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Fluorescence detection of Europium-
doped very small superparamagnetic
iron oxide nanoparticles in murine
hippocampal slice cultures

In the late 1980s, superparamagnetic iron oxide nanoparticles
(SPIO) moved into focus as contrast agents in magnetic reso-
nance imaging (MRI), due to their strong relaxivity and resulting
higher resolution of images. At the time, no one anticipated their
high potential in basic research or for medical diagnostic and
treatment. Since then, SPIO have been evaluated not only as spe-
cific markers for MRI, but also for cell labeling and tracking (Li
et al,, 2013). In addition, SPIO are being investigated as carriers
for targeted administration of therapeutics, e.g., drugs or gene
sequences , in cancer treatment via magnetic hyperthermia and
in neuronal regeneration.

Even though U.S. Food and Drug Administration approved
nanoparticles are already used in clinical settings, not enough is
known about their adverse events when administered repeated-
ly. For example, Ferumoxytol is authorized exclusively for the
treatment of iron-deficient anemia patients with chronic kidney
disease. However, it is used off-label as a contrast agent with sin-
gle bolus doses of approximately 0.16 mmol Fe/kg body weight
to visualize vascular cerebral malformations or brain tumors
in children, resulting in flooding of the central nervous system
(CNS) with a high SPIO load and nanoparticle accumulation
(Dosa et al., 2011). Consequently, possible side effects of SPIO
and their cellular interactions as well as adverse effects within the
CNS need to be investigated thoroughly.

First studies on this topic have been published showing an
alteration in neuronal/microglial morphology and viability,
depending on SPIO size, concentration and coating material.
On the other hand, SPIO have been found to promote neurite
outgrowth (Neubert et al., 2015) or to direct axonal elongation
toward a desired destination using an external magnetic field.

So far, microscopic analysis of cellular SPIO interactions have
been a major challenge, as their diameter at nano-scale makes
it impracticable to verify without histologic sample processing.
Even the most common technique using Prussian blue (PB)
iron staining merely facilitates the visualization of agglomerated
SPIO. This method is prone to interference from physiological
or pathologic iron background, such as blood artifacts caused
by hemorrhages in the region of interest, which hampers corre-
sponding immune stainings (Kobayashi et al., 2017).

One solution for overcoming these problems is to dope SPIO
with lanthanide ions (LI). LI do not exist physiologically and can
be integrated easily into the SPIO core during their synthesis (de
Schellenberger et al., 2017; Kobayashi et al., 2017). Very small
superparamagnetic iron oxide particles (VSOP), doped with LI
and electrostatically stabilized by a monomeric coating with ci-
trate, are in this context a promising SPIO subcategory. General-
ly, VSOP are considerably smaller than sterically solidified SPIO
and provide a strong T1-shortening effect in MRI (Rumenapp et
al,, 2012). We have recently published first in vitro experiments
using the peritoneal macrophage cell line RAW264.7 derived
from mice, showing that Europium-doped VSOP (Eu-VSOP)
enable an improved detection using fluorescence spectrometry
and microscopy which is more sensitive compared to bright
field analysis of PB stainings (Kobayashi et al., 2017). In addi-
tion, doping of VSOP with Europium is accompanied by neither
changes in their cellular uptake characteristics, physical proper-
ties, MRI signal or impact on cell biological functions (de Schel-
lenberger et al., 2017; Kobayashi et al., 2017). The aim of our
latest proof-of-principle study was to investigate the accumu-

lation and visualization of Eu-VSOP using murine organotypic
hippocampal slice cultures (OHSC) to evaluate their potential
for further CNS tissue analyses.

We already showed that OHSC are a suitable model for evalu-
ating the absorption, biocompatibility and safety of VSOP ex vivo
(Pohland et al., 2017). Synthesized Eu-VSOP provided by the
Charité Institute of Radiology where applied. The synthesis and
physicochemical classification have been previously described in
detail (de Schellenberger et al., 2017). In summary, the Eu-VSOP
we used (RH030812Eu) had a Z-average of 20.46 nm measured
by dynamic light scattering, a polydispersity index of 0.167, a
hydrodynamic diameter within 8.72 nm to 13.54 nm, a total iron
(Ee**”") concentration of 103.6 mM, a Eu®* concentration of 1.03
mM, a weight ratio m(Eu™) to m(Fe*”*") of 0.0272 as well as a
relaxivity (0.94 Tesla) of R, = 20.72 and R, = 63.06.

OHSC with a thickness of 200 um were prepared from PO
C57 B6/] mice as stated previously (Pohland et al., 2017). Sub-
sequently, slices were incubated until 2 days in vitro (DIV) (44
hours) using Eu-VSOP at a concentration of 0.5 mM. In or-
der to enhance Europium fluorescence emission, OHSC were
methanol/acetone fixed and processed with modified antenna
enhancement solution (MES), as described by Kobayashi et al.
(2017). Microscopy was implemented using an Axio Observer.
Z1, equipped with an Axio Vision Software ZEN 2012 and a
Bandpass Filter 350/50. Background correction and adjustment
of brightness and contrast were performed using Axio Vision
Software ZEN 2012 and Image]. Identical settings were applied
to every bright-field recording as well as every fluorescent image.
Accordingly, we evaluated the accumulation of Eu-VSOP in the
formations (Figure 1A) cornu ammonis (CA) and dentate gy-
rus (DG), which are involved in spatial and episodic memory in
hippocampal neuronal ensembles (Leutgeb et al., 2005). OHSC
without previous MES treatment (Figure 1C) served as control
and showed no fluorescent signal. In comparison, MES-pro-
cessed slices had a significant emission within the DG as well as
in the CA1 and CA3 regions of the hippocampus (Figure 1E),
indicating an increased Eu-VSOP uptake.

This result is in line with our previous data showing the distri-
bution of un-doped VSOP within OHSC (Pohland et al., 2017)
and is probably related to the types of cell populations and their
density within the DG and CA. So far, it is unclear which kinds
of cells are involved in Eu-VSOP accumulation. However, as our
previous results show microglia seem to play a substantial role.
For that reason, it would be interesting to compare the Eu-VSOP
uptake in the absence of internal microglia.

In addition, the labeling of cells and tissue with Eu-VSOP
does provide a fundamental groundwork for further histological
clarification. Corresponding stainings will help us to answer the
question if neurons, astrocytes or interneurons are involved.

We are aware of the comparatively diffuse fluorescent signal
depicted in Figure 1. In our point of view this is an evidence for
deep tissue penetration of Eu-VSOP and also related to the use
of a fluorescence microscope as well as a tissue thickness of 200
pm. Adjustment of Eu-VSOP concentration, incubation time
and slice diameter is necessary to improve the image quality in
future. In addition, we are sure that an increase of resolution is
possible if a confocal microscope is used. Furthermore, tests need
to be done to compare the impact of Eu-doped and -undoped
VSOP on slice viability or cytokine secretion.

In our point of view our results help to fill the gap between
primary cell culture and animal experiment applying Eu-VSOP.
Currently, our data can only just be rated as an initial experiment.

In our experimental setup, Eu-VSOP allowed an advanced and
highly specified microscopic analysis of SPIO-exposed OHSC, and
help to preclude any problems that are related to PB iron stainings.
de Schellenberger et al. (2017) recently published promising data
showing a fluorescence assessment of Eu-VSOP in dissolved or-
gans, biological fluids and spleen explants after in vivo application
in mice. These results enabled an improved, unambiguous charac-
terization of VSOP toxicology and bio-distribution.

637



Pohland M, Kobayashi Y, Glumm ] (2018) Fluorescence detection of Europium-doped very small superparamagnetic iron oxide nanoparticles in
murine hippocampal slice cultures. Neural Regen Res 13(4):637-638. doi:10.4103/1673-5374.230284

Figure 1 Europium-doped very small superparamagnetic iron oxide
particles (Eu-VSOP) uptake within the cornu ammonis and dentate
gyrus of organotypic hippocampal slice cultures.

(A) Schematic drawing of the murine hippocampus. Solid black line
demonstrates the outer edge of the hippocampus; dotted line surrounds
the cornu ammonis (green), cornu ammonis (CA); dotted line defines the
dentate gyrus (magenta), dentate gyrus (DG). (B-I) Bright field (BF) and
fluorescent (Eu) images of two individual Eu-VSOP-treated organotypic
hippocampal slice cultures, organotypic hippocampal slice cultures (OHSC)
(thickness 200 pm) without (B, C) and with (D-I) antenna enhancement
showing tissular Eu-VSOP uptake. Background correction and adjustment
of brightness and contrast were performed using Axio Vision Software
ZEN 2012 and Image]. Identical settings were applied to every bright-field
recording (B, D) as well as every fluorescent image (C, E). (B) Bright field
image of an OHSC without antenna enhancement. (C) Fluorescent image
of the OHSC depicted in (B) shows no emission. (D) Bright field image of
an OHSC with antenna enhancement. (E) Fluorescent image of the OHSC
depicted in D shows Eu-VSOP uptake within CA and DG by fluorescence
emission. (F) Merge of D and E. (G) Magnified section of D depicts DG in
detail. (H) Magnified section of E shows intensive Eu-VSOP fluorescence. (I)
Merge of G and H. Scale bars: 200 pm in B-F, 100 pm in G-L

Since SPIO will be used more frequently for MRI in humans,
potential side effects of particle interaction need to be investigat-
ed in depth before one can start applying them broadly as con-
trast agents for cancer treatment or in neuronal regeneration.

Crucial for SPIO cytotoxicity is the release of free iron once
the particles are degraded, affecting neurons and microglia (Xue
et al., 2012). Increased neuronal cell death induced by SPIO
application (Pisanic et al., 2007) lead to microglial activation
promoting neurotoxicity through pro-inflammatory respons-
es (Pais et al., 2008). On the other hand, we have shown that
certain SPIO can enhance neuronal differentiation and neurite
outgrowth (Neubert et al., 2015) in line with other authors who
have demonstrated that SPIO can improve the survival of PC12
neurons in a dose-dependent manner (Kim et al., 2011).

More research is required to understand the role of various
SPIO in regeneration, neurite differentiation and their subtle
differences. Likewise, it is essential to reliably track them in
vivo.

In this context our presented data might contribute to im-
prove assessments of SPIO in CNS tissue.
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Comments to authors: The current study describes the deposition and vi-
sualization of Europium-doped very small superparamagnetic iron oxide
particle(s) in murine organotypic hippocampal slice cultures. This work is an
extension of the author’s prior publication where they studied the MR signal
enhancing effects of Eu-VSOP and VSOP in the RAW264.7 cell line. The recent
work published by Pohland M et al. showed murine organotypic hippocampal
slice culture as a good tool to screen nanoparticles and further evaluate their
potential cytotoxic effects. The findings of the current work shows that doping
of VSOP with Europium enables their visualization and deposition in hippo-
campal slice culture. Furthermore, authors assert that their findings will help
to detect SPIO-exposed regions and further analyze the interaction of SPIO
within CNS tissue and examine for any cytotoxic effects.
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