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Smart Contrast Agents for Magnetic
Resonance Imaging
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Abstract: By visualizing bioactive molecules or biological parameters in vivo, molecular imaging is search-

ing for information at the molecular level in living organisms. In addition to contributing to earlier and more
personalized diagnosis in medicine, it also helps understand and rationalize the molecular factors underlying
physiological and pathological processes. In magnetic resonance imaging (MRI), complexes of paramagnetic
metal ions, mostly lanthanides, are commonly used to enhance the intrinsic image contrast. They rely either on
the relaxation effect of these metal chelates (T, agents), or on the phenomenon of paramagnetic chemical ex-
change saturation transfer (PARACEST agents). In both cases, responsive molecular magnetic resonance im-
aging probes can be designed to report on various biomarkers of biological interest. In this context, we review
recent work in the literature and from our group on responsive T, and PARACEST MRI agents for the detec-
tion of biogenic metal ions (such as calcium or zinc), enzymatic activities, or neurotransmitter release. These
examples illustrate the general strategies that can be applied to create molecular imaging agents with an MRI
detectable response to biologically relevant parameters.
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1. Introduction

Traditionally, magnetic resonance im-
aging (MRI) has long been used to obtain
anatomical and functional images. Inrecent
years, the new field of molecular imaging
has emerged which looks for information
at the molecular level by visualizing the
concentration and function of bioactive
molecules or physiological parameters. By
revealing the biochemical or physiological
abnormalities as the origin of the diseases,
much earlier than the structural conse-
quences of these abnormalities become
visible, molecular imaging allows earlier
and more personalized diagnosis but also
contributes to the understanding and ratio-
nalization of the molecular factors under-
lying pathological processes. Particularly
important targets involve pH, temperature,
concentration of ions or metabolites. Un-
like anatomic imaging, molecular imag-
ing always needs an imaging agent, called
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smart or responsive, that will be able to pro-
vide an MRI detectable response depend-
ing on the specific parameter that we want
to image. MRI, a non-invasive technique
endowed with a high resolution, is particu-
larly attractive for the development of such
applications. Traditionally, MRI probes
can be divided in two categories: T, and
T, contrast agents that respectively modify
the longitudinal and transverse relaxation
time of the surrounding water molecules.
T, agents are mainly Gd** chelates, and to a
lesser extent, Mn>* chelates, and T, agents
are iron oxide nanoparticles.[!l Since the
early 2000s, chemical exchange satura-
tion transfer (CEST) probes have emerged
as a new class of potential paramagnetic
MRI contrast agents. PARACEST (para-
magnetic CEST) agents are paramagnetic
complexes either of lanthanide (except
gadolinium), or of transition metal ions
which possess paramagnetically shifted
exchangeable protons.l?! In this short re-
view, we will focus on Ln** chelates for
MRI, i.e. Gd** based contrast agents and
PARACEST agents.

The efficacy of Gd**-based probes
to accelerate water proton relaxation is
called relaxivity (paramagnetic relaxation
enhancement of water proton relaxation
rates per millimolar concentration of
Gd*). The relaxation behavior and the un-
derlying mechanisms have been discussed
elsewhere.l131 The relaxivity is inherently
linked to the microscopic parameters of the
Gd** complex. The most important micro-
scopic factors are i) the number of water
molecules directly coordinated to the metal

ion (hydration number, g), ii) the exchange
rate, kex, of these water molecules with the
surrounding water and iii) the rotational
correlation time, T, of the agent (Fig. 1a).
To design a smart contrast agent, the re-
laxivity has to be selectively influenced by
the biomarker that we want to detect. Any
of these microscopic parameters that de-
termine relaxivity can be modulated by the
presence of a specific biomarker. In prac-
tice, smart contrast agents mostly function
based on changes in the hydration number
or in the rotational correlation time of the
complex.* The reason is that these param-
eters are the most amenable to chemical
modulation and the easiest to predict.

For PARACEST agents, the exchange-
able protons of the paramagnetic complex-
es (-NH of amides, amines or —OH of water
or alcohols) are in slow exchange with bulk
water protons (Fig. 1b).[2] Radiofrequency
pulses applied at the appropriate frequency
are used to selectively saturate these pro-
tons, and the chemical exchange between
these and the bulk water protons will lead
to a diminution of the water proton signal
intensity which will be translated to a MR
image. PARACEST smart probes can be
developed by modulating the concentra-
tion, the exchange rate or the resonance
frequency of those mobile protons by the
presence of the biomarker.

Responsive probes, like any metal-
based imaging agent, are required to pos-
sess high thermodynamic stability and
kinetic inertness in order to avoid toxic-
ity related to the release of free Ln** ions.
This toxicity is mainly related to the simi-



THe FrRencH CONNECTION

103

CHIMIA 2016, 70, No. 1/2

Fig. 1. a) Major pa-
rameters influencing
relaxivity, thus MRI
efficiency of a Gd3*
complex: the hydra-
tion number (water
molecules directly
coordinated to the
Gd*), q, the water ex-
change rate between
the inner coordination
sphere and the bulk,
k., and the rotational
dynamics of the che-
late, characterized
by the rotational
correlation time, 1.
b) Paramagnetic
chemical exchange
saturation transfer
(PARACEST) agents:
the PARACEST effect
results from proton
exchange between
the bulk water and
protons on the ligand
or on the coordinated
water molecules of
the lanthanide che-
late.

lar size of Ln** compared to Ca*, that they
can replace in vivo, and also to the possible
formation of hydroxo complexes around
physiological pH. Consequently, most of
the molecular imaging probes reported in
the literature are based on DTPA- or DO-
TA-type chelating units which ensure suf-
ficient thermodynamic and kinetic stabil-
ity. When modulating the ligand structure,
in particular by changing the hydration
number, attention has to be always paid to
maintain high kinetic and thermodynamic
stability of the resulting complexes.

In this review, we will discuss recent
efforts made by us and others in the field
of responsive probes, more particularly for
cation detection (calcium and zinc), en-
zyme, and neurotransmitter sensing. The
aim is not to be exhaustive, but to illustrate
the strategy used, the advantages and the
limitations on several examples.

2. Detection of Enzymatic Activities

Enzymes are important biomarkers to
detect in vivo since they have a central role
in biological systems both in the normal
physiological state and various patholo-
gies. MRI is often considered as adapted
to enzymatic detection despite its low sen-
sitivity. The reason is that even at very low
concentrations, an enzyme can catalyti-
cally convert a high amount of the smart
imaging agent, making it perfectly detect-

able. Therefore the literature on MRI de-
tection of enzymes has increased exponen-
tially since the first report of Meade and
co-workers on 3-galactosidase detection at
the end of the 1990s.55! Oxydoreductases,
transferases, and hydrolases have been in-
vestigated, and both PARACEST agents
and Gd* complexes have been proposed
for their detection.[®

First, for Gd* chelates, the change
of relaxivity can be due to a change in
the hydration number of Gd*, ¢. Histori-
cally, the first enzymatically responsive

contrast agent, developed by Meade et al.,
was based on this concept.l’! Indeed, the
GdDO3A derivative Gd1 (Fig. 2) bears a
galactopyranose residue which sterically
prevents water coordination to the Gd**
ion. In the presence of B-galactosidase, the
sugar moiety is cleaved from the complex,
opening the access for water molecules
to Gd*. This molecule could be applied
with success to image [-galactosidase
messenger ribonucleic acid expression in
living Xenopus laevis embryos.[’l The use
of a self-immolative arm has also been
proposed, ie. after enzymatic cleavage
an electronic cascade gives rise to a con-
trast agent with an additional coordinating
group, leading to a decrease of the relaxiv-
ity.81

Rotational correlation time (T,) chang-
es have also been exploited. As T, is linked
to the size and flexibility of the complex,
this has been particularly used in the case
of oxydoreductases and transferases. In-
deed, these enzymes activate the probe
by catalyzing the transfer of electrons
and chemical bond formations leading
to oligomerization for the former, and by
cross-linking between proteins to form
aggregates through intermolecular lysine
bond formation for the latter. In both cases,
this leads to higher molecular weight com-
plexes, with a longer rotational correlation
time (higher t.), thus a higher relaxivity.
GdDTPA-diTyr Gd2 (Fig. 2) bearing tyra-
mide and hydroxytryptamide moieties was
proposed for peroxidase and tyrosinase
imaging.® Following the enzymatic reac-
tion, a net increase in longitudinal relaxiv-
ity explained by a slower rotation of the
oligomer compared to the monomer was
observed. When the hydroxytyramide was
substituted by a 5-hydroxytryptamide (se-
rotonin) unit, the myeloperoxidase (MPO)
enzyme, secreted by leukocytes during in-
flammation, could be imaged.10]
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Fig. 2. Ln3* complexes for enzymatic detection.
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Even if the modulation of rotational
dynamics is more common for the detec-
tion of enzymes generating oligomers, it
has also been elegantly used for hydrolases
through exploiting the difference of affin-
ity of the imaging probe for HSA (human
serum albumin) before and after enzymatic
cleavage.l'l Gd3 (Fig. 2) can be cleaved
by human carboxypeptidase B, an enzyme
that has a role in thrombotic disease. This
imaging probe is built up by combining
four moieties: a masking group (three ly-
sine residues), an HSA binding group, a
glycine linker, and the paramagnetic MRI
reporter GADTPA. While the complex is
a poor albumin binder before enzymatic
reaction, after enzymatic cleavage, its af-
finity to serum albumin is increased which
results in a higher relaxivity.

Changes in both g and T, can be also
exploited together for a maximum differ-
ence in relaxivities. This is the case of the
GdDO3A derivative Gd4 (Fig. 2) which
contains two glutamate moieties, and
which is responsive to the glutamic acid
decarboxylase, present in neurons.!!21 Up-
on enzymatic reaction, g increases and the
positive charge created enhances the bind-
ing of the agent to macromolecules, thus
increasing T,.

Solubility differences have also been
used to detect enzymatic activity. Matrix
metalloproteinase-2 (MMP-2) plays a role
in tumor development.l'3] The agent has
three different parts: i) a MMP-2 cleavable
peptide substrate, ii)) a GADOTAMA che-
late conjugated to a hydrophobic chain, and
iii) a polyethylene glycol chain (PEG). Up-
on cleavage of the substrate by the MMP-2
enzyme, the PEG chain is removed from
the Gd** chelate, thus its aqueous solubility
is considerably reduced, leading to a relax-
ivity decrease. The agent could be used to
image different levels of enzyme activity in
a tumor-bearing animal model.

Caspase has been detected by °F MRI
with a probe that contained a peptide se-
quence substrate of Caspase-3 conjugated
on one side to a Gd** chelate and on the
other to a '"F-containing moiety.!!4! Before
enzymatic cleavage, the 7, of the “F sig-
nal is quenched by the paramagnetic Gd**
(short T, broad peak), whereas after, the
Gd**- and the ""F-containing moieties are
separated, making the '"F signal observ-
able.

Finally, PARACEST agents represent
a good strategy to detect enzymatic ac-
tivities as many enzyme substrates contain
hydroxyl, amine and amide groups with
labile protons that can be readily detect-
able by CEST. The first example contains
a TmDOTA unit linked to DEDV, the pep-
tide substrate of Caspase-3 (TmS5, Fig.
2).051 Upon enzymatic reaction, the amide
protons disappear, switching off the related
CEST effect. A similar PARACEST agent

has been used with a different peptide for
monitoring the activity of urokinase plas-
minogen activator.['6] The main drawback
of these systems is a ‘turn-off” response of
the CEST effect upon enzymatic activity.
Recently a ‘turn-on’ system for the de-
tection of transglutaminase has been pro-
posed.l'’l A Tm-DO3A-cadaverine Tm6
creates a covalent bond with albumin upon
enzymatic activation, and the amide cre-
ated generates a CEST effect.

The concept of a self-immolative
linker has also been used for PARACEST
compounds. Indeed, we have devel-
oped an Yb complex, Yb7, linked to a
B-D-galactopyranoside substrate via a
self-immolative benzyloxycarbamate for
[-galactosidase detection (Fig. 3). The en-
zymatic removal of the substrate leads to a
electron cascade reaction and consequent-
ly yields the spontaneous removal of the
linker. A PARACEST signal appears for
the final product, which could be related
to slowly exchanging amine protons. This
is surprising since amine protons usually
undergo fast exchange, which would not
lead to an observable PARACEST effect.
In this coordination compound, however,
proton exchange is much slower, due to
the binding of the adjacent carboxylate
and the macrocyclic amine to the metal
cation which brings about unusual proper-
ties of the exocyclic NH,. The protonation
constant of this amine, as determined by
pH-potentiometry for Gd(DOTA-NH,), is
remarkably low (logK, = 5.12) compared
to those for typical amines. This implies
that the amine in Yb(DOTA-NH,) is un-
protonated at and above physiological
pH and this is certainly the reason for the
slow proton exchange.l'8! The advantage
of such a design is that the system func-
tions as an ‘OFF-ON’ probe and that by
simply changing the substrate, a whole
range of enzymes can be detected, with a

PARACEST effect that can be optimized
once for all enzymes.

3. Detection of Endogenous
Cations

The detection of endogenous cations
by imaging approaches is becoming in-
creasingly important. Their concentration
is strictly regulated in biological systems.
Any disturbance in their homeostasis is
linked to pathological states involving
cancer or neurodegenerative diseases. Im-
aging can be interesting to achieve in vivo
quantification of these ions in living sys-
tems in order to better understand their role
and to relate abnormalities to pathologies
thus developing novel approaches for early
diagnosis. Optical imaging has been long
used for their detection and clearly con-
tributed to a better understanding of their
homeostasis. However, optical imaging is
intrinsically limited to superficial tissues.
MRI can therefore offer a good alterna-
tive. The responsive probes developed for
cation detection are generally composed
of two moieties: the MRI-reporter unit
(Ln** chelate) and a binding site specifi-
cally designed to chelate the ion to detect.
As for enzymatic detection, the two main
approaches to lead to a relaxivity change of
Gd**-based agents through metal ion bind-
ing rely on a modulation of the hydration
number, g, or of the rotational correlation
time, T, as illustrated in Fig. 4. In the first
strategy, one (or several) donor atoms be-
longing to the metal specific binding unit
are weakly bound to the Gd** in the ab-
sence of the sensed ion. When the sensed
cation is present and enters the coordina-
tion pocket, these donor groups will flip
from the Gd* and coordinate the other
ion, and this will allow hydration water
molecules to enter the coordination sphere
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of Gd*, yielding an increase in relaxivity
(Fig. 4a). The second approach takes ad-
vantage of the formation of supramolecu-
lar assemblies upon metal ion coordination
to the imaging probe, resulting in larger
molecular weight, longer rotational cor-
relation times T, and consequently higher
relaxivities than the starting mononuclear
complex (Fig. 4b). For the development
of metal-responsive agents, one important
issue is the design of the specific metal
binding site. It has to be selective, provide
reversible binding and should be adapted
to the physiological concentration range.

3.1 Calcium Sensing

The physiological role of calcium is re-
lated to its importance in signal transduc-
tion pathways, in neurotransmitter release
from neurons, contraction of all muscle
cell types, and fertilization. Extracellular
calcium is also responsible for ensuring the
potential difference across cell membranes.
The majority (99%) of the total calcium
body content is in bones and calcified car-
tilage. Calcium is an important constituent
of the extracellular and intracellular fluids,
with three orders of magnitude higher con-
centration in the extracellular than in the
intracellular space.

Several Ca”* responsive contrast agents
are based on two DO3A derivatives for
Gd* complexation bridged by a Ca* spe-
cific binding site.[!9] The first agent report-
ed was GADOPTA Gd8 (Fig. 5), where
the BAPTA* unit is used for Ca* com-
plexation.[200 BAPTA* is a Ca* selective
fluorescent chelator which was proposed
earlier by Tsien.2! Among its advantages,
one can cite good selectivity for Ca?* over
other endogenous cations and pH insen-
sitivity of Ca?* complexation. GADOPTA
shows a 77% relaxivity increase when it
binds Ca*. Its dissociation constant is in
the micromolar range corresponding to in-
tracellular concentrations. The increase of
the number of water molecules coordinated
to Gd** has been proven to be responsible
for the relaxivity increase observed. When
MRI detection is concerned, targeting the
extracellular Ca’* concentration range
(millimolar) is more adapted, as these
higher concentrations are more accessible
for an MRI probe. In addition, it also sim-
plifies the design of the probe as no cell
internalization is required. Consequently,
we proposed to replace two carboxylate
functions of the BAPTA by less coordinat-
ing amide functions to decrease the affin-
ity for Ca?*.1221 The BAPTA was also re-
placed by bisamide derivatives of EDTA,
DTPA1 or EGTA24 (Gd9, Fig. 5). In this
last example, the relaxivity increase, of ca.
70-80% of Gd9, could be related to the
increase in the hydration number g, and to
the slight rigidification of the complex fol-
lowing the binding of Ca?* in the central
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Fig. 4. Two ap-
proaches to modulate
relaxivity for cation
sensing: a) through

g modulation, b)
through 1, modula-
tion.

part of the molecule. The relaxivity chang-
es are also retained in solutions mimick-
ing the brain extracellular medium, or an
in vitro cell culture with astrocytes).[24.25]
More recently, these systems were also de-
rivatized to obtain a dual frequency 'H, “F
MRI reporter,[26] or to obtain a dendrimeric
contrast agent which displays optimized
diffusion properties compared to the mo-
nomeric form.[27]

We have also developed a PARACEST
contrast agent based on a DOTAM deriva-
tive to which four iminodiacetate groups
have been appended for Ca** binding.[28]
A CEST effect is observed for both Yb10
and Eul0 complexes and it originates re-
spectively from the exchangeable protons
of the amide functions, and the coordinated
water. The CEST effect decreases consid-
erably upon Ca* and Mg?* binding. The
affinities observed are low, suggesting the
coordination of one iminodiacetate arm.
We proved that Ca®>* and Mg** coordina-
tion to the Yb10 complex decreases the ex-
change rate of the amide protons. Phantom
MRI images in the presence of absence of
Ca? were obtained at 16 T.

3.2 Zinc Sensing

Zinc detection has also attracted in-
terest in the past few years as zinc is the
second most abundant transition metal in
the body after iron, and it is highly pres-
ent in the brain (up to 300 uM in vesicles

of certain glutamatergic neuronal cells).[2%]
Its misregulation can imply excitotoxic
neuronal death, particularly during epilep-
tic seizure or head trauma, and it has also
been connected to neurodegenerative dis-
eases such as Alzheimer’s or Parkinson’s.

Ligand design for the detection of zinc
is mainly based on a DTPA or a DOTA
unit to which a zinc-binding moiety has
been appended, involving either iminodi-
acetate functions!30! or, more often, a DPA
(bis-(2-pyridylmethyl)amine) unit.['1 In-
deed, DPA possesses good affinity (K,
~ 25 nM), and good selectivity for Zn**.
DPA has been further modified for Zn**
sensing, and the highest relaxivity changes
have been reported for a DPA derivative in
which one pyridine has been replaced by a
carboxylate group.B! For the iminodiace-
tate, in the case of Gd12 (Fig. 6), the se-
lectivity for Zn** over Cu** is not good.[32]
No in vivo imaging has been obtained with
these probes but relaxivity measurements
of Gd12 in male human blood serum evi-
denced that changes remained sizeable un-
der physiological conditions (33% vs 73%
in vitro).1331

The most successful agent so far which
proved the in vivo feasibility of cation de-
tection by MRI is a GdDOTA-bisamide
complex bearing two DPA moieties
(Gd13, Fig. 6).34 The relaxivity remark-
ably increases upon Zn?* binding and in the
presence of HSA, due to an increase in the
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size of the complex resulting from the re-
markable HSA binding affinity of the Zn?*-
bound complex. In the absence of Zn*, the
complex hardly interacts with HSA. This
complex has been used in vivo for imag-
ing B-cells in mouse pancreas. Indeed, in
response to high glucose levels, Zn?** is
released simultaneously with insulin from
[-cells.35) Tmage contrast was significant-
ly enhanced in the mouse pancreas after
injection of glucose and Gd13, whereas
without glucose and in the presence of
Gd13 no enhancement was observed. This
nicely demonstrates that Zn?* sensors can
potentially be very useful tools to detect
the progression of type 2 diabetes.
Encouraged by these positive results,
we have also developed a series of Gd*-
based contrast agents for Zn** detection
(Gd14-Gd16, Fig. 7), based on a pyridine
unit for Gd* complexation.[3¢! We had pre-
viously shown that the bishydrated Gd*
complex possesses optimized MRI prop-
erties (particularly water exchange rate),
while retaining a good thermodynamic
and kinetic stability.[371 The DPA unit has
been modified by introducing coordinating
carboxylate functions either in the place of
one pyridine of the DPA (Gd14), or on the
pyridine of the DPA (Gd15, Gd16). Fi-
nally the linkers were an alkyl chain, or an
alkyl chain of different length bearing an
amide function. The aim was to perform
a systematic study of the parameters gov-
erning the relaxivity of those complexes to
guide us towards a rational design of more
efficient complexes for zinc sensing. First,
we have shown that the presence of the am-
ide function in the linker is necessary for
achieving a sufficient stability of the Gd*
complex with Zn?*. Then, with combined
'H, BC, 7O NMR, and proton relaxivity
measurements we have unambiguously
proved that the ca. 20% relaxivity changes
observed were due to the formation of a
dimeric species with a high rotational cor-

relation time. We could estimate a dissoci-
ation constant for Zn** at physiological pH
which is in the relevant nanomolar range.
Finally the selectivity for Zn** over other
physiological cations was also sufficient,
validating this Zn* complexing unit. We
are currently working on new systems with
optimized thermodynamic stability and
Zn** response.

Other Zn?* complexing units have been
tested, such as 3-pyrazolyl38] (Gd17, Fig.
6) and 8-sulfonamidoquinoline!*¥! (Gd18,
Fig. 6). The affinity of the former for Zn?*
is K, = 380 uM, much weaker than that of
DPA. (K, =500 nM). For the quinoline, the
affinity is K, = 500 nM, and as it is also a
chromophore, the complex has been pro-
posed as a bimodal responsive probe for
both MRI and fluorescent imaging. The
para position of the sulfonamide moiety
on the benzene allows for the formation of
a (Gd18),Zn species only, with an affinity
constant in the pM range.0l This modula-
tion of zinc affinity should allow for the de-
tection of a wide range of Zn** concentra-
tion, which is crucial to get a clearer picture
of zinc homeostasis in vivo. However one
should always be careful with high affinity
sensors not to disturb the homeostasis.

Finally, it should be noted that Zn**
binding can also modulate the PARACEST
effect. The Eu** complex Eul9 is struc-
turally similar to Gd13 but contains two
amide functions instead of two carboxyl-
ate groups (Fig. 6).1411 The amide arms

contribute to slowing down the water ex-
change rate which makes it possible to
benefit from a PARACEST effect originat-
ing from the water molecule coordinated
to Eu**. The underlying mechanism lead-
ing to the differences in PARACEST has
not been fully understood, but it has been
proposed that this chelate can detect Zn*
concentration changes ranging from 5 nM
to 0.12 uM.

4. Detection of Neurotransmitters

In neuroimaging, there is a great de-
mand to develop molecular imaging solu-
tions to directly observe neural activity.
Various biomarkers could be potentially
exploited for direct monitoring of brain ac-
tivation, the most obvious choices involve
membrane potential changes or concen-
tration changes of ions (H*, Na*, K*, CI-,
Ca?*, Mg?") or neurotransmitters. Current
neuroscience relies on voltammetry and
microdialysis for the detection and the
quantification of neurotransmitter activity
in the central nervous system. Both of them
require highly invasive procedures and can
only be realized in animal models.[*2I So
far, little effort has been made to follow
neurotransmitter concentrations with re-
sponsive MRI agents. Jasanoff et al. used
protein engineering to obtain a paramag-
netic heme-containing probe endowed with
selectivity for dopamine instead of arachi-
donic acid.*31 This protein-based probe
was successfully used after direct brain
injection in rats to report on extracellular
levels of dopamine following its release
in reward-related brain stimulation.[44]
Parker er al. proposed Gd** complexes
with binding functions specific of metabo-
tropic glutamate- or N-methyl-D-aspartate
(NMDA) receptors.[5] Recently, we have
reported the first responsive Gd**-based
MRI agents with a binding site for neu-
rotransmitters.[4647] We wanted to propose
a synthetic molecular platform which is
smaller than engineered proteins. Our mol-
ecules include appropriate neurotransmit-
ter recognition sites and they are capable
of providing an MR intensity change upon
neurotransmitter binding. Our objective
was to target zwitterionic amino acid neu-
rotransmitters; but selectivity to individual
neurotransmitters was not an absolute ne-
cessity. The ultimate goal is to create re-
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sponsive agents capable of tracking brain
activity by possibly detecting the cumu-
lative effect of concentration variation in
several neurotransmitters.

For the design of the neurotransmitter-
binding receptor units, we considered that
zwitterionic amino acids are bifunctional
guests. Therefore, the receptors have to
provide a specific binding site adapted
for both NH,* and COO- groups, which
have to be situated within the molecule
at an appropriate distance. This can allow
for bivalent interactions which can ensure
stronger and more selective binding than
monovalent ones and lead to increased
stability of the host—guest complex.[*8] To
achieve this, our imaging probes provide
ditopic interactions i) between a positively
charged and coordinatively unsaturated
Gd** chelate and the carboxylate group
of the zwitterionic neurotransmitters and
ii) between an azacrown ether conjugated
to the Gd* chelate and the amine group
of the neurotransmitters. The positive
charge was achieved by using a GADO2A-
bisamide derivative chelate. Crown ethers
were selected for amine binding since they
are among the best synthetic receptors for
the recognition of ammonium ions and
have been explored as essential elements
in amino acid recognition.l*! In these Ln**
complexes, the relaxivity response origi-
nates from the substitution of the hydra-
tion water molecule by the neurotransmit-
ter (Fig. 8). Consequently, neurotrans-
mitter binding to these complexes led to
a remarkable relaxivity decrease (~80%,
‘turn-off” response), which in turn should
lead to a decreased signal intensity on the
MR images. Several complexes have been
synthesized within this family, bearing
mono- or triaza crown ethers. All of them
show selectivity towards zwitterionic over
non-zwitterionic neurotransmitters, such
as acetylcholine or serotonin. One of these
complexes was successfully used in an ex
vivo acute mouse brain slice experiment to
detect neural activity by MRI.[46] Intense
neural activity was promoted by the injec-
tion of KCI (40 mM) into the artificial ce-
rebrospinal fluid in which the brain slices
were kept. Potassium ions induce mem-
brane potential depolarization which is
followed by neurotransmitter release. We
found that following KCI stimulation, MR
signal intensity was consistently decreas-
ing in the cortex, the striatum and the hip-
pocampus, while the medium did not un-
dergo significant intensity change (Fig. 9).
Interestingly, the signal intensity-decrease
was the greatest in the hippocampus (dark
spot), where the most significant neu-
rotransmitter release is indeed expected.
The intensity decrease observed was at-
tributed to the cumulative effect of differ-
ent zwitterionic neurotransmitters which,
after release upon KCI stimulation, bind to

Crown ether

X=0, -NCH3Ph
n=1,2

Neurotransmitter

Fig. 8. The host—guest
complex between the
responsive probe and
the zwitterionic amino
acid neurotransmit-
ters. Upon coordina-
tion to the Gd®** ion,
the carboxylate func-
tion replaces the wa-
ter molecule coordi-
nated to Gd**, leading
to a decrease of the
proton relaxivity (‘turn
off’ response).

receptor

Fig. 9. Reconstituted 3D MR image of a mouse head showing the orientation of the examined
slice (a) and the brain structures with the regions of interest (ROls) (b). MR image of a mouse brain
slice in the absence (c) and in the presence of 500 uM GdL with the ROls indicated (d): medium
(blue), striatum (purple), cortex (red) and hippocampus (green). MR image of the same slice 10
minutes after KCI addition e). The highest signal intensity decrease is observed in the center

of the hippocampus (indicated with the arrow). Reproduced with permission from ACS Chem.

Neurosci. 2015, 6, 219-225 [46]

the Gd* complex and lead to its relaxivity
decrease.

5. Conclusion

In the last decade, the research on re-
sponsive Gd**-based or PARACEST MRI
probes has exploded to target various bio-
markers such as enzymes, biologically
important cations or neurotransmitters,
among many others. Some of these smart
agents have successfully progressed into

ex vivo or in vivo studies. Major current
challenges involve a better specificity of
the probes, a better response to decrease
the detection limits, or to achieve a quan-
tification of the biomarker by imaging. It
is now widely accepted that novel break-
throughs in molecular imaging require an
important input from chemistry, in particu-
lar coordination chemistry.
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