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Abstract; Industrial emission of nanoparticles (NPs) can originate from metal fumes and results 
in significant inhalational occupational exposure. Respiratory effects of chromium (Cr) com­
pounds, often present in metal fumes, are known but information on their neurological effects is 
scarce, though Cr is known to cause oxidative stress and reach the brain after inhalation. For investi­
gating the potential nervous system effects of Cr NPs, male Wistar rats were exposed to a nano­
suspension of Cr(OH)j ( 0  ca. 50 nm) by intratracheal instillation, once a day, 5 times per week, 
for 4 weeks. Significant internal Cr exposure was detected in brain, lung and blood samples, 
together with slowed body weight gain and decreased relative weight of certain internal organs, 
both effects showing linear correlation with external Cr dose. In the spontaneous cortical electri­
cal activity, Cr caused increase of power in the fast bands (betal, beta2, gamma) and decrease at 
lower frequencies (theta and delta). Cortical evoked potentials showed significantly increased 
latency on the action of Cr NPs. The correlation of Cr levels in tissue samples with general and 
neurotoxicological parameters pointed to a causal relationship. Further investigation of the func­
tional alterations observed in this study would be important in replacing classical biomarkers or 
biological exposure indicators with ones more suited to detection of nervous system damage 
caused by NPs containing Cr.
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INTRODUCTION

Chromium (Cr) is a heavy metal with various industrial applications, the most im­
portant being production of alloys (stainless steel etc.) and electroplating. The whole 
life cycle of the metal -  from ore mining through smelting and final product manufac­
turing to waste management and recycling -  is concomitant with dermal and inhala- 
lional exposure, constituting thus a frequent occupational hygienic problem.

Inhalational exposure results from Cr-containing aerosol (dust, mist, metal fumes) 
in the workplace atmosphere. While inhalation of soluble Cr compounds (mists or 
dust) results in damaged nasal mucosa and perforated nasal septum, exposure to in­
soluble (more exactly, less soluble) compounds cause damage to the lower respiratory 
tract (ATSDR, 2008). High concentration of Cr03 fumes were reported by Lieberman 
(1941) to cause respiratory symptoms, such as sneezing, nasal discharge, laboured 
breathing, and nasal septum ulceration and perforation in workers in a chrome plat­
ing plant after 2-3 months of exposure. Dizziness, headache and weakness were 
also found in the same exposed group, indicating a possible neurotoxic effect. Res­
piratory symptoms were also described after exposure of workers to chromite ore 
(containing Crm), and the number of complaints and clinical signs increased in 
parallel with the number of respirable chromium (both Cr111 and Cr ') particles (Hu- 
vinen et al., 2002). Although ingested Cr"1 is considered non-toxic, hypoactivity, 
mydriasis, lacrimation and body weight loss was reported as signs of acute Cr toxic­
ity in rats (Gad et ah, 1986). Based on recent findings, Levina and Lay (2008) sug­
gested to pay more attention to the toxic effect of trivalent Cr compounds, among 
others because certain technologies, using traditionally the more toxic Crvl, are being 
transformed for Cr111, a move driven by regulations -  such as RoHS (Restriction of 
Hazardous Substances; European Parliament, 2003) in the European Union -  to 
phase out hazardous industrial chemicals.

Cr20 3 is a trivalent Cr oxide compound, often found in industrial emissions. 
Horie et ah (2011) reported that cytotoxicity of nanoparticulate (60 nm) Cr20 3 was 
higher compared to micrometer-sized particles, and that Cr20 3 nanoparticles (NPs) 
reduced mitochondrial activity, increased intracellular ROS (reactive oxygen spe­
cies) level, caused oxidative stress and released Crvi in the medium in vitro. This 
observation pointed to the role of particle size in the toxicity of heavy metals. In 
case of airborne particles being inhaled, NPs (diameter below 100 nm) are mostly 
deposited in the nasopharyngeal and alveolar region (ICRP, 1994). The surface-to- 
mass ratio of these particles is extremely high, resulting in a huge and reactive overall 
surface; and inhaled NPs can contribute to adverse health effects in the respiratory 
tract as well as in extrapulmonary organs (Oberdorster et ah, 2005). A healthy 
blood-brain barrier is supposed to prevent foreign particles from entering the brain; 
NPs of various compositions were, however, detected in the brain of rats after ap­
plication through the airways (Kreyling et ah, 2006).

Occupational exposure to Cr111 and Crvl has been modelled in rats several times 
(Suzuki et ah, 1984; Derelanko et ah, 1999), but experimental results on possible 
nervous system effects are scarce, in spite of indications that such effects exist 
(Lieberman, 1941; Tandon et ah, 1979). Repetto et ah (1996) reported Cr1" toxicity



on a neuroblastoma cell line in vitro, and Diaz-Mayans et al. (1986) found open 
field hypoactivity in rats exposed orally to Crvl. Motivated by this lack of data, and 
by results of comparable works with other toxic heavy metals (Oszlánczi et al., 
2010; Horváth et al., 2011; Máté et al., 2011), our aim in the present study was to 
model human nanoparticulate Cr exposure in rats and to examine the effects on 
general toxicological and CNS electrophysiological parameters.

MATERIALS AND METHODS 

Experim ental anim als and substances

Young adult male Wistar rats (260-280 g body weight at start) were obtained from 
the university’s breeding centre. The animals were housed, with up to four rats in 
one cage, under GLP-equivalent conditions (22 ± 1°C, 30-60% relative humidity, 
12-h light/dark cycle with light on at 06:00), and had free access to tap water and 
standard rodent chow.

The rats were exposed to Cr by intratracheal (it.) instillation of a suspension of 
NPs consisting of Cr(OH)3, the hydrated form of Cr20 3. Treatment was performed 
once a day, 5 times per week, for 4 weeks. This short period was chosen because our 
previous experience showed that the nanoparticulate form of other metals (e.g. Mn) 
tends to be more toxic than other (dissolved etc.) forms (Horváth et ah, 2012), and 
it was supposed that in 4 weeks the effects will sufficiently develop.

The NPs (~50 nm diameter) were synthesized at the Department of Physical Chem­
istry and Materials Science, University of Szeged Faculty of Science and Informat­
ics; their chemical purity was checked by X-ray diffraction, and their particle size 
by X-ray diffraction and transmission electron microscopy. The NPs were sus­
pended in normal saline by ultrasonication; and were given to the rats in doses 
given in Table / (high dose, CrHD\ low dose, CrLD). A vehicle control group (VC) 
received saline instillation, and an untreated control (Cont) group was also used to 
see the effects of the treatment procedure properly.

Table 1. Treatment groups and doses
Group code Dose and treatment n

Cont untreated control 6
VC 1 mL normal sallne/kg b.w.; vehicle control 8
CrLD 2 mg Cr(OH)3NPs/kg b.w.; low dose treated 8
CrHD 4 mg Cr(OH)3 NPs/kg b.w.; high dose treated 8

For intratracheal instillation (1 mL/kg b. w., see Table 1) the rats had brief diethyl 
ether anaesthesia. The unconscious rat was placed on an oblique board (60° to hori­
zontal) hanging with the upper incisors in a wire loop, and the larynx was illumi­
nated transdermally by means of a fibre optic light guide placed against the animal’s 
neck. The larynx and trachea was visualized using a custom-made laryngoscope and



90 -2014; 20(1-2): NEUROTOXICITY OK N a NOKARTICULATE CHROMIUM

a pair of non-traumatic forceps. The NP suspension (or the vehicle) was instilled 
into the trachea by means of a 1 mL syringe connected to a thin plastic tube (1.2 mm 
OD) inserted between the vocal chords.

General toxicological investigations

Body weight of the animals was daily measured during the experiment, to follow up 
weight gain and to determine the exact daily doses. Weekly body weight gain was 
calculated, separately for each rat, as the difference of body weight on Friday of the 
given week and Friday of the pre-treatment week, and these values were averaged 
group by group. Following electrophysiological recording, the animals were sacri­
ficed by an overdose of urethane, were dissected, and blood was collected from the 
abdominal vein. Brain, lungs, heart, thymus, liver, kidneys, spleen and adrenal glands 
were removed and the organ weights were measured. From these data, relative 
weights (indicators of the general toxicity: Scharer, 1977) were calculated by relat­
ing organ weights to brain weight or to 1/100 of body weight. Blood, brain, lung 
and liver samples were stored at -22°C.

For metal level determination, three rats were randomly chosen from each group. 
About 1 g samples of blood, brain and lungs were dried at 80°C to constant weight 
and were digested in 5 mL 65% HNO;, at 90°C for 90 min. The digested matter was 
diluted 100-fold, and Cr level was determined by inductively coupled plasma mass 
spectrometry at the Laboratory of the MOL Hungarian Oil and Gas Company.

During the whole study, the principles of the Ethical Committee for the Protec­
tion of Animals in Research of the University were strictly followed. The methods 
used in the experiments were licensed by the authority competent in animal welfare 
issues under No. XX1./02039/001/2006.

Electrophysiological investigation

The rats were prepared for electrophysiological recording, and cortical electrical 
activity was registered, in urethane anaesthesia (1000 mg/kg b.w. ip.; Mook 2006). 
For details of preparation, see Papp et al. (2001, 2004).

For recording, the rat was placed into the stereotaxic frame of the electrophysio­
logical setup. To stabilize body temperature, a thermostated (+36.5°C) base plate 
was used to support the rat’s underside during the recording procedure. Ball-tipped 
silver recording electrodes were placed on the dura of the exposed left hemisphere, 
over the primary somatosensory (SS) projection area of the whiskery pad (barrel 
field), and over the primary visual (VIS) and auditory (AUD) areas. These regions 
were determined on the basis of a somatotopic map (Zilles, 1984), and the fine posi­
tioning of the electrodes was done by searching for the punctum maximum of the 
evoked response. A stainless steel clamp was attached to the cut skin edge as indif­
ferent electrode.

Spontaneous electrical activity was recorded from these sites simultaneously for 
6 min, and the relative spectral power of the frequency bands was determined. From 
the relative band power data, the so-called “ECoG index” was calculated with the 
formula ([delta]+[theta])/([betal]+[beta2]). This proved to be a handy, albeit simpli­



fying, descriptor of the ECoG spectrum in our earlier works (Desi and Nagymajte- 
nyi, 1999).

To obtain sensory evoked potentials (EPs), SS stimulation was done by .electric 
pulses given trough a pair of needles inserted into the whiskery skin (3-4 V; 0.05 ms). 
VIS stimulation was performed by flashes delivered by a high-luminescence white 
LED directly into the contralateral eye of the rat. For AUD stimulation, clicks (ca. 40 dB) 
were applied into the contralateral ear of the rat from a mini earphone through the 
hollow ear bar of the stereotaxic frame. Fifty stimuli of each modality per rat were 
applied. For VIS and AUD stimulation, 1 Hz frequency was applied, and for SS stimu­
lation 1, 2 and 10 Hz. It was supposed that by varying the frequency of stimulation, 
the dynamic interaction of successive excitation processes in the sensory system can 
be assessed, which in turn reflects the actual state of the CNS (Papp et al., 2001, 
2004). The 50 EPs were averaged and onset latency was measured. The complete 
recording and evaluation was performed by the software NEUROSYS 1.11 (Ex- 
perimetria Ltd., Budapest, Hungary).

Data analysis
Data were tested for normality by the Kolmogorov-Smirnov test, and significant 
differences were detected by means of one-way ANOVA with post-hoc LSD test. 
Linear regression calculation between tissue metal levels and general and neuro- 
toxicological parameters was done by the “ linear fit” function of MS Excel. The 
level of significance was set to p<0.05.

RESULTS

General toxicological parameters
Cr treatment caused dose-dependent significant decrease in body weight gain (vs. 
VC and Cont) from the first treatment week on (Fig. 1). Decreased body weight 
gain was also seen in the vehicle control group (VC), reflecting the effect of the 
treatment procedure (mainly of repeated diethyl-ether anaesthesia) itself, but the effect 
in groups CrLD and CrHD was significantly different from that seen in VC, too.

As shown by the data in Table 2, it. instillation of Cr NPs caused significant 
increase in the Cr content of the brain, lungs and also blood (vs. Cont and VC). The 
relationship of internal metal load and body weight gain to summed external dose 
(Fig. 2) showed significant linear correlation between summed Cr dose and both 
body weight gain and Cr levels measured in brain and blood samples. The correla­
tion of metal level in blood and lungs to body weight gain was also significant (data 
not shown).



Fig. 1. Body weight gain o f  the control and treated rats during the 4 weeks o f Cr 
NP exposure. Mean+SD, n=8. For way o f  calculation, see Methods; for group coding, 
see insert and Table 1.
**, ***p<0.01, 0.001 vs. Cont; ", " ,  " " p<0.05, 0.01. 0.001 vs. VC

Table 2. Cr levels in blood, brain and lung samples
Tissue Cr levels (/ig/kg)

Groups Blood Brain Lungs

Cont 142.90 ± 16.06 122.70 ± 15.01 215.45 ±34.95
VC 121.76 ±36.32 138.34 ± 12.35 319.28 ± 113.53
CrLD 4809.74 ±972.68** " 11 213.82± 55.27 6891780.11 ±792670.54***"""
CrHD 12714.67±2278.!3***"""OO 4514.75 ±1995.67*"° 9708166.15 ± 1923132.60* * *"""

Mean±SD, n=3
*,**.*** p<0.05, 0.01,0.0! vs. Co/7f; p<0.05, 0.01,0.001 vs. VC\
°,°° p<0.05, 0.01 vs. CrLD

Due to the significant effect of Cr NP treatment on body weight, relative organ 
weights calculated on the basis of brain weight were chosen for evaluation. Relative 
weight of the heart, thymus, liver, spleen and kidney decreased significantly 
(vs. Cont), while relative lung weights showed dose related significant increase (vs. 
Cont and VC; Table 3).



Fig. 2. Correlation o f  body weight gain (left ordinate), and o f  blood and brain 
Cr levels (right ordinate) to summed external Cr dose (abscissa). Each point repre­
sents a data pair (see insert at the bottom for kinds o f  data) from an individual rat 
chosen for metal level measurement (see Methods)
Light symbols, Cont: light grey symbols, VC; dark grey symbols, CrLD; black sym­
bols, CrHD. Inserts with outlines corresponding to the fitted lines: equation and R'; 
*: p<0.05 (F-test for the linear fit)

Table 3. Relative organ weights of rats (calculation basis: brain weight)
Groups

Cont VC CrLD CrHD

Heart 0.610 ±0.050
Thymus 0.235 ± 0.028
Lungs 0.712 ±0.058
Liver 7.641 ±1.055
Spleen 0.386 ± 0.028
Kidney 1.592 ±0.197
Adrenals 0.0289 ± 0.0064

0.510 ± 0.052** 
0.185 ± 0.063 
0.673 ± 0.047 
6.199 ± 0.892* 
0.335 ±0.071

0.530 ± 0.055*
0.213 ±0.049 
1.718 ±0.162***""“ 
6.004 ± 1.255*
0.332 ±0.042*

0.491 ± 0.021*** 
0.184 ± 0.047* 
2.364 ± 0.204***’1 
5.889 ± 0.453*** 
0.331 ± 0.040*

1.338 ± 0.142* 1.350 ± 0.126** 1.598 ±0.535
0.0265 ± 0.0047 0.0287 ± 0.0031 0.0275 ± 0.003 1

Mean±SD, n=8
*, **, *** p<0.05, 0.01,0.01 vs. Cont; """p<0.001 vs. VC; 000 p<0.001 vs. CrLD

The general condition of the lungs after instillation of Cr NPs was emphyse- 
matic, and dark spots of metal deposition were seen on dissection. No other organ- 
specific effect of the metal NP treatment was found (decreased relative organ weights 
in VC vs. Cont reflected the effect of the anaesthetic procedure also here).
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Fig. 3. Power spectrum o f the electrocorticogram from the three cortical areas after 
4 weeks o f exposure to Cr NPs. Abscissa, groups; ordinate, relative power ofECoG  
bands (see insert in the graph fo r  SS); * p<0.05 vs. Cont; u p<0.05 vs. VC



Cortical electrical activity
In the band spectrum of the ECoG, the proportion of the fast bands (betal, beta2, 
gamma) increased, while that of the slow bands (theta and delta) decreased upon 
Cr NP treatment (Fig. 3). In the SS ECoG, significant increase of the gamma band 
was observed (vs. VC) while delta band showed a mild, non-significant, decrease. The 
alterations in the VIS and AUD ECoG were similar. The correlation of brain Cr level 
with the ECoG index (see Methods) was significant for the VIS and AUD records 
(Fig. 4); the relationship for the SS ECoG index was of similar direction but less 
clear (not shown).

Fig. 4. Correlation o f VIS and AUD ECoG index (ordinate) to brain Cr levels (ab­
scissa). The meaning o f  data points and the way o f  display is as in Fig. 2

The SS EPs (Fig. 3A) showed significantly increased latency on the action of Cr 
NPs. The latency increase was seen at all stimulation frequencies, and the extent of 
frequency dependence (an indication of the actual state of the sensory pathway) 
was also altered by Cr. VIS and AUD latency values significantly increased by 
CrHD treatment vs. VC (Fig. 5B). Fig. 5 shows latency data in relative values, 
normalized to the latency in the vehicle control (VC) group. Data of the untreated 
control (Coni) are not displayed because the difference between Coat and VC was 
negligible. Significant correlation was found between brain Cr level and EP latency 
(Fig. 6).



96 ■ 2014; 20( 1-2): N eu r o t o x ic it y  oi; NANoPAR.ricui.ATi: C h r o m iu m

A

Fig. 5. Latency o f  the somatosensory (A), and visual and auditory (B) cortical 
evoked potentials. Relative values, normalized to the latency in group VC (for the 
somatosensory EPs, to the latency obtained with 1 Hz stimulation, see insert in A). 
Mean+SD, n=8. *, **, ***: p<0.05, 0.01, 0.001 vs. VC (for the SS EPs, at identical 
stimulation frequency).

tt<6, &&&: for SS EPs, p<0.05, 0.01, 0.001 vs. 1 Hz stimulation within the same
group
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Fig. 6. Correlation o f the latency o f the EPs to brain Cr levels.
The latency values represented by the points are relative values, shown also in Fig. 5, 
(for SS EP. those obtained with 2 Hz stimulation frequency). Else, the meaning o f  
data points and the way o f  display is as in Fig. 2

DISCUSSION

In the treated rats’ brain (and also blood and lung) samples, increased Cr levels 
were measured after it. instillation of Cr NPs, indicating that the applied external 
load was sufficient and the treatment was effective. The correlation of blood and 
brain Cr levels, and body weight gain, to summed external Cr dose, showing that 
the (possibly causal) relationship between the applied treatment and the general 
toxicological effect, was dose related and significant (Fig. 2).

In the interaction of Cr with the organism, absorption, transport and metabolism 
are all strongly dependent on the valence state. Cr is able to enter into the cells to 
a greater extent than Cr111 (Klasing et al., 2005); in NP form, however, Cr111 was 
transported more efficiently in an in vitro experiment, apparently depending on 
particle size, surface charge and hydrophobicity (Zha et al., 2008). The measured 
internal metal levels could be due to the presence of NPs themselves in the blood 
and brain of the treated rats, or Cr ions may have been dissolved from the NPs in 
the acidic environment of phagolysosomes, after NPs being phagocyted by pulmonary



macrophages (Lundborg el al., 1985). Both were likely, because NPs easily cross 
barriers, including the blood-brain barrier (Kreyling et al., 2006); but in rats ex­
posed to welding fumes containing Cr, the role of the dissolved metal fraction was 
found predominant in causing oxidative stress and airway inflammation (McNeilly 
et al.. 2005).

Oxidative stress, whether caused by Cr1" as a chemical agent (Horie et ah, 2011) 
or by surface interactions on the Cr NPs (Oberdorster et al., 2005), was obviously 
a key factor in the observed toxic effects. Cr in the body is primarily transported by 
the iron-transport protein transferrin (Vincent, 2011). The massive elevation of blood 
Cr level in the treated groups might lead to displacement of Fe from transferrin 
bond, and the increased free Fe level might contribute to the oxidative stress and 
C’NS damage (Thompson et al., 2001).

Reduction in body weight gain observed in the treated animals might be due to 
the presence of free radicals and the metabolic disturbance caused by them (Merry, 
2002). Lipid peroxidation (described also in Cr-treated rats: Becerra-Torres et al., 2009) 
might lead to changes of fluidity and other membrane properties in the brain which, 
in turn, disturb all membrane- and receptor-bound functions (Coyle and Puttfarcken, 
1993) including synaptic transmission and all phenomena depending on that e.g. 
cortical electrical phenomena.

Of the two kinds of cortical activity recorded, EPs reflect alterations in synaptic 
transmission more directly. Beyond the membrane damage mentioned above, in­
creased EP latency in the Cr treated rats might be, at least partly, due to decreased 
synaptic efficacy. Cr’ ions partly block, but partly pass through, voltage-dependent 
Ca channels at presynaptic endings, leading to decreased stimulus-dependent but 
increased spontaneous transmitter release (Liu and Lin, 1997). The extra latency 
lengthening on higher frequency SS stimulation (2 or 10 Hz vs. 1 Hz) was more 
pronounced in the Cr treated rats than in the controls (Fig. 5A). Beside the disturbed 
synaptic transmission mentioned, this could also be the result of energetic shortage 
resulting from the mitochondrial effect of Cr (oxidation ofNADH and inhibition of 
alpha-ketoglutarate dehydrogenase: Cohen et al., 1993).

Inhibition of acetylcholinesterase in the rats' brain, as it was found by Soudani 
et al. (2012) after exposing the animals to K.2C12O7, could explain the shift of the 
ECoG band spectrum to higher frequencies in group CrHD in the present work, 
via increased ascending cholinergic activation of the cortex (Metherate et al., 1992).

In our days, with the ubiquitous presence of metals as pollutants and technologi­
cal materials, the health effects of metals in general, and in particular the effects on 
sensitive systems like the nervous system, are of primary concern. Investigation of 
functional alterations may be of especial importance in the aspect of neurotoxicity 
because classical biomarkers -  such as levels of toxic metals in available human 
biological samples (blood or urine) -  do not indicate well the damage to central or 
peripheral nervous system (Manzo et al., 1996). Animal model experiments can 
contribute to the development of neuro-functional biomarkers which may be better 
suited for this purpose.



ACKNOWLEDGEMENTS

The authors wish to thank to Dr. Attila Szőke, József Koszta and Ms. Edit Pálinkás 
at the Laboratory of the MOL Hungarian Oil and Gas Company for the metal level 
determinations.

REFERENCES

ATSDR. (2008). “Toxicological Profile for Chromium." Agency for Toxic Substances and Disease 
Registry, U.S. Department of Health and Human Services, Atlanta, USA.
BECERRA-TORRES, S. L„ RODRÍGUEZ-VÁZQUEZ, M. L„ MED1NA-RAMÍREZ, I. E„ and 
JARAMILLO-JUÁREZ, F. (2009). “The fiavpnoid quercetin protects and prevents against potas­
sium dichromate-induced systemic peroxidation of lipids and diminution in renal clearance of 
para-aminohippuric acid and inulin in the rat.” Drug Chem. Toxicol. 32:88—91.
COHEN, M. D., KARGAC1N. B., KLEIN, C. B„ and COSTA, M. (1993). "Mechanisms of 
chromium carcinogenicity and toxicity.” Crit. Rev. Toxicol. 23:255-281.
COYLE, J. T. and PUTTFARCKEN, P. (1993). "Oxidative stress, glutamate, and neurodegenera- 
tive disorders.” Science 262:689-695.
DERELANKO, M. J., RINEHART, W. E„ H1LASKI, R. J ,  THOMPSON, R. B„ and LOSER, E.
(1999). “Thirteen-week subchronic rat inhalation toxicity study with a recovery phase of tri valent 
chromium compounds, chromic oxide, and basic chromium sulfate.” Toxicol. Sci. 52:278-2S8.
DÉS1, I. and NAGYMAJTÉNY1, L. (1999). "Electrophysiologlcal biomarkers of an organophos­
phorous pesticide, dichlorvos.” Toxicol. Lett. 107:55-64.
DIAZ-MAYANS, J., LABORDA, R., and NUNEZ, A. (1986). “Hexavalent chromium effects on 
motor activity and some metabolic aspects of Wistar albino rats.” Comp. Biochem. Physiol. C. 
83:191-195."
EUROPEAN PARLIAMENT (2003). “Directive 2002/95/EC of the European Parliament and of 
the Council of 27 January 2003 on the restriction o f the use of certain hazardous substances in 
electrical and electronic equipment.” Official Journal L37:19-23.
GAD, S. C., POWERS, W. J., DUNN, B. J., HOFFMAN, G. M„ SIINO, K. M„ and WALSH, R. D. 
(1986). “Acute toxicity of four chromate salts.” In: Serrone, D.M., Ed. Proc. Chromium Symp. 
1986: An Update. May 20-21, 1986. Industrial Health Foundation, Inc., Pittsburgh, PA. pp. 43-58.
HOR1E, M„ NISHIO, K„ ENDOH, S„ KATO, H„ FUJ1TA, K., MIYAUCHI, A., NAKAMURA, A., 
K1NUGASA, S„ YAMAMOTO, K., NIKI, E„ YOSHIDA, Y„ and IWAHASH!, H. (2013). 
“Chromium(III) oxide nanoparticles induced remarkable oxidative stress and apoptosis on culture 
cells.” Environ. Toxicol. 28:61-75.
HORVÁTH, E„ MÁTÉ, ZS„ TAKÁCS, SZ„ PUSZTA1, P„ SÁPI, A., KÓNYA, Z„ 
NAGYMAJTÉNY1, L., and PAPP, A. (2012). “General and electrophysiologlcal toxic effects of 
manganese in rats following subacute administration in dissolved and nanoparticle form.” The 
Scientific World J. Article ID 520632 doi: 10.1100/2012/520632
HORVÁTH, E„ OSZLÁNCZI, G„ MÁTÉ, ZS., SZABÓ, A.-, KOZMA, G, SÁP1, A„ KÓNYA, Z„ 
PAUL1K. E., NAGYMAJTÉNYI,. L. and PAPP, A. (2011). “Nervous system effects of dissolved 
and nanoparticulate cadmium in rats in subacute exposure.” J. Appl. Toxicol. 3 1:471-476.
HUVINEN, M„ UITTI, J., OKSA, P„ PALMROOS, P., and LAIPPALA, P. (2002). “Respiratory 
health effects of long-term exposure to different chromium species in stainless steel production.” 
Occup. Med. (Lond.) 52:203-212.



100 ■ 2014; 20( 1-2): N e u r o t o x ic it y  oi- N an o i'a r t ic u i.a it ;C h ro m iu m

ICRP. (1994). “Human respiratory tract model for radiological protection. A report of a task group 
of the ICRP.” Annals of the International Commission on Radiation Protection, ICRP Publication 
66, Oxford: Pergamon Press
KLSAING, K. C„ GOFF, J. P„ GREGER, J. L , KING, J. C., LALL, S. P„ LEI, X. G, LINN, J. G, 
NIELSEN, F. PL, and SPEARS, J. W. (2005). “Mineral tolerance of animals, 2"d revised edition.” 
Washington, D.C.: National Academy Press
KREYL1NQ W. G, SEMMLER-BEHNKE, M„ and MÖLLER, W. (2006). “Ultrafine particle-lung 
interactions: Does size matter?” J. Aerosol Med. 19:74-83.
LEVINA, A. and LAY, P. A. (2008). “Chemical properties and toxicity of chromium(lll) nutri­
tional supplements.” Client. Res. Toxicol. 21:563-571.
L1EBERMAN, H. (1941). “Chrome ulcerations of the nose and throat.” NewEngland J. Med.
225:132-133.
LIU, P. S. and LIN, M. K. (1997). “Biphasic effects of chromium compounds on catecholamine 
secretion from bovine adrenal medullary cells.” Toxicology 117:45-53.
LUNDBORG M„ EKLUND, A., LIND, D. B., and CAMNER, P. (1985). “Dissolution of metals 
by human and rabbit alveolar macrophages.” Br. J. ind. Med. 42:642-645.
MANZO, L„ ART1GAS, F„ MARTINEZ, E„ MUTTI, A., BERGAMASCHI, E„ NICOTERA, P„ 
TONINI, M„ CANDURA, S. M„ RAY, D. E„ and COSTA, L. G (1996). “Biochemical markers 
of neurotoxicity. A review of mechanistic studies and applications.” Hum. Exp. Toxicol. I5/Suppl. 1, 
S20-S35.
MÁTÉ, ZS„ SZABÓ, A., PAULIK, E„ JANCSÓ, ZS., HERMÉSZ, E„ and PAPP, A. (2011). 
“Electrophysiological and biochemical response in rats on intratracheal instillation of manga­
nese." Centn Eur. J. Biol. 6:925-932.
McNEILLY, J. D„ JIMÉNEZ, L. A., CLAY, M. F„ MacNEE, W„ HOWE, A., HEAL, M. R„ 
BEVERLAND, I. J., and DONALDSON, K. (2005). “Soluble transition metals in welding fumes 
cause inflammation via activation ofNF-icB and AP-1.” Toxicol. Lett. 158:152-157.
MERRY, B. J. (2002). “Molecular mechanisms linking calorie restriction and longevity.” Intern. 
J. Biochein. Cell. Biol. 34:1340-1354.
METHERATE, R., COX, C. L., and ASHE, J. H. (1992). “Cellular bases of neocortical activa­
tion: modulation of neural oscillations by the nucleus basalis and endogenous acetylcholine.” 
J. Neurosci. 12:4701-4711.
MOOK, D. (2006). “Anesthetic Management of Rodents and Rabbits.” 
http://www.msm.edu/Files/Anesthetic%20Management%20oP%20Rodents%20and%20Rabbits.doc
OBERDÖRSTER, G, OBERDÖRSTER, E„ and OBERDÖRSTER, J. (2005). “Nanotoxicology: 
An emerging discipline evolving from studies o f ultrafine particles.” Environ. Health Persp. 
7:823-839.
OSZLÁNCZI, G, VEZÉR, T„ SÁRKÖZI, L„ HORVÁTH, E„ KÓNYA, Z„ and PAPP, A. (2010). 
“Functional neurotoxicity of Mn-containing nanoparticles in rats.” Ecotoxicol. Environ. Saf. 
73:2004-2009.

PAPP, A., PECZE, L„ and VEZÉR, T. (2004). “Dynamics of central and peripheral evoked electrical 
activity in the nervous system of rats exposed to xenobiotics.” Centn Eur. J. Occup. Environ. Med. 
10:52-59.

PAPP, A., VEZÉR, T., and INST1TÓRIS, L. (2001). “An attempt to interpret the fatigue of the 
somatosensory cortical evoked potential during a stimulus train as a possible biomarker of neuro­
toxic exposure.” Centn Eur. J. Occup. Environ. Med. 7:176-281.

http://www.msm.edu/Files/Anesthetic%20Management%20oP%20Rodents%20and%20Rabbits.doc


REPETTO, G, DEL PESO, A., SALGUERO, M„ GARFIA. A., SANZ, P„ and REPETTO, M, 
(1996). “Comparative effects of three chromium compounds on mouse neuroblastoma cells cul­
tured in vitro.” Toxicol. Lett. 88:Supp1. 1:41-42.
SCHARER, K. (1977). “The effect of chronic underfeeding on organ weights of rats.” Toxicology 
7:45-56.
SOUDAN1, N„ TROUDI, A., AMARA, I. B„ BOUAZ1Z, H„ BOUDAWARA. T„ and ZEGHAL, N. 
(2012). “Ameliorating effect of selenium on chromium (Vl)-induced oxidative damage in the 
brain of adult rats." J. Physiol. Biochem. DOI 10.1007/s 13 105-012-0152-4
SUZUKI, Y„ HOMMA, K„ MINAMI, M., and YOSHIKAWA, H. (1984). “Distribution ofehro- 
mium in rats exposed to hexavalent chromium and trivalent chromium aerosols." Ind. Health 
22:261-277.

TANDON, S. K., BEHARL J. R., and KACHRU, D. N. (1979). “Distribution of chromium in 
poisoned rats.” Toxicology 13:29-34.
THOMPSON, K. J., SHOHAM, S„ and CONNOR, J. R. (2001). “Iron and neurodegenerative 
disorders.” Brain Res. Bull. 55:155-164.
VINCENT, J. B. and LOVE, S. (2011). “The binding and transport of alternative metals by trans­
ferrin.” Biochim. Biophys. Acta Doi: 10.10l6/j.bbagen.2011.07.003
ZHA, L. Y„ XU, Z. R., WANG M. Q., and GU, L. Y. (2008). “Chromium nanoparticle exhibits 
higher absorption efficiency than chromium picolinate and chromium chloride in Caco-2 cell 
monolayers.” J. Anim. Physiol. Anim. Nutr. 92:13 1-140.
Z1LLES, K. (1984). “The cortex of the rat. A stereotaxic atlas.” Berlin: Springer


