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organic extract was evaporated in vacuo to yield a crude
extract, which was subjected repeatedly to silica gel col-
umn chromatography using n-hexane-ethyl acetate as
the solvent.

Cell Culture and 96-Well Based Assay Procedures—
Primary neuronal cells were prepared from embryonic
17-d Wister rat brains as described by Suzumura et al.
(27). In brief, the meninges were removed and the brains
were dissociated by adding in Dulbecco’s medified Eagle’s
medium (DMEM) MIXTURE F-12 HAM (Sigma Aldrich
Fine Chemicals, St. Louis, MO, USA) containing 2.85 mg/
ml glucose, 5 uM HEPES, 25 pg/ml insulin, 2 pM proges-
terone, 0.1 mM putrescine, 0.03 uM sodium selenite, 0.1
mg/ml apo-transferrin, 100 U/ml penicillin and 100 pg/ml
streptomycin (DF medium),

For screening microbial metabolites, primary neuronal
cells were cultured on poly-D-lysine (PDL) coated 96-well
plastic plates (Becton Dickinson, NJ, USA) at an initial
density of 0.7 x 10° cells/em? in 2% fetal bovine serum
(FBS)}-DF medium for 5 d at 37°C. The cultures were
treated with microbial metabolites for 24 h, and then, cell
death was induced by adding 1 mM SIN-1 (Dojindo,
Kumamoto Japan) or 4 pg/ml DDC (Wake, Osaka, Japan).
After 24 h, and live cells were counted using a Cell
Counting Kit-8 (Dojindo). The kit detects mitochondrial
NADH-dehydrogenase activity in live cells by measuring
the reduction of the tetrazolium monosodium salt, WST-
8. This is a modified MTT assay, and it is known that
the MTT assay is not influenced in the presence of vari-
ous oxidants. Cell number was also measured by the
CyQUANT Cell Proliferation Assay Kit (Molecular
Probes, Eugene, USA), which quantifies the amount of
DNA (28). The chemical structures of the compounds
obtained were determined by NMR analysis.

PC12 cells were incubated in 75-cm? tissue culture
flasks in DMEM (Nissui, Tokyo, Japan} supplemented
with 10% FBS, 5% horse serum (HS), 100 U/ml penicillin,
and 100 pg/ml streptomycin. NGF-differentiated PC12
cells were treated with 100 ng/ml NG¥ for 5 d. Cells of
the rat fibroblast cell line 3Y1 were cultured in DMEM
containing 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin.

To study the protective effects of microbial metabolites
and known scavengers on PC12 cells and 3Y1 cells, cells
were cultured at a initial density of 3.0 x 103 cells/fem? in
DMEM supplemented with 10% FBS, 5% HS or DMEM
containing 10% FBS § d at 37°C. Cell death induced by
SIN-1 and cell viability were measured as described
above.

All cultures were maintained at 37°C in a humidified
CO,-incubator.

Observation of Tyrosine Nitration by Immunofluores-
cence—Primary neuronal cells were cultured for 7 d on
PDL-coated 8-well culture slides (Becton Dickinson). The
cells were fixed with 4% paraformaldehyde in PBS (+)
(phosphate-buffered saline containing 0.9 mM Ca? and
0.5 mM Mg#*) for 1 h, washed three times with PBS (+),
and incubated with 10% ¥FBS-PBS (+) at 4°C for 1 h.
Next, they were incubated with an anti-nitrotyrosine
antibedy 1AE (Upstate, VA, USA) in 10% FBS-PBS (+) at
4°C for 1 h. After two washes with PBS (+), the cells were
incubated with fluorescein isothiocyanate (FITC)-conju-
gated goat anti-mouse IgG (H&L) (ICN Pharmaceuticals,
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Inc. Morgan, Irvine, CA, USA) in 10% FBS-PBS (+) for 1
h. Cell nuclei were stained with 10 pg/ml of 4',6-diamid-
ino-2-phenylindole (DAPI) (Sigma Aldrich Fine Chemi-
cals) at 37°C for 30 min. The cells were then washed with
PBS {+), and the nuclear DNA was observed under a flu-
orescence microscope IX70 (OLYMPUS, Tokyo, Japan).
Measurement of Scavenging Activity—We measured
ONOO- and O, scavenging activities using the chemilu-
minescent procedure described by Radi e al. (29) and
Beauchamp and Fridovich (30), respectively. In brief, 400
mM 5-aminoe-2,3-dihydro-1,4-phthalazinedione (luminol)
(Sigma Aldrich Fine Chemicals) was diluted with § mM
NaHCO,, pH 10.5 (Wako) in Hanl’s balanced salt solu-
tion (HBSS) (Invitrogen Corp, Carlsbad, CA, USA) (solu-
tion A). Test compounds were diluted with HBSS (pH 7.0)
(solution B). Selutions A and B and ¢.5 mM SIN-1 diluted
with HBSS (pH 7) were mixed, and then ONOO- was
measured using a chemiluminometer (MicroLumat
LB96V; Berthold Technology, Bad Wildbad, Germany) for
20 min. O,~ was generated by the xanthine-xanthine oxi-
dase system following the modified method of Beau-
champ and Fridovich (30). Specimens in Tris-HCI buffer

- were added to the wells of 96-well plates, each well con-

taining 10 U/m] xanthine oxidase and 2 pM 2-methyl-6-
{p-methoxyphenyl)-3,7-dihydriimidazo-[1,2-a]pyrazin-3-
one (MCLA; Tokyo Kasei Co. Ltd, Tokyo, Japan). To
generate Oy, 30 pM xanthine was added to each well.
Chemiluminescence intensity was measured with a
chemiluminometer for 10 min. NO scavenging activity
was measured by the fluorometric method of Kojima et
al. (31). The fluorometric detection of NO was carried out
using the NO indicator (NONOQate; Dojindo) and
diaminofluorescein-2 (DAF-2; Daiichi Pure Chemicals
Co. Ltd, Tokyo, Japan). The fluorescence from DAF-2T,
the reaction product of DAF-2 with NO, was measured as
the fluorescence intensity of DAF-2T using a microplate
fluorescence reader (Packard Instrument Co., Meriden,
USA) (Ex = 490 nm and Em = 520 nm). Mn-TBAP
(Dojindo), a scavenger of ONOO- and O,, and 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-
oxide (C-PTIO, Dojindo), a scavenger for NO, were used
as controls. :

Caspase Activity Assay—We measured caspase-3 activ-
ity according to Zhou et al. (32). After exposure to ONOO-,
cells were incubated in 50 mM Tris-HC] buffer (pH7.4)
containing 4 mM DTT (Sigma Aldrich Fine Chemicals), 2
mM EDTA, 10% glycerol, 0.1% Triton X-100 and 20 uM
Ac-Asp-Glu-Val-Asp-T-amido-4-methylcoumarine (Sigma
Aldrich Fine Chemicals), a fluorogenic substrate for cas-
pase-3. The activity of caspase-3-like proteases was
determined by measuring the fluorescence intensity of
the cleaved substrate in a microplate fluorescence reader
(Packard Instrument Co., Meriden, USA) (Ex = 360 nm
and Em = 460 nm).

RESULTS

Screening of Microbial Metabolites That Prevent SIN-
I-Induced Neuronal Cell Death—We screened two hun-
dred micrebial metabolites and obtained one compound
that rescued primary neuronal cells from SIN-1-induced
death. This compound was identified as neoechinulin A
by NMR analysis. In the presence of SIN-1, the viability
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Fig. 1. Dose-dependent effects of neoechinulin A on neuronal
cells. Primary neuronal cells were seeded at a density of 1.4 x 105
cells/em? After 5 d, cells were incubated with neoechinulin A for 24
h, and treated with 1 mM SIN-1 or 4 pg/ml DDC for 24 h. Cell via-
bility was measured using a Cell Counting Kit-8 (means + SD, n =
4).'p < 0.05, "p < 0.01.

of primary neuronal cells was less than 15%. Treatment
with 200 pM neoechinulin A increased cell viability to
more than 60%, while such treatment provided no protec-
tion against cell death induced by DDC (Fig. 1). This indi-
cates that necechinulin A protects primary neuronal cells
against ONOO-—induced death, but not against O, -
induced death.

3Y1 cells, a fibraoblast cell line, were not rescued from
SIN-1-induced death by neoechinulin A. To determine
the protective specificity of necechinulin A, its effect on
NGF-differentiated and undifferentiated PC12 cells was
examined. Neoechinulin A rescued only differentiated
PC12 cells (Fig. 2), suggesting that protective properties
of the compound are specific to neuronal cells. Differenti-
ated PC12 cells were also dose-dependently rescued by
necechinulin A (Fig. 3.). The results, shown in the
Figures 2 and 3, were confirmed using another cell count-

1401
120 D weoechinulin A (-)
W eoectivutina o
=100
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T
Primary newonal cells NGF. PCI2 el PCI2 ccln Wil

Fig. 2. Preventive effect of neoechinulin A against SIN-1
injury. Primary neuronal cells (1.4 x 10% cells/cm?), PC12 cells (3.0
x 103 cells/cm?) and 3Y1 cells (3.0 x 10° cells/cm?) were cultured on
PDL-coated 96-well plates for 5 d. After treatment with or without
200 uM neoechinulin A for 24 h, cells were cultured in the presence
of 1 mM SIN-1 for 24 h. Cell viability was determined using a Cell
Counting Kit-8.
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Fig. 3. Dose-dependent effects of neoechinulin A on differen-
tiated PC12 cells. PC12 cells were seeded at a density of 3.0 x 103
cells/em? and treated with 100 ng/ml NGF for days. Differentiated
PC12 cells were incubated with necechinulin A for 24 h, and treated
with 1 mM SIN-1 for 24 h. Cell viability was measured using a Cell
Counting Kit-8. (means + SD, n =4) "p < 0.01.

ing kit, the CYQUANT Cell proliferation kit (data not
shown).

Ability of Neoechinulin A to Scavenge ROS Produced
by SIN-1—To study the scavenging activity of necechinu-
lin A, we examined the nitration of tyrosine residues in
SIN-1-exposed cells by immunostaining with monoclonal
anti-nitrotyrosine antibody 1AE, Tyrosine nitration was
almost completely inhibited by neoechinulin A (Fig. 4),
suggesting that neoechinulin A has ONOQ- scavenging
activity. This activity was confirmed by the chemilumi-
nescence procedure. The ONOO- scavenging activity of
neoechinulin A is comparable to the activities of Mn-
TBAP and C-PTIO (Fig. 5A). Scavenging either 05~ or NO
also prevents the generation of ONOO- from SIN-1, Mn-
TBAP and SOD scavenge about 100% and 75%, respec-
tively of Oy, while neoechinulin A does not scavenge O,
(Fig. 5B). The fluorometric procedure using DAF-2
revealed that C-PTIO scavenges about 60% of NO, while
neoechinulin A does not eliminate NO (Table 1). These
results indicate that neoechinulin A specifically scav-
enges ONOO-, but not 0, and NO.

Neuroprotective Effects of Neoechinulin A in SIN-1-
Induced Oxidative Stress—It has been reported that var-
ious substances, such as anti-apoptotic compounds and
neurctrophic factors, have neuroprotective activities (33,
34). We confirmed the neuroprotective effect of the scav-
engers, C-PTIO and uric acid (Fig. 6A). To examine the
activities of neoechinulin A other than scavenging activ-
ity, differentiated PC12 cells were pretreated with
neoechinulin A, C-PTIO and uric acid for 24 h, and then,
after removal of the compounds, with SIN-1 for 24 h.
Under these conditions, the scavengers did not rescue dif-
ferentiated PC12 cells. As shown in Fig. 6B, neoechinulin
A still had a neuroprotective effect. This result suggests
that neoechinulin A activities other than its scavenging
activity.

Figure 3 shows that the viability of necechinulin A-
treated cells was increased by 120%. In this study, live
cells were counted with a cell counting kit that measures
NADH-dehydrogenase activity as described in “MATERI-
ALS AND METHODS.” Several researchers have reported
that NGF and bFGF increase the mitochondrial NADH-
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dehydrogenase activity of PC12 cells (35, 36). These facts
suggest that neoechinulin A activates this enzyme in
PC12 cells. To examine this possibility, we investigated
the effect of neoechinulin A on NADH-dehydrogenase in
differentiated PC12 cells in the absence of SIN-1. NADH-
dehydrogenase activity was normalized to the number of
cells as measured with the assay kit that counts cell
number based on quantification of genomic DNA. A sig-
nificant increase in NADH-dehydrogenase activity was
observed after the addition of necechinulin A (Fig. 7).

ONOQO- activates caspase-3 (37, 38). Thus, we exam-
ined the effect of necechinulin A on the SIN-1-induced
activation of caspase-3-like proteases in differentiated
PC12 cells. The activation was suppressed by about 65%
by 200 uM neoechinulin A. On the other hand, neo-
echinulin A did not influence the caspase-3—ike protease
activity of 3Y1 cells (Fig. 8). These results indicate that
neoechinulin A has neurotrophic factor-like and anti-
apoptotic activities.

DISCUSSION

Neoechinulin A is a known metabolite of A, rubber and A.
amstelodami (26). Yagi et al. (39) reported neoechinulin A
to be an antioxidant compound that suppresses lipid per-
oxidation in dried bonito flakes, Katsuobushi. However,
additional properties of the compound were not investi-
gated. In this paper, we show that neoechinulin A has
scavenging, neurotrophic factor-like and anti-apoptotic
activities. The results shown in Fig. 5 and Table 1 indi-
cate that the compond scavenges only ONOO- released

Table 1. NO generation in the presence of scavengers.

Compounds Generation of NO (% of control)
None 100

Neoechinulin A 100+3

C-PTIO 41+1

50D 1085

Without neoechinulin A

K. Maruyama et al.

Fig. 4. Prevention of ONOO--
induced tyrosine nitration by
neoechinulin A. Primary neuro-
nal cells were incubated with 0.25
mM SIN-1 for 2 h with or without
200 pM necechinulin A, and stained
with an anti-nitrotyrosine antibody
1AE and DAPI as described in
“MATERIALS AND METHODS.” Bar =
50 um

A) 120

Peroxinitrite (% of control)
S
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o
control neoechinulin A PTIQ  Mn-TBAP  SOD

B) 1207 .
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contrel  neoechinulin A Mo-TBAP 50D

Fig. 5. Scavenging activity of neoechinulin A. (A) Measure-
ment of ONOO- by luminol-dependent chemiluminescence. Luminol
was diluted to 400 mM with 5 mM NaHCO, (pH 10.5) and the sam-
ples were diluted with HBSS, pH 7, prior to the measurement of
chemiluminescence. Just before measurement, 0.5 mM SIN-1
diluted with HBSS, pH7, was added, and the amount of ONOO- was
measured by a chemiluminometer for 20 min. (B) Measurement of
O, by luminol-dependent chemiluminescence. Samples in 100 pl of
Tris-HC1 buffer, pH 7.4, containing 10 Ufml xanthine oxidase were
incubated in a 96-well plate, and 1 pM of MCLA (5Q pl) were added.
Xanthine (30 pM, 50 ul) was added to generate Og, and the amount
of ONOO- was measured by a chemiluminometer for 20 min.
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Fig. 6. Neuroprotective effect of neoechinulin A and scaven-
gers. PC12 cells were seeded at a density of 3.0 x 103 cells/em? and
treated with 100 ng/ml NGF for 5 d. Cell viability was measured
using a Cell Counting Kit-8. (A) Cells were incubated with scaven-

from SIN-1. In addition, neocechinulin A specifically pro-
tects neurcnal cells against SIN-I-induced cell death
(Fig. 2). Thus, neoechinulin A is very useful for investiga-
tions of ONOO—-induced neurona!l cell death.

ONOO- is a powerful oxidant and eytotoxin whose pro-
duction has been associated with econditions that result in
damage to neurons. The appearance of nitrotyrosine
immunoreactivity in postmortem brain from individuals
with Parkinson’s disease and other neurodegenerative
conditions (40—42) also serves as indirect evidence of
ONOO- production. It is well known that extracts of
Gingko biloba leaves (EGb 761) rescue neuronal cells
against ROS-induced cell death (43, 44). EGb 761
includes two major groups of constituents, flavoncids and
terpenoids, that are involved in scavenging and anti-
apototic activities. It has been reported that EGbh 761
increases the level of mRNA for the mtDNA-encoded sub-
unit 1 of NADH-dehydrogenase (45} and suppresses the
activation of caspase-3 caused by various apoptosis
inducers (46). In the case of neoechinulin A, one com-
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Fig. 7. Effect of neoechinulin A on the NADH-dehydrogenase
activity of PC12 cells. PC12 cells were seeded at a density of 3.0 x
10° cells/em? and treated with 100 ng/ml NGF for 5 d. The indicated
concentration of neoechinulin A was added to each well and the rel-
ative NADH-dehydrogenase activity per cell was determined as
described in “MATERIALS AND METHODS” (means + 8D, n = 4). 'p <
0.05,"p < 0.01,
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gers for 24 h, and treated with 1 mM SIN-1 for 24 h. (B) Cells were
incubated with neoechinulin A for 24 h. The neoechinulin A was
removed and the cells were treated with 1 mM SIN-1 for 24 h.
(means + SD,n = 4) p < 0.05, "p < 0.01.

pound has scavenging, neurotrophic factor-like and anti-
apoptotic activities. It should be noted that neoechinulin
A scavenges ONOO-, but not NO, because NO has vari-
ous physiological functions (4-7), Therefore, neoechinu-
lin A may be useful for protection against ONOO--
induced neuronal cell death in neurodegenerative
diseases.

A)

50 100
Neoechinulin A (M)

200

B)

caspase-3 like activities {% of centrol)

0 100
Neoechinulin A (M)

Fig. 8. Effect of neoechinulin A on caspase-3 like protease
activity. PC12 cells (A) and 3Y1 cells (B) were seeded at a density
of 3.0 x 10® cells/em?. PC12 cells were treated with 100 ng/ml NGF.
Five days later, the cells were incubated with neoechinulin A for 24
h. After removal of the neoechinulin A, 0.5 mM SIN-1 was added.
After 3 h, caspase activity was measured as described in “MATERI-
ALS AND METHODS” (means + 8D, n =4). "p < 0.01.
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Platelet and leukocyte adhesion in the cerebral microvasculature

Mami ISHIKAWA “**, Eiichi SEKIZUKA ?, John H. ZHANG *,
Anil NANDA “ and D. Neil GRANGER *

'Department of Neurosurgery, Tachikawa Hospital,
Clinical Research Unit of National Saitama Hospital,
‘Departments of Molecular and Cellular Physiology and ‘Neurosurgery, Louisiana State University
Health Sciences Center, Shreveport, USA

Introduction
The adhesion of both leukocytes and piatelets to microvascular endothelial cells has been

implicated in the pathogenesis of ischemia/reperfusion (I/R) injury and in hyperchblesterolenﬁa. It has
been shown that I/R elicits an inflammatory response that is manifestgd as an accumulation of adherent
leukocytes and platelets in the cerebral microvasculature. Since platelets can produce inﬂamrﬁatory
mediators, such as pIateIets-derived growth factor, platelet factor 4, thrombospondin and nitric oxide,
platelet adhesion may play an important role after I/R. Hypercholesterolemia is known to induce a
proinflammétory and prothrombogenic state in the microvasculature of different tissues, however, there
has been no documented effort to determine whether the cerebral microcirculation'_ responds to
hypercholesterolemia. The objectives of this study were to: 1) assess the platelet and leukocyte
adhesion induced in the cerebral microvasculature by middle cerebral artery occlusion (MCAQY/
reperfusion and by hypercholesterolemia, and 2) define the molecular determinants of the
prothrombogenic and inflammatory responses in these experimental models,
Material and methods

C57B1/6] mice were anesthetized and craniotomy was made without cutting the dura matter,
Isolated platelets labeled with carboxyfluorescein diacetate succinimidyl ester (CFDASE) were
. administered intravenously and observed with intravital fluorescence microscopy. Leukocytes were
observed following intravenous injection of rhodamine 6G. MCAO was induced for 1 h and after 4 h
reperfusion the adhesion of platelets and leukocytes was observed. Without MCAO, platelet and
leukocyte adhesion was also examined in mice placed on either a normal diet (ND) or high-cholesterol

diet (HCD) for two weeks. In both MCAO and hypercholesterolemia models, some groups were
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treated with a monoclonal antibody (mAb) against either P-selectin or GPIIb/Illa.  In another series of
experiments, the effects of 30 min MCAQ / 4 h reperfusion on platelet and leukocyte adhesion were
studied in mice placed on HCD for 1 week.

Results

One hour of MCAOQ followed by | h of reperfusion resulted in the rolling and adhesidn of .
leukocytes in venules, and after 4 h reperfusion, the adhesion of both leukocytes and platelets was
detected. While both the P-selectin and GPIIb/Illa mAbs significantly reduced the adhesion of
leukocytes and platelets at 4 h reperfusion, the anti-adhesive effects of the P-selectin mAb were much
greater.

When adhesion of ND platelets was monitored in ND recipients, low level interactions were
noted. Howpvcr, when ND platelets were monitored in HCD recipients, greatly elevated levels of
platelet adhesion were observed. Similar adhesion responses were noted when HCD platelets were
monitored in' ND recipients. The increases in leukocyte and platelet adhesion induced by HCD were
significantly a.ttcpuated after treatment with a8 mAb against P-selectin, but not GPIIb/II]a.

Platelet and leukocyte adhesion increased significantly in HCD mice with MCAO/reperfusion,
compared to either HCD alone or MCAO alone.

Conclusion '

MCAOQO/reperfusion injury and diet-induced hypercholesteroleima cause the cerebral
. microvasculature to assume a  proinflammatory and  prothrombogenic  phenotype.
Hypercholesterolemia is a major risk factor for the development of ischemic stroke. Qur results
indicate that antagonists directed against P-selectin may be beneficial in the treatment of stroke,

particularly when accompanied by hypercholesterolemia.

(Key Words: platelet, leukocyte, P-selectin, GPIIb/Illa, cerebral ischemia, reperfusion,
hypercholesterlemia)
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Soft X-ray imaging of living cells
in water: flash contact soft

X-ray microscope
Toshikazu Majima

Flash contact soft X-ray microscopy (FCSXRM) is an imaging technology for
observing living cells in aqueous conditions with a spatial resolution of
several tens of nm. The principle of soft X-ray imaging for living cells is
carbon imaging, which provides us with a carbon-density-distribution map of
the specimens. Carbon and oxygen have absorption edges in the soft X-ray
wavelenpgth range at 4.4 and 2.3 nm, respectively. Between these edges, the
photoabsorption cross-section of carbon is about 10 times greater than that
of oxygen. Thus, one can obtain soft X-ray images of living cells in water
using this wavelength range.

Laser-produced plasma is used as a flash X-ray source. A table-top
FCSXRM, named FCSXRM ETL Mark 3, was developed in 1996 for convenient
laboratory use of SXRM. The X-ray image of a specimen is recorded on a
photoresist polymethyl methacrylate (PMMA) membrane supported on a
sificon wafer, The X-ray image is then enlarged by an atomic force micros-
cope (AFM), The practical resolution achieved by the system is about 40 nm,
including the tip effect of the AFM, In this article, 1 discuss the possible roles
of the FCSXRM for nanometer-scale imaging of living cells under physiolog-
ical conditions.
© 2004 Published by Elsevier B.V.

. . 1, Introduction
Toshikazu Majima®

Mational Institute of Advanced
Industrial Science and
Technology (AIST),

1-1-1 Umezono, Tsukuba,
Ibaraki 305-8568,

Japan

The X-ray microscope is an instrument
for observing a specimen using X-rays
instead of visible light or electron beams
[1-4]. X-rays are electromagnetic waves
with a wavelength range characterized as
being between vacuum ultraviolet rays
and y-rays. X-rays that have longer
wavelength, about 50-0.5 nm, are called
soft X-rays, and those that have shorter
wavelength, about 0.5 nm to 1 pm, are
called hard X-rays. The characteristic
properties of X-rays compared with visible
light and electron beams are as follows:

(1) longer penetration length into
materials than electron beams;

(2) shorter wavelength than visible
light;

*Tel.: +81-29-861-5535;
Fax: +81-29-861-5540;
E-mail: t.majima®aist.go.jp

(3) the characteristic absorption spec-
trum of X-rays is specific to each
element.

Nowadays, these characteristic proper-
ties of X-rays are used for non-destructive
inspection tests in various fields, including
medical services, scientific research, and
engineering development.

In this article, we will focus on soft X-ray
imaging of living specimens in water by a
flash contact soft X-ray microscopy (FCSX-
RM) using laser-produced plasma as a flash
X-ray source, and discuss the advantages
of flash X-ray exposure for in situ obser-
vation of living cells with higher resolution
than the light microscope and for current
scientific research and nanotechnology.

It has been a hard task for the electron
microscope to observe living specimens,
such as microorganisms and cells cultured
in a medium, as it is even for a SXRM
without flash exposure of soft X-rays. Soft
X-ray imaging requires a considerable
number of X-ray photons to obtain a fine
X-ray image of the specimen. The number
of X-ray photons is great enough to cause
thermal denaturalization of the specimen
resulting from the X-ray absorption of the
specimen itself during the X-ray exposure.
Because of this limitation, one should use
a flash exposure of soft X-rays to obtain a
fine image of specimen in water, although
the given X-ray image represents the
specimen at the final moment of its life.

2. Advantage of SXRM to observe
living specimens

As is well known, more than 95% of the
atoms that compose biclogical specimens

510 0165-9936/$ - see front matter © 2004 Published by Elsevier B.V. doi:10.1016/50165-9936(04)00705-8
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are oxygen, carbon, nitrogen and hydrogen. These ele-
ments are included in macromolecules, such as proteins,
liptds, nucleic acids, carbohydrates and water molecules.
Of these elements, oxygen, nitrogen and carbon have
k-shell absorption edges in the soft X-ray wavelength
range. At the wavelength range between the absorption
edge of carbon (4.4 nm) and that of oxygen (2.3 nm),
the X-ray absorption coefficient of carbon is about 10
times larger than that of oxygen. (Fig. 1) [5]. Using the
absorption difference at this wavelength range, which is
called the “water window” wavelength range, one can
obtain a soft X-ray image of living specimens in water as
a carbon-density-distribution map of the specimens.
Wolter discussed the possibility of the soft X-ray imaging
of biological specimens at the water-window range in
1952 [6]. However, it took a long time to realize soft
X-ray imaging of living specimens as a result of several
technical problems.

The spatial resolution of a microscope is defined by the
distance between two points that can be clearly distin-
guished using the instrument. It depends on the wave-
length of the electromagnetic waves used for
observation. In the case of the SXRM using soft X-rays in
the water-window wavelength range, the theoretical
resolution is a few nm. The practical resolution achieved
by SXBMs is, however, several tens of nm, The ultimate
aim for the SXRM is to observe living specimens in water
with a higher resolution than the light microscope,
which is hard for the electron microscope. As mentioned
above, the spatial resolution of the SXRM lies between
that of the light microscope and that of the electron
microscope.

3. Example of soft X-ray image

In a table-top type of FCSXRM, named ETL Mark 3, tn
AIST in Tsukuba, an X-ray image was recorded on a
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polymethyl methacrylate (PMMA) membrane (thickness
500 nm} coated on a silicon wafer [7]. PMMA is an
X-ray sensitive resist used in applying lithography to
production of electronic devices. An X-ray photon
absorbed by the PMMA molecule breaks a main chain of
the polymer malecule. The dissolution rate of reduced
pieces of the PMMA molecules into inorganic solvents is
greater than that of the original ones. At the PMMA
surface, where the specimens are absent, more PMMA
molecules are broken than those at the PMMA surface
covered by the specimens. As a result, the dissolution
rate of each part of the PMMA surface varies depending
on its histery during the X-ray exposure. Accordingly,
an X-ray image of the specimen is recorded on the
PMMA surface as a thin relief. This soft X-ray image
recorded on the PMMA surface is then enlarged by an
atomic force microscope (AFM) [8.9].

A soft X-ray image of a sea-urchin sperm in sea water
was reported by Tomie et al. [8]). The image shown in
Fig. 2 is the AFM readout of one soft X-ray image. To
stress details of the X-ray image, the z-axis is emphasized
compared to the x- and y-axes, and the X-ray image is
presented with a mesh display mode, We should notice
the thickness of the X-ray image, which is less than
150 nm. In the X-ray image, a sperm head and a
flagellum stringing out from the sperm head are clearly
visible. Light and electron microscopic investigation of a
sea-urchin sperm showed that the sperm head of the sea
urchin has a mitochondria with a doughnut-like shape
at the rear part of the sperm head [10], and the mito-
chondrion is a sub-cellular organelle supplying adeno-
sine triphosphate (ATP) molecules for flagella beating.
To the rear of the X-ray image, a concave crossing the
sperm head is visible, which represents a boundary
between the nucleus and the mitochondrion in the
sperm head. In soft X-ray imaging, the carbon-density-
distribution map of the specimen is projected, thus the
boundary of cellular organelles is sometimes represented

= 2.50E+04 | Water Window

—N

—— )

11.91 21.91 319t
Wavelength (angstroms)

Figure 1. X-ray absorption coefficient of carbon, nitrogen and oxygen.
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Figure 2. X-ray image of a sea-urchin sperm in seawater enlarged
by AFM. The X and Y axes are graduated in pm scale.

in the soft X-ray image as a low carbon-density part of
the specimen.

A cross-section of the X-ray tmage at the mitochon-
drion measured by the AFM is shown in Fig, 3. The
mitochondrion has a doughnut-like shape and the
flagellum is stringing out from the central hole of
the mitochondrion. The carbon content of the sperm
flagellum is not so high as those of the mitochondrion,
as shown in Fig. 3. Consequently, the soft X-ray image of
the mitochondrion, which is given as a side-on projec-
tion of the doughnut-shaped object, shows a concave
portion corresponding to the central hole. The cross-
section of the X-ray image at the mitochondrion repre-
sents a two-peak profile (Fig. 3).

An X-ray image of a bacterial cell is shown in Fig. 4.
In some cases, the X-ray image has a large concavity
where the carbon density is lower than the background
of the bacterial cell body [11]. The diameter of the

30128 nm

Figure 3. (a) Cross-section of the X-ray image of the sea-urchin
sperm at the mitochondria; (b} top view of the X-ray image of the
sea-urchin sperm, The cross-section was obtained along the white
line.

512 hupsiwww.elsevier.comfocateftrac
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Figure 4, X-ray image of bacterial cell enlarged by AFM. The X
and Y axes are graduated in pm scale.

concavity is 500 nm, occasionally rising to as much as
1 pm. Sometimes, a small void in a low carbon-density
region Is recognized at the center of the concavity. In a
bacterial cell, a nucleoid is a sub-cellular structure of the
right size to correspond to the concavity on the X-ray
image. The nucleoid comprises a large circular DNA
molecule containing 4.4 million base pairs [12]. We can
estimate the weight of the circular DNA to be
1.9 x 10-!® g assuming an average molecular weight of
260 Da per base pair. The estimated mass density of the
nucleoid forming a sphere with a diameter of 550 nm is
given as 0,04 g/ml and the specific gravity of the
nucleoid with the same volume of water becomes 1.04,
A bacterial cell contains 70% water by weight. If we
assume that half of the organic molecules are in cellular
plasma, the specific gravity of the plasma can be roughly
estimated to be (70+ 15)/70 and the specific gravity to
be 1.2, In addition, the difference of the ratio of chemical
elements in DNA and protein in mammalian sperm [13]
and plant cells [14] affects the faintness of the nuclesid
in the soft X-ray image relative to the cellular plasma.
This also contributes to the concave formation on the
X-ray image.

A cryo-electron microscopic image of a thin section of
Escherichia coli has been reported [15]. The structure of
the nucleoid of E. coli observed by the cryo-electron
microscope 1s similar to that observed by the SXRM. A
small void at the center of the nucleoid is clearly dem-
onstrated, although the center of the nucleoid was
drawn as an electron-dense region of the cryo image.
Despite the difference of contrast in the two images, these
results suggest that the soft X-ray image of the specimen
obtained in water resembles the cryo-electron micro-
scopic image.
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SXRM provides us with sub-cellular structure of living
specimens in water without chemical staining and
dehydration of the specimen. The high carbon sensitivity
of SXRM at the water-window-wavelength range will be
useful for observing gel-like structures rich in water,
which is impossible by electron microscopic observation
[16.17]. As an example, a soft X-ray image of the cell body
of unicellular green alga Chlamydomonas sp. is shown in
Fig. 5. The cell body including two flagella is presented.
Around the cell body, we can recognize a translucent
structure in which two flagella are stringing out from the
cell body. A gel layer around the cell body is visible.

4, Need for flash exposure of soft X-rays

The major obstacle to obtaining a fine soft X-ray image
of a living specimen is the thermal denaturalization of
the specimen itself caused by X-ray absorption during
the X-ray exposure. In soft X-ray imaging, the energy of
X-rays absorbed by carbon atoms in macromolecules in
the specimen changes into thermal energy and this
raises the temperature of the specimens. Finally, it de-
forms the specimens, resulting in blurry X-ray images
under long X-ray exposure. In the case of SXRM using
synchrotron-radiation beams, a few tens of seconds of X-
ray exposure is required. The amount of X-ray photons
necessary to make an X-ray image with a spatial reso-
lution of 100 nm is at least more than 10* times the dose
level that causes biological damage to the specimens,
and this increases as the spattal resolution increases
[18.19]. Because of this damage, application of SXRM

! ] z 3 L] L]
Figure 5. X-ray image of Chlamydomonas sp. enlarged by AFM.
The X and Y axes are graduated in pm scale.
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using a synchrotron for observation of living specimens
in water has not been achieved despite of its usefulness
elsewhere in scientific research {e.g., for X-ray diffraction
studies of protein molecules). To avoid thermal defor-
mation of the specimens, a cryo SXRM was constructed
so that the specimens were embedded in an ice cube
chilled by liquid nitrogen [20].

In order to observe living specimens in water, flash
exposure is essential to prevent deterioration of the X-ray
image affected by the thermal deformation of the speci-
mens during the X-ray exposure. As mentioned above,
the energy of soft X-rays absorbed by the carbon com-
ponents of the living specimens causes thermal defor-
mation of the specimens. However, these processes
require a definite length of time because of the delay in
thermal conduction; one can therefore obtain a fine soft
X-ray image of specimens using a flash exposure that
should be finished before thermal deformation of the
specimens can begin. With this technique, fine soft X-ray
imaging of living specimens in water has been success-
ful. Flash X-ray exposure of less than 10 ns gives us a
successful X-ray image of the specimens free from ther-
mal disturbance, although these X-ray images represent
the last stage of life of the living specimens,

5. FCSXRM

The diagram in Fig. 6 represents an outline of the X-ray
exposure chamber in our SXRM. In the instrument, a
table-top laser ts used for plasma production, and the
X-ray microscope itself is placed on an optical bench.
This enables biologists to use the X-ray microscope in
their own laboratories. The X-ray exposure system
comprises a pair of nested cylinders; an outer cylinder
corresponding to a vacuum chamber for plasma
production and an Inner cylinder as a sample holder in
which living specimens in culture medium are settled
on a PMMA chip. Plasma production requires vacuum
conditions, and living specimens should be kept under
atmospheric conditions. An X-ray window made of a
silicon-nitride membrane (0.3 mm square, 200 nm
thick) supported on a silicon wafer (10 mm square,
200 pum thick) separates the outer chamber and the
sample holder. The X-ray window is installed inside the
top of the inner chamber and is sealed by coating with
red nail varnish. It works as both an X-ray permeable
window and a pressure bulkhead between the two
cylinders.

A second harmonic light pulse (532 nm) from a
Nd:YAG laser is used to produce the plasma that works
as a flash soft X-ray source. Using an optical lens (not
shown in the diagram). the light pulse is focused on a
target made of yttrium foil located at the top of the
sample holder, and the plasma is produced. Then, soft
X-rays irradiate the specimens on the PMMA membrane

http/fwww. elsevier.comocateftrac 513
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Figure 6. Cross-section of the X-ray exposure chamber and the principle of recording,

through the X-ray window. Specimens just under the
X-ray window are irradiated by the X-ray flash. After the
irradiatfon, the specimens on the PMMA membrane are
washed out to clean up the surface of the PMMA chip.

The PMMA chip is chemically developed in a 1:1 (v/v)
mixture of methyl isobutyl ketone and isepropanol.
Chemical development generates the X-ray image of the
specimen on the PMMA surface as a thin relief of the full
size of the specimen, The X-ray image on the PMMA
surface is enlarged by an AFM. Application of AFM is
convenient not only for observing the shape of the X-ray
image by two-dimensional enlargement, but also for
obtaining of the carbon-density profile of the specimens
by analyzing the height of the X-ray image. The relative
thickness of the X-ray image, more properly the depth
dog down by the chemical development, contains
information on the carbon-density profile in the
specimen along the X-ray projection.

6. Other X-ray microscopes

Apart [rom the FCSXRM mentioned above, various other
types of X-ray microscopes are constructed today [1.3,4).
These are categorized according to:

(a) the X-ray source;
(b) the presence or absence of imaging optics;
{c) the recording medium for the X-ray image.

Synchrotron radiation, laser-produced plasma and
X-ray tube are typical X-ray sources.

Imaging optics is used for enlargement of the X-ray
image, A zone plate, which is a kind of circular diffrac-
tion grating for accumulating diffracted X-rays at the
same point on an optical axis, works as a lens for X-rays.
A reflection mirror for X-rays is also used to focus X-rays
to magnify the X-ray image. Without imaging optics, a
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projection-type X-ray microscope is available using a
point source of X-rays [21].

The recording medium is another important item of
X-ray microscopy. X-ray resists, such as PMMA and EPR
(an epoxy novolac-based chemically amplified photo-
resist [22], or a CCD camera are used.

7. Past and future

The history of X-ray microscopy is much longer than
that of electron microscopy. Not long after the discovery
of X-rays in 1895, several efforts were made to develop
X-ray microscopes. There were several barriers to
obtaining an X-ray image;

(1) the recording medium for the X-ray image;
(2) an X-ray source brilliant enough for imaging;
(3) an enlargement technique for the X-ray image.

At the beginning of the last century, the technological
background of X-ray microscopy had not matured
enough to make an X-ray microscope possible. The
innovation of the cathode ray tube in the 1930s accel-
erated the development of electron microscopy. As is well
known, the electron microscope has become an essen-
tial instrument to observe nanometer-scale objects in
various fields of current science and technology.

The development of integrated circuits (IC) in the
1980s reactivated many research fields related to con-
struction of the X-ray microscope. Lithography, a tech-
nology for microfabrication, played important roles in
the development of modern X-ray microscopy. Micro-
fabrication enables us to develop a zone plate that works
as a lens for X-rays and research into the X-ray micro-
scope with imaging optics has become mainstream,
coinciding with the construction of synchrotrons around
the world.
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The development of the high-power laser also
activated research into the X-ray microscope at the same
time. In the 1980s, pulsed plasma was suggested as a
soft X-ray source for X-ray lithography and X-ray
microscopy [23-25] and a laser-produced plasma is
considered to be a convenient flash X-ray source for soft
X-ray microscopy [26]. The lifetime of the laser-produced
plasma ranges from several hundreds of picoseconds to
several tens of nanoseconds, depending on the duration
of the laser pulse used. Using plasma for less than 10 ns,
one can obtain a fine X-ray image by FCSXM without
thermal deformatton of the specimen [27].

A laser-induced plasma is strong enough to supply
photons necessary for fine X-ray imaging within a few
nanoseconds. A table-top type of X-ray microscope for a
small laboratory provides information that is hard to
obtain by visible light or electron microscopes.

Recent developments in the biosciences require us
to observe living cells in situ with higher resolution.
Application of the FCSXRM to tissues, where observation
of objects in water is essenttal to understand the primary
nature and/or structure of the objects, will open up a
new field of nanometer-scale imaging in water.
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