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Excitation of locus coeruleus noradrenergic neurons
by thyrotropin-releasing hormone
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Locus coeruleus (LC) noradrenergic neurons are implicated in a variety of functions including
the regulation of vigilance and the modulation of sensory processing. Thyrotropin-releasing
hormone (TRH) is an endogenous neuropeptide that induces a variety of behavioural changes
including arousal and antinociception. In the present study, we explored whether the activity
of LC noradrenergic neurons is modulated by TRH. Using current-clamp recording from
isolated rat LC neurons, we found that TRH increased the firing rate of spontaneous action
potentials. The TRH action was mimicked by TRH analogues including taltirelin and TRH-gly.
In voltage-clamp recording at a holding potential of −50 mV, TRH produced an inward current
associated with a decrease in the membrane K+ conductance. This current was inhibited
by the TRH receptor antagonist chlordiazepoxide. Following inhibition of the pH-sensitive
K+ conductance by extracellular acidification, the TRH response was fully inhibited. The
TRH-induced current was also inhibited by the phospholipase C (PLC) inhibitor U-73122,
but not by the protein kinase C inhibitor chelerythrine nor by chelation of intracellular Ca2+ by
BAPTA. The recovery from the facilitatory action of TRH on the spike frequency was markedly
inhibited by a high concentration of wortmannin. These results suggest that TRH activates
LC noradrenergic neurons by decreasing an acid-sensitive K+ conductance via PLC-mediated
hydrolysis of phosphatidylinositol 4,5-bisphosphate. The present findings demonstrate that
TRH activates LC neurons and characterize the underlying signalling mechanisms. The action
of TRH on LC neurons may influence a variety of CNS functions related to the noradrenergic
system which include arousal and analgesia.
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Introduction

The locus coeruleus (LC), located at either side of the
fourth ventricle in the pontine and medullary brain-
stem, sends noradrenergic projections to many regions
of the central nervous system (CNS) and plays an
important role in the regulation of multiple physiological
processes including attention, pain control, sleep–wake
cycle, learning and memory (Aston-Jones et al. 1991;
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Stamford, 1995; Nestler et al. 1999; Sara, 2009). The
LC noradrenergic neurons are silent during rapid eye
movement sleep, fire at a regular slow rate during quiet
wakefulness and show bursts of firing in response to
arousing stimuli (Sara, 2009). Spontaneous firing activity
is also observed in isolated LC neurons (Arima et al.
1998; Koga et al. 2005), and this pacemaker activity
can be modulated by neurotransmitters, neuromodulators
and intracellular second messengers. For example,
noradrenaline via α2-adrenoceptors and enkephalin via
μ-receptors inhibit LC neuronal firing by the activation
of G-protein-mediated inwardly rectifying K+ (GIRK)
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channels (Arima et al. 1998; Torrecilla et al. 2002). In
contrast, these neurons are activated by orexins acting
on non-selective cationic and K+ channels (Ivanov &
Aston-Jones, 2000; Murai & Akaike 2005).

Thyrotropin-releasing hormone (TRH), a neuro-
peptide originally isolated from mammalian hypothalami,
is distributed widely throughout the CNS (Winokur &
Utiger, 1974; Bayliss et al. 1994). TRH has a variety of direct
CNS effects, i.e. actions that are independent of its end-
ocrine action in releasing thyroid-stimulating hormone
(Nillni & Sevarino, 1999). These effects implicate this
peptide in the regulation of arousal, cognition, circadian
rhythm, mood, seizure activity and motor function
(Nillni & Sevarino, 1999). TRH also has antinociceptive
properties against noxious stimuli (Boschi et al. 1983).
There are two subtypes of TRH receptors, TRH-R1 and
TRH-R2, and these receptors couple primarily to the Gq/11

subfamily of G-proteins (reviewed by Sun et al. 2003).
Consequently, stimulation of TRH receptors results in
the activation of phospholipase C (PLC), which mediates
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) hydro-
lysis to form inositol 1,4,5-trisphosphate (IP3) and
1,2-diacylglycerol. These second messengers mediate Ca2+

release from intracellular Ca2+ stores and the activation of
protein kinase C.

It has been reported that the TRH-induced locomotor
hyperactivity in mice is blocked in part by the
α1-adrenergic antagonist (Heal et al. 1987) and that
systemic administration of TRH and its related analogues
increases the extracellular concentration of noradrenaline
in frontal cortex of urethane-anaesthetized rat (Itoh et al.
1994). Recently, Tanabe et al. (2007) have reported that
taltirelin, a stable analogue of TRH, exhibits an analgesic
effect on mechanical nociception via a descending
noradrenergic pathway. Since the LC is the sole source
of noradrenaline in the forebrain and also contributes to
descending pain inhibitory pathways (Pertovaara, 2006;
Sara, 2009), these observations suggest that the LC is a
major of site of action of TRH and its related analogues.
The LC does indeed contain TRH receptors (Manaker
et al. 1985), and TRH-containing fibres have been reported
to be localized in the rat and human LC (Eskay et al.
1983; Pammer et al. 1990). Since the action of TRH on
the LC noradrenergic neurons remains to be clarified, we
investigated the effect of TRH on noradrenergic neurons
acutely isolated from rat LC using the patch-clamp
recording technique.

Methods

All experimental procedures were approved by the animal
research committee of the National Institute for Physio-
logical Sciences, Japan, and complied with the policies of
The Journal of Physiology (Drummond, 2009).

Preparation

Wistar rats (10–17 days old, n = 115) were decapitated
under pentobarbital sodium anaesthesia (100 mg kg−1,
I.P.). The brain was quickly removed and sliced at a
thickness of 380 μm using a microslicer (VT1000S; Leica,
Nussloch, Germany). Slices were kept in the incubation
medium (see below) saturated with 95% O2 and 5%
CO2 at room temperature (21–24◦C) for at least 1 h
before mechanical dissociation. Slices were then trans-
ferred into a 35 mm culture dish filled with standard
external solution (Primaria 3801; Becton Dickinson,
Rutherford, NJ, USA), and the region of the LC was
identified under a binocular microscope. Details of the
mechanical dissociation have been previously described
(Ishibashi et al. 2007). Briefly, mechanical dissociation was
accomplished using a custom-built vibration device and
a fire-polished glass pipette oscillating at 50–60 Hz. The
tip of the fire-polished glass pipette was lightly placed
on the surface of the locus coeruleus and was vibrated
horizontally (0.1–0.2 mm) for about 5 min. Slices were
then removed and the mechanically dissociated neurons
allowed to settle and adhere to the bottom of the dish
for at least 15 min before recordings commenced. The
noradrenergic neurons were easily identified with their
morphological features: a large oval-shaped cell body
(> 25 μm) with several robust dendrites, as shown in our
previous study (Koga et al. 2005).

Electrical measurements

Most electrical measurements were performed using
the perforated patch-clamp recording configuration
with amphotericin B. In the experiments using
BAPTA, conventional whole-cell patch-clamp recordings
were used. Membrane voltage was controlled, and
currents recorded, with the use of a patch-clamp
amplifier (EPC-7plus; List Medical, Darmstadt-Eberstadt,
Germany). Patch pipettes were made from borosilicate
capillary glass in two stages on a vertical pipette puller
(PC-10, Narishige, Tokyo, Japan). The resistance between
the recording pipettes filled with internal solution (see
below) and the reference electrode in the standard external
solution was 4–6 M�. Neurons were visualized under
phase contrast on an inverted microscope (DMIRB; Leica
Microsystems, Wetzlar, Germany). Current and voltage
were continuously monitored on an oscilloscope and a pen
recorder (WR3320, Graphtec, Tokyo, Japan). Membrane
currents were filtered at 3 kHz (E-3201A; NF Electric
Instruments, Tokyo, Japan), digitized at 10 kHz, and
stored on a computer equipped with pCLAMP8.2 software
(Axon Instruments). Only dissociated LC neurons that had
resting membrane potentials more negative than −50 mV
and action potentials that overshot zero by > 20 mV
were studied. In extracellular solutions containing 2.5, 5
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and 10 mM K+, the reversal potential of TRH-induced
currents was recorded using voltage ramps of −100 mV
in amplitude and of 1.5 s duration, applied to the neuron
from a holding potential (V H) of −50 mV. In extracellular
solution containing 20 mM K+, voltage ramps from
−30 mV to −100 mV were used. The reversal potential
of U-73122-induced current was recorded using voltage
ramps from a V H of −50 mV to +30 mV. All experiments
were performed at room temperature (21–24◦C).

Solutions

The composition of the incubation solution was (in mM):
124 NaCl, 2.5 KCl, 1.2 KH2PO4, 24 NaHCO3, 2 CaCl2,
1 MgCl2 and 10 glucose saturated with 95% O2 and 5%
CO2. The standard external solution consisted of (in mM):
150 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes and 10
glucose. When K+ levels were increased, Na+ was replaced
with equimolar K+. When Na+ was removed, Na+

was replaced with equimolar N-methyl-D-glucamine+.
These external solutions were adjusted to pH 7.4
with tris(hydroxymethyl)aminomethane (Tris-base).
These extracellular solutions routinely contained 5 μM

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 5 μM

D-aminophosphonovalerate (AP-5), 3 μM SR-95531 and
1 μM strychnine to prevent glutamatergic, GABAergic
and glycinergic synaptic currents. In voltage-clamp
experiments, tetrodotoxin (TTX, 0.3 μM) was also added
to the extracellular solution. The ionic composition
of the internal (patch pipette) solution for perforated
patch-clamp recordings was (in mM): 140 potassium
methanesulfonate, 10 KCl, 1 MgCl2 and 10 Hepes. The
patch-pipette solution for whole-cell patch recording
contained (mM): 130 potassium methanesulfonate, 10
KCl, 2 NaCl, 2 MgCl2, 4 ATP-Mg, 0.1 GTP-3Na, 5 BAPTA,
10 Hepes. The pH was adjusted to 7.2 with Tris-base.
Amphotericin B was dissolved in dimethylsulfoxide
(10 mg ml−1) and this stock solution was add to
the internal solution just before use to give a final
concentration of 25 μg ml−1. Rapid application of external
solution was performed using a ‘Y-tube’ as described
previously (Ishibashi et al. 2005). Unless otherwise
mentioned, only one recording of a TRH response was
obtained from each dish of neurons, to ensure that neurons
had not been previously exposed to TRH.

Data analysis

All data are presented as mean ± S.E.M. A two-tailed
Student’s t test was used to determine significant
differences between different conditions. For multiple
groups, one-way ANOVA with Dunnett’s multiple
comparison post hoc test was used. The level of significance
was set at P < 0.05 for all tests.

Drugs

Drugs used in the present study were tertiapin, TRH
(Peptide Institute, Osaka, Japan), CNQX, SR-95531,
taltirelin, U-73122 (Tocris Cookson, Avonmouth, UK),
BaCl2, caffeine, noradrenaline, tetrodotoxin (TTX)
(Wako, Tokyo, Japan), edelfosine (Enzo Life Sciences,
Plymouth Meeting, PA, USA), TRH-gly (Bachem,
Torrance, CA, USA), amphotericin B, AP-5, 2-aminoethyl
diphenylborate (2-APB), BAPTA, chelerythrine, 2-nitro-
4-carboxyphenyl N ,N-diphenylcarbamate (NCDC), stry-
chnine, U-73343 and wortmannin (Sigma, St Louis, MO,
USA).

Results

Whole-cell recordings were initially performed on freshly
dissociated rat LC noradrenergic neurons using perforated
patch-clamp recordings. Figure 1A shows a representative
response to TRH when recording in current-clamp mode.
Before application of TRH the neuron’s resting membrane
potential was −54.7 ± 0.60 mV (n = 16), and neurons
fired spontaneous action potentials at frequencies between
0.3 and 1.4 Hz (0.68 ± 0.08 Hz, n = 16). The application
of 30 nM TRH increased the frequency of action potentials
to 3.81 ± 0.46 Hz (n = 7), with the firing rate returning
back to lower levels after washing out the peptide. The
TRH analogue taltirelin (30 nM) also increased the firing
frequency (Fig. 1B). The TRH analogue TRH-gly, at a
concentration of 100 nM that fully activates TRH-R2
receptors (Cao et al. 1998), had no significant effect on
the frequency of spontaneous action potentials (Fig. 1C).
At much higher concentrations, however, TRH-gly did
increase firing frequency (Fig. 1D). Figure 1D depicts the
concentration–response curves constructed from pooled
data for these three ligands, giving apparent EC50 values
of 5.46 nM, 44.0 nM and 1.57 μM for TRH, taltirelin and
TRH-gly, respectively.

Application of tetrodotoxin (1 μM; TTX) completely
inhibited the spontaneous action potentials (n = 5). In
the presence of 1 μM TTX, TRH (300 nM) induced a
depolarization associated with smaller-amplitude action
potentials (Fig. 2A). These action potentials were inhibited
by the voltage-dependent Ca2+ channel antagonist
nifedipine (1 μM; Fig. 2B), or by Cd2+ (200 μM; not
shown), indicating that they are Ca2+ spikes. The
depolarization induced by 300 nM TRH in the presence
of 1 μM nifedipine or 200 μM Cd2+ was 13.6 ± 1.7 mV
(n = 5) and 16.0 ± 3.1 mV (n = 4), respectively. In order
to further confirm that these spikes were Ca2+ spikes, we
tested the effect of TRH in the absence of extracellular
Na+. Removal of extracellular Na+ markedly hyper-
polarized the membrane potential (Fig. 2C), which was
consistent with a previous study (Alreja & Aghajanian,
1993). After the membrane potential returned to its
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original level, application of TRH produced a depolarizing
response associated with repetitive action potentials
(n = 4; Fig. 2C). Hence TRH induces depolarization and
Ca2+ spikes in the absence of extracellular Na+. Ca2+ spikes
in LC noradrenergic neurons were also reported previously
(Horvath et al. 1999).

Figure 1. Excitatory actions of TRH and its analogues on the
firing of locus coeruleus
A, a typical current-clamp recording showing the excitatory effect of
30 nM TRH on the firing of action potentials. Lower panels show the
action potentials with an expanded time scale in the absence (left) and
presence (right) of TRH. B and C, effects of 30 nM taltirelin (B) and
100 nM TRH-gly (C) on LC neurons. Traces shown in A–C were
obtained from different neurons. Dashed lines in A–C show the 0 mV
level. D, concentration–response curves for TRH (◦), taltirelin (•) and
TRH-gly (�). Each point represents the mean ± S.E.M. from 4–7
neurons.

We next performed the voltage-clamp experiments
to analyse the depolarizing TRH response. Figure 3A
shows a representative response to 300 nM TRH in
a voltage-clamped LC neuron at a V H of −50 mV.
Hyperpolarizing voltage steps of 10 mV and 400 ms
duration were continuously applied to monitor the
changes in the membrane conductance. Application
of TRH induced an inward current which reached a
peak of 19.3 ± 1.5 pA (n = 8) before declining. During
the peak response, the membrane conductance was
significantly reduced from 0.87 ± 0.11 to 0.33 ± 0.08 nS
(n = 8, P < 0.001). Re-application of TRH 20 min after
the first application produced a smaller current, with
a peak amplitude of 6.4 ± 0.6 pA (n = 8, P < 0.01).
The membrane conductance observed in this study was
relatively lower than that reported in slice preparations
(Williams et al. 1988; Travagli et al. 1996) which is likely
to reflect the reduced extent of dendritic processes in
these isolated cell preparations, since the conductance is
reported to be strongly correlated to the number of distal
dendrites in LC neurons (Travagli et al. 1996).

Chlordiazapoxide is known as an antagonist at TRH
receptors and has been used at a concentration of
50 μM to block TRH receptors in previous studies
(Deng et al. 2006; Parmentier et al. 2009). In the
present study, 50 μM chlordiazepoxide itself produced
no detectable current (n = 5, not shown) but markedly
inhibited the TRH response, being 6.2 ± 2.1 pA in
the presence of chlordiazepoxide (n = 5), significantly
different (P < 0.001) as compared to the 15.0 ± 3.1 pA
TRH response observed in the same neurons after washout
of chlordiazepoxide (Fig. 3B).

The ionic base of the TRH-mediated current was
investigated using voltage ramps during voltage-clamp
recordings. The pipette (internal) solution contained
150 mM K+, and neurons were initially perfused with a
normal external solution containing 2.5 mM K+. Current
responses to voltage ramps from a V H of −50 mV to
−150 mV, before and during 300 nM TRH application,
intersected each other at a membrane potential of
−99.8 ± 4.1 mV (n = 5, Fig. 3C). The TRH-sensitive
current, obtained by subtracting current in the presence
of TRH from that under control conditions, showed
outward rectification (Fig. 3C). As the extracellular K+

concentration was increased to 5, 10 and 20 mM, the
reversal potential shifted to −90.5 ± 0.4 mV (n = 4),
−66.3 ± 1.3 mV (n = 6) and −43.7 ± 2.6 mV (n = 5),
respectively (Fig. 3D). From this relationship, the reversal
potential of the TRH-induced current for a 10-fold change
in the extracellular K+ concentration was estimated as
63 mV, close to the shift in the Nernst potential for an
ideally selective K+ channel of 58.7 mV per 10-fold shift
in the extracellular K+ concentration. This indicates that
the TRH-induced current is due to a decrease in K+

conductance.
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As shown in Fig. 3C, and as reported in a previous study
(Williams et al. 1988), the resting membrane conductance
of LC neurons showed weak inward rectification. The LC
noradrenergic neurons have GIRK currents (Arima et al.
1998), and the GIRK channels can be constitutively active
in hippocampal neurons (Chen & Johnston, 2005). Thus,
we tested the effects of GIRK channel inhibitors on the
TRH-induced currents. As shown in Fig. 4A, application
of 3 mM Ba2+, a concentration which fully inhibits GIRK
currents in LC neurons (Arima et al. 1998), caused an
inward current of 6.5 ± 2.6 pA (n = 6). In the presence
of 3 mM Ba2+, TRH still induced an inward current
(n = 6), although this current was smaller than that
observed under control conditions (Fig. 4D). In contrast,
another inhibitor of inwardly rectifying K+ channels,
tertiapin (300 nM), failed to cause any inhibition of the
TRH-induced inward currents (n = 5; Fig. 4B and D). It
was also noted that tertiapin (300 nM) per se produced

no detectable current response and that it fully inhibited
the noradrenaline-induced GIRK currents (n = 4, not
shown).

TRH-induced inhibition of leak-like K+ currents,
probably representing acid-sensitive TASK channels, has
been reported in motor neurons (Bayliss et al. 1994)
and hippocampal interneurons (Deng et al. 2006). LC
neurons also express high levels of TASK channels
(Talley et al. 2001). Thus, we next examined the effect
of the TASK channel inhibition by acid on the TRH
response. Application of a pH 6.5 solution caused an
initial transient increase in the frequency of action
potentials followed by a sustained increase in frequency
to 429 ± 95% of control (n = 5). Under these conditions
TRH (300 nM) had no significant effect on the action
potential frequency (116 ± 13% of pH 6.5 conditions,
P > 0.1; Fig. 4Ca). After wash-out of pH 6.5 solution,
action potential frequency recovered to control levels. As

Figure 2. Depolarization of LC neurons by
TRH
A, effects of 300 nM TRH in the presence of
1 μM tetrodotoxin (TTX). The trace is
representative of five experiments. B, effect of
300 nM TRH in the presence of 1 μM TTX and
1 μM nifedipine. C, TRH-induced depolarization
in the absence of extracellular sodium. At the
arrow (DC), depolarizing current was used to
return the cell to its original resting potential.
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shown in Fig. 4Cb, under voltage-clamp conditions, the
reduction of pH from 7.4 to 6.5 activated a rapid initial
transient inward current followed by a slower activating
and sustained inward current of 17.4 ± 3.8 pA, n = 5)
associated with a decreased membrane conductance.
The initial transient current was accompanied by an
increase in the membrane conductance (not shown),
suggesting that it was mediated by acid-sensing cationic
channels. In the low pH solution, the TRH response was
markedly inhibited (being 3.0 ± 2.0 pA, n = 5; Fig. 4D).
After returning to the control solution, TRH still elicited
an inward current of 7.4 ± 3.4 pA, which was similar
to the current amplitude that was evoked by a second
application of TRH under control conditions. This also

suggests that the low pH solution application did not cause
any irreversible damage or run down in activity in the
LC neuron. These data suggest that TRH depolarizes LC
neurons by inhibiting acid-sensitive TASK channels.

The TRH receptors are well known to increase
the intracellular Ca2+ concentration via activation of
PLC (Sun et al. 2003). We therefore next investigated
whether PLC is involved in the TRH response. Under
current-clamp conditions, application of 0.5 μM U-73122,
a PLC inhibitor, caused a gradual depolarization that
initially increased the firing frequency and finally
blocked the occurrence of action potentials (n = 4;
Fig. 5A). This U-73122 action was irreversible after
30 min wash-out. Consequently, the effect of U-73122

Figure 3. Inward currents induced by TRH
Voltage-clamp recordings were performed at a
holding potential (VH) of −50 mV. A, inward
currents produced by application of TRH.
Hyperpolarizing step pulses of 400 ms duration
from a VH of −50 mV to −60 mV were applied
every 15 s. TRH (300 nM, 1 min) was applied
twice to the same neuron with a 20 min
interval between applications. In the lower
panels, selected current responses to the step
hyperpolarization are shown on an expanded
time scale. B, the effect of chlordiazepoxide on
the TRH-induced current. In this experiment,
the first application of TRH was performed in
the presence of 50 μM chlordiazepoxide and
the second application in the same cell in the
absence of 50 μM chlordiazepoxide. C,
current–voltage (I–V ) relationship for the TRH
response. Upper panel shows the current
induced by 300 nM TRH. Hyperpolarizing ramp
commands from −50 mV to −150 mV of 1.5 s
duration were applied before and during
application of TRH. Lower panel shows the I–V
relationships obtained from these voltage
ramps in the normal external solution
containing 2.5 mM K+. The TRH-sensitive
current (a - b) was obtained by subtraction of
the TRH I–V curve (b) from control (a). D, the
relationship between the external K+
concentration ([K+]o) and the reversal potential
of the TRH-induced current. Each point
represents the mean ± S.E.M. from 4–6 neurons.
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on the TRH response was examined under voltage-clamp
conditions. U-73122 (0.5 μM) induced a slowly activating
inward current at a V H of −50 mV (33.8 ± 5.2 pA,
n = 7; Fig. 5B). After 10 min pretreatment with U-73122,
the TRH-induced current was markedly inhibited
(Fig. 5B). The U-73122-induced inward current reversed
at −7.3 ± 2.9 mV (n = 4, not shown), and this current was
blocked by the non-selective cation channel blocker Gd3+

(10 μM, n = 5; Fig. 5C), suggesting the involvement of
non-selective cation channels. In the presence of U-73122,
on the other hand, application of pH 6.5 solution still
induced the sustained inward current of 15.2 ± 2.8 pA
(n = 5; Fig. 5D), indicating that U-73122 did not occlude
the acid-sensitive K+ channels. When neurons were
pretreated for 10 min with U-73343 (0.5 μM), an inactive
analogue of U-73122, TRH still induced an inward current
of 16.0 ± 2.7 pA (n = 5) which was not significantly

different from that observed under control conditions
(Fig. 5E and G). The TRH-induced current was also
inhibited by pretreatment (10 min) with further PLC
inhibitors NCDC (100 μM, n = 5; Fig. 5F and G) and
edelfosine (10 μM, n = 4; Fig. 5G). In contrast to U-73122,
NCDC and edelfosine produced no detectable changes
in the holding current. These results indicate that PLC
contributes to the TRH response.

To further elucidate the possible signal transduction
mechanisms for the TRH response, we next examined the
effects of chelerythrine, a protein kinase C (PKC) inhibitor,
and 2-APB, a membrane-permeable IP3 receptor inhibitor.
In the continued presence (following preincubation for
20 min) of 5 μM chelerythrine or 100 μM 2-APB, 300 nM

TRH still elicited robust inward currents of 17.3 ± 5.9 pA
(n = 6) and 15.8 ± 4.9 pA (n = 5), respectively. We also
investigated the TRH response using the conventional

Figure 4. Effect of K+ channel inhibitors on the
TRH response
Voltage-clamp recordings were performed at a VH of
−50 mV. Hyperpolarizing step pulses to −60 mV and of
400 ms duration were applied every 10–15 s. A, the
effect of 3 mM Ba2+ on the TRH-induced currents. Ba2+
itself induced an inward current which was
accompanied by a decrease in the membrane
conductance. B, the effect of the GIRK channel inhibitor
tertiapin on the TRH-induced current. C, the TRH
response under conditions designed to inhibit the
pH-sensitive conductance. Application of an acidified
solution (pH 6.5) increased action potential frequency
under current-clamp conditions (a) and evoked an initial
transient inward current, followed by slowly activating
inward current, under voltage-clamp conditions (b). The
TRH-responses on membrane potential (a) and
membrane current (b) were recorded from different
cells. After wash-out of pH 6.5 solution, TRH still
induced an inward current in the same cell. Note that
the TRH-induced current was fully blocked at an
external pH 6.5. D, summary of the mean currents
elicited by 300 nM TRH at a VH of −50 mV in the
presence of different solutions and drugs. ∗P < 0.05,
∗∗∗P < 0.001 compared with control. Each bar
corresponds to 5–7 neurons.
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whole-cell patch-clamp recording configuration which
allowed us to dialyse the LC neurons with BAPTA
and hence prevent any increases in intracellular Ca2+

concentration that may contribute to the TRH response.
To confirm effective intracellular Ca2+ chelation, we
examined the response to caffeine which is known to evoke
Ca2+-activated K+ currents in LC neurons (Murai et al.
1997). Caffeine (10 mM) produced such outward currents
in all neurons tested when recorded using the perforated
patch-clamp technique (n = 8; Fig. 6C). When neurons
were dialysed with a pipette solution containing 5 mM

BAPTA for 30 min, caffeine (10 mM) failed to produce
any detectable outward current (n = 4), while TRH still
induced an inward current, with a peak amplitude of
17.5 ± 3.2 pA (n = 4), similar to that observed with the
perforated-patch method.

The PLC-mediated hydrolysis of PI(4,5)P2 may cause
a local reduction of PI(4,5)P2 levels in the plasma
membrane. Since phosphatidylinositol 4-kinase (PI
4-kinase) is required for re-synthesis of PI(4,5)P2, its
inhibition is expected to disrupt the recovery of PI(4,5)P2

levels. Micromolar, but not nanomolar, concentrations of
wortmannin have been reported to inhibit PI 4-kinase
(Sorensen et al. 1998). Therefore, we examined whether
the inhibition of re-synthesis and restoration of PI(4,5)P2

by wortmannin affects the TRH-induced increase of spike
frequency and its recovery. Pretreatment of neurons with
a high concentration of wortmannin (50 μM) for 10 min
had no significant effect on the basal frequency of action
potentials (96.5 ± 6.4% of control, P = 0.5, n = 6). Under
these conditions, application of 300 nM TRH still increased
the frequency of spontaneous action potentials, but the
enhancement of action potential frequency was virtually

Figure 5. Contribution of PLC to the TRH
response
A, the PLC inhibitor U-73122 elicited a
membrane depolarization. The dashed line
represents a membrane potential of −60 mV.
The trace is representative of four experiments.
B, the TRH response in the presence of
U-73122 measured in voltage clamp at VH of
−50 mV. U-73122 itself induced an inward
current, and after this current had reached a
steady level, TRH was applied. C, inhibition of
the U-73122-induced current by Gd3+. Gd3+
was applied before and during application of
U-73122. Horizontal dashed line shows the
zero current level. D, effect of pH 6.5 solution
in the presence of U-73122. E, the
TRH-induced current was unaffected in the
presence of U-73343, an inactive isomer of
U-73312. F, inhibition of the TRH-induced
current by NCDC, a PLC inhibitor. G, summary
of the mean TRH-induced current in the
presence of 0.5 μM U-73122, 0.5 μM U-73343,
100 μM NCDC or 10 μM edelfosine.
∗∗∗P < 0.01 compared with control.
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irreversible. A similar pretreatment of neurons with
0.3 μM wortmannin did not result in such an irreversible
TRH effect, indicating that degradation of PI(4,5)P2 was
probably responsible for the depolarizing effect of TRH.

Discussion

The present study reveals the excitatory effect of TRH
and the cellular mechanisms of this excitatory response
in rat locus coeruleus noradrenergic neurons. We show a
direct depolarizing action of TRH with an EC50 of 5.5 nM

(Fig. 1D), resulting in an increase in the spontaneous firing
rate. This EC50 value is comparable to those observed in
GH3 cells (McDermott et al. 1990), GH4C1 cells (Cao
et al. 1998) and orexin/hypocretin neurons (González
et al. 2009). The TRH analogue taltirelin also increased
the spike frequency with an EC50 of 44 nM. The results
were consistent with a previous report which showed

that taltirelin had a lower binding affinity than TRH
(Asai et al. 1999). Inhibition of the TRH response by
chlordiazepoxide (Fig. 3B) also supports the contribution
of TRH receptors. To date, two TRH receptors, TRH-R1
and TRH-R2, have been identified. Cao et al. (1998)
reported that TRH-gly was more potent at functionally
activating the TRH-R2 receptors (EC50 = 42 nM) than
the TRH-R1 receptors (EC50 = 1.8 μM). In the present
study, TRH-gly induced an excitatory response only at
relatively high concentrations (> 100 nM). However, we
could not further explore the receptor subtype because
of the absence of reliable and specific antagonists. The
future development of selective agonists and antagonists
for each subtype will enable their specific functions to be
investigated.

It has been suggested that members of the
twin-pore-domain K+ channel family, including the
TASK group of K+ channels, contribute to the resting
conductance in various neurons (Lesage, 2003). LC

Figure 6. Effects of chelerythrine, 2-APB
and BAPTA on the TRH-induced currents
A, the TRH-induced current in the presence of
PKC inhibitor chelerythrine. B, the TRH-induced
current in the presence of the IP3

receptor-inhibitor 2-APB. C, effect of
intracellular Ca2+ chelation by BAPTA on the
TRH response. Caffeine responses recorded
using perforated patch-clamp recordings (left
panel) and conventional whole-cell patch-clamp
recordings (right panel). Although the caffeine
response was abolished by intracellular dialysis
of BAPTA, the TRH response was unaffected.
Hyperpolarizing step pulses of 500 ms duration
from a VH of −50 mV to −60 mV were applied
every 10–15 s. D, summary of the mean
TRH-induced currents recorded under the
various conditions as indicated. Each column
shows the mean ± S.E.M. from 4–8 neurons.
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noradrenergic neurons are reported to express high
levels of TASK-1 and TASK-3 K+ channels (Talley et al.
2001), which are inhibited by extracellular acidification
and activated by alkalization (Talley et al. 2000). In
the present study, the TRH-sensitive current showed
outward rectification (Fig. 3C), consistent with outward
rectification of macroscopic whole-cell TASK currents
(Rajan et al. 2000; Talley et al. 2000). While the
conductance of single TASK channels shows weak
inward rectification, the increased open probability of
these channels at positive potentials confers a similar
macroscopic rectification pattern (Kim et al. 2000; Rajan
et al. 2000).

In addition to the inhibitory effect of Ba2+ on GIRK
channels, Ba2+ is known to modulate TASK-1 and TASK-3
channels, with some preferential blocking of inward
current relative to outward currents; the Ba2+ IC50 values
for block of inward TASK-3 currents are about 0.3 mM,
and about 3 mM for block of outward TASK-3 currents
(Kim et al. 2000; Vega-Saenz de Miera et al. 2001).
In the present study, Ba2+ at a concentration of 3 mM

elicited an inward current which was probably due to
Ba2+ reducing the outward resting K+ currents carried
by TASK channels. The proposal that Ba2+ and TRH
inhibit the same TASK currents is supported by the
TRH-induced current in the presence of Ba2+ being
smaller than that observed under control conditions
(Fig. 4D). Furthermore, application of pH 6.5 solution
caused a slowly activated inward current associated with
a decrease in the membrane conductance, and the TRH
response was fully inhibited under these acidic conditions

(Fig. 4C). Although reducing the extracellular pH may
reduce the apparent affinity of TRH binding to its
receptors, the pK a value of TRH is about 6.25 and a
supramaximal concentration of 300 nM TRH in pH 6.5
solution should still cause receptor activation (Grant et al.
1972; Perlman et al. 1992). Overall, the present data
strongly indicate that TRH inhibits acid-sensitive TASK
K+ channels in LC neurons. Inhibition of resting K+

currents, probably mediated by acid-sensitive TASK-like
K+ channels, by TRH has also been reported in hypoglossal
motoneurons (Bayliss et al. 1994) and hippocampal inter-
neurons (Deng et al. 2006).

TRH receptors are known to couple to the Gq/11-type of
G-proteins. In LC noradrenergic neurons, Gq/11-coupled
receptors include orexin and tachykinin receptors, whose
activation causes membrane depolarization by both
augmentation of a non-selective cationic conductance
and by inhibition of a K+ conductance (Shen & North,
1992; Murai & Akaike, 2005). Recently, Parmentier
et al. (2009) reported that TRH activates histaminergic
tuberomamillary neurons via enhancing the activity of
an electrogenic Na+/Ca2+ exchanger, in addition to
activation of non-selective cationic channels. Since this
TRH-induced depolarization was not accompanied by an
obvious change in membrane resistance, these authors
assumed that the origin of the TRH response was in
distal dendrites. In addition, they could not observe
the TRH-induced activation of the Na+/Ca2+ exchanger
current at room temperature. The present study was
conducted at room temperature and used acutely isolated
neurons that only have proximal dendrites, and hence we

Figure 7. Effect of wortmannin on the TRH
response
A and B, current-clamp recordings showing the
TRH-induced increase in spike frequency in the presence
of 0.3 μM (A) or 50 μM (B) wortmannin. C, time course
of the effect of TRH (300 nM) on the relative frequency
of spontaneous action potentials. The number of spikes
occurring every 30 s was normalized to that obtained
before application of wortmannin and then plotted over
time, in the presence of 0.3 μM (◦) or 50 μM (•)
wortmannin. The number of action potentials in the
presence of 50 μM wortmannin between 8 and 20 min
in this panel was significantly greater than that in
0.3 μM wortmannin (n = 6; P < 0.05).
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found no evidence for these other actions of TRH. Instead,
the TRH-induced depolarization could be completely
described by the inhibition of K+ channels, although
this does not exclude the possibilities that TRH may
modulate cationic conductance or Na+/Ca2+ exchangers
in LC noradrenergic neurons in vivo. These potential
targets should be investigated in future studies.

The PLC inhibitor U-73122 slowly depolarized LC
neurons under current-clamp conditions resulting in a
gradual cessation of action potential firing (Fig. 5A).
Although U-73122 is widely used in physiological studies
to prevent PLC activity, this drug has been reported to
have unfavourable side effects. In pancreatic acinar cells,
U-73122 directly activates cation channels (Mogami et al.
1997). The present results also show that U-73122 may
activate cation channels in LC neurons (Fig. 5). However,
we did not further characterize the U-73122-induced
inward currents. In the presence of U-73122, but not
U-73343, TRH failed to induce any inward current under
voltage-clamp conditions (Fig. 5). Further PLC inhibitors
NCDC and edelfosine also inhibited the TRH response.
These results suggest a contribution of PLC to the TRH
signalling pathway. PLC cleaves PI(4,5)P2 into IP3 and
diacylglycerol, with IP3 releasing internal Ca2+ stores and
with diacylglycerol activating PKC. However, the PKC
inhibitor chelerythrine at a concentration (5 μM) reported
to inhibit PKC-mediated responses in LC neurons (Bailey
et al. 2004) failed to inhibit the TRH response (Fig. 6A).
Similarly, the membrane-permeable IP3 receptor inhibitor
2-APB had no effect on the TRH-induced current
(Fig. 6B). Furthermore, intracellular Ca2+ chelation by
inclusion of BAPTA in the whole-cell pipette solution
did not prevent the TRH-induced current (Fig. 6C),
indicating little, if any, involvement of intracellular
Ca2+ concentration in the TRH-induced inward current.
However, suppression of PI(4,5)P2 replenishment by
high concentrations of wortmannin markedly inhibited
the recovery from the facilitatory action of TRH on
spontaneous spike frequency (Fig. 7). Together, these
results are consistent with a model where TRH activates
PLC to result in PI(4,5)P2 hydrolysis, which then couples
to inhibition of TASK channels in a manner that does not
involve IP3 or PKC.

As discussed previously (Aston-Jones et al. 1991;
Stamford, 1995; Nestler et al. 1999; Sara, 2009), the LC
noradrenergic neurons play a major role in the control
of arousal and regulation of pain processing. These
neurons receive dense innervation from orexin-containing
fibres and orexins are known to induce wakefulness
by activating LC neurons (Hagan et al. 1999; Horvath
et al. 1999). Recently, orexin neurons have been reported
to be activated by TRH (González et al. 2009; Hara
et al. 2009). In concert with its excitatory action on
orexin neurons, therefore, TRH may also produce a
potent arousal-promoting action by directly activating LC

neurons. In addition to the robust arousal effect (Hara
et al. 2009; Parmentier et al. 2009), the TRH analogue
taltirelin is also reported to induce potent analgesia of
mechanical nociception via the central noradrenergic
systems (Tanabe et al. 2007). Since the descending
noradrenergic pathways from the LC participates in
this endogenous pain-inhibitory system, taltirelin was
proposed to activate these descending pathways to release
noradrenaline. This mechanism is supported in the
present study, as taltirelin was shown to directly activate
LC neurons. Thus, our present results demonstrate that LC
noradrenergic neurons are one of the physiological targets
of TRH and its analogues.

In summary, the present study clearly demonstrates a
direct excitatory effect of TRH and its analogues on rat
locus coeruleus neurons. The activation of LC neurons
was caused by a decrease in the acid-sensitive resting K+

conductance via PLC-mediated hydrolysis of PI(4,5)P2.
Our present study provides a physiological basis for the
role for TRH as an activator of LC noradrenergic neurons.
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