
2442

Introduction
In order to optimally process stimuli with widely varying
spatiotemporal characteristics, the response properties of sensory
neurons must be continually adjusted (Abbott, 2005; Wark et al.,
2007). Neuromodulators, such as serotonin (5-HT) and
acetylcholine (ACh), are important mediators of these adjustments.
Indeed, neuromodulators have been shown to significantly alter
processing across several sensory systems and are thought to
impose dynamic filters whose properties are tied to environmental
events and/or the brain’s internal state rather than the detailed
information about the ongoing stimulus (Devore and Linster, 2012;
Hurley et al., 2004). As such, the effects of neuromodulators are
slower, longer lasting and more spatially diffuse than those of
classical neurotransmitters. Neuromodulators often act through
multiple receptors that can have opposite effects on membrane
excitability and the response to sensory input, which greatly
complicates understanding their functional roles (Hurley et al.,
2004). Significant progress has been made in unravelling the
relationships between the effects of neuromodulators at the cellular
and at the systems level, i.e. the processing of sensory stimuli and
its consequences for behaviour (for reviews, see Birmingham and
Tauck, 2003; Edeline, 2012; Hurley et al., 2004; Hurley and
Sullivan, 2012; Witkovsky, 2004). For example, at the single-cell
level, neuromodulators have been implicated in facilitation of
evoked responses, increases in signal-to-noise ratio, and improved
functional properties of sensory neurons in the visual, auditory and
somatosensory systems (for reviews, see Edeline, 2012; Hurley et
al., 2004; Hurley and Sullivan, 2012). In invertebrates,
neuromodulators have been shown to enhance sensitivity of, and
odour discrimination by, ensembles of olfactory neurons (Dacks et
al., 2009) and to modulate spike timing precision in

mechanosensory neurons (Billimoria et al., 2006). Dopamine is
known to play a key role in the adaptation of retinal processing to
different light levels as well as circadian changes in retinal
physiology (e.g. Herrmann et al., 2011; Witkovsky, 2004; Zhang
et al., 2011). However, more work is required to better understand
the links between cellular and circuit effects of neuromodulators,
the consequences for the processing of sensory information, and
their role in the natural ecological context of an organism’s life.

Here we review recent work on serotonergic and cholinergic
neuromodulation in the electrosensory system of the gymnotiform
wave-type weakly electric fish Apteronotus leptorhynchus. Weakly
electric fish provide an excellent experimental model to study
effects of neuromodulators at cellular, network and behavioural
levels in a sensory system, first and foremost because of the direct
linkage between neuronal and circuit properties and their role in
specific behaviours. In addition, the anatomy and physiology of the
electrosensory system have been well characterized. Further, the
electrosensory system is closely related to the mechanosensory
lateral line and thus displays many similarities with other eighth
nerve systems such as the auditory and vestibular systems (Coombs
and Montgomery, 2005; Modrell et al., 2011).

Our review is organized as follows. First, we present the relevant
anatomy and physiology of the electrosensory system. Second, we
review current knowledge on cholinergic input to the
electrosensory lateral line lobe (ELL) of the hindbrain and describe
the distribution of ACh receptors in this area. We then focus on
electrosensory pyramidal neurons and show how cholinergic
downregulation of A-type potassium currents can lead to a greater
response to low-frequency input. Third, we review the current
knowledge on serotonergic input within the electrosensory system.
We then describe the known distribution of serotonergic fibres,

Summary
Sensory neurons continually adapt their processing properties in response to changes in the sensory environment or the brainʼs
internal state. Neuromodulators are thought to mediate such adaptation through a variety of receptors and their action has been
implicated in processes such as attention, learning and memory, aggression, reproductive behaviour and state-dependent
mechanisms. Here, we review recent work on neuromodulation of electrosensory processing by acetylcholine and serotonin in
the weakly electric fish Apteronotus leptorhynchus. Specifically, our review focuses on how experimental application of these
neuromodulators alters excitability and responses to sensory input of pyramidal cells within the hindbrain electrosensory lateral
line lobe. We then discuss current hypotheses on the functional roles of these two neuromodulatory pathways in regulating
electrosensory processing at the organismal level and the need for identifying the natural behavioural conditions that activate
these pathways.

Key words: acetylcholine, serotonin, weakly electric fish.

Received 30 October 2012; Accepted 4 March 2013

The Journal of Experimental Biology 216, 2442-2450
© 2013. Published by The Company of Biologists Ltd
doi:10.1242/jeb.082370

REVIEW

Neuromodulation of early electrosensory processing in gymnotiform weakly 
electric fish

Brenda Toscano Márquez1, Rüdiger Krahe1 and Maurice J. Chacron2,*
1Department of Biology, McGill University, 1205 Docteur Penfield, Montreal, QC, Canada, H3A 1B1 and 2Department of Physiology,

McGill University, 3655 Sir William Osler, Montreal, QC, Canada, H3G 1Y6
*Author for correspondence (maurice.chacron@mcgill.ca)

THE JOURNAL OF EXPERIMENTAL BIOLOGY



2443Neuromodulation in weakly electric fish

focusing on the ELL, and show how serotonergic downregulation
of M and small-conductance calcium-activated potassium (SK)
channels can significantly alter pyramidal cell responses to sensory
input. We conclude by highlighting some potential functions of
cholinergic and serotonergic input onto pyramidal cells for
regulating behavioural responses to sensory input.

Review of relevant anatomy and physiology of the
electrosensory system

Weakly electric fish generate an oscillating electric field around
their body by discharging a specialized electric organ [electric
organ discharge (EOD)]. They sense perturbations of their self-
generated electric field through tuberous electroreceptors
distributed all over the skin. These perturbations can arise from the
presence of nearby objects such as prey and other fish or from the
EODs of conspecifics (Chacron et al., 2011; Heiligenberg, 1991;
Nelson and MacIver, 1999; Bullock et al., 2005). One set of
primary electrosensory afferents relays information on amplitude
modulations of the EOD to the ELL in the hindbrain of the fish,
and it is this amplitude-coding pathway that is the focus of the
present review. We henceforth refer to amplitude modulations of
the EOD as stimuli. Electrosensory stimuli can vary in temporal
frequency content from 0 to ~400Hz. In A. leptorhynchus, prey
stimuli as well as those generated by the presence of same-sex
conspecifics typically contain low temporal frequencies [<30Hz
(Nelson and Maciver, 1999)] whereas stimuli generated by 

the presence of opposite-sex conspecifics as well as
electrocommunication stimuli called chirps displayed during
agonistic and courtship behaviours (Zakon et al., 2002) typically
contain high frequencies [>50Hz (Zupanc and Maler, 1993)].

Upon entering the hindbrain, each primary afferent trifurcates
and synapses onto pyramidal neurons (Fig.1) in three different
segments of the ELL: the centromedial segment (CMS), the
centrolateral segment (CLS) and the lateral segment (LS) (Carr et
al., 1982; Heiligenberg and Dye, 1982). Within each ELL segment
there are two morphologically and physiologically distinguishable
types of pyramidal neurons. I-type pyramidal neurons are
characterized by the absence of a basilar dendrite and respond to
amplitude downstrokes, while E-type pyramidal cells have basilar
dendrites and respond to amplitude upstrokes (Maler, 1979;
Saunders and Bastian, 1984) (Fig.1A). Both types of neurons have
apical dendrites that extend to the ventral and dorsal molecular
layers of the ELL, where they receive feedback input (see below).

E- and I-type pyramidal cells are further subdivided into
superficial, intermediate and deep cells according to the dorso-
ventral position of their soma (Bastian and Courtright, 1991;
Bastian et al., 2004). Superficial pyramidal cells have the largest
apical dendritic trees, show low spontaneous firing rates and
receive the largest amount of feedback (Bastian et al., 2004). This
feedback has various functional roles such as gain control (Bastian,
1986), rejection of self-generated stimuli (Bastian, 1999), as well
as controlling frequency tuning (Chacron et al., 2005b), burst firing
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Fig.1. Diagram of the relevant circuitry of the
electrosensory lateral line lobe (ELL) in gymnotiform
weakly electric fish. Electroreceptor afferents
respond to amplitude modulations of the electric
organ discharge (EOD) and synapse onto basilar
dendrites of the pyramidal cells and granule cells
(G). According to the dorso-ventral position of their
soma in the layers of the ELL, pyramidal cells are
classified as: superficial (s), intermediate (i) and
deep (d). Pyramidal cells are also classified as I-
type (I) and E-type (E) cells depending on their
response to EOD amplitude modulations. I-type
cells lack basilar dendrites and receive indirect
input from electroreceptor afferents through
synapses from granule cells. E-type cells present
basilar dendrites where electroreceptors make
direct synapses. Here we indicate only the position
of the superficial I cell (sI), but intermediate and
deep I-type pyramidal cells are also present in the
ELL (Maler, 2009a). Pyramidal cells receive
feedback from bipolar cells and stellate cells in the
nucleus praeeminentialis dorsalis (Pd). Multipolar
cells project to granule cells in the eminentia
granularis posterior (EGp) of the caudal lobe of the
cerebellum. Multipolar cells make further feedback
onto pyramidal cells via parallel fibres both directly
and indirectly through molecular layer stellate cells
(S), which are inhibitory interneurons. Eurydendroid
(Ed) cells within the EGp are thought to be the
source of cholinergic input via vertical fibres to the
dendrites of pyramidal cells (Phan and Maler,
1983). Serotonergic input enters the ELL through a
fibre bundle at the ventromedial edge of the ELL.
Both neuromodulators affect both E- and I-type
pyramidal cells. DFL, deep fibre layer; DML, dorsal
molecular layer; GCL, granule cell layer; PCL,
pyramidal cell layer; StF, stratum fibrosum; VML,
ventral molecular layer; Vml: VML interneuron
(adapted from Berman and Maler, 1999).
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and correlated activity (Chacron and Bastian, 2008; Litwin-Kumar
et al., 2012). In contrast, deep pyramidal neurons have the smallest
apical dendritic trees, high spontaneous firing rates (Bastian and
Nguyenkim, 2001; Bastian et al., 2002) and receive little to no
feedback (Bastian et al., 2004; Chacron et al., 2005a). Intermediate
pyramidal cells are intermediate with respect to these properties
(for reviews, see Maler, 2009a; Maler, 2009b). The source of
electrosensory feedback to the apical dendrites of superficial and
intermediate pyramidal cells is the nucleus praeeminentialis
dorsalis (Pd), which is innervated by the axons of the deep
pyramidal cells only (Bastian et al., 2004). The so-called direct
feedback pathway consists of Pd stellate cells that make reciprocal
and topographic connections and bipolar cells that project in a
spatially diffuse manner onto pyramidal cell apical dendrites. The
indirect pathway relies on Pd multipolar cells that project to the
eminentia granularis posterior (EGp) of the caudal lobe of the
cerebellum. Parallel fibres originating from EGp granule cells
terminate in the ELL molecular layers on pyramidal cell apical
dendrites as well as inhibitory interneurons (Fig.1B) [for a review
of the circuitry, see Berman and Maler (Berman and Maler, 1999)]
The ELL thus constitutes a cerebellum-like structure as discussed,
for example, by Bell et al. (Bell et al., 2008). We also note that
there are no direct lateral connections between pyramidal cells
within and between maps (Maler, 1979).

All types of pyramidal neurons from all three segments project
to the torus semicircularis (TS) (Fig.1B) (Maler, 1979; Bell and
Maler, 2005). The three segments receive identical afferent input
but differ in their processing characteristics. For instance, the
receptive fields of pyramidal neurons in the LS have the largest size
and those in the CMS the smallest (Maler, 2009a; Shumway, 1989),
E-type pyramidal cells of LS show high-pass filtering of amplitude
modulations, those of CMS display low-pass tuning and those of
CLS switch their tuning properties depending on behavioural
context (Chacron et al., 2003; Chacron, 2006; Krahe et al., 2008).
During spatially extended stimuli they act as high-pass or band-
pass filters, and for spatially localized stimuli as low-pass filters.
The I-cells of all three maps are much more homogenous and act
as low-pass filters (Krahe et al., 2008; Shumway, 1989). LS cells
are also the most responsive to chirp stimuli (Marsat and Maler,
2010; Marsat et al., 2009; Marsat et al., 2012; Vonderschen and
Chacron, 2011). From a functional point of view, CMS has been
shown to be both necessary and sufficient for the jamming
avoidance response, which is a shift of the animal’s own EOD
frequency away from similar frequencies of a conspecific. LS, in
contrast, is required for chirping behaviour (Metzner and Juranek,
1997). The physiological differences between the pyramidal cells
of the three segments have been shown to be related to differences
in cell-intrinsic and network properties (Ellis et al., 2007b;
Fernandez et al., 2005; Krahe et al., 2008; Mehaffey et al., 2006;
Mehaffey et al., 2008a; Rashid et al., 2001a; Rashid et al., 2001b).

Pyramidal cells also display burst firing through an intrinsic
bursting mechanism that relies on a somatodendritic interaction
(Ellis et al., 2007b; Fernandez et al., 2005; Lemon and Turner,
2000; Mehaffey et al., 2006; Rashid et al., 2001b; Turner et al.,
2002) (for review, see Krahe and Gabbiani, 2004). Superficial
pyramidal cells display the lowest spontaneous firing rates and the
highest tendency to burst, whereas deep pyramidal cells display the
highest spontaneous firing rates and the lowest tendency to burst
in vivo (Bastian and Nguyenkim, 2001; Maler, 2009a). Bursting
behaviour is in part controlled by the direct and indirect feedback
pathways mentioned above (Chacron and Bastian, 2008; Mehaffey
et al., 2005; Marsat et al., 2009; Marsat and Maler, 2012). The
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presence or absence of burst firing can have significant
consequences on information processing by pyramidal cells,
including the gating of sensory information (Toporikova and
Chacron, 2009). Further, bursts can code for specific stimulus
features such as low-frequency events (Avila-Akerberg and
Chacron, 2011; Avila-Akerberg et al., 2010; Gabbiani et al., 1996;
Krahe et al., 2002; Metzner et al., 1998; Oswald et al., 2004) as
well as chirps (Marsat et al., 2009; Marsat et al., 2012).

Distribution of muscarinic ACh receptors and downregulation
of A-type potassium channels

In the central nervous system, ACh acts on two categories of
receptors, nicotinic and muscarinic, the latter being the most
abundant and functionally predominant ACh receptor type in the
central nervous system (Sarter et al., 2005). Muscarinic receptors act
via activation of G proteins and are grouped into two families based
on the type of second messenger that is used. Muscarinic receptor
types 1, 3 and 5 stimulate phospholipase C, while muscarinic receptor
types 2 and 4 inhibit adenylyl cyclase (Caulfield, 1993).

Distribution of cholinergic input to ELL pyramidal cells
Cholinergic input to the ELL was originally demonstrated
histologically by the presence of ACh-esterase as well as
muscarinic receptors and is thought to originate from eurydendroid
cells within the EGp (Fig.1B) (Maler et al., 1981; Phan and Maler,
1983). These cerebellar eurydendroid cells are thought to perform
functions similar to those of deep cerebellar nuclei neurons in
tetrapods (Finger, 1978; Ikenaga et al., 2006). A recent in situ
hybridization study (Toscano-Márquez et al., 2013) showed that
M3 is the only muscarinic receptor present in the ELL and that its
mRNA is homogenously distributed across pyramidal cells in all
three tuberous ELL segments (Fig.2A). Moreover, M3 receptors
are present in superficial and intermediate pyramidal cells, but not
deep pyramidal cells (Toscano-Márquez et al., 2013) (Fig.2B).
Only one type of ELL interneuron, likely corresponding to
polymorphic cells, was labeled by the M3 probe (Toscano-Márquez
et al., 2013). These cells may also be affected by cholinergic input
to their apical dendrites.

Activation of muscarinic receptors alters pyramidal cell excitability
and responses to sensory input

A previous study showed that application of the cholinergic agonist
carbachol in the ELL in vivo increased excitability and burst firing
of CLS and LS pyramidal cells (Ellis et al., 2007a) (Fig.3A). This
effect was due to muscarinic receptor activation because prior
application of the selective muscarinic antagonist atropine occluded
the effect of carbachol. Based on the recent in situ hydridization
results (Toscano-Márquez et al., 2013), we conclude that the
observed effects were most likely due to activation of M3 receptors,
although more selective antagonists were not used. Activation of
muscarinic input to CLS and LS pyramidal cells also altered their
responses to sensory input. Indeed, Ellis et al. (Ellis et al., 2007a)
found that such activation led to an increased response to low-
frequency (<40Hz) stimuli (Fig.3A). It should be noted that
atropine application did not alter pyramidal cell excitability or
responses to sensory input, thus suggesting that muscarinic input
onto pyramidal cells is not constitutively active (Ellis et al., 2007a).
Although physiological data for cholinergic effects on CMS
pyramidal neurons are not available, we hypothesize that carbachol
application in CMS would result in effects similar to those seen in
CLS and LS cells: increased excitability and burst firing and
enhanced low-frequency information transmission. This hypothesis
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is based on the fact that in situ hybridization studies have shown
that M3 receptors are expressed equally across the three ELL maps
(Toscano-Márquez et al., 2013).

Mechanisms underlying the cholinergic modulation of ELL
pyramidal cells

Application of the cholinergic agonist carbachol to an in vitro
preparation of the ELL led to increased excitability accompanied
by an increase in firing rate as well as burst firing, all of which
were occluded by prior application of atropine (Ellis et al., 2007a).
Ellis et al. (Ellis et al., 2007a) also found that carbachol application
depolarized the membrane potential, decreased membrane
conductance, decreased the first spike latency and decreased the
spike afterhyperpolarization (AHP) (Fig.3A).

Further experiments found that the low-threshold potassium
channel antagonist 4-aminopyridine (4-AP) reproduced most of the
effects of carbachol, thereby suggesting that activation of
muscarinic receptors downregulates a low-threshold potassium
current (Ellis et al., 2007a). Together with the effect on first spike
latency, these results suggest that muscarinic receptor activation

leads to the downregulation of A-type potassium currents that are
present in ELL pyramidal cells (Mathieson and Maler, 1988). A-
type currents are known to activate transiently in the subthreshold
range of membrane potential and inactivate during depolarization
(Akins et al., 1990). As such, these channels delay the appearance
of the first action potential in response to depolarization and also
contribute to action potential repolarization (Kang et al., 2000) and
burst firing (Nakajima et al., 1986). They thus exert a powerful
control over excitability including action potential back
propagation, synaptic integration and plasticity (Baranauskas,
2007; Hoffman et al., 1997; Johnston et al., 2003).

These results are consistent with those found in other systems
as M3 receptors couple preferentially to G proteins of the Gq/11
family, which generally results in postsynaptic excitation
through the inhibition of potassium and calcium currents (Brown,
2010; Shapiro et al., 2001). Typically, muscarinic receptor
activation has been found to alter the firing properties of
individual neurons through the modulation of a number of
individual ionic conductances (Chen and Johnston, 2004;
Delgado-Lezama et al., 1997; Stocker et al., 1999). As Ellis et
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al. (Ellis et al., 2007a) did not perform occlusion experiments,
we cannot exclude that other conductances besides the A-type
current are affected by carbachol. Indeed, the fact that carbachol
application led to a decreased AHP, which cannot be explained
by the downregulation of an A-type current, suggests that
muscarinic receptor activation affects other membrane
conductances that are associated with the AHP (Ellis et al.,
2007a; Mehaffey et al., 2008b) as is discussed below.

The AHP can be mediated by Ca2+-activated K+ channels (Faber
and Sah, 2007; Power and Sah, 2008) as well as M-type potassium
channels (Faber and Sah, 2007). Although it has been shown that
the latter currents are inhibited by activation of muscarinic
receptors in other systems (Adams et al., 1982; Marrion, 1997), this
does not appear to be the case in ELL pyramidal cells. This is
because the effects of carbachol application differ from those of the
selective M-current antagonists linopyridine and XE-991. Indeed,
while carbachol application increases pyramidal cell responses to
low-frequency stimuli as described above (Ellis et al., 2007a), XE-
991 and linopyridine application both decreased pyramidal cell
responses to these stimuli (Deemyad et al., 2012). Instead, the
effects of carbachol application on the AHP are similar to those
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obtained with the selective SK channel antagonist apamin (Ellis et
al., 2007b; Mehaffey et al., 2008b), suggesting that activation of
muscarinic receptors onto ELL pyramidal cells also downregulates
SK channels. However, this has not yet been confirmed
experimentally.

Alternatively, it is possible that activation of muscarinic
receptors of ELL pyramidal cells will affect membrane
conductances generated by Kv3.3 channels, which have been
shown to be present in ELL pyramidal cells (Rashid et al., 2001a)
(Fig.2) and can give rise to AHPs (Rudy and McBain, 2001;
McMahon et al., 2004). The distribution of these voltage-gated ion
channels mirrors that of muscarinic receptors in the ELL. Their
blockade in a slice preparation of the ELL results in a lower
threshold for burst generation, which is consistent with the results
of carbachol application (Ellis et al., 2007a). The characteristic
effect of the Kv3.3 channel of enhancing burst generation makes it
a plausible additional candidate for controlling burst generation by
ACh and, with it, sensory information transmission.

In summary, the activation of muscarinic input onto ELL
pyramidal cells increases excitability and responses to low-
frequency sensory input via downregulation of A-type potassium
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as well as burst firing, but the overall effect on
information transmission is a whitening of the
mutual information curves (Deemyad et al.,
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decreases low-frequency responses while slightly
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channel blockade increases low-frequency
responses (Deemyad et al., 2011).
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channels and possibly other channels. As the effects of carbachol
application in vitro and in vivo were very similar, we expect that
the effects of ACh in ELL pyramidal cells are largely mediated by
cell-intrinsic mechanisms. Nevertheless, some presynaptic actions
of ACh appear likely, because one type of ELL interneuron,
presumably polymorphic cells, showed strong staining for M3
mRNA. Given that muscarinic receptors have a relatively
homogeneous distribution across segments, it is expected that
activation of the cholinergic system will lead to these effects across
all segments. However, because the cholinergic system does not
appear to be constitutively active (Ellis et al., 2007a), cholinergic
modulation is likely stimulus-specific and/or may depend on
behavioural state. Future studies should investigate the role of ACh
in more natural conditions, considering blocking the endogenous
liberation of acetylcholine instead of artificially applying the
agonist. Also, it should be interesting to characterize the types of
stimuli and/or behavioural contexts that activate the cholinergic
pathway onto ELL pyramidal cells.

Distribution of serotonergic fibres, downregulation of M and
SK currents, and consequences for behaviour

5-HT is a powerful modulator of social behaviour throughout the
animal kingdom (Berger et al., 2009). 5-HT has been shown to
activate at least 15 different receptors. These receptors are grouped
into seven families based on signaling mechanisms, and all but two
[5-HT (3A) and 5-HT (3B)] are G-protein coupled receptors (Hoyer
et al., 2002).

Distribution of serotonergic input to the ELL pyramidal cells
Serotonergic fibres project from the nucleus raphe dorsalis into the
ELL. They enter the ELL through a fibre bundle located at the
ventromedial edge of the ELL (Johnston et al., 1990; Wong, 1997).
A recent and more sensitive immunohistochemical study revealed
that the different ELL segments receive differential 5-HT
innervation (Deemyad et al., 2011). Indeed, while 5-HT innervation
is highest in LS, it is almost non-existent in the CMS and
intermediate in the CLS (Fig.2A). It also seems that 5-HT
innervates different ELL layers across segments as the
immunoreactive fibres were mostly confined to the granule cell
layer in the CMS whereas in the LS dense immunoreactivity was
observed in the pyramidal cell layer and extended to the ventral
molecular layer (Deemyad et al., 2011). Thus, unlike the
homogeneous pattern of muscarinic receptors, 5-HT innervation is
quite different across the ELL segments. Further, 5-HT innervation
is greatest for superficial pyramidal cells and weakest for deep
pyramidal cells (Fig.2B).

Activation of serotonergic receptors alters pyramidal cell
excitability and responses to sensory input

A recent study performed in vitro has started investigating the effects
of 5-HT on ELL pyramidal cells across segments. It was found that
5-HT increases E- and I-type pyramidal cell excitability and burst
firing across segments, although it has the greatest effect in the LS
and the least effect in the CMS, consistent with the patterns of 5-HT
innervation described above (Deemyad et al., 2011). 5-HT also
altered pyramidal cell responses to mimics of sensory input in vitro.
Indeed, 5-HT led to whitening of the tuning curve in response to
broadband current injection, i.e. the response strength became more
evenly distributed across stimulus frequencies. Specifically, the
response to the low-frequency stimulus components was slightly
decreased and the response to the high-frequency components was
increased (Deemyad et al., 2011) (Fig.3B).

Mechanisms underlying the action of serotonergic input to ELL
pyramidal cells

Studies performed in vitro revealed that increased excitability
following 5-HT application was due to a decreased AHP (Deemyad
et al., 2011). Further, as 5-HT application increased the membrane
resistance, it was hypothesized that 5-HT downregulated K+

channels that mediate the AHP (Fig.3B) (Deemyad et al., 2011).
SK channels were considered an attractive candidate as their
distribution is also graded across the ELL segments with greatest
expression in LS (Fig.2A) (Ellis et al., 2007b; Ellis et al., 2008).
Occlusion experiments with the SK channel antagonist UCL-1684
(UCL) and 5-HT on LS pyramidal neurons indeed showed that 5-
HT downregulates SK channels. However, as this effect only
occurred in E-cells, it was hypothesized that another channel was
responsible for the decreased AHP in I-type pyramidal cells.
Occlusion experiments with the M-channel antagonists XE-991 and
linopyridine revealed that 5-HT downregulates M currents in both
E- and I-type pyramidal cells (Deemyad et al., 2011).

In contrast to ACh receptors, the distribution of 5-HT receptors
in ELL is unknown. As such, it is currently not clear whether M
and SK channels are downregulated through the effects of the same
or different 5-HT receptors. The latter would provide enhanced
control over frequency tuning, as a recent study has shown that M
and SK channels have opposite effects on frequency tuning in ELL
pyramidal cells (Deemyad et al., 2012). Future studies should
investigate the receptors involved as well as the signaling cascades
that lead to SK- and M-current downregulation in ELL pyramidal
cells by 5-HT.

It should be noted that the experiments described above were
performed in vitro. The effects of 5-HT on pyramidal cell activity
in vivo are currently unknown and should be the focus of future
studies. It is likely that they will differ slightly from those observed
in vitro for several reasons. First, in situ hybridization studies have
shown that ELL pyramidal cells possess two subtypes of SK
channels: while SK2 channels are confined to the somatic regions
of E-type pyramidal cells only, SK1 channels are instead found
within the dendritic trees of both E- and I-type pyramidal cells
(Fig.2B). Both channel subtypes display the greatest/weakest levels
of expression in LS/CMS, respectively (Ellis et al., 2008).
Interestingly, SK channel antagonists applied in vitro only affect
E-type pyramidal cells (Ellis et al., 2007b; Deemyad et al., 2011),
whereas these same antagonists affect both E- and I-type pyramidal
cells in vivo (Toporikova and Chacron, 2009). It is thus possible
that 5-HT will downregulate SK1 channels in both E- and I-type
pyramidal cells in vivo.

Second, like the muscarinic receptors discussed above and
consistent with other systems (Berger et al., 2009), it is likely that
5-HT receptors will not be found solely on pyramidal cells but also
on local interneurons as well as presynaptically in the ELL. 5-HT
is thus likely to be able to exert a number of different effects on
ELL pyramidal cells. For example, if the 5-HT receptors located
on inhibitory interneurons were of a different type than the ones
located on pyramidal cells, then activating the former might
actually increase inhibition onto ELL pyramidal cells, thereby
making them less excitable. Further studies investigating these
potentially interesting effects in vivo are needed.

In summary, the activation of serotonergic input to ELL
pyramidal cells increases excitability and alters responses to stimuli
via downregulation of SK and M-type K+ channels. These effects
are greatest in the LS and weakest in the CMS. Like cholinergic
modulation, serotonergic modulation is likely to be highly
dependent on behavioural context. Future studies should address

THE JOURNAL OF EXPERIMENTAL BIOLOGY



2448

the effect that dorsal raphe nucleus stimulation or local application
of serotonin has on ELL pyramidal cell responses in an in vivo
preparation.

Conclusions
The ELL is the only nucleus that receives and integrates direct input
from peripheral electroreceptor afferents and thus constitutes the
first brain area in which neuromodulators can alter the processing
of sensory input based on changing behavioural contexts. Recent
studies have made substantial progress towards understanding the
effects of neuromodulators on sensory processing in ELL and the
mechanisms that mediate them. However, many unanswered
questions remain. In particular, it is possible that serotonergic and
cholinergic neurons that innervate the ELL also express co-
transmitters. If so, these co-transmitters could provide additional
control of sensory processing by ELL neurons. Future studies will
need to combine molecular, electrophysiological, as well as
behavioural approaches in order to understand the behavioural
contexts and relevant stimulus features that activate serotonergic
and cholinergic inputs, as well as potential co-transmitters, to ELL
pyramidal neurons and their consequences on sensory coding.

Earlier behavioural studies have shown that systemic application
of 5-HT decreases aggressive behaviours in weakly electric fish and
affects the waveform of the EOD in certain species (Maler and Ellis,
1987; Allee et al., 2008; Smith and Combs, 2008; Stoddard et al.,
2006), but we do not yet know under which conditions intrinsic 5-
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HT release is modulated. Based on findings in other systems
(Summers and Winberg, 2006), it is likely that agonistic encounters
will activate the serotonergic system. In the case of ACh, application
of atropine by itself does not alter the firing rate or bursting of
pyramidal neurons, which suggests that the system is not
constitutively active. Therefore, future studies should attempt to
identify behavioural contexts and electrosensory stimulus conditions
that activate the cholinergic as well as the serotonergic pathways in
weakly electric fish. An additional important area of future research
is to investigate how downstream areas decode altered sensory
processing by ELL pyramidal neurons. In many cases, these areas
receive cholinergic (Toscano-Márquez et al., 2013) as well as
serotonergic (Johnston et al., 1990) inputs. This is, for example, the
case for the midbrain TSd. Both cholinergic and serotonergic inputs
are likely to have qualitatively different effects on different cell types
in the TSd based on studies performed in other midbrain structures
(Hurley et al., 2004; Hurley and Sullivan, 2012). Knowledge of the
behavioural contexts and stimulus features that reliably activate
serotonergic and cholinergic inputs to the ELL as well as other
electrosensory structures will be essential for developing a functional
theory of neuromodulation of sensory processing. The increase in
burst firing and enhanced low-frequency information transmission
caused by carbachol application suggests that the cholinergic
modulation may play a role in specific behavioural contexts that
involve low stimulus frequencies, such as foraging and/or
communication with same-sex conspecifics. Based on the role 5-HT
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appears to play in aggressive interactions of A. leptorhynchus and the
above-described findings on the effect of 5-HT on the response
properties of ELL pyramidal cells, a first hypothesis for the
behavioural role of 5-HT in electrosensory processing may be that
subordinate males are brought into a ‘shut-up-and-listen’ mode, in
which they do not produce communication signals (chirps), but are
highly sensitive to stimuli caused by dominant conspecifics. The
known and hypothesized effects of these two neuromodulators are
summarized in Fig.4.

List of abbreviations
4-AP 4-aminopyridine
5-HT serotonin
ACh acetylcholine
AHP afterhyperpolarization
CLS centrolateral segment
CMS centromedial segment
EGp eminentia granularis posterior
ELL electrosensory lateral line lobe
EOD electric organ discharge
LS lateral segment
Pd nucleus praeeminentialis dorsalis
SK small-conductance calcium-activated potassium (channel)
TSd torus semicircularis dorsalis
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