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Sub-second sensory modulation of serotonin levels in a primary sensory area 46 

and its relation to ongoing communication behavior in a weakly electric fish 47 

Abstract 48 

Serotonergic neurons of the raphe nuclei of vertebrates project to most regions of the brain and 49 

are known to significantly affect sensory processing. The sub-second dynamics of sensory 50 

modulation of serotonin levels and its relation to behavior, however, remain unknown. We used 51 

fast-scan cyclic voltammetry to measure serotonin release in the electrosensory system of weakly 52 

electric fish, Apteronotus leptorhynchus. These fish use an electric organ to generate a quasi-53 

sinusoidal electric field for communicating with conspecifics. In response to conspecific signals, 54 

they frequently produce signal modulations called chirps. We measured changes in serotonin 55 

concentration in the hindbrain electrosensory lobe (ELL) with a resolution of 0.1 s concurrently 56 

with chirping behavior evoked by mimics of conspecific electric signals. We show that serotonin 57 

release can occur phase-locked to stimulus onset as well as spontaneously in the ELL region 58 

responsible for processing these signals. Intense auditory stimuli, on the other hand, do not 59 

modulate serotonin levels in this region suggesting modality specificity. We found no significant 60 

correlation between serotonin release and chirp production on a trial-by-trial basis. However, on 61 

average, in the trials where the fish chirped, there was a reduction in serotonin release in 62 

response to stimuli mimicking similar-sized same-sex conspecifics. We hypothesize that the 63 

serotonergic system is part of an intricate sensory-motor loop: serotonin release in a sensory 64 

area is triggered by sensory input, giving rise to motor output, which can in turn affect serotonin 65 

release at the time-scale of the ongoing sensory experience and in a context-dependent manner. 66 

67 

68 

69 

Significance Statement 70 
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Serotonin is a key modulator of neural activity throughout the brains of all vertebrates. 71 

Understanding the function of serotonin in sensory processing is critical as its disruption in 72 

sensory perception is an important element of many neurological disorders. We studied the 73 

temporal dynamics of serotonin release in response to communication signals in weakly electric 74 

fish. We found that serotonin release is temporally tightly linked to communication stimuli and 75 

likely depends on an individual’s past experience.  Interestingly, a fish's own communication 76 

behavior can also affect the time-course of serotonin release. Our results are the first to shed light 77 

on the sub-second dynamics of serotonin in a sensory area and its relation to ongoing behavior. 78 

79 

Introduction 80 

The serotonergic (5-hydroxytryptamine; 5-HT) system affects targets throughout the central 81 

nervous system and is highly conserved across vertebrates (Jacobs and Azmitia, 1992). 82 

Serotonergic innervation of the CNS arises mainly from medial and dorsal raphe nuclei (Berger et 83 

al., 2009). Altered levels of 5-HT contribute to mental disorders like depression, schizophrenia, 84 

and autism (Muller and Jacobs, 2009). In the context of agonistic encounters, lower 5-HT levels 85 

have been associated with increased aggression, although some studies underline the 86 

dependence of this effect on the animal’s history, behavioral context, and the presence of 87 

differential changes across brain regions (Summers et al., 2005; Nelson and Trainor, 2007; Silva 88 

et al., 2013). 89 

5-HT significantly affects the response properties of sensory neurons across vertebrates90 

(Hurley et al., 2004). The effect of 5-HT on sensory responses has been largely studied through 91 

electrical stimulation of serotonergic fibers, microinjection of its receptor agonists or antagonists 92 

(e.g., (Rogawski and Aghajanian, 1980; Waterhouse et al., 1990; Hurley and Pollak, 2005; Dacks 93 

et al., 2009; Petzold et al., 2009)), and through their optogenetic excitation (Dugué et al., 2014). 94 

Electrochemical techniques are particularly valuable in unravelling release dynamics of 95 

endogenous monoamines in the brain (Robinson et al., 2008). Sensory modulation of 5-HT levels 96 

in the inferior colliculus (IC) of mice have been studied using differential pulse voltammetry, 97 
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shedding light on the temporal dynamics of 5-HT release on a time scale of minutes (Hall et al., 98 

2010). Serotonin release evoked by tail-nerve shocks was measured in the dissected nervous 99 

system of Aplysia at the sub-second time-scale using chronoamperometry, elucidating its role in 100 

learning and memory, particularly through the spatially specific release pattern (Marinseco and 101 

Carew, 2002, Marinseco et al. 2006). Sensory modulation of 5-HT dynamics at the sub-second 102 

time-scale in relation to on-going natural behaviors, however, has not yet been characterized. 103 

We used South American gymnotiform weakly electric fish, Apteronotus leptorhynchus, to 104 

measure 5-HT release in the first processing stage of electrosensory input, the electrosensory 105 

lobe (ELL) of the hindbrain in vivo. These fish generate a quasi-sinusoidal electric field through 106 

discharges of an electric organ (EOD, (Krahe and Maler, 2014)). The EOD frequency is 107 

individual-specific, with males having higher frequencies than females (Zakon et al., 2002). The 108 

EOD of conspecifics can be mimicked and presented to a fish in an experimental tank through 109 

application of a weak sinusoidal voltage to a pair of electrodes placed at a distance from the fish, 110 

such that the resulting electric field casts a global image on the fish’s body (Clarke et al. 2015). 111 

Such mimics of conspecific signals trigger behavioral responses indistinguishable from those 112 

observed during interaction with real conspecifics and have been widely used to study 113 

electrocommunication behavior. For example, the characterization of the jamming avoidance 114 

response was entirely based on such electrosensory mimic stimuli (Heiligenberg 1991). During 115 

interaction with a conspecific, the electric fields summate and generate amplitude modulations 116 

(AMs) at the difference frequency (Df) of the individual EOD frequencies (Heiligenberg, 1991). 117 

The AM frequency provides information about the conspecific’s sex (e.g., same-sex and opposite-118 

sex interactions result in small and large Dfs, respectively (Walz et al., 2013)). Tuberous 119 

electroreceptor afferents encode EOD AMs and provide somatotopic input to three segments of 120 

the ELL, each specialized in processing distinct electrosensory stimuli: lateral (LS), centrolateral 121 

(CLS) and centromedial (CMS) segments (Krahe and Maler, 2014). The LS specifically receives 122 

strong serotonergic input from raphe nuclei (Johnston et al., 1990; Deemyad et al., 2011), is 123 

specialized in processing communication signals called chirps (Marsat et al., 2012), and is 124 

necessary for chirp production (Metzner and Juranek, 1997). Chirps are brief increases in EOD 125 
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frequency, most commonly produced by males during agonistic encounters (Zakon et al., 2002). 126 

Chirping behavior is under the influence of 5-HT: ventricular injection of 5-HT (Maler and Ellis, 127 

1987) and agonistic compounds of 5HT2 receptors alike (Smith and Combs, 2008) reduce 128 

chirping. Local injection of 5-HT in LS and stimulation of raphe nuclei also reduce chirping 129 

(Deemyad et al., 2013). Serotonin injection increases burst firing and decreases first spike 130 

latency in LS pyramidal cells, rendering them more sensitive to conspecific chirps (Deemyad et 131 

al., 2013). This effect is exerted through inhibition of small-conductance calcium (SK) and M-type 132 

potassium currents (Deemyad et al., 2011), mediated by 5-HT2-like receptors (Larson et al., 133 

2014). The pattern of  5-HT release in LS, and its relation with chirp production, however, remains 134 

elusive. In this study we used Fast-Scan Cyclic Voltammetry (FSCV, Dankoski and Wightman, 135 

2013) to detect electrosensory modulation of 5-HT release in the LS, and characterized its 136 

relation to chirping behavior. 137 

138 

Materials and Methods 139 

All animal procedures were performed in accordance with the Authors’ University animal care 140 

committee's regulations. Apteronotus leptorhynchus of either sex were used for all experiments. 141 

142 

Carbon fiber microelectrode (CFME) fabrication. Seven micron-diameter carbon fibers 143 

(Goodfellow Cambridge Ltd., Huntingdon, England) were used to construct CFME. The carbon 144 

fiber was drawn into a glass capillary (OD x ID= 1.2 mm x 0.68 mm; A-M Systems, Sequim, WA) 145 

by suction and the ensemble was pulled using a horizontal puller (P1000, Sutter Instruments, 146 

Novato, CA). The carbon fiber extending through the tip of the pulled pipette was cut and trimmed 147 

to 120-140 µm length. A thin copper wire was inserted from the other end of the capillary and 148 

connected to the carbon fiber using silver print (Silver Print II, GC Electronics). The other end of 149 

the wire was soldered to a gold pin used to connect the electrode to the voltammetry head-stage, 150 

and was secured to the glass capillary using heat shrink tubing. The CFME tip was electroplated 151 

with 5% Nafion (Liquion, LQ-1105-MeOH, Ion Power Inc., DE) to increase sensitivity to 5-HT 152 
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(Hashemi et al., 2009). The CFME tip was placed in Nafion solution and +1 V constant voltage 153 

was applied to it relative to an Ag/AgCl electrode for 30 s. The CFME was next air-dried for 10 s 154 

and then placed in a convection oven at 70° C for 10 minutes. The electrodes were stored dry in 155 

a container before being used. 156 

FSCV. The voltammetry head-stage was manufactured by the Electronics and Materials 157 

Engineering shop (EME, Seattle, WA) and was used to apply a triangular waveform to the CFME 158 

relative to an Ag/AgCl reference electrode and to record the resulting current. Tar-Heel CV 159 

software (University of North Carolina, Chapel Hill) was used together with data acquisition 160 

boards (NI-PCI-6052E and NI PCI-6711, National Instruments, Austin, TX) for generating the 161 

triangular waveform and acquiring the resulting current. The waveform had an N shape (Fig. 1A, 162 

right panel), swept between -0.1 V to 1 V, at 1000 V/s, and rested at 0.2 V in between the scans 163 

(Jackson et al., 1995). In all experiments (in vitro and in vivo), prior to the start of recording, the 164 

triangular waveform was applied to the CFME at 60 Hz for 20 minutes to over-oxidize the carbon 165 

fiber and thereby increase its surface area and sensitivity (Robinson et al., 2008). Next, the same 166 

waveform was applied to the electrode at the recording frequency (10 Hz) for 10 minutes to 167 

achieve a stable background (non-faradic) current at this frequency. The average background 168 

cyclic voltammogram (CV) was calculated in a 1 s window (10 scans) immediately prior to 169 

stimulus onset and subtracted from all subsequent CVs to facilitate the detection of smaller 170 

faradic currents resulting from redox reactions of 5-HT (Robinson et al. 2008). 171 

Color plots depict time on the x-axis, the voltage of the applied triangular waveform on the y-axis 172 

and current amplitude in false color. 173 

174 

In vitro FSCV recordings and electrical stimulation. A. leptorhynchus were anesthetized with 175 

tricaine methanesulfonate (MS-222; Aqua Life, Syndel Laboratories Ltd, Nanaimo, BC) in 176 

oxygenated deionized water. The ELL was removed and transverse slices of 350 μm thickness 177 

were prepared on a vibratome while the ELL was immersed in ice-cold artificial cerebrospinal fluid 178 

(ACSF) containing the following (in mM): 135 NaCl, 2 KCl, 1.25 KH2PO4, 1.5 CaCl2, 1.5 MgSO4, 179 

24 NaHCO3, 10 D-glucose, and 5 Na-ascorbate. Slices were maintained in an interface chamber 180 
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in ACSF at room temperature for 30 min before recording. Gold-plated bipolar tungsten 181 

electrodes (inter-pole distance = 150 μm, FHC, Bowdoin, ME) were used to deliver 100 μs pulses 182 

at 60 Hz to the pyramidal cell layer (PCL, Fig. 1A). This stimulation frequency was previously 183 

reported efficient for stimulating dorsal raphe neurons in vitro (Bunin et al. 1998). The inter-184 

stimulus-interval was 5-10 minutes. The CFME was inserted into the slice (depth ~150 μm) at a 185 

shallow angle (~30o) and placed at equal distance (~350 μm) from either pole of the stimulating 186 

electrode (Fig. 1A). The 5-HT reuptake inhibitor citalopram hydrobromide (Sigma-Aldrich, St. 187 

Louis, MO) was used to confirm the identity of the measured analyte. To compare the stimulation-188 

evoked responses before and after citalopram application, the currents corresponding to control 189 

and citalopram trials were normalized to the average peak amplitude of control trials for each fish. 190 

191 

In vivo FSCV recordings, electrosensory and auditory stimuli. A. leptorhynchus were deeply 192 

anesthetized with MS-222 and their ELL was exposed by craniotomy. They were then locally 193 

anesthetized at the wound margin by application of 20% benzoncaine cream (Orajel, Church & 194 

Dwight Co., Inc.), and allowed to recover from general anesthesia, immobilized using curare ((+)-195 

Tubocurarine chloride, Sigma-Aldrich, St. Louis, MO), transferred to the experimental tank, and 196 

respirated with a continuous flow of aerated water through a tube inserted into the fish’s mouth. 197 

This protocol does not appear to result in stress or pain (Hitchfeld et al., 2009), and has therefore 198 

been accepted by the Authors’ University animal care committee and is also in accord with 199 

Canadian and Society for Neuroscience guidelines on animal care. An Ag/AgCl ground electrode 200 

was inserted in the neck muscle and connected to the system ground to reduce the 201 

contamination of the recording by the fish’s own EOD. The CFME was first connected to an 202 

extracellular amplifier and lowered towards LS (or CMS in control experiments). The reference 203 

Ag/AgCl electrode was placed dorsal from the CFME recording electrode on the surface of the 204 

brain. We verified the location of the electrode tip in the PCL based on the known depth of the 205 

PCL (~500 μm) and the increase in the level of population spiking activity measured 206 

extracellularly by the CFME upon its arrival to the LS-PCL. The fish were allowed to acclimate to 207 

the experimental setup for at least an hour before the start of FSCV recording. Redox currents 208 
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evoked in response to 20-s-long electrosensory stimuli (Esense-stim) simulating the presence of 209 

conspecifics (Krahe and Maler, 2014; Clarke et al., 2015) and loud auditory stimuli (Aud-stim) 210 

were measured. Aud-stim consisted of intense pure tones with frequencies between 700-900 Hz 211 

played on a pair of speakers placed near the tank.  Esense-stim was generated by applying a 212 

weak sinusoidal voltage waveform to the tank water through a pair of carbon electrodes (diameter 213 

= 8.3 mm) placed on either side of the tank (Fig. 1B), creating a global electric field in the tank 214 

water (Clarke et al., 2015, Heiligenberg, 1991). The frequency of the field was chosen to be in the 215 

range of naturally occurring EOD frequencies of A. leptorhynchus as follows: [-100,-80,-60,-40,-216 

20,-10,-5,5,10,20,40,60,80,100] Hz. The Esense-stim frequency was controlled online such that it 217 

had a constant Df relative to fish’s own EODf. The fish’s EOD was recorded using another pair of 218 

carbon electrodes placed near the animal (rec, Fig. 1B). The amplitude of the Esense-stim was 219 

calibrated such that the resulting AMs measured next to the fish’s skin were between 25-50% of 220 

the fish’s own EOD amplitude. This value corresponds to the range of AMs the fish experiences 221 

during agonistic interactions and chirp production (Hupé and Lewis, 2008; Fotowat et al., 2013). 222 

Each trial consisted of 60 s of voltammetric measurements. The interval between stimulation trials 223 

was 5-10 min. Each stimulation trial was followed by a “blank” trial in which the recording was 224 

performed in the absence of Esense-stim or Aud-stim. 225 

226 

Data analysis. In our recordings, the average peak oxidation current was 1.22 nA (SD=0.95 nA, 227 

ntrials=114, nfish=9). In this range, the current amplitude changes linearly with concentration 228 

(Dankoski and Wightman, 2013). For a typical electrode used in our recordings, each nA of 229 

current corresponded to approximately an 80 nM change in 5-HT concentration. For the current 230 

study, all population analysis for in vivo experiments was carried out on currents normalized to 231 

their maxima for each fish. Esense-stim and Aud-stim presentations were controlled using Spike2 232 

software (Cambridge Electronic Design Limited, UK). MATLAB (The MathWorks Inc.,Natick, MA) 233 

was used for all subsequent data analysis. The area under the curve (AUC) was calculated as the 234 

integral of the normalized current using trapezoidal numerical integration, and was used to 235 

quantify normalized response magnitude over the stimulus duration (20 s). For blank trials the 236 
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AUC was calculated from 5 s to 25 s after recording onset. Response latency was calculated as 237 

the time since stimulus onset when the current amplitude exceeded twice the average ‘noise’ 238 

level, defined as the standard deviation of the normalized current measured in a 4-s window prior 239 

to stimulus onset. Any trial that showed a threshold crossing at any time after stimulus onset (or 5 240 

s after recording onset in blank trials) and up to 15 s after its offset was considered a response 241 

trial. Response probability was calculated as the ratio of response to no-response trials for either 242 

stimulation or blank trials. We calculated average normalized current amplitudes using all trials, 243 

whether or not a response was present (current passed the threshold).  Response duration was 244 

calculated as the time between the response onset and the first time the current dropped below 245 

noise level. Kruskal-Wallis test (KWT) was used to compare the medians of two groups and 246 

Tukey-Kramer multiple comparisons were used for comparison among three or more groups. T-247 

test was used to test whether the mean of a Gaussian distribution was significantly different from 248 

zero. The number of fish tested and the number of trials are denoted by nfish and ntrials, 249 

respectively. The Pearson correlation coefficient and its significance calculated using t statistics 250 

are denoted by ρ and p respectively. 251 

252 

253 

Results 254 

Electrical stimulation of 5-HT fibers evokes anatomically specific 5-HT release in vitro. 255 

Based on immunohistochemical studies, ELL-LS is devoid of dopamine (DA) and norepinephrine 256 

(NE) (Sas et al., 1990), and 5-HT immunoreactivity is present mainly in the pyramidal cell layers 257 

of LS (LS-PCL) and the medial segment of the ELL (MS, (Deemyad et al., 2011)). In order to 258 

verify that we could measure 5-HT concentration changes using FSCV in the brain of A. 259 

leptorhynchus, we recorded redox currents evoked by electrical stimulation of 5-HT fibers in 260 

slices of ELL (Fig. 1A, see Methods). Stimulation of LS consistently evoked redox currents at the 261 

nearby carbon fiber microelectrode (CFME; nfish=5, Fig 2A-B). Stimulating CMS did not evoke 262 

such currents (nfish=2, Fig. 2A-B), whereas stimulating MS evoked a current in MS with similar 263 

cyclic voltammogram (CV) as that observed in LS (nfish=2, Fig. 2C-D). There was therefore 264 
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excellent correspondence between the presence of 5-HT fibers revealed by 265 

immunohistochemistry and our ability to evoke release by electrical stimulation. We found that the 266 

peak oxidation-reduction voltage was shifted relative to that obtained for exogenous 5-HT 267 

solutions with the CFME placed in the artificial cerebrospinal fluid. It was, however, consistent 268 

with that obtained when the CFME was placed inside the slice and exogenous 5-HT was puffed 269 

on the slice surface (data not shown). Such shifts have been reported previously, and are thought 270 

to be due to coating of the electrode by metabolites present in the surrounding brain tissue 271 

(Hashemi et al., 2009; Singh et al., 2011). In order to further verify that the measured redox 272 

currents were due to 5-HT release, we repeated the stimulation experiments in LS and assessed 273 

the effect of the selective 5-HT reuptake inhibitor citalopram on the stimulation-evoked current. 274 

We first measured redox currents evoked by electrical stimulation with the slice in ACSF, then 275 

incubated the same slice in the same recording chamber in 2 μM citalopram for 20 minutes and 276 

measured stimulation-evoked currents again (nfish= 3 , Fig. 2E). We found that citalopram 277 

significantly increased the peak current amplitude (Kruskal-Wallis test (KWT), pKWT=0.038) and 278 

the area under the curve of the stimulation-evoked current (pKWT= 0.003). Given the known 279 

anatomical innervation patterns of serotonergic afferents in ELL, the absence of DA and NE in the 280 

ELL-LS, and the aforementioned in vitro control experiments, we conclude that the redox currents 281 

we measured by FSCV in ELL-LS corresponded to 5-HT. 282 

Electrosensory stimuli modulate 5-HT levels in vivo. We presented 20-s-long electrosensory 283 

stimuli (Esense-stim) simulating the presence of conspecifics with EOD difference frequencies 284 

(Df) ranging between -100 Hz and +100 Hz (nfish=9 , Fig. 3A, see Methods). Such stimuli indeed 285 

elicited a redox current in LS (Fig. 3A) with a CV that resembled those obtained in vitro (Fig. 2A). 286 

Interestingly, we occasionally observed spontaneous 5-HT release events even in the absence of 287 

stimulation during blank trials (e.g., Fig. 3B-C, see Methods).  288 

Not all Esense-stim trials, however, resulted in a change in 5-HT levels. On average, 289 

across all trials in all nine fish, the probability of observing evoked and spontaneous 5-HT release 290 

events was 82% (SD=12.6%) and 51% (SD=13%), respectively. It is important to note that these 291 
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probabilities were calculated based on threshold crossing of the current anytime in a 35 second 292 

window after the stimulation onset or recording onset in the blank trials (threshold = 2x SD of 293 

noise, see Methods). With a more stringent rule for the presence of response, e.g. threshold 294 

crossing of 3x SD of noise, the response probability for stimulus and blank trials will be 70% 295 

(SD=14%) and 45% (SD=13%), respectively. Moreover, one could further restrict the rule for 296 

response vs. no response by setting a smaller upper bound for response latency. The definition of 297 

presence or absence of response in this sense therefore, is sensitive to the chosen threshold and 298 

when it is crossed. To avoid this issue we used area under the curve (AUC) for making 299 

comparisons across different conditions, as it encompasses information about both response 300 

timing and amplitude. 301 

We found large variability in the presence or absence of a 5-HT response to stimuli with 302 

different Df values in each fish. The overall response probability and AUC, however, were not 303 

significantly different for different stimulus Df values (KWT with multiple comparison pKWT=0.49), 304 

and thus, for the majority of the following analysis (except that of Fig. 7), we pooled the data 305 

across all Df, or within ranges of Df. Consistent with our in vitro experiments (Fig. 2A-B) and 306 

previous anatomical studies (Johnston et al., 1990), the Esense-stim did not evoke a response in 307 

CMS (nfish=3 , Fig. 4). 308 

Figure 5A shows the normalized currents averaged across all fish and all Esense-stim 309 

trials (black curve, nfish= 9, ntrials=142, average currents for stimuli at different Df values are 310 

additionally depicted using color codes), and all blank trials (grey curve, nfish= 9, ntrials=158). The 311 

timing of the spontaneous events during blank trials was not phase-locked to any time point 312 

during the recording, and therefore, the current could be increasing, decreasing or not changing 313 

relative to the background current with equal probabilities (see Fig. 5B, background current was 314 

set to that calculated 5 s after recording onset, see Methods). As FSCV is based on differential 315 

measurements of current relative to the background current, one can encounter negative current 316 

values (and therefore negative AUC) if a spontaneous event was occurring at the time point 317 

chosen for the background subtraction and the current amplitude decreases afterwards (see 318 
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Methods). Across all trials AUC calculated over the duration of Esense-stim was significantly 319 

larger than zero (Fig. 5C, red filled bars, orange Gaussian fit, mean= 3.3 s, SD=4.7 s, p=3.2 x 10-320 
14, ntrials=142, t-test), whereas it was not significantly different from zero in blank trials (Fig. 5C, 321 

black open bars, black Gaussian fit, mean=-0.24 s, SD= 5.6 s, p=0.60, ntrials=158, t-test). For 322 

Esense-stim trials the median, 25th  and 75th percentiles for response latency were 3.5 s, 1.5 s 323 

and 15.4 s, respectively. The peak of the probability density function for response latencies was 324 

around 2 s  (Fig. 5D, red filled bars), and for most trials (70%), the 5-HT response occurred within 325 

7 seconds after stimulus onset.  The time-course of the 5-HT current was variable across trials; 326 

however, the average response duration was close to that of the stimulus (mean duration = 20.6 327 

s, SD= 11.37 s) and was significantly longer (pKWT = 4.7 x 10-5) than the duration of the 328 

spontaneous current events in blank trials (mean duration blank= 14.9 s, SD= 11.5 s). A subset of 329 

the fish (nfish=4) was additionally presented with intense auditory stimuli (Aud-stim, see Methods), 330 

to assess the sensory modality specificity of the response. We did not observe any significant 331 

phase-locked responses to Aud-stim in LS (Fig. 6A). The AUC was not significantly different 332 

between blank and Aud-stim trials, but both of them were significantly smaller than the AUCs for 333 

Esense-stim trials (Fig. 6B).  334 

We therefore conclude that there are modality-specific 5-HT release events in response 335 

to sensory stimuli, as well as spontaneous release events in LS. Sensory modulation of 5-HT 336 

level is phase-locked to the stimulus onset and lasts longer, with an average duration that 337 

corresponds to that of the stimulus. 338 

Chirp production can affect 5-HT release in LS. Male fish chirped in response to stimuli 339 

mimicking the EOD of conspecifics (nfish=8). The mean (SD) latency of chirping onset relative to 340 

stimulus onset was 4.2 s (3.9s, ntrials=64). The proportion of trials where a 5-HT response was 341 

observed was similar among trials in which the fish chirped and those in which they did not chirp 342 

(Fig. 7A). Among trials in which both chirps and 5-HT responses were present, the average delay 343 

between the first chirp and 5-HT response onset (i.e. the time-point of the threshold crossing for 344 

5-HT current) was 0.86 s (SD=6.7 s, ntrials=51, positive delays correspond to the first chirp345 
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occurring before 5-HT response onset). Overall, in 61% of those trials the first chirp occurred prior 346 

to the 5-HT response onset (Fig. 7B). The mean delay, however, was not significantly different 347 

from zero, indicating that the first chirp was equally likely to occur before or after the 5-HT 348 

response onset (Fig. 7B, inset). 349 

Despite a significant negative correlation between the number of chirps and the absolute 350 

value of Df (|Df|, ρ=-0.36, p=0.003; see also (Engler and Zupanc, 2001)), there was no significant 351 

correlation between |Df| and the AUC at the individual or population level. Interestingly, however, 352 

there was a small but significant positive correlation between AUC and |Df| in the trials where the 353 

fish produced chirps (ρ=0.25, p=0.04, ntrials=64, Figure 7C, red asterisks). This correlation did not 354 

exist in the trials without chirps (ρ=-0.007, p=0.95, ntrials= 67, Figure 7C, black circles). Moreover, 355 

the difference in AUC between chirp and no-chirp trials was most pronounced at |Df|<20 Hz.  356 

Interestingly, although we did not find a significant trial-by-trial correlation between the 357 

number of chirps and AUC (ρ=-0.13, p=0.12, a similar result was obtained when no-chirp trials 358 

were excluded: ρ=-0.14, p=0.25), when we pooled all trials in all fish, we found a small but 359 

significant negative correlation between the number of chirps and AUC for stimuli with |Df| < 20 360 

Hz (ρ=-0.34, p=0.02, Figure 7D, red asterisks).  Such trial-by-trial correlations did not exist for 361 

stimuli with |Df|>=20 (ρ=0.12, p=0.27, Figure 7D, black circles). Similarly, there was no significant 362 

trial-by-trial correlation between the number of chirps and AUC for trials in which the fish did 363 

produce chirps (ρ=-0.14, p=0.25). 364 

Stimuli with small |Df| values (|Df|<20 Hz) represent the presence of similar-sized, same-365 

sex conspecifics (context of maximal rivalry), whereas large |Df| values (|Df|>=20 Hz) represent 366 

the presence of conspecifics of the same sex, but different size (context of clear dominance or 367 

subordinance), or those of opposite sex. We next examined the relationship between an animal’s 368 

chirping behavior, 5-HT release and the behavioral context as follows: We pooled all the trials in 369 

which the fish chirped and compared the 5-HT responses to those trials where the fish did not 370 

chirp, for stimuli with small and large |Df| (data were available for such pair-wise comparisons in 6 371 

fish for small |Df| and 4 fish for large |Df|). On average, the AUC of 5-HT current in response to 372 

stimuli with small |Df| was significantly smaller in trials in which the fish chirped (Fig. 8A). This 373 
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was not the case for stimuli with |Df|>=20 Hz (Fig. 8B).  Interestingly, the difference in the time-374 

course of 5-HT current between the chirp/no-chirp trials gains significance in the second 5 s-375 

window after stimulus onset and loses significance after its offset (Fig. 8C, red curve). As the 376 

average chirp onset latency was 4.2 s, it is possible that chirp production suppresses 5-HT 377 

response to small |Df| values, although further experiments are required to explore causality. 378 

379 

Discussion 380 

In this study we used FSCV to measure endogenous 5-HT release in the brain of weakly 381 

electric fish in response to naturalistic electrosensory stimuli. We asked: does the presence of a 382 

conspecific cause 5-HT release in the LS in vivo and, if so, how does that relate to evoked 383 

communication responses? Our results indicate that within seconds after the arrival of a 384 

conspecific, the 5-HT levels rise in the LS (Fig. 3A and 5A). 5-HT afferents were spontaneously 385 

active as well (Fig. 3C), albeit less frequently and for shorter durations. This suggests that, even 386 

in a “resting state” there is ongoing neural activity in the brain of these fish that can modulate 387 

sensory processing. A similar conclusion was reached for motor activity and EOD discharge in 388 

related gymnotiform fish (Jun et al., 2014).  389 

Increases in 5-HT levels occurred within a few seconds after Esense-stim onset (Fig. 5D) 390 

and on average lasted for the duration of stimulation, although we found considerable variability 391 

in response duration and probability across stimulus Df and for different fish.  As A. leptorhynchus 392 

are able to identify individual conspecifics based on their Df values and retain this memory for 393 

several days (Harvey-Girard et al., 2010), it is very likely that the fish’s recent encounters with 394 

other fish in their home aquaria could affect the recorded 5-HT response, and thereby also 395 

contribute to the response variability that we observed. Interestingly, cells in the midbrain 396 

electrosensory region torus semicircularis show selectivity for stimulus Df (Vonderschen and 397 

Chacron, 2011), and provide input to reticular formation (Carr et al. 1981). Assuming that reticular 398 

cells in weakly electric fish provide input to DRN like they do in mammals (Ogawa et al. 2014), 399 

they would be well suited to modulate the activity of DRN neurons in a Df-specific manner. 400 
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The response latency we report here (Fig. 5D) is likely an overestimation of the true 401 

latency of stimulus-evoked 5-HT release in LS, as it depends on the chosen threshold value (see 402 

Methods), and is also a function of the distance of the electrode from the serotonergic terminals, 403 

over which we did not have any control. DRN neurons of cats respond to auditory and visual 404 

stimuli within 50-70 ms (Rasmussen et al., 1986). Auditory clicks evoke responses in DRN 405 

serotonergic neurons of rats with latencies as low as 20 ms (Ranade and Mainen, 2009). We 406 

expect similarly short latencies for electrosensory-evoked responses in DRN of weakly electric 407 

fish. Given the presence of direct synaptic input from DRN to the ELL-LS, a change in 5-HT level 408 

should therefore commence in this area in less than 100 ms after stimulus onset. 409 

The 5-HT response was not a general ‘stress’ response to stimulus presentation as there 410 

was no significant response to Aud-stim (Fig. 6), even though gymnotiform fish are known to be 411 

very sensitive to sound (Harvey-Girard et al., 2010; Jun et al., 2014). It is therefore possible that 412 

distinct populations of DRN neurons innervate different sensory regions of the brain in a modality-413 

specific manner. This agrees with reports on the high degree of heterogeneity amongst raphe’s 414 

serotonergic neurons and the existence of “non-overlapping” populations of these neurons that 415 

innervate distinct areas of the brain (Abrams et al., 2004; Hale and Lowry, 2011; Gaspar and 416 

Lillesaar, 2012; Fernandez et al., 2015). 417 

It is known that superficial pyramidal cells in the ELL-LS respond poorly to beat 418 

frequencies smaller than 20 Hz and best to one particular class of chirps (small chirps) when they 419 

occur on a background of these frequencies (Marsat et al. 2009, Marsat and Maler 2012). This 420 

property is due to cancellation of redundant beat signals at low frequencies through an indirect 421 

feedback pathway, which is most efficient at |Df|<20 Hz (Bol et al. 2011). Moreover, small chirps 422 

that occur on low beat frequencies synchronize primary afferent activity, whereas chirps occurring 423 

on higher beat frequencies desynchronize them (Benda et al., 2006, Walz et al., 2014). 424 

Information on the occurrence of small chirps on low beat frequencies is therefore conveyed to 425 

subsequent stages of sensory processing and eventually motor centers in a distinct neural code. 426 

Beats with such small |Df| occur during interaction with same-sex conspecifics of similar size 427 

(Zakon and Dunlap 1999), and thus in a context of maximum rivalry. Interestingly, we found that 428 
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for stimuli with small |Df| there was a negative correlation between the number of chirps produced 429 

by the fish and the 5-HT current AUC (Fig. 7D). This correlation, however, was weak: variance in 430 

AUC explained only 12% of the variance observed in the number of chirps produced at low |Df| 431 

values. Moreover, the correlation was absent for stimuli with large |Df|. We expect this correlation 432 

to be tighter at the level of the motor nuclei that produce chirps (CP/PPn), which also receive 433 

extensive, sexually dimorphic 5-HT innervation (Telgkamp et al 2007). Dual FSCV recordings in 434 

CP/PPn and ELL-LS in response to conspecific signals could further clarify the relationship 435 

between 5-HT transients in these regions and behavioral output. The number of chirps produced 436 

is additionally influenced by memory and habituation (Harvey-Girard 2010), and is under the 437 

control of telencephalon, which itself receives dense serotonergic innervation (Johnston et al 438 

1990). Further studies are required to characterize sensory modulation of serotonin release at the 439 

level of these and other neural circuits that are involved in processing and production of 440 

communication signals and to discover the relationship between those dynamics and the number 441 

of chirps produced. 442 

We found that in trials in which the fish produced chirps, there was a small but significant 443 

positive correlation between the 5-HT response AUC and |Df|  (Figure 7C). Walz et al. (2014) 444 

proposed that small chirps could be used to discriminate different behavioral contexts as 445 

determined by the beat frequency. It is therefore possible that, when a fish is actively engaged 446 

with a conspecific and produces chirps, it can better discriminate the behavioral context (i.e. 447 

conspecific’s sex and body size) and fine-tune its 5-HT response online accordingly. 448 

It has been shown that changes in the baseline levels of 5-HT depend on the type of 449 

behaviors the fish are engaged in (Zubizarreta et al., 2012; Silva et al., 2013). Our experiments 450 

additionally show that an animal’s own behavioral actions could affect the second-by-second 5-451 

HT dynamics in a context- (Df-) dependent manner. When we pooled all chirp trials and 452 

compared their 5-HT AUCs with those of no-chirp trials, we found that for small |Df| the AUC was 453 

significantly smaller in the trials in which the fish produced chirps. Therefore, although the 454 

correlation between the number of chirps and 5-HT AUC was weak on a trial-by-trial basis, on 455 

average the amount of 5-HT response was significantly larger in the trials in which the fish did not 456 
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chirp. This is in line with previous results that show that on average, injection of 5-HT and 457 

stimulation of raphe reduces chirping in response to stimuli with low |Df| (Deemyad et al 2013, 458 

Maler and Ellis 1987). Additionally, Deemyad et al reported that 5-HT injection renders ELL-LS 459 

pyramidal cells more sensitive to chirps (Deemyad et al 2013). Here we report that for small |Df| 460 

when the fish produces chirps himself, 5-HT levels are lower and, therefore, based on the results 461 

of Deemyad et al (2013) there should be a decrease in sensitivity of LS pyramidal cells to 462 

conspecific (and own) chirping. On the other hand, in trials in which the fish does not chirp, that 463 

is, when the fish is just “listening”, more 5-HT is released, and therefore the ELL-LS cells should 464 

be more sensitive to chirps. Interestingly, the 5-HT response was not significantly different 465 

between chirp and no-chirp trials in the first five seconds of stimulation (Figure 8C), indicating that 466 

the fish’s own chirping might be linked to a reduction in 5-HT release. Further experiments are 467 

required to prove the causality between chirping and reduction of 5-HT release for small |Df| 468 

stimuli.  469 

The role of 5-HT in processing of stimuli with large |Df| is yet to be understood. Deemyad 470 

et al. (2013) reported that 5-HT increases the sensitivity of ELL-LS pyramidal neurons to beats at 471 

low but not high |Df|. Nevertheless, we found that stimuli with large |Df| were as efficient in 472 

triggering endogenous 5-HT release as those at small |Df|, as there was no significant difference 473 

in the 5-HT AUC for small vs. large |Df|. Interestingly, however, unlike responses to small |Df|, the 474 

responses to large |Df| were not affected by the fish’s own chirping (Fig. 8B-C). This could result 475 

in high sensitivity to a conspecific’s chirping at high |Df| regardless of the fish’s own chirping 476 

behavior. 477 

Therefore, in the context of maximal rivalry, i.e. for beat frequencies with small |Df|, the 478 

fish is less sensitive to the chirping of another fish when he is chirping himself, and more sensitive 479 

when he is ‘listening’, i.e. not chirping. On the other hand, in the context of interaction with 480 

opposite-sex conspecifics, or same-sex conspecifics of different size, the fish is listening to the 481 

other fish’s chirping whether or not he is chirping himself. To corroborate these findings, it will be 482 

very interesting to record and compare the responses of LS pyramidal neurons to chirps between 483 

the trials in which the fish produces chirps and those in which it does not. 484 
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5-HT receptors have not yet been cloned in weakly electric fish and their anatomical 485 

distribution is currently unknown. However, in vitro pharmacological experiments, have suggested 486 

the presence of 5HT2-like receptors in the ELL-LS (Larson et al 2014). Application 5HT2 receptor 487 

blocker ketanserin occludes the effect of 5-HT on the bursts produced by ELL-LS pyramidal cells. 488 

We cannot be certain which sub-types of 5-HT receptors were activated in our experiments based 489 

on the aforementioned pharmacological experiments, as the doses of 5-HT used in those 490 

experiments (mM range) were orders of magnitude larger than those we found for endogenous 5-491 

HT release (nM range). No direct information is available on the receptor subtypes expressed at 492 

the level of the motor output nuclei that generate chirps (CP/PPn), either. However, systemic 493 

injection of the 5HT2 receptor agonist DOI was reported to increase chirping, whereas injection of 494 

agonists and antagonists of 5HT1B/1D had no effect on chirping (Smith and Comb 2008). The 495 

same study showed that injection of the 5HT1A receptor agonist OH-DPAT specifically increased 496 

the production of high-frequency chirps. These chirps are thought to be emitted in the context of 497 

courtship and were not observed in our experiments. Cloning of various 5-HT receptors and 498 

further anatomical studies are required for unraveling the distributions of the various 5-HT 499 

receptor sub-types in different areas of the brain. Our results provide, however, critical 500 

information about physiologically relevant doses of 5-HT that can be used for future 501 

pharmacological experiments. 502 

Finally, we propose that the variability in 5-HT release dynamics can at least partially 503 

account for the heterogeneities that are observed in responses of the LS neurons (Ávila-Åkerberg 504 

et al., 2010; Marsat and Maler, 2010), and possibly sensory neurons of other modalities that 505 

receive dense 5-HT innervation. Marsat and Maler (2010) have shown that such heterogeneity 506 

improves discrimination of a second class of chirps (large chirps) that are emitted mostly during 507 

opposite-sex interactions, i.e. those associated with large |Df|. 5-HT release in LS may thus help 508 

the fish discriminate the detailed time course of large chirps by introducing heterogeneity into the 509 

response of LS neurons. 510 

There are many parallels between our findings in the electrosensory system and the 511 

auditory system of mammals. For example, HPLC studies have shown that auditory white noise 512 
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increases 5-HT levels in the dorsal cochlear nucleus (DCN) in the rat (Cransac et al., 1998). 5-HT 513 

in turn increases the excitability of DCN principal cells in part via 5-HT2A/C receptors that are 514 

similarly implicated in the regulation of excitability of LS pyramidal cells (Larson et al., 2014; Tang 515 

and Trussell, 2015). In the IC of bats, 5-HT enhances the signal-to-noise ratio of the response to 516 

communication calls (Hurley and Pollak, 2005). Although an earlier HPLC study did not show an 517 

increase in 5-HT level in the IC of rats in response to auditory white noise stimuli (Cransac et al., 518 

1998), voltammetric recordings of 5-HT level in response to such stimuli have shown a clear 519 

transient increase in 5-HT that declines after stimulus offset (Hall et al., 2011). Modality-specificity 520 

of 5-HT response has been reported in the IC of mice where auditory, but not visual or olfactory, 521 

stimuli evoke 5-HT elevations (Hall et al., 2010). The effect of past experience on 5-HT dynamics 522 

has been demonstrated in IC of mice, where interaction with an intruder results in an increase in 523 

the 5-HT level in the IC of the resident mouse and this effect is augmented upon a second bout of 524 

interaction with the intruder (Hall et al., 2011). DRN in mice receives monosynaptic inputs from 525 

various sensory areas including a prominent input from IC in the midbrain (Ogawa et al., 2014; 526 

Pollak Dorocic et al., 2014), which is thought to be analogous to TS of weakly electric fish (Carr et 527 

al., 1981). 528 

During interaction with conspecifics, weakly electric fish sometimes engage in “echo-529 

response” where the fish chirps at each other back and forth with inter-chirp latency ranging 530 

between 200-600 ms (Hupé and Lewis 2008). Processing of conspecific signals and behavioral 531 

responses therefore occurs at sub-second time scale in weakly electric fish, and likely other 532 

model systems. Our findings shed light, for the first time, on the sub-second dynamics of 5-HT 533 

level changes in a sensory brain area resulting from sensory stimulation in vivo, and suggest that 534 

an animal’s own behavior can modulate these dynamics on a second-by-second basis. 535 

536 
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Figure 1. Nissl-stained transverse section of ELL and the schematics of in vitro and in vivo 700 

experimental setups. A. The stimulating bipolar electrode and the CFME were placed in the ELL 701 

pyramidal cell layer. A triangular waveform (bottom left) sweeping between -0.1 V and +1 V at 702 

1000 V/s was applied to the CFME once every 100 ms. The voltage was kept at 0.2 V between 703 

the scans. The background-subtracted CV (bottom right, a representative CV from slice 704 

recordings) was calculated for each scan. o: oxidation peak, r: reduction peak. Arrows point to the 705 

temporal order of the points in the CV. B. Sketch of the in vivo setup: Esense-stim was presented 706 

to the fish with a carrier frequency equal to the fish’s EODf plus Df. ref: reference electrode, rec: 707 

EOD recording electrode. Curved gray lines schematize the existence of a global electric field but 708 

do not represent the actual, more intricate orientation of the electric field lines. 709 

Figure 2. In vitro electrical stimulation in ELL-PCL evokes 5-HT release in the LS and MS, but not 710 

CMS. A. Representative average color plot for electrical stimulation trials in LS (left panel, 711 

ntrials=3, nfish=1) and CMS (right panel, ntrials=3, same fish). Each trial for electrical stimulation 712 

consisted of application of 24, 0.1 ms wide, 20 V voltage pulses at 60 Hz. Vertical red bars depict 713 

the onset and duration of electrical stimulation. Horizontal and vertical dashed lines correspond to 714 

the peak oxidation voltage and time of the peak current, respectively. B. Time course of the 715 

average (± s.e.m.) current at the peak oxidation voltage for stimulation and recording in LS (blue) 716 

and CMS (black). (Same fish as in A, ntrials=3 for each region. Oxidation peak 0.76 V (SD=0.01 V), 717 

reduction peak 0.17 V (SD=0.01 V)). Inset depicts the average (± s.e.m.) CV for LS measured at 718 

peak current for these trials. C. Representative average color plot for electrical stimulation trials in 719 

MS (ntrials=3, nfish=1). Each trial for electrical stimulation consisted of application of 24, 0.1 ms 720 

wide, 60 V voltage pulses at 60 Hz. D. Time course of the average (± s.e.m.) current at the peak 721 

oxidation voltage for stimulation and recording in MS. The locations of the redox peaks were 722 

similar to those found in LS (oxidation peak: 0.77 V (SD=0.02 V), reduction peak 0.14 V (SD=0.01 723 

V)). Inset depicts the average (± s.e.m.) CV. E. Average normalized current measured at peak 724 

oxidation voltage before (ACSF control, black) and after incubation in citalopram (Cital., red, 725 

nfish=3, ntrials=3 per condition). All currents were normalized to the average peak amplitude under 726 

control condition for each fish. Dashed lines show s.e.m. 727 
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728 

Figure 3. In vivo, 5-HT is released spontaneously as well as in response to Esense-stim. A. An 729 

example color plot of the time course of the current response elicited by the presentation of a 20-730 

s-long Esense-stim with Df=60 Hz. B, C. Example recordings in the same fish in the absence of731 

stimulation (blank trial) without and with spontaneous release, respectively. The color scale bar 732 

on the right applies to all color plots. 733 

Figure 4. Electrosensory stimuli modulate 5-HT levels in vivo in LS and not CMS. A. 734 

Representative average time courses of redox currents in LS (left panel, ntrials=7, nfish=1) and 735 

CMS (right panel, ntrials=7, same fish) in response to Esense-stim with the same set of Df values. 736 

The recordings in CMS were acquired before moving the same electrode to LS. Horizontal and 737 

vertical dashed lines correspond to the peak oxidation voltage and time of the peak current, 738 

respectively.  The thick horizontal bars on top depict the timing and duration of the stimulus.  B. 739 

Average current at peak oxidation voltage in LS (red) and CMS (black). Dashed lines show s.e.m. 740 

Inset: average CV at the time of the peak current in LS (red curve, Oxidation peak at 0.69 V; 741 

SD=0.06 V, reduction peak at 0.167 V; SD=0.03). Time zero corresponds to stimulus onset. Pink 742 

shaded box corresponds to the duration of the stimulus. 743 

744 

Figure 5. Sensory modulation of 5-HT levels in LS is phase-locked to Esense-stim. A. Time-745 

course of the normalized 5-HT oxidation peak currents elicited by Esense-stim (black curve, 746 

nfish=9, ntrials=142) and those that occurred spontaneously in the same group of fish (grey curve, 747 

nfish=9, ntrials=158). Dashed lines show s.e.m. Insets on top show the CV at the two peaks 748 

indicated by the arrows. Pink shaded box corresponds to the duration of the stimulus. Colored 749 

curves show the average (dashed lines: s.e.m) of the current in response to stimuli with various 750 

Df, with color code shown by the color bar. B. Individual blank trials (grey curves) and their 751 

average (black curve) in a representative fish. Time zero corresponds to the reference time for 752 

background subtraction. C. Probability density function (PDF) plot of the AUC for Esense-stim 753 

(red filled bars) and blank trials (grey filled bars). Gaussian fits to the distributions: orange: 754 

Esense-stim (μ=3.3 s (s.e.= 0.39 s), σ=4.7 s (s.e.= 0.28 s)) and black: blank (μ =-0.24 s (s.e.= 755 
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0.44 s), σ =5.6 s (s.e.= 0.32 s)). D. PDF plot for the response latency for Esense-stim trials. NR: 756 

depicts the proportion of the trials with no response. Trials used for generating C and D are the 757 

same as those depicted in A and B. 758 

Figure 6. Aud-stim did not modulate 5-HT levels in LS. A. Average normalized peak current 759 

(nfish= 4) in response to Esense-stim (red, ntrials= 48), Aud-stim (blue, ntrials=18) and during blank 760 

trials (black, ntrials=54). B. The AUC for Aud-stim trials was not significantly different from blank 761 

trials and was significantly smaller than those for Esense-stim trials. The median is shown with 762 

the middle red line, the lower and upper edges of the box plots correspond to 25th and 75th 763 

percentiles and the whiskers mark the extent of the data points. Outliers are shown as red 764 

crosses.  765 

Figure 7. Relationship between chirp production and 5-HT response. A. Pie chart depicting the 766 

proportion of trials that showed chirp and/or 5-HT responses (nfish=8, ntrials=131). 5-HT release 767 

was observed equally frequently together with chirp production as without (39% vs. 43%). Trials 768 

without 5-HT release occurred equally often with chirps as without (8% vs. 10%). B. Chirp latency 769 

and 5-HT response latency calculated relative to stimulus onset. The first chirp was equally likely 770 

to happen before or after 5-HT threshold crossing. Blue diagonal line depicts the unity line. Inset 771 

shows the probability density function (PDF) of the delays observed between 5-HT threshold 772 

crossing and the 1st chirp on a trial-by-trial basis (nfish=8, ntrials=51). Positive delays correspond to 773 

the first chirp occurring before 5-HT threshold crossing. The mean of the distribution was not 774 

significantly different from zero. C. There was a small positive correlation between AUC and |Df| 775 

in trials in which the fish chirped (red asterisks, ρ=0.25, p=0.04, nfish= 8, ntrials= 64), but not in 776 

those in which the fish did not chirp (black circles, ρ=-0.007, p=0.95, nfish= 8, ntrials= 67). Red line: 777 

linear fit to AUC of chirp trials: slope = 0.036 s2, intercept= 1.24 s, R2= .06). Black line: linear fit to 778 

AUC of no-chirp trials: slope= -0.0009 s2, intercept= 3.62 s, R2= 4.5x 10-5). D. We observed a 779 

small, but significant correlation between the number of chirps produced and the AUC of 5-HT 780 

current for stimuli with |Df|< 20 Hz (red asterisks, ρ=-0.34, p=0.02, nfish= 8, ntrials= 47), but not for 781 

stimuli with |Df|>= 20 Hz (black circles, ρ=0.12, p=0.27, nfish= 7, ntrials= 84). Red line: linear fit to 782 
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AUC of trials with |Df|<20 Hz: slope =-4.37 s, intercept= 3.63 s, R2= 0.12). Black line: linear fit to 783 

AUC of no-chirp trials: slope= 1.87 s, intercept= 3.41 s, R2= 0.014). 784 

785 

Figure 8. The effect of behavioral context on 5-HT response. A. For trials with |Df|<20 Hz, the 786 

AUC of 5-HT current was significantly smaller in trials in which the fish produced chirps (nfish= 6, 787 

Chirp trials: ntrials= 14, No-chirp trials: ntrials= 14, pKWT=0.02). B. Chirping did not affect 5-HT 788 

response to stimuli with large |Df| (nfish= 4, Chirp trials ntrials= 41, No-chirp trials: ntrials= 34, 789 

pKWT=0.72). C. KWT p value estimates for comparisons made between the AUC calculated over 5 790 

s long, non-overlapping windows between chirp and no-chirp trials. Red: |Df|<20 Hz, Blue: 791 

|Df|>=20 Hz.  The difference in AUC between chirp and no-chirp trials for |Df|<20 Hz gains 792 

significance within the second 5 s- window after stimulus onset. There was no significant 793 

difference between chirp and no-chirp trials for |Df|>=20 Hz. Horizontal dashed line corresponds 794 

to pKWT=0.05. 795 
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