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ABSTRACT

Purpose To evaluate the utility of new Translocator protein
18 kDa (TSPO)-targeted fluorescent probes for in vivo
molecular imaging of activated microglia.

Methods Compounds 2-4 were synthesized; their stability
and affinity for TSPO were determined. Compounds 2-4
were incubated both with Ra2 cells in the presence of LPS, a
potent activator of microglia, and with tissue sections of normal
and chemically injured brains. Compounds 2—4 were injected
into carotid artery or directly in striatum of mice. Cells and
tissue sections from these in vitro and in vivo studies were
observed by fluorescence microscopy after histochemical
treatments.

Results Compounds 2-4 are stable in both buffer and
physiological medium and showed high affinity for TSPO and
were found to stain live Ra2 microglial cells effectively. Double
staining with Mito Tracker Red suggested that binding sites of
compounds 2 and 3 may exist on mitochondria. In vivo studies
showed that compounds 2—4 may penetrate in part into brain;
moreover, cells in mouse striatum were stained with com-
pounds 2—4 and microglial marker CD1 |b.

Conclusion Compounds 2—4 can fluorescently label activated
microglia in vitro and in vivo.
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ABBREVIATIONS
FITC  fluorescein isothiocyanate isomer |
LPS lipopolysaccharide

PBR peripheral benzodiazepine receptor
PET positron emission tomography
RBITC  rhodamine B isothiocyanate

TSPO  translocator protein |8 kDa

INTRODUCTION

Microglia cells are the largest population of macrophages in
the brain and are thought to play a significant role in
neurodegenerative disorders, such as Alzheimer’s and
Parkinson’s disease, multiple sclerosis, and HIV-associated
dementia (1). Microglia, indeed, undergo changes from a
resting phenotype to an activated phenotype in response to
a wide variety of Central Nervous System (CNS) imbal-
ances. Measuring this microglia activation  viwo in patients
suffering from such disorders can help to selectively monitor
the progression of neuroinflammation as well as to assess
efficacy of therapeutic protocols (2). Recent studies suggest
that activated microglia in the CNS may be detected n vivo
using positron emission tomography (PET) employing
pharmacological ligands of the mitochondrial peripheral
benzodiazepine receptor (PBR), which has recently been
renamed as the Translocator protein 18 kDa (TSPO
18 kDa, TSPO) (3-5). TSPO is located at the contact sites
between the outer and inner mitochondrial membranes and
is associated with the mitochondrial permeability transition
pore, where it regulates cholesterol transport and synthesis
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However, TSPO has been
implicated in other complex cellular functions, such as

of steroid hormones (6).

mediating apoptotic cell death (7), and, importantly,
transition of microglia from the normal resting state to the
activated one is associated with increased expression of
TSPO. Because the binding capacity of TSPO to PBR
ligands is very low in resting microglia, increased binding of
ligands to TSPO may be used as a marker for detecting
activated microglia i viwo. Thus, TSPO has become an
attractive target not only for cancer imaging being overex-
pressed in a variety of cancers, but also as a marker of
neuroinflammation (8), while the TSPO ligands can serve
as biomarkers for diagnosis of neurodegenerative disorders

Several T'SPO-selective ligands have been developed, such
as 2-phenylindole-3-acetamides (10), quinoline carboxamide
(PK 11195) (11), benzodiazepines (Ro-54864) (12), Vinca
alkaloids (e.g., vinpocetine) (5,13), phenoxyarylacetamides
(DAAL1106) (5,13), imidazo[1,2-a]pyridines (e.g., CLINME)
(5,14), and pyrazolopyrimidines (e.g., DPA-713) (5,13).
However, none of these TSPO ligands contains hydrophilic
groups or organic functions such as amino-, hydroxy- and
carboxylic-groups useful for further conjugation. Develop-
ment of conjugable forms of TSPO ligands would allow their
use as starting material for the formulation of diagnostic
imaging agents.

In some of our early work, we showed that certain 2-
phenyl-imidazo[1,2-a]pyridine acetamides are potent and
selective ligands for TSPO, and they can be used as PET
tracers for the translocator protein (15-17). More recently,
we synthesized the first examples of conjugable imidazo-
pyridinacetamides endowed with high affinity and selec-
tivity for TSPO (18). Although a number of TSPO ligands
labeled with ''C' and '""F have been developed for
activated microglia visualization by PET, their short
half-life limits their use. A more practical approach to
achieve this objective would be to conjugate the TSPO
ligands with fluorescent probes. These efforts have been
motivated by the fact that biological studies using radio-
isotopes are cumbersome and expensive in contrast to
using fluorescence microscopy imaging. Therefore, the
research and development of new fluorescent TSPO
ligands for microglia visualization are actively pursued.
Subsequent to the pioneering work on fluorescent TSPO
ligands by Kozikowski et al. (19), several promising
candidates, including the lanthanide chelate- and
Lissamine-Rhodamine B dye-conjugate to a PK11195
analogue, (20—-22), pyropheophorbides (23), and phenyl-
indolglyoxylamides (24), have been proposed to potentially
replace radioactive TSPO probes. In this context, it
should be mentioned that the first example of TSPO-
targeted nanocarrier delivering an imaging agent has been
recently reported (25).

As part of our continued interest in developing new
probes for the activated microglia visualization, we recently
reported the synthesis and biological evaluation of 1 (Fig. 1)
characterized by a 7-nitro-2,1,3-benzoxadiazol-4-yl fluoro-
phore linked through a diamine spacer to 2-phenylimidazo
[1,2-a]pyridine-3-acyl moiety (26). Compound 1 was shown
to be an active derivative at micromolar level and
represents a new fluorescent example for visualization of
activated microglia and TSPO. It may have some signifi-
cant advantages over the fluorescent or radioactive probes
for TSPO currently used. However, in contrast to its
calculated log Girain/ Chiooa (log BB) value (27,28), compound
1 showed poor  vivo blood—brain barrier (BBB) penetration,
presumably being a substrate for P-glycoprotein efflux
protein (P-gp) or to extensive binding to serum proteins.
Moreover, as observed for the majority of the fluores-
cent TSPO probes so far known, compound 1 is
characterized by a moderate TSPO binding affinity at
micromolar level.

In this paper, the design, syntheses and characterization
of new fluorescent derivatives (i.e., the imidazopyridine
compounds 2—4, Fig. 2) combining high affinity for TSPO,
fluorescence emission at long wavelengths and favourable
calculated log BB values (i.e., —0.78, —0.62, and —0.64 for
compounds 2—4, respectively) are reported. The fluores-
cence features and i vitro and in vivo cell biology of these
imidazopyridine compounds are reported and discussed.

MATERIALS AND METHODS

Melting points were determined in open capillary tubes
with a Biichi apparatus and are uncorrected. IR spectra
were obtained on a Perkin-Elmer IR Fourier Transform
spectrophotometer in KBr pellets. Fluorescence and UV/
VIS spectra were carried out, respectively, with a Perkin
Elmer LS 55 luminescence Spectrometer and Perkin Elmer
UV/VIS Lambda Bio20 Spectrometer. '"H NMR spectra
were determined on a Varian Mercury 300 MHz instru-
ment. Chemical shifts are given in & values referenced to
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Fig. I Chemical structure of compound 1.
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Fig. 2 Synthetic scheme for preparation of compounds 2—4.

the solvent. Mass spectra were obtained using an Agilent
1100 LC-MSD trap system VL instrument. Elemental
analyses were carried out with a Eurovector (Milan, Italy)
model EA 3000, and results were within £0.40% of
theoretical values. Silica gel 60 (Merck 70-230 or 230—
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400 mesh) was used for column chromatography. All the
following reactions were performed under a nitrogen
atmosphere and in dark conditions. The progress of the
reactions was monitored by thin-layer chromatography
(TLC) using Kieselgel 60F254 (Merck) plates.
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The TSPO ligands N, N-di-n-propyl-[2-(8-amino-2-(4-
chlorophenyl)jimidazo[1,2-a]pyridin-3-yl)] acetamide (5)
and NN-di-n-propyl-[2-(2-(3-amino-4-chlorophenyl)-6,8-
dichloroimidazo[1,2-a]pyridin-3-yl)] acetamide (6) were
prepared according to synthetic procedures reported
elsewhere (17). The starting triethylamine (TEA), fluores-
cein isothiocyanate isomer 1 (FITC) 7, rhodamine B
isothiocyanate (RBITC) 8 anhydrous N, N-dimethylacetamide
(DMF), and anhydrous tetrahydrofuran (THF) were pur-
chased from Sigma-Aldrich (Italy). Commercial reagent
grade chemicals and solvents were used without further
purification. Fetal bovine serum (FBS) was purchased from
EuroClone (Italy).

The synthesis of the TSPO-ligand-fluorescent con-
jugates 2—4 was accomplished as presented in Fig. 2. In
particular, compounds 2 and 4 were obtained by reaction
of the TSPO ligand WNN-di-n-propyl-[2-(8-amino-2-(4-
chlorophenyl)jimidazo[1,2-a]pyridin-3-yl)]acetamide (5)
with the isothiocyanate fluorescent probes FITC 7 and
RBTC 8, respectively, whereas conjugate 3 was prepared by
reacting the PBR ligand N N-di-n-propyl [2-(2-(3-amino-4-
chlorophenyl)-6,8-dichloroimidazo[1,2-a]pyridin-3-yl)]
acetamide (6) with isothiocyanate FITC 7 in the presence
of TEA and under anhydrous conditions. All compounds
were fully characterized by IR, "H NMR, mass spectra,
and elemental analyses. The yields and physical data for
the final compounds are reported in Table L.

General Procedure for Preparation of TSPO-Ligand
Fluorescent Compounds 2-4

To a stirred and ice-cooled solution of the appropriate
TSPO-ligand 5 or 6 (0.25 mmol) in anhydrous DMF (5 ml),
TEA (0.3 mmol) was added. After 10 min, a solution of the
suitable isothiocyanate fluorescent probe (0.20 mmol; 7 or
8) in anhydrous DMF (1 ml) was added drop-wise, and the
stirring was prolonged for 1-2 h at room temperature in
the dark. Solvent was evaporated under reduced pressure,
and the residue was dissolved in CHyCl, (20 ml), washed
twice with a 5% NaHCOj; aqueous solution, and dried
(NagSOy). Next, the organic solvent was evaporated under

reduced pressure, and the resulting residue was purified by
silica gel column chromatography [CHCl;/CH3;OH 9/1
(v/v) as eluent] to give the desired product (2—4) as powder.

5-(3-(2-(4-chlorophenyl)-3-(2-(dipropylamino)-2-oxoethyl)imidazo
[1,2-a]pyridin-8-yl)thioureido)-2- (3, 6-dihydroxy-9H-xanthen-9-yl)
benzoic acid (2): TR (KBr): 3418, 1757, 1615, cm™'; "H NMR
(DMSO-dg) d: 0.7-0.9 (m, 6H, CHj), 1.4-1.8 (m, 4H, CH,),
3.2-3.4 (m, 4H, CHyN), 4.22 (s, 2H, CH,CO), 6.4-6.7 (m,
7H, Ar), 6.8-7.1 (m, 1H, Ar), 7.23 (d, 7=8.25 Hz, 1H, Ar),
7.51 (d, 7=8.52 Hz, 2H, Ar), 7.67 (d, 7=8.52 Hz, 2H, Aur),
7.8-8.1 (m, 3H, Ar), 10.0-11.1 (br, 2H, (NH),CS); MS (ESI)
m/z 772.3 [M-H] ; Anal. (C4oH3cCIN;OgS) C, H, N.

5-(3-(2-chloro-5-(6,8-dichloro-3-(2- (dipropylamino)-2-oxoethyl)
imidazo[1,2-a]pyridin-2-yl)phenyl)thioureido)-2-(3, 6-dihydroxy-
9H-xanthen-9-pl)benzoic acid (3): IR (KBr): 3442, 1759, 1620,
em”'; '"H NMR (DMSO-dj) 8: 0.77 (t, 7=7.4 Hz, 3H,
CHs), 0.86 (t, 7=7.4 Hz, 3H, CHj3),1.4-1.7 (m, 4H, CH,),
3.2-3.4 (m, 4H, CH,N), 4.32 (s, 2H, CH,CO), 6.5-6.7 (m,
6H, Ar), 7.1-7.3 (m, 2H, Ar), 7.5-7.9 (m, 4H, Ar), 8.2-8.6
(m, 2H, Ar), 9.8-10.2 (br, 2H, (NH),CS); MS (ESI) m/z
840.0 [M-H] ; Anal. (C4oH34Cl3N5O06S) C, H, N.

N=(9-(2-carboxy-4-(3-(2-(4-chlorophenyl)-5-(2-(dipropylamino)-2-
oxoethyl)imidazo[1,2-alpyridin-8-yl)thioureido)phenyl)-6-(diethylamino)-
3H-xanthen-3-ylidene)-N-ethylethanaminium  chloride (4): IR (KBr):
3435, 1733, 1645 cm™'; "H NMR (CDCls) 8: 0.77 (t, 7=
7.4 Hz, 3H, CHj3), 0.85 (t, /=7.4 Hz, 3H, CHj), 1.25 (t, 7=
7.4 Hz, 12H, CHs), 1.3-1.7 (m, 4H, CH,), 3.1-3.5 (m, 12H,
CHyoNCO+CHyN), 4.07 (s, 2H, CH,CO), 6.1-7.2 (m, 8H,
Ar), 7.32 (d, 7=8.25 Hz, 2H, Ar), 7.3-7.5 (m, 1H, Ar), 7.54
(d, 7=8.25 Hz, 2H, Ar), 7.7-8.1 (m, 2H, Ar), 8.19 (s, 1H, Ar),
9.0-10.0 (br, 2H, (NH),CS); MS (ESI) m/z 882.1 [M-H] ;
Anal. (C50H55CIN;0O4S) C, H, N.

Stability Studies on Compounds 24

The chemical and physiological stabilities of compounds
2—4 were determined in 0.05 M phosphate buffer pH 7.4 and
in diluted (50% v/v) FBS solution at 37°C, respectively. All
experiments were done in triplicate; half-lives, reported in
Table I, were measured by the disappearance of the tested
compound.

Table 1 Yields, Affinity for Rat Cerebrocortical TSPO 18 kDa, Maximum Excitation and Emission Wavelengths and Chemical and Enzymatic Stability of

Compounds 2-4

Compound Yield TSPO 18 kDa ArnaxEX AmaxEM t12 (h) tiz (h)
(%) ICs0 (M) nm nm Phosphate Buffer 0.05 M (pH 7.4) diluted FBS

[ 55 6700 465 541 - -

2 42 8.34 499 520 131=3 >24

3 38 0.95 493 516 70=2 >24

4 23 12.83 545 568 1284 >24
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Chemical Stability

Stability studies were carried out at controlled temperature
(37£0.2°C) in a water bath in dark condition. The
chemical stability of compounds 2—4 was studied in isotonic
0.05 M phosphate buffer at pH 7.4. The experiments were
carried out by adding a stock solution of the test
compounds in CH;0H (~ 1.0 mg/ml) to 1 ml of the
buffer solution preheated at 37°C. The final concentration
of the resulting solutions was 100 pM. The test solutions
were vortexed and maintained in a shaker water bath at a
constant temperature of 37+0.2°C. At appropriate time
intervals, 20 pl aliquots were removed and immediately
analyzed by high performance liquid chromatography
(HPLC). Pseudo-first-order rate constants for the hydrolysis
of the derivatives were determined from the slopes of linear
plots of the logarithms of residual compound against time.
HPLC analyses were performed with a Waters Associates
model 600 pump equipped with a Waters 990 variable
wavelength UV detector and a 20 pl loop injection valve. A
reversed phase Waters Bondapak C18 (15-20 um particles,
19%x300 mm) column was used in conjunction with a
SecurityGuard Phenomenex pre-column. Analytes were
eluted with mixtures of methanol/10 mM phosphate buffer
pH 60:40 (v/v). The injected volume was 20 ul. The flow
rate of 0.8 ml/min was maintained, and the column
effluent was monitored continuously at 254 nm. The
compounds were estimated by measuring the peak areas
or peak heights in relation to those of standards chromato-
graphed under identical conditions.

Stability in Physiological Medium

The stability of compounds 2—4 in physiological medium
was studied at 37£0.2°C in 0.05 M phosphate-buffered
saline (0.14 M NaCl) at pH 7.4 containing 50% v/v of FBS.
The final concentration of the test compounds in the
physiological medium was 100 pM. The resulting test
solution was maintained at 37£0.2°C in a shaking
water bath. Aliquots of 50 pl were withdrawn at
appropriate time intervals and diluted with 200 pl of
cold acetonitrile to precipitate the serum proteins. After
mixing and centrifugation for 5 min at 13200 rpm, the
supernatant was first filtered and then analyzed by
HPLC as described previously.

Receptor Binding Assays

Adult male or female Sprague—Dawley CD rats (Charles
River, Como, Italy) with body masses of 200-250 g at the
beginning of the experiments were maintained under an
artificial 12-h light/dark cycle (light on from 8:00 a.m. to
8:00 p.m.) at a constant temperature of 23 (2°C and 65%
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humidity. Food and water were freely available, and the
animals were acclimated for >7 days before use. Experi-
ments were performed between 8:00 a.m. and 2:00 p.m.
Animal care and handling throughout the experimental
procedure were performed in accordance with the European
Communities Council Directive of 24 November 1986 (86/
609/EEC). The experimental protocols were approved by the
Animal Ethical Committee of the University of Cagliari.
After sacrifice, the brain was rapidly removed, the
cerebral cortex was dissected, and tissues were stored
at —80°C untl assay.

[PH]PKI 1195 Binding

The tissues were thawed and homogenized in 50 volumes of
Dulbecco’s phosphate-buffered saline (PBS; pH 7.4) at 4°C
with a Polytron PT 10 (setting 5, for 20s). The homogenate
was centrifuged at 40000g for 30 min, and the pellet was
resuspended in 50 volumes of PBS and recentrifuged. The
new pellet was resuspended in 20 volumes of PBS and used
for the assay. ["H]JPK11195 binding was determined in a
final volume of 1,000 pl of tissue homogenate (0.15-0.20 mg
of protein), 100 pl of [PH]PKI1195 (specific activity
85.5 Ci/mmol, New England Nuclear) at a final assay
concentration of 1 nM, 5 pl of drug solution or solvent, and
795 ul of PBS buffer (pH 7.4 at 25°C). Incubations (25°C)
were initiated by the addition of membranes and were
terminated 90 min later by rapid filtration through glass-
fiber filter strips (Wathman® GF/B), which were rinsed five
times with 4 ml of ice-cold PBS buffer using a Cell
Harvester filtration manifold (Brandel). Filter-bound radioac-
tivity was quantified by liquid scintillation spectrometry. Non-
specific binding was defined as binding in the presence of
10 pM unlabeled PK11195 (Sigma-Aldrich, St. Louis, MO).

In Vitro Studies on Compounds 24
Cell Culture

Ra2, an immortalized microglial clone, was established
from a mouse primary microglial culture and maintained in
Eagle’s minimum essential medium (MEM) supplemented
with 10% calf serum, 5 pg/ml bovine insulin, 0.2% glucose,
and 1 ng/ml recombinant mouse granulocyte-macrophage
colony stimulating factor (Genzyme, Cambridge, MA),
which is essential for Ra2 growth in culture.

Ra?2 cells were seeded at a density of 6,500 cells per cm” on
a glass of a glass-bottom dish (Matusunami Glass IND. Litd.,
Osaka, Japan), then cultured for 24 h. Ra2 cells were
incubated with compounds 2, 3, and 4 at a final concentra-
tion of 0.1 pM for 2 h, followed by the addition of Mito
Tracker red after 15 min (a dye useful for staining
mitochondria in live cells) (Molecular Probe, Eugene, OR)
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with incubation at 37°C for 1 h. After the treatment, Ra2
cells were observed by a fluorescent microscope and photo-
graphed. Then the cells were incubated for 24 h with 1 pg/ml
lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO),
which is an endotoxin from FE. coli and a potent activator of
microglia. The effect of microglial activation was observed
by a fluorescent microscope and photographed.

Tissue Sections

Frozen tissue sections (10 pm thickness) of normal and
chemically injured brains from male Wistar rats were cut in
a cryostat and mounted on slides and dried. Then sections
were fixed by 4% paraformaldehyde at room tempera-
ture for 15 min. After washing with phosphate-buffered
solution (pH 7.2) twice, sections were incubated with
0.1 nM of compound 2—4 and fluorescent dye labeled
with either isolectin B4 (TRITC-conjugates, Cat #
L9831 for compound 2 and 3, or FITC-conjugates,
Cat # L2895 for compound 4, Sigma, St. Louis, MO)
at 4°C for 16 h, washed with PBS twice, then incubated
with 4',6-diamidino-2-phenylindole (DAPI) at room tem-
perature for 30 min. Sections were observed by a
fluorescent microscope and photographed.

In Vivo Studies on Compounds 2-4
Arterial Injection

Adult male C57BL/6 mice were deeply anesthetized with
sodium pentobarbital (25 mg/kg, i.p.) before surgery and
remained under anaesthesia throughout the procedure. When
spinal reflexes were absent, a transverse incision was made to
expose the right carotid artery. After the temporary occlusion
of proximal site of the carotid artery with aneurysm clip, a
small pole was made in the distal site of the artery with a 27-
gauge needle, and a polyethylene tube (Becton Dickinson,
USA) was inserted into the proximal site of the artery from the
pole. After the aneurysm clip was released, 0.2 ml of one of the
compound solutions (10 pM in the final concentration) or the
same volume of Fluorescein isothiocyanate-labeled dextran
(FITC-dextran) (Sigma, St. Louis, MO, average molecular
weight over 250,000; 5 uM in the final concentration) were
injected as a bolus over 30 s into the carotid artery via the
polyethylene tube. The injected drug test solution was
obtained from a stock solution (2.9 mM) in dimethylsulfoxide,
which was in turn diluted to 10 pM with PBS. At 24 h post
injection, animals were additionally anesthetized, and their
blood was washed out by trans-cardial perfusion of an excess
amount of isotonic saline solution. Then brains, lungs, and
livers were removed, frozen in liquid nitrogen, and embedded
in OTC compound (Tissue Tek, Elkhart, IN). Coronal
sections (8 pm) were cut in a cryostat and mounted on slides

and dried. Then sections were fixed by 4% paraformalde-
hyde. Fluorescent observation was performed with a fluores-
cence microscope (OLYMPUS BX50, Japan).

Intracranial Injection

Adult male C57BL/6 mice were deeply anesthetized with
sodium pentobarbital (25 mg/kg, 1.p.) as mentioned above.
A sagittal incision (1.5 ¢cm) was made with a sterile scalpel
(#15 blade). A small (1.2 mm diameter) hole was opened
with a sterilized drill bit at coordinates anterior-
posterior (AP +0.5 mm) and lateral (L —2.0 mm, left),
using intermittent action to prevent heat injury to the area.
The sterilized 5 pl Hamilton syringe (26 s gauge; 0.47 mm
outer diameter) loaded with 10 pM of compound solution (or
FITC-dextran for the control) was vertically aligned in the
stereotaxic apparatus, then inserted into the opened hole at
the coordinates of the striatum (AP: +0.5; L: —2.0 and
DV: —3.0 mm, below pial surface7). The solution was
injected at a flow rate of 0.1 pl/min. At 24 h after injection,
animals were additionally anesthetized and perfused with
1sotonic saline. Brain sections were prepared as mentioned
above. All procedures of animal experiments were conducted
in accordance with the Guidelines for Nagoya University
Animal Experimentation.

Immunohistochemical Staining

Frozen sections (10 pm) of the brains were cut with a
cryostat microtome, transferred to a MAS-coated slide glass
(Matsunami Glass IND., Ltd., Osaka, Japan) and immedi-
ately air-dried. The sections were fixed with 4% parafor-
maldehyde in PBS for 10 min at room temperature,
incubated in a blocking buffer for 30 min at room
temperature, labeled with antibodies against CDI11b
(BMA Biomedicals, Augst, Switzerland) at a dilution of
1:100 for 2 h at 37°C, then reacted with HRP-conjugated goat
anti-mouse IgG (Nichirei Bioscience, Tokyo, Japan) at a dilution
of 1:200 for 30 min at room temperature. They were visualized
with DAB staining kit (Nichirei Bioscience, Tokyo, Japan) and
counterstained with HE staining solution for 5 min at room
temperature. Photographs of sections were taken under a
fluorescent microscope BX50 (Olympus, Japan) equipped with
a CCD camera Cool Snap HQ) (Photometrics, AZ, USA).

Densitometric Analysis

Some of the digital photographs were quantitatively
analyzed by Image] 1.44 software (Research Services
Branch, National Institute of Mental Health, Bethesda,
Maryland, USA). Quantitative values of cytosolic fluores-
cence in Ra2 microglia were determined as average values
of ten cytosolic areas sampled randomly.
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RESULTS fluorescence, and the optimum excitation and emission

wavelengths are summarized in Table I. The data were
All the TSPO fluorescent ligands 2—4 were found to be very  recorded in methanol as solvent using a Kontron UV-vis
stable in both buffer and physiological medium with half-  spectrometer and a Perkin-Elmer LS-50B spectrofluorom-
lives >24 h (see Table I). Compounds 2—4 showed a visible ~ eter. As can be seen from Table I, compounds 2—4
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Fig. 3 Fluorescent images of Ra2 microglia stained with compounds 2, 3, 4. Ra2 cells were incubated with compound 2 (a, d, g, i), 3 (b, e, h, j) and 4
(e, f) at a final concentration of 0.1 uM for 2 h followed by the addition of Mito Tracker red after 15 min. (a, b, €) Phase contrast images; (d,e, f)
fluorescent images; (g, h) fluorescent images of Mito Tracker Red; (i, j) overlay images of compound fluorescence and Mito Tracker Red; (k) quantitative
analysis of fluorescence distribution of compound 2 in a Ra2 cell. Scale bar: 20 um.
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exhibited fluorescence emission maxima in the range of
516-568 nm, implying their usefulness in visual imaging of

TSPO.
Radioligand Binding Assays

The affinity of compounds 2—4 for TSPO was assessed by
measuring their ability to displace [PHJPK11195 from
binding to membrane preparations of cerebral cortex.
Their effects were compared with those of unlabeled

0 min

60 min

PK11195, and the results of these analyses are shown in
Table I. As can be seen, compounds 2—4 showed high
affinity for TSPO.

In Vitro Studies on Compounds 2-4
Compounds 2—4 were found to stain live Ra2 microglia
cells effectively (Fig. 3). Intense fluorescence more than 20

times higher than background fluorescence was observed as
a deposit-like pattern mainly distributed in cytosol (Fig. 3k).

90 min

Fig. 4 Changes of fluorescent intensity of compounds 2 and 3 in Ra2 cells during microglial activation. Ra2 cells stained with compounds 2 (a—f) or 3 (g-) were
incubated with | g/ml lipopolysaccharide for O (a, d, g, I), 60 min (b, e, h, k) and 90 min (c, f, i, I). (a—c, g—i) Fluorescent images of compound 2 (a—c) and
3 (g-h). (df, j-I) Fluorescent images of each compound and Mito Tracker Red. Scale bar: 20 um.
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Plasma membrane was also positive in fluorescence at
intensity of a one half to one third of cytosol (Fig. 3k). Very
low or no staining of nucleus and vacuoles were observed.
Many fluorescence-positive deposits in compounds 2 and 3
were stained with Mito Tracker Red (Fig. 3). Non-specific
large deposits were not observed, which were not stained
with Mito Tracker Red. The intensity of fluorescence was
increased by microglial activation with LPS (Fig. 4); in a

typical measurement of the change of intensity, average of

optical density values of cytosol was 69.7%8.3 before LPS
stimulation, 150.6%+15.3 at 60 min and 132.8+14.7 at
90 min after LPS stimulation.

In the brain sections, compounds 2 and 3 stained
brain cells in a non-specific manner; however, they were
found to stain activated microglia in injured brain area
effectively (Fig. 5A, B, a, b, ¢ compound 2; Fig. C, D, d,
e, f: compound 3). Compound 4 indicated high back-
ground fluorescence; the S/N ratio of cerebral cortex area

of brain section stained by compound 4 was less than 2.3.
The fluorescent cells in the injured brain sections were
labeled with isolectin B4 (Fig. 6), a marker for activated
microglia.

In Vivo Studies on Compounds 24

After injection in carotid artery of adult male G57BL/6
mice of compounds 2, 3, 4 or FITC-dextran, used as a
control dye, and successive brain removal, it was found
that the distribution of staining with the compounds
indicated was observed in brain parenchymal cells and
blood vessels (Fig. 7); this pattern was different from that
of FITC-dextran, which hardly penetrated into brain
because of existence of the BBB. These results indicate
that certain parts of compound 2—4 may penetrate into
brain and other parts may remain in endothelial cells of

blood vessels.

Fig. 5 Compounds 2 and 3 reacted with brain cells in injured brain sections. Brain sections from normal (A, €) or chemically injured rats (B, D) were
incubated with 0.1 nM of compounds 2 (A, B, a, b, ¢)and 3 (C, D, d, e, f). (a—f) Higher magnification optics. Arrows: indicate fluorescent-positive cells

in brain sections. Scale bar: 50 ym.
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Fig. 6 Compounds 2, 3 and 4 reacted with microglia in injured brain sections. Brain sections from chemically injured rats were incubated with 0.1 nM of
compounds 2 (a—e), 3 (f—j) and 4 (k-o) then stained with and fluorescent dye-labeled isolectin B4. (a, f, k) phase optics; (b, g, I) DAPI fluorescent
images; (¢, h, m) fluorescent images of compounds 2 (c), 3 (h) and 4 (m); (d, i, n) fluorescent images of isolectin B4 staining; (e, j, ) overlay images of

each compound and isolectin B4 staining. Scale bar: 50 um.

In order to eliminate the effect of blood vessels for
identification of the target of the compounds in the brain of
live animals, compounds 2—4 were injected into mouse
striatum directly. Cells in the mouse striatum were stained
with compounds 2—4, which were also labeled with CD11b
antibody (Fig. 8), a microglial marker.

DISCUSSION

The aim of this work was to develop new fluorescent probes
targeting the TSPO as activated microglia imaging agents.
TSPO is primarily expressed on the mitochondria, and it is
over-expressed in a variety of different pathological states,
including neuroinflammation, where activated microglia
occurs. For the mentioned purpose, imidazopyridine com-
pounds 2—4 were designed to possess high affinity and
selectivity for TSPO on the basis of the structure-affinity
relationships previously developed by us in this series of
TSPO ligands (16). Indeed, receptor binding studies
confirmed that compounds 2—4 possess a 1,000-fold
improved receptor affinity (nanomolar level) in comparison
to that of 1. Within the series, compound 3 showed the

highest affinity (e.g., 0.95 nM, about 9- and 12-fold more
active than 2 and 4, respectively), indicating that introduc-
tion of the fluorescein moiety on the phenyl group of the 2-
phenylimidazopyridine nucleus leads to a more favourable
interaction with the receptor. On the other hand, compar-
ing the affinities of the imidazopyridines 2 and 4 bearing
the fluorescent probe at 8-position suggest that introducing
rhodamine B moiety negatively affects binding affinity. In
terms of binding affinity, the fluorescent probes for TSPO
in series 2—4, to the best of our knowledge, are one of the
most active compounds. In fact, the probe recently
described by Taliani el al. (24), although characterized by
a TSPO binding affinity at nanomolar level (i.e., 42.2 nM),
is less active than 2—4 (i.e., 8.34, 0.95 and 12.83 nM,
respectively).

The results of cell biology and fluorescence microscopy
studies suggest that the binding sites of compounds 2 and 3
may exist on mitochondria (Fig. 3), as confirmed by the fact
that many fluorescence-positive deposits in compounds 2
and 3 were stained with Mito Tracker Red. Moreover,
since the fluorescent cells in the injured brain sections were
labeled with isolectin B4 (Fig. 6), compounds 2—4 may have
the potential to react with activated microglia in the brain.

@ Springer




Denora et al.

Fig. 7 In vivo distribution of compounds 2, 3 and 4. One of compound 2 (a-d), 3 (e-h) and 4 (i-l) was injected into mouse carotid artery, then brain
sections were prepared. (a, e, i) Cerebral cortex; (b, f, j) hippocampus; (¢, g, k) hypothalamus; (d, h, I) brainstem. Scale bar: 50 um.

Finally, results from intracranial injection of 2—4 study
clearly indicate that they can label microglia effectively
even in live animals. These results demonstrate that the
fluorescein derivatives 2 and 3 are more effective than
the rhodamine B analogue 4 in labeling microglia.
Interestingly, this trend parallels with the binding
affinity rank order observed.

A comparison of compounds 2—4 with our former
fluorescent ligand 1 reveals that while ligand 1 was
observed to associate with plasma membrane (26), com-
pounds 2—4 showed intense fluorescence as a deposit-like
pattern mainly distributed in cytosol, and faint fluorescence
was observed to localize in plasma membrane (Fig. 3k),
suggesting that enhancement of the binding affinity in the
imidazopyridine series of TSPO ligands may be favourable
to visualize mitochondria in cytosol and to effectively label
activated microglia. Moreover, it is interesting to compare
the BBB penetration properties of 1 with those of 2—4 on
the basis of the log BB value as estimated by the Clark’s
model (27). This model relates log BB to log P and polar
surface area, a descriptor computed with a fragment-
based approach known as the topological PSA (TPSA)
approach (28). It is generally accepted that compounds
with log BB >0.3 cross the BBB readily, whereas

@ Springer

compounds with log BB<—1.0 are poorly distributed to
the brain. On the basis of the predicted log BB values,
compound 1 should be able to cross the BBB better than
2—4 (i.e., log BB —0.54 of 1 compared with —0.78, —0.62,
and —0.64 for compounds 2—4, respectively, using an
online available software for log P and TPSA calculation
(http://www.molinspiration.com)). Indeed, our experi-
mental data indicate that compounds 2—4 possess good
BBB penetration properties in vivo. Probably, the pharma-
cokinetic limitations to account for the poor BBB
penetration of 1 (i.e., the possibility that this compound
is a substrate of P-gp or that it is extensively bound to
serum proteins) does not occur for 2—4, which makes them
valuable agents for activated microglia visualization.
Compounds 2—4 may have some significant advantages
over other currently known fluorescent probes for TSPO.
Thus, a comparison with the indoleacetamide reported by
Kozikowski et al. (19) with the Lissamine-Rhodamine B dye-
PKI11195 analogue conjugate (21) and the fluorescent
probe described by Taliani et al. (24), all characterized by
simple structure, reveals that compounds 2—4 should possess
better BBB penetration properties on the basis of their log BB
values (.e., —0.78, —0.62, and —0.64 for compounds 2—4,
compared with —1.06 of indoleacetamide, —1.78 of the
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Fig. 8 Intracranial injection indicates the compounds have reacted with CD | | b-positive microglia. One of compound 2 (a—c), 3 (d—f) and 4 (g—i) was
injected into mouse striatum. Brain sections were stained with anti-CD | I b antibody. (a, d, g) Phase contrast images; (b, e, h) fluorescent images; (c, f, i)
CD1 Ib staining. Arrows: double positive cells in brain sections. Scale bar: 50 um.

PK11195 analogue and —1.39 of Taliani et al. probe, as
estimated by Clark’s model (27)).

CONCLUSION

In this work, cell biology and fluorescence microscopy
studies reveal that the new fluorescent probes 2—4 should
possess good BBB penetration properties and are able to
label activated microglia i vitro and i vivo. In particular,
the imidazopyridines 2 and 3, bearing the fluorescein
moiety, are the most active derivatives. They may have
some significant advantages (structural simplicity, cost-
effective, easy to handle) not only over the previously
studied compound 1 but also over most currently used
fluorescent probes for TSPO. Therefore, compounds 2—4,

especially 2 and 3, may be new useful tools of bio-imaging
for TSPO alternative to PET. Such compounds with high
affinity to the mitochondrial protein TSPO may be
valuable tools for the diagnosis of neuroinflammation and
neurodegenerative disorders.
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