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ABSTRACT 

Chronic occupational expo~ure tn styrcne IS a~sodateù \Vith a IHllllhn DI ad\'l'I ~l' 

effccts on the ner IOUS system, induding scnsory ncurllpathy and nClIlophyslllloglL'al 

alterations. ln order to test ~tyrene for neumtoxic potential and mVl'stigall' ils mCL'haJlI~1Il 

of action, primary co-cultures of murine spinal cmd-dorsal root gangha (DRG)-skl'll'Ial 

muscle wcrc uscd in a simplc in \·itro ncuroloxidty scrccn. The neuroloxlL'lly 01 slyll'nl' 

and ils major mctaholiles, styrcne OXIÙC and slylenc glycol W4lS evalualcd ailci bulh sllllli 

and long-term exposurc. Endpoints u~ed ln charat:lcll/e nculOloxÏl:lly Wl:I e hnlh 

morphological and ncurophysiologkal, and incluùed: (1) chromalolysls, (2) axol1opalhy. 

and (3) interfcrence with action potential gencratlon. The maJor findlllgs 01 tllis Sludy 

were: [1] styrenc anù styrenc oxiùc wcre ilcutcly cytotoxic l 1 aIl œil lypcs III 

concentrations in eXCC3S of 2.0 mM and 0.2 mM respcctlvcly. [2] ThclC was no cVHlclllT 

of ncurotoxicity attrihutahle tn styrene or ilS melah()lttc~, with the cxceptioll (lI a slighl 

chromalolytic crl'ect induced hy 0.2 mM styrenc oxide 111 ORO nClImn~ altcl IOllg-Il'11ll 

cxposure. Il lS thcreforc possihle that cytotoxic mechamsms rather than e1kct~ 011 m'ulon 

specifie proccsses, underlie ~tyrene's ùamage to eclls or the nClvuus sy~lCIll. 131 

Surprisingly, dlmclhyl sulfoxide (DMSO), a common in vitf() soluhility vchicle, wa\ 

neurotoxic arter long-term cxposurc, p~()ùucing both chromatoly~is anù aXlln()palhy. TllI~ 

study, lhercforc also cslahli~hcù the upper limit of DMSO rcwmmcnded lor use a~ il 

solubility vehicle in long-term in vitro tests . 
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RÉSUMÉ 

L'cxposition à longue terme au styrène en milieu de travail est associée à un 

nomhre d'effets ncurotoxiques, tels que la ncuropalhie sensorielle ct les déficits 

neurophysiologiqucs. Afin d'évaluer le potentiel neurotoxique du styrène ct rechercher son 

mécanisme d'uction, les cultures primaires de moelle épinière/ganglion~ rachidiens/muscle 

squelletique de souris embryonique peuvent être utilisés comme un indicateur ;n vitro de 

la ncurotoxicité. La ncuroloxicité du styrène et de ses métabolites, l'oxyde et le glycoi de 

styrène, a été évaluée suite aux expositions courtes et longues. Les marqueurs de toxicité 

choisis afin de caractériser la neurotoxicité étaient tous deux morphologiques ct 

ncurophysiologiques. Ils incluaient: (1) la chromatolyse, (2) l'axonopathie, ct (3) les 

intérfcrences avec les influx nerveux. Les résultats principaux indiquent que: [1] la styrène 

ct l'oxyde de styrène étaient cytotoxiques, conséquemment à l'exposition à des 

concentrations qui excèdent 2.0 mM ct 0.2 mM respectivement. [2] Il n'y a pas 

d'évidence d'effects neurotoxiques de styrène ou ses rnctabolites après une exposition de 

longue duré ... , à l'exception de la chromatolysc chez les neurones sensoriels par l'oxyde 

de styrènc (0.2 mM). Il est donc possible que les mécanismes de la cytotoxicité plutôt que 

des effets sur des processus neuronaux sont à la base des atteintes aux cel1ules du système 

nerveux. [3] Un résultat imprévu a cependent été mis en évidence: le sulfoxide dirnethyl 

(DMSO), un agent de solubilisation, a provoqué la neurotoxicité suite à l'exposition de 

longue durée. La neurotoxicité s'est manifestée sous forme d'axonopathie et de 

chromatnlysc. Donc, cette étude à établi aussi le seuil de concentration de DMSO 

récommandé comme agent de solubilité chez les essaies in vitro à longue terme . 
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PREFACE 

This thesis follows a classical f,)nnal, and is composcd of 5 chapters and an Appendix. 

The hackground relaling to occupational slyrene exposure is introduced in Chapter 1, and 

the rationale for undertaking this study is presented. The biotransformation of styrene is 

then addresscd, which is followed by an overview of ils toxicology in humans and in 

animaIs. In vitro models thal may be used for toxicity testing are described, and methods 

for characterizing neurotoxicity in vitro arc discussed; the key experimental objectives of 

this study are also prescnted. Chapter 2 describes the methodologies used to evaluate the 

neuroloxicity of styrene and ilS metabolites in vitro, white Chapter 3 presents the results. 

ln Chapter 4, the findings of this study are discussed in relation to styrene's possible 

mechanism(s) of action, along with sorne conclusions. A portion of this work has been 

presented in poster & abstract fonn at the 1991 Society of Toxicology of Canada 

Symposium, and sorne of it has been submitted to Toxicology Letters for publication 

(prescntly under r~vision). Chapter 5 describes the use of metabolic activation systems 

in ncurotoxicity studics with culturcd cclls; problems associated with generating 

metabolitcs in vitro arc discusscd, and cornplementary expcriments that used an S9 

microsomal fraction to generate metabolites of styrene in vitro are introduced. The 

puhlished account of thcsc cxperirnents can be found in the Appendix, entitled "S9 liver 

fraction is cytotoxic to ncurons 111 dissociated culture" by J Kohn & HD Durham, which 

appeared in NeurllTtlx;ctJlllgy 14 (4): 381-386, 1993. This paper represents an original 

contribution to knowledge, amI ils rPam finding is that S9 microsomes can be used in 

vitl'O without inducing cytotoxicity in cultured neurons after several days of exposure . 
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1. INTRODUCTION 

1.1. Occupatitmal styrene exposure: background & ratiO/laie for ulldertakillg this study 

Styrene monomer is a commercially important organic solvent, widely used since 

the 1940s in the productien of polymers, copolymers, synthe tic rubber, and fibreglass 

reinfofced polyester plastics. The most extensive occupational exposure to styrene occurs 

hy inhalation, and to a lessef extent, by skin contact with the liquid form (lARe, 1984). 

ln ) 9HH, styrcne production excceded 9 billion pounds in the United States alone, which 

ranks it among the top ten synthetic organic chemicals produced in that country (USITC, 

) 9XX; Bond, 1989), and global consumption in 1990 was estimated to be 13.6 million 

mctric tons (Barale, 1991). The U niled States National Institute of Occupational Health 

and Safety (NIOSH] has estimated that the number of workers potentially exposed to 

styrene on a full-time basis in the United States, is approximately 30,000, with a further 

300,000 workers exposed on a part-lime basis (NIDSH, 1983). Such widespread 

occupational use of sLyrene has prompted numerous investigations into ils toxicology, and 

as a result, thcrc is a large data base regarding styrene's metabolism and general 

toxicological properties (for reviews see Leibman, 1975; Bond, 1989). 

Many toxicological studies of styrene in humans and animaIs have focused on ils 

gcnntoxicity (Lopricno et al., 1976; Vainio et al., 1976, 1982; Byfalt Nordqvist et al., 

1985; Barale, 1991 [rcviewl; Dypbukt et al., 1992; Zhang et al., 1993) and 

carcinogcnicity (Valic, 1983; Ponomarkov et al., 1984; IARC, 1987). However, prior 

studics of occupationally exposcd workers indicate that the nervous system may be a 
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particularly vulnerahle target. Clinical and expcrimental cvidcncc indicatc that styn~nc is 

potentially neurotoxic and a number of neurologie:}l signs and symptnms arc nssociatl'd 

with occupational exposure. This can have implications for cmpluyccs of thl~ plastics 

industry, since the widespread use of plasties and expansion of the industry cn~U1 es thal 

occupational exposure will continue into the future. Although long-Lerm cxpnsurc ln 

styrene is linked to a number of central and pcripheral neuropathologies, previolls 

investigations have not led to any conclusive d('lCrminations of ilS mechani"l11 of aelion. 

This lack of conclusive mechanistic data warranls further Investigation of ils 

neurotoxicity. Since cultures of the central nervous system can hc used in simple serccns 

of suspected neurotoxieants, we have used primary co-cultures 01 murine spinal conl­

dorsal root ganglia (DRG)-skelctal muscle to determine if styrene has neurotoxÎC pOlcnlial. 

and to investigate the mechanism by which il can hc toxic 10 motor and sensory Ileurons. 

Sin~e styrene may require metabolic activation 10 he neuroloxÎC, ils major metaholiLcs, 

styrene oxide and styrenc glycol, were also investigated for neurotoxÎC potcntial. 

In this introductory chapter, the biotransformation of styrcnc will he reviewcd, as 

weIl as the literature pertaining to its human and animal toxicology. Particular cmphasis 

will be placed on the evidence for ils ncurotoxic potcntial. The experimental ohjectives 

will be defined, and the application of in vitro mndels ln ncuroloxicity tesling will he 

introduced. The selection of endpoints for charactcri7.ing ncurotoxicity in vitro will also 

be addressed . 
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1.2. Overview 0/ the biotransformation 0/ styrene 

Frequently, the toxicity of organic solvents is mediated by the action of reactive 

metaholites, rathcr than by actions of the parent compounds themsel ves. The metabolism 

of sol vents is generally catalyzed hy the cytochrome P450 mixed function oxidase (Mi"\J) 

superfamily of enzymes, which are localized mainly in the endoplasmie reticulum of the 

liver. As with othcr organie solvent ... , styrene is metabolized primarily by this enzymatic 

system, hut sorne local metabolism has been demonstrated in exttahepatic tissues such 

as kidncy, gastrointestinal mucosa, lung, skin, and nervous tissue (Leibman and Ortiz, 

1968; Leihman, 1975; Ryan et al., 1976; Ryan and Bend, 1977; Cantoni et al., 1978; 

Wigaeus et al., 1983; Ghcrsi-Egea et al., 1988, 1993; Minn et al., 1991), since drug­

melabolizing enzymes arc present in these tissues at low levels. 

In both humans and laboratory animais, 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 cpoxide (Leibman, 1975; Wigaeus et al., 1983; IARC, 1987). Styrene 

oxide is suhscqucntly hydrated to the next major metabolite, styrene glycol (l-phenyl-l,2-

ethanediol), which is a more polar detoxification product (Leibman and Ortiz, 1969). This 

slep is catalyzed by the action of epoxide hydrolase, an important hydrolytic enzyme 

locatcd in close proximity to the cytochrorne P4S0 MFOs (Ohtsuji and Ikeda, 1971). 

Allernativcly, 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 mechanisrn against many reactive 
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electrophiles, this process presumably renders styrenc nxide more polar and more rcadily 

excretable, and prevcnts il from hinding covalently 10 vilal macromoleclliar constiluenls 

such as lipids, proteins, and DNA. Slyrcne oxidc is presumed 10 exert cellular damage hy 

binding 10 the se essential macromolecules, and has been shown ln alkylate proldns amI 

DNA bOlh in vitro and in vivo (Marnicmi et al., 1977; Byt1Ut Nordqvist ft al., 19X5). 

Cytosolic glutathione-S-transferasc and mk:rosomal epoxidc hydrolase hnth appcar 10 play 

proteclive roles with regard to the toxicity of styrenl! oxide. 

2. REVIEW OF THE HUMAN TOXICOLOGY OF STYRENE 

2.1. Gelleral toxicology 

There have becn a numbcr of investigations into the human loxicology of sI,yrcnc, 

and many of these indicate that styrenc's acutc toxicity in hOlh hum ans and animais is 

qualitatively similar. Styrene's acute loxicity is c1ar.sified as low-to-moderalc, and Il rnay 

induce toxicity similar to other hydrocarbons that is not rclatcd 10 hiolransformalion 

(Leibman, 1975). If acute exposure concentrations arc high cnough, ho th fUrI'L:lional. and 

morphological changes can occur which may or may not he rcvcrsihle upon lcrlllillalinl1 

of exposure (Bond, 1989). Acute exposure to high concentrations (600-Wl(l pprn) has 

been reported to produce eye, nose. throat and respiratory system irritation (Wolf et al .• 

1956; Leibman, 1975; Withey. 1976), and chcmical pncumonitis can oc\:.:ur if wipiraLion 

occurs (Letbman, 1975). As a point of rcferencc, the 8 hour time-weightcd aVI.~rage 

permissible exposure limit i8 50-100 ppm (Barale ] 991; Arlien-S0horg, 1992). Skin 
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contact with Iiquid styrene monomer is highly irritating, producing erythema (Leibman, 

1975; Withey, 1976; Bond, 1989), and long-term contact with the monorneric form will 

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

2.2. Systemic toxicology 

Organ toxicity duc to occupational styrene exposure is not a corn mon finding, 

although hoth hepatotoxicity and hematologic changes have both been described 

(Lcihman, 1975; IARC, 1979; Hotz et al., 1980; Harkonen et al., 1984). Leibman (1975) 

has made referencc to reports in the Russian literature of hepatic dysfunction in styrene 

exposed workers. However, findings such as liver enlargement and decrease in liver 

fum:tion arc inconclusivc, as these individuals may have been concurrently exposed to a 

numhcr of other chcrnical agents. 

Rcpot1cd hcmatological disturbances in occupationally exposed workers include 

lymphocylosis, leucopenia, monocylosis, reduclion in platelel nurnber, lengthened 

coagulation lime, and a lowcred hcmoglobin concentration (IARC, 1979). One in vitro 

study using culturcd human hlood cells round a dose-dependent inhibition of mernbrane­

hound acclylcholinesterase, possibly due to changes in lipid-protein interactions as a result 

of changes in mernhranc fluidity (Korpcla and Tahti, 1986). 

2.3. Gelletic toxicology 

Occupational cxposure to low concentrations of styrene, as weIl as to 
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concentrations ab ove threshold limit values, arc rcporlcd lo hc Olutagcnic, hut the 

genotoxic properties of styrene arc attrihutable lo ils major l11elaholill'. styR'nl' OXIlIe 

(Barale, 1991). Styrenc oxidc has the properlics of a direct-acting Illulagcn. and .IN 11 

consequence of DNA hase alkylations, DNA dcpurination has hl'en ohsclvcd (Bmak. 

1991). Occupational styrene exposure is rcported to increasc the frcqucl1cy 01 sistl'r 

chromatid exchanges, and has produced chromosomal ahcrrations, DNA single-slrand 

breaks, and micronuclci in periphcral lymphocytes (Vamio t>t al., 19X 1; Ca 111 1II ri et al., 

1983; Hogstedt et al., 1983; Nordenscn and Beckman, 19X4; IARC, 19X7; Maki­

Paakkanen 1987; Wallesetal., 1988; Bond, 1989; Yagcretal., 1(91). Ahnormal IÏn,ltngs 

in vitro includc chromosome breaks. aneuploidy, and micronuc\ci III human whole hlood 

cultures and culturcd human lymphocytes (Linnainmaa et al., 197Xa,h; Bantle, 1(91). In 

culturcd human lymphocytes treated wilh styrene oXldc, sistcr chromatiù cxchangcs 

(Norppa et al., 1980, 1981; Norppa and Vainio, 1981a; Bond, 19Xt); Zhang t'f al., 1(91), 

micronuclei and anaphase chromosome bridges (Turchi et al., 19X 1), chromosomal 

aberrations (Fabry et al., 1978), and alterations in ccII-cycle progression (Zhang ft al., 

1993) have aIl been detected. 

2.4. Neurotoxic%gy 

Many clinical, experimcntal, and cpidcmiological sludies indicate that hoth aeute 

and chronic occupational cxposurc ln styrcnc is assodatcd with central and periphcral 

nervous system dysfunction. Acutc exposurcs to high concentrations omo ppm) have 
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produœd hcadachc, nausea, and signs of CNS dcpression which includc narcosis, 

drowsine~~, stupor, and weakness, as weil as impaired coordination and balance (Leibman, 

1()75; Wlthcy, 1976; Htirküncn, 1977). After }ow-Ievel exposure, more subjective 

Indications such as fatigue, mond changes, irritability, and concentration difficulties have 

also hccn rcpOrled (Hlirk()nen, 1977). 

Long-term exposurc to concentrations within allc'wable limit values can also 

provoke many of thesc gencral symptoms, but more specific disturbances in neurological 

and neurophysiological functions have becn observed after chronic exposurc. Aner long­

term exposurc to high Icvels of styrcne, neurocndocrine impairments have becn described 

ln fcmale workers (Mulll t'f al., 19X411,c; Arflfll et al., 1987). Neuropsychiatrie effccts 

have hccn ohscrved (Flodm et al., 19X9), and long-term occupational exposure has been 

reported ln dffcct complcx neuropsychological functions, such as verballearning skills and 

memory (Mlltli et al., 19X4a). Neurobchavioural changes associated with chronic exposure 

includc dclïcit.'\ in cquilihrium, loss of coordinatcd movements and redllccd psychomotor 

speed (Stewart et al., 1968, Gotcll et al., 1972; Gamherale and Hultengren 1974; 

Lindstrom et al., 1976; Cherry et al., 1980, 1981; Mulli et al., 1984a). Disturbanccs of 

neurophysiologkal functions includc mcrcased reaction limes. quantitative EEG 

ahnormalilics, vcslihulo-oculomotor impairmcnts and decreased visuomotor accuracy, 

acquircd dyschromatopsia (acquircd loss of colour vision and discrimination), slight 

alterations in molor and scnsory ncrvc conduction velodties, and pcripheral neuropathy 

with scnsory involvcmcnt (Scppalainen, 1976; SeppiiUiinen and Hlirkünen, 1976; 
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Harkonen, 1977; Ulis et al., 1978; Rosen et al., 197X; SeppUHiinen, 197X; <ldkvlsI l't tli . 

1982; Treibig et al., 1985; Behari et al., 1986; Cherry and Oautrin, 1990: Oohha l't al.. 

1991; Matikainen et al., 1993). 

Although many studles have found evidence of ncurologieal dyslunclion hnkl'd 

to styrenl: exposure, other investigations report no advclsc aeule 01 ehlOnie cllecls on 1l11' 

nervous system, and no correlation hctwcen pcriphcral nellropalhy and Slyll'l1e l'XpOSllll' 

(SeppaIUinen and Hlirkllnen, 1976; Triehig et al., 19X5, 19lN). Due 10 slIeh lhsCll.'panl'Îl's. 

further mechanistic studies are required tn morc c1early dcnne styrenc' s mode 01 action 

in the nervous system. 

3. REVIEW OF' STYRENE TOXICITY IN ANIMALS 

3.1. Gelleral Toxicity 

Animal studies have also addresscd the toxicity 01 styrcne. As 111 hUl11ans. acute 

toxicity is low-to modcrate, with the LD~() (oral) in rats and mH;C cqulvaknl ln SOIIO 

mglkg and 320 mglkg, rcspectively (Wolf et al., 1 956; ()ht~uji and Ikeda, 1971; Bond, 

1989). In rats, the lowest rcportcd lethal conœntratlOn alkr an X-hour 1I1haiaiIOIl cxpm.urc 

is 5000 ppm (Bond, 1989). Acutcly toxÎC cffCCls in rats and glllnca plg~ aller inhalatl()n 

exposure 10 sublcthal concentrations includl! cyc, nose, and lung II'fllalion, as weil a!-. 

pulmonary haemorrhage, congestion, edema, and exudallon (Spencer et al., 1942; IARC, 

1979; Bond, 1989) . 



• 

• 

CHAPTER 1 1-10 

3.2. Systemic tax;c;ty 

The principal patho!ogical findings in animais exposed to styrcne arc of rcspiratory 

system and liver toxicity, although renal congestion has also been reported. Damage to 

epilhelial cells of the nose and trachea has been observed in rats, as weil as dcgencrative 

changes in the rcspiratory mucosa (Ohashi et al., 1985, 1986). In mice, repeated 

inhalation exposure to sublethal doses of styrene has produced hepatotoxicity, identifying 

the Iiver as a primary targel organ in this species; males were significanlly more 

susceptible lhan were females (Morgan et al., 1993a,b). The liver toxicity was 

charactcrized by hcpatic congestion, centrilobular necrosis, increased serum Iiver enzymes, 

and a dose-dependcnt decrease in hepatic glutathione levcls (Morgan et al., 1993a,b). 

Focal nccrosis and altcrcd enzyme levels have also been demonstrated in rats dosed orally 

with styrcnc (Srivastava et al., 1982). 

3.3. Carcimlgellicity alld Gellatoxicity 

Therc is only limited evidence for the carcinogenicity of styrene to experimental 

animaIs (lARC, 1987), with an increased incidence of lung tumours in male mice after 

oral administration (NCI, 1979). However, according to IARC (1987), there is sufficient 

cvidcncc to classify styrene oxide as a carcinogen in experimental animais, and this has 

bccn demonstratcd in rodents (Ponomarkov et al., 1984; Lijinski, 1986; Conti et al., 

1988). 

Thcrc are a number of reports in the lilerature conceming the mutagenic activity 
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of styrene and styrene üxidc in both bacterial and mammalian systems. hut in animais. 

as in humans, it is gcncrally acccpted that the gcnotoxic cffcclS of styrcnc arc aUrihulahlc 

primarily to styrenc oxide. In strains of Salmonella fyphim"r;"m which have heen 

especiaUy dcsigned to detect mulagens, styrcnc oxide (but not styrenc or slyrene glycol) 

has induced mutagcnic rcsponscs, such as hase-pair substitutions (Milvy and Garro. IlJ76; 

Vainio et al., 1976; DcMeestcr et al., 1977). In the same hacterial strains, slyrene will 

only induce mutagenesis after metabolic activation (Vainio et al .• 1976). 

Styrene oxide is mutagenic to a numbcr of mammalian ccII types, indmling 

Chinese hamster ceU tines, mousc ccII lincs, and ral hepatocytes, and has induccll 

chromosomai aberrations, micronuclei and anaphase bridges in these systems (Vainio t't 

al., 1982). Rodenls exposcd to styrcne or styrcnc oxide have als(\ exhlhited chromosomal 

damage (Norppa and Vainio, 1983a,b; Vainio et al., 19X2). 

3.4. Neurotoxicity 

As in humans, the nervous system of cxpcrimcntal animais is a major targel 01 

styrene. FoUowing inhalation cxposurc tu low lcvcls, rats and guinea pigs have exhihitell 

signs of CNS dcpression, weakncss, and dyscoordination (Spencer et al., 1942; Bond, 

1989). Rats exposed to 300 ppm becamc somnolent (Savolainen and Pfàffli, 1977). Lethal 

concentrations have produccd trcmor, incoordination, donic sei/.ures, unc()n~ClOusne~s and 

coma, again indicating a primary effccl on the CNS (Spencer et al., 1942; WiLhey, IlJ76). 

In one study, the major metabolitc, styrcne glycol, was rcported to he a more potent CNS 
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dcpressant th an is styrene itself (Parkki MG et al., 1976). 

Besides acting as a general depressant, styrene also has effects on the nervoUs 

system that are more specifie. Exposcd primates have demonstrated vestibulo-ocular 

tmdcity, cxpressed as alterations in the amplitude of electroretinogram c-waves, and 

styrene-trcated rabbits have exhibited vestibular disturbances (Larsby et al., 1978; Skoog 

and NiIsson, 1981). In rats, high concentrations of styrene are ototoxic, resulting in 

permanent high frequcncy hearing loss and an clevation of auditory thresholds (Pryor, 

1987, Rcbcrt et al., 1993). In neurophysiological studies, no significant changes in nerve 

conduction velocity or spontancous motor activity were detected in styrene-exposed rats 

(ScppfiUiincn, 1978; Husain et al., 1985; Kulig, 1989; Jennings and Burden, 1993), but 

diminished performance in neurobehavioral tests (Husain et al., 1985; Kulig, 1989), 

decreascd grip-strength (Kulig, 1989), and changes in brain neurotransmitter levels have 

ail bccn observed (MUlli et al., 1984b; Husain et al., 1980). Neuronallosses in sensory 

cortex, motor cortex, and hippocampus have becn demonstrated in the mt (Rosengren and 

Haglid, 1989), and ~light changes in protein composition of rat spinal cord axons have 

also becn detccted (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 velocities observed in occupationally exposed workers (Savolainen and 

Pfüftli, 1977; Ulis et al., 1978). Styrene exposure has also ir!duced small but significant 

dccrcascs in rat brain protein content (Savolainen and Pfüffli, 1977). These decreascs 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 macromoler.ules (Savolaincn and Vainio. 1977), prohahly ~lt 

thcir sultbydryl groups (Savolainen and Pfaffli, 1978), lcading to organic degcncfUtion of 

the CNS (Savolainen and Pfiiffli, 1977; Savolainen et at, 1980). Howcvcr, a rcdllctinn in 

protein synthe sis is another possible explanation for the ohscrved dccrcascs in pmtcin 

levels. 

4. IN ,lITRO 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 (lf 

mechanisms of neurotoxicity, in vitro models can be very valuahlc tools. They have the 

advantage of permitting the examination of a ncurotoxicant's effecls on scparalc and 

discrete nervous system components. Nervous system cultures can therefore provide an 

opportunity to design readily interpretable mcchanistic stlldies, and addrcss spcd lie 

questions about the action of neurotoxicants at the cellular and molecular levels. 

ln vitro, as in vivo, no one test can explore ail possible targets of ncurotoxÎCants. 

Severa! complementary in vitro tests necd to he used, and ideally, such a test battcry 

should include a system with metabolic capacily. Once a scries of in vitro tesl~ has becn 

carried out, data obtained in vitro should be evaluated in conjunction wilh data from 

conventional animal studies to allain a meaningful neurotoxicity profile of a chcmical. 

Once integrated, this combination of data should be used ln asscss morphological, 
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neurochemical, biochemicaJ, or neurophysiological changes that are specifically targeted 

by ncurotoxicants in vivo. Since the action ofaxenobiotic that produces toxicity in whole 

animais will ultimately be exerted al the cellular levcl (Grisham and Smith, 1984), resuIts 

obtaincd in vitro can be extrapolated to the whole organism if consideration is also given 

tn factors such as absorption, dIstribution, and metabolism. 

4.2. The importance of in vitro models for neurotoxicity testi"g 

Occupational exposure to ne!ilu:oxic chcmicals is presently a significant problem. 

NIOSH considers ncurotoxic disorders as one of the 10 major occupational disordcrs in 

the United States (GiliüH, 1993), and neurotoxicity from chemical agents is considered 

a worldwide major public health concem. In order to cvaluate the potential hazards of 

ncurotoxic chemicals, in vitro screening models have gained popularity, and have become 

an important component of ~Ieurotoxicity testing, as toxicologists have recognized the 

nccd to dcvelop sensitive, reliable, and reproducible alternatives to conventional whole 

animal ncurotoxicity tests. 

The dcvclopment of in vitro neurotoxicity screens has also becn stimulated by a 

significant incrcase in the number of potentially neurotoxic chemicals introduced into 

commerce and the environrncnt, whosc toxicology is largely unknown. There are between 

60,000 and 100,000 chcrnicals in commerce today. but only about 750 of these have been 

propcrly ~valuated for ncurotoxic potential (Gilioli, 1993). With 2000 new chemicals 

introduccd evcry yea~ (Gilioli, 1993), th:y need to be properly identified and 

-------------------------------------------
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characterized; however, the economics of conventional animal lesting (eosl and lime 

constraints) make this a very expensive proposition. It is with mis in mind lhal in 'vitro 

models have become important too1s. With the reccnt improvemenls in ccli ellHuœ 

methodology and the development of more sophisticalcd binanalytical lonls, in \'ilm 

models frequently play key roles in understanding the mechanisms nI' action nI' 

neuroloxicants at the cellular and molecular levcls, rather than only al the organismal 

level. 

4.3. Neuronal culture systems for toxicity tesling 

There are a number of different in vitro models that can he uscd for assessing lhe 

neurotoxic potential of drugs and chemicals. The ch<lice of model, as well as the choicc 

of endpoints to measure are sclectcd based on ohservations made in animal stlldies. 

Source and age of tissue, as weIl as species, arc other important considerations, sinet.! they 

can influence the expression of toxicity. The particular eX(lerimenlal modd sclcctcd 

should also be determined by the nature of the problem that one wishes to in vestigalc, and 

the questions one wishes to answer. The types of CNS cultures commonly uscù in loxicily 

tests and their applications, advantages and disadvantages, have hecn lhe suhjecl of many 

reviews (see Schrier, 1982; Grisham and Smith, 19R4; Laerum et al., 19R5; Walum et al., 

1990; Veronesi. 1992; Frazier, 1993; McFarlane Abdulla and Camphcll. 1(93). The 

cultures range from the very complcx in which lhe tissue remains highly organizcd. lo the 

very simple, in which very tittle cytoorganization is prcserved. Generally, less disruption 
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of tissue mcans more preservation of the non11al eytoarehiteeture, but at the expense of 

a dcercascd ability to visualize and manipulate the celh in their living state. A few of 

thcse systems, in deereasing order of complexity, will be diseussed below. 

4.3.1. Who/e embryo or whole organ cultures 

Wholc emhryo or organ cultures are used primarily in developmental studies, 

rather than for thosc of a biochemieal or morphologiea] nature. Although the normal 

cytnarchitceture is maintained, a large number of animais are required, and these cultures 

require considerable manipulation for use in bioehemical or morphological investigations. 

Sincc thcsc tissues are eultured as a solid mass, it is very difficult to visualize 

morphologieal alterations unless histological processing of the tissue is earried out. Due 

to these methodological diffieultics, these are not ideal models for Ii\.!urotoxicity screening. 

4.3.2. Organotypic cultures 

Organotypie models are eith~r tissue slices or explants. Sueh preparations are 

maintained in vitro as part of a histologically complex tissue mass, similar to that from 

which il W:lS derivcd. Intraccllular relationships and neuronal eireuitry that oecur in situ 

(synaptic connections and spatial relationships) are preserved to sorne extent, and 

elongation of axons and dendrites, synaptogenesis, and myelination also oeeur. Although 

such tissues cun be culturcd ovcr long periods of lime, they are time eonsuming to 

maintain. Thcsc preparations are not ideal for long-term morphologieal studies that 

examine structural intcgrity, since microscopie examination of individual cells is more 

difficult Lhan in monolaycr preparations due to the thickness of the tissue expiant or slice . 



• 

• 

CHAPTER 1 1-17 

4.3.3. Dissociated primary cultures 

A system widely used for neurotoxicity studics is the dissociatcd primary culture 

model. Primary cultures are composed of ceUs taken directly l'rom an animal, usually, hut 

not always, fetal. These monoiayer cultures are more versatile lhan the previous modcls, 

and have a number of advanlages. A good '/ariety of ccII types c~n he maintained. and 

different types can be co-cultur~d. One such co-cultured preparation is the spinal cmd­

DRG-skeletal muscle system. In this model, there is adeqUl,He helerogeneity of ccII lypes 

(neurons, glia, fibroblasts, muscle). Cellular interactions that normally occur in .~;tu, such 

as neuron-neuron, neuron-glia, and neuron-muscle can occur hetween cultured eclls, and 

synapses and neuromuscular junctions can form. In nerve-muscle preparalions, neurons 

and muscle develop at about the same rate, and neuronal processes will hecomc 

myelinated. Myotubes form in bundles, become striated, and many will contract. Motllr 

and sensory neurons in culture will differentiate and mature, to eventually rcscmhle thcir 

counterparts in situ, and specifie neuronal cell lypes can he identificd hy thl~ir 

morphology, neurophysiology and ncurotransmittcr profiles. Such cultures are stahle over 

long periods of time which is important, particularly in long-term loxicity lesL'i. Individl1al 

neurons can be readily visualized and identificd, making lhe cultures suitahle for Sludies 

requirin, assessments of neuronal morphology. Dissociatcd primary cultures arc alsu 

appropriate fol' electrophysiological sludies, bccause action potentials may he gcnerated 

spontaneously or in response to depolarizing slimulation. 

As with any in vitro model, dissociated primary cultures have sorne disadvantages . 
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Although the sc cells are easy to manipulate in the living state, they need time (weeks) to 

dcvelop, are technically demanding to culture, and the y cannot be serially passaged (sub­

cultured). Sincc the cells are dissociated, the normal cytoarchitecture is not preserved, and 

thus the accuracy of cellular interactions is compromised. 

4.3.4. Cell fines 

The abiIity to he subcultured and undergo cell division defines a cellline. Most 

neural ccII Hnes have been derived from nervous system tumour material. The first clonai 

linc was established from a mouse neuroblastoma tumour (Augusti-Tocco and Sato, 1969; 

Schubert et al., 1969), but continuous celllines have also been established from hybrids 

of neuroblastoma-glioma and other cell types, or by fusion of neurons and glioma ceUs 

(Hamprecht, 1977; Walum et al., 1990; Veronesi, 1992). Cell Iines may be ideal for 

biochemical studies that require large quantities of single ce Us types with identical 

propcrties. They arc rclatively convenient to maintain, large numbers can be economically 

propagated, and don't require a large number of animaIs. However, the representation of 

ccli types in the nervous system (and their interaction) is extremely lim ited , and the 

normal cytoarchitecture is lost. Although virtually immortal, ceU lines don't always 

maintain their phenotypes with subsequent subcultures, thus their properties can vary with 

the number of seriai passages. Also, the se ceUs may not express a neurotoxicant's target 

molecules accurately since they differ substantiaUy 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 Ihis study 

The ehoice of an appropriate model for neurotoxicity testing is il compromise 

betwcen the ease of manipulation and thoroughness of investigation. In this sludy, we 

have used primary co-cultures of dissociatcd spinal cord-DRG-ske\ctal muscle as a 

neurotoxicity sereen. With this system, neurotoxicity can he asscssed using him.:hemil:al, 

morphological, and electrophysiological techniques. This modcl is appropriate for Ihc 

study that we have designed, as the extraeellular environment can hc readlly ctll1twlled, 

and the sequence of pathological chan6es that may occur in living nCllwns over prolonged 

periods of time can be followed. Since the ecUs can bc visualizcd hy phase-contrast 

microscopy, the evolution of toxicity can also be analyzed in living cultures as a fUllctioll 

of both dose and time. ft is also likely that this model expresses the propcrLies ni thc 

intact nervous system reliably enough to assess slyrcnc's intrinsÎC potcntial for 

neurotoxicity. 

Primary neuronal cultures have becn used successfully in many other 

neurotoxicological investigations. A co-culture system similar lo this one has becn 

described by Shahar et al. (1987), and previous studies in our laboralory have succcssfully 

utilized cultures of murine spinal cord-DRO for studies of the known ncurotoxi<.:ant 2,5-

hexanedione (Durham, 1988; Durham et al., 1989). Primary cultures of spinal cord 

neurons, cortical neurons, ccrebellum, aslrocytes, and DRO have becn uscd to study the 

effects of a multitude of neurotoxic chemicals, including organophosphalcs, acrylamide, 

various heavy metals (such as lead acetate and aluminum), elhanol, so!vcnlt.t, and 
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neurotoxic amino acids, to narne just a few (Seil and Lampert, 1969; Goldberg, 1980; 

Goldherg et al., 1980; Hooisrna et al., 1980; Riopelle et al., 1984; Veronesi et al., 1984; 

B,>rcnfreund and Babich, 1987; Holtzman et al., 1987; Storey et al., 1987; Davenport et 

al., 1989; Sass et al., 1993). Although the se studies illustrate how neuronal cultures may 

he us(~d 10 investigate different categories of chemicals, olher sludies using cultured 

ncurons have shown that neurotoxicity observed in vitro can be representative of the 

ncurotoxicity obscrved in sitll. Support for such an in vitro/in vivo correlation is illustrated 

hy a l.1urnhcr of sludies which have demonstrated that neurons in culture that are exposed 

tn drugs or xennbiotics for a nurnber of weeks may exhibit neuropathologies comparable 

tn lhosc induccd by the same chemicals in the nervous system of intact animaIs (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 studies tbcrefore provided us with precedent for selecting our culture model as 

a neurotoxicity test system. 

5. CHARACTERIZATION OF TOXICITY IN VITRO 

5.1. E"dplIints ""d toxicity testing 

In any lnxicological assessment, specifie endpoints must be selected that will be 

uscd Lo dctinc and characterize a cellular response to the toxicant. Endpoints can th us be 

defincd as hiochcmical, morphological or physiological parameters that can be measured 

or ohscrvcd after toxic insult, and can therefore be considered as "markers" of toxicity . 
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There are two types of endpoints that may he used to evaluate the tnxic cffects of 

chemicals on cultured ceUs: [1] those that define and characteriJ'.e cytoltlxicily (slIch as 

lethality or viability endpoints), and [2] those that dcfine and charactcrizc IIellrtlloxicily 

(end points related to specifie neuronal propcrlies that afC cnmmonly affccted hy 

neurotoxieants). 

ln vitro, cytotoxic responses (affecting hoth neuronal and mm-ncuronal <:clis) 

generally predominate after acute (short-tcrm) cxposurcs tn high concentrations of Il 

toxicant. Under these conditions, spccil1c non-Iethal manifestations of nCllrotoxidly may 

be masked, but can bccome apparent after longer exposures 10 lower conccnlralHms. Wilh 

many neurotoxicants, the level of exposure (concentration andlor limc) can dctcrminc 

whether eyto- or neurotoxicity is the principal indication. 

5.2. Cytotoxicity e"dpoints 

Endpoints of cytotoxieity usuaUy measure propcrtics that relate ln hasic funclions 

required for viability of ail eeU types and are often assays of lelhality. Such endpoinls 

usually deseribe alterations in biocnergetics, macromolceular synthesis, or levcls 01 

intraeellular free calcium, and are uscd tn assess the dcgree Of the progrcsslOn of cellular 

damage, for example, by evaluation of memhrane integrily, or loss or csscnlial ions 

(Veronesi, 1992). Assays of membrane permeahility arc oncn uscd as a measure of ccII 

in jury that signifies impending cell death, since pcrmcahilil.ation !if thc memhrane 

frequently oceurs when basal l:-vel functions are sevcrcly compromiM!d (Ekwall, 19X3a; 
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Grisham and Smith, 1984). 

Even though cytotoxicity and viability endpoints can supply information about the 

intrinsic loxicity of a chcmical, they have a limited ability to define a chemical's 

specifically neurotoxtC mode of action. For many (but not aB) chemicals, no acceptable 

correlation has becn shown bclween cytotoxicity in culture assays, and neurotoxic 

potcntial in who le animais (Ekwall, 1983b). In other words, cytotoxicity in vitro is not 

an endpoint that corrclatcs weIl with neurotoxicity in the whole animal. Cytotoxicity 

assays can, however, be useful for establishing the exposure regimen for neurotoxicity 

tests, by dcfining the threshold for lethality. They can also detect any nOil-specifie cffects 

of a chcmical on ccli altaChmenl, which may be dimcult to interpret 

5.3. Cytlltllxicity elldpllillts selected fllr this study 

ln lhis study, the following endpoints were selected to characterize cytotoxicity: 

[a] hlebbing of portions of the ccli membrane (appearance of multiple surface 

protrusinns); lb] vacuolation and granularity of the ccII cytoplasm; [e] rounding of cellular 

shapc~ [dl dClachment of ccUs from the substratum, and le] cell death. Cytotoxicity tests 

wcrc carricd out to dcfinc the Lowest Effective Cytotoxic Concentration, or LECC. The 

LECC is the lowest concentration of a chemical which can induce a cytotoxic response 

in cultured cclls within 4 days of the initial exposure. This infonnation (the LECe) is 

uscct to select sublethal concentrations for long-term tests. in order to reveal neuron­

specifie cffects of toxicants, ie., specifie effects on neuronal morphology, structure. or 
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function. When used in a prcliminary sereen, cytotoxicity tests also ditTerentiatc potentinl 

neurotoxicants from cytotoxieants. 

5.4. Neurotoxicityelldpoillts 

Neurotoxicity cndpoints arc morc suhtlc than animal morhidity or IClh~l1ity 

(Veronesi, 1992) and are rclatcd to the mcchanisrn(s) of neurotoxicity. From a sCÎl'nliflc 

viewpoint, the mechanistic approach is not just prcfcrahlc, hut is also nccessary (Rowan 

and Goldberg, 1985). Neuron-spccifie cndpoints used in mechamslk sludics locus on 

neuroehemieal. morphological and neufophysiological properLies thal arc cOll1mon largels 

of neurotoxicants, and ean provide clucs about rncchanism of aclion. Sornc cxamples 01 

cellular targets for neurotoxicants ineludc axanal transport mechantsms, synthe~js 01 

specifie neuronal proteins, uptake and rdease of ncurotransmiUcrs, ncuron-specilic 

enzyme activity, and aetion potential gencration and conduction. Ncuroloxic endpotnts can 

define either revel'sible cffccts of chemicals whieh do not inducc conspicuous changes III 

neuronal morphology or physiology, or ilI'evers;IJIe cffccts which have permanent 

morphologieal (or ncurophysiological) consequences. Sincc no smgle ncurotoxlC cndpoinl 

can cover the cnlire range of potential targcL~, a variety of cndpoints arc gcncrally cho~cn. 

These endpoints should rcpresent a cross-section of the hiological proccs~es and cellular 

interactions normally present in intact ncrvous tissue. In any invc~ligatl()n (lI' a potenltal 

neurotoxicant, a suitable combinatÎon of functional and morphological endpoinL\ can 

greatly cnhance the eapability of a test battery to detcct neuroloxicity (MalLlison et al., 
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1990}; in this manner, the most susceptible target of a neurotoxicant may be identified. 

5.5. Neurllwxicity ent/points selected for this study 

The particular neurotoxic endpoints chosen for this study were selected so that 

hoth morphological and physiological disturbances could be revealed. The selection of a 

neurophysiological cndpoinl was appropriate, because styrene is an organic solvenl, and 

sol vents can cxerl depressanl or anaeslhelic effccts on neuronal membranes, decreasing 

the cxeitahility of neuronal ceUs. Endpoints cxplored after long-term cxposure to styrenc 

and illi mctabolitcs wcre: [1] chromalolysis, a gencral indicator of neuronal stress, [2] 

modifications in neuronal morphology, and [3] alterations in gross neurophysiological 

propcrtics. Sincc these cndpoints werc adaptcd from those used lo assess neurotoxicity in 

wholc animal studics, rcsults could he interpretcd with a reasonable degree of confidence. 

Thcsc endpoinlli will he discussed helow in greater delail. 

5.5.1. Chromatolys;s 

Chromatnlysis (somelimes termed the cell body reaction) is a non-specifie, 

charactcristic responsc of the perikaryon to neuronal injury il" situ, regardless of its cause. 

Il has becn dcscribcd in both motor and DRG neurons (Nakano et al., 1983; Sterman, 

1984; Stcrman and Delannoy, 1985; Goldstein et al., 1987; Manctlo et al., 1988; 

Wakayama, 1992), and can occur in response to many types of neurological disturbances, 

such as toxie insult (Sterman, 1982, 1984; Sterman and Delannoy, 1985), axotomy 

(Stemlan and Delannoy, 1985; Goldstein et al., 1987), and neurological disease such as 
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amyotrophie lateral sclerosis (Nakano et al., 1983; Wakayama, 1992) This indicatcs a 

eommon pathological reaetion to various types of neuronal in jury. Morphological 

indicators of chromatolysis include [1] peripheral nudcar displaccrnent, [2] dispersal nI' 

Nissl substance, and [3] an abnormal accumulation of phosphorylatcd ncurotï1amcnl (NF) 

proteins in the cell body (Liebcrman, 1971; Goldsleîn et al., 19X7). In nmmal ncumns, 

axons contain NFs that are more highly phosphorylatcd than thuse in the ccII hodies and 

dendrites (Durham, 1990b). An increasc in pcrikaryal NF phnsphnrylatinn can he 

visualized by immunocytochemical labclling wilh antihodics directed agllinst 

phosphorylated NF proteins such as antihody 5MBI, and an increasc in perikaryal 

immunoreactivity can indicatc neuronal stress. Since phnsphoryllltion has hecn associalcd 

with slowing of NF transport, increased pcrikaryal immunorcaclivity may he associatcd 

with either an increase in the degree of phosphorylation, or an increasc in the numhcr of 

neurofilaments (Goldstein et al., 1987). 

It is unclear whether chromatolytic changes are the direct resull of in jury tn the 

cell body, or are secondary to changes in neuronal protein rnelaholisrn as part of a 

regenerative response, but a chrornatolytic responsc signifies that neuronal in jury has 

occurred. Two indicators of chromatolysis werc used in this sludy 10 rneasure neuronal 

stress in response to treatment with styrene or its metabolites: (1) the pcrccntage nI' motor 

and DRG neurons with eccentrically placed nuclei, and (2) the percentagc of pcrikarya 

immunoreactive with SMI3l. 
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5.5.2. Alterations in neuronal morphology: axonopathy 

Axonopathy is manifestcd morphologically by axonal degeneration and/or the 

presence of focal axonal swcllings. Axonal degeneration (also referred to as a "dying­

hack" neuropalhy) is a pathologie al process that is charaeterized by retrograde 

degeneration of nervc fibres, and has been demonstrated in response to toxin-indueed 

neuronal in jury (Spencer and Schaumburg, 1977, Velonesi et al., 1983; Gold et al., 1992); 

therc is usually a secondary loss of myelin. Since degenerating fibres of cultured neurons 

can he visuali7.ed by phase microscopy, axonopathy resulting from styrene (or metaboIite) 

cxposure can he detected in living cultures, or aCter fixation and immunocytoehemical 

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 ncurofilaments (Spencer and Schaumburg, 1977) which are 

visible as swellings, especially in the distal regions of large diameter axons. If the defect 

is in fast axonal transport mechanisms, the swellings will be filled with membranous 

organelles (Sahenk and Mendell, 1979). In either case, axonal segments distal to swellings 

will dcgcncrate whcn the supply of essential materials is interrupted. In cultures exposed 

to styrenc or ilS metabolitcs, morphological indicators ofaxonal transport defects could 

he monitorcd after labelling with SMI31, since this antibody readily labels neuronal 

proccsscs . 
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5.5.3. Alterations in membrane electrical properties 

Organic sol vents can exert a deprcssant cffcct on the ncrvous syslem hy aCling 

diœctly on neuronal membranes. This may inducc non-spccitic. reversihle changcs in 

membrane permeability, and modified lipid-Iipid and Iipid-protcin rclalionships (Bridge:, 

et al. 1983). Neuronal excitability will be dccreased duc to altered mcmhranc lluidity. 

leading to inhibition of action potential (AP) production and propagation. Ncuroloxicity 

ean be therefore be manifested ncurophysiologically as gross alleratinns in mcmhmnc 

eleetrical properties. In dissociated cultures, spinal motor neurons (hut nnt DRG ncurons) 

can spontaneously generate bursts of APs. 80th types of neurons will gcncralc APs in 

response to depolarizing eleetrieal stimulation. Measurernents of resling rnemhranc 

potenlial (RMP), sponlaneous electrical aelivity, as weil as AP amplilude and duration 

were used as a simple sereen to deteet general effeel" of slyrene and ils melaholites on 

the ability of ncurons to eonduet clectrieal signaIs, since interference wilh neuronal 

excitability may be manifested as gross changes in gcncral ncurophysiological properties. 

6. EXPERIMENTAL OBJECTIVES 

The specifie aim of this study was to investigate the rneehanism of action and 

as~ss the neurotoxie potential of styrene and ils major metabolitcs in vitro, using 

rnorphological and neurophysiologieal endpoints. The expcrÎii'ental stratcgy ernploycd a 

"tiered approaeh", meaning that the order of the lest prolocols proceeded from the more 

general (eytotoxieity lests) to the more specifie (neurotoxicily tcsl~). In summary, the 
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ullimate objectives of this Sludy were: 

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

styrcne glycol using short-term test", 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-positivc somata, axonal degeneration, or axonal swellings were used as 

morphological cndpoints. 

[3] To dctcct dccreases in neuronal excitability after short and long-tenn exposure to 

styrcnc, by screcning for alterations in resting membrane potential, action potential 

amplitude. and action potential duration . 
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1. MATERIALS AND METROnS 

J. J. Preparation IIf CuUures 

2-2 

Primary co-cultures of dissociatcd spinal cord-DRG-skeletal muscle were prepared 

from day 13, CDI-mouse embryos. Spinal c(\rds with DRG attached were excised, finely 

minccd, and enzymatically dissociatcd 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 rclatively 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 HOOO cells per weil respectively, in Nunclon 4-well culture plates (Gibco) containing 

: 3 mm diameter round glass coverslips (J.B.EM Services, St. Laurent, QUE., Canada). 

To promote adhesÎon of dissociated cells, coverslips were coated with poly-D-Iysine, and 

cither MATRIGEL'M basement membrane matrix or Laminin (ail from Collaborative 

Research Inc., Bedford, MA). On day 4, cultures were treated for 24 hours with cytosine­

J}-D-arahino-furanoside (Calbiochem-Behring Corp., La Jolla, CA), to reduce the 

proliferation of nnn-neuronai cc lis. Cultures were maintained in hormonally supplemented 

N3 medium plus 2% horse serum as previously described (Durham, 1988) and were used 

for experiments 5-X wccks post-plating, 10 allow for maturation. 

1.2. S/wrt-term cyttlttlxicity testillg 

Cytotoxicity assays wcre carried out with styrene, styrene oxide and styrene glycol 
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([±]phenyl 1,2-ethanediol) (Aldrich Chemical Co., Milwaukee, WI), in ordcr ln dl·temlinl~ 

the lowest effective cytotoxic concentration (LECC) for cach chcmkal. Sinœ styrenc ami 

styrene oxide are insoluble in aqueous rr:edia, dimethyl sulfoxide 1 DMSOI (BOH. 

Montreal, QUE) was uscd as a solubility vchiclc. Test concentrations Wl.~rc prepared l'rom 

30% styrene or styrene oxide stock solutions, dissolvcd in DMSo. Contm\ cUltUll'S 

received volumes of DMSO cquivalcnt tl) thosc in lrcatcd cultures. Duc tn the volalik 

nature of thesc chemicals, expcriments wcre carricd out in 35 mm glass culture dishes 

(Belleo Glass Inc., Vineland, NJ) which wcrc scaled wilh Dow Corning high-vacuul11 

silicone grease (Fisher Scientific Ltd, Montreal, QUE) and c1ampcd with Thomas pinch 

clamps (Arthur H. Thomas Co., Philadelphia, PA). Althnugh the physicochcmical 

properties of styrene glycol indicatcd that il was hydrophilic, clnd nol volatile at 17"C, il 

was not fully soluble at room temperature. DMSO was thercfore used to fadlilatl.~ ils 

dissolution into aqueous medium. Cytotoxicity tests with styrenc glycol wcre carricd out 

in sealed culture dishes, until il was asccrtained that no cytotoxidty was aurihutahll~ to 

il. Subsequent experiments with styrene glycol werc tht!n performcd in an unscalcd culture 

system. 

1.3. Determination of the lowest effective cytotoxic cOl,cenlratitms 

For determining the LECCs, cultures were exposcd ln various conccnLrations nI' 

either styrene, styrene oxide, or styrene glycol (in scparate expcrimenl~) for four days, 

until the threshold of Icthality for each chcmical was dctermincd. Trcatcd cultures wcre 
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examined daily by phase contrast microscopy for cytotoxic manifestations in both 

neuronal and non-neuronal ceUs. Morphological endpoints of cytotoxicity included cell 

membrane blebbing; vacuolation and granularity of cytoplasm; rounding or detachment 

of cells from the substratum, axonal degeneration, and celI death. After four days of 

exposure, the degree of cytotoxicily induced by each concentration of chemical was 

graded on a scale of 0 to 4. This seale was tenned the cytotoxicity 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 cyloplasm 

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 

wcrc detcrmined, cytOloxicity tests for each chemical were repeated three limes (at the 

LECC), using two coverslips per test. 

1.4. CeU viability assays 

Loss of ccli 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 arc considered irreversibly damaged and therefore no longer 

viable when their plasma membranes lose integrity and become permeable to exogenous 
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molecules, such as the ethidium homodimer. When the cthidium rcagcnt is lakl'n up inln 

a ce Il , il is translocat.r.1 to the nucleus where il intcrcalalcs wilh DNA duc tn Ils high 

affinily for nucleic acids. Nuclei of non-via hic cells will cxhihil rcd Iluoresccnce whcn 

examined by epifluorescence opties, and loss of ccli viahility can he thcrcforc he verified. 

The assay was carried out as follows: 4.0 mM clhidium hnmodimcr (Molecular Prohes 

Ine., Eugene, OR) was dissolved in minimal esscnlial medium (MEM) wllhoul sodIUm 

bicarbonate, cnriched with 5g/litrc glucose, and adjustcd tn pH 7.0 wlth 1 M NuC )1-1. 

Cultures were exposed to this solution for 15 minules. and cxamined hy epilluoresccncc 

mieroscopy (using a conventional fluorcsccin tiller set) for nudear uplake of the elhidium 

reagent. 

1.5. LoIIg-term neurotoxicity testillg: morphological examillatitJII 

In long-term tests, cultures were trcated with suhlethal concentralions of each 

chemical over extcnded pcriods of time, to mimic chronic exposure conditions. In separale 

experiments, cultures were exposcd to a concentration of cach chcmkal lhal was jusl 

below the LECC for up to 8 weeks. Thesc concentrations wcre: 2 mM sLyrenc; 0.2 mM 

styr.!ne oxide; 10 mM styrene glycol. Control cultures reccived the appropriate volumes 

of DMSO, which were 0.006% (styrenc oxide), ()J)4(.*; (slyrene glycol), and 0.05% 

(styrene). Experiments were carried out in scaled dishes, with the exœpllOn of some 

involving styrene glycol. Control and trcatcd cultures wcre monitorcd daily hy phase 

microscopy for morphological indications of neuronal stress or cytotoxicily. At wcckly 
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intcrvals, bolh and control and treated cultures were fixed, immunocylochemically 

processcd, and labcllcd wilh antibody SMI31. SMI31-labelled neuronal processcs were 

cxamined for signs of focal axonal swellings or axonal degeneration. The number of 

motor and DRG neurons exhibiting peripherally displaced (eccentric) nuclei or SMI31-

reactivc perikarya wcre counted separately, and expressed as a percentage of the total 

numhcr of motor or DRG neurons enumerated (75-200 DRG and motor neurons were 

counted per covcrstip). Immunoreactive ceUs were identified as those with perikaryal 

staining thal was clearly abovc background. Molor neurons were identified on the basis 

of pcrikaryal size (grcater than 20 ~m), 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 dupHcate 

cultures in four or five separate experiments. Mean cell counts for each experiment were 

pooled, and exprcssed as mean values ± SEM. Means were compared using the Student's 

t-Test, (unpaircd, two-tailcd, p = ~0.05). Different culture batches were used throughout 

lhcse experimcnls, in ordcr to simulate any natural variability in sensitivity to 

nt.~urotoxicanl~ 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 

pcroxidase detection system (Vectastain® ABC Kit. Vector Laboratories, Burlingame, 
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CA). This method uses an avidin-biotin cnmplex ln visuali1.e an anligen-anlihndy 

complex. CeUs on coverslips werc fixed for 4 minutes in methanol and 2 minutes \Il 

acetone (both @ -200 Cl, foUowed by 20 minutes in Yh) skim milk (dissolvcd in n.os M 

TRIS buffer, pH 7.6) 10 bloek non-specifie binding sites. Coversltps werc then proccssed 

as foUows: [1] 30 minute incubation with the primary antihody 5MB 1 (diluled 1 :2000 

[Stemberger Monoclonals Ine., Baltimore, MDl): {2] 30 minutes wilh lhe sc~ondafy 

antibody (biotinylated anti-mouse IgO 1: 100 [Dimension Lahoralories Ine.. Mis1\lssauga. 

ONT]); [3] 20 minutes in 0.3% H20 2 to bloek endogcnous peroxidase activily; (4) 10 

minutes in Veetastain® (Vector Laboratories), and lïnally. [5] JO minutes in thl' 

chrornogen, 3' ,3' -diaminobenzidinc tctrahydrochloridc 1 YJf,j (Gihco), plus O.O:Vhl 11102, 

This yielded a coloured reaction product. Incuhations in antihody Of Ycctastain® wefe 

al ways followed by three rinses in TRIS buffer. Coverslips were nnsed in thstillcd walcr, 

mounted in glyceroVphosphate-buffered saline (l: l, v/v), sealcd with parallin wax. and 

exarnined by phase microscopy. 

1.7. Intracellular recordings of membrane electrical properties 

Resting membrane potential, and amplitudc and duratlOn of spontancous and 

evoked APs were rceorded from motor and DRG neurons in culturcs cxposed 10 toxÎCants 

for 30 min, 4 days, and 8 weeks. In short-term expcriments designed to mimÎC acule 

exposure conditions, baseline intraeellular recordings wcre ohtained from neurons prior 

to styrene (or DMSO) addition, and then again after 30 minutes of exposure. In cultures 
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cxposcd to toxicants (or DMSO controls) for 4 days or 8 weeks, intracellular recordings 

wcrc obtaincd from separalc DMSO control and toxicant-treated cultures. Recordings were 

made al room tcmperature, and cells werc balhed in bicarbonate-free MEM (Gibco) 

cnriched with 5gllitre glucose, adjustcd to pH 7.0 with 1 M NaOH. Ncurons were impaled 

with glass microclcetrodcs fillcd wilh 3 M KCI or 4 M potassium acetate (30-60 Mn 

rcsistancc). Intraecllular injection of current and recording of membrane potentials was 

a<.'complished through the same clectrode using a WPI model KS-700 dual microprobe 

systcm. Neurons were stimulated with a 5 JlS depolarizing pulse (Model A310 

Accupulscr, World Precision Instruments Inc.). The APs generated were monitored on a 

T(!ktronix 511 () oscilloscope (Tektronix Ine., Beaverton, OR), and simultaneously 

photographed with Kodak RAR oscillograph film 2495 (Grass Instruments, Quincy, MA), 

using a Nihon-Kohden continuous recording oscilloscope camera (Model RLG 6201, 

Nihon-Knhden [America] Inc., Irvine, CA). Intracellular recordings of RMP, AP 

amplitude, and AP duration were measured using JAVA Video Analysis Software (landel 

Scientific, Corte Madcra, CA). Measurements were cxpressed as mean values ± SD . 
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1. RESULTS 

1.1. ShtJrt term cytlJtoxicity tests 

Fig. 2 iIIustrates the dose-responsc curves obtained for styrene, styrene oxide, and 

styrcne glycol. Concentrations of each chemical tcsted when determining the LECCs arc 

plottcd against the degrec of cytotoxicity they induced (expresscd as a value between 0 

and 4, as dcfincd hy the cytotoxicity index). The LECCs for each chemical wcre defined 

as thosc concentrations inducing a grade 2 cytotoxic response within 4 days of initial 

cxposurc, and are indicated above the curve. 

Exposurc of the cultures to styrene or styrcne oxide induced a dose-related 

cytotoxic rcspnnse in ail ccII types in the cultures (neurons, glia, fibroblasts). The LECCs 

for thesc chemicals were 2.8 mM and 0.4 mM respectively. Althnugh parallel dose­

rcsponsc curves werc generated for styrcne and styrene oxide, styrene oxide was more 

potent al inducing a cytotoxic response hy almost one order of magnitude. As is evident 

in Fig. 2, styrcne glycol did not elicit cytotoxicity, even after 10 days of exposure to 

concentrations as high as 10 mM, in either sealed or unscaled culture dishcs. 

Morphological manifestations of cytotoxicity are iIIustrated in Figure 3. DMSO­

treated control cultures (Fig. 3A) exhibited no morphological signs of cytotoxicity or 

signilicant nudear uptakc of ethidium homodimcr (Fig. 38). The grade 3 104 cytotoxic 

responsc induccd by 4.0 mM styrene in both neuronal and non-neuronal cclls after four 

d'lyS is illustrated in Figure 3C. Cytotoxicity was manifcstcd as hlebbing, vacuolation, 

granularity of prncesses with their subsequent degencration, detachment from the 
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substratum, and the ultimatc manifestation of cylotoxicity was ccII death. Lnss of viahi lit y 

was confirmed by a signilïcant uptakc of clhidium homndimer into nlldci of the saille 

cells (Fig. 3D). Although styrcnc oxidc was more pote nt than slyfL'ne, hy almost an untel 

of magnitude, it induccd qualitalivcly similar cytotnxic cffccls (Fig. :m, n. Cytntnxklty 

was obscrved in ail types of neuronal cells (molor neurons, DRG ncU! ons, amI 

interneurons) and non-neuronal cells at the same cxposurc Icvels. 

1.2. Long-Term Exposure 

1.2.1. Chromatolys;s 

Immunocylochemical labelling with SMI31 was uscd ln visualize chmmatolytic 

neurons, sin ce one of the hallmarks of chromatolysis is an accumulation of 

phosphorylated neurofilarnents in the ccII body. Immllnostaincd cells werc cxaminctl hy 

phase microscopy for 2 indicators of chromatolysis: (1] SMI3I-posÎtlve ccII hodies, and 

[2] eccentric nuclei. The histograms prcsentcd in Fig. 4 rcprcsent the pnolcd déltél from 

aU experiments with 2 mM styrcne. DRG or rnotor ncurons in cultures exposcd tn 2 mM 

styrene for up to six wecks did not undcrgo chrornato)ysis. The numiler of ecccntric 

nuclei in either motor or DRG ncurons was nnt increascd relative to DMSO conlmls (Fig. 

4A,C), nor was there an significant incrcase in the nllmher of pcrikarya Îmmunorcactiw 

with SMI31. except in DRG after four wccks of cxposure (Fig. 48,D). An unforsecn 

finding, howevcr, was that DMSO was ncurotoxic ln both motor and DRG neurons. Whcn 

the DMSO data were compared with untrcatcd comrols, a chromalOlytic cffcct of DMSO 
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(0.05%) was dctccted in measurc,r,; of eccentric nuclei in motor neurons (Fig. 4A), and 

SMI3I-rositive snmata in ORG neurons (Fig. 4D). 

Fig. 5 iIIustrates the same parameters introduced in Fig. 4 (indicators of 

chromatolysis), but here, the histograms represenl the pooled data from aIl long-term 

cxpcriments with 0.2 mM styrene oxide. In cultures treated with styrene oxide for up 10 

livc wccks, thcrc was a significantJy increased number of DRG neurons with SMI31-

immunorcactive somata, comparcd to vehicle (DMSO) controls (Fig. 50). This increase 

in SMn I-immunoreactivity was not observed in motor neurons (Fig. 5B). Neither ORO 

or motor ncurons treated with styrene oxide exhibited an elevated number of eccentric 

nuclci relative tn DMSO con trois (Fig.5 A,C). As observed in experiments with 2 mM 

styrcnc, DMSO induced a significant degree of chromatolysis in motor and DRO neurons 

(Fig.5A, C, D), even at a much lower concentration (0.006%). The nurnber of motor 

ncurons exhihiting SMI3I-positive somata was not increased after OMSO treatment, 

cxccpt arter 1 wcck of exposure (Fig. 5B), 

No toxicity was ohserved in cultures exposed to 10 mM styrene glycol for up to 

six wecks (Fig. 6). Although DMSO (0.04%) was used as a solubility vehicle for styrene 

glycol, cxperimcnls were carried out in unsealed culture dishes since styrene glycol was 

nnt volatile at 37°C. However, since DMSO is volatile at this temperature, it is not 

unrcasonahle 10 presume lhat the absence of DMSO toxicity in experiments with styrene 

glycol may he allributed 10 lhe loss of DMSO through evaporation. 

The dala for 0.006% DMSO, 0.05% DMSO, and untreated controls presented in 



• 

• 

CHAPTER3 3-5 

Figs. 4, 5, and 6 are replottcd together in Fig. 7, to morc c1carly illuslratc the ({(ISC­

response relationship betwecn DMSO concentration and numher of chromalOlylic nellrons. 

At most lime points shown in Fig. 7 A through 7D, as the COl1ccntn,tinn of DMSO 

increases, so docs the number of neurons exhihiting chromatolysis. 

1.1.2. Morph%gy of neuronal processes 

Neuronal processes were examined for signs ofaxol1opathy. Sillcc SMn 1 

immunolabelling renders neuronal processes highly visihle, ahnormalities ofaxona 1 calihre 

(swellings and degeneration) could be revealed by their SMI3I-immunoreaclivity. Focal 

axonal swellings labclled by SMI31 werc observed in cultures lrcated wilh 2.0 mt\.: 

styrene or 0.2 mM styrene oxide after three weeks of exposure. Howcver, thesc swellillgs 

were attributed to the vehicle (DMSO), since Lhcy were just as prevalenl in cultures 

treated with 0.006% DMSO or higher (Fig. 8B). As indicatcd in Fig. XA, swcllings wcre 

not evident in untrcated cultures. No abnormalities in the morphology of non-neuronal 

ce Ils were noted. 

1.1.3. Membrane electrica/ properties 

Representative APs rccorded from DRO and motor ncurons arc shown in Fig. 9. 

RMPs, and evoked and spontaneously generated APs wcre rccorded l'rom both motor and 

DRG neurons, before and after chcmical exposurc. Howevcr, only traces recordcd l'rom 

DRG ce Us were measured and comparcd stalistically, sincc the cxlrcrnc variability of 

motor neuron responses prccluded any mcaningful statistical <:omparisons of their AP 

amplitudes, AP durations, or RMPs. This variability is ilIustraled by comparing the 
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diffcrcnces betwcen RMPs, AP amplitudes, and frequency of firing in the traces shown 

in Figs. 9C and 9D. The differences are still weil wilhin normal IimilS for motor neurons. 

As is cvidcnl from the rccordings shown in Figs. 9A and 98, responses of DRG neurons 

arc much more prcdiclablc and lherefore easier to quantitate. 

In motor ncurons, styrcne did not induce any qualitative changes in AP parameters, 

nI' alteration in RMP (Fig. 9C, D). After 30 minutes of exposure to either 8 mM styrene 

or ils DMSO-lrcated counterpart, only a marginally significant change in AP amplitude 

(but nol AP duration or RMP) of surviving DRG neurons was delected (Fig. 9A,B and 

Table 1). 8 mM styrcnc was the upper limil tested because of cytotoxicity. Similar 

cytotoxicity without significant changes in AP production or RMP were observed in 

surviving DRG ncurons cxposed lo 4 mM styrenc for 4 days (Table 1). As with shorter 

cxposurcs, long-term trcatment of cultures with 2.0 mM slyrene, 0.2 mM styrene oxide 

or 10 mM styrenc glycol (or DMSO controls) for 8 weeks, 8 weeks, and 4 weeks, 

rcspectivcly, did not induce any obvious changes in electric properties in eilher motor or 

scnsory ncurons (data not shown) . 
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FIG 3. Cytotoxicity observed by phase microscopy (A,C,E) and cthidium uptakc (8,D,F) 

in cultures of spinal cord-DRG-skeletal muscle aCter 4 days exposurc ln O.05'r;J DMSO 

• (A,B), 4.0 mM styrene (C,D), and 0.4 mM styrene oxide (E,F). Seale har = 30 J.lm • 
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FIG 6. Mcasurcs of chromatolysis in perikarya of motor neurons (A,B) and DRO neurons 
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nuclei (A,C) and the percentage of perikarya immunoreactive with SMI31 (B,D) are 

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

* * = significant difference between means of styrene glycol-treated and DMSO controls, 

(p~0.05). 
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FIG 8. Phase contrast micrographs of fixed cultures labelled with 5MB1 antibody to 

ncurotïlamcnt protcins. (A) An untreated control culture. (B) A culture exposed to 0.006% 

DMSO for thrcc wceks. A chain of swellings is present in a process emerging from the 

right of the motor neuron. Both the neuronal pcrikaryon and swellings are labelled by 

• SM13I. Seule bar = 30 Ilm . 
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FIG 9. Intracellular rccordings of action potentials obtained from DRG ncurons and motor 

neurons. Action potentials from a DRG ncuron before (A) and 30 minutes aILer (B) 

exposure to 8 mM styrene. Action potcntials rccordcd l'rom a motor neuron in a culture 

treated with 0.05% DMSO (C) and a culture treatcd with 4 mM slyrenc (D) lOf 4 days. 

In C and D, the firsl action pOlential was cvokcd hy dcpnlari1.ing stimulation, whercas the 

others occurred spontaneously. The horizontallinc lransccting each field rcpre~cnL ... zero 

membrane potential. Scale bars (lime base) = 5 mscc/20 mV (A,B), and 10 rnscc/20 rnV 

(C,D) . 

of 
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TA BLE 1. EFFECT OF STYRENE TREATMENT ON MEMBRANE 
ELECTRICAL PROPERTIES OF DRG NEURONS. 

CONDITION 

ACUTE (30 lOin) EXPOSURE 
Befom DMSO Control (17) 
Aftcr 30 min in DMSO (17) 

Befme X mM Styrcnc (39) 
After X mM Styrcne (21) 

4 DAVS OF TREATMENT 
DMSO Control (19) 
4.0 mM Styrcne (22) 

PARAMETER 

ACTION POTENTIAL 
RMP(mV) AMPLITUDE(mV) DURA TION(msec) 
- 46 -j 8.1 69.7 ± 9.5 10.2 ± 2.3 
- 47 ± 9.4 63.1 ± 10.8 * 10.8 ± 2.9 

- 46 ± 8.9 
- 48 ± 4.9 

- 48 ± 5.2 
- 47 ± 7.4 

74.2 ± 16.1 

69.1 ± 16.5 * 

73.6 ± 6.1 
72.5 ± 11.5 

11.6 ± 3.5 
10.8 ± 2.0 

11.9 ± 2.5 
10.4 ± 3.0 

Values arc Mcans ± S.D. In parenthcscs are the number of eeUs. pooled from 2 
scparalc expcrimenls. Statislical comparisons werc made using the Student's t-Test, 

lwo-lailcd, paircd or unpaircd as was appropriate; * = signifieantly deereased relative 
ln control (p $ 0.05) . 
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1. DISCUSSION 

Although the ncurotoxicity of styrenc has becn widely investigated, there has bcen 

no dcfinilivc cxplanation of the mechanisms rcsponsible. In this study, assessment of the 

loxicity of styrcnc and il~ major mctabolites in vitro provided the opportunity to 

differcntiatc hetwcen toxic effects on ncurons and other types of cells, to establish the 

relative potcncies of thcse chemicals, and obtain further ducs concerning mechanisms of 

neuroloxic damage. This study oners some evidence lhat mechanisms underlying the 

general cytotoxÎC effects of styrene and the more pOlent styrene oxide, may be responsiblc 

l'or damage tn cells of the nervous system, as weil as damage to cells of other target 

(lrgans. 

1.1. Xelmbiotic mekJbo/ism ill IIervous tissue Qlld expressioll of toxicity 

The melaholism of xcnobiotics converts Iipophilic molecules 10 more polar 

compnunds cithcr through modifications to their che mi -:11 structure, or via conjugation 

reHclinns. As indicaled in Chapter l, man y of the adverse effects of styrene have been 

aUrihuled to lhe accumulation of the major metabolitc of styrene, slyrene oxide, in tissues 

(Ramie. 19lJ 1; Bond, 19X9). Styrene and slyrene oxide have bolh been found in brain, 

sincc lhey arc highly IipnphiIic and cross the hlood-tuain-barrier (Savolainen and Vainio, 

1977; Lür et al., IlJXJ; Trcnga et al., 1991). Styrcne rnctabolilcs may also be produced 

locally in ncrvnus tissue. sincc lhe P-450 enzymes 'a'i.!sponsible for lhe oxidation of styrene 

to styrcne oxidc arc cxpresscd in the nervous sy~;tem, 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). Seve ml 

other drug-metabolizing enzymes have been demonstrated in hrain and also in cerchml 

microvessels of laboratory animais (Ghersi-Egea et al., 1988: Minn et al., 1(91). This 

may be related to the protective function of thesc enzymes bnth in hrain llssue itself. and 

in the endothelial cells that form the hlood-hrain-barrier (Ghersi-Egea. 19X8). Although 

the activity of epoxide hydrolase is low in brain, fairly high levels of slyrene glycol have 

been measured in mouse brain afler systemic administration of styrene (LM et al., 198:\). 

The glutathione (GSH) group of enzymes are present in neural tissue. and many 

compounds that arc toxÎC via reactive intermediates will affect cellular levels of aSH. 

Since GSH conjugation plays an important role in lessening ccII damage resultlOg from 

oxidative stress, its depletion may contributc to toxicity exerted hy reactive molecules. 

Both styrene and styrcnc oxidc have hecn shown to deplete GSH stores in cultured Pc 12 

cells (Dypbukt et al., 1992) and in rat brain (Dixit et al., 19M2; Katoh et al., 1989; Trenga 

et al., 1991), where it is localized prcdominantly in glia (Philhert et al., 1991; Trenga et 

al., 1991). Thus, the relative levcls of styrenc and its various metaholites that arc present 

in nervous tissues after systcmic exposure will depend nn the same factors that detcrminc 

their distribution in other extrahcpatic tissues (Dixit et al., 1982), and the expression of 

neurotoxicity willthus de pend on the relative potencies of these cnmpounds attarget sites. 

Since P-450 enzymes are not cxprcssed to any signifieant degrcc in dissociated cultures, 

the present study docs not rule out the possibility that short-Iived metaholie intermediates 

of styrene may he responsible for the more obvious neurotoxic effects. Il is possihle thal 
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such metabolites would be produced within neurons in situ since the presence of P-450 

enzymes in lhcir perikarya have been demons1rated in tissue sections (Hansson et al., 

1990; Reuhl and Lowndes, 1992). 

1.2. Slyrelle tllx;e;ty: possible meelulllisms IIf reversible alld irreversible effeels 

Styrenc may exert either reversible or irreversible effeclS on the nervous system. 

Sorne organic solvents cxert a dcpressant or anaesthetic effect by acting directly on the 

neuronal membrane, inducing nonspecific altcrations in membrane pcmleability and thus 

decreascs in membrane cxcitability (Bridges et al., 1983). This is manifested as inhibition 

of AP generalion and conduction. Parkki et al. (1976) suggested 1hat the deprcssant effect 

of styrcne could he mediated, at leas1 partially, by styrene glycol, since very high doses 

of slyrene glycol (750 mglkg) had an anaesthetic effeet on rats. Since AP production was 

nol altercd in our experimenls, even in cultures exposcd 10 10 mM slyrene glycol, it is 

unlikely that anaesthelic effects on membranes are responsible for CNS depression under 

more realislic conditions of exposurc to slyrene. 

Il is possihle that more suhtle cffects on ncurotransmission may contribute to the 

reversihle ncurotoxicity of styrene. To fully undcrstand its rnechanism of neurotoxicity, 

il may he neccssary tn cvaluate styrene' s actions on ncuron-specific enzymes or 

neuflltransmiucrs, as prioT sludies indicate that styrcne may interfere with brain chemistry 

in cxposcd workcrs or lahoratory animais. Decreased levels of serotonin (Kishi et al., 

1992) and dccrcascd dopamine Tcceptor binding have been reported in brain tissuc of rats 
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exposed to styrene or styrene oxide (Zaidi et al., 1985). Low dopamine levcls have bccn 

measured in striatum (Mulli et al., 1984b, 1985, 1988) and hypothalmuus-mcdian 

eminence [tuberoinfundibular areal (Mutti ct al., 1 984b, 1988) of rabbils cxposed 10 

styrene by inhalation. In exposcd workers, intcrfcrcnce wilh dopamincrgil' 

neurotransmission has received the most attention. (}ccupalÎlmal slyrcne exposurc has 

been associated with neuroendocrine effects Iinkcd to dopamine depletion. Prolactin 

secretion is normally under inhibitory control by dopamine. Sincc workers exposed ln 

styrene have exhibited increases in prolactin levels (Mutti et al., 1984('; Arfini el al., 

1987), and prolactin secretion is under the control nf tuherninfundiblliar dopamincrgil' 

activity, Arfini et al. (1987) have spccuiated that a slyrenc-mediated dccrcasc in 

hypothalamic dopamine may be associated with the hyperprolaclincmia ohserved in 

styrene-exposcd humans. They concluded that this might explain the subjeclive symptoms 

and behavioural disturbances that are onen recordcd among styrcne cxposcd workcrs. 

Besides the reversible effects on neuronal physiology, exposure to styrene can also 

induce permanent damage to cells of the nervous system. Neuronal loss, indicated hy an 

increase in astrocytic glial fibrillary acidic protcin, has been deITIonstrated in scnsory and 

motor cortex and hippocampus of rats exposcd chronically to slyrcnc hy IIlhalation 

(Rosengren and Haglid, 1989). The authors hypothesized that auloxidalivc injllry hy 

styrene or styrene oxide was responsible . 
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1.3. CyttJt(Jxicity (if styrene and styrelle oxide: mechallisms of oxidative stress 

ln this Sludy, ncurons were not noticeably more sensitive to cytotoxic effeets of 

styrenc or styrcne oxide than wcre non-neuronal ce Ils in the cultures, nor did sublethal 

(;onccntrations of thesc chemicals have specifie effects on neuronal morphology or 

mcmhranc clcctrical propcrties. In neural ceUs, as in cells of other organs, styrene oxide 

is a morc potent cylotoxicant lhan styrene by almost an order of magnitude. No 

diffcrcntial cytotoxic effects on specifie subclasscs of neurons was evident. The 

(;onccntrations of thcse agents that were cytotoxic to primary CNS neurons in this study 

arc similar to those that arc cytotoxic to other types of cultured celI lines and primary 

œlls. Thcsc includc the epithelial celllines CG5 (breast carcinoma) and HEp-2 (Iaryngeal 

(;arcmoma) (Malorni et al., 1988), Pc12 cells (Dypbukt et al., 1992), lymphocytes 

(Sharma et al., 1981; Zhang et al., 1993) and human skin fibroblasts (Cherry and 

Durham, unpuhlished ohservations). 

Styrcnc and styrene oxide have been shown to bind covalently to proteins, DNA, 

and lipids (Bymlt-Nordqvist et al., 1985). The cytotoxicity observed in responsc to styrenc 

and styrcnc oxidc is typical of that produced by chemicals that induce oxidative stress or 

f"rm adducts with protcin thiols, and was expressed as plasma membrane blebbing, 

cytoplasmic vacuolation, ccli rounding, detachment from the substratum, and ecU death. 

Oxidativc-strcl's-rclatcd changes such as lhcse represent the multiple consequences of ATP 

dcplction. incrcases in intracellular Ca2
+, and alterations in cytoskeletal structure and 

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

One of the earliest signs of irreversible ccII in jury and impending ccII deuth that 

is attributed to oxidative stress is the appearancc of multiple protrusions (nlehs) on the 

cell surface (Orrenius et al., 1992). Mcmbrane hlcbbing, changes in shape, lInd 

detachment from the substratum are elTcctcd through changes in lhe cyloskeleton. The 

polymerization of cytoskeletal prolcins into cytoskeletal structures is very sensitive tn the 

oxidation of thiol groups and to increascd lcvels of intracellular calcium. Oxidative sUess 

leads to depletion of sulfhydryl groups of various cytoskelctal proteins and disulphtde 

bridging between molecules, including ac:tin (Bcllomo and Mirahelli, 19(2). Changes in 

the micro filament network and detaehment of the membrane l'rom the suhaxolemmal 

cytoskeleton has becn demonstrated to oceur during hleh formation induced hy oxidlllivl~ 

stress (Bellomo and Mirabelli, 1992). Direct hinding of clcclrophilic chemicals sud1 as 

styrene oxide to thiol groups, would disrupt the normal functlOn of multiple cellular 

proteins, including cytoskelctal protcins and rate Iimiting enzymes involved in ATP 

generation. If ATP were to become deplcted, intraccllular calcium homcoslasis would hc 

disrupted. Elevation of intracellular calcium is a pathologieaJ process common to 

mechanisms of cel] death induced by many toxic agents. ln Pc 12 eclls, styrcnc oxidc has 

induced a progressive decreasc in intracellular ATP and a sustaincd :ncrca~c in cylosolic 

free calcium, along with depletion of GSH (Dypbukt et aL., 1992). Sincc this mcchanism 

is common to a number of toxic chemicals, it possible that disturbed calcium homcostasis 

is responsible for the cytotoxic cffccts obscrvcd in this study . 
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The collapsc of multiple cytoskeletal element around the nucleus (intermediate 

filaments. microfilamenl~. microtubules and extracellullar matrix) is a common 

manifestation of cytotoxicity in cultured ce Ils (Durham 1986. 1 990a; Bellomo and 

Mi rabe iii , 1992). In human skin fibroblasts trealed with styrene, rounding of cell shape 

and detachment from the substratum was accompanied by simullaneous aggregation of 

inlcrmediate filaments, microtubules and microfilaments to ajuxtanuclear position (Cherry 

and Durham, unpublished observations). Rounding and delachment of ceUs wou1d also 

be expccœd to disrupt intercellular communications and important interactions with the 

extraceJlular matrix (Reuhl and Lowndes, 1992). In neurons, as in other types of ce Ils, 

intraccllular transport of cytoskeletal clements can he affected by interference with 

esscntial cellular components. However, neither styrene, styrene oxide, or styrene glycol 

indueed specifie changes in the cytoskelcton of cultured neuronal ce Ils lhat would indicate 

specifie impairmcnt ofaxonal transport. 

1.4. NeurottJxicity alld abllormal perikaryal IIeurofilammt phosphorylatiOl' 

Toxicant-induced neuronal injury shares many common features with axotomy­

induced neuronal in jury , which is known to initiate a cell body response, and aller 

neuronal metabolism (Stcrman, 1984; Stcrman and Delannoy, 1985). One such common 

featurc is pathological ncurofilament phosphorylation, which has been demonstrated in 

pcrikarya aCter ncurotoxicant-induced in jury (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 neurofilamcnt proteins (NF-H and 

NF-M) contain several repeats of the amino acid sequence KSP. Variants or sm;h 

neurofilament proteins exist according to the degree of phosphorylatinn of the serine 

residues. Phosphorylation begins in the ccli body, but in normal ncurons, the must highly 

phosphorylated neurofilaments are demonstrable only in axons (Black and Lee, 19XX; 

Nixon et al., 1989). The antibody SMI31 reacts with NF-M and NF-H when thcy arc in 

the conformation conferred by an intcrmediate statc of phosphnrylatinn (Lee et al., IlJXX). 

These forms are present in both axons and pcrikarya of motor and sensory ncurons under 

normal condition. In unfixed cultures or tissue sections, 5MB 1 lahels hulh axonal ami 

perikaryal neurofilaments, but in fixed specimens, significant perikaryallahelling is round 

only in subpopulations of small neurons and ORO neurons (Durham, 19'JOb). Aflcr in jury 

induced by axotomy, neurotoxieants or neurodegencrative disease, neuronal perikarya in 

both fixed and unfixed preparations become highly immunorcactive to antihodies against 

phosphorylated epitopes (Goldstein et al., 1987; Nixon and Sihag, 1(91). This may he duc 

to the aberrant phosphorylation of perikaryal ncurofilamcnts associatcd with the 

chromatolytic responsc to in jury. 

The only morphologie al indicator of neurotoxicity in cultures treated with styrenc 

or metabolites was a slight chromatolytic reaction in DRG ncurons, and only ancr 

exposure to styrene oxide. This was manifested as an incrcase in the number of perikarya 

immunoreactive with SMI3I, relative to vehicle controls. No other changes in perikaryal, 
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dcndritic or axonal morphology wcre observed in either motor neurons or ORO ceUs in 

rcsponse 10 styrcne. styrcnc oxide. and styrene glycol, even after 6 weeks of exposure. 

The effect on ORO neurons (increased perikaryal neurofilament phosphorylation) 

may he duc to greater scnsitivity of sensory neurons, or a subpopulation of these neurons, 

to toxic insuJt, comparcd to motor neurons. This is consistent with clinical 'Jbservations 

of sensory neuropathies in persons occupationally exposed to styrene (Behari et al., 1986). 

AJtcrnatively, SM131 immunorcactivity may be a more sensitive endpoint in ORG neurons 

comparcd to motor ncurons. Ooldstein et al. (1987) found that chromatolysis and 

altcrations of phosphorylation-dependent immunoreactivity were much less apparent in 

motor than in scnsory neurons after axotomy in rats. A study by Mansour et al. (1989) 

yicldcd simiJar rcsults: they showed that motor neurons axotomized close to the cell body 

did not al ways exhibit pcrikaryal neurofilament phosphorylation whereas ORO neurons 

did. From their findings, thcy concluded that perikaryal neurofilament phosphorylation 

docs not invariahly occur after neuronal in jury. If chromatolysis is not detectable in both 

motor and ORO 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 

charactcrization of neuronal in jury. The reason why motor neurons remained unaffected 

hy styrcnc oxide is unclcar, but it is possible that they are not as sensitive to this kind of 

toxic in jury than are scnsory neurons . 
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1.S. Effeet 01 styrene and metabolites 011 IIeurophysiologieal prtJperties 

Since there was Httle evidence of morphological damage afler long-lerm exposure 

to styrene or its metabolites, styrene's effects on neuronal physiology were cvaluated. 

Our screening methods were designed to delecl gross changes in overall exdtahtlity that 

could indicate a solvent effect on neuronal membranes. Since our foeus was on srleening, 

we did not look for more subtle disturbances in specifie ion channel funelion. Styrene had 

no apparent effect on RMP or AP duration. A minOT decreasc in AP amplitude of DRG 

neurons was observed after 30 minules in eilher 8 mM slyrene or ils DMSO control. 

Since this slight deerease was apparent in bolh slyrcne and DMSO lrealed eclls, this clTeet 

was probably due to DMSO (0.2%). Higher concentrations or DMSO (O.S-I %) have heen 

shown to reversibly block membrane eurrenls in neurnhlasloma-g!ioma hyhrid eclls 

(Jourdon et al., 1986). Since styrene did nol alter AP produclion, even in eclls exposcd 

to cytotoxic concentrations, il is unlikely lhal anaeslhetic effeels on memhranes arc 

responsible for CNS depression in humans. The use of more sophisticated 

neurophysiologicaltcsts using more specifie elcclrophysiological endpoÎnts mighl reveul 

effects on neuronal physiology lhat our general sereen was nol suffïcienUy sensitive tn 

detect. 

1.6. Neurotoxicity of DMSO 

Although the concentrations of DMSO lJscd in these cxpcrimcnls wcrc not 

cytotoxic in short-tcrm tests, an unanlicipalcd finding was thal DMSO was sclcctivcly 
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ncurotoxic with long-tcrm cxposure. It was discovered that chromatolytic neurons 

occurrcd morc frcqucnlly in vchicle (DMSO) con troIs than in untreated cclls when the 

poolcd data from cxpcrimcnts with 2.0 mM styrene and 0.2 mM styrene oxide were 

plottcd (Ftgs.4,5,6). 

At concentrations of 0.006% or higher, DMSO induced chromatolysis and axonal 

swcllings in motor and DRG ncurons, as weil as a small decrease in AP amplitude of 

DRO ncurons. Thc dcgrce of toxicity (as evidenced by the number of chromatolytic 

ncurons) was proportional to concentration. Similar chromatolytic changes have been 

obscrved in DRO neurons of wholc animaIs intoxicated with chemicals that induce axonal 

swelling and dcgeneration (Sterman, 1984; Gold et al., 1988). Neurons appear to be 

particularly sensitive to DMSO, since the other cell types in the cultures were not affected 

atthese concentrations. DMSO's neurotoxicity was surprising, because the concentratiolls 

employed in the sc expcriments are routinely used to solubilize hydrophobie compounds 

in tissue culture studies; even higher concentrations (up to 0.1 %) are ordinarily used. 

DMSO toxicity was also unexpecled bccause cylotoxicity was not apparent in DMSO­

treated cultures when examined by phase opties. 

Axonal swellings labelled by SMI31 were detectcd after 3 weeks of exposure to 

either 2.0 mM styrene or 0.2 mM styrene oxide. However, swellings were also evident 

in the corrcsponding vehicle con troIs [0.05% DMSO (6 mM) and 0.006% DMSO (0.7 

mM). respeclively]. suggcsting that DMSO intcrferes with axonal transport of 

neurofilament proteins. Whether the axonal swellings observed in this study are due to 
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a primary effeet of DMSO on neurofilaments, or arc secondary 10 changes in the integtity 

of mierotubules remains to be determined. Alterations in neurofilamcnt transport haw 

been demonstrateJ secondary to dcpolymcrizalion of miemtuhulcs (Sahenk t'I al., 19X7). 

but DMSO has been shown to stabilizc micmtuhulcs and prnmotc thcir assemhly in SOIllC 

eeU types in culture (Katsuda et al., 1988). Howcvcr, another agent thal stahlli/.cs 

microtubules, taxoI, has no effcet on ncurofilamcnl transport (Komiya and Tashuo, 1988). 

Whether DMSO's primary effecl is on microtubules or on neurolïlament~ could he 

resolved in experiments that examine thL dynamics of thcsc protcins. 

It is also interesting to note that at higher concentrations, DMSO eall act as an 

oxygen and hydroxyl free radical seavenger, and it is thcrcforc not incollccivahlc 10 

speculate that this cytoprotective property of DMSO could sornchow confer on il a 

neuroprotective role, rather than a neurotoxic one, depcnding on IL'" Icvel of exposurc 

(short-tcrm exposure to a high concentration). 

2. CONCLUSIONS 

Using morphological and neurophysiological endpoinL'i, wc have round thal: 

1) Styrene and styrene oxide wcre cytoloxic tn ail cell lypes in lhe cultures. Thcsc 

ehemieals produced qualitatively similar cytotoxie erreets, but slyrcne oxidc was almost 

one order of magnitude more potent at inducing loxicily. Slyrcnc glycol was not acutcly 

toxie to either ncurons, glial eells, or fibroblasLIi . 
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2) Suhlethal concentrations of styrcne and rnctabolites (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 

induccd by 0.2 mM styrene oxide in DRG neurons. This is suggestive of a sensory type 

of neuropathology, 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 interfercnce with slow axonal transport of neurofilarnent proteins. Thus, 

the upper Iirnit of DMSO recommended for use in long-term sludies with primary 

neuronal cultures is less than 0.006%. 

4) No cffccL'\ of styrene or ils mctabol.tes were apparent on membrane electrical 

propcrties in ~ither short or long-term tests, but a minor effect of DMSO on action 

potcPl.lal amplitude in DRG neurons was obscrvcd. Thus in vitro, styrene and its 

mctaholitcs do not cxcrt obvious depressant effects on neuronal membranes. 

ln conclusion, we have found evidence only 01 <1 nor,-specific, cytotoxic effect of 

styrene and styrcne oxide on mntor and sensory ncurons. The results support the 

hypothcsis that mechanisms of oxidative stress that are induced by styrene in other target 
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organs may also be rcsponsible for damage to cells of the nervous system. OxidatÎoll of 

cellular proteins and lipids cou Id disrupt neuronal homeostasis, and adduct fonnatioll wilh 

DNA could alter synthesis of essential proteins or chang~ responsiveness to transcription 

factors. Consistent with this postulated mechanism of cellular inlllry is the finding 01 

Dypbukt et al. (1992) that subpopulations of Pc 12 ceUs exposed to styrene oXlde lost thcir 

ability to differentiate in response to the neurotrophic factor, nerve growth factoL 

Although lhis sludy did not dcmonstrate that styrenc's neurntoxicity was mcdiuted 

by an effect on sorne neuron-specific aspect, it did show that styrene and styrene oxide 

were cytotoxic, and we therefore surmised that the neuronal damage lesulting from 

styrene exposure might be the result of oxidalive-stress-indllccd cytotoxÎCtty. Howcvcr, 

the major melabolite, styrene oxide, was neurotoxic (to DRG neurons) as weil as 

cytotoxic. If il is taken into account that at high concentrations, somc nellroloxlcants may 

act as cytotoxicants, the concentration of toxicant (in this case styrenc oXHJe) may 

delermine whelher cytotoxicity (expressed as eeU death) or nellrotoxicity (cxprcsscd as 

neuronal damage) is the ultimate cndpoint, cven though the under/yinK mechallislI/ (in this 

case, oxidative-str.:!ss) may be the same. In other words, whether neurons die or only 

become damaged after styrene oxidc exposure may depcnd on the dose, hut hoth the sc 

manifestations of toxicity may be mcdiated by a common mechanism. The finding that 

styrene oxide induced bOlh cytotoxicity and a chromal!)lytic resp()n~e in DRG ncurons 

may fit this premise and mighl he intcrpreted a~ follows: if styrenc inlerferes with 

cyloskeletal organization via oxidalivc-stress-rclated rneehanisms, ncurofïlarncnt 
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organization and mctaholism could be affcctcd at low doses; if these pararneters are 

affected, this may be why chromatolysis was observed in DRO neurons at 10w 

c()nccntrali()n~ of slyrene oxide. The absence of a chromatolytic effect in motor neurons 

may he duc ln a differential scnsitivity, as alludcd to previously.1f this line of speculation 

is now taken one step further, the chromatolysis observed in DRG neurons after styrene 

oxidc cxposurc might correspond to the clinical observations of sensory rather than motor 

ncuropathy. Since it is chemically reactive molecules that provoke oxidative stress, 

styrcnc oxidc, rathcr 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 series of experiments, there are sorne 

mcthodological modifications that arc worth exploring for future in vitro studies of this 

kind. The first (and must obvious) change should be in the solubility vehicle, DMSQ, as 

it was shown in this study to be neurotoxic ;11 vitro, at low concentrations. 

Mammalian species (and strains) exhibit differential sensitivities to toxicants both 

il! \'i,,.o and in vivo; this is usually a confounding variable whcn interpreting results of 

toxkity studics. Thus, lhis series of cxpcrirncnls should be repeated wilh similar cultures 

prcparcd l'rom diffcrcnl spccics of rodents and rabbit, to take thcse intrinsic properties of 

ecUs into account. 

Othcr mcchanisms and endpoints should be investigated in vitro to acquire a 
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meaningful profile of styrcne's ncurotoxicity. Future studics should fucus on spccitic 

aspects of chcmical ncurotransmission. and the parlicular mcchanisms assodated with 

chemically-induced oxidative stress. Finally, although this study investigalcd the major 

metabolites of styrcne for their ncurotoxic pOlcntial, no rnctahoHc activation system WilS 

integratcd into the test protocols. Our original cxpcrimcntal design had incorporalcd il 

biotransformation system, but rncthodological prohlcms ulLimalely prccludcd ils usc wilh 

cultured neurons for gencrating melaholilcs of styrcne. Il is lhcrcforc conccivahlc lhat 

other metaboliles of styrenc are responsihle for ncurotoxicity. parlicularly thosc lhat 

require metabolic activation to becornc neurotoxic. A shorl discussion of Illetaholic 

activation systems in ncurotoxicology follows in Chapler 5, and improvcmcnls tn Ihe 

methodology for biotransformation in vit/'(} arc dcscribcd in the Appcndix . 

1 
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METABOLIC ACTIVATION SYSTEMS IN NE UROTOXICOLOGY 

ln vitro methods for assessing chcmical ncurotoxicity must take intn aCl'ountthat 

the neurotoxic propcrties of many xcnohiotics arc not always inlrinsic tn the chcmicals 

themselves, but may residc in one or more of thcir mC~lholitcs. In the intact animal, the 

most important system for xenobiolic biotransformation 1S lhl' cytochmmc P-450 mixell 

function oxidase system. Sincc ncurons do not cxpress P-450 enzymes to any significalll 

degree, a metabolic activation system must be incorporatcd into nCUrllloxicity lest 

protocols, if any degrec of biotransformation is tO be achieved ill vitro. 

A good source of P-450 enzymes for in vifro neuroloxicity studics IS the St) (9000 

x g supematant) microsomal fraction, a subcellular preparation of hOl1logenized liver. 

Other methods used to generate metabolites in vit,.o inc1udc co-culturing neurons with 

hepatic cell Hnes or isolated hcpatocytes, or co-culture wilh mammalian ccII lines that 

express human P-450 gencs. A major problcm with using isolated hcpatocylcs or hepalk 

celllines is the rapid loss of lhcir mctaboIizing capacity. Most hepatÎC cclllines have lost 

much of their ability to express P-450, and cvcn frcshly prepared, isolalcd hepatocytes 

have only between 33 and 90% of the P-450 content of intact liver eclls (rhnt, I<JKK). 

This value rapidly drops to about 18% after 24 hours of heing cultured (Paine and Lcgg, 

1978; Acosta et al., 1979). A ecU Hne which has hecn genclieally engineered ln providc 

human hepatic bioactivalion and deactivation is the MCL-5 human ~-Iymph()hla~toill ccII 

Hne, which has becn transfectcd with 5 cDNAs of lhe human P-450 gcnnmc (Crcspi el 

al., 1990. 1991; Gonzalez and Gelboin, 1991). Although this Hne has dcfinile potcntial 
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for neuroloxicity lesting, their use is nol economically feasible for our laboratory, and 

considerable work remains to validate this model in comparison to liver and enzyme 

preparations. 

For this investigation, we had originally planned to use rat liver SY microsomes 

in order tn gencralc mctaboliles of slyrene in long-term tests. However, when we prcpared 

the subcellular fraction and applied it to our cultures, we found that it was cytotoxic when 

used in quantitics suflicient for metabolic activation. Experiments were then continued 

with the commercially available mctabolites of styrene, styrene oxide and styrene glycol. 

Hnwever, we reasoned that there must be sorne means of overcorning this rnethodological 

problem, and thcrefore further investigated the cylotoxicity of S9. Ultimately, we 

demonstratcd that the cytotoxicity of S9 was attributable to its particulate nature (Kohn 

and Durham, 1993; see Appendix), and that toxicity cou Id be attenuated when it was 

separaled from the cultures by a microporous membrane. The published account of these 

experimcnts is presented in the appendix, as il appeared in Neurotoxicology 14(4): 381-

3X6, 1993 . 
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was caused by Ihe part/cet/ate, o1lcrosomal IractlOn of St) Il 1<' 111111 lu,/ed Ih,11 d//I'II 
mcorporation of S9/r.lCtloll III lhe growlh /lIedllllll (0 (17 mg SI} proll'III/II" 01 ,1!/I',IIt't) I~ llol.1 

sU/table method of gt'flcratmg rr2tahofttcs 1/1 dlS50n.Jled cullures (l( '('IlII.llnl'rvolI' 'y,/t'/J/ 
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INTRODUCTION 

An important consIderatIon In development of 111 
vitro techniques for evaluatIon of the neurotox lC po­
tential of xenoblOtIcs IS that man y tOXIC dfccts of 
chemicals on the nervous system arc medlated through 

metabolites rath.::r than the parent compound Vanou~ 

in vltro actIvatIOn systems have bCl'n dcveloped based 
on the premise that the most Important ~ystcm 10 the 
generation of rnetabol,te:.- 10 the IOtact aOlmal IS thc 

P450 mixed funchon oXldasc "y"tem The mo"t wldely 
used preparatIon IS the 9,000 x g supernatant of 
homogemzed hver (59) (l\laron and Ame~, 1(83) 
Although developed for Il,,e wlth the Salmonella 
mutagemclty test, S9 fractIon !la~ bCl'n li >;cd <,uccc .... ..,f ully 

to generate metabohtes m culture<; of mammahan ccIls 
It has been demonstrated that mcJu..,lOl1 of 59 10 thl' 
culture medium for penods rangmg from 30 mm to 

two dayt> ,., compatIble wllh :-'lIrvlv,11 nt dl:-,.,OII,III·d 
cu[tUrl'~ of vanous IHll\-1I1'UI 01,,11 ll,ll., (Bui t'II Il 1'111\(1.11\.1 

PUl'mer, 1987, f'ry, FJH2, KI.dm oIllt! 1 flolllt'Ib,', g<'f, 1 <I/'l, 

Mdchanoff el al, 19HI, l'hdlip'', l'l'l'l, l'r.llt .I1111 WtlIJ'" 
lQRS, Wl'lOstelll cf III, JI)77), .1ggn');.1It' (1IIIllfl'''' of ft'l.tI 
rat bralO (St'gd[ cmd FedolOU, IIIW)) ,lJ1d whol<' <'1111" yI! 
ClIltures(llo1le~andSlott, lllH7,Kltlhlll l'lI/l, l'JHI) Will! 
~onw Chl'IllIcals, longel l'X!HI',lIn", nt 111' 10 ',t'VI'I"I t\"y" 
may hl' [l'qu,rl'd 10 lll.,Imgtll"h gl'/ll'I.\II/l'd 1 ylolllXll !t"lll 

t>pl'C/fIc neuroloxlc cf/l'ch, p.1/11t t11.trly wht'Jllllorphlllogi 
cal f..~ndp()lI1t~ M(' lI<,pd (1 )lllll.I111, II)l)O, VI'tOm''''J, 11)1)2). 

Wc hdvl' II1ve..,tlgolIPd th,· ..,llIt.lbtllly of ',<) fr,ldlon 

as an activatIon .,y ... lplIl f<lI IOllg t<'fIll U.,P 11\ lultlln", 
of neuronal rcll., ~Inl'(' 1 ultUf('" of dl.,.,IJ( I,Ih'd, t'lll­
bryol1lc nerV()lI~ Il..,..,ut' "J P IOllllllollly Il''l'd for l\I'lI 

roloxlClty ~tLJdle~ 111 our Idbof.llory ,1IHl ()Ihl'r", Wl' h.lv!· 
li tJ h I:pd dl.,.,ocla tpd 1 li 1 t un". of III U 1 JIll' ".1 '1 "pIIl.II ( ord -
dorsal root gdngll.1 (IJI«;) ,I!'> 11\1' (ultu/C' 1II0dl' 1 
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MATElUALS AND METHODS 

Induction of Rat Liver Enzymes 

fhrpe days br·fore preparatHm of the S9 frilctlc,r 

7-H week old male Sprague lJawlcy rdt., (Charle., I~IV,;. 
C./lddcl, St Con.,t,mt, QUE) wert· preln'dlcd wlth 80 
mg/kg ~c B-Naphthofl,lVone (Aldrich Chenlllili Co, 
M.lwauk('e, WI) dl.,..,olved ln corn 011, and 50 mg/kg 
Ip phenobarbllollc (Alkn and Hanbury~, foronlo, ONT, 
e,l/l,ldd) ,.~ I/1duCt·r:-. of 1'450 ('nl:yll1e" Adll1lll1!>tr.1IJOn 
of phcnnbarbllone wa!'> rl'peatcd 24, and 48 hr aftcr Ihe 
11\111<11 treiltment 

Preparation of 59 Fraction 

S9 frachon was prepared accordmg to the melhod 
of Maron and Ame!> (1983) Twelve hr before sacrIfice, 
food but not water was removed. Twenty-four hr alter 
the la st m)cchon, rats were klllcd by an overdose of 
SOdlU1ll pentobarbltal (Sigma Chemlcal Company, St. 
LoUl!>, MIssouri) .1nd mtracardlac perfuslon was carned 
out usmg cold, stenle lsotOnIC sahne m crùt:l to remove 
res.dlt.ll blood from the livers. Llvers were excised 
a1-l'ptJcally, welghed, and washed three hmes m cold, 
!'>terIlc 0.15 M KCl Ail solutions, glasswarc, and m­
!'>truments were sterile, and mamtamed at 0 to 4°c' 
Washcd hvers were placed 10 il beaker contammg 3 
volumes of KCI, finely mmced wlth SClssors, and ho­
rnogcllIl:ed wlth a Potter-Elveh)em homogemzer, uSl/1g 
.1 teflon pestle. The homogpnate was centnfuged for 10 
mm at 9000 x g 111 a Sorval RC-5B centnfuge and the 
supenl<ltant (59 frachon) was removed. The preparatIon 
was kept on ice, and used withm 2 hours Unused porhons 
were aliquoted promptly, and stored at -70°C, 

Measuremenl of Cytochrome P450 

Cytochrome P450 content of the S9 preparatIon \Vas 
deternuned accord mg to the method of Omura and Sato 
(1964), by spectropholometnc measurement of the dif­
fl'rl'ncc spcctrum (450-480 Tlm) alter conversIOn to its 
c.ubon nHllloxldc dl'flvahve form Test samples of S9 
Wl'ft' hubhled with carbon mOlloxlde, reduccd \Vlth 
~od'lIl1l dithwllIte (BDIi, QUE, Canad,l), and rcbubbled 
wlth COli bon mOlloxlde. Reference samples wCfe treated 
tlll.' ~.\J1\e W(1)', cxccpt the)' were not exposcd to carbon 
mono\.de. l'iolem concentratIOn \\'iiS detcrmllled u!>l11g 
tlll.' l'INCl' BCA l'rotl'Ill ASSdy (Profcs:,lOnal Dlagnostlc 
hll', Montrt'.ll, QUE, Can.lda) 

KOHN AND DURHAM 

Preparation and Treatment of Cultures 

Pnmary cultures of dlssoclated spmal cord and 
ORG were prepared from E13 mouse embryos Splllai 
cords wlth DRG attached were eXClsed, fmely mmced, 
and enzymahcally dlssoclated usmg O.25UIr, trypslll. The 
hssue was then further dlssoclated mcchalllcally by 
tnturatlOn CeUs were plated at a denslty of 175,000 
per weil in Nunclon 4-well culture dlshes (Glbco Canada 
Inc ,Burltngton,ONT)contalllmg13 mm dlameterround 
glass coverslips (J.B. EM Servlces, St. Laurent, QUE, 
Canada) coated with poly-O-Iysme (Collaborahve Re­
search Inc., Bedford, Massachusetts) On day 4, cultures 
were treated for 24 hr wlth cytosllle-B- D-arabmo­
furanoside (Calhlochem-Behrmg Corp., La Jolla, Cah­
fornia), to reduce proliferation of non-neuronal cells. 
Cultures were maintamed m N3 medlUm plus 3% horse 
serum as previously described (Durham, 1988) and were 
used for experiments 5-8 weeks post-platll1g Ce Ils were 
treated for up to 19 days wlth 1, 2, 5, 10, 15, and 30 
~l S9 fraction/ml media. 

In other experiments, cultures received the same 
amounts of S9 fraction, contained wlthin Nunc 10 mm 
tIssue culture inserts (Gibco). Cultures on coverslips 
were transferred into 35mm glass culture dlshes (Bellco 
Glass Incorporated, Vmeland, New Jersey) An lIlsert 
was positioned 1Il each dlSh beside two coverslips, the 
S9 fraction was placed Inside the inserts The mlCroporous 
ANOPORE" membrane that forms the boltom of these 
lIlserts, has been deslgned to allow free exchange of 
fluid and soluble molecuJes between the culture dlSh 
and the inserts. Any soluble S9 components would 
be free to diffuse out of the insert lOto the growth 
medium surrounding the ce Ils, whereas the particulate 
fraction would he retained wlthm the lIlsert. 

Neuronal and non-neuronal cells were exammed datly 
by phase contrast microscopy for generahzed cytotOXlC 
manifestations. Morphological endpoUlts mc1uded cell 
membrane blebbing, vacuolatlon, granulant y, detachment 
from the substratum, and cell death. On day 4, loss of 
cell viablItty was assayed by nuclear uptake of ethldlum 
homodimer (Molecular Probes Incorporated, Eugene, 
Oregon). Cultures were treated Wlth 4.0 J1M ethidlum 
homoduner in minimum essenhal medlUm (Glhco) for 
15 mlllutes and examined by eplfluorescence nucroscopy 
for nuc1ear uptake of the ethldlum reagent. Observahons 
were made in duplicate cultures, 111 each of 3 separa te 
experiments 

( 
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FIG 1. (A, C, E) Phase contrast mlcrographs 01 dlssoclated spinal cord·DRG cultures 4 days alter addition 01 S91ractlon ta the medium, and ([3, D, F) 
Iluorescence mlcrographs 01 ethldlum hamodlmer uplake Into nuclel 01 Ihe Sélme cultures (A, Bl Unlrealed control culturo (C, Dl Cultura focolVIng 5 
/.lI S9/ml medium (E, F) Culture exposed 10 10 /lI S9/ml medium Scale bar = 30 /lm 

RESULTS 

The protem concentratIOn of the S9 fractIon was 
33 mg/ml. Therefore, 1, 2, 5, 10, lS and 30 l.lI 59/ 
ml of culture medium contamed 0035,0.07,017,035, 
0.7, and 1.05 mg protein/ ml of medIUm, respcctively 
P450 content was measured as 0.6211M P450/ mg protem. 

Addition ot S9 fraction dlrcctly to Ihe culture me­
diUm induced a dose- and tImc-depcndent cytotoxlc 
response, parhclliarly ln neuronal cells Fig 111111strates 
morphology of ce Ils by phase mlcroscopy, and elhidlUm 
u ptake lJl cultures ex posed 10 0, 5 ,111d 10 ~t1 S9 / ml 
of medIUm for -l days Cultures expo~l'd to 1 or 2 )lI 
of S9 /ml of medlllm (not shown) wen.' ~lIl11lar 10 conlrol 
cultures (FIg. 1 A, B) ln culture<; c'po.,ed 10 5 ~I 59/ 
ml medIUm, the neuronal proce~se~ were granular and 
Irregular ln shape (Fig lC). Uptake of pthldlum lOlo 
nudel WOlS obscrvcd III ~mall dump ... of Jegl'l1l'fdlll1g 
l-l'IIS (Fig. lC, D) Background, non-nl'uronal n'Ils con­
t.llned phasc-dl'n~e IIlclU~lOnS, bul rl'Ill.l1l1ed \'Iabll' a., 

demonsirated by ab~enCl' 01 l'tlllllilllll lIpt,lh· (i Ig 1 D) 
ln cultures cxpo ... ed 10 10 pl ~l)/!ll1 l11l'dlltll1 (h~ lE, 
F), cells of ail Iype~ Wl'fl' full of granlll,lf 1I1l1u:-'lOn., 
and vacuoles, ,lIld werl' tH'~lf1nll1g 10 dl'l,lCh (rtlll1 1/1(' 

substratum Compardhl(· Il· ... ldh \Vt'rt· tlb:-'l'f\ I,d \Vllh 
two olher batche:. ofSY, pn·p,III·t! Il Olll li Il tl'Il'Il l ,lIl11nal" 

Culturc~ dlrl'dly ('Xllll'>l'd 10 ') pl SlJ/1l11 (or 11 
daysresembled Iho.,p('xpo ... l·d tll IOpl..,Li/ml flll ·Id.ty:-. 
51gns of neuronal cyloloXlllty (gl,I11Ul.lI prO( l· ...... l':-., 111-

tracclluhr lnc!u ... wn.,) d 1.,0 Wl'Il' ob.,pf\ l·d 111 < li Il ure., 

exposcd to 2 )lI S9/ml (or Il) d.ly'" 
ln olh{'r ('xpl'fIIl1cnh, ,,"nd,lI 1 yloto\lllly (lt ~lj wa ... 

ob~erved whl'n I1ICOI1l1t11ll1l1l' "dl'Illfll' dlnu,ll'lIlldp 
pho ... phah· (NAD!') and I~·I )-gllll 0'-,"-(, pho',plr,ltl' «(;-
6-1'), the lof,tctor" for I11lCnl"'OJll,ll t'Il/\ llll''', \\ l'n' .,ho 
lI1c1uded in Ihe udtllre rnl'dllll1\ (fll1,\1 con, l'nlr.\lllln ... WPfI' 
4 mM NAIJI' and Ci mM C-ll-I', hollr ,>uppllt'd hv \Idm h) 

Fig 2 "" r"k.,IIH' proll'l tl\ t'/'ff,,/ t (lI Il''''llt·( Il!tUf(' 

1I1.,('rl:. dg"ln.,t ~()-I!ldllll·d 1 yllllllXII 11\ Add Itilln of 

15 III S9/ml dm'l tly to tlll' 1 1I11t111' !lW,llltll1 Il''.ullf·d 
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FIG 2. Protochvo effect of tissue culture Inserts agalnst S9 Induced CytOtOXIClt~ ln dlssQClated spInal cord-DRG cultures (A) phase contrast mlcrograph 
of a culture oxposed to 15111 S9/mlln the medium for 4 days, an~ (Cl a culture recelvJng the sa me volume 01 59 added to a tissue culture Jnsert (9, Dl 
elhldlum uptako Jnto nuc\el of Ihe same cells Illustraled ln A and C, respectlvely Scate bar = 3D IIM 

11\ ~'-'I)('r,ll\ll'd cylnln\IClty and ccll death wlthm 4 days 
(FI~. 21\, Il) Wlwn the ",\111C volume of59 wascontamed 
wlthlll ,\ 11~~lIl' culture \I1sert, no l11orphologlcal slgns 
of Cytotl1\ll'lty or slglllhcant uptake of ethidlum werc 
ohserwd (Fig 2C, D) 

DISCUSSION 

ln dl~~oClatl'd cullurl's of fet.ll mouse spmal cord­
DI{G, 111111 l' th,lIl 2 pl llf S9 fractIOn/ml ot medIUm 
(t-qlllvakll! to lUl7 mg St) prntetn/mll was cytotoxlC 
hl Ill'unlr,II l'l,lb \V1ll'1l Illcubatlon tllnl'~ Wl're long'-'r 
th.\I\ ·1 d,\\,~ ,mli Illl' sq fr,lchon \\"lS placl'd dlrectl)' 
1\11\1 tilt' glll\\'lh ll\l'dlHm Thl~ \ lllutlll' IS bl'lllW tllL' 
rllllù'lltl,\tloll~ P"'\'lllu .. l\' u~l'd for ~llLlrtcr dur,lllons 
lIl11tlWI lulhll t' .. y .. h·ll\~ III 1 tn" mg SQ /1111 J (l3orl'nfreund 
,Inti PIIl'lllt'l, IllH7, FI\', 1982, H.lll'~ ,1Ild Sllltt, 19S7, 
"lldull ,1 ,/1, Il)HI, hl.lhl1 ,111d 1 \toldl'Ibl'I~l'I, l'l77, 
M.wh.\lwlt l't III , \llHI. 1'}lIlft}' .. , lq74; Pratt .lnd WllIls, 
Il)l'\:" Sl'~~,\I.",d h·dllHltt, 1l)IN; Wl'lI\~tl'm t't 111,1977) 

The appropndte amount of S9 to use depends on the 
enzyme actlvlty per mg of protem and on the concen­
trallon of xenobiotic to be metabolized Generally, 0.15 
100.4 mg S9/ml have been shown to mdUŒ sutfIcient 
metabohsm to achieve meilsurable biOlogical ettects of 
metabolites In bactenal and mammallan cell wlture 
!>ystcms: ln the study by Maron and Ames (1983), 0.15 
mg 59/ml was the minImal amount requlred to èlchleve 
mcasurablc metabo\tc conversIOn of chemicals 10 mu­
tagens In the plate lI1corporahon test for mutagemcity 
MachanoH ct al (1981) found that 01 to 02 mg 59/ 
ml was reqUired to Ulcrease the .nutatlOn frc'1uency 
In Clll/lCSe hamster ovary cells 1Il the presence of 
bell/o(a]pyrene Thcse amounts of 59 \Vere CytOtL1Xic to 
I\eurnns m our dlssocmted culturf>s \\'lthll1 -l da\ s unless 
tlll' S9 fraction was contaUled wltlun lis sue culture U1serts 

The toxlcity of 59 appeared to be related to its 
p.utrculall' nature, r,lther Ihan a slllubll' cOOlj.'llllent 
The nUIllIll'r of Il1lrdccllular II1clusllln~ IIKreasùi with 
tlll' duratllll1 ot l'XPlIMlfl' 10 S9 and the dl'grc~' of cr­
totoxlClty Cytoh)Xloty, mdudmg lI1Crl',lSC m II1tracel-
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lular inclusions, was prevented by contaming S9 frac­
tion withm tissue culture inserts. Under these con­
ditions, the cultures were exposed onl y to soluble factors 
that could permeate the mlcroporous membrane, and 
not to particulate conshtuents of59. That ~imllar results 
were obtained using the 105,000 x g mlcrosomal pellet, 
also indicates that the mlcrosomes, not a soluble 
component of 59, was responslble for the cytotoxicity 
(data not shown). 

CeUs in dissociated culture may be more vulnerable 
to cytotOXIClty induced by parhculate components than 
are those in organotyplc or aggregate cultures. ChlCk 
emhry'> extract, which IS particulate in nature, induces 
intrace,\ular mcluslons and cytOtOXiclty when incorpo­
rated into the medium of dissociated spmal cord cul­
tures (Durham, 'mpubhshed observatlons); however, 
10% chiek embryo extract has been used without toxicity 
in long-term organotyplc culturet. :JE nervous tissue 
(Veronesi et al., 1983). 

Neuronal cells in the mixed cultures were more 
sensitive to S9 than were non-neuronal ce Ils such as 
astrocytes and fibroblasts, but hlgher concentrations of 
S9 [0.35 mg/ml) were toxie to these cell types as weil. 
This is consistent wath the fandings of others. Borenfreund 
and Puerner (1987) reported that 0.25 mg S9 / ml for 
18 hr induced sorne tOXIClty ln cultured 3T3 flbroblasts. 
Cooper and Goldstein (1976) found that cultures of 
human skin fibroblasts exposed to 105,000 x g liver 
microsomal frachon showed sorne morphological 
changes at the end of 18 hr and grew markedly more 
slowly th an untreated cultures upon refeeding wlth 
growth medium. 

It is concluded that addition of S9 hver fraction 
duectly to the culture medium IS not a suitable method 
of generaHng metabohtes in dlssoclated neuronal cul­
tures because of toxicity mduced by the parhculate 
fraction. This problem can be overcome tj' separahng 
the microsomes from the ceUs by a microporou~ mem­
brane. Alternahves such as co-culture with Immor­
talized hepatocyte lmes (Bayard et al., 1991) or celllines 
transfected with cDNAs cncodmg human P450 enzymes 
(Crespi et al., 1990; Gonzalez and Gelboin, 1991) may 
also be appropriate for long term studles of xenoblOtic 
metabolism 10 cultures of the r rvous system. 
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