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Abnormalities and changes in myelination in the brain are seen in many neurodegenerative disorders such
as multiple sclerosis (MS). Direct detection and quantification of myelin content in vivo is desired to facilitate
diagnosis and therapeutic treatments of myelin-related diseases. The imaging studies require use of myelin-
imaging agents that readily enter the brain and selectively bind to myelinated regions. For this purpose, we
have systematically evaluated a series of stilbene derivatives as myelin imaging agents. Spectrophotometry-
based and radioligand-based binding assays showed that these stilbene derivatives exhibited relatively high
myelin-binding affinities. In vitro myelin staining exhibited that the compounds selectively stained intact
myelinated regions in wild type mouse brain. In situ tissue staining demonstrated that the compounds readily
entered the mouse brain and selectively labeled myelinated white matter regions. These studies suggested
that these stilbene derivatives can be used as myelin-imaging probes to monitor myelin pathology in vivo.

Introduction

In both central and peripheral nervous systems, axons are
insulated by myelin sheaths to facilitate efficient signal trans-
duction of nerve impulses.1 Myelination is one of the funda-
mental biological processes in biological development. Abnor-
malities and changes in myelination in the brain are seen in
many neurodegenerative disorders such as multiple sclerosis
(MS).2,3 These changes, mainly occur in the white matter of
the central nervous system (CNS)a, are largely associated with
breakdown and loss of myelin sheaths, forming demyelinated
lesions.4 The exact reasons of demyelination are still being
sought. In addition, the brain has the inherent function of
remyelinating in regions where myelin sheaths have been
damaged.5,6 The myelin repair process normally occurs spon-
taneously during the early stage of demyelination. In most
myelin-related diseases, this naturally occurring process of
myelin repair is hampered, resulting in the formation of
demyelinated lesions.6 Thus, therapeutic interventions are cur-
rently under development to promote and restore the remyeli-
nation process in injured brains.7,8

Currently, there is no direct way to quantitatively detect
demyelinated lesions in vivo.9 In clinical settings, magnetic
resonance imaging (MRI) is the primary modality to assess the
lesion burden in the brain.10,11 However, any change in MR
signal intensity on a dual echo T2-weighted sequence reflects a
change in tissue water content, which is a nonspecific measure
of the overall changes in macroscopic tissue injury, which ranges
from edema, inflammation to demyelination, and axonal loss.12

Lesions detected by MRI are not necessarily caused by
demyelination. They can also be caused by other biological

processes such as inflammation.13 Thus, MRI is not a specific
imaging marker for myelin and does not correlate with the
degree of demyelination.

To improve the imaging specificity, various techniques have
been employed such as diffusion tensor imaging, magnetic
transfer imaging, etc. These MRI-related techniques, however,
do not directly target at myelin membranes.14-17 On the other
hand, positron emission tomography (PET) is capable of direct
characterization and quantification of biological processes at the
molecular level. For myelin imaging, positron-emitting ra-
diotracers that bind to myelin sheaths with high affinity and
specificity need to be first developed. These myelin-binding
probes must also penetrate the blood-brain barrier (BBB) and
exhibit optimal pharmacokinetic profiles that include, among
others, rapid brain uptake and high retention in myelinated
regions.

Currently, lack of myelin-imaging radiotracers has limited
the use of PET techniques to study myelination in vivo. To
circumvent this problem, we set out to develop a series of
myelin-binding agents remotely related to luxol blue. Compre-
hensive evaluation led us to identify two lead compounds, (E,E)-
1,4-bis(p-aminostyryl)-2-methoxy-benzene (BMB)18 and (E,E)-
1,4-bis(4′-aminostyryl)-2-dimethoxy-benzene (BDB),19 that readily
enter the brain and selectively bind to myelined regions. In the
course of our studies, we have also identified a series of stilbene
derivatives that displayed promising in vitro and in situ
properties for potential use of imaging of myelinated white
matter. Compared to previously reported myelin-imaging probes,
these compounds showed improved solubility and binding
affinity. Here we report the synthesis and preliminary biological
evaluation of compound 4,4′-diamino-trans-stilbene and its
mono- and dimethylated derivatives.

Results

Chemical Synthesis. Synthesis of stilbene derivatives was
achieved through Horner-Wittig reaction as shown in Scheme 1.
In this study, 4-nitrobenzaldehyde and 4-dimethylamino-benzal-
dehyde were employed to react with a Horner-Wadsworth-
Emmons reagent, (p-nitrobenzyl)-phosphonic acid diethyl ester
(1), to yield (E)-4,4′-dinitrostilbene (2) and (E)-dimethyl-{4-
[2-(4-nitro-phenyl)-vinyl]-phenyl}-amine (5). Further reduction
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of the nitro groups of 2 and 5 in the presence of SnCl2 in ethanol
furnished (E)-4,4′-diamino-trans-stilbene (3) and (E)-dimethyl-
{4-[2-(4-amino-phenyl)-vinyl]-phenyl}-amine (6). Reduction of
2 also yielded a less polar, semireduced compound, 4-[2-(4-
nitro-phenyl)-vinyl]-phenylamine (4), that was successfully
separated and characterized by HNMR and HR-MS. Compound
4 was further protected with trifluoroacetic anhydride. Subse-
quently, methylation with iodomethane in the presence of
potassium carbonate followed by hydrolysis and reduction
yielded the monoalkylated compound, N-methyl-{4-[2-(4-amino-
phenyl)-vinyl]-phenyl}-amine (7), which was purified by flash
chromatography. In addition, an iodinated compound, 4-[2-(4-
iodo-phenyl)-vinyl]-phenylamine (9) was also synthesized through
Horner-Wittig reaction (see Scheme 2). 4-Iodo-benzaldehyde
readily reacted with 1 in DMF in the presence of NaH.
Subsequent reduction with SnCl2 yielded Compound 9. Com-
pounds 3, 6, and 7 are fluorescent compounds and soluble in
EtOH, CH2Cl2, DMSO, and other organic solvents. The excita-
tion and emission spectra of 3, 6, and 7 (1 µM in DMSO), as
recorded using a Cary Eclipse fluorescent spectrophotometer,
are shown in Figure 1. The maximal excitation wavelengths
were found at 347, 350, and 363nm, and the maximal emission
wavelengths were determined at 415, 415, and 419 nm for 3,
6, and 7, respectively.

Compound 9 was selected for radiolabeling with 125I. The
radiolabeling precursor, 4-[2-(4-tributylstannanyl-phenyl)-vinyl]-
phenylamine (10) was first synthesized directly from the cold
standard compound 9, in which the iodo group was replaced
with a tributyltin group in the presence of Pd(PPh3)4. Iodod-

estannylation reaction using no-carrier-added sodium [125I]iodide
in the presence of hydrogen peroxide as the oxidant yielded
[125I]9 (Scheme 2). The radiochemical identity of [125I]9 was
verified by coinjection with cold standard compound 9. Fol-
lowing HPLC purification, [125I]9 was obtained in 70% radio-
chemical yield with a radiochemical purity of >98% and a
specific activity of 80 TBq/mmol. As monitored by HPLC,
[125I]9 was found to be stable when kept at room temperature
for up to 8 h and in the refrigerator for up to 2 months.

Spectrophotometry-Based Binding Assay. Binding affinities
of newly synthesized compounds 6 and 7 were determined based
on spectrophotometry. Myelin sheaths and nonmyelin pellets
were extracted from rat’s brain homogenates according to
subcellular fraction protocol.20 Briefly, the homogenates were
successively mixed with different concentrations of sucrose and
spun in a Beckman ultracentrifuge. Myelin sheaths and non-
myelin containing pellets were well separated according to their
different densities and located in different layers of sucrose.
The proteins were then collected and washed thoroughly with
Colman buffer (10 mM). The desired proteins were aliquoted
and frozen at -80 °C for up to 6 months without noticeable
change in its properties, determined by electrophoresis (data
not shown). Prior to binding assays, the protein fractions (myelin
and pellet) were thawed and diluted with PBS (10 mM, pH 7.0).
A series of concentrations of the protein fractions were incubated
with tested compounds (6 and 7, 12.5 µM) for 1 h at room
temperature. The free and bound tested compounds were then
separated by centrifuging at 6000 rpm for 10 min and quantified.

Scheme 1a

a (a) NaH, 4-nitrobenzaldehyde, DMF, MeOH, 83%; (b) SnCl2, 1N HCl, THF; (c) 4-Dimethylamino-benzaldehyde, DMF, EtOH, NaOCH3, 65%; (d)
SnCl2, EtOH, 64%; (e) (CF3CO)2O, Et3N, THF; (f) (1) NaH, MeI, DMF, (2) 1N NaOH, MeOH; (g) SnCl2, CH3COOH, reflux, 35% for 4 steps.

Scheme 2a

a (a) (1) NaH, DMF, (2) 4-iodobenzaldehyde, 2 h, 75%; (b) SnCl2, EtOH, reflux, 4 h, quant; (c) (Bu3Sn)2, Et3N, Pd(PPh3)4, 80 °C, 1 day, 60%; (d) H2O2,
Na125I, RT, 10 min, 70%.

Figure 1. Excitation and emission spectra of compounds 3, 6, and 7 (1 µM in DMSO). Excitation spectra: emission at 415, 415, and 419 nm, range
at 250-400 nm, bandwidth at 5 nm, scan at 120 nm/min, and integration time of 0.5 s, maximal excitation wavelength at 347, 350, and 363 nm.
Emission spectra: excitation at 347, 350, and 363 nm, range at 360-550 nm, bandwidth at 5 nm, scan at 120 nm/min, and integration time of 0.5 s,
maximal emission wavelength at 415, 415, and 419 nm.
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As shown in Figure 2, when incubated with nonmyelin pellet,
the concentrations of free, unbound 6 and 7 were not reduced
despite the increased concentration of nonmyelin pellet. The
concentrations of free 6 and 7 remained constant and close to
the total concentration (10.47 µM for 6 and 10.53 µM for 7)
initially used, suggesting there was no binding to the nonmyelin
fractions. In contrast, when incubated with myelin fractions,
the concentrations of unbound 6 and 7 decreased proportionally
when the concentrations of myelin fractions were increased,
suggesting that specific binding interactions exist between the
test compounds and the myelin fractions.

Radioligand-Based Binding Assays. In vitro binding assay
using radioligand is the most sensitive techniques available to
quantitatively determine the binding affinities of compounds to
certain proteins. Our previous studies have shown that BMB
binds to myelin sheaths with high affinity and specifity.18 For
this reason, tritiated BMB was custom synthesized by American
Radiolabeled Chemicals Inc. (St Louis, MO) and was used as
the radioligand for binding assays. This allowed us to determine
the binding affinities of the newly synthesized compounds using
isolated rat myelin fractions. Saturation experiment was first
conducted using [3H]BMB. As shown in Figure 3, [3H]BMB
displayed saturable binding with isolated myelin fractions of
rats and approximately 30% of [3H]BMB binding to isolated
rat myelin was displaced by 1.0 µM unlabeled BMB. Trans-
formation of the saturation binding of [3H]BMB to Scatchard
plots gave linear plots, suggesting that it involved a single
population of binding sites (Figure 3). The dissociation constant
(Kd value) was 1.098 ( 0.20 nM and Bmax value was 17.61
pmol/mg under the assay condition, respectively. Competitive
binding assays were also conducted using [3H]BMB as radio-
ligand. The stilbene derivatives competed effectively with
[3H]BMB binding sites on rat myelin fractions at affinities of
low micromole concentrations. As shown in Figure 4, the Ki

values estimated for 3, 6, 7, and 9 were 370, 119, 126, and 494
nM, respectively. These Ki values suggested that all these
derivatives of stilbene had relatively high binding affinity for
myelin fractions in the order of 7 > 6 > 3 > 9.

In Vitro Staining of Myelinated White Matter. We then
evaluated the myelin-binding properties of the newly synthesized
compounds 3, 6, and 7 through in vitro staining of mouse brain
tissue sections. Both myelinated corpus callosum and cerebellar
regions were then examined by fluorescent microscopy. At 10
µM concentration, compounds 3, 6, and 7 selectively labeled
both corpus callosum and cerebellum (Figure 5), exhibiting
staining patterns that were virtually identical to the pattern
observed in immunohistochemical staining of MBP.19

In Situ Tissue Staining of Myelinated White Matter.
Following our in vitro tissue staining studies, we then evaluated
the brain permeability and subsequent myelin-binding properties
of 6 and 7 in the mouse brain. A dose of 6 or 7 (20-80 mg/kg)
was administered via tail vein injection into wild-type mice.
Three hours post injection, the mouse brains were perfused with
saline followed by 4% paraformaldehyde (PFA) and removed.
The fresh frozen brains were then sectioned. Fluorescent staining
of myelinated regions such as the cerebellum were then directly
examined under a microscope. As shown in Figure 6, fluorescent
compounds 6 and 7 readily entered the mouse brain and
selectively labeled myelinated cerebellum.

Partition Coefficient. The partition coefficient (PC) is an
important parameter of brain permeability. PC values ranging
from 1.0 to 3.5 often show good initial brain entry following iv
injection.21-23 For this reason, we radioiodinated compound 9
and quantitatively determined the lipophilicity of [125I]9. On
the basis of the conventional octanol-water partition measure-
ment, the logPoct of [125I]9 was determined as 2.5 ( 0.1, which
falls in the range for optimal brain entry.

Permeability across the Blood-Brain Barrier in Mice.
Encouraged by the aforementioned studies, we further evaluated
the permeability of [125I]9 across the blood-brain barrier.
Following bolus tail vein injection of [125I]9 (0.2 mL, 0.185
MBq), the radioactivity concentration of [125I]9 in the brain was

Figure 2. Correlation of the concentrations of free, unbound 6 and 7 following incubation with isolated myelin fractions and nonmyelin pellets
based upon a spectroscopic assay. In these assays, 10 µM of 6 and 7 was added for each solution containing myelin fractions or nonmyelin pellets
at various concentrations ranging from 0 to 2.5 µg per tube. Each data point was repeated in triplicate and an average was used.

Figure 3. Saturation and scatchard plots of [3H]BMB binding to
isolated myelin fractions. [3H]BMB displayed one-site binding. High-
affinity binding with dissociation constant (Kd) values in a nanomolar
range was obtained (Kd) 1.098 nM.

Figure 4. Competition binding assays of test compounds using
[3H]BMB as the radioligand in isolated myelin fractions. The concen-
trations that inhibited 50% of specific binding of [3H]BMB (IC50 values)
were converted to inhibition constant (Ki). Ki values were calculated
using the Cheng-Prusoff equation: Ki ) IC50/(1 + [L]/Kd), where [L]
is the concentration of [3H]BMB used in the assay. Data are means of
three independent measurements done in duplicate.
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determined at 2, 30, and 60 min post injection. As shown in
Table 1, [125I]9 displayed rapid brain entry at early time
intervals. The initial brain entry was 2.29 ( 0.66% ID/g at 2
min post injection. At 30 min post injection, the brain
radioactivity concentration reached its peak level (2.65 ( 0.27%
ID/g). The radioactivity concentration slowly decreased to 1.12
( 0.23% ID/g at 120 min post injection. These results indicated
that [125I]9 readily entered the brain. Retention of [125I] 9 at
later time points was likely due to binding to myelin membranes
as indicated by aforementioned in vitro and in situ staining
studies.

Autoradiography in Mice. To further evaluate the binding
specificity of [125I]9 to myelin sheaths in the brain, in vitro
autoradiography was carried out in mice. As shown in Figure
7, a distinct labeling of myelinated regions such as corpus
callosum and cerebellum were observed after the mouse brain
tissue sections (sagittal) were exposed to [125I]9. The result
indicated that the autoradiographic visualization was consistent
with the histological staining of myelinated regions (i.e., corpus
callosum and cerebellum).

Discussion

The results showed that the myelin-binding probes readily
enter the brain and selectively bound to myelin sheaths. It is
worth note that the myelin-imaging probes are not designed to
detect individual myelin fibers nor single lesions but to
determine the abundance of myelin membranes in selected

regions of interest. The myelin abundance can be determined
through imaging studies by the retention of radiotracers in terms
of radioactivity concentration in myelinated brain regions.
Similarly, the myelin abundance can also be determined in brain
regions containing demyelinated lesions, which is expected to
be lower than that in the normally myelinated regions. The lesion
profiles are heterogenic based on analysis of a large pathology
sample of multiple sclerosis patients (MS).24 One of the key
diagnostic criteria in MS is the presence of demyelinated lesions
of 5 mm in size. This size is well above the resolution limits of
nuclear imaging modalities. Thus, it is very feasible to accurately
determine the myelin abundance in terms of radioactivity
concentration of the radiotracers in demyelinated regions.

In practice, both MRI and PET or single photon emission
computed tomography (SPECT) will be conducted. MRI is used
to provide anatomical information of the brain in order to define
regions of interest. Following MRI, PET or SPECT will be
conducted and coregistered with MRI images to determine
radioactivity concentration in defined regions of interest.

During our in situ staining studies, we used a dose ranging
from 20-80 mg/kg. The mice all survived very well without
any pharmacological effects observed. Following removal of
the brain, we also examine various organs in the other part of
the body and did not observe any abnormality in liver, lung,
spleen, or kidney. These studies suggested that there is no toxic
effect below 80 mg/kg. For imaging studies, the concentration
of the radiotracers used will be in nanomolar concentration or
at least 1000 times lower than the dose we used in the staining
studies. Therefore, no toxicity effect should be expected.

Finally, these compounds do not dissolve in myelin mem-
branes but likely bind to myelin through direct and specific

Figure 5. In vitro staining of corpus callosum (top) and cerebellum (bottom) in wild-type mouse brain.

Figure 6. In situ staining of myelin sheaths in the cerebellum of mouse
brain.

Table 1. Brain Uptake of 125I-9 in Mice (n ) 3, %ID/g)

organ 2 min 30 min 60 min 120 min

brain 2.29 ( 0.66 2.65 ( 0.27 2.05 ( 0.13 1.12 ( 0.23

Figure 7. Film autoradiography shows [125I] 9 binding to myelinated
corpus collosum and cerebellum in mouse brain sections (sagittal).
Arrows show myelinated corpus collosum (A) and cerebellum (B)
labeled by [125I]9.

Molecular Probes for Imaging Myelinated White Matter Journal of Medicinal Chemistry, 2008, Vol. 51, No. 21 6685



interactions with MBP. The binding mechanism is not known
but our previous work with structurally related myelin-imaging
probes indicated that they bind to pleated �-sheet structure
present in myelin basic protein (MBP).18

Conclusion

Several stilbene derivatives have been synthesized and
evaluated for potential in vivo imaging of myelinated brain
regions. These small molecular probes selectively stain myeli-
nated white matter regions such as the corpus callosum and
cerebellum in mouse brain tissue sections. The white matter
staining was also achieved in situ following tail vein injections,
suggesting they readily enter the brain. Both spectrophotometry
and radioligand-based binding assays suggested a specific
interaction of these compounds with myelin membranes. These
in vitro and in situ binding properties, coupled with its
permeability across the BBB, make them promising candidates
for further investigation as in vivo myelin-imaging agents.

Methods and Materials

1. Synthesis. 1.1. Synthesis of 4,4′-Dinitro-trans-stilbene (2).
Under Ar, (4-nitro-benzyl)-phosphoric acid diethyl ester (1, 1.81 g,
6.6 mmol) and 4-nitrobenzaldehyde (1.00 g, 6.6 mmol) were
dissolved in DMF (10 mL) and EtOH (10 mL). Then NaOCH3

(2.3 mL, 4.37 M) in MeOH was added and the suspension was
stirred for another 3 h. The solid was filtered and dried in vacuum
to give 1.50 g (yield: 83%) of 4,4′-dinitro-trans-stilbene. 1H NMR
(300 MHz, CDCl3): 8.28 (d, J ) 8.4 Hz, 4 H), 7.94 (d, J ) 8.4 Hz,
4 H), 7.69 (s, 2 H).

1.2. Synthesis of 4,4′-Diamino-trans-stilbene (3) and 4-[2-(4-
Nitro-phenyl)-vinyl]-phenylamine (4). To a solution of compound
2 (0.10 g, 0.4mmol) in THF (20 mL) was added SnCl2 (1.50 g)
dissolved in 1N HCl (10 mL). The reaction mixture was stirred
overnight at room temperature. The acidic solution was then
neutralized using 1N NaOH and extracted with ethyl acetate (3 ×
20 mL). The combined organic phases were washed with water
and brine, dried over Na2SO4, and concentrated. Purification with
flash column (HE:EA ) 2:1 to 1:1) yielded 4,4′-diamino-trans-
stilbene (3, 0.03 g, 40%) and 4-[2-(4-nitro-phenyl)-vinyl]-pheny-
lamine (4). 1H NMR of 3 (300 MHz, CDCl3): 7.31 (d, J ) 8.4 Hz,
4 H), 6.86 (s, 2 H), 6.68 (d, J ) 8.4 Hz, 4 H). HR-ESIMS of 3:
m/z calcd for C14H14N2 (M + H+): 211.1230, found 211.1225.
Melting point of 3: 206.1-207.3 °C. 1H NMR of 4 (300 MHz,
CDCl3): 8.22 (d, J ) 8.0 Hz, 2 H), 7.59 (d, J ) 6.86 Hz, 2 H),
7.41 (d, J ) 8.57 Hz, 4 H), 7.22 (d, J ) 17.14 Hz, 1 H), 6.97 (d,
J ) 12.57 Hz, 1 H), 6.72 (d, J ) 10 Hz, 2 H).

1.3. Synthesis of Dimethyl-{4-[2-(4-nitro-phenyl)-vinyl]-phenyl}-
amine (5). To a solution of 4-dimethylamino-benzaldehyde (2.24
g, 15 mmol) and (4-nitro-benzyl)-phosphoric acid diethyl ester (1,
4.10 g, 15 mmol) in DMF (20 mL) and EtOH (20 mL) was added
to NaOCH3 (1.62 g, 30 mmol). The suspension was stirred and
refluxed for 3 h. After cooled to room temperature, the precipitate
was filtered and washed thoroughly with ethanol to give dimethyl-
{4-[2-(4-nitro-phenyl)-vinyl]-phenyl}-amine (5, 2.55 g, 65%) as red
solid. 5 was used without further purification.

1.4. Synthesis of Dimethyl-{4-[2-(4-amino-phenyl)-vinyl]-phen-
yl}-amine (6). To a solution of 5 (2.55 g, 9.5mmol) in EtOH (100
mL) was added to SnCl2 (8.58 g, 38 mmol). The resulting mixture
was refluxed for 4 h. The solvent was then removed under vacuum
and NaOH (2 mol/L, 40 mL) was added to the residue. The crude
solid was filtered and suspended in ethyl acetate (200 mL). The
precipitates were then filtered to give dimethyl-{4-[2-(4-amino-
phenyl)-vinyl]-phenyl}-amine (6, 1.45 g, 64%) as gray solid. 1H
NMR (300 MHz, CDCl3): 7.40 (d, J ) 8.62 Hz, 2 H), 7.33 (d, J )
8.40 Hz,2 H), 6.86 (d, J ) 5.92 Hz, 2 H), 6.76 (d, J ) 8.34 Hz, 2
H), 6.69 (d, J ) 8.22 Hz, 2 H), 2.99 (s, 6 H). HR-ESIMS: m/z
calcd for C16H18N2 (M + H+), 239.1543; found, 239.1542. Melting
point: 167.7-168.5 °C.

1.5. Synthesis of N-Methyl-{4-[2-(4-amino-phenyl)-vinyl]-phen-
yl}-amine (7). To a solution of 4 (50 mg, 2 mmol) dissolved in
THF (5 mL) under argon was added to Et3N (1 mL). The solution
was stirred for 4 h. The solvent was evaporated under vacuum,
and the protected product was then used without further purification.

To the solution of the above protected product dissolved in DMF
(5 mL) were added NaH (0.10 g) and iodomethane (1 mL). The
vial was sealed and stirred overnight. Then the solution was diluted
with methanol (8 mL) and 1 M NaOH solution (2 mL). After stirred
for another 2 h, the solution was extracted with ethyl acetate. The
combined organic layer was washed with water and brine and dried
over Na2SO4. Following concentration, the reduced product was
then subsequently used without further purification.

To the suspension of the above compound in acetic acid (10
mL) was added tin(II) chloride (1.0 g). The suspension was heated
to reflux for 2 h. After concentration, the residue was dissolved in
ethyl acetate, washed with 2N NaOH solution, water, and brine.
Dried over Na2SO4, the solution was concentrated and purified by
flash column (hexanes:ethyl acetate ) 2:1 to 1:1) to give 15 mg of
7 (0.6 mmol, 35% yield for the above three steps). 1H NMR (400
MHz, CDCl3): 7.36 (d, J ) 8.3 Hz, 2 H), 7.32 (d, J ) 8.2 Hz, 2
H), 6.87 (AB, J ) 18.7 Hz, 16.5 Hz, 2 H), 6.69 (d, J ) 8.2 Hz, 2
H), 6.62 (d, J ) 8.3 Hz, 2 H), 3.92 (br, 3 H), 2.88 (s, 2 H). HR-
ESIMS: m/z calcd for C15H16N2 (M + H+), 225.1386; found,
225.1385. Melting point: 143.7-144.7 °C.

1.6. Synthesis of 4-Amino-4′-iodostilbene (8). To a solution
of diethyl 4-nitrobenzylphosphate (0.44 g, 1.61 mmol) dissolved
in DMF (10 mL) was added NaH (0.07 g, 1.75 mmol). The
suspension was stirred for 1 h followed by addition of 4-iodo-
benzaldehyde (0.35 g, 1.51 mmol). The suspension was stirred for
another 2 h. Water was added and the solid was collected by
filtration to give 8 (0.40 g, 1.14 mmol, yield: 75%). 1H NMR (400
MHz, CDCl3): 8.24 (d, J ) 8.65 Hz, 2 H), 7.88 (d, J ) 8.68 Hz,
2 H), 7.80 (d, J ) 8.19 Hz, 2 H), 7.49 (m, J ) 8.2 Hz, 4 H).

1.7. Synthesis of 4-[2-(4-Iodo-phenyl)-vinyl]-phenylamine (9).
To a suspension of compound 8 (0.20 g, 0.57 mmol) in ethanol
(10 mL) was added Tin(II) chloride (1.00 g, 5 mmol) and heated
to reflux for 4 h under argon. The ethanol was evaporated under
vacuum. The residue was dissolved in ethyl acetate, washed with
1N NaOH, water, and brine. Dried over Na2SO4, the solution was
concentrated and purified by flash column (hexanes:ethyl acetate
) 2:1 to 1:1) to give 9 (0.18 g, quant. yield). 1H NMR (400 MHz,
CDCl3): 7.66 (d, J ) 8.25 Hz, 2 H), 7.35 (d, J ) 8.34 Hz, 2 H),
7.04 (d, J ) 15.73 Hz, 1 H), 6.71 (d, J ) 16.26 Hz, 1 H), 6.70 (d,
J ) 8.29 Hz, 2 H). HR-ESIMS: m/z calcd for C14H12IN (M + H+),
322.0087; found, 322.0084. Melting point: 213.4-215.2 °C.

1.8. Synthesis of 4-[2-(4-Tributylstannanyl-phenyl)-vinyl]-phe-
nylamine (10). Under Ar, the substrate 9 (0.05 g, 0.15 mmol) was
mixed with (Bu3Sn)2 (1 mL), Pd(PPh3)4 (0.02 g), and Et3N (5 mL).
The mixture was sealed in a vial and heated to 80 °C for 1 day.
The solvent was evaporated in vacuum, and the residue was purified
by column to give 10 (44 mg, 0.09 mmol, yield: 60%). 1H NMR
(400 MHz, CDCl3): 7.42 (s, 4 H), 7.33 (d, J ) 7.87 Hz, 2 H), 7.03
(d, J ) 16.18 Hz, 1 H), 6.89 (d, J ) 16.24 Hz, 1 H), 6.66 (d, J )
8.08 Hz, 2 H), 1.55 (m, 6 H), 1.34 (m, 6 H), 1.05 (t, 6 H), 0.89 (t,
9 H).

1.9. Radiosynthesis of 4-[2-(4-[125I]Iodo-phenyl)-vinyl]-pheny-
lamine ([125I]9). To a sealed vial were added 10 (50 µL, 50 µg in
50 µL of ethanol), [125I] sodium iodide, and 1N HCl (100 µL).
Subsequently, 100 µL of H2O2 (3%, in water) was added via a
syringe at room temperature. After 10 min, the iodination reaction
was terminated by an addition of saturated NaHSO3, and the
resulting solution was neutralized to pH 7-8 by adding a saturated
NaHCO3 solution. The mixture was extracted with ethyl acetate (3
× 1 mL). The combined organic layers were dried over Na2SO4,
and the solvent was removed by a stream of dry nitrogen gas. The
residue was purified by high performance liquid chromatography
(HPLC; C-18 column; acetonitrile; DMGA (5 mM, pH 7.4): 60/
40; flow rate: 1 mL/min; retention time: 21 min) to get 18.5 MBq
of final pure product with radiochemical purity over 98% and a

6686 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 21 Wu et al.



specific activity near the theoretical limit (80 TBq/mmol). The
chemical identity was verified by coinjection of the “cold standard”
(nonradioactive compound).

2. Partition Coefficients. Partition coefficients (PC) were
measured by mixing the radioligands with 3 g (3.65 mL) of
1-octanol and 3 g (3.0 mL) of buffer (pH 7.40, 0.1 M phosphate)
in a test tube. The test tube was vortexed for 3 min at room
temperature and then centrifuged (3500 rpm, 5 min). 1 mL of
samples from the 1-octanol and buffer layers were assayed for
radioactivity content in a well γcounter. The partition coefficient
was determined by calculating the ratio of cpm/g of 1-octanol to
that of the buffer. Samples from the 1-octanol layer were reparti-
tioned until consistent partitions of coefficient values were obtained.
The measurement was repeated at least three times. PC was 2.5 (
0.1 at pH 7.40.

3. Brain Uptake of [125I]9. While under anesthesia, 0.1 mL of
a saline solution (consisting of saline (2 mL, 9 mg/mL), propylene
glycol (2 mL), ethanol (0.7 mL), and HCl (0.3 mL, 0.3 nM)),25

containing 5 µCi of radioactive tracer, was injected into the tail
veins of mice (Swiss-Webster, 2 month old, 2 mice per group).
The mice were sacrificed by heart puncture at 2, 30, 60, and 120
min post injection under anesthesia. Brains were rapidly removed
and weighed, and the brain uptake was expressed as percentage of
injection dose per gram organ (%ID/g), which was calculated by a
ratio of per gram tissue counts to counts of 1% of the initial dose
(100 times diluted aliquots of the injected radioligand) measured
at the same time.

4. In Vitro Autoradiography of [125I]9. Mouse brain sections
were incubated in [125I]9 (20% ethanol, 4380000 cpm/16 mL) for
1 h. The slides were quickly washed with PBS buffer (10 mM, pH
7.0) 3 times, saturated Li2CO3 in 40% ethanol (2 × 3 min), 40%
ethanol (2 min), and H2O (30 s). After drying by air, the slides
were put in a cassette and exposed to film for 44 h to obtain images.

5. In Vitro Tissue Staining of Normal Control Mice Brain
Section. Normal control mice were deeply anesthetized and perfused
transcardially with saline (10 mL) followed by fixation with 4%
PFA in PBS (10 mL, 4°æ, pH 7.6). Brain tissues were then removed,
postfixed by immersion in 4% PFA overnight, dehydrated in 30%
sucrose solution, embedded in freezing compound (OCT, Fisher
Scientific, Suwanee, GA), cryostat sectioned at 10 µm on a
microtome, and mounted on superfrost slides (Fisher Scientific).
The brain sections were incubated with compound 3, 6, and 7 (10
µM, 1% DMSO in PBS (10 mM, pH 7.0)) for 20 min at room
temperature in dark. Excess compounds were washed by briefly
rinsing the slides in PBS (10 mM, pH 7.0) and coverslipped with
fluoromount-G mounting media (Vector Laboratories, Burlingame,
CA). Sections were then examined under an IX51 fluorescent
microscope.

6. In Situ Tissue Staining of Normal Control Mice Brain
Section. Under anesthesia, wild-type mice were injected with
compounds 6 and 7 (20-80 mg/kg) via the tail vein, and the mice
were then perfused transcardially with saline (10 mL) followed by
4% PFA in PBS (10 mL, 4 °C, pH 7.6). Brain tissues were then
removed, postfixed by immersion in 4% PFA overnight, dehydrated
in 30% sucrose solution, cryostat sectioned at 16 µm on a
microtome and mounted on superfrost slides (Fisher Scientific), and
imaged directly under fluorescent microscopy without any further
staining.

7. Extraction of Myelin Fractions. Sprague-Dawley (SD) rats
were asphyxiated with CO2. When the rat had stopped breathing,
the skin/fur over the neck was wetted with a spray of 70% ethanol.
The brains were then taken out and put into 0.32 mol/L sucrose (1
× Colman buffer) in the homogenizer, first with the loose pestle
5-8 times and then with the tight pestle until the solution reached
a uniform consistency. The solution was then transferred from the
homogenizer to the corresponding tubes. The tubes were centrifuged
at 1000 rpm (4 °C) for 10 min. The resulting supernatant was
carefully removed and transferred into Beckmann tubes that were
previously filled with 2.80 mol/L sucrose and mixed thoroughly.
After carefully overlaying nearly to the top of the tube with 0.25

mol/L sucrose, the tube was spun in the Beckman ultracentrifuge
for 2.5 h at 35000 rpm (4 °C). The 0.25 mol/L sucrose layer was
drawn off and discarded. The myelin fraction was collected at the
0.25 mol/L and 0.85 mol/L sucrose interface, and the pellet was
collected at the 0.85 mol/L and /1.4 mol/L sucrose interface. Both
myelin and pellet were washed with buffer (1 × colman, 7-8 mL)
three times before being suspended in buffer (1 × colman, 5 mL)
and kept in -80 °C freezer for future use. The concentration of
myelin and pellet were determined by Bio-Rad Protein Assay.

8. Spectrophotometry-Based Binding Assays. In the spectro-
photometry-based binding assays, a solution of 6 or 7 (800 µL,
12.5 µM) dissolved in 10% DMSO buffer solution containing 10
mM MgCl2 and 10 mM PBS (pH 7.4) was incubated with isolated
myelin or pellets at different concentrations ranging from 0.06 to
14 µg/tube. Each tube contained 10 µM of 6 or 7, 10% DMSO
buffer, and membrane fraction in a final volume of 1 mL. Following
incubation at room temperature for 1 h, the free and bound 6 or 7
was separated by centrifugation at 6000 rpm for 10 min. The
supernatant was then collected and the UV absorption of free 6 or
7 determined by UV spectrometer were at 350 or 363 nm. The
concentration of free 6 or 7 was obtained by comparison to a
standard curve. In parallel, nonspecific binding was determined
using pellets under the same condition. All assays were performed
in triplicate.

9. Radioligand-Based Binding Assays. The radioligand-based
binding assays were carried out in 12 mm × 75 mm borosilicate
glass tubes. For saturation studies, the reaction mixture contained
50 µL of myelin fraction (1-2 µg, 1 × PBS), 50 µL of [3H]BMB
(diluted in 1 × PBS, 0.25-3.5 nM) in a final volume of 500 µL.
Nonspecific binding was defined in the presence of cold BMB (1
µM, diluted in PBS (containing 1‰ DMSO) in the same assay
tubes. For the competition binding, 10-5 to 10-10 M compounds
and 1.87 nM [3H]BMB were used for the studies. The mixture was
incubated at 37 °C for 2 h. The bound and free radioactivity were
separated by rapid vacuum filtration through Whatman GF/B filters
using a Brandel M-24R cell harvester followed by 3 × 2 mL washes
of PBS at room temperature. Filters containing the bound radioli-
gand were dissolved in 6 mL of biodegradable counting cocktail
overnight and the radioactivity was assayed the next day in the
scintillation counter (Beckman) with 42% counting efficiency. The
results of saturation and inhibition experiments were subjected to
nonlinear regression analysis using Graph Pad Prism 4 by which
Kd and Ki values were calculated.
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