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SUMMARY

1. The electrophysiological characteristics of intramural neurones from the
paratracheal ganglia of 14- to 18-day-old rats were studied in vitro using intracellular,
single-electrode current- and voltage-clamp techniques.

2. Resting membrane potentials ranged between -50 and -73 mV. In 50-60%
of all neurones, random and occasionally patterned bursts of spontaneous, fast
synaptic potentials were observed. In all cases, superfusion with either hexa-
methonium (100,UM), or Ca2+-free, high-magnesium-containing solutions abolished
all synaptic activity.

3. Two distinct patterns of spike discharge were observed in response to prolonged
intrasomal current injection. Most cells (65-75%) fired rhythmic, high-frequency
(50-90 Hz) bursts of action potentials, with interburst intervals of between 300 and
500 ms, throughout the period of current stimulation. A further 10-15% of cells fired
tonically at low frequencies (10-15 Hz) for the duration of the applied stimulus. In
both cell types, trains of action potentials were followed by a pronounced calcium-
dependent after-hyperpolarization which persisted for up to 3 s. The magnitude
of the after-hyperpolarization following a single spike in tonic-firing cells was
considerably larger than in burst-firing cells. Both the action potential and the after-
hyperpolarization in all cells displayed a calcium-dependent, tetrodotoxin-resistant
component which was abolished by the removal of extracellular calcium.

4. The spike after-hyperpolarization resulted from activation of an outward
calcium-dependent potassium current which reversed at - 86 5 mV. This value was
shifted by 63-6 mV for a 10-fold increase in extracellular potassium concentration.

5. All of the cells studied exhibited marked outward rectification when
depolarized. This resulted from activation of a time- and voltage-dependent M-
current. The slow inward current relaxations associated with the M-current became
faster at more negative potentials and reversed around -85 mV. Raising the
extracellular potassium concentration shifted the reversal potential for the current
relaxations to more depolarized potentials in a manner predicted by the Nernst
equation for a current carried by potassium ions. Both the outward current at
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depolarized potentials and the slow current relaxations were potently inhibited by
extracellular BaCl2 (1 mM) but were unaffected by CsCl (1-3 mM).

6. Inward rectification at hyperpolarized potentials was a characteristic of all
cells. Membrane hyperpolarization revealed inward rectification in the 'instan-
taneous' current-voltage relationship at membrane potentials greater than
-80 mV. In addition, cells also exhibited slow inward current relaxations (which did
not show reversal at -85 mV) that became faster at hyperpolarized potentials, and
resulted in inward rectification in the steady-state current-voltage relationship
between -60 and - 120 mV. The current underlying the observed relaxations
showed voltage-dependent activation which became maximal at around - 100 mV.
The fast 'instantaneously' rectifying current was potently inhibited by extracellular
CsCl (1 mM) and BaCl2 (1 mM). In contrast, the slowly developing inwardly relaxing
current was potently inhibited by CsCl (1 mM), but was largely resistant to BaCl2
(1 mM). In the presence of CsCl (1 mM) and BaCl2 (1 mM), the input resistance of
paratracheal neurones was greatly increased and the current-voltage relationship
became almost linear between -45 and - 120 mV.

7. The roles played by the different membrane currents in the control of
excitability of paratracheal neurones and the possible role of intrinsic synapses
between ganglion cells are discussed.

INTRODUCTION

The existence of an extensive network of nerve fibres and large numbers of small
ganglia in the walls of the trachea was first described by Landois (1885). Although
there have subsequently been many studies of the extrinsic innervation of the
trachea (e.g. Elfman, 1943; Honjin, 1954, 1956; Fisher, 1964; Pack, Al-Ugaily &
Widdicombe, 1984), little direct evidence has been gathered to determine the role
played by the intramural tracheal ganglia. The ganglia are concentrated along the
posterior wall of the trachea, opposite the intervals between the cartilage rings, and
make up part of an extensive plexus of nerve fibres. Branches from this network send
fibres to the tracheal mucous glands, into the trachealis muscle, and also contribute
to the fine plexuses accompanying the tracheal vessels (Larsell, 1922; Smith &
Taylor, 1971).

Ultrastructural studies of ganglia from both the mouse and guinea-pig trachea
have revealed that there are large differences in the sizes of tracheal neurones from
the same animal, and it has been suggested that this may indicate the presence of
more than one neuronal population (Baluk, Fujiwara & Matsuda, 1985; Chiang &
Gabella, 1986). In addition, direct visualization of ferret and rat paratracheal
ganglia, using acetyleholinesterase histochemistry, has revealed that there are also
regional variations in the numbers and size of neurones making up these ganglia
(Baker, McDonald, Basbaum & Mitchell, 1986; Baluk & Gabella, 1989).

Neural control of tracheobronchial function involves not only the classical
cholinergic and adrenergic systems, but it also incorporates pathways which are
neither adrenergic nor cholinergic (NANC) (Coburn & Tomita, 1973; Coleman & Levy,
1974; Richardson & Bouchard, 1975; Richardson & Beland, 1976; Diamond &
O'Donnell, 1980). Evidence for the involvement of intramural neurones in NANC
innervation has come from studies of the cat and guinea-pig trachea, where the
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NANC component of bronchodilatation evoked by stimulation of the preganglionic
vagal nerves is blocked by hexamethonium, but is unaffected by either adrenergic or
muscarinic receptor blockade (Diamond & O'Donnell, 1980; Yip, Palombini &
Coburn, 1981). A prime candidate for the mediation of part, if not all, of the NANC
response is vasoactive intestinal polypeptide, which has been localized in intrinsic
tracheal ganglion cells (Uddman, Alumets, Densert, Halkanson & Sundler, 1978; Dey,
Shannon & Said, 1981). Other peptides present within and around intrinsic ganglia
have also been shown to alter a number of aspects of tracheal function (for review see
Lundberg & Saria, 1987). In general, however, the mechanisms by which these
actions are mediated remain largely unknown.
To date, there have been relatively few direct electrophysiological studies of the

neurones from the intrinsic paratracheal ganglia. The majority of these have been
carried out on ferret ganglia, where 30-40% of the neurones reside within two
superficial ganglionated chains, which run along the posterior wall of the trachealis
muscle. In the first intracellular studies of these neurones, two cell types were
reported. One type, termed AH cells, displayed pronounced spike after-hyper-
polarizations, whereas a second cell type, B cells, exhibited no somal spikes, but
displayed slow inhibitory and excitatory postsynaptic potentials (EPSPs) in response
to preganglionic stimulation (Cameron & Coburn, 1984). Subsequent studies of ferret
ganglia in general concur with these early findings (Baker, 1986; Baker et al. 1986;
Coburn & Kalia, 1986). However, Baker and his colleagues have reported an
additional type of cell capable of firing damped trains of action potentials in response
to prolonged intrasomal current injection (Baker et al. 1986). In an in vivo study of
the cat, spike discharge in paratracheal neurones has been shown to parallel activity
in the phrenic nerve (Mitchell, Herbert, Baker & Basbaum, 1987), with different
populations of cells being distinguished by whether they fired with either an
inspiratory or expiratory rhythm.
We have recently developed a preparation that permits us to visualize directly,

and record from, intact intramural paratracheal neurones present in the trachealis
muscle of the rat. In the present study, we have investigated the firing characteristics
and the currents responsible for the control of excitability in these cells. The possible
implications of these findings to our understanding of the role of the intrinsic ganglia
in the control of airway function are discussed.

METHODS

All experiments were performed on 14- to 18-day-old Sprague-Dawley rat pups from both sexes.
Animals were stunned and then killed by cervical dislocation. The trachea between the base of the
larynx and the bifurcation of the left and right bronchi was removed, cut mid-line along the length
of its ventral surface and pinned out onto a small block of Sylgard (Dow Corning). The Sylgard
block bearing the trachea was pre-bonded to a glass slide which formed the base of a Perspex
recording chamber. The assembled chamber was then clamped to the stage of a Zeiss Ergoval
microscope equipped with modulation contrast optics giving 320- and 640-fold magnification. The
preparation was perfused at a rate of 6 ml/min with Krebs solution maintained at 33-34 °C using
a remote thermostatically controlled heating coil. The Krebs solution was of the following
composition (mM): NaCl, 112; KCl, 4-7; MgCI2, 1-2; NaH2PO4, 1-2; CaCl2, 2-5; NaHCO3, 25;
glucose, 11; gassed with 95% 02-5% CO2-
Impalements were made using electrodes with DC resistances between 90 and 130 MIQ.

containing 2 M-potassium citrate solution (pH 7 3). In order to aid the placement of electrodes and
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impalement of neurones, the final 3-6 mm of the electrodes were bent through an angle of 60 deg
prior to filling. Discontinuous single-electrode voltage- and current-clamp recordings were made
using an amplifier with a 30% current duty cycle (Axoclamp-2A) using a sampling frequency, of
3-5 kHz.
When constructing current-voltage relationships, the values for the 'instantaneous' currents

could not be measured directly, due to the presence of transient currents at the start of the voltage
command. Estimation of the 'instantaneous' current flow was made by extrapolating the current
measured after all transients had decayed back to time zero.
The limited frequency response obtainable when combining the discontinuous voltage-clamp

technique with the use of high-resistance microelectrodes prevented adequate clamping of rapid
currents such as those underlying the action potential. In order to overcome this problem when
studying the current underlying the prolonged spike after-hyperpolarization, a 'hybrid' type of
voltage-clamp technique was utilized. This entailed briefly switching the recording amplifier from
voltage-clamp to 'bridge' mode. In 'bridge' mode, trains of action potentials were generated by
passing brief intrasomal current pulses (5-15 ms) of sufficient intensity to elicit action potential
discharge. At the end of the period of stimulation the amplifier was then switched back into
voltage-clamp mode to permit measurement of the evoked slow post-spike currents. Action
potential discharge was elicited using a brief series, rather than prolonged current pulses, as this
minimized the activation of slow time-dependent currents. In addition, this was found to be a
better method for inducing a consistent action potential discharge when the cells were superfused
with solutions of different ionic composition.

Data were either stored on tape for future analysis (Racal Store 4DS) or displayed using a
Tektronix storage oscilloscope (model D13) and a Gould pressure ink recorder (model 22005).
Numerical data are expressed as mean + S. E.M.

Ionic substitution
In order to maintain Donnan equilibrium as well as osmolarity, solutions containing elevated

potassium were made by substituting potassium sulphate and sodium gluconate for sodium
chloride. Low-calcium-containing solutions were made by direct substitution with magnesium.

Drugs
4-Aminopyridine, barium chloride, cadmium chloride, caesium chloride and tetrodotoxin (TTX)

were obtained from Sigma.

RESULTS

Recordings were made from more than 150 paratracheal neurones from
Sprague-Dawley rat pups aged between 14 and 18 days. Resting membrane
potentials recorded after an initial settling period were between -50 and -73 mV
(mean -571 +0 73 mV, n = 68).

Spontaneous synaptic activity
Approximately 50-60% of all neurones displayed spontaneous fast synaptic

potentials (see Fig. 1 A). In general, these potentials were small, ranging in
amplitude from 3 to 10 mV, but occasionally large potentials leading to spike
discharge were also observed. The amount of spontaneous synaptic activity varied
considerably from one cell to another and, in general, appeared to be random in
nature. However, a distinct pattern to the synaptic activity was occasionally seen,
with a small burst of synaptic potentials being observed at regular intervals (see
Fig. 1B). In all cases, hexamethonium (100 fM) or 0 Ca2+, 3-2 mM-Mg2+ solutions,
abolished all spontaneous synaptic activity. TTX (0Y3-1 JtM) reduced, though never
totally abolished, the observed spontaneous synaptic activity, displaying a greater
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Fig. 1. Spontaneous synaptic potentials recorded from paratracheal neuroses. A, random
spontaneous fast EPSPs in a tonic-firing neurone. Synaptic activity was greatly reduced
in the presence of TTX (330 nm, middle panel) and totally abolished in the presence of
hexamethonium (100 /tM, lower panel). Resting membrane potential -57 mV. B, another
cell where the spontaneous synaptic activity consisted of small bursts of six fast synaptic
potentials which repeated every 3-5 s. At resting membrane potential (-52 mV, a) the
cell was only stimulated to fire in response to the largest of the synaptic potentials. When
the cell was depolarized using intrasomal current injection, an increase in the frequency
of spike discharge could be elicited (b). Hyperpolarization of the cell away from firing
threshold led to inhibition of spike discharge and an increase in the amplitudes of the
synaptic potentials (c). Note: action potentials were attenuated by the pen recorder.

potency in inhibiting the larger synaptic potentials. This indicates that at least some
of the observed synaptic activity may be action-potential evoked.

Current firing characteristics
On the basis of the responses to intrasomal current injection, two patterns of

neuronal firing were observed. These did not represent clearly distinct neuronal
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subpopulations, rather they were the two extreme types of behaviour observed in the
present study. At one extreme, and the most frequently observed characteristic
(65-75% of cells), was burst-firing activity in response to prolonged intrasomal
current injection. Typically, when stimulated at low current intensities (50-100 pA),
these cells would only fire at the onset of current injection (see Fig. 2A). When the
stimulating current was increased (100-300 pA), the cell would start to fire short,
high-frequency bursts of action potentials for the period of stimulation (see Fig. 2B).
Firing frequencies within these bursts were generally high (50-90 Hz) with an
interburst interval of between 300 and 500 ms. Further increasing the stimulating
current acted to prolong the duration of these bursts and also decreased the
interburst interval (see Fig. 2C). At high current intensities (500-800 pA) the bursts
would merge and the cell would fire tonically, at high frequencies, for the duration
of current stimulation (see Fig. 2D). The long trains of action potentials generated
in this way were invariably followed by a pronounced after-hyperpolarization, with
an amplitude of between 10 and 20 mV, which persisted for up to 3 s (see Fig. 2D).
The other type of extreme firing characteristic seen in paratracheal neurones

occurred in about 10-15% of the cells studied. These cells characteristically
displayed longer after-hyperpolarization than the burst-firing cells (see later). In
response to prolonged intrasomal current injection (50-100 pA), these cells again
only fired at the start of current injection (see Fig. 2E). However, slightly raising the
current intensity evoked tonic firing that was of a low frequency (1-5 Hz) and was
not preceded by burst-firing behaviour (see Fig. 2F). Higher stimulating currents
(500-1000 pA) increased firing rate to a maximum of between 10 and 15 Hz (see Fig.
2 G and H). Following a period of prolonged firing in these cells, there was a prolonged
after-hyperpolarization. However, this was usually considerably shorter than that
observed following periods of firing in cells displaying bursting characteristics (see
Fig. 2H).
Between these two extreme types of behaviour a number of cells responded with

weak burst-firing behaviour, and had intermediate firing rates and after-hyper-
polarization durations.

Sodium and calcium dependence of action potentials
The action potentials and after-hyperpolarizations of both burst- and tonic-firing

paratracheal neurones exhibited a TTX-resistant component. In the presence of
TTX (0 3-1 aM) the action potential amplitude was reduced, revealing a smaller,
more slowly rising, TTX-resistant spike (see Fig. 3A). The after-hyperpolarization
was largely unaffected by TTX (see Fig. 3B).

Superfusion with a mixture of TTX and 0 Ca2+, high-Mg2+ solutions reversibly
abolished both the remaining action potential and also the subsequent after-
hyperpolarization (see Fig. 3A and B).

Current-voltage relationships
All of the paratracheal neurones studied displayed a characteristic sigmoidal

current-voltage relationship. This resulted from the presence of an outward M-
current activated by depolarization and of inward rectifier currents activated when
the cell was hyperpolarized from resting potential.
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M-current
Activation of this current resulted in marked outward rectification in the steady-

state current-voltage relationship at membrane potentials less than -60 mV. This
non-inactivating current displayed slow time- and voltage-dependent activation,

A1 E

BF

C G

D H . j.

30 mV
is

Fig. 2. The firing characteristics of paratracheal neurones stimulated by prolonged
intrasomal current injection of increasing intensities. The traces in the left-hand column,
A-D, were recorded from a burst-firing neurone. A, stimulation with low current
intensities (150 pA, 5 s) only elicited firing at the onset of current injection. B, increasing
the current intensity to 300 pA induced the cell to fire short high-frequency bursts of
action potentials for the duration of current stimulation. C, further increasing the
stimulating current to 500 pA increased the duration of these bursts and slightly
decreased the interburst interval. D, at high current intensities (800 pA) the bursts of
firing fused and the cell started to fire tonically at high frequencies for the duration of the
stimulus. Trains of action potentials generated in this way were invariably followed by a
prolonged after-hyperpolarization which persisted for up to 3 s and ranged in amplitude
between 10 and 20 mV. Records E-H were obtained under similar conditions from a non-
burst-firing cell. E, at low current intensities the cell again only fired at the start of the
stimulus. Note the long spike after-hyperpolarization as compared to the cell in A. F.
increasing the stimulus current induced low-frequency multiple firing. Further increases
in stimulus intensity, records G and H, produced an increase in this discharge but never
to the levels seen in the burst-firing neurones.

which resulted in a sag in the voltage response to depolarizing current injection and
an overshoot and slow relaxation back to resting potential at the offset of current
injection. To study this current, neurones were voltage clamped at a depolarized
membrane potential of between -25 and -30 mV and subjected to a series of
increasing amplitude hyperpolarizing steps (0-5-1 s, -10 mV increments). At the
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Fig. 3. Sodium and calcium dependence of the action potential (column A) and spike after-
hyperpolarization (column B) in paratracheal neurones. A a and Ba, control spike and
after-hyperpolarization. In the presence of TTX (0 3-1 JM) the amplitude of the action
potential was reduced but not abolished. By slightly raising the intensity of the
stimulating current an improvement in the amplitude of the TTX-resistant spike could
frequently be achieved (see A b). Under these conditions the spike after-hyperpolarization
was observed to be largely unaffected by TTX (see Bb). A c and Bc, superfusion with Ca2l-
free and 03-1 /tM-TTX-containing solutions abolished both the TTX-resistant action
potential and the spike after-hyperpolarization. A d and Bd, wash.

start of each voltage command, there was a near-instantaneous current step, which
was then followed by a much slower inward current relaxation. Upon repolarization
to -25 mV at the end of the voltage step, a similar sequence of 'instantaneous'
and slow outward currents was observed.
The slow inward current relaxations initiated by hyperpolarizing steps were found

to fit a single exponential and the rate of relaxation increased markedly at more
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hyperpolarized potentials (see Fig. 40). The mean time constant for the relaxations
(from a holding potential of -30 mV) at -40, -50 and -60 mV calculated for four
separate cells was 86-5 + 4 3, 67-2 + 3-8 and 49-7 + 2 8 ms, respectively.
With hyperpolarizing steps of increasing amplitude, the size of the slow inward

current relaxation first decreased, nulled, then at sufficiently hyperpolarized
potentials reversed to become a slow outward current relaxation (see Fig. 4B). In
cells with little slow inward rectification (or in cells where this current was inhibited
by extracellular caesium ions; see later), the reversal potential for the M-current
relaxation could be estimated from the point of intersection of the 'instantaneous'
and steady-state current-voltage curves (see Fig. 4B). The mean null/reversal
potentials for the current in control (4-7 mM) and elevated (20 mM) extracellular
potassium-containing solutions were - 85-1 + 0-69 mV (n = 9) and -44-7 + 116 mV
(n = 5), respectively. This shift of approximately 40 mV in the equilibrium potential
for the M-current agrees well with that predicted from the Nernst equation for a
current carried exclusively by potassium ions.

Inhibition of the M-current
The effects of extracellular caesium and barium ions on the outward rectification

and M-current relaxations were studied. Steady-state current-voltage curves were
constructed under control conditions and in the presence of caesium and barium ions
(using the same protocol as detailed in the previous section). Caesium chloride
(1-3 mM) greatly reduced inward rectification (see later), while the outward rectifi-
cation remained almost totally unaffected (see Fig. 5A and B). Subsequent addition
of BaCl2 (1 mM), either in the presence or absence of caesium, produced a large
reduction in the steady outward current at -30 mV and reduced the amplitude, but
not the time course, of the slow current relaxations associated with the M-current
(see Figs 4A and 5A). Barium also reduced inward rectification (see later).

Inward rectifier current

Membrane hyperpolarization revealed marked inward rectification in all para-
tracheal neurones. In almost all cells, activation of this inward current occurred close
to resting membrane potential between -55 and -70 mV. The exact potential at
which inward rectification commenced was difficult to assess; as in most cases it
overlapped with the activation range of the M-channels.

In order to examine the inward rectification under conditions where current flow
through M-channels was minimal, cells were voltage-clamped at a potential of
-60 mV. Cells were then subjected to a series of voltage steps of increasing
amplitude (0-5-1 s, -10 mV increments). Stepping membrane potential in this way
elicited an 'instantaneous' current flow, followed by a slow inward current relaxation
(T = 80-160 ms). At the end of the voltage commands, repolarization to -60 mV
elicited a similar 'instantaneous' current flow and a slow outward tail current as the
inward rectifier current declined (see Figs 6A and 7A). The amplitude of the inward
relaxation and the tail current increased as the command potential was made more
negative (see Fig. 6A). The rate of current relaxation also increased with
hyperpolarization: at -80 mV the mean time constant for the relaxation was
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Fig. 4. The M-current in a burst-firing paratracheal neurone examined under voltage
clamp. A, from a holding potential of -25 mV a voltage step to -55 mV was imposed for
500 ms. This produced a near-instantaneous flow of current through both 'leak' and M-
channels open at -25 mV. This was followed by a slow inward current relaxation (1) as

the M-channels closed in response to membrane hyperpolarization. At the end of the
command step, a similar pattern of 'instantaneous' and slow current (2) relaxations was

observed. Superfusion with BaCl2 (1 mM) produced marked reduction in the M-current
flowing at -25 mV and also reduced the amplitude of the slow inward and outward
current relaxations. B, the ionic and voltage dependence of the M-current (holding
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142-2 + 4 7 ms (n = 4), while at -90 and -100 mV this value was reduced to
126-7 + 5A4 ms (n = 4) and 87 2 + 4-2 ms (n = 4), respectively.
In some cells, where the slow inward current relaxation and tail currents were

small (it was never observed to be totally absent), inward rectification was still
observed, but did not become pronounced until considerably more hyperpolarized
potentials (> -80 mV).

Current-voltage curves were constructed by plotting the 'instantaneous' (see
Methods) and steady-state currents evoked during voltage steps (see Fig. 6B). From
such curves it was apparent that the observed inward rectification consisted of two
components. The first displayed near-instantaneous activation, and resulted in
inward rectification at potentials greater than -75 to -85 mV (see Fig. 6B). The
second component showed much slower activation and produced rectification at all
potentials from approximately -60 to - 120 mV (see Fig. 6B).
The level of activation of the slow inward rectifier was examined by plotting

'instantaneous' minus steady-state current values as a function of membrane
potential (see Fig. 6C). Activation of the slow inward rectifier current increased with
membrane hyperpolarization from -60 mV, before reaching a peak at around
- 100 mV. With further hyperpolarization up to - 120 mV, the amplitude of the
inward current relaxation declined slightly, but was never observed to null or reverse
(see Fig. 6A and C).

Inhibition by caesium and barium ions
Extracellular caesium (1 mM) inhibited both the 'instantaneous' and slow time-

and voltage-dependent inward rectifier currents and produced a marked linearization
of the 'instantaneous' and steady-state current-voltage relationships between -60
and - 120 mV (see Fig. 7B).

Superfusion with barium (1 mM) also strongly inhibited the fast inward rectifier
current (see Fig. 7C). However, at concentrations up to 1 mm, barium only slightly
reduced the slow time-dependent inward rectifier current (see Fig. 7C). In the
presence of caesium and barium the input resistance of all neurones was markedly

potential -30 mV). a, under control conditions (4 7 mM-K+), increasing amplitude
hyperpolarizing steps (500 ms, -10 mV increments) reduced, nulled and finally reversed
the slow current relaxation associated with M-channel closure. b, in 20 mM-potassium the
reversal potential for the slow inward current relaxation was shifted to more depolarized
potentials. By plotting the 'instantaneous' (0) and the steady-state currents (A)
induced during the hyperpolarizing command steps for the cell shown in a and b, the
equilibrium-reversal potential for the M-current could be determined. In 4-7 mM-
potassium (left graph) the null potential was -84 mV, while in 20 mM-potassium (right
graph) this value was shifted to -46 mV. C, kinetics of the M-current relaxations. Upper
traces, M-current relaxations in response to voltage steps to -40 and -60 mV
respectively (holding potential -30 mV). Graph (below) shows current relaxation plotted
against time. Lines are least-squares fits to data for cell shown. The zero-time intercept
(IO) was calculated as the difference between the 'instantaneous' and steady-state values.
The different values of Io were used to normalize data in each case, relaxation currents
being plotted as log10,% of I, vs. time. M-current relaxations were best fitted by a single
exponential (r = 0-998 at -40 mV and 0 990 at -60 mV), with relaxation time constants
of 86 ms at -40 mV and 51 ms at -60 mV.
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Fig. 5. The inhibitory actions of Cs+ and Ba2+ ions on the M-current in a paratracheal
neurone. A, from a holding potential of -30 mV the cell was subjected to a series of
500 ms duration negative command pulses of increasing amplitude. With increasing
hyperpolarization, the slow inward current relaxation associated with M-channel closure
decreased, then reversed to become a slow outward relaxation. The null/reversal point for
M-current was approximately -85 mV. Superfusion with CsCl (2 mM) inhibited the inward
rectifier current but had no effect upon the M-current. Superfusion with CsCl (2 mM) and
BaCl2 (1 mM) produced an inhibition of the M-current and a further decrease in inward
rectification. B, the current-voltage (I-V) relationships for the cell shown in A. Under
control conditions (@) the cell displayed a characteristic sigmoidal I-V curve due to
the presence of both outward and inward rectifying currents. In the presence of CsCl
(A, 2 mM) inward rectification in the I-V relationship at hyperpolarized potentials
(> -60 mV) was reduced, but there was no observable reduction in the M-current. In the
presence of both CsCl (2 mM) and BaCl2 (1 mM) (0) the M-current was inhibited and there
was also a further reduction in inward rectification. This resulted in an increase in the
input resistance of the cell and an almost linear I-V relationship between -45 and
-120 mV.
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Fig. 6. Inward rectification in a typical paratracheal neurone. A, from a holding potential
of -60 mV, negative voltage steps (10 mV increments) revealed inward rectification and
a slow inward current relaxation in membrane current. At the end of the voltage steps the
initial 'instantaneous' current flow was followed by a slow outward current relaxation as

the inward rectifier current inactivated. B, the 'instantaneous' (-) and steady-state (@)
current-voltage relationships for the cell shown in A. From these curves it is evident that
the observed inward rectification consists of two components. Examination of the
instantaneous current-voltage relationship reveals the presence of an inwardly rectifying
current activated at potentials greater than -80 mV. The steady-state current--voltage
relationship on the other hand shows voltage-dependent inward rectification from all
potentials negative to the holding potential (-60 mV). At potentials less than -80 mV
the rectification results almost exclusively from activation of the slow time-dependent
inward rectifier current which manifests itself as an inward relaxation in the current
records shown in A. C, activation of the slow inward rectifier current. Current flow
resulting from activation of the slow inward rectifier (steady-state minus 'instantaneous'
currents), represented as a fraction of the peak current, is plotted as a function of
membrane potential. Values in each case are means + S.E.M. for between eleven and fifteen
observations. From the curve it can be seen that peak activation of the slow inward
rectifier current occurs around -100 mV then declines slightly with further hyper-
polarization.
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increased and the current-voltage relationship was largely linear between -45 and
- 120 mV (see Fig. 5B).

The spike after-hyperpolarization
The after-hyperpolarization following a single action potential in paratracheal

neurones typically persisted for between 90 and 500 ms and ranged in amplitude
between 5 and 15 mV. In general, the after-hyperpolarization in tonic-firing neurons
was longer than that seen in the burst-firing cells. Mean duration for burst-firing cells
was 114+4-7 ms (n = 42) while that for tonic-firing cells was 315+ 17 5 ms (n = 19).
In all cells, the amplitude and duration of the after-hyperpolarization increased
markedly as the number and frequency of the preceding action potentials increased.
The current underlying the after-hyperpolarization (VAHP) was studied using a
'hybrid' voltage-clamp technique (see Methods) and was found to be linearly related
to the membrane potential at which it was elicited. With membrane hyper-
polarization from rest, the outward current decreased and nulled at between -83
and -91 mV (mean - 86-5 + 0-8 mV, n = 14). Further hyperpolarization reversed
the current leading to inward current flow (Fig. 8A).
The ionic dependence of IAHP was also examined in solutions containing 12 5 and

20 mM-potassium (see Fig. 8A and B). The mean null/reversal potentials recorded
in these solutions were -59-3+1-11 mV (n = 3) and -46A4+1 15 m\ (n = 3).
respectively. These values agree well with those predicted by the Nernst equation for
a current carried exclusively by potassium ions, with the reversal potential shifted
by 63-6 mV for a 10-fold increase in extracellular potassium concentration.
Removal of extracellular calcium abolished the after-hyperpolarization following

both single or trains of action potentials. Superfusion with low-calcium-containing
solutions (0 25 mM) markedly reduced the size and duration of the outward current
underlying the after-hyperpolarization (see Fig. 9). The mean reduction in the
duration of the outward current flow was 62 + 5-15% (n = 4) and the reduction in
peak current was 52-7 + 4-64 % (n = 4). Raising extracellular calcium produced an
increase inIAHP. In the presence of Ca2+ (5 mm) the mean increase in duration ofIAHP
was 135+6-1 % (n = 4), while the increase in peak current flow was 105 6+0092%
(n = 5).

Current relaxations were best fitted by a single exponential (r = 0-978 at -80 mV and
0994 at -100 mV), with relaxation time constants of 146 ms at -80 mV and 94-5 ms at
-100 mV. B and C, the inhibitory actions of extracellular caesium and barium ions.
respectively, on the 'instantaneous' and slow time-dependent inward rectifier currents.
All membrane currents were recorded in response to negative voltage steps from a holding
potential of -60 mV. Caesium (1 mm, B) and barium (1 mm, C) both strongly inhibited
the 'instantaneous' inward rectifier current, resulting in a reduction in inward
rectification and linearization of the 'instantaneous' current-voltage relationship (see
traces and left-hand graphs in B and C). The slow time-dependent inward rectifier was
also strongly inhibited by caesium (1 mM), which largely abolished the inward rectification
seen in the steady-state current-voltage relationship under control conditions (see right-
hand graph in B). In the presence of barium (1 mM) the time-dependent component of
inward rectification was reduced, but not to the same degree as seen in the presence of
caesium (see traces and right-hand graph in C).
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Fig. 8. The ionic and voltage dependence of the current underlying the prolonged spike
after-hyperpolarization ('AHP) in a tonic-firing paratracheal neurone. A, recordings were
made using a 'hybrid' voltage-clamp technique (see Methods). From a given holding
potential the recording amplifier was switched from voltage clamp into standard 'bridge'
recording mode and a train of action potentials evoked by passing a series of intrasomal
current pulses (10 ms, 40 Hz) of sufficient intensity to elicit firing. At the end of the train
of spikes the amplifier was then switched back to voltage-clamp mode to permit recording
of the evoked current. Under control conditions (4 7 mM-K+) the amplitude of 'AHP was
found to be linearly related to membrane potential and had a reversal potential of
-85-5 mV (see B). In elevated-potassium-containing solutions (12-5 and 20 mM) IAHP was
slightly prolonged and the reversal potential was shifted to more depolarized levels. B, the
voltage dependence of IAHP for the cell shown in A was plotted for each different
potassium-containing solution. In order to reduce the error in measuring, the current
measurements were made 100 ms after the train of action potentials. In all cases the
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Fig. 9. Calcium dependence of the current underlying the prolonged spike after-hyper-
polarization (IAHP) in a tonic-firing paratracheal neurone. A, recordings were made using
a 'hybrid' voltage-clamp technique (see Methods). From voltage-clamp recording at a

holding potential of -53 mV the recording amplifier was briefly switched to standard
'bridge' mode and a train of action potentials generated by passing brief (10 ms, 40 Hz)
intrasomal current pulses. At the end of the train the amplifier was returned to voltage-
clamp mode. B, in the presence of elevated-calcium (5 mM)-containing solutions the
duration of the current underlying the after-hyperpolarization was prolonged, whereas
the amplitude of the current was almost unaffected. C, in low-calcium (0-25 mM),
elevated-magnesium (3245 mM)-containing solutions, both the amplitude and the duration
of the IAHP were greatly reduced. D, wash-out to control conditions.

DISCUSSION

The findings of the present study demonstrate that the parasympathetic
intramural ganglia of the rat trachea contain neurones which display a high degree

amplitude of IAHP was linearly related to the membrane potential at which it was elicited.
In 4 7, 12-5 and 20 mM-K+-containing solution, least-squares fits of the raw data produced
the regression coefficients of 0-996, 0997 and 0-998 and reversal potentials of - 85-5,
-59 5 and - 50 5 mV, respectively. The values for the reversal potentials show reasonable
agreement with the values predicted by the Nernst equation for a current carried
exclusively by potassium ions.
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of electrophysiological specialization, and as such, may act as sites of integration
and/or modulation of the input from extrinsic nerves. Furthermore, where the
plexus of intrinsic ganglia remained largely intact, spontaneous synaptic activity
was frequently observed. Spontaneous activity consisted largely of subthreshold,
and occasionally suprathreshold, fastcholinergic potentials. It is likely that the
majority of the small synaptic potentials arose as a result of spontaneous transmitter
release from extrinsic nerve terminals. However, the presence of rhythmic bursts of
TTX-sensitive synaptic potentials in a number of cells, under conditions where the
extrinsic nerves had been separated from their cell bodies, suggests that at least a
proportion of the synaptic activity was the result of intrinsic synaptic interactions
between paratracheal neurones within these ganglia. Such synapses would permit a
degree of local, as well as extrinsic, control of airway function; this type of activity
has also been demonstrated in the enteric nervous system of the gut (see Costa &
Furness, 1982).
The presence of high levels of subthreshold fast synaptic activity has also been

observed in an in vivo study of cat paratracheal ganglia (Mitchell et al. 1987). In this
report on cat ganglia, two cell types were distinguished which fired in a
phasic/bursting manner, similar to the majority of rat paratracheal neurones in the
present investigation. The bursts of firing in the two types of cat ganglion cells were
synchronized with either inspiration or expiration. Generation of this discharge was
attributed to synchronization of the multiple subthreshold synaptic inputs from
preganglionic nerves. In the present study, we were not in a position to determine
whether rat paratracheal neurones fired with a similar respiratory rhythm. However,
from our study of the basic properties of these neurones, it would appear that the
burst/phasic behaviour may be an inherent feature of these cells, which results from
the complex underlying intrinsic membrane currents. Therefore, the intrinsic nerves
may generate their own burst firing pattern which is activated or synchronized to
inspiration or to expiration by either extrinsic nerves or through local reflex
mechanisms.

In order to understand better the potential of these neurones to autoregulate their
excitability, we examined the mechanisms underlying the different membrane
currents present in these cells. All of the paratracheal neurones studied exhibited an
M-current that resulted in outward rectification in the current-voltage relationship
at depolarized potentials. This was similar to the M-current first identified in large
(B) cells of frog lumbar sympathetic ganglia (Brown & Adams, 1980) and
subsequently in other sympathetic and central neurones (for review see Brown,
1988). The M-current exerts a clamping action upon membrane potential by acting
to oppose prolonged membrane depolarization. This, together with the presence in
the majority of paratracheal neurones of an additional slow inward rectifier current
which opposes membrane hyperpolarization, raises the possibility that these two
currents may act in concert and be responsible for setting the resting membrane
potential of these cells. In the present study, the activation points for the two
currents were very similar and in some cells appeared to overlap slightly. Therefore,
the membrane potential may be effectively squeezed into the narrow potential range
where the effects of these two currents are minimal or cancel each other out. Indeed,
the resting membrane potentials observed in the majority of rat paratracheal
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neurones were found to lie within this range (-55 to -65 mV). Small changes in the
level of activation of either of these currents would, therefore, produce a sensitive
mechanism for adjusting resting membrane potential and hence, the medium or long-
term excitability of these cells with minimal expenditure of metabolic energy, since
one current would be activating as the other was de-activating.
Both the 'instantaneous' and slow inward rectifier currents in paratracheal

neurones, like all other inward rectifiers studied so far, were strongly inhibited by
low concentrations of caesium ions. The 'instantaneous' component of inward
rectification in paratracheal neurones, unlike the slow component, was strongly
inhibited by both caesium and barium ions. It seems unlikely that this rectification
resulted from current flow through slow inward rectifier channels open at rest, as the
current only displayed significant activation at potentials greater than -80 mV. The
behaviour of the 'instantaneous' component of rectification and its sensitivity to
barium ions was similar to that of the classical anomalous rectifier currents in marine
eggs and skeletal muscle (Hagiwara, Miyazaki, Moody & Patlak, 1978; Standen &
Stanfield, 1978).
The slow inward rectifier current was distinct from the 'instantaneous' rectifier

and the anomalous rectifiers in striated muscle, marine eggs and cortical neurones
(Hagiwara, Miyazaki & Rosenthal, 1976; Gay & Stanfield, 1977; Constanti &
Galvan, 1983) in that it was largely insensitive to barium ions. This insensitivity to
barium, and also the finding that the current did not reverse near the potassium
equilibrium potential, indicates that the slow inward rectifier in paratracheal
neurones may be similar to IQ, IH and IH-If-Ik2 (Brown & DiFrancesco, 1980;
DiFrancesco & Ojeda, 1980; Halliwell & Adams, 1982; Mayer & Westbrook, 1983;
Crepel & Penit-Soria, 1986).
Another current which may act to regulate excitability in rat paratracheal

neurones is the post-spike calcium-activated potassium current (IK, ca). This outward
current, like that described in many other neurones (for example see Nishi & North,
1973; Fowler, Greene & Weinreich, 1985; Allen & Burnstock, 1987), was activated
by calcium entry during the action potential and was responsible for the prolonged
after-hyperpolarization. Similar prolonged after-hyperpolarizations have been
described in neurones from ferret, rabbit and cat paratracheal ganglia (Cameron &
Coburn, 1984; Fowler & Weinreich, 1986; Mitchell et al. 1987), but have only been
demonstrated to be calcium dependent in the ferret (Cameron & Coburn, 1982). The
size and duration of the prolonged after-hyperpolarization was found to be
significantly smaller in burst-firing than in tonic-firing rat paratracheal neurones.
However, even in the tonic-firing cells, the magnitude of the prolonged after-
hyperpolarization was considerably shorter than that observed in some of the highly
refractory AH-type cells found in, for example, mammalian enteric and intracardiac
ganglia (Morita, North & Tokimasa, 1982; Allen & Burnstock, 1987). In rat
paratracheal neurones, particularly burst-firing cells, the after-hyperpolarization
increased dramatically following a train of action potentials and may act to control
the duration of each burst of firing. In addition, we also observed a transient outward
current similar to the A-current (T. G. J. Allen & G. Burnstock, unpublished
observation) which was most pronounced in tonic-firing cells that may also act to
control rates of firing in these cells.

20-2
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In conclusion, the present study of the electrophysiological properties of rat
paratracheal neurones shows that these cells have considerable intrinsic electro-
physiological complexity. This may allow subtle modulation of the effects of
extrinsic nervous input by paratracheal neurones, or may even permit some local
control of aspects of airway function by local reflex mechanisms. We hope to use the
current preparation to study the synaptic interactions occurring within these ganglia
and to examine how the intrinsic properties of the intramural neurones may be
influenced by different patterns of synaptic stimulation.

This work was supported by grants from the Asthma Research Council and the Medical Research
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preparation of this manuscript.
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