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The involvement and mechanisms of adenosine A, recep- 
tors in regulating bulbospinal synaptic transmission of in- 
spiratory drive to phrenic motoneurons were investigated. 
The adenosine analog NQyclopentyladenosine (CPA) in- 
duced a dose-dependent decrease of both inspiratory-mod- 
ulated activity of C, ventral roots and synaptic currents of 
phrenic motoneurons in an in vitro brainstemlspinal cord 
preparation from neonatal rats. No significant changes 
were observed in steady-state membrane current (during 
the expiratory phase). The depressant action of CPA on 
inspiratory drive was blocked by the selective A, receptor 
antagonist 8-cyclopentyltheophylline (CPT). The adenosine 
receptor antagonist 3-isobutyl-1-methylxanthine (IBMX) in- 
duced varying degrees of enhancement of inspiratory-mod- 
ulated synaptic current, as did CPT. This suggests a role 
of endogenous adenosine in synaptic transmission of re- 
spiratory drive to phrenic motoneurons. The relative con- 
tribution of pre- and postsynaptic adenosine receptors was 
examined by looking at the effects of CPA on postsynaptic 
membrane properties and on spontaneous or miniature ex- 
citatory postsynaptic currents (EPSCs). CPA had no 
detectable effect on the input resistance of phrenic moto- 
neurons. Moreover, the inward currents of phrenic moto- 
neurons in response to exogenously applied glutamate 
were not affected by adenosine-related compounds. On the 
other hand, CPA produced a significant decrease in the fre- 
quency of spontaneous and of miniature EPSCs. We 
conclude that adenosine can modulate transmission of in- 
spiratory drive from bulbospinal neurons to phrenic mo- 
toneurons via presynaptic A, receptors. 

[Key words: adenosine, A, receptor, synaptic transmis- 
sion, presynaptic, phrenic motoneurons, respiration] 

Precise modulation of transmission of inspiratory drive to phren- 
ic motoneurons that innervate the diaphragm is critical to control 
respiratory movements necessary for blood gas regulation. We 
have proposed that the transmission of excitatory inspiratory 
drive from bulbospinal neurons to phrenic motoneurons (Ellen- 
berger and Feldman, 1988) is mediated by an excitatory amino 
acid (EAA) transmitter (McCrimmon et al., 1989; Liu et al., 
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1990) acting principally at postsynaptic non-NMDA receptors 
(Liu et al., 1990; Feldman and Smith, 1994). Many putative 
neuromodulators are present in the phrenic nucleus (Zhan et al., 
1989; Ellenberger et al., 1992), suggesting that the modulation 
of respiratory inputs involves multiple mechanisms (Feldman et 
al., 1990; Feldman and Smith, 1994). 

In this study we examined the actions of adenosine, an im- 
portant modulator of synaptic function (Phillis and Wu, 1981; 
Dunwiddie, 1985; Nicoll et al., 1990; Greene and Haas, 1991). 
Adenosine acts on two distinct types of receptors, A, and A,, 
which inhibit or stimulate adenylate cyclase, respectively (van 
Calker et al., 1979; Londos et al., 1980; Stiles, 1992). Via A, 
receptors (Dunwiddie and Fredholm, 1989; Alzheimer et al., 
1991; Lambert and Teyler, 1991), adenosine has marked inhib- 
itory effects on excitatory synaptic transmission (Dunwiddie and 
Hoffer, 1980; Okada and Ozawa, 1980; Prince and Stevens, 
1992). The underlying mechanism may involve presynaptic and/ 
or postsynaptic actions. Adenosine significantly decreases the 
probability of neurotransmitter release without affecting the size 
of miniature excitatory postsynaptic currents (EPSCs) in hip- 
pocampal slices (Prince and Stevens, 1992; Scanziani et al., 
1992; Scholz and Miller, 1992), suggesting an exclusive 
presynaptic action. Other studies, however, suggest that adeno- 
sine-induced inhibition also involves postsynaptic mechanisms 
(Proctor and Dunwiddie, 1987; Thompson et al., 1992). 

The involvement of adenosine in regulating respiration is sug- 
gested by the depressant effect of centrally applied adenosine 
analogs on respiratory rate and depth (Lagercrantz et al., 1984; 
Barraco et al., 1990; Bissonnette et al., 1991). Little is known, 
however, about the precise brain site(s) and the mechanism of 
the action. It has been reported that adenosine reduces spinal 
motoneuron excitability (Mynlieff and Beam, 1994). Thus, aden- 
osine-induced decrease in inspiratory depth may involve the de- 
pression of the inspiratory drive of spinal respiratory motoneu- 
rons (e.g., phrenic motoneurons). We thus explored the role of 
adenosine receptors in regulating activity of phrenic motoneu- 
rons by obtaining whole-cell patch-clamp recordings in an iso- 
lated brainstem/spinal cord preparation from neonatal rat. This 
preparation generates a respiratory rhythm, which is transmitted 
to spinal respiratory motoneurons (Feldman and Smith, 1989; 
Liu et al., 1990), allowing us to study modulation of excitatory 
synaptic transmission of motor drive in an identified endoge- 
nously driven synapse. We determined whether inspiratory drive 
to phrenic motoneurons is affected by activation of adenosine 
A, receptors by examining the effects of exogenous application 
of adenosine receptor-related drugs on synaptic currents and 
postsynaptic membrane properties. We then investigated the 
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Figure 1. Activation of adenosine receptors depresses bulbospinal inspiratory drive transmission. Local application of CPA simultaneously de- 
creased activity of the C, ventral root (jC4, C4) and inspiratory-modulated synaptic current of a phrenic motoneuron (Im) that was voltage-clamped 
at the end-expiratory potential of -70 mV. L&, control; mid&r, steady-state activity recorded after I min local application of CPA over phrenic 
motoneuron pool; righf, 60 min after the termination of CPA application. Note that at this time both C, ventral root activity and membrane current 
of phrenic motoneuron did not fully recover. 

mechanism underlying adenosine action by examining the rela- 
tive contribution of pre- and postsynaptic effects using analysis 
of changes in the frequency and amplitude of spontaneous or 
miniature EPSCs. 

A preliminary report of this work has been published in ab- 
stract form (Dong et al., 1993). 

Materials and Methods 
Br bloc pre/~~rcltion. Experiments were performed on an in vitro prep- 
aration of brainstem and spinal cord from neonatal rat. Details of the 
preparation have been previously described (Smith and Feldman, 1987; 
Liu et al., 1990). In brief, the brainstem and cervical spinal cord were 
isolated from &6-d-old ether-anesthetized Sprague-Dawley rats. The en 
bloc neuraxis was then pinned down with ventral surface upward on 
Sylgard resin in a recording chamber and continuously superfused with 
physiological Krebs solution (in mM: I28 NaCI, 3 KCI, i.5 CaCI?, 1.0 
MeSO,. 21 NaHCO,. 0.5 NaH,PO,. 30 D-glucose). eauilibrated with 
95% dZ/5% CO?. The bath temperature wasvgradually iaised from l8- 
20°C (for isolation) to 25-26°C before recording. 

ElecfrophysioloXy. Respiratory activity was recorded with suction 
electrodes from the C, ventral root, which contains phrenic motoneu- 
ronal axons, and sometimes simultaneously from cranial nerves (X, 
XII). Signals were amplified (Grass P5 I I K, Grass Instruments, Quincy, 
MA), rectified, and low-pass filtered (Paynter filter, T = I5 msec). 

Electrodes for whole-cell patch-clamp recordings were pulled from 
aluminosilicate glass (A-M Systems Inc., Everett, WA) with tip size -2 
pm and resistance 3.5-5 Mb1 when filled with the solution containing 
(in mM) 120 K+-gluconate, I CaCI,, 5 NaCI, IO N-2-hydroxyethylpi- 
perazine-N’-2-ethanesulfonic acid (HEPES), 2 ATP (magnesium sait), 

IO bis-(o-aminophenoxv)-N.N.N’.N’-tetraacetic acid (BAPTA) (tetra- 
potassium salt), pH 7.3-adjusted by KOH. Successful‘ patch recording 
was assured by the initial formation of gigaohm seal (2-10 GfI) and 
low access resistance (8-15 MR). Series resistance was monitored dur- 
ing the experiment, and data were discarded if large increases occurred 
during the course of the recording. Although series resistance was not 
compensated, the resultant error should not affect our data qualitatively, 
since the test drugs showed no significant effect on phrenic motoneuron 
membrane conductance at the membrane potential of -5 to -85 mV 
(see Results). Cells were voltage clamped at the end-expiratory poten- 
tials of -60 to -75mV. Data obtained from cells displaying fast Na’ 
currents during inspiration (indicative of poor voltage control over the 
inspiratory-modulated synaptic current) were not included in the anal- 
ysis. Signals were amplified with a patch-clamp amplitier (Axopatch 
ID, Axon Instruments, Foster, CA), and liltered at 2-5 kHz (Bessel 
filter). 

Current-voltage relationships were obtained by applying a series of 
command voltage pulses (100 msec width, 2 Hz frequency) controlled 
by a computer (VAX 3200, Digital Equipment, Maynard, MA). Neuron 

input resistance was calculated from the slope of a least-squares re- 
gression line fitted to the data. 

Neurons subjected to experimental measurements and data analysis 
satisfied criteria previously described (Liu et al., 1990; Lindsay and 
Feldman, 1993). Briefly, these neurons had resting membrane potentials 
of at least -60 mV and displayed rhythmic synaptic drive currents in 
synchrony with the inspiratory burst activity on the C, ventral root. 
These neurons were located at intermediate laterality and 130-300 pm 
deep from the ventral surface at C, segment, consistent with the location 
of the phrenic motoneuron pool in neonatal rats (Lindsay et al., 1991). 
Moreover, their intrinsic properties, such as membrane capacitance and 
resistance, were consistent with the measurements made in neurons 
identified as phrenic motoneurons by antidromic activation. In each ex- 
periment, only one neuron was studied because of the difficulty in re- 
moving applied drugs. 

Pharmacological suh.stc~~zce.~ and application. The drugs used in our 
experiments included Nh-cyclopentyladenosine [CPA; Research Bio- 
chemicals (RBI), Natick, MA; 5-100 JLM], 8-cyclopentyltheophylline 
(CPT, RBI; IO-100 FM), 3-isobutyl-I-methylxanthine (IBMX; RBI; 
IO-100 FM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris 
Neuramin, Bristol, UK; IO-50 PM), tetrodotoxin (TTX; Sigma, St. Lou- 
is, MO; I FM), and L-glutamate (L-C&i; Sigma; 0.5-l mM). 

Drugs were added to the spinal cord bath and/or applied locally via 
a glass pipette over the spinal cord region containing the phrenic mo- 
toneuron pool. Bath application was used to determine the minimum 
concentrations required for drug action and to perform dose-response 
tests. When this drug administration technique was used, the bath cham- 
ber was partitioned into two compartments at the level of the spino- 
medullary junction by a transverse petroleum jelly (Vaseline) barrier 
across the neuraxis. This allowed selective drug application to the spinal 
cord so as to affect synaptic transmission at the spinal level without 
disturbing processes at the brainstem level, where the descending in- 
spiratory motor drive originates. Drugs were added to the spinal com- 
partment at concentrations starting from the minimum necessary to in- 
duce a clear change in C, root activity, and 6-8 min was allowed for 
equilibrium. For the dose-response tests with drugs with long-lasting 
effects, a cumulative dose regime was used to determine the effect of 
increasing concentration; the interval between applications was typical- 
ly IO-12 min. 

Vaseline, necessary for partition, often caused difliculty in obtaining 
good seals for patch recording. Thus, when such recordings were de- 
sired, test agents were applied locally in an unpartitioned chamber via 
pressure ejection from single or multibarrel electrodes positioned prox- 
imally to the ventral surface of the spinal cord over the phrenic moto- 
neuron pool (Liu et al., 1990). Each barrel had an orifice of 8-10 pm 
and was filled with a drug solution or saline (or artificial cerebrospinal 
fluid, aCSF). Application of drugs was controlled by brief air pressure 
pulses to the appropriate drug barrel of electrode. Control injection was 
made by ejecting saline or aCSF solution. 
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Figure 2. Depressant effect of CPA 
on phrenic motoneuron synaptic cur- 
rent. A, Reduction of inspiratory-mod- 
mated synaptic current (-68% of con- 
trol) after a 3 min local application of 
50 pM of CPA. B, Greater depression 
of inspiratory current induced by 100 
FM of CPA in another cell. For this 
cell, peak inspiratory current was re- 
duced to -50% of control. Superim- 
posed traces in A and B are the average 
of six consecutive inspiratory-modulat- 
ed synaptic currents before and after 
drug application. C, Time course of in- 
spiratory current in response to local 
application of CPA (50 FM). Peak in- 
spiratory current is expressed as the 
percentage of control value. 
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Figure 3. Dose dependency of CPA effects. A, Effects of increasing 
doses of CPA on inspiratory discharges (integrated) of C, ventral root. 
Each trace is the average of 10 successive inspiratory discharges ob- 
tained after an 8-10 min equilibration time at each concentration. B, 
Long-lasting effects of CPA subsequent to termination of CPA (80 FM) 

application. Following 1 hr of drug washout, only -25% recovery from 
drug effect was obtained. Addition of IBMX (50 PM) partially reversed 
the CPA effect and increased C, activity by -60% of the reduction. C, 
Dose-effect relationship of CPA on C, root activity. The average peak 
amplitudes obtained from 10 successive C, root inspiratory discharges 
(integrated) at each concentration were pooled from six preparations. 
Error bars are SEM. Asterisk, significant difference (p < 0.05, r test) 
from control values. 

In experiments examining drug specificity with C, root recording, 
both bath and local techniques were used for applying antagonist and 
agonist respectively. After the effect of a locally applied agonist was 
examined, the antagonist was added to the spinal compartment and then 
the agonist was tested again. When such tests were desired but a par- 
tition could not be used with whole-cell recording, multibarrel elec- 
trodes were used to deliver test drugs locally. Thus, the application of 
antagonist began at least 2 min prior to agonist application and contin- 
ued during the agonist test. The observed change due to a test drug 
acting at a spinal site rather than at a supraspinal site was indicated by 
unchanged respiratory rate recorded from C, root and unchanged am- 
plitude recorded from cranial nerves (X, XII). 

Data acquisirion and analysis. Data were recorded on videotape via 
pulse code modulation (Vetter model 3000, A. R. Vetter Co., Rebers- 
burg, PA; sampled at IO-40 kHz per channel) for off-line analysis. 
Selected segments of records were digitized at 5-25 kHz using an an- 
alog-to-digital converter and stored on a Vaxstation 3200 computer disk 
for subsequent computer-aided analysis. 

For analysis of changes of the respiratory drive, the average values 
of peak amplitude and area under the envelope of inspiratory-modulated 
synaptic current or integrated C, ventral root discharges were computed 
from respiratory cycles before and following drug application. Statis- 
tical values are reported as means + SEM. Differences between means 
were assessed by Student’s t test and a value of p < 0.05 was considered 
significant. 

For analysis of perturbations of frequency and amplitudes of spon- 
taneous EPSCs during expiratory period and miniature EPSCs, the data 
were first filtered using a Wiener (optimal) filter (Press et al., 1989; 
Barkat, 1991), which greatly attenuates background noise without sig- 
nificantly affecting the characteristics of the original signal (Liu and 
Feldman, 1992). Events were then detected using a threshold detector. 
The amplitude threshold was adjustable and held constant for a given 
experiment. All detected EPSCs were then subject to analysis. For each 
condition, interval and amplitude distribution and cumulative probabil- 
ity distribution histograms were constructed. Statistical significance for 
the difference between distributions was assessed by the Kolmogorov- 
Smirnov test (Van der Kloot, 1991) and a value of p < 0.05 was con- 
sidered significant. 

Results 

Spontaneous rhythmic activity of spinal respiratory motoneurons 
was examined by extracellular recordings from the spinal ventral 
C, roots that contain phrenic motoneuron axons and whole-cell 
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Figure 4. Augmentation of spinal respiratory activity by adenosine receptor antagonist IBMX. A, Increase of inspiratory-modulated C, root activity 
(fC4) and phrenic motoneuron synaptic current (Im) by local application of adenosine receptor antagonist IBMX. B, Mean increase and time course 
of inspiratory currents of phrenic motoneuron (n = 5) response to local application of IBMX (50 FM). Mean amplitudes (n = 5) were computed 
from the average of peak amplitudes over successive 30 set intervals relative to the onset of drug application in each cell. The peak inspiratory 
current is expressed as the percentage of control value. Error bars are SEM. Asterisk, significant difference (p < 0.05; t test) from control values. 

voltage-clamp recordings from phrenic motoneurons (Fig. I, 
left). The periodic discharge of the C, root occurred at a fre- 
quency of 6-l I/min. Each burst consisted of synchronized pop- 
ulation discharge of spinal respiratory motoneurons with a du- 
ration of 400-700 msec. 

Phrenic motoneurons (n = 14) received rhythmic inputs that 
generated large EPSCs during the inspiratory phase and small 
EPSCs at irregular intervals during the expiratory period (Fig. 
I; see also Fig. 6A,B). The inspiratory-modulated synaptic cur- 
rent had a fast rising phase (-50 msec) to peak followed by a 
slower declining phase (400-700 msec). The peak amplitude of 
the inspiratory-modulated synaptic current was 0.8-2.5 nA when 
the membrane potentials were clamped at the end-expiratory po- 
tentials of -60 to -75mV. 

Adenosine receptor agonist decreuses inspirutoty drive to 
phrenic motoneurons 

Local application of -the adenosine analog CPA (25-100 pM) 

over the phrenic motoneuron pool reduced the inspiratory dis- 
charge of C, ventral roots without affecting the respiratory fre- 
quency (Fig. 1, IC,, C,). Pooled data from 11 preparations show 
that CPA (50 pM) significantly decreased peak amplitude of in- 
tegrated C, root discharge to 71 + 9% (mean ? SEM) of con- 
trol. The respiratory frequency (I 02 + 4% of control) was not 
altered. 

Concurrent with the depression of C, root activity, inspira- 
tory-modulated postsynaptic currents (I,,,) of phrenic motoneu- 
rons (n = 14) were reduced by CPA (Figs. 1, 2). Local appli- 
cation of CPA (50 pM) significantly decreased the peak 
inspiratory current to 74 2 6% and the area under the current 
envelope to 75 + 7% of control values in six cells with the 
membrane potentials clamped at the end-expiratory potentials. 
No detectable changes were induced in steady-state membrane 
current during the expiratory phase. The response to CPA began 
by the next inspiratory cycle following pressure ejection and 
took less than 30 set to peak (Fig. 2C). The effect of CPA was 
long-lasting (Figs. 1, 2C, 3B), only a small degree of recovery 
was obtained even 1 hour after washout (Figs. I, 3B), and full 
recovery was never seen. Application of the adenosine receptor 
antagonist IBMX following CPA washout partially reversed 
CPA effect (Fig. 3B). 

CPA reduced phrenic motor output in a dose-dependent man- 
ner in tests where the drug was added to the spinal compartment 
of a partitioned chamber and C, root activity was monitored. As 
CPA is difficult to completely wash out, a cumulative dose re- 
gime was used to determine the effect of increasing concentra- 
tion (lo-12 min between applications). Figure 3A illustrates the 
graded reduction of C, root activity in response to increments 
of CPA concentration. The dose-effect relationship for CPA on 
C, root activity (n = 6) is illustrated in Figure 3C. A dose- 
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Figure 5. Adenosine A, receptor modulation of inspiratory drive 
transmission to phrenic motoneurons. A, Enhancement of inspiratory 
synaptic current of a phrenic motoneuron after a 3 min local application 
of CPT (100 FM), a selective A, receptor antagonist. Traces are the 
average of six successive inspiratory currents before and after drug 
application, respectively. B, Effects of CPT (50 p.M, bath applied) on 
inspiratory discharges (integrated) of C, ventral root and on the action 
of locally applied CPA (100 PM). Each trace is the average of 10 in- 
tegrated inspiratory discharges. 

dependent decrease was also observed when CPA was tested on 
synaptic currents of phrenic motoneurons. Local application of 
100 pM CPA caused a greater decrease in inspiratory-modulated 
synaptic current than 50 FM CPA (Fig. 2A,B). 

Presence of endogenous adenosine receptor activation in 
phrenic rnotoneuron pool 

To examine whether endogenous adenosine activates receptors 
in the phrenic motoneuron pool, we tested the effects of an an- 
tagonist (IBMX) on respiratory activity in C, roots and phrenic 
motoneurons. When applied locally over the phrenic motoneu- 
ron pool, IBMX (50 pM) significantly increased the inspiratory 
discharge of C, roots (Fig. 4A, SC,) by 23 ? 15% above control 
(n = 7). The difference was significant (p < 0.05). No change 
in respiratory rate was observed. Concurrent with the increase 
of C, root activity, inspiratory-modulated synaptic currents of 
phrenic motoneurons were enhanced by IBMX (Fig. 4A, Im). 
Pooled data for the effect of IBMX on inspiratory currents at 
50 FM from five cells are shown in Figure 4B. The time course 
for recovery was so long that only about 50% recovery was 
obtained at 20 min after drug washout. 

Involvement qf A, receptor subtype 

To investigate the possible involvement of A, receptors in me- 
diating the action of endogenously released and exogenously 
apphed adenosine, we tested the effects of CPT, a selective A, 
receptor antagonist (Bruns et al., 1986). Both inspiratory-mod- 
ulated synaptic currents of phrenic motoneurons (Fig. 5A) and 
the activity of C, ventral roots (Fig. 5B) were enhanced by CPT. 
The mean increases of synaptic current and C, root activity by 
local CPT (50 pM) were 19 ? 11% (n = 4) and 29 ? 17% (n 

= 7) of control, respectively. Both changes were significant. 
Moreover, in the presence of CPT in the spinal bath, CPA, when 
applied locally over the phrenic motoneuron pool, failed to de- 
crease C, root activity below control value (Fig. 5B). 

Presynaptic action qf adenosine receptor in decreasing 
frequency of synaptic events 

To investigate the relative pre- and postsynaptic contributions to 
the adenosine-induced decrease in excitatory synaptic transmis- 
sion to phrenic motoneurons, we analyzed the frequency and 
amplitude distribution of spontaneous unitary EPSCs. We could 
not perform this analysis during inspiration since there were typ- 
ically too many overlapping unitary EPSCs to analyze. During 
the expiratory phase, however, phrenic motoneurons exhibited 
numerous small discrete EPSCs (Figs. I, 6A,B; see also Liu and 
Feldman, 1992). For the purpose of this analysis, drugs were 
applied locally over the phrenic motoneuron pool for 7-10 min, 
to obtain a sufficient number of EPSCs for analysis. Data were 
collected from a 5-10 min control period and from the period 
of drug application. The time interval between successive 
EPSCs and the amplitudes were used to construct cumulative 
interval and amplitude histograms (e.g., Fig. 6C,D). 

Local application of CPA over the phrenic motoneuron pool 
significantly decreased the frequency of EPSCs during expira- 
tory phase, as indicated by the shift of the cumulative interval 
histogram toward longer interval values (Fig. 6C) in six of six 
cells. In contrast, the amplitude distribution was only slightly 
affected (Fig. 60). CPA (50 PM) induced a 28 + 13% reduction 
in the mean frequency of EPSCs, whereas the mean amplitude 
of EPSCs in the presence of CPA was 93 ? 6% (n = 6) of the 
control value. 

To determine whether the observed effects of CPA were a 
consequence of a direct action on synapses onto phrenic moto- 
neurons or an indirect action on putative interneurons in the 
vicinity relaying inputs to phrenic nucleus, the effects of CPA 
were examined following synaptic isolation of phrenic moto- 
neurons by blocking presynaptic Na+-dependent action poten- 
tials with bath application of TTX (I FM). In the presence of 
TTX, phrenic motoneurons exhibited miniature EPSCs (Fig. 
7A). Addition of CPA (IO PM) to the bath produced a 30 t 
12% (n = 4) reduction in miniature EPSC frequency (Fig. 7B), 
consistent with the results obtained from the analysis on EPSCs 
during the expiratory phase. Figure 7C shows the frequency 
change of a representative cell. There was, however, no signif- 
icant change in the miniature EPSC amplitude distribution (Fig. 
70). 

Lack of effects on postsynaptic membrane properties near 
resting potentials 

To examine the possible postsynaptic actions of adenosine that 
may contribute to the observed effect on inspiratory-modulated 
synaptic current of phrenic motoneurons, the postsynaptic re- 
sponse to exogenous glutamate and the membrane current- 
voltage (Z-V) relationship were tested before and following the 
addition of CPA in phrenic motoneurons isolated by TTX (Fig. 

8). 
Brief local application (1 set) of 1 mM glutamate produced 

an inward current with peak amplitude 130-180 pA (n = 7 
cells). Glutamate-induced currents were attenuated by locally 
applied CNQX (20 FM) but were unaffected by bath applica- 
tion of 25 FM of CPA (Fig. 8A). Furthermore, bath application 
of CPA (IO-50 FM) did not induce any significant change in 
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Figure 6. Effects of CPA on frequency and amplitude of spontaneous EPSCs during expiratory phase. A, Raw trace of membrane current showing 
spontaneous EPSCs during expiratory phase (V,2 = -69 mV). B, Sample recording of spontaneous EPSCs from the cell represented in A before 
and after application of CPA. Note that EPSC frequency was decreased. C, Cumulative interval (Intel) histograms of EPSCs from the cell represented 
in A before (3934 events, gray cut-~) and after (3182 events, black curve) local application of CPA (50 PM). CPA induced a significant (p < 
0.001) rightward shift in cumulative distribution of EPSC intervals (i.e., the decrease in EPSC frequency). D, Cumulative amplitude (Amp) histo- 
grams of EPSCs from the same data sets in C. CPA induced a small but significant (p < 0.001) leftward shift in cumulative distribution of EPSC 
amplitudes. Statistical significance for the difference between distributions was assessed by the Kolmogorov-Smirnov test. 

membrane input resistance at the membrane potentials of -45 
to -85 mV (n = 8 cells; Fig. 8B). In five of eight neurons, 
however, CPA (25 FM) induced a slight but consistent increase 
in membrane resistance at potentials more depolarized than -5 
mV (data not shown). This suggests a postsynaptic action of 
A, receptors on voltage-gated ion channels, but we did not 
further investigate this observation. 

Discussion 
Our principal finding is that adenosine acting at A, receptors 
can modulate the transmission of inspiratory drive to phrenic 
motoneurons. Exogenous application of the adenosine A, re- 
ceptor agonist CPA induced a decrease in both inspiratory- 
modulated synaptic currents and frequency of spontaneous 
EPSCs in phrenic motoneurons; this effect was blocked by 
adenosine receptor antagonists IBMX or CPT. In our in vitro 
preparation, A, receptor antagonism increased inspiratory- 
modulated synaptic currents of phrenic motoneurons, suggest- 
ing that there was endogenous activation of adenosine recep- 
tors that reduced synaptic transmission to phrenic 
motoneurons. Activation of adenosine A, receptors did not 
change either the steady-state membrane current or the mem- 
brane input resistance of phrenic motoneurons. Inward current 
induced by exogenously applied glutamate was also unaffected 
by CPA. Furthermore, CPA produced a significant decrease in 
the frequency of both spontaneous and miniature EPSCs 

(which are glutamatergic; Liu et al., 1990). We propose that 
the reduction of inspiratory drive by adenosine is mediated by 
A, receptors on the presynaptic terminals of bulbospinal inspi- 
ratory neurons onto phrenic motoneurons. 

Adenosine A, receptors decrease transmission of inspiratory 
drive to phrenic motoneurons 

The findings that inspiratory-modulated C, root activity and 
phrenic motoneuron synaptic current are depressed by an aden- 
osine A, receptor agonist and enhanced by antagonists indicate 
that A, receptors reduce bulbospinal synaptic transmission of 
inspiratory drive to phrenic motoneurons. The enhancement in- 
duced by the receptor antagonists suggests that, in this in vitro 
preparation, bulbospinal transmission is already attenuated by 
endogenous activation of adenosine receptors. We initially based 
this conclusion on the enhancement of inspiratory drive by 
IBMX; however, IBMX can have other effects in addition to its 
receptor antagonism (Phillis and Wu, 198 1). In particular, IBMX 
can increase brain CAMP levels by inhibiting phosphodiesterase 
activity (Smellie et al., 1979; Miot et al., 1984; Chavez-Noriega 
and Stevens, 1994). Thus, the data with IBMX alone are not 
conclusive as to the role of adenosine receptors. Use of the more 
specific adenosine A, receptor antagonist, CPT, however, con- 
firmed the results with IBMX, supporting the conclusion that 
adenosine is an endogenous neuromodulator within the phrenic 
motoneuron pool. 
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Figure 7. Effect of CPA on miniature 
EPSCs (m.WSCs). A, Raw trace show- 
ing typical mEPSCs following bath ap- 
plication of TTX (1 PM). V,, = -72 
mV. B, Addition of CPA (10 )LM) to 
bath reduced the frequency of m- 
EPSCs. C, Cumulative interval (Inrvl) 
histograms of mEPSCs from the cell 
represented in A before (862 events, 
gray curer) and after (637 events, 
black curve) bath application of CPA 
(IO FM). CPA induced a significant (p 
< 0.01) rightward shift in cumulative 
distribution of mEPSC intervals (i.e., 
the decrease in EPSC frequency). D, 
Cumulative amplitude (Amp) histo- 
grams of mEPSCs from the same data 
sets in C. Note that there was no sig- 
nificant (p > 0.05) difference in the 
amplitude distributions between control 
and CPA conditions. Statistical signifi- 
cance for the difference between distri- 
butions was assessed by the Kolmo- 
gorov-Smirnov test. 
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It is important to note that it is difficult to precisely quantify 
the effects of adenosine. The modulation of synaptic transmis- 
sion to phrenic motoneurons may involve a complex cascade of 
mechanisms mediated by several neuronal modulators (Feldman 
et al., 1990; Feldman and Smith, 1994) including adenosine. 
Changes in synaptic transmission induced by adenosine receptor 
activator or inhibitor could result from the modulation mediated 
directly by adenosine receptors. Changes may also result from 
indirect effects on the activity of other modulating systems. For 
instance, the increased glutamate release following CPT expo- 
sure could increase activity of presynaptic AP,-sensitive meta- 
botropic glutamate receptors (Liu et al., 1990; Dong et al., 1994) 
and attenuate the increased release. Thus, we may have under- 
estimated the CPT enhancement of inspiratory synaptic drive. 
While these uncontrolled factors cause difficulties in precise 
quantification of the effects of A, receptor agonists and antag- 
onists, our data provide clear, qualitative evidence for the in- 
volvement of adenosine A, receptors in synaptic transmission of 
inspiratory drive to phrenic motoneurons. 

The adenosine-induced change in phrenic motoneuronal ex- 
citability was characterized by a decrease in excitatory synaptic 
currents without any significant changes in postsynaptic mem- 
brane properties. We attribute these effects to actions in the spi- 
nal cord, but an action in the brainstem, due to diffusion of drugs 
from spinal cord to brainstem, must be considered. Direct ap- 
plication of adenosine receptor agonists or antagonists to the 

brainstem altered respiratory rate (X.-W. Dong and J. L. Feld- 
man, unpublished observations); thus, diffusion of the drugs 
from the spinal cord to the brainstem should produce a change 
in rhythm. This was rarely observed, and all such cases were 
excluded from analysis. 

Another possibility for unaltered postsynaptic properties of 
recorded phrenic motoneurons also needs to be considered, that 
is, an action on putative spinal cord interneurons relaying the 
descending inspiratory drive to phrenic motoneurons. This is, 
however, unlikely because (1) considerable evidence indicates 
that bulbospinal transmission of respiratory drive to phrenic mo- 
toneurons is mediated primarily by a monosynaptic pathway (El- 
lenberger and Feldman, 1988; Berger et al., 1989; Ellenberger 
et al., 1990; Lipski et al., 1994); (2) upper cervical (C,-CZ) in- 
spiratory neurons (identified in adult cat; Aoki et al., 1987) do 
not appear to project to phrenic motoneurons (Lipski and Duffin, 
1986); (3) spinal cord interneurons with respiratory-modulated 
activity at the level of the phrenic nucleus (Davies et al., 1985; 
Palisses et al., 1989; Bellingham and Lipski, 1990; &Clot et al., 
1993; Dong and Feldman, unpublished observations) have never 
been shown to project to phrenic motoneurons; and (4) when 
phrenic motoneurons were isolated by TTX, test drugs continued 
to affect certain cellular events (e.g., frequency of miniature 
EPSCs). Drug effects therefore appear to be due to direct action 
on phrenic motoneurons or impinging presynaptic terminals. 
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Figure 8. Lack of postsynaptic effect 
of A, receptors on a phrenic motoneu- 
rons near resting potential. A, Inward 
current induced under voltage-clamp 
conditions by local application of I mM 
L-glutamate (L-Glu) in the presence 
and absence of CPA. L-Glu was ap- 
plied by 1 set brief ejection from a mi- 
cropipette. Bath application of CPA (25 
WM) began 7 min prior to L-Cm apph- 
cation and continued during the course 
of L-Glu test. CNQX (20 FM) was lo- 
cally applied 2 min prior to and contin- 
ued during L-Glu test. Note that CPA 
has no detectable effect on Glu-induced 
currents. B, Membrane I-V relationship 
before and after application of CPA (25 
PM). I-V relationship was obtained by 
plotting current change after applica- 
tion of a series of command voltage 
pulses. Pulse step size, 5 mV; pulse 
width, 100 msec; pulse number, 8; 
pulse frequency, 2 Hz. Steady-state 
current values (2 msec before offset of 
voltage step) were used to generate I- 
V plot. Membrane input resistance is 
determined by the slope of I-V plot. 
Note that membrane input resistance 
did not change in the presence of CPA. 
These experiments were performed in 
the presence of TTX (I pM) in the 
bath. 

Presynuptic action of adenosine mediates depression of 
inspiratory drive 
Adenosine has both pre- and postsynaptic effects in the CNS. 
Presynaptically, adenosine inhibits synaptic transmission by de- 
creasing the amount of transmitter released (Kocsis et al., 1984; 
Malenka and Kocsis, 1988; Prince and Stevens, 1992; Scanziani 
et al., 1992; Scholz and Miller, 1992). Direct measurements of 
glutamate release have confirmed that adenosine can diminish 
stimulation-evoked release of glutamate from brain slice and 
from cultured neurons (Dolphin and Archer, 1983; Corradetti et 
al., 1984; Dolphin and Prestwich, 1985). Postsynaptically, aden- 
osine hyperpolarizes cells by increasing a postsynaptic K+ con- 
ductance (Greene and Haas, 1985; Trussell and Jackson, 1985; 
Proctor and Dunwiddie, 1987; Gerber et al., 1989). Adenosine 
also inhibits voltage-dependent Ca*+ channels (MacDonald et 
al., 1986; Scholz and Miller, 1991; Mynlieff and Beam, 1994). 

Our data suggest that presynaptic actions account for the de- 
crease of inspiratory-modulated synaptic current following ac- 
tivation of A, receptors. First, we have investigated the effects 
of adenosine on three different classes of synaptic events: in- 
spiratory drive, spontaneous EPSCs during expiration, and min- 
iature EPSCs following TTX administration. CPA reduced the 
frequency of spontaneous EPSCs during the expiratory phase, 
as well as that of miniature EPSCs following the blockage of 
Na+-dependent action potentials. Because the frequency of min- 
iature EPSCs is dependent upon the probability of transmitter 
release (Fatt and Katz, 1952; see Redman, 1990), its reduction, 
and by extension that of spontaneous EPSCs during expiratory 
phase, indicates a presynaptic action of CPA that affects quanta1 

release of transmitter from presynaptic terminals. Based on the 
analysis of unitary EPSCs, we concluded that the action of aden- 
osine A, receptors is to block presynaptic release of neurotrans- 
mitter. Although events during both inspiration and expiration 
have similar pharmacology, that is, are due to the release of an 
EAA acting predominantly at non-NMDA receptors, we have 
no direct evidence that the presynaptic terminals producing the 
EPSCs during expiration include those of bulbospinal inspira- 
tory neurons. We presume for the purposes of discussion that 
the results obtained for unitary EPSCs apply to those occurring 
during inspiration. 

Second, no alterations in postsynaptic membrane properties 
were produced by the adenosine receptor agonist CPA. The ag- 
onist had no detectable effect on the steady-state membrane cur- 
rent during the expiratory phase. The input resistance of phrenic 
motoneurons was unaltered in the presence of CPA (Fig. 8B). 
Therefore, the decrease of inspiratory drive current by CPA was 
not associated with an increase in membrane conductance, which 
might otherwise cause shunting of synaptic currents. 

Third, the sensitivity of phrenic motoneurons to glutamate 
was not affected by CPA. Our previous studies have established 
that the transmission of inspiratory drive from bulbospinal neu- 
rons to phrenic motoneurons is mediated by an EAA-like sub- 
stance acting primarily at non-NMDA receptors (Liu et al., 
1990). If the decrease of synaptic current was due to CPA re- 
ducing the sensitivity of postsynaptic EAA receptors, the inward 
current induced by exogenously applied glutamate should have 
also been reduced by CPA. In the presence of TTX, however, 
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CPA did not alter the responsiveness of phrenic motoneurons to 
exogenously applied glutamate (Fig. SA). 

We conclude that adenosine and its analogs depress inspira- 
tory synaptic currents in phrenic motoneurons by activating pre- 
synaptic adenosine A, receptors. A postsynaptic action of aden- 
osine affecting phrenic motoneuron excitability cannot be 
completely excluded. Our observations were made on cells that 
were voltage clamped at resting membrane potentials under 
whole-cell patch-clamp conditions. Thus, we could not observe 
effects on voltage-gated channels. Activation of A, receptors 
inhibits voltage-gated N-type Ca?+ current in motoneurons 
(Mynlieff and Beam, 1994) and in hippocampal neurons (Mogul 
et al., 1993). Moreover, in rat sympathetic neurons, adenosine 
decreases Ca”’ current in a voltage-dependent manner (Zhu and 
Ikeda, 1993). We also observed a shift in the I-V relationship 
curve at higher depolarizing potential after the application of 
CPA (data not shown), suggesting a postsynaptic action of A, 
receptors on voltage-gated ion channels. In addition, under 
whole-cell patch-clamp conditions, intracellular dialysis could 
also affect adenosine actions mediated by second messenger sys- 
tems. 

In summary, our study demonstrates the involvement of aden- 
osine A, receptors in regulating respiratory output at the level 
of the spinal cord by presynaptically modulating bulbospinal 
synaptic transmission of inspiratory drive to phrenic motoneu- 
rons. The presynaptic modulation by adenosine may play an 
important role in adjusting respiratory input to phrenic moto- 
neurons, and thus regulating respiratory motor output. This 
mechanism may become more critical in preventing diaphragm 
from fatigue during high levels of ventilatory drive, such as 
during extreme exercise, since adenosine levels may increase 
under these conditions. 
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