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Role of intracellular calcium in fast and slow desensitization of
P,-receptors in PC12 cells
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1 Combined whole-cell patch clamp recording and confocal laser scanning microscopy of [Ca’"];
transients were performed on single PCI12 cells to study any correlation between membrane currents
induced by ATP and elevation in [Ca®>*]. ATP was applied by pressure from micropipettes near the
recorded PCI12 cells continuously superfused at a fast rate.
2 Brief (20 ms) pulses of ATP elicited monophasic inward currents and [Ca®"]; increases. Long
applications (2 s) of ATP (5 mM) evoked peak currents which rapidly faded during the pulse and were
followed by a large rebound current, interpreted as due to rapid desensitization and recovery of P,-
receptors. The associated [Ca’"]; increase grew monotonically to a peak reached only after the
occurrence of the current rebound, indicating that it is unlikely this cation has a role in fast
desensitization.
3 Both membrane currents and [Ca®"]; transients were linearly dependent on holding membrane
potential, suggesting that Ca®>" influx is the predominant cause of [Ca®"]; elevation. This view was
supported by experiments carried out in Ca®"-free solution.
4 Brief pulses of ATP applied after a desensitizing pulse (2 s) of the same elicited smaller inward
currents and [Ca®"]; rises indicating a role for [Ca®"]; in controlling slow desensitization of P,-receptors.
5 This notion was confirmed in experiments with various [Ca?"]; chelators which differentially affected
slow desensitization in relation to their buffering capacity, while sparing fast receptor desensitization.
6 These results suggest a role for [Ca®>"]; in slow rather than fast desensitization of P,-receptors, thus
proposing this divalent cation as an intracellular factor able to provide an efficient and reversible control
over receptor activity induced by ATP.
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Introduction

In the last decade the superfamily of ligand-gated receptors has
been extended to include the P,y-receptors for which adenosine
S'-triphosphate (ATP) is the natural agonist (Surprenant et al.,
1995). This type of P,-receptor has been found in a variety of
central and peripheral neurones (Chen etz al., 1995; Lewis et al.,
1995). In phaeochromocytoma (PC12) cells, which are closely
related to sympathetic neurones, ATP acts via P,x-receptors to
evoke membrane depolarization and subsequent secretion of
catecholamines (Inoue ef al., 1989).

A common feature of most ligand gated receptors is their
desensitization following exposure to agonist. This phenom-
enon is presently the subject of intense investigation since it
seems to play a physiological role in controlling the amplitude
and duration of action of several neurotransmitters (Jones &
Westbrook, 1996). The kinetic properties of desensitization
have amply been described by Katz & Thesleff (1957) for the
action of ACh on the neuromuscular junction. Subsequent
work has shown that for different ligand-gated channels de-
sensitization is a complex process which may comprise two or
three components of distinct time course (Boyd, 1987; Ca-
chelin & Colquhoun, 1989; Celentano & Wong, 1994). PC12
P,-receptors appear to be included in such a group since they
have recently been found to possess two types of desensitiza-
tion, namely a fast one occurring in the region of one hundred
millisecond and a slow one with typical onset/offset rates in the
region of tens of seconds (Giniatullin ez al., 1996). The me-
chanism responsible for P,x-receptor desensitization is cur-
rently obscure. In the case of nicotinic receptors,
desensitization has initially been shown to be accelerated by
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raising extracellular Ca®>" (Magazanik & Vyskocil, 1970).
Subsequent work has indicated the important role of in-
tracellular Ca®>" in promoting desensitization (Miledi, 1980).
Furthermore, the influx of Ca?" via ACh-activated nicotinic
receptors has been proposed as a crucial factor for the reg-
ulation of nicotinic receptor activity (Mulle et al., 1992). Since
P,x receptors are even more permeable to Ca®" than nicotinic
receptors (Rogers & Dani, 1995) it seems plausible that this
divalent cation could rise intracellularly to levels high enough
to influence desensitization of P,x-receptors. The present study
thus sought to investigate changes in intracellular Ca®*
([Ca?*];) and membrane currents by combining confocal ima-
ging with whole-cell patch clamping of PCI12 cells following
application of high concentrations of ATP. This approach was
complemented by experiments with different internal Ca?"
chelators while recording membrane currents induced by ATP.
The data from imaging and internal Ca>* chelators concur to
suggest that slow desensitization of P,-receptors is closely re-
lated to increases in [Ca®"];.

Methods

Patch-clamp recording

PC12 cells, kindly provided by the C.N.R. Institute of Neu-
robiology, Rome, were grown as previously described (Ginia-
tullin et al., 1996). After being plated on a Petri dish covered
with poly-L-lysine (1.25 mg ml~") they were mounted on the
stage of an inverted Nikon Diaphot microscope and con-
tinuously superfused (5—10 ml min~') with control solution
containing (in mMm): NaCl 132, KCl 5, MgCl, 1, CaCl, 2,
glucose 10 and HEPES 10 (pH was adjusted to 7.4 with
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NaOH). Patch pipettes were pulled from thin glass (1.5 mm
0.d.) and had resistance of 1.5—-3 MQ when filled (in mMm)
with CsCl 120, HEPES 20, MgCl, 1 and Mg,ATP; 3.
Whenever the whole cell patch clamp condition was used in
combination with confocal [Ca®*]; imaging, the Ca®"-sensi-
tive dye fluo-3 (25 uM) was added to the patch electrode; the
pH was then adjusted to 7.2 with CsOH. In some experi-
ments, Ca>" buffers such as BAPTA or EGTA were added to
the internal solution or any exogenous buffer omitted alto-
gether (as indicated in the Results section). Cells were usually
voltage-clamped at —70 mV (unless otherwise indicated) in
the whole-cell configuration after GQ seals had been ob-
tained. Membrane currents, collected after an 8 min period of
stabilization after the whole-cell condition had been attained,
were recorded with a List L/M-PC amplifier (List, Darm-
stadt), filtered at 1 kHz and acquired on disc by pCLAMP
software (5.5 version; Axon Instruments, Foster City, Cali-
fornia). Membrane currents were measured in terms of am-
plitude and exponential decay.

Confocal microscopy imaging of [Ca’™" ];

For confocal microscopy imaging in the visible light excitation
range we used the Ca®*-sensitive dye fluo-3. Although with
this molecule it is not possible to perform ratiometric mea-
surements to express quantitatively changes in [Ca®*];, it offers
advantages in terms of fast kinetics, selectivity and linearity of
response in relation to free Ca®* (Minta et al., 1989) and, as
such, it is commonly used to image [Ca**]; in living cells (Kao
et al., 1989; Rathouz & Berg, 1994; Markram et al., 1995;
Andjus et al., 1996). Ca*>' imaging was performed in intact
cells or in combination with patch clamp recording. In the first
case cells were incubated for 45—60 min at 37°C with the dye
(4 uMm; cell permeant methylester form (AM) from Molecular
Probes, Eugene, Oregon) added to control solution, and then
washed three times before the experiment. Pilot tests showed
that 4 uM fluo-3/AM provided an optimal loading of PC12
cells in terms of signal to noise ratio and reproducibility of
Ca’" responses. When confocal Ca*>* studies were performed
in combination with patch clamping, 25 uM fluo-3 (cell im-
permeant form, pentapotassium salt; Molecular Probes) was
applied via the patch pipette. This concentration was selected
to provide optimal signal to noise ratio without substantial
buffering of free Ca?*. On a few occasions cells pre-loaded
with fluo-3/AM were subsequently patched with a pipette filled
with fluo-3 for simultaneous imaging of Ca®" in intact and
patched pairs of cell. Regardless of the method of delivery of
fluo-3 to the cell cytoplasm the baseline fluorescence level was
consistently the same in absolute terms. Fluo-3 emission was
induced by the Ar-Kr laser of the MultiProbe 2001 confocal
laser scanning microscope (Molecular Dynamics, Sunnyvale,
California) with the 488 nm band, and detected by a photo-
multiplier tube with a combination of 510 nm high-pass and
530430 nm band-pass filters. Under these conditions no dye
bleaching was observed. Images were digitized as 64 x 64 pixel
arrays with pixel size 0.6 yum, and a confocal aperture of
200 um. Fluorescent signals were analysed over the area of the
whole pericaryon central optical section in the 32-line rapid
scan mode (temporal resolution of 320 ms per scan) by use of
ImageSpace 3.10 software (Molecular Dynamics). The signal
transients were expressed as fractional amplitude (AF/F;
where F, is the baseline fluorescence level, and AF is the rise
over the baseline), with the rise time from 10 to 90% of the
peak amplitude and decay time constant. All data are pre-
sented as mean +s.e.mean with statistical significance assessed
by means of paired ¢ test (for normally distributed data) or
ANOVA test (for non-parametric data).

Drug application

ATP (Na salt; purchased from Sigma Chemical Co., Milan)
was diluted in control solution and delivered by pressure ap-
plication (10-20 p.s.i.) from glass micropipettes (located

about 15 um away from the recorded cell) by a Picospritzer 11
(General Valve Co., Fairfields, New Jersey). Great care was
taken to ensure that pressure application of ATP did not
produce any visible distortion of cell shape which could com-
promise Ca?* imaging. Rate of drug delivery and removal
were estimated as previously described (Giniatullin et al., 1996;
see also Sugasawa et al., 1996) and yielded peak concentrations
reached within 15—20 ms. Tests with combined patch clamp
recording (with the pipette containing 5 mM EGTA or 10 mM
BAPTA) and confocal [Ca®*]; imaging failed to reveal any
increase in [Ca®"]; following pulse application of ATP (5 mm),
suggesting that adequate Ca*>* buffering was provided by these
chelators.

Results

Membrane currents and [Ca’” ]; transients induced by
ATP

Membrane currents and associated changes in [Ca®"]; were
studied in combined experiments by whole-cell patch clamp
recording and confocal Ca?* imaging. An example of this
approach is shown in Figure 1, at —70 mV holding potential,
application of ATP from pipettes containing 0.5 or 5 mM
concentrations induced inward currents (Figure 1Ab and Bb)
and rises in [Ca®>"]; (Figure 1Aa and Ba) of a PC12 cell. In this
case, application of a 0.5 mM solution of ATP (either 20 ms or
2 s pulse; arrows show applications for [Ca®*]; responses while
arrowhead or bar shows application for current responses)
induced monophasic responses with rapid onset and gradual
decline, although there was an apparent lag between the peak
of the inward currents and that of the [Ca®"]; transients (the
latter peaking at 6.7 s for 20 ms or 8.3 s for 2 s pulse after
current peak; note that the timescale for [Ca®"]; is much slower
than that for membrane currents). When the ATP concentra-
tion was 5 mM application of a 20 ms pulse generated a
monophasic response comprising a 364 pA inward current and
an associated rise (0.32 AF/F,) in [Ca®"]; (see Figure 1Ba, b;
different cell from Figure 1A). When the 5 mM ATP solution
was applied for 2 s, the inward current peak (960 pA) quickly
faded almost back to baseline level and was followed by a
rebound current (1034 pA) immediately after the end of drug
application: the latter phenomenon is considered to be due to
fast receptor desensitization and recovery (Giniatullin et al.,
1996). Unlike this biphasic nature of the inward current re-
sponse, the corresponding [Ca®*]; rise (although much larger in
fractional amplitude and decay time constant, namely 0.64 AF/
F, and 40 s, respectively) had smooth onset and decline (Fig-
ure 1Ba; note slower timebase than corresponding currents in
Figure 1Bb). It is worth noting that the peak [Ca®"]; increase
occurred with a considerable delay (21 s) with respect to peak
and rebound inward currents. Since it has been shown that the
development of [Ca®"]; rise is related more to the current in-
tegral rather than its peak amplitude (Rathouz & Berg, 1994),
it is not unexpected that the rise in [Ca®*]; after 2 s ATP pulse
was slower than after 20 ms pulse since the long application
induced a 314 pC charge transfer during the initial peak
compared to the 490 pC charge transfer induced by the brief
pulse.

Since long pulses applied from 5 mM ATP solutions were
reliably capable of inducing rapid receptor desensitization
consisting of current fade and rebound (Giniatullin er al.,
1996), further experiments aimed at investigating the re-
lationship between ATP induced currents and [Ca®*]; were
carried out with this concentration of ATP. Nevertheless, it
should be noted that, unlike in our previous patch clamp study
of PCI2 cells (Giniatullin ez al., 1996), in the present in-
vestigation it was necessary to omit Ca?" chelators, such as
EGTA, from the pipette solution as they would have com-
promised [Ca®"]; imaging (see Methods). Hence, since long-
term changes in [Ca®*]; could not be prevented, it was decided
to measure responses to ATP (in the presence of fluo-3 in the
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Effects of ATP on [Ca®"]; transients and membrane currents of PC12 cells. (A) Combined recording of [Ca®"; response

(a) and inward current (b) induced by either 20 ms (arrowhead) or 2 s (horizontal bar) application of ATP (0.5 mm). Note different
timescale for (a) and (b). ATP applications in (a) are indicated by arrows. (B) Responses produced by 5 mm ATP on a different
PC12 cell. Application times and symbols are the same as in (A). Timescale in (a) is much slower than in (b). Note that a 2 s
application of ATP induced a large peak current which faded during the application and was followed by a large rebound

immediately after termination of ATP pressure pulse.

internal solution) for not more than 20 min after the stabili-
zation period (see Methods); during this time these responses
were as reproducible as those of intact (non-patched) cells
loaded with fluo-3/AM (see below).

Figure 2 shows, for a sample of 9 cells, that the use of either
brief (10—50 ms) or long (2 s) pulses of 5SmM ATP led to
significant differences in the increase in [Ca>"]; and its rise and
decay times. Long pulses elicited responses of a larger ampli-
tude (Figure 2a; P<0.05) and longer rise time (Figure 2b;
P <0.005). Interestingly, the parameter which differed most
between the responses to brief and long pulses was the rise time
(see Figure 2b) for [Ca®"]; transients (5.5 fold increment); this
behaviour was the opposite of that seen when ATP-induced
membrane currents were investigated (see for example Figure
1B). Time constant values of the [Ca®"]; transient decay were
also significantly different (Figure 2c; P<0.05) between brief
and long pulses of ATP delivered to the same cells.

Source of [Ca’" ]; rise induced by ATP

The relatively slow characteristics of [Ca®"]; changes produced
by ATP raised the possibility that they were caused by the
voltage-clamp condition which prevented activation of vol-
tage-dependent Ca?* channels by membrane depolarization. It
therefore seemed of interest to compare the [Ca®>*]; changes
induced in patched and intact cells. This was studied with ATP
pulses of 20 ms or 2 s duration. Figure 3a, ¢ shows the effect of
brief (20 ms) pulses of ATP (see arrowheads); they induced
monophasic [Ca®"]; responses in both patched and intact cells.
The peak amplitude of the [Ca®"]; rise was larger in the intact
than in the voltage-clamped cell (0.81+0.23 and 0.27+0.04
AF/F,, respectively, for a sample of 9 cells), and its rate of rise
was faster (0.61£0.1 s vs 2.82+0.28 s, respectively, n=09).
However, a major difference appeared when responses
produced by the 2 s ATP application were compared (see

horizontal bar in Figure 3b, d). In the example shown in Figure
3b, d we imaged a pair of neighbouring cells (at the same
distance from the puffer pipette), both loaded with the Ca®*-
sensitive dye though only one (shown in b) was patched. In the
intact cell there was an initial, rapid rise (labelled as A, in
Figure 3d) in [Ca®*]; followed by a decline and a much larger
and slower increase (labelled as A, in Figure 3d). On the other
hand, the response of the adjacent, patched cell had a mono-
phasically slow onset and offset (Figure 3b). The intact cell
displayed a much larger peak rise in [Ca®"]; (1.9 vs 0.76 AF/F,)
although in either cell the time from the end of the ATP pulse
to the maximum increase in [Ca®"]; was approximately the
same (4.3 s vs 4.7 s). The inset of Figure 3d shows that the
initial peak (A;) was consistently smaller than the second one
(A,) for a sample of 9 intact cells. It is worth noting that the
amplitude of the maximal peak (A,) evoked by 2 s ATP pulse
was significantly (P<0.05) larger (by 73%) than the corre-
sponding peak of patch-clamped cells (see Figure 2a), although
the decay time constant of the [Ca®"]; transient was the same
(27.14+9.1 vs 30.6+8.1; n=9). The difference between the
amplitudes of the [Ca?"]; rises in intact compared to patched
cells suggested that the response measured from intact cells
partly comprised a component due to voltage-dependent Ca**
channels, possibly activated by ATP-induced depolarization.
On the other hand, the similar decay time course indicated that
it was not determined by voltage-activated channels, and that
the mechanisms responsible for removal of [Ca®*]; following a
long pulse of ATP were not substantially disturbed in patch-
clamped cells.

A more controlled way to assess the role of voltage-de-
pendent Ca>* channels in the persistent rise in the [Ca®"]; was
to apply depolarizing voltage steps to patched cells. For this
purpose we used 5 s long voltage commands from —70 mV
holding potential to —20 mV test potential (which should be
sufficient to activate high threshold Ca®* currents; Di Virgilio
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et al., 1987; Fasolato et al., 1990). Under these conditions
(n=3 cells) the [Ca>"]; rise displayed a monotonic, rapid
(0.88+0.21 s) increase to a peak level (AF/F, 0.46+0.13) from
which it recovered with a decay time constant of 9.6+2.1 s.
These responses from patched cells had onset/offset kinetics
similar to those of the [Ca®*]; rise observed in unclamped cells

either with a brief ATP pulse or early during a 2 s ATP pulse
(A, peak). These data imply that, while membrane depolar-
ization by ATP could increase [Ca®"]; via activation of voltage-
dependent Ca®" channels in intact cells, this phenomenon
could not be detected when cells were clamped at a holding
potential of —70 mV.
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Figure 2 [Ca®"]; changes following brief (20— 50 ms) or long (2 s) pulses of 5 mM ATP to patch-clamped PC12 cells. (a) Fractional changes in
peak amplitude of [Ca®™); responses. (b) Time constant of [Ca®"]; rises. (c) Decay time constant of [Ca®"]; transients. Data are from 9 cells. In
(a), (b) and (c) the difference between the pair of histograms was significant (P <0.05, 0.005, and 0.05, respectively) when analysed by ANOVA

(a) or paired ¢ test (b and c).
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Figure 3 Comparison of [Ca®"]; transients in patched or intact PCI2 cells. (a) and (c) Responses induced by 20 ms ATP (5 mm)
pulse on two different cells; (b) and (d) responses recorded simultaneously from a pair of cells in which only one (b) was patched
(voltage clamped at —70 mV). Note faster and biphasic nature of [Ca®"]; response of unclamped cell (d). ATP (5 mM) was applied
for 2 s from a pressure pipette equidistant from both cells. Inset to (d) shows average values for the first (A;) or the second (A,)

peak of the [Ca®"]; response of intact cells (n=9).
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It therefore seemed feasible that the increase in [Ca®"};

observed under patch clamp conditions following ATP appli-
cation resulted from Ca?' permeation through influx via ac-
tivated P,-receptors, intracellular Ca®" release, or a
combination of the two. If the rise in [Ca®*]; depended ex-
clusively on Ca" release from the intracellular compartment,
one might expect it to be relatively insensitive to changes in
membrane potential (Sugasawa et al., 1996) which, on the
other hand, should influence transmembrane Ca®" influx by
changing its driving force (Reber et al., 1992). Figure 4 shows
an experiment in which a 2 s pulse of ATP was applied to a cell
clamped at holding potentials of —40, —70 or —100 mV. As
the holding potential was made more negative, there was a
progressive increase in [Ca®*]; (see Figure 4Aa) and in the
inward current (Figure 4Ab). Plotting the integral of the
membrane current (which is related to the changes in [Ca®];;
cf Rathouz & Berg, 1994) or the peak amplitude of [Ca**];
against holding potential (Figure 4B) yielded an approximately
linear relationship for both parameters, suggesting that the
magnitude of the [Ca®*]; transient was dependent on mem-
brane voltage and thus perhaps related to Ca’>" influx. This
notion was confirmed in another set of experiments in which
changes in [Ca®"]; in control or Ca®"-free external solution
were measured in either intact or patched cells. After 4 min
removal of external Ca®>" (plus addition of 10 mm EGTA to
the superfusion solution) the peak [Ca?®*]; rise induced by a 2 s
pulse of ATP was reduced from 1.84+0.49 to 0.083+0.032
(n=9) AF/F, in intact cells, and from 0.49+0.1 to 0.04+0.02
(n=3) AF/F, in patch-clamped cells. These results indicate that
in intact or patched PCI12 cells the increase in [Ca®"]; is pre-
dominantly dependent on extracellular Ca**.

Role of [Ca’™ ]; in ATP receptor desensitization

It was previously observed (Giniatullin et al., 1996) that ATP
receptors apparently possess two distinct types of desensitiza-
tion: a fast one (developing in the ms range) and responsible
for the rapid current fade, and a slower one (developing in the
range of tens of s) which determines a sustained depression of
responsiveness to subsequent ATP applications. In order to
study how changes in [Ca*>"]; developed during desensitization,
brief pulses of ATP were repetitively applied at time intervals
(15-60 s) which allowed reproducibility of responses and were
then followed by a 2 s long, desensitizing application of ATP
after which the brief pulse sequence recommenced. With this
protocol it was advantageous to study the characteristics of
slow desensitization. Conversely, because the apparent [Ca®"];
increase during the 2 s application of ATP was too small in
voltage-clamped cells (see Figure 1Ba and Figure 3b) to study
the role of [Ca®*]; in fast desensitization, the latter process was
investigated with an alternative approach (based on in-
tracellular Ca®" buffering) as described later. In the example of
Figure 5Aa, [Ca*>"] transients followed the inward currents
evoked by repetitive ATP pulses (see Figure SAb showing
absolute amplitude values of membrane current on the same
time scale) up to the application of a long pulse of ATP. The
latter was associated with a large rise in [Ca?"]; which in this
cell declined with a 109 s time constant and was accompanied
by a persistent depression of inward currents and [Ca®*];
changes. Figure 5B shows the relationship between the time
constant for the [Ca®"]; increase and the half-time for recovery
of the inward currents due to repetitive brief applications of
ATP after a long pulse of the same (n=6). Data could be fitted
by a linear relationship with r=0.963. These observations thus
indicated that there was an association between recovery from
slow desensitization of P,-receptors and [Ca®*]..

In order to study the influence of [Ca®*]; on fast desensiti-
zation, various Ca’>" chelators (applied intracellularly via the
patch electrode) were used during the measurement of mem-
brane currents induced by ATP. As the index of fast desensi-
tization the time constant of the fast fading of the membrane
current to the 2 s pulse of 5 mM ATP was used. Sample tra-
cings are shown in Figure 6Aa in which responses observed in
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Figure 4 Effect of changes in holding potential on [Ca®"]; transients

and membrane currents induced by 2 s application of 5 mm ATP. (A)
Simultaneous recording of [Ca®*J; transients (a) and inward currents
(b) at the holding potentials indicated at the bottom of the tracings.
Note different timescale in (a) and (b). (B) Plot of holding potential
against the charge transfer ((@) left ordinate scale) of the ATP
current or the peak increase in [Ca’"]; ((O) right ordinate scale).
Note approximately linear relationship between either response to
membrane potential.

control solution (with no internal buffers added) were essen-
tially similar to those observed after at least 8 min whole-cell
patch recording with an electrode containing 10 mM BAPTA.
Figure 6Ab shows that the fading time constant of the initial
peak current was approximately the same in the absence and
presence of the internal chelators, 25 uM fluo-3, 5 mMm EGTA
and 10 mM BAPTA.

We also investigated the process of slow desensitization
when minimal (with 25 uM fluo-3) or strong (with 5 mMm
EGTA or 10 mM BAPTA) Ca’* buffering was used. Slow
desensitization was taken as % depression of the test inward
current (elicited by 20 ms ATP pulses) at 30 s from the start of
a 2 s desensitizing pulse when the rebound current had fully
dissipated. Figure 6Ba, b shows an example of the current
responses induced by a 20 ms pulse before (left), 30 s (middle),
or 2 min (right) after a 2 s pulse of ATP. When the pipette
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Figure 5 Changes in [Ca®"]; level and inward currents produced by
ATP (5 mM). (A,a) [Ca®"]; transients induced by 20 ms pulses of
ATP before and after a 2 s ATP pulse (doubleheaded arrow); (b)
corresponding current amplitudes recorded from the same cell
following the same protocol as above. Current amplitudes are
expressed in absolute values disregarding their polarity. Timescale
in (b) applies also to (a). (B) Time constant of [Ca®"]; decay plotted
against half-time of current recovery (obtained from graphs such as
the one in (Ab)). Datapoints refer to different cells.

contained fluo-3 the test current was almost suppressed (on
average it was reduced to 30.0 +7.6% of the first pulse current;
n="17; see Figure 6Bc), while with BAPTA-containing pipettes
the test current was not reduced (on average 92.2+5.1%;n=75;
Figure 6Bc). With an EGTA-containing pipette the test current

was slightly reduced to 73 +4.6% of the first response (Figure
6Bc; n=3). Since recording stability with pipettes containing
no Ca?" buffers was often brief, it was difficult to obtain
comparable observations when [Ca®*]; was allowed to rise in
the absence of intracellular chelators.

Discussion

The principal finding of the present study was the novel de-
monstration of a close association between [Ca®']; and slow
desensitization of P,-receptors activated by high doses of ATP
in PC12 cells. Conversely, the process of fast desensitization of
the same receptors appeared to be independent of [Ca’"],.

Characteristics of membrane currents elicited by high
doses of ATP

P, receptors on PC12 cells are heterogeneous and comprise two
broad classes, one mediating fast cationic fluxes (Nakazawa et
al., 1990) and the other one coupled to intracellular second
messengers (Grohovaz et al., 1991): these receptor subtypes
correspond to those generally termed P,x and P,y, respectively
(Burnstock & Kennedy, 1985; Kennedy, 1990). Molecular
biology and pharmacological investigations have indicated
that PC12 cells express a P,x -receptor subtype (Collo et al.,
1996) which produces fast responses due to opening of non-
specific cationic channels (Nakazawa et al., 1990). With slow
rates of ATP application (by bath superfusion) to PC12 cells
only a slowly developing desensitization of P,x-receptors has
been found after sustained agonist applications (see for ex-
ample Nakazawa et al., 1990; Nakazawa & Inoue, 1992; Reber
et al., 1992). In the case of P,x -receptors of ganglion cells,
when the ATP concentrations are in the micromolar range and
applied via a rapid delivery system, fast desensitization can
develop (Robertson et al., 1996). We have recently observed
that fast application of millimolar concentrations of ATP to
continuously superfused PCI2 cells elicits peak inward cur-
rents rapidly fading and immediately followed by current re-
bound at the end of the ATP application (Giniatullin et al.,
1996). This phenomenon was interpreted as due to rapid de-
sensitization of ATP receptors by high doses of ATP which
quickly returned to their active state as soon as the agonist was
removed: this process is thus distinct from slow desensitization
which is gradually manifested following either closely spaced
applications or bath administered low doses of the agonist
(Giniatullin et al., 1996).

The suggestion of two distinct processes of desensitization
(fast and slow) promoted us to consider the mechanism(s) re-
sponsible for these phenomena. In the case of nicotinic re-
ceptors, desensitization is strongly influenced by intracellular
Ca?" (Miledi, 1980). Since ATP is known to increase [Ca®"]; of
PC12 cells (Grohovaz et al., 1991; Reber et al., 1992; Raha et
al., 1993), this divalent cation seemed to be a likely candidate
to control the process of P,-receptor desensitization. For this
purpose simultaneous measurements of ATP-activated mem-
brane currents and [Ca®"]; transients were performed with
combined whole-cell patch recording and confocal microscopy
on the same cell. In order to ensure focal and rapid exposure of
the cells to ATP, this substance was delivered by pressure
applications via a micropipette positioned closely to the re-
corded cell.

Time course of [Ca’" ]; changes evoked by ATP

While brief applications of ATP elicited monophasic [Ca®"];
rises in intact as well as patch clamped cells (in which this
response was consistently slower), the biphasic time course of
the changes in [Ca®"]; induced by 2 s application of ATP to
intact cells was reminiscent of the two-component current
observed with the same application protocol in patch clamped
cells. This apparent similarity might have suggested a possible
role for [Ca®"]; in current fading and rebound. However, this
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Figure 6 Effect of [Ca®"]; buffers on membrane currents induced by
5 mMm ATP. (A,a) Comparison of current fading evoked by 2 s ATP
pulse (horizontal bar) recorded in a cell without addition of [Ca®"];
buffers (left) with a cell recorded with a BAPTA containing pipette
(right). Note similar fading process during ATP application; (b) time
constant of peak current fading from cells recorded without addition

suggestion is unlikely since, under voltage clamp conditions
when this initial [Ca®"]; rise was absent, the current peak
fading and rebound were reliably present, implying that they
could occur in the absence of comparable changes in [Ca>*];. It
seems more likely that the fast increase in [Ca®*]; was due to
influx of this ion via voltage gated Ca®" channels, which are
known to be activated by depolarization during ATP appli-
cation (Di Virgilio et al., 1987). This conclusion is supported
by the fast temporal characteristics of the initial peak of
[Ca**); transient in intact cells which resembled rapid rise and
decay of [Ca®"]; responses to voltage steps applied to patch
clamped cells.

There are several factors determining the decay of [Ca®"];
transients, such as Na*/Ca®* exchange, Ca** pumps and in-
tracellular Ca®" sequestration (Neher & Augustine, 1992;
Markram et al., 1995; Park et al., 1996). However, it is worth
noting that the time course of [Ca®"]; transient decay after a
long pulse of ATP was similar for patch clamped and intact
cells, indicating that Ca’?* removal mechanisms in the cells
under patch clamp conditions (with a 25 uM fluo-3 containing
pipette) were not disrupted.

Origin of [Ca’" ]; rises induced by ATP

Since the main part of [Ca>"]; rise in intact cells appeared to be
due to influx through voltage-gated Ca®" channels activated
by ATP-induced depolarization, the remaining component
constituting [Ca®*]; responses in patch clamped cells might
have been caused either by influx of this cation via ionotropic
P,-receptors (Nakazawa & Inoue, 1992; Reber et al., 1992;
Raha et al., 1993), by its release from intracellular Ca** stores
(Grohovaz et al., 1991; Zacchetti et al., 1991), or by a com-
bination of the two. In our experiments the [Ca**]; elevation in
both intact and patch clamped cells was dependent on extra-
cellular Ca®", as suggested by the near absence of [Ca®"]; in-
crease in the cells superfused with Ca?*-free external solution
(see also Nakazawa & Inoue, 1992; Reber et al., 1992). This
observation suggests the predominant role of transmembrane
Ca*" influx and while not excluding intracellular Ca*>* release
(previously shown for these cells; Grohovaz et al., 1991; Zac-
chetti et al., 1991), it implies that if the latter took place, it
must have been dependent on Ca’”" influx. However, the steep,
linear-dependence of [Ca®"]; transients on the holding poten-
tial of patch clamped cells (see present study and Reber et al.,
1992) indicates a minimal contribution by intracellular Ca>"
release which is expected to be voltage-independent (Sugasawa
et al., 1996).

Changes in [Ca’™ ]; during fast and slow desensitization
of ATP receptors

Several lines of evidence suggest that fast desensitization of
ATP-gated channels of PC12 cells took place independently of
[Ca?*]; variations. Firstly, by use of combined Ca®" imaging
and patch clamp recording, there was only a negligible [Ca®"];
rise during fading of the membrane current corresponding to

of intracellular buffers (n=7), or with indicated buffers (fluo-3,
n=13; EGTA, n=16; BAPTA, n=18). Note similar results despite
different pipette solutions. (B,a) Responses to 20 ms ATP pulse
before (control), 30 s after a 2 s ATP pulse (middle), and 2 min
recovery (right) recorded from a cell patch-clamped with a fluo-3
(25 um)-containing pipette; (b) comparable data obtained from
another cell patch clamped with a BAPTA (10 mM)-containing
pipette; (c) depicts degree of slow desensitization (expressed as % of
response to 20 ms ATP 30 s after 2 s ATP pulse) of cells recorded
with fluo-3 (n=7), EGTA (n=3) or BAPTA (n=7)-containing
pipettes. Note that slow desensitization was minimal in the presence
of BAPTA and very large in the presence of fluo-3. The average
value for fluo-3 was significantly different from the one for EGTA
(P<0.05) and BAPTA (P<0.05), while the difference between
BAPTA and EGTA data was not significant (P>0.05).
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fast desensitization. Secondly, even stronger evidence was
provided by experiments on [Ca>"]; buffering with different (or
no) Ca®" chelators. In this case, the onset of fast desensitiza-
tion (measured as fading rate of the current induced by 2 s
pulse of ATP) was the same in a large sample of cells dialysed
in the absence and presence of various Ca** buffers, such as
the fast acting BAPTA (Tsien, 1981), the relatively slow acting
EGTA and a low concentration of the BAPTA-derived fluor-
escence dye fluo-3.

In contrast to fast desensitization, the process of slow de-
sensitization was found to be highly Ca’*-dependent. This
conclusion is supported by the same arguments used to discard
a major role of [Ca®"); in fast desensitization. In fact, as in-
dicated by simultaneous recording of [Ca?"]; and membrane
currents induced by ATP, the time-course of [Ca’"]; after a
desensitizing application of this agent developed over the same
time scale which might have allowed Ca®"* to interact with
desensitized receptors. An important finding was the high
correlation between the decay of ATP-induced [Ca?*); tran-
sients and the recovery from relatively long-lasting desensiti-
zation in a sample of cells in which these two phenomena
always varied in a similar fashion. The role of Ca®" in slow
desensitization was further supported by experiments in which
slow desensitization was evaluated in the presence of different
intracellular Ca>" chelators. Thus, the degree of sensitivity loss
after a 2's pulse of ATP was the largest with a low con-
centration of fluo-3 (which presumably allowed more Ca>" to
interact with P,-receptors from the cytoplasmic side) than with
EGTA or BAPTA. The Ca®"-independence of fast desensiti-
zation, on the one hand, and the high Ca®"-dependence of
slow desensitization, on the other, accord with a similar role of
[Ca?"]; in the fast and slow phases of desensitization of ACh
receptors on skeletal muscle (Cachelin & Colquhoun, 1989).

Two possible hypotheses have been suggested for the precise
mechanism of Ca’>" action on slow desensitization. Firstly,
Ca’" might switch on various protein kinases which can in-
fluence receptor activity by phosphorylation of certain sub-
units (Kozawa et al., 1995). Alternatively, if the temporal
overlap between the persistence of [Ca®"]; rise (after 2 s pulse
of ATP) and the changes in receptor sensitivity is taken into
consideration, a direct action of intracellular Ca’?" on the
sensitivity of P,-receptors without intervention of other second
messengers would be possible. Further experiments will be
necessary to clarify this issue.

Physiological implication of desensitization of ATP
receptors

The action of ATP on PCI12 cells cannot be taken, in general,
as representative of the many different effects of this substance

References

ANDIJUS, P.R., KHIROUG, L., YAKEL, J.L., CHERUBINI, E. & NISTRI,
A. (1996). Changes in intracellular calcium induced by NMDA in
cultured rat hippocampal neurones require exogenous glycine.
Neurosci. Lett., 210, 1 4.

BEAN, B.P. (1990). ATP-activated channels in rat and bullfrog
sensory neurones: concentration dependence and kinetics. J
Neurosci., 10, 1—10.

BOYD, N.D. (1987). Two distinct kinetic phases of desensitization of
acetylcholine receptors of cloned rat PC12 cells. J. Physiol., 389,
45-67.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for
distinguishing two types of P,-purinoreceptors? Gen. Pharmacol.,
16, 433 —-440.

CACHELIN, A.B. & COLQUHOUN, D. (1989). Desensitization of the
acetylcholine receptor of frog end-plates measured in a vaseline-
gap voltage clamp. J. Physiol., 415, 159 —188.

CELENTANO, J.J. & WONG, R.K.S. (1994). Multiphasic desensitiza-
tion of the GABA, receptor in outside-out patches. Biophys. J.,
66, 1039-1050.

on central and peripheral neurones. Nevertheless, the accessi-
bility and stability of P,-receptors in PC12 cells make them a
convenient model to provide data useful to interpret phe-
nomena such as desensitization known to occur in other neu-
rones. This is so because the P,x -receptor expressed by PC12
cells is also found in tissues such as brain, spinal cord, certain
ganglia and adrenal medulla (Collo ef al., 1996). The phe-
nomenon of desensitization seems to play a physiological role
in shaping synaptic responses and in limiting activation of
postsynaptic membrane receptors for several neuro-
transmitters (Jones & Westbrook, 1996). A process such as fast
desensitization of ATP-activated receptors of PC12 cells (Gi-
niatullin ez al., 1996) would then be expected to prolong the
macroscopic response of P,-receptors activated by synaptically
released ATP in a manner analogous to the action of y-ami-
nobutyric acid (GABA) which, by inducing rapid and re-
versible state transitions of its channels, extends synaptic
inhibition of hippocampal neurones (Jones & Westbrook,
1995).

In contrast to fast desensitization, slow desensitization
might serve as an efficient process to limit excitability of neu-
rones during repetitive stimulation of ATP releasing nerve fi-
bres. The functional role of Ca®* in slow desensitization of P,-
receptors of PC12 cells was probably underestimated by the
present study because voltage clamping prevented a more
substantial [Ca®"]; rise via voltage activated Ca’"-channels. In
our previous patch clamp study (Giniatullin ez al., 1996), like
in many other similar investigations concerning P,y receptors
(Bean, 1990; Nakazawa et al., 1990; Nakazawa & Inoue, 1992;
Valera et al., 1994; Khakh et al., 1995), whole-cell patch
clamping with pipettes containing relatively high levels of Ca**
buffers was used. It is likely that this condition also led to an
underestimation of the slow desensitization. These considera-
tions therefore reinforce the important role of Ca** in reg-
ulating slow desensitization in physiological conditions. Since
[Ca?"]; levels can be affected by a variety of intracellular sec-
ond messengers, it seems plausible that the process of [Ca®"];-
dependent slow desensitization is modulated according to the
different functional states of the cell.

This work was supported by grants from CNR, INFM and MURST
to A.N. R.G. is grateful to the Russian Foundation for
Fundamental Research (RFFR) for financial support. L.K. is the
recipient of an ICGEB fellowship. We are very grateful to Massimo
Righi for his help with PC12 cell cultures.

CHEN, C.C., AKOPIAN, A.N., SIVILOTTI, L., COLQUHOUN, D.,
BURNSTOCK, G. & WOOD, J.N. (1995). A P2X purinoreceptor
expressed by a subset of sensory neurones. Nature, 377,428 —431.

COLLO, G., NORTH, R.A., KAWASHIMA, E., MERLO-PICH, E.,
NEIDHART, C., SURPRENANT, A. & BUELL, G. (1996). Cloning
of P2Xs and P2Xg receptors and the distribution and the
properties of an extended family of ATP-gated ion channels. J.
Neurosci., 16, 2495-2507.

DI VIRGILIO, F., MILANI, D., LEON, A., MELDOLESI, J. & POZZAN,
T. (1987). Voltage-dependent activation and inactivation of
calcium channels in PC12 cells. Correlation with neurotransmit-
ter release. J. Biol. Chem., 262, 9189-9195.

FASOLATO, C., PIZZO, P. & POZZAN, T. (1990). Receptor-mediated
calcium influx in PCI12 cells. ATP and bradykinin activate two
independent pathways. J. Biol. Chem., 265, 20351 —-20355.

GINIATULLIN, R., KHIROUG, L., TALANTOVA, M. & NISTRI, A.
(1996). Fading and rebound of currents induced by ATP on PC12
cells. Br. J. Pharmacol., 119, 1045—-1053.



1560 L. Khiroug et al

Calcium and desensitization of P>-receptors

GROHOVAZ, F., ZACCHETTI, D., CLEMENTI, E., LORENZON, P.,
MELDOLESI, J. & FUMAGALLIL G. (1991). [Ca®"]; imaging in
PC12 cells: multiple response patterns to receptor activation
reveal new aspects of transmembrane signalling. J. Cell Biol.,
113, 1341-1350.

INOUE, K., NAKAZAWA, K., FUIIMORI, K. & TAKANAKA, A. (1989).
Extracellular adenosine 5'-triphosphate-evoked norepinephrine
secretion not related to voltage-gated Ca®" channels in
pheochromocytoma PC12 cells. Neurosci. Lett., 106, 294—299.

JONES, M.V. & WESTBROOK, G.L. (1995). Desensitized states
prolong GABA, channel responses to brief agonist pulses.
Neuron, 15, 181—-191.

JONES, M.V. & WESTBROOK, G.L. (1996). The impact of receptor
desensitization on fast synaptic transmission. Trends Neurosci.,
19,96-101.

KAO, J.P., HAROOTUNIAN, A.T. & TSIEN, R.Y. (1989). Photochemi-
cally generated cytosolic calcium pulses and their detection by
fluo-3. J. Biol. Chem., 264, 8179 —8184.

KATZ, B. & THESLEFF, S. (1957). A study of the "desensitization"
produced by acetylcholine at the motor end-plate. J. Physiol.,
138, 63-80.

KENNEDY, C. (1990). P;- and P,-purinoceptor subtypes - an update.
Arch. Int. Pharmacol. Ther., 303, 30— 50.

KHAKH, B.S., HUMPHREY, P.P.A. & SURPRENANT, A. (1995).
Electrophysiological properties of P,x-purinoreceptors in rat
superior cervical, nodose and guinea-pig coeliac neurones. J.
Physiol., 484, 385—395.

KOZAWA, O., SHINODA, J. & SUZUKI, A. (1995). Genestein inhibits
Ca’" influx by extracellular ATP in PC12 pheochromocytoma
cells. Horm. Metab. Res., 27, 272-274.

LEWIS, C., NEDRA, S., HOLY, C., NORTH, R.A., BULL, G. &
SURPRENANT, A. (1995). Coexpression of P2X, and P2Xj
receptor subunits can account for ATP-gated currents in sensory
neurons. Nature, 377, 432—435.

MAGAZANIK, L.G. & VYSKOCIL, F. (1970). Dependence of
acetylcholine receptor desensitization on the membrane potential
of frog muscle fiber and on the ionic changes in the medium. J.
Physiol., 210, 507—-518.

MARKRAM, H., HELM, P.J. & SAKMANN, B. (1995). Dendritic
calcium transients evoked by single back-propagating action
potentials in rat neocortical pyramidal neurons. J. Physiol., 485,
1-20.

MILEDI, R. (1980). Intracellular calcium and desensitization of
acetylcholine receptors. Proc. R. Soc. Lond. B., 209, 447—-452.
MINTA, A., KAO, J.P. & TSIEN, R.Y. (1989). Fluorescent indicators
for cytosolic calcium based on rhodamine and fluorescein

chromophores. J. Biol. Chem., 264, 8171 —8178.

MULLE, C., CHOQUET, D., KORN, H. & CHANGEUX, J.-P. (1992).
Calcium influx through nicotinic receptor in rat central neurons:
its relevance to cellular regulation. Neuron, 8, 135—143.

NAKAZAWA, K., FUJIIMORI K., TAKANAKA, A. & INOUE, K. (1990).
An ATP-activated conductance in pheochromocytoma cells and
its suppression by extracellular calcium. J. Physiol., 428, 257 -
272.

NAKAZAWA, K. & INOUE, K. (1992). Roles of Ca®" influx through
ATP-activated channels in catecholamine release from pheo-
chromocytoma PCI12 cells. J. Neurophysiol., 68, 2026—2032.

NEHER, E. & AUGUSTINE, G.J. (1992). Calcium gradients and buffers
in bovine chromaffin cells. J. Physiol., 450, 273 -301.

PARK, Y.B., HERRINGTON, J., BABCOCK, D.F. & HILLE, B. (1996).
Ca®" clearance mechanisms in isolated rat adrenal chromaffin
cells. J. Physiol., 492, 329 —346.

RAHA, S., DE SOUZA, L.R. & REED, J.K. (1993). Intracellular
signalling by nucleotide receptors in PC12 pheochromocytoma
cells. J. Cell. Physiol., 154, 623 —630.

RATHOUZ, M.M. & BERG, D.K. (1994). Synaptic-type acetylcholine
receptors raise intracellular calcium levels in neurons by two
mechanisms. J. Neurosci., 14, 6935—6945.

REBER, F.X., NEUHAUS, R. & REUTER, H. (1992). Activation of
different pathways for calcium elevation by bradykinin and ATP
in rat pheochromocytoma (PC12) cells. Pflugers Arch., 420,213 —
218.

ROBERTSON, S.J., RAE, M.G., ROWAN, E.G. & KENNEDY, C. (1996).
Characterization of a P,x-purinoceptor in cultured neurones of
the rat dorsal root ganglia. Br. J. Pharmacol., 118, 951 —956.

ROGERS, M. & DANIL J.A. (1995). Comparison of quantative calcium
flux through NMDA, ATP, and ACh receptor channels. Biophys.
J., 68, 501 —506.

SUGAZAWA, M., EROSTEGUI, C., BLANCHET, C. & DULON, D.
(1996). ATP activates non-selective cation channels and calcium
release in inner hair cells of the guinea-pig cochlea. J. Physiol.,
491, 707-718.

SURPRENANT, A., BUELL, G. & NORTH, R.A. (1995). P,x receptors
bring new structure to ligand-gated ion channels. Trends
Neurosci., 18, 224—-229.

TSIEN, R.Y. (1981). A non-disruptive technique for loading calcium
buffers and indicators into cells. Nature, 290, 527 —528.

VALERA, S., HUSSY, N., EVANS, R., ADAMI, N., NORTH, R.A.,
SURPRENANT, A. & BUELL, G. (1994). A new class of ligand-
gated ion channel defined by P,x receptor for extracellular ATP.
Nature, 371, 516 —-519.

ZACCHETTI, D., CLEMENTI, E., FASOLATO, C., LORENZON, P.,
ZOTTINI, M., GROHOVAZ, F., FUMAGALLI, G., POZZAN, T. &
MELDOLESI, J. (1991). Intracellular Ca*>" pools in PC12 cells. J.
Biol. Chem., 266, 20152—20158.

( Received October 1, 1996
Revised December 4, 1996
Accepted January 9, 1997)



