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Abstract

Exposure to neurotoxic chemicals such as pesticides, selenium, and heavy metals have been
suggested to play a role in the etiology of amyotrophic lateral sclerosis (ALS). We assessed
exposure to lead, cadmium, and mercury in 38 ALS patients (16 men and 22 females) and 38
hospital-admitted controls by using their cerebrospinal fluid (CSF) content as biomarker. We
determined CSF heavy metal levels with inductively coupled plasma sector field mass
spectrometry, according to a methodology specifically developed for this biological matrix. ALS
patients had higher median values for Pb (155 vs. 132 ng/l) but lower levels for Cd (36 vs. 72 ng/l)
and Hg (196 vs. 217 ng/l). In the highest tertile of exposure, ALS odds ratio was 1.39 (95% ClI
0.48 to 4.25) for Pb, 0.29 (0.08 to 1.04) for Cd and 3.03 (0.52-17.55) for Hg; however, no dose-
response relation emerged. Results were substantially confirmed after conducting various
sensitivity analyses, and after stratification for age and sex. Though interpretation of these results
is limited by the statistical imprecision of the estimates, and by the possibility that CSF heavy
metal content may not reflect long-term antecedent exposure, they do not lend support to a role of
the heavy metals cadmium, lead and mercury in ALS etiology.
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Introduction

The etiology of amyotrophic lateral sclerosis (ALS), an extremely severe neurodegenerative
disease which selectively affects both the upper and the lower motor neurons, is still
unknown, though in the so-called familial form (around 10% of cases) a few gene mutations
appear to play a major role [1, 2].

The etiology of the disease is still largely unknown, and environmental factors, alone or in
the presence of particular genetic backgrounds, are believed to play a major role in it [2-7].
These environmental factors include neurotoxic chemicals, such as pesticides, the metalloid
selenium and a few heavy metals [4, 8, 9]. Among the latter, lead, cadmium, and mercury
have been implicated in ALS etiology following toxicological and epidemiological
observations [8, 10, 11]. However, such evidence linking exposure to these metals to ALS is
not consistent, and major methodological issues, particularly concerning exposure
assessment and the potential for bias due to unmeasured confounding have been raised
concerning these investigations [9]. In this study, we aimed at assessing a biomarker of
heavy metal antecedent exposure, its cerebrospinal fluid (CSF) content, and its potential
relation with ALS risk.

Study population

The study population (composed of 38 ALS cases and 38 controls) and details of case
identification, their clinical characteristics and sampling procedure have been previously
described in detail [12]. Briefly, all cases: resided in the Emilia-Romagna region, northern
Italy; received a diagnosis of clinically definite or probable ALS using the revised El
Escorial Criteria [13] at the ALS Center in Modena, from May 1998 to April 2011;
underwent lumbar puncture during diagnostic evaluation; and had at least 1 ml CSF
available when the present study was designed. Twelve of these patients (generally the
youngest ones) also received extensive genetic screening, showing no positivity for the
major genes involved in familial ALS (namely SOD1, C9ORF72, FUS, TDP43). The
controls: were patients admitted to the same hospital between 1999 and 2010; resided in the
Emilia-Romagna region; underwent lumbar puncture due to suspected neurological disease;
were subsequently found not to be affected by neurological disease; and had a CSF sample
of 1 mL or more available in September 2011. We randomly selected among these eligible
persons 38 individuals, matched 1:1 to ALS cases on age (+ 10 years, generally £ 5 years)
and gender. These individuals were referred to neurological examination due to headache
(n=17), paresthesias (n=5), diplopia (n=6), vertigo (n=3) and other signs and symptoms
(n=7).

Study participants underwent lumbar puncture for CSF sampling after providing their
informed consent, and use of samples for research purposes was later approved by the
Modena Ethical Committee. Around 6 mL of CSF were obtained from each participant
using an ultraclean procedure, and the sample was immediately stored at -80°C in
polypropylene tubes. When the study was designed, a 1-ml aliquot was transported deep
frozen in dry ice to the Munich Helmoltz Zentrum laboratory, and kept continuously frozen
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until use. When the analytical phase was started, the samples were slowly thawed in a
refrigerator at 4 °C, vortexed and then analysed.

Laboratory analyses

We determined the CSF levels of Cd, Hg and Pb using a previously described methodology
[14-16]. Briefly, we slowly thawed the samples in a refrigerator to 4°C, vortexed and
subsequently diluted samples 1:10 with Milli-Q water, containing 1°3Rh as internal standard
at a final concentration CSF of 1 pg/L in the diluted CSF samples. Element concentrations of
CSF samples were determined using inductively coupled plasma—mass spectrometry: An
Nexlon, ICP-MS instrument (Perkin Elmer, Rodgau-Jugesheim Germany) was employed

for 111Cd, 202Hg, and 298Pb determination. Sample introduction was carried out using the
instrument's peristaltic pump connected to a Micromist nebulizer with a cyclone spray
chamber. The RF power was set to 1250 W, the plasma gas was 15 L Ar/min, whereas the
nebulizer gas was approximately 0.9 L Ar/min after daily optimization.

These determination methods had been validated by regular laboratory intercomparison
studies (GEQUAS quality control scheme and participation in certification campaign of
IRMM/EU) and by regular analysis of adequate certified reference materials. Along the
analysis of samples several certified reference materials (CRM) were analysed (expressed as
certified value/detected value). For Cd: ERM-BD-150: 11.4 + 2.9 pg/kg / 11.4 £+ 0.5 ug/kg
(corresponding to 31 ng/L Cd in measurement solution); ERM-DB-001: 125 + 7 pg/kg / 123
+ 2.9 pg/kg (corresponding to 330 ng/L Cd in measurement solution); BCR-635: 6.6 + 0.6
pg/L / 6.57 £ 0.16 pg/L. For Pb: ERM-BD-151: 207 + 14 pg/kg / 204.4 £ 2 ug/kg
(corresponding to 2 pg/L Pb in measurement solution), ERM-DB-001: 2.14 + 2 mg/kg / 2.34
+ 0.19 mg/kg (corresponding to 23 pg/L Pb in measurement solution); BCR-635: 210 + 24
pg/L /220 £ 5 pg/L. For Hg: ERM-BD-150: 0.0603 + 0.0178 pg/kg / 0.073 + 0.0131 pg/kg
(corresponding to 1 ng/L Hg in measurement solution), ERM-BD-151: 0.052 + 0.04 ug/kg /
0.51 + 0.001 pg/kg (corresponding to 5 ng/L Hg in measurement solution). The limit of
quantification of the determination method was 18 ng/L for Cd and 20 ng/L for Pb and Hg,
each related to undiluted CSF. Coefficient of variation was for Cd 2.1 %, for Pb 2.7 %, and
for Hg 1.9 % (n=10, each).

According to IUPAC recommendations, accuracy should be derived from comparison with
CRM. For Cd, accuracy was derived from CRM ERM-BD 150 as the measurement
concentration (~30 ng/L) was about the lower concentrations in CSF. Accuracy for Cd was
determined at 100 % (11.4 pg/kg / 11.4 pg/kg). For, Hg, accuracy was derived from CRM
ERM-BD 151 since measurement concentrations in digests were approximately the same as
in low concentrated diluted CSF samples. Accuracy for Hg was determined at 98 % (0.52
pa/kg / 0.51 pg/kg). Lead accuracy was derived from the same CRM. For Pb, accuracy was
determined at 99 % (207 pg/kg / 204.4 pg/kg).

Data analysis

We carried out data analysis independently for each of the three heavy metals under
examination based on CSF concentration tertiles computed from the controls. Using
unconditional logistic regression models, we computed the odds ratio (OR) for ALS with its
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95% confidence interval (CI) for each of the highest two concentration tertiles, compared
with the lowest tertile. We fit crude models, along with models adjusted for sex and age (in
years, continuous), and then models additionally adjusted for total CSF selenium content
([units], continuous). We also computed a 2P value for trend based on the continuous values
of heavy metal exposure. We eventually carried out several sensitivity analyses: removing
from data analysis controls characterized by specific symptoms and signs (i.e., the 17
subjects suffering from headache, the 5 affected by paresthesias and the 6 affected by
diplopia); adjusting for the other two remaining metals investigated; using log-transformed
values or winsorized values by setting data exceeding the 95" percentile to the 95t
percentile; fitting conditional logistic regression models based on the age- and sex-based
matching; and assigning exposure category on the basis of pre-specified fixed cutpoints of
CSF metal content instead of tertiles.

The newly-diagnosed ALS cases included 16 men and 22 women, with a mean age of 55
years (range 30-76 years), in 7 cases characterized by bulbar onset disease and in 31 by
spinal onset ALS. The 38 sex- and age-matched controls had a mean age of 52 years,
ranging from 30 to 85 years. Table 1 and Figure 1 summarize the distribution of heavy
metals with reference to their median concentration, and their 10° and 90° percentiles.
Median CSF concentrations in cases compared with controls were higher for lead, slightly
lower for mercury and considerably lower for cadmium, with an interquartile range
systematically wider for all the three metals.

Odds ratios (ORs) of ALS according to heavy metal CSF concentrations are shown in Table
2. The odds of ALS were greater in the highest tertile of CSF Pb concentration than in the
lowest tertile (OR=1.4 in both multivariable-adjusted models), though confidence interval
were rather wide (e.g., 95% CI, 0.46 to 4.17 in age- and sex-adjusted results). However,
there was no appreciable trend of the OR across tertiles, since it was below the unity in the
middle category of exposure, and this was confirmed by the trend analysis based on
continuous levels of exposure. Concerning Cd exposure, OR decreased in the middle and
highest tertiles, and the analysis for linear trend based on continuous values confirmed an
inverse association between exposure and risk. OR associated with tertile of Hg exposure
showed a strongly increased but very statistically unstable OR, with no evidence of any
dose-response relation both in this analysis and in that based on continuous values of
exposure. In this latter trend analysis, OR was 1 for both Pb and Hg, while for Cd it was
0.99 (95% CI 0.98-1.00).

Results did not substantially change for any of the elements investigated when in
multivariate analysis we adjusted for the remaining two heavy metals, for either inorganic or
organic CSF selenium content instead of overall selenium level, or in stratified analysis
according to sex or age group (using 50 years as cutpoint - data not shown). Results also
showed little variation when we used log-transformed values or winsorized values, using
conditional logistic regression instead of the unconditional one, assigning exposure category
on pre-specified CSF heavy metal cutpoints, or removing control subjects characterized by
specific symptoms or signs (data not shown).
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Discussion

Overall, our results failed to show an association between heavy metals exposure, as
reflected by CSF content, and increased risk of ALS. This was substantially true for all the
heavy metals investigated in this study, since there was no detectable dose-response trend of
increased ALS risk across tertiles or continuous values of exposure, and this was confirmed
in both stratified and sensitivity analyses. However, while lack of association was clearly
evident for Cd and appears to rule out any association of the disease under study with such
exposure, results for Pb and Hg are more difficult to interpret. For Pb, there was a slight
increase in the top category of exposure, though the relative risk estimate was statistically
unstable and the analysis based on continuous values did not suggest an association. In
adjusted analyses of Hg, those in the middle tertile of exposure had 12 times the odds of
ALS compared with those in lower tertile, but in the highest tertile, the OR was much
smaller. This pattern and the absence of linear dose-response association in the analyses of
continuous Pb concentration provide little support for a real etiological association.

The literature about the involvement of Pb, Cd and Hg in ALS etiology is conflicting,
though some suggestive evidence particularly for Pb have been provided. All the three
elements have the toxicological potential for damaging neural cells, through mechanisms
ranging from glutamate-induced neurotoxicity, oxidative stress, protein misfolding, altered
RNA and protein synthesis and aggregation, and they may induce inflammation, axonal and
mitochondrial transport dysfunction, and cell death thus providing biological plausibility for
an association with ALS [8]. In addition, there is evidence that these metals may cross the
blood-brain and blood-CSF barriers, particularly in diseased individuals, and/or may
undergo retrograde axonal transport, and thus reaching the target tissues for
neurodegeneration [8, 17]. In addition, none of these three heavy metals has a peculiarly
selective toxicity for the motor neurons among the various neural cells, a distinctive feature
of another neurotoxicant (which however also is an essential element) implicated in ALS
etiology, selenium. Finally, the epidemiologic evidence linking Pb, Cd and Hg to ALS
etiology is still sparse and rather conflicting [8], though at least for Pb most of the recent
reports highlighted a possible association with disease risk [18-23]. One human study,
carried out in Sweden, has specifically investigated CSF trace elements content in ALS
patients, showing higher levels of Pb, Cd and lower concentration of Hg in cases compared
with controls [18].

The lack of substantial association we found for the heavy metals we investigated might be
due error in the measurement of long-term antecedent exposure by CSF heavy metal levels,
both in cases and in controls. In general, concentrations of a chemical and particularly of
heavy metals in the CSF and more generally in the central nervous system has the strong
advantage, as compared with peripheral biomarkers of exposure such as their blood [24] and
toenail [25] content, to reflect levels of the contaminant levels in a compartment closely
related to the pathological process characterizing ALS and more generally
neurodegenerative disease [12, 26, 27]. However, two major issues arise: the ability of Pb,
Cd and Hg to accumulate near the blood-CSF barrier and/or to cross it, and the long-term
persistence of an increased content of these metals in biomarkers, with particular reference
to CSF level, after the ending of a subject's overexposure. Unfortunately, both these issues
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are not entirely clear. For lead, there is evidence in the human that the CSF content may
reflect plasma (though not whole blood) Pb concentration [28, 29], while such evidence for
mercury and cadmium is anecdotal or missing, respectively [30]. However, it has been
shown that all these three heavy metals, also depending on their speciation particularly for
Hg [31], may accumulate in the blood-brain and particularly in the blood-CSF barrier at the
choroid plexus, the organ which secretes CSF [32], reaching /n /oco high concentrations.
Though this might represent a mechanism protecting the CSF and more generally the central
nervous system against heavy metals [33], such a high content in the choroid plexus may
also have adverse proteomic effects and relevant neurotoxicological implications on the
choroid plexus itself or the brain [34-36]. In addition, there is evidence that blood-CSF
barrier is altered in nearly half the ALS patients, and this abnormality might in turn increase
the transfer of contaminants from the blood into the CSF [8, 37, 38]. Concerning the
persistence of an increased CSF heavy metal content following the end of environmental
overexposure, we were unable to find any evidence from the literature for the heavy metals
here examined, thus hampering the evaluation of our results. Overall, if misclassification of
exposure occurred for any of the heavy metals, it may have hampered the detection of an
association between with ALS risk in the current study, likely for an excess time window
between exposure ending and disease onset. This highlights the need of either prospective
studies (though very difficult to perform if encompassing CSF sampling, also due to disease
rarity) or further studies assessing long-term sources of exposure though retrospective
dietary assessment or evaluation of occupational history. It is also possible that disease
progression may alter trace element content in body tissues, altering nutritional status and
trace element distribution in the various compartments, as suggested by some observations
of a direct association between blood and spinal cord Pb content and ALS stage [24, 39].
However, it must be noted that our study was based only on newly-diagnosed ALS patients,
thus reducing the risk of reverse causation.

The present study also suffered from a limited statistical power, due to the sample size, as
also reflected by the wide confidence intervals of the estimates. This is in turn due to ALS
being a rare disease, and in addition usually not requiring CSF sampling during its
diagnostic process, and to the difficulty of finding CSF from potentially matched controls
unaffected by neurological disease. Therefore, and under the hypothesis of a role of Pb in
ALS etiology, it is possible that a larger study population is needed to capture statistically
stable estimates for slightly increased risk associated to that exposure, possibly only in the
highest exposure category. It is also possible that higher levels of exposure, for Pb but also
for Hg, are needed to identify an association with the disease, under the hypothesis that ALS
is a multifactorial disease with various different factors potentially playing a role in its
etiology and that in our study population such high levels of exposure were not adequately
represented. This might be also supported by a comparison of our results with those obtained
in 20 control subjects from another Italian setting, who showed substantially similar CSF Cd
concentrations but much higher Hg and Pb levels (four to six times) compared with our
controls [40].

We did not identify reasons to hypothesize the occurrence of selection bias in our study
populations, with reference to both cases and controls. CSF sampling was occasionally
needed during the diagnostic process of patients later found to be affected by ALS, with no
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apparent association whatsoever with variables (such as occupational status, smoking and
residence) potentially associated with heavy metal exposure. This was also true for the
control populations, which included patients reporting signs and symptoms not strongly
associated a priori with the exposures of interest. In addition, study results were substantially
confirmed after excluding specific subgroups of controls through sensitivity analyses.

In conclusion, we found little evidence of an increased ALS risk associated with CSF Pb, Cd
and Hg content, with no dose-response relation. These findings do not add support to the
hypothesis that these heavy metals are involved in disease etiology, though they must be
evaluated with caution since the biomarker we used in the study might have been unable to
reflect long-term antecedent exposures.

Acknowledgments

Funding sources: This work was supported by the Fondazione Pietro Manodori of Reggio Emilia (to Dr. Vinceti)
and by the US National Institute of Health grant no. R21ES024700 (to Dr. Weuve).

References

1. Wijesekera LC, Leigh PN. Amyotrophic lateral sclerosis. Orphanet J Rare Dis. 2009; 4:3. [PubMed:
19192301]

2. Al-Chalabi A, Hardiman O. The epidemiology of ALS: a conspiracy of genes, environment and
time. Nature reviews Neurology. 2013; 9(11):617-28. [PubMed: 24126629]

3. Vinceti M. The environment and amyotrophic lateral sclerosis: converging clues from epidemiologic
studies worldwide. N Am J Med Sci. 2012; 4(8):356—7. [PubMed: 22912944]

4. Ingre C, Roos PM, Piehl F, Kamel F, Fang F. Risk factors for amyotrophic lateral sclerosis. Clinical
epidemiology. 2015; 7:181-93. [PubMed: 25709501]

5. Belbasis L, Bellou V, Evangelou E. Environmental Risk Factors and Amyotrophic Lateral Sclerosis:
An Umbrella Review and Critical Assessment of Current Evidence from Systematic Reviews and
Meta-Analyses of Observational Studies. Neuroepidemiology. 2016; 46(2):96-105. [PubMed:
26731747]

6. Couratier P, Corcia P, Lautrette G, Nicol M, Preux PM, Marin B. Epidemiology of amyotrophic
lateral sclerosis: A review of literature. Rev Neurol (Paris). 2016; 172(1):37-45. [PubMed:
26727307]

7. Bozzoni V, Pansarasa O, Diamanti L, Nosari G, Cereda C, Ceroni M. Amyotrophic lateral sclerosis
and environmental factors. Funct Neurol. 2016; 31(1):7-19. [PubMed: 27027889]

8. Vinceti M, Bottecchi I, Fan A, Finkelstein Y, Mandrioli J. Are environmental exposures to selenium,
heavy metals, and pesticides risk factors for amyotrophic lateral sclerosis? Rev Environ Health.
2012; 27(1):19-41. [PubMed: 22755265]

9. Vinceti M, Fiore M, Signorelli C, Odone A, Tesauro M, Consonni M, Arcolin E, Malagoli C,
Mandrioli J, Marmiroli S, Sciacca S, Ferrante M. Environmental risk factors for amyotrophic lateral
sclerosis: methodological issues in epidemiologic studies. Ann Ig. 2012; 24(5):407-15. [PubMed:
23193897]

10. Johnson FO, Atchison WD. The role of environmental mercury, lead and pesticide exposure in
development of amyotrophic lateral sclerosis. Neurotoxicology. 2009; 30(5):761-5. [PubMed:
19632272]

11. Callaghan B, Feldman D, Gruis K, Feldman E. The association of exposure to lead, mercury,
andselenium and the development of amyotrophic lateral sclerosis and the epigenetic implications.
Neurodegener Dis. 2011; 8(1-2):1-8. [PubMed: 20689252]

12. Vinceti M, Solovyev N, Mandrioli J, Crespi CM, Bonvicini F, Arcolin E, Georgoulopoulou E,
Michalke B. Cerebrospinal fluid of newly diagnosed amyotrophic lateral sclerosis patients exhibits

J Trace Elem Med Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vinceti et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 8

abnormal levels of selenium species including elevated selenite. Neurotoxicology. 2013; 38:25-32.
[PubMed: 23732511]

Georgoulopoulou E, Vinceti M, Bonvicini F, Sola P, Goldoni CA, De Girolamo G, Ferraro D,
Nichelli P, Mandrioli J. Changing incidence and subtypes of ALS in Modena, Italy: A 10-years
prospective study. Amyotroph Lateral Scler. 2011; 12(6):451-7. [PubMed: 21732732]

Ebrahim AM, Eltayeb MH, Khalid H, Mohamed H, Abdalla W, Grill P, Michalke B. Study on
selected trace elements and heavy metals in some popular medicinal plants from Sudan. Journal of
natural medicines. 2012; 66(4):671-9. [PubMed: 22327800]

Junemann AG, Stopa P, Michalke B, Chaudhri A, Reulbach U, Huchzermeyer C, Schlotzer-
Schrehardt U, Kruse FE, Zrenner E, Rejdak R. Levels of aqueous humor trace elements in patients
with non-exsudative age-related macular degeneration: a case-control study. PLoS One. 2013;
8(2):€56734. [PubMed: 23457607]

Jeandet P, Heinzmann SS, Roullier-Gall C, Cilindre C, Aron A, Deville MA, Moritz F, Karbowiak
T, Demarville D, Brun C, Moreau F, Michalke B, Liger-Belair G, Witting M, Lucio M, Steyer D,
Gougeon RD, Schmitt-Kopplin P. Chemical messages in 170-year-old champagne bottles from the
Baltic Sea: Revealing tastes from the past. Proc Natl Acad Sci U S A. 2015; 112(19):5893-8.
[PubMed: 25897020]

Arvidson B. A review of axonal transport of metals. Toxicology. 1994; 88(1-3):1-14. [PubMed:
8160191]

Roos PM, Vesterberg O, Syversen T, Flaten TP, Nordberg M. Metal concentrations in cerebrospinal
fluid and blood plasma from patients with amyotrophic lateral sclerosis. Biological trace element
research. 2013; 151(2):159-70. [PubMed: 23225075]

Wang MD, Gomes J, Cashman NR, Little J, Krewski D. A meta-analysis of observational studies
of the association between chronic occupational exposure to lead and amyotrophic lateral
sclerosis. Journal of occupational and environmental medicine / American College of Occupational
and Environmental Medicine. 2014; 56(12):1235-42.

Bocca B, Forte G, Oggiano R, Clemente S, Asara Y, Peruzzu A, Farace C, Pala S, Fois AG, Pirina
P, Madeddu R. Level of neurotoxic metals in amyotrophic lateral sclerosis: A population-based
case-control study. J Neurol Sci. 2015; 359(1-2):11-7. [PubMed: 26671079]

Eum KD, Seals RM, Taylor KM, Grespin M, Umbach DM, Hu H, Sandler DP, Kamel F, Weisskopf
MG. Modification of the association between lead exposure and amyotrophic lateral sclerosis by
iron and oxidative stress related gene polymorphisms. Amyotrophic lateral sclerosis &
frontotemporal degeneration. 2015; 16(1-2):72-9. [PubMed: 25293352]

Laidlaw MA, Rowe DB, Ball AS, Mielke HW. A Temporal Association between Accumulated
Petrol (Gasoline) Lead Emissions and Motor Neuron Disease in Australia. International journal of
environmental research and public health. 2015; 12(12):16124-35. [PubMed: 26703636]

De Benedetti S, Lucchini G, Marocchi A, Penco S, Lunetta C, lametti S, Gianazza E, Bonomi F.
Serum metal evaluation in a small cohort of amyotrophic lateral sclerosis patients reveals high
levels of tiophylic species. Peptidomics. 2015; 2:29-34.

Vinceti M, Guidetti D, Bergomi M, Caselgrandi E, Vivoli R, Olmi M, Rinaldi L, Rovesti S, Solime
F. Lead, cadmium, and selenium in the blood of patients with sporadic amyotrophic lateral
sclerosis. Ital J Neurol Sci. 1997; 18(2):87-92. [PubMed: 9239528]

Bergomi M, Vinceti M, Nacci G, Pietrini V, Bratter P, Alber D, Ferrari A, Vescovi L, Guidetti D,
Sola P, Malagu S, Aramini C, Vivoli G. Environmental exposure to trace elements and risk of
amyotrophic lateral sclerosis: a population-based case-control study. Environmental research.
2002; 89(2):116-23. [PubMed: 12123644]

Johanson CE, Duncan JA 3rd, Klinge PM, Brinker T, Stopa EG, Silverberg GD. Multiplicity of
cerebrospinal fluid functions: New challenges in health and disease. Cerebrospinal Fluid Res.
2008; 5:10. [PubMed: 18479516]

Redzic Z. Molecular biology of the blood-brain and the blood-cerebrospinal fluid barriers:
similarities and differences. Fluids Barriers CNS. 2011; 8(1):3. [PubMed: 21349151]

Cavalleri A, Minoia C, Ceroni M, Poloni M. Lead in cerebrospinal fluid and its relationship to
plasma lead in humans. J Appl Toxicol. 1984; 4(2):63-5. [PubMed: 6736552]

J Trace Elem Med Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vinceti et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 9

Song H, Zheng G, Liu Y, Shen XF, Zhao ZH, Aschner M, Luo WJ, Chen JY. Cellular uptake of
lead in the blood-cerebrospinal fluid barrier: Novel roles of Connexin 43 hemichannel and its
down-regulations via Erk phosphorylation. Toxicology and applied pharmacology. 2016; 297:1—
11. [PubMed: 26926986]

Liu WW, Jiang CQ, Hu ZB, Zhang C, Xu QR, Zhou G. Mercury concentration in cerebrospinal
fluid in patients with chronic mercury poisoning. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za
Zhi. 2006; 24(7):403-5. [PubMed: 16889700]

Lohren H, Bornhorst J, Galla HJ, Schwerdtle T. The blood-cerebrospinal fluid barrier--first
evidence for an active transport of organic mercury compounds out of the brain. Metallomics :
integrated biometal science. 2015; 7(10):1420-30. [PubMed: 26267314]

Spector R, Robert Snodgrass S, Johanson CE. A balanced view of the cerebrospinal fluid
composition and functions: Focus on adult humans. Exp Neurol. 2015; 273:57-68. [PubMed:
26247808]

Zheng W, Perry DF, Nelson DL, Aposhian HV. Choroid plexus protects cerebrospinal fluid against
toxic metals. FASEB J. 1991; 5(8):2188-93. [PubMed: 1850706]

Zheng W. Neurotoxicology of the brain barrier system: new implications. Journal of toxicology
Clinical toxicology. 2001; 39(7):711-9. [PubMed: 11778669]

Zheng W. Toxicology of choroid plexus: special reference to metal-induced neurotoxicities.
Microsc Res Tech. 2001; 52(1):89-103. [PubMed: 11135452]

Zheng W, Aschner M, Ghersi-Egea JF. Brain barrier systems: a new frontier in metal
neurotoxicological research. Toxicology and applied pharmacology. 2003; 192(1):1-11. [PubMed:
14554098]

Apostolski S, Nikolic J, Bugarski-Prokopljevic C, Miletic V, Pavlovic S, Filipovic S. Serum and
CSF immunological findings in ALS. Acta Neurol Scand. 1991; 83(2):96-8. [PubMed: 2017904]
Tarasiuk J, Kulakowska A, Drozdowski W, Kornhuber J, Lewczuk P. CSF markers in amyotrophic
lateral sclerosis. Journal of neural transmission. 2012; 119(7):747-57. [PubMed: 22555610]
Kurlander HM, Patten BM. Metals in spinal cord tissue of patients dying of motor neuron disease.
Ann Neurol. 1979; 6(1):21-4. [PubMed: 507754]

Alimonti A, Bocca B, Pino A, Ruggieri F, Forte G, Sancesario G. Elemental profile of
cerebrospinal fluid in patients with Parkinson's disease. J Trace Elem Med Biol. 2007; 21(4):234-
41. [PubMed: 17980814]

J Trace Elem Med Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Vinceti et al.

Page 10

Pb i o O O @ @)
H[ H o o ()
(I) 2,600 4,600 6,600 8,600
H- T +—— O 0
Cd
H—ee
(I) 2C|)0 4C|)0 6(|)0 SCI)O
- — i o
Hg
HTHH o0
(I) 1 ,600 2,600 3,(;00

Figure 1. Plot of CSF heavy metal concentrations, as ng/L, in controls (white) and ALS cases
(gray)
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