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DISTINCT GLUTAMATE RECEPTORS GOVERN DIFFERENTIAL LEVELS
OF NITRIC OXIDE PRODUCTION IN A LAYER-SPECIFIC MANNER IN

THE RAT CEREBELLAR CORTEX

D. OKADA2P°* C. C. YAP,” H. KOJIMA,? K. KIKUCHI¢
AND T. NAGANO*

2f aboratories for Memory and Learning, and Celfular Information Pro-
cessing, Brain Science Institute, RIKEN, Wako, Saitama 351-0798,
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*Precursory Research for Embryonic Science and Technology, JST,
Kawaguchi, Saitarna 332-0012, Japan

“Brain Scignce and Life Technology Research Foundation, Itabashi,
Tokyo 175-0094, Japan

9Graduate School of Pharmaceutical Sciences, University of Tokyo,
Bunkyo, Tokyo 113-0038, Japan

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 flucrescent
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.cojp (D. Okada).
Abbreviations: ACSF, artificial cerebrospinal fluid; CNQX, 6-cyano-7-
nitroquinoxaline-2,3-dione disodium salt; CPCCOEL, 7-(hydroxy-
iming)-cycloprapa-[b]-chromen-1a-carboxylate ethyl ester; DAF-2,
diaminofluorescein-2; o-APS5, D-2-amino-5-phosphonovaleric  acid;
DAR-4M, diaminorhodamine-4M; DN, days i vitro; DTCS,
N-{dithiocarboxy)-sarcosing; 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 nifric oxide
synthase; NO, nitric oxide; PC, Purkinje cell; PCL, Purkinje cell layer;
PF, parallel fiber; ROl region of interest; (S)-DHPG,
{S}-3,5-dihydroxyphenylglycine; TMA-DPH, 1-{4-trimelhylammonium-
phenyl}-6-phenyl-1,3,5-hexatriene-p-toluene sulfanate; TTX,
tetrodotoxin; WM, white matter.

synergistic activation of mGlu-1 and NMDA receptors. In the
granule ¢ell layer, activation of AMPA or mGlu-1 receptor
produced NO uniformiy, 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 synapfic plasticity (Shibuki and Okada, 1991, Boehme et
al.; 1991; Calabresi et al., 1999), activity-dependent syn-
apse formation (Wu et al., 1984) and neuronal develop-
ment (Tanaka et al., 1984). To evaluate roles of NQ in
these neural functions, it is critica! to kriow 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 -
PSD-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 recepter-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 pM NO. Cn the
other hand, direct elecirochemical measurements showed -
that parallel fiber (PF) stimulation preduced 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 NQOS. 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 1BRO. Published by Elsevier Ltd. All rights reserved.
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circuit' reduces spatial specificity of information transfer.
However, this leakage may have physiological influence
on the circuit behavior such as contrast formation (Krekel-
berg and Taylor, 1996) or distribuied synaptic plasticity
{Schuman and Madison, 1994; Hartell, 1996). For this
purpose, it is expected that the initial NO concentrations,
thereby the spreading areas, are tunable, or graded in
response to synaptic inputs. Actually, the NO production
rate in ML -depended on stimulus frequency and cyclic
AMP-dependent protein kinase (Shibuki and Kimura,
-1987; Kimura et al., 1998). However, the NMDA receptor
mechanism is not suitable to control the graded NO pro-
duction. Actually, the only varation of NO production
through NMDPA receptor is pathological, in which prolonged
activation of the receptor causes neuronal death (Sattler et
al., 1999). -
Finally, nNOS immunoreactivities in the cerebellar cortex
were found botih presynaptically (terminals of PF and basket
cell axon called the pinceau) and postsynaptically (dendrites
of baskelstellate and granule cells [GC];, Rodrigo et al,
1994). Although it is well known that NMDA receptor is the
major trigger of NO production in the postsynaptic sites
(Garthwaite- et al., 1988; Bredt and Snyder, 1990), mecha-
nism for presynaptic NO production is yet unclear. For exam-
ple, there is a controversy as to the responsible receptor for
NO production in PF terminals (Shibuki and Kimura, 1997;
Casado et al,, 2000; Hartell et al,, 2001). In addition, NO
production has not yet been described in the pinceau.
Pharmacological studies revealed that activation of
AMPA or type-1 metabotropic glutamate (mGlu-1) re-
ceptor alsc produced NO in the cerebellar slices
{Okada, 1992), although contributions of these recep-
tors in total cyclic GMP-formation were relatively small
(Bredt and Snyder, 1989). These facts and consider-
ations suggested a hypothesis that multiple receptor
mechanisms contro! the efficiency of NO production at
specific sites, allowing variation in NO functions. In the
present study, we visualized NO production in rat cere-
bellar cortex by the use of a NO-specific fluorescence
indicator dye, diaminofluorescein-2 (DAF-2; Kojima et
al., 1998), and found that distinct receptor mechanisms
governed NO production in presynaptic sites. AMPA
receptor activation produced NO at low concentrations
in PF terminals, while synergistic activation of NMDA
and mGlu-1 receptors produced NO around Purkinje cell
(PC) soma, probably in the pinceau.

EXPERIMENTAL PROCEDURES
Cerebellar slices and culture

Wistar ST rats (7-10 weeks old; Japan SI_.C, Japan) were decapi-
tated under ether anesthesia, according to RIKEN's guideline of the
animal care and usa. All efforts were made to minimize the number
of animals used and their suffering. Cerebellar vermal slices (usually
300 pm thick and 150 wm in Fig. 2) were prepared with a vibrating
slicer (Dosaka EM, Japan) as described (Okada, 2000) in ice-cooled
artificial cerebrospinal fluid (ACSF), which contained (mM): NaCl
125, KCI 2.5, CaCl, 2, MaCl, 1, NaH,PO, 1.25, NaHGO; 26, glucose
25, and was bubbled with 95% O, and 5% CO, (pH 7.4). Primary
neuronal culture was prepared from E19-20 Wistar ST rat cerebella

by the method of Furuya et al. (1998). Afier digestion with 0.1%
trypsin and 0.05% DNAse A at 37 °C, cell suspensions were incu-
bated on a poly-L-omithine-coated (10 png/ml) dish at 37 °C for 20
min, then cells not attached to the dish were seeded at 2x10°
cellsfwell on poly-L-ornithine-coated {250 pg/ml) plastic sheets
(12 mm diameter; Sumiton; Sumitomo Co. Ltd.), and cultured in
six-well plates. Ara-C (1 uM) was added to the medium 2-8 days
in vifro (DIV). Under this condition, about 70% of the cell popula-
tion was constituted with GCs.  ~ ‘

Imaging

Slices or cells on DIV 14-21 were incubated with 10 pM DAF-2
diacetate at 32 °C for 30 min in dark. In_some experiments cells
were incubated with diaminorhodamine-4M (DAR-4M} AM
(10 pM, 30 min) and 1-{4-trimethyl ammoniumphenyl)-6-phenyl-
1,3,5-hexatriene-p-toluenesulfonate (TMA-DPH; 20 uM; 1 min) af -
37 °C {Bronner et al., 1986). To incorporate TMA-DPH into recy-
cling vesicles, cells were stimulated with AMPA for 1 min, washed
with ACSF for 80 min, and then stimulated by 90 mM KCl for 2 min
at room temperature. Fluorescence representing recycling vesi-
cles appeared in subtraction images (before minus after KCi).

Slices, under constant perfusion with ACSF (1.5 ml/min) main-
tained at 32 °C using an inline heater (TC344B; Wamer, USA), were
observed with an upright flucrescence microscope (BX50-WI; Olym-
pus) equipped with a 150 W xenon lamp and an electric shutter
{OSP-EXA; Olympus). A platinum weight and a nylon net were used
to prevent slice movements. Culfures under constant perfusion with
ACSF (0.7 mlimin) at room temperature were observed with an
inverfed fluorescence microscope (Axiovert - S100-25; Zeisgs)
equipped with a 100 W mercury lamp and an electric shutter (Uniblitz
D122; Vincent Associates, USA). Fluorescent images (12 bit,
512X512 pixels) of DAF-2 (exciter 470—480 nm, dichroic mirror
500 nm, emitter =505 nm), DAR-4M (530-560 nm, 570 nm,
>605 nm) and TMA-DPH (380-400 nm, 405 nm, 410—460 nm)
were acquired with a cooled CCD camera (PXL37; Photomelrics,
USA). Exposure (50—300 ms) and image acquisition were controlled
by an electric stimulator (Master-8; AMPI, Israel). Images were
stored in a personal computer {Power Macintosh 8500/200) and
analyzed offHine with IPLab software (Scanalylics, USA).

Stimulation

Drugs were applied by switching the medium with a six-way valve
{type 50; Rheodyne}. Complete exchange of the medium in the
chamber took 1 min under the flow rate at 1.5 ml/min, judged from
measurement of chloride potential shift. AMPA (1-50 pM, usually
10 pM) and (35)-3,5-dihydroxyphenylglycine {((S)-DHPG; 100 pM)
were applied for 1 and 5 min, respectively. NMDA (30 pM; in some
experiments 100 pM) was dissolved in MgZ*-free ACSF contain-
ing 10 pwM glycine, and applied for 1 min, which was always
preceded by application of Mg?*-free ACSF for 15 min. Electrical
stimulation (a SEN7203 stimulator and a $5201J isolator; Nihon
Kohden, Japan) was given through a tungsten bipolar electrode
{WPI; tip resistance 2 MQ) positioned 150 pm beneath the slice
surface. PF presynaptic volleys were recorded {(Axopatch 2008B;
Axon Instruments, USA} with extracellular glass pipettes (5 M)
placed on the surface of frontal slices 500 pum apart from the
stimulating site {Casado et al., 2000j).

Analysis

To find a region of interest (RO}, a subtraction image (response
peak minus pre-stimulus average) was made and its pixel intensity
histogram was calculated. A ROl was selected among pixels
showing changes larger than a half of the maximum change in the
histogram. Intensity histogram of an eight-bit image was calcu-
lated and pseudocolors were applied (Okada, 2000). Membrane
densities affect incorporation of hydrophobic DAF-2 diacetate,
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Fig. 1. NO production evoked by electrical stimulation suggests layer-dependent mechanisms. (A-D)} Ten trains (0.5 Hz) of 20 biphasic pulses
(duration: 0.1 ms; amplitude: 0.5 V; frequency: 20 Hz) were given to the WM of a sagittal slice every minute. {A) A flucrescence image (%40
objective) before stimulation. Fluorescence in ML was low, while individuat GCs are more fluorescent. A PC soma indicated by an arrow was
weakly fluorescent. (B) The same site as in A after 30 sets of stimulation (i.e. 30 min after A). Dendrites and soma of a PC indicated by an arrow
and GCs are now intensely flucrescent. Scale bar=50 pm. (C} A low magnitude (x5} image of B. Position of stimulation is indicated by a X.
The nylon net preventing movement of slice is seen (net). Scale bar=100 pm. (D) Fluorescence changes in ROls shown by squares in'C were
measured and normalized in the initial intensity (dF/Fo). A representative expgriment from six similar experiments is shown by closed symbols.
Green, GC; red, PC soma; blue, ML. Similar experiments were done in the presence of 10 pM L-NAME (open symbols). A representative
experiment from three similar experiments is shown. (E) ML of a frontal slice was stimulated with five trains (0.5 Hz) of 50 biphasic pulses
(duration: 1 ms; amplitude: +30 V; frequency: 50 Hz) at ime points indicated by arrowheads. A representative experiment from three similar
experiments is shown by closed symbols. Green, GCL; blue, ML. Similar experiments were done in the presence of 10 uM L-NAME (open
symbols}. A representalive experiment from three similar experiments is shown. ’

thus intracellular DAF-2 concentrations. Actually, GC layer (GCL) Pure Chemicals Co. Lid. (Japan). NMDA (Nakalai Tesque, Ja-
showing granular patterns of intense fluorescence was easily - pan), (S)}-AMPA, (S)-DHPG, 7-(hydroxyiminc)-cyclo propa-[b]-
discriminated from ML where almost even staining was observed, chromen-1a-carboxylate ethyl ester (CPCCOEL), 6-cyano-7-nitro
Comparison of the fluorescence increase between different layers quinoxaline-2,3-dione disodium salt (CNQX), p-2-amino-5-phos-
therefore requires normalization by the initial flucrescence inten- phonovaleric acid (p-APS5), N*-nitro-L-argining methyl ester (L-
sity (dF/Fo), while fluorescence time courses within one ROl can NAME; Tocris Cookson, UK), N-(dithiccarboxy)-sarcesine (DTCS;
be expressed by fluorescence increase (dF). Dejindo, Japan), w-conotoxin-GIVA, w-agatoxin-TK, nifedipine

(Alamone Laboratory, Israel), TMA-DPH {Molecular Probe, USA)
and tetrodotoxin (TTX; Seikagaku Kougye, Japan) were pur-
chased. Cyclic GMP was measured using an enzyme-linked im-
DAF-2 diacetate (Kojima et al., 1998) and DAR-4M AM (Kojima &t muno assay kit (Amersham Pharmacia, UK) as reported {Miyata
al., 2001) were synthesized as reported, or supplied from Daiichi et al;, 1999).

Materials and other methods .
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Fig. 2. Differential NO production by type-specific glutamate receptor agonists. (A, B) A receptor type-specific agonist was applied to thin (150 wm
thick) horizontal slices. {Left) A subtraction image {20 min after stimulation—befare, X20 objective). Broken lines indicate PCL. Scale bar=20 um.
(Right) The time course of average dF/Fo in five ROIs (squares, ML; diamonds, GCL} are shown. Vertical bars are S.E.M. Harizontal bars represents
application of 10 whM AMPA (A} and 100 pM {S)-DHPG (B). (C, Leff) Flucrescence images (% 10) were taken in adjacent regions in the lobule V1 before
and after 30 wM NMDA application. Images were aligned and subtraction images were calculated, equal pseudocolors were applied to corresponding
loci, and merged. Fagions with intense fluorescence increase appeared discontinuously as indicated by arrowheads. (Right) Averages of dF/Fo infive
ROls are shown over ime. Open and closed bars indicate application of Mg-free ACSF and NMDA, respectively. Open diamonds, GCL with increase;

closed diamonds, GCL without increase; squares, ML. Scale bar=100 pm:

RESULTS

Entire picture of NO production in the cerebellar
cortex

Fig. 1A shows an example of DAF-2 fluorescence in a
parasagittal slice before stimulation. Weak fluorescence
was found uniformly in neurons, consistent with the am-
phipathic nature of the DAF-2 (DAR-4M as well) molecute.
Incorporation in glia was not evident. Perfusion with ACSF
alone did not alter the fluorescence for at least 1 h. To
know the entire sites of NO production in the cerebellar
cortex, electrical stimulation was given repeatedly to the
‘white matter (WM) of parasagittal slices (n=6}. Fig. 1B and
C shows that GCs, PCs and ML were intensely fluores-
cent. Although PCs do not express nNOS (Crepel et al.,
1994), a whole PC was fluorescent, indicating that thé PC
received NOC derived from surrounding sources, consistent
with our previous cbservations (Hartell et al., 2001). As
seen in Fig. 1C, a restricted region of a folium responded,
showing that our stimulation activated specific neural cir-
cuits. Fig. 1D (closed symbols) shows an example of ex-
periments (r7=3) where a NOS inhibifor, L-NAME at 10 pM,
blocked the increase, confirming the fluorescence change
was due to NO production. We confirmed the blockade by
L-NAME of the fluorescence change for all types of elec-
trical or agonist stimulation in this study (see Discussion).

Fig. 1D also shows that onset and magnitude of fluo-
rescence increase differed in each layer: fluorescence in-
crease in ML was much lower and required more numbers
of stimulation than the other layers. Although the onset

delays somewhat differed among experiments, this ten-
dency was constantly observed. Such a delayed onset
may reflect attenuation of conduction between distant sites
{from WM to ML), or it may reflect the fact that most of PFs
are cut in parasagittal slices. Altematively, single stimula-
tion may produce different concenfrations of NO in each
layer. To clarify this issue, ML of frontal slices, where PFs
are preserved, was stimulated repeatedly. Since the stim-
ulation parameters used in sagittal slices did not alter
fluorescence in GCs of frontal slices, stronger stimulation
parameters were applied to activate GCs refrogradely.
This stronger stimulation successfully increased fluores-
cence in both layers. As shown in Fig. 1E, the fluorescence
increase in ML, which was inhibited by .L-NAME, also re-
guired more numbers of stimulation than in GCL (s7=3):
" GCL and ML required one to two and three to four trains of
stimulation, respectively. Thus, the delayed onset was in-
dependent of stimulation sites or direction of slice section-
ing. These results are consistent with the idea that NC
production rate in ML is lower than in the other area.

Localization of NO production by specific receptor
activation

Results shown in Fig. 1 were consistent with the hypoth-
esis that each layer employs different NO producing mech-
anisms. Pharmacological stimulation of each receptor fur-
ther supported this idea. Application of 1-50 pM AMPA,
increased fluorescence in ML of horizontal (n=4; Fig. 2A),
parasagittal (n=3; see Fig. 6A) and frontal slices (n=3; not
shown). In contrast, a specific agonist of mGlu-1 receptor,
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Fig. 3. NMDA receptor-dependent NO production. {A} A subtraction image (<40} showing response of a parasagittal slice to 30 wM NMDA. Broken
line indicates PCL. Note thal response was seen only in GCL. {B-D) Flucrescence increases evoked by NMDA {open symbols) in GCL of parasagittal
slices were inhibited by S0 pM D-APS (red symbols; four ROls from three slices; By and 10 pM L-NAME {green symbols; 10 ROIs from five slices; C},
but not by 1 pM TTX (blue symbols; 10 ROIs from three slices; D). Antagonists, Mg-free ACSF and NMDA were applied during periods indicated by
colored, open and black bars, respectively. Averages and S.E.M. (vertical bars) of dF/Fo are shown. {E} A subtraction image (x40 objective) depicting
NMDA-dependent flucrescence increase in soma of GCs in culture on DIV 15. Scale bars in A and E=20 pm and 10 pm, respectively.

(S)-DHPG (100 pM; horizontal slices, n=4, Fig. 2B; para-
sagittal slices, n=5, not shown}, or NMDA (30 pM; hori-
zontal slices, n=3, Fig. 2C; parasagittal, n=>5, see Fig. 3A;
frontal, n=3, not shown) did not alter it. These results
depicted the major contribution of AMPA receptor to NO
production in ML, while contributions of NMDA and mGlu-1
receptors were under the detection level.

In confrast, DAF-2T fluorescence in GCL was in-
creased by all of the agonisis used. AMPA (Fig. 2A) or
(5)-DHPG (Fig. 2B} increased fluorescence uniformly in
the entire GCL. However, NMDA application resulted in
fluorescence increase in discontinuous areas in GCL of
thin (150 wm thick) horizontal slices (folium VI, n=3, Fig.
2C). We could not detect such a discontinuous pattern in
frontal and sagittal slices.

NMDA receptor mechanisms

NMDA application to sagittal slices specifically increased
fluorescence in GCL (Fig. 3A), which was blocked by
p-AP5 (n=3, Fig. 3B} or .-NAME (n=>5, Fig. 3C), indicating
that NMDA receptor-dependent NOS activation takes
place in GCL. A close linkage between NMDA receptor-
mediated calcium influx and NNOS activation (Christopher-
son et al., 1999) suggests that NMDA triggers NO produc-
tion without conduction of depolarization in the absence of
extracellular Mg+ ions. This idea was confirmed by ex-
periments shown in Fig. 3D, where TTX did not affect

NMDA-dependent NO production in GCL {n=3). When
NMDA was applied to GCs in dissoclated culture, fluores-
cence was increased predominantly in the soma, and the
proximal neurites to a less extent, but not-in the fine, distal
neurites (n=5, Fig. 3E), suggesting pastsynaptic localiza-
tion of the mechanism,

AMPA receptor mechanisms

When frontal slices were received electric stimulation (param-
eters identical to that used in Fig. 1E) in ML, an AMPA

. receptor antagonist, CNQX, blocked the fluorescence in-

crease in ML (n=4, Fig. 4), while a NMDA receptor antago-
nist, 0-AP5, had no significant effect (n=4, Fig. 4). These
results were. consistent with results shown in Fig. 2, confirm-
ing the major contribution of AMPA receptors in NO produc-
tion in ML. Fluorescence increases in ML and GCL evoked by
bath-applied AMPA were also inhibited by CNQX (n=4, Fig.
5&), or LNAME (n=4, Fig. 5B}, but not by b-AP5 (n=2, Fig.
5A). These results confirmed that AMPA receptor, but not
NMDA receptor, triggered NOS activation. In contrast to
NMDA, TTX reduced the AMPA-dependent NO production in
both ML and GCL (n=6, Fig. 5C), suggesting that AMPA
receptor and NOS are indirectly finked through conduction of
depolarization. AMPA also increased fluorescence of GCs in
culture (Fig. 5D), which was similarly inhibited by CNQX
{n=4), .I-NAME (n=4) or TTX (n=3) (data not shown). In both
slices (ML and GCL) and culture, a blocker of N-type calcium
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Fig. 4. AMPA receptor is responsible for NO preduction in ML. ML of a frontal slice was electrically stimulated (50 biphasic pulses with 1 ms of duration
and =30 V of amplitude at 50 Hz, five trains every 2 s, shown by arrows). CNQX (50 pM} abolished fluorescence change in ML {(A), while b-APS
(50 M) did not suppress it (B). (Left and Center) Raw fluorescence images of ML before and after stimulation are shown in pseudacolors. (Right} A
peristimulus subtraction image. Broken lines indicate the border of folia lll and 1V. Scale bars=20 pm.

channel, w-conotoxin-GIVA (1 .M, 10 min, n=3 for each, Fig.
5E), or P/Q-type calciurn channel, w-agatoxin-TK (0.1 pM, 10
min, n=3 for each, Fig. 5F), abolished AMPA-dependent
fluorescence increase, whereas the L-type channel blocker,
nifedipine had no effect {10 xM, 10 min, n=3 for each, Fig.
5G). These results are consistent with the previous reports

" (Okada, 1992; Shibuki and Kimura, 1997) and demonstrated
that calcium influx in compartments linked to N- and P/Q-type
calcium channels activate NOS after conduction of depolar-
ization triggered by AMPA receptor activation.

Although AMPA produced NO in the entire ML rela-
tively uniformly in horizontal (Fig. 2A) and frontal slices, the
response was not uniform in parasagittal slices (Fig. 6A)
where only a small portion of PFs is connected. with the
ariginating GCs. As shown in Fig. 6A, regions with targer
increases were recognized as fluorescent patches. Line-
scan analysis of such a paich (Fig. 68) showed that NO
was generated from small sources, because the increase
started from single pixels. These single flucrescent pixels
were then merged to shape the fluorescence patch (about
5 pm of radius).

Immunohistochemical studies (Rodrigo et al., 1994)
showed that PF terminals and interneurons are possible
NOC sources in ML. To distinguish these possibilities we
noticed difference in their size. A water-soluble NO scav-
enger, Fe-DTCS (Fujii et al., 1998), that traps extracellutar

NO, was used to highlight single components of the source
by scavenging intercellularly spreading NO. If PF terminals
are the source, the patches should disappear in the pres-
ence of the scavenger, because single components (=ter-
minal) are very smafl (<1 pm) compared with the patch
(10 pm). Alternatively, if interneurons are the source, NO
spreading inside the cell will not be wiped ouf by the
scavenger; therefore, as a result intemeuron should be
highlighted. Because the diameter of the single compo-
nents (=interneuron somay) is similar fo that of the patch,
they should not disappear, but even be highlighted, in the
presence of scavenger. Resuits showed that Fe-DTCS
eliminated the patches (n=3, Fig. 6C), suggesting that
intercellular diffusion of NO from PF terminals shaped the
patch. NO release from PF terminals was directly detected
GCs in culture, where AMPA increased DAF-2 fluores-
cence in fine fibers, as well as in soma (Fig. 6D). To
confirm NO production at PF terminals, recognized as
axonal varicosities, GCs in culture were doubly stained
with DAR-4M, ancther NO-specific’ indicator with red fluo-
rescence (Kojima et al.,, 2001}, and TMA-DPH, an activity-
dependent endocytosis marker with blue fluorescence

~ {Bronner et al., 1986). This dual staining enabled simulta-

neous ohservation of NO production and activity-depen-
dent endocytosis that occurs predominantly in presynaptic
terminals. The result indicated colocalization of endocyto-
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Fig. 5. AMPA receptor-dependent NO production. (A) Fluorescence increases evoked by AMPA (open diamonds, five ROls from five slices) in ML
of parasagittat slices were inhibited by CNQX (closed diamonds, five ROIs from four slices), but not by AP5 (closed squargs, n=8 ROIs from two
slices). Antagonists were applied during periods indicated by a blue bar, while a red bar indicates AMPA application. Averages and S.E.M. (vertical
bars) of dF/Fo are shown. (B) Flucrescence increases evoked by AMPA in ML (open squares, four ROIs from four slices) and in GCL (open diamonds,
two ROIs from two slices) of parasagittal slices were inhibited by L-NAME (ML, closed squares, four ROIls from four slices; GCL, closed diamonds,
three ROIs from three slices). (C) Fluorescence increases evoked by 10 pM AMPA in ML {open squares, five ROIs from three slices) and GCL {open -
diamonds, two ROls from two slices} of parasagittal slices were inhibited by 1 pM TTX (ML, closed squares, seven ROIs from six slices; GCL, ¢losed
diamonds, three ROIls from two slices). {0-G) Subtraction images (x40 objective, after—before 6 pM AMPA) of GCs in culture on DIV15. AMPA
response in GC culture (D) was blocked by e-conotoxin GVIA (1 pM, 10 min, E), or s-agatoxin TK (0.1 pM, 10 min, F}, but not by mfedlplne {100 pM,

10 min, G). Scale bars=10 pm.

sis and NO producﬂon in cluster on fine fibers (n=4, Fig.
6E). Thus, Fig. 6C-E indicates that AMPA receptor acti-
vation produced NO in PF terminals.

Synergistic effect of NMDA and mGlu-1 receptors

NMDA at a higher concentration (100 uM) sometimes
increased fluorescence in PC layer (PCL; n=3 of 9 slices).
We therefore searched for the condition that could repro-
ducibly evoke NO production in PCL, and found that elec-
trical stimulation of WM at 50 Hz consistently increased
fluorescence in PCL {n=6, Fig. 7Aa and Ac), while similar
stimulation at 10 Hz did not (n=86, Fig. 7Ab and Ac). TTX
(n=2, Fig. 7B) or L-NAME (n=4, not shown) blocked the
fluorescence increase in PC. The frequency dependency
suggested involvement of mGIuR activation (Batchelor and
Garthwaite, 1297). Actually, the 50 Hz-stimulation in the
presence of 100 pM CPCCOEL, a selective blocker of
mGlu-1 receptor (n=3, Fig. 7C), or 0-AP5 (n=3, Fig. 7D)
failed to increase flucrescence. As shown in Fig. 2B, (S)-
DHPG alone increased fluorescence in GCL, but not in
PCL. However, the 10 Hz-stimulation increased fluores-
cence in PCL in the presence of 100 pM (S)-DHPG (n=6,
Fig. 7€). These results suggested that combined activation
of NMDA and mGlu-1 receptors is necessary and sufficient
for NO production in PCL. To show this critically, we ap-

plied 30 pM NMDA after a 10 min-application of 100 pM
(S)-DHPG, and observed NO production in PCL {n=3, Fig.
7F).

PC soma does not express nNOS, but is surrounded
by the axon terminal plexus of basket cell, the pinceau.
Basket cells express NR-1 (£) and 2D (e4) subunits of
NMDA receptor (Watanabe et al., 1994; Petralia et al.,
14944,b), as well as mGlu-1 receptor (Baude et al., 1993),
nNOS (Rodrigo et al., 1984) and PSD-95 (Hunt ¢t al,
1988). Therefore, the fluorescence increase in PCL likely
represents NO production in the pinceau triggered by syri-
ergistic activation of NMDA and mGlu-1 receptors. Co-
application of (S)-DHPG and NMDA also synergistically
increased cyclic GMP content in cerebellar slices. As
shown in Fig. 7G, cyclic GMP level achieved by (S)-
DHPG+NMDA was significantly higher than the simple
summation of that achieved by each agonist alone
(P<0.01, t-test, n=5). Either CPCCOE% (P<0.01) or p-AP5
{P<.0.05) blocked the synergistic increase in cyclic GMP.
These results showed that coactivation of NMDA and
mGlu-1 receptors triggers synergistic NO production and
increases cyclic GMP levels in cerebellar slices. Although
the site of the synergistic cyclic GMP increase is not clear,
this is likely to be triggered by synergistic activation of NOS
in the pinceau.
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Fig. 8. AMPA receptor activation produces NO in PF terminals. (A, Left) A subtraction image (X40) showing response to AMPA of the parasagittal
slice. Patches exprissing farger flucrescent increase are seen in ML. Scale bar=10 um. (Right) Averages and S.E.M. {vertical bars) of dF/Fo in
several ROIs of three slices are shown. The red bar indicates AMPA application. Open diamonds: within patches in ML (five ROIs}), closed diamonds:
between patches in ML (sight RQIs), open squares: GCL (three ROIls). {B) Line-scan analysis of the intense flucrescent patch in ML. Images were
taken every minute and a series of subtraction images from the initial picture were made. A linear ROl of 128-pixel long crossing a patch {horizontal
axis) was selected and fluorescence change over time is indicated by pseudocolors. Scale bar=10 pm. Time course is expressed from the front to
the back of the figure. Drugs were applied as indicated in the right. AMPA in the presence of L-NAME had no effect. L-Arginine (10 mM} was applied
then the second challenge by AMPA increased fluorescence. The increase started from single pixels (arrows) and spread laterally. (C, Left) A
subtraction image (<40 objective) showing that 100 pM Fe-DTCS {10 min} caused weak, uniform response to 10 pM AMPA in ML of a parasagittal
slice {compare with Fig, 6A}. The broken line indicates PCL. Scale bar=10 wm. (Right) Average and S.E.M. of dF/Fa in ML (open squares, n=6 ROl
from three slices) ard GCL {open diamonds, n=6 RO from three slices) in the presence of Fe-DTCS. (D) A subtraction image (<10 objective) showing
the response to 10 uM AMPA of GC culture in soma and fibers. Hot spots on fine fibers originated from the cell (below, left) are observed as red spots.
Scale bar=10 wm. (E) Fluorescence increases in TMA-DPH (b} and DAR-4M (c} in a RQOI (a) were binarized with a threshold at mean+2 S.D.
TMA-DPH spots (green) and DAR-4M spots (red) were expressed as color dots and merged. This overlay figure {d) shows three cluslers where both
‘fluoresgence dots are colocalized on a fiber (arrows), which are indicative of presynaptic production of NQ. To emphasize changes on the fibers, only
fluorescence on fibers were shown. Scale bars=10 pm,

DISCUSSION

The present study demonstrated that presynaptic NOS
immuno-positive sites in the cerebellar cortex (Redrigo
et al., 1994), actually served as active NO sources. NO
production in PF terminals depended exclusively on

production in the pinceau. Together, these findings sug-
gest that muitiple gating receptor mechanisms govern
NO production in specific neurons.

NO detection with DAF-2 flucrometry

AMPA receptors. The AMPA receptor-dependent mech-
anism involves TTX-sensitive sodium channels and volt-
age-gated calcium channels, and produces low concen-
trations of NO presynaptically. This contrasts the NMDA
receptor-dependent postsynaptic NO production, which
releases NO via calcium .entry through the receptor-
coupled channel. In addition, we found that synergistic
activation of NMDA and mGlu-1 receptors triggered NO

DAF-2 diacetate is a membrane permeable, non-flucrescent
compeund. it is intracellularly converted to DAF-2, which in
tum reacts with NO to produce a stable triazole compound,
DAF-2T. This conversion is associated with a 250-fold in-
crease in fluorescence, enabling sensifive {up to 5 nM in vitro)
detection of NO (Kgjima et al., 1998; Rathei et al., 2003). In
tissues, however, the sensitivity may be reduced because
light scattering and absorption interfere with fluorescence
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Fig. 7. Synergistic activation of NMDA and mGlu-1 receptors produces NO in PCL. {A) Subtraction images (<40 objective, after—before stimulation,
parasagittal slices) showing that fluarescence spots appeared in PC soma after electric stimulation al 50 Hz (2 s, 30 V, Aa), but not at 10 Hz (Ab). The
stimulation electrode was placed in WM (marked by X). {Ac) Average and S.E.M. of dF/Fo in a PC soma. The arow (50 Hz) or arrowhead (10 Hz) indicates
stimulation, Open squares: 50 Hz (six ROls from six slices), closed squares: 10 Hz (six ROIs from six slices). (B} Fluorescence was not increased by 50 Hz
stimulation (arrow) in the presence of 1 WM TTX (closed bar). Averages and S.E .M. of dF/Fo in four ROls from three slices are shown. Open squares: without
TTX, the same data as in Ac. Closed squares: with TTX. (C) Stimulation at 50 Hz (arrows) did not increase fluorescence in PC soma in the presence of 30 pM
CPCCOEt (hatched bar). Averages and S.E.M. of dF/Fo in five ROIs from three slices are shown. (D) Stimulation at 50 Hz (arrows) did not increase
flucrescence in PC soma in the presence of 50 pM o-APS (hatched bar). Averages and S.E.M. of dFfFo in five ROIs from three slices are shown. (E)
Stimulation at 10 Hz (arrowheads) increased fluorescence in PC soma in the presence of 100 M (S}DHPG (shaded bar). Averages and S.E.M. of dF/Fo
in 15 ROIls from six slices are shown. (F) Soma response was evoked by 30 pM NMDA {closed bar, open bar indicates Mg-free ACSF) primed by 100 uM
{SyDHPG (shaded bar). Averages and S.E.M. of dFfFo in nine ROIs from three slices are shown. (G} Accumulation of cyclic GMP measured by
enzyme-linked immunoassay of slice extract. Slices were incubated with 0.1 mM 3-isobufyl-1-methylxanthine from 5 min prior to addition of agonists.
** P<0.01, " P<0.05. Averages and S.E.M. of five slices are shown,

detection. Nitrite, nitrate, superoxide, hydrogen peroxide and
divalent cations such as calcium and magnesium do not
affect DAF-2 fluorescence (Kojima et al., 1998; Suzuki et al.,
2002). Although dehydroascorbic acid and ascorbic acid in-
creased DAF-2 fluorescence, the reaction requires these
compounds at concentrations >mM (Zhang et al., 2002).
Thus, NO specifically converts DAF-2 into DAF-2T in living
tissues.

It was reported that oxidation of DAF-2 by peroxynitrite
(Jourd’heuil, 2002) or intense light (Broillet et al., 2001)
also increased its fluorescence. However, peroxynitrite
generation in cells requires NO production, and intense
light increases DAF-2 fluorescence only in the presence of
NO. Therefore, although these reactions might enhance
fluorescence when NO is produced, they do not disguise

the fact of NO production. We constantly confirmed NOS-
dependent NO production using a NOS inhibitor.

It is, however, noteworthy that quantitative measure-
ments of NO concentrations within tissues, such as direct

- comparison of NO concentrations between areas, are be-

yond the ability of DAF-2 fluorometry, because conversion
of DAF-2 into DAF-2T is not accompanied with spectral
shift, preventing calibration by 2-wavelengths measure-
ment. We concluded that the unit NO release was much
less in ML, based on the observation that a detectable
fluorescence increase in ML required more numbers of
stimuli than other areas (Fig. 1). _
DAF-2T fluorescence depicts diffusion-based spread
of NO around active NO sources (Fig. 6B). Distributions of
DAF-2 and DAF-2T were uniform within a cell (Fig. 1). NO
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spreading area would merge together where weak NO
sources are present at high density (Lancaster, 1994). This
diffusibility of NO, together with light scattering by slice
thickness, lowers contrast of our fluorescence images,
preventing precise identification of individual active NO
sources. However, the use of dispersed cells or an extra-
cellular NO scavenger reduced this ambiguity. Further-
more, differential fluorescence intensity due to membrane
density difference among layers enabled discrimination of
each layers. o

Reaction of DAF-2 with NO occurs within several sec-
onds (Kgjima et al., 1998). Since DAF-2T is stable in cells
{Kojima et al., 1998), growth of DAF-2T fluorescence over
time provides a cumulative map of NO generation in the
tissue. Agonist permeation across slice thickness may
cause continuous growth of fluorescence after cessation of
agonist application observed in some figures such as Fig.
6C.

NMDA-dependant NO production

The NMDA receptor-coupled mechanism activates nNOS
close fo the receptor. Although it was reported that NO
production evoked by 300 pM NMDA in the presence of
Mg?* ions was TTX-sensitive (Southam et al., 1991), it
was TTX-insensitive in the absence of Mg?* ions in our
hands. Since we used lower concentrations of NMDA
(30 M), it is suggested that the effects of NMDA are
dose-dependent; bath TTX-sensitive and -insensitive com-
ponents would be activated at higher concentration, while
lower concentrations of NMDA activate only postsynaptic
NO production.

The discontinuous patterning of NO production was
also found by histochemical experiments of nNOS,
NADPH-diaphorase (Hawkes and Turner, 1994; Yan et al.,
1993) and cGMP (DeVente et al., 1990). This sagittal band
is developed in & manner dependent on the pattern of the
mossy fiber inputs (Oberdick et al., 1998). Since NMDA
activates nNOS in the posisynaptic density complex, it is
likely that the banding pattern represents a partial fraction
of nNOS linked to NMDA receptors in postsynaptic sites. In
contrast, observation of uniform NO production throughout
GCL suggests a possibility that & population of nNOS
localized extrasynaptically is linked to AMPA and mGlu-1
receptors.

NO production in ML

NO production in ML increases cyclic GMP levels in PCs
(Hartell et al., 2001), which is critical for long-term depres-
sion of PF synapses (Shibuki and Okada, 1991; Lev-Ram
et al.,, 1995). It has been reporied that PF activities pro-
duced NG in ML {Shibuki and Kimura, 1897; Casado et al.,
2000; Hartell et al,, 2001), although responsible receptors
were controversial, The present study demonstrated that
AMPA receptor is the major frigger of NO production in ML,
which causes depolarization of GC and calcium influx in
PF terminals through opening voltage-gated calcium chan-
nels. These results are consistent with our previous obser-
vation (Hartell et al., 2001).

In contrast to NMDA-dependent mechanism, AMPA
receptor-dependent NO production was entirely sensitive
to TTX and dependent on high-threshold calcium chan-
nels, implying the indirect coupling of AMPA receptor with
remote NNOS through conduction of depolarization. Mo-
lecular organization of such an indirect coupling (for exam-
ple, relative distance between the receptor and nNQOS, or
how caicium channels and nNOS are coupled) remains to
be investigated; however, our observations indicate that
such a “remote” mechanism is important in axonal produc-
tion of NO, which works as a neuronal output. This con-
trasts the postsynaptic NO production that funcfions as
ong of the elements of dendritic computation. Thus,
AMPA- and NMDA-dependent mechanisms generate NO
carrying distinct computational information (Garthwaite,
1991).

The present study indicated that the gate-receptors
regulate initial NO concentrations. Close linkage be-
tween NMDA receptor and nNQOS allows NO production
at a near-maximal rate, while the indirect activation
gated by AMPA receptor does not. Theoretical works
(Wood and Garthwaite, 1924; Lancaster, 1994) esti-
mated that NO generated by NMDA receptor-dependent
full activation of nNOS spreads over 100 pm, which
contains about 5x10* synapses in ML, judged from the
reported density of spines (ito, 1984). In contrast, brighter
patches representing intercellular diffusion of NO origi-
nated from PF terminals (Fig. 6) had a radius of 5 pm and
may contain 420 PC spines. Since the number of the
NO-generating PFs presentin a patch is not necessarily 1,
NO diffusion distance from a single source may be less
than § wm, which is much less than expected from NMDA
receptor-dependent mechanism. Since above estimation
depends on the detection limit of DAF-2T fluorescence,
precise estimation of NO diffusion in tissue requires further
efforts. Nevertheless, we suggest that recruitment of the
AMPA receptor-dependent mechanism limits the number
of the affected synapses. Low initial concentrations of NO
may defimit regions that undergo plastic changes in syn-
aptic transmission. Modulation of input specificity of syn-
aptic function by a diffusible messenger sounds paradox-
ical; however, it might be important for error-tolerant pro-
cessing by neuronal circuit.

Synergistic production of NO in the pinceau

NO production in the pinceau was cbserved only after
specific pharmacological or electrical stimuli; coactivation
of mGlu-1 receptor with NMDA receptor, but not AMPA
receptor (Okada, 1992), or electrical stimulation at 50 Hz,
but not at 10 Hz. ltis thus suggested that specific neuronal

. inputs activate nNCS in the pinceau through a TTX-sensi-

tive “remote” mechanism. Since mGlu-1 receptor is always
found in postsynaptic sites (Baude et al., 1993), nNOS
activation in the pinceau may involve modification of
NMDA receptor current or intraceliular calcium dynamics
by mGlu-1 receptor (Skeberdis et al., 2001). Basket cells
regulate excitability of PCs through strong inhibitory trans-
mission, and our abservation of NO production in the pin-
ceau indicates that NO is released together with GABA.

v_—/
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Therefore, it is possible that NO from the pinceau modu-
lates GABA function through GABA-A receptor phosphor-
ylation or GABA transporter inhibition (Robello et al., 1996;
Shen et al., 1997). As another possibility, NO from this site
may affect gene expression in PC (Peunova and Enikol-
opov, 1993; Gudi et al., 2000). .
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Abstract: Detection of chelatable zinc (Zn?*) in biological studies has attracted much attention recently,
because chelatable Zn?* plays important roles in many biological systems. Lanthanide complexes (Eu®t,
Th3t, etc.) have excellent spectroscopic properties for biclogical applications, such as long luminescence
lifetimes of the order of milliseconds, a large Stoke’s shift of >200 nm, and high water solubility. Herein,
we present the design and synthesis of a novel lanthanide sensor molecule, [Eu-7], for detecting Zn2*,
This europium (Eud*) complex employs a quinolyl ligand as both a chromophore and an acceptor for Zn2+.
Upon addition of Zn?* to a solution of [Eu-7], the luminescence of Eu** is strongly enhanced, with high
selectivity for Zn2* over other biologically relevant metal cations. One of the important advantages of
[Eu-71is that this complex can be excited with longer excitation wavelengths (around 340 nm) as compared
with previously reported Zn?*-sensitive luminescent lamthanide sensors, whose excitation wavelength is
at too high an energy level for biological applications. The usefulness of [Eu-7] for monitoring Zn?* changes
in living HeLa cells was confirmed. This novel Zn2*-selective uminescent lanthanide chemosensor [Eu-7]
should be an excellent lead compound for the development of a range of novel luminescent lanthanide

chemosensors for biological applications.

Introduction

Zinc (Zn?") is the second most abundant heavy metal ion
after iron in the human body, and the total zinc ion concentration
in serum is of the order of 10 #M.! Zn?* is an egsential com-
ponent of many enzymes (e.g., carbonic anhydrase), and also
plays critical roles in maintaining key structural features of gene
transcription proteins (e.g., zinc finger proteins).? Moreover,
chelatable Zn?* is present at especially high concentrations in
brain,? pancreas,* and spermatozoa.’ Chelatable Zn?* regulates
neuronal transmission in excitatory nerve terminals,’ suppresses
apoptosis,S contributes to neuronal injury in certain acute con-
ditions,” epilepsy,? and transient global ischemia,? and induces
the formation of S-amyloid,!? which is reported to be related to

1 The University of Tokyo.
# Presto, JST Corporation.
[¢)) Paker M. M_; Humaller, F. L.; Mahler, D. J. Clin. Chem. 1967, 13, 40—

) (a) Vallee, B. L.; Falchuk, K. H. Physiol. Rew. 1993, 73, 79—118. (b) Berg,
J.M.; Shi, Y. Science 1996, 271, 1081—1085.

3) Fredenckson C. ). Inr. Rev. Neurobiol. 1989, 31, 145—238.

(4) Zalewski, P. D.; Millard, S. H.; Forbes, 1. J; Kapaniri& 0.; Slavotinek,
A Beus, W.HL; Ward, A. D.; Lincoln, S, F.; Mahadevan, I, J, Histockem.
Cytochem. 1994, 42, 877—884.

(5) Zalewski, P. D.; Jian, X.: Soon, L, L, L; Breed, W. G.; Seamark, R. F;
Li?)coln. S.F.; Ward, A. D; Sun, F. Z. Reprod. Fertl, Dev, 1996, 8, 1067—
1105,

{6) Truong-Tran, A_ Q. Ho, L. H.; Chai, F.; Zalewski, P. D. J. Nutr. 2000,
130, 14595-14668.

(7) Choi, D, W,; Koh, J. Y. Annu. Rew. Neurosci. 1998, 21, 347—375.

(8) Frederickson, C. J.; Hemandez, M. D.; McGinty, J. F. Brain Res. 1989,
480, 317-321.

(9 Koh, ). ¥.:Suh, S. W.; Gwag, B.J.; He, Y. Y., Hau, C. Y.; Choi, D. W.
Science 1996, 272, 1013—1016.
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the etiology of Alzheimer’s disease. Although many reports de-
scribe the significance of chelatable Zn?* in biological systems,
its mechanisms of action are less well understood than those of
other cations, such as Ca®t, Nat, and K¥. Therefore, there is
considerable interest in detecting chelatable Zn?t in biological
systems. 1!

So far, several Zn**-selective fluorescent sensor molecules
have been reported.!2 However, novel types of Zn?*-sensitive
fluorescent sensor molecules are needed for studies on biclogical
phenomena, and several new types of sensors that are designed
for ratiometric measurement,'? or that are peptide- or protein-
based,'* have recently been introduced. Ratiometric measure-

(10} Bush, A. L; Pettingell, W. H.; Multhaup, G.; Paradis, M. D.; Vonsattel, J.
P.: Gusella, J. F;; Beyreuther, K.; Masters, C. L,; Tanzi, R. E. Science
1994 265, 1464—1467.

(11) (=) Kikuchi, K.; Komatsu K.; Nagano T. Curr. Opin. Chem. Biol, 2004, 8,
182—191. (b} Jlang P.; Guo, Z. Coord. Chem. Rev. 2004, 248, 205—229,

(12) (a) Frederickson, C. J; Kasa.rskls E. J.; Ringo, D.; Frederickson, R. E. J.
Newrosci, Methods 1987 20, 91103, (b) Zalewskl P, D,; Forbes, [. J.;
Bews, W. H. Biochem. J. 1993, 296, 403—408. () Hirano, T.; Kikuchi,
K.; Urano, Y.; Nagano, T, J, Am. Chem. Soc. 2002, 124, 65596362, [G))
Walkup, G. K.; Burdette, S. C.; Lippard, S. k; Tsien, R. Y. J. Am. Chem.
Soc. 2000, 122, 5644—5645. (¢) Haugland, R. P. Hardbook of Fluorescent
Probes and Research Chemicals, 6th ed.; Molecular Probes, Inc.; Eugene,
OR, 1996; pp 531—540. (f) Hendricksen K. M.; Geue, J. P.; Wyness, O.;
Lincoln, S. F.; Ward, A. D. J, Am. Chem. Soc. 2003 125, 38803805, (g)
Gee, K. R.; Zhou, Z. L.; Qian, W. J.; Kennedy, R. J. Am. Chem. Soc.
2002, 124, 776 778. (h) Burdette, S. C.; Frederickson, C. J.; Bu, W;
Lippard, . J. J. Am, Chem. Soc. 2003, 125, 1778— 1787,

(13) (a) Henary, M. M.; Wu, Y. Fahuni, C. J. Chem. Exr. J. 2004, 10, 3015—
3025, (b) Taki, M.; Wolford, I. L.; O'Halloran, T. V. J. Am. Chem. Soc.
2004, 126, 712— —713. ()] Woodroofe, C. C.; Lippard, 8. Y. J. Am. Chem.
Soc, 2003, 125, 11458—11459. (d) Maruyama,s Kikuchi, K.; Hirano,
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ment in particular enables more precise analysis of Zn?*
concentrations. The other approach for precise analyses is time-
resolved fluorescence (TRF) measurement, which offers a better
signal-to-noise ratio. Luminescent lanthanide complexes are
suitable for TRF measurement. So, our interest in Zn?*-selective
fluorescent sensor molecules was directed toward huminescent
lanthanide complexes, in particular complexes of the evropium
and terbium trivalent ions (Bt and Tt3). These complexes
have large Stoke’s shifis (=200 nm), long luminescence
lifetimes of the order of milliseconds, and high water solubility, '3
whereas the typical organic fluorescent compounds possess small
Stoke’s shifts (Stoke’s shifts of fluorescein and thodamine are
~25 and ~20 nm, respectively)*c~%1% and short fluorescence
lifetimes in the nanosecond region. The long-lived huminescence
of the lanthanides has the advantage that short-lived background
fluorescence and scattered light decay to negligible levels when
a pulse of excitation light is applied and the emitted light is
collected after an appropriate delay time. For these reasons,
sensitization of Janthanide luminescence has been exploited for
a number of useful signaling systems for time-resolved assays
in the fields of medicine, biotechnology, and biological sci-
ence.!” The lanthanide f—f transitions have low absorbance, so
the figand structure requires a sensitizing chromophore for high
luminescence.’¥ Absorption by the chromophore results in
effective population of its triplet level, and efficient intramo-
lecular energy transfer occurs from the excited chromophore to
the lanthanide metal, whereby the metal becomes excited to the
emission state (Scheme 1).15217818> By means of appropriate
chromophore design, it is possible to develop luminescent
lanthanide complexes which can be used to sense various
biological molecules.

There are only a few reports about lanthanide-based lumi-
nescent chemosensors for the detection of Zn®*." Parker and
co-workers have developed a luminescent lanthanide agent
which binds Zn?* with an apparent dissociation constant Kq of
0.6 uM (295 K, pH 7.3).1%¢ We employed a different design
approach for a ligand and an antenna in a previous report, and

(14) (a) Thompson, R. B.; Cramex, M. L.; Bozym, R.; Fierke, C. A. J. Biomed.
Opt. 2002, 7, 555—560. (b) Shults, M. D.; Pearce, D. A_; lmperiali, B. /.
Am Chem, Soc 2003, 125, 1059110597 (c) Ba:ondeau,D P.; Kassniann,
C. 1.; Tainer, J. A.; Getzoff, E. D. [ Am. Chem. Soc. 2002, 124 3522~
3524,

(15) (a) Parker, D.; Williams, 1. A. G. J. Chem. Soc., Dalton Trans. 1996, 361 3—
3628. (b) Li, M.; Selvin, P. R. J. Am. Chem. Soc. 1995, 117, 8132—8138.
(c) Beck, J. B.; Rowan, S. 1. /. Am. Chem. Soc. 2003, 1253, 1392213923,

. (d) Frang, K. J.; Nitz, M; Imperiali, B. ChemBigChem 2003, 4, 265—271.
(e) Lin, W.; Yiao, T.; Li, ¥; Liu, Q.; Tan, M.;: Wang, H.; Wang, L. J. Am.
Chem. Soc. 2004, 126, 2280—2281. (f) Weibel, N,; Charbonnizre, L. J.;

- Guardigli, M.; Roda, A.; Ziessel, R. J. Am. Chent. Soc. 2004, 126, 4888 —

. 4896. (g) Alpha, B.; Lehn, J. M.; Mathis, G. Angew. Chem., Int. Ed. Enél
1987, 26, 266— 267 (h) Petoud S.; Cohen, S. M.; Biinzli, J. C
Raymond, K. N. J. Am. Chemn. Sec. 2003 125, 13324-13325. (i} Maffeo,
D.; Williams, J. A. G. Inorg. Chin, Acta 2003 355, 127-136.

(16} Mizuka.mi, S.; Kikuchi, K.; Higuchi, T.; Urano, Y.; Mashima, T.; Tsuruo,
T.; Nagano, T. FEBS Lett. 1999, 453, 356—360.

(17} (a) Kolb, A.J; Kaplita, P. V_; Hayes, D. J.; Park, Y. W; Pemnell, C.; Mgjor,
1. S.; Mathis, G Drug Discovery Today 1998, 3, 333—342. (b) Enomoto,
K.; Araki, A.; Nakajima, T.; Ohta, H.; Dobi, K.; Préaudat, M.; Seguin, P.;
Mathis, G.; Suzuki, R.; Kominami, G.; Takemoto, H. J. Pharm. Biomed.
Anal. 2002, 28, 73—79. (c) Beeby, A.; Botchway, S. W.; Clarkson, 1. M,;
Faulkner, S Pa.rker, A, W.; Parker, D.; Williams, J. A. G J. Photocham.
Photobiol. B: Biclogy. 2000 57, 83— 80, {d) Frias, 1. C.; Bobba, G.; Cann,
M. J.; Hutchison, C. J.; Parker, D. Org. Biomol. Chem. 2003 1, 905907,
(&) Barrios, A.M. Craik, C. 8. Bivorg. Med. Chem. Lert, 2002, 12, 3619—
3623. {f) Vereb, G.; Jares-Erijman, E.; Selvin, P. R.; Jovin, T. M. Biophys.
J. 1998, 74, 22102222, (g) Matsumoto, K..; Nojima, T.; Sano, H.; Majima,
K. Macromol. Symp. 2002, 186, 117—121. (h) Karvinen, J.; Hurskainen,

P.; Gopalakrishoan, $.; Burns, D.; Warrior, U.; Hemomild, L. J. Biomol. ‘

Screen. 2002, 7, 223—231. (i) Préaudat, M.; Ouled-Diaf, J.; Alpha-Bazin,
B.; Mathis, G.; Mitsugi, T.; Aono, Y., Takahashi, K.; Takemoto, H. J.
Biomol, Screen. 2002, 7, 267—274. (j) Lin, Z.; Wu, M.; Schiiferling, M.;
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Scheme 1. (a) Schematic View of a Chromophore Incorporated
into a Europium Emitter2 and (b} the General
Chromophore-to-Europium lon Sensitization Process?
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“The emission from Eu®t after excitation of the chromophore is shown,
bLight absorption and lowest-lying singlet excited state (S;) formation at
the sensitizing chromophore are followed by intersystem crossing (ISC),
resulting in population of the lowest-lying triplet excited state (Ty).
Subsequent chromophore-to-Eu?t energy transfer leads to population of a
metal-centered level, which deactivates from Eu**-emitting states to the
relevant ground states.

the novel lanthanide complexes obtained showed a large en-
hancement of luminescence upon Zn?" addition with an apparent
dissociation constant K4 of 2.6 nM (295 K, pH 7.4).1% However,
these compounds are unsuitable for biological applications,
because of their short excitation wavelength, stall emission
enhancement, inconvenient pH sensitivity, insufficient selectivity
for Zn?*, etc. So, it is necessary to develop sensors with a Jonger
excitation wavelength for biclogical applications without losing
the high selectivity and high affinity for Zn?t. Moreover,
development of a simple sensor switch for ZnZ*, which would
serve as both chromophore and Zn?* receptor, would be useful.
From this background, we set out to develop a novel lanthanide
complex which can detect Zn?* in biological systems, in the
relevant concentration range.

Here we report the design and synthesis of the novel Zn?*-
sensitive luminescent lanthamide chemosensor [Eu-7]; upon
complexation with Zn2%, it exhibits strong, long-lived Jumines-
cence (of the order of milliseconds), and it also offers a large
Stoke’s shift (=250 nm), high water-solubility, and high
selectivity for Zn®* (Figure 1).

Results and Discussion

Design and Synthesis of [Eu-7] and [Gd-7]. N.NN,N-
Tetrakis(2-pyridylmethyljethylenediamine® (TPEN) shows high
selectivity for Zn?* over other metal ions found under physi-
ological conditions, such as Ca?* and Mg?*. Accordingly, we

(18) (a) Parker, I.; Dickins, R. S.; Puschmann, H.; Crossland, C.; Howard, J.
A K. Chem. Rev. 2002, 102 1977-2010. (b) Quici, $.; Marzanm G;
Carazzini, M.; Anelli, P. L.; Botta, M.; Gianolic, E.; Accorst.G Arma.roh,
N Barigel[etti, F. Ingrg. Chem. 2{]02, 41, 27T7—2784. (c) Latva, M.;
Takale, H.; Mukkala, V. M.; Matachescu, C.; Rodriguez-Ubis, J. C;
Kankare, J. . Lumin. 1997, 75, 149—169. (d) Dadabhov, A.; Faulknes, S.;
Sammes, P. G. J. Chem. Soc., Perkin Trans. 2 2002, 348—357.
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Figure 1. Stuctures of Bu®* and Gd** N-{N-[2-N,N-bis(2-pyridylmethyl)-
aminomethylquinolin-6-yllcarbamoylmethyl}-N, N N” N”'-diethylenetri-
aminetetraacetic acid complexes: [Eu-7] and [Gd-7]. :

designed a novel sensitive luminescent sensor for Zn?t [Eu-7)]
by the combination of Ev?* —diethylenetriaminepentascetic acid
(DTPA) complex and a quinoline-containing TPEN-based ligand
for Zn?*, The quinoline chromophore was selected as an antenna
and a ligand, because quinoline has a longer excitation
wavelength (>300 nm)?* than pyridine and can cocrdinate to
metal ions, .

In the structure of [Bu-7], the quinolyl chromophore is fixed
close to the Ev3* ion, allowing it to function as an antenna.
The synthetic schemes for the lanthanide complexes, [Eu-7]
and [Gd-7], and details of the chemical characterization of
compounds are provided in the Supporting Information,

Spectroscopic Characteristics of a Solution of [Eu-7] upen
Additien of Zn**. The complex [Eu-7] in aquecus solution
was characterized by a time-delayed luminescence spectram
with a delay time of 0.05 ms. The time-resolved luminescence
emission intensity of [Eu-7] (50 M) increased significantly
(8.5-fold) upon addition of 1.0 equiv of Zn?*, with a laree
Stoke’s shift of >250 nm. The emission intensity remained at
a platean in the presence of an excess of Zn?* (Figure 2). The
luminescence emission displayed three bands at 579, 593, and
614 nm, comesponding to the deactivation from the Dy excited
state to 'Ry, 7Fy, and "F, ground state, respectively,. 18210 The
UV—vis absorption spectral change was monitored during Zn?*
addition. The absorption spectram of [En-7] without Zn2* had
Amax = 249 nm and broad bands at 330 and 318 nm, tailing out
to 350 nm (Figure 3). The absorption spectrum of [Eu-7)
changed upon addition of Zn?* (0—1.0 equiv), with three
1sosbestic points at 334, 268, and 248 nm, and then remained
at a plateau upon further addition of Zn+ (Figure 3 and Figure
S4), in accordance with the time-resolved luminescence spectra
(Figure 2). The three peaks (330, 318, and 249 nm) of absorption
changed to two peaks (320 and 253 nm) upon Zn?* addition.
The absorption wavelength changes between 300 and 350 nm
were supposed to be due to the photophysical property change
of the quinolyl moiety with Zn?* chelation, whereas pyridine—
Zn?* coordination resulted in changes below 300 nm. ' Thus,
1:1 complex stoichiometry was observed in both the absorption
and the lurninescence emission spectra of [En-7]. The Job’s
plot using the luminescence emission intensity of ot at 614

(19 (2) Reany, O.; Guanlavgsson, T.; Parker, D. J. Chem. Soc., Perkin Trans.
2 2000, 1819—1831. (b) Hanaoka, K.; Kikuchi, K_; Kojima, H.; Urano,
Y.; Nagano, T. Angew. Chem., Int. Ed. 2003, 42, 2096—2999. (¢) Reany,
O.; Gunnlaogsson, T.; Parker, D. Chem. Commun. 2000, 473—474.

(20) Sillén, L. G.; Martell, A. E. Stability Constants of Metal-fon Complexes;
Special Publication No. 17; The Chemical Society: Burlington House,
London, 1964,

(21) () Gunnlaugsson, T. Tetrafedron Lert. 2001, 42, 8901—8905. (b)
Gunnlaugsson, T.; MacDonaill, D. A.; Parker, D. J. Am. Chem. Soc, 2001,
123, 12866—12876. (¢} Manning, H. C.; Goebel, T.; Marx, J. N.; Bornhop,

D. ). Org. Ler 2002, 4, 10751078, (4} Jonerand, N.; Pearce, D. A.;

Imperiali, B, J. Org. Chem. 2001, 66, 3224—3228,
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Figure 2. Time-delayed emission spectra (excitation at 320 nm) of
[Eu-7} (50 M) in the presence of various concentrations of Zn?*: 0, 0.1, -
0.2,0.3,04,05, 06, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 2.0, 3.0, 4.0, 5.0, and 10.0
equiv of Zn*t with respect to [Eu-7]. These spectra were measured at pH
7.4 (100 mM HEPES buffer) and 22 °C using 4 delay time of 0.05 ms and
2 gate time of 1.00 ms. The inset shows the changes of the luminescence
intensity at 2 = 614 nm. The bands arise from *Dy — 7F transitions; the
J vilues of the bands are labeled.
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Figure 3. Absorbance spectra of 50 #M aqueous solution (100 mM HEPES
buffer; pH 7.4) of [Eu-7] at 22 °C upon addition of aliquots of Zn?¥, which
was added as ZnSOq4: 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0, and 10.0
equiv of Zn2* with respect to [Eu-7]. The inset shows the spectra magnified
between 290 and 360 nm.

=

nm for the complex of [Eu-7] and Zn?* also indicated the
presence of the 1:1 complex (see Supporting Information), 2
For [Eu-7] (20 uM), the fluorescence emission spectra were
measured without a delay time, with excitation at 320 nm
(Figure 4). In the fluorescence emission of [Eun-7], one band
with a short lifetime #ppeared at 397 nm with a concomitant
linear flnorescence increase following addition of Zn?t at
between 0 and 1.0 equiv to [En-7], and it remained at a plateau
with further Zn?* addition (Figure $6). The short-lived fluo-
rescence at 397 nm can be ascribed to direct emission from the
quinolyl moiety of {Eu-71.212> All these results can be rational-
ized in terms of 1:1 complex formation of [Eu-7] with Zn2*,
vig the quinolyl ligand.

Luminescence and Chemical Properties of [Eu-7] and
[GAd-7]. The luminescence and chemical properties of [Eu-7]
and [Gd-7] are listed in Table 1. [Eu-7] and [Gd-7], even at
10 mM, were highly water-soluble. The phosphorescence spectra
of [Gd-7] were measured in MeQH:EtOH = 1:1 at 77 K in the
absence and in the presence of Zn®*, The triplet energy levels
for free and Zn2*-bound [Gd-7] were around 20 790 and 20 576

(22) Nabeshima, T.; Tsukada, N,; Nishijima, K.; Ohshiro, H.; Yano, Y. J. Org.
Chem, 1996, 67, 4342—4350.
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Figure 4. Fluorescence spectra of [Eu-7] (20 gM) in 100 mM HEPES

buffer at pH 7.4 without a delay time upon the addition of incréasing

amounts of Zn¥*: 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 40, 5.0, and 10.0

equiv of Zn** with respect to [Eu-7]. Excitation at 320 nm, 22 *°C. The

inset shows the spectra magnified between 330 and 575 nm. '

Table 1. Lurninescence and Chemical Properties

(B Tro (MS)° Togo (S’ ¥
apparent Ky Zne+ 2R+ e+ Zri*
for Zn?t (nM)2 free complex free complex free compex free  complex

[Eu-7] 59 09 74 052 058 203 223 142 122
triplet state energy {cm1)f r(mM-1 s
free Zr2* complex iree Zn®* complex
[Gd-7] 20790 20576 6.05 5.81

@ [Zn®*] was controlled by using Zo2t/NTA systems below 398 nM free
Zn?* and unbuffered Zn?* above 200 uM free Zo*t. The buffer contained
100 mM HEPES, pH 74, I = 0.1 (NaNOj3). ¥ Quantum ylelds were
calculated using [Ru¢bipy)sICla (bipy = 2,2"-bipyridine; ¢ = 0.028 in water)
as a standard, and measured in 100 mM HEPES buffer at }JH 74, 25 °C.
¢ Tn HaO-based buffer (100 mM HEPES buffer; pH 7.4). “In D;O-baaed
buffer (106 mM HEPES buffer; pD 7.4). ¢ g values were estimated using
the equation g% = 1.2(fgo™! —Tpe™! — 0.25), which allows for the
contribution of unbound water molecules.?? /In MeOH:EtOH = 1:1 at 77
K. 8 The Ry relaxivity as measured at 20 MHz and 25 °C in 100 mM HEPES
buffer (pH 7.4).

cm™!, respectively, and both were sufficiently close to the *Dy
level, the excited state, of Ev®* (E = 17250 cm™).2 The
luminescence quantum yield (¢) was 0.9% before addition of
Zn?t and was increased 8.2-fold to 7.4% by Zn** addition, under
air-equilibrated conditions. This luminescence quantum yield
is sufficiently large for luminescence detection. Further, the
binding affinity for Zn®" was assessed by using the lumines-
cence intensity. The affinity of [Eu-7] for Zn?* ions was
measured at pH 7.4, 22 °C, in a high salt background (100 mM
HEPES buffer, ] = 0.1 (NaNO3)). The apparent dissociation
constant Ky for Zn?* was calculated to be 59 nM. This Ky value
for Zn2* was larger than that reported for ts(2-pyridylmethyl)-
amine (TPA) (Kq = 0.014 nM; pH = 7.4, 298 K, I = 0.1),%
probably due to a larger steric repulsion in the case of the
quinolyl substituent than the pyridy} substituent, but the value
is still sufficiently small for biological applications.” Measure-
ments of the decay rate constants of the Eu®* excited state were
catried out in both HaQ and D20, in the absence and in the

(23} (a) Crosby, G. A.; Whan, R. E.; Alire, R, M. J. Chem. Phys. 1961, 34,
T43—T748. (b) Stem G; Wumberg,E J. Chem. Phys. 1975, 62, 208~213.
(24) Martell, A. E.; Soith, R. M. NIST Critically Selected Stability Constants
of Metal Camplexes; NIST Standard Reference Database 46, Version 6.0;
NIST: Gaithersburg, MD, 2001.
(25) (a) Weiss, J. H.; Sensi, S. L.; Koh, J. Y. Trends Pharmacel. Sci. 2000, 21,
395—401. (b) Li, Y.; Hough, C. J.. Suh, 3. W ; Sarvey, J. M; Frederickson,
C I Neuroghysial. 2001, 86, 2597-2604. (c} Li, Y.; Hough, C. J;
Frederickson, C. J.; Sarvey, J. M. J. Neurosci. 2001, 21, 3015-3025.

presence of Zn®* (see Supporting Information). The lumines-
cence lifetimes of [Eu-7] were found to be 0.52 (without Zn2*)
and 0.58 (with Zn2) ms in HaO (z,0), and 2.03 (without Zn®*)
and 2.23 (with Zn**) ras in D20 (Tp,0)- These values indicated
that the numbers of coordinated water molecules (g values) at
the metal center were 1.42 and 1.22, respectively, according to
eq 1.%6 Thws, the lanthanide hydration state was hardly affected

no. of water molecules:

T =12r o — 70— 025) (1)

by the addition of Zn®*. Therefore, it can be considered that

the increase of the emission intensity caused by Zn?* addition

was not due to a change in the direct interaction of water
molecules with Eu?t,

Next, the spaiial arrangement of [Eu-7] was further assessed
by measuring the relaxometric properties. The water proton
relaxivity By of Gd** complexes is routinely used as an
important parameter for MRI contrast agents.?” The relaxation
enhancement is modulated by the electron—nucleus dipolar
interaction, which can be changed by rotation of the complex,
by electron spin relaxation of the metal ion, and by the co-
ordinated exchange of water molecules.” The R relaxjvity of
[Gd-7] at 20 MHz showed similar values in the absence and in
the presence of Znt, i.e., 6.05 and 5.81 mM™1 571, respectively.
This result indicates that the environment around the Eu®* jon
of [Eu-7] was hardly changed by Zn?* binding.

Effect of pH and Other Cations on the Long-Lived
Luminescence Intensity. The luminescence emission intensity
of [Eu-7] at 614 nm was examined at various pH values, with
excitation at 320 nm. There was almost no effect of H' on the
emission spectrum of [Eu-7] between pH 3.6 and 8.8 either in
the presence or in the absence of Zn?* (see Supporting Infor-
mation). Thus, the luminescence emission intensity of [Eu-7]
is stable at around physiclogical pH. Parker et al. reported a
Zn?t-gensitive luminescent lanthanide probe based on photo-
induced electron transfer (PeT) from the benzylic nitrogen to
the chromophore’s singlet excited state.’®¢ This approach has
the disadvantage that the pivotal nitrogen for Zn?* binding can
also be protonated at lower pH, resuiting in strong luminescence
owing to inhibition of PeT. However, our compound [Eu-7]
was pot affected by lowering of the pH. The tertiary amine of
[Eu-7] can be protonated at around pH 3.6, because TPA has
pK, values of 6.10, 428, and 2.49.2* Thus, the finding of
insensitivity to lower pH means that the luminescence augmen-
tation was not due to cessation of PeT from tertiary amine. We
think that this pH stability of the luminescence is one of the
key advaotages of [Eu-7].

The effect of adding Nat, K, Ca?*, Mg?*, and various heavy
metal ions on the luminescence emission intensity of [Eu-7]
was also examined. Luminescence emission ephancement of

(26) Beeby, A.; Clatkson, 1. M,; Dickins, R. $.; Faulkner, S.; Parker, D.; Royle,
L.; de Sousa, A. §.; Williams, J. A. G.; Woods, M. J. Chem. Soc., Perkin
Trans, 2 1999, 493—503.

(27) (a) Caravan, P.; Ellison, J. J.; McMury, T. J.; Lauffer, R. B. Chem. Rew.

1999, 99, 2293—-2352. (b) Lowe, M. P. Aust. J. Chem. 2002, 55, 551— -

556, (¢} Li, W, H.. Fraser, S. E; Meade, T. J. J. Am. Chem. Soc. 1999,

121,1413—1414. (d} Li, W. H.; Parigi, G.; Fragai, M.; Luchinat, C.; Meade,

T. §. Inorg. Chem. 2002, 41, 4018—4024. (e} Moats, R. A.; Fraser, $. E;;

Meade, T. J. Angew. Chem., Int. Ed. Engl. 1997, 36, 726—728. (f} Louie,

- ALY Hitber, M. M.; Alwens, E. T.; Rothbicher, U.; Moats, R.; Jacobs, R.
E.; Fraser, §. E.; Meade, T. J. Nat. Biptechnol. 2000, 18, 321-325.

(28) Merbach, A. E.; Téth, E. The Chemistry of Contrast Agents in Medical

Magnetic Resonance Imaging, John Wiley & Sons, Ltd.: Chichester, 2001.
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