
Parasympathetic preganglionic neurones of the superior
salivatory nucleus are diffusely distributed in the lateral
reticular formation of the medulla oblongata (e.g. Contreras
et al. 1980; Mitchell & Templeton, 1981). Many of the
superior salivatory neurones send their fibres (the pre-
ganglionic parasympathetic fibres) to the submandibular
ganglia and to the intra-lingual ganglia in the anterior part
of the tongue, via the intermediate, chorda tympani and
chorda-lingual nerves (Chibuzo et al. 1980; Yu & Srinivasan,
1980). As with other parasympathetic preganglionic
neurones, the superior salivatory neurones are considered to
be cholinergic (Large & Sim, 1986; Yawo, 1989). Biophysical

studies have revealed that cholinergic neurones, such as
preganglionic sympathetic neurones (Yoshimura et al. 1987)
and pedunculopontine tegmental or mesopontine neurones
(Kamondi et al. 1992), often express the transient outward
current (A-current), which is reflected in a late spiking
pattern or a large spike after-hyperpolarization (Manis,
1990; Kang & Kitai, 1990). However, little is known about
the electrophysiological properties of preganglionic para-
sympathetic neurones, including the superior salivatory
neurones.

The firing patterns of the superior salivatory neurones
during reflex activation have been indirectly examined by
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1. The electrophysiological properties of parasympathetic preganglionic neurones in the
superior salivatory nucleus were studied in thin- and thick-slice preparations of rats aged 1
and 2 weeks using the whole-cell patch-clamp technique.

2. The superior salivatory neurones were identified by a retrograde tracing method with
dextran-tetramethylrhodamine-lysine. The injection of the tracer into the chorda-lingual
nerve labelled the neurones innervating the submandibular ganglia and those innervating
the intra-lingual ganglia, while the injection into the tip of the tongue labelled the latter
group of neurones.

3. Firing characteristics were investigated mainly in the neurones of 6—8 days postnatal rats.
In response to an injection of long depolarizing current pulses at hyperpolarized membrane
potentials (< −80 mV) under a current clamp, the neurones labelled from the nerve
displayed a train of action potentials with either a long silent period preceding the first spike
(late spiking pattern) or a long silent period interposed between the first and second spikes
(interrupted spiking pattern). The neurones labelled from the tongue invariably displayed
the interrupted spiking pattern.

4. Under a voltage clamp, among the neurones from 6—8 days postnatal rats, those labelled
from the nerve expressed either a fast or a slow transient outward current (A-current), while
those labelled from the tongue invariably showed a slow transient outward current. Both the
fast and slow A-currents were largely depressed by 1 mÒ 4-aminopyridine.

5. Similar fast and slow A-currents were observed in the neurones of rats aged 14—15 days.
Both the time to peak and decay time constant of these A-currents were accelerated,
suggesting a developmental trend of maturation in the activation and inactivation kinetics
between 6 and 15 days postnatal.

6. Based on the differences in the firing pattern and outward current, the superior salivatory
neurones can be separated into two distinct types. We discuss the functional aspects of these
two types of neurones with reference to their target organs.
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recording impulses from the preganglionic fibres supplying
the salivary glands of anaesthetized rodents. Most of the
fibres showed tonic firing at a low rate (5—18 impulses s¢,
mean value over 5—15 s), while some fibres showed periodical
grouped discharges or phasic tonic discharges (Kawamura &
Yamamoto, 1978; Matsuo & Kusano, 1984; Matsuo &
Yamamoto, 1989). These findings suggest that the superior
salivatory neurones may have biophysical membrane
properties that limit firing frequencies to relatively low
values, and that the neurones may be separated into
different subtypes based on their firing pattern. To test this
hypothesis and to investigate the membrane properties, we
made whole-cell recordings on retrogradely identified
superior salivatory neurones maintained in brainstem slice
preparations obtained from neonatal rats aged 6—15 days.
We investigated mainly voltage-activated potassium
currents, which are important for limiting the firing
frequency and for determining the firing pattern and action
potential waveform (for review see Rudy, 1988). The neurones
were found to display two distinct types of A-currents,
depending on their peripheral targets (i.e. the salivary
glands and the anterior part of the tongue). Since the rat
submandibular gland as well as the submandibular ganglia
undergo progressive development to attain mature functions
during the early postnatal period (e.g. Jacoby & Leeson,
1959; Schneyer & Schneyer, 1961; Lichtman, 1977; Bylund
et al. 1982), the superior salivatory neurones of neonatal rats
are also likely to be under development. However, a clear
developmental trend of maturation was seen in the
activation and inactivation kinetics of the A-currents
expressed in the neurones obtained from rats aged 1 and
2 weeks.

METHODS

Histological study

We examined the morphological development of the superior
salivatory neurones, which were used for the assessment of changes
in the current density of the transient outward currents. Eight
neonatal (6-day-old, both sexes) and three adult male (weighing
250—310 g) Wistar rats (Charles River Breeders, Osaka, Japan)
were used for the histological investigation. The animal protocols
were in accord with the Guiding Principles for the Care and Use of
Animals approved by the Council of the Physiological Society of
Japan. Horseradish peroxidase (25% solution in physiological
saline; Grade III, Toyobo, Osaka) was injected into the chorda-
lingual nerve or the anterior part of the tongue (for 4 neonatal rats,
only) as the tracer material. Prior to surgery, the neonatal rats were
anaesthetized with ether (3 ml allowed to evaporate in a
transparent topped container of approximately 500 ml capacity)
and the surgical operation was performed with the rat maintained
on chipped ice to prolong the surgical level of anaesthesia. The
adult rats were anaesthetized with an intraperitoneal (i.p.) injection
of sodium pentobarbitone (50—75 mg kg¢). For the tracer injection
into the tongue of neonatal rats, 1 ìl of the tracer solution was
infused into the left tip of the tongue using a Hamilton micro-
syringe with a 30 gauge needle. For the injection into the chorda-
lingual nerve, the left side of the lingual and chorda tympani
nerves were exposed by the ventral approach, and the lingual nerve
was cut central to its junction with the chorda tympani. An aliquot

of the tracer solution (0·1—0·15 ìl for neonatal and 0·5 ìl for adult
rats) was injected into the chorda-lingual nerve central to the
intersection of the nerve and the ducts of the submandibular and
sublingual glands, using a Hamilton microsyringe with a glass
micropipette (50 ìm tip diameter). To prevent leakage of the
injected tracer, the injection site was sealed with silicone gel
(KE445W, Shin Etsu Co., Tokyo, Japan), and the wound was
sutured. After recovery from anaesthesia, the adult rats were
returned to their home cage and allowed access to water and food
pellets. The neonatal rats were returned to their mothers, and were
carefully observed until mother—infant feeding interaction was
observed. All the animals survived surgery without apparent ill
effects or signs of discomfort. After 1 (for neonatal rats) or 2 days
recovery (for adult rats), the animals were killed by an intra-
peritoneal injection of an overdose of sodium pentobarbitone
(100 mg kg¢), and then 2 l kg¢ of a mixture of 0·05%
glutaraldehyde and 4% paraformaldehyde in 0·1 Ò phosphate
buffer (pH 7·3) was perfused for 30 min. This was followed by the
perfusion of 2 l kg¢ of the same buffer containing 10% sucrose.
The brainstem was immediately removed and saturated with a
solution of 25% sucrose in the same buffer for 24 h at 4°C.
Transverse serial frozen sections of the brainstem were cut to a
thickness of 30 ìm. Histochemical processing was performed using
tetramethyl benzidine (Sigma). Sections were mounted onto chrome
alum-coated slides and counterstained with 1% Neutral Red. Cells
labelled with horseradish peroxidase were observed by dark- and
light-field microscopy and photographed. The photographs were fed
to a personal computer equipped with an image processor (NIH
image, the NIH Division of Computer Research and Technology),
and the size of labelled cells was calculated by averaging the long
and short diameters of the cell bodies.

Electrophysiological study

Whole-cell patch-clamp recordings were made from the superior
salivatory neurones in thin- and thick-slice preparations obtained
from 6—8 and 14—15 days postnatal rats of both sexes, respectively.
Two days before the slices were prepared, 10% dextran-tetramethyl-
rhodamine-lysine (in physiological saline; 10000 MW, Molecular
Probes, USA) was injected into the chorda-lingual nerve or the tip
of the tongue for the retrograde labelling of the superior salivatory
neurones. The methods for anaesthesia and injection of the tracer
were the same as those used for the morphological study in neonatal
rats. After 2 days recovery, each animal was anaesthetized with
ether and placed on chipped ice for 5—10 min. The brain was then
quickly removed and cut with a razor blade to give a portion
containing the lower brainstem and cerebellum. Slices of
120—150 ìm and 300—350 ìm thickness for the brains of rats aged
6—8 days and 14—15 days, respectively, were cut coronally.

The standard Ringer solution had the following composition (mÒ):
124 NaCl, 1·8 KCl, 2·5 CaClµ, 1·0 MgClµ, 26 NaHCO×, 1·2 KHµPOÚ,
and 10 glucose, bubbled with a mixture of 95% Oµ—5% COµ.
After tetramethylrhodamine-labelled neurones were identified as
fluorescence images using a G-2A dichroic mirror, they were viewed
using Nomarski optics to obtain whole-cell recordings in thin-slice
preparations. In the case of thick-slice preparations, infrared
differential interference contrast video-microscopy was used for the
visualization of neurones. The patch pipettes had a DC resistance of
5—7 MÙ when filled with the standard pipette solution (mÒ): 120
potassium gluconate, 20 KCl, 10 NaCl, 2 MgClµ, 2 NaµATP, 10
Hepes, 0·2 EGTA; the pH was adjusted to 7·2 with KOH. [Ca¥]ï
was reduced to 1·0 mÒ by substitution with equimolar Mg¥ in the
voltage-clamp experiments. The liquid junction potential between
the internal solution (negative) and the standard Ringer solution
was approximately 10 mV. The liquid junction potential was
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measured with a patch pipette filled with 3 Ò KCl. The membrane
potential values given in the text were corrected for the junction
potential. All recordings were made at room temperature
(21—24°C). The sealing resistance was usually more than 10 GÙ.
The series resistance was usually less than 15 MÙ, and the
recordings in which the series resistance was more than 20 MÙ
were not included in the analysis. The series resistance was
compensated by approximately 50%. Whole-cell currents were low-
pass filtered at 5—10 kHz (3-pole Bessel filter), digitized at a
sampling rate of 2 kHz (ITC-16, Axon, USA) and stored on the
hard disk of a computer. Tetrodotoxin (1 ìÒ, for blocking Na¤
current under the voltage clamp) and 4-aminopyridine (1 mÒ) were
added to the perfusate.

RESULTS

Morphology of superior salivatory neurones

The photomicrograph in Fig. 1A shows horseradish
peroxidase-labelled cells of a 7-day-old rat found in the
lateral reticular formation medial to the oral subnucleus of
the spinal trigeminal nucleus at the level of the rostral part
of the facial nucleus, following tracer injection into the
chorda-lingual nerve. The labelled neuronal cell bodies had
oval, triangular or square shapes and had two to four
primary dendrites. The mean number of dendrites in the
7_day-old and adult rats was 3·05 ± 0·09 (mean ± s.e.m. ,

n = 78) and 3·02 ± 0·10 (n = 82), respectively; with no
significant difference between them (P > 0·05, Student’s t

test). The mean sizes of the cell bodies in the 7-day-old and
adult rats were 13·8 ± 0·2 (mean ± s.e.m. , n = 78) and
13·9 ± 0·3 ìm (n = 82), respectively; also not significantly
different (P > 0·05, Student’s t test). Therefore, no obvious
changes in the somata of the superior salivatory neurones
were detected in the neonatal and adult rats. When
horseradish peroxidase was injected into the tongue of

neonatal rats, a similar size of cell bodies and number of
primary dendrites were observed, although the number of
labelled cells from the tongue was about one third of that
labelled from the nerve. Figure 1B shows a superior
salivatory neurone in a slice preparation obtained from a
7_day-old rat, which was retrogradely labelled by the
injection of tetramethylrhodamine into the chorda-lingual
nerve for electrophysiological study. The Nomarski image of
the same neurone is shown in Fig. 1C.

Firing properties of superior salivatory neurones

The firing properties were investigated in the superior
salivatory neurones of 6- to 8-day-old rats. In response to
the injection of a long depolarizing current pulse at hyper-
polarized membrane potentials (e.g. −90 mV), the neurones
which were retrogradely labelled from the chorda-lingual
nerve displayed a train of action potentials either in a
pattern with a long silent period preceding the first spike
(late spiking pattern, n = 11) or in a pattern with a long
silent period interposed between the first and second spikes
(interrupted spiking pattern, n = 5). In contrast, the
neurones that were retrogradely labelled from the tongue
always displayed the interrupted spiking pattern (n = 7).
Figure 2Aa shows a sample record of the late spiking
pattern, in which a hyperpolarizing notch (indicated by an
arrowhead) followed by a ramp-like depolarization leading
to the generation of the first spike was observed. Even with
stronger current pulses, the first spike was barely evoked at
the onset of depolarizing-current pulses but was triggered
from the ramp-like depolarization following the hyper-
polarizing notch. Thus, a silent period preceded the first
spike irrespective of the varying intensities of current pulses
in the late spiking neurones. When depolarizing current
pulses were applied at a slightly depolarized membrane
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Figure 1. Morphology of the superior salivatory neurones

A, the superior salivatory neurones retrogradely labelled by the injection of horseradish peroxidase into the
chorda-lingual nerve of a 7-day-old rat. The cell body size and the number of primary dendrites were
similar to those of adult rats. B and C, a neurone of a 7-day-old rat labelled by dextran-tetramethyl-
rhodamine lysine injected into the chorda-lingual nerve, under fluorescence and Nomarski images,
respectively (indicated by arrowheads). These photomicrographs were taken after whole-cell recording.



potential (−80 mV), the first spike could occasionally be
evoked at the onset of current pulses and was followed by a
silent period before the second spike (Fig. 2Ab), similar to
that of the interrupted spiking pattern (Fig. 2Ba and b).
However, the amplitude of the first spike was invariably
smaller than that of the remaining spikes in the train
(Fig. 2Ab). This is in contrast to the pattern seen in the
neurones displaying the interrupted spiking pattern,
wherein the amplitude of the first spike was the largest in
the train of spikes, irrespective of the changes in the
membrane potential or in the current pulse intensities
(Fig. 2Ba and b). When single spikes were evoked in
neurones by an injection of short current pulses at
depolarized membrane potentials (e.g. −65 mV), the half-
duration of spike after-hyperpolarization (397 ± 76 ms,
mean ± s.e.m., n = 5) seen in the late spiking neurones was
significantly longer (161 ± 13 ms, n = 5) than that seen in
the interrupted spiking neurones (P < 0·05, Student’s t

test; Fig. 2Ac and Bc). The threshold for evoking these
single spikes was −43·2 ± 2·7 mV (mean ± s.e.m., n = 5) in
the late spiking neurones and −39·6 ± 0·9 mV (n = 5) in
the interrupted spiking neurones.

At resting membrane potentials, both types of neurones
displayed regular spiking patterns in response to injections
of long depolarizing current pulses (Fig. 3Aa and Ba). There
was no significant difference in the resting membrane
potential between the late spiking (−65·8 ± 2·6 mV,

mean ± s.e.m., n = 11) and interrupted spiking neurones
(−66·0 ± 1·3 mV, n = 12; P > 0·05, Student’s t test). The
quantitative relationship between the intensity of injected
current pulses and the firing frequency is illustrated in
Fig. 3. With increasing current intensity, the firing
frequency calculated from the interspike interval between
the first and second spikes increased linearly to a plateau
level (or its increase was saturated) at 20—30 Hz in the late
spiking neurones and at 40—70 Hz in the interrupted
spiking neurones (Fig. 3Ab and Bb). This difference in the
maximum firing capability was due mainly to the difference
in the half-duration of spike after-hyperpolarization, which
correlates with the refractory period. Figure 3Ac and Bc

shows the time courses of changes in the firing frequency in
the respective trains of action potentials evoked by an
injection of long depolarizing current pulses with various
intensities. Each frequency value as the reciprocal of
interspike intervals in the train of action potentials was
plotted as a function of the time of occurrence of spikes
after the step onset. This graphical analysis revealed that
the late spiking neurones fired tonically during a
depolarizing current pulse, whereas the interrupted spiking
neurones showed a spiking pattern characterized by an
initial transient discharge at higher frequencies followed by
a tonic discharge at lower frequencies. Thus, the superior
salivatory neurones were separated into two distinct subtypes
according to the difference in firing patterns, which may be
attributable to differences in their outward currents.
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Figure 2. Two types of firing pattern in the superior salivatory neurones

A, a neurone labelled from the chorda-lingual nerve displayed late (a) and interrupted (b) spiking patterns
in response to injections of long depolarizing current pulses applied at membrane potentials of −90 and
−80 mV, respectively. The arrowhead (a) indicates a hyperpolarizing notch. This neurone showed a long
after-hyperpolarization (AHP) near its resting membrane potential (c). B, a neurone labelled from the
tongue displayed the interrupted spiking pattern at membrane potentials more hyperpolarized than
−80 mV (a and b). This neurone showed a relatively short after-hyperpolarization near its resting
membrane potential (c).



Outward currents in superior salivatory neurones

Voltage-clamp experiments were performed to investigate
outward currents in the superior salivatory neurones. The
superior salivatory neurones could be separated into two
distinct subtypes based on the differences in the outward
currents; one displayed a fast transient outward current
(fast A-current) followed by a very slowly decaying outward
current, while the other type displayed a relatively slow
transient outward current (slow A-current) followed by a
very slowly decaying outward current.

At a holding potential of −60 mV, depolarizing command
pulses of 1500 ms duration were applied either immediately
or with a delay of 200 ms after a 1000 ms hyperpolarizing
prepulse to −120 mV. As shown in Fig. 4Aa and Ba, two
types of A-currents were elicited in the neurones
retrogradely labelled from the chorda-lingual nerve with
voltage steps between −120 and −10 mV. With the delayed
prepulse protocol, the A-currents could be almost completely
inactivated, leaving very slowly decaying or persistent
outward currents (Fig. 4Ab and Bb). Figure 4Ac and Bc

shows the isolated A-currents obtained by the subtraction of
the corresponding current traces in Fig. 4Ab and Bb from

those in Fig. 4Aa and Ba, respectively. Thus, the neurones
labelled from the chorda-lingual nerve displayed either a
fast or a slow A-current. In contrast, the neurones labelled
from the tongue invariably displayed the slow A-current,
never the fast A-current.

The decay time courses of the isolated fast A-currents and
slow A-currents evoked at −10 mV in the neurones labelled
from the chorda-lingual nerve could be fitted by mono-
exponential functions (Fig. 5Aa and b), and the slow
A_current evoked at −10 mV in the neurones labelled from
the tongue also decayed mono-exponentially (Fig. 5Ac). The
rising time course was also faster in the fast A-currents than
in the slow A-currents, as seen in the superimposed traces
of Fig. 5Ad. There was no appreciable difference in the
rising and decaying time courses between the slow
A_currents recorded in the neurones labelled from the
chorda-lingual nerve and from the tongue. The decay time
constants of the mono-exponential functions were plotted
against the time to peak of the fast and slow A-currents, as
shown in Fig. 5Ba. The plotted values sampled from the
neurones labelled from the chorda-lingual nerve were
bimodally distributed; the mean value of the time to peak
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Figure 3. Firing characteristics of two types of superior salivatory neurones

In A and B, a shows sample records of trains of spikes evoked at −65 mV in 2 types of neurones
displaying late (A) and interrupted (B) spiking patterns. b shows the relationship between firing frequency
and current intensity obtained from 4 neurones of each type. Each frequency was calculated from the inter-
spike interval between the first and second spikes. c shows the typical time course of firing frequencies
calculated from successive inter-spike intervals in trains of spikes evoked by current pulses of various
intensities.



and decay time constant of the fast A-current (filled circles)
were 5·9 ± 0·6 and 30·3 ± 3·2 ms (means ± s.e.m. , n = 11),
respectively, and those of the slow A-current (open circles)
were 14·0 ± 0·9 and 102·4 ± 7·2 ms (n = 8), respectively.
The plotted values sampled from the neurones labelled from
the tongue (filled triangles) always fell into the latter group;
the mean values of the time to peak and decay time
constant were 14·3 ± 0·6 and 98·7 ± 8·9 ms (n = 7),
respectively. Both the time to peak and the decay time
constant decreased with the membrane depolarization of
test pulses (Fig. 5Bb and c). Thus, there were significant
differences between the fast and slow A-currents in the time
to peak (P < 0·01, Student’s t test) and the decay time
constant (P < 0·01, Student’s t test).

Kinetics of the fast and slow A-currents

Voltage-dependent steady-state activations of the isolated
fast and slow A-currents (Fig. 4A and B) were clarified by
examining the relationship between the normalized peak
conductance and the command voltage step. Conductance
was calculated by dividing the measured peak currents by

the driving potential (VM − EK; EK = −97 mV). The
normalized conductance—membrane potential relationships
were fitted by a Boltzmann equation of the form:

GÏGmax = (1 + exp ((V − V½)Ïk))
−1

,

where Gmax is the maximal membrane conductance, V½ is
the voltage at half-maximal conductance, and k is the slope
factor. As shown in Fig. 6Ac and Bc, the activation curves
for the isolated fast (open squares) and slow A-currents
(filled squares) were well fitted by the Boltzmann equation,
with V½ = −49·7 ± 0·4 mV and k = −7·6 ± 0·4 mV for the
fast A-current (means ± s.e.m. , n = 9, thick continuous
curve representing the activation in Fig. 6Ac) and
V½ = −50·3 ± 0·4 mV and k = −8·9 ± 0·3 mV for the slow
A-current (n = 10, thick continuous curve representing the
activation in Fig. 6Bc).

The voltage dependency of steady-state inactivation of fast
and slow A-currents was also studied. Hyperpolarizing
prepulses of 1 s duration with varying amplitudes between
−40 and −120 mV were applied at a holding potential of
−10 mV. As the amplitude of the hyperpolarizing prepulses
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Figure 4. Isolation of A-current from total outward current

A and B were obtained from the superior salivatory neurones labelled from the chorda-lingual nerve.
Depolarizing voltage commands (1·5 s) in steps of +10 mV were followed by a 1 s hyperpolarizing prepulse
to −120 mV either immediately (a) or with the interposition of a 200 ms delay at a holding potential of
−60 mV between the prepulse and command pulses (b). c, the digital subtraction of currents in b from
currents in a revealed isolated transient outward currents.



was reduced, both the transient (fast and slow A-currents)
and the slowly-decaying outward currents decreased in
amplitude, as shown in Fig. 6Aa and Ba. The amplitudes of
the slowly decaying components following the fast and slow
A-currents were measured 300 and 1000 ms, respectively,
after the offset of the hyperpolarizing prepulses where fast
and slow A-currents should be completely inactivated.
These amplitudes of the slowly decaying component (open
circles in Fig. 6Aa and Ba) and peak current amplitudes
(filled circles in Fig. 6Aa and Ba) were normalized with
respect to their maximal currents, and plotted against the
respective prepulse voltages (Fig. 6Ab and Bb). Since the
peak current is the sum of the transient component and the
slowly decaying component, the inactivation curve for the
peak current can be fitted by a sum of two Boltzmann
equations, one of which can be independently estimated by
fitting the inactivation curve for the slowly decaying
component. As shown in the examples in Fig. 6, the voltage-
dependent inactivation of the slowly decaying components
was fitted by each Boltzmann equation with V½ =
−76·9 mV and k = 8·4 mV (Fig. 6Ab) and V½ = −61·5 mV
and k = 6·7 mV (Fig. 6Bb). Using these values of V½ and k,
the other Boltzmann equations representing the inactivation
curves for the fast and slow A-currents could be accurately

estimated to have values of V½ = −84·1 mV and k = 6·5 mV
and V½ = −79·3 mV and k = 5·2 mV, respectively (thick
continuous curves in Fig. 6Ab and Bb). The mean
inactivation curves for the fast and slow A-currents were
mathematically isolated and expressed as Boltzmann
equations with V½ = −88·5 ± 2·9 mV and k = 8·2 ± 0·9 mV
for the fast A-current (means ± s.e.m. , n = 7, thick
continuous curve representing the inactivation in Fig. 6Ac)
and V½ = −87·4 ± 3·6 mV and k = 6·2 ± 1·2 mV for the
slow A-current (n = 9, thick continuous curve representing
the inactivation in Fig. 6Bc). There were no significant
differences in the voltage-dependent steady-state activation
and inactivation between the fast and slow A-currents
(P > 0·05, Student’s t test).

The time course of the recovery from inactivation was
studied by applying prepulses of variable duration to
−110 mV at a holding potential of −10 mV. With an
increase in the duration of prepulses, both the transient and
the slowly decaying components became apparent, as shown
in Fig. 7Aa and Ba. The peak current amplitudes and the
amplitudes of the slowly decaying components measured
300 and 1000 ms after the offset of prepulses for the fast
(Fig. 7Aa) and slow A-currents (Fig. 7Ba), respectively,
were plotted against the prepulse durations (Fig. 7Ab and
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Figure 5. Time course of the isolated A-currents

A, the isolated fast A-current recorded from the superior salivatory neurones labelled from the chorda-
lingual nerve (a) and the slow A-currents recorded from neurones labelled from the nerve (b) and the tongue
(c). Traces of a, b and c were superimposed at a faster time base in d. Ba, relationships between the decay
time constants and the time to peak of the isolated fast (n = 12: 0, recorded from the neurones labelled
from the chorda-lingual nerve) and slow A-currents (n = 8: 1, recorded from the neurones labelled from the
chorda-lingual nerve; n = 7: 8, recorded from those labelled from the tongue). þ (n = 4) and ± (n = 4)
indicate the values of the isolated fast and slow A-currents, respectively, obtained from 14- to 15-day-old
rats. Each value was obtained at −10 mV. The mean time to peak (b) and the mean decay time constant (c)
decreased with the membrane depolarization of test pulses.



Bb). Since the peak current is the sum of the transient
component and the slowly decaying component, the time
course of the recovery from inactivation for the peak
current (open circles in Fig. 7Ab and Bb) can be fitted by the
sum of two exponential equations, one of which can be
independently estimated by the time course of the recovery
from inactivation for the slowly decaying component.
Therefore, we first estimated the recovery time courses for
the slowly decaying components, which were fitted by
exponential equations with time constants of 132·2 and
70·4 ms (filled circles in Fig. 7Ab and Bb, respectively).
Then, using these time constants, the other time constants
representing the removal time course of the inactivation of
the fast and slow A-currents were estimated to be 28·9 and
21·2 ms, respectively (open circles in Fig. 7Ab and Bb). The
mean time constants describing the removal of inactivation
were 22·6 ± 2·5 ms (mean ± s.e.m. , n = 5) and 19·8 ± 0·9 ms

(n = 5) for the fast and slow A-currents, respectively. There
was no significant difference in the recovery time constant
between the two types of A-currents (P > 0·05, Student’s t
test).

Effects of 4-aminopyridine on the A-currents

Since the A-current has been reported to be sensitive to
4_aminopyridine (Thompson, 1982), the sensitivity of the
two types of A-currents to 4-aminopyridine was also
examined. As shown in Figs 8Ba and 9Ba, 1 mÒ 4-amino-
pyridine reversibly reduced the peak amplitudes of the net
outward currents involving fast and slow A-currents by
38·2 ± 2·7% (n = 4) and 45·1 ± 3·9% (n = 4; mean ±
s.e.m.), respectively. The late slowly decaying components
measured 300 and 1000 ms after the onset of command
pulses were not markedly affected by 4-aminopyridine
(Figs 8Bb and 9Bb). Therefore, the amplitudes of the fast
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Figure 6. Voltage dependence of activation and inactivation for A-currents

Aa and Ba, superimposed traces of fast and slow A-currents followed by slowly decaying components
elicited at −10 mV on return from various hyperpolarizing voltage steps. The dashed lines indicate the
base-line current. Ab and Bb, the relative amplitudes (IÏImax) of relaxing outward currents versus prepulse
voltages. Thin continuous curves with 1 are inactivating curves for the slowly decaying components
measured at 1 in Aa and Ba. Thin continuous curves with 0 are those for the peak outward currents
measured at 0 in Aa and Ba. Thick continuous curves are the mathematically estimated inactivation
curves for fast and slow A-currents (see text). Ac and Bc, the mean normalized conductance (GÏGmax) of the
isolated fast (n = 9, ±) and slow A-currents (n = 10, þ) were plotted against the voltage of command pulses.
The thick continuous curves represent the voltage-dependent activation of the fast (Ac) and slow A-currents
(Bc). For comparison, the voltage-dependent activation (thin continuous curves) of the slow and fast
A_currents were also drawn in Ac and Bc, respectively. The thick continuous curves (left) represent the
mathematically isolated mean inactivation of the fast (n = 7, Ac) and slow A-currents (n = 9, Bc). For
comparison, the voltage-dependent inactivation (thin continuous curves at left) of the slow and fast
A_currents were also drawn in Ac and Bc, respectively.



and slow A_currents were estimated by subtracting the late
slowly decaying component from the peak of the net
outward currents. We found that 1 mÒ 4-aminopyridine
reduced the amplitudes of the fast and slow A-currents by
71·4 ± 3·4% (n = 4) and 65·2 ± 2·8% (n = 4), respectively
(Figs 8Bc and 9Bc). Since the extent of the block of the fast
and slow A_currents was almost constant within the range
of membrane potentials examined (Figs 8Bc and 9Bc), the
block of both the fast and slow A-currents seemed to be
voltage independent. Thus, 4-aminopyridine reversibly
reduced both types of A-currents to an almost equal extent;
there appeared to be no significant difference in the
sensitivity of the fast and slow A-currents to 4-amino-
pyridine (P > 0·05, Student’s t test).

Maturation of A-currents

In the present electrophysiological study, we used neonatal
rats aged 6—8 days. Due to the technical limitations of the
use of thin-slice preparations, it was not possible to obtain
whole-cell recordings from more mature neurones. However,
the superior salivatory neurones may be under development
at this neonatal period. A-currents in dentate granule cells

and hippocampal CA3 pyramidal cells have been reported to
decrease in amplitude with development, due either to the
ontogenic downregulation of A-currents (Strecker &
Heinemann, 1993; Klee et al. 1995) or the translocation of
K¤ channels from somata to dendrites (Sheng et al. 1992).
On the other hand, various matured neurones displayed
A_currents (Stefani et al. 1992; Ducreux & Puizillout, 1995;
Hulbek & Cobbett, 1997), and it is reported that A-currents
matured in terms of kinetics during development, without a
reduction in current density (Costa et al. 1994). Therefore,
we further examined whether the two types of A-currents
expressed in the neurones of 6- to 8-day-old rats changed
with maturation. Even though we combined the retrograde
labelling technique with an infrared differential interference
contrast video-microscopy system using thick-slice
preparations, it was not possible for us to obtain whole-cell
recordings from neurones older than 15 days.

As shown in Fig. 10B and D, similar fast and slow
A_currents were obtained from the neurones of 15-day-old
rats. There were no significant differences (P > 0·05,
Student’s t test) in amplitude between fast A-currents
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Figure 7. The time-dependent recovery from inactivation of A-currents

Aa and Ba, superimposed traces of fast (A) and slow (B) transient outward currents followed by slowly
decaying components elicited at −10 mV on return from hyperpolarizing prepulses of various durations
stepped to −110 mV. Ab and Bb, plots of the amplitudes of peak outward currents (1) and slowly decaying
components (0) versus prepulse duration. The slowly decaying components recovered mono-exponentially.
The recovery time courses of the peak currents were bi-exponential with time constants of ô1 = 132·2 ms,
ô2 = 28·9 ms and ô1 = 70·4 ms, ô2 = 21·2 ms, respectively. Each of the latter time constants represents the
recovery time constant of the fast (28·9 ms) and slow A-current (21·2 ms).



obtained from neurones of 6- to 8-day-old and 14- to 15-
day-old rats (1027 ± 348 and 1098 ± 284 pA; n = 5 and 4,
respectively) or between slow A-currents obtained from
neurones of 6- to 8-day-old and 14- to 15-day-old rats
(970 ± 258 and 987 ± 265 pA; n = 7 and 4, respectively).
Since there were no significant differences in the size of
somata or in the number of primary dendrites between the
superior salivatory neurones of 7-day-old and adult rats, the
current density of the fast and slow A-currents may have
remained unchanged between 6 and 15 days postnatal. In
contrast, both the time to peak and the decay time constant
of the fast and slow A-currents appeared to be accelerated
with maturation. As seen in Fig. 5Ba, both the time to peak
and the decay time constant of the fast (filled squares) and
slow A-currents (open squares) obtained from 14- to 15-day-
old rats were minimal within the respective ranges of the
fast and slow A-currents obtained from 6- to 8-day-old rats.

Furthermore, the V½ and k values for the steady-state
activation of the isolated fast A-currents were −40·6 ±
2·7 and −10·6 ± 3·2 mV (n = 4), respectively, and those of
the isolated slow A-currents were −40·7 ± 2·4 and
−9·2 ± 1·8 mV (n = 4), respectively. The V½ and k values

for the steady-state inactivation of the isolated fast
A_currents were −78·4 ± 4·6 and 12·3 ± 3·6 mV (n = 4),
respectively, and those of the isolated slow A-currents were
−80·6 ± 4·3 and 8·8 ± 2·8 mV (n = 4), respectively. Thus,
these values of V½ for the steady-state activation and
inactivation of the fast and slow A-currents were more
positive by approximately 10 mV than those values of V½

obtained from neurones at postnatal days 6—8.

The acceleration of both the time to peak and the decay
time constant, and the positive shift of the half-activation
and inactivation voltages (V½) for both the fast and slow
A_currents are consistent with maturation of the kinetics of
outward currents, as reported previously (Desarmenien &
Spitzer, 1991; Sikdar et al. 1991; Costa et al. 1994).
Therefore, it is unlikely that the fast and slow A_currents
were reduced with maturation. On the other hand, another
pattern of postnatal development was seen in the hyper-
polarization-activated inward current. As shown in Fig. 10B
(arrowhead), a hyperpolarization-activated inward current
became apparent only in neurones of 15-day-old rats
displaying the fast A-current, whereas the hyperpolarization-
activated inward current was not apparent in neurones of
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Figure 8. Effects of 4-aminopyridine on the fast A-current

A, sample records of fast transient outward currents followed by slowly decaying components evoked at
various membrane potentials before, during and after the application of 1 mÒ 4-aminopyridine. Ba, the
amplitudes of peak outward currents (Ipeak) obtained before (þ), during (3) and after the application of
4_aminopyridine (0) were plotted against the membrane potentials. Bb, the amplitudes of the slowly
decaying components were measured 300 ms after the onset of command pulses (Isustained). Bc, the
amplitudes of the fast A-currents were estimated by subtracting Isustained from Ipeak. The fast A-currents
were largely depressed voltage independently.



6-to 8-day-old rats displaying the fast A-current. A similar
postnatal development of a hyperpolarization-activated
inward current has been reported in rat hypoglossal
motoneurones (Bayliss et al. 1994).

DISCUSSION

Development of parasympathetic salivatory system

In the present electrophysiological study, we used neonatal
rats aged 6—8 and 14—15 days. It is well recognized that the
rat submandibular gland during the early postnatal period
undergoes progressive development into mature organs.
Morphologically, acinar cells begin to develop at the
terminals of primitive ducts from the first week of postnatal
life (Jacoby & Leeson, 1959). Functionally, chemical
stimulation with a parasympathomimetic agent, pilocarpine,
induced a copious fluid secretion in an amount sufficient for
collection after about 2 weeks of age (Schneyer & Schneyer,
1961). The density of cholinergic receptors per gland tissue
was reported to be rapidly increased during the first
2 weeks and reached adult levels by 3 weeks of age (Bylund
et al. 1982). However, electrical stimulation of the post-

ganglionic parasympathetic nerve at birth caused a watery
secretion from the developing duct system, while stimulation
of the sympathetic nerve did not cause protein secretion
from the developing duct or acini (Bottaro & Cutler, 1984).
On the other hand, the elimination of excessive pre-
ganglionic fibres arising from the superior salivatory
neurones to innervate individual submandibular ganglion
cells occurs mainly during the first two weeks after birth,
and each ganglion cell is subsequently contacted by a single
preganglionic fibre after about 5 weeks (Lichtman, 1977).
Thus, the developing salivary gland at 6—15 days of post-
natal life (as investigated in the present study) may already
be under the control of the developing cholinergic para-
sympathetic nervous system. The present findings
demonstrated that the superior salivatory neurones of
1_week-old rats have already been functionally
differentiated into two groups expressing two distinct types
of A-currents, despite the immaturity of their target
organs. Whole-cell recordings from the neurones of 2-week-
old rats revealed a developmental trend in the activation
and inactivation kinetics of both types of A-currents during
the first two weeks of neonatal life. Thus, the functional
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Figure 9. Effects of 4-aminopyridine on the slow A-current

A, sample records of slow transient outward currents followed by slowly decaying components evoked at
various membrane potentials before, during and after the application of 1 mÒ 4-aminopyridine. Ba, the
peak amplitudes of the slow transient outward currents (Ipeak) obtained before (þ), during (3) and after the
application of 1 mÒ 4-aminopyridine (0) were plotted against the membrane potentials. Bb, the amplitudes
of the slowly decaying components were measured 1000 ms after the onset of command pulses (Isustained).
Bc, the amplitudes of the slow A-currents were estimated by subtracting Isustained from Ipeak. The slow
A_currents were largely depressed voltage independently.



differentiation of the superior salivatory neurones may
precede the development of their target organs, presumably
facilitating the differential maturation of their target
organs.

Late-spiking vs. interrupted spiking superior

salivatory neurones

The superior salivatory neurones retrogradely labelled from
the anterior tongue invariably showed the interrupted
spiking pattern under a current clamp and expressed the slow
A-current under a voltage clamp, at membrane potentials
more hyperpolarized than the resting membrane potential.
In contrast, the neurones displaying the late spiking
pattern under a current clamp eventually corresponded to
those expressing the fast A-current under the voltage clamp.
The two different spiking patterns could well be accounted
for by the differences in the kinetics between the fast and
slow A-currents. The activation of the fast A-current may
be rapid enough to suppress the spike initiation at the onset
of depolarizing current pulses, leading to a long delay
before the first spike in the late spiking pattern. However,
the activation of the slow A_current may be so slow that it
allows the spike initiation at the onset of depolarizing
current pulses, but causes a long interval between the first
and second spikes in the interrupted spiking pattern.

Similar causal relationships between the late spiking
pattern and the fast A-current and between the interrupted
spiking pattern and the slow A_current have been observed
in various neurones (Manis, 1990; Manis & Marx, 1991;
Fujino et al. 1997). When single spikes were evoked at
resting membrane potentials by an injection of short
depolarizing current pulses, the half-duration of spike after-
hyperpolarization in late spiking neurones was much longer
than that in interrupted spiking neurones. Since the fast
and slow A-currents were largely inactivated at resting
membrane potentials, the difference in the half-duration of
spike after-hyperpolarization indicates the presence of
another difference in outward currents between late- and
interrupted spiking neurones. The two types of superior
salivatory neurones also behaved differentially in response
to an injection of a long depolarizing current pulse at
resting membrane potentials; the late spiking neurones fired
tonically at 20—30 Hz, whereas the interrupted spiking
neurones showed an initial transient discharge at higher
frequencies (•70 Hz) followed by a tonic discharge at lower
frequencies (•40 Hz), presumably due to some outward
currents causing frequency adaptation (Madison & Nicoll,
1984). In comparison with the interrupted spiking neurones,
such lower firing rates in the late spiking neurones may be
due to longer spike after-hyperpolarization. Thus, the
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Figure 10. Fast and slow A-currents in 7- and 15-day-old rats

Fast and slow A-currents obtained from the superior salivatory neurones labelled from the chorda-lingual
nerve of 7-day-old (A and C, respectively) and 15-day-old rats (B and D, respectively). At a holding
potential of −60 mV, depolarizing command pulses of 1500 ms duration stepped to −10 mV for A and C,
and stepped between −60 and −10 mV for B and D were applied after a 1000 ms hyperpolarizing prepulse
to −120 mV. A hyperpolarization-activated inward current (arrowhead in B) is seen during the hyper-
polarizing prepulse in the neurone of a 15-day-old rat displaying the fast A-current.



superior salivatory neurones, at postnatal days 6—8, can be
separated into two distinct types based on the following
four differences: (1) late spiking vs. interrupted spiking at
hyperpolarized membrane potentials; (2) longer vs. shorter
spike after-hyperpolarization; (3) tonic firing vs. phasic-
tonic firing at resting membrane potentials; and (4) fast vs.
slow A_currents.

Fast vs. slow A-currents in the superior salivatory

neurones

We recorded the rapidly and slowly inactivating transient
outward currents from the two types of superior salivatory
neurones, i.e. the fast and slow A-currents. Except for the
inactivation kinetics reflected in the decay time constants of
the fast and slow A-currents, their voltage-dependent
kinetics and pharmacological properties were very similar
and fell within the range of values reported for the
A_current in other preparations (e.g. Rudy, 1988); these
include the activation threshold, steady-state inactivation,
recovery from inactivation, and 4-aminopyridine sensitivity.
The above-mentioned features of the fast A_current in
particular, are very similar to those of A_currents recorded
from other autonomic neurones of rats such as para-
sympathetic intracardiac ganglia (Xi-Moy & Dun, 1995),
sympathetic coeliac-superior-mesenteric ganglia (Carrier,
1995) and sympathetic spinal neurones (Bordey et al. 1995).
These autonomic neurones have only one type of A-current.
Rat nodose neurones, in contrast, displayed a whole-cell
A_current whose decay time course was fitted by the sum of
three exponentials with time constants of 10—40 ms,
100—350 ms and 1—3 s (Cooper & Shrier, 1989; McFarlane &
Cooper, 1991). Consistent with this observation, rat nodose
neurones expressed three different types of A_channels
which inactivated in three different modes, and the
respective ensemble averages of the three types of single-
channel currents decayed with three distinct time constants,
which are similar to those of the three components of the
whole-cell A-current (Cooper & Shrier, 1989; McFarlane &
Cooper, 1991). Thus, the three different kinetics of
inactivation were confirmed at single-channel levels. The
two types of A-currents observed in the present study
therefore probably reflect the activities of different types of
channels present in the two distinct types of superior
salivatory neurones.

Functional roles of the two types of superior

salivatory neurones

The anterior part of the rat tongue is a non-glandular area.
Previous studies of adult rats have shown that the post-
ganglionic fibres in the anterior tongue could be traced along
the lingual artery (Tsumori et al. 1996) and that electrical
stimulation of the chorda-lingual nerve increased the blood
flow of the anterior tongue (Hellekant, 1977). Although such
evidence has not yet been obtained from neonatal rats, it is
not unreasonable to posit that the interrupted spiking
neurones, which invariably send their axons into the
anterior tongue, may be involved in regulating the vaso-
dilator function of the anterior tongue. The late spiking

neurones, in contrast, may be involved in regulating the
activity of the developing salivary glands, because they
never innervate the anterior part of the tongue.

The absence of late spiking neurones retrogradely labelled
from the anterior tongue directly indicates that a single late
spiking neurone has no axon collaterals projecting to the
non-glandular area of the anterior tongue. It was beyond
the scope of the present study to investigate whether the
interrupted spiking neurones, or the presumed vaso-
dilatation-related neurones, also innervate the sub-
mandibular ganglia or have bifurcated axons, since we could
not inject tracers directly into the secretory nerves of the
salivary glands alone.
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