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ABSTRACT 28 

 The activity of pattern-generating networks (CPG) may change under the 29 

control exerted by various neurotransmitters and modulators to adapt its behavioral 30 

outputs to different environmental demands. Although the mechanisms underlying this 31 

control have been well established in invertebrates, most of their synaptic and cellular 32 

bases are not yet well understood in vertebrates. Gymnotus omarorum, a pulse-type 33 

gymnotiform electric fish, provides a well-suited vertebrate model to investigate these 34 

mechanisms. G. omarorum emits rhythmic and stereotyped electric organ discharges 35 

(EODs), which function in both perception and communication. The EOD is considered 36 

the behavioral output of an electromotor CPG which, modulated by descending 37 

influences, organizes adaptive electromotor behaviors in response to environmental 38 

and social challenges. The CPG is composed of electrotonically coupled intrinsic 39 

pacemaker cells, which pace the rhythm, and bulbospinal projecting relay cells that 40 

contribute to organize the pattern of the muscle-derived effector activation that produce 41 

the EOD. We used electrophysiological and pharmacological techniques in brainstem 42 

slices of G. omarorum to investigate the underpinnings of the fast transmitter control of 43 

its electromotor CPG. We demonstrate that pacemaker, but not relay cells, are 44 

endowed with ionotropic and metabotropic glutamate receptors subtypes. We also 45 

show, for the first time in gymnotiformes, that glutamatergic control of the CPG likely 46 

involves both AMPA-NMDA receptors transmitting and only-NMDA segregated 47 

synapses contacting pacemaker cells. Our data shed light on the fast neurotransmitter 48 

control of a vertebrate CPG that seems to exploit the kinetics of the involved 49 

postsynaptic receptors to command different behavioral outputs.  50 

51 
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NEW & NOTEWORTHY. Underpinnings of neuromodulation of pattern-generating 52 

central networks (CPG) have been well characterized in many species. The effects of 53 

fast neurotransmitter systems remain, however, poorly understood. This research uses 54 

in vitro electrophysiological and pharmacological techniques to show that the 55 

neurotransmitter control of a vertebrate CPG in gymnotiform fish involve the 56 

convergence of only-NMDA and AMPA-NMDA glutamatergic synapses onto neurons 57 

that pace the rhythm. These inputs may organize different behavioral outputs according 58 

to their distinct functional properties.   59 
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INTRODUCTION 60 

 The study of the neural strategies that organize behavior is a major challenge in 61 

Neuroscience. Advancing our knowledge in this field critically depends on the use of 62 

experimental paradigms that provide multiple levels of analysis (i.e., behavioral, 63 

network, cellular, synaptic, and molecular levels) as well as powerful techniques. 64 

Understanding the neural underpinning of behavior is further facilitated when there is a 65 

direct relationship between the neural mechanisms under study and the behaviors that 66 

result from these mechanisms. Pattern-generating neural systems (Central Pattern 67 

Generators, CPGs) are examples of valuable experimental models that meet this 68 

requirement (Katz 2016). Most CPGs can be considered as neural networks involving 69 

two interconnected functional levels (Dougherty and Ha 2019; McCrea and Rybak 70 

2008). One level is represented by a central pacemaker that generates the rhythmic 71 

activity and the other level is composed by a set of neurons responsible for the specific 72 

patterned sequence of activation of peripheral effectors. In spite of the apparent 73 

stability of its neuronal components and intrinsic connectivity, extensive experimental 74 

evidence in invertebrates (Briggman and Kristan 2008; Marder et al. 2014; Puhl and 75 

Mesce 2008) and vertebrates (Bass 2008; Borde et al. 2020; Grillner and El Manira 76 

2015, 2020;  Steuer and Guertin 2019; Zornik and Kelley 2011) indicate that the activity 77 

of CPGs may present changes controlled by various neurotransmitters and modulators 78 

that modify the behavioral outputs to adjust to different environmental and social 79 

demands. Although the mechanisms underlying these modulations have been 80 

particularly well established in invertebrates, most of their synaptic and cellular basis in 81 

vertebrates are not yet well understood. 82 

 The pacemaker nucleus (PN) in gymnotiform electric fish is considered a two-83 

layered model CPG (Borde et al. 2020) that provide an advantageous model system to 84 

investigate the direct impact of CPG modulations on an overt behavior. The rhythmic 85 

layer of this CPG is represented by a group of pacemaker cells (PM-cells) and the 86 

patterning layer comprises the projecting relay cells (R-cells) and their synaptic targets 87 

at the spinal cord; i.e., a topographically distributed population of electromotor neurons 88 

that innervate the effector. Under the control of the PN, these species emit rhythmic 89 

and stereotyped electric organ discharges (EOD) that allows electric fish to detect 90 

physical properties of their nearby environment and to communicate among 91 

conspecifics (Caputi et al. 2005; Caputi and Budelli 2006; Lewis 2014; Lissmann 1951; 92 

Lissmann and Machin 1958; Lorenzo et al. 2006). PM- and R-cells aggregate at the 93 
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midline near the ventral surface of the medulla and form the PN (Fig. 1A). In pulse-type 94 

gymnotiforms, PM-cells are grouped dorsally and set the pace of the EOD whereas R-95 

cells occupy the ventral aspects of the PN (Fig. 3A). PM-cells are electrotonically 96 

coupled with each other and with R-cells (Bennett 1971; Bennett et al. 1967) and they 97 

form a rather simple circuit with exclusive feedforward connections. The command for 98 

each EOD is thus initiated at PM-cells that discharge synchronously and then 99 

transmitted 1:1 to R-cells that ultimately translate the command drive to the electric 100 

organ, producing a species-specific EOD waveform pattern (Curti et al. 2006; Lissman 101 

1951; reviewed in Caputi et al. 2005).  102 

 EOD modulations observed during specific adaptive and social behaviors 103 

constitute accessible, prominent, and distinctive electromotor behaviors. These depend 104 

on the activation of specific descending inputs to the PN, that arise from distinct 105 

prepacemaker nuclei (PPn; Caputi et al. 2005; Comas and Borde 2010; Comas et al. 106 

2019). More recently, hormonal and peptidergic influences upon the electromotor 107 

system have also been characterized (reviewed in Silva 2019). Electromotor behaviors 108 

include a wide variety of changes in the rate or in the waveform of the EOD. A wealth 109 

of previous studies (Caputi et al. 2005; Kawasaki and Heiligenberg 1989, 1990; 110 

Lorenzo et al. 2006; Quintana et al. 2011, 2014; Spiro 1997) show that distinct types of 111 

short term rate EOD modulations depend not only on the specific PPn being activated, 112 

but also on both the cellular target of PPn axons within the PN and the neurotransmitter 113 

receptors involved (Caputi et al. 2005; Curti et al. 1999; Dye et al. 1989; Kawasaki and 114 

Heiligenberg 1989, 1990; Keller et al. 1991; Quintana et al. 2011, 2014). More recently, 115 

the modulation of electrophysiological properties of PN neurons has emerged as a 116 

novel putative mechanism, endowing electromotor networks with higher functional 117 

versatility (Comas et al. 2019). Activation of GABAergic inputs to PM-cells induce them 118 

to silence their discharge provoking EOD interruptions (Comas et al. 2019; Kawasaki 119 

and Heiligenberg 1989, 1990). Glutamatergic inputs to these cells, in turn, evoke slow 120 

and long lasting rises in EOD rate via the activation of NMDA receptors (NMDAR) by 121 

NMDAR-only synapses (Curti et al. 1999, 2006; Juranek and Metzner 1997, 1998; 122 

Kawasaki and Heiligenberg 1988, 1989, 1990; Kawasaki et al. 1988; Keller et al. 1991; 123 

Spiro et al. 1994 ). In pulse type gymnotiformes an increase in EOD rate in responses 124 

to AMPA receptor (AMPAR) agonists applied to PM-cells has been described (Curti et 125 

al. 1999; Quintana et al. 2014). Nevertheless, electromotor behaviors derived from 126 

activation of those receptors as well as the pattern of activation by glutamatergic 127 
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descending inputs are still unknown. In R-cells, GABAergic innervation is apparently 128 

lacking (Comas et al. 2019; Kawasaki and Heiligenberg 1990; Kennedy and 129 

Heiligenberg 1994). However, as described in several gymnotiform species, these cells 130 

are contacted by glutamatergic inputs whose activation triggers suprathreshold R-cells 131 

depolarizations, emitting the bursts of high rate small discharges called chirps (via 132 

AMPAR) or abruptly stopping the EOD (via NMDAR) (Caputi et al. 2005; Kawasaki and 133 

Heiligenberg 1989, 1990; Quintana et al. 2011, 2014; Spiro 1997).  134 

 Although the role of fast neurotransmitter modulations of the electromotor CPG 135 

exert on electric behavior is indisputable, several important questions remain unsolved. 136 

For example, can AMPAR of PM-cells be activated by the synaptically released 137 

glutamate? Do they participate in AMPAR-only synapses or they are involved in 138 

classical AMPAR-NMDAR transmitting synaptic contacts (Clark and Cull-Candy 2002; 139 

Cottrell et al. 2000; Traynelis et al. 2010)? As only-NMDA synapses have been 140 

proposed to involve receptors with slow kinetics likely containing subunits of the 141 

GluN2B type (Nakayama et al. 2005; Paoletti 2011), are similar receptors involved in 142 

the control of the electromotor CPG? To address these issues, in the present study we 143 

developed an in vitro preparation of Gymnotus omarorum brainstem slices containing 144 

the PN.  Among gymnotiform fish, this species is more suitable for our study since the 145 

rhythmic layer of the electromotor CPG is apparently the exclusive cellular target of the 146 

descending glutamatergic inputs (Curti et al. 1999, 2006). This preparation allows the 147 

extra- and intracellular recording of responses of PM- and R-cells to: i, glutamate and 148 

its agonists for different receptor subtypes applied juxtacellularly and ii, glutamate 149 

released by electric activation of descending inputs to the PN. We show that PM-cells, 150 

but not R-cells, are endowed with functional NMDA, AMPA and metabotropic glutamate 151 

receptors and that NMDAR containing subunits of the GluN2B type are not involved in 152 

the control of the electromotor CPG. We also demonstrate for the first time in 153 

gymnotiformes that glutamate released at certain synaptic terminals co-activates 154 

AMPAR and NMDAR that are most probably co-localized at glutamatergic synapses 155 

onto PM-cells. Our study contributes to a better understanding of how synaptic inputs 156 

to a vertebrate pattern-generating central nucleus may generate adaptive behavioral 157 

outputs.  158 

   159 

  160 
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MATERIALS AND METHODS 161 

Preparation of slices.  162 

 Gymnotus omarorum (n=32, 11-16 cm in length) were collected from Laguna 163 

del Sauce (34°51'S, 55°07'W, Department of Maldonado, Uruguay).  All the 164 

experimental procedures were conducted in accordance to the guidelines set forth by 165 

the Comisión Nacional de Experimentación Animal (exp. 071140-000092-13).  166 

            Individuals were anesthetized and placed in a plastic chamber on a wet 167 

sponge. All surgical areas and fixation points were heavily infiltrated with 2% Lidocaine 168 

hydrochloride. During surgical procedures, the head was maintained in a horizontal 169 

position by a pair of plastic tipped metal bars attached to the box and the gills were 170 

perfused with MS222 dissolved in iced tap water (0.3 mg/l). The dorsal surface of the 171 

brain was exposed while bathed with cold Na-free artificial cerebrospinal fluid (ACSF)-172 

sucrose solution (see below). The brain with part of the spinal cord was rapidly 173 

removed from the skull and submerged in cold ACSF-sucrose solution. Transverse and 174 

horizontal sections (Fig. 1A) of the brainstem (400 µm thick) containing the PN were 175 

obtained under cold ACSF-sucrose using a Vibratome 1000 plus (The Vibratome 176 

Company, Saint Louis, MO, USA), and were incubated (>1h, at room temperature, 21-177 

23 ºC) in a 1:1 solution of ASCF-sucrose and control ACSF solution (see below). Slices 178 

were transferred to a 2 ml recording chamber fixed to an upright microscope stage 179 

NIKON (Eclipse FN1, Nikon Company, Minato, Tokio, Japan) equipped with infrared 180 

differential interference contrast (DIC) video microscopy and a 40x water immersion 181 

objective. Slices were perfused with carbogen-bubbled ACSF (1.5-3 ml/min) and 182 

maintained at room temperature (20-23 ºC). Under these experimental conditions, the 183 

PN maintains its spontaneous synchronized activity with a stable firing rate for at least 184 

6 hours (Fig. 1B). 185 

Recording and stimulation.  186 

 The electric activity of the PN was monitored using an Axoclamp 2B amplifier 187 

(Molecular Devices, San José, CA, USA) by means of extracellular recordings of field 188 

potentials or by recording intracellularly from PM- or R-cells. For extracellular 189 

recordings, patch pipettes (4-8 MΩ) filled with ACSF were usually placed near R-cell 190 

somas. Intracellular recordings were performed with a patch pipette in the whole cell 191 

configuration from the soma of the cells. The patch pipette (5-10 MΩ) was filled with a 192 

potassium gluconate-based intracellular solution (see below). In some experiments 193 

(n=14) for intracellular recordings, sharp electrodes were used (4M potassium acetate, 194 
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60-140 MΩ). Microelectrodes were placed under visual control with a hydraulic 195 

micromanipulator (Narishige, Setagaya, Tokyo, Japan). Signals were low-pass filtered 196 

at 3.0 kHz, sampled at 10.0 kHz through a Digidata 1322A (Molecular Devices, San 197 

José, CA, USA) and stored in a PC computer for further analysis with the aid of the 198 

pClamp programs (Molecular Devices, San José, California, USA). 199 

           Intracellular recordings of electrical activity of PN neurons were performed under 200 

current clamp. Long lasting depolarizing current pulses (800-1000 ms, 2-4 nA) were 201 

injected to explore repetitive firing behavior in both cellular types. 202 

           In horizontal brainstem slices, glutamatergic PN afferent fibers were electrically 203 

stimulated. Guided by results obtained in previous studies in G. omarorum (Comas and 204 

Borde 2010), a bipolar stimulating electrode (Nichrome, 75 µm) was placed near the 205 

midline over the medial longitudinal fasciculus at a distance of 200 - 400 µm from the 206 

PN in the rostral direction. The ventral portion of this fasciculus is thought to contain 207 

descending axons of PPn neurons. Stimuli consisted in short trains of 3 pulses (3 - 6 V; 208 

0.02 ms each) at 250 Hz mimicking the discharge of putative PPn neurons responsible 209 

for the acceleration of the EOD triggered by the activation of the command neuron for 210 

escape behavior (Comas 2010). Trains were repeated every 10s. Strength of 211 

stimulation was adjusted to produce transient accelerations of the PN discharge rate 212 

which were very similar in amplitude and time course to these EOD accelerations (Curti 213 

et al. 1999, 2006). Consistently the time elapsed between the spike of either PM or R-214 

cells immediately preceding the stimulus and the moment of stimulation was kept at 215 

approximately 30% of the duration of the control interval. The interval during which the 216 

stimulus was applied was called I0, and the subsequent interval was designated I1. The 217 

interval that immediately preceded the stimulation was designated as the "control" 218 

interval (or IC) (see Fig. 6A).  219 

            Micropipettes filled with different solutions of glutamate or its agonists were 220 

used to pressure ejection of drugs in transversal slices at the PN (Picospritzer II; 221 

General Valve, NY, USA). Pulses of 20 psi and 20-150 ms duration ejected relatively 222 

small volumes (5–15 pl) that were calculated from the diameter of microdroplets 223 

estimated by inspection of the area of mechanical distortion of tissue provoked by the 224 

ejected solution under the 40x magnification. Ejection of microvolumes was repeated 5 225 

to 10 times with a 20 s interval. The use of small volumes was preferred in order to 226 

avoid affecting responses with mechanical artifacts (however, see below). Volumes of 227 

drugs were selected in order to evoke mild accelerations (range 1 - 12.5 Hz). The tips 228 

of these micropipettes were positioned at different locations within the PN closely to 229 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.10.05.326397doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.05.326397


Transmitter control of an electromotor CPG.  

 

9 
 

PM- or R-cells somas under visual control (at distances ranging from 30 to 70 µm). In 230 

most cases, within the same experiment, similar microvolumes of drug-containing 231 

solutions were applied juxtacellularly to PM- and R-cells. In selected experiments, 232 

control of drug effects were made by ejecting similar volumes of ACSF at both PM and 233 

R-cells. In some rate responses to drugs applied to PM-cells, small and brief sharp 234 

increases in the rate coinciding with the pressure delivery of drug-containing solutions 235 

were observed. These responses, which were interpreted as being produced by 236 

mechanical stimulation of the cells, were still observed in the presence of glutamatergic 237 

antagonists and could also be provoked by the injection of ACSF (not shown). 238 

  Analysis of responses.  239 

 The Clampfit software (pClamp 10) was used to analyze the effect of stimuli on 240 

the rate of the spontaneous discharge of the PN. Individual discharges (field potential 241 

or intracellular recorded spike) were detected (threshold search) and instantaneous 242 

frequency versus time plots of events were constructed. Rate responses were 243 

averaged, and peak amplitude was calculated by substracting the basal spontaneous 244 

rate to the highest frequency attained during the responses. The time course of rate 245 

responses was quantified by measuring the following parameters: the rise and decay 246 

time constants (τRISE and τDEC, respectively) by adjusting a single exponential in the 247 

rising and the decay phases of responses, and their duration at the half amplitude (half 248 

width, HW).  249 

 The absence of evident effects of agonists applied to R-cells was confirmed by 250 

comparing the mean PN discharge rate before and after the ejection. For this purpose 251 

the rate was averaged for a period of 1 s preceding the stimulus and a period of 5.5 s 252 

after the ejection. The duration of the post-ejection period for this analysis was taken 253 

based on the typical time course of the rate responses to similar microvolumes of 254 

glutamate applied to PM-cells (mean duration of 5.5 s, see Results section). 255 

 In intracellular recording of R-cells, subthreshold membrane potential changes 256 

evoked by agonist ejections were explored by comparing the mean minimum potential 257 

level (MPL; Fig. 3B) measured before (1s duration period) and after (5.5s duration 258 

period) the ejection.  259 

Estimation of NMDA and AMPA components of responses.  260 

 The relative contribution of the NMDAR and AMPAR to responses to glutamate 261 

ejection or afferent stimulation was estimated by measuring components of the 262 

response due to activation of each receptor subtype (NMDAcomp and AMPAcomp). For 263 
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responses evoked by PPn axon stimulation, the magnitude of each component was 264 

estimated by a point-by-point subtraction of responses obtained before and during the 265 

perfusion of a selective glutamate receptor antagonist (CNQX or AP5, see for an 266 

example Fig. 6). For agonist-induced rate responses, peak amplitude of each 267 

component was calculated by subtracting the peak amplitude of the responses evoked 268 

before and during perfusion of the specific blocker. In both cases, for estimation of the 269 

NMDA receptor-dependent component the formula was:  270 

NMDAcomp= peak amplitudepre AP5 - peak amplitudepost AP5   271 

and for the AMPA receptor-dependent component, 272 

AMPAcomp= peak amplitudepreCNQX - peak amplitudepostCNQX 273 

Once the magnitude of each component was obtained, the NMDA to AMPA ratio of 274 

responses was calculated as: 275 

NMDA/AMPA ratio = NMDA comp/AMPA comp 276 

  277 

Usually, CNQX and AP5 were added sequentially to the perfusion solution (as 278 

illustrated in Fig. 7 for example) in such a way that rate responses were evaluated 279 

under one or both glutamatergic blockers. The order in which they were added to the 280 

perfusion solution (with either CNQX or AP5 as the first blocker applied) depended on 281 

the specific experimental design.  282 

 The dependence of the NMDA/AMPA ratio on the order of administration of 283 

blockers was estimated by calculating the order dependence index (OD index) as 284 

follows: 285 

 286 

 OD index= (mean NMDA/AMPA ratio seq. 2 / mean NMDA/AMPA ratio seq. 1)-1 287 

 288 

where seq. 1 corresponds to the CNQX→CNQX+AP5 sequence when AP5 was added 289 

to the ACSF containing CNQX and seq. 2 to the AP5→AP5+CNQX sequence obtained 290 

by adding CNQX to a solution that contains AP5. If the mean NMDA/AMPA ratio is 291 

independent of the sequence:   292 

 NMDA/AMPA ratio seq. 1  NMDA/AMPA ratio seq. 2, then 293 

 NMDA/AMPA ratio seq. 1 / NMDA/AMPA ratio seq. 2  1 and the OD index   0.  294 

 295 
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Drugs and solutions.  296 

 ACSF solution contained (in mM): 124 NaCl, 3 KCl, 0.75 KH2PO4, 1.2 MgSO4, 297 

24 NaHCO3, 10 D-Glucose, 1.6 CaCl2, pH 7.2-7.4 after saturation with carbogen (Spiro 298 

1997), while NaCl was substituted with  213 sucrose in ACSF-sucrose solution.  Mg2+ 299 

free solution was obtained by substituting the MgSO4 (1.2 mM) of the ACSF-solution 300 

with CaCl2, increasing its concentration to 2.8 mM. Intracellular solution in patch 301 

pipettes contained (in mM): 140 K-gluconate, 0.2 EGTA, 4 ATP-Mg, 10 HEPES, pH 302 

7.3). Effects of the following substances applied juxtacellularly (dissolved in ACSF 303 

solution) were investigated: L-glutamic acid (glutamate, 10 mM), NMDA (50 μM), 304 

AMPA (50 μM), and trans-(±)-1-amino-1,3-cyclopentanedicarboxylic acid (trans-ACPD, 305 

500 μM), an agonist for metabotropic glutamate receptors (mGluR). Glutamatergic 306 

antagonists (±)-2-amino-5-phosphonopentanoic acid (AP5; 50 μM), ifenprodil (10 μm), 307 

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 μM), and (±)-amino-4-carboxy-methyl-308 

phenylacetic acid (MCPG, 600 μM) for NMDAR, NMDAR containing GluN2B subunits, 309 

AMPAR and mGluR subtypes, respectively, also were dissolved in the ACSF solution, 310 

and perfused during at least 30 minutes. During afferent stimulation experiments, 311 

ACSF contained picrotoxin (100 µM) to block GABAergic inputs to the PN that could be 312 

recruited by the electric stimuli. These substances were obtained from Sigma-Aldrich 313 

(Saint Louis, MO, USA) or Tocris Bioscience (Bristol, UK).  314 

Statistical analysis.  315 

 All data are presented as mean ± standard deviation (SD) and were statistically 316 

processed using the Past software (Hammer et al. 2001). Once subjected to the 317 

Shapiro-Wilk normality test, Student t-test and paired t-test were used for independent 318 

and paired variables, respectively. For data sets with non-normal distribution, the non-319 

parametric statistical tests Mann–Whitney U test and Wilcoxon test, for independent 320 

and paired variables, respectively, were used. To preserve visibility of the figure 321 

panels, significance levels of <0.05 and <0.01 are marked by one or two asterisks, 322 

respectively. The absence of statistical significance is indicated by n.s. (non 323 

significant). Along the text, absolute P values are reported. For estimation of SD of the 324 

OD index by computing the mean±SD of NMDA/AMPA ratios as input values, the 325 

Gaussian algorithm of error propagation of a quotient was used.  326 

 327 

328 
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RESULTS 329 

 The PN was spontaneously active in vitro and discharged rhythmically with a 330 

mean rate of 18.5±3.7 Hz, values which falls within the range of EOD rates observed in 331 

resting behaving diurnal fish (15-25 Hz). A representative example of simultaneous 332 

recordings of the spontaneous extracellular field potential and intracellular activity of 333 

either a PM- or a R-cell is shown in figure 1B. The temporal correlation of the recorded 334 

electric events (Fig. 1B, C) shows that the normal sequence of activation is conserved 335 

in vitro, i.e.: synchronous activation of PM-cell drives the synchronous discharge of R-336 

cell in a 1 to 1 manner. The amplitude and waveform of field potentials recorded near 337 

PM-cells (Fig. 1C1) and the timing of PM- and R-cell activity is also preserved when 338 

compared to in vivo results. In addition, the spike of PM-cells preceded the spike of R-339 

cells in approximately 0.9 ms, a similar delay to that reported in vivo (Curti et al 2006). 340 

In intracellular recordings, PM-cells showed an unstable membrane potential with a 341 

prolonged “pacemaker potential”, a slow depolarization preceding the spike onset (Fig. 342 

1B2). The action potential of R-cells, in contrast, rose abruptly from the baseline 343 

membrane potential (Fig. 1B3). Characteristically both types of neurons also differed in 344 

their responses to long lasting depolarizing suprathreshold pulses (Fig. 2). PM-cells 345 

usually responded with a single action potential at the onset of the current pulse 346 

(arrowhead in Fig. 2A) irrespective of its amplitude. In contrast, suprathreshold 347 

depolarizations of R-cells evoked repetitive high rate small amplitude discharges 348 

without any detectable frequency adaptation (Fig. 2B). The above data indicate that the 349 

in vitro slice preparation preserves the electrophysiological properties of PM- and R-350 

cells and intrinsic network organization of the PN. 351 

Effects of glutamate agonists on R-cells. 352 

 In this series of experiments, the sensitivity of R-cells to juxtacellular application 353 

of glutamate, AMPA and NMDA (Fig. 3A) was assessed. In addition to spike rate, the 354 

presence of subthreshold responses to ionotropic glutamate receptor agonists was 355 

specifically explored by recording the membrane potential of R-cells during agonist 356 

application.  357 

 Figure 3B illustrates a representative recording of an R-cell obtained before and 358 

after the application of a microvolume of glutamate. In the example, there were no 359 

evident changes either in the MPL or in the spike rate after glutamate application. 360 

However in some experiments (4 out of 6 experiments), a transient and small (at most 361 
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0.8 mV) depolarizing change in the MPL was observed. The mean MPL measured 362 

before and after glutamate applications was -73.2±2.9 mV and -72.9±3.1 mV, 363 

respectively (n=6, paired t test, p=0.027). Although these values were slightly different, 364 

in 2 experiments the small change in the MPL provoked by glutamate persisted after 30 365 

minutes of bath application of glutamate receptor blockers suggesting its artifactual 366 

nature (not shown). The spike rate of R-cells was not modified by glutamate being 367 

20.2±1.8 Hz and 20.2±1.8 Hz, before and after injection, respectively (n=6, paired t 368 

test, p=0.055). In line with these results, neither AMPA nor NMDA injections provoked 369 

changes in the MPL (Fig. 3C, D). The mean MPL measured before and after agonists 370 

applications were -67.6±2.1 mV and -68.0±2.0 mV, respectively (n=8, Wilcoxon test, 371 

p=0.547) for AMPA and -70.9±3.2 mV and -70.0±3.2 mV, respectively (n=8, Wilcoxon 372 

test, p=0.148) for NMDA. Spike rate was not affected by agonists being 29.4±1.4 Hz 373 

and 29.4±1.4 Hz before and after ejections of AMPA, respectively (n=8, Wilcoxon test, 374 

p=0.461) and 20.7±1.5 Hz and 21.0±1.6 Hz, before and after ejections of NMDA, 375 

respectively (n=8, Wilcoxon test, p=0.063).  376 

Effects of glutamate agonists on PM-cells. 377 

Juxtacellular application of microvolumes of glutamate and its agonists to PM-378 

cells systematically provoked transient accelerations (mean duration 5.5±3.4 s) of PN 379 

discharges (Fig. 4A). Glutamate-evoked accelerations were in average 8.79±3.2 Hz 380 

(n=10) which correspond to an increase of 35.21±5.67 % relative to the basal pre-381 

ejection rates and consistently associated with slow, low amplitude depolarization of 382 

PM-cell's MPL of at most 2.3 mV (1.34±0.77 mV) (Fig. 4B, inset). Representative 383 

examples of PN rate responses evoked by pulse application of ionotropic and 384 

metabotropic glutamate receptors specific agonists to PM-cells are illustrated in Fig. 385 

4C-E. AMPA evoked rate increases of 2.1±1.1 Hz (n=8) which represents an increase 386 

of 10.9±4.4 % relative to the basal pre-ejection rate (Fig. 4C). AMPA rate responses 387 

were reduced by 98.7 % ±2.47 (n=8) by CNQX (20 μM, Fig. 4C, gray circles). Rate 388 

responses to NMDA (Fig. 4D) reached peak amplitudes of 3.0±1.9 Hz (n=10) which 389 

correspond to an increase of 14.7±10.3 % of the basal pre-ejection rate. Bath 390 

application of AP5 (50 µM) reduced the rate responses to NMDA by 47.5±29.7 % (n=7, 391 

Fig. 4D, gray circles). The rate responses to NMDA were characteristically slower than 392 

those evoked by AMPA. Rise time constants of the responses to NMDA were 393 

significantly higher than to AMPA (NMDA; 356.8±78.0 ms, n=8; AMPA 199.6±100.9 394 

ms, n=7; Wilcoxon test, p=0.015). Decay time constants of the NMDA responses were 395 
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also significantly greater than those of the AMPA responses (NMDA; 7511.09±3954.19 396 

ms, n=8; AMPA 3705.60±2626.21 ms, n=7; Student t test, p=0.04). However, although 397 

responses to NMDA were consistently slower than to AMPA their half width were not 398 

statistically different (NMDA; 6648.2±5577.93 ms, n=8; AMPA 3125.4±2077.88 ms, 399 

n=7; Mann Whitney U test, p=0.195) 400 

Metabotropic glutamate receptors (mGluR) of PM-cells have been described in 401 

vivo as modulators of the PN discharge rate in G. omarorum and their contribution to 402 

the organization of slow and long lasting EOD modulations has been suggested (Curti 403 

et al., 1999). Juxtacellular ejection of microvolumes of the mGluR agonist trans-ACPD 404 

(500 μM) to PM-cells characteristically caused slow and long lasting increases in PN 405 

discharge rate (Fig. 4E) that closely resembled those observed in vivo. The rate 406 

response exhibited two components: a relatively fast and early peak followed by a 407 

delayed sustained component (~1 Hz, 70 s; n=3). Under MCPG (600 mM), a broad 408 

spectrum mGluR antagonist, the slower component of the rate responses was partially 409 

blocked and their peak amplitudes were reduced by ~53 % of control responses (n=2, 410 

Fig. 4E, gray circles). 411 

 To test whether only-NMDA synapses on PM-cells implicated in several well 412 

known electromotor behaviors involve receptors containing subunits of the GluN2B 413 

type, we explored the effect of ifenprodil (10 µM), a specific blocker of this type of 414 

NMDARs, on the rate responses to glutamate (Fig. 5). As illustrated in the example in 415 

Fig. 5A, average peak amplitudes and decay time constants were practically unaffected 416 

by ifenprodil, being 97.1±9.3 % and 102.9±16.1 %, respectively, from control rate 417 

responses (Fig. 5B). These values that were not different from control (Wilcoxon test, 418 

n=6, p=0.563 and p=0.25 for amplitude and decay time constant, respectively). In spite 419 

of this lack of effect, ifenprodil produced robust and reversible modifications of other 420 

variables: overall field potential amplitude was decreased, amplitude of action potential 421 

recorded intracellularly was reduced, and PN rate was slightly but consistently 422 

decreased (3.0±3.1 %). All changes were reverted after a 90-120 minutes washout. 423 

Effects of electric stimulation of glutamatergic afferents on the activity of the PN. 424 

 We next explored the effect of activating ionotropic glutamate receptors of PM 425 

cells under conditions closer to a natural physiological context by electrically activating 426 

its innervation fibers. The strength of stimulation was adjusted to produce transient 427 

accelerations of the PN discharge (Fig. 6A, B upper trace) which were very similar in 428 
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amplitude to EOD modulations triggered by the activation of the command neuron for 429 

escape behavior (Comas and Borde 2010; Curti et al. 1999, 2006). Rate responses 430 

typically peaked at the interspike interval I1 (see Methods), although in some cases the 431 

maximum acceleration was observed in I0. Overall, the mean peak amplitude of 432 

responses was 9.9±6.2 Hz and represented an increase of 59.0±29.3 % with respect to 433 

the pre-stimulus PN discharge rate. The peak of the responses was followed by a slow 434 

return to the pre-stimulus rate with a time constant (τDEC) of 109.6±26.8 ms (n=14).  435 

 The amplitude and the time course of accelerations of the PN discharge evoked 436 

by activation of PPn axons were specifically affected by ionotropic glutamate receptor 437 

blockers (Fig. 6B). Blocking NMDARs with AP5 (50 µM) reduced the amplitude and the 438 

duration of the response (Fig. 6B, middle trace) and the remnant acceleration was 439 

further reduced by blocking AMPARs through the addition of CNQX (20 µM) to the 440 

ACSF (Fig. 6B, lower trace). The representative example shown in Fig. 6C illustrates 441 

the procedure followed to estimate the relative contribution of PM-cell NMDARs and 442 

AMPARs to the rate response evoked by electrical stimuli. The point-by-point 443 

subtraction of the AP5 response from the control response allowed us to estimate the 444 

AP5-sensitive component of the acceleration likely due to the activation of NMDARs 445 

(NMDAcomp, Fig. 6C, upper trace). In turn, subtraction of the response obtained after 446 

AP5 and CNQX from the AP5 response reveals the component due to the activation of 447 

AMPARs (AMPAcomp, Fig. 6C, middle trace). Characteristically, the NMDA and AMPA 448 

components differed in their contribution to the total increase in the rate of the PN 449 

discharge evoked by activation of PPn axons. In average, activation of NMDAR 450 

contributed with a 45.5±19.1 % and AMPAR with a 30.4±5.9 % of the peak amplitude 451 

of the rate response (n=5, Fig. 7A, right bars). NMDA and AMPA components also 452 

differed in their duration and time course (Fig. 6C, lower trace). The AMPAcomp typically 453 

peaked during I0 and exhibited a faster time course than the NMDAcomp which reached 454 

its maximum during I1 and showed a larger duration. As expected by the different time 455 

course of both components, blockers affected the amplitude of the responses at I0 and 456 

I1 to a different extent. The ratio of the amplitude of the response (AR) at I1 and I0 (ARI1 457 

/ ARI0) was reduced by AP5 (from 0.77±0.77 to 0.49±0.32, Wilcoxon test, n=5, 458 

p=0.055) whereas the ratio was increased by CNQX (from 1.78±1.37 to 2.85±2.57, 459 

paired t test, n=8, p=0.013). Consistently, under AP5 and CNQX, a small (10-26 %) 460 

increase in the PN discharge rate in response to PPn axons stimulation was still 461 

observed (Fig. 6B, lower trace).  462 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.10.05.326397doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.05.326397


Transmitter control of an electromotor CPG.  

 

16 
 

 The above data demonstrate that NMDAR and AMPAR of PM-cells are 463 

activated by glutamate released from electrically activated innervating fibers. However, 464 

these data are not optimal for assessing whether postsynaptic effects due to NMDAR 465 

activation are dependent on AMPAR activation as it normally occurs at AMPA-NMDA 466 

transmitting glutamatergic synapses. If this was indeed the case, the magnitude of the 467 

NMDAcomp (AP5-sensitive) would depend on the specific order in which ionotropic 468 

glutamate receptor blockers were added to the bathing solution. We reasoned that if 469 

part of the NMDAR-mediated response was strictly dependent on the activation of 470 

AMPARs of PM-cells (co-activation of co-localized AMPAR and NMDAR), the 471 

magnitude of the NMDAcomp would be smaller when AP5 was added to the ACSF 472 

containing CNQX (CNQX→CNQX+AP5 sequence) compared to the one obtained 473 

adding CNQX to a solution that contains AP5 (AP5→AP5+CNQX sequence). 474 

 To test this possibility, we carried out a series of experiments to estimate the 475 

NMDA and AMPA components of rate responses in different conditions. In the first 476 

experiment AP5 was added to the slice which was being perfused with CNQX 477 

(indicated as CNQX→CNQX+AP5) and in the second experiment CNQX was added to 478 

the slice that was being perfused with AP5 (AP5→AP5+CNQX). When administration 479 

of blockers followed the former sequence, the NMDAcomp was indeed smaller than the 480 

one estimated with the later sequence (Fig. 7A, black bars). Overall, the mean 481 

estimated NMDAcomp of responses represented 14.9±8.8 % of the control response 482 

when AP5 was added to the ACSF containing CNQX and 45.5±19.1 % when the order 483 

was inverted (n=7 and n=5, respectively, Student t test, p=0.004). The fact that the 484 

NMDAcomp was consistently smaller under AMPAR blocking by CNQX suggests that 485 

part of NMDAcomp can be detected if and only if AMPARs of PM-cells are co-activated 486 

with NMDARs. The magnitude of estimated AMPAcomp was also affected by the order of 487 

blocker administration but to a lesser extent (Fig. 7A, gray bars). When blockers were 488 

applied following the CNQX→CNQX+AP5 sequence the AMPAcomp was 56.3±26.3% of 489 

the control response and was 30.4±5.9 % with the AP5→AP5+CNQX sequence (n=7 490 

and n=5, respectively, Mann-Whitney U test, p=0.149). The overall results are 491 

summarized in Fig. 7B by comparing the NMDA/AMPA ratios using both sequences of 492 

administration of blockers. In experiments applying blockers with the 493 

CNQX→CNQX+AP5 sequence the mean NMDA/AMPA ratio was 0.33±0.22 whereas 494 

the AP5→AP5+CNQX sequence consistently result in larger NMDA/AMPA ratios with a 495 

mean value of 1.55±0.82 (n=7 and n=5, Mann Whitney U test, p=0.005). 496 
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Effects of Mg2+-free ACSF on the NMDA/AMPA ratio. 497 

 The above results indicate that at least part of the postsynaptic effects of 498 

synaptically released glutamate rely on the activation of a subpopulation of NMDARs of 499 

PM-cells that needs the simultaneous AMPAR-mediated depolarization to relieve its 500 

Mg2+ blockade, as in most other glutamatergic synapses (Coan and Collingridge 1985; 501 

Collingridge et al. 1988; Daw et al. 1993; Nowak et al. 1984). According to this model, 502 

we hypothesized that the dependence of NMDA/AMPA ratio on the order of 503 

administration of glutamatergic blockers should not be observed (or would be greatly 504 

reduced) if similar experiments were performed using ACSF that does not contain Mg2+ 505 

(nominally Mg2+-free). We predicted that this modified ACSF may cause a permanent 506 

relief of Mg2+ blockade allowing the expression of the full NMDAcomp of rate responses 507 

regardless of the order of blockers administration.  508 

 During preliminary experiments we noticed that the absence of Mg2+ 509 

(equimolarly substituted by Ca2+) in the medium increased the synaptic efficacy (most 510 

probably through a presynaptic mechanism; Dodge and Rahamimoff 1967) in addition 511 

to inducing changes in the magnitude of estimated NMDA and AMPA components. 512 

Consequently, to avoid a possible synaptic interfering factor, the hypothesis stated 513 

above was tested on the rate responses evoked by local application of glutamate to 514 

PM-cells instead of those provoked by electrical stimulation of glutamatergic inputs. For 515 

estimation of both components in these experiments only responses with time to peak 516 

of about 500 ms (or less) were computed in consideration of the theoretical time course 517 

of activation of different subtypes of glutamatergic receptors predicted by the diffusion 518 

model detailed in the APPENDIX.  519 

 The representative example illustrated in Fig. 8A shows the effect of the 520 

CNQX→CNQX+AP5 sequence on the rate-responses evoked by application of 521 

glutamate at PM-cells. As observed with rate responses to electrical activation of 522 

glutamatergic inputs, the magnitude of estimated NMDA and AMPA components of 523 

responses to glutamate application also depended on the order of administration of 524 

blockers (Fig. 8B). Overall, the mean estimated NMDAcomp of responses represented a 525 

17.7±9.2 % of the control response when AP5 was added to the ACSF containing 526 

CNQX and 32.5±11.9 % when the order was inverted (n=5 and n=7, respectively, 527 

Student t-test, p=0.043) and the mean estimated AMPAcomp under the two conditions 528 

were 47.6±14.44 % and 31.5±15.1 % of responses, respectively (n=5 and n=7, 529 
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respectively, Student t-test, p=0.093). The NMDA/AMPA ratio differed with the order of 530 

administration of blockers (Fig. 9A) and the difference was greatly reduced during the 531 

perfusion of slices with Mg2+-free ACSF (Fig. 9B). In control conditions (Fig. 9A, ACSF 532 

containing 1.2 mM Mg2+) the NMDA/AMPA ratio was 0.45±0.34 when the sequence of 533 

blockers was CNQX→CNQX+AP5 and was consistently larger with the inverse 534 

sequence with a mean value of 1.46±1.20 (n=5 and n=7, respectively, Student t-test, 535 

p=0.10). In Mg2+-free ACSF, irrespective of the sequence of blockers tested, there was 536 

a global increase of the NMDA/AMPA ratio suggesting a significant reduction of the 537 

voltage-dependent Mg2+ block of the NMDAR. Consistent with this finding, the 538 

NMDA/AMPA ratio following the CNQX→CNQX+AP5 approaches the value of the ratio 539 

with the AP5→AP5+CNQX sequence (1.80±1.05 and 2.06±1.21; n=4 and n=5, 540 

respectively, Student t-test, p=0.730), suggesting a lower dependence on the order of 541 

application of blockers. This was further evaluated by comparing the OD index 542 

estimated in control ACSF with the one obtained in Mg2+-free ACSF (Fig. 9C). Under 543 

control ACSF (1.2 mM Mg2+) the OD index was 2.33±0.34 and was drastically reduced 544 

to 0.15±0.68 in Mg2+-free ACSF.  545 

  546 
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DISCUSSION 547 

 Although the mechanisms underlying the extrinsic modulations of pattern-548 

generating networks have been well established in invertebrates, most of their synaptic 549 

and cellular basis in vertebrates are not yet completely understood (Daghfous et al. 550 

2016; Grillner and El Manira 2020;  Marder et al. 2014). The electromotor system of 551 

pulse-type gymnotiform electric fish has proven to be a well-suited vertebrate 552 

preparation to investigate these mechanisms (Borde et al. 2020; Caputi et al. 2005). In 553 

this study, we used an in vitro reduced preparation of the PN to do an in depth 554 

electrophysiological and pharmacological analysis of synaptic mechanisms involved in 555 

transient neurotransmitter-mediated modulations of the electromotor CPG in G. 556 

omarorum. Among gymnotiform fish, this species the most suitable for the study of 557 

these mechanisms since the rhythmic layer of the electromotor CPG is apparently the 558 

exclusive cellular target of the descending glutamatergic inputs. Our main findings 559 

include the following: (1) PM-cells are endowed with diverse functional glutamate 560 

receptor subtypes (NMDA, AMPA and metabotropic), while in R-cells these receptors 561 

are absent, a finding that indicates a distinctive, species-specific, distribution of 562 

glutamate receptors subtypes on PN neurons; (2) NMDAR of PM-cells are insensitive 563 

to specific blockers of receptors containing the GluN2B subunit usually associated with 564 

long lasting postsynaptic effects at only-NMDA synapses suggesting species-specificity 565 

in the mechanisms of control of PN discharge at the molecular level; and (3) 566 

synaptically released glutamate by descending inputs to the PN activates both AMPAR 567 

and NMDAR subtypes of PM-cells revealing a probable functional role of transmitting 568 

AMPA-NMDA synaptic contacts in the control of the electromotor CPG in gymnotiform 569 

fish.   570 

R-cells lack gutamate receptors while PM-cells neurons express different 571 

gultamate receptor subtypes. 572 

 In gymnotiform fish, activation of glutamatergic inputs directed to R-cells -the 573 

critical component of the patterning layer of the electromotor CPG- trigger the emission 574 

of social electric signals that imply profound modifications of the output pattern due to 575 

suprathreshold activation of these cells through NMDAR or AMPAR (Kawasaki and 576 

Heiligenberg 1989, 1990; Quintana et al. 2011, 2014; Spiro 1997;Spiro et al. 1994). 577 

Previous work in G. omarorum failed to obtain any evidence suggesting there is direct 578 

suprathreshold activation of R-cells by glutamate agonists (Comas et. al 2019; Curti et 579 
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al. 1999), even though these fish are capable of emitting social electric signals during 580 

agonistic encounters with distorted EOD waveform (Batista et al. 2012; Comas et al. 581 

2019). In those studies, however, the role of subthreshold activation of R-cells -which is 582 

virtually undetectable during EOD recordings- could not be ruled out. Here, we could 583 

analyze that possibility by performing intracellular recordings of R-cells during the 584 

juxtacellular application of glutamate agonists to these cells and we show that 585 

glutamate, AMPA and NMDA were indeed ineffective in modifying either its membrane 586 

potential or its firing. This demonstrates that R-cells in G. omarorum lack functional 587 

glutamatergic receptors and provides additional evidence that illustrates the diversity of 588 

neural designs for the control of the electromotor CPG that have evolved in 589 

gymnotiform fish.  590 

 Juxtacellular application of glutamate agonists to PM-cells evoked transient 591 

accelerations whose amplitude and time course varied with the specific agonist 592 

applied. Our data confirm previous results obtained in vivo (Curti et al. 1999) indicating 593 

that, in G. omarorum, PM-cells are endowed with AMPAR, NMDAR and mGluR. In our 594 

experiments, accelerations produced by the pressure-applied glutamate represented 595 

an increase in the PN discharge rate of about 35 % of control the basal pre-ejection 596 

rates. According to the slight modification of the PN discharge rate caused by the 597 

injection of long lasting depolarizing current pulses (20 mV depolarization in Fig. 2A), 598 

a considerable depolarization during the accelerations caused by glutamate applied to 599 

the PM-cells was expected. However, rate responses to pressure applied glutamate 600 

consistently associated low amplitude depolarizations of PM-cells of at most 2.3 mV. 601 

The apparent discrepancy between the amount of depolarization and the resulting 602 

change of the PN discharge rate evoked by glutamate can be reasonably accounted for 603 

by the fact that PM-cells are electrotonically coupled (Bennett et al. 1967) and the 604 

magnitude of PN rate responses would depend not only on the net effect of the 605 

activation of glutamate receptors on the membrane potential of each PM-cell but also 606 

on the number of neurons actually activated and the timing of such activation. As 607 

proposed by Getting (1974), synchronous synaptic inputs to several electrotonically 608 

coupled postsynaptic cells (distributed input) may result in an apparent increase in the 609 

postsynaptic input resistance and time constant due to an effective reduction in the 610 

shunting of current through the junctions. This may lead to a more effective synaptic 611 

transmission producing greater postsynaptic effects in the population of coupled cells. 612 

At the PN, the more PM-cells receive synchronous depolarizing inputs the greater will 613 
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be the evoked acceleration of the PN discharge (see APPENDIX). Activation of 614 

metabotropic glutamate receptors involving the modulation of a yet unknown 615 

membrane conductance involved in the pacemaker discharge but without significantly 616 

changing the MPL at PM-cells may be an additional contributing factor. 617 

 As expected by the different kinetics of ionotropic glutamate receptor subtypes 618 

(Traynelis et al. 2010), responses to AMPA were relatively faster than those to NMDA. 619 

Responses to trans-ACPD were even much slower than those produced by ionotropic 620 

agonists. Evidence indicating the existence of AMPAR and NMDAR in PM-cells in 621 

pulse and wave type gymnotiforms has been reported before (Caputi et al. 2005; Dye 622 

et al. 1989; Kawasaki and Heiligenberg 1990; Quintana et al. 2014). However, as 623 

confirmed in the present work, G. omarorum is still the sole species in which the 624 

existence of mGluR subtypes in PM-cells has been demonstrated. In this species, the 625 

motor command for the motor escape behavior -a single action potential at one 626 

identifiable reticulospinal neuron: the Mauthner cell- triggers an abrupt and prolonged 627 

increase of the EOD rate (up to 5 s) thanks to the co-activation of NMDAR and mGluR 628 

of PM-cells through a paucisynaptic neural pathway (Comas and Borde 2010; Curti et 629 

al. 1999, 2006; Falconi et al. 1997,). The long duration of this electromotor behavior 630 

triggered by a single command action potential seems to exploit the slow kinetics of 631 

glutamate receptors involved in the abrupt and long lasting activation of PM-cells. 632 

These long lasting glutamatergic postsynaptic effects mediated by the activation of 633 

NMDAR but without the co-activation of AMPAR (only-NMDA synapses) pointed to a 634 

critical role of NMDAR variants with slow kinetics and low voltage-dependence in the 635 

glutamatergic control of the PN activity. The NMDAR containing GluN2B subunits -an 636 

NMDAR variant reported as mediating only-NMDA synaptic contacts- exhibited these 637 

distinctive properties (Cull-Candy and Leszkiewicz 2004). In the present study, we 638 

show that ifenprodil, a noncompetitive NMDAR antagonist with a high selectivity for the 639 

GluN2B subunit (Williams 1993), was ineffective in modifying both the amplitude or the 640 

time course of rate responses to pressure-applied glutamate. This strongly suggests 641 

that the NMDAR containing GluN2B subunits are not involved in the glutamatergic 642 

control of the PN in this species. In Apteronotus leptorhynchus, a related gymnotiform 643 

species, molecular and electrophysiological data indicate that GluN2B subunits are 644 

expressed in most brain regions including the PN and that these subunit are capable of 645 

forming NMDAR whose core functional aspects are similar in fish and in mammals 646 

(Harvey-Girard and Dunn 2003; Harvey-Girard et al. 2007). However, A. leptorhynchus 647 
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and G. omarorum represent two phylogenetically distant gymnotiform species 648 

(Crampton 2011; Hopkins 2009) that may exhibit species-specific differences in the 649 

neural underpinnings of electromotor displays as has been found among related 650 

gymnotiform species (Borde et al. 2020). It is therefore reasonable to expect that this 651 

diversity also involves the mechanisms of control of PN discharge at the molecular 652 

level by expressing different NMDAR subtypes with different functional characteristics.  653 

 Although the differences in the kinetics of synaptic currents mediated by 654 

AMPAR, NMDAR and mGluR (Traynelis et al. 2010) are consistent with the different 655 

time course of rate responses evoked by juxtacellular application of agonists, in our 656 

experiments those differences may also be due to other possible contributing factors. 657 

In fact, the time course of responses to the pressure-applied glutamate may be 658 

influenced not only by the relative contribution of the kinetics of AMPAR-, NMDAR- and 659 

mGluR-mediated postsynaptic currents, but also by the time course of diffusion of 660 

glutamate in the extracellular space and the differences in the EC50 values for 661 

glutamate of each receptor subtype (see APPENDIX). 662 

Functional role of glutamate via PM-cells ionotropic receptors.  663 

 The present study reveals, for the first time in pulse-type gymnotiform fish, that 664 

synaptically released glutamate consistently activates AMPAR and NMDAR of PM-665 

cells. This is a new finding that demonstrated that AMPARs of PM-cells, which have 666 

been described in several gymnotiform species by locally applying glutamate agonists 667 

(Curti et al. 1999; Quintana et al. 2014), can be activated by glutamate released from 668 

synaptic terminals.  669 

 It has been reported that an increase in glutamate concentration in the synaptic 670 

cleft at silent synapses (only-NMDAR) produced during certain forms of synaptic 671 

plasticity or by specific patterns of presynaptic activation, may recruit an AMPAR 672 

component converting a silent synapse into a functional transmitting one (Voronin and 673 

Cherubini 2004). However, the amplitude of the rate responses to synaptically released 674 

glutamate observed in the present study suggests that this possibility is unlikely. In fact, 675 

the amplitude of these responses are comparable to those elicited in vivo by Mauthner 676 

cell activation that provoke a massive recruitment of glutamatergic PPn and even so it 677 

is not possible to detect an AMPAR component of rate responses (Curti et al. 1999, 678 

2006). This suggests that the pattern of electrical stimulation of glutamatergic axons 679 

used in our experiments -that mimicked the pattern observed during the Mauthner cell-680 
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dependent electromotor behavior (see Methods)- was indeed in the physiological range 681 

and provoked rate responses with specific AMPAR components. Moreover, preliminary 682 

data obtained in vivo suggest that AMPAR of PM-cells can be recruited by presumed 683 

low levels of presynaptic glutamatergic activity. We have observed that resting 684 

variability of the EOD interval significantly decreases after the application of CNQX 685 

solutions to the PN suggesting specific spontaneous activation of glutamatergic 686 

synapses involving AMPAR (unpublished results). 687 

 In this study we found that a substantial part of the total NMDAR-mediated 688 

responses (near 67 % of the total NMDAcomp) is strictly dependent on the activation of 689 

AMPARs of PM-cells. This suggests the co-activation of the two receptor subtypes that 690 

should be co-localized at the postsynaptic membrane. The fact that the dependence of 691 

the NMDA/AMPA ratio of rate responses on the sequence of application of specific 692 

blockers (OD index2.33) is almost absent in nominally Mg2+-free ACSF (OD 693 

index0.15) supports the aforementioned idea. Overall, our data suggest that at least 694 

part of the postsynaptic effects of synaptically released glutamate, rely on the activation 695 

of a subpopulation of NMDAR of PM-cells that needs the simultaneous AMPAR-696 

mediated depolarization to relieve its Mg2+ blockade. This is a functional trait that 697 

characterizes the most classical transmitting glutamatergic synapse (Coan and 698 

Collingridge 1985; Collingridge et al. 1988; Daw et al. 1993; Nowak et al. 1984; 699 

Traynelis et al. 2010). Despite the large amount of work aimed at characterizing the 700 

glutamatergic innervation of the PN in gymnotiform fish (Comas et al. 2019; Curti et al. 701 

1999; Dye et al. 1989; Juranek and Metzner 1997, 1998; Kawasaki and Heiligenberg 702 

1989, 1990; Kawasaki et al. 1988; Keller et al. 1991; Quintana et al. 2011, 2014; Spiro 703 

1997; Spiro et al. 1994) demonstration of glutamatergic AMPA-NMDA transmitting 704 

contacts on PN neurons has remained elusive. The present study is the first report that 705 

provides evidence indicating that the control of the activity of the electromotor CPG in 706 

pulse-type gymnotiform fish includes descending PPn axons contacting PM-cells 707 

through common transmitting glutamatergic synapses (Fig. 10).  708 

 Although the NMDAcomp of the rate responses to synaptically released 709 

glutamate appears to involve mainly AMPA-NMDA synaptic contacts on PM-cells there 710 

was a significant component of responses (33 % of the total NMDAcomp) that persists 711 

under complete AMPAR blockade by CNQX. According to this, for this NMDAcomp to be 712 

manifest, preceding AMPA-mediated depolarizations are not necessary. This 713 
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component most probably represents the activation of postsynaptic receptors at only-714 

NMDAR synapses. But which could be the mechanism that relieves the blocking by 715 

Mg2+ of the NMDAR in these synapses? As discussed above, the possibility of the 716 

involvement of NMDARs with low voltage- dependence -NMDAR containing GluN2B 717 

subunits (Cull-Candy and Leszkiewicz 2004) is unlikely. Two alternative (but not 718 

mutually exclusive) mechanisms may account for the apparent low voltage-719 

dependence of NMDAR at these synapses. First, only-NMDAR synapses in G. 720 

omarorum may involve receptor variants that may conduct at near resting membrane 721 

potentials as described in goldfish Mauthner cell (Wolzson et al. 1997) and in the 722 

Apteronotus electrosensory system (Berman et al. 1997). Second, Mg2+ blockade of 723 

NMDAR at these synapses may be reduced as PM-cells are spontaneously 724 

depolarizing neurons which regularly fire action potentials that may relieve (at least 725 

partially) this blockade. The latter possibility implies that only-NMDAR synaptic 726 

contacts would be located at a cellular compartment electrotonically close to the site of 727 

generation of action potentials (probably the soma). Classical AMPA-NMDA 728 

transmitting synapses, in turn, would be segregated to subcellular locations less 729 

affected by the spontaneous rhythmic membrane depolarization, for example, at the 730 

thin and long apical dendrite described by Trujillo-Cenóz et al. (1993). 731 

 According to the available evidence, PPn glutamatergic inputs to the PN 732 

neurons, which organize most of the behaviorally relevant EOD modulations in 733 

gymnotiforms, likely represent an heterogeneous population of terminals (see for a 734 

review Caputi et al. 2005). This population comprises: i, only-NMDAR synapses on 735 

both PM- and R-cells mediating accelerations and sudden interruptions of EODs, 736 

respectively, and ii, only-AMPAR synaptic contacts on R-cells whose activation is 737 

responsible for the emission of chirps (Juranek and Metzner 1997, 1998; Kawasaki and 738 

Heiligenberg 1989, 1990; Kawasaki et al. 1988; Keller et al. 1991; Quintana et al. 2014; 739 

Spiro 1997). Only-AMPAR synapses have also been characterized in mammals 740 

(Asztely et al. 1997). In G. omarorum, in turn, the glutamatergic control of PN 741 

discharges most probably also includes a heterogeneous population of terminals 742 

exclusively contacting the PM-cells (Fig. 10). This population includes only-NMDAR 743 

and AMPA-NMDA synapses although the existence of only-AMPAR synapses could 744 

not be ruled out. While activation of only-NMDAR synapses underlies the electromotor 745 

behavior triggered by the activation of the Mauthner cell (Curti et al. 1999, 2006), the 746 

specific EOD modulation mediated by activation of transmitting AMPA-NMDA synaptic 747 
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contacts has not yet been determined. It is generally accepted that increases in EOD 748 

rate result in an enhancement of the electrosensory sampling fish perform of the 749 

environment to cope with fast changing surrounding conditions (Caputi et al. 2003; 750 

Comas and Borde 2010; Hofmann et al. 2013). EOD rate can also be modulated to 751 

avoid interfering detrimental effect of EODs generated by a nearby conspecific 752 

(Jamming Avoidance Response, JAR; Caputi et al. 2005; Heiligenberg 1991). In pulse-753 

type fish, the interference is avoided by abruptly accelerating the EODs just before the 754 

occurrence of a coincident discharge and lasting a few tens of milliseconds (Capurro et 755 

al. 1998, 1999). Long lasting increases (seconds) in electrosensory sampling triggered 756 

by novel stimuli or during motor activity, most probably rely on activation of only-NMDA 757 

synapses on PM-cells. AMPA-NMDA synapses, on the other hand, may be involved in 758 

the rapid adjustment of the timing of the EOD during the JAR, making the most of the 759 

faster kinetic of the AMPAR (Metzner 1993).  760 

 In conclusion, our data shed light on the synaptic mechanisms underlying the 761 

fast neurotransmitter control of a vertebrate CPG. We found that, in G. omarorum, the 762 

rhythmic layer of the electromotor CPG is the exclusive target for the glutamatergic 763 

descending inputs contacting the PM-cells. In this species, the modulation of the CPG 764 

mediated by fast neurotransmitters exclusively comprises transient modifications of the 765 

EOD rate. The absence of functional glutamatergic receptors at the medullary neuronal 766 

components of the pattern formation layer support the hipothesis that the emission of 767 

transient communication signals that imply changes in the EOD waveform, most 768 

probably involves the extrinsic neuromodulation of these neurons (Comas et al., 2019). 769 

Our data also indicate that the glutamatergic control of the CPG likely involves both 770 

AMPA-NMDA and only-NMDA synapses contacting pacemaker cells at different 771 

cellular compartments. Contrasting with findings in mammals, only-NMDA synapses at 772 

this CPG are also transmitting synapses and likely involve NMDAR that does not 773 

contain GluN2B subunits. Active electroreception requires a stereotyped and regular 774 

EOD, the behavioral output of the CPG, for use as an energy carrier for perception. 775 

According to the complement of postsynaptic receptors of synapses contacting PM-776 

cells, glutamatergic descending inputs to the CPG are most probably involved in 777 

modulations displayed to preserve (AMPA-NMDA synapses) or to enhance (only-778 

NMDA synapses) the electrolocative ability of the fish.   779 
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APPENDIX 780 

 An accurate knowledge of the time course and the spread in the extracellular 781 

space of glutamate (Glu) ejected by pressure greatly facilitates the interpretation of the 782 

effects on the discharge rate of the PN obtained by local application of this transmitter 783 

as used in some of the above experiments (Figs. 3, 4, 5 and 8).  784 

 The spread of Glu in the extracellular space can be estimated by solving the 785 

diffusion equation when the boundary conditions are appropriate (Stone 1985). Since 786 

the distance between the tip of the electrode and the membrane of the PM-cells is 787 

significantly smaller than the distance between the tip of the electrode and the surface 788 

boundaries of the recording chamber, the diffusion process is equivalent to the release 789 

of glutamate from a source point into an infinite space. The solution of the diffusion 790 

equation with the boundary conditions described above gives the concentration of Glu 791 

(C) at any time (t) and the relative position of the electrode tip (r). 792 

Considering the micropipette tip an instantaneous source point of Glu, since the 793 

compound is ejected at a relatively short pressure pulse (duration of 50-100 ms), 794 

located in an anisotropic medium, the concentration (C) achieved at a certain time (t) is 795 

given by: 796 

 797 

 C(t) = Q/8(D*t)1.5 exp(-r2/4D*t)      [eq. 1] 798 

 799 

where Q (µM) is the total amount of glutamate ejected from the pipette, D* is the 800 

corrected diffusion coefficient of Glu for a tortuosity () of 1.6 and an available fraction 801 

of brain tissue () of 0.3 obtained by applying the formula D*= (D/2)  (Nicholson et 802 

al., 1979) and r is the distance at which the concentration is calculated (with the 803 

diffusion coefficient [D] of Glu being 5.10-6 cm2. s-1 from Krnjevic and Phillis 1963). 804 

 An example of the time course of Glu concentration after pressure ejection at 805 

three different distances from the tip of the ejection pipette is illustrated in Fig. A1.  806 

   807 
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Figure A1. Theoretical calculations of Glu 808 

diffusion after juxtacellular pressure 809 

application and a representative response 810 

of PN discharge rate to Glu obtained during 811 

experiments. The inset in the upper right 812 

section illustrates a scheme of experimental 813 

conditions (PM, pacemaker cell; R, relay cell) 814 

that shows a recording micropipette inserted in 815 

a relay cell to monitor PN activity during Glu 816 

local applications. The superimposed plots indicate the PN discharge rate (grey filled circles) and 817 

calculated Glu concentration (lines) at three different distances from the micropipette tip vs time. Each 818 

point of the discharge rate vs time plot represents the mean (± s.d.) of 10 average responses to 819 

juxtacellular applications of Glu (arrowhead). The dotted line indicates the basal pre-ejection PN discharge 820 

rate (number on the left).  821 

 For calculations illustrated above, the ejected volume of Glu (10 mM) 822 

corresponds to the volume of a droplet of 50 µm diameter which is within the range of 823 

volumes used in our experiments.  824 

 The disparity of the time course of PN rate modulations and the calculated 825 

extracellular concentration of Glu at PM-cells membrane suggest that several other 826 

factors suggests that other factors should be taken into account to explain the time 827 

course of the responses. Since PM cells are most likely electrotonically coupled 828 

(Bennett 1971; Bennett et al. 1967; Curti et al. 2006), it is reasonable to assume that 829 

the total effect of Glu on the PN discharge rate depends on two main factors (Getting 830 

1974): 831 

i.- the magnitude of activation at each PM-cell that in turn relies on the concentration of 832 

Glu at the pericellular space and on the subtype and density of Glu receptors on the 833 

neuronal membrane, and 834 

ii.- the number of neurons activated by Glu and acting on different Glu receptors and on 835 

the timing of this activation. 836 

 Assuming that the densities of NMDAR, AMPAR and metabotropic glutamate 837 

receptors (mGluR) are almost the same at PM cells and even ignoring differences in 838 

receptor kinetics, it is possible to estimate the time course of the number of cells 839 

activated by a given Glu receptors subtype according to their respective EC50 for Glu. 840 

This estimation implies the calculation of the spread of glutamate in the extracellular 841 

space by defining a theoretical sphere whose surface represents a concentration of Glu 842 

that equals the EC50 for a given receptor subtype. For the purpose of calculations, the 843 
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EC50 for AMPAR (100 µM), NMDAR (3 µM) and mGluR (10 µM) were taken from 844 

Traynelis et al. (2010).  845 

 By rearranging equation 1, the time course of the radius of such a sphere can 846 

be calculated: 847 

  848 

 r(t)= {- ln [EC50 . 8(D*t)1.5/Q] . 4D*t}0.5    [eq. 2] 849 

 850 

 If the concentration of Glu at the surface of the sphere equals the EC50 for a 851 

specific Glu receptor subtype, it can be expected that the sphere contains neurons 852 

whose Glu receptors will be activated in a proportion higher than 50% of the available 853 

population of this receptor subtype. Neurons located out of this limit could also be 854 

activated but under a weak Glu stimulation. Therefore, following the above 855 

considerations, the numbers of cells recruited by Glu according to eq. 2 may represent 856 

an underestimation of the total number of cells actually activated. 857 

 An example of these calculations is illustrated in Fig. A2.  858 

 859 

 860 

Figure A2. Theoretical estimation of the activation of glutamatergic receptors by the 861 

spread of glutamate in the extracellular space. A.- Plots of the radius of spheres limited by 862 

an extracellular concentration of Glu that equals the EC50 for NMDAR (dark grey), AMPAR 863 

(light grey) and mGluR (black) as a function of time. Note that the volume of tissue at which Glu 864 

extracellular concentration is able to activate different Glu receptor subtypes varies according to 865 

its relative affinity for the neurotransmitter. B.- Plot of the approximate number of cells contained 866 

within the limits of spheres illustrated in A. For this calculation, each PM-cell was assumed to be 867 

spherical (without dendrites or axons) with a diameter of about 25 µm (average diameter of real 868 

PM-cells) and to be in contact with neighboring PM-cells.  869 
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 According to our calculations, a microvolume of Glu (10 mM) applied among the 870 

population of PM-cells will differently activate an heterogeneous population of PM cells 871 

which varies with time (see Fig. A2B). Immediately after Glu ejection, during the first 872 

500 ms, a small group of cells (a maximum of 6) will be activated through a 873 

combination of AMPAR, NMDAR and mGluR. In contrast, 1 s after ejection (t=1) a 874 

significant number of PM-cells will be activated only through NMDAR and mGluR and, 875 

surprisingly, at t=2.5 an even more numerous group of PM-cells will be recruited, 876 

almost exclusively, via activation of NMDAR subtypes. This spatial sequence of PM-877 

cells recruitment through different combinations of Glu receptor subtypes may explain, 878 

at least partially, the disparity of the time course of the effect of Glu on the rate of PN 879 

discharge and the extracellular concentration of Glu illustrated in Fig. A1.  880 

   881 

 882 

  883 
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FIGURE LEGENDS  1115 

Figure 1. Rhythmic activity of the PN in vitro. A. Schematic drawing of a lateral view 1116 

of the brain of Gymnotus omarorum. Anterior lateral line nerve (ALLn), corpus cerebelli 1117 

(CCb), electrosensory lateral line lobe (ELL) and the approximate location of the PN 1118 

were included in the scheme as references. The dotted lines represent the levels at 1119 

which the brainstem was sectioned to obtain 400 µm thick transverse (vertical line) and 1120 

horizontal (horizontal line) slices containing the PN. B. Recordings of the PN 1121 

spontaneous rhythmic activity in a transverse slice. B1. Field potential recording of the 1122 

PN obtained near PM-cells. B2. Intracellular recording of a PM-cell. B3. Intracellular 1123 

recording of a R-cell. Paired recordings of the PN field potential and of the 1124 

transmembrane potential of either a PM- or a R-cell were obtained and traces were 1125 

aligned taking the field potential of each pair as a temporal reference. C. Details of 1126 

discharges shown in B (boxed region) displayed at a faster sweep speed showing the 1127 

temporal correlation between extracellular and intracellular events. C1. Field potential. 1128 

C2. PM-cell spike. C3. R-cell spike. The peak of the first and second negativity of the 1129 

PN spontaneous field potential correlates with the rising phase of the action potential of 1130 

the PM- and the R-cell (vertical dotted lines). In B and C, a membrane potential of -70 1131 

mV is indicated in traces of 2 and 3 by dotted lines. 1132 

Figure 2. Main electrophysiological features of PN neurons. A. Intracellular 1133 

recording of a PM-cell obtained before and during a long lasting depolarizing current 1134 

step (bottom trace). Before current injection, spontaneous rhythmic action potentials 1135 

are preceded by a slow depolarizing trend (pacemaker potential). Typically, 1136 

suprathreshold current pulses evoke a single action potential at the onset of the 1137 

stimulus (black arrowhead) while, although reduced in amplitude and with altered 1138 

waveform, the regular rhythmic action potential can be still observed during the 1139 

depolarization (gray dots) discharging at almost the same pre-ejection rate. B. Same 1140 
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as A but recording was obtained from a R-cell. Spontaneous pre-ejection action 1141 

potentials arise abruptly from a stable basal membrane potential. Depolarization 1142 

evokes the repetitive discharge of low amplitude action potentials at a relatively high 1143 

rate superimposed to the ongoing regular rhythmic discharge driven by pacemaker 1144 

neurons (gray dots). Numbers at the left of each recording show the membrane 1145 

potential of cells indicated by the dotted lines.  1146 

Figure 3. Effects of pressure-applied glutamate agonists on R-cells. A. Schematic 1147 

drawing of a transverse section of the PN illustrating a drug-containing micropipette for 1148 

pressure ejections (at left), the somas of PM- and R-cells and the location of the 1149 

recording electrode (V). B. Intracellular recording of a R-cell before and during the 1150 

response to glutamate ejection (10 mM, 20 ms, 20 psi, black arrowhead). MPL at left 1151 

indicates the minimum potential level before Glu ejection. C. Connected dot plots of the 1152 

averaged MPL before (control) and after the juxtacellular ejection of a microvolume of 1153 

AMPA (50 µM). Each dot pair represents a particular experiment. Mean ± SD of MPL 1154 

values are represented by white circles (n=8; Wilcoxon test; p=0.547). D. Same as C 1155 

but illustrating the effect of NMDA (50 µM, n=8; Wilcoxon test; p=0.148).  1156 

Figure 4. Effects of pressure-applied glutamate agonists on PM-cells. A. 1157 

Schematic drawing of a transverse section of the PN illustrating a drug-containing 1158 

micropipette for pressure ejections (at left), the somas of PM- and R-cells and a 1159 

micropipette for intracellular recording of a PM-cell (V). B. Changes in the membrane 1160 

potential and in the discharge rate of PM-cells in response to glutamate. Top. 1161 

Intracellular recording of a PM-cell before and after the juxtacellular ejection of a 1162 

microvolume of glutamate (10 mM, 20 psi, 20 ms, black arrowhead) obtained according 1163 

to A. The number at left indicates the membrane potential indicated by the dotted line. 1164 

Part of the response (boxed region) is illustrated in the inset below at a higher gain and 1165 

a slower sweep speed to better illustrate the small depolarization that accompanies the 1166 
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acceleration of discharges. Bottom. Instantaneous frequency vs time plot of PM-cell 1167 

discharges recorded in the top trace. Number at the left of the plot indicates the basal 1168 

pre-ejection PN rate indicated by the dotted line. C. Rate responses of PN discharges 1169 

before and after juxtacellular application of a microvolume of AMPA (50 µM, 150 ms, 1170 

20 psi) in ASCF (black circles) and after the perfusion of ACSF containing CNQX (20 1171 

μM, gray circles). D. Same as C but applying NMDA (50 μM, 200 ms, 20 psi). The 1172 

response in ACSF (black circles) and after adding AP5 (50 μM, gray circles) to the 1173 

ACSF are illustrated. E. Same as C but applying trans-ACPD (500 µM, 20 psi, 130 ms). 1174 

The response in ACSF (black circles) and under perfusion of MCPG solution (600 μM, 1175 

gray circles) are depicted. In C, D and E the black arrowhead indicates the moment of 1176 

ejection of drugs. B, C, D and E are from different experiments.  1177 

Figure 5. Effects of ifenprodil on rate responses to pressure- applied glutamate. . 1178 

A. Rate responses to glutamate (10 mM, 20 psi, 60ms, black arrowhead) obtained in 1179 

ACSF (black circles) and after 15 minutes under ifenprodil (10 µM, gray circles). B. 1180 

Summary data (bar chart, mean ± SD, n=6) of the effects of ifenprodil on the peak 1181 

amplitude (Amp.) and the decay time constant (ƮDEC) of rate responses plotted as 1182 

percentages of their respective control values (Wilcoxon test, p=0.563 and p=1.000, 1183 

respectively). 1184 

Figure 6. NMDA and AMPA components of the PN rate responses to synaptically 1185 

released glutamate. A. Intracellular recording of a R-cell obtained before and after the 1186 

stimulation of afferent fibers to the PN (3 stimuli @ 250Hz) in ACSF. The interval at 1187 

which the stimulus is applied (I0) is preceded by IC, the control interval, and is followed 1188 

by the interval at which the amplitude of rate responses usually reach its maximum (I1). 1189 

The number at left represents the membrane potential indicated by the dotted line. B. 1190 

Top. Plot of instantaneous frequency vs time of the recording illustrated in A (1.- 1191 

Control).  Middle. Plot of the rate response obtained after adding AP5 (50 μM) to the 1192 
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ACSF (2.- AP5). Bottom. Plot of the rate response obtained after adding CNQX (20 1193 

µM) to the AP5-containing solution (3.- AP5 + CNQX).  Numbers at the left represent 1194 

the pre-stimulation basal rate of discharge indicated by the dotted lines. In A and B, 1195 

white arrowheads indicate the moment of afferent fibers stimulation. C. Plots of 1196 

frequency vs. interval number of the point-by-point subtractions of the plots illustrated 1197 

in B. Top. Component of the rate response due to activation of NMDAR (NMDAcomp) 1198 

obtained as the plot 1 minus the plot 2. Middle.  Component of the rate response due 1199 

to activation of AMPAR (AMPAcomp) obtained as the plot 2 minus the plot 3. Bottom. 1200 

NMDAcomp (light gray) and AMPAcomp (dark gray) superimposed in order to compare 1201 

their respective time courses. Identification of intervals IC, I0 and I1 are indicated as 1202 

vertical dotted lines as a reference.  1203 

Figure 7. Effect of the sequence of application of blockers on the magnitude of 1204 

NMDAcomp and AMPAcomp of rate responses to synaptically released glutamate. A. 1205 

Bar plots of the mean (± SD) NMDAcomp (black) and AMPAcomp (gray) estimated by 1206 

adding the blockers to the ACSF following the sequence CNQX→CNQX+AP5 (n=7) 1207 

and the sequence AP5→AP5+CNQX (n=5). NMDAcomp (Student t-test, p=0.004) and 1208 

AMPAcomp (Mann Whitney U-test, p=0.149). B. Bar plot of the mean (±SD) 1209 

NMDA/AMPA ratio calculated from data represented in A for the CNQX→CNQX+AP5 1210 

sequence and the AP5→AP5+CNQX sequence (n=7 and n=5, respectively, Mann 1211 

Whitney U-test, p=0.005). 1212 

Figure 8. Effect of the sequence of application of blockers on the magnitude of 1213 

NMDAcomp and AMPAcomp of rate responses to pressure-applied glutamate. A. 1214 

Superimposed plots of the instantaneous frequency vs time of the rate responses to 1215 

glutamate applied juxtacellularly to the PM-cells obtained before (black circles) and 1216 

after adding CNQX (20 µM,) to the ACSF (CNQX, dark gray circles) and after adding 1217 
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AP5 (50 µM) to the CNQX-containing ACSF (CNQX + AP5, light gray circles). The 1218 

black arrowhead indicates the moment of glutamate ejection.  B. Bar plots of the mean 1219 

(± SD) NMDAcomp (black) and AMPAcomp (gray) estimated by adding the blockers to the 1220 

ACSF following the sequence CNQX→CNQX+AP5 (left pair of bars, n=7) and the 1221 

sequence AP5→AP5+CNQX (right pair of bars , n=5). NMDAcomp (Student t-test, 1222 

p=0.043) and AMPAcomp (Student t-test, p=0.093).  1223 

Figure 9.  Effects of Mg2+ free ACSF on the blockers sequence-dependence of the 1224 

NMDA/AMPA ratio of rate responses to pressure-applied glutamate. A. Bar plot of 1225 

the mean (±SD) NMDA/AMPA ratio in ACSF (1.2 mM Mg2+) after adding the blockers 1226 

following the CNQX→CNQX+AP5 sequence (n=7) and the AP5→AP5+CNQX 1227 

sequence (n=5; Student t-test, p=0.10). B. Same as A but in a nominally free Mg2+ 1228 

ACSF (Mg2+ free). CNQX→CNQX+AP5 sequence (n=4) and the AP5→AP5+CNQX 1229 

sequence (n=5; Student t-test, p=0.730). C. Bar plot of the OD index (± estimated SD) 1230 

under the perfusion of control (1.2 mM Mg2+) and nominally free Mg2+ ACSF (Mg2+ 1231 

free). 1232 

Figure 10. Schematic drawing of the current view of the glutamatergic control of 1233 

the central component of the electromotor CPG in Gymnotus omarorum. Two 1234 

electrotonically coupled neuronal types, PM-cells and R-cells, and different glutamate 1235 

receptors subtypes are represented. The diagram summarizes our interpretation of the 1236 

present data (see Discussion). The key for glutamatergic receptors are depicted in the 1237 

inset.  1238 
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