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A novel fluorescent probe composed of two moieties, Nile Red and an iminodiacetic acid-Ni?* complex,
for the detection of histamine in living cells is described. The probe was successfully applied to visualiz-
ing histamine in RAW264 cells, representing the first demonstration of the imaging of histamine itself in

© 2010 Elsevier Ltd. All rights reserved.

It is well known that histamine is an essential factor for main-
taining physiological homeostasis in humans and animals. It has
also been reported to be involved in pathological processes, such
as acute allergies, the immune system, inflammation, and gastric
ulcers, as well as in mast cells, basophils, and the brain, where it
functions as a neurotransmitter.! For example, it has been reported
that an elevation in the concentration of Ca* ions in the intracel-
lular phase by antigen stimulation results in the release of hista-
mine from basophils? and, in the central nervous system,
hypothalamic histamine plays very important roles in various bio-
logical phenomena.? Therefore, the direct visualization of hista-
mine in living cells may help in the elucidation of currently
unknown neuropharmacological functions of histamine and enable
the development of antihistamine drugs. However, it is difficult to
visualize the behavior of histamine in living cells directly in real-
time using conventional methods, such as high-performance liquid
chromatography (HPLC),* enzymatic assays,” flow immunoassay,®
and spectrofluorimetry.” We wish to report herein, for the first
time, on a new method for visualizing histamine in living cells.
The method involves the use of novel fluorescent probes, Nile
Red derivatives 1-M?* (where M?* = Cu?* and Ni?*). These probes
contain an iminodiacetic acid (IDA)-M2* complex (a hydrophilic
moiety) and Nile Red dye (a hydrophobic moiety). Nile Red is only
sparingly soluble in water and has a tendency to localize in the
form of intracellular lipid droplets because of its lipophilic charac-
teristics, although it is cell membrane permeable when used in
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staining cells.® Thus, the probes developed in this study would be
expected to be water-soluble and would be present throughout
the cytoplasm due to the presence of the IDA moiety. Thus, it can
be assumed that the probes would be broadly applicable to various
cells and organs without the need for any special reagents® to en-
hance its permeation through a cell membrane or premodification
for cell loading.'®

The strategy for the detection of histamine using the probe is
based on a ligand exchange reaction'! between histamine and
iminodiacetic acid in the probe on the M?* ion, which has been dis-
cussed in our previous letter ( Fig. 1).'> M?* ions function to
quench'? the fluorescence of Nile Red, while the M?* ion in the
probe becomes dissociated from the probe on coordination with
histamine molecules. When this dissociation occurs, the fluores-
cent property of the probe is recovered. The efficiency of quenching
by metal ions is dependent on the distance between the fluoro-
phore and the quencher.'¥ To maximize quenching efficiency by
the M2* ion, we utilized the Mannich reaction'® to synthesize the
probe, because this reaction results in a complex in which the Nile
Red moiety is in close proximity to the iminodiacetic acid moiety.
The close proximity of the Nile Red moiety to the iminodiacetic
acid moiety would be expected to enhance the sensitivity of the
system.

To identify an optimal metal ion for our probe 1, solutions of
various metal ions (Co?*, Cu?*, Fe?*, Ni?*, and Zn**) were added to
equimolar solutions of probe 1, and solutions containing an excess
of histamine were then added to the above solutions. The fluores-
cent intensity of probe 1 was greatly decreased when Cu?* and Ni%*
solutions were added and was subsequently recovered when the
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Figure 1. Reaction of 1-M?* with histamine.

histamine solution was added. Such a remarkable change in fluo-
rescence intensity was not observed in the case of other metal ions
(Fig. S1, Fig. S2, and Table S1 in the Supplementary data). Thus, we
selected 1-Cu®* and 1-Ni?* as candidates for use in the histamine
probe.

It is particularly important to evaluate the selectivity of 1-Cu?*
and 1-Ni?* for histamine over other biogenic amines and glutathi-
one because a wide variety of amines and thiols are present in liv-
ing cells. Indeed, our probes were added to solutions of some

selected amines and a thiol, including cadaverine, dopamine,
GABA, glutamic acid (Glu), glutathione, glycine (Gly), putrescine
and serotonin as well as a histamine solution to evaluate the selec-
tivity of the probe (Fig. 2). As shown in Figure 2b, 1-Cu?* showed a
rather low selectivity to histamine compared with the fluorescence
intensity for dopamine, Glu, glutathione, and Gly. In particular, the
fluorescence intensity of 1-Cu?* in the presence of glutathione was
comparable to that observed for the addition of histamine. The
higher response of glutathione compared to other amines except
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Figure 2. Selectivity of 1-Cu®* and 1-Ni?* for histamine. (a) Molecular structures of the biogenic amines tested. (b) Fluorescence responses of 1-Cu?* (1 uM) to various
biogenic amines (2 mM) in D-PBS. (c) Fluorescence responses of 1-Ni** (1 uM) to various biogenic amines (2 mM) in D-PBS. The excitation wavelength was set at 600 nm.
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histamine may be due to the higher affinity of Cu?* ion for glutathi-
one than other amines. In contrast, 1-Ni>* showed a high selectiv-
ity for histamine and no significant fluorescence response to
glutathione and other amines was found, as shown in Figure 2c.
The difference in selectivity for the biogenic amines between 1-
Cu?* and 1-Ni?* can be attributed to the properties of the metal
ions. It has been reported that an IDA-Cu®* complex adsorbs pro-
teins via many residues that are stronger than an IDA-Ni%* com-
plex does, while the IDA-Ni?* complex had a higher selectivity
for histidyl residues compared to the IDA-Cu?* complex.!® Fortu-
nately, the above findings would depend on the high selectivity

a1 5 b 1000
¢ o © o
900 o . -
800 % ® [histamine] / pM
o g © o <0 800
700 a o o 55 |
o 600 ° + ¥ 450 2 ool
ool . . : R
o 2 ;gg 500 |
400 - . . 100 |
o, o L w s 400
300 ¢ i OE B om ¥ iz x = 1 300 |
E g ¥ X i PR o750
0088 4 5 § & 4 s ¢ g b8 1000 200 },
100 | 100
0 s s s . .

0 20 40 60 80 100
Time / min

D. Seto et al./Bioorg. Med. Chem. Lett. 20 (2010) 6708-6711

of the IDA-Ni?* complex for histamine. A fluorescent assay based
on a ligand exchange reaction, in which the specific and selective
fluorescence response to histamine over other amines and a thiol
were observed, does not appear to have been reported previously.
It is therefore conceivable that 1-Ni** could serve as a suitable
probe for visualizing histamine in living cells.

Figure 3 shows the time course for the fluorescence response of
1-Ni?* in the presence of various concentrations of histamine and
the relationship between the histamine concentration and fluores-
cence intensity at a wavelength of 670 nm. The fluorescence inten-
sity of the probe increased immediately on the addition of
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Figure 3. (a) Time course for the fluorescence intensities of 1-Ni?* (2 uM) upon the addition of histamine (0-1000 puM). The wavelength of excitation was set at 595 nm. (b)
Typical standard curve of 1-Ni** for histamine. The intensities were obtained at 30 min after the addition of histamine.

Figure 4. Confocal fluorescence images and bright field images of murine macrophage RAW264 cells. (a and b) Images of RAW264 cells treated with 1-Ni?* (50 uM) after
incubation with histamine (10 mM). (c and d) Images of RAW264 cells treated with 1-Ni*>* (50 puM) without incubation with histamine (control). Scale bar, 15 pm.
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histamine and gradually reached a constant value after ca. 30 min.
On the other hand, in the case where 1-Cu?* was used instead of
1-Ni2* as a probe, the fluorescence intensity was observed to in-
crease rapidly and reach a constant value within 5 min, indicating
that 1-Cu®" responded faster than 1-Ni?* (data not shown). It is
known that the rate of a ligand exchange reaction with water is
dependent on the species of metal ion. For example, the rate con-
stant for Cu?* is in the order of 1072 to 107 s~!, while that for Ni?*
is in the order of 107> to 105 s~!. Therefore the rate of the fluores-
cence response of the present probe to histamine can be deter-
mined by the ligand exchange rate of the Ni?* ion between
histamine and compound 1. As shown in Figure 3b, the fluores-
cence intensity increased with increasing histamine concentration
and the relationship between the two parameters showed good
linearity in the concentration range of 0-1000 uM. The results
indicate that 1-Ni®* would be useful for monitoring histamine in
living cells over wide concentration range. In addition, the detec-
tion limit was determined to be 54 uM in the present assay.

We then applied 1-Ni?* to confocal laser scanning microscopy
(CLSM) imaging using a macrophage cell line, RAW264. It is known
that RAW264 cells actively take up and accumulate histamine,
when the concentration of histamine surrounding the cells are
higher than a threshold concentration.!” RAW264 cells were incu-
bated in the absence or presence of 10 mM histamine for 24 h in a
5% CO, incubator at 37 °C. The cells were washed with D-PBS, and
then treated with 50 uM 1-Ni?* for 5 min. After the treatment with
1-Ni?* and washing with D-PBS, CLSM imaging was performed in
Opti-MEM medium, to monitor the histamine transported into
the cells. As can be seen from Figure 4a, RAW264 cells that had
been treated with histamine showed significant fluorescence.
However, the fluorescence response for cells that had not been
treated with histamine was negligible (Fig. 4c). These findings con-
firm that this probe is readily transported into living cells and can
be used to detect histamine in vivo.

In summary, we report herein the development and testing of a
novel fluorescent probe that permits histamine to be detected in
living cells based on a ligand exchange mechanism. The probe
exhibits water solubility and selectively reacts with histamine.
Furthermore, the probe contains a cell membrane permeable dye
and has the ability to permit histamine to be directly visualized
in living cells. The probe has the potential for use in exploring
the neurobiological roles of histamine in living systems, and as a
result, it should find widespread use in biological studies.
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