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Abstract. Involvement of chloride-dependent, gamma-ami-
nobutyric acid-(GABA-) like synaptic inhibition in the gen-
eration of respiratory rhythm was studied in brainstem-
spinal cord preparations isolated from newborn rats. Pri-
mary respiratory rhythm is presumably generated within the
rostral ventrolateral medulla, the site of Pre-1 neurones, the
firing of which precedes inspiration. Therefore, we exam-
ined the responses of Pre-I and inspiratory neurones to
GABA antagonists (picrotoxin and bicuculline), a glycine
antagonist (strychnine) and reduced chloride concentration
in the perfusate. These antagonists (2-20 4M) and reduction
of chloride concentration reversibly blocked the transient
inhibition of Pre-I activity that occurred during the inspi-
ratory phase. The rhythmic Pre-I and inspiratory neurone
activity remained. Changes in the firing properties of Pre-1
and inspiratory neurones in 10 4M bicuculline, 10 uM pi-
crotoxin, 5 4M strychnine or reduction of chloride concen-
tration to 40% of normal were analysed statistically. Burst
rate of Pre-I neurones tended to increase during these treai-
ments. Delay time from initiation of Pre-I firing to the peak
of C4 motorneurone inspiratory activity tended to decrease
except during reduced chloride concentration. Changes in
mean intraburst firing frequency of Pre-I neurones were not
consistent; increase (32%), no change (38 %) or decrease
(30%). Burst duration of inspiratory neurones decreased.
Intraburst firing frequency of inspiratory neurones tended
to increase except in 5 uM strychnine. GABA (0.1 mM) or
glycine (0.2 mM) reduced the intraburst firing frequency
and burst rate of Pre-I neurones, but did not affect the
intraburst firing frequency of inspiratory. neurones. The
burst duration of inspiratory neurones increased during
GABA and glycine treatment. The results suggest: 1. Inhi-
bition of Pre-I activity during the inspiratory phase depends
on chloride-dependent, GABA- (or glycine-) like inhibitory
synaptic interaction (probably inhibitory synaptic inputs to
Pre-I neurones), but Pre-I rhythm generation does not re-
quire this phasic inhibition. 2. Tonic GABA ,-like inhibition
(where A denotes the receptor sub-type) might be involved
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in the modulation of rhythm generation and inspiratory
pattern generation.
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inspiratory neurones — GABA , ~ Glycine ~ Rostral ventro-
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Introduction

The brainstem-spinal cord preparation isolated from new-
born rat affords many advantages for physiological and
pharmacological investigation of the respiratory centre and
other parts of the central nervous system, due to the simple
experimental conditions [11, 16, 25, 27]. We have postulated
that respiratory rhythm in the newborn preparation in vitro
is primarily produced by Pre-I neurones which are localized
in the rostral ventrolateral medulla (RVL) [17-19]. Pre-I
neurones, the firing of which precedes inspiration, are con-
sidered to trigger periodically an inspiratory pattern gen-
erator (IPG), which is proposed to be located more caudally
in the medulla [19]. Pre-I firing is usually inhibited during
inspiration. This may be due to phasic inhibitory inputs to
Pre-Ineurones from the IPG, since the inhibition disappears
in association with depression of inspiratory discharge after
lesion of the caudal ventrolateral medulla (CVL) [19].

Synaptic inhibition is present in the network of respi-
ratory neurones [2—4, 6, 13, 14] and is suggested to contrib-
ute to the generation of respiratory rhythm [22]. Gamma
aminobutyric acid- (GABA-)like and glycine-like inhibition
are probably involved in the periodic inhibition of medullary
respiratory neurones [5, 9]. It has been previously sug-
gested, however, that generation of the basic respiratory
rhythm in lamprey [23] and in newborn rat preparations [7,
24] does not require chloride-dependent synaptic inhibition
and, therefore, that respiratory rhythm might be generated
by a pacemaker-driven oscillator [26]. Recently, we pre-
sented indirect evidence that some Pre-I neurones might
possess an intrinsic pacemaker property that can produce
periodic burst activity [21].
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In the study reported here, we examine the effects of
the antagonists of the GABA , sub-type receptor, picrotoxin
and bicuculline, the glycine antagonist, strychnine, as well
as reduced chloride concentration on the activity of Pre-I
neurones and inspiratory neurones (Insp neurones) in the
RVL. Characteristics of the phasic inhibition of Pre-I neu-
rones during inspiration and involvement of GABA ,-like
synaptic inhibition in respiratory rhythm generation are dis-
cussed. Some of results reported here have been previously
reported in abstract form [20].

Materials and methods

The methods used have been described previously [17, 19, 27]. The
brainstem and spinal cord of 0- to 4-day-old Wistar rats (46 prepara-
tions) were isolated under deep ether anaesthesia. The brainstem was
rostrally decerebrated between the sixth cranial nerve roots and the
lower border of the trapezoid body. The preparation was continuously
perfused at a rate of 2.5-3.0 ml/min in a 2-ml chamber with the
following standard solution (mM): NaCl, 124; KCl, 5.0; KH,PO,, 1.2;
CaCl, 2.4; MgSO,, 1.3; NaHCOs, 26; glucose, 30; equilibrated with
95% O, and 5% CO,; at 25-26°C, pH 7.4. Chloride-free solution was
made by substituting sodium isethionate, potassium, propionate and
calcium propionate for the chloride salts of sodium potassium and
calcium of the standard solution respectively. Low chloride solutions
were prepared by mixing the standard solution and the chloride-free
solution. Drugs were obtained from Sigma, (St. Louis, MO., USA)
(bicuculline and GABAY) or Wako Pure Chemical (Osaka, Japan) (pi-
crotoxin, strychnine sulphate and glycine).

The unit activity of neurones was recorded extracellularly using
glass microelectrodes filled with 2% pontamine sky blue in 0.5 M
sodium acetate (5-20 MQ). The electrodes were inserted through the
ventral surface into the left and/or right RVL, namely, the medullary
reticular formation extending caudally and slightly medially to the
facial nucleus, ventrally to the retrofacial nucleus and 50-250 ym deep
from the ventral surface [1, 18]. Respiratory activity corresponding to
inspiration was monitored at the C4 or C5 motorneurone ventral root,
the activity of which is known to synchronize with phrenic nerve dis-
charges and with the contraction of inspiratory intercostal muscles [16,
27]. Neuronal unit activity and C4 motorneurone activity were stored
on magnetic tape for subsequent data analysis.

The firing pattern of Pre-I neurones typically consists of the follow-
ing three parts: (1) firing preceding the inspiratory phase, (2) depres-
sion of firing during the inspiratory phase [referred to as inspiration-
related inhibition of the Pre-I firing (IIP1)], and (3) firing after the
inspiratory phase. Firing properties (Fig. 1) of Pre-I neurone activity
that were analysed were: (1) intraburst firing frequency (f;,), which was
mean firing frequency during Pre-I burst excluding the IIPI period; (2)
Pre-I firing frequency in inspiratory phase (f,); (3) cycle period (CP)
in seconds from which the burst rate (BR) in bursts per minute was
calculated; and (4) delay time from initiation of Pre-I firing to the
highest peak near the onset of C4 motorneurone inspiratory activity
(DE).

Observed properties of inspiratory neuron activity were: (1) intra-
burst firing frequency (f;), which was the mean firing frequency during
the inspiratory phase; and (2) burst duration (DU), which closely
corresponded to the duration of C4 inspiratory bursts.

Results form 10 uM bicuculline, 10 M picrotoxin, 5 4M strychnine
or reduction of chloride concentration to 40% of normal were statis-
tically evaluated. Each firing property was measured from data indi-
cated on a computer display, which was stored transiently in IC mem-
ory through an AD converter from a tape recorder. Mean and standard
deviation (SD) were calculated from 10 cycles of each unit activity. For
each neurone, statistical significance of values before and after drug
application were calculated using the two-sample (Student’s) rtest
(when variance was equal) or Welch’s ¢-test (when variance was une-
qual), after the F-test (significance level of 0.05) for analysis of vari-
ance. Group responses before and after drug perfusion were analysed
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Fig. 1. Analysed firing properties of Pre-1 (Pre-I trace) and inspiratory
(Insp trace) neurone activity. IIPI, Inspiration-related inhibition of Pre-
I firing; f,, intraburst firing frequency of Pre-I neurones except in IIPI
period; f;, Pre-I firing frequency during inspiratory phase; CP, cycle
period of Pre-I activity; DE, delay time from initiation of Pre-1 firing
to peak at onset of C4 motorneurone inspiratory activity (C4 trace); f;,
intraburst firing frequency of Insp neurones; DU, burst duration of
Insp neurones

statistically using paired sample #-test. P <0.05 was considered signif-
icant.

Results
GABA and glycine antagonists

Effects of bicuculline perfusion (2—20 uM) for 4—12 min on
Pre-1 neurones (17 units), Insp neurones (11 units) and C4
motorneurone activity were examined in 12 preparations.
The transient 1IPI was negligible or absent after 5-6 min of
2-10 uM bicuculline perfusion. A typical result is shown in
Fig. 2. In this neurone, IIPI almost completely disappeared
after 8 min perfusion with 10 4M bicuculline (Fig. 2B). The
Pre-I firing during the inspiratory phase was completely
suppressed before bicuculline, and f,; (spikes/s) was 9.2 *
2.2 (mean * SD in 10 cycles) after 4 min and 10.8 £ 1.3
after 8 min of bicuculline perfusion. IIPI reappeared with a
slower time course after the perfusate was returned to nor-
mal (Fig. 2C, D). The value of f,; was 9.0 + 1.6 (spikes/s)
10 min after returning to the normal solution, 7.5 + 1.0
(spikes/s) after 30 min and 3.1 * 1.4 (spikes/s) after 50 min.

Seizure-like discharges were observed in the C4 motor-
neurone record (Fig. 2B). The discharges appeared with
lower frequency (0.5-2 bursts/min) but longer duration (2—
20 s) than the inspiratory C4 motorneurone activity. These
seizure-like discharges occasionally affected respiratory
rhythm by resetting Pre-I rhythm. In the result shown in
Fig. 2, seizure-like discharges were followed by Pre-1 firing
with delay of about 100 ms from onset of the discharges,
but no inspiratory neurone firing occurred and then the Pre-
I burst rhythm was reset. When the seizure-like discharges
occurred with a longer delay time from the preceding C4
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0.2 mv
lm Fig. 2 A-D. Effects of 10 uM bicuculline on Pre-I

B. 10 pM bicuculline

D. Recovery (50 min)

C. Recovery (30 min)

5 s and Insp neurones. A Pre-I activity from right ros-
tral ventrolateral medulla (RVL) (Pre-I trace),
Insp activity from left RVL (Insp trace) and C4 ac-
tivity (C4 trace) recorded from a 4-day-old rat
preparation in standard bath solution. B Pre-I,
Insp and C4 activity 8 min after perfusion with 10
uM bicuculline. Note disappearance of IIPL. f, and
BR

increased significantly to 137% and 149% of con-
trol respectively. DE decreased to 80% of control,
but this was not significant. f; increased signifi-
cantly to 137% of control and DU decreased sig-

nificantly to 60% of control. Seizure-like dis-
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’ charges appeared on C4 record. C, D Activity 30
.— min and 50 min respectively after perfusate was re-
x turned to standard solution after 9 min of bucucul-

motorneurone inspiratory activity, Pre-1 firing induced fir-
ing of the Insp neurone (not shown in this record). Resetting
of Pre-I rhythm, in association with the seizure-like dis-
charges, was observed in 10 of 13 neurones in 10 xM bicu-
culline.

Statistical analysis of changes in the firing properties
were performed on 13 Pre-I units (9 preparations) and 6
Insp neurones (6 preparations), which were examined with
10 uM bicuculline. All statistically analysed resuits in this
and other treatments are shown in Tables 1-3. A significant
increase of f,; is clearly shown in Table 1, which means
significant removal of ITPI. The value of BR of Pre-I neu-
rones significantly increased or did not change and the value
of DE significantly decreased or did not change (Table 2).
The value of f, significantly increased in 6 units, but de-
creased in 4. Most Insp neurones increased f; and decreased
DU (Table 2). General tendencies as group responses are
indicated by the total R values in Table 2 where R is the
mean ratio in neurones that exhibited a change. However,
increase of f; during 10 uM bicuculline was not significant
by the paired #test (Table 3).

Effects of 5~-13 min perfusion (2-20 uM) of picrotoxin
on Pre-I neurones (20 units), Insp neurones (8 units) and
C4 activity were examined in 14 preparations. After 5-6
min of picrotoxin, ITPI was negligible or absent as during
bicuculline perfusion (Fig. 3, Table 1). This effect was re-
versible. Seizure-like discharges appeared along with the
normal C4 motorneurone activity, although the discharges
were not recorded in Fig. 3 because of their infrequent
occurrence (0.2-2 bursts/min). Changes of firing properties
of 8 Pre-I units (6 preparations) and 4 Insp neurones (4
preparations) which were treated with 10 uM picrotoxin
were analysed. For Pre-I neurones, BR tended to increase
and DE tended to decrease (Table 2, total R values), but
not significantly according to the paired #test (Table 3) and
f» increased (2 units), did not change (4 units), or decreased
(2 units). For Insp neurons f; tended to increase and DU
tended to decrease, although these changes were not signif-
icant according to the paired #-test (Table 3). Since the

"W— line perfusion. Note recovery of IIPI

Table 1. Firing frequency in the inspiratory
phase of Pre-I neurones (f;) during various

interventions
Intervention Joi (spikes/s)
Control 3.1+23
Bicuculline 9.2 & 4.0k
(10 uM) (n=13)
Control 1.8+12
Picrotoxin 7.9 £ 3.3%*
(10 uM) (n=8)
Control 4.0+x3.0
Strychnine 10.3 + 3.3*
(5 iM) (n=6)
Control 3.8+28
40% C1™ 9.9 £ 4.8*
(n=17)

Values are means = SD (spikes/s) before (con-
trol) and in the presence of gamma-aminobu-
tyric acid (GABA) antagonists, glycine antag-
onists or reduced chloride concentration
(C17). * P < 0.05; ** P < 0.01; *** P < (.001
by paired r-test

sample number was small, we considered that statistical
evaluation of group responses by the paired rtest might
have been impractical, so we repeated the evaluation with
the Wilcoxon signed-rank test and obtained the almost same
results.

Effects of strychnine perfusion (2-10 M) for 4-8 min
on Pre-I neurones (18 units), Insp neurones (5 units) and
C4 motorneurone activity were examined in 12 prepara-
tions. ITPI was inconspicuous after perfusion with 2-5 uM
strychnine (Fig. 4 and Table 1). This effect was reversible.
Strong seizure-like discharges appeared along with the nor-
mal C4 activity. Firing properties of most Pre-I neurones
did not change during 5 uM strychnine treatment, although
BR tended to increase. For Insp neurones, f; and DU did
not change or decreased.
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Table 2. Changes in firing properties of Pre-I and Inspiratory (Insp) neurones during treatment with GABA, glycine, and their antagonists as
well as reduced chloride concentration

Intervention Para- Pre-I neurones (1) Insp neurones (xn)
meter
fo R BR R DE R fi R DU R
Bicuculline + 6 1.42 7 1.42 0 - 5 1.94 0 -
10 uM N 3 1.01 6 1.05 9 0.97 1 0.93 1 1.09
— 4 0.69 0 - 4 0.51 0 - 5 0.47
Total 13 1.10 1.25 0.83 6 1.78 0.57
Picrotoxin + 2 1.34 3 1.28 0 - 2 1.50 0 -
10 M N 4 0.96 5 1.03 3 0.95 2 1.10 1 1.06
- 2 0.64 0 - 3 0.53 0 - 3 0.63
Total 8 0.97 1.12 0.79 4 1.30 0.74
Strychnine + 1 1.19 3 1.50 0 - 0 - 0 -
5uM N 4 1.04 2 1.03 5 0.99 2 1.04 2 1.10
- 1 0.81 1 0.88 1 0.60 1 0.74 1 0.42
Total 6 1.03 1.24 0.93 3 0.91 0.81
40% Chloride + 2 1.23 4 1.47 1 5.01 2 1.55 0 -
N 2 1.03 2 0.88 5 1.11 2 1.11 1 1.14
- 3 0.81 1 0.82 1 0.80 1 0.80 4 0.65
Total 7 0.99 1.21 1.22 5 1.22 0.75
GABA + 0 - 1 1.38 1 1.72 1 1.20 2 1.22
0.1 mM N 1 0.86 0 - 2 0.91 3 0.95 2 1.13
- 3 0.57 3 0.55 1 0.45 0 - 0 -
Total 4 0.64 0.76 1.00 4 1.01 1.18
Glycine + 0 - 1 1.35 0 - 0 - 2 1.31
0.2 mM N 1 1.01 2 0.78 3 1.03 6 1.00 4 1.14
- 3 0.58 1 0.36 1 0.21 0 - 0 -
Total 4 0.69 0.82 0.82 6 1.00 1.17
+, Number of neurones exhibiting a significant increase (P < 0.05); N, number of neurones exhibiting no change; —, number of neurones

exhibiting a significant decrease (P < 0.05); R, mean ratio of neurones that exhibited a change; R (total), arithmetic mean of R calculatd in each
neurone; f,, intraburst firing frequency of Pre-I-neurones; BR, burst rate; DE, delay time from initiation of Pre-I firing to the highest peak near
the onset of C4 motorneurone inspiratory activity; f;, intraburst firing frequency of inspiratory (Insp) neurones; DU, burst duration

Values shown are the ratio of the value measured during indicated treatment to that measured in control

Table 3. Average values of firing properties analysed in neurones in control and during experi-
mental interventions

Intervention Pre-I neurones Insp neurones
fo BR DE f; DU
(spikes/s) (bursts/min)  (ms) (spikes/s) (ms)
Control 81+31 6.0+ 1.8 636 £505 16.1%47 1023 + 345
Bicuculline 87+39 7.2 £ 1.4%* 418 £235% 26094 514 + 267*
(10 uM) (n=13) (n=6)
Control 8.6+41 7.3+1.9 882 + 131 125 +2.6 802 £ 445
Picrotoxin 8.4+43 81+23 679 £271  165%59 518 + 146
(10 uM) (n=8) (n=4)
Control 12.4 £ 2.7 6225 871 £ 691 15.6 £ 8.2 942 + 497
Strychnine 127+ 2.8 7.1+£1.5 691 =+ 495 13.4 £ 4.5 660 = 197
(5 M) (n=6) (n=4)
Control 10.5 = 4.8 5619 532 £ 573 13.8 £2.9 820 £ 212
40% Chloride 9.8 +45 63+£1.0 666 * 403 16.2 + 3.6 620 + 304
(n=7) (n=5)
Control 81x12 6.2+17 1076 £ 793 152 %85 1112 + 301
GABA 52%+1.4% 44+18 863 372 15.1%8.0 1302 £ 335*
0.1 mM) (n=4) (n=%
Control 9.6%£2.6 6.6+19 1215+ 494 147+ 4.1 512 + 140
Glycine 62126 52+18 1072 + 791 14.8 £ 4.6 615 + 176*
(0.2 mM) (n=4) (n=06)

* P < 0.05; ** P < 0.01 by paired -test
Values are means + SD
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Fig. 4 A, B. Effects of 5 uM strychnine on Pre-I neurones. A Pre-I
activity in RVL (Pre-I trace) and C4 activity (C4 trace) recorded from
a 2-day-old rat preparation in standard bath solution. B Pre-I and C4
activity 4 min after perfusion with 5 uM strychnine. Note inconspicuous
ITPI and seizure-like discharges during 5 uM strychnine perfusion. BR
increased significantly to 130% of control
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Reduced chloride concentration

Effects of reduced chloride concentration (to 0-80%) for
4-11 min perfusion on Pre-I neurones (23 units), Insp neu-
rones (12 units) and C4 motorneurone activity were exam-
ined in 15 preparations. When chloride concentration was
reduced below 50% of that in normal perfusate, IIPI was
negligible or absent (Fig. 5, Table 1). Changes in the firing
properties of Pre-I neurones (7 units, 6 preparations) and
Insp neurones (5 units, 5 preparations) during perfusion of
40% chloride solution were analysed. The Pre-I BR signif-
icantly increased in 4 units, whereas f, increased (2 units),
did not chnage (2 units), or decreased (3 units). In Insp
neurones, f; tended to increase and DU tended to decrease.
In chloride-free solution, strong tonic activity was induced
in C4 motorneurones (4 preparations) and Pre-I neurones

Fig. 3 A-C. Effects of 10 uM picrotoxin on Pre-I and
Insp neurones. A Pre-I activity from left RVL (Pre-1
trace), Insp activity from right RVL (Insp trace) and
C4 activity (C4 trace) recorded from a 1-day-old rat
preparation in standard bath solution. B Pre-I, Insp
and C4 activity 10 min after perfusion with 10 uM pi-
crotoxin. IIPI greatly diminished and f, and BR in-
creased to 137% and 117% of control respectively.
DE decreased to 42% of control, f; increased to 163%
of control and DU decreased to 40% of control. All
changes were significant. C Activity 20 min after per-
fusate was returned to standard solution

(4 units) tended to exhibit more or less tonic firing while
their burst rhythmicity remained. All effects of reduced
chloride concentration were reversible.

GABA and glycine

It was previously reported that GABA and glycine de-
creased the C4 (or C5) motorneurone burst rate [16]. Per-
fusion with 0.1 mM GABA for 2-5 min decreased both f,
and BR in 3 of 4 Pre-I units tested (4 preparations), and C4
motorneurone activity was then inhibited. In 1 unit, f, de-
creased but BR increased and not every Pre-I burst was
followed by a C4 motorneurone burst, therefore the C4
motorneurone BR decreased. In Insp neurones (4 units in
4 preparations), f;, was nearly constant but the DU increased.
A specimen record is shown in Fig. 6. The seizure-like
discharge in C4 observed in this figure (Fig. 6B) did not
appear in three other preparations.

Perfusion with 0.2 mM glycine for 3—7 min significantly
decreased f,, in 3 of 4 Pre-I units tested (4 preparations),
and BR tended to decrease. Not every Pre-I burst was
followed by a C4 burst. In 6 Insp neurones, there was no
significant change of f;, and DU tended to increase (Tables
2, 3). A specimen record is shown in Fig. 7.

Discussion
Firing properties of Pre-1 neurones

ITPI consistently disappeared after application of the GABA
(or glycine) antagonists or the reduction of chloride concen-
tration. This result was verified from statistical analyses of
fpi» which increased significantly and then approximated to
the mean values of f, with these antagonists or reduced
chloride concentration (Tables 1, 3). The results indicate
ITPI dependence on some GABA ,- (or glycine-) like inhib-
itory mechanism. It has been previously reported that the
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Fig. 5 A, B. Effects of reduced chloride
concentration on Pre-I and Insp neurones.
A Pre-I activity from right RVL (Pre-I

B. 40% CI~

trace), Insp activity from left RVL (Insp
trace) and C4 activity (C4 trace) recorded
from a 4-day-old rat preparation in stand-
ard bath solution. B Pre-1, Insp and C4

activity 4 min after perfusion with chloride
solution at 40% of control. Note disap-
pearance of IIP1. BR increased signifi-
cantly to 145% of control, DU decreased
significantly to 45% of control

A. Control
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Fig. 6 A, B. Effects of 0.1 mM

il gamma aminobutyric acid (GABA)

Pre—
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L

on Pre-I and Insp neurones. A Pre-1
activity from left RVL (Pre-I trace),
Insp activity from right RVL (Insp

i

Insp

-

h—

C4

trace) and C4 activity (C4 trace)
recorded from a 4-day-old rat prep-

B. 0.1mM GABA

— lo2mv

aration in standard bath solution.

B Pre-1, Insp and C4 activity 1 min
after perfusion with 0.1 mM
GABA. f, and BR decreased signifi-

Ss

| cantly to 49% and 65% of control

| respectively. The seizure-like dis-
charge seen in C4 in this example is
not commonly observed
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Fig. 7 A, B. Effects of 0.2 mM glycine on Pre-I and Insp neurones. A
Pre-1 activity from right RVL (Pre-1 trace), Insp activity from left RVL
(Insp trace) and C4 activity (C4 trace) recorded from a 2-day-old rat
preparation in standard bath solution. B Pre-I, Insp and C4 activity 3
min after perfusion with 0.2 mM glycine. f, decreased significantly to
66% of control. BR also decreased to 57% of control, but this was not
significant

RRG

(Pre-1) RVL
caudal
medulla

spinal

cord

Fig. 8. Hypothetical scheme of the generation of rhythmic respiratory
activity in the brainstem-spinal cord preparation from newborn rat.
RRG, Respiratory rhythm generator; /PG, inspiratory pattern gener-
ator; Phr, phrenic motoneurones. RRG, composed of Pre-I neurones
in the RVL, produces primary rhythm of respiration and triggers IPG.
IPG, possibly located in the caudal ventral medulla, generates pat-
terned inspiratory activity. Insp receive excitatory synaptic inputs from
IPG and inhibit Pre-I activity during inspiration through GABA re-
ceptors of Pre-I neurones



specificity of GABA and glycine antagonists was unclear in
brainstem-spinal cord preparations [15].

In normal solution, the initiation of IIPI always corre-
sponds to the onset of inspiration despite fairly wide varia-
tionin DE (Table 3). Furthermore, depression of inspiratory
activity, which is caused by lesion of the CVL [19] or stim-
ulation of the vagus nerve [17], prevents IIPI. Therefore,
we believe that IIPI depends on inhibitory synaptic input to
Pre-I neurones, although this possibility should be verified
by providing more direct evidence to show the presence of
synaptic inhibition of the Pre-I neurones.

The BR value of Pre-I neurones tended to increase
during treatment with GABA antagonists or during reduc-
tion of chloride concentration. On the other hand, GABA
caused reduction of BR and f,. These results suggest that
Pre-I neurone activity might be influenced directly and/or
indirectly by tonic (nonphasic) GABA 4-like synaptic inhi-
bition. However, it has been reported that bicuculline pro-
duced direct membrane depolarization by reducing mem-
brane potassium conductance in mouse spinal cord neurons
[12]. This nonsynaptic effect appeared at a higher bicucul-
line concentration (5-200 uM) than for antagonism of post-
synaptic GABA responses (0.2-10 uM). Therefore, effects
of 10 uM bicuculline on Pre-I and Insp neurones in the
present study seemed to be due mainly to GABA antago-
nism, although the effects might partly include nonsynaptic
action. An increase of f, is consistent with GABA antago-
nism, but a decrease in some other neurones cannot be
interpreted so simply. These results may indicate pharma-
cological heterogeneity, such as different resistance to an-
tagonists of Pre-I neurones, and/or involvement of other
inhibitory systems besides GABA 4 (or glycine) in the mod-
ulation of Pre-I activity.

Firing properties of Insp neurones

The f; value of Insp neurones tended to increase, and DU
tended to decrease during treatment with GABA antago-
nists and the same tendencies appeared during reduction of
chloride concentration. These changes may be a result of
membrane depolarization of Insp neurones due to the treat-
ment, since the depolarization and increase in firing fre-
quency presumably cause faster inactivation of ion channels
in Insp neurones [10]. Further, decrease of DE implies that
the IPG was more easily triggered by Pre-I firing during
treatment with GABA antagonists. Despite marked reduc-
tion of the C4 BR during perfusion with GABA or glycine,
Insp neurones fired with nearly a normal f;, but had rather
long DU value when the IPG was triggered. Our preliminary
observations show that the amplitude and duration of C4
bursts did not decrease, whereas the C4 BR diminished to
5-30% of control during 10-30 min perfusion with 0.2 mM
GABA or 0.5 mM glycine. This suggests that the Insp neu-
rones in the RVL and probably the Insp neurones compos-
ing the IPG possess few GABA or glycine receptors. There-
fore, the effects of GABA antagonists on Insp neurones
might be produced by disinhibition of excitatory inputs to,
rather than by direct action on, the Insp neurones.

These results imply that GABA 4-like inhibitory syn-
aptic interaction is less involved in termination of the inspi-
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ratory phase in newborn rat preparations (see also [26]). On
the other hand, in adult animals (in vivo), phasic inhibitory
synaptic inputs to Insp neurones are probably important to
this termination {2, 5, 6, 10, 22]. This difference might be
attributable to developmental changes in synaptic connec-
tions of neuronal networks in the respiratory centre.

The present results seem to differ in some respects from
those by Smith and Feldman [24, 26], in which blockage of
chloride-dependent synaptic inhibition increased the dura-
tion and amplitude of inspiratory motor bursts recorded
from cranial and spinal roots. This may be due to different
experimental conditions such as concentration of antago-
nists used (e.g. 0.1-1 mM bicuculline in their experiments),
time of treatment and/or perfused area. That is to say, Smith
and Feldman [24, 26] only altered the medium bathing the
brainstem, whereas we changed the medium around the
brainstem and the spinal cord.

Seizure-like discharges

Treatment with GABA or glycine antagonists induced sei-
zure-like discharges in C4 motorneurones, which affected
the respiratory rhythm to a greater lesser degree. Since these
discharges are considered to occur synchronously in the
brainstem and spinal cord [23], this acitivity could affect
Pre-I firing and consequently the respiratory rhythm. Tonic
C4 discharges induced by low chloride concentration suggest
tonic synaptic inhibition of C4 motorneurones. However,
the origin of these discharges and their relation to activity
of the phrenic motorneurones is still unclear.

Synaptic inhibition in respiratory rhythm generation

Generation of respiratory rhythm under blocking chloride-
dependent synaptic inhibition was first reported in the iso-
lated brain preparation of the lamprey [23]. In brainstem-
spinal cord preparations isolated from newborn rats, it was
suggested that chloride-dependent (GABA , or glycine re-
ceptor-mediated) synaptic inhibition [24, 26] and GABAg-
mediated potassium-dependent inhibition [8] are not essen-
tial for respiratory rhythm generation, but the synaptic in-
hibition may contribute to the modulation. They proposed
the involvement of an intrinsic pacemaker-driven oscillator
in rhythm generation [26].

On the other hand, we hypothesized previously that
respiratory rhythm in the newborn rat preparation is basi-
cally generated by a neuronal network composed of exci-
tatory synapses among Pre-I intrinsic pacemaker cells [19,
21]. Present results, showing preserved Pre-I rhythm after
the disappearance of IIPI, suggest that this phasic postsyn-
aptic inhibition is not required for the generation of Pre-I
rhythm. The results also suggest that a pathway to the
phrenic motorneurone group through an IPG from a rhythm
generator in the medulla could still function, even though
GABA 4- (or glycine-) like inhibitory synaptic interaction is
depressed.

A hypothetical model of the generation of rhythmic
respiratory activity in a brainstem/spinal cord preparation
from newborn rat is shown in Fig. 6. The IPG is periodically
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triggered by a rhythm generator which is composed of Pre-
I neurones in the RVL. The role of the Insp neurones in the
RVL (RVL-I neurones) examined in the present study is
unknown. However, firing of RVL-I neurones should reflect
IPG activity and at least some RVL-I neurones are pre-
sumed to inhibit Pre-I neurones during the inspiratory
phase. The possibility still remains that some RVL-I neu-
rones are involved in inspiratory pattern generation.

Conclusion

The results reported here suggest that inspiration-related
inhibition of Pre-I activity was induced by chloride-depend-
ent GABA- (or glycine-) like inhibitory interaction (prob-
ably inhibitory synaptic inputs to Pre-I neurones). Pre-I
rhythm generation does not require this phasic inhibition.
The present results were consistent with previous studies
[23, 26] suggesting that rhythmic respiratory motor output
could be generated without chloride-dependent synaptic
inhibition. However, the rhythm generator and IPG are
variably influenced by blocking chloride-dependent inhibi-
tory interaction. Therefore, tonic GABA ,-like inhibition,
which might be synaptic, is probably involved in the mod-
ulation of these functions.
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