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1 PREFACE 

In 1985 a research project was initiated by the Danish Environmental 
Protection Agency with the aim to investigate the possible irreversible 
effects of long-term exposure to organic solvents in rats. The object was to 
obtain data that could be used for classification and labelling of organic 
solvents within the EU system. The ultimate goal was to protect workers and 
consumers from chronic toxic encephalopathy which is a toxin-induced 
symptom complex characterized by memory impairment, fatigue, mood 
disturbance, reduced intellectual capacity, and reduced ability to concentrate. 
This syndrome is thought to be caused by prolonged exposure to organic 
solvents, but it has not been possible to identify any individual chemicals as 
causative based on the available human data. Consequently, it has not been 
possible to label any particular organic solvent for this effect. The project 
attempted to identify solvents that after long-term inhalation exposure would 
produce persistent effects on the nervous system of experimental animals. 
In the project we included several different toxicological and neuro- 
toxicological disciplines to ensure a comprehensive examination of the 
exposed animals. The behavioural tests described in this Ph.D. thesis are 
thus only a small part of a multidisciplinary effort. 
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3 LIST OF PAPERS INCLUDED 

The present Ph. D. thesis covers the present monograph and is based upon 
the cognitive tests included in the papers A, B and C listed below. All the 
behavioural test systems (Morris water maze, eight-arm radial maze, passive 
avoidance test, motor activity test, functional observational battery test) have 
been elaborated and performed strictly by the present author and 
independently of the co-authors mentioned in the publications A, B, and C. 
References in the text are indicated by letters A-C. 
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C. 

Ladefoged O., P. Strange, A. Moller, H.R. Lam, G. 0stergaard, J-J. 
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5 SUMMARY 

The aim of the present Ph.D. project was to develop a set of test methods 
for investigation of cognitive function in laboratory rats; and to use these 
methods in the evaluation of the neurotoxicity of selected organic solvents. 

A number of studies indicate that organic solvents may cause a syndrome 
known as chronic toxic encephalopathy in workers exposed to these 
chemicals. In the EU (European Union), protection of workers and 
consumers is effected through the use of regulatory classification and 
labelling of chemicals. In this system, it has not been possible to label 
solvents suspected of causing chronic toxic encephalopathy because the 
evidence present did not satisfy the criteria used in the classification guide. 
Therefore, a project was initiated by the Danish Environmental Protection 
Agency with the aim to investigate the possible irreversible effects of long- 
term exposure to organic solvents in rats. 

The study design, which had not been used before by other researchers, 
attempted to expose animals to organic solvents for a substantial fraction of 
their lifetime, and subsequently to leave them without exposure for a 
considerable period in order to allow all acute effects to disappear; before 
examination of central nervous system function, biochemistry, and 
morphology was performed. 

The present Ph.D. thesis concerns two tests for effect on learning and 
memory function in rats which have been developed for use in this project. 
Apparatus and test method were developed for the Morris water maze test 
and the eight-arm radial maze test, and the effects of two organic solvents 
(toluene and white spirit) were investigated. Both tests could be automated 
to some extent, thereby offering unbiased testing and data collection. Once 
implemented, the tests were not technically difficult to perform and yielded 
fairly constant results, as evidenced by control group data which are 
presented. Toluene and white spirit were not found to cause impairment of 
learning and memory in these tests. The exposed animals were also 
investigated by neurochemical, neurophysiological, and morphological 
methods, and long-lasting effects on neurotransmitter concentrations in 
various brain regions were identified following exposure to toluene and 
white spirit. Toluene caused a reduction in the weight of hippocampus, and 
an increase in mean nuclear volume and mean perikaryal volume in neurons 
of neocortex. Dearomatized white spirit was found to cause long-lasting 
changes on motor activity and electrophysiological parameters. The results 
are presented and are discussed. Based on literature data, it is concluded that 
the two methods are useful for investigation of the possible effect of 
toxicants on learning and memory. 
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6 DANSK SAMMENDRAG 

Grete Ostergaard: Kognitive tests til vurdering af neurotoksiske effecter af 
organic oplosningsmidler hos rotter. Ph.D. afhandling, Instituttet for 
Toksikologi, Levnedsmiddelstyrelsen, Danmark. 

N@gleord: Morris sv@mmetest, otteatmet labyrint test, kognitive tests 

FormAlet med dette Ph.D.-projekt var at udvikle et sat af testmetoder til 
unders@gelse af kognitiv fur&ion hos laboratorierotter, og at benytte disse 
metoder til evaluering af neurotoxiciteten af udvalgte organiske 
oplflsningsmidler. 

Adskillige undersggelser tyder ~2, at organiske opl@sningsmidler kan 
for&sage syndromet lu-onisk toksisk encephalopati hos arbejdere med 
erhvervsmassig udsattelse for disse kemikalier. I EU sikres beskyttelse af 
arbejdere og forbrugere gennem klassifiiation og markning af kemikalier. 
I dette system har det ikke varet muligt at opn& klassifikation og m=rkning 
af organiske opl@sningsmidler som &-sag til kronisk toksisk encephalopati, 
fordi den tilstedevzrende dokumentation ikke tilfredsstillede kriterierne i 
klassifikationsvejledningen. Derfor ivaerksatte Miljgstyrelsen et projekt, der 
havde til formal at undersgge de mulige irreversible effekter af langtids- 
udsaettelse for organiske opl@sningsmidler hos rotter. 

I forsflgsdesignet, som ikke havde v%ret brugt f@r af andre forskere, blev 
dyrene udsat for organiske oplflsningsmidler igennem en vasentlig de1 af 
levetiden, for derefter at hensta uden nogen dosering i en forholdsvis lang 
periode, hvorved det silsredes, at alle akutte effekter var forsvundet, inden 
dyrene blev undersogt med hensyn til centralnervesystemets funktion, 
biokemi og morfologi. 

Denne Ph.D.-afhandling omhandler to tests for indlzring og hukommelse hos 
rotten, som blev udviklet til anvendelse i dette projekt. Apparatur og 
testmetoder er blevet udviklet for Morris water maze test og ottearmet 
labyrinttest, og effekterne af to organiske oplflsningsmidler (toluen og 
mineralsk terpentin) blev undersogt. Begge tests er blevet automatiseret til 
en vis grad, hvorved objektiv testning og dataopsamling kunne foretages. 
N%r testene er sat op i laboratoriet, er de ikke teknisk vanskelige at udf@re 
og giver ret stabile resultater, hvilket dokumenteres ved praesentation af 
kontroldata fra en r-a&e uafhangige tests. Der kunne ikke pavises skade p& 
indheringsevne eller hukommelse som f@lge af udszttelse for toluen og 
mineralsk terpentin. De eksponerede dyr blev ogs2 undersggt med andre 
testmetoder, hvorved en r&ke effekter blev p&ist. Testresultateme 
przsenteres og diskuteres. Baseret p& litteraturstudier konkluderes det, at de 
to metoder er brugbare til at undersgge mulige effekter af toksiske stoffer pA 
indlzring og hukommelse p5 rotter. 
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7 INTRODUCTION - ‘The Scandinavian solvent syndrome’ 

Hogstedt (1994) offers a review of the evidence regarding the association 
between exposure to organic solvents and the development of chronic toxic 
encephalopathy. In the beginning of the 1970es, several series of case reports 
were published from the Scandinavian countries describing solvent-exposed 
persons suffering from a psychoorganic syndrome with memory impairment, 
excessive tiredness, personality changes, irritability and affect lability, 
reduced intellectual capacity, and problems in maintaining a job. These case 
reports were followed by several cross-sectional studies showing excess 
occurrence of neuropsychiatric symptoms and impaired neuropsychological 
performance among workers occupationally exposed to solvents. Several 
longitudinal studies have demonstrated an excess risk of neuropsychiatric 
disability in exposed persons. Reexamination of subjects 6-8 years after the 
time of diagnosis has shown that the high level of psychological and 
psychosomatic complaints persists, and is probably chronic (Damsgaard et 
al., 1995). 

However, a number of epidemiological studies have failed to show an 
association between solvent exposure and disability, thus the available 
evidence does not uniformly support the hypothesis. 

Many problems are attached to the design, performance and interpretation 
of epidemiological studies. The symptoms of organic brain damage are 
subjective psychiatric complaints. These complaints are not obvious and 
readily measurable, like the paralysis of a peripheral nerve is. The damaged 
functions are not well understood, and consequently researchers do not know 
where to look for morphological lesions. The areas in the brain responsible 
e.g. for memory, for emotion, or for tiredness are largely unknown. The 
symptoms are rather common and not unique, as they also occur in many 
people who are not exposed to solvents. In epidemiological studies, many 
people in the control group will also complain of psychological problems. 
The assessment of what people actually have been exposed to during their 
working life presents an enormous obstacle. The type of solvent and the con- 
centrations are rarely known, and most epidemiological studies must base the 
exposure assessment on job category. People are exposed to many other 
potentially brain-damaging factors besides solvents during their lifetime, and 
in several studies it has been a problem to distinguish the effects of alcohol 
abuse from occupational exposure to solvents. Many of the workers in the 
published studies have been examined while in employment, and the effects 
reported may be acute effects caused by recent exposure, which cannot be 
used as evidence for chronic irreversible damage. 

Reliable national and international statistics on organic solvent consumption 
are not available. The use patterns of various solvents may very well differ 
between countries (e.g. between Scandinavia and Europe), but this is not 
documented. It has been suggested that the much lower number of diagnosed 
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cases of organic encephalopathy in Germany compared with the Nordic 
countries might be caused by lower exposures in Germany (Organic solvents 
and the Nervous System, Conference report, 1990). White spirit exists as a 
number of types, with aromatic content up to 25 per cent, dearomatized by 
hydrogenation, or dearomatized by solvent extraction. In Europe, comparison 
of the consumption patterns in 1972 and 1986 shows a trend towards higher 
consumption of the hydrogenated white spirit (IPCS, 1994). It follows that 
the exposure to white spirit must also have changed. The methods that exist 
to examine people with respect to symptoms of chronic organic 
encephalopathy are still in the developmental phase, and are not sufficiently 
standardized. Therefore, the results from different studies are not 
immediately comparable. The definitions of psychiatric diagnoses are not 
standardized. A lot of confusion has resulted from the use of the term 
‘dementia’ in Denmark for the rather mild intellectual impairment seen in 
solvent-related organic brain damage. In other countries, this term is 
reserved for severe cases of acquired mental impairment, and, therefore, the 
association between solvents and dementia has been rigorously opposed 
(Ladefoged et al., 1995). 

For all these reasons it has not been possible to reach international 
consensus on the existence of a solvent syndrome based on evidence from 
epidemiological studies. It should, however, be appreciated that the problems 
apply with equal force to positive and negative studies. In Denmark, the 
existence of solvent-caused brain damage is recognized by the authorities 
and workers may get compensation if diagnosed as suffering from this 
syndrome. The existence of brain damage caused by work-place exposure to 
organic solvents has not been generally accepted in countries outside 
Scandinavia, or only to a certain degree. 

In the EU, protection of workers and consumers is effected through the use 
of regulatory classification and labelling of chemicals. In this system, it has 
not been possible to label solvents suspected of causing chronic 
psychoorganic syndrome for this effect because the evidence present did not 
satisfy the criteria used in the classification guide. The criteria require very 
strong human evidence, or strong evidence obtained in animal studies, using 
fixed dose levels common to all tested substances, before a chemical can be 
labelled as causing irreversible damage to health. These fixed dose levels 
may not be as high as real-life exposure levels and consequently the 
compounds are not tested in realistic concentrations. Potential harmful 
effects at realistic concentrations may, therefore, be missed. 

At the present time, the existing evidence from cross-sectional and 
longitudinal studies carried out in several countries indicate an 
approximately doubled risk of being awarded early disability pension, and 
of becoming a hospitalized psychiatric patient in workers exposed to solvents 
for many years. The association between exposure and effects is rather weak, 
but the consistency in findings in studies from different countries by 
different investigators adds credibility to the hypothesis that long-term 
exposure to various organic solvents causes irreversible brain damage. 
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The ideal study would be a study where a (study) population was selected 
and examined prior to entering the workplace. During many years the 
exposure to organic solvents of this population should be carefully monitored 
and recorded. Finally, the population should be reexamined. Such a study 
does not exist and would be very expensive to carry out. 

Protection against toxic chemicals must be effected through the EU 
classification and labelling system. Therefore, it is necessary to produce 
evidence of the solvent-caused irreversible brain damage which would be 
valid in the EU regulatory system of classification and labelling of 
hazardous chemicals. Convincing evidence is best obtained from animal 
studies. 

Animal studies are prospective, and it is possible to avoid the problems 
related to exposure estimates and relevant control groups. It is possible to 
manipulate exposure accurately, to perform types of examinations that are 
unacceptable in humans, and to obtain post mortem tissue at defined 
timepoints relative to exposure. Results from animal experiments are not 
easy to dismiss because the confounding factors that are always a matter of 
debate in human studies can be avoided through the study design. 

Therefore, a project was initiated by the Danish Environmental Protection 
Agency with the aim of investigating the possible irreversible effects of 
long-term exposure to organic solvents in rats. The study design, which had 
not been used before by other researchers, attempted to expose animals to 
organic solvents for a substantial fraction of their lifetime, and subsequently 
to leave them without exposure for a considerable period which allowed all 
acute effects to disappear before examination of central nervous system 
function, biochemistry, and morphology was performed. 

This Ph.D. thesis concerns tests for effect on learning and memory function 
in rats, which we have developed for use in this project. 

13 



8 ORGANIC SOLVENTS 

In a joint WHO/Nordic council of Ministers working group report, the 
following description of organic solvents is provided (Cohr, 1985). Organic 
solvents are volatile and lipophilic organic chemicals, or mixtures of such 
chemicals. Organic solvents are liquid in the temperature range 0-250°C. 
Organic solvents are used for extracting, dissolving or suspending materials 
which are not soluble in water, without reacting chemically with these 
materials. Organic solvents form a heterogenous group with respect to 
chemical structure, the common feature being a hydrocarbon skeleton which 
may be unbranched or branched, aliphatic, alicyclic, aromatic, nonsubstituted 
or substituted. Substituted organic solvents contain oxygen, sulphur, nitrogen, 
or halogen. Many of the nonsubstituted hydrocarbons are obtained through 
refining processes, and are used technically without further purification. 
Therefore, these chemicals exist only in mixtures with other chemicals. 

Organic solvents are used in many occupations. The primary route of 
exposure is inhalation, because of the volatility of organic solvents. The skin 
may also be an important route of exposure if a solvent gets in direct contact 
with this organ. After uptake the solvents are dissolved in the blood and 
distributed via the vascular system to the tissues and organs of the body. The 
disposition to the various tissues depends on the blood/tissue partition coeffi- 
cient of each solvent. Because solvents are lipophilic, they tend to 
accumulate in the adipose tissue of the body. The Danish physiologist 
Christian Crone, 1961, offered the first quantitative description of the 
diffusion permeability of cerebral capillaries, based on experiments in dogs. 
The author showed that the decisive factor which determines the rate of 
passage of a substance into the brain is the polarity of the molecule; the rate 
of passage decreases as the polarity increases (Crone, 1961). The 
octanol/water partition coefficient of a substance is a measure of the 
distribution of the substance into a nonpolar versus a polar solvent. The 
partition coefficient of a solvent may, therefore, be used to predict the 
distribution of a solvent to lipid-rich body compartments; a high 
octanol/water partition coefficient indicates a tendency for the solvent to 
concentrate in body fat. As the polarity of a substance influences its 
solubility in the two types of solvents, the partition coefficient may also 
reflect the polarity of the substance, and, therefore, its rate of passage into 
the brain. For toluene, the octanol/water partition coefficient is 62, indicating 
a high tendency to enter body fat (WHO, 1985b). Other partition coefficients 
for toluene are blood/air:ll-16, brain/blood:3, and fat/blood: 81-83 (Arlien- 
Soborg, 1992). For white spirit, a complex mixture of aromatic and aliphatic 
components, the partition coefficients differ for the various components. The 
octanol/water partition coefficient for the aliphatics found in white spirit is 
6- 11 (Arlien-Sgborg, 1992). Aromatic compounds typically possess higher 
blood/air partition coefficients than the aliphatics do (The blood/air partition 
coefficient for aromatics in white spirit is 9-49 (Arlien-Soborg, 1992). This 
explains the proportionally higher uptake of aromatics, compared with alip- 
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hatics, from inhaled white spirit (Arlien-Soborg, 1992). An efficient 
absorption to blood is not equivalent with a high distribution to the brain 
and other tissues. In a study with exposure to single hydrocarbons, it has 
been shown that the distribution of alkanes, naphthenes, and aromatic 
hydrocarbons to brain is totally different from that in the blood. Aromatics 
show high blood concentrations and low concentrations in organs. 
Naphthenes have a low concentration in the blood and high concentrations 
in organs, including brain. Alkanes have low blood concentrations and 
relatively high brain concentrations, along with a high potential for 
accumulation in fat with repeated exposures (Zahlsen et al., 1992). 

Organic solvents are eliminated from the body as unchanged substances, or 
are metabolized to other chemical structures. The metabolites may 
sometimes be more biologically active than the parent substance (WHO, 
1985a). The metabolism of styrene causes formation of styrene oxide, a 
short-lived compound which is considered more toxic than styrene (Pitot & 
Dragan, in Casarett & Doull, 1996). Styrene may be implicated in central 
nervous system toxicity (Kolstad, 1995). Another example is n-hexane, 
which is metabolized to 2-hexanol, 2-hexanone, 2,5-hexanediol, and 2,5- 
hexanedione. The latter compound is the active toxicant in n-hexane-related 
peripheral neuropathy (Graham et al., in Chang & Dyer, 1995). Solvents are 
typically metabolized via P450 mixed function oxidases (Snyder & Andrews, 
in Casarett & Doull, 1996). These enzymes are located in the smooth 
endoplasmatic reticulum of the liver as well as in most other organs, 
including the brain (Snyder & Andrews, in Casarett & Doull, 1996). It is not 
known to what extent P450 metabolism in the brain contributes to solvent 
metabolism. 

8.1 Effects of solvents on the nervous system in man 

Solvents have many physical and chemical properties in common. In 
accordance with this, some symptoms and signs found in humans exposed 
to solvents are the same for different solvents. Chemical structure and 
metabolism of solvents vary considerably, and definite differences in targets, 
mechanisms and symptoms of solvent toxicity exist. Acute intoxication can 
be mild, lasts a few minutes to hours, and then disappears. Severe acute 
intoxication leads to seizures, toxic psychosis, and unconsciousness (WHO, 
1985a). Severe acute intoxication results from high exposure concentrations. 
Different effects are thought to result from short-term high concentration 
exposure and from long-term exposure to the same solvent. Acute narcotic 
effect (anaesthesia) is a dramatic and obvious effect of several organic 
solvents, but the mechanism is not fully understood. It is believed that 
anaesthesia is the result of an effect on the cellular membrane, but it has not 
been possible to explain what this effect might be. It has been hypothesized 
that localized changes in membrane fluidity near the sodium channels may 
be responsible, or that membrane receptors are changed (Evans and Balster, 
1991). In smaller concentrations, the effects typically include fatigue, a 
feeling of drunkenness, dizziness, headaches, and increased need of sleep. 
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There is no certainty that all of the diverse effects of organic solvents can 
be accounted for by a single mechanism, and different mechanisms may 
exist for anaesthetic effects and more subtle effects at subanaesthetic con- 
centrations (Evans and Balster, 1991). 

Certain solvents have effects that are unique for the compound. 
Trichloroethylene intoxication produces dysfunctional symptoms related to 
the cranial nerves, particularly the trigeminal nerve, within days after 
exposure to high concentrations, carbon disulphide poisoning induces 
hallucinatory psychosis (WHO, 1985a). 

Long-term organic solvent exposure in man may be associated with the 
development of chronic toxic encephalopathy as described in the 
introductory chapter. The mechanism by which toxic encephalopathy is 
caused may be different for the various solvents, as similar effects may 
occur by different mechanisms. Some solvents, which have the structural 
feature of a hexacarbon skeleton in common, are capable of producing a 
syndrome of polyneuropathy in workers and abusers (WHO, 1985a). 
Peripheral neuropathies are also prominent effects of long-term exposure to 
carbon disulphide and acrylamide, but it is not very likely that this effect 
occurs by the same mechanism, as the chemical structures of these 
compounds are dissimilar. Syndromes of peripheral neuropathies after 
exposure to solvents have occurred epidemically in the US, Japan, and 
Europe. 

8.2 Solvents involved in the development of chronic toxic 
encephalopathy 

Organic solvents cause transient central nervous system depression and 
transient narcosis at relatively high concentrations in laboratory animals 
(Evans and Balster, 1991). In humans such effects are evident even at 
concentrations found in the working environment, e.g. of toluene and 
styrene. Functional tests do not reveal any persistent symptoms related to the 
narcotic effect, however, the possibility that repeated, isolated episodes of 
short-term narcosis may lead to permanent damage has not yet been 
investigated (Ladefoged et al., 1995). 

As discussed earlier in the introduction, the evidence regarding the 
development of chronic toxic encephalopathy is not clear-cut. More than six, 
possibly more than 10 years of exposure is required for chronic toxic 
encephalopathy to develop (Arlien-Soborg, 1992). Three chronic conditions 
have been described, varying in severity: organic affective syndrome, mild 
chronic toxic encephalopathy, and severe chronic toxic encephalopathy. The 
individual must not necessarily pass through these stages to reach a more 
severe endpoint (WHO, 1985a). It is not known whether all solvents are 
capable of causing this syndrome, or what the relative potency of various 
solvents might be. The available information points to certain solvents, but 
this may merely reflect that these solvents are more widely used, or that 
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studies have been preferentially carried out in certain professional categories. 

The evidence for the association between individual solvents and chronic 
toxic encephalopathy is strongest for white spirit. Several cross-sectional and 
longitudinal studies exist. White spirit has been widely used in paint, and 
painters are a category of workers with a relatively well-defined exposure 
to this solvent. , therefore,, it has been possible to perform studies of effects 
of white spirit in humans, and the term ‘Painter’s syndrome’ for chronic 
toxic encephalopathy has been coined (Arlien-Soborg, 1992). 

No longitudinal epidemiological studies have been performed on toluene, 
only cross-sectional studies exist. Chronic toxic encephalopathy has been 
reported in some workers exposed to toluene during a long period of time, 
but the quality of the studies was not high. Because toluene has been abused 
by the practice of sniffing, in which extremely high concentrations are 
inhaled, evidence from this type of exposure exists. There is probably no 
doubt that toluene causes irreversible brain damage, and even atrophy of the 
brain, when humans are exposed in this way (Arlien-Soborg, 1992). 

Evidence from one longitudinal study, several cross-sectional studies, and 
case histories indicate an association between trichloroethylene and chronic 
toxic encephalopathy (Arlien-Soborg, 1992). For xylene, only case histories 
exist where effects resembling those of chronic toxic encephalopathy are 
described (Arlien-Soborg, 1992). n-Hexane and methyl-n-butylketone have 
prominent peripheral effects, and, therefore, central nervous system function 
has not been the focus of interest in studies of these solvents. The neurotoxic 
metabolite of n-hexane and methyl-n-butylketone, 2,5-hexanedione, does 
have effects on the central nervous system &lien-Soborg, 1992). There is 
no epidemiological evidence for or against an association between n-hexane, 
or methyl-n-butylketone, and chronic toxic encephalopathy (Arlien-Soborg, 
1992). Some evidence from cross-sectional studies and case histories indicate 
that chronic mental impairment may result from high exposure to 
dichloromethan, but this may be an effect of the carbon monoxide which 
dichloromethane is metabolized into (Dhillon & von Burg, 1995). An 
association between styrene exposure and degenerative disorders of the 
central nervous system has been suggested by Kolstad (1995). 

In conclusion, the best documentation for an association exists for white 
spirit. Some evidence on toluene, xylene, styrene, trichloroethylene, 
dichloromethane and other solvents is found, but the number and quality of 
epidemiological studies is inadequate (Arlien-Soborg, 1992). 

Based on the available epidemiological data, we selected toluene and white 
spirit as the first two compounds for testing in the present project, as the 
association between these solvents and chronic toxic encephalopathy seemed 
rather well documented. 
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8.3 Toluene 

Toluene (methylbenzene, CH,, CAS registry no. 108-88-3) is obtained from 
catalytic reforming of petroleum streams, and from pyrolysis gasoline 
(HSDB, 1995). 

The main route of exposure is via inhalation, and the most important 
exposure situation is occupational. The uptake is dependent on pulmonary 
ventilation and amounts to 40 to 60% in human beings, Uptake of toluene 
from the gastrointestinal canal is almost complete (Arlien-Soborg, 1992). 
Toluene is distributed to different tissues. The amount of toluene distributed 
to a particular tissue depends on the tissue/blood partition coefficient, the 
duration and level of exposure, and the rate of elimination. The 
octanol/water partition coefficient of toluene is 62, and high concentrations 
of toluene are found in the brain. Adipose tissue may be a reservoir for 
toluene. The half-life in human tissue may be up to three days, whereas 
blood toluene rapidly declines after cessation of exposure. Within a few 
hours after termination of exposure the blood and alveolar air contains very 
little toluene. A proportion (20-40%) of the absorbed toluene is eliminated 
unchanged in expired air. 60-75% of the absorbed toluene is metabolized in 
the liver by the P450 system, mainly via benzyl alcohol and benzaldehyde 
to benzoic acid. Benzyl alcohol and benzaldehyde are believed not to pass 
the blood-brain barrier. Benzoic acid is conjugated with glycine and excreted 
in the urine as hippuric acid. A small fraction of benzoic acid is conjugated 
with glucuronic acid and excreted in the urine as benzoylglucuronide (1 O- 
20% of absorbed toluene). Small amounts of toluene undergo ring hydro- 
xylation to form o-, m-, and p-cresol, which are excreted in the urine as 
sulphate or glucuronide conjugates (WHO, 1985b). 

8.4 Effects of toluene in man 

Experimental short-term exposure has been performed in a number of studies 
with concentrations between 50 and 300 ppm for 20 minutes to 8 hours, 
showing neuropsychological effects in the exposed subjects. Toluene has 
been very popular among sniffers. This practice of abuse results in much 
higher exposure concentrations than are encountered in the working 
environment. A number of cases with chronic toxic encephalopathy, often 
with cerebral atrophy, have been published. An excess of neuropsychiatric 
symptoms have been reported in several studies of toluene-exposed workers. 
In some studies impaired psychological functions have been revealed. 
Impaired colour vision was demonstrated in one study. Long-term exposure 
has been reported to lead to toxic encephalopathy. However, longitudinal 
epidemiological studies have not been carried out &lien-Soborg, 1992). 
Rotogravure printers are an occupational group with pure exposure to 
toluene and have for this reason been the focus of several studies. The 
effects of toluene on the auditory and vestibular systems has recently been 
reviewed (Morata et al., 1995). Vestibular disturbances including motor 
incoordination, cerebellar dysfunction, and nystagmus has been found in 
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workers exposed to toluene. It was concluded that the cause was probably 
related to disturbance of cerebellar function. Also, evidence exists to suggest 
that toluene may affect hearing in humans; and that simultaneous exposure 
to noise and toluene may cause a greater hearing loss than noise alone, or 
toluene alone. 

8.5 Behavioural effects of toluene in laboratory animals 

The acute effects of toluene in laboratory animals have been investigated at 
a wide range of exposure concentrations. High concentrations (10600 ppm) 
result in narcosis within 5 minutes (Arlien-Soborg, 1992). Toluene seems to 
have a biphasic effect, CNS stimulating at low doses, and depressant at high 
doses (WHO, 1985b). This biphasic effect is well-known for anaesthetic 
gases. 

A recent review of behavioural toxicity of toluene (Saito and Wada, 1993) 
showed that hyperactivity, ataxia, addiction, insomnia, and memory 
disturbances have been described in animals exposed to toluene. Many 
different exposure schedules were employed. 
Naalsund (1986) exposed rats to 0 or 500 ppm of toluene 8 or 16 hours per 
day, 5 days per week for 12 weeks. During the exposure period, 
electroencephalic recordings of theta activity were made from the 
hippocampus. The experiment showed that toluene caused disruptions and 
frequency changes; and that the onset of these effects was faster at longer 
daily exposure. Neonatal exposure of rat pups twice a day to 40.000 ppm for 
15 minutes during 30 days (postnatal day 2-32) resulted in delayed 
maturation of swimming behaviour and physical development (Lorenzana- 
Jimenez & Salas, 1983). Also, changes in sensorimotor cortical evoked 
responses were demonstrated (Lorenzana-Jimenez & Salas, 1985). Bushnell 
et al. (1994) tested rats during a 1 h exposure to 0, 1000, 1500 or 2000 ppm 
of toluene in a test developed to evaluate vigilance, i.e. the ability to sustain 
attention over time for targets that appear infrequently and unpredictably. 
The rats had previously been trained to respond to auditory stimuli. The 
experiment showed toluene-related effects which may reflect a vigilance 
decrement. Performance returned to baseline after cessation of exposure. 
Ototoxicity is a well-known effect of toluene in rats, where an irreversible 
loss of hearing in the frequency range above 8-12 Khz has been 
demonstrated with behavioural (Pryor et al., 1983) and electrophysiological 
methods (Rebert et al., 1983). These results have been confirmed repeatedly 
in further experiments. The morphological basis for the hearing loss is 
damage to the outer hair cells in the cochlea. Toluene also causes this type 
of toxicity when administered subcutaneously. Therefore, the effect is not 
considered a local damage caused by direct penetration of toluene through 
the external ear (Pryor & Howd, 1986). It is not known whether noise is a 
necessary co-causative factor for the development of the cochlear lesion. The 
ototoxicity depends on exposure concentration and duration. Sixteen weeks 
of 14-hour exposure to 400 and 700 ppm is not ototoxic. 14-hour exposure 
to 1000 ppm caused ototoxicity after only 2 weeks; thus the concentration 
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must be above a certain level. A single 4-hour exposure to 4000 ppm, or a 
single g-hour exposure to 2000 ppm does not cause ototoxicity. Intermittent 
exposure to 3000 ppm for 20 minutes every hour for 8 hours caused loss of 
hearing after 2 weeks. Similar exposure for 4 hours per day did not produce 
ototoxicity even after 9 weeks. Therefore, the duration of daily exposure is 
highly important for the development of cochlear damage (Pryor et aZ., 
1984). 

A two-year inhalation study of toluene (0, 30, 100 and 300 ppm) did not 
reveal any behavioural changes. The animals were subjected to cageside 
observations twice per day, and to clinical examinations twice per week 
during the study; but no structured observations of behaviour were reported 
to have been carried out (Gibson & Hardisty, 1983). 

Forkman et al. (1991) exposed rats to toluene at 1000 ppm for 21 hrs/day, 
5 days/week, for 4 weeks. One group of rats were trained in an operant task 
before the exposure and were tested 11 days after the exposure. The other 
group of rats was exposed, and then trained in the same operant task. 
Toluene caused a change in operant behaviour irrespectively of whether the 
behaviour was acquired before or after the exposure. Animals exhibited 
decreased variability of persistence of lever pressing, and increased resis- 
tance to extinction. 

Pryor and Rebert (1992) exposed rats to toluene (1200 ppm) and hexane 
(4000 ppm), and to a toluene/hexane mixture (1200 ppm/4000 ppm), 14 
hrs/day, 7 days/week, for 9 weeks. Twelve weeks after the exposure, the rats 
were assessed for motor and sensory (sound, light, weak electrical current) 
function; and electrophysiological measurements were performed. A 
shortened and widened gait, and increased footsplay were found in toluene- 
exposed rats. In the sensory function test, which involved learning a 
response to a sensory stimulus, toluene-exposed rats were impaired in their 
response to tones at 16 Khz, but not to light or electrical current. Although 
it was not the aim of this study to measure cognitive function, it may be 
inferred that the learning ability of the toluene-exposed rats in this task was 
not influenced by the exposure. Electrophysiological measurements showed 
effect of toluene on hearing measured by brainstem auditory evoked 
response, and slight peripheral neurotoxicity in one parameter (PlNl peak- 
to-peak amplitude) measured by recording compound action potential from 
the ventral caudal nerve of the tail. 

von Euler et al. (1993) exposed rats to toluene in a concentration of 80 ppm, 
6 hrs/day, 5 days/week, for 4 weeks. The rats were tested in a Morris water 
maze task, beginning with assessment of acquisition on postexposure day 3- 
6, 4 trials per day. A retention test was performed on postexposure day 14. 
Toluene-exposed rats were impaired in this task (increased escape latency 
and swim length, decreased number of successful trials). There was no 
difference in swim speed, showing that the impaired performance was not 
caused by motor impairment. Spontaneous and apomorphine-induced loco- 
motor activity was measured on postexposure day 17. Toluene exposure did 
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not affect spontaneous motor activity, while apomorphine-induced 
locomotion was significantly increased in the exposed rats. 

In conclusion, short-term toluene exposure causes acute effects such as 
initial CNS stimulation (increased motor activity) followed by depression 
(e.g. loss of ability to sustain attention), and even narcosis if the 
concentration is high. Longer exposure may cause lasting effects. Hearing 
loss is produced in the rat, if the concentration and the daily exposure 
duration is high enough. The sense of balance and motor coordination is 
affected. Learning and memory may be somewhat affected in some tasks, 
but not in others. Table 1 presents studies where the effect of toluene on 
cognitive function has been investigated. 
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Table 1. Animal studies where the effects of toluene on cognitive 
function has been investigated. Effect: P< 0.05. 



8.6 White spirit 

White spirit (Mineral spirit, Stoddard solvent) is not a pure chemical, but a 
mixture of hydrocarbons obtained as a distillation fraction of crude oil. 
Different distillation intervals result in different composition of these 
fractions. Several types of white spirit are used, with different chemical and 
physical properties. More than 100 different compounds have been identified 
in white spirit; comprising aliphatic, alicyclic and aromatic hydrocarbons. 
Dearomatized white spirit has O-0.5% content of aromatics (Hass and Prior, 
1986). 

When white spirit evaporates, the relative amounts of hydrocarbons in the 
air will not be identical to the concentrations in the liquid, because of the 
different volatility of the individual constituents. White spirit compounds are 
readily absorbed via the lungs, but the concentration of the hydrocarbons in 
alveolar air is not the same as in the ambient air, and the hydrocarbon 
composition found in the blood is different from that in alveolar air (Arlien- 
Soborg, 1992). The distribution of the various components to the tissues also 
varies, because the blood/tissue partition coefficients are individual for each 
component. The question of what the target organ is actually exposed to is 
thus complex and very difficult to answer. It has previously been mentioned 
that aromatics have high blood concentrations but low concentrations in 
organs; that naphthenes have a low concentration in the blood and high 
concentrations in organs, including brain; and that alkanes have low blood 
concentrations and relatively high brain concentrations (Zahlsen et al., 1992). 
The choice of relevant exposure is discussed further in paragraph 9, p. 28. 

The metabolism of white spirit is not known in details. It is assumed that the 
alkanes are metabolized in the liver via the cytochrome P-450 enzyme 
system. Some aromatics may be metabolized to benzoic acid, which is 
conjugated with glycine or glucuronic acid and excreted as hippuric acid. 
Certain fractions of some components are probably exhaled in unchanged 
form. The half-life of white spirit in adipose tissue is estimated to be about 
48 hours (Arlien-Soborg, 1992). 

8.7 Effects of white spirit in man 

White spirit has been the predominant solvent used by house painters in the 
Nordic countries. The solvent consumption in this profession has been high, 
and almost limited to white spirit. Therefore, most epidemiological studies 
of the effects of white spirit have been focused on house painters. Arlien- 
Soborg (1992) reviewed studies of short- and long-term exposure. 

Acute effects include a reduced sense of taste, irritation of eyes, nose, and 
throat, fatigue, headache, a feeling of drunkenness, dizziness, and nausea. 
These acute symptoms may become more and more long-lasting with time, 
and in some workers they become permanent. Long-term exposure has been 
reported to produce lasting learning and memory impairment, fatigue, 
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reduced ability to concentrate, personality changes, irritability, and loss of 
initiative. Headache, dizziness, and autonomic system disturbances often 
occur. These symptoms are indicative of chronic toxic encephalopathy. 
Neurological findings are discrete, and include mild hand tremor and 
dyscoordination. Neuropathy is almost never found. Cerebral atrophy has 
been reported in studies where painters with neuropsychiatric symptoms have 
been examined by computerized tomography of the brain, however, an 
appropriate control group has only been included in some of these studies. 
Cerebral blood flow measurements indicate reduced flow in several studies, 
but a reduced blood flow cannot readily be interpreted as reduced metab- 
olism. A recent neuropathological study of 103 subjects with suspected 
chronic toxic encephalopathy, exposed to organic solvents for a minimum 
of 10 years, showed no excess of morphological changes such as those 
associated with Alzheimer’s disease or cerebrovascular degeneration 
(Klinken and Arlien-Soborg, 1993). However, in a North American case- 
control study including 23000 persons it was shown that history of exposure 
to one or more solvent groups yielded an adjusted Alzheimer’s disease odds 
ratio of 2.3; among males only, it increased to 6.0 (Kukull et al., 1995). 

In a number of studies, painters have been re-examined after several years 
of no or drastically reduced exposure. Chronic toxic encephalopathy does not 
seem to progress over a two- to three-year observation period. A recent 
study by Damsgaard et al. (1995) shows that the level of psychic and 
psychosomatic symptoms was unchanged over a 4-year period in a study 
group of 192 painters with a diagnosis of chronic toxic encephalopathy. The 
authors conclude that the increased level of symptoms associated with 
chronic toxic encephalopathy must be regarded as chronic. 

Many conflicting results have been obtained in epidemiological studies, and 
the issue of solvent-induced chronic encephalopathy is far from resolved. 
Some symptoms found in cross-sectional studies are probably acute effects 
caused by recent exposure, rather than true irreversible neurotoxicity. The 
varying severity and symptomatology found in the three chronic conditions, 
organic affective syndrome, mild chronic toxic encephalopathy, and severe 
chronic toxic encephalopathy, may also make it difficult to interpret the 
findings. The individual must not necessarily pass through these stages to 
reach a more severe endpoint (WHO, 1985a); and cases of all types may be 
identified in epidemiological studies. The one common finding in many 
longitudinal studies is an increased relative risk of being awarded disability 
pension among solvent-exposed workers compared with nonexposed 
controls. In the period 1978 to 1989, a total of 5157 Danish persons were 
diagnosed with solvent-related encephalopathy. The number of new cases 
has dropped since 1987 for several reasons, including the fact that 
occupational exposure has been drastically reduced from the early 80es 
(Rohde, 1993). 

With present knowledge it is not possible to identify any individual 
component of white spirit as being responsible for the neurotoxic effect. 
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In different scenarios, the concentration of white spirit in room air varied 
between approximately 10 and 1000 ppm (Hansen et al. 1988). The high 
concentration was thought to occur as a peak level of short duration. 

8.8 Effects of white spirit in animals 

Few animal studies exist. A review is provided below’. 

Aromatic white spirit. 
Edelfors & Ravn-Jonsen (1985) exposed rats for 18 h via inhalation to 0, 
500, and 1000 ppm. The rats were sacrificed immediately after exposure. 
Measurement of calcium uptake in potassium-stimulated brain synaptosomes 
showed increased calcium uptake in animals exposed to 500 ppm, while it 
was decreased in animals exposed to 1000 ppm (compared to control). The 
change in calcium uptake was interpreted by the authors as expressing a 
possible change in membrane fluidity. 

In our laboratory, Lam et al. (1992) performed a 3-week inhalation exposure 
study of rats to aromatic white spirit at 0, 400, and 800 ppm. Rats were 
exposed to white spirit 6 h&day, 5 days/week during the entire three-week 
period. Measurements of neurotransmitter concentrations (noradrenaline, 
dopamine, 5-hydroxytryptamine) showed increased concentrations of all 
three neurotransmitters in total brain. 

We exposed rats 6 hrs./day, 5 days/week for six months via inhalation to 0, 
400 and 800 ppm aromatic white spirit (0stergaard et al., 1993 (Reference 
B)). The exposure was followed by an exposure-free interval of several 
months’ duration. Biochemical analysis of neurotransmitter concentrations 
in various brain regions revealed changes in regional concentrations of 
noradrenaline, dopamine, and 5-hydroxytryptamine. 5-hydroxytryptamine 
concentrations were increased in 6 of 7 investigated brain parts, and in total 
brain. Investigation of motor activity and cognitive function did not reveal 
effects; nor were any neuropathological effects identified. A special 
investigation showed that the number of GFAP-positive astrocytes, GFAP- 
volume, or GFAP-volume per astrocyte in the molecular layer of the dentate 
gyms of the hippocampus did not change (Pilegaard, 1993). 

We studied effects on the synaptosomal fraction of rats from the above- 
mentioned two studies, where rats were exposed to 0, 400 and 800 ppm 
aromatic white spirit via inhalation for 3 weeks and for 6 months (Lam et 
al., 1995). Both experiments showed reduced relative and absolute yield of 
synaptosomal protein and increased synaptosomal neurotransmitter 
concentrations. We suggest that this indicates white spirit-induced reduced 
intemeuronal contact compensated by increased neurotransmitter release. 

’ Level of statistical significance 5%. 
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In cooperation with neurotoxicologists in the United States, we measured 
levels of glutathione and activity of glutaminesynthetase as indices of 
oxidative stress in young adult and aged rats after 3 weeks’ exposure to 
aromatic white spirit (Bondy et al., 1995). We did not find evidence of 
oxidative stress in the brain, whereas we interpreted increased glutamine 
synthetase activity in hippocampus as sign of glial activation following 
affection of neurons. 

Together with investigators from the Danish Centre for Magnetic Resonance, 
we used protein magnetic resonance spectroscopy to measure various 
metabolites in the hippocampus and surrounding regions in the brain of rats 
exposed to aromatic white spirit in inhalatory concentrations of 0, 400, and 
800 ppm for 3 weeks (Steensgaard et al. 1996). It was not possible to detect 
a neuronal loss by this technique, which is still in an early developmental 
stage for use in laboratory animals. 

Non-aromatic white spirit. 
Edelfors & Ravn-Jonsen (1992) added non-aromatic white spirit to 
synaptosomal membranes in vitro. This preparation was investigated with 
respect to effect on Ca-Mg ATPase activity (index of membrane function) 
and membrane fluidity (index of membrane structure). ATPase activity was 
inhibited; the degree of inhibition was dependent on the concentration of 
white spirit added to the preparation. Fluidity of membranes was increased. 

We observed changes in indices of oxidative stress after 3 weeks’ exposure 
to dearomatized white spirit (Lam et al., 1994). In the brain we found 
increased, ‘dose-related’ reduced glutathione concentrations in synaptosomal 
fractions of hemisphere, and increased rate of generation of reactive oxygen 
species in synaptosomal fractions of hippocampus. The results suggest that 
cumulative oxidative damage may be an underlying mechanism of 
neurotoxicity. 

Together with researchers from the Danish National Institute of Occupational 
Health, we performed an experiment in which rats were exposed to 0, 400 
and 800 ppm exposure for 6 months to dearomatized white spirit (Lund et 
al., 1995 (Reference C)). After an exposure-free period of two to five 
months’ duration, neurophysiological, neurobehavioural, and macroscopic 
pathological examinations were performed. The study revealed several 
exposure-related changes in evoked potentials and motor activity, but failed 
to demonstrate white spirit-induced morphological or cognitive changes. The 
measurements of the flash-evoked potential, somatosensory evoked potential, 
and auditory brain stem response all demonstrated dose-dependent increase 
of the amplitudes of the early-latency peaks of the sensory evoked potentials. 
Furthermore, with increase of the dose, the measurements of flash-evoked 
potential and somatosensory evoked potential revealed changes in the later- 
latency peaks which reflect the more associative aspects of the sensory 
processing. 

In conclusion, animal studies show certain effects of aromatic and non- 
aromatic white spirit. In vitro experiments indicate that white spirit may 
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affect membrane structure and function. Short-term exposure causes changes 
in indices of oxidative stress, which may be a mechanism for neurotoxicity. 
Aromatic white spirit affects neurotransmitter levels after short- (3-week) 
and long-term (6-month) exposure. Long-term exposure to dearomatized 
white spirit affects neurophysiological function, and leads to changes in 
motor activity. 
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9 CHOICE OF EXPOSURE IN THE PRESENT PROJECT 

The EU technical guidance document for the risk assessment of notified new 
substances and existing substances contains a special section regarding the 
toxicity of petroleum substances (European Chemicals Bureau, 1996). The 
document states that a common route of human exposure to petroleum 
substances is by inhalation, and that the exposure is to all components of the 
complex mixture. Toxicity studies of the entire substance are, therefore, 
considered directly relevant to the human exposure situation. For complex 
substances which contain both volatile and non-volatile components spanning 
a relatively wide distillation range, man will normally be exposed, by 
inhalation, predominantly to the lower molecular weight, more volatile 
constituents. The guidance document suggests three general approaches: to 
conduct studies on each of the identified individual constituents of the 
substance; to conduct studies on wholly vaporized material; or to define the 
vaporized fraction representing actual exposure and conduct appropriate 
studies on this fraction. The document comments on the three approaches: 
The first option, to conduct studies on each of the individual constituents of 
the petroleum substance, is the most complex, the most expensive in terms 
of time and animal usage, and is not the preferred approach. In practice it 
would be difficult, if not impossible, to actually identify all constituents of 
a mixture; not all identified constituents could be synthesized in necessary 
quantities; and human exposure to most of these individual constituents is 
at such low levels that the data would have little practical significance for 
the risk assessment. The second option, to test wholly vaporized material, is 
the easiest of the three options to carry out from an experimental view point, 
and in fact, the majority of existing data have been generated in this way. 
One significant drawback to this approach, however, is that the atmosphere 
generated is not always the same as that to which man is exposed. The third 
option, to define and then generate an experimental atmosphere which 
closely resembles that to which man is exposed, is the most straightforward 
for risk assessment as it entails the fewest assumptions. However, in order 
to generate an appropriate atmosphere for a toxicity study, there is a prior 
need to carry out thorough analytical monitoring to establish the nature of 
the substance to which man is exposed. This approach may result in a test 
material which is not formally a “substance”, or at least would not be 
precisely the same substance as that defined for the risk assessment process. 
There may also be additional problems if the data are to be used for other 
purposes, e.g., classification, which by definition should reflect hazard 
(intrinsic properties of the test substance) and not take account of potential 
for exposure. The latter sentence from the guidance document was central 
for the choice of test material in our white spirit experiments. From a 
scientific point of view, pure substances or subfractions of white spirit might 
have been a better choice of test material, but since the purpose of the 
project was to produce documentation for regulatory use, we chose to test 
the wholly vaporized material. 
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10 CHOICE OF TIME OF TESTING RELATIVE TO EXPOSURE 
IN THE PRESENT PROJECT 

The request from the Danish Environmental Protection Agency was to 
generate experimental documentation that would allow a labelling of 
individual solvents with the EU risk phrase R48: “Danger of serious damage 
to health by prolonged exposure”. This classification is applicable where 
“serious damage (clear functional disturbance or morphological change 
which have toxicological significance) is likely to be caused by repeated or 
prolonged exposure by an appropriate route”. In order to argue that an effect 
is serious, it must usually be demonstrated that the effect is long-lasting or 
even irreversible. Effects of an acute nature, that is, effects that appear 
immediately in relation to exposure, and disappear shortly after the exposure 
is stopped, would usually not be considered serious. In many of the 
epidemiological studies, the human subjects were tested while at work or 
shortly after being exposed, and, therefore, the effects that were found could 
not be proved to be of a lasting nature. At the time where our project was 
initiated, no animal studies had been performed where the exposure period 
covered a substantial part of the lifetime, and where the interval from 
exposure to examination was long. Therefore, in our project, it was 
important to have a long period of exposure, and to have a long exposure- 
free interval before testing the animals. We wanted to be sure that long- 
lasting effects would be detected, while effects found immediately after 
termination of exposure were less interesting as they could not be used in 
the R48 context. 
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11 BEHAVIOURAL TESTS IN THE PRESENT PROJECT 

In the present project, it was decided that the exposed animals should be 
subjected to functional tests that would reveal changes in behaviour. First, 
the relevant behavioural functions of interest had to be selected. As certain 
behavioural functions in humans were suspected of being impaired as part 
of chronic toxic encephalopathy, the natural choice was to look at these 
functions. Many of the symptoms reported by solvent-exposed humans can 
be grouped under the heading ‘cognitive function’. 

The study of psychological functions such as cognition presents certain 
problems compared with the study of more tangible phenomena. Cognitive 
function is not a chemical or physical entity, rather it is an abstraction which 
is used to explain how human behaviour and thinking occurs. The existence 
of cognitive function cannot be proved. The term cognition is used by 
different authors to describe a number of often ill-defined mental functions 
in humans. Sometimes, it is used synonymously with ‘intelligence’ which is 
also an ill-defined term. Cognition comprises a number of psychological 
functions, and WHO/NIOSH has listed the following cognitive domains of 
humans: attention and executive function, visuospatial skills, affect, memory 
(anterograde and retrograde), language abilities and reasoning, and motor 
skills (White and Proctor, 1992). In the present project it would not be po- 
ssible to test all the cognitive domains, and, anyway, laboratory animals do 
not express the whole spectrum of elements of human cognition, e.g. 
language is clearly not a function that is parallelled in animals. However, 
cognitive functions are thought to exist in animals and can be assessed in 
various ways (Thinus-Blanc, 1987). It was decided to test learning and 
memory as indicator of cognitive abilities in the animals. 

11.1 Theoretical types of memory 

Learning may be defined as the process of acquisition of skills and 
knowledge. Memory is the retention of that knowledge (Valciukas, 1991). 
Baddeley (1992) has reviewed the development of theories of memory 
within cognitive psychology. A common concept for the different schools of 
thought is that memory is not regarded as a single unitary system. The 
fractionation into subsystems is a matter for continuing research and debate. 
For a number of years during the 1960es, memory was divided into short- 
term and long-term memory. Short-term memory described the ability to 
retain and recall information within short periods of time (seconds-hours). 
Long-term memory was retention of information over long periods of time 
(weeks-years). Evidence for this separation came mainly from the study of 
brain-damaged patients, and from the study of normal subjects. However, in 
the 1970es this two-component model was abandoned because it failed to 
explain how patients with grossly defective short-term memory could have 
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a normal long-term learning capacity and only few other cognitive 
handicaps. 

Eichenbaum et al. (1992) list the many different characterizations of memory 
systems that have been offered in rodent research and concludes that there 
is a remarkable lack of consensus among the different schools of thought. 
However, most theories separate memory into two types. The confusion 
reflects the lack of scientific understanding of the brain’s higher functions. 
Recently, the United States Environmental Protection Agency has published 
a proposal for guidelines for risk assessment (United States Environmental 
Protection Agency, 1995). In the proposal, it is stated that ‘At present, 
relatively few neurotoxic syndromes have been thoroughly characterized in 
terms of the initial neurochemical change, structural alterations, 
physiological consequence, and behavioral effects. Knowledge of exact 
mechanisms of action is not, however, necessary to conclude that a 
chemically induced change is a neurotoxic effect.’ Thus, although our 
understanding of the brain’s memory function is incomplete, it is possible 
to assess changes and use this information in risk assessment. 
In the following, the concepts of working and reference memory are 
described, as this particular theory of rodent memory organization has been 
the basis for the development of the test models used in the present project. 

11.2 Working memory and reference memory 

Psychological basis for memory. 
The concept of working memory has replaced the older concept of short- 
term memory, which was regarded as a temporary storage of memories. 
Working memory involves holding memory that is pertinent only within a 
short period of time. Working memory information is different from long- 
term memory information. Baddeley (1992) offers this description of human 
working memory: 
‘the term working memory refers to a brain system that provides temporary 
storage and manipulation of the information necessary for such complex 
cognitive tasks as language comprehension, learning, and reasoning. 
Working memory has been found to require the simultaneous storage and 
processing of information. It can be divided into the following three 
subcomponents: (i) the central executive, which is assumed to be an 
attentional-controlling system, is important in skills such as chess playing 
and is particularly susceptible to the effects of Alzheimer’s disease; and two 
slave systems, namely (ii) the visuospatial sketch pad, which manipulates 
visual images and (iii) the phonological loop, which stores and rehearses 
speech-based information and is necessary for the acquisition of both native 
and second-language vocabulary’. 
The prime function of working memory is the coordination of resources, 
with memory storage being only one of many functions of the system. 
Working memory is involved in here-and-now memories, such as an animal 
remembering where it has already been while moving through its territory 
in search for food. This type of memory is necessary for the animal while 
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searching, but the information is only relevant while the function is being 
executed. 

Reference memory is sometimes used synonymously with ‘long-term 
memory’. However, it does not refer to how long memories are stored, 
rather it relates to what kind of memories that are stored. Reference memory 
involves storing of information which remains constant over time, such as 
the animal’s memory of the geography of its territory. Reference memory 
is relatively resistant to interference. In a test situation, working memory is 
described as trial-dependent, while reference memory is trial-independent 
(Olton, 1976). 

Morphological basis for memory. 
The morphological basis for memory is the focus of intensive studies. Much 
interest is focused on the hippocampus, a part of the cerebral cortex, which 
is known to be an important structure in relation to memory and learning. 
Destruction of the hippocampus, its afferent projections, and its cholinergic 
innervation produces a persistent impairment in cognitive function. The 
hippocampus has been shown to be susceptible to a wide variety of toxic 
insults and disease states, such as heavy metals, metabolic disturbances, and 
neurodegenerative diseases; and may, therefore, be a target site in relation 
to neurotoxicity (Walsh & Emerich, 1988). A number of other cortical 
structures involved in memory have been identified and are described in the 
following. 

Imaging studies of learning and memory in the human brain. 
Recent developments in imaging techniques such as magnetic resonance 
imaging make it possible to study the living brain in detail; and a large 
number of investigations are presently being carried out with this non- 
invasive technique which allows observation of human brain function. 
Imaging will greatly increase existing knowledge about the processes 
underlying cognition. In human brain imaging experiments, local 
haemodynamic changes are measured; not neuronal activity. With position 
emission tomography (PET), blood flow is measured, while functional 
magnetic resonance imaging (fMR1) typically is used to measure blood 
oxygenation. These techniques presently allow a spatial resolution of 2 mm 
and a temporal latency of 4 to 8 seconds, which is coarse compared with the 
underlying physiological mechanisms. Nonetheless, these techniques allow 
the study of the living human brain (Ungerleider, 1995). Priming is a distinct 
memory mechanism often measured as an increase in the speed of naming 
or responding to stimuli that have been seen or heard on a previous 
occasion. Priming does not involve conscious recollection. Imaging has 
shown that priming is accompanied by a reduction in cortical activity. 
Imaging has shown that perceptual and motor skill learning leads to 
expansion of cortical representations, i.e. the areas in the cortex which 
become activated when a particular perceptual or motor function is carried 
out. Skill learning is independent of conscious recollection. Priming and skill 
learning do not seem to involve medial temporal lobe structures 
(Ungerleider, 1995). 
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Declarative memory, the storing of memories of specific events, facts and 
knowledge, depends on medial temporal lobe structures in the hippocampal 
region. The hippocampus is critical for the initial storage, but not for the 
retrieval of old memories, and is not the ultimate storage site for declarative 
memories. The ultimate storage site must be cortical areas outside the 
hippocampus (Ungerleider, 1995). 
During execution of working memory tasks by human subjects, areas of 
increased activity, which represent the item to be remembered, have been 
identified in different cortical areas (inferior temporal, posterior parietal, 
premotor, prefrontal) (Ungerleider, 1995). 

Electrophysiological basis for memory. 
A recent review (Maren and Baudry, 1995) describes the development of the 
present belief that memories in mammals is represented as lasting changes 
in the synaptic function of connected neurons, forming potentiated networks. 
A persistent increase in synaptic efficacy called LTP (long term potentiation) 
is the electrophysiological phenomenon which is believed to be the 
functional change underlying the learning process. LTP is a persistent and 
synapse-specific increase in the synaptic response to a stimulus. That is, the 
neuron will need less stimulation to fire when LTP has occurred in its 
afferent synapses. 

Neurochemical basis for memory. 
During hippocampal LTP induction, presynaptic glutamate release activates 
postsynaptic NMDA2 receptors, and the resulting series of enzyme cascades 
lead to a persistent modification of synaptic efficacy. Before LTP induction 
can occur, a sufficient number of afferent synapses must be activated, other- 
wise the NMDA receptors will not be activated. The nature of the synaptic 
LTP modification is a matter of debate. LTP has been shown to be accom- 
panied by presynaptic increases in neurotransmitter (glutamate) release; and 
also postsynaptic changes in postsynaptic glutamate (AMPA3) receptors has 
occurred. A structural modification of the synapse is a further possibility 
(Maren and Baudry, 1995). 

Synapses. 
Synapses of the adult central nervous system are structurally plastic and can 
adapt to the environment. In animals, the number of synapses in various 
brain areas increase in response to environmental enrichment, and to 
training. The number and distribution of presynaptic vesicles may be altered, 
and the size of synaptic components can be changed by stimulation; or by 
deprivation. Training or enriched housing leads to an increase in 
postsynaptic densities in animals. LTP induction has been shown to be 
accompanied by an increased density of concave synapses, and of spinule 
synapses (synapses in which a part of the postsynaptic element protrudes 

2NMDA: N-methyl-D-aspartate. NMDA receptors are a subclass of glutamate receptors. 

3AMPA: alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate. The AMPA receptors are an ionotropic 
subclass of glutamate receptors. 
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into the presynaptic profile). Increased numbers of polyribosomal aggregates 
(markers for local protein synthesis) have been observed in populations of 
new synapses, and also in synapses of animals placed in complex 
environments (for review, see Weiler et al., 1995). 

11.3 Effects of neurotoxic agents on learning and memory 

A report on the neurotoxic effects after chemical accidents noted that 
cognitive effects including memory problems were among the five most 
frequently encountered nervous system-related complaints (Anger & 
Johnson, 1985). Neurotoxic agents do not usually produce a specific memory 
effect, rather they produce a generalized neuropsychological disturbance 
(Valciukas, 1991). 

11.4 Tests of learning and memory function 

Learning and memory are hypothetical constructs that cannot be observed 
directly but must be inferred through changes in behaviour (Peele, 1989). 
Assessment of learning and memory function basically involves presenting 
a problem to the animal, and measuring how well it solves it. Typically, the 
problem, or task, is to obtain food, or to escape discomfort. In toxicology 
and pharmacology, tests involving schedule-controlled behaviour and active 
avoidance have in the past been the most popular, while tests of maze 
learning and Pavlovian conditioning have been predominant in neurobiology. 
Overall, no single test of learning and memory has emerged as the most 
popular (Peele, 1989). 

The task should preferably involve a gradual learning process, so that the 
experimenter can study the process over time and establish time course and 
dosage-effect functions (Peele, 1989). ‘Place learning’ refers to the situation 
where animals learn to associate distinctive stimuli with a particular spatial 
location. That is, the animals use external cues to locate a place. If place 
learning can be used to solve a problem, rats learn rapidly (Olton and 
Samuelson, 1976). Place learning may be assessed in various types of mazes. 
Maze tests have been extensively used in various branches of research. The 
function of particular structures in the brain in relation to learning and 
memory has been investigated (Brandeis et al., 1989; Levin, 1988). In these 
investigations, a local lesion is inflicted by surgical or pharmacological 
means to the brain structure of interest, and the performance of the lesioned 
animal is measured. Toxicological or pharmacological testing involves the 
assessment of influence of dosing with a chemical or drug on maze learning. 
Chrobak et al. (1989) injected muscimol (a GABA4ergic agonist) 
intraseptally and demonstrated radial maze performance impairment; thereby 

4 GABA: gamma-amino butyric acid 
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showing that GABA receptors in this brain region influence memory 
processes. Mazes are also used in the development of new therapies against 
disease. Animals which model a disease, or with surgical or pharmacological 
brain lesions are treated with the new therapy; and subsequent maze testing 
shows whether the treatment is able to reverse the induced impairment. 
Caprioli et al. (1990) showed that long-term treatment with acetyl-l- 
camitine antagonized the age-dependent deficit in radial maze performance 
in rats. Fisher et al. (1989) induced a learning impairment in rats by 
injecting AF64A5, and showed that the impairment could be reversed with 
a cholinergic agonist, AF102. 

With respect to the complexity of the task that should be used, Vorhees et 
al. (1991) showed that more complex mazes are more sensitive to learning 
impairment. Rats which had been exposed prenatally to phenytoin were 
tested in the original Biel maze and in a more expanded version of this maze 
(Cincinatti maze); and it was found that the difference in performance 
between exposed and control animals, and between the two dose groups, was 
greater in the more complex maze. In response to the observation that 
biological insults that lead to profound mental retardation in humans have 
been found to produce surprisingly little cognitive dysfunction in animal 
models, Strupp et al. (1994) showed that rats exposed to prenatal hyper- 
phenylalaninaemia (a model of maternal phenylketonuria) showed significant 
impairment when tested on a series of 10 problems designed to allow for 
transfer of learning, but not when the rats were tested on the individual 
single tasks. This study shows that cumulative learning is more sensitive to 
impaired cognition in animals. 

11.5 Critical evaluation of cognition models in relation to the present 
project 

The aim of the present project was to produce documentation for regulatory 
purposes. Therefore, it was necessary for us to use tests which were known 
and accepted within the scientific community. We never considered to invent 
a completely new cognitive test. The project included many activities which 
had to be planned ahead, leaving us a fixed framework of time for 
behavioural testing. Because a substantial number of animals were to be 
tested (36 rats), we could only use tests which require short time spent per 
animal in each session. The performance of the animals should preferably 
be independent of the skill of the observer to make the animal perform; and 
evaluation of performance should also be independent of the subjective 
judgement of the observer. These demands can be satisfied by automating 
the tests, and we, therefore, wanted tests that could be automated. Each test 
must be completed within weeks, since the entire behavioural testing of the 
animals had to be completed before sacrifice, which had to be carried out on 

5 AF64A: ethylcholine aziridinium, induces a cholinergic hypofunction confined mainly to the hippocampus 
when injected intracerebroventricularly (Fisher et al., 1989) 
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a fixed date. The nature of impairment in learning and memory function we 
were looking for was only defined to some extent, and, therefore, it was 
decided that several tests should be used, each one representing a distinct 
model of learning and memory. Also, the motivation for the animal should 
be different in the tests. We wanted models of associative learning, as this 
is considered to involve ‘higher’ brain processes; and preferably one that 
would allow the assessment of incremental learning. If several tests were a 
possibility, we would choose the one that seemed least stressful for the 
animals. 

Basically the existing models of learning and memory are habituation, 
classical conditioning, and instrumental or operant conditioning &lass, 1996, 
in Ladefoged et al., 1996). 

Habituation tests include auditory startle habituation and habituation of head 
dipping in a hole board (Hass, 1996, in Ladefoged et al., 1996). These tests 
have been widely used in psychopharmacology, and have recently been 
introduced in toxicological testing. In our project, habituation learning was 
not chosen as a model, because it does not represent associative learning. 

Classical conditioning tests are exemplified by passive avoidance, taste 
aversion, and odour aversion learning tests (Hass, 1996, in Ladefoged et al., 
1996). Performance in taste and odour aversion learning is dependent on 
normal sensory function, and it is difficult to control for these factors. 
Passive avoidance test can be accomplished within a few days, and mainly 
for this reason it was decided to incorporate this model in our project as a 
test of learning in the classical conditioning paradigm. Passive avoidance 
involves the use of electric shock, which is intended to be unpleasant for the 
rats. However, as each rat only receives one shock in the test, we felt that 
it was acceptable. Passive avoidance procedures have been criticized for 
producing variable results and for being influenced by other behavioural 
manifestations of toxicity such as arousal state @ lass, 1996, in Ladefoged et 
al., 1996). We did not consider this a major problem since other behavioural 
measures were also investigated, and their influence on the test outcome 
could be evaluated. 

Instrumental conditioning tests comprise active avoidance test, maze tests, 
and Skinner box operant conditioning tests (Hass, 1996, in Ladefoged et al., 
1996). Schedule-controlled operant conditioning in Skinner boxes may be a 
sensitive method to detect subtle effects, but is very time-consuming, and 
testing may take several months. Active avoidance involves repeated use of 
electric shocks and was for this reason disregarded. Active avoidance is also 
sensitive to arousal state and changes in sensory function (ECETOC, 1992). 
Many maze tests are available, such as T-maze, eight-arm radial maze, and 
Morris water maze. It has been shown that more complex mazes are more 
sensitive than simple tests (Vorhees et al., 1991), and, therefore, we decided 
to use a complex maze type. We did not consider the T-maze a complex 
maze, and, therefore, this test was not considered. 
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Because of the long exposure period, we could not use tests which depend 
on learning prior to exposure, with subsequent retesting after exposure. 
In the present project, two tests that offer the possibility of assessing 
cumulative learning were chosen; along with one test which provides a yes- 
no type of response. One of the cumulative learning tests (the eight-arm 
radial maze) uses appetitive motivation and may be used to primarily assess 
working memory, while the other (the Morris water maze) allows testing of 
reference memory and makes use of the rat’s motivation to escape from cool 
water. The passive avoidance test uses pain as motivation. We thus incorpor- 
ated three different motivative concepts in our battery of cognitive tests, 
thereby obtaining some degree of confidence that toxic effects on motivation 
would not interfere with all our cognitive tests. The cumulative learning tests 
depend on the ability of animals to orient in space. Spatial orientation and 
spatial learning are major cognitive functions (White and Proctor, 1992) and 
were, therefore, considered relevant in the study of chronic toxic 
encephalopathy. 

Pharmacological challenge. 
Subtle and latent effects of neurotoxicants may be observed by using 
pharmacological challenge. Pharmacological challenge is a procedure in 
which a pharmacologically active substance is administered to the test 
animals, after which their response is observed. Pharmacological challenge 
may be of use to unmask effects of other agents, which by themselves are 
too weak to disrupt performance. D-amphetamine and apomorphine has been 
successfully used to demonstrate postnatal effects of prenatal exposure to 
methyl mercury, which were absent without the challenge (Annau, 1987). A 
reduced capacity or increased sensitivity may also be demonstrated. When 
acetylcholine challenge was performed in young and old rats, who were 
trained in the Morris water maze, an increased susceptibility to memory 
disruption was found in aged rats; who were severely impaired in the place 
navigation task and probe trial. The young rats were only moderately 
impaired in both tasks (Nilsson and Gage, 1993). Cholinergic system 
blocking agents, such as scopolamine and atropine, will impair learning in 
the Morris water maze (Brandeis et al., 1989). Administration of 
scopolamine and atropine lo-30 minutes before testing consistently disrupts 
radial maze performance (Beatty and Bierly, 1985). Other treatments which 
decrease the effect of the acetylcholine system also impair radial maze 
performance. Performance is impaired by dopamine agonists as well as 
dopamine antagonists; while opiate antagonists improve performance (Levin, 
1988). 

If scopolamine or atropine is administered to already trained rats, little 
disruption of performance is found, demonstrating that retrieval of 
established spatial memory is not affected by the treatment. Further, learning 
is not completely abolished since the treated animals show considerable 
improvement with repeated testing (Brandeis et al., 1989). Scopolamine is 
a muscarinic antagonist that is highly effective in producing memory impair- 
ment through direct cholinergic involvement. In addition to acting as a 
muscarinic antagonist, scopolamine reduces acetylcholine levels. In view of 
these characteristics, scopolamine is widely used to induce cognitive 
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dysfunction by reducing cholinergic function (Palacios-Esquivel et al., 1993). 

Pharmacological challenge may be of use to unmask effects of other agents, 
which by themselves are too weak to disrupt performance. The type of 
pharmacological challenge agent to be used is chosen on the basis of prior 
knowledge regarding the potential target in the body, or knowledge of the 
toxic effect of the test agent. In an experiment in the present project, 
scopolamine was chosen as challenge agent because it is known to impair 
learning in the Morris water maze (Brandeis et al., 1989) and, therefore, may 
increase the effect of other agents with potential effect on learning in this 
test, such as white spirit. As the potential target for white spirit in the brain 
is unknown, it was not possible to base the choice of challenge agent on 
this. 

11.6 The eight-arm radial maze 

The eight-arm radial maze was developed in the 1970es (Olton and 
Samuelson, 1976). The radial maze is one of the most commonly used 
methods for testing spatial learning and memory in experimental animals 
(for review, see Levin, 1988). To solve the maze task the rat must 
discriminate, remember and process information derived from place learning 
in the search for food. The radial maze is usually described as a test for 
working memory function, since the rat must keep continuous track of its 
previous movements to complete the maze successfully. However, reference 
memory is also necessary to complete the task; and radial maze tasks may 
be designed to evaluate this type of memory. In the eight-arm radial maze 
task, working memory refers to the short-term memory process that within 
a trial keeps track of which arms have already been visited and are to be 
avoided, while reference memory is involved in those aspects of the test that 
remain the same from trial to trial. Tasks where only certain arms are baited 
from trial to trial, and where the rat must remember this during repeated 
trials are radial maze tasks that assess reference memory. 

Apparatus. 
The apparatus consists of eight blind alleys radiating from a central area 
(Olton and Samuelson, 1976). The maze may be equipped with a cover to 
keep rats from climbing out (e.g. the maze of Caprioli et al., 1990), but this 
may impair their opportunity to orient themselves by observing objects in 
the surrounding room. Innis and Macgillivray (1987) observed that on an 
enclosed maze which reduced extra-maze visual information, rats tended to 
solve the task through the use of the strategy of choosing adjacent arms. The 
motivation for the eight-arm radial maze task is appetitive; i.e., the rat 
performs the task in order to obtain food or drink. The task for the rat is to 
collect food (Walsh et al., 1982, Walsh et al. 1984) or drink (e.g. Idrobo et 
al., 1987) rewards which are placed distally in each of the eight alleys, 
invisibly to the rat. The optimal behaviour is to choose each arm once. 
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During each trial, the rat must remember which alleys have been visited in 
order to obtain the rewards most efficiently. Many different versions of the 
radial maze apparatus have been used. The original model described by 
Olton and Samuelson (1976) had a 34 cm wide centre platform and arms of 
86 cm in length, but with varying widths (1.3, 2.5, 3.8, 5.0, 6.3, 7.5, 9.3, 
10.0 cm). The apparatus was made of wood and was approximately 50 cm 
above the floor. The maze of Munoz et al. (1988) consisted of a circular 
central area (31 cm diameter) from which 30 x 7 x 7 cm alleys radiated. 
Idrobo et al. (1987) used a maze modified for mice. The central area, made 
of bronze, was 16.7 cm in diameter, and the arms were made of aluminum 
and measured 25.5 cm in length, with 4.0 cm wide floor and 3.4 cm high 
side walls. A small water cup was fitted distally in each arm. Eight barriers, 
7.6 cm long x 3.5 cm high, extended out from the central area between each 
pair of arms to prevent the mice from crossing between arms without 
entering the centre area. The radial maze described by Chrobak et al. (1989) 
had a central platform 20 cm in diameter, and each arm measured 8 x 50 cm 
with 5.5 cm high walls slanting outward at an angle forming a V-shaped 
trough. At the end of each arm was a 1 cm-deep food well in which food 
pellets were placed. The maze was made of wood and painted black and was 
elevated 46 cm from the floor. Caprioli et al. (1990) used a maze of opaque 
material with a 14 cm wide, 30 cm high central platform communicating 
through 8 doors (8 cm wide, 10 cm high) with 8 arms identical in size (80 
cm long, 10 cm wide, with 20 cm-high side walls). Each arm was fitted with 
a translucent Plexiglas lid. Shimizu et al. (1991) used a transparent Plexiglas 
maze with a central platform 36 cm across, and with arms measuring 12 x 
60 x 40 cm). Food cups were placed at the end of each arm. The maze used 
by Walsh et al. (1982) consisted of a black Plexiglas base with clear 
Plexiglas walls. The central area measured 32 cm. The arms were 26 cm 
long, 10.5 cm wide, and 9.5 cm in height. Entry into the arms was 
controlled by motor driven guillotine doors. At the end of each alley was a 
trough connected to a pellet dispenser. The maze described by Akaike et al. 
(1991) was made of polyvinyl chloride with a centre platform diameter of 
37 cm and 8 arms measuring 60 cm in length and 12 cm in width. The maze 
was elevated 50 cm from the floor. The maze of Bushnell and Angel1 (1992) 
had opaque floors and sides, and transparent top. The central area measured 
32.5 cm, and each arm measured 26 x 9.5 x 10.5 cm. Food pellets were 
administered from a food dispenser to a clear plastic food cup at the distal 
end of each arm. Vorhees et al. (1992) used a black acrylic maze with clear 
top panels, which rested on the floor and was enclosed. 

Monitoring/data collection. 
The way the animal’s movements in the maze was recorded is often not 
reported in publications (e.g. Jarrard et aZ., 1984; Beatty and Bierley, 1985; 
Idrobo et al., 1987; Chrobak et al., 1989; Fisher et al., 1989; Akaike et al., 
1991). The movements may be recorded manually by direct observation, 
however, automated registration makes it possible to observe more endpoints 
in a more objective manner; and to avoid disturbing the animal by being in 
the test room during testing. The maze of Munoz et al., 1988, was equipped 
with 4 pairs of transistors in each arm, the first pair being placed directly at 
the entrance. At the end of each arm was a transparent swinging door, 
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behind which the bait was placed. The opening of the door was detected by 
a microprocessor. Bushnell and Angel1 (1992) used twenty-four photodiode 
pairs, the location of which is not described. 

Motivation. 
In order to motivate the rats to solve the task they must be hungry or thirsty. 
Rats are either maintained on a restricted feed-schedule at 80-85% 
bodyweight of free-feeding animals (Olton and Samuelson, 1976; Walsh et 
al., 1982; Munoz et al., 1988; Chrobak et al., 1989; Akaike et al., 1991; 
Shimizu et al., 1991, Vorhees et aZ., 1992, Akaike et al., 1994), or are only 
allowed access to drinking water for a limited amount of time each day 
(Idrobo et aZ., 1987). In either case, food or drink is withheld until testing 
has been completed. The rats must be housed singly in cages to ensure 
accurate feeding or drinking. Innis and Macgillivray (1987) examined the 
performance of rats, which were deprived of either food or water, in the 
radial maze and observed that accurate performance was achieved in both 
groups, but that water-deprived rats tended to adopt a response strategy of 
choosing adjacent arms. 

Cut-off time. 
It is necessary to set a limit to the time the rat is allowed to complete the 
task in order to standardize the test conditions within an experiment. 
Usually, the rat is allowed to stay in the maze until it has obtained all the 
available rewards, or until a certain time has passed, whichever comes first. 
The cut-off time used by different investigators is different. Five minutes 
was the cut-off used by Fisher et al. (1989) and Vorhees et al. (1992). A 
cut-off of 10 minutes seems to be the most common limit (Walsh et al., 
1982; Walsh et al., 1984; Munoz et al., 1988, Munoz et al., 1989, Akaike 
et al., 1991; Shimizu et al., 1991; Akaike et al., 1994). 

Endpoints. 
The primary endpoint for performance in the radial maze is the number of 
erroneous entries (an error is counted when the rat chooses a previously 
visited arm), or the number of correct entries within the first eight arms 
visited. A correct entry is to choose a previously unvisited, baited arm. 

Some authors only register an entry as correct when the rat takes the reward 
after choosing a particular arm (e.g., Munoz et al., 1988; Walsh et al., 1982; 
Akaike et al., 1991; Shimizu et al., 1991 Vorhees et al., 1992); while others 
do not indicate what constitutes a choice (Caprioli et al., 1990; Akaike et al., 
1994). Idrobo et al. (1987) scored a choice once the subject crossed the 
midway point of the arm. 

Other endpoints used include total number of arms entered (Walsh et al., 
1982; Munoz et al., 1988; Akaike et al., 1991; Vorhees et al., 1992), 
sequence of arms entered (Munoz et al., 1988; Idrobo et al., 1987; Caprioli 
et al., 1990; Akaike et al., 1991; Vorhees et al., 1992), time needed to enter 
an arm (Munoz et al., 1988), total time employed in making 8 correct 
choices (Walsh et al., 1982; Munoz et al., 1988; Vorhees et al., 1992), and 
the number of consecutive correct choices (Caprioli et al., 1990). 
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Sometimes a criterion for successful acquisition is set. A criterion is an 
arbitrary value chosen by the investigator. Munoz et al. (1988) used as 
criterion of acquisition that the rat must make 8 correct choices on five 
consecutive days. The number of days to reach criterion; and the number of 
rats which reach criterion within a given time span are then used as 
endpoints. Akaike et al. (1991) considered the animals to have acquired the 
learning criterion when at least 7 of the first 8 choices were correct, with all 
correct choices in the first 6 choices, in 5 consecutive trials. Shimizu et al. 
(1991) had a criterion of more than 7 successive correct responses within the 
first 8 choices obtained for at least 2 days. 

The above-mentioned endpoints may be used for calculating other measures 
of performance such as temporal efficiency (no. of correct choices per 
second) (Walsh et al., 1982), and averaged locomotor activity (choices per 
minute) (Walsh et al., 1982). 

Examples of test methods that have been developed to assess different 
aspects of memory in the eight-arm radial maze. 
The 8-arm radial maze has been developed for basic research into spatial 
memory processes of rodents. The test has not been developed for routine 
use in toxicological experiments. Therefore, it is not known what the ‘best’ 
procedure should be in order to reveal learning and memory deficits induced 
by chemicals. Certain procedures have reached somewhat of a standard 
status by being used by different investigators. Some of these standard tasks 
or test paradigms are listed in the following text. Most often, the rats are 
subjected to one daily test during a period of a few weeks’ to several 
months’ duration. 

The classical task as described by Olton and Samuelson (1976) is the 
situation where all arms are baited. The rat is placed in the central area and 
allowed to explore the maze until all rewards have been collected; or until 
cut-off time, whichever happens first. The task is regarded as providing a 
measure of working memory. Within a trial, the rat must keep continuous 
track of which arms have been visited and which have not, thereby using 
working memory (Olton and Samuelson, 1976). Walsh et al. (1982) demon- 
strated trimethyltin-induced inhibition of learning in this task. The rats were 
initially trained in 15 trials, then injected with timethyltin. After a 2-week 
recovery from the acute effects of trimethyltin the rats were subjected to 15 
trials to allow assessment of their ability to relearn the task, and after 
another 2-week rest again tested in 15 trials to determine whether the 
impairment was transient and reversible. In the reacquisition periods, effects 
were evident on the number of correct choices in the first eight choices, on 
total selections, and on temporal efficiency. Walsh et al. (1984) injected 
AF64A bilaterally into the lateral cerebral ventricles and found impairment 
in the rats in 15 trials 60 days after dosing. Idrobo et al. (1987) showed that 
12 months’ dietary caloric restriction improved performance relative to ad 
libitum-fed animals in this task in mice, using 20 trials. 

Weisenburger et al. (1990) in a course of 20 trials showed that rats exposed 
prenatally to phenytoin (an anticonvulsant which is a known developmental 
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behavioural toxicant) obtained fewer reinforcements in the first eight arms 
entered than controls, and visited a higher number of arms during the trials. 
Akaike et al. (1991) showed impairment of adult rats with temporary 
neonatal hypothyroidism with respect to trials to criterion, and number of 
correct choices. These rats were tested in a daily trial for a varying number 
of days, until they seemed accustomed to the task, after which they were 
given 20 daily trials. Caprioli et al. (1990) showed differences in learning 
ability among rats of different ages (9, 19, and 28 months old), with the old 
rats being impaired compared to the young. 

Munoz et al. (1988) exposed rats in utero and 180 days postnatally to low 
levels of lead. The rats were then tested in 15 sessions, followed by a three- 
day ‘retention test’ 4 weeks after the original test. The retention test was 
identical to the original 15-session acquisition test. Impairment was 
demonstrated in the ability to reach criterion in the acquisition test; but not 
with respect to the number of errors made. These investigators conducted a 
second experiment with a similar test procedure to study the effect of 
destruction of neurons in the amygdala compared to the deficits caused by 
lead. 

Shimizu et al. (1991) tested methylazoxymethanol-induced microencephalic 
rats. The number of trials depended on the rats’ reaching a criterion. The 
microencephalic rats committed more errors during trials and required 
approximately 50% more trials to reach criterion. 

The difficulty of the g-bait task may be increased by removing the rat from 
the maze for a time (‘delay’) after partial completion of the maze, usually 
after the fourth choice. Gallagher et al. (1983) used a delay of 6 hours 
(initially 1 minute and then 30 minutes were used for training) between the 
4th and 5th choice; and placed the maze in a new spatial environment after 
the delay to create a less-than-optimal performance in control animals. The 
purpose was to test the memory-improving effect of drugs injected 
immediately after the 4th choice. Fisher et al. (1989) with a similar purpose, 
inserted a delay of 2 hours between the 4th and 5th choice. . 

Another task has been described where only some arms are baited. The 
baited arms are the same from trial to trial. The animal must learn not to 
enter the unbaited arms (a reference memory task) as well as to enter each 
of the baited arms only once (working memory task). If never-baited arms 
are chosen, the test rat has difficulties in reference memory; if baited arms 
are re-entered, the rat has difficulties in working memory. This design was 
used by Beatty & Bierley (19856) to test the influence of the centrally 
acting active anticholinergic, scopolamine hydrobromide, on working and 
reference memory; who found that only the working memory aspect of the 
task was impaired. Jarrard et al. (1984) trained rats in this task for 6 weeks 
until a stable performance was reached, then induced various surgical brain 
lesions to areas related to the hippocampus. After a 2-week recovery, the rats 

6 A 1Zarm apparatus was used in this reference 
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were tested on the same task for 5 weeks. By this technique, it was possible 
to assess the importance of various brain areas for working and reference 
memory. 

‘Repeated acquisition’ is a task where only some arms are baited. The baited 
arms are the same for repeated trials within a session, but different from 
session to session. This allows repeated testing of learning ability in 
individual subjects over a long period of time (Peele, 1989). Bushnell & 
Angel1 (1992) trained rats in 12 daily trials. Within the 12 trials of each day, 
the same four arms were baited, but from day to day the set of baited arms 
was changed. Thus the rats were presented with a new task each day. A 
stable performance was established within 25 training days; after which the 
effect of a single injection with timethyltin was assessed in a six-week 
follow-up period. This design showed an increasingly impaired performance 
during the first three weeks after the injection. The impairment remained 
stable during the following two weeks, and finally, by the sixth week, the 
rats recovered to an extent where there was no difference compared to 
control. 

The ‘delayed non-match to sample’ procedure is a task where some arms are 
shut off by a barrier. The remaining arms are baited. The rat is allowed to 
collect the food rewards (sample trial or pre-delay session) and is then 
removed from the maze for a period of time. The barriers are removed, and 
bait is placed in those arms only that had been shut off in the sample trial. 
The rat is now put back into the maze for the post-delay session. The 
optimal strategy is to avoid those arms that have already been visited in the 
sample trial, and to enter only those arms that have been shut in the sample 
trial. This is a difficult task for the rats, and the design eliminates the 
possibility that a rat may solve the problem by choosing adjacent arms. The 
baited arms are different from trial to trial, so the task is new on each trial. 
Both reference and working memory are involved. 

Chrobak et aZ. (1989) used this task with a delay inserted between the 4th 
and 5th choices to detect memory impairment of muscimol, a GABAergic 
agonist which causes a substantial reduction in the acetylcholine turnover 
rate of the hippocampus. In this experiment, the rats were initially trained 
on the standard task (8 baited arms) in 15 trials (one daily trial); where a 
greater than 90% accuracy was reached. Then the rats were trained in the 
delayed non-match-to-sample task in 30 trials (one daily trial) with a l-hour 
delay. An 80% accuracy was reached by most animals within 20 trials; with 
considerable variation in the rate of acquisition between animals. The effects 
of various doses of muscimol injected immediately following the pre-delay 
session were assessed using a l-hour delay, showing a dose-dependent 
decrease in the number of post-delay correct choices and a dose-dependent 
increase in the number of post-delay errors. In this experimental design, the 
pre-delay performance served as an extra control for the effect of the phar- 
macologically active compound. 
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Effects of known neurotoxicants in the radial maze. 
Several well-known neurotoxicants with effects on learning and memory in 
the eight-arm radial maze are shown in Table 2 (p. 46). A description of 
these studies is provided in the following text. 

Walsh et al. (1982) trained rats in 15 lo-minute trials with 8 open and 
baited arms in the radial maze prior to dosing with trimethyltin. After a 2- 
week recovery, animals were subjected to an identical 15-trial course of 
radial maze testing, left for 2 weeks, and finally tested again in a third 15- 
trial test. The trimethyltin-exposed rats made fewer correct choices in the 
first eight choices, made more total selections, and made less correct choices 
per minute. 

Bushnell and Angel1 (1992) used trimethyltin as a neurotoxic model 
compound to study toxicity in a repeated acquisition task; and were able to 
show a time course of increasingly impaired performance which reached a 
stable level and finally ended in recovery. 

Walsh et al. (1984) administered AF64A, a presynaptic cholinergic 
neurotoxin into the lateral ventricles of rats and performed radial maze 
testing 60-80 days after dosing in 15 lo-minute trials with 8 open and baited 
arms. The AF64A-injected rats were impaired throughout the period of 
testing and made fewer correct choices in the first 8 choices, required a 
higher total number of choices to obtain all 8 rewards, and showed less ten- 
dency to choose adjacent arms compared with control. 

Munoz et aZ. (1988) tested the radial maze performance of rats maternally 
and permanently exposed to lead in 15 lo-minute trials with 8 open and 
baited arms. Four weeks later, three retention trials were performed. The 
lead-exposed rats did not make more errors, but required more trials to reach 
criterion; and many lead-exposed rats failed to reach criterion within the 15 
trials. 

Weisenburger et al. (1990) exposed rats prenatally to phenytoin and started 
radial maze testing on postnatal day 69 in a daily g-minute trial with 8 
baited and open arms. The study showed that the phenytoin-exposed animals 
obtained fewer reinforcements in the first eight arms entered than controls, 
and visited a higher number of arms during the trials. 

Akaike et al. (1991) produced temporary hypothyroidism in neonatal rats by 
administering propylthiouracil to lactating dams during days O-19 after 
delivery. Neonatal hypothyroidism is a well-known cause of mental retarda- 
tion in human infants. At three months’ age, the rats were tested in the 
radial maze, using a daily lo-minute trial with 8 open and baited arms. 
Initial trials were regarded as pre-training until rats no longer showed 
irregular behaviour such as not walking to the end of arms, or omitting to 
eat food pellets. After the first well-performed trial was observed, each rat 
was given 20 trials. The neonatally hypothyroid rats were impaired with 
respect to trials to criterion and the number of correct choices. 
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Shimizu et al. (1991) dosed pregnant rats with methylazoxymethanol on 
days 13-15 of gestation, thereby producing microencephalic offspring. At 
three months of age, the rats were tested in the eight-arm radial maze. 
Initially the rats received 3 days’ pretraining in a daily lo-minute session 
where food pellets were scattered from the central platform to each arm’s 
food cup. Then the rats were tested in a daily lo-minute trial with 8 open 
and baited arms. The training was continued until all rats had satisfied the 
criterion of having more than 7 successive correct responses within the first 
8 choices for 2 consecutive days. When this was accomplished, the rats were 
tested in a daily trial with a delay inserted between the 4th and 5th choice. 
Three such ‘retention’ trials were performed, with delays of 5, 15, and 30 
minutes. The microencephalic rats committed more errors during trials and 
required approximately 50% more trials to reach criterion; and made 
significantly more errors in the ‘retention’ trials with a 15-minute and 30- 
minute delay. 

Vorhees et al. (1992) used a radial maze task to test rats exposed in utero 
to hyperphenylalaninemia (a well-known cause of mental retardation in 
human infants). A daily 5-minute trial with 8 open and baited arms for 20 
days showed that the exposed rats obtained fewer rewards in the first eight 
arms entered per trial, and required more time to perform the task. 

Akaike et al. (1994) dosed pregnant rats with methylnitrosourea on day 13 
of gestation, which caused microencephalon in the offspring. At the age of 
three to four months, the microencephalic rats were tested in a radial maze 
test. The rats were tested in a daily lo-minute trial with 8 open and baited 
atms. Pre-training was performed, until rats no longer showed behaviour 
such as not walking to the end of arms, or not eating food pellets. After the 
first well-performed trial was observed, each rat was given 20 trials. The rats 
with microencephalon needed fewer pre-trials (supporting the suggestion that 
microencephalic rats may have reduced fearfulness for novel situations), 
made more total choices, fewer correct choices in the first eight choices, and 
fewer consecutive correct choices than the control group. 
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Table 2. Examples of known neurotoxicants which impair performance in 
the eight-arm radial maze 

Compound Effect on organism Reference 

Methylazoxymethanol on day ll- Alkylating agent, Tamaki et al., 1989 
13 in gestation Microencephalon in 

offspring Tamaru et al., 1992 

Shimizu et al., 
1991 

Methylnitrosourea in gestation Alkylating agent, 
Microencephalon in 
offspring 

Akaike et al., 1994 

Ethanol in gestation Hall et al., 1991 

Propylthiouracil to mother during Hypothyroidism in Akaike et al., 1991 
lactation postnatal day O-19 offspring. Human con- 

genital hypothyroidism 
known to cause mental 
retardation 

Trimethyltin Loss of hippocampal 
pyramidal cells 

Walsh et al., 1982 

Trimethyltin 

Hyperphenylalaninemia of 
mother during gestation 

Loss of hippocampal 
pyramidal cells 

Maternal phenylketonuria 
causes mental retardation 
in children 

Bushnell and 
Angell, 1992 

Vorhees et al., 
1992 

Prenatal exposure to phenytoin Phenytoin is a well-known Weisenburger et 
behavioural developmental al., 1990 
toxicant 

Intraventricular injection of 
AF64A (ethylcholine mustard 
azaridinium ion) 

Irreversible hypofunction 
of cholinergic system in 
the cortex and 
hippocampus 

Walsh et al., 1984 

Lead Munoz et al., 1988, 
1989 
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11.7 The Morris water maze 

Water mazes have been used for many years. Rats have natural swimming 
ability, but will try to escape from the water. The motivation for water maze 
tasks is thus aversive; i.e. the rat performs the task in order to avoid an 
-unpleasant experience. However, the unpleasant experience is probably less 
stressful to the rat than other types of motivation that are used in 
behavioural research, such as electric shock used in e.g. avoidance testing. 
When food or drink rewards are used to motivate rats, they must be in a 
state of deprivation for the duration of the entire test period. The deprivation 
state may be detrimental to the animals, especially if they are already in an 
situation of physiological stress because of chemical or surgical experimental 
treatment. While being tested in a water maze, rats can receive their usual 
amount of food and drinking water. The Morris Water maze was developed 
in the 1980es, initially to study spatial localisation in the rat (Morris, 1984). 
The water maze is a circular tank of water, with a platform onto which it is 
possible to escape. The platform is placed in the middle of one of the four 
imaginary quadrants of the circular tank. The platform surface is positioned 
just beneath the water surface, making it invisible. A rat cannot be guided 
to the platform by local visual cues; and it cannot be guided by smell, 
because odour trails do not persist in the water. The use of the hidden 
platform requires the rat to approach a position in space which it can neither 
hear, see or smell. The platform can only be localized by use of extramaze 
cues, and continuous monitoring of body position in relation to these cues. 
In spite of these difficulties, normal rats very quickly learn to swim directly 
towards the platform from any starting position at the tank edge. Thus, the 
required behaviour is well within the rat’s natural abilities. Several measures 
are used to estimate the efficiency of the rat’s performance. These measures 
are mentioned in the text below under each test type. Whenever effects are 
reported, the level of significance is 0.05. 

Apparatus. 
A great variety of tanks have been used, as described in the review by 
Brandeis et al. (1989). The original tank of Morris, the inventor of the 
Morris water maze, was 2.24 m in diameter and 0.40 m in height (Morris, 
1984). The depth of the water was 0.25 m. Other researchers have used 
much smaller tanks - sizes down to 0.80 m in diameter is mentioned in the 
review by Brandeis et al. (1989). Segal (1988) used a 1.30 m diameter tank 
with a 50 cm high rim. Lee and Rabe (1992) used a pool of 142 cm in 
diameter and 60 cm in height, which was constructed of galvanized steel and 
painted white. The tank of Vorhees et al. (1992) was 178 cm in diameter, 
51 cm high, painted black. 

Various types of platforms have been used. The 10 cm platform of Segal 
(1988) was made of glass. The platform used by Lee and Rabe (1992) was 
11 x 11 cm and made of clear Plexiglas. Its top surface was covered with 
a white towel. Vorhees et al. (1992) had a platform made of clear acrylic 10 
x 10 cm with a fibreglass-screen surface. 
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The water level of the tank described by Segal (1988) was only 11.5 cm. 
Lee and Rabe (1992) had a water depth of 40 cm. Vorhees et al. (1992) 
filled the tank to a depth of 32 cm. Water temperature is usually that of the 
surrounding room, varying between 18 and 26 “C (Brandeis et al., 1989). 
Often the water in the tank is rendered opaque by adding milk powder (Lee 
& Rabe, 1992) or nontoxic paint (Markowska et al., 1993). This is done to 
make the platform completely invisible, and for the purpose of computerized 
image processing. 

Movement recording. 
The rat’s movements may be tracked and recorded by means of an overhead 
video camera and an image processing program, such as described by Morris 
(1984). The computer-based object tracking systems may depend on the rat 
being identified as a dark object on a white background. Therefore, when 
such a tracking system is used, the rats must be of a strain with naturally 
dark coat colour. Lee and Rabe (1992) used Long-Evans hooded rats which 
have dark brown fur on the parts of the body which are above the water 
during swimming. If albino rats are used, the fur on the rat’s head may be 
died dark with hair colourant. Other computerized tracking systems identify 
the rat as a white object on a black background (Vorhees et al., 1992; 
A,B,C); in that case nothing is added to the water; and the tank must be 
made of black material. Morris water mazes can be used without computer 
tracking systems, however, the measures that can be recorded by direct 
observation are, of course, not as detailed as those that are obtained through 
computerized image processing. 

Endpoints. 
Morris (1984) recorded escape latency, path-length, deviation from the 
correct heading angle towards the platform (path directionality). In the probe 
test, the time spent in each quadrant, number of crossings of previous 
platform location was recorded. Segal (1988) measured the path length and 
escape latency during acquisition and reversal. Lee and Rabe (1992) 
measured the swimming speed during pretraining, and the time each rat took 
to reach the platform (escape latency) during acquisition (place navigation 
task). For the probe trial, the percent distance travelled in each quadrant was 
recorded. Vorhees et al. (1992) measured path length, percent of distance in 
each quadrant, percent of distance in each of three concentric annuli, and 
latency to reach the goal. Llorens et al. (1993) recorded escape latency 
during acquisition (place navigation task) and the time spent in each 
quadrant in the probe trial. 

Examples of test procedures in the Morris water maze. 
As has already been mentioned for the 8-arm radial maze, the Morris water 
maze has been developed for basic research into spatial memory processes 
of rodents, not for routine use in toxicological experiments, and a ‘best’ way 
of testing animals for effects on learning and memory does not exist. Certain 
procedures were developed by Morris (1984) and have reached a standard 
status by being frequently used by different investigators. Most often, the 
rats are subjected to several daily tests during a period of a few weeks. 
Basically, rats are placed in a circular pool of water from which they can 
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escape onto a hidden platform which is located in the middle of one of the 
four imaginary quadrants of the pool. The rats must locate the platform 
within a certain time; if they fail to do so, they are placed onto the platform 
manually and allowed to remain here for a certain time (Morris, 1984). 

A ‘Morris water maze test’ as described in the literature usually incorporates 
one or several of the procedures mentioned below, but the way they are 
performed is not uniform. 

Pretraining. 
Lee and Rabe (1992) pretrained rats in three sessions during one day three 
days prior to acquisition training. Pretraining consisted of a 60-second swim 
in a rectangular 120 x 42 cm Plexiglas tank without an escape platform. 
Vorhees et al. (1992) subjected rats to one day of 4 pretraining trials in a 
150 cm straight water channel with an escape ladder. 

Shaping. 
In addition to learning the platform’s location, the rat must also learn how 
to do the task: getting familiar with swimming, learning that escape around 
the tank edge or by diving is impossible, and learning to stay on the 
platform. A straight swim procedure may be run before actual spatial testing. 
Markowska et al. (1993) used a 15 cm wide alley made of two 100 cm long 
parallel pieces of transparent plastic to guide the rat from the starting point 
to the platform in two daily sessions of 5 trials for 2 days. The purpose of 
the shaping procedure was to teach the rat the general testing procedures, 
without providing it with information about the location of the escape 
platform. Shaping should make the subsequent acquisition training a more 
sensitive test of place learning by reducing individual variability in the place 
navigation task; and make it a more pure test of spatial learning. However, 
the authors did not have a control group not subjected to the shaping pro- 
cedure, so that the correctness of this assumption could be verified. 

Acquisition - Place navigation. 
Acquisition refers to the situation where rats are trained to find the hidden 
platform at a fixed location in space over a series of trials (Morris, 1984). 
Typically, a rat is trained in several daily trials. Each trial consists of placing 
the rat in the water at a specified location near the tank edge and allowing 
it to search for the platform for a defined period of time, usually 60 seconds. 
Rats treated with trimethyltin showed impairment in a course of 9 daily 
trials for 2 days in this task (Segal, 1988). Lee and Rabe (1992) subjected 
microcephalic rats of 6, 15, and 24 months of age to 5 daily 180-second 
trials for 5 consecutive days and demonstrated a marked deficit in learning 
to locate the hidden platform. This deficit was more pronounced with 
increasing age. Vorhees et al. (1992) tested rats exposed in utero to 
hyperphenylalaninemia in 8 daily 120 set acquisition trials for 3 days. 
Llorens et al. (1993) tested rats dosed with disulfoton in 4 daily 60-set trials 
for 5 days, and showed an impairment on the first trial of each day only. 

Usually the rat is placed in the water held directly by the experimenter’s 
hand, facing the edge of the tank. When rats are placed by hand facing the 
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tank edge, they may perform the turn in a variable way, thereby introducing 
a source of variation. Markowska et al. (1993) used a starting platform 
which could be lowered into the water, and placed the rat face toward the 
centre of the tank, to reduce variability of test conditions. The starting 
position should be different for each daily trial, otherwise a rat may develop 
a strategy of swimming in a pattern instead of finding the platform through 
spatial orientation. Four starting points were used for 4 daily trials by 
Llorens et al. (1993); and by von Euler et al. (1993). Lee and Rabe (1992) 
used only two starting points in four trials. Segal (1988) used 3 starting 
points in 9 daily trials. If the rat fails to escape onto the platform within the 
trial period, it is picked up and placed on the platform for lo-15 seconds. 
Rats who find the platform on their own are also allowed a short stay, in 
order to allow confirmation of the spatial location of the platform relative 
to distant objects in the tank surroundings. Usually, rats will rear and sniff 
when placed on the platform, this behaviour diminishes over the course of 
initial training. 

On the first trials, most rats will concentrate their efforts on the tank walls, 
trying to find a way to escape. Gradually they begin to move away from the 
walls, thereby increasing the likelihood of finding the platform by chance. 
Finally, most rats learn to localize the platform. Examples of measures of 
performance are swim time, swim distance, and heading angle. Swim time 
or escape latency is the time between the rat’s leaving the start location and 
climbing onto the platform. Swim distance is the distance swum by the rat 
from the start location to the platform. A shorter swim time or distance 
indicates better performance. Heading angle is the deviation between the 
rat’s actual direction when it leaves the edge of the tank and a straight line 
connecting the start location with the platform. A smaller heading angle 
indicates better performance. Rats may develop a certain strategy that does 
not involve learning the exact platform location; but nevertheless leads to 
improved performance over time as measured by swim time and swim 
distance. The rats simply learn to swim in a concentric pattern at a fixed 
distance from the edge; and by using this strategy they will encounter the 
platform by chance. Gallagher et al. (1993) suggested that measuring the 
distance from the platform (‘proximity measure’) throughout the trial will 
allow separation of true spatial learning from strategy. When spatially- 
orienting rats search in the vicinity of the platform, they will constantly be 
a shorter distance from the platform than the strategy-using rats; and come 
out in the analysis as better performers. ‘Search error’ was calculated as a 
corrected proximity measure by removing the data collected during the 
amount of time that would have been required to swim from start to 
platform if the average swimming speed for that trial was used. Also, the 
strategy-using rats will show up in a probe trial (described below). 

Cued escape task. 
Training is carried out as in place navigation training, but with the platform 
surface visible above the water surface (Morris, 1984). Cued escape training 
is often used as an initial check to control for effects other than those under 
investigation. If cued escape learning is intact, it may be inferred that the 
test animals are not impaired in motor or sensory function, and that they are 
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motivated. If subsequent training with a submerged platform reveals 
impaired performance, this may be interpreted as difficulties in spatial 
learning. Morris (1984) refers to an experiment in which rats with entorhinal 
cortex lesions were impaired in the usual hidden platform task, but showed 
no impairment when the platform was visible. This was taken as evidence 
that the deficit was a genuine spatial deficit, rather than an impairment 
induced by motivational or sensorimotor factors. 

Transfer or probe test. 
This test is performed on rats which have been trained to a certain level of 
performance. The probe test is simply a trial where the platform is removed. 
What is measured then, is, of course not escape latency, but the tendency of 
the rat to search for the platform in the area of the tank where the platform 
used to be (Morris, 1984). This is referred to as spatial bias (Morris, 1984). 
The tendency of the rat to remain near the location where the escape 
platform had been during platform trials is a measure of spatial memory for 
the platform location (Markowska et al., 1993). 

Endpoints include the percent distance travelled in each of the four quadrants 
of the pool (Lee and Rabe, 1992) or the time spent swimming in each 
quadrant (LAorens et al., 1993). The number of crossings of regions of the 
pool marking the exact position and surface area of the former platform may 
also be used (Morris, 1984). 

The purpose of the probe test is to obtain a measure of performance that is 
different from the standard measure (e.g. escape latency) and which provides 
an independent assessment of performance (Markowska et al., 1993). 
However, in this traditional probe test version, the rat is not offered a 
solution to the task; and the optimum strategy for the rat is not to go to the 
platform location. Therefore, one cannot expect to test the same response 
with repeated probe tests - the rat may learn that if it does not encounter the 
platform at its first visit to its location, then there is no platform and further 
search is unproductive (extinction of response) (Markowska et al., 1993). 
Markowska et al. (1993) describe a variable-interval probe test in which the 
rat is offered escape onto a platform after some variable interval of time. In 
the variable-interval probe test, the optimal strategy for the rat is to go 
straight to the previous platform location and remain there until the platform 
is available. This type of probe can be repeatedly carried out. The amount 
of time spent in the quadrant previously containing the platform is a measure 
of performance in the probe trial; and a measure of spatial memory for the 
platform location. The area of interest may be narrowed down to a smaller 
region around the platform position to better identify good performance; that 
is, if a rat concentrates its search in a small (correct) region, it performs 
better than a rat which searches in a larger region. 

In aging (15 and 24 months), but not in young adult (6 months) 
microcephalic rats who were subjected to probe testing, Lee and Rabe 
(1992) found a reduced tendency to search in the quadrant where the 
platform had previously been. 
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Reversal test. 
In the reversal test the platform is moved to a new location, after the rats 
have learned the original location of the platform to a certain degree. The 
rats must then learn to find the platform in the new position. As the spatial 
arrangement of objects in the room is the same as before, the rats do not 
need to re-learn the task altogether. Therefore, for normal rats, re-learning 
of platform position is very rapid. The relevant measures are identical to the 
place navigation task. Segal (1988) observed that trimethyltin-exposed rats 
were slower in learning the new position of the platform compared to 
controls. The rats had previously been subjected to 18 trials with the 
platform in the opposite quadrant of the pool. Lee and Rabe (1992) found 
that microcephalic rats had difficulty in learning location of the platform in 
a new position, and that this was markedly worse with increasing age. The 
old (age 24 months) rats were unable to learn the new position in the course 
of 5 trials, whereas control rats of all ages, and 6-months old microcephalic 
rats were down to the pre-reversal escape latency after 5 trials. 

Retention test. 
Lee and Rabe (1992) conducted a second 5-trial retention test 10 days after 
the conclusion of the previous acquisition test to test the ability of 
microcephalic rats to maintain performance. The observed increase in escape 
latency was greater for the microcephalic rats, and greater with increasing 
age. 

Working memory procedure in the Morris water maze. 
In this procedure, the platform is placed in a new position each day. The rat 
is trained for two trials per day. The time interval between the first and 
second trial must be short. The rat must learn the platform position from the 
first trial to locate the platform in the second trial. The platform position 
information is only valid for the second trial, and, therefore, this task is 
considered to require working memory rather than reference memory 
(Morris, 1984). This task is a ‘match-to-sample’ procedure, with the first 
tial of each day being the sample. 

Effects of known neurotoxicants in the Morris water maze. 
Table 3 (p. 54) shows examples of chemical compounds which have shown 
effect on Morris water maze performance. The studies are described in .the 
following text. 

Segal (1988) tested trimethyltin-exposed rats in three days. Nine acquisition 
trials were run on the first day, with the same starting point. On the second 
day the starting point was randomly alternated between three positions for 
a total of nine trials. On the third day of training the platform was moved 
to the opposite quadrant. The ttimethyltin-exposed rats were impaired in all 
three types of task. 

Lee and Rabe (1992) conducted 1 day of pretraining (three 60-second trials 
per rat in a separate tank without platform) which was conducted 3 days 
prior to acquisition training. Acquisition training consisted of a total of 25 
trials given as 5 spaced trials a day for 5 consecutive days. The platform 
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remained in the same position. The rats were left for 10 days, after which 
a retention test was performed, consisting of 5 trials on the same day with 
the platform placed as before. This was followed by a 30-second probe trial, 
where the platform was removed. On the following day, the platform was 
moved to an adjacent quadrant and a transfer test was conducted. With this 
design, it was possible to show impairment of microencephalic rats on 
acquisition, retention, and transfer trials; and to demonstrate that the deficit 
increased with age. 

Vorhees et aZ. (1992) tested rats exposed in utero to hyperphenylalaninemia, 
for a total of 5 days, beginning with 8 daily 120-second acquisition trials for 
3 days. On test day 4, memory for what had been acquired was assessed by 
administering 4 trials with no platform (1 minute limit per trial). These trials 
were followed by 4 re-instatement trials identical to those conducted for 
acquisition. On test day 5, rats were given 8 shift trials in which the 
platform was moved to the opposite quadrant from its initial position. The 
rats exposed to hyperphenylalanineamia were impaired in the acquisition 
phase only; and the impairment was restricted to the females. 

Llorens et al. (1993) exposed rats to an organophosphate cholinesterase 
inhibitor, disulfoton, for 30 days. The rats were tested in 4 daily acquisition 
place navigation trials for 5 days. On the last day, a probe trial without 
platform was performed 2 hours after the last acquisition trial. During 
acquisition, the disulfoton-treated rats had longer escape latencies on the first 
daily trial; but not on the other three daily trials. The result of the probe trial 
was not significantly affected by treatment. 

A similar phenomenon was found by Hass et al., 1994, who tested learning 
and memory of young rats exposed in utero to N-methylpyrrolidone. This 
experiment was conducted with the Morris water maze at our Institute. The 
maternal rats were exposed 6 hours per day to 150 ppm N-methylpyrrolidone 
on gestation days 7-20. The offspring were tested at 3-4 months of age with 
cued escape, 3 days of each 4 trials, followed by place navigation acquisition 
for 5 days of each 4 trials. One month later a retention test was performed, 
identical to the place navigation task, with 5 blocks of 4 trials, two blocks 
per day on consecutive days. A transfer test was then performed, followed 
by a reversal test, where the platform was moved to a new position, and rats 
were tested for 3 days with 8 daily trials. No differences were observed in 
the initially performed cued escape and place learning tasks. The retention 
testing revealed significantly (PC 0.05) longer mean latencies in the exposed 
group in the first trial in each daily block during reversal learning. 
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Table 3. 

Examples of compounds that have been tested in the Morris water maze 
and have been shown to impair performance in this task7 

Compound Effect on organism Reference 

Hyperphenyl- 
alaninemia 

maternal phenylketonuria 
causes mental retardation 
of child exposed in utero 

Vorhees et al., 
1992 

Trimethyltin Loss of hippocampal 
pyramidal cells 

Segal, 1988 

Disulfoton Organophosphate choline 
esterase inhibitor 

Llorens et al., 
1993 

Methylazoxymethanol in Alkylating agent, 
gestation Microencephalon in 

offspring 

Lee & Rabe, 
1992 

N-methylpyrrolidone in Not known Hass et al., 1994 
gestation 

7 Level of significance 0.05 
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12 REPORT OF OWN STUDIES 

This is a short summary of the general materials and methods used in the 
studies A, B, and C. With respect to description of methods used for other 
tests than eight-arm radial maze and Morris water maze, the reader is 
referred to the publications. All types of tests are included in the results 
discussion. As mentioned earlier in this report, the intention of the chosen 
study design was to mimic, in laboratory animals, the exposure situation that 
is believed to lead to chronic toxic encephalopathy, and to examine the 
animals with respect to signs and symptoms related to this human syndrome, 
with special emphasis on persisting effects. Exposure had to be via 
inhalation, as this is the common route of human exposure to an organic 
solvent. With respect to white spirit, the exposure had to include all 
components of the complex mixture, as this would be the case for human 
exposure. We decided to conduct studies on wholly vaporized material, as 
it is the easiest to carry out from an experimental view point and would be 
generally acceptable by the EU regulatory community. From a scientific 
point of view, pure substances or subfractions of white spirit might have 
been a better choice of test material, but since the purpose of the project was 
to produce documentation for regulatory use, we chose to test the wholly 
vaporized material. The request from the Danish Environmental Protection 
Agency was to generate experimental documentation that would allow a 
labelling of individual solvents with a particular EU risk phrase (R48). In 
order to get this label, it must be demonstrated that the effects are long- 
lasting, while effects that appear immediately in relation to exposure, and 
disappear shortly after the exposure is stopped, cannot be used in this 
context. Human chronic toxic encephalopathy develops after many years of 
exposure, so the exposure period had to cover a substantial part of the 
lifetime of the rats. The interval from exposure to examination had to be 
long, as only effects persisting long after the end of the exposure could be 
used in favour of R48 labelling. 

Chemicals. 
Toluene was purchased from Merck, Germany (Cat. No. 8325). The purity 
was more than 99.5%. 

Aromatic white spirit: Mineralsk terpentin K-30, CAS No. 64742-88-7 was 
purchased from Shell, Denmark. The boiling interval was 148-2OO”C, with 
a 20 vol% aromatics. The toluene content was zero. 

Dearomatized white spirit: Exxsol D 40, CAS no. 64742-48-9 was purchased 
from Exxon Chemical Denmark A/S. The boiling interval was 145-2OO”C, 
and the aromatic content was ~0.4 wt%. 
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Animals. 

Male outbred Wistar rats (Mol:WIST) from Mollegaard Breeding Centre, 
Denmark were used in all studies. The rats were three months old with a 
mean body weight of approximately 350 g at the beginning of exposure. In 
study B, a group of 15-month old rats was also used. 

The rats were housed two per cage in stainless steelwire cages, in animal 
rooms with automatic control of temperature (22 +lOC), relative humidity 
(55% +5%), air exchange (8 times/h), and fluorescent light (lights on from 
21:00-9:OO). The animals were exposed during the daytime, i.e. when the 
light was off in the animal room. Rats are nocturnal, and, therefore, it was 
considered most relevant to conduct the exposure during the ‘dark’ period, 
when the animals exhibit the highest level of activity (which would be 
comparable to occupational conditions). During daily exposure food was 
removed to avoid contamination with the test chemical. 

Nipple bottles with tap water were available to the rats at all times. 
The animal cages were placed in custom-built inhalation chambers in a flow 
of filtered atmospheric air. Solvent vapour was generated by evaporation 
equipment (Microlab A/S, Denmark). The concentration of test solvent in the 
chambers was measured by an infrared spectrophotometer (Miran 402, 
Foxboro, England). During daily exposure, the chamber concentrations were 
sampled continuously (about 20 minutes of each hour for each chamber). 
These sample measurements were used for adjustment if necessary. Control 
of the function of the equipment via a standard solvent sample was 
performed routinely once per week. 

The exposure schedule was the same in all studies. The rats were exposed 
for six months, six hours per day, five days per week via inhalation to 
toluene (0, 500 and 1500 ppm), to aromatic white spirit (0, 400, and 800 
ppm), or to dearomatized white spirit (0, 400, and 800 ppm). Behavioural 
testing began at least 2 months after the end of exposure. Different groups 
of rats were tested in Morris water maze and in g-arm radial maze. 

12.1 Eight-arm radial maze 

An eight-arm radial maze was constructed with grey plastic floor material 
and transparent plastic wall material (Fig. 1, p. 59). The central area is 50 
cm, and each arm measures 10 x 10 x 60 cm (Fig. 2, p. 60). The maze is 
elevated 90 cm above the floor and is not covered. At the entrance, and at 
the end of each arm, a photocell is placed. The photocells are connected to 
a computer, and software has been developed to control the test conditions 
and collect data. Data are generated by the rat’s passing a photocell. When 
the rat passes the entrance photocell, this is counted as ‘choice’ of that arm, 
and when the distal photocell is passed, a ‘reward’ is registered. A video 
camera allows monitoring of the rat while testing is in progress, but is not 
intended for data collection. In the central area a cylindrical plastic container 
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is placed, which is connected to an electromotor overhead. It is possible to 
elevate the container from the control room by pushing a button. A rat is 
placed in the container by the experimenter. The experimenter retreats to the 
control room, activates the computer, and elevates the container. The rat is 
now free to start exploring the maze. Our endpoints were initially restricted 
to the number of correct choices within the eight first choices; the total 
number of choices; and the time used to perform the task (all eight arms 
have been visited) (Ref. A, B). Later on (Ref. C), new software was 
developed with more endpoints added, and the following measures were 
collected: the number of correct choices (first-time visits) among the open 
arms; number of correct choices with reward among the open arms; the total 
number of choices; the total number of rewards; the number of different 
choices; the number of rewards obtained in the first choice of an arm; the 
total time to completion; the maximum number of sequential choices 
(choices of adjoining arms); and the maximum number of sequential 
rewards. 

Statistical analysis of data. 
The data that are collected during eight-arm radial maze testing represent 
repeated measures, i.e. the same measures are obtained from the same 
individuals repeatedly with short time intervals. If a statistical analysis is 
performed without regard for this, i.e. if the results of the various dose 
groups are simply compared on each test day, a potential problem arises. 
Significance may arise simply as a result of performing many analyses, and 
not because the dose groups are truly different from each other. This is 
referred to as mass significance. Special statistical analytic methods are, 
therefore, needed for repeated measures. Statistical analysis computer 
software is now available for this type of measurements, at least when the 
data are suitable for analysis of variance procedures. Data which are not 
normally distributed, and which do not exhibit homogeneity of variance 
should be analyzed by non-parametric methods. To my knowledge, standard 
non-parametric methods for analysis of repeated measures have not been 
developed. At the time when the experiments in the references A and B 
were conducted, we did not use a repeated measures analysis. The data in 
A were analyzed using the nonparametric Wilcoxon rank sum test (using the 
public domain EPISTAT software from US Centre of Disease Control, 
Atlanta, GA) where the dose groups were compared pair-wise on each test 
day. The data in B were also analyzed by means of the Wilcoxon rank sum 
test with pairwise comparison of dose groups on each test day (SAS 
statistical software system, Cary, NC). A reanalysis of the data with repeated 
measures analysis of variance was performed for this report (table 13, p. 
122). In C a repeated measures analysis of variance (using a general linear 
model) was performed (SAS statistical software system, Cary, NC). Whether 
this was correct is also a question, as the data are not normally distributed. 
However, statisticians often apply a liberal view on the use of analysis of 
variance procedures, and it seems to be a general view that the procedures 
are robust enough to allow their use on data which strictly speaking should 
be analyzed by other means (Skovgaard, 1996). As no statistical significan- 
ces appeared in A and B when the repetitive non-parametric analyses were 
performed, the error of mass significance production was not committed. In 
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any case, the experimenter should always view the data and decide whether 
the results of the statistical analysis fit with reality; which they do in these 
experiments. 
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Fig. 1 Schematic drawing of the el, ‘uht-arm radial maze at the Institute of 
Toxicology 
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Fig. 2 Schematic druwin, 0 of the eight-arm radial maze nt the Institute of 
Toxicoiogy 
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12.2 Morris water maze 

A tank with a diameter of 220 cm and a height of 40 cm was constructed 
from glass fibre and painted black (Fig. 3, top, p. 63). The tank may be 
filled with water through a rubber hose from the water tap in the room. The 
tap is equipped with a thermostat to ensure the correct temperature of the 
water, which in all experiments has been that of the room, 22°C. This 
temperature is cold enough to be aversive and is practical as it is not 
necessary to have heating or cooling of the tank water during testing. 

In the floor of the tank is an outlet for draining. During a period of testing, 
the water is changed every 2-4 days, depending on the degree of 
contamination with faecal material from the rats. The experimenter will 
remove floating faecal boli from the water with a fishing net at regular 
intervals during a test day to keep the water as clean as possible. We do not 
add substances to the tank water to make the water opaque. 

The tank bottom is equipped with markings to allow precise positioning of 
the platform. An overhead monochrome video camera is placed above the 
centre of the tank; connected to a computer with a frame-grabber and image- 
analyzing program (Fig. 3, bottom, p. 63). A screen with a circular hole 
restricts the area of the camera’s vision to the tank. Within this circular area, 
the computer will identify and track objects of a certain degree of brightness 
relative to the dark water. Before a new experiment is initiated, the image 
analyzing program must be calibrated to the correct sensitivity. A still 
picture of a rat is grabbed and the sensitivity is adjusted until the rat is the 
only object in the picture which shows up as being identified. If the 
sensitivity is too low, the computer will not identify the rat. If it is too high, 
other objects than the rat may be tracked. It is essential that the rat is the 
brightest object in the camera field. Reflected light in the water is as bright 
or brighter, and will distract the computer and make it lose the rat’s track. 
Much effort must be spent on the positioning of the room light to obtain 
sufficient light on the rat, but without producing reflexes in the water. Our 
solution has been to use fluorescent lights placed on the outside of the tank 
walls. The light on the rat is indirect light reflected off the room walls. 

A custom-made computer program has been written which describes and 
determines the test conditions; and which collects the data from the 
performing animal. Before a rat is tested, the following information must be 
entered by the experimenter: experiment number, animal number, trial 
number, platform position, start position, maximum time allowed before 
automatic termination of recording, time from key push to start of recording. 
Four points on the tank rim are called north, east, south, and west, and the 
water surface is divided into four quadrants called northeast, northwest, 
southeast, and southwest. The tracking system will identify the rat’s position 
in an imaginary grid on the visual field at regular intervals. The (time, 
position) data pairs are used by the program to computate the pathlength, 
and the escape latency is recorded as the time from start of recording to 
manual or automatic interruption. From these measures, velocity, percentage 
of time in each quadrant, and percentage of pathlength in each quadrant are 
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calculated. The experimenter manually records success (rat escaped onto 
platform before timeout) or failure (rat did not escape onto platform before 
timeout). Further, the experimenter notes whether the computer was able to 
keep continuous track of the rat’s movements, or whether the track was 
lost8. 

All video and computer hardware and software was obtained from Image 
House, Denmark. 

Statistical analysis of data. 
The data that are collected during Morris maze testing represent repeated 
measures, i.e. the same measures are obtained from the same individuals 
repeatedly with short time intervals. The individual elements of the test 
(acquisition, probe test, reversal learning) are viewed separately. As 
previously mentioned (p. 57), if the results of the various dose groups are 
simply compared on each test day, mass significance may arise. Repeated 
measures should be analyzed with statistical methods specifically developed 
for this type of data. Repeated measures analysis of variance procedures are 
available. Non-parametric methods for repeated measures analysis applicable 
to data which are not normally distributed, and which do not exhibit 
homogeneity of variance, are not a standard option in commercially available 
statistical software packages. 
As already mentioned, at the time when the experiments of A and B were 
conducted, software for repeated measures analysis of variance was not 
available to us. With respect to A the data were merely evaluated by 
viewing individual data points, means, standard deviations, and medians; and 
not subjected to statistical analysis. The data in B were analyzed by means 
of the Wilcoxon rank sum test with pairwise comparison of dose groups on 
each test day (SAS statistical software system, Car-y, NC). As no statistical 
significances appeared when the repetitive non-parametric analyses were 
performed, the error of mass significance production was not committed. The 
data have been analyzed again with repeated measures analysis of variance 
for this report (table 14a-d, p. 123-126). In C a repeated measures analysis 
of variance (using a general linear model) was performed (SAS statistical 
software system, Cary, NC). The correctness of this approach may be 
debated, as the data are not normally distributed. However, as previously 
discussed, statisticians tend to encourage the use of parametric analysis of 
variance even in such cases. In al1 experiments both individual series and 
averaged daily results were analyzed so as not to miss any findings. 

’ The information is used for editing data before statistical analysis. If the track was lost, all measures are set 
to ‘missing’. If the rat failed to escape onto the platform, escape latency is set to 60 sec. 
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Fig. 3 Schematic drawings of the Morris water maze at the Institute of 
Toxicology. The upper figure gives the dimensions of the tank, 
while the bottom figure illustrates the data collection method. 
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12.3 Testing in radial maze and Morris maze 

The test designs were not identical in the three studies. These studies were 
performed in the course of several years (1988 to 1993) and computer 
software was naturally changed and improved during this period. The studies 
were not designed with a view to allow a direct comparison of results 
between studies. The primary objective was to obtain documentation on each 
test chemical for regulatory purposes, and the test methods were, therefore, 
customized for each study with the intention of making the tests as sensitive 
as possible. The animals in our studies were subjected to a number of 
examinations after the end of exposure, beginning with behavioural testing. 
The time of sacrifice and the subsequent procedures, which involved a large 
number of scientists and technicians, and use of laboratories, were planned 
from the outset of the study. Therefore, the amount of time available for 
behavioural testing was fixed. Each test had to be completed within weeks, 
and although it may be argued that more extensive testing could have been 
carried out, this was just not possible for practical reasons. Also, no time 
was available to view results from one test in detail before performing the 
next. 

Toluene, reference A. 
Morris water maze. Three groups of 12 rats exposed to 0, 500, or 1500 ppm 
of toluene were tested in Morris water maze. The rats were trained in blocks 
of four rats. Training consisted of cued escape training (acquisition with 
visible platform) for 3 days with 4 daily trials, place navigation (acquisition 
with invisible platform in same location) for 10 days with 4 daily trials, a 
single probe test (no platform) on day 14, and reversal learning (platform 
moved to diagonally opposite quadrant) for 2 days with 4 daily trials. 

Eight-arm radial maze. One week prior to testing in the eight-arm radial 
maze, three other groups of 12 rats were moved to single-animal cages and 
reduced to 85% of their previous bodyweight by restricted feeding. 
Following this, the rats were tested in a daily lo-minute session with eight 
open and baited arms for 5 trials per week during three weeks. The 
following endpoints were measured: Number of correct ch.oices among the 
first eight choices, total number of choices, and time used. 

Aromatic white spirit, reference B. 
Morris water maze, young adult rats. Three groups of 12 young adult rats 
exposed to 0,400, or 800 ppm of aromatic white spirit were tested in Morris 
water maze. The rats were trained in blocks of four rats. Training consisted 
of cued escape training (acquisition with visible platform) for 4 days with 
4 daily trials, place navigation (acquisition with invisible platform in same 
location) for 7 days with 4 daily trials, a single probe test (no platform) on 
day 12, which had to be repeated on day 14 (after 4 trials of re-training on 
day 13) because of computer failure and reversal learning (platform moved 
to adjacent quadrant) for 1 day with 4 daily trials. 

Morris water maze, old rats. Three groups of old rats exposed to 0 (n=l l), 
400 (n=ll), or 800 ppm (n=13) of aromatic white spirit were tested in 
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Morris water maze. The rats were trained in blocks of two to four rats, 
depending on the number of rats per cage. Training consisted of cued escape 
training (acquisition with visible platform) for 7 days with 4 daily trials, 
place navigation (acquisition with invisible platform in the same location) 
for 1 day with 4 daily trials, a single probe test (no platform) on day 9, and 
reversal learning (platform moved to diagonally opposite quadrant) for 4 
days with 4 daily trials, and finally a second single probe test on day 14. 

Eight-arm radial maze. One week prior to testing in the eight-arm radial 
maze, three other groups of 12 rats were moved to single-animal cages and 
reduced to 85% of their previous bodyweight by restricted feeding. 
Following this, the rats were tested in a daily lo-minute session with eight 
open and baited arms for 5 trials per week during three weeks. On the 15th 
test session, a 5-minute delay was inserted between the 4th and 5th choice, 
during which the rat was removed from the maze and placed in its home 
cage. The following endpoints were measured: Number of correct choices 
among the first eight choices, total number of choices; and the time used. 

Dearomatized white spirit, reference C. 
Morris water maze. Three groups of 12 rats exposed to 0,400, and 800 ppm 
of dearomatized white spirit were tested in Morris water maze. The rats were 
trained in blocks of four rats. Training consisted of cued escape training 
(acquisition with visible platform) for 5 days with 4 daily trials, place 
navigation (acquisition with invisible platform in same location) for 2 days 
with 4 daily trials, a single probe test (no platform) on day 8, reversal 
learning (platform moved to adjacent quadrant) for 5 days with 4 daily trials; 
and, finally, a second probe test on day 14. 

Morris water maze with scopolamine challenge. This test was not planned 
from the outset of the study, but was inserted when it was clear that the 
above-mentioned Morris water maze test was negative. As cholinergic 
blockade does not interfere with already learned material (Brandeis et al., 
1989), we had to use rats which had not been subjected to the Morris maze 
test before. We had to use rats which had already been tested in the eight- 
arm radial maze as described below. These rats are, therefore, not 
comparable to the rats which were tested in the ‘regular’ Morris maze test, 
as they have been subjected to food deprivation, handling, and training in the 
radial maze before the Morris water maze test. Three groups of 10 of these 
radial-maze tested rats exposed to 0,400, or 800 ppm of dearomatized white 
spirit were tested in Morris water maze. Thirty minutes prior to daily 
training, the rats received a subcutaneous injection of scopolamine hydrobro- 
mide 0.16 mg/kg (see section 11.5. for rationale). The rats were trained in 
blocks of four rats. Training consisted of cued escape training (acquisition 
with visible platform) for 10 days with 4 daily trials. 

Eight-arm radial maze. One week prior to testing in the eight-arm radial 
maze, three groups of 12 rats exposed to 0, 400, or 800 ppm of 
dearomatized white spirit were moved to single-animal cages and reduced 
to 85% of their previous bodyweight by restricted feeding. Following this, 
the rats were tested in a daily lo-minute session with eight open and baited 
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arms for 12 test days (‘classical training’). A delayed non-match to sample 
task was introduced for the remaining 8 test days, consisting of two daily 
sessions per rat. In the first session (pre-delay trial or sample trial) four 
maze arms were shut off by insertion of a clear plastic barrier across the 
entrance. The remaining four open arms were baited. The rat was placed in 
the central area and was allowed to collect the bait. The rat was then 
removed from the maze and kept in its home cage for 30 minutes. In the 
second session (delayed non-match to sample trial) all arms were left open, 
with bait only in those arms that had previously been shut off. The following 
endpoints were measured: a. Number of correct choices (first-time visits) 
among the open arms. b. Number of correct choices with reward among the 
open arms. c. Total number of choices. d. Total number of rewards. e. 
Number of different choices. f. Number of rewards obtained in first choice 
of arm. g. Total time to completion. h. Maximum number of sequential 
choices (choices of adjoining arms). i. Maximum number of sequential 
rewards. 
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13 RESULTS 

In our studies of the effects of the organic solvents toluene, aromatic white 
spirit, and dearomatized white spirit, a number of endpoints have been 
measured, and several effects have been demonstrated. The types of 
measurements, and the results are described; with special attention given to 
the eight-arm radial maze test and Morris water maze test, which are the 
focus of this thesis. Only efects statistically significant at the 0.05 level are 
mentioned. 

Test results from eight-arm radial maze and Morris water maze testing in 
references A, B, and C are presented in figures and tables in the Appendix. 

13.1 Toluene 

(Reference A, Figs. 4-7, table 4) 
Body weight, a widely used marker for general physiological status, was not 
affected by the exposure. Motor activity was not affected, and learning in the 
passive avoidance test was not affected. Neocortical volume was not 
affected, nor was the number of neurons in neocortex. The mean nuclear 
volume and the mean perikaryal volume were significantly increased at 500 
ppm, and the standard deviations on these parameters in both exposed 
groups were 2-3 times larger than the control values. In a later publication 
(Korbo et al., 1996), we have presented results of unbiased stereological 
neuron counting, showing that the regio inferior of the hippocampus had 
sustained a 16% neuron loss in the rats exposed to 1500 ppm of toluene 
compared with control rats (rats exposed to 500 ppm were not investigated). 
Macroscopical examination did not reveal any effects. The relative organ 
weights of the spleen and brain were increased at 500 ppm, while the 
relative organ weight of the kidney was increased at 1500 ppm. At 1500 
ppm, the weight of the hippocampus was decreased, while the weights of 
cerebellum, hemisphere, hypothalamus, pons, thalamus and medulla 
oblongata were not affected. The levels of the neurotransmitters 
noradrenaline, dopamine, and 5-hydroxytryptamine were changed in various 
brain regions in both exposure groups. 

Eight-arm radial maze. Fig. 4 (p. 98) shows the number of correct choices 
within the first eight choices (as the mean per group). Fig. 4a (p. 99) shows 
the single animal data, and group mean, for this parameter. Fig 4b (p. 100) 
illustrates the median along with 10th and 90th percentiles. The median 
number of correct choices increased from 6.0-6.5 on test day 1 to 6.5-7.5 on 
test day 15. No consistent difference was found between groups. The 1500 
ppm values were non-significantly lower than those of the control and the 
500 ppm group. 
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Fig. 5 (p. 101) shows the mean time required to solve the task. The time 
used was reduced from 459-485 set on test day 1 to 164-192 on test day 15. 
The reduction was most marked in the course of the first 7 test days, after 
which the time used stabilized around 200 sec. There were no significant 
differences between the groups. 

Fig. 6 (p. 102 ) shows the mean number of arms visited per test day by each 
group. The control and 500 ppm groups exhibited a reduction from 13.3-13.6 
on test day 1 to 8.5-8.8 on test day 15. At 1500 ppm the number of arms 
visited increased from 11.0 on test day 1 to 12.4 on test day 3, after which 
a reduction was apparent. There were no significant differences between the 
groups. 

It is concluded that all groups were able to learn the eight-arm radial maze 
task, and that none of the exposed groups were impaired compared to the 
control group. There were no significant differences between the groups. 

Morris water maze. Fig. 7 (p. 103) presents escape latencies and route length 
as mean per day for each group. The graphs are practically identical, 
indicating that swim speeds were similar in the three groups. The test design 
is explained in the figure. During cued escape acquisition training on test 
days l-3 the escape latency is reduced from 50 set to 20 set showing that 
none of the groups were impaired in the swimming task. When the platform 
was submerged on day 4, the escape latencies increased to 30-35 set, but 
were quickly reduced to 15-20 sec. On day 14 the platform was removed for 
the probe test, which explains the 60-set escape latency. The move of the 
platform on day 15 from NW to SE resulted in the escape latency being 
increased to 40-50 set, which was reduced to 30 set the following test day. 

Fig. 8 (p. 104) presents data from the probe test. All groups clearly spent 
more time (50%) in the quadrant where the platform was located in the 
preceding trials. It is concluded that all groups were able to learn the 
different Morris water maze tasks (cued escape, place navigation, second 
place navigation), exhibited spatial bias in the probe test on test day 14; and 
that none of the exposed groups were impaired compared to the control 
group* 
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13.2 Aromatic white spirit 

(Reference B, figs. 9-l 1, tables 5-7): 
This publication comprises two independent studies. The first study was 
carried out with rats that were three months old at the beginning of exposure 
(‘young rats’), while 15-month old rats were used in the second one (‘old 
rats’). 

Body weights were reduced during the exposure period in the young rats. 
Relative food and water consumption of the young rats was increased at 800 
ppm during the measurement period which covered the last six weeks of 
exposure. At 400 ppm, only water consumption was increased. Motor 
activity of one monthly weekend during and after the exposure period was 
not affected by exposure in either age group, however, old rats were less 
active than young rats by visual comparison of data. The concentrations of 
the neurotransmitters noradrenaline, dopamine, and 5-hydroxytryptamine 
were changed in various brain regions and in whole brain in both exposure 
groups. 

Eight-arm radial maze. Fig. 9 (p. 105) contains graphs of the number of 
correct choices within the first eight choices, the time required to solve the 
task, and the total number of choices in each exposure group. After an initial 
drop, the number of correct choices within the first eight choices gradually 
increases from 4-5 to approximately 7. A small reduction on test day 15 may 
be caused by the insertion of a 5-minute delay between the 4th and 5th 
choice. The time required to solve the task is gradually reduced from 
approximately 500 set on the first test day to 250-300 set on test day 14. 
On the 15th test day, the time is dramatically increased corresponding to the 
insertion of the 5-minute delay between the 4th and 5th choice. The total 
number of choices is fairly constant at 11-12 throughout testing. The data 
(number of correct choices among the first 8 choices) have been subjected 
to reanalysis for this report. A repeated measures analysis of variance test 
on the number of correct choices within the first eight choices has been 
performed in reference to the previous discussion of the correctness of the 
statistical analysis approach in the publication (Table 13, p. 122). The 
repeated measures analysis revealed significant effect of time, but not of 
treatment (level of significance 0.05). This does not change the conclusion 
of the publication. 
It is concluded that all groups were able to learn the eight-arm radial maze 
task, and that none of the exposed groups were impaired compared to the 
control group. The insertion of the 5-minute delay between the 4th and 5th 
choice caused a slight reduction in accuracy, but did not reveal any 
previously hidden differences between the control and exposed groups. 

Morris water maze. Fig. 10 (p. 106) shows escape latencies of the two 
experiments conducted in young adult rats, and old rats, respectively. The 
test design is explained in the figure. 

Morris water maze, young rats. During cued escape acquisition training on 
test days l-4 the escape latency is reduced from 55 set to 20 set showing 
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that none of the groups were impaired in the swimming task. When the 
platform was submerged on day 5, the escape latencies increased to 30-35 
set, but were quickly reduced to 25-30 sec. On day 12, the platform was 
removed for the probe test, but the data were accidentally lost. A new probe 
was carried out on day 14 which explains the 60-set escape latency. The 
move of the platform on day 15 from SE to NE resulted in the escape 
latency being increased to 25 set (from 15 on test day 13). 

Morris water maze, old rats. During cued escape acquisition training on test 
days l-6 the escape latency is reduced from 55 set to 30-35 set showing 
that none of the groups were impaired in the swimming task. Compared to 
the young rats above, the reduction in escape latency seems to be smaller. 
When the platform was submerged on day 7, the escape latencies increased 
only slightly. On day 9, the platform was removed for the first probe test, 
resulting in the 60-set escape latency. The move of the platform on day 10 
from NE to SE resulted in the escape latency being increased to 45 set 
(from 35 on test day S), which was slightly reduced over the following three 
days’ training. A second probe test was conducted on the last day of testing 
(test day 14), explaining the 60-set escape latency. 

Fig. 11 (p. 107) presents data from the probe tests of the young rats on day 
14 and the old rats on test day 9 and 14. The young rats clearly spent more 
time (50%) in the quadrant where the platform was located in the preceding 
trials, but the old rats do not exhibit spatial bias. 

Reanalysis of data. Young rats. 
The data (escape latencies and route length, from individual series and daily 
means per animal on test day l-4 (cued escape); and test day 5-11 (place 
navigation)) have been subjected to reanalysis for this report. A repeated 
measures analysis of variance test has been performed in reference to the 
previous discussion of the correctness of the statistical analysis approach in 
the publication. The results of the analysis are shown in Table 14a-b (p. 123- 
124). However, the repeated measures GLM analysis of the SAS system will 
only include observations where no values are missing. In this particular 
experiment, the number of animals with complete escape latency and route 
length data for 11 consecutive cued escape test sessions was 20 (escape 
latency) and 10 (route length), and for the place navigation task the number 
of rats with intact data was 31 (escape latency) and 8 (route length)). 
Therefore, the analysis is based on only part of the animals and must be 
viewed with caution. The repeated measures analysis revealed significant 
effect of time, but not of treatment (level of significance 0.05). This does not 
change the conclusion of the publication. 

Reanalysis of data. Old rats. 
Escape latencies and route length, from individual series and daily means per 
animal on day l-6 (cued escape); and day lo-13 (2nd place navigation)) 
have been subjected to reanalysis for this report. A repeated measures 
analysis of variance test has been performed in reference to the previous 
discussion of the correctness of the statistical analysis approach in the 
publication. The results of the analysis are shown in Table 14c-d (p. 125- 
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126). The repeated measures analysis revealed significant effect of time, but 
not of treatment (level of significance 0.05). This does not change the 
conclusion of the publication. 

Conclusion on Morris maze testing of rats exposed to aromatic white spirit 
It is concluded that all groups were able to learn the different Morris water 
maze tasks (cued escape, place navigation, second place navigation), that the 
young rats exhibited spatial bias in the probe test on test day 14, and that 
none of the exposed groups were impaired compared to the control group. 
Further, the data suggest an inferior performance of old rats compared to 
young rats. The young and the old rats were from two separate experiments 
conducted a year apart from each other, and were not tested in an identical 
manner; and consequently a statistical comparison of the two age groups is 
not possible. However, it is evident that the two age groups behave 
differently; the old rats exhibit a lower rate of acquisition (a slower 
reduction in escape latency) and no spatial bias. 

13.3 Dearomatized white spirit 

(Reference C, figs. 12-16, tables 8-10): 
Body weights were not affected by the exposure at any time during the 
study. The relative water consumption was measured during the last 6 weeks 
of exposure and the first 5 weeks after termination of exposure, and was 
found to be increased in the exposed animals only while exposure was 
taking place. Motor activity during an entire weekend was recorded twice 2 
months after the end of exposure. In the first weekend the 800 ppm group 
exhibited lower activity than the control rats. No behavioural changes were 
found in the exposed rats with the use of a functional observational battery. 
Learning and memory were not affected in the passive avoidance test. 
Clinical chemistry of 24-hour urine samples collected in the young rats the 
day after the end of exposure revealed no change in the exposed rats 
compared with control in urinary content of glucose, ketones, haemoglobin, 
nitrite, or protein. The relative diuresis was increased in the rats exposed to 
800 ppm. Density and pH were not affected. No effects were found on 
plasma alkaline phosphatase, alanine amino transferase, urea, glucose, 
creatinine, protein, or phosphate. Uric acid was reduced in the plasma at 800 
PPm* 
We did not find any macroscopic effects, or effects on organ weights and 
histology of liver, kidneys, adrenals, heart, spleen, tests, and ischiadic nerve. 
Electrophysiological measures (flash evoked potential, somatosensory evoked 
potential, and auditory brain stem response) were all affected. Neurochemical 
parameters were not investigated in this study. 

Eight-arm radial maze. 
Fig. 12 (p. 108) presents data from the twelve first test days, where the rats 
were trained in the ‘classical’ task with 8 open and baited arms with a lo- 
minute cut-off. The upper graph is the number of correct choices within the 
first eight choices (as the mean per group). The number of correct choices 
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within the first eight choices increases from approximately 5.5 on test day 
1 to 7.0 on test day 12. 

The time used is reduced from 528-578 set on test day 1 to 309-346 on test 
day 12 (middle graph). 

The mean number of arms visited per test day by each group is presented 
in the lower graph. All groups show an increase in the number of arms 
visited from 7.3-9.4 to approximately 10 in trial 12. 

Fig. 13 (p. 109) shows the results (number of correct choices within the first 
4 choices and total time used) of the delayed non-match to sample task. The 
number of correct choices remains at 2.5 throughout testing and the time is 
stable around 200 sec. Statistical analysis confirmed that there was no 
change in performance over time. 

It is concluded that all groups were able to learn the eight-arm radial maze 
task with 8 open and baited arms, that none of the groups were able to learn 
the delayed non-match to sample task in 8 test days, and that none of the 
exposed groups were impaired compared to the control group in the task 
with 8 open and baited arms . Clearly, if we had more time, we should have 
continued testing in the delayed non-match to sample task; when learning 
has not occurred in any group, the test is inconclusive. This group of rats is 
the group which was later subjected to Morris maze testing with 
scopolamine pretreatment. 

Morris water maze. 
Fig. 14 (p. 110) presents escape latencies and route length as mean per day 
for each group. The two graphs are practically identical, indicating that swim 
speeds were similar in the three groups. The test design is explained in the 
figure. During cued escape acquisition training on test days l-5 the escape 
latency is reduced from 55-60 set to 20 set showing that none of the groups 
were impaired in the swimming task. 

When the platform was submerged on day 6, the escape latencies increased 
slightly. On day 8 the platform was removed for the probe test, which 
explains the 60-set escape latency. The move of the platform on day 9 from 
NE to SW resulted in the escape latency being increased to 35-40 set, which 
was reduced to the previously reached low level of 20 set in the course of 
the following four test days. A second probe test conducted on day 14 
explains the 60-set escape latency. 

Fig. 15 (p. 111) presents data from the probe tests on test days 8 and 14. All 
groups clearly spend more time (50%) in the quadrant where the platform 
was located in the preceding trials. It is concluded that all groups were able 
to learn the different Morris water maze tasks (cued escape, place 
navigation, second place navigation), exhibited spatial. bias in the probe test 
on test days 8 and 14; and that none of the exposed groups were impaired 
compared to the control group. 
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Scopolamine pretreatment. 
The results of Morris maze testing with administration of scopolamine 30 
min prior to testing are shown in Fig. 16 (escape latency and route length) 
(p. 112). Only cued escape learning was tested in this experiment. We had 
only a short time at our hands in which to test the rats, and the scopolamine 
treatment resulted in very slow learning. A reduction in escape latency from 
60 set to 30 set was reached within 10 test days. Hidden in the small 
reduction in the mean escape latency is the fact that many scopolamine- 
treated rats were unable to find the platform at all, in spite of the platform 
being visible above the water surface. Even in the last (39th) training session 
many rats could not locate the platform (4 out of 10 in the control group; 
3/10 in the 400 ppm group; 4/IO in the 800 ppm group). When so many rats 
were unable to perform the cued escape task within the allocated test weeks, 
it was meaningless to test place navigation. Therefore, true spatial navigation 
learning was never tested in the scopolamine-pretreated rats; and only the 
ability to learn the location in response to the cue (seeing the platform) was 
measured. The purpose of administering scopolamine before training was to 
pharmacologically challenge the exposed animals. As previously described, 
pharmacological challenge is a procedure in which a pharmacologically 
active substance is administered to the test animals, after which their 
response is observed. Pharmacological challenge may be of use to unmask 
effects of other agents, which by themselves are too weak to disrupt per- 
formance. The type of pharmacological challenge agent to be used is chosen 
on the basis of prior knowledge regarding the potential target in the body, 
or knowledge of the toxic effect of the test agent. In our experiment, 
scopolamine was chosen as challenge agent because it is known to impair 
learning in the Morris water maze (Brandeis et al., 1989) and, therefore, may 
increase the effect of other agents with potential effect on learning in this 
test, such as white spirit. As the potential target for white spirit in the brain 
is unknown, it was not possible to base the choice of challenge agent on 
this. The scopolamine-challenge rats were from the same experiment as the 
Morris maze rats mentioned above; and tested in the Morris maze approxi- 
mately 1 month later. However, they are not directly comparable to the rats 
which were tested in the ‘regular’ Morris maze test, as they have been 
subjected to food deprivation, handling, and training in the radial maze 
before the Morris water maze test. Table 4 (p. 75) shows data from the first 
test series (with the platform visible, above the water surface) in the control 
rats of the two Morris maze tests in the present experiment, which indicate 
that the scopolamine pretreatment was effective. The data show that the 
scopolamine-pretreated control rats had much more difficulty in locating the 
platform than control rats that did not receive any pretreatment prior to 
testing. In the non-pretreated group, all rats managed to find the platform by 
the 8th test session. In the scopolamine-pretreated group, virtually no rats 
were able to find the platform within this number of test sessions. However, 
learning did occur in the course of the 10 test days (Fig. 16), showing that 
scopolamine did not block the ability to learn the cued escape task complete- 
ly. Therefore, it should have been possible to detect differences in learning 
ability. As the curves of the three exposure groups almost overlap, it is 
evident that scopolamine pretreatment, although clearly causing impaired 
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cued escape learning, did not unmask any latent impairment in the white 
spirit-exposed rats. 

13.4 Summary of results 

We have investigated a number of endpoints in rats exposed to toluene, 
aromatic white spirit, and dearomatized white spirit. These solvents do not 
seem to induce long-lasting general toxicity, as body weights were not 
affected, behaviour measured in a functional observational battery did not 
reveal any differences, and macroscopic and histological pathological 
examinations did not reveal any exposure-related changes. Kidney morphol- 
ogy was not affected by exposure, but increased water consumption and 
diuresis, and reduced plasma uric acid concentration in rats exposed to 
dearomatized white spirit may reflect a functional kidney impairment. 
Aromatic white spirit caused increased plasma creatinine and urea, and 
increased water and food consumption, which is also consistent with 
compromised kidney function. The effect of toluene on kidney function was 
not measured. Dearomatized white spirit was found to cause a decrease in 
motor activity, while the other two solvents did not. The decreased activity 
was found when measurements were recorded in the course of several days. 
The purpose of measuring motor activity during several days was to find out 
if the light-dark pattern of changing activity levels was disturbed; as sleep 
disturbance has been reported in humans exposed to organic solvents. The 
diurnal activity pattern did not seem to be disturbed. However, the variation 
among animals was great in ali three studies, and effects may have been 
missed because of the test insensitivity caused by the large variation. 

With quantitative morphological examination of brain tissue we have 
demonstrated certain effects of toluene. The mean nuclear volume and the 
mean perikaryal volume were significantly increased at 500 ppm, and the 
standard deviations on these parameters in both exposed groups were 2-3 
times larger than the control values. We have shown that the regio inferior 
of the hippocampus of the toluene-exposed rats had sustained a 16% neuron 
loss (Korbo et al., 1996). We found that concentrations of the 
neurotransmitters NA, DA, and 5-HT were changed in various brain regions 
and in the whole brain in response to toluene and aromatic white spirit. We 
interpret the general increase in 5-HT as a compensatory mechanism acting 
to overcome a solvent-induced reduced potential for serotonergic activity. 

Dearomatized white spirit caused increased amplitudes of early latency peaks 
of flash evoked potential, somatosensory evoked potential, and auditory brain 
stem response. Changes were also found in later-latency peaks of flash 
evoked potential and somatosensory evoked potential. We interpret the effect 
on auditory brain stem response as a possible early sign of the detrimental 
effect of this organic solvent on auditory function. The effects on the 
sensory evoked potentials reflect a disturbance in the initial stages and the 
more associative aspects of sensory information processing. 
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Cognitive aspects of behaviour was investigated for all three solvents, with 
rather disappointing results, as the cognitive tests were all negative. The lack 
of effect may indicate that organic solvents do not affect the type of learning 
involved in these tasks. We have attempted to examine several types of 
learning, as we used one cognitive test based on classical conditioning, and 
two tests which reflect spatial learning. Morris water maze and eight-arm 
radial maze are sensitive to effects caused by solvents, as effects of organic 
solvents have been found in these tests, using the test systems at our institute 
(Lam et al., 1991; Hass et al., 1994). However, the type of long-term 
cognitive impairment investigated in A, B, and C may be of a different 
nature. Another explanation for lack of detection of effect may be that, in 
spite of injury, the central nervous system is capable of functional 
compensation. This explanation is supported by the neurochemical findings, 
where the increase in 5-HT may be viewed as a compensatory mechanism 
acting to overcome a solvent-induced reduced potential for serotonergic 
activity. The brain possesses considerable compensatory capacity. It is well 
known that extensive loss of the substantia nigra neurons (80%) is necessary 
before symptoms of parkinsonism are developed (Anthony et al., 1996; in 
Casarett & Doull, 1996). However, once lost, neurons cannot be regenerated. 

Table 4. 

Dearomatized white spirit. Control rat performance in Morris maze test 
without and with scopolamine pretreatment. The table shows the 
number of rats which succeeded or failed to find the platform within the 
allocated 60 sec. Only the initial eight sessions from each experiment are 
shown. 

Session 

1 

2 

3 

4 

5 

6 

7 

8 

Without scopolamine 
pretreatment 

Success Failure 

2 / 11 

2 11 

2 11 

5 8 

9 4 

8 5 

10 3 

13 0 

With scopolamine 
pretreatment 

Success Failure 

1 9 

0 10 

0 10 

0 10 

0 10 

1 9 

0 10 

0 10 
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14 DISCUSSION 

In recent years, it has become more and more obvious that toxicological 
testing of chemicals should include assessment of neurotoxic potential. An 
important part of neurotoxicology is the evaluation of functional changes in 
the nervous system. Along with motor and sensory function, cognitive 
function is one of the main functional categories. Therefore, a need has 
arisen for tests that can be used to assess the effect of chemicals on 
cognition. In toxicological experimentation, the effects of toxicants are 
studied in laboratory animals to obtain information that can be interpreted 
with regard to human beings. The most important question is whether the 
biological response to a particular toxicant is the same in animals and man. 

Risk assessment consists of four steps: hazard identification, dose-response 
description, human exposure assessment, and quantitative risk 
characterization. Accurate risk assessment requires the ability to predict 
which chemicals will be neurotoxic at concentrations to which people are 
actually exposed. Risk assessment is generally a very uncertain process, but 
the regulation of toxic chemicals usually cannot be postponed until precise 
estimates of risk are obtained. In conventional risk assessment of non- 
carcinogens, based on animal studies, it is assumed that cumulative dose 
determines incidence of effect, and that a threshold dose exists below which 
no toxicity occurs. The lack of observable toxicity at ‘low’ (below-threshold) 
doses is a finding in numerous studies. By dividing this dose with a safety 
factor an ‘acceptable exposure’ is calculated. There is considerable 
experience with this method which has the big advantage of being easy to 
use. Alternative methods are not well developed and cannot readily be 
applied for practical use. However, several problems with the threshold 
approach must be recognized: the existence of a threshold is not 
substantiated for most systemic toxicants, only information about response 
at the threshold dose is actually used for regulatory decisions, estimation of 
risk at sub-threshold doses is ignored, the size of non-significant differences 
depends on measurement accuracy and number of animals per group, and 
trends are ignored if there is not a significant difference from control. 

As other non-carcinogenic toxicants, neurotoxicants are assumed to have a 
threshold value, and a determination of the no-effect-level is used to set 
safety factors. WHO (1986) recommends that threshold determination be 
obtained by the most sensitive test available. 

As ethical considerations severely limit the studies that can be performed in 
man, the use of laboratory animals is the only way to study effects of 
chemicals on whole organisms. With respect to cognitive function, we are 
faced with a construct whose existence cannot be proven, even in man. The 
belief that cognition exists in animals is based on observations of behaviour 
which cannot easily be explained without the acceptance of the presence of 
higher mental functions. Another question relates to the way the biological 
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response is measured. Certain types of effects can be measured in animals 
and man by the same method; e.g. brain stem audiometry can be applied to 
humans and rats. Basically; the same methodology is used, and the same 
type of data are obtained, allowing direct interpretation of findings. 
Unfortunately, the methods that have been used to assess cognitive function 
in humans exposed to organic solvents cannot be applied to laboratory 
animals, Animal cognition must be assessed by methods, which are adapted 
to the cognitive capabilities of the species. If an impairment is detected in 
such a test no inference can be made as to the type of impairment to be 
expected in humans. The test can only be used to point to a hazard: this test 
chemical may cause cognitive impairment. 

The eight-arm radial maze and the Morris water maze were originally 
developed for neurobiological research regarding rodent spatial learning and 
memory within the theoretical framework of working and reference memory. 
A large number of published experiments exist, including several reviews, 
where these tests have been used to study rodent learning and memory, often 
using surgical or pharmacological manipulations. This provides a basis for 
believing that the tests actually do measure learning and memory, and that 
they possess a certain degree of sensitivity. Only a limited number of 
published studies have been found where the eight-arm radial maze and the 
Morris water maze have been used to evaluate the toxicity of chemicals. The 
tests have not been subjected to any formal validation before being applied 
in toxicology; nor does a standard test apparatus or test method exist. In the 
published toxicological studies, a wide range of apparatuses, test methods, 
and endpoints have been used as described in chapters 11.6 and 11.7. 

Both tests are attractive to toxicologists for a number of reasons. The eight- 
arm radial maze test is not difficult to carry out, and animals do not need 
much attention while performing. No particular skill is necessary in the 
observer to make the animals perform. Although the rats must be placed 
manually in the maze, the main part of each trial is performed without the 
interference of an observer, and data can be collected automatically. In one 
published study this test was more sensitive than Morris or T maze (Akaike 
et al., 1994). Our own experience with the technical stability of equipment 
is good, the only time data were lost have been an accident where the printer 
paper was stuck. The eight-arm radial maze also possess some drawbacks. 
Food deprivation is necessary, and, therefore, animals must be housed singly. 
Restricted feeding causes physiological changes in the animals. The motiv- 
ation to perform may not be present, e.g., if the test chemical removes the 
sensation of hunger. At least several weeks of training is necessary before 
a stable performance is reached. This is long, compared to a simple learning 
test such as passive avoidance, which can be performed in just two days (but 
which does not include a cumulative learning process). However, compared 
to operant conditioning tests, where training may take months, the radial 
maze test is not particularly time-consuming. 

Table 11 (p. 120) shows control group performance in a number of 
experiments which were conducted at the Institute of Toxicology in the years 
1988-1993. These data may give an impression of the reproducibility and 
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variability of the test results. The number of correct choices among the first 
8 choices was the chosen endpoint for this table. All experiments were 
conducted as reference memory tasks, i.e. each rat was tested in one trial per 
day, all eight arms were baited, and the rats were allowed 10 minutes to 
complete the task. The experiments all comprise at least 12 test days which 
may be compared across experiments (in references B (old rats) and C the 
reference task testing was followed by delayed non-match to sample testing, 
the latter data are not shown in the table). The reference 0stergaard (1995) 
has three untreated groups, the differing factor being the rat strain. 

In these four independent experiments conducted over a long time period, 
very similar results have been obtained in untreated rats, showing that the 
basic performance of rats in this test is inherently stable. Behavioural tests 
are often accused of being insensitive because of large inter-individual 
variability. The standard deviations found at the outset of radial maze testing 
in our experiments are indeed large, up to 35%. However, as testing 
proceeds, the variability is reduced, and after 6 test days the standard devi- 
ation is reduced to 15% of the mean or less and stays at this level for the 
reminder of the testing. This degree of variability between individuals in the 
control group is not higher than for many other biological samples; and , 
therefore, the radial maze should not be criticized for statistical insensitivity, 
more than any other toxicological method. 

Biological insensitivity is another question: if the task is too easy, rats with 
relatively minor, but important, cognitive defects will not have trouble 
solving the problem. To assess whether the task is easy or not one may look 
at the rate of improvement with repeated testing. The probability of choosing 
n different arms within the first eight choices are as follows: n=8, p=O.O024; 
n=7, p=O.O673; n=6, p=O.3194; n=5, p=O.4200; n=4, p=O.1680; n=3, 
p=O.O168; n=2, p=O.O004; n=l, p=6 x 10” (Olton and Samuelson, 1976). The 
control data of table 11 (p. 120) show that animals start out with a rather 
high score: 5-6 correct out of 8 possible correct. From the above-mentioned 
probabilities it is evident that scores of 5 and 6 are the most likely result 
when choices are completely random, and although the actual improvement 
in score from 5 to 7 may not seem impressive, it does reflect a significant 
move away from random choosing and suggests that a learning process has 
taken place. The animals in Ostergaard (1995) were tested somewhat longer 
than the rats in references A, B, and C (20 test days compared with 12-15), 
and the data show that improvement in performance is even evident on test 
days 16 to 20. It may be assumed that the task is not easy, since maximum 
performance is not reached within three weeks of testing (15 test days). 

The ultimate evidence of biological sensitivity is the ability of the test to 
find subtle learning and memory defects. At present, not very many 
chemicals have been tested in the eight-arm radial maze. The examples 
shown in table 2 (p. 46) are all powerful neurotoxicants, such as the 
alkylating agents that have been administered during gestation to produce 
microencephalon, and are, therefore, not representative of chemicals with 
more subtle effects. 
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With respect to organic solvents, effects have been demonstrated in our 
laboratory in the eight-arm radial maze test with 2,5-hexanedione in 
combination with acetone (Lam et al., 1991), and in the Morris water maze 
with prenatal exposure to N-methylpyrrolidone by Hass et al., 1994. These 
results are presented in more detail later in the text. 

The Morris water maze task is fairly simple to solve for the rats, as they can 
learn place navigation in a few trials (e.g. five days of 4 daily trials is 
sufficient to conduct a simple place navigation task). Swimming is a natural 
behaviour, and even rats with motor impairment may perform the task 
successfully. Several independent measures can be recorded. The test 
apparatus and design prevents the rat from using strategy, from using odour 
trails, from using local cues; and, therefore, the Morris water maze test is a 
rather pure test of learning and memory function. The task involves spatial 
localization to a greater extent than many other types of mazes. The task 
does not require motivation by food or water deprivation, or by electrical 
shock which may be very traumatic to aged or intoxicated animals. In 
general, motivation may be difficult to produce or assess, but the motivation 
to escape from the water is nearly always present. However, water immer- 
sion may cause considerable stress in the animals, and cooling may have 
physiological effects. 

In our laboratory, the variability of performance has been rather large, which 
means that it is difficult to detect an impairment. Tables 4, 6, 7, 9, and 10 
(p. 113, 115, 116, 118 and 119 ) show the control group data (performance 
measure: latency to escape onto the platform) in the Morris water maze. 
Most experiments contain the same elements of testing (cued escape, place 
navigation, transfer test), but the time course of each test element was not 
identical and test days thus cannot be compared directly. The table legend 
explains the type-of testing for each test day. The test of references A and 
B (young rats) are the most similar. In these two experiments, a great 
improvement is apparent within the first 7-8 days with a reduction in escape 
latency from 50-60 set to lo-15 sec. The escape latencies in these two 
experiments were not similar during the first four days of testing, after this 
they do become rather similar. This indicates that the escape latency measure 
may not be very stable across experiments. The old rats in reference B were 
much slower, with a reduction from 57 set to 34 set in 8 days, and the 
scopolamine pre-treated rats of reference C were similarly impaired (60 set 
to 36 set in 8 days). When the platform was moved to a new location 
(legend ‘d)’ in tables 8-12 (p. 117-121) an increase in escape latency is 
apparent in all studies (14 to 45 in reference A, 13 to 26 in the young rats 
of reference B, 34 to 44 in the old rats of reference B, 24 to 38 in reference 
0. 

The interindividual variability in the Morris water maze as measured by the 
standard deviations is rather large, 50% is not unusual (tables 5-9, p. 114 - 
118). In the initial days of training, the standard deviation may appear rela- 
tively small compared to later, but this is caused by the fact that many rats 
cannot find the platform and, therefore, end with an escape latency of 60 
seconds. The large standard deviations in the control animals means that a 
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true difference may be missed because of ‘noise’. The Morris water maze 
place navigation task may, therefore, possess an inherent statistical insensi- 
tivity. 

Table 12 (p. 121) shows a comparable collection of transfer (probe trial) 
tests, i.e. where the rats are allowed a 60 set swim without any platform 
present. The transfer tests of the various experiments have been conducted 
after a differing number of cued escape and place learning tests, and are, 
therefore, not directly comparable. However, in all experiments a preference 
for the ‘platform’ quadrant is apparent in the control group, except in the 
second transfer test on day 14 of reference B (old rats). These rats also show 
a very weak spatial bias in the first transfer test on day 9. There does not 
seem to be a preference for any specific adjoining quadrant, but least 
preference for the opposite quadrant. The transfer tests conducted in different 
experiments over a long time period show rather similar results, showing 
that the transfer test possesses inherent stability in the basic performance. 
We should look for ways to minimize the individual variation, e.g. to imple- 
ment pre-training and an automatic starting point launching system as 
recommended by Markowska et al. (1993). Our technical equipment has not 
always been easy to manage, and some data have been accidentally lost. The 
computerized tracking system has had problems tracking small and quick 
animals such as young rats, and has lost track of diving animals. It has been 
necessary to keep a checklist and edit data before analysis. It will be 
possible to avoid such technical problems in future systems, as computers 
and other electronic components become more sophisticated. 

14.1 Demonstrated cognitive effects of organic solvents in our own 
laboratory 

Both of our spatial maze models have been found to be sensitive to the 
effects of organic solvents. The published studies are briefly described. 

We have demonstrated effects in the eight-arm radial maze test with 2,5- 
hexanedione in combination with acetone (Lam et al., 1991). In this study, 
rats exposed to 0.5% 2,5-hexanedione and 0.5% acetone through the 
drinking water were found to make significantly (PC 0.05) fewer correct 
choices during the first six test sessions compared with control. The rats 
were tested during the last two weeks of the seven-week exposure period. 
The rats were tested in one daily session with eight baited arms and with a 
maximum of 10 minutes. 

Hass et al., 1994, used the Morris water maze in our laboratory to examine 
young rats exposed in utero to N-methylpyrrolidone. The maternal rats were 
exposed 6 hours per day to 150 ppm N-methylpyrrolidone on gestation days 
7-20. The offspring were tested at 3-4 months of age with cued escape, 3 
days of each 4 trials, followed by place navigation learning for 5 days of 
each 4 trials. One month later a retention test was performed, identical to the 
place navigation task, with 5 blocks of 4 trials, two blocks per day on 
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consecutive days. A transfer test was then performed, followed by a reversal 
test, where the platform was moved to a new position, and rats were tested 
for 3 days with 8 daily trials. No differences were observed in the initially 
performed cued escape and place learning tasks. The retention testing 
revealed significantly (PC 0.05) longer mean latencies in the exposed group 
in the first trial in each daily block during reversal learning. A similar 
phenomenon has been described by Llorens et al. (1993), where disulfoton- 
treated rats had longer escape latencies on the first daily trial; but not on the 
other three daily trials. 

In conclusion, the equipment and method in our laboratory has succesfully 
been used to detect toxic effects induced by organic solvents on learning and 
memory, and a certain sensitivity is, therefore, known to be present. 

14.2 Comparison of tests for cognitive function 

The sensitivity of different tests of learning and memory can be compared 
if a particular animal model is analyzed by several testing methods. If a 
series of experiments were conducted, in which the effects of a number of 
neurotoxicants were measured in the various tests, it would be possible to 
get guidance for the choice of the ‘best’ test. 

Only one published study has been found, where the specific purpose was 
to evaluate the sensitivity of different maze tests for cognitive function. 
Akaike et al. (1994) tested groups of rats in four spatial mazes (T-maze, 
Biel water maze, Morris water maze, and eight-arm radial maze). The rats 
suffered from different degrees of microcephaly resulting from two different 
doses of methylnitrosourea. The radial maze task was to collect food from 
eight baited arms. The rats were pretrained until they showed a well-perfor- 
med trial (moving without unexpected responses such as turning back 
halfway in arms and not consuming the pellets even when they reach the end 
of the arms); and were then tested in 20 trials, one trial per day, with a 10 
minute cut-off. The endpoints were the number of trials before the first well- 
performed trial, total number of choices, number of correct choices, number 
of consecutive correct choices in the first eight choices, and frequency of 
choice of each arm. Morris water maze performance was tested with random 
starting points from four equally spaced locations on the circumference in 
five trials per day for three days with the platform in one position. The 
fourth day the platform was moved to the diagonally opposite position, and 
five trials were given. Endpoints were the swimming distance from the 
starting point to the platform and the time required to reach the platform, 
with a cut-off of 2 minutes. It was concluded that the radial maze was the 
most sensitive method, since it was able to identify with Morris water maze 
second. Both methylnitrosourea groups made more total choices, fewer 
correct choices in the first eight choices, and fewer consecutive correct 
choices than the control group. In the Morris water maze test, only the 
highest methylnitrosourea dose group showed impairment. The T-maze was 
not able to identify rats with microcephaly, and the Biel water maze only 
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revealed impairment in the highest dose group. It cannot be concluded from 
this one experiment that the radial maze is more sensitive than the other 
mazes, since the mazes probably do not assess the same function. 

Idrobo et al. (1987) showed non-impaired radial maze learning in aged mice 
after 12 months’ caloric restriction. Pit&as et al. (1990) showed non- 
impaired learning in rats in Morris water maze after 24 months of caloric 
restriction. In both experiments, the control group was ad libitum fed 
animals, who were impaired in the tasks. Although the study populations in 
these two experiments are very different from one another, it can be 
concluded that both types of maze were able to illustrate the same biological 
phenomenon in aged animals subjected to lifelong caloric restriction. 

Vorhees et al. (1992) tested rats exposed to hyperphenylalaninaemia in utero 
(a well known cause of mental retardation in humans) in the Cincinatti 
maze, Morris water maze, and radial maze. The same rats were tested in the 
three mazes. The sequence of testing was the Cincinatti maze, Morris water 
maze, radial maze. Impaired learning was found in all three mazes, but for 
Morris water maze the effect was only found in females. 

Llorens et al. (1993) tested rats exposed to 0, 0.5, 1.0, and 2.0 mg/kg/day 
of the organophosphate cholinesterase inhibitor disulfoton in Morris water 
maze and passive avoidance test. Although impairment was found in the 1.0 
and 2.0 mg/kg groups in Morris water maze, no effects were found on 
passive avoidance learning. 

Experience with more neurotoxic compounds is necessary before it can be 
decided whether one cognitive test is more sensitive than the others. Of 
course, it would be very valuable to know if one test is superior to others in 
the ability to detect effects of neurotoxicants on memory and learning. Until 
this issue is better understood, the use of several tasks may be the best 
strategy, since a given learning defect may not show up in one test, but may 
be revealed by another. 

14.3 Endpoints and procedures in the eight-arm radial maze and the 
Morris water maze 

The evidence gathered from testing of known neurotoxicants (see p. 44 and 
52) shows that effects have been found on all types of endpoints, and that 
no endpoint is the most sensitive. In the eight-arm radial maze, the number 
of errors, or the number of correct choices within the first eight arms is 
usually considered the principal endpoint, however, in the lead study of 
Munoz et al., (1988) this endpoint was not affected by lead, while another 
endpoint (trials to criterion) clearly was, leaving no doubt that the animals 
were in fact reduced in their capacity to learn. In the Morris water maze, 
escape latency is usually averaged per day and this average is used as the 
main endpoint of acquisition learning; but in the study of Llorens et al. 
(1993) the effect of disulfoton was only detectable on the first trial of each 
day. A similar effect, caused by prenatal exposure to N-methylpyrrolidone, 

82 



was reported by Hass et al., 1994. These examples show that a test may fail 
to detect a neurotoxicant if the wrong endpoints are considered. As one 
cannot know in advance what the relevant endpoint is, the prudent approach 
is to look at as many endpoints as possible. 

The sensitivity of different procedures to the effects of neurotoxicants is an 
important question. The procedures used in the eight-arm radial maze studies 
of neurotoxicants (section 11.6) are fairly similar. A task with 8 open and 
baited arms were used in most studies, with small deviations regarding 
whether pretraining was used or not, the time limit of each trial (5-10 
minutes), and the total number of trials (15-20). 

The Morris water maze studies of known neurotoxicants (p.52) include the 
same procedures but are otherwise performed quite variably. All designs 
included an initial acquisition training part; in which impaired performance 
was apparent in the exposed animals. It should be noted that in two of these, 
the impairment was found only in the first trial of each day (Llorens et al., 
1993; Hass et al., 1994). Four studies included a probe trial without platform 
(Lee and Rabe, 1992; Vorhees et al., 1992; Llorens et al., 1993; Hass et al., 
1994), no impairment was detected in this task in any of the studies. Rever- 
sal learning, where the platform is moved to a new location, was done in 
three of the studies (Segal, 1988; Lee and Rabe, 1992; Hass et al., 1994), 
and impairment was found in two cases. A database of only five chemicals 
is, of course, far too small to generalize from, but at least it can be 
concluded that acquisition training was sensitive in identifying impairment 
in all cases. There is at present no basis for concluding that a particular 
Morris water maze task is superior in detecting cognitive impairment caused 
by chemicals. Therefore, the best approach is probably to include several 
tasks in a ‘Morris water maze test’. There is nothing to indicate that the 
tasks should be performed in a particular way. 

14.4 Testing in the present project 

When eight-arm radial maze and Morris water maze tests were applied to 
animals exposed to toluene, to aromatic white spirit and to dearomatized 
white spirit, no cognitive effects of exposure could be demonstratedg. 
Among the other behavioural endpoints examined in A, B, and C, only 
motor activity in C was affected. In C, the motor activity of rats from the 
control and the highest dose group was recorded twice for 62 hours in the 
course of a week-end, two months after the end of exposure with the 
purpose of showing diurnal variation. Further, 45-minute exploratory activity 
was measured in all rats. The 62-hour motor activity of the high dose group 
during the dark periods of the first week-end was significantly lower than 
in the control group. The second week-end showed the same trend, but 
statistical significance was not reached. The 45-minute exploratory motor 

’ Level of significance 0.05 
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activity recording also revealed a statistically significantly lower activity in 
both groups of exposed animals, however, in this experiment the control 
group did not exhibit the usual pattern of reduced activity over time found 
in historical controls, so the results were considered inconclusive. 
In A, morphometric examination did not reveal any loss of neurons in the 
neocortex but an increase in mean nuclear volume and mean perikaryal 
volume, along with increased variation in these parameters in the group 
exposed to 500 ppm toluene. At 1500 ppm, toluene caused a reduction in the 
weight of hippocampus. A statistically significant neuron loss of 16% was 
found in regio inferior (CA3 and CA2) of hippocampus of these rats (Korbo 
et al., 1996). The levels of the neurotransmitters noradrenaline, dopamine, 
and 5-hydroxytryptamine were changed in various brain regions in both 
exposure groups. In B, the concentrations of the neurotransmitters 
noradrenaline, dopamine, and 5-hydroxytryptamine were changed in various 
brain regions and in whole brain in both exposure groups. In C, changes in 
sensory evoked potentials were found. 
Although certain changes were found in these studies no cognitive effect 
could be demonstrated. The lack of cognitive effect may have several 
explanations. First of all, the rat may not be a good test animal for the study 
of effects of organic solvents. The rat may not be sensitive to the neurotoxic 
effect of organic solvents. An example of lack of sensitivity of the rat to a 
particular type of neurotoxic effect is the lack of the delayed response to 
organophosphorus pesticides. These compounds cause delayed neuropathy 
in many species including man, but the rat does not develop the typical 
clinical signs of paresis in the hind legs. Whether this may also be the case 
for the development of solvent-caused chronic toxic encephalopathy is 
unknown. In any case, there is no information to support the choice of a 
particular alternative species. Further, as mentioned above, certain effects 
were identified in each experiment, which contradicts the notion that the rat 
should be insensitive. We interpret the general increase in 5HT as a 
compensatory mechanism acting to overcome a solvent-induced reduced 
potential for serotonergic activity. If this compensation is effective, cognitive 
effect should not be affected. In humans, three types of chronic toxic 
encephalopathy are known, varying in severity. The pattern of neurochemical 
changes induced by white spirit in our studies may be a reflection of the 
mildest type, known as organic affective syndrome, in which the clinical 
manifestations are characterized by depression, irritability, and loss of 
interest in daily activities, but where there is no loss of CNS function 
(WHO, 1985a). If the animals in our studies do indeed suffer from a parallel 
to the organic affective syndrome, it is no surprise that they do not exhibit 
cognitive impairment. 

Another concern is whether the organic solvent actually reaches the brain of 
the rat. When toluene was administered to rats in a concentration of 2.2 mg/l 
in the inhaled air for up to 3 hours, the estimated asymptotic value of 
toluene for blood was 10.5 mgjl and, for brain, 18 mg/kg tissue (WHO, 
1985b). The concentration of total white spirit after 3 weeks’ inhalation 
exposure to aromatic white spirit (400 ppm - 2.29 mg/l; and 800 ppm - 4.58 
mg/l) was 3.40 and 10.2 mgjkg wet weight, respectively. The concentration 
of the aromatic constituents approximately doubled when the exposure level 
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was doubled, whereas that of the aliphatics more than tripled, suggesting 
accumulation of this fraction during long-term exposure to high concentra- 
tions (Lam et al., 1992). Based on these data, it may be assumed that 
toluene and white spirit components were present in the brain of the rats in 
our six-month studies. 

If, in fact, the cognitive function of the rats is affected, and the tests fail to 
show this, there are several possible ways this may happen. Each of the tests 
were created to assess a certain aspect of cognitive performance, and perhaps 
organic solvents do not affect this type of function. The very reason for 
incorporating more than one cognitive test in the present project was to 
obtain some degree of confidence that a fairly broad spectrum of learning 
and memory function had been assessed. The aspects of testing in more than 
one test has been mentioned in section 11.4 (p. 35). It may also be that the 
tests do assess the damaged function, but are simply not sensitive enough. 
The eight-arm radial maze and Morris water maze tests in the present project 
were designed, based on the available literature, to incorporate the various 
tasks that have revealed impairments in cognitive function. As previously 
discussed (p. 57,62) the interindividual variability in our Morris water maze 
as measured by the standard deviations is rather large (tables 5-9, p. 114 - 
118), and this means that a true difference may be missed. Efforts should be 
made to reduce this variability. We should look for ways to minimize the 
individual variation, e.g. to implement pretraining and an automatic starting 
point launching system as recommended by Markowska et al. (1993). The 
scopolamine challenge in reference C was an attempt to increase sensitivity 
of the Morris water maze by unmasking a possible latent solvent-caused 
injury. 
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15 CONCLUSION 

In the present project, we have developed two tests for cognitive function for 
the investigation of possible irreversible brain damage caused by organic 
solvents; the eight-arm radial maze test and the Morris water maze test. The 
tests are known to be sensitive to effects of brain lesions, to pharmacological 
manipulations, to biological aging, and to several well-known neurotoxicants. 
Both tests possess a certain degree of difficulty for rats, as evidenced by the 
long training period where improvement can be registered; and are, 
therefore, presumably sensitive to impairment of cognitive function. 
However, the tests have not been subjected to a formal validation procedure, 
in which the ability of the test to correctly identify animals exposed to 
positive and negative control substances has been evaluated; and where the 
reproducibility of results has been evaluated in different laboratories. 

A review of the literature reveals that the methodology is not standardized. 
Many different apparatuses and test procedures have been used. 
The present project showed that the tests could be successfully implemented 
in our laboratory. Both tests can be automated to a certain degree, which 
minimizes the effect that the observer may have on the test outcome. 
Measurements are collected by a computer, not by a person, which ensures 
an objective evaluation of an animal’s performance. However, it is necessary 
to dedicate a full-time person during the testing period which may be several 
weeks. Both tests are labour-intensive in that they require constant supervi- 
sion and much handling of animals. Once the equipment is functioning 
technically, the tests are not difficult to perform. Both tests inflict a certain 
degree of unpleasantness on the rats, which we regard as ethically 
acceptable. In the radial maze test, it is necessary to feed rats restrictively 
in order to render them motivated for the task. The cool water used in the 
Morris water maze may be detrimental to the rats. Some technical errors are 
inherent in recording an animal’s movements with photocells, and by video 
tracking. However, the technical problems have not been impossible to 
solve. A lot of data are generated, which must be processed after the test is 
finished. 

Future improvements include better hardware and software. The technical 
development in video cameras, image analysis, and computer technology is 
rapidly progressing, allowing the construction of more precise and robust 
apparatuses, with greater flexibility in the types of tests that may be carried 
out. Also, the software can be improved to be more user-friendly, to allow 
the collection of more performance measures, and to include automatic data 
processing. 

The aim of our studies was to produce evidence to be used in the EU 
classification and labelling system. We wanted to prove that various 
individual solvents cause persistent adverse changes in the nervous system 
of rats after long-term exposure. We have applied a number of different test 
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methods, some of which have been successful in detecting effects. Various 
morphological, neurochemical, and neurophysiological effects have been 
found. Long-lasting effects on neurotransmitter concentrations in various 
brain regions were identified following exposure to toluene and aromatic 
white spirit. Toluene caused a reduction in the weight of hippocampus, and 
an increase in mean nuclear volume and mean perikaryal volume in neurons 
of neocortex. Dearomatized white spirit was found to cause long-lasting 
changes on motor activity and electrophysiological parameters. These 
findings are valuable contributions to the evidence linking long-term solvent 
exposure to the development of toxic organic encephalopathy. 
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Fig. 4 Results of S-arm radial maze testing in reference A (Toluene). 
The number of correct choices within the first eight choices (as the mean per 
group). The number of correct choices increases from 5.3-6.1 on test day 1 to 7.3- 
7.7 on test day 15, indicating that learning is taking place. No consistent difference 
was found between groups (*: ~~0.05). 
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Fig. 4a Results of &arm radial maze testing in reference A (Toluene). 
The number of correct choices within the first eight choices. Single animal data. 
The mean is shown. Data were analysed by non-parametric analysis of variance 
r: pcO.05). 

* 4 .-- ./ 
/T 

,:’ 
, i 

,i’ 

.__- -pJ” Mean - standard deviation 
-. 

1500 ppm 

Test day _ 

99 



Fig. 4b Results of S-arm radial maze testing in reference A (Toluene). 
The number of correct choices within the first eight choices. The median with 10th 
and 90th percentile is shown. Data were analysed by non-parametric analysis of 
variance (*: pCO.05). 
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Fig. 5 Results of &arm radial maze testing in reference A (Toluene). 
The mean time required to solve the task The time used is reduced from 459-485 
set on test day 1 to 164-192 on test day 15. The reduction is most marked in the 
course of the first 7 test days, after which the time used stabilizes around 200 sec. 
No consistent difference was found between groups (*: ~~0.051.. 
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Fig. 6 Results of 8-arm radial maze testing in reference A (Toluene). 
The mean total number of arms visited per test day by each group. The control 
and 500 ppm groups exhibit a reduction from 13.3-13.6 on test day 1 to 8.5-8.8 on 
test day 15. In the 1500 ppm group the number of arms visited increases from 11.0 
on test day 1 to 12.4 on test day 3, after which a reduction is apparent (‘: p<O.OS). 
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Fig. 7 Results of Morris water maze testing in reference A (Toluenc). 
Escape latencies and route length as mean per day for each group. The two graphs 
are practically identical, indicating that swim speeds were similar in the three 
groups. 

On test days 1-3 acquisition training was conducted as cued escape 
training with the platform placed abovc the water surface centrally 
in the Northwest quadrant. On test day 4 place navigation training 
was inidated with the plarfomn below the water surface. This was 
continued until test day 14, where a transfer (probe) trial was 
performed by making he rats swim for 60 set without a platform. 

On test day 15 the submerged platform was 
moved to a new location in the Southeast 
quadrant and training in the second place 
navigation task continued on test day 16. 
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Fig. 8 Results of Morris water maze testing in reference A (Toluene). 

Percentage time spent in .- - each quadrant in the transfer or probe test on-day 14 of training. 
_ 
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The probe test (also called transfer test or spatial bias test) is performed with rats which 
have been trained to a certain level of performance. The probe test is simply a trial where 
the platform is removed. The feature of interest is the rat’s tendency to search for the 
platform in the area of the tank where the platform used to be, which is regarded as a 
measure of spatial memory for.the platform location. This is referred to as spatial bias 
(Morris, 1984). The figure shows the percentage of time spent swimming in each of the 
four imaginary quadrants (SWPCT: Southwest, SEPCT: Southeast, NWPCT: Northwest, 
NEPCT: Northeast). It is evident that all groups clearly spend the most time (50%) 
swimming in the “Northwest” quadrant (NW) where the platform was located in the 
preceding trials. It is concluded that all groups exhibited spatial bias in the probe test, and 
that no difference was found among groups. 
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Fig. 14 Results of Morris water maze testing in reference C (Dearomatized white spirit) 
(“:p<O.O5). 
Escape latencies and route length as mean per day for each group. All groups 
were able to learn the different Morris water maze tasks (cued escape, place 
navigation, second place navigation), and none of the exposed groups were 
impaired compared to the control group. 
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On test days l-5 acquisition training was conducted as cued escape training with the platform placed 
above the water surface centrally in the Northeast quadrant (NE, above). On test day 6 place navigation 
training was initiated with the platform below the water surface (NE, below). This was continued on 
test day 7. On test day 8, a transfer (probe) trial was performed by making the rats swim for 60 set 
without a platform. On test day 9 the submerged platform was moved to a new location in the 
Southwest quadrant (SW, below) and training in the second place navigation task continued until test 
day 14, where a second transfer (probe) test was performed. 
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Fig. 15 Results of Morris water maze testing in reference C (Dearomatized white spirit) 
(*:p<o.os). 
Data from the probe tests on test days 8 and 14. All groups clearly spend more 
time (50%) in the quadrant where the platform was located in the preceding 
trials.(NE: Northeast, SW: Southeast quadrant). 
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Fig. 16 Results of Morris water maze testing with scopolamine pretreatment in reference 
C (Dearomatized white spirit)(*:p<0.05). 
Administration of scopolamine 30 min prior to testing resulted in a lower rate of 
reduction in escape latency and route length compared with the rats in Fig. 13. 
However, learning did occur in the course of the 10 test days. AS the curves of the 
three exposure groups almost overlap, it is evident that scopolamine pretreatment 
did not unmask any latent impairment in the white spirit-exposed rats. 
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The entire testing (test days l-10) consisted of acquisition training as cued escape training with the 
platform above the water surface in the Southwest quadrant. 
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Table 4 Six-month study of toluene. Morris water maze. Mean and SD (SD = 
standard deviation) (Ref A). N = 12 in each group (*:p<0.05). 
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Table 5 Six-month study of aromatic white spirit. &arm radial maze maze. N 
= 12 in each group. Mean and SD (SD = standard deviation) (Ref. B) 
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Table 6 Six-month study of aromatic white spirit. Morris water maze. N = 12. 
Mean and SD (SD = standard deviation) (Ref. B) (*:p<o.oS). 
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‘1 Data lost because of technical error 
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Table 7 Six-month study of aromatic white spirit (old rats). Morris water maze. 
Control group: n = 11, 400 ppm group: n=ll, 800 ppm group: n= 13. 
Mean and SD. SD = standard deviation (Ref. B) (*:p<O.OS). 
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Table 8 Six-month study of dearomatized white spirit. &arm radial maze. 
Control group data, n = 12. SD = standard deviation (Ref. C) (*:p<O.OS). 
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Table 9 Six-month study of dearomatized white spirit. Morris maze. Control 
group data, n = 12. SD = standard deviation (Ref. C) (*:p<o.oS). 

a) Platform position NE, visible (Cued escape task) 
b) Platform position NE, invisible (Place navigation task) 
c) No platform (Transfer task) 
d) Platform position SW, invisible (Place navigation task) 
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Table 10 Six-month study of dearomatized white spirit. Monk- water maze. 
Scopolamine has been administered 30 minutes before training. N = 10 
in each group. Mean and SD (SD = standard deviation) (Ref. C) 
(“:p<O.OS). 
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Table 11 &arm radial maze. Control group performance (number of correct 
choices among the first eight choices) in experiments conducted at the 
Institute of Toxicology in the years 1988-1993. These rats have not been 
exposed to any chemicals. 
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Table 12 Morris water maze. The table contains data from a collection of transfer 
(probe trial) tests in various studies conducted at the Institute of 
Toxicology. The transfer test is conducted when the rats have learned 
to find the platform. In the transfer tests the rats were allowed a 60 set 
swim without any platform present. The purpose of the transfer test is 
to evaluate the degree of ‘spatial bias’ exhibited by the rats, i.e. the 
tendency to concentrate the search in the area of the pool where the 
platform used to be. The transfer tests of the various experiments have 
been conducted after a differing number of cued escape and place 
learning tests, and are, therefore, not directly comparable. The table 
contains the percentual swim time per quadrant in transfer test. 

NE = northeast quadrant, SE = southeast quadrant, NW = northwest 
quadrant, SW = southwest quadrant 

Experiment 

D=Y 

Toluene (Ref. A) 14 

Aromatic white spirit 14 
young rats (Ref. 8) 

Aromatic white spirit 9 
old rats 
(Ref. B) 

14 

Dearomatized white 8 
spirit (Ref. C) 

14 

Quadrant 

quadrant where the plat- adjoining the adjoining the diagonally oppo- 
form was placed in the trial platform qua- platform qua- site to the plat- 
immediately preceding the drant in the drant in the form quadrant 
transfer trial. clockwise direc- counter-clockwise 

tion direction 

NW NE SW SE 
49 10 29 12 

SE SW NE NW 
57 16 19 8 

NE SE NW SW 
33 24 21 22 

SW NW SE NE 
30 41 12 17 

NE SE NW SW 
45 25 15 15 

WI NW SE NE 
39 23 19 19 
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Table 13 Aromatic white spirit. Eight-arm radial maze test. The number of 
correct choices within the first eight choices. Results of repeated 
measures analysis of variance test. 
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Table 14a Aromatic white spirit. Morris water maze test; ‘young’ rats. Results of 
repeated measures analysis of variance test, single test sessions. 

- 

z 
C 
c 

C 
- 

c 
o- 

w 
rl 

- 

0 
3-l 

- 

2 
-?I 
E-c 

- 

0 
l-l 

- 

z 
C 
C 

C 
- 

u 
P 

Lc 
P 
- 

0 
r+ 
- 

2 
4 
E 
- 

w 
m 

v-l 
0 

l-l 
w  

0 

P-l 
cn 

. 
0 

W 
m 

4-l 
0 

t-4 
m 

- 

ri 
0 
0 
0 

0 
- 

03 
rl 

. 
t-l 
rl 

- 

& 
- 

a 
E 

-4 
E 
- 

- 

Lo 
03 

. 
0 

- 

P 
l-l 

. 
0 
- 

hl 
- 

% 

2 
- 

w 
m 

u-l 
0 

co 

- 

u 
C 

C 

- 

z 
. 

t-i 

- 

K 

- 

2 
-4 

E 

- 

123 



Cu
ed

 
da

y 
es

ca
pe

, 
‘l-

4 

1s
t 

pl
ac

e 
na

vi
ga

tio
n,

 
da

y 
5-

11
 

Es
ca

pe
 

la
te

nc
y 

da
ily

 
m

ea
n 

pe
r 

an
im

al
 

Ro
ut

e 
le

ng
th

 
da

ily
 

m
ea

n 
pe

r 
an

im
al

 

Es
ca

pe
 

la
te

nc
y 

da
ily

 
m

ea
n 

pe
r 

an
im

al
 

Ro
ut

e 
le

ng
th

 
da

ily
 

m
ea

n 
pe

r 
an

im
al

 

30
 

(o
f 

36
) 

G
ro

up
 

Ti
m

e 

Ti
m

e*
G

ro
up

 

27
 

(o
f 

36
) 

G
ro

up
 

Ti
m

e 

Ti
m

e*
G

ro
up

 

35
 

(o
f 

36
) 

G
ro

up
 

Ti
m

e 

Ti
m

e*
G

ro
up

 

2 3 6 2 3 6 2 6 12
 

0.
91

 
0.

42
 

39
.5

 
0.

00
01

 

0.
84

 
0.

54
 

2.
64

 
0.

09
 

46
.5

 
0.

00
1 

1.
28

 
0.

28
 

1.
70

 
0.

20
 

22
.1

7 
0.

00
01

 

0.
85

 
0.

60
 

35
 

(o
f 

36
) 

I 
G

ro
up

 
I 

2 
I 

2.
54

 
I 

0.
09

 
I 

Ti
m

e 
6 

18
.4

1 
0.

00
01

 

Ti
m

e*
G

ro
up

 
12

 
0.

56
 

0.
87

 



Cu
ed

 
es

ca
pe

, 
se

ss
io

n 
l-2

4 

2n
d 

pl
ac

e 
na

vi
ga

tio
n,

 
se

ss
io

n 
34

-4
9 

Es
ca

pe
 

la
te

nc
y,

 
si

ng
le

 
se

ss
io

ns
 

Ro
ut

e 
le

ng
th

, 
si

ng
le

 
se

ss
io

ns
 

35
 

(o
f 

37
) 

Es
ca

pe
 

36
 

(o
f 

37
) 

la
te

nc
y,

 
si

ng
le

 
se

ss
io

ns
 

Ro
ut

e 
le

ng
th

, 
si

ng
le

 
se

ss
io

ns
 

34
 

(o
f 

37
) 

G
ro

up
 

Ti
m

e 

2 
1.

16
 

0.
33

 
c 

ki
 

$4
 

23
 

14
.8

 
0.

00
01

 
5 

b.
.. 

2.
 

Iu
F 

G
 7

 
Ti

m
e*

G
ro

up
 

46
 

1.
12

 
0.

27
 

G
ro

up
 

2 
0.

05
 

0.
95

 

Ti
m

e 
23

 
23

.4
8 

0.
00

01
 

Ti
m

e*
G

ro
up

 
46

 
1.

05
 

0.
39

 
*5

 
%

r; 
.* 

G
ro

up
 

2 
1.

68
 

0.
20

 
g.

 g
 

09
 .T

 - 
Ti

m
e 

15
 

5.
61

 
0.

00
01

 
i5

- 0
 

iii 
a,

 
!c

 
Ti

m
e*

G
ro

up
 

30
 

1.
25

 
0.

17
 

%
, @

 
g.

 y
 

G
ro

up
 

12
 

IO
.1

7 
IO

.8
5 

$-
 g

J 
r 

? 
!!!

 
Ti

m
e 

15
 

1.
12

 
0.

33
 

5 
Ti

m
e*

G
ro

up
 

30
 

1.
00

 
0.

47
' 

2,
 



Table 14d Aromatic white spirit. Morris water maze test; ‘old’ rats. Results of 
repeated measures analysis of variance test, mean of daily test sessions 
per animal. 
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Reference A 

Reference A 

Pharmacology & Toxicology 199 I, 68, 384390. 

Irreversible Effects in Rats of Toluene (Inhalation) Exposure 
for Six Months 

Ole Ladefoged’, Paul Strange’, Arne ~Msllei, Henrik R. Lam’*, Crete Ostergaard’, Jens-Jergen Larsen’ and 
Peter Artien-Seborg’ 

‘Institute of Toxicology. National Food Agency, Saborg. and ‘Neurological Research Laboratory, 
Hvidovre University Hospiral. Copenhagen, Denmark 

(Received November 1. 1990: Accepted January 16. 1991) 

rlbsfmcr: The irreversible CNS effects of six months’ exposure to toluene (0, 500, and 1500 p.p.m.) in rats was studied 
applying a multi-disciplinary approach. After an exposure-free period, neurobehavioural. morphometric. pathological. and 
biochemical examinations were performed. Xo neurobehavioural or gross pathological changes were found. Morphometric 
measurements did nor show loss of neurones. At 500 p.p.m. the mean nuclear volume and mean perikaryonal volume 
and the variation of the values of these parameters was increased in rhe exposed groups compared to the controls. 
Noradrenaline (NA). dopamine (DA). and S-hydroxytryptamine (5-HT) levels were significantly changed in various brain 
regions. It is concluded that ihis investigation failed to reveal overi toluene-induced CNS-neurotoxicity. however, terrain 
irreversible effects were found which further add to the accumulating evidence of ihe chronic CNS-neurotoxiciry of 
toluene. 

The neurotoxicity of toluene in humans has been discussed 
for many years. The acute effect is described under con- 
trolled conditions in exposure chambers with neuropsychia- 
tric symptoms at 100 p.p.m. (Andersen er al. 1983). impair- 
ment of visual vigilance (Dick er al. 1984) and vesribular 
function (Hydkn et al. 1983). At exposure Levels at 15O-300 
p.p.m. a number of cognitive functions are disturbed (Gam- 
berale & Hultengren 1972; Ogata et al. 1970; Echeverria 
ef al. 1989). Epidemiological mainly cross-sectional studies 
have demonstrated acute/subacute symptoms (Larsen & 
Leira 1988; 0rbzk & Nise 1989)) and impairment in neuro- 
psychological functions (Matsushita et al. 1975; Elofsson et 
al. 1979; Iregren 1952). Some of these findings may, how- 
ever, reflect the acute or subchronic narcotic effects caused 
by repeated exposure. A number of studies failed to disclose 
significant impairment in exposed groups compared to con- 
trols (Cherry ef al. 1985; Juntunen er al. 1985). Several case 
stories describe a consistent pattern of neurological damage 
in individuals repeatedly inhaling toiuene at very high con- 
centrations because of its euphoric properties (WHO 1985; 
Spencer & Schaumburg 1985; Rosenberg er al. 1988; For- 
nazzari ef al. 1983). 

Groups of workers, occupationally exposed to toluene 
over a long period of time show evidence of neurological 
and psychological deficits reported as chronic toxic en- 
cephalopathy reflecting a basic change in personality de- 
veloping gradually, and affecting ener,oy, intellect, emotional 
life. and motivation. These findings are in accordance with 
those described and for which diagnostic criteria have been 
proposed in a report published by the WHO/Nordic Council 
of Ministers in 1985. 

In epidemiologic31 cross-sectional studies the inter- 

* To whom correspondance should be directed. 

pretation of results is confounded by the uncertainty of the 
nature of exposure, e.g. duration. levels of exposure, co- 
exposure with other neurotoxicants. and the differentiation 
between acute narcotic effects and true irreversible neuro- 
toxicity. Hence, the experimental investigation in laboratory 
animal models is a necessary approach to clarify dose-re- 
sponse correlations, reversibility or irreversibility of neuro- 
toxic effect, and mechanisms of solvent neurotoxicity. 

Recommendations for future investigations of chronic 
toxic encephalopathy in an animal model include neuro- 
behavioural, neurophysiological and neuropathological in- 
vestigations complemented by biochemical studies (Proceed- 
ings of the Workshop on Neurobehavioral Effects of Sol- 
vents 1986). The acute effects of toluene have been 
thoroughly studied in mice and rats while the chronic effects 
are less well investigated. 

The present study. taking advantage of a multi-disciplin- 
ary approach including neurobehavioural, morphometric. 
pathological, and biochemical parameters was undertaken 
to investigate the potential irreversible CNS-neurotoxic ef- 
fects induced by toluene in rats. Specifically, care was taken 
to insert an exposure-free period of sufficiently long dur- 
ation to ensure that all reversible effects had disappeared 
prior to data collection. The importance of this strategy in 
solvent investigations has only been appreciated by a few 
investigators (Haglid er al. I98 I; Pryor ef al. 1983; Naalsund 
1986). 

$laterials and &Iethods 

ChemicaD. Animals were exposed to toluene purchased from E. 
?vferck, GmbH. FRG. Prior to exposure the toluene was found 10 
be > 99.5% pure by sas liquid chromatography. ~11 other chemicals 
used were of analytical grade. 

rlnimals. One hundred and eight male rats (?vilOL:Wist). mean body 
weight 325 g. three months old. obtained from ;vIsllegaard Breeding 
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Center Ltd.. DK-4623 LI. Skensved. Denmark. were used. They were 
housed in stainless steelwire cages, two animalscage, conventionally 
in animals rooms with automatic control of temperature (22+ I”). 
relative humidity 55k 5%). air exchange (8 timesihr). and fluorescent 
light (9 p.m.-9 a.m.), with access tocommercial pelleted diet (Altrom- 
in 1324, Brogarden. Gentofte. Denmark) and acidified tap water in 
nipple bottles. During daily exposure the feed was removed. The ani- 
mals were weighed once a week during the study. 

Exposure. The animals were randomized into three groups each of 
36 animals. One group served as control, a second group was 
exposed to 500 p.p.m. and a third to I500 p.p.m. of toluene in the 
inhaled air for 6 hr/day, 5 days/week for 6 months followed by an 
exposure-free period of two months’ duration prior to neurobehavi- 
oural data collection. The animals were killed four months after 
the end of exposure. The inhalation exposure conditions and the 
equipment used have previously been described by Ladefoged et al. 
(1990). 

Behnviourof resrs. Motor activity was measured regularly during the 
entire trial period. Behavioural testing in passive avoidance test, 
.Morris maze, and radial maze was conducted after the two-month 
exposure-free period. 

Motor acfivify. The motor activity of ten pairs of rats from each 
group was recorded monthly before, during, and after exposure. The 
device consisted of an animal rack equipped with three horizontally 
placed photocells per cage for ambulation measurement, interfaced 
with an IBM XT computer. Each recording was made from Friday 
afternoon to Monday morning. Exploratory activity was measured 
in 6 periods of IO min. each. after which the activity during several 
light-dark cycles was measured in 62 periods of 60 min. 

Passive avoidance. Six pairs of rats from each group were tested 
as described by Walsh et nl. (1984). The rats were placed in the 
illuminated compartment of a one-way shuttle box. .After 60 sec. 
the guillotine door was opened. The rat’s latency time (maximum 
I80 sec.) to enter the dark compartment was recorded. After the 
rat had entered the dark compartment the guillotine door was 
lowered and the rat given a foot shock in the range of O.ji).S mA 
for 1.0 sec. The following day the retention of the passive avoidance 
response was tested. 

Morris mnce. Six pairs of rats from each treatment group were 
tested as described by Morris (1984) with minor modifications. The 
circular black swimming pool had a diameter of 220 cm and was 
tilled with tap water of room temperature. The positions of the 
white rat on the black background was monitored and recorded by 
an overhead video camera connected to a computer with an image- 
analyzing program. The image-analyzing program delivered the 
following parameters: a) Escape latency (sec. from the trial was 
started until the rat reached the platform), b) route length, c) time 
spent in each pool quadrant, and d) procentual time spent in each 
quadrant. 

The testing consisted of cued escape training. first place navi- 
gation task, transfer test. and second place navigation task. During 
cued escape training the rats were trained with the visible platform 
placed in the center of the NW quadrant. The rats were trained in 
blocks of four rats. Each block of rats were trained in four trials 
each day, using the four different start positions in a new random 
order every day. If a rat did not locate the platform within 60 sec., 
it was removed from the water and placed on the platform for IO sec. 
Training of place navigation with the invisible platform continued in 
a similar fashion until a stable performance was established. In the 
transfer test, the platform was removed from the pool. The rats 
were then allowed 60 sec. of free swimming in a single trial. For the 
second place navigation task the platform location was changed to 
the SE quadrant, below the water surface, 

Eighf-arm radial mace. Six pairs of rats from each group were 
tested as described by Olton & Samuelson (1976) with minor modiii- 
carions. The uncovered maze was made of transparent plastic. The 
rat’s movements were registered by an IBM XT computer via signals 

from photocells placed at the entrance and at the snd of each arm. 
.A video camera mounted above the maze made monitoring possible. 
The maze was placed in a dark room where the only illumination 
came from a red lamp. Food-deprived rats were trained once every 
day, five days a week. for three weeks. with a cut-off time of IO 
min. The maze was baited with chopped peanut. The number of 
correct choices in the first eight arm entries. the total number of 
visits required to obtain all eight rewards, and the time spent in the 
maze were recorded. 

Morphomerric meaturemenu. 
.Uacroscopic sampling and hisrological procedures. From each rat 
one hemisphere, chosen randomly between left and right. was em- 
bedded in agar and sliced coronally in I.5 mm slices. Tissue rostrally 
to the rhinai tissure was cut away. Neocortical volume estimation 
was performed according to the Cavalieri principle. The slices were 
point-counted successively in a stereomicroscope (magnitication 
x IO) using a square point grid spaced L x I mm printed on trans- 
parent plastic. In order to produce vertical sections the slices were 
cut into rods perpendicular to the pin1 surface. With the order 
preserved and starting randomly at the anterior slice every third 
rod of the approximately 25 were sampled. These rods were rotated 
systematically randomly alon, 0 their longitudinal axis, aligned in 
adjacent grooves in an aluminum block and embedded in 3.5% agar. 
r\fter cooling the agar rods were embedded in glycolmethac:ylate 
(Historesin) and 35 pm thick sections were cut and stained i 
Wolbachs Giemsa dye for 20 min. For further details see Moller rt 
al. (1990) and Strange er al. (1991). 

Shrinkage. For estimation of shrinkage one slice from two animals 
in each group was examined before and after histological processing. 
The neocorucal area of the cut surface facing frontally was estimated 
as described above for Cavalieri. A smaller-sized grid. though. was 
used to enhance precision. To obtain the linear shrinkage from the 
estimated shrinkage of area the square root was calculated. 

Esrimzion of cei[ number. In the neocortical neurones of rats only 
one and always one nucleus is present. Tinus the nucleus was chosen 
as sampling urut. With the neocortical tissue projected (magniti- 
cation x 1620) on to a table with a printed counting frame. the 
tieids of vision for measurements were sampled crisscrossing sys- 
tematically random through the specimen. Countings were pcr- 
formed using the optical disector. In the optical disector advantage 
is taken from the fact that a microscope focuses on one plane. 
Using this method a three-dimensional probe for measurements is 
obtainable in only one section. 

In each sampled field of vision. the disector is a box limited by 
the four sides of the counting frame on the table and two optical 
planes separated by a measurable distance (IO urn in this study) in 
the third dimension. 

In each systematically chosen director focus was initially put at 
the absolute top of the specimen, this being the surface of the 
section. The focus was then move 5 pm down from the surface to 
get away from the artificial surface. The disector was detined as the 
box limited by the area of the counting frame in this plane and a 
plane IO urn further down into the tissue. Analogous to the “forbid- 
den lines” in the conventional disector three of the six sides in the 
box are “forbidden”. Moving the piane of focus down through the 
box all neurones having whole or part of their nucleus inside the 
counting frame and not touching the “forbidden lines” were 
sampled Q-. For further details see Gundersen et u[. (1988a 8 b). 

Esrimalion of voiumen. For estimation oi volumen the nucleator 
was used. After counting Q- neurones a ?-ruler was applied with the 
center in the nucleolus of all Q- neurones successively, measunng 
intercepts with both nucleus and cell membrane. The Q- neurones 
are estimated from the number distribution thus the size estimations 
are also in the number distribution. 

Pathological esnminarionr. Tweive animals from each group were 
randomly selected for a thorough autopsy and the following organs 
were excised and weighed: liver. kidneys, adrenals. heart. spleen. 
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testis and brain. Samples from these organs were fixed in 10% 
buffered formalin, prepared for light microscopy and stained with 
haematoxylin-eosin. Samples from N. ischiadicus were stained with 
osmium-tetraoxide. Brains were not fixed but used for measuring 
biochemical parameters. 

Biochemical analysis. 
Sample preparation. Brains from twelve animals of each group were 
dissected into seven regions: cerebellum, hemisphere, hippocampus. 
hypothalamus. pans, thalamus and medulla oblongata according to 
the method described by Glowinsky &  Iversen (1966) and Edelfors 
(1975. and personal communication). The samples were immediately 
transferred to icecold 0.32 M  sucrose. weighed and thoroughly 
homogenized by an Ultra-Turrax T-25 at full speed using an ice- 
cooling jacket. Immediately after homogenization an aliquot of 
homogenate was deproteinized by the addition of icecold 0.2 M  
perchloric acid (I + I) and subsequent centrifugation. Supematants 
were used directly for the determination of S-hydroxytryptamine 
(5-H-f) after addition of o-N-methyl-S-HT as internal standard. 
Another aliquot of supernatant was added dihydroxy-benzylamine 
(DHBA) as internal standard for catecholamine determination car- 
ried out after aluminumoxide purification (Anton &  Sayre 1962). 

High pressure liquid chromatography - Electrochemical detection 
[HPLC-ED) anal.vsis of biogenic amines. 75 pl perchloric acid ex- 
tract was injected for S-HT and o-N-methyl-j-HT analysis. 75 pl 
aluminumoxide eluate for catecholamine analysis. 

The instrumentation consisted of a Hewlett-Packard 10848 liquid 
chromatograph equipped with a 250 x 4 m m  I.D. RP-18 Highbar, 
Supersphere LiChroCART (5 pm) analytical column protected by 
a 20 x 4 m m  I.D. (5 pm) RP-IS guard column (both from E. Merck 
GmbH, FRG). Separation was achieved by use of an acetonitrile 
modified citrate/octenylsuifate buffer as described by Lin &  Blank 
(1983). S-HT. o-N-methyl-5HT, noradrenaline (XA), DHBA and 
dopamine (DA) were detected by a Waters M  460 electrochemical 
detector applying an oxidation potential of f0.6 V. 

Statistical analysis. Generally, groups of data were controlled for 
normal distribution and compared using two-sided, non-paired Stu- 
dent’s t-test. The statistical analyses used on behavioural data are 
reported together with the results. Differences between groups’are 
generally considered statistically significant at P< 0.05. :.. 

Motor activity 
Total count per weekend 

Weekend no. 

Fig. 1. Mo[or acriviry - total count per week-end. The effect of 
roiuene exposure on motor activity. Total counts collected In the 
course of one week-end every month are shown. Data from week- 
tnd 2 were losr. The exposure pe:iod includes week-end 2-6. 

Morris maze 
Mean escape latencies 

:; 

I 
20 - \. i 
IO- 

0 “‘-“““““’ , 2 3 4 5 6 7 a 9 IO I, 12 13 14 IS 16 
Test day 

-a- cnnlrd - 500 ppm -A- 1500 pm 

Fig. 2. Morris maze - mean escape latencies. The chronic :tTect of 
toluene exposure on behaviour in the iMorris maze. Daily results 
are shown as means of trial blocks. Day l-3: Cued escape [mining. 
Day 4-13: First place navigation task. Day 14: Transfer test. Day 
15-16: Second place navigation task. 

Body weight. At the end of the study. the mean body weights 
had increased to 525 5. No differences were found between 
the three groups. 

Behavioural tests. 

:Motor activity. The total activity counts are shown in fig. 
1. The pattern of activity was the same in all groups. A  
general decline in activity was found throughout the 9- 
month observation period, with one (unexplained) peak 
occurring in weeke 10. The data (not shown) from individual 
week-ends ‘divided into ‘first hour’ and ‘remaining week- 
end’ did not show consistent or dose-related differences in 
exploratory activity or in diurnal activity (P > 0.05, Stud- 
ent’s t-test). 

Morris maze 
Percent t ime in each pool quadrcnt 

SE NW 
Pod quadrant 

Fio J’ 3. IMorris maze - percent t ime in each pool quadrant. The 
chronic effect of toluene exposure on spatial bias in the transfer 
test. The percentage ofswimming time in each pool quadrant during 
one trial with no platform present is shown. The previous position 
of the plarform was NW. 
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Passive avoidance. No differences were found between 
treated animals and controls (P > 0.05, Wilcoxon rank sum 
test, data not shown). 

Table I. 

Irreversible effects on morphometric parameters in rat neocortex 
after six months of toluene exposure. 

Morris mere. In the course of cued escape training all groups 
performed equally well showing unaffected motor function 
and motivation (fig. 2). In the first place navigation task an 
increase in escape latency of short duration was seen. In the 
transfer test (fig. 3) the percentage time spent in the NW 
quadrant was 50% in all treatment groups, which shows 
that the degree of learned spatial bias was not affected by 
treatment. In the second place navigation task the changing 
of platform position resulted in an increased escape latency 
which rapidly declined in the remaining trials. 

Radial maze. The number of correct choices increased dur- 
ing the test period, with a simultaneous decrease in time 
required to perform the task (P < 0.05, Wilcoxon rank sum 
test). The treated groups did not differ from the controls 
(fig. 4). 

Morphometric measurements. 

The results are shown in table 1. The neocortical volume 
and the number of neurones were identical in exposed and 
non-exposed animals. The mean nuclear volume and the 
mean perikaryonal volume were significantly increased in 
the 500 p.p.m. group. The standard deviation on these 
parameters in both exposed groups were 2-3 times enlarged 
compared to the control values. 

Pathological exuminutions. 

No macroscopic pathological findings which could be attri- 
buted to the dosing with toluene were found. No dose 
dependent pathological changes were found. Relative 
weights of organs were calculated (weight of organ in g/ 
total b.wt. in g) and are shown in table 2. Statistically 
significant increases were found in spleen (500 p.p.m.), brain 
(500 p.p.m.), and kidney (1500 p.p.m.). 

A toluene level dependent decrease in the weight of hippo- 

Radial maze 
Number of correct choices 

Text day 

+ Cantrol - 500 ppm +- 1500 ppm 

Fig. 4. Radial maze - number of correct choices. The chronic effect 
,ot’ toluene exposure on behaviour in the S-arm radial maze. The 
number of correct choices made in one daily trial during three weeks 
is shown. 

Control 500 p.p.m. I500 p.p.m. 

Neocortical volume 
(mm’) 242+ 16 244k25 233120 
Number of neurones 
w 22.6 k 2.8 20.3*2.2 22.OLJ.Y 
Mean nuclear volume 
(wd 297 2 23 338i:58* 3L4266 
Mean perikaryonal 
volume (pm’) 786&W 597_c I-II’ 523 k I45 

All values are expressed as mean k S.D. (n = I2). 
l P < 0.05 between values from exposed and control rats by Stud- 
ent’s t-test. 

campus was found, it was statistically significant at the 1500 
p.p.m. level. The obtained weights were 0.1046~0.0198 
(control), 0.0970 kO.0 I63 (500 p.p.m.), and 0.0845 20.0 194 
(1500 p.p.m.) as the meanIf:S.D., n= 12. 

Biochemical unul,vsis. 

Regional amine concentrations are presented as the mean 5 
S.D. and are together with the calculated whole brain con- 
centrations given in tables 3, 4, and 5. 

Owing to chronic toluene exposure the concentrations of 
NA, DA, and j-HT in various brain regions were signifi- 
cantly irreversibly changed as given in tables 3, 4, and 5. 

Discussion 

An important question for the evaluation of neurotoxiciry is 
whether induced changes implicate toxicity. Nld functional 
changes may or may not be indications of tissue injury. On 
the other hand functional tests may not be sensitive enough 
to reveal brain damage owing to the ability of the brain to 
compensate for loss of neurones. This phenomenon is well 
known for Parkinson’s disease where a striatal DA loss of 
SO-90 percent may precede symptoms (Came et al. 1986) 
and probably a great part of dopaminergic nerve cells disap- 
pear before any symptoms develop. 

The behavioural studies of higher cognitive functions 
were chosen on the basis of the results of investigations of 

Table 1. 
Relative organ weights of rats exposed to toluene for six months. 

Control 500 p.p.m. I500 o.o.m. 

Liver 2.73 IO.lS 2.68iO.ll 2.6-12 0.3 
Spleen 0.158~0.021 0.17~~0.022’ 0.157 i 0.03 
Testes 0.710~0.10L 0.754~0.06i 0.76S~O.liI 
Heart 0.221 kO.Ol4 0.226iO.012 0.22s+o.o19 
Kidney 0.437 5 0.052 0.437 k 0.029 0.172 ~O.OU’ 
Adrenals 0.0094~0.0016 0.0093~O.OOl5 0.009j~0.001 I 
Brain 0.387 k 0.037 0.419~0.035’ 0.4l1~0.048 

Al values are expressed as mean kS.D. (n= 12). 
l P<O.O5 between values from exposed and control mts by Srud- 
ent’s t-test. 
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Table 3. 
Regional brain noradrenaline concentration (nmol/g wet weight) in 
rats exposed to toluene for six months. 

Cerebellum 
Hemisphere 
Hippocampus 
Hypothalamus 
Pons 

Thalamus 
Medulla obl. 

Control 500 p.p.m. 1500 p.p.m. 

1.37+0.09 1.3650.12 1.45&0.14 
2.17kO.26 2.25 2 0.22 2.25+0.16 
225~0.19 2.06?0.16’ 2.15&0.14* 
3.04 &  0.2s 2.44*0.29* 2.9580.32? 
2.44 0.23 k 2.45 -1: I 0.2 2.S91:0.38’ 

t 
4.1620.18 4.33 *0.25* 3.79k0.89t 
2.65~0.19 2.40 * 0.22. 2.71 k0.24t 

Total brain 2.49*0.14 2.49~0.11 2.49kO.l 1 
All values are expressed as mean k S.D. (n = 12). 
l PcO.05 between values from exposed and control rats by Stud- 
ent’s t-test. 
t P  < 0.05 between values from rats exposed to 500 and I500 p.p.m. 
by Student’s t-test. 

chronic exposure to toluene and other solvents in man. The 
predictability of animal models for the study of these effects 
of solvents in man has not been clarified and it might be 
questioned to what extent effects on higher cortical func- 
tions in man can be studied in animals. 

The extensive literature on learning and memory and 
light and dark cycle regulation of the Level of spontaneous 
activity indicates that these functions are comparable be- 
tween species. These functions have been studied in several 
laboratories with short-term exposure and test of animals 

during or shortly after exposure. 
Long-term studies including an exposure-free period for 

the study of irreversible effects of toiuene or other aromatic 
solvents demonstrating behavioural changes have not been 
found in the literature. The behavioural procedures used in 
the present study have, however, been successfully applied 
to rats being studied for the impact of age and to rats being 
exposed to drugs or well-established CNS-neurotoxicants. 
Thus Rapp ec al. (1987) found a significant change due to 
age in the performance of rats in the Morris water maze. 

Table 4. 
Regional brain dopamine concentration (nmol/g wet weight) in rats 
exposed to toluene for six months. 

Control 500 p.p.m. 
Cerebellum 
Hemisphere 
Hippocampus 
Hypothalamus 
Polls 
Thalamus 

ND 
11.5iO.S 

ND 
3.92_‘0.43 
0.80 kO.08 
10.1-L L.4 
0.59 zO.06 

6.50?0.47 

LMedulla obl. 

T’oral brain 

ND 
12.6iO.S* 

YD 
4 12 * 0.59 
o.ss 50.09’ 
12.oi 1.3* 
0.53 iO.Oj* 

1500 p.p.m 

ND 
12.6 to.s* 

ND 
4.52 2 0.92’ 
0.8 l-10.30 
10.7t3.5 
0.56iO.04 

7.55 S  0.52’ - 
All values are expressed as mean k S.D. (n = 12). 
* P  < 0.05 between values from exposed and control rats by Stud- 
ent’s t-test. 
+ P  < 0.05 between values from rats exposed to 500 and 1500 p.p.m. 
by Student’s t-test. 
ND: Not detected. 

Table 5. 

Regional brain j-hydroxytryptamine concentration (nmol/g wet 
weinfit) in rats exposed to toluene for six months. 

Controi 500 p.p.m. 1500 p.p.m. 

Cerebellum 0.34+0.1 I 
Hemisphere 2.26kO.22 
Hippocampus 1.35~0.15 
Hypothalamus 4.40*0.35 
Pons 3.68 f 0.25 
Thalamus 3.7650.31 
Medulla obl. 2.66 2 0.27 

Total brain 2.48zkO.14 

0.34 * 0.02 
2.29rtO.18 
1.38kO.19 
3.92 *0.45* 
3.77 i 0.20 
3.83 &  0.36 
2.64 rt 0.24 

2.SOkO.16 

0.36&0.03 
2.46i0.25’t 
1.51 ~o.ls=t 
3.70*0.39= 
3.96iO.ZS’t 
3.55 200.29 
2.7210.17 

2.63 f 0.14-t - 
All values are expressed as mean &  S.D. (n = 12). 
l P<O.OS between values from exposed and control rats by Stud- 
ent’s t-test. 
t P<O.OS between values from rats exposed to 500 and 1500 p.p.m. 
by Student’s t-[est. 

In the study, by Gallagher ef al. (1983) learning and memory 
of rats trained on an eight-arm radial maze were significanr- 
ly improved by opiate antagonists. Studies on the signifi- 
cance of the different neuronal systems e.g. the GABA 
system or the choline& system in various brain regions by 
use of selective lesions or specific agonistic and antagonistic 
test drugs have with advantage measured rat behaviour in 
the step-through active or passive avoidance test, eight-arm 
radial maze and Morris water maze (Mactutus & Tilson 
1984; Munoz et al. 1988; Chrobak e! al. 1989; Fisher er al. 
1989; Gower er al. 1989). 

The present finding of unchanged exploratory and spon- 
taneous motor activity and unchanged performance of rats 
exposed during 6 months to toluene followed by a roluene- 
free period of 2-3 months before testing in the passive 
avoidance test, Morris maze and eight-arm radial maze 
cannot be interpreted in a unambiguous manner. Toluene 
might have been without effect on the studied functions 
with the present exposure schedule, or an effect possibly 
being present during and shortly after the dosing period has 
not been irreversible. One of the purposes of this study was 
to detect behavioural changes after long-term exposure as 
such effects have been reported in man, and consequently 
the exposure-free interval was included. Under these con- 
ditions the methods applied were unable to disclose any 
behavioural changes. 

Morphological changes of neurones have been demon- 
strated after repeated short-lasting exposure to 50 p.p.m. 
(Vazques-Nin er al. 1980). Changes in the hippocampus and 
frontal cerebral cortex were seen following exposure to 500 
p.p.m. 16 hr/day, 5 days/week for 12 weeks (Naalsund 
1986). Low-level toluene exposure of the rat has been shown 
to affect the volume and cell number of the granular ceil 
layer in the developing hippocampal region (Slomianka er 
al. 1990). 

In the present study no significant loss of cerebral cortical 
neurones was detected. On the other hand a significant 
increase in perikaryal and nuclear size was found at the low 
concentration level and a less pronounced increase at the 
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highest level. The variation of the values of nuclear and 
perikaryal volume was increased in both groups of exposed 
animals compared to the controls, reflecting that some neur- 
ones had increased and others decreased in size. Such an 
increase in variance has also been described at light micro- 
scopic inspection of brain sections from animals exposed to 
other solvents such as trichloroethylene (Baker & Tichy 
1953) following acute exposure. In the present study an 
extended exposure-free interval of 4 months apparently did 
not result in normalization and may thus suggest an irrevers- 
ible morphological effect. 

In agreement with most other long-term studies we did 
not observe adverse effect on liver and kidney (Toxicological 
Profile for Toluene 1989). The small changes seen in relative 
weight of organs and the histopathological findings are most 
probably incidental. In a previous study we have found a 
slight but dose-dependent reduction in relative brain weight 
after oral exposure to toluene as measured on formalin 
perfusion fixated brains (Korbo et al. 1990). In an NTP 
study (1989) exposure for 14-15 weeks with 1750 p.p.m. 
toluene resulted in increased brain weight in mice and brain 
necrosis in rats. Over a period of two’years no gross micro- 
scopic changes were observed in rats or mice exposed to 
toluene at concentrations up to 1300 p.p.m. (NTP 1989). 
However, the toluene level-dependent decreased weight of 
hippocampus was significant at 1500 p.p.m. in the inhaled 
air and deserves further investigations. 

The rationale for the biochemical parameters chosen was 
the documentation of regional changes of CNS-neurotrans- 
mitter metabolism after acute, subchronic, and chronic ex- 
posures to inhaled toluene even in concentrations of SO-80 
p.p.m. which are below TLVs (WHO 1985; Arito et al. 1985; 
Fuxe et al. 1987; von Euler et al. 1988a). In this study 
NA, DA and S-HT levels were significantly and irreversibly 
changed in various brain regions due to exposures to 500 
and I500 p.p.m. (tables 3, 4, and 5). Except for the reduced 
concentrations of DA and 5-HT respectively in the medulla 
oblongata and hypothalamus, a tendency was suggested 
towards increased regional DA and 5-HT concentrations, 
indicating a general underlying mechanism e.g. reduced ac- 
tivity of transmitter degradating enzymes, enhanced activity 
of rate limiting transmitter synthesizing enzymes and/or 
elevated precursor concentrations. These parameters are 
about to be investigated. The changed regional levels of NA, 
DA, and S-HT suggest changes in activity of corresponding 
neurones either directly leading to neurotoxic effects or 
constituting mechanisms compensating effects induced on 
unknown targets. When accompanied by the previously 
reported toluene induced changes in receptor affinity (Cel- 
ani et al. 1983; Fuxe et al. 1987) and membrane fluidity 
(von Euler el al. 1988b) regional changes in transmit& 
concentration may compromise normal CNS-function. 

In conclusion, the techniques applied in this investigation 
failed to reveal overt toluene-induced CNS-neurotoxicity. 
However, significant though minor changes in the size of 
cerebral cortical neurones and their nuclei, and chronic 
changes In regional amine content indicate terrain irrevers- 

ible effects of toluene after long-term exposure. A biphasic 
response rather than dose-response correlation was ob- 
served. Supplementary morphometric and biochemical stud- 
ies are in progress. Exposure schedule, sensitivity and choice 
of appropriate behavioural tests, target areas for morpho- 
metric measurements, and the applicability of morphome- 
tric and biochemical findings are important topics for future 
research. In our interpretation, the results of this study 
further adds to the accumulating evidence of the chronic 
CM-neurotoxicity of toluene in rats. 
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.-!bsrrccr: In two separate experiments in rats the irreversible effects of six months’ exposure to white spirit (0. JO0 p.om.. 
and SO0 p.p.m.1 were studied. In one experiment the exposure started at the age oi three months. in the other the rats 
were I5 months at the beginning of the exposure. After an exposure-free period of several months neurobrhavioural, 
pathological. and neurochemical examinations were performed. A marked difference in motor activity between young 
and aged animals was found. A slight effect on kidney function was seen at SO0 p.p.m. No macroscopic or histopathological 
changes related to dosing were found. The concentrations of noradrenaline. dopamine. and 5-hydroxyrryptamine in 
various brain regions and in whole brain were irreversibly changed. In conclusion. the study revealed different changes 
within the CNS. but failed to demonstrate neurobehavioural white spirit-induced neuroroxicity. 

White spirit (Stoddard solvent. mineral spirits) is widely 
used as a solvent in paints. printing inks, and varnishes. 
Various kinds of white spirit are produced as distillation 
fractions of crude oil. A-\11 are complex mixtures of straight 
and branched alipharic, alkyl aromatic and naphthenic hy- 
drocarbons with boiling points in the range of 150-215’. 

Longitudinal epidemiolo$cal studies of occupationa!!y 
solvent-exposed workers show that neuropsychiatric dis- 
orders are a frequent cause of early disability pension in 
this population compared with non-exposed controls (for 
review see WHO/Nordic Council of Ministers, L985; Arlien- 
Soborg 1992; Arlien-Sobor,o er al. 1993. In most of the 
studies workers were exposed to mixtures of organic sol- 
vents. the principal component being white spirit. 1Mikkelsen 
(I 9SO) and Mikkelsen et al. (1985) performed a cohort study 
of housepainters and bricklayers, and showed that s&s of 
brain dysfunction increased significantly with the degree of 
solvent exposure in the group of painters. 63rbzk er al. 
(1985) examined workers from the paint industry and 
showed that signs of brain damage in the form of neuras- 
thenic symptoms were significantly more common in the 
exposed workers, and that the severity of symptoms was 
dose-related. Identical findings were reported by Vaiciukas 
rr al. (1985). Triebig (1988) performed two epidemiological 
studies in painters. The results of the two studies do not 
support the assumption of high neurotoxic risks in solvent- 
exposed workers. 

The acute effects have mainly been studied in the rat. 
Dose-related irritation of eyes, upper airways, and lungs. 
and dysfunction of renal distal tubuli have been reported 
for the C,-C,, components (Hass B Prior 1956). In acute 
to.xicity experiments low aromatic white spirit produced a 
marked decrease in speed of respondin: in learned perform- 
ance in doses of 200 p.p.m. (Kuli,o 1990). The results of 
three weeks’ inhalation exposure to 400 and 800 p.p,m. 
demonstrated disposition of various white spirit com- 

ponents in the whole brain and significantly increased nor- 
adrenaline, dopamine. and j-hydroxytrypramine concen- 
trations (Lam ef al. L992). 

Chronic effects have also been evaluated in the rat. In 
rats exposed for 17 months (8 hriday-5 days/week) to 6500 
mg/mj (= 113s p.p.m.) of aliphatic C,o-C,z white spirit. 
distal tubular dysfunction was found (Viau er (~1. 1951). 
Chronic exposure with low aromatic white spirit for 26 
weeks (8 hriday-5 daysiweek) in doses of 100. 400. and 
800 p.p.m. did not produce lastin,o behavioural and histo- 
pathological nervous system effects (Kulig 1990). Aging of 
the rats might cause a reduced plasticity of the nervous 
system (Landfield er al. 1977) or an impaired defence against 
oxidative stress which has been proposed to be a common 
mediator of neurotoxicity (LeBei Sr Bondy 1991). It may be 
that old rats are more susceptible to neurotoxic insult by 
white spirit, since the aged brain is possibly less tolerant 
to toxicants. Therefore, a multi-disciplinary study on the 
neuroroxicity of white spirit in rats of different age was 
undertaken. It consisted of two separate experiments. The 
design of the first experiment was similar to the one used 
in our previous toluene study (Ladefoged er al. 1991). In 
the tirst experiment (referred to as the ‘young rat experi- 
ment’) adult rats, three months old at the start of the e.uperi- 
menr, were used. In the second experiment - the ‘old rat 
experiment’ - aged rats, I year old at the start of the 
experiment, were used (a satellite non-exposed group from 
experiment I). 

Materials and hlethods 

Chemicak White spirit was purchased from Shell. Denmark (Mine- 
ralsk terpenrin K-20. Bp. 145-200’. 70 vol”~ aromatics). Ail other 
chemicals used were oi analytical grade. 

.-lGnals. One hundred and tifty male rats i&fol: WIST). mean body 
weight 350 gram. three months old. obtained from .Llollegaard 
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Breeding Centre Ltd., DK-4623 Ll. Skensved. Denmark, were used. 
One hundred and eight of the rats were used in the ‘young rat 
experiment’. and the remaining 42 were used in the ‘old rat experi- 
ment’, being I5 months old at the start of exposure. The rats were 
housed in stainless steelwire cages, 2 animals/cage, conventionally 
in animal rooms with automatic control of temperature (12”~ I”), 
relative humidity (55%?%), air exchange (8 times/hr), and fluor- 
escent light (9 p.m.-9 a.m.). with access to commercial pelleted diet 
(Altromin 1324, Brogdrden, Gentofte. Denmark) and acidified tap 
water in nipple bottles. The rats were individually marked by ear 
clipping. During daily exposure the food was removed. The animals 
were weighed once a week during the study. In the ‘young rat 
experiment’, food and water consumption was measured during the 
last six weeks of exposure. 

Exposure. In both experiments the rats were weight-randomized 
into three groups. In the ‘young rat experiment’. the group size was 
36. and in the ‘old rat experiment’ the group size was 14. The 
exposure schedule was similar in the two experiments: One group 
was sham-exposed, a second group was exposed to 400 p.p.m. (2290 
mg/m’), and a third group received 800 p.p.m. (4580 mg/m’) of 
white spirit in the inhaled air for 6 hr/day, S days/week for 6 months 
followed by an exposure-free period of two months’ duration prior 
to neurobehavioural data collecting. The animals were sacrificed 
four months after end of the exposure. The inhaiation exposure 
conditions and the equipment used have previously been described 
by Ladefoged et af. (1990). 

Clinical chemisrry. Two weeks after end of the exposure. 10 ran- 
domly selected animals from each group in the ‘young rat experi- 
ment’ were placed in metabolism cages for 24 hr urine collection. 
Urine was analysed for glucose. ketone bodies, haemoglobin. nitrite 
and protein. Furthermore, diuresis, density, and pH were detrr- 
mined (Ames Multisrix 8 SG, LMiles Laboratories Inc., U.S.A.). 

The following parameters were measured in plasma: alkaline 
phosphatase (AP) (Boehringer Test-Combination,” No. 4152X). 
alanine amino transferase (ALAT) (Boehringer Test-Combination” 
no. 191345). urea (Chaney & Marbach l962), creacinine (Mercko- 
test+ No. 3X.1). glucose (Boehringer Test-Combination@ No. 
363826). and protein by the biuret method. 

Behaviourai fesrs. In both experiments, motor activity was measured 
regularly during the entire trial period. After the two months ex- 
posure-free period all animals in the ‘young rat experiment’ were 
rested in a functional observational battery (FOB). The rats were 
then assigned randomly to three subgroups that were tested in 
passive avoidance test. Morris maze, and radial arm maze, respec- 
tively. In rhe ‘old rat experiment’, only FOB and Morris maze 
testing was carried out due to the limited number of animals. All 
old animals were tested in the two tests. 

Motor acriviry. The motor activity was recorded monthly for one 
week-end before, during, and after the exposure. In the ‘young rat 
experiment’ ten pairs of rats from each group were tested. and in 
the ‘old rat experiment’ ail rats were tested. The device and method 
were similar to the previously described procedure (Ladefoged er 
al. 199 I). Activity counts were collected during the first hour after 
transfer from home to test cage (showing exploratov activity), and 
during several light/dark cycles (showing diurnal variations). 

Func~ionnl observarional barrery (FOBj (Moser 1989). Brietly. the 
examination consisted of structured observations of the rats’ behav- 
iour in the home cage and in an open field. interactive tests involving 
handling, and physiologic measures. 4s the rats were identifiable 
by their ?Jr clipping :he observation was not done in a blind fashion. 

Passive nvoitiawe. eiyhi-arm did maze. cd .Vorris maze. In each 
of these models si.x pairs of rats from each group m the ‘young rat 
experiment’ were tested. [n the ‘old rat experiment’. all rats were 

tested in the Morris maze. The apparatuses used in the three models 
have previously been described in detail (Ladefoged et al. 1991). 

In the passive avoidance test each rat was placed in the lit com- 
partment of a one-way shuttle box. After 30 sec. the guillotine door 
was raised and the rat’s latency to enter the dark compartment was 
recorded with a cut-off of I80 sec. Two hr later this procedure was 
repeated in a conditioning trial where, upon entry of the dark 
compartment, the rat received an electric foot shock (I sec., 0.5-0.8 
mA). The next day the rat was placed in the lit compartment. After 
20 sec. the guillotine door was raised and the latency time to entry 
was recorded with a cut-off of 300 sec. 

fn the eight-arm radial maze test the animals were initially put 
on a one-week restricted food schedule which brought them down 
to 85% of their body weight. Subsequently the animals were trained 
daily in the maze using peanut chops for rewards. A training session 
lasted until all rewards had been eaten. or IO min. The rats were 
trained in I4 sessions. On the 15th session the rats were removed 
from the maze to their home cage when they had eaten four rewards. 
They were kept here for 5 min and then put down in the c-ntral 
maze area to complete the trial session. Number of correct choices. 
number of errors (entry into a previously visited maze arm). total 
number of choices, and session duration were recorded. 

The IMorris maze testing consisted of cued escape training, iirst 
place navigation task, transfer test, and second place navigation 
test. During cued escape training the rats were trained with the 
visible platform placed in the centre of the southeast (‘young rat 
experiment’) or northeast (‘old rat experiment’) quadrant. The rats 
were trained in blocks of four rars. Each block of rats was trained 
in four trials each day, using the four different start positions in a 
new random order every day. If a rat did not locate the platform 
within 60 sec., it was removed from the water and placed on rhe 
platform for IO sec. Training of place navigation with the invisible 
platform continued in a similar fashion until a srable performance 
was established. In the transfer test. rhe platform was removed from 
the pool. The rats were then allowed 60 sec. of free swimming in a 
single trial. For the second place navigation task the platform iota- 
tion was changed to the diagonally opposite position (northeast: 
‘young rat experiment’, or southwest: ‘old rat experiment’), below 
the water surface. In the ‘young rat experiment’ data from the 
transfer test were lost due to a technical error, so the trial was 
repeated with a regular training day of four trials inserted. In the 
‘old rat experiment’, a second transfer test was conducted as the 
last trial. Data collected were: latency to escape onto the piarfor;n. 
length of route, and actual time and percentage time spent in each 
pool quadrant. 

Parhoiogical examinations. Twelve animals from each group in rhe 
‘young rat experiment’ were randomly selected for a thorough au- 
topsy. The following organs were excised and weighed: liver. kid- 
neys, adrenals. heart, spleen, testes. and brain. Samples from these 
organs were lixated in IO% buffered formalin. prepared for light 
microscopy and stained with haematoxylin-eosin. Samples from ?Z.:. 
ischiadicus were stained with osmium tetroxide. Brains were nor 
tixared but used for measuring biochemical parameters, 

In the ‘old rat experiment’ no organ weights were obtained be- 
cause all animals were perfusion tixnted for later morphome:ric 
analysis of bram tissue (investigation still in progress). !vvlacroscopic 
examination was performed on all animals. Histopatholog was 
done on changed tissue, and on the kidneys because clinical signs 
of kidney dysfunction was seen in the ‘young rats’. 

A’eurochemical anuiwis. SumpIe prepararion: Brains from seven ran- 
domly selected animals of each treatment group in the ‘young rat 
experiment’ were dissected into seven regions: cerebellum. cerebrzl 
hemisphere, hippocampus. hypothalamus. pans. thalamus and mcd- 
ulla oblongara according to the method described by Glowinsky & 
Iverscn (1966) and Edelfors (1975, personal communication). The 
samples were immediately transferred IO icecoid 0.33 >/L sucrose. 
weighed and thoroughly homogenized by an Ultra-Turrax ~-25 at 
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full speed using an ice-cooling jacket. Immediately after homogcniz- 
ation an aliquot of homogenate was deproteinized by the addition of 
icecold 0.2 M  perchloric acid (I + I) and subsequent cenrrifugation. 
Supernatants were used directly for the determination of j-hydroxy- 
tryptamine (S-HT) after addition of o-N-methyl-5-HT as internal 
standard. Another aliquot of supematant was added dihydroxy- 
benzylamine (DHBA) as internal standard for noradrenaline (NA) 
and dopamine (DA) determinations carried out after aluminium 
oxide purification (Anton &  Sayre 1962). 

High pressure liquid chromatography - electrochemical detection 
IHPLC-ED) analysis of hiogenic amines. Seventy-Eve ul perchloric 
acid extract was injected for 5-HT and o-N-methyl-S-HT analysis. 
75 ul aluminiumoxide eluate for catecholamine analysis. 

The instrumentation consisted of a Hewlett-Packard 10846 liquid 
chromatograph equipped with a 250 x 4 m m  I.D. RP-I8 Highbar, 
Supersphere LiChroCART (5 urn) analytical column protected by 
a 30 x 4 m m  I.D. (5 pm) RP-18 guard column (both from E. .Merck 
GmbH. FRG). Separation was achieved by use of an acetonirrile 
modified citrate/octenylsulfate buffer as described by Lin &  Blank 
(1983). 

5-HT. o-N-methyl-5HT. NA. DHBA and DA were detected by 
a Waters M  160 electrochemical detector applying an oxidation 
potential of -1-0.6 V. 

Srnrisrical analysis. The SAS PC-version software package (SXS 
Institute Inc., 1988) was used for all computations. 

Body weight data, relative food and water consumption data. 
data from clinical-chemical and neurochemical measurement were 
analyzed by analysis of variance (PROC .&NOVA) followed by 
Dunnett’s test where indicated. 

Data from passive avoidance test (escape latencies) were analyzed 
by nonparametric analysis of variance (PROC NPARI W A Y  WIL- 
COXON) where dosed groups were compared to control on each 
trial. 

Data from radial arm maze and Morris maze were analyzed using 
a general linear model (PROC GLM). 

Motor activity data were summed by cage for each data collection 
time point. Logarithms of sums were analysed by analysis of vari- 
ance using a linear model (PROC GLiM) followed by split-plot 
analysis. 

The level of signiticance was set to 0.05. 

Results 

Clinical signs during exposure. During the daily exposure, 
the white spirit-exposed rats appeared to feel discomfort. 
Especially during the initial period the rats suffered from 
mucosal irritation with lacrimation and bloody discharge 
from the nose. The narcotic effect which was initially seen 
was gradually reduced. 

0.6 / 

White spirit 
Food and water consumption - young rats 

E 
P  
P 0.7- 

! 0.6 

ii 
5 0.5 
‘i 

.$ 0.4. 

9 
0.3 I- 

Water 

24 25 26 i-I 28 29 30 
Week of expeiment 

+- Control 44OOppm ---8COppm 

Fig. I. The effect ofwhite spirit exposure on relative food and water 
consumption measured during the last six weeks of exposure of 
the ‘young rats’. fn the 800 p.p.m. group both food and water 
consumption were significantly higher than in the control group. In 
the -100 p.p.m. group only water consumption was significantly 
higher than control values. 

Survival. In the ‘young rat experiment’ all rats survived until 
the end of the experiment. In the ‘old rat experiment’ all 
rats survived until the end of the exposure period. However. 
three rats in the control group, three rats in the 400 p.p.m. 
group, and one rat in the SO0 p.p.m. group were euthanized 
during the exposure-free period, before behavioural testing 
could be done. The clinical conditions that led to euthanasia 
were judged unrelated to exposure. 

Bodv tveighr. The animals exposed to SO0 p-p-m. white spirit 
had a lower body weight compared to the control group in 
both experiments during the exposure period. In the ‘young 
rat experiment’, but not in the ‘old rat experiment’, this was 
statistically significant. At sacritice, there was no difference 
in body weights of the ‘young rats’ (control: 595 gk40, 400 
p.p.m.: 619 gf66, 800 p.p.m.: 613 gi5-i). 

Relative food and rvarer consumprion. (‘young rat experi- 
ment’, last six weeks of exposure, fig. 1) The animals ex- 
posed to 800 p.p.m. white spirit had a significantly higher 

Tubk 1. 

Clinical chemical parameter 

Treatment 
AP 

(u/l) 
i\LAT Urea 
(u/l) (g/l) 

Creatinine 
(P/O 

Glucose 
(miW 

Protein 
(gil) 

0 93221 4Ok22 4.jiLO.32 jl.ii6.2 j,S7+0.66 69.752.4 
100 p.p.m. ll3ilj ‘:.923.6* 5.67t0.66’ 62.5 li 5.9. 6.14kO.38 73.0*2.1 
so0 p.p.m. 111~22 19.8 5 3.0’: 5.61 kO.63” 59.5-i-6.3* - 5,Sl iO.40 71.5i1.7 

AP= alkaline phosphatase. 
.ALAT = alanine amino transferase. 
.&II values are expressed as mean i: S.D. (n = IO). 
’ P  < 0.05 between values from control and exposed rats by Dunnett’s t-test. 
i P  < 0.05 between values from rats exposed to 400 and 800 p.p.m. 
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whka l plrii 
Total motor wMty during firat hour 

Months tmm marl of exposure 

Fig. 2. The effect of white spirit exposure on motor activity. Total 
sums of exploratory activity counts of the first hour from one week- 
end per month. 

food and water consumption compared to controls. The 
animals exposed to 400 p.p.m. had a significantly higher 
water (but not food) consumption compared to controls. 

Clinical chemistry. There were no white spirit-induced effects 
on urine diuresis, density, pH, glucose, ketone bodies, 
haemoglobin, nitrite, or protein (results not given). .AS 
shown in table I, the plasma ALAT activity was significantly 
and dose-dependently reduced. Plasma urea and crearinine 
was significantly increased. 

Behavioural tests 

Motor activity. The total sum of activity counts collected in 
the course of individual week-ends divided into exploratory 
activity during the tirst hour after transfer to the new cages 
(fig. 2), and activity during the remaining (major) part of 
the week-end (fig. 3) is shown. In the ‘young rat experiment’ 
there was a tendency towards higher motor activity in ani- 

whit. eplrit 
Total motor l dlvlty per week-end 

Mon?ils from Stan of exposure 

Fig. ;. The effect of white spirit exposure on motor activity. Total 
sums of activity counts for 62 hr irom one week-end per monrh. 

mals exposed to 800 p.p.m. compared to controls and to 
the animals exposed to 400 p.p.m. The difference was not 
statistically significant. The diurnal activity of the exposed 
animals did not appear to differ from control animals (data 
not shown). 

Functional observational battery. In none of the experiments 
did the exposed animals differ from controls with respect 
to the examined parameters (data not shown). In the ‘old 
rat experiment’ it was observed that many animals exhibited 
abnormal mouth movements, i.e. chewing movements with 
open or closed mouth (with or without tongue protrusion) 
or teeth chattering (tremor of facial muscles). An attempt 
to quantitare this (S-min. observation in macrolon cage) 
showed that the phenomenon was equally present in al1 
three groups with two thirds of the animals showing one or 
both symptoms during the observation period. 

Passive avoidance. Latencies to enter the dark compartment 
on trial I, 2, and 3 were compared using Wilcoxon Rank 
sum test. No differences between dose groups were found 
on any trial (data not shown). 

,Morris maze. Escape latencies are shown in fig. 4 as means 
of daily training trials. No differences between dose groups 

White l plrlt 
Morris mau - “cape latency 

o! / 
1 2 3 4 3 6 i a 9 lb 11 12 13 14 !5 

Test day 

-)- control +Wppm+-8OOppm 

Fig. 4. Morris maze - mean escape larencies. The chronic effect of 
white spirit exposure on behaviour in the iMorris maze. Daily rssuirs 
are shown as means oi trial blocks. Data labels describe !esc situ- 
ation and platform position. 
Upper part oi figure. ‘young rats’: 
Day l-4: pp=SE, vis - cued escape training, platform position 
southeast, visible. Day j-l I: I pn. inv - 1st place navi,oation task. 
same platform positloo, but invisible. Day 13: TT - transfer test. 
free swim with no platform present (data lost). Day 13: training 
day, platform position southeast, invisible. Day 14: Tl - repsac oi 
day 13. Day 15: 1 pn. pp=NE. inv - 2nd place navigxion task. 
platform moved to northeast, invisible. 
Lower part of figure, ‘old rats’: 
Day l-i: pp=NE. vis - cued sscaps trainin,o. platform position 
northeast, visible. Day 9: I pn. inv - 1st place navigarion task, Tame 
platform position. bur invisible. Day 9: TT - transfer Lest. free swim 
wirh no platform present. Day 10-13: Z pn. pp=S\V, inv - 2nd 
place navigation task, platform moved to sourhwest. invisible. Day 
14: TT - iransfer [est. fr** . L. bwim wirh no platform presenr. 
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Table -7. Table 4. 
Regional brain noradrenaline concentration (nmoi/g wet weight) in 
rats exposed to white spirit for six months. 

Regional brain 5-hydroxyrryptamine concentration (nmol/g wet 
weight) in rats exposed to white spirit for six months. 

Control 400 p.p.m. 900 p.p.m. 
Cerebellum l.jO~O.23 1.23~0.10’ 1.33*0.16 
Hemisphere 1.9350.1s 1.20 + O.‘O’ 7 ‘9+0.30* 
Hippocampus l.53r0.26 1.49to.;3 I:36;0,4o*t 
Hypothalamus 2.99~0.38 2.37 kO.66 2.62iO.30 
Pons 2.49 5 0.46 2.60~0.48 3.05*0.51 
Thalamus 3.51 to.49 3.67kO.47 3.90+0.53 
Medulla oblonguta 7.58 20.35 2.66~024 2.56 f 0.33 

Control 400 p.p.m. so0 p.p.m. 
Cerebellum 0.25+0.03 0.13*0.02* O.liiO.OY 
Hemisphere I.45~0.25 1.67kO.20 1.79CO.21’ 
Hippocampus 0.3 I k 0.06 0.36 & 0.09 0.53 z 0.08’1 
Hypothalamus I.83iO.16 1.7850.32 2.77*0.:9-t 
Pons 2.09 &- 0.29 2.49kO.JO 3.4~0.65’t 
Thalamus 4.59 2 0.35 1.9OkO.60 7.31 A 1.43-f 
kledulla oblongata 3.73io.49 3.19 & 0.43 1.71 :0.-16-t 

Whole brain 1.JI *0.23 2.46+0.20 3.62iO.SZ’: 

All values are expressed as mean f SD values (n = 7). 
* P c 0.05 between values from control and exposed rats. 
f P<O.O5 between values from rats exposed to 400 and 900 p.p.m. 

Whole brain 2.38pO.13 2.J-rt0.19 2.61 t-O.24 
All vnlurs are expressed as mennkS.D. (n =7). 
* P co.05 between values from control and exposed rats. 
t P c 0.05 between values from rats exposed to JO0 and 800 p,p.m. 

were found in any of the two experiments. 

Radinf nrm maze. NO differences between the three groups 
were found (data not shown). 

Pathological exarnina~ions. No macroscopic pathological 
changes which could be attributed to the dosing with white 
spirit were found in either experiment. Hyaline casts were 
found in the kidney tubuli in approximately half of the 
‘young rats’, and in most of the ‘old rats’. No relation to 
exposure could be shown. 

Xellroclremicul analysis. There were no white spirit-induced 
effects on the weight of any brain region, absolute and 
relative total brain weights (data not shown) in the young 
rats. Regional neurotransmitter concentrations in the young 
rats are presented in tables 2, 3, and 4. Owing to white spirit 
exposure, the concentrations of NA, DA, and 5-HT in 
various brain regions and in the whole brain were signifi- 
cantly, irreversibly changed. 

The narcotic effect which was iniraliy seen during exposure 
was gradually reduced as adaptation took place. This phen- 
omenon has been reported by others (Carpenter et al. 1975). 

Table 3. 
Re,oional brain dopamine concentration (nmol/,o wet weight) in rats 
exposed to white spirit for six months. 

Cerebellum 
Control 

YD 
Hemisphere 
Hippocampus 
Hypothalamus 
Pons 
Thalamus 
Medulla oblongrtta 

Whole bram 

767~0.61 
0.27 2 0.05 
j.39*0.42 
0.57 2 0.08 
5.57 kO.69 
0.40~0.05 

I.Sj 5 0.37 

400 p.p.m, 

ND 
9.19iO.92” 
0.22 2 0.05 
x3 k 0.49 
O.SiO.ll 
10.1~0.37 
0.43 5 0.07 

800 p.p.m. 
.uD 

9.SO~O.i9’ 
0.15~0.04‘ 
3.75 iO.50 
0.53 50.09 
10.7* 1.50’ 
0.43 2 0.0s 

6.06=0.42’ 

hil values are expressed as mean f S.D. (n = 7). 
* P < 0.05 between values from control and exposed rats. 
+ P <0.05 between values from mts exposed to JO0 and SO0 p.p.m, 
ND: Nor detectable. 

The decrease in body weight may be considered a sign of 
general malaise caused by the exposure. The age-reiated 
increase in the frequency of hyaline casts is in accordance 
with the pathological mechanism behind this lesion in male 
rats (Bernard & Lauwerys 1991). Plasma creatinine and 
urea was slightly increased, and relative food and water 
consumption was increased during the last six weeks of 
dosing in the young rats, consistent with compromised kid- 
ney function reported by Viau er al. (1984). There were no 
changes in urine clincal chemical parameters. The lack of 
consistency between clinical chemistry and histopatholo”q 
may reflect a reversible nature of the lesions. The plasma 
ALAT activity was significantly, dose-dependently reduced. 
No explanation could be given. 

The relevance of the behavioural parameters studied has 
previously been discussed (Ladefoged er al. 199 1). Construct 
validity, i.e. the extent to which the endpoints are compar- 
able in animals and humans can never be proved. However, 
learning and memory functions, and the diurnal regulation 
of motor activity exist in many species and are thought to 
be comparable functions. The tests used in this experiment 
are known to be able to identify known neurotoxicants. It 
is well known that age-related behavioural differences e.xist 
in laboratory animals. Impairment of spatial learning in 
aged rats has been demonstrated in the.Morris maze (Rap? 
er al. 1987). Deficits in working memory in aged rats 
(deToledo-Morrell et nf. 1988) and in aged gerbils (Camey 
er nl. 1991) has been found in the radial arm maze test. 

Consequently, if the effects caused by white spirit re- 
semble the effects of aging it should be possible to detect 
them with these methods. In this experiment, the data for 
tocal motor activity clearly illustrate the difference in activ- 
ity between young and old rats. Hence, an age-accelerating 
effect of white spirit on this endpoint presumably would 
have been detected. The lack of demonstrable behavioural 
effects like the results of the toiuene experiment earlier 
reported (Ladefoged er al. I99 1) may reflect the insensitivity 
of the rat model for this type of compound. On the other 
hand, compounds with simultaneous peripheral and central 
neurotoxic effect do produce observable neurobehavioural 
effects in the rat. e.g. hexanedione (Lam et al. 1991). 
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The rationale for the biochemical parameters chosen was 
the documentation of regional changes of CNS-neurotrans- 
mitter metabolism induced by other organic solvents. includ- 
ing aromatics. and che significantly increased concentrations 
ofNA, DA, and 5-HT(whole brain, rat) owing to three weeks 
of inhalation exposure to white spirit at concentrations of400 
and SO0 p.p.m. (Lam er al. 1992). These results were con- 
firmed and extrapolated by the present study demonstrating 
significantly, irreversibly increased NA, DA, and 5.HT con- 
centrations in the whole brain and in various regions. Except 
for the reduced concentrations of NA and S-HT in the cer- 
ebellum and DA in the hippocampus. the general tendency 
was irreversibly increased regional NX, DA. and 5-HT con- 
centrations. This suggests common underlying mechanisms 
of action, as also evidenced by results from toluene exposure. 
Toluene is not a component of the white spirit used in our 
studies (Lamer al. 1992). and due to the verycomplexcompo- 
sition of white spirit. it is impossible to pinpoint any respon- 
sible inducer for the present findings. 

In conclusion. the techniques applied in this investigation 
failed to reveal neurobehaviourai white spirit-induced CNS- 
neurotoxicity. Chronic changes in giobal and regional amine 
content indicate certain irreversible effects of white spirit. 
Supplementary neurochemical and morphometric studies 
are in progress to elucidate the mechanisms underlying the 
irreversible findings due to the white spirit exposures, which 
may compromise normal CNS-function. 
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LUND. S. P.. L. SIMONSEN, U. HASS. 0. LADEFOGED. H. R. LAM AND G. BSTERGAARD. Dearomafized white 
spirit inhalarion exposure muses long-iasring neurophysioloical changer in rats. NEUROTOXICOL TERATOL 18(l). 67- 
76. 1996. -Exposure for 6 h per day, 5 days per week. during a period of 6 months to the organic solvent dearomatized white 
spirit (0, 100. and 800 ppm) was studied in rats that were 3 months old when the repeated exposure was initiated. After an 
exposure-free period of 2-6 months duration, neurophysiological. neurobehavioral. and macroscopic pathologic examinations 
were performed. The study revealed exposure-related changes in sensory evoked potentials and a decrease in motor activity 
during dark (no light) periods but no white spirit-induced changes in learning and memory functions. The measurements of 
the flash evoked potenrial (FEP), somatosensory evoked potential (SEP), and auditory brain stem response (ABR) all 
demonstrated dose-dependent increases of the amplitudes of the early latency peaks of the sensory evoked potentials (EPs). 
Furthermore, an increase of the dose showed that the measurements of FEP and SEP revealed changes in the later-latency 
peaks, which reflect the more associative aspects of sensory processing. The results demonstrated that 6 months of exposure 
to dearomatized white spirit induced long-lasting and possible irreversible effects in the nervous system of the rat. 

Aliphatic hydrocarbon 
Toxic encephaloparhy 

Exxsol D 40 64142-48-9 Stoddard solvent Organic solvent 
Sensory evoked potentials Behavior 

WHITE spirit (Stoddard solvent) is a widely used solvent in 
paints and varnishes. Various types of white spirit are pro- 
duced as complex mixtures of C,-C,, straight- and branched- 
chain aliphatic, alkyl aromatic, and naphthenic hydrocarbons. 
White spirit usually contains 17-18% (v/v) aromatic hydro- 
carbons, whereas dearomatized white spirit contains less than 
1% aromatic hydrocarbons (17). 

Epidemiological studies have shown that long-term occu- 
pational exposure to organic solvents may cause adverse ef- 
fects in the central and peripheral nervous system in humans 
(10,16.48,50,57). Exposure of painters to white spirit causes a 
higher frequency of early disability pension due to neuropsy- 
chological disorders [for review cf. (1,2,57)]. In most of the 
studies, workers were exposed to mixtures of organic solvents, 
the principal component being white spirit. The effects are 
mainly functional disturbances in the central nervous system, 
including memory and learning impairment (14,15,49,50,55). 

In acute toxicity experiments, white spirit with low aro- 
matic content produced a marked decrease in speed of re- 

sponding in learned performance at doses of 200 ppm (24). 
The results of a study of 3 weeks’ inhalation exposure to.300 
and 800 ppm demonstrated disposition of various white spirit 
components in the whole brain and significantly increased 
noradrenaline, dopamine, and 5-hydroxytryptamine concen- 
trations (27). A 3-week study on dearomatized white spirit 
revealed changes in indices of oxidative stress in the synapto- 
somal fraction of hippocampus and hemisphere (28). 

in a study by Bstergaard et al. (36), changes in regional 
neurorransmitter concentration after 6 months of exposure to 
aromatic white spirit was demonstrated at 400 and 800 ppm. 
Exposure to white spirit with low aromatic content for 26 
weeks (8 h/day, 5 days/week) in doses of 200, 400, and 800 
ppm did not cause lasting behavioral or hisroparhological ner- 
vous system effects (24). 

Long-lasting functional impairments of the nervous system 
are generally found at lower exposure concentrations than 
those causing morphological changes (j-i), and functional im- 
pairments are suggested as criteria for neuroroxicity (9,11,46). 
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Electrophysioiogical measures have several characteristics that 
make them suitable for neurotoxicity testing because they re- 
tlect the function of the nervous system directly. These mea- 
sures are often highly reproducible both within and between 
individuals and are almost equivalent among different species 
(4,19,32.41). Measurement of sensory EPs have shown prom- 
ising results in testing of chemicals for neurotoxicity (3,33. 
37.41) and may have sufficient sensitivity for assessment of 
neurotoxicity of organic solvents. 

The aim of the present study was to investigate whether 
exposure to dearomarized white spirit causes long-lasting mor- 
phological,, electrophysiological. or neurobehavioral changes 
in rats. 

METHOD 

Chemicals 

Dearomarized white spirit (Exxsol 0 JO, CM No. 64742- 
U-9) was purchased from Exxon Chemical Denmark h/S. 
The boiling interval was 14S-200°C, and the aromatic content 
was <0.4 wt%. The mean molecular weight was 143 g/mol. 
and the density 0.77 1 kg/dm’ (at 15 “C). 

A nimais 

The study employed three groups of 36 male Wistar rats 
(Mel : WIST) each (i.e., a total of 108 animals), 3 months old, 
mean body weight 350 g, obtained from Msllegaard Breeding 
Cenrre Ltd. During the exposure period and the behavioral 
aspects of rhe study, the rats were housed at the Institute of 
Toxicology in stainless steel wire cages, two animals/cage, in 
animal rooms with automatic control of temperature (22 t 
1 “C), relative humidity (55 Z?Z 5%). air exchange (8 times/h), 
and fluorescent light (2100 to 0900 h). The animals had access 
co commercial pelleted diet (Aitromin 1324, Brogarden, Gen- 
tofte. Denmark) and acidified tap water in nipple bottles. The 
rats were individually marked by ear clipping and were 
weighed once a week during the study. The food was removed 
during the daily exposure to white spirit. As we have pre- 
viously observed an increase in water consumption in rats 
exposed to aromatic white spirit (36), the water consumption 
was measured during the last 5 weeks of exposure and the first 
6 weeks of the postexposure period. 

One month after the end of exposure, 10 randomly selected 
animals from each exposure group were transferred to the 
National Institute of Occupational Health for the EP mea- 
surements, and were thereafter housed two per cage in plastic 
cages (14 x 23 x 42 cm) on steam-cleaned pine wood bed- 
ding in animal rooms with fluorescent light from 1500 IO 0300 
h. The room temperature was 22 ? 2’C and the relative hu- 
midity (RH) 40 t- 5%. The rats were given the same standard 
diet and tap water ad lib. 

Exposure 

The rats were weight randomized into three groups of 36 
animals. One group was sham exposed, a second group was 
exposed to 400 ppm (2339 mg/m’). and a third group received 
SO0 ppm (4679 mg/m’) of white spirit in the inhaled air for 6 
h/day, 5 days/week for 6 months. The exposures were per- 
formed in the dark phase of the light/dark cycle. The inhala- 
tion exposure conditions and the equipment used have pre- 
viously been described by Ladefoged et al. (25). The exposure 
period was followed by an exposure-free period of 70-50 days 
duration prior to neurophysiological and neurobehavioral 
data collection. 

Clinical Biochemistry 

The day after the end of exposure, the first IO animals in 
each group were placed, two per cage, in metabolism cages 
without food but with free access to demineralized water 
(Millipore Q System). Urine was collected and analyzed for a 
24-h period and water consumprion was recorded for a 24-h 
period. Urine was analyzed for ketone bodies (acetoacetate, 
ketones), glucose, hemoglobin, nitrite, density, pH, and pro- 
tein with use of Multistix” 8 SC (Bayer Diagnostics). 

After 24 h in metabolism cages, blood was sampled from 
each animal under COJ02 anaesthesia from the orbital plexus 
with heparin as the anticoagulant. Clinical biochemical pa- 
rameters in blood were determined on COBAS MIRA (Roche) 
by use of commercially available kits: alanine aminotransfer- 
ase (Art. No. 07 3638 4), alkaline phosphatase (Art. No. 07 
3633 3). glucose (Art. No. 07 36 716), creatinine (Art. No. 07 
3667 8). urea (Art. No. 07 3685 6). protein (Art. No. 07 3678 
3), phosphate (Art. No. 07 3677 5), and uric acid (Art. No. 07 
3681 3). 

Electrophysiological Measuremenfs 

The eleccrophysiological procedures were performed with- 
out any knowledge of the rats’ former exposure to white spirit. 

Electrode /mplanration 

The rats were anaesrhetized with 70 mg/kg pentobarbital 
IP and the 1 x j-mm stainless steel screw electrodes were 
mounted in the skull of the rats using the following procedure. 
After shaving and c!eaning the skin of the head with 70% 
ethanol, a 2.5-cm sagittal incision was made on the dorsal 
surface of the head. The exposed periosteal membrane was 
removed and the bone surface polished with a grinding stone, 
cleaned in EDTA (Gluma Cleanse+, Bayer Dental), and 
primed with Gluma Primera (Bayer Dental). Holes for the 
electrodes were drilled with a O.S-mm dental rose drill pene- 
trating the arachnoid membrane but not the pia mater. 

The recording electrodes for visual flash evoked potentials 
(FEP) were placed above the visual cortex 6 mm posterior and 
4 mm right to bregma, for somatosensory evoked porentials 
(SEP) above the somatosensoric cortex 2 mm posterior and 2 
mm left to bregma, and for auditory brain stem response 
(ABR) above the cerebellum and brain stem in the midline 2 
mm posterior lambda. The reference electrode was placed 2 
mm anterior and 2 mm right to bregma and the ground elec- 
trode was placed 5 mm anterior to bregma. XI1 electrode leads 
were connected to a single in-line (SIL) receptacle. The elec- 
trodes and the receptacle were cemented to the skull using 
dental acrylic (Simplex Rapid, Austenal Dental Products 
Ltd.). Each animal received prophylactic administration of 
50,000 units of benzylpenicil-linprokain and 63 mg dihydros- 
trepromycin sulphate (Streprocillin”, luOV0) SC, and was 
kept in a cage with a flat Lid and a feeding silo until experimen- 
tal measurements were completed. 

Flash Evoked Potentials (FEP) 

Approximately I month after the electrode implantation, 
recordings of FEP were made on fully awake rats held in an 
immobilizer (model IM/OH, Scanbur X/S. Denmark) in 
which the animals were restrained in a net on a stainless steel 
frame. The photo stimulator (model 3622 from NEC San-ei 
Instruments, Japan) was placed 25 cm in fronr of the rat, and 
the space between the rat and the strobe was enclosed by four 
mirrors (each 25 x 25 cm), forming a box with two opposite 
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open sides. The head of the rat was placed in the center of 
one of the open ends of the box facing the strobe at the oppo- 
site end. 

The intensity setting of the stimulator was 0.5 3, which 
provides 100 @  flashes of approximately 0.7 cds/m’ lumi- 
nance at a distance of 25 cm. The strobe was triggered with an 
interval of 1471 ms. During the recordings, the receptacle on 
the skull was connected to the amplifiers (Dantec 15COl EMG 
amplifiers). High-pass and low-pass filter settings were 0.5 Hz 
and 100 Hz, respectively. The lOOO-ms amplified wave forms 
were sampled with a 2.048 kHz sampling rate on a 386 DX 
computer equipped with a l2-bit data acquisition board 
(DT2821, Data Translation, MA). 

Each recording session consisted of 96 epochs, which were 
averaged by the computer and stored on the hard disk for 
later analysis. Epochs with sporadic struggle or movement 
exceeding the dynamic range of the amplifier were automati- 
cally excluded by the computer without incrementing the 
counters. As the amplitude of the visual EPs usually becomes 
larger when the rats are habituated to restraint (3 I), the mea- 
surements of the individual animals were continued until the 
obtained waveforms could be reproduced. On the individual 
animal only one FEP recording was made each day. 

Somatosensory Evoked Potentials [SEP) 

Approximately 2 months after electrode implantation, the 
SEPs were recorded from rats anaesthetized with 60 mg/kg 
pentobarbital IP. The anaesthetized rats were placed on a 
thermostatically controlled place and rheir rectal temperature 
was kepr constant at 37.3 f 0.3”C during the recordings. The 
SEPs were elicited by electrical srimulations of 0.9 mA from a 
fixed current stimulator (Dantec 15EO7 stimulator output 
unit). The needle electrodes (Dantec sensory needle elecrrodes 
type 13264) were fitted ventrally on the tail 4 cm (minus) and 
8 cm (plus) from the root of the tail. The stimulations were 
triggered with an interval of 619 ms. The receptacle on the 
skull was connected to the amplifier (Dantec 1SCOl EMG 
amplifiers). High-pass and low-pass filter settings were 0.5 Hz 
and 100 Hz, respectively. The 500-ms amplified wave forms 
were sampled with a 2.048 kHz sampling rafe on a 386 DX 
computer equipped wirh a 12-bit data acquisition board 
(DT2821). Each recording session consisted of 96 epochs, 
which were averaged by the computer and stored on the hard 
disk for later analysis. 

Auditory Brain Stem Response (A BR) 

Approximately 2 months after electrode implantation, the 
ABRs were reilorded From rats anaesthecized with 60 mg/kg 
pentobarbitai IP. The signals for the single-frequency tone 
bursrs were generated by a 16-bit digital signal processor (Ariel 
DSPl6t, Ariel Corporation, NJ) with a 125 kHz sampling 
frequency as 1.-t-ms cosine bell tapered symmetrical signals 
wirh a l.O-ms plateau, and amplified by a computer-controlled 
audio amplifier (NADZIOO) with a 44 kHz second order low- 
pass inpur filter. ABRs were elicited by single-frequency tone 
bursts from a piezoelectrical horn tweeter (Motorola 1016) 
and the sound intensities at the individual frequencies were 
calibrated using a Briiel & Kj;er peak sound level mefer (type 
22 18) equipped wiih an octave filter (type I6 13). The measure- 
ments were performed in a closed box 50 x 60 x 70 cm iso- 
lated with sound absorbing foam (AF/Armaflex, Armstrong). 

The anaestherized rats were placed on a thermostatically 
controlled place and their rectal temperarure was kept consrant 
ar 37.3 2 0.3OC during the recordings. The receptacle on the 

skull was connected to the amplifier (Danrec 15COl EMG 
amplifiers, Dantec, Denmark). High-pass and low-pass filter 
settings were selected to be as narrow as possible without at- 
tenuation of the ABRs. 0.5 Hz and 1000 Hz, respectively. The 
amplified ABRs were sampled on a 486 DX2 computer at a 
46.5 kHz sampling rate with 16-bit data acquisition board 
(DAS-HRES, Keithley IMetraByte, IMA). Each recording con- 
sisted of 512 ABRs, which were averaged by the computer 
and stored on the hard disk for later analysis. The stimulus 
repetition rate was 18.9 s-‘. Recordings were made with cone 
bursts of 4, 8, 16, and 32 kHz, and with sound intensities of 
25-95 dB,,, SPL in LO-dB steps at each frequency. The audi- 
tory threshold was defined as the lowest sound pressure level 
in 10 dB steps at which ABR component I could be identified. 

Behavioral Tests 

After rhe 2 months’ exposure-free period, the motor activ- 
ity was measured, and the animals were tested by functional 
observational battery (FOB) and a passive avoidance rest. The 
rats were then assigned randomly into subgroups of 12 rats 
that were t&ted in a Morris water maze and radial arm maze 
as previously described (26). Finally, an additional Morris wa- 
ter maze fest wirh scopolamine challenge was performed. 

Motor Activity 

The motor activity was recorded twice for 62 h in the 
course of a weekend, 2 months after the end of exposure. 
Eight pairs of rats from the control and the highest dose group 
were rested. The device and method were similar to the pre- 
viously described procedure (26). Activity counts were col- 
lected during Four light/dark cycles with the purpose of show- 
ing diurnal variations. 

Functional Observational Battery (FOB) 

The FOB was performed as described by Moser (35). 
Briefly, the examination consisted of structured observarions 
of the rats’ behavior in the home cage and in an open tield, 
interactive tests involving handling, and physiological mea- 
sures. Following [his, motor activity counts were obtained 
from individual animals placed in isolated activity cages 
equipped wirh photo detectors for 45 min (explorarory ac- 
tivity). 

Passive Avoidance Test 

Each rat was placed in the lighted compartment of a one- 
way shuttle box. After 20 s, the guillotine door was raised and 
the rat’s latency 10 enter the dark compartment was recorded 
with a cut-off of 180 s. Two hours later, this procedure was 
repeated in a conditioning trial where the rat received an clec- 
tric foot shock (1 s, 0.5-0.8 mA) when entering the dark com- 
partment. The next day the rat was placed in rhe lighted com- 
partment. After 20 s, rhe guillotine door was raised and the 
latency time to entry was recorded with a cut-off OF 300 s. 

Eight-Arm Radial Maze Test 

The animals were initially pur on a l-week restricted food 
schedule that gradually brought them down to 85% of their 
previous body weight. Subsequenrly. the animals were trained 
daily in the maze using pieces of peanut (commercial brand: 
Bonnie Pet Shop, Copenhagen, Denmark) for rewards. .A 
[raining session lasted until all rewards had been eaten or until 
10 min had elapsed. The rats were trained in this fashion 
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for 12 sessions. On the following 8 training days, a “delayed 
nonmatch-to-sample” approach was employed, as described 
by Walsh (56). However, the statistical analysis of the data 
showed no time effect (i.e., the training was not carried on 
long enough for the control animals to learn the task). There- 
fore, the results are not described. 

Morris Water Maze 

The testing consisted of cued escape training, first place 
navigation task, first transfer test, second place navigation 
test, and second transfer test. During cued escape training, the 
rats were trained with the visible platform placed in the center 
of the northeast quadrant. The rats were trained in groups of 
four rats. Each group of rats was trained in four trials each 
day, using the four different start positions in a new random 
order every day. If a rat did not locate the platform within 
60 s, it was removed from the water and placed on the plat- 
form for IO s. Training of place navigation with the invisible 
platform continued in a similar manner until a stable perfor- 
mance was established. In the transfer test, the platform was 
removed from the pool. The rats were then allowed to swim 
for 60 s in a single trial. For the second place navigation task, 
the platform location was changed to the diagonally opposite 
posirion. Latency to escape onto the platform, length of route, 
and actual time and percentage time spent in each pool quad- 
rant were collected. 

A Morris water maze test with scopolamine challenge was 
conducted with the rats that had previously been tested in the 
radial maze. The rats were injected with scopolamine hydro- 
bromide (0.16 mg/kg. SC) 30 min before the daily training. 
The training was basically similar to the first [Morris water 
maze test and consisted of four daily trials per rat, as de- 
scribed above, for 10 training dais. Only the place navigation 
test was performed. 

Pathological Examinarion 

Six months after the end of exposure, IO randomly selected 
animals from each exposure group were sacrificed by decapi- 
tation in CO?/OZ narcosis for macroscopic pathological exam- 
ination and weighing of the organs: liver, kidneys, adrenals, 
heart, spleen, and testes. Samples from these organs plus n. 
ischiadicus were fixed in 1040 buffered formalin and stored 
for rii’icroscopy. 

Statistical Analysis 

Either the SYSTAT@ (59) or rhe SASS (45) PC-version soft- 
ware package was used for all computarions. The dara ob- 
tained from measurements of the evoked potentials and the 
62 h of motor activity were compared by analysis of variance 
(ANOVA) using the Multivariate General Linear Hypothesis 
(MGLH) of SYSTAT2. Repeated-measures designs were in- 
cluded when relevant. Due to hereroscedasriciry (unequal vari- 
ances) in the acriviry data, a log transformation was used. 
Measurements from rars that lost their receptacle (SIL) during 
the experiment were escluded from the analysis of evoked 
porentiais. Data from the passive avoidance test (escape la- 
iencies) were analyzed by nonparametric ANOVA (PROC 
NPARIWAY WILCOXON) where the dosed groups were 
compared to the conrrol group on each trial. Data from the 
radial arm maze and Morris water maze were analyzed using a 
repeated-measures general linear model (PROC GLM). Where 
no other values are shown, the level of significance is 0.05. 

RESULTS 

Clinical Signs During Exposure 

During the daily exposure, the rats exposed to white spirit 
showed signs of discomfort at both exposure concentrations. 
Especially during the initial period, the rats suffered from 
mucosal irritation with lacrimation and bloody discharge from 
the nose. The narcotic effect, which was seen initially, was 
gradually reduced during the first 2 weeks of exposure. The 
body weights of the exposed animals did not differ from the 
controls throughout the experiment. There was a statistically 
significant increase in the water consumption of the exposed 
animals during the last 5 weeks of exposure, but the water 
consumption was normalized immediately after the end of 
exposure (data not shown). 

Clinical Biochemistry 

There was a statistically significant increase in the relative 
diuresis in the group of rats exposed to 800 ppm (17.5 c 2.4 
g/kg body weight/24 h) compared to the conrrol group (12.3 
r 1.2 g/kg body weight/24 h). There was no treatment- 
related effect on any parameter measured in urine: The only 
affected parameter in the blood was uric acid, which was re- 
duced in the 800 ppm group compared to the control group 
(control: 5.4 + 3.2 HIM; 400 ppm: 7.1 i- 2.0 PM; 800 ppm: 
5.5 + 2.2 p(M). Dgta for the other parameters are not shown. 

Survival 

One rat in the 800 ppm group died after the behavioral 
tests were finished. The cause of death was gastric hemor- 
rhage, which was probably unrelated to exposure. Two ani- 
mals died shortly after measurements of the EPs, one from 
the control group and one from the high-dose group. The 
cause of heath could not be established because of aurolysis. 

Electrophysiological Measuremenrs 

FEP. The group-averaged FEPs from the three groups are 
shown in Fig. 1, where the peak PI, Nl, P2, iv2, and P3 are 
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FIG. I. Group averaged flash evoked potenrials (FEP) from rhree 
groups of rats (N = S-10) exposed for 6 monrhs CO 0, 400, and 800 
ppm dearomatized white spirit followed by an exposure-free period of 
3 months’ duration. The positive and negative peaks of rhe FEP are 
marked only on the waveform of rhe control group (0 ppm). 
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TABLE 1 TABLE 2 
MEASURES OF FEP MEASUREMENTS OF SEP 

0 wm 4fx m m  80~3 pm 
(n = 9) (n = IO) (n = 9) 

PIN1 (j&V) 72.0 5 22.1 90.0 2 20.1 107.4 r 46.3 
N I P2 (gV) 124.5 2 33.2 163.5 i 25.1’ 179.2 zt 54.7’ 
P2N2 (~‘4) 45.6 r 21.0 56.5 ii 50.7 88.9 5 58.0 
NtP3 (pV) 47.2 r 22.1 53.9 c 18.0 83.4 r 32.2’ 

Values are mean c SD of the peak-to-peak amplitudes of 
PIN I, N  I P2. P2N2. and N2P3 of the visual flash somatosensoric 
evoked potentials (FEP) from three groups of rats exposed for 6 
months to 0.100. and SC0 ppm dearomatized white spirit followed 
by an exposure-free period of 3 months’ duration. 

‘bleasurements from created groups different from the control 
group by one-way ANOVA: 'p < 0.05. 

0 pm 
(n = 8) 

4x2 pm 
(n = 9) 

PI latency (msec) 16.3 rt 3.5 16.0 ” I.0 16.2 it 2.4 
PI amplirude (pV) 18.8 z!z 8.8 37.3 c 14.1’ 43.9 c 21.2’ 
PZN2 amplirude (pV) 47.1 i 39.8 46.0 + 24.5 84.1 r 55.4 
RIGIS voltage (pV) 19.0 * 8.1 23.0 r 8.5 30.4 + 8.97 

Values are mean + SD of the latency and amplitude of PI, the 
peak-to-peak amplitude of P2N2, and the calculated RMS voltage (O- 
100 ms) of the somatosensoric evoked potentials (SEP) from three 
goups of rars exposed for 6 months 10 0.400. and 800 ppm dearomat- 
ized white spirit followed by an exposure-free period of 3 months’ 
duration. 

l tMeasuremenrs from treated groups different from the control 
group by one-way ANOVA: 'p < 0.01: tp < 0.05. 

indicated for the control group. No differences were found in 
the latencies of any of the peaks. All the measured peak-co- 
peak amplitudes of the FEPs in the group exposed to 800 ppm 
were greater than in the control group, whereas the size of 
P2N2 and N2P3 in the group exposed co 400 ppm white spirit 
were comparable to the size of the same amplitudes in the 
control group. The peak-co-peak amplitudes NIP2 (Table 1) 
were greater for both groups exposed co white spirit compared 
to the control group [F(l, 17) = 8.4, p = 0.01 for the 400 
ppm group, and F(1. 16) = 6.6, p = 0.02 for the 800 ppm 
group]. The difference in the amplitude NlP2 between the 
high- and low-exposure groups was primarily related co the 
size of ‘Nl, as the P2 amplitude is of comparable size in 
the 400 and 800 ppm groups: 88.2 + 24.5 PV and 83.1 + 
22.9 pV, respectively. Also, the peak-co-peak amplitude of 
N2P3 in the 800 ppm group is greater than for the control 
group, F(1, 16) = 7.2, p = 0.02. 

SEP. The group-averaged SEPs from the three groups are 
shown in Fig. 2, where the peak Pl. Nl, P2, and N2 are 
indicated for the control group. The latencies of P 1 were com- 

0 ?DM 

7 
N2 

> 400 PO!4 
2 - 

5: v ---F /----- 
" 

a00 P P M  

! 

50  !OO 150 200 

TIHECmseci 

FIG. 2. Croup-averaged somarosensory evoked potentials (SEP) 
from three groups of rats (N = S-IO) exposed for 6 monrhs CO 0.400. 
and 800 ppm dearomatized white spirit followed by an exposure-free 
period of 3 monrhs’ durarion. The positive and negarive peaks of the 
SEP are marked only on rhe waveform of rhe control group (0 ppm). 

s@I cm 
(n = 8) 

parable in the three groups (cf. Table 2). However, the ampli- 
tudes of Pi in both the exposed groups were greater than the 
amplitude in the control group [F(l, 15) = 10.2, p = 0.01 for 
the 400 ppm group, and F(1, 14) = 6.6, p = 0.01 for the 800 
ppm group]. The calculated RMS voltage of the first 100 ms 
of the SEPs (Table 2) were larger in the group exposed to 800 
ppm white spirit compared to the control group, F(1, 14) = 
7.1, p = 0.02. On the amplitudes of the SEP. the effect of 
exposure is dose related, with the high-exposure group having 
the biggest amplitudes. 

ABR. Group-averaged ABRs averaged from stimulation 
with 8 kHz cone bursts of 95 dB SPL are shown in Fig. 3 with 
the characteristic waves Ia, Ib, II, III and VI as indices for the 
control group. The designation of the waves is in accordance 
with the nomenclature used by Otto et al. (37). The mean 
amplitude and the SEM of wave Ia and wave IV are shown in 
Figs. 4 and 5, respectively. The amplitudes of wave Ia are 

FIG. 3. Group-averaged auditory brain stem responses (XBR) elic- 
ited by 8 kHz pure tone bursts from rhree groups of rats (?J = S-IO) 
exposed for 6 months co 0. 400, and 800 ppm dearomatized whire 
spirit followed by an exposure-free period of 3 monrhs’ duration. and 
rhe ABRs were elicited by 8 kHz pure lone bursrs of 95 dB SPL. The 
components of rhs ABR are marked only on rhe waveform of the 
control group (0 ppm). 
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TABLE 3 
MEASUREMENT OF ABR 

0 pm 400 pm 
(n = 8) (n = 9) 

~3~3 pm 
(n = 8) 

FIG. 1. The mean amplitudes and the S E M  of rhe j.BR component 
[a elicited by 8 kHz pure tone bursts ranging from 25 to 95 dB SPL 
from three groups of rats (N = 8-10) exposed for 6 months IO 0. 400. 
and 800 ppm dearomatized white spirit followed by an exposure-free 
period of 3 months’ duration. 

greater at S kHz 25-95 dB,,, SPL in both the exposed groups, 
though the differences are only statistically significant in the 
group exposed to 800 ppm white spirit, F(1, 14) = 8.5, p = 
0.01 I. As seen in Fig. 4, the differences in the amplitudes of 
wave Ia are greatest at higher sound intensities. At 95 dB SPL 
wave Ia is elevated at 1 kHz, F( 1, 14) = 9.1, p = 0.01, at 8 
kHz, F(1, 14) = 6.1, p = 0.03, and at 16 kHz, F(1, 14) = 
4.7, p = 0.05, in the group exposed to 800 ppm white spirit 
compared to the control group, whereas the RIMS voltage is 
greater in both the exposed groups at 4 and S kHz (cf. Table 
3). Neither the latency of wave IV nor the interpeak latency in 
any of the exposed groups differs from the latencies in control 
group. The effects of exposure on amplitude of wave Ia seems 
to be dose related (cf. Fig. 4 and Table J), whereas the effects 
on the amplitude of wave IV and the RMS voltage (cf. Fig. 5 
and Table 3) are not. 

I ace 00m 

aeds5) 

FIG. 3. The mean amplitudes and the SEM of the ABR component 
IV elicited by S kHz pure tone bursts ranging from 25 to 95 dB SPL 
from three groups of rats (IV = 8-10) exposed for 6 months to 0.100. 
and 800 ppm dearomatized white spirit followed by an exposure-free 
period of 3 months’ durarion. 

4 kHz 
la amplitude (PV) 
IV amplitude (pV) 
RMS voltage (pV) 
IV latency (ms) 
Ia-IV latency (ms) 

8 kHz 
Ia amplitude (pV) 
IV amplitude (pV) 
R&MS voltage (pV) 
IV latency (ms) 
la-IV latency (ms) 

16 kHz 
Ia ampiitude (JV) 
IV amplitude @V) 
RMS voltage (pV) 
IV latency (ms) 
Ia-IV latency (ms) 

32 kHz 
Ia amplitude (pV) 
IV latency (pV) 
RMS voltage (rV) 
IV latency (ms) 
la-IV latency (ms) 

4.4 i I.1 
14.4 + 2.5 
6.6 c 1.1 

5.12 r 0.09 
2.29 c 0.06 

6.5 r I.4 
15.2 * 3.1 
1.9 + I.4 

5.07 rt 0.06 
2.32 k 0.04 

6.1 L 1.1 
16.2 + 2.6 
8.2 r I.5 

4.96 r 0.05 
2.26 -L 0.05 

6.2 t 1.5 
16.4 it 3.0 
8.6 L 1.9 

4.94 t 0.05 
2.24 f 0.06 

5.8 r 2.1 
17.6 r 3.9 
9.2 * 2.1t 

5.11 i 0.05 
2.28 k 0.05 

8.3 i 2.9 
19.6 + 5.2 
10.8 i 2.9f 
5.06 r 0.08 
2.31 c 0.07 

7.3 i 2.6 
19.2 * 5.2 
10.5 2 3.0 
4.99 r 0.04 
2.30 t 0.03 

7.1 + 1.9 
19.7 2 1.2 
Il.2 t 2.0 
4.97 i 0.06 
2.28 c 0.06 

6.4 +. 1.3’ 
16.6 * 2.s 
8.2 i 1.3t 

5.08 rt 0.08 
2.21 * 0.07 

8.8 z!z 2.17 
18.5 2 2.5t 
9.7 2z 1.31 

5.04 + 0.05 
2.28 c 0.05 

7.7 2 1.67 
18.2 f 2.2 
9.4 -i 0.8 

1.97 f 0.06 
2.28 = 0.05 

7.0 2z 1.2 
18.1 = 1.8 
9.6 z 0.5 

-1.94 c 0.04 
2.25 + 0.04 

Values are mean i SD of the amplitudes of component Ia and 
component IV, and the calculated RMS voltage (O-IO ms), the latency 
of component IV, and the component Ia co component IV latency oi 
auditory brain stem response (ABR) from three groups of rats exposed 
for 6 months to 0, X0, and 800 ppm dearomatized white spirit foi- 
lowed by an exposure-free period of 3 monrhs’ duration. 

YMeasurements from treated groups different from the control 
group by one-way XNOVA: ‘p < 0.01: tp -C 0.05. 

Behavioral Tess 

Moror nctivify. The 62-h motor activity of the 800 ppm 
group was significantly lower than the control group during 
the active (dark) periods of the first weekend, (F(1, 14) = 
4.S3, p = 0.045 (Fig. 6a). In the second weekend, there was a 
trend towards a lower activity in the 800 ppm group (Fig. 6a) 
without the difference being statistically significant, F(l, 14) 
= 1.67, p = 0.217. However, in the first 6-h period of the 
second weekend, the motor activity was significantly lower in 
the So0 ppm group (Fig. 6b), F(1, 14) = 6.20, p = 0.026. The 
activity level during the hours of rest (light periods) was not 
significantly different between the two groups (dara not 
shown). 

The 4S-min motor activity test after the FOB evaluation 
showed a lower activity in the two groups of exposed rats 
compared with the control group, and the difference was sta- 
tistically significant. However, the results from the control 
animals in this experiment did not exhibit the usual pattern of 
t ime-dependent motor activity as seen in historical controls, 
and the results are considered inconclusive (data not shown). 

Funcrional observarional battery. The exposed animals did 
not differ from controls with respect to the examined parame- 
ters (data not shown). 
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FIG. 6. The mean activity and S E M  in acrive (dark) periods during a 
weekend in rats exposed 10 0. 403, or 800 ppm of dearomatized white 
spirit for 6 monrhs followed by an exposure-free period of 2 months’ 
duration. The periods represent: I is 1500-2100 h on Friday, 2 is 
0900-1500 h on Saturday, 3 is 15CO-2100 h on Saturday, 4 is 0900- 
1500 h on Sunday, and 5 is 1500-2100 h on Sunday. (a) Firsr weekend 
and (b) second weekend. 

Passive avoidance. No differences between dose groups 
were found on any trial (data not shown). 

iMorris wafer maze. Escape latencies are shown in Fig. 7a 
and b as means of the daily training trials. No significant 
differences between dose groups were found in either of the 
iwo experiments. The difference in the learning rate of rats in 
th.e two experiments is obvious and demonstrates the inhibi- 
tory effect of scopolamine on learning. 

Radial arm maze. Data from the first 12 daily training 
sessions showed a significant effect of time, but no significant 
differences between groups (Fig. 8). 

Pathological examinarions. No macroscopic pathologic 
changes that could be related to the dosing with white spirit 
were found. Relative organ weights of liver, right and left 
kidney, adrenals, right and left testis, spleen, and heart were 
not affected by the exposure. Histopathologicai examination 
of tissue from these organs plus n. ischidiadicus did not diplay 
any exposure-related histoparhological changes. 

I) ISCUSSION 

Dearomatized white spirit was chosen for the present inves- 
tigation because of an interest in exploring the neurotoxic 
properties of aromatic vs. aliphatic hydrocarbons. The indus- 
try has replaced aromatic with dearomatized hydrocarbons in 
the hope of reducing neurotoxicity. However, scientific data 
to support the preference of either type are not available. The 
effects examined in the present study were mainly on sensory 
evoked potentials, which was not investigated in our earlier 
study of aromatic white spirit (36), and more experimental 
data are needed before a particular replacement strategy can 
be recommended. 

A narcotic effect was initially seen during exposure to white 
spirit, but this gradually reduced as adaptation took place. In 

Dearomatized white spirit 
Morris water maze 

a. + Control -k 400 ppm + 800 ppm 

Dearomatized white spirit 
Morris water maze & scopolamine 

< 

0 1 2 3 4 5 6 7 8 9 10 
w  

b. - Control * 400 ppm -c 800 ppm 

FIG. 7. Mean escape latencies in the Morris water maze of rats ex- 
posed to 0. Joe, or 800 ppm of dearomarized white spirit for 6 months 
followed by an exposure-free period of 3 monrhs’ duration. (a) Days 
l-5: platform above water surface. Days 6-14: platform below water 
surface. Days l-7: first place navigation. Platform in rhe northeast 
(XE) quadrant. Day 9: first transfer trial: 60-s swim without platform. 
Days 9-13: second place navigation. Platform moved to new location 
in rhe southwest (SW) quadrant. Day 14: second transfer trial. (b) 
Place navigation test throughout training. Rats were injecred with 
scopolamine hydrobromide (0.16 mg/kg, SC) 30 min before daily 
training. 
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Dearomatized white spirit 
Radial maze 

4 
12 

FIG. S. Mean number of correcr choices in the eight-arm radial maze 
of rats exposed IO 0,100. or 800 ppm of dearomatized white spirit for 
6 monrhs followed by an exposure-free period of 2 months’ duration. 

a similar study of aromatic white spirit, the same phenomenon 
was observed (36). 

The slight effects on the relative water consumption, rela- 
tive diuresis. and the plasma uric acid concentration are in 
accordance with the kidney toxicity that has previously been 
shown for this type of compound (54). However, as the water 
consumption was normalized shortly after the end of expo- 
sure, the increased consumption was probably the result of a 
combination of kidney dysfunction and water loss through 
mucous membrane irritation. 

A decrease in dark period activity of the exposed animals 
2 months after the end of exposure indicates a long-lasting 
disturbance of basic biological functions. Because activity is 
not a singular measure, iIterations in the frequency could 
reflect toxicant-induced changes in one or more sensorimotor 
functions, arousal, or motivational state (53). Changes in ac- 
tivity thus requires further testing to evaluate the significance 
of the differences observed. In the absence of systemic toxicity 
or other confounding factors, dose-related changes in motor 
activity reflect an effect on the nervous system (9). 

There was a lack of changes in the tests of learning and 
memory in the present study. These may indicate: 1) the expo- 
sure did not influence the neural systems important for learn- 
ing and memory, or 2) the exposure influenced these struc- 
tures, but the rats were able to compensate during the 
exposure-free period of 2 months. The behavioral toxicity of 
white spirit should be further investigated by secondary testing 
whose nature should depend on the behavioral effects ob- 
served in humans. Because Morris maze as well as radial arm 
ma&are spatial learning tasks, another type of learning task 
should be considered. 

The measurements of the FEPs 3 months after the end of 
exposure to dearomarized white spirit demonstrated a dose- 
dependent, long-lasting increase in the visual response to flash 
stimulation. The generators of the FEP appear to be limited 
to the cerebral cortex. Current source density (CSD) analysis 
of the FEP has demonstrated that NI, which is the initial 
negative FEP trough 30 ms after stimulation in the rat and 40 
ms after stimulation in the macaque monkey, is generated by 
a combination of presynaptic activation of the axon terminals 
of [he thalamocorrical afferent fibers and the excitatory post- 

synaptic potentials on the steilate neurons (5,13,23,52), in the 
striate cortex lamina 4C, which is the main input layer of 
the visual cortex (12,30). P2 appears to be generated by the 
subsequent hyperpolarization of the steilate neurons in the 
same layer (13.23) of the striate cortex, whereas the generators 
of the N2 peak in the rat appear to be localized anterior to the 
generators of Nl and P2 (8) and seem to reflect the excitatory 
activation in the extrastriate cortex (13). 

The changes in the Nl in the present study suggest that the 
exposure to white spirit caused an increased afferent volley 
from the retino-geniculate pathway reaching the input layer 
of the primary visual cortex followed by an increased cortical 
hyperpolarization of the input neurons, displaying as an in- 
crease in the amplitude of P2. The same magnitude of P2 in 
both the exposed groups is in accordance with the existence of 
a ceiling observed in the augmentation of the P2 amplitude by 
alcohol or anticholinergic agents in rats (18). The increased 
size of N2P3 in only the group exposed to 800 ppm white spirit 
suggests a dose-dependent increase in excitatory input also to 
the extrastriate cortex. 

There were no differences in the latencies of Pl in the SEPs 
from the three groups. However, the exposure to dearomat- 
ized white spirit caused a dose-dependent effect on the ampli- 
tude of P 1, whereas the amplitudes on the peaks following P 1 
are only affected in the high-exposure group. The PI of the 
SEP is the first peak of cortical origin (34,58), and the record- 
ings of the SEPs in this study do not allow evaluation of the 
structures of the ascending somatosensory pathways. The ef- 
fects of exposure to dearomatized white spirit exhibit the same 
pattern on the SEP as on the FEP (i.e., affecting the sensory 
pathways to the level of the first cortical neuron and as the 
dose was increased also involving cortical-subcortical ner- 
works). 

The exposure of the rats to dearomatized white spirit in- 
duced an increase in the amplitudes of the ABR waves wirout 
changing their latencies, and the increase was nocicabie on the 
first wave of the ABR at all frequencies tested. In the rat the 
first component of the ABR is usually split in two separate 
waves, Ia and Ib, respectively (6,37), of which wave Ia repre- 
sents the positive wave of the compound action potential in 
the acoustic nerve (6.29). The increased amplitudes of wave Ia 
in the exposed animals may be caused by a change in excitabil- 
ity of either the cochlear apparatus or the first neurons oi the 
auditory pathway. 

Increased hearing thresholds and reduced auditory sensitiv- 
ity in rats have been demonstrated after exposure to the aro- 
matic solvents toluene (22,40,44,51), styrene (39,60), and xy- 
lene (39). to the chlorinated hydrocarbon trichloroethylene 
(7,20,43), and recently also to the aliphatic n-heptane (47). 
The long-lasting increase in the ABR in the present study 
seems to display the effect of low-level organic solvent expo- 
sure on the auditory system that, possibly at higher exposure 
levels, may have resulted in loss of outer hair cells and reduced 
auditory sensitivity (21.38,51,60). 

The present results of the testing of the sensory pathways 
of the nervous system by measurements of evoked potentials 
show that contemporary eiectrophysiological tests have much 
to offer as complements to other tests in routine neurotoxicity 
assessments (32,34,37,42). The measurements of the FEP, 
SEP, and ABR all demonstrated dose-dependent increases of 
the amplitudes of the early latency peaks of the sensory EPs. 
As the early latency peaks reflect the initial stages of sensory 
informalion processing and are closely related to the physical 
parameters of the sensory stimulus (34), this seems to indicate 
that the initial stages of the sensory information processing 
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