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Abstract

This study investigated the effects of C7 and C9 aliphatibhéptanen-nonane), naphthenic (methylcyclohexane, 1,2,4-trimethylcy-
clohexane (TMCH)) and aromatic (toluene, 1,2,4-trimethylbenzene (TMB)) hydrocarbons on the production of reactive oxygen specie
(ROS) and reactive nitrogen species (RNS) in rat brain synaptosome fraction. Methyl mercury (MeHg) was included as a positive contrc
Exposure of the synaptosomes to the hydrocarbons produced a concentration-dependent linear increase in the formation of the fluoresc
of 2',7'-dichlorofluorescein (DCF) as a measure of the production of ROS and RNS. Formation of RNS was demonstrated by preincubatic
of the synaptosome fraction with the neuronal nitric oxide synthase (nNNOS) inhihiteritkb-L-arginine methyl ester (L-NAME), which
reduced the MeHg and TMCH-stimulated fluorescence by 51% and 65%, respectively. The naphthenic hydrocarbon TMCH showed tt
strongest potential for ROS and RNS formation in rat brain synaptosomes, followed by TMB, toht@eveane,n-heptane, and
methylcyclohexane, respectively. TMCH was selected for mechanistic studies of the formation of ROS. Both MeHg and TMCH inducec
an increase in intracellular calcium concentrationdQaas measured with Fura-2. Blockade of voltage-dependefit €hannels with
lanthanum prior to stimulation with MeHg and TMCH led to a reduction in the ROS/RNS formation of 72% and 70%, respectively.
Furthermore, addition of cyclosporin A (CSA), a blocker of the mitochondrial permeability transition pore (MTP), lowered both the MeHg
and TMCHe-elevated DCF fluorescence by 72% and 59%. Preincubation of the synaptosome fraction with the protein tyrosine kinas
inhibitor genistein lowered the MeHg and TMCH-stimulated fluorescence by 85% and 91%, respectively. Addition of the extracellular
signal-regulated protein kinase (MEK)-1 and -2 inhibitor U0126 reduced the fluorescence stimulated by MeHg and TMCH by 62% and 63%
Furthermore, the protein kinase C inhibitor bisindolylmaleimide reduced the fluorescence stimulated by MeHg and TMCH by 52% and 56%
The compound 1-(6-[17beta-3-methoxyestra- 1,3,5(10)-trien- 17-yl]-aminoheiypytrole-2,5-dione (U73122), which inhibits phospho-
lipase C, was shown to decrease the ROS and RNS formation induced by MeHg and TMCH by 49% and 64%, respectively. Th
phospholipase A(PLA,) inhibitor 7,7-dimethyl eicosadienoic acid (DEDA) reduced fluorescence in response to MeHg and TMCH by 49%
and 54%. Simultaneous addition of L-NAME, CSA, and DEDA to the synaptosome fraction totally abolished the DCF fluorescence. Ir
conclusion, C7 and C9 aliphatic, naphthenic, and aromatic hydrocarbons stimulated formation of ROS and RNS in rat brain synaptosom
The naphthenic hydrocarbon TMCH stimulated formation of ROS and RNS in the synaptosomes thrétgle@dent activation of
PLA, and nNOS, and through increased transition permeability of the MTP. Exposure of humans to the naphthenic hydrocarbon TMCI
may stimulate formation of free radicals in the brain, which may be a key factor leading to neurotoxicity. © 2001 Elsevier Science Inc. All
rights reserved.
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1. Introduction current study focused on the effects of different classes of
white spirit C7 and C9 hydrocarbons on oxidative stress in
High concentrations of hydrocarbon solvents are capablerat brain synaptosomes, and on the cellular mechanisms
of inducing an acute, reversible narcotic state, but it has involved.
been difficult to show chronic irreversible histological Inhalation experiments on rats exposed to the C9 hydro-
changes in the central nervous system. It has been reported¢arbonsn-nonane, TMCH, and TMB (1000 ppm) showed
that prolonged, low-level exposure to white spirit leads to that the highest concentration in the brain was reached by
both behavioral and physiological changes in specific n-nonane (1416umol/kg), followed by TMCH (1109
worker populations [1-3]. Chronic inhalation abuse of pure pmol/kg) and TMB (998umol/kg) [17]. At low concentra-
toluene leads to irreversible cerebellar, brainstem, and py-tions of the hydrocarbons (100 ppm), TMCH had the high-
ramidal-tract dysfunction [4], and chronic inhalation of tol- est concentration in the brain (80wBnol/kg), followed by
uene-based adhesives can cause irreversible paranoid psyi-nonane (48.3umol/kg) and TMB (38.1umol/kg) [18].
chosis, a high incidence of temporal lobe epilepsy, and a Male rats exposed by inhalation to 400 or 800 ppm of
decrease in 1Q [5]. dearomatized white spirit for three weeks had a brain con-
The toxic effect of white spirit is hypothesized to depend centration of 7.1 and 17.1 mg/kg, respectively [19]. In
on aromatic compounds. Animal studies have shown another inhalation study, male rats were exposed to 400 or
changes in global, regional, and subcellular metabolism of 800 ppm aromatic white spirit (containing 20% by vol.
neurotransmitters, indicating both acute and long-term ef- aromates) for three weeks. This resulted in a brain concen-
fects after exposure to aromatic white spirit [6—8]. Further- tration of 3.40 and 10.2 mg/kg, respectively [6]. Based on
more, aromatic hydrocarbons such as toluene at high con-these inhalation experiments, we chose relevant concentra-
centrations were shown to cause elevation of free radicalstions of the C7 and C9 hydrocarbons, and investigated the
and ROS in mammal CNS [9-11], and a 16% loss of effects on production of ROS and RNS in rat brain synap-
neurons was reported in regio inferior (CA3 and CA2) of tosomes. MeHg was included as a positive control since
rats exposed to 1500 ppm toluene for a period of six months several studies have shown the ability of this substance to
[12]. However, several animal studies also indicate that induce oxidative stress [20—22]. The production of ROS
exposure to dearomatized white spirit may lead to brain and RNS in the present study was measured as the forma-
disorders. Long-lasting electrophysiological changes weretion of DCF from non-fluorescent JOCF, and thereby
observed in rats after six months’ exposure to dearomatizedelevation of fluorescence. Mechanisms for TMCH-induced

white spirit [13]. Edelforset al. [14] demonstrated elevation

elevation of fluorescence were elucidated by use of enzy-

of [Ca®"];, in synaptosomes from rats prenatally exposed to matic inhibitors, the C&' -sensitive probe Fura-2, the €a

dearomatized white spirit, and Laet al. [15] showed that

exposure of rats to dearomatized white spirit induced oxi-

dative stress in brain. The white spirit compoundsonane,
TMCH, and TMB were recently shown to elevate produc-

tion of free radicals and ROS in human neutrophil granu-
locytes [16]. The cellular mechanisms involved in the pro-
duction of free radicals in brain tissue after exposure to

channel blocker L', and the MTP blocker CSA.

2. Materials and methods

2.1. Chemicals

hydrocarbon solvents are poorly understood. Therefore, the CSA, H,DCF-DA, BIM, DEDA, n-heptane, lanthanum

* Corresponding author. Tel+47-63807858; fax+47-63807509.

E-mail addressoddvar.myhre@ffi.no (O. Myhre).

Abbreviations:BIM, bisindolylmaleimide; [C&'];, concentration of
intracellular calcium; ChAT, cholin acetyltransferase; CSA, cyclosporin A;
DCF, 2,7'-dichlorofluorescein; EDCF-DA, 2',7'-dichlorodihydrofluores-
cin diacetate; DEDA, dimethyleicosadienoic acid; ERK, extracellular sig-

nal-regulated kinases; Fura-2 AM, 5-oxazolecarboxylic acid, 2-(6-(bis(2-

((acetyloxy)methox)+2-oxoethyl)aming-5-(2-(bis(2- ((acetyloxy)methoxy)-
2oxoethyl)amino)-5-methylphenoxy)ethoxy)-2-benzofuranyl)-,  (acetyloxy)

methyl ester; GABA-T, gamma-aminobutyric acid transaminase; HBSS,

Hanks' balanced salt solution; £& lanthanum; MAPK, mitogen-activated
protein kinase; MeHg, methyl mercury; MEK, extracellular signal-regulated
protein kinase; MeOH, methanol; MTP, mitochondrial permeability transition
pore; L-NAME, Nw-nitro-L-arginine methyl ester; NQnitrogen oxide; NOS,
NO synthase; @, superoxide; PLA, phospholipase 4 PKC, protein kinase

C; RNS, reactive nitrogen species; ROS, reactive oxygen species; SOD,
superoxide dismutase; TMB, 1,2 4-trimethylbenzene; TMCH, 1,2,4-trimethyl-
cyclohexane; and U73122, 1-(6-[17beta-3-methoxyestra- 1,3,5(10)-trien- 17-

yl]-aminohexyl)- H-pyrrole-2,5-dione.

chloride (LaC}), methanol, L-NAME, n-nonane, 45,7-
trihnydroxyisoflavone (genistein), and toluene were pur-
chased from Sigma-Aldrich. The aminosteroid U73122 was
from ICN Biomedicals Inc., TMCH was obtained from
Aldrich Chemical Co., and U0126 was purchased from AH
Diagnostics AS. Methylcyclohexane and TMB were pur-
chased from ACROS Organics. MeHg was purchased from
KEBOLab, and Fura-2 AM was from Molecular Probes.
HBSS (containing CaGl- 2H,0O (1.26 mM), KCI (5.37
mM), KH,PO, (0.44 mM), MgC} - 6H,0 (0.49 mM),
MgSQ, + 7H,0 (0.41 mM), NaCl (0.14 M), NaHC9O(4.17
mM), Na,HPO, (0.34 mM), p-glucose (5.55 mM)) and
HEPES buffer were purchased from GIBCO BRL.

2.2. Preparation of rat brain synaptosomes

Each morning, a male Wistar rat (150-200 g) (Mglle-
gaard Breeding Laboratories, Denmark) was decapitated,
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then the cerebral cortex was dissected out, placed on ice-150 L buffer with the compounds investigated (MeHg [75
cold 0.32 M sucrose within 30 sec and homogenized in 0.32 uM], n-heptane [25-100.M], methylcyclohexane [25—-100

M sucrose at 4°. The synaptosomes were prepared in prin-uM], toluene [0.05-6.5 mM],n-nonane [25-100uM],

ciple as described by Gray and Whittaker [23] and in detaill TMCH [25-100uM], or TMB [320-1280uM]). The tem-

by Voie and Fonnum [21]. In brief, the homogenate was perature during the experiments was 37°. The elevation of
centrifuged at 1000 X§ for 10 min. The pellet was removed intraparticular fluorescence was linear with time, and was
and 1.6 M sucrose was added to the remaining supernatanieasured continuously for 90 min.

until the solution reached a sucrose concentration of 0.8 M.  Mechanisms for hydrocarbon-induced elevation of fluo-
The supernatant was than centrifuged at 13,009 f&r 30 rescence were elucidated by incubation of the above solu-
minutes at 4°, resulting in a myelin-rich supernatant and a tions with an enzymatic inhibitor (genistein [100M],
pellet () consisting of free mitochondria covered with U0126 [10uM], BIM [0.25 uM], U73122 [1 uM], DEDA
synaptosomes. The synaptosome fraction was washed ouf4 uM], L-NAME [300 uM], La®>* [140 uM], or CSA [0.5

by adding 1 mL ice-cold 0.32 M sucrose and by gently wM], all in final concentrations). The control mixtures con-
stirring the suspension. The free mitochondrial fraction, i.e. tained the synaptosomes, the myelin fraction, or the free
the remaining pellet of the Hraction, was resuspended by mitochondria in buffer (control) or synaptosomes with 1%
adding 1 mL ice-cold 0.32 M sucrose. The myelin fraction (v/iv) MeOH (MeOH control), or an enzymatic inhibitor

(1 mL) was collected from the supernatant. Thereafter, the when added. The concentration of metham®l@6 v/v), the
three separate fractions were diluted in HEPES-buffered (20addition of the enzymatic inhibitors, or the addition of the
mM) HBSS (pH 7.4). The protein content was determined enzymatic inhibitors in combination with MeOH (instead of
using the method described by Lowst al. [24]. The the test solutions) in the control solutions had only a small,
synaptosome fraction was diluted to 0.1 mg protein/mL statistically insignificant effect on the measurements com-
(final concentration in the test solutions) in the HEPES- pared to the synaptosome control (synaptosomes in HEPES-
buffered HBSS. The purity of the density gradient-isolated buffered HBSS).

and the stirring method-isolated synaptosome fractions were

determined by measuring the enzyme activity of ChAT
mainly localized in synaptosomes, and GABA-T, mainly

localized in the free and synaptosomal mitochondria [25, [C&2*], was measured using the fluorescent Ghind-

26]. The produ_ct|on of ROS by MeHg and .TMCH in the ing probe Fura-2 [30]. An increase in [€3; is indicated by
synaptosomes isolated by the method described above were 7! : o :

) . . an increase in the fluorescence excitation ratiQ/ll;go)-
compared with synaptosomes isolated frogroR a discon- . : . o
! ; . . The synaptosome fraction was incubated with Fura-2 at 37
tinuous Percoll gradient, according to the method described

by Dunkleyet al. [27], and with synaptosomes isolated on for 40 min. Following centrifugation, the extracellular me-

. : . . . C]dium with Fura-2 was exchanged with fresh buffer, and the
a discontinuous sucrose gradient, as described by Voie an . .
Fonnum [21]. synaptosomes were incubated with the test compounds

MeHg or TMCH. The reaction mixture (2 mL) contained (in
final concentrations): synaptosomes (0.1 mg/mL) and
Fura-2 (10uM) in HEPES-buffered (20 mM) HBSS (pH
7.4) with 5.5 mM glucose, MeHg (7gpM), or TMCH (100
uM). The control mixtures contained synaptosomes in
buffer (synaptosomes in HEPES-buffered HBSS) or synap-
tosomes with=1% (v/v) MeOH (MeOH control) instead of
the test compounds. The intracellular fluorescence at the
emission wavelength of 510 nm was measured continuously
Sor 400 s by a luminescence spectrometer (LS50B, Perkin

non-fluorescent compound,BICF is oxidized by ROS or Elmer). The excitation wavelengths were 340 and 380 nm
RNS to the fluorescent compound DCF. The fluorescence . . o
[31]. The temperature during the experiments was 37°.

was measured by a luminescence spectrometer (LS50B,
Perkin Elmer), using an excitation wavelength of 488 nm

' 2.4. Measurement of [(G4]; in synaptosomes

2.3. Fluorescence spectroscopy assay

Formation of ROS and RNS in rat brain synaptosomes
was determined mainly by the procedure described by
LeBel et al. [28,29]. In brief, this method is based on the
incubation of cells by the probe JBCF-DA, which pas-
sively diffuses through cellular membranes where the ace-
tates are cleaved by intracellular esterases. Thereafter, th

and an emission wavelength of 525 nm [29]. 2.5. Statistical analysis
First, the synaptosome fraction, free mitochondria,
and/or the myelin fraction were incubated withBXCF-DA Each day, synaptosomes and/or mitochondria were pre-

(10 uM) in HEPES-buffered (20 mM) HBSS (pH 7.4) with  pared from a rat brain as described, and the effects of the
glucose (5.5 mM) at 37° for 15 min. Following centrifuga- different classes of the hydrocarbon solvents were investi-
tion, the extracellular medium with J®CF-DA was ex- gated by comparing the test group (3 parallels) with the
changed with fresh buffer, and the suspension was gentlycontrol group (also 3 parallels). All the experiments were
mixed. Second, the fractions (1QQ) were transferred to  repeated 3-5 times. The statistical analyses were conducted
250-uL wells (microtiter plate reader, 96 wells) containing using two-sided, paired Student'gest.
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o WOl T * 83 N the rat brain synaptosome fraction during exposure to MeHg with and
E 2 & CEJ g without the NOS inhibitor L-NAME (N= 4), and to TMCH in the
5 3 ;: = = presence and absence of L-NAME @ 5). The experiments including
:E ;9 & L-NAME are relative to the L-NAME control (synaptosomes in HEPES-

buffered HBSS with L-NAME), while the experiments without an inhibitor
Fig. 1. Relative fluorescence as a measure of ROS and RNS formation inare relative to the synaptosome control (synaptosomes in HEPES-buffered
rat brain synaptosome fraction with increasing doses of the test compoundsHBSS) (100%). The experiments with the inhibitor are significantly dif-
n-heptane, methylcyclohexane (MCH), toluemenonane, TMCH and ferent from those without the inhibitor, indicating involvement of N®
TMB. n-Heptane, MCH,n-nonane, and TMCH showed the strongest the oxidation of the DCFH probe after stimulation with MeHg and TMCH.
stimulatory effect on ROS/RNS production at about 0@, toluene at Values are means SD. Two-sided paired Studentsest was performed
about 650QuM, and TMB at about 128@.M. All values are relative to the for the data presentedP*= 0.05, **P = 0.01.
synaptosome control (synaptosomes in HEPES-buffered HBSS) (100%).
Values are means SD, N = 5. Two-sided paired Studenttstest was

ge(;fgimecj for the data presentec? *= 0.05, **P = 0.01, ***P = P, on a discontinuous Percoll gradient [27] and with syn-
U aptosomes isolated on a discontinuous sucrose gradient
[21]. The experiments showed that there were no statisti-
cally significant differences between the DCF fluorescence

3. Results stimulated by MeHg (7%M) or TMCH (100 M) in these
three synaptosome preparations (not shown). The purity of

3.1. Effects of the C7 and C9 hydrocarbambeptane, the applied synaptosomes and the free mitochondria was

methylcyclohexane, toluenenonane, TMCH, and TMB radiochemically assayed by measuring the enzyme activity

on formation of ROS and RNS in rat brain synaptosomes ©of ChAT and GABA-T [25,26]. Both the stirring-isolated
synaptosome fraction and the density gradient-isolated syn-

The rat brain synaptosome fraction was exposed to dif- aptosomes (see Materials and Methods) contained about
ferent concentrations of the test compounueptane,  70% of ChAT and 30% GABA-T, while the corresponding
methylcyclohexane, toluene;nonane, TMCH, and TMB,  mitochondrial fractions contained about 30% ChAT and
and the oxidation of EDCF to DCF was used as a measure 70% GABA-T.
of the formation of ROS and RNS (Fig. 1). The hydrocar- ~ Formation of RNS was shown by preincubating the syn-
bons increased fluorescence in a concentration-dependen@ptosomes with the nNOS inhibitor L-NAME [32]. This
manner, and there was a statistically significant difference resulted in a 51% and 65% decrease in the DCF fluores-
(P = 0.05) between the control and the organic solvents cence after stimulation with MeHg and TMCH, respectively
n-heptane (25uM), methylcyclohexane (2mM), toluene (Fig. 2). The response after stimulation of both the synap-
(500 uM), n-nonane (25uM), TMCH (25 uM), and TMB tosome and mitochondrial fractions was stronger after treat-
(320 uM) (Fig. 1). These concentrations corresponded to ment with MeHg (75uM) than with TMCH (100uM) (Fig.
about half of the dose that gave the highest net responses foB). The myelin fraction did not respond to MeHg or TMCH.
the hydrocarbons in this test system compared to the synapto-
some control (synaptosomes in HEPES-buffered HBSS). 3.2. The involvement of &4 and the MTP

The potential for ROS and RNS formation by MeHg and
TMCH in the synaptosome fraction isolated by the method  Addition of MeHg or TMCH to the synaptosome fraction
described was compared with synaptosomes isolated fromafter preincubation with the G&-sensitive probe Fura-2
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Fig. 3. Relative fluorescence as a measure of ROS and/or RNS formationFig. 5. Relative fluorescence as a measure of ROS and RNS formation in
in the synaptosome fraction and free mitochondria during exposure to rat brain synaptosome fraction during exposure to MeHg=(\t) and
MeHg and TMCH. All values are relative to the synaptosome or mito- TMCH (N = 5) in the presence and absence of the MTP inhibitor CSA and
chondria control (synaptosomes or mitochondria in HEPES-buffered La®*, which blocks the voltage-sensitive €achannels. The experiments
HBSS) (100%). The results indicate formation of ROS after stimulation of in the prescence of MTP or B4 are relative to the respective controls

mitochondria with MeHg and TMCH. Values are meaasSD, N = 5. (synaptosomes in HEPES-buffered HBSS with MTP of )awhile the
Two-sided paired Studentistest was performed for the data presented. experiments in the absence of the inhibitors are relative to the synaptosome
*** P < 0.001. control (synaptosomes in HEPES-buffered HBSS) (100%). The experi-

ments with the inhibitors are significantly different from those without the
inhibitors, indicating that the DCF fluorescence is dependent on both the
; ; ; MTP and C&" influx through voltage-sensitive €a channels after stim-
resulted in elev?tlo.n of [.C?é]i’ ShOWh_ as an increased ulation with MeHg and TM?}H.VaISes are meansSD. Two-sided paired
ﬂuorescen(_:e exitation raF'03 /1380 (Fig. 4). Methanol Student’st-test was performed for the data presente®l <t 0.05, **P =
(1% v/v) did not lead to influx of A (not shown). To 0.01.
further investigate the contribution of €a channels to
ROS/RNS formation, L& was used to block the &
channels [33]. LA lowered the DCF fluorescence after stimulation with MeHg and TMCH by 72% and 70%, re-
spectively (Fig. 5). Inhibition of the MTP by CSA [34]
lowered the MeHg- and TMCH-stimulated DCF fluores-
350 - cence by 72% and 59%, respectively (Fig. 5).

mmm MeHg (75 uM)
zzzz3 TMCH (100 uM . . :
300 1 o KCl (30(mM)“ ) 3.3. The involvement of tyrosine kinase and the
MAPK pathway
= 250 1 . . . .
g Preincubation of the synaptosomes with the protein ty-
S 200 | rosine kinase inhibitor genistein [35] reduced the DCF flu-
s orescence formation induced by MeHg and TMCH by 85%
2 150 and 91%, respectively (Fig. 6), while U0126, which inhibits
& 50 1 the MAPK kinase family members MEK-1 and MEK-2
§ [36,37], led to a lowering of the fluorescence by 62% and
100 1 63%, respectively (Fig. 6).
501 3.4. The involvement of PKC, phospholipase C and
phospholipase A
0 i
Fig. 4. Relative [C&"]; in Fura-2-loaded synaptosome fraction after ex- Since phospholipases and PKC are known to be involved
posure to MeHg, TMCH, and potassium chloride (KCI). Relative’[Ga in the production of free radicals in some tissues [16,21,38],

was assayed in the synaptosome suspension over a 400-sec period. Althe synaptosome fraction was preincubated with the PKC
values are relative to the synaptosome control (synaptosomes in HEPES-

buffered HBSS) (100%). Values are meansSD, N — 3. Two-sided inhibitor BIM [39], the_ pho_spholipase C inhibitor U73122
paired Student's-test was performed for the data presenfeds 0.05, [40,41], and the PLA inhibitor DEDA [42]. BIM reduced

** P < 0.01. the DCF fluorescence produced by MeHg and TMCH by
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Fig. 6. Relative fluorescence as a measure of ROS and RNS formation in 0- e

rat brain synaptosome fraction during exposure to MeHg=(N}) and
TMCH (N = 5) in the presence and absence of the protein tyrosine kinase
inhibitor genistein and the compound U0126, which inhibits the mitogen-
activated protein kinase kinase (MAPKK) family members MEK-1 and
MEK-2. The experiments in the prescence of the inhibitors are relative to
the respective controls (synaptosomes in HEPES-buffered HBSS with
genistein or U0126), while the experiments in the absence of the inhibitors
are relative to the synaptosome control (synaptosomes in HEPES-buffered
HBSS) (100%). The experiments with the inhibitors are significantly dif-
ferent from those without the inhibitors, indicating that the DCF fluores-
cence is dependent on protein tyrosin kinases and the ERK type of MAPKSs.
Values are means SD. Two-sided paired Studentdest was performed

for the data presentedP*= 0.05, **P = 0.01.

Fig. 7. Relative fluorescence as a measure of ROS and RNS formation in
rat brain synaptosome fraction during exposure to MeHg and TMCH in the
presence and absence of the PKC inhibitor BIM, the phospholipase C
inhibitor U73122, and the PLAiInhibitor DEDA. The experiments in the
prescence of the inhibitors are relative to the respective controls (synap-
tosomes in HEPES-buffered HBSS with BIM, U73122, or DEDA), while
the experiments in the absence of the inhibitors are relative to the synap-
tosome control (synaptosomes in HEPES-buffered HBSS) (100%). The
experiments with the inhibitors are significantly different from those with-
out the inhibitors, indicating that the DCF fluorescence is dependent on
PKC, phospholipase C, and phospholipase Yalues are means SD.
Two-sided paired Studentstest was performed for the data presented.
*P = 0.05, **P = 0.01.

52% and 56%, U73122 reduced it by 49% and 64%, and

DEDA by 49% and 54%, respectively (Fig. 7). [6,19]. The water solubility oh-heptanen-nonane, meth-

ylcyclohexane, TMCH, toluene, and TMB is approximately
75 uM, 5 uM, 255 M, 15 puM, 6.5 mM, and 625uM,
respectively [43]. The elevation of fluorescence observed
when exceeding these concentrations is probably the result
of mixing the synaptosomes with the buffer containing the
4.1. Effects of the C7 and C9 hydrocarbambeptane, hydrocarbons. This will lead to accumulation of these fat-
methylcyclohexane, toluenesnonane, TMCH and TMB soluble substances in the membranes, and thereby formation
on formation of ROS and RNS in rat brain synaptosomes of ROS.
The radiochemical assay shows that the purity of the

Our experiments show that C7 and C9 aliphatic, naph- synaptosome fractions used in this work (both the density
thenic, and aromatic hydrocarbons stimulate production of gradient-purified and the stirring-purified) was relatively
ROS and RNS in rat brain synaptosomes. Of the hydrocar- high, with little contamination of free mitochondria, while
bons tested, TMCH was the most potent stimulator, fol- the mitochondrial fractions contained some synaptosomes.
lowed by TMB, toluenen-nonane, methylcyclohexane, and This indicates that the fast and simple method for isolating
n-heptane, respectively (Fig. 1). The aliphatic and naph- synaptosomes presented here is suitable for measuring ROS
thenic hydrocarbons-heptane, methylcyclohexangnon- in the synaptosome fraction. Furthermore, there were no
ane, and TMCH induced formation of ROS and RNS in a statistically significant differences in the results obtained
concentration found in rat brains after inhalation of a low after MeHg- and TMCH-induced stimulation of the synap-
concentration of organic solvents (100 ppm) whereas thetosomes isolated from a discontinuous Percoll gradient, a
aromatic compounds toluene and TMB are active in a con- discontinuous sucrose gradient, and by the present method.
centration relevant to an acute high exposure (1000 ppm) Formation of NO was demonstrated by reduced DCF
[17,18]. The concentrations of the solvents chosen in our fluorescence obtained after preincubation of the synapto-
study are also comparable to rat brain concentrations aftersome fraction with L-NAME, an nNOS inhibitor [32], prior
inhalation of aromatic and dearomatic white spirit mixtures to stimulation with MeHg and TMCH (Fig. 2). Radicals

4. Discussion
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such as NOand G, have little propensity to react with  5). In this respect, it should be mentioned that genistein, the
non-radical biomolecules, but the combination of N@d tyrosine kinase inhibitor, also inactivates P/Q calcium chan-
O, results in rapid generation of the highly reactive mol- nels in neurons [58] (Fig. 6).
ecule peroxynitrite [44]. Because NQeacts with Q~
threefold faster than SOD, N@s the only known biomol- 4.3. The MTP and ROS/RNS formation
ecule capable of outcompeting SOD for availablg (45].
Several studies have reported thatiDI€F is much more The MTP, a voltage-dependent mitochondrial channel, is
sensitive to peroxynitrite oxidation than to oxidation by known to play an important role in the pathways leading to
H,0,, O, , and NO [46—48]. This indicates that peroxyni- ROS production and cell death [59]. Several stimuli such as
trite may be an important source of the MeHg- and TMCH- high mitochondrial matrix C& load, dithiol oxidation,
induced oxidative stress in our experiments, and could con-membrane depolarization, and ROS trigger the assembly
tribute to about half of the increase in the DCF fluorescence and opening of the MTP, leading to formation of ROS. This
(Fig. 2). opening can be inhibited by CSA [60,61]. Incubation of the
Incubation of the synaptosome and free mitochondrial synaptosome fraction with CSA in our experiments led to a
fractions with the positive control MeHg resulted in a larger significant reduction in ROS/RNS formation after stimula-
elevation of ROS than did treatment with TMCH (Fig. 2), tion with MeHg and TMCH (Fig. 5).
indicating that MeHg may have higher ROS-forming poten-
tial than the hydrocarbon solvent. The experiments with the 4.4. The involvement of tyrosine kinase and the
mitochondria were conducted in an extracellular environ- MAPK pathway
ment, with a relatively high C& ion concentration, to
imitate high transient Ga levels in the cytosol. High ERKZ1/2 are classical members of the MAPK superfam-
[Ca?™]; in cytosol (0.5-5uM) is followed by fast CA" ily, and are thought to be activated via the Ras/Raf/MEK/
uptake by the mitochondria. In addition to elevatedGa  ERK cascade [62—65]. Activation of ERK1/2 has been
opening of the MTP and thereby mitochondrial membrane found in some excitotoxic-associated events such as Alz-
potential collapse requires several stimuli, such as agentsheimer’s disease, seizure, and ischemia [66—69], and is
oxidizing thiol (—SH) groups and/or formation of ROS involved in elevation of free radicals in different tissue
[49-51]. In our experiments, we used extracellular concen- preparations, e.g. in Ga-dependent excitotoxicity in cul-
trations of Na& and K". Even under these conditions, the tured rat cortical neurons [70], in glutamate-induced oxida-
effects of MeHg and TMCH on ROS formation in the tive toxicity in the HT22 hippocampal cell line and imma-
mitochondria were clearly demonstrated. Incubation of the ture primary cortical neuron cultures [71], and in the
myelin fraction with MeHg or TMCH did not lead to an  activation of PLA in neutrophils [72]. In order to investi-
elevation of the DCF fluorescence (Fig. 3). This indicates gate the role of the MAPK-signaling pathway in TMCH-
that there were no synaptosomes or free mitochondria in thestimulated ROS/RNS formation, the synaptosome fraction
myelin fraction. was preincubated with the protein tyrosine kinase inhibitor
The neurotoxic compound MeHg was included as a pos- genistein [35] and the MEK1/2 inhibitor U0126 [36,37],
itive control, since MeHg is known to stimulate formation which lowered the production of ROS (Fig. 6). Genistein is
of ROS in synaptosomes and in the hypothalamic neural cell reported to block tyrosine phosphorylation of PL@ the
line GT1-7, and to decrease the level of GSH [20-22]. rat dendate gyrus [73], to inactivate P/Q calcium channels in
Furthermore, MeHg has been shown to increasé [Gand neurons [58], and to inhibit activation of PLAand
induce the production of inositol phosphate in cerebellar [*H]arachidonic acid release in rat hepatocytes [74]. The
granule cells [52], and to disrupt €ahomeostasis within  upstream activator of MEK1/2, Raf-1, can be activated by

isolated synaptosomes [53,54]. protein kinase C [75], indicating cross-talk between the
MAPK- and PKC-signaling pathways. The MAPK cascade
4.2. The involvement of & can also be activated by influx of extracellular’*C471].

From our experiments with the enzyme inhibitors and the

Exposure to hydrocarbon solvents such as white spirit stimulators MeHg and TMCH, we observed Cainflux,
and toluene is well known to elevate intraparticulaf Cn which leads to activation of both the MAPK pathway and
rat brain synaptosomes [55-57]. Our experiments with the C&*-dependent PKC (Figs. 6 and 7). This®Canflux will
synaptosomes incubated with the “Casensitive probe  also activate PLA and lead to opening of the MTP, and
Fura-2 (Fig. 4) showed an elevation of {4 after expo- thereby production of ROS.
sure to both MeHg and TMCH, indicating a possibl&Ga
dependent mechanism for ROS/RNS formation. This was 4.5. The involvement of PKC, phospholipase C, and
further investigated by using B4 to block voltage-sensi-  phospholipase A
tive C&" channels as well as store-operated ion channels
[33]. La®" caused a significant lowering of the ROS/RNS There are several links between PKC and the phospho-
production after stimulation with MeHg and TMCH (Fig. lipases for production of ROS. Such links have been clearly
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demonstrated in human granulocytes [16,38]. It was there- some of the neurotoxicity observed in man and animals after
fore of importance to see if the same system is present inhydrocarbon solvent exposure.

synaptosomes. Inhibition of PKC with BIM [39] reduced
ROS formation in the synaptosomes after stimulation with

MeHg and TMCH (Fig. 7). Treatment of the synaptosome References
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