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Abstract: The physicochemical properties of superparamagnetic iron oxide nanoparticles 

(SPIOs) enable their application in the diagnostics and therapy of central nervous system dis-

eases. However, since crucial information regarding side effects of particle–cell interactions 

within the central nervous system is still lacking, we investigated the influence of novel very 

small iron oxide particles or the clinically approved ferucarbotran or ferumoxytol on the vitality 

and morphology of brain cells. We exposed primary cell cultures of microglia and hippocampal 

neurons, as well as neuron–glia cocultures to varying concentrations of SPIOs for 6 and/or 

24 hours, respectively. Here, we show that SPIO accumulation by microglia and subsequent 

morphological alterations strongly depend on the respective nanoparticle type. Microglial viabil-

ity was severely compromised by high SPIO concentrations, except in the case of ferumoxytol. 

While ferumoxytol did not cause immediate microglial death, it induced severe morphological 

alterations and increased degeneration of primary neurons. Additionally, primary neurons clearly 

degenerated after very small iron oxide particle and ferucarbotran exposure. In neuron–glia 

cocultures, SPIOs rather stimulated the outgrowth of neuronal processes in a concentration- and 

particle-dependent manner. We conclude that the influence of SPIOs on brain cells not only 

depends on the particle type but also on the physiological system they are applied to.

Keywords: microglia, hippocampal neurons, degeneration, morphology, nanoparticles

Introduction
The number of products engineered using nanotechnology for such applications as 

biomedicine, pharmaceutics, cosmetics, and electronics is continually increasing, 

which consequently leads to increasing exposure of the environment and humans 

to nanoscale materials.1 Cellular accumulation of nanoparticles, especially of those 

that have been designed for systemic injections, has unpredictable consequences on 

human health.

Superparamagnetic iron oxide nanoparticles (SPIOs) as contrast agents in mag-

netic resonance imaging (MRI) have proved to be promising tools for visualizing 

pathological processes.2,3 SPIOs have been optimized to label single cells in vitro and 

subsequently to visualize tissue alterations or disease progression in vivo.4–7 In addi-

tion, SPIOs serve as carriers for targeted drug delivery or in cancer treatment with 

magnetic hyperthermia.8–10 However, the application of nanoparticles, in particular 

under disease conditions, raises the important question of how they may potentially 

cause adverse effects or influence the cell vitality after entering the central nervous 

system (CNS). For instance, in MRI pilot studies for imaging inflammatory processes 

within the human brain, the SPIO ferumoxytol was injected in very high doses of 
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cells, they can potentially induce neurotoxicity. However, 

conclusive information regarding side effects of particle 

accumulations on primary brain cells is still lacking.

We investigated the effects of SPIO exposure on murine 

primary microglia and hippocampal neurons, as well as on 

neuron–glia cocultures. We systematically explored the 

exposure effects of the novel very small iron oxide particles 

(VSOPs), as well as the clinically approved MRI contrast 

agents ferucarbotran and ferumoxytol.36,37 VSOPs have 

been tested in Phase II trials.38,39 We first investigated the 

impact of these SPIOs, which differ in surface coating and 

size, on microglial morphology, particle accumulation, and 

viability. Secondly, we analyzed the morphology and vital-

ity of neurons from primary cultures, and finally of neurons 

from neuron–glia cocultures. We were able to show that 

influences of SPIOs strongly depend on the particle type, 

their concentration and exposure time, and furthermore on 

the respective cell type and cell-culture system.

Materials and methods
animals
Pregnant and postnatal C57BL/6 mice were obtained from 

our central animal facility and kept under standard laboratory 

conditions (12-hour light/dark cycle, 55%±15% humidity, 

22°C±1.5°C room temperature [RT], and water ad libitum; 

enriched and grouped). All experimental procedures were 

carried out in accordance with the German Animal Welfare 

Act and European guidelines (2010/63/EU) for the use of 

laboratory animals, and were approved by the local regula-

tory authority of Berlin (LAGeSo: T0095/11).

Iron oxide nanoparticles
VSOPs were synthesized by the Charité Institute of Radiol-

ogy, and consisted of monocrystalline iron oxide cores of 

magnetite (Fe
3
O

4
) and maghemite (γ-Fe

2
O

3
) coated with 

a monomeric citrate layer. We applied two types of these 

nanoparticles: VSOP-R1, with a diameter of 6.5–7.5 nm, 

comparable to VSOP-C184, and VSOP-R2, with a diam-

eter of 7.5–8.7 nm, comparable to VSOP-C200.40,41 These 

VSOPs have already been tested in human clinical trials 

up to Phase II.38,39 Detailed information about the respec-

tive physicochemical properties is listed in Table 1. For 

synthesis, 14 g ferrous chloride tetrahydrate and 28 g ferric 

chloride hexahydrate were dissolved in 0.4 M hydrochloric 

acid and then mixed with 310 mL 1.5 M sodium hydroxide. 

This mixture was stirred for 30 minutes, and then 22 g (for 

VSOP-R1) or 18 g (for VSOP-R2) citric acid monohydrate 

was added. After a further 30 minutes’ stirring at 75°C, the 

2–10 mg/kg body weight, to achieve a high signal-to-noise 

ratio. Consequently, ferumoxytol was still detectable after 

5 days of initial administration by MRI. Even at 19 days 

postinjection, Prussian blue staining of the inflamed resected 

tissue still revealed iron-positive cells.11,12

In neurological diseases with a functionally impaired 

or disrupted blood–brain barrier, such as traumatic brain 

injury or multiple sclerosis, the permeation of SPIO-based 

contrast agents used for diagnostics is facilitated. There-

fore, nanometer-size particles can easily be taken up by 

phagocytic cells or interact with the extracellular matrix 

and neuronal network.13–15 Furthermore, the respective sur-

face charges of SPIOs determine their pharmacokinetic and 

physicochemical properties, and could consequently induce 

particle interactions with the blood–brain barrier and affect 

its integrity.16,17

In the CNS, 10% of the total glial cell population is com-

prised of resident and highly phagocytic microglial cells that 

play a pivotal role in innate immune reaction. Microglia in the 

so-called resting state exhibit a ramified morphology, and by 

rapidly extending their processes, survey the local microen-

vironment to maintain homeostasis. In various neuropatho-

logical events, eg, infection, stroke, or neurodegeneration, 

microglial cells become activated and undergo a transforma-

tion from a ramified to an amoeboid morphology.18–20 SPIOs 

are taken up by activated microglia in primary and mixed 

cell cultures in a time-, concentration-, and temperature-

dependent manner.21,22 This raises the possibility of sustained 

microglial activation that can prove to be severely disrup-

tive to neural function.23–25 Interestingly, other studies have 

demonstrated that cellular reactions critically depend on 

the respective particle properties, including composition, 

size, and biocompatibility.26–28 Indeed, larger hydrodynamic 

diameters and larger surfaces with high surface-to-volume 

ratios cause increased reactivity of SPIOs with surrounding 

tissue or hamper cellular particle uptake, which is favored 

for MRI of certain cell types or targets.29–31 Fundamental for 

inducing cytotoxicity is the process of nanoparticle degrada-

tion. The release of free iron ions affects distinct subcellular 

processes – eg, it can enforce mitochondrial dysfunction 

through the production of reactive oxygen species – but can 

also promote neurite outgrowth under stimulus conditions.32,33 

Iron deposits in activated microglia have also been found to 

be a notable feature in neurodegenerative diseases, including 

multiple sclerosis and Alzheimer’s and Parkinson’s disease, 

leading to homeostatic imbalance and even cell death.32,34,35 

The use of SPIOs as contrast agents in MRI is especially 

critical, because whether or not particles interact with brain 
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mixture was cooled to RT and magnetically separated. Super-

natant was withdrawn and sediment resuspended in Milli-Q® 

water, acidified with monosodium citrate ( pH 5), and then 

ultrafiltrated (30 kD). Iron concentration was adjusted to 0.5 

M, and the final batch was heat-sterilized for 10 minutes at 

100°C, resulting in a stable dispersion containing 60 g/L 

mannitol. The VSOPs were about three times smaller than 

the ultrasmall particles described in the following.

The ultrasmall SPIOs used were ferucarbotran (Reso-

vist®; Bayer Schering Pharma, Germany) and ferumoxytol 

(Feraheme®; AMAG Pharmaceuticals, USA). Detailed 

information regarding the synthesis and characterization of 

ferucarbotran is described by Reimer and Balzer36 and of 

ferumoxytol by Balakrishnan et al.42 Briefly, ferucarbotran 

is a carboxydextran-coated SPIO (27–35 mg/mL with an 

iron-to-carboxydextran ratio of 1:1) composed of 0.5 mol 

Fe/L, including 40 mg/mL mannitol and 2 mg/mL lactic 

acid, adjusted to a pH of 6.5. The overall hydrodynamic 

diameter of ferucarbotran is around 60 nm. Iron oxide cores 

of ferumoxytol are coated with carboxymethyldextran (poly-

glucose sorbitol carboxymethyl ether), exhibiting an overall 

hydrodynamic diameter of 30 nm.

Preparation of primary cell cultures 
and neuron–glia cocultures
Preparations of primary microglial cultures were performed 

as described previously.43 The isolated glial cell popula-

tion consisted of astrocytes and microglia that attached 

to and grew on the coated surface of the culture flasks in 

the incubator for 8–10 days in vitro (DIV) until microglia 

detached from the feeder layer of confluent astrocytes. 

Subsequently, primary microglial cells were harvested and 

seeded at densities of 2×105 cells per well in 12-well plates 

containing poly-l-lysine-coated glass coverslips in 1 mL of 

Dulbecco’s Modified Eagle’s Medium (Gibco®; Life Tech-

nologies, Germany), supplemented with 10% fetal calf serum 

(FCS), 100 U/mL penicillin, 100 μg/mL streptomycin (Pan-

Biotech, Germany), and 0.1% of 50 mM 2-mercaptoethanol. 

Microglia were maintained at 37°C in 5% CO
2
 for 24 hours 

prior to the start of experiments.

Primary astrocytes for neuron–glia cocultures were 

prepared from C57BL/6 mice at postnatal days 0–2. After 

isolation, primary astrocytes were seeded at densities of 

5×104 cells per well in poly-l-lysine-coated six-well plates 

and maintained for 11 DIV until primary hippocampal neu-

rons on poly-l-lysine-coated coverslips were transferred to 

establish neuron–glia cocultures.

Hippocampal neurons for primary cultures and neuron–

glia cocultures were prepared from C57BL/6 mice at 

embryonic day 18 as described previously.43 For primary 

neuronal cultures, neurons were seeded at densities of 8×104 

neurons per well in 12-well plates containing poly-l-lysine-

coated glass coverslips and maintained at 37°C and 5% CO
2
 

for 10 DIV. For neuron–glia cocultures, primary neurons on 

glass coverslips were transferred to astrocyte cultures on the 

same day of preparation by placing them upside down on the 

plated astrocytes and keeping them in culture for 10 DIV. 

Detailed information about cell preparation is given in the 

Supplementary materials.

Quantitative real-time PCR of  
neuron–glia cocultures
The identity and purity of primary cells were analyzed by 

quantitative real-time polymerase chain reaction (qRT-

PCR) with neuron-specific class III β-tubulin (Tuj1) 

determining neuronal origin, glial fibrillary acidic pro-

tein (GFAP) as a marker for astrocytes, and the ionized 

calcium-binding adaptor molecule 1 (Iba1) as a marker for 

microglial cells (Figure S1).44 Detailed information about 

the qRT-PCR procedure is given in the Supplementary 

materials.

SPIO-exposure conditions in cell cultures
VSOP-R1, VSOP-R2, ferucarbotran, or ferumoxytol were 

added to well plates of primary microglia, primary hippocam-

pal neurons, and neuron–glia cocultures in 1 mL culture 

medium per well, yielding final particle concentrations of 

0.5 mM, 1.5 mM, or 3.0 mM, respectively. Microglial cells 

were incubated with SPIOs at 8–9 DIV for 6 or 24 hours, 

respectively. Primary neurons and neuron–glia cocultures 

were incubated for 24 hours at 9 DIV.

Well plates of all cell-culture models included wells with 

respective numbers of cells that were not treated with SPIOs 

serving as negative controls (referred to in figures and tables 

as “control”). For primary microglial cultures, well plates 

additionally contained wells with microglia that were not 

Table 1 Physicochemical properties of VsOPs

Physicochemical properties VSOP-R1 VSOP-R2

Iron content 26.4 g/L 27.2 g/L
citric acid:iron 12.43% 12.28%
relativity (0.94 T) r1 =18.3; 

r2 =41.9
r1 =18.9; 
r2 =56.1

hydrodynamic diameter 6.5–7.5 nm 7.5–8.7 nm

Notes: The physicochemical properties of novel VSOP-R1 and VSOP-R2 are shown 
in comparison. Both nanoparticles were synthesized by the Institute of Radiology of 
the Charité-Universitaetsmedizin Berlin.
Abbreviation: VsOPs, very small iron oxide particles.
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treated with SPIOs but stressed with 0.1% glutaraldehyde 

(dilution of 25% glutaraldehyde; Sigma-Aldrich, Germany) 

to serve as positive controls for propidium iodide (PI) stain-

ing and quantification.

Determination of microglial cell viability
The viability of primary microglia in terms of cell-membrane 

integrity following SPIO exposure was assessed using PI 

staining (Carl Roth, Germany). As PI only perforates cells 

upon membrane damage and intercalates into nucleic acids,45 

the increase in numbers of PI-positive cells reflects the loss 

of microglial viability. Primary microglia in densities of 

2×105 cells per well were incubated with 500 μg/mL of PI for 

30 minutes at 37°C. The fluorescent emission of PI at 630 nm 

was captured with an F-View II digital camera using Cell-

Sens Dimension software (version 1.4.1 XV 3.4, build 8624; 

Olympus, Germany) and an inverted fluorescence microscope 

(objective UPLFLN 10×/0.30 PH1; Olympus IX81). Four 

images per exposure condition, including positive and nega-

tive controls, were acquired from four different regions of the 

respective wells. The number of PI-positive microglia was 

quantified using the Image-Based Tool for Counting Nuclei 

plug-in in ImageJ software (National Institutes of Health, 

USA). From four corresponding images, PI values were aver-

aged, values of negative controls were subtracted, and results 

were normalized to PI values of positive controls. PI-staining 

and fluorescence measurements for the 6-hour exposure 

condition were performed on five independently prepared 

primary microglial cultures, and for the 24-hour condition on 

seven independently prepared microglial cultures. Numbers 

of total determinations per SPIO and exposure time can be 

found in Table 2.

Prussian blue staining, 
immunocytochemistry, and image 
processing of microglia
Following PI measurements, supernatants of microglial 

cultures were removed and cells washed twice with 

phosphate-buffered saline (PBS) and immediately fixed 

with 4% paraformaldehyde (Carl Roth) in 15% sucrose for 

15 minutes at 4°C. Prussian blue staining was performed 

as previously described on cytochemically detected iron 

contents of microglia following SPIO exposure.46 Nuclear 

fast red staining (Carl Roth) was used to counterstain cell 

nuclei. For each exposure condition, we captured images 

from six different regions of Prussian blue-stained coverslips 

with 40× magnification (LUCPLFLN 40×/0.60 PH2) using 

light microscopy (Olympus IX81). In order to eliminate 

color-biased values, images were acquired with 256 colors 

in gray scale. The presence of iron in respective grayscale 

images was quantified using ImageJ. The mean gray-value 

intensities of four cells from six corresponding images were 

measured by defining regions of interest. We quantified 24 

microglial cells in total per SPIO-exposure condition and 

then averaged the mean gray-value intensities of the cor-

responding cells. Additionally, mean gray-value intensities 

of the image background in corresponding images, as well 

as values of negative controls, were averaged and subtracted 

Table 2 Data and sample size of primary microglia used for PI and Prussian blue quantification

6 hours 24 hours

0.5 mM 1.5 mM 3.0 mM 0.5 mM 1.5 mM 3.0 mM

Number of preparations 
=3; n per 2×105 microglia

Pl-positive microglia (%)

VSOP-R1 25.6 (n=13) 35.2 (n=13) 42.5 (n=13) -3.3 (n=14) 27.2 (n=14) 63.0 (n=14)
VSOP-R2 11.1 (n=13) 22.5 (n=13) 45.5 (n=13) 12.0 (n=14) 62.1 (n=14) 82.6 (n=14)
Ferucarbotran 5.7 (n=9) 11.2 (n=9) 32.2 (n=9) -6.8 (n=10) 24.8 (n=10) 56.6 (n=10)
Ferumoxytol -5.5 (n=12) -12.5 (n=12) -18.9 (n=12) -3.7 (n=10) -8.6 (n=11) -10.3 (n=11)
controls (n=15) (n=17)

Number of preparations 
=4; n per 2×105 microglia

Intensity of Prussian blue-stained microglia (%)

VSOP-R1 6.7 (n=10) 9.0 (n=10) 14.0 (n=10) 12.4 (n=10) 16.4 (n=10) 19.3 (n=10)
VSOP-R2 6.2 (n=10) 8.4 (n=10) 9.7 (n=10) 11.7 (n=11) 13.3 (n=11) 15.0 (n=11)
Ferucarbotran 8.6 (n=9) 10.2 (n=9) 13.8 (n=9) 14.4 (n=9) 19.7 (n=9) 23.6 (n=9)
Ferumoxytol 1.1 (n=8) 0.8 (n=8) 1.6 (n=8) 1.7 (n=8) 5.4 (n=9) 5.5 (n=9)
controls (n=18) (n=21)

Notes: Values refer to average numbers of microglial cells as percentages illustrated in Figure 2. Numbers of quantified cells (n) for each exposure condition of independently 
prepared cultures are shown in brackets.
Abbreviations: PI, propidium iodide; VSOP, very small iron oxide particle.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2037

Effects of nanoparticles on brain cells

from the averaged values of cells. Prussian blue staining 

and subsequent quantification of cellular iron content for 

the 6- and 24-hour exposure conditions were performed 

on six independently prepared primary microglial cultures 

(see Table 2 for the total number of measurements and 

exposure times).

For representative visualization of microglial morphology 

and cell-associated SPIOs, microglia were immunocy-

tochemically stained after fixation using cell-specific 

CD11b-fluorescein isothiocyanate (CD11b-FITC)-conjugated 

antibody (Miltenyi Biotec, Germany). Cell nuclei were 

counterstained using the blue fluorescence nucleic acid stain 

Hoechst 33258 (Sigma-Aldrich). We used light microscopy 

to detect cell-associated SPIOs, since these iron particles 

appear brown in color and Prussian blue and immunocy-

tochemical staining cannot be performed in combination. 

Light microscopy and immunofluorescence images of 

microglia were captured with an Olympus BX 51 microscope 

with narrow-band filters (Olympus) using a MagnaFire digital 

camera and MagnaFire 2.1B software (Intas, Germany). Light 

microscopy photographs were inverted and pseudocolored 

in red, in order to create merged images with corresponding 

immunofluorescence photographs. All images of primary 

microglia were processed using Adobe Photoshop (CS3 

extended, version 10.0; Adobe Systems).

Transfection of neuronal cultures
For ease of morphological analysis, neurons of primary and 

cocultures were transfected with enhanced green fluorescent 

protein (Invitrogen, Germany) 24 hours prior to SPIO expo-

sure at 8 DIV. Transfection was performed using Effectene 

transfection reagent (Qiagen, Hilden, Germany) according to 

the manufacturer’s instructions. After incubation for 1 hour 

at 37°C and 5% CO
2
, the reagent was removed, cells were 

washed with sterile PBS, and 1 mL fresh NB+ was added 

to each well.

Immunocytochemistry of neuronal 
cultures
Following SPIO exposure of transfected primary and cocul-

ture neurons, supernatants were removed and coverslips with 

neurons from cocultures were transferred to new 12-well 

plates. Cells were washed twice with PBS and immedi-

ately fixed with 4% paraformaldehyde in 15% sucrose for 

15 minutes at 4°C. Neurons were washed twice with PBS to 

remove the fixation solution and permeabilized using 0.1% 

Triton X-100, 0.1% sodium citrate in PBS for 3 minutes at 

4 °C, and washed again three times with PBS. Cells were 

blocked with 10% FCS for 1 hour at RT and incubated 

with the neuron-specific class III β-tubulin antibody mouse 

antimouse Tuj1 (Covance, Germany) in 10% FCS in PBS 

overnight at RT at a dilution of 1:1,000. For neuron–glia 

cocultures, we additionally used the astrocyte-specific 

primary antibody rabbit antimouse anti-GFAP (Dako, 

Denmark) at a dilution of 1:1,000. Secondary antibodies 

(Alexa Fluor 488 goat antimouse, Alexa Fluor 568 goat 

antirabbit; Molecular Probes®; Life Technologies) were 

diluted 1:1,500 in 5% FCS and PBS and incubated for 

90 minutes at RT. Finally, cells were washed three times 

and coverslips were mounted using Immu-Mount (Thermo 

Scientific, Germany).

Quantification and analysis of primary 
hippocampal neurons
To determine if SPIOs lead to the degeneration of neu-

rons and subsequent cell death, transfected Tuj1-positive 

neurons of primary and cocultures were counted under a 

fluorescence microscope (Olympus IX81; objective 10×). 

Numbers of degenerated neurons were calculated as percent-

ages of total numbers of neurons. Neurons were classified 

as degenerated according to standard morphological criteria, 

ie, fragmentation of neuronal processes, cell shrinkage, 

and somatic swelling.47 Quantification of neurons was 

performed via double determination of three independently 

prepared primary neuron cultures and four independently 

prepared neuron–glia cocultures for each exposure con-

dition (see Table 3 for sample size and total number of 

measurements).

For morphological Sholl analysis of primary and cocul-

ture neurons, images of double-positive-stained neurons, 

ie, with enhanced green fluorescent protein and red fluo-

rescent Tuj1, were acquired with fluorescence microscopy 

equipped with CellSens Dimension software and a 10× 

objective (Olympus IX81). The number of neurites per 

exposure condition was determined by means of Sholl 

analysis,48 using 24 20 μm-spaced concentric circles with 

maximal distances of 480 μm distal to the cell body. The 

innermost circle with a radius of 40 μm was placed onto 

each neuron, with its center roughly coinciding with the 

center of the soma. Neurite intersections at each circle 

were manually counted using ImageJ. Sholl analysis of 

neurons was performed via double determination of three 

independently prepared primary neuron cultures and four 

independently prepared neuron–glia cocultures for each 

exposure condition (see Table 3 for sample size and total 

number of measurements).
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statistics
Unless stated otherwise, data are presented as means ± 

standard error of the mean. Statistical significance was deter-

mined using Kruskal–Wallis one-way analysis of variance 

followed by Dunn’s multiple comparison post hoc test, at 

the indicated significance levels.

Results
sPIO accumulation induces alterations 
of primary microglial morphology
We first addressed the question of whether the applied SPIOs 

affected primary microglial morphology. For this, we used 

Prussian blue staining to visualize microglial SPIO accumula-

tion and light microscopy to analyze morphological changes 

from a ramified toward an amoeboid shape, which can be 

taken as a reliable indicator of microglial activation.49 Interest-

ingly, microglia incubated for 24 hours with 3.0 mM of only 

VSOP-R1, VSOP-R2, and ferucarbotran consistently showed 

intense Prussian blue staining (Figure 1A–C), and appeared 

to be almost exclusively amoeboid in shape. In comparison, 

microglia exposed to ferumoxytol were mainly negative for 

Prussian blue, and typically showed a ramified morphology 

that is characteristic of resting microglia (Figure 1D). There-

fore, ferumoxytol-exposed primary microglia neither accumu-

lated particles nor showed morphological alterations.

Microglial morphology was further investigated with 

immunocytochemical staining using the microglia-specific 

CD11b-FITC-conjugated antibody. The representative 

image of merged fluorescence and red pseudocolored 

primary microglia after exposure for 24 hours to 1.5 mM 

VSOP-R1 (Figure 1F) reveals particle accumulation and 

amoeboid morphology. In comparison, untreated microglia 

under the same culture conditions showed typical ramified 

morphology (Figure 1E). Therefore, SPIO accumulation 

strongly influenced the morphology of primary microglia. 

However, particle accumulation was dependent on the 

respective SPIO type.

The viability of primary microglia is  
SPIO-dependent
Next, we analyzed whether SPIO exposure affected microglial 

viability. Microglial iron contents quantified by measuring the 

Prussian blue-staining intensity revealed significantly more 

accumulated SPIOs by microglia exposed for 6 or 24 hours to 

VSOPs or ferucarbotran, respectively, than cells exposed to 

ferumoxytol (Figure 2A–F, blue-framed gray bars). The pro-

longed incubation from 6 to 24 hours showed only marginal 

increases in staining intensities (maximum 9.8%) of microglia 

exposed to all SPIO concentrations, which corresponds with 

Figure 1. However, incubation with VSOPs or ferucarbotran 

of concentrations three or six times higher did not result in 

proportional increases in Prussian blue-staining intensity.

The decreased microglial viability, as indicated by the 

percentage of PI-positive cells, was clearly affected after 

6 hours’ and strongly affected after 24 hours’ incubation 

with high concentrations (1.5–3.0 mM) of VSOPs and 

Table 3 Data and sample size of neurons from primary cultures and neuron–glia cocultures used in degeneration and Sholl analyses

Degeneration analysis  
(number of total/degenerated neurons)

Sholl analysis  
(number of analyzed neurons)

0.5 mM 1.5 mM 3.0 mM 0.5 mM 1.5 mM 3.0 mM

Primary neurons number  
of preparations =3

VSOP-R1 249/83 (n=5) 163/63 (n=5) 195/80 (n=5) n=55 n=67 n=60
VSOP-R2 294/86 (n=5) 210/74 (n=5) 210/70 (n=5) n=63 n=61 n=79
Ferucarbotran 221/85 (n=5) 151/66 (n=5) 211/88 (n=5) n=52 n=47 n=50
Ferumoxytol 246/84 (n=5) 233/89 (n=5) 229/90 (n=5) n=62 n=50 n=48
controls 579/129 (n= 6) n=56
Coculture neurons number  
of preparations =4
VSOP-R1 22/3 (n=8) 12/7 (n=6) 22/7 (n=7) n=13 n=12 n=12
VSOP-R2 17/3 (n=5) 30/7 (n=6) 27/5 (n=7) n=15 n=14 n=21
Ferucarbotran 21/6 (n=8) 19/5 (n=5) 25/6 (n=7) n=12 n=11 n=16
Ferumoxytol 38/9 (n=8) 30/8 (n=6) 42/8 (n=8) n=28 n=17 n=29
controls 39/10 (n=7) n=23

Notes: Shown are total numbers of counted neurons in comparison to numbers of degenerated neurons for each exposure condition. The ratio of these numbers as 
percentages is illustrated in Figure 3 for primary and in Figure 4 for neuron–glia cocultures. Numbers of quantified cells (n) for each exposure condition of independently 
prepared cultures are shown in brackets. For Sholl analysis, total numbers of analyzed neurons are shown.
Abbreviation: VsOP, very small iron oxide particle.
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 ferucarbotran, but not ferumoxytol (Figure 2A–F, red-framed 

black bars). Here, we observed an increase in numbers of PI-

positive cells after 6–24 hours of more than 20% (maximum 

41.7%) for all SPIOs except ferumoxytol (Figure 2C and F). 

We noticed the largest increases in PI-positive microglia after 

exposure to 3.0 mM VSOP-R1, VSOP-R2, or ferucarbotran 

for 24 hours (Figure 2C and F).

Furthermore, we observed a correlation between cellular 

iron accumulation and microglial viability. In most experi-

mental conditions, the more nanoparticles were accumulated, 

the higher numbers of PI-positive microglia were quantified. 

In contrast, this does not apply for all SPIOs in concentra-

tions of 0.5 mM, for all concentrations of ferumoxytol and 

for 1.5 mM of VSOP-R2 when comparing 6- and 24-hours 

exposure (Figure 2).

We also found that while overall Prussian blue-staining 

intensities were highest after exposure for 24 hours to feru-

carbotran (all concentrations; Figure 2C–F), numbers of 

PI-positive cells were higher after incubating with VSOP-R1 

and VSOP-R2 for both the 1.5 mM- and the 3.0 mM-expo-

sure conditions (Figure 2E and F). Interestingly, our data 

showed concentration-dependent decreases of microglial 

PI values after incubation for 6 or 24 hours with ferumoxytol 

(Figure 2A–D). This in turn revealed statistically significant 

differences when comparing ferumoxytol with the other 

nanoparticles, but not after incubation with 0.5 mM of all 

SPIOs for 24 hours (Figure 2D), or with 0.5 mM ferucarbotran 

for 6 hours and 1.5 mM for 24 hours (Figure 2A and E).

We conclude that extended exposure times and accu-

mulations of VSOPs or ferucarbotran increase numbers of 

nonviable microglia. However, incubation with ferumoxytol 

causes completely different effects.

Primary hippocampal neurons degenerate 
after sPIO exposure
In addition to primary microglia, we investigated primary 

hippocampal neurons to test the effect of SPIO exposure on 

neuronal morphology and survival. In contrast to primary 

microglial cells, both the morphology and viability of pri-

mary neurons were severely affected following exposure 

to all SPIOs tested. Sholl analysis revealed substantially 

reduced numbers of neuronal processes in distal extensions 

of exposed primary neurons when compared to untreated 

controls (Figure 3A). We then raised the question of whether 

Figure 1 SPIO accumulation induced alterations of primary microglial morphology.
Notes: Prussian blue staining and nuclear fast red counterstain of microglia exposed to 3.0 mM of VSOP-R1 (A), VSOP-R2 (B), ferucarbotran (C) or ferumoxytol (D) for 
24 hours (scale 40 μm). Accumulation of VSOP-R1 (A), VSOP-R2 (B) and ferucarbotran (C) induces activation of microglia that is accompanied by characteristic morphological 
changes from a ramified toward an amoeboid-like phenotype. Representative images of untreated microglia (E) and microglia incubated for 24 hours with 1.5 mM VSOP-
r2 (F) are shown in comparison. Microglia were immunocytochemically stained using green fluorescence CD11b-FITC-conjugated antibody and blue fluorescence nuclear 
counterstain Hoechst 33258 (scale 20 μm). To visualize cell-associated VSOP-R2, the bright-field image of incubated microglia was captured and pseudocolored in red (F).
Abbreviations: SPIO, superparamagnetic iron oxide nanoparticle; VSOP, very small iron oxide particle; FITC, fluorescein isothiocyanate.
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Figure 2 The viability of primary microglia was SPIO-dependent.
Notes: Microglia were incubated for either 6 hours (A–C) or 24 hours (D–F) with SPIOs of various concentrations. Black red-framed bars indicate the percentage of PI-
positive, nonviable cells (left y-axis in each plot); gray blue-framed bars indicate the percentage of Prussian blue staining intensity, referring to microglial iron content (right 
y-axis). All values are normalized to untreated microglia. (A–F) Iron accumulation of microglia exposed to VSOPs and ferucarbotran significantly increased compared to 
microglia exposed to ferumoxytol after 6 or 24 hours. Extended incubation from 6 to 24 hours led to an increase in the number of PI-positive cells by more than 20% for all 
SPIOs except ferumoxytol. Note that increases in SPIO accumulation do not correspond with proportional increases in the numbers of nonviable microglia. Kruskal–Wallis 
one-way analysis of variance and Dunn’s multiple comparison post hoc test, expressed as mean ± standard error of mean: (A–F) ***P0.0004; **P0.01; *P0.05.
Abbreviations: SPIO, superparamagnetic iron oxide nanoparticle; PI, propidium iodide; VSOPs, very small iron oxide particles.
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Figure 3 Primary neurons degenerated after SPIO exposure.
Notes: (A) Sholl analysis of primary neurons reveals reduced numbers of neuronal processes after SPIO exposure for 24 hours. Neurite intersections per exposure condition 
were counted manually using 24 20 μm-spaced concentric circles, as shown in the immunofluorescence example image of a neuron. (B–D) SPIO- and concentration-specific 
decreases in neuronal viability were observed after quantification of the percentage of degenerated neurons with fluorescence microscopy. This effect was independent of 
the SPIO type. Kruskal–Wallis one-way analysis of variance and Dunn’s multiple comparison post hoc test, expressed as means ± standard error of mean: (B) **P#0.0174; 
(C) *P0.05; (D) *P0.05, **P#0.0029.
Abbreviations: SPIO, superparamagnetic iron oxide nanoparticle; VSOP, very small iron oxide particle.

SPIOs not only adversely influenced the differentiation 

process of neurons but also led to neuronal degeneration or 

impaired neuronal survival. To investigate this, we quantified 

total numbers of degenerated neurons and only counted cells 

fulfilling the morphological criteria of neuronal degeneration, 

as defined by fragmented neuronal processes, cell shrinkage, 

and somatic swelling.47 Quantification revealed significant 

increases in neuronal degeneration after exposing primary 

neurons to ferucarbotran (all concentrations; Figure 3B–D), 

VSOP-R2 (1.5 mM and 3.0 mM; Figure 3C and D) and 

ferumoxytol (1.5 mM; Figure 3C). In contrast to primary 

microglia (Figure 2), interestingly ferucarbotran and not 

VSOP-R1 most negatively affected the viability of neurons. 

Furthermore, while Ferumoxytol did not cause immediate 
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microglial death (Figure 2), it induced severe morphological 

alterations and increased degeneration of primary neurons.

Since it seemed that different SPIOs caused specific side 

effects on primary brain cells, we studied the influence of 

these nanoparticles in a more complex cell-culture model.

Neurons in neuron–glia cocultures do 
not substantially degenerate after SPIO 
exposure
To investigate these heterogeneous effects of SPIOs on 

microglia as well as neurons, we analyzed the neuronal mor-

phology and vitality of neurons from neuron–glia cocultures 

under equivalent exposure conditions. Our aim was to test 

whether microglia in neuron–glia cocultures could maintain 

homeostatic balance and protect neurons from the adverse 

effects of SPIOs. First of all, we determined the amount of 

different cell types in the coculture under our experimental 

condition using qRT-PCR. We quantified equal numbers of 

microglial cells and neurons in our coculture after 10 DIV 

(Figure S1).

Sholl analysis of neurons from neuron–glia cocultures 

revealed contrary effects in both morphological alterations 

and neuronal degeneration using different SPIO concentra-

tions (Figure 4A, C, and E). Remarkably, we counted more 

neuronal processes of SPIO-exposed compared to untreated 

coculture neurons, which decreased with increasing particle 

concentrations. However, neurons exposed for 24 hours to 

0.5 mM VSOP-R1 showed reduced numbers of neurites 

proximally to cell somata when compared to untreated con-

trols and all other SPIOs (Figure 4A). We also found that the 

exposure to 1.5 mM VSOP-R2 led to an overall reduction 

of neurites (Figure 4C, green line), whereas 3.0 mM of this 

particle resulted in an overall increase (Figure 4E, green line) 

when compared to untreated controls, respectively. Except 

for 3.0 mM VSOP-R2, neurons exposed to 3 mM of all other 

SPIOs possessed similar numbers of neuronal processes as 

control neurons (Figure 4E). The concentration-dependent 

increase in neurite branching was also reflected in the degen-

eration analysis, which did not reveal significant differences 

for any exposure conditions compared to controls (Figure 4B, 

D, and F). Consequently, the tested SPIOs seemed rather to 

stimulate neurite outgrowth of coculture neurons in a con-

centration- and particle type-dependent manner.

Discussion
relevance of tested sPIOs
In the present study, we tested different types of SPIOs in 

terms of their effects on primary microglia and hippocampal 

neurons, as well as on neurons, from neuron–glia cocultures. 

We applied the European Medicines Agency-approved feru-

carbotran and the US Food and Drug Administration (FDA)-

approved ferumoxytol.36,37 The carboxydextran-coated 

ferucarbotran is a contrast agent for liver imaging in humans, 

exhibiting a hydrodynamic diameter of 60 nm. Ferucarbotran 

has been withdrawn by the marketing authorization holder in 

Europe, but it is still available in pharmaceutical quality from 

Meito Sangyo in Japan, where the approval for clinical use 

is still valid. The carboxymethyldextran-coated ferumoxytol 

with 30 nm hydrodynamic diameter was originally developed 

for treating iron-deficiency anemia in patients with chronic 

kidney disease (CKD), and is currently used as a blood pool-

contrast agent for visualizing CNS vascular malformations 

and creating cerebral blood-volume maps with MRI.50–52 It is 

noteworthy that ferumoxytol can be administered at a single-

bolus dose of approximately 0.16 mmol Fe/kg body weight in 

humans, and the double-bolus dose of 0.320 mmol Fe/kg is 

currently being tested in clinical trials. In the future, research 

and clinics will have to deal with extremely high SPIO load 

and possible brain accumulation. Furthermore, in our study 

we included two different types of citrate-coated VSOPs that 

have been tested in human Phase II clinical trials.38,39 These 

nanoparticles are of special interest, because the small size 

of around 7 nm prolongs their blood half-life and facilitates 

their cellular incorporation, which could be beneficial for 

therapeutic interventions.

So far, conclusive information regarding side effects of 

SPIOs on primary brain cells is still lacking. Previous studies 

have often used tumor-cell lines, eg, neuronal PC12 cells, 

to draw conclusions about cell-labeling efficiency, cytotox-

icity, or degradation of SPIOs.53–56 Immortalized cell lines 

only provide limited evidence about the affected cellular 

physiology or survival parameters because of their robust 

proliferation capacity. Therefore, the actual impact of SPIOs 

on the physiology of primary cells is neglected.

SPIOs strongly affect primary microglia
Fundamental for investigating influences of SPIOs on 

microglial morphology is that primary microglia show 

highly ramified morphologies in the resting state in vitro 

that correspond to the in vivo phenotype.57 Because the mor-

phological criteria for microglia reliably define their state of 

activation and are used to estimate their influences on the local 

microenvironment,18 we did not perform common cell-viabil-

ity measurements, such as 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide or lactate dehydrogenase release 

assays. The accuracy and reliability with these methods for 
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Figure 4 Branching of neurons from neuron–glia cocultures was stimulated by SPIOs.
Notes: Contrary effects in both morphological alterations (A, C, E) and neuronal degeneration (B, D, F) of neurons from cocultures using different SPIO concentrations 
were detected. The tested SPIOs seemed rather to stimulate neurite outgrowth of coculture neurons in a concentration- and particle type-dependent manner exposed for 
24 hours to 0.5 mM (A), 1.5 mM (C), or 3.0 mM (E) of the indicated SPIOs when compared to controls. Quantification of the percentage of degenerated neurons exposed 
to 0.5 mM (B), 1.5 mM (D), or 3.0 mM (F) of SPIOs did not show significant differences when compared to untreated controls. Kruskal–Wallis one-way analysis of variance 
and Dunn’s multiple comparison post hoc test: (B) P=0.6719; (D) P=0.6069; (F) P=0.9260.
Abbreviations: SPIOs, superparamagnetic iron oxide nanoparticles; VSOP, very small iron oxide particle.
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assessing cytotoxicity is restricted, because SPIOs can physi-

cochemically interfere with the measurement.58

Here, we showed that primary microglia underwent 

morphological transformation, indicating microglial activa-

tion following exposure to VSOPs and ferucarbotran, but 

not ferumoxytol, which was characterized by progressively 

less microglial ramification with thickened and enlarged cell 

bodies.49 However, our data are not in line with previous 

reports concerning microglial activation following SPIO 

exposure,22,59 which emphasizes the importance of evaluat-

ing SPIO–cell interactions individually according to their 

physicochemical properties.

So far, the mechanism of microglial SPIO incorporation 

has been described as endocytosis, in which particles are 

internalized and transported into lysosomal vesicles after 

being attached to the extracellular membrane.21,22,60 Nano-

particle internalization is not only dependent on the particle 

size but also on the surface coating and charge, which in 

turn determines interactions with extracellular proteins. 

For instance, positively charged particles interact with the 

negatively charged glycocalyx, increasing effective and 

avid particle uptake by mechanisms like clathrin-mediated 

endocytosis.28,61–63 Furthermore, the respective surface charge 

can lead to protein adsorption onto nanoparticles in biological 

media and affect their agglomeration, as well as accumulation 

by brain cells.61,64–66

In our experiments, VSOPs, as the smallest and elec-

trostatically stabilized particles, and ferucarbotran, as the 

largest and sterically stabilized particles, were rapidly accu-

mulated by microglial cells. Internalization of ferucarbotran 

by active phagocytes like microglia has previously been 

described, demonstrating that ferucarbotran is taken up by 

macrophages via clathrin receptor-mediated endocytosis and 

stored in lysosomal vesicles where the low pH facilitates 

the degradation of the carboxydextran coat.67,68 In addition, 

the negatively charged carboxyl groups of ferucarbotran 

enhance particle uptake at higher particle concentrations.7,69 

However, cellular uptake of VSOPs appeared to be much 

faster and quantitatively superior compared to polymer-

coated nanoparticles, probably due to their small size 

(around 7 nm), higher surface-to-volume ratio, and binding 

to extracellular membrane glycosaminoglycans prior to  

internalization.30,38,70 On the one hand, citrate-coated particles 

have been shown to be incorporated by repulsive interac-

tion with the cell membrane, and are subsequently highly 

concentrated in the cytoplasm.71 On the other hand, within 

the first 4 hours of incubation, citrate-coated as well as other 

negatively charged SPIOs are located in early endosomes 

that migrate toward lysosomes.7,61 Consequently, we suppose 

that VSOPs and ferucarbotran might rapidly be taken up by 

activated microglia and stored intracellularly for a period 

of time, releasing free iron ions via lysosomal degradation. 

Free iron ions and the formation of intracellular iron deposits 

most likely contribute to increasing levels of microglial cell 

death by impairing mitochondrial function.32,34,35 Therefore, 

the facilitated accumulation of highly concentrated VSOPs 

or ferucarbotran by microglia is most likely the cause for 

the consistent decrease of microglial viability over 24 hours, 

which is caused by intracellular particle localization as well 

as individual SPIO composition, including size, coating, 

surface charge, and concentration.

Interestingly, incubating primary microglia with feru-

moxytol increased the numbers of viable cells. This effect 

cannot have been due to highly enhanced microglial prolif-

eration that would lead to elimination of dead cells, because 

primary microglia in vitro do not actually proliferate after 

being adherent.72 Ferumoxytol does not exhibit a surface 

charge due to its coating material, which might diminish 

the interaction with cell membranes, and thus its uptake in 

the absence of transfection agents. However, ferumoxytol 

exhibits a tendency to release free iron ions, which is desired 

for the treatment of human CKD.50 Ferumoxytol has a rela-

tively high molecular weight and exhibits a poor affinity 

toward iron oxide, so that the coating material is reversibly 

adsorbed.42,50,73 Therefore, ferumoxytol was able to degrade 

rapidly after it was added to cell cultures, resulting in the 

release of free iron ions and extracellular iron deposits, which 

might subsequently adversely affect microglial physiology in 

the long term.34,35 Accordingly, we assume that those elevated 

iron levels could strongly impair the endocytotic activity 

of microglia due to altered enzyme function. The exposure 

to ferumoxytol in high doses might diminish microglial 

particle accumulation over an extended period of time. In 

turn, this could explain the increased cell survival within the 

relatively short ferumoxytol incubation of 24 hours. Whether 

this actually applies needs to be further investigated, eg, by 

using much longer exposure times of several days or weeks. 

Therefore, ferumoxytol as an MRI contrast agent for visual-

izing CNS pathologies has unpredictable consequences. For 

instance, in ferumoxytol-enhanced MRI imaging of human 

brain arteriovenous malformations, signals from these par-

ticles are also found in the normal vasculature. Furthermore, 

differences in ferumoxytol clearance among patients have 

been reported.11 Even more surprising is the fact that feru-

moxytol, as an FDA-approved substance for treating CKD 

only, is being used for MRI of brain tumors in children.74
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Neuronal vitality is modulated by SPIOs
Our data show that primary neurons obviously degener-

ated following SPIO exposure, which we did not observe 

for neurons from neuron–glia cocultures. For this reason, 

we studied how SPIOs affected the vitality of neurons in 

neuron–glia cocultures to include microglial responses and 

more closely resemble the in vivo situation. The incuba-

tion of neurons in cocultures with SPIOs did not result in a 

coherent reduction of neurites, but rather induced increased 

neurite branching in a particle- and dose-dependent man-

ner. For instance, lower concentrations of ferucarbotran 

and high concentrations of VSOP-R2 stimulated neurite 

outgrowth. This effect could most likely be due to the com-

position-dependent SPIO accumulation by microglial cells, 

determined by the surface coating and charge. As men-

tioned in the previous section, ferucarbotran and VSOPs 

are rapidly accumulated by microglial cells using slightly 

different pathways. Consequently, the cellular mechanisms 

influencing microglial physiology might differentially 

affect the vitality of neurons, thereby partially protecting 

neuronal morphology. However, we cannot exclude that 

SPIOs per se might also have a stimulatory effect on neurite 

outgrowth. In this context, it is important to consider that 

necrotic damage of neurons induces microglial activation, 

which, in turn leads to neurotoxicity through proinflam-

matory responses of microglia.23 Activated microglia not 

only promote neuronal damage by producing a wide range 

of cytotoxic factors, such as TNFα, nitric oxides, or reac-

tive oxygen species, but also support neuronal survival 

by releasing trophic and anti-inflammatory factors.24,75 

In addition, iron accumulations in neurons and microglia 

are promoted by inflammatory cytokines like TNFα and 

IL-6, which are induced by mitochondrial dysfunction and 

consequently weaken the phagocytic activity of activated 

microglia.32,35 On the other hand, it has been shown that 

iron ions from certain nanoparticles enhance neuronal 

differentiation and survival of immortal PC12 neurons, 

thereby promoting neurite outgrowth in a dose-dependent 

manner.33

In our study, we quantified total numbers of neurites of 

primary neurons, and did not differentiate between dendrites 

or axons. It would be of certain relevance in terms of thera-

peutic interventions using specific SPIOs and concentrations 

if these particles induce dendritic or axonal outgrowth, eg, in 

the treatment of neurodegenerative diseases. However, more 

detailed analyses are necessary to consider the cortical layer 

and target-specificity of applied SPIOs, as well as their fate 

and degradation.

Conclusion and perspectives
Our study demonstrated that SPIOs partially affect the 

 morphology and viability of essential cell types of the CNS 

in a manner that depends closely on particle size, surface 

coating, charge, and concentration. Furthermore, all of these 

SPIO characteristics induce specific effects while interacting 

with different cell types and within the physiological system 

they are applied to. That certainly makes it much more dif-

ficult to predict reliably the consequences of nanoparticle 

exposure on brain cells and the subsequent influences on cell 

physiology in the long term. In turn, particle–cell interac-

tions, as well as measurement-influencing parameters like 

SPIO behavior in cell culture, should accurately be validated 

for individual SPIOs in advance. Additionally, long-term 

effects of other diagnostically and therapeutically applied 

SPIOs on cellular metabolism and functionality should be 

thoroughly investigated, because adverse effects cannot yet 

be estimated reliably. Even the guidelines of the Interna-

tional Conference for Harmonization for drug development 

using nanoparticles only assess the survival of animals or 

cells in culture in order to address biological toxicity.76  

In general, studies dealing with nanotoxicology and bio-

compatibility hardly include cumulative and nanoparticle-

associated long-term effects on cell function, which could 

result in irreversible damage following internalization, 

especially after entering the CNS. Prospective studies 

should certainly focus on primary cells to estimate the type 

of cellular modification, and subsequently on more complex 

models like slice cultures to test for cell functionality within 

the biological system.

We conclude that particular caution has to be exer-

cised when administering SPIOs that target the brain. This 

includes direct SPIO injection into the brain parenchyma, as 

in particle-based drug delivery, systemic injection into the 

bloodstream, and nanoscale material entering the organism 

via any other route. Our results clearly contribute to assessing 

the prospects and limitations for the application of SPIOs as 

contrast agents in MRI in vivo.
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Supplementary materials
Preparation of primary cell cultures 
and neuron-glia cocultures
Preparations of primary microglial cultures were performed 

as described previously.1 Briefly, C57BL/6 mice at postnatal 

days 0 to 2 (P 0–2) were decapitated and brains were collected 

in ice-cold Hank’s Buffered Salt Solution (HBSS+ with Ca, 

Mg; Gibco®, Life Technologies, Germany). After carefully 

removing meninges and blood vessels, brains were minced 

and washed once with HBSS (without Ca, Mg; Gibco®). 

Subsequently, brains were enzymatically digested at 37°C 

for 12 minutes using 0.25% trypsin-EDTA (Gibco®) and 

mechanically homogenized with the addition of 10 mg/mL 

DNase I (Hoffman-La Roche Ltd., Basel, Switzerland). The 

culture medium used for resuspending dissociated glial cells 

was high glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM+) containing l-glutamine, 4,500 mg/L d-glucose, 

110 mg/L sodium pyruvate (Gibco®) supplemented with 10% 

fetal calf serum (FCS), 100 U/mL penicillin, 100 μg/mL 

streptomycin (Pan-Biotech, Aidenbach, Germany) and 0.1% 

of 50 mM 2-Mercaptoethanol. The cell suspension was 

plated in poly-l-lysine (20 μg/mL; Sigma-Aldrich Co., St 

Louis, MO, USA) coated 75 cm2 flasks, and DMEM+ was 

completely replaced 24 hours after cell culture preparation. 

This plated glial cell population consisted of astrocytes and 

microglia that attached to and grew on the coated surface of 

the culture flasks in the incubator for 8 to 10 days in vitro 

(DIV) until microglia detach from the feeder layer of conflu-

ent astrocytes. Primary microglia were harvested by gentle 

agitation of flasks, collected, centrifuged at room temperature 

(RT) and resuspended in DMEM+. Microglia were seeded at 

densities of 2×105 cells per well in 12-well plates contain-

ing poly-l-lysine-coated glass coverslips in 1 mL DMEM+. 

Microglia were maintained at 37°C in 5% CO
2
 for 24 hours 

prior to the start of experiments.

Primary astrocytes for neuron-glia cocultures were pre-

pared from C57BL/6 mice at P 0–2. Mice were decapitated 

and brains were collected in ice-cold HBSS+. Hemispheres 

were minced and enzymatically digested at 37°C for 5 minutes 

using 2.5% trypsin and 10 mg/mL DNase I. Dissociated cells 

were re-suspended in Minimum Essential Medium (MEM+; 

supplemented with 10% horse serum, 0.6% glucose, 100 

U/mL penicillin and 100 μg/mL streptomycin; Gibco) and 

centrifuged at RT for 5 minutes. The resulting pellet was 

resuspended in MEM+ and cells were plated in poly-l-lysine-

coated 75 cm2 flasks at densities of between 7.5×106 and 

12×106 cells per flask and maintained at 37°C in 5% CO
2 
for 

7 DIV, 24 hours after cell preparation MEM was completely 

replaced. After 7 DIV, primary astrocytes were harvested 

by mild trypsinization, transferred to poly-l-lysine-coated 

6-well plates without coverslips and seeded at densities of 

5×104 astrocytes per well in 1 mL MEM+. Forty-eight hours 

after plating, astrocytes were preconditioned by completely 

replacing MEM+ with Neurobasal-A medium (NB+; Gibco®) 

supplemented with 2% B27 (Gibco®), 0.5 mM glutamine, 

100 U/mL penicillin and 100 μg/mL streptomycin. From 

the day of preparation, primary astrocyte cultures were 

maintained for 11 DIV until primary hippocampal neurons on 

poly-l-lysine-coated coverslips were transferred to establish 

neuron-glia cocultures.

Hippocampal neurons for primary cultures and neuron-

glia cocultures were prepared from C57BL/6 mice at embry-

onic day (E) 18 as described previously.1 Briefly, hippocampi 

of several embryos were collected in ice-cold HBSS+ and 

enzymatically digested using 2.5% trypsin in HBSS- at 

37°C for 15 minutes. Dissociated cells were resuspended 

in MEM+ and mechanically homogenized after adding 

10 mg/mL DNase I. Primary neurons were transferred to 

12-well plates containing poly-l-lysine-coated glass cov-

erslips and seeded at densities of 8×104 neurons per well 

in 1 mL MEM+. Three hours after plating, neurons were 

washed twice with sterile 0.1 M phosphate buffered saline 

(PBS), and 1 mL NB+ was added to each well. For primary 

neuronal cultures, neurons were maintained at 37°C and 5% 

CO
2 
for 10 DIV. For neuron-glia cocultures, primary neurons 

on glass coverslips were transferred to astrocyte cultures the 

same day of preparation by placing them upside down on the 

plated astrocytes. After 7 DIV, one third of the NB+ medium 

was replaced. In total, neuron-glia cocultures were kept in 

culture for 10 DIV.

Quantitative real-time PCR of neuron-glia 
cocultures
Identity and purity of primary cells were analyzed by quan-

titative real-time (qRT-) polymerase chain reaction (PCR) 

with neuron- specific class III β-tubulin (Tuj1) determining 

neuronal origin, glial fibrillary acidic protein (GFAP) as 

a marker for astrocytes, and the ionized calcium-binding 

adaptor molecule 1 (Iba1) as a marker for microglial cells 

(Figure S1).2

For RNA extraction and cDNA synthesis, brains of 

C57BL/6 mice at P10 were removed and homogenized 

in TRIzol reagent (Gibco®). Primary neurons, microglial 

cells or astrocytes were scraped in PBS and centrifuged at 

900 rpm for 5 minutes at 4°C. Total RNA was extracted using 

TRIzol reagent according to the manufacturer’s  protocol. 
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The concentration and purity of the total RNA isolated 

was determined by spectrophotometric analysis (Thermo 

Scientific* Biomate 3 spectrophotometer, Fisher Scientific, 

Schwerte, Germany). cDNA was synthesized with 5 μg total 

RNA using the High-Capacity cDNA Archive Kit (Applied 

Biosystems, Carlsbad, CA, USA) according to the manufac-

turer’s protocol. As a control, reaction was performed without 
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Figure S1 Quantitative RT-PCR of neuron-glia cocultures.
Notes: Numbers of neurons (Tuj1), astrocytes (GFAP) and microglia (Iba1) in 
coculture were determined at 10 DIV. Shown are relative gene expression levels, 
normalized to GAPDH (logarithmic scaling). Note corresponding expression levels 
of microglial cells and neurons.
Abbreviations: GAPDH, glycerinaldehyd-3-phosphat-Dehydrogenase; RT-PCR, 
real-time polymerase chain reaction; DIV, days in vitro.

MultiScribe reverse transcriptase. cDNA was diluted 1:5 with 

RNase, DNase-free water and stored at -20°C. The quality of 

the amplified cDNA (with and without MultiScribe reverse 

transcriptase) was controlled by β-actin PCR.

Reverse transcriptase qRT-PCR was performed with 

the following gene expression assays: Tuj1 (assay ID 

Mm00727586_s1), Iba1 (assay ID Mm00479862_g1), 

GFAP (assay ID Mm00546086_m1), glycerinaldehyd-3-

phosphat-Dehydrogenase (GAPDH) (assay ID 4352932E) 

and β-actin (assay ID 4352933E) (Applied Biosystems). 

For HPRT, separate primer and probe were used (Primer 

Mix for 5′-ATCATTATGCCGAGGATTTGGAA-3′; rev 

5′-TTGAGCACACAGAGGGCCA-3′ and probe 5′-TGGA

CAGGACTGAAAGACTTGCTCGAGATG-3′). The PCR 

was run on the ABI PRISM™ 7700 Sequence Detection 

System (Applied Biosystems) and data obtained were 

processed by ABI PRISM software. Standard curves were 

created by serial dilutions of cDNA from P10 mouse cortex 

with amplification efficiency between 90% and 100%. Data 

were normalized to two different house-keeping genes 

(β-actin and HTPR), producing similar results. Each result 

is the average of three separate experiments.
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