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ATP has been proposed
as a possible chemical mediator of
synaptic transmission
in the spinal dorsal horn on the basis
that it is released
in dorsal horn synaptosomes
in a Ca2+dependent
manner and that its effects mimic those of synaptic inputs to dorsal horn neurons. In the present study we
examined
the actions of ATP on neurons and glia in cell
culture
using optical
and electrophysiological
recording
techniques.
We found that ATP increased
intracellular
Ca2+
concentration
([Ca”];)
in >99% of astrocytes.
In contrast,
only 35% of neurons and 20% of oligodendrocytes
responded to ATP. The prevalence
of the ATP-evoked
response
in
astrocytes
led us to characterize
the type of receptor
mediating the response, the source of Ca*+, and the membrane
currents activated by ATP. We found that ADP was approximately equipotent
with ATP in increasing
[Ca*+]; whereas
AMP and adenosine
had no effect. In addition, responses
to
ATP were blocked in a concentration-dependent
manner by
the P, purinergic
receptor antagonist
suramin. Furthermore,
as it was found that 2-methylthio-ATP
was more potent than
ATP and that B,y-methylene-ATP
was ineffective,
the responses were mediated
via the P,, subtype of purinergic
receptor. The increase
in [Ca2+li evoked by ATP persisted
in extracellular
medium with no added Ca2+ and containing
EGTA, indicating
that this increase
was due to release of
Ca*+ from intracellular
stores. Release of Ca2+ by ATP was
blocked by thapsigargin
but was unaffected by caffeine. ATP
had several effects on membrane
current activating
inward,
outward, and mixed currents despite uniformly causing increases in [Ca*+],* These observations
indicate that ATP has
diverse electrophysiological
effects on astrocytes
as well
as increasing
[Ca2+]; in these cells. We speculate
that ATP
released
from synaptic terminals
in the dorsal horn might
act not only on postsynaptic
neurons but also on perisynaptic astrocytes.
Thus, a physiological
role for ATP may be as
a neuronal-glial
signaling
molecule within the spinal dorsal
horn.
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ATP has well-known roles in intracellular energy metabolism.
However, ATP is releasedas well from many types of cell and
has been suggestedas an intercellular signaling molecule in a
number of systemsincluding the PNS and CNS (Phillis and Wu,
1981; Stone, 1981; Burnstock, 1990). In the peripheral sympathetic nervous system,ATP appearsto mediatefast excitatory
junctional potentials at neuromuscularsynapsesin the vas deferens(Sneddonet al., 1982)and vascularsmooth muscle(Sneddon and Burnstock, 1984; Benham, 1989). ATP has been implicated as a mediator of excitatory synaptic transmission at
sympathetic neuron-neuron synapses,specifically in the coeliac
ganglion (Evans et al., 1992; Silinsky et al., 1992). It has been
suggestedthat ATP might also be an excitatory chemical mediator in the CNS (Phillis and Wu, 198l), and recently evidence
for excitatory postsynaptic currents mediated by ATP hasbeen
obtained in the medial habenula (Edwardset al., 1992).
The spinal cord was the first region in the CNS where ATP
wasimplicated asa chemicalmediator of synaptic transmission.
On the basisof evidence that stimulation of primary sensory
neurons causesreleaseof ATP in the periphery, Holton and
Holton suggestedthat ATP might also be releasedfrom the
central terminals of these neurons (Holton and Holton, 1954;
Holton, 1959). SubsequentlyATP was found to be releasedin
a Ca*+-dependentmanner from synaptosomesfrom the dorsal
horn ofthe spinalcord (White et al., 1985)and to have excitatory
effects on dorsal horn neurons in vivo (Fyffe and Perl, 1984;
Salter and Henry, 1985) and in vitro (Jahr and Jessell,1983).
Thus, it has been proposed that a physiological role for ATP
might be as a mediator of excitatory synaptic transmissionin
the dorsal horn (for review, seeSalter et al., 1993).
ATP has been found to increaseintracellular CaZ+concentration ([Caz+],) in a variety of excitable and nonexcitable cells
(O’Connor et al., 1991; El-Moatassim et al., 1992). Two principal mechanismsby which ATP increases[Ca2+], have been
described:influx of Ca*+ through ligand-gatedion channelsactivated by ATP (Benham and Tsien, 1987) and releaseof Ca*+
from intracellular stores(Harden et al., 1990). Subtypes of receptor for ATP (Pz purinergic receptors) have been identified
that are coupled to channelspermeableto Ca2+,including P,,,
PIT, and P,, receptors (Burnstock, 1990; Bean, 1992) or to
G-protein-mediated secondmessengermechanismsfor release
of Ca*+from intracellular stores,including P,, and P,, receptors
(Harden et al., 1990; O’Connor et al., 1991). As the effects of
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ATP on TCa2+1. in the dorsal horn have not been examined. one
purpose bf the-present study was to determine the effects of ATP
on [Caz+], in dorsal horn neurons. It is clear, however, that
expression of receptors for neurotransmitters
is not limited to
neurons but rather that glia express a variety of neurotransmitter
receptors (for review, seeHijsli and Hosli, 1993).Therefore, we
also examined the effectsof ATP on glia from the dorsal spinal
cord.
We report here that ATP increases[Caz+], in about one-third
of neuronsand in greater than 99% of astrocytes.The responses
of astrocytes are characterized in detail and we provide the first
direct evidence that ATP acts on P,, purinergic receptors to
release Ca*+ from an intracellular

pool that is sensitive

to thap-

sigarginand insensitive to caffeine.
Preliminary resultsof this study have been reported (Salter,
1992).
Materials and Methods
Cell cultures. Cultures of dorsal spinal cord were prepared from fetal
Wistar rats [embryonic day 16 (El 6)-E18]. The fetuses were removed
from time-pregnant females (Charles River) immediately after killing by
cervical dislocation. Upon removal fetuses were transferred to chilled,
sterile Hanks’ buffered salt solution and were then killed by decapitation.
The entire spinal cord was removed by an anterior approach and was
placed dorsal side up in iced Hanks’ solution. The meninges and dorsal
root ganglia were removed. The dissection procedure used to isolate the
dorsal spinal cord was similar to the “open-book” technique of Peterson
and Crain (1982). The cord was opened by incising it through the dorsal
commissure to the central canal along the entire length. The opened
cord was turned over and pinned onto a dish coated with Sylgard (DowCorning). The dorsal half of the cord was removed by cutting along the
lateral funiculus on each side. The dorsal halves of four cords were
pooled, minced and then incubated for 25 min at 37°C in Hanks’ solution with trypsin (0.25%). The trypsin was inactivated by rinsing the
dorsal cords in minimum essential medium with 10% fetal bovine serum
and 10% horse serum. The tissue was then mechanically dissociated by
trituration with two Pasteur pipettes (tip diameters of approximately
500 and 200 pm). The cells were plated onto collagen-coated Aclar 33C
plastic that had been attached with Sylgard under a 1 cm hole in a
standard 35 mm culture dish. Aclar 33C plastic transmits light in the
visible, infrared, and near-visible ultraviolet ranges, and is therefore
suitable for use when making measurements of [Caz+], using the UVexcited fluorescent dye fura-2. The culture medium contained minimum
essential medium supplemented with 10% fetal bovine serum, 10% heatinactivated horse serum, and 1 U/ml insulin. Four days after plating
the cultures were treated for 24 hr with 5’-fluoro-2-deoxyuridine
(25
&ml) and uridine (50 Kg/ml). Two-thirds of the medium in each dish
was replaced with fresh media on days 4 and 8. Cultures were used for
recording 6-10 dafter plating, when the cell layer was still subconfluent.
Media and sera were obtained from GIBCO Canada Inc., Burlington,
Ontario.
Recording conditions. Each culture dish was washed thoroughly with
an extracellular recording solution containing (mM) NaCI, 140; KCI,
5.4; N-2-hydroxyethylpiperazine
sulfonic acid (HEPES), 25; glucose,
33; CaCI,, 1.3; MgCL, 1; pH 7.35, osmolarityof310-320
mOsm. Except
where indicated, tetrodotoxin (TTX; Sigma) was included in the recording medium at a concentration of 1 FM in order to prevent generation ofaction potentials and thereby to minimize synaptic interactions.
In certain experiments CaC& or MgCI, was omitted from the extracellular solution and ethylene glycol bis(P-aminoethylether)-N,N,N’,
N’tetraacetic acid (EGTA) or ethylene diamine tetracetic acid (EDTA),
respectively, was included at a concentration of 0.1 mM. The cultures
were placed in the recording chamber and individual cells were observed
under Hoffman modulation contrast (Modulation Optics, East Hills,
NY). All experiments were done at room temperature (20-22°C).
Fluorescence measurement of intracellular calcium. Intracellular Ca2+
was measured photometrically from single cells using the fluorescent
calcium indicator dye fura- (Molecular Probes, Inc., Eugene, OR). After
washing thoroughly with recording media, the cells were incubated for
75-90 min at room temperature in recording medium supplemented
with fura- acetoxymethyl ester (fura- AM; 2 WM), a membrane-per-

meant form of fura-2. and 0.5% bovine serum albumin. The cells were
then rinsed thoroughly in the standard extracellular recording media.
When this loading protocol was used it appeared that the vast majority
of the deesterified dye was localized in a freely diffusible cytoplasmic
compartment of the cells, as more than 90% of the fluorescent signal
was lost from the cells by dialysis during whole-cell recordings if furawas not included in the intracellular solution. When fura- (50 PM) was
included in the intracellular solution, the level of fluorescence measured
before whole-cell recording was divided by that measured at steady state
after intracellular dialysis. From this calculation it was estimated that
the concentration of the dye in the cells loaded via fura- AM was 25100 KM. This concentration of dye would not be expected to significantly
affect [Caz+]< (Kom and Horn, 1989).
Excitation light from a 75 W xenon arc lamp was alternated between
340 and 380 nm band-pass filters (Omega Optical, Brattleboro, VT) via
a mirrored chopper spinning at 60-l 00 Hz. The light source and chopper
(Photon Technologies Inc., London, Ontario) were placed outside a
Faraday cage that housed the Nikon Diaphot microscope used in the
experiments. The excitation light was recombined in a quartz fiber optic
cable coupled to the epifluorescence adapter of the microscope. This
cable transmitted essentially no vibration, and hence the light source
and chopper were mechanically and electrically isolated from the recording setup. The excitation light was directed toward the cell by means
of a DM400 dichroic mirror (Nikon) and was focused through a 40 x
Fluor oil-immersion objective (1.3 NA, Nikon). The emitted light passed
out of the side ~ort of the microscope and was reflected off a DM580
dichroic mirror-mounted
in a dual optical path module (Nikon). The
light then passed through a 5 10 nm band-pass filter and an adjustable
rectangular diaphragm that was used to isolate fluorescence from an
individual cell. Light was collected by a photomultiplier tube detector,
operating in a single photon counting mode, which sent a TTL signal
to an IBM PC-compatible computer. Fluorescence signals were typically
sampled at rates of 20-100 Hz. Data sampled during the intervals of
excitation at 340 and 380 nm were sorted by the acquisition software.
Fluorescence signals were acquired, stored, and analyzed using hardware
and OSCARsoftware from Photon Technologies Inc.
Intracellular [Caz+] was determined by the ratio method (Grynkiewicz
et al., 1985) and all calculations were done off line. Raw fluorescence
data were digitally filtered using the Savitzky-Golay algorithm (Savitzky
and Golay, 1964) using a seven-point buffer. The ratio (R) of the emitted
fluorescence at 340:380 nm excitation was calculated after subtracting
background values measured in a region of the dish that did not contain
any cells. Free [Cal+] was then calculated using the formula
[Cal+] = K(R - R,,,)I(R,,, - R),
where R,,, is the minimum ratio corresponding to fully unbound dye,
R,,, is the maximum ratio for the fully bound dye, and K is the product
of the dissociation constant for fura- and the ratio of bound to free
dye at 380 nm excitation. R,,,,, R,,,, and K were determined by an in
vitro titration calibration using the method described by Grynkiewicz
et al. (1985). The buffers used in the titration contained (in mM) KCl,
100; HEPES, IO; EGTA, 10; iCaCl,, 10; fura-2,0.005; pH 7.26. Values
of [Cal+-] in the titration solutions were calculated on the basis of the
Ca*+:EGTA ratio. The pK values for the stability constants used in the
calculations were as follows: HEGTA)-,
9.19; H,EGTA2-,
8.66;
H,EGTAm, 2.57; H,EGTA, 1.96; MgEGTA2-, 5.21; MgHEGTA-, 7.62;
CaEGTA2-, 10.97; CaHEGTA-, 3.79 (Stockbridge, 1987).
The cells were visualized continuously during the period of measuring
fluorescence and electrical signals. This was accomplished by transilluminating the cells with light that had been passed through an A600
barrier filter. The transillumination
light passed through the DM580
mirror in the dual optical path module and was sent to a CCD camera.
The images were observed on a standard television monitor. The cross
talk introduced by transilluminating the cells was less than 0.1% of the
typical fluorescence signal and therefore did not interfere with the measurements of [Cal+],. In order to maximize the throughput of the fluorescence signal, the Hoffman modulator, which is normally located in
the back of the objective, thereby attenuating light transmission by
approximately 50%, was repositioned just in front of the CCD camera.
Thus, we were able to view the cells under Hoffman modulation contrast
while making the fura- measurements.
In order to minimize photobleaching of the dye and UV-induced
damage of the cells, any unnecessary exposure to UV light was eliminated by closing a shutter located just in front of the arc lamp. This was
done at times when cells were recovering between drug applications or
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when solutions were being changed. These intervals, when [Ca2+], could
not be measured, are indicated by small gaps in the records.
Simultaneous electrophysiological recording and [Ca2+]l measurement. Patch-clamp recordings in either the whole-cell or perforatedpatch configuration were made while simultaneously measuring [Ca2+],.
Patch electrodes were constructed from thin-walled borosilicate glass
(1.5 mm o.d.; World Precision Instruments). A Brown-Flaming P-87
electrode puller (Sutter Instruments) was used to form electrodes of
auuroximatelv uniform tip diameter (1.5-2 km). The recording pipettes
were fire polished and fiiled with an intracellular recording solution
containine fmM) fura- oentanotassium salt. 0.005: KCl, 140; HEPES,
10; EGT&‘O.lI
MgC12,‘1; pH 7.26. The low concentration of EGTA
was included to prevent overloading the cells with Ca*+ (Thayer et al.,
1988).
Perforated-patch recordings (Horn and Marty, 1988) were made using
nystatin (125 pg/ml) as described in MacDonald et al. (1993). The pores
formed by nystatin are selectively permeable to monovalent ions whereas multivalent ions and molecules with molecular weight greater than
400 are not permeant. During nystatin patch recordings endogenous
Ca2+ bufferina and metabolic svstems annear to remain intact (Kom
and Horn, 1989). The uipette solution for nvstatin patch recording was
that used for whole-ceil recordings except f&a-2 was not included and
the concentration of EGTA was 10 mM. The adeauacv of the nerforation
was assessed by observing the capacitive transients evoked by repeated
10 mV hyperpolarizing voltage steps. After the perforation had stabilized, series resistance was lo-25 MR and was compensated approximatelv 50%.
An EPC-7 amplifier (Adams and List, Westbury, NY) was used for
the whole-cell and perforated-patch recordings with currents being filtered at 3 kHz. Recordings were made using voltage- or current-clamp
protocols; the presence of active membrane responses was examined by
applying voltage or current steps, respectively. For voltage-clamp experiments the holding potential was - 60 mV unless otherwise indicated.
Membrane current and voltage recordings were monitored on a chart
recorder (Gould Inc.) and were stored along with trigger pulses on videotaue (VR lOOA: Instrutech Inc., Great Neck, NY). Membrane current.
or voltage, recordings were sampled on an analog’channel of the hard:
ware used for acquiring the fluorescence data. Trigger pulses for the
drug applications were also acquired with this hardware. The trigger
pulses were used for display purposes to align records of [Ca*+], measurements with those of membrane current and voltage that were resampled from tape at 0. l-l kHz on an IBM PC-compatible computer
using ~CLAMP hardware and software (Axon Instruments, Foster City,
CA).
Application ofATP and drugs. ATP, other nucleotides, and drugs were
made up as stock solutions that were divided into single-use aliquots
and stored at -70°C. Aliquots were thawed immediately prior to use
and working solutions were made by diluting the stock solution in
extracellular recording media. Aqueous stock solutions were used except
in the case of thapsigargin which was dissolved in dimethyl sulfoxide
(DMSO). The final concentration of DMSO never exceeded 0.1% and
DMSO itself was found to have no effect on [Ca2+], even up to lo/o, the
maximum concentration tested.
Drugs were applied by pressure (1 O-50 kPa; Picospritzer II, General
Valve, Fairfield, NJ) from glass micropipettes with tips located approximately 20-50 Frn from the cell study. The experiments were typically done in a static bath and only when specifically indicated were
drugs applied in the bath, by exchanging the entire bath volume five or
six times.
Suramin was obtained from Bayer Canada Inc.; all other drugs were
from Sigma.
Immunocytochemistry and cell markers. Indirect immunofluorescence was done with antibodies to neuron-specific enolase (NSE), glial
fibrillary acidic protein (GFAP), galactocerebroside (GC), or fibronectin.
In addition, binding of B4 lectin, a microglial marker, was examined.
One protocol was used for the intracellular markers NSE, GFAP, and
fibronectin. A different protocol was used for GC and B4 as the antiGC antibody and B4 lectin bind to membrane sites located extracellularly.
For intracellular labeling the cultures were fixed for 30 min with 4%
paraformaldehyde after concluding optical or electrophysiological recording. The cultures were washed twice for 15 min in 0.1 M phosphatebuffered saline (PBS) and then incubated for 15 min in 10% normal
goat serum. After removing the goat serum, the cultures were incubated
for 90 min with the primary antibody in PBS with 0.4% Triton (PBSI
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T&on). Three subsequent 15 min washes with PBS were followed by
incubation with 10% normal goat serum in PBS for 15 min. The fluorescently tagged secondary antisera, in PBS-Triton, was then applied
for 30 min. The cultures were washed three times with PBS prior to
viewing. All washes and incubations were done at room temperature.
For extracellular labeling live cultures were used and these were thoroughly rinsed with extracellular recording medium. In the case of GC,
the cultures were then incubated for 15 min with 10% normal goat
serum in the recording medium and washed three times. The cultures
were incubated for 60 min with recording medium containing the primary antibody. Subsequently, three 15 min washes with recording medium and a 15 min incubation with 10% normal goat serum were done.
The cultures were then incubated for 30 min with the secondary antisera
in the recording medium. Cultures were rinsed thoroughly with recording medium prior to viewing or optical recording. In contrast to the
anti-GC antibodv. the B4 lectin itself was fluorescentlv tagged, and
therefore a secondary incubation was not required. Hence, fglabeling
with B4 lectin, the cultures were incubated for 120 min, washed, and
then viewed directly.
The following primary antibodies were used as follows: NSE, rabbit
polyclonal (Dako Corp.,.A589); GFAP, rabbit polyclonal (Dako Corp.,
2334); GC, mouse monoclonal ascites fluid (Ranscht et al., 1982); and
fibronectin, rabbit polvclonal (Calbiochem 34 1640). Each of these antibodies shows high cross-reactivity with rat tissues. Appropriate dilutions, in the range of 1:50 to 1:400, were established for each of the
primary antibodies. The fluorescently labeled secondary antisera were
Texas red-conjugated horse anti-rabbit (Dimension Laboratories, TI1000) Texas red-conjugated goat anti-mouse (Dimension Laboratories,
TI-2000) and fluorescein isothiocyanate (FITQ-conjugated
goat antirabbit (Sigma, F-6005). The final dilutions of the secondary antisera
were 1: 100, 1:50, and 1:500, respectively. B4 lectin conjugated to FITC
(Sigma, L2895) was used at a dilution of 1:20. Photographs were taken
on Kodak Tmax 400 ASA film.
Correlation of GFAP, NSE, and GC expression with effects of ATP.
For GFAP and NSE it was necessary to test cells with ATP before doing
immunocytochemistry.
To ensure that each cell tested was identified
correctly, a photograph of the cell was taken just after testing with ATP
and the position of the cell was recorded on a diagram of the field. Also,
the number of cells was limited to three or four per dish and the position
of each cell was marked on the dish prior to fixation. Cellular morphology was maintained during the processing; thus, after staining each
cell was readily identified using the photograph, diagram, and position
markings.
For GC, immunocytochemical labeling was done prior to testing ATP.
Staining for GC was visualized with secondary antisera conjugated to
Texas red. Because neither the excitation nor emission spectra for Texas
red overlap with the range of wavelengths used for the fura- measurements, Texas red had no effect on the determination of [Ca2+], in the
present studies.

Results
Recordings of [Caz+], from 5 11 individual
cells are included in
the present report. In all of the experiments, cultures containing
neurons and glia were used so that all of the cells studied had
been exposed to similar growth conditions.
The neurons and
glia showed morphological
and electrophysiological
characteristics typical of these cell types in primary culture (Ransom et
al., 1977). Neurons were readily distinguished
from glia on the
basis of morphological
criteria indicated below and recordings
were made only from cells that were clearly identified. Neurons
generally had a smooth cell body lo-20 Frn in diameter with
two to five processes and grew on top of a layer of background
cells. Neurons had resting membrane potentials in the range of
- 55 to - 70 mV, generated action potentials sensitive to TTX,
expressed a range of voltage- and ligand-gated
currents, and
showed spontaneously
occurring postsynaptic potentials. Cells
identified morphologically
as neurons (n > 200) expressed NSE
(Fig. 1A). The present study includes measurements
of [CaZ+],
from 102 neurons; NSE immunofluorescence
was found in all
of the cells tested (n = 10).
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cells had stable resting membrane potentials - 60 to - 80 mV,
did not generateaction potentials in the absenceof TTX, and
did not show spontaneouslyoccurring postsynaptic potentials.
Recordingsfrom 394 such cells are included: 32 of these cells
were studied with simultaneouspatch-clamp recording and fluorescencemeasurementof [Ca2+li; recordings of [Ca2+li alone
were made from the remaining cells. In all cases,the cells examined were free from overlying neurons.
The cultures also contained small numbersof glial cells that
were immunoreactive for GC (Fig. 1C) and thus appearedto
be oligodendrocytes(Ranschtet al., 1982).Suchcellshad small,
oval or round cell bodieswith extensive, varicose processes
and
grew directly on the collagen. Thus, these cells were morphologically distinct from both neuronsand astrocytes.GC-positive
cells representedlessthan 1% of the glial cells in the cultures,
consistent with low numbers of oligodendrocytes which have
been reported in cultures of E16-E 18 dorsal spinal cord (Warf
et al., 1991). Intracellular [Ca”] measurementsfrom 15 GCpositive cells are reported presently.

Figure 1. Photomicrographs
showing immunoreactivity for NSE (A),
GFAP (B), and GC (C) in cultures ofdorsal spinal cord. NSE and GFAP
were visualized with FITC-conjugated secondary antisera and GC was
visualized using a secondary antisera conjugated with Texas red. Scale
bar, 25 pm.

Efects of ATP on [Ca2+ji in neurons,astrocytes,and
oligodendrocytes
ATP (l-250 KM, lo-30 set) causedan increasein [Ca2+liin a
subpopulation of neurons. As shown in the example in Figure
2A, the rise in [Ca2+liwas lessthan 50 nM, transient, and fully
reversible. Responsesto ATP wereobservedin 26 of 74 neurons
tested, whereasATP had no effect on [Ca*+li in the remaining
neurons. In contrast, glutamate (20 FM) increased[Ca2+];in all
neurons tested (n= 15). A consistentobservation illustrated in
Figure 2A, which is taken from a neuron with one of the largest
responsesto ATP, is that the [Ca2+li level at the peak of the
responseto ATP was much lower than that at the peak of the
responseto glutamate.
Astrocytes were found to be much more responsiveto ATP
than were neurons. Recordingsof [Ca*+]; from a cell that was
subsequentlyfound to be immunoreactive for GFAP are shown
in Figure 2B. ATP (3 KM, 5 set) causeda large, transient increase
in [Ca2+li in this astrocyte. On the other hand, [Ca*+], in this
cell was unaffected by glutamate (200 WM). All cells confirmed
as GFAP positive respondedto applications of ATP (l-25 FM,
5-20 set).
An example of the effects of ATP on an oligodendrocyte is
illustrated in Figure 2C. Applying 10 PM ATP to this GC-positive cell had no effect on [Ca2+], while application of 100 PM
ATP evoked a slight increasein [Ca*+&. Overall, 3 of 15 GCpositive cells showed small responsesto ATP (100-200 PM)
whereas[Ca2+liwas unaffected by ATP in the remaining cells.

ATP-evoked increasesin (Ca2+J in astrocytes
As ATP-evoked increasesin [Ca2+],were more prevalenf with
Astrocytes are the predominant glial cell type generally found
astrocytes than with either neurons or oligodendrocytes, the
in primary cultures of dorsal spinal cord (Miller and Szigeti,
focus of the remainder of the present study was on detailed
1991)and other regionsofthe CNS (seeHanssonand Ronnback,
characterization of the responsesof astrocytes to ATP. The
1989). Our cultures of dorsal spinal cord were found to contain
immunocytochemical results indicated that the level of GFAP
large numbers of astrocytes asjudged by expressionof GFAP
expressionwastypically variable in positive cells(e.g., Fig. 1B);
(Fig. 1B). These cells were typically irregularly shapedwith a
a similar degreeof heterogeneity in the expressionof GFAP is
large nucleus containing two or more nucleoli. The cells grew
seenin astrocytesfrom spinalcord (Fok-Seangand Miller, 1992)
directly on the collagenmatrix and often had extensiveprocesses. and other regionsof the CNS (Jensenand Chiu, 1990;McCarthy
Figure 1B illustrates the diversity in morphology of the GFAPand Salm, 1991). Also, we found cells that had typical morpositive cells commonly observed. Recordingsfrom such cells
phological featuresof astrocytesbut in which GFAP expression
were always made in subconfluent areas, like that shown in
was not detected.
Figure lB, so that individual cells were clearly isolated. The
Therefore, we examined the relationship between effects of
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2. Effects of ATP and glutamate (Glu) on [CaI+], in a neuron,
astrocyte, and oligodendrocyte. Each trace is a record of [Ca2+], from
an individual cell. A is from a neuron that responded to glutamate (20
FM, 2 set) and had a smaller response to ATP (3 FM, 5 set). B is from
a cell that was confirmed after recording as GFAP positive. This astrocyte had no response to glutamate (200 PM, 40 set) but responded to
ATP (3 PM, 5 set). C is from a cell expressing GC. This oligodendrocyte
did not respond to 10 PM ATP and showed a small response to 100 PM
ATP. In each record ATP or glutamate was applied during the periods
indicated by the horizontalbarsbelow the traces. The time calibration
in A applies to all of the records. The gap in the trace in C indicates a
2 min interval between sampling periods.
Figure

ATP and expressionof GFAP in a seriesof 30 cells selectedon
the basis of the morphological characteristicsoutlined above.
ATP (lo-25 WM) elicited increasesin [Ca>+],in all of thesecells,
and 23 were subsequentlyfound to be GFAP positive. There
were no apparent differencesin the responsesto ATP in GFAPpositive versus GFAP-negative cells. Thus, it appearedthat all
cells that had morphological features of astrocytes respond to
ATP regardlessof whether or not expression of GFAP was
detected. Importantly, staining for NSE, GC, fibronectin, or B4
lectin was never observed in cells with these morphological
characteristics.Therefore, it is possiblethat such GFAP-negative cells may be astrocytes expressingGFAP at a level below
the detection limit of our staining technique or that they may
be astrocyte precursors(Fok-Seangand Miller, 1992).
Becauseof the apparent uniform expressionof responsesto
ATP, morphological criteria were used to select cells for the
remainder of the study. In order to test this method of selection,
standardized applications of ATP (3 PM, 10 set) were made to
an additional seriesof 26 consecutive cells. Each of thesecells
wasfound to respondto ATP. Typically [Ca*+], beganto increase
during the application of ATP, peaked rapidly within 2-5 set,
and then returned gradually to baselinelevels over the next 2040 sec. In several cells there was a secondary rise in [Ca”],
during the recovery phase.Nevertheless,the increasein [Ca*+],

50 pM

AMP

50 pM

ADP

5 pM

ATP 5 pM

Figure3. Response to ATP is concentration dependent and is mimicked by ADP but not by AMP or adenosine. A, ATP (5 set) was applied
to one cell at concentrations of 0.1, 1, 10, and 100 PM. B, In another
cell [Ca2+], was unaffected by adenosine (ADO; 50 FM) or AMP (50 FM).
In contrast, ADP (5 PM) caused a rise in [Cal+], and the peak of the
response was slightly greater than that of the response to ATP (5 PM).
The gaps in the traces indicate 2 min intervals between sampling periods.
The time calibrations show 60 set in both records.
evoked by ATP wasfully reversiblein all cells.The mean[Ca*+],
at the peak of the response was 780 * 120 nM.
Overall, more than 350 cells were selectedin this way and
only three did not respondto ATP at concentrations of 25 FM
or less. While this population

was nearly homogeneous

in terms

of respondingto ATP, glutamate (100-200 PM) produced small
increasesin [Caz+], in only 5 of 27 cells tested, with the remainder

being unresponsive.

Increase in [Ca2+J,causedby ATP is concentration dependent
We found that repeated applications of ATP to an individual
cell reproducibly evoked increasesin [Ca*+],. If a recovery period of about 3 min or longerwasallowed betweenapplications,
the peak of the responseto 10 or more applicationsof ATP was
stableor showeda gradual 1O-l 5% decline in amplitude. Thus,
to examine

the concentration

dependence

of the response

to

ATP, repeatedapplications were madeto individual cellsat lofold increasingconcentrationsbetween0.1 and 100WM, allowing
at least 3 min intervals between applications. As illustrated in
the example in Figure 3A, progressively shorter-latency, largeramplitude, and longer-duration responseswere evoked by increasingconcentrations of ATP. The threshold concentration of
ATP was found to be 0.1-l FM and responseswere maximum
at approximately 10 PM (n = 10 cells).
Efects of other adenine nucleotidesand adenosine
In order to investigate whether the responsesto ATP might be
mediatedby P, or by P, purinergic receptors(Burnstock, 1978)
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Figure 4. Effects of P, receptor agonists on [Cal+],. Records of [Ca2+],
are shown from four astrocytes. In A 2-methylthio-ATP
(2-MeS-ATP,
0.1 PM) evoked a much larger response than did ATP (0.1 PM). The cell
shown in B was unaffected by @,-y-methylene-ATP (0,~ ATP, 5 PM) but
responded to ATP (5 PM). C illustrates another cell that responded to
2-methylthio-ATP
(5 PM) but not to &y-methylene-ATP
(5 FM). On the
left in D is shown the response of a cell to ATP (3 PM) in the standard
extracellular medium, which contained Mg’+ (1 mM). During the 3 min
interval indicated by the gap in the record, the bath was exchanged six
times with extracellular solution containing no added Mg2+ and containing EDTA (0.1 mM). ATP was then applied from a second pipette
containing the Mg2+-free extracellular solution. The time calibrations
are 60 set in all records.

the effectsof adenosine,AMP, and ADP were examined. Adenosineand AMP had no effect on [Caz+], when testedat concentrations up to 100

FM

whereas ADP produced

increases in [Ca2+],

that were of equal, or up to 30% greater, amplitude than those
evoked by ATP (Fig. 3B). These results indicate that the responseis mediated by P2 receptors.
The subtype of P, receptor was investigated using&y-methylene-ATP and 2-methylthio-ATP, which have been reported
to be selective agonistsfor P,, and Pz, subtypes, respectively
(Burnstock and Kennedy, 1985; Cusack and Hourani, 1990).
As shown for the cell in Figure 4A, 2-methylthio-ATP at a
concentration of 0.1 FM produced a much larger increase in
[Cal+], than did 0.1 FM ATP, suggesting that 2-methylthio-ATP
is more potent than ATP. Also, &y-methylene-ATP (l-50 FM)
had no effect on [Ca*+], (Fig. 4B) in any cells(n = 8) even those
that exhibited a largeresponseto 0.1 PM 2-methylthio-ATP (Fig.
4C).

It hasbeenreported that Mg-ATP may be required to mediate
responses to ATP

in cardiac

muscle (Christie

et al., 1992). We

examined the requirement for Mg-ATP by testing ATP (3 WM)
in extracellular solution containing no added Mg and EDTA
(100 KM). For each cell tested (n = 6), the increasein [Ca2+],
evoked by ATP in media containing Mg’+ was similar in amplitude to that evoked in Mg”-free solution, indicating that
Mg-ATP is not required (Fig. 40).
Suramin blocks ATP-evoked increasein [Ca2+],
Suramin, a trypanocidal drug, is a competitive antagonistat P,,
and P,, receptors (Dunn and Blakeley, 1988; Hoiting et al.,

Figure5. Suramin causes a reversible, dose-dependent blockade of the
response to ATP. A shows [Ca>+], recorded in an astrocyte. The increase
in [Ca*+], caused by ATP (3 PM) is shown on the left. The bathing
solution was then replaced with one containing suramin (100 PM). The
cell did not respond to 3 /*M ATP applied from a pipette also containing
100 PM suramin. The control bathing solution was then returned, and
the response to ATP (3 k~) is shown on the right. The gaps in the record
indicate 2 min intervals between sampling periods. In the graph in B
the mean percentage blockade of the response to ATP is plotted versus
suramin concentration (error bars show SEM). Data are from five astrocytes at suramin concentrations greater than 0.1 PM; three cells were
tested at this concentration. The smooth curve shows the logistic function
best fitted to the means; the equation for this curve is 1024 1 + (xl
5.6)’ 02) - 0.1. C shows a continuous record of [Cal+], from an astrocyte
that responded to L-glutamate (100 PM). The bath solution was exchanged with one containing 500 FM suramin. L-Glutamate (100 PM)
was applied again from a pipette that also contained suramin.

1990; Inoue et al., 1991). As illustrated in Figure 5A, suramin
at a concentration of 100 PM causeda complete and reversible
blockade of the responseto ATP (n = 8 cells).The blockade of
ATP-evoked responsesby suramin was concentration dependent (Fig. 5B). The smooth curve in Figure 5B showsthat the
concentration dependenceof the blockade was well fit by the
logistic function. The concentration of suramin calculated to
produce

50% inhibition

of the responses

(IC,,) was 5.6 f 2.5

The effect of suramin was not nonselective becauseat a
concentration of 500 PM suramin failed to block glutamateevoked increasesin [Ca2+], in sensitive astrocytes (Fig. 5C) or
in neurons(n = 5).
PM.

Lack of dependenceupon extracellular Ca2+
In order to determine whether the increasein [Ca2+],produced
by ATP resulted from influx of Ca2+or releaseof CaZ+ from
intracellular stores, responsesto ATP were compared before
versus after removing

extracellular

Ca2+. A representative

ex-

periment is shown in Figure 6. Two control responsesto ATP
(4 PM) were elicited in medium containing 1.3 mM Ca*+. The
bathing solution was then replaced by one with no added Ca*+
and containing 100 PM EGTA, and 2 min later ATP produced
an increasein [Ca*+], similar to that seen in the control responses.The responseto ATP persisted,but was dramatically
reducedin amplitude after 17 min exposureto Ca2+-free media,
possibly due to depletion of intracellular Ca2+ stores.The responsereturned to about 70% of the control level after medium
containing Ca2+was reintroduced. Responsesto ATP after removing extracellular Ca*+were observed in all cellstested (n =
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21 min
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Figure
6. Extracellular Ca’+ is not required for ATP-evoked increase
in [Ca2+],. The traces show [Ca?+], measured in an individual astrocyte
at time (t) indicated below each section of record. The gaps in the record
indicate periods when [Caz+], was not sampled, and the horizontal bars
below the record illustrate periods when ATP (4 PM) was applied. Two
applications of ATP were made in control extracellular solution that
contained 1.3 mM CaL+. After the second application, at t = 4 min, the
bath was exchanged with extracellular solution containing no added
Cal+ and 0.1 mM EGTA. Subsequently ATP was applied twice from a
second pipette in which ATP was dissolved in the Ca’+-free extracellular
solution. At t = 23 min the bath volume was replaced with’control
extracellular solution and ATP, in the control solution, was then applied
as indicated.

10). In somecasesthe first application
of ATP in the Ca2+-free
media wasmademore than 5 min after exchangingthe solutions
and this responsewasfound to be much smallerthan the control
responses.
These observations suggestthat the ATP-evoked increasein
[Ca2+],is not dependentupon extracellular Ca2+and therefore
likely results from releaseof Ca*+ from intracellular stores.To
investigate further the possibility that ATP might causeinflux
of CaZ+,we examined the effects of the divalent cations Cd2+
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and Mn”+. Cd*+ blocks influx of Ca’+ particularly through voltage-gatedchannels(Tsien et al., 1988). It was found that Cd2+
(100 WM) did not affect the increasein [Caz+], evoked by ATP
(Fig. 7A; n = 5 cells). Mn*+ permeatesmany types of Ca2+permeable channels, and it has the additional property of
quenchingthe fura- fluorescentsignal(Grynkiewicz et al., 1985).
Thus, Mn*+ was used to probe for influx of divalent cations.
ATP wasapplied in the presenceof Mn2+ (1 mM) in the extracellular medium while the level of fura- fluorescencewasmeasured by averaging the signalsrecorded at 340 and 380 nm
excitation wavelengths.As shown on the left in Figure IB, the
340+ 380 averagesignal remained relatively constant despitea
large increase in [Ca*+], evoked by ATP. In the presenceof
extracellular Mn2+ (1 mM), ATP still increased[Ca*+], and there
was no decline in the mean 340+380 signal, indicating that
there was no influx of MnZ+. To confirm that Mn2+ influx could
be detected, it wasapplied along with glutamate onto neurons.
Glutamate is known to causeinflux of Ca”+ into neurons(Mayer
and Westbrook, 1987), and when glutamate was applied with
Mn2+ there wasa marked decline in the average340+380 signal
(Fig. 7C).
Cafeine fails to affect responses to ATP

To investigate the intracellular pool of Ca’+ responsiblefor the
responseto ATP, we examined the effects of caffeine, which at
concentrations of 1 mM or greater releasesCa2+ from the ryanodine/caffeine-sensitiveintracellular pool (Miller, 1991). As
shown in the example in Figure 8A, applying caffeine at a concentration of 10 mM evoked large increasesin [Ca2+], in all
neurons tested (n = 8). On the other hand, caffeine did not
increase[Ca2+], in astrocytes (Fig. 8B,C, n = 17) and in fact in
six casescaffeine causeda slight decreasein [Ca2+],. Furthermore, Figure 8B illustrates that applying caffeine just prior to
ATP did not prevent the responseto ATP. In addition, caffeine
did not increase[Ca*+], when applied just after recovery from
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Figure 7. CdZ+ and Mn’+ do not affect
responses to ATP. A illustrates [Ca?+],
recorded in an astrocyte, and the horizontal bars below the record indicate
applications of ATP (3 PM). A control
response to ATP is shown on the left,
and the response when CdZ+ (100 PM)
had been added to the extracellular solution, indicated by the hatched bar
above the record, is shown on the right.
In B and C the average of the 340+ 380
nm photon counts is plotted in the upper records and [Ca2+], is shown in the
lower records; B is from another astrocyte and C is from a neuron. In B the
solid bars above the upper records indicate applications of ATP (3 FM) and
in C the solid bars show applications of
L-glutamate (10 PM). The hatched bars
above the records in B and C indicate
that Mn*+ (1 mM) had been added to
the extracellular solution. Note that
[Caz+], was not calculated when Mn2+

waspresent.The gapsin therecordsin

A-C indicate 2 min intervals between
[Caz+], measurements.
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8. Caffeine does not affect ATP-evoked increase in [Ca*+],. A,
A continuous record of [Ca2+], from a dorsal horn neuron is shown.
Caffeine (CAF; 10 mM), applied during periods indicated by the hatched
bars below the record, caused a rise in [CaI+],. On the other hand, ATP
(3 PM) had no effect on this cell. B and C are records of [Ca’+], from
two astrocytes. In B ATP was tested twice before applying caffeine; the
third application of ATP was immediately preceded by applying caffeine. Caffeine caused a small decrease in the level of [Ca*+], but had
no effect on the response to ATP. For the cell in C, caffeine had no
effect on [Caz+], either before or after applying ATP. The gaps in the
records B indicate 2 min intervals in the sampling. All time calibrations
show 30 sec.
Figure

ATP (Fig. K), indicating the ATP-evoked increase in [Ca2+],
did not lead to loading of a caffeine-sensitive pool.
Thapsigargin blocks increase in [Ca2+], evoked by ATP
The intracellular pool of Ca’+ was further examined by the use
of thapsigargin, a sesquiterpene lactone, which has been reported
to be a highly selective and potent inhibitor of endoplasmic
reticulum Ca2+ ATPases (Thastrup, 1990). Thapsigargin thereby
depletes specific endoplasmic reticulum pools ofCa*+. We found
that thapsigargin (1 FM) had no effect on basal levels of [Ca2+],
in any of the cells tested (n = 11). As illustrated in Figure 9,
immediately after a 2 min application of thapsigargin the response to ATP had decreased to 20% of the control level. By 5
min after applying thapsigargin ATP did not evoke any change
in [Ca*+],. However, by 60 min after applying thapsigargin the
response to ATP had recovered partially to 35% of control.
Thapsigargin blocked the ATP-evoked increase in [Ca2+], in all
cells tested.
Responses to A TP during patch-clamp recording
Patch-clamp recordings were made from astrocytes selected on
the basis of the morphological features outlined above. The

60 min

after Thapsigargin

iJJhMHvk
#lM
- db
ATP3pM

,,,,,,,,,
,, ,,,,,,I.,, ,,,,,,,,,,,,,,,,,,,
II,

Thapsigargin

1 pM

9. Thapsigargin causes a long-lasting blockade of the response
to ATP. A control response to ATP (3 FM; solid bars below record) is
shown on the left. After a 2 min interval, thapsigargin (1 PM) was applied
via a pipette for the period indicated by the hatched bar. ATP was
applied immediately after ending the thapsigargin application and the
response to ATP was greatly diminished. Two more applications of
ATP were made, 5 and 60 min after thapsigargin.

Figure

recordings were readily made when the patch pipette was placed
on the cell membrane near the nucleus and no attempt was
made to record from cell processes. To try to minimize problems
inherent in attempting to voltage-clamp cells with extensive
processes, we avoided cells more than about 75 FM across and
applied ATP directly onto the region near the nucleus where
control of membrane potential would be expected to be the best.
Input resistance of the cells studied was found to be in the range
of 100-300 MQ.
Intracellular [Ca*+] measurements and perforated-patch recordings were made simultaneously so that responses to ATP
could be studied in cells where the intracellular milieu was minimally altered. An example of recordings from a cell using the
perforated-patch technique is shown in Figure I OA. The records
on the left were taken 5 min after the perforation had stabilized.
The increase in [Ca*+], evoked by ATP (20 KM) was associated
with a small outward membrane current when the membrane
potential was held at -60 mV. Thus, the increase in [Ca*+],
evoked by ATP was independent of any change in membrane
potential. After switching to current-clamp recording ATP was
applied again and caused hyperpolarization (Fig. lOA, right).
Approximately 5 min after this application there was a sudden
decrease in the baseline level of [Ca2+], , indicating that the patch
had ruptured and the pipette solution, containing 11 mM EGTA,
had entered the cell. ATP was applied 3 min later and did not
cause either the increase [Ca2+], or the membrane current response, likely as a result of Ca 2+ buffering by EGTA. The loss
of responsiveness was not likely due to deterioration of the cell,
as [Ca’+], remained below 30 nM and the membrane current
was stable for more than 20 min after rupture of the patch.
During whole-cell recordings when the intracellular solution
contained only 100 PM EGTA, baseline levels of [Ca2+], were
maintained in the normal range and responses to ATP were
evoked for up to 30 min. For the cell shown in Figure lOB,
ATP (20 PM, 30 set) caused an outward current the time course
of which paralleled that of the increase in [Ca*+],. Note that the
current evoked by ATP developed after the increase in [Ca2+],
had begun.
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Figure I I. Diversity of membrane currents produced by applying ATP
to astrocytes. The upper and lower traces in each panel show simultaneously acquired records of [Cal+], and whole-cell membrane current,
respectively, from four individual astrocytes. ATP (3 FM; horizontal bar
below traces) increased [Ca2+], in all of the cells, but membrane currents
evoked by ATP were distinct in each cell. Calibration is 20 set, 100 pA
in each panel.
I-

-15OpA

Whole Cell Recording
Figure 10. Effects of ATP during simultaneous optical and electrophysiological recording from two astrocytes. A, Records of [Ca2+], are
shown in the top panels. The lower traces show corresponding records
membrane current (I) or voltage (v) on the left and right, respectively.
The recordings were made after a stable perforation had developed
during nystatin-patch recording as described in Results. ATP (25 FM)
was applied as indicated by the horizontal bars below the records of
[Caz+],. The time calibration applies to all records. B shows simultaneously acquired records of [Ca*+], and membrane current obtained
during recording in the whole-cell configuration from a different astrocyte. In this case a long application of ATP (25 FM) was made.

While ATP consistently produced increasesin [Ca2+],, there
was considerablecell-to-cell variability in the currents evoked
by ATP. This variability is illustrated in the examplesin Figure
11, which showsoutward (Fig. 1lA), inward (Fig. 1lB), and
mixed (Fig. 1lC,D) currents caused by ATP. Overall, ATP
evoked an outward current in 14 cells, an inward current in 11
cells, and mixed currents with inward and outward components
in the remaining cells. We observed that the currents evoked
by ATP were typically not stableand appearedto wash out in
all cells studied using the whole-cell configuration. Measurements of membraneconductanceduring responses
to ATP were
attempted in 12 cells. ATP-evoked conductanceincreaseswere
found in six cells but in the remaining cells no changein conductance was detected. Due to the variability and the washout
ofthe currentsevoked by ATP, detailed characterization ofthem
was not attempted in this study.

Discussion
In this study we show that ATP increases[Ca*+], in neurons,
astrocytes, and oligodendrocytes in mixed cultures of dorsal
spinal cord. Nearly all of the astrocytes respondedto ATP, and
therefore, the main focus of the present investigation hasbeen
to characterize theseresponsesin detail.
ATP activates P,, receptors,leading to releaseof intracellular
Ca2+in astrocytes
The ATP-evoked increasesin [Ca2+],were dependentupon ATP
concentration and were mimicked by ADP but not by AMP or
adenosine,indicating that the responseswere mediated by P,
rather than by P, purinergic receptors. 2-Methylthio-ATP, a
selective P,, agonist, was more potent than was ATP itself
whereas P,y-methylene-ATP, a selective P,, agonist, had no
effect even at concentrations 50-fold greater than those of
2-methylthio-ATP. Therefore, the apparent rank order of agonist potency was 2-methylthio-ATP > ATP y ADP >> P,-rmethylene-ATP = AMP = adenosine.These findings suggest
that the increasesin [Ca2+],were mediated via the P,, subtype
of receptor.
Our results indicate that the receptor mediating the ATPevoked responses
in astrocytesis pharmacologicallydistinct from
other P, receptor subtypes, P,,, P,,, or P,, receptors. P,, receptorshave beenimplicated in ATP-evoked increasesin [CaZ+],
in fibroblasts, neutrophils, HL60 cells, and Erlich tumor cells
(O’Connor et al., 1991). However, 2-methylthio-ATP is only a
partial agonist at P,, receptors and is much lesspotent than is
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ATP. Thus, PI, receptors do not appear to mediate the responses
of astrocytes to ATP. P,, and P,, receptors have been described
only in platelets (Gordon, 1986) and immune cells (Cockcroft
and Gomperts, 1980), respectively. ADP is the preferred ligand
at P,, receptors whereas ATP is an antagonist at these receptors.
At Pz, receptors 2-methylthio-ATP
is no more potent than is
ATP itself (Tatham et al., 1988) and ADP is inactive (Cusack
and Hourani, 1990). Thus, neither P,, nor P,, receptors appear
to be involved in the responses of astrocytes.
We found that suramin caused a concentration-dependent and
reversible inhibition of ATP-evoked increases in [Cal+],. At
concentrations of 100 PM or greater suramin completely blocked
the responses to ATP indicating that they are mediated entirely
via suramin-sensitive receptors. The IC,, for suramin was about
6 PM, which is less than the value of approximately 30 WM
observed for blockade of Pz,-mediated responses in the guinea
pig taenia caeci (Den Hertog et al., 1989) and in PC12 cells
(Inoue et al., 1991). Previous studies have indicated that suramin is quite selective in blocking P, purinergic receptors in a
number of systems: it has no effect on responses mediated by
ol-adrenergic receptors in the taenia caeci (Den Hertog et al.,
1989), by muscarinic receptors in the taenia coli (Hoyle et al.,
1990) or in the vas deferens (Dunn and Blakeley, 1988), by
nicotinic receptors in PC12 cells (Inoue et al., 199 l), or by
neuropeptide Y receptors in the vasculature (Urbanek et al.,
1990). In the present study we found that suramin did not inhibit
Ca2+ responses to glutamate in astrocytes or in neurons. From
these results we suggest that suramin might be a selective, competitive antagonist of Pz,-mediated increases in [Ca*+], in astrocytes.
A possible alternative mechanism for the ATP-evoked increase in [Ca*+], is that ATP was a substrate for an ectoprotein
kinase (Ehrlich et al., 1986). Ectoprotein kinase activity is expressed by a number of cell types including astrocytes (Agren
and Ronquist, 1974). In ventricular myocytes (Christie et al.,
1992) and in vas deferens smooth muscle (Fedan and Lamport,
1990; Lamport-Vrana et al., 199 1) increases in [Ca2+], produced
by ATP appear to be the result of phosphorylation of the extracellular domain of membrane protein(s) by an ectoprotein
kinase. Thus, it may seem possible that the P,, “receptors”
causing the presently observed effects of ATP might in fact be
ectoprotein kinase(s). However, the responses to ATP were
evoked in the absence of Mg2+, which is absolutely required for
kinase activity, and were also elicited by ADP. Thus, ectoprotein
kinase does not appear to mediate the increase in [Ca2+],.
The ATP-evoked increases in [CaZ+], resulted from release of
stored intracellular Ca*+, as they persisted in media with no
added Caz+ and containing 0.1 mM EGTA. Previous biochemical studies have reported that ATP-evoked increases in [Ca*+],
in cortical astrocytes are correlated with increases in inositol
trisphosphate (IP,) levels caused by ATP (Pearce et al., 1989)
or by 2-methylthio-ATP
(Kastritsis et al., 1992), indirectly implicating IP, as the second messenger mediating ATP-evoked
release of intracellular Ca2+. Elsewhere we provide direct evidence, using simultaneous measurement of [Ca2+], and wholecell recording, that IP, mediates the increase in [Ca2+], caused
by ATP in astrocytes from the dorsal spinal cord (Salter and
Hicks, 1992).
Influx of Ca2+ through voltage-insensitive channels has been
reported to follow release of intracellular Ca2+ from IP,-sensitive stores (Berridge, 1993). In the present study we could find
no direct evidence for influx of Ca2+: neither removal of extra-

cellular Ca’+ nor addition ofCd*+ blocked the increase in [Ca2+],
evoked by ATP, and ATP did not appear to cause influx of
Mn2+. Thus, it is possible that release of intracellular Ca2+ by
ATP does not lead to influx in these astrocytes. On the other
hand, influx might not have been detected in the present experiments if the increase in [CaZ+], resulting from the influx was
very small relative to that caused by release and if the influx
channels were not blocked by Cd2+ or were impermeable to
Mn*+ (Meldolesi et al., 1991).
In studies on purified cortical astrocytes it has been reported
that ATP causes influx of Cal+ (Neary et al., 1988, 1991; Kastritsis et al., 1992). However, adenosine also produces Ca*+
influx into these astrocytes (Neary et al., 1988). Thus, as cortical
astrocytes are capable of forming adenosine from ATP extracellularly (Lai and Wong, 199 l), it is possible that administering
ATP to these cells results in influx of Ca2+ that is in fact caused
by adenosine.
ATP causes release of Ca” from an intracellular pool that is
thapsigargin sensitive and caffeine insensitive
We observed that caffeine did not increase baseline [Ca2+],,
indicating that the astrocytes do not have caffeine-sensitive stores
that contain Ca2+ prior to stimulation with ATP. Furthermore,
caffeine did not affect [Ca2+], when applied immediately after
the ATP-evoked increase in [Ca2+ I,, suggesting that raising intracellular Ca2+ levels did not lead to filling of an existing, but
empty, caffeine-sensitive pool of Ca2+. Thus, it seems likely that
the astrocytes do not possess a caffeine-sensitive pool. As we
also found that caffeine had no effect on responses to ATP, it
is evident that the intracellular pool from which ATP causes
release of Ca2+ is caffeine insensitive.
Thapsigargin also did not increase baseline levels of intracellular Ca2+. However, we found that ATP-evoked increases
in [Ca*+], were abolished by thapsigargin, indicating that ATP
causes release of Ca2+ from a pool that is thapsigargin sensitive.
Responses to ATP only partially recovered after about 1 hr.
This prolonged and only partially reversible blockade by thapsigargin is consistent with its reported action of irreversibly
blocking the activity of sarcoplasmic or endoplasmic reticulum
Ca2+-ATPases (SERCA), possibly by covalent modification
(Lytton et al., 1991). Previous studies on ATP-evoked release
of Ca*+ have identified the intracellular pool only as being IP,
sensitive. Thus, the present report is the first to identify this
pool as sensitive to thapsigargin.
In many types of cell thapsigargin has been found to increase
resting [Ca2+], (Thastrup et al., 1990), and thus our observation
that it was unaffected by thapsigargin may seem surprising.
However, because thapsigargin blocks pumping of Ca*+ into the
pool, the lack of effect on resting Ca*+ levels may indicate that
there is no ongoing pump activity or that the ongoing level of
pumping is so low that other cellular buffering and pumping
mechanisms can adequately compensate when SERCA pumps
are blocked. The former seems unlikely as the response to ATP
declined markedly even though ATP was not applied, suggesting
that there is continual turnover in the thapsigargin-sensitive
pool. As such, this turnover appears to be normally at a low
level relative to Ca2+ buffering mechanisms. Consistent with
this possibility, we found that responses decreased when cells
were exposed to Ca2+-free media even before applying ATP.
Thus, it appears that Ca2+ may be readily depleted from the
thapsigargin-sensitive
pool by removing extracellular Ca2+.
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Electrophysiological effects of ATP on astrocytes
Despite uniformity in the effects of ATP on [Ca2+], in astrocytes,
there was considerable diversity in the membrane currents
evoked by ATP. The currents typically began after the start of
the rise in [Ca*+], and ATP-evoked currents could be eliminated
when intracellular solutions with high levels ofCa2+ buffers were
used. Thus, the currents induced by applying ATP may be Ca2+activated currents. The possibility that these cells also have
channels directly gated by ATP remains to be investigated. Calcium-activated nonselective cation channels have been reported
in astrocytes (Puro, 199 l), and such channels might account for
the inward currents. The inward currents evoked by ATP may
underlie its depolarizing action found on cultured cortical astrocytes (Magoski and Walz, 1992). Potassium channels activated by Ca*+ have also been reported in astrocytes (Quandt
and MacVicar, 1986) and, given the ionic composition of the
recording solutions, such channels would provide the simplest
explanation for the outward currents elicited by ATP.
In some cells the current elicited by ATP was associated with
no apparent change in membrane conductance. An explanation
for this observation is that the current might be generated at a
site electrotonically distant from the recording electrode where
any conductance change could not be discerned. Alternatively,
the lack of conductance change may indicate that the current is
due to activation of an electrogenic pump or exchanger.
ATP-evoked increases in [Ca’+]> in dorsal horn neurons
We found that ATP increased [Ca2+], in 35% of dorsal horn
neurons tested. Such restricted sensitivity to ATP of only a
subpopulation of dorsal horn neurons is characteristic of excitatory responses evoked by ATP in culture (Jahr and Jessell,
1983) and in vivo (Fyffe and Perl, 1984; Salter and Henry, 1985).
The subpopulation of dorsal horn neurons excited by ATP is
excited by inputs from low-threshold primary afferents, and the
central terminals of such afferents appear to release ATP (Sawynok et al., 1993). The present results suggest that a physiological
action of ATP may be to increase [Ca2+], in the subset of dorsal
horn neurons excited by low-threshold inputs. The increase in
[Caz+], in dorsal horn neurons may be a consequence of depolarization, known to be caused by ATP (Jahr and Jessell, 1983),
with subsequent activation of voltage-gated Ca2+ channels. Alternatively, as cationic channels directly activated by ATP are
nonselective and permeable to Ca2+ (Bean, 1992), it is possible
that the ATP-evoked increases in [Ca2+], in dorsal horn neurons
might be due to activation of channels that themselves allow
Ca2+ influx.
SigniJicance of ATP-evoked responses in astrocytes
As there is strong evidence that ATP is released from nerve
terminals within the spinal dorsal horn (White et al., 1985;
Sawynok et al., 1993), our results showing that ATP increases
[Ca*+], and activates membrane currents in astrocytes indicate
a possible role for this molecule as a mediator of signaling from
neurons to astrocytes in the dorsal horn. Increases in [Ca2+],
evoked by synaptic activity have been reported in astrocytes in
the hippocampus (Dani et al., 1992), and in. perisynaptic glia at
the neuromuscular junction (Jahromi et al., 1992). The rise in
[Ca*+], may signal astrocytes to increase glucose metabolism
(Arbones et al., 1990), to alter neurotransmitter
uptake and
metabolism (Vernadakis, 1988), or to secrete substances that
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feed back to affect neuronal excitability or regulate synaptic
transmission (Martin, 1992).
Astrocytes have important roles in the reaction to damage
and injury (Fedoroff and Vernadakis, 1986). Reactions of astrocytes to damage, including alterations in gene expression and
proliferation, are regulated by [Caz+], (Neary et al., 1987; Arenander et al., 1989; Condorelli et al., 1989). Tissue injury is
known to cause release of ATP and other adenine nucleotides
(Gordon, 1986; El-Moatassim et al., 1992). Thus, the present
results raise the additional possibility that ATP, or a related
molecule, may be a mediator of astrocytic responses to injury
via activation of PZ, receptors with subsequent release of Ca2+
from thapsigargin-sensitive
intracellular stores.
Conclusions
The present results indicate that ATP increases [Ca*+], in astrocytes and, to a lesser extent, in neurons and oligodendrocytes.
In astrocytes ATP appears to act on P,, purinergic receptors to
cause release of Ca*+ from thapsigargin-sensitive
stores. Our
results indicate that ATP may act not only on neurons but also
on astrocytes. Thus, ATP may play a role in neuronal-glial
signaling within the spinal dorsal horn.
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