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Chemosensory and cholinergic stimulation of fictive respiration
in isolated CNS of neonatal opossum

Jaime Eugenin and John G. Nicholls *

Department of Pharmacology, Biozentrum, University of Basel, Klingelbergstrasse 70,
CH-4056 Basel, Switzerland

1. The aim of the present experiments was to characterize the central chemical drive of fictive
respiration in the isolated CNS of the newborn opossum, Monodelphis domestica. This
opossum preparation, in contrast to those of neonatal rats and mice, produces respiratory
rhythm of high frequency in vitro.

2. Fictive respiration was recorded from C3-C5 ventral roots of the isolated CNS of 4- to
14-day-old opossums using suction electrodes. At room temperature (21-23 °C) the frequency
of respiration was 43 + 5-3 min-' (mean + S.E.M., n = 50) in basal medium Eagle's medium
(BMEM) equilibrated with 5% C02-95% 02, pH 7 37-7 40. Respiratory discharges
remained regular throughout 8 h experiments and continued for more than 20 h in culture.

3. Superfusion of the brainstem confirmed that solutions of pH 6 3-7 2 increased both the
amplitude and frequency of respiration. High pH solutions (7 5-7 7) had the opposite effect
and abolished the rhythm at pH 7-7. Addition of ACh (50-100 /M) or carbachol
(0'01-10 /M) to the brainstem superfusion also increased the amplitude and frequency of
respiratory activity, as did physostigmine (50-100 uM) or neostigmine (20-50 ,M).
Conversely, scopolamine (50-100,uM) reduced the amplitude and frequency of the basal
respiratory rhythm by about 30%.

4. H+- and cholinergic-sensitive areas on the surface of the isolated CNS were explored with a
small micropipette (outer tip diameter, 100 ,um) filled with BMEM (pH 6'5) or 1,M
carbachol. Carabachol applied to H+- and cholinergic-sensitive areas in the ventral medulla
mimicked the changes of respiratory pattern produced by low pH application. Responses to
altered pH and carbachol were abolished by scopolamine (50 jM). Histochemistry
demonstrated several medullary groups of neurons stained for acetylcholinesterase. The
superficial location of one of these groups coincided with a functional and anatomically well-
defined pH- and carbachol-sensitive area placed medial to the hypoglossal roots.

5. Exploration of chemosensitive areas revealed that application of drugs or solutions of
different pH to a single well-defined spot could have selective and distinctive effects upon
amplitude and frequency of respiratory activity.

6. These results show that fictive respiration in the isolated CNS of the newborn opossum is
tonically driven by chemical- and cholinergic-sensitive areas located on the ventral medulla,
the activity of which regulates frequency and amplitude of respiration. They suggest that a
cholinergic relay, although not essential for rhythm generation, is involved in the central pH
chemosensory mechanism, or that cholinergic and chemical inputs converge upon the same
input pathway to the respiratory pattern generator.

Changes in carbon dioxide and hydrogen ions within the areas have been localized on the surface of the ventral
brain trigger ventilatory responses through activation of medulla (Mitchell, Loeschcke, Massion & Severinghaus,
specific chemosensory areas of the mammalian CNS 1963a; Mitchell, Loescheke, Severinghaus, Richardson &
(Loeschcke, 1982; Bruce & Cherniack, 1987). These chemo- Massion, 1963b; Loeschcke, 1982; Bruce & Cherniack,
sensory areas provide tonic drive to the neural network that 1987), and recently, in locus coeruleus and nucleus tractus
generates the respiratory rhythm. Central chemosensory solitarius of cats and rats (Coates, Li & Nattie, 1993).

* To whom correspondence should be addressed.
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Central chemoreception at the surface of the ventral medulla
may involve cholinergic mechanisms since topical application
of ACh agonists or acid produce similar respiratory responses
(Dev & Loeschcke, 1979a, b; Fukuda & Loescheke, 1979).
However, the identity of the receptors responsible for chemo-
reception in the CNS has not been resolved (Coates et al.
1993).

Experiments made in vivo have inherent problems that
interfere with the precise localization of chemosensory
areas: these include effects of anaesthesia, dilution of
chemical stimuli by the circulation, secondary respiratory
changes due to cardiovascular effects, and pulsations. Such
problems can be mitigated by the use of preparations in
vitro such as the isolated spinal cord lower brainstems of
perinatal rats (Suzue, 1984; Harada, Kuno & Wang, 1985;
Onimaru & Homma, 1987; Monteau, Morin & Hilaire, 1990;
Smith, Greer, Liu & Feldman, 1990; Issa & Remmers,
1992). Isolated preparations made from perinatal rats do
not, however, preserve the properties of respiration seen in
the animal in vivo. The main differences are that the rhythm
recorded in vitro has a different pattern and it is far slower
than that recorded in vivo, achieving frequencies about one
tenth of the normal rate or below (Smith et al. 1990; Wang,
Fung, Darnall & St John, 1996). This slow rhythm could
represent an alteration of underlying mechanisms of
breathing. Brainstem-spinal cords isolated from neonatal
spiny mice, which are born in a more mature state of CNS
development than rats, do not generate a sustained
respiratory activity (Greer, Carter & Allan, 1996).

In contrast, the isolated CNS of the newborn opossum
(Monodelphis domestica) generates fictive respiration of high
frequency (34-47 min') which is close to the normal value
of 60 min-' in 4- to 8-day-old pups (Nicholls, Stewart,
Erulkar & Saunders, 1990; Zou, 1994). Moreover, this
marsupial preparation is pH sensitive, showing an increase
in the rate of respiratory activity recorded from ventral
roots after acidification of the medium (Zou, 1994). Since
long-term studies lasting for a week or more are also
practicable (Nicholls et al. 1990; Stewart, Zou, Treherne,
M0llgard, Saunders & Nicholls, 1991; Zou, Treherne,
Stewart, Saunders & Nicholls, 1991; Saunders et al. 1992;
Treherne, Woodward, Varga, Ritchie & Nicholls, 1992) the
opossum CNS seems favourable for exploring chemosensory
ventilatory areas and the role of cholinergic mechanisms
involved in central chemosensitivity.

The aims of this work were to characterize responses of
the isolated CNS of the newborn opossum to chemical
stimulation, to localize chemosensory areas on the brain-
stem surface, to establish whether cholinergic mechanisms
are involved in these responses or in rhythm generation,
and to define whether restricted activation of a well-defined
chemosensory area generates specific patterns of respiratory
responses.

Part of this work has been reported in abstracts (Eugenin,
1994, 1995, 1996).

METHODS
Newborn Monodelphis domestica (4-14 days old) were removed from
their mothers in the breeding colony and anaesthetized with
methoxyflurane (Metofane; Pitman-Moore). The pups were immersed
in cooled (4 °C) BMEM (basal medium Eagle's medium; cat. no. 041-
01010, Gibco) containing (mM): NaCl, 116 3; KCl, 5*4; NaHCO3,
26 2; NaH2PO4(H2O), 1 0; CaCl2, 1 8; MgSO4(7H202), 0 8; as well
vitamins and amino acids. The medium was suplemented with
D-glucose to a final concentration of 30 mm and equilibrated with
5% C02-95% 02 (pH 7 37-7 40) at room temperature (22-25 °C).
The CNS together with its cervical and thoracic dorsal root ganglia
was dissected from the pup in order to obtain long ventral roots
(Nicholls et al. 1990). The preparation was transferred to a recording
chamber 0'5 ml in volume, fixed to Sylgard with fine insect pins
and superfused continously with gassed BMEM (0 6-0 8 ml min-)
at room temperature (21-23 °C).

Electrical recording
Spontaneous activity from C3-C5 ventral roots was recorded with
glass suction micropipettes with tips of 30-50 ,um inner diameter
driven by a manipulator. In some experiments, simultaneous
recordings from two ipsilateral or contralateral ventral roots or a
ventral root and hypoglossal, vagal or glossopharyngeal nerve root
were made. Single respiratory-related units from regions in the
lower brainstem previously described by Zou (1994) were recorded
from extracellularly by means of a 2-4 MQ glass microelectrode
filled with 1 M NaCl and driven by a micromanipulator. Electrical
signals were amplified by low-noise differential amplifiers (Almost
Perfect Electronics, Basel, Switzerland) and bandpass filtered at
3-3000 Hz. Multiunitary activity and integrated activity obtained
by full-wave rectification (time constant, 50-100 ms) were
displayed on an oscilloscope (Tektronix) and a chart recorder
(Clevite Corporation, Cleveland, OH, USA). Signals were stored on
videotape at a sampling frequency of 9 or 18 kHz through a
VR-100 digital recorder system (Instrutech Corp., Mineola, NY,
USA).

Stimulation
The brainstem and spinal cord were perfused separately. A thin
partition sealed with Vaseline at the level of C1-C2 (Fig. 1A; see
Zou, 1994) allowed BMEM, containing test substances or gassed
with different C02-02 mixtures, to be superfused to one part of
the chamber while the other was superfused with control BMEM
(pH 7 4). With flow rates in both parts of the chamber of
1-2-1 5 ml min-', the test medium reached the chamber in about
25 s and complete exchange took an additional 10-15 s. Absence of
leakage between compartments was checked by the addition of
Methylene Blue or Fast Green.

The pH of the superfusion medium was changed either by gassing
with different C02-02 mixtures (2-5-97-5%, pH 7-7; 5-95%,
pH 7-4; 7-5-92-5%, pH 7-1) or by adding bicarbonate to control
BMEM equilibrated with 5% C02-95% 02 (addition of 14 /SM
bicarbonate increases pH to 7 7). In topical application experiments
(see below) pH was adjusted by supplementing BMEM with 5 mm
Hepes (Sigma) and further titration of the medium with NaOH or
HCl.

Drugs were added to gassed BMEM to the required final
concentration: 1-100 /M ACh chloride, 0'001-10 #M carbamyl-
choline chloride (carbachol), 10-100 /M eserine (physostigmine),
1-100 uM neostigmine bromide, 10-100 /SM atropine sulphate,
50-100 /SM hexamethonium chloride and 10-100 /IM scopolamine
hydrochloride; all purchased from Sigma.
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Ventral root activity was regular and stable for at least 3-5 min
before application of drugs or pH solutions; washing between
consecutive administrations lasted at least 10 min or 1 h in the case
of scopolamine. In most of the experiments 3-5 min exposures to
test solutions were used. Prolonged (more than 5 min) exposures to
extreme alkaline or acidic media were avoided.

Local stimulation
Topical application of BMEM (pH 6 5) or carbachol to the surface of
the CNS was performed through a glass pipette (100 ,um outer
diameter) (Fig. 1B); a triple barrelled electrode was placed inside
the pipette about 70 Aum from its tip; BMEM (pH 6 5) (sup-
plemented with 5 mm Hepes and titrated with HCl) or 1 /,M
carbachol (in BMEM, pH 7 4) could be delivered to the interior of
the tip of the glass pipette through two of the barrels. Internal
suction was applied through the third barrel so as to renew medium
inside the pipette and avoid leakage. Once the tip touched the
surface of the CNS, slight and gentle suction was generated inside
the pipette to produce a seal between the glass and the tissue; the
test medium was released from one barrel to the pipette interior
and the internal drain was stopped. Two other procedures were
used for reducing leakage and diffusion of test medium into nearby
tissue: the rate of superfusion was increased to 1-2-1-5 ml min-'
and an external drain was added, which sucked medium through a
glass pipette tip (100-150 Asm diameter) placed about 200 ,sm
from the tip of the stimulating pipette. With these precautions,
use of Methylene Blue in the pipette indicated that leakage to the

surrounding tissue was minimal or undetectable. In some
experiments pipette sites were marked with 2% Pontamine Sky
Blue added to the stimulating solution.

Acetylcholinesterase histochemistry
To visualize cholinergic neuronal somata and processes at the
medulla we used the acetylcholinesterase (AChE) staining procedure
of Di Patre, Mathes & Butcher (1993), which is a modification of the
sensitive method developed by Tago, Kimura & Maeda (1986).
Under deep methoxyflurane anaesthesia, transcardiac perfusion of
5 ml of 0-1 M phosphate-buffered saline (PBS; pH 7f6, 4°C) was
followed by fixation with 10 ml 4% (w/v) paraformaldehyde
containing 0 2% (v/v) saturated picric acid dissolved in 0-1 M PBS.
The CNS was extracted and inmersed in cold fixative for 24-48 h,
and then transferred to 30% (w/v) sucrose in 0-1 M PBS for
2-3 days and sectioned on a freezing microtome. Sections were
collected in cold PBS and stored at 4 'C.

The staining procedure consisted of four successive incubations of
samples. (1) The sections were first incubated for 30 min in 30 mM
tetra-isopropylpyro-phosphoramide (iso-OMPA; Sigma) or in 10 mM
1-5-bis[4-allyldimethylammonium-phenyl]pentan-3-one dibromide
(BW284c51; Sigma), which are inhibitors of butyrylcholinesterase
and AChE, respectively. Both drugs were dissolved in 50 mm
Tris-maleate buffer, pH 5*7. (2) The sections were then incubated
for 15 min in Karnovsky-Roots (K-R) medium (Tago, Kimura &
Maeda, 1986; Di Patre, Mathes & Butcher, 1993) diluted 1:1 or

A

BMEM (pH 6 5)
or 1 /M carbachol

Internal drain

Figure 1. Diagram of the superfusion system
A, IX, X, XI and XII are cranial nerves (details in Methods). Direction of flow is indicated by arrows.

Stimulation was done by switching superfusion from control to test medium or by local topical application
of chemicals through a pipette of 100 #m diameter (B). Note that in B external and internal drains were

aspirated (details in Methods). The bar represents 100 #sm. The inset shows the placement of the pipette
before it touches the surface of the CNS.

B
External drain
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1:10 in 0 1 MI PBS. (3) After washing wtith five changes of 50 iniA
Tris-HCl (pH 7 6), sections incubated in K-R (1 1) inediumii were
incl)bated for 5 min in a solution of Tris-HCI buffer (pH 7 6)
containiing 20 mIlg diaminobenzidine (DAB; Sigma) andc 10 inl 3%
nickel ammoniumn sulphate (NAS) peI' 100 ml. Those sections
which were incubated in K-R (1 :10) were incubated foi 5 Inin in
a 0-8 mg ml-' DAB-NAS solution. (4) Finallyr, sections were
maintained for 1O min after adding 5 or 20 1ul of 3% hydrogen
peioxicle per each 10 ml to the 0-2 or 0 8 mg ml-' DAB-NAS
solutions, respectively.
Sections were washed in 01tM PBS, mnounted on glass slides coated
with albumin and allowed to dry at room temperature. Sections
were Iinsed in distilled deionized wvater, air-dried again, immersed
in xylene and mounted in Permiiount.

Data analysis
Thle p)eriod (time between the beginning of twTo consecutive cycles),
instantaneous respiratory frequency (reciprocal value of the period),
insj)iratory duration and amnplitude of each cycle were analyTsed
from the full-wave rectified signal (tiimie constant, 50-100 ins) wsith
a PC IBAI compatible computer (486 DX, 33 MIHz) and a digital
data adquisition system (Al most Perfect Electronics).

Values were noimalized by ex)ressing am)litude and instantaneous
firequency of each respiratory cycle as a percentage of the respective
average value obtained firom ten to twenty cycles at basal conditions
ninecliately before the onset of stimulation. Results are expressed
throulghout as means + S.E.XM. Statistical tests for significance were
macle wN-ith Students t tests for paired samnples.

RESULTS
Spontaneous activity recorded from C3, C4 and C5 ventral
roots of newhborn opossums inl vitro displaved high or lowr
frequency rhythms superimposed on a background of random

A

II III 150 jmV
C5 activity 5 LI

Integrated

activity
2 s

activity. The high frequency rhythm (43 + 5 3 min-'
mean + S.E.M.; n = 50) consisted of short duration (300 ms),
high amplitude bursts of action potentials (Fig. 2A and B).
The bursts recorded from ventral roots were regular in
timing and amplitude and were preceded by similar bursts
appearing at the hypoglossal, vagal or glossopharyngeal
nerves a few milliseconds earlier. The onsets of the bursts
recorded from both ventral roots of a single spinal cord
segment were synchronous. Extracellular recordings from the
ventral medulla showred single units that fired rhythmical
bursts at the same frequency as this high frequency ventral
root rhythm (Fig. 2B). As previously described (Zou, 1994)
the pattern of discharge of these medullary units could be
related to the phase of appearance of the ventral root bursts
or the interval between them (Fig. 2B). The high frequency
rhythm recorded from cervical and thoracic ventral roots
disappeared after Cl spinal cord transection.

In contrast, the low frequency rhythm (less than 10 min-')
consisted of high amplitude, long duration (1 or more
seconds) bursts of action potentials; the shape of these
bursts wras highly variable from one animal to the other.
This rhythm persisted after Cl spinal cord transection,
indicating that it is an intrinsic spinal cord rhythm. Bursts
recorded from contralateral ventral roots were either not
synchronized or they showed an alternating pattern of dis-
charge suggesting fictive locomotion.

The results described below deal only with the high frequency
rhythm. Additional evidence that this high frequency rhythm
in opossum CNS in vitro corresponds to fictive respiration
has been given in a previous study (Zou, 1994) in which
EMGs from respiratory muscles were recorded.

B

Medullary unit _ I100 utV

C4 activity 1 |IT I q , I

Fast sweep

C5 activity 25uV Integrated
activity

1 s

Integrated
activity

100 ms

Figure 2. Fictive respiration recorded from C5 (A) and C4 (B) ventral roots in the isolated CNS
preparation of 7- and 9-day-old opossums
C5 and C4 activities were integrated by a full-xwave rectifiei (tine c,onstants of 100 andl 50 ins, respectively).
The uppeI tIrace in B is an extrcacellular recording of an expiratory-related medullary unit.
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Effects ofpH
When the medium bathing the brainstem was acidified
(pH 7-20 or lower), while the spinal cord was maintained
in control conditions (pH 7 37-7 40), the amplitude and
rate of respiration were increased (by about 120 and 50%,
respectively; Fig. 3A and C). Alkalinization of the super-
fusion of the brainstem (pH 7 50 or higher) produced the
opposite effect, reducing the amplitude and frequency
(Fig. 3B and C). Extreme alkalosis (pH 7 70 or higher)
abolished the respiratory rhythm. All pH effects were
reversible after washing with control BMEM (Fig. 3A and
B). Although there was some variability, in all twenty
animals tested the change in frequency and amplitude
started after 6-15 s and reached a steady-state 45-60 s
after applying the test fluid. Effects of pH upon the
frequency and amplitude of fictive respiration in a 10-day-
old pup are illustrated in Fig. 3C. Modification of the pH of
the spinal cord medium while superfusing the brainstem
with control BMEM did not influence the pattern of fictive
respiration.

A
pI l

7-4 7-1 7-4

Medullary 11 lIl III |1. | |11L IIh Lunit 4HHHH4 H*HH4+ 100,uV

C4
A I1 50 usV

Integrated _^__A"k'J.J-Aactivity

1 s

Effects of ACh agonists and antagonists
Addition of ACh or carbachol to fluid superfusing the brain-
stem produced dose-dependent increases in amplitude and
frequency of respiratory activity (Fig. 4A). The time courses
of these responses were different from those obtained with
pH stimulation. While the increases in amplitude and
frequency started rapidly (6-16 s) after cholinergic agonist
application, they often persisted for several minutes after
washing. Repetitive stimulation with ACh or carbachol
produced desensitization. High doses of ACh (100 /sM)
increased the frequency by 25-0 + 7.9% (P< 0 03, n = 5)
and the amplitude by 37-6 + 13-2% (P< 0 04, n= 5).
Carbachol (5 ,M) increased the frequency by 50 3 + 16-4%
(P< 003, n = 5) and the amplitude by 88X6 + 20-8%
(P< 0 01, n = 5). The increases induced by these doses of
ACh and carbachol were associated with a rise of
background activity. This initial response was followed by
the appearance of irregular large bursts of ventral root
discharges that masked other kinds of activity in the
multiunitary recording. After application of high doses in

C
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0c

a)e
00

o o

a $
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6-4 6-8 7-2
pH

7-6

b
pH

7-4 7.7 7.4

C5

240-

X 200-

° 160-

120

:Integrated

2 s
6-4 6-8 7-2 7-6

pH

Figure 3. Changes of respiratory activity in response to brainstem superfusion of low (A) and
high (B) pH
A, the amplitude and frequency of the respiration recorded from the isolated CNS of a 6-day-old opossum

increased 1 min after switching from control BMEM (pH 7 4) to acid BMEM (pH 7'1) and recovered after
returning to control BMEM (pH 7 4). B, respiratory cycles almost disappeared 1-2 min after alkalinization
of the superfusion of the brainstem of a 13-day-old opossum (pH 7.7 achieved by addition of 14 mM
NaHCO3 to BMEM to a final concentration of 40 mm gassed with 5% C02-95% 02. C shows respiratory
frequency (a) and amplitude (b) dependence on pH of the brainstem bath in a 10-day-old opossum. Different
pH values were obtained by adding 5 mm Hepes to BMEM followed by HCl or NaOH titration. Symbols are

means + S.E.M. from 4-10 cycles under steady-state conditions.
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four out of five cases the respiratory rhythm declined,
showing high variability in timing and amplitude.

ACh or carbachol administered to the spinal cord super-
fusion while the brainstem was bathed with control BMEM
increased the background activity without changing the
pattern of fictive respiration. At higher doses the back-
ground activity masked the respiratory rhythm.

To elucidate whether endogenous release of ACh affects the
pattern of fictive respiration, acetylcholinesterase inhibitors
were added to the brainstem bath (Fig. 4B). Physostigmine
and neostigmine mimicked the effects of ACh administration.
Physostigmine (50-100 ,CM) increased the respiratory
frequency by 23-4+2-5% (P<0 001, n=5) and the

A
a 200 -

. 180-
0

: -=

2 X 160 -

0° 140-

, 120-

J 0. Nicholls J Physiol. 501.2

amplitude by 28-0 + 6-8% (P< 0-015, n = 5). Neostigmine
(20-50 /uM) increased the respiratory frequency by 23-7 +
2'5% (P< 0-019, n = 4) and the amplitude by 11 1 + 3-18%
(P < 0 041, n = 4). In other experiments antagonists were
tested. Scopolamine (50-100 ,UM) reduced the amplitude of
respiration by 22-6 + 7-2% (P< 0-026, n= 6) and the
frequency by 20-5 + 5'5% (P < 0-014, n = 6) when adminis-
tered to the brainstem superfusion (Fig. 4C). Nicotinic
blockade with hexamethonium (50-100 ,UM) in four opossums
did not produce any detectable change of the respiratory
pattern, nor did atropine (100 ,UM) in seven out of nine pups.
In the other two pups atropine slightly reduced respiratory
activity.
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B Control 100 /SM physostigmine 10 min wash

C5 L, li I lt50,V
activity 1

2 s

Figure 4. Effects of carbachol (A), physostigmine (B) and scopolamine (C) administered to the
brainstem
A, dose-response curve for the increases in instantaneous frequency of respiratory activity (a) and
amplitude (b) induced by increased doses of carbachol in an 8-day-old opossum. B, effect of the
administration of 100 uM physostigmine on C5 recording in a 7-day-old opossum preparation. C, time
course of the effects of 50/uM scopolamine upon fictive respiration recorded from C5 in a 9-day-old
opossum; amplitude (a) and instantaneous respiratory frequency (b). Duration of superfusion with
scopolamine is indicated by the horizontal bar. Symbols represent means + S.E.M. expressed as a percentage
of basal values during 1-2 min under steady-state conditions.
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A pH 6-5

C5
T 1-o

1 min

INTC5

B , L,L i II11
C5 -l.

INTC5

2 s

Figure 5. Changes of respiratory activity in response to local application of acidic medium to
ventral medulla
A, effect of BMEM (pH 6 5) applied locally to the surface of the ventral medulla medial to the hypoglossal
roots (black spot in CNS inset) upon C5 ventral root activity of a 5-day-old opossum in vitro. INTC5,
integration of C5 activity. B, same recording at faster speed. Contact time of the pipette with the surface of
the nervous tissue is indicated by the horizontal bar above the trace in A.

Local application of pH and carbachol
Ventral and dorsal surfaces of the isolated CNS of the
newborn opossum were explored systematically by touching
the pia mater with the tip of a glass micropipette (100 sum
outer diameter) containing BMEM at pH 6-5 (detailed

description in Methods). As illustrated in Figs 5 and 6,
topical application of acid confined to discrete sites on the
ventral medulla reproduced effects obtained with low pH
superfusion. In this experiment the frequency increased by
15-120% (51P9 + 10f6%; P< 0 001, n = 11) and the

BMEM (pH 6-5)

500

Figure 6. Local application of BMEM (pH 6 5) to ventral
medulla at a site medial to the hypoglossal roots in a

5-day-old opossum
A, normalized amplitude of the integrated activity from C6 ventral
root (time constant, 100 ms) expressed as a percentage of the mean
values from 10 respiratory cycles before pH administration.
B, normalized instantaneous respiratory frequency. Each point
represents a cycle; lines join consecutive cycles.
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Figure 7. Diagram of pH 665-sensitive areas located
superficially in 11 opossum neonates
Chemosensitive areas on the surface of the brainstem are confined to
the ventral medulla and overlap carbachol-sensitive areas.

O No effect
* Excitatory effect

amplitude by 20-250% (69-0 + 18-1 %; P< 0 003, n = 11).
The responses appeared 3-5 s after the electrode tip
touched the ventral medulla surface, reached a maximum
within a minute, and decayed to basal values 4-8 s after
withdrawing the pipette. In five animals in which local
stimulation failed to evoke any responses, superfusion of the

BA

BMEM (pH 6-5)

brainstem with BMEM (pH 6 5) produced minimal responses
(less than 15 %, n = 5).

Chemosensitivity was confined to the ventral medulla. A
diagram of the topography of the chemosensory areas found
in eleven pups is shown in Fig. 7. The most sensitive area

)1 -

..t C
BMEM (pH 6-5) 1 /sM carbachol

cua

CO)
co

0)

01)

0~

0 10 20 30 40 50 60 70
Cycle

0 10 20
Cycle

F 300 -

co

CIS

0 200-

a '

40 100

30 40 0 10 20 30 40 50
Cycle

Figure 8. Different respiratory responses to stimuli applied topically to rostral and caudal medulla

Local stimulation with BMEM (pH 6 5) of rostral (A) and caudal (B) chemosensitive areas (indicated by
black spots) of the ventral medulla of a 9-day-old opossum. C, 1 ,UM carbachol was applied topically to the
caudal pH-sensitive area in the same opossum; compare pattern of response with B. Note selective effects
on amplitude and frequency. Normalized amplitude (U) and instantaneous frequency (0) of the integrated
activity from C6 (time constant, 100 ms) are expressed as a percentage of the mean value from 10
respiratory cycles before pH or carbachol administration. Each point represents a cycle.
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corresponded to a region located medial to the hypoglossal
roots.

Carbachol-sensitive areas were explored with a similar
procedure. Local application of 1/,M carbachol to the surface
of the ventral medulla increased respiratory amplitude by
15-110% (36-4 + 14-7%; P< 0-048, n= 7) and frequency
by 20-150% in five out of seven preparations (49 2 + 20 1 %;
P< 0 05, n = 7). These carbachol-sensitive areas overlapped
with pH-sensitive areas. The time courses of the responses
were similar to those found during local pH stimulation
except that effects persisted after removal of the pipette
(minutes).

In four preparations, superfusion with 50 /M scopolamine
abolished the responses induced by the topical local
application of low pH and carbachol. These responses
reappeared 90 min after ending scopolamine superfusion.
Since atropine failed to influence the respiratory baseline,
we did not test its effect upon the responses induced by local
application of low pH solution or carbachol.

Patterns of response after local stimulation
To study whether different central chemosensory areas have
similar or diverse functions, the rostral and caudal portions of
ventral medulla were tested separately with BMEM (pH 6 5)
and the pattern of the respiratory responses compared. In
two out of five preparations, the topical application of acid
to the rostral portion of the ventral medulla increased both
frequency and amplitude with the same time courses and
relative magnitudes (Fig. 8A). In contrast, when topical
application of acid was restricted to the caudal portion of
the ventral medulla, the increase in frequency was more
pronounced than the increase in amplitude (Fig. 8B).
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The differences in the pattern of response between rostral
and caudal portions of ventral medulla were also found after
topical application of carbachol 1 #tM (Figs 8C and 9).
However, not all the animals showed the same patterns of
response in frequency and amplitude when specific regions
of ventral medulla were stimulated (compare Figs 6 and 8).
Nevertheless, it was clear that application to a single spot
could influence the rhythm and the depth of inspiration
separately and to different extents.

Acetylcholinesterase histochemistry
AChE staining was observed in various areas of neonatal
opossum CNS. In the ventral medulla around hypoglossal
roots, the area is well-defined anatomically and contained a
clear boundary for a chemosensitive area. Figure 10 is a
transverse section of caudal medulla showing AChE
staining of a discrete group of neurons located medial to the
hypoglossal roots. This location coincides with the area in
which carbachol or low pH solution induced respiratory
responses.

DISCUSSION
These experiments confirm that fictive respiration recorded
from the isolated CNS of the newborn opossum is pH-
dependent as in other preparations (Mitchell et al. 1963a,b;
Cozine & Ngai, 1967; Schlaefke & Loeschcke, 1967; Trouth,
Loeschcke & Berndt, 1973; Dev & Loeschcke, 1979a;
Loeschcke, 1982; Harada, Wang & Kuno, 1985; Bruce &
Cherniack, 1987). Since all sensory inputs from the
periphery were cut, the responses can be attributed to
central chemoreceptors. It is reasonable to think that pH
sensors in an endothermic animal may operate according
to the alphastat hypothesis (Nattie, 1990). This hypothesis
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Figure 9. Stimulation of rostral (A) and caudal (B) chemosensitive areas with 1 /xM carbachol
also reveals differential effects upon the respiratory pattern of a 6-day-old opossum in vitro
Normalized amplitude (0) and instantaneous frequency (0) of the integrated activity from C4 (time
constant, 100 ms) are expressed as a percentage of the mean value from 10 respiratory cycles before pH
administration. Each point represents a cycle; lines join consecutive cycles.

J Physiol. 501.2 433



434 J Eugenin ai

implies that, at the temperature we did the present
experiments, chemoreceptors would actually be sensing a
more acidic pH. This should be considered when evaluating
pH sensitivity of fictive respiration as well as the pH values
over which the respiratory rhythm is abolished (see below).

The exploration by circumscribed, well-defined topical
application of low pH solutions revealed a chemosensitive
region on the surface of the ventral medulla which extended
from zones analogous to the classical area of Mitchell
(rostral) to the classical area of Loeschcke (caudal).

Two findings suggest that the chemical stimuli we applied
to nervous tissue of opossum neonates were highly localized.
First, only stimulation of very precise spots on the ventral

A
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medulla caused respiratory responses. Second, even
prolonged application of acid (4 min or more) on the dorsal
surface of the pons and medulla gave negative results. Our
experiments do not rule out the existence of chemosensitive
areas deep in the brainstem, which were not explored.

Role of endogenous ACh release
The present results suggest that endogenous release of ACh
in opossum CNS exerts a tonic drive upon the respiratory
activity by way of muscarinic receptors. As in cats and rats
(Mitchell et al. 1963a; Dev & Loeschcke, 1979a, b; Monteau
et al. 1990) ACh agonists produced excitation of respiration
when applied to the ventral medulla as did AChE blockers.
That this cholinergic pathway may provide a tonic input to

B

Figure 10. Transverse section of the ventral medulla at the level of left hypoglossal roots in
12-day-old opossum neonate
A, the asterisk indicates hypoglossal roots. Acetylcholinesterase staining revealed a group of intensely
labelled neurons located medial to nerve roots about 30-200 ,um in depth from the ventral surface. B, the
area indicated by the asterisk in A is shown at a higher magnification. Bars correspond to 125 and 50 ,sm in
A and B, respectively.
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the respiratory pattern generator was suggested by the action
of scopolamine, which produced a decrease in amplitude and
frequency of fictive respiration.

The failure of atropine to produce an effect on the baseline
of respiratory pattern raises the possibility that scopolamine
might act through a non-cholinergic CNS-depressant
mechanism. Other more specific muscarinic receptor blockers,
such as pirenzepine, might be useful in establishing more
decisively the mechanism of scopolamine action. In addition,
a cholinergic relay may be involved in ventral medulla pH
sensitivity since: (1) carbachol- and pH-sensitive areas
overlapped; (2) the patterns of respiratory responses to
cholinomimetics and pH were very similar; (3) scopolamine
abolished respiratory responses to local and topical
administration of 1 /tM carbachol and BMEM (pH 6 5); and
(4) AChE staining was limited to the chemosensitive area
medial to the hypoglossal roots, which was defined by
functional studies. Alternatively, cholinergic- and pH-
sensitive pathways in the medulla could converge upon a
common input to the respiratory pattern generator.
Cholinergic synapses do not, however, appear to be essential
for the genesis of the respiratory rhythm.

Although superfusion with BMEM at pH 7-7 or above
abolished the respiratory activity, it is not clear whether
chemical stimuli are essential for generating or maintaining
the respiratory rhythm in the newborn opossum. Possibly
cholinergic and chemosensory pathways partially share the
same mechanisms. The opossum preparation is more
sensitive than that of neonatal rats in which the rhythm is
still maintained at pH 7-9 (Monteau et al. 1990).

Regional differences of chemosensory areas
Different chemosensitive areas of the CNS may produce
different patterns of respiratory responses. Changes in pH
at constant PC02 produce changes in the frequency of the
rhythm recorded from C3-C5 ventral roots of isolated
brainstem-spinal cord preparations of neonatal rats, while
changes in PCO2 at constant pH mainly affect the amplitude
of the integrated activity (Harada et al. 1985). Similar
results were obtained using the isolated brainstem of adult
guinea-pigs in vitro. Superfusion of the preparation with
hypercapnic Krebs solution increased the inspiratory burst
amplitude whether the solution was acidic or non-acidic.
Effects on respiratory burst frequency were, however, seen
only with acidic solutions. Thus, normocapnic acidic Krebs
solution increased the respiratory frequency with no change
in burst amplitude (Morin-Surun, Boudinot, Schiifer &
Denavit-Saubie, 1995). These data suggest the existence of
two mechanisms of central chemosensitivity acting
selectively upon the respiratory pattern generator structures
responsible for the depth and timing of the rhythm.

In anaesthetized, paralysed and mechanically ventilated
cats, local cooling of chemosensory areas of the ventral
medulla produces diverse and selective effects upon the

rostral areas decreases the respiratory frequency and
reduces the amplitude of respiratory phrenic activity, while
cooling of caudal areas decreases the amplitude and
increases the respiratory frequency (Cherniack, von Euler,
Homma&Kao, 1979).

In the present experiments, low pH topically applied to
the caudal ventral medulla (medial to the hypoglossal
roots) predominantly increased frequency, whereas rostral
application (at the level of vagus and glossopharingeal roots)
increased both frequency and amplitude. However, the
respiratory pattern responses evoked from a defined
anatomical location showed variability. We have not been
able to define a precise correlation of specific ventral
medullary areas to specific functional patterns. Nonetheless,
two facts indicate that these selective topographic responses

were not artefacts: (1) the pattern of response was highly
reproducible - it was attained each time low pH solution
was applied to the same position on the ventral medulla in
the same animal; and (2) the pattern of respiratory
responses elicited from a given spot on the surface of the
ventral medulla was similar whether the stimulus was low
pH solution or carbachol.

Pattern of respiratory response

The pattern of respiratory response of neonatal opossum in
vitro to modification of H+ concentration of the medium
involved changes in both amplitude and frequency. This
pattern in neonatal opossum is similar to the increase in
tidal volume and respiratory frequency reported in adult
animals in vivo (Mitchell et al. 1963a,b; Clark & von Euler,
1972). In contrast, different patterns of responses to
chemical stimulation have been obtained in the neonatal rat
brainstem-spinal cord preparation, which can show changes
in frequency (Suzue, 1984; Issa & Remmers, 1992; Okada,
Miickenhoff & Scheid, 1993), amplitude (Monteau et al.
1990) or both (Harada et al. 1985).

In neonatal rats, ACh agonists administered to the brain-
stem in vitro modified only the frequency of respiration,
and ACh blockers had no clear-cut effect (Monteau et al.
1990). It is worth noting that the frequency of the bursts
recorded by Monteau et al. (1990) from ventral roots
(3-5 min') is far lower than observed in intact neonatal
rats. In addition, there is evidence that multiple pattern
generators (e.g. for vomiting and gasping) coexist in the
mammalian medulla with the generator of eupnoeic
breathing (St John, 1990; Zhou, Wasicko, Hu & St John,
1991). In anoxia, the pattern of phrenic activity can change
from eupnoea to gasping (Lumsden, 1924; Wang et al.
1996). This has led to the suggestion that the low frequency
rhythm recorded from the rat preparation in vitro really
corresponds to a gasp pattern generator (St John, 1990;
Fung, Wang & St John, 1994; Wang et al. 1996).

Even though recordings were made under similar experi-
mental conditions (room temperature, peripheral denervation

respiratory pattern. Bilateral cooling of the intermediate
area abolishes the respiratory phrenic activity. Cooling of
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etc.) the neonatal opossum preparation maintains a far
higher rate of fictive respiration than that of neonatal rat
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CNS in vitro. The rate at 40 min-' is close to the respiratory
rate of about 60 min-' observed in intact pups at a higher
body temperature of 29 °C. It should be mentioned that
differences in breathing rate between neonatal opossum and
neonatal rat in vitro preparations may be due in part to
different dependence on vagal influences. Vagotomy prolongs
inspiratory duration by a factor of two and causes a sixfold
increase in expiratory duration in newborn rats (Fedorko,
Kelly & England, 1988). By contrast, vagotomy in young
North American opossums produces little or no change in
respiratory pattern. With respect to survival, growth and
development the isolated CNS of the opossum is remarkable
when compared with neonatal rat preparations for which only
hours of survival have been reported (Suzue, 1984). Moreover,
the isolated CNS of neonate opossums can be cultured
successfully for more than a week, maintaining electrical
excitability, nerve conduction properties, reflexes and
responses to amino acid transmitters such as GABA,
glutamate and glycine (Nicholls et al. 1990; Stewart et al.
1991; Zou et al. 1991; Treherne et al. 1992). This preparation
even shows some development of the spinal cord in vitro.
Blast cells continue to divide and the histological fine struc-
ture is normal after 5 days in culture (Stewart et al. 1991;
M0llgard, Balslev, Stagaard-Janas, Treherne, Saunders &
Nicholls, 1994). Furthermore, the viability of the nervous
tissue is so well conserved that spinal cord fibres are able to
grow through a lesion and rapidly repair the traumatic area
(Saunders et al. 1992; Treherne et al. 1992; Woodward,
Treherne, Knott, Fernandez, Varga & Nicholls, 1993; Varga
et al. 1996). Hence, the general state of the preparation in
vitro is close in many respects to that of the CNS in the
animal.

Conclusions
These results demonstrate that fictive respiration of the
isolated CNS of the newborn opossum is tonically driven
by inputs from pH- and ACh-sensitive areas located
superficially on the ventral medulla. A cholinergic relay acts
synergically with the central pH chemosensory mechanisms
controlling the respiratory pattern generator. These chemo-
sensitive areas control amplitude and frequency of the
respiratory rhythm. One can hope that detailed anatomical
and electrophysiological analysis, including intracellular
recording in the neonatal opossum, will prove useful for
understanding how respiratory rhythmicity is generated
and regulated.
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