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ABSTRACT: In an effort toward the visualization of f-amyloid plaques by in vivo imaging techniques, we have conjugated an
optimized derivative of the Pittsburgh compound B (PiB), a well-established marker of Af plaques, to DO3A-monoamide that is
capable of forming stable, noncharged complexes with different trivalent metal ions including Gd** for MRI and '"'In** for
SPECT applications. Proton relaxivity measurements evidenced binding of Gd(DO3A-PiB) to the amyloid peptide Af};_4; and to
human serum albumin, resulting in a two- and four-fold relaxivity increase, respectively. Ex vivo immunohistochemical studies
showed that the DO3A-PiB complexes selectively target Af plaques on Alzheimer’s disease human brain tissue. Ex vivo
biodistribution data obtained for the '!'In-analogue pointed to a moderate blood—brain barrier (BBB) penetration in adult male
Swiss mice (without amyloid deposits) with 0.36% ID/g in the cortex at 2 min postinjection.
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Izheimer’s disease (AD) is a chronic neurodegenerative pass the blood—brain barrier (BBB). They inspired the
disorder leading to progressive decline of cognitive development of amyloid-labeling nuclear imaging probes.” !
functions." ™ Characteristic neuropathological findings associ- 1C- and "8F-labeled derivatives of stilbene” and the Pittsburgh
ated with AD include the formation of extracellular senile compound-B (PiB)”*® are promising PET tracers of AD; certain
plaques containing S-amyloid peptides and neurofibrillary compounds are making their way into the clinics.*”'* Attempts
tangles.* ¢ Currently, no clinical imaging techniques are have been also made to develop *Tc-labeled A SPECT
available for early detection of AD. Thus, the development of probes, which, given the easier accessibility of *"Tc as
diagnostic agents for early in vivo visualization of the amyloid compared to '°F, could provide a more convenient approach
plaques is a critical issue, which would also be important for to the detection of AD. Small, neutral ™ Tc-probes have been
monitoring new therapies. Significant advances have been made reported based on derivatives of biphenyl,'* benzothiazole
in the field of nuclear imaging, in particular in positron
emission tomography (PET). Small organic compounds such as Received: January 31, 2013
derivatives of thioflavin T, benzoxazoles, and stilbenes have Accepted: April 14, 2013
high binding affinities for the Aff aggregates and some of them Published: April 15, 2013
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aniline," chalcone,'* flavone,'* or pyridyl benzofurane.'® Some
showed reasonable brain uptake and affinity toward f-amyloid
plaques.'

Magnetic resonance imaging offers noninvasive mapping of
structure and function with excellent spatial resolution. MR
contrast can be enhanced with paramagnetic contrast agents
(CAs), ideally with specific and selective delivery. Gd**
complexes are the most widely used contrast materials.'” In
the absence of any CA, the MR contrast in the amyloid plaques
is associated to iron accumulation, which leads to hypointense
spots in T, T,* or susceptibility-weighted images.'® The
detection of plaques weakly loaded with iron is more
challenging, and exogenous contrast agents become necessary.
So far, the development of MRI contrast agents for the
diagnosis of Alzheimer’s disease has been modest. Poduslo et al.
visualized AD plaques with GdDTPA conjugated to a
putrescine-modified human Af,_,, peptide able to cross the
BBB and target amyloid deposits in the brain of AD transgenic
mice. Given the large size of the probe, several days (weeks)
were necessary to label the amyloid plaques in the transgenic
mouse brain in vivo."” Yang et al. detected amyloid deposition
with iron oxide nanoparticles coupled to Af,_,, peptide after
intracarotid mannitol treatment to enhance BBB permeability
in transgenic mice.”’

Multimodality imaging combines two or more method-
ologies to provide complementary information. Optimally, the
imaging probes used in the different modalities should possess
identical biodistribution enabling an overlap of the acquired
images. Metal ions provide suitable probes for various imaging
modalities. By the appropriate choice of a chelating agent, one
can complex, with the same ligand, different metal ions that
possess properties for these imaging modalities. Provided their
charge is identical, these complexes are expected to have similar
biodistribution and are therefore interesting candidates for
multimodal imaging applications.

Our objective was to design, synthesize, and investigate novel
ligands with capability of (i) efficiently complexing metal ions
adapted to different imaging modalities, including Gd** for
MR, ""In* for SPECT, or %Ga’® for PET; (ii) labeling Af
plaques via specific binding; and (iii) delivering the complexes
across the BBB. We have conjugated a PiB derivative’" to the
metal chelating unit DO3A-monoamide. PiB derivatives are
usually noncharged analogues of thioflavin T with excellent
BBB permeability. DOTA*" derivatives are among the best
chelators for many metal ions. They form highly stable and
inert complexes, important for safe in vivo use. In our ligand
design, the formation of neutral complexes with trivalent metal
ions and a short linkage between the metal binding and the
amyloid-recognition sites were essential elements to facilitate
BBB permeability.

The synthesis of Ln(DO3A-PiB) complexes is summarized in
Scheme 1 (see Supporting Information). Magnetic field
dependent nuclear magnetic relaxation dispersion (NMRD)
profiles are commonly used to characterize MRI contrast
agents.'” The NMRD curve of Gd(DO3A-PiB) recorded at 0.2
mM concentration is characteristic of a small-molecular weight
complex (Figure 1).

Upon binding of Gd(DO3A-PiB) to Af plaques, higher
relaxivity is expected since the complex becomes immobilized.
Indeed, in the presence of the amyloid peptide Af;_4 (cgq =
capi—a0 = 0.2 mM), the relaxivity of Gd(DO3A-PiB) increases
considerably at magnetic fields where the effect of slower
rotation is most pronounced, evidencing an interaction. The
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Scheme 1. Synthesis of Ln(DO3A-PiB)“”
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Figure 1. 'H NMRD profiles of Gd(DO3A-PiB) at 0.2 mM (M), 5
mM (V), 0.2 mM in the presence of 0.2 mM AfS|_,, (O), and 0.2 mM
in the presence of 0.2 mM HSA (A) (0.05 M HEPES; pH 7.4, T =
310 K).

binding affinity of GA(DO3A-PiB) to Af;_,, was evaluated by
surface plasmon resonance measurements (Figure S9, Support-
ing Information), which yielded Ky = (180 % 10) uM, a value
considerably higher than that for small benzothiazole
derivatives (Ky < 1 #M).** Given their similar charge and the
fact that the binding interaction mainly involves the PiB moiety,
similar binding affinity is expected also for the Eu®" and In’*
analogues. Gd(DO3A-PiB) binds to serum albumin as well,
causing a remarkable increase of relaxivity at intermediate fields
(Figures 1 and S1—S4, Supporting Information). Albumin
binding leads to a prolonged lifetime of the agent in the blood
pool that, given the slower elimination from the body, can be
useful for an MRI probe, though unfavorable for nuclear
imaging probes due to longer radiation exposure and higher
nonspecific signal. Strong HSA bindmg can be also detrimental
for the BBB permeability of the agent.” The binding affinity of
Gd(DO3A-PiB) to HSA has been assessed by proton relaxation
enhancement measurements and yielded Ky = 110 &+ 20 uM
(Figures S1 and S2, Supporting Information).”* The NMRD
curve recorded at S mM Gd(DO3A-PiB) concentration shows
the relaxivity peak at intermediate magnetic fields, typical of
slowly tumbling systems thus evidencing the formation of
micellar aggregates. A critical micellar concentration, cmc = 1.90
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+ 0.02 mM, was determined by relaxometry™ (Figure S3,
Supporting Information).

We tested the capability of Eu(DO3A-PiB) to bind amyloid
aggregates on postmortem human brain tissue of AD patients.
The staining with Eu(DO3A-PiB) revealed the presence of
various amyloid deposits. The distribution pattern and intensity
of the senile plaques were similar for PiB, thioflavin-S, and
Eu(DO3A-PiB) (Figures S6 and S7, Supporting Information).
Eu(DO3A-PiB) seems to have lower affinity for neurofibrillary
tangles, being thus more specific to Af deposits than PiB
(Figure 2). To confirm that PiB and Eu(DO3A-PiB) labeling is

c
»

Figure 2. Positive staining of an Alzheimer tissue with PiB (a—c) and
Eu(DOSA PiB) (d—f). Senile plaques (left), diffuse deposits (middle),
and neurofibrillary tangles (right) are put into evidence by the PIB and
Eu(DO3A-PiB) staining.

specific for the amyloid deposits, we performed a double
fluorescence staining experiment using the routinely employed
6F3D antibody (Figure 3). The staining of PiB and Eu(DO3A-
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Figure 3. Micrographs illustrating the colocalization of PiB or
Eu(DO3A-PiB) and 6F3D-antibody labeling of amyloid deposits of
postmortem human brain tissue of an AD patient: the colocalization is
confirmed by the magenta color in the merge images; scale bar = 20

pm.

Eu(DO3A-PiB

PiB) is strong in the focal deposits, while the surrounding
crown is slightly less positive, probably due to its partially
fibrillar morphology. Some of the less intense Af positive
structures were not labeled by PiB or Eu(DO3A-PiB).

The BBB permeability of a compound is related to its (i)
lipophilicity, expressed by the water/octanol partition coef-
ficient, log P, /waer (il) molecular weight (MW), and (iii)
plasma pharmacokinetics.”> Low MW amphiphilic molecules
with log Py /waer & 2 have optimal BBB penetration. For
Gd(DO3A-PiB), log Py /waer = —0.15 was obtained, a value
lower than that for phenylbenzothiazole derivatives (Table
1).7222¢ 1t is similar to those reported for neutral In(DTPA-
bisamide) complexes bearing hydrophobic chains,”” and higher
than log Py jyater = —2.86 for the double-charged In(DTPA)*".
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Table 1. Molecular Weight (MW) and Lipophilicity (log
Poc/mz0) of Phenylbenzothiazole (BTA) Derivatives

g s log MW Ref.
@: )_Q i P
N Oct/H20
thioflavin T 0.57 319
RI = CH, R2 = NH, 26 240 7,21
R1 = OCH;, R2 = NH, 1.9 256
RI = CH,, R2 = NHCH; 26 254 7
RI = OH, R2 = NHCH, (PiB) 123 256 26
R1 = OCHj;, R2 = ReOTEEDA 2.52 616 26
Gd(DO3A-PiB) —0.15 842 this work

The molecular wei ht of GA(DO3A-PiB), MW = 842, is above
the optimal values,”® although peptide analogues with a MW >
1000 Da were shown to cross the BBB.>**°

In order to evaluate the penetration of our complexes across
the BBB, we have performed in vivo biodistribution experi-
ments with the '''In-analogue in adult male Swiss mice without
amyloid deposits in their brain. The radiolabeling of the ligand
has been carried out in isotonic ammonium acetate at pH 7.0,
by adding a solution of '"'InCly (specific activity 15.38 TBq/
mg), to obtain 1:1 "'In*" complexes (10% ligand excess, 100
°C, 30 min). Thin layer chromatography indicated >96%
radiochemical purity (Figure S7, Supporting Information). The
complex remained stable in vitro with 2% degradation at 22 h
after radiolabeling. The in vivo biodistribution of '''In(DO3A-
PiB) at 2 and 30 min (Table 2) showed the highest uptake in

Table 2. Distribution of '"'In(DO3A-PiB) in Swiss Mice 2
and 30 min after Tracer Injection; the Data Represent the
Mean + SD Percent Injected Dose Per Gram (% ID/g, n =
4)

% ID/g 2 min 30 min
kidney 12.53 + 1.07 423 +£ 042
cerebellum 0.50 + 0.07 0.21 + 0.02
cortex 0.36 + 0.03 0.11 + 0.01
heart 7.36 + 0.18 1.51 £ 0.21
liver 4.90 + 0.12 7.65 + 1.59
blood 14.59 + 0.23 4.23 + 045
lung 1142 + 077 144 + 0.14

kidney suggesting urinary elimination. The radioactive signal
was also elevated in lungs 2 min after tracer injection, then
decreased at the 30 min time point. This transient high lung
uptake reflects the large blood volume of this blood-rich organ.
In the brain, the % ID/g in the cortex and cerebellum at 2 min
was 0.36 and 0.5, while at 30 min, it was 0.11 and 0.21,
respectively. The clearance measured by the ratio of % ID/

values at 2 and 30 min is 3.3, comparable to that for PiB.”

#"Tc-based f-amyloid tracers had similar or higher brain
uptake (0.1—1.4% ID/g at 2 min and 0.1-1.08% ID/g at 30
min)."?"'® Given the higher molecular weight of '"'In(DO3A-
PiB), the brain % ID/ g values are remarkable. They are similar
to the cerebral biodistribution of some SPECT radioligands,
including PE2I°" and CLINDE,* developed for brain imaging
of the dopaminergic system and neuroinflammation. Therefore,
the BBB crossing of '''In(DO3A-PiB) might be sufficient for
nuclear imaging amyloid deposits in rodent transgenic models
overexpressing Aff aggregates. BBB permeability sufficient for
MRI detection with the Gd*>* analogue will be certainly difficult
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to attain. However, an MRI agent specifically binding to
amyloid deposits can be useful in animal studies where a BBB
opening is feasible. These agents can complete the use of
nonspecific Gd-complexes like GdDTPA applied in intra-
cerebroventricular injection protocols or can be useful in ex
vivo MRI to stain Alzheimer brain tissues.*>

In conclusion, we synthesized a novel amyloid targeted
ligand, which is able to efficiently complex different metal ions
adapted to various imaging modalities, including Gd** for MRI
and ""In** for SPECT. The complexes bind the amyloid
peptide Af_4o. This results in elevated relaxivity of the Gd**
analogue due to reduced rotational motion, which will lead to
an increased contrast in T,-weighted images upon binding to
senile plaques. The complexes show affinity for amyloid
deposits in postmortem human tissue. The biodistribution
experiments in normal mice proved moderate brain uptake.
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Synthesis, immunohistochemistry, relaxometric studies, and
experimental procedures. This material is available free of
charge via the Internet at http://pubs.acs.org.
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