
HAL Id: hal-01561651
https://hal.univ-lorraine.fr/hal-01561651

Submitted on 13 Jul 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Neurobehavioral Toxicity of a Repeated Exposure (14
Days) to the Airborne Polycyclic Aromatic

Hydrocarbon Fluorene in Adult Wistar Male Rats
Julie Peiffer, Frédéric Cosnier, Nathalie Grova, Hervé Nunge, Guillaume

Salquèbre, Marie-Josèphe Décret, Benoît Cossec, Guido Rychen, Brice M. R.
Appenzeller, Henri Schroeder

To cite this version:
Julie Peiffer, Frédéric Cosnier, Nathalie Grova, Hervé Nunge, Guillaume Salquèbre, et al.. Neurobe-
havioral Toxicity of a Repeated Exposure (14 Days) to the Airborne Polycyclic Aromatic Hydro-
carbon Fluorene in Adult Wistar Male Rats. PLoS ONE, 2013, 8 (8), pp.e71413. �10.1371/jour-
nal.pone.0071413�. �hal-01561651�

https://hal.univ-lorraine.fr/hal-01561651
https://hal.archives-ouvertes.fr


Neurobehavioral Toxicity of a Repeated Exposure (14
Days) to the Airborne Polycyclic Aromatic Hydrocarbon
Fluorene in Adult Wistar Male Rats
Julie Peiffer1, Frédéric Cosnier2, Nathalie Grova3, Hervé Nunge2, Guillaume Salquèbre3, Marie-
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Abstract

Fluorene is one of the most abundant polycyclic aromatic hydrocarbons in air and may contribute to the neurobehavioral
alterations induced by the environmental exposure of humans to PAHs. Since no data are available on fluorene
neurotoxicity, this study was conducted in adult rats to assess the behavioral toxicity of repeated fluorene inhalation
exposure. Male rats (n = 18/group) were exposed nose-only to 1.5 or 150 ppb of fluorene 6 hours/day for 14 consecutive
days, whereas the control animals were exposed to non-contaminated air. At the end of the exposure, animals were tested
for activity and anxiety in an open-field and in an elevated-plus maze, for short-term memory in a Y-maze, and for spatial
learning in an eight-arm maze. The results showed that the locomotor activity and the learning performances of the animals
were unaffected by fluorene. In parallel, the fluorene-exposed rats showed a lower level of anxiety than controls in the
open-field, but not in the elevated-plus maze, which is probably due to a possible difference in the aversive feature of the
two mazes. In the same animals, increasing blood and brain levels of fluorene monohydroxylated metabolites (especially the
2-OH fluorene) were detected at both concentrations (1.5 and 150 ppb), demonstrating the exposure of the animals to the
pollutant and showing the ability of this compound to be metabolized and to reach the cerebral compartment. The present
study highlights the possibility for a 14-day fluorene exposure to induce some specific anxiety-related behavioral
disturbances, and argues in favor of the susceptibility of the adult brain when exposed to volatile fluorene.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic

pollutants which are ubiquitously distributed in air, food, soil, and

various occupational settings. Whereas the ingestion of PAH-

contaminated food products appears as the dominant source of

exposure, non-occupational inhalation of polluted air could be of

great concern in places associated with a high population density

level and/or a consistent rate of industrialization. Based on the

findings of several studies [1,2], the non-occupational levels of

PAH exposure are comprised between 1 and 440 ng/m3

depending on the location of the study, the location of the

sampling sites, the season of sampling, the phase investigated (gas

and/or particle phases), and the number of PAHs measured in air.

PAHs are also well-known as a source of occupational exposure for

significant groups of workers with levels that can reach several tens

of mg/m3 [3,4].

PAHs are identified as toxic since a number of them have potent

mutagenic, carcinogenic and endocrine disrupting chemical

properties [3,5,6]. In contrast, the potential neurotoxicity of PAHs

has received much less attention despite some human and animal

evidence (for review, see reference [7]). In humans, PAH-related

neurological symptoms were reported in residents living near two

dumping sites in Texas [8] or a waste oil reprocessing plant in

California [9], and in workers of a coke processing plant in Poland

[10]. More recently, the occupational exposure of 178 coke oven

workers to benzo(a)pyrene (BaP) was demonstrated to induce

alterations of both emotional and cognitive functions correlated

with significant decreases in monoamine, amino acid and choline

neurotransmitter levels [11]. In parallel, studies performed in adult

animals showed the possibility for acutely administered BaP and

fluoranthene to disrupt some behavioral endpoints including

motor activity, responsiveness to sensory stimuli, and physiological

and autonomic responses in correlation with the brain concentra-

tions of both compounds [12,13]. Cognitive and anxiety-related

disorders were also demonstrated in adult mice sub-acutely treated

with increasing doses of BaP (0.02 to 200 mg/kg/day, 10 days,

i.p.) [14,15]. Such results were associated with concomitant dose-

related changes in the expression of the NR1 and NR2A subunits

of the NMDA glutamate receptor in regions involved in memory

and anxiety. Taken all together, these observations have led to
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speculations about a possible relationship between neurobehav-

ioral alterations and exposure to environmental PAHs [7,16].

Therefore, the purpose of the present study was to develop a

rodent model of PAH inhalation exposure in order to investigate

the neurobehavioral toxicity of such chemicals. Among the PAHs,

fluorene was used as a representative compound for the following

reasons: 1) fluorene is highly volatile with air concentration being

one of the most abundant [1,5,17], 2) it is used as intermediate

chemical in various industrial applications, e.g., production of

resins, dye stuffs, drugs and other chemical products [5], 3) it is

found in many environmental samples including food, tobacco

smoke and industrial waste [5,18,19], and 4) fluorene is listed

among the 16 PAH priority pollutants for human health by the

WHO and the US-EPA [20]. Consequently, fluorene can be

considered a relevant contaminant from both occupational and

general PAH atmospheric exposure. In the present study, adult

male rats were assessed for their behavioral performances related

to locomotor activity, learning and memory, and anxiety, after 14-

day repeated inhalation of fluorene. In parallel, behavioral and

physiological responses to the stressful context of the model of

exposure used (exposure nose-only by placing the animals into

restrained tubes) were measured as a means of inferring the

magnitude of the stress response from the behavioral toxicity

induced by fluorene, as suggested by the 403 OECD guideline for

inhalation studies [21]. Finally, analyses of fluorene and three of its

hydroxylated metabolites were performed in plasma and brain

samples in order to ensure the exposure of the animals to this

contaminant.

Materials and Methods

1. Animals
Adult Wistar Han male rats weighing 225–250 g (8–9 weeks of

age) were purchased from Harlan (Gannat, France). They were

housed in a regulated environment (2263uC; humidity 55610%;

light on from 3:00 a.m. to 3:00 p.m.) and subjected to a 7-day

acclimatization period before study. Food (Teklad Global Diet

2016, Harlan, Gannat, France) and tap water were provided ad

libitum. Atmospheric air was used to ventilate all the rooms of the

animal house. To this end, it was filtered for particles over 0.1 mm
of diameter and adjusted to a temperature of 2261uC and

humidity of 55610 %. All rats were handled in the same way and

were randomly allocated to experimental groups. All procedures

were in compliance with the rules provided by the European

Union (Directive 2010/63/EU) [22], and were approved and

supervised by the institutional ethics committee of the University

of Lorraine (authorization number A 54–547–13).

2. Experimental design
Rats (n = 18/group) were exposed nose-only to fluorene (purity

$99%, Sigma Aldrich, St-Quentin-Fallavier, France) vapor for a

daily period of 6 hours over 14 consecutive days. Two levels of

contamination were studied: 1.5 and 150 ppb (10 mg/m3 and

1 mg/m3), whereas the control animals were exposed to clean air

for the same time. The daily exposure period was limited to

6 hours in order to respect the illuminated part of the circadian

cycle and to allow the behavioral testing during the dark part of

the cycle within the same day. Thus, considering this period of

time and the air volume inhaled by the rats (12 L/hour), the

lowest concentration of fluorene was calculated in order to reach

in the animals similar levels of exposure to those observed in

humans living in urban areas [1,2] whereas the highest one was

more characteristic of occupational exposure [4,11]. At the end of

the exposure period, 12 animals from each group were used for

behavioral investigations whereas the remaining 6 rats were

sacrificed for biological measurements.

3. Fluorene inhalation exposure
Inhalation was conducted in accordance with the 403 OECD

guideline for inhalation studies [21] in 200 L glass/stainless-steel

chambers equipped with clear non-vented inhalation tubes made

of polycarbonate (length: 25 cm, internal diameter: 5.5 cm) that

ensure exposure through the nasal way and allow the tail of the rat

to remain outside for natural thermoregulation. Designed to

sustain a dynamic and adjustable airflow (4–5 m3/h), the

chambers were maintained at a negative pressure of no more

than 5 mm H2O in order to prevent any leakage of the

atmosphere. Ambient air was used to ventilate all the chambers

and was pretreated under the same conditions as those applied to

the animal house (for details, see the 1st paragraph of the materials

and methods section). After conditioning for temperature and

humidity, the input atmosphere was contaminated by passing the

total airflow over a thermoregulated solid bed of fluorene, and was

checked to ensure the total absence of aerosol under these

conditions of generation by using a pDR-1200 aerosol monitor

(particle sizing range: 1–10 mm, Thermo Electron Corporation,

Waltham, MA, USA). Thus, fluorene contained in the atmosphere

was exclusively under gaseous form. Each period of inhalation was

monitored for air fluorene concentrations, temperature and

relative humidity, as recommended by the 403 OECD guideline

for inhalation studies [21].

4. Atmosphere sampling and analysis
Fluorene atmospheric concentrations were determined twice

during the 6-hour period for 1.5 ppb, and six times for 150 ppb,

by collecting atmosphere samples through glass tubes packed with

Amberlite XAD-2 Polymeric Adsorbent. Sampling frequencies

were adapted to allow the collection of an adequate volume of air

for the quantification of fluorene (150 L at 1.5 ppb and 50 L at

150 ppb) above the limit of quantification of the method. Thus,

fluorene was desorbed with acetonitrile containing anthracene as

internal standard (400 mg/L) and then analyzed on a Varian CP-

3800 gas chromatograph equipped with a flame ionization

detector. Samples were separated on a 30 m60.53 mm (1.5 mm
film thickness) CP-Sil 5 column, using nitrogen as carrier gas. The

flow rate was 4 mL/min. The column temperature program was

190uC for 4 min, increased to 235uC at a rate of 15uC/min and

held for 2 min. The injector (flash 1061) and the detector were

maintained at 240uC and 250uC, respectively. The limit of

quantification of the method was 2.50 mmol/L in acetonitrile that

corresponds to a fluorene air concentration of 8.3 mg/m3

(1.25 ppb). Atmosphere samples of the two control chambers

were also collected over the same period under the same sampling

conditions (two samples for the 6-hour period) to ensure the

absence of contamination from the air used. In parallel,

temperature and humidity were measured within the 4 chambers

one time/min over the 6 hour-period of exposure through the

appropriate probes.

5. Brain and plasma sampling and analysis
5.1. Instrumentation. Analyses were carried out with an

Agilent 7890A gas chromatograph equipped with a HP-5MS

capillary column (30 m, 0.25 mm i.d., 0.25 mm film thickness),

coupled with an Agilent 7000A triple quadrupole mass spectrom-

eter operating in electron impact ionization mode and an Agilent

CTC PAL autosampler. Details of analytical conditions used for

chromatography and MS/MS detection were previously described

[23].

Neurotoxicity of Inhaled Fluorene
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5.2. Blood analysis. Blood was collected in heparinized tube

by tail venous ponction at the end of the last exposure period,

centrifuged for 3 min at room temperature, and plasma was stored

at 220uC until further use. Samples were supplemented with

20 mL of internal standard mix solution (0.1 mg/mL) of fluorene-

d10 and naphthol-d7 as internal standards and adjusted to pH 5.7

with 200 mL of 1M sodium acetate buffer. The hydrolysis,

extraction and purification procedures were similar to those

described for brain analysis (see the following paragraph). Plasma

extracts were reconstituted in 25 mL of MSTFA N-methyl-N-

(trimethylsilyl) trifluoroacetamide, Sigma-Aldrich, Bormen, Bel-

gium). The analytes were derivatized for 30 min at 60uC and then

2 mL were injected into the GC-MS/MS. Calibration curves were

performed using plasma specimens supplemented with increasing

added concentrations of fluorene and 2-, 3- and 9-OH fluorene

from 0 to 250 ng/mL of plasma. LODs were ranged between 0.05

and 0.1 ng/mL and LOQs between 0.15 and 0.3 ng/mL for both

fluorene and monohydroxylated metabolites.

5.3. Brain analysis. The rats were sacrificed by decapitation

at the end of the last exposure period. Thus, the whole brain was

immediately removed, frozen in liquid nitrogen and stored at

280uC until further use. The determination of fluorene and 2-, 3-

and 9-OH fluorene in brain was performed in accordance with the

analytical method previously described by Grova et al. (2011) [23].

Brain samples (100 mg) were homogenized with 200 mL of

ultrapure H2O, 0.1% of triton X-100 and 20 mL of internal

standard mix solution (0.1 mg/mL) of fluorene-d10 and naphthol-

d7 (MRI/NCI, Kansas City, Missouri, USA). Sodium acetate

buffer (pH 5.6, 1 M) was added and hydrolysis was performed

overnight at 37uC using 5 mL of sulfatase (10 units/mL) and 5 mL
of glucuronidase (127 units/mL) from Helix pomatia (Sigma-Aldrich,

Bormen, Belgium). A first extraction was carried out with ethyl

acetate/cyclohexane (EA/CH) (50:50, v/v). The supernatant was

collected and solvents were evaporated under N2 at 37uC. The
residue was dissolved into CH and applied onto an Envi-Chrom P

SPE column (Sigma-Aldrich, Bormen, Belgium) previously condi-

tioned with CH. Fluorene and OH-fluorenes were eluted with

EA/CH (50:50, v/v) and then evaporated. The residues were

dissolved in 2 mL CH, 1.6 mL methanol and 0.4 mLwater

(50:40:10, v/v/v) and the two layers were separated. The CH

layer containing the fluorene was dried under N2 and submitted to

saponification for 1 h at 60uC (1 mL alcoholic KOH 7%, w/v).

Then, 2 mL of ultrapure water were added to 2 mL of EA/CH

(50:50, v/v). Finally, the upper phase containing the fluorene was

collected and dried under N2 until 50 mL. Thus, 1 mL was injected

into the GC-MS/MS. In parallel, the methanol-water layer

containing OH-fluorenes was evaporated to dryness and the

extract was reconstituted in 40 mL of MTBSTFA (N-Methyl-N-(t-

butyldimethylsilyl) trifluoroacetamide, 1% t-BDMCS, $97%

purity, Sigma-Aldrich, Bormen, Belgium). The analytes were

derivatized for 30 min at 60uC and then 2 mL were injected into

the GC-MS/MS. Calibration curves were performed using brain

specimens supplemented with increasing concentrations of fluor-

ene and 2-, 3- and 9-OH fluorene from 0 to 500 ng/g of brain

tissue. LODs were evaluated at 1.9 ng/g for fluorene and ranged

between 0.10 and 0.25 ng/g for OH-fluorenes in brain. LOQs

were determined at 6.3 ng/g of brain tissue for fluorene and

ranged between 0.50 and 0.80 ng/g for OH-fluorenes.

6. Stress assessment
In accordance with the recommendations of the 403 OECD

guideline for inhalation studies [21], two kinds of verification were

performed in the experimental design in order to discriminate

between the stress-related effects induced by the model of exposure

and those of the contaminant: 1) two control groups were used for

the present study, one being exposed through the inhalation tubes

and the other one being placed within the chamber in small

wirecloth enclosures that allow them to move freely in the cages,

and 2) rats from the restraint-control group and the two fluorene-

exposed groups were familiarized by being placed them into the

tube for 6 hours/day for the previous 8 days before starting the

exposure. Then, variations of stress-related markers including

weights of brain, liver and surrenal gland were recorded after

14 days of exposure in the 4 groups of animals whereas body

weight and blood corticosterone levels were measured prior to the

daily 6 h exposure at 4 predefined stages of the experimental

procedure, i.e., before starting the habituation to the restraint

tubes, before starting the exposure, and after 7 and 14 days of

fluorene inhalation. At each stage and for each rat, blood tail

samples were collected into heparinized tubes, centrifuged for

3 min at room temperature, and plasma was stored at 220uC.

7. Corticosterone assay
Corticosterone blood levels were determined using a high-

performance liquid chromatography (HPLC) method adapted

from Ling and Jamali (2003) [24]. Briefly, 1 mL of ethyl acetate

containing 50 mg/L of betamethasone (Sigma Aldrich, St-

Quentin-Fallavier, France) as internal standard was added to

100 mL of plasma. The mixture was shaken vigorously for 30 s and

centrifuged at 18006g for 10 min. The supernatant was collected,

rinsed with 1 mL of NaOH 0.1 M, mixed for 30 s and centrifuged

for 10 min at 18006g. Then, it was removed again and

evaporated until dryness. The final residue was dissolved in

300 mL of mobile phase and filtered through a 0.45 mm filter. A

volume of 100 mL was injected in a Lichrospher 100 RP-18

column (15062 mm I.D., 5 mm particle size, C.I.L. Cluzeau,

Sainte Foy la Grande, France). The HPLC system consisted of a

Waters Alliance 2690 system coupled with a Waters 996 diode

array detector. The column temperature was set at 40uC. A

water/acetonitrile solution (70:30, v/v) was used as the mobile

phase at a flow rate of 0.25 mL/min. Corticosterone was detected

at 245 nm wavelength and quantified over a calibration curve

(corticosterone, .99% purity, Sigma Aldrich, St-Quentin-Falla-

vier, France) spiked with betamethasone. Thus, corticosterone

blood levels were calculated by their peak area ratio with the

internal standard. The standard curve was obtained by injecting

the same volume of solutions containing increasing amounts of

corticosterone (3.5, 8.75, 17.5, 35 and 52.5 ng/mL) spiked with

the same quantity of betamethasone. All the standard solutions

were dissolved into the mobile phase and subjected to the same

extraction procedure.

8. Behavioral testing
All the behavioral testing was performed within one hour of the

beginning of the dark phase of the cycle, i.e., at 4:00 p.m. In each

test, behavior of all the animals was videotaped and variables

quantified by the same experienced researcher using The

Observer XT v8.0 software (Noldus, Wageningen, The Nether-

lands).

8.1. Elevated-plus maze. Anxiety levels were assessed in the

elevated-plus maze referred to the protocol described by Violle

et al. (2009) [25]. The maze consists of two open arms (50610 cm,

length6width) and two enclosed arms (50610650 cm, length6
width6height) that are joined by a central platform (10610 cm,

length 6width) to form a plus shape. The apparatus was 70 cm

above the floor. Rats were placed in the central area, facing an

open arm, and allowed to freely explore both parts of the maze

over a 5 min period. Standard behavioral measurements including

Neurotoxicity of Inhaled Fluorene
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the number of open and closed arm entries, and the time spent in

both sections of the maze were quantified. Additional ethological

variables related to risk assessment and exploration (number of

head-dipping and rears) were also investigated [25].

8.2. Open-field. Activity was assessed in a circular open-field

platform (diameter 1 m, maze divided in 32 squares). After a 1-

min adaptation period, rats were placed individually into the

maze, and their activity videotaped for 5 min. Results were

expressed as the total number of squares crossed, and the number

of squares visited and the time spent in both peripheral,

intermediate or central areas of the maze [26].

8.3. Y-maze. Immediate working memory performance was

investigated by recording spontaneous alternation behavior in a Y-

maze formed of 3 arms (60610645 cm, length6width6height)

positioned at equal angles [27]. The rats were placed at the end of

one arm and allowed to freely explore the maze for 10 min. The

series of arm entries was recorded and alternation calculated as

successive entries into the 3 arms on overlapping triplet sets. The

alternation percentage was calculated as the ratio of actual to

possible alternations (defined as the total number of arm entries

minus two, multiplied by 100). Otherwise, the number of arm

entries and the number of rears were measured as indicators of

activity.

8.4. Eight-arm maze. Rats were tested in the eight-arm

maze referred to the procedure described by Blaise et al. (2009)

[28]. The apparatus consists of 8 projected arms (60610610 cm,

length6width6height) each of a circular central area measuring

30 cm in diameter, and extra-maze spatial cues consisting of 3

distinct geometrical signs were placed on the walls of the testing

room to allow orientation in the maze. Then, rats were tested for

their spatial learning abilities once daily for 12 consecutive days.

Before each session, every arm was baited with a 15 mg food

pellet. Then, rats were left to explore the maze until they had

either visited all eight arms or for a 15 min elapsed time. The time

and sequence of arm entries, and the number of errors (that

corresponds to a re-entry into an already visited arm) were

measured during each session. Prior to testing, rats were submitted

for 3 days to one session (15 min) per day with a large amount of

pellets by the end of each arm to get them accustomed to the

maze.

9. Statistical analysis
All results are expressed as mean 6 S.E.M. Temperature,

humidity and fluorene atmospheric concentrations were compared

to the appropriate reference value using a one-sample t test. The

effects of fluorene were analyzed using a one-way analysis of

variance followed by a post-hoc Dunnett t-test with the restrained

control group used as reference. The results obtained from the

eight-arm maze were analyzed using a two-way analysis of

variance with repeated measures on one factor. In addition,

behavioral and physiological variables measured in restraint

animals were compared to those of free-exposed rats by means

of a Student t-test. The statistical analysis was performed using the

SPSS 16.0 for Windows software (SPSS Inc., Chicago, IL., USA).

Differences were considered significant at the level of p,0.05.

Results

1. Atmospheric concentrations of fluorene
Over the whole period of exposure, temperature and humidity

measured within the 4 chambers did not significantly differ from

the target values (Table 1), and were in compliance with the limits

allowed by the 403 OECD guideline for inhalation studies

(2263uC for temperature and 55610% for humidity) [21].

According to the day of exposure, the concentration of fluorene

in the air chamber was between 1.3060.09 and 1.6060.08 ppb

for the lowest level of exposure, and between 144.362.0 and

157.262.5 ppb for the highest one. These concentrations did not

significantly differ from the target values of 1.5 and 150 ppb

during the 14 days of exposure, except for the ones measured

during the day 1 and the day 4 of exposure in the 150 ppb

contaminated group (Table 1). In parallel, the monitoring of air

samplings in the control chambers did not show any detectable

levels of fluorene (Table 1).

2. Blood levels of fluorene and mono-hydroxylated
metabolites
Fluorene showed mean concentrations which ranged between

73611 ng/mL and 71623 ng/mL of plasma for both control

groups. The levels of fluorene detected in the plasma of exposed

animals at 1.5 ppb and 150 ppb decreased compared to the

control values but they were not statistically different (Table 2).

Although the 9-OH fluorene was already measured in both control

groups (freely-moving and restrained rats) and 1.5 ppb-exposed

rats, a significant increase was observed between these 3 groups

and the highest level of exposure (150 ppb). The 3- and the 2-OH

fluorene, which were not detected in all the control rats, were

quantified in the plasma of both 1.5 ppb- and 150 ppb-exposed

groups. The 3-OH fluorene was detected in the plasma of rats

exposed to 1.5 ppb with a concentration that was between the

LOD and the LOQ. Thus, this concentration was 50-fold

Table 1. Atmospheric metrology of the daily fluorene
exposure.

Variable

Freely-
moving
rats

Restrained
controls 1.5 ppb 150 ppb

Fluorene (ppb)

day 1 n.d. n.d. 1.4360.06 157.262.5 **

day 4 n.d. n.d. 1.4260.03 144.362.0 **

day 7 n.d. n.d. 1.3060.09 146.162.2

day 10 n.d. n.d. 1.6360.08 152.462.3

day 14 n.d. n.d. 1.5460.06 151.762.4

Temperature (uC)

day 1 22.760.2 22.260.2 21.960.1 22.260.2

day 4 22.760.2 22.160.2 21.960.3 22.260.3

day 7 22.760.2 22.160.2 21.960.3 22.260.3

day 10 22.760.2 22.260.2 21.960.2 21.860.1

day 14 22.960.2 22.360.1 22.060.1 22.260.2

Humidity (%)

day 1 56.961.7 54.462.6 58.462.5 57.962.4

day 4 56.861.6 55.563.0 56.063.1 58.861.5

day 7 55.560.3 53.461.6 49.061.8 55.662.1

day 10 58.363.2 55.063.3 50.763.3 58.165.2

day 14 55.860.4 57.664.2 59.063.1 59.364.3

Only the results of 5 days of exposure chosen during all the period of 14 days
are presented. The results are expressed as mean6S.E.M. calculated from the
values obtained through the 6 hour-period of exposure and were compared to
a test value of 22uC for temperature, 55% for humidity, and 1.50 or 150 ppm of
fluorene by means of a one-sample t test. ** p,0.01, statistical significant
difference from the appropriate test value.
doi:10.1371/journal.pone.0071413.t001
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increased in 150 ppb-treated animals (p,0.01, Table 2). Con-

comitantly, the concentration of 2-OH-fluorene in plasma was

10 times higher than the LOQ (0.15 ng/mL) in rats exposed to

fluorene (1.5 ppb) and showed a 100-fold increase in 150 ppb-

treated animals (Table 2). Moreover, an additional peak was

detected at retention time 6.52 min in the plasma from rats

exposed to 150 ppb of fluorene. This peak corresponds to the

transitions common to OH-fluorene with a precursor ion at m/

z= 239.1 and a product ion at m/z= 165. Given that the retention

times for the 2-, 3- and 9-OH-fluorene isomers were identified, this

peak is likely to correspond to the 1- or the 4- monohydroxylated

isomers.

3. Brain levels of fluorene and mono-hydroxylated
metabolites
Fluorene was quantified in all groups and was significantly lower

in both contaminated groups when compared to controls (Table 2).

At the same time, only two of the three OH-fluorene metabolites

analyzed were detected in the brain, namely the 9- and the 2-OH

fluorene. The 9-OH fluorene was quantified in both groups and

showed a significant increase only in the rats exposed to 150 ppb

of fluorene (Table 2). In parallel, the 2-OH fluorene was not

detected in controls, reached a level just above the limit of

detection (0.10 ng/mL) in 1.5 ppb fluorene-exposed rats and was

significantly higher in animals that inhaled 150 ppb of fluorene

(Table 2).

4. Behavioral effects of fluorene exposure
4.1. Elevated-plus maze. The total number of arms visited,

the closed arm entries, and the open arm entries did not

significantly differ among the groups (Table 3). When considering

the time spent in the different parts of the maze, the fluorene-

exposed rats showed a significant increase in the center time

whereas the closed arm time remained the same. Thus, a 14–18%

decrease in the time spent in the open arms was observed in the

two fluorene-contaminated groups, but it was not significant

(Table 3). In parallel, a non-significant 7–22% decrease in the

number of head-dippings performed in the open area of the maze

was observed whereas the total number of head-dipps remained

the same between the groups. No significant differences were

measured in the number of rears whatever the part of the maze

considered.

4.2. Open-field. The locomotor activity assessed by the total

number of crossed squares was not significantly modified by the

fluorene exposure (Figure 1A) despite a slight increase of this

variable by 7% and 9% in 1.5 and 150 ppb fluorene-exposed rats,

respectively. This was related to the significant increase in the total

number of crossed squares in the central area of the maze

observed in both contaminated groups compared to the restrained

control rats (Figure 1F). Moreover, animals exposed to 1.5 ppb of

fluorene spent significantly more time in the same part of the maze

compared to the control rats whereas the 150 ppb exposed-

animals did not (Figure 1G).

4.3. Y-maze. Animals exposed to 1.5 or 150 ppb of fluorene

did not show any learning disabilities as reflected by the same

percentage of spontaneous alternation in both groups (Table 4).

Moreover, fluorene had no effect on the rat activity whatever the

variable measured (the total number of arms visited, the number of

arms visited per minute, or the number of arms visited during the

first minute of testing) (Table 4).

4.4. Eight-arm maze. Control animals showed an ability to

learn the topography of the maze, as indicated by a significant

reduction in the total number of arm entries, and the concomitant

increase in the number of arms visited before the first error over

the 12 days of testing (Table 5). In parallel, the time needed for

reaching all eight goal arms significantly decreased with a rise in

the number of arms entered per min (Table 5). Similar behavioral

performances were observed in fluorene-exposed animals whatev-

er the concentration used (1.5 and 150 ppb), suggesting the

inability of fluorene to impair the learning and memory capacities

of the animals. This was confirmed by the lack of statistical

differences among the 3 groups and the absence of statistical

interactions between the group and the time of testing (Table 5).

5. Effects of the restraint stress
The body weight of the restrained control rats significantly

decreased over the experimental period compared to the freely-

moving animals (Table 6). Behavioral measurements of the activity

also showed a significant effect of the exposure to this stressful

situation as reflected by the significant increases in the total

number of squares crossed in the open-field and the total number

Table 2. Blood and brain concentrations of fluorene and monohydroxylated metabolites.

Variable
Freely-moving
rats Restrained controls 1.5 ppb 150 ppb ANOVA

F(3, 20) p

Blood (ng/mL)

Fluorene 72.6611.3 70.8622.5 56.4622.3 35.668.9 0.904 n.s.

9-OH fluorene 0.9860.13 1.4260.21 0.7560.21 3.8060.46 * 27.007 ,0.01

3-OH fluorene n.d. n.d. , LOQ 2.4860.57 ** 22.335 ,0.01

2-OH fluorene n.d. n.d. 1.1060.15 ** 105.0618.4 ** 39.095 ,0.01

Brain (ng/g tissue)

Fluorene 34.12162.38 31.9762.28 21.1363.68 ** 19.8260.31 ** 8.763 ,0.01

9-OH fluorene 0.6860.06 0.7660.26 0.5460.02 1.3560.23 * 4.116 ,0.05

3-OH fluorene n.d. n.d. n.d. n.d. – –

2-OH fluorene n.d. n.d. , LOQ 0.5560.09 ** 24.417 ,0.01

Results are expressed as mean 6 S.E.M. of n = 6 rats/group. Dunnett’s t-test was used for multiple comparisons. ** p,0.01, * p,0.05, statistical significant differences
from restrained controls. Abbreviations: n.d., non detectable, n.s., non significant, LOQ, limit of quantification.
doi:10.1371/journal.pone.0071413.t002
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of arms visited in the Y-maze (Table 6). Despite that, corticoste-

rone blood levels, brain, liver, and surrenal gland weights

remained the same between the two groups (Table 6). In the

same way, no effects of the restraint stress were observed on

anxiety- and memory-related behaviors (data not shown).

Discussion

The present study aimed to investigate the behavioral toxicity of

fluorene, which is one of the most volatile PAHs, through repeated

exposure of adult rats to a contaminated atmosphere in a nose-

only model of inhalation. Whereas several studies investigated the

levels of exposure in general and occupational environments, this

work is probably the first one that investigates the toxicity of the

inhalation of this compound through some behavioral investiga-

tion. The experimental design of the study is original by the model

of exposure used (inhalation nose-only), the use of fluorene as a

representative compound for the atmospheric pollution, the levels

of exposure that were calculated as to correspond to different

human situations of exposure, and the technical ability to generate

the fluorene-contaminated atmosphere at the appropriate levels of

contamination (1.5 and 150 ppb) and to ensure these levels of

exposure through the monitoring of the contaminated atmo-

sphere. This work is also the first one to report brain and blood

concentrations of this compound after inhalation exposure, for

which a specific GC-MS/MS analytical method has been

developed [23]. Moreover, the study was designed to evaluate

the possible influence of the stressful context of the model of

exposure in the behavioral toxicity of fluorene.

1. Behavioral toxicity of fluorene
Regarding learning and memory performances, no behavioral

modifications were observed in fluorene-exposed rats compared to

controls, suggesting the inability of fluorene to impair the cognitive

functions after 14 days of exposure. In comparison, BaP and 3-

methylcholanthrene were shown to disrupt the learning and

memory performances in adult animals [14,29]. Therefore, the

absence of learning disturbances observed for fluorene suggests a

form of toxicity of this compound that is rather different from BaP

or other PAHs. These differences may be related to multiple

factors including both variations in molecular structure, ways of

metabolism, toxicokinetic characteristics, brain targets of interac-

tions, way of administration and levels of exposure. Whereas BaP

has been demonstrated to modify several functional endpoints in

the brain including neuronal excitability, oxidative stress, and

several neurotransmitter systems [7], little is known about the

brain cellular and/or molecular toxicity of fluorene, requiring the

testing of the effects of this compound [30].

In parallel, the ability of fluorene to modulate the anxiety level

of rats was tested in the open-field and in the elevated-plus maze,

both of which are widely used in rodents to assess emotionality,

anxiety and/or responses to stress [25,26]. In the open-field,

fluorene-exposed rats (1.5 and 150 ppb) were less anxious than

controls, as reflected by the significant increase in the number of

crossed squares in the central unprotected part of the maze

(Figure 1F). Concomitantly, the time spent in the same area of the

maze also increased in a significant way, but only in rats exposed

to 1.5 ppb of fluorene (Figure 1G). The same reduction in anxiety

was not observed in the elevated-plus maze in which the fluorene-

treated rats showed a significant increase in the central place of the

maze which is the zone of decision making [25], while the

exploration of open arms slightly decreased (Table 3). Such

discrepancies between the two mazes would probably be related to

the more aversive feature of the elevated-plus maze compared to

the open-field [31], and the ability of fluorene to slightly modulate

the level of anxiety of the animals when exposed through the

inhalation pathway. Results obtained in rats daily administered i.p.

or p.o. with higher doses of fluorene (1, 10 or 100 mg/kg/day) for

28 days showed a significant reduction in the anxiety level

measured in these two mazes (unpublished data). Finally, our

results are consistent with the ones obtained with BaP in adult

mice [14], and suggest the capacity of this family of pollutants to

modulate the level of anxiety, depending on the molecule, the dose

and the method of administration.

2. Effects of restraint stress
Whereas the results obtained in fluorene-exposed rats and

presented above were compared with those of the appropriate

restrained control animals, various behavioral and physiological

markers indicative of the level of stress were measured in freely-

moving rats inhaling non-contaminated air, and compared with

Table 3. Effects of fluorene on anxiety-related behavior assessed in the elevated-plus maze.

Variable Restrained Controls 1.5 ppb 150 ppb ANOVA

F(2, 35) p

Total arm entries 15.461.1 15.460.8 16.861.4 0.471 n.s.

Open arm entries 5.960.8 5.760.6 5.960.6 0.047 n.s.

Closed arm entries 9.560.7 9.860.9 10.860.9 0.713 n.s.

% Open arm entries 37.663.1 37.364.3 35.063.1 0.167 n.s.

Open arm time (s) 87.569.7 75.4612.7 71.769.9 0.565 n.s.

Closed arm time (s) 148.7611.2 147.8614.8 148.8610.7 0.998 n.s.

Central area time (s) 63.866.3 76.865.4 * 79.564.6 * 4.352 , 0.05

Total head-dipping 7.760.8 8.360.9 8.261.2 0.902 n.s.

% head-dipping in open arms 62.365.7 54.767.4 40.067.1 2.795 p= 0.08

Total rearing 22.561.5 22.362.0 25.361.2 0.357 n.s.

% rearing in closed arms 69.863.5 72.464.3 70.562.6 0.151 n.s.

Results are expressed as mean 6 S.E.M. of n = 12 rats/group. Dunnett’s t-test was used for multiple comparisons.
*p,0.05, statistical significant difference from controls. Abbreviations: n.s., not significant.
doi:10.1371/journal.pone.0071413.t003

Neurotoxicity of Inhaled Fluorene

PLOS ONE | www.plosone.org 6 August 2013 | Volume 8 | Issue 8 | e71413



Neurotoxicity of Inhaled Fluorene

PLOS ONE | www.plosone.org 7 August 2013 | Volume 8 | Issue 8 | e71413



those of the restrained animals in order to discriminate between

the contribution of the stressful context of the model of exposure

and the behavioral toxicity of fluorene. Thus, the results of the

present study show a significant increase in the general activity of

restrained animals (Table 6) whereas their level of anxiety and

learning performances remained unaffected (data not shown).

Contradictory results including no alterations, increase or decrease

in the locomotor activity and the anxiety level of rats chronically

exposed to restraint stress have been reported [32–34]. Such

behavioral changes may be related to the adaptation of the

hypothalamo-pituitary axis (HAP). Indeed, the HPA response can

desensitize or remain stable especially when the same stressor is

repeated [35]. Therefore, the corticosterone blood levels measured

in the present study decreased over the period of exposure in both

groups without any significant difference between the restrained

animals and the freely-moving rats, suggesting a habituated

corticosterone response despite the daily exposure to the restraint

stress. These results are in accordance with those obtained by

Narciso et al. (2003) [36] who concluded to the full adaptation of

the animals to the restraint imposed by a nose-only inhalation

device after 14 days of fixed-duration daily restraint. Taken

together, all these results are indicative of a non-specific influence

of the stressful context of the fluorene exposure on the general

activity of all restrained animals (including both control and

fluorene-exposed animals). However, significant behavioral dis-

turbances were observed in fluorene-contaminated rats when

compared with the appropriate restrained control animals,

suggesting a specific behavioral toxicity of this compound.

3. Blood and brain concentrations of fluorene and mono-
hydroxylated metabolites
Analyses of fluorene and monohydroxylated metabolites were

performed in blood and brain samples in order to characterize the

level of exposure of the animals to this contaminant. In blood,

fluorene and its 9-OH metabolite were detected in the animals of

the 4 experimental groups, suggesting the difficulty to overcome

the influence of the environmental pollution. However, the

environmental contamination of the control rats with fluorene

does not seem to be related to our experimental design. Indeed,

the monitoring of the atmosphere of the two control chambers

showed the absence of fluorene in the air whereas the appropriate

levels of concentration of fluorene were measured in parallel in the

two chambers used to expose the animals (Table 1). In addition,

continuous sampling of the air of the two control chambers for

3 days was performed (this corresponded to a filtered air volume of

4 m3) and did not allow the detection of fluorene. Considering a

limit of detection of 0.8 mmol/L in acetonitrile, it is possible to

assure that the level of concentration of the contaminant in the two

control chambers was below 0.1 mg/m3 (0.015 ppb). Moreover,

the analyses of PAHs were below the limit of detection of 1 ng/g

for food and sawdust, and 10 ng/L for water, and confirmed the

lack of contamination of the animals through these materials.

Therefore, the fluorene blood levels reported in the controls may

be considered as representative of the exposure of both groups of

rats to an environmental background level of contamination.

Indeed, fluorene is one of the most volatile PAHs and is

consequently one of the most abundant in air [1,5,17]. In this

way, the authors reported in a previous study, the contamination

of rats during their stalling in supplier as the source of

contamination [23].

Furthermore, the measurement of the two other metabolites,

namely the 2- and the 3-OH fuorenes, only in blood of both

fluorene-exposed rats clearly demonstrated the exposure of such

animals to this compound. 2-OH fluorene, which is established as

a biomarker of exposure to fluorene [37,38], was detected in both

exposed groups in correlation with the fluorene level monitored in

the air of the two contaminated chambers. Thus, a detectable

concentration of this metabolite was measured in blood of

1.5 ppb-exposed rats that was 100 times higher in the animals

exposed to the highest dose (150 ppb, Table 2). The same thing

was observed for 3-OH fluorene with a 50-fold increase in its

blood concentration between the two levels of fluorene exposure.

In addition, an unidentified metabolite was also detected in both

groups of rats exposed to this contaminant with a similar increase

in its concentration. Taken together, these results clearly

demonstrated the dose-related exposure of the animals to

increasing controlled levels of fluorene in air.

No significant differences were observed between the four

groups regarding the blood fluorene level despite the decrease

observed in 1.5 ppb- and 150 ppb-exposed rats (220% and

250%, respectively). The discrepancies between the results

expected and those obtained may be accounted for by metabolism

efficiency. The concomitant increase in the concentrations of

various metabolites with the atmospheric level of fluorene suggests

that most of the compound inhaled could be rapidly metabolized

in peripheral organs such as liver or lung. This assumption seems

to be confirmed by the cerebral levels of fluorene that were

significantly lower in the two contaminated groups compared to

controls (Table 2). In control rats, the unmetabolized fluorene may

firstly diffuse through the brain capillary endothelial cells,

Figure 1. Effects of fluorene on locomotor activity and anxiety assessed in the open-field. Results are expressed as mean 6 S.E.M. of
n = 12 rats/group. * p,0.05, ** p,0.01, statistical significant differences from restrained control rats (Dunnett’s t-test for multiple comparisons).
doi:10.1371/journal.pone.0071413.g001

Table 4. Effects of fluorene on spontaneous alternation performances assessed in the Y-maze.

Variable Restrained Controls 1.5 ppb 150 ppb ANOVA

F(2, 35) p

% Spontaneous alternation 66.762.4 65.361.7 59.563.8 1.762 n.s.

Total arm entries 32.661.6 35.861.3 32.561.9 1.264 n.s.

Number of arms visited/min 3.360.2 3.660.1 3.360.2 1.264 n.s.

Number of arm entries (1st min) 5.160.3 5.560.3 5.460.2 0.389 n.s.

Results are expressed as mean 6 S.E.M. of n = 12 rats/group. Abbreviations: n.s., not significant.
doi:10.1371/journal.pone.0071413.t004
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penetrate the brain and then be slowly accumulated in situ [39]. In

fluorene-exposed animals, the blood concentration of fluorene

may reach a sufficient level to induce the metabolism with a

reduction in its brain concentration and the lack of increase in its

blood concentration as consequences. This phenomenon is

coupled with the detection and the increase in concentrations of

monohydroxylated fluorene in brain. For example, the brain 2-

OH fluorene level was non detected in controls, just above the

limit of detection in 1.5 ppb-exposed animals, and significantly

exceeded it when submitted to the highest level of exposure

Table 5. Effects of fluorene on spatial memory performances assessed in the eight-arm maze.

Group Day 1 Day 4 Day 8 Day 12 Group of exposure Time of testing Group x Time

F(2, 35) p F(2, 35) p F(2, 35) p

Total time (s)

Restrained Controls 129.7610.6 86.269.6 68.764.5 76.168.0 1.345 n.s. 20.442 ** 0.525 n.s.

1.5 ppb 119.9611.7 81.768.6 72.964.3 69.262.5

150 ppb 132.0613.5 76.263.9 69.964.1 56.363.2

Total arm entries

Restrained Controls 12.260.7 9.860.6 9.360.6 9.460.8 0.419 n.s. 12.396 ** 0.323 n.s.

1.5 ppb 12.361.3 9.860.6 9.160.3 8.560.2

150 ppb 12.661.1 10.260.6 9.360.5 8.360.2

Arm entries before the 1st error

Restrained Controls 5.860.4 6.860.4 6.560.5 6.960.5 0.503 n.s. 11.51 ** 0.91 n.s.

1.5 ppb 5.460.6 6.760.4 7.260.2 7.360.3

150 ppb 4.560.6 6.260.5 7.460.3 6.860.6

Number of arm visited/min

Restrained Controls 5.760.3 7.160.4 7.760.2 7.360.5 2.497 n.s. 22.901 ** 0.388 n.s.

1.5 ppb 5.960.6 7.360.4 8.060.3 7.660.1

150 ppb 6.160.5 8.160.4 8.160.3 9.360.2

Results are expressed as mean 6 S.E.M. of n = 12 rats/group. ** p,0.01, statistical significant variation (two-way ANOVA with repeated measures as one factor).
Abbreviations: n.s., not significant.
doi:10.1371/journal.pone.0071413.t005

Table 6. Effects of the restraint stress induced by the nose-only fluorene exposure device.

Variable Freely-moving rats Restrained controls

Physiological endpoints

Body weight (g)

day before starting the habituation to the tubes 243.2262.01 246.8962.48

day before starting the exposure 282.5663.45 270.6162.95 #

after 7 days of exposure 303.0064.56 288.5664.10 #

after 14 days of exposure 317.8365.41 299.0064.97 #

Relative brain weight (% b.w.) 0.5960.01 0.6060.03

Relative liver weight (% b.w.) 3.1560.09 2.9560.05

Relative surrenal gland weight (% b.w.) 0.01360.002 0.02060.003

Levels of corticosterone (ng/ml)

day before starting the habituation to the tubes 299.14632.42 248.55622.20

day before starting the exposure 283.42616.19 278.27615.13

after 7 days of exposure 252.25621.91 278.08614.37

after 14 days of exposure 163.25630.99 193.33615.05

Behavioral measurements

Total number of crossed cases in the open-field 117.8610.5 149.268.1 #

Total arm entries in the Y-maze 25.361.1 32.661.6 ##

Results are expressed as mean 6 S.E.M. of n = 12 rats/group. ## p,0.01, #p,0.05, statistical significant differences between freely-moving animals and restrained
controls (Student t-test). Abbreviations: b.w., body weight.
doi:10.1371/journal.pone.0071413.t006
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(150 ppb). In parallel, the brain concentration level of the 9-OH

fluorene remained the same between both control groups of rats

and the animals contaminated with 1.5 ppb of fluorene, and

significantly increased in animals exposed to 150 ppb of fluorene.

Moreover, these results are in accordance with studies which have

dealt with PAH peripheral metabolism [40], all of them suggesting

a role for peripheral metabolic pathways in the generation of

several mono- and di-hydroxylated metabolites which could

accumulate in the cerebral tissue in addition to the metabolites

produced within the brain [14].

Conclusions

The present results show the ability of a 14-day inhalation of

fluorene at environmental and occupational levels of exposure to

induce some slight behavioral disturbances related to anxiety

whereas the learning and memory capacities remained unaffected.

Significant levels of fluorene and several monohydroxylated

metabolites were detected in the blood and the brain of the same

animals, showing the ability of this compound to be metabolized

and to reach the cerebral compartment. Thus, the behavioral

disturbances observed between the control rats and the fluorene-

exposed animals suggest a role for both the parent compound and

its metabolites in the brain toxicity of this pollutant. At final, the

present study contributes to demonstrate the susceptibility of the

adult brain exposed to volatile PAHs in general and fluorene in

particular.
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