limited
than pluripotent cells. The term neural stem cells or NSC generally
refers to multipotent cells capable of generating neurons, astrocytes,
and oligodendrocytes. The terms precursor and progenitor refer to
a class of stem cells that have committed a more restricted lineage
profile than NSC, and therefore have a limited potency and limited
capacity for self-renewal. Specific examples of NPC present in the
developing CNS include neuronal and glial restricted precursors
(NRP and GRP, respectively). The term fetal stem cell is sometimes
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used to describe a stem cells derived from developmental tissue
beyond the blastocyst stage (i.e., cells more mature than ESC).
This is often a misnomer, especially when applied to rodent sys-
tems that have a relatively short fetal stage (embryonic days 17-21
in rats); however some human neural stem /progenitor cells derived
from aborted tissue can be accurately described as fetal stem cells.
Embryonic dayis a term that is used to describe the age of develop-
ing organisms. For the purposes of harvesting stem cells, the
embryonic day is defined as the number of days since mating/fer-
tilization. However, disagreement exists over how fertilization
should be assigned a numerical value. Fertilization is alternatively
defined as the beginning of embryonic day 0 (EQ) or the beginning
of the embryonic day 1 (E1). Likewise, fertilization + 12 h is alter-
natively defined as E0.5 or E1.5. For the purposes of this chapter
we will continue to use the nomenclature that we have used in our
previous studies, with fertilization being defined as the beginning
of EO; however, readers should note that many animal vendors
designate fertilization as E1 when selling timed pregnant rats.

The developing rat spinal cord has been well described in the lit-
erature, both in terms of isolation of NSC and NPC populations
for in vitro studies, as well as the use of NSC, NPC, and fetal spinal
cord tissue for transplantation studies in vivo [11-13]. At E10.5
the caudal neural tube contains neuroepithelial cells (NEP), a mul-
tipotent NSC population capable of generating neurons, astro-
cytes, and oligodendrocytes. Clonal analysis has confirmed that
NEP are a common progenitor for the cellular phenotypes found
in the adult spinal cord [14], including motor neurons, interneu-
rons, and sensory neurons [7]. NEP can be identified by immuno-
cytochemistry for Nestin (Fig. 1a) and Sox2. Although NEP have
a robust capacity to generate multiple neuronal and glial pheno-
types in vitro, they show poor survival following transplantation
into the adult CNS, likely due to a lack of trophic support in the
mature CNS microenvironment [10]. Other sources of multipo-
tent NSC show improved survival, but will only produce glial
progeny in the spinal cord, despite being able to produce neurons
in neurogenic regions on the CNS [15, 16]. Thus, NEP are a use-
ful source of multiple neuronal phenotypes for in vitro studies, but
must be predifferentiated to a more mature, intermediate stage
(e.g., NRP) prior to use in transplantation studies.

Later in development, at E13.5, the spinal cord contains both
neuronal and glial restricted precursors (NRP and GRP, respec-
tively). NRP will only differentiate into neurons [17] and GRP will
only differentiate into astrocytes and oligodendrocytes [18]. Thus
NRP/GRP cultures are a source for both neurons and glia (Fig. 2).
NRP can be derived from ESC, NEP, or directly from the develop-
ing spinal cord and retain the ability to generate multiple neu-
rotransmitter phenotypes both in vitro and in vivo [19, 20]. Like
NEP, NRP/GRP express the intermediate filament Nestin
(Fig. 1b), but NRP can be specifically identified by ENCAM
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A

Fig. 1 Neuroepithelial cells (NEP) grow on fibronectin substrates in the presence of bFGF and CEE express the
intermediate filament, nestin (a, rea), a neural stem cell marker, throughout the cell body. NRP/GRP grown on
poly-L-lysine and laminin substrates in the presence of bFGF and NT-3 also express nestin (red, b). However,

NRP also express ENCAM (c) and GRP also express A2B5 (d). ENCAM and A2B5 can be used to specifically
identify NRP and GRP, respectively, from primary E13.5 spinal cord cultures. Scale bars=50 um

Fig. 2 NRP/GRP grown on PLL/Laminin substrate produce high density plil tubulin + neurons (a) and GFAP+
astrocytes (b) when grown in NRP basal medium supplemented with 0.5 % High concentration Matrigel
(BD Bioscience, San Jose, CA)

expression (Fig. 1c¢), whereas GRP can be specifically identified by
A2B5 expression (Figs. 1d and 3a). Unlike NEP, NRP survive
transplantation in the adult CNS. When transplanted into the
intact CNS, NRP will survive and generate neurons [9] (Fig. 4)
with appropriate neurotransmitter identities (Fig. 5), per the local
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Undifferentiated BMP-4 CNF

A2B5/ GFAP

Nestin/ GFAP

Fig. 3 Enriched GRP grown on PLL substrate express high levels of A2B5 (a) and Nestin (d). When differentiated
with BMP-4 (b, e) or CNTF (c, f) GRP produce astrocyte subpopulations characterized by low levels of A2B5 and
Nestin, but high levels of GFAP (BMP-4), or intermediate levels of A2B5 and Nestin, and high levels of GFAP
(CNTF). Scale bar=25 uM

Fig. 4 NRP/GRP derived from AP+ rat embryos survive in the injured cervical spinal cord and produce neurons
after differentiation. Immunohistochemistry demonstrates that NRP/GRP express the AP transgene (a, ¢) and
produce NeuN+ neurons (b, ¢) 4 weeks after grafting. Scale bar=50 pm

microenvironment [19]. However, when purified NRP are trans-
planted into the injured CNS, their survival and differentiation is
poor because the injured spinal cord lacks the appropriate micro-
environment to support NRP [8]. We have previously demon-
strated that combined grafts of NRP/GRP in the injured spinal
cord produce astrocytes, oligodendrocytes, and neurons, indicat-
ing that GRP are capable of producing a microenvironment that
supports NRP survival and differentiation [21]. NRP will produce
both glutamatergic and GABAergic neurons in the injured spinal
cord when grafted with GRP. Neurons derived from NRP have
been shown to form synapses in vitro [17] and in vivo [22], dem-
onstrating that NRP produce neurons with characteristics of
mature, functional neurons.
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Glutamate

GAD65/67

Fig. 5 NRP/GRP derived from AP+ rat embryos were grafted into the injured cervical spinal cord of adult rats.
NRP/GRP survive, fill the lesion, and continue to express the AP transgene 6 weeks after grafting in the injured
spinal cord (a, d). The NRP differentiate and express markers for both glutamatergic (glutamate, b) and
GABAergic (GAD65/67, e) neurons. Scale bars = 50 pm

2 Materials

2.1 Preparation of
Neuroepithelial Gells
(NEP) from E10.5 Rat
Spinal Cord

2.1.1  Fibronectin-
Coated Dishes

2.1.2  Chick Embryo
Extract (CEE)

A

® NS e

Bovine Serum fibronectin.

Tissue Culture Water.

Hanks Balance Salt Solution without calcium and magnesium.
Tissue culture flask or glass coverslips.

T-25 tissue culture flask, 35 mm x 10 mm tissue culture dish, or
glass coverslips can be used for the culture of NEP (see Note 1).

Fertilized chicken eggs.

Eagle’s Minimal Essential Medium.
20 ml syringes.

60 ml syringes.

50 ml conical tubes.

Hyaluronidase 1 mg/ml solution.
0.45 pm sterile syringe filter.

0.22 pm sterile syringe filter.
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2.1.3  NEP Medium DMEM /F12.

Bovine Serum Albumin (BSA).

B-27 (50x stock solution).

Pen/Strep (100x stock solution).
L-Glutamine (100x stock solution).
Fungizone (1,000x stock solution).
N2 supplement (100x stock solution).
NEP Complete Medium.

NEP Basal Medium.

Chick Embryo Extract (CEE).

bFGF.

VXN e

—
—_— O

Anesthetic.
E10.5 timed-pregnant rat.

2.1.4  NEP Dissection
(All Materials Must

Be Sterile) Sci
CISSOTS.

100 mm x 20 mm cell culture dishes.
DMEM /F12.

Tungsten needles.

Collagenase 1 /dispase II solution.

NEP complete medium.

VXN e

Pasteur pipette.

—
e

#5 forceps.
. 0.05 % Trypsin/EDTA.
. Soybean trypsin inhibitor.

—
W N -

Fibronectin-coated T-25 flask or equivalent.

3 T-25 flasks, 1T-75 flask, or equivalent.
HBSS without calcium or magnesium.
0.05 % Trypsin/EDTA.

Soybean trypsin inhibitor.

2.1.5 Passaging
NEP Cells

LR s

NEP Basal.
DMSO.
CEE.

Cryovials.

2.1.6 Freezing NEP

L s

2.1.7  Thawing NEP

—

NEP basal medium.
2. NEP complete medium.

3. Fibronectin-coated culture dishes, T-25 flask, T-75 flask, or
equivalent.
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2.2 Preparation of 1. Poly-L-Lysine (PLL).

Neuronal Restricted 2. Tissue Culture Water.

Progenitors and Glial . .

Restricted Progenitor 3. 0.22 pum sterile syringe filter.

from E13.5 Rat 4. Natural Mouse Laminin.

Spinal Cord 5. Sterile Phosphate Buffered Saline (PBS).

2.2.1 Preparation

of Poly-L-Lysine and
Laminin Coated Dishes
for NRP/GRP Culture

2.2.2 NRP/GRP Medium DMEM /F12.

BSA.

B-27 (50x stock solution).
Pen/Strep (100x stock solution).
N2 supplement (100x).
NRP/GRP complete medium.
NRP basal medium.

bFGF.

NT-3.

W XN e

2.2.3 NRP/GRP All materials must be sterile.

Dissection .
Anesthetic agent.

70% ethanol.

100 mm x 20 mm cell culture dish.
DMEM/F12.

E13.5-E14.0 timed-pregnant rat.

Microscissors.

#5 fine forceps.

Collagenase I /dispase II solution.

VXN e

50 ml conical tube.

—

2.2.4 NRP/GRP
Dissociation

0.05 % Trypsin/EDTA.
Soybean trypsin inhibitor.
. NRP/GRP basal medium.

w0

2.2.5 NRP/GRP Culture 1. NRP/GRP complete medium.

2. Poly-L-Lysine and Laminin T-75 tissue culture flask, or
equivalent.

2.2.6 Enrichment 1. Anti-A2B5 IgM antibody (DSHB).
of NRF/GRP 2. Anti-ENCAM IgM antibody (DSHB).



2.2.7 Freezing NRP/GRP

2.3 Characterizing
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Table 1
A partial list of useful antibodies and dilutions

Recommended
Antigen Host species dilution Vendor  ProductID Use
Nestin  Mouse IgGl  1:1,000 BD 556309 NEP, NRP/GRP
Pharmigen
Sox2 Mouse IgG2A 1:200 R&D MAB2018 NEP
A2B5  Mouse IgM  1:2 DSHB GRP
ENCAM Mouse IgM  1:2 DSHB NRP
BIIT Mouse IgG2a 1:500 Covance ~ MMS-435P Neurons
Tubulin
BIIT Rabbit 1:1,000 Covance  Prb-435P Neurons
Tubulin
GFAP  Mouse IgGl 1:1,000 Millipore MAB3402 Astrocytes
GFAP  Rabbit 1:2,000 Millipore AB5804  Astrocytes
RIP MouselgGl ~ 1:10,000 Millipore MAB1580 Oligodendrocytes
04 Mouse IgGM 1:50 R&D MAB1326 Oligodendrocytes

Developmental Studies Hybridoma Bank (DSHB)

3. Goat anti-Mouse IgM, unlabeled (Millipore, AP128).
4. Sterile, bacteriological polystyrene petri dishes.
Freshly dissected NRP/GRP.

ul

NRP/GRP Freezing Medium.
NRP/GRP Basal.

DMSO.

CEE.

NT-3.

bFGF.

A

Antibodies and dilutions

NEP and NRP/GRP

Cultures In Vitro with

Immunocytochemistry

3 Methods

3.1 Preparation NEP are a multipotent cell type capable of producing neurons,
of Neuroepithelial astrocytes, and oligodendrocytes and NEP can self-renew in vivo.
Cells (NEP) from E10.5  Therefore, NEP are a true NSC population and represent an inter-
Rat Spinal Cord mediate step between less mature cells, such as ESC, and mature

neural phenotypes. NEP are grown in an adherent culture on
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3.1.1 Fibronectin-
Coated Dishes

3.1.2 Collagenase I/
Dispase Il Solution

3.1.3 Chick Embryo
Extract (CEE)

fibronectin-coated dishes rather than as neurospheres, which helps
to maintain the uniformity of the culture and provides the oppor-
tunity for accurate observation of cultures with simple phase
microscopy. NEP identity can be confirmed using antibodies for
Nestin and Sox2. Isolation of NEP from the neural tubes of rats
requires a combination of physical and chemical dissection tech-
niques and should take 1-2 h per litter. We recommend having at
least two technicians prepared to conduct the dissection, as rodent
litters may vary between 2 and 15 embryos. Also take this into
account when preparing medium, culture dishes, etc. (see Note 2).

NEP can be expanded and maintained in their multipotent state on
fibronectin-coated dishes. The following protocol describes how
to use bovine fibronectin for coating. After coating, fibronectin-
coated dishes are stable for 2 months at 4 °C.

1. Dilute fibronectin in Tissue Culture Water at 20 pg/ml.

2. Add enough fibronectin solution to the culture dish to just
cover the bottom of the dish.

3. Place the dish on a rocker at 4 °C overnight.

4. Following day rinse flasks 2x with HBSS without calcium and
magnesium.

5. Cover bottom of flask with HBSS for storage.

6. Coated dishes can be stored for up to 2 months.

7. Rinse flasks with warm (37 °C) tissue culture medium before use.

A solution of collagenase I /dispase 1I will be used to dissociate the
neural tubes during the NEP dissection and may be used during

the NRP/GRP dissection. It should always be made fresh the day
of the dissection.

1. Combine 1 mg/ml collagenase I (Worthington) and 2 mg,/ml
Dispase II (Roche) in Hanks Balanced Salt Solution (HBSS)
without calcium and magnesium.

2. Pass through a sterile 0.22 pm filter.

CEE is a critical component of the NEP medium and freezing
medium for both NEP and NRP/GRP. CEE can be prepared well
in advance and stored at —80°. In our experience the effectiveness
of CEE varies by vendor. We recommend using the CEE from US
Biological (San Antonio, TX, USA); otherwise follow the steps
below to produce CEE.

1. 3640 fertilized chicken eggs are incubated for 11 days at
37.5 °C.
2. Wash eggs with 70 % ethanol.

3. Remove embryos in small batches, decapitate with sterile for-
ceps and rinse 3x in petri dish with ice-cold sterile Eagle’s
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Table 2
NEP Media

NEP Basal Medium

Component Concentration
DMEM /F12 94.9 %
Bovine Serum Albumin (BSA) 1 mg/ml
B-27 (50x stock solution) 2%
Pen/Strep (100x stock solution) 1%

L-glut (100x stock solution) 1%
Fungizone (1,000x stock solution) 0.1 %

Pass medium through 0.22 pm sterile filter

N2 supplement (100x stock solution) 1%

NEP Complete Medium

Component Concentration
NEP Basal Medium 90 %

Chick Embryo Extract (CEE) 10 %

bFGF 20 ng/ml

© *° N o

10.

11.

Minimal Essential Medium (MEM) until all embryos are
harvested.

Embryos are macerated by passage through a 20 ml syringe
into 50 ml conical tubes.

Ten embryos produce about 25 ml of homogenate; add equal
volume of MEM.

Rock the tubes at 4 °C for 1 h.
Add sterile hyaluronidase (1 mg/25 ml of chick embryo).
Centrifuge for 6 h at 30,000 x 4.

Collect the supernatant into a 60 ml syringe and pass through
a 0.45 pm filter.

Collect the filtrate into another 60 ml syringe and pass through
2 0.22 pm filter.

Aliquot and store at —80 °C.

NEP medium should be prepared under sterile conditions in a tis-
sue culture hood to prevent contamination. The materials required
are listed in Table 2 and should be prepared in DMEM /F12 for
growth of cells in 5-10 % CO, environment. NEP basal medium
can be used for manipulating cells during the dissection and other
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3.1.5 NEP Dissection

3.1.6 Passaging
NEP Cells

procedures, but NEP complete medium (NEP basal + bFGF and
CEE, see Table 2) should be used for culturing cells. Complete
medium should only be prepared as needed to save costs.

1.

2.

10.

11.

12.

13.

14.

15.
16.
17.

18.

Anesthetize the dam with an appropriate agent, such as
Euthasol.

When the dam is anesthetized, swab the abdomen with 70 %
cthanol for 10 s.

Perform a laparotomy and remove both uterine horns.

. Euthanize the dam with a thoracotomy.

. Remove a sac from the uterine horn and rinse 1x in 70 % etha-

nol 2x in DMEM /F12.

Place in the lid of a sterile 100 mm x20 mm cell culture dish
partially filled with DMEM /F12 (see Note 3).

If the embryo is the correct gestational age it should be “C”
shaped and it should be expelled from the sac when sac is cut.
Count somites to insure correct gestational age (13-20
somites).

. Dissect trunk segments of neural tube with surrounding

somites and tissue (last ten somites) using tungsten needles.

Trunk segments are then incubated for approximately 7 min
at room temperature with 1-2 ml of collagenase I/dispase 11
(see Note 4).

After the neural tubes begin to separate, caretully aspirate col-
lagenase I/dispase II and replace with 2 ml NEP complete
medium (see Note 5).

Carefully triturate with a Pasteur pipette to release neural
tubes from the somites and connective tissue.

Remove any remaining somites with #5 forceps and/ or tung-
sten needles.

Remove the supernatant and incubate the neural tubes in 2 ml
0.05 % Trypsin/EDTA at 37 °C for 5 min.

After 5 min add an equal volume (2 ml) of soybean trypsin
inhibitor.

Triturate the cells to dissociate the neural tubes.

Spin at 150-300 x4 for 5 min.

Resuspend cells in 5 ml NEP complete medium and plate on a
fibronectin-coated T-25 flask.

Incubate cells at 37 °C and 5 % CO,.

Grow cells to 80-90 % confluency before splitting.

Plan to split cells into three times the surface area (i.e., 1T-25
flask to 3T-25 flasks or 1T-75 flask).



3.1.7 Differentiation
of NEP to NRP/GRP

3.1.8 Freezing NEP
(See Table 3)

Preparation of Neural Stem Cells and Progenitors... 77

Table 3
NEP freezing medium

Component Concentration
NEP Basal 80 %
DMSO 10 %
CEE 10 %

Pass medium through 0.22 pm sterile filter

Remove medium and rinse 2x with warmed HBSS.

4. Add 0.05 % Trypsin/EDTA (enough to cover base of

—

culture dish).

. When cells have lifted add equal volume of soybean trypsin

inhibitor.
Add 10 ml of complete medium and spin at 150-300 x g for
5 min.

. Decant supernatant and resuspend pellet in complete medium

and plate on fibronectin-coated dishes.

. Passage cells as described in Subheading 3.1.6 and plate on

Poly-L-Lysine (PLL) and Laminin (LN) substrates (same sub-
strate as NRP /GRP).

. Remove CEE from culture medium to allow NEP to

differentiate.

. Add bFGF (30 ng/ml) to NEP complete medium to bias cells

towards GRP.

Add bEGF (10 ng/ml) and NT-3 (10 ng/ml) to NEP
complete medium to bias cells towards NRP.

Cells should be approximately 90 % confluent.

2. Remove medium.

. Rinse 2x with warmed HBSS to remove any dead or floating

cells.

4. Incubate at 37 °C with 0.05 % Trypsin/EDTA.

. Once cells have lifted, add an equal amount of soybean trypsin

inhibitor.

Decant cells into a conical vial.

After cells are decanted, wash the flask 2x with 5 ml NEP com-
plete medium to resuspend any cells that were left behind in

the previous step. Decant and add to the same conical vial as
the cell suspension.

. Spin at 150-300 x g for 5 min.
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3.1.9 Thawing NEP

3.2 Preparation

of Neuronal Restricted
Progenitors and Glial
Restricted Progenitor
from E13.5 Rat

Spinal Gord

3.2.1 Preparation

of Poly-L-Lysine and
Laminin Coated Dishes
for NRP/GRP Culture

9. Decant supernatant and resuspend cells in freezing medium
(3 ml per confluent T-75 flask).

10. Aliquot 1 ml each into 2 ml cryovials.
11. Place cells in =80 °C overnight.
12. Transfer to liquid nitrogen following day.

1. Prior to thawing cells, warm (37 °C) 10 ml of NEP basal
medium and 15 ml of NEP complete medium.

2. Take cryovial from liquid nitrogen and bury it in bucket of
wet ice.

3. Thaw aliquot in 37 °C water bath until cells just begin to thaw.
. Add 1 ml warmed medium drop by drop to cryovial.

AT

Add the 2 ml suspension drop by drop to 10 ml warmed
medium.

Rinse cryovial once with 1 ml warmed medium.
Spin at 150-300 x4 for 5 min.

Decant supcernatant.

0 %2 N

Resuspend cells in 15 ml NEP complete medium and plate in
a fibronectin-coated T-25 flask.

NRP/GRP are prepared as a mixed culture of cells that are collec-
tively capable of producing neurons, astrocytes, and oligodendro-
cytes, but NRP will only produce neurons whereas GRP will only
produce astrocytes and oligodendrocytes. Therefore, NRP/GRP
are not a true NSC population but represent a necessary
intermediate step between multipotent NSC and mature neural or
glial phenotypes. NRP/GRP are grown in an adherent culture on
dishes coated with Poly-L-Lysine and Laminin. NRP can be identi-
fied by expression of embryonic neural cell adhesion molecule
(E-NCAM) and GRP can be identified by expression of A2B5.
Preparation of NRP/GRP from E13.5 embryos requires a primary
physical dissection followed by chemical and mechanical dissocia-
tion and culturing. The full dissection should take 1-2 h and, as
with NEP dissection, we recommend having at least 2 technicians
prepared to conduct the dissection, as rodent litters may vary
between 2 and 15 embryos.

Preparation of Poly-L-Lysine/Laminin (PLL/LN) coated dishes is
a two step process requiring 2 days to complete. The coating
should be carried out at 4 °C on a rocker. Coated dishes are stable
for 4 weeks after coating.

1. Prepare 10x (150 pg/ml) stock of PLL in Tissue Culture
Water, freeze, and store at -20 °C.



3.2.2  NRP/GRP Medium

3.2.3 NRP/GRP
Dissection

2.

3.
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PLL (Day 1):

(a) Dilute stock solution of PLL with Tissue Culture Water to
15 pg/ml.
(b) Filter PLL mixture with 0.22 pm syringe filter and 60 ml

syringe.

(c) Coat bottom of T-75 flask with 15 ml of 15 pg/ml PLL
solution.

(d) Place overnight on rocker at 4 °C.

Laminin (Day 2)

(a) Laminin stocks must be kept at -80 °C and should be
thawed for 2—4 h at 4 °C (see Note 6).

(b) Aspirate PLL and wash 2x with PBS prior to adding
Laminin.

(c) Prepare 15 pg/ml solution of mouse Laminin in PBS. Do
Not Filter.

(d) Add 15 ml of 15 pg/ml Laminin in PBS to T-75 flask and
coat on rocker overnight at 4 °C.

(e) On third day, rinse 1x with PBS.
(f) Add 15 ml of HBSS and store at 4 °C for up to 1 month.

NRP/GRP medium should be prepared under sterile conditions in
a tissue culture hood to prevent contamination. The materials
required are listed in Table 4 and should be prepared in DMEM/
F12 for growth of cells in 5-10 % CO, environment. NRP /GRP
basal medium can be used for manipulating cells during the
dissection and other procedures, but NRP /GRP complete medium
(NRP/GRP basal + bFGF and NT-3, see Table 4) should be used
for culturing cells.

1.

Anesthetize the dam with an appropriate compound, such as
Euthasol.

When the dam is anesthetized, swab the abdomen with 70 %
ethanol for 10 s.

Perform a laparotomy and remove both uterine horns.

. Euthanize the dam with a thoracotomy.

. Place the entire uterus in a sterile 100 mm x20 mm cell cul-

ture dish with DMEM /F12 on ice.

. Remove a sac from the uterine horn and rinse the sac 1x in

70 % ethanol and 2x in DMEM /F12.

Place in the lid of a sterile 100 mm x20 mm cell culture dish
partially filled with DMEM /F12 (see Note 7).

. Using microscissors, open the sac and release the embryo.
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Table 4
NRP/GRP media

NRP/GRP basal medium

Component Concentration
DMEM /F12 96 %

BSA 1 mg/ml
B-27 (50x stock solution) 2%
Pen/Strep (100x stock solution) 1%

Pass medium through 0.22 pm sterile filter

N2 supplement (100x) 1%

NRP/GRP complete medium

Component Concentration
NRP basal medium 100 %

bFGF 20 ng/ml
NT-3 10 ng/ml

9. Measure the crown to rump distance to determine the embry-

10.

11.
12.

13.

14.

15.

16.

17.

onic age, the embryo should be between 8.5 and 10 mm long
for an E13.5-E14 spinal cord.

Using a pair of microscissors, remove the head at the cisterna
magna (see Notes 8 and 9).

Place the embryo with the ventral surface down.

Incise the midline skin over the neural tube (i.e., from the
dorsal surface) using a pair of microscissors.

Firmly hold the embryo down with jeweler’s forceps. Place the
forceps in an area of the embryo that is not needed as it will be
damaged (see Note 10).

Using sharp #4 or #5 forceps, dissect the spinal cord with
associated meninges and DRGs from the embryo.

Peel off the meninges and DRGs as far caudally as possible.
Place any cleaned sections of the spinal cord in a 50 ml conical
tube of ice-cold DMEM /F12.

The lumbar cord may require the use of collagenase 1/dispase
II solution to remove meninges; if so place the lumbar cord in
collagenase I/dispase 1I for 9 min (see Note 11).

Remove cord from collagenase I/dispase II and place in
100 mmx 20 mm dish with DMEM /F12.



18.

3.2.4 NRP/GRP 1.

Dissociation

10.

11.

12.

3.2.5 NRP/GRP Culture 1.

3.2.6 Differentiation 1.

of NRP/GRP Towards
Neuronal Lineage

Preparation of Neural Stem Cells and Progenitors... 81

Finish removing the meninges and place the cleaned spinal
cord into 50 ml conical tube with DMEM /F12. Place up to
three cords in one 50 ml conical tube.

After the dissection is complete, centrifuge pooled cords at
150-300 x4 for 10 min

. Decant the supernatant from the 50 ml conical vial containing

the cords.

. Add 1 ml of 0.05 % trypsin—EDTA and incubate for at 37° for

10-20 min.

. Using a sterile plugged 1,000 pl pipet tip, set at 800 pl, gently

triturate cells about ten times until chunks of tissue look dis-
sociated by eye.

. Add equal volume 1 mg/ml soybean trypsin inhibitor to

quench trypsin, and gently triturate with 10 ml pipet.
Do not over-triturate or many cells will die.

Pass cells suspension through a 40 pm filter- Cell strainer (BD
Falcon 352340 ) into a fresh 50 ml tube.

Rinse the filter with another 10 ml NRP Basal Medium.

Centrifuge cell suspension at 150-300 x4 for 5-10 min to get
rid of the trypsin (se¢ Notes 12 and 13).

Carefully decant the supernatant and add 1 ml of NRP basal
medium.

Dilute 10 pl cells suspension 1:1 in Trypan blue and count
with hemocytometer.

Discard the supernatant (see Note 14).

Resuspend pellet with NRP/GRP complete medium (NRP/
GRP basal medium, supplemented with 20 ng/ml bEGF and
10 ng/ml NT3) in PLL /LN-coated flask.

. Recommended density: 1.5-3 x 10° cells /T-75 flask, or 5x10°

to 1x10° cells/T-25 flask.
Incubate cells at 37 °C and 5 % CO,.

. NRP/GRP complete medium should be replaced every other day.

Maintain NRP/GRP on Poly-1-Lysine and Laminin
substrate.

(a) Remove bFGF.

(b) Add retinoic acid (1 pM) to promote neuronal
differentiation and N'T-3 (10 ng,/ml) to promote neuronal
survival.

OR
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3.2.7 GRP Enrichment
and Differentiation Toward
Glial Lineage

3.2.8 Enrichment
of NRP/GRP

2. Maintain NRP/GRP on Poly-L-Lysine and Laminin
substrate.

(a) Remove bFGF.
(b) Add 0.5 % High concentration Matrigel (Fig. 2).

1. Maintain NRP/GRP on Poly-L-Lysine (100 pg/ml)
substrate.

Remove NT-3.

Passage cells for 7-10 days prior to freezing to enrich for GRP.
Thaw enriched GRP on Poly-1-Lysine substrate (Fig. 3a, d).
Remove bFGF and NT-3.

Add BMP-4 (10 pg/ml; Fig. 3b, ¢) OR CNTF (10ug/ml;
Fig. 3¢, 1).

AN

NRP/GRP are isolated as a mixed culture, but some procedures
may require enriched NRP or GRP. Pure NRP cultures are difficult
to produce, especially in large numbers because NRP are generally
more sensitive to manipulation than GRP. Despite these difficul-
ties, enrichment for NRP is possible. Nearly pure populations of
GRP can be produced reliably and with high quantities of cells by
exploiting the greater ability of GRP to self-renew [23]. The diffi-
culties in sorting NRP and GRP are due, in part, to the limitations
of A2B5 and ENCAM IgM primary antibodies. IgM antibodies
are, generally speaking, less suited to immunopanning and fluores-
cent activated cell sorting (FACS) than IgG antibodies.

Immunopanning is a procedure that uses an antibody covered
substrate to bind a subset of cells to the substrate. Immunopanning
is often conducted in a 2-phase procedure where cells are first neg-
atively sorted (unwanted cells are bound to the substrate and dis-
carded) followed by a positive selection (desired cells are placed on
a new substrate, bound and collected). Thus, when sorting NRP/
GRP both A2B5 and ENCAM substrates will always be prepared,
only the order will be changed depending on the cell population
that is desired.

1. Step 1: Substrate Preparation: Start of dayl: Incubate two bac-

teriological petri dishes overnight at 4 °C with 10 ml of goat
anti-mouse IgM (10 pg/ml) diluted in Tris-HCI 50 mM ph 9.5
(see Note 15).

2. Start of day 2: Remove the goat anti-mouse antibody.

3. Rinse the dish with HBSS without magnesium and calcium
3x.

4. Coat 1 dish with mouse-anti-ENCAM IgM hybridoma diluted
1:1 with HBSS without magnesium and calcium.



11.

12.

13.
14.

15.
16.
17.
18.
19.

20.
21.

22.
23.

24.
25.

26.
27.
28.
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. Coat the other dish with mouse-anti-A2B5 IgM hybridoma

diluted 1:1 with HBSS without magnesium and calcium.
2 h later remove the panning antibody solution.

Rinse the dishes 3x with HBSS without magnesium and
calcium.

Store coated dishes with HBSS until ready for use.

. Proceed to the negative selection.
10.

Step 2: Negative selection: Begin with freshly isolated NRP/
GRP suspended in 10 ml NRP/GRP complete medium (from
Subheading 3.2.4).

The negative selection will remove undesirable cell types. Plate
cells on dish coated with antibody specific to the undesirable
cell type (i.e., if purified NRP are desired, plate the mixed
NRP/GRP on the A2B5 coated dish).

Gently swirl the cells to insure the cells and evenly dispersed
and there are no clumps.

Incubate the cells at room temperature for 1 h (see Note 16).

Gently tap the petri dish to remove any nonspecifically bound
cells.

Remove the cell suspension and place in a 15 ml conical tube.
Discard the bound fraction.

Spin the cell suspension at 150-300 x4 for 5 min.

Resuspend the cells in 10 ml NRP/GRP complete medium.

Step 3: Positive selection: The positive selection will bind the
desirable cell type to the plate. Plate cells on dish coated with
antibody specific to the desirable cell type (i.¢., if purified NRP
are desired, plate the mixed NRP/GRP on the ENCAM
coated dish).

Add cell suspension to ENCAM coated dish.

Gently swirl the cells to insure the cells and evenly dispersed
and there are no clumps.

Incubate the cells at room temperature tor 1 h (see Note 16).

Gently tap the petri dish to remove any nonspecifically bound
cells.

Remove the cell suspension and discard.

Wash the ENCAM plate 2x with NRP/GRP basal medium to
remove any nonspecifically bound cells.

Use a cell scraper to remove the bound cells.
Resuspend the cells in 10 ml NRP/GRP complete medium.

Plate the cells on Poly-L-Lysine/Laminin coated dishes (or
other desired substrate).
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3.2.9 Freezing NRP/GRP
(See Table 5)

3.2.10 Thawing
NRP/ GRP

Table 5
NRP/GRP freezing media
NRP/GRP freezing medium
Component Concentration
NRP/GRP Basal 80 %
DMSO 10 %
CEE 10 %
NT-3 20 ng/ml
bFGF 30 ng/ml

Pass medium through 0.22 pm sterile filter

—

. Cells should be approximately 80 % confluent.

2. Remove medium.

. Rinse 2x with warmed HBSS to remove any dead or floating

cells.

4. Incubate at 37 °C with 0.05 % Trypsin—-EDTA.

ul

0 % N

10.
11.
12.

Once cells have lifted, add an equal amount of soybean trypsin
inhibitor.

Transfer cells into a conical vial.

Add 5-10 ml of complete medium, count cells.

Spin at 150-300 x g for 5 min.

Decant supernatant and resuspend cells in freezing medium
(3 ml per confluent T-75 flask) (see Note 17).

Aliquot 1 ml each into 2 ml cryovials.
Place cells in -80 °C overnight (se¢e Note 18).

Transfer to liquid nitrogen following day.

. Prior to thawing cells, warm (37 °C) 10 ml of NRP basal

medium and 15 ml of NRP complete medium.

. Take cryovial from liquid nitrogen and bury it in bucket of wet

1CC.

Thaw aliquot in 37 °C water bath until cells just begin to thaw.

. Add 1 ml warmed medium drop by drop to cryovial.
. Add the 2 ml suspension drop by drop to 10 ml warmed

medium.
Rinse cryovial once with 1 ml warmed medium.

Spin at 150-300 x g for 5 min.



3.3 Characterizing
NEP and NRP/GRP
Gultures In Vitro with
Immunocytochemistry

3.3.1 Staining Live Cells

3.3.2 Staining
Fixed Cells

8.
9.
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Decant supcernatant.

Resuspend cells in 15 ml NRP/GRP complete medium and
plate in a PLL /LM coated T-75 tissue culture flask.

NEP and NRP/GRP can be easily identified in culture with immu-
nocytochemistry. NEP express Nestin and Sox2, NRP express
Nestin and ENCAM, and GRP express Nestin and A2B5. E-CAM
and A2B5 are cell surface antigens and should be performed as a
live stain. Other markers, such as those for mature neurons
(BIII tubulin), astrocytes (GFAP), and oligodendrocytes (O4),
can be performed on fixed cells.

10.
11.

S UG I S
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1. Decant medium.

2. Wash with 37 °C HBSS 2x.

3. Add 37 °C complete medium with primary antibody (Table 1).
4. Incubate at 37 °C and 5 % CO, for 30 min.

5.
6
7
8
9

Decant medium.

. Wash with warm HBSS 2x.

. Add warmed complete medium with secondary antibody (1:400).
. Incubate at 37 °C and 5 % CO, for 30 min.

. Wash with 37 °C HBSS 2x.

Add 4 % PFA for 10 min.
Wash 3x with PBS.

(a) Option 1: Counterstain with DAPI (1:1,000), coat with
aqueous cover slipping medium and add coverslip.

(b) Option 2: Store in PBS at 4 °C for additional staining at a
later time.

(c) Option 3: Perform another stain as described in the
following section.

. Decant medium.
. Add 4 % Paraformaldehyde (PFA) for 10 min.
. Wash with PBS for 5 min 3x.

. Block for 30 min in 5 % milk or 5 % normal serum at room

temperature.

. Treat with 0.2 % Triton in PBS if needed.

. Add primary antibody (Table 1) in PBS with 2 % milk or serum.
. Incubate for 30 min at room temperature.

. Wash with PBS for 5 min 3x.

. Add secondary antibody in PBS with 2 % milk or serum

(see Note 19).
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3.4 Summary

10.
11.
12.
13.

Incubate for 30 min at room temperature.
Wash with PBS for 5 min 3x.
Counterstain with DAPI (1:1,000).

Coat with aqueous cover slipping medium and add coverslip.

Neural stem cells and neural progenitor cells can be a useful source
of neurons for in vitro and in vivo studies of neural function. Both
NSC, such as neuroepithelial cells (NEP), and NPC, such as neuro-
nal and glial restricted progenitors (NRP/GRP), can be directly iso-
lated from the developing mammalian spinal cord or from
pluripotent sources. The techniques discussed here should provide
the ability to dissociate culture, freeze, thaw, and differentiate NEP
or NRP/GRP towards mature neuronal and glial phenotypes.

4 Notes

10.

11.

Smaller culture dishes are recommended due to the small yield
from NEP dissection.

. Dams often produce fewer pups as a result of the first preg-

nancy. If using an in-house breeding colony using the second
or third pregnancy may produce more pups per litter.

. Using DMEM /F12 without phenol red may make the neural

tubes easier to visualize.

Inspect the neural tubes under a dissecting scope and stop the
collagenasel /dispase II reaction when there is evidence that
the tubes and connective tissue are separating.

Alternatively, tubes can be moved with a pipette to a fresh vial
of NRP complete medium.

. If using small amounts of Laminin for coating coverslips,

Laminin can be thawed, aliquoted, and refrozen. We do not
recommend multiple freeze—thaw cycles.

. Using the lid rather than the base provides better angles for

the dissection because the lid sidewalls are lower.

Including more rostral sections of the embryo will produce
cultures with serotonergic neurons from the raphe nucleus.

Other protocols recommend removing the head as the last
step and instead using the head to hold the embryo during the
dissection.

If the embryo will not remain on the ventral surface, ensure
that the head has been completely removed and remove the
tail if necessary.

To prevent overtreatment with collagenase I /dispase 11, mon-
itor the cords every few minutes for signs that the meninges
are separating.



12.

13.
14.

15.

16.
17.

18.

19.
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Usually 1,000 rpm for bench top centrifuges capable of accept-
ing 50 ml conical tubes, but consult your centrifuge manufac-
turer for specific settings.

Lower speeds and longer times may be used if desired.

Beginners may wish to decant the supernatant to another
conical tube. If cell yields are lower than expected, some cells
may be found in the supernatant. This would indicate that the
pellet was disturbed after centrifugation and should be han-
dled more cautiously.

Using tissue culture dishes will promote nonspecific adhesion
during the selection steps.

Try not to move the culture dish during the incubation period.

A2B5 and ENCAM are IgM antibodies and require anti-IgM
specific secondary antibodies.

Using sterile DMSO can eliminate the need to filter freezing
medium.

Specially designed cooling containers can improve cell survival

in the freezing stage (e.g., Nalgene #5100-0001).
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Chapter 8

Derivation of Neuronal Gells from Fetal Normal Human
Astrocytes (NHA)

S. Ausim Azizi and Barbara Krynska

Abstract

Pathological changes in most neurological diseases are marked by cell loss. To understand the mechanisms
of neurogenesis and brain repair at a cellular level, observation on less complex systems provide valuable
knowledge which offer the basis for therapeutic interventions. This has been the impetus for neural cell
culture studies and the development of in vitro models. Here, we provide protocols for differentiation into
neuronal lineage of commercially available normal human astrocytes (NHA) that are isolated from normal
fetal human brain (Lonza, Inc.). It is known that some of GFAP positive astrocytic cells have stem /progeni-
tor cell characteristics; however, understanding of the human GFAP positive cells with these characteristics
remains limited. The genesis of neuronal lineage cells from the NHA occurs in adherent culture conditions
by removal of serum and exposure to bFGF. When transferred to serum-free medium supplemented with
bFGF, NHA cells generate neuronal precursors that express doublecortin, nestin and are negative for
GFAP. After withdrawal of bFGF they mature into neurons. The average time required for generation of
neuronal cells using this protocol is about 3 weeks. Our model of neurogenesis captures a contained in vitro
system consisting of both neurons and glia. This “human brain in a dish” model can be used to assay the
effects of interventions on developing human neurons at a cellular and molecular level and is also suitable
for modeling of various aspects of human diseases and testing of novel therapeutic strategies.

Key words Neurogenesis, Astrocytes, Neurons, Neuronal lineage, Differentiation, Cell culture

1 Introduction

Understanding the mechanisms of neurogenesis is of interest for
scientific and therapeutic purposes. Classical models of neurogen-
esis are based on the notion that separate committed neuronal and
glial precursors originate from a common nestin-positive neural
stem cell (NSC). During differentiation, these neural stem cells
lose expression of nestin, and gain expression of more specialized
proteins such as B-1IT tubulin or GFAP [1]. The traditional model
of neural development, exhibiting that diverged neuronal and glial
precursors emerge from neuroepithelial stem cells in the

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
DOI 10.1007/978-1-62703-640-5_8, © Springer Science+Business Media New York 2013
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embryonic ventricular zone, has been challenged after discoveries
that radial glia can be neural progenitors, and can give rise to neu-
rons in the developing brain [2, 3]. Neurogenesis has also been
shown in the mature brain, and it is thought that some astrocytes
in the subventricular zone (SVZ) and the subgranular zone (SGZ)
maintain their neurogenic potential and generate neurons through
life [4]. Populations of multipotent astrocytic cells, giving rise to
both neurons and glia, have been recently isolated not only from
the SVZ but also other regions of the immature mammalian brain
[5]. However, our understanding of neurogenesis has remained
limited owing to the deficiency of appropriate experimental sys-
tems. Here we describe a method for the initiation of neuronal
precursors derived from human GFAP-expressing cells, designated
NHA, and for further expansion/differentiation of NHA-derived
precursors. During the initial proliferative phase, NHA cells co-
express GFAP, nestin and low levels of $-1I1 tubulin [6]. After our
initial report, similar findings on GFAP and B-III tubulin co-
expression in primary cultures of fetal astrocytes and in populations
of progenitor-like cells of the ventricular/subventricular zones and
the cortical plate were published by other laboratories [7]. In order
to determine the generation of neuronal linage in NHA cultures, it
is critical to carefully determine the identity of neuronal precursors
to exclude the population of cells with overlapping marker expres-
sion such as B-III tubulin and GFAP positive cells. In addition to
phenotypic characteristics, there are also evident morphological
changes in NHA cells undergoing during differentiation of NHA-
derived neuronal precursors that are easy to observe in an adherent
cell culture system. Access to protocols for differentiation of human
multipotent astrocytic cells into neuronal lineage provides a model
system to study neurogenesis and the development of neurological
diseases. We have recently shown the use of NHA cell prolifera-
tion/differentiation system for modeling of the differentiation
potential of human glioma cells by comparing the differentiation
capacity of glioma-derived cells and human NHA cells [8]. Direct
comparison between differentiation of normal human multipotent
glial cells and tumor cells isolated from human gliomas constitutes
an important and valuable method for demonstrating their pheno-
typic characteristics, differentiation and better understanding of
tumor biology. Besides studying oncogenesis, the NHA differenti-
ation protocol presented here may serve as a valuable tool for
studying developmental anomalies and other neurological diseases.
Such a system may also be uniquely useful for studying the effects
of drugs on developing human neurons and validation of novel
treatment strategies. In addition, the protocol presented here can
serve as a base for further studying the stem-like properties of NHA
cells and refining of methods for differentiation of NHA cells.
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2 Materials

2.1 Reagents 1.

10.

11.
12.

2.2 Reagent 1.

Preparation
(See Note 1)

NHA cells, isolated from the cerebrum of 5 month old, human
fetuses; commercially available at Lonza (Walkersville, MD;
Clonetics™, NHA-Astrocytes AGM, Cryogenic ampule).

Astrocyte Growth Medium Lonza CC-3186 (Clonetics™,
AGM BulletKit Medium).

0.25 % Trypsin~-EDTA (Life Technologies, Grand Island, NY;
25200-0506).

Growth Factor Reduced Matrigel, Phenol Red-Free (BD
Biosciences, San Jose, CA).

. DMEM /F12 medium (Life Technologies, Grand Island, NY;

25200-056).

. Anti-Laminin antibody (BD Biosciences, San Jose, CA;

354232).

Anti-GFAP antibody; glial fibrillary acidic protein (DAKOUSA,
Carpinteria, CA; Z0334).

. Anti-SOX2 antibody (EMD Millipore, Billerica, MA;

AB5603).
Anti-Nestin antibody (BD Biosciences, San Jose, CA;611659).

Anti-Doublecortin antibody (Santa Cruz Biotechnology,
Santa Cruz, CA; SC-8060).

Anti-GABA antibody (Sigma, St. Louis, MO; A2052).

Anti-MAP2 antibody (EMD Millipore, Billerica, MA,;
MAB3418).

For expansion of NHA cells. Prepare the expansion medium
(Astrocyte Growth Medium, AGM Bullet Kit, Lonza) accord-
ing to the manufacturer’s protocol. After growth supplements
are added to basal medium, store ready to use medium at 4 °C
for no more than 1 month.

DMEM/F12 and bFGF medium. Supplement DMEM /F12

with 10 ng/ml of bFGF and N2 supplement immediately
prior to use.

. Growth  factor-free  DMEM/F12  medium. Supplement

DMEM/F12 with N2 supplement and 0.2 mM ascorbic acid
immediately prior to use.

. Matrigel. Thaw the frozen vial of Matrigel overnight on ice at

4 °C. Prepare 1 ml aliquots in 1.5 ml Eppendorf tubes using
chilled pipettes, tips and tubes and store at =20 °C (see Note 2).

. Matrigel conted chamber slides. Coat chamber slides with 1 ml

of diluted Matrigel per chamber at room temperature under
the hood for 1 h. After 1 h, gently aspirate off the diluted
Matrigel and rinse gently with room temperature serum-free
medium once and aspirate. Slides are ready to use (see Note 3).
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6. Poly-D-Lysine conting. Coat chamber slides with 1 ml of poly-p-

lysine (0.1 mg/ml in sterile dH,O) at room temperature for
10 min. Aspirate off the poly-p-lysine, rinse twice with 1 ml of
sterile dH,O, remove the dH,O and allow to air dry for 30 min.

. Poly-D-Lysine and Laminin coating. First coat chamber slides

with poly-D-lysine as above and then coat chamber slides with
1 ml of Laminin (1 pg/ml in sterile dH,O) overnight at room
temperature. The following morning, aspirate off the Laminin
and allow the plates to dry for 1 h prior to use.

3 Methods

3.1 Expansion
of NHA Cells

. Quickly thaw cryopreserved NHA cells immediately after

receipt in a 37 °C water bath by gently swirling the vial.

. Expand the NHA cells by plating the cells onto petri dishes

(100 mm petri dish) at a density of 5,000 cells/cm? in 12 ml
of expansion medium at 37 °C, 5 % CO, humidified incubator
(see Note 4). Adjust all volumes accordingly for other size
flasks. The next day after seeding, remove the expansion
medium from the dish and replace it with the pre-warmed
(37 °C), fresh medium (see Note 5). Thereafter, replace 50 %
of the culture medium with the fresh medium every 2—3 days.

. During the proliferation phase, parallel cultures of cells (plated

on poly-D-lysine coated chamber slides) can be stained for neu-
ronal, glial and stem cell markers to determine the phenotype
of cultured cells. Proliferating NHA cells should co-express
GFAP, SOX-2, nestin and low levels of p-III tubulin (Fig. 1
and ref. 6). Characterization of NHA cells should include
morphological observation throughout the culture period.

. When NHA cells are about 70-80 % confluent harvest the
cells. Discard the expansion medium from the petri dish, rinse

cells with 1x PBS, aspirate and add pre-warmed trypsin
(3—4 ml per 100 mm petri dish (see Note 6)).

Fig. 1 Propagation of NHA cells. Morphology of NHA cells cultured in expansion medium at day 3 in culture (a),
and expression of stem cell-related markers, GFAP (b), SOX-2 (¢), and nestin (d). Original magnification: (a; x20)

and (b—d; x40)



3.2 Differentiation
of NHA Cells

10.
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. Incubate at 37 °C for 4-5 min and check under the micro-

scope (see Note 7). Once the cells have detached, harvest the
cells in DMEM /F12 medium supplemented with 10 % fetal
bovine serum to inactivate the trypsin.

Pipette and triturate the cell suspension, remove 100 pL of
cell suspension for counting with a hemocytometer using
trypan blue to check for cell viability, and centrifuge the
remaining cells.

To begin the differentiation of NHA cells immediately, sepa-
rately centrifuge the number of cells required for proceeding
with the differentiation experiment and the remaining cells
designated for making freezing stocks.

. Centrifuge the cell suspension for 7 min at 215 x g and aspirate

off the supernatant.

Pipette and triturate the pellet with freezing medium, and dis-
pense cells into cryogenic vials making aliquots of 106 cells /1 ml
of freezing medium labeled as passage one (P1) NHA cells, and
store in liquid nitrogen for future experiments.

Pipette and triturate the cell pellet with differentiation medium
adjusted based on the calculated seeding density, and proceed
with the differentiation experiment.

For differentiation (induction of neuronal precursors), plate
P1 NHA cells from initial culture, or frozen stocks, at the den-
sity of 15,000 cells/cm? on Matrigel-coated petri dishes or
chamber slides and culture overnight in expansion medium
(see Note 8). Alternatively, poly-D-lysine and Laminin coated
slides and dishes can be used instead of Matrigel.

The next day, gently aspirate the expansion medium using a
sterile pipette and replace it with the pre-warmed DMEM/
F12, supplemented with 10 ng/ml of bFGF and N2 supple-
ment, and culture cells for an additional 7-10 days.

. Every 2 days replace 50 % of the culture medium with the

fresh medium.

. Neuronal precursors can be observed by day 7 of differentia-

tion, based on cell morphology, by the appearance of adherent
clusters of small cells on top of a layer of larger, flat cells and
the phenotype by positive doublecortin and negative GFAP
staining (Fig. 2). GFAP-negative and doublecortin positive
neuronal precursors should be interspersed with larger GFAP
positive cells. Neuronal precursors can be stained with other
markers expressed by immature neurons, such as p-111 tubulin
and nestin (see Note 9).
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5. For differentiation (maturation of neuronal precursors) on

days 8-10 in culture, gently aspirate medium with bFGF using
a sterile pipette and then replace it with the pre-warmed,
growth factor-free DMEM /F12 medium supplemented with
N2 and 0.2 mM ascorbic acid.

. Allow the cultures to differentiate for an additional 8-10 days

and replace 50 % of the culture medium with the fresh medium
every 2—-3 days (se¢ Note 10).

. The presence of cells differentiated along neuronal lineage

should be determined based on cell morphology and expres-
sion of neuronal cell markers. These cells should be negative
for GFAP, positive for B-111 tubulin and MAP-2, and should
readily differentiate toward GABA positive and a population
of Tyrosine Hydroxylase (TH) - positive neuronal cells (Fig. 3).
These cultures also contain GFAP - positive astrocytes (Fig. 3).

IGFAP

Fig. 2 Differentiation of NHA cells into neuronal lineage in serum-free medium supplemented with bFGF. At day
7 in culture there were detectable changes in cell morphology and phenotype. NHA cells generated clusters of
proliferating neuronal precursors (a) that were positive for doublecortin (red) and negative for GFAP (green) (b).

Original magnification: (x20)

Fig. 3 Maturation of neuronal precursors in serum-free medium. Neuronal precursors further cultured in serum-
free medium without growth factors differentiated into neuronal cells (arrows) (a) positive for MAP-2 (green) that
were interspersed with GFAP positive astrocytes (red) (b). The majority of NHA cells differentiated into GABA-
expressing cells and a population of Tyrosine Hydroxylase (TH) positive cells (¢). Original magnification: (x20)
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4 Notes

10.

Sterilize all media using 0.22 pm filtration.

Matrigel must be thawed slowly to prevent gelatinization.
Chilled pipettes, tips and tubes should be used when making
aliquots of Matrigel.

. Each lot of Matrigel has a different protein concentration.

When diluting Matrigel do not dilute to less than 1 mg/ml of
protein and dilute using serum-free medium that has been
chilled on ice.

. It is critical to culture NHA cells at the proper density as low

seeding density causes loss of NHA differentiation capacity.

. Avoid repeated warming and cooling of the medium. If the

entire contents are not needed for a single procedure, transfer
only the required volume to a sterile container and warm the
medium to 37 °C.

. To keep Trypsin—-EDTA fresh and active after thawing, you

may aliquot it into sterile tubes and re-freeze at -20 °C.

Examine the culture under the microscope and allow the tryp-
sinization to continue until nearly all cells have detached.

In order to assure consistent differentiation for induction of
neuronal precursors, use NHA cells after a single passage in
expansion medium (P1). Using cells at higher passages may
impact differentiation efficiency.

In order to determine the generation of neuronal precursors
on day 6 or 7 of differentiation, parallel cultures can be moni-
tored by immunocytochemistry. It is critical to carefully vali-
date the identity of neuronal lineage to exclude any cells with
overlapping marker expression such as GFAP and p-11I tubu-
lin positive cells.

If required at this stage, cultures can be maintained for an
additional period of 5-7 days.
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Chapter 9

Slice Gulture Modeling of Central Nervous System (CNS)
Viral Infection

Kalen R. Dionne and Kenneth L. Tyler

Abstract

The complexity of the central nervous system (CNS) is not recapitulated in cell culture models. Thin slicing
and subsequent culture of CNS tissue has become a valued means to study neuronal and glial biology
within the context of the physiologically relevant tissue milieu. Modern membrane-interface slice culturing
methodology allows straightforward access to both CNS tissue and feeding medium, enabling experimen-
tal manipulations and analyses that would otherwise be impossible in vivo. CNS slices can be successfully
maintained in culture for up to several weeks for investigation of evolving pathology and long-term inter-
vention in models of chronic neurologic discase.

Herein, membrane-interface slice culture models for studying viral encephalitis and myelitis are
detailed, with emphasis on the use of these models for investigation of pathogenesis and evaluation of
novel treatment strategies. We describe techniques to (1) generate brain and spinal cord slices from rodent
donors, (2) virally infect slices, (3) assess virally induced injury/apoptosis, (4) characterize “CNS-specific”
cytokine production, and (5) treat slices with cytokines/pharmaceuticals. Although our focus is on CNS
viral infection, we anticipate that the described methods can be adapted to address a wide range of inves-
tigations within the fields of neuropathology, neuroimmunology, and neuropharmacology.

Key words Organotypic, Ex vivo, Brain slice, Spinal cord slice, Virus, Encephalitis, Myelitis, Cytokine,
Apoptosis, Caspase

1 Introduction

In the mature brain, ~100 billion neurons interconnect to form
>10' synapses [1]. There are another 100-5,000 billion glial cells
(i.e., astrocytes, oligodendrocytes, microglia, and ependymal cells),
which not only provide spatial organization to the nervous system,
but also support neurological homeostasis, participate in signaling
events, and mediate immunologic responses [2, 3]. Due to its
inherent complexity, the organizational and functional aspects of
the central nervous system (CNS) cannot be completely recapitu-
lated in cell line and primary cell culture models. While such reduc-
tionist approaches are amenable to a wide range of experimental
protocols, these systems often fail to reveal the fundamental nature

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
DOI 10.1007/978-1-62703-640-5_9, © Springer Science+Business Media New York 2013
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CNS Tissue Slices
Well

Insert
Media

Fig. 1 Schematic of membrane-interface culturing system. Cutaway view of a
single well depicts CNS tissue slices suspended at the interface of media and the
incubator atmosphere. This configuration allows both nutrient absorption and
gas exchange for long-term viability

of in vivo neurobiology. Although in vivo studies provide highly
relevant information about systems biology, animal experimenta-
tion is procedurally challenging, time consuming, and—in the case
of disease models—debatably inhumane.

Ex vivo culturing of CNS tissue is a uniquely powerful method
that provides neuroscientists with in vitro-like experimental versa-
tility and in vivo-like experimental validity. Culture of nervous tis-
sue dates back to 1907, when neuronal outgrowth was observed
from embryonic frog explants affixed to coverslips [4]. Successful
long-term culture of explanted mammalian CNS tissue, however,
was first achieved 40 years later with the introduction of the Roller-
tube method [5-8], which was described in detail by Gihwiler
et al. [9]. This method results in a dramatic thinning of the slice
over time resulting in sacrifice of three-dimensional cytoarchitec-
ture. Another classic technique for culturing CNS tissue utilized
Maximov-type chambers rather than rolling test tubes, in order to
achieve “organotypic” cultures that were many cell layers thick
[10]. While Roller-tube and Maximov-chamber methodologies
offered distinct advantages over culturing primary cells, these ex
vivo culturing systems have fallen out of favor because such prepa-
rations are technically cumbersome, provide only limited access to
slices/medium, and often result in experimental variability [11].

The original membrane-interface method of brain slice culture
[12] was brought into practical use by Stoppini et al. [13]. In
short, this procedure involves placement of explanted rodent brain
slices upon a semiporous membrane insert. The insert, itself; sits in
a medium-containing well, such that the slices are suspended at the
interface between medium and a humidified atmosphere (36 °C,
5% CO,) (see Fig. 1). A thin film of medium is formed above each
slice through capillary action, allowing a sufficient level of hydra-
tion and nutrient absorption (without sacrifice of gas exchange) for
successful maintenance of tissue survival over several weeks in cul-
ture [ 14]. Slices become progressively thinner over this time span,
but remain “organotypic” and will not reach the minimal thickness
attained via Roller-tube preparation.
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Underscoring the impact it has had on modern neuroscience,
the Stoppini et al. [ 13] membrane-interface culturing method has
been utilized with steadily increasing frequency over the last two
decades and has been cited in over 2,000 primary publications to
date. The popularity of membrane-interface cultured slice method-
ology is largely due to the fact that in vivo neurobiology (i.e., neu-
ronal differentiation, dendritic arborization, spine formation,
neurotransmitter release, and receptor distribution) is remarkably
well replicated in these systems and, as a result, local synaptic cir-
cuitry (mini currents, excitatory postsynaptic potentials [ EPSPs],
inhibitory postsynaptic potentials [IPSPs], long-term potentiation
[LTP], long-term depression [LTD]) remains functionally intact
[13, 15-20]. The utility of membrane-interface slice models is
probably best demonstrated by pharmacological and genetic stud-
ies that yield similar experimental results in both ex vivo and in vivo
settings [21-23]. Unlike the in vivo CNS, however, the extracel-
lular environment (tissue surface, medium, and atmosphere) is
readily accessible when culturing on membrane-interface inserts.
This allows unmatched control over experimental conditions
(physical, chemical, and electrical) and precise monitoring of
medium and tissue parameters over extended time periods.

In addition to yielding mechanistic insight into fundamental
aspects of normal neurobiology, such as learning/memory [16],
brain development [17, 18], and neurogenesis [24], organotypic
slice culture techniques have been utilized to develop highly rele-
vant systems for the in vitro study of neurologic disease. Insults to
cultured brain slices, such as oxygen-glucose deprivation (OGD),
mechanical disruption, and pharmaceutical application, have
become established models for studying stroke [21, 25], traumatic
brain injury [26-28], and epilepsy [14, 29, 30]. Multiple ex vivo
slice models of neurodegenerative disease, including Alzheimer’s
and Parkinson diseases, have been developed [31-35]. In addition,
bacterial [36, 37], parasitic [38, 39], and viral [40—45] infections
of the CNS have been modeled in slice cultures.

Not surprisingly, several of the established slice models of neu-
rologic disease have become valuable in the drug discovery pro-
cess. Pharmaceuticals can be directly applied to slices or slice
medium to initially screen for efficacy, in the absence of complica-
tions related to the drug’s metabolic stability or brain penetration.
Given that multiple brain slices can be made from a single animal,
ex vivo pharmaceutical screening is relatively high-throughput
compared to whole animal studies. It is also relatively high-content
when compared to cell culture studies, in that a positive “hit” is
more likely to translate to animals because the system is inherently
more contextual to in vivo tissue and disease biology [46].

Methods for the production and long-term culturing of rodent
brain and spinal cord slices are outlined in the following sections.
We also describe methods for viral infection of slice cultures and
subsequent assessment of injury and apoptosis. Notably, injury can
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Fig. 2 Possible workflow for production of CNS tissue slices, subsequent infection/treatment, and multiple
endpoints. Analysis of media is useful for the quantification of tissue injury, virus release, and cytokine release
and does not require destruction of slice tissue

be assessed over time in a single sample via detection of released
lactate dehydrogenase (LDH) in feeding medium. In addition,
ELISA-based quantification of cytokine release into the medium is
presented, as a sensitive technique that allows investigation of the
innate immunological response mounted by the CNS during viral
infection. In this system, CNS tissue is completely isolated from
systemic, cell-mediated immunity, thus, measured cytokine
responses are considered “CNS-specific”. Finally, cytokine and
pharmaceutical application to slice cultures are discussed. A possi-
ble work flow diagram is depicted in Fig. 2, though these methods
can readily be customized according to the questions posed by
individual investigators.

2 Materials

2.1 Slice Preparation
(See Note 1)

2.1.1 Brain

1. 2-3 day old mice (se¢ Note 2).
Razor blades.

3. Surgical tools for dissection: large scissors, small scissors, large
forceps, small forceps.

D

4. Tools for slice manipulation: weighing spatula (see Note 3)
and paintbrush.

5. Vibratome (Leica; Buffalo Grove, IL).

6. Slicing medium: MEM supplemented with 10 g/L p-glucose
and 1 mM HEPES (pH 7.2). Can be stored at 4 °C for 3
weeks. Optional: equilibrate medium with 95 % O,/5 % CO,
immediately prior to use.

7. 10 % FBS plating medium: Neurobasal supplemented with
10 mM HEPES, 1x B-27, 400 pM 1r-glutamine, 600 pM
GlutaMAX, 60 U/mL penicillin, 60 pg/mL streptomycin,
6 U/mL nystatin, 10 % FBS.
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2.2 Viral Infection

2.3 CGulture
Maintenance
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12.
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Membrane inserts (Millipore #XICMORG50, Billerica, MA).
6-well cell culture plates.

Humidified incubator set at 5 % CO, and 36.5 °C.

Laminar flow hood (optional).

95 % O,/5 % CO, tank (optional).

4-5 day old mice (see Note 2).
5 mL syringe with Luer lock tip.
266 needle.

Ca?*- and Mg?**-free PBS.

Agarose slicing medium: MEM supplemented with 10 g/L
D-glucose, 1 mM HEPES (pH 7.2), and 2 % low melt agarose
(Bioexpress, E-3112; Kaysville, UT).

Disposable plastic cryomolds.

Purified viral stock.
Ca?*- and Mg?**-free PBS.

. 5 % FBS plating medium: Neurobasal supplemented with

10 mM HEPES, 1x B-27, 400 pM L-glutamine, 600 pM
GlutaMAX, 60 U/mL penicillin, 60 pg/mL streptomycin,
6 U/mL nystatin, 5 % FBS.

Serum free plating medium: Neurobasal supplemented with
10 mM HEPES, 1x B-27, 400 pM r-glutamine, 600 pM
GlutaMAX, 60 U/mL penicillin, 60 pg/mL streptomycin,
6 U/mL nystatin.

Humidified incubator set at 5 % CO, and 36.5 °C.

Ca?*- and Mg**-free PBS.

RLT butffer (Qiagen; Germantown, MD).
B-mercaptoethanol.

QIAshredder spin column (Qiagen; Germantown, MD).
RNeasy spin kit (Qiagen; Germantown, MD).

Tabletop centrifuge.

Primers to gene/s of interest and housekeeping gene (i.e.
B-actin or GAPDH).

iScript™ One-Step RT-PCR Kit with SYBR® Green.

. Bio-Rad CFX96 thermocycler with compatible hardware and

software (Hercules, CA).
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2.5 Cryosectioning
and Immuno-
fluorescence Imaging

2.6 Propidium lodide
(PI) Quantification
of Tissue Injury

2.7 Lactate
Dehydrogenase (LDH)
Quantification of
Tissue Injury

2.8 MTT
(3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-
diphenyltetrazolium
bromide) Visualization
of Tissue Injury

10.

11.
12.
13.
14.
15.
16.

17.

ANl A

—

O *® N

Kalen R. Dionne and Kenneth L. Tyler

1. Ca*- and Mg?**-free PBS.

2. 4 % paraformaldehyde (PFA).
3.
4
5

15 % sucrose in PBS.

. 30 % sucrose in PBS.

. Tissue Freezing Medium (Triangle Biomedical Sciences;

Durham, NC) (see Note 4).

Metal cylinder (~1 in. diameter).

Aluminum duct tape.

Cryostat.

ColorFrost™ Plus microscope slides (Fisher; Pittsburgh, PA).
Antigen unmasking solution (Vector Laboratories; Burlingame,
CA).

Fetal bovine serum (FBS).

Normal goat serum (NGS).

1° antibodies of interest.

Fluorescent 2° antibodies.

Hoechst stain.

ProLong® Gold mounting medium (Life Technologies; Grand
Island, NY).

Epifluorescence microscope and compatible imaging software.

Propidium iodide (Sigma; St. Louis, MO).
Dounce homogenizer.

96-well plate.

Plate centrifuge.

Spectrofluorometer.

. LDH-Cytotoxicity Assay Kit IT (Biovision; Mountain View, CA).

Microplate reader.

MTT (Life Technologies; Grand Island, NY).

Digital camera.



2.9 Western Blotting

2.10 Caspase
Activity Assay

2.11 Cytokine

W XN W

10.

. Chemiluminescence detection equipment.
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Ca?*- and Mg?**-free PBS.

. Lysis Buffer (1 % Triton-X, 10 mM triethanolamine-HCI,

150 mM NaCl, 5 mM EDTA, 1 mM PMSE, 1x Halt protease and
phosphatase inhibitor cocktail [ Thermo Scientific; Rockford, IL]).

Tabletop centrifuge.
Polyacrylamide gel reagents.
Western blot gel apparatus.
Protein transfer apparatus.
Nitrocellulose membrane.

1° antibodies of interest.
HRP-conjugated 2° antibodies.

Chemiluminescence reagent.

Ca?*- and Mg?**-free PBS.

2. Caspase fluorogenic assay kit (B&D Biosciences; San Jose, CA).

. Spectrofluorometer.

. Multi-Analyte ELISArray plate (SABiosciences, Frederick, MD).

Analysis 2. Single-Analyte ELISA plate /s (SABiosciences, Frederick, MD).
3. Microplate reader.

2.12 Pharma- 1. Ca*- and Mg?**-free PBS.

ceutical/Cytokine 2. Pharmaceutical /s or cytokine/s of interest.

Treatment

3 Methods

3.1 Brain and Spinal
Cord Tissue
Preparation

. Place slicing medium on ice and, if possible, bubble slicing

medium with 95 % O,/5 % CO,.

Pipette 1.2 mL 10 % FBS plating medium into each well of
6-well plates. Place plate into incubator (36.5 °C, 5 % CO,)
for at least 1 h prior to explantation to allow the medium to
warm and pH adjust.

. Prepare razor blade for placement in Vibratome chuck by

carefully removing the blade’s back guard with the weighing
spatula or flat-head screw driver. Spray and wipe blade with
70 % ethanol to remove manufacturing oil.

Mount razor blade into Vibratome chuck and assemble
Vibratome. Set Vibratome settings (se¢ Note 5).
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Fig. 3 Steps to harvest brains and mount to Vibratome stage. (a) Rapid decapitation is followed by (b) ethanol
rinse of head. (c) Scalp is removed by tenting skin and making a transverse cut. (d) The skull is hemisected
starting from foramen magnum and moving rostrally. (e) Each half of skull is peeled away from underlying
brain and (f) the brain is lifted from the cranium. (g) Cerebrum is separated from cerebellum with razor blade.
(h) A glue spot of approximately the same size as the freshly cut cerebral surface is placed on the Vibratome
stage and (i) the cerebrum is placed on the glue spot, with olfactory bulbs oriented upwards

5. Clean all tools and Vibratome with 70 % ethanol. If possible,
sterilize equipment with ~20 min exposure to UV light in
laminar flow hood.

6. Obtain mice.

7. Harvest mouse brains or spinal cords (se¢ Note 6).

(a) Brains (see Fig. 3a—g): rapidly decapitate 2—-3 day old ani-
mal with large scissors. Spray the head with 70 % ethanol.
Tent the scalp with large forceps and remove with a single
transverse cut made with large scissors. Stabilize the ante-
rior skull with large forceps placed between eyes and nose.
Insert small dissection scissors into foramen magnum and
carefully cut the skull as far anteriorly as possible (point
the scissors upward toward the skull to avoid damaging
the underlying brain). Use the small forceps to carefully
pry each half of the skull away from the brain. Then gently
lift the brain out of the skull, severing the nerve tracts in
the process. Place the brain in a Petri dish. Use a new
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Fig. 4 Steps to harvest spinal cords, agarose embed, and mount to Vibratome stage (a) Rapid decapitation is
followed by ethanol rinse of the body. (b) The tail is removed at its most proximal point. (c) The bevel of a 256
is inserted into the spinal column and a stream of PBS is forcefully injected through the column, impelling the
spinal cord from the anterior body. (d) The spinal cord is gently teased away from the body. (e) Upon collecting
several cords, pour a 2 % agarose form (f) and transfer each cord into the filled form. (g) The agarose is solidi-
fied and removed from the form. (h) A glue spot of approximately the same size as the freshly cut agarose
block is placed on the Vibratome stage and (i) the widest base of the agarose block is placed on the glue spot,
with the spinal cords oriented perpendicular to the Vibratome stage

razor blade to make a single coronal cut to separate cere-
brum from cerebellum. This forms a flat surface on the
cerebrum that can be glued to the Vibratome stage.

(b) Spinal cords (see Fig. 4a—g): rapidly decapitate 4-5 day old
animal with large scissors. Spray the body with 70 %
ethanol. Cut the tail away from the body at its most
proximal point (the sacral spine should be severed in the
process). Insert the 266G needle into the spinal column,
such that the bevel is just buried (se¢e Note 7). With steady
torce, push a PBS stream through the spinal column until
the spinal cord is forced out of the spinal column. The
spinal cord often remains connected at the anterior
portion of the body and can be gently manipulated into a
Petri dish containing slice medium or PBS. Upon
collecting multiple spinal cords, pour 37 °C, 2 % low melt
agarose into a cryoform. Immediately, suspend spinal
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Spinal Cords

Cryomold

2% Agarose Media

Fig. 5 Schematic of spinal cord placement in 2 % agarose. Cutaway view depicts
a cryomold containing spinal cords, which are supported by the density of aga-
rose. Cervical (C) spinal cord provides buoyancy so that thoracic (T), lumbar (L),
and sacral (S) spinal cord regions are hung vertically

cords in the agarose, with cervical spinal cord oriented
upwards. Manipulate the cords such that they are
suspended upright in the block with the cervical cord
providing buoyancy (see Fig. 5). Allow the block to cool/
solidify (see Note 8).

8. Glue specimen to Vibratome stage (see Note 9).

(@)

Brains (see Fig. 3h, 1): Place a small amount of super glue
onto the stage and place the brain onto the glue, with fron-
tal lobes oriented upwards (newly cut, flat side down on the
glue spot). Wait for ~30 s for glue to dry, place the stage
inside the Vibratome bath, then pour ice-cold slicing
medium into the Vibratome bath until the point that the
olfactory bulbs/frontal lobe are just submerged.

Spinal cords (see Fig. 4h, 1): Carefully remove the agarose
block from the cryomold. The block can be trimmed with
a razor blade. Place a small amount of super glue onto the
stage and place the agarose block onto the glue, with sacral
regions oriented upward and cervical regions oriented
closest to the stage. Wait for ~1 min for glue to dry, place
the stage inside the Vibratome bath, then pour ice-cold
slicing medium into the Vibratome bath until the point
that the agarose block is just submerged.

9. Slicing (see Notes 10 and 11).

(@)

Brains: Initial coronal slices will be of olfactory bulbs, fol-
lowed by slices of frontal lobes. We generally discard these
slices. When the bi-lobar shape of the frontal lobes is no
longer apparent, sections will contain both hippocampus
and thalamus. We generally save these slices for culture.
Four, 400 pM slices containing hippocampus/thalamus
can be obtained from each 2-3 day old mouse brain.



3.2 Plating Brain and
Spinal Cord Slices

3.3 Viral Infection

1.
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By gentle pickup with a paintbrush and bent weighing
spatula, collect each nascent slice into 6-well plates con-
taining ice-cold slicing medium. If further dissection of
tissue slices is desired see Note 12.

(b) Spinal cords: Initial transverse slices will be of sacral and
lumbar sections, followed by thoracic and cervical sections.
We generally discard sacral sections (too small to work
with) and cervical slices (not true transverse slices).
Approximately 20, 400 pM slices can be obtained from
each 4-5 day old mouse. By gentle pickup with a
paintbrush and bent weighing spatula, collect each nascent
agarose slice into a Petri dish containing ice-cold,
oxygenated slicing medium. Individual spinal cord slices
can easily be dislodged from agarose by holding the
agarose slice in a stationary position and gently “blowing”
slicing medium toward the slices with a disposable pipette.

Place a Millipore insert into each of the 6-well plate wells with
sterile forceps.

Carefully transfer slices onto the Millipore insert.

(a) Brain slices (see Note 13): Gently coax the slice onto the
bent weighing spatula with the paintbrush. Once secure,
place the spatula above the insert at a steep angle. Pick up
a large droplet of slicing medium by briefly submerging the
paintbrush, then place the droplet at the higher end of the
spatula. Ideally the droplet will roll down the incline of the
spatula and wash the slice onto the membrane. It is impor-
tant that the slices lay perfectly flat on the membrane.

(b) Spinal cord slices: Using a disposable pipette, pick up
slices (and minimal slicing medium) and transfer to the
membrane.

. Remove any slicing medium that is transferred along with the

slices by Pasteur pipette. The slices should not be submerged
in large volumes of liquid because slices need exposure to
incubator atmosphere for optimal survival.

Place plates in humidified incubator set at 5 % CO, and
36.5 °C.

. Immediately after plating or following slice recovery (see

Fig. 6) add purified virus (diluted in PBS) dropwise to the top
(air interface) of each slice. A volume of 15-20 pL covers a
single brain slice and a volume of 5-10 pL covers a single spi-
nal cord slice. Minimized inoculation volumes will ensure that
slices are not submerged in liquid for long periods of time.
Small volumes will be absorbed into the slice tissue and enter
the underlying medium in <5 min.
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Fig. 6 Prior to experimentation, CNS slices may need time to recover from axonal/cellular injury induced by the
slicing procedure. (a) Brain slices were harvested into lysis buffer at indicated times post-plating (V=3-4). To
quantify apoptosis, Caspase 3 activity was determined by fluorogenic activity assay. Apoptosis occurs during
the first week in culture, but is negligible at later time points. (b) Media was taken at specified time points
(N=3-12). To quantify tissue injury, LDH was detected by colorimetric assay. Tissue injury is evident in the
week following slicing, but then progressively decreases over time. (¢) At 11 days post-plating, BSC media was
replaced with fresh media containing MTT and a representative photograph was taken 45 min later. Live tissue
cleaves the substrate to form purple formazan crystals through mitochondrial activity. This demonstrates the
long-term viability of brain slice tissue, despite initial apoptosis and tissue injury caused by slicing

3.4 CGulture
Maintenance
(See Note 14)

3.5 RT-PCR
Quantification of Viral
or Host Genes

3.5.1 Harvest Slices
Into RLT-BME Buffer

2.

Mock inoculations should be performed in a similar manner
with PBS alone.

. Time points need to be determined by each individual

investigator. If in vivo time points are known, these should be
used asstarting points. Itisrecommended thatall experimentation
is completed prior to the 21st day post-plating.

. At ~12 h post-plating, pipette 1.2 mL 5 % FBS plating medium

into each well of new 6-well plates. Place plates into incubator
(36.5 °C, 5 % CO,) for at least 1 h prior to slice transfer to
allow the medium to warm and pH adjust.

. With sterile forceps, transfer each membrane insert into wells

containing fresh medium.

. Replace medium every 2 days thereafter with serum-free medium.

Add 10 pL p-mercaptoethanol to each 1 mL of RLT buffer.

Pipette 600 pL of RLT-PME buffer into labeled 1.5 mL
microcentrifuge tubes.

. Rinse slices two times by briefly submerging the membrane

insert into the wells of a 6-well plate filled with PBS.

Lift slices away from the membrane by gently sweeping under
slices with the weighing spatula (see Note 15). Put up to four
brain slices or 20 spinal cord slices directly into 600 pL of
RLT-BME buffer. Triturate the tissue through a pipette tip
until it is completely dissociated into the bufter.

. Freeze the lysate at -80 °C or proceed immediately to the

next step.



3.5.2  Purify Slice RNA

3.6 RT-PCR
Quantification

3.7 Cryosectioning
and Immuno-
fluorescence Imaging
(See Note 16)

3.7.1 Fixand
Cryoprotect Tissue
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. Homogenize the lysate by pipetting it into a QIAshredder and

spinning at 12,000 x g for 2 min.

. Add 600 pL of 70 % ethanol (in DEPC water) to each homog-

enized lysate and mix by gentle trituration through a pipette tip.

. Pipette half of the homogenized lysate /ethanol (600 pL) into

a labeled Qiagen RNeasy MINI spin column.

4. Spin at 12,000 x g for 1 min, discard flow through.

Repeat steps 3 and 4 with the remainder of the sample.

6. Add 700 pL of RW1 butffer to the column, spin at 12,000 x g4

11.
12.

for 15 s, discard flow though.

Add 500 pL of RPE buffer, spin at 12,000 x g for 15 s, discard
flow though.

. Add another 500 pLL RPE, spin at 12,000 xg for 2 min, dis-

card flow though.

. Spin again at 12,000 x g for 1 min to dry column.
10.

Carefully place spin column to a new 1.5 mL microcentrifuge
tubes. Add 50 pL of water to each column.

Wait 1 min and spin again at 12,000 x4 for 1 min.
Store purified RNA at -80 °C.

. Design and synthesize primers to gene/s of interest and a

housekeeping gene.
Mix purified RNA template, primers, SYBR® Green RT-PCR

master mix, and iScript™ reverse transcriptase into a total vol-
ume of 20 pL.

Perform 40 cycles of PCR amplification on thermocycler as
follows: ¢cDNA synthesis at 50 °C for 10 min, reverse tran-
scriptase inactivation at 95 °C for 5 min, denaturation at 95 °C
for 10 s, and annealing/extension at 60 °C for 30 s.

Check melt curve to confirm the absence of nonspecific prod-
ucts and primer dimers.

. Convert raw C(t) values into relative expression values with

compatible analysis software.

. Rinse slices two times by briefly submerging the membrane

insert into the wells of a 6-well plate filled with PBS.

Transfer membranes into a 6-well plate filled with 4 % PFA
and allow ~12 h fixation at 4 °C (make sure slices are com-
pletely submerged in fixative).

. Rinse slices two times by briefly submerging the membrane

insert into the wells of a 6-well plate filled with PBS.

Lift slices away from the membrane by gently sweeping under
slices with the weighing spatula (see Note 15). Put loose slices
directly into 15 % sucrose for cryoprotection.
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3.7.2 Form a “Face-Off”
TFM Block (Used to form a
Surface That Is Parallel to
Cryostat Blade)

3.7.3 Cryoembed Slices

3.7.4  Cryosectioning

5.

Store slices for ~1 day in 15 % Sucrose at 4 °C to cryoprotect
tissue.

Store slices for ~1 day in 30 % Sucrose at 4 °C to cryoprotect
tissue.

. Create a small well by running aluminum tape around the end

of'a metal cylinder, such that the tape edge is higher than the
edge of the cylinder.

Fill well with TFM and place metal cylinder in dry ice until
TEM solidifies (this forms a “face-off” block that does not
contain slices).

. Take the cylinder out of dry ice, remove the tape, remove the

“face-off” block from the metal cylinder, and store the “face-
off” block in aluminum foil at -80 °C.

. Place slices in room temperature TFM for at least several

minutes.

Carefully lift slices out of room temperature TEM with a paint-
brush and place them in a metal well identical to that created
in Subheading 3.7.2. The slice should be laid flat against the
surface of the metal cylinder, without the creation of

bubbles.

. Gently apply a thin layer of TFEM over the tissue slices and place

the metal cylinder in dry ice until TEM solidifies (this forms a
thin block that contains slices at the extreme bottom).

Take the cylinder out of dry ice, remove the tape, remove the
“slice block” from the metal cylinder, and store the “slice
block” in aluminum foil at —-80 °C.

. Repeat until all tissue slices have been cryoembedded in “slice

blocks.”

. Attach the “face-off block” to the cryostat chuck and make

sections until the entire surface of the block is removed with
each pass of the blade (i.e., the entire block face is perfectly
parallel to the blade path).

2. Mark orientation of the “face-off block” with a marker.

Remove the “face-off block” from the cryostat chuck.

. Coat the “face-oft block” with a thin layer of TEM and imme-

diately place a “slice block” (with slices oriented downward, so
that the slices are sandwiched inside the two blocks).

Attach the “sandwich block” to the cryostat chuck.

. Make sections until the slices are clearly visible (see Note 4).

Ensure that the blade is sharp and recent sections are of high
quality.



3.7.5 Immuno-
histochemistry

3.8 Propidium lodide
(PI) Quantification
of Tissue Injury

3.9 Lactate
Dehydrogenase (LDH)
Quantification

of Tissue Injury
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. Make serial 10-20 pm sections through the tissue and mount

on ColorFrost™ Plus slides (se¢ Note 17).

. Store slides at room temperature until immunohistochemical

processing.

. Desiccate slides at 50 °C for 15 min.
2. Rehydrate slides in PBS over 30 min.

. Perform antigen retrieval with antigen unmasking solution

according to manufacturer’s instructions.

. Permeabilize tissue and block antigen by submerging tissue

with 5 % fetal bovine serum and 5 % normal goat serum in
0.3 % Triton/PBS for 2 h at room temperature.

. Incubate with primary antibodies overnight at 4 °C.

6. Incubate with secondary antibodies for 2 h at room

temperature.

. Stain nuclei with Hoechst stain according to manufacturer’s

instructions.

. Mount sections with ProLong® Gold mounting medium.

. Image slides on an epifluorescence microscope.

. Replace serum-free medium, with serum-free medium con-

taining 3 pM propidium iodide.

2. Return cultures to incubator for a 1 h incubation.

. Rinse slices two times by briefly submerging the membrane

insert into the wells of'a 6-well plate filled with PBS.

. Homogenize four brain slices or spinal cord slices into 500 pL

PBS with a Dounce homogenizer.

. In triplicate, pipette 150 pL of homogenate into 96-well plate.
6. Spin down cells at 1,000 x g for 5 min.

. Desiccate cells by incubating in a dry incubator set at 37 °C

for 24 h.

. Quantify tissue injury with a fluorescence plate reader

(excitation wavelength of ~493 nm and emission wavelength
of ~630 nm).

. Take samples (>40 pL) of feeding medium at sequential time

points.

. According to manufacturer’s instructions, detect LDH in trip-

licate 10 pL samples by colorimetric assay and quantification
on a 96-well microplate reader.
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3.10 MIT
Visualization
of Tissue Injury

3.11 Western
Blotting

3.12 Caspase
Activity Assay

1.

14.

Replace serum-free medium, with serum-free medium con-
taining 0.5 mg MTT/mL medium.

In 30 min to 1 h, take photographs to characterize regionality
of tissue injury (blue/purple indicates live tissue, whereas
white /brown indicates otherwise).

. Pipette lysis buffer (50 pL/brain slice or 10 pL/spinal cord

slice) into labeled 1.5 mL microcentrifuge tubes.

Rinse slices two times by briefly submerging the membrane
insert into the wells of a 6-well plate filled with PBS.

Lift slices away from the membrane by gently sweeping under
slices with the weighing spatula (se¢e Note 15). Put slices
directly into lysis buffer. Triturate the tissue through a pipette
tip until it is completely dissociated into the buffer.

Freeze the lysate at -80 °C or proceed immediately to the next
step.

. If frozen, place homogenates on ice until thawed. Then allow

cell lysis to occur for 5-10 min, while vortexing frequently.
Clear lystates, by spinning at 16,000 x g for 10 min at 4 °C.

Transfer supernatant to fresh tube containing equal volume of
2x Laemmli bufter.

Boil for 5 min.

. Load and run samples on polyacrylamide gel (se¢ Note 18).
10.
11.
12.
13.

Transfer to nitrocellulose membrane.
Block membrane with 5 % milk.
Immunoblot with primary antibody overnight at 4 °C.

Wash membrane and incubate with appropriate HRDP-
conjugated secondary antibody.

Obtain film or digital images following addition of
chemiluminescence reagent.

. Rinse slices two times by briefly submerging the membrane

insert into the wells of a 6-well plate filled with PBS.

Lift slices away from the membrane by gently sweeping under
slices with the weighing spatula (see Note 15). Put slices
directly into lysis bufter provided by manufacturer. Triturate
the tissue through a pipette tip until it is completely dissoci-
ated into the buffer.

. Freeze the lysate at =80 °C or proceed immediately to the next

step.

. Quantify caspase activity according to manufacturer’s

instructions.



3.13 Cytokine
Analysis

3.13.1  Cytokine Screen
on Multi-Analyte ELISArray
Plates

3.13.2 Cytokine
Quantification Single-
Analyte ELISA Plates

3.14 Pharma-
ceutical/Cytokine
Treatment
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. Collect samples of medium at sequential time points.

. Pool medium from experimentally similar wells together for

cytokine screening (it is suggested that some medium is left
unpooled, such that medium from individual wells can later be
used for cytokine quantification on single-analyte ELISA plates).

. Screen pooled medium on multi-analyte ELISArray plates

according to manufacturer’s instructions.

. Obtain single-analyte ELISA plates for each cytokine that was

positive on the ELISArray.

. With the un-pooled medium collected in Subheading 3.13.1,

quantify cytokine of interest in each medium sample through
serial dilutions fit to a standard curve according to
manufacturer’s directions.

. Obtain in vitro dosage information, if available.

. Dilute pharmaceutical /cytokine so that it may be applied

directly to the top (air interface) of each slice. The initial con-
centration must be non-toxic and should contain <10 %
DMSO. A volume of 15-20 pL covers a single brain slice and a
volume of 5-10 pL covers a single spinal cord slice. Small vol-
umes will be absorbed into the slice tissue and enter the under-
lying medium in ~5 min. Ideally, the final concentration should
be above the effective concentration as established in vitro.

. Reapply pharmaceutical /cytokine following each medium

change.

4 Notes

. Slices are vulnerable to fungal infection. During preparation,

we recommend wearing a mask and sterilizing gloves fre-
quently with 70 % ethanol. Nystatin is added to medium to
alleviate problems with fungal infection.

. Slices can be prepared from both mice and rats using described

methodology. While we recommend using young postnatal
animals, due to the resilience of tissue at this age, other inves-
tigators have successfully cultured CNS tissue derived from
animals that are several weeks old at the time of sacrifice. In
our experience, P2-3 seems ideal for the brain slices model
and P4-5 seems ideal for the spinal cord model.

. Bend the end of the spatula to a 45° angle for easier manipula-

tion of slices.

. Usage of colored TEM (red, green, blue) helps tremendously

with the visualization of slices during cryosectioning.
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5.

10.

11.

12.

13.

14.

Our laboratory uses the following settings on a Leica VI1000S
Vibratome: advance speed =7-10 and amplitude =7-10. Exact
settings need to be determined by individual investigators.
Our brain and spinal cord slices are made at 400 pm thickness.
Slices can be made thinner (i.e., 250 pm), though thin slices
will have a larger percentage of the total slice damaged by the
slicing procedure. It is not advisable to make slices thicker
than 400 pm, because the top of thick slices will not have
adequate contact with feeding medium.

. It is important that this step be performed quickly. With prac-

tice, it should not take any longer than 5 min and up to six
brains or spinal cords may be harvested and sliced at once.

. Aim for the small blood spot that immediately forms when the

sacral spinal cord is severed. Gentle side-to-side movement of
the needle can be used to confirm that it has indeed entered
the spinal column. Furthermore, correct needle placement is
confirmed if limb flexion is induced by mechanical stimulation
of the spinal cord when PBS is forced through the spinal col-
umn. Incorrect needle placement, on the other hand, will
cause the body cavity to fill with PBS.

. Cooling of the agar block can be hastened by briefly placing

the form on ice or at 4 °C.

Size of glue spot should be approximately the same size as the
“footprint” of the brain or spinal cord-containing agarose
block. Controlling the glue volume is a critical part of the slic-
ing procedure: if too little glue is applied the specimen will
become dislodged from the Vibratome stage, whereas too
much glue will coat the outside of the specimen, harden, and
induce damage to the tissue and razor blade.

Replace the razor blade often (i.e., every time the stage is
loaded with new specimens). Small imperfections in the razor
blade can resultin unnecessary damage to tissue slices, whereas,
usage of a sharp blade will minimize tissue tearing.

Use a paintbrush to gently hold the nascent slice against the
blade; this keeps it from rolling up and allows for a cleaner cut.

If isolated hippocampal cultures are desired, individual hip-
pocampi may be dissected out of nascent slices with a dissect-
ing scope prior to plating. If many experimental conditions
will be applied (e.g., higher throughput drug screening), each
slice may be split into right and left hemispheres with a scalpel
prior to plating.

The plating procedure for brain slices is technically challenging.
Accordingly, mastery of this step will take significant patience.

We prefer to culture in a serum-free system to minimize vari-
ables. However, providing FBS to nascent slices helps with



15.

16.

17.

18.
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tissue recovery. So, we tend to initially plate cultures with 10 %

FBS, and wean to 5 % FBS at ~12 h post-plating, then switch
to serum-free medium at 3 days post-plating.

Separating slices from culture membranes will become more
difficult with increased time in culture due to glia incorporat-
ing into the membrane.

As an alternative to labor-intensive cryosectioning and epifluo-
rescence imaging, confocal imaging of the surface of the whole
slice may be performed. Confocal microscopy also makes live
imaging possible.

Tissue will not bind well to uncoated slides and will wash off
during immunofluorescence processing. We recommend
usage of coated slides.

In our experience, most proteins are detectable (yet not over-
loaded) when the equivalent of one brain slice or five spinal

cord slices are loaded per well.
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Chapter 10

Neurospheres and Glial Cell Cultures:
Immunocytochemistry for Gell Phenotyping

Amanda Parker Struckhoff and Luis Del Valle

Abstract

Cell cultures constitute an important tool for research as a way to reproduce pathological processes in a con-
trolled system. However, the culture of brain-derived cells in monolayer presents significant challenges that
obscure the fidelity of in vitro results. After a few number of passages, glial and neuronal cells begin to lose
their morphological characteristics, and most importantly, their specific cellular markers and phenotype.
In recent years, the discovery of Neural Progenitor Cells and the methodology to culture them in suspension
maintaining their potentiality while still retaining the ability to differentiate into astrocytes, oligodendrocytes,
and neurons have made significant contributions to the fields of neuroscience and neuropathology.

In the brain, progenitor cells are located in the Germinal Matrix, in the subventricular zone and play
an essential role in the homeostasis of the brain by providing the source to replace differentiated cells that
have been lost or damaged by different pathological processes, such as injury, genetic conditions or disease.
The discovery of these Neural Stem Cells in an organ traditionally thought to have limited or no regenera-
tive capacity has open the door to the development of novel treatments, which include cell replacement
therapy. Here we describe the culture and differentiation of neural progenitor cells from Neurospheres,
and the phenotyping of the resulting cells using immunocytochemistry. The immunocytological methods
outlined are not restricted to the analysis of Neurosphere-derived cultures but are also applicable for cell
typing of primary glial or cell line-derived samples.

Key words Neurospheres, Neural Progenitor Cells, Immunocytochemistry, Tumor Stem Cells,
Differentiation

1 Introduction

The discovery of embryonic and adult stem cells has led to great
interest and excitement about the therapeutic potential of these cells
across medical disciplines. The two hallmark properties of stem cells
are their ability to undergo self-renewal and their potentiality for
differentiation into the multiple cell lineages specific for the organ
from which they derive. Because of these properties, stem cells are
essential for an organism to maintain tissue homeostasis and for tis-
sue repair following injury. The features of self-renewal and pluripo-
tentiality also make adult stem cells invaluable therapeutic tools for

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
DOI 10.1007/978-1-62703-640-5_10, © Springer Science+Business Media New York 2013
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reversing the symptoms/pathology of neurodegenerative disease,
promoting tissue repair after ischemia or stroke, or as a model
system to understand how to inhibit the proliferative capacity of
recently identified tumor-associated stem cells.

These cells may be isolated and cultured in vitro so that they
can be manipulated and studied by researchers. Neural stem cells
are present in two specialized niches in the adult mammalian brain,
the dentate gyrus of the hippocampus [ 1] and the Germinal Matrix,
located in subventricular zone of the lateral ventricles [2—4]. Once
removed, they can be propagated as adherent cells in traditional
two-dimensional cultures or embedded in extracellular matrices, or
as floating spheres called Neurospheres [5]. Culturing Neural Stem
Cells in the form of Neurospheres helps to select for and preserve
stem cell-like properties of isolated cells. Neural Stem Cells grown
as Neurospheres can be maintained in this primitive state for many
passages, creating a readily available, stable pool of Stem Cells for
research. The cells can be used to ask defined questions about fac-
tors that alter stem cell properties, such as their capacity for self-
renewal, or how experimental or genetic manipulations affect the
neuronal or glial differentiation program.

In order for these types of experiments to be successful,
researchers must be able to definitively identify the genetic and
phenotypic changes resulting from the experimental manipula-
tions. Immunocytochemistry is an invaluable tool for cell pheno-
typing. Neural Stem Cells and their progeny can be identified by
the use of select protein biomarkers. These biomarkers are selec-
tively expressed by stem, neuronal, or glial cells, as well as during
specific stages in the differentiation process.

2 Materials

2.1 Tissue Culture
Equipment

2.2 Culture
of Neurospheres

2.3 Medium
Components

Tissue culture flasks and dishes.
Sterile polypropylene conical tubes.

40 pm cell strainer.

L

Incubator, light inverted microscope.

1. 0.05 % trypsin/EDTA.
2. Trypsin neutralizing solution.
3. Phosphate buffered saline.

1. Newurobasal medium.
2. DMEM.

3. EGF—Working concentration will be 20 ng/ml. Stock
concentration—10 pg/ml, store as aliquots in =20 °C.

4. bFGF—Working concentration will be 20 ng/ml. Stock
concentration—10 pg/ml, store as aliquots in -20 °C.



2.4 Neurosphere
Growth Medium

2.5 Neurosphere
Differentiation
Medium

2.6 Neuronal
Differentiation
Medium

2.7 Oligodendrocyte
Differentiation
Medium

2.8 Astrocyte
Differentiation
Medium

2.9 Immunocy-
tochemistry Reagents
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5. GlutaMAX—use 1 ml/100 ml of media (1:100 dilution).
6. StemPro Newral Supplement—use 2 ml/100 ml (1:50 dilution).

7. Penicillin/streptomycin—Working concentration—100 U,/ml
(1:100 dilution from 10,000 U/ml stock solution).

8. B27supplementserum-freesupplement—Workingconcentration—
2 % (1:50 dilution).
9. Fetal bovine serum (FBS).

10. Cilliary neurotrophic factor (CNTF)—Working concentration
100 ng/ml, Stock concentration—50 pg,/ml, store aliquots
in =20 °C.

11. Tridodothyronine (1T3)—Working concentration—30 ng,/ml.

12. Dibutyryl cAMP—Working concentration—0.5 mM.

13. Liberase/ HBSS solution—Liberase™ (Roche) at 100 pg/ml
and DNase at 100 pg/ml, in HBSS (Hank’s Balanced Salt
Solution).

14. Poly-HEMA.

Neurobasal medium supplemented with 20 ng/ml EGF, 20 ng/
ml bFGF, 2 mM GlutaMAX, pen/strep, and 2 % StemPro Neural
Supplement.

Neurobasal medium supplemented with 10 % Fetal Calf Serum,
2 mM GlutaMAX, pen/strep.

Neurobasal medium supplemented with 2 % B27, 2 mM
GlutaMAX, and pen/strep.

Neurobasal medium supplemented with 2 % B27, 30 ng/ml T3,
2 mM GlutaMAX, and pen/strep.

Neurobasal medium supplemented with 10 % FCS supplement,
100 ng/ml CNTE, 2 mM GlutaMAX, pen/strep.

1. Glass coverslips and Chamber slides (2-chamber or

8-chamber).
2. Reduced Growth Factor Matrigel.

w

Paraformaldehyde (PFA) (Electron microscopy grade).
4. Methanol.
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Table 1

A list of commonly used markers for immunophenotyping and the cell

types which express them

Marker Cell Type

BLBP Neuroprogenitor

Nestin Neuroprogenitor, BTSC
SOX2 Neuroprogenitor, BTSC
CD133 Neuroprogenitor, BTSC
BMI1 BTSC

MUSASHI BTSC

B-tubulin, Class 11T
MAP-2

GAP-43

CaM kinase
Neurofilaments
GFAP

S1008

GLAST

Glutamine Synthetase
NG2

04

CNPase

GalC

MBP

MAG

MOG
0X-42/CD-11b

Neuroprogenitor, Neuronal
Neuronal

Neuronal

Neuronal

Neuronal

Astrocyte

Astrocyte

Astrocyte

Astrocyte

orc

OPC, Ditferentiated Oligodendrocyte
OPC, Differentiated Oligodendrocyte
OPC, Differentiated Oligodendrocyte
Differentiated Oligodendrocyte
Differentiated Oligodendrocyte
Differentiated Oligodendrocyte
Microglial

BTSC Brain Tumor Stem Cell, OPC Oligodendrocyte Progenitor Cell, BLBP Brain lipid-
binding protein, SOX2 SRY (sex determining region Y)-box 2 protein, BMII B lym-
phoma Mo-MLYV insertion region 1 homolog, MAP2 Microtubule-associated protein 2,
GAP43 growth associated protein 43, CaM kinase Ca’*/calmodulin-dependent protein
kinase, GFAP Glial fibrillary acidic protein, GLAST GLutamate ASpartate Transporter,
CNPase 2',3'-Cyclic-nucleotide 3'-phosphodiesterase, GalC Galactosylceramidase, MBP
Myelin basic protein, MAG Myelin-associated glycoprotein, MOG Myelin oligodendro-

cyte glycoprotein

5. Acetone.
6. Triton X-100.

7. Primary Antibodies (see Table 1).
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. Secondary Antibodies—all at 1:500 dilution.

(a) Rabbit anti-mouse (Alexa Fluor488).
(b) Goat anti-rabbit (Alexa Fluor488).
(c) Rabbit anti-mouse (Alexa Fluor568).
(d) Goat anti-rabbit (Alexa Fluor568).

3 Methods

3.1 |Isolation
of Neural Stem Cells

3.2 Passaging of

Neurosphere Cultures

. Adult-derived Neurospheres are derived from tissue isolated

from the SVZ of 6-8 week old mice [6].

. Mince tissue using the blade of a scalpel for approximately

1 min, until only small pieces are visually evident.

. Incubate tissue in 1 ml of 0.05 % trypsin/EDTA for 5 min at

37 °C to dissociate. Dissociation reaction is terminated by the
addition of an equal volume of trypsin inhibitor—mix well to
ensure that trypsin is inactivated.

. Centrifuge at 300xyg for 5 min and carefully aspirate the

supernatant to remove all traces of trypsin.

. Resuspend the cells in 250 pl of Neurosphere Growth Medium.

Triturate cells using a P200 pipette tip to break up any remain-
ing aggregated or clumped cells.

. Add an additional 750 pl of Newurosphere Growth Medium and

filter the cell suspension through a 40 pm mesh filter to remove
tissue debris not digested by the trypsin.

. Remove a 20 pl aliquot of the filtered cell suspension and mix

with 80-180 pl Trypan Blue and count the number of viable
cells using a hemocytometer (see Note 1).

. Plate the filtered cell suspension (5,000 cells /cm?) on uncoated

tissue culture dishes in Growth Medium tor 6-8 days. The cells
are ready to be passaged when the majority of the Neurospheres
are approximately 150 pm in diameter (se¢ Notes 2 and 3).

When the Neurospheres are ready to be passaged, gently suspend
the Neurospheres, and transfer the medium and suspended
Neurospheres into a sterile conical tube.

1. Wash the culture dish one time with Neurosphere Growth

Medinm and pool the wash with the medium and cells in the
conical tube.

. Centrifuge at 100 xg for 5 min. Aspirate the supernatant and

resuspend the cells in 1 ml of 0.05 % trypsin/EDTA.

. Incubate at 37 °C for 2—3 min to dissociate the Neurosphere.

Inactivate trypsin by adding an equal volume of trypsin
inhibitor.
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3.3 Differentiation
of Neurospheres

3.3.1 Coat Chamber
Slides or Coverslips with
Poly-1-Ornithine/Laminin

4. Centrifuge at 300 xg for 5 min. Aspirate the supernatant and
resuspend the cells in 250 pl of Neurosphere Growth Medium.

5. Triturate cells 6-8 using a P200 pipette tip to make a single-
cell suspension of cells.

6. Remove a 20 pl aliquot of the filtered cell suspension and mix
with 80-180 pl Trypan Blue and count the number of viable
cells using a hemocytometer (see Note 4).

7. Plate the cells in Neurosphere Growth Medium (5,000 cells/
cm?) on uncoated tissue culture and culture 6-8 days.

Neurospheres from passages 1-3 (P1-P3) are often irregularly
shaped and disorganized clusters, with debris still present from the
isolation procedure. After P3, healthy Neurosphere should be
shiny, smooth with a uniform outline when viewed through a tis-
sue culture microscope (see Fig. 1). When Neurospheres reach this
state, they are ready for downstream studies.

The plating density of the neural stem cells in later passages is
highly dependent on the purpose of the experiment. If the experi-
mental outcome is to determine the clonality of isolated or treated
cells, the cells must be plated at very low densities to ensure that
the resulting Neurospheres are the result of single cell expansion
and not the result of aggregation of multiple cells and smaller
Neurospheres. The most stringent plating method calls for cells to
be plated in 96-well plates at very low plating densities (1-10 cells/
pl with 200 pl/well). The researcher can then identify which wells
contain only a single cell and monitor just those wells for
Neurosphere formation. If the experiment is designed to measure
other outcomes such as the influence of growth factors or pharma-
cologic treatments on neuronal development, then less stringent
plating conditions are required (se¢ Note 5).

1. Dilute the poly-rL-ornithine stock solution 1:100 in cell cul-
ture-grade distilled water to make 10 pg/ml working
solution.

2. Cover the surface of the chamber dish or coverslip with the
10 pg/ml poly-rL-ornithine (typically about 1 ml for one well
of'a 2-well chamber slide or about 125-250 pl/cm?) and incu-
bate for 1 h at 37 °C.

3. Rinse the culture dish or coverslips twice with sterile water.

4. Cover the surface of the culture dish or coverslip with the lam-
inin (10 pg/ml) and incubate for 2 h at 37 °C.

5. Rinse the culture dish or coverslips twice with PBS (see Note 6).
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Fig. 1 Development and immunocytochemical characterization of Neurospheres from adult stem cells. (a) After
10 days in a cell growth promoting culture, Neural Stem Cell form floating spherical conglomerates. (b) Double
labeling of these proliferating Neurospheres with Nestin (Rhodamine), and Class Ill p-Tubulin (Fluorescein)
demonstrates that the cells are committed towards a neuronal lineage. While the majority of cells express the
earlier marker Nestin, only few cells at this stage have started their Tubulin production. (c) After induction of
differentiation for 5 days, a phase contrast micrograph of cultured Neurospheres show cells with slim and long
processes that form a fibrillary net. (d) Double labeling for glial markers shows some large cells expressing
GFAP (Rhodamine), mixed with a larger population of smaller, rounder cells that have differentiated into oligo-
dendrocytes and express Gal-C (Fluorescein)

3.3.2 Differentiation The Neurospheres are ready for plating when they reach
of Intact Neurospheres approximately 150 nm in diameter (between day 6-8 of culture).

1. Collect the medium and Neurospheres from the culture dish
and transfer to a conical tube and centrifuge at 100xy4 for
5 min. Intact Neurospheres should be handled very gently in
order to avoid dissociation.

2. Aspirate the Growth mediwm and gently resuspend the
Neurosphere in  Differentiation medinm. Transfer the
Neurospheres suspension to a sterile 60- or 100-mm? dish and
select individual Neurospheres using a 1 ml pipette.
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3.3.3 Differentiation of
Dissociated Neurospheres

3.3.4 Culture Conditions
to Preferentially
Differentiate Neural Stem
Cells Into Neurons

3. Transfer an appropriate number of Neurospheres to the tissue

culture dishes containing the pre-coated coverslips or chamber
slides. Neurospheres should be plated sparsely so that there is
adequate space for the Neurospheres to attach and disperse on
the coated surface without any merging of differentiating
Neurosphere populations. The differentiation process typi-
cally takes 6-8 days, by which time the differentiated cells
should form a monolayer on the culture surface.

. Fix the cells (see Subheadings 3.4.1 and 3.4.2 for different

fixation methods) and proceed to Subheading 3.4.3 to analyze
the resulting population of differentiated cells by
immunocytochemistry.

When Neurospheres are ready for harvesting, pre-coat glass cover-
slips or chamber slides and collect Neurospheres as described above
(Subheadings 3.3.1-3.3.2).

1.

Aspirate the Neurosphere Growth medium and resuspend the
cells in 1 ml of 0.05 % trypsin/EDTA. Incubate at room tem-
perature for 2-3 min. Add an equal volume of trypsin inhibitor
and mix well to terminate the digestion. Do not over-trypsinize
cells as this can lead to decreased viability of cells after plating.

. Centrifuge at 300x g for 5 min and remove the supernatant.

Immediately resuspend the cells in 250 pl of differentiation
medium. Triturate the cells using a P200 pipette tip until only
single cells are observed when the suspension is checked under
the microscope.

Count the cells using a hemocytometer.

. Dilute the appropriate volume of cell suspension in

Differentiation medium and plate in tissue culture dishes con-
taining pre-coated coverslips or in pre-coated chamber slides.
There is a great deal of variability in the required plating density
of dissociated cells. It is best to try a range of densities from
1x10* to 5x10° cell/cm? to determine which density works
best for each experiment.

Differentiation should be complete after 4-7 days. Fix the cells
(see Subheading 3.4.2 for different fixation methods) and
proceed to Subheading 3.4 to analyze the differentiated cells by
immunocytochemistry.

The resulting cell population will reflect the potentiality of the

stem cell culture and can be used to test the effects of genetic or
therapeutic manipulation on neural stem cell fate. Alternatively,
culture conditions can be adjusted to selectively push neural stem
cells into different lineages, as outlined below.

1. Follow the preceding steps to harvest and plate either

intact or dissociated Neurospheres as described above
(Subheadings 3.3.2 to 3.3.3).



3.3.5 Culture Conditions
to Preferentially
Differentiate Neural Stem
Cells Into Astrocytes

3.3.6 Culture Conditions
to Preferentially
Differentiate Neural Stem
Cells Into Oligodendrocytes
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. Resuspend cells in Newronal Differentiation Medinm instead

of the generic Neurosphere Differentiation Medinm.

. Culture the cells for 5-7 days. The medium can be replenished

every 2 days by removing %2 to % of the medium and replacing
it with an equal volume of fresh Newronal Differentintion
Medium (see Note 7).

. On Day 5-7, add 500 pM dibutyryl cAMP may be added to

the differentiation medium and cells cultured for an additional
3 days to further select for neuronal cells.

. Follow the preceding steps to harvest and plate either

intact or dissociated Neurospheres as described above
(Subheadings 3.3.2 to 3.3.3).

. Resuspend cells in Astrocyte Differentiation Medinm instead of

the generic Differentiation Medium.

. Culture the cells for 5-7 days. The medium can be replenished

every 2 days.

. On day 6-7, shake tissue culture dish overnight at 150 rpm in

a 37 °C incubator remove non-adherent glial cells
(oligodendrocytes) to further purify culture for astrocytes
(see Note 8). Cells may be split and subjected to additional
rounds of shaking when confluent to continue to select for
astrocytic lineage.

. Follow the preceding steps to harvest and plate either intact or

dissociated Neurospheres as described above
(Subheadings 3.3.2 to 3.3.3).

. Resuspend cells in Oligodendrocyte Differentiation Medium

instead of the generic Differentiation Medium.

. Culture the cells for 5-7 days. The medium can be replenished

every 2—-3 days.

4 Immunocytochemical Analysis of Cells Derived from Differentiated

Neurospheres

4.1 Preparing
Paraformaldehyde
Fixing Solution

. Prepare 20 % PFA stock solution by adding PBS to 20 g of

PFA, and bring the volume up to 100 ml.

. Add 250 pl 10 N NaOH, and heat the solution at 60 °C with

stirring until the solution is completely dissolved.

. Filter the solution through a 0.22-pm filter and cool on ice.

Make sure that the pH is 7.5-8.0.

4. The solution can be aliquoted and stored at -20 °C for later use.

. Before beginning immunocytochemistry protocol, dilute 20 %

PFA to a working dilution of 4 % PFA using PBS (see Note 9).



128 Amanda Parker Struckhoff and Luis Del Valle

4.2 Fixation and
Permeablization of
Differentiated Cells

4.2.1 Fixation with
Methanol

4.2.2 Fixation with
Acetone

4.3 Immunolabeling
of Fixed Cells

1. Remove culture medium and gently wash the cells with PBS,
while taking care not to dislodge the cells.

2. Fix cells with 4 % fresh PFA (as prepared above) at room tem-
perature for 15 min.

3. Aspirate the PFA solution and wash three times with PBS,
5 min each wash (see Notes 10 and 11).

4. Permeabilize the cells with 0.2 % Triton X-100 for 5 min.

5. Aspirate the Triton solution and wash three times with PBS,
5 min each wash.

Fix the cells by adding ice-cold methanol. Incubate at -20 °C for
20 min. Aspirate methanol and wash three times with PBS.

Fix the cells by adding ice-cold acetone. Incubate at -20 °C for
5 min. Aspirate acetone and wash three times with PBS (see
Note 12).

The choice of fixation method used will depend on both the
epitope and primary antibody and therefore this step may require
some optimization to determine which method is best. Fixation
using cross-linking reagents, such as PFA are better at preserving
cell structure, but may reduce the detection of some targets as
cross-linking may interfere with antibody binding. Organic solvents
like acetone or ethanol dehydrate and precipitate proteins on the
cellular architecture and tend to work well for detection of cytoskel-
etal components but may reduce detection of soluble proteins.

1. Incubate cells for 1 h in blocking solution. The blocking solu-
tion should be a 5 % solution of serum derived from the sec-
ondary antibody host species diluted in PBS. For example, if
the secondary antibody was generated in sheep, use 5 % nor-
mal sheep serum in PBS to block the slides/coverslips.

2. Remove the blocking solution and incubate the cells 2 h at RT
or overnight at 4 °C with primary antibody diluted in 1 %
serum. Ensure that the cell surfaces are covered uniformly with
the antibody solution. If using coverslips, they can be placed on
Parafilm in a humidified container and covered with antibody
solution. This will reduce the volume of antibody required.

3. Wash the cells three times with PBS, 5 min each wash.

4. Incubate the cells with fluorescently labeled secondary anti-
body (diluted in 1 % serum in PBS) in the dark for 45-60 min
at RT.

5. Wash the cells three times with PBS, for 5 min each wash.

6. Mount using ProLong® Gold anti-fade with DAPI mounting
reagent and seal with the coverslip. Store the slides in the dark
at 4 °C (see Note 13).
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5 Immunocytochemical Analysis of Intact, Undifferentiated Neurospheres

5.1 Fixation and
Permeablization of
Intact Neurospheres

The Neurospheres can be fixed and immunolabeled as intact
Neurospheres. This may be desired if the goal is to identify path-
ways associated with maintenance of, or the differentiation from,
the stem cell phenotype [7]. Immunocytochemical analysis of the
intact Neurosphere would allow the investigation of how the
expression of proteins of interest changes during the differentia-
tion program, or to identify the presence of representative markers
of apoptosis or cell cycle regulation following experimental manip-
ulation of the neurosphere cultures. Identifying the patterns of
protein expression in intact Neurospheres is advantageous since
dissociation and plating of the Neural Stem cells initiates differen-
tiation and alters gene expression. In addition, a model containing
the majority of cells present in the brain allows one to track cyto-
pathological changes to specific phenotypes, and to observe the
interactions between different cell types.

1. Thaw the Matrigel bottle at 4 °C overnight to prevent polym-
erization. The next day, prechill Neurobasal medium and
1.5 ml Eppendorf tubes. On ice, dilute Matrigel 1:50 with
cold Neurobasal medium. Aliquot the undiluted Matrigel into
chilled Eppendort tubes and store at —20 °C.

2. Cover the surface of the chamber dish or coverslip with the
diluted Matrigel and incubate for 2 h at 37 °C.

3. Collect the medium and Neurospheres from the culture dish
and transfer to a conical tube and centrifuge at 100x 4 for
5 min. Intact Neurospheres should be handled very gently in
order to avoid dissociation.

4. Aspirate the old Growth medium and gently resuspend the
Neurospheres in fresh  Growth medium. Transfer the
Neurosphere suspension to a sterile 60- or 100-mm? dish and
select individual Neurospheres using a 1 ml pipette.

5. Transfer an appropriate number of Neurospheres to the
Matrigel-coated tissue culture dishes containing the pre-
coated coverslips or chamber slides.

6. Incubate the Neurospheres at 37 °C for 20 min to allow the
Neurospheres to attach to the Matrigel.

7. Fix in 4 % PFA for 15 min and wash one time with PBS for
20 min at room temperature.

8. Proceed with immunolabeling protocol discussed above
(Subheading 4, step 3).
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6 Neurospheres Generated fom Brain Tumor Stem Cells (BTSC)

6.1 Coat Tissue
Culture Dishes with
Poly-HEMA

Neurosphere assays can be utilized to identify neural stem-like
properties in cells derived from primary brain tumors. Primary
tumor cells have the propensity to retain their morphological and
physiological feature when maintained in Neurosphere culture
as compared to cells cultured in two dimensional cell cultures.
Like Neural Stem Cells, Neurosphere-forming cells derived from
primary tumors are self-renewing and retain the ability to ditferen-
tiate into the cells found in the tumor in vivo [8, 9]. In addition,
upon transplantation into nude mice, they form tumors that reflect
the tumor cell composition from which they were derived [10-12].
The propensity of primary tumor-derived cells to form Neurospheres
has been correlated with clinical outcome in both pediatric tumors
and Glioblastomas [13]. The outcome of genetic manipulation
and/or pharmacological treatments on BTSC could be analyzed
using neurosphere assay. Immunocytochemical analysis of BTCS-
derived Neurospheres could identify whether tumor stem cell
markers are altered or preserved (see Fig. 2).

1. Before beginning, coat tissue culture dishes with poly-HEMA,
which prevents attachment of tumor cells to tissue culture
dish. To make a 20 mg/ml solution of poly-HEMA, dissolve
50 mg of poly-HEMA in 50 ml 95 % ethanol at 37 °C
overnight.

2. Centrifuge at 2,000 x4, 20 min to clarify the solution.

3. Cover culture vessel surface with 20 mg/ml poly-HEMA
solution and allow to dry. Culture dishes may be sterilized
under UV light and stored for 1 month.

4. Just before use, rinse culture dishes with sterile PBS.

5. Tumor cells are collected at time of surgical removal. Place
immediately in ice-cold RPMI and keep on ice until they are
processed for culturing for the Neurosphere assay.

6. Mince tissue using the blade of a scalpel for approximately
1 min, until only small pieces are evident.

7. Incubate tissue in 10 ml of Liberase /HBSS for 15-30 min at
37 °C to dissociate. Invert every 5 min to mix tissue with solu-
tion (see Note 14).

8. Once the cells are dissociated, mix the cell/enzyme reaction
with a 1:1 volume of cold RPMI, 10 % FBS and mix by inver-
sion. The presence of serum and the lower temperature inacti-
vates the Liberase enzyme mix (see Note 15).

9. Centrifuge at 400xyg for 5 min and carefully aspirate the
supernatant.

10. Repeat steps 4 and 5.
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Fig. 2 Culture and Immunocytochemistry of three-dimensional cultures derived from primary glial tumors. (a)
After dissociation from a primary diffuse fibrillary astrocytoma, a phase contrast micrograph of the resulting
astrosphere shows the characteristic morphological features of astrocytic cells, with slim and long cytoplasmic
processes. (b) Immunocytochemistry for Glial Fibrillary Acidic Protein (GFAP) corroborates the astrocytic

phenotype of the cultured cells

11.

12.

Resuspend the cells in Newrosphere Growth Medium, and plate
sparsely on poly-HEMA-coated dishes. Cells should be plated
sparsely to avoid cell aggregation.

Tumor-derived Neurosphere should be handled as discussed
for Neural Stem Cells-derived Neurospheres (Subheading 3.2).

7 Notes

. The amount of Trypan Blue added will depend on the cell

density of the cell suspension.

. Avoid moving the Neurosphere-containing dishes too much

to prevent mechanical aggregation of Neurospheres.

The Neurospheres should not be allowed to grow larger than
150 nm to preserve the viability and undifferentiated state of
the inner cells.

If there is not a single-cell suspension, pass the cells through
the P200 pipette tip several more times. It is important the
cells are plated as individual cells to help ensure that the
resultant Neurospheres are the result of clonal expansion and
do not arise from multiple cells.

Cells grow better if medium is changed % a time.

. Coverslips or culture dishes may be prepared in advance. Keep

the coated surfaces covered with PBS, wrapped tightly with
Parafilm, at RT for up to a week.
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7. Neurons are not particularly adherent. Be careful not to dis-
lodge them during media changes.

8. These floating cells can be taken and re-plated in
Oligodendrocyte Diff Medium to concurrently generate an
oligodendrocyte culture.

9. Itis best to use freshly diluted 4 % PFA.

10. If cells are easily dislodged /washed off, they may be washed
just one time with a greater volume of PBS.

11. Fixed cells may be stored for up to 3 weeks in PBS at 4 °C
before staining. Do not allow slides to dry.

12. If methanol or acetone is used as a fixatives, a permeabilization
step is not needed.

13. Include a secondary only control (in Subheading 3.4.3 omit
step 2) to ensure that observed signal is specific to primary
antibody. If co-labeling, also label slides with singly with each
primary antibody.

14. Can be 10-25 ml depending on the starting weight of the
tumor sample.

15. The cell suspension may be filtered through a 40 pm mesh
filter to remove debris.
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Chapter 11

Transfection of Neuronal Cultures

liker Kudret Sariyer

Abstract

Efficient transfection of genes into neurons is a crucial step for the study of neuronal cell biology and func-
tions. These include but are not limited to investigating gene function by overexpression of target proteins
via expression plasmids and knocking down the expression levels of neuronal genes by RNA interference
(RNAI). In addition, reporter gene constructs are widely used to investigate the promoter activities of
neuronal genes. Numerous transfection techniques have been established to deliver genes into the cells.
However, efficient transfection of post-mitotic cells, including neurons, still remains a challenging task.
Here, we overview the advantages and disadvantages of various techniques for the transfection of primary
neurons, and provide an optimized protocol for FuGENE-6 (Promega) which allows a suitable transfec-
tion efficiency of primary neuronal cultures.

Key words Primary neurons, Gene delivery, Transfection, Electroporation, Nucleofection, Calcium
co-precipitation, Lipofection, FuGENE-6

1 Introduction

Transfection is the process of introducing nucleic acids into cells.
The term transfection is commonly used for nonviral gene delivery
[1, 2]. Transfection of animal cells typically involves opening tran-
sient pores in the cellular membrane that will allow the uptake of
genetic material into the cytoplasm. Transfection may cause mor-
phologic changes and abnormalities in target cells. The transfec-
tion of primary cortical and hippocampal neurons has proven to be
a real challenge for the study of neuronal gene functions [2, 3].
Over the past three decades, many transfection methods have been
developed including electroporation, nucleofection, calcium phos-
phate co-precipitation, and lipofection.

Among these transfection methods, electroporation alters the
phospholipid bilayer’s hydrophobic/hydrophilic interactions of
plasma membrane by exposing cells to a voltage pulse [3-5].
Applying a quick voltage shock disrupts areas of the membrane
temporarily, allowing polar molecules to enter the cells through
the membrane. Electroporation is generally used with freshly
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isolated neurons or neuronal cell lines in suspension, and requires
specialized equipment which is relatively expensive. In order to
avoid high cellular mortality associated with electroporation, the
nucleofection technique has been developed. In conventional elec-
troporation, the cell membrane is broken down by electric pulses
and DNA from the surrounding buffer enters the cytoplasm result-
ing with high cell mortality. To overcome this problem, nucleofec-
tion applies cell-type-specific combinations of electric currents and
solutions and thus increases the cell survival [2, 6, 7]. Although
nucleofection provides high levels of transfection efficiency with
low toxicity, its application is also restricted to neuronal progeni-
tors and freshly isolated neurons in suspension.

The calcium phosphate co-precipitation method is one of the
most widely used transfection methods of primary neuronal cul-
tures [8—10]. The principle of the technique relies on formation of
DNA crystals with Ca?* ions in the phosphate buffer. The crystals
precipitate onto the cells during the transfection, and enter the
cells by endocytosis. The technique does not require any special-
ized equipment. It is cost-effective and easy to optimize for the
best results. Although the method is suitable to transfect neurons
at all stages of differentiation, in postmitotic neurons, delivery of
the DNA into the nucleus is more difficult and that leads to low
transfection efficiencies [11].

Lipofection is perhaps the most popular transfection method
for the gene delivery into a variety of animal cells. The technique
relies on cationic lipid molecules which form unilamellar liposomes
[12-15]. The positively charged (cationic) lipid molecules interact
with negatively charged DNA to form a DNA-lipid aggregate [12,
13]. Genetic material is delivered into cells by this lipid aggregate
which fuses with the negatively charged plasma membrane. In
order to increase the fusion capacity, cationic lipid molecules are
often combined with neutral helper lipid molecules. Many differ-
ent formulations of lipofection reagents have been developed. The
lipofection technique is easy to optimize and generally less toxic to
the cells. Although the technique produces high transfection effi-
ciencies in a wide range of cell types, the transfection efficiency of
postmitotic neurons shows variable results based on the lipofection
reagent used. In order to determine the best suitable transfection
method for a particular experiment, the specific advantages and
disadvantages of each technique must be considered. Each method
has been proven to have their own strengths and drawbacks regard-
ing toxicity, expression levels, cell viability, and transfection effi-
ciency [3]. In Table 1, the advantages and disadvantages of
commonly used transfection techniques for primary neurons is
summarized. Below we provide an optimized protocol of
FuGENE-6 (Promega) which we have developed in our laboratory
and yields relatively high transfection efficiencies in primary
neuronal cultures.
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Transfection methods commonly used to transfect primary neurons: advantages and disadvantages

Advantages

Disadvantages

Electroporation

Nucleofection

Ca2+ phosphate
Co-precipitation

Lipofection

Relatively high transfection
efficiencies
Less optimization required
Simple and quick transfection
Expression of the genes starts within hours

Delivers genes directly into
the nucleus
Very high transfection
efficiencies
Higher expression levels
Requires specialized equipment
Relatively low toxicity

Can be used for cultured primary neurons
No specialized equipment is required
Little optimization for different plasmids
Low toxicity when optimized
Cost-effective

Can be used for cultured primary
neurons

Simple and quick transfection
procedure

Provides reproducible transfection efficiencies

High transfection efficiency depending
on reagent
Cost-effective

Only used for freshly isolated neurons
in suspension

Expensive material

Relatively higher toxicity

Requires specialized equipment

Only used for freshly isolated neurons
in suspension

Requires expensive material and
equipment

Requires optimization of the material

Relatively low transfection efficiencies

Needs optimization for higher
transfection efficiencies

Depending on reagent used, some
toxicity is observed

2 Materials

1. Freshly isolated or post-mitotic neurons.

2. 6-well cell culture-grade plastic dishes.
3. Neuronal Growth Medium (NGM): Prepare Neuro-Basal

Medium

supplemented with B27 (2

%), L-Glutamine

(250 pM), Penicillin/Streptomycin (50 pg/ml), and ampho-

tericin b (2.5 pg/ml).

Plastic pipets.
pLEGEFD-C1 plasmid.

0 XN

Opti-MEM serum free media (Life Technologies).
FuGENE-6 transfection reagent (Promega).

37 °C, 5 % CO, humidified tissue culture incubator.

Sterile tissue culture hood.

10. Sterile 1.5 ml microcentrifuge tubes.
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3 Methods

10.

11.

12.

. Plate and maintain neurons in 6-well tissue culture dishes at a

density of 60-80 % confluency (see Note 1).

Place Opti-MEM serum free media at 37 °C for at least 1 h
prior transfection. Opti-MEM is provided in 500 ml bottles.
To maintain the quality and freshness of the media, aliquot
cold Opti-MEM in 15 or 50 ml sterile tubes based on amount
to be needed for the transfection.

. FuGENES®G is stored at 4 °C. Bring FuGENEG6 at room tem-

perature before usage.

Transfection mixture should be prepared in tissue culture
hood where contamination risk is minimized. Prepare and
label sterile 1.5 ml microcentrifuge tubes based on transfec-
tion conditions.

. Place 100 pl of Opti-MEM media into the 1.5 ml microcentri-

fuge tubes, add 18 pl FuGENE®6 to form transfection mixture
A (TM-A). Add the transfection reagent directly to the
Opti-MEM. Put the tip directly into the Opti-MEM do not
allow the reagent to touch any other plastic parts of the tube.
FuGENE-6 may bind to the plastic and limit the effectiveness
of the transfection (see Notes 2—4).

Mix the TM-A by gentle pipetting. Do not vortex or centri-
tuge the TM-A mixture.

In a separate tube, prepare transfection mixture B (TM-B).
Dilute DNA construct (pLEGFP-C1 plasmid) in 100 pl of
Opti-MEM media as 60 ng/pl (total DNA amount for each
well is 6 pg).

. Incubate TM-A and TM-B in the cell culture hood for 5 min,

and carefully combine TM-B with TM-A in the TM-A tube to
obtain primary transfection mixture (PTM). Mix the PTM by
gentle pipetting. Do not vortex or centrifuge the PTM
mixture.

Incubate PTM at room temperature for 30 min. This will
allow proper time for the formation of DNA-liposome
complexes.

Remove media from primary neuronal cultures, and rinse the
cells with 2 ml warm Opti-MEM.

The volume of PTM is about ~220 pl (this will change slightly
based on DNA amount). Add 280 pl more Opti-MEM media
to bring the volume to the total of 500 pl (final PTM
volume).

Add the PTM mixture directly (slowly and drop-wise) onto
the cells while swirling media in cells to mix.
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PHASE MERGE

Fig. 1 GFP expression in postmitotic neurons 72 h after transfection with FUGENE-6. Primary neurons were
plated in 6-well tissue culture plates at a density of 60 % confluency and transfected with pLEGFP-C1 plasmid
as described in methods section

13.

14.

15.

Place cells back into the tissue culture incubator and incubate
for 6 h. It is important to swirl the transfection media on cells
every hour during the transfection process. That will help to
yield higher transfection efficiencies (sez Note 5).

After 6 h of incubation, remove the transfection mixture, and
add 2 ml fresh growth media onto cells.

Green fluorescein protein (GFP) expression will typically start
around 6 h post-transfection, and will reach to a pick at
48-72 h (see Fig. 1).

4 Notes

. Isolation and preparation of neuronal cultures for the transfec-

tion is a crucial step (use appropriate protocols for the isola-
tion of cortical and hippocampal neurons). Neurons should be
isolated and plated in sterile tissue culture plates at a density of
50-80 % and maintained in a humidified tissue culture incuba-
tor. Using too low a cell density may cause cells to grow poorly.
If the cultures are too dense, this may result in contact inhibi-
tion which negatively affects the uptake of DNA. Cultures
should be free of contamination, and grown in appropriate
medium with all the necessary growth factors.

. Use high-quality of DNA which is free of RNA, proteins, and

endotoxins. The DNA should be of transtection-quality. This
can be achieved by using a high quality plasmid preparation kit
such as PureYield Plasmid Maxiprep Systems. The Ajs—Aaso
ratio of the DNA should be 1.7-1.9.

. The optimal amount of DNA is crucially important.

Determining the right amount of the plasmid DNA for trans-
fection is important to obtain high transfection efficiencies.
The amount of DNA will vary widely depending upon the
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Table 2

Reference table for PTM composition for different size of tissue culture plates

Growth

area (cm?) amount (ng)

Total DNA PT-A PT-B

volume (pl) volume (ul)

FuGENE-6
volume (pl)

Final PTM
volume (pl)

96-well plate
24-well plate
12-well plate
6-well plate

60 mm dishes

100 mm dishes

0.32
2.0
3.8
9.6
21.3
58.1

0.375 6 6 1.2 24
1.5 25 25 4.5 125
3.0 50 50 19 250
6.0 100 100 18 500
12 200 200 36 1,000

20 400 400 60 2,000
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Lentiviral Transduction of Neuronal Gells

Hassen S. Wollebo, Baheru Woldemichaele, and Martyn K. White

Abstract

Here we describe a general method for the construction of a lentivirus vector using a specific example of
the construction of a lentivirus containing the luciferase reporter gene under the control of two hypotheti-
cal promoters and derived HIV-1 based lentivirus expression vector pLVX-Puro. This method can be used
to compare the strength and regulation of different promoters. In this example, the target cells for trans-
duction are human primary fetal astrocytes but the method is applicable to any primary cell culture from
the CNS or other tissue and can be used to examine the strength of a particular promoter in different cell
types. HIV based lentivirus particles are prepared by transfection of 4 plasmids into 293T cells using the
Fugene 6 transfection reagent.

Key words Lentiviral vectors, Transduction, Primary human fetal astrocytes

1 Introduction

Lentiviruses are a complex genus of retroviruses, which were named
from “lente,” which is the Latin word for slow referring to the proto-
typic slow progressing neurologic disease of sheep caused by maedi/
visna virus [1]. They are enveloped particles containing homodimers
of the linear single-stranded RNA genome [2]. Lentiviruses resemble
y-retroviral vectors and stably integrate into genome of the host cell,
allowing the persistent expression of the gene of interest. However,
unlike retroviruses, lentiviruses require active transport of the
pre-integration complex across the nuclear pore by the action of
the nuclear import machinery of the host cell [3], which allows
lentiviruses to infect both dividing and nondividing cells [4-6].

The first lentiviral vectors were derived from HIV [7], the
most extensively studied lentivirus. The incorporation of envelope
proteins of other viruses in HIV particles was a significant step for
the development of HIV based vectors. Most of HIV derived len-
tiviruses contain the envelop protein of rhabdovirus family (VSVG)
instead of the HIV envelope glycoprotein. This modification not
only increase host-range of VSVG pseudotyped lentiviruses but
also increases the ability to concentrate VSV-G pseudotyped
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particles more than 1,000-fold by ultracentrifugation. Lentiviral
vectors (LVS) have become one of the most widely used vectors for
the fundamental biological research. Currently, most lentiviral vec-
tors are produced using transient transfection of packaging and
vector plasmids. Using the 293T cells, which are susceptible to
efficient transfection, one routinely obtains titers of 1x10° to
1x10" TU/ml following transient transfection with the most
recent generation of packaging and vector constructs, and then
concentrating of the virus particles using ultracentrifugation [3].

Lentiviral vectors have been successfully used to transduce
most cell types within the central nervous system (CNS) in vivo,
including neurons, astrocytes, adult neuronal stem cells, oligoden-
drocytes, and astrocytes. Lentiviruses are also well suited for the
transduction of various stem/progenitor cells, including hemato-
poietic stem cells (HSC) [5, 8, 9].

It has been reported that the high level expression of the gene
of interest in lentivirus transduction of different cell lines in CNS
depends on the strength of the promoter used. If the promoter is
active in glia cells, then high level transgene expression in astro-
cytes can be achieved. The activity of the internal promoter used in
lentiviral transduction determines the different expression pattern
that have been reported although it is likely that the different cell
types in the CNS can be transduced with lentivirus with similar
efficiencies (see Fig. 1) [9].

2 Materials

1. Complete DMEM medium: 4 mML-glutamine; 4.5 g/1 D-
GLUCOSE; 100 U/ml Penicillin—Streptomycin; 10 % heat-
inactivated FBS (see Note 1).

2. 293T cells: 293T cells are good for viral production. It is
essential that the cells be well maintained and of relatively low

passage number. 293T Cells were maintained in a complete
DMEM.

3. Primary fetal astrocytes: Purified primary human fetal astrocytes
(PHFA) will be prepared as we have previously described [10]
using a method based on Cole and de Vellis [11], and Yong and
Antel [12]. Briefly, 12-16-week-old human fetal brain tissue is
obtained from Advanced Biosciences Resources, Inc. (Alameda,
CA) and dissected to remove blood vessels and meninges. Tissue
is mechanically disrupted and digested with trypsin and DNase
I. Cells are passed through a 70 pm filter to remove debris and
pelleted by centrifugation. Mixed primary cultures are grown
for 5 days in culture and then astrocytes purified. This is done
by briefly trypsinizing cultures to remove non-astrocytic cells
and washing the astrocyte monolayers. Culture purity is ascer-
tained by staining for glial fibrillary acidic protein.
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Gene of interest

Packaging plasmid
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Envelope plasmid

T ETCOCT—Or
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Transfer plasmid

Packaging plasmids

Fugene 6 tranfection

Fig. 1 Production of transducing lentivirus. Diagram illustrating the transduction of the target cells using the
packaging plasmids and transfer plasmid. The transfer plasmid contains the gene of interest (in this case
luciferase driven by promoter A or B), the psi packaging element (y), a polypurine tract DNA sequence (PPT)
to increase the transduction efficiency, and cis-acting transcriptional regulatory elements, rev response ele-
ment (RRE), the woodchuck hepatitis posttranscriptional regulatory element (WPRE) to improve the transgene
expression, and the Puromycin resistance gene (Pur) driven by the phosphoglycerate kinase promoter (PGKP).
The REV protein, which is important for the expression of gag and pol, is provided in trans with a separate
plasmid. The viral stocks produced by the transfected cells can be used to transduce parallel cultures of target
cells and compare the strength and regulation of promoters A and B

4. Plasmids: The purity of the DNA is important for transfection.
Plasmids should be prepared using a high quality kit such as
that from Qiagen. Plasmid systems are used for the production
of lentivirus: pLVX-Puro is an HIV-1 based lentiviral expres-
sion vector with gene of interest and three lentiviral packaging
plasmids pMDIlg/PRRE(expresses HIV gag/pol), Prsv-
REV(express HIV REV), and pMD2.G(express VSV glyco-
protein) (see Note 2). These packaging plasmids can be
purchased from Clontech.

5. Penicillin-Streptomycin (100x) solution of 10,000 U/ml
Penicillin G sodium and 10,000 pg/ml streptomycin sulfate.

6. TrypLE express (GIBCO) (see Note 3).



144 Hassen S. Wollebo et al.

7. Dulbecco’s phosphate buffered saline (DPBS).

10.
11.

. High-efficiency Transfection reagent (e.g., Fugene 6, Promega).

High-efficiency Plasmid Maxiprep Kit (e.g., Qiagen).
Cell freezing medium with 5 % DMSO, 20 % FBS.

Cryovials for freezing virus stocks.

3 Methods

3.1 Lentiviral
Transfection and
Production

. Plate 4x10° 293T cells in a T-75 flask 24 h before transfec-

tion. It is important that cells be well maintained and of rela-
tively low passage number.

Transfect cells with a total of 8§ pg DNA.

In a 15 ml polystyrene culture tube, mix the following

— 500 pl Opti-MEM medium.

— 3 pl/pg DNA Fugene 6 reagent.

In another 15 ml polystyrene culture tube prepare the DNA mix
— 100 pl Opti-MEM.

— 3 pg of pLVX-Puro vector.

- 1.5 pg VSVG.

- 1.2 pg RSV-REV.

- 2.3 ugpMDL g/p RRE.

Incubate the two tubes 5 min separately.

. Add the content of tube number 2 to tube number 1 and

incubate the mixture for additional 25 min (see Note 4).

. By the end of the above incubation time, prepare in 50 ml

talcon tube 5.6 ml of DMEM and add the Fugene DNA mix
directly to this medium and mix well. Take 293T cells out of
the incubator and remove the medium from the cells and wash
the cells once with PBS and add transfection mixture to the
cells distribute evenly by swirling the flask. Return the plates
immediately to incubator.

After 4 h, add an additional 4 ml fresh medium to the flask and
incubate overnight.

The next day remove the medium and wash the cells 2x with
PBS, and add 10 ml of fresh medium containing 6 pg/ml
Polybrene.

. After 48 h from the first transfection, harvest the lentivirus

containing supernatants and refeed the cells with new fresh
medium.



3.2 Titration
of Lentivirus

3.3 Conclusion
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9. Centrifuge lentivirus containing supernatants 10 min at
787 xgat 4 °C in 50 ml tube to remove debris and filter viral
supernatant through 0.45 pm filter and keep it at 4 °C for 1
day (see Note 5).

10. On the next day, collect the second round of the supernatant
from the cells and process it in the same way as the first
supernatant.

11. Combine the two supernatant together and concentrate by
ultracentrifugation using SW-28 rotor at 140,000xg for
90 min at 4 °C.

12. Aspirate the supernatant carefully and resuspend pellet in
DMEM and leave tube at 4 °C overnight with gently
shaking.

13. Centrifuge the viral suspension for 5 min at 7,580xy4, 4 °C
and carefully remove the supernatant that contain the concen-
trated viral particles.

14. Virus particles should be aliquoted, flash frozen in liquid
nitrogen and stored at -80 °C. Avoid multiple freezing and
thawing which leads to reduction on vector titers (sec Note 6).

We determine viral titer by infecting primary astrocytes with serial
dilution of concentrated virus. One day after transduction, the cells
were harvested and luciferase activity of measured as indication of
the efficiency of infection.

Transduction of primary fetal astrocytes

1. One day before transduction, plate primary astrocytes (in
duplicate) in 6 well plate at cell density of 6 x 10° cells /well.

2. On the next day, aspirate the medium and wash the cell once
with PBS and incubate the cell with 2 ml of viral particles con-
taining DMEM in the presence of 6 pg/ml polybrene.

3. Incubate the cells overnight.

4. Next day remove the medium and replace with fresh medium
and incubate the cells for 24 h before measuring promoter
activity.

In this protocol, we described a simple and reproducible method of
lentiviral vector production in 293 cells using the four plasmids sys-
tem based on the Fugene 6 transfection method. Using this method
of transfection significantly reduced the amount of DNA needed
for transfection compared to the traditional method of calcium
phosphate precipitation. The Fugene 6 transfection reagent used in
the protocol can also be left on the cells for 24 h or longer without
having a toxic effect. Finally, we recommend the use of a transfer
plasmid with a reporter gene like GFP that significantly facilitates
the determination of the transduction efficiency and viral titer.
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. It is essential that the cells be well maintained and of relatively

low passage number. The proper cell density is crucial for high

. The purity of the DNA for transfection is very critical as is the

establishment of the optimal ratio of packaging, envelope and
vector plasmids and the amount of Fugene 6 transfection

. TrypLE™ Express is a special formulation of Trypsin/EDTA

optimized for the culture of neurons.

. Prolonged incubation of DNA and Fugene 6 mix decreases

. To filter the virus supernatant use filter made of cellulose ace-

tate or low protein binding filters. It has been reported that
filters with Nitrocellulose inactivate or destroy lentivirus par-
ticles by binding to the envelope.

. Aliquot and store your virus stock in such way that multiple

freezing—thawing step will be avoided. Frequent freezing and

thawing steps lead to significant loss to viral titer.

4 Notes
production yield.
reagent.
the transfection efficiency.
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Chapter 13

Compartmentalized Neuronal Cultures

Armine Darbinyan, Paul Pozniak, Nune Darbinian, Martyn K. White,
and Kamel Khalili

Abstract

The culturing of neurons results in formation of the layer of neurons with random extensive overlapping
outgrowth. To understand specific roles of somas, axons, and dendrites in complex function of neurons
and to identify molecular mechanisms of biological processes in these cellular compartments various meth-
ods were developed. We utilized AXon Investigation System (AXIS™) manufactured by Millipore. This
device provides an opportunity to orient neuronal outgrowth and spatially isolate neuronal processes from
neuronal bodies. AXIS device is a slide-mounted microfluidic system, which consists of four wells. Two of
the wells are connected by a channel on each side of the device. Channels are connected by microgrooves
(approximately 120). The size of microgrooves (10 pm in width and 5 pm in height) do not permit passage
of cell through while allowing extension of neurites. The microfluidic design also allows an establishment
of a hydrostatic gradient when the volume in one chamber is greater than that in the other (Park et al. Nat
Protocols 1: 2128-2136, 2006). This feature allows studying of the effect of specific compounds on
selected compartments of neurons.

Key words Compartment cultures, Neurite outgrowth, Axonal processes

1 Introduction

One of the major characteristics of neurons is that they possess
axons and dendrites, which mediate the polarized intercellular
transmission of information. Thus culture systems that permit
analysis of these processes are highly valuable. Two compartment
systems have now been developed that allow the investigation of
vectoral functions in neuronal cell cultures, and in this chapter, we
describe the AXon Investigation System (AXIS™) device. This
device allows the opportunity to orient neuronal outgrowth and
spatially isolate neuronal processes from neuronal bodies using
wells connected by channels with microgrooves that are small
enough to prevent the passage of the cell body but large enough to
allow extension of neurites [ 1]. This device can be used to perform
avariety of experiments on the control of the extension of neurites,
intercellular communication, retrograde and anterograde

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
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transport and the isolation of the specific constituents of neurites,
such as mRNAs for RT-PCR, apart from those of the soma of the
neuronal cell cultures.

2 Materials

2.1 Brain Tissue

2.2 Reagents

2.3 Dissection
Instruments,
Plasticware, and
Glassware (All Sterile)

Isolate human fetal cortical neurons according the protocols
described in Chapter 2 (steps 1-6). Carry out all procedures in
sterile conditions at room temperature unless otherwise specified.

1.

Human fetal brain is obtained from Advanced Bioscience
Resources (ABR), Inc., Alameda, CA 94501, USA in accor-
dance with NIH guidelines.

One timed-pregnant, embryonic day 16 or 17 (EDI16
or ED17) Sprague-Dawley rat (Charles River Laboratories)
(see Note 1).

. Tryple™ Express (Gibco, cat# 12605) (see Note 2) plus DNase

I1(10 U/ml).

Immunopanning cocktail: 50 mM Tris—-HCI, pH 9.5, 1 % BSA
(w/v), 50 pg/ml anti-PSA-NCAM antibody (Developmental
Studies Hybridoma Bank, University of lowa, DSHB, 5A5).

. Neuronal medium: Neurobasal medium, B27 supplemented

with vitamin A, 0.25 mM GlutaMAX (Invitrogen), 5 ng/ml
BDNF 100 U/ml penicillin and 100 U/ml streptomycin.

4. 70 % ethanol.

ul

—
w N - O

W XN e

4 % paraformaldehyde (PFA) in 1x PBS.

Dissecting forceps, straight.

Dissecting forceps, blunt.

Mayo dissecting scissors 5.5 in., straight.
Iris scissors, straight.

Iris scissors, curved.

Delicate dissecting scissors, straight.
Spatula, microdissecting.

Handi-Hold* Microspatula.

Cell strainers, mesh size 70 pm.

60 mm tissue dishes.

. 100 mm petri dishes (bacterial grade, non TC-treated).
. Conical tubes 15 and 50 ml.
. Glass slides.


http://dx.doi.org/10.1007/978-1-62703-640-5_2
https://www1.fishersci.com/ecomm/servlet/%09%09%09%09%09%09%09%09fsproductdetail?position=content&tab=Items&productId=699306&fromSearch=1&highlightProductsItemsFlag=Y&catlogId=29104&storeId=10652&langId=-1%20%20%20%20%09
https://www1.fishersci.com/ecomm/servlet/fsproductdetail?tab=Items&siteName=FisherSci&productId=662082&fromSearch=1&storeId=10652&langId=-1&catlogId=29104
https://www1.fishersci.com/ecomm/servlet/fsproductdetail?storeId=10652&productId=755868&catalogId=29104&matchedCatNo=087711%7C%7C0877119%7C%7C087712&fromSearch=1&searchKey=strainer%7C%7Cstrainers&highlightProductsItemsFlag=Y&endecaSearchQuery=%23store%3DScientific%23nav%3D0%23rpp%3D25%23offSet%3D0%23keyWord%3Dstrainer&xrefPartType=From&savings=0.0&xrefEvent=1346788516386_1
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14. Cover slips.
15. 37 °C, 5.0 % CO,; incubator, 95 % humidity.

16. Biosafety laminar flow /tissue culture hood.

3 Methods

3.1 Preparation
of Slides

3.2 Assembling the
AXIS™ Device on
Slides and Preparation
for Plating of Cells

We adjusted protocols provided by the Millipore to our laboratory
settings and developed additional steps to insure successful results
while using the AXIS device.

This is the one of the most important steps in this protocol.
Perform all steps in a tissue culture hood in sterile conditions.

1. Soak the glass slides in 70 % ethanol for at least for 3 h in ster-
ile petri dishes a day before preparation of cells. Soak forceps
in 70 % ethanol at least for 3 h in sterile glass beaker a day
before preparation of cells.

2. Wash slides with sterile water three times.

Aspirate excess of water and air-dry slides.

o

. Transfer a single air-dried slide into new petri dish using sterile
forceps.

5. Pipette 500 pl of 0.5 mg/ml poly-p-lysine solution on the
slide and place a second sterile air-dried slide onto it. Incubate
overnight at 4 °C. Both glass slides will be coated with
poly-D-lysine.

6. Next day gently separate slides using two forceps, rinse with
sterile water and air-dry at least for 2 h.

7. Place the poly-Dp-lysine coated slide in new sterile petri dish
(coated surface is facing up). The slide is ready to use.

AXIS™ Axon Isolation Devices (Millipore) enable easy isolation,
observation and testing of developing neurites. It consists of four
wells, two channels, and a set of microgrooves. Two of the wells
are interconnected by a channel on each side of the device. The
microgrooves are located in the area between the two channels
(Fig. 1).

All steps should be performed in sterile conditions in the tissue
culture hood.

1. Using sterile forceps carefully place AXIS device on the coated
surface of the glass slide with the microgroove imprinted side
facing down. The AXIS device will adhere easily to the glass.
The space will be formed between imprinted surface on the
AXIS and the glass slide surface. Device can be carefully
repositioned if necessary. It is important to avoid touching



150 Armine Darbinyan et al.

a Microgrooves

Somal side Axonal side

Fig. 1 (a) Schematic presentation of AXIS device. (b) Phase image of the portion of the assembled device (the
black box on panel a), containing the microgrooves and adjacent chambers connected with wells. (c) Phase
image of the microgrooves

imprinted surface to prevent damage to microgrooves and
preserve the structural integrity of the device. Designate 2 wells
(A and B) for applying cell suspension. Other two (C and D)
will be cell free (see Note 3).

2. Apply gentle pressure to the top surface of the device at vari-
ous points using blunt forceps. Avoid excessive force, which
can compress and deform channels.

3. Add 200 pl of neuronal media to well A. Avoid bubbles, which
can enter the channel and block it. Media should flow through
the channel connecting A and B wells and will appear at the
ostium of the channel in the well B quickly (during 1-2 min).
If there is a delay, set the pipette at 100 pl and pipette up and
down 3—4 times with the pipet tip at the ostium of the channel
in well A. Avoid bubbles.

4. Add 200 pl of neuronal media to well B. Incubate 15 min at
room temperature.
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Fig. 2 (a) Neurons immunostained with anti-plll tubulin antibody (green fluorescence). (b) DAPI-labeled nuclei
(blue) visualized in the somal side chamber. (¢) Merged image

3.3 Plating Neurons

5. Add 100 pl of neuronal media to well C. Media should flow
through the channel connecting C and D wells and will appear
at the ostium of the channel in the well D.

6. Add 100 pl of neuronal media to well D.

1. Count cells using hemacytometer. Prepare 500 pl cell suspen-

sion at a concentration 5—6 million cells per ml in neuronal
medium (with 2 ng/ml BDNF).

2. Aspirate the media from all wells.

3. Plate 7 pl of cell suspension directly into the channel connect-
ing wells A and B and incubate AXIS device with cells for
20 min in tissue culture incubator at 37 °C (see Note 4).

4. Add 100 pl of neuronal media to wells A and B. Add addi-
tional 100 pl of media to wells A and B (total 200 pl).

5. Add 100 pl of neuronal media (with 10 ng/ml BDNF) to
wells C and D. The BDNF concentration gradient between
axonal and somal side stimulate directed growth of neurites.

6. Incubate AXIS device containing neuronal cultures in tissue
culture incubator at 37 °C.

7. Monitor cells closely, add fresh media every second day.

The process of extension into the axonal side chamber can be
assessed by immunocytochemistry using anti-pIII tubulin antibody
after 10-12 days in vitro (Fig. 2).

Recent studies have demonstrated that axons similar to den-
drites, are capable of synthesizing new proteins via translation of
localized mRNAs [2—6]. The importance of local protein synthesis
has been established in regenerating axons [5, 7, 8]. Using the
AXIS device it is possible to identify the potential roles of proteins
and RNA transcripts present in neuronal processes exposed to vari-
ous conditions [9]. The axonal mRNA or protein pool can be
compared to total neuronal RNA or protein pool [1, 10, 11],
which can help to obtain important information regarding molec-
ular processes in neurites in response to signals.



152 Armine Darbinyan et al.

. Protocols using human tissue and animals must be approved

by an Institutional Animal Care and Use Committee (IACUC).

. Tryple™ Express is a special formulation of Trypsin/EDTA

optimized for the culture of neurons.

. When using several devices in one experiment it may save time

and can be convenient to place all devices on the slides in the

. If necessary, increase the incubation time to avoid displace-

ment of cells. Do not disturb cells and keep AXIS device hori-
zontal to prevent passage of cells through microgrooves to the

4 Notes
same orientation.
axonal side.
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Chapter 14

Quantitative Assessment of Neurite Outgrowth Over
Growth Promoting or Inhibitory Substrates

George M. Smith, Yingpeng Liu, and Jee W. Hong

Abstract

The use of sensory neurons and assessment of neurite outgrowth in vitro is an important part of under-
standing neuronal development and plasticity. Cultures of rat dorsal root ganglion (DRG) neurons provide
quantitative results very quickly and, when grown on growth promoting or inhibitory substrates, can be
utilized to study axonal growth, neurotrophic dependence, structure and function of growth cones. Since
we are interested in axon regeneration and targeting, we have sought to promote neurite outgrowth by
refining the techniques of growing DRG neurons in culture. This chapter describes detailed methods for
the dissection and purification of DRG neurons and quantitative assessment of neurite on promoting or
inhibitory substrates.

Key words Dorsal root ganglia (DRG) neurons, Axonal growth, Promoting or inhibitory substrates,
Neurite quantitation, Image analysis

1 Introduction

The adult mammalian CNS is extremely limited in its ability to
regenerate axons following injury. Failure of axons to regenerate
after injury results in permanent functional deficits. Recent studies
in different species and using different injury models have discov-
ered important cellular and molecular mechanisms that govern
axon regeneration. A number of molecules contribute to the failure
of neural regeneration in CNS neurons and are associated with
myelin, neuroinflammatory processes, glial scar, and CNS neurons
themselves [1-3]. Such molecules act within signaling pathways
which have inhibitory influences both extrinsically in the environ-
ment and intrinsically impacting neuronal growth [4—6]. Previous
studies focused on the ability of neurons to regenerate, inhibitors
of'axon regeneration and strategies to overcome this inhibition uti-
lize both in vitro and in vivo approaches [7-10]. Animal models of
CNS injury are commonly used to examine the injury environment
and axon regeneration, but animal studies are usually not suitable

Shohreh Amini and Martyn K. White (eds.), Neuronal Cell Culture: Methods and Protocols, Methods in Molecular Biology, vol. 1078,
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for initial screening and characterization of therapeutic factors.
Neuronal cell culture studies can provide a faster and easier way for
examining the molecular components of neural regeneration.
Though cultures from a variety of neuronal sources have been used
for this purpose, dissociated dorsal root ganglion (DRG) neurons
from postnatal rodents are among the most widely used of neuro-
nal cell types. These DRG cultures can be maintained without tro-
phic factors in Neurobasal A medium. Sensory neurons grow over
growth promoting or inhibitory substrates have been a useful tool
in studies for (1) assessment of neurite outgrowth on different sub-
strates, (2) identification of molecules that can promote or inhibit
neurite outgrowth, and (3) identification of compounds that can
overcome the inhibitory effects of repulsive substrates.

Here, we demonstrate a method that employs a density gradi-
ent which can selectively purify and yield high quantities of DRG
neurons over other cell types. The neurons can be plated onto
growth promoting or inhibitory substrates. After the cultured cells
are fixed and immunolabeled, microscope images are captured to
ascertain neurite outgrowth. Quantitative measurements can be
made to determine number of neurons, total neurite length, branch
number and length. We have used the method described here to
study the effects of growth factors and different signaling pathway
modulators on neurons. In this chapter, we provide a detailed
method for isolation of mammalian dorsal root ganglion neurons
for use in culture and quantitative assessment of neurite.

2 Materials

2.1 Reagents

70 % ethanol.
15 mm round coverslips.
Poly-L-Lysine.

Laminin.

SANLEE

CSPG, a mixture including neurocan, phosphacan, versican,
and aggrecan (Chemicon).

Hanks’ Balanced Salt Solution (HBSS).
7. Collagenase type I in HBSS (store in 1.5 ml aliquots at
-80 °C).
8. 0.25 % Trypsin/EDTA.
9. FBS.
10. DMEM.

11. Neurobasal A medium.

&

12. B-27 supplement.
13. GlutaMAX.



2.2 Neurobasal A
Based Culture Medium

2.3 Animals

2.4 Preparation
of Coverslips

2.5 Preparation of
Permissive Substrate
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14. Penicillin/streptomycin.

15. Percoll, sterile (GE Healthcare).

16. Mouse BIII tubulin (Promega).

17. Goat anti-mouse Tex Red (Jackson Laboratories).
18. Fluoromount G.

19. Surgical instruments for dissection of DRGs include large,
small scissors, # 5 dissecting forceps.

20. Horizontal laminar-flow tissue culture hood.

24 ml Neurobasal A medium.

500 pl 50x B-27 supplement.

250 pl 100x Glutmax.

250 pl 100x penicillin/streptomycin (10,000 U/ml each).

Prepare fresh medium each day before use (see Note 12).

The procedures described below are optimized for culture of DRG
neurons from a 3 to 6 week-old Sprague-Dawley rat (Harlan
Bioproducts for Science) (see Note 1). All animal experiments
must be approved by an Institutional Animal Care and Use
Committee (IACUC) and must follow guidelines and regulations
for the care and use of laboratory animals.

1. Place glass coverslips into a rack and submerge in 65 % nitric
acid overnight.

2. Wash coverslips in sterile water three times for 30 min.
3. Put racks with coverslips in 70 % ethanol overnight.

4. Place coverslips into an appropriate culture dish (one slide per
well of a 12-well plate).

1. Make a stock solution of 20 mg/ml Poly-p-Lysine (PDL)
diluting with tissue culture-grade water and store in aliquots at
-80 °C.

2. The PDL stock solution is thawed and diluted to a final con-
centration of 0.1 mg/ml.

3. Coat plates with the following volumes: 300 pl /well for 4 well
chamber slides; 500 pl/well for 24 well plates and 1 ml/well
for 12 well plates.

4. Add PDL solution to cover the well and incubate coverslips in
a humidified 37 °C/5 % CO, incubator for at least 2 h.

5. Remove the PDL solution by vacuum and wash four times
with sterile ddH,O (see Note 5).

6. Allow coverslips to dry completely in a laminar flow hood
overnight.
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2.6 Preparation
of Inhibitory Substrate

2.7 Percoll Gradient
Preparation

7.

To study axon growth on permissive substrates, glass cover-
slips are further coated with laminin (2-10 pg/ml) in a humid-
ified 37 °C/5 % CO, incubator for at least 1 h (see Note 4).

. Before plating cells, aspirate the laminin solution from the

coated wells of a PDL and laminin-coated plate (see Note 7).

. For preparing inhibitory substrates, glass coverslips are coated

with PDL (100 pg/ml) in a humidified 37 °C/5 % CO2 incu-
bator for at least 2 h.

2. Wash four times with sterile ddH,O and dry overnight.

4.

. Add a mixture of 5 pg/ml laminin and 10 pg/ml CSPG to a

PDL-coated plate and incubate overnight at 4 °C.
Wells are washed two times with HBSS before plating cells.

After trituration of cells, prepare Percoll gradient to separate
myelin, glial cells and nerve debris from DRG neurons. Add 1.1 ml
Percoll to 2.9 ml HBSS in one 15 ml tube (28 % Percoll) and add
0.5 ml Percoll to 3.5 ml PBS in another tube (12 % Percoll).
Carefully layer the 12.5 % Percoll onto the top of the 28 % Percoll
solution, with minimal disturbance to the lower Percoll layer.
A clear coloviess solution should be seen on the top of a layer of ved col-
ored solution (Fig. 1¢). A boundary should be visible between the
two layers.

3 Methods

3.1 Dissection
and Dissociation

. Sterilize all dissection instruments by autoclave for at least

20 min before using.

2. Euthanize the rat by CO,.

. Spray the rat whole body, especial the dorsal area, with 70 %

ethanol.

4. Move the rat to the dissection area in the laminar flow hood.

o o

10.

Decapitate the rat by cervical transection.

. Using large scissors, cut the skin along middle of back from

neck to tail and pull the skin to expose cervical, thoracic and
lumbar spinal regions (se¢ Note 2).

Open the dorsal side of the spinal column to exposing the
spinal cord using a small scissors.

. Under the dissecting microscope, cut through both sides of

dorsal spinal column and remove long strip of spinal column.

Remove the spinal cord by cutting central sensory roots from
the animal to expose DRGs between the vertebrate.

Dissect out the DRGs and cut off peripheral sensory roots.
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Fig. 1 (a) After removal of the dorsal part of the spinal column and spinal cord, the ventral spinal column can
be identified and DRGs attached on both sides. Arrows indicate the location of DRGs within the lateral wall of
the vertebral column. (b) DRGs as seen under the microscope at higher magnification are located within the
intervertebral foramen (arrows point to several DRGs, one of them pinched by forceps). DRGs are identified by
their grape-like shape. (c) To eliminate the myelin debris and decrease the non-neuronal cells, the dissociated
cell suspension was layered onto 8 ml of freshly made 12 %/28 % Percoll solution. Left panel shows the top
layer of 12 % Percoll (colorless) and the bottom layer of 28 % Percoll (red). Right panel shows the cell suspen-
sion composed of neurons, non-neuronal cells, and myelin debris at the top of the gradient solution before
Percoll centrifugation. (d) Phase-contrast micrographs of primary DRG neurons in culture after isolation from
a 4-week-old rat were plated onto a Laminin coated substrate and grown for 18 h. After Percoll centrifugation,
most of the myelin debris has been eliminated and some non-neuronal cells still existed. (e and f) DRG neurons
cultured for 18 h on a substrate with permissive substrate (Poly-I-Lysine/Laminin) or inhibitory substrate
(Poly-I-Lysine/Laminin/CSPG). DRG neurons were fixed and visualized with an antibody to the high-molecular
weight neurofilament. Neurons develop longer axonal arborizations on the laminin substrate (e) or short axon
stumps on CSPG substrate (f)
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3.2 Separation
of Cells by Density
Gradient
Centrifugation

3.3 Immunocy-
tochemical Staining

11.

12.
13.

14.

15.

16.

17.

18.

The ganglia are carefully freed of connective tissue, and the
roots are cut close to the ganglion (Fig. la and b).

Place the DRGs in HBSS media until dissection is complete.
Carefully aspirate the HBSS medium using a hand operated
pipette to avoid vacuum aspiration of the DRGs, add 1 ml of
0.25 % collagenase solution and incubate 45-60 min at 37 °C
(see Note 8).

Collagenase is thereafter replaced by 1.5 ml 0.25 % trypsin/
EDTA and incubated at 37 °C for 15 min.

Ganglia are washed with 1.5 ml of 10 %FBS-DMEM to termi-
nate digestion.

Use a polished glass pippet to mechanically dissociate DRGs
by aspirating up and down (se¢ Note 6).

After five cycles, undissociated material is allowed to sediment
and the supernatant removed and saved.

The cell suspension is filtered through a 100 pm nylon mesh.

This step allows the elimination of substantial amount of myelin
debris and non-dissociated fragments of ganglia.

. To discard the myelin debris and purify the dorsal root gan-

glion neurons, the dissociated cells are layered onto the top of
a 12.5/28 % Percoll solution and centrifuged at 1,300 x g for
10 min (see Note 10).

Discard the top 5 ml of supernatant including interface (most
of the neurons are in the 28 % Percoll layer) and dilute to a
final volume of 8 ml with HBSS (Fig. 1c).

. Centrifuge at 1,000xg for 6 min and discard the

supernatant.

Resuspend the pellet in Neurobasal A based culture medium
and count cells with a hemacytometer (se¢ Note 9).

Dilute the cell suspension in Neurobasal medium at an appro-
priate density depending on the application (see Note 11).

. Add cell suspension at desired cell density to each well (see

Notes 3 and 13).

Place the labeled multi-well plate into a humidified 37 °C, 5 %
CO, incubator and let the cells sit undisturbed for several
hours to allow attachment (Fig. 1d).

. Exchange medium every 2 days by changing 50 % medium (see

Note 14).

To visualize the DRG neurons with axons for neurite outgrowth
assay, the cultured cells are fixed in 4 % paraformaldehyde in PBS
for 25 min and washed four times with PBS. The cells are exposed
to the primary antibodies: mouse anti-pIII tubulin(1:1,000) for



3.4 Image Capture

3.5 Measurements
of Neurite Length
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2 h at room temperature or 4 °C overnight. The cultures are
washed with PBS three times for 5 min each. Secondary antibod-
ies: goat anti-mouse Tex Red (1:200) are applied for 1 h at room
temperature and then washed.

In order to photograph the DRG neurons, each cover glass is
placed on the microscope slide using Fluoromount G and allowed
to settle for 5 min. Randomly identified single neurons are photo-
graphed using Nikon Eclipse 80i microscope equipped with Nikon
Plan Fluor 10x,/0.30 objective. Neurons stained with goat anti-
mouse Tex Red are detected using Nikon Intensilight C-HGFI
filter. Images are captured with Nikon DS-Ril camera and pro-
cessed through Nikon Digital Sight. The ideal image captured will
show just one individual neuron.

NIS-Element BR 3.0 software is used to measure neurite length of
each image. Exposure time for images is appropriately adjusted one
at a time. In the software, Polyline under annotations and mea-
surements is used to trace neurite length and measurements are
automatically recorded. The recorded neurite length of each image
is then transferred to Microsoft excel program for statistical analy-
sis. Each image is referred back as the neurite lengths are added for
each cell in the excel sheet (see Note 15).

4 Notes

1. Neurons cultured from early postnatal rats (<7 days old) grow
axons faster and longer than neurons from older adult rats.
Neurons from adult rats may have shorter axons and be more
difficult to maintain in culture. Adjust the substrate to keep
appropriate axon lengths in accordance with the age of the
animal and the type of experiment.

2. Before opening up the spinal column, make two cuts on either
side to remove a thin tendon strip. Make sure not to cut too
laterally along the sides, because DRGs are located within the
lateral vertebral wall. However in order to see DRGs it is nec-
essary to remove the dorsal bones from the spinal column.

3. For the best growth of DRG neurons and neurite assay, make
sure all dishes or coverslips are well coated with promoting or
inhibitory substrates.

4. Itis important to keep laminin on ice thawing it slowly before
coating.

5. Unbound PDL is detrimental to cells; therefore it is important
to rinse coverslips or dishes thoroughly with sterile ddH,O
and dry them overnight in the hood.
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6.

11.

12.

13.

14.

15.

Over-trituration, over-digestion or wrong pH of medium can
prevent cells from adhering to the dish and cause them not to
extend processes. Under-trituration or shorter digestion time
can lead to cell clumping. It is important to optimize and find
appropriate times for trituration and digestion.

. PDL coated plates are stable for up to 2 weeks. Laminin and /or

CSPG coated plates can be stored at 4 °C for 1 week. For good
cell growth, however, we use freshly coated plates every time.

. DRGs obtained from young animals require less enzymatic

digestion and milder trituration. Cultures of DRG neurons
from older rats (older than 6 months) require longer digestion
and more aggressive dissociation. Therefore, it is important to
adjust the procedures for optimized culture conditions accord-
ing to different ages of animals.

. For culture medium, we find it is best to prepare fresh each time.
10.

Some studies target only the intrinsic growth capacity of neu-
rons. In order to avoid interference of trophic activities
secreted by non-neuronal cells, it is essential to separate neu-
ronal populations as much as possible from non-neuronal cells.

Neurite outgrowth from dissociated DRG neurons is affected
by low cell density and low laminin or high CSPG concentra-
tions. It is better to verify the cell density and substrate con-
centration are appropriate. Also low-density plating is
important for certain experiments since it minimizes interac-
tions between neurons and non-neuronal cells and allows for
more accurate neuronal measurements.

Purified adult DRG neurons without non-neuronal cells
require trophic support for their short-term survival and
attachment. Addition of conditioned medium from Schwann
cells or astrocytes at beginning will help neurons to attach to
the plate.

Maintain consistent cell density in every well by mixing the
cell suspension while plating and agitate the plate to distribute
the cells evenly.

Replace half of the medium every other day and use gentle
technique when changing medium so as not to disturb
attached neurons.

Inhibitory substrates can be generated to form alternating
stripes to examine axon behavior upon contact with an inhibi-
tory substrate [ 11], instead of uniform distribution as described
in this method.
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