
NeuroImage 62 (2012) 1685–1693

Contents lists available at SciVerse ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img
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The unambiguous detection of specific neuronal subtypes is up to now only possible with invasive techniques or
optical imaging after genetic modification. High field magnetic resonance imaging (MRI) has the ability to visu-
alize the brain structure and anatomy noninvasively, with high resolution — but missing the cell specific and
functional information. Here we present a new tool for neuroimaging withMRI, enabling the selective detection
of GABAergic neurons under in vivo conditions. The specific imaging contrast is achieved by a novel paramagnet-
ic contrast agent, which responds to the activity of the enzyme glutamic acid decarboxylase — expressed solely
by inhibitory neurons. The relaxivity of the complex is increased upon decarboxylation of two glutamic acidmoi-
eties, thus allowing increased water access to the inner and outer coordination spheres of the paramagnetic ion.
The mechanism and specificity of activation were proven with tissue lysates and further applied to a differenti-
ation protocol formurine embryonic stem cells. The relaxation enhancementwas studied quantitatively and rev-
ealed decreased longitudinal relaxation times in the inhibitory neuron samples compared to the naïve stem cells
in vitro and in vivo. Furthermore, this approach offers not only the discrimination of inhibitory, GABAergic neu-
rons in the brain but also may expand the usefulness of MRI for functional imaging on a cellular level.

© 2012 Elsevier Inc. All rights reserved.
Introduction

The implantation of stem cells into the acutely or chronically dam-
aged brain is expected to enhance the endogenous repair mecha-
nisms through secretion of specific growth factors and to replace
tissue by differentiation into the appropriate cell type. Magnetic res-
onance imaging (MRI) has become the method of choice for tracking
stem cells because of the high spatial resolution and the possibility for
repeated, noninvasive measurements (Hoehn and Himmelreich,
2006; Modo et al., 2005). A common method for tracking cells longi-
tudinally is the labeling prior to implantation with paramagnetic or
superparamagnetic contrast agents (Hoehn et al., 2008). Although
conventional contrast agents highlight structural details reliably,
namely the cell localization, they disguise major biological issues,
e.g. cell viability and cellular processes like proliferation and differen-
tiation. The ability to measure these biological readouts is the prereq-
uisite for new molecular imaging approaches targeting the successful
monitoring of cell implantations and their functional fate.

One possibility to overcome the common limitations is the use of
contrast agents, which change their magnetic properties in response
to dynamic physiological and metabolic properties, generally referred
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to as responsive contrast agents. Many of these contrast agents are
lanthanide chelates that require direct interaction of water with the
lanthanide ion. If this interaction is prevented by a functional group
that can be removed by the targeted enzyme, the expression of
this enzyme can be visualized by the responsive contrast agent
(Himmelreich et al., 2006; Louie et al., 2000).

We focus in this report on a new MRI contrast agent to visualize
specifically inhibitory neurons, which use gamma-Aminobutyric acid
(GABA) as a neurotransmitter. These inhibitory neurons are very
widespreadly distributed throughout the brain and comprise approxi-
mately 30–40%of all neurons (Paul, 1995). Imaging ofGABAergic neurons
would be important because of their pivotal role in neuronal network de-
velopment, function and plasticity (Di Cristo, 2007). A decreased GABA
neurotransmission is associated with neurological disorders, e.g. stroke,
Huntington's disease (HD), epilepsy, schizophrenia, and several mood
disorders (Benes et al., 2007; Brambilla et al., 2003; Malizia et al., 1998).
Cell implantations, which aim to restore brain function by cell replace-
ment and induction of endogenous repair mechanisms, are promising
for the treatment of stroke as well as Huntington's disease. Both are asso-
ciatedwith the loss of inhibitory neurons— in the case of HD restricted to
the cortex and striatum (Deng et al., 2004; Reiner et al., 1988) and in the
case of stroke restricted to the hippocampus and the striatum (Saji et al.,
1994; Schwartz-Bloom and Sah, 2001). We present here a possibility to
discriminate noninvasively betweenundifferentiated cells andGABAergic
neurons after differentiation. For this purpose, we used a novel contrast
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agent, which is responsive to the enzyme glutamic acid decarboxylase
(GAD), an enzyme expressed by all GABAergic neurons and responsible
for converting glutamate into GABA. In this study, GAD cleaves selectively
a functional group responsible for steric hindrance of water access to the
coordination sphere of the paramagnetic Gd(III) ion, leading to an in-
crease in T1 relaxivity. The targeting of a neuron-specific enzymeprovides
important advantages for obtaining high image contrast, including
increased sensitivity and specificity. First we characterized the selective
relaxivity change in correlation to the GAD content in tissue lysates.
Secondly, the compound was tested on a cell culture model of
undifferentiated and differentiated embryonic stem (ES) cells. Finally,
implanted GABAergic neurons were discriminated due to the selective
activation of the incorporated contrast agent.

Materials and methods

Responsive contrast agent

Gd-DO3A-GAD (1-[5-[[N,N′-bis-[3,10,17-triaza-4,11,18-trioxo-21-
carboxyl-21-aminoeinecosane]]-N-methylaminocarbonyl]pentyl]-1,4,7,
10-tetraazacyclododecane-4,7,10-triacetate (3-) gadolinate) (Fig. 1A) is
a novel contrast agent responsive to the enzyme GAD, which catalyzes
the conversion of glutamate into the major inhibitory neuron transmit-
ter GABA (Fig. 1B). The paramagnetic agent consists of Gd-DO3A as the
Gd(III) chelate backbone. In its inactive state, long hydrocarbon side chains
are anchored to one N atom of the Gd(III) chelate with glutamatemoieties
as head groups, which can enter the Gd(III) coordination sphere, thus lim-
iting thewater access to the paramagnetic core (Fig. 1C). Upondecarboxyl-
ation of the glutamatemoieties due to theGADactivity, there is an increase
in the hydration sphere of the Gd(III) ion, leading to an increased T1
relaxivity. The contrast agent synthesis and chemical characterization are
reported in detail elsewhere (Napolitano et al., in press).

Tissue lysates and immunoblotting

AdultWistar rat tissues (liver, cortex and cerebellum)weremechan-
ically homogenized, and lysed with cell lysis reagent M‐PER (Thermo
Fisher Scientific, Schwerte, Germany). Protein content was determined
with the BCA protein assay (Thermo Fisher Scientific). Total lysate
Fig. 1.Mechanism of GAD dependent contrast agent processing. A) Chemical structure of Gd
GABA. C) The glutamate moieties coupled to the Gd(III) core of the complex are cleaved by
protein (30 μg per lane) was subjected to SDS-polyacrylamide gel elec-
trophoresis (Laemmli, 1970) and transferred to a nitrocellulose mem-
brane (Thermo Fisher Scientific) using an electrophoresis and blotting
module (Bio-Rad, Munich, Germany). Membranes were blocked with
5% non-fat dry milk in Tris-buffered saline with Tween 20 (TBST) buffer
for 1 h. Blots were then immunolabeled for 2 h at room temperature
(RT) against either GAD65/67 (rabbit, polyclonal, 1:750; Millipore,
Darmstadt, Germany) or alpha-tubulin (mouse, monoclonal, 1:5000;
Calbiochem, Darmstadt, Germany). This was followed by incubation
with either anti-rabbit or anti-mouse secondary antibodies coupled to
horseradish peroxidase at dilutions of 1:5000 (GE Healthcare, Freiburg,
Germany). Immunolabeling was detected on an X-ray film using a
chemoluminescent mixture (consisting of 90mM p-coumaric acid,
250mM luminol and 13.5 mM H2O2 in Tris–HCl pH 8.5; Sigma-Aldrich,
Schnelldorf, Germany).

For evaluation of contrast agent activation the tissue lysates from
brain (cerebellum and cortex mixed) containing equal amounts of total
protein (3.0–3.5 mg) were incubated at 37 °C for 24 h with 1 mM Gd-
DO3A-GAD and 0.05 mM of the cofactor pyridoxal‐5′‐phosphate (PLP)
(Sigma-Aldrich) in PBS buffered solution. In one of the experiments,
the carbonyl-trapping agent aminooxyacetic acid (AOAA), which binds
to the cofactor PLP (Roberts and Simonsen, 1963), was added to the
brain lysate incubation mix at 250 μM.
GABAergic cell system

CGR8 murine embryonic stem cells (129/Ola derived) were a gener-
ous gift fromProf. A. Sachinidis (Institute for Neurophysiology, University
at Cologne, Germany). They were routinely maintained in undiffer-
entiated state in GMEM (Glasgow Minimum Essential Medium) sup-
plemented with 10% FCS (ES cell tested) (both from Gibco, Darmstadt,
Germany), 2 mML-glutamine (PAA, Pasching, Austria), 100 units/ml LIF
(Millipore) and 50 μM beta-mercaptoethanol (Gibco) on cell culture
flasks coated with 0.2% gelatine (Sigma-Aldrich). Embryoid body (EB)
formation was induced by plating 23,000 cells/cm2 on bacteriological
grade petri dishes (Sarstedt, Nürnbrecht, Germany) in GMEM sup-
plemented with 10% FCS (ES cell tested) and 2 mML-glutamine (PAA)
for 3 days. Neural precursor cells (NPCs) were selected over 4 days by
culturing EBs on bacteriological grade cell culture dishes in ITSFn
-DO3A-GAD. B) Chemical reaction of the GAD driven decarboxylation of glutamate into
GAD leading to free access of water and higher relaxivity of the contrast agent.
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medium, which consists of DMEM/F12 (Dulbecco'sModified EagleMedi-
um) (Gibco), 1× ITS (Sigma-Aldrich), 2 mML-glutamine (PAA) and 1 ng/
ml fibronectin (Sigma-Aldrich). NPC spheres were mechanically de-
tached, centrifuged at 163×g and plated on polyornithine/laminin cov-
ered dishes in neuronal differentiation medium for at least 3 days
(polyornithine/laminin coating consists of 18 ng/ml poly-L-ornithine
and 5 μg/ml laminin (Sigma-Aldrich)). The neuronal differentiationmedi-
um was KnockOut DMEM (Gibco), 10% KnockOut serum replacement
(Gibco), 1×NEAA (PAA), 2 mML-glutamine (PAA). All cellswere cultured
under humidified 5% CO2 and 95% air. For immunocytochemical analysis,
cells were plated on polyornithine/laminin covered glass slides.

Gene expression analysis

For quantitative real time polymerase chain reaction (qPCR) ex-
periments, total RNA was isolated using the Nucleo Spin RNA II Kit
(Macherey-Nagel, Düren, Germany) and 5 μg of purified total RNA
were used for single strand cDNA synthesis using the Omniscript RT
Kit (Qiagen, Hilden, Germany). For primer design QuantPrime was
used (Arvidsson et al., 2008) based on the NCBI reference sequences
for mouse mRNA (National Center for Biotechnology Information, Be-
thesda, USA). The sequence of the primers were as follows, beta III-
tubulin: 5′-ATG AGG CCT CCT CTC ACA AGT ATG-3′ and 5′-T CC AGG
TTC CAA GTC CAC CAG-3′; glutamic acid decarboxylase 1 (GAD1): 5′-
CAG CCA GAC AAG CAG TAT GAC G-3′ and 5′-TTG CTT TCC ACA TCA
GCC AGA AC-3′; glutamic acid decarboxylase 2 (GAD2): 5′-ACC ACA
ATG GTC AGC TAC CAA CC-3′ and 5′-TTT GAG ATG ACC ATG CGG AAG
AAG-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 5′-
CAT GGC CTT CCG TGT TCC TA-3′ and 5′-CG GCA CGT CAG ATC CA-3′;
Nestin: 5′-AGT GGC TAC ATA CAG GAC TCT GC-3′ and 5′-TTC TTC CAG
GTG TCT GCA AGC G-3′; Oct4: 5′-TGT TTC TGA AGT GCC CGA AGC C-3′
and 5′-CCA AGC TGA TTG GCG ATG TGA G-3′. GAD1 and GAD2 corre-
spond to the gene coding for GAD67 and GAD65 respectively. GAPDH
was chosen as a robust housekeeping gene, because of the reported sta-
ble expression in mouse embryonic stem cells and neural differ-
entiation protocols (Willems et al., 2006). qPCR experiments were
conducted with the SensiMix SYBR No-ROX kit (Bioline, Luckenwalde,
Germany) and the TOptical thermocycler (Biometra,Göttingen,Germany)
according to the protocol of the manufacturer. Relative quantification
based on the ÄÄCT method was achieved acquiring the PCR efficiencies
for each gene of interest with a cDNA mixture and the cycle threshold
(CT) values for each specific gene and cDNA in duplicate. The datawas an-
alyzed using the Biometra RT PCR software and the Relative Expression
Software Tool V2.0.13 (Pfaffl et al., 2002).

Immunostainings

For immunocytochemistry (ICC) cells were fixed in 4% paraformal-
dehyde (PFA) in PBS for 15 min at RT, and washed three times in PBS.
Cells were permeabilized for 10 minwith 0.03% Triton X-100/TBS, and
unspecific antibody binding was blocked with 5% BSA/TBS (PAA) for
1 h. Primary antibodies were applied for 2 h in 0.8% bovine serum al-
bumin (BSA)/TBS and secondary antibodies for 2 h in TBS. The follow-
ing antibodies were used: beta III-tubulin (mouse, monoclonal, 1:300,
Sigma-Aldrich), GABA (rabbit, polyclonal, 1:1000, Sigma-Aldrich),
GAD65/67 (rabbit, polyclonal, 1:200, Millipore), Dylight 488 (goat
anti mouse, 1:1000, Thermo Fisher Scientific) and DyLight 549 (goat
anti rabbit, 1:1000, Thermo Fisher Scientific). Nuclei were counter-
stained for 10 min by Hoechst 33342 (1 μg/ml, Sigma-Aldrich). Cells
weremountedwithin aquamount (Thermo Fisher Scientific) and visual-
ized under a 40×objective on a Leica TCS SP2microscope equippedwith
a supplementary CCD camera (Leica, Microsystems,Wetzlar, Germany).
Quantification of cell differentiation was achieved by counting GABA,
GAD, beta III-tubulin positive cells and total cell number on 5 randomly
chosen fields of view.
For histology,micewere perfused transcardially under isoflurane an-
esthesia, first with saline followed by 4% PFA. Brains were removed and
post-fixed overnight in PFA, followed by 20% sucrose solution until they
sunk. Thirty-micrometer-thick sections were cut in the coronal plane
using a cryostat (Leica) and stored at −20 °C. The hematoxylin and
eosin (HE) stain was applied to selected sections. Briefly, slides were
washed in several ethanol solutions (100%, 90% and 70%), incubated
with hemalaun (Merck, Darmstadt, Germany) followed by washing in
distilled water and tab water, incubation in eosin (Merck), washing in
distilled water followed by increasing EtOH solutions. Slides were
mounted with Entellan (Merck) after washing in Roti-Histol (Carl
Roth, Karlsruhe, Germany).

Cell labeling

Several transfection methods commonly used in molecular biolo-
gy to introduce foreign DNA in cells were compared with regard to
the uptake of the commercially available paramagnetic contrast
agent Dotarem® (Guerbet, Roissy CdG Cedex, France) and the cell
viability/survival rate. The tested methods are 1) Pinocytosis
(Pino): during direct incubation of the contrast agent in the cell
medium, spontaneous uptake takes place by random pinocytosis/
endocytosis (Terreno et al., 2006), 2) calcium phosphate (CaP): a
coprecipitate of CaP and the contrast agent enter the cell by endocy-
tosis (Graham and van der Eb, 1973), 3) lipofection (Lipo): the con-
trast agent is coated by a lipid layer which induces cell uptake
(Rudelius et al., 2003), and 4) electroporation (EP), which induces
the reversible formation of small pores in the cell membrane upon
an electrical discharge (Neumann et al., 1982). Cells were prepared
as follows: undifferentiated CGR8 cells were detached with 0.05%
trypsin/0.02% EDTA (PAA), centrifuged at 250 xg for 3 min and coun-
ted. Differentiated CGR8 cells were detached and dissociated with
accutase (PAA) by careful titration, centrifuged at 250 xg for 3 min
and counted.

Pinocytosis was achieved by incubating the cells for 2 h in the
presence of 50 mM Dotarem®. For lipofection a custom-made trans-
fection agent similar to lipofectamine (Invitrogen, Darmstadt, Germa-
ny) (Kruttwig, 2009) was used in a lipo:contrast agent ratio of 1:2,
preincubated for 30 min, followed by 2 h incubation with the cells
in complete medium. The CaP transfection mixture was prepared as
described by (Chen and Okayama, 1987). Briefly, 2× BES-buffered sa-
line (BBS), 0.25 M CaCl2 and 50 mM Gd-DOTA were mixed in a ratio
of 2:1 and treated like the lipofection samples. For electroporation
50 mMGd-DOTA were mixed with ice-cold Hanks Balanced Salt Solu-
tion (HBSS) (Invitrogen) and directly electroporated using a
Genepulser (Bio-Rad, Vienna, Austria) with a 100 V square pulse for
20 s. After EP, cells were placed on ice for 5 min. Independent of the
labeling method, cells were finally washed twice with PBS to remove
excessive contrast agent and counted by the trypan blue exclusion
assay to determine viability after labeling (viability=100%×viable
cells / total cell number). Furthermore, the survival rate was used to
determine the actual cell death due to the treatment (survival
rate=100%×viable cellswith treatment/viable cellsw/o treatment). The
electroporation protocol was applied to undifferentiated and differ-
entiated cells with 10 mMGd-DO3A-GAD. The cells were subsequent-
ly plated for 6 h and collected by centrifugation at 250×g for 3 min.
Labeled cells were washed and counted as described above. Cell pel-
lets were either fixed with PFA for 15 min at RT or directly used for
cell implantations adjusted to 1.875×105 cells/μl in HBSS.

Phantoms

Phantoms for MRI experiments at 4.7 T consisted of plastic PCR tubes
containing a mixture of tissue lysates or cells and 0.5% low melting aga-
rose (Sigma-Aldrich) covered and embedded in 1% agarose (Sigma-
Aldrich). Measurements at 1.0 and 7.0 T were conducted on cell pellets
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in glass capillaries embedded in a 10 mm glass tube filled with 1%
agarose. Agarose phantoms were cooled down to room temperature
for MR experiments and stored at 4 °C.

Cell implantation for in vivo MRI

All animal experiments were conducted according to the guide-
lines laid out in the German Animal Welfare Act, in accordance with
the European Communities Council Directive 86/609/EEC, and were
approved by the local authorities (Landesamt für Natur, Umwelt
und Verbraucherschutz North Rhine-Westphalia, reference number
8.87-51.04.20.09.362). Nude mice (Janvier, France; n=2) were
anaesthetized with Isoflurane in O2:N2O (30:70%) and fixed in a ste-
reotactic frame (Stoelting, Dublin, Ireland). Carprofen (Pfizer, Karls-
ruhe, Germany) was used for analgesia (4.0 mg/kg s.c.). The skull
was exposed by a small incision and two holes were drilled at the fol-
lowing coordinates relative to bregma: AP+0.5; L±2.0; DV−2.5
using a stereotactical instrument (Stoelting). The homogeneous cell
suspensions were kept on ice during the surgery and subsequently
injected into the brain through a Hamilton syringe (23 G needle)
using a micropump system with flow rates of 1500 nl/min (with-
draw) and 500 nl/min (injection). In total, 7.5×105 cells were
injected in a volume of 2 μl. Animals were kept under anaesthesia
for the 0.5 hour scan post implantation and were later scanned
again at 24 h and 7 days post implantation.

Magnetic resonance imaging and relaxometry

The experimentswith tissue lysates and for the optimization of cell
labeling were conducted on a Biospec 4.7 T (Bruker BioSpin, Ettlingen,
Germany) with a Helmholtz coil for transmit (120 mm diameter) and
a surface coil (28 mm diameter) for receive. T1 maps were acquired
with a RAREVTR sequence including the following parameters: 12 var-
iable TR=116.640, 258.513, 415.220, 590.230, 788.388, 1016.768,
1286.274, 1615.045, 2036.712, 2625.391, 3608.035, 7500.000 ms,
TE=12.0 ms, field of view (FOV)=30.0×30.0 mm, slice thickness
2.0 mm, matrix=128×128, resolution=0.234×0.234 mm, number
of averages=2, with a total acquisition time (TA) of 46 min.

MR images on cell pellets were acquired on an Avance300 spec-
trometer (Bruker) operating at 7.1 T equipped with a microimaging
probe using a standard T1-weightedmulti-slice multi-echo sequence
(TR=250 ms, TE=3.3 ms, NEX=6, FOV=0.115×0.115 cm2, 1 slice,
slice thickness=1 mm) and on an Aspect M2 system (Aspect Imaging,
Shoam, Israel) operating at 1 T equipped with a horizontal bore MRI
magnet using a standard T1-weighted multi-slice spin-echo sequence
(TR=250 ms, TE=7.0 ms, NEX=30, FOV=0.17×0.17 cm2, 1 slice,
slice thickness=1.5 mm). T1 valuesweremeasured using a saturation re-
covery spin-echo sequence (at 7 T: TE=2.6 ms, 16 variable TR ranging
Fig. 2. Increased relaxivity detectable in tissue lysates containing GAD. A) Expression of Gad
B) T1 map obtained at 4.7 T yielded reduced longitudinal relaxation times in the presence
served as a control. C) Cortex and cerebellum showed approximately 2-fold increased ΔR1
from 40 to 6000 ms, NEX=1, FOV=0.115x0.115 cm2, 1 slice, slice
thickness=1mm; at 1 T: TE=7.0 ms, 12 variable TR ranging from 50 to
4000ms,NEX=1, FOV=0.17×0.17 cm2, 1 slice, slice thickness=2mm).
For relaxometric determination of intracellular Gd(III)-content, cell pellets
were treated as described elsewhere (Arena et al., 2011).

The proton R1 NMRD profiles on tissue lysates were measured at
25 °C on a fast field-cycling Stelar relaxometer (Stelar, Mede Pavia,
Italy) over a continuum of magnetic field strengths from 0.00024 to
0.47 T (corresponding to 0.01–20 MHz proton Larmor frequencies).
The relaxometer operates under computer control with an absolute
uncertainty in R1 of ±1%. Additional data points in the range of
20–70 MHz were obtained on a Stelar Spinmaster relaxometer tun-
able at the different frequencies. The temperature was controlled
with a Stelar VTC-91 air-flow heater equipped with a copper constan-
tan thermocouple (uncertainty 0.1 °C).

The in vivo MRI data was acquired on a Biospec 7.0 T (Bruker)
under isoflurane (2%) anaesthesia (O2/N2O, 30/70%) and lasted ap-
proximately 35 min. For a general overview and the coregistration, a
T2-weighted RARE sequence was used (TR=6500 ms, TE=13.0 ms,
FOV=14.0×14.0 mm2, 30 slices, slice thickness=0.5 mm, 128×128
matrix, i.e. a resolution of 109×109×500 μm3). The T1 maps were ac-
quired with a RAREVTR sequence (12 variable TR 189.708, 331.527,
488.167, 663.094, 861.146, 1089.384, 1358.693, 1687.171, 2108.355,
2696.085, 3676.028, 7500.000 ms, TE=12.0 ms, FOV=20.0×20.0 mm2,
6 slices, slice thickness=1.0 mm, 128×128 matrix, i.e. a resolution of
156×156×1000 μm3).
Data analysis and postprocessing

Images from IHC and MRI were processed with ImageJ (Version
1.42q; National Institutes of Health). T1 maps were calculated using
a custom-made program developed in IDL (ITT Visual Information So-
lutions, Boulder, USA). TheMRI signal S(TR) was fitted on a voxel basis
with a monoexponential function S(TR)=S0*(1−exp(−TR/T1))
with equilibrium signal S0, longitudinal relaxation time T1 and the
scan repetition time TR. Region of interest (ROI) analysis of the quan-
titative maps was used to determine the T1 values with ImageJ. In case
of phantom scans, circular ROIs were drawn manually. For the in vivo
measurements, two ROIs were drawn manually along the grafting
canal in one animal. ROI measurements were then applied to all
scans, yielding T1 values for the phantom samples and the cell grafts,
respectively. Changes in relaxation rate ΔR1 induced by the contrast
agent conversion were calculated by ΔR1=(1/T1(treated sample))
−(1/T1(sample)). Further processing of the in vivo MRI data was done
by converting the raw data into 32-bit NIFTI format (Neuroimaging In-
formatics Technology Initiative; http://nifti.nimh.nih.gov) and scaling
up the voxel size by a factor of 10. For brain extraction and affine
coregistration with 12° of freedom, FSL tools were used (FMRIB
65/67 in tissue lysates was confirmed by Western blot (α-tubulin as loading control).
of GAD compared to the liver lysate incubated with Gd-DO3A-GAD. The pure lysates
rates in respect to the liver lysate.

http://nifti.nimh.nih.gov
image of Fig.�2


Fig. 3. Field strength behavior of the complex and specificity of GAD mediated
relaxivity change. Enhancement of Gd-DO3A-GAD relaxivity was dependent on the
proton Larmor frequency, proven by NMRD profiles. Cortex and cerebellum (brain)
were incubated with 10 mM Gd-DO3A-GAD and relaxivity r1p was measured at various
field strengths. The relaxivity shift due to the GAD activity was approximately 30% re-
duced by the addition of the GAD specific inhibitor AOAA.
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Software Library; http://www.fmrib.ox.ac.uk/fsl). The data was
processed according to a 4-step protocol: 1) RARE scans of all animals
were registered and averaged to yield a brain template, 2) the
RAREVTR scans of every time point were coregistered to the average
brain, 3) the resulting transformation was applied to the T1 maps ac-
cordingly and 4) for visualization, brain maps were masked manually
to exclude non-brain tissue.
Fig. 4. Short term protocol for GABAergic differentiation of embryonic stem cells. A) Light mi
EBs until day 3, the selection of NPCs until day 7 and the final neural differentiation step fo
(red), cell nuclei counterstained with Hoechst 33342 (blue), scale bar 20 μm. C) Quantitativ
sion ratio of marker in relation to GAPDH expression confirmed by qPCR: pluripotency (Oct4
Results

Detection of GAD specific T1 change in tissue extracts

Western blot was used to assess GAD65/67 protein in lysates from
the rat brain (cortex and cerebellum). No GAD65/67 could be
detected in the lysate of liver tissue, which served in the following
as a negative control (Fig. 2A). The T1 maps of the lysates after incu-
bation with Gd-DO3A-GAD revealed a T1 relaxation time decrease in
cortex and cerebellum samples relative to liver sample (Fig. 2B).
The acquired T1 values were used to calculate ΔR1 of tissue samples
with the contrast agent and untreated samples. The ΔR1 value of
brain samples compared to the liver sample was approximately dou-
bled, indicating a high relaxivity shift of the Gd-DO3A-GAD complex
(Fig. 2C). The relaxivity behavior was further studied at different
magnetic field strengths (Fig. 3). On the basis of the obtained NMRD
profiles, the complex exhibited the highest relaxivity shift useful for
MRI at 1 T (or 40 MHz). The specificity of GAD mediated contrast
was confirmed by adding the GAD specific inhibitor AOAA, which de-
creased the relaxivity shift in brain lysates.
Cell culture protocol for GABAergic neurons

For relaxometry studies on a cellular level, a differentiation proto-
col for CGR8 ES cells was set up, which facilitates culturing of several
million GABAergic cells in a short time. The novel three step protocol
(Fig. 4A) takes 10 days and consists of 1) the EB formation from CGR8
cells, 2) the selection of NPCs in chemically defined medium, and 3)
the final neural differentiation. This method enables reproducibly
croscopy pictures of the novel 3-step differentiation protocol including the formation of
r 3 days, scale bar 100 μm. B) Immunostaining for beta III-tubulin (green), GAD65/67
e determination of neuronal cell types by manual counting of ICC stainings. D) Expres-
), NPCs (Nestin), neurons (beta III-tubulin) and inhibitory neurons (GAD1 and GAD2).

http://www.fmrib.ox.ac.uk/fsl
image of Fig.�3
image of Fig.�4
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the generation of a neural culture including GABAergic neurons ex-
pressing the GAD65/67 protein, which was confirmed by ICC
(Fig. 4B). Approximately 31% of all cells in the culture were beta III-
tubulin positive neurons. 27% of all cells were also co-expressing
GAD65/67 indicating a high degree of GABAergic neurons in the cul-
ture (Fig. 4C). The neuronal differentiation was further validated by
qPCR analysis (Fig. 4D). Relative gene expression was compared to
the gene expression of the housekeeping gene GAPDH in CGR8 cells.
The obtained gene expression profile clearly reflects 1) the down-
regulation of the pluripotency marker Oct4, 2) the maximum Nestin
expression under NPC selection conditions, and 3) the selective ex-
pression of GAD1 and GAD2 in the final step of differentiation.
Successful incorporation of Gd-chelate into ES cells and
GABAergic neurons

Efficient labeling of stem cells with MRI contrast agents is hin-
dered by the stem cell vulnerability against external influences. Par-
ticularly, the toxicity effects from incorporated contrast agents on
the pluripotency status, viability and proliferation capacity need to
be minimized. We compared different labeling approaches for CGR8
cells using the conventional, clinically used contrast agent Dotarem®.
The applied methods were 1) self-acting accumulation of contrast
agent by pinocytosis/endocytosis, 2) calcium phosphate precipitation,
3) lipofection, and 4) electroporation (Fig. 5A). Pinocytosis does not
affect viability or survival rate (both over 90%). In contrast, calcium
phosphate, lipofection and electroporation lead to a decreased surviv-
al rate without affecting viability of the cells, indicating a detrimental
effect (least value 62% for electroporation). To determine the efficien-
cy of contrast agent uptake, T1 maps were acquired from MRI phan-
toms containing labeled cells at 4.7 T. The calculated ΔR1 values
indicate a minimal unspecific uptake of contrast agent by pinocytosis,
which could not be enhanced by calcium phosphate (Fig. 5B). Never-
theless, a stronger effect (factor 2.4) on the ΔR1 was observed for the
samples treated by lipofection and electroporation with a more con-
sistent labeling by electroporation. To gain high viability/survival
and uptake of contrast agents together, the electroporation protocol
needed optimization concerning buffer and electrical power applied,
resulting in the combination of HBSS buffer and a single square
wave at 100 V with a pulse length of 20 ms.

The optimized labeling protocol was applied to the undifferentiated
and differentiated CGR8 cells in the presence of Gd-DO3A-GAD
Fig. 5. Comparison of different labeling approaches for CGR8 cells revealed efficient and cons
troporation (EP), calcium phosphate precipitation (CaP), lipofection (Lipo) and pinocytosis (
the number of surviving cells in relation to untreated cells (= survival rate); individual ex
DOTA. Highest consistent labeling was achieved with the electroporation method. C) Appli
cells with Gd-DO3A-GAD. Unlabeled cells (EP/−) and labeled cells (EP/+) were compared in
(Fig. 5C), in which the viability remained high (83–95%). In contrast,
cell survival decreased slightly to 53–72%. Remaining differentiation
potential was validated by culturing the labeled cells according to the
described protocol, achieving a similar portion of GABAergic neurons
expressing GAD for labeled and unlabeled cells (data not shown).

Differentiation-specific T1 contrast and field dependence

The undifferentiated and differentiated CGR8 cells were labeled
with Gd-DO3A-GAD using the optimized electroporation protocol,
and incubated for 6 h to allow complete activation of the contrast
agent. Fixed cells were subsequently measured in MRI phantoms at
1 and 7 T. In Fig. 6A, an example of the obtained T1-weighted MR im-
ages at 1 T and 7 T is shown. Based on the T1 maps of 3 independent
experiments obtained at 1 T and 7 T, the ΔR1 values were calculated
in relation to the untreated cells (Figs. 6B, C). At both field strengths,
a robust increase in ΔR1 could be observed in the differentiated com-
pared to the undifferentiated cells ranging from 30 to 100%. The re-
laxation rate decreased with the higher field strength, which is
consistent with the NMRD profiles of tissue lysates (Fig. 3). Further
calculations were made in order to represent the relaxation rate var-
iation of differentiated cells with respect to undifferentiated ones. For
the calculated ΔR1 differences between both samples a normalization
was applied, based on the actual number of vital cells in each exper-
iment and the Gd(III)/mg protein content (Fig. 6D). Because of the
high standard deviation of these values, we conclude that the exper-
iments revealed high fluctuations in the amount of contrast agent sta-
bly incorporated by the cells, but the relative difference in observed
relaxation rates was maintained. Furthermore, the T1 contrast at
high field strength was still ≥100 ms which would make in vivo ap-
plications at high fields possible.

In vivo cell imaging at high field strength

The in vivo behavior of Gd-DO3A-GAD was characterized at high
field strength (7 T, Bruker Biospec) (Fig. 7A). Cell grafts of 750,000
pre-labeled undifferentiated and differentiated cells were implanted
into the striatum of 2 nude mice and subsequently followed for up
to 7 days by MRI. At each time point, a T1 map was obtained
(Fig. 7B) and the change in relaxation rate between the ES cell graft
and the differentiated graft was calculated. A loss of contrast was ob-
served after 24 h and 7 days. 0.5 h after surgery, the two cell grafts
istent labeling of embryonic stem cells via electroporation. A) Effect of treatment (elec-
pino)) was assessed by determining the viability after the uptake of contrast agent and
periments n≥2. B) Change in relaxation rate at 4.7 T for cells labeled with 50 mM Gd-
cation of the optimized protocol for labeling undifferentiated and differentiated CGR8
terms of viability and survival rate, yielding no significant change due to the treatment.

image of Fig.�5


Fig. 6. Discrimination of native and differentiated cells is possible due to changes in T1 relaxation time for MRI in vitro. A) T1-weighted images acquired at 1 T and 7 T of untreated
cells (1), undifferentiated, labeled cells (2) and differentiated, labeled cells (3). B) The relaxation enhancement due to Gd-DO3A-GAD activation in differentiated samples was mea-
sured for 3 independent experiments at 1 T (B) and 7 T (C). D) The difference between ΔR1 values of undifferentiated ES cells and the differentiated samples were normalized to the
sample cell number and the actual mol Gd(III)/mg protein level. Signal enhancement effect was higher at low field (1 T) compared to high field (7 T), reflected by the calculated
change in ΔR1 rates from 2 independent experiments normalized for the cell number in each sample (undifferentiated vs. differentiated cells).
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could be clearly discriminated based on the decreased T1 values for
differentiated cells compared to the undifferentiated cells (Fig. 7C).
The histological evaluation of implant location revealed a symmetric
location of both cell grafts in the striatum. The implanted cells high-
light characteristically as a dense package of cells (Fig. 7D).

Discussion

To the best of our knowledge, the present investigation is the first
in vivo visualization of neuron specific imaging using a novel MRI
contrast agent responsive to the neuronal enzyme GAD. The GAD spe-
cific activation was demonstrated with tissue lysates and incubation
in the presence of a GAD-specific inhibitor. A cellular model for
GABAergic neurons was established and the contrast agent uptake
route was optimized in terms of cell survival and amount of incorpo-
rated complex. Finally, the intracellular relaxivity changes due to the
activation of Gd-DO3A-GAD were used to discriminate ES cells and
inhibitory neurons by MRI in vitro and in vivo after implantation
into the mouse brain.

Selectivity of contrast agent activation

The mechanism of Gd-DO3A-GAD activation is an advancement of
the mechanism in the first reported enzyme-activated gadolinium-
based chelate by Moats et al. (1997). It is functionalized by masking
groups which can be cleaved specifically by the enzyme GAD leading
to an increased T1 relaxivity due to the improved access of water mol-
ecules to the Gd(III) ion. To our knowledge, the results presented here
Fig. 7. Discrimination of implanted native and differentiated cells based on T1 values in the m
differentiated cells (right striatum) and labeled undifferentiated cells (left striatum). B) Co
graft. C) Quantitative evaluation of the ΔR1 difference between the ES cells and the different
over time. D) Histological prove of the location of cell grafts after sacrificing the animal 7 d
are the first neuronal application of a contrast agent responsive to an
endogenous neuronal enzyme. We tested the selective relaxivity
shift in tissue lysates from the brain containing GAD compared to
the liver. Cortex and cerebellum were chosen because of the reported
high expression of GAD (Mueller and Langemann, 1962). By incuba-
tion of the GAD-containing brain lysates in the presence of the selec-
tive inhibitor AOAA the relaxivity shift was markedly reduced. The
co-factor PLP plays a crucial role for the GAD enzyme and was added
to the lysates in order to enhance GAD activity under lysate condi-
tions. The PLP seems to be essential for the GAD action on the contrast
agent, because the PLP-trapping AOAA decreased the reaction efficien-
cy. The NMRDprofiles are representative for paramagnetic complexes.
Deviations can be explained by the lysate composition, a crude mix-
ture of all cellular components, which may lead to unspecific com-
plexing of the agent to macromolecules, as was reported previously
(Napolitano et al., in press).
GABAergic cell model

The relaxivity measurements on a cellular level under controlled
conditions required a substantial amount of GABAergic neurons.
Due to the lack of established commercial GABAergic cell lines, we
used embryonic stem cells (CGR8), which can be differentiated into
GABAergic neurons (Shin et al., 2011). Our novel differentiation pro-
tocol relies on the five-stage method introduced by Okabe and others
(Lee et al., 2000; Okabe et al., 1996). In contrast to the established
methods, we were able to shorten the differentiation time from
approximately 3 weeks to 10 days and to simplify the cell culture
ouse brain. A) Representative T1 weighted image at 0.5 h after implantation of labeled
rresponding T1 map revealing distinct lower relaxation rate for the differentiated cell
iated sample from 2 animals monitored for up to 7 days revealed a decrease of contrast
ays after implantation by HE-staining.
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conditions. Nevertheless, the optimized protocol yielded in total 30%
neurons of which approximately 89% were GABAergic, which is in
line with results reported in a comparative study of differentiation
protocols for mouse ES cells (Shin et al., 2011). The efficiency of the
short term protocol was proven by qPCR revealing the neural selec-
tion by increased Nestin expression and the onset of GAD1 and
GAD2 expression under differentiation conditions. The increase of
neuronal markers was coupled to the loss of pluripotency, demon-
strated by the decrease of Oct4 expression.

Cell labeling efficiency

The labeling of (embryonic) stem cells with paramagnetic contrast
agents is not well established and only a few methodological reports
exist. We tested several labeling techniques (pinocytosis, lipofection,
calcium phosphate precipitation and electroporation), which were
applied beforehand successfully to the upload of superparamagnetic
contrast agents. Lipofection was reported to enable efficient labeling
of ES cells and neural progenitor cells with the superparamagnetic
contrast agent Sinerem (Kustermann et al., 2008). The single reports
on lipofection of stem cells with paramagnetic contrast agents made
use of Lipofectin and Lipofectamin (Rudelius et al., 2003), or Effectene
(Shen et al., 2009). Recently, Guenoun et al. (2011) described a cat-
ionic Gd-DTPA liposome complex for enhanced labeling efficiency of
mesenchymal stem cells. Our lipofection experiments revealed vari-
able ΔR1 from independent experiments in combination with a high
viability and survival rate. The variability could be explained by the
random lipofection process, in which the contrast agent-lipo-
complex fuses with the cell membrane to form endosomes. Further-
more, relaxivity distortions are described for contrast agents
entrapped in small cellular compartments like the endosomes
(Strijkers et al., 2009; Terreno et al., 2006). The same endocytosis
phenomenon occurs with the calcium phosphate precipitation (CaP)
(de Duve et al., 1974), which was reported to yield highest labeling
efficiency with Gd-DTPA for ES cells (Rudelius et al., 2003). CaP ex-
periments reported here revealed no significant uptake compared to
pinocytosis, although the protocol was adapted as described. Electro-
poration (EP) differs from these methods and allows entrapment of
contrast agent into the cytosol. It was used for SPIO incorporation
(Walczak et al., 2006) into neural stem cells and applied for rat
hepatocarcinoma cells with Gd-HP-DO3A (Gadoteridol) (Terreno et
al., 2006). EP of ES cells is the common molecular biology method
for DNA transfer to the nucleus and yields – under these conditions
– approximately 70% cell survival (Siemen et al., 2005). The opti-
mized protocol for contrast agent uptake described here resulted in
≥92% viability and ≥62% survival rate in the presence of 50 mM
Gd-DOTA. Only slightly lower viability ≥83% and survival rates
≥53% were obtained in the presence of 10 mM Gd-DO3A-GAD. In
conclusion, electroporation is the current method of choice for label-
ing stem cells with paramagnetic contrast agents provided that the
protocol is adjusted for the specific cell type.

In vitro and in vivo application

The optimized electroporation protocol was applied to label ES
cells and differentiated cells with Gd-DO3A-GAD. The cell pellets
were subsequently measured at low field strength (1 T) and high
field strength (7 T). Quantitative T1 maps confirmed higher relaxation
rates at low field compared to high field strength, in agreement with
expectation.

Differentiated cells showed a significant increase in R1 relative to
undifferentiated cells indicating a GAD-specific activation of the Gd-
chelate in those cells. For a quantitative assessment of the contrast
effect, the ΔR1 values should be normalized to the cell number, or
even better, to be more precise, normalized to the Gd(III)/protein con-
tent. Interestingly, the results of the contrast effect (ΔR1) are found
independent of the normalization procedure at low field. However, for
high field, normalization of the labeling experiments to the Gd(III)/
protein content revealed lower ΔR1 values than the normalization to
cell numbers. This is explained by the variable uptake of the contrast
agent in individual cells and the actual number of GABAergic
neurons in the preparation. Despite this strongly field dependent
contrast decrease at high field strength, these results underline
the possibility of using the Gd-DO3A-GAD also at high-field MRI in
combination with an accurate calculation of the actual contrast
agent uptake.

Besides the variety of novel contrast agents responsive to cellular
metabolites, nucleic acids, proteins or even metal ions, temperature
and the pH (Yoo and Pagel, 2008), only few examples of a successful
in vivo application have been reported. The β-Gal responsive contrast
agent introduced by Moats et al. (1997) was used to visualize LacZ
gene expression in living frog embryos, yielding a 57% enhancement
in the β-Gal positive regions (Louie et al., 2000). Furthermore, we
reported in a previous implantation study the possibility to detect li-
pase expression. Dendritic cells labeled with a lipase responsive con-
trast agent were imaged after implantation into the rat brain
(Himmelreich et al., 2006). The present study is the first proof-of-
principle to discriminate between engrafted stem cells and
GABAergic neurons in vivo using MRI. The change in T1 relaxation
rate was analyzed quantitatively for the in vitro and in vivo experi-
ments, yielding ≥200 ms difference in T1 in vitro and ≥100 ms in
vivo. However, the normalization procedure cannot be applied to
the in vivo condition directly (Himmelreich and Dresselaers, 2009),
because of missing methods to determine the actual number of cells
in the graft and the Gd(III) content precisely. This would be important
for future experiments evaluating the relaxometric changes after
onset of GAD expression on a quantitative basis.

Conclusion

Application of this cell-specific responsive MRI contrast agent per-
mits in vivo monitoring of stem cell differentiation into GABAergic
neurons, thus opening the door to follow cell fate of grafts in longitu-
dinal noninvasive studies. Imaging of the inhibitory neuron specific
GAD enzyme will offer invaluable diagnostic impact for cell replace-
ment therapies for cerebral diseases such as stroke or Huntington's
disease. With the here presented proof-of-principle imaging of the se-
lective expression of GAD in differentiated ES cells, we provide a basis
for future noninvasive molecular imaging approaches in stem cell
research.
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