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Key points

• Burst firing activities are effective for the release of neuropeptides from peptidergic neurones.
• A peptidergic neurone, the terminal nerve (TN)-gonadotrophin releasing hormone (GnRH)

neurone, shows spontaneous burst firing activities only infrequently.
• Only a single pulse electrical stimulation of the neuropil surrounding the TN-GnRH neurones

induces transient burst activities in TN-GnRH neurones via cholinergic mechanisms.
• The activation of muscarinic acetylcholine receptors results in a long-lasting hyperpolarisation,

inducing rebound burst activities in TN-GnRH neurones.
• These new findings suggest a novel type of cholinergic regulation of burst activities in

peptidergic neurones, which should contribute to the release of neuropeptides.

Abstract Peptidergic neurones play a pivotal role in the neuromodulation of widespread areas in
the nervous system. Generally, it has been accepted that the peptide release from these neurones
is regulated by their firing activities. The terminal nerve (TN)-gonadotrophin releasing hormone
(GnRH) neurones, which are one of the well-studied peptidergic neurones in vertebrate brains, are
characterised by their spontaneous regular pacemaker activities, and GnRH has been suggested
to modulate the sensory responsiveness of animals. Although many peptidergic neurones are
known to exhibit burst firing activities when they release the peptides, TN-GnRH neurones show
spontaneous burst firing activities only infrequently. Thus, it remains to be elucidated whether
the TN-GnRH neurones show burst activities and, if so, how the mode switching between the
regular pacemaking and bursting modes is regulated in these neurones. In this study, we found
that only a single pulse electrical stimulation of the neuropil surrounding the TN-GnRH neurones
reproducibly induces transient burst activities in TN-GnRH neurones. Our combined physio-
logical and morphological data suggest that this phenomenon occurs following slow inhibitory
postsynaptic potentials mediated by cholinergic terminals surrounding the TN-GnRH neuro-
nes. We also found that the activation of muscarinic acetylcholine receptors induces persistent
opening of potassium channels, resulting in a long-lasting hyperpolarisation. This long hyper-
polarisation induces sustained rebound depolarisation that has been suggested to be generated by
a combination of persistent voltage-gated Na+ channels and low-voltage-activated Ca2+ channels.
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These new findings suggest a novel type of cholinergic regulation of burst activities in peptidergic
neurones, which should contribute to the release of neuropeptides.
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Introduction

Peptidergic neurones play important roles in the
modulation of neuronal activities in various brain regions
(Leng & Ludwig, 2006). Neuropeptides released from
these neurones are reported to diffuse and affect distant
targets; e.g. they have been reported to modulate the firing
activities, synaptic transmission and signal transduction of
neurones in widespread regions of the nervous system (Jan
& Jan, 1983; Leng & Ludwig, 2006). Although the classical
neurotransmitters, such as glutamate and GABA, are
packaged in small clear synaptic vesicles and are released
at synaptic active zones, the neuropeptides are packaged
in large dense-core vesicles (Whitnall & Gainer, 1985;
Oka & Ichikawa, 1991, 1992; Salio et al. 2006) and have
been suggested to be released non-synaptically from the
somatodendritic area and axons (Oka & Ichikawa, 1991,
1992; Castel et al. 1996; Ludwig & Leng, 2006). Although
the relationship between the electrical activity of the single
peptidergic neurone and the release of neuropeptide has
not been studied systematically, the release of neuro-
peptide has been reported to be evoked by high-frequency
firing, such as burst firing (Dutton & Dyball, 1979; Ishizaki
et al. 2004; Liu et al. 2011).

The terminal nerve (TN)-gonadotrophin releasing
hormone (GnRH) peptidergic neurones are one of
the well-studied central peptidergic neurones, as
their large cell bodies form characteristic clusters in
close association with the olfactory bulb and are
easily identified morphologically throughout vertebrates,
including mammals (Oka & Ichikawa, 1990; Kim et al.
1995; Kim et al. 1999). They project their axons to wide
brain regions and have been suggested to function as
important regulators of sensory responsiveness of animals
in response to their environments (Eisthen et al. 2000;
Yamamoto & Ito, 2000; Park & Eisthen, 2003; Kinoshita
et al. 2007; Kawai et al. 2009, 2010; Maruska & Tricas,
2011). They usually show spontaneous and intrinsic tonic
regular firing activities (pacemaker activity), whose firing
frequency can be regulated by constant current injection
or by modifying the K+ concentration of the external
solution (Oka & Matsushima, 1993; Ishizaki et al. 2004).

The ionic mechanisms of spontaneous firing and the
basic ionic channel properties of the TN-GnRH neuro-
nes have already been well studied using teleost brain
preparations because of their experimental advantages,
such as the large cell size and ease of stable electrical
recording (Oka & Matsushima, 1993; Oka, 1996; Abe &
Oka, 1999). These previous studies have suggested that the
release of GnRH peptides measured by radioimmunoassay
is well correlated to the firing frequency of TN-GnRH
neurones, and high-frequency firings of these neurones
are important for GnRH release in the brain (Ishizaki
et al. 2004). Thus, the TN-GnRH neurone is considered
to be an excellent model neurone for the study of the
relationship between the electrical activity and release of
neuropeptides.

In this study, we found that TN-GnRH neurones can
exhibit a transient burst firing after a long-lasting slow
inhibitory postsynaptic potential (IPSP) that is induced by
a single pulse stimulation of fibres around the TN-GnRH
neurones. This slow IPSP has been suggested to be
caused by the stimulation of cholinergic fibres around the
TN-GnRH neurones and to elicit rebound burst activity.
From these results, we suggest a novel type of long-lasting
strong cholinergic inhibition that evokes rebound burst
activities in peptidergic neurones. It is possible that a
similar mechanism may also work in other peptidergic
neurones for the release of their neuropeptides.

Methods

Adult goldfish (Carassius auratus) were purchased from
a local dealer in Tokyo and Nagoya. They were kept in
60 litter aquaria containing approximately 15 fish at room
temperature before use for the experiments. A total of
100 fish was used in this study. All procedures were
performed in accordance with the guiding principles for
the care and use of animals in the field of physiological
sciences (2003) by the Physiological Society of Japan
and the University of Tokyo for the Use and Care of
Experimental Animals. They also conformed with The
Journal of Physiology standards (Drummond, 2009).
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Preparation of TN-GnRH neurones

After the animals were anaesthetised on ice and
decapitated, the whole brain was dissected out. The brain
was immersed in a standard external solution containing
(in mM) 150 NaCl, 3.0 KCl, 1.3 MgCl2, 2.4 CaCl2, 10
Hepes and 10 glucose (adjusted to pH 7.4 with NaOH).
After the meningeal membrane covering the olfactory bulb
had been carefully removed, the preparations were trans-
ferred to a recording chamber filled with standard external
solution. As the TN neurones are located in the rostral
surface of the olfactory bulb as a cluster, they could be
clearly identified by their large size (more than 20 μm
in diameter) under an upright microscope with infrared
differential interference contrast optics (Fujita et al. 1985;
Oka & Matsushima, 1993; Kim et al. 1995; Haneda & Oka,
2008).

Whole cell recordings from TN-GnRH neurones

Whole cell patch-clamp recordings were performed as
follows. Recording pipettes were made of borosilicate
glass (G-1.5; Narishige, Tokyo, Japan) using a puller
(P-97; Sutter Instruments, Navato, CA, USA). We used
KCl-based pipette solution, consisting of (in mM) 120
KCl, 3 MgCl2, 40 Hepes, 0.3 EGTA, 2 Mg-ATP and 0.3
GTP (adjusted to pH 7.2 with KOH). The liquid junction
potential between the standard external solution and
the pipette solution was 3.7 mV and was not corrected.
The pipettes had resistances of 1.0–4.0 M�. Whole cell
recordings were performed using an Axopatch 200B,
and electrical signals were low-pass filtered at 2 kHz and
sampled at 5 kHz using Digidata 1322A and pCLAMP9.2
software (Molecular Devices, Foster City, CA, USA).
The input resistance and membrane capacitance of these
neurones measured 229.8 ± 40.9 M� and 131.2 ± 45.9 pF,
respectively (n = 9). The resting membrane potential of
these neurones was −53.2 ± 1.9 mV (n = 9), when it
was defined as the trough of the regular spontaneous
action potential activities, because all the recordings from
TN-GnRH neurones showed such spontaneous activities;
therefore, the measurement of the true ‘resting’ membrane
potentials was difficult. For Na+-free experiments, NaCl
in external standard solution was replaced by equivalent
N-methyl-D-glucamine (NMDG).

Electrical stimulation

A bipolar tungsten stimulus electrode, (TOG 210–064;
Unique Medical, Tokyo, Japan; exposed length, 50 μm;
inter-electrode distance, 100 μm) was positioned on the
olfactory nerve, which is adjacent to the TN-GnRH
neurones. The electrical stimuli (0.1–0.2 ms pulses at
0.5–1.0 mA) were delivered every 30 s using an electro-

nic stimulator (SEN-3201; Nihon Kohden, Tokyo, Japan)
through an isolation unit (SS-302J; Nihon Kohden).

Drug applications

Tetrodotoxin (TTX) and scopolamine hydrobromide
n-hydrate [muscarinic acetylcholine receptor (mAchR)
antagonist] were obtained from Wako (Tokyo, Japan).
Acetylcholine (Ach) chloride, NMDG and gallamine
triethiodide (mAchR antagonist) were purchased from
Sigma (St Louis, MO, USA). Tertiapin-Q was purchased
from Abcam (Cambridge, MA, USA). Both bath and puffer
applications of the drugs were used. Ach was applied by
puffer application using a solenoid valve controlled by
Digidata 1322A (∼20 ms puff, 100–200 kPa). The other
drugs were applied by bath application.

Analyses

We analysed the electrophysiological data with Clampfit
9.2 (Molecular Devices) and Igor Pro 6.22A (WaveMetrics,
Portland, OR, USA). Spike detection and drawing of peri-
stimulus time histograms (PSTHs) were performed using
TaroTools (a plugin macro for Igor Pro) by Dr T. Ishikawa
(Jikei Medical School, Tokyo, Japan). To determine the
amplitude of slow IPSP, we set the most hyperpolarised
value of the action potentials in TN-GnRH neurones as the
baseline. The duration was determined by measuring the
interval between the start time of the hyperpolarisation
and the time at which the hyperpolarised membrane
potential recovered to the baseline.

Statistical analyses were performed with Kyplot software
(version 3; Kyence, Tokyo, Japan). For two-group
comparison (Fig. 5C), we first examined whether it
met the equal variance conditions for every analysis.
If so, we used Student’s unpaired t test for statistics
and, if not, Aspin–Welch t test. All the data in this
study are represented as means ± SEM. For the multiple
comparisons (Figs 2G and 6B), we performed Dunnett’s
test.

Immunohistochemistry

After the animals had been anaesthetised in 0.02%
MS-222, they were perfused from the heart with 0.75%
NaC1, followed by 4% paraformaldehyde in 0.1 M

phosphate-buffered saline (PBS). The olfactory bulb was
then fixed in the same fixative overnight at 4◦C and
washed with PBS (3 × 10 min). Nonspecific adsorption
was blocked with 4% bovine serum albumin in PBS
with Triton X-100 (0.1%) for 3 h at 37◦C, and the
fixed olfactory bulbs were reacted with primary anti-
bodies for 24 h at 4◦C. For immunohistochemistry, we
used a combination of rabbit antiserum against choline
acetyltransferase (ChAT) (dilution 1 : 500; anti-ChAT;
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made by Johnson & Epstein, 1986) and a monoclonal
mouse IgG against microtubule-associated protein (MAP)
2 (dilution 1 : 500; monoclonal anti-MAP2 (2a + 2b),
clone AP-20, cat no. M1406; Sigma) in 2% bovine
serum albumin in PBS with Triton X-100 (0.1%). After
removal of the primary antibody by washing with PBS
three times, the tissue was reacted with secondary anti-
body for 24 h at 4◦C using biotinylated anti-rabbit IgG
(1 : 500; Vector Laboratories, Burlingame, CA, USA) and
Alexa555-conjugated anti-mouse IgG (1 : 500; Invitrogen,
Carlsbad, CA, USA). The tissue was then incubated
in a mixture of Vectastain Elite ABC kit (Vector
Laboratories) and Alexa488-conjugated streptoavidin
(1 : 100; Invitrogen, Carlsbad, CA, USA). After rinsing
with PBS three times, the labelled olfactory bulbs were
mounted in glycerol with 1,4-diazabicyclo[2,2,2]octane
(i.e. anti-fading reagent) in 10 mM Tris–HCl (pH 8.0). A
Zeiss LSM510 confocal laser scanning system (Carl Zeiss,
Oberkochen, Germany) was used for collection of the
fluorescence images. The digitised images were brightness
and contrast adjusted by ImageJ software (Abramoff
et al. 2004), and superimpose and three-dimensional
reconstruction analysis of double fluorescence data was
performed by Fluorender (Wan et al. 2009).

Results

Rebound burst activities following slow IPSPs

As has been reported previously (Oka & Matsushima,
1993; Wayne et al. 2005), the TN-GnRH neurones
showed regular pacemaker activity with a firing frequency
of 5.97 ± 1.32 Hz in the whole cell recording (n = 9).
A single pulse electrical stimulation to the olfactory
nerve fibres around the recording neurones (Fig. 1A)
reproducibly caused a transient abolishment of pacemaker
activity of TN-GnRH neurones immediately after the
stimulation (Fig. 1B–D). The stimulation of TN-surround
fibres induced slow IPSPs in the TN-GnRH neuro-
nes, whose latency and duration were 29.6 ± 2.42 ms
(22.0–45.1 ms) and 474.0 ± 56.2 ms (335.0–889.2 ms),
respectively (n = 9). The slow IPSP hyperpolarised
the TN-GnRH neurones to −79.0 ± 2.07 mV, and the
amplitude of slow IPSP was −25.5 ± 1.40 mV (n = 9)
on average. After the slow IPSP, all TN-GnRH neurones
also exhibited a transient burst firing activity (we name it
‘the rebound burst activity’ in this article; the maximum
instantaneous firing rate was 37.5 ± 8.90 Hz) that lasted
for more than 5 s. The slow IPSP was abolished by a
bath application of TTX (0.75 μM; Fig. 1E), suggesting
that this phenomenon is mediated by synaptic activity.
A similar phenomenon was also induced in cell-attached
loose-patch recordings (Fig. S1).

Next, we applied a square pulse current injection
(1 s; 0.3–0.6 nA) to the TN-GnRH neurone, which can

hyperpolarise the neurone by more than 20 mV, to
examine whether the burst activities following slow
IPSPs are mediated simply by strong hyperpolarisations
in the TN-GnRH neurones (Fig. 1F). Similar to the
slow IPSP, strong hyperpolarisation by current injection
induced long-lasting burst activities of TN-GnRH neuro-
nes (Fig. 1G–I , n = 4). Taken together, these results suggest
that the increase in firing activity observed after the slow
IPSP is attributable to the endogenous channel properties
of TN-GnRH neurones.

Slow IPSP is induced by the activation of mAchRs

In order to elucidate possible mechanisms for the
generation of the slow IPSP, we first searched for
a candidate neurotransmitter that is released to the
TN-GnRH neurones after electrical stimulation of the
TN-surround fibres, using various pharmacological agents
(e.g. antagonists for GnRH receptors, neuropeptide FF
receptors, dopamine receptors, metabotropic glutamate
receptors, etc.) to see whether they blocked the generation
of slow IPSPs. We found that a prior bath application
of gallamine, an mAchR antagonist, affected slow IPSP.
In the current clamp mode, the application of gallamine
(10 μM) decreased the amplitude and duration of slow
IPSPs, and therefore the rebound burst activity was not
observed (Fig. 2A). To quantitatively examine the effect
of gallamine on the IPSP, we applied repetitive electrical
stimulations (30 s intervals) under the voltage clamp
condition (holding potential, −60 mV) and observed
changes in slow inhibitory postsynaptic currents (IPSCs)
(Fig. 2B and C). We found that the prior bath application
of gallamine reversibly attenuated the slow IPSCs
(Fig. 2B and C), and this effect was significantly greater
(76.8 ± 0.7%, calculated by dividing the averaged IPSC
amplitude of 2.5–5.0 min after by that of 0 − 2.5 min
before treatment; n = 3) than the vehicle applications
(6.0 ± 4.7%, P < 0.001, n = 4; Fig. 2G). Application of
another mAchR antagonist, scopolamine (20 μM), also
abolished the slow IPSPs completely, and the firing
activities of TN-GnRH neurones were little affected
by electrical stimulation (Fig. 2D). This effect was
further confirmed by voltage clamp experiments (1 μM

scopolamine, Fig. 2E and F). Although we could not
observe any recovery after washout (Fig. 2F), the prior
bath application of scopolamine significantly decreased
the amplitude of averaged IPSCs (97.7 ± 1.48%, n = 3)
compared with the vehicle (P < 0.001; Fig. 2G) in this
experiment.

Furthermore, we also performed a puffer application
of Ach to the TN-GnRH neurones. We found that
a puffer application of Ach resulted in immediate
and strong hyperpolarisation of TN-GnRH neurones
(Fig. 2H), as observed by the stimulation of fibres around

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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the TN-GnRH neurones. Taken together, these results
strongly suggest that Ach is probably released from the
axon terminals surrounding the cluster of TN-GnRH
neurones, and the slow IPSP is induced by an activation
of mAchR on the TN-GnRH neurones.

Cholinergic terminals surround proximal dendrites of
TN-GnRH neurones

To confirm the morphological basis of cholinergic fibre
innervations to the TN-GnRH neurones, we performed
immunohistochemistry against a cholinergic neuronal
marker, ChAT. Prominent ChAT-immunopositive fibres
and terminal-like structures were labelled (Fig. 3A). These
ChAT-positive terminals were abundantly distributed
around the cluster of TN-GnRH neurones (Fig. 3B and C).
Higher magnification photographs of these images clearly
demonstrated that ChAT-immunoreactive terminal
button-like structures (Fig. 3D) densely surround the
proximal dendrites of TN-GnRH neurones (Fig. 3E and
F). These results suggest that extrinsic cholinergic inputs
of unknown origin give strong hyperpolarising drives that
induce rebound burst activity of TN-GnRH neurones.

Potassium currents induced by mAchR activation

Then, we examined the ionic mechanisms underlying the
slow IPSPs induced by the activation of mAchR. First, we
measured the reversal potentials for the slow IPSC evoked
by electrical stimulation in the voltage clamp mode in
normal Ringer solution ([K+]o = 3 mM) and determined
the reversal potential for the slow IPSC (−95.6 ± 7.98 mV;
n = 6; Fig. 4A and B, left panel). Next, we changed
the extracellular potassium concentrations and observed

changes in the reversal potentials (−81.4 ± 7.53 mV
(n = 8) in 6 mM [K+]o and −64.8 ± 3.24 mV (n = 4) in
9 mM [K+]o; Fig. 4A and B, middle and right panels); these
values were close to the values of the calculated equilibrium
potentials for potassium ions (−75.5 mV and −65.2 mV
in 6 and 9 mM [K+]o, respectively; Fig. 4C).

We also examined the reversal potentials for the slow
IPSC by puffer application of Ach to TN-GnRH neuro-
nes. The reversal potentials for the Ach-induced currents
are about −93.3 ± 1.12 mV, which is very similar to that
of stimulation-induced slow IPSCs (n = 6; Fig. 4D and
E). In addition, we found that the application of 500 μM

Ba2+, a less selective potassium channel blocker, reversibly
diminished the Ach-induced currents (Fig. 5, decreased
by 72.1 ± 3.3% of the value before treatment, calculated
by dividing the averaged IPSC value of 2.5–5.0 min after by
that of 0 − 2.5 min before Ba2+ treatment; n = 4). These
results clearly demonstrate that mAchR activation opens
potassium channels and hyperpolarises TN-GnRH neuro-
nes. We also examined the effect of 100 nM tertiapin-Q, a
G protein-coupled inwardly rectifying potassium (GIRK)
channel blocker, on the slow IPSCs to check whether
mAchR is coupled to these channels. However, 100 nM

tertiapin-Q did not show any prominent effects on slow
IPSCs (Fig. S2, only decreased by 7.3 ± 5.7% of the value
before treatment, calculated by dividing the averaged IPSC
value of 2.5–4.0 min after by that of 0 − 1.5 min before
tertiapin-Q treatment; n = 3).

Mechanism underlying the sustained rebound
depolarisation after long hyperpolarisation

Finally, we attempted to identify the ionic mechanism
that contributes to the generation of rebound burst

Figure 1. Current clamp recordings show that the tonic firing activities of terminal nerve
(TN)-gonadotrophin releasing hormone (GnRH) neurones are switched to burst activities by a
stimulation of fibres around them (A–E) or by a hyperpolarising current injection (F–I)
A, schematic drawing of the fibre stimulation. The firing activities of the TN-GnRH neurones were recorded by whole
cell recording, and the fibres around the TN-GnRH neurone cell bodies were stimulated by a bipolar electrode.
B, slow inhibitory postsynaptic potential (IPSP) was elicited by a single pulse stimulation of fibres surrounding the
TN-GnRH neurones. A transient change from tonic firing to burst firing was also observed. The arrowhead indicates
the time of the stimulus. C, raster plot showing that the activity of a TN-GnRH neurone is altered by the stimulation.
Results of 10 repetitive trials from the same neurone are shown. The arrowhead indicates the time of stimulation.
Scale bar, 1 s. D, averaged peristimulus time histogram (PSTH) showing the activities of TN-GnRH neurones (n = 9).
The stimulation is applied at 0 ms. The time bin is 200 ms. E, application of tetrodotoxin (TTX) abolished the slow
IPSP as well as the action potentials in the TN-GnRH neurone (the dashed and continuous line represent the traces
before and during 0.75 μM TTX application, respectively). The arrowhead indicates stimulus artefact. Scale bar,
20 mV and 200 ms, respectively. F, schematic drawing of the experimental condition for injecting hyperpolarising
current pulses to the TN-GnRH neurone. A whole cell patch-clamp electrode was used to record TN-GnRH neuronal
activity and to apply hyperpolarising current pulses (1 s). The current amplitude was adjusted to the value that
hyperpolarised the neurone by more than 20 mV. G, hyperpolarising current injection also induced a transient
change in the firing frequency of the TN-GnRH neurones. H, raster plots showing that the activity of a TN-GnRH
neurone is altered by the current injection. The grey box indicates the period of current injection. Results of 10
repetitive trials from the same neurone are shown. I, averaged PSTH showing the activities of TN-GnRH neurones.
A hyperpolarising current is applied from 0 ms to 1000 ms. The time bin is 200 ms.
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activities in TN-GnRH neurones. First, we perfused
0.75 μM TTX to the bath and found that large sustained
rebound depolarisation remains after the injection of
hyperpolarising current (Fig. 6Aa). This depolarising

component after the hyperpolarisation appears to
contribute to the rebound burst activities, and the rebound
discharges are considered to be overlaid on these sustained
depolarisations in TN-GnRH neurones. To identify the

100ms

25
0p

A

***

0 5 10 15 20
−100

0

100

200

300

400

500

0 5 10 15 20
0

200

400

600

800

1000

1200

1400

10µM Gal

1µM Scop

200ms

10
0p

A

Vehicle Gallamine Scopolamine

−100

−80

−60

−40

−20

0

C
ha

ng
e 

in
 th

e
 a

m
pl

itu
de

 (
%

)

***

B C

E F

G

Time (min)

Time (min)
A

m
pl

itu
de

 (
pA

)
A

m
pl

itu
de

 (
pA

)
200ms

20
m

V

D

A

1s

20
m

V

H

200ms

20
m

V

Ach puff

Figure 2. The slow inhibitory postsynaptic potential (IPSP) is induced by the activation of muscarinic
acetylcholine (Ach) receptors
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major current component(s) that form the sustained
rebound depolarisation, we examined the effects of several
pharmacological agents in the presence of TTX. Because
we found that extracellular Na+ substitution changed the
resting membrane potentials of TN-GnRH neurones (see

also Oka, 1995) and therefore should affect the wave-
form of the rebound depolarisation (Fig. S3), we kept
the membrane potentials to the value before treatment
(ranging from −40 to −50 mV) by injecting constant
DC current to the recorded neurones during the Na+

A

B

C

D

E

F

Figure 3. Confocal microscopy images of a cell cluster of terminal nerve (TN)-gonadotrophin releasing
hormone (GnRH) neurones double-labelled with anti-choline acetyltransferase (anti-ChAT) antiserum
and anti-microtubule-associated protein (MAP)2a + 2b monoclonal antibody
A, immunoreactive fluorescent signals against MAP2a + 2b show the location of the somata and dendrites of
TN-GnRH neurones in the cell cluster of goldfish olfactory bulb. B, fluorescent signals against ChAT antiserum
show the location of cholinergic neuroterminals around the TN-GnRH neurones. C, merged image of MAP2a + 2b
(magenta) and ChAT (green) immunocytochemistry. D–F, higher magnification images of the central regions of
A–C. Dense distribution of ChAT-immunoreactive terminal buttons was observed around the dendrite and soma
of TN-GnRH neurones. Scale bar: 50 μm (A–C); 20 μm (D–F).
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substitution experiments. The value of the liquid junction
potential between the standard external solution and the
Na+-substituted solution (4.7 mV) was considered in the
experiment, and was also corrected off-line.

We found that a combination of extracellular sub-
stitution of Na+ with NMDG and application of Ni2+

[1 mM; a broad-spectrum blocker of voltage-gated calcium
channels (VGCCs)] greatly attenuated both the amplitude
and averaged value (first 5 s) of rebound depolarisations

(n = 7, decreased by 61.4 ± 16.7% and 69.0 ± 13.0% in
amplitude and averaged value, respectively; Fig. 6Ad and
B; P < 0.05 in both) in TN-GnRH neurones. We also
tried a combination of extracellular substitution of Na+

with NMDG and a lower concentration of Ni2+ (200 μM;
predominantly blocking low-voltage-activated (LVA or
T-type) Ca2+ channels) in order to characterise the sub-
type of VGCCs that are involved in the generation of
rebound depolarisations. We found that its suppressive
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Figure 4. Reversal potential values of the slow inhibitory postsynaptic current (IPSC) are consistent
with the values for the calculated equilibrium potentials for potassium ions
A, slow IPSCs recorded at different holding potentials ranging from –120 to −40 mV (10 mV step) in 3, 6 and 9 mM

[K+]o. B, I–V plot of the peak value of slow IPSCs obtained from the current responses. C, average value of reversal
potentials is consistent with the calculated equilibrium potentials for potassium ions in 3, 6 and 9 mM [K+]o.
Each small dot indicates each data point, and the dashed line denotes the equilibrium potentials of potassium
ions calculated from the Nernst equation. D, acetylcholine (Ach)-induced currents recorded at different holding
potentials ranging from −120 to −40 mV. The reversal potential of slow IPSC evoked by puffer application of Ach
is consistent with that by electrical stimulation of the surrounding fibres. The arrowhead indicates the time of Ach
puffer application. E, I–V plot of the peak value of Ach-induced currents obtained from the traces shown in (D).
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effect on the rebound depolarisations was comparable
with that of 1 mM Ni2+ in Na+-free solution (n = 5,
decreased by 60.9 ± 19.0% and 74.6 ± 9.9% in amplitude
and averaged value, respectively; Fig. 6Ae and B; P = 0.064
and P < 0.05, respectively). Such an attenuation of the
rebound depolarisation was not observed during the
application of 1 mM Ni2+ alone (Fig. 6Ab). Substitution
of extracellular Na+ with NMDG alone did not diminish
the rebound depolarisations, but slightly modified the
waveform; it significantly delayed the onset and slightly
increased the amplitude of the rebound depolarisations
(Fig. 6Ac and Bc).

Discussion

Rebound burst activities in TN-GnRH neurones

In this study, we found that a single pulse stimulation of the
surrounding fibres reproducibly induced rebound burst
activities in TN-GnRH neurones. This rebound burst
activity occurred following a slow IPSP that was mediated
by the activation of mAchRs in TN-GnRH neuro-
nes. Activation of the mAchRs induced the opening of
potassium channels and evoked strong hyperpolarisation
in TN-GnRH neurones, and this hyperpolarisation was
followed by rebound burst activity.

The phenomenon of rebound burst activity has already
been reported in the deep cerebellar nuclear neuro-
nes (Aizenman & Linden, 1999). It was reported that a
high-frequency train of IPSPs evoked a rebound burst or
increases in spike numbers in these neurones (Aizenman &

Linden, 1999; Tadayonnejad et al. 2010). In this study, the
firing frequency of TN-GnRH neurones (5.97 ± 1.32 Hz;
n = 9) was increased to 37.5 ± 8.90 Hz (maximum) by
a single stimulus to the fibres surrounding them. Pre-
vious studies have suggested that high-frequency firings,
possibly more than about 10 Hz, are important for the
release of neuropeptides (Dutton & Dyball, 1979; Ishizaki
et al. 2004; Liu et al. 2011). Considering these reports, it is
highly possible that the rebound burst activities observed
in TN-GnRH neurones can potentially function to elicit
the release of GnRH and other peptides, such as neuro-
peptide FF, which are produced by these neurones (see
Saito et al. 2010).

Slow IPSPs mediated by cholinergic inputs

In this study, we observed that a single pulse stimulation
to fibres surrounding TN-GnRH neurones induced a
slow IPSP. Similar slow IPSP-like potential change has
been reported previously in the carp TN-GnRH neurones
(Fujita et al. 1985), although the authors did not mention
the occurrence of rebound burst activities or candidate
neurotransmitters or the ionic mechanisms underlying
them. In our study, slow IPSPs of TN-GnRH neurones
were considered to be mediated by Ach, because they
were blocked by the application of the antagonist of
mAchRs. Furthermore, the activation of mAchRs has
been suggested to hyperpolarise TN-GnRH neurones by
opening potassium channels. A similar mechanism of
slow IPSP has been reported in the rat striatal cholinergic
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grey line represent traces before, during and after 500 μM Ba2+ application, respectively). The arrowhead indicates
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C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



J Physiol 591.22 Rebound burst activities in the peptidergic neurones 5519

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



5520 T. Kawai and others J Physiol 591.22

interneurones (Calabresi et al. 1998). Here, a single pulse
stimulation of the rat striatum slice elicited a hyper-
polarising IPSP in the striatal cholinergic interneurones,
indicating the existence of an auto-inhibitory mechanism
among the striatal cholinergic neurones. This IPSP lasted
for 0.5–1.0 s, and was also mediated by the activation
of mAchRs and the opening of potassium channels. It
is noteworthy that there are some reports suggesting that
the activation of mAchRs evokes the opening of potassium
channels and elicits hyperpolarisations of these neurones,
although the detailed mechanisms, such as the molecular
identities of the potassium channel subtypes and the intra-
cellular signal transduction mechanisms underlying these
phenomena, have not been identified (Pan & Williams,
1994; Yang et al. 2010). Our result that tertiapin-Q did
not block the slow IPSCs suggests that GIRK channels
are not involved in this process. A similar result has also
been reported in cholinergic action on suprachiasmatic
nucleus neurones (Yang et al. 2010). Possibly, there may
be a general signal transduction cascade for the opening of
potassium channels by the activation of mAchR in many
neurones.

Origins of cholinergic inputs to TN-GnRH neurones

In this study, slow IPSPs could be observed by a single
pulse, not a high-frequency train, of stimulation to
the fibres around TN-GnRH neurones. Thus, the firing
activity of TN-GnRH neurones appears to be strongly
regulated by the cholinergic fibres surrounding them.
Our anatomical analysis revealed that the cell bodies
of TN-GnRH neurones were densely surrounded by
ChAT-immunoreactive button-like terminals. Although
it has been reported that ChAT-immunoreactive neuro-
nes exist in the TN of zebrafish and bonnethead shark
(Edwards et al. 2007; Moeller & Meredith, 2010), we
did not observe any ChAT-immunoreactive cell bodies
in TN, even when we used the same kind of antibodies as
employed in these previous studies (data not shown).

The existence of the cholinergic button-like structures
in this study supports the electrophysiological data
showing that only a single pulse stimulus of cholinergic
fibres efficiently evokes strong hyperpolarisation in
TN-GnRH neurones. Here, it may be important to discuss
the origins of cholinergic inputs that densely surround
TN-GnRH neurones. In mammals, it has been shown
that cholinergic neurones located at the basal forebrain
innervate the olfactory bulb (Ichikawa & Hirata, 1986),
regulating the information processing of the olfactory
bulbar neural circuits (Tsuno et al. 2008). Because
TN-GnRH neurones are located in the rostral area of the
olfactory bulb in goldfish, these cholinergic fibres may
project to the TN as well as the olfactory bulb. Importantly,
these cholinergic neurones in the basal forebrain show
behavioural state-dependent changes in their activities
(Manns et al. 2000). Thus, the neuromodulatory action
of these cholinergic neurones on the olfactory bulb is
dependent on the arousal state of the animal (Tsuno et al.
2008). In this context, it is possible that this cholinergic
system promotes the release of GnRH from TN-GnRH
neurones, dependent on the arousal state. Importantly,
the TN-GnRH system has been suggested to affect the
motivational or arousal state of the animal (Yamamoto
et al. 1997; Kawai et al. 2009). For example, lesion of the
TN resulted in a decrease in motivation for reproductive
behaviour in male hamsters (Wirsig & Leonard, 1987)
or dwarf gourami, a model animal for studies of the
TN (Yamamoto et al. 1997). It may be suggested that
TN-GnRH neurones partially mediate the cholinergic
action, which results in behavioural arousal in animals.

Ionic mechanism underlying rebound depolarisations

In this study, we demonstrated that a slow IPSP
resulted in rebound burst activity of TN-GnRH
neurones. Here, the ionic mechanisms underlying the
rebound depolarisations are also of interest. In this study,

Figure 6. The slow rebound depolarisation consists of the combinational components of tetrodotoxin
(TTX)-resistant persistent voltage-gated Na+ channels and low-voltage-activated Ca2+ channels
A, representative traces showing the effects of each pharmacological manipulation on the rebound depolarisations
in the terminal nerve (TN)-gonadotrophin releasing hormone (GnRH) neurones. Aa, an application of TTX revealed
that sustained rebound depolarisation follows the offset of the hyperpolarisation of the TN-GnRH neurone
(grey, before 0.75 μM TTX application; black, during 0.75 μM TTX application). Dashed line denotes the base-
line membrane potential before the current injection. Bath application of 1 mM Ni2+ (Ab) and substitution of
extracellular Na+ with N-methyl-D-glucamine (NMDG) (Ac) did not diminish the rebound depolarisations in the
presence of 0.75 μM TTX. Alternatively, sustained rebound depolarisation was diminished by bath application of
1 mM Ni2+ in Na+-free solution (Ad) or 200 μM Ni2+ in Na+-free solution (Ae) in the presence of 0.75 μM TTX
(grey line, solid black line and dashed black line represent before, during and after Ni2+ + NMDG, respectively).
The values on the left of the traces denote the membrane potentials. Scale bar, 1 s. B, Statistical comparisons
of the effects of pharmacological manipulations on the rebound depolarisation. The response 0.5 min before
treatment was normalised to 100%, and the value 4 min after treatment was examined. Ba, normalised change
in the amplitudes of the rebound depolarisations. Bb, normalised change in the averaged value (first 5 s) of the
rebound depolarisations. Bc, change in the onset of rebound depolarisations. Numbers in parentheses represent
the numbers of neurones tested for the experiment. ∗P < 0.05, Dunnett’s test.
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we revealed that the slow IPSP evokes rebound burst
activities in TN-GnRH neurones. A similar phenomenon
was observed by hyperpolarising current injections in
TN-GnRH neurones, suggesting that voltage-dependent
conductance is important for the rebound burst activity.
Here, we discuss its possible mechanisms. In TN-GnRH
neurones, TTX-resistant persistent Na+ current drives
the depolarisation at subthreshold membrane potential,
contributing to the generation of pacemaker activity.
The steady-state inactivation curve of the TTX-resistant
persistent voltage-gated sodium channels (VGSCs) is in
the range of about −100 to 0 mV in TN-GnRH neuro-
nes, whereas their activation curve is in the range of
about −60 to 0 mV, thus showing the wide range of
window currents near the resting membrane potentials
(Oka, 1996). Furthermore, TN-GnRH neurones show
LVA Ca2+ currents. The steady-state inactivation of LVA
Ca2+ currents greatly increases between −80 and −40 mV,
whereas its activation begins at −80 mV (Haneda & Oka,
2004). From these results, it is highly possible that the
hyperpolarisation induced by Ach relieves the inactivation
of the persistent VGSCs and/or VGCCs (LVA Ca2+

currents) and shows sustained rebound depolarisation
in TN-GnRH neurones. Alternatively, ion influx other
than VGSC or VGCC may also be involved in the
rebound depolarisation. For example, non-selective cation
channels, such as the transient receptor potential channel,
which is expressed in TN-GnRH neurones (Umatani et al.
2013), or the hyperpolarisation-activated cation channel,
could contribute.

In this study, simultaneous blockade of Na+ and
Ca2+ influx could attenuate the rebound depolarisation
of TN-GnRH neurones, but single blockades of Na+

or Ca2+ alone could not. Furthermore, we found that
the suppressive effect of a low concentration of Ni2+

in Na+-free solution on rebound depolarisations is
comparable with that of 1 mM Ni2+ in Na+-free solution,
suggesting that the LVA Ca2+ current is mainly involved
in the generation of rebound depolarisation. These results
suggest that persistent VGSCs and LVA Ca2+ current can
contribute to the rebound depolarisations in TN-GnRH
neurones, and there may be compensatory mechanisms
consisting of these channels (summarised in Fig. 7).
Importantly, the conductance of persistent VGSCs and
LVA Ca2+ current has also been reported in other neuro-
secretory cells, such as vasopressin and hypothalamic
GnRH neurones (Fisher & Bourque, 1995; Sabatier et al.
1997; Tanaka et al. 1999; Kato et al. 2009; Zhang et al.
2009; Wang et al. 2010). Thus, a similar mechanism may
also work in these neurones for the release of their neuro-
peptides.

It should also be noted that substitution of extracellular
Na+ with NMDG slightly modified the waveform of
rebound depolarisation (delayed onset and slightly
increased amplitude) compared with vehicle or Ni2+

application. Although it is difficult to confirm the
underlying mechanisms, there are several possibilities
to explain this. First, removal of extracellular Na+ can
affect various intracellular compositions that are normally
balanced by the transporters, such as Na+/Ca2+ exchange
(Grierson et al. 1992). Possibly, the increase in intra-
cellular Ca2+ may modulate the characteristics of ion
channels that are involved in the rebound depolarisation
in the present experiment, thus altering its waveform.
Second, the removal of extracellular Na+ can reduce
the conductance of hyperpolarisation-activated cation
channels (Chen, 1997), thus showing stronger hyper-
polarisation during hyperpolarising current injection.
This strong hyperpolarisation may more efficiently relieve
the inactivation of voltage-gated channels that are involved
in the generation of rebound depolarisation. As a result,
the amplitude of the rebound depolarisation could be
increased.

Overall, the present findings implicate a novel
cholinergic pathway that regulates the burst activities of
TN-GnRH neurones. We found that cholinergic neuro-
nes are strong regulators of TN-GnRH neurones. Future
studies concerning the relationship between the activity
of these cholinergic neurones and TN-GnRH neurones
should help us to understand the unresolved interactive
mechanisms between these distinct neuromodulatory
systems.

Ach
mAchR

K+ Na+ Ca2+ 

hyperpolarisation rebound
depolarisation

cooperative mechanism

deinactivation of VGSC and LVA

Figure 7. A proposed mechanism underlying the slow
inhibitory postsynaptic potential (IPSP) and the rebound burst
activities in terminal nerve (TN)-gonadotrophin releasing
hormone (GnRH) neurones
Stimulation of the cholinergic fibres around the TN-GnRH neurones
activates the muscarinic acetylcholine receptors (mAchR) on the
TN-GnRH neurones. This results in the opening of potassium
channels, showing a large and long hyperpolarisation of TN-GnRH
neurones. The long hyperpolarisation relieves the inactivation of
persistent voltage-gated Na+ channels (VGSCs) and
low-voltage-activated (LVA) Ca2+ channels. Cooperative action of
persistent VGSCs and LVA Ca2+ channels generates the rebound
depolarisations, which evoke the rebound burst discharges in the
TN-GnRH neurones.
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