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GABAA-mediated inhibition in respiratory laryngeal motoneurons of cats
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To elucidate synaptic mechanisms underlying peripherally induced inhibitions in laryngeal motoneurons (LMNs), inhibi-

tory postsynaptic potentials (IPSPs) evoked by electrical stimulation of the superior laryngeal nerve (SLN) were recorded

in decerebrate cats during iontophoresis of inhibitory amino acid antagonists. Two types of LMNs displaying respiratory-

related activities were classified as inspiratory (IN)- and postinspiratory (PI)-LMNs. Stimulation of SLN during inspiration

produced a wave of IPSPs in IN-LMNs but not in PI-LMNs. This wave occurred at the latency of 8.5 £ 0.7 ms (n=25),

coincident with a transient inhibition of the inspiratory discharge evoked in phrenic (PN) and recurrent laryngeal nerves

(RLN). Stimulation during expiration produced IPSPs in PI-LMNs at the latency of 13.6 = 1.9 ms (n=15) but not in IN-

LMNs. This IPSP wave corresponded to inhibition of the expiratory discharge of RLN and to a transient burst-discharge

in PN. The amplitudes of IPSPs evoked in IN- and PI-LMNs were decreased by iontophoresed bicuculline but not by

strychnine. The present results suggest that laryngeally evoked IPSPs in IN- and PI-LMNs are mediated polysynaptically

through the central respiratory network and GABA. mechanisms are involved in their final pathway.
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Intoduction

Laryngeal motoneurons (LMNs) are located in the
ventrolateral parts of the medulla oblongata adjacent to or
within the nucleus ambiguus. They send axons through la-
ryngeal motor nerves and govern the movements of upper

airway muscles"?.

For instance, cricothyroid muscles are
innervated through the superior laryngeal nerve (SLN) and
thyroarytenoid muscles through the recurrent laryngeal
nerve (RLN). These muscles behave to open or close the
upper airway in synchrony with the respiratory rhythm.
These LMNs display a respiratory rhythmic activity and,
therefore, are designated as respiratory LMNs*?.
Chemical or mechanical stimulation of laryngeal mucosa
induces laryngeal reflexes, which are associated with a
corresponding change in the respiratory rhythm. In experi-
mental animals, electrical stimulation of laryngeal afferents
during inspiration elicits a transient inhibition in the

phrenic nerve (PN) discharge and stimulation during expi-

ration prolongs the expiratory period”'”. Also, these stim-
uli evoke postsynaptic potentials in various types of bulbar
respiratory neurons. Previous studies have focused mainly

on the short-latency excitatory postsynaptic potentials

(EPSPs) evoked in non-laryngeal inspiratory neurons'.
Although the evoked inhibitory postsynaptic potentials
(IPSPs) are assumed to contribute largely to the laryngeal
inhibitory reflexes and to the respiratory rhythm changes,
they have not been fully evaluated®*'”. To characterize the
possible presynaptic sources for such IPSPs and their path-
ways within the respiratory network is important to under-
stand the electrophysiological and pharmacological profiles
of these potentials.

In the present study, the laryngeally evoked IPSPs were
recorded from two types of respiratory LMNs and the ef-
fects of iontophoretically applied antagonists of putative
inhibitory neurotransmitters were examined in decerebrate,

vagotomized and artificially ventilated cats. We used a co-
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axial multibarrelled microelectrode, which allowed simulta-
neous intracellular recording and extracellular iontophoresis

of drugs close to the impaled cell in vivo'™'".

MATERIALS AND METHODS
General Surgery

Experiments were performed on adult cats of either sex,
weighing 2.3-4.0 kg, in accordance with Guiding
Principles for the Care and Use of Laboratory Animals
Approved by the Japanese Pharmacological Society. The
animals were anesthetized with halothane evaporated in the
oxygen-enriched air. The concentration of halothane was
set at 2.0-2.5% during induction and at 1.5-1.8% during
surgery. The depth of anesthesia was controlled by con-
firming the absence of any movement response to noxious
stimuli and by monitoring systemic blood pressure and
heart rate. Tracheal intubation was performed through
tracheostomy below the larynx. Polyethylene cannulae
were inserted into the femoral artery, femoral vein and
urethra. To secure hemostasis during decerebration, the ex-
ternal carotid arteries were ligated distal to the branching
of the lingual artery. The head of the animal was placed
on a stereotaxic frame, and decerebration was performed
by aspirating the brain rostral to the mid-collicular
transection. After decerebration, the animals were para-
lyzed with pancuronium bromide (0.3 mg/kg initially and
0.1 mg/kg hourly). The lungs were artificially ventilated
with oxygen-enriched air. The ventilatory stroke volume
(10 ml/’kg body weight) and frequency (18-30 strokes/min)
were adjusted to maintain the fractional concentrations of
end-tidal O, and CO, in the range of 0.29-0.31 and 0.04-
0.05, respectively. An expiratory flow resistance of 1-2 cm
H,O was applied to prevent collapse of the lungs. Mean
arterial blood pressure was maintained over 100 mmHg by
infusing a lactate-glucose Ringer solution as required.
Rectal temperature was kept at 37-38°C by external heat-
ing.

PNs were isolated from the C5 spinal root and cut dis-
tally. The central cut-ends were desheathed and placed on
bipolar silver electrodes immersed in warmed mineral oil.
The vagus nerves were cut distally after giving off RLNs.
In addition, SLNs were dissected bilaterally. The central
ends of RLNs and SLNs were placed on bipolar silver
electrodes. The dorsal surface of the medulla oblongata
was exposed by occipital craniotomy. Bilateral
pneumothoraxes were performed to minimize movements

of the brainstem associated with ventilation. After the

surgery, halothane anesthesia was discontinued and a mini-
mum of 3 hr elapsed before neuronal activities were re-

corded.

Recording procedures

Efferent discharges of PN and RLN were amplified (30-
3000 Hz band-pass), rectified and integrated by a leaky in-
tegrator (0.1 s time constant) for monitoring the central
respiratory rhythm. Membrane potentials were recorded
from respiratory LMNs penetrated by a single glass
micropipette or the center recording pipette of a coaxial
multibarrelled microelectrode '”. The recording electrodes
were filled with 2 M potassium citrate, having a resistance
of 20-40 MQ. LMNs were identified by antidromic stimu-
lation of the ipsilateral SLN and RLN using a square
wave pulse of the suprathreshold intensity (0.1 ms dura-
tion and 0.2-0.3 mA intensity), according to the criteria

"9 " The location of a recorded neu-

described previously
ron was given by the stereotaxic coordinate from the topo-
To evoke IPSPs in LMNs,

square wave pulses of a 0.1-ms duration were delivered to

graphic atlas of Berman .

the ipsilateral SLN during inspiration (300-500 ms after
the onset of inspiration) and during expiration (300-500
ms after the end of inspiration). The current intensity (0.3-
1.0 mA) for this stimulation was selected at 1.5 times the
threshold to be sufficient to induce a transient inhibition in
PN discharge during inspiration and a temporal discharge
during expiration. Since the amplitudes of IPSPs are
changeable depending on changes in membrane potential
and since the specific antagonists for inhibitory neurotrans-
mitters depolarize the membrane of respiratory neurons
*2 " we measured the amplitudes of evoked IPSPs at the
same membrane potential adjusted by current clamping
after drug application. Clamping currents were passed
intracellularly through a recording pipette using a high-
frequency current injection and voltage-sampling method.
All recordings were stored on magnetic tape and played
back later for computer analysis using signal processing

software.

Administration of drugs

The multibarrelled microelectrode consisted of an array
of 7 drug-pipettes encircling the center recording pipette,
the tip of which protruded 40-50 pum beyond the tip of the
drug pipettes'?. Solutions of physiological saline (165 mM
NaCl), bicuculline methiodide (5 mM in saline, pH 3),
(5 mM in saline, pH 7.8), y-

strychnine  sulfate
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aminobutyric acid (GABA; 0.5 M in distilled water, pH
4.5) and glycine (0.5 M in distilled water, pH 4.0) were
contained in the drug pipettes. All drugs were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). The re-
sistance of the drug pipettes ranged from 10 to 50 MQ.
Drugs were ejected with positive currents (50-100 nA),
and a retaining current of -10 nA was applied between
test periods. The saline pipette was used as a current sink

and a drug control.

Data analysis

To measure the latency, duration and peak amplitude of
evoked IPSPs, peri-stimulus averages of membrane poten-
tials were taken at 5 consecutive respiratory cycles. The
membrane potential just before the stimulation was used as
a reference to measure these variables. Data obtained be-
fore and after the administration of each drug were aver-
aged for each group of LMNs and expressed as means
= SEM (n=number of cells). Differences between the
mean values were evaluated using a paired r-test (two

sided). Statistical significance was assumed at P<0.05.

RESULTS
Responses of phrenic and reccurent laryngeal nerves
induced by stimulation of superior laryngeal nerve

As shown in Fig. 1A, PN and RLN displayed augment-
ing discharges during inspiration and decrementing dis-
charges

during postinspiration (stage 1 expiration).The

postinspiratory activity was more prominent in RLN than
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Fig.1. Responses of recurrent laryngeal (RLN) and phrenic nerves
(PN) to a single pulse stimulation (0.1 ms duration, 0.5 mA in-
tensity) of the superior laryngeal nerve (SLN) during inspiration
(left panel) and during expiration (right panel). Traces in B were
taken with a faster sweep speed and averaged at 5 consecutive
respiratory cycles. The evoked excitations were indicated by ar-
rows and inhibitions by asterisks.

in PN. Both nerves showed no activity during the later
part (stage 2) of expiration. Electrical stimulation of SLN
provoked two types of responses in PN, depending on the
time of stimulation during the respiratory cycle. When a
single pulse was delivered during inspiration, a transient
inhibition of inspiratory discharge occurred (see the PN
trace in Figs 1B and 3). This inhibition started 10.3 =+
0.9 ms after the stimulus pulse and lasted 30.1 = 5.1 ms
(n=10). In some cases, a small excitation (latency; 4.9
+ 0.1 ms, n=6) was evoked prior to the inhibition. When
a stimulus pulse was applied during the expiration, a burst
discharge appeared 17.6 = 1.8 ms (n=10) after stimulation
and lasted 16.1 == 1.4 ms (Figs 1B and 4). In four cases,
a short and weak burst-discharge occurred 7-11 ms before
the onset of the larger burst-discharge.

SLN stimulation evoked a rather uniform response in
RLN, irrespective to the time of stimulation (Fig.1). The
response consisted of an excitation followed by an inhibi-
tion. The early excitation started 5-7 ms after stimulation
and the late inhibition occurred 12-20 ms after stimulation.
The duration of the late inhibition was 18-25 ms.

Thus, SLN stimulation during inspiration caused inhibi-
tion of the inspiratory discharge in both PN and RLN,
while stimulation during expiration evoked a transient ex-
citation in PN and inhibition of the postinspiratory dis-
charge in RLN. In addition, SLN stimulation caused a
short-latency excitation in both nerves irrespective to the

time of stimulation during the respiratory cycle.

Identification of laryngeal motoneurons

Two types of LMNs displaying respiratory-related activi-
ties were recorded. Twenty-seven neurons showed augment-
ing depolarization associated with spike activity during
inspiration, which were classified as inspiratory (IN)-
LMNs (Fig. 2A1). The membrane potential measured at
the expiratory silent phase was -65.7 £ 2.8 mV. The re-
maining 16 neurons showed a rapid and large depolariza-
tion associated with a high frequency discharge at the
onset of expiration followed by repolarization during the
remainder of classified as

expiration. They were

postinspiratory (PI)-LMNs, whose membrane potentials
measured at the inspiratory silent phase were -64.9 £ 3.1
mV (Fig. 2A2). All neurons recorded were antidromically
excited from RLN. Antidromic action potentials were dis-
tinguished by their constant and short latency (<3 ms), the
absence of synaptic pre-potentials, and the positive colli-

sion to spontaneous action potentials (Fig. 2B). Both types
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Fig.2. Membrane potentials (MP) of an IN-LMN (Al) and a PI-
LMN (A2) combined with phrenic nerve discharges (PN).
Electrical stimulation (0.2 mA intensity, 0. ms pulse duration)
was applied to the ipsilateral recurrent laryngeal nerve (RLN). B:
A collision test. RLN stimulation applied 2.5 ms after the onset
of spontaneous spike (indicated by an arrow) provoked an
antidromic spike. No antidromic spike was induced by RLN
stimulation applied 1 ms after the onset of spontaneous spike.

of LMNs were found intermingled near and within the nu-

cleus ambiguus.

IPSPs evoked in laryngeal motoneurons

Electrical stimulation of SLN during inspiration pro-
voked a wave of IPSPs in all IN-LMNs (Fig. 3) but not
in all PI-LMNs tested. These waves were identified as
IPSPs, since they hyperpolarized the membrane, blocked
the generation of action potential and decreased in size
with hyperpolarizing current injection. In addition, the
IPSPs were preceded by a short-lasting wave of EPSPs
evoked in all IN-LMNs tested (Fig. 3). The IPSPs evoked
in IN-LMNs during inspiration appeared at the latency of
8.5%0.7 ms and lasted 30.5%+4.0 ms (n=25). Thus, the
time course of SLN-induced postsynaptic response in IN-
LMNs correlated to the evoked response in RLN (Fig.
1B). In PI-LMNs, stimulation during inspiration provoked
a long-lasting wave of EPSPs, the time course of which
corresponded to the period combined early EPSPs and late
IPSPs evoked in IN-LMNs and also to the period of inhi-
bition in PN (data not shown).

When SLN was stimulated during expiration, a wave of
IPSPs was induced only in PI-LMNs (Fig. 4). This wave
appeared at the latency of 13.6 = 1.9 ms and lasted 27.3
+ 4.1 ms(n=15). The IPSP wave was preceded by a
short-lasting wave of EPSPs evoked in all PI-LMNs. The
sequential response of PI-LMNs was comparable with that
of RLN (Fig.1). In IN-LMNs, stimulation of SLN during
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Fig.3. Effects of iontophoresed bicuculline and strychnine on
IPSP waves (MP) induced in two IN-LMNs by electrical stimula-
tion of the superior laryngeal nerve (SLN). A: The upper panel
shows IPSPs taken before (Before) and during iontophoresis of
bicuculline (BIC 50 nA), and the lower panel shows IPSPs taken
during iontophoresis of bicuculline and during co-iontophoresis of
bicuculline and strychnine (BIC 50 nA + STR 50 nA). B: Traces
were obtained before (Before), during iontophoresis of strychnine
(STR 50 nA) and during iontophoresis of bicuculline (BIC 50
nA). Traces were cycle-triggered averagings of 5 consecutive res-
piratory cycles.

expiration induced a series of EPSPs (data not shown).
The burst discharge evoked in PN during expiration oc-
curred coincident with the IPSPs in PI-LMNs and with the
EPSPs in IN-LMNs.

Since the short-latency EPSPs evoked in both types of
LMNs have been well described "', the following study
focused on IPSPs evoked in IN-LMNs during inspiration
and those provoked in PI-LMNs during expiration.

Effects of iontophoresed bicuculline and strychnine on
the IPSPs

Iontophoresis of bicuculline (50-100 nA, 60-120 s) was
tested on 17 IN-LMNs and 6 PI-LMNs, and strychnine
(50-100 nA, 60-120 s) on 8 IN-LMNs and 4 PI-LMNs.
Since either agent itself produced depolarization of the
membrane and an increase of action potential firing, the
membrane potential was off-set to the pre-iontophoresis
potential by current clamping during iontophoresis. Figure
3A illustrates the results of such an experiment, showing
an apparent inhibitory effect of bicuculline on the IPSPs
IN-LMNs Additional

iontophoresis of strychnine caused no more decrease of the

evoked in during  inspiration.
IPSP wave. Strychnine by itself had no significant effect
on these IPSPs (Fig. 3B). In PI-LMNs, the IPSPs induced
by SLN stimulation during expiration were decreased by
bicuculline but not by strychnine (Fig. 4). These figures
also show that both antagonists had no effect on the

evoked EPSPs. In summary, bicuculline decreased the
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Fig.4. Effects of iontophoresed bicuculline and strychnine on
IPSP waves (MP) induced in two PI-LMNs by electrical stimula-
tion of the superior laryngeal nerve (SLN). A: Traces were taken
before (Before) and during iontophoresis of bicuculline (BIC 50
nA). Membrane potential during iontophoresis was adjusted to the
pre-iontophoresis potential by current clamping. B: Traces were
obtained before (Before), during iontophoresis of strychnine (STR
50 nA) and during iontophoresis of bicuculline (BIC 50 nA).
Traces were cycle-triggered averagings of 5 consecutive respira-
tory cycles.

amplitudes of IPSPs evoked in both types of LMNs and
strychnine had no significant effect on them (Fig. 5).
The selectivity of each antagonist was tested with its
agonist. As described previously **", iontophoresis of GABA
caused hyperpolarization associated with suppression of fir-
ing, and this effect of GABA was selectively blocked by
co-iontophoresis of bicuculline but not by strychnine. Vise
versa, the inhibitory effect of glycine was completely
blocked by

bicuculline (data not shown).

co-iontophoresed strychnine but not by

DISCUSSION
Laryngeally evoked IPSPs in laryngeal motoneurons
The present study demonstrated that electrical stimula-
tion of the superior laryngeal afferent nerve produced
IPSPs in IN- and PI-LMNs only during their active phase
of the respiratory cycle. The IPSPs evoked in one type of
LMNs during their active phase corresponded to the wave
of EPSPs evoked in the other type of LMNs during their
inactive phase. This result suggests the reciprocal interac-
tion between IN- and PI-LMNs. However, it is unlikely
that the two types of LMNs are directly coupled with in-
hibitory synaptic connections via axon collaterals. Since
the reciprocal inhibition between non-laryngeal IN and PI
neurons have been demonstrated **”, LMNs may receive
the inhibitory inputs from non-laryngeal presynaptic neu-
rons whose activities are out of phase with either type of

LMNs. Since the average latency of the evoked IPSPs was
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Fig.5. Effects of iontophoresed bicuculline and strychnine on
IPSP waves evoked in IN-LMNs during inspiration and in PI-
LMNs during expiration by SLN stimulation. Each column shows
the mean £ SEM (vertical short bars). n=number of cells exam-
ined. *P<0.05, significant difference from the corresponding be-
fore value (paired #-test). ns: no significant difference.

9 ms in IN-LMNs and 14 ms in PI-LMNs, they are medi-
ated through polysynaptic pathways within the central res-
piratory network. Furthermore, the conduction times of
evoked IPSPs differed remarkably between IN-LMNs and
PI-LMNs, suggestive of two different pathways.

Electrophysiological features of the evoked IPSPs were
identical to those of IPSPs spontaneously occurring in vir-
tually all respiratory neurons during their inactive phase >** .
IPSPs were not induced in respiratory LMNs when stimu-
lation was applied during their inactive phase. This may
be due to the fact that since membrane potentials of the
recorded LMNs during their inactive phase are close to
the equilibrium potential for the IPSPs, the evoked IPSPs,
if any, are undetectable. Another possibility is that afferent
signals are gated in presynaptic neurons by periodic inhibi-
tions occurring at that phase of the respiratory cycle.

The short latency EPSPs are evoked by SLN stimulation
irrespective to the type of LMNs and the time of stimula-
tion. This wave is in accordance with the early excitation
evoked in RLN and PN. It has been reported that stimuli
of laryngeal afferents as well as vagal stretch receptor
afferents provoke a short-latency wave of EPSPs in respi-
ratory neurons recorded in the vicinity of the nucleus
tractus solitarius *'""'**”, These previous studies suggest that
this early excitation can be conducted to the ventral respi-
ratory group neurons through an oligosynaptic pathway.
The early EPSPs observed in respiratory LMNs seem to

be a similar type of oligosynaptic excitatory response.

Implications of IPSPs on laryngeal reflexes during
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inspiration and expiration

Chemical or mechanical stimulation of laryngeal mucosa
induces laryngeal defensive responses in synchrony with
the occurrence of the respiratory rhythm changes™"****”. In
the present study, the response of RLN to SLN stimulation
during inspiration accorded with that of IN-LMNs and the
response of RLN during expiration did with that of PI-
LMNs. The results demonstrated that the reflex activity of
RLN was derived from either IN- or PI-LMNs, depending
on the time of stimulation during the respiratory cycle.
Simultaneously, the SLN stimulation during inspiration
caused a transient inhibition in PN that corresponded to
the occurrence of IPSPs in IN-LMNs and of EPSPs in PI-
LMNSs. During expiration, SLN stimulation induced a tran-
sient burst-discharge in PN which corresponded to IPSPs
in PI-LMNs and EPSPs in IN-LMNs. This indicates that,
during inspiration, the contraction of laryngeal adductor
muscles are inhibited and abductor muscles are led to con-
tract in synchrony with a pause of diaphragm contraction.
During expiration, the contraction of abductors is inhibited
and adductors are led to contract in synchrony with a tran-
sient excitation of diaphragm. Thus, those IPSPs elicited in
both types of LMNs play a significant role in laryngeal

defensive responses closely related to breathing acts.

Transmitter candidates for evoked IPSPs

The most possible transmitter candidate for spontaneous
IPSPs in bulbar respiratory neurons is GABA'"**",
These spontaneous IPSPs display an electrophysiological
to the hyperpolarization
iontophoretically applied GABA, and both the IPSPs and

GABA-induced hyperpolarization are similarly blocked by

feature identical induced by

152020 These results indicate

co-iontophoresed bicuculline
that the IPSPs in respiratory neurons are mediated by
GABA through GABA,. receptors. Furthermore, GABA-
immunoreactive synaptic vesicles were found in the den-
drites projecting to the respiratory neurons of the medulla
oblongata®”.

The present study clearly shown that bicuculline de-
creased the IPSPs evoked by electrical stimulation of SLN,
but strychnine had no effect on them. This strongly sug-
gests that laryngeally induced IPSPs in LMNs are gener-
ated by activation of GABA. receptors. However, the
effect of bicuculline was not complete. This may be due
to the insufficiency of bicuculline concentration at active
sites to block the effect of endogenously released GABA,

because of the location of synaptic contact being remote

132020 Furthermore, it has

from the recording site (soma)
been reported that the phrenic inhibitory response induced
by SLN stimulation was suppressed by intravenously in-
jected strychnine but not by bicuculline, suggestive of
glycinergic mechanisms involved in some sites responsible

for this inhibitory response *.

The present results, how-
ever, have clearly documented that GABA-mediated synap-

tic transmissions contribute to the final pathway.

REFERENSES

1 Wyke B.D., Kirchner J.A.,
Otolaryngology”, eds. by Hinchcliffe R., Harrison D.,
Heinenmann, Chicago, 1976, pp.546-574.

2 Steinberg J.L., Khane G.J., Fernandes C.M.C., Nel J.P.,
J. Laryngol. Otol., 100, 919-927 (1986).

3 Lunteren E. van, Dick T.E.,
respiratory muscles”, eds. by Miller A.D., Bianchi A.L.,
Bishop B.P., CRC Press, London, 1997, pp.47-58.

4 Barillot J.C., Grelot L., Reddad S., Bianchi A.L., Brain
Res., 509, 99-106 (1990).

5 Takeda R., Haji A., Tohoku J. Exp. Med., 156 (suppl),
21-31 (1988).

6 Widdicombe J.G., “The Respiratory System”, Vol. Il
Handbook of Physiology, eds. by Cherniack N.S.,
Widdicombe J.G., Am. Physiol. Soc., Bethesda, MD,
1986, pp363-394.

7 McCrimmon D.R., Speck D.F., Feldman J.L., Exp.
Brain Res., 67, 449-459 (1987).

8 Iscoe S., Feldman J.L., Cohen M.L., Resp. Physiol., 36,
353-366 (1979).

9 Lews J., Bachoo M., Polasa C., Glass L., Brain Res.,
517, 44-50 (1989).

10 Remmers J.E., Richter D.W., Ballantyne D., Bainton
C.R., Klein J.P., Pfliigers Arch, 410, 420-427 (1986).

11 Jiang C., Lipski L., Brain Res., 584, 197-206 (1992).

12 Bellingham M.C., Lipski L., Neuroscience, 48, 205-216
(1992).

13 Mifflin S., A4m. J. Physiol., 271, R870-R880 (1996).

14 Jodkowski J.S., Berger A.L., J. Appl. Physiol., 64,
1337-1345 (1988).

15 Haji A., Connelly C., Schultz S., Wallace J., Remmers
JE., “Neurobiology of the Control of Breathing”, eds.
by Euler C. von, Langercrantz H., Raven press, New
York, 1986, pp.187-194.

16 Remmers J.E., Schultz S.A., Wallace J., Takeda R.,
Haji A., Jpn. J. Pharmacol., 75, 162-269 (1997).

17 Lipski J., J. Neurosci. Methods, 4, 1-32 (1981).

“Scientific Foundation of

“Neuronal control of the



Haji et al.

18 Haji A., Takeda R., Newrosci. Lett., 149, 233-236
(1993).

19 Berman A.L., “The brain stem of the cat’, University
of Wisconsin Press, Madison, 1968.

20 Haji A., Takeda R., Remmers J.E., J. Appl. Physiol.,
73, 2333-2342 (1992).

21 Haji A., Remmers J.E., Connelly C.A., Takeda R., J.
Neurophysiol., 63, 955-965 (1990).

22 Ballantyne D., Richter D.W., J. Physiol., 348, 67-87
(1984).

23 Ezure K., Prog. in Neurobiol., 35, 429-450 (1990).

24 Euler C. von, “The Respiratory System”, Handbook of
Physiology, Vol II, eds. by Cherniack N.S., Widdicombe
J.G, Am. Physiol. Soc., Bethesda, MD, 1986, pp.1-67.

25 Bianchi A.L., Denavit-Saubié M., Champagnat J., 1995.
Physiol. Rev., 75, 1-45 (1995).

26 Richter D.W., “Comprehensive Human Physiology”,
Vol.2, eds. by Greger R., Windhirst U., Springer
Verlag, Berlin, 1996, pp.2079-2095.

27 Berger AlJ., Averill D.B., J. Neurophysiol., 49, 819-
830 (1983).

28 Ono K., Shiba K., Nakazawa K., Shimoyama I.,
Neuroscience, 140, 1079-1088 (2000).

29 Shiba K., Nakazawa K., Ono K., Umezawa T., J.
Neuroscience, 27, 5156-5162 (2007).

30 Haji A., Takeda R., Okazaki M., Pharmacol. & Ther.,
86, 277-304 (2000).

31 Lipski J., Waldvogel H.J., Pilowsky P., Jiang C., Brain
Res., 529, 309-314 (1990).

32 Karius D.R., Ling L., Speck D.F., Brain Res., 579,
270-278 (1992).



