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Adenosine A1 Receptors Reduce Release from Excitatory But Not
Inhibitory Synaptic Inputs onto Lateral Horn Neurons

Susan A. Deuchars, Ruth E. Brooke, and Jim Deuchars

School of Biomedical Sciences, University of Leeds, Leeds, LS2 9NQ, United Kingdom

Although adenosine is an important neuromodulator in the
CNS, its role in modulating sympathetic outflow at the level of
the spinal cord has not been studied. Because very little is
known about adenosine A1 receptors (A1Rs) in the spinal cord,
we determined their location and role with particular reference
to the control of sympathetic preganglionic activity and inter-
neuronal activity in the rat. High levels of immunoreactivity for
A1Rs were observed throughout the spinal cord. Immunostain-
ing was dense in the intermediolateral cell column (IML) and
intercalated nucleus, regions containing retrogradely labeled
sympathetic preganglionic neurons (SPNs). Electron micros-
copy revealed A1R immunoreactivity (A1R-IR) within presynap-
tic terminals and (to a lesser extent) postsynaptic structures in
the IML, as well as the luminal membrane of endothelial cells
lining capillaries. Using double-labeling techniques, some pre-
synaptic terminals were observed to synapse onto SPNs. To

investigate the effects of activating these A1Rs, visualized
whole-cell patch-clamp recordings were made from electro-
physiologically and morphologically identified SPNs and inter-
neurons. Applications of the A1R agonist cyclopentyladenosine
(CPA) reduced the amplitude of EPSPs elicited by stimulation of
the lateral funiculus, an effect blocked by the A1R antagonist
8-cyclopentyl-1,3-dipropylxanthine. These effects were attrib-
utable to adenosine acting at a presynaptic site because CPA
application increased the paired-pulse ratio. CPA did not affect
evoked IPSPs. These data show that activating A1Rs reduces
fast excitatory, but not inhibitory, transmission onto SPNs and
interneurons in the IML and that A1Rs may play a protective
role on neurons involved in the control of sympathetic outflow.
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Adenosine, generated partly by the extracellular catabolism of
ATP through the ectonucleotidase cascade (Lee et al., 1981;
Cunbha et al., 1992), is an important neuromodulator in the CNS,
acting on G-protein-linked cell surface receptors classified as Al,
A2, and A3. A major role for adenosine acting at Al receptors
(A1Rs) may be neuroprotective because release of adenosine
during hypoxic or ischemic episodes inhibits neurotransmission
to counteract possible excitotoxicity (Fowler, 1989; Rudolphi et
al., 1992; Katchman and Hershkowitz, 1993). On A1Rs, adeno-
sine exerts its action presynaptically and postsynaptically to elicit
mainly inhibitory effects. Presynaptic A1Rs reduce neurotrans-
mitter release via activation of G-proteins that inhibit adenylate
cyclase activity (Stiles, 1992). A1R-mediated reductions in release
of both glutamate and GABA have been reported in the hypo-
thalamus, substantia nigra reticulata, and the periaqueductal gray
regions (Shen and Johnson, 1997; Bagley et al., 1999; Oliet and
Poulain, 1999). However, in the hippocampus, although depres-
sion of EPSCs during hypoxia was elicited by A1R activation,
depression of IPSCs was attributable to another mechanism
(Katchman and Hershkowitz, 1993). Postsynaptic A1Rs seem to
be pharmacologically identical to those located presynaptically
(Thompson et al., 1992), and activation causes hyperpolarization
particularly through opening of potassium channels (Trussell and
Jackson, 1987; Gerber et al., 1989).
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Because adenosine acting on A1Rs may play a crucial role in
neuroprotection during stressful events, it seems important to
know its exact role in areas of the CNS involved in autonomic
functions. Studies indicate roles for the A1Rs in synaptic transmis-
sion in the brainstem (Thomas and Spyer, 1999), but little is known
of the spinal cord. Ligand binding studies using radioactive Al-
selective agonists pinpointed intense binding in the dorsal and
ventral horn of the lumbar spinal cord (Goodman and Synder,
1982; Geiger et al., 1984; Choca et al., 1987). Moreover, hybridiza-
tion studies localizing mRNA for the AI1Rs showed concentrated
labeling in ventral horn neurons and moderate hybridization
throughout the spinal gray matter, although the white matter was
unlabeled (Reppert et al., 1991). However, little mention is made of
regions involved in sympathetic control, such as the intermediolat-
eral cell column (IML).

Despite a lack of evidence for A1R localization in the IML,
there is a sign that A1Rs play a role in determining sympathetic
outflow. Intrathecal injections of an A1R agonist decreased blood
pressure and heart rate, although it was not determined whether
this was a result of sympathoinhibition (Koh et al., 1996). Fur-
thermore, such intrathecal applications cannot pinpoint sites of
action of drugs that may include receptors on blood vessels, as
well as those located presynaptically and postsynaptically on
neurons.

We therefore studied the localization of the A1Rs at the light
and electron microscopic level using immunohistochemistry, con-
centrating on thoracic spinal cord, which contains neurons in-
volved in cardiovascular control. When these studies revealed a
striking density of A1Rs in the IML and extensive vascular and
neuronal localization in the spinal cord, electrophysiological ex-
periments were performed to examine the role of A1Rs in mod-
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ulating the activity of neurons contributing to sympathetic
outflow.

MATERIALS AND METHODS

Immunohistochemistry. Male rats (150-200 gm; n = 10) were deeply
anesthetized by intraperitoneal Sagatal (60 mg/kg) and transcardially
perfused with fixative containing 4% paraformaldehyde and 0.1-0.5%
glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4. All experiments
were performed under a UK Home Office License and in accordance
with the regulations of the UK Animals (Scientific Procedures) Act of
1986. Efforts were made to minimize animal suffering and to use only the
minimum number of animals required. Spinal cords were removed at the
thoracic level and post-fixed in perfusing fixative for 4 hr. The tissue was
then cut into ~1 cm sections, embedded in gelatin (10%), fixed (0.5%
glutaraldehyde), sectioned at 50 wm on a vibrating microtome (Leica,
Nussloch, Germany), and collected into PBS, pH 7.2. For electron mi-
croscopy, sections were cryoprotected by incubation in 10% sucrose in 0.1
M PB for 10 min, followed by 20% sucrose in 0.1 M PB for 20 min and
then freeze-thawed twice in liquid nitrogen to permeabilize the mem-
branes. For light microscopy, the tissue was permeabilized using 0.1%
Triton X-100 included with the primary antibody solution.

Sections were immersed in primary antibody in PBS for 12-48 hr at
4°C.We used various primary antisera directed against different parts of
the A1Rs so that similar patterns of labeling would indicate specific
localization of the receptor. The antiserum used for the majority of the
labeling in this study was raised in rabbit against a unique intracellular
sequence of the rat AIR, residues 310-323, and was diluted 1:200-1:400.
This antibody has been shown previously to specifically recognize the
adenosine Al receptor in Xenopus oocytes expressing the Al receptor
but not in untransfected cells, as well as in rat CNS by Western blotting
(Smith et al., 2001). Another antibody raised in rabbit against a similar
sequence (amino acids 304-326; 1:100; Sigma, Poole, UK) has been
reported previously to specifically recognize the Al receptor by Western
blotting in human brain and in Chinese hamster ovary cells stably
expressing the Al receptor but not in untransfected cells (Schindler et
al., 2001). A primary antibody raised in goat against a peptide mapping
near the C terminus of the adenosine Al receptor was diluted at 1:200—
1:800 (Santa Cruz Biotechnology, Santa Cruz, CA). Finally, another
antibody raised in rabbit and generated against an extracellular sequence
of the AIR (amino acids 163-176; Affinity BioReagents, Exeter, UK) was
used at a dilution of 1:200. The specificity of this antibody to the Al
receptor has been shown by Western blotting in the CNS, as well as in A1l
receptor-transfected Xenopus oocytes (Smith et al., 2001). For additional
controls, sections were incubated with PBS in place of primary antiserum
or with the goat primary antiserum that had been preabsorbed with the
peptide antigen for 1 hr before use (1 ug of peptide for 1 ug of antibody).

For light and electron microscopy, sections were washed three times
for 10 min each in PBS, placed into biotinylated secondary antibodies to
rabbit IgG or goat IgG as appropriate, diluted 1:200 in PBS (Vector
Laboratories, Peterborough, UK) for 5 hr at 4°C, washed three times for
10 min each in PBS, and then put into Vectastain Elite ABC reagent
(Vector Laboratories) for 18-20 hr at 4°C. These sections were then
washed in Tris HCI buffer, pH7.4, and incubated in diaminobenzidine
(DAB) solution (5 mg in 10 ml of Tris buffer with 0.01% H,O,) for 10
min. Some sections were put on subbed slides for light microscopy only.
Other sections were washed in 0.1 M PB for 10 min and post-fixed in 0.5%
osmium tetroxide (in 0.1 M PB) for 45 min. After washing in 0.1 M PB, the
sections were then dehydrated through a series of ethanols, followed by
two 10 min washes in propylene oxide (Fisher Scientific, Loughborough,
UK). The sections were then immersed in Durcupan ACM resin (Fluka,
Neu-Ulm, Germany) for 12-20 hr, mounted on glass slides, and placed in
an oven at 60°C for 48 hr to polymerize the resin. Slides were subse-
quently examined at the light microscope level, and images were obtained
via an integrating analog CCD camera (JVC KYF 55B) attached to an
Acquis image capture system (Synoptics, Cambridge, UK) and adjusted
for brightness—contrast-intensity and color balance using Corel Pho-
toPaint 9 before printing.

When areas with suitable staining for electron microscopy were se-
lected, the coverslip was removed, and the relevant area was cut out and
glued to the flat surface of a resin block. After trimming of the block,
serial ultrathin sections (70 nm) were cut using a Leica Ultra Cut S
ultramicrotome and collected on Formvar-coated 1 mm slot grids. The
sections were then stained with lead citrate before viewing on a Phillips
CMI10 transmission electron microscope. Negatives were digitized using
an Umax Astra 2200 scanner and manipulated in Corel Draw 9.
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For fluorescence light microscopy, sections incubated in rabbit primary
antibody were detected by incubation for 4 hr in Cy3-conjugated donkey
anti-rabbit IgG (1:1000; Stratech, Luton, UK). Goat primary antibodies
were detected by biotinylated anti-goat (1:200; Vector Laboratories),
followed by streptavidin-Alexa*®® (1:1000; Molecular Probes,
Rijnsburger-Weg, The Netherlands). Sections were dried onto gelati-
nized slides at 4°C, covered with Vectamount (Vector Laboratories), and
stored at 4°C. Cy3 was visualized with a custom Cy3 filter set and
Alexa*®® with a standard FITC filter set, and digital images were ac-
quired as above.

Retrograde labeling of sympathetic preganglionic neurons and immuno-
histochemistry. To retrogradely label the complete population of sympa-
thetic preganglionic neurons (SPNs), male rats (150 gm; n = 3) were
injected intraperitoneally with 0.1 ml of 1% Fluorogold (Fluorochrome
Inc., Englewood, NJ) 7 d before immunohistochemistry. The rats were
then deeply anesthetized with pentobarbitone sodium (60 mg/kg, i.p.)
and perfused transcardially with 0.9% NaCl, followed by fixative con-
taining 4% paraformaldehyde. Sections were washed in PBS, and the
AIR immunostaining was performed for fluorescence detection as de-
scribed above. Fluorogold was visualized with UV illumination and
immunostaining with either Cy3 or FITC filters as appropriate.

SPNs with defined ganglionic projections were retrogradely labeled
from the superior cervical ganglion (n = 5) or the adrenal gland (n = 3)
in 150-200 gm rats under halothane anesthesia (5% in O,) by the
injection of 5-10 ul of 1% cholera toxin B chain (CTB) (List Biologic,
Campbell, CA) in saline. After 3-7 d of recovery, the rats were anesthe-
tized with intraperitoneal Sagatal (60 mg/kg) and perfused transcardi-
ally with 4% paraformaldehyde and 0.025-0.1% glutaraldehyde as de-
scribed above. Sections were cut on the vibrating microtome at 50 um
and freeze-thawed in liquid nitrogen as described above. Retrogradely
transported CTB was detected before the A1R immunohistochemistry in
two ways, both requiring incubation in goat anti-CTB (1:10,000; List
Biologic) for 12-24 hr at 4°C. One approach was a preembedding gold
procedure performed on tissue that had been perfused with low glutar-
aldehyde to facilitate penetration of gold particles into the tissue. Sec-
tions were transferred from primary antibody into secondary antibodies
recognizing goat IgG conjugated to 1 nm gold particles (Amersham
Pharmacia Biotech, Little Chalfont, UK) diluted 1:200 in pH 7.6 Tris-
HCl buffer containing 1% fish gelatin and 1% goat serum for 18-20 hr at
4°C. After thoroughly rinsing the sections (four times for 10 min each) in
PBS, fixing in 2% glutaraldehyde in 0.1 M PB for 2 min, and washing in
distilled deionized water (four times for 10 min each), the gold particles
were silver enhanced for 5-10 min using an IntenSE silver enhancement
kit (Amersham Pharmacia Biotech). The other method used biotinylated
anti-goat IgG after primary antibody incubations, detected with Vector
ABC kit (Vector Laboratories), and visualized with the tetramethylben-
zidine (TMB), pH6.0, method (Marfurt et al., 1988) to provide a crys-
talline reaction product. In both cases, sections were then incubated in a
rabbit primary antibody against the A1R, which was visualized using the
DAB method described above. Sections were then osmicated and pro-
cessed for light and electron microscopy as described above.

Electrophysiology. Rats aged 10-15 d were anesthetized with urethane
(2 gm/kg, i.p.). The thoracic spinal cord was exposed, and the dorsal and
ventral roots were cut to isolate the cord. The upper and middle thoracic
spinal cord was removed and submerged in ice-cold sucrose artificial CSF
(aCSF) containing (in mMm): 217 sucrose, 26 NaHCO;, 3 KCl, 2 MgSO,,
2.5 NaH,PO,, 1 CaCl,, and 10 glucose (equilibrated with 95%0,—
5%CQO,). The dorsal and ventral roots were cut, and the dura mater was
removed. The pia mater was carefully teased away from the spinal cord,
and the clean spinal cord was immersed in warm agar that was placed on
ice for rapid setting. Slices (250 um thick) of the embedded spinal cord
were cut on a Vibroslice and placed into the recording chamber or a
holding chamber for later use. The sections were submerged in aCSF (in
mM: 124 NaCl, 26 NaHCO;, 3 KCl, 2 MgSO,, 2.5 NaH,PO,, 2 CaCl,,
and 10 glucose) and superfused at a rate of 3-5 ml/min. All experiments
were performed at room temperature. A visualized patch-clamp record-
ing set-up was used with an upright microscope (BXS0WI; Olympus
Optical, Tokyo, Japan). The IML was located at 10X magnification, and
the cells were visualized at 60X magnification for recording. Both SPNs
and interneurons within and around the IML were targeted for these
experiments, identified both electrophysiologically and anatomically (at
the end of recording).

Whole-cell patch-clamp recordings were obtained from neurons after
achieving tight (>5 GQ)) resistance seals. Recordings were made in
current-clamp mode using an Axopatch 1D (Axon Instruments, Foster
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City, CA). Patch electrodes (tip diameter of 3 um; resistance of 4-6
MQ) were filled with (in mm): 130 K-gluconate, 10 KCI, 11 EGTA, 2
MgCl,, 1 CaCl,, 10 HEPES, 5 Na,ATP, and 0.3 Na,GTP, pH 7.2 (295
mOsm). Neurobiotin (0.5%) was included in the patch solution and
diffused into the neuron during recording. For some experiments, the
filling solution was composed of (in mm): 110 Cs,SO,, 0.5 CaCl,, 2
MgCl,, 5 EGTA, 5 HEPES, 5 tetracthylammonium (TEA), and 5
Na,ATP.

Neurons were first characterized by applying hyperpolarizing and
depolarizing current pulses (1 sec duration). Hyperpolarizing current
pulses (=10 to —150 pA) produced voltage responses that were charac-
teristically different for the two types of neuron studied. The input
resistance of the neuron could also be calculated from the response to a
hyperpolarizing current pulse. Depolarizing current pulses brought the
neurons to threshold for firing, and the shapes of the action potentials
were examined to further differentiate the neurons.

The lateral funiculus (If), which contains the descending fibers
originating in the areas of the brainstem involved in sympathetic
control, was stimulated using a bipolar stimulating electrode placed
just below the surface of the slice. The If was stimulated at two times
the threshold for response using an isolated stimulator (model DS2A;
Digitimer, Hertfordshire, UK). Single-pulse stimulation was used ex-
cept for the series of experiments looking at paired-pulse ratios when
a second stimulus was applied 100-300 msec after the first. The
response in control solution was always an EPSP, but on blocking this
EPSP with selective antagonists, an IPSP could also be obtained at
more depolarized potentials using the same stimulation parameters.
The input resistance of the neuron was also tested just before, during,
and after application of drugs.

Drugs were applied in the superfusing solution at a rate of 3-5
ml/min, and the concentration given is the final concentration in the
bath. Drugs used were the A1R agonist cyclopentyladenosine (CPA)
and the A1R antagonists 8-cyclopentyl-1,3-dipropylxanthine (DPCPX)
(dissolved in dimethylsulfoxide) and 8-cyclopentyl-1,3-dimethylxan-
thine (CPT) (dissolved in 0.IN NaOH). To block the EPSPs, the
excitatory amino acid antagonists 6,7-dinitroquinoxaline-2,3(1H,4H)-
dione (DNQX) (dissolved in 0.IN NaOH) or 1,2,3,4-tetrahydro-6-
nitro-2,3-dioxobenzo[f]quinoxaline-7-sulfonamide disodium (NBQX),
and D(—)-2-amino-5-phosphopentanoic acid (AP-5) were applied. To
block synaptic activity, tetrodotoxin (TTX), DNQX, AP-5, strychnine,
and bicuculline were applied. All drugs were obtained from Sigma/
RBI (Poole, UK) and dissolved in water unless otherwise stated.

Data analysis. The voltage responses to current pulses were plotted to
reveal the presence of any currents specific to either type of neuron. The
action potential duration, amplitude, and afterhyperpolarization (AHP)
were measured for each neuron because interneurons display action
potentials of significantly shorter durations and smaller AHPs (S. Deu-
chars et al., 2000).

The EPSP (and IPSP) amplitude was measured as the peak change
from the holding potential and averaged over 10-20 consecutive sweeps
for control and drug responses. Plotting the drug response as a mean
percentage of the control response in each case showed the effects of the
drugs on the EPSP. The effects of the drugs were tested statistically using
the paired Student’s ¢ test, and differences were considered significant
when p < 0.05. Any effects of the drugs on resting potential and input
resistance were also noted. The responses of a neuron to paired-pulse
stimulation of the If were given as the ratio of the second response to the
first response. Paired-pulse ratios were then calculated in control me-
dium and in CPA and compared to determine whether there was a
significant change.

Histology. After recordings of up to 4 hr, electrodes were very slowly
removed from neurons, and the slice was immersed in fixative containing
0.5% glutaraldehyde—4% paraformaldehyde for up to 18 hr. Slices were
embedded in gelatin and immersed in the same fixative. Sections (50 pwm
thick) were cut on a vibrating microtome, freeze-thawed twice by im-
mersing in liquid nitrogen, and incubated in extravidin—peroxidase (1:
250; Sigma) for 24—48 hr, which was then visualized with DAB (Sigma).
Sections were then processed for light microscopy or for light and
electron microscopy as described previously (Deuchars and Thomson,
1995) and reconstructed using a drawing tube attached to a light micro-
scope. This allowed anatomical confirmation of the type of neuron
recorded.
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RESULTS

Immunohistochemistry

Specificity of antibodies

The specificity of many of the antibodies has been reported
previously (see Materials and Methods) (Schindler et al., 2001;
Smith et al., 2001). In addition, no staining was observed in
control sections that had no primary antibody present or in which
the primary antibody was preadsorbed against the control peptide
(only available with the goat antibody from Santa Cruz Biotech-
nology), indicating that the antibodies recognized the appropriate
sequence in the tissue. Furthermore, the pattern of immunostain-
ing was identical with all antibodies tested (Figs. 1, 2) and was also
consistent with previous reports of Al receptor localization using
in situ hybridization (Reppert et al., 1991) or autoradiography
(Goodman and Synder, 1982; Geiger et al., 1984; Choca et al.,
1987), and so we are confident that our procedures specifically
localized the adenosine Al receptor.

Light microscopy

Adenosine Al receptor immunostaining was observed through-
out the spinal cord (Fig. 1). In the ventral horn, strong staining
was apparent in somata of presumptive motor neurons, as well as
fibers (Fig. 14,B,F). In the dorsal horn, staining was strongest in
lamina IT in both fibers and cell bodies (Fig. 14,B,E). Labeled
neurons and fibers were also apparent in the vicinity of the central
canal (Figs. 14,B,D). The IML was evident even at low magni-
fications as a region of dense staining (Figs. 14,B, 24). The
predominant staining was punctate in nature (Figs. 1C, 2B).
When SPNs were retrogradely labeled by intraperitoneal injec-
tions of Fluorogold, then this dense region of A1R-IR precisely
overlaid the retrogradely labeled SPNs (Fig. 2C-F'). In longitudi-
nal sections, the labeled fibers appeared to run in a ladder-like
pattern similar to that described for the distribution of SPNs
(Petras and Cummings, 1972) and to follow the spread of SPNs at
the rungs of the ladder.

Electron microscopy

Ultrastructural examination of the IML always revealed A1R-IR
highly targeted to the luminal membrane of endothelial cells of
blood vessels (Fig. 34), in myelinated fibers in the lateral funic-
ulus (n = 30) (Fig. 3C) and in presynaptic terminals (n = 100)
onto dendritic shafts (n = 85) (Fig. 3B,E,F), spines (n = 1), and
somata (n = 2) (Fig. 4E). In accordance with the receptors being
incorporated into the membrane, reaction product was often
observed adjacent to the membrane (Figs. 3B,D, 44-C,E,F). In
addition, some cytoplasmic reaction product was observed (Fig.
4D), presumably reflecting A1Rs that are being trafficked to the
membrane or have been internalized during agonist induced
desensitization (Saura et al., 1998). Some postsynaptic targets of
A1R-IR terminals were identified as SPNs by the presence of
crystalline reaction product when retrogradely transported CTB
was visualized with TMB (n = 30) (Fig. 3E,F). In other cases,
SPNs were identified by the presence of silver intensified gold
particles when CTB was localized with the preembedding immu-
nogold approach (n = 30) (Fig. 44-F). In these cases, the labeled
structures were followed in serial sections to verify the presence
of several gold particles and so confirm that labeling was specific
(Fig. 44,B). Where AlR-immunoreactive terminals synapsed
onto unlabeled postsynaptic structures, it was impossible to say
whether the postsynaptic cell is an interneuron or part of an SPN
in which there is no reaction product; however, the electrophys-
iological experiments do suggest that interneurons are also likely
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targets of these AlR-immunoreactive terminals (see below).
A1R-IR was also detected in the soma of retrogradely labeled
SPNs in which it was associated with endoplasmic reticulum but
not with the synaptic specialization (Fig. 4F).

Electrophysiology

These studies were performed on both SPNs and interneurons
within the IML of the thoracic spinal cord because it is likely that
both of these neurons could be targeted by synapses containing
adenosine Al receptors. The two groups of neurons were distin-
guished by their very different electrophysiological and morpho-
logical characteristics. From the voltage responses to hyperpolar-
izing current pulses, it was noted that SPNs showed a delayed
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Figure 1. Adenosine Al receptor im-
munoreactivity in the thoracic spinal
cord. A, Low magnification of staining
obtained with the Al receptor antibody
raised in rabbit (gift from Dr. Mike
Yates, Leeds University) in the thoracic
spinal cord. Immunoreactivity was visu-
alized with diaminobenzidine. Labeling
was observed throughout the spinal
cord. Even at low magnification, the
IML is clearly seen as heavily stained.
Staining is also dense around the cen-
tral canal (CC), the dorsal horn (DH),
and the ventral horn (VH). B, Low
magnification of staining obtained with
the Al receptor antibody raised in goat
(Santa Cruz Biotechnology), prepared
identically to the material in A4, except
for the primary antibody. Note that the
pattern of staining is almost identical,
with the IML and ventral horn being
particularly prominent. C, High magni-
fication of the IML. Staining was a com-
pact collection of punctate structures
covering the IML adjacent to the white
matter (WM ). The arrow indicates one
such punctate structure. D, In the vicin-
ity of the central canal, labeling could be
observed in the somata and dendrites of
neurons (arrows), as well as presump-
tive fibers. E, In the dorsal horn, stain-
ing of fibers was dense in lamina II, and
labeled neuronal somata could also be
observed in laminas II and III (arrows).
F, In the ventral horn, labeled fibers,
somata, and dendrites of large neurons
(arrow) were observed.

return to the holding potential at the end of a current pulse,
indicative of activation of an I, (Fig. 54). In contrast, interneu-
rons within the IML are characterized by a sag in the voltage
response to a hyperpolarizing current pulse, suggesting activation
of an Iy (Fig. 5B). The interneuronal action potentials are signif-
icantly shorter in duration than those of SPNs (Fig. 5C) and have
a complex but smaller afterhyperpolarization. Neurons were
filled with Neurobiotin during the recording procedure, and 10
interneurons and nine SPNs could be recovered and recon-
structed at the end of the experiment. SPNs had axons that
coursed ventrally straight out of the IML to the ventral horn in
which they exited. Interneuronal axonal arborization, in contrast,
was extensive, and the axons coursed both dorsally and ventrally
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Figure 2. Fluorescence images indicating that adenosine Al receptor immunoreactivity in the IML is dense in the region of retrogradely labeled SPNs.
A, Low magnification of adenosine A1R-IR detected with the antibody raised in goat and visualized with Alexa**® viewed through a FITC filter set. The
IML contains dense labeling and so stands out from surrounding structures. The boxed area surrounding the IML is shown at higher magnification in
B. B, Higher magnification of the boxed area in A. At this magnification, it is clear that the staining in the IML has a punctate appearance. C, SPNs
retrogradely labeled in the IML by an intraperitoneal injection of Fluorogold and visualized by UV illumination in a coronal section. SPNs appear
blue-white under these conditions and contain Fluorogold in cell bodies and dendrites. The same section is shown in D. D, A1R-IR in the same section
as C, detected with Cy3-conjugated secondary antibodies and viewed through a Cy3 filter set so that immunoreactivity for the adenosine A1R appears
red. The A1IR-IR makes the IML stand out as brighter red than the surrounding neuropil, and this bright staining persists into the lateral funiculus. E,
SPNs retrogradely labeled in the IML by an intraperitoneal injection of Fluorogold and visualized by UV illumination in a longitudinal section. The same
section is shown in F. F, A1R-IR in the same area of the section as E but viewed through a Cy3 filter set so that immunoreactivity for the adenosine
Al receptor appears red. The Al immunoreactivity runs in fibers along the IML (arrows).
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and showed varicosities within the IML, which could be attribut-
able to sites of synaptic contact. Because identification of the
SPNs and interneurons was easily determined from electrophys-
iology and could be confirmed with anatomy, the responses of
both types of neurons to applications of AIR agonists and antag-
onists therefore could be compared.

The AIR agonist CPA decreased the EPSPs elicited by lateral
funiculus stimulation in both SPNs and interneurons

We chose to stimulate the lateral funiculus because this contains
descending axons from areas of the brainstem that make mono-
synaptic connections onto SPNs, whereas dorsal horn input onto
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Figure 3. Electron microscopic localiza-
tion of the adenosine AIR-IR in the
IML. A4, A capillary in which A1R-IR is
highly targeted to the luminal membrane
of endothelial cells of blood vessels (ar-
rows). B, A presynaptic terminal in the
IML containing immunoreactivity for the
AlR adjacent to the membrane (broken
arrow indicates immunoreaction prod-
uct). This terminal forms an asymmetric-
type synaptic contact (arrow) with a den-
dritic structure. C, AIlR-IR (broken
arrows) was detected in numerous my-
elinated fibers in the lateral funiculus. D,
A presynaptic terminal in the IML con-
taining A1R-IR adjacent to the mem-
brane (broken arrow indicates immunore-
action product). This terminal forms an
asymmetric-type synaptic contact (ar-
rows) with a dendritic structure (den). E,
F, AIR-IR terminals formed synaptic
contacts (arrows) with structures identi-
fied as SPN dendrites (SPN den) by the
presence of crystalline reaction product
(arrows) as a result of retrograde labeling
with cholera toxin B chain, which was
visualized with the TMB method. Note
that the AIR-IR (broken arrows) is adja-
cent to the plasma membrane but some
distance from the synaptic face. UT,
unlabeled terminal.

SPNs is polysynaptic and thus more difficult to analyze (Dem-
bowsky et al., 1985). Lateral funiculus stimulation elicited re-
sponses in all SPNs and interneurons tested. These consisted of a
fast EPSP in control solution, which occurred at a constant
latency and could follow high-frequency stimulation (up to 50
Hz). These EPSPs were therefore considered to be of a mono-
synaptic nature and were not significantly different in amplitude
or latency for the two groups of neurons. These EPSPs could be
abolished by applications of the excitatory amino acid receptor
antagonists CNQX (20 um) or NBQX (20 um) and AP-5 (50 um),
showing that these responses are elicited by release of glutamate
(n = 6) (Fig. 6C). This was expected because, in previous work,
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Figure 4. Adenosine A1R-IR terminals form synaptic contacts with structures identified as SPNs by retrograde labeling. 4, An AIR-IR terminal (broken
arrow) forms an asymmetric-type synaptic contact (arrow) with a dendritic structure that contains silver-intensified gold particles (open arrows), indicating
that it is a retrogradely labeled structure. The same terminal is shown in B. Note that the reaction product is adjacent to the membrane of the terminal
but some distance from the active zone. B, The same terminal shown in 4 but serially several sections on, confirming that the dendrite is retrogradely
labeled. The section has been tilted slightly with the goniometer to visualize the synaptic specialization. The silver grains in this section (open arrows)
are spatially separate to those in A4, indicating that these are different particles and not the result of intensification of the initial gold particles throughout
the dendrite. C, D, F, Synaptic terminals (47/R-IR) containing Al receptor immunoreactivity form synaptic contacts (arrows) with dendrites identified
as retrogradely labeled SPNs by the silver-intensified gold particles (open arrows). Immunoreactivity is both adjacent to the membrane of labeled
terminals (C, F) and within the cytoplasm (D). E, An AIR-IR terminal forms a synaptic contact (arrow) with the soma of an SPN. The soma contains
not only silver-intensified gold particles (open arrows) but also A1R-IR associated with the endoplasmic reticulum (broken arrow).

stimulation of the rostral ventrolateral medulla (RVLM) elicited
monosynaptic EPSPs in SPNs that were mediated by activation of
the excitatory amino acid receptors, indicating that glutamate is
the major neurotransmitter in this pathway (Deuchars et al.,
1995). The effects of bath applications of 100 nm CPA, which is
selective for A1Rs, were determined on both SPNs and interneu-
rons. CPA decreased the amplitude of the EPSP elicited in all
SPNs tested from 10.5 = 1.2 (mean = SEM) to 5.6 = 0.7 mV, a

decrease of 44.5 £ 5% (n = 13; measured at —70 mV) (Fig.
5A,D). The effect of this drug on the EPSPs elicited in interneu-
rons was almost identical with CPA decreasing the amplitude of
these EPSPs from 9.0 = 0.9 to 5.3 = 0.8 mV, a decrease of 44.1 =
4.5% (n = 11) (Fig. 5B,D). Not surprisingly, these decreases in
amplitude were not significantly different for the two groups of
neurons, and so all neurons were considered together for the rest
of the analysis. When CPA application ceased, the drug washed
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Figure 5. CPA reduces the amplitude of EPSPs elicited in both SPNs and
interneurons. 4, On the left are the voltage responses of an SPN to
hyperpolarizing (averages of 3 sweeps) and depolarizing (single sweep)
current pulses. The traces show a delayed return to resting potential at the
end of the hyperpolarizing current pulses, indicative of activation of an I,
(arrow). The action potential duration was 7.2 msec, and the afterhyper-
polarization was quite simple with two components. On the right are
average traces (of 10 sweeps) of the EPSP elicited by If stimulation in
control solution, CPA (100 nm), and then after switching back to standard
aCSF. The EPSP amplitude was decreased by CPA application. B, The
left shows the voltage responses of an interneuron to the same hyperpo-
larizing (averages of 3 sweeps) and depolarizing (single sweep) current
pulses. At hyperpolarized potentials, a sag in the voltage response was
observed, suggesting that an /j; was activated. The action potential dura-
tion was 3.2 msec, and the AHP shows a distinct fast and slower phase. On
the right are average traces (of 10 sweeps) of the EPSP elicited in the
interneuron by If stimulation. The EPSP amplitudes in control aCSF are
not significantly different from those elicited in the SPN. In addition, the
effects of CPA on the interneuronal EPSP are similar to those observed in
the SPN. C, Comparisons of the duration of the interneuronal and SPN
action potentials. D, Pooled data showing that the effects of CPA on the
EPSPs elicited in SPNs are not significantly different from those in
interneurons.

% of control

off slowly, and the EPSP amplitude returned to near control
values (Fig. 6).

The effects of CPA could be antagonized by the AIR
antagonist DPCPX

The A1R antagonist DPCPX (200-500 nm) was applied to neu-
rons to selectively block the reduction observed with CPA.
DPCPX was first applied during application of CPA in which the
EPSPs had been reduced from 9.1 = 1.3 to 5.8 = 1.1 mV, a
decrease of 39.4 = 6.0% (n = 9). DPCPX antagonized the effects
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Figure 6. Time course of action of CPA and pharmacology of the EPSP.
A, Graph of the amplitude of the EPSP elicited by If stimulation in an SPN
over time with sample EPSPs shown at the top for each of the conditions
(average of 10 consecutive sweeps). It can be clearly seen that CPA
application caused a decrease in EPSP amplitude that slowly recovered as
the CPA was washed off. B, Pooled data from 26 neurons showing the
effect of CPA on EPSP amplitude and input resistance. CPA caused a
significant decrease in EPSP amplitude but had no significant effect on
input resistance. C, In another SPN, the EPSP was abolished by applica-
tion of the excitatory amino acid receptor antagonists CNQX (20 um) and
AP-5 (50 um), indicating that the EPSP is mediated by activation of these
receptors postsynaptically.

of CPA, and the EPSP amplitude returned to 8.8 = 1.0 mV
without effect on holding potential or input resistance (Fig. 7).
DPCPX (500 nm) and another A1R antagonist, CPT (10 um),
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Figure 7. DPCPX antagonized the effects of CPA. A, Graph of the EPSP
amplitude elicited by If stimulation against time in an interneuron with
traces of the EPSP above (averages of 10 sweeps). CPA (100 nm) de-
creased the EPSP amplitude, an effect that was antagonized by application
of DPCPX (300 nm), the A1R antagonist, together with CPA. B, Pooled
data showing the effect of CPA on the EPSP and the antagonism by
DPCPX, which restored the EPSP to the control amplitude. Both DPCPX
and CPT (10 uM), another AIR antagonist, had no effect on EPSP
amplitude when applied alone.

were applied alone to determine whether there was an ongoing
release of adenosine, which tonically reduced the EPSP ampli-
tude. Neither drug had an effect on holding potential or the
evoked EPSP in which the amplitude was unchanged in DPCPX
[10.6 £ 1.4t010.5 £ 1.7mV (n = 5)] and CPT [8.9 = 0.9t0 8.6 =
0.8 mV (n = 8)] (Fig. 7B). Thus, in our recording conditions,
there is no tonically active adenosine.

The effects observed with CPA are attributable to a

presynaptic action

To determine the sites of the A1R mediating the effects of CPA,
the relative amplitude of the synaptic response to two stimuli
applied to the If at short intervals was determined in control
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aCSF and in CPA. If a change in paired-pulse ratio is observed
with CPA, this is probably attributable to activation of AIR
presynaptically, which then decreases the probability of neuro-
transmitter release.

In control solution, the paired-pulse ratio was 0.88 = 0.11 (n =
8). Because this ratio is <1, the control response is a paired-pulse
depression in the control solution likely attributable to a high
probability of neurotransmitter release with the first stimulus,
causing depletion of synaptic vesicles so that there is a smaller
response to the second stimulus. When CPA was applied, the
paired-pulse ratio increased to 1.26 = 0.15, a significant change
from the control ratio of 0.88 * 0.11. Thus, there was a switch
from paired-pulse depression to paired-pulse facilitation ob-
served with CPA (n = 8) (Fig. 84). This is because, in the
presence of CPA, the first EPSP is much smaller, as discussed
above. This means that there are more synaptic vesicles remain-
ing in the presynaptic cleft that can be released with the second
stimulus, so paired-pulse depression does not occur. In addition,
because fewer vesicles were released with the first stimulus, there
was an elevated level of intracellular calcium; thus, the second
stimulus can release more vesicles and the EPSP is larger. So now
we see paired-pulse facilitation, and these data indicate a presyn-
aptic site of action of adenosine.

In addition, experiments were performed using a patch pipette
solution with the main component being cesium sulfate. TEA, the
potassium channel blocker, was also included in the solution.
Inclusion of these two nonselective potassium channel-blocking
agents in the patch solution has been shown to dramatically
reduce postsynaptic effects of adenosine attributable to opening
of potassium channels (Li and Perl, 1994). Under these recording
conditions, the effects of CPA on the EPSP amplitude were
identical to those observed previously, i.e., a decrease in ampli-
tude of the evoked EPSP from 8.9 = 1.5 to 4.8 = 1.0 mV, a
decrease of 42.9 = 12% (n = 5) (Fig. 8B). In addition, DPCPX
also antagonized these effects of CPA (n = 3) (Fig. 8B). This
suggests that the effects observed were not attributable to a
change in postsynaptic potassium currents.

CPA had no significant effect on the input resistance of the
neurons, measured as the change in voltage to a hyperpolarizing
current pulse at a holding potential of —70 mV (Fig. 6B). Fur-
thermore, in these recording conditions (whole-cell current
clamp), CPA did not cause the SPNs or interneurons to hyper-
polarize. To further test for postsynaptic sites of action, the
effects of CPA on the holding potential and input resistance were
also tested in synaptic block medium containing TTX (0.6 um),
DNQX (20 uM), AP-5 (50 um), bicuculline (5 uM), and strychnine
(2 um) immediately after establishing whole-cell configuration. In
this medium, CPA had no effect on the membrane potential or
input resistance of the neurons tested (n = 6) (Fig. 8C). These
data therefore indicate that, in young rats, the major site of action
of the A1Rs is presynaptic, in accordance with the immunohis-
tochemical localization of the A1Rs in adult tissue described
above.

Fast IPSPs elicited by If stimulation are not affected by
applications of CPA

Stimulating the lateral funiculus activates both excitatory and
inhibitory pathways that descend from the RVLM (Deuchars et
al., 1997); thus, we were interested to see whether activation of
A1Rs also affects inhibitory inputs onto these neurons. In control
conditions, the response observed with If stimulation was an
EPSP that was always reduced in amplitude with CPA. To deter-
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Figure 8. Effects of CPA are attributable to a presynaptic action. 4, Responses of an SPN to twin pulse stimulation of the 1f (200 msec apart) in control
solution showed paired-pulse depression (i.e., the response to the second pulse was smaller than the first). In CPA, the second response is the same size
as the first reduced response, with the ratio now being 1:1. On the right are the pooled data showing the paired-pulse ratio increases in the presence of
CPA, indicative of a presynaptic site of action for adenosine. B, Effects of applications of CPA and DPCPX plus CPA in a neuron recorded using a patch
solution in which cesium sulfate is the main component. CPA decreased the EPSP amplitude without effect on the membrane potential. This reduction
was antagonized by DPCPX. C, In synaptic block medium containing TTX, DNQX, AP-5, strychnine, and bicuculline, action potentials and the response
to If stimulation were blocked. Hyperpolarizing current pulses were then applied to check input resistance, and CPA was applied. There was no change
in membrane potential or input resistance with application of CPA in this recording medium.

mine whether IPSPs were underlying these EPSPs, the excitatory
amino acid receptor antagonists DNQX or NBQX and AP-5
were applied to eight neurons. In five of these neurons, an IPSP
was revealed, whereas in the other three neurons, no additional
postsynaptic potential was elicited. These fast IPSPs had a very
short constant latency and could follow high-frequency stimula-
tion. In addition, the IPSP was still robust in the presence of the
excitatory amino acid antagonists that have been shown previ-
ously to block polysynaptic IPSPs elicited by RVLM stimulation
(Deuchars et al., 1997). These data indicate that the IPSP was
elicited at least in part by activation of a monosynaptic pathway.
In the presence of these excitatory amino acid antagonists, CPA
had no effect on the IPSP amplitude because, in control condi-
tions, the amplitude was —4.9 = 0.7 mV and, in CPA, the
amplitude was —4.9 = 0.8 mV (Fig. 9). Thus, there was no
significant difference in the amplitudes of this fast IPSP in control
and CPA solutions. On two occasions, after washout of CPA, the
GABA , receptor antagonist bicuculline was superfused onto the

slice, which blocked the IPSP completely, whereas strychnine had
no effect (data not shown). This indicates that the fast IPSPs
elicited by If stimulation are attributable to activation of GABA ,
receptors. Thus, the Al receptors are located presynaptically on
excitatory and not inhibitory fibers in the If and have a selective
effect on excitatory transmission.

DISCUSSION

These studies indicate that the A1R is located on excitatory
terminals in the intermediolateral cell column that innervates
both SPNs and interneurons. These interneurons may play a role
in sympathetic control because all interneurons in this region
have activity correlated to sympathetic activity (Chau et al,
2000). Activation of these presynaptic A1Rs reduces release of an
excitatory amino acid (probably glutamate) from these excitatory
terminals but not of GABA from inhibitory terminals. Previous
studies on the distribution of A1Rs in the spinal cord failed to
report any degree of binding in regions involved in sympathetic
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Figure 9. Fast IPSPs elicited by If stimulation are not affected by CPA.
A, Reponses of an interneuron to If stimulation in control and CPA-
containing aCSF. CPA significantly reduced the EPSP amplitude. The
EPSP was then antagonized by application of CNQX and AP-5 to reveal
an underlying IPSP (seen here at —40 mV), which increased in amplitude
as the membrane was depolarized. This IPSP was not affected by CPA
application at the same concentration (100 nm) as that which reduced the
EPSP. B, Pooled data from five neurons in which an IPSP was revealed.
In all five cases, the IPSP was not affected by CPA, suggesting a selective
site of action of the adenosine.

control. Thus, our studies are extremely pertinent because the
degree of immunoreactivity observed here and the effects of the
A1R agonists indicate a crucial role for adenosine in the control
of sympathetic activity.

Another interesting observation was an abundance of A1R
immunoreactivity in the luminal membrane of endothelial cells in
the spinal cord. We believe that this is the first localization in both
the peripheral and central vasculature. This is also relevant to our
studies because Koh et al. (1996, 1998) used an intrathecal
method to determine the effects of A1R activation on cardiovas-
cular variables. Therefore, their observations may be attributable
to activation of receptors located on the blood vessels that may
cause nitric oxide-dependant relaxation (Marshall, 2000), possibly
influencing neuronal activity. This necessitates the in vitro ap-
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proach to determine the exact role of adenosine in modulating
synaptic transmission in the spinal cord, and our studies show
clearly that activation of A1Rs reduces excitatory neurotransmit-
ter release from presynaptic terminals onto SPNs and
interneurons.

Sources of adenosine

It is well established that adenosine plays an important role in
modulating synaptic transmission throughout the CNS, but where
does this adenosine come from? Adenosine may be released from
vesicles within the presynaptic terminal itself or may be a result of
the breakdown of ATP released from the presynaptic neurons
(Cunha, 2001). An additional alternative could be that adenosine
is formed from the breakdown of ATP intracellularly during
periods of hypoxia or ischemia. In other autonomic regions, a
major source of adenosine may be attributable to the extracellular
metabolism of ATP. For example, St. Lambert et al. (1997)
showed in the brainstem that at least some effects of adenosine
were attributable to breakdown of ATP extracellularly but also
that there was release of adenosine itself. Because there is very
little endogenous activation of A1Rs during our experiments, it
would be difficult to try and dissect out the sources of adenosine
under these recording conditions. However, because SPNs are
excited by activation of the P2X, receptor, whose endogenous
ligand is ATP (J. Deuchars et al., 2000), it is likely, in accordance
with other CNS regions, that a probable source of the adenosine
is from extracellular catabolism of ATP.

Is there a tonic effect of adenosine?

Because applications of DPCPX and CPT had no effect on
EPSPs elicited by If stimulation or resting membrane potential,
basal levels of adenosine are not sufficient to activate A1Rs under
our experimental conditions. Oliet and Poulain (1999) also saw no
effect of CPT on EPSPs evoked with single stimuli; however,
stimulating the hypothalamus with a train of stimuli caused a
depression in the response over time that was CPT sensitive. We
stimulated the 1f with similar trains of stimuli at a rate of 1 Hz
(which is slow enough to prevent paired-pulse depression occur-
ring); however, no reduction in EPSP amplitude was observed (S.
Deuchars, unpublished observations). One possibility is that ton-
ically released adenosine is broken down or taken up by terminals
or glial cells too fast for effects to be observed in conditions of the
experiments. This may therefore merit further investigation using
either inhibitors of adenosine metabolism or uptake, such as in
the dorsal horn (Ackley et al., 2000) in which adenosine antago-
nists alone also have little effect.

Is there a postsynaptic effect of adenosine?

At the electron microscopic level, both presynaptic and, to a lesser
degree, postsynaptic A1Rs were located in the IML. However,
electrophysiological data did not reveal postsynaptic A1Rs. The
majority of AlR-mediated postsynaptic effects are attributable to
potassium channels opening, which causes hyperpolarization
(Trussell and Jackson, 1987; Gerber et al., 1989). The potassium
reversal potential in our experiments was —96.8 mV, far removed
from the membrane potential at which the effects of CPA were
studied (—40 to —70 mV). A1R opening of potassium channels
involves activation of G-proteins; thus, the whole-cell patch-
clamp technique may wash out vital second messengers for ob-
servation of this postsynaptic response. However, other reports
observed postsynaptic hyperpolarization using similar whole-cell
patch-clamp techniques (Li and Perl, 1994; Herlenius and Lager-
crantz, 1999). Interestingly, at the electron microscopic level,
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A1Rs were associated with the endoplasmic reticulum rather than
the somatic membrane, suggesting that A1Rs are synthesized in
the postsynaptic neuron and then transported to the terminals. In
support of this, studies report adenosine-mediated decreases in
synaptic transmission in sympathetic ganglia (Alkadhi et al., 1984;
Hogan et al., 1998). Therefore, combining our anatomical and
physiological data, it seems likely that the major effect of the
AlRs in the IML is presynaptic.

Source of the presynaptic terminals

The location of A1Rs in myelinated axons in the If and the fact
that stimulating the If elicited EPSPs that were reduced in am-
plitude by CPA suggests that the A1Rs may be located on pre-
synaptic terminals of descending fibers from higher centers. SPNs
and interneurons are innervated by direct inputs from supraspinal
regions, including the RVLM, the AS region of the pons, raphe
nuclei, paraventricular nucleus, and lateral hypothalamus (Strack
et al., 1989). In situ hybridization reveals strong neuronal expres-
sion of the AIR in the RVLM (Reppert et al., 1991), suggesting
that these neurons produce the A1R and may transport it to their
terminals in the IML.

Inhibitory transmission was not affected by activation
of A1Rs

Interestingly, CPA affected EPSPs but not I PSPs, suggesting that
there are no A1Rs in inhibitory terminals onto SPNs and inter-
neurons. There is a monosynaptic inhibitory pathway from the
RV LM region of the brainstem onto SPNs (Deuchars et al., 1997)
distinct from the excitatory bulbospinal pathway originating in
that region. Thus, it is feasible that A1Rs are located exclusively
on excitatory terminals within the IML. There is evidence that
A1R agonists reduce release of inhibitory and excitatory trans-
mitters in the hypothalamus, substantia nigra reticulata, and the
periaqueductal gray regions (Shen and Johnson, 1997; Bagley et
al., 1999; Oliet and Poulain, 1999). However, in CA1l neurons,
DPCPX failed to block depression of IPSCs induced by hypoxia
(Katchman and Hershkowitz, 1993), showing a selective site of
action of adenosine similar to that observed here.

What is the role of adenosine in the control of
sympathetic outflow?

As described above, adenosine may play an important role in
modulating synaptic transmission. Furthermore, adenosine acting
at A1Rs has a neuroprotective role in the CNS because ischemic
episodes or hypoxia results in adenosine production, which inhib-
its the release of excitatory amino acids to prevent excitotoxicity
(Fowler, 1989; Simpson et al., 1992; Katchman and Hershkowitz,
1993; Sweeney, 1997).

In the autonomic nervous system, adenosine has long been
known to have profound effects at the level of the end organ and
will cause vasodilatation in skeletal and cardiac muscle to increase
oxygen supply during hypoxic episodes (Marshall, 2000). In ad-
dition, there is a role for adenosine in the control of neuronal
activity in areas of the brainstem crucial for cardiovascular reg-
ulation (Thomas and Spyer, 1999). However, at the level of the
spinal cord, little was known about the role that it plays in the
control of neurons involved in sympathetic control. Although
intrathecal studies suggest that adenosine in the spinal cord
modulates blood pressure and heart rate (Koh et al., 1996), these
may be attributable to effects at the blood vessels rather than on
neuronal activity. This study therefore is the first to show the role
for adenosine in the control of neurons influencing sympathetic
outflow from the spinal cord.
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In accordance with the many previous studies in the brain (see
above), this study shows that activation of A1Rs reduces release
of glutamate from presynaptic terminals in the IML without effect
on inhibitory transmission. Because excessive release of gluta-
mate is an important mechanism underlying the excitotoxic ef-
fects of hypoxia and ischemia (Hara et al., 1993; Schroder et al.,
1999) and adenosine is produced under such conditions (Rudol-
phi et al., 1992), our data are consistent with a neuroprotective
role for adenosine in the IML. This is important because sympa-
thetic outflow at the level of our recordings in the thoracic spinal
cord is mainly to the heart and blood vessels in which abnormal
activity could lead to circulatory problems.

We have established that adenosine Al receptors are located
on excitatory presynaptic terminals innervating neurons in the
IML involved in controlling sympathetic outflow. Activation of
these receptors reduces the release of transmitter from these
excitatory terminals. We therefore conclude that adenosine acting
on Al receptors can play an important role in determining the
level of activity of the sympathetic nervous system at the level of
the spinal cord.
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