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(ARSTRACT)

The neuronal cytoskeleton is vital for normal growth and differentiation of
the nervous system, as well as for maintenance of the normal intracellular
environment. Without it , major functional deficits occur due to interference with
cellular transport of membrane components, proteins and neurotransmitter
substances and as a result, inadequate maintenance of the distal axon occurs.
Through the study of both nervous tissue and primary neuronal culture, specific
cytoskeletal markers have been found to predominate in axonal or dendritic
processes, as well as in different stages of neuronal development. |n vitro study
of neuroblastoma cell lines has also been utilized to develop hypotheses of
neuronal development. These hypotheses attempt to explain the appearance
of certain cytoskeletal elements, such as phosphorylated neurofilament
proteins, in relationship to functional maturity of the neuron. We used SY5Y
human neuroblastoma cells as an jn_vitro model of neurotoxicity to investigate
cytoskeletal changes that may occur from the exposure of the nervous system to
a known neurotoxicant. Cells were differentiated with either retinoic acid (RA)
or dibutyryl cyclic adenosine monophosphate (dbcAMP) and 3-isobutyl-1-
methyl-xanthine (IBMX). Differentiation was based morphologically on the
appearance of neuritic processes in a majority (>50%) of the cells. Using the
peroxidase-antiperoxidase technique, cells were labeled with monoclonal
antibodies to cytoskeletal proteins (phosphorylated neurofilament, microtubule
associated protein 2, vimentin and low molecular weight neurofilament protein)



either specific for axonal markers or linked to stages in neuronal development.
Staining patterns were compared to undifferentiated cells using the same
protocol. There were no differences in staining patterns found between
methods of differentiation or between differentiated cells and undifferentiated
controls. Axonal markers of differentiation, defined as phosphorylated
neurofilament immunopositivity, were only detected in cells exposed to retinoic
acid for 9 days. Once these studies were completed, both differentiated and
undifferentiated cultures were exposed to acrylamide as an example of a
neurotoxicant with known cytoskeletal effects. Cells were fixed and stained
after the observation of cellular swelling 24 hours post acrylamide treatment. In
spite of obvious alterations in morphology in unstained cells in culture, the
cytoskeletal staining pattern was unchanged after acrylamide treatment. We
conclude that there is no difference in the cytoskeletal immunoreactivity of
SY5Y neuroblastoma cells when differentiated with RA or dbcAMP/IBMX after
three days. Retinoic acid differentiated cells, however, do develop
immunoreactivity to axonal markers of differentiation after nine days of
treatment. We also conclude that acrylamide does not affect the cytoskeletal
structure of SY5Y neuroblastoma cells in undifferentiated or in RA or dbc AMP
differentiated cells at the time and concentration tested.
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I. INTRODUCTION

The neuronal cytoskeleton is vital to the normal growth and differentiation
of the mammalian central and peripheral nervous systems. It is composed of a
variety of proteins, many of which have been identified and partially
characterized as to their role in neuronal structure and function. One
cytoskeletal protein is vimentin, an intermediate filament more commonly
recognized in other non-epithelial cell types. Vimentin is expressed in most
dividing neuroepithelial cells [1], but it is gradually replaced by neurofilament
proteins in neurons as they approach maturity [2-4]. Neurofilament proteins,
defined here as the triplet proteins of molecular weights 70kD, 150kD and
200kD or NF-L, NF-M and NF-H respectively, are also classified as intermediate
filaments in the assembled state. They are characteristically present only in the
nervous system and act to stabilize the neuron during maturation as well as to
provide a framework for axonal transport. Phosphorylation of neurofilament
proteins is thought to occur late in neuronal maturation as axonal processes
mature [5-7] and the phosphorylation process provides a physical expansion of
the axonal diameter, thus providing a greater surface area for conduction of
electrical impulses [3]. Microtubule associated protein 2 (MAP 2) is a
component of the interconnecting fibrils between microtubules and
neurofilaments in the neuronal cytoskeleton [8], and is generally accepted as
cell body and dendrite specific in its location in the cell [9]. Some authors
believe that due to the early appearance and persistence of MAP2 during
development, its presence may label neuritic processes destined to become
dendrites [10].

Neuronal development has been studied in both primary neuronal cell
culture and various neuroblastoma cell lines, including the SYSY human
neuroblastoma cell line. This line has been well characterized and used
extensively in the in vitro study of neuronal development [11-19]. Several
compounds have been used to induce the formation of neurites, defined as
elongated extensions of the cell body, with the goal of promoting differentiation
toward a neuronal phenotype [13, 14, 16, 20-22]. Retinoic acid, a vitamin A
derivative, and dibutyryl cyclic adenosine monophosphate (dbcAMP), an



analog of intracellular cAMP, have been used successfully to this end [12, 13,
23, 24]. In one mouse neuroblastoma cell line (NB2a/d1), application of these
compounds resulted in both the formation of a dendritic phenotype with retinoic
acid, and an axonal phenotype with cAMP [25]. Both compounds have been
used in the SY5Y line, but comparison of their effects by immunocytochemical
labeling of cytoskeletal elements has not been performed. The goals of this
work were to differentiate the cells with both compounds (after modification of
the cAMP protocol to incorporate isobutyl-methyl-xanthine [IBMX], a
phosphodiesterase inhibitor), to characterize the cytoskeleton by
immunocytochemistry using the peroxidase-antiperoxidase technique, and to
classify the cells with respect to their extent of development according to a
proposed hypothesis [5], noting any differences in the two protocols. After
characterization of the cytoskeletal changes, the cells were additionally
exposed to acrylamide, a neurotoxicant with suspected cytoskeletal effects [26-
28]. Immunocytochemical staining was repeated with acrylamide treated cells,
once again noting any cytoskeletal changes in the staining pattern that could be
attributed to exposure to the toxicant. This information, therefore, provides
further evaluation of SYS5Y neuroblastoma cells as an in vitro model of
cytoskeletal neurotoxicity and neuronal development.



Il. REVIEW OF THE LITERATURE

ll. A, CYTOSKELETAL PROTEINS AND NEURONAL DEVELOPMENT AND
FUNCTION

The neuronal cytoskeleton, with its associated proteins, is vital to the
normal growth and differentiation of the mammalian central and peripheral
nervous systems. Of no less importance is the role of the cytoskeleton in the
function of the neuron. It acts both as a structural framework as well as a
dynamic organelle that allows adaptation of the neuron to its microenvironment.
Some of these modifications include spindle formation associated with cell
division in developing neurons, movement of various structural proteins and
neurotransmitter substances through bidirectional axonal transport, and
neuronal "plasticity," or, the ability of the neuron to modify its structure and
function in association with learning and other complex mental tasks [29].
Study of the individual proteins within the cytoskeleton has revealed an intricate
structural and functional working relationship as the nerve cell matures from a
primitive neuroblast to a fully functioning neuron. Among the cytoskeletal
proteins are vimentin, the neurofilament proteins and microtubule associated
protein 2 (MAP2) (Figure 1).

Il. A. 1. VIMENTIN

Vimentin, an intermediate filament commonly found in mesenchymal
cells, is expressed in most dividing neuroepithelial cells [1], but is gradually
replaced by neurofilament proteins in neurons as they become postmitotic [2, 4,
5]. Vimentin subunits can coexist transiently with neurofilament subunits within
the same neurite in vivo [2], but they assemble into separate systems as
differentiation occurs. In adult mammals, vimentin is found in non-neuronal
cells such as astrocytes and ependymal cells.[30].

NB2a/d1 mouse neuroblastoma cells and their cytoskeletal proteins have
been studied by Shea and colleagues extensively as a model of neuronal
development. In order to study the transformation of a primitive or
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Figure 1. Diagram illustrating the estimated order of appearance of intermediate
filament proteins in the neuronal cytoskeleton during development. Nestin first
appears in the neuroblast and aids in neuroblast migration. Nestin is replaced by
vimentin, which has a vital role in cell division and is believed to aid in initial neurite
outgrowth. Internexin and peripherin first appear in transitional stages between the
neuroblast and immature neuron. Both play a role in maintaining neuronal plasticity,
but it is not known how long they persist in mature neurons. Neurofilament proteins
NF-L and NF-M establish the neuronal phenotype, first in singlet and doublet forms,
and the addition of NF-H further stabilizes the neurofilament structure. Phosphory-
lation of neurofilaments occurs as they are transported into maturing axonal struc-
tures. Notall filamenttypes shown are foundin allneurons (internexin and peripherin)
and the intervals as illustrated are approximate. MAP2 is not represented, due to a
lack of information about the timing of subtype appearance in immature neurons.
MAPZ2c is present in immature brain and MAP2a and b are present in adult brain.



undifferentiated cell to a differentiated cell that is closer phenotypically to a
neuron, neuroblastoma cells were treated with any one of a number of chemical
compounds. These compounds induced the formation of neurites, as well as
the synthesis of neuron specific enzymes and neurotransmitters. Differentiation
of NB2a/d1 cells with cAMP resulted in the development of an axonal
morphology based on the appearance of phosphorylated high molecular weight
neurofilament proteins, microtubule associated protein 1, and tau protein within
the neurite [6, 31]. These same cytoskeletal proteins are found in axonal
processes present in nervous tissue as well as axons in primary culture [1, 2,
10, 32, 33]. Research with this model revealed that vimentin plays a role in
initial neurite outgrowth, but it is gradually replaced by neurofilament proteins
as the neurite becomes stable and develops its axonal morphology. This
conclusion was reached when neurite outgrowth was prevented in transiently
permeabilized cells loaded with anti-vimentin antisera, but similar treatment
with antineurofilament-L did not prevent the elaboration of neurites. Vimentin
expression was also prevented by treatment of the cells with antisense
oligonucleotides and subsequently, initial neurite outgrowth did not occur. In
both instances, pre-existing neurites were unaffected, but new neurite
outgrowth was prevented [34]. From these studies it can be concluded that the
presence of vimentin alone would likely identify an undifferentiated or partially
differentiated cell or a cell without specific cytoskeletal markers of neuronal
phenotype.

ll. A. 2. NEUROFILAMENT PROTEINS

Neurofilament proteins, defined here as the triplet subunit proteins of
molecular weights 70kD, 150kD and 200kD or NF-L, NF-M and NF-H
respectively, are also classified as intermediate filaments when assembled into
neurofilaments and are characteristically present only in the nervous system.
Neurofilaments were first identified by electron microscopy and were
determined to be approximately 10nm in diameter and to contain unique
processes that appear to form bridges between adjacent filaments. These
processes are thought to be localized to the carboxyterminal "tail" of the
neurofilament structure. Biochemical studies and protein sequencing of the
three neurofilament proteins show that NF-H and NF-M both have unusually
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large carboxyl termini which may correspond to the site of these bridges. Also
present on the carboxyl end of NF-M and NF-H are multiple repeats of lysine-
serine-proline amino acids, known as KSP repeats by the single amino acid
code [3]. Although not unique to these two proteins, (similar structures are
present on MAP 2 and tau), they are powerfully immunogenic and represent the
site against which antibodies are made [35]. The KSP sequence is also thought
to be the major site of phosphorylation (see below).

Studies in chick neural tube and mouse neuroblastoma cell culture have
established that the neurofilament proteins typically first appear during
postmitotic development. They can in some instances co-exist with vimentin,
even within the same filament [3, 4, 6]. Most investigators agree that vimentin is
replaced by neurofilament proteins that assemble into neurofilaments as the
neuron matures [3, 5, 36]. NF-L and NF-M are thought to appear as singlet or
doublet forms before the appearance of NF-H and subsequent incorporation of
the triplet form into the neurofilament backbone [35, 37] (See also Figure 1).
These immature forms are detected by immunocytochemistry before the
recognition of neurofilaments by transmission electron microscopy, and they are
thought to be structurally unstable [38].

Neurofilament protein function includes the mechanical stabilization of
the cytoskeleton. These filaments seem to have a largely passive role in axonal
transport and phosphorylation of neurofilaments is thought to be responsible for
physical widening of the axonal cytoskeleton. This would allow greater surface
area for conduction of action potentials [3]. Other functions include stabilization
of the axon during maturation, which is associated with phosphorylation of the
KSP sequences (see below), and possible cross-linking of neurofilaments with
microtubules and other structures via other cytoskeletal proteins [5].

IIl. A. 3. PHOSPHORYLATED NEUROFILAMENTS

As mentioned previously, the KSP sequences present on NF-M and NF-
H are highly immunogenic and are considered the primary sites of
phosphorylation. The correlation between phosphorylation and localization of
immunoreactivity to axonal structures has been determined on immunoblots
and tissue sections of rat brain and labeled with antibodies derived from mice
immunized with hypothalamic material. This material was subjected to



phosphatase treatment after antibody labeling, and localization and degree of
immunoreactivity were assessed and compared to controls. The data indicated
that neuronal cell bodies, proximal axons and dendrites contain
nonphosphorylated neurofilaments and distal axons and terminal segments
contain largely phosphorylated neurofilaments [7]. Further studies in rabbit
retinal explants and other systems indicated that phosphorylation occurred after
neurofilaments entered the axon, providing further evidence of their axonal
specificity [39-41]. This correlates with slowing of neurofilament transport [42]
and stabilization of the axonal cytoskeleton , as studied in retinal cells and
feline corpus callosum [43, 44, 45]. Phosphorylation also leads to a physical
expansion of the axonal diameter due to the presence of multiple phosphate
groups on the already complicated carboxyterminus of NF-M and NF-H. The
axonal expansion provides a wider surface area for conduction of electrical
impulses, and corresponds to the observation that axons are longer and usually
of greater diameter than dendrites [3].

Labeling of phosphorylated and nonphosphorylated neurofilaments has
also been performed in neuroblastoma cell culture. Mouse NB2a/d1
neuroblastoma cells were differentiated with dbcAMP and Triton extracted to
reduce non-cytoskeletal immunoreactivity and insure penetration of the
antibodies across the cell membrane. NF-H was identified by
immunocytochemistry in neurites and occasionally in perikaryal regions. NF-M
was present throughout the neurites and cell body, and was occasionally
detected in the perikarya of undifferentiated cells. Phosphorylated
neurofilament was predominantly detected in the neurites of differentiated cells
and in the perikarya of both undifferentiated and differentiated cells [6]). Further
study with the same model revealed the perikaryal staining to be due to a
soluble protein fraction not associated with the cytoskeleton, but with the same
molecular weight, electophoretic pattern and ability to incorporate radiolabelled
phosphate groups as NF-H[46]. The finding of phosphorylated neurofilament
proteins in neuritic processes of these cells corresponds to the location of the
same proteins in axons of normal mouse brain [7].



Il. A. 4. MICROTUBULE ASSOCIATED PROTEIN (MAP2)

Microtubule associated protein 2 (MAP2) is a component of the
interconnecting bridges between microtubules and neurofilaments in the
neuronal cytoskeleton [8]. It is a major component of brain microtubules and
generally considered neuronal specific. MAP 2 functions include stimulation of
microtubule assembly and stabilization of assembled microtubules as well as
crosslinking of microtubules to each other, to organelles and to other
cytoskeletal elements, including NF-L [9]. Like NF-M and NF-H, MAP2 has
multiple sites available for phosphorylation and these are thought to play a role
in the assembly and disassembly of microtubules [47]. In the adult central
nervous system, MAP2 is localized in dendrites and cell bodies and thus absent
from most axons [10, 48-51]. One explanation for this finding is based on the
fact that ribosomes are found in dendrites but not in axons, therefore, local
synthesis of MAP 2 may occur within the dendrite [52]. In the developing brain,
there are multiple subforms of MAP2 (a, b, and c) and they vary in the time of
their appearance and disappearance during the neuronal maturation process.
One of these forms, MAP2¢, is most abundant in immature brain, while MAP2a
is present only in adult brain and MAP2b can be in either, depending somewhat
on the species [43][49, 53-55]. Some authors believe that, due to the early
appearance and persistence of MAP2 during development, its presence may
label neuritic processes destined to be dendrites [10], while others claim that
specific subforms are also present in axons [43].

MAP2 has also been studied in cell culture. Previous studies of primary
cultures of hippocampal cells have established the development of axons
beginning 48 hours after culture. In one study, neurite outgrowth in
hippocampal neurons was categorized into three stages using a polyclonal
antibody to MAP2 and a novel monoclonal antibody to phosphorylated NF-H.
The majority of neurites were MAP2 positive alone in the first 24 hours, followed

by coexpression of MAP2 and NF-H within 48 hours. Segregation of neurites
based on positivity for one or the other occurred between 48 hours and 4 days
[32]. These data support the theory that phosphorylated neurofilament is
predominantly present in axons, but also suggests there is an early form



present in neurites that can be coexpressed with MAP2 before segregation of
neuritic processes into axons and dendrites.

Il. B. USE OF SY5Y NEUROBLASTOMA CELLS IN RESEARCH

The neuroblastoma is a neoplasm of the autonomic nervous system that
is commonly found in children and is estimated to account for 7% of the cases of
childhood cancer diagnosed annually [56]. It was first described by Wright, who
noted the characteristic "blast" or immature cell with neuronal like processes
[57] Although these tumors are commonly attributed to sympathetic ganglia of
the adrenal medulla, they are also known to originate from other dividing nerve
cells [16]. Cushing and Wolbach [58] were the first to describe the phenomenon
of spontaneous differentiation of the neuroblastoma into its benign counterparn,
the ganglioneuroma. Subsequently, this spontaneous regression of the
malignant phenotype has been classified into a subgroup of neuroblastomas in
infants. The biological behavior of tumors belonging to this subgroup results in
one of two possible clinical outcomes. In the first, the tumor undergoes
differentiation with remission of the disease. In the second, the tumor
undergoes partial differentiation with proliferation of undifferentiated
subpopulations of the neoplastic cells and mortality [20, 59]. The malignant
behavior of neuroblastoma is thought to be due to abnormalities in the
regulation of the differentiation process, resulting in immature cells that continue
to divide and proliferate [16], but the precise mechanisms remain unknown.
Since the identification of this tumor subtype, interest in differentiation of
neuroblastoma cells toward a more mature phenotype has incresed becuase of
the possibility of developing therapeutic strategies and also as a means to
study the maturation of so-called "neuroblasts" into neurons [20].

Numerous neuroblastoma cell lines have been developed for the
purpose of studying neuronal differentiation. ldeally, neural precursors could
be cultured from embryonal tissue and studied as they matured, but this has
been difficult to achieve due to the inability to maintain dividing neuroblasts in
continuous culture. As a result, cloned cells from clinically derived neoplastic



tissue have served as a useful alternative [20, 60]. These cloned cells retain
many of the characteristics of normal differentiated neurons. These include
generation of action potentials, formation of neurites, and the presence of
neurotransmitters and neuron specific enzymes [60]. Some of these
characteristics can be enhanced by the addition of a number of substances to
the culture medium as will be discussed later. Both human and rodent (rat and
mouse) neuroblastoma lines have been studied extensively [16, 15, 60], but
there are distinct advantages to using human lines instead of rodent derived
cell lines. Mouse neuroblastoma lines all originate from a single tumor (C1300)
and typically have an aneuploid or tetraploid chromosome number, implying
severe abnormalities in the nuclear regulation of cellular events. Injection of
mice with cells derived from the original neoplasm does not consistently result
in tumors histologically classifiable as neuroblastoma, suggesting that the
biological behavior of the tumor in vivo is questionable [15]. Human lines, on
the other hand, are derived from a variety of tumors and are nearly diploid and
therefore closer genotypically to primitive neuroblasts [60, 15].

The SYSY clone of human neuroblastoma is derived from the parent cell
line SK-N-SH, which was cultured from a bone marrow metastatic site of a four
year old child with neuroblastoma. SYS5Y cells are often referred to as the
“thrice cloned" line from SK-N-SH because they were subcloned from the
parent line, then again from the SHSY line, and lastly, from the SH-SY5 line to
become SYS5Y on the third cloning [11, 17]. The cloning was an attempt to
separate the neuroblast phenotype from an epithelial or “flat cell" population,
but it has since been established that there is morphological interconversion
between these two cell types in all SYSY lines [17, 18, 61]. The epithelial cells,
when studied by electron microscopy, also reveal two populations of cells. One
cell type contains variable numbers of melanosomes and neurosecretory
granules within the cytoplasm, identifying it as a probable melanocytic
precursor. The other contains a discontinuous basa! lamina with prominent
intercellular attachments, characteristic of Schwann cells. These conclusions
were further substantiated by the presence of S-100 protein in both epithelial
cell types but not in the neuroblast-like cell. Extracellular matrix proteins
laminin and type IV collagen were also detected within cells with Schwann cell
phenotypic characteristics but not in neuroblast-like cells [18]. SYS5Y cells have
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