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Abstract. Using fluorescent membrane markers, we
have previously shown that extracellular ATP stim-
ulates both exocytosis and membrane internalization
in the Fisher rat thyroid cell line FRTL. In this study,
we examine the actions of ATP using whole-cell
recording conditions that favor stimulation of mem-
brane internalization. ATP stimulation of the P2X,
receptor activated a reversible, Ca’*-permeable,
cation conductance that slowly increased in size
without changes in ion selectivity. ATP also induced
a delayed irreversible decrease in cell capacitance
(Cm) that was equivalent to an 8% decrease in
membrane surface area. Addition of guanosine 5'-0-
2-thiodiphosphate to the pipette solution inhibited
the ATP-induced decrease in C,, without affecting
channel activation. The effects of ATP on membrane
conductance were mimicked by 2’,3"-O-(4-ben-
zoylbenzoyl)-ATP, but not by UTP, adenosine, or 2-
methylthio-ATP, and were inhibited by pyridoxal
phosphate-6-azophenyl-2’4’-disulfonic acid, adeno-
sine 5'-triphosphate-2"3-dialdehyde, and Cu®*. The
capacitance decrease persisted in Na*-, Ca®>*- and
Cl -free external saline or with Ca®*-free pipette
solution. It is concluded that ATP activation of the
inotropic P2X5 receptor stimulates membrane inter-
nalization by a mechanism that involves intracellular
GTP, but does not require internal Ca?* or influx of
Na™t or Ca?* through the receptor-gated channel.
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Introduction

The function of thyroid epithelial cells is regulated by

TSH via G-protein receptors that are coupled to
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adenylyl cyclase and phospholipase C (Cerbo &
Corda, 1999). Extracellular ATP, acting in coopera-
tion with other endocrine and paracrine factors, is
also a regulator of thyroidal function. In the Fisher
rat thyroid cell line FRTL-5 (Smallridge & Gist,
1994; Ekokoski et al., 2000, 2001), and in primary
thyrocyte cultures from a variety of species (Golstein
et al., 1992; Lejeune et al., 1996; Bourke et al., 2001;
Schofl et al., 2002), ATP stimulates Ca>" mobiliza-
tion, mitogenesis, production of H,O,, thyroglobulin
secretion, efflux of iodide and chloride, and inhibition
of forskolin-stimulated Na ™ absorption. These ef-
fects are mimicked by UTP and primarily occur via
G-protein-coupled P2Y purinoceptors that activate
PLC and PLA,. The P2Y receptor subtypes that have
been detected in FRTL-5 cells by RT-PCR include
P2Y,, P2Y,, and P2Y (Ekokoski et al., 2001).
Members of the ionotropic P2X receptor family are
also present. P2X3, P2X, and P2Xs subtypes have
been detected in the thyroid gland by immunohisto-
chemistry (Glass & Burnstock, 2001) and in FRTL-5
by RT-PCR (Ekokoski et al., 2001). Recently, we
also found P2X; receptor immunoreactivity and
P2X; receptor-gated cation currents in FRTL cells
(Kochukov & Ritchie, 2004), the parent cell line of
FRTL-5. P2X; receptors are prominent in immune
cells (Gu et al., 2000; Solle et al., 2001) where they
induce apoptosis and secretion of inflammatory
mediators. P2X; receptors are also highly expressed
in epithelial cells (Bradford & Soltoff, 2002), although
their role in epithelial function is uncertain.
FM1-43, a membrane-impermeant dye that flu-
oresces in lipid environment, is a widely used marker
for the study of plasma membrane trafficking. Using
the dye, we reported that P2X; receptor activation
stimulated both exo- and endocytosis in FRTL cells
(Kochukov & Ritchie, 2004). However, FM1-43 is
not an ideal marker of plasma membrane trafficking,
as the dye undergoes a large increase in fluorescence
intensity following phospholipid scrambling, an early
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Table 1. Tonic composition of bath solution (in mm)
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Na™ K* Ca** Mg ™" NMDG EGTA crr Gluconate
A Standard 150 5.5 2 2 0 0 158 0
B Na-free 0 5.5 2 2 156 0 164 0
C Ca-free 155 5.5 0 2 0 2 153 0
D Na/K/Mg-free 0 0 2 0 163 0 162 0
E Na/K/Mg-free 0 0 5 0 158 0 163 0
F NaK/Mg-free 0 0 10 0 150 0 165 0
G 100 Ca 0 0 100 0 5 0 200 0
H Cl-free 155 5.5 2 2 0 0 0 163

event in apoptosis (Zweifach, 2000). The P2X,
receptor is known to induce apoptosis in many cell
types, which may partly account for the profound
ATP-induced increases in FM1-43 fluorescence
intensity that we encountered in our earlier study. In
this report, we use voltage-clamp measurements of
whole-cell capacitance to monitor effects of ATP on
plasma membrane surface area. We also examined
the Ca®" permeability of the ATP-gated cation
channel. Our results show that ATP stimulates exo-
cytosis and a decrease in plasma membrane surface
area that is likely due to membrane internalization.
Although the ATP-gated cation-selective channel is
permeable to Ca®", the P2X; receptor-mediated de-
crease in cell surface area occurs independently of
extra- or intracellular Ca®" by a mechanism that
involves internal GTP.

Materials and Methods
CELL CULTURE

Measurements were performed on the FRTL Fisher rat thyroid cell
line (Ambesi-Impiombato, Parks, & Coon, 1980) that was obtained
from the American Type Culture Collection (Rockeville, MD). The
cells were grown in Coon’s F12 medium containing 0.5% calf ser-
um, 10 pg/ml insulin, 10 nm hydrocortisone, 5 pg/ml transferrin, 10
ng/ml glycyl-L-histidyl-L-lysine acetate, 10 ng/ml somatostatin, and
10 mU/ml TSH and maintained in a humidified 5% CO, incubator
at 37°C. For the electrophysiological experiments, the cells were
used 1-2 days after plating on glass cover slips.

CAPACITANCE AND CURRENT M EASUREMENTS

An EPC7 patch clamp amplifier (Adams List, Great Neck, NY), the
ruptured-patch technique of whole-cell recording (Hamill et al.,
1981), Pulse-HEKA software and the ITC18 computer interface
(Instrutech, Port Washington, NY) were used for data acquisition
and analyses. The recording pipettes were pulled from 7052 glass
(Garner Glass, Claremont, CA) and the tips were coated with Syl-
gard. The bath was grounded with a Ag/AgCl pellet anda 1 M KC1
agar bridge. Bath temperature was maintained by heating a 100 pl
chamber to 36 °C with a feedback regulator (Warner Instruments,
Hamden, CT). A small coverslip chip containing cells was placed in
the chamber and continuously superfused with prewarmed solution
by gravity flow at a rate of 0.5 ml/min. Upon changing the solution
composition, chamber equilibration occurred within 2.5 min

including about 60 s of dead space. The timing of ATP adminis-
tration that is illustrated in the figures includes the dead space time.
In experiments requiring rapid solution changes, ATP was applied
to the cell from a large bore pipette placed ~340 pm from the cell
while the chamber was continuously perfused with bath solution. In
some experiments, we determined the time course of changes in
current amplitudes while simultaneously monitoring the reversal
potential (V) of the ATP-activated current. The voltage steps
applied for measurements of the /- relationships required 6 s to
complete and were executed 10 times per min. The continuous re-
cord of the current at the holding potential was obtained from
current measurements made during the interval between voltage
steps (2/s). When the bath solution contained NMDG or gluconate
as replacements for Na™ or CI”, we applied a correction to the
clamped potential for the differences in liquid junction potential
between the recording pipette and the bath solution.

Continuous measurements of whole-cell capacitance (Cp,)
were performed using the Lindau-Neher method (Lindau & Neher,
1988) and was implemented via the sine+dc lock-in feature of
PulseHEKA. For measurements of C,, the cell was clamped with a
1 kHz, 40 mV peak-to-peak, sine wave superimposed on a —-80 mV
holding potential. Acquired data were filtered at 10 kHz. The
instrumental phase angle was adjusted to zero at the beginning of
each recording period by connecting the input stage to ground via a
10 MQ resistor. Cell membrane conductance in parallel with the
seal resistance is reported as G, and was determined from assess-
ment of the holding current. The series access resistance (Gg) and
cell capacitance were determined, respectively, from the in-phase
and the 90° phase-shifted components of whole-cell admittance.

The mean C,, of 40 + 4 pF (n = 14) was measured from cells
with a mean diameter of 29 + 2 pm. Assuming a spherically shaped
cell, we calculated a specific membrane capacitance of 1.5 pF/cm?
This value is larger than expected for a lipid bilayer (1 pF/cm?)
suggesting infolding of the plasma membrane. In the absence of
stimuli, spontaneous changes in C,,, were small (200400 fF). Cells
with unstable G, or G, were excluded from analysis since large
changes in these parameters can affect the measurement of C,.

SOLUTIONS

The pipette solution contained (in mm): 25 CsCl, 65 Cs,SOy, 2
EGTA, 0.6 CaCl, (100 nm free Ca®>" at 36°C), 3 MgCl,, 10 NaCl,
10 glucose, 60 sucrose, and 10 HEPES. The pH was adjusted to
7.04 (at 36 °C) with CsOH (8 mm). The measured osmolality
(Wescor 5500 vapor pressure osmometer, Logan, UT) was 305
mOsm. Ca® " -free pipette solution contained 0 added Ca>"* and 4
mwm BAPTA instead of EGTA. The bath saline consisted of the ions
listed in Table 1 plus (in mm) 5 glucose, 10 HEPES, and sucrose
(~40 mm) as needed to obtain a final osmolality of 335 mOsm. The
pH was adjusted to 7.4 (at 36 °C) with NaOH or NMDG. Stock
solutions of 50 mm ATP or 5 mm UTP were prepared in nominally
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Ca®™ -free bath solution, then subsequently adjusted to pH 7.4 and
~335 mOsm. Na ™ -free stock solutions of ATP were prepared with
N-methyl-p-glucamine (NMDG) as the major cation. All experi-
ments were performed at 35-36 °C. The program Webmaxlite
vl1.15, courtesy of C. Patton at www.stanford.edu/~cpatton/
maxc.html, was used to calculate the concentrations of free Ca’™
and ATP*.

ANALYSES

The relative permeabilities of the ATP activated channel to Ca®>”"
(Pca), Cs* (Pcs) and NMDG (Pyype) Were estimated from the
following rearrangement of the Goldman-Hodgkin-Katz equation
(Korngreen et al., 1998; Lewis, 1979):

RT. | 1| PnvpGYnmpc NMDG]

. PnmpG 7 nmpG (NMDG], ’

tion of 500 um ATP from a large-bore pipette. In
standard saline (Solution A, Table 1), ATP rapidly
evoked an inward current with a long-lasting plateau
and rapid reversal on washout of ATP (Fig. 14). On
second exposure to the same dose, the current slowly
grew in amplitude, and the third exposure evoked a
much larger initial current that also grew in ampli-
tude. Typically, the initial current on repeat applica-
tion was equal to the amplitude at the end of the
previous application of ATP, indicating a long-lasting
priming action of ATP (Korngreen et al., 1998). To
determine if the increase in amplitude was correlated
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At 36°C, the constant RT/F equals 26.7 mV. The equation is
valid when the extracellular solution contains a permeant mono-
valent cation and divalent cation and the intracellular solution
contains one permeant cation. We considered the permeability of
intracellular Na™ (10 mm) to be similar to Cs™ and used their
combined concentration for total [Cs™]. The intracellular free
[Ca®*] of 100 nM was assumed to be negligible. We used the
activity coefficients (y) reported for 25°C, as they are within 2% of
the values at 35°C. A y of 0.75 was used for both Cs™ (Robinson &
Stokes, 1959) and NMDG (Lindenbaum & Boyd, 1964). For yc,
we used 0.28, which is the square of the mean activity coefficient
reported for CaCl (y. = 0.53) in mixed solutions of 0.16 ionic
strength (Butler, 1968).

Results are reported as mean =+ sem. Statistical significance
(P < 0.05) was determined using Kruskal-Wallis rank sum statis-
tics and Dunn’s multiple comparison test (Sigma Stat 2.0, SPSS
Inc, Chicago, IL). The same set of control responses to ATP was
used in Figures 6, 7, and 8. Curve fitting and regression analysis
were done with SigmaPlot 8.0 (SPSS Inc., Chicago, IL).

CHEMICALS

Hydrocortisone, bovine apo-transferrin, bovine insulin, somato-
statin, glycyl-L-histidyl-L-lysine acetate, calf serum from donor
herd, ATP-sodium salt, adenosine, guanosine 5’-0-2-thiodiphos-
phate trilithium salt (GDPfS), pyridoxal phosphate-6-azophenyl-
2'4’-disulfonic acid tetrasodium salt (PPADS), adenosine 5'tri-
phosphate-2’3’-dialdehyde sodium salt (0oxoATP), 2’,3’-O-(4-ben-
zoylbenzoyl)-ATP trimethylammonium salt (BzATP), and ARL
67156 were obtained from Sigma Chemical (St. Louis, MO).
UTP-sodium salt and 2-methylthio-ATP tetra sodium salt (2Me-
SATP) were from CalBiochem (La Jolla, CA), R(-)N6-(2-phenyl-
isopropyl) adenosine (PIA) was from Research Biochemicals
International (Natick, MA) and TSH, from Dr. A. F. Partlow
(National Hormone and Peptide Program, Torrance, CA).

Results

CHARACTERISTICS OF THE ATP-GATED CURRENT

Currents were measured under whole-cell voltage
clamp in response to prolonged (5 min) administra-

PCs Ycs [Cs]i

+16 1
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with a change in ion selectivity, reversal potentials
were determined from current amplitudes measured at
different voltages in the absence and presence of ATP.
The I-Vs measured during the second exposure to
ATP are shown in Fig. 1B. Although the current
amplitudes increased with each successive /-V mea-
surement, Vrev (the zero-current potential) remained
constant. The reversal potentials are plotted under-
neath the current trace in Fig. 14. It can be seen that
the growth in current amplitude is not accompanied
by a change in ion selectivity. Hence, the current
growth is likely due to the activation of additional
ATP-gated channels, although we cannot exclude
slow activation of a different kind of channel with the
same ion selectivity. V., in this cell was +6 mV,
consistent with our previous observation (Kochukov
& Ritchie, 2004) that ATP stimulation of the P2X;
receptor in FRTL cells gates a cation-selective chan-
nel that is permeable to Na™ and Cs ™.

To determine the Ca’" permeability of the
ATP-gated channel, we measured the reversal po-
tential of the ATP-activated currents (Fig. 24) in
solutions containing different concentrations of Ca*™"
and the organic cation NMDG, but no Na®, K™ or
Mg2+ (Solutions D, E, and F in Table 1). In solu-
tions containing NMDG and 2 mm Ca’", V,., was
-51.2 £ 1.6 mV (n = 5), consistent with low per-
meability to NMDG ™" (Fig. 2B). The reversal po-
tential shifted to the right as Ca>" was increased up
to 10 mMm. From the fit of the data to equation (1),
Pca/Pcs was estimated to be 1.34 and Puwpa/Pcs Was
0.11 (Fig. 2C). In 100 mm Ca®>" (Solution G, Ta-
ble 1), ATP failed to evoke currents. This is largely
due to interference with receptor activation via Ca*"
chelation of ATP* (Korngreen et al., 1998), al-
though an allosteric effect on the receptor’s affinity
for ATP (Virginio, North, & Surprenant, 1998) or
open-channel block (Nakazawa & Hess, 1993) may
also be involved.



14 M.Y. Kochukov and A.K. Ritchie: ATP Stimulates Membrane Internalization

0 500 pM ATP

30 -
f>E‘ 20 +
QL
s 0f
I o S S T S S S S [ S S S N
0 10 20 30
Time (min)
B I (PA) 40
Vm (mV) 4
120 -90 60 -30 —é
T

30 6C

-120

Fig. 1. Activation of ionic current by extracellular ATP. (A4)
Whole-cell currents were monitored at the —80 mV holding po-
tential and ATP (500 pm) was applied to the cell from a large-bore
pipette at the times indicated by the horizontal bars. At 10 s
intervals, I-V plots were constructed from currents measured dur-
ing 200 ms voltage steps from 120 to +60 mV in 20 mV increments.
The continuous current record shown for the —80 mV holding
potential was constructed from currents recorded during the in-
terpulse intervals. The reversal potentials determined from the I-V
relationships are plotted below the current trace. (B) The I-V plots
obtained during the second application of ATP represent the cur-
rents measured in the presence of ATP after subtraction of the
control currents measured at each voltage prior to the application
of ATP. For clarity of presentation, each I-V curve represents the
average of 5 consecutive I-V relationships. The current amplitudes
increased with time, but the reversal potential remained constant.
The I-V relationship during the 1°* application of ATP was difficult
to perform due to the small size of the current and contamination
from a voltage-gated Ca>* current that washed out during the first
10 min of recording.

In standard saline, 500 um ATP evokes current,
but 200 pm ATP is ineffective. The low affinity for
ATP is not due to the presence of ecto-ATPases, as
we did not observe any changes in ATP sensitivity
after pretreatment with the ecto-ATPase inhibitor
ARL 67156 (100 um). The low affinity of the receptor
for total ATP in solutions containing divalent cations
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Fig. 2. Ca’" permeability of the ATP-activated channel. (A)
Currents activated by multiple applications of 500 um ATP from a
large-bore pipette were recorded at —80 mV in Na®, K™, and
Mg?* -free saline with NMDG ™ and Ca>™ as the major cations. In
this example, the first application of ATP was performed in 10 mm
external Ca®" and the next two in 5 mm Ca>*. (B) I-V relation-
ships of the ATP-activated current (/arp—ZIcontrol) Were measured in
2 (filled circles, n = 5), 5 (empty circles, n = 6), and 10 (inverted
triangles, n = 8) mm external Ca®>'. (C) The mean reversal
potentials £ sem (number of cells in parentheses) are plotted as a
function of the log of the external free [Ca®"], after correction
(Maxlite software) for Ca®™ complexed with ATP. Relative cation
permeabilities, Puwpa/Pcs and Pc,/Pcs, were obtained from the best
fit (indicated by the curved line; R?, the coefficient of determina-
tion, = 0.7261) of the data to Equation (1).

is a distinguishing feature of the P2X; receptor, as the
active ligand is the uncomplexed ATP*". Removal of
extracellular CI~, which has no effect on V., (Ko-
chukov & Ritchie, 2004), has a dramatic effect on the
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Fig. 3. Agonist-response relationships. Agonists were applied from a large-bore pipette and currents were recorded at —80 mV. 4 and B
represent currents activated by 20 and 500 um, ATP respectively, in CI™ -free external saline with gluconate as the replacement anion and
currents in C were evoked by 2 mM ATP in standard external saline. (D) The instantaneous current amplitudes in response to the first
application of ATP (n > 3) in standard saline, ATP in Cl™-free saline (n = 2 for 100 pm ATP and > 4 for the remaining doses), or BZATP in
standard saline (n = 4) were normalized to cell C,, and plotted as a function of the external ATP or BZATP concentrations.

potency of ATP. As seen in Fig. 3,20 um ATP in CI™-
free saline (Solution H, Table 1) has an amplitude
and time course that is similar to that evoked by 500
um ATP in standard saline (Fig. 14). Likewise, the
current evoked by 500 um ATP in CI -free saline
activates a current with larger initial amplitude, faster
growth, slow desensitization, and incomplete deacti-
vation that is more typical of the current evoked by 2
mM ATP in standard saline. Partial dose-response
curves, constructed from the rapid initial current
amplitudes in response to the first application of
ATP, show that much lower concentrations of ATP
are effective in Cl -free solutions (Fig. 3D). The

graph also shows that BZATP, a synthetic agonist of
most P2X receptors, activates current at lower con-
centrations than ATP in standard saline. The
apparent higher potencies of BZATP and ATP in
Cl free solution in comparison to ATP in standard
saline are characteristic features of P2X; receptors
(Michel, Chessell, & Humphrey, 1999).

ErrecTts oF ATP oN Cy AND Gy
Whole-cell lock-in phase measurements of C,, were

performed to study the effects of P2X,; receptor
activation on cell surface area, with simultaneous
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Fig. 4. Effects of extracellular ATP on Cy,, G, and G;. The cell was
clamped with a 1 kHz sine wave superimposed on the =80 mV DC
holding potential. The solution perfusing the chamber was swit-
ched from standard saline to saline containing 500 um ATP during
the times indicated by the bars. ATP, applied twice, irreversibly
decreased C,,, reversibly increased G,,, and had no effect on Gi.
The initial spontaneous transient increase in G, was observed in
most cells and was likely related to cell dialysis by the pipette.

assessment of changes in membrane conductance. In
nearly all cells, G, showed an initial spontaneous
transient increase that was likely related to washout
of cytosolic constituents and equilibration with pip-
ette solution (Fig. 4, middle trace). An 8-10 min
application of 500 pm ATP by bath perfusion induced
a slowly rising increase in G, that rapidly reversed on
washout of ATP. Upon reapplication of ATP to the
same cell, the increase in G, was faster and larger.
The changes in G, reflect the ATP-induced ionic
currents shown in Fig. 1, although with a different
time course that is probably due to the slower rate of
equilibration when ATP is applied by bath perfusion
and the much longer duration of ATP application.

40
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O
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Fig. 5. The time course of the ATP-induced decrease in cell
capacitance. In cells where ATP was applied by bath perfusion for
> 5 min, the time course of the capacitance response was fit to an
exponential decay (v = Ao + A4exp(—t/1), where A4, is the C, at

= oo and A is the change in C,,, between t = 0 and ¢ = ). The
Cy, recording is shown with a thick line and the exponential fit is
overlayed in thin line (r = 1.39 min and R*> = 0.9916).

ATP also induced a delayed decrease in Cp, to a new
level, although occasionally, a tiny portion of the
decrease in C,,, was reversible (Fig. 4, top trace). The
second application of ATP induced a further irre-
versible decrease in C,, of similar magnitude. The
bottom trace shows negligible changes in pipette ac-
cess conductance (G,). The values for basal G, and
G, correspond to resistances of ~10 GQ and 3.6 MQ,
respectively. The absence of temporal overlap in the
three simultancously determined parameters shows
that the changes in C,, are not due to technical
interference caused by changes in G, or G,. Lack of
interference by changes in Gy, is not surprising as the
ATP-induced increases in membrane conductance are
small. On the infrequent occasions when changes in
Cy, occurred in temporal concert with changes in G,
or G, the cell was excluded from analysis. When
performed at room temperature instead of 36 °C,
ATP continued to evoke changes in G, but failed to
affect Cp,.

The onset of the ATP-evoked decrease in C,,, was
delayed by 79 + 13 s after the beginning of the in-
crease in Gy,,. When the duration of ATP application
was long enough for Cy, to reach a new steady-state
level, the time course of the decrease in C, was
exponential (Fig. 5) and occurred with a mean time
constant of 2.7 & 0.5 min (rn = 10 cells). The mean
decrease in Cy, (Fig. 6C), measured after 4 min in 500
um ATP, was 3.26 £ 0.38 pF (n = 15 cells). This
was equivalent to an 8.4 £ 0.8% decrease in cell
surface area. A decrease in surface area could be
caused by stimulation of membrane internalization,
plasma membrane vesicle shedding, inhibition of
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Fig. 6. Effects of intracellular ATP and GTP on the ATP-evoked
changes in C,, and Gy,. (4) Records of cell capacitance and G, with
SmMm ATP and 10 pm GTP added to the standard pipette solution.
Under these conditions, extracellular ATP produced a small net
increase in Cp,. (B) Inclusion of 2 mm GDPpS in the standard
pipette solution blocked the capacitance, but not the conductance,
change in response to extracellular ATP (500 um). (C) Bar graph of
the mean ATP (500 pm)-induced capacitance change in standard
pipette solution (control) or in pipette solution also containing 5
mMm ATP + 10 pm GTP, 2 mm GDPgS (trilithium salt) or 6 mm
LiCl. The asterisk indicates significant differences from the control
response. Agonists were applied by bath perfusion.

constitutive exocytosis, or a combination of events
with overall net decrease in surface area.

DEPENDENCE ON INTRACELLULAR ATP AND GTP

The experiments shown in Figs. 4 and 5 were per-
formed with standard pipette solution containing no
added ATP or GTP. In contrast to the pronounced
ATP-induced decrease in Cy, observed with standard
pipette solution, when 5 mm ATP and 10 pm GTP
were included in the pipette solution (Fig. 64),
extracellular ATP evoked an increase in C,, of
1.09 £ 0.31 pF (n = 6). This was equivalent to a net
increase in cell surface area of 3.1 + 1.2 %. Thus,
when cytoplasmic ATP and/or GTP are plentiful,
extracellular ATP may stimulate exocytosis to an
extent that masks the membrane internalization/
shedding.

Addition of 2 mMm GDPSS to the pipette solution,
which competitively interferes with reactions that
require GTP, nearly abolished the ATP-induced de-
crease in Cy,, but not the increase in G, (Fig. 6B).
The effect of GDPfS was not due to the Li™ salt of
GDPfS, as the C,, response persisted when 6 mm

LiCl was included in the pipette solution (Fig. 6C).
Thus, internal GTP is essential for the ATP-induced
decrease in Cy, and it is not necessary for the evoked
increase in membrane conductance. As GTP was not
added to the pipette solution, we presume that
endogenous levels of GTP that were resistant to
washout supported the purinoceptor-induced de-
crease in Cp,. The remainder of the electrophysio-
logical experiments described in this study focus on
the ATP-induced decrease in C,, (AC,) and were
performed with standard pipette solution containing
no ATP or GTP.

PHARMACOLOGY OF THE ATP-EVOKED DECREASE IN
CAPACITANCE

Different pharmacological agents were applied to
study specificity of the ATP-induced decrease in cell
surface area (Fig. 7). UTP (500 pum), an agonist that
activates the P2Y receptors in these cells, but is a
poor agonist of P2X receptors, did not evoke changes
in G, (not shown) or Cy,. Two adenosine receptor (P1
receptor) agonists, adenosine and R-PIA, also failed
to induce changes in C,, (or G,). The P2 receptor
agonist BZATP mimicked the effect of ATP on C,,,
while the agonist 2MeSATP (500 pm) had a very
weak effect. The ATP-induced changes in C,, were
inhibited by 100 um PPADS and 50 pm Cu®*. Oxo
ATP (200 pm), which was present during a 2 h
pre-incubation but not during the measurement,
irreversibly inhibited the response to ATP. The
pharmacological profile is consistent with our previ-
ous study (Kochukov & Ritchie, 2004) and indicates
mediation by the P2X; receptor.

EFFECTS OF IoN SUBSTITUTIONS ON THE CAPACITANCE
RESPONSE

Different ion substitutions in the pipette or bath
solution were made to determine ion dependence of
the P2X; receptor-induced decrease in C,, (Fig. 8).
The decreases in C,,, were not significantly different
from the control responses after replacement of
external Na® with NMDG (Solution B, Table 1),
replacement of external Cl~ with gluconate (Solution
H) or removal of extracellular Ca® ", with addition of
2 mMm EGTA (Solution C). The response also per-
sisted when intracellular Ca?™ was buffered to near 0
by including the fast acting Ca*>" chelator BAPTA (4
mM) in the Ca®* free pipette solution.

Discussion

The ion selectivity of the ATP-gated P2X; receptor
channel and the role of cation flux in mediation of
P2X; receptor stimulation of membrane internaliza-
tion were studied. We used whole-cell patch-clamp
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Fig. 7. Pharmacological specificity of the capacitance response. The agonists UTP (A4), adenosine, or R-PIA (B) failed to evoke capacitance
responses, while application of ATP (500 um) to the same cells decreased Cp,. The presence of PPADS, a purinergic receptor antagonist,
blocked the effects of 500 um ATP on C,, (C). The effects of agonists and antagonists on C,, are summarized in (D). All agonists were
applied by bath perfusion and were present at a concentration of 500 um. The antagonists PPADS (100 pum) and Cu®* (50 pm) were applied
just prior to and during the addition of ATP. OxoATP (200 pum) was present during a 2 h preincubation at 37°C in Coon’s F12 medium and
washed out before application of ATP in standard saline (without OxoATP). The numbers of cells tested are indicated in parentheses and
the asterisk indicates significant differences from the response to ATP alone.
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Fig. 8. Effect of Na*, Ca?", and CI” on ACy,. The Cy, response to
500 um ATP applied by bath perfusion was determined in standard
external solution and in Na " -free (replaced by NMDG), Ca®* -free
(0 added Ca?" + 2 mm EGTA), or Cl -free (replaced with glu-
conate) external solution. The experiments with 0 internal Ca®"
(pipette solution with 0 added Ca®>" plus 4 mm BAPTA) were
conducted in standard external solution. The numbers of cells are
indicated in parentheses. There were no significant differences be-
tween the groups.

recording of membrane capacitance, which directly
measures changes in cell surface area with high sen-

sitivity and temporal resolution. We conclude that
P2X; receptor activation increases permeability to
mono- and divalent cations and stimulates membrane
internalization by a mechanism that is independent of
changes in cytosolic Ca®* or cation flux through the
ATP-gated channel.

ATP StiMULATION OF IoNIC CURRENT

ATP activates a P2X; receptor-gated nonselective
cation channel in FRTL cells (Kochukov & Ritchie,
2004). This study shows that the channel is also
permeable to Ca’' with a Pc,/Pcs of 1.34. This
ratio is within the range (1.0-3.9) reported for Pc,/
Pcg or Pc,/Pna of other endogenous or heterolo-
gously expressed P2X receptors (Evans et al., 1996;
Virginio et al., 1998; Liu & Adams, 2001; Bo et al.,
2003;). A high concentration of Ca®* (100 mm),
however, completely inhibited current activation.
This is most likely due to Ca®>* chelation of ATP*",
the active agonist for the P2X; receptor (North,
2002).

The current activated by a submaximal concen-
tration of ATP grew with prolonged or repeated
activation of the receptor. At very high concentra-
tions of ATP, the rate of growth was faster, there was
slow current decay, and occasionally incomplete
deactivation. The ion selectivity did not change dur-
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ing the period of current growth, and even during
prolonged or repeated activation by 500 um ATP,
Prupc/Pcs remained low (0.11). Low permeability to
NMDG is consistent with activation of the P2X5 re-
ceptor-gated channel (Pyypc/Pna = 0.03-0.1) (Vir-
ginio et al., 1999), but not the slowly activating pore
state (Pavpa/Pnva = 0.4-0.7) that often follows P2X
channel gating (Khakh et al., 2001). Absence of pore
development was also indicated in previous fluores-
cence studies on FRTL in which ATP failed to induce
permeability to the organic cation YO-PRO-1 (Ko-
chukov & Ritchie, 2004). P2X,; receptor current
growth without pore development has been observed
by others and could be due to a slowly developing,
slowly reversible, increase in potency of ATP (Hibell
et al., 2001) or to cytoskeleton-dependent assembly
into functional channels (Li et al., 2003). A low-af-
finity ATP-gated current with a similar priming ac-
tion of ATP is also present in airway ciliated
epithelial cells (Korngreen et al., 1998), although the
P2X subtype in those cells is not known.

ATP STIMULATION OF DECREASE IN CELL SURFACE AREA

Under standard whole-cell patch-recording condi-
tions, there were no large spontaneous changes in
Cn, suggesting that endo- and exocytotic activity
were in steady state. Here we show that extracellular
ATP induced a slow exponential (t = 2.7 min) de-
cline in C,, to a plateau level equivalent to loss of
~8% of the cell surface area. It is worthy to note,
however, that when 5 mm ATP and 10 um GTP
were included in the pipette solution, extracellular
ATP caused a small (3%) net increase in surface
area. The increase could be due to inhibition of
membrane internalization. If internalization 1is
inhibited, it is likely to be due to the ATP, rather
than GTP, since our results with 2 mm GDPfS
(described later) indicate that GTP supports inter-
nalization. An alternative interpretation is that the
nucleotides (mainly ATP) are needed for stimulation
of exocytosis (Parsons, et al., 1995; Heidelberger, et
al., 2002). In this condition, we presume that both
exocytosis and membrane removal are stimulated,
but with overall greater addition of membrane.
Exocytosis may have a larger energy requirement
that is not well supported when cytosolic nucleotides
diffuse into the patch electrode. In this study, we
used nucleotide-free pipette solution in order to
characterize the decrease in cell surface area, al-
though we cannot exclude the possibility that some
ATP stimulation of exocytosis is still occurring.
BzATP, an agonist of most P2X receptors, also
induced a decrease in C,,. External UTP, a potent
agonist of most P2Y receptors but a poor agonist of
P2X receptors (Sak & Webb, 2002), had no effect. The
P1 adenosine receptor agonist R-PIA was also with-
out effect. The responses to 500 pm ATP were blocked

by 100 um PPADS, 50 um Cu? ™ and 200 pm 0xoATP,
antagonists that are known to be effective at P2X;
receptors. The ATP-induced decrease in C,,, shows the
same pharmacological specificity as the ATP-gated
current and ATP stimulation of FM1-43 internaliza-
tion in FRTL (Kochukov & Ritchie, 2004) that were
previously shown to be mediated by a P2X; receptor.

In human THP-1 monocytes and HEK cells
heterologously expressing P2X; receptors, receptor
activation induces pronounced morphological chan-
ges that include blebbing and microvesicular shed-
ding of the plasma membrane into the extracellular
medium (MacKenzie et al., 2001). The membrane
shedding, like the effect of ATP in FRTL cells, was
correlated with a slow (t = 0.7 min) irreversible de-
crease in C,,. However, we believe that in FRTL cells
the decrease in Cy, represents a fundamentally dif-
ferent process. Plasma membrane shedding was en-
tirely dependent on extracellular Ca®", while in
FRTL, the decrease in C,, occurred independently of
Ca’" influx or internal Ca®*. In addition, our pre-
vious confocal imaging studies with FM1-43 revealed
pronounced membrane internalization upon activa-
tion of P2X; receptors (Kochukov & Ritchie, 2004)
and no evidence of externalization of membrane
fluorescence. Hence, the ATP (500 pm)-induced de-
crease in Cy, largely reflects stimulation of membrane
internalization. In comparison to the 8% ATP-in-
duced decrease in cell surface area, the same con-
centration of ATP stimulated a 27-fold increase in
FM1-43-labeled membrane internalization over a
similar time period. The unexpectedly high extent of
dye internalization is likely explained by the effect of
lipid composition on FM1-43 fluorescence intensity
(Pappone & Lee, 1996; Zweifach, 2000; Fomina et al.,
2003). However, it should also be noted that C,,
measurements underestimate the true extent of
internalization whenever there is concommitant
stimulation of exocytosis and loss of diffusible cyto-
solic constituents or the contents of the patch pipette
solution may additionally influence the electrically
recorded response.

The mechanism by which ATP induces mem-
brane internalization is not clear. ATP activation of
current preceded the decrease in C,,, by ~80 s, raising
the possibility that the increase in cation permeability
was the trigger for membrane internalization. How-
ever, the capacitance response, like ATP stimulation
of FM1-43 internalization (Kochukov & Ritchie,
2004), was not dependent on Na® or Ca’" influx
through the ATP-gated channel. Effects of ATP also
persisted upon removal of external CI”. CI™ does not
permeate the channel but greatly decreases the po-
tency of ATP activation of P2X; receptors (Michel et
al., 1999). Because heterologously expressed and na-
tive P2X; receptors appear as a strongly bound
multimeric complex with numerous other proteins
(Kim et al., 2001), the P2X; receptor could activate
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membrane internalization through its interaction
with associated proteins (Kochukov & Ritchie, 2004).

ATP stimulation of internalization was readily
seen without addition of GTP to the pipette solution;
however, including GDPSS (2 mm) in the pipette
solution prevented the ATP-induced decrease in Cy,.
The inhibition by GDPfS was likely due to compe-
tition with endogenous GTP that did not completely
wash out of the cell during the recording session. It is
important to note that GDPSS did not affect the
simultaneously monitored ATP-induced changes in
G, confirming our previous report that ATP acti-
vation of current is not G-protein-coupled (Kochu-
kov & Ritchie, 2004). The results suggest that GTP
and/or small G-proteins may be involved in media-
tion of membrane internalization. Small G-proteins,
particularly in the rho family of GTPases, are known
to regulate membrane trafficking (Lamaze et al.,
2001; Schlunck et al., 2004). In addition, the mem-
brane excision step of many different forms of
membrane internalization, including phagocytosis
(Lamaze et al., 2001; Schafer, 2002; Di et al., 2003), is
dependent on the GTPase activity of proteins in the
dynamin family (Artalejo et al., 1995; Sever, Damke,
& Schmid, 2000). Endocytosis via dynamin-depen-
dent clathrin-coated pits seems to be excluded, how-
ever, as the clathrin pathway requires intracellular
K" (Zuhorn, Kalicharan, & Hoekstra, 2002) and is
not supported by patch clamp conditions in which the
pipette solution contains Cs* as a replacement for
K" (Artalejo, Elhamdani, & Palfrey, 2002).

IMPLICATIONS

The physiological function of ATP-stimulated mem-
brane internalization is unknown. It is unlikely to
reflect P2X; receptor internalization (Bobanovic,
Royle, & Murrell-Lagnado, 2002), as the ionic cur-
rent activated by 500 um ATP shows little desensiti-
zation during prolonged activation. The high
concentrations of ATP that are typically required for
activation of P2X; receptors in physiological salt
solutions are mainly encountered upon leakage of
cytosolic ATP from membrane-damaged cells. In
macrophages, lymphocytes, and other immune cells,
P2X; receptor activation causes pronounced in-
creases in plasma membrane trafficking (MacKenzie
et al., 2001; Monleon et al., 2001), events that are
important for release of inflammatory mediators,
antigen presentation, interaction with phagocytic
cells and apoptosis (Coutinho-Silva et al., 1999;
Monleon et al., 2001; MacKenzie et al., 2001; Greig
et al., 2003). It will be interesting to determine whe-
ther the P2X; receptor induces apoptosis in thyro-
cytes or if the receptor plays a pathological role in
autoimmune diseases such as Hashimoto’s thyroiditis
where thyrocyte apoptosis is high (Giordano et al.,
2001).

We thank Dr. Simon Lewis for transformation of the GHK
equation into Equation (1). This work was supported by a Sealy
Research Development Grant from the John Sealy Memorial
Endowment Fund.
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