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Adenosinergic modulation of respiratory neurones in the
neonatal rat brainstem in vitro
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The mechanism underlying adenosinergic modulation of respiration was examined in vitro
by applying the whole-cell patch-clamp technique to different types of respiration-related
neurones located in the rostral ventrolateral medulla of neonatal rats (0—4 days old).

The adenosine A,-receptor agonist (R)-N°-(2-phenylisopropyl)-adenosine (R-PTA, 10 um;
n = 31) increased the burst distance of rhythmic C4 inspiratory discharges and decreased
the duration of inspiratory discharges (control: 8:00 + 2:49 s and 918 4+ 273 ms; R-PIA:
12:10 £ 560 s and 726 £+ 215 ms).

Expiratory neurones demonstrated a reversible decrease in input resistance (R,)), a
depression of action potential discharges and a hyperpolarization of the membrane potential
(V) during application of R-PIA (1—10 gm). Similar responses of R,, and V,,, to R-PIA were
evident after synaptic activity had been blocked by 05 um tetrodotoxin (TTX).

Some of the biphasic expiratory (biphasic E) neurones, but none of the inspiratory neurones,
demonstrated changes in R, or V,, during R-PIA application. With TTX present, R-PIA
did not alter V,, or R, in biphasic expiratory or inspiratory neurones.

Furthermore, R-PTA decreased the spontaneous postsynaptic activities of all neurones
examined. The effects of R-PIA on respiratory activity, E;, and V,, could be reversed by the
A -receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX; 200 nm).

Our data suggest that the modulation of respiratory output induced by adenosinergic agents
can be explained by (1) a general decrease in synaptic transmission between medullary
respiration-related neurones mediated by presynaptic A, -receptors, and (2) an inactivation,
via membrane hyperpolarization, of medullary expiratory neurones mediated by postsynaptic
A -receptors. Furthermore, our data demonstrate that inactivation of expiratory neurones
does not abolish the respiratory rhythmic activity, but only modulates respiratory rhythm
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in vitro.

Neuronal networks in the medulla oblongata generate
respiratory rhythm in mammals. The pre-Botzinger
complex (Smith et al. 1991) in the rostral ventrolateral
medulla oblongata (RVL) (Onimaru et al. 1988) has been
proposed to be the crucial site of this rhythmogenesis, but
the detailed organization of this noed vitale is still
unknown. The unique patterns of receptors and membrane
channels expressed by specific types of neurones, and
interaction between these neurones, maintains the central
pattern generator for respiration. Thus it is important to
increase our understanding of the receptors and membrane
channels in each type of cell in this neuronal network.

One of the central modulators of respiration is adenosine,
whose action is especially important around the time of
birth (Runold et al. 1986; Irestedt et al. 1989; Herlenius et
al. 1997). Adenosine has been proposed to be involved in the
suppression of fetal and neonatal breathing (Lagercrantz et

al. 1984; Bissonnette et al. 1991; Herlenius ef al. 1997),
particularly during hypoxia when extracellular levels of this
nucleoside rapidly increase (Winn et al. 1981). Furthermore,
blocking A,-receptors with xanthine derivatives abolishes or
attenuates hypoxia-induced depression of breathing in
newborn mammals (Runold et al. 1989; Neylon & Marshall
1991; Kawai et al. 1995). Thus blocking the action of
endogenous adenosine is probably the mechanism by which
theophylline exerts its clinical effects in the treatment of
apnoea of prematurity.

Adenosine plays multiple roles throughout the nervous
system (Brundege & Dunwiddie, 1997), e.g. inhibiting
excitatory postsynaptic currents in hippocampal neurones
(Katchman & Hershkowitz, 1993) and decreasing neuro-
transmitter release in prejunctional motoneurones (Mynlieff
& Beam, 1994). As recently reported, stimulation of
brainstem adenosine A, -receptors depresses the activity of
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inspiratory neurones in the neonatal RVL, as well as
decreasing the respiratory frequency (Herlenius et al. 1997).
However, the mechanism(s) underlying the central
adenosinergic depression of respiration and the possible
involvement of respiration-related neurones other than the
inspiratory neurones in the neonate remain to be elucidated.

In the present study we have used adenosine analogues as
tools for investigating brainstem respiratory rhythm. We
have examined the possible involvement of activation of
A, -receptors on different respiration-related neurones in the
neonatal RVL by adenosine in modulation of the respiratory
output. We have thus extended the characterization of these
RVL neurones to include responsiveness to respiratory
modulators.

In order to achieve this goal, a reduced preparation of
brainstem—spinal cord from neonatal rats was used,
allowing pharmacological manipulation while recording
brainstem neurones simultaneously with respiratory activity
at the spinal cord. This en bloc preparation generates
respiration-related rhythmic activity for several hours when
perfused with artificial cerebrospinal fluid (ACSF) (Suzue,
1984) and allows neurophysiological classification and
subsequent morphological characterization of respiration-
related neurones. Three major groups of respiration-related
neurones have been described in this en bloc preparation,
i.e. inspiratory, expiratory and biphasic expiratory
(biphasic E) neurones (also classified as pre-inspiratory
neurones; Onimaru et al. 1988). The respiratory rhythm
generation in the neonatal in vitro models differs from that
of adult in wvivo models. In this neonatal model Cl -
mediated inhibition is not necessary for the respiratory
rhythm, whereas it is in the adult (Onimaru et al. 1990;
Feldman et al. 1991; Onimaru et al. 1997). However, the
isolated respiratory network in the brainstem is sufficient to
generate the essential features at the cellular and system
levels that have previously been described for the intact
respiratory system, i.e. both at the motor output level and
within the respiratory network (Ramirez et al. 1998).
Adenosine is released systemically during hypoxia and our
study was designed to investigate the mechanism behind
adenosine A,-receptor-induced modulation of respiration.
This was conducted on a system level through recordings of
C4 output, at a network level in recordings from individual
neurones in a functional network, and finally at a cellular
level through whole-cell recordings that were combined with
tetrodotoxin (TTX) application, thus eliminating sodium-
dependent synaptic transmission.

We have examined the effects of adenosine A,-receptors in
the brainstem respiratory network and in individual
respiratory neurones. The data document a general effect on
synaptic transmission, respiratory rhythm and an
inactivation of expiratory neurones. Part of this study has
already been presented in a thesis by Eric Herlenius
(Herlenius, 1998).
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METHODS

Brainstem—spinal cord preparation

These experiments were performed on the brainstem and spinal
cord of newborn (0- to 4-day-old) Wistar rats. Under deep ether
anaesthesia, the brainstem—spinal cord was dissected and isolated
as previously described (Suzue, 1984; Smith et al. 1990; Herlenius
et al. 1997). The brainstem was then rostrally decerebrated between
the VIth cranial nerve roots and the lower border of the trapezoid
body. This preparation was subsequently transferred to a 2 ml
chamber, in which it was continuously perfused at a rate of
3:0—-3-5ml min~" with the following artificial cerebrospinal fluid
(ACSF) (mm): 124 NaCl, 50 KCl, 1-2 KH,PO,, 24 CaCl,,
1-3 MgSO,, 26 NaHCO, and 30 glucose, equilibrated with 95% O,
and 5% CO, at 26—27 °C to give a pH of 7-4. Bath temperature was
measured either directly in the bath or indirectly in a water-
heating bath (Julabo UC, Julabo 5B), after calibration by direct
measurements. The high extracellular [K*] compared with normal
physiological concentrations is similar to that used by many
researchers utilizing this in vitro preparation (Kawai et al. 1996;
Onimaru et al. 1997), and is used to sustain a regular rhythmic
activity as [Ca”*]is increased.

All animal experiments were approved by the Regional Animal
Ethics Committee.

Recordings

Respiratory activity was recorded using suction electrodes applied
to the proximal ends of cut C4 or C5 ventral roots containing
respiratory motoneurone axons. The C4/C5 activity (C4) was either
amplified and recorded directly or after 3 Hz high-pass filtering.
Whole-cell recordings from respiratory neurones were obtained
using the modified ‘blind’ patch-clamp technique (Blanton et al.
1989) (see Onimaru & Homma, 1992, for detailed description).
Briefly, patch pipettes were pulled in one step from borosilicate
glass (GC100TF-10, outer diameter 10 mm, with a filament; Clark
Electromed, Reading, UK) using a vertical puller (PE-2; Narishige,
Tokyo, Japan). The electrode tips had inner diameters of
1:2—2:0 ym and a DC resistance of 4—8 MQ. The electrodes were
filled with a solution consisting of (mm): 120 potassium gluconate,
10 EGTA, 10 Hepes, 1 CaCl,, 1 MgCl, and 1 Na,-ATP. KOH was
used to adjust the pH to 7-3.

Extracellular signals and intracellular membrane potentials were
measured with a voltage-clamp amplifier (Nihon Koden, CEZ-311).
Respiration-related neurones were sought in the RVL (Arata et al.
1990) in the region of the ventral respiratory group (Bianchi et al.
1995) and identified by monitoring extracellular action potential
discharge. When such a neurone was detected, positive pressure
(5-15ecmH,0) was released and a slight negative pressure was
applied. The resulting formation of a gigaohm seal (> 1 G€) was
monitored and confirmed by applying a hyperpolarizing current
pulse (0-1 nA, duration 30 ms, 2 Hz). Rupture of the cell membrane
was achieved by a single hyperpolarizing current pulse
(0-5—-0-8 nA, duration 30 ms). Membrane potentials were recorded
after compensation of the series resistance (20—-50 M€) and
capacitance.

Only respiration-related neurones that had negative resting
potentials of 40 mV or more, and an overshooting action potential
after establishment of the whole-cell configuration, were included
in this study. Neurones were identified and classified on the basis of
their characteristic firing patterns and the temporal correlation of
this activity to the respiratory cycle of C4/C5 activity. Inspiratory
neurones (Insp) receive excitatory synaptic input and discharge
action potentials during inspiratory phrenic (C4/C5) activity.
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Table 1. The resting membrane potential (V,), amplitude of action potential (AP) and input
resistance (R;,) of respiration-related and tonic RVL neurones measured during the

expiratory phase of the respiratory cycle

RVL neurone n Vi (mV) AP (mV) R, (MQ)
Inspiratory, I 10 —50-8 + 51 51'12+64 341 + 119
Inspiratory, 11 14 —477+ 53 530+ 127 394 + 189
Inspiratory, 1T 9 —458 + 3-1 464+ 103 392 + 147
Biphasic E 14 —44-8 + 47 533+ 144 338 + 154
Expiratory 21 —44-2 4+ 35 457 + 85 489 + 166
Tonic 11 —45'1 +4-0 52:8+ 126 554 + 207

Expiratory neurones (Exp) discharge action potentials between the
inspiratory phases and are inhibited during the inspiratory phase
(Arata et al. 1990; Smith et al. 1990; Shao & Feldman, 1997).

Biphasic expiratory neurones (biphasic E) are characterized by pre-
and post-inspiratory excitation and inspiratory-related inhibition
(Onimaru et al. 1990). Inspiratory neurones were further classified
into three subtypes according to previous classifications performed
with this preparation (Onimaru et al. 1996, 1997). Type I neurones
(Insp I) receive excitatory postsynaptic potentials (EPSPs) prior to
the onset, as well as after the termination of C4 activity, whereas
type 1II neurones (Insp III) are hyperpolarized by synchronized
inhibitory postsynaptic potentials (IPSPs) during the pre- and
post-inspiratory phases. Insp neurones that only demonstrated
EPSPs during the inspiratory phase and no hyperpolarization
during the pre- or post-inspiratory phases were classified as type 11
neurones (Insp IT). Membrane potentials (V,,) were not corrected for
liquid junction potentials, determined to be < —10 mV, in order to
facilitate comparisons with earlier studies performed with this
preparation (Smith et al. 1991; Onimaru & Homma, 1992; Ballanyi
et al. 1994; Kawai et al. 1996; Onimaru et al. 1996, 1997). The
current—voltage (I-V) relationship was determined by injection of
an inward current (0:02—0-08 nA, duration 100 ms) during silent
phases between bursts in the expiratory phase of the respiratory
cycle, or during negative holding potentials (=50 mV) in the case of
certain expiratory neurones. Input resistance (R;,) was calculated
from the slope of a least-squares regression line fitted to the data.
Quantification of spontaneous synaptic events (subthreshold EPSPs)
was achieved by measurement of the V, standard deviation during
5s intervals in the expiratory phase between action potential
discharges of Insp and biphasic E neurones. In eight neurones the
effects of adenosinergic drugs on after-hyperpolarization (AHP)
were examined by brief intracellular injection of a depolarizing
current pulse (10—16 pA, duration 10 ms). A >10% change of
AHP was used as the criterion for classifying a neurone as
responsive (Bayliss et al. 1995). In addition, the extracellular unit
activity and its frequency (action potentials per minute) were
examined during drug application in five expiratory neurones.

During the experiments, signals were displayed on a chart recorder,
monitored using an oscilloscope, digitized (Digidata 1200B, Axon
Instruments) and stored on digital audio tape (RD-120TE, TEAC,
Tokyo, Japan) or a hard disk for off-line analysis. A thermal head
recorder (San-ei, Tokyo, Japan) was used for printing and
preparing some of the figures included in this paper.

Drugs

The metabolically stable adenosine A,-receptor agonist (R)-N°-(2-
phenylisopropyl)-adenosine (R-PIA; RBI, Natick, MA, USA) was
dissolved in 5% dimethyl sulphoxide (DMSO) and then further

diluted in ACSF to obtain a concentration of 1:0 or 10-0 gm.
A1 mm stock solution of the adenosine A, -receptor antagonist
8-cyclopentyl-1,3-dipropylxanthine (DPCPX; Sigma) in ethanol
was diluted in ACSF to obtain a final concentration of 200 nm. The
final concentration of DMSO or ethanol in the ACSF was less than
0:01 %. Furthermore, control experiments performed with only
DMSO (n= 5) or ethanol (n = 5) added to the ACSF did not change
the respiratory activity. Tetrodotoxin (TTX, 0-5 um; Sigma) was
administered in some (n= 24) experiments to block presynaptic
Na"-dependent action potentials. These drug solutions were freshly
prepared and added to the ACSF superfusing the preparation, the
pH being adjusted to 7-4 with 95% O, and 5% CO, prior to bath
application. In each experiment, only a single neurone was
examined for the effects of a drug because of difficulties
encountered in removing applied drug. Drug effects were evaluated
when steady-state drug response was achieved, after 15—20 min in
the case of R-PIA and 10-12 min for DPCPX and TTX, as
determined by 30—40 min drug exposure in pilot experiments.

Statistics

Off-line analysis was performed using a personal computer and the
commercially available programs Axoscope (Axon Instruments),
Origin (Microcal Software Inc., Northampton, MA, USA) and JMP
(SAS Institute Inc., Cary, NC, USA). The results are presented as
means + standard deviations. After analysis of the variance by the
F test, statistical analysis was performed using Student’s two-
tailed paired ¢ test. When possible, Spearman rank non-parametric
correlation was performed on measured variables with respect to
postnatal age, in order to evaluate a possible dependency of the
results on age. A P value of less than 0:05 was considered to be
statistically significant.

RESULTS

Control conditions

The membrane properties of seventy-nine RVL neurones
examined after establishing whole-cell patch-clamp
configuration are documented in Table 1. Figure 1 depicts
the major respiratory neurone subtypes: inspiratory,
biphasic E and expiratory neurones. The neurones that
exhibited a tonic expiratory phase activity that was
inhibited during the inspiratory phase are referred to as
expiratory. The discharge activity of sixteen out of twenty-
six expiratory neurones was also inhibited prior to and after
termination of C4 activity (Figs 1 and 4B), similar to that
recently reported by Arata et al. (1998). Two of these
sixteen neurones were inhibited more than 2:5s after C4
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burst activity had ended, and only discharged action
potentials in the later half of the expiratory phase. As the
tonic and the peri-inspiratory-inhibited expiratory neurones
had similar V,, and R;, values during control conditions,
and responded in a similar manner to R-PIA, results from
these expiratory neurones are combined and considered as a
single group.

The rhythmic respiratory activity recorded from C4 had a
burst interval of 824+ 2:7s and burst duration of
844 + 263 ms (n=111).
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Adenosinergic effect on respiratory output

After exposure to the adenosine analogue R-PIA (10 g;
n = 31), the frequency of rhythmic C4 discharges decreased
(C4 burst interval for controls was 8:00 + 2:49s and for
R-PTA was 12:10 4+ 5:63 s). The duration of inspiratory
discharges also decreased (C4 burst duration for control:
918 + 273 ms, and for R-PIA: 726 4+ 215 ms). These
differences were significant (P < 0-01, Student’s paired
t test). The steady state of drug effect was reached within
20min (Figs 2 and 7D). In some preparations with an

D Biphasic E

Figure 1. Respiration-related neurones in the neonatal rat brainstem

Membrane potential trajectories of different respiration-related neurones are shown. Upper traces: membrane

potentials

s (mV); lower traces: accompanying C4 inspiratory activity. A—C, inspiratory neurones (Insp)

receive excitatory synaptic input (EPSPs) and discharge action potentials during C4 ventral root
inspiratory activity (C4). 4, type I neurones (Insp-I) receive EPSPs prior to and after termination of C4
activity. B, type II neurones (Insp-II) exhibit abrupt transition from resting potential level to burst phase
without EPSPs prior to and after C4 inspiratory activity, whereas type III neurones (Insp-1II) (C) are
inhibited during both these phases. D), biphasic expiratory neurones (Biphasic E) are characterized by pre-
and post-inspiratory excitation and inspiratory-related inhibition. Expiratory (Exp) neurones are inhibited
by hyperpolarizing IPSPs during the inspiratory phase and either (£) discharge tonically in the expiratory
phase or (#) receive IPSPs also in the pre- and post-inspiratory phase, and have a decreased discharge rate
during these phases. In the neurone shown, a prolonged inhibition after C4 burst activity makes this
neurone discharge primarily in the late expiratory phase.
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irregular control respiratory rhythm, R-PIA could have a
stabilizing effect (Fig.2). DPCPX (n=24) decreased the
interval between respiratory bursts (control, 8:29 + 2:66 s;
DPCPX, 7-43 + 186 s; P < 0-05), but burst duration was
not affected (control, 942 + 299 ms; DPCPX, 937 + 167 ms).
The changes in C4/C5 activity caused by R-PIA could be
reversed by DPCPX (rn=15). During application of
DPCPX, tonic and rhythmic non-respiratory C4 discharges
occurred in some preparations (Figs3C, 44 and 6).
Postnatal age had a significant influence on the effect of
R-PIA on burst interval (Spearman rank correlation of
postnatal age ws. percentage change in burst distance;
P=0:012), but not on burst duration (P =0:32). The
R-PIA dose dependency of C4 effect differed with age
(Fig.2C). We decided to use 10 um R-PIA in most
experiments (n = 31), as a clear effect was observed with all
postnatal ages, even though 1um was used in six

Adenosine and brainstem respiratory neurones

163

preparations from young (<48h) rats. No significant
correlation was observed between postnatal age and the
effects of DPCPX (Spearman rank correlation of postnatal
age vs. percentage change of burst distance, P =012, and
vs. percentage change of burst duration, P = 0-31).

Adenosinergic effect on expiratory neurones

R-PIA caused a reversible decrease in the frequency (1/11)
or, most often, complete discontinuation of action potential
discharges (10/11) in Exp neurones (Figs 3 and 4). This
cease-fire was accompanied in most (5/6) neurones recorded
in the whole-cell mode by V,, hyperpolarization and a
reduction in R, (Table 2). Furthermore, when synaptic
transmission was blocked by TTX, R-PIA induced a hyper-
polarization of V., and a decrease in R,, in all neurones
examined (Table 3). DPCPX could reverse the inactivation
of action potential discharges induced by R-PIA (n=7),
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Figure 2. Adenosinergic modulation of C4 respiratory output

A, respiratory cycle length (top) and inspiratory time (bottom) during control, R-PTA (10 um) and wash-
out in a preparation from a 1-day-old rat (P1). B, R-PTA (10 um) induces a DPCPX (200 nm) reversible
decrease of C4 inspiratory activity. The steady-state effect was reached after 20 min. Data are
means + s.0. from ten preparations (P0—P3). C, dose dependency of R-PIA (0:1-10 um)-induced change on
frequency of C4 respiratory activity. The effect was apparently saturated at 10 g™ in the older rats because

higher concentrations of R-PTA did not increase the degr

#* P < 0-01).

ee of respiratory inhibition further (* P < 0:05 and
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Table 2. Effects of R-PIA and DPCPX on the resting membrane potential (V,,) and input resistance
(R;p) of RVL respiration-related neurones

Control R-PIA Control DPCPX
RVL neurone =« Vy, (mV) R, (MQ) V., (mV) R, (MQ) n V., (mV) R, (MQ) V., (mV) R, (MQ)
Inspiratory 8 —47'9+56 445+ 154 —47-5+56 459+ 176 6 —46:8+32 373+62 —44-5+ 44 459 + 219
Biphasic E 6 —45:0+53 369+ 156 —46:5+ 81 320+ 136 6 —445+54 375+151 —4524+6'3 318+126
Expiratory 6 —450+30 505+ 157 —49-:0 +6:0* 381 + 68* 5 —446+32 475+177 —41-0+2:0*% 364 + 142

These values are means + s.p. Since the number of samples was small, values for the subgroups of
inspiratory neurones (classes [-11I) were combined and considered as a single group compared for statistical
analysis of the effects of R-PIA. Statistical significance was assessed by Student’s paired ¢ test (* P < 0:05).

A B
Control
20
°
‘ 10 I
1 (pA)
| f + } 6 I
-125 -100 -75 -50 -25 25 50
_10 .
20
30 —
40 - SV (mV)

Figure 3. Inactivation of an expiratory neurone by R-PIA

A, during control conditions (upper two traces), an expiratory neurone (Exp) demonstrates discharges of
action potentials between the inspiratory phases of C4 discharge activity (C4) and hyperpolarization during
the inspiratory phase; action potentials are truncated. When added to the ACSF, R-PIA (1 um) eliminates
the discharges of action potentials and reduces synaptic noise in the expiratory phase, despite depolarization
of Vp,, (42 mV). C4 activity remains, however, at a slower frequency (middle two traces). Addition of DPCPX
(200 nm) to the ACSF reverses these changes caused by R-PIA (bottom two traces). B, current—voltage plots
of the expiratory neurone illustrated in A4; <, control conditions; @, after administration of R-PIA;
I, injected current (in pA); 6V, resulting shift in membrane potential (in mV). R-PIA decreased input
resistance, calculated from the slope of a least-squares regression line fitted to the data.
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Table 3. Effects of R-PIA on the resting membrane potential (V) and input resistance (R;,) of
RVL respiration-related neurones after blockade of synaptic activity by TTX

TTX TTX + R-PIA
RVL neurone n Vi (mV) R, (MQ) Vi (mV) R, (MQ)
Inspiratory 10 —47-2+62 314 £ 161 —45:8+ 50 295+ 163
Biphasic E 4 —46:3+33 458 + 384 —44:3+ 59 3224+ 157
Expiratory 6 —45:0+ 79 526 + 323 —49-3 4+ 6:4* 451 + 241

These values are means + s.D. Statistical significance was assessed by Student’s paired ¢ test,

with *

P <0-05.

and depolarized V,, but did not alter E,, significantly
compared with controls (n=25, P=004 and 037,
respectively; Table 2). The after-hyperpolarization (AHP)
was reduced by R-PIA in 3/4 of the expiratory neurones in
which AHP was examined. DPCPX reversed this depression
of AHP. To exclude time-dependent inactivation of
expiratory neurones, control experiments were performed
without drug application, V,, and R, being stable during
these conditions (n =4, 20—50 min).

Adenosinergic effect on biphasic E neurones

Although administration of R-PIA did not change the mean
Vi or B, in biphasic E neurones (Table 2), the responses of
individual neurones diftfered (see Figs 5 and 6). In three of
six biphasic E neurones, there was no change in V,, or R,
during superfusion with R-PIA. Under the same conditions,
one biphasic E neurone depolarized (42 mV), but there was
no alteration in its R, (Fig. 5). R-PTA induced reversible
hyperpolarization in two of six biphasic E neurones

A
Control R-PIA 10 min DPCPX 10 min
(TR i ‘
] |
—40 my ]L‘ﬂ | sl kbbb b o MMW\,%, M 10 mv
o
—-50 mV
Mr . \J\f LH\V L{ J\’v W\VMMMWW
5s
B

R-PIA 15 min DPCPX 5 min

Control

AR

Figure 4. Inactivation of expiratory neurones by R-PIA-induced hyperpolarization

A, R-PIA (10 gm) induces hyperpolarization of the membrane potential of an expiratory neurone and
eliminates its slow but continuous expiratory phase discharge of action potentials. Administration of
DPCPX (200 nm) reverses these changes. B, an expiratory neurone in which R-PTA (1 gm) induces a hyper-
polarization. Subsequent DPCPX (200 nm) administration depolarizes the neurone before synaptic noise
and C4 activity are increased. Upper traces, expiratory neurone; lower traces, C4 activity.
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(2—7 mV), but only one of these neurones had a decreased
R,,. In two of six biphasic E neurones, the synchronization
between neurone burst discharges and C4/C5 activity was
reversibly disturbed by R-PIA (Fig.6A4). At the same time
as the time interval between discharges of the biphasic E
burst decreased, and consequently neuronal burst frequency
increased, the C4/C5 respiratory activity decreased in
frequency. Thus every second biphasic E burst was not
followed by a C4/C5 discharge (Fig.64). Concurrently, the
AHP was decreased (Fig.6B). In ACSF containing TTX,
R-PIA did not change V,, or R,, (Table 3). DPCPX did not
alter V,, or R, compared with control values (Table 2).
However, DPCPX could reverse the changes in membrane
potential and AHP depression and disturbances in coupling

induced by R-PTA.

Adenosinergic effect on inspiratory neurones

Figure 7 depicts a typical recording of an inspiratory
neurone before and during administration of R-PIA.

Neither the V,, nor R;, was altered by R-PIA (Fig. 7 and
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Table 2). Furthermore, R-PTA did not induce changes in the
Vi, or R, when synaptic transmission was blocked by the
presence of TTX in the ACSF (Table 3). No differences in
the responses to R-PIA of type I-III inspiratory neurones
were observed (n=6 for inspiratory type I, n="7 for
type II, and n =5 for type 1II). Consequently, the values
obtained during drug application to inspiratory neurones
were combined in order to increase the validity of the
statistical analysis. DPCPX induced a depolarization of V,,
(+1-5 mV), probably due to increased synaptic input, since
R, did not change in most neurones (Table 2).
Adenosinergic modulation of spontaneous synaptic
events

As illustrated in Figs 3—7, R-PIA consistently caused a
reduction of spontaneous synaptic activities during the
expiratory phase in all RVL neurones examined. In
inspiratory neurones many overlapping EPSPs occurred
during the inspiratory phase, and therefore no analysis of
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Figure 5. Effects of R-PIA on a biphasic E neurone

A, a biphasic E neurone is hyperpolarized during C4 inspiratory activity. Under control conditions, during
administration of R-PIA (10 um, 15 min) and after 7 min wash-out, action potentials are truncated. Note
the decreased synaptic noise in the expiratory phase and the increased distance between membrane
depolarization. B, current—voltage plots from this neurone, in which no changes in input resistance (R,,)
were observed during R-PIA administration; /, injected current; é V, resulting shift in membrane potential.
R, was calculated from the slope of a least-squares regression line fitted to the data (O and dotted line,

control; @, R-PTA).
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Figure 6. Uncoupling of biphasic E neuronal activity from C4 inspiratory-related activity

A, during R-PTA (10 um) administration, the synaptic noise in the expiratory phase is reduced and the
frequency of biphasic E membrane potential fluctuations increases. Note the uncoupling of C4 discharges,
which decrease in frequency from every second biphasic E membrane depolarization. In the absence of C4
activity, the biphasic E neurone is not hyperpolarized during the depolarized phase ({). DPCPX (200 n)
reverses the changes in synchronization and C4 respiratory rate induced by R-PIA. During continued
perfusion, DPCPX reverses the R-PIA-induced synaptic noise reduction and elicits an increased C4
activity. Upper traces, biphasic E neurone; lower traces, C4 activity (C4). B, the after-hyperpolarization
was DPCPX-reversibly reduced by R-PIA in biphasic E neurones that exhibited disturbed synchronization
with C4 activity; a sample of action potentials during control, R-PIA and DPCPX application are truncated.
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EPSPs during this phase was performed. In expiratory and
biphasic E neurones the hyperpolarization (expressed in
millivolts) induced by synchronized IPSPs did not change
during exposure to R-PIA (expiratory values: control,
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—7-8+2:6; + R-PIA, —6:7 + 2:3 mV; biphasic E values:
control, —6-8+ 2:5; + R-PIA, —7-:04+2:6mV). In all
neurones examined the presence of DPCPX in the perfusate
increased the EPSPs occurring during the expiratory phase.

A Control

_/M [10 mV
L

———— #40 pA

oot ——————
500 ms
D
S.D.
Vi (MmV)
37 control R-PIA DPCPX
(— —)
4 .
3 il * '. .
S A »
. . * . . o
2 - +
¢ o T2, LY
,.ﬁ.,t '0 & 0’ . l . 0' *
. o ** .y +*
1 . . “,&“. A '0‘ »:v.". o teptte 0.‘$ <
*H o R R e A
»
0+ -

10 min

Figure 7. Adenosinergic modulation of inspiratory neurone and synaptic noise

A, an inspiratory neurone (type III) from a 1-day-old rat (P1) perfused with normal ACSF demonstrates a
magnified C4 burst of activity and response to an injection of current (+40 pA). B, the same neurone, after
a 15 min perfusion with ACSF containing R-PTA (10 um). Note the reduced synaptic noise between the
inspiratory potentials. C, the same neurone after a 12 min perfusion with ACSF containing DPCPX
(200 nm). Note a depolarization of the membrane potential, an increase in the synaptic noise and an
increased membrane resistance. D), change of synaptic noise in a biphasic E neurone during application of
R-PIA (10 gm) and subsequent DPCPX (200 nm). Quantification of subthreshold postsynaptic potentials
was performed by measuring the standard deviation (s.n) of resting membrane potential (V) in the
expiratory phase.
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DISCUSSION

We have demonstrated here that activation of presynaptic
adenosine A, -receptors decreases synaptic transmission to
all brainstem respiration-related neurones and thus
decreases the overall activity of the brainstem respiratory
circuit. Activation of postsynaptic A,-receptors of expiratory
neurones also contributes to the inhibition of neuronal
activity. Furthermore, our that
inactivation of expiratory neurones does not abolish C4
respiratory rhythmic activity in vitro.

data also indicate

C4 activity and adenosine

The increased C4 discharge frequency during application of
the A, -receptor antagonist DPCPX suggests that
endogenous adenosine has a small but significant influence
on the respiratory rhythm during control conditions. This is
consistent with previous studies (Dong & Feldman, 1995;
Kawai et al. 1995; Herlenius et al. 1997) and indicates that,
as in vivo,adenosine exerts a tonic inhibitory influence on the
central respiratory activity. Furthermore, during antagonism
of A,-receptors tonic and rhythmic non-respiratory C4
discharges occurred in some preparations (Figs 3C, 44 and
6). We did not pursue study of the mechanism (s) underlying
these non-respiratory discharges. However, similar non-
respiratory spinal nerve discharges can also be evoked by
NMDA, dopamine D, and cholinergic agonists (Smith et al.
1988). It is possible that increased excitation or disinhibition
of neuronal circuits involved in locomotion may be involved
in this non-respiratory activity. Increased activation of
adenosine receptors by R-PIA decreased the respiratory
output in an age-dependent manner in accordance with
previous findings (Runold et al. 1986; Herlenius et al. 1997).
DPCPX could reverse this depression, indicating that it is
caused by A, -receptor activation.

Expiratory neurones

All expiratory neurones decreased their firing frequency
and ten out of eleven neurones examined ceased firing
completely in the presence of R-PIA. However, in none of
these cases did the respiratory rhythmic output cease. The
synaptic input in the expiratory phase of the respiratory
cycle was reduced in all neurones examined, but in
expiratory neurones V,, and R,, were also decreased. This
hyperpolarization of expiratory neurones could reflect
increased inhibitory synaptic inputs to these cells, decreased
excitatory input or postsynaptic action of R-PIA on the
membrane. The fact that R-PTA decreased V,, and R,,,,
when gynaptic transmission was blocked by TTX, indicates
a postsynaptic mechanism of action. We suggest that this is
due to an activation of K™ conductance via adenosine A, -
receptors present on expiratory neurones. This would be in
accordance with the well-characterized ability of adenosine
to activate potassium postsynaptically
(Thompson et al. 1992). Furthermore, it has recently been
reported that RVL expiratory neurones in the neonatal rat
express three different potassium channels. One of these,
which may be expressed specifically in the expiratory

even
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neurone, is voltage dependent and determines the neuronal
level of depolarization (Jacquin et al. 1997).

Our present results agree with earlier findings concerning
adenosinergic modulation of expiratory neurones in the
adult cat by Schmidt et al. (1995), who demonstrated that
expiratory neurones are hyperpolarized and cease to
discharge action potentials by pre- and postsynaptic A,-
receptor activation. Furthermore, our findings indicate that
expiratory neurones are not an essential part of the
respiratory rhythm generator in the neonatal rat brainstem
in vitro.

In adult cats exposed to hypoxia, synaptic noise was
reduced in the brainstem neuronal network for respiration
and expiratory type 2 (E2) neurones ceased discharge of
action potentials due to pre- and postsynaptic-induced
changes of the membrane properties (Richter et al. 1993).
Our findings are consistent with both of these findings,
since a hypoxia-induced increase in extracellular adenosine
levels could mediate both of these effects.

The respiratory network in the isolated neonatal rat
medulla oblongata includes reciprocal inhibitory synaptic
connections between expiratory and inspiratory neurones,
as well as between biphasic E and inspiratory neurones
(Onimaru et al. 1992; Arata et al. 1998). Thus at birth some
of the synaptic connections among respiratory neurones
that exist in the adult rat are already present. Extrapolation
of these in vitro findings in neonatal rats to adult mammals
in vivo has to be executed cautiously. In vivo the expiratory
phase (E) of the respiratory cycle can be divided into two
phases, E1 and E2 (Richter, 1982), and many expiratory
neurones fire predominantly during stage 2 (E2) of
expiration. However, the firing of several expiratory
neurones in vivo also spans both phases (Ezure, 1990). In
the neonatal in vitro preparation many expiratory neurones
constantly fire during the expiratory phases, but about two-
thirds of expiratory neurones are inhibited in the pre- and
post-inspiratory phase (Arata et al. 1998). This subtype of
expiratory neurones has been proposed to be equivalent to
late expiratory (or E2) neurones in adult mammals.

It was recently reported that reciprocal (i.e. inspiratory-
phase) inhibition of expiratory neurones is not necessary for
the maintenance of respiratory rhythm generation (Shao &
Feldman, 1997). Our results also suggest that action
potential discharge of these expiratory neurones and input
to other respiration-related neurones is not required for the
generation of respiratory rhythm in vitro. This is consistent
with the view that respiratory rhythm is generated
primarily by inspiratory-related neurones (von Euler, 1980;
Richter, 1982) and that medullary expiratory neurones are
less important for the rhythmogenesis of respiration. This
conclusion is also in accordance with the different
pacemaker models for respiratory rhythm generation
proposed for neonatal mammals (Onimaru et al. 1988;
Feldman et al. 1990; Onimaru et al. 1997; Rekling &
Feldman, 1998). It is contradictory to network models for
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the generation of respiratory rhythm in adult mammals,
which have phasic and reciprocal inhibitory interactions
between inspiratory and expiratory neurones as a key
feature (Ezure, 1990; Bianchi et al. 1995; Rybak et al.
1997). However, respiratory generation matures during the
first two postnatal weeks (Paton & Richter, 1995) and the
neurones in the reduced neonatal in vitro preparation may
respond differently from those in adult in vivo systems.
Nevertheless, as demonstrated by Richter et al. (1993), most
expiratory type 2 neurones in the adult cat are inactivated
by membrane hyperpolarization and stop discharging action
potentials during hypoxia. As adenosine levels increase
during hypoxia (Winn et al. 1981), a possible explanation
could be that expiratory neurones in vivo as well as in vitro
are not essential for respiratory rhythm and can be
inactivated by hypoxia-induced increased adenosine levels.

Biphasic E neurones

In biphasic E neurones the modulation induced by
A -receptors appeared to be primarily presynaptic, since
neither R-PTA nor DPCPX altered the V,, or R, in most of
the neurones examined. A presynaptic mode of action is
further supported by the absence of changes in V,, or R,
during administration of R-PIA after blocking synaptic
activity with TTX. The relationship between biphasic E
bursts and C4/C5 discharges was disturbed in two
experiments, possibly due to an A,-receptor-mediated
reduction of reciprocal synaptic transmission between
excitatory biphasic E neurones. In both of the biphasic E
neurones, which increased their burst frequencies, a
reduction in after-hyperpolarization (AHP) was observed.
Such a reduction in AHP could be due to direct inhibition of
calcium-dependent potassium channels (K) or might
represent an indirect effect, i.e. an inhibition of N-type Ca™*
channels and a consequent reduction in the entry of Ca’*
necessary to support the AHP. A reduction in AHP allows
more rapid firing and thereby contributes to enhanced
excitability. Different adenosinergic actions on the AHP of
biphasic E neurones will decrease the synchronization
between these neurones. A speculative explanation for this
finding is that a disturbance of synchronization between
biphasic E neurone bursts may lead to a failure to trigger
inspiratory bursts (Onimaru et al. 1992), thereby causing a
decrease in C4 respiratory burst rate. The different
responses of biphasic E neurones to R-PIA indicates that
biphasic E neuronal subtypes could have different
adenosinergic receptor expression or coupling (Onimaru et
al. 1997). Our sample of biphasic E neurones was too small
to distinguish between these two possibilities.

Inspiratory neurones

All inspiratory neurones examined continued firing in the
presence of R-PTA, which is in agreement with our previous
findings (Herlenius et al. 1997). Since R-PIA did not change
the V,, or R,, in inspiratory neurones, it would appear that
these neurones do not express A,-receptors in or close to the
soma. Although several in situ studies have demonstrated
that the A -receptor is expressed ubiquitously in the brain
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(Rivkees, 1995), the electrophysiological effects of adenosine
are dependent on the cell type (Brundege & Dunwiddie,
1997). Thus different patterns of expression or coupling of
A -receptors, resulting in different neuronal electro-
physiological effects of adenosinergic agents in neurones
participating in the same functional respiratory network is
plausible.

Functional implications

The modulation of spontaneous synaptic activities induced
by R-PIA and DPCPX appears to be mediated by
presynaptic A, -receptors, since this modulation was observed
in all neurones examined with no correlation to changes in
Vi or Ry,. Our findings are in agreement with the known
effects of presynaptic adenosine A,-receptors and with the
established role of adenosine in regulating synaptic
transmission under both normal and pathophysiological
conditions (Katchman & Hershkowitz, 1993; Mynlieff &
Beam, 1994; Brundege & Dunwiddie, 1997). In wvivo
interstitial levels of adenosine in adults are in the range of
0-:03—0-3 um and may rise 100-fold during hypoxia (Winn et
al. 1981; Fredholm, 1995). Activation of A, -receptors
induces a functional inactivation of expiratory neurones and
may potentially serve an important protective function
during hypoxia. A decrease or cessation of action potential
discharges in the non-vital expiratory neurones together
with decreased synaptic transmission and activity in the
brainstem respiratory neuronal network would protect this
vital network during hypoxia, by reducing the local energy
and oxygen demands while these resources are scarce
(Ballanyi et al. 1994). Hypoxia will, besides increasing
adenosine levels, also decrease the intracellular levels of
ATP and thus open more K,;, channels in respiratory
neurones (Pierrefiche et al. 1997; Mironov et al. 1998). This
will further limit synaptic interactions and neuronal
discharge activity (Richter et al. 1991).

It may be of functional significance that vital brainstem
neurones and their resulting respiratory output remain
active, while overall synaptic transmission in the network is
decreased. This would attenuate local neuronal damage
induced by hypoxia and at the same time increase the time
for respiration to possibly restore oxygen saturation to
normal levels.

We conclude that the decrease in frequency of respiratory
motor output induced by adenosinergic agents is mediated
via activation of pre- and postsynaptic A,-receptors on
respiration-related neurones in the medulla oblongata.
Furthermore, inactivation of expiratory neurones in wvitro
modulates but does not abolish the generation of the
respiratory rhythm.
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