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5-HT1A receptor-mediated activation of outward potassium current 
by serotonin in mouse cultured spiral ganglion neurons
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Abstract. Cochlear spiral ganglion neurons provide the only pathway for transmitting sound evoked 
activity from the hair cells to the central auditory system. Serotonin plays a role in the response 
properties of central auditory neurons. However, knowledge about the role of serotonin in the 
peripheral auditory nervous system remains limited. In the current study, we investigated the influ-
ence of serotonin on outward potassium current in mouse cultured spiral ganglion neurons using 
whole-cell patch clamp technique. The cell capacitance was 4.03 ± 0.18 pF (n = 54). Application of 
serotonin caused an increase of outward potassium currents within seconds, whereas treatment 
with WAY100635, a selective 5-HT1A receptor antagonist, counteracted the increase effect of sero-
tonin. These results suggest that serotonin increases outward potassium currents in cultured spiral
ganglion neurons through the activation of 5-HT1A receptor. Serotonin may play an important role 
in sound transmission. 
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Introduction 

Spiral ganglion neurons (SGNs), the primary afferent neu-
rons in the cochlea, are the first relay neurons in the pathway
of the auditory transmission to receive precise synaptic 
signals encoded by hair cell receptors and convey auditory 
signals into the central nervous system (CNS). SGNs have 
been shown to express many types of neuropeptide-acti-
vated G-protein-coupled receptors, such as P2X receptors, 
muscarinic receptors, metabotropic glutamate receptors, 
purinergic receptors, GABAergic receptors, and tachyki-
nin receptors. The expression of these receptors further
emphasizes the complex regulation of the auditory signal 

at the afferent nerve fibers (Housley et al. 1999; Lin et al.
2000; Ito and Dulon 2002; Ito et al. 2002; Peng et al. 2004; 
Sun et al. 2004). 

5-hydroxytryptamine (5-HT, also known as serotonin) 
was originally characterized as a serum vasoconstrictor in 
1948 (Rapport et al. 1948). In addition to its role in vasocon-
striction, serotonin may also act as a neuromodulator/neuro-
transmitter (Berger et al. 2009). Serotonin and its receptors 
are widely existed, including in the mammalian auditory 
system. The effects of serotonin on the response properties
of auditory neurons have been measured in several audi-
tory regions of CNS: nuclei of the superior olivary complex 
including medial nucleus of the trapezoid body and lateral 
superior olive, periolivary regions including the ventral 
nucleus of trapezoid body and rostral periolivary regions, 
auditory cortex, the dorsal cochlear nucleus, and inferior 
colliculus (Ebert and Ostwald 1992; Wang and Robertson 
1997; Fitzgerald and Sanes 1999; Hurley and Pollak 1999; Ji 
and Suga 2007). The activities of serotonin are initiated via 
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binding to its specific receptors. In auditory neurons of the
CNS, 5-HT1A receptors open potassium channels (Vergé and 
Calas 2000; Monckton and McCormick 2002) and 5-HT1B 
receptors decrease the release of serotonin as autoreceptors 
on serotonergic neurons (Sari 2004). Furthermore, it is also 
established that serotonin has two main sources in the coch-
lea, serotonergic fibers and the blood (Vicente-Torres et al.
1998: Gil-Loyzaga et al. 2000). The function of serotonergic
fibers has been suggested to be involved in the modulation
of the ascending afferent system, but not the transduction
of pure tones during auditory processing. Serotonin in the 
blood induced a biphasic reduction of blood flow, resulting
in microcirculation dysfunction (Luo and Kong 2000). How-
ever, knowledge about the role of serotonin in the peripheral 
auditory nervous system remains limited. Previous studies 
provide evidence that serotonin may be synthesized in 
SGNs and function as a neuromodulator (Long et al. 2008). 
Previous study using reverse transcriptase-polymerase chain 
reaction (RT-PCR) analysis detected the expression of 5-HT 
receptor subtypes 1A, 1B, 2B, 2C, 3, 5B and 6 mRNA in 
mouse spiral ganglion subfractions (Oh et al. 1999). Recently, 
some study demonstrated the distribution of 5HT1A receptor 
on the membrane of SGNs (Li et al. 2007). 

As mentioned above, serotonin and its receptors were 
widely expressed throughout the cochlea (Vicente-Torres 
et al. 1998; Oh et al. 1999; Gil-Loyzaga et al. 2000; Li et al. 
2007; Long et al. 2008). Outward potassium channels play 
fundamental roles in regulation of membrane excitability. 
The mechanisms of the action of serotonin on peripheral
auditory nervous system remain unclear. Whether serotonin 
has a regulatory effect on the potassium channel currents
in the cultured SGNs is still unknown. The objective of this
work was to determine whether serotonin has a regulatory 
effect on mouse cultured SGNs. We used whole-cell patch
clamp technique to examine the effect of serotonin on the
potassium channels in cultured SGNs. We further tested if 
the effect of serotonin on the potassium channels was re-
lated to 5-HT1A receptor on the cell membrane. We present 
evidence to reveal the importance of serotonin in sound 
transmission.

Materials and Methods

Animals and tissue culture

Experiments were performed on the cultured SGNs of the 
Kunming mice. This study was approved by the Animal Care
and Use Committee of the West China Medical School of 
Sichuan University and carried out in accordance with the 
National Institute of Health Guide for the Care and Use of 
Laboratory Animals (NIH Publications No. 80-23). 

Mice at day 3–8 were deeply anesthetized with Nem-
butal (50 mg/kg, i.p.) and then decapitated. Both inner 
ears were removed from the base of the cranium. Cochlea 
was extracted from the outer bony labyrinth of the inner 
ear. The outer ligament-stria vascularis and organ of Corti
which contain the spiral ganglion were dissected from the 
cochlea. The ganglion sections were planted in culture
dishes coated with poly-L-lysine. Cells were maintained 
in the following growth medium: Dulbecco’s Modified
Eagle Medium, supplemented with 10% fetal bovine serum, 
4 mM L-glutamine, and 0.1% penicillin-streptomycin. Then
neurons were kept at 37°C in a humidified incubator with
5% CO2 for 7–10 days. 

Whole-cell patch clamp recordings

Conventional whole-cell patch clamp technique was used in 
this study to obtain voltage-clamp recordings from SGNs in 
vitro. In most experiments, SGNs were maintained at –90 
mV. In a standard protocol, cells were stepped to a series 
of voltage from –60 mV to +40 mV with an increase of 10 
mV for 50 ms. In order to observe the effect of drugs on the
steady-state outward potassium current, SGNs were clamped 
at –100 mV and currents at +40 mV were continuously 
monitored with an interval of 30 s. The current-voltage (I/V)
relationships of steady-state outward potassium currents 
were acquired after the monitoring curves were stable, before
and after the application of drugs. Cells were placed on the
stage of an inverted Olympus IX70 microscope (Olympus, 
Japan). Patch electrodes were pulled on a Narishige PC-10 
electrode puller (Tokyo, Japan) using borosilicate glass. 
When filled with appropriate pipette solution, electrode re-
sistances typically ranged from 4~6 MΩ in standard bathing 
solution. Data were collected using an Axopatch 200B voltage 
amplifier (Axon Instruments, Union City, CA). Recordings
were made at room temperature. Data were digitized with 
a Digidata 1200Axon A/D-D/A interface, analyzed with 
the pCLAMP10.0 software (Axon Instruments). Each seg-
ment of data was filtered at 2 kHz, series resistances were
compensated by 80%. During the recording, the change of 
series resistance was negligible.

Solutions and drugs

The composition of the internal solution was as follows
(in mM): 112 KCl, 2 MgCl2, 0.1 CaCl2, 11 EGTA, and 10 
HEPES-KOH, pH 7.4. Neurons were exposed to the fol-
lowing bath solution (in mM): 1.67 CaCl2, 0.98 MgCl2, 
5.36 KCl, 136.89 NaCl, 16.65 glucose, 50 Sucrose, and 
10 HEPES-NaOH, pH 7.4. Pipette solution was frozen 
at –20°C and filtered prior to use. Serotonin and WAY-
1000635 used in this study were both purchased from 
Sigma (St. Louis, USA).
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Statistical analysis

Because our cultures contained glia as well as neurons, we 
limited our electrophysiological observations to cells that 
possessed tetrodotoxin (TTX)-sensitive, rapidly inactivating 
inward currents in voltage-clamp recordings. Voltage-clamp 
recordings which met the criteria: stable membrane poten-
tials, low noise levels, and overshooting action potential were 
used for the subsequent analysis. These parameters changed
when the cells were unhealthy with metabolic malfunction. 
The data were discarded at this situation.

Data were analyzed using Clampfit (version 10.0, Axon
Instruments), SPSS16.0, and Excel (Microsoft). Data
were expressed as the mean ± standard error. The paired
Students’t-test was used to determine the effects of drugs.
Increase or decrease in outward potassium currents were 
considered to be significant at a value of p < 0.05. n represents 
cell number.

Results

Electrophysiological characteristics of outward potassium 
current on SGNs

In the present study, whole cell capacitance calculated in 
extracellular fluid bath solution was 4.03 ± 0.18 pF (n = 54). 

Fig. 1 shows a representative family of the whole cell cur-
rents. Outward currents were recorded by holding a cell at 
–90 mV, and with clamping voltage from –60 mV to +40 
mV. In this range of membrane potentials, outward cur-
rents were elicited by depolarization to –60 mV for 50 ms 
at the holding potential of –90 mV. There were transient
inward currents followed by outward currents (Fig. 1). 
Fig. 2A shows the current-voltage curves of the outward 
currents for the same SGNs in Fig. 1. The curve shows that
the outward currents were activated at a holding potential 
of –90 mV and outwardly rectified. The amplitude of total
outward currents was increased followed by the elevation 
of the elicited potential, but not in a proportional relation-
ship. As shown in Fig. 2B, the outward current was strongly 
reduced in the presence of 20 mM tetraethylammonium 
(TEA), a well known blocker of potassium channels, in the 
external solution. 

Effect of serotonin on outward potassium current in SGNs

Application of serotonin to SGNs caused a significant in-
crease in the amplitude of the steady-state outward potas-
sium current on most of the cells, whereas the remaining 
cells did not show a discernible change in the outward 
potassium current. Therefore, we further analyzed the char-
acteristics of serotonin excitation of the outward potassium 
current based on the responding cells.

Figure 1. Whole-cell voltage-gated currents in a cultured mouse spiral ganglion neuron. Voltage-gated currents were evoked by a holding 
potential (Vh) of –90 mV for duration of 50 ms with voltage steps from –60 mV to +40 mV. There were transient inward currents fol-
lowed by outward currents. 
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Figure 2. A. Current-voltage relationships for the outward currents in the same spiral ganglion neurons evoked by the voltage protocol 
shown in Fig. 1. The results show that steady-state outward currents were activated at a holding potential (Vh) of –90 mV and outwardly
rectified. The amplitude of total outward currents was increased, followed by the elevation of the elicited potential, but not in a propor-
tional relationship. B. The outward current was blocked by tetraethylammonium chloride (TEA). Outward current elicited by +40 mV
for 300 ms at a holding potential of –100 mV.

To determine the effect of serotonin on the outward potas-
sium current, cells were held at a holding potential of –90 mV 
and families of the outward potassium current were activated 
by a series of 50 ms voltage steps from –60 mV to +40 mV 
in 10 mV increments. Serotonin significantly increased the
outward potassium currents in the SGNs (Fig. 3A). In order 
to observe the effect of serotonin on the outward potassium
current, currents at +40 mV were continuously monitored 

with an interval of 30 s. A typical effect of 0.1 µM serot-
onin over a period of approximately 3 min on the outward 
potassium current of SGNs is shown in Fig. 3B. The I/V
relationships of steady-state outward potassium currents 
were acquired after monitoring curves were stable, before
and after the application of serotonin. The results suggest
that 0.1 µM serotonin induced an increase in the amplitude 
of the outward potassium current at +40 mV from 673.44 

A

B
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± 105.13 to 787.58 ± 105.52 pA/pF (n = 12, p < 0.05), but 
without a change in the reversal potential (Fig. 3C). Using the 
same pulse protocol, the effect of different concentrations of
serotonin on the outward potassium current was observed. 
Current at +40 mV was increased by 23.80 ± 7.99% (n = 12, 
p < 0.05), 30.74 ± 4.62% (n = 11, p < 0.05) and 38.83 ± 6.02% 
(n = 7, p < 0.05) at concentrations of 0.1, 1 and 10 µM, re-
spectively (Fig. 4).

Effect of 5-HT1A receptor antagonist on serotonin-induced 
activation of the outward potassium current

Using the same protocols as described above, we used 
WAY100635, the selective 5-HT1A receptor antagonist, to 
preprocess the cells before application of serotonin. In the 

Figure 3. A. Effects of serotonin on steady-state outward potassium currents in a typical spiral ganglion neuron. Outward potassium
currents activated by the voltage from –60 mV to +40 mV before application of serotonin (a). Outward potassium currents activated by 
the same pulse protocol after application of serotonin. Serotonin increased outward potassium currents (b). B. Typical effect of serotonin
treatment over a period of 3 min on the outward potassium current of spiral ganglion neurons. C. The current-voltage (I-V) curves show
the effect of serotonin on outward potassium current. The maximum amplitude of outward potassium currents was increased after serotonin
added to the bath solution. There was no change in the reversal potential of the outward potassium current. Vh, holding potential.

presence of 5 nM WAY100635, application of 0.1 µM sero-
tonin didn’t show any effects on the amplitude of outward
potassium current at +40 mV (from 555.35 ± 38.64 to 524.09 
± 39.32 pA/pF, p = 0.369, n = 5). These findings suggest that
serotonin increases outward potassium currents of the cul-
tured SGNs through the activation of 5-HT1A receptor.

Discussion

The nerve fibers within the mammalian cochlea are divided
into two main classes: the afferent and efferent nerve fibers.
The afferent nerve fibers refer to the axons from SGNs which
carry messages from hair cells to the brain. Many studies 
reveal extensively neuromodulatory effects in SGNs which
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serve to optimize the signaling capabilities and allow them 
to carry out their critical role in the perception of sound 
(Housley et al. 1999; Lin et al. 2000; Ito and Dulon 2002; Ito 
et al. 2002; Peng et al. 2004). However, serotonin has received 
relatively little attention in SGNs. It has been reported that 
serotonin was expressed extensively in the cochlea including 
SGNs (Vicente-Torres et al. 1998; Gil-Loyzaga et al. 2000; 
Long et al. 2008). It has also been found that serotonin 
receptor subtype 5-HT1A receptor was expressed in SGNs 
of mice (Oh et al. 1999; Li et al. 2007). The present study
demonstrated that serotonin was able to increase potas-
sium currents in the cultured SGNs. The channels which
were carrying these currents interacted with serotonin in 
a voltage-dependent manner. Furthermore, preprocessed 
by 5-HT1A receptor-selective antagonist WAY100635 before 
application of serotonin abolished the increase effect on the
outward potassium currents, suggesting that response to 
serotonin of SGNs was functionally mediated by serotonin 
receptors.

Effects of serotonin on ion currents have also been
reported in other cell types. Previous reports suggest that 
serotonin can activate inwardly rectifier potassium chan-
nels (GIRK) of the prefrontal cortex and induce outward 
potassium current of orexin neurons through activation 
of 5-HT1A receptor (Muraki et al. 2004; Goodfellow et al. 
2009). In contrast to these results, serotonin inhibits voltage-
dependent potassium channel of mesenteric arterial smooth 
muscle cells and Ca2+-dependent potassium current of the 
rat carotid body type I cells through activation of 5-HT2A 
receptors (Zhang et al. 2003; Ko et al. 2010). Thus, there
appear to be different functions of serotonin, depending on
cells, receptors and channel types. Our finding is consistent

with those of Vergé and Monckton (Vergé and Calas 2000; 
Monckton and McCormick 2002), who found serotonin 
can open potassium channels through activation of 5-HT1A 
receptors in the central auditory neurons, suggesting that 
serotonin may have alike function both in the central and 
peripheral auditory system through the same receptor. Al-
though the physiological and pathological significance of the
activation of potassium currents by serotonin is still unclear 
in the present investigation, it may play an important role in 
the modulation of sound signals delivery. 

Evidence suggesting a role for serotonin as a neuromod-
ulator/neurotransmitter in auditory nuclei of the CNS has 
accumulated over many years (Willard et al. 1984; Fitz-
patrick et al. 1989; Klepper and Herbert 1991; Gil-Loyzaga 
et al. 1997; Kaiser and Covey 1997; Hurley and Thompson
2001; Thompson and Hurley 2004). However, the role of
serotonin in the afferent pathway of auditory processing in
the peripheral auditory nervous system was still unknown. 
The results of the present study suggest that serotonin may
regulate auditory processing in the peripheral auditory nerv-
ous system by modulating the neural excitability of SGNs 
through activating outward potassium channels. Since serot-
onin positive immunoreactivity is found in the cytoplasm of 
SGNs (Long et al. 2008), the activation of 5-HT1A receptor 
may be in an autocrine/paracrine manner.

In this study, our results suggest that serotonin can hyper-
polarize mice cultured SGNs through activation of 5-HT1A 
receptors. However, 5-HT1A receptor is a G-protein coupled 
receptor and its activation is through a G-protein-mediated 
mechanism (Adayev et al. 2005). The precise mechanisms
of serotonin and 5-HT1A receptor interaction in SGNs are 
still unclear. Whether it is through the same signal pathway 
requires to be clarified by further experiment. Our results
suggest that serotonin can partially increase the outward po-
tassium currents in the cultured SGNs through the activation 
of 5-HT1A receptor. Serotonin translates information about 
behavioral context into changes in sensory processing via 
a diverse array of receptors. These receptors may interact to
shape sensory encoding. In the inferior colliculus, serotonin 
has different effects on evoked responses of neurons through
different receptors (Hurley 2006, 2007; Hurley et al. 2008). In
the central auditory neurons, 5-HT1B receptors decrease the 
release of serotonin as autoreceptors on serotonergic neurons 
(Sari 2004). There are other subtypes of 5-HT receptors in
the SGNs besides 5-HT1A receptors (Oh et al. 1999). Cur-
rent study cannot exclude the role of other 5-HT receptors 
in modulating auditory transmission. 

Conclusions

In the cochlea, serotonin is thought to play a role as a neuro-
transmitter in auditory transmission. We provide evidence, 

Figure 4. Effects of different concentrations of serotonin on outward
potassium current at +40 mV (0.1 µM, n = 12, p < 0.05; 1 µM, n = 11, 
p < 0.05; 10 µM, n = 7, p < 0.05). Values are the mean ± SEM.
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obtained using patch-clamp techniques, that serotonin 
influences the excitability of the cultured primary afferent
auditory neurons. Furthermore, we show that the action was 
through its interaction with 5-HT1A receptor.
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