
The midbrain periaqueductal grey (PAG) plays a pivotal role
in integrating the analgesic and cardiovascular responses of
an animal to threat, stress or pain (Bandler & Shipley, 1994).
The PAG contains a moderate density of AÔ adenosine
receptors and adenosine uptake sites (Glass et al. 1996).
While the functional effects of adenosine in the PAG are
unknown, centrally administered adenosine receptor agonists
produce analgesia (for review see Sawynok & Sweeney,
1989) and modulate cardiovascular responses (Barraco et al.
1986). The PAG is also an important site for acute opioid
actions (Yaksh et al. 1976) and the expression of some signs
of opioid withdrawal (for review see Christie et al. 1997).
Extracellular adenosine concentrations are also increased in
several brain regions during opioid withdrawal (Bonci &
Williams, 1996; Chieng &Williams, 1998).

Adenosine inhibits synaptic transmission in the central
nervous system (Phillis et al. 1975; Uchimura & North,
1991). We have recently reported that ì_opioid, GABAB

and ORLÔ receptor activation inhibits GABAergic and
glutamatergic synaptic transmission in the PAG (Vaughan
& Christie, 1997; Vaughan et al. 1997a,b). However, the

effects of adenosine on synaptic transmission in the PAG are
unknown. In the present study, the actions of adenosine on
GABAergic and glutamatergic synaptic transmission were
characterized in rat PAG using the thin slice patch-clamp
technique.

METHODS

Sprague—Dawley rats, 12—30 days old, were anaesthetized with
halothane, killed by cervical dislocation and their brains quickly
removed and immersed in ice-cold extracellular solution containing
(mÒ): NaCl, 126; KCl, 2·5; NaHµPOÚ, 1·4; MgClµ, 1·2; CaClµ, 2·4;
glucose, 11; and NaHCO×, 25; equilibrated with 95% Oµ :5% COµ.
A vibratome was used to prepare coronal midbrain slices
(250—300 ìm thickness) containing the PAG, which were placed in
a holding chamber containing extracellular solution maintained at
34°C.

Brain slices were placed in a recording chamber (1·5 ml volume)
mounted on the stage of an upright microscope (Olympus BH_2
with a fixed-stage modification) and viewed using a water immersion
objective (Zeiss, ²40). Slices were continuously superfused
(2 ml min¢) with extracellular solution (34°C). Neurons located in
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1. The actions of selective adenosine AÔ and Aµ receptor agonists were examined on synaptic
currents in periaqueductal grey (PAG) neurons using patch-clamp recordings in brain slices.

2. The AÔ receptor agonist 2-chloro-N-cyclopentyladenosine (CCPA), but not the Aµ agonist,
2_p-(2-carboxyethyl)phenethylamino-5'-N-ethylcarboxamidoadenosine (CGS21680), inhibited
both electrically evoked inhibitory (eIPSCs) and excitatory (eEPSCs) postsynaptic currents.
The actions of CCPA were reversed by the AÔ receptor antagonist 8-cyclopentyl-1,3-dipropyl-
xanthine (DPCPX).

3. In the absence or presence of forskolin, DPCPX had no effect on eIPSCs, suggesting that
concentrations of tonically released adenosine are not sufficient to inhibit synaptic
transmission in the PAG.

4. CCPA decreased the frequency of spontaneous miniature action potential-independent
IPSCs (mIPSCs) but had no effect on their amplitude distributions. Inhibition persisted in
nominally Ca¥-free, high Mg¥ solutions and in 4-aminopyridine.

5. The CCPA-induced decrease in mIPSC frequency was partially blocked by the non-selective
protein kinase inhibitor staurosporine, the specific protein kinase A inhibitor 8-para-chloro-
phenylthioadenosine-3',5'-cyclic monophosphorothioate (Rp-8-CPT-cAMPS), and by
8_bromoadenosine cyclic 3',5' monophosphate (8-Br-cAMP).

6. These results suggest that AÔ adenosine receptor agonists inhibit both GABAergic and
glutamatergic synaptic transmission in the PAG. Inhibition of GABAergic transmission is
mediated by presynaptic mechanisms that partly involve protein kinase A.
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the caudal two-thirds of the PAG were viewed using Nomarski
optics and whole-cell voltage-clamp recordings were made using
patch electrodes (3—5 MÙ) containing (mÒ): CsCl, 140; EGTA, 10;
Hepes, 5; CaClµ, 2; and MgATP, 2; adjusted to pH 7·3 with CsOH,
osmolarity of 280—290 mosmol l¢. Series resistance (< 16 MÙ)
was compensated by 80% and continuously monitored during
experiments. Liquid junction potentials of −4 mV were corrected.
At the completion of recording the location of each neuron was
mapped by referring to the atlas of Paxinos &Watson (1986).

Evoked postsynaptic currents were elicited via bipolar tungsten
stimulating electrodes (tip separation, 100 ìm), which were placed
200—600 ìm from the recorded neuron. Paired stimuli (interpulse
interval, 50 ms) were applied at a frequency of 0·03 Hz (stimuli:
5—60 V, 25—125 ìs) for subsequent off-line analysis (Axograph 3.5,
Axon Instruments).

Spontaneous, miniature postsynaptic currents were recorded on
videotape, low-pass filtered at 1 or 2 kHz and digitized at 5 or
10 kHz (in 20—30 s epochs) for later off-line analysis (Axograph
3.5). Events were automatically analysed using a sliding variable
amplitude template and were then visually examined and erroneous
events were rejected before their amplitude and time of occurrence
were measured. Events were ranked by amplitude and inter-event
interval for preparation of cumulative probability distributions.
The cumulative probability distributions were compared by the
Kolmogorov—Smirnov test. All data are expressed as means ±
s.e.m. and statistical comparisons were made using Student’s t tests.

Stock solutions of all drugs were diluted to working concentrations
in the extracellular solution immediately before use and applied by
superfusion. Stock solutions of drugs were made in distilled water,
except 2_chloro-N-cyclopentyladenosine (CCPA), 8_cyclopentyl-1,3-
dipropylxanthine (DPCPX) and staurosporine which were made in
DMSO, and phorbol 12,13_dibutyrate (PDBu) which was made in
ethanol. Drugs and reagents were obtained from the following
sources: tetrodotoxin (TTX) and staurosporine from Alamone Labs
(Jerusalem, Israel); methionine enkephalin from Auspep (Parkville,
Victoria, Australia); 8_para-chlorophenylthioadenosine-3',5'-
cyclic monophosphorothioate (Rp_8_CPT_cAMPS) from Biolog
(Bremen, Germany); (−)_bicuculline methiodide, 8_Br_adenosine

cyclic 3',5'-hydrogen phosphate monosodium salt (8_Br_cAMP),
CCPA, 2_p_(2_carboxyethyl)phenethylamino-5'-N-ethylcarboxamido-
adenosine hydrochloride (CGS21680), DPCPX, forskolin, naloxone
hydrochloride and PDBu from Research Biochemicals International;
4_aminopyridine (4_AP) from Sigma; and 6_cyano-7-nitro-
quinoxaline-2,3-dione (CNQX) from Tocris (Bristol, UK).

RESULTS

Effects of adenosine agonists on evoked synaptic

currents

Recordings were made from neurons located in the caudal
third of the ventrolateral (n = 78 neurons) and lateral (n = 30
neurons) PAG. In the presence of a non-NMDA antagonist,
CNQX (5 ìÒ), local stimulation evoked inhibitory post-
synaptic currents (eIPSCs) in PAG neurons, which had a
mean amplitude of 700 ± 42 pA at −75 mV (n = 49). These
eIPSCs were abolished by the GABAA receptor antagonist
bicuculline (30 ìÒ). Superfusion of the AÔ adenosine receptor
agonist CCPA (1 ìÒ) reduced the amplitude of the eIPSCs in
all neurons tested by 48 ± 4% (Fig. 1A and B; n = 12).
CCPA reduced the eIPSC amplitude in a concentration-
dependent manner, with an IC50 of 102 nÒ (Fig. 1C). The
CCPA-induced decrease in peak amplitude was reversed by
the AÔ receptor antagonist DPCPX (1 ìÒ; Fig. 1A and B).

In contrast, the adenosine A2a receptor agonist CGS21680
(1 ìÒ) had no effect on the amplitude of eIPSCs (94 ± 6%
of control amplitude; n = 4).

Extracellular concentrations of adenosine in the PAG are
insufficient to modulate eIPSCs as superfusion of the
AÔ receptor antagonist DPCPX (1 ìÒ) alone had no effect
on the eIPSC amplitude (98 ± 2% of control amplitude;
n = 7). In the ventral tegmental area and nucleus accumbens,
activation of adenylyl cyclase by forskolin, and thus
enhancement of cAMP formation, leads to increased extra-
cellular accumulation of adenosine, which inhibits GABAergic
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Figure 1. AÔ adenosine receptor agonist inhibits

GABAergic IPSCs in PAG neurons

eIPSCs produced by local stimulation in the presence of
CNQX (10 ìÒ) at a holding potential of −75 mV. A, time
course of the amplitude of eIPSCs during the application
of CCPA (1 ìÒ) and then CCPA plus DPCPX (1 ìÒ).
B, averaged traces (4 for each trace) of eIPSCs before and
during application of CCPA (1 ìÒ), and CCPA plus
DPCPX (1 ìÒ) from the cell shown in the time plot (A).
C, concentration—response relationship for inhibition of
eIPSC amplitude by CCPA. Each point shows the
mean ± s.e.m. of responses of 6—12 neurons. The fitted
logistic function is shown.



synaptic transmission (Bonci & Williams, 1996; Chieng &
Williams, 1998). However, in the PAG after adenylyl cyclase
activation with forskolin (10 ìÒ), superfusion of DPCPX
(1 ìÒ) did not alter eIPSC amplitude (109 ± 16% of control
amplitude; n = 6).

In the presence of the GABAA antagonist bicuculline (30 ìÒ),
local stimulation evoked excitatory postsynaptic currents

(eEPSCs) in PAG neurons with a mean amplitude of
778 ± 153 pA at −75 mV (n = 8). These eEPSCs were largely
abolished by the non-NMDA receptor antagonist CNQX
(5 ìÒ). Superfusion of CCPA (1 ìÒ) reduced the amplitude
of the eEPSC by 52 ± 9% (P < 0·02, Student’s paired t

test; n = 8) and this decrease was reversed by DPCPX
(1 ìÒ, Fig. 2A and B).
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Figure 2. AÔ adenosine receptor agonist inhibits

glutamatergic EPSCs in PAG neurons

eEPSCs produced by local stimulation in the presence of
bicuculline (30 ìÒ) at a holding potential of −75 mV.
A, time course of the amplitude of eEPSCs during the
application of CCPA (1 ìÒ) and then CCPA plus DPCPX
(1 ìÒ). B, averaged traces (4 for each trace) of eEPSCs
before and during application of CCPA (1 ìÒ), and CCPA
plus DPCPX (1 ìÒ) for the cell shown in the time plot
(A).

Figure 3. AÔ adenosine receptor agonist decreases the frequency of mIPSCs in PAG neurons

mIPSCs were recorded in the presence of TTX (0·3 ìÒ) and CNQX (3 ìÒ). All data shown are from the
same neuron, which was clamped at −75 mV. A, 3 consecutive sweeps before and during application of
CCPA (1 ìÒ), and CCPA plus DPCPX (1 ìÒ). B, time course of the frequency of mIPSCs before and during
application of CCPA (1 ìÒ), and CCPA plus DPCPX (1 ìÒ). C, cumulative distribution plots of mIPSC
amplitude and inter-event interval before and during application of CCPA (dashed line), and CCPA plus
DPCPX. CCPA had no effect on the amplitude distribution (P > 0·3, Kolmogorov—Smirnov statistics for
control − CCPA), but reversibly shifted the frequency distribution to longer inter-event intervals (P < 0·01,
Kolmogorov—Smirnov statistics for control − CCPA).



Effects of an AÔ receptor agonist on miniature

synaptic currents

Spontaneous miniature inhibitory postsynaptic currents
(mIPSCs) were readily observed in the presence of CNQX
(3 ìÒ) and TTX (0·3 ìÒ, a concentration that blocked
sodium channel-dependent action potentials and evoked
postsynaptic currents). mIPSCs had a mean frequency of
2·8 ± 0·5 Hz (range, 0·19—14·56 Hz; n = 40) and a mean
amplitude of 72 ± 3 pA (range, 23—123 pA) at −75 mV.

Superfusion of CCPA (1 ìÒ) decreased the frequency of
mIPSCs (Fig. 3A and B) but had no effect on the cumulative
distribution of mIPSC amplitudes (Fig. 3C). CCPA reduced
the mean mIPSC frequency by 41 ± 3% (P < 0·01, Student’s
paired t test; n = 15), whereas the mean mIPSC amplitude
was 97 ± 4% of the control amplitude. The CCPA-induced
reduction in mIPSC frequency was reversed by DPCPX
(1 ìÒ; n = 15).

Mechanisms of inhibition of IPSCs

The involvement of the adenylyl cyclase—protein kinase A
cascade in the CCPA-induced inhibition of GABAergic
synaptic transmission was examined because agonist
stimulation of AÔ adenosine receptors inhibits adenylyl
cyclase (van Calker et al. 1978) and stimulation of the
cAMP—protein kinase A cascade enhances synaptic
transmission (Llano & Gerschenfeld, 1993; Vaughan et al.

1997b). Superfusion of the selective protein kinase A
inhibitor Rp_8_CPT_cAMPS (100 ìÒ) alone decreased
mIPSC frequency (50 ± 15% of control; P < 0·05,
Student’s paired t test; n = 4) but produced a small
inhibition of mIPSC amplitude (68 ± 9% of control;
P = 0·052, Student’s paired t test). The basal effects of the
non-specific protein kinase inhibitor staurosporine (1 ìÒ)
could not be examined because it was superfused for at least
30 min prior to establishing recordings. Superfusion of the
metabolically stable cAMP analogue 8_Br_cAMP (1 mÒ)
alone did not alter mIPSC frequency (118 ± 16% of control;
P > 0·05, Student’s paired t test; n = 4) or amplitude
(86 ± 8% of control; P > 0·05, Student’s paired t test).

Staurosporine (1 ìÒ) partly prevented the CCPA-induced
inhibition in mIPSC frequency (P < 0·01, Student’s unpaired

t test; n = 5; Fig. 4). Furthermore, Rp_8_CPT_cAMPS
(100 ìÒ) also reduced the CCPA-induced inhibition of mIPSC
frequency (P < 0·01, Student’s unpaired t test; n = 4;
Fig. 4). The CCPA-induced decrease in mIPSC frequency
was also reduced in the presence of 8_Br_cAMP (1 mÒ,
P < 0·01, Student’s unpaired t test; n = 4; Fig. 4). CCPA had
no effect on mIPSC amplitude in the presence of 8_Br_cAMP,
staurosporine or Rp_8_CPT_cAMPS (96 ± 3% of control;
pooled n = 13).

The CCPA-induced inhibition of GABAergic synaptic
transmission might have been due to modulation of
presynaptic K¤ or Ca¥ conductances. In the PAG, ì_opioids
inhibit GABAergic synaptic transmission via a presynaptic
4_AP-Ïdendrotoxin-sensitive K¤ conductance (Vaughan et

al. 1997b). Thus, the methionine enkephalin (10 ìÒ)-induced
inhibition of mIPSC frequency was largely abolished by
4_AP (0·1—1 mÒ; P < 0·01, Student’s unpaired t test;
n = 4; Fig. 4), as previously reported (Vaughan et al. 1997b).
In contrast, CCPA (1—3 ìÒ) reduced mIPSC frequency to
the same extent in the presence (n = 4) or absence (n = 15)
of 4_AP (P > 0·1, Student’s unpaired t test; Fig. 4). The
effect of Ca¥ entry blockade was then examined by
superfusing with nominally Ca¥-free extracellular solution
(0 mÒ Ca¥, 10 mÒ Mg¥). The CCPA-induced reduction of
mIPSC frequency was similar in control and Ca¥-free
solutions (P > 0·5, Student’s t test; n = 3; Fig. 4). CCPA and
methionine enkephalin had no effect on mIPSC amplitude
in Ca¥-free or 4_AP-containing solutions (105 ± 9% of
control amplitude; pooled n = 7).

DISCUSSION

In this study it has been demonstrated that CCPA acts via
AÔ adenosine receptors to inhibit GABAergic and glutamat-
ergic synaptic transmission in the PAG. The inhibition of
GABAergic synaptic transmission is mediated by a direct
action on the presynaptic terminal. In addition, this pre-
synaptic inhibition is at least partly mediated by modulation
of the adenylyl cyclase—protein kinase A cascade.

CCPA inhibited both GABAergic and glutamatergic (non-
NMDA) synaptic transmission in the present study. Similarly,

E. E. Bagley, C. W. Vaughan and M. J. Christie J. Physiol. 516.1222

Figure 4. Inhibition of mIPSC frequency is partially

mediated by adenylyl cyclase and protein kinase A

Inhibition of mIPSC frequency by CCPA (1 ìÒ;4) and
methionine enkephalin (10 ìÒ;5) during superfusion of
the indicated drugs is presented. 8Br, 8_Br_cAMP (1 mÒ);
Staur, staurosporine (1 ìÒ); RP, Rp_8_CPT_cAMPS
(100 ìÒ); Ca¥ free, 0 mÒ Ca¥ and 10 mÒMg¥; 4-AP,
4_aminopyridine (0·1—1 mÒ). Asterisks signify statistical
significance for comparisons between inhibition of mIPSC
frequency in control and in the specified treatment
(P < 0·01, Student’s unpaired t tests).



AÔ adenosine receptor activation inhibited both GABAergic
and glutamatergic synaptic transmission in the nucleus
accumbens (Uchimura & North, 1991), substantia nigra and
ventral tegmental area (Wu et al. 1995). In contrast,
adenosine selectively inhibits glutamatergic synaptic trans-
mission in other brain regions such as the hippocampus
(Lambert & Teyler, 1991).

Inhibition of GABAergic synaptic transmission was mediated
by AÔ adenosine receptors because CCPA is a specific AÔ
adenosine receptor agonist (Lohse et al. 1988) and the
inhibition was reversed by the specific AÔ adenosine receptor
antagonist DPCPX (Lohse et al. 1987). The potency of
CCPA for inhibition of GABAergic synaptic transmission in
the present study (IC50 = 102 nÒ) is comparable to that
previously found for inhibition of adenylyl cyclase in the
cerebral cortex (IC50 = 18 nÒ; Alexander et al. 1994) and
rat adipocytes (IC50 = 33 nÒ; Lohse et al. 1988). Activation
of A2a adenosine receptors did not affect GABAergic synaptic
transmission in the present study, suggesting that A2a

receptor activation is unlikely to contribute to the actions of
adenosine on synaptic transmission in the PAG. The latter
finding is in contrast to studies showing that A2a receptor
activation inhibits synaptic transmission in hypothalamic
culture (Chen & van den Pol, 1997) and facilitates synaptic
transmission in hypoglossal neurons (Umemiya & Berger,
1994).

The CCPA-mediated inhibition of GABAergic synaptic
transmission was due to a reduced probability of pre-
synaptic transmitter release rather than a reduction in
postsynaptic receptor sensitivity, as evidenced by inhibition
of the frequency of mIPSCs without affecting their
amplitude distributions. Inhibition of the frequency but not
the amplitude of miniature synaptic potentials by adenosine
has previously been observed in the rat phrenic nerve
diaphragm (Ginsborg & Hirst, 1972). The site of inhibition
of glutamatergic synaptic transmission was not examined in
the present study. Inhibition of glutamatergic synaptic
transmission in the hippocampus is also thought to be
mediated by a presynaptic mechanism (Scholz & Miller, 1992).

The AÔ adenosine receptor-mediated inhibition of GABAergic
synaptic transmission in the PAG is at least partly mediated
by modulation of the adenylyl cyclase—protein kinase A
cascade. The specific protein kinase A inhibitor Rp_8_CPT-
AMPS and the non-specific protein kinase inhibitor
staurosporine both reduced the CCPA inhibition of mIPSC
frequency. In addition, the stable cAMP analogue 8_Br_cAMP
partially occluded the effect of CCPA on mIPSC frequency.
In contrast, inhibition of synaptic transmission by adenosine
is not decreased by cAMP analogues in the hippocampus
(Dunwiddie & Fredholm, 1985), or by protein kinase A
inhibitors in dorsal root ganglion cells (Hu & Li, 1997).

It has previously been demonstrated that AÔ adenosine
receptor activation inhibits adenylyl cyclase activity in the
central nervous system (van Calker et al. 1978). Activators

(Llano & Gerschenfeld, 1993; Vaughan et al. 1997b) and
inhibitors (Trudeau et al. 1996) of the adenylyl cyclase—
protein kinase A cascade increase and decrease the
probability of transmitter release, respectively. In the present
study, the protein kinase A inhibitor Rp_8_CPT_cAMPS
alone decreased mIPSC frequency. Although superfusion of
8_Br_cAMP alone did not increase mIPSC frequency, it did
partly occlude the presynaptic inhibitory effects of adenosine.
This cAMP analogue has previously been reported to produce
variable effects on mIPSC frequency in PAG although
forskolin consistently increases release probability (Vaughan
et al. 1997b), suggesting that 8_Br_cAMP might have actions
in addition to stimulation of adenylyl cyclase. Taken
together these findings suggest that protein kinase A
activity modulates GABAergic synaptic transmission in the
PAG, and AÔ adenosine receptor inhibition is mediated
partly by inhibition of adenylyl cyclase, reduced cAMP
production and reduced activation of protein kinase A. The
critical substrateÏs of protein kinase A remain unclear. One
possibility is that protein kinase A directly modulates
neurotransmitter release through phosphorylation of proteins
important in neurotransmitter exocytosis. Protein kinase A
has been shown to phosphorylate several proteins involved
in neurotransmitter exocytosis such as rabphilin_3A (Fykse
et al. 1995) and áSNAP (Hirling & Scheller, 1996).

Modulation of presynaptic K¤ conductances is unlikely to be
responsible for the presynaptic AÔ adenosine receptor-
mediated inhibition of GABAergic synaptic transmission.
ì_Opioid inhibition of GABA release from terminals in the
PAG is mediated by activation of a presynaptic 4_AP- and
dendrotoxin-sensitive K¤ conductance via formation of
12_lipoxygenase metabolites of arachidonic acid (Vaughan et

al. 1997b). However, the inhibitory action of methionine
enkephalin, but not of CCPA, on mIPSC frequency was
abolished by 4_AP. This indicates that AÔ adenosine receptor
agonists act through a distinct presynaptic mechanism to
ì_opioids. These results are consistent with findings that
metabolites of arachidonic acid do not mediate adenosine
inhibition of synaptic transmission in the hippocampus or the
striatum (Dunwiddie et al. 1990). However, the involvement
of a barium-sensitive K¤ conductance (Gerber et al. 1989) or
another postsynaptic K¤ conductance cannot be excluded.

CCPA reduced the frequency of mIPSCs to a similar extent
in normal and Ca¥-free solutions. A similar lack of effect of
both nominally Ca¥-free and Cd¥-containing solutions has
previously been reported for ì_opioid- and GABAB receptor-
mediated presynaptic inhibition in the PAG (Vaughan &
Christie, 1997; Vaughan et al. 1997b). Inhibition of mIPSC
frequency by AÔ adenosine receptor activation in the
hippocampus (Scholz & Miller, 1992) is also independent of
presynaptic Ca¥ entry. However, the possible involvement
of inhibition of voltage-dependent Ca¥ conductances in the
actions of AÔ adenosine receptor agonists on eIPSCs cannot
be ruled out. AÔ adenosine receptor activation inhibits
postsynaptic voltage-dependent Ca¥ conductances (Scholz &
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Miller, 1991) and inhibition of Ca¥ conductances in nerve
terminals results in decreased transmitter release in the
hippocampus (Wu & Saggau, 1994).

Tonic extracellular concentrations of adenosine in the PAG
were insufficient to modulate GABAergic synaptic trans-
mission. Application of the AÔ adenosine receptor antagonist
DPCPX did not alter GABAergic synaptic transmission, as
has been demonstrated in the thalamus (Ulrich & Huguenard,
1995) and hypoglossal neurons (Umemiya & Berger, 1994). In
contrast, tonic adenosine inhibition of synaptic transmission
has been observed in the hippocampus (Dunwiddie & Diao,
1994) and ventral tegmental area (Bonci & Williams, 1996).
In the ventral tegmental area opioid withdrawal activates
adenylyl cyclase and thus enhances cAMP formation. Break-
down of this extra cAMP leads to increased extracellular
accumulation of adenosine, which inhibits GABAergic
synaptic transmission (Bonci & Williams, 1996). Like the
ventral tegmental area, the PAG plays an important role in
acute opioid actions and opioid dependence. However,
forskolin activation of adenylyl cyclase did not increase the
extracellular adenosine concentrations sufficiently to inhibit
GABAergic synaptic transmission in the present study.

The present results demonstrate that AÔ adenosine receptor
activation inhibits synaptic transmission by acting pre-
synaptically, partly via inhibition of the adenylyl cyclase—
cAMP—protein kinase A cascade, to decrease release of
GABA. It remains unclear what the overall functional effects
of adenosine receptor activation in the PAG would be, as
both GABAergic and glutamatergic synaptic transmission
are inhibited via AÔ adenosine receptors. Furthermore, the
postsynaptic actions of adenosine in the PAG have not been
investigated. It has been demonstrated that ì_opioids (Yaksh
et al. 1976) and GABAB receptor agonists (Levy & Proudfit,
1979), which also inhibit GABAergic and glutamatergic
synaptic transmission in the PAG, produce analgesia when
directly microinjected into this region. Thus, it is possible
that adenosine receptor activation within the PAG might
also modulate nociception and perhaps the other behavioural
and cardio-respiratory functions of the PAG.
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