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Abstract To test for the prolonged consequences of a

short transient exposure of astrocytes to silver nanoparti-

cles (AgNP), cultured primary astrocytes were incubated

for 4 h in the presence of AgNP and the cell viability as

well as various metabolic parameters were investigated

during a subsequent incubation in AgNP-free medium.

Acute exposure of astrocytes to AgNP led to a concentra-

tion-dependent increase in the specific cellular silver con-

tent to up to 46 nmol/mg protein, but did not compromise

cell viability. During a subsequent incubation of the cells in

AgNP-free medium, the cellular silver content of AgNP-

treated astrocytes remained almost constant for up to

7 days. The cellular presence of AgNP did neither induce

any delayed cell toxicity nor were alterations in cellular

glucose consumption, lactate production or in the cellular

ratio of glutathione to glutathione disulfide observed.

However, Western blot analysis and immunocytochemical

staining revealed that AgNP-treated astrocytes strongly

upregulated the expression of metallothioneins. These

results demonstrate that a prolonged presence of accumu-

lated AgNP does not compromise the viability and the

basal metabolism of cultured astrocytes and suggest that

the upregulation of metallothioneins may help to prevent

silver-mediated toxicity that could be induced by AgNP-

derived silver ions.

Keywords Metabolism � Metallothioneins �
Oxidative stress � Silver � Metal toxicity

Introduction

Nanomaterials have gained large interest in recent years,

since their special characteristics and properties make them

useful for a wide variety of applications [1]. Due to their

antiseptic properties, silver nanoparticles (AgNP) are of

great interest for food products, clothing or electronics as

well as for medical equipment, making silver by far the

most frequently used metal for nano consumer products

[2, 3]. Although the chances of human exposure to silver

derived from AgNP-containing products has dramatically

risen over the last decade, the toxicity of AgNP to mam-

mals and mammalian cells became only recently a matter

of interest [4, 5].

AgNP-exposure has been reported to induce blood-brain

barrier (BBB) inflammation and break down [6–8], sug-

gesting that AgNP can enter the brain. Since astrocytes

cover the blood capillaries almost completely with their

endfeet [9], astrocytes will be the first parenchymal brain

cells that encounter the AgNP that have entered the brain

from the blood. In addition, AgNP and Ag-coated AuNP

were also found in brain after inhalation and transport into

the brain via the olfactory bulb [10, 11]. Although AgNP

have the potential to enter the brain and may affect func-

tions of brain cells, little is known so far on the conse-

quences of an exposure of brain cells to AgNP.

For cultured rat astrocytes we have recently reported

that poly(N-vinylpyrrolidone) (PVP)-coated AgNP do not
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acutely compromise the cell viability although such parti-

cles are efficiently accumulated by the cells, most likely by

endocytotic processes [12]. However, no information is

currently available on the long term consequences of the

presence of AgNP in brain cells and on the fate of such

particles. To address such questions, we have loaded cul-

tured astrocytes with AgNP by a short exposure for 4 h to a

high dose of PVP-coated AgNP. Subsequently, the cells

were washed and incubated for up to 7 days to monitor

potential prolonged consequences of the cellular presence

of AgNP on cell viability, silver content and metabolic

parameters. Here we report that even the presence of large

amounts of accumulated AgNP in cultured astrocytes do

neither compromise cell viability nor alter the glutathione

or glucose metabolism. The strong increase in the cellular

level of metal-binding metallothioneins (MTs) in AgNP-

treated astrocytes suggests that silver ions are released

from the accumulated AgNP, at least in concentrations that

are sufficient to induce MT synthesis. This upregulation of

MTs may contribute to the prolonged resistance of AgNP-

treated astrocytes against silver-induced toxicity.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was from

Gibco (Karlsruhe, Germany), fetal calf serum (FCS) and

penicillin/streptomycin solution were obtained from Bio-

chrom (Berlin, Germany). Bovine serum albumin and

NADH were from Applichem (Darmstadt, Germany).

Argon was obtained from Linde (Hamburg, Germany).

Monoclonal mouse anti-MT (detects both MT1 and MT2)

and polyclonal rabbit anti-glial fibrillary acidic protein

(GFAP) were from Dako (Hamburg, Germany). The

monoclonal mouse anti-a-tubulin, 40,6-diamidino-2-phe-

nylindol hydrochloride (DAPI) and paraformaldehyde were

purchased from Sigma (Steinheim, Germany), the peroxi-

dase-conjugated secondary anti-mouse-IgG, the Cy2-con-

jugated anti-rabbit IgG and the Cy3-conjugated anti-mouse

IgG from Dianova (Hamburg, Germany). All other chem-

icals of the highest purity available were from either Fluka

(Buchs, Switzerland), Merck (Darmstadt, Germany), Baker

(Griesheim, Germany) or Riedel-de Haën (Seelze, Ger-

many). 96-well microtiter plates and 24-well cell culture

plates were obtained from Sarstedt (Nümbrecht, Germany).

Poly(N-vinylpyrrolidone) (PVP)-functionalized silver

nanoparticles were synthesized by reduction of Ag? with

glucose in the presence of PVP as previously described [12,

13]. The purified spherical AgNP had an average hydro-

dynamic diameter of 75 ± 20 nm [12]. The given con-

centration of PVP-coated AgNP refers to the amount of

total silver contained in the particles applied and not to the

number of particles.

Cell Cultures

Astroglia-rich primary cultures derived from the whole

brains of neonatal Wistar rats were prepared according to a

published method [14]. Per well of 24-well dishes, 300,000

viable cells were seeded in 1 mL culture medium (90 %

DMEM, 10 % FCS, 20 U/mL penicillin G and 20 lg/mL

streptomycin sulphate). The cultures were maintained in a

cell incubator (Sanyo, Osaka, Japan) that contained a

humidified atmosphere of 10 % CO2/90 % air. The culture

medium was renewed every seventh day and the cultures

were used for experiments at a culture age of 14 to 23 days.

Experimental Incubation

The cultures were exposed for 4 h without (control) or with

AgNP in concentrations that corresponded to 10, 30 or

100 lM silver in 500 lL culture medium. After 4 h of

incubation, the medium was removed and the cells were

washed once with AgNP-free culture medium. Subsequently,

the cells were incubated for further 20, 68 and 164 h in 1 mL

culture medium for total incubation periods of 1, 3 and

7 days, respectively. Experiments were terminated by har-

vesting the media and by washing the cells twice with 1 mL

each of phosphate-buffered saline (PBS, 10 mM potassium

phosphate buffer pH 7.4 containing 150 mM NaCl).

Determination of Cell Viability and Protein Content

The viability of cells was determined by quantification of

the cellular and the extracellular activities of the cytosolic

enzyme lactate dehydrogenase (LDH) as previously

described [15]. Extracellular LDH activity is presented as

percentage of the total LDH activity (sum of cellular plus

extracellular LDH activity). A compromised viability of

astrocytes is reflected by an increase in extracellular LDH

activity. The presence of 100 lM silver in form of AgNP

did not alter the amounts of detectable LDH activity in cell

lysates of cultured astrocytes (data not shown), excluding

the possibility that LDH released from damaged cells

would not be detectable due to inactivation of LDH by

AgNP. The protein content of the cultures was determined

according to the Lowry method [16] using bovine serum

albumin as a standard protein, after solubilisation of the

cells in 400 lL of 50 mM NaOH.

Silver Measurements

The silver contents of cell lysates and media were mea-

sured as described recently [12]. Briefly, 100 lL of the
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lysate or media samples were incubated with 11 lL of

56 mM FeCl3 and 111 lL of a 1:1 mixture of 35 % H2O2

and 65 % HNO3 (suprapur) at 65 �C for 60 min and dried

at 85 �C overnight. The dry residues were dissolved in 1 %

HNO3, and the silver content of this solution was quantified

by graphite furnace atomic absorption spectroscopy using a

Varian (Darmstadt, Germany) AA-240Z spectrophotometer

and a Varian GTA-120 graphite tube atomizer equipped

with a Varian PSD-120 programmable sample dispenser.

The Varian SpectrAA 5.01 software was employed to

control the instruments and data analysis.

Determination of Glutathione, Lactate, Glucose

and Reactive Oxygen Species

The contents of total glutathione (GSx: amount of gluta-

thione (GSH) plus two times amount of glutathione disul-

fide (GSSG)) and GSSG in cell lysates were determined by

the colorimetric Tietze assay in microtiter plates as

described previously [17]. For all conditions used, the

cellular GSSG levels were in the range of the detection

limit of the assay used. The extracellular contents of glu-

cose and lactate were determined by enzymatic assays as

previously described [18]. Intracellular reactive oxygen

species were detected by a modification of a recently

published method [19]. Briefly, after a given incubation the

cells were washed once with incubation buffer (IB: 20 mM

HEPES, 145 mM NaCl, 1.8 mM CaCl2, 5.4 mM KCl,

1 mM MgCl2, 5 mM glucose, adjusted to pH 7.4) at 37 �C

and incubated for 45 min with 0.5 mL IB containing 5 lg/

mL dihydrorhodamine 123 and 10 lM H33342. After

washing two times with IB the cells were analyzed for

fluorescence.

Western Blot Analysis

For immunoblot analysis, the cells in wells of 24-well

dishes were lysed in 80 lL loading buffer (62.4 mM Tris/

HCl, pH 6.8, 2 % (w/v) sodium dodecyl sulphate, 10 % (w/v)

glycerol, 0.01 % (w/v) bromphenolblue, 4 mM dithiothre-

itol) and lysates of three wells per condition were pooled.

After boiling the lysates for 10 min, they were incubated

for 15 min at 50 �C with 12.5 mM iodoacetamide to mask

sulfhydryl groups. Per lane of a 15 % polyacrylamide gel,

25 lg lysate protein were separated and electroblotted

onto a nitrocellulose membrane (GE Healthcare, Munich,

Germany) as previously described [19]. After washing the

membranes with TBS-T (10 mM Tris/HCl, 150 mM NaCl,

0.1 % (v/v) Tween�20, pH 7.3), the unspecific binding

sites on the membrane were blocked with 5 % milk powder

in TBS-T. The blocked membranes were incubated at 4 �C

overnight with the monoclonal anti-MT antibody (1:500 in

TBS-T) or with the anti-a-tubulin antibody (1:5000 in

TBS-T) on a roller shaker (IDL, Nidderau, Germany). The

membranes were washed thrice for 15 min intervals with

TBS-T and subsequently incubated for 1 h at room tem-

perature (RT) with anti-mouse-IgG peroxidase (1:20,000 in

TBS-T/milk powder). After three additional washing steps,

the membranes were developed with the Amersham ECL

Western blotting detection kit (GE Healthcare). The signals

for iodoacetamide-derivatised MTs and a-tubulin were

obtained at the expected molecular masses of around 12

and 55 kDa, respectively.

Immunocytochemical Staining

Cells grown on coverslips that had been pre-treated without

or with AgNP were washed twice with ice-cold PBS and

fixed with 3.5 % (w/v) paraformaldehyde for 10 min at

4 �C. If not stated otherwise, the cells were washed thrice

(5 min each) with PBS between the different steps of the

staining procedure. Fixed cells were incubated with 0.1 %

(w/v) glycine in PBS for 5 min at RT, directly followed by

permeabilisation of the membrane with 0.3 % Triton

X-100 for 10 min at RT. Incubation of the cells with anti-

MT (1:100 diluted in PBS) and anti-GFAP (1:200 diluted

in PBS) was carried out for 2 h at RT in a humidified

atmosphere, followed by an incubation with the secondary

Cy2- and Cy3-coupled antibodies (1:200 diluted in PBS)

for 30 min at RT. For visualization of the nuclei, the cells

were treated with DAPI (1 lg/mL in PBS) for 5 min at RT.

Prior to mounting the coverslips in DPX mounting media,

an ethanol gradient of 70, 90 and 100 % in 1 min intervals

was applied. The fluorescent signals were documented

using the Eclipse TS2000U microscope (Nikon, Düssel-

dorf, Germany).

Presentation of Data

The data are presented as means ± SD of values from at

least three experiments that were performed on indepen-

dently prepared cultures, if not stated otherwise. Analysis

of significance of the differences between groups of data

was performed by ANOVA followed by the Dunnetts’

post-hoc test. The significance of differences between two

sets of data was analyzed by the t-test. p [ 0.05 was

considered as not significant.

Results

Loading of Cultured Astrocytes with AgNP

To study the long-time consequences of the cellular pres-

ence of AgNP, astrocyte cultures were loaded for 4 h with

AgNP by application of different concentrations of the
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particles. During this loading phase, the viability of the

cells was not compromised as indicated by the absence of

any significant increase in the extracellular LDH activity

and by the absence of any significant loss of cellular LDH

or protein (Table 1). Exposure of astrocytes for 4 h to

AgNP caused a concentration-dependent significant

increase in the total and in the specific cellular silver

contents (Table 1). While no silver was detectable for

untreated astrocytes (data not shown) or cultures that had

been incubated without AgNP, an exposure for 4 h to 10,

30 and 100 lM silver as AgNP increased the specific

cellular silver contents to 5.5 ± 1.7, 13.8 ± 1.2 and

46.4 ± 3.6 nmol/mg, respectively (Table 1). Compared

with controls (absence of AgNP), this loading with AgNP

did neither alter the specific cellular contents of GSx and

GSSG nor the amount of lactate released (Table 1).

After loading the astrocytes for 4 h with AgNP, the cells

were washed and incubated for up to 7 days in AgNP-free

culture medium. In the following paragraphs we compare

data obtained for AgNP-loaded cells with those obtained

for control cells that had been incubated during the loading

phase without AgNP.

Cell Viability and Glucose Metabolism of AgNP-

Loaded Astrocytes

The viability of astrocytes that had been pre-incubated with

AgNP in concentrations of up to 100 lM was not substan-

tially compromised during a main incubation of up to 7 days,

as indicated by the absence of any increase in extracellular

LDH activity (Fig. 1a) and by the almost identical cellular

protein contents per well (Fig. 1b) of AgNP-treated and

control cells. For all conditions, the protein content of the

cultures increased by around 25 % during the 7 days incu-

bation in culture medium (Fig. 1b). Furthermore, the ability

of AgNP-treated cells to consume glucose (Fig. 1c) and to

produce and release lactate (Fig. 1d) did not differ between

control cells and astrocytes that had been exposed to AgNP.

For all conditions applied, the cells consumed within the

7 days of incubation about 13 mM glucose and released

around 15 mM lactate (Fig. 1c, d).

Test for Glutathione Oxidation and ROS Formation

in AgNP-Loaded Astrocytes

The exposure of astrocytes to AgNP during the 4 h loading

phase caused neither any acute alteration in the specific

cellular GSx content nor increased the ratio of GSSG to

GSH (Table 1). The subsequent incubation in fresh culture

medium for 20 h following the loading phase increased the

cellular GSx contents by about 40 % to values of around

45 nmol/mg protein, irrespective of the absence or pres-

ence of AgNP during the loading period (Fig. 1e), most

likely due to the availability of an excess of amino acid

precursors for GSH synthesis. This increase in cellular GSx

was transient and the specific cellular GSx contents

decreased to less than 30 nmol/mg during longer incuba-

tion times (Fig. 1e). For all conditions and time points

investigated, the GSx contents of the AgNP-treated cul-

tures were not significantly different to those of control

cells (loading period without AgNP) (Fig. 1e) and the

specific cellular GSSG contents remained below 0.9 nmol

GSx/mg (Fig. 1f). In addition, for none of the conditions an

obvious increase in the levels of cellular ROS was

observed (data not shown).

AgNP and Silver in Cells and Media

Specific cellular silver contents of about 6, 14 and 46 nmol/

mg protein were established by loading astrocytes for 4 h

Table 1 Consequences of an acute exposure of astrocytes with AgNP

AgNP applied for 4 h

0 lM 10 lM 30 lM 100 lM

Extracellular LDH activity (% of total) 4 ± 3 4 ± 3 5 ± 4 2 ± 1

Cellular LDH activity (% of total) 96 ± 3 96 ± 3 95 ± 4 98 ± 1

Protein content (lg/well) 137 ± 7 132 ± 20 132 ± 10 134 ± 8

Silver content (nmol/well) ND 0.7 ± 0.1** 1.8 ± 0.0** 6.2 ± 0.1**

Specific silver content (nmol/mg) ND 5.5 ± 1.7* 13.8 ± 1.2** 46.4 ± 3.6**

GSx content (nmol/mg) 32.7 ± 2.2 35.5 ± 3.1 36.2 ± 5.0 32.0 ± 5.3

GSSG content (nmol GSx/mg) 0.6 ± 0.5 0.6 ± 0.4 0.7 ± 0.2 0.6 ± 0.2

Extracellular [lactate] (mM) 2.1 ± 0.2 2.1 ± 0.3 2.0 ± 0.2 2.2 ± 0.2

ND not detectable

The cells were incubated for 4 h without (0 lM) or with 10, 30 or 100 lM silver applied as AgNP and the indicated parameters were measured.

The data represent mean values ± SD of 3–4 experiments performed on independently prepared cultures. Indicated are the significances of

differences between values obtained for cells cultured for 4 h without (0 lM) and with AgNP (*p \ 0.05; **p \ 0.01)
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with different concentrations of AgNP (Table 1). The

cellular silver contents remained almost constant during the

following 7 days incubation period (Fig. 2a). At best a low

decline in cellular silver content was observed for some

conditions (Fig. 2a) that was accompanied by a slight but

not significant increase in extracellular silver (Fig. 2b). The

sum of cellular plus extracellular silver remained almost

constant throughout the total incubation period of up to

7 days (Fig. 2c).

Expression of Metallothioneins in AgNP-Treated

Astrocytes

MTs are metal binding proteins that are upregulated in cells

to prevent metal induced toxicity [20, 21]. To test whether

the expression of MTs in astrocytes is altered upon

exposure of the cells to AgNP, the amount of MTs was

determined by Western blot analysis and immunocyto-

chemical staining. Untreated cells and control cultures

(loading period without AgNP) that had been incubated for

up to 7 days contained only low levels of MTs (Fig. 3). In

contrast, the MT content in astrocytes that had been tran-

siently exposed to AgNP increased strongly with time after

removal of the AgNP (Fig. 3a). Semi-quantitative analysis

of the signal intensities revealed that a short 4 h loading

period with AgNP caused a delayed but significant increase

in the MT signal after a prolonged incubation for 3 and

7 days (Fig. 3b). These findings were confirmed by

immunocytochemical staining of cultured astrocytes for

MTs. While control cultures that had been incubated in the

absence of AgNP showed only a weak MT staining

(Fig. 4a), the fluorescence signal for MTs was strongly

a b

c d

e f

Fig. 1 Viability and

metabolism of AgNP-loaded

cultured astrocytes. The cells

were incubated during a 4 h

loading phase without (0 lM)

or with 10, 30 or 100 lM silver

as AgNP and further cultured in

AgNP-free medium for up to

7 days. At the indicated time

points, samples were collected

to determine the extracellular

LDH activity (a), the protein

content per well (b), the

extracellular glucose

concentration (c), the

extracellular lactate

concentration (d) and the

specific cellular GSx (e) and

GSSG contents (f). The initial

protein content was

137 ± 10 lg per well, and the

initial glucose and lactate

concentrations of the serum-

containing culture medium were

29.0 ± 1.0 and 0.37 ± 0.0 mM,

respectively. The initial GSx

and GSSG contents of untreated

cells (time point 0 h) were

26.4 ± 1.6 and 0.8 ± 0.5 nmol/

mg protein, respectively. The

values obtained for controls and

AgNP-treated cells were not

significantly different

(p [ 0.05)
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increased in cultures that had been incubated for 3 days

after AgNP-loading (Fig. 4d), with most of the MT-posi-

tive cells also being positive for the astrocytic marker

protein GFAP (Fig. 4e).

Discussion

To investigate the long-time consequences of a short

exposure of cultured astrocytes to AgNP, the cells were

loaded for 4 h with PVP-coated AgNP. This treatment

increased the specific cellular silver content of viable

astrocytes in a concentration-dependent manner due to

endocytotic accumulation of AgNP by astrocytes [12]. An

acute exposure of astrocytes to up to 100 lM PVP-AgNP

compromised neither the cell viability nor the glycolytic

production of lactate by the cells, confirming the reported

resistance of cultured primary astrocytes towards the acute

toxicity of PVP-coated AgNP for up to 24 h [12]. How-

ever, this resistance contrasts recent data that report tox-

icity of secondary astrocyte cultures after a 24 h exposure

to peptide-coated AgNP [22]. The most likely reason for

the discrepancy in the observed toxic potential of AgNP to

astrocytes is the use of AgNP with different coatings

because nanoparticle toxicity strongly depends on the

coating of the particles [23].

Long-time consequences of the presence of large

amounts of AgNP in astrocytes have not been reported so

far to the best of our knowledge. The viability of AgNP-

containing astrocytes was not compromised even during

the prolonged incubation period of up to 7 days, as dem-

onstrated by the absence of any increase in extracellular

LDH activity and by the unaltered glucose consumption

and lactate production compared with control cells. In

addition, AgNP-treated astrocytes showed neither an

increase in the cellular GSSG content nor an accelerated

a b c

Fig. 2 Silver contents in AgNP-loaded astrocytes. The cells were

incubated for 4 h in the absence (0 lM) or presence of 10, 30 or

100 lM silver as AgNP and further cultured in AgNP-free medium

for up to 7 days. At the indicated time points, the silver contents in

cells (a) and media (b) were determined. c Shows the sum of cellular

plus extracellular silver contents. (*p \ 0.05; **p \ 0.01)

Fig. 3 Western Blot analysis for the presence of metallothioneins in

cultured astrocytes. The cells were treated without or with 100 lM

silver as AgNP for 4 h at 37 �C and further cultured in AgNP-free

medium for up to 7 days. Lysates were analysed for the presence of

MTs and a-tubulin. a Shows a representative Western blot. b Gives

the semi-quantitative analysis of values obtained in 4 independent

experiments for the ratio of signal intensities observed for MTs and

a-tubulin that have been normalized on the values obtained for

samples of untreated astrocytes
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ROS production, demonstrating that AgNP-containing

astrocytes do not suffer from substantial oxidative stress

during prolonged incubation. This contrasts reports which

describe the occurrence of oxidative stress in several

AgNP-treated cell types [24–27] including secondary

astrocytes that had been exposed for 24 h with peptide-

coated AgNP [22]. However, also primary rat astrocytes

that had been loaded with iron oxide nanoparticles did not

show any compromised viability nor an increase in the

cellular GSSG levels during a prolonged incubation of up

to 7 d (data not shown). Primary astrocytes are known to

contain a prominent antioxidative defence system [28]

which may prevent the cellular accumulation of ROS to

detectable amounts in PVP-AgNP-treated astrocyte cul-

tures. The high resistance of primary astrocytes compared

with other cell types against toxicity induced by metal ions

and metal-containing nanoparticles appears to be a special

feature of primary astrocytes as previously shown for iron

and silver in low molecular weight and nanoparticle form

[12, 29, 30]. Astrocytes are able to upregulate metal

binding proteins such as the iron storage protein ferritin

[31, 32] and MTs [20, 21, 33–35], which will help to

prevent metal-induced toxicity by binding and/or storing

low molecular weight metal ions in non-toxic form. In

addition, the synthesis of stress proteins such as heme

oxygenase 1, which has recently been reported to be

upregulated in AgNP-treated astrocytes [22], may also

contribute to the protection of cultured astrocytes against

potential toxic consequences of the cellular presence of

metal ions and metal-containing nanoparticles.

After incubation of AgNP-loaded cells in AgNP-free

medium, the specific cellular silver content of the AgNP-

loaded cells remained almost constant, demonstrating that

cultured astrocytes do not efficiently export AgNP or

AgNP-derived silver. The slight decrease in the silver

contents of AgNP-treated cells and the slight increase in

extracellular silver contents during the incubation is most

likely caused by desorption of AgNP that had extracellu-

larly adsorbed to the cell membranes during the loading

period and accounts for around 20 % of the cellular silver

content of AgNP-treated astrocytes [12].

As silver ions in high concentrations are toxic for

astrocytes [12], the absence of any obvious delayed toxicity

in AgNP-treated astrocytes suggests that these cells do

either not liberate toxic amounts of silver ions from the

accumulated PVP-AgNP and/or that AgNP-derived silver

Fig. 4 Immunocytochemical staining for metallothioneins in astro-

cyte cultures. The cells had been incubated for 4 h without (control)

or with 100 lM AgNP and subsequently cultured in AgNP-free

medium for 3 days. The figure shows representative pictures of the

immunocytochemical staining for MTs (a, d), GFAP (b, e) and DAPI

staining of the cell nuclei (c, f). The scale bar in (a) represents 50 lm

and applies to all panels
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ions are stored in non-toxic form. At least some liberation

of silver ions from the accumulated AgNP is highly likely

due to the observed upregulation of MTs during prolonged

incubation of AgNP-loaded astrocytes. MT upregulation

has previously been described for astrocytes after treatment

with zinc, copper, mercury or cadmium salts [20, 33, 35] as

well as for cell lines of peripheral origin after exposure to

AgNP [36–38]. The molecular mechanisms how AgNP-

derived silver ions induce the upregulation of MTs in

astrocytes remains to be elucidated. An activation of the

metal regulatory transcription factor 1 (MTF-1) by zinc

ions [39], which binds to metal response elements in the

promoter region of the MT genes [40] could trigger MT

synthesis [40, 41] in AgNP-treated astrocytes. Since silver

ions have a much higher affinity to MTs than zinc ions

[42], they are likely to liberate MT-bound zinc which

subsequently could promote the upregulation of MT

expression as described for fibroblasts where silver leads to

zinc release from MTs [43]. Alternatively, an oxidative

stress-induced activation of MT expression by binding of

the transcription factor Nrf1 to the antioxidative response

elements within the MT genes [44, 45] could be involved

in the upregulation of MT synthesis in AgNP-treated

astrocytes. A silver-induced liberation of zinc ions from

zinc-containing proteins could lead to a zinc-induced oxi-

dative stress, similar to that observed for zinc-treated cul-

tured astrocytes [46]. However, for significant increases in

the cellular levels of ROS and GSSG the cells had to be

exposed to zinc concentrations of at least 150 lM [46].

Since no increases in cellular ROS production or in the

cellular GSSG content were observed for AgNP-treated

astrocytes, an involvement of MTF-1 appears to be more

likely than that of Nrf1 in the observed upregulation of

MTs.

In conclusion, the persistent presence of large amounts

of silver in cultured primary astrocytes after treatment with

PVP-AgNP does neither compromise cell viability nor

induce oxidative stress or alters cell metabolism. However,

the delayed upregulation of MTs in AgNP-treated astro-

cytes suggests that some silver was released from the

accumulated AgNP during prolonged incubation, at least in

amounts that induced an upregulation of MTs. The increase

in cellular MT levels will improve the capacity of the cells

to scavenge AgNP-derived silver ions and is likely to

contribute to the prolonged resistance of cultured astro-

cytes against potential toxicity of AgNP. This hypothesis

should be studied by comparing the consequences of an

AgNP-treatment of astrocyte cultures derived from the

brains of wild type and MT1/2-deficient mice [47].

Assuming that the data obtained for cultured astrocytes

reflect the properties of astrocytes in vivo, the observed

efficient accumulation of AgNP by astrocytes and the

upregulation of MTs to bind AgNP-derived silver ions are

likely to enable astrocytes to prevent neurotoxic conse-

quences of AgNP that have entered the brain. Such a

protective function against AgNP-induced toxicity is con-

sistent with the view that astrocytes act as sink for poten-

tially toxic metals in brain [48–50].
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