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ABSTRACT

Chronic occupational exposure to styrene 1s associated with a number of adverse
effects on the nervous system, including sensory neuropathy and neurophysiological
alterations. In order to test styrene for neurotoxic potential and mvestigate its mechanisim
of action, primary co-cultures of murine spinal cotd-dorsal root ganglia (DRG)-skeletal
muscle were used in a simple in vitro neurotoxicity screen. The neurotoxicily ol styrene
and its major metabolites, styrene oxade and styrene glycol was evaluated atter both short
and long-term exposure. Endpoints used to charactenize  newotoxicity weie both
morphological and neurophysiological, and included: (1) chromatolysis, (2) axonopathy,
and (3) interference with action potential generation. The major findings of this study
were: [1] styrene and styrene oxide were acutely cytotoxic tr all cell types al
concentrations in excess of 2.0 mM and (.2 mM respectvely. [2]) There was no evidence
of neurotoxicity attributable to styrene or its metabolites, with the exception ol a slight
chromatolytic effect induced by 0.2 mM styrene oxide in DRG neurons alter long-term
exposure. Itis therefore possible that cytotoxic mechamsms rather than elfects on nearon
specific processes, underlie styrene's damage to cells of the ncrvous system. [3]
Surprisingly, dimethyl sulfoxide (DMS0), a common in vitro solubility vehicle, was
neurotoxic after long-term exposure, producing both chromatolysis and axonopathy. This
study, therefore also cstablished the upper limit of DMSO recommended lor use as a

solubility vehicle in long-term in vitro tests.
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RESUME
L’exposition A longue terme au styréne en milicu de travail est associée a4 un
nombre d’effets neurotoxiques, tels que la neuropathie sensoriclle et les déficits
ncurophysiologiques. Afin d’évaluer le potentiel neurotoxique du styréne et rechercher son
mécanisme d’action, les cultures primaires de moelle épinidre/ganglions rachidiens/muscle
squelletique de souris embryonique peuvent étre utilisés comme un indicateur in virro de
la neurotoxicité. La neurotoxicité du styréne et de ses métabolites, 1"oxyde et le glycoi de
styréne, a été Evaluée suite aux expositions courtes ct longues. Les marqueurs de toxicité
choisis afin de caractériser la neurotoxicité étaient tous deux morphologiques et
ncurophysiologiques. Ils incluaient: (1) la chromatolyse, (2) I'axonopathie, et (3) les
intérferences avec les influx nerveux. Les résultats principaux indiquent que: [1] 1a styréne
¢t 'oxyde de styréne Etaicnt cytotoxiques, conséquemment a 1'exposition 2 des
concentrations qui excédent 2.0 mM et 0.2 mM respectivement. [2] Il n'y a pas
d’évidence d’effects neurotoxiques de styréne ou ses metabolites aprés une exposition de
longue durée, & I'exception de la chromatolyse chez les neurones sensoriels par I’oxyde
de styrene (0.2 mM). 1i est donc possible que les mécanismes de la cytotoxicité plutdt que
des cffets sur des processus neuronaux sont A la base des atteintes aux cellules du systéme
nerveux. [3] Un résultat imprévu a cependent été mis en évidence: le sulfoxide dimethyl
(DMSO0), un agent de solubilisation, a provoqué la neurotoxicité suite A I’exposition de
longue durée. La neurotoxicité s'est manifestée sous forme d’axonopathie et de
chromatolyse. Donc, cette étude 2 établi aussi le seuil de concentration de DMSO

récommandé comme agent de solubilité chez les essaies in vitro A longue terme.
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PREFACE
This thesis follows a classical format, and is composed of 5 chapters and an Appendix.
The background relating to occupational styrene exposure is introduced in Chapter 1, and
the rationale for undertaking this study is presented. The biotransformation of styrene is
then addressed, which is followed by an overview of its toxicology in humans and in
animals. In vitro models that may be used for toxicity testing are described, and methods
for characterizing neurotoxicity in vitre are discussed; the key experimental objectives of
this study are also presented. Chapter 2 describes the methodologies used to evaluate the
neurotoxicity of styrene and its metabolites in vitro, while Chapter 3 presents the resulis.
In Chapter 4, the findings of this study are discussed in relation to styrene’s possible
mechanism(s) of action, along with some conclusions. A portion of this work has been
presented in poster & abstract form at the 1991 Society of Toxicology of Canada
Symposium, and some of it has been submitted to Toxicology Letters for publication
(presently under revision). Chapter 5 describes the use of metabolic activation systems
in neurotoxicity studies with cultured cells; problems associated with generating
mctabolites in vitro are discussed, and complementary experiments that used an S9
microsomal fraction to generate metabolites of styrene in vitro are introduced. The
published account of these experiments can be found in the Appendix, entitled "S9 liver
fraction is cytotoxic to neuions 1n dissociated culture" by J Kohn & HD Durham, which
appcared in NeuroToxicology 14 (4): 381-386, 1993. This paper represents an original
contribution to knowledge, and its main finding is that S9 microsomes can be used in

vitro without inducing cytotoxicity in cultured neurons after several days of exposure.
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GENERAL INTRODUCTION
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CHAPTER | 1-2

1. INTRODUCTION
1.1. Occupational styrene exposure: background & rationale for undertaking this study

Styrene monomer is a commercially important organic solvent, widely used since
the 1940s in the producticn of polymers, copolymers, synthetic rubber, and fibreglass
reinforced polyester plastics. The most extensive occupational exposure (o styrene occurs
by inhalation, and to a lesser extent, by skin contact with the liquid form (IARC, 1984).
In 1988, styrene production exceeded 9 billion pounds in the United States alone, which
ranks it among the top ten synthetic organic chemicals produced in that country (USITC,
1988; Bond, 1989), and global consumption in 1990 was estimated to be 13.6 million
metric tons (Barale, 1991). The United States National Institute of Occupational Health
and Safcty [NIOSH] has cstimated that the number of workers potentially exposed to
styrenc on a full-time basis in the United States, is approximately 30,000, with a further
300,000 workers exposed on a part-time basis (NIOSH, 1983). Such widespread
occupational use of styrene has prompted numerous investigations into its toxicology, and
as a result, there is a large data base regarding styrene’s metabolism and general
toxicological propertics (for reviews see Leibman, 1975; Bond, 1989).

Many toxicological studies of styrene in humans and animals have focused on its
genotoxicity (Lopricno et al., 1976; Vainio et al., 1976, 1982; Byfilt Nordqvist et al.,
1985; Barale, 1991 [review]; Dypbukt et al, 1992; Zhang et al., 1993) and
carcinogenicity (Valic, 1983; Ponomarkov et al., 1984; 1ARC, 1987). However, prior

studies of occupationally exposed workers indicate that the nervous system may be a
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particularly vulnerable target. Clinical and cxperimental evidence indicate that styrene is
potentially neurotoxic and a number of neurological signs and symptoms are associated
with occupational exposure. This can have implications for employees of the plastics
industry, since the widespread use of plastics and expansion of the industry ensumes thit
occupational exposure will continue into the future. Although long-term exposure (o
styrene is linked to a number of central and peripheral neuropathologics, previous
investigations have not led to any conclusive determinations of its mechanism of action,
This lack of conclusive mechanistic data warrants further nvestigation of its
neurotoxicity. Since cultures of the central nervous system can be used in simple screens
of suspected neurotoxicants, we have uscd primary co-cultures of murine spinal cord-
dorsal root ganglia (DRG)-skeletal muscle to determine if styrene has neurotoxic potential,
and to investigate the mechanism by which it can be toxic to motor and sensory neurons,
Since styrene may require metabolic activation to be neurotoxic, its major metabolites,
styrene oxide and styrene glycol, were also investigated for neurotoxic potential.

In this introductory chapter, the biotransformation of styrene will be reviewed, as
well as the literature pertaining to its human and animal toxicology. Particular emphasis
will be placed on the evidence for its neurotoxic potential. The experimental objectives
will be defined, and the application of in vitro models to neurotoxicity testing will be
introduced. The selection of endpoints for characterizing neurotoxicity in vitro will also

be addressed.
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1.2. Overview of the biotransformation of styrene

Frequently, the toxicity of organic solvents is mediated by the action of reactive
metabolites, rather than by actions of the parent compounds themselves. The metabolism
of solvents is generally catalyzed by the cytochrome P450 mixed function oxidase (ME)
superfamily of enzymes, which are localized mainly in the endoplasmic reticulum of the
liver. As with other organic solvents, styrene is metabolized primarily by this enzymatic
system, but some local metabolism has been demonstiated in extrahepatic tissues such
as kidney, gastrointestinal mucosa, lung, skin, and nervous tissue (Leibman and Ortiz,
1968; Leibman, 1975; Ryan et al., 1976; Ryan and Bend, 1977; Cantoni er al., 1978;
Wigacus et al., 1983; Ghersi-Egea et al., 1988, 1993; Minn et al., 1991), since drug-
mctabolizing enzymes arc present in these tissues at low levels.

In both humans and laboratory animals, the first major metabolite generated in
styrene’s metabolic pathway (refer to Fig. 1, p. 3-7) is styrene-7,8-oxide (styrene oxide),
a highly reactive epoxide (Leibman, 1975; Wigacus et al., 1983; IARC, 1987). Styrene
oxide is subsequently hydrated to the next major metabolite, styrene glycol (1-phenyl-1,2-
cthanediol), which is a more polar detoxification progduct (Leibman and Ortiz, 1969). This
step s catalyzed by the action of epoxide hydrolase, an important hydrolytic enzyme
located in close proximity to the cytochrome P450 MFOs (Ohtsuji and Tkeda, 1971).
Alternatively, styrene oxide may be conjugated with glutathione by the glutathione S-
transferase group of enzymes (Ryan and Bend, 1977; Watabe et al., 1981). Since

glutathione conjugation is a vital cellular defense mechanism against many reactive
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electrophiles, this process presumably renders styrene oxide more polar and more readily
excretable, and prevents it from binding covalently to vital macromolecular constituents
such as lipids, proteins, and DNA. Styrene oxide is presumed to exert cellular damage by
binding to these essential macromolecules, and has been shown to alkylate proteins and
DNA both in vitro and in vivo (Marnicmi et al., 1977; Byfilt Nordqvist er al., 1985).
Cytosolic glutathione-S-transferase and microsomal epoxide hydrolase both appear to play

protective roles with regard to the toxicity of styrene oxide.

2. REVIEW OF THE HUMAN TOXICOLOGY OF STYRENE
2.1. General toxicology

There have been a number of investigations into the human toxicology of styrene,
and many of these indicate that styrenc’s acute toxicity in both humans and animals is
qualitatively similar. Styrene’s acute toxicity is classified as low-to-moderate, and 1t may
induce toxicity similar to other hydrocarbons that is not related to biotransformation
(Leibman, 1975). If acute exposure concentrations are high enough, both functional and
morphological changes can occur which may or may not be reversible upon termination
of exposure (Bond, 1989). Acute exposure to high concentrations (600-800 ppm) has
been reported to produce eye, nose, throat and respiratory system irritation (Woll et al.,
1956; Leibman, 1975; Withey, 1976), and chemical pncumonitis can occur if aspiration
occurs (Leibman, 1975). As a point of reference, the 8 hour time-weighted average

permissible exposure limit is 50-100 ppm (Barale 1991; Arlicn-Sghorg, 1992). Skin
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contact with liquid styrene monomer is highly irritating, producing erythema (Leibman,
1975; Withey, 1976; Bond, 1989), and long-term contact with the monomeric form will

result in blistering and dermatitis (Withey, 1976; Bond, 1989).

2.2, Systemic toxicology

Organ toxicity due to occupational styrene exposure is not a common finding,
although both hepatotoxicity and hematologic changes have both been described
(Leibman, 1975; IARC, 1979; Hotz et al., 1980; Hirkonen et al., 1984). Leibman (1975)
has made reference to reports in the Russian literature of hepatic dysfunction in styrene
exposed workers. However, findings such as liver enlargement and decrcase in liver
function are inconclusive, as these individuals may have been concurrently exposed to a
numbcer of other chemical agents.

Reported hematological disturbances in occupationally exposed workers include
lymphocytosis, leucopenia, monocytosis, reduction in platelet number, lengthened
coagulation time, and a lowered hemoglobin concentration IARC, 1979). One in vitro
study using cultured human blood cells found a dose-dependent inhibition of membrane-
bound acetylcholinesterase, possibly due to changes in lipid-protein interactions as a result

of changes in membrane fluidity (Korpela and Tihti, 1986).

2.3. Genetic toxicology

Occupational exposure to low concentrations of styrene, as well as to
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concentrations above threshold limit values, are reported to be mutagenic, but the
genotoxic properties of styrene are attributable to its major metabolite, styrene oxide
(Barale, 1991). Styrene oxide has the properties of a direct-acting mutagen, and as a
consequence of DNA base alkylations, DNA depurination has been obseived (Barale,
1991). Occupational styrene exposure is reported to increase the frequency ol sister
chromatid exchanges, and has produced chromosomal aberrations, DNA single-strand
breaks, and micronuclei in peripheral lymphocytes (Vamio et al., 1981; Camuirt ¢t al.,
1983; Hogstedt et al., 1983; Nordensen and Beckman, 1984; 1ARC, 1987; Maki-
Paakkanen 1987; Walles et al., 1988; Bond, 1989; Yager er al., 1993). Abnormal findngs
in vitro include chromosome breaks. ancuploidy, and micronuclei i human whole blood
cultures and cultured human lymphocytes (Linnainmaa er al., 1978a,b; Barale, 1991). In
cultured human lymphocytes treated with styrene oxide, sister chromatid exchanges
(Norppa et al., 1980, 1981; Norppa and Vainio, 1983a; Bond, 1989; Zhang et al., 1993),
micronuclei and anaphase chromosome bridges (Turchi et al., 1981), chromosomal
aberrations (Fabry er al., 1978), and alterations in celi-cycle progression (Zhang et al.,

1993) have all been detected.

2.4. Neurotoxicology
Many clinical, experimental, and epidemiological studics indicate that both acute
and chronic occupational exposure to styrenc is associated with central and peripheral

nervous system dysfunction. Acute exposures to high concentrations (800 ppm) have
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produced headache, nausea, and signs of CNS depression which include narcosis,
drowsiness, stupor, and weakness, as well as impaired coordination and balance (Leibman,
1975; Withey, 1976; Hirkonen, 1977). After low-level exposure, morc subjective
indications such as fatigue, mood changes, irritability, and concentration difficulties have
also heen reported (Hirkonen, 1977).

Long-term cexposure to concentrations within allewable limit values can also
provoke many of these general symptoms, but more specific disturbances in ncurological
and ncurophysiological functions have been observed after chronic exposure. After long-
term exposure to high levels of styrene, neuroendocrine impairments have been described
in female workers (Mutts et al., 1984a,c; Arfim et ¢l., 1987). Neuropsychiatric effects
have been observed (Flodin er al., 1989), and long-term occupational exposure has been
reported to affect complex neuropsychological functions, such as verbal learning skills and
memory (Mutti et al., 1984a). Neurobehavioural changes associated with chronic exposure
include deficits in equilibrium, loss of coordinated movements and reduced psychomotor
speed (Stewart er al., 1968, Gotell et al., 1972; Gamberale and Hultengren 1974;
Lindstrom et al., 1976; Cherry er al., 1980, 1981; Mutti er al., 1984a). Disturbances of
ncurophysiological functions include increased reaction times. quantitative EEG
abnormalities, vestibulo-oculomotor impairments and decreased visuomotor accuracy,
acquired dyschromatopsia (acquired loss of colour vision and discrimination), slight
alterations in motor and sensory nerve conduction velocities, and peripheral neuropathy

with scnsory involvement (Seppildinen, 1976; Seppildinen and Hirkonen, 1976;
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Hirkonen, 1977; Lilis et al., 1978; Rosen er al., 1978; Seppiiliiinen, 1978; Odkvist e af .
1982; Treibig et al., 1985; Behari er al., 1986; Cherry and Gautrin, 1990: Gobba et al.,
1991; Matikainen et al., 1993).

Although many studies have found evidence of ncurological dystunction linked
to styrenc exposure, other investigations report no adverse acute o1 chionic ettects on the
nervous system, and no correlation between peripheral neuropathy and styrene exposure
(Seppiilidinen and Hirkonen, 1976; Tricbig er al., 1985, 1989). Due to such discrepancies,
further mechanistic studies are required to more clearly define styrene’s mode of action

in the nervous system.

3. REVIEW OF STYRENE TOXICITY IN ANIMALS
3.1. General Toxicity

Animal studics have also addressed the toxicity of styrene. As in humans, acute
toxicity is low-to moderate, with the LDy, (oral) in rats and mice equivalent to 5000
mg/kg and 320 mg/kg, respectively (Wolf er al., 1956; Ohtsuji and lkeda, 1971; Bond,
1989). In rats, the lowest reported lethal concentration after an 8-hour inhalation exposure
is 5000 ppm (Bond, 1989). Acutely toxic effects in rats and guinea pigs after inhalation
exposure 10 sublethal concentrations include eye, nose, and lung rmtation, as well as
pulmonary haemorrhage, congestion, edema, and exudation (Spencer et al., 1942; IARC,

1979; Bond, 1989).



CHAPTER | 1-10

3.2. Systemic toxicity

The principal pathological findings in animals exposed to styrene are of respiratory
system and liver toxicity, although renal congestion has also been reported. Damage to
epithelial cells of the nose and trachea has been observed in rats, as well as degenerative
changes in the respiratory mucosa (Ohashi er al., 1985, 1986). In mice, repeated
inhalation exposure to sublethal doses of styrenc has produced hepatotoxicity, identifying
the liver as a primary target organ in this species; males were significantly more
susceptible than were females (Morgan et al,, 1993a,b). The liver toxicity was
characterized by hepatic congestion, centrilobular necrosis, increased serum liver enzymes,
and a dosc-dependent decrease in hepatic glutathione levels (Morgan et al., 1993a,b).
Focal nccrosis and altered enzyme levels have also been demonstrated in rats dosed orally

with styrene (Srivastava et al., 1982).

3.3. Carcinogenicity and Genotoxicity

There is only limited evidence for the carcinogenicity of styrene to experimental
animals (IARC, 1987), with an increased incidence of lung tumours in male mice after
oral administration (NCI, 1979). However, according to IARC (1987), there is sufficient
cvidence to classify styrene oxide as a carcinogen in experimental animals, and this has
been demonstrated in rodents (Ponomarkov et al., 1984; Lijinski, 1986; Conti et al.,
1988).

There are a number of reports in the literature concerning the mutagenic activity
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of styrene and styrene oxide in both bacterial and mammualian systems, but in animals,
as in humans, it is generally accepted that the genotoxic effects of styrene are attributable
primarily to styrene oxide. In strains of Salmonella typhimurium which have been
especially designed to detect mutagens, styrene oxide (but not styrene or styrene glycol)
has induced mutagenic responses, such as base-pair substitutions (Milvy and Garro, 1976;
Vainio et al., 1976; DeMeester et al., 1977). In the same bacterial strains, styrene will
only induce mutagenesis after mectabolic activation (Vainio et al., 1976).

Styrene oxide is mutagenic to a number of mammalian cell types, including
Chinese hamster cell lincs, mouse cell lines, and rat hepatocytes, and has induced
chromosomal aberrations, micronuclei and anaphase bridges in these systems (Vainio ef
al., 1982). Rodents exposed to styrene or styrene oxide have alse exhibited chromosomal

damage (Norppa and Vainio, 1983a,b; Vainio et al., 1982).

3.4. Neurotoxicity

As in humans, the nervous system of experimental animals is a major target of
styrene. Following inhalation exposure to low levels, rats and guinca pigs have exhibited
signs of CNS depression, weakness, and dyscoordination (Spencer et al., 19425 Bond,
1989). Rats exposed to 300 ppm became somnolent (Savolainen and Pfaffli, 1977). Lethal
concentrations have produced tremor, incoordination, clonic seizures, unconsciousness and
coma, again indicating a primary cffect on the CNS (Spencer et al., 1942; Withey, 1976).

In one study, the major metabolite, styrene glycol, was reported to be a more potent CNS
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depressant than is styrene itself (Parkki MG et al., 1976).

Besides acting as a gencral depressant, styrene also has effects on the nervous
system that arc more specific. Exposed primates have demonstrated vestibulo-ocular
toxicity, expressed as alterations in the amplitude of electroretinogram c-waves, and
styrene-treated rabbits have exhibited vestibular disturbances (Larsby et al., 1978; Skoog
and Nilsson, 1981). In rats, high concentrations of styrene are ototoxic, resulting in
permanent high frequency hearing loss and an clevation of auditory thresholds (Pryor,
1987, Rebert et al., 1993). In neurophysiological studies, no significant changes in nerve
conduction velocity or spontancous motor activity were detected in styrene-exposed rats
(Seppiiliinen, 1978; Husain er al., 1985; Kulig, 1989; Jennings and Burden, 1993), but
diminished performance in neurobehavioral tests (Husain et al., 1985; Kulig, 1989),
decreased grip-strength (Kulig, 1989), and changes in brain neurotransmitter leveis have
all been observed (Mutli er al., 1984b; Husain er al., 1980). Neuronal losses in sensory
cortex, motor cortex, and hippocampus have been demonstrated in the rat (Rosengren and
Haglid, 1989), and slight changes in protein composition of rat spinal cord axons have
also been detected (Savolainen and Pfaffli, 1977); it has been suggested that these changes
in axonal proteins in the spinal cord may be associated with the reductions in peripheral
nerve conduction velocitics observed in occupationally exposed workers (Savolainen and
PLaffli, 1977; Lilis er al., 1978). Styrene exposure has also irduced small but significant
decreases in rat brain protein content (Savolainen and Pfiiffli, 1977). These decreases are

probably mediated by the covalent binding of styrene oxide, since styrene oxide has been
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shown to bind to rat brain macromolecules (Savolainen and Vainio, 1977), probably at
their sulfhydryl groups (Savolainen and Pfiffli, 1978), leading to organic degeneration of
the CNS (Savolainen and Pfiffli, 1977; Savolainen et al., 1980). However, a reduction in
protein synthesis is another possible explanation for the observed decreases in protein

levels.

4. IN ¥ITRO MODELS AND NEUROTOXICITY INVESTIGATIONS
4.1. Advantages of in vitro models for neurotoxicity testing

The intact mammalian nervous system is extremely complex, and results of animal
studies are frequently difficult to interpret in relation to mechanism. For investigation of
mechanisms of neurotoxicity, in vitro models can be very valuable tools. They have the
advantage of permitting the examination of a ncurotoxicant’s effects on separate and
discrete nervous system components. Nervous system cultures can therefore provide an
opportunity to design readily interpretable mechanistic studies, and address specific
questions about the action of neurotoxicants at the cellular and molecular levels.

Invitro, as in vive, no one test can explore all possible targets of neurotoxicants.
Several complementary in vitro tests need to be used, and ideally, such a test battery
should include a system with metabolic capacity. Once a series of in vitro tests has been
carried out, data obtained in vitro skould be evaluated in conjunction with data from
conventional animal studies o attain a meaningful ncurotoxicity profile of a chemical.

Once integrated, this combination of data should be used o assess morphological,
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neurochemical, biochemical, or neurophysiological changes that are specifically targeted
by neurotoxicants in vivo. Since the action of a xenobiotic that produces toxicity in whole
animals will ultimately be exerted at the cellular level (Grisham and Smith, 1984), results
obtained in vitro can be extrapolated to the whole organism if consideration is also given

to factors such as absorption, distribution, and metabolism.

4.2. The importance of in vitro models for neurotoxicity testing

Occupational exposure to nezivioxic chemicals is presently a significant problem.
NIOSH considers neurotoxic disorders as one of the 10 major occupational disorders in
the United States (Gilioli, 1993), and neurotoxicity from chemical agents is considered
a worldwide major public health concern. In order to evaluate the potential hazards of
ncurotoxic chemicals, in vitro screening models have gained popularity, and have become
an important component of nieurotoxicity testing, as toxicologists have recognized the
need to develop sensitive, reliable, and reproducible alterratives to conventional whole
animal ncurotoxicity tests.

The development of in vitro neurotoxicity screens has also been stimulated by a
significant increase in the number of potentially neurotoxic chemicals introduced into
commerce and the environment, whose toxicology is largely unknown. There are between
60,000 and 100,000 chemicals in commerce today, but only about 750 of these have been
properly evaluated for neurotoxic potential (Gilioli, 1993). With 2000 new chemicals

inroduced cvery year (Gilioli, 1993), thy need to be properly identified and
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characterized; however, the economics of conventional animal testing (cost and time
constraints) make this a very expensive proposition. It is with this in mind that in viro
models have become important tools. With the recent improvements in cell culture
methodology and the development of more sophisticated bivanalytical tools, in vino
models frequently play key roles in understanding the mechanisms of action of
neurotoxicants at the cellular and molecular levels, rather than only at the organismal

level.

4.3. Neuronal culture systems for toxicity testing

There are a number of different in vitro models that can be used for assessing the
neurotoxic potential of drugs and chemicals. The choice of model, as well as the choice
of endpoints to measure are selected based on observations made in animal studics.
Source and age of tissue, as well as species, are other important considerations, since they
can influence the expression of toxicity. The particular experimental model scitcted
should also be determined by the nature of the problem that onc wishes to investigate, and
the questions one wishes to answer, The types of CNS cultures commonly used in toxicity
tests and their applications, advantages and disadvantages, have been the subject of many
reviews (see Schrier, 1982; Grisham and Smith, 1984; Lacrum et al., 1985; Walum et al.,
1990; Veronesi, 1992; Frazier, 1993; McFarlanc Abdulla and Campbell, 1993). The
cultures range from the very complex in which the tissue remains highly organized, to the

very simple, in which very little cytoorganization is preserved. Generally, less disruption
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of tissue means more preservation of the normal cytoarchitecture, but at the expense of
a decreased ability to visualize and manipulate the cells in their living state. A few of
these systems, in decreasing order of complexity, will be discussed below.
4.3.1. Whole embryo or whole organ cultures

Whole embryo or organ cultures are used primarily in developmental studies,
rather than for those of a biochemical or morphological nature. Although the normal
cytoarchitecture is maintained, a large number of animals are required, and these cultures
require considerable manipulation for use in biochemical or morphological investigations.
Since these tissues are cultured as a solid mass, it is very difficult to visualize
morphological alterations unless histological processing of the tissue is carried out. Due
to these methodological difficulties, these are not ideal models for neurotoxicity screening.
4.3.2. Organotypic cultures

Organotypic models are either tissue slices or explants. Such preparations are
maintained in vitro as part of a histologically complex tissue mass, similar to that from
which it was derived. Intracellular relationships and neuronal circuitry that occur in situ
(synaptic connections and spatial relationships) are preserved to some extent, and
clongation of axons and dendrites, synaptogenesis, and myelination also occur. Although
such tissues can be cultured over long periods of time, they are time consuming to
maintain. These preparations are not ideal for long-term morphological studies that
examine structural integrity, since microscopic examination of individual cells is more

difficult than in monolayer preparations due to the thickness of the tissue explant or slice.
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4.3.3. Dissociated primary cultures

A system widely used for neurotoxicity studies is the dissociated primary culture
model. Primary cultures are composed of cells taken directly from an animal, usually, but
not always, fetal. These monolayer cultures are more versatile than the previous models,
and have a number of advantages. A good variety of cell types can be maintained, and
different types can be co-cultured. One such co-cultured preparation is the spinal cord-
DRG-skeletal muscle system. In this model, there is adequate heterogeneity of cell types
(neurons, glia, fibroblasts, muscle). Cellular interactions that normally occur in situ, such
as neuron-neuron, neuron-glia, and neuron-muscle can occur hetween cultured cells, and
synapses and neuromuscular junctions can form. In nerve-muscle preparations, neurons
and muscle develop at about the same rate, and ncuronal processes will become
myelinated. Myotubes form in bundles, become striated, and many will contract. Motor
and sensory neurons in culture will differentiate and mature, to eventually resemble their
counterparts in situ, and specific neuronal cell types can be identified by their
morphology, neurophysiology and neurotransmitter profiles. Such cultures are stable over
long periods of time which is important, particularly in long-term toxicity tests. Individual
neurons can be readily visualized and identified, making the cultures suitable for studies
requiring assessments of neuronal morphology. Dissociated primary cultures are also
appropriate for electrophysiological studies, because action potentials may be generated
spontaneously or in response to depolarizing stimulation.

As with any in vitro model, dissociated primary cultures have some disadvantages.
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Although these cells are casy to manipulate in the living state, they need time (weeks) to
develop, are technically demanding to culture, and they cannot be serially passaged (sub-
cultured). Since the cells are dissociated, the normal cytoarchitecture is not preserved, and
thus the accuracy of cellular interactions is compromised.
4.3.4. Cell lines

The ability to be subculured and undergo cell division defines a cell line. Most
ncural cell lines have been derived from nervous system tumour material. The first clonal
linc was established from a mouse neuroblastoma tumour (Augusti-Tocco and Sato, 1969;
Schubert et al., 1969), but continuous cell lines have also been established from hybrids
of ncuroblastoma-glioma and other cell types, or by fusion of neurons and glioma cells
(Hamprecht, 1977; Walum er al., 1990; Veronesi, 1992). Cell lines may be ideal for
biochemical studies that require large quantities of single cells types with identical
propertics. They are relatively convenient to maintain, large numbers can be economically
propagated, and don’t require a large number of animals. However, the representation of
cell types in the nervous system (and their interaction) is extremely limited, and the
normal cytoarchitecture is lost. Although virtually immortal, cell lines don’t always
maintain their phenotypes with subsequent subcultures, thus their properties can vary with
the number of scrial passages. Also, these cells may not express a neurotoxicant’s target
molecules accurately since they differ substantially from intact neurons. If they cannot

express the proper target molecules, they will not be useful for predicting neurotoxicity.
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4.4 Choice of model for this study

The choice of an appropriate model for neurotoxicity testing is a compromise
between the ease of manipulation and thoroughness of investigation. In this study, we
have used primary co-culturcs of dissociated spinal cord-DRG-skeletal muscle as a
neurotoxicity screen. With this system, neurotoxicity can be assessed using biochemical,
morphological, and clectrophysiological techniques. This model is appropriate for the
study that we have designed, as the extracellular environment can be readily controlled,
and the sequence of pathological changes that may occur in living nenrons over prolonged
periods of time can be followed. Since the cells can be visualized by phase-contrast
microscopy, the evolution of toxicity can also be analyzed in living cultures as a function
of both dose and time. It is also likely that this model expresses the propertics ol the
intact nervous system rcliably cnough to assess styrene's intrinsic potential for
neurotoxicity.

Primary neuronal cultures have becn used successfully in many other
neurotoxicological investigations. A co-culture system similar 1o this onc has been
described by Shahar et al. (1987), and previous studics in our laboratory have successfully
utilized cultures of murine spinal cord-DRG for studies of the known neurotoxicant 2,5-
hexanedione (Durham, 1988; Durham et al., 1989). Primary cultures of spinal cord
neurons, cortical neurons, cerebellum, astrocytes, and DRG have been used to study the
effects of a multitude of neurotoxic chemicals, including organophosphates, acrylamide,

various heavy metals (such as lead acetatc and aluminum), ethanol, solvents, and
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neurotoxic amino acids, to name just a few (Seil and Lampert, 1969; Goldberg, 1980,
Goldberg et al., 1980; Hooisma et al., 1980; Riopelle et al., 1984; Veronesi et al., 1984;
Burenfreund and Babich, 1987; Holtzman et al., 1987; Storey et «l., 1987; Davenport et
al., 1989; Sass et al., 1993). Although these studies illustrate how neuronal cultures may
be used to investigate different categories of chemicals, other studies using cultured
ncurons have shown that ncurotoxicity observed in vitro can be representative of the
ncurotoxicity observed in situ. Support for such an in vitro/in vivo correlation is illustrated
by a number of studies which have demonstrated that neurons in culture that are exposed
to drugs or xenobiotics for a number of weeks may exhibit neuropathologies comparable
to those induced by the same chemicals in the nervous system of intact animals (Veronesi
et al., 1983; Zagoren et al., 1984; Spencer et al., 1986, 1987; Holtzman et al., 1987,
Durham, 1988; Segal and Fedoroff, 1989a,b; Veronesi, 1992). The success of such prior
in vitro studics therefore provided us with precedent for selecting our culture model as

a neurotoxicity test system.

5. CHARACTERIZATION OF TOXICITY IN VITRO
S.1. Endpoints and toxicity testing

In any toxicological assessment, specific endpoints must be selected that will be
used to define and characterize a cellular response to the toxicant. Endpoints can thus be
defined as biochemical, morphological or physiological parameters that can be measured

or observed after toxic insult, and can therefore be considered as "markers" of toxicity.
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There are two types of endpoints that may be used to evaluate the toxic effects of
chemicals on cultured cells: [1] those that define and characterize cyfotoxicity (such as
lethality or viability endpoints), and [2] those that define and characterize neurotoxicity
(endpoints related to specific neuronal propertics that are commonly affected by
neurotoxicants).

In vitro, cytotoxic respenses (affecting both neuronal and non-ncurenal cells)
generally predominate after acute (short-term) exposures to high concentrations of a
toxicant. Under these conditions, specific non-lethal manifestations of neurotoxicity may
be masked, but can become apparent after longer exposures o lower concentrations, With
many neurotoxicants, the level of exposure (concentration and/or time) can determine

whether cyto- or neurotoxicity is the principal indication.

5.2. Cytotoxicity endpoints

Endpoints of cytotoxicity usually measurc properties that relate to basic functions
required for viability of all cell types and are often assays of Icthality. Such endpoints
usually describe alterations in bioenergetics, macromolecular synthesis, or levels ol
intracellular free calcium, and are used to assess the degree or the progression of cellular
damage, for example, by evaluation of membrane integrity, or loss of cssential ions
(Veronesi, 1992). Assays of membrane permeability are often used as a measure of cell
injury that signifies impending cell death, since permeabilization of the membrane

frequently occurs when basal 1=>vel functions are severely compromised (Ekwall, 19834,
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Grisham and Smith, 1984).

Even though cytotoxicity and viability endpoints can supply information about the
intrinsic toxicity of a chemical, they have a limited ability to define a chemical’s
specifically neurotoxic mode of action. For many (but not all) chemicals, no acceptable
correlation has been shown between cytotoxicity in culture assays, and neurotoxic
potential in whole animals (Ekwall, 1983b). In other words, cytotoxicity in vifro is not
an endpoint that correlates well with neurotoxicity in the whole animal. Cytotoxicity
assays can, however, be uscful for establishing the exposure regimen for neurotoxicity
tests, by defining the threshold for lethality. They can also detect any nou-speciiic cffects

of a chemical on cell attachment, which may be difficult to interpret.

5.3. Cytotoxicity endpoints selected for this study

In this study, the following endpoints were selected to characterize cytotoxicity:
[a] blebbing of portions of the cell membrane (appearance of multiple surface
protrusions); [b] vacuolation and granularity of the cell cytoplasm; [¢] rounding of cellular
shape; [d} detachment of cells from the substratum, and [e] cell death. Cytotoxicity tests
were carricd out to define the Lowest Effective Cytotoxic Concentration, or LECC. The
LECC is the lowest concentration of a chemical which can induce a cytotoxic response
in cultured cells within 4 days of the initial exposure. This information (the LECC) is
used o select sublethal concentrations for long-term tests, in order to reveal neuron-

specific effects of toxicants, ie., specific effects on neuronal morphology, structure, or
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function. When used in a preliminary screen, cytotoxicity tests also differentiate potential

neurotoxicants from cytotoxicants.

5.4. Neurotoxicity endpoints

Neurotoxicity endpoints arc more subtle than animal morhidity or lethality
(Veronesi, 1992) and are rclated to the mechanism(s) of neurotoxicity. From a scientific
viewpoint, the mechanistic approach is not just preferable, but is also necessary (Rowan
and Goldberg, 1985). Neuron-specific endpoints used in mechanistic studies tocus on
neurochemical, morphological and neurophysiological propertics that arc common targets
of neurotoxicants, and can provide clues about mechanism of action, Some examples of
cellular targets for neurotoxicants include axonal transport mechamsms, synthesis o
specific neuronal proteins, uptake and rlease of ncurotransmitiers, ncuron-specilic
enzyme aclivity, and action potential generation and conduction. Neurotoxic endpornts can
define either reversible effects of chemicals which do not induce conspicuous changes i
neuronal morphology or physiology, or ireversible effects which have permancent
morphological (or neurophysiological) consequences. Since no single neurotoxic endpoint
can cover the entire range of potential targets, a variety of endpoints are generally chosen.
These endpoints should represent a cross-section of the biological processes and cellular
interactions normally present in intact nervous tissue. In any investigauon of a potenual
neurotoxicant, a suitable combination of functional and morphological cndpoints can

greatly enhance the capability of a test batiery to detect neurotoxicity (Matisson et al.,
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1990); in this manner, the most susceptible target of a neurotoxicant may be identified.

5.5. Neurotoxicity endpoints selected for this study

The particular neurotoxic endpoints chosen for this study were selected so that
both morphological and physiological disturbances could be revealed. The sclection of a
ncurophysiological endpoint was appropriate, because styrene is an organic solvent, and
solvents can exert depressant or anaesthetic cffects on ncuronal membranes, decreasing
the excitability of neuronal cells. Endpoints explored after long-term exposure to styrenc
and its metabolites were: [1] chromatolysis, a general indicator of neuronal stress, [2]
modifications in neuronal morphology, and [3] alterations in gross neurophysiological
properties. Since these endpoints were adapted from those used to assess neurotoxicity in
whole animal studies, results could be interpreted with a reasonable degree of confidence.
These endpoints will be discussed below in greater detail.
5.5.1. Chromatolysis

Chromatolysis (sometimes termed the cell body reaction) is a non-specific,
characteristic response of the perikaryon to neuronal injury ir situ, regardless of its cause.
It has been described in both motor and DRG neurons (Nakano et al., 1983; Sterman,
1984; Sterman and Delannoy, 1985; Goldstein et al., 1987; Manctto et al., 1988;
Wakayama, 1992), and can occur in response to many types of neurological disturbances,
such as toxic insult (Sterman, 1982, 1984; Sterman and Delannoy, 1985), axotomy

(Sterman and Delannoy, 1985; Goldstein et al., 1987), and neurological disease such as
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amyotrophic lateral sclerosis (Nakano et al., 1983; Wakayama, 1992) This indicates a
common pathological reaction to various types of ncuronal injury. Morphological
indicators of chromatolysis include [1] peripheral nuclear displacement, [2] dispersal of
Nissl substance, and [3] an abnormal accumulation of phosphorylated neurofilament (NF)
proteins in the cell body (Lieberman, 1971; Goldstein et al., 1987). In normal neurons,
axons contain NFs that are more highly phosphorylated than those in the celt bodies and
dendrites (Durham, 1990b). An increase in perikaryal NF phosphorylation can be
visualized by immunocytochemical labelling with antibodies directed  against
phosphorylated NF proteins such as antibody SMI31, and an increase in perikaryal
immunoreactivity can indicate neuronal stress. Since phosphorylation has been associated
with slowing of NF transport, increased perikaryal immunoreactivity may be associated
with either an increase in the degree of phosphorylation, or an increase in the number of
neurofilaments (Goldstein et al., 1987).

It is unclear whether chromatolytic changes are the dircct result of injury (o the
cell body, or are secondary to changes in neuronal protein metabolism as part of a
regenerative response, but a chromatolytic response significs that ncuronal injury has
occurred. Two indicators of chromatolysis were used in this study to measure neuronal
stress in response to treatment with styrene or its metabolites: (1) the percentage of motor
and DRG neurons with ecceatrically placed nuclei, and (2) the percentage of perikarya

immunoreactive with SMI31,
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5.5.2. Alterations in neuronal morphology: axonopathy

Axonopathy is manifested morphologically by axonal degeneration and/or the
presence of focal axonal swellings. Axonal degeneration (also referred to as a "dying-
back” ncuropathy) is a pathological process that is characterized by retrograde
degeneration of nerve fibres, and has been demonstrated in response to toxin-induced
ncuronal injury (Spencer and Schaumburg, 1977, Veronesi et al., 1983; Gold ez al., 1992);
there is usually a secondary loss of myelin. Since degenerating fibres of cultured neurons
can be visualized by phase microscopy, axonopathy resulting from styrene (or metabolite)
exposure can be detected in living cultures, or after fixation and immunocytochemical
labelling.

The presence of focal axonal swellings is indicative of disturbances in axoplasmic
transport. Abnormalities in the slow transport of cytoskeletal elements are manifested by
the focal accumulation of neurofilaments (Spencer and Schaumburg, 1977) which are
visible as swellings, especially in the distal regions of large diameter axons. If the defect
is in fasi axonal transport mechanisms, the swellings will be filled with membranous
organclles (Sahenk and Mendell, 1979). In either case, axonal segments distal to swellings
will degenerate when the supply of essential materials is interrupted. In cultures exposed
to styrene or its metabolites, morphological indicators of axonal transport defects could
be monitored after labelling with SMI31, since this antibody readily labels neuronal

Processes.
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5.5.3. Alterations in membrane electrical properties

Organic solvents can exert a depressant effect on the nervous system by acting
directly on neuronal membranes. This may induce non-specific, reversible changes in
membrane permeability, and modified lipid-lipid and lipid-protein relationships (Bridges
et al, 1983). Neuronal excitability will be decreased due to altered membrane fluidity,
leading to inhibition of action potential (AP) production and propagation. Neurotoxicity
can be therefore be manifested ncurophysiologically as gross alterations in membrane
electrical properties. In dissociated cultures, spinal motor ncurons (but not DRG ncurons)
can spontaneously generate bursts of APs. Both types of neurons will gencrate APs in
response to depolarizing electrical stimulation. Mcasurements of resting membrane
potential (RMP), spontaneous clectrical activity, as well as AP amplitude and duration
were used as a simple screen to detect general effects of styrene and its metabolites on
the ability of neurons to conduct electrical signals, since interference with neuronal

excitability may be manifested as gross changes in general neurophysiological propertics.

6. EXPERIMENTAL OBJECTIVES

The specific aim of this study was to investigate the mechanism of action and
assess the neurotoxic potential of styrenc and its major metabolites in vitro, using
morphological and neurophysiological endpoints. The experiinental strategy employed a
"tiered approach”, meaning that the order of the test protocols proceeded from the more

general (cytotoxicity tests) to the more specific (neurotoxicity tests). In summary, the
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ultimate objectives of this study were:

[1] To separate the cytotoxic and the neurotoxic effects of styrene, styrene oxide, and

styrene glycol using short-term tests, and to determine the LECC for each chemical.

[2] To see if sublethal concentrations of styrene (or its metabolites) aitered the
morphology of motor and sensory neurons after long-term exposure. Eccentric nuclei,
SMI31-positive somata, axonal degeneration, or axonal swellings were used as

morphological endpoints.

[3] To detect decreases in neuronal excitability after short and long-term exposure to
styrene, by screenirzg for alterations in resting membrane potential, action potential

amplitude, and action potential duration.
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1. MATERIALS AND METHODS
1.1. Preparation of Cultures

Primary co-cultures of dissociated spinal cord-DRG-skeletal muscle were prepared
from day 13, CDI1-mousc embryos. Spinal co:zds with DRG attached were excised, finely
minced, and enzymatically dissociated using 0.25% trypsin (Gibco Canada Inc.,
Burlington, ONT). At this stage of development, the spinal column has not yet fused
around the spinal cord, and is relatively easy to remove. Hindlimb muscle was taken from
the same embryos. The tissues were further dissociated mechanically by gentle trituration
with a Pasteur pipette. Spinal cord-DRG and muscle were seeded at a density of 175,000
and 8000 cells per well respectively, in Nunclon 4-well culture plates (Gibco) containing
:3 mm diameter round glass coverslips (J.B.EM Services, St. Laurem, QUE., Canada).
To promote adhesion of dissociated cells, coverslips were coated with poly-D-lysine, and
cither MATRIGEL'™ basement membrane matrix or Laminin (all from Collaborative
Research Inc., Bedford, MA). On day 4, cultures were treated for 24 hours with cytosine-
B-D-arabino-furanoside (Calbiochem-Behring Corp., La Jolla, CA), to reduce the
proliferation of non-neuronal cells. Cultures were maintained in hormonally supplemented
N3 medium plus 2% horse serum as previously described (Durham, 1988) and were used

for experiments 5-8 weeks post-plating, to allow for maturation.

1.2. Short-term cytotoxicity testing

Cytotoxicity assays were carried out with styrene, styrene oxide and styrene glycol
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([£Iphenyl 1,2-ethanediol) (Aldrich Chemical Co., Milwaukcee, W), in order to determine
the lowest effective cytotoxic concentration (LECC) for cach chemical. Since styrene and
styrene oxide are insoluble in aqucous media, dimethyl sulfoxide |DMSO] (BDH,
Montreal, QUE) was uscd as a solubility vehicle. Test concentrations were prepared from
30% styrene or styrenc oxide stock solutions, dissolved in DMSO. Contiol cultuies
received volumes of DMSQO equivalent to those in treated cultures. Due to the volatile
nature of these chemicals, experiments were carried out in 35 mm glass culture dishes
(Bellco Glass Inc., Vineland, NJ) which were scaled with Dow Corning high-vacuum
silicone grease (Fisher Scientific Ltd, Montreal, QUE) and clamped with Thomas pinch
clamps (Arthur H. Thomas Co., Philadelphia, PA). Although the physicochemical
properties of styrene glycol indicated that it was hydrophilic, and not volatile at 37°C, it
was not fully soluble at room temperature. DMSO was therefore used to facilitate its
dissolution into aqueous medium. Cytotoxicity tests with styrene giycol were carried out
in sealed culture dishes, until it was ascertained that no cytotoxicity was attributable to

it. Subsequent experiments with styrene glycol were then performed in an unscaled culture

system.

1.3. Determination of the lowest effective cytotoxic concentrations
For determining the LECCs, cultures were exposed to various concentrations of
either styrene, styrene oxide, or styrene glycol (in scparatc experiments) for four days,

until the threshold of lethality for each chemical was determined. Treated cultures were
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examined daily by phase contrast microscopy for cytotoxic manifestations in both
ncuronal and non-necuronal cells. Morphological endpoints of cytotoxicity included cell
membrane blebbing; vacuolation and granularity of cytoplasm; rounding or detachment
of cells from the substratum, axonal degeneration, and cell death. After four days of
exposure, the degree of cytotoxicity induced by each concentration of chemical was
graded on a scale of 0 to 4. This scale was termed the cyrotoxicity index, and was defined
as follows:

Grade 0 = indistinguishable from untreated control cultures

Grade 1 = slight granularity of the cytoplasm

Grade 2 = cell membrane blebbing and vacuolation of the cytoplasm

Grade 3 = rounding of cellular shape and detachment from the substratum

Grade 4 = cell death

On this scale, the LECC was defined as a Grade 2 cytotoxic response. Once the LECCs
were determined, cytotoxicity tests for each chemical were repeated three times (at the

LECC), using two coverslips per test.

1.4. Cell viability assays

Loss of cell viability was confirmed on day four by the ethidium uptake assay.
This assay employs a nucleic acid stain, the ethidium homodimer, to label nuclei of dead
and dying cells. Neurons are considered irreversibly damaged and therefore no longer

viable when their plasma membranes lose integrity and become permeable to exogenous




CHAPTER 2

molecules, such as the ethidium homodimer. When the ethidium reagent is taken up into
a cell, it is translocated to the nucleus where it intercalates with DNA due to its high
affinity for nucleic acids. Nuclei of non-viable cells will exhibit red fluorescence when
examined by epifluorescence optics, and loss of cell viability can be therefore be verificd.
The assay was carried out as follows: 4.0 mM cthidium homodimer (Molecular Probes
Inc., Eugene, OR) was dissolved in minimal essential medium (MEM) without sodiom
bicarbonate, enriched with Sg/litre glucose, and adjusted to pH 7.0 with IM NaOH.
Culwres were exposed to this solution for 15 minutes, and examined by epifluorescence
microscopy (using a conventional fluorescein filter set) for nuclear uptake of the ethidium

reagent.

1.5. Long-term neurotoxicity testing: morphological examination

In long-term tests, cultures were treated with sublethal concentrations of cach
chemical over extended periods of time, to mimic chronic exposure conditions. In separate
experiments, cultures were exposed to a concentration of each chemical that was just
below the LECC for up to 8 weeks. These concentrations were: 2 mM styrene; (0.2 mM
styrene oxide; 10 mM styrene glycol. Control cultures received the appropriate volumes
of DMSO, which were 0.006% (styrenc oxide), 0.04% (styrene glycol), and 0.05%
(styrene). Experiments were carried out in scaled dishes, with the exception of some
involving styrene glycol. Control and treated cultures were monitored daily by phasce

microscopy for morphological indications of ncuronal stress or cytotoxicity. At weekly
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intervals, both and control and treated cultures were fixed, immunocytochemically
processed, and labelled with antibody SMI31. SMI31-labelled neuronal processcs were
examined for signs of focal axonal swellings or axonal degeneration. The number of
motor and DRG ncurons exhibiting peripherally displaced (eccentric) nuclei or SMI31-
reactive perikarya were counted separately, and expressed as a percentage of the total
number of motor or DRG neurons enumerated (75-200 DRG and motor neurons were
counted per coverslip). Immunorcactive cells were identified as those with perikaryal
staining that was clearly above background. Motor neurons were identified on the basis
of perikaryal size (greater than 20 um), and the presence of large, tapering, and branching
dendrites. DRG neurons exhibit a rounded shape, a characteristic nucleus, and an absence
of dendrites. Each time point and exposure concentration was examined in duplicate
cultures in four or five separate experiments. Mean cell counts for each experiment were
pooled, and expressed as mean values + SEM. Mcans were compared using the Student’s
t-Test, (unpaired, two-tailed, p = <0.05). Different culture batches were used throughout
these experiments, in order to simulate any natural variability in sensitivity to

neurotoxicants that can occur among cell populations.

1.6. Immunocytochemistry
Immunocytochemical processing of cultures was carried out at weekly intervals,
and immunostaining was visualized by using a commercially available horseradish

peroxidase detection system (Vectastain® ABC Kit, Vector Laboratories, Burlingame,
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CA). This method uses an avidin-biotin complex to visualize an antigen-antibody
complex. Cells on coverslips were fixed for 4 minutes in methanol and 2 minutes
acetone (both @ -20° C), followed by 20 minutes in 3% skim milk (dissolved in 0.05 M
TRIS buffer, pH 7.6) to block non-specific binding sites. Coverslips were then processed
as follows: [1] 30 minute incubation with the primary antibody SMI31 (diluted 1:2000
[Sternberger Monoclonals Inc., Baltimore, MD1); {2] 30 minutes with the secondary
antibody (biotinylated anti-mouse IgG 1:100 [Dimension Laboratories Inc., Mississauga,
ONT]); [3] 20 minutes in 0.3% H,0, to block endogenous peroxidase activity; [4] 30
minutes in Vectastain® (Vector Laboratories), and finally, [5] 10 minutes in the
chromogen, 3°,3’-diaminobenzidine tetrahydrochloride [5%] (Gibco), plus 0.03% H,0,,
This yielded a coloured reaction product. Incubations in antibody or Veclastain® were
always followed by three rinses in TRIS buffer. Coverslips were rninsed in distilled water,
mounted in glycerol/phosphate-buffered saline (1:1, v/v), scaled with paraltin wax, and

examined by phase microscopy.

1.7. Intracellular recordings of membrane electrical properties

Resting membrane potential, and amplitude and duration of spontancous and
evoked APs were recorded from motor and DRG ncurons in cultures exposed (o toxicants
for 30 min, 4 days, and 8 weeks. In short-term experiments designed to mimic acute
exposure conditions, baseline intracellular recordings were obtained from neurons prior

to styrene (or DMSQO) addition, and then again after 30 minutes of exposure. In cultures
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exposed to toxicants (or DMSO controls) for 4 days or 8 weeks, intracellular recordings
were obtained from separate DMSO control and toxicant-treated cultures. Recordings were
made at room temperature, and cells were bathed in bicarbonate-free MEM (Gibco)
enriched with Sgftitre glucose, adjusted to pH 7.0 with 1M NaOH. Neurons were impaled
with glass microelectrodes filled with 3 M KCI or 4 M potassium acetate (30-60 MQ
resistance). Intracellular injection of current and recording of membrane potentials was
accomplished through the same electrode using a WPI model KS-700 dual microprobe
system. Neurons were stimulated with a 5 uS depolarizing pulse (Model A310
Accupulser, World Precision Instruments Inc.). The APs generated were monitored on a
Tektronix 5110 oscilloscope (Tektronix Inc., Beaverton, OR), and simultancously
photographed with Kodak RAR oscillograph film 2495 (Grass Instruments, Quincy, MA),
using a Nihon-Kohden continuous recording oscilloscope camera (Model RLG 6201,
Nihon-Kohden [America] Inc., Irvine, CA). Intracellular recordings of RMP, AP
amplitude, and AP duration were measured using JAVA Video Analysis Software (Jandel

Scientific, Corte Madera, CA). Measurements were expressed as mean values + SD.
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1. RESULTS
1.1. Short term cytotoxicity tests

Fig. 2 illustrates the dose-response curves obtained for styrene, styrene oxide, and
styrenc glycol. Concentrations of each chemical tested when determining the LECCs are
plotted against the degree of cytotoxicity they induced (expressed as a valuc between 0
and 4, as defined by the cytotoxicity index). The LECCs for each chemical were defined
as those concentrations inducing a grade 2 cytotoxic response within 4 days of initial
exposure, and are indicated above the curve.

Exposure of the cultures to styrene or styrene oxide induced a dose-related
cytotoxic response in all cell types in the cultures (neurons, glia, fibroblasts). The LECCs
for these chemicals were 2.8 mM and 0.4 mM respectively. Although parallel dose-
response curves were generated for styrene and styrene oxide, styrene oxide was more
potent at inducing a cytotoxic response by almost one order of magnitude. As is evident
in Fig. 2, styrene glycol did not elicit cytotoxicity, even after 10 days of exposure to
concentrations as high as 10 mM, in cither sealed or unscaled culture dishes.

Morphological manifestations of cytotoxicity are illustrated in Figure 3. DMSO-
treated control cultures (Fig. 3A) exhibited no morphological signs of cytotoxicity or
significant nuclear uptake of ethidium homodimer (Fig. 3B). The grade 3 to 4 cytotoxic
response induced by 4.0 mM styrene in both neuronal and non-neuronal cells after four
days is illustrated in Figure 3C. Cytotoxicity was manifested as blebbing, vacuolation,

granularity of processes with their subsequent degencration, detachment from the
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substratum, and the ultimate manifestation of cytotoxicity was cell death. Loss of viability
was confirmed by a significant uptake of ethidium homodimer into nuclei of the same
cells (Fig. 3D). Although styrene oxide was more potent than styrene, by almost an ordet
of magnitude, it induced qualitatively similar cytotoxic eftects (Fig. 3E, F). Cytotoxicnty
was observed in all types of neuronal cells (motor neurons, DRG ncuions, and

interneurons) and non-neuronal cells at the same exposure levels.

1.2. Long-Term Exposure
1.2.1. Chromatolysis

Immunocytochemical labelling with SMI31 was uscd to visualize chromatolytic
neurons, since one of the hallmarks of chromatolysis is an accumulation of
phosphorylated neurofilaments in the cell body. Immunostained cells were examined by
phase microscopy for 2 indicators of chromatolysis: [1] SMI3I-positive ccll bodies, and
[2] eccentric nuclei. The histograms presented in Fig. 4 represent the pooled data from
all experiments with 2 mM styrenc. DRG or motor neurons in cultures exposced to 2 mM
styrene for up to six weeks did not undergo chromatolysis. The number of cecentric
nuclei in either motor or DRG neurons was not increased relative to DMSQO controls (Fig.
4A,C), nor was there an significant increase in the number of perikarya immunoreactive
with SMI31, except in DRG after four weeks of exposure (Fig. 4B,D). An unforseen
finding, however, was that DMSQO was neurotoxic to both motor and DRG ncurons. When

the DMSO data were compared with untreated controls, a chromatolytic effect of DMSO
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(0.05%) was detected in measures of eccentric nuclei in motor neurons (Fig. 4A), and
SMI31-positive somata in DRG neurons (Fig. 4D).

Fig. 5 illustrates the same parameters introduced in Fig. 4 (indicators of
chromatolysis), but here, the histograms represent the pooled data from all long-term
experiments with 0.2 mM styrene oxide. In cultures treated with styrene oxide for up to
five weceks, there was a significantly increased number of DRG neurons with SMI31-
immunorcactive somata, compared to vehicle (DMSO) controls (Fig. 5D). This increase
in SMI31-immunorcactivity was not observed in motor neurons (Fig. 5B). Neither DRG
or motor neurons treated with styrene oxide exhibited an elevated number of eccentric
nuclei relative o DMSO controls (Fig.5 A,C). As observed in experiments with 2 mM
styrene, DMSQO induced a significant degree of chromatolysis in motor and DRG neurons
(Fig.5A, C, D), even at a much lower concentration (0.006%). The number of motor
ncurons exhibiting SMI31-positive somata was not increased after DMSO treatment,
except after 1 week of exposure (Fig. 5B).

No toxicity was observed in cultures exposed to 10 mM styrene glycol for up to
six weeks (Fig. 6). Although DMSO (0.04%) was used as a solubility vehicle for styrene
glycol, experiments were carried out in unsealed culture dishes since styrene glycol was
not volatile at 37°C. However, since DMSO is volatile at this temperature, it is not
unrcasonable to presume that the absence of DMSO toxicity in experiments with styrene
glycol may be attributed to the loss of DMSO through evaporation.

The data for 0.006% DMSO, 0.05% DMSO, and unteated controls presented in
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Figs. 4, 5, and 6 are replotied together in Fig. 7, to more cleardy illustrate the dose-
response relationship between DMSO concentration and number of chromatolytic neurons.
Al most time points shown in Fig. 7A through 7D, as the concentration of DMSO
increases, so does the number of neurons exhibiting chromatolysis.
1.2.2. Morphology of neuronal processes

Neuronal processes were examined for signs of axonopathy. Since SMI3|
immunolabelling renders neuronal processes highly visible, abnormalitics of axonal calibre
(swellings and degeneration) could be revealed by their SMI3 L-immunoreactivity. Focal
axonal swellings labelled by SMI31 were observed in cultures treated with 2,0 mM:
styrene or (.2 mM styrene oxide after three wecks of cxposure. However, these swellings
were attributed to the vehicle (DMSO), since they were just as prevalent in cultures
treated with 0.006% DMSQ or higher (Fig. 8B). As indicated in Fig. 8 A, swellings were
not evident in untreated cultures. No abnormalities in the morphology of non-ncuronal
cells were noted.
1.2.3. Membrane electrical properties

Representative APs recorded from DRG and motor neurons are shown in Fig. 9.
RMPs, and evoked and spontaneously generated APs were recorded from both motor and
DRG neurons, before and after chemical exposure. However, only traces recorded from
DRG cells were measured and compared statistically, since the extreme variability of
motor neuron responses precluded any meaningful statistical comparisons of their AP

amplitudes, AP durations, or RMPs. This variability is illustrated by comparing the
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differences between RMPs, AP amplitudes, and frequency of firing in the traces shown
in Figs. 9C and 9D. The differences are still well within normal limits for motor neurons.
As is evident from the recordings shown in Figs. 9A and 9B, responses of DRG neurons
arc much more predictable and therefore easier to quantitate.

In motor neurons, styrene did not induce any qualitative changes in AP paramelters,
or alteration in RMP (Fig. 9C, D). After 30 minutes of exposure to cither 8 mM styrene
or its DM SO-treated counterpart, only a marginally significant change in AP amplitude
(but not AP duration or RMP) of surviving DRG neurons was detected (Fig. 9A,B and
Table 1). 8 mM styrenc was the upper limit tested because of cytotoxicity. Similar
cytotoxicity without significant changes in AP production or RMP were observed in
surviving DRG neurons exposed to 4 mM styrene for 4 days (Table 1). As with shorter
cexposures, long-term treatment of cultures with 2.0 mM styrene, 0.2 mM styrene oxide
or 10 mM styrene glycol (or DMSO controls) for 8 weeks, 8 weeks, and 4 weeks,
respectively, did not induce any obvious changes in electric properties in either motor or

sensory neurons (data not shown).
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FIG 2. Cytotoxicity index (see text) illustrating the dose-related cytotoxic effects of
styrene, styrene oxide, and styrene glycol after 4 days exposure. The lowest effective

cylotoxic concentration (LECC) for each chemical is indicated.
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FIG 3. Cytotoxicity observed by phase microscopy (A,C,E) and cthidium uptake (B,D,F)
in cultures of spinal cord-DRG-skeletal muscle after 4 days exposure to 0.05% DMSO

. (A,B), 4.0 mM styrene (C,D), and 0.4 mM styrene oxide (E,F). Scale bar = 30 pm.
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FIG 4. Measures of chromatolysis in perikarya of motor neurons (A,B) and DRG neurons
(C.D) of cultures exposed to normal culture medium, 0.05% DMSO or 2.0 mM styrene

for up to 6 weeks. The percentage of motor and DRG neurons with eccentric nuclei (A,C)
and the percentage of perikarya immunoreactive with SMI31 (B,D) are presented. * =
significant differcnce between means of DMSO and untreated controls; ** = significant

difterence between means of styrene-treated and DMSO controls, (p<0.05).
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FIG 5. Measures of chromatolysis in perikarya of motor neurons (A,B) and DRG ncurons
(C,D) of cultures exposed to normal culture medium, 0.006% DMSO, or (.2 mM styrene
oxide for up to 5 weeks. The percentage of motor and DRG ncurons with eccentric nuclei
(A,C) and the percentage of perikarya immunoreactive with SMI31 (B,D) are presented.

* = significant difference between means of DMSO and untreated controls; ** =

significant difference between means of styrene oxide-treated and DMSQO controls,

. (p<0.05).
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** = significant difference between means of styrene glycol-treated and DMSO controls,
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FIG 7. Dose-related chromatolytic effect of DMSO on motor and DRG neurons. DMSO
(0.006% DMSO, 0.05% DMSO) and unireated control data from Figs. 4, 5, and 6 arc
replotied together to illustrate the dose-related effect of DMSO on mcasures of
chromatolysis. The percentage of ncurons with eccentric nuclei (A,C) and the percentage

of perikarya immunoreactive with SMI31 (B,D) are presented. * = significant difference
between means of 0.006% DMSO and untreated controls; ** = significant difference

between means of 0.05% DMSO and untreated controls, (p<0.05).
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FIG 8. Phasc contrast micrographs of fixed cultures labetled with SMI31 antibody to
neurofilament proteins. (A) An untreated control culture. (B) A culture exposed to 0.006%
DMSO for three weeks. A chain of swellings is present in a process emerging from the
right of the motor ncuron. Both the neuronal perikaryon and swellings are labelled by

SMI31. Scale bar = 30 um.




CHAPTER 3 3-15

FIG 9. Intracellular recordings of action potentials obtained from DRG ncurons and motor
neurons. Action potentials from a DRG ncuron before (A) and 30 minutes alter (B)
exposure to 8 mM styrene. Action potentials recorded from a motor neuron in a culture
treated with 0.05% DM SO (C) and a culwre treated with 4 mM styrene (D) for 4 days.
In C and D, the first action potential was evoked by depolarizing stimulation, whereas the
others occurred spontaneously. The horizontal line transecting cach field represents zero
membrane potential. Scale bars (time basc) = 5 msec/20 mV (A,B), and 10 msec/20 mV

(C.D).
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TABLE 1. EFFECT OF STYRENE TREATMENT ON MEMBRANE
ELECTRICAL PROPERTIES OF DRG NEURONS.

CONDITION PARAMETER

ACTION POTENTIAL
ACUTE (30 min) EXPOSURE RMP(mY) AMPLITUDE(mV) DURATION(msec)

Before DMSO Control (17) -46 3 8.1 69.7 £ 9.5 10.2 £2.3
After 30 min in DMSO (17) -47+ 94 63.1 + 10.8 ¥ 10.8 £ 2.9
Before 8 mM Styrene (39) -46 + 89 74.2 + 16.1 11.6 £ 3.5
After 8 mM Styrene (21) -48 + 49 69.1 £ 16.5 * 10.8 £ 2.0
4 DAYS OF TREATMENT

DMSO Control (19) -48 + 5.2 73.6 = 6.1 11925
4.0 mM Styrene (22) -47+74 725 £ 11.5 10.4 + 3.0

Values are Means + S.D. In parentheses are the number of cells, pooled from 2
separate experiments.  Statistical comparisons were made using the Student’s t-Test,
two-tailed, paired or unpaired as was appropriate; * = significantly decreased relative
to control (p < 0.05).
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1. DISCUSSION

Although the neurotoxicity of styrene has been widely investigated, there has been
no definitive explanation of the mechanisms responsible. In this study, assessment of the
toxicity of styrenc and its major metabolites in vitro provided the opportunity to
differentiate between toxic effects on neurons and other types of cells, to establish the
relative potencies of these chemicals, and obtain further clues concerning mechanisms of
neurotoxic damage. This study offers some evidence that mechanisms underlying the
general cytotoxic effects of styrene and the more potent styrene oxide, may be responsible
for damage to cells of the nervous system, as well as damage to cells of other target

organs.

1.1. Xenobiotic metabolism in nervous tissue and expression aof toxicity

The metabolism of xenobiotics converts lipophilic molecules to more polar
compounds cither through modifications to their chemi-al structure, or via conjugation
reactions. As indicated in Chapter 1, many of the adverse effects of styrene have been
attributed to the accumulation of the major metabolite of styrene, styrene oxide, in tissues
(Barale, 1991; Bond, 1989). Styrene and styrene oxide have both been found in brain,
since they are highly lipophilic and cross the blood-brain-barrier (Savolainen and Vainio,
1977; Lof et al., 1983; Trenga er al., 1991). Styrene metabolites may also be produced
locally in nervous tissue, since the P-450 enzymes vesponsible for the oxidation of styrene

to styrene oxide are expressed in the nervous system, although in much lower amounts
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than in liver (Kohler et al., 1988; Minn et al., 1991; Ghersi-Egea et al., 1993). Several
other drug-metabolizing enzymes have been demonstrated in brain and also in cerebral
microvessels of laboratory animals (Ghersi-Egea er al., 1988; Minn et al., 1991). This
may be related to the protective function of these enzymes both in brain ussuc itsell, and
in the endothelial cells that form the blood-brain-barricr (Ghersi-Egea, 1988). Although
the activity of epoxide hydrolase is low in brain, fairly high levels of styrene glycol have
been measured in mouse brain after systemic administration of styrene (Lol er al., 1983),
The glutathionec (GSH) group of enzymes arc present in neural tissue, and many
compounds that are toxic via reactive intermediates will affect cellular levels of GSH.
Since GSH conjugation plays an important role in lessening cell damage resulung from
oxidative stress, its depletion may contribute to toxicity exerted by reactive molecules.
Both styrene and styrene oxide have been shown to deplete GSH stores in cultured Pc12
cells (Dypbukt et al., 1992) and in rat brain (Dixit et al., 1982; Katoh er al., 1989; Trenga
et al., 1991), where it is localized predominantly in glia (Philbert er al., 1991; Trenga et
al., 1991). Thus, the relative levels of styrene and its various metabolites that are present
in nervous tissues after systemic exposure will depend on the same factors that determine
their distribution in other extrahepatic tissucs (Dixit et al., 1982), and the expression of
neurotoxicity will thus depend on the relative potencies of these compounds at target sites.
Since P-450 enzymes are not expressed to any significant degree in dissociated cultures,
the present study does not rule out the possibility that short-lived metabolic intermediates

of styrene may be responsible for the more obvious neurotoxic effects. It is possible that
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such metabolites would be produced within neurons in situ since the presence of P-450

enzymes in their perikarya have been demonstrated in tissue sections (Hansson et al.,

1990; Reuhl and Lowndes, 1992).

1.2. Styrene toxicity: possible mechanisms of reversible and irreversible effects

Styrene may cxert either reversible or irreversible effects on the nervous system.
Some organic solvents exert a depressant or anaesthetic effect by acting directly on the
ncuronal membrane, inducing nonspecific alterations in membrane permeability and thus
decreases in membrane excitability (Bridges et al., 1983). This is manifested as inhibition
of AP generation and conduction. Parkki et al. (1976) suggested that the depressant cffect
of styrene could be mediated, at least partially, by styrene glycol, since very high doses
of styrene glycol (750 mg/kg) had an anaesthetic effect on rats. Since AP production was
not altered in our experiments, even in cultures exposed to 10 mM styrene glycol, it is
unlikely that anaesthetic effects on membranes are responsible for CNS depression under
more realistic conditions of exposure to styrenc.

It is possible that more subtle effects on neurotransmission may contribute to the
reversible neurotoxicity of styrene. To fully understand its mechanism of neurotoxicity,
it may be necessary to evaluate styrene’s actions on neuron-specific enzymes or
neurotransmitters, as prior studies indicate that styrene may interfere with brain chemistry
in exposed workers or laboratory animals. Decreased levels of serotonin (Kishi et al.,

1992) and decreased dopamine receptor binding have been reported in brain tissue of rats



CHAPTER 4

exposed to styrene or styrene oxide (Zaidi et al., 1985). Low dopamine levels have been
measured in striatum (Mutti er al., 1984b, 1985, 1988) and hypothalamus-median
eminence [tuberoinfundibular arca] (Mutti ct al., 1984b, 1988) of rabbits exposcd to
styrene by inhalation. In exposed workers, interference  with  dopaminergic
neurotransmission has received the most attention. Occupational styrene exposure has
been associated with neuroendocrine effects linked to dopamine depletion. Prolactin
secretion is normally under inhibitory control by dopamine. Since workers exposed o
styrene have exhibited increases in prolactin lcvels (Mutti er al., 1984¢; Arlini er al.,
1987), and prolactin secretion is under the control of tuberoinfundibular dopaminergic
activity, Arfini et al. (1987) have specuiated that a styrene-mediated decrease in
hypothalamic dopaminc may be associated with the hyperprolactinemia observed in
styrene-exposed humans. They concluded that this might explain the subjective symptoms
and behavioural disturbances that are often recorded among styrene exposed workers.
Besides the reversible effects on ncuronal physiology, exposure to styrene can also
induce permanent damage to cells of the nervous system. Neuronal loss, indicated by an
increase in astrocytic glial fibrillary acidic protein, has been demonstrated in sensory and
motor cortex and hippncampus of rats exposed chronically to styrene by inhalation
(Rosengren and Haglid, 1989). The authors hypothesized that autoxidative injury by

styrene or styrenc oxide was responsible.
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1.3. Cytotoxicity of styrene and styrene oxide: mechanisms of oxidative stress

In this study, ncurons were not noticeably more sensitive to cytotoxic effects of
styrene or styrene oxide than were non-ncuronal cells in the cultures, nor did sublethal
concentrations of these chemicals have specific cffects on neuronal morphology or
membrane clectrical properties. In neural cells, as in cells of other organs, styrene oxide
is @ more potent cytotoxicant than styrene by almost an order of magnitude. No
differential cytotoxic effects on specific subclasses of neurons was evident. The
concentrations of these agents that were cytotoxic to primary CNS neurons in this study
arc similar to those that are cytotoxic to other types of cultured cell lines and primary
cells. These include the epithelial cell lines CGS (breast carcinoma) and HEp-2 (laryngeal
carctnoma) (Malorni et al., 1988), Pcl2 cells (Dypbukt et al., 1992), lymphocytes
(Sharma etz al, 1981; Zhang et al., 1993) and human skin fibroblasts (Cherry and
Durham, unpublished observations).

Styrene and styrene oxide have been shown to bind covalently to proteins, DNA,
and lipids (Byfilt-Nordqvist et al., 1985). The cytotoxicity observed in response to styrenc
and styrene oxide is typical of that produced by chemicals that induce oxidative stress or
form adducts with protein thiols, and was expressed as plasma membrane blebbing,
cytoplasmic vacuolation, cell rounding, detachment from the substratum, and cell death.
Oxidative-stress-related changes such as these represent the multiple consequences of ATP
depletion, increases in intracellular Ca™, and alterations in cytoskeletal structure and

organization (Bellomo and Mirabelli, 1992; Nicotera er al., 1992; Orrenius et al., 1992;
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Verity, 1992).

One of the earliest signs of irreversible cell injury and impending cell death that
is attributed to oxidative stress is the appearance of multiple protrusions (blebs) on the
cell surface (Orrenius et al., 1992). Membrane blebbing, changes in shape, and
detachment from the substratum are effected through changes in the cytoskeleton. The
polymerization of cytoskeletal proteins into cytoskeletal structures is very sensitive (o the
oxidation of thiol groups and to increased levels of intracellular calcium. Oxidative stiess
leads to depletion of sulfhydryl groups of various cytoskeletal proteins and disulphide
bridging between molecules, including actin (Bellomo and Mirabelli, 1992). Changes in
the microfilament network and detachment of the membrane from the subaxolemmal
cytoskeleton has been demonstrated to occur during bleb formation induced by oxidative
stress (Bellomo and Mirabelli, 1992). Direct binding of electrophilic chemicals such as
styrene oxide to thiol groups, would disrupt the normal function of multiple cellular
proteins, including cytoskeletal proteins and rate limiting enzymes involved in ATP
generation. If ATP were to become depleted, intracellular calcium homeostasis would be
disrupted. Elevation of intracellular calcium is a pathological process common to
mechanisms of cell death induced by many toxic agents. In Pc12 cells, styrene oxide has
induced a progressive decreasc in intracellular ATP and a sustained increase in cytosolic
free calcium, along with depletion of GSH (Dypbukt et al.,1992). Since this mechanism
is common to a number of toxic chemicals, it possible that disturbed calcium homeostasis

is responsible for the cytotoxic cffects observed in this study.
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The collapse of multiple cytoskeletal element around the nucleus (intermediate
filaments, microfilaments, microtubules and extracellullar matrix) is a common
manifestation of cytotoxicity in cultured cells (Durham 1986, 1990a; Bellomo and
Mirabelli, 1992). In human skin fibroblasts treated with styrene, rounding of cell shape
and detachment from the substratum was accompanied by simultancous aggregation of
intermediate filaments, microtubules and microfilaments to a juxtanuclear position (Cherry
and Durham, unpublished observations). Rounding and detachment of cells would also
be expected to disrupt intercellular communications and important interactions with the
extracellular matrix (Reuhl and Lowndes, 1992). In neurons, as in other types of cells,
intracellular transport of cytoskeletal elements can be affected by interference with
essential cellular components. However, neither styrene, styrene oxide, or styrene glycol
induced specific changes in the cytoskeleton of cultured neuronal cells that would indicate

specific impairment of axonal transport.

1.4. Neurotoxicity and abnormal perikaryal neurofilament phosphorylation
Toxicant-induced neuronal injury shares many common features with axotomy-
induced ncuronal injury, which is known to initiate a cell body response, and alter
ncuronal metabolism (Sterman, 1984; Sterman and Delannoy, 1985). One such common
feature is pathological neurofilament phosphorylation, which has been demonstrated in
perikarya after ncurotoxicant-induced injury (Bizzi and Gambetti, 1986; Troncoso et al.,

1986; Gold et al., 1988; Hugon and Vallat, 1990; Gold and Austin, 1991). This finding
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was exploited in this study, to measure neuronal stress. In neuronal cells, the C-terminal
extensions of the high and middle molecular weight ncurofilament proteins (NF-H and
NF-M) contain several repeats of the amino acid sequence KSP. Variants of such
neurofilament proteins exist according to the degree of phosphorylation of the serine
residues. Phosphorylation begins in the cell body, but in normal neurons, the most highly
phosphorylated neurofilaments are demonstrable only in axons (Black and Lee, 1988,
Nixon et al., 1989). The antibody SMI31 reacts with NF-M and NF-H when they are in
the conformation conferred by an intermediate state of phosphorylation (Lee et al., 1988),
These forms are present in both axons and perikarya of motor and sensory ncurons under
normal condition. In unfixed cultures or tissue scctions, SMI31 labels both axonal and
perikaryal neurofilaments, but in fixed specimens, significant perikaryal labelling is found
only in subpopulations of small neurons and DRG neurons (Durham, 1990b). After injury
induced by axotomy, neurotoxicants or neurodegencrative discase, ncuronal perikarya in
both fixed and unfixed preparations become highly immunorcactive to antibodics against
phosphorylated epitopes (Goldstein et al., 1987; Nixon and Sihag, 1991). This may be duc
to the aberrant phosphorylation of perikaryal ncurofilaments associated with the
chromatolytic response to injury.

The only morphological indicator of neurotoxicity in cultures treated with styrene
or metabolites was a slight chromatolytic reaction in DRG ncurons, and only after
exposure to styrene oxide. This was manifested as an increase in the number of perikarya

immunoreactive with SMI31, relative to vehicle controls. No other changes in perikaryal,
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dendritic or axonal morphology were observed in either motor neurons or DRG cells in
response to styrene, styrene oxide, and styrene glycol, even after 6 weeks of exposure.
The cffect on DRG neurons (increased perikaryal neurofilament phosphorylation)
may be due to greater sensitivity of sensory neurons, or a subpopulation of these neurons,
to toxic insult, compared to motor neurons. This is consistent with clinical »bservations
of sensory neuropathies in persons occupationally exposed to styrene (Behari et al., 1986).
Alternatively, SMI31 immunoreactivity may be a more sensitive endpoint in DRG neurons
compared to motor neurons. Goldstein er al. (1987) found that chromatolysis and
alterations of phosphorylation-dependent immunoreactivity were much less apparent in
motor than in sensory neurons after axotomy in rats. A study by Mansour et al. (1989)
yiclded similar results: they showed that motor neurons axotomized close to the cell body
did not always exhibit perikaryal neurofilament phosphorylation whereas DRG neurons
did. From their findings, they concluded that perikaryal neurofilament phosphorylation
doces not invariably occur after neuronal injury. If chromatolysis is not detectable in both
motor and DRG neurons after neuronal injury (or if it does not always occur post-trauma),
this also raiscs the possibility that it may not be the most sensitive endpoint for the
characterization of neuronal injury. The reason why motor neurons remained unaffected
by styrene oxide is unclear, but it is possible that they are not as sensitive to this kind of

toxic injury than are sensory neurons.
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1.5. Effect of styrene and metabolites on neurophysiological properties

Since there was little evidence of morphological damage after long-term exposure
to styrene or its metabolites, styrene’s effects on neuronal physiology were evaluated.
Our screening methods were designed to detect gross changes in overall excitability that
could indicate a solvent effect on neuronal membranes. Since our focus was on scieening,
we did not look for more subtle disturbances in specific ion channel function. Styrene had
no apparent effect on RMP or AP duration. A minor decrease in AP amplitude of DRG
neurons was observed after 30 minutes in cither 8 mM styrene or its DMSO control,
Since this slight decrease was apparent in both styrenc and DMSO treated cells, this effect
was probably due to DMSO (0.2%). Higher concentrations of DMSQ (0.5-19%) have been
shown to reversibly block membrane currents in neuroblastoma-glioma hybrid cells
(Jourdon er al., 1986). Since styrene did not alter AP production, cven in cells exposed
to cytotoxic concentrations, it is unlikely that anaesthetic effects on membranes arc
responsible for CNS depression in humans. The use of more sophisticated
neurophysiological tests using more specific electrophysiological endpoints might reveal
effects on neuronal physiology that our general screen was not sufficiently sensitive to

detect.

1.6. Neurotoxicity of DMSO
Although the concentrations of DMSO used in these experiments were not

cytotoxic in short-term tests, an unanticipated finding was that DMSQO was sclectively
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neurotoxic with long-term exposure. It was discovered that chromatolytic neurons
occurred more frequently in vehicle (DMSO) controls than in untreated cells when the
pooled data from experiments with 2.0 mM styrene and 0.2 mM styrene oxide were
plotted (Figs.4,5,6).

At concentrations of 0.006% or higher, DMSO induced chromatolysis and axonal
swellings in motor and DRG neurons, as well as a small decrease in AP amplitude of
DRG necurons. The degree of toxicity (as evidenced by the number of chromatolytic
ncurons) was proportional to concentration. Similar chromatolytic changes have been
observed in DRG ncurons of whole animals intoxicated with chemicals that induce axonal
swelling and dcgeneration (Sterman, 1984; Gold er al., 1988). Neurons appear to be
particularly sensitive to DMSO, since the other cell types in the cultures were not affected
at these concentrations. DMSQO’s neurotoxicity was surprising, becausc the concentrations
employed in these experiments are routinely used to solubilize hydrophobic compounds
in tissuc culture studies; cven higher concentrations (up to 0.1%) are ordinarily used.
DMSO toxicity was also unexpected because cytotoxicity was not apparent in DMSO-
treated cultures when examined by phase optics.

Axonal swellings labelled by SMI31 were detected after 3 weeks of exposure to
cither 2.0 mM styrene or 0.2 mM styrene oxide. However, swellings were also evident
in the corresponding vehicle controls [0.05% DMSO (6 mM) and 0.006% DMSO (0.7
mM), respectively], suggesting that DMSO interferes with axonal transport of

neurofilament proteins. Whether the axonal swellings observed in this study are due to
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a primary effect of DMSO on neurofilaments, or arc secondary to changes in the integrity
of microtubules remains to be determined. Alterations in neurofilament transport have
been demonstrated secondary to depolymerization of microtubules (Sahenk er al., 1987),
but DMSQO has been shown to stabilize microtubules and promote their assembly in some
cell types in culture (Katsuda et al., 1988). However, another agent that stabilizes
microtubules, taxol, has no effect on ncurofilament transport (Komiya and Tashuro, 1988).
Whether DMSO’s primary effect is on miicrotubules or on ncurofilaments could be
resolved in experiments that examine the dynamics of these proteins.

It is also interesting to note that at higher concentrations, DMSO can act as an
oxygen and hydroxyl free radical scavenger, and it is thercfore not inconceivable to
speculate that this cytoprotective property of DMSO could somchow confer on it a
neuroprotective role, rather than a neurotoxic one, depending on ats level of exposure

(short-term exposure to a high concentration).

2. CONCLUSIONS

Using morphological and neurophysiological endpoints, we have found that:

1) Styrene and styrene oxide were cytotoxic to all cell types in the cultures. These
chemicals produced qualitatively similar cytotoxic effects, but styrene oxide was almost
one order of magnitude more potent at inducing toxicity. Styrene glycol was not acutely

toxic to either neurons, glial cells, or fibroblasts.
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2) Sublethal concentrations of styrene and metabolites (2.0 mM styrene, 0.2 mM styrene
oxide or 10 mM styrene glycol) had no observable effects on the morphology of neuronal
cells, with the exception of a small increase in perikaryal SMI31 immunoreactivity
induced by 0.2 mM styrene oxide in DRG neurons. This is suggestive of a sensory type
of nceuropathology, and is supported by clinical observations of peripheral neuropathy with

sensory involvement,

3) DMSO, at a concentration of 0.006% or higher was neurotoxic, provoking
chromatolysis and focal axonal swellings after long-term exposure. Swellings were
suggestive of an interference with slow axonal transport of neurofilament proteins. Thus,
the upper limit of DMSO recommended for use in long-term studies with primary

ncuronal cultures is less than 0.006%.

4) No cffects of styrene or its metaboldes were apparent on membrane electrical
propertics ip cither short or long-term tests, but a minor effect of DMSO on action
poteraal amplitude in DRG neurons was observed. Thus in vitro, styrene and its

mctabolites do not exert obvious depressant effects on neuronal membranes.

In conclusion, we have found evidence only oi . nor-specific, cytotoxic effect of
styrene and styrene oxide on motor and sensory ncurons. The results support the

hypothesis that mechanisms of oxidative stress that are induced by styrene in other target
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organs may also be responsible for damage to cells of the nervous system. Oxidation of
cellular proteins and lipids could disrupt ncuronal homeostasis, and adduct formation with
DNA could alter synthesis of essential proteins or change responsiveness to transcription
factors. Consistent with this postulated mechanism of cellular injury is the finding ot
Dypbukt et al. (1992) that subpopulations of Pc12 cells exposed to styrene oxide lost their
ability to differentiate in response to the neurotrophic factor, nerve growth factor.
Although this study did not demonstrate that styrene’s neurotoxicity was mediated
by an effect on some neuron-specific aspect, it did show that styrene and styrene oxide
were cytotoxic, and we thercfore surmised that the ncuronal damage iesulting from
styrene exposure might be the result of oxidative-stress-induced cytotoxicity. However,
the major metabolite, styrene oxide, was neurotoxic (to DRG ncurons) as well as
cytotoxic. If it is taken into account that at high concentrations, some neurotoxicants may
act as cytotoxicants, the concentration of toxicant (in this case styrene oxide) may
determine whether cytotoxicity (expressed as cell death) or neurotoxicity (expressed as
neuronal damage) is the ultimatc endpoint, even though the underlying mechanism (in this
case, oxidative-stress) may be the same. In other words, whether neurons die or only
become damaged after styrene oxide exposure may depend on the dose, but both these
manifestations of toxicity may be mediated by a common mechanism. The finding that
styrene oxide induced both cytotoxicity and a chromawlytic response in DRG neurons
may fit this premise and might be interpreted as follows: if styrene interferes with

cytoskeletal organization via oxidative-stress-related  mechanisms,  neurofilament
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organization and metabolism could be affected at low doses; if these parameters are
affected, this may be why chromatolysis was observed in DRG neurons at low
concentrations of styrene oxide. The absence of a chromatolytic effect in motor neurons
may be duc to a differential sensitivity, as alluded to previously. If this line of speculation
is now taken one step further, the chromatolysis observed in DRG neurons after styrene
oxide exposure might correspond to the clinical observations of sensory rather than motor
ncuropathy. Since it is chemically reactive molecules that provoke oxidative stress,
styrene oxide, rather than styrene itself, is most likely to be responsible for the

consequences of oxidative stress in vivo, which again corresponds to the clinical situation.

3. FUTURE CONSIDERATIONS

Upon analysis of methods used in this serics of experiments, there are some
methodological modifications that are worth exploring for future in vitro studies of this
kind. The first (and most obvious) change should be in the solubility vehicle, DMSO, as
it was shown in this study to be ncurotoxic in vitro, al low concentrations.

Mammalian species (and strains) exhibit differential sensitivities 1o toxicants both
in vitro and in vivo, this is usually a confounding variable when interpreling results of
toxicity studics. Thus, this serics of experiments should be repeated with similar cultures
prepared from different species of rodents and rabbit, to take these intrinsic properties of
cells into account.

Other mechanisms and endpoints should be investigated in viro to acquire a
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meaningful profile of styrene’s ncurotoxicity. Future studies should focus on specilic
aspects of chemical ncurotransmission, and the particular mechanisms associated  with
chemically-induced oxidative stress. Finally, although this study investigated the major
metabolites of styrene for their ncurotoxic potential, no metabolic activation system was
integrated into the test protocols. Our original experimental design had incorporated a
biotransformation system, but mcthodological problems ultimately precluded its use with
cultured neurons for generating metabolites of styrene. It is therefore conceivable that
other metabolites of styrcne are responsible for neurotoxicity, particularly those that
require metabolic activation to become ncurotoxic. A short discussion of metabolic
activation sysiems in neurotoxicology follows in Chapter 5, and improvements to (he

methodology for biotransformation in vitro are described in the Appendix.
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METABOLIC ACTIVATION SYSTEMS IN NEUROTOXICOLOGY

In vitro methods for assessing chemical neurotoxicity must take into account that
the neurotoxic propertics of many xcnobiotics are not always intrinsic to the chemicals
themselves, but may reside in one or more of their metabolites. In the intact animal, the
most important system for xenobiotic biotransformation is the cytochrome P-450 mixed
function oxidase system. Since neurons do not express P-450 enzymes to any signiticant
degree, a metabolic activation sysicm must be incorporated into ncurotoxicity test
protocols, if any degree of biotransformation is to be achicved in vitro.

A good source of P-450 enzymes for in vitro neurotoxicity studies s the S9 (9000
X g supernatant) microsomal fraction, a subcellular preparation of homogenized liver.
Other methods wused to gencrate metabolites in vitro include co-culturing neurons with
hepatic cell lines or isolated hepatocytes, or co-culture with mammalian cell lines that
express human P-450 genes. A major problem with using isolated hepatocytes or hepatic
cell lines is the rapid loss of their metabolizing capacity. Most hepatic cell lines have lost
much of their ability to express P-450, and cven freshly prepared, isolated hepatocytes
have only between 33 and 90% of the P-450 content of intact liver cells (Fhint, 1988).
This value rapidly drops to about 18% after 24 hours of heing cultured (Paine and Legg,
1978; Acosta et al., 1979). A cell line which has been genetically enginceered to provide
human hepatic bioactivation and deactivation is the MCL-S human B-lymphoblastoid ccll
line, which has been transfected with 5 cDNAs of the human P-450 genome (Crespi e

al., 1990, 1991; Gonzalez and Gelboin, 1991). Although this line has definite potential
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for neurotoxicity testing, their use is not economically feasible for our laboratory, and
considerable work remains (o validate this model in comparison to liver and enzyme
preparations.

For this investigation, we had originally planned to use rat liver S9 microsomes
in order to generate metabolites of styrene in long-term tests. However, when we prepared
the subcellular fraction and applied it to our cultures, we found that it was cytotoxic when
used in quantitics sufficient for metabolic activation. Experiments were then continued
with the commercially available metabolites of styrene, styrene oxide and styrene glycol.
However, we reasoned that there must be some means of overcoming this methodological
problem, and therefore further investigated the cytotoxicity of S9. Ultimately, we
demonstrated that the cytotoxicity of S9 was attributable to its particulate nature (Kohn
and Durham, 1993; sce Appendix), and that toxicity could be attenuated when it was
separated from the cultures by a microporous membrane. The published account of these
experiments is presented in the appendix, as it appeared in Neurotoxicology 14(4): 381-

386, 1993,
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S9 Liver Fraction is Cytotoxic to Neurons
in Dissociated Culture

Juoiti KonN AND Hiatiier DL DuRrrias

Montreal Neurologieal Institute and Department of Newrology and Newroswergery, Mocall Unreersity 3801
Umversity Street, Monbreal, Quebee, Canada H3A 2B

Abstract Juortt Konn AnD Hiatiir D Duriiay S9 Lver Fractton 1s Cvtotonie to Netaons m
Dissociated Culture  Newrotovcology 14(4) 381-386, 1993 Methods to evaluate the neurotoxicn
cf chemicals 1n vitro must take into account that many senobiotics exert then toxic effects
through metabolites 59 fraction of liver homogenate has been used m cultures ot bacteral and
mammalran cells as asystem tor metabolic activation  The suttability ot the S9 ac tivation sy stem
for long-term neurotoxicity studies 1n vitro was investigated i dissocrated cultures of murme
spinal cord-dorsal root gangla. Exposure to amounts ot S92 greater than O 07 s 59 protein/im
of culture medium tor 4 days or longer was ¢ ytotoxic to all types of neurons i the cultures: Non

neuronal cells tolerated higher exposures, but contamed numerous cyloplasinic mdlusions
when 0 35 mg $9 protein was included m the medium, It was demonstiated that cytotoniaty
was caused by the particulate, microsomal fraction of §9 It 1« concluded that duect
incorporation of 59 traction ur the growth mediam (O 07 mg S9 protem/ond or gieater) s not o
suitable method of generating retabolites i dissocrated cultures of central nervous system
when several days are required to elicit a biological response Cytotoniaity <an be prevented
by using tissue culture tnserts to separate cultured cells from S9 patticulate traction by a
microporous membrane  © 1993 intox Press, Inc

Key Words: In Vitro Models, Metabolism, P450, Neurotoxicity, Cytotoxicity, Cell Culture, Activation Systems

INTRODUCTION

An important consideration in development of 1
vitro techniques for evaluation of the neurotoxic po-
tential of xenobiotics 1s that many toxic effects of
chemicals on the nervous system are mediated through
metabolites rather than the parent compound Vanous
in vitro activation systems have been developed based
on the premise that the most important system 1n the
generation of metabolites 1n the intact animal 1s the
P450 mixed function oxidase system The most widely
used preparation 1s the 9.000 x g supernatant of
homogenized liver (S9) (Maron and Ames, 1983)
Although developed for wse with the Salmonella
mutagenicity test, S9 fraction has been used successfully
to generate metabolites in cultures of mammahan cells
It has been demonstrated that inclusion of 59 1n the
culture medium for periods ranging from 30 min to

two days 15 compatible with survival of dissocated
cultures of vartous non-neuronal cells (Borentreund and
Puerner, 1987, Fry, 1982, Kiahn and Hewdelberger, 1977,
Machanoff et al , 981, Phallips, 1974, Pratt and Willis,
1985, Wenstein et al , 1977), agpregate cultures of fetal
rat brain (Segal and Fedoroft, 1989) and whole embryo
cultures (Hales and Slott, 1987, Kitchin el al, 1981) With
some chemucals, longer exposures of up to several days
may be required to distinguish generahzed cytotoxac froum
specific neurotoxic eftects, particularly when morphologn
cal endpomts are used (Durham, 1990, Verones, 1992).
We have investigated the suitabildy of 59 frachion
as an activation system for long termy use v cultures
of necuronal cells  Smre cultures of dissodated, cm-
bryonic nervous tissue are commonly used for neu
rotoxicity studies in our laboratory and others, we have
utihzed dissociated cultures of murme 1113 spinal cord -
dorsal root ganglia (DRG) as the culture model
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MATERIALS AND METHODS
Induction of Rat Liver Enzymes

[hree days before preparation of the 59 fractior
7-8 week old male Sprague Dawley rats (Charles Ry
Canada, St Constant, QUE) were pretreated with 80
myp/kg sc B-Naphthoflavone (Aldrich Chemual Co,
Miwaukee, WI) dissolved in corn ml, and 50 mg/kg
1p phenobarbitone (Allen and Hanburys, Toronto, ONT,
Canada) as inducers of P450 enzymes  Administration
of phenobarbitone was repeated 24, and 48 hr after the
imitial treatment

Preparation of S9 Fraction

59 fraction was prepared according to the method
of Maron and Ames (1983) Twelve hr before sacrifice,
food but not water was removed. Twenty-four hr after
the last injection, rats were killed by an overdose of
sodium pentobarbital (Sigma Chemical Company, St.
Lowus, Missouri) and intracardiac perfusion was carried
out using cold, sterile 1sotonic saline in crdei to remove
residual blood from the livers. Livers were excised
aseptically, weighed, and washed three times in cold,
stenile 0.15 M KCl - All solutions, glassware, and 1n-
struments were sterile, and maintained at 0 to 4°C.
Washed hvers were placed in a beaker containing 3
volumes of KCl, finely minced with scissors, and ho-
mogemzed with a Potter-Elvehjem homogenizer, using
a teflon pestle. The homogenate was centnfuged for 10
mun at 9000 x g in a Sorval RC-5B centrifuge and the
supernatant (59 frachon) was removed. The preparation
was kept onice, and used within 2 hours Unused portions
were aliquoted promptly, and stored at -70°C.

Measurement of Cytochrome P450

Cytochrome P450 content of the $9 preparation was
deternmuned according to the method of Omura and Sato
(1964), by spectrophotometric measurement of the dif-
ference spectrum (450-480 nm) after conversion to its
carbon monoxide dertvative form  Test samples of 59
were bubbled with carbon monoxide, reduced with
sodwum dithionite (BDH, QUE, Canada), and rebubbled
with cartbon monoaide. Reference samples were treated
the same way, except they were not exposed to carbon
mononde. Protein concentration was deternuned using
the Pierce BCA Protein Assay (Professional Diagnostic
Inc, Montreal, QUE, Canada)

KOHN AND DURHAM

Preparation and Treatment of Cultures

Primary cultures of dissociated spinal cord and
DRG were prepared from E13 mouse embryos Spinal
cords with DRG attached were excised, finely minced,
and enzymatically dissociated using 0.25% trypsin. The
tissue was then further dissociated mechanically by
trituration Cells were plated at a density of 175,000
per wellin Nunclon 4-well culture dishes (Gibco Canada
Inc, Burlington, ONT) containing 13 mm di1ameter round
glass coverslips (J.B. EM Services, St. Laurent, QUE,
Canada) coated with poly-D-lysine (Collaborative Re-
search Inc., Bedford, Massachusetts) Onday 4, cultures
were treated for 24 hr with cytosine-B8-D-arabino-
furanoside (Calbiochem-Behring Corp., La Jolla, Cali-
fornia), to reduce proliferation of non-neuronal cells.
Cultures were maintained in N3 medium plus 3% horse
serum as previously described (Durham, 1988) and were
used for experiments 5-8 weeks post-plating Cells were
treated for up to 19 days with 1, 2, 5, 10, 15, and 30
pl S9 fraction/ml media.

In other experiments, cultures received the same
amounts of S9 fraction, contained within Nunc 10 mm
tissue culture inserts (Gibco). Cultures on coverslips
were transferred into 35mm glass culture dishes (Bellco
Glass Incorporated, Vineland, New Jersey) An insert
was positioned in each dish beside two coverslips, the
S9 fraction wasplaced inside theinserts Themicroporous
ANOPORE" membrane that forms the bottom of these
inserts, has been designed to allow free exchange of
fluid and soluble molecules between the culture dish
and the inserts. Any soluble S9 components would
be free to diffuse out of the insert into the growth
medium surrounding the cells, whereas the particulate
fraction would be retained within the insert.

Neuronaland non-neuronalcells were examined daily
by phase contrast microscopy for generalized cytotoxic
manifestations. Morphological endpoints included cell
membraneblebbing, vacuolation, granulanty, detachment
from the substratum, and cell death. On day 4, loss of
cell viability was assayed by nuclear uptake of ethadium
homodimer (Molecular Probes Incorporated, Eugene,
Oregon). Cultures were treated with 4.0 pM ethidium
homodimer in minimum essential medium (Gibco) for
15 minutes and examined by epifluorescence microscopy
for nuclear uptake of the ethidium reagent. Observations
were made in duplicate cultures, in each of 3 separate
experiments
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FIG 1. (A, C, E) Phase contrast micrographs of dissociated spinal cord-ORG cultures 4 days after addition of S9 fraction to the medwm, and (B, D, F)
fluorescence micrographs of ethidium homodimer uptake into nucler of the same cultures (A, B) Untreated controt culture (C, D) Culture receving 5
p! S9/m! mediwm (E, F) Culture exposed to 10 ul S9/ml medium  Scale bar = 30 um

RESULTS

The protein concentration of the S9 fraction was
33 mg/ml. Therefore, 1, 2, 5, 10, 15 and 30 ul S9/
ml of culture medium contamned 0035, 0.07, 017, 0 35,
0.7, and 1.05 mg protein/ ml of medium, respectively
P450 content was measured as0.62 nM P450/mg protein.

Addition ot S9 fraction directly to the culture me-
dium induced a dose- and time-dependent cytotoxic
response, particularly in neuronal cells Fig 11llustrates
morphology of cells by phase microscopy, and ethidium
uptake n cultures exposed to 0, 5 and 10 pl S9/ml
of medium for 4 days Cultures exposed to 1 or 2 pl
of S9/ml of medium (not shown) were simular to control
cultures (Fig. 1A, B) In cultures exposed to 5 pl 59/
ml medium, the neuronal processes were granular and
irregular in shape (Fig 1C). Uptake of ethidium into
nucler was observed in small clumps of degenerating
cells (Fig. 1C, D) Background, non-neuronal cells con-
tained phase-dense inclusions, but remaimned viable as

demonstrated by absence ot ethidium uptake (Fig 1)
In cultures exposed to 10 pl 59/ml medium (Fig 1E,
F), cells of all types were full of granular indusions
and vacuoles, and were begmning to detach from the
substratum  Comparable results were observed with
two otherbatches of $Y, prepared trom ditterent antmals

Cultures directly exposed to 5 pl 59/ml for 11
days resembled those exposed to 10 pl S97ml for 4 days
Signs of neuronal cytotoxiaty (granular processes, n-
tracellular inclusions) also were observed i cultures
exposed to 2 pul 59/ml for 19 days

In other experiments, similar cytotoniaty ot 59 was
observed when nicotinanude adenine dinudleotide
phosphate (NADP) and R-D-glucose-6 phosphate (G-
6-1), the cofactors for microsomal enzyvmes, were also
imcluded in the culture medinm (final concentrations were
4 mM NADP and 5 mM G-6-1, both supphed by Aldrich)

Fig 2illt - ratesthe protectiveeffector bissaeculture
nserts agamst SY-nduced cytotoxaaty . Addiion of
15 ul S9/mi directly to the culture medimm resulted
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FIG 2. Protective effect of issue culture inserts against S9 induced cytotoxicity in dissociated spinal cord-DRG cultures (A) phase contrast micrograph
of a culture exposed to 15 pl S3/mi in the medwum for 4 days, anc {C) a culture receiving the same volume of S9 added to a tissue culture insert (B, D)
ethidium uptake into nucle: of the same cells illustrated in A and C, respectively Scale bar = 30 uM

n generalized cytotoxiaty and cell death wathin 4 days
(Fig. 2A,B) When the same volume of 59 was contained
within a tisstte culture insert, no morphological signs
of cytotovcity or signihicant uptake of ethidium were
observed (Fig 2C, D)

DISCUSSION

In dissociated cultures of fetal mouse spinal cord-
DRG, more than 2 pl of §9 fraction/ml ot medium
lequivalent to 0.07 mg 89 protein/ml] was cytotoxic
to neuroral cells when incubation times were longer
than 4 davs and the SO fraction was placed directly
mto the prowth meduim This volume 1s below the
concentrations previously used for shorter durations
mother culture systems {0 T to4mg S9/ml} (Borenfreund
and Pueciner, 1987, Frv, 1982, Hales and Slott, 1987,
Nitchin «of al . 1981, Krahn and Hedelberger, 1977,
Machanott et al |, 1981, Phathps, 1974; Pratt and Wilhs,
1985, Segal and tedogott, 1989 Wenstemn et al, 1977)

The appropriate amount of 59 to use depends on the
enzyme activity per mg of protein and on the concen-
tration of xenobiotic to be metabolized Generally, 0.15
to 0.4 mg S9/ml have been shown to induce sutficient
metabolism to achieve measurable biological ettects of
metabolites 1n bacterial and mammahan cell culture
systems: In the study by Maron and Ames (1983), 0.15
mg S9/ml was the mmnimal amount required to achieve
measurable metabolic conversion of chemicals to mu-
tagens n the plate incorporation test for mutagenicity
Machanoff et al (1981) found that 01 to 02 mg S9/
ml was required to increase the .nutation frequency
in Chinese hamster ovary cells 1n the presence of
bensofalpyrene These amounts of S9 were cytotoxic to
neurons m our dissociated cultures within 4 day s unless
the S9 fraction was contained withun tissue culture nserts

The toxicity of 59 appeared to be related to its
particulate nature, rather than a soluble component
The number of tracellular inclusions mcreased with
the duration ot exposure to §9 and the degree of cy-
totoxicaty - Cytotoxaty, including increase in intracel-
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lular inclusions, was prevented by containing S9 frac-
tion within tissue culture inserts. Under these con-
ditions, the cultures were exposed only tosoluble factors
that could permeate the microporous membrane, and
notto particulate constituents of $9. That similar results
were obtained using the 105,000 x g microsomal pellet,
also indicates that the microsomes, not a soluble
component of 59, was responsible for the cytotoxicity
(data not shown).

Cells in dissociated culture may be more vulnerable
to cytotoxicity induced by particulate components than
are those in organotypic or aggregate cultures. Chick
embryn extract, which 1s particulate in nature, induces
intracestular inclusions and cytotoxicity when incorpo-
rated into the medium of dissociated spinal cord cul-
tures (Durham, nnpublished observations); however,
10% chick embryo extract has been used without toxicity
in long-term organotypic culture. 5f nervous tissue
(Veronesi et al., 1983).

Neuronal cells in the mixed cultures were more
sensitive to S9 than were non-neuronal cells such as
astrocytes and fibroblasts, but higher concentrations of
S9 [0.35 mg/ml] were toxic to these cell types as well.
Thisis consistent with the findings of others. Borenfreund
and Puerner (1987) reported that 0.25 mg S9/ml for
18 hr induced some toxicity 1n cultured 3T3 fibroblasts.
Cooper and Goldstein (1976) found that cultures of
human skin fibroblasts exposed to 105,000 x g liver
microsomal fraction showed some morphological
changes at the end of 18 hr and grew markedly more
slowly than untreated cultures upon refeeding with
growth medium.

It is concluded that addition of S9 hver fraction
directly to the culture medium 1s not a suitable method
of generating metabolites in dissociated neuronal cul-
tures because of toxicity induced by the particulate
fraction. This problem can be overcome ty separating
the microsomes from the cells by a microporou: mem-
brane. Alternatives such as co-culture with immor-
talized hepatocyte lines (Bayard et al., 1991) or cell lines
transfected with cDNAs encoding human P450 enzymes
(Crespi et al., 1990; Gonzalez and Gelboin, 1991) may
also be appropriate for long term studies of xenobiotic
metabolism 1n cultures of the r rvous system.
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