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Measurement of PGE,

PGE, (EIA kit-monoclonal;. Cayman) concentrations were
measured in the cell-culture supematants in accordance
with the manufacturet's instructions.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software to calculate the means and SEMs. Group means
were compared by using one-way analysis of variance
(ANQVA), followed by Bonferroni's multiple comparison
post test to identify statistically significant differences (i.e
P<0.05).

Results

Gross histologic findings

Figure 1 shows the histologic features of ankle joints of
Tg187 mice in the untreated, P-NT.||-treated, and scram-
bled-P-NT.ll-treated groups. Gross histologic findings of
the three experimental groups are summarized in Table 1.
At 8 weeks of age, ankle joints from the untreated Tg197
group were moderately (30% with HS 3) to severely {(10%
with HS 4} damaged, with pannus and fibrous tissue forma-
tion and focal subchondral bone erosion. Articular cartilage
destruction and bone srosion were observed in 90% of
those joints (Fig. 1a,1b). In contrast, all the articular carti-
lage surfaces and associated synovial linings of the ankle
joints of the P-NT.li-treated group at 2 weeks post-treat-
ment {i.e. age 6 weeks) were only mildly affected (HS 2},
with no evidence of cartilage or bone erosion (Fig. 1¢}, and
25% of joints were affected moderately (HS 3) at 4 weeks
post-treatment (.e. age 8 weeks) (Fig. 1d). In contrast,
83.3% of joints of scrambled-P-NT.ll-treated Tg197 mice

* at 8 weeks of age were moderately damaged (HS 3) (Fig.

1e,1), with histologic features similar to those of the
untreated Tg197 mice. Although the diseass, as assessed
by the HS, was significantly lower in the P-NT.ll-treated
group than in the untreated or scrambled-P-NT ll-treated
groups, visual disease scores (ASs) did not correlate well
with the HS. In contrast to HSs, ASs of mice treated with
P-NT.Il did not significantly differ from those of the
untreated or scrambled-P-NT.|I-treated group (Fig. 2).

Analytical HS

To assess specific effects of the peptide P-NT.1l on synovi-
tis, cartilage destruction, and bone erosion, we conducted
a semiquantitative scoring analysis for each of these path-
ologic parameters. P-NT.Il treatment in Tg197 mice
resulted in a significant reduction (P < 0.05) in all three
analytical HSs as compared with those of untreated or
scrambled-P-NT.II-treated Tg197 mice, which all devel-
oped synovitis with severe articular cartilage degradation
and bone erosions (Fig. 3). Statistical analysis revealed a
greater beneficial effect of P-NT.ll on cartilage destruction
and bone erosion (**P < 0,01 versus untreated or sgram-
bied-P-NT.ll-treated groups for both parameters) than on

synovitis (*P < 0.05 versus untreated or scrambled-P-NT.II-
treated groups).

Ulirastructural changes in articular cartilage

Articular cartilage in the ankle joints of all untreated Tg197
mice was generally damaged at 8 weeks of age (Fig.
4¢,4d,4e,4f) as compared with normal morphology seen in
control, wild-type mice (Fig. 4a). No significant ultrastruc-
tural changes in the nucleus and plasma membrane were
noted at the cellular level in the articular cartilage of
untreated Tg197 mice at age 4 weeks (baseline} except for
some minor changes including vacuoles, dilated cistemae,
and the presence of granular materials seen inside the
cytoplasm (Fig. 4b). In the 8-week-old mice, the chondro-
cytes on the surface of the superficial cartilage layer had
become necrotic, with alterations of cartilage developed in
most cases (Fig. 4c,4d,4e,4f). The cell body and nucleus of
some chondrocytes became large and rounded, resulting
in vacuolation, and the cytoplasm was transparent, with an
accumulation of intracytoplasmic filaments (Fig. 4c).
Degenerating chondrocytes with greafly vacuolated cyto-
plasm and pyknotic nuclei (Fig. 4d), and chondrocytes with
complete loss of nuclei and disrupted rough endoplasmic
reticulum (r-ER) (Fig. 4e,4f), were also observed. In con-
trast, the ultrastructural features of chondrocytes -4
weeks after P-NT Il treatment {i.e. age 5-8 weeks; Fig. 5a)
did not substantially differ from those seen in the joints of
normal wild-type mice (Fig. 4a). Most of them had a promi-
nent nucleus, lined by plasma membrane with short cyto-
plasmic protrusions, and vacuoles, r-ER, and mitochondria
in the cytoplasm. The ultrastructure of chondrocytes of the
scrambled-P-NT.Il-treated joints at 8 weeks of age (Fig. 5b}
were more or less similar to those described for untreated
Tg197 mice with degenerating features such as the greatly
vacuolated cytoplasm and pyknotic nuclei (cf. Fig. 4d) or
loss of nucleus, disrupted r-ER (cf. Fig. 4f), and swollen
mitochondria with distorted cristae {(cf. Fig. 4c).

Ultrastructural changes in synovium

The early response of the synovial membrane in the
untreated Tg197 mice at age 4 weeks {baseling) was syn-
ovial hyperplasia, with the presence of type A and B syno-
vial cells along with inflammatory cells such as
lymphocytes, macrophages, and mast cells. Type A cells
were similar to macrophage cells and were characterized
by many vesicles, vacuoles, and a higher number of celi
processes, Type B cells were similar to fibroblast cells and
contained small vesicles and r-ER. The Jater response (at =
5 weeks of age) included degeneration of synovial cells,
with swollen mitochondria and cell fragmentations. In areas
of high inflammation, the synovial tissue (mostly type A
cells) had proliferated into the articular cavity (Fig. 6a}. Type
A and B cells in the synovium were no longer distinguisha-
ble at age 6 weeks and thereafter. The synovial membrane
was lined by closely packed elongated synoviocytes which
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Figure 1

i

Histologic findings in the ankle joints of Tg197 mice. (a,b} Untreated mice: (a) partially altered articular cartitage (crt} with bone erosion {arrowhead),
and presence of inflammatoty infiltrates (arrow} in the synovial {syn) tissue; (b) extensive articular carlilage destruction and bone erosion (arrow-
head). (¢,d) P-NTJk-treated mice: (c) minor cartilage changes (crt) with absence of bone erosion;, (d} focal articular cartilage desteuction {ert) and
minor bone erosion (arrowhead). (e, Mice treated with scrambled P-NT.II: (g} the joint cavity (jc) is lined with synovitis (*); (f} cartilage destruction
and bone erosion (arrowhead) are present, along with inflammatory infiltrates (arrow). Nontransgenic controls showed nomnal joint structures
throughout the study (data not shown). (Hematoxylin & eosin staining; original magnification x25 ina, e f x10in b, ¢, d. Bars = 500 um}.
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Tahle 1

Histopathologic assessment of ankie joints

%% of total at indicated HS

Treatrment Time course {weeks) Joints scored HS 2 HS 3 HS 4 HS (Mean £ SEM)
None 4 10 o} 90.0 10 3301011«
P-NT.3* 1 4 100 C 0 2121012
P-NT.I* 2 4 100 0 0 237012
P-NT.II* . 3 4 75 25 o} 2.50 % 0,20
P-NT.II* 4 4 75 25 0 2.62+0.318
Scrambled-P-NT.l-reated {negative control peptide} 4 8 16.7 83.3 0 3.26+0.17¢

“Tq197 mice injected (intraperitoneally) with the test peptide P-NT.Il were killed at weekly intervals (N = 4 per group] for 4 weeks and their ankle
joints examined. For untreated and negative control groups, ankle joints were harvested only at the end of the 4 weeks' study course for one-time
examination. Histologic scoring was performed semiquantitatively by a blinded examiner, HS 2 = pannus and fibrous tissue formation and focal
erosion of subchondral bone; HS 3 = articular cartilage destruction and bone eresion; HS 4 = extensive articular cartilage destruction and bone
arosion. a versus b, b versus ¢ = significantly different (P < 0.05; ane-way analysis of variance with Bonferroni's multiple comparison test}, HS,

histopathologic score; SEM, standard error of the mean.

were sealed by junctional systems of the adherent type
(Fig. 6b). Large amounts of tibrin deposition on the synovial
surface could be seen, and the two opposing, flattened
synoviocytes with fibrin between them indicated the exist-
ence of synovial adhesion (Fig. 6d). Also, degenerating syn-
oviogytes with disintegrating nuclei and vacuolated
cytoplasm were randomly seen in the synovium {Fig. 8c).
Synoviocytes appeared flattened, and partially degranu-
lated mast cells were seen under the synovium (Fig. 6e}.

P-NT.Hl treatment tended to decrease the number of inflam-
matory cells, with less degeneration of synovial cells and
cell fragmentation seen in the joints of the treated group
{Fig. 7b). The peptide P-NT. retained at least the basic
structural organization of the synovial membrane seen in
the control wild-type mice (Fig. 7a), while the synoviocytes
from mice treated with scrambled P-NT.Il (Fig. 7c) wers
structurally indistinguishable from those seen in untreated
joints {cf. Fig. 6). In those joints, the synovial cells were
seen lining up close together, and many cell fragments
resulting from degenerating cells were present in the syn-
ovium, along with infiltrating mast cells (Fig. 7c).

Serum levels of SPLA,

In a time-course study to evaluate the specific effect of pep-
tide in modulating the serum sPLA, levels in Tg197 mice
(Fig. 8), P-NT.Il significantly suppressed the circulating
sPLA, in the mice at age 8 weeks (F < 0.05), by compari-
son with the serumn levels of the untreated mice of same
age. In contrast, the circulating sPLA, of scrambled-P-NT.Ii-
treated and unireated Tg197 mice at age 8 weeks were not
significantly different (P > 0.05), thus indicating the spe-
cific effect of the peptide P-NT.Hl on sPLA, levels.

PGE, release from cultured macrophages

The suppressive effect of P-NT.Il and sPLA,-selective
inhibitor £Y315920 (Lilly) on LPS- and TNF-stimulated
PGE, production was examined in mouse macrophage cell
cultures (Fig. 9). Production of PGE, in the medium
increased approximately sixfold from the basal level of 55 &
8 pg/ml to 320 £ 35 and 330 £ 11 pg/ml (mean* SD, N
= 5}, after 20 hours' stimulation of cultured cells with LPS
{2 pa/mi) {Fig. 9a) or TNF (10 ng/ml} (Fig. 9b), respectively.
When the inhibitors were coincubated with either LPS- or
TNF-stimulated macrophages in the medium, both P-NT.Ii
and LY315920 (final cencentration 10 uM) dose-depend-
ently inhibited PGE, production, with estimated 1Cg, values
of 25 and 30 uM, respectively. In contrast, scrambled P-
NT.Il (negative control} showed no inhibitory effect on
either LPS- or TNF-induced PGE;, release in the culture
medium. Neither the peptide nor LY315920 affected the
cellular viability, when tested by XTT assay kit at the highest
concentration (40 uM) used in culture experiments (E;q5 1
values of 0.80 2 0.02, 0.84 £ 0. 021,and 0.92 £ 0.018 for
untreated, P-NT.IHreated, and LY315920-treated cells,
respectively).

Discussion

Here we report the beneficial effect of peptide treatment,
and the ultrastructural changes seen at the cellular level in
the articular cartilage and synovium of the ankle joints of
TNF transgenic Tg197 mice treated with the anti-inflamma-
tory peptide P-NT.!I. While several studies have previously
been carried out on the early ulirastructural changes in
other animal models of experimental arthritis [23-25], no
morphological evaluations in this TNF transgenic mouse
model of RA have yet been available, in either the absence
or the presence of therapeutic intervention.
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The lesions in the TNF transgenic mouse mode! of arthritis
we used in the present study histologically and ultrastruc-
turally resemble RA lesions [26], with synovial proliferation
along the articular surface and subsequent invasion with
erosion of the articular cartilage and subchondral bone.
Although visual disease scores (ASs) did not show any sig-
nificant difference between P-NT.li-treated and control
{scrambled-P-NT.ll-treated or unireated) groups, the
results obtained from gross histologic analysis {Table 1)
and semigquaniiative analysis of pathologic parameters
{Fig. 3) cleary demonstrate the beneficial effect of peptide
treatment in preventing synovitis, cartilage destruction, and
hone erosion. Similar discrepancies between AS and HS
have also been reported in TNF-transgenic and other
experimental models of arthritis. Redlich and colleagues
[27] recently reported a protective effect of osteoprote-
gerin treatment on bone damage in Tg197 mice, with lack
of any beneficial effect on the clinical symptoms. in another
experimental model of passive collagen-induced arthritis
using JNK2-deficient mice, it has been shown that clinical
symptoms appear to be slightly more severe than HS
despite significant reductions in joint destruction due to
preservation of the articular cartilage [28l. It seems, there-
fore, that preservation of the bone structure may not always
correlate with the clinical symptoms. The striking difference
observed in the ultrastructural features of the articular
cartilage and synovial membrane in our animal model
before and after peptide treatment did confim that P-NT.lI
administered as an exogenous drug in this TNF transgenic
mouse model of RA was able to improve the overall mor-
phology and the cellular component of the synovium, and of
the cartilage in particular.

Histopathologic parameters

Histopathologic score {HS) analysis of various histopathologic parame-
ters in Tg197 mice. Synovitis, cartilage degradation, and bone erosion
were semiquantitatively assessed in the ankie joints of Tg197 mice that
were untreated, treated with P-NT.I}, or treated with scrambled-P-NT.Ii
(N = 4/group) at 4 weeks post-treatment (i.c. age B weeks). The HS
indicates a protective effect of P-NT.Il in afl three histopathologic
parameters of asthritis. Statistical analysis revealed a greater bensficial
effect of P-NT.Il on cartilage destruction and bone ergsion (P < 0.01
versus untreated or scrambled-P-NT Jl-treated groups for both parame-
ters} than on synovitis (*P < 0.06 versus untreated or scrambled-P-
NT.l-treated groups).

Ultrastructural changes of ankle articular cartilage and syn-
ovium in Tg197 mice were evaluated using transmission
electron microscopy, before and during the 4-week course
of treatment. Histologically, we observed an apparent sup-
pression of pannus formation and minimal erosive damage
to the articular cartifage and subchondral bone. At 1-4
weeks post-freatment with peptide (i.e. at age 5-8 weeks),
the number of inflammatory cells in the synovial tissue was
reduced as early as 1 week after initiation of treatment, and
the structural organization of the synovial membrane of the
ankle joint appeared less modified. In the P-NT.I-reated
group, lesions such as synovial adhesions, cell fragmenta-
tion due to degeneration of synoviocytes, and dilation of the
r-ER and distorted cristae of type B cells were less obvious
than in the untreated or scrambled-P-NT\l-treated groups.
In our cell-culture experiments using mouse macrophages,
P-NT.Jl has been found to dose-dependently inhibit LPS- or
TNF-induced PGE, production, with a potency equal to
that of a potent and selective sPLA, inhibitor, LY315920
[29]. It is possible that P-NT.ll may modulate ultrastructural
modifications to the synovium by reducing the bioavailabil-
ity of arachidonic acid (AA) through sPLA, inhibition, and
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Figure 4

Chondrocytes of wild-type controls and untreated Tg197 mice. (8} Wild-type control at age 8 weeks: nucleus (N), plasma membrane with short
cytoplasmic protrusions (arrow), rough endoplasmic reficulum (r-ER) (arowhead), and mitochondria {m}; (b) untreated Tg197 mouse at age 4
weeks: nucleus (N) and plasma membrane with cytoplasmic thin protrusions (arrow) appear normal, while the cytoplasm shows vacucles (v} with
granular materials inside {double arrow) and dilated cisternae (arrowhead). (c-f) Untreated Tg197 mouse at age 8 weeks: degenerating chondro-
cytes showing the following: (c) transparent cytoplasm with nucleus (N} and an accumulation of intracyioplasmic filaments ), vacuoles (v} and mito-
chondria {m) with distorted cristae; (d) greatly vacuofated cytoplasm {v), and pyknotic nuclei (N} with cytoplasmic projecticns coming apart from the
cell {arrow); {8) cell organelles from disintegrated cells (o}, mitochondria {m), bundles of densely packed collagen fibres {arrowhead), small residues
of intermediate filaments (), and broken cellular processes {arrow); {f} swollen and disrupted r-ER, and bundles of thickened intermediate fitaments
(6). Basement membrane, cytoplasmic organelies (arrow), and cellular processes (arrowhead) were also fragmented. Efectron-dense areas (e} are
sean in the intercellular matrix. N = 4 joints; mean percentage of degenerating chondrocytes = 40% and B0% of total at 4 and 8 weeks of age,
respectively. Bars = 2 pm.




Figure 5

Chondrocytes of treated Tg197 mice. (a) Chondrocytes of P-NT.D-
treated Tg197 mice at 5~8 weeks of age {Le. 1-4 weeks post-reat-
ment) were similar to those described for narmal chondrocytes, with
almost intact nucleus (N), basement membrane {arrowhead), and cyto-
plasmic organelles — vacuoles (v}, rough endoplasmic reticulurn {r-ER),
mitochondria {m); (b} Most chondrocytes of Tg197 mice treated with
scrambled P-NT.Il at age 8 weeks (L.e. 4 weeks post-treatment) were
degenerated, with vacuclated cytoplasm (v}, a disrupted Golgi complex
{9}, pyknotic nuctei {N) with a well-defined, enlarged perinuclear space
{arrows}, and cytoplasmic projections broken from the celt farrowhead),
N = 4 joints/group; mean percentage of degenerating chondrocytes at
age 8 weeks = 20% and 75% of total in (a) and (b), respectively. Bars
=2 um.

suppress the severity of the prostaglandin-mediated inflam-
matory response in the synovium.

Available online htip://arthritis-research.com/content/6/3/R282

The ultrastructural features of the articular cartitage
observed in this human TNF transgenic mouse model of RA
suggest that the chondrocyte may be one of the important
targets of the peptide intervention in modulating the pro-
gression of the joint erosion. Our extensive histopathologic
analysis of joints in the Tg197 TNF model in this study (Fig.
3) has revealed both articular cartilage destruction and
subchondral bone erosion at the advanced stages of dis-
ease (i.e. 8 weeks of age). Similar severe cartilage destruc-
tion in Tg197 mice at 7-8 weeks of age has previously
been shown as evidenced by the loss of safranin-O staining
[22). Massive cartilage and subchondral bone erosion in
the joints is the hallmark of inflammatory arthritis in the TNF
transgenic mouse modef [30]. At 3—4 weeks post-treat-
ment (ie. at 7-8 weeks of age}, P-NTIl significantly
reduced chondrocyte necrobiosis, which was frequently
seen in the proximity of invading synovium in untreated con-
trols at same age. If is possible that sPLA, might be
involved in cartilage destruction in the TNF-transgenic
model. sPLA, found in the synovial fluid has been reported
to originate from chondrocytes and not from the synovial
lining or inflammatory cells [31]. Human articular chondro-
cytes synthesize and constitutively release sPLA,, and are
therefore suggested to be responsible for the high concen-
tration of sPLA, present in articular cartifage [32], cPLA, is
also reported to be involved in PGE, production by ostech-
last cells [33], while there are reports indicating that sPLA,
augments cPLA, expression in mouse osteoblasts via
endogenous PGE {13,34]. Because of the significant func-
tional coupling and/or synergism that can exist between
cPLA, and sPLA, in various cells [3,13,33-35], sPLA,
could conceivably be involved in chondrocyte destruction
in RA by playing a role in bone resorption through crosstalk
with cPLA,.

We have found significantly elevated levels of circulating
sPLA, in Tg197 mice at 8 weeks of age as compared with
the much lower baseline levels detected at 4 weeks of age.
Elevated levels of sPLA, have been reported in the plasma
of patients with acute and chronic inflammatory diseases
[36]. sPLA, can mobilize AA to induce the de novo synthe-
sis of eicosanoids in a variety of inflammatory cells [37],
leading to subsequent release of proinflammatory
mediators. Recently, sPLA, has been shown to amplify
TNF-induced PGE, synthesis in human rheumaioid
synoviocytes [8], a process that is blocked by cyclic pep-
tide inhibitors of human sPLA, [38]. The use of a low-
molecular-weight peptide, such as P-NT.II, that effectively
lowers sPLA, could be of clear clinical benefit in similar sit-
uations. Qur results obtained with P-NT.ll-treated Tg197
mice demonstrated that this new peptide inhibitor signifi-
cantly suppressed the circulating sPLA, activity in those
mice, whereas scrambled P-NT.I| {negative control pep-
tide) was without any effect.
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Figure 6
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Synovium of untreated Tg197 mice at age 8 weeks. (a) Proliferation of the synovial tissue (syn} in the articular cavity {ac) showing macrophage-like
type A synoviocytes (sa) with thin cytoplasmic protrusions {amow) invading the articular surface {as), and closely packed secretory type B synovio-
cytes {sb) seen in the superficial layer of pannus. (b} The synovial membtrane was lined by closely packed, elongated (arrow) or rounded synovio-
cytes with infiltrating cells {arrowhead) present under the synovium. (c) Degenerating synoviocyte with disintegrated nuglei (arrow) and vacuctated
{v) cytoplasm along with disrupted collagen fibres (arrowhead) randomly seen in the synovium, {d) Adherent-type junction (arrow) sealing two syn-
oviooytes with fibrin (f} between them. {e) Synoviocytes appeared flattened, and partially degranulated mast cells (arrow} are seen under the syn-
oviumn, N = 4 joints; mean percentage of degenerating synoviocytes = 80% of total cells. Bars =5 pm. ¢, chondrocytes; N, nucleus.




Figure 7
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Figure 8

(control) at age B weeks: type A (sa) and type B {sb) synoviocytes are
arranged loosely in the synovium (syn}. Type A cells are characterized
by many thin filopodia {arrow), while type B cells contain many
instances of rough endoplasmic reficulum {r-ER}, small vesicles, and
basement membrane structures {arrowhead); (b) P-NTH-treated Tg197
group at 5-8 weeks of age: synoviocyte A cells {sa) with characteristic
cytoplasmic processes intermingled with those of neighboring cells
{arrow} and B cells {sb), seen at age 6-8 weeks of age (i.e, 2-4 weeks
post-treatment}, appear unmodified during the time course {1-4 weeks)
of treatment. The ultrastructural {eatures are similar io those seen in the
anklo joints of wild-type controls in (a). {c} Scrambled-P-NT il treated
Ty197 group at age B weeks: type A (sa) and B (sb) synovial cells were
seen lining up close together, and many cell fragments {arrowheads)
resulting from fibrous degeneration of endotheliat cells were present in
the synovium {syn), along with infiltrating mast cells {asrows). N=4
joints/group; mean parcentage of degenerating synoviocytes = 24%
and 75% of totat in {b) and {c}, respectively. Bars =2 pm.

R unireated

2R P-NT H-treated
scrambled P-NT.ll-treated

serum PLA; levels
{ng/ml}

4 8 5 § 7 8

Tg197 age {(weeks)

Time course of serum phospholipase A, (sPLA,) levels. Serum sPLA,
levels were measured with an Escherichia coli membrane assay in
blood samples collectad from untreated, P-NT.II-ireated, and scram-
bled-P-NT.I-treated Tg197 mice at weekly intervals during the 4 weeks'
time course of freatment, Values are the mean + S {N = 4/group).
One-way ANOVA with Bonferront’s multiple comparison post test: P <
0.05, untreated versus P-NT.IHreated (age B weeks); P < 0.05, scram-
bled-P-NT.l-treated versus P-NT.ll-treated {age 8 weeks).

The data obtained from the present study suggest that P-
NT.il ameliorates synovitis and bone and cartilage erosions
in the joints through modulation of circulatory and localized
sPLA,, which might otherwise amplify TNF-dependent
pathways in rheumatoid synovium. Although the mode of
action of sPLA, in this animal model is not exactly known,
the potential mechanism may involve binding to a receptor
[38], followed by internalization [40] and transfer of sPLA,
to intracellular pools of phospholipids enriched in AA [41].
Further catalysis by sPLA, through surface interactions can
then initiate and promote pathology by releasing AA, which
can subseguently be converted to proinflamrnatory pros-
taglandins and leukotrienes. There are no published reports
of sPLA, inhibitors showing benefit on bone erosion. The
ultrastructural evidence of the beneficial effect of the pep-
tide on joint destruction as shown here suggests a possible
use of sPLA, inhibitors in the treatment of inflammatory
bone loss diseases such as RA. However, some caution is
advisable in the interpretation of the findings, since the
nature of the arthritis in a purely TNF-driven disease, such
as that observed in TNF transgenic mice, may not truly
reflect the situation in human inflammatory joint diseases.

Conciusion
The present study provides ultrastructural demonstration of
the modulatory effect of the P-NTM peptide on synovial
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Figure 9
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Modulation of lipopolysaccharide {LPS)- and tumor necrosis factor
(TNPF)-stimulated PGE, release. Macrophages (5 x 105 celfs/mi} from
subcultured 1774 mouse cell line were incubated with {a} LPS {2 pg/
mi) or (b) TNF {10 ng/ml) in the absence or the presence of various
concentrations (0—40 pM) of P-NTII, LY315920, or scrambled P-NT.II
for 20 hours. Supetnatants were collected, and PGE, release in the
medium was determined by enzyme-linked immunoscrbent assay.
Results are shown as the mean £ SEM of five experiments performed in
duplicate. *P < 0.01 between inhibitor-tréated and untreated cultures.

control TNFa

inflammation and joint destruction in TNF-driven Tg197
mouse model of human RA. The results suggest that sPLA,
seems to play a significant role in inflammatory arthritis, and
sPLA, inhibitors may be useful for the development of novel
agents to treat RA and other inflammatory diseases.
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Summary

A membrane-permeant malachite green-conjugated
IP; analog (MGIP:/PN) was synthesized as a probe for
small molecule-based CALI (smCALI), and its effect
on the Ca?* signaling in intact DT40 chicken B cells
was examined. In DT40 B cellstreated with the smCALI

probe, laser irradiation inhibited IPs-induced Ca®* os-

cillations in response to B cell receptor stimulation,
demonstrating that IP;R was acutely inactivated. We
~ then applied smCALI to clarify the mechanism of ca-

- pacitative Ca®* entry (CCE), in which involvement of
IP;R has been suggested. Despite the inactivation of
tP;R by smCALlI, thapsigargin-induced CCE remained
unaffected, providing evidence that functional IP;R is
not required for CCE in DT40 cells. These results dem-
onstrate the potency of the smCALI technique for the
study of the roles of IP;R in complex intracellular Ca**
dynamics.

Introduction

Specific inactivation of biomolecules has been one of
the most widely used approaches to study the physio-
legical functions of these molecules, and various meth-
- ods, including the use of pharmacological antagonists,
targeted gene disruption, and antibodies, have been
used. The activities of most functional biomolecules de-
pend upon the site of expression and the nature of the
cellutar processes in which they are involved [1-3], so
atechnique for inactivation of target proteins in a spatio-
temporally well controlied manner should be extremely
useful. To achieve this purpose, chromophore-assisted
laser inactivation (CALI) is an excellent method 4, 5], in
which the protein of interest is targeted by an exoge-
nously introduced antibody that has been tagged with
a CALI chromophore, usually malachite green, and the
chromophore-antibody complex is subsequently iradi-
ated with intense localized laser light. The iradiated
_ chromophore produces radical species that react with
the protein to which the antibody is bound, causing
its inactivation. Because the radical species are highly

*Comrespondence: tlong@mol.f.u-tokyo.ac jp

reactive and have very short lifetimes, the antibody-
recognized proteins are specifically inactivated. The
functions of various molecules, which could not have
been analyzed by other currently available methods,
have been elucidated by inactivation of target proteins at
the appropriate site and time using the CAL! technigue.

Although CALI has proved very powerful, it has some
limitations, which are primarily attributable to the use
of antibody for the molecular recognition. It is difficult .
to label antibodies with chromophores at specific amino -
acid residues, so that the extent of the damage inflicted
on the target protein cannot readily be controlled. More-
over, itis necessary to use an invasive method to intro- -
duce antibodies into cells, which may jeopardize the
physiological functions and long-term viability of the
cells. Further, invasive methods (such as trituration, |
whole-cell clamp, or microinjection) can be applied to
only a few cells at a time and are not applicable to
tissues. .

To circumvent the limitations associated with conven-
tional CALl, we have set out to develop a new method
in which synthetic small molecules are used instead of
antibody for target recognition (small molecule-based
CALl, or smCALI). We designed and synthesized suit-
able synthetic small molecular probes for biclogical ap-
plication of CALL. For the implementation of smCALI,
we chose inositol 1,4,5-trisphosphate receptor (IP;R) as
a target protein. IP;R is a Ca®* channel localized on the
endoplasmic reticulum (ER} membrane, and regulates
the cytosolic Ca?" concentration, playing an important
role in various physiological functions, such as contrac-
tion, secretion, fertilization, synaptic plasticity, and gene
expression [, 7]. Thus, spatiotemporally controlled in-
activation of IP;R using smCALl should be useful for
studying of the role of the protein in these functions.

We developed achromophore-labeled IP; analog {car-
boxymalachite green-aminopropyl-1D-myo-inositol-1,4,5-
trisphosphate, MGIPg) and showed that spatially con-
trolled inactivation of IP;R could be achieved within a
few seconds by MGIP;-mediated smCALI [8-10). The
time required for smCALI is very much shorter than that
of antibody-based CALI, which usually requires ~5 min.
Furthermore, by focusing alaser beam at the subcellular
level in a single PC12 cell, precise control of the area
of inactivation could be achieved. In the present study,
we derivatized MGIP; to a membrane-permeant com-
pound for noninvasive delivery into living cells. This
membrane-permeant probe can be easily applied to in-
tact cells or cell populations and smCALl experiments
can be conducted under physiological conditions. We
describe here the successful application of smCALI in
intact cells using the membrane-permeant probe, and
we show that smCALI provides a powerful tool to ana-
lyze complex intracellular Ga?* dynamics. :

Results and Discussion

MGIP:/PM Permeates through the Plasma
Membrane and Interacts with IP.R

In previous studies, we designed and synthesized a
chromophore-tabeled IP; analog (MGIP;, Figure 1) and
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Figure 1. Scheme of smCALI Using a Membrane-Permeant Syn-
thetic Probe, MGIPy/PM

IP;R, inositol 1,4,5-trisphosphate receptor; ER, endoplasmic reticu-
lum; PM, propionyloxymethy! group.

showed that MGIP; could act as an agonist of IP,R and
function as an effective probe for smCALI of IP;R [9,
10]. Permeabilization of the cell membrane or whole-
cell patch-clamp was required to introduce MGIP; into
cells, because MGIP; cannot permeate through the
plasma membrane due to its charge and hydrophilicity.
Thus, we derivatized MGIP; to a membrane-permeant
compound (carboxymalachite green-aminopropyt-1D-
myo-inositol-1,4,5-trisphosphate hexakis (propionylox-
ymethyl} ester, MGIP/PM, Figure 1) by masking all the
anionic phosphate groups with propionyloxymethyl es-
ters. This compound is expected to diffuse into cells,
where it should undergo cleavage by the ubiquitous
intracellular esterases to generate the hydrolyzed form
{i.e., MGIP;), which binds to IP;R (Figure 1).

We examined whether MGIPy/PM can indeed perme-
ate through the plasma membrane and interact with IP;R
by using DT40 cells expressing type 2 1P;R (IP;R-2}.
MGIP; is an agonist of IP;R and induces Ca®* release
via IP;R in permeablized DT40 cells. Thus, one would
expect to observe anincrease in [Ca?*], if extracellularly
applied MGIPy/PM dose permeate through the plasma
membrane and subsequently undergo hydrolysis to
yield MGIP;,. When MGIP/PM (100 pM) was added to
the extraceliular soiution of DT40 cells, it induced an
increase in [Ca? ], indicating that MGIP,/PM did enter
the cells and interact with iP;R (Figure 2A, black trace;
Figure 2B). On the other hand, extracellularly added
MGIP; (100 uM) or vehicle (0.1% DMSO)} induced no
detectable [Ca?]; increase (Figure 2A, green and blue
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Figure 2. [Ca®*); Increase Induced by 100 pM MGIPY/PM in Intact
DT40 Cells

(A) [Ca®*} increase induced by 100 pM MGIPYPM, 100 pM 1L- .
MGIPy/PM, 100 pM MGIP;, and vehicle {0.1% DMSQ). Test com-
pounds were added to an extracellular solution of Fura-2-loaded
DT40 cells as indicated by the box. All traces show Ca®* responses
in single DT40 cells. 100 uM MGIPy/PM (black square} induced a
much greater [Ca®* ] increase than 100 .M 1L-MGIP/PM {red circle).
100 pM MGIP, {green diamond) or vehicle (blue triangle) induced
no detectable [Ca*] increase. ‘

(B8) [Ca**] increase induced by 100 M MGIPy/PM and 100 pM 1L-
MGIP;/PM. 100 pM MGIPy/PM induced a significantly largerincrease
of the fluorescence ratio than 100 M 1L-MGIP/PM within 1800 s
after extracellular addition of each compound {*p < 0.0001). These
data were acquired in two independent experiments. The number
of analyzed cells is indicated on top of each column. Results are
the mean = SEM.

traces; Figure 2B), indicating that masking of the phos-
phate groups is essential for membrane permeation. As
a control experiment, we used the optical isomer of
MGIP:/PM {(1L-MGIP;/PM), which has the same photo-
chemical nature as that of MGIP,/PM, though its hy-
drolyzed form (i.e., 1L-MGIP;) has a much weaker ago-

" nistic effect on 1P;R [8, 10}. 1L-MGIPY/PM (100 uM} was

much less effective in increasing [Ca®*} than MGIP,/
PM and a significant difference in their Ca®* releasing
activity was observed (Figures 2A, red versus black
traces; Figure 2B, p < 0.0001). In all experiments, cells
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showed the same responses to B cell receptor stimula-
tion. We also examined the concentration of MGIP; in
the cell by HPL.C. After uptake of MGIPy/PM from the
exracellular solution by DT40 cells, cells were washed
and disrupted by sonication; then the intracellular solu-
tion was analyzed by HPLC. The result suggested that
the concentration of MGIP; was at most 10 1M in the
cell when MGIP,/PM was extracellularly applied at a
concentration of 100 pM {data not shown). This range
of MGIP; concentration is the same as that used in the
previous study [10], in which the speciticity of CALI was
established. Furthermore, DT40 cells lacking all three
type of IP4R [11] exhibited no detectable [Ca®* ] increase
in response 1o extracellular addition of 100 pM MGIPy/
PM (data not shown). These results indicate that MGIPy/
PM can permeate through the plasma membrane and
interact with IP;R after intracellular hydrolysis.
Although MGIP,/PM has an inherent agonistic effect,
at low concentrations MGIP/PM induced no detectable
[Ca?*] increase. Indeed, there was no significant differ-
ence between the increase of fluorescence ratioinduced
by 4 pM MGIP/PM and that by 4 pM 1L-MGIFPy/PM
(—0.009 = 0.006 and ~0.013 * 0.006, respectively, p =
0.6825). Thus, we used 4 pM MGIP,/PM for smCALI so
that the agonistic effect of the ester could be neglected.

MGIP,/PM-Mediated smCALI Inactivates

IP;R in Intact DT20 Cells

Stimulating the B cell antigen receptor (BCR) induces
production of [Py via phospholipase C (PLC)-v2, followed
by repetitive cyclic increases in [Ca?*] (Ca** oscillation)
in DT40 cells [12]. In the previous study, we showed
that MGIP;-mediated smCALI inhibited IP;-induced Ca?
release in permeabilized DT40 cells [10]. We then exam-
ined whether laser beam irradiation focused onto intact
single DT40 cells loaded with MGIP/PM induces protein
inactivation, by measuring the IP;-induced Ca?* oscilla-
tion. Fura-2-loaded DT40 cells were loaded with 4 pM
MGIP,/PM for 60 min, and then we routinely allowed
an incubation period of =30 min to ensure complete
hydrolysis of MGIPy/PM after wash-out of excess ester.
MGIP; in the cell is expected to be stable because it
has been shown that inositol 1,4,5- trisphosphate deriv-
- atives modified at 1-phosphate are not substrates for
5-phosphatase or 3-kinase [13]. Subsequently, several
MGIP;/PM-loaded cells were successively irradiated
with the laser for 60 s each (Figure 3A), followed by
induction of Ca*" oscillation by BCR stimuation with
anti-BCR antibody M4 (1 ng mi™") [12]. Ca?* oscillation
was strongly inhibited in irradiated cells (Figure 3B). The
average number of Ca®* oscillations within 500 s after
BCR stimulation was decreased by 50% in irradiated
cells compared with nonirradiated cells (Figures 3C and

3D, p < 0.0001). MGIPy/PM-mediated smCALI also de-

creased the average peak amplitude of Ca?* oscillations:
2.04 + Q.10 inirradiated cells and 2.41 = 0.07 in nonirra-
diated cells (p < 0.005).

Laser imradiation alone in the absence of MGIP;/PM
had no significant effect on the average number of Ca**
oscillations (Figure 3D, p > 0.82). We then examined
whether or not the laser-induced inhibitory effect on
Ca** oscillation is also observed in 1L-MGIPy/PM-

loaded cells. No effect of laser irradiation on the average
number of Ca?* oscillations was observed in cells loaded
with 4 uM 1L-MGIP,/PM {Figure 3D, p > 0.36). These
results indicate that there is no nonspecific laser dam-
age to IP4R, and that the inhibition of Ca?* oscillation was
thé result of IP;R inactivation by MGIP/PM-mediated
smCALL

MGIP;-mediated smCALI has been shown to inhibit
IP-induced Ca?* release [10]. Therefore, it seems likely
that Ca®' oscillation was inhibited as a result of the
inhibition of IPg-induced Ca?* release. Ca?* oscillation
is a genuine physiological phenomenon, and it is not
appropriate to analyze it by using methods that disrupt
the intact cell structure, for example, using detergents
or microinjection. SmCALLI provides the opportunity to
analyze Ca?* signaling under physiological conditions.

It was not clear quantitatively to what extent the IP;R
was inactivated by our procedure, but the oscillation
frequency, an important factor of Ca?* signaling, was
greatly reduced, except for a few initial spikes, as a
result of IP,R inactivation.

Absence of Involvement of IP;R in Capacitative
Calcium Entry
After release of Ga?™ from intracellular stores via IP;R,
Ca®' entry across the plasma membrane follows in many
cell types [14]. This Ga®* signaling is called capacitative
Ca?" entry {CGE). CCE is thought to form an important
component of Ga?* signaling. Although IP;R has been
implicated in CCE, the molecular mechanism of CCE
remains elusive [15-17]. To study whether IP;R is in-
volved in CCE, CCE was examined in cells in which IP;R
had been inactivated by smCALL Inactivation of IP;R in
DT40 cells expressing IP;R-2 by smCALIl was carried
under the same conditions as the above experiments.
Cat?* stores were then depleted by applying 1 pM thapsi-
gargin (TG}, an inhibitor of sarco/endoplasmic reticulum
Ca®"-ATPase (SERCA)} [18], in the absence of extracellu-
lar Ca*'. Subsequent addition of 2 mM Ca?* evoked an
increase in {Ca?*]; due to CCE (Figure 4A). The amplitude
of the CCE-mediated increase in [Ca**}, was not signifi-
cantly different between irradiated and nonirradiated
cells {p > 0.86, Figure 4B), suggesting that the activation
of IPjR is not essential for TG-induced CCE in DT40
cells under these experimental conditions.

It has been suggested that CCE is regulated by the
IP;R [15]. However, it has been difficult to acutely and

. specifically inactivate |IP,R. Most of the conventional

antagonists of IP;R have direct inhibitory effects on GCE
[17, 19]. Targeted disruption of the IP;R genesis a pow-
erful method, but may not be free from possible long-
term compensatory reactions. Recent findings using
mutant BT40 cells, in which all subtypes of IP,R were
deleted, strongly suggested that IP;R is not involved
in CCE, because the cells showed typical GCE or /yq,
(calcium release-activated calcium cutrent) identical to
that observed in wild-type cells [11, 16, 20, 21]. However,
it was suggested that ryanodine receptors would work
as a compensatory mechanism in the mutant DT40 cells
[22]. Taking the above circumstances into consider-
ation, snCALIl appears to be an excellent method to
analyze- the functions of IP,R in CCEs, because acute



Chemistry & Biology
1056

A B Noh-ifradiated cells rradiated cells
Ifradisted area 5 M m
mi
5 o ,
. NN S S
L0 6 ikl: . ]
200 Sec
C 2]
15 ; , _ _ B
_ Non-irradiated ceélis: 10 g | 1
10 ‘ o - BN BN . @)
i ] < 500sec. i : -—}— ! (a1
& 5 €2
3 ¥ :E,.'Q S L
B o w1 E§ g (™8 : +
8 15 | 5% mm
v = 0 R
£ 1 Irradiated cells Bue
=z 10 %
53 0 S - .
o JUNEEN B m .  m Compound MGIPyPM - 1L-MGIP4/PM
0 2 4°6 810121416 1820
MNurhber of oscillations laser + - + - + -

Figure 3. Inhibitory Effect of MGIP,/PM-Mediated smCALl on Ca?* Oscillations in Intact DT40 Gells

{A) Fluorescence image of DT40 cells excited at 350 nm after loading Fura-2AM. The red circle indicates the laser spot for irradiation.

{B) Ca?** responses upon ligation of BCR with anti-BCR antibody {1 ng mi™") after smCALI with 4 pM MGIPy/PM. Traces show several
representative responses in irradiated or nonirradiated cells. Antibody was applied as indicated by horizontal bars above the traces.

(C) Histogram showing the number of Ga?* oscillations within 500 s of BCR stimulation in irradiated or nonirradiated cells (48 cells in each

condition).

(D} Average number of Ca?* oscillations in respense to BCR stimulation after the indicated treatment. A significant difference was found
between the average numbers of Ca?* oscillations under imadiated and nonirradiated conditions with MGIPy/PM (p < 0.0001). The number
of analyzed cells is indicated on top of sach column. These data were acquired in six independent experiments. Results are the mean +

SEM.

inactivation of IP;R can be carried out under physiologi-
cal conditions. Other studies have also shown that acute
inhibition of IP;R by heparin {a potent IP;R angagonist)
failed to inhibit /... [20, 21, 23]. Our results provided
evidence that IP;R is not involved in CCE in DT40 celis.
Further application of smCALI should clarify the function
of IP;R in GCE in other cell types.

In the present study we showed that smCALl can
overcome the main limitation of the conventional GALI
technique, in which invasive methods have to be used
to introduce antibodies into cells. Indeed, we have suc-
ceeded in éxamining the effect of smCALI on Ca** oscil-
lations. The role of 1P,R in CCE could be analyzed by
smCALI without any long-term compensatory effect.
Spatiotemporally controlled genetic modification (con-
ditional knockout) [24] has emerged as a powerful mo-
lecular inactivation method. However, it requires amuch
longer time for molecular inactivation than smCALI.
Thus, smCALI provides a unique method to analyze Ga?*
signaling under physiological conditions in various cell
types. Another feature of MGIP;-mediated smCALl is
the catalytic inactivation mechanism [10}, i.e., the smali-
molecular probe (MGIP;) may rapidly associate with and
rapidly dissociate from its target (IP:Rs), and repetitive

excitation of malachite green causes cumulative inac-
tivation of IP;Rs. Due to the catalytic nature of the in-
activation, even a low probe concentration may cause
sufficient inactivation. Indeed, we showed that 4 M
MGIP,/PM caused sufficient inactivation of IP;Rs with-
out any agonistic effect. Thus, the smCALI technique
provides high spatiotemporal resolution in melecular in-
activation, and should be applicable to studies of vari-
ous physiological functions, especially in polarized cells
such as neurons.

Significance

Biological application of conventional CALI has been
hampered mainly by the necessity to use invasive
methods to introduce antibodies into the cells for tar-
get recognition. In the present study, we successfully
carried out smCALIl in intact cells by using membrane-
permeant synthetic small molecules. Some variations
of small molecule-based CALI have been developed.
For example, arsenic chromophore derivatives de-
signed to specifically bind to a tetracysteine tag
attached to a target protein induce target inactivation
under light illumination (FIAsH-FALI) [25, 26]. Although
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Figure 4. The Effect of MGIPyPM-Mediated smCALI on Thapsigar-
gin-Induced Capacitative Calcium Entry in BT40 Cells
{A} Intracellular Ca?* release and Ca?* influx were measured in TG-
stimulated irradiated and nenirradiated cells. After washing of the
cells with Ca?*-free solution, 1 uM TG was used to deplete the Ca?t
store, followed by addition of 2 mM Ca?*.
{B) Increase of fluorescence ratio induced by addition of 2 mM
Ca?* after TG treatment of irradiated and nonirradiated cells. No
significant difference was found between iradiated and nonitradi-

~ ated cells (p > 0.86). The number of analyzed cells is indicated on
top of each column. These data were acquired in three independent
experiments. Results are the mean = SEM.

this method is powerful, toxicity and nonspecific dam-
age [27] can be problematic. In our smCALl strategy,
we showed that there is no apparent nonspecific dam-
age to IP;R, presumably due to the catalytic nature of
the inactivation and high efficiency. We demonstrated
that intracellular Ca®* dynamics can be modified by
smCALI of IP;R under physiclogical conditions. Since
IP;R is an important regulator of intraceliular Ca** dy-
namics, spatiotemporally specific inactivation of IP;R
by smCALI using MGIP,/PM may provide a useful
method for clarifying the complex Ca? signaling
mechanisms in intact living cells. smCALI should also
be applicable to targets other than IP;R, if appropriate
malachite green-conjugated ligands are synthesized.

Experimental Procedures

Synthesis of MGIPy/PM

MGIP; was synthesized as reported previously [8). To synthesize
MGIPy/PM, MGIP; (1.0 eq.) was mixed vigorously with GH;CN and
N, N-diisopropylethylamine (DIEA) (2.0 eq). The mixture was then
dried under vacuum. This procedure was repeated at least three
times until a homogenous seclution was obtained after adding
GH,CN/DIEA. After a final round of drying, the green solid was sus-
pended in CH;CN and DIEA {5.0 eq.). Bromomethy! propionate (5.0
eq.) [28} was added to this solution: The mixture was stirced for 24
tr, then further bromomethyl propionate (2.5 eq.) and DIEA (2.5 eq.)
were added and the reaction was continued for ancther 24 hr. The
solvent and excess reagents were evaperated under vacuum. The
remaining mixture was purified by Gy reversed-phase HPLC.
YM-NMR (CD,0D): 51,02 {m, 15H), 1.80 (m, 2H), 1.93 {br, 2H), 2.32
{m, 10H), 3.30~5.50 (m, 10H), 3.60 (s, 12H), 5.61 (br, 10H), 7.30 (m,
2H), 7.58 (m, 4H), 7.78 {m, 6H). 1L-MGIP,/PM was also synthesized
in the same manner.

Cefll Culture

DT4C chicken B lymphoma cells were cultured in RPMI1640 supple-
mented with 10% fetal calf serum (FCS), 1% chicken serum, penicil-
lin (100 U/ml), streptomycin (100 U/ml}, and 2 mM glutamine. In -
some experiments, genetically engineered DT40 cells that express

only type 2IP,R or that lack all three type of IP;R were used [11, 12].

Ca* Imaging -
Cells were attached to poly-L-lysine and ¢ollagen-coated coverslips
and loaded with 1 pM Fura-2AM {Molecular Prabes) for 30 min in a

" physiclogical salt solution (PSS: 150 mM NaCl, 4 mM KCl, 2 mM

CaCly, 1 mM MgCl;, 5 mM HEPES, 5.6 mM glucese, pH 7.4) con-
taining 0.1% bovine serum albumin (BSA}. An Olympus IX71 inverted
microscope, equipped with a cooted CCD camera (Photometrics)
and a polychromatic illumination system (T.L.L.L. Photonics) was
used to capture the fluorescence images generated by alternate
excitations at 350 and 380 nm every 1 or 10 s. Intracellular Ca®*
concentration was measured as the ratio of the fluorescence inten-
sity between the pair of frames (Faso/Fa). The test compounds were
predissolved in PSS (containing 0.1% DMSO).

Laser Irradiation for smCALI

A nitrogen-driven pulsed dye (aser (wavelength 635 nm, pulse width
<4 ns, and pulse energy ~30 wJ at 20 Hz; Laser Science Inc,;VSL-
337ND-S and DUO-220) was spatially filtered using a pair of objec-
tive lenses, A circular beam with a required spot size was introduced
into a water-immersion objective (60X, NA 0.90, Olympus) attached
1o the inverted fluorescence microscope. The laser beain was fo-
cused onto a single DT40 cell. The diameters of the laser spot and
a single DT40 cell were 20 and ~15 um, respectively. The laser
pulse energy at the focal plane was ~7 pJ. Laser irradiation was
carried out as follows. The probe was added to the extracellular
solution of Fura-2-loaded DT40 cells, and after 60 min, the excess
ester was washed away with PSS. After =30 min, several cells were
successively irradiated for 60 s. For the analysis of nonirradiated
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cells surrounding irradiated cells, we randomly selected cells within
a frame,

Statistical Analyses
Statistical analysis was performed using Student’s unpaired t-test.
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Zinc (Zn2*) is found in every cell in the human body and is
mostly tightly bound to proteins as a key component of numerous
enzymes and transcription factors.? Chelatable Zn?* co-localizes
with glutamate in the synaptic vesicles of certain glutamatergic
vesicles in the roammalian brain, including the hippocampus,
amygdala, and neocortex.? Free Zn?* exists at a concentration of a
few millimolar in the vesicles of presynaptic neurons and is released
during synaptic activity or depolarization, modulating the function
of certain ion channels and receptors.*~7 Many reports describe the
significance of Zn?* in biological systems,* ' but its mechanisms
of action are poorly understood.

Although various chemical tools for measuring Zn?* in biological
samples, such as fluorescence probes for Zn?*, have been
developed,'¥~2* better Zn?*-gelective chelators are still needed.
Research on Zn?* signals in the brain has raditionaily employed
several chelators, though they have various shortcomings for
biological applications. Use of NN .N' N -tetrakis(2-pyridylmethyl)-
ethylenediamine (TPEN), a classical membrane-permsable Zn?*
chelator, does not allow selective manipulation of extracellular or
intracellular Zn?*. On the other hand, calcium ethylenediamine-
tetraacetic acid (CaBDTA), an extracellular (membrane-imperme-
able) Zn2* chelator, has the disadvantage of slow kinetics of Zn?*
binding. Concentrations of CaEDTA that are sufficient to chelate
synaptic Zn®* at equilibrium do not effectively chelate Zn?" within
the period of tens to hundreds of microseconds that it takes Zn?*
10 cross the synapse and interact with varions postsynaptic sites.?
In contrast, a higher concentration of CaEDTA markedly reduces
the Zn?* and Ca?* signals.25 This phenomenon makes it difficult
to interpret the action mechanism of Zn®* under physiological
conditions, where change of Ca?t concentration can also induce
various responses. Especially in electrophysiological studies of ion
channels and neuronal activities, reduction of extracelluiar Ca?t
can result in neurological side effects. The development of new,
more rapid Zn2t chelators which have low affinity for Ca?t is
required for the clarification of the mechanism of synaptic release
of Zn®*, We report here the design, synthesis, and properties of
new Zn?* chelators, and we describe biological application in
hippocampal slices.

We designed (4-{ [2-(bis-pyridin-2-yimethylamino)ethylamino]-
methy] }Jphenyl)methanesulfonic acid, sodium salt (DPESA), and
[4-({ [2-(bis-pyridin-2-yImethylamino)ethyl | pyridin-2-ylmethylamino }-
methybphenyljmethanesulfonic acid, sodium salt (TPESA).utilizing
TPEN structure for high Zn?* selectivity and a sulfonic acid moiety
for hydrophilicity (Figure 1). The acid dissociation constants and
metal chelate stability constants were determined by potentiometric
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Figure 1. Structures of new zine-selective chelators.

Table 1. Stability Constants of Chelators

log K
T DPESA TPESA: . TPEN? EDTA®
Ca*t 420+ 011 247 £ 0.10 4,40 10.7
Mgt 397 0.10 2.66 £ 0.10 1.70 3.64
Zn?t 11.8 £ 0.01 12,3 £ 0.03 154 16.3

“ Seability constants of DPESA and TPESA were determined at 25 °C,
I = (.1. The determined value £ SD i given, ® From the SCDatabase
(IUPAC and Academic Software): 25 °C, I = 0.1,

methods (Table 1 and Table S1, Supporting Information). The log
K values of DPESA and TPESA for Zn?* are 11.8 and 12.3,
respectively, showing that these two compounds have high affinity
for Zn®*. The log K values for Ca?* are 4.20 and 2.47, and those
for Mg are 3.97 and 2.66, respectively, indicating Iow affinity
for these metal ions.

To compare the relative association rate constants of the new
chelators for Zn2* with those of raditional chelators, competition
analysis was performed between Zn?*-fluorescence probe complex .
and Zn%*-selective chelators (Figure 33, Supporting Information).
ZnAF-21 was used as a fluorescence probe for Zn?*; its log Kun
value (Ko 18 the apparent association constant at pH 7.4, I=0.10
M NaNQs) has been reported as 8.57. The fluorescence intensity
of ZnAF-2 (1.0 M) linearly increased up 1o a L:1 [ZnAR-2}/{ Zn?*]
ralio, and the maximum fluorescence was obtained with 1.0 M
Zn** addition. Then 10 #M chelator was added and the time course
of fluorescence decrease was compared among DPESA, TPESA,
TPEN, and CaEDTA. The addition of 10 uM TPESA rapidly
decreased the fluorescence with a half-life of 18.6 s, which is
comparable. to that of TPEN (12.2 s). This result suggested that
TPESA can reduce the concentration of synaptically released Zn®*
rapidly, without changing the extracellular CaZ* concentration. On
the other hand, DPESA reduced the fluorescence with a half-life
of 67.0 s, which is similar to the value of 65.4 s obtained for
CaEDTA. Considering that DPESA may have the same affinity
for Zn®* as ZnAF-2, whereas the other chelators have higher
affinities (Table 1), the above result suggests rapid Zn?* chelation.

To examine the membrane permeability of the new chelators,
we applied them to hippocampal slices (Figure S4, Supporting
Information). Acute rat hippocampal slices were incubated with
10 4M ZnAF-2 DA™ for 1.5 h at room temperature for dye loading.

10,1021/jab44697q CCC: $30.25 © 2005 American Chemical Society
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Figure 2. Application of the chelators under ischemic conditions. Dye-
loaded slices were exposed to anoxic-aglycemiic ACSF for 17 min (from
2 to 19 min). (a) Fluorescence images at 0, 10, and 22 min after the
measurement. The fluorescence ratio in the plot (b) is the ratio of the
fluorescence intensity to the initial intensity of the corresponding area in
the image at 0 min. (¢} Histogram showing the effects of the chelators on
the fluorescence change of ZnAF-2 DA-loaded slices under anoxia-
aglycemia. Fluorescence ratio in the histogram 3s the ratio of the fluorescence
intensity at 10 min after the start of the measurement to the initial intensity
of the corresponding area in the image at 0 min. Bach oolumn, except for
TPEN, shows the mean + SE.

ZnAF-2 DA is expected to permeate well through the cell membrane
and then to be transformed to ZnAF-2 by esterase in the cytosol,
where the dye would be retained for a long time. It interacts with
intracellular Zn?* to generate strong fluorescence. The fluorescence
was intense jn the hilus and the stratum lucidum of the CA3 region,
where Zn2* is concentrated in the vesicles.® The fluorescence was
decreased by extracellular addition of the membrane-permeable
chelator TPEN (100 #M) for 30 min, whereas it was scarcely altered
by addition of CaEDTA, DPESA, or TPESA. These results support
the view that DPESA and TPESA are membrane-impermeable
chelators.

It has been suggested that the concentration of intracellular Zn+
at the hippocampal CA1 region transiently increases in response
to an ischemic insult, which is content with a relationship between
"Zn?* and apoptosis.!* This increase might be derived from influx
of extracellular Zn®* released from the presynaptic terminals, or
from the release of Zn** from intracellular vesicles. To investigate
the second possibility, we used DPESA and TPESA (Figure 2).

Acute rat hippocampal slices which had been loaded with
ZnAF-2 DA were exposed to anoxic-aglycemic ACSF for 17 min.
The fluorescence in the CAl region increased transiently, but this
was not observed when TPEN (100 gM) was added extracellularly
(30-min preperfusion with 100 xM TPEN followed by anoxic-
aglycemic insult in the presence of 100 4M TPEN). Similarly, the
presence of 100 uM DPESA or TPESA inhibited the transient
increase in fluorescence, indicating that DPESA and TPESA
chelated synaptically released Zn®* quite rapidly and thereby
suppressed influx of Zn?* into the cells. These results suggest that
Zn?* is released from the presynaptic vesicles in response to an
ischemic ipsult and is taken up intracellularly into the postsynaptic
neurons. Notably, 100 4M DPESA or TPESA was sufficient for
Zn?* chelation, whereas 100 uM CaEDTA was not. Thus, our newly
designed chelators yielded the biclogically significant finding that

presynaptic Zn?* can be released in the CAl region. This confirms
the utility of these new chelators as extracellular Zn2t chelators
for biological applications.

In conclusion, we have developed new membrane-impermeable
Zn**.selective chelators, DPESA and TPESA, with the advanta-
geous characteristics of high Zn2t selectivity and rapid chelation,
that can be applied to cell-biological studies to shed additional light
on the function of synaptically released Zn>*.
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Efficient and stable Sendai virus-mediated gene
transfer into primate embryonic stem cells
with pluripotency preserved
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Efficient gene transfer and regulated transgene expression in
primate ambryonic stem (ES) cells are highly desirabla for
future applications of the celis. In the present study, we have
examined using the nonintegrating Sendai virus (SaV) vector
to introduce the green fluorescent protein (GFP) gene inio
non-human primate cynomolgus ES cells. The GFP gene was
vigorously and stably expressed in the cynomolgus ES cells
for a year. The cells were able to form fluorescent teratomas
when transplanted into immunodeficient mice. They were also

able to differentiate into fluorescent embryoid bodies, neurons,
and mature blood cells. in addition, the GFP exprassion levels
were reduced dose-dependently by the addition of an anti-
RNA virus drug, ribavirin, to the cuffure. Thus, SeV vector will
be a ussful toof for efficient gene transfsr into primate ES cells
and the method of using antiviral drugs should allow further
investigation for regulated SeV-mediated gene expression.
Gene Therapy {2005) 12, 203-210. doi:10.1038/sj.gt.3302409
Published online 14 Qctober 2004
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Introduction

Since human embryonic stem (ES) cell lines have the
ability to both proliferate indefinitely and differentiate into
multiple tissue cells,? they are expected to have clinical
applications as well as to serve as models for basic research
and drug development. Although efficient and stable gene
transfer into primate ES cells would be useful for such
purposes, it has been difficult and only lentiviral vectors
have been successful in achieving it.>° We have previously
developed Sendai virus (SeV) vectors that replicate in
the form of negative-sense single-stranded RNA in the
cytoplasm of infected cells and do not go through a
DNA phase® SeV vectors can efficiently introduce foreign
genes  without toxicity into airway epithelial cells,”
vascular tissue,® skeletal muscle,® synovial cells,® retinal
tissue,”* and hematopoietic progenitor cells.”? Here we
report that the SeV-mediated gene transfer into primate ES
cells is very efficient and stable even after the terminal
differentiation of the cells. In addition, we show that SeV-
mediated transgene expression levels can be reduced by
the addition of a ribonuclecside analog, ribavirin, to the
culture. Ribavirin is a mutagen and inhibitor of viral RNA
polymerase.’>* It shows antiviral activity against a variety
of RNA viruses and is used to treat infections of hepatitis C
virus in combination with interferon-0'*¢ and of lassa
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fever virus.”” The method of using antiviral drugs might
offer a novel approach for regulated SeV-mediated gene
expression in primate ES cells.

Results

SeV-mediated gene transfer into ES cells

In this study, we have used an SeV vector, which is capable
of self-replication but incapable of transmitting to other
cells.® The vector does not encode the fusion (F) protein
(Figure 1a), which is essential for viral entry into cells. It
can be propagated only in a packaging cell line expressing
the F protein. The green fluorescent protein (GFP) gene was
introduced after the leader sequence of the vector genome.
Cynomolgus ES cells'® were exposed to the SeV vector for
24 h. Flow cytometric analysis at 2 days after infection
showed that 15, 38, and 61% of cells fluoresced at 2, 10, and
50 transducing units {TU) per cell, respectively (Figure 1b).
The gene transfer efficiency of about 60% is comparable to
or even better than that for lentiviral vectors®* We
confirmed that the undifferentiated cell fractions remained
unchanged after the infection with SeV vector, as assessed
by the expression of undifferentiated markers, alkaline
phosphatase and SSEA-4 (data not shown). The GFP
expression after infection was stable at least for a month,
On the other hand, the GFP gene transfer to cynomolgus
ES cells with adenovirus- and adeno-associated virus
{AAV)-based vectors resulted in much lower expression
levels (<20% by flow cytometry) and the levels declined to
zero within a week after infection (Figure 1c).
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Figure 1 Higlt-level fransgene expression in cynomolgus ES cells after
infection with SeV vector. (@) Schematic dingrams of the wild-type SeV
genome and recombinant F-defective SeV carrying the GFP gene (5eV
vector in this study). The 5eV genome is 15 384 nycleotides long and its
genes (NP, P, M, F, HN, and L) are in order from 3' 10 5' in the negative-
strand RNA. In the SeV vector, the entire fusion (F) gene wns removed and
the GFP gene was introduced at a unique Notl site between the lender
sequence and NP gene. () The GFP expression by the SeV wector in
cynomelgus ES cells. Cynomolgus ES cells were infected with the SeV
vector at 2, 10, and 50 TUfcell. The flowe cytometric profiles at day-2
postinfection are shotwn in gray. The white ares indicate uninfected ES
cells. The fractions of GFP-positive cells are indicated. (¢} The GFP
expression levels in cynomolgus ES cells infected with the SeV (50 TU/
cell), adenovirus serotype 5 (Ad5, 3.4 x 107 g.c.feell), and AAV serofype 2
(AAV2, 2.4 x 16* g.c.feell) vectors, The fractions of GFP-positive cells
were examined by flow cytonetry af 2, 4, amd 7 days postinfection.

We plucked fluorescent ES cell colonies under a
fluorescent microscope once at 1 month after infection
and propagated them. After this selection procedure,
approximately 90% of the ES cells expressed GFP
(Figure 2a and b) and the high-level expression was
stable for a year as assessed by flow cytometry (Figure
2¢, upper). The mean fluorescence intensity per cell was
also stable (Figure 2c, lower), indicating that the
replicating vector genome was almost equally delivered
to each cell of all progeny. The self-replication of the
SeV vector in infected cells was confirmed by RNA-PCR
that amplified the viral RNA genomic sequence (Figure
3a). The GFP cDNA sequence, however, could not be
detected by DNA-PCR in the infected cells (Figure 3b),
indicating that no DNA phase was involved in the GFP
expression.

Pluripotency of infected ES cells

The SeV-infected, fluorescent cynomolgus ES cells were
able to form fluorescent tumors when transplanted into
immunodeficient mice (Figure 4a—). The fluorescence
was observed uniformly by fluorescent microcopy
(Figure 4d and e). The tumors consisted of all three
embryonic germ layer cells (Figure 4f—). Thus, the
SeV-infected ES cells were capable of forming terato-
mas and the ScV infection did not spoil the pluripo-
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tency of ES cells. The infected, fluorescent cynomolgus
ES cells were also able to generate fluorescent
embryoid bodies (Figure 5a and b), MAP-2-positive
neurons (Figure 5¢), clonogenic hematopoietic colonies
(Figure 5d and e), and mature functional (NBT test-
positive) neutrophils (Figure 5f and g), all of which
fluoresced. In addition, the GFP expression levels were
not decreased during the teratoma formation or
differentiation, indicating that no ‘silencing’ of the
transgene occurred.

Drug-inducible reduction of transgene expression
Next, we examined whether ribavirin inhibits the
replication and transcription of the SeV vector resulting
in a reduction of transgene expression. We first used a
rhesus monkey kidney cell line (LLC-MK2) to test the
effect of ribavirin on the replication and transcription of
the S5eV vector. LLC-MK?2 is a standard control cell line
for SeV infection. Ribavirin was added at various
concentrations 2 days after the infection. The formation
of viral partides quantified by the hemagglutination
assay decreased drastically upon the addition of ribavir-
in (Figure 6a). The decrease was dependent on the dose
of ribavirin. The GFP expression was also depressed
dose-dependently (Figure 6b}. Thus, ribavirin dose-
dependently inhibits the replication and transcription
of the SeV vector in LLC-MK2 cells. The toxicity
associated with ribavirin was not observed in LLC-
MK2 cells.

We then examined the effect of ribavirin on SeV-
infected, fluorescent cynomolgus ES cells. The addition
of ribavirin also resulted in a dose-dependent reduction
of GFP expression in the cells (Figure 6c). Although the
GEP expression was almost completely inhibited after a
3-day exposure with 4 mM of ribavirin, the cells could
not be propagated thereafter. Ribavirin at high concen-
trations (>1 mM) hampered the proliferation of cyno-
molgus ES cells. With lower concentrations (0.5-0.75 mM)
of ribavirin, the GFP expression level decreased by half.
After the discontinuation of ribavirin treatment, the cells
could be propagated and nearly regained the original
level of GFP expression. The undifferentiated cell
fractions were unchanged after the discontinuation as
assessed by alkaline phosphatase and SSEA-4 staining
(Figure 6d).

Discussion

There are several advantages in using SeV vectors over
other vectors. (i) SeV vectors can infect nondividing,
quiescent cells as well as dividing cells unlike oncore-
troviral vectors.”" Thus, they can be used to infect cells
that are terminally differentiated as well as at various
stages of differentiation, whether they are dividing or
not. (i) SeV vector-mediated gene transfer does not
require a DNA phase. Thus, there is no concern about the
unwanted integration of foreign sequences into the host
genome unlike with oncoretroviral or lentiviral vectors.
(iii) Transgene expression is stable even in dividing cells
since the SeV vector replicates by itself in the cytoplasm
of host cells. On the other hand, gene transfer using
nonreplicating adenoviral and AAV vectors resulted in
decreased levels of transgene expression in dividing cells
over lme, since the non-replicating transgene was



