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H,0, enhanced Ca®* currents through P/Q-type Ca*
channels composed of alA, a2fd, and (33 subunits at
potentials more negative than 0 mV [9]. The discrepancy
may be due to differences in experlmenlal conditions. For
example, we examined the Ca** current of cultured dentate
granule cells, whereas the previous study measured the
current permeating through cloned neuronal Ca** channels
expressed in Xenopus oocytes.

The exact mechanisms whereby H,0, selectively
enhances the nifedipine-sensitive Ca®* current still remain
to be elucidated. Pretreatment with the ER stressor
tunicamycin did not affect the Ca®* current. Taken together,
these results suggest that oxidative stress may selectively
regulate the activity of L-type Ca** channels in dentate
granule cells. Currents through VGCCs are known to be
increased by phosphorylation of channel o subunit proteins
[18]. HyO4 may directly or indirectly increase phosphoryl-
ation of the a subunit of L-type Ca®* channels.
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Characterization of voltage-dependent gating of P2X, receptor/channel
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Abstract

The role of a voltage-dependent gate of recombinant P2X, receptor/channel was invcé"t’ig}étcd in Xenopus oocytes. When a voltage step to
—110 mV was applied from a holding poteatial of —50 mV, a gradual increase was observed in current evoked by 30 uM ATP. Contribution
of this voltage-dependent component to total ATP-evoked current was greater when the current was evoked by lower concentrations of ATP,
The voltage-dependent gate closed upon depotarization, and half the gates Were closecl at —80 mV, On the other hand, a potential at which
half the gates opened was about —30 mV or more positive, which was determmed iising a series of hyperpolarization steps. The results of the
present study suggest that the voltage-dependent gate behavior of P2X1 receptor {5 not due to simple activation and deactivation of a single

gate, but rather due to transition from a low to a high ATP afﬁmty statc

© 2004 Published by Elsevier B.V. R

Keywords: P2X receptor; Voltage dependence; Gate; Kinen‘c§; Ligirld al‘ﬁglly

1. Introduction

Extracellular ATP is considered a neurotfansmitter, and its
fast neurotransmission is mgdi"zitéd ‘through ion channel-
forming P2X receptors (see reviews, Ralevic and Bumstock,
1998; Khakh, 2001; Nortli; 2002).- To date, at least seven
subclasses of P2X rcccptor (PZX,,—,) have been cloned, which
form homo- or hcteromenc receptors that act as functional ion
channels (North -and’ Surprenant 2000). Each subclass
consists of two transmembrane domains (TM1 and TM2)

- and one long extracellular domain (E1) between them. Both

TM1 (Jiang: et al 2001; Haines et al, 2001) and TM2
(Rassendren et al, 1997; Egan et al,, 1998; Migita ct al.,
2001) contribute to formation of the channel pore. P2X
receptor/channels are permeable to cations, but demenstrate
poor cation selectivity. The channels are gated by ATP
molecules, and the narrowest part of the channel pore cpens
when activated (Rassendren et al., 1997). The ATP-binding
site for gating is partly attributable to basic amino acid
residues near the outer mouth of the channel pore formed by

* Corresponding author, Tel.: +81 3 3700 9704, fax: +81 3 3707 6550,
E-mail address: nakazawa@nihs.go jp (K. Nakazawa).

0014-2999/% - see front matter & 2004 Published by Elsevier B.V.
doi:10.1016/j.¢jphar.2004,12.005

TM1 and TM2 (Ennion et al., 2000; Jiang et al., 2000), and
the possibility that aromatic residues in E1 contribute to the
binding site has also been suggested (Nakazawa et al., 2002;
Roberts and Evans, 2004),

In addition to ATP, other factors are known to modulate
channel activity. Zn®>* and acidic conditions facilitate ATP-
mediated gating by increasing ATP sensitivity of P2X;
receptor (Clyne et al., 2002). Neurctransmitters, including
dopamine, and related compounds also facilitate ATP-
mediated gating (Nakazawa et al, 1997a). Membrane
potential may also play a role. It has been reported that
jonic cumrent activated by ATP is enhanced by hyper-
polarization in pheochromocytoma PC12 cells (Nakazawa et
al., 1997b); We observed similar voltage-dependent gating
of recombinant P2X, receptor/channel, which was origi-
nally cloned from PC12 cells (Brake et al, 1994), and
qualitatively analyzed its properties in the present study.

2. Methods

Recordings of ionic current through recombinant P2X,
receptor/channels were performed according to our previous
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- 539 —

38
39
40
41
42
43
44
45
46
47
43
49
50
51
52
53
54

59

56
57



58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
T4
75
76

77
(f:]

79
80
81
82
83
84
85
86
37
88
89
90
91
92
93
94
95
96
97
98
99
190
101
102
103
104
105
106
107
108
109

2 K. Nakazawa, Y, Ohno / Eurcpean Journal of Pharmacology xx (2004) xxx-xxx

report {(Nakazawa and Ohno, 1997). Briefly, the cloned rat
P2X,; receptor (Brake et al,, 1994) was expressed in
Xenopus cocytes by injecting in vitro transcribed cRNA,
After 4 days of incubation at 18 °C, the membrane current
of the oocytes was recorded. Oocytes were bathed in ND96
solution containing (in mM) NaCl 96, KCI 2, CaCl, 1.8,
MgCl; 1, HEPES 5 (pH 7.5 with NaOH). In some
experiments, oocytes were bathed in solution containing
10.8 mM BaCl, instead of 1.8 mM CaCl,. When achieving
a low extracellular chloride concentration, 96 mM Na-
acetate was added instead of 96 mM NaCl. ATP (adenosine
§'-triphosphate disodium salt; Sigma, St. Louis, MO,
U.8.A.) was applied by superfusion for approximately 10
s at regular 2-min intervals. Membrane current was
recorded using the standard two-electrode voltage-clamp
techniques, and electrical signals were stored on a data
recorder (PC204Ax; SONY, Tokyo, Japan) for off-line
analysis. Curve fittings to data were made using Microsoft’
Excel X,

3. Results

3.1. Voltage-dependent component of ATP-evoked current - s ;‘1"“'

Fig. 1A compares membrane currents in the absence and ",
presence of 30 uM ATP in a P2X, receptor-expressing
oocyte. The oocyte was held at —50 mV and stepped to
—110 mV for 200 ms. In the presence of ‘ATP; inward
current at —110 mV did not mstantaneous[y reach Steady-
state, but gradually increased: a blphaSIC mcrcase in current
was observed with a voltage-independent component( a” in
Fig. 1A) and a voltage-dependent” componcnt (“b” in Fig.
1A). When the voltage was retumed to -50mV,a gradually
declining inward “tail” current was ‘observed (“¢” in Fig.
1A). The voltage- dependent component of the inward
current at —110 mV-"was observed to follow first-order
kinetics with a time constang of 40 ms (Fig. 1B).

Fig. 2A demonstrates <an increased magnitude of the
voltage- dependent ‘cofnponent when activated from a less
negative holding’ potential. The voltage-dependent compo-
nent was larger when the step to —110 mV was applied from
—10 mV {“a%in Fig. 2A) than when it was applied from
=70 mV (“b" in Fig. 2A). This dependence of the voltage-
dependent component on holding potentials is illustrated in
Fig. 2B. It is worth noting that Ca**-activated currents exist
in Xenopus oocytes (Weber, 1999, Zhang and Hamill,
2000). Since P2X receptor/channels are Ca®*-permeable
(Khakh, 2001), a secondarily activated Ca**-induced current
might contribute to.the observed voltage-dependent
changes. This does not, however, appear to be the case
since a similar dependence on holding potentials was
observed when extracellular Ca?" was replaced with 10.8
mM Ba?". Time constants for the activation of the voltage-
dependent component were obtained as shown in Fig. 1B,
and the mean values were plotted against holding potentials

— 540 —

A ATP 30 uM

voitage 50

] 50

100
tima {ms)

150 200

Fig. 1. (A) Current traces of an oocyte stepped to ~110 mV from a holding
potential of =50 mV in the absence (—ATP) or presence (+ATP) of 30 pM
ATP. The current evoked by ATP is represented by the difference between
the two traces. Upon hyperpolarization, a gradual increase in current was
abserved in the presence of ATP, suggesting' activation of a voltage-
dependent gate (denoted by “b”). The current denoted by “¢” represents a
gradually declining “tail current” that was observed when the voltage was
retumed to =50 mV. (B) Time course of activation of the voltage-dependent
component. Current amplitude of the voltage-dependent component
represented by “b” in panel A was plotted against time after the onset of
hyperpolarization at =110 mV, The vol!age—depe;ndent component could be
made to fit a curve with a time constant of 40 ms.

(Fig. 2C). While the current amplitude Ider'nonstrated voltage
dependence (Fig. 2B), voltage did not have an effect on time
course of the activation. ‘

3.2, Effect of ATP concentrations

- Fig. 3A shows the voltage-dependc‘nt component of the
current activated by 10 uM or 300 uM of ATP in a single
oocyte, The relative size of the voltage-dependent
component involved in total ATP-evoked cument became
smaller when the current was evoked by greater concen-
trations of ATP (Fig. 3A and B). A s1mllar dependence on
ATP concentration was observed for the current evoked in
the presence of 10.8 mM Ba® instead of 1.8 mM Ca**
(Fig. 3B). Dependence on ATP concentrations was also
found for activation time constants for the voltage-
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vated current)
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3
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hoiding potsntial (mV)

e

—o— 1.8mMCa -
—0— 108mMBa

1%

activetion time constant (ms)

-0 40 -2'0 h
hotding potential (mV) 5

Fig. 2. Effect of holding potential on»current Current was evoked by 30
pM ATP. (A) Voltage-dependent current at 110 mV when stepped from
a holding potential of =10 m¥. ("a‘} or =70 mV ("t"). (B) Effect of
halding potential on voltage dependent ‘Girrent. The amplitude of the
voltage-dependent current was measured as described in Fig. |A. Mean
values obtained from 4 oocytes in a standard extracellular solution
containing 1.8 mM C T (@ and an extracellular solution containing 10.8
mM Ba®* (instead of Ca"' Q) were plotted, Bars represent the S.E.M. (C)
Time course of éiitiv_atiop of the voltage-dependent component, Time
constants were, determined as shown in Fig, 1B, and mean values obtained
from 4 oocytes were plotted against holding potentials, Bars represent the
S.EM.

dependent component; the time constants were larger for
10 uM ATP than 30 pM ATP (Fig. 3C).

3.3. Activation and deactivation kinetics

Cl™ currents are observed in Xenopus ococytes (Weber,
1999; Zhang and Hamill, 2000). In the following experi-
ments, current measurements were made using an
extracellular solution containing 96 mM Na-aspartate
instead of NaCl in order to facilitate the analysis of the

voltage-dependent component of ATP-evoked current by
reducing C1™ currents. In doing so, there was an obvious
reduction in outward current upon depolarization, result-
ing in better voltage-clamp conditions. Using this
extracellular solution, the ECsy value for ATP-activated
current measured at —50 mV was about 40 uM, which
was lower than the value obtained with the standard
extracellular solution containing 96 mM NaCl (about
100 pM; Nakazawa and Ohno, 2004). Fig. 4 illustrates

ATB 10 prll

B. 1o .
i —a— 1AmMCs
ok —O0— 10.8 MM Ba
- g &
. i
: §
.g 20
32
S5 50 a8 40 35 A0
log [ATP] (M)
C. 8a
— weg - L.AMMCa
- —0— 108 mMEn
*é' ]
2 40
a
é .
0
55 50 4.5 4.0
tog tATP] (M)

Fig. 3. Effect of ATP concentration. The voltage-dependent current was
activated by hyperpolarization (=110 mV) from a holding potential of —50
mV, (A) Voltage-dependent current activated by 10 pM or 30 uM ATP.
Current traces in the absence (—ATP) or presence (+ATF) of ATP are
superimposed in each panel, (B) Contribution of the voltage-dependent
current to total ATP-evoked current using different ATP concentrations.
Mean values obtained from 4 oocytes in‘a standard extracellular solution
containing 1.8 mM Ca® (@) and an extracelllular solution centaining 10.3
mM Ba®* (instead of Ca®*; O} were plotted. Bars represent the S.EM. (C)
Time course of activation of the voltage-dependent components, Time
constanis were determined as shown in Fig. 1B, and mean values obtained
from 4 cocytes were plotted against holding potentials. Bars represent the
SEM.
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Fig. 4. Activation and tail current. (A) Gradual increase in magnitude of the

tail current with increasing voltage-dependent current. Currenit traces
obtained upon exposure to hyperpolarizing pulses {—120 mV) ot‘ d1ﬁ‘crem
dutations are superimposed. (B) Time course of activation BF the' voltage-
dependent (m) and tail (A ) currents. Current amplitude was plotted against
duration of hyperpolarization (also shown in panel A) Tha results of both
time course activation experiments fit curves wn:h i smgle hme constant of
65 ms.

the relation between actwatmn kmettcs of the voltage-
dependent compenent and Aime* course of tail current. As
shown in Fig. 44, oocytes were: stepped to 70 mV and
then to —120 mV+td induce’ the voltage-dependent
component. When hyperpolanzatlon at —120 mV was
terminated after various-periods, a gradual increase in
amplitude of” th; tail current was observed with increased
duration of hyperpolarization at —120 mV. Time courses
of both’the voltage dependent component and tail current
could be’ fitted with curves with a single time constant
(65 ms in this case; Fig. 4B). Similar fitting with single
time constants were made for 4 oocytes tested, and the
mean time constant*S.EM. was 66.312.4 ms.

With increased duration of the +70 mV depolarizing
pulse, increased amplitude of the voltage-dependent
component was observed at —120 mV (Fig. 5A). This
may reflect “deactivation” of the voltage-dependent com-
ponent (Scheme 1), where A is' ATP, and R and R* are
closed and open states, respectively, of the voltage-
dependent component of P2X; receptor/channel. The
deactivation time course could be fitted with a time
constant of 70 ms in this case (Fig. 5B; mean*SEM,
71.3+1.3 ms; n=4).

voltag&dcpendent component. Current amphrude was plotted against
duration of the depolarizing pulses (also shown mn panel A).

3.4, Yoltage dependence of activation and deactivation

As shown in Fig. 1, contribution of the voltage-
dependent component to total ATP-evoked current was
influenced by the holding potential prior to hyperpolariza-

tion. This was further examined by fcsting a number of

prepulses at various potentials prior to hyperpolarization
(Fig. 6A). As the prepulse became more depolarized, a
greater contribution of the voltage-dependent component to
total ATP-evoked current was observed, and this contribu-
tion became maximal near 0 mV (Flg 6B). Thus, the
voltage-dependent gate must be completely closed at
potentials equal to or more positive than 0 mV. The data
were fitted with a curve in accordance with the following
model of “deactivation”

do =1/{1+exp[(Eifa — En)/k]}, (1)

where d , represents the relative proportion of closed gates
at steady state, E;, is the voltage |at which the half-
maximal closing occurs, E,, is the membrane potential, and

(activation)

el

(deactivation)

AR L AR®

Scheme 1.

— 542 -

164

165
166
167
168
169
170
171
172
173
174
175
176
177

178
180
181




182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

200
202
203

K. Nakazawa, Y. Ohno / European Journal of Pharmacology xx (2004) xox—xxx

A. +30

_Jona

30 ms

100

mmmaimmmn
3

~150

00 S0 0 S0 100 150
prepulse (mv)

Fig. 6, Prepuise experiment. An ATP concentration of 30 uM was used. (A) 5~ R
Current traces obtained using prepulses of +30 mV (“a") or ~90 mV (47"

prior to hyperpolanization at —120 mV. (B) Effect of prepulses. The relative
contribution of the voltage-dependent current to total ATP-evoked current at
=120 mV was plotted ageinst each prepulse voltage. Some of. this’ data is -
also shown in panel A, . .

k is a slope factor reflecting an energy. béfﬁef'{I{d}!bkin and
Huxley, 1952; Hille, 1992a). As shown ain Fig. 6B,
potential at which half the gates closed wis estimated to
be -90 mV in this case (mean‘FS\E M., —78.8£5.2 mV;
n=4). .1. 4

The voltage dependence :of activation was also
examined. As shown ih Fig. I}A the channels responsible
for the voltage- dependent “component was sufficiently
“deactivated” by’ applymg a prepulse of +100 mV, and
they were lhen ‘activated at various hyperpolarization
potentials Conmbunon of the voltage-dependent compo-
nent to total. _ATP-evoked current decreased as the
hyperpo!anzanon became more negative up to —45 mV
in the case shown in Fig. 7B. Potentials exceeding —45
mV could not be examined since the resultant ATP-
evoked current was not large enough to analyze. The data
were fitted in accordance with the following model of
“activation™

o = /{1 + exp[(Erjz — Ew}/H]}, (2)

where a, represents the degree of gate opening at steady
state. The other parameters are the same as those described
above. The data obtained using Eq. (2) (Fig. 7B) could be

fitted with a curve indicating that half of the gates were
open at a potential of —30 mV.

The above data suggest that activation of the voltage-
dependent gate occurs at more positive potentials than gate
deactivation. To further investigate this, the fraction of the
gates that escaped deactivation (1—-d,) was calculated from
the data obtained during deactivation experiments. The
deactivation data was then plotted alongside data obtained
from activation experiments (Fig. 7C). These data suggest
that the activation potential is 50 mV more posxtlve than the
deactivation potential.

A- control

E 80 N
L &
A
40
<
1=
2
As0 100 £ 0
test pulse (mV)
C. 1.0

4 gotivation
O 1-deactivation

«150 =100 30 [} 50 100 150
voltage (mV)

Fig. 7. Effect of hyperpolarization on voltage-dependent curment. (A)
Current traces before (control) and during the application o 30 pM ATP. In
the panel on the right, two current traces obtained following hyper-
polarization at —45 mV (*b”) and —60 mV (*c"} are superimposed. (B)
Contribution of voltage-dependent current to total ATP-evoked current at
various hyperpolarization potentials. Some of these data are shown in panel
A. (C) Comparison of activation and deactivation. Parameters describing
activation and deactivation were determined as described in the text, Each
data point represents data obtained from individual vocytes,
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4. Discussion
4.1. Schematic model of voltage-dependent gating

Recombinant P2X, receptor/channels expressed in Xen-
opus oocytes exhibited voltage-dependent gating properties
similar to those of the channels in PC12 cells (Nakazawa et
al., 1997b). The following similarities were observed: (1)
the gate opens at negative potentials, (2) activation follows a
time course with a time constant of 40 to 70 ms, and (3)
gating depends on ATP concentrations, Thus, voltage-
dependent gating in PCI2 cells may be due to intrinsic
expression of P2X; receptor/channels. We depict here a
model that has been proposed to explain voltage-dependent
gating of the channels in PC12 cells (Scheme 2):, where A is
ATP, Ry, and Ry represent closed states, and R* represents
the open state (Nakazawa et al,, 1997b). In this model,
voltage-dependent gating is explained by transition between
low and high ATP-affinity states. Upon hyperpolarization,
there is a shift from the Rp to the Ry conformation. ATP
preferentially binds to channels in the Ry state (A +Ryy), after
which the channels open (A-Ry*). Binding of ATP is the
rate-limiting step since activation kinetics were observed to

depend on ATP concentrations in the present study (Fig. -~
3C). The following rate constants have been proposed,
(Scheme 3): where k., parallels the concentration of ATP ™.

(ks1=K' +([ATP]), and K is given by k_,/k' 4, (Hille, 1992b).
In the present experiment, an activation time constant of 6

ms was observed in the presence of 30 pM of ATP (Fig. 4)
44444 Usmg these
An mactlvatlou time constant of 70 ms was observed in the
presence of 30 uM of ATP (Fig. 5), whlch 8. equivaleat to a
rate constant of 14 5™, Thus, Kqwds { calculated to be k_ V
¥_ =14 s7Y(5x10° ML, "‘)=28 M, which is slightly
less than the ECsq value obtamed at =50 mV (about 40
uM). This estlmatlon\ls in accordanee with the finding that
the voltage- dependent component is not completely acti-
vated at —50 mV ‘(Eig:-7C). It is difficult to quantify the
low-affinity - ATP binding state since the relationship
between concentrauon and response needs to be assessed
at hlghly'posmv‘e potentials, while P2X; receptor/channels

permit only, small current due to their inward-rectifying
(low-affinity process)
A
R, é AR, T=2 AR

{voitage-dependent) J[

Ry ﬁ
A
(high-aftinity process)

AR, £=3 AR,

Scheme 2.
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#
k,
Scheme 3,

A+R, AR,

nature. We estimate here the low| affinity from simple
theoretical concentration-response curves. Fig. 8 shows
two concentration—response curves.' One demonstrates an
ECsq of 30 uM, corresponding to a hléh-aff nity state, If the
other low-affinity state demonstrates ani ECsg of 100 |.:M
more P2X, receptor/channels were it the high-affinity state in
the presence of 10 pM ATP, arid more Were in the low-affinity
state in the presence of 300 uM ATP.'This is consistent with
the greater observed contnbutlon of |the voltage-dependent
component to total A‘I'P-evoked current in the presence of 10
uM, while little vras observed in the presence of 300 uM ATP
(Fig. 3). Thus;: the low-afﬁmty state may be lower than the
high-affi mty state by threefold or larger.

The idea"of the transition of P2X, receptor/channels
betweéi: low- &nd high-affinity states might explain the

by non—voltage-dependent" component of ATP-evoked cur-
. rent."For'example, the current evoked by 30 pM ATP was
. not completely observed as voltage-dependent component

“gven when activated at very negative potentials (Fig. 7B) or

following deactivation at very positive potentials (Fig. 6B).
This *“non-voltage-dependent current” (about 20% of the
total ATP-evoked current) mlght result from the activation
of P2X, receptor/channels in the low-affinity state prior to
voltage-dependent activation.

The voltage dependence of activation and deactivation
differed, with deactivation occurring at more negative
potentials (Fig. 7C). This indicates t:hat the activation and
the deactivation do not arise from a simple reversible “back-
and-forth” process, rather, two voltage-dependent processes

——— ECyy W0uM

i
% 804 high atlinity
s
i

40 e ECs0 100 4™
m .
.::/__ |- low atfinity
0 - ‘
4 3 -4 2

fog ATP (M)

Fig. 8. Voltage-dependent change in sensitivity to ATP might explain
dependence of the voltage-dependent current on ATP concentration. Low-
affinity (ECs=100 uM) and high-affinity (ECs5q=30 pM) states of the
receptor are thought to exist (Hill coefficient; 1 I5) Each receptor shifts from
a low-affinity to a high-affinity state upon hyperpolarization (A¥), With 10
uM ATP, only a smalt proportion of the receptors, many of which were in
the low-afTinity state, were activated prior to hyperpolarization, but many
more were activated upon induction of the high-affinity state by hyper-
polarization. In the presence of 300 yM ATP a larger proportion of the
receptors were activated even in the low-aﬂlmty state, and induction of the
high-affinity state caused only a marginal increase in activated receptors.
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A
Ry ,——L"-— AR, == AR*
(route 1) J[ J[ {route 2)
Ry ‘T AR, &= AR
A
Scheme 4,

may be involved. We propose the following modification to
Scheme 2,

This model (Scheme 4) involves two voltage-dependent
processes, one resulting in activation through “route 1%, and
the other resulting in deactivation through “route 2°, Such
medel would explain the observed difference in voltage
dependence between activation and deactivation. However,
we would expect this model to result in more difficult to
interpret data than we did above based on Schemes 2 and 3.

4.2. Relevance of voltage-dependent gating

P2X; receptor is expressed in a number of neurons (e.g.;':f/

Atkinson et al., 2000; Rubio and Soto, 2001). P2X,
receptor/channel is permeable to Ca>* (Egan and Kiakh, ¢
2004), and Ca?* influx through the channel may ; influence _*3
cellular activity, although its exact role remiing:to ‘be”
clarified. The voltage-dependent gating reportéd_ ere fhay
be relevant to the Ce?* influx from the.: followmg consid-

eration. Na* current (/y.) and Ca®* cunent (ICa) permeating
through P2X; receptor/channe! are: 2

h = (3}
_ EnF?, [Ca] exp(!— 2EF/RT)

fen = = 4P BT, T exp(—2EF/RT)’ “)

where Pra ahd ‘P¢, tepresent the permeability of Na™ and

Ca?*, respectlvely, E, represents the membrane potential,
and F, R, and.T are their usual physicochemical meanings
(Fatt and Ginsborg, 1958; Nakazawa et al,, 1989). The ratio
of s to I, 15 thus:

Iea 4Pc3[Ca]o 1
Ine  PralNa|, exp(EmF/RT)[exp(EnF[RT) + 1]

(5).

This equation indicates that the ratio of J¢,//n, is larger at
more negative potentials, The ratio calculated at —90 mV is
about 13-fold larger than that calculated at —30 mV. Thus,
channel opening at negative potentials favors Ca** over Na*
influx. Thus, voltage-dependent gating may facilitate
cetlular Ca®*-dependent responses when cells are hyper-
polarized. This may occur when efflux through K* channels

outpaces depolarization afforded by opening of P2X;
receptor/channels. i

4.3, Conclusion

The results of the present study suggested that P2X,
receptor exhibits voltage-dependent gating, and that this is
not due to simple activation and deactivation of a single
gate, but rather, due to a transition from g low ATP affinity
to 2 high ATP affinity state. This may favor Ca®" influx at
negative potentials, although further studles are required to
clarify the physiological sxgmﬁcance of “vpltage-dependent
gating of P2X, receptor. H
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Abstract

The roles of six amino acid residues downward from an extracellular disulfide bond involving Cys®** in rat P2X; receptor were examined.
When Cys??* or Pro?®® was replaced with alanine, the responsiveness to ATP was lost. When 11e*2® was replaced with other hydrophobic
amino acids, the respensiveness to ATP was reduced or abolished. When Phe®?? was replaced with leucine or isoleucine, the responsiveness
to ATP was abolished. The responsiveness to ATP was moderately decreased with the alanine-substitution for Arg?®® and it was markedly
decreased with the alanine-substitution for Leu??®, As for the alanine-substitution for Gly**, the sensitivity was changed, but the maximal
response to ATP was not reduced. The results suggested that a precise structure is required for amino acid residues close to the disulfide bend
and, in general, the amino acid residues at odd number positions and those closer to the disulfide bond are more influential to the ATP

responsiveness.
© 2003 Elsevier B.V. All rights reserved.

Keywords: P2X receptor, ATP; Site-directed mutagenesis; Xenopus cocyte, Membrane current

1. Introduction

P2X receptors are ion channel-forming membrane pro-
teins that are activated by extracellular ATP (sec reviews,
Khakh, 2001; North, 2002). One functional ion channel is
presumably formed by three homogenous subunits. Each
subunit has two transmembrane regions (TM1 and TM2)
and a long extracellular loop (E1) between them. Basic
amino acid residues near the outer mouth of the channel
pore formed by TM1 and TM2 appear to serve as a part of
the binding pocket of ATP molecules (Enrnion et al., 2000;
Jiang et al, 2000). In addition to these basic residues,
amino acid residues in El apart from the channel pore
have been shown to affect the channel activation by ATP.
P2X; receptor did not respond to ATP when Gly**’ in El
was replaced with alanine (Nakazawa and Ohno, 1999).

* Corresponding author. Tel.: +81-3-3700-9704; fax: +81-3-3707-
6950.

E-mail address: nakazawa@nihs.go jp (K. Nakazawa).

0014-2999/% - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2003.10.026

The sensitivity to ATP was reduced when Gly**® was
replaced with valine and the responsiveness was lost when
the residue was replaced with leucine (Nakazawa et al,,
2002). The replacement of Trp?*® with other amino acid
residues except for tyrosine also resulted in the loss of
responsiveness (Nakazawa et al., 2002). These results
suggest that the structuwe around these positions should
be precisely maintained for the channel activation by ATP.
Recently, the pairs of cysteines that form disulfide bonds
have been identified for P2X; (Ennion and Evans, 2002)
and P2X; (Clyne et al, 2002} receptors. Among these
cysteines, the structure formed by Cys*** through a disul-
fide bond with Cys®'* appears to be critical because the
replacement of this residue with alanine was non-function-
al (Clyne et al., 2002). Cys*?” in P2X,, which corresponds
to Cys*** in P2X, (see Fig. 1), may also play an indis-
pensable role in the formation of such a structure because
its alanine substitution resulted in about 50-fold reduction
in the sensitivity to ATP (Ennion and Evans, 2002). In the
present study, we examined the roles of amino acid
residues following Cys*>* in P2X;, receptor to understand
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224
p2x2 213 HCTFDQDSDPYCPIFRLGFI 233
—g-

P2X1 216 KCLYHKIQHPLCPVENLGYV 245
P2X3 20z RCRFHPEKAPFCPILRVGDV 231
P2X4 216 SCIYNAQTDPFCPIFRLGTI 245
P2X5 z18 TCHF-SSTNLYCPIFRLGST 247
P2X6 220 YCLYDSLSSPYCPVFRIGDL 249
P2X7 215 SCTFHKTWNPQCPIFRLGDI 244

Fig. 1. Amino acid sequence near Cys** in the extracellular loop of P2X,
receptor and corresponding sequences of P2X receptor subclasses. Amino
acid residues targeted for site-directed mutagenesis and those in the equaf
positions were shown as the larger characters. Cys?* forms a disulfide
bond with Cys*'%.

structural requirements for the channel activation in this
Tegion.

2. Materials and methods

2.1. Oocyte expression and membrane current
measurements

The expression of cloned and mutant P2X; receptor and
the recordings of ionic current through the channels were
performed according to our previous report (Nakazawa et
al,, 1998). Briefly, P2X, receptor mutants were constructed
from the cloned P2X, receptor (Brake et al., 1994} by site-
directed mutagenesis. Amino acid residues targeted for
mutagenesis were shown in Fig. 1. The wild-type and the
mutant channels were expressed in Xenopus oocytes for a 4-
day incubation at 18 °C and the oocytes were served for
membrane current measurements. Qocytes were bathed in
ND96 solution containing (in mM) NaCl 96, KCl 2, CaCl,
1.8, MgCl, t, HEPES 5 (pH 7.5 with NaOH). ATP
(adenosine 5’ -triphosphate disodium salt; Sigma, St. Louis,
MO, USA) was applied by superfusion for about 6 s with a
regular interval of 1 min.

2.2. Immunoblotting analysis

The expression of channel protein was confirmed by
immunoblotting analysis. Crude membrane fractions were
prepared from oacytes (20 oocytes for the wild-type channel
and each mutant) according to Newbolt et al. (1998) with
minor modifications. Qocytes were suspended in a 50 x
stock of a protease and phosphatase inhibitor cocktail
(Sigma, general use; 1 bottle for 100 ml effective solution}
diluted in a buffer containing 20 mM Tris-HCl, 2 mM
EDTA (disodium salt), 0.5 mM EGTA and 320 mM sucrose
by pipetting. The homogenate was horizontally shaken at
100 rpm for 15 min at 4 °C and then centrifuged at 14,000
tpm for 2 min. The supematants were analyzed by SDS-
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PAGE gel electrophoresis and immunoblotting. By using
P2X; receptor antibodies (Oncogene Boston, MA, USA)
and anti-rabbit Ig, horseradish perox1dase—1mked whole
antibody (from donkey; Amersham Little Chalfont, Eng-
land), correct channel expression was detected as a 65-kDa
band.

2.3. Data analysis
Parameters for ATP sensitivity (ECsy, pD, and Hill

coefficient) were obtained from current responses using
the following equation:

E= EmaxA"/[A" + (Ecsn)n], (l)

where E is an effect (current respoﬁse), max 15 2N maximal
response, A is ATP concentratlon ECse is concentration
required for a half-maximal effect and r is a Hill coefficient
(slope factor). When ECso and n were calculated from ATP
concentrations used and obtained current responses, Eq. (1)
was transformed to:

log[E/(Emsx — E)] = n{log 4 — 10gECsy), (2)

and linear regression was made using Microsoft® Excel X.
pD, values were negative logarithr'n of ECso values. When
experimental data were fitted by a!two binding-site model,
the fraction of one binding-site () and that of the other
binding-site (1 —f) were introduced. The effect mediated
through each binding-site was calculated from Eq. (1) and
the fraction (for 1 —f), and the sum of these effects was
obtained.

3. Results

3.1, Amino acid substitutions and ATP responsiveness
Cys*** and neighboring Pro225 are completely conserved
among seven subclasses of P2X receptors (Fig. 1; Sofo et
al.,, 1997). Fig. 2 shows concentration—response relation-
ship for ATP-evoked current recorded from oocytes
expressmg the wild-type P2X, receptor and the Cys***- or
Pro***-to-alanine-substituted mutants (C224A or P225A,
respectively). C224A exhibited ho current response to
ATP, as has been reported by Clyne et al. (2002). P225A
also failed to respond to ATP. To examine the effects of
amino acid residues succeeding to Pro**, we first con-
structed deletion mutants. When/ three residues next to
Pro??® (11226, Phe?®” and Arg®®®) were deleted, the respon-
siveness to ATP was lost. Deletion of the former two or
even T1e?2% alone also resulted in the loss of the respon-
siveness. The preliminary results suggest that these amino
acid residues also appeared to be essential. Thus, instead of
deletion, we introduced amino acid substitutions to these

. . |
residues in a one-by-one manner.
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Fig. 2, (A) Disappearance of current responses to ATP by the replacement
of Cys™* or Pro™ with alanine (C224A or P225A). Peak amplitude of
currents activated by ATP at —50 mV was plotted against ATP
concentrations. Each symbol and bar represent mean and S.E. obtained
from five to eight oocytes. In contrast to current responses in cocytes
expressing the wild-type channel (WT), no response was observed in those
expressing the mutant channels. (B) Currents activated by 30 pM ATP in
cocytes expressing the wildtype (WT) and [e?*-to-leucine (1226L),
~valine (1226V) and -alanine (1226A)-substituted mutant channels. The
cocytes were held at — 50 mV., Amows indicate zero current levels. {C)
Concentration—response relationship for the wild-type and Ite**.replaced
channels. The current responses were obtained as shown in B. The
concentration—response relationship for the wild-type channel (WT) was
also shown for comparison. Each symbol and bar represent mean and S.E.
obtained from five to eight oocytes.

1?28 was replaced with hydrophobic amino acid resi-
dues because this position was occupied by isoleucine or
valine in seven P2X receptor subclasses (Fig. 1). Fig. 2B
shows current responses to 100 uM ATP in oocytes express-
ing the wild-type and the mutant channels. When substituted
with leucine, which has a volume similar to that of isoleu-
cine (Chothia, 1975), the ATP-evoked current was markedly
reduced (Fig. 2B,C; 1226L). When substituted with valine, a
smaller hydrophobic residue, the reduction of the current
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Fig. 3. (A) Disappearance of current responses to ATP by the replacement
of Phe®™” with leucine (F227L) or isoleucine (F2271). Data obtained from
five to eight oocytes were shown as in Fig. 2A. (B) Immunoblotting
analysis using anti-P2X; receptor antibody. A section corresponding to
P2X, receptor protein (about 65 kDa) was shown to compare the expression
in membrane fractions prepared from the oocytes injected with the wild-
type channe] (WT) and four non-ATP responsive mutants shown in Fig. 2A
(C224A and P225A) and A of this figure (F227L and F2271). (C)
Concentration—tesponse relationship for the wild-type and Arg?®-
(R228A), Leu™- (L229A) and Gly**-to-alanine-substitzted mutants.
The concentration—response relationship for the wild-type channel (WT)
was also shown for comnparison. Data obtained from five to eight cocytes
were shown as in Fig. 2A.
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was less remarkable than in the case of the leucine-substi-
tution (Fig. 2B,C; 1226V). When substituted with alanine, a
hydrophobic residue smaller than valine, the current respon-
siveness to ATP was abolished (Fig. 2B,C; [226A).

Phe??’, a residue succeeding to Ile*?®, is conserved
among six of seven P2X receptor subclasses (Fig. 1). In
the remaining subclass (P2X3), leucine is present instead of
phenylalanine. When Phe®” was replaced with leucine, the
current response to ATP disappeared (Fig. 3A; F227L). The
current response has also disappeared when replaced with
isoleucine (Fig. 3A; F227I). The disappearance of the
current respons¢ may not be due to non-expression of
receptor protein because the protein expression of F227L
or F2271 was confirmed by immunoblotting analysis (Fig.
3B). The protein expression was also confirmed for the
C224A, P225A (Fig- 3B) or I226A (not shown).

Three residues succeeding to Phe?*” were alanine-sub-
stituted (Fig. 3C). The current response to ATP was reduced
to about 60% when Arg??® was replaced with alanine
(R228A). The current response was, however, much re-
duced (to about 20%) when Leu®® was replaced with
alanine (L229A). As for the replacement of Gly™’, the

A

1004

801

relative amplitude
{% max)

2

log ATR (M)

(% max)
8 8

L229A

relative amplitude

-8 B -4
log ATP (M}

-3 -2

maximal current response was comparable to that with the
wild-type channel (G230A).

3.2, Sensitivities to ATP

To compare the sensitivity to ATP, the concentration—
response data were normalized to the maximal response
(Fig. 4). Theoretical curves were fitted to the normalized
data (see Section 2), and ECsp values and Hill coefficients
were determined. For the wild-type channel, the ECsq
value was 29 pM and the Hill |coeﬁicient was 2.3
e®®S-, Arg?®®- and Leu®?’-substimted mutants exhibited
lower sensitivities to ATP than the :wild-type channel did
(Fig. 4A-C), and the order of the sensitivities was
R228A>1226V = 12261 >1.229A. Hill coefficients for these
mutants {varying from 1.7 to 2.6) were similar to that for
the wild-type channel. When the curve fitting was applied
to the data with G230A, the Hill coefficient as well as the
ATP-sensitivity was lower than those for the wild-type
channel (Fig. 4D, solid curve). The data points in Fig. 4D
were, however, not well fitted to the solid curve. In fact, a

regression coefficient of the ﬁtlting for the G230A

B 1001
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Fig. 4. (A —C) Curve-fittings to concentration —response data for the wild-type and the mutant channels. Current responses to ATP were normalized 1o maximal
responses in individual oocytes and mean 'values were plotted against ATP concentrations. A curve was fitted to data assuming a homogeaous binding-site for
each channe! type as shown in Section 2. Bars are $.E. Parameters calculated and used for fittings are; ECsp (in pM); 29 (WT), ;151 (1226V), 202 (1226L), 72
(R228A), 379 (L229A), 108 (G230A); Hill coefficient; 2.3 (WT), 2.0 (1226V), 2.6 (1226L), 2.1 (R228A), 1.7 (L2294), 1.3 (G230A). (D) Curve-fittings to
concentration—response data for G230A mutants. The data and were shown and the solid curve with an ECsq value of 108 uM and a Hill coefficient of 1.3 was
fitted to the data as in A—C. For the broken curve, it was constructed assuming 75% of binding sites are equivalent to the wild-type receptor and the remaining

25% of binding sites have a lower affinity (ECso; 800 pM) and the same slope (Hill coefTicient; 2.3).
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{r=0.91) was markedly smaller than those for the remain-
ing channels (0.98-1.00). The poor fitting suggests that
this simple theoretical fitting was not available for G230A.
Thus, a fitting was made assuming two independent
binding sites (Fig. 4D, broken curve). A curve could be
fitted with the data when assuming that 75% of the current
response is mediated through a binding site having the
same ECso and Hill coefficient as the wild-type channel
does, and the remaining 25% is mediated through another
binding site having the same Hill coefficient but a larger
ECsy value (800 pM).

3.3. ATP responsiveness and amino acid positions

In Fig. 4, we used the mean values for the curve fittings.
Similar curve fittings were applied to data obtained from
individual oocytes, and sensitivities to ATP were determined.
pD; values obtained in this manner as well as the maximal
current responses were plotted for the wildtype and the
mutant channels in Fig. 5. For the channels with which the
current responses to ATP were observed, a clear correlation
was found between the maximal current amplitude and the
ATP sensitivity; the channels having exhibited smaller
maximal current amplitude exhibited lower sensitivity to
ATP. In the amino acid sequence beginning from Ile?%® to
Gly™, the substitution of an amino acid residue at an odd
number position resulted in larger changes than that at an
even number position. For example, the substitution of
Phe??” resulted in the loss of ATP responsiveness, whereas
the substitution of 11e”® or Arg?®® did not lose the respon-
siveness in most cases. Similarly, the substitution of Leu®”
resulted in large decreases in both the maximal amplitude
and the ATP sensitivity, but the substitution. of Arg?®® or
Gly®® resulted in relatively small decreases in these indexes.
Within the odd or even number positions, the substitution of
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ATP3I mM —
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WT 1226V [226L R228A 1229A G230A

Fig. 6. Activation time course of ATP-evoked current through the wild-type
and mutant channels. (A) Currents activated by 3 mM ATP in oocytes ex-
pressing the wild-type (WT) and L229A mutant channels, The cocytes were
held at — 50 mV. Arrows indicate zero current levels. (B) Compadson of ime
required for peak current evoked by 3 mM ATP (“time-to-peak™). Each
column and bar represent mean and S.E. obtained from five to eight cocytes.

an amino acid residue closer to the disulfide bond involving
Cys®®* resulted in larger changes in the ATP responsiveness.

The substitutions of Phe®?’ resulted in the loss of the

H
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Fig. 5. Comparison of the maximal current amplitude (/,..c) and the sensitivity to ATP (pD,) among the wild-type and the mutant channels. The parameters
were calculated from each oocytes and mean values were shown for each channel type. Bars are S.E. n.d.: not determined because of the loss of the ATP
responsiveness,
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responsiveness, whereas the substitution of Leu®®® resulted

in large decreases in the indexes for the responsiveness, but
not in the loss of responsiveness. As for the amino acid
substitutions at the even number positions, the order of the
maxima! current responses was Gly>>%>Arg??8>][e?2¢
though the ATP sensitivities were comparable between
Arg®®® and Gly™.

3.4. Activation Kinetics

When ATP was applied, activation kinetics was generally
faster for the wild-type channel than that for the low
responsiveness mutants such as 1226V or L229A, To com-
pare the activation kinetics quantitatively, we measured the
. time required for peak current amplitude when activated by
3 mM ATP (“time-to-peak™; Fig. 6). The time-to-peak was
<2 s for the wild-type channel, whereas it was >3 s for the
low responsiveness mutants ([226V, 1226L, R228A and
L229A). The time-to-peak for G230V was similar to that
for the wild-type channel.

4, Discussion

We have examined the effects of amino acid substitutions
downward from Cys*** in the extracellular loop of P2X;
receptor. When Cys?** was replaced with alanine, the
responsiveness to ATP was lost (Fig. 2A), suggesting that
* the disulfide bond involving this residue is indispensable for

the responsiveness as has been reported by Clyne et al.
(2002). The alanine-substitution of Pro®* also resulted in
the loss of the ATP responsiveness (Fig. 2A). Proline
residues are able to disturb the formation of rigid structures
such as a-helixes or B-sheets. This ability of Pro®®® may
provide distortion necessary for Cys™* to contribute to the
formation of the disulfide bond.

As for the substitutions of 11e?25, the current response to
ATP largely remained when substituted with valine (Fig,
2B,C). In contrast, the substitution with leucine resulted in a
marked decrease in the current respense (Fig. 2B,C). These
results are puzzling because, among hydrophobic residues,
leucine is similar to isoleucine in size but valine is smaller
than these residues (Chothia, 1975). Interestingly, five of
seven P2X receptor subclasses possess an isoleucine residue
in this position, and the remaining two subclasses possess a
valine residue (Fig. 1). Some common property between
isoleucine and valine is necessary to maintain structures
proper for the channel activation,

The substitutions of Phe®?” with hydrophobic amino acid
residues (leucine and isoleucine) resulted in the loss of the
ATP responsiveness (Fig. 2A). Among P2X receptor sub-
classes, P2X; alone has leucine and all the remaining six
subclasses have phenylalanine in this position. When Phe??’
is replaced with leucine, five sequential amino acid residues

" beginning from Cys*** in P2X, receptor (cysteine—proline—

isoleucine~leucine—arginine) completely accord with the
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residues at corresponding positions in P2X; receptors
(Fig. 1). In spite of this fact, the replacement resulted in
the loss of the channel function. ‘

The results obtained from the alanine-substitution of
Arg™, Leu® and Gly?*® showed that a distinct reduction
in the ATP responsiveness was found for L229A, but not for
R228A or G230A (Fig. 3C). By cohbining these results and
the results obtained from the substitutions of Ile®® and
Phe™ it appears that the replacement of the residues at odd
number positions more dramatically reduces the ATP re-
sponsiveness than that at even number positions (Fig. 5).
Freist et al. (1998) have pointed o+1t that a sequence stretch
of the positions 170-330 in the extracellular loop of P2X
receptor proteins exhibits similarities with the catalytic
domains of class II aminoacyl-tRNA synthetases as shown
by secondary structure predictions and sequence alignments,
In their prediction, the region in‘volving the above-men-
tioned amino acid residues particibates in the formation of
B-sheets. If these residues are involved in the p-sheets, the
residues aligning in one side (Phe®®’ and Leu®?) may be
more influential on the channel function of P2X receptor
than those in the other side (I19226l Arg?® and Gly?9).

The Hill coefficient of the wild-type P2X; receptor was
about 2 (Fig. 4), which is in common with those in other
reports (e.g., Nakazawa et al., 199‘1; Nakazawa, 1994). The
value of 2 may indicate that the channel activation requires
two ATP molecules (Tallarida and Jacob, 1979) though
Bean (1990) has shown that the activation requires three
ATP molecules at lower concentrations. The Hill coefficient
of about 2 was not affected by the substitutions of the amino
acid residues tested except for the alanine-substitution of
Gly®° (Fig. 4). G230A exhibited 'a Hill coefficient of 1.3
when assuming homogenous binding sites (Fig. 4D, solid
curve), but a better fitting could be obtained when the
second binding sites of a lower affinity (Fig. 4D, broken
curve). For the latter fitting, a Hill coefficient of about 2 was
adopted for both the higher and 'the lower affinity sites.
Thus, the introduction of alanine into the position 230 may
not affect the number of ATP molecules for the channel
activation, but may affect some broccss invoived in the
channel activation, ‘

The present study and our previous stadies (Nakazawa
and Ohno, 1999; Nakazawa et al., 2002) have shown that
small changes in a sequence from about the position 220 to
about the position 260 in the extradellular loop can result in
the loss of the ATP responsivcness‘. Jiang et al. (2000) also
reported that alanine-substitution of Asn?®? or Asp?6'
resulted in the loss of the ATP responsiveness. In addition,
Buell et al. (1996) reported that F2X4 receptor, which is
insensitive to two-subclass selective purinoceptor antago-
nists (pyridoxal-5-phosphate-6-azophenyl-2’ .4’ -disulfonic
acid and pyridoxal S-phosphate), restored sensitivities to
these antagonists when Glu®*® was replaced with lysine.
These results suggest that this extracellular amino acid
sequence may directly contribute to some indispensable
process between the recognition of ATP molecules and the
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channel opening. Ennion et al. (2000) suggested that basic
amino acid residues close to the channel pore (Lys®, Lys’®,
Arg®? and Arg®®) serve to recognize ATP molecules in
P2X receptor and, thus, the ATP binding pocket may form
close to the outer mouth of the channel pore. Similar results
were also obtained for P2X; receptor (Jiang et al.,, 2000).
The extracellular amino acid sequence described above (the
positions 224-230) is not located between this possible
binding pocket and the channel pore. If this sequence
contributes to some indispensable process between the
recognition of ATP molecules and the channel opening, it
is desired that the sequence is spatially positioned close to
the “activation™ link between the binding pocket and the
channel pore. This view may be supported by the slower
activation process observed in the low responsiveness
mutants (Fig. 6). It is possible that the extracellular loop
is “packed™ densely enough for the sequence to reach the
“activation” link,
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Abstract: Poly-L-lactic acid (PLLA) is a widely used prom-
ising material for surgical implants such as tissue-engi-
neered scaffolds. In this study, we aimed to determine the in
vivo effect of PLLA plates on the cellular function of subcu-
taneous tissue in the two mouse strains, BALB/cJ and SJL/],
higher and lower tumorigenic strains, respectively. Gap-
junctional intercellular communication (GJIC) and the ex-
pression of connexin 43 (Cx43) protein were significantly
suppressed, whereas the secretion of transforming growth
factor-g1 (TGF-B1l) level was significantly increased in
PLLA-implanted BALB/c] mice compared with BALB/cJ
controls. However, no significant difference in TGF-f1 se-
cretion was observed between the SJL/J-implanted and

SJL/] control mice. We found fo% the first time that a signif-
icant difference was cbserved between the two strains; thus,
the PLLA increased the secretion of TGF-B1 and suppressed
the mRNA expression of Cx43 at the earlier stage after
implantation into the higher-tumorigenic strain, BALB/c]
mice. This novel mechanism might have a vital role in the
inhibition of GJIC and promote the tumorigenesis in
BALB/cJ mice. © 2004 Wiley Periodicals, Inc. J Biomed
Mater Res 70A: 335-340, 2004 |

Key words: poly-L-lactic acid; gap-junctional intercellular
communication (GJIC); connexin 43; transforming growth
factor (TGF)-B; tumorigenesis ‘

INTRODUCTION

The implantation of a biomaterial always induces a
host inflammatory response. The extent and resolution
of these responses have a vital role in determining the
long-term success of implanted medical devices.™
Poly-L-lactic acid (PLLA) is a widely used material for
surgical implants and clinically as a bioabsorbable
suture material.*> Polyurethanes (PUs) have also been
used for implant applications because of their useful
elastomeric properties and high tensile strength, lu-
bricity, and good abrasion resistance. Some adverse
effects of the biomaterials, such as PLLA and PUs,
have been reported in animal experiments. Long-term
implants of PLLA produced tumorigenicity in rats.®
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Different kinds of PUs induced various tumor inci-
dences in rats” All tumors have been generally
viewed as the outcome of disruption of the homeo-
static regulation of the cellular ability to respond to
extracellular signals, which trigger intracellular signal
transduction abnormalities.® bmmg the evolutionary
transition from the single-cell organism to the mult-
cellular organism, many genes appeared to accom-
pany these cellular functions, One of these genes was
the gene coding for a membrane—associated protein
channel (the gap junction).” Gap-junctional intercellu-
lar communications (GJIC) are transmembrane chan-
nels that allow the cell-cell transfer of small molecules
and are composed of protein subunits known as con-
nexin; at least 19 connexins exist and they are ex-
pressed in a cell- and development-specific man-
ner.’®! GJIC also has an important role in the
maintenance of cell homeostasis and in the control of
cell growth.’ So, the loss of GJIC has been considered
to cause abnormal development and tumor forma-
tion.!*® Several tumor promoters have been shown
to restrict GJIC by phosphorylation of connexin pro-
teins, such as connexin 43 (C>'(43), which is an essential
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protein to form the gap-junction channel.'**” We have
hypothesized that the different tumorigenic potentials
of PLLA and PUs are caused mainly by the different
tumor-promoting activities of these biomaterials.
Therefore, we investigated the effects of PLLA on the
subcutaneous tissue between the two strains of female
mice, BALB/cJ and SJL/].

MATERIALS AND METHODS

Animals

Five-week-old female BALB/c} and SJL/J mice were pur-
chased from Charles River (Japan) and maintained in the
animal center according to the animal welfare National In-
stitute of Health Sciences guidance. All mice were fed with
standard pellet diets and water ad libitum, before and after
the implantation.

Implantation of PLLA

PLLA was obtained from Shimadzu Co. Ltd. as uniform
plates. Implants (size: 20 X 10 X 1 mm, weight-average
molecular weight 200,000) were sterilized using ethylene
oxide gas before use. Sodium pentobarbital (4 mg/kg) was
intraperitoneally administered to the mice. The dorsal skin
was shaved and scrubbed with 70% alcohol. Using an asep-
tic technique, an incision of approximately 2 cm was made;
away from the incision, a subcutaneous pocket was formed
by blunt dissection, and one piece of PLLA was placed in the
pocket. The incision was closed with silk threads. In both
strains, controls were obtained by sham operation and sub-
sequent subcutaneous pocket formation. After surgery, the
mice were housed in individual cages. After 30 days, mice
from the implanted group were sacrificed, implanted mate-
tials were excised out, and subcutanecus tissues from the
adjacent sites were collected for culture. At the same time,
subcutaneous tissues were removed from the sites in the
sham-operated controls that correlated with the implant
sites.

Cell culture of subcutaneous tissues

The subcutaneous tissues were maintained in minimum
essential medium supplemented with 10% fetal bovine se-
rum in a 5% CO, atmosphere at 37°C.

Scrape-loading and dye transfer (SLDT) assay

SLDT technique was performed by the method of El-
Fouly et al.’® Confluent monolayer cells in 35-mm culture
dishes were used. After rinsing with Ca®** Mg>* phosphate-
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buffered saline [PBS (+)], cell dishes were loaded with 0.1%
Lucifer Yellow (Molecular Probes, Eugene, OR) in PBS (+)
solution and were scraped immediately with a sharp blade.
After incubation for 5 min at 37°C, cells were washed three
times with PBS (+) and the extent of dye transfer was
monitored using a fluorescence microscope, equipped with
a type UFX-DXII CCD camera and super high-pressure mer-
cury lamp power supply (Nikon, Tokyo, Japan).

Western blot analysis

When cells grew confluently in 60-mm tissue culture
dishes, all cells were lysed directly in 100 pL of 2% sodium
dodecyl sulfate (SD5) gel loading buffer (50 mM Tris-HCl,
pH 6.8, 100 mM 2-mercaptoethanol, 2% SDS, 0.1% bromo-
phenol blue, 10% glycerol). The protein concentration of the
cleared lysate was measured using the microplate BCA
(bicinchoninic acid) protein assay (Pierce, Rockford, IL).
Equivalent protein samples were analyzed by 7.5% SDS-
polyacrylamide gel electrophoresis. The proteins were trans-
ferred to Hybond-ECL nitrocellulose membranes (Amer-
sham Pharmacia Biotech UK Ltd., Buckinghamshire, UK}.
Cx43 protein was detected by anti-Cx43 polyclonal antibod-
ies (ZYMED Laboratories, Inc., San Francisco, CA). The
membrane was soaked with Block Ace (Yukijirusi Nyugyo,
Sappro, Japan), reacted with the anti-Cx43 polyclonal anti-
bodies for 1 h, and after washes with PBS containing 0.1%
Tween20, reacted with the secondary anti-rabbit immuno-
globulin G antibody conjugated with horseradish peroxi-
dase for 1 h. After several washes with PBS-Tween20, the
membrane was detected with the ECL detection system
{Amersham Pharmacia Biotech UK Ltd.).

Reverse transcriptase polymerase chain reaction
(RT-PCR)

Cx43 mRNA expression was verified by RT-PCR. Total
cellular RNA was isolated from cultured cells in Trizol re-
agent (Life Technologies, Inc., Frederick, MD) following the
manufacturer’s instructions. The concentration of total RNA
was determined using a UV spectrophotometer (Gene
Quant; Pharmacia Biotech, Piscataway, NJ). cDNA was syn-
thesized from 1 pg of total RNA by RT using the First-Strand
cDNA synthesis kit (Amersham Pharmacia Biotech, Upp-
sala, Sweden). Amplification was performed in a volume of
25 uL containing 1 pL of ¢cDNA, 10 pmol of each primer,
0.625 unit of Tag polymerase (Promega, Madison, WI) and
0.2 mM of each deoxynucleotide triphosphate. The sequence
of the primer pairs were as follows: forward 5'-ACAGTCT-
GCCTTTCGCTGTAAC-3'  and  reverse  5'-GTAAG-
GATCGCTTCTTCCCTTC-3'. The PCR cycle was as follows:
initial denaturation at 94°C for 5 min, followed by 25 cycles
of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with
final extension at 72°C for 7 min. The amplified product was
separated on 1.5% agarose gel and visualized with SYBR
Green I (BioWhittaker Molecular Applications, Rockland,
ME). For relative quantitation, the signal intensity of each
lane was standardized to that of a housekeeping gene,
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GAPDH. To amplify this gene, the following primer pairs
were used: forward 5'-CCCATCACCATCTTCCAGGAGC-
GAGA-3 and reverse 5'-TGGCCAAGGTCATCCATGA-
CAACTITGG-3'.

Enzyme-linked immunosorbent assay (ELISA)

Cells were seeded onto 60-mm dishes. The conditioned
medium was collected and obtained after the centrifugation
at 1000 rpm for 2 min. The fransforming growth factor
(TGF)-B levels of the media were measured with commer-
cially available ELISA kits (R&D Systems Inc., Minneapolis,
MN). . . :

Cytokine treatment

Here, we used sham-operated BALB/c] mice cells as a
control. One hundred thousand cells were seeded onto
35-mm tissue culture dishes and cultured. After 4 h seeding
in a 5% CO, atmosphere at 37°C, cells were treated with
TGF-B1 (0, 2, and 10 ng/mL). Thereafter, SLDT and RT-PCR
were performed. Purified human TGF-B1 was purchased
from R&D Systems.

Statistical analysis

Student ¢ test was used to compare the implanted samples
with the controls. Statistical significance was accepted atp <
0.05. Values were presented as the mean * standard devia-
tion.

RESULTS AND DISCUSSION

There are many known tumorigenesis-inducing fac-
tors. It was reported that many plastics induce malig-
nant tumors when implanted subcutaneously into rats
and mice.®? PLLA shows slow degradation, and
therefore has been applied as a biomaterial for surgical
devices such as bone plates, pins, and screws. It was
reported in different studies that polyetherurethane,
polyethylene, and PLLA produced tumors in
rats.>”22 In our study, tumors were induced by
PLLA plates in BALB/cJ mice at 100% incidence but
not in SJL/J mice at the surrounding tissues of PLLA
plates during a 10-month in vive study. To understand
the mechanjsms of tumorigenesis induced by PLLA,
we focused on the inhibitory effects on GJIC at the
early stage of tumorigenesis. To assess functional
GJIC, the SLDT assay was performed. Brand et al.*®
reported that BALB/cf mice are a higher and SJL/]
mice are a lower tumorigenic strain, Our present re-
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Figure 1. Statistical analysis of the SLDT assay. In both the
implanted and sham-operated controls, three mice of each
strain were sacrificed after 30 days. Results shown are rep-
resentative of two independent experiments. GJIC was sig-
nificantly inhibited in PLLA-implanted BALB/c] mice cells
compared with BALB/c] controls. **p < 0.01.

sults showed that the GJIC was significantly inhibited
in 1-month PLLA-implanted BALB/cJ mice cells com-
pared with BALB/c] controls (Fig. 1). In contrast, no
significant difference was observed between the
1-month PLLA-implanted SJL/J mice and SJL/] con-
trols (Fig. 1). The data also revealed that the dye
migration was higher in control BALB/cJ mice than
control SJL/] mice (Fig. 1). High responder to the
tumorigenicity may be classified as animals that are
easily suppressed in both GJIC function and the con-
nexins expression. This perturiaed gap junction is
likely to have a major role in the PLLA-induced tu-
morigenesis. Gap junctions are also regulated by the
posttranslational phosphorylation of the carboxy-ter-
minal tail region on the connexin molecule. Phosphor-
ylation of connexin molecules is closely related with
the inhibition of GJIC.??® Phosphorylation has been
involved in controlling a broad variety of connexin
processes that include trafficking, gathering/nongath-
ering, degradation, and also thel gating of gap chan-
nels. It was also reported that !communication—defi—
cient cells did not express the Cx43-biphosphorylated
(P,) isoform but cells with low gap-junction perme-
ability showed detectable amounts of the Cx43-mono-
phosphorylated (P,) isoform.’® To survey the cause,
we examined the mRNA and protein expression of the
Cx43 gene. Here, mRNA expression was suppressed
in PLLA-implanted BALB/c] mice compared with
BALB/¢J controls [Fig. 2(A)]. No:significant difference
was observed between the PLLA-implanted SJL/]
mice and SJL/J controls [Fig. 2(B}]. We also found that
the total level of protein expression such as unphos-
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Figure 2. mRNA expression of Cx43 by RT-PCR analysis.
In both the implanted and sham-operated controls, three
mice of each strain were sacrificed after 30 days. Results
shown are representative of two independent experiments.
SYBR Green [ stained PCR products after agarose gel elec-
trophoresis showed that (A) mRNA expression was sup-
‘pressed in PLLA-implanted BALB/cJ mice compared with
BALB/cJ controls, and (B) no significant difference was ob-
served between the PLLA-implanted SJL/J mice and SJL/]
controls.

phorylated (Py), Py, and P, levels were significantly
decreased in PLLA-implanted BALB/cJ mice com-
pared with the control (Fig. 3). Asamoto et al.* re-
ported that tumorigenicity was enhanced when the
expression of Cx43 protein was suppressed by the
anti-sense RNA of Cx43. A similar tendency was also
observed in our study where the protein expression
might be inhibited via down-regulation of the mRNA
level. The genetic alteration and posttranslational

BALB/cJ

(Control)

(PLLA)

Figure 3. Protein expression of Cx43 by Western blot anal-
ysis. In both the implanted and sham-operated controls,
three mice of each strain were sacrificed after 30 days. Re-
sults shown are representative of two independent experi-
ments. Total level of protein expression such Py, P}, and P,
levels were significantly decreased in PLLA-implanted
BALB/c] mice compared with the controls.
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Figure 4. Statistical analysis of TGF-B1 cytokine assay by
ELISA. In both the implanted and sham-operated controls,
three mice of each strain were sacrificed after 30 days. Re-
sults shown are representative of two independent experi-
ments. Secretion of the TGF-B1 level was significantly in-
creased in PLLA-implanted BALB/cJ mice compared with
BALB/cJ controls. **p < 0.01.

modification in the Cx43 protein was shown to be
involved in impaired GJIC and could be associated
with tumorigenesis. Therefore, it is suggested that the
inhibitory effect of PLLA on GJIC might be caused by
the alteration in the Cx43 protein, causing enhance-
ment of tumorigenesis. Moreover, Moorby and Patel™
reported a direct action of the Cx43 protein on cell
growth that was mediated via the cytoplasmic car-
boxyl domain.

Because TGEF-Bl inhibits GJIC by decreasing the
phosphorylated form of Cx43%! and the phosphoryla-
tion of Cx43 has been img)licated in gap-junction as-
sembly and gating events,'®¥? we hypothesized that
TGF-B1 might have an important role on PLLA-im-
planted BALB/cJ mice. Figure 4 clearly demonstrates
that the secretion of the TGF-B1 level was significantly
increased in PLLA-implanted BALB/cJ subcutaneous
tissue in comparison with those from BALB/cJ control
mice. No significant difference was found in the se-
cretion of TGF-B1 between the SJL/] implanted and
SJL/T control mice. TGF-B2 and TGF-B3 cytokine as-
say revealed no significant difference in TGF-B2 secre-
tion and TGF-B3 was below the detection level (data
not shown). So we performed an in vitre study, which
showed that the intercellular communication and the
mRNA expression of Cx43 were significantly sup-
pressed in BALB/cJ control cells when treated with
TGE-B1 [Fig. 5(A,B)].

In conclusion, we suggest that increased secretion of
TGF-B1 (Fig. 4) suppressed expression of the gap-
junctional protein Cx43 (Fig. 3) at the earlier stage after
implantation of PLLA in BALB/cJ mice, resulting in
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