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A responsive MRI contrast agent to monitor functional cell status
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It has been shown that insoluble Gd chelates are suitable MRI contrast

agents for conditional activation by intracellular lipases. The DTPA-based,

insoluble, inactive contrast agent was internalized into dendritic cells by

phagocytosis. Cleavage of long aliphatic side chains by intracellular lipase

activity leads to the contrast agents solubility and hereby its activation

depending on the enzyme expression. Uptake and activation of the contrast

agent was much reduced in Flt3+ CD11b+ progenitor cells. Detectability

limits in the T1-weighted MR images were estimated in phantoms and in

vivo in the rat brain.Marginal toxic effects were only observed at very high

concentrations of the contrast agent. The chelate can easily be modified to

be targeted by enzymes expressed during specific change of cell status like

activation or differentiation. Such a system is suitable for functional cellular

in vivo MR imaging.

D 2006 Elsevier Inc. All rights reserved.
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Introduction

Stable labeling of cells with either ultra-small paramagnetic iron

oxide particles (USPIO) or lanthanide chelates has proven successful

for MRI-based detection of cell deposits and their migration (Bulte et

al., 2001; Crich et al., 2004; Hoehn et al., 2002; Modo et al., 2002).

However, MRI only provides information about the location but not

about the cellular functional status. This functional information could

potentially be provided by lanthanide-based contrast agents that do
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not generate a contrast in an inactive state but can be activated by

enzyme activity (Moats et al., 1997). Although less sensitive than

USPIOs, lanthanide-based contrast agents have been used success-

fully for labeling stem cells and their monitoring in vivo (Crich et al.,

2004; Modo et al., 2002; Modo et al., 2004). Hereby, the main

advantage was seen in generating a hyperintense contrast in

T1-weighted MR images. The concept of inactive lanthanide-based

contrast agents that can be activated by the action of enzymes has been

introduced several years ago. Meade and co-workers developed

probes that are responsive to h-galactosidase, which resulted in an

increase of the r1 relaxivity by 20% up to three times the r1 of the

‘‘inactive’’ state (Louie et al., 2000; Moats et al., 1997). Although

suitable for in vivo applications (Louie et al., 2000), the remaining

relaxivity in the inactive state due to the secondary coordination

sphere makes the probe too insensitive for in vivo cell tracking. We

have chosen an approach suggested by Aime et al. where insoluble

(and therefore inactive) Gd chelates are activated by enzymatic

cleavage of long aliphatic side chains (Aime et al., 2002). Hereby, the

insoluble chelate becomes soluble and generates an increase in r1.

The aim of this study was to develop and test an insoluble Gd-

chelate-based contrast agent for conditional activation by intracel-

lular lipase activity in dendritic cells and the progenitor cells as a

proof-of-concept. Dendritic cells are antigen presenting cells of the

system (Banchereau et al., 2000; Banchereau and Steinman, 1998).

They develop from hematopoietic stem/progenitor cells through

consecutive steps of differentiation that can be distinguished by

phenotype, localization and function. Dendritic cells are special-

ized for uptake, processing and presentation of antigens and thus

play a determining role for induction of primary immune responses

and maintenance of tolerance (Banchereau et al., 2000). Through-

out these successive processes of differentiation, maturation and

activation dendritic cells express status-specific factors such as

surface molecules, transcription factors, cytokines and enzymes

(Banchereau et al., 2000; Banchereau and Steinman, 1998; Hacker

et al., 2003; Hieronymus et al., 2005; Zenke and Hieronymus,

2006).
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In vivo images of cells implanted into the rat brain were

acquired to validate the detectability limits for non-invasive MRI

studies.
Materials and methods

Contrast agent

The Gd-DTPA chelate was linked with two long fatty acid

chains (COOC17H35) through ester bonds (Gd-DTPA-FA complex,

see Fig. 1). The synthesis of the ligand was performed by reacting

DTPA-bis-anhydride (Sigma-Aldrich, St. Louis, MO, USA) with

the octadecanoic acid 2-(2-aminoethoxy)ethyl ester hydrochloride

(stoichiometric ratio 1:2) in DMF at 60-C. The aliphatic chain has

been synthesized by dropwise addition of stearoyl chloride (Sigma-

Aldrich, St. Louis, MO, USA) to a solution of 2-(2-amino-

ethoxy)ethanol hydrochloride (Sigma-Aldrich, St. Louis, MO,

USA) at room temperature. The Gd(III) complex of the DTPA-

FA ligand has been obtained by adding a stoichiometric amount of

Gd acetate to the solution of the ligand in methanol at 40-C. After
1 h, the clear solution was evaporated and dried. The analytical

data (MS; IR and elemental analysis) were consistent with the

proposed structure (Anelli et al., 2000).

Homogenized emulsions of the insoluble Gd-DTPA-FA par-

ticles were prepared by micronization by means of a high-pressure

homogenizer (Mod. Panda NIRO-SOAVI). In addition, the

particles were sonicated for 30 min in the respective medium

immediately before cell experiments.

The size of the Gd-DTPA-FA particles after micronization and

sonication was determined by light microscopy (Axiovert 10, Carl

Zeiss GmbH, Oberkochen, Germany). Activation of the Gd-DTPA-

FA complex was tested in phantoms by addition of lipase (EC

3.1.1.3, Sigma-Aldrich, St. Louis, MO, USA) to the suspension of

the insoluble contrast agent.
Fig. 1. Structure and enzymatic activation of the insoluble Gd-DTPA-FA complex.

MR image of a phantom containing solutions/suspensions of (1) 2 mM Gd-DTPA

suspension of lipase (EC 3.1.1.3) and (4) 2 mM Gd-DTPA-FA complex with 700

particles indicates a homogeneous particle size between 0.5 and 1 Am.
Cells

Bone marrow suspensions for generation of Flt3+ CD11b+

(fms-like tyrosine kinase 3, CD11b = alpha M integrin) progenitor

cells and dendritic cells were prepared from wild-type C57BL/6

and eGFP transgenic mice (Tg(ACTb-EGFP)1Osb (Okabe et al.,

1997). Cells were cultured as previously described (Hieronymus et

al., 2005). In brief, bone marrow suspensions were prepared from

femur and tibia of hind legs and cells were seeded at 2 � 106 cells/

ml in RPMI 1640 medium supplemented with 10% FCS, 2 mM l-

glutamine, 100 U/ml penicillin/streptomycin (all from Gibco-BRL,

Grand Island, NY, USA) and 50 AM h-mercaptoethanol (Sigma-

Aldrich, St. Louis, MO, USA) containing recombinant murine SCF

(100 ng/ml), 25 ng/ml Flt3 ligand (FL; PeproTech, London, UK),

40 ng/ml recombinant long range IGF-1 (IGF-1; Sigma-Aldrich), 5

ng/ml recombinant IL-6/soluble IL-6 receptor fusion protein

(hyper-IL-6; Fischer et al., 1997), 20 U/ml of recombinant mouse

GM-CSF and 10� 6 M dexamethasone. After 3 days in culture cells

were subjected to Ficoll density gradient centrifugation (density

1.077 g/ml, PAA, Cölbe, Germany) to remove residual erythro-

cytes, dead cells and debris. Medium with growth factors was

replenished every 2 days and cells were maintained at 2 � 10�6

cells/ml density. After 7 days, differentiation into dendritic cells

was induced and fully differentiated dendritic cells were obtained

after 9 to 12 days in culture medium supplemented with 200 U/ml

of recombinant mouse GM-CSF. Every 2 days medium was

replenished and cells were maintained at 2 � 106 cells/ml density.

Cell numbers were determined with an electronic cell counter

device (CASY1, Schärfe Systems, Reutlingen, Germany).

Expression profiling

RNA isolation, cDNA and cRNA synthesis, DNA microarray

hybridization and analysis were performed as described before

(Hieronymus et al., 2005). In brief, total RNA from Flt3+ CD11b+
(A) The activation of the contrast agent is demonstrated in a T1-weighted 3D

as a positive control, (2) the insoluble Gd-DTPA-FA complex (2 mM), (3) a

U of lipase (EC 3.1.1.3). (B) Microscopy of the micronized Gd-DTPA-FA-
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progenitor cells before and from dendritic cells 10 days after

initiation of differentiation was isolated with RNeasy kits

including DNAse digestion (Qiagen, Hilden, Germany). Five

micrograms of total RNA was used to generate cRNA according

to the Expression Analysis Technical Manual (Affymetrix, Santa

Clara, CA, USA). Finally, 10 Ag cRNA per sample was

hybridized to Affymetrix mouse MG-U74A or M 430 2.0 arrays

at 45-C for 16 h. DNA chips were stained, washed and scanned

according to the manufacturer’s protocol and analyzed with the

Affymetrix Microarray analysis software GCOS. Microarray data

are available in GEO database (http://www.ncbi.nlm.nih.gov/geo/;

series accession number GSE 575).

Labeling

For labeling with the Gd-DTPA-FA complex, cells of 60–70%

confluence were washed and further incubated in 3.5-cm culture

dishes. The inactive contrast agent, suspended in the culture

medium (final concentration 0.05 to 100 mM), was added to the

respective culture medium, and incubation was continued for an

additional period of 3 to 24 h. At the end of the uptake

experiments, the cells were washed with PBS (four times) and

either used for further incubation without contrast agent, for in

vitro testing in agar phantoms or for implantation in the rat brain.

Incubation was carried out before or 6 to 10 days after initiation of

differentiation into dendritic cells. Intracellular relaxation rates (R1)

of Gd-DTPA-FA-labeled cell suspensions were expressed relative

to R1 of unlabeled cells (R1 = R1 (labeled cells) � R1 (unlabeled

cells)).

Toxicity

In order to investigate putative toxic effects by labeling of the

cells with high concentrations of the contrast agent, Trypan Blue

exclusion was used to measure cell viability. Long-time effects

were studied by continued incubation of labeled cells in culture

medium without Gd chelates and comparison of cell viability with

unlabeled control cells after 48 h.

Phantoms

Phantoms were made using culture dishes (3.5-cm diameter)

filled with 1.6% agar (Sigma-Aldrich). Drill holes (3-mm diameter)

were filled with 102 to 106 cells suspended in 10 Al agar (1.6%).

After solidification, drill holes were closed with additional agar.

For supernatants, phantoms consisting of 3-mm capillaries were

used.

Gd concentration

Intracellular Gd-DTPA concentrations were determined after

lyophilization of labeled cells. Hereby, washed cells suspended in

200 Al saline were snap frozen in liquid nitrogen and mechanically

destroyed by grinding and subsequent sonication. The T1 values of

the supernatant were determined after centrifugation. The Gd-

DTPA concentration was determined by comparison of the R1

relaxation rate with those of standard curves obtained using Gd-

DTPA solutions (0.01 to 100 mM). T1 values were determined at 7

T and 25-C using inversion recovery experiments.

All concentrations are expressed in mol per number of cells.

Cell numbers were determined immediately before experiments.
MRI

All MR images were acquired using a Bruker Biospin 7.0 T

scanner (Ettlingen, Germany; horizontal bore, 30 cm) equipped

with actively shielded gradients (200 mT m�1 for animal experi-

ments and 400 mT m�1 for phantoms). Purpose-built radio-

frequency coils were used for phantoms (transmit-receive coil 4.5-

cm diameter) and animal experiments (12-cm Helmholtz coils for

excitation and a 3-cm surface coil for detection).

2D multi-slice-multi-echo (MSME) experiments were acquired

for the calculation of T2-maps and inversion recovery experiments

(IR SNAP) for T1-maps (2562 matrix, FOV: 3.7 � 3.7 cm, 0.8-mm

slice thickness). The MSME experiments for the calculation of T2-

maps were acquired with TR = 10,000 ms and 16 TE increments of

8.5 ms. The T1-maps were acquired with inversion delays ranging

from 18 to 5000 ms. T1-maps were utilized for the calculation of

R1 relaxation rates. 3D T1- and T2*-weighted MR images were

acquired with high-resolution using gradient echo sequences

(FLASH, TR = 80 ms, TE = 5 ms, flip angle 65- for T1 weighting

and TR = 160 ms, TE = 20 ms, flip angle 30- for T2* weighting),

respectively. The field-of-view was 3 � 3 � 1 cm for animal

experiments and 3.7 � 3.7 � 1 cm for phantoms, respectively. The

isotropic spatial resolution was between 78 and 110 Am. Images

were processed using Paravision 3.0.2 (Bruker Biospin), NIH

ImageJ and in-house developed algorithms for the calculation of

T1- and T2-maps.

T1 values of stock solutions of Gd-DTPA, the inactive and the

activated Gd-DTPA-FA were determined at 0.47, 4.7 and 7 T at

25-C using inversion recovery experiments. The concentration

range to calculate the respective relaxivities r1 was 0.01 to 100 mM.

Animals

All experiments were performed in accordance with the

National Institutes of Health animal protection guidelines and

were approved by the local governmental authorities. Two to four

depots of 104 to 106 cells suspended each in 2 Al were

stereotactically implanted into the border between the cortex and

the corpus callosum (0.5 mm anterior (two depots) or 0.7 mm

anterior/0.3 posterior (four depots), 3.0 mm lateral to bregma, 2.0

mm ventral from the dural surface) in normal Wistar rats (n = 4,

300–550 g) in the right and left hemisphere according to (Hoehn

et al., 2002). Homogeneous cell suspensions in PBS were

delivered to the implantation site through a Hamilton syringe

(outer needle diameter, 0.4 mm) and a micropump system.

Animals were imaged immediately after implantation and 4–21

days thereafter using 1% halothane anesthesia in O2:N2O (35:65%).

MRI experiments were conducted at 7.0 T using 3D spin- and

gradient-echo sequences similar to the phantom experiments. The

spatial resolution was 78 � 78 � 110 Am3.
Results

Characterization of the contrast agent

The diameter of the Gd-DTPA-FA particles after micronization

and sonication varied between 0.5 and 1 Am (Fig. 1). The R1

relaxation rate of the inactive Gd-DTPA-FA complex suspended in

saline (0.9% NaCl) was 0 mM�1 s�1 at 0.47, 4.7 and 7.0 T and 298

K. Addition of an esterase (EC 3.1.1.3) to a suspension of the Gd-

http://www.ncbi.nlm.nih.gov/geo/


Fig. 2. Lipase gene expression in Flt3+ CD11b+ progenitor cells and

dendritic cells analyzed by DNA microarrays. Results shown are mean

intensity values T SD of normalized data from six independent experiments

for Flt3+ CD11b+ progenitor cells before and for dendritic cells 10 days

after initiation of differentiation. Representative microarray data are

available in GEO database (series accession number GSE 575).

Fig. 3. (A) Internalization of Gd-DTPA-FA into dendritic cells (squares) and

Flt3+ CD11b+ progenitor cells (circles) after 24-h incubation with the

respective concentration of the contrast agent in the cell culture medium.

Intracellular Gd-DTPA concentration was determined for 1 to 2 � 106 cells

after lysis and comparison of R1 of the supernatant with a calibration curve

(R1 of Gd-DTPA solutions in concentration range 0.01 to 100 mM). R1

values were calculated from inversion recovery experiments (IR-SNAP)

using inversion delays ranging from 18 to 5000 ms. (B) Relaxation rate R1

of intracellularly activated Gd-DTPA-FA particles relative to R1 of

unlabeled cells (R1 = R1 (labeled cells) � R1 (unlabeled cells)) as a

function of the amount of Gd-DTPA-FA in the culture medium. The squares

show the R1 relaxation rates of dendritic cells and the circles R1 of Flt3+

CD11b+ progenitor cells. The insert is a magnification of the low

concentration range. The R1 was determined using agar phantoms

containing 50,000 cells Al�1. R1 values were calculated from inversion

recovery experiments (IR-SNAP) using inversion delays ranging from 18 to

5000 ms. Results are shown as mean values T SD.
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DTPA-FA complex resulted in immediate enzymatic activation of

the contrast agent due to cleavage of the fatty acid residues, as

illustrated in Fig. 1. The relaxivity r1 of the activated chelate in

saline was 4.7 T 0.1 mM�1 s�1 at 0.47 T (n = 3), 4.1 T 0.1 mM�1

s�1 at 4.7 T (n = 3) and 3.9 T 0.1 mM�1 s�1 at 7.0 T (n = 3), which

is in agreement with the relaxivity of Gd-DTPA under similar

conditions (Donahue et al., 1994; Koenig and Brown, 1987;

Stanisz and Henkelman, 2000).

Lipase expression

Uptake of foreign particles is a hallmark of dendritic cells and

labeling with contrast agents for MRI-based detection was

previously described (Ahrens et al., 2003; de Vries et al., 2005).

To test whether dendritic cells are suitable for enzymatic activation

of insoluble Gd chelates linked with long aliphatic chains by ester

bond, expression of lipases was analyzed in in vitro differentiated

dendritic cells and in the undifferentiated Flt3+ CD11b+ progen-

itor cells. RNA from six independent experiments with Flt3+

CD11b+ progenitors and dendritic cells was prepared and

subjected to transcriptional profiling employing Affymetrix

GeneChip arrays. According to definitions provided by the

NetAffx Analysis Center (http://www.affymetrix.com/analysis/

index.affx) five lipases and lipase-related factors were character-

ized (Fig. 2). Pancreatic lipase-related protein 1 (Pnliprp1) and

hepatic lipase (Lipc), which represents an archetypical EC 3.1.1.3

enzyme, were not found to be expressed. However, gene

expression of hormone sensitive lipase (HSL/Lipe), lipoprotein

lipase (Lpl; EC 3.1.1.34) and monoclyceride lipase (Mgll; EC

3.1.1.23) was found in Flt3+ CD11b+ progenitor cells and

dendritic cells. Furthermore, expression levels of Lpl and Mgll

were highly increased in fully differentiated dendritic cells

compared to the precursor cells. Thus, dendritic cells emerge to

be particularly well suited for conditional activation of insoluble

Gd-DTPA-FA complexes by intracellular lipase activity.

In vitro characterization

The phagocytic uptake of the Gd-DTPA-FA complex was tested

by incubation with Flt3+ CD11b+ progenitor cells and fully

differentiated dendritic cells for 2 to 24 h. Fig. 3 shows that

internalization and activation by dendritic cells was significantly

higher than for the progenitor cells. Uptake of the particles was

tested after lyophilization, determination of the R1 relaxation rate
of the supernatant and comparison with Gd-DTPA stock solution

of a concentration range between 0.05 and 100 mM. The uptake

was almost linear with increasing concentrations for dendritic cells

and saturated for progenitor cells after a 24-h incubation period

(Fig. 3). In contrast to the linear uptake, the R1 relaxation rate was

saturated for Gd-DTPA-FA concentrations >15 mM in the cell

culture medium of dendritic cells. As shown in the insert of Fig. 3,

a non-linear relationship between R1 and [Gd-DTPA-FA] in the cell

culture medium was evident for concentrations as low as 5 mM.

The T1 relaxation time of unlabeled cells (4.5 to 5.0 s) was used as

a reference point in all phantom experiments.

Fig. 4 shows the R1 relaxation rate of dendritic cells for three

different contrast agent concentrations immediately after a

http://www.affymetrix.com/analysis/index.affx


Fig. 4. Formation of soluble Gd-DTPA complexes in dendritic cells and in

Flt3+ CD11b+ progenitor cells. Cells were incubated for 3 h with the Gd-

DTPA-FA particles present in the culture medium. Thereafter, cells were

washed with PBS and continuously incubated in culture medium free of the

contrast agent. (A) The R1 relaxation rates were determined for dendritic

cells immediately after the incubation with the contrast agent and 1, 2, 3, 6

and 9 h thereafter using a phantom containing 50,000 cells Al�1. R1 values

were calculated from inversion recovery experiments (IR-SNAP) using

inversion delays ranging from 18 to 5000 ms. The initial concentration of

the Gd-DTPA-FA particles was 1 mM (squares), 5 mM (crosses) and 15

mM (triangles). (B) Formation of soluble Gd-DTPA complexes in Flt3+

CD11b+ progenitor cells after the 3-h incubation period with medium

containing 100 Gd-DTPA-FA. Cells were washed and transferred to

contrast agent free medium after the initial incubation period and R1

relaxation rates were determined as for dendritic cells.
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3-h incubation period and after further incubation in Gd-DTPA-FA-

free culture medium. Activation of the chelate occurred immedi-

ately with the uptake for the lowest concentration (1 mM).

Activation after continued incubation reached its maximum within

an additional incubation period of three hours for even the highest

concentration (15 mM). Interestingly, the R1 relaxation rate of the

cell suspensions, after incubation for 3 h with and an additional

time without Gd-DTPA-FA, was only marginally lower than after

incubation for 24 h in the presence of Gd-DTPA-FA, indicating

that the maximal intracellular Gd-DTPA-FA concentration is

reached after only a few hours of incubation. This was also

confirmed by experiments, in which cells were incubated in Gd-

DTPA-FA-containing medium and harvested after 3, 6, 9, 12 and

24 h. The maximum R1 relaxation rate was always reached within
9 h of incubation in the presence of Gd-DTPA-FA. Fig. 3

indicates that the maximum intracellular concentration for Flt3+

CD11b+ progenitor cells was comparable to that in dendritic cells

incubated in culture medium containing 1 mM Gd-DTPA-FA. In

contrast to dendritic cells, complete activation occurred not

immediately but with a time delay in the progenitor cells (Fig.

4B). This is an indirect confirmation of the lower lipase activity in

these cells (Fig. 2).

Fig. 5 shows a T1-weighted image of a 3D data set and

corresponding signal intensities of a phantom containing various

amounts of dendritic cells that have been incubated in the presence

of 0.05 mM to 20 mM Gd-DTPA-FA. Under those imaging

conditions, approximately 103 cells Al�1 labeled in medium

containing 10 mM Gd-DTPA-FA is the lowest amount of cells

reliably detectable in vitro. Labelingwith higher concentrations does

not increase signal intensity. Fig. 5 also indicates that the Gd-DTPA-

FA complex was activated intracellularly as the drill hole containing

the supernatant of the cell suspension is not distinguishable from the

background. This was confirmed by T1 measurements of the

supernatant of cells labeled for 24 h in the presence of 0.05 to 100

mM Gd-DTPA-FA. The T1 values were not significantly different

from the plain culture medium when Gd-DTPA-FAwas added in a

concentration range of 0.05 to 10 mM. Marginally increased R1 in

the supernatant containing Gd-DTPA-FA in concentrations >10 mM

were noticed for some experiments. These increases corresponded to

Gd-DTPA concentrations <1mM in all experiments. Themost likely

cause for this Fextracellular_ Gd-DTPA is cell lysis.

Toxicity

To detect potential toxic effects of the Gd-DTPA-FA complex in

its inactive and activated form, the amount of dead cells was

determined after 6, 12 and 24 h of incubation in medium containing

1, 10, 20 and 100 mM of the contrast agent. Fig. 6 indicates

marginally increased cell death for concentrations higher than 10

mM after 24 h of incubation in the presence of Gd-DTPA-FA.

Adverse effects on the cell viability of Gd-labeled cells were also

detected after continued incubation (48 h) in culture medium free of

the contrast agent, and by comparison with unlabeled, control cells

if contrast agent concentrations were higher than 10 mM.

In vivo characterization

In order to validate cell detectability in an animal model,

dendritic cells (suspended in 2 Al) were implanted in rat brains

immediately after labeling with Gd-DTPA-FA. The minimum

number of cells detectable by MRI was approximately 20,000 Al�1

for up to 72 h after implantation. 50,000 cells Al�1 were detectable
for up to eight days after implantation (see Fig. 5). Similar to the in

vitro experiments, labeling of cells with concentrations of Gd-

DTPA-FA higher than 15 mM did not further improve visualization

of the cells in the animal brain.
Discussion

We have demonstrated the intracellular activation of an

insoluble Gd chelate by enzymatic hydrolysis in dendritic cells.

To our knowledge, this is the first report on the conditional

activation of contrast agents by enzymes intrinsic to the cells.

Labeling was efficient for the visualization of dendritic cells in



Fig. 5. Agar phantoms containing dendritic cells labeled with the Gd-DTPA-FA complex. 3D T1-weighted ((1), TR = 80 ms, TE = 5 ms, flip angle 65-) and

T2*-weighted ((2), TR = 160 ms, TE = 20 ms, flip angle 30-) gradient echo MR images with an isotropic resolution of 80 Am. Cells were incubated for 24 h in

culture medium containing suspended Gd-DTPA-FA particles. The drill holes were filled with 10 Al suspensions containing (A) 5 104 cells incubated in 2 mM

Gd-DTPA-FA, (B) 2 105 cells incubated in 0.5 Gd-DTPA-FA, (C) cell culture medium of (E), (D) 5 104 cells incubated in 10 mM Gd-DTPA-FA, (E) 2 105

cells incubated in 10 mM Gd-DTPA-FA, (F) 2 105 cells incubated in 20 mM Gd-DTPA-FA, (G) 5 104 cells incubated in 5 mM Gd-DTPA-FA, (H) 2 105 cells

incubated in 50 mM Gd-DTPA-FA, and (I) 2 105 cells incubated without contrast agent (control). (3) To determine the minimum number of Gd-DTPA-FA-

labeled cells detectable by MRI in a phantom, T1-weighted 3D MR images of eight pellets containing different amounts of dendritic cells labeled in medium

containing 10 mM Gd-DTPA-FA were directly compared. The drill holes contained 2 105, 1 105, 5 104, 1 104, 5 103, 2 103, 1 103, 5 102 cells Al�1 (left to
right). The minimum detectable number of labeled cells was estimated at 103 cells Al�1. (4) Cells were stereotactically grafted into the border between the

cortex and the corpus callosum of the rat brain. The T1-weighted MR images (FLASH, TR = 80 ms, TE = 5 ms, flip angle 65-) were acquired 1 h, 4 days, 10

and 21 days after implantation of 105 cells suspended in 2 Al. Cells in the right hemisphere were incubated for 24 h in the presence of 10 mM Gd-DTPA-FA.

Unlabeled cells (105 in 2 Al) were implanted in the left hemisphere (indicated by the left arrow in the left image). Cells were washed three times with PBS

before implantation.
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phantoms and in the brain of animals. Toxicity was a concern only

for concentrations of the contrast agent in the cell culture medium

of larger than 20 mM. This could be significantly minimized in the

future by utilization of more stable, non-linear Gd chelates (for

example DOTA-like molecules) as the toxic effect of the Gd

chelate is most likely due to the release of free gadolinium. Due to

the relatively low number of implanted cells relative to the cell

number in the host and due to rapid dilution of possibly released

free Gd, no adverse effect for the host is expected.

Previous studies on the visualization of cellular events were

mainly based on the specific binding and accumulation of the

contrast agent at the surface of the targeted cells (Aime et al.,

2002). Studies on enzymatic activation of otherwise inactive

contrast agent are sparse. A precondition for the T1 inactivity of a

lanthanide-based contrast agent in its native state is the

suppression of the water exchange with the Gd atoms of the

chelate. It was previously suggested to block water coordination

to the inactive contrast agent by introduction of functional groups

that coordinate to the Gd ion. Activation would occur by

enzymatic cleavage of these functional groups after expression

of a targeted enzyme (Louie et al., 2000; Moats et al., 1997). A

disadvantage of such probes is the remaining activity in the

inactive state due to the secondary coordination sphere of the

water. In contrast, the insoluble Gd-DTPA-FA complex used in
this study did not contribute to an increased r1 relaxivity in its

inactive state. This resulted in a higher sensitivity due to a larger

proportional increase in the relaxivity between inactive and

activated contrast agent.

Although labeling of dendritic cells by endocytotic up-take of

iron-oxide particles and their visualization in T2*-weighted

images is more sensitive than visualization of lanthanide labeled

cells in T1-weighted images (Ahrens et al., 2003), this method

does not provide information on the functional status of the cell.

Several thousand cells can be visualized in T1-weighted MR

images after labeling with Gd-DTPA-FA particles. Gd-DTPA-FA

labeling of dendritic cells was efficient for their visualization not

only in phantoms but also in in vivo animal experiments.

Although this is currently not efficient enough for monitoring

the migration of small cell clusters, it is potentially useful for the

visualization of accumulated cell clusters and their functional

changes, for example, in the process of inflammation. Sensitivity

can be improved by using more sensitive Gd-based contrast

agents (Aime et al., 2002). A potential application of this concept

of contrast agents is the visualization of changes to the cell status

of dendritic cells. Depending on their developmental origin,

cytokine activators, surface antigens and functional capacity,

dendritic cells are essential for the initiation of the immune

response, stimulation of B and T lymphocytes, the regulation of



Fig. 6. The amount of dead cells was determined by Trypan Blue exclusion

immediately after labeling (A) and 48 h after continued incubation in

contrast agent free medium (B). Results are shown as mean values T SD.
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the balance between induction of immunity and tolerance and

others (Banchereau and Steinman, 1998). Hereby, dendritic cells

go through processes of activation and maturation with the

expression of specific enzymes (like oxidases, peptidases etc.)

that can be visualized by the activation of a Gd-DTPA-FA

complex if the link between the aliphatic side chain and the Gd

chelate is modified to form a target of the respective enzyme.

Such contrast agents would indicate onset and progress of

inflammatory processes but could also be extended to other cell

types and processes like cell differentiation. The once activated

contrast agent remains activated. The delayed intracellular

activation of the Gd-DTPA-FA complex in Flt3+ CD11b+

progenitor cells compared to dendritic cells indicated the

potential of such responsive contrast agents to assess enzyme

activity non-invasively.

Similar to previous observations, the relaxivity in the cell

suspensions is ‘‘quenched’’ by high concentrations (>15 mM) of

internalized Gd chelates (Crich et al., 2004; Lewin et al., 2001). In

contrast to the Gd chelate in free solution, a concentration

dependence of the r1 relaxivity has been observed after internal-

ization into cells. Most likely explanations for this phenomenon are
a decreased molecular mobility due to interactions with macro-

molecules for an unproportionally high relaxation rate at low

concentrations of the contrast agent, resulting in an increase in R1

(Stanisz and Henkelman, 2000); and the lack of exchanging water

molecules in endosomes for unproportionally low relaxivities at

high concentrations (Terreno et al., 2005, 2006). The relaxivity of

Gd chelates entrapped in endosomes is reduced if the number of

exchanging water protons is limited. In such a situation the water

exchange across the endosome membrane influences r1. Although

of disadvantage for immediate cell detectability, ‘‘overloaded’’ cells

would be detectable with a similar relaxivity even if the label is

diluted due to cell proliferation.

The uptake of the insoluble Gd-DTPA-FA particles was

satisfactory for dendritic cells. The concept of insoluble Gd

chelates and their intracellular activation will be further extended

to other cell types if the size of the insoluble particles can be

further reduced. Promising approaches have been introduced in

the field of drug development, which may be adopted for the

internalization of contrast agents (Merisko-Liversidge et al.,

2003).

In conclusion, we were able to show in a proof-of-concept

study that insoluble Gd chelates are suitable contrast agents for

conditional activation by intracellular lipases. The Gd chelate can

easily be modified to form a target for other enzymes that are

specifically expressed during changes of cell status (e.g., activa-

tion, differentiation etc.).
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