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KEYWORDS Summary In many brain regions, Ca* influx through presynaptic P2X receptors influences
Purkinje cell; GABA release from interneurones. In patch-clamp recordings of Purkinje cells (PCs) in rat
Cerebellar cortex; cerebellar slices, broad spectrum P2 receptor antagonists, PPADS (30 uM) or suramin (12 pM),
Purinergic; result in a decreased amplitude and increased failure rate of minimal evoked GABAergic synap-
GABA; tic currents from basket cells. The effect is mimicked by desensitizing P2X1/3-containing
GABA release; receptors with o,B-methylene ATP. This suggests presynaptic facilitation of GABA release via
Calcium influx; P2XR-mediated Ca?* influx activated by endogenously released ATP. In contrast, activation of
Calcium stores; P2Y4 receptors (using UTP, 30 wM, but not P2Y1 or P2Y6 receptor ligands) results in inhibition
Synaptic of GABA release. Immunological studies reveal the presence of most known P2Rs in >20% of
transmission; GABAergic terminals in the cerebellum. P2X3 receptors and P2Y4 receptors occur in approxi-
P2X; mately 60% and 50% of GABAergic synaptosomes respectively and are localized presynaptically.
P2Y; Previous studies report that PC output is also influenced by postsynaptic purinergic receptors
Presynaptic located on both PCs and interneurones.

receptors; The high CaZ* permeability of the P2X receptor and the ability of ATP to influence intracellular
IPSC Ca?* levels via P2Y receptor-mediated intracellular pathways make ATP the ideal transmitter

for the multisite bidirectional modulation of the cerebellar cortical neuronal network.
© 2008 Published by Elsevier Ltd.

* Corresponding author. Tel.: +44 20 76793286; fax: +44 20 78130530.
E-mail address: f.a.edwards@ucl.ac.uk (F.A. Edwards).
' Present address: Department of Neurobiology, University of Alabama at Birmingham, Birmingham, AL, USA.

0143-4160/$ — see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.ceca.2008.03.006

Please cite this article in press as: R. Donato, et al., GABA release by basket cells onto Purkinje
cells, in rat cerebellar slices, is directly controlled by presynaptic purinergic receptors, modulating
Ca* influx, Cell Calcium (2008), doi:10.1016/j.ceca.2008.03.006



dx.doi.org/10.1016/j.ceca.2008.03.006
mailto:f.a.edwards@ucl.ac.uk
dx.doi.org/10.1016/j.ceca.2008.03.006

+Model

YCECA-993; No. of Pages 12
2 R. Donato et al.
Introduction rats [24], in agreement with the reported expression of P2X

The ATP-activated P2X receptor/channels (P2XRs) are
highly Ca?* permeable. Where purinergic synapses have
been recorded in the brain, the amplitude of currents
carried by ATP receptor/channels is small and thus it is
likely that it is the calcium influx, rather than the depolar-
ization caused by the influx of cations, which is important
in their function. This is reflected in the fact that the
location of P2XRs has often been found to be presynaptic
[1—3] regulating the release of neurotransmitters including
the inhibitory transmitter GABA [4—8]. Even where the
P2X receptors are found postsynaptically they are thought
primarily to regulate such functions as synaptic plasticity
because of their calcium permeability [9]. In contrast to
P2X receptors, P2Y receptors, including those in Purkinje
neurones [10], are usually involved in release of Ca?* from
endoplasmic reticulum rather than Ca?* influx. This P2Y-
mediated Ca?* release is activated by inositol trisphosphate,
via phospholipase C (see [11], for review). Thus, purinergic
transmission can in general be considered as a mechanism
for regulation of internal CaZ* concentration.

Over recent years purinergic and GABAergic transmis-
sion have been repeatedly shown to interact in different
brain areas. In some cases ATP and GABA act as co-
transmitters, both activating postsynaptic receptors [12].
More commonly however the purinergic receptors are presy-
naptic [13—15] and can regulate GABA release by altering
the background level of calcium in the axon terminal
[4-8].

As the entire output of the cerebellar cortex is car-
ried by the firing of Purkinje cells, any mechanism able to
modulate the firing pattern of Purkinje cells will influence
cerebellar function. Purkinje cells fire spontaneously, even
in the absence of glutamate input, and the pattern of firing
is very strongly influenced by high conductance, high fre-
quency GABAergic inputs [16]. At least under experimental
conditions, this inhibitory input is largely conveyed by two
types of inhibitory interneurones, the basket cells and the
stellate cells. We have recently demonstrated that, under
specific conditions which may prevail during motor activ-
ity, the GABA release from the Lugaro cell may also be very
important [17].

Considering the importance of GABA transmission in influ-
encing Purkinje cell firing and the many reports that the
cerebellum is rich in ATP (P2) receptors [18—21], the inter-
action between P2 receptors and GABAergic transmission
in the cerebellum is clearly of interest. Recently two dif-
ferent groups have approached this question. Saitow et al.
[22] reported a role for metabotropic P2Y receptors, demon-
strating both a short-term increase in the firing rate of
the afferent and a postsynaptic long-term potentiation of
GABAergic synaptic activity. In particular, they implicated
P2Y receptors in increasing action potential frequency in a
population of Lugaro cells but suggested that other GABAer-
gic interneurones may also be recruited. Another group not
only showed similar effects of P2Y1 receptors but also impli-
cated P2Y2 and P2Y4 receptors and P2X5 receptors on the
soma of basket and stellate cells [23]. The same group later
showed that the effects of ATP develop over the first post-
natal weeks with the full expression of receptors and effects
on release being functional by postnatal day 14 (P14) in

receptor in the cerebellum [25].

Thus, it is clear that, by the end of the second post-
natal week, purinergic receptors become important in the
control of Purkinje cell function by influencing the firing
patterns of interneurones. However, in other brain areas
P2 receptors have mostly been found on presynaptic ter-
minals, directly influencing release via Ca?* influx, rather
than being located somato-dendritically, controlling the fir-
ing of the presynaptic cell (reviewed in [8,13,14]. Thus,
in the present study, we specifically investigate the role
of P2 receptors on the axon terminals of GABAergic neu-
rones. We use patch-clamp techniques to record synaptic
currents in acute brain slices and show that purinergic
receptors can modulate GABA release bidirectionally at the
level of the GABAergic terminals. By combining pharma-
cological studies with an immunological characterization
of P2 receptors in sub-synaptic fractions and in GABAer-
gic cerebellar terminals, we find that P2X3-containing and
P2Y4 receptors are the most likely subtypes involved in the
facilitation and inhibition of GABA release, respectively.
We go on to investigate how such a complex distribution
of P2 receptor-mediated Ca** modulation, reported here
on axons and previously in the soma/dendritic compart-
ments, will affect the firing rates of individual Purkinje
cells.

Methods

Electrophysiology

Animals

Male Wistar rats (13—15 days old) were obtained from the
University College London animal facility and were killed by
decapitation under Home Office License.

Preparation of cerebellar slices

Sagittal cerebellar slices (400 wm thick) were prepared using
standard methods [26]. Briefly, the cerebellum was cut along
the midline through the vermis and glued on this surface
for slicing. Slices were maintained in bubbled Krebs solu-
tion at 34°C for 20—30min. They were then transferred,
within 30min of slicing, to a second chamber contain-
ing fresh bubbled Krebs solution at 34°C before being
allowed to cool to room temperature. All recordings were
made at room temperature (21—24°C) unless otherwise
stated.

Solutions. The bath solution (Krebs) contained (in mM):
125 NaCl, 2.4 KCl, 2 CaCl;, 1 MgCl;, 26 NaHCOs,
1.1 NaH,PO,4, 25 glucose, and was bubbled with 95%
0,—5% CO;. In all experiments, 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydro[f]quinoxaline-7-suphonamide (NBQX; 20 wM) and
7-chlorokynurenate (10 M) were also included in the
bath solution to inhibit ionotropic glutamate receptors.
The intracellular solution contained (in mM): 140 CsCl;
5 HEPES; 10 EGTA; 2 MgATP; and 2 CaCly; pH 7.4 with
CsOH.

NBQX was dissolved in DMSO at 500x its final concen-
tration. Aliquots of the concentrated NBQX were frozen at
—20°C and diluted into Krebs solution at the time of the
experiment. 7-chlorokynurenate was dissolved in NaOH at
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500x its final concentration (pH adjusted to 7.4). All other Immunohistochemistry

drugs were dissolved in distilled water, and concentrated

aliquots were similarly frozen. Animals

Recording synaptic currents

Thick-walled borosilicate glass electrodes (World Precision
Instruments, Hertfordshire, UK) were pulled to a tip resis-
tance of ~4MQ for recordings from Purkinje cells (PP-83
microelectrode puller; Narishige, Tokyo, Japan). Purkinje
cells were visually identified under infrared differential
interference contrast microscopy, using a CCD camera
(Hitachi, model KP-M1E/K) mounted on an upright micro-
scope (BX50WI; Olympus Optical, Tokyo, Japan). Whole-cell
voltage-clamp recordings were made from the somata of
Purkinje cells with an Axopatch 1D patch-clamp amplifier
(Axon Instruments, Foster City, USA), using standard meth-
ods [26]. The membrane potential was held at —70mV
resulting in inward Cl™ currents with the intracellular solu-
tion used. Pipette series resistance was typically 10—20 M.
Using a test pulse of —10mV, 50ms, the input resis-
tance, series resistance and capacitance were monitored
throughout. Series resistance and capacitance were not
compensated but the recording was abandoned if the series
resistance changed by more than 15%. The CsCl-based
intracellular solutions have negligible junction potentials
(approximately 1 mV).

Evoked synaptic currents. Synaptic currents were evoked
using minimal stimulation by applying bipolar rectangular
voltage pulses (100—200 s, 0.5Hz; Grass SD9 stimulator;
Astro-Med, West Warwick, USA). Stimulating electrodes
were pulled in the same way as recording electrodes
but filled with 1M NaCl. The tip of the stimulating elec-
trode was placed in the molecular layer approximately
100 wm away from the recorded PC and about 30—50 um
above the PC layer. The stimulating voltage increased
from zero until a synaptic current was observed that
had an all-or-none relationship to stimulus strength.
Currents were recorded from the amplifier at a band-
width of 10kHz (four pole Bessel) and usually sampled
on-line through a 2 kHz filter (eight pole Bessel; Frequency
Devices, Haverhill, USA) at a sampling frequency of 10kHz
with an Axon Digidata 1200 (Axon Instruments) using
the program WinWCP (kindly supplied by Dr. J. Demp-
ster, University of Strathclyde, Glasgow, UK; available at

http://www.strath.ac.uk/Departments/PhysPharm/ses.htm).

Note that for suramin experiments minimal stimulation was
not used for all cells. In these experiments stimulus strength
was set to obtain 5—10% failures in control recordings.
Miniature synaptic currents. Miniature currents were
recorded similarly to above but without stimulation.
Tetrodotoxin (1 wM) was included in the bath solution to
prevent sodium action potentials. Currents were recorded
continuously onto tape and WinEDR (supplied by John Demp-
ster as above) was used to detect the currents that remained
below a threshold of —5pA for at least 5ms, with a dead
time between consecutive events of 15ms. This results in
an effective detection threshold of —8 to —12 pA. Note that
as outlined previously, the miniature inhibitory synaptic cur-
rents in Purkinje cells are very large under these recording
conditions (so that the smallest detected miniature current
was 37 pA, giving a very high signal to noise ratio).

Male Wistar rats (16—18 days old) were obtained from Harlan
Ibérica (Barcelona, Spain) and were handled according with
the EU guidelines for use of experimental animals, the rats
being anesthetized under halothane before being sacrificed
by decapitation.

Sub-synaptic distribution of P2 receptors in the rat
cerebellum

The solubilization of non-active zone, presynaptic active
zone and postsynaptic fractions from rat cerebellar synap-
tosomes was performed according to the method previously
described [27], with minor modifications [28]. Briefly, the
cerebella from 8 male Wistar rats were homogenized at
4°C with a Teflon—glass homogenizer in 15ml of isolation
solution (0.32 M sucrose, 0.1 mM CaCl;, 1 mM MgCl;, 0.1 mM
phenylmethylsulfonyl fluoride, PMSF). The concentration of
sucrose was raised to 1.25M by addition of 75 ml of sucrose
(2.0M) and 30ml of CaCl, (0.1mM) and the suspension
divided into 10 ultracentrifuge tubes. The homogenate was
overlaid with 8 ml of sucrose (1.0M), 0.1mM CaCl,, and
with 5ml of homogenization solution and centrifuged at
100,000 x g for 3h at 4°C. Synaptosomes were collected
at the 1.25/1.0M sucrose interface, diluted 1:10 in cold
0.32 M sucrose with 0.1 mM CaCl, and pelleted (15,000 x g;
30min; 4°C). Pellets were resuspended in 1ml of 0.32M
sucrose with 0.1 mM CacCl; and a small sample taken for gel
electrophoresis. The synaptosomes were then solubilized to
obtain the sub-synaptic fractions, as previously described
[27,28]. Briefly, the synaptosomal suspension was diluted
1:10 in cold 0.1 mM CaCl; and an equal volume of 2X sol-
ubilization buffer (2% Triton X-100, 40 mM Tris, pH 6.0) was
added to the suspension. The membranes were incubated
for 30 min on ice with mild agitation and the insoluble mate-
rial (synaptic junctions) pelleted (40,000 x g; 30 min; 4°C).
The supernatant (extrasynaptic fraction) was decanted and
proteins precipitated with 6 volumes of acetone at 20°C
and recovered by centrifugation (18,000 x g; 30 min; 15°C).
The synaptic junctions pellet was washed in pH 6.0 solu-
bilization buffer, resuspended in 10ml of 1% Triton X-100
and 20mM Tris, pH 8.0, incubated for 30min on ice with
mild agitation, centrifuged (40,000 x g; 30 min; 4°C) and the
supernatant (presynaptic fraction) processed as above. PMSF
(1 mM) was added to the suspension in all extraction steps.
The pellets from the supernatants and the final insoluble
pellet (postsynaptic fraction) were solubilized in 5% sodium
dodecyl sulfate (SDS), the protein concentration determined
by the bicinchoninic acid protein assay and the samples
were added to a 1/6 volume of 6x SDS-polyacrylamide
gel electrophoresis (PAGE) sample buffer prior to freezing
at 20°C.

Western blot analysis was carried out as previously
described [28] using 30—80pug of each protein fraction,
obtained as described above, which were loaded onto 7.5%
SDS-PAGE gel and then transferred onto polyvinylidene diflu-
oride (PVDF) membranes. Membranes were blocked for 1h
at room temperature in 5% low-fat milk in Tris buffered
saline medium with 0.1% Tween 20 (Sigma). The mem-
branes were probed with primary antibodies raised against
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P2X1 (1:500), P2X2 (1:500), P2X3 (1:200), P2X4 (1:500),
P2X5 (1:200), P2X6 (1:200), P2X7 (1:15,000), P2Y1 (1:200),
P2Y2 (1:500), P2Y4 (1:500), P2Y6 (1:200) or P2Y11 (1:500),
applied overnight at 4°C. The detection was performed
using alkaline phosphatase conjugated secondary antibod-
ies goat anti-rabbit 1gG (Amersham Pharmacia Biotech,
Little Chalfont Buckinghamshire, UK; 1:20,000) or rab-
bit anti-goat IgG (Santa Cruz Biotechnology, Santa Cruz,
California, USA; 1:5,000). Immunoblots were visualized
using Amersham’s ECF detection reagent and quanti-
fied using a VersaDoc3000 quantitative digitiser (Biorad).
Note that the specificity of all antibodies has previously
been tested and the appropriate conditions established
[28].

Localization of P2 receptors immunoreactivity in
GABAergic nerve terminals of the rat cerebellum

For immunochemical analysis, cerebellar synaptosomes
were obtained through a discontinuous Percoll gradient, fol-
lowing the procedure described by Diaz-Hérnandez et al.,
[29], with minor modifications [28]. The cerebella were
homogenized in a medium containing 0.25M sucrose and
5mM TES (pH 7.4). The homogenate was spun for 3 min,
2000 x g at 4°C and the supernatant spun again at 9500 x g
for 13min. The pellets were then resuspended in 8 ml of
0.25M sucrose and 5mM TES (pH 7.4). Then, 2ml of this
synaptosomal suspension were placed onto 3ml of Per-
coll discontinuous gradients containing 0.32 M sucrose, 1 mM
EDTA, 0.25mM dithiothreitol and 3, 10 or 23% Percoll, pH
7.4. The gradients were centrifuged at 25,000 x g for 11 min
at 4°C. Synaptosomes were collected between the 10% and
23% Percoll bands and diluted in 15ml of HEPES buffered
medium (140mM NaCl, 5mM KCl, 5mM NaHCO;, 1.2mM
NaH,PO,4, 1 mM MgCl;, 10 mM glucose, and 10 mM HEPES, pH
7.4). After centrifugation at 22,000 x g for 11 min at 4°C,
the synaptosomal pellet was removed.

Rat cerebellar synaptosomes were placed on cover-
slips previously coated with poly-L-lysine, fixed with 4%
paraformaldehyde for 15min and washed twice with PBS
medium (140 mM NaCl, 3mM KCl, 20mM NaH,PO4, 15mM
KH,PO4, pH 7.4). A permeabilization step was performed in
PBS containing 0.2% Triton X-100 for 10 min and then the
synaptosomes were incubated in PBS medium containing
3% bovine serum albumin (BSA) and 5% normal rat serum
for 1h. The synaptosomes were then washed twice with
PBS medium and incubated with primary antibodies raised
against P2X1 (1:500), P2X2 (1:500), P2X3 (1:400), P2X4
(1:500), P2X5 (1:400), P2X6 (1:400), P2X7 (1:15,000), P2Y1
(1:400), P2Y2 (1:500), P2Y4 (1:500), P2Y6 (1:400) or P2Y11
(1:500) together with guinea-pig anti-vGAT (1:1000) and
mouse anti-synaptophysin for 1 h at room temperature. The
synaptosomes were then washed three times with PBS with
3% BSA and were incubated for 1 h at room temperature with
AlexaFluor-488 (green) labelled donkey anti-goat or chicken
anti-rabbit IgG antibodies and AlexaFluor-598 (red) labelled
goat anti-guinea pig and AlexaFluor-350 (blue) labelled goat
anti-mouse (1:200 for all). After washing and mounting on
slides with Prolong Antifade (Molecular Probes), the prepa-
rations were visualized in a Zeiss Axiovert 200 (Germany)
inverted microscope equipped with a cooled CCD camera
and analyzed with MetaFluor 4.0 software.

Antibodies

The primary antibodies against P2X1, P2X2, P2X4, P2X7,
P2Y2, P2Y4 were from Alomone labs (Israel), against P2X3,
P2X5, P2X6, P2Y1, P2Y6 were from Santa Cruz biotechnology
(Santa Cruz, USA), against P2Y11 was from Zymed (Lisboa,
Portugal), the antibody against VGAT was from Calbiochem
(Darmstadt, Germany) and the antibody against synapto-
physin was from Sigma (Sintra, Portugal).

Statistics

Results are presented as mean +S.E.M. and statistical dif-
ferences between means were considered significant if the
probability of chance occurrence was <0.05 using the Stu-
dent’s t-test.

Results

Endogenous ATP inhibits the release of GABA from
basket cells and possibly stellate cells through P2
receptor activation

Membrane currents were recorded in Purkinje cells using
whole-cell patch-clamp techniques in parasagittal cerebella
slices in the presence of glutamate receptor antagonists
(NBQX, 20 uM and 7Cl-kynurenate, 10 wM). GABA, receptor-
mediated inhibitory synaptic currents (IPSCs) were evoked
extracellularly using standard methods for stimulating the
axons of the common cerebellar interneurone, the basket
cell (Fig. 1A as outlined in ‘Methods’). The evoked cur-
rents and the background spontaneous activity could be
completely and reversibly blocked by addition of the GABA,
receptor antagonist SR95531 (6 .M, Fig. 1B).

When the broad spectrum antagonist of P2 receptors,
PPADS (30 M), was added to the bath solution, the mean
amplitude of the minimal evoked IPSCs was reversibly
reduced by about 25% (p <0.05; Fig. 1Cii and D). The propor-
tion of stimuli that resulted in a failure to record a synaptic
current was significantly increased (p < 0.05; Fig. 1Ci and E).
The increase in failures strongly suggests that the inhibi-
tion caused by P2 receptor antagonists is largely due to a
presynaptic inhibition of release of GABA, rather than an
effect on the postsynaptic GABA, receptors. Similar effects
were seen with another broad spectrum P2 receptor antag-
onist suramin (12 uM; n=8; amplitude decreased to 39 +7%
p<0.01; failures increased from 6% to 23%, p<0.05. Note
that as outlined in ‘Methods’ the suramin stimulation was
not minimal and hence the failure rate was lower than
seen in the minimal stimulation experiments for PPADS
application.). In order to confirm that the tonic P2 receptor-
mediated facilitation of GABAergic transmission was directly
exerted at the presynaptic level by controlling the vesic-
ular release of GABA, we went on to observe the effect
of blocking P2 receptors on miniature inhibitory synaptic
currents.

In the presence of tetrodotoxin (1 uM) and glutamate
antagonists, as above, Purkinje cells still feature a high
frequency of large synaptic currents, which were com-
pletely blocked by GABA, receptor antagonists (Fig. 2A).
In the presence of PPADS (30 uM), the frequency of these
miniature synaptic currents decreased by approximately
30% (Fig. 2B and C) with a smaller (14%) but significant
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Figure 1  Evoked GABA currents in the cerebellar cortex are blocked by GABA, receptor antagonist, SR95531 and partially inhibited
by the non-selective P2 antagonist, PPADS. (A) Typical evoked GABAergic currents in the cerebellar cortex. Evoked currents are
lined up by the stimulus artifact at the beginning of each trace. Spontaneously occurring currents can also be observed occurring
randomly between stimuli. The darker trace is the average of 6 evoked currents. (B) The effect of bath application of SR95531 (6 uM)
on peak amplitudes over time of evoked GABAergic synaptic currents in a typical cell. The bar above represents the time course of
drug application. This and all experiments were carried out in the presence of antagonists of ionotropic glutamate receptors (see
‘Methods’). (C) The effect of bath application of PPADS (30 wM, 5min) on peak amplitudes over time of evoked GABAergic synaptic
currents in a typical cell. The striped bar above represents the time course of PPADS application. (Ci) Only currents <50 pA in order
to emphasize the clear gap between failures and currents (grey bar). (Cii) The same data as shown in Ci but with the full amplitude
range. Note that not only do amplitudes appear smaller but the density of failures is increased. Inset: Averaged evoked currents
before and after application of PPADS. Scale bar 50 pA, 50 ms. (D) Summary of mean GABAergic-evoked current amplitudes before,
during application and after washout of PPADS. (E) Summary of failure rates before, during application and after washout of PPADS.

change in amplitude (Fig. 2D). Both effects reversed on small changes in amplitude. Thus, it is possible to con-
washing back to control solution. This confirms the presy- clude that the blockade of P2 receptors by PPADS results
naptic effect of PPADS but suggests that there may also in inhibition of the release of GABA. This is most likely
be a small postsynaptic contribution. However, as the due to blockade of presynaptic P2 receptors activated by
study is largely concentrating on presynaptic effects, 10 mM endogenous nucleotides, which tonically enhance GABAergic
EGTA is included in the intracellular solution, which would transmission, mainly by increasing release of GABA. Some
largely prevent any Ca**-dependent postsynaptic effects. It postsynaptic effects of tonic nucleotide release may also
is possible that the small effect seen reflects a calcium- be present.

independent effect or a Ca**-dependent effect due to influx

through a P2X receptor which was too fast to be buffered

by EGTA. We did not however pursue this effect further =~ P2X1- or P2X3-containing receptors control GABA
in this study. Note that there was no measurable change release

in input resistance (Fig. 2E). However, as Purkinje cells

have a very extensive dendritic tree, even at P14, it is As PPADS and suramin block most P2X and P2Y receptors
likely that small local changes in the dendrites, which except for P2X4 and P2X6, we investigated the effects
might affect the cable properties of the cell, would not of some of the more subtype-specific compounds. One of
be detectable at the soma. As the amplitude of the minia- the few compounds which are specific for P2X receptors
ture synaptic currents in Purkinje cells, with or without over P2Y receptors is a,B-methylene ATP which is an ago-
PPADS, is well above threshold for detection, the detected nist selective for P2X1 and P2X3 containing receptors [30].
frequency of synaptic currents would not be affected by These receptors desensitise rapidly and for long periods and
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Figure 2 Effect of the broad spectrum P2 receptor antagonist PPADS (30 wM) on miniature GABAergic synaptic currents. (A)

Miniature currents (in TTX 1 uM, NBQX, 20 uM and 7-Cl kynurenate 5 uM) were completely blocked in the presence of SR95531
(6 M) confirming them to be GABAergic. (B) Raw data showing inhibition of both amplitude and frequency of GABAergic miniature
currents in the presence of PPADS. (C—E) Summary of pooled data showing the effects of PPADS on C, frequency and D, amplitude

of miniature synaptic currents and E, the lack of effect on PC input resistance.

hence addition of «,B-methylene ATP to the bath solution
will effectively inactivate such receptors and so would be
expected to have a similar effect to an antagonist. Under
the present conditions, «,B-methylene ATP (20 uM) has a
similar effect to PPADS. Although the apparent decrease in
amplitude (~30%) did not reach significance, the trend was
in the same direction and the failure rate of evoked IPSCs
was significantly increased (p<0.01; Fig. 3A), suggesting a
presynaptic role for P2X1 or 3 containing receptors. Note
that, in contrast to PPADS (which competitively blocks P2
receptors, allowing reversal of the effect on washout), the
desensitization of P2X1/3 receptors by «,B-methylene ATP
is long-lasting and does not allow the reversal of the effect
on washout.

P2Y receptors may also influence GABA release

MRS2179 is a selective antagonist of P2Y1 receptors [31].
Addition of MRS2179 (1 or 10 wM) has no measurable effect
on evoked IPSCs under the same conditions as above
(Fig. 3C). Similarly UDP (30 wM), which is an agonist of
P2Y6 receptors, has no effect (Fig. 3D). In contrast, UTP
(30 wM), which is an agonist of P2Y4 and P2Y2 receptors,
increases the failure rate significantly (p<0.05) without
causing a significant change in the amplitude of the post-
synaptic currents (p>0.05; Fig. 3B). As the metabotropic
P2Y receptors are not expected to desensitise to any sub-
stantial extent under these conditions, this inhibitory effect
of UTP suggests that activation of P2Y receptors inhibits

GABA release thus having the opposite effect to activation
of P2X receptors. Overall however the effect of endoge-
nously released ATP seems to be P2X-mediated facilitation
as revealed by blocking both receptor types. Moreover as
this effect is clearly not chronically desensitized it must
relate to rapidly released and removed ATP rather than
ATP which is permanently present within the extracellular
environment.

Identification of the P2 receptors located in the
active zone of cerebellar nerve terminals

All the above evidence strongly suggests that both P2X and
P2Y receptors should be present in or near to the presy-
naptic active zone of GABAergic nerve terminals in the
cerebellar cortex. We thus attempted to verify their presy-
naptic location using a recently described technique that
allows the separation of fractions enriched for presynaptic
active zone proteins, postsynaptic proteins and presynap-
tic proteins from outside the active zone (extra-synaptic
fraction) obtained from solubilized nerve terminals [27].
As previously validated for other brain areas [28], we con-
firmed that this separation in the cerebellum was over
90% effective as gauged by Western blot analysis of syn-
taxin (presynaptic active zone marker), PSD95 (postsynaptic
active zone marker) and synaptophysin (presynaptic termi-
nal marker not associated with the active zone) (Fig. 4A).
When immunoreactivity was tested with a variety of
antibodies to different P2 subunits, previously validated as
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Effect of selective antagonists and agonists of P2 receptors on evoked GABAergic synaptic currents. The left column

summarizes the effects on amplitude (normalized to control) and the right column shows the effect on failures of (A) «,3-methylene
ATP, the desensitizing agonist of P2X1 or P2X3 containing receptors; (B) UTP, P2Y4 (and in some cases P2Y2) receptor agonist; (C)
MRS2179, the P2Y1 receptor antagonist and (D) UDP, the P2Yé receptor agonist.

selective for each of the different P2 receptor subtypes [28],
a differential staining was observed in the different frac-
tions for each of the tested P2 receptors. As illustrated in
Fig. 4B, it is clear that the most abundant P2X receptors in
the presynaptic active zone are P2X2 and P2X3 receptors.
Both these receptors also occur postsynaptically but less
abundantly (proportion of total immunoreactivity occurring
presynaptically: P2X2, 58.1 +1.2%, n=3; P2X3, 55.6 + 1.5%,
n=3). P2X5 and P2X6 receptors, although less abundant than
P2X2 and 3 are also more abundant pre than postsynapti-
cally (P2X5, 59.1 4 1.8% presynaptic, n=3; P2X6 receptors,
96.6 +1.1%, n=3)). As for P2Y receptors, only P2Y4 and P2Y6
are present to a significant extent in the presynaptic active
zone (37.3+1.6% and 52.1+2.1% of the total immunore-
activity, respectively, n=3), with P2Y1, P2Y2 and P2Y4
antibodies predominantly labelling the postsynaptic fraction
(Fig. 4B).

Identification of the P2 receptors located in
GABAergic terminals of the cerebellum

Since the fractionation procedure used above does not allow
the purification of only the sub-synaptic fractions from
GABAergic terminals, we undertook a complementary dou-
ble immunocytochemistry study in single nerve terminals
aimed to identify the P2X and P2Y receptors located in
particular in cerebellar GABAergic synaptosomes. Thus, we
quantified to what extent the immunoreactivity of the dif-
ferent P2 receptors was co-localized with vesicular GABA
transporters (VGAT) immunoreactivity, a label for GABAer-
gic nerve terminal (see Fig. 5). As presented in Fig. 5B, all
subtypes of the P2 receptors tested appear to be present
on some GABAergic synaptosomes, but the P2X receptor
subunits located in the greatest proportion of GABAer-
gic terminals were P2X3, P2X5 and P2X6. As for the P2Y
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receptors, more than 70% of GABAergic synaptosomes were
positive for P2Y1 receptors with P2Y4 and P2Y6 appearing in
around 50%.

Note that synaptosomes such as those used here will
contain both the terminal and the postsynaptic density.
Comparing this double immunocytochemistry data with
the data obtained in the sub-synaptic fractionation of
the presynaptic active zone, it seems that the P2X3
and P2Y4 receptors implicated in the electrophysiologi-
cal experiments are both abundantly located in GABAergic
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Figure 4  Sub-synaptic distribution of P2X and P2Y receptors

in the cerebellum. (A) Selective antibodies for each P2X and
P2Y receptor were tested by Western blot analysis in a fraction
enriched in the presynaptic active zone (pre), in the postsy-
naptic density (post), in nerve terminals outside the active
zone (extra) and in the initial synaptosomal fraction (syn) from
which fractionation began. These fractions were over 90% pure,
as illustrated by the ability to recover the immunoreactivity
for SNAP25 in the presynaptic active zone fraction, PSD95 in
the postsynaptic density fraction and synaptophysin (a protein
located in synaptic vesicles) in the extrasynaptic fraction. (B)
Western blots of these fractions evaluating the sub-synaptic dis-
tribution of the immunoreactivity of the antibodies selective for
each P2X subunit and each P2Y receptor tested (20—80 pg of
protein of each fraction were applied to SDS-PAGE gels). Each
blot is representative of at least 3 blots from different groups of
animals with similar results. For each fractionation procedure,
Western blot analysis for the markers of each fraction was per-
formed as illustrated in (A), in order to assess the efficiency of
each fractionation.
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Figure 5 Identification of P2X and P2Y receptors present in

GABAergic boutons by triple immunocytochemical analysis of
rat cerebellar single nerve terminals. (A) An example of the
immunocytochemical identification of P2X3 receptors subunit
(left panel, first row), GABAergic nerve terminals identified as
immunopositive for vesicular GABA transporters (central panel,
first row), and the total synaptosomal population identified as
immunopositive for the synaptic marker synaptophysin (right
panel, first row). The proportion of GABAergic terminals was
measured after merging vGAT, and synaptophysin (syn) images
(right panel, second row) comprised 54.2 +3.1% (n=4). Merg-
ing images of VGAT and P2 antibody labelling (left panel, second
row) allowed the percentage of rat cerebellar GABAergic nerve
terminals endowed with each P2X subunit and P2Y receptor to
be identified. (B) Summary of all the proportion of GABAergic
terminals found to be positive for each of the subunits tested.
The data are mean +S.E.M. of 3—4 experiments and in each
experiment, using different synaptosomal preparation from dif-
ferent animals, four different fields acquired from two different
coverslips were analyzed.

synaptosomes and are preferentially located in the presy-
naptic active zone.

The firing patterns of Purkinje cells

It thus seems clear that activation of different presynap-
tic purinergic receptors by background ATP causes a basal
increase in GABA release (seen as inhibition of release
when both receptors are blocked by PPADS). However, is
this effect on GABA release important in terms of the out-
put of the cerebellum? In the light of the many sites and
types of action of P2 receptors in this circuitry, it is not
possible in these experiments to test the role of any par-
ticular site of purinergic modulation on the end effect
of Purkinje cell firing. However, we have observed that,
under the basal conditions of slice physiology, presynap-
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125+ directly [22]. In the present study, we focused on presynap-
;"" ‘//’A tic P2X receptors and demonstrate that P2X receptors can
3 100+ control GABA release directly at the level of the boutons
§ impinging on Purkinje cells. Although we have not directly
T 754 identified the interneurones stimulated, it is unlikely that
ﬁ the Lugaro cells substantially contribute to our results. We
§ 50d have previously studied Lugaro cells under these conditions
= [17] and have established that the placement of the stim-
IS ulating electrode in the present study would be unlikely to
% <0 >— — v activate a Lugaro cell. Instead, we would certainly activate

Control PPADS Wash

Figure 6  Effect of bath application of PPADS on Purkinje cell
firing. A scatter plot of data from cell-attached recordings from
individual cells shows that bath application of PPADS (30 uM,
34°C) caused a range of effects on instantaneous firing rates
(black symbols). There was however no mean change across the
cells tested (red symbols, mean +S.E., n=12). (For interpreta-
tion of the references to color in this figure legend, the reader
is referred to the web version of the article.)

tic P2X receptors dominate over P2Y receptors in terms
of GABA release from basket cells. We thus investigated
whether any one of the many observed effects of ATP-
mediated receptor modulation dominates in the end effect
of the firing of Purkinje cells. To this end we observed the
effect of blocking all PPADS-sensitive receptors in the net-
work by recording the spontaneous rate of firing of action
potential in Purkinje cells in cell-attached mode and mea-
suring the effect of PPADS on their spontaneous firing rates
both at room temperature (data not shown) and at 34°C
(Fig. 6). While small significant increases or decreases were
seen in individual neurones, on average PPADS had no sig-
nificant effect on firing rate either under conditions of
tonic or bursting activity. A small but significant inhibitory
effect on Purkinje cell firing (10% decrease, n=10, p<0.05)
at approximately physiological temperatures (34°C) was
observed but only in the presence of glutamate antago-
nists.

Discussion

The primary finding in this paper is the demonstration of
direct bidirectional presynaptic modulation by P2 receptors
of GABA release onto Purkinje cells in cerebellar slices.
Activation of P2X receptors (probably P2X;-containing)
facilitates GABA release from basket cells and possibly
stellate cells while activation of P2Y, receptors inhibits
it.

The present data add to the previous observations that
activation of P2 receptors increases the firing of all classes
of cerebellar interneurones [22,23]. Brockhaus et al. also
showed that the P2X receptors enhanced the GABAergic
transmission in cerebellar slices [23]. However, rather than
direct modulation of GABA release, they reported that acti-
vation of P2X receptors enhances the firing rate of GABAergic
neurons. On the other hand, Saitow et al. [22] specifically
patched the Lugaro cell showing that a P2Y receptor agonist
caused firing of this particular type of interneurone with-
out affecting the vesicular release of GABA from these cells

basket cells and it is possible that stellate cells are also
in some cases in range. Furthermore, our observations on
acute and reversible effects of P2 receptor activation on
GABAergic transmission are likely to be complimentary to
the observation of Saitow et al. who found long-term plas-
tic changes operated by P2Y1 receptors [22]. While we were
unable to detect any effect of the P2Y1 receptor antagonist
MRS2179, these results are not incompatible as our condi-
tions were different to those of Saitow et al. They detected
this effect in response to a P2Y agonist and showed it to
be prevented by the P2Y1 receptor antagonist. In fact it
would not be possible to detect such a long-term change
without application of an agonist, as the antagonist would
have to be present at the time of receptor activation. If
long-term potentiation had already occurred as a result of
endogenous ATP, application of the antagonist would not be
expected to reverse it. Moreover by including 10 mM EGTA
in all our intracellular solutions we have specifically pre-
vented most Ca?*-dependent postsynaptic effects. Thus, the
effects on GABA release observed here are probably addi-
tional to the various other interactions of P2 receptors with
the GABAergic neurones previously reported in the cerebel-
lum.

One of the novel findings of our study is the presence
of a dual and opposite modulation via P2 receptors of
GABAergic transmission. In fact, our results indicate the
presence of a tonic facilitation operated by P2X receptors,
together with an inhibitory effect resulting from P2Y recep-
tor activation which is uncovered when a P2Y agonist is
added to the bath. Furthermore we have confirmed that
both P2X and P2Y receptors are present in the presynaptic
active zone and in GABAergic terminals of the cerebel-
lum, as evaluated by immunocytochemistry and Western
blot analysis. This provides the first demonstration in the
cerebellum of the simultaneous presence of both P2X and
P2Y receptors with opposing effects on the same pathway
(transmitter release), as was previously shown to occur in
glutamatergic synapses of the rat medial habenula nucleus
[32] and in glutamatergic terminals of the rat hippocam-
pus [28]. Interestingly, we found that dominant effect of
tonic endogenous P2 receptors activation (presumably by
constantly released ATP) was enhancement of GABA release
via the P2X receptor. In fact, the generic P2 receptor antag-
onists, PPADS or suramin, caused an inhibitory effect similar
in amplitude to that caused by the selective desensitization
of P2X3-containing receptors with «,B-methylene ATP. This
suggests that P2Y receptors have little if any influence under
these conditions. Indeed, previous studies in hippocampal
synapses [28], as well as in the noradrenergic varicosities
of the vas deferens [33], also showed a prevalence of P2X
receptor-mediated facilitation over P2Y receptor-mediated
inhibition of neurotransmitter release with increasing lev-
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els of adenine nucleotides. Considering that P2X receptors
have a lower affinity for ATP than P2Y receptors, this may
suggest a specific localization of the two receptor sub-
types compared to the release site of ATP. However, such
separation may not be necessary. Ca?* influx is the final
rate-limiting step in synaptic transmission and thus decreas-
ing the importance of the voltage-gated Ca?* channels by
allowing Ca?* influx via P2X receptors may bypass any intra-
cellularly mediated effects of P2Y receptors on transmitter
release.

One key issue which would be of interest in future studies
is the source of the endogenous ATP which is tonically acti-
vating the P2X receptors in cerebellar GABAergic synapses.
ATP can be vesicularly co-released with different neuro-
transmitters (see [13]), especially with GABA [12,34]. This
would be expected to yield high transient concentrations in
the synaptic cleft that are likely to reach levels sufficient
to activate the lower affinity P2X receptors. Indeed, the
release of ATP from cerebellar nerve terminals was shown to
be greater than other tested brain areas [35]. Alternatively,
ATP can be released from astrocytes (reviewed in [36,37])
resulting in volume transmission which is expected to lead to
lower concentrations of ATP in synapses that might activate
the higher affinity P2Y receptors selectively [38]. Interest-
ingly, in slice studies focusing on circuit modulation, it is
mostly observed that astrocytic-derived ATP is involved in
heterosynaptic depression [39—41].

The combination of functional pharmacology with bio-
chemistry and histochemical immunology allowed us to
suggest a molecular characterization of the P2 receptors
involved in this dual inhibition and facilitation of GABA
release from cerebellar synapses. In agreement with pre-
vious studies, we confirmed the importance and functional
relevance of the P2X3 receptor subunit [21,42]. We were
specifically able to confirm the presence of P2X3 receptors
in GABAergic terminals. Moreover, considering their preva-
lence, we suggest that P2X5 and P2X6 subunits may form
heteromers with P2X3 receptors. The isolation of GABAer-
gic terminals was important here as they take up only about
2% of total volume in brain tissue (see e.g. [43,44]) which
make this compartment difficult to evaluate histologically
using slice tissue. This is probably the reason for the inabil-
ity in some studies to detect the presence of P2X3 receptors
in the cerebellum [25]. Note that alone the immunohisto-
chemical experiments cannot be very conclusive because
there are many types of GABAergic neurones in the cerebel-
lar cortex and indeed the basket cell terminals onto Purkinje
cells may not be the most abundant of these. However,
these data agree closely with the pharmacology results and
thus further support the conclusions of this section of the
study.

With respect to the P2Y receptors located in GABAer-
gic terminals in the cerebellum, we mostly detected the
presence of P2Y4 and P2Y6, although the pharmacological
studies only revealed a role of the former in GABA release.
Interestingly, the sub-synaptic fractionation revealed that
all subtypes of P2Y receptors were most abundant in the
postsynaptic density. This is compatible with our report of
a small but significant effect of PPADS on miniature current
amplitude and that of Saitow et al. on postsynaptic effects
of P2Y1 receptors in Purkinje cells [22]. It is also compat-
ible with previous reports of the localization of abundant

P2Y receptors in cerebellar neurons of the molecular layer
[45—47]. However, we did not follow up this result further as
we were primarily interested in presynaptic effects. In this
respect, it is should be noted that others have also provided
evidence for functional P2X receptors in neonatal Purkinje
cells (e.g. [25,48]).

Taking together the results of the present study and past
reports, it is clear that a wide variety of different P2 recep-
tors are involved in the control of transmission in different
loci in neuronal network which makes up the cerebellar
cortex. ATP, which largely acts by controlling Ca?* influx
into presynaptic terminals and postsynaptic compartments
is thus an ideal transmitter to exert subtle control on all lev-
els of the circuit. Even if we restrict our considerations to
the inhibitory neurones, it seems that purinergic receptors
control GABAergic transmission onto Purkinje cells at several
different levels. Thus, depending on where it is released ATP
will cause both a change in the firing patterns of different
interneurones and in the case of basket cells a change at
the level of the presynaptic terminal. The various roles of
purinergic transmission in controlling Purkinje cell function
are summarized in Fig. 7.

The question arises as to what the end effect of these
complex interactions will be on Purkinje cell firing. In the
brain slice the circuitry is limited and clearly the control
of all the individual elements under conditions of motor
activity cannot be tested. However, in an attempt to assess
whether any purinergic locus dominated, the effect on PC
firing of a wide ranging block of P2 receptors was observed.
This blanket block of purinergic receptors resulted in minor
increases or decreases in individual neurones but no mean
population effect on the rate of Purkinje cell firing, unless
the circuit was further limited by blocking glutamatergic
transmission. Such a non-specific block of most purinergic
receptors in the slice is however clearly not physiological
and may have very different effects from what would be
observed if the different parts of the network could be mod-
ulated separately. Moreover background ATP levels and the
control of ATP release may vary greatly in different parts of
the network. Overall the lack of effect of a blanket block
suggests that, under basal conditions seen in the slice, no
specific effect dominates but rather the different purinergic
effects act in balance to prevent changes in firing of Purkinje
cells. It may be that only under conditions of motor activity
or other factors which change the balance of firing would it
be possible to detect specific effects of one or other site of
purinergic activity.

In conclusion, the present study provides the first demon-
stration of opposite effects of presynaptic P2X and P2Y
receptors on GABA release from interneurones adding to
previous observations of the role of nucleotides, act-
ing at different levels, on GABAergic transmission in the
cerebellum. These sites of purinergic modulation may be
individually controlled physiologically with ATP being deliv-
ered locally from different sources under specific conditions
of motor control. However, the fact that both the firing
of interneurones and release from their terminals, as well
as postsynaptic GABA receptor function are controlled by
endogenous ATP via P2X and P2Y receptors, strongly sug-
gests that interactions of the purinergic and GABAergic
systems may be able to control cerebellar output to a very
refined level. With P2Y receptors controlling intracellular
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Figure 7 Loci of purinergic modulation of GABAergic
transmission in the cerebellar cortex. (A) Adapted from
Ramon y Cajal to show the anatomical relationship between
the main GABAergic neurons in the cerebellar cortex.
(B) Schematic version of above summarizing the loci
of P2 receptor modulation with reference to previous
publications. Thus, even if restricting analysis to the
GABAergic circuitry P2 receptors have been shown to:

(i) Increase the firing of stellate and basket cells (P2X5; P2Y2;
P2Y4).
(ii) Increase firing of Lugaro cells (P2Y1).
(iii) Increase conductance of postsynaptic GABA receptors on
Purkinje cells (P2Y1).
(iv) Either increase (P2X3) or decrease GABA release from bas-
ket cell terminals (P2Y4).

Thus, the end effect on the firing rate of a particular Purkinje
cell will depend on the ATP release at particular locations and,
if the number of ATP receptors can be modulated, the history of
the circuit. This suggests a complex role for purinergic receptors
in modulating Purkinje cell output. Numbers in square brackets
on the figure refer to references in list.

Ca’ pathways at lower ATP concentrations and P2X recep-
tors dominating at higher concentrations via control of Ca%*
influx, the network would be well adapted for fine control
of Purkinje cell function under different conditions. Specifi-
cally the present study demonstrates, for the first time, the
importance of P2X3-containing receptors and P2Y4 recep-
tors on the terminals of basket cells in controlling GABA
release.
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