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Abstract

We investigated whether there is endogenous acetylcholine (ACh) release in the preBotzinger
Complex (preBotC), a medullary region hypothesized to contain neurons generating respiratory
rhythm, and how endogenous ACh modulates preB6tC neuronal function and regulates respiratory
pattern. Using a medullary slice preparation from neonatal rat, we recorded spontaneous
respiratory-related rhythm from the hypoglossal nerve roots (XIIn) and patch-clamped preBétC
inspiratory neurons. Unilateral mi-croinjection of physostigmine, an acetylcholinesterase inhibitor,
into the preBo6tC increased the frequency of respiratory-related rhythmic activity from XliIn to
116+13% (mean+S.D.) of control. Ipsilateral physostigmine injection into the hypoglossal nucleus
(XI1 nucleus) induced tonic activity, increased the amplitude and duration of the integrated
inspiratory bursts of XlIn to 122+17% and 117+22% of control respectively; but did not alter
frequency. In pre-B&tC inspiratory neurons, bath application of physostigmine (10 uM) induced an
inward current of 6.3+10.6 pA, increased the membrane noise, decreased the amplitude of phasic
inspiratory drive current to 79+16% of control, increased the frequency of spontaneous excitatory
postsynaptic currents to 163+103% and decreased the whole cell input resistance to 73+22% of
control without affecting the threshold for generation of action potentials. Bath application of
physostigmine concurrently induced tonic activity, increased the frequency, amplitude and
duration of inspiratory bursts of XIIn motor output. Bath application of 4-diphenylacetoxy-N-
methylpiperidine methiodide (4-DAMP, 2 uM), a M3 muscarinic acetylcholine receptor (MAChR)
selective antagonist, increased the input resistance of preB6tC inspiratory neurons to 116+9% of
control and blocked all of the effects of physostigmine except for the increase in respiratory
frequency. Dihydro-B-erythroidine (DH-B-E; 0.2 uM), an a4p2 nicotinic receptor (nAChR)
selective antagonist, blocked all the effects of physostigmine except for the increase in inspiratory
burst amplitude. In the presence of both 4-DAMP and DH-B-E, physostigmine induced opposite
effects, i.e. a decrease in frequency and amplitude of XlIn rhythmic activity. These results suggest
that there is cholinergic neurotransmission in the preBotC which regulates respiratory frequency,
and in XII nucleus which regulates tonic activity, and the amplitude and duration of inspiratory
bursts of XlIn in neonatal rats. Physiologically relevant levels of ACh release, via mAChRs
antagonized by 4-DAMP and nAChRs antagonized by DH-B-E, modulate the excitability of
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inspiratory neurons and excitatory neurotransmission in the preB6tC, consequently regulating
respiratory rhythm.
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Cholinergic neurotransmission is integral to a variety of brain functions including regulation
of breathing. Physostigmine intravenously infused in rabbits increases respiratory rate,
probably by raising the concentration of acetylcholine (ACh) in the central nervous system
(CNS) (Weinstock et al., 1981). Application of physostigmine to the en bloc brainstem—
spinal cord preparation from the neonatal rat (Smith and Feldman, 1987) increases
respiratory frequency and potentiates the frequency increase resulting from exogenous
application of ACh (Monteau et al., 1990). Inhibition of ACh release by vesamicol or
cetiedil depresses respiratory motor output in the en bloc brainstem—spinal cord preparation
(Burton et al., 1994). Muscarinic acetylcholine receptors (MAChRS) and nicotinic
acetylcholine receptors (NAChRs) are present in medullary respiratory-related regions
including the rostroventrolateral medulla and the hypoglossal nucleus (XII nucleus; Wada et
al., 1989; Nattie and Li, 1990; Levey et al., 1991; Dominguez del Toro et al., 1994; Mallios
et al., 1995; Chamberlin et al., 2002; Robinson et al., 2002; Dehkordi et al., 2004).
Exogenously applied muscarine increases respiratory frequency and amplitude and duration
of respiratory-related hypoglossal nerve root (XIIn) rhythmic activity by acting on M3-like
mAChRs, modulating the excitability of preB6tC neurons (Shao and Feldman, 2000).
Application of nicotinic agonists modulates excitatory neurotransmission in the
preBotzinger complex (preBotC) and regulates respiratory frequency and pattern; these
effects can be completely blocked by dihydro-B-erythroidine (DH-B-E; Shao and Feldman,
2001, 2002). However, little is known about how endogenous ACh release modulates
neuronal function in the preBo6tC, an essential site for respiratory rhythm generation in
mammals (Smith et al., 1991; Feldman et al., 2003), and how it regulates respiratory
frequency and pattern.

Brainstem cholinergic systems are postulated to play a role in pathological conditions
related to central control of breathing such as sudden infant death syndrome (Kinney et al.,
1995; Mallard et al., 1999) and sleep disordered breathing (sleep apnea; Bellingham and
Ireland, 2002; Chamberlin et al., 2002; Gilman et al., 2003). ACh in brainstem regions
associated with sleep is involved in state-dependent respiratory depression (Lydic and
Baghdoyan, 1993). Central respiratory depression is a critical factor underlying fatal
respiratory failure during organo-phosphate poisoning by nerve gases or agricultural
insecticides (Adams et al., 1976; Rickett et al., 1986; Holstege et al., 1997). The
mechanisms by which anticholinesterase agents interact with endogenous ACh systems in
the brainstem and impair the control of breathing is poorly understood. In this study, we
focused on the role of endogenous ACh transmission in modulating preB6tC respiratory
neuron excitability and in regulating respiratory pattern. We tested the hypothesis that there
is cholinergic neurotransmission in the preB6tC and XII nucleus; thus, inhibition of
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acetylcholinesterases (AChES) by physostigmine causes accumulation of ACh in the
synaptic cleft and/or extracellular fluid that induces perturbations in respiratory rhythm and
respiratory-related X1In motor pattern similar to those induced by exogenously applied
cholinergic agonists. Some of the results of this study have been presented in abstract form
(Shao and Feldman, 2003).

EXPERIMENTAL PROCEDURES

Slice preparation

All animal use procedures were in accordance with The National Institutes of Health (USA)
Guide for the Care and Use of Laboratory Animals and were approved by the UCLA
Institutional Animal Care and Use committee. Efforts were made to minimize the number of
animals used and their pain and suffering. Experiments were performed on a medullary slice
preparation that retains functional respiratory networks and generates respiratory rhythm in
vitro (Smith et al., 1991). Sprague—Dawley neonatal rat (0-3 days old) was anesthetized
with isoflurane and then promptly decerebrated. The cerebellum was removed and the
brainstem—spinal cord was isolated. The brainstem—spinal cord was mounted in the
specimen vise of a Vibratome (VT 100; Technical Products International, Inc., MO, USA)
oriented vertically with rostral end upward. The brainstem was sectioned serially in the
coronal plane under a dissection microscope until the landmarks at the rostral boundary of
the preBotC were visible. One transverse slice (500-650 pm thick) was cut. The slice was
transferred to a recording chamber of 3-ml volume and stabilized with a threaded frame. The
dissection and slicing were performed in an artificial cerebrospinal fluid (ACSF) bubbled
with 95% O,-5% CO, at room temperature. The ACSF contained (in mM) 128 NaCl, 3.0
KCI, 1.5 CaCl,, 1.0 MgSQy, 23.5 NaHCOg3, 0.5 NaH,PO,4 and 30 glucose. During
electrophysiological recording, the slice was continuously super-fused (2-3 ml min~1) with
ACSF with increased KCI (9 mM) that was recycled into a reservoir equilibrated with 95%
0,-5%CO,. The ACSF in the recording chamber was maintained at 27+1 °C. All slices
studied had rhythmic activity from XlIn that was similar in frequency and in temporal
pattern to the respiratory activity recorded from en bloc brainstem—spinal cord preparations
(Smith et al., 1991).

Electrophysiological recording

Neurons within 100 um of the slice surface were visualized with an infrared-differential
interference contrast microscope (Axioskop2; Carl Zeiss Microlmaging, Inc., Géttingen,
Germany). The respiratory neurons we recorded fired in phase with the inspiratory bursts of
XlIn rhythmic motor output and were located ventral to the nucleus ambiguus in the
preBotC. To avoid confounding drug residue effects, only one inspiratory neuron was
recorded from each preparation. Patch electrodes were pulled from thick wall (0.32 mm)
borosilicate glass with tip size 1-1.5 pm (resistance: 4-6.5 MQ). The electrode filling
solution contained (in mM) 140 K-gluconate, 5.0 NaCl, 0.1 CaCl,, 1.1 EGTA, 10 HEPES
and 2.0 ATP (Mg?* salt), pH adjusted to 7.3 with KOH. Intracellular signals were amplified
and low pass-filtered at 2 kHz with a patch-clamp amplifier (MultiClamp 700A; Axon
Instruments, Inc., CA, USA). A =10 mV junction potential was determined experimentally;
reported values of potential are corrected values.
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Respiratory-related rhythmic motor activity was recorded from the cut ends of XlIn with a
suction electrode, amplified (x20,000) and band-pass filtered (1 Hz—3 kHz) with an
amplifier (P5 series; Grass Instruments Co., MA, USA). Signals from intracellular recording
and from XlIn were digitized at 10 kHz sampling frequency with DIGIDATA 1322A and
software CLAMPEX 9 (Axon Instruments, Inc.) on a Pentium-based computer. The two
channels of signals were saved as data files for further analyses off-line.

Drug application

Drugs were applied in two different ways: i) bath application, i.e. adding them to the
perfusate. In this way, stable recordings from a respiratory neuron and from XlIn can be
obtained and the drug concentrations for the slice are known and accurate (drugs take effect
in 2-3 min after adding them to the perfusate in our perfusion system); ii) pressure
microinjection into the preB6tC or XII nucleus. In this way, the location of drug action can
be precisely identified. We estimate 1:10 reduction on average in drug concentration from
the injection pipette to the target region (Liu et al., 1990). For microinjection experiments, 5
ul calibrated glass pipette (Drummond Scientific Co. PA, USA) was pulled and the tip was
broken to 6-9 um diameter. The back of the pipette was connected to an air pressure source
of 68—70 kPa. The pipette was mounted on a micromanipulator and advanced into the pre-
B&tC or XII nucleus, 100-200 um below the slice surface. The injection volume was
monitored by the displacement of the fluid meniscus using a microscope with a calibrated
eyepiece reticule. A volume of 10 nl was injected which is estimated to diffuse to a region
approximating the size of the preB&tC within 10 s (Nicholson, 1985). When injecting into
XI1 nucleus, 15 nl was injected. Drugs were dissolved in a pipette solution containing (in
mM) 150 NaCl, 9 KCI, 1.5 CaCl,, 1.0 MgS0O,, 10 HEPES and 30 glucose, pH adjusted to
7.4 with NaOH.

For bath application of cholinergic antagonists, the effects were measured 4—-6 min after
adding them. For bath application of physostigmine, since accumulation of endogenous ACh
takes time if AChEs are inhibited, the effects were measured after 7-9 min. For
microinjection of physostigmine, we measured the effects 1-2 min after injection. The
recordings of the neuronal and XlIn activity immediately prior to drug application served as
controls for each preparation.

(-)-Physostigmine sulfate, DH-B-E hydrobromide and 4-diphenylacetoxy-N-
methylpiperidine methiodide (4-DAMP) were obtained from Sigma-Aldrich Co., MO, USA.

Data analysis

The respiratory-related motor activity recorded from XlIn was digitally integrated by full-
wave rectification and low-pass-filtering at a time constant of 40 ms using a data analysis
software package (DataView V4.1; W. J. Heitler, University of St. Andrews, UK). The
intracellular signal was digitally low-pass-filtered at 1150 Hz except for measuring the
phasic inward current of inspiratory neurons where the intracellular signal was filtered at 20
Hz. Respiratory periods were averaged from 10 consecutive periods in control or drug
application conditions for each preparation and were used in statistical tests. Respiratory
frequency was taken as reciprocal of period. The amplitude (and duration) of inspiratory
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bursts of XlIn and the phasic inward current of inspiratory neurons were measured from the
averaged envelope of five consecutive inspiratory periods triggered by the up-stroke of the
integrated inspiratory XlIIn bursts (DataView 4.1). Durations were measured at 20% of peak
amplitude. Input resistance was measured using 30-50 pA 200 ms hyperpolarizing current
pulses which caused 5-15 mV voltage step response in current-clamp mode. Then, they
were averaged across neurons or preparations and presented as mean+S.D., except as
indicated otherwise. n=Number of cells (for whole cell recording) or preparations (for XlIn
motor output recording) is indicated. For experiments with application of physostigmine,
paired t-tests were used taking the measurements before (pre-drug control) and during
physostigmine application as a pair for each preparation to test the statistical significance of
the response. For experiments with ACh antagonists, we measured electrophysiological
parameters before and during application of antagonists and during physostigmine
+antagonists for each neuron or each slice. One-way repeated measures ANOVA (Neter et
al., 1990) was used to test the statistical significance for drug treatments. Post hoc
comparison analyses based on Tukey were used to determine the significance of differences
between antagonist application vs. control and between physostigmine+antagonists vs.
antagonists. The procedure MIXED in the data analysis software package SAS (V8.2; SAS
Institute Inc., NC, USA) was used for these analyses. In all analyses, P<0.05 was the
criterion for statistical significance.

Spontaneous excitatory postsynaptic current (SEPSC) data were analyzed with DataView
4.1. The program detected SEPSCs during expiratory periods by an optimally scaled-
template recognition algorithm (Clements and Bekkers, 1997). Statistical significance for
difference in rates, i.e. frequency of SEPSCs, was analyzed with a method detailed in Shao
and Feldman (2001). Since the amplitude of SEPSCs is not normally distributed, statistical
significance for difference in SEPSC amplitude distributions was analyzed with
Kolmogorov-Smirnov test (Mini Analysis Program V5; Synaptosoft Co. GA, USA). Rates
and amplitudes of SEPSCs were tested during application of cholinergic agents vs. control
conditions for each neuron.

To determine whether there is endogenous release of ACh in the preB6tC that could affect
breathing, we pressure microinjected physostigmine unilaterally into the preB6tC in the
medullary slice and recorded the respiratory-related motor activity from XlIn.
Microinjection of physostigmine (150 pM, 10 nl) increased the frequency of rhythmic
activity from control of 8.61+2.0 min~1 to 9.90+1.87 min~1 (116+13% of control, n=11; Fig.
1A, D). In addition, rhythmic activity became more regular (the variability of cycle-by-cycle
periods decreased; Fig. 1B). These effects started within 30-40 s, gradually reached
maximum at about 1-2 min following the injection; activity gradually recovered in the
subsequent 10-20 min. These microinjections did not affect the amplitude (11.8+5.6 UV vs.
control 11.9+6.0 uV) and duration (578+178 ms vs. control 589+194 ms) of integrated
inspiratory bursts of X1In motor output (Fig. 1E and F, n=10). The effects on frequency
were the same following ipsilateral or contralateral injections.
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Microinjection of physostigmine (150 uM, 15 nl) into the ipsilateral XII nucleus induced
tonic activity (arrows in Fig. 1A trace four under “Physo”), increased the amplitude of
integrated inspiratory bursts of XlIIn from 11.1+5.0 pV to 13.2+5.3 pV (122+17% of control,
n=9) and duration from 671+205 ms to 769+220 ms (117+£22% of control; Fig. 1A, C, E, F)
with no effect on frequency (7.85+2.19 min~1 vs. control of 7.89+2.42 min~1; Fig. 1A, D).
There was no effect when physostigmine was injected into the contralateral X1l nucleus
(Fig. 1A); this served as a control for injection into the preB&tC and injection into the
ipsilateral XII nucleus.

Effects of physostigmine on preB6tC inspiratory neurons and respiratory-related Xlin
rhythmic activity are similar to those of cholinergic agonists

PreB6tC inspiratory neurons discharge in synchrony with the inspiratory burst activity of
XlIn motor output; a subset of these neurons are hypothesized to generate respiratory
rhythm (Gray et al., 1999; Feldman et al., 2003). To determine the cellular mechanisms
underlying the effects of inhibition of AChEs on respiratory pattern, we patch-clamped
preB6tC inspiratory neurons and simultaneously recorded respiratory-related rhythmic
motor output from XlIn. Bath application of physostigmine (10 pM) induced tonic activity,
increased respiratory frequency from 8.25+1.93 min~1 to 12.45+2.98 min~1 (152+20% of
control, n=11), increased the amplitude from 12.0+8.3 pV to 13.74£8.4 pV (122+25% of
control, n=12) and duration from 4984118 ms to 664+119 ms (136+20% of control) of
integrated inspiratory bursts of XIIn motor output (Fig. 3A, B, D). These effects on the
motor nerve output are consistent with the actions of physostigmine on both the pre-Bo6tC
and XII nucleus. Bath application of physostigmine depolarized preB6tC inspiratory neurons
(Fig. 2A, B). In neurons voltage-clamped at -65 mV, physostigmine: i) induced a tonic
inward current of 6.3+10.6 pA (n=6, Fig. 3A) measured during expiratory periods; ii)
increased the whole-cell membrane noise; iii) decreased the amplitude of inspiratory drive
currents from control of 83.4+58.2 pA to 62.8+40.8 pA (79+16% of control, n=12) without
any consistent effect on the duration (605£111 ms vs. control of 572+154 ms; Fig. 3A, B,
D), and; iv) increased the frequency of SEPSCs during expiratory periods from 3.42+2.85
s71 t0 4.46+3.32 571 (163+103% of control, n=10) without significant change in the
amplitude (control: =23.94£12.3 pA; physostigmine: —23.5+13.3 pA). Statistical analysis for
each neuron, with the assumption that each series of SEPSCs was a Poisson process (see
Experimental Procedures), showed that the increase in frequency was statistically significant
in six of 10 neurons; the frequency did not change in two neurons and decreased in two
neurons. Bath application of physostigmine also decreased the input resistance from
293.1+139.8 M to 202.2+99.3 M (73£22% of control) without affecting the threshold for
action potential generation (control: =54.1+1.5 mV; physostigmine: —55.0+2.7 mV),
suggesting an enhancement of excitability in these neurons. These effects of physostigmine
are similar to that of bath application of the cholinergic agonists muscarine and nicotine
(Shao and Feldman, 2000, 2001), except the responses started and reached their maxima
slower in physostigmine experiments. These effects appeared at 4-6 min and reached their
maxima at 5-7 min following addition of physostigmine into the perfusate (Fig. 2). These
responses slightly desensitized in the continuous presence of physostigmine.
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Effects of AChR antagonists and their actions on physostigmine induced-responses

In the presence of tetrodotoxin (TTX), the inward current induced by exogenously applied
ACh on preB6tC inspiratory neurons can be blocked by 4-DAMP (Shao and Feldman,
2000). The effects of low concentrations of nicotine on preBo6tC inspiratory neurons and on
the pattern of respiratory-related motor activity can be blocked by DH-B-E (Shao and
Feldman, 2002). We tested whether these antagonists can block the effects of endogenously
released ACh when AChEs are inhibited.

Bath application of 4-DAMP (2 uM) did not affect the frequency, amplitude or duration of
integrated inspiratory bursts of XIIn motor output (n=6, Table 1). Subsequent application of
physostigmine (10 pM) increased respiratory frequency to 123+19% of control (n=5)
without consistent changes in amplitude and duration (Table 1, Fig. 4B, C).

Bath application of 4-DAMP increased the input resistance to 116+9% of control without
affecting the action potential threshold of preB6tC inspiratory neurons. In voltage-clamp
mode, 4-DAMP did not alter the amplitude and duration of phasic inspiratory drive currents
(n=7, Fig. 4A, B). There was no significant change in the frequency and amplitude of
SEPSCs (Table 1, Fig. 4C). Subsequent addition of physostigmine in the presence of 4-
DAMP had no significant effect on the amplitude and duration of inspiratory drive currents,
input resistance, action potential threshold, or the frequency and amplitude of SEPSCs (n=5,
Table 1, Fig. 4A-C).

Bath application of DH-B-E (0.2 uM) had no significant effect on the frequency (n=9),
amplitude or duration of integrated inspiratory bursts of XlIn motor output (Table 2).
Subsequent addition of physostigmine (10 uM) increased the amplitude of integrated
inspiratory bursts of XlIn to 116+£25% of control (n=7) without consistent effects on
respiratory frequency and duration (Table 2, Fig. 5A-C).

Bath application of DH-B-E did not alter the amplitude and duration of phasic inspiratory
drive currents (n=7, Fig. 5A, B), nor did it significantly affect the input resistance, action
potential threshold, the frequency and amplitude of SEPSCs (Table 2, Fig. 5C). Subsequent
addition of physostigmine in the presence of DH-B-E had no significant effect on cellular
parameters such as the amplitude and duration of inspiratory drive currents, the input
resistance, action potential threshold, or the frequency and amplitude of SEPSCs (n=7, Table
2, Fig. 5A-C).

Concurrent bath application of 4-DAMP (2 M) and DH-B-E (0.2 uM) had no significant
effect on the frequency (n=7), amplitude, or duration of integrated inspiratory bursts of XlIn
motor output (Table 3). Subsequent addition of physostigmine (10 uM) decreased
respiratory frequency to 84+8% and decreased the amplitude of integrated inspiratory bursts
of XlIn to 85£13% of pre-physostigmine levels (n=7) without any significant change in
duration (Table 3, Fig. 6A-C).

Concurrent bath application 4-DAMP and DH-B-E did not alter the amplitude and duration
of phasic inspiratory drive currents (n=7, Table 3), input resistance, action potential
threshold or the frequency and amplitude of SEP-SCs (Table 3, Fig. 6A-C) in preB6tC
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inspiratory neurons. Subsequent addition of physostigmine had no effect on the amplitude
and duration of inspiratory drive currents, SEPSC frequency and amplitude, input resistance,
or action potential threshold (Table 3, Fig. 6A-C).

DISCUSSION

Microinjection of the anticholinesterase drug physostigmine into the preB6tC increased the
frequency of respiratory-related rhythmic motor nerve activity. Injection into XII nucleus
induced tonic activity, increased the amplitude and duration of the integrated inspiratory
bursts of XlIn, but did not alter the burst frequency. These observations are consistent with
the hypothesis that the preB6tC is an essential site for respiratory rhythm generation (Smith
et al., 1991). These results suggest that there is cholinergic neurotransmission in the preB6tC
and that physiologically relevant levels of ACh release play a role in the regulation of
respiratory frequency. Our data also suggest that cholinergic neurotransmission in XII
nucleus modulates the amplitude and duration of inspiratory burst activity, and the tonic
activity of XlIIn motor output. In patch-clamped preB6tC inspiratory neurons, physostigmine
induced a tonic inward current, increased the membrane noise, decreased the amplitude of
phasic inspiratory drive current, increased the frequency of SEPSCs, and decreased whole
cell input resistance without affecting the threshold for action potential generation. In
addition, bath application of 4-DAMP, which blocks mMAChRs, increased the input
resistance. The effects induced by physostigmine at both the cellular and systems levels are
similar to the responses induced by exogenously applied cholinergic agonists (Shao and
Feldman, 2000, 2001), except for a longer time delay in onset. These results are consistent
with the hypothesis that inhibition of AChEs elevates ACh levels in the synaptic cleft and/or
extracellular fluid in the preB6tC and XII nucleus due to accumulation of endogenously
released ACh. Furthermore, these results suggest the modulation of the excitability of
inspiratory neurons and of excitatory neurotransmission in the preB6tC by endogenous ACh
could underlie cholinergic regulation of respiratory frequency. The frequency effect of bath-
applied physostigmine was partially blocked by 4-DAMP and completely blocked by DH-j3-
E, while the amplitude effect of physostigmine was partially blocked by DH-B-E and
completely blocked by 4-DAMP. In the presence of both 4-DAMP and DH-B-E,
physostigmine induced opposite effects on respiratory frequency and on the amplitude of
integrated inspiratory bursts of XIIn motor output. These results suggest that both mAChRs,
which are sensitive to 4-DAMP, and nAChRs, which are sensitive to DH-B-E, mediate the
effects of endogenous ACh on preB6tC neuronal function and on respiratory pattern. These
results do not exclude the possibility that endogenous ACh also acts on other NAChRS
insensitive to DH-B-E.

In addition to its anticholinesterase action, physostigmine has direct effects on nAChRs. At
low concentrations (1-10 uM), physostigmine acts as a nicotinic allosteric potentiating
ligand on certain subtypes of nAChRs (Pereira et al., 2002). Low concentrations (<10 pM)
of physostigmine potentiate ionic currents induced by low concentrations of ACh but inhibit
ionic currents induced by high concentrations of ACh (Zwart et al., 2000). The effects of
physostigmine on preBo6tC inspiratory neurons and respiratory-related motor pattern we
observed in this study are unlikely to be solely due to the direct actions of physostigmine on
nAChRs because the effects of microinjection of physostigmine take 30-40 s to manifest
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and of bath application take >4 min to manifest (consistent with the time needed for
accumulation of ACh). Under our experimental conditions, we would expect that any direct
effects on AChRs would appear within seconds for microinjection and within 2—3 min for
bath application (Shao and Feldman, 2001). Our study does not rule out the possibility that,
in addition to its anticholinesterase actions, direct actions of physostigmine on ACh
receptors may play a role in the physostigmine effects on inspiratory neurons and respiratory
pattern.

The roles of MAChRs and nAChRs in endogenous cholinergic regulation of respiratory

pattern

Physostigmine reduced the input resistance of preB6tC inspiratory neurons. This could be
due to opening of post-/ extra-synaptic ACh channels and/or indirectly enhancing excitatory
neurotransmission by ACh. Our previous study showed that there are 4-DAMP-sensitive
MAChRSs in pre-BotC inspiratory neurons; in the presence of TTX, local application of ACh
on preBotC inspiratory neurons induces an inward current associated with reduction of input
resistance which can be blocked by 4-DAMP (Shao and Feldman, 2000). In this study, 4-
DAMP alone increased the input resistance of preBotC inspiratory neurons. These data
suggest that 4-DAMP-sensitive mMAChRs on preBotC inspiratory neurons are targets of
endogenous ACh and activation of these receptors modulates the excitability of these
neurons.

In addition, 4-DAMP blocked the effects induced by physostigmine except it reduced, but
did not completely abolish the physostigmine effects on respiratory frequency. These results
are consistent with the observations of Murakoshi et al. (1985) that the frequency increase
induced by exogenously applied ACh in the brainstem—spinal cord preparation can be
greatly reduced, but is not completely abolished by atropine, whereas it can be completely
abolished by a combination of atropine and DH-B-E. Our data suggest that endogenous ACh
modulates the excitability of preBotC inspiratory neurons via M3-like mAChRs on these
neurons; this may be one of the mechanisms underlying cholinergic regulation of respiratory
frequency.

In the presence of DH-B-E, physostigmine altered neither neuronal parameters nor the
frequency of respiratory-related motor activity. These results appear counterintuitive, since
when nAChRs are blocked by DH-B-E, elevated levels of ACh by physostigmine could
activate mAChRs that should induce effects similar to application of mMAChR agonists.
There are two possible interpretations: i) physostigmine may have direct effects on DH-B-E-
insensitive NAChRs that counteract the ACh actions on mAChRs. Physostigmine acts as a
nicotinic allosteric potentiating ligand on a4f32 nAChRs (Pereira et al., 2002). At
concentrations of 10 pM, physostigmine potentiates or depresses ACh-induced activation of
a4f2 and a4p4 nAChRs depending on ACh concentration (Zwart et al., 2000). We consider
this an unlikely interpretation for our results, because a4$2 and a4f4 nAChRs would not be
activated in the presence of DH-B-E; ii) ACh potentiates inhibitory GABAergic and/or
glycinergic neurotransmission via DH-B-E-insensitive receptors. Endogenous ACh, via DH-
B-E-sensitive nAChRs, enhances GABAergic and glycinergic synaptic transmission to
cardiac vagal neurons in the nucleus ambiguus (Wang et al., 2003). Activation of NAChRs
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enhances GABAergic transmission in the dorsal motor nucleus of the vagus and in the
hippocampus (Bertolino et al., 1997; Alkondon et al., 2000; Alkondon and Albuquerque,
2001). We speculate that the frequency effects of ACh via DH-B-E-sensitive nAChRs are
dominant under control conditions. In the presence of DH-f-E, however, the nicotinic
potentiation of GABAergic and/or glycinergic transmission via DH-B-E-insensitive nAChRs
counteracts the excitatory effects of activation of mMAChRs by ACh. Such inhibitory effects
were unmasked when mAChRs were blocked in the conditions of co-application of DH-B-E
and 4-DAMP, resulting in a significant decrease in respiratory frequency observed in the
present study (Fig. 6; Table 3). Monteau et al. (1990) reported that mecamylamine does not
block the frequency effects of exogenously applied ACh in the brainstem—spinal cord
preparation. The inconsistency between these results and our data are probably due to the
non-specific nature of mecamylamine as a nicotinic antagonist (Papke et al., 2001).
Mecamylamine also acts on DH--E-insensitive nAChRs; therefore, the inhibitory effects of
these nAChRs which counteract the effects of activation of mMAChRs are abolished. This
interpretation may also account for the observation that DH-B-E at higher concentrations (5
uM), which may have non-specific effects on other nAChRs (we have shown that DH-B-E at
concentration of 0.2 uM completely blocks the effects of nicotine application on inspiratory
neurons and on respiratory pattern in slice preparations; Shao and Feldman, 2001), does not
reduce the frequency effects of exogenously applied ACh in the brainstem-spinal cord
preparation (Murakoshi et al., 1985). Differences in action sites (synaptic vs. extrasynaptic)
and action kinetics for endogenously released ACh following inhibition of AChEs compared
with exogenously applied ACh without inhibition of AChEs, as well as differences between
preparations (slice vs. en bloc brainstem-spinal cord) may also contribute to the
discrepancies between our data and the results of Murakoshi et al. (1985) and of Monteau et
al. (1990). Consistent with the idea that endogenous ACh potentiates inhibitory GABAergic
and/or glycinergic transmission via DH-B-E-insensitive nAChRs, we observed that
physostigmine in the presence of DH-B-E and 4-DAMP decreased the amplitude of
integrated inspiratory bursts of XlIIn motor output (Fig. 6; Table 3).

In the presence of DH-B-E, physostigmine increased the amplitude of integrated inspiratory
bursts of XlIn (Fig. 5B, C) while 4-DAMP alone completely blocked the amplitude effects
of physostigmine. These data suggest that, in XII motoneurons, ACh effects via mAChRs
are dominant compared with those via nAChRs.

Source of cholinergic projection

Cholinergic neurons in the pedunculopontine tegmentum and the laterodorsal pontine
tegmentum (PPT/LDT), one of the two main cholinergic projection systems in the brain,
have descending projections to the medullary reticular nuclei and the lateral reticular
nucleus (Woolf and Butcher, 1989; Jones, 1990; Woolf, 1991), and probably also to the
preBo6tC and XII nucleus. If this is the case, although our slice preparation does not contain
the PTT/LDT, the remaining axons or terminals can still release ACh in the preB6tC and XII
nucleus as synaptic terminals and boutons can release neurotransmitters after they are
isolated from cell bodies (Haage et al., 1998; Akaike and Moor-house, 2003). ACh may also
be released from cholinergic neurons present locally in the rostral ventrolateral medulla
(Jones, 1990; Ruggiero et al., 1990).
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Synaptic/volume transmission and pre-or post-synaptic modulation

Since cholinergic EPSCs have not been observed in pre-B6tC neurons and since the phasic
inspiratory drive current as well as SEPSCs recorded from preBotC inspiratory neurons can
be completely abolished by CNQX (Shao and Feldman, 2001), the effects of endogenous
ACh are probably modulatory through pre-, post- and/or extra-synaptic mechanisms. We
have determined that activation of M3-like mMAChRs at post- and/or extra-synaptic sites of
pre-BotC inspiratory neurons modulates their excitability and regulates respiratory-related
motor activity from XlIn (Shao and Feldman, 2000). Endogenously released ACh may also
act on other mAChR subtypes pre-synaptically and contribute to modulation of synaptic
transmission onto pre-B6tC neurons. In addition to classic synaptic transmission
mechanisms, cholinergic modulation of respiratory frequency and pattern in the preBotC
and XII nucleus may act via mechanisms of volume transmission (Zoli et al., 1999).
Cholinergic synaptic mechanisms such as pre-, post-, extra-synaptic, pre-terminal and/or
volume transmission underlying respiratory regulation in the preB6tC remain to be
elucidated.

Cholinergic transmission in Xll nucleus

Although this investigation primarily focused on endogenous cholinergic neurotransmission
in the preBotC, by microinjection of physostigmine into X1l nucleus, we found that
endogenous ACh release in the preBo6tC and in XII nucleus play differential roles in
respiratory regulation. The cholinergic mechanisms in XII nucleus have their own
physiological and pathological significance. Reduction of tonic and phasic activity of upper
airway dilatory muscles during sleep can result in airway collapse leading to obstructive
sleep apnea (Remmers et al., 1978; Horner et al., 2002). XII nuclei innervate tongue muscles
(Aldes, 1995; Dobbins and Feldman, 1995) and play an important role in maintaining upper
airway patency (Fuller et al., 1999). XII nuclei receive cholinergic inputs. The terminals
which make synaptic contact with X1 motoneurons contain both AChEs and choline
acetyltransferase (Lewis and Shute, 1966; Connaughton et al., 1986; Arvidsson et al., 1997)
that provide anatomical substrates for the electrophysiological findings in this study. The
origin of these cholinergic terminals is probably the PPT/LDT (Woolf and Butcher, 1989),
while medullary cholinergic neurons, e.g. neurons in medial reticular formation and lateral
reticular nucleus, may also contribute (Lauterborn et al., 1993; Holmes et al., 1994).
nAChRs are present on XII motoneurons and activation of nAChRs excites these neurons
(Chamberlin et al., 2002; Robinson et al., 2002). Activation of presynaptic M2 mAChRs
modulates excitatory amino-acid transmission onto XII motoneurons (Bellingham and
Berger, 1996). In this study, we show that there is endogenous ACh release within X11
nucleus that enhances the tonic activity and the amplitude and duration of inspiratory bursts
of XlIIn motor output. The endogenous ACh probably modulates the excitability of XII
motoneurons via nNAChRs and mAChRs. This may be an important mechanism underlying
the clinical therapeutic effects of physostigmine on sleep apnea (Hedner et al., 2003).

Organophosphorus compounds, including nerve agents, are inhibitors of AChE; central
respiratory arrest is a contributory cause of death during acute organophosphate intoxication
(Adams et al., 1976; Rickett et al., 1986; Holstege et al., 1997). Unlike the peripheral
cholinergic mechanisms, the central mechanisms underlying respiratory failure caused by
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organophosphates are poorly understood. Since endogenously released ACh in the preBotC
and in XII nucleus plays different functional roles in modulation of respiratory frequency
and pattern as shown in this study, we postulate that accumulation of ACh in the preBo6tC,
XI1I nucleus and probably other respiratory motoneuron groups, e.g. the phrenic nucleus,
contributes differentially to respiratory arrest during acute organophosphate poisoning.
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Abbreviations

ACh acetylcholine

AChEs acetylcholinesterases

ACSF artificial cerebrospinal fluid

DH-B-E dihydro-B-erythroidine

LDT laterodorsal pontine tegmentum

mAChR muscarinic acetylcholine receptor

NAChR nicotinic acetylcholine receptor

PPT pedunculopontine tegmentum

preBotC preBotzinger complex

SEPSC spontaneous excitatory postsynaptic current

TTX tetrodotoxin

XII nucleus the hypoglossal nucleus

XlIn the hypoglossal nerve roots

4-DAMP 4-diphenylacetoxy-N-methylpiperidine methiodide
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0
preBotC XII nu

Pressure microinjection of Physo (150 uM, 10 nl) into the preB6tC increased frequency of

integrated rhythmic activity of hypoglossal nerve (/X1In) while injection into XII nu

induced tonic activity, increased amplitude and duration of integrated inspiratory bursts of

XlIn. (A) Traces 1-4 indicate injections into the ipsilateral preB6tC (1), contralateral

preBo6tC (2), contralateral XI1 nu (3) and ipsilateral XII nu (4). The injection pipettes were

inserted 100-200 um below the surface of the slice. “Control” traces were prior to, and
“Physo” traces were at least 1 min after Physo injection. Arrowheads on trace 4 indicate

tonic activity. Traces 1, 2, 3 and 4 were from different preparations. (B) Physo injection into

the preBotC decreased respiratory cycle periods and variability of the periods. Arrow
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indicates the time of injection. The data were from the same preparation as trace 2 in panel
A. (C) Physo injection into ipsilateral XII nu increased the amplitude of integrated
inspiratory bursts of XlIn. Arrow indicates the time of injection. Summaries of the Physo
effects on respiratory frequency (D), amplitude (E) and duration (F) of integrated inspiratory
bursts of XlIn (mean£S.E.). Respiratory frequency was determined as the reciprocal of the
average of 10 consecutive respiratory periods for each condition. The amplitude and
duration were determined with averaged envelope of five consecutive inspiratory bursts for
each condition. * Statistical significance of Physo injection vs. control condition (paired t-
test). Numbers of preparations (n) for every experiment are indicated in the text of Results
section.
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Fig. 2.
(A) Bath application of Physo (10 uM) depolarized preB6tC inspiratory neurons in current-

clamp mode. (B) Effects of Physo on an extended time scale; a and b correspond to the
labeled times a and b in panel A.

Amp, amplitude of integrated inspiratory bursts; Anta, 4-DAMP+DH-B-E; Ctrl, control; Frq,
respiratory frequency; Im, membrane current; Input R, input resistance; Insp Amp,
inspiratory drive current amplitude; Physo, physostigmine; SEPSC Amp, SEPSC amplitude;
SEPSC Frq, sEPSC frequency; Vm, membrane voltage; XII nu, the hypoglossal nucleus;
XlIn, the hypoglossal nerve roots; [XIIn, integrated XlIn activity
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Fig. 3.

Bsth application of Physo (10 uM) induced a tonic inward current, increased membrane
noise, decreased the amplitude of phasic inspiratory drive current, increased the frequency
of SEPSCs and decreased the input resistance in preB6tC inspiratory neurons. Physo also
increased respiratory frequency, the amplitude and duration of integrated inspiratory bursts
of hypoglossal nerve. (A) Im, membrane current of inspiratory neuron voltage-clamped at
—-65 mV. (B) Phasic inspiratory drive current of an inspiratory neuron voltage-clamped at
—-65 mV in Ctrl and Physo conditions. Each trace was an average of five consecutive
inspiratory periods triggered by the upstroke of the integrated inspiratory bursts from XlIn
and the Im trace was low-pass filtered at 20 Hz. (C) SEPSCs during expiratory periods on an
extended time scale; a and b correspond to the times labeled a and b in panel A. (D)
Summary of the effects of Physo on XlIIn rhythmic activity and on inspiratory neurons
(meanzS.E.). The parameters of XlIn rhythmic activity include Frq, Amp and duration of
integrated inspiratory bursts. The parameters of inspiratory neurons include Insp Amp and
duration, Input R, SEPSC Frqg and SEPSC Amp. * Statistical significance during Physo
application vs. pre-Physo control (paired t-test). Numbers of neurons (n) for every
experiment are indicated in the text of Results section.
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Fig. 4.

B:th application of 4-DAMP (2 uM) partially blocked the effects of Physo (10 uM). Physo
increased Frq in the presence of 4-DAMP. (A) Im: membrane current from a voltage-
clamped (=65 mV) inspiratory neuron. (B) Phasic inspiratory drive current of an inspiratory
neuron voltage-clamped at =65 mV in control (Ctrl), 4-DAMP and 4-DAMP+Physo
conditions. Each trace was an average of five consecutive inspiratory periods triggered by
the upstroke of the integrated inspiratory bursts from XlIn and the Im trace was low-pass
filtered at 20 Hz. (C) Summary of the effects of 4-DAMP, 4-DAMP+Physo on XlIn
rhythmic activity and on inspiratory neurons (mean+S.E.). * Statistical significance during
4-DAMP application vs. pre-drug control. T Statistical significance during Physo application
in the presence of 4-DAMP vs. 4-DAMP only conditions (one-way repeated measures
ANOVA followed by post hoc comparison analyses based on Tukey). Numbers of neurons
(n) for every experiment are indicated in the text of Results section.
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Fig. 5.

Bgth application of DH-B-E (0.2 uM) partially blocked the effects of Physo (10 uM). Physo
increased the amplitude of integrated inspiratory bursts of XlIn in the presence of DH-B-E.
(A) Im:membrane current from a voltage-clamped (-65 mV) inspiratory neurons. (B) Phasic
inspiratory drive current of an inspiratory neuron voltage-clamped at =65 mV in control
(Ctrl), DH-B-E and DH-B-E+Physo conditions. Each trace is an average of five consecutive
inspiratory periods triggered by the upstroke of the integrated inspiratory bursts from XlIn
and the Im trace was low-pass filtered at 20 Hz. (C) Summary of the effects of DH-B-E, DH-
B-E+Physo on [X1In and on inspiratory neuron. T Statistical significance during Physo
application in the presence of DH-B-E vs. DH-B-E only conditions (one-way repeated
measures ANOVA followed by post hoc comparison analyses based on Tukey). Numbers of
neurons (n) for every experiment are indicated in the text of Results section.
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Fig. 6.

B:th application of 4-DAMP (2 uM) together with DH-B-E (0.2 uM) completely blocked the
effects of Physo (10 pM). In the presence of antagonists 4-DAMP + DH-B-E (Anta), Physo
decreased frequency and amplitude of respiratory-related rhythmic XIIn motor output. (A)
Im: membrane current from a voltage-clamped (—65 mV) inspiratory neuron. (B) Phasic
inspiratory drive current of an inspiratory neuron voltage-clamped at —65 mV in Ctrl, Anta
and Anta +Physo conditions. Each trace is an average of five consecutive inspiratory periods
triggered by the upstroke of the integrated inspiratory bursts from XlIn and the Im trace was
low-pass filtered at 20 Hz. (C) Summary of the effects of Anta, Anta +Physo on XlIn
rhythmic activity and on inspiratory neurons. T Statistical significance during Physo
application in the presence of 4-DAMP and DH-B-E vs. Anta conditions (one-way repeated
measures ANOVA followed by post hoc comparison analyses based on Tukey). Numbers of
neurons (n) for every experiment are indicated in the text of Results section.
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Table 1

Effects of 4-DAMP and its actions on the physostigmine-induced responses@

Control 4-DAMP 4-DAMP+ physostigmine

XlIn rhythmic activity

Frequency, min~t 7.03+1.05 6.87+0.57 8.40+2.07

Insp. amplitude (integrated), pV 22.0+11.6 21.8+11.7 20.9+12.4

Insp. duration, ms 519+101 483196 504+111
preBotC neurons

Insp. drive current amplitude, pA  -56.0+41.9 -56.4+44.3 -69.4+£51.0

Insp. drive current duration, ms 667+217 699+246 542+124

Input resistance, MQ 260.6£118.7  997.4+128.7" 292.4+175.1

Action potential threshold, mV -53.7£3.2 -54.1+3.6 -54.0£3.9

SEPSC frequency, st 3.04+1.67 3.05+£1.50 3.04+1.41

SEPSC amplitude, pA -18.3+6.92 -19.7+7.77 -20.9+8.07

Page 23

Input resistance was measured using 30-50 pA 200 ms hyperpolarizing current pulses which caused 5-15 mV voltage step response. The frequency
of SEPSCs is the number of SEPSCs divided by total expiration time during approximately 1-2 min recording time. Please refer to the Experimental
Procedures and Results sections for the statistical tests for frequency and amplitude of SEPSCs. Numbers of neurons (n) for every experiment are

indicated in the text of Results.

a\/alues are means%S.D. Respiratory frequency was taken as the reciprocal of the average of 10 consecutive respiratory periods in each condition
for each preparation and was averaged across preparations. Inspiratory amplitude, duration, phasic inspiratory drive current amplitude and duration
were measured from the averaged envelope of five consecutive inspiratory periods triggered by the upstroke of the integrated inspiratory bursts
from XlIn for each condition. Durations were measured at 20% of peak amplitude.

*
Statistically significant difference between 4-DAMP (2 uM) application vs. control conditions.

TStatistically significant difference between 10 uM physostigmine application in the presence of 4-DAMP vs. 4-DAMP alone conditions.
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Table 2

Effects of DH-B-E and its actions on the physostigmine-induced responses?

Control DH-8-E DH-B-E+ physostigmine

XlIn rhythmic activity

Frequency, min~! 7.72+2.16 7.57+2.17 7.01+1.44

Insp. amplitude (integrated), pvV 20.9+13.0 20.7+13.2 28.2+20.0T

Insp. duration, ms 525+119 517+131 513+121
preBotC neurons

Insp. drive current amplitude, pA  —62.5+46.4  —62.7+43.2 —69.6+54.8

Insp. drive current duration, ms 691+140 717+154 646+120

Input resistance, MQ 294.9+132.0 306.7+172.4 273.6+138.7

Action potential threshold, mV -51.9+3.4 -52.5+3.8 -53.4+4 .4

SEPSC frequency, st 2.75+1.40 2.83+1.86 3.29+3.10

SEPSC amplitude, pA -12.5+2.6 -11.9+3.6 -12.5+5.7

aValues are means%S.D.
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TStaltistically significant difference between 10 pM physostigmine application in the presence of DH-B-E (0.2 uM) vs. DH-B-E alone conditions.
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Effects of 4-DAMP together with DH-B-E and their actions on the physostigmine-induced responses?

Table 3

Control 4-DAMP and DH-B-E  4-DAMP and DH--E+ physostigmine

XlIn rhythmic activity

Frequency, min~! 7.76+2.86 7.36+2.63 6.17+2.167

Insp. amplitude (integrated), pV 18.448.3 18.5+7.9 15.8+7.97

Insp. duration, ms 595+207 548+123 587+184
preBotC neurons

Insp. drive current amplitude, pA  -34.6+18.4 -36.3+27.5 -33.5+22.7

Insp. drive current duration, ms 775+105 746+115 755+129

Input resistance, MQ 248.9+101.3 235.0+41.6 243.1+27.9

Action potential threshold, mV -52.9+5.14 -51.3+6.43 -52.2+6.94

SEPSC frequency, st 3.17£2.0 3.22+2.87 3.01+2.84

SEPSC amplitude, pA -16.78+6.53 -16.23+6.74 -15.39+7.24

a\/alues are means%S.D.
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TStr;\tisticaﬂly significant difference between 10 UM physostigmine application in the presence of 4-DAMP (2 uM) and DH-B-E (0.2 uM) vs. 4-

DAMP and DH-B-E conditions.
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