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Abstract
We have shown previously that stimulation of heterologously expressed P2Y1 nucleotide receptors
inhibits M-type K+ currents in sympathetic neurons. We now report that activation of endogenous
P2Y1 receptors induces inhibition of the M-current in rat CA1/CA3 hippocampal pyramidal cells
in primary neuron cultures. The P2Y1 agonist adenosine 5′-[β-thio]diphosphate trilithium salt
(ADPβS) inhibited M-current by up to 52% with an IC50 of 84 nM. The hydrolyzable agonist
ADP (10 μM) produced 32% inhibition, whereas the metabotropic glutamate receptor 1/5 agonist
DHPG [(S)-3,5-dihydroxyphenylglycine] (10 μM) inhibited M-current by 44%. The M-channel
blocker XE991 [10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride] produced
73% inhibition at 3 μM; neither ADPβS nor ADP produced additional inhibition in the presence
of XE991. The effect of ADPβS was prevented by a specific P2Y1 antagonist, MRS 2179 (2′-
deoxy-N′-methyladenosine-3′,5′-bisphosphate tetra-ammonium salt) (30 μM). Inhibition of the
M-current by ADPβS was accompanied by increased neuronal firing in response to injected
current pulses. The neurons responding to ADPβS were judged to be pyramidal cells on the basis
of (1) morphology, (2) firing characteristics, and (3) their distinctive staining for the pyramidal
cell marker neurogranin. Strong immunostaining for P2Y1 receptors was shown in most cells in
these cultures: 74% of the cells were positive for both P2Y1 and neurogranin, whereas 16% were
only P2Y1 positive. These results show the presence of functional M-current-inhibitory P2Y1
receptors on hippocampal pyramidal neurons, as predicted from their effects when expressed in
sympathetic neurons. However, the mechanism of inhibition in the two cell types seems to differ
because, unlike nucleotide-mediated M-current inhibition in sympathetic neurons, that in
hippocampal neurons did not appear to result from raised intracellular calcium
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Introduction
We have found previously that activation of the Gq-coupled P2Y1 nucleotide receptor,
expressed heterologously in rat sympathetic neurons, potently inhibits the M-type (Kv7.1/
Kv7.2) K+ current (Brown et al., 2000). Because P2Y1 receptor mRNA is widely expressed
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in the brain (Barnard et al., 1997; Webb et al., 1998), it is important to know whether their
activation inhibits the M-current in central neurons.

To examine this, we selected rat hippocampal pyramidal neurons. These exhibit prominent
M-currents, inhibited via at least two other types of Gq-coupled receptors: muscarinic
acetylcholine receptors (Halliwell and Adams, 1982; Madison et al., 1987) and metabotropic
glutamate receptors (mGluRs) (Charpak et al., 1990). ATP is known to be constantly
available at the pyramidal neurons, being synaptically coreleased onto them (Pankratov et
al., 1998), although another important source of ATP there is its release and localized
diffusion from associated astrocytes (Koizumi et al., 2003; J. M. Zhang et al., 2003; Bowser
and Khakh, 2004). Furthermore, in the human (Moore et al., 2000) and rat (Moran-Jimenez
and Matute, 2000) hippocampal pyramidal cell layer and adjacent interneurons, strong P2Y1
receptor immunoreactivity has been reported. Recently, P2Y1 receptor mRNA was shown to
be expressed in microdissected glutamatergic pyramidal neurons, with P2Y1 receptor
immunoreactivity reported in glutamatergic nerve terminals and postsynaptic active zones of
rat hippocampus (Rodrigues et al., 2005).

Despite several reports of P2Y-like receptors modulating membrane currents in this and
other brain regions (for review, see Illes and Ribeiro, 2004), there has been much
uncertainty regarding the identity of the receptor type and subtype and channel involved in
any given case, attributable in part to the enzymatic breakdown of ATP and its derivatives in
hippocampal slices and hence action at their adenosine A1 receptors (A1Rs) (O'Kane and
Stone, 2000; Masino et al., 2002). The latter action is particularly powerful in brain slices of
certain regions. Thus, hippocampal adenosine receptors are mainly concentrated in the
densely packed pyramidal cell layer (Ochiishi et al., 1999); on the intact structures in
hippocampal slices, the surface ectonucleotidase activity is especially high, with restricted
extracellular space there for adenosine diffusion (Dunwiddie et al., 1997; J. M. Zhang et al.,
2003). Indeed, in those slices, all of the previously observed actions of ATP on postsynaptic
currents in pyramidal cells are abolished by an A1 receptor antagonist (J. M. Zhang et al.,
2003; Kukley et al., 2004; Pascual et al., 2005), but this is not so on interneurons in other
layers (Koch et al., 1997; Kawamura et al., 2004). In hippocampal cultures, conversely,
EPSCs similarly modulated by ATP can be recorded, and a P2Y-type response to exogenous
or endogenously released ATP persists during adenosine receptor blockade (J. M. Zhang et
al., 2003).

We therefore used such hippocampal cell cultures to investigate the action of the P2Y1
receptors on a defined membrane channel, the M-current K+ channel, located on their
principal cells, i.e., identified pyramidal neurons. Hitherto, no identified ion channel has
been associated with any P2Y receptor action in brain neurons, nor has any P2Y subtype
action in the pyramidal cells been established.

Materials and Methods
Primary cell culture

Rat pups (3 d old) were killed by cervical dislocation, in accordance with the United
Kingdom animal experimentation regulations. A zone of the hippocampus containing the
CA1 and CA3 region was dissected. The cells were dissociated and maintained in culture in
Neurobasal medium supplemented with 0.5% (w/v) L-glutamine and 2% B27 serum-free
supplement but without antibiotics as described previously (Alger et al., 1994; Shah et al.,
2002).
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Electrophysiology
Electrophysiological recordings were made at room temperature from cells cultured for
14-21 d, on pyramidal cells identified as described in Results. Whole-cell currents and
membrane potentials were recorded using the perforated patch-clamp method as described
previously (Filippov et al., 1998). Patch pipettes (4-7 MΩ) were filled by dipping the tip into
a filtered solution containing 90 mM potassium acetate, 20 mM KCl, 3 mM MgCl2,40mM
HEPES, and 0.1 mM 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetra-acetic acid
(BAPTA), adjusted to pH 7.4 by KOH, for 5-10 s. The pipette was then backfilled with the
same solution containing 0.125 mg/ml amphotericin B as the permeabilizing agent. Neurons
were superfused (20-25 ml/min) with an external modified Krebs' solution containing 120
mM NaCl, 3 mM KCl, 1.5 mM MgCl2, 2.5 mM CaCl2,10mM HEPES, 11.1 mM glucose,
adjusted to pH 7.3 with NaOH, and 0.5 μM tetrodotoxin (TTX) when using voltage-clamp
recording. In most experiments, CsCl (1 mM) was added to the external solution to block the
hyperpolarization-activated Ih current (Halliwell and Adams, 1982; Maccaferri and McBain,
1996). P2Y receptor agonists and antagonists were applied in the same superfusion system;
10 μM 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) and 10 μM bicuculline were also
present to block excitatory and inhibitory synaptic currents, respectively, plus 8-
cyclopentyltheophylline (CPT) at 100 nM to block A1Rs (Fredholm, 1990). Standard
voltage protocols designed for M-current recordings (Brown and Adams, 1980) were
applied. Neurons were voltage clamped or current clamped using the discontinuous voltage-
or current-clamp mode (switching rate, 3-5 kHz) of an Axoclamp 2B amplifier (Molecular
Devices, Palo Alto, CA). M-current was preactivated by holding the membrane potential at
‒20 mV, and the deactivation tail current was recorded by applying 1 s hyperpolarizing
steps to ‒40 mV every 20 s. Current-voltage (I-V) relationships were obtained using
incremental voltage steps of 10 mV between ‒20 and ‒90 mV; currents were measured at
the end of each hyperpolarizing step. For dose-response curves, currents were measured at ‒
30 mV after steady-state I-V relationships were obtained using a ramp voltage command of
20 s from ‒20 to ‒90 mV as before (Filippov et al., 1998). The leak component of current
was estimated in both cases by extrapolating a linear fit to the I-V relationship negative to ‒
60 mV, at which (in the presence of Cs+) only ohmic currents were observed.

For current-clamp experiments, neurons were first stimulated with a train of ∼20 10-ms
pulses of 0.5 nA applied every 100 ms to check for the presence of a slow
afterhyperpolarization (sAHP), characteristic of pyramidal neurons (Shah and Haylett, 2000
and references therein). Then the firing pattern of the neuron was examined by applying four
to five pulses of incremental amplitude at 10 s intervals, each pulse being 1 s in duration. All
commands, recordings, and analysis were made using Digidata 1200 interface and pClamp 8
software (Molecular Devices).

Immunocytochemistry
Cells from hippocampal primary neuron cultures (14-21 d in vitro) that were used for
electrophysiological recordings were marked for identification in the subsequent stainings in
their 35 mm culture dishes. At room temperature, cells were fixed in 4% paraformaldehyde
for 10 min and then quenched with 50 mM ammonium chloride in PBS for 20 min. They
were washed (three times for 5 min) with PBS solution; a PBS-based blocking solution
containing 5% normal goat serum and 0.1% Triton X-100 was then applied for 1 h. Then
incubations at 4°C were performed in the culture dishes for 24 h with the primary
antibodies; i.e., with goat anti-neurogranin antibody (1:100 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA), or with mouse anti-neurofilament 200 (NF-200) (1:200
dilution; Sigma, St. Louis, MO) in the same blocking solution. The cultures were then
washed with PBS (three times for 5 min), and the respective secondary antibody was applied
in the blocking solution for 2 h at 25°C. Secondary antibodies were Alexa 555-conjugated
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anti-goat or Alexa 488-conjugated anti-mouse (all used at 1:1000 dilution; all from
Invitrogen, Carlsbad, CA). For cells not used for electrophysiological recording, larger
numbers of cells could be analyzed and, with more favorable optical conditions, by growing
similar cultures on glass coverslips. For these, the same antibody procedures were used, with
the inclusion also of rabbit anti-P2Y1 receptor antibody (APR009; 1:100 dilution; Alomone
Labs, Jerusalem, Israel) together with Alexa 488-conjugated anti-rabbit secondary antibody
(Invitrogen). These cultures were also incubated with 4′,6′-diamidino-2-phenylindole
(DAPI) nuclear stain (0.2 μg/ml; Sigma) when stated. In all cases, the cultures were finally
washed again (three times for 5 min) with PBS, rinsed with distilled water, and air dried.
They were mounted with fluorescent mounting medium (DakoCytomation, Ely, UK) and
examined under a Nikon (Tokyo, Japan) E400 fluorescent phase microscope with the
appropriate filters.

Ca2+ imaging
Cells were incubated with 2 μM fura-2 AM for 30 min at 37°C and then washed for 20 min
before starting the experiments. Live hippocampal cell cultures plated on glass coverslips
were placed on the stage of a Nikon Diaphot inverted microscope and superfused at 20 ml/
min with extracellular solution of the same composition as that used for M-current
measurements (with DNQX, bicuculline, TTX, and the adenosine receptor antagonist CPT).
Alternate images at 350 and 380 nm excitation wavelengths were recorded at 1 Hz and
background subtracted as described previously (Winks et al., 2005). The fluorescence ratio
images were used to track changes in intracellular Ca2+ of the designated region of interest
inside the cells.

Statistical analysis
Data are presented as means ± SEM. Student's test (unpaired) was applied to determine
statistical significance (taken as p ≤ 0.05). Dose-response curves were constructed using
concentrations added cumulatively, with 1 min exposure times. Curves were fitted (using the
Origin version 5 software; Microcal Software, Northampton, MA) to pooled data points
according to the following Hill equation: y = ymax × xnH/(xnH + KnH), where y is the
observed percentage inhibition, ymax is the extrapolated maximal percentage inhibition, x is
the nucleotide concentration (micromolar), K is IC50 (micromolar), and nH is the Hill
coefficient.

Chemicals
Drugs were applied to the external solution by bath perfusion (bath exchange rate, ≤5 s).
Tetrodotoxin, 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride (XE991),
DNQX, (S)-3,5-dihydroxyphenylglycine (DHPG), 2′-deoxy-N′-methyladenosine-3′,5′-
bisphosphate tetra-ammonium salt (MRS 2179), and bicuculline were from Tocris Cookson
(Ballwin, MO); ADP and adenosine 5′-[β-thio]diphosphate trilithium salt (ADPβS) were
from Roche Applied Science (Indianapolis, IN). Triphosphate contamination of ADP
compounds was removed by hexokinase/glucose pretreatment as described previously
(Simon et al., 2001). BAPTA and amphotericin B were from Sigma, and CsCl was from
Aldrich (Milwaukee, WI). Drugs were prepared as stock solutions, kept frozen in batches,
and defrosted once only, just before use.

Results
Selection of pyramidal neurons for recording

Primary cell cultures derived from the hippocampus of rats at 3 d were used. Cells within
these cultures were initially selected as presumed pyramidal cells by their morphology and
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by reference to their firing behavior after initial patching, and identification was confirmed
by post-experiment immunocytochemistry (see further below).

Cells selected as pyramidal on the basis of morphology showed relatively low-frequency
firing (<10 Hz) with varying degrees of spike-frequency adaptation, including (in two cells)
periods of missed spiking. Their firing patterns accorded with previous observations on rat
hippocampal pyramidal cells in intact brain slices (Madison and Nicoll, 1984; Storm, 1990).
The majority (12 of 18 tested) of these neurons showed postburst sAHPs longer than 1 s, as
reported previously for pyramidal neurons in culture (Shah and Haylett, 2000 and references
therein).

P2Y1 agonists inhibit M-type K+ currents
The identified pyramidal neurons exhibited the characteristic slowly deactivating tail
currents associated with M-channel closure (Brown and Adams, 1980) on stepping from a
holding potential of ‒20 to ‒40 mV (Fig. 1A). In confirmation, addition of the M-channel
blocking drug XE991 at 3 μM (Wang et al., 1998) reduced the steady outward current at ‒
20 mV and almost abolished the slow deactivation tails produced by the hyperpolarizing
step (Fig. 1B). In four cells, mean inhibition of the deactivation tails by 3 μM XE991 was
73.5 ± 9.15%.

Bath perfusion with the P2Y1 receptor agonist ADPβS (which is relatively resistant to
ATPases) also reduced the standing out-ward current and the amplitude of the M-current
deactivation tails (Fig. 1A). It also reduced the outward rectification of the I-V curve
positive to ‒70 mV [an additional feature of M-current inhibition (Brown and Adams,
1980)] but had no significant effect on membrane currents negative to ‒70 mV (Fig. 1C-E).

Identification of the responding cells
Figure 2A-C illustrates the range of the typical morphology of the selected class of cells.
After voltage-clamp recording, several of the cells identified thus and that had responded to
the P2Y1 agonist were tested individually in postrecording immunocytochemistry for their
content of marker proteins. Examples are shown in Figure 2A: staining using specific
antibodies showed that the responding cells are all positive for both NF-200, a marker for
neurons, and for neurogranin, which is a marker for principal cells, including specifically the
pyramidal cells in the hippocampus (Singec et al., 2004).

A larger set of these CA1/CA3-derived cell cultures, not taken for recording, could be
examined more extensively by immunocytochemistry. This included staining using an
antibody directed against the rat P2Y1 receptor (at an intracellular epitope), in conditions in
which it was shown (Tung et al., 2004) to give neither nonspecific staining nor any cross-
reactivity to closely related P2Y receptors. Strong immunostaining for P2Y1 receptors was
found thus to be present in these primary cultures (Fig. 2B,C), in some cells corresponding
in morphology and marker-protein content to those (Fig. 2A) that responded to ADPβS.

The distributions of the staining shown within the P2Y1-positive cells in Figure 2, B and C ,
are representative of the forms seen in these cultures, with the content of receptors heaviest
around the neuronal cell membrane. That stain is also seen, at a lower intensity apparently,
in the cytosol, but part of this is attributable to the superimposed cell membrane in these
intact cells; the remainder there is presumed to be attributable to the synthesis and cycling of
P2Y1 receptors in these growing cultures.

To confirm the specificity of the anti-P2Y1 antibody staining seen on these cultures, first,
the reaction was demonstrated to be absent in all cells in these cultures when the peptide
antigen (5 μg/μg antibody) was present (data not shown). That is not wholly conclusive,
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however, because some of the cells here are P2Y1 negative without the peptide presence.
Therefore, in a parallel reaction performed on Myc-tagged recombinant P2Y1 receptors
expressed in a host cell line, the distribution of the staining seen with the anti-P2Y1 antibody
was shown to be identical to that of the simultaneous direct staining of the P2Y1 receptor
protein by a fluorescent anti-Myc antibody (Fig. 2D). The variation between cells strongly
expressing and weakly expressing the P2Y1 receptor was registered identically by these two
types of probe (analysis not shown). Here, the inclusion of the relevant peptide antigen
abolished the antibody reaction in all of the cells known to be expressing the P2Y1 receptor
(Fig. 2D).

Such immunocytochemical staining performed across a set of the cultures derived from four
rats showed that most (74%) of the cells that stained with either antibody there are P2Y1
positive and neurogranin positive (Fig. 2B,C, second rows), and 16% are only P2Y1 positive
[neurogranin negative (Fig. 2B, third row)]. That latter 16% appeared morphologically to be
interneurons. The remaining 10% are P2Y1 negative, mostly pyramidal like and neurogranin
positive (Fig. 2C, third row).

Analysis of the M-current responses
The mean inhibition produced by 10 μM ADPβS was calculated as the fractional inhibition
of outward current at ‒30 mV (from extrapolated leak-subtracted I-V curves, as in Fig. 1E)
or as the fractional inhibition of the deactivation tail currents (measured by extrapolation to
the onset of the hyperpolarizing step). The two methods gave similar results and yielded a
mean value of 46.6 ± 3.0% (n = 18 cells) (Fig. 3E). A more hydrolyzable P2Y1 agonist,
ADP (10 μM), produced somewhat less inhibition (31.9 ± 2.9%; n = 7). Neither ADP nor
ADPβS produced any additional inward current in the presence of XE991, indicating that
their effect was solely the result of M-current inhibition.

The absence of any response to ADP or ADPβS in the presence of XE991 (Fig. 3) or at
potentials negative to ‒70 mV (Fig. 1) implies that these agonists did not activate P2X
receptors. This does not necessarily mean that the cells were devoid of such receptors
because these nucleotides are relatively weak P2X agonists.

M-currents recorded from pyramidal neurons in rat hippocampal slices are inhibited by
stimulating Gq/11-coupled metabotropic glutamate receptors (Charpak et al., 1990). We
therefore tested whether M-currents in the cultured neurons that we selected for the above
experiments were also inhibited by the selective group 1 mGluR agonist DHPG (10 μM)
(Schoepp et al., 1994). This compound inhibited the M-current by 43.8 ± 6.4% (n = 6), i.e., a
similar level to that produced by ADPβS (Fig. 3E). Five of these neurons had been tested
initially also with a P2Y1 agonist. Three of them responded to ADPβS or ADP by inhibition
of the M-current. However, in two of those neurons in which DHPG inhibited the M-current
by 43 and 31%, ADPβS had no clear effect. Hence, of a total of 20 pyramidal cells tested
with ADPβS, in 18 the M-type K+ channel coupled to the P2Y1 receptor and in two it did
not but still coupled to mGluR1.

Full concentration-inhibition curves for ADPβS were obtained in three neurons using
voltage ramps to determine I-V curves in the presence of incremental concentrations of
agonist (Fig. 3A). Inhibition was measured as the percentage reduction of leak-subtracted
outward current at ‒30 mV. The mean curve (Fig. 3B) yielded an IC50 value of 84.0 ± 12.7
nM and maximal inhibition of 52.1 ± 1.8%. The latter does not differ significantly from the
mean inhibition produced by a single application of 10 μM ADPβS (see above), indicating
that cumulative addition of agonist did not produce desensitization.
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Effect of a P2Y1 antagonist
To verify that the responses to ADPβS were mediated by P2Y1 receptors, we tested the
effect of a specific P2Y1 receptor antagonist, MRS 2179 (30 μM) (Nandaran et al., 2000).
This compound did not itself produce any effect, indicating that there was no tonic
activation of endogenous P2Y1 receptors. However, MRS 2179 prevented inhibition of the
M-current by ADPβS (10 μM, a maximally effective concentration when applied alone)
(Fig. 3C,D). As indicated in the protocol used for these experiments (see legend to Fig.
3C,D), inhibition of the M-current by ADPβS was immediately restored (within <20 s) after
MRS 2179 was removed from the perfusing medium. In three cells, ADPβS inhibited M-
current negligibly (4.0 ± 2.1%) in the presence of MRS 2179 (Fig. 3C-E). These results
demonstrate that it is the endogenous neuronal P2Y1 receptor that is responsible for
inhibition of the M-current recorded in our experiments.

M-current inhibition by a P2Y1 receptor agonist increases neuronal firing
Inhibition of M-current in sympathetic neurons by a heterologously expressed Gq-coupled
P2Y receptor (P2Y2) increases cell excitability (Filippov et al., 1998). Activation of
endogenous P2Y1 receptors had a similar effect in hippocampal pyramidal neurons. Thus,
application of ADPβS significantly increased the firing of pyramidal neurons in response to
injected current pulses (Fig. 4). In three experiments, number of spikes initiated by a 2 s, 80
pA superthreshold pulse was 1.3 ± 0.9 before application of ADPβS and increased to 13.0 ±
1.5 after application. This effect was reversible and was accompanied by an increased input
resistance as measured by the voltage responses to hyperpolarizing current injections, as
expected (data not shown).

Probing the intracellular mechanism of P2Y1-mediated M-current inhibition
The mechanisms whereby G-protein-coupled receptors inhibit M-currents have been the
subject of much experimentation and discussion (Delmas and Brown, 2005). In sympathetic
neurons, M-current inhibition by expressed P2Y1 receptors is insensitive to pertussis toxin
(Brown et al., 2000) and is therefore likely to result from activation of a member of the
Gq/11 family of G-proteins. Two major mechanisms for Gq/11-mediated M-current inhibition
have been described previously in these neurons, both dependent on accelerated hydrolysis
of phosphatidyl-4,5-bisphosphate (PIP2): release of Ca2+ from intracellular stores and
subsequent activation of channel-bound calmodulin (Cruzblanca et al., 1998; Gamper and
Shapiro, 2003) and depletion of membrane PIP2, which is required to maintain channel
opening (Suh and Hille, 2002; H. Zhang et al., 2003; Winks et al., 2005). Previous
experiments on rat sympathetic neurons have suggested that M-current inhibition by
endogenous UTP-sensitive (i.e., non-P2Y1) receptors was mediated by the former (Ca2+

release) mechanism, in that it was prevented by intracellular Ca2+ chelation, Ca2+ store
depletion, or inositol-4,5-trisphosphate receptor blockade (Bofill-Cardona et al., 2000). We
therefore tested whether this might be responsible for P2Y1-mediated inhibition of
hippocampal pyramidal cell M-currents by the following three approaches.

Intracellular mobilization of Ca2+

It has been reported previously that the P2Y1 receptor agonist 2-methylthio ATP (2-
MeSATP) raises intracellular Ca2+ in interneurons and astrocytes (but not in pyramidal
neurons) of hippocampal slices (Kawamura et al., 2004). However, the lack of effect on
pyramidal neurons could be explained by high activity of ATPases in the slice and fast
breakdown of the agonist (see Introduction). Thus, we tested whether the more stable P2Y1
agonist ADPβS raised intracellular Ca2+ in hippocampal pyramidal neurons in culture as
measured by single-cell fura-2 fluorescence (see Materials and Methods). No significant
change in the fluorescence ratio in any of the pyramidal-like neurons could be detected in
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any of six experiments (on six dishes) using ADPβS concentrations up to the maximally
effective M-current inhibitory concentration of 3 μM. As a control, application of 30-60
mM KCl after washing out ADPβS produced a robust increase of intracellular Ca2+ in all of
the same cells tested (Fig. 5A).

Intracellular Ca2+ chelation
We then tested whether chelation of intracellular Ca2+ by BAPTA-AM affected M-current
inhibition by ADPβS. We applied 3 μM ADPβS before and after 15 min perfusion with 10
μM BAPTA-AM (3 μM having produced complete suppression of the response to UTP in
the experiments by Bofill-Cardona et al., 2000). In three separate experiments, ADPβS at 3
μM inhibited the M-current (measured at ‒30 mV from ramp current-voltage relationships)
by 41.0 ± 4.9%, whereas after superfusing the same cells with BAPTA-AM, ADPβS
inhibited the M-current by 43.0 ± 10.1%, the difference being statistically insignificant (Fig.
5B,D).

Ca2+ store depletion
We further tested whether the Ca2+-ATPase inhibitor thapsigargin affected M-current
inhibition by ADPβS. We applied 3 μM ADPβS before and after perfusion for 15 min with
1 μM thapsigargin (as in the experiments by Bofill-Cardona et al., 2000). In five separate
experiments, ADPβS at 3 μM inhibited the M-current (measured at ‒30 mV from current-
voltage relationships) by 34.7 ± 5.1%, whereas after superfusing the same cells with
thapsigargin, ADPβS inhibited the M-current by 30.9 ± 4.4%, the difference being
statistically insignificant (Fig. 5C,D).

In summary, our data indicate that the release of intracellular Ca2+ is not involved in M-
current inhibition by P2Y1 receptors in hippocampal pyramidal cells.

Discussion
In these experiments, we have shown that functional endogenous P2Y1 receptors are present
in pyramidal neurons from the CA1/CA3 area of hippocampus and that activation of these
P2Y1 receptors potently inhibits the M-current.

For comparison, two studies have recently detected functional P2Y1 receptors in some of the
interneurons in recordings made on mouse (Bowser and Khakh, 2004) and rat (Kawamura et
al., 2004) hippocampal slices. Activation by ATP of these receptors excited IPSCs in those
neurons (as recorded from the pyramidal cells to which they projected) through an action on
ion channels as yet unidentified. Kawamura et al. (2004) concluded that P2Y1 receptors
were not present on pyramidal neurons because 2-MeSATP did not raise intracellular Ca2+

in the pyramidal cell layer. However, as indicated by the results of the present experiments,
P2Y1 receptor activation would not be expected to have such an effect in these neurons (see
further below). Bowser and Khakh (2004) did not test effects of ADP or ADPβS on
pyramidal cells. They reported an inward current in interneurons but did not specifically
record M-currents.

Independent evidence is available to confirm the presence of P2Y1 receptors on pyramidal
neurons, because it has been established recently by single-cell reverse transcription (RT)-
PCR analysis on laser-dissected individual neurons that pyramidal cells in the young rat
hippocampus strongly express the P2Y1 receptor mRNA (Rodrigues et al., 2005). The
existing electrophysiological evidence discussed above on P2Y1 receptors in the CA1 and
CA3 regions (Bowser and Khakh, 2004; Kawamura et al., 2004) indicated that some of them
reside at sites on interneurons presynaptic to pyramidal cells. We indeed found that some of
the interneurons contain P2Y1 receptor immunoreactivity. We conclude, however, that the
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great majority of the P2Y1 receptors on pyramidal cells must be postsynaptic to afferent
neurons, because of the following: (1) in analyses recently reported of rat hippocampal
synaptosomes, the P2Y1 receptor protein is abundant and primarily segregates with
postsynaptic density protein (Rodrigues et al., 2005); (2) P2Y1 receptor mRNA is clearly
expressed in the pyramidal cells, as noted above, confirming that the protein originates
within them; and (3) this likewise holds for the M-current channel KCNQ (Kv7) subunits, in
which single-cell RT-PCR again showed that their mRNA is also well expressed in the
pyramidal cells, and their protein is seen on their somatic membrane and dendrites (Shah et
al., 2002) (see also Roche et al., 2002). Furthermore, the M-current inhibition that we
recorded cannot have resulted indirectly from the release of a transmitter from interneurons
because it was recorded in the presence of TTX, DNQX, and bicuculline.

There is strong evidence that most, if not all, of the cultured neurons in which nucleotides
can inhibit the M-current are pyramidal neurons. First, when neurons that had produced a
membrane current response to the P2Y1 nucleotides were subsequently stained with
antibodies, they were positive for neurogranin (Fig. 2A). Second, the same neurons, plus the
others not post-stained but giving an equivalent membrane current response, also showed the
firing behavior expected for pyramidal cells. Finally, although some hippocampal
interneurons have been reported to express Kv7 (KCNQ) channel subunits (Cooper et al.,
2000) and can express M-currents (Lawrence et al., 2006), not all interneurons do so,
whereas pyramidal cells consistently exhibit robust M-currents, both in situ (Storm, 1990;
Peters et al., 2005) and in culture (Shah et al., 2002).

The inhibition of the M-current in hippocampal neurons through activation of their
endogenous P2Y1 receptors was predicted from previous experiments on sympathetic
neurons, in which the native M-current could be robustly and potently inhibited by
adenosine nucleotides when P2Y1 receptors were expressed therein (Brown et al., 2000) (for
a comparable effect in PC12 cells, see Moskvina et al., 2003). In these experiments,
activation of expressed receptors with ADP also inhibited the N-type Ca2+ current in
sympathetic neurons with equal potency (Brown et al., 2000). That shared function appears
to extend also to hippocampal neurons, because J. M. Zhang et al. (2003) reported that ATP
inhibited both somatic Ca2+ currents and glutamatergic excitatory transmission through a
P2Y receptor in hippocampal cell cultures.

Activation of endogenous P2Y receptors (including P2Y1 receptors) increases intracellular
Ca2+ in mouse sympathetic neurons (Calvert et al., 2004), and previous experiments had
suggested that the release of intracellular Ca2+ was responsible for M-current inhibition by
UTP-sensitive P2Y receptors in rat sympathetic neurons (Bofill-Cardona et al., 2000).
However, this appears not to apply to the effect of P2Y1 receptors in hippocampal neurons,
because ADPβS did not produce a detectable increase in intracellular Ca2+, and M-current
inhibition was unaffected by chelating intracellular Ca2+ with BAPTA-AM or by the Ca2+-
ATPase inhibitor thapsigargin, which would be expected to deplete intracellular Ca2+ stores.
As noted above, Kawamura et al. (2004) also found that P2Y1 receptor activation failed to
release intracellular Ca2+ in pyramidal neurons in fresh hippocampal slices. Thus, our
findings agree with previous conclusions regarding the inhibition of M-currents in frog
sympathetic ganglia by their (unidentified) ATP-sensitive P2Y receptor (Stemkowski et al.,
2002). Instead, in the latter, P2Y-mediated inhibition probably results from depletion of
membrane PIP2 after PIP2 hydrolysis (Ford et al., 2003). We therefore suspect this to be the
most likely mechanism for P2Y1-mediated M-current inhibition in hippocampal neurons.

What might the physiological significance of our observations be? We should first recall that
the M-current is now known to play a key role in regulating neuronal firing frequency and
excitability in brain neurons (Aiken et al., 1995; Shah et al., 2002 and references therein;
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Yue and Yaari, 2004; Peters et al., 2005; Shen et al., 2005). Its control there by a
neurotransmitter system widely available in the brain, ATP or ADP, for which this is the
first demonstration, can be expected to be functionally significant. Thus, in the present
experiments, we observed that stimulation of the endogenous P2Y1 nucleotide receptors in
CA1/CA3 pyramidal neurons significantly increases depolarization-induced neuronal firing,
in the manner observed previously after heterologous expression of P2Y2 receptors in
sympathetic neurons (Filippov et al., 1998) A second and related point to note is that
adenosine nucleotides are extremely potent inhibitors of M-current, mediated by P2Y1
receptors, with an IC50 for ADPβS of 84 nM. Although ADP itself inhibited M-current
somewhat less completely, it is probably still strongly active at submicromolar
concentrations, because the IC50 for M-current inhibition by ADP in sympathetic neurons
was even lower, at 6.9 nM (Brown et al., 2000). It is reasonable to suppose that such
concentrations could readily be achieved through breakdown of any released ATP by
ectonucleotidases (Zimmermann and Braun, 1996). Thus, it has been reported recently that
hypercapnia releases ATP from the ventral medulla to give a concentration of 3.8 μM as
registered by a biosensor in contact with the outer surface of the ventral medulla (Gourine et
al., 2005). Likewise, hypercapnia increases the extracellular concentration of adenosine in
hippocampal slices by ∼0.7 μM (Dulla et al., 2005).

There are two available sources for nucleotide release here. First, ATP is synaptically
released onto hippocampal pyramidal neurons, in which it activates P2X receptors to induce
an inward synaptic current that contributes (along with glutamate) to the fast EPSC
(Pankratov et al., 1998). Thus, after trains of afferent stimuli, there may be sufficient build-
up of ATP (with conversion to ADP) to activate P2Y1 receptors and inhibit the M-current.
Inhibition of the M-current will increase neuronal firing as observed here and also can
generate a slow EPSP (Gahwiler and Brown, 1985). This would be comparable with the
slow EPSP induced by glutamate, acting via metabotropic glutamate receptors, after trains
of afferent stimuli (Charpak and Gahwiler, 1991). Thus, physiological consequences of M-
current inhibition via P2Y1 receptors might be similar to those produced by activation of
metabotropic group 1 glutamate receptors. If so, there may be some segregation of the two
responses, because we noted that the two receptors were not always expressed on the same
neurons, as judged from responses of M-currents to ADPβS and DHPG. A second source of
ATP is through release from neighboring glial cells (Newman, 2003), whence it can produce
both tonic and activity-dependent effects on hippocampal neurons (Koizumi et al., 2003; J.
M. Zhang et al., 2003; Bowser and Khakh, 2004).
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Figure 1.
ADPβS inhibits M-current in CA1/CA3 hippocampal neurons. Membrane currents were
recorded from presumed pyramidal neurons in hippocampal cell cultures using perforated-
patch electrodes. In A and B, the cell was depolarized to ‒20 mV to preactivate M-current
(0 current indicated by dotted line) and then hyperpolarized for 1 s to ‒40 mV to partially
deactivate it (voltage protocol shown on top). A, Currents recorded before (Control), during,
and after (washout) application of 10 μM ADPβS. ADPβS reduces the preactivated outward
current and the amplitude of the deactivation current tail. B, Currents recorded before
(control) and after addition of the M-channel blocking agent XE991(to 3 μM). XE991
abolishes the deactivation current tails. Subsequent addition of 10μM ADPβS in the
presence of XE991 no longer produces an inward current (compare with A). C, Current
responses to a series of hyperpolarizing steps between ‒20 mV (holding potential) and ‒90
mV in 10 mV increments, recorded before and after adding 10 μM ADPβS. D, Currents in
C measured at the end of each hyperpolarizing step plotted against command voltage. E,
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Currents replotted after subtracting leak currents, by extrapolating the linear component of
the current-voltage curve measured negative to ‒60 mV.
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Figure 2.
Immunoreactivities in hippocampal cells responsive to P2Y1 agonists. A, Three
representative cells are illustrated (a, b, c) that had given responses to ADPβS with clear
inhibition of the M-current (as in Fig.1),in cultures that were then immunostained. They
exhibit typical morphologies of pyramidal cells and reactivity for NF-200,a marker for
neurons, and forneurogranin, a marker for pyramidalneurons. Also note that, in Aa,there is a
smaller interneuron (arrowhead and seen in phase-contrast view) that is positive for NF-200
but not for neurogranin (blue, nuclearstain, DAPI). B, Similar hippocampal cultures tested
for overlapping immunoreactivity for the P2Y1 receptor (green). Top row, A group of cells
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containing much P2Y1; arrowheads compare two such cells with only one of them positive
(red) for neurogranin. Two other cells are shown below at high power, with cell bodies and
proximal regions of some of their processes either positive for both P2Y1 and neurogranin
(row 2) or only for P2Y1 (row 3) (apparently an interneuron). C, Another of these cultures,
showing that, conversely, some of the neurons (row 3, and the bottom marked cell in row 1)
are positive for neurogranin but not for P2Y1, presumed to be a subclass of pyramidal cells.
D, Antigen peptide block of the anti-P2Y1 antibody reaction. HEK293 cells stably
expressing Myc-tagged P2Y1 receptors were coreacted with anti-Myc antibody (red) and by
the same anti-P2Y1 antibody sample used in B and C (green). Panels 1-3, Showing the same
field: the great majority of the cells show coincident strong dual staining; a few cells with a
low content of P2Y1 receptor protein (detected by its tag) likewise show a correspondingly
weak reaction of the anti-PY1 antibody. Panels 4, 5, A parallel sample, showing complete
blockade of the anti-P2Y1 antibody reaction by its antigen peptide. Scale bars, 30 μm.
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Figure 3.
Characteristics of the M-current inhibition mediated by P2Y1 receptors on hippocampal
pyramidal neurons. A, Currents recorded in response to voltage ramps (20 s) from ‒20 to ‒
90 mV (voltage protocol above) applied in the presence of increasing concentrations of
ADPβS. Note the progressive reduction in outward rectification in the evoked current. B,
Concentration dependence of M-current in hibition, measured as percentage reduction of
ramp evoked current at ‒30mV, after leak subtraction by extrapolation of the linear part of
the ramp I-V relationship negative to ‒60 mV. Points show mean ± SEM from three cells.
Increasing concentrations of ADPβS were added cumulatively using 1 min exposure times.
Curves were fitted to pooled data points using Origin 5 software to the following Hill
equation: y = ymax × xnH/(xnH + KnH), where y is the observed percentage inhibition, ymax is
the extrapolated maximal percentage inhibition, x is the nucleotide concentration
(micromolar), K is the IC50 (micromolar), and nH is the Hill coefficient. Mean values of
constants were ymax of 52.1 ± 1.8%, K of 84.0 ± 12.7 nM, and nH of 1.0 ± 0.1. C, The
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specific P2Y1 receptor antagonist MRS 2179 prevents inhibition of M-current by ADPβS.
M-current deactivations recorded as in Figure 1 A. Currents were recorded before and after
adding MRS 2179 (30 μM) alone, then after adding ADPβS (10 μM) in the presence of
MRS 2179, and then on adding ADPβS after washing out MRS 2179. D, Current-voltage
relationships (determined as in Fig. 1) before adding drugs (squares) or after adding ADPβS
in the presence of MRS 2179 (circles) and then on adding ADPβS after washing out MRS
2179 (triangles). E, Mean percentage inhibition of M-current by the P2Y1 agonists ADPβS
and ADP (10μM each), the M-channel blocker XE991 (3μM), ADPβS (10μM) in the
presence of XE991 (3μM), ADPβS(10μM) in the presence of the P2Y1 antagonist MRS
2179 (30 μM), and the group 1 metabotropic glutamate receptor agonist DHPG (10 μM).
Error bars show SEM of inhibition of the M-current by the drugs indicated measured at ‒30
mV from steady-state current-voltage relationship or from deactivation tail amplitude (n
indicates the number of cells tested).
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Figure 4.
Activation of P2Y1 receptor induces a parallel increase of repetitive firing and inhibition of
the M-current in the pyramidal neurons. Records in the top panel show firing patterns of a
pyramidal neuron stimulated with a depolarizing pulse (2 s, 80 pA) from the same initial
membrane potential in control (A) and after application of ADPβS (B). The graph in C
shows the number of action potentials induced by a range of current pulses (each 2 s) in
control and with ADPβS. Records in D show M-current deactivations recorded from the
same cell. Currents were recorded as in Figure 1 A.
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Figure 5.
Release of intracellular Ca2+ is not involved in M-current inhibition by P2Y1 receptors in
hippocampal pyramidal cells. A, Changes of intracellular Ca2+ measured as the 350/380 nm
fluorescence ratio recorded at 1 Hz from a pyramidal-like neuron loaded with fura-2. Bars
indicate time of drug application. Note that ADPβS at 3 μM does not induce any changes of
intracellular Ca2+, whereas subsequent application of KCl at 60 mM induces a substantial
increase. B, C, Currents recorded in response to voltage ramps (20 s) from ‒20 to ‒90 mV
(as in Fig.3A) in control and after application of ADPβS at 3 μM before (Control) and after
15 min superfusion of the same cell with BAPTA-AM at 10μM (B) or with thapsigargin at
1μM (C). D, Mean percentage inhibition of M-current by ADPβS before and after 15 min
superfusion with BAPTA-AM or thapsigargin. Error bars show SEM of inhibition of the M-
current by ADPβS measured at ‒30 mV from steady-state current-voltage relationships. n
indicates the number of experiments.
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