
DEMENTIAS - ORIGINAL ARTICLE

Cerebrospinal fluid/plasma quotients of essential
and non-essential metals in patients with Alzheimer’s disease

Lars Gerhardsson • Thomas Lundh •

Elisabet Londos • Lennart Minthon

Received: 24 September 2010 / Accepted: 15 February 2011 / Published online: 4 March 2011

� Springer-Verlag 2011

Abstract In this study, the quotients (Q) between metal

concentrations in cerebrospinal fluid (CSF) and plasma

were studied in subjects with Alzheimer’s disease (AD)

and referents to investigate if the leakage through the

blood–CSF barrier (BCB) increased with increased dura-

tion and severity of the disease. Concentrations of 18

metals (Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn, Se, Rb, Sr, Mo,

Cd, Sn, Sb, Cs, Hg, and Pb) were determined by ICP-MS in

plasma and cerebrospinal fluid in 264 patients with AD,

and in 54 healthy referents. The quotients QMn, QRb, QSb,

QPb and QHg were significantly lower (p B 0.003) and QCo

significantly higher (p B 0.001) in subjects with AD as

compared with the controls. Subjects in a subgroup with

more severe AD, showed the same pattern. The metal

leakage into CSF did not increase with increased duration

and/or severity of the disease. The permeability of BCB

varied considerably between the studied metals with low

median quotients (Q B 0.02) for Cd, Cu, Sb, Se and Zn and

higher median quotients for Ca (Q * 0.5) and Mg

(Q * 1.3), probably partly depending on differences in

size and lipophilicity of metal–carrier complexes and

specific carrier mechanisms.
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Introduction

The blood–CSF barrier (BCB) has an important role in

CNS for maintaining homeostasis. The lipophilicity and the

size of the substance are of importance for the passage

through the barrier, so also facilitated diffusion and specific

carrier mechanisms (Zheng et al. 2003). The choroidal

epithelium is part of the blood–CSF barrier and forms a

monolayer between the choroidal blood flow and the CSF

flow (Szmydynger-Chodobska et al. 1994). Several trans-

porter mRNAs seem to be expressed in choroid plexus

(Choudhuri et al. 2003). Some metals such as mercury and

cadmium may directly harm the choroid plexus structure.

Another point of attack is by impairment of specific reg-

ulatory pathways that are critical to brain development and

function, e.g., manganese interaction with iron in the

choroid plexus. Thirdly, metals like iron, silver, and gold

may be sequestered by the choroid plexus as an essential

CNS defense mechanism (Zheng 2001).

A number of essential metals are needed for optimal

CNS function, e.g., calcium, copper, magnesium, manga-

nese, iron, zinc, cobalt, and molybdenum. A series of

active or receptor-mediated transport systems serve to

control the transport of these metals into the brain. These

membrane transporters are often quite substrate-specific.

Transporters seem to mediate the influx of the Mn2? ion,

Mn citrate and Mn Tf. The effect of Mn uptake is influ-

enced by dietary iron intake and stores since these two

metals compete for transferrin in serum and subsequent

transport systems. The lateral plexus choroideus sequesters

mercury, and also Cd, As, and Pb. This is probably an
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important mechanism to protect the CSF and the brain from

fluxes of heavy metals in the blood (Zheng et al. 1991).

In a previous study, the CSF concentrations of about 20

metals were determined in CSF in subjects with Alzhei-

mer’s disease (AD) and Alzheimer’s disease with minor

vascular components (ADMV) (Gerhardsson et al. 2008).

A comparison with healthy controls was made. In CSF, the

levels of vanadium, manganese, rubidium, antimony,

cesium, and lead were significantly lower among subjects

with AD (p B 0.010) and ADMV (p B 0.047) than in

controls. In a following study, the metal concentrations in

CSF were related to the levels of well-known Alzheimer

markers in CSF such as Ab, total-tau (T-tau) and phos-

phorylated-tau (P-tau). In subjects with severe AD, CSF-

Ab showed strong positive correlations with CSF-Cs, while

CSF-P-tau and CSF-T-tau both showed strong negative

correlations with CSF-Cs (Gerhardsson et al. 2009).

The aim of this study is to investigate the quotients

between metal concentrations in CSF versus plasma in

subjects with AD, who are compared with healthy controls.

An increased quotient with increased length and severity of

the disease may implicate an increased leakage through the

BCB, as the disease aggravates.

Methods

Subjects

The study group comprised 264 patients with a clinical

diagnosis of AD (n = 264; 85 males, 179 females) from

the Malmo Alzheimer study. These 264 subjects had no

medical history of kidney disease and could not be clas-

sified as having either vascular dementia according to the

DSM-IV criteria or mixed dementia. They did not display

an abnormal executive control function that was severe

enough to interfere with social or occupational functioning.

At the time of the lumbar puncture, none of the patients

was treated with cholinesterase inhibitors or memantine.

The subjects were all outpatients at the Neuropsychiatric

Clinic, Malmo University Hospital, Malmo, Sweden. They

had all gone through a clinical investigation of dementia

during the time-period 1999–2003. Diagnostic criteria used

were NINCDS–ADRDA (McKhann et al. 1984) for prob-

able Alzheimer’s disease and Diagnostic and Statistical

Manual of Mental Disorders from 1994 by American

Psychiatric Association (DSM-IV) for vascular dementia

(American Psychiatric Association 1994). None fulfilled

the stricter NINDS–AIREN diagnostic criteria for vascular

dementia (Roman et al. 1993). Only AD patients showing

mild and moderate disease and with a complete investi-

gation including sampling of cerebrospinal fluid (CSF)

were selected to participate in the study. Other forms of

dementia and psychiatric diseases explaining the cognitive

decline were not included. Lumbar function was seldom

performed during the investigation of subjects with severe

AD. Accordingly, these patients were not included in the

study population, as they did not fulfill the inclusion cri-

teria. The diagnosis was given prospectively as part of a

clinical routine by different doctors employed at the neu-

ropsychiatric clinic, and later reviewed by the study doctors

(EL, LM). Of the 274 original patients, 10 patients diag-

nosed as having Lewy body dementia were not included in

the study. The other 264 patients diagnosed as having

Alzheimer’s disease participated in our study.

The normal healthy controls (n = 54; 18 males, 36

females) were recruited through advertisements at senior

clubs and among relatives to health care personnel. No

matching was performed regarding education and/or pre-

morbid IQ. The first selection was made through telephone

interviews. Volunteers went through physical examination

and cognitive testing. They had no medical history of

kidney disease. Inclusion criteria were a Mini-Mental State

Examination (MMSE) (Folstein et al. 1975) test result of

28 or above and an Alzheimer’s Disease Assessment Scale

(ADAS-cog) (Mohs et al. 1983) test result of 12 or below.

Controls showing mild cognitive impairment, e.g., cogni-

tive complaints from the patients or their families, decline

in cognitive functioning during the last year, cognitive

disorders, activities of daily living preserved, absence of

dementia (Tian et al. 2008), dementia or other mental or

physical illness, which could affect the cognitive status, did

not pass the inclusion criteria. Accordingly, they were not

included in the reference population (Stomrud et al. 2007).

The complete investigation included anamnestic data,

physical and neuropsychiatric examination, tests of cog-

nitive function, blood and CSF sampling, computerized

tomography (CT), regional cerebral blood flow (rCBF),

electrocardiogram (ECG), blood pressure measurements

and routine laboratory tests, including the determination of

apolipoprotein E (ApoE) genotype and albumin CSF/serum

ratio.

Sampling of blood and cerebrospinal fluid

Lumbar puncture was performed in the sitting position in

all patients. The CSF samples were obtained by lumbar

puncture in the L3/L4 or L4/L5 interspace. The first mL of

CSF was thrown away, 1 mL was sent for cell analysis, and

10 mL was collected in plastic (polypropylene) tubes. All

CSF samples were mixed gently to avoid possible gradient

effects. No CSF sample contained more than 500 erythro-

cytes/lL. The CSF samples were centrifuged at 2,0009g at

4�C for 10 min to eliminate cells and other insoluble

material, and were then immediately deep frozen and

stored at -80�C pending biochemical analyses. At the
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same time, the plasma and serum samples were collected.

For plasma, blood was collected in tubes containing EDTA

(B-D Vacutainer System, Franklin Lakes, NJ, USA), and

centrifuged at 2,0009g at 4�C for 10 min. The aliquots

were immediately frozen at -80�C and stored until

assayed. The study was approved by the ethics committee

of Lund University.

Metal analysis

Analytical methods

All metals, but mercury, in plasma and cerebrospinal fluid

were determined by inductively coupled plasma-mass

spectrometry (ICP-MS; Thermo X7; Thermo Elemental,

Winsford, UK). The samples were diluted five times with

an alkaline solution according to Bárány et al. (1997).

External matrix-matched calibration samples were used for

the element quantification.

All samples were analyzed in peak jump mode. Inter-

ference corrections were made for 114Cd for the spectral

overlap of 114Sn. The limits of detection (LOD) were cal-

culated as three times the standard deviation (SD) for the

blank (Gerhardsson et al. 2008). To ensure the accuracy of

the analytical methods and results, quality control (QC)

samples were analyzed along with the collected samples. In

the ICP-MS analysis, Seronorm Trace Elements Serum Lot

MI0181 (Nycomed Pharma, Oslo, Norway) was used. The

obtained values for the QC samples showed good agree-

ment with the recommended concentrations.

The determination of total mercury (T-Hg; inorganic

Hg ? organic Hg) was made in acid-digested samples by

cold vapor atomic fluorescence spectrometry (Sandborg-

Englund et al. 1998). The LOD calculated as three times

the SD for the blanks were 0.21 lg/L. The analytical

accuracy was checked against reference material. The

results obtained were 1.8 ± 0.27 lg/L (mean ± SD),

n = 38 versus the recommended range 1.7–2.4 lg/L (Se-

ronorm; batch OK0336, Nycomed Pharma, Oslo, Norway).

Statistics

As most of the variables showed a skewed distribution

(checked by Normal Probability Plots), non-parametric

statistical processing was applied (Kruskal–Wallis one-way

analysis of variance, Mann–Whitney’s U test, Spearman’s

correlation coefficients) (Altman 1991). A value of

p \ 0.05 was regarded as statistically significant (two-

tailed tests).

The flexibility and power of parametric methods were

used to further analyze the material. We used stepwise

multiple regression to find the best subset of variables to

jointly explain the severity of the disease as expressed by

ADAS-cog and MMSE-figures. The p values used to

include of exclude the variables in the stepwise process

were 0.05 and 0.10, respectively. All calculations were

performed using the Statistical Package for the Social

Sciences (SPSS v 18.0).

Results

Median values and ranges of the quotients between metal

concentrations in CSF and plasma are presented in Table 1.

The quotients QMn, QRb, QSb, QPb and QHg were signifi-

cantly lower in subjects with AD (p B 0.003) as compared

with the controls. QCo was the only quotient that was sig-

nificantly higher in subjects with AD (p \ 0.001) as

compared with healthy controls.

When selecting subjects with more severe AD, patients

with ADAS-cog subscale 70 (ADAS-cog 70) C 18 and

APOe4/4 were chosen. This AD subgroup (N = 20)

showed basically the same pattern as for the total material

with significantly lower (p B 0.024) QMn, QRb, QSb, QPb

and QHg than the healthy controls. As for the total material,

this subgroup had a significantly higher (p = 0.003) QCo

than the reference group. The albumin quotient (CSF-

albumin/serum albumin 9 1,000) did not differ signifi-

cantly between subjects with AD or subjects within the AD

subgroup on the one hand and healthy controls on the other

(c.f. Table 1).

Correlation coefficients

To avoid the multicomparison problem, only the quotients

that differed significantly between AD cases and healthy

controls were used for further analyses. The strongest

correlations in the total AD material was observed between

QPb and QMn (rs = 0.30; p \ 0.001), QPb and QSb (rs =

0.27; p \ 0.001) and between QMn and QRb (rs = 0.25;

p \ 0.001). Weaker correlations were observed between

QCo and QSb, QCo and QPb and between QMn and QSb

(rs = 0.13–0.16; p B 0.039). In the AD subgroup, con-

siderably stronger correlation coefficients were observed

between, e.g., QPb and QRb (rs = 0.53; p = 0.018), QPb

and QSb (rs = 0.52; p = 0.019), QMn and QRb (rs = 0.63;

p = 0.003; Fig. 1, R2 linear = 0.26), and QMn and QCo

(rs = 0.58; p = 0.007).

Regression analysis

In a next step, multiple linear regression analyses were

performed with ADAS-cog (70) or MMSE as dependent

variables and with age at time of the study, duration of the
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disease, gender, APOE and metal quotients (QMn, QCo,

QSb, QRb, QHg or QPb) as independent variables. None of

the metal quotients, however, were included in the models.

The outcome was similar when using ADAS-cog (70) or

MMSE as dependent variables. Thus, the metal quotients

investigated did not make a significant contribution to the

model when looking at the severity of the disease.

Discussion

In a previous study (Gerhardsson et al. 2008), the CSF

concentrations of vanadium, manganese, rubidium, anti-

mony, cesium, and lead were significantly lower in subjects

with AD (N = 264; p B 0.007) as compared with the

healthy controls. In analogy with these findings, the cor-

responding quotients between the metal concentrations in

CSF versus plasma of manganese, rubidium, antimony, and

lead, as well as QHg were significantly lower in subjects

with AD as compared with controls. On the other hand, the

Table 1 Background characteristics (median values and ranges) and metal CSF/plasma quotients (median values and ranges) in subjects with

Alzheimer’s disease (AD), in the subgroup with more severe AD (SAD; APOE e4/4 and ADAS-cog 70 C 18) and in healthy controls

Variables AD AD subgroup Healthy controls AD-Ref SAD-Ref

Number 264 20 54

Gender: male/female 85/179 6/14 18/36

Age at time of study (years) 76 (52–87) 72 (56–78) 73 (60–94) p = 0.016 NS

ADAS-cog 70 19 (3–59) 21 (18–59) 5 (1–11) p \ 0.001 p \ 0.001

MMSE 22 (2–30) 22 (6–28) 30 (28–30) p \ 0.001 p \ 0.001

QMg 1.30 (1.02–2.14) 1.34 (1.08–1.66) 1.38 (0.93–1.81) NS NS

QCa 0.52 (0.37–0.74) 0.54 (0.44–0.59) 0.52 (0.35–0.69) NS NS

QMn 0.45 (0.08–1.50) 0.53 (0.20–1.50) 0.69 (0.26–1.87) p \ 0.001 p = 0.015

QFe 0.13 (0.04–0.52) 0.12 (0.05–0.26) 0.14 (0.06–0.38) NS NS

QCo 0.09 (0.02–0.76) 0.10 (0.03–0.51) 0.06 (0.03–0.12) p \ 0.001 p = 0.003

QNi 0.14 (0.00–1.57) 0.12 (0.01–0.49) 0.10 (0.00–1.76) NS NS

QCu 0.01 (0.01–0.11) 0.01 (0.01–0.03) 0.02 (0.01–0.03) NS NS

QZn 0.02 (0.00–0.19) 0.02 (0.01–0.03) 0.02 (0.01–0.20) NS NS

QSe 0.02 (0.00–0.07) 0.03 (0.00–0.07) 0.02 (0.00–0.04) NS NS

QRb 0.23 (0.13–0.35) 0.23 (0.18–0.29) 0.25 (0.16–0.33) p = 0.002 p = 0.016

QSr 0.44 (0.31–0.72) 0.44 (0.37–0.49) 0.45 (0.31–0.65) NS NS

QMo 0.21 (0.04–1.39) 0.21 (0.08–1.39) 0.20 (0.04–0.38) NS NS

QCd 0.02 (0.00–4.04) 0.01 (0.00–3.81) 0.12 (0.00–1.07) NS NS

QSn 0.19 (0.00–1.43) 0.19 (0.01–1.08) 0.26 (0.00–2.69) NS NS

QSb 0.001 (0.00–0.40) 0.001 (\0.001–0.004) 0.002 (0.00–0.04) p = 0.003 p = 0.024

QCs 0.27 (0.01–0.51) 0.27 (0.02–0.35) 0.28 (0.08–0.41) NS NS

QHg 0.36 (0.00–10.50) 0.27 (0.00–0.87) 0.62 (0.20–4.00) p = 0.001 p \ 0.001

QPb 0.27 (0.00–2.40) 0.23 (0.00–2.38) 0.48 (0.00–2.55) p = 0.001 p = 0.004

QAlbumin 7.1 (2.9–28.8) 7.2 (3.0–12.1) 6.3 (2.8–13.2) NS NS

NS non-significant

Fig. 1 The relationship between QMn (quotient cerebrospinal fluid-

Mn/plasma-Mn) and QRb in subjects with more severe AD (APOE e4/

4 and ADAS-cog 70 C 18; N = 20)
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CSF/plasma quotient for cobalt showed an increase in

subjects with AD as compared with healthy controls.

In a next step, subjects with a more severe AD (AD

subgroup) were selected. The pattern of the corresponding

quotients in this subgroup (N = 20), however, was very

similar to the pattern in the total material, with significantly

lower quotients for manganese, rubidium, antimony, lead

and mercury and with a significantly higher quotient for

cobalt (Table 1). This consistency reduces the risk of

making a type I error.

Transporters through the choroidal epithelium for major

essential metals such as calcium, iron, and zinc can also

mediate the transport of non-essential metals (Bressler et al.

2007). One example is the intestinal iron transporter diva-

lent metal transporter 1 that also mediates the uptake of lead

and cadmium. The levels of essential metals are strictly

regulated by these transporters to prevent injuries that could

result from oxidative damage induced by an increased

uptake of, e.g., iron, zinc, and copper (Bressler et al. 2007).

Metals can affect the choroid plexus in different ways.

Metals like mercury and cadmium may directly damage the

choroid plexus. Another point of attack is a selective

choroid plexus toxicant that can impair specific regulatory

pathways that are critical to brain function, e.g., the lead-

induced alteration in transthyretin production and secre-

tion. Thirdly, a sequestered choroid plexus toxicant, such

as iron, silver, or gold, may be sequestered by the choroid

plexus as an essential CNS defense mechanism (Zheng

2001).

Several protective mechanisms at the BCB-level may

prevent an individual from increased exposures to heavy

metals and other toxicants. These gatekeepers may be

subject to harmful attacks from heavy metals, thereby

increasing the risk for metal-induced neurotoxicity. Pre-

sumably, a degradation of these barriers would increase the

influx of potentially toxic metals to the CSF as well as to the

brain. In this study however, only the quotient CSF-Co/P-

Co was significantly higher in of AD subjects as compared

to the healthy controls. The other quotients were of the same

magnitude in AD subjects and healthy controls with the

exception of the quotients for manganese, rubidium, anti-

mony, lead and mercury that were significantly lower

among the cases. This is in accordance with a previous

study (Gerhardsson et al. 2008) showing significantly lower

CSF concentrations of, e.g., manganese, rubidium, anti-

mony, and lead in AD subjects as compared with controls.

The publication of CSF-metal data in literature is lim-

ited. Recently, however, Nischwitz et al. (2008) studied

serum and CSF concentrations of manganese, iron, copper,

zinc, magnesium, and calcium in 29 patients with unspec-

ified neurological complaints, e.g., headache, dizziness, and

sensory symptoms, at a neurology department in München.

The mean CSF–serum metal ratios in their study were 0.7

for Mn, 0.02 for Fe, 0.02 for Cu, 0.03 for Zn, 1.3 for Mg and

0.5 for Ca, which are comparable to the figures in our study.

The findings indicate that the permeability of the BCB

varies considerably for different metals. Copper, zinc and

iron seem to be retained by the barrier to prevent the brain

from excessive exposure. Calcium and magnesium, which

are required in higher amounts for optimal brain function,

seem to pass the BCB easier. Differences in the lipophilicity

of the metals after complex-binding to carriers and specific

carrier mechanisms may explain part of the differences in

metal transports through the BCB. For manganese, the

influx of Mn-compounds seems to be mediated by trans-

porters while the efflux seems to be mediated by diffusion.

Accordingly, repeated and increased Mn exposure may

cause accumulation in the brain of Mn over time (Yokel

2006). Another example is methyl mercury (MeHg), which

can bind to the amino acid cysteine. The MeHg–cysteine

complex is then treated as an amino acid analog, which can

pass the barrier by the L system carrier for neutral amino

acids (Aschner and Clarkson 1988).

The metal concentrations in SCF and plasma in our

control group were of the same magnitude as the values

observed in a reference group that was used in a study by

Forte et al. (2004) comparing metal concentrations of, e.g.,

Ca, Cu, Fe, Mg, Mn, and Zn in CSF and serum in patients

with Parkinson’s disease with the levels in age-matched

controls.

Conclusion

In summary, the CSF/plasma quotients for Mn, Rb, Sb, Pb,

and Hg were significantly lower in subjects with AD as

compared with the healthy controls. The CSF/plasma ratio

for Co was the only quotient that was significantly higher

among the cases. The same pattern was observed in sub-

jects in the subgroup with more severe AD. In this sub-

group, the strongest correlation coefficients were noted

between QPb and QRb, QPb and QSb, QMn and QRb, and QMn

and QCo. Thus, we did not observe an increased leakage of

these metals into CSF with increased duration and/or

severity of AD. In analogy with this finding, the albumin

quotients were of the same magnitude when comparing

subjects with AD or the subgroup with more severe AD

with healthy controls.

Furthermore, the permeability of BCB seems to vary

considerably between the studied metals. Low quotients

were noted for antimony, copper, zinc, selenium, and

cadmium, while higher quotients were observed for, e.g.,

calcium and magnesium. Homeostatic mechanisms for

essential metals, differences in size and lipophilicity of

metal–carrier complexes, and specific carrier mechanisms

can explain some of these differences.
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