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ABSTRACT: Herein we report the design, synthesis, and in vitro 8
evaluation of a gadolinium-containing biotinylated dextran-derived mole- Ho_ 2 o o Q o \%ﬁu)\\w
cular imaging probe as a prospective neuroanatomical tracer by means of OH OH
magnetic resonance imaging (MRI). The probe was effectively taken up by HoT o HO"™ oW |~ HO OHO@
cultured differentiated murine neuroblastoma cells and significantly o

enhanced the contrast in T}- and T,-weighted MR images of labeled cells
under physiological conditions. A significant longitudinal relaxation rate
enhancement in the presence of avidin was observed allowing the
verification of the results in the end of noninvasive longitudinal MRI
connectivity studies by post-mortem histology. The in vitro results indicate o
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that the probe has the potential to be used in vivo to identify the
organization of global neuronal networks in the brain with MRL

[Gd.L]-Dexsq00
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t is now widely accepted that the organizational and

functional complexity of the brain can be better examined
if the knowledge from various scientific fields is employed and
combined. In order to study brain organization, it is important
to uncover both the anatomical connectivity between different
regions as well as to understand the functional mechanisms
underlying brain coding in more detail.! Currently, the field of
neuroscience has been revolutionized by the expansion of
neuronal tract-tracing and cell tagging procedures which
provide the prospect to identify the organization of global
neuronal networks in the brain. Tract-tracing techniques are
extremely helpful for revealing valuable information on afferent
and efferent connectivity of neuronal networks between various
regions in the brain. These techniques are facilitated by the use
of a wide variety of neuroanatomical tracers which are generally
classified in retrograde and anterograde categories.z’3

Thus far, several classical neuroanatomical markers (such as
dextran derivatives, biocytin, cholera-toxin subunit-B (CTB),
etc.) have been developed which contributed in divulging
valuable descriptions of neuronal connectivity in the brain.*™
These conventional tracers require in vivo injection in the
brain. However, after a specific survival time the studied animal
has to be euthanized and employment of invasive neuro-
histochemical techniques involve in vitro tissue processing for
data analysis. Therefore, it is highly important to look for
alternative methods that can be used in noninvasive and
longitudinal in vivo studies of brain connectivity.

Magnetic resonance imaging (MRYI) is a powerful noninvasive
medical diagnostic tool that offers high spatial and temporal
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resolution of in vivo brain structure. Manganese-enhanced MRI
(MEMRI) represents the first effort in the direction of
longitudinally studying neuronal connectivity in vivo by
means of MRL’™'® Mn?* is transported anterogradely in the
axon and has been widely used in many animal models.
However, the technique presents several drawbacks that can
challenge its applicability, the most important being the toxicity
because of the high tissue concentration of free Mn*" that is
required for a sufficient contrast enhancement in the MR
images.n_13

Recently, as an alternative approach, we have introduced
nontoxic modified biocytin (low molecular weight) based MR
neuroanatomical tracers.”'*'> These MR tracers have potential
applications in both revealing neuronal connections in vivo by
means of MRI as well as investigating the histology of 6post-
mortem tissue in the same experimental animal model.” We
have shown excellent short-term neuronal projections by MRI
which were confirmed by histological methods.'* In another
report by Wu et al, the conventional high molecular weight
neuroanatomical tracer CTB was conjugated with a 6gadolinium
(Gd®") chelate and used for visualization by MRL'

In this work, we have chosen biotinylated dextran amines
(BDAs) as a model molecule. BDAs are hydrophilic
polysaccharides with good water solubility and low toxicity.
They are also widely employed to trace neuronal projections

Received: November 9, 2011
Accepted: January 16, 2012
Published: January 16, 2012

dx.doi.org/10.1021/cn200112v | ACS Chem. Neurosci. 2012, 3, 268—273


pubs.acs.org/acschemicalneuroscience

ACS Chemical Neuroscience

Scheme 1°

/\
N Ni\\g o)'wv. HHN\(O
8 NH
NC N é(H
Holo
(ix)

7N o
NS B 0 HHN
N] NH
N $—/H
L
HO™Y,

“Reagents and conditions: (i) MeOH, NMM, EDC, HOB, (anhydrous) DMF; (ii) Pd—C (10%), H,, MeOH, S0 psi; (iii) p-biotin, NMM,
EDC,HOBt, (anhydrous) DMF; (iv) LiOH, THF;MeOH;water (3:2:1); (v) p-nitrobenzylamine, NMM, EDC, HOBt, (anhydrous) DMF; (vi)
TFA/CH,Cl, (1:10); (vii) tris-tert-butyl- DOTA, NMM, EDC, HOB, (anhydrous) DMF; (viii) neat TFA; (ix) (1) Pd—C (10%), H,, MeOH, 50
psi; (2) thiophosgene, CCl,, H,0, pH 8-8.5; (x) GdCly6H,0, H,0, pH 6.5.

anterogradely or retrogradely by optical techniques. They are
biologically inert due to poly-(a-p-1,6-glucose) linkages, which
render them resistant to cleavage by most endogenous cellular
glycosidases.'”"® Thus, BDAs are particularly useful for long-
term neuronal projections (up to 2 weeks).

Herewith, we report the design, synthesis and in vitro
evaluation of a biotinylated Dextran (MW 3000) conjugated
MR imaging probe ([Gd.L]-Dexyyy). We designed a multi-
purpose MR precursor [Gd.L] to be connected to dextran
amine via preloading approach. This macrocyclic MR precursor
consists of biotin on the a-amino group of a lysine linker (for
visualization by immunohistochemical methods), a Gd*" caged
organic macrocyclic moiety [Gd-DOTA] on the e-amine (as
MR reporter), and isothiocyanate benzylamine on the
carboxylic group of lysine to connect with free amine of
Dextranzy. The low molecular weight Dextransy,, was used
because it offers several advantages in comparison to higher
molecular weight Dextrans (e.g., with MW 10 000, also used as
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neuronal tracer) like faster axonal diffusion and greater access
to peripheral cell processes.'”®

The synthesis of [Gd.L] was performed in nine steps prior to
complexation with GdCl;:6H,0 (Scheme 1). Starting with 6-
(tert-butoxycarbonylamino)-2-(5-(2-oxo-hexahydro-1H-thieno-
[3,4-d]imidazol-4-yl)pentanamido)hexanoic acid esterification
with MeOH [EDC/HOBt/NMM] in DMF to get methyl ester
1, the corresponding amine 2 was obtained by hydrogenation
over Pd—C as the catalyst (H,/MeOH, 20 °C). The primary
amine of 2 was coupled with the acid form of p-biotin [EDC/
HOBt/NMM] in DMF to get biotinylated lysine 3 in 68%
yield, and the monoacid 4 was obtained by selective
deprotection of the methyl group with LiOH. 4 was further
coupled with p-nitrobenzylamine [EDC/HOBt/NMM] in
DMF to get nitro-biotinylated adduct S, which was further
treated with mild acid, cleaving the Boc group to afford the
amine 6. The macrocycle intermediate tris-tert-butyl-DOTA
was obtained in two steps by stepwise alkylation of tris-tert-
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Figure 1. Longitudinal proton relaxivity (r,,) variation under the addition of avidin for an aqueous solution containing [Gd.L] and [Gd.L]-Dex;og,
(37 °C, 60 MHz, pH 7.4, PBS, 027 mM [Gd.L] and 0.20 mM [Gd.L]-Dexsoq,).

butyl-DO3A with benzylbromoacetate in MeCN and following
deprotection of benzyl group produced the desired acid
derivative in high yield."” Thus, tris-tert-butyl ester 7 was
synthesized by coupling of amine 6 and acid of tris-tert-butyl-
DOTA [EDC/HOBt/NMM] in anhydrous DMF. The
formation of compound 7 was confirmed by ESI-MS and
purified by classical column chromatography. Since 7 is a very
polar protected ligand, its purification from the crude mixture
via silica/alumina columns gave a poor yield. The deprotection
of tert-butyl groups with TFA on 7 gave the nitro triacetic acid
ligand 8 which was purified by RP-HPLC. Isothiocyanate
triacetic acid ligand L was synthesized in two steps by reducing
nitro group of 8 and converting aryl-amine in isothiocyanate by
using thiophosgene at pH 8. Macrocyclic precursors 8 and L
were purified by RP-HPLC and L was loaded with Gd** using
GdCl;-6H,0 in water at pH 6.5 to get [Gd.L].

The final MR tracer [Gd.L]-Dex;oy, Was obtained in a one
pot conjugation by mixing [Gd.L] and Dextran amine in water
at pH 8.5. The excess [Gd.L] was removed by using Omega 3K
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PES ultrafiltration membrane with cutoff 3000 Da, and after
dialysis solution was lyophilized to obtain off-white solid
(Scheme 2). The product formation was confirmed by infrared
(IR) spectroscopy. The IR spectra of thiourea of [Gd.L]-
Dexy 99 show a corresponding band at 1474 cm™". This band is
attributed to the antisymmetric (NCN) stretching of the
thiourea. Another IR band at 1413 cm™! was also observed and
according to literature this band can be assigned to the C=S
vibration.”® The analytical purity of complex was determined by
reverse phase HPLC. The final concentrations of Gd**
complexes ([Gd.L] and [Gd.L]-Dex3000) were determined
by inductively coupled plasma optical emission spectropho-
tometry (ICP-OES).

The proton longitudinal relaxivity (r,,) of the monoaqua MR
contrast agents (CAs; [Gd.L] and [Gd.L]-Dexypq) at 1.4 T
(60 MHz) [phosphate buffered saline (PBS), 7.4 pH, 37 °C]
were 5.29 and 7.73 mM ' s7!, respectively. These relaxivities
were higher as compared to those of reported [Gd-DOTA]
derivatives in such physiological solutions and at ambient
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temperature.”’ This can be explained by the high molecular
volume and a significant second-sphere contribution.”*

It is well-known that BDAs* have a high affinity to tetrameric
avidin and can be visualized by light microscopy in post-
mortem tissues using avidin-conjugated markers. Numerous
applications of biotin—avidin interactions have been found
attractive in medical diagnostics, biomolecule detection,
immunoassays, and nanoscience.”* >* To explore the binding
behavior of the two CAs to avidin which is an important
characteristics for the histological detection, we performed in
vitro MRI experiments at 1.4T (60 MHz) [PBS, 7.4 pH, 37 °C]
with increasing concentrations of avidin proportional to
constant concentrations of CAs (0.27 mM [Gd.L] and 0.20
mM [Gd.L]-Dex;qq,) and measured r1p- Expectedly, the linear
enhancement in 7y, [up to 196% (5.3 — 157 mM ' s7!) in
[Gd.L] and 104% (7.7 — 15.8 mM ' s!) in [Gd.L]-Dexsq]
were observed upon binding to avidin (Figure 1). The observed
increase in ry, upon binding to avidin is in agreement with the
Solomon—Bloembergen—Morgan theory which predicts that at
moderate magnetic fields (<128 MHz) r,, changes with the
inverse of molecular rotational correlation time (7z) whereby
an increase in relaxivity is expected upon binding of the
contrast agent to a large molecule as avidin.”® This trend was
already reported in the literature for fast tumbling low
molecular weight Gd**-chelates.””*® A saturation in relaxivities
was observed at an approximate ratio of 4:1 for the [Gd.L]/
[Gd.L]-Dexyggg:avidin adducts (Figure 1), which is consistent
with the tetrameric nature of avidin.”” The effective binding to
avidin and the 4:1 stoichiometry of the [Gd.L]/[Gd.L]-
Dex;g99:avidin complexes indicates that [Gd.L] and [Gd.L]-
Dex; could be easily visualized by interaction with avidin via
immunohistochemical methods.

Both [Gd.L] and [Gd.L]-Dex;y, were now tested in vitro
for acute toxicity, cellular uptake, and the ability to enhance
contrast in T)-weighted MR images. For this purpose, murine
N18 neuroblastoma cells were used as cellular model. Stepwise
serum reduction to 1.25% was used to differentiate the cells and
to induce neuronal metabolic and morphologic features in these
tumor cells.*® The growth rate slowed down and cells started to
show a neuronal morphology with a network of neurite-like
cellular processes which were completely absent at 10% FBS
(data not shown).

All further cell incubations were performed in HBSS/10 mM
HEPES buffer for 5 h. During this incubation period, no
significant influence on the metabolic activity of differentiated
N18 cells (as a measure of cell viability) was detected at
concentrations below S0 uM for both [Gd.L] and [Gd.L]-
Dexyqo (Figure S1, Supporting Information).

Thus, differentiated N18 cells were labeled with [Gd.L] and
[Gd.L]-Dex90 at SO and 40 uM, respectively, to evaluate their
ability to enhance contrast in MR images. After the labeling
period, cells were extensively washed to remove all unbound
extracellular CA. A constant number of labeled cells were
transferred to Eppendorf tubes, and the cells were allowed to
settle down prior to the MR measurements. T)-weighted
images were taken and the values of longitudinal (T)
relaxation times were measured in an axial slice of cell pellets
at 123 MHz (3T) and room temperature. Figure 2 displays
representative T)-weighted images and the analysis of the
corresponding signal intensities of such cell phantoms. A clear
and highly significant contrast enhancement was detectable for
cells labeled with [Gd.L]-Dexsoqy compared to unlabeled
control cells. When the apparent cellular relaxation rates R, .oy
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Figure 2. T)-weigted MR images of differentiated N18 neuroblastoma
cells labeled with [Gd.L]-Dex;ppy (A) and analysis of the
corresponding signal intensities (B). Cells were incubated without or
with 40 uM [Gd.L]-Dexypg, for S h in HBSS/10 mM HEPES. Cells
were washed, trypsinized, and resuspended in fresh culture medium
(without CA) at a cell density of 1 X 107 cells/500 xL and transferred
into 0.5 mL tubes. Cells were allowed to settle prior to MR
experiments for imaging and determination of T, values in an axial
slice through the cell pellet. Parameters for MRI are given in the
Methods part. The bar graphs resulted from the pixelwise evaluation of
signal intensity in the corresponding images. Values represent mean +
SD (n = 298); *** p > 0.001, significantly different from control
(unpaired Student's t-test).

and R, are determined in axial slices through the cell pellet,
the contrast enhancing ability of [Gd.L]-Dex;qq in cells was
confirmed whereas [Gd.L] could not significantly increase both
relaxation rates (Figure 3). These results indicating that the
Dextran-conjugate is sufficiently taken up by neuronal cells to
alter significantly the signal intensity in T- and T,-weighted
MR images.

In summary, [Gd.L]-Dexzg is a promising candidate as
imaging probe that could be used to charting longitudinal in
vivo connectivities of neuronal networks in the brain by the use
of MRI and histological methods. We have presented the
design, synthesis, and in vitro evaluation of a new generation of
Gd-containing biotinylated Dextran-derived MR tracers. The
imaging probe exhibits a significant longitudinal relaxation rate
enhancement in the presence of avidin. [Gd.L]-Dexsoq, was
effectively taken up by cultured murine neuroblastoma cells and
was significantly enhancing the contrast in T}- and T,-weighted
MR images without being toxic under these experimental
conditions. The results indicate that the probe has the potential
to be used in vivo to visualize the connectivity of neuronal
networks by means of MR imaging. The binding of [Gd.L]-
Dex;g9 to avidin with a 4:1 binding stoichiometry permits to
compare or verify the MR results by neurohistochemical
techniques in the same animal model in the end of longitudinal
studies. However, the full potential of this compound has to be
shown in future in vivo experiments. Overall, the CA we report
here represents a new platform for the development of
multimodal molecular imaging tools of interest for neuro-
science.

B METHODS

General. The general chemistry, experimental information,
syntheses, and characterization of ligands and complexes are supplied
in the Supporting Information.

In Vitro Cell Studies of [Gd.L] and [Gd.L]-Dexsqqe. Cell

Culture. N18 mouse neuroblastoma cells were cultured as a monolayer

dx.doi.org/10.1021/cn200112v | ACS Chem. Neurosci. 2012, 3, 268—273
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Figure 3. Cellular relaxation rates R, .y (A) and R,y (B) after incubation of differentiated N18 neuroblastoma cells with [Gd.L] and [Gd.L]-
Dex;gqo- Cells were incubated without or with 50 M [Gd.L] or 40 uM [Gd.L]-Dexsg, for S h in HBSS/10 mM HEPES. Further experimental
details as described in Figure 2 and Methods. Data represents mean + SEM; **, p < 0.01 significantly different from control (ANOVA, Dunnett's

multiple comparison test).

at 37 °C with 5% CO, in antibiotic-free Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 4 mM L-glutamine (all purchased from Biochrom AG, Germany).
Cells were passaged by trypsinization with trypsin/EDTA 0.05/0.02%
(w/v) in PBS for S min every second to third day. In order to induce a
neuronal phenotype, the FBS content was reduced stepwise to 1.25%
prior to the experiments.

Cytotoxicity of [Gd-L] and [Gd.L]-Dexs,,. Differentiated N18 cells
were inoculated into 96-well plates and treated 48 h later with 0.1-500
uM [Gd.L] or [Gd.L]-Dexsoq in HBSS/10 mM HEPES for an
additional 5 h.

The metabolic activity as marker for cell viability was determined by
XTT-based colorimetric assay. Briefly, medium was removed and cells
were further incubated for 30 min in DMEM (without phenol red and
CAs) containing XTT (0.25 mM) and PMS (0.5 uM). Cells were
thoroughly shaken to dissolve the formed water-soluble formazan dye
and the absorbance of the solution was measured at 450 nm and with
reference wavelength at 690 nm in a multiplate reader. The measured
metabolic activity was expressed as percent of control (cells incubated
in a similar way without CA).

MRI on [Gd.L]-Labeled Cells and [Gd.L]-Dex;y,,-Labeled Cells. For
MR imaging, serum deprived N18 cells were grown in 175 mL tissue
culture flasks for 3—4 days in complete culture medium. Afterward,
cells were labeled with 50 uM [Gd.L] or 40 uM [Gd.L]-Dexsq, in
HBSS/10 mM HEPES for an additional S h. Cells similarly incubated
in the absence of CA served as control. Cells were washed twice with
HBSS and once with PBS (without Ca** and Mg?*) followed by
trypsinization. Subsequently, cells were counted (cell viability was
assessed by trypan blue staining), centrifuged, and resuspended in
complete culture medium at a cell density of 1 X 10 cells/500 uL and
then transferred to 0.625 mL Eppendorf tubes. Before performing MR
measurements, cells were allowed to settle in the tubes. Cell pellets
were imaged at room temperature (~21 °C) with a clinical 3 T (123
MHz) human MR scanner (MAGNETOM Tim Trio, Siemens
Healthcare, Germany), using a 12-channel RF head coil and slice
selective measurements from a slice with a thickness of 1 mm
positioned through the cell pellet. Relaxation times T, were measured
using an inversion—recovery sequence, with an adiabatic inversion
pulse followed by a turbo-spin—echo readout. Numbers of MR images
acquired were in the range 10—15, with the time between inversion
and readout varying from 23 to 3000 ms. With a repetition time of 10
s, 15 echoes were acquired per scan and averaged six times. For T, a
homewritten spin—echo sequence was used with echo times varying
from 18 to 1000 ms in about 10 steps and a repetition time of 8 s.
Diffusion sensitivity was reduced by minimizing the crusher gradients
surrounding the refocusing pulse. All experiments scanned 256> voxels
in a field-of-view of 110 mm in both directions resulting in a voxel
volume of 0.43 X 0.43 X 1 mm”.
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Data analysis was performed by fitting of relaxation curves with self-
written routines under MATLAB 7.1 R14 (The Mathworks Inc.,
United States). The series of T; and T, relaxation data were fitted to
the following equations:

Tj series with varying t = T;:
S = So(1 — exp(—t/T})) + S(g;=0) exp(—t/T)

T, series withvarying t = TE: S = Sg exp(—t/T))

Nonlinear least-squares fitting of three parameters Sy, S(1,-q), and T/
T, was done for manually selected regions of interest with the Trust-
Region Reflective Newton algorithm implemented in MATLAB. The
quality of the fit was controlled by visual inspection and by calculating
the mean errors and residuals. The obtained T,/T, values of the cell
pellet were converted to R,y (= 1/T,) and R,y (= 1/T,). These
were expressed as percent of control (R, /Ry of cells incubated
under similar conditions in the absence of CA). Evaluation of the
signal intensities in the T-weighted MR images were performed in
Image] (http:/ /rsb.info.nih.gov/ij) by defining a circular region of
interest (ROI) inside one tube image and measuring the mean signal
intensity and standard deviation in the included voxels. Further
statistical analyses were performed in GraphPad Prism 5.03 (Graph-
Pad Software, Inc.).

B ASSOCIATED CONTENT

© Supporting Information

Experimental details, synthesis, Figure S1 (viability for 24 h
incubation), and ESI-MS and HPLC chromatogram of [Gd.L]
and [Gd.L]-Dexyqqp. This material is available free of charge via
Internet at http://pubs.acs.org.
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