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Nitric oxide upregulates the cyclooxygenase-2 expression through
the cAMP-response element in its promoter in several cancer cell lines
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We previously showed that nitric oxide (NO) induces
overexpression of cyclooxygenase-2 (COX-2) and produc-
tion of prostaglandin E, in cancer cells. Here, we
investigated the mechanisms by which NO induces
'COX-2 expression in cancer cells. We found that the
cAMP-response element (CRE) is a critical factor in NO-
induced COX-2 expression in all cells tested. We found
that. in cancer cells, three transcription factors (TEs) —
cAMP response element-binding protein (CREB), activat-
ing transcription factor-2 (ATF-2) and c-jun, bound the
CRE in the COX-2 promoter, and their activities were
increased by addition of the NO donor, S-nitroso-/V-
acetyl-D,L-penicillamine (SNAP). NO-induced activation
of soluble guanylate cyclase (sGC), p38 and c-Jun NH,-
terminal kinase (JNK) upregulated the three TFs, leading
to COX-2 overexpression. Addition of dibutyryl-cGMP
(db-cGMP) induced COX-2 expression in a manner
similar to' SNAP; this induction was blocked by a p38
inhibitor (SB202190), but not by a JNK inhibitor
(SP600125). NO-induced cGMP was found to activate
CREB and ATF-2 in a p38, but not c-jun-dependent
manner, while NO induced JNK in a cGMP-independent
manner, leading to subsequent activation of c-jun and
ATF-2. These results suggest that the low concentrations
of endogenous NO present in cancer cell may induce the
expression of many genes, including COX-2, which
promotes the growth and survival of tumor cells.
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Introduction

In recent years, nitric oxide (NO) has been recognized
as a fundamental signaling molecule for the mainte-
nance of homeostasis, a potent cytotoxic effector
molecule involved in the pathogenesis of a wide range
of human diseases (Liaudet er al, 2000). NO is also
an important mediator of inflammatory responses,
prompting researchers to investigate whether NO
interacts with another inflammatory factor, cyclooxy-
genase-2 (COX-2), in inflammatory cells. Previous
reports showed that when inducible NO synthase
(INOS) was upregulated in inflammatory cells, COX-2
expression increased in a similar pattern (Surh et al.,
2001). NO has been reported to activate or inhibit COX-
2 activity, depending on the concentration of NO, the
timing of its induction, and the investigated cell type
(Salvemini et al., 1993; Stadler ez al., 1993; Tsai ef al.,
1994; Habib et al., 1997).

It is well known that INOS and COX-2
are simultaneously upregulated in various cancers,
including head and neck cancer (Gallo er - al.,
1998; Chan et al., 1999; Son et al., 2001; Lee e al.,
2002; Nose et al., 2002). However, the direct cross-talk
between NO and COX-2 in cancer cells has not been
fully elucidated. Recently, we showed that NO induces
COX-2 expression and prostaglandin E, (PGE,) pro-
duction in head and neck cancer cells, and that this
effect is blocked by iINOS inhibitors. Similar resuits have
been shown in other cancer cells, including hepatocarci-
noma, gastric cancer and cervical cancer (Park ef al.,
2003).

The role of NO in cancer is unclear and somewhat
controversial, but may be divided into two broad
functions: promotion of cancer progression and/or
cytotoxicity to cancer cells. At high concentrations,
NO acts as a tumoricidal factor, though it can also
initiate tumorigenesis through genotoxic mutations.
At lower (noncytotoxic) levels, NO has been reported
to promote cancer progression during invasion, metas-
tasis and angiogenesis (Gallo er al., 1998; Wink ef al.,
1998; Surh ef al., 2001). In cancer cells, COX-2 is known
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to facilitate malignant progression though various
mechanisms (Sheng et al., 2001; Pai er al, 2002;
Sun et al., 2002; Tanabe and Tohnai, 2002). COX-2
is one of the immediate early response genes; its
expression is regulated by trans-activation of a regula-
tory signal leading to activation of specific transcription
factors (TFs) that subsequently bind regulatory sites
in the COX-2 promoter. NF-«kB, NF-IL6, PEA-3
and cAMP response element-binding protein (CREB)/
activator protein-1 (AP-1) have been suggested to
play important roles in the regulation of the COX-2
expression in various cells; their response elements
have been located close to the transcription initiation
site of the COX-2 promoter (Howe et al, 2001;
Tang et al, 2001; Tamura et al., 2002; Tanabe
and Tohnai, 2002). NO affects the activity of many
TFs in various pathways. NO transduces intracellular
signaling through the activation of sGC, which is the
only receptor conclusively proven to mediate interac-
tions between NO and its signaling molecules (Bogdan,
2001). However, it is not yet known how COX-2
expression is upregulated by endogenous NO in cancer
cells, or whether NO plays an important role in
carcinogenesis.

Here, we investigated the mechanisms of NO-induced
overexpression of COX-2 by analysing the action
of NO on signals related to the regulation of
COX-2 expression in cancer cells, We found that NO
increases COX-2 expression through the cAMP re-
sponse element (CRE) of the COX-2 promoter
in cancer cells. The data suggest that the low concentra-
tions of endogenous NO present in cancer - cells
may induce the expressions of diverse genes, such as
COX-2, which promotes the growth and survival of
tumor cells.

Results

CRE is an important transcription regulatory element
Jfor basal and NO-induced COX-2 expression
in SNU-1041 cells

We performed luciferase assays with plasmids contain-
ing partial COX-2 promoter sequences (—1432/+ 59(L),
-327/+59(S), KBM, CRM, ILM, KBM+CRM,
KBM +ILM, CRM +ILM and Triple M) (Figure 1b)
and observed that the CRE was a critical regulatory
motif for basal and NO-induced overexpression of
COX-2 in SNU-1041 cells. Basal luciferase activities
were significantly lower in cells transfected with
plasmids  containing  mutant CRE (CRM,
CRM + KBM, CRM +ILM and Triple M) versus those
with other plasmids (-327/+59(S), KBM, ILM
and KBM +ILM) (Figure la). Similarly, cells trans-
fected with plasmids harboring mutant CRE sequences
showed significantly lower inductions of luciferase
activity in response to the NO donors, phorbol 13-
myristate [2-acetate (PMA) or S-nitroso-N-acetyl-D,
L-penicillamine (SNAP) (Figure 1b). These data indicate
that CRE is a critical regulatory motif for NO-induced
COX-2 expression.
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Figure I CRE is an important transcription regulatory element
for basal and NO-induced COX-2 expression in SNU-1041 cells.
(a) Schematic of the 5'-regulatory region of the human COX-2 gene
and the utilized mutant constructs. Transcription factor binding
sequences (H) and mutated sites (X) are indicated. (b) SNU-1041
cells were transfected with 0.5 ug of plasmids containing partial
COX-2 promolers (—1432/+ 59(L), —327/+59(S), KBM, CRM,
ILM, KBM +CRM, KBM +ILM, CRM+ILM and Triple M)
and subsequently treated with 500uM SNAP or 10nM PMA for
18h. Total cell lysates were prepared and COX-2 promoter
activities were determined. Luciferase activity was normalized in
relation to cotransfection with 0.5 ug pSV-§ galactosidase control
vector, and is presented in relative luciferase units (RLUs). Vertical
bars indicate the standard deviation (s.d.)
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CREB, activating transcription factor-2 (ATF-2) and
c-jun bind to the CRE of the COX-2 promoter in
SNU-1041 cells

To identify TFs that interact with the CRE of the COX-
2 promoter, we performed a gel shift assay using four
representative members of the CREB/ATF-2/AP-1
family of TFs: CREB, ATF-2, c-jun and c-fos
(Figure 2a). Treated with antibody to CREB, ATF-2
and c-jun antibodies, but not by the anti-c-fos antibody,
the decrease and dragged shift of the binding bands were
detected in repeated experiments. Addition of unlabeled
competitors against the CREB and AP-1 elements also
decreased the intensity of the bands, while addition of
an unlabeled competitor for NF-«B (cold control) did
not., These results indicate that at least three of them
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Figure 2 CREB, ATF-2 and c-jun bind to the CRE of the COX-2 promoter, and NO increases their activities in SINU-1041 cells.
(a) Nuclear proteins (5 ug) were incubated with **P-labeled oligonucleotides containing the CRE site of COX-2, and 2 ul antibody and 1 ul
unlabeled oligonucleotide competitors (25 x ) were added for competition assays. The unlabeled competitor for NF-kB was used as a cold
control. (b) For Western blotting, cells were treated with 500 uM SNAP for 3 or 6 h. Total cellular proteins were extracted, 40 ug was loaded
per lane, and the resulting immunoblots were probed for with antibodies against phospho-CREB, phospho-c-jun, CREB and c-jun
(CREB, ATF-2 and c-jun) control COX-2 expression by a + db-cGMP
binding to the CRE of the COX-2 promoter. t—
ctl 1mM 2mM SNAP
NO phosphorylates and activates CREB, ATF-2 and c-jun
in SNU-1041 cells
We next used the PathDetect Trans-Reporting system e-Tubulin
(Stratagene, La Jolla) to examine whether NO is capable
of activating CREB, ATF-2 and/or c-jun. We found
that NO treatment increased the activities of these TFs
by 2- to 2.5-fold (Figures 4c and 5a). Western blotting
revealed that CREB and c-jun were phosphorylated in
cells treated with NO for 4-12h (Figure 2b). These data
indicate that NO activates the tested TFs via phosphor-
ylation, providing a convincing link between NO and
increased COX-2 expression.
gO-imlz’utc]ed %%Zdex[m-?sion is}mediated partially T oDQ  SNAP _ SNAP+0DQ
"0 e - n athwa
Hrougn ¢ ependent patnway Figure 3 NO-induced COX-2 expression is mediated, in part, via
. As NO has been reported to control cellular signaling the cGMP-dependent pathway in SNU-1041 cells. (a) Cells were
and gene expression through both cGMP-dependent treated with | or 2mM dibutyryl-cGMP (db-cGMP) for 18h and
. . . ) total cellular proteins (40 pug) were separated and transferred for
(via activation of sGC) ) and -independent means Western blotting with an antj-COX-2 antibody. (b) Cells harboring
(Bogdan, 2001), we examined whether cGMP is an the COX-2 promoter (—1432/+59) containing plasmid were
upstream regulator of NO-induced COX-2 expression. incubated with 50 s ODQ, 500 uM SNAP or 500 pM SNAP + 50 v
SNU-1041 cells were treated with dibutyryl-cGMP ODQ for 18h and COX-2 expression was analysed in terms of
. . luciferase activity normalized against that of f-galactosidase. The
(db'C.GMP) for 18h and their . CO,X'?‘ expression Was results presented are representative of three independent experiments,
examined. The COX-2 expression in cells treated with with the vertical bars representing the s.d.
db-cGMP was comparable to that in SNAP-treated celis
(Figure 3a), and SNAP-induced COX-2 expression  (Figure 3b). These observations suggest that NO
was inhibited by the NO-sensitive sGC inhibitor,  activates sGC to induce cGMP, leading to signals aimed
1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one ~ (ODQ)  at regulating COX-2 expression.
Oncogene
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Figure 4 NO induces COX-2 expression via activation of p38 and
INK. (a) Cells were treated with 12.5uM SB202190 (p38 MAPK
inhibitor) or 10 uM SP600125 (JNK inhibitor) in the presence or
absence of 500uM SNAP for 18h. Total proteins were extracted
and 40 ug per lane was resolved, blotted and subjected to Western
blotting with antibodies against COX-2. (b) Cells were treated with
500 uM SNAP for 2 or 4h, and 40 ug of total protein was resolved -
and immunoblotted with antibodies against phospho-JINK, JNK,
phospho-p38 and p38. (¢) Cells transfected with 0.05 ug of pFA-
ATF-2, pFA2-CREB, or pFA2-cJun were treated with 500 uM
SNAP, 500pM SNAP+12.5uM  SB202190 or 500uM
SNAP + 10 um SP600125 for 18h, cell lysates were prepared, and
RLUs was measured. Luciferase activity was normalized in relation
to that of S-galactosidase. The vertical bars represent the s.d.

NO induces COX-2 expression via activation of p38 and
c-Jun NH,-terminal kinase (JNK)

As three MAP kinases were known to be upstream
regulators of COX-2 expression, we examined whether
extracellular signal-regulated kinase (ERK), p38 and
JNK were related to NO-induced COX-2 expression.
NO-induced COX-2 expression was blocked by the p38
inhibitor, SB202190, and the JNK inhibitor, SP600125
(Figure 4a), but not by the ERK inhibitors, U0126 and
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Figure 5 NO activation of p38 is cGMP-dependent, while that of
JNK is cGMP-independent. Cells transfected with the indicated
plasmids were treated for 18 h with (a) 2mM db-cGMP or 500 uM
SNAP, or (b) 2mM db-cGMP, 2mM db-cGMP+ 12.5uM
SB202190, or 2mM db-cGMP+10uM SP600125. (c) Cells
transfected with pFA2-CREB were treated for 18h with 2mM
db-cGMP, 2mM db-cGMP+200uM 2-3-dda, 2mM db-
c¢GMP + 200 uM Rp-8-pCPT-cGMPs, 2mM db-cGMP+2uM Bi-
sindolylmaleimide I or 2mM db-cGMP + | uM Ro-31-8220. Total
cell lysates were extracted and RLUs were measured. Luciferase
activities were normalized to that of f-galactosidase

PD153015 (data not shown). In addition, Western
blotting revealed that the phosphorylation levels of
p38 and JNK increased after 2-8h of treatment with
SNAP (Figure 4b), indicating that NO increased the
phosphorylation of p38 and INK. Furthermore,
SB202190 treatment inhibited the NO-induced activa-
tion of CREB and ATF-2, while SP600125 treatment
inhibited the NO-induced activation of ATF-2 and
c-jun. These data indicate that among the CRE-
associated TFs in the COX-2 promoter, CREB is
activated by p38, c-jun is activated by JNK, and ATE-
2 is activated by both (Figure 4c).

NO-induced activation of p38 is cGMP-dependent, while
that of JNK is cGMP-independent

As we found that ¢cGMP and two MAP kinases
mediated NO-induced COX-2 expression, we examined
whether there was any interaction between ¢cGMP and
MAP kinases in NO-induced COX-2 expression. Treat-
ment of cells with db-cGMP upregulated the activity of
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the p38 targets — CREB and ATF-2 - but not that of the
INK target — c-jun (Figure 5a). The db-cGMP-induced
activities of CREB and the COX-2 promoter were
blocked by the p38 inhibitor but not by the JNK
inhibitor (Figure 5b). These data suggest that NO-
induced cGMP upregulates p38 MAP-kinase but not
JNK. In an effort to identify the cGMP-activated
upstream regulators of p38, we tested the effect of
PKA, protein kinase-C (PKC), and protein kinase G
(PKG) on cGMP-induced p38 activation. The PKC
inhibitors (Bisindolylmaleimide I and Ro-31-8220)
reduced the activation of p38 by ~30%, while inhibitors
of PK A, PKG and Ca?* had no detectable effects on the
activation of p38 (Figure 5c¢). Thus, while we were
unable to specifically define the regulators upstream of
c¢GMP in this pathway, our results suggest some possible
involvement of PK.C.

The effect of NOS inhibitors on the activities of CREB
and c-jun in SNU-1041 cells

To examine the effect of endogenous NO on the
intracellular signaling pathways in cancer cells, we
treated SNU-1041 cells with the universal NOS inhi-
bitor, N-nitro-L-arginine-methyl ester (L-NAME), and
the iNOS-specific inhibitors, 1400W and Aminoguani-
dine (AG), and examined their effects on the activities of
CREB and c-jun., Treatment of cells with the NOS
inhibitors inhibited the activities of CREB and c-jun
(Figure 6). As NO-induced activation of these TFs is
critical to the upregulation of COX-2 expression, these
results suggest that COX-2 expression is likely to be
decreased by blockage of NO production.

The effect of NO on COX-2 expression in other cancer
cells :

We previously observed that NO induces COX-2 over-
expression in various cancer cells (Park et al., 2003). To
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Figure 6 - The effect of NOS inhibitors on the activity of CREB
and c-jun in SNU-1041 cells. Cells transfected with the indicated
plasmids were treated for 18 h with | mM L-NAME, 100 um 1400W
or 2mM Aminoguanidine. Total cell lysates were extracted and the
RLUs were measured. Luciferase activities were normalized to that
of p-galactosidase
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investigate whether the NO-induced responses identified
in this study are seen in cancer cells other than SNU-
1041, we tested the effect of NO on another head and
neck cancer cell line (PCI-13) and two cell lines
originating from other cancer types (SNU-668 and
Hela). In PCI-13 and Hela cells, the CRE was
important for NO-induced COX-2 expression
(Figure 7a), and this increase in COX-2 expression was
blocked by the p38 inhibitor (Figure 7b and c).
Furthermore, NO treatment upregulated the p38 tar-
gets, CREB and ATF-2, in these cells (Figure 7d, €). In
SNU-668, COX-2 expression was increased by NO
treatment, and this effect was partially reduced by p38
and INK inhibitors (Figure 7c). Collectively, these
observations indicate that NO upregulates COX-2
expression by activating p38 and/or JNK in diverse
cancer cells.

Discussion

We previously reported that NO induces COX-2
expression in cancer cells (Park et al, 2003). Other
groups have noted that while iNOS and COX-2
are barely detectable in resting inflammatory cells,
their expression levels are transiently upregulated in
response to signals such as growth factors and stress
(Posadas ef al., 2000; Surh er al, 2001). However,
we have observed that iNOS and COX-2 are constitu-
tively overexpressed in all tested head and neck
squamous cell carcinoma (HNSCC) cell lines, prompt-
ing us to question whether the regulatory mechanisms
of their expression differ in inflammatory and cancer
cells.

1t has been well established that NF-xB, NF-IL6,
PEA-3 and CREB/AP-1 are the main TFs responsible
for the regulation of COX-2 expression (Howe et al.,
2001; Tang et al., 2001; Tamura e? al., 2002; Tanabe and
Tohnai, 2002). In addition, a growing body of evidence
indicates that NF-xB plays a central role in the general
inflammatory response and may be important in the
upregulation of COX-2 expression in macrophage-like
cells (Chabot-Fletcher, 1996). NF-xB has been sug-
gested to play a role in the regulation of COX-2
expression in cancer cells (Luque and Gelinas, 1997,
Surh et al., 2001), but CRE-binding factors have been
more frequently associated with COX-2 expression in
these cells (Xu er al., 1997; Guo er al., 200];
Subbaramaiah ez al., 2002). In this study, we observed
that the CRE element is critical for activation of the
COX-2 promoter in all cells tested. Furthermore, a
mutation in the NF-xB binding site had no effect on
COX-2 expression, and the NF-xB inhibitors tested in
this work had no affect on expression of COX-2 (data
not shown). These observations suggest that differential
COX-2 expression in cancer cells may depend on
epigenetic events within the regulatory region of genes
or on intracellular signaling generated during carcino-
genesis (Song et al., 2001).

We investigated whether the NO-induced overexpres-
sion of COX-2 in cancer cells was mediated by CRE

6693
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Figure 7 The effect of NO on COX-2 expression in other cancer cells. (a) The COX-2 promoter activity was measured in PCI-13 and
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element-interacting factors. AP-1 family members bind
to the CREB site in many cells (Park et al,, 1999).
Although the CRE sequence in the COX-2 promoter
(5-TTCGTCA-3') differs slightly from the consensus
sequences for CREB (5-TGACGTCA-3") and AP-1 (5'-
TGAGTCA-3), studies have shown that CREB/ATF-2
and AP-1 interact with the CRE of COX-2 (Xu et al,
1997; Guo et al., 2001). Similarly, we observed that
CREB, ATF-2 and c-jun, but not c-fos, bind to the CRE
of the COX-2 promoter in the tested cells. In addition,
we showed that NO activates CREB, ATF-2 and c-jun.
However, the NO-induced activations of these factors
appear to be regulated by different mechanisms.
Phosphorylation of CREB was increased by the NO-
induced activation of sGC, which subsequently acti-
vated p38 mitogen-activated protein kinase (MAPK), an
upstream regulator- of CREB. In contrast, c-jun was
phosphorylated by the direct activation of JNK by NO,
and ATF-2 activity was upregulated by both p38 and
JNK (Figure 8). We were unable to identify the specific
molecule linking cGMP signaling to activation of p38,
but did observe that inhibition of PKC reduced p38
activation by ~30%. Previous studies reported that p38
could be activated by PK.G via an unknown mechanism
(Browning et al., 2000). However, PKA, PKG and Ca**
did not appear to be involved in NO-induced upregula-
tion of p38, suggesting that one or more other
regulator(s) may participate in the activation of p38 by
¢GMP in our model.

Our results indicate that NO appears to upregulate
various signaling molecules, leading to activation of TFs
related to CRE of COX-2 promoter and increased
expression of COX-2 in cancer cell lines derived from
HNSCC (SNU-1041, PCI-13), cervical cancer (HeLa),
and gastric cancer (SNU-668) tissues. In addition,
another group has shown that the effect of NO on
PEA-3-mediated induction of COX-2 is relevant in
colorectal cancer cells (Liu et al., 2004). This means that
NO might affect COX-2 expression in various mechan-
isms.

Other potential upstream regulators of COX-2 over-
expression in cancer cells reportedly include epidermal
growth factor (EGF) receptor activation (Coffery et al.,
1997), Her-2/neu activation (Vadlamudi es al., 1999),
p53 mutation (Han ez al., 2002) and ras mutation (Slice
et al., 2000). Interestingly, Her-2/neu activation and ras
mutation both lead activation of the CRE element in the
COX-2 promoter (Slice et al., 2000; Subbaramaiah
et al., 2002).

Unlike lipopolysaccharide (LPS), EGF and PMA,
which strongly induce COX-2, NO is a relatively weak
inducer of COX-2 expression. While these strong
inducers are capable of triggering increased COX-2
expression even in cells with low basal COX-2 expres-
sion, our data indicate that NO was only able to
efficiently induce COX-2 expression in cells with
moderate to strong basal COX-2 expression. We thus
postulate that in cancer cells, the COX-2-inducible
signaling molecules are constitutively activated such
that they are sensitive to further activation by NO. In
noncancerous cells, however, the NO-responsive mole-
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Figure 8 Possible mechanisms of NO-derived signal contributions
to COX-2 expression in cancer cells. Endogenous or abnormally
induced NO in the cancer microenvironment may upregulate COX-
2 expression via activation of the transcription factors that
associate with the CRE of the COX-2 promoter. Our data seem
to suggest that NO may accelerate existing intracellular signals,
rather than generating new signaling. We thus postulate that in
cancer cells, NO is able to upregulate the expression of COX-2
because COX-2-inducible signaling molecules are already consti~
tutively activated, leaving them sensitized to NO signaling. In
noncancer cells, however, the NO-responsive molecules are only
weakly activated, so NO is unable to induce COX-2 expression. In
this way, NO may induce the expression of COX-2 and possibly
other faclors that promote the growth and survival of tumor celis

cules are only weakly activated and are unable
to respond to NO. Thus, NO may act to accelerate
existing intracellular signals rather than generating new
signals.

COX-2 is thought to play an important role in
carcinogenesis, suggesting that its blockade could be
beneficial in terms of -cancer management. However,
regulation of COX-2 expression is a complex process
mediated by numerous factors, complicating efforts to
clinically block COX-2 expression. Moreover, the
currently available COX-2 inhibitors block both COX-
1 and COX-2 in normal cells during inflammatory
responses, limiting their applicability to cancer therapy.
Thus, it is important to identify differences in regulation
of COX-2 expression between cancerous and noncan-
cerous cells, as these differences could allow targeting of
the cancer-specific COX-2 pathway(s) for novel ther-
apeutic strategies.

‘In conclusion, our data suggest that the cAMP-
response element is a key regulator of COX-2 expression
in cancer cells (i.e. head and neck cancer cells), and that
endogenous or abnormally induced NO in the cancer
microenvironment may upregulate COX-2 expression
through the activation of TFs capable of binding the
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CRE in the COX-2 promoter. NO appears to accelerate
existing intracellular signals rather than generating new
signaling, and thus may promote the growth and
survival of tumor cells. These novel results suggest that
additional studies on the role of NO in carcinogenesis
may be warranted and that iNOS should potentially be
re-evaluated as a molecular target for cancer prevention
and treatment. :

Materials and methods

Cell culture

HNSCC cells line SNU-1041 was obtained from the Korean
Cell Line Bank (Seoul National University, Seoul, Korea)
(Chung et al, 2000), while HNSCC cell line PCI-13 was
obtained from the Pittsburgh Cancer Institute (University of
Pittsburgh, PA, USA) (Heo et al.,, 1989). We additionally used
gastric cancer cell line SNU-668 (Song ef al., 2001) and Hela.
All cells were cultured in DMEM or RPMI-1640 media
supplemented with 10 mg/ml gentamicin and 10% fetal bovine
serum (FBS). Cells were maintained at 37°C in a humidified,
5% CO,, 95% air atmosphere and routinely subcultured using
trypsin-EDTA (0.25% w/v). All cell culture reagents were
obtained from Gibco BRL (Grand Island, NY, USA), unless
otherwise stated.

Chemicals

SNAP (NO donor), db-cGMP, PMA, L-NAME (universal
NOS inhibitor), AG (specific iNOS inhibitor), LPS and EGF
were obtained from Sigma Chemical Co. (St Louis, MO,
USA). ODQ (soluble guanylate cyclase (sGC) inhibitor),
SB202150 (p38 MAPK inhibitor), SP600125 (JNK inhibitor),
U0126 (BERK inhibitor), PDI153015 (ERK inhibitor),
2',3-Dideoxyadenosine (2-3-DDA, PKA inhibitor), 2-[1-93-
Dimethylaminopropyl]-1H-indol-3-y1)-3-(1H-indol-3-yl)}-mal-
eimide (Bisindolylmaleimide I, PK.C inhibitor), Bisindolylma-
leimide IX (Ro-31-8220, PKC inhibitor) and Rp-8-pCPT-
c¢GMPs (PKG inhibitor) were obtained from Calbiochem (La
Jolla, CA, USA). 1400W (specific iNOS inhibitor) was
obtained from Cayman (Ann Arbor, MI, USA). Most
chemicals were utilized according to the provided suggestion
(IC50 and references), with the exception of SNAP and
1400W, which were applied according to our previous
optimization study results (Park er al., 2003).

COX-2 promoter activity assay

The COX-2 promoter constructs (—1432/ +59(L), —327/+ 59
(S), KBM, ILM, CRM, KBM+ILM, KBM+CRM,
ILM +CRM, and Triple M) were generated as previously
described (Inoue et al., 2000). The PGL2-Basic control vector

.was purchased from Promega (Madison, WI, USA), and the

pSV-B galactosidase control vector was a kind gift from Dr
Yung-Jue Bang (Cancer Research Institute, Seoul National
University, Seoul, Korea). Cells were seeded at 10%/well in 12-
well culture plates and grown to 70-80% confluence in
complete growth media containing 10% FBS. Cells were
cotransfected with 0.5pug COX-2 promoter construct and
0.5 ug pSV-p galactosidase control vector using Lipofectamine
Plus according to the manufacturer’s instructions (Life
Technologies, Gaithersburg, MD, USA). After 4h, medium
containing 10% FBS was added and cells were incubated for
an additional 20h. Subsequently, cells were incubated in
serum-free mediuum for 24 h and then treated for 18h with the

Oncogene

NO donor and/or other chemicals as indicated. Luciferase
activity was measured using a TR717 Microplate Lumin-
ometer with a Bioluminescent Reporter Gene Assay Kkit,
according to the manufacturer’s instructions (Tropix, Bedford,
MA, USA). The pGL2-Basic vector without insert was used as
the negative control in transfection experiments. Luciferase
activity was normalized according to that of f-galactosidase.

Gel shift assay

Gel shift experiments were performed using a gel shift assay
system according to the manufacturer’s instructions (Promega,
Madison, WI, USA). Cells were harvested and nuclear extracts
were prepared. We designed and synthesized double-stranded
oligonucleotides containing the CRE site of the COX-2
promoter (¥-AAA CAG TCA TTT CGT CAC ATG GGC
TTG-3"). Oligonucleotides containing the consensus sequences
of the CREB (5-AGA GAT TGC CTG ACG TCA GAG
AGC TAG-3"), AP-1 (5'-CGC TTG ATG AGT CAG CCG
GAA-3) and NF-xB (5-AGT TGA GGG GAC TTT CCC
AGG-3") sites were obtained from Promega (Madison, WI,
USA) and used as unlabeled competitors. The complementary
oligonucleotides containing the CRE of the COX-2 promoter
were annealed in 20 mM Tris-Cl (pH 7.4), 50 mM NaCl, 10mM
MgCl,, and ImM dithiothreitol. Annealed oligonucleotides
were phosphorylated at the 5-end with [y-*PJATP and T4
polynucleotide kinase. The binding reaction was performed by
incubating 5 ug of nuclear proteins with 5 x binding buffer
(50 mM Tris-Cl (pH 7.5), 20% glycerol, SmM MgCly, 2.5mM
EDTA, 2.5mM dithiothreitol, 250 mM NaCl and 0.25mg/m!
poly (dI-dC)) in a final volume 9yl for 10min at room
temperature. Then, [pl of the labeled oligonucleotide was
added to the reaction mixture and incubated for 20min at
room temperature. For the competition assay, uniabeled
oligonucleotides containing the CRE of COX-2, or the CREB,
AP-1 or NF-xB consensus sequences were used. The samples
were incubated with anti-CREB, anti-ATF-2, anti-c-jun or
anti-c-fos antibodies for 1h, followed by addition of **P-
labeled oligonucleotides containing the CRE site of COX-2.
Samples were electrophoresed on a Novex 6% DNA retarda-
tion gel (Invitrogen). The gel image was transferred to an
imaging plate (BAS-MP 20408, Fuji Photo Film Co., Tokyo,
Japan), and the degree of binding was calculated based on
hybridization signals measured with a bio-imaging analyser
(FRA2000 system, Fuji Photo Film Co., Tokyo, Japan).

TF activation assay

The fusion trans-activater plasmids (pFA-ATF-2, pFA2-
CREB, and pFA2-cJun) consisting of the DNA binding
domain of Gal4 (residue 1-147) and the trans-activation
domains of ATE-2, CREB or c-jun were purchased from
Stratagene (La Jolla, CA, USA). pFC2-dbd, which contains
only the DNA binding domain of Gal4 (residue 1-147), was
used as the negative control. We performed experiments
according to the manufacturer’s instructions.

Protein extraction and Western blot analysis

Cultured cells were rinsed with PBS, suspended in lysis buffer
(0.5% NP40, 50 mM Tris-Cl, 150mM NaCl, I mm dithiothrei-
tol, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
ImM EDTA, ImM phenylmethylsulfonyl fluoride, 0.1uM
aprotinin, and 1uM pepstatin A), and incubated at 4°C for
30 min. The cell lysates were then centrifuged at 13000 r.p.m.
for 20min at 4°C, and then appropriate amount of super-
natant (determined by protein assay) was mixed with 4 x
sample loading buffer and denatured for 10 min at 70°C. The
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denatured protein samples were fractionated on 4-12%
NuPAGE gels (Invitrogen, Carlsbad, CA, USA), transferred
onto nitrocellulose membranes (Schleicher & Schuell, Dachen,
Germany) and incubated with Tris-buffered saline containing
0.1% Tween-20 and 5% nonfat dry milk. The membranes were
then incubated with anti-COX-2, anti-p38, anti-phospho-p38,
anti-JNK, anti-phospho-JNK, anti-c-fos (all from Santa Cruz
Biotechnology, Santa Cruz, CA, USA), monoclonal anti-o-
tubulin (Sigma Chemical Co., St Louis, MO, USA), anti-
CREB, anti-phospho-CREB, anti-ATF-2, anti-phospho-ATF-
2, anti-c-jun or anti-phospho-c-jun (all from Cell Signaling
Technology, Beverly, MA, USA) for 2h at room temperature
or overnight at 4°C. Membranes were then washed
(4 x 15min) with | x TBS-T and incubated with horseradish
peroxidase-conjugated secondary antibody (Pierce, Rockford,
IL, USA) for 1h. Immunoreactive proteins were visualized by
development with the lumi-light Western blotting substrate
(Roche Diagnostics GmbH, Mannheim, Germany) and
exposure to X-ray film.

Statistical analysis

The data are presented as the mean +standard dev1at10n (s.d.)
of triplicates, or as a representative of three separate
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ABSTRACT

In the flash x-ray generator, a 150 nF condenser is charged up to 80 kV by a power supply, and flash x rays are produced
by the discharging. The x-ray tube is a demountable diode, and the turbomolecular pump evacuates air from the tube
with a pressure of approximately 1 mPa. Since the electric circuit of the high-voltage pulse generator employs a cable
transmission line, the high-voltage pulse generator produces twice the potential of the condenser charging voltage. At a
charging voltage of 80 kV, the estimated maximum tube voltage and current were approximately 160 kV and 40 kA,
respectively. When the charging voltage was increased, the K-series characteristic x-ray intensities of molybdenum
increased. The K lines were clean and intense, and hardly any bremsstrahlung rays were detected at all. The x-ray pulse
widths were approximately 100 ns, and the time-integrated x-ray intensity had a value of approximately 15 pC/kgat 1.0
m from the x-ray source with a charging voltage of 80 kV.

Keywords: flash x-ray, energy-selective radiography, characteristic x rays, quasi-monochromatic x rays, bremsstrahlung
x-ray distribution

1. INTRODUCTION

In recent years, there have been several investigations dealing with the production of monochromatic X rays in radiology
and cardiology. Particularly, monochromatic parallel beams using synchrotrons have been employed -to perform
enhanced K-edge angiography™” and x-ray phase imaging.® In angiography, parallel beams with photon energies of
approximately 35 keV have been employed, since these beams are absorbed effectively by an iodine-based contrast
medium. Subsequently, in cases where phase imaging is employed, the spatial resolution can be improved, and the
number of tissues which can be observed using x rays increases.

In order to perform biomedical radiography, we have developed several different soft flash x-ray generators™
corresponding to specific radiographic objectives. Subsequently, electron impact flash x-ray sources can produce
quasi-monochromatic x rays, because bremsstrahlung rays are not emitted in the opposite direction to that of electron

674 26th International Congress on High-Speed Photography and Photonics, edited by
. D. L. Paisley, S. Kleinfelder, D. R. Snyder, B. J. Thompsan, Proc. of SPIE Vol 5580
(SPIE, Bellingham, WA, 2005) - 0277-786X/05/$15 - doi: 10.1117/12.581246

-689-



acceleration.”! Therefore, the sources will be conventional x-ray tubes for producing cone-beam K-series characteristic x
rays, and monochromatic Ko rays are obtained using a K-edge filter. )

We have developed several different plasma flash x-ray gens:ra’corsn'16 corresponding to specific radiographic objectives,
and a major goal in our research is the development of an intense and sharp monochromatic x-ray generator that can
impact applications with biomedical radiography. By forming weakly ionized linear plasma, because we have succeeded
in producing fairly intense and clean K-series characteristic x rays. Without forming the linear plasma, characteristic x
rays can be produced by considering the angle dependence of bremsstrahlung x rays. On the other hand, the electrostatic
energy in the main discharge condenser should be increased as much as possible to increase the characteristic x-ray
intensity. .

In this paper, we describe an intense single flash x-ray generator utilizing a rod-target radiation tube, used to perform a
preliminary experiment for generating intense and clean molybdenum K-series characteristic x rays.

2. GENERATOR

2.1 High-voltage circuit

Figure 1 shows a block diagram of a high-intensity plasma flash x-ray generator. The generator consists of the following
essential components: a high-voltage power supply, a high-voltage condenser with a capacity of approximately 150 nF,
an air gap switch, a turbomolecular pump, a thyratron pulse generator as a trigger device, and a flash x-ray tube. In this
generator, a coaxial cable transmission line is employed in order to increase maximum tube voltage using high-voltage
reflection. The high-voltage main condenser is charged up to 80 kV by the power supply, and electric charges in the
condenser are discharged to the tube through the four cables after closing the gap switch with the trigger device (Fig. 2).

2.2 X-ray tube
The x-ray tube is a demountable cold-cathode diode that is connected to the turbomolecular pump with a pressure of
approximately 1 mPa (Fig. 3). This tube consists of the following major parts: a ring-shaped graphite cathode with an
inside diameter of 4.5 mm, a stainless-steel vacuum chamber, a nylon insulator, a polyethylene terephthalate (Mylar)
x-ray window 0.25 mm in thickness, and a rod-shaped molybdenum target 3.0 mm in diameter. The distance between
" the target and cathode electrodes can be regulated from the outside of the tube, and is set to 1.5 mm. As elecron beams
from the cathode electrode are roughly converged to the target by the electric field in the tube, evaporation leads to the
formation of weakly ionized plasma, consisting of molybdenum ions and electrons, around the target. Because
bremsstrahlung rays are not emitted in the opposite direction to that of electron acceleration (Fig. 4), molybdenum
K-series characteristic x rays can be produced without using a filter.

4 coaxial cables

KOOSR L)

Characteristic Gap switch
¥rays 150 nF

4 coavial cables /
Anode Cathode

Characteristic
X.Tays

. Powcrsupply‘

60~80 kV

Figure 1: Block diagram of intense quasi-monochromatic flash Figure 2: Circuit diagram of flash x-ray generator.
X-ray generator.
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Figure 3: Schematic drawing of flash x-ray tube, Figure 4: Irradiation of characteristic x rays.

3. CHARACTERISTICS

3.1 Tube voltage and current

In this generator, it was difficult to measure the tube voltage and current since the tube voltages were high, and there
was no space to set a current transformer for measuring the tube current. Currently, the voltage and current roughly
displayed damped oscillations. When the charging voltage was increased, both the maximum tube voltage and current
increased. At a charging voltage of 80 kV, the estimated maximum values of the tube voltage and current were
approximately 160 kV (2 times the charging voltage) and 40 kA, respectively.

3.2 X-ray output

X-ray output pulse was detected using a combination of a plastic scintillator and a photomultiplier (Fig. 5). The x-ray
pulse height increased with corresponding increases in the charging voltage. The x-ray pulse widths were approximately
100 ns, and the time-integrated x-ray intensity measured by a thermoluminescence dosimeter (Kyokiko TLD Reader
1500 having MSO-S elements without energy compensation) had a value of approximately 15 uC/kg at 1.0 m from the
x-ray source with a charging voltage of 80 kV.

3.3 X-raysource

In order to observe the characteristic x-ray source, we employed a 100-ium-diameter pinhole camera and an x-ray film
(Polaroid XR-7) (Fig. 6). When the charging voltage was increased, the plasma x-ray source grew, and both spot
dimension and intensity increased. Because the x-ray intensity is the highest at the center of the spot, both the dimension
and intensity decreased according to both increases in the thickness of a filter for absorbing x rays and decreases in the
pinhole diameter.

3.4 X-rayspectra

X-ray spectra were measured by a transmission-type spectrometer with a lithium fluoride curved crystal 0.5 mm in
thickness. The spectra were taken by a computed radiography (CR) system (Konica Regius 150)" with a wide dynamic
range, and relative x-ray intensity was calculated from Dicom digital data. Figure 7 shows measured spectra from the
molybdenum target. We observed clean K-series lines, while bremsstrahlung rays were hardly detected at all. The

characteristic x-ray intensity substantially increased with increases in the charging voltage.

676 Proc. of SPIE Vol. 5580
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Figure 5: X-ray outputs at indicated conditions. Figure 6: Images of characteristic x-ray source.
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Figure 7: X-ray spectra from molybdenum target.

4. RADIOGRAPHY

The quasi-monochromatic flash radiography was performed by the CR system at 1.2 m from the x-ray source. Firstly,
rough measurements of spatial resolution were made using wires. Figure 8 shows radiograms of tungsten wires coiled
around a pipe made of polymethyl methacrylate with a charging voltage (V.) of 70 kV. Although the image contrast
increased with increases in the wire diameter, a 50-pm-diameter wire could be observed.

Figure 9 shows a radiogram of a vertebra with a V, of 70 kV, and fine structures in the vertebra were observed. Figures
10 and 11 shows an angiogram of a rabbit heat (V=70 kV) and thigh (V=80 kV), respectively. In angiography,
iodine-based microspheres of 15 pm in diameter were used, and fine blood vessels of about 100 pum were visible. Next,
the image of aluminum grains falling into a polypropylene beaker from a glass test tube with a Ve of 80 kV is shown in
Fig. 12. Because the x-ray duration was approximately 100 ns, the stop-motion image of grains could be obtained.

Proc. of SPIE Vol. 5580 677
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Figure 8: Radiograms of tungsten wires coiled around Figure 9: Radiogram of vertebra,
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Figure 10: Angiograms of rabbit heart, Figure 11: Angiograms of rabbit thigh.
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Figure 12:. Radiogram of aluminum grains falling into
polypropylene beaker from glass test tube,

40 mm

5. DISCUSSION

Conceming the spectrum measurement, we obtained fairly clean molybdenum Ko (17.4 keV) and Kp (19.6 keV) lines.
Therefore, we are very interested in the measurement the characteristic rays from nickel, copper, silver, cerium, and
tungsten targets; the target element should be selected corresponding to the radiographic objectives. In a medical
application, K-series characteristic x rays of cerium are absorbed effectively by an iodine-based contrast medium with a
K-edge of 33.2 keV, and enhanced K-edge angiography can be performed.

In this research, the generator produced instantaneous number of K photons was approximately 2 X 10* photons/cm® per
pulse at 1.0 m from the source. Subsequently, the intensity can be increased by increasing the electrostatic energy in
condenser, and monochromatic Ko lines are left using a zirconium filter with a K-edge of 17.9 keV.

Using this flash x-ray generator, the photon energy of characteristic x rays can be selected, and we plan to design a
high-speed photon-counting radiography system in order to.decrease noise from radiograms. As compared with a
steady-state x-ray generator, demonstrations of various monochromatic radiography will be accomplished easily, since
the target element can be changed easily.
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An X-ray generator consists of a negative high-voltage power supply and a field-emission-type cold-cathode X-ray tube. The
tube is a glass-enclosed diode utilizing a transmission-type molybdenum target with a thickness of 20um, a needle graphite
(carbon) cathode, a glass tube body, and a 0.5-mm-thick beryllium window. The tube current decreases gradually with time.
After aging for 30 minutes, the tube current was approximately 0.2mA with a tube voltage of 25kV, and the focal-spot
dimensions were 2.2 x 1.6mm. Characteristic X-rays of molybdenum K-series were obtained after penetrating the
molybdenum target and the beryllium window, and the K-absorption edge was observed clearly. The generator produced
number of X photons was approximately 4 x 108 photons/cm?-s at 1.0 m from the source. The average photon energies of Ko
and KB lines were 17.4 and 19.6 keV, respectively, and quasi-monochromatic radiography was performed using a computed
radiography system. [DOIL: 10.1143/JJAP.44.446]

KEYWORDS: quasi-monochromatic X-rays, characteristic molybdenum X-rays, fleld emission, transmission target, quasi-

monochromatic radiography

1. Introduction

Conventional medical X-ray tubes enable the observation
of parts of the inside of the human body that cannot be seen
by other ways. The X-ray images obtained with these tubes
are exposed by both the bremsstrahlung and characteristic
X-rays, unless monochromatic radiography is specifically
performed. Monochromatic parallel X-ray beams are pro-
duced by synchrotrons using single crystals, and these beams
have been employed to perform enhanced K-edge angiog-
raphy’= and X-ray phase imaging.* Subsequently, mono-
chromatic X-ray computed tomography at two different
energies has provided information on the electron density of
human tissue.® In addition, a compact pulsed tunable
monochromatic X-ray source has been.designed, developed,
and tested.” From the source, conical X-ray beams from 10
to 50keV with pulse widths of & ps have been produced, and
these beams are useful for biomedical imaging and protein
crystallography.

Currently, flash X-ray generators®!? utilize cold-cathode
radiation tubes and produce extremely high-dose-rate X-ray
pulses with durations of less than 1ps. In order to produce
monochromatic X-rays, plasma flash X-ray generators are

K-series X-rays have been obtained using a filter made of the
same element as the target.

In the present research, we developed a cold-cathode X-
ray tube with a needle-shaped graphite cathode, and applied
it to produce characteristic molybdenum K-series X-rays by
uisng a transmission target.

2. Generator

Figure 1 shows the block diagram of the X-ray generator,
which consists of a negative high-voltage power supply
(Model 500, —100kV-3mA, Pulse Electric Eng. Inc.) with
dimensions of 450 x 430 x 150 mm and an X-ray tube. In
the X-ray tube, the negative high voltage is applied to the
cathode electrode, and the anode (target) is connected to the
ground potential.

The X-ray tube is a cold-cathode diode type, as illustrated
in Fig. 2. In order to perform soft radiography, including
mammography, we developed a quasi-monochromatic X-ray
tube with a molybdenum target. This tube consists of the
following major devices: a needle-shaped graphite cathode
with a tip angle of 54° and a diameter of 3.0mm, a

useful, since intense and sharp characteristic X-rays have 430 mm
been produced from weakly ionized linear plasmas of X-ray tube
nickel,'® copper'¥ and molybdenum,'? while bremsstrah- 450 mm, 3
lung rays are rarely detected. : X X-ray
. Negative ::>
In order to produce steady-state X-rays using a cold- hich-voltage

. . 150 mm 4 g
cathode tube, the combination of the target and cathode power supply
electrodes is a very important factor. In view of the cathode, Carbon'cathode - 7 A
a carbon nanotube!® is a useful field emitter and can be used %/ Target . lﬁy winlow
as a cold cathode in an X-ray tube. Without using nanotubes,
electrons can be emitted comparatively easily when lines of  Fig. 1. Block diagram of quasi-monochromatic X-ray generator with

electric force are concentrated on a needle tip. Characteristic

446

cold-cathode diode.
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Graphite cathode

Glass tube body AN

24 mm

0.5-mm-thick
Beryllium X-ray window

20-pum-thick~""

molybdenum target 3.0 ;nm

Fig. 2. Structure of X-ray tube.

-

Glass tubé’ﬁody

Beryllium X-ray window

Fig. 3.
target.

Cold-cathode X-ray tube with transmission-type molybdenum

molybdenum disk target 20 um thick, and a glass tube body.
The target-cathode distance is 3.0 mm, and the transmission
X-rays are obtained after the beam passes through the target
and a 0.5-mm-thick beryllium X-ray window (Fig. 3). In this
case, since the target plays the role of a K-edge filter for
effectively absorbing bremsstrahlung X-rays with energies
higher than the K-absorption edge, characteristic K-series X-
rays are produced. The pressure in the glass-enclosed tube is
primarily determined by the pressure when evacuation is
stopped, and is approximately 1 x 107 Pa. The tube voltage
is always constant and is regulated by the constant voltage
power supply. Subsequently, the tube current is primarily
determined by the tube voltage and the target-cathode
distance, and increases with decreasing distance and in-
creasing voltage.

In this experiment, the tube voltage applied was from 20
to 30kV, and the exposure time was controlled in order to
obtain optimum X-ray intensity for radiography.

3. Characteristics

3.1 X-ray intensity

In the field emission X-ray tube, it was very difficult to
measure the X-ray intensity correctly, since the intensity
gradually decreased during exposure, and small-scale vacu-
um breakdown may often occur. The X-ray intensity was
measured using a Solidose 308 M ionization chamber for
“mammography at 1.0m from the X-ray source with an
exposure time of 10s. Because the tube current increased
when the tube voltage was increased, the X-ray intensity
increased substantially with increasing tube voltage. In this

Tube voltage = 25 kV
T = Exposure time

T=20s T=40s
3 mm
B e
Fig. 4. Images of X-ray source with changes in exposure time.

measurement, the intensity rate with a tube voltage of 25kV
was approximately 0.3uC/kg-s (=10 puJ/kgs = 10 uGy/s)
at 1.0m from the source.

3.2 X-ray source

"In order to measure the images of the X-ray source, we
employed a pinhole camera with a hole diameter of 100 pm
in conjunction with a Polaroid XR-7 (film). When the
exposure time was increased with a tube voltage of 25kV,
the spot intensity increased, but the spot dimensions seldom
varied and had values of 2.2 x 1.6 mm (Fig. 4).

3.3 Cathode voltage and tube current

Cathode voltage and tube current were measured using a
high-voltage divider and a resistor, respectively (Figs. 5
and 6). In this generator, the cathode voltage is —1 times the
tube voltage, and we observed stable cathode voltages.
Thereafter, the tube current increased exponentially with
increasing tube voltage in a short time. In addition, the
current was unstable, and decreased gradually with time.

3.4 X-ray spectra

X-ray spectra were measured using a transmission-type
spectrometer with a curved lithium fluoride crystal 0.5 mm
thick. The spectra were taken using a computed radiography
(CR) system (Konica Regius 150)'” with a wide dynamic
range, and relative X-ray intensity was calculated from
Dicom digital data. Figure 7 shows the measured spectra
from the transmission-type molybdenum target. We ob-
served lines of characteristic K-series X-rays and K-
absorption edges of molybdenum. The characteristic X-ray
intensity of the Ko and Kp lines increased substantially
when the tube voltage was increased.

4. Radiography

Radiography was performed using the CR system with a
sampling pitch of 87.5 um. The distance between the X-ray
source and the imaging plate was 1.0 m.

Spatial resolution was roughly -measured using wires.
Radiograms of tungsten wires coiled around a pipe made of
polymethyl methacrylate are shown in Fig. 8. Although the
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Fig. 6. Tube currents.

image contrast decreased somewhat with decreasing wire
diameter due to blumring of the image caused by the
sampling pitch, a 50-pum-diameter wire could be observed.
Figures 9 and 10 show angjograms of hearts. Iodine-based
microspheres of 15 pum in diameter were used, and coronary

Tube voltage=23 kV

Tube voltage=25 kV

50 um wire

100 pm wire

30 mmn

-
<

Fig. 8. Radiograms of tungsten wires of 50 and 100um diameter coiled
around a pipe made of polymethyl methacrylate with tube voltage of
25kV and exposure time of 20s.

arteries and fine blood vessels of approximately 100pm
diameter were visible.

5. Discussion

In summary, we developed a simple X-ray generator with
the cold-cathode diode and succeeded in producing charac-
teristic molybdenum K-series X-rays using the transmission
target as the K-edge filter. Subsequently, we confirmed the
filtering effect of the target, and bremsstrahlung X-rays with
photon energies higher than the edge were rarely detected
with a tube voltage of 23kV.

The current density J (A/cm?) under field emission is
written as:

T =154 x 1078V /d)* - exp(—6.8 x 107¢"*d/V)/¢p, (1)

where V (V) is the tube voltage, d (cm) is the target-cathode
distance, and ¢ (V) is the work function of the cathode
element. Therefore, the current values in Fig. 6 correspond-
ed qualitatively to eq. (1).

During the X-ray exposure, although the tube current
decreases slightly due to ion sputtering, stable current flow
can be obtained by selecting the appropriate cathode
material and by controlling the radius of curvature of the
cathode tip. In addition, the generator-produced number of

Tube voltage=27 kV
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Fig. 7. X-ray spectra,
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