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A; adenosine receptors inhibit multiple voltage-gated Ca®>" channel
subtypes in acutely isolated rat basolateral amygdala neurons

*!Brian A. McCool & 'Jeffery S. Farroni
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1 The anticonvulsant properties of 2-chloroadenosine (CADO) in the basolateral amygdala rely on
the activation of adenosine-specific heptahelical receptors. We have utilized whole-cell voltage-clamp
electrophysiology to examine the modulatory effects of CADO and other adenosine receptor
agonists on voltage-gated calcium channels in dissociated basolateral amygdala neurons.

2 CADO, adenosine, and the A subtype-selective agonists N6-(L-2-Phenylisopropyl)adenosine (R-
PIA) and 2-chloro-N®-cyclopentyladenosine (CCPA) reversibly modulated whole cell Ba>* currents
in a concentration-dependent fashion. CADO inhibition of barium currents was also sensitive to the
A, antagonist 1,3-dipropyl-8-cyclopentylxanthine (DPCPX).

3 The Aja-selective agonist 4-[2-[[6-Amino-9-(N-ethyl-fS-D-ribofuranuronamidosyl)-9H-purin-2-
ylJaminoJethyl]benzenepropanoic acid (CGS21680) was without effect.

4 CADO inhibition was predominantly voltage-dependent and sensitive to the sulphydryl-
modifying reagent N-ethylmaleimide, implicating a membrane-delimited, Gj,-coupled signal
transduction pathway in the channel regulation.

5 Using Ca?* channel subtype-selective antagonists, CADO inhibition appeared to target multiple
channel subtypes, with the inhibition of w-conotoxin GVIA-sensitive calcium channels being more
prominent.

6 Our results indicate that the anti-convulsant effects CADO in the basolateral amygdala may be
mediated, in part, by the A, receptor-dependent inhibition of voltage gated calcium channels.
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Introduction

As part of the limbic system, the amygdala plays a
highly integrative role in the sense/memory-response
pathway and is believed to occupy a pivotal position in
the regulation of fear and anxiety. Rat models of fear/
anxiety have implicated the basolateral complex (BLA), as
being centrally important in both the acquisition and
expression of fear/apprehension-related behaviours (re-
viewed in Davis, 1992). Of particular relevance for the
studies outlined below, infusion of the non-selective
adenosine receptor agonist 2-chloroadenosine (CADO)
into the basolateral amygdala suppresses seizure activity
following amygdala kindling (Abdul-Ghani et al., 1997;
Pourgholami et al., 1997), the long-term decrease in
seizure threshold brought about by repeated electrical
stimulation. In fact, adenosine receptor activation can
even prevent the acquisition of amygdala kindling (Abdul-
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Ghani et al., 1997). This anticonvulsant activity of CADO
is dose-dependent and blocked by caffeine, suggesting that
activation of adenosine heptahelical receptors in the
basolateral amygdala may regulate neuronal excitability.
Previous work has demonstrated that adenosine receptors
may act presynaptically in the amygdala to inhibit both
excitatory and inhibitory transmission (Heinbockel &
Pape, 1999; Nose et al., 1991). However, direct regulation
of postsynaptic processes by amygdala adenosine receptors
has not been examined.

P1 purinoreceptors are believed to mediate the effects
of adenosine in the central nervous system. These
receptors belong to the heptahelical family of receptors
and are coupled to heterotrimeric G proteins. Several
subtypes of Pl receptors can be distinguished from one
another by receptor pharmacology or by examination of
the signal transduction pathways to which the individual
receptors couple. For example, the A; adenosine receptor
subtype is classically associated with the inhibition of
cyclic AMP production via pertussis toxin-sensitive,
‘inhibitory’ G;j, heterotrimeric G proteins. A; receptors
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also have high affinity for the agonists adenosine and 2-
chloro-N°®-cyclopentyladenosine (CCPA; Lohse et al., 1988)
and the antagonist 1,3-dipropyl-8-cyclopentylxanthine
(DPCPX; Martinson et al., 1987). Unlike A; receptors,
A, adenosine receptors appear to couple to cholera toxin-
sensitive G proteins and can stimulate cyclic AMP
accumulation. Two A, isoforms, the A,n and A,
receptors, arise from distinct genes and are pharmacolo-
gically distinguishable. The A, has a high affinity for
the agonist 2-[p-(2-carbonyl-ethyl)-phenylethylamino]-5'-N-
ethylcarboamido-adenosine (CGS 21680) but intermediate/
low affinity for the antagonist DPCPX. Conversely, the
Aop receptor has a very low affinity for CGS 21680 but
a high affinity for DPCPX. The most recently identified
Pl receptor, the Aj; subtype, binds 2-chloro-N°-(3-
iodobenzyl)-5'-(N-methylcarbanoyl)adenosine (CI-IB-MECA;
reviewed in Jacobson, 1998) with high affinity and
selectivity but is not believed to be highly or widely
expressed in brain (Rivkees et al, 2000; Zhou et al.,
1992; but see Dixon et al., 1996). Thus, the pharmaco-
logical and signal transduction characteristics can often
identify the receptor subtype mediating a particular
adenosine-sensitive physiological response.

In the nervous system, adenosine is a potent modulator of
neuronal activity, with A; and A, receptors often playing
contrasting roles. For example, activation of pre-synaptic A,
receptors can depress synaptic transmission in numerous
preparations and can alter both long-term (de Medonca &
Ribeiro, 1990) and short-term (Lovinger & Choi, 1995)
modifications in synaptic efficacy. In contrast, pre-synaptic
A, receptor activation is frequently associated with increased
neurotransmitter release and enhanced synaptic function
(Cuhna & Ribeiro, 2000; Kessey & Mogul, 1998; Umemiya
& Berger, 1994). In addition to these synaptic roles, A; and
A, receptors often regulate voltage-gated calcium channels in
contrasting ways. A; receptors typically inhibit calcium
channel activity (Mynlieff & Beam, 1994; Zhu & Ikeda,
1993). Conversely, A2 receptors can facilitate calcium channel
function (Goncalves et al., 1997, Umemiya & Berger, 1994;
Mogul et al., 1993). Thus, adenosine receptors appear to
modulate neuronal activity vie a diverse array of signal
transduction pathways.

The inhibition of voltage-gated calcium channels by
heterotrimeric G protein-coupled receptors is believed to
be an important means of regulating Ca®" entry and thus
has direct consequences for many Ca’>*-dependent pro-
cesses. In this context, dihydropyridine antagonists of
somatic voltage-gated calcium channels prevent kindling-
related phenomena (Hassan et al, 1999), presumably by
attenuating the elevation in intracellular calcium associated
with this seizure-like activity (Pal et al., 1999). The
inhibition of somatic voltage-gated calcium channels can
therefore dramatically influence neuronal excitability and
potentially underlies the effects of CADO on amygdala
seizure activity. Here we characterize the regulation voltage-
gated calcium channels by CADO in acutely isolated
basolateral amygdala neurons. The receptor mediating these
effects is defined by pharmacological analyses; and its
utilization of particular signal transduction pathways is
determined. Finally, we examine the discriminate targeting
of specific calcium channel subtypes during the modulatory
process.

Methods
Neuron isolation

Neurons were prepared from coronal brain slices of juvenile
male rats (~P17—P28) as previously described (McCool &
Botting, 2000). Briefly, slices were digested with 0.5—
I mg ml~' Pronase (CalBiochem) dissolved in standard
artificial CSF (in mM): NaCl 125, KCI 5, NaHCO; 25,
NaH,PO, 1.25, MgSO, 1, CaCl, 2.0, and 20 D-glucose, at
37°C for 20 min with constant oxygenation. Following this
digestion, slices were removed to ‘isolation buffer’ containing
(in mM): N-methyl glucamine 130, NaCl 10, MgCl, 1,
HEPES 10, D-glucose 10; pH 7.4 with HCI, osmolality
325 mmol kg=' adjusted with sucrose; and, those regions
containing primarily basolateral amygdala were carefully
dissected away from the remaining tissue. Individual neurons
were isolated from these tissue pieces by mechanical
separation using fire-polished Pasteur pipettes. The dispersed
tissue was transferred to plastic coverslips (Themonox). Large
neurons (15—-35 pF) with pyramidal or stellate soma were
utilized exclusively in these studies and had morphological
characteristics that were similar to both isolated BLA
neurons (McCool & Botting, 2000; Viana & Hille, 1996)
and BLA neurons in situ (McDonald, 1982).

Electrophysiology

All recordings were performed at ambient room temperature
with standard patch-clamp techniques (Hamill et al. 1981)
using the axopatch-1D amplifier (Axon Instruments, Inc.,
Foster City CA, U.S.A.) in the voltage clamp mode.
Gigaohm seals were formed using patch pipettes made from
borosilicate glass (World Precision Instruments, Sarasota FL,
U.S.A.). For whole-cell patch clamp recording, patch pipettes
typically had input resistances of 0.5—-2 MQ. The internal
solution in the patch pipette was similar to that reported
previously (McCool & Botting, 2000) and contained (in mM):
CsCl 120, HEPES 10, EGTA 11, CaCl, 1, Mg-ATP 4, Tris-
GTP 0.3, pH 7.2 with cesium hydroxide; adjust to 300-—
310 mmol kg~' with sucrose. Whole cell capacitance (typi-
cally 15-25 pF) and series resistance (typically <10 MQ)
were compensated manually after opening the cell. Currents
were online leak-subtracted using a ‘p-n~" protocol and low-
pass filtered (three-pole Bessel filter) at 1 kHz with >70%
compensation. Depolarizing test pulses were typically given at
0.25 Hz from a holding potential of —80 mV to prevent
prolonged channel inactivation.

Cells were continuously bath perfused with an extracellular
solution consisting of (in mMm): NaCl 150, Dextrose 10,
HEPES 10, KCI 2.5, CaCl, 2.5, MgCl, 1.0, pH 7.4 with
NaOH; osmolality adjusted to 320-340 mmol kg=' with
sucrose. To isolate currents mediated by the calcium
channels, cells were locally perfused with the following (in
mM): tetracthylammonium chloride 140, HEPES 10, Dextrose
15, BaCl, 5, pH 7.35 with tetracthylammonium hydroxide;
osmolarity adjusted to 320—-330 mmol kg~' with sucrose.

Data analysis

Data was digitized at up to 10 kHz with a Labmaster DMA
(Axon), stored on a computer, and analysed off-line using
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pClamp software (Axon). Unless otherwise stated, current
amplitudes were measured as the difference between current
levels immediately prior to and within 10 ms after the
initiation of a depolarizing test pulse. For the calcium
channel antagonist experiments, per cent contribution by
each component following the sequential addition of channel
blockers was calculated using current amplitudes during the
‘baseline’ of the experiment using the following relationship:

Amplitude plockerN-1
Amplitude Control

Amplitude pjocker N
_ _ 1009 1
Amplitude control 8 w0

where ‘blocker N’ is the n™ channel antagonist added during
a sequence of blockers and ‘control’ refers to current
amplitudes prior to the addition of any channel antagonist.
A similar relationship was used to calculate the per cent
inhibition by adenosine receptor agonists during these
occlusion experiments. Numerical analysis was performed
using the QuatroPro software package (v 5.00; Borland
International Inc., Scotts Valley CA, U.S.A.). Concentration-
response curves were generated from fits (GraphPad Prism;
GraphPad Software Inc., San Diego CA, U.S.A.) of data to a
standard logistic equation of the form:

(Ymax - Ymin)

Y = Yuin + (1 + 10(LogECs)—X) HillSlope) (2)

where Y =response expressed as per cent of Y .., X=Log
([agonist]), and HillSlope=slope of the concentration
response relationship. Because concentration-response data
in each neuron were expressed as a fractional response
compared to the inhibition by a maximally efficacious
concentration of adenosine (10 uM), Y ,in=0 and Y .= 1.0.

Statistics

Power calculations (SSD, CECOR Ltd.) to define the
minimum sample size for each experiment were performed
using standard deviations derived from pilot experiments.
For these calculations, o =0.05 and f#=0.1. Standard student
t-tests compared population means between two treatment
groups, with a significant difference being defined as P<0.05
(2-tailed). In those cases where multiple treatment groups
were compared, one-way ANOVA analysis using the repeated
measure design examined the population means, which were
considered significantly different if P<0.05. Bonferroni’s
multiple comparison test was used in this case to examine
various pairs treatment groups. All statistical analysis was
performed using GraphPad Prism (GraphPad Software, Inc.).

Drugs

Adenosine (RBI) and N-ethylmaleimide (NEM; Sigma) were
prepared as concentrated stock solutions in distilled water
fresh each day (adenosine) or every 3 h (NEM). w-conotoxin
GVIA (Alamone Labs), w-conotoxin MVIIC (RBI), and w-
agatoxin IVA (Alamone Labs), 2-chloroadenosine (CADO;
RBI) were similarly prepared but were stored as frozen stock
solutions at —20°C. Similarly, nifedipine, 2-chloro-N°®-
cyclopentyladenosine (CCPA; RBI), 8-cyclopentyl-1,3-dipro-
pylxanthine (DPCPX; RBI), R(-)-N°-(2-phenylisopropyl)-
adenosine (R-PIA; RBI), and CGS-21680 (RBI) were made
as concentrated stocks in dimethylsulphoxide and stored at
—20°C. Agonists and antagonists were typically applied for

at least 10 s and no longer than 30 s from an array of eight
HPLC-grade capillary tubes (150 um i.d.; Hewlett Packard
Analytical Direct, Wilmington DE, U.S.A.) placed within
50—100 um of the cell of interest.

Results

Inhibition of voltage-gated barium currents by
P1 purinoreceptors

Because CADO regulation of BLA excitability (Abdul-Ghani
et al., 1997; Pourgholami et al., 1997) may involve the
regulation of voltage-gated calcium channels (see Magee &
Carruth, 1999; Widmer et al., 1997), we tested the effects of
CADO and other P1 receptor agonists on barium currents in
acutely isolated neurons. Application of CADO (1-3 uM) as
well as adenosine (3—10 uM) caused modest inhibition of
whole-cell Ba®>" currents in a substantial number of cells
(Figure 1a), with only 10 out of 68 neurons failing to respond to
a purinergic agonist. CADO inhibited currents by 21+2%
(mean +s.e.mean; n=11) while adenosine attenuated current
amplitude in a different set of neurons by 25+2% (n=25). In
cells where both were tested simultaneously, the inhibition by a
maximally efficacious concentration CADO was not signifi-
cantly different (paired z-test, P>0.1; Figure 1b) than that
found for adenosine (22+2%; n=11). The inhibition by both
compounds was characterized by slowing of the macroscopic
current activation kinetics, exemplified by the apparent
reduction in the amount of inhibition at later times during
the depolarizing test pulse. For example in the traces in Figure
la, inhibition was 28 and 25% for 3 mM adenosine and 1 um
CADOQO, respectively, when measured 7 ms after the onset of the
test pulse; when measured 65 ms after the initiation of the test
pulse, inhibition was reduced to 17 and 18% for adenosine and
CADO, respectively. Furthermore, inhibition mediated by
both compounds was readily reversible and exhibited no
apparent desensitization after repeated applications of these
maximally effective agonist concentrations.

Inhibition is mediated by the Al receptor subtype

To further define the receptor subtype responsible for calcium
channel inhibition by 2-chloroadenosine, we tested several
subtype-selective agonists and an antagonist. In one group of
neurons (n=35), R-PIA (500 nM) and CGS21680 (500 nMm)
were compared to adenosine (Figure 2a). R-PIA inhibited
whole-cell barium currents by 26 +4%, similar to the level of
inhibition seen with adenosine (28 +3%,; Figure 2a). Con-
versely, the inhibition by CGS21680 (5+1%) was signifi-
cantly (P<0.001) less than that for either adenosine or R-
PIA, indicating that the A,5 receptor does not substantially
modulate voltage-gated calcium channels in these neurons.
The relative amount of inhibition by R-PIA and CGS21680
was similar when lower concentrations (R-PIA, 100 nMm;
CGS21680, 100 nM) were used (not shown), indicating that
the concentration of agonists used here were sufficient to
produce maximal inhibition. To support the hypothesis that
the A; subtype adenosine receptor is responsible for
inhibition of calcium channels in isolated BLA neurons, we
tested the sensitivity of 2-chloroadenosine inhibition to the
selective A; receptor antagonist 8-cyclopentyl-1,3-dipropyl-
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Figure 1 Adenosine receptor modulation of voltage-gated calcium
channels in dissociated basolateral amygdala neurons. (a) Both 2-
chloroadenosine and adenosine attenuated whole-cell, voltage-gated
Ba’" currents. Unless otherwise stated, the holding potential was
—80 mV; and, the test potential was — 10 to 0 mV. The inhibition by
both adenosine and CADO was characterized by slowing of the
macroscopic current activation kinetics, exemplified by the apparent
reduction in the amount of inhibition at later times during the
depolarizing test pulse. When measured 7 ms after the onset of the
test pulse, inhibition was 28 and 25% for adenosine and CADO,
respectively; inhibition was reduced to 17 and 18% for adenosine and
CADO, respectively, when measured 65 ms after the initiation of the
test pulse. Dashed line=zero current level. (b) When maximally
efficacious concentrations of both CADO and adenosine were tested
in the same neurons (n=11), CADO inhibited currents by 21+2%
(mean +s.e.mean) while adenosine attenuated current amplitude by
22+42%. These values were not significantly different (paired #-test,
P>0.1).

CADO

xanthine (DPCPX). Co-application of DPCPX (100 nM) with
2-chloroadenosine (0.3 mM) significantly reduced the inhibi-
tion from 32+5% to 4+3% (n=4; Figure 2b; P<0.05).
Additionally, we examined the concentration-response rela-
tionship for several Pl receptor agonists (Figure 3).
Adenosine, CADO, and 2-Chloro-N°¢-cyclopentyladenosine
(CCPA) inhibited whole-cell barium currents in a concentra-
tion-dependent manner (Figure 3a). The rank order of
potency, CCPA (ECso=103 n™M, Figure 3b)>adenosine
(ECs50=225 nM) =~ 2-chloroadenosine (ECso=290 nM), was
consistent with the A; subtype being the primary adenosine
receptor mediating the barium current inhibition by
adenosine and 2-chloroadenosine.
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Figure 2 Adenosine receptor modulation of voltage-gated calcium
channels in dissociated basolateral amygdala neurons is mediated by
the A, receptor subtype. (a) The adenosine receptor agonists
adenosine (Ade), R-PIA, and CGS21680 were tested in one group
of neurons (n=5). R-PIA (500 nm) inhibited whole-cell barium
currents by 26+4%, similar to the 28+3% inhibition seen with
adenosine (P> 0.05, repeated measures ANOVA, Bonferronni’s post-
test). In these same neurons, the inhibition by CGS21680 (500 nMm))
was 5+ 1%, significantly less than that for either adenosine or R-PIA
(*P<0.001, repeated measures ANOVA, Bonferroni’s post-test).
These results indicate that the A,5 subtype does not substantially
contribute to the CADO modulation of calcium channels. (b) To
confirm the contribution of the Al receptor subtype, the sensitivity of
2-chloroadenosine modulation to the selective A; receptor antagonist
DPCPX was tested. Co-application of DPCPX (100 nm) with 2-
chloroadenosine significantly reduced the modulation from 32+5%
to 4+3% (n=4; *P<0.05 paired z-test).

Perc_gnt Inhi
=]

=

CADO

Signal transduction pathway for A; adenosine
receptor inhibition

In order to determine the signal transduction pathway
utilized by A; adenosine receptors, we assessed the voltage-
dependence of the inhibition. Using a voltage protocol similar
to that in Ikeda (1991), two ‘test’ pulses (‘V(1’ and ‘V2’,
Figure 4a) were separated by a large membrane depolariza-
tion (+60 mV) and brief recovery period. The voltage-
dependence of inhibition is represented in this protocol by a
‘relief” from inhibition in the second test pulse relative to the
first test pulse. This ‘relief’ is believed to be due to the
voltage-dependent association between calcium channel
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Figure 3 The agonist profile of P1 receptor modulation is consistent
with A; receptor-mediated inhibition. (a) Agonist concentration-
response relationships for CCPA (@), CADO (A), and adenosine
(M). The rank order of potency, CCPA >adenosinex CADO, was
consistent with the Al subtype being the primary Pl receptor
responsible for the barium current modulation. To reduce the
influence of cell-to-cell variability, data in each neuron was normal-
ized to a maximally efficacious concentration of adenosine (10 um).
(b) ECsq values for CCPA, adenosine, and CADO were 103, 225 and
290 nM, respectively. (c) Hill slopes of the concentration-response
relationships were 1.1+0.1, 1.9+0.5, and 2.940.6 for CCPA,
adenosine, and CADO, respectively.

subunits and G protein fy subunits (Herlitze et al. 1996;
Ikeda 1996) that are liberated during receptor activation. The
representative traces in Figure 4a generally reflect our

findings that inhibition was indeed partially voltage-depen-
dent. In one set of neurons (n=38), the amount of inhibition
by adenosine (3 uM) or 2-chloroadenosine (3 uM) in the first
test pulse (19+1% inhibition) was significantly (P <0.05,
paired r-test) reduced in the second test pulse (12+2%
inhibition) by the intervening depolarization (Figure 4b). To
further explore this phenomena, membrane potentials were
continuously ‘ramped’ from —100 to +60 mV to evoke the
‘bell-shaped’ current that is characteristic for voltage-gated
calcium channels (Figure 4c; see McCool et al., 1996).
Application of 2-chloroadenosine (1 uM) during this voltage
ramp reduced the amplitude of current response but did not
change the general shape of the current, indicating that
adenosine receptor activation did not substantially alter
voltage sensitivity of the calcium channels. The per cent
inhibition by CADO during these voltage ‘ramps’ was greatly
influenced by the membrane potential (Figure 4c). Specifi-
cally, the amount of inhibition decreased as membrane
potential increased. Thus, like many other G protein coupled
receptors, inhibition of whole-cell barium currents by
adenosine or 2-chloroadenosine is mediated via a voltage-
dependent signal transduction pathway that is likely to
involve a direct interaction between channel and activated
G protein.

To further characterize the signal transduction pathway
utilized by A receptors, we utilized the sulfhydryl-modifying
reagent, N-ethylmaleimide (NEM). At the concentrations
used here, NEM inactivates pertussis toxin (PTX)-sensitive G
protein o subunits, but not the G- or Gg-subtypes (McCool
et al., 1998), by ethylation of the same cysteine residue that is
ADP-ribosylated by PTX (Asano & Ogasawara, 1986;
Hoshino et al., 1990). Specifically, neurons responding to
adenosine with robust inhibition were subsequently treated
with NEM (50 uM for 2 min) during the recording and the
response to adenosine again measured. NEM exposure
significantly reduced the amount of inhibition by adenosine
(Figure 4d) from 27+6 to 8 +2% (n=4; paired t-test). These
results suggest that inhibition mediated by A; adenosine
receptors primarily utilizes a well characterized, membrane-
delimited, Gj,-dependent signal transduction pathway.

Calcium channel subtypes modulated by
A; adenosine receptors

Two separate experiments were performed to determine the
relative contribution of each calcium channel subtype to the
whole cell barium currents recorded from basolateral
amygdala neurons. In one set of neurons (n=26), sequential
application of the L-type channel antagonist nifedipine
(5 um), nifedipine plus the N-type calcium channel antagonist
w-conotoxin GVIA (1-2 uM), and then nifedipine plus the
P/Q-type calcium channel antagonist w-agatoxin IVA
(0.1 uM) inhibited total whole-cell barium currents by
28+3, 2744 and 18+2%, respectively (Figure 5b). Thus,
in this experiment, 28+6% of the total current that is
‘resistant’ to antagonist exposure. w-Conotoxin GVIA
inhibition of N-type channels is not reversible in these
neurons under our recording conditions (data not shown). In
a second experiment (n=4), sequential application of
nifedipine, nifedipine plus w-conotoxin GVIA, and then
nifedipine plus the mixed N-type and P/Q-type antagonist w-
conotoxin MVIIC (3 uM) inhibited whole cell currents by
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Figure 4 The modulation by CADO is partially voltage-dependent and NEM-sensitive, implicating a membrane-delimited, Gjo-
coupled signaling pathway. (a) Example of the ‘paired-pulse’ voltage protocol and resultant whole-cell Ba®>* currents used to
examine the voltage dependence of the modulation. Note the large depolarization to +60 mV reduced CADO inhibition during the
second test pulse (V(2; 10% inhibition) relative to that present in the first test pulse (V,l; 20% inhibition). (b) Pooled data for
CADO (3 um) and adenosine (3 um; n=06) shows that modulation is partially voltage dependent, with inhibition being significantly
reduced from 19+ 1% to 12+2% (P <0.05, paired ¢-test). (c) Example of ‘bell-shaped’ whole cell currents (inset) evoked by ramping
the membrane potential from — 100 to +60 mV. Per cent inhibition (@) by 2-chloroadenosine (CADQO) at each sampled interval
(500 ps) in this neuron decreased from ~40 to ~12% during the increase in membrane potential from —30 to 0 mV (black bar,
inset). Inset calibration bars: x=100 ms, y=1 nA. (d) Adenosine modulation is reduced by exposure to the sulfhydryl-modifying
reagent, NEM. Neurons responding initially to adenosine were subsequently treated with NEM during the recording; and, the
response to adenosine was again measured. NEM treatment (50 mm for 2 min) significantly reduced the amounts of inhibition from

2746% to 8+2% (n=4; P<0.05).

18+4, 41+5 and 10+4%, respectively, leaving 30+8%
‘resistant’ current. Assuming w-agatoxin IVA and w-con-
otoxin MVIIC inhibit a similar population of channels
following treatment with w-conotoxin GVIA, our results
are consistent, with following contributions to whole-cell
current: 20—-30% L-type, 30—40% N-type, 10-20% P/Q-
type, and 30% °‘resistant’ channel subtype.

To determine whether A; adenosine receptors modulate
specific calcium channel subtypes, the inhibition mediated by
2-chloroadenosine (3 uM) was measured in the presence of
nifedipine (5 uM), nifedipine plus w-conotoxin GVIA (1 um),
and then nifedipine plus w-Agatoxin IVA (0.1 um). A
representative experiment in a single neuron is shown Figure
Sa. In a population of neurons (n=06), inhibition by CADO
was 24+ 3% without channel antagonists. During sequential
application of channel antagonists, this inhibition was
reduced to 18+3% during co-application of nifedipine, to
9+ 2% during nifedipine + w-conotoxin GVIA, and to 5+2%
in the presence of nifedipine + w-agatoxin IVA. Comparing
these values with the relative contribution of each channel

subtype, CADO inhibited 46+ 12% of the N-type current,
20+6% of the L-type current, 20+5% of the P/Q-type
current, and 19+5% of the current ‘resistant’ to all channel
antagonists (Figure 5c). However, the relative amounts of
inhibition across different channel subtypes only approached
statistical significance, suggesting that, while A; receptors
may preferentially target the N-type channels, these receptors
can inhibit a variety of calcium channel subtypes in acutely
dissociated basolateral amygdala neurons.

Discussion

Based on agonist pharmacology and sensitivity to the
antagonist DPCPX, we propose that 2-chloroadenosine
inhibition of calcium channels in basolateral amygdala
neurons is mediated by the adenosine A; adenosine receptor.
This is consistent with the distribution of adenosine receptor
subtypes in the central nervous system. A receptor mRNA is
widely expressed in the forebrain (Reppert et al., 1991); and,
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Figure 5 A, adenosine receptors modulate different calcium channel
subtypes in dissociated basolateral amygdala neurons. (a) Example of
calcium channel antagonist effects of the modulation by CADO. For
this neuron, CADO (@) inhibition was 19% in the absence of any
calcium channel antagonist. The inhibition was reduced to 13% in
the presence of nifedipine (5 um) and to 3% in the presence of both
nifedipine and w-conotoxin GVIA (1 um). Boxes indicate the
duration of channel antagonist application. ‘GVIA’=w-conotoxin
GVIA. ‘Aga’=w-agatoxin IVA. (b) Calcium channel subtype-

A-specific radioligand binding is present in the lateral/
basolateral amygdala (Fastbom et al., 1987). The lack of
effect by CGS21680 is also consistent with the predominant
expression of A,p receptors in the striatum, nucleus
accumbens, and olfactory tubercle (Schiffman ez al., 1990;
Wan et al., 1990). However, Ao mRNA and binding are also
present elsewhere in the forebrain (Cuhna et al., 1994
Johansson et al., 1993); and, the whole-cell recording
conditions used here would tend to minimize any contribu-
tion by diffusable second messengers that might be produced
by activation of this adenosine receptor subtype (e.g. cyclic
AMP). Conventional radioligand or mRNA analyses have
failed to demonstrate significant A,g or Aj receptor
expression in the forebrain (Rivkees er al., 2000; Dixon et
al., 1996); however, polymerase chain reaction-based meth-
odologies suggest that both subtypes may be expressed at low
levels within the amygdala (Dixon er al., 1996). While our
pharmacologic analyses strongly suggest that A; receptors
represent the predominant influence on voltage-gated calcium
channels in dissociated basolateral amygdala neurons, we can
not rule out possible contributions by other subtypes under
some circumstances. It is also possible that other adenosine
receptor subtypes are expressed in a population of neurons
that is distinct from those examined here.

A receptors have been classically associated with the
inhibition of cyclic AMP production. However, it is also clear
that these adenosine receptors can modulate numerous signal
transduction pathways. In basolateral amygdala neurons, A,
receptors appear to utilize primarily voltage-dependent,
NEM-sensitive signal transduction pathways to inhibit
voltage-gated calcium channels. These characteristics are very
similar to Gj,-mediated inhibition in many other systems.
NEM treatment does not alter antagonist binding to A,
receptors (Ukena et al., 1984), suggesting the NEM-sensitive
inhibition described here is most likely related to the
uncoupling of A; receptors from PTX-sensitive G proteins.
However, A; receptors may utilize both PTX-sensitive and
PTX-resistant pathways to modulate calcium channels in
basolateral amygdala neurons since their inhibition is only
partially NEM-sensitive. In support of this, A; receptors
couple to PTX/NEM-resistant az-containing G proteins to
modulate cyclic AMP levels in heterologous systems (Ho &
Wong, 1997; Wong et al., 1992) and voltage-gated calcium
channels in isolated hypothalamic neurons (Noguchi &
Yamashita, 2000). Additional studies focusing on the
potential interaction between A; receptors and different G
protein subtypes in these particular neurons may be
warranted.

selective antagonists indicate that dihydropyridine-sensitive, -
conotoxin GVIA-sensitive, w-agatoxin IVA, and ‘resistant’ channels
contribute 28+ 3, 2744, 1842 and 29+ 6% to the whole cell current,
respectively, in isolated basolateral amygdala neurons (n=6). (c)
Comparison of the amount of inhibition present during co-
application with channel antagonists with the relative contribution
of each channel subtype allowed us to examine Al receptor
modulation of specific classes of voltage-gated calcium channels.
CADO inhibits 20+6% of the nifedipine-sensitive current (L-type),
46+12% of the w-conotoxin GVIA-sensitive current (N-type),
20+ 5% of the w-agatoxin IVA-sensitive current (P/Q-type), and
19+5% of the current resistant to all the channel antagonists (R-
type).
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The utilization of multiple signal transduction pathways
may also be reflected by the apparent inhibition of multiple
channel subtypes in isolated amygdala neurons. A; receptors
appear to preferentially target w-conotoxin GVIA-sensitive
channels in these neurons. The inhibition of this channel
subtype by G protein-coupled receptors is voltage-dependent
in most systems, suggesting a common signal transduction
pathway regardless of the tissue. However, the inhibition of
dihydropyridine-sensitive channels and antagonist-resistant
channels by G protein-coupled receptors is a novel finding for
basolateral amygdala neurons. For example, somatostatin
receptors appear to modulate primarily w-conotoxin GVIA-
and w-agatoxin [VA-sensitive channels (Viana & Hille, 1996).
It is therefore likely that different G protein-coupled
receptors expressed by basolateral amygdala neurons may
inhibit specific populations of calcium channel subtypes. The
inhibition of overlapping, yet distinct, populations of calcium
channels by muscarinic and adenosine receptors in striatal
cholinergic interneurons (Song et al., 2000; Yan & Surmeier,
1996) appears to support this idea. Regardless, it remains to
be determined if the different calcium channel subtypes are
modulated by A; receptors via identical signal transduction
pathways.

Using central amygdala neurons from young rats (< P19),
Yu & Shinnick-Gallagher (1997) find a distribution of
channel subtypes that is similar to the basolateral neurons
used here, with whole cell currents being 30-31% -
conotoxin GVIA-sensitive, ~28% ‘resistant’ to antagonists,
22-27% dihydropyridine-sensitive, and 18% agatoxin IVA-
sensitive. Furthermore, the relative contributions of each
channel to whole-cell current is consistent with the expression
of their mRNAs, with prominent expression of Cay ;2.2 (N-
type or a;p; see Ertel et al., 2000 for nomenclature) and Cay
0,2.3 mRNA (R-type or o;g; Ludwig et al., 1997; Williams et
al., 1994; Fujita et al., 1993) and lower levels of Cay ;2.1
(214), 211.2 (a1¢), and ;1.3 (a;p) mRNA expression (Ludwig
et al., 1997) in the amygdala. Compared to our juvenile
animals, whole cell calcium currents from adult basolateral
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