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Fig. (5). Translocation of GR-GFP from the cytoplasm to the nucleus induced by Dex stimulation.
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At LSM images were taken before Dex stimulation (a; Dex-) and at 2, 4, 7, 10, and 13 min (b ~ ) after the stimulation (Dex+). Two
measurement positions are marked as + in the image of (a). One is located in the cytoplasm and the other in the nucleus. Scale bar represents
10 um. B: M-FCS measurement was carried out at the two positions simultaneously. The two obtained FAFs are overlaid and exhibited on the
right side of each corresponding LSM image. The lines and symbols (open, closed circle) denote FAF in the cytoplasm and nucleus.

respectively.
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was dependent on the level of ligand stimulation. With a
lower concentration of Dex, slower trafficking of GR was
observed (data not shown). Interestingly, this transport was
reversible, as we could see the reverse transport from the
nucleus to the cytoplasm after removing Dex from the
medium. However, this transport speed was much slower
than that induced by Dex stimulation.

For more detailed investigation with single-molecule
sensitivity in this process, we measured FCS simultaneously
in the cytoplasm and the nucleus. Fig. B (g-1) shows the
changes of FAFs at two positions, Each FCS measurement
was performed for 24 seconds right after the acquisition of
each LSM image. The obtained FAFs (g-1) were aligned on
the right side of the corresponding LSM image (a-f). The
pre-stimulation value of G(0) in the cytoplasm was smaller
than that in the nucleus. The value of G(0) indicates a
reverse number of molecules (see equation in Materials and
Methods). Therefore, a small G(0) value in the cytoplasm
indicates a high density of GR molecules. After the stimula-
tion, the relationship between this value in the cytoplasm and
in the nucleus gradually changed. Finally, the value of G(0)
in the cytoplasm overtook the value in the nucleus, so that
the number of GR molecules in the nucleus was larger than
that in the cytoplasm. These data from autocorrelation
changes agreed well with the results of LSM images.

To evaluate the obtained autocorrelation function, two
component fitting was performed. The time course changes
in count rates (CR) and number of molecules (N) are shown
in Fig. 6A and 6B, respectively. As we demonstrated from
the pattern of correlation changes, values of both CR and N
in the nucleus were low before stimulation and these values
gradually increased after the Dex stimulation. These graphs
indicate that the number of GR-GFP molecules might be
same at around Smin after the stimulation. Counts per
molecule (CPM) were directly calculated as the ratio of CR
and N. The CPM can give us important information about
the changes of molecular complexes such as polymerization.
In case of dimer formation of GR-GFP, the theoretical value
of CPM doubles, However, our results as shown in Fig. 6C,
did not show any change of CPM during measurement. This
means that no dimer complex was formed after the Dex
stimulation. A previous report had suggested a dimer com-
plex in the cytoplasm after stimulation of the same ligand by
using FCS [15]. To determine the reason for this discrep-
ancy, we need careful experiments under well controlled
levels of GR expression in living cells.

Finally, the diffusion time of GR-GFP was also calcula-
ted by two-component fitting. The time course of DT for
slower components is plotted in Fig. 6D. In the nucleus, the
diffusion time of GR-GFP increased significantly after
stimulation with Dex (4.4 msec to 62 msec, closed circle
line). Contrastingly, the DT of GR-GFP in the cytoplasm
decreased (22.3 msec to 2.7msec, open circle line). This
indicates a population with slow diffusion of GR-GFP in the
nucleus rather than in the cytoplasm. This might suggest that
GR in the nucleus interacts with other molecules such as
DNA or other transcription factors. Contrary to the change in
the nucleus, dissociation of molecules from the GR complex
might be considered based on the decrease of the DT in the
cytoplasm after the stimulation. However, it is unclear what
other target molecules associate with GR in the nucleus. To
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confirm this, a more advanced FCS technique, fluorescence
cross correlation spectroscopy (FCCS) is available by using
two different fluorescence probes conjugated with each
target molecule. This method can be applied to analysis of
molecular interactions in living cells with higher sensitivity
[17,18]. ’
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Fig. (6), Time courses in data analysis of FAFs measured in the
cytoplasm and nucleus. The changes of values at each point were
plotted for pre-stimulation (time 0) and for 13min a fter stimulation.
The lines and symbols (open, closed circle) indicate data in the
cytoplasm and nucleus, respectively. A: Count rate (CR), B:
Number of molecules (N), C: Counts per molecule (CPM), D: The
diffusion time (DT) of the slower component was analyzed by two-
component fitting.
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The development of a research tool to examine the
dynamics in the living cell with high spatial and temporal
resolution is needed. In particular, a high-speed monitoring
and detection system can be useful for observing biophysical
process with high mobility of molecules. Because these bio-
processes are usually very fast, the detector should observe
many events simultaneously in a target. In this sense, the
simultaneous FCS measurement at four points by our M-FCS
is not sufficient to fully elucidate the events in a wide area of
the cell. Several unique FCS technologies have been pro-
posed for multipoint detection systems. One approach is
scanning fluorescence correlation spectroscopy (SFCS), and
this can be applied for studying slow events in protein-
membrane interactions [19]. Another one is an FCS setup
using a diffractive-optical-design [20], and this simultaneous
multi-laser scanning technique is a potential high throughput
detection system in conjunction with a CMOS single photon
avalanche detector [21]. Currently, our M-FCS can measure
FCS at only four points simultaneously, and more measure-
ment points are essential for the future development of a
two-dimensional (2D) imaging FCS system.

In conclusion, we have developed a new FCS system that
can measure the dynamic mobility of molecules simul-
taneously at 4 points in the living cell. This can be used in
studies of kinetic processes of protein interactions for
pharmacological applications.
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ABBREVIATIONS

FCS = Fluorescence correlation spectroscopy

M-FCS = Multipoint FCS-

LSM = Laser scanning microscopy

FRAP = Fluorescence recovery (or redistribution) after
photobleaching

GFP = Green fluorescence protein

Rh6G = Rhodamine 6G
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GR = Glucocorticoid receptor

Dex = Dexamethasone

FAF = Fluorescence autocorrelation functions

DT = Diffusion time

CR = Count rates

N = Numbers of molecules

CPM = Counts per molecule
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A simple method for the preparation of highly fluorescent and
stable, water-soluble CdSe-ZnS quantum dots is reported using
calix[4]arene carboxylic acids as surface coating agents; the
coating of the surface with the calixarene and the conjugation
of antibodies to the quantum dots are confirmed by
fluorescence correlation spectroscopy.

Colloidal semiconductor quantum dots (QDs) have great potential
as a new class of fluorophores for biological and biomedical
imaging because of high brightness, long-term photostability and
single-light source excitation for multicolored QDs.! The
syntheses of monodispersed fluorescent QDs are generally
performed in organic solvents with surface passivation by alkyl
phosphine oxides such as trioctylphosphine oxide (TOPO).2 The
resulting QDs are soluble only in nonpolar solvents, making them
difficult to use for biological application. So far, many synthetic
methodologies for the preparation of water-soluble QDs have been
developed by surface modifications with amphiphilic compounds
including thiols,"* polymers,* and phospholipids.®* For example,
thiol compounds such as mercaptopropionic acids (MPA) or
mercaptoundecanoic acids (MUA) have been widely used as
surface coating agents for the preparation of water-soluble CdSe—
ZnS QDs."* However, thiol coating of the CdSe~ZnS QDs causes
a significant decrease in the quantum yield of QD fluorescence,®
and the resulting QDs show poor stabilities in water.>® Surface
coating with polymer and lipids can preserve the quantum yield of
QD fluorescence, but the size of the QDs tends to be much larger
than that of the initial QDs.**® The large size of QDs is not
suitable for use in fluorescence resomance energy transfer
(FRET)-based research.” Here, we report a very simple method
for the preparation of water-soluble semiconductor CdSe-ZnS
QDs using calix[4jarene carboxylic acids as surface coating agents.
The calixarene coating secures the high emission efficiency (ca.
30%), the smaller size of QDs (<10 nm in diameter), and the
coupling of biomolecules to the surface of the QDs.

CO,H COH HOLC HOLGC

NN

*jin@imd.es.hokudai.ac,jp

Calixarene-coated CdSe-ZnS QDs were prepared by mixing
calix[4Jarene carboxylic acids® (1) and TOPO capped CdSe-ZnS
QDs?**in tetrahydrofuran at room temperature. After deprotona-
tion of the carboxylic groups of the calixarene, water-soluble
CdSe-ZnS QDs could be obtained.’ Fig. 1 shows the fluorescence
spectra of water-soluble CdSe~ZnS QDs coated by 1, MPA, and
MUA. The l-coated QDs exhibit higher emission efficiency
compared to the MPA- and MUA-coated QDs by a factor of
3.5-20. The quantum yields are estimated to be 0.28 and 0.34 for
the 1-coated QDs with emission peaks at 575 nm and 610 nm,
respectively.!” It is well known that the calix[4Jarene 1 can
selectively bind Na* cations.®? We checked the effect of Na* and K™
cations on the fluorescence intensity of Icoated QDs (610 nm
emission) in water. The fluorescence intensity was almost constant
up to 10 mM NaCl (or KCl), and significant effects of the cations
on the fluorescence spectra of 1-coated QDs were not observed.
However, in the presence of large amounts of Na* or K* (100 mM),
fluorescence quenching of ca. 10% was observed.

To estimate the Stokes-Einstein hydrodynamic size of the QDs,
fluorescence correlation spectroscopy (FCS) was used. FCS
measures the fluorescence autocorrelation function G(1)'! which
gives the diffusion rates of fluorescent molecules in solution. The
G(7) curves are measured by using a compact FCS system (C9413,
Hamamatsu Photonics K. K., Japan). Fig. 2 shows the G(1) of
1- and thiol-coated QDs which have an emission peak at 610 nm in
tetraborate buffer. For comparison, a G(r) curve for green
fluorescent protein (GFP) is also shown. All of the G(r) curves
are fitted using a simple one-component model.}? The diffusion
time'? of the 1-, MUA- and MPA-coated QDs, and GFP was
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Fig. 1 Fluorescence spectra of 1- and thiol-coated CdSe-ZnS QDs in
water, The QDs are prepared from TOPO capped QDs with emission
peaks at 535, 575, and 610 nm. The absorbance at excitation wavelengths
(440 nm for 535 nm emission, or 480 nm for 575 and 610 nm emission) is
adjusted to be 0.05 for all QDs.
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Fig. 2 Fluorescence autocorrelation curves for the water-soluble QDs
with an emission peak at 610 nm and GFP in tetraborate buffer (pH = 9.2).
The correlation curves are fitted by using one-component model (ref. 12¢).

found to be 0.52, 0.53, 0.25, and 0.17 ms, respectively, By using the
value of the diffusion time (0.74 ms) measured for 14 nm
fluorescent latex beads (Molecular Probes, Inc. USA), the
hydrodynamic sizes are calculated'? to be 9.8, 10, 4.7, and 3.2 nm
in diameter for 1-,'* MUA- and MPA-coated QDs, and GFP,"®
respectively. The difference in the size of the MPA- and MUA-
coated QDs suggests the ligand-exchange of TOPO molecules with
the thiols. The size of 1-coated water-soluble QDs is similar to that
of MUA-coated QDs and is two-times larger than that of MPA-
coated QDs, indicating that the calix[4]arene carboxylic acids form
a bilayer structure with TOPO molecules that stabilize the surface
of QDs. The high emission efficiency of 1-coated QDs may result
from the surrounding of the QD surface by the benzene units of
the calixarene. The hydrophobic benzene layer would make a high
shield towards the access of water molecules to the QD surface. As
a result, surface quenching of excitons in the QD can be reduced.?

The colloidal stability of the 1-coated QDs in tetraborate buffer
is estimated by fluorescence intensity after surface coating as a
function of time at 25 °C, as shown in Fig. 3. The fluorescence
intensity of the 1-coated QDs gradually increases and becomes
constant after ca. 100 h, It should be noted that the spectral widths
(the full width at half maximum) of the I-coated QDs are almost
constant (29 nm) over time. This indicates that no surface
deterioration and aggregation occurs in the 1-coated QDs, and
these QDs are stable in aqueous solution. For thiol-coated CdSe~
ZnS QDs, poor stabilities resulting from the aggregation and
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Fig. 3 Changes in fluorescence intensity (open circles and squares) of
water-soluble CdSe-ZnS QDs (610 nm emission) after surface coating in
tetraborate buffer (pH = 9.2). For 1<oated QDs, changes in spectral
widths are also shown (closed circles).

Normalized G(r)

10 100

0.01 0.1

1
T (ms)

Fig. 4 Fluorescence autocorrelation curves for 1-coated water-soluble
CdSe-ZnS QDs with an emission peak at 610 nm before (open squares)
and after (open circles) the addition of GFP antibody (PBS buffer,
pH = 7.4) in the presence of EDC.

precipitation of the QDs have been reported in aqueous
solution,*¢ In fact, it was observed that fluorescence intensity of
the MUA-coated QDs gradually decreases and loses 37% of its
initial fluorescence intensity after 4 days (Fig. 3).

To test the utility of calixarene-coated QDs for biological
application, the coupling of antibodies to the calixarene-coated
QDs was performed using 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC).' Fig. 4 shows the fluorescence autocorrela-
tion curves of 1-coated QDs before and after the addition of GFP
antibody (Mouse monoclonal IgG to GFP, Abcam Ltd, UK).
Upon addition of the antibody, the autocorrelation curve of the
1-coated QD immediately shifts to the right and the curve becomes
stationary within 10 min, The diffusion time of the 1-coated QDs
changes from 0.52 ms to 1.0 ms, This change in the diffusion time
indicates that the size of the antibody-labeled QD increases to be
about twice that of the initial QD. From the value of the diffusion
time, the size of the antibody-labeled QD can be estimated as ca.
20 nm in diameter, suggesting that the antibodies bind to the
surface of the QD and form a single monolayer,

In conclusion, we have presented a simple and convenient
method for the preparation of biocompatible CdSe-ZnS QDs
using calix[4]arene carboxylic acids as surface coating agents, The
calixarene-coated QDs have high emission efficiency and long-
term stability in aqueous solution, In addition, the size of the
calixarene-coated QDs is relatively small (<10 nm in diameter) in
comparison with the water-soluble QDs earlier reported.® In the
calixarene-coated QDs, calixarene molecules are bound to TOPO
capped QDs by hydrophobic interaction. To avoid possible
disintegration of the calixarene-coating in the case of interaction
with the cell membrane (lipid bilayer), cross linking between the
intramolecular carboxylic groups at the QD surface should be
necessary. So far, many kinds of amphiphilic calixarene derivatives
attaching sugars, peptides, chiral residues, and so on, have been
designed.” We believe that calixarenes will offer a variety of new
functions for the surface architectures of colioidal semiconductor
QDs.
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antibody (5 pM) was added to the QDs aqueous solution and coupling
reaction was allowed to proceed at room temperature, From the
measurements of fluorescence autocorrelation curves of the QDs, it was
found that the reaction was completed within 10 min, For the coupling
reaction using BEDC, see: G, T. Hermanson, Bloconjugate Techniques,
Academic Press, NewYork, 1996.

17 Z. Asfari, V. Bdhmer, J, Harrofleld and J, Vicens, Calixarene 2001,
Kluwer Academic Publishers, London, 2001,
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Construction of a Fluorescence Lifetime Imaging System and
its Application to Biological Systems and Polymer Materials

Takakazu NAKABAYASHI, Toshifumi IIMORI,
Masataka KINJO, and Nobuhiro OHTA

Research Institute for Electronic Science (RIES), Hokkaido University, Sapporo 060-0812

(Received November 24, 2005)

We have constructed a fluorescence lifetime imaging (FLIM) system to study the photo-induced dynamics of
living cells. The output from a femtosecond mode-locked Ti: sapphire laser is frequency-doubled and focused onto
the sample with an objective lens of a confocal microscope. The fluorescence decay of the sample is measured at
each pixel of a scanning image. Each fluorescence lifetime is evaluated quickly using time-gating electronics, and
the fluorescence lifetime image can be obtained within several minutes. We have combined the FLIM system with
a picosecond time-correlated single-photon counting system in which a microchannel-plate photomultiplier is used
for detection, so that the value of the fluorescence lifetime at a position can be analyzed quantitatively. A high con-
trast light-scattering image of a polymer film is alsoc found to be obtained with the FLIM system.

Keywords: Fluorescence, Lifetime, Imaging, Living Cell, Polymer Film
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Fig. 2

Time-resolved fluorescence images of a standard
slide (F-14781) containing multi-labeled bovine pul-
monary artery endothelial cells with a time-interval
of 0-2 ns (a), 2~4 ns (b)), —3ns (d).
The static Huorescence image is shown in (e). Histo-

4-Gns (¢), and 6
gram of the fluorescence lifetime and fluorescence
lifetime image are shown in (f)
ly.

and (g}, respective-
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Static fluorescence image (a), fluorescence lifetime
mmz:c (b}, and histogram of the fluorescence lifetime

) of a standard slide (FF-14780) containing multi-
labeled bovine pulmonary artery endothelial cells. A
time-resolved Huorescence decay at a position of X in
ta) is shown in (). The response function is shown
by a dotted line.
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Fig. 4 Time-resolved Huorescence spectra of living cells
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each spectrum.
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Fig. 5

Time-resolved fluorescence images of GFP oligomer
in a living cell with a time-interval of 0-2ns (a), 24

ns (b}, 4-6ns (¢), and 6-8 ns (d). Fluorescence life-

time image and histogram of the Huorescence life-
time are shown in (e) and (), respectively.
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Fig. 6 Time-resolved fluorescence images of GFP in a liv-
ing cell with a time-interval of 0-2 ns (a), 2-4 ns (b},
4~6ns (¢), and 6-8 ns (). Fluorescence lifetime im-
age and histogram of the fluorescence lifetime are

shown in (e) and (I, respectively.
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Fig. 7 Time-resolved images of DNS doped in a PMMA
film with a time-interval of 0-2 ns (a), 2-4 ns (b)), 4-

6 ns (¢), and 68 ns (d). The measurement was per-

v

formed without a color glass filter. The 2-4 ns image

npt'imiu*d by the dark and saturation levels is shown

i (e). The static fluorescence image is shown in ().
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Fig. 8

Time-resolved images of DNS doped in a PMMA
2-4 ns (h), 4~
6 ns (¢), and 6-8 ns (d). The scattered light was re-

film with a time-interval of 0~2 ns (a).

moved by using a color glass filter. The 2-4 ns image
optimized by the dark and saturation levels is shown

in (¢). The static Huorescence image is shown in (£)
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Abstract—To evaluate roles of nitric oxide (NO) in neural
functions, it is critical to know how neural inputs activate
neuronal NO synthase in individual sites. Although NMDA
receptor-dependent mechanism well explains postsynaptic,
robust NO production, this sole mechanism does not explain
some aspects of NO production in the brain, such as the
low-level production of NO and the mechanism for presynap-
tic NO production. We hypothesized that the glutamate re-
ceptor involved in NO production is site-specific and controls
the initial NO concentration in each site. We visualized NO
production mediated by NMDA, AMPA and type-1 metabo-
tropic glutamate (mGlu-1) receptors in rat cerebellar slices
and granule cells in culture, with an NO-specific fluorescent
indicator, diaminofluorescein-2. AMPA receptor, but not
NMDA or mGlu-1 receptor, was responsible for NO produc-
tion at parallel fiber terminals, which was blocked by CNQX,
tetrodotoxin or voltage-dependent calcium channel blockers.
More numbers of electrical stimulation were required for NO
production in the molecular layer than in other layers, sug-
gesting that AMPA receptor activation generates NO at lower
concentrations through a remote interaction with NO syn-
thase. Although Purkinje cell does not express NO synthase,
we detected NO production in Purkinje cell layer following
electrical stimulation in the white matter at 50 Hz, but not at
10 Hz. This NO production was tetrodotoxin-sensitive, sug-
gesting occurrence in the basket cell terminals, and required

*Correspondence to: D. Okada, Mitsubishi Kagaku Institute of Life
Sciences (MITILS), 11 Minami-Ooya, Machida, Tokyo 194-8511, Ja-
pan. Tel: +81-42-724-6257; fax: +81-42-724-6257.

E-mail address: dada@libra.ls.m-kagaku.co.jp (D. Okada).
Abbreviations: ACSF, artificial cerebrospinal fluid; CNQX, 6-cyano-7-
nitroquinoxaline-2,3-dione  disodium salt; CPCCOEt, 7-(hydroxy-
imino)-cyclopropa-[b]-chromen-1a-carboxylate ethyl ester; DAF-2,
diaminofluorescein-2; o-APS5, D-2-amino-5-phosphonovaleric acid:
DAR-4M, diaminorhodamine-4M; DIV, days in vitro; DTCS,
N-(dithiocarboxy)-sarcosine; GC, granule cell; GCL, granule cell layer;
L-NAME, N“-nitro-L-arginine methyl ester; mGlu-1, type-1 metabo-
tropic glutamate; ML, molecular layer; nNOS, neuronal nitric oxide
synthase; NO, nitric oxide; PC, Purkinje cell; PCL, Purkinje cell layer;
PF, parallel fiber; ROI, region of interest; (S)-DHPG,
(S)-3,5-dihydroxyphenylgiycine; TMA-DPH, 1-(4-trimethylammonium-
phenyl)-6-phenyl-1,3,5-hexatriene-p-toluene sulfonate; TTX,
tetrodotoxin; WM, white matter.

IN A LAYER-SPECIFIC MANNER IN

synergistic activation of mGlu-1 and NMDA receptors. In the
granule cell layer, activation of AMPA or mGlu-1 receptor
produced NO uniformly, while NMDA receptor activation pro-
duced NO in discontinuous areas of this layer. Thus, distinct
glutamate receptors, including non-NMDA receptors, govern
occurrence and level of NO production in a layer-specific
manner. © 2004 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: AMPA receptor, NMDA receptor, mGlu-1 receptor,
DAF-2, parallel fiber.

Nitric oxide (NO) serves as an intercellular signal involved
in synaptic plasticity (Shibuki and Okada, 1991; Boehme et
al., 1991; Calabresi et al., 1999), activity-dependent syn-
apse formation (Wu et al., 1994) and neuronal develop-
ment (Tanaka et al., 1994). To evaluate roles of NO in
these neural functions, it is critical to know how neural
inputs activate neuronal NO synthase (nNOS) in individual
sites. It is widely accepted that NMDA receptor activation
triggers production of NO at near-maximal rate due to the
close linkage between the NMDA receptor and nNOS by
P8SD-95 (Brenman et al., 1996; Christopherson et al.,
1999). This coupling seems to be central for glutamatergic
activation of nNOS. However, there are many aspects in
neuronal NO production that are not readily explained
solely by the NMDA receptor-dependent mechanism.
The first aspect is related to NO concentrations gener-
ated by nNOS. Malinski and Taha (1992) measured bra-
dykinin-dependent NO production from cultured endothe-
lial cells with their electrochemical probe, and detected
450 nM NO. The responsible NOS, eNOS, has Vmax
about 10 times lower than that of nNOS (Férstermann and
Gath, 1996); therefore it is deduced that the nNOS maxi-
mal activation causes production of 4.5 puM NO. On the
other hand, direct electrochemical measurements showed
that parallel fiber (PF) stimulation produced NO only at
5 nM in the molecular layer (ML) of cerebellar slices (Shi-
buki and Kimura, 1997). This discrepancy suggests a pos-
sibility that input activity does not necessarily evoke full
activation of NOS. However, it is not clear how low level
activation of NOS is achieved by neuronal activity.
Second, it is known that the initial NO concentrations
determine the diffusion range of NO, which is a critical
factor for NO action in brain tissues, an assembly of neu-
rons with heterogeneous activity states (Gally et al., 1990:
Wood and Garthwaite, 1994). NO from one potent source
may affect cells located outside of the activated neuronal
circuit. Such an information leakage outside of the ‘wired

0306-4522/04$30.00+0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reserved.
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