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Fluorescence imaging of calcium ions (Ca?*) has become an essential technique for investigation of sig-
naling pathways involving Ca?* as a second messenger. But, Ca%* signaling is involved in many biological
phenomena, and therefore simultaneous visualization of Ca?* and other biomolecules (multicolor imag-
ing) would be particularly informative. For this purpose, we set out to develop a fluorescent probe for
Ca?* that would operate in a different color region (red) from that of probes for other molecules, many of
which show green fluorescence, as exemplified by green fluorescent protein (GFP). We previously devel-

g{cvivlf;?&. oped a red fluorescent probe for monitoring cytoplasmic Ca?* concentration, based on our established
Fluorescence red fluorophore, TokyoMagenta (TM), but there remained room for improvement, especially as regards
Imaging efficiency of introduction into cells. We considered that this issue was probably mainly due to limited
Spectroscopy water solubility of the probe. So, we designed and synthesized a red-fluorescent probe with improved

water solubility. We confirmed that this Ca?* red-fluorescent probe showed high cell-membrane per-
meability with bright fluorescence. It was successfully applied to fluorescence imaging of not only live
cells, but also brain slices, and should be practically useful for multicolor imaging studies of biological
mechanisms.

Small molecule

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The development of sophisticated fluorescent probes has con-
tributed to elucidation of the molecular mechanisms of many
complex biological phenomena [1-4]. In particular, fluorescence
imaging of Ca2* has become an essential technique for investigation
of signaling pathways involving Ca?* as a second messenger. For
example, changes in the intracellular Ca2* concentration are related
to physiological responses in obesity, as well as immune responses
and pathological responses in Alzheimer’s disease [5-10]. Because
CaZ* signaling is involved in so many biological phenomena|[11,12],

Abbreviations: TM, TokyoMagenta; AM, acetoxymethyl ester.
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simultaneous visualization of Ca2* and other biomolecules, that is,
multicolor imaging, would be particularly informative for detailed
study of the mechanisms.

Fluorescent Ca2* indicators can be categorized into two main
classes: those based on genetically encoded fluorescent proteins
[13,14] and those based on fluorescent small organic molecules [5].
Both types of indicators have characteristic advantages and disad-
vantages; for example, small-molecular probes have the particular
advantage that their AM ester form (cell-permeable acetoxymethyl
ester derivative) can be readily bulk-loaded into live cells with no
need for transfection. Most currently used small-molecular fluo-
rescent probes for Ca2* are fluorescein derivatives, such as Fluo-3,
Fluo-4, Calcium Green-1, and Oregon Green 488 BAPTA-1, and emit
green fluorescence (ca. 527 nm) [15-17]. There are also some red-
emitting fluorescent probes for CaZ*, such as Rhod-2 (ca. 576 nm),
which is a rhodamine derivative [15]. These red-emitting fluo-
rescent probes for Ca2*, including Rhod-2, are widely used for
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Fig. 1. Chemical structures of fluorescent probes for Ca?*. A. Chemical structures of red fluorescent Ca?* probes, CaTM-2 and CaTM-3, and their cell-permeable derivatives,
CaTM-2 AM and CaTM-3 AM. B. Chemical structures of 2-Me DCTM and 2-COOH DCTM [26,27]. C. Photobleaching tests. Normalized absorbance at 482 nm for 1 wM fluorescein
(green) and 591 nm for 1 wM 2-COOH DCTM (red). Absorbance measurements were made at 25 °C in 100 mM sodium phosphate buffer at pH 9.0 containing 0.1% DMSO as
a cosolvent after samples were exposed to light (30 mW, 470-495 nm for fluorescein, 565-585 nm for 2-COOH DCTM, respectively). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

biological studies, but the cationic nature of the rhodamine scaf-
fold generally causes Rhod-2 AM to localize into mitochondria [18].
Although this behavior is useful for monitoring CaZ* dynamics in
mitochondria, visualization of cytoplasmic Ca* is often much more
important for research on Ca2* signaling pathways. Influx of Ca2*
into the cytoplasm from the extracellular environment or intracel-
lular stores, such as the endoplasmic reticulum, triggers numerous
cellular responses via the interaction of Ca%* with various Ca2*-
binding proteins, such as calmodulin and troponin C [11,12]. Fura
Red is a representative near-infrared (NIR) fluorescent probe for
cytoplasmic Ca2* in biological research, but has the major drawback
of extremely low fluorescence quantum efficiency (®q~0.013)
[19]. Accordingly, the fluorescence signal is very small unless a high
concentration of FuraRed or a high-powered laseris used. However,
the use of a high dye concentration has a buffering effect on Ca2",
and the use of a high laser power causes rapid photobleaching of
the dye and phototoxicity to the cells.

The red or far-red wavelength region is especially attractive for
fluorescence imaging, affording higher tissue penetration due to
reduced scattering, low absorption by endogenous biomolecules,
and lower phototoxicity, and also allows monitoring of Ca2* in cells
or tissues expressing yellow- or green-colored fluorescent pro-
teins or labeled with other green-colored fluorophores [20-22].
Several new red-to-NIR fluorescent probes for cytoplasmic CaZ*,
such as Quest Rhod-4 AM, CaSiR-1 [23], KFCA [24], and Calcium
Rubies [22,25] have recently been reported [20]. We developed a
red (ca. 609 nm) fluorescent probe for monitoring cytoplasmic CaZ*,
CaTM-2 and CaTM-2 AM (Fig. 1A), based on the 2-Me DiChloro-
TokyoMagenta (2-Me DCTM) scaffold (Fig. 1B) [26]. However, the
cell-membrane permeability was limited, and we considered that
the low water solubility of the probe was a major contributor to its
relatively poor introduction efficiency into cells.

Here, we present a new red-fluorescent Ca2* probe, CaTM-3
AM, with high cell-membrane permeability and bright fluorescence
(Fig. 1A). We very recently reported the synthesis and character-
ization of 2-COOH DCTM (Fig. 1B), which has a carboxy group in
place of the methyl group of 2-Me DCTM [27]. Taking account of
the high water solubility of 2-COOH DCTM compared with that of

2-Me DCTM, we designed and synthesized CaTM-3 AM as a novel,
highly cell-permeable candidate probe for visualization of cyto-
plasmic Ca%*. We also evaluated its suitability for practical use by
employing it for fluorescence imaging of cytoplasmic Ca2* in live
cells and in brain slices.

2. Methods
2.1. UV-vis and fluorescence spectra measurements

UV-vis spectra were obtained with a spectrometer (UV-1650,
Shimadzu, Japan). Fluorescence spectroscopic studies were per-
formed on a fluorescence spectrometer (F-4500, Hitachi, Japan).
The slit width was 2.5nm for both excitation and emission. The
photomultiplier voltage was 700 V. 1 mM dyes in DMSO were used
as stock solutions.

2.2. Photobleaching tests

1 wM of dye in 100 mM sodium phosphate buffer at pH 9.0 con-
taining 0.1% DMSO as a cosolvent was poured into the cuvette. The
solution was exposed to light (30 mW, 470-495 nm for fluorescein
and 565-585nm for 2-COOH DCTM) through a rod lens using a
Xe light source, MAX301 (Asahi Spectra Co., Ltd.) for 30 min. After
every 10 min of light irradiation, UV-vis spectra were obtained with
a spectrometer (UV-1650, Shimadzu, Japan).

2.3. Relative fluorescence quantum yields

For determination of the relative fluorescence quantum efficien-
cies (®q) of CaTM-3, 2-Me TM in 0.1 M sodium phosphate buffer
(pH 9.0) ($q=0.42) was used as a standard [28]; calculation was
done using Eq. (1):

Oy /Dgra= [Astd/Ax][”xz/”stdz][DX/Dstd] (1)

where std and x represent the standard (2-Me TM) and sample,
respectively. A, n, and D are the absorbance at the excitation wave-
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Fig. 2. Photophysical properties of CaTM-3. A. Absorbance and B. emission spectra of 1 wM CaTM-3 in the presence of various concentrations of free Ca%* (0, 0.017, 0.038,

0.065, 0.100, 0.150, 0.225, 0.351, 0.602, 1.35, 39 wM) in 30 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer containing 100 mM KCl and 10 mM ethyleneglycol

tetraacetic acid (EGTA), pH 7.2, at 20°C. The excitation wavelength was 595 nm. The photographs show the fluorescence of 1 wM CaTM-3 in the presence of 0 wM (bottom)
and 39 uM (upper) free Ca?*, and were taken using a handy UV lamp (\ex =365 nm). C. Plot of the fluorescence intensities of CaTM-3 at 609 nm in the presence of various
concentrations of free Ca?* (wM). The K4 value of CaTM-3 with Ca?* was calculated to be 0.19 WM. D. pH-Dependency of absorption spectra of 1 wM CaTM-3 at 25 °C in 100 mM

sodium phosphate buffer at various pH values, containing 1% DMSO as a cosolvent. E. pH Plot of normalized absorbance at 595 nm of CaTM-3. Curve fitting was done with a

biphasic equation. The pK,; and the pK,, were calculated to be 6.8 and 5.8, respectively. F. Proposed chemical equilibrium of CaTM-3.
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Fig.3. Comparison between CaTM-2 and CaTM-3 for fluorescence imaging. Fluorescence images of live cells using A. CaTM-2 AM and B. CaTM-3 AM. HeLa cells were incubated
with 3 WM CaTM-2 AM or CaTM-3 AM in HBSS buffer containing 0.3% DMSO at 37 °C for 30 min. The dyes were washed out three times and fluorescence images were captured.

The excitation and emission wavelengths were 590 nm and 610-680 nm, respectively.

length, refractive index, and area under the fluorescence spectra on
an energy scale, respectively.

2.4. Determination of dissociation constant with Ca®*

A Calcium Calibration Buffer Kit (Invitrogen) was used to control
free Ca?* concentration. Absorption and emission spectra of 1 WM
CaTM-3 were measured in the presence of various concentrations
of free Ca2* (0,0.017, 0.038, 0.065, 0.100, 0.150, 0.225, 0.351, 0.602,
1.35, and 39 M) in 30 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer containing 100 mM KCI and 10 mM ethyleneglycol
tetraacetic acid (EGTA), pH 7.2, at 20°C. The excitation wavelength
was 595 nm. Fluorescence intensities at 609 nm of CaTM-3 in the
presence of various concentrations of free Ca2* were plotted against
free Ca®* concentrations. The dissociation constant Ky of CaTM-3
with Ca%* was determined by curve fitting based on Eq. (2) with
KaleidaGraph 4.1 (Synergy Software):

F= (Flnax[caz+]free +Fmin Kd )/([C32+]free +Kd) (2)

where F is fluorescence intensity (a.u.); [Ca%*]see iS concentration
of free Ca2*.

2.5. Determination of apparent acid dissociation constants from
absorbance change

Apparent acid dissociation constants of CaTM-3 were deter-
mined by the method previously reported [27]. Absorption spectra
of 1 wM CaTM-3 were measured at 25°C in 100 mM sodium phos-
phate buffer at various pH values, containing 1% DMSO as a
cosolvent. A pH plot of normalized absorbance at 595 nm of CaTM-
3 was made and curve fittings were done based on Eq. (3) with
KaleidaGraph 4.1 (Synergy Software).

pH-pK, B 2pH—pKyq —pK, .
(Aneu[ral + 10 @ % Amonoanion + 10 a1 7PRa2 x Adianion

A=
(] + 10PH-PKa 102PH7PKa1*PKu2)

(3)

where A is normalized absorbance; Ajeutray iS normalized
absorbance for the neutral form; Aponoanion 1S nNormalized
absorbance for the monoanion form; Agianion iS normalized
absorbance for the dianion form. pK,; and pKj, are apparent acid

dissociation constants for neutral-monoanion and for monoanion-
dianion, respectively [27].

2.6. Preparation of cells

Hela cells, COS7 cells, A549 cells, MCF-7 cells and NIH3T3 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen Corp.). HEK293 cells were cultured in DMEM supple-
mented with 1% MEM non-essential amino acid (Invitrogen Corp.)
and 2 mM I-glutamine (Invitrogen Corp.), and CHO-k1 cells were
cultured in Ham’s F-12 (Wako). All cell lines were cultured in a
humidified incubator containing 5% CO, in air. All media were sup-
plemented with 10% (v/v) fetal bovine serum (Invitrogen Corp.), 1%
penicillin and 1% streptomycin (Invitrogen Corp.).

2.7. General procedure of loading the dye for fluorescence
imaging in cultured cells

Hela cells, COS7 cells, A549 cells, and NIH3T3 cells were plated
onto a 35-mm poly-D-lysine-coated glass-bottomed dish (MatTek)
in DMEM supplemented with 10% (v/v) fetal bovine serum, 1%
penicillin and 1% streptomycin. CHO-k1 cells were plated onto
a 35-mm poly-D-lysine-coated glass-bottomed dish (MatTek) in
Ham'’s F-12 supplemented with 10% (v/v) fetal bovine serum, 1%
penicillin and 1% streptomycin. MCF-7 cells were plated onto a
35-mm poly-L-lysine-coated glass-bottomed dish (Matsunami) in
DMEM supplemented with 10% (v/v) fetal bovine serum, 1% peni-
cillin and 1% streptomycin. HEK293 cells were plated onto a 35-mm
poly-D-lysine-coated glass-bottomed dish (MatTek) in DMEM sup-
plemented with 1% MEM non-essential amino acid and 2 mM
l-glutamine, 10% (v/v) fetal bovine serum, 1% penicillin and 1%
streptomycin. Before loading dyes, the medium was removed and
the cells were washed with Hanks’ Balanced Salt Solution (HBSS)
three times, then a fluorescent probe (CaTM-2 AM, CaTM-3 AM or
QuestRhod-4 AM) (3 wM) in HBSS containing 0.3% DMSO as a cosol-
vent was added to the cells. After incubation at 37 °C for 30 min,
the medium was removed. The cells were washed with HBSS three
times, and then observed in HBSS. For costaining with Quest Rhod-
4 AM and MitoTracker Green, 3 wM Quest Rhod-4 AM was added
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Fig. 4. Localizations of CaTM-3 AM and Quest Rhod-4 AM in living cells. HeLa cells (A,B), COS7 cells (C,D), A549 cells (E,F), CHO-k1 cells (G,H), MCF-7 cells (1]), NIH3T3 cells
(K,L) and HEK293 cells (M,N) were loaded with CaTM-3 AM (A,C,E,G,K,M) or QuestRhod-4 AM (B,D,F,H,J,LN), and fluorescence images were captured. No specific localization
of CaTM-3 inside cells was observed, except in the nucleus, in this experiment. On the other hand, QuestRhod-4 showed partial localization in mitochondria. Scale bars:

15 pm.

in the same procedure, and then the medium was replaced with
0.2 M MitoTracker Green FM in HBSS. After incubation at 37°C
for 30 min, the medium was removed, and the cells were observed
in HBSS. Medium was warmed at 37 °C before all procedures.

2.8. General procedure for conventional fluorescence imaging of
cultured cells

The imaging system comprised an inverted microscope (IX 71;
Olympus) and cooled CCD camera (CCD DR328G-C 01-SIL; Molec-
ular Devices Inc.). The microscope was equipped with a xenon
lamp (U-RX-T; Olympus) and a 40 x objective lens (UplanFL, N. A.
1.30 Qil; Olympus). The fluorescence mirror units were U-FMCHE
(BP565-585 excitation filter, BA600-690 emission filter, DM595
Olympus) for CaTM-3 AM. The whole system was controlled with
Metamorph software (Molecular Devices Inc.).

2.9. General procedure for confocal fluorescence imaging of
cultured cells

A confocal imaging system (TCSSP5; Leica) equipped with a
white light laser was used. Fluorescence images were captured with
excitation and emission wavelengths of 590/610-680 nm for CaTM-
2 AM, CaTM-3 AM and 530/550-600 nm for Quest Rhod-4 AM (AAT
Bioquest). When cells were costained with Quest Rhod-4 AM and
MitoTracker Green FM (Invitrogen Corp.), excitation and emission
wavelengths were 490/505-520 nm for MitoTracker Green FM and
550/570-600 nm for Quest Rhod-4 AM.

2.10. Organotypic hippocampal slice cultures

All experimental procedures using animals were approved by
the Animal Care and Use Committee of the University of Tokyo.
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Fig. 5. Costaining with Quest Rhod-4 AM and MitoTracker. A549 cells (A-C), NIH3T3 cells (D-F) and COS7 cells (G-I) were loaded with QuestRhod-4 AM (3 wM) and
MitoTracker Green FM (0.2 wM), then images were captured. Fluorescence images of Quest Rhod 4 AM (A,D,G), MitoTracker Green (B,E,H) and merged images (C,F,I) are
shown. Signals from Quest Rhod-4 AM were partially merged with those of MitoTracker, demonstrating partial localization of Quest Rhod-4 AM into mitochondria in A549
cells, NIH3T3 cells and COS7 cells. Scale bars: 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Hippocampal slices (300 wm thick) were prepared from postnatal
day 7 Wistar/ST rats (SLC, Shizuoka, Japan), placed on an Omnipore
membrane filter, and incubated with culture media in 5% CO, at
37°C. They were maintained for 7 days in vitro and then used for
experiments.

2.11. Dye loading and calcium imaging in slices

Slice cultures were incubated with 2 mL dye solution at 37 °C for
40 min. The dye solution was artificial cerebrospinal fluid (ACSF)
containing 8 WM CaTM-3 AM, 0.01% Pluronic F-127, 0.005% Cre-
mophor EL, and 0.08% DMSO as a cosolvent. ACSF consisted of
(inmM): 127 NaCl, 26 NaHCOs, 3.5 KCl, 1.24 NaH,PO4, 1.3 MgSQOy,
1.5 CaCly, and 10 glucose. After the incubation, the slices were
washed with ACSF three times and allowed to recover in 2mL
ACSF at 37 °C for 45 min. For calcium imaging, slice cultures were
transferred into a recording chamber heated at 35 °C and continu-
ously perfused with ACSF at 2 mL/min. Images were acquired at 10
frames/sec with a Nipkow-disk confocal unit (CSUX-1, Yokogawa
Electric, Tokyo, Japan), a CMOS camera (ORCA-Flash4.0 V2, Hama-
matsu Photonics, Shizuoka, Japan), a water-immersion objective
lens (16 x, 0.80 NA, Nikon, Tokyo, Japan), and image acquisition
software (HSR, Hamamatsu Photonics, Shizuoka, Japan). CaTM-
3 was excited at 568 nm (15mW) with an argon-krypton laser
(641-YB-AO01; Melles Griot, Carlsbad, CA, USA) and visualized using
617-673 nm band-pass emission filters. Data analysis was per-
formed with custom software written in Microsoft Visual Basic. In
each cell body, the fluorescence change AF/F was calculated as (F;

— Fg)/Fo, where F; is the fluorescence intensity at frame time t, and
Fy is the average baseline.

3. Results
3.1. Design and synthesis of CaTM-3 and CaTM-3 AM

We designed and synthesized CaTM-3 as a new red flu-
orescent probe for Ca?* (Fig. 1A), based on the 2-COOH
DCTM scaffold (Fig. 1B). 2-COOH DCTM shows the suit-
able photophysical properties for biological applications
(Pr=0.48, €591 =1.2x 10°cm~'M~1), like fluorescein (P¢=0.85,
€490 =8.8 x 104 cm~1 M~1), which is used as a parent fluorophore
for green fluorescent probes for CaZ* such as Calcium Green-1
and Oregon Green 488 BAPTA-1 [16,17,27]. We also examined
the photobleaching of 2-COOH DCTM and fluorescein (Fig. 1C).
The results showed that 2-COOH DCTM is more stable than
fluorescein under light irradiation. In the molecular design of
CaTM-3, the 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic
acid (BAPTA) moiety, which is a selective chelator of Ca?* among
physiological metal ions, including Mg2*, was conjugated to the
benzene moiety of 2-COOH DCTM via an amide bond (Fig. 1A),
as in Calcium Green-1 and Oregon Green 488 BAPTA-1 [16,17].
CaTM-3 was synthesized via a modification of the scheme used
for CaTM-2 [26,29]. For cellular applications, we also synthesized
CaTM-3 AM, an AM ester form of CaTM-3 (Fig. 1A) [29]. Because of
the hydrophilicity of the BAPTA moiety, Ca* indicators generally
cannot pass through cell membranes without the use of special
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Fig. 6. Fluorescence imaging of histamine-induced calcium oscillations in HeLa cells utilizing CaTM-3 AM. HelLa cells were incubated with 3 wM CaTM-3 AM in HBSS buffer
containing 0.3% DMSO at 37 °C for 30 min. Then, the dyes were washed out three times and fluorescence imaging was started. Cells were stimulated with histamine (1 uM)
at 30s and ionomycin (5 wM) at 210s. A-C. Fluorescence images at the time points indicated in D. D. Fluorescence intensity changes in ROIs of individual cells numbered
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Fig. 7. Fluorescence imaging of estradiol-induced calcium oscillations in MCF-7 cells utilizing CaTM-3 AM. MCF-7 cells were incubated with 3 wM CaTM-3 AM in HBSS buffer
containing 0.3% DMSO at 37 °C for 30 min. Then, the dyes were washed out three times and fluorescence imaging was started. Cells were stimulated with estradiol (1 wM)
at 60s. A,B. Fluorescence images at the time points indicated in C. C. The fluorescence intensity change in ROIs of individual cells numbered 1-4. The images were captured

with excitation and emission wavelengths of 590/610-680 nm. Scale bars: 30 pm.

procedures, such as electroporation or the beads-loading method
[30,31]. In contrast, AM ester forms of Ca2* probes can readily
enter cells, where they are enzymatically cleaved by intracellular
esterase to afford the Ca?*-sensitive, cell-impermeable form.

3.2. Ca®*-dependent photophysical properties of CaTM-3

To evaluate the applicability of CaTM-3 as a red fluorescent
probe for Ca2*, we next examined the absorption and emission
spectra of CaTM-3 before and after addition of Ca%* (Fig. 2A and
B). The absorption spectrum of CaTM-3 did not change upon addi-
tion of Ca2* (Fig. 2A), but on the other hand, an 8-fold fluorescence
increase was observed (Fig. 2B). The dissociation constant Ky of
CaTM-3 with Ca2* was also determined from the changes of the
fluorescence intensity of CaTM-3 at 609 nm in the presence of

various concentrations of free CaZ* (Fig. 2C), and the K4 was calcu-
lated to be 0.19 wM, which is the same as that of the commercially
available green fluorescent probe, Calcium Green-1 (K4 =0.19 uM)
[17]. Moreover, the maximum wavelengths of absorption (Aps)
and emission (Aem), fluorescence quantum yield (®q) and dis-
sociation constant of CaTM-3 were almost the same as those of
CaTM-2, and are suitable for biological applications (Table 1). We
next examined the absorption spectral change of CaTM-3 at vari-
ous pH values (Fig. 2D and E). Interestingly, the absorption change
of CaTM-3 occurred under more acidic conditions (pK,; =6.8 and
pKi2=5.8) than in the case of its fluorophore scaffold, 2-COOH
DCTM (pK,1 =7.0 and pK,3 =6.2) [27]. Thus, CaTM-3 exists mainly in
the strongly fluorescent dianion form at physiological pH (pH 7.4),
as shown in Fig. 2F. These properties indicate that CaTM-3 would
be practically useful as a fluorescent probe for Ca2* in vitro assay.
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Table 1
Ca?*-dependent photophysical properties of CaTM-2 and CaTM-3.
Aabs (nm)? Aem (nm)? PP Kq (WM)?
CaTM-2¢ 597 609 0.024 -
+Ca2d 597 609 0.39 0.20
CaTM -3¢ 595 609 0.046 -
+Ca%d 595 609 0.37 0.19

2 Measured in 30 mM MOPS buffer containing 100 mM KCI and 10 mM EGTA, pH
7.2,20°C.

b Fluorescence quantum yields were calculated using that of TokyoMagenta
(®7=0.42) in 100 mM sodium phosphate buffer (pH 9.0) as a standard [28].

¢ Measured in 0 uM free Ca?*.

4 Measured in 39 M free Ca2*. The data of CaTM-2 were cited from reference 26.

3.3. Cellular applications of CaTM-3 AM

To examine the efficiency of probe loading into cells, we loaded
HeLa cells with CaTM-2 AM or CaTM-3 AM and captured fluores-
cence images. In the case of CaTM-2 AM, aggregates of the probe
were observed as strongly fluorescent dots (Fig. 3A). On the other
hand, stronger fluorescence was observed uniformly in the cells
without aggregation in the case of CaTM-3 AM (Fig. 3B). CaTM-3
was distributed to the cytosol and the nucleus, like Fluo-3, Fluo-4,
Calcium Green-1 and Oregon Green 488 BAPTA-1 [32]. We further
examined the intracellular localization of CaTM-3 AM in other cell
lines (COS7, A549, CHO-k1, MCF-7,NIH3T3 and HEK293) (Fig. 4). No
distinctive compartmentalization of CaTM-3 AM inside these cells
was observed, in contrast to the mitochondrial localization of Rhod-
2 AM [33-35]. We further compared the usefulness of CaTM-3 AM
as a red cytosolic fluorescent probe with that of Quest Rhod-4 AM
(AAT Bioquest, Sunnyvale, CA), which was recently commercial-
ized as an improved Rhod-2 AM that exhibits cytosolic distribution
inside cells. We examined the intracellular localization of Quest
Rhod-4 AM, as well as CaTM-3 AM, in various living cells (HeLa,
COS7, A549, CHO-k1, MCF-7, NIH3T3 and HEK293) (Fig. 4). We
found that Quest Rhod-4 AM is basically distributed to the cyto-
sol, but it also shows some mitochondrial localization in NIH3T3,
A549 and COS7 cells (Fig. 5), whereas CaTM-3 AM was mainly local-
ized in the cytosol, except for the nucleus. Thus, CaTM-3 AM should
be useful for monitoring cytoplasmic Ca%* concentration in the red
color region.

Next, we examined whether CaTM-3 AM can detect physiolog-
ical changes in intracellular cytoplasmic Ca2* concentration with
a conventional fluorescence imaging system (Fig. 6). HeLa cells
were loaded with CaTM-3 AM and then stimulated with histamine
to induce Ca%* oscillation [36]. The Ca2* ionophore, ionomycin,
was further added to the cells to increase the intracellular Ca2*
concentration [37]. We found that CaTM-3 AM could visualize phys-
iological changes in cytoplasmic CaZ* concentration (Fig. 6D; see
also supplemental Movie 1). We also examined whether CaTM-3
AM could be used with a confocal fluorescence imaging system. The
intracellular cytoplasmic Ca%* concentration change in MCF-7 cells
after stimulation with estradiol or G-1, which is a GPR30-selective
high-affinity ligand, was successfully monitored (Fig. 7 and Fig. 8;
see also Supplemental Movies 2,3) [38,39].

3.4. Applications of CaTM-3 AM to brain slices

Fluorescence imaging of CaZ* has been used in neuroscience
for the analysis of neuronal networks in terms of increases in
somatic CaZ* following neuronal action potentials [40-45]. There-
fore, we examined whether CaTM-3 AM could be used to monitor
the activity of neurons in cultures of rat hippocampal slices (Fig. 9).
Interestingly, when we bulk-loaded a culture of rat hippocam-
pal slices with CaTM-3 AM by the incubation method, the probe
showed much higher loading efficiency into neurons than did

CaTM-2 AM. Moreover, spontaneous neuronal firing could be
observed in terms of somatic changes in the fluorescence intensity
of CaTM-3 (Fig. 9A and B; see also supplemental Movie 4). We noted
simultaneous activation of plural neurons. Then, we employed this
probe to visualize the action-potential-mediated Ca%* increase in
the neuronal cell body. Neurons were loaded with CaTM-3 AM by
the incubation method, and action potentials were evoked with
brief current injections. The amplitude of the fluorescence change
was positively correlated with the number of action potentials,
allowing the number of action potentials to be estimated (Fig. 9C).

4. Discussion

The development of practical fluorescent probes has greatly
contributed to elucidation of the molecular mechanisms of many
complex biological phenomena, including those related to the
Ca?* signaling [1-12]. Currently used small-molecular fluorescent
probes for Ca2* are mostly fluorescein derivatives, such as Fluo-3,
Fluo-4, Calcium Green-1 and Oregon Green 488 BAPTA-1, and emit
green fluorescence (ca. 527 nm) [15-17].

For further biological applications of Ca2* indicators, e.g., in mul-
ticolor imaging and in vivo imaging, red to NIR fluorescent probes
are required, and several have recently been reported [20]. These
probes have various advantages and disadvantages: for example,
Quest Rhod-4 AM is a commercially available red-fluorescent Ca2*
probe, which is superior in brightness to Rhod-2 AM and shows
cytosolic localization inside cells, unlike Rhod-2 AM. However, its
absorption and emission wavelengths both lie in a similar wave-
length region (A psmax =530Nm, Aemmax =555nm) and it shows
partial mitochondrial localization in NIH3T3, A549 and COS7 cells
(Fig. 5). We previously developed CaSiR-1 AM as a NIR fluorescent
probe for Ca?*, and showed that it is practically useful for neu-
ronal CaZ* imaging [23,45], but it was localized in lysosomes in
some cultured cells [26]. KFCA is also a NIR fluorescent probe for
Ca2*, and has been used to monitor cytoplasmic CaZ* concentration
[24]. However, it had to be introduced into cells by bead-loading
[31]. More recently, CaRuby-Nano [46] has been reported as a red
fluorescent probe for Ca*, together with Calcium Rubies [22,25],
which has submicromolar affinity for Ca%*. An AM-ester form of
Calcium Rubies was conjugated to dextrans for biological applica-
tions [20]. Our previous red Ca2* probe, CaTM-2 AM, could also be
used to monitor cytoplasmic Ca%* concentrations in cultured cells
and neuronal activity in cultures of rat hippocampal slices [26], but
showed relatively poor introduction efficiency into live cells.

As described above, our new probe, CaTM-3 AM, has suitable
photophysical properties for biological applications, though the flu-
orescence enhancement (8-fold) of CaTM-3 is smaller than that of
CaTM-2 (16-fold) (Table 1). Among representative small-molecular
green fluorescent probes for CaZ*, Fluo-3 and Fluo-4 are almost
nonfluorescent in the absence of Ca2* and exhibit approximately
a 100-fold fluorescence increase upon Ca?* binding, affording a
very large dynamic range [17]. On the other hand, although Cal-
cium Green-1 and Oregon Green 488 BAPTA-1 exhibit weaker
fluorescence enhancement (14-fold), they show fluorescence even
in resting cells, unlike Fluo-3 and Fluo-4. So, Calcium Green-1 and
Oregon Green 488 BAPTA-1 increase the visibility of unstimulated
cells. They also facilitate the determination of baseline fluorescence
and make monitoring of intracellular Ca%* concentrations more
reliable [17]; consequently, they have been employed for imaging
of multiple neurons in neurosciences [40,43,44]. The photophysical
properties of CaTM-3 are similar to those of Calcium Green-1 and
Oregon Green 488 BAPTA-1, but not Fluo-3 and Fluo-4, in terms of
the moderate fluorescence quantum yield (0.046) in the absence
of Ca%* and the K4 with Ca* (Calcium Green-1: K4=0.19 uM) [17];
this is probably due to the similarity of chemical structure between
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Fig. 8. Fluorescence imaging of G-1-induced calcium oscillations in MCF-7 cells utilizing CaTM-3 AM. G-1 is a GPR30-selective high-affinity ligand [38,39]. MCF-7 cells were
incubated with 3 WM CaTM-3 AM in HBSS buffer containing 0.3% DMSO at 37 °C for 30 min. Then, the dyes were washed out three times and fluorescence imaging was
started. Cells were stimulated with G-1 (1 wM) at 60s. A,B. Fluorescence images at the time points indicated in C. C. Fluorescence intensity change in ROIs of individual cells
numbered 1-4. The images were captured with excitation and emission wavelengths of 590/610-680 nm. Scale bars: 30 pm.
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Fig. 9. Application of CaTM-3 AM to monitor the activity of neurons. A. A fluorescence image of the CA3 pyramidal cell layer in a hippocampal slice culture after incubation
with CaTM-3 AM. B. Spontaneous calcium activities in the neurons numbered in A. Images were monitored at 10 frames per second. C. Relationship of the AF/F response
amplitude to the number of action potentials. Action potentials were recorded in the patch-clamp cell-attached configuration. Action potentials were elicited by electrical
field stimulation of axonal fibers. Images were monitored at 100 frames per sec. n=3-9 trials from 2 to 6 neurons. Data represent mean + s.e.m.

CaTM-3 and Calcium Green-1 or Oregon Green 488 BAPTA-1 [17].
Further, CaTM-3 AM shows higher introduction efficiency into the
cells than does CaTM-2 AM, probably because its hydrophilicity is
greatly improved by introducing a carboxy group into the probe
structure. CaTM-3 AM was also distributed into the cytosol and the
nucleus in the same way as typical green Ca%* fluorescent probes:
Fluo-3, Fluo-4, Calcium Green-1 and Oregon Green 488 BAPTA-
1 [32]. Furthermore, it could be applied to fluorescence imaging
of physiological Ca%* concentration changes in not only live cells,
but also brain slices. From all these results, CaTM-3 AM appears to
be a potential red-colored substitute for Calcium Green-1 AM and
Oregon Green 488 BAPTA-1 AM.

In conclusion, in this study, we focused on improving the water
solubility of CaTM-2 AM, and developed CaTM-3 AM as a practi-
cal red-fluorescent probe for monitoring cytoplasmic Ca2*, with
high cell-membrane permeability and bright fluorescence. We con-
firmed its usefulness in biological applications in cultured cells
and hippocampal slice cultures with conventional and confocal
fluorescence imaging systems. Because changes in cytoplasmic
concentration of Ca2* are deeply related to various physiologi-

cal phenomena, simultaneous monitoring of cytoplasmic Ca2* and
other metal ions, proteins or biomolecules is important for detailed
analysis of biological molecular mechanisms. CaTM-3 AM could be
utilized in combination with various fluorophores that emit in the
UV to yellow range: for example, it would be applicable in GFP-
expressing animals and cultured cells. We believe that this probe
will open up new possibilities for innovative approaches to a variety
of Ca%*-related research problems.
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