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Modulatory effects of adenosine on inhibitory postsynaptic
potentials in the lateral amygdala of the rat

"Thomas Heinbockel & *'Hans-Christian Pape

nstitut fiir Physiologie, Otto-von-Guericke-Universitit, Leipziger Strasse 44, D-39120 Magdeburg, Germany

1 Adenosine is a depressant in the central nervous system with pre- and postsynaptic effects. In the
present study, intracellular recording techniques were applied to investigate the modulatory effects of
adenosine on projection neurons in the lateral rat amygdala (LA), maintained as slices in vitro.

2 Adenosine reversibly reduced the amplitude of a fast inhibitory postsynaptic potential (IPSP)
that was evoked by electrical stimulation of the external capsule and pharmacologically isolated by
applying an N-methyl-D-aspartate and non-N-methyl-D-aspartate receptor antagonist, DL-(—)-2-
amino-5-methyl-4-isoxazolepropionic acid and 6,7-Dinitroquinoxaline-2,3-dione, respectively, and
the y-aminobutyric acidg (GABAj) receptor antagonist CGP 35348. The postsynaptic potential that
remained was abolished by locally applying bicuculline.

3 Adenosine reduced the amplitude of the fast IPSP on average by 40.3%. It had no significant
effect on responses to exogenously applied GABA, on membrane potential or on input resistance,
suggesting that the site of action was at presynaptic inhibitory interneurons in the LA.

4 The response to adenosine was mimicked by the selective adenosine A; receptor agonist N°-
cyclohexyladenosine and blocked by the selective adenosine A; receptor antagonist 8-cyclopentyl-
1,3-dipropylxanthine.

5 Neuronal responsiveness in the amygdala is largely controlled by inhibitory processes. Adenosine
can presynaptically downregulate inhibitory postsynaptic responses and could exert dampening
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effects likely by depression of both excitatory and inhibitory neurotransmitter release.

Keywords: Adenosine; amygdala; epilepsy; excitability; y-aminobutyric acid (GABA); limbic system; presynaptic inhibition;
neuromodulation; rat
Abbreviations: Ado, adenosine; ACSF, artificial cerebrospinal fluid; AP-5, DL-(—)-2-amino-5-methyl-4-isoxazolepropionic acid;
Bic, (—)-bicuculline methiodide; CHA, N°-cyclohexyladenosine; CNS, central nervous system; DNQX, 6,7-
Dinitroquinoxaline-2,3-dione; DPCPX, 8-cyclopentyl-1,3-dipropylxanthine; EPSP, excitatory postsynaptic
potential; GABA, y-aminobutyric acid; IPSP, inhibitory postsynaptic potential; LA, lateral nucleus of the
amygdala; NMDA, N-methyl-D-aspartate; PBS, phosphate-buffered saline; PN, projection neuron; PSP,
postsynaptic potential
Introduction

The amygdaloid complex consists of several related nuclei in
the CNS and is involved in different functional contexts such
as memory, learning, emotion, fear, and motivation (Aggleton,
1992; Gallagher & Chiba, 1996; LeDoux, 1995). Neurons in
the amygdala contribute to symptoms of temporal lobe
epilepsy and spread of seizure discharges in models of epilepsy
(Gloor, 1992). The lateral amygdaloid nucleus is the first relay
station for cortical and thalamic sensory input to the amygdala
and projections to other amygdaloid nuclei (Pitkdnen et al.,
1997) and therefore plays a key role in synaptic integration
within the amygdala. Neuronal responsiveness in the amygdala
appears to be largely controlled by inhibitory processes (Lang
& Pare¢, 1997), and unbalanced regulation of neuronal activity
in the amygdala is thought to contribute to neurological
disorders (as reviewed in Aggleton, 1992).

Several neurotransmitters have been shown to modulate
excitatory neurotransmission in the lateral and basolateral
amygdala (Cheng et al., 1998; Ferry et al., 1997; Stutzmann et
al., 1998). However, studies examining the modulation of
inhibitory neurotransmission have been sparse (Nose et al.,
1991). Among the candidates that modulate synaptic activity,
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adenosine has been shown to be an important neuromodulator
of synaptic processes in different neuronal systems, particularly
as a sleep-wakefulness neuromodulator (Greene & Haas, 1991;
Huston et al., 1996; Porkka-Heiskanen et al., 1997; Rainnie et
al., 1994), under physiological and pathophysiological condi-
tions such as epilepsy and hypoxia (Dragunow, 1988;
Dunwiddie, 1985; Fredholm & Dunwiddie, 1988; Gerber et
al., 1989; Greene & Haas, 1991; Kessey & Mogul, 1998 and
references therein; Silinsky, 1989; Snyder, 1985; Thompson et
al., 1992). Extracellular levels of adenosine in the brain are
known to increase during high metabolic demand such as
increased neuronal firing rates, hypoxia and seizure activity
(Greene & Haas, 1991; Huston et al., 1996; Mitchell et al.,
1993). Adenosine is known for its role in reducing the
excitability of neurons in all major divisions of the CNS
(Greene & Haas, 1991; Morton & Davis, 1997). Relatively
little is known about the effects of adenosine on inhibitory
neurotransmission (Kirk & Richardson, 1994; Nose et al.,
1991; Ulrich & Huguenard, 1995; Umemiya & Berger, 1994).

Here, we studied the effects of adenosine on postsynaptic
potentials evoked upon synaptic activation in spiny projection
neurons (PNs) in a horizontal slice preparation of the lateral
amygdala (LA) of the rat in vitro. In particular, the purpose
was to examine the effect of adenosine on fast inhibitory
neurotransmission mediated by GABA. Preliminary accounts
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of some of these results have been presented in abstract form
(Heinbockel & Pape, 1998a,b).

Methods

Preparation of slices

Long Evans rats of either sex (postnatal days 25-P30) were
deeply anaesthetized with halothane (Zeneca, Plankstadt,
Germany) and rapidly decapitated. After craniotomy the brain
was immediately removed and transferred into cold (4°C)
artificial cerebrospinal fluid (ACSF) (mm: KCI 2.5, NaH,PO,
1.25, NaHCO; 26, MgSO, 2, dextrose 10.5, sucrose 268, CaCl,
2), bubbled with carbogen gas (95% O,, 5% CO,) to pH 7.4.
Horizontal brain slices (500 um) were cut on a vibratome
(Model 1000, Ted Pella, Redding, CA, U.S.A.) and dissected
to isolate the amygdala and adjacent brain regions. The slices
were transferred to an interface-type recording chamber and
maintained at 354+ 1°C during continuous superfusion with
ACSF (20 min). The horizontal orientation of slices was
shown to maintain a large proportion of intra-amygdaloid
connections (von Bohlen und Halbach & Albrecht, 1998).
Slices were allowed to equilibrate for at least 90 min prior to
experiments during continous superfusion with a solution
containing (mM): NaCl 126, KCl 2.5, MgSO, 2, NaHCO; 26,
NaH,PO, 1.25, dextrose 10, CaCl, 2, buffered to a final pH of
7.4 through continuous perfusion of 95% 0,-5%CO,.

Electrophysiology

Glass microelectrodes were pulled on a Flaming-Brown puller
(Model P-87, Sutter Instruments, San Rafael, CA, U.S.A))
using thin walled capillaries (TW-100F, World Precision
Instruments, Sarasota, FL, U.S.A.). In order to label neurons
intracellularly, micropipette tips were filled with 1% biocytin
in 2 M potassium acetate and backfilled with 4 M potassium
acetate. Intracellular recordings from neurons in the lateral
amygdala were controlled using an AxoClamp 2B amplifier
(Axon Instruments, Foster City, CA, U.S.A.) in bridge mode
under current clamp conditions while continuously monitoring
the bridge balance. Electrode resistance ranged from 60—
80 MQ. PNs with stable resting membrane potentials more
negative than — 60 mV, input resistances of more than 40 MQ
and overshooting action potentials were used for experiments.
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Figure 1 Typical multiphasic postsynaptic response of a projection
neuron in the LA evoked by local electrical stimulation (100 us,
0.05-0.2 mA) consists of a fast EPSP followed by a two component
IPSP. (a) The fast IPSP was pharmacologically isolated by applying
NMDA (AP-5, 0.5 mM) and non-NMDA (DNQX, 0.1 mm)
antagonists and a GABAg antagonist (CGP, 2 mm). (b) Bicuculline
(bicuculline methiodide, 1 mMm) blocked the fast GABAA-mediated
IPSP. The arrow indicates the time of electrical stimulation, the
number indicates the prevailing membrane potential (Vm).

Membrane potential was monitored with an oscilloscope and
plotted on a chart recorder. Data were digitized (NeuroCorder
DR-384, Neurodata, New York, NY, U.S.A.) and stored on
videotape for offline-analysis using a CED 1401 interface and
Spike2 software (Cambridge Electronic Design, Cambridge,
U.K)).

To control for changes in electrode tip potential, at the end
of the experiment the direct current offset of the electrode in
the bathing medium was determined and the membrane
potential corrected accordingly. Typically changes in electrode
tip potential were below 5 mV.

Epi-illumination of the slices allowed to locate the LA and
other relevant brain regions for this study, e.g. the external
capsule. Electrical microstimulation (100 us, 0.05-0.2 mA
current pulses) via a bipolar tungsten electrode placed on the
surface of the slice within the LA or over the external capsule
evoked multiphasic postsynaptic responses. Stimulus ampli-
tude and polarity were chosen to evoke strong PSPs without
reaching spike threshold or evoking antidromic action
potentials. We focused on the fast GABA, receptor-mediated
IPSP that was reliably evoked during electrical stimulation.
The reversal potential of the GABA-mediated response was
determined by holding the neuron at different membrane
potentials through injection of constant current.

Pharmacology

Pharmacologically active substances were applied by local
superfusion on the exposed surface of parts of the slice
containing the LA through pipettes of a larger tip diameter
(10—20 pm) by constant low pressure (Picospritzer 11, General
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Figure 2 Pharmacological properties of adenosine effects. (a)
Adenosine (100 um) reduced the amplitude of the fast IPSP.
Responses of a projection neuron to electrical stimulation in the
lateral amygdala before (Control), during (Adenosine) and after local
adenosine application (Wash). The fast IPSP was reduced in
amplitude during adenosine application and regained its amplitude
afterwards. A 500-ms hyperpolarizing current pulse (0.3 nA)
preceded the electrical stimulation. The membrane potential and
the input resistance remained constant during adenosine treatment.
(b) The response to adenosine was mimicked by a selective adenosine
A, receptor agonist N®-cyclohexyladenosine (CHA) (0.1 mm). The
longlasting effect was reversed by application of a selective A,
receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX)
(0.1 mMm). (c) The response to adenosine was also blocked by
DPCPX. Traces represent averages of three consecutive responses;
membrane potential (Vm) as indicated.
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Valve Corp., Fairfield, NJ, U.S.A.). Adenosine, CHA,
DPCPX and GABA were locally applied to the neurons in
small volumes (5—20 pl) through broken glass microelectrodes
(2-5 pm tip diameter) that were either positioned on the
exposed surface of the slice or lowered into the slice close to the
recording site until maximal responses were elicited (Danober
& Pape, 1998a). The drugs used were: adenosine (Ado), DL-
(—)-2-amino-5-methyl-4-isoxazolepropionic acid (AP-5), (—)-
bicuculline methiodide (Bic), CGP 35348, N°-cyclohexylade-
nosine (CHA), 6,7-Dinitroquinoxaline-2,3-dione (DNQX), 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX), y-aminobutyric
acid (GABA). All substances were obtained from Sigma (St.
Louis, MO, U.S.A.), except for CGP 35348, which was kindly
provided by Novartis (Basel, Switzerland).

Histology

Biocytin (1%) was intracellularly injected into PNs by passing
depolarizing current pulses to later verify the identity and
location of the stained neurons. Slices containing labelled
neurons were fixed in paraformaldehyde (4%) for 24 h.
Afterwards, slices were washed with PBS and incubated
overnight with Cy3-Streptavidin in PBS (dilution 1:300) with
0.3% Triton and 2% BSA. Subsequently, slices were washed in
PBS, dehydrated with ethanol, cleared in xylol and mounted
with DePeX (Serva, Heidelberg, Germany). The slices were
visualized using a laser scanning confocal microscope (Leica
TCS-NT).

Analysis

Data are presented as means+s.d. and number of observa-
tions. The Wilcoxon-Test was used in statistical analysis
(Bronstein & Semendjajew, 1987; Dixon & Massey, 1969).
Values for individual cells were averaged from amplitudes of
three subsequent IPSPs, membrane potentials or membrane
resistances, respectively, before (control, normalized), during
maximal responses to and following application (wash) of the
drugs.

Results

Intracellular recordings were obtained from 47 neurons in the
LA of the rat. These neurons had electrophysiological and
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Figure 3 Time course of the action of adenosine on the fast IPSP.
Amplitudes of the fast IPSP were normalized and averaged from four
cells in different slices. Local application of adenosine (Ado,
indicated by arrow) (0.1 mMm) reduced the amplitude of the fast IPSP
within seconds. The maximum effect was reached within 30 s. The
fast IPSP gradually recovered (3—4 min) to its original amplitude.

morphological properties similar to those described earlier of
projection neurons (Pape et al., 1998; Paré et al., 1995). The
average resting membrane potential of these neurons was
—69+8 mV, and the apparent input resistance was
56+ 16 MQ. The neurons showed inward rectification in the
depolarizing direction, action potentials overshooting 0 mV
and slow oscillations (2—10 Hz) of the membrane potential at
a range subthreshold to spike generation and suprathreshold,
contributing to the generation of regular spike patterns in
response to continued depolarizing influences. Staining of
neurons with biocytin and subsequent incubation with Cy3-
Streptavidin revealed spiny dendrites and cells of pyramidal-
or stellate-like appearance (n=21, not shown, see Figure 6 in
Danober & Pape, 1998b).

Electrical microstimulation of the external capsule or within
the LA (single pulses, 100 us duration) reproducibly gave rise
to a triphasic postsynaptic reponse. An initial excitatory
postsynaptic potential (EPSP) was followed by a biphasic
inhibitory PSP containing a fast and a slow component (Figure
la) as described earlier for GABAA- and GABAjg-mediated
IPSPs in amygdaloid nuclei (Danober & Pape, 1998a; Nose et
al., 1991; Rainnie et al., 1991a,b; Sugita et al., 1993; Washburn
& Moises, 1992a). Here, we focused on the fast GABA,
mediated IPSP. Local superfusion of the NMDA and non-
NMDA antagonists (AP-5, DL-(—)-2-amino-5-methyl-4-iso-
xazolepropionic acid, 0.5 mM; DNQX, 6,7-Dinitroquinoxa-
line-2,3-dione, 0.1 mM) and a GABAj antagonist (CGP 35348,
2 mM) blocked the EPSP and slow IPSP for the duration of an
experiment (> 60 min). Under these conditions, the remaining
fast IPSP had a reversal potential of —76 +6 mV (n=26, not
shown) and was blocked by bicuculline (bicuculline methio-
dide, 0.1-1 mMm) (Figures 1b and 4) indicating mediation
through a GABA, receptor-coupled chloride conductance as
described earlier (Danober & Pape, 1998a; Nose et al., 1991;
Rainnie et al., 1991a,b; Sugita er al., 1993; Washburn &
Moises, 1992b).

After pharmacological isolation of the fast IPSP we tested
the effects of adenosine and adenosine ant-/agonists. To
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Figure 4 Summary of the modulatory effects of various agents on
the fast IPSP. The fast IPSP under control condition was set to 100%
in each cell. Number of observations is indicated. *Indicates
statistically significant differences (P <0.01). Application of adenosine
(Ado, 100 um) significantly reduced the IPSP amplitude. This effect
was fully reversible (Wash). CHA (N°-cyclohexyladenosine, 0.1 mM)
also significantly reduced the fast IPSP amplitude (P <0.05), an effect
that was antagonized by DPCPX (8-cyclopentyl-1,3-dipropyl-
xanthine, (0.1 mM)). In the presence of DPCPX adenosine had no
significant modulatory effect on the fast IPSP amplitude. Bicuculline
methiodide (Bic, 1 mM) reduced the amplitude of the fast IPSP,
indicating that the IPSP was a GABA,A receptor-mediated con-
ductance.
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achieve maximal responses to adenosine, the application
pipette was lowered into the slice close to the recording site
(<50 um distance) where adenosine was applied in different
depths (50 um steps) until maximal responses were observed.
In an initial set of experiments, the maximal amplitude of
adenosine action on IPSPs was determined by using adenosine
at a rather high concentration (1-5 mM). In subsequent
experiments the concentration of adenosine was lowered
(0.1 mM) to yield maximal responses at the lowest possible
concentration. Under these conditions, adenosine (0.1 mMm)
reversibly reduced the fast IPSP (Figure 2). The reduction
started immediately (< 10 s) after application of adenosine and
reached a maximum within 30 s (Figure 3). Full recovery of the
fast IPSP was typically achieved within 3—4 min following
cessation of application. A reduction in amplitude of the fast
IPSP was observed in 61% of the recorded cells (n=18). While
adenosine was capable of completely suppressing the IPSP, the
reduction averaged 40.3+16.9% in the sample of neurons that
have been analysed in detail (n=11) (Figure 4). A reduction in
responsiveness upon repetitive application was not observed,
indicating a lack of desensitization.

The membrane resting potential did not change in response
to adenosine application (Figure 2). Likewise, hyperpolarizing
current pulses (0.3 nA) delivered just prior to -electrical
stimulation revealed no change in membrane input resistance
in response to adenosine application.

The modulatory effect of adenosine was mimicked by a
selective adenosine A, receptor agonist N°-cyclohexyladeno-
sine (CHA) (0.1 mM) in all cells tested (n=3) (Figure 2b).
Compared with adenosine, the effect of CHA was stronger and
followed a slower time course, presumably due to physical
properties of the agonist such as lipid solubility (Dunwiddie,
1985) and/or reuptake or metabolism of adenosine (Wu &
Phillis, 1984). The selective adenosine A, receptor antagonist
8-cyclopentyl-1,3-dipropylxanthine (DPCPX) (0.1 mM) re-
versed the reduction of IPSP amplitude evoked by adenosine
(n=4) or CHA (n=3) (Figure 2b and c). Application of
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Figure 5 Lack of effect of adenosine on resting membrane potential
or input resistance of the postsynaptic neuron during modulation of
the fast IPSP. Vm-pre, Vm-post: resting membrane potential before
and during application of adenosine in the same cell. Ri-pre, Ri-post:
resting input resistance before and during application of adenosine in
those cells.

DPCPX in the absence of the agonist adenosine did not result
in a consistent increase of the fast IPSP (n=9, not shown).

A summary of the effects of the various pharmacological
agents is shown in Figure 4. Compared to control amplitudes
of the fast IPSP, adenosine significantly reduced the amplitude
of the fast IPSP (n=11, P<0.01, Wilcoxon-Test). This effect
was fully reversible (wash) and mimicked by the adenosine A,
receptor agonist CHA (n=3, P<0.05). The adenosine A,
receptor antagonist DPCPX reversed the effect of CHA and
also blocked the effect of adenosine. Bicuculline methiodide
(0.1-1 mm), a GABA, receptor antagonist also reduced the
fast IPSP (n=4, P<0.05), indicating that the fast IPSP was
mediated by a GABA-sensitive postsynaptic conductance.

The site of action of adenosine was primarily presynaptic as
indicated by a constant membrane potential and constant
membrane resistance during hyperpolarizing current pulses
before and after application of adenosine (Figure 5). Further
support for a presynaptic effect of adenosine comes from an
experiment in which GABA (1 mM) was locally applied to the
slice, first without and subseqently in the presence of adenosine
(Figure 6). Under control conditions, local application of
GABA close (50—100 pum) to the presumed somatic recording
site evoked a biphasic response from rest, consisting of a
depolarizing followed by a hyperpolarizing component, as has
been observed before (Washburn & Moises, 1992b). In the
presence of adenosine, PSPs in response to -electrical
stimulation were significantly reduced in amplitude (n=06,
P<0.01). However, the response to application of GABA was
not significantly different under control conditions and in the
presence of adenosine with respect to the time course of the
response and the amplitude of the GABA-induced hyperpolar-
ization (n=6, P>0.05). This suggests that adenosine exerted
its modulatory effect on presynaptic neurons.
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Figure 6 Lack of effect of adenosine on responses to exogenous
GABA (1 mMm) during modulation of PSPs. (a) The electrically
evoked PSPs (100 us, 0.1 mA stimulus) precede the GABA response
and are shown at an extended time scale below. The arrows indicate
the GABA application. Control — before adenosine application,
Adenosine — adenosine was applied to the slice. (b) Averaged data
from six cells in different slices. The response amplitude (IPSP and
GABA-induced hyperpolarization, respectively) was set to 100% in
each cell. *Indicates statistically significant differences (P<0.01).
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It is noteworthy that the modulatory effect of adenosine was
not restricted to the fast IPSP. When adenosine was applied to
the slice before pharmacological isolation of the fast IPSP it
reversibly reduced the amplitudes of both EPSPs as well as
IPSPs (data not shown, cf. Figure 6). The time course and the
extent of the reduction of the PSPs corresponded well to the
effects of adenosine on the isolated fast IPSP.

Discussion

The results of the present study indicate that adenosine
modulates inhibitory transmission between neurons in the
lateral amygdala of the rat. Below, the mechanism and
localization of this effect and the possible functional
significance are discussed.

Mechanism of action and localization of modulatory
adenosine effect

Local application of adenosine reversibly reduced the fast
IPSP with a rapid time course. Typically, the onset of the
adenosine effect occurred within seconds after adenosine
application, reached its peak within 30 s, and was fully
reversed within 4 min. Adenosine applied to the surface of
the slice is likely to be rapidly metabolized (Dunwiddie, 1985;
Greene & Haas, 1991) and thus has a relatively shortlasting as
well as spatially restricted effect on neurotransmission.
Therefore, in the present study, we applied adenosine close
to the recorded neurons by lowering the application pipette
into the slice. The concentration of adenosine at the site of
action in the slice is difficult to ascertain since it may be altered,
for instance, by uptake and ectonucleotidases (Dunwiddie,
1985; Greene & Haas, 1991). For this reason, it seems not
feasible to establish dose-response relationships under the
present experimental conditions.

Adenosine could have an effect either on presynaptic
GABA release by interneurons and/or on postsynaptic GABA
receptors of projection neurons. In the latter case, the
inhibitory potential after local application of GABA should
be reduced in the presence of adenosine. Such an effect of
adenosine was not observed. In addition, no clear postsynaptic
effects on the recorded projection neurons after adenosine
application were observed with respect to membrane potential
and input resistance. Thus, the modulatory effect of adenosine
appears to be of presynaptic nature.

The exact site of action of adenosine on presynaptic neurons
remains to be determined. Measuring miniature PSP frequency
would greatly help to clarify the presynaptic site of action of
adenosine. The use of intracellular ‘sharp’ recording electrodes
in this study did not allow the detection of miniature IPSPs at a
sufficient signal-to-noise ratio and thus the determination of the
effect of adenosine on spontaneous synaptic activity. Whole cell
patch clamping to record spontaneous activity in the slice
preparation of the lateral amygdala (personal communication
by S. Meis and C. Szinyei) suggests that the frequency of such
events is rather low, making it difficult to collect enough data.
However, the few results available on adenosine effects on
GABAergic synaptic transmission indicate a presynaptic
reduction in GABA release (Chen & van den Pol, 1997; Ulrich
& Huguenard, 1995) whereas direct postsynaptic responses
have not been observed in identified GABAergic interneurons
studied so far (Pape & McCormick, 1995). In contrast,
projection neurons in the same preparation were responsive
to adenosine (Pape, 1992). In summary, although direct
evidence cannot be provided on the basis of the present study,

it seems feasible to speculate that adenosine decreases IPSPs in
projection neurons of the lateral amygdala also through
reduction of GABA release from presynaptic terminals.

Two major subtypes of adenosine receptors (A; and A,)
have been described for central neurons (Fredholm &
Dunwiddie, 1988; Silinsky, 1989; Williams, 1987) based on
the potency of selective agonists and antagonists. Recently
molecular cloning has revealed additional subtypes (Collis &
Hourani, 1993; Linden et al., 1991; Olah & Stiles, 1995).
Our findings are consistent with an effect of adenosine on
presynaptic A, receptors since CHA, a specific adenosine A,
receptor agonist, mimicked the modulatory effect of
adenosine. Furthermore, a specific adenosine A, receptor
antagonist, DPCPX, blocked the modulatory effect and
reversed the effect of CHA. Taken together, the results
suggest that adenosine stimulates presynaptic A, receptors
which reduce the release of GABA from inhibitory
interneurons in the lateral amygdala. Recently, several
studies found an effect of adenosine through A, receptor
activation on inhibitory transmission (Chen & van den Pol,
1997; Kirk & Richardson, 1994; Nose et al., 1991; Uchimura
& North, 1991; Ulrich & Huguenard, 1995) such as
depression of a GABAergic synaptic conductance or
reduction of inhibitory potentials. Our results are consistent
with recent findings of adenosine-mediated inhibition of
GABAergic transmission in several brain areas, such as
thalamus (Ulrich & Huguenard, 19995), suprachiasmatic and
arcuate nucleus (Chen & van den Pol, 1997), substantia
nigra zona reticulata (Shen & Johnson, 1997). In contrast,
A, receptors have been found to have potentiating effects at
central synapses (Sebastiao & Ribeiro, 1996; Umemiya &
Berger, 1994).

Functional significance of modulatory adenosine effect

Electrical stimulation of afferents that project to the lateral
amygdala evokes excitatory and inhibitory PSPs and thus
results in a dual effect with direct excitation of projection
neurons coupled with concurrent disynaptic feed-forward
inhibition via interneurons (Rainnie et al., 1991a,b; Washburn
& Moises, 1992a,b). The EPSPs are mediated by feedforward
glutamate receptor-mediated excitation. The IPSPs are either
polysynaptic in origin or they are monosynaptically mediated
by feedforward inhibition via local GABAergic interneurons
since (a) the IPSPs can be evoked after blocking excitatory
transmission (this study), (b) connections between different
basolateral nuclei primarily consist of excitatory connections
(Smith & Pare, 1994), and (c) lesions deafferenting the
basolateral complex of the amygdala lead to minor decreases
in glutamic acid decarboxylase levels (Le Gal La Salle er al.,
1978). Thus, the excitability of projection neurons in the lateral
amygdala depends upon the relative strength of the inputs to
projection neurons and interneurons.

A recent study revealed that activation of major afferent
systems evokes relatively invariant synaptic responses with this
type of feedforward inhibition in the lateral amygdala (Lang &
Paré, 1997). Powerful IPSPs regulate the responses of
projection neurons in the lateral amygdala relatively irrespec-
tive of the stimulation site, i.e., perirhinal, entorhinal,
basomedial or lateral amygdala stimulation (Lang & Paré,
1997). Thus, the LA seems to be equipped with an inhibitory
gating mechanism regulating information flow through the
amygdala (Lang & Paré, 1998). Adenosine, in turn, may
participate in these neuronal processes related to fear
conditioning, learning and memory in the amygdala, e.g., by
directly interacting with the inhibitory mechanisms and/or by
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modulating the recently shown potentiation of GABA,-
mediated synaptic currents in pyramidal neurons after tetanic
stimulation of inputs to interneurons (Mahanty & Sah, 1998).

Since adenosine is a product of cellular metabolism and
probably released unspecifically from neurons into the
surrounding neuropil in situations such as epileptic seizures
(Dunwiddie, 1985; Greene & Haas, 1991), the exact role of
adenosine in modulating synaptic activity under pathophysio-
logical conditions needs further study.

Conclusions

The various modulating functions of adenosine in the brain
correspond to the wide distribution of adenosine receptors
throughout the brain (Dunwiddie, 1985). Here we show that
adenosine significantly reduces GABA transmitter release of
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