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ATP has been proposed to mediate synaptic transmission in the
spinal cord dorsal horn, particularly in the pathway carrying
nociceptive information. Using transverse spinal cord slices
from postnatal rats, we show that EPSCs mediated by P2X

receptors, and presumably activated by synaptically released
ATP, are evoked in a subpopulation of spinal cord lamina II
neurons, a region known to receive strong input from nocicep-
tive primary afferents. The P2X receptors on acutely dissociated
dorsal horn neurons are nondesensitizing, insensitive to ab
methylene ATP, and show strong but variable sensitivity to the

antagonists suramin and pyridoxal-phosphate-6-azophenyl-
29,49-disulfonic acid (PPADS). These characteristics are consis-
tent with a heterogeneous population of P2X receptors, the
composition of which includes P2X2 , P2X4 , and P2X6 receptor
subtypes. Our results suggest that ATP-activated P2X receptors
in lamina II of the rat spinal cord may play a role in transmitting
or modulating nociceptive information.
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Holton and Holton (1954) first proposed ATP as a possible
neurotransmitter in the dorsal horn over 40 years ago. Since then,
its role as a fast neurotransmitter in the peripheral nervous system
has been demonstrated (Burnstock et al., 1972; Evans et al., 1992;
Silinsky and Gerzanich, 1993; Galligan and Bertrand, 1994). In
the CNS only one study, performed on neurons in the medial
habenula, has demonstrated that ATP can act as a fast neuro-
transmitter (Edwards et al., 1992). Within the spinal cord dorsal
horn, despite strong evidence implicating ATP as a putative
neurotransmitter (Jahr and Jessell, 1983; Fyffe and Perl, 1984;
Salter and Henry, 1985; Salter and Hicks, 1994), its role in this
regard has not been demonstrated (Li and Perl, 1995).

Several ATP receptor subunits have been cloned from different
tissues (Brake et al., 1994; Valera et al., 1994; Chen et al., 1995;
Lewis et al., 1995; Buell et al., 1996; Collo et al., 1996; Vulch-
anova et al., 1996). Of those cloned, the ATP P2X2 , P2X4 , and
P2X6 receptor subunit RNAs have been shown to be expressed in
the spinal cord dorsal horn, particularly in the superficial laminae
of the dorsal horn (Brake et al., 1994; Buell et al., 1996; Collo et
al., 1996; Vulchanova et al., 1996), lending further support to the
idea that ATP receptors may participate in synaptic function
there. Recently, P2X7 mRNA also was detected in both brain and
spinal cord (and elsewhere), but its exact distribution was not
described (Surprenant et al., 1996). When P2X2 , P2X4 , and P2X6

receptor subunits are expressed in heterologous cellular systems

in homomeric form, they all mediate a nondesensitizing response
to ATP and are insensitive to the agonist ab methylene ATP
(Brake et al., 1994; Collo et al., 1996; Séguéla et al., 1996), making
them pharmacologically distinguishable from the other P2X sub-
units. A further pharmacological distinction among subunits is
that, whereas responses mediated by the P2X2 subunit are sensi-
tive to the antagonists suramin and pyridoxal-phosphate-6-
azophenyl-29,49-disulfonic acid (PPADS), P2X4 and P2X6 subunits
are relatively insensitive (Buell et al., 1996; Collo et al., 1996) (but
see Séguéla et al., 1996). Using spinal cord slices prepared from
rat pups 1–2 weeks after birth, we investigated whether excitatory
synaptic transmission in the spinal cord is mediated by the ATP-
sensitive P2X receptors. We found that a subset of lamina II
neurons receives synaptic inputs mediated by those receptors.
However, the subpopulation was ,5% of the neurons tested,
making detailed pharmacological studies of these synapses diffi-
cult. Therefore, we used pharmacological and physiological
means to characterize the P2X receptor subunits expressed on
acutely dissociated postnatal dorsal horn neurons. Our results
provide evidence for the synaptic release of ATP and for postsyn-
aptically localized P2X receptors in the spinal cord dorsal horn,
indicating that ATP and P2X receptors have a role in mediating
and possibly modulating sensory transmission there.

MATERIALS AND METHODS
Tissue preparation. Acutely prepared transverse cervical spinal cord sec-
tions from postnatal (P2–P13) rats were prepared by following the
method of Takahashi (1990). Briefly, postnatal rats were anesthetized
with isoflurane and decapitated. The cervical spinal column was removed
rapidly and placed in ice-cold oxygenated (95% O2 /5% CO2 ) Krebs’
solution. Ventral and dorsal laminectomies were performed and the
ventral roots cut as close to the cord as possible. The meninges were
removed, except around the roots as they enter the cord, and a 1 cm
segment of cervical spinal cord with the dorsal roots attached was
isolated. Then the spinal cord was embedded in low-melting-point aga-
rose 2.5% w/v dissolved in Krebs’ at 35–38°C. The agarose block was
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affixed to a vibratome stage with cyanoacrylate glue and immersed in
ice-cold oxygenated Krebs’. Transverse slices of 350–400 mm were cut
and incubated in oxygenated Krebs’ at 37°C for 1 hr. Then a slice was
transferred to a recording chamber, the agarose removed, and the slice
held in the chamber by a platinum grid with nylon wires. The chamber
was placed on the stage of an upright microscope (Zeiss Axioskop,
Oberkochen, Germany) for recording.

Preparation of acutely dissociated dorsal horn neurons. The preparation
of acutely dissociated dorsal horn neurons is described in Kyrozis et al.
(1996). Postnatal rats (age 7–12 d) were anesthetized with isoflurane and
decapitated, and the spinal cord was removed rapidly and submerged in
ice-cold Krebs’ solution saturated with 95% O2 /5% CO2. The dorsal
one-third of the spinal cord slice was excised and digested with 1 mg/ml
trypsin (Type III, Sigma, St. Louis, MO) in saturated Krebs’ for 30 min
at 37°C, washed three times with Krebs’, and then placed in 1 mg/ml
trypsin inhibitor (Type II-O, Sigma) in Krebs’ at room temperature.
Several dorsal horn segments were placed in Krebs’ in a 35 mm dish
containing a coverslip previously coated with 1 mg/ml poly-D-lysine and
washed thoroughly. Then the segments were triturated gently with an
ultramicropipette and allowed to adhere to the coverslip for at least 30
min before use.

Infrared imaging. Video-enhanced infrared microscopy was performed
by using a modification of a previously described technique (Stuart et al.,
1993). Briefly, a spinal cord slice was transferred to a recording chamber
and placed on the stage of an upright microscope fit with a 103 [numer-
ical aperture (NA) 0.25] lens, 403 water immersion lens (NA 0.75), and
a 775 nm infrared bypass filter. Using the 103 lens, we identified lamina
II, although we identified individual neurons in lamina II by using the
403 objective and an infrared filter after offsetting the Köhler illumina-
tion by 50% of the visual field under low magnification. The image was
enhanced further with a VE-1000 CCD camera (Dage–MTI, Michigan
City, IN) and was displayed on a monitor (Bardoni et al., 1995).

Ca 21 imaging. Dissociated neurons were incubated with 5 mM fura-
2-AM (Molecular Probes, Eugene, OR) for 20 min at room temperature.
The coverslip was transferred to a recording chamber and placed on the
stage of an inverted microscope. Neurons were perfused continuously at
a gravity-driven flow rate (0.5–1 ml/min) with standard bath containing
(in mM): 145 NaCl, 5 KCl, 2 CaCl2 , 2 MgCl2 , 10 HEPES, 5.5 D-glucose,
and 5 3 10 24 TTX, pH 7.3 (325 mOsm/l). A randomly selected neuron
was excited at two UV wavelengths, 380 and 340 nm, and emission was
collected at 510 nm wavelength. Images were obtained with an intensified
CCD camera and fed into a VideoProbe image processor (ETM Systems,
Mission Viejo, CA). Background fluorescence was subtracted and
[Ca 21]i calculated by using the ratiometric formula of Grynkiewicz et al.
(1985). Drugs were applied with a Y-tube for 5 sec. Acutely dissociated
dorsal horn neurons were perfused in standard bath solution with 10 mM
bicuculline and 5 mM strychnine added.

Electrophysiology. The slices were superfused with 95% O2 /5% CO2
saturated Krebs’ flowing at 2–3 ml/min at room temperature (22–24°C).
The composition of the Krebs’ solution was (in mM): 125 NaCl, 2.5 KCl,
25 NaHCO3 , 1 NaH2PO4 , 25 D-glucose, 1 MgCl2 , and 2 CaCl2 ; pH of
the saturated solution was 7.4, and osmolarity was 320 mOsm. The
intracellular solution contained (in mM): 130 K 1-gluconate, 10 KCl, 0.1
CaCl2 , 1 EGTA, 10 HEPES, and 2 Mg 21-ATP, pH-adjusted to 7.3 with
KOH or NaOH and osmolarity adjusted to 305–310 mOsm with glucose
(or sucrose). Compounds (from Sigma unless otherwise noted) used
were 0.5 mM tetrodotoxin (TTX), 10–20 mM 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX, Tocris Cookson, St. Louis, MO), 50 mM D(2)-2-
amino-5-phosphonopentanoic acid (D-APV, Tocris Cookson), 5 mM
strychnine, 10 mM bicuculline, 100 mM ab methylene-ATP, 100–500 mM
suramin (Calbiochem, La Jolla, CA), 50–250 mM tetrasodium PPADS
(Research Biochemicals International, Natick, MA), 100 mM hexametho-
nium, and 1 mM 3-tropanyl-indole-3-carboxylate hydrochloride (ICS 205–
930, a 5-HT3 receptor antagonist; RBI). Drugs were superfused in the
extracellular solution at a gravity-driven flow rate and applied for 5 min
before recording.

Recording electrodes were made from thin-walled borosilicate glass
and had resistances of 3–5 MV when filled with intracellular solution.
Whole-cell recordings were made in voltage-clamp configuration at 270
mV. Recorded signals were sampled (10–100 kHz), amplified, and fil-
tered at 1 kHz with an Axopatch 200A patch-clamp amplifier (Axon
Instruments, Foster City, CA); the evoked EPSCs were not compen-
sated. Data were stored on a Pentium-based personal computer and
analyzed off-line with pClamp 6.0 software (Axon Instruments).

Patch-clamp recordings in whole-cell configuration were obtained

from visually identified neurons 50–100 mm below the slice surface. The
recording electrode was advanced while positive pressure was applied,
and a GV seal was obtained. In some cells the ATP-mediated EPSC was
evoked by stimulating the ipsilateral white matter, using a concentric
bipolar stimulating electrode (Rhodes Medical Instruments, Woodland
Hills, CA); in other cases, focal stimulation of the nearby tissue was
performed with a glass pipette (;3 mm tip size) filled with Krebs’
solution. In both conditions the identification of the stimulated presyn-
aptic element (fiber or interneuron) was not possible. Stimuli of 1–15 mA
(constant current) and 0.1–0.2 msec usually were required to evoke the
ATP-mediated EPSCs in lamina II neurons; stimulus frequencies ranged
between 0.1 and 0.5 Hz.

Acutely dissociated neurons were voltage-clamped at 270 mV in the
whole-cell configuration, and 100 mM ATP was fast-applied onto the
neurons for 4 sec. A 2 sec voltage ramp (from 285 to 120 mV) was
started 1 sec after ATP application and terminated 1 sec before the end
of ATP application. I–V curves of ATP-evoked whole-cell currents were
obtained by subtracting a control voltage ramp from the test ramp. In
some experiments recordings were made with cultured dorsal horn
neurons in the perforated-patch configuration (Gu et al., 1996).

RESULTS

Fast excitatory synaptic currents mediated by P2X
receptors in a subset of lamina II neurons
Whole-cell patch-clamp recordings were obtained from lamina II
neurons in postnatal rat spinal cord slices. Using video-enhanced
infrared microscopy, we chose individual lamina II neurons for
recording (Stuart et al., 1993; Bardoni et al., 1995). In most cells
focal stimulation of the nearby tissue or stimulation of the ipsi-
lateral white matter or dorsal root evoked postsynaptic responses
mediated by glutamate, GABA, and glycine receptors; those
responses were blocked by a “cocktail” of 10 mM CNQX, 50 mM

D-APV, 10 mM bicuculline, and 5 mM strychnine (CABS). In a
subset of lamina II neurons (20 cells of .400 neurons tested) an
evoked EPSC remained after application of CABS. Examples of
CABS-insensitive EPSCs are shown in Figure 1. In Figure 1A,
the EPSC was blocked completely by exposure to the P2 receptor
antagonist suramin (500 mM), indicating that it was likely to be
mediated by ATP receptors. In Figure 1A the CABS-insensitive
EPSC recovered after washout of suramin. When CABS was
washed out, a much larger, presumably glutamatergic, EPSC
became apparent.

The times to peak of the suramin-sensitive EPSCs recorded in
CABS were ,4 msec, and the decay time constants, estimated
between 80–20% of current decay, varied between 4 and 44 msec
(n 5 19), suggesting that the synaptic currents are mediated by
ligand-gated ion channels rather than metabotropic types of re-
ceptors. Candidate ionotropic receptors excluded by the blocking
cocktail are glutamate, GABAA, and glycine receptors. In addi-
tion to the P2X receptors, other fast ligand-gated channels known
to be expressed by central neurons include the neuronal nicotinic
acetylcholine receptors and the 5-HT3 receptors. To confirm that
these channels were not involved in the suramin-sensitive EPSCs
recorded in CABS, we added 100 mM hexamethonium (a nicotinic
receptor antagonist) and 1 mM ICS 209–930 (a 5-HT3 receptor
antagonist) to the antagonist cocktail (Fig. 1B; n 5 4). Little or no
change in the suramin-sensitive EPSCs was observed under these
conditions.

In many cases, the focal stimulating electrode evoking the
suramin-sensitive EPSCs recorded in CABS was in close proxim-
ity to the lamina II neuron under study. This raised the possibility
that the synaptic currents were actually artifacts reflecting the
electrical stimulus itself. It was also possible that the suramin-
sensitive EPSCs recorded in CABS were attributable to nonsyn-
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aptically mediated ATP release, rather than a genuine synaptic
event. These possibilities were tested readily because evoked
synaptic currents were expected to be sensitive to TTX, whereas
the above-mentioned stimulation artifacts and the nonsynaptic
release of ATP were not. The suramin-sensitive EPSCs recorded
in CABS were blocked reversibly by the application of 0.5 mM

TTX (Fig. 1C; n 5 3), indicating that the EPSCs were genuine
synaptic events accompanying stimulation of the presynaptic cell
or fiber.

Different subtypes of recombinant P2X receptors show different
sensitivity to the antagonists suramin and PPADS. Therefore, we
extended our investigation to include the ability of these antago-
nists to block natively expressed P2X receptors mediating EPSCs
recorded in lamina II neurons (Fig. 2). Suramin (100–500 mM)
produced a reversible, and in some cells complete, block of the
EPSCs (Fig. 2A). The average percentage of inhibition by 500 mM

suramin was 64 6 29 (SD; n 5 13). The more specific P2X antag-
onist PPADS (50–250 mM) blocked the evoked currents less com-
pletely (Fig. 2B; n 5 6). In two cells a small recovery after PPADS
application was observed after 30 min of washout. In a few neurons

the antagonists had only a small effect on the CABS-insensitive
EPSC, as shown in Figure 2C.

In these experiments high antagonist concentrations were used
to help ensure that each cell in our study, located from 50–100
mm deep in the slice, was exposed to saturating concentrations of
antagonist. The maximum concentration of suramin tested in our
slices, 500 mM, was chosen because it was used in a similar study
on spinal cord slices to test for ATP-mediated synaptic transmis-
sion in the dorsal horn. In that case, however, an ATP component
to the EPSC was not revealed (Li and Perl, 1995). In a study using
suramin on hippocampal neurons, high concentrations of suramin
were shown to block both the EPSC and directly evoked gluta-
mate currents, indicating that suramin shows poor selectivity for
P2 receptors (Motin and Bennett, 1995). Thus, if the CABS-
insensitive EPSCs in our studies were residual AMPA receptor-
mediated EPSCs, suramin also might block them. However, we
believe that the CABS-insensitive synaptic currents were not
attributable to a residual AMPA receptor-mediated current, be-
cause 10 mM CNQX rapidly and potently blocked the AMPA
receptor-mediated synaptic currents in the hundreds of neurons

Figure 1. The CABS-insensitive EPSC
is mediated by P2 receptors. A, EPSCs not
blocked by the “antagonist cocktail”
(CABS; 10 mM CNQX, 50 mM APV, 10
mM bicuculline, and 5 mM strychnine to
block AMPA, NMDA, GABAA , and gly-
cine receptors, respectively) were blocked
by suramin. EPSCs were evoked in a lam-
ina II neuron from a P7 rat in CABS.
They were abolished completely by 500
mM suramin (CABS 1 Sur). After
suramin washout, the CABS-insensitive
synaptic current recovered. In normal
Krebs’ bath (Normal bath), a larger EPSC
was revealed. All traces are averages of
five consecutive synaptic responses. B,
EPSCs recorded from a lamina II neuron
(P11) were resistant to all non-P2X recep-
tor antagonists tested. EPSCs were re-
corded in CABS as the control solution.
Bath application of 100 mM hexametho-
nium and 1 mM ICS 209–930 (CABS 1
ICS 1 HEX ) did not affect EPSCs, indi-
cating that the CABS-insensitive EPSCs
were not mediated by either nicotinic ace-
tylcholine or 5-HT3 receptors. EPSCs
were partially blocked by 500 mM suramin
(CABS 1 Sur). The suramin block was
reversible, and almost complete recovery
was obtained after a 15 min washout.
EPSCs are averages of 10 consecutive
synaptic responses. C, TTX blocked
the suramin-sensitive EPSC. CABS-
insensitive-evoked EPSCs recorded in a
lamina II neuron (P10) were blocked by
100 mM suramin (CABS 1 Sur). The
EPSC partially recovered after suramin
washout. The suramin-sensitive EPSC
was blocked in the presence of 0.5 mM
TTX (CABS 1 TTX ), indicating that
ATP was released from presynaptic ter-
minals. EPSC partially recovered after
washout of TTX. EPSCs are averages of
20 consecutive synaptic responses.
CABS-insensitive data for all three cells
are shown with holding currents sub-
tracted. In all cases, holding current var-
ied ,10 pA throughout the recording
period.
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studied; furthermore, in seven of the cells tested showing evi-
dence of P2X receptor-mediated synaptic currents, the CABS
included 20 mM CNQX. Additionally, in six cells the more selec-
tive P2X receptor antagonist PPADS inhibited the CABS-
insensitive EPSCs at concentrations that did not inhibit AMPA
receptor-mediated EPSC and mEPSC amplitudes recorded from
dorsal horn neurons grown in culture (unpublished observation).
Finally, in three of three neurons tested with both suramin and
PPADS, both antagonists inhibited the CABS-insensitive EPSCs.

Antagonists were applied for a minimum of 5 min before
testing for antagonist block. Nevertheless, the amount of EPSC
block because of suramin or PPADS varied widely from cell to
cell, with the percentage of suramin block ranging from 8–100%
and that for PPADS from 10–73%. No cells were found in which
the fast residual component in CABS was completely unaffected
by suramin or PPADS. The variability of antagonist action on the
EPSCs recorded in the presence of CABS suggests either that
P2X subunit expression is heterogeneous within and among cells
in lamina II of the dorsal horn or that access of antagonist to

dorsal horn neurons in the spinal cord slice preparation is re-
stricted and slowed, or both.

P2X receptor activation measured by calcium imaging
and whole-cell recording in dissociated spinal
cord neurons
Additional studies on dorsal horn neuron P2X receptor pharma-
cology were made on acutely dissociated postnatal spinal cord
neurons. These neurons were obtained from the dorsal one-third
of spinal cord transverse sections, indicating that neurons from
several laminae were studied, including at a minimum laminae I,
II, and III. Although this preparation does not allow us to identify
cells from specific laminae, as in the slice preparation, it has the
advantage of allowing rapid and complete drug access to the
neurons during pharmacological tests. Ca21 imaging with the
Ca21 indicator dye fura-2 (Grynkiewicz et al., 1985) was used to
perform the pharmacological testing because it provides a way to
scan rapidly a field of neurons and to detect the minority of cells

Figure 2. P2X receptor antagonists variably
block the P2X receptor-mediated EPSCs in
lamina II neurons. A, ATP-mediated EPSCs
were tested for the degree of suramin block.
Fast EPSCs were recorded from a P10 neu-
ron in CABS. Application of 500 mM suramin
(CABS 1 Sur) completely blocked the
EPSC. A complete recovery was observed
after suramin washout. EPSCs are averages
of 10 consecutive traces. B, ATP-mediated
EPSCs were tested for the degree of PPADS
block. EPSCs were recorded from a lamina
II neuron (P6) in CABS. Bath application of
100 mM PPADS (CABS 1 PPADS) incom-
pletely blocked the EPSC. Partial recovery
was obtained after a 10 min wash in CABS.
EPSCs are averages of 13–15 consecutive
traces. C, P2X receptor-mediated EPSCs
were tested for sensitivity to both suramin
and PPADS. EPSCs were evoked in a P11
lamina II neuron in the presence of CABS.
Suramin (500 mM) (CABS 1 Sur) partially
blocked the EPSC. After a wash in CABS
the suramin-blocked component recovered.
Application of 50 mM PPADS (CABS 1
PPADS) slightly depressed the EPSC ampli-
tude. EPSCs are averages of 20 consecutive
traces. Data for all three cells are shown with
holding currents subtracted. In all cases,
holding current varied ,10 pA throughout
the recording period.
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sensitive to ATP. Neuronal identity was confirmed by morphol-
ogy and sensitivity to 100 mM NMDA (Heath et al., 1994).

Exogenously applied ATP (100 mM) elevated intracellular
Ca21 concentration ([Ca 21]i ) in a small subpopulation (,5%) of
acutely dissociated dorsal horn neurons (Fig. 3). The increase in
[Ca21]i was blocked only partially by the addition of 30 mM La31

(Fig. 3A; n 5 2), a concentration sufficient to block completely the
voltage step-activated Ca21 currents (Reichling and MacDer-
mott, 1991) and K1-evoked Ca 21 elevations (Reichling and
MacDermott, 1993) in dorsal horn neurons. Thus, the remaining
Ca21 transient in the presence of La 31 is most likely to be
attributable to Ca21 entry through the ATP-activated P2X recep-
tor. This is consistent with many observations showing Ca21

permeability of P2X receptors (Benham and Tsien, 1987; Naka-
zawa et al., 1990; Rogers and Dani, 1995).

In the recordings from the cell shown in Figure 3A, the re-
sponse to ATP was blocked completely by 100 mM suramin (n 5

10), suggesting that the response evoked by ATP in this neuron
was mediated by P2X receptors. On the other hand, ab methylene
ATP (n 5 10 for 100 mM; n 5 6 for 500 mM) failed to elicit an
increase in [Ca21]i. In a different neuron (Fig. 3B), however, 100
mM suramin failed to inhibit completely the increase in [Ca 21]i

(n 5 2; 89.3 6 3.7% block). This partial block of the Ca 21

response to ATP is similar to the incomplete block by suramin
demonstrated for some of the suramin-sensitive EPSCs recorded
in CABS from lamina II neurons in the acutely prepared
spinal cord slice. This cell (Fig. 3B) was also insensitive to ab
methylene ATP.

In a third neuron (Fig. 3C) an increase in [Ca 21]i again was
induced by ATP, but not by ab methylene ATP. This neuron was
tested further with two different antagonists, suramin and
PPADS. Both 100 mM suramin and 50 mM PPADS completely
blocked the Ca21 response to ATP (for PPADS, n 5 2); the
PPADS block was irreversible. Eleven of the 13 dorsal horn

Figure 3. ATP-evoked [Ca 21]i transients are mediated by P2X receptors expressed on acutely dissociated dorsal horn neurons. A, ATP caused increases
in [Ca 21]i in acutely dissociated dorsal horn neurons. ATP (100 mM) increased [Ca 21]i in a neuron from a P8 animal. This response was blocked
completely by 100 mM suramin and partially reduced by 30 mM La 3 1, a voltage-gated Ca 21 channel blocker. ab Methylene (100 and 500 mM) ATP
did not evoke an increase in [Ca 21]i. Neuronal response was confirmed by application of 100 mM NMDA. B, The response to ATP in this neuron (P10)
exhibited incomplete block by suramin. C, In a dorsal horn neuron from a P7 rat, 50 mM PPADS irreversibly blocked responses to ATP.
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neurons tested with suramin or suramin and PPADS had ATP
responses blocked by at least 95%. Only one of the 13 neurons
tested responded to ab methylene ATP. The Ca21 response to
ATP by this ab methylene ATP-sensitive cell was blocked 95% by
suramin.

An important characteristic of P2X receptors that assists func-
tional identification of subunit type is whether or not the response
to ATP is desensitizing. Of the nine cells preselected on the basis
of their responsiveness to ATP and tested with prolonged 20 sec
applications of ATP in our Ca21 studies (data not shown), all
appeared to have nondesensitizing responses. However, because
many factors contribute to the kinetics and amplitude of the
[Ca21]i response to ATP, including activation of voltage-gated
Ca21 channels as indicated by the partial block by La31 (Fig.
3A), we directly measured current flow through the P2X receptors
by recording ATP-evoked currents (Fig. 4). In acutely dissociated

neurons voltage-clamped at 270 mV (n 5 6 of at least 27 cells
tested for sensitivity to ATP), a 2 sec application of 100 mM ATP
evoked a nondesensitizing inward current with peak current
ranging from 26 to 250 pA (Fig. 4A). The current–voltage curve
for the ATP-evoked current was constructed by applying a voltage
ramp during the agonist application. An inward rectification of
the I–V relationship was evident in four cells tested over the
voltage range between 285 and 220 mV. It was difficult to extend
the current–voltage curve over the range of 220 to 120 mV in
three of the four cells tested because of the small magnitude of
the ATP-evoked currents combined with the effect of a ramp
subtraction artifact. This subtraction artifact was caused by pro-
gressive decrease of voltage-gated Ca 21 currents over the same
voltage range over time. Data from the fourth cell are shown in
Figure 4B.

DISCUSSION
We have demonstrated that in ,5% of the lamina II neurons
tested in the spinal cord dorsal horn, a portion of the evoked
EPSCs is mediated by ATP-activated P2X receptors. Although
ATP long has been suspected to be a neurotransmitter in the
dorsal horn (Jahr and Jessell, 1983; Fyffe and Perl, 1984; Salter
and Henry, 1985; Salter and Hicks, 1994), this possibility has
proved difficult to demonstrate, leading some investigators to
conclude that the primary synaptic role for ATP is as a neu-
romodulator (Li and Perl, 1995). In the medial habenula,
however, Edwards et al. (1992) have shown that some EPSCs
are not mediated by glutamate, GABAA , glycine, serotonin, or
nicotinic acetylcholine receptors and are inhibited substan-
tially by the desensitizing action of the agonist ab methylene
ATP and the P2 receptor antagonist suramin. These data were
the first to establish that ATP mediates a fast synaptic current
within the CNS. Since then, no other direct measurements of
ATP-mediated synaptic currents in the CNS have been pro-
vided. We now have shown that ATP-P2X receptor-mediated
synaptic transmission occurs in the spinal cord in a part of the
dorsal horn likely to be involved in transmission of nociceptive
information.

P2X receptor type and distribution, based on
physiological and pharmacological observations
P2X2 receptor subunit RNA is strongly expressed in lamina II
of the spinal cord dorsal horn, with little RNA detected in
laminae I or III (Collo et al., 1996). In contrast, P2X2 subunit
protein, as detected by immunoreactivity, is strongly expressed
in lamina I of the spinal cord, with a pattern of distribution
more consistent with protein expression in primary afferent
nerve terminals (Vulchanova et al., 1996) or perhaps in the
axons of lamina II neurons projecting to lamina I. Two other
P2X receptor subunits, P2X4 and P2X6 , have been localized by in
situ hybridization studies (Collo et al., 1996) in the external
regions of dorsal horn, particularly laminae I and II. The
responses to ATP we have obtained from acutely isolated
dorsal horn neurons showed mostly a strong response to
suramin and PPADS and responses that were insensitive to ab
methylene ATP. This pharmacological profile suggests that, in
dorsal horn neurons, P2X receptors include the P2X2 subunit,
which is the subunit known to be present in the dorsal horn,
strongly blocked by suramin and insensitive to ab methylene
ATP. The CABS-insensitive EPSCs mediated by P2X receptors
demonstrated a broadly distributed sensitivity to suramin and

Figure 4. ATP evokes nondesensitizing whole-cell currents in acutely
dissociated dorsal horn neurons. A, A 2 sec application of ATP evoked a
small, nondesensitizing, inward current in a neuron obtained from a P8
animal. B, The ATP-evoked current shows inward rectification in a
different neuron from the same preparation. The current–voltage curve
for the ATP-evoked current was constructed by applying a voltage ramp
during the agonist application. Inward rectification of the I–V relationship
is evident over the voltage range between 285 and 220 mV.
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PPADS. These observations raise the possibility that the syn-
aptic P2X receptors are heterogeneous in subunit composition.
Alternatively, the widely variable sensitivity to the two P2X

antagonists in the synaptic experiments simply could be attrib-
utable to diffusion-limited access and nonspecific binding of
the antagonist before arriving at the synaptic receptors. Al-
though the hypothesis of the presence of a diffusion barrier
cannot be excluded, the complete block of glutamatergic,
GABAergic, and glycinergic responses obtained by applying
their respective antagonists and the high concentrations of P2

receptor antagonists used to block the CABS-insensitive EP-
SCs make this possibility less likely.

The role of P2X ATP receptors in dorsal horn function
ATP has been shown to be released from the peripheral terminals
of dorsal root ganglion neurons after antidromic activation (Hol-
ton and Holton, 1954), and these investigators suggested that
ATP may be released at the central terminals of the primary
afferents as well. Ca21-dependent release of ATP from dorsal
horn synaptosomes supports the idea that ATP may function as a
neurotransmitter in the dorsal horn (White et al., 1985). However,
the inability of dorsal rhizotomy to depress the Ca21-dependent
release of ATP left it unclear whether the source of the ATP was
exclusively primary afferent nerve terminals or whether it also
included some intrinsic dorsal horn neurons (White et al., 1985).
In our experiments we used a focal stimulating electrode to evoke
synaptic responses, increasing the probability of evoking ATP-
mediated synaptic currents. This also left us unable to determine
the synaptic source of the ATP, i.e., whether it came from intrin-
sic neurons or primary afferent fibers. However, our experiments
do provide strong support for the idea that ATP is a neurotrans-
mitter in the dorsal horn and that P2X receptors are postsynapti-
cally localized there.

An important functional characteristic of P2X receptors is that
they are permeable to Ca 21 (Benham and Tsien, 1987; Nakazawa
et al., 1990; Rogers and Dani, 1995) and, like Ca21-permeable
AMPA receptors, are opened readily by ligand at negative mem-
brane potentials near the resting membrane potential. This is in
contrast to the glutamate-activated NMDA receptors, which,
although also highly Ca 21-permeable, have rather limited con-
ductances at negative membrane potentials because of Mg21

block (Mayer et al., 1984; Nowak et al., 1984). All of the heter-
ologously expressed P2X subunits that have been tested to date,
including P2X1 , P2X3 , and P2X4 receptor subunits, show higher
permeability to Ca21 than to monovalent cations (Valera et al.,
1994; Lewis et al., 1995; Buell et al., 1996). In our experiments
ATP was able to evoke Ca21 transients in the presence of 30 mM

La31. This concentration of La 31 has been shown to block
voltage step-evoked Ca 21 currents and K1-evoked changes in
[Ca 21]i (Reichling and MacDermott, 1991, 1993). Therefore,
these data indicate that the P2X receptors on dorsal horn neurons
are Ca21-permeable. Thus, ATP-mediated synaptic transmission
is likely to provide a new route for synaptically gated Ca21 entry
into dorsal horn neurons.
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