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Calcium is a versatile intracellular signal messenger that
controls numerous cellular functions.!! The Ca®* signaling
system operates in many different ways to regulate various
cellular processes that function over a wide dynamic range.
Calcium triggers exocytosis within microseconds and drives
the gene transcription and proliferation in minutes to hours.
The concentration of this ion varies from 100nM at rest to 1 um
upon activation.!!! To understand these functions, fluores-
cence imaging—with fluorescent probes such as Oregon
Green 488 BAPTA-1 (OGl) and fura-2—has often been
applied.*! However, the use of these probes with one-photon
microscopy requires excitation with short-wavelength light
(that is, ca.350-500 nm). This requirement limits their
applications in tissue imaging due to the shallow penetration
depth (less than 100 um) as well as the photobleaching,
photodamage, and cellular autofluorescence.” Two-photon
microscopy (TPM) overcomes these problems. The tech-
nique, which employs two lower-energy, near-infrared pho-
tons for excitation, has the advantages of an increased
penetration depth (greater than 500 um), a localized excita-
tion, and a prolonged observation time. Thus, TPM allows
imaging deep inside tissues for a long period of time without
interference from artifacts of surface preparation, which can
extend more than 70 um into the tissue slice.l”) However, most
of the fluorescent probes presently used for TPM have small
two-photon action cross sections (@0), thus demanding
impractically high probe concentrations and/or a high laser
power.®! Furthermore, the fluorescence signals from mem-
brane-bound probes can cause significant errors, such as
mistargeting,*°! because the fluorescence quantum yield is
higher in the membrane than in the cytosol. Therefore, there
is a need to develop efficient two-photon (TP) probes that
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allow visualization of the calcium activity deep inside living
tissues without photobleaching or mistargeting problems.

To design a TP probe for calcium activity, we considered
the following requirements: i) A significant TP cross section
to obtain bright TPM images at low probe concentrations;
ii) a high selectivity for Ca®" ions; iii) large spectral shifts in
different environments for discrimination between the cyto-
solic and membrane-bound probes; and iv) high photostabil-
ity. Here, we extend our earlier work with specific ion
probes!'” and present a novel TP probe (namely, ACal) for
intracellular free Ca®' ions; this probe is derived from 2-
acetyl-6-(dimethylamino)naphthalene as the TP chromo-
phorel'™ and  0O,0’-bis(2-aminophenyl)ethyleneglycol-
N,N,N'.N'-tetraacetic acid (abbreviated BAPTA) as the
Ca?*-ion chelator.'!! ACal shows a significant TP cross
section and large spectral shifts with the solvent polarity
(Scheme 1), thus allowing the detection of the two-photon
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Scheme 1. The structures of ACal and ACal-AM.

excited fluorescence (TPEF) of the ACal-Ca®" complex
separately from that of membrane-bound probes. Herein, we
report that ACal is capable of imaging calcium waves in living
cells and living tissues (at greater than 100 pm depth) for a
long period of time without any mistargeting or photobleach-
ing problems.

ACal was prepared (with a 53 % yield) from 6-acyl-2-[ N-
methyl-N-(carboxymethyl)amino]naphthalene and 5-amino-
BAPTA-tetramethyl ester (see the Supporting Information).
To enhance the cell permeability, the carboxylic-acid moieties
were converted into acetoxymethyl esters (ACal-AM).[1®!

The absorption and emission spectra of ACal-AM
showed gradual red shifts with the solvent polarity in the
order: 1,4-dioxane < dimethylformamide (DMF) < ethanol
(EtOH) < H,O (see Figure S1 and Table S1 in the Supporting
Information). The effect was greater for the emission (82 nm)
than for the absorption spectrum (17 nm), thus indicating the
utility of this compound as a polarity probe. In addition, the
value of A,,,," for ACal-AM in DMF was similar to that of the
membrane-bound probes (see Figure 2b and Figure S1b of
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the Supporting Information), which suggests that this system
can be used as a model for membrane-bound probes (see
below).
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Figure 1. a) One-photon fluorescence spectra of 1um ACal (30mm
MOPS, 100mm KCI, 10mm EGTA, pH 7.2) in the presence of free Ca**
ions (0-39um). b) Two-photon action spectra of ACal (m) and OG1
(@) in the presence of 39 um free Ca’* jons.

When Ca”" ions were added to ACal in a 3-(N-morpho-
lino)propanesulfonic acid (MOPS) buffer solution (30mm,
pH 7.2), the fluorescence intensity increased dramatically as a
function of the metal-ion concentration (without affecting the
absorption spectra, see Figure la and Figure S2a of the
Supporting Information). This behavior is probably caused by
a blocking of the photoinduced-electron-transfer (PET)
process as a result of the complexation of the metal ion. A
nearly identical result was observed in the two-photon process
(Figure S2b, Supporting Information). The fluorescence-
enhancement factor [(F—Fy,)/Fnin] of ACal was 40 in the
presence of 39 um Ca®", that is, nearly three times larger than
the value (of 14) previously reported for OG1.! Moreover,
linear Hill plots determined for the Ca®>" and Mg*" binding
(with slopes of 1.0) indicated a 1:1 complexation between the
probe and the cations (see Figure S2¢ in the Supporting
Information).!'?

The dissociation constants (K°F) were calculated from
the fluorescence titration curves (see Figure S2d in the
Supporting Information), as reported in reference [13]. The
K °F values of ACal for Ca®" and Mg*" were (0.27 £0.01) pm
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Figure 2. Pseudocolored TPM images of ACal-AM-labeled (2 um)
astrocytes collected at 360—-620 nm (a), 360-460 nm (c), and 500—
620 nm (d). b) Two-photon excited fluorescence spectra of the hydro-
phobic (dark blue) and hydrophilic (red) domains of ACal-AM-labeled
astrocytes. The light blue and brown curves represent the dissected
Gaussian functions for the dark blue and red bands, respectively. The
excitation wavelength was 780 nm. The cells shown are representative
images from replicate experiments. Scale bar: 30 um.

and (6.8 +0.7)mMm, respectively. A similar value was deter-
mined in the two-photon process [K ™ (Ca*")=(0.25+
0.03)um] (see Table S2, Supporting Information). ACal
showed a modest response toward Zn*" and Mn®", a much
weaker response toward Mg®", Fe’', and Co®", and no
response toward Cu?" (Figure S4a, Supporting Information).
Since the intracellular concentration of free Mn*" ions is
negligible, this probe can selectively detect the intracellular
concentration of Ca®" ions (namely, [Ca*"]) in the regions
where the concentration of chelatable Zn*" (namely, [Zn*'])
is much lower than K, (Ca®"). Furthermore, ACal is pH-
insensitive in the biologically relevant pH range (see Fig-
ure S4b of the Supporting Information).

The TP action spectra of the Ca*" complexes with ACal
and OGT1 in buffer solutions indicated that @6 =110 GM for
the ACal-Ca*" complex at 780 nm, a value that is fivefold
that of the OG1-Ca®" complex (see Figure 1b and Table S2,
Supporting Information). Thus, the TPM images of samples
stained with ACal would be much brighter than those stained
with the commercial probe. In addition, the two-photon
fluorescence-enhancement factor (TPFEF), estimated from
the TP titration curve, was 44 (Table S2, Supporting Informa-
tion), a value that allowed the detection of Ca" ions by using
TPM.

The pseudocolored TPM images of cultured astrocytes
labeled with 2pm ACal-AM showed intense spots and
homogeneous domains (Figure 2a). We attributed these
images to the TPEF emitted from the intracellular ACal-
Ca*" complex and the membrane-bound probes, because the
fluorescence quantum yields of the ACal—-Ca*" complex in
the MOPS buffer (with a value of 0.49) and of ACal-AM in
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DMF (with a value of 0.27) are much higher than those of
ACal (namely, 0.012) and ACal-AM (namely, 0.060) in the
MOPS buffer (see Table S2, Supporting Information). Fur-
thermore, the system composed by ACal-AM in DMF has
been assumed to be a good model for the membrane-bound
probes because of the similar 4,,," values (see above).

The TPEEF spectra of the intense spots and homogeneous
domains showed emission maxima at 445 (Figure 2b, dark
blue curve) and 494 nm (Figure 2b, red curve), respectively.
Moreover, the blue emission band was asymmetrical and
could be fitted to two Gaussian functions with emission
maxima at 445 and 488 nm (Figure 2b, light blue curves),
whereas the red emission band could be fitted to a single
Gaussian function with maximum at 500 nm (Figure 2b,
brown curve). The shorter-wavelength band of the dissected
spectrum was significantly blue-shifted relative to that of the
emission spectra recorded in the MOPS buffer (Figure 1a),
while the longer-wavelength band remained unchanged. The
spectral shift suggests that the probes may be located in two
regions of different polarity. To assess the polarity of the
environment, lifetime images of ACal-AM-labeled astrocytes
were obtained. The intense spots exhibited an excited-state
lifetime of 1.8 ns (which is more than two times longer than
the upper limit of the lifetime-distribution curve centered at
about 0.8 ns, see Figure S5 of the Supporting Information).
This result may reflect the existence of two distinct environ-
ments populated by this probe: a hydrophilic one, which is
likely to be cytosolic and emits red light with a shorter
lifetime, and a hydrophobic one, which is likely to be
membrane-associated and exhibits a longer-lived blue emis-
sion.

The intracellular Ca®" ions could be detected with
minimum errors attributed to the membrane-bound probes.
The spectrum of the shorter-wavelength band in the dissected
Gaussian function (Figure 2b, light blue curve) decreased to
the baseline at about 500 nm, thus indicating that the
interference caused by the TPEF emitted from the mem-
brane-bound probes is negligible at 4 > 500 nm. Similarly, if
one considers the system composed by ACal-AM in DMF as
a model for membrane-bound probes (see above), the
fluorescence at A>500nm accounts for only 5% of the
total emission band (Figure S1b, Supporting Information).
Consistently, the TPM image collected at 500-620 nm is
homogeneous, and hence has no intense spots (see Figure 2d),
whereas the one collected at 360-460 nm clearly shows them
(Figure 2c¢). Therefore, one can selectively detect the intra-
cellular Ca*" ions by using the detection window at 500-
620 nm.

To demonstrate the utility of this probe, we monitored the
[Ca*"); activity in cells and living tissue. The TPM images of
cultured astrocytes labeled with 2um ACal-AM revealed a
spontaneous Ca’'-signal propagation from the astrocytic
process (1) to the soma (2) and to the terminal (3), with a
speed of (7.5+2.2) ums™' (n=5 astrocytes, Figure 3a,c and
Movie S1, Supporting Information). The spontaneous
increase in [Ca’"]; also propagated between astrocytes, as
indicated by the delayed activity in the neighboring astrocyte
(Figure 3b,d). The speed of propagation of spontaneously
occurring waves was (1.841.1) ums™' (n=7 astrocytes), a
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Figure 3. Pseudocolored TPM images of 2um ACal-AM-labeled astro-
cytes taken after a) 110 and b) 220 s. ¢, d) Time courses of the calcium
waves in different locations showing the spontaneous intracellular
[curves 1-3 in (c)] and intercellular [curves 2 and 4 in (d)] Ca®"
propagation. The images were collected at 500-620 nm (with intervals
of 1.6 s) using an excitation wavelength of 780 nm. Scale bar: 30 um.

result consistent with the reported data.'¥l Thus, ACal is
clearly capable of visualizing the intra- and intercellular
calcium waves in cultured astrocytes by using TPM.

We further investigated the utility of this probe in tissue
imaging. TPM images were obtained for individual astrocytes
in acute hypothalamic slices from a one-day-old rat
(Figure 4). The slices were incubated with 10um ACal-AM
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Figure 4. a,b) Pseudocolored TPM images of an acute rat hypothala-
mic slice stained with 10 um ACal-AM taken after 195 (a) and 214 s
(b). Magnification at 100x shows the hypothalamic area at a depth of
about 170 um. c) Spontaneous Ca”" transients recorded in the soma
(1), the astrocyte process (2), and a neighboring cell (3). The TPEF
images were collected at 500-620 nm upon excitation at 780 nm with
fs pulses. Scale bar: 30 um.
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for 30 min at 37°C. The spontaneous Ca>* waves in the soma
(Figure 4, trace 1) could be clearly visualized, with a fre-
quency of about 16 mHz (n =4 slices), for more than 1100 s
and without appreciable decay (see Movie S2, Supporting
Information). Furthermore, the spikes appeared somewhat
earlier in the astrocyte process (Figure 4, trace 2) than in the
soma (Figure 4, trace 1), which confirms the previous find-
ing™ that the signals propagate progressively from the
process to the soma. Similar results were reported for
tetrodotoxin (TTX) treated thalamus slices stained with
fura-2,¥l except that the image revealed damaged cells on
the tissue surface and was not as clear as the TPM image
presented here. Also, the fluorescence intensity decayed
appreciably after 500 s.' The improved TPM image of ACal-
labeled tissue, obtained at a depth of about 170 um for a
prolonged observation time, underlines the high photostabil-
ity and low phototoxicity of this probe, in addition to the
capability of deep tissue imaging. Similar calcium spikes were
also observed in a different cell (Figure 4, trace 3).

We also visualized the [Ca®']; distribution in the CA1
region by means of TPM (using ACal). Although the value of
[Zn**]; is much lower in the CA1 than in the CA3 region,!"”!
the exact concentration range is not known. If [Zn*']; < K,™-
(Ca*"), this probe can selectively detect [Ca®']; in this region.
To investigate this possibility, we obtained TPM images of the
pyramidal neuron layer of the CAl region. The bright-field
image of a part of a rat-hippocampal slice shows the CA1 and
CA3 regions as well as the dentate gyrus (see Figure S6a in the
Supporting Information). The TPM image revealed the same
regions at a depth of about 150 pm (Figure S6b, Supporting
Information). Moreover, the TPM images of the pyramidal
neuron layer of the CAl region [taken with and without
previous treatment with a 20um Zn?" solution, chelator:
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN)] show the same intensity (see Figures S6¢ and S6d,
Supporting Information). It is well known that TPEN is a
membrane-permeable Zn*" chelator that can effectively
remove Zn>' ions by chelation without causing any toxic
effect.'! These results indicate that ACal can selectively
detect [Ca®"]; with almost no interference from the Zn®" ions.
Moreover, the [Ca®"]; distribution can be clearly visualized
with this probe in the CA1 region—at a depth of 80-200 um—
by using TPM (Figure S7, Supporting Information).

In conclusion, we developed a TP probe (namely, ACal)
that shows a 44-fold TPEF enhancement in the response to
Ca*" species, has a dissociation constant (K,™) of (0.25+
0.03) um, and emits a fivefold stronger TPEF signal than
that of OG1 upon complexation with Ca®" ions. Unlike the
previously available probes, this novel probe can selectively
detect dynamic levels of intracellular free Ca®" ions in living
cells and living tissues without interference from other metal

ions and without contributions from the membrane-bound
probes. Moreover, by using TPM, this probe is capable of
monitoring the calcium waves at a depth of about 150 pm in
living tissues for more than 1100 s and with no photobleaching
artifacts.
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