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48 Summary
49 Nervous system function depends on accurate predictions of the sensory consequences of one’s own 
50 actions. Internal copies of motor commands, termed corollary discharge (CD), modulate activity in 
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51 sensory neurons to discriminate between self-generated sensory input (reafference) and externally 
52 generated inputs (exafference).  As behavior changes through development and evolution, these 
53 predictions must be updated to account for resulting changes to reafference. However, the 
54 mechanisms that synchronize CD to reafferent input remain unknown. We addressed this question 
55 using mormyrid fish. Mormyrids communicate using electric organ discharges (EODs), and 
56 electroreceptors specialized for communication respond to both reafferent and exafferent EODs. To 
57 block responses to reafferent EODs, a CD briefly inhibits central electrosensory neurons each time an 
58 EOD is produced. EOD duration is diverse both across and within species, and CD timing has 
59 evolved to maintain a precise match between the timing of inhibition and reafferent sensory input. 
60 Similarly, seasonal increases in testosterone reversibly elongate male EODs in some species, and 
61 testosterone shifts CD timing in the brain to match the resulting shift in reafferent feedback. Here, we 
62 identify neural substrates for seasonal, developmental, and evolutionary shifts in the timing of CD 
63 activity within this circuit. We treated Brienomyrus brachyistius with testosterone to elongate EODs 
64 and induce CD plasticity, then recorded field potentials from six nuclei linking electromotor, CD, and 
65 electrosensory pathways. Testosterone delayed synaptic input and elongated field potentials in the 
66 mesencephalic command-associated nucleus (MCA) of the CD pathway, which shifted downstream 
67 activity. We recorded from these same areas in two species of Campylomormyrus with dramatically 
68 different baseline EOD durations: one with short-duration EODs (~0.2 ms), and one with long EODs 
69 that displays pronounced developmental plasticity of EOD duration (2-26 ms). Long-EOD fish also 
70 had delayed and elongated MCA activity relative to short-EOD fish, and these shifts again propagated 
71 through the circuit. Our results reveal that distinct processes—hormonal plasticity operating over 
72 days, developmental changes unfolding over years, and evolutionary divergence over millions of 
73 years—converge on the same neural substrates to synchronize CD with reafferent input. This 
74 suggests that sensorimotor systems can evolve a common solution for temporal coordination across 
75 timescales.
76
77 Introduction 
78 Correctly attributing a sensory input as self- or externally generated can be a matter of life and death: 
79 Consider the sound of rustling leaves, which could arise from one’s own footsteps or those of a 
80 rapidly approaching predator. Because peripheral receptors cannot distinguish self-generated 
81 (reafferent) from externally generated (exafferent) stimuli, motor areas send copies of motor 
82 commands called corollary discharge (CD) to sensory neurons1,2. In response to CD input, sensory 
83 neurons adjust their responses to stimuli to account for the reafferent input predicted to arise from an 
84 animal’s own behavior3–5. However, neither behavior nor neural circuits are static—both change over 
85 ontogenetic and evolutionary timescales in response to environmental demands. Much of this 
86 behavioral diversity, from reversible seasonal changes to evolutionary divergence across lineages, 
87 arises from correlated modifications to the physiology of motor effectors, sensory receptors, and 
88 central circuits6–11. However, we lack mechanistic understanding of how these parallel changes are 
89 coordinated to coherently reshape behavior. How do CD circuits maintain accurate motor 
90 representations during these transitions? CD signals require precise temporal regulation to accurately 
91 predict reafferent input, yet the mechanisms that preserve this precision as behavior changes are 
92 unknown. Further, do nervous systems evolve unique solutions to mediate developmental plasticity 
93 versus evolutionary change, or are the same substrates “reused” regardless of the timescale over 
94 which behavior changes? This study investigates these questions using a well-known CD circuit in 
95 mormyrid weakly electric fish.
96
97 Mormyrids generate electric fields called electric organ discharges (EOD) for communication and 
98 electrolocation. Because these fields do not propagate as waves, unlike acoustic signals, the 
99 temporal structure of electric signals is preserved during signal transmission12. This permits 

100 mormyrids to communicate behaviorally relevant information with submillisecond resolution. The EOD 
101 waveform is stereotyped and encodes the sender’s identity through species, sex, and social status 
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102 differences13,14. EOD waveform is determined by the morphophysiological characteristics of 
103 electrocytes, the excitable cells of the electric organ near the tail14. Each EOD is initiated by a 
104 hindbrain Command Nucleus (CN)14. 
105
106 Mormyrids process electric communication signals through a dedicated pathway15,16. Electroreceptors 
107 in the skin called knollenorgans (KO) respond to a fish’s own EODs, as well as those of other fish, 
108 with short latency, time-locked spikes13. KOs relay these spikes to the nucleus of the electrosensory 
109 lateral line lobe (nELL) in the hindbrain, which also receives inhibitory input from an electric organ 
110 corollary discharge pathway (CD)17. The CD pathway is activated by the CN that also controls EOD 
111 production, and consists of a chain of two excitatory nuclei (the bulbar- and mesencephalic 
112 command-associated nuclei [BCA and MCA]) followed by a sublemniscal nucleus (slem) that inhibits 
113 nELL neurons when they are excited by reafferent stimuli17,18 (Figure 1A). Due to this precisely timed 
114 inhibition, downstream electrosensory neurons selectively process signals from other fish16.
115
116 Across mormyrid species, EOD waveforms have diversified extensively and vary from hundreds of 
117 microseconds to tens of milliseconds in duration19,20. Due to their biophysical properties, KO 
118 receptors produce a short-latency spike following the first peak of each reafferent EOD21–23. As such, 
119 fish with long EODs experience delayed sensory input from their own EODs compared to fish with 
120 short EODs21,24. Recent comparative work showed that CD inhibition of nELL is tightly coupled to the 
121 timing of reafferent input, such that long-EOD species exhibit delayed CD inhibition compared to 
122 short-EOD species21. This relationship also holds intraspecifically in individuals of Campylomormyrus 
123 numenius, whose EODs can increase in duration throughout ontogeny from 1-2 ms in juveniles to >20 
124 ms in adults20,21. This suggests that internal delays shift the timing of CD inhibition in the brain to 
125 optimally block reafferent stimuli (Figure 1C). As EOD duration is determined peripherally in the 
126 electric organ, it is unclear how a precise match in timing evolved between EOD duration and CD 
127 signals, and how this is maintained during development. 
128
129 In addition to varying across species, EOD duration and CD timing can undergo reversible plasticity in 
130 response to steroid hormones. During the breeding season, sexually mature males of some species 
131 develop longer EODs than females25. This sex difference arises when heavy rainfall decreases 
132 conductivity of mormyrid habitats, which acts as a cue to increase gonadal steroid hormone 
133 production26. Steroids act directly on electrocytes and induce biophysical changes that elongate 
134 EODs27–30. Exogenous testosterone (T) treatment elongates EODs in juveniles, females, and non-
135 breeding males, indicating that seasonal sex differences are due to activational effects of hormones, 
136 and are not inherent to male or female electric organs25. A recent study found that T-induced EOD 
137 elongation delays activation of KO receptors, thus reversibly shifting the timing of reafferent 
138 feedback22. To match this shift in reafference, T acts directly in the brain, independent of sensory 
139 feedback, to shift CD inhibition timing (Figure 1D)22. These results provide evidence for coordinated 
140 hormonal effects in the periphery and in central CD circuitry to maintain self/other recognition during 
141 behavioral plasticity. 
142
143 To date, shifts in CD timing have only been measured indirectly within the KO sensory pathway in the 
144 exterolateral nucleus (EL), which receives input from nELL neurons21,22. Thus, the neural substrates 
145 underlying seasonal, developmental, and evolutionary shifts within the CD circuit are unknown. In this 
146 study, using extracellular field potential recordings, we determine the neural substrate for T-induced 
147 shifts to CD inhibition. We then determined the substrate of interspecific and inter-individual 
148 differences in CD by comparing the timing and waveforms of CD activity in naturally short- and long-
149 EOD species. Our results demonstrate that shared neural substrates maintain a precise link between 
150 reafferent sensory input and corollary discharge across multiple timescales of behavioral change.
151
152 Results 
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153 Testosterone shifts CD timing in the mesencephalic command-associated nucleus (MCA)
154 We first treated Brienomyrus brachyistius with 17- methyltestosterone (T) for 2 weeks, according to 
155 a previous study22 (n=4 each group, see Methods). We recorded EODs of freely swimming fish before 
156 and after hormone treatment. As expected, T-treated fish showed a nearly 3-fold elongation of EOD 
157 duration compared to vehicle (V [all values reported as mean ± standard deviation]: 0.43±0.04 ms, T: 
158 1.13±0.04 ms; t6=-25.6, p<1 x 10-6, Student’s t-test). Unexpectedly, V-treated fish experienced a slight 
159 but statistically significant elongation of EODs (V pre-treatment: 0.36±0.02 ms, V post-treatment: 
160 0.43±0.04 ms, t3=-5.6, p<0.05, paired Student’s t-test). While V treatment was associated with a small 
161 shift to reafferent timing, we note that the change in EOD duration had an effect size that was 11.8x 
162 stronger in T compared to V fish (Cohen’s d=25.1 for T and 2.1 for V). 
163
164 The EOD elongation induced by this time course of T treatment delays reafferent input to KOs. 
165 Concurrently, T both delays onset of CD inhibition and elongates the CD inhibition window22. To 
166 determine where in the CD pathway this shift in timing arises, we sequentially recorded extracellular 
167 EOD command-related field potentials from each nucleus along the pathway, from CN to nELL (CN, 
168 MRN, BCA, MCA, slem, nELL; Figure 1). To our knowledge, this is the first time these areas have all 
169 been recorded from within the same individuals. CD nuclei exhibit synchronized activity time-locked to 
170 EOD production, reflected in stereotyped waveforms of their field potentials17,31,32. These potentials 
171 occur at a characteristic latency relative to EOD production, with latency increasing at each step in 
172 the pathway.  In our preparation, neuromuscular paralysis silences the electric organ, but 
173 spontaneous activation of the electromotor and CD pathways continues. The EOD command (EODC) 
174 can be recorded from spinal electromotor neurons that normally activate the electric organ using an 
175 electrode pair placed near the tail, giving a reliable fictive EOD signal14,33. The EODC was thus a 
176 reference to determine whether T alters the timing of command-related activity at a given point in the 
177 pathway. As CD nuclei receive no known external inputs and exhibit no spontaneous activity in the 
178 absence of CN input, field potentials recorded from this simple excitatory relay are exclusively CD-
179 related31,32. 
180
181 To determine hormonal effects on the CD pathway, we compared timing between T- and V-treated 
182 fish at each nucleus in terms of latency of the first peak of the field potential relative to the EODC 
183 (termed “onset”), and the time between first and last peak of the field potential (termed “duration”). 
184 Though relative amplitude and polarity of field potentials depended on electrode position relative to 
185 nuclei, field potential timing was stable for each fish regardless of amplitude and polarity. In CN, 
186 which issues the central command to activate the electric organ and the associated CD, we observed 
187 no significant differences between groups in onset (Figure 2; V: -2.26±0.16 ms, T: -2.16±0.25 ms; t5=-
188 0.66, p=0.54, Welch’s t-test) or duration (V: 3.10±0.36 ms, T: 2.85±0.40 ms; t5=0.92, p=0.39).  CN 
189 issues the electromotor command via short-latency activation of the medullary relay nucleus (MRN). 
190 We also observed no significant differences in MRN onset (V: -2.05±0.06 ms, T: -1.98±0.24 ms; t3=-
191 0.59, p=0.6) or duration (V: 2.10±0.12 ms, T: 1.90±0.15 ms; t4=1.83, p=0.14). 
192
193 In the CD pathway, we observed no significant differences after T treatment in BCA onset (V: -
194 2.03±0.20 ms, T: -1.87±0.27 ms; t5=-0.98, p=0.37) or duration (V: 2.24±0.06 ms, T: 2.07±0.25 ms; 
195 t3=1.3, p=0.28). However, MCA onset was significantly delayed in T-treated fish compared to vehicle 
196 (V: -1.20±0.07 ms, T: -0.78±0.17 ms; t4=-4.71, p<0.01), and this delay continued through slem (V: 
197 0.04±0.09 ms, T: 0.47±0.13 ms;  t5=-5.4, p<0.01) and nELL (V: 3.6±0.42 ms, T: 4.57±0.49 ms; t6=-
198 3.1, p<0.05). 
199
200 In addition to CD delays, we observed significant elongation after T treatment in field potential 
201 waveforms of MCA (V: 2.95±0.20 ms, T: 3.73±0.38 ms; t5=-3.6, p<0.05) and slem (V: 0.76±0.05 ms, 
202 T: 2.04±0.10 ms; t6=-23, p=2.1 x 10-5). These elongations were typically accompanied by an 
203 additional peak in the waveforms of T-treated fish compared to vehicle, which was clearly visible in 
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204 MCA potentials from 3 of 4 T-treated fish, and in slem potentials from all 4 T-treated fish (Figure 2). 
205 Together, our results show that MCA is the likely origin of the CD inhibition shifts previously observed 
206 in downstream electrosensory neurons of T-treated fish.
207
208 Species differences in CD timing originate in the mesencephalic command-associated 
209 nucleus (MCA)
210 We next sought to determine the neural substrate of species differences in CD timing. We first 
211 compared electrosensory data from a past study on two species of Campylomormyrus that differ in 
212 EOD duration21. Campylomormyrus compressirostris (“C. com”) had short EODs that were similar 
213 between individuals, whereas Campylomormyrus numenius (“C. num”) possessed longer EODs 
214 whose duration varied extensively across individuals. Though this study investigated how CD timing 
215 varied across seven mormyrid species, it did not directly compare the kinetics of CD timing in these 
216 two Campylomormyrus species21. Compared to short-EOD C. com, CD inhibition in long-EOD C. num 
217 was both delayed in its onset (Figure S1A; C. com: 2.50±0.10 ms, C. num: 3.74±0.40 ms; t6=-7.2, 
218 p<0.001) and elongated (Figure S1B; C. com: 1.89±0.07 ms, C. num: 2.83±0.51 ms; t5=-4.4, p<0.01). 
219 Importantly, these differences precisely matched species differences in the timing of reafferent input 
220 (for more details on recording, see21). This natural variation provided an excellent system in which to 
221 test whether evolutionary changes to the EOD shift inhibition by acting on the same components of 
222 the CD circuit as T-induced seasonal changes. 
223
224 We performed similar recordings of command-related potentials throughout the CD pathway in C. 
225 com (EOD duration: 0.147±0.004 ms for 5 individuals with EOD data, 8 individuals total) and C. num 
226 (2.478±0.414 ms, n=7). To our knowledge, these were the first recordings of electromotor or CD 
227 pathways from any Campylomormyrus species. We observed no interspecific differences in onset 
228 timing of CN (Figure 3; C. com:  -2.05±0.21 ms, C. num: -2.08±0.12 ms; t10=0.38, p=0.71). Duration of 
229 CN field potentials was also similar between species (C. com: 2.86±0.44 ms, C. num: 2.95±0.32 ms; 
230 t9=-0.46, p=0.66). We also observed no differences in onset or duration between species in MRN 
231 (Onset: C. com: -1.93±0.16 ms, C. num: -1.97±0.15 ms; t12=0.52, p=0.62; Duration: C. com: 
232 1.90±0.08 ms, C. num: 1.97±0.04 ms; t8=-0.93, p=0.38) or in BCA (Onset: C. com: -1.94±0.19 ms, C. 
233 num: -1.95±0.12 ms, t12=0.10, p=0.92; Duration: C. com: 1.99±0.14 ms, C. num: 2.10±0.11 ms; t12=-
234 1.7, p=0.11). 
235
236 As in T-treated fish, we found a significant delay to the onset of MCA in long-EOD C. num compared 
237 to short-EOD C. com (C. com: -1.18±0.14 ms, C. num: -0.91±0.13 ms; t13=-3.9, p<0.01). Again, the 
238 delay originating at MCA carried through to slem (C. com: 0.12±0.13 ms, C. num: 0.58±0.07 ms; t11= -
239 8.5, p=3.6 x 10-6) and nELL (C. com: 4.29±0.16 ms, C. num: 5.61±0.42 ms; t8=-7.9, p=4.9 x 10-5). 
240 Compared to C. com, C. num also had elongated field potentials in MCA (C. com: 2.42±0.08 ms, C. 
241 num: 3.17±0.4 ms; t6=-4.6, p<0.01) and slem (C. com: 0.89±0.04 ms, C. num: 2.02±0.15 ms; t7 = -
242 18.8, p=2.9 x 10-7). In summary, a long-EOD Campylomormyrus species showed both delayed and 
243 elongated activity in MCA and slem compared to a short-EOD species, and these shifts delayed 
244 inhibition of nELL. 
245
246 CD onset and duration correlate with reafference downstream from the bulbar command-
247 associated nucleus (BCA)
248 Remarkably, we observed species differences in the same loci as those in which hormonal plasticity 
249 occurred. To determine how these shifts in the brain relate to the reafferent input experienced by 
250 these fish, we performed simultaneous recordings of the EOD and EODC prior to our field potential 
251 recordings. By convention, we recorded EODs with the recording electrode near the head and the 
252 reference electrode near the tail, which results in a head-positive waveform. Reafferent input to KO 
253 receptors corresponds nearly 1:1 with the first head-positive peak of the EOD21,22. We thus quantify 
254 this estimated reafferent timing as the delay from the EODC to EOD peak 1, which we term 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=6403385

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



6

255 “reafferent delay” (Figure 4G). We measured the correlation between timing of CD onset and 
256 reafferent delay, and between field potential duration and reafferent delay, across the four groups 
257 tested (V- and T-treated B. brachyistius, C. com, and C. num). We computed linear regressions and 
258 found no significant relationship between onset timing or duration and reafferent delay in CN (Figure 
259 4A; onset: r2=0.001, p=0.89; duration: r2=0.002, p=0.84), MRN (Figure 4B; onset: r2=3.56 x 10-6, 
260 p=0.99; duration: r2=0.010 , p=0.68), or BCA (Figure 4C; onset: r2=6.7 x 10-5, p=0.97; duration: 
261 r2=0.011, p=0.67) . However, we found that both CD onset and duration significantly correlated with 
262 reafferent delay in MCA (Figure 4D; onset: r2=0.37, p<0.01; duration: r2=0.29, p<0.05) and slem 
263 (Figure 4E; onset: r2=0.48, p<0.001; duration: r2=0.75, p=7.5 x 10-7). We note that slem duration 
264 showed a stark bimodal separation between short- and long-EOD groups. Lastly, nELL onset 
265 correlated strongly with reafferent delay (Figure 4F; r2=0.62, p=3.0 x 10-5).
266
267 Long-term developmental shifts to CD also arise in MCA
268 In addition to the reversible elongation induced by T, EOD duration can progressively increase 
269 throughout ontogeny in some species. Some individuals of C. numenius develop particularly long 
270 EODs in adulthood, reaching durations of tens of milliseconds20. We obtained a single individual of C. 
271 numenius with a 26.1 ms EOD (>10x the mean duration of the C. num above), from which we 
272 performed similar recordings. While rigorous characterization of CD plasticity across development is 
273 not possible with a single individual, we compared this extreme exemplar to shorter-EOD conspecifics 
274 to test whether common substrates also support ontogenetic changes in CD timing. 
275
276 Simultaneous EOD/EODC recordings revealed that this fish experienced reafference at a delay of 
277 8.16ms, roughly 4.6 ms later than in the other conspecific C. num we measured (Figure 5A). Onset of 
278 CN, MRN, and BCA all occurred at similar latencies in this superlong-EOD fish compared to 
279 conspecifics (Figure 5C; CN [all presented as onset time, Z score relative to mean C. num onset, and 
280 p(onset < -Z or onset > Z)] : -1.98 ms, Z=0.86, p=0.39; MRN: -1.91 ms, Z=0.37, p=0.71; BCA: -1.84 
281 ms, Z=0.87, p=0.39). We observed a remarkable delay in the pathway beginning at the onset of MCA 
282 (onset=4.17 ms, Z=39.4, p < 1 x 10-10), and this again carried through to slem (onset=6.48 ms, 
283 Z=64.6, p < 1 x 10-10) and nELL (onset=11.58 ms, Z=14.38, p < 1 x 10-10). We note that the final 
284 timing of nELL field potentials closely matched the nearly 5 millisecond difference in expected 
285 reafferent input experienced by the fish, underscoring the precision of CD delays occurring 
286 downstream from MCA. 
287
288 Durations scaled more variably than onset timing in the superlong-EOD fish compared to 
289 conspecifics. CN and MRN durations were comparable to shorter-EOD conspecifics (CN 
290 duration=3.45 ms, Z=1.54, p=0.12; MRN duration=1.68 ms, Z=-1.54, p=0.12). Unexpectedly, 
291 durations were shorter than conspecific C. numenius in BCA (duration=1.77 ms, Z=-3.01, p<0.01), 
292 and trended shorter, to a lesser degree, in MCA (duration=2.33 ms, Z=-1.95, p=0.051). Slem duration 
293 was comparable to conspecifics (duration=2.23 ms, Z=1.4, p=0.16). In summary, ontogenetic EOD 
294 elongation was associated with extreme CD delays in the same loci as seasonal and evolutionary 
295 changes, whereas field potential durations were generally species-typical. 
296 Discussion
297 Our results show that a shared neural substrate supports reversible hormonal plasticity, long-term 
298 developmental plasticity, and evolutionary change of corollary discharge (CD) timing in mormyrid fish. 
299 CD shifts enable fish to maintain accurate reafferent cancellation as their own communication signals 
300 change throughout lifetime and diversify over evolutionary time. We found that changes to CD 
301 consistently stemmed from differences in onset and duration of MCA activity, and these differences 
302 propagated through the GABAergic slem and electrosensory nELL. This preserves the temporal 
303 relationship between behavior and resultant sensory feedback through different states. The 
304 convergence of neural substrates across timescales suggests that mormyrid brains evolved a robust 
305 solution for correcting prediction errors in neural circuits, regardless of the mechanism driving the 
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306 error. This may reflect a fundamental principle for temporal coding across sensorimotor systems: 
307 inducing shifts at a single well-tuned node as opposed to multiple independent loci could be 
308 metabolically efficient and ensure coherent output. This may be especially important in systems 
309 where temporal precision is paramount, such as sound localization and echolocation circuitry. 
310 Notably, we observed no differences in timing within the electromotor command pathway (CN, MRN, 
311 BCA) across groups. This result aligns with previous evidence that changes in the EOD waveform are 
312 not associated with any changes to the EOD command, suggesting that changes to EOD waveform 
313 are exclusively due to biophysical effects on the electric organ25,33.
314
315 The delay to nELL potentials scaled steadily with reafference, exhibited most dramatically in a 
316 superlong-EOD C. numenius21,24. These fine-tuned delays allow CD inhibition to coincide with 
317 reafferent input to nELL from knollenorgan primary afferents, which is triggered by inward currents 
318 across the skin24. For self-generated EODs, this occurs shortly after the first head-positive EOD 
319 peak21,22. Curiously, field potential durations showed a more categorical change across groups, with a 
320 single additional peak often visible in the waveforms of MCA and slem in T-treated fish and C. 
321 numenius compared to V-treated fish and C. compressirostris. Unlike the long delays observed in 
322 superlong-EOD C. numenius, field potential durations were comparable to conspecifics. Elongated 
323 inhibition likely allows the system to cover additional knollenorgan spikes elicited by longer EODs, as 
324 observed after T-treatment recently by Fukutomi & Carlson22. That delays scaled continuously while 
325 durations shifted more categorically and plateaued suggests that these two changes may have 
326 distinct physiological bases. In any case, these shifts likely balance the need for effective blocking of 
327 reafferent input as EODs elongate, while minimizing the resultant period of insensitivity. 
328
329 CD delays likely originate at inputs to the mesencephalic command-associated nucleus (MCA)
330 What neuronal activity do these shifts represent? The complex field potentials recorded near MCA 
331 are thought to reflect a mixture of presynaptic activity from BCA axon terminals and postsynaptic 
332 MCA neurons34. Past intracellular and extracellular recordings by Bell et al. suggest that BCA axons 
333 contribute the first and last peaks in the waveform, while the two inner peaks arise from MCA 
334 neurons34. In T-treated fish and C. numenius, we observed delayed onset of the entire field potential, 
335 as well as consistent elongation of the time between the first and last peaks with an additional peak in 
336 many cases. Because these putative pre- and postsynaptic elements were challenging to fully 
337 separate without using intra- or juxtacellular recordings, it is unclear whether the additional peak 
338 represents extra activity in BCA axons or MCA neurons. While future intracellular recordings will seek 
339 to definitively determine the cellular origin of these changes, our data suggest that neuronal 
340 excitability is modified at one or more sites. A major possibility is that delayed MCA activation in long-
341 EOD fish originates in BCA: Since activity at BCA terminals is delayed while potentials near BCA 
342 somas are unaffected in long-EOD fish, delays may accumulate in the long axonal projection from 
343 BCA to MCA, and/or at BCA-MCA synapses. Elongations to MCA potentials could originate from 
344 altered presynaptic input from BCA and/or altered postsynaptic responses in MCA. Whatever their 
345 basis, these shifts drive corresponding changes in slem, where an additional peak was observed in all 
346 long-EOD fish. It is unclear whether these waveform changes also involve physiological remodeling of 
347 slem, or if they are passively carried from MCA onward.
348
349 Putative physiological basis of CD shifts
350 CD delays could arise via several mechanisms in the long projection from BCA to MCA. Elongation of 
351 BCA axons in long-EOD fish would delay the signal’s arrival at axon terminals, reminiscent of delay 
352 lines observed in many systems where temporal information must be tightly preserved35–38. Such a 
353 mechanism is plausible over long-term development, and over shorter timescales given neurotrophic 
354 effects of androgens on neurite outgrowth39,40. Conduction velocity can also be lowered by 
355 decreasing axon diameter via cytoskeletal remodeling or reduced myelin thickness41,42. A third 
356 possibility is altered Ranvier node composition and/or internode distance, which can be separately 
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357 tuned within the same axon to control action potential propagation speeds43. Indeed, adjustments to 
358 internode distance and the presence of specialized inexcitable nodes allows the South American 
359 electric fish Stenarchus to maintain synchronous activation of its electric organ despite varying axonal 
360 length from the pacemaker nucleus that controls EOD production44,45. Similar specializations in 
361 mormyrid brains may underlie the remarkable range of delays observed between BCA and MCA field 
362 potentials.
363
364 Shifts to CD may also accumulate at BCA-MCA synapses. Steroid hormones affect virtually all known 
365 voltage-dependent conductances and neurotransmitter receptors, so possibilities are numerous46. 
366 Hormonal effects on voltage-gated Ca2+channels could alter kinetics of neurotransmitter release to 
367 delay or elongate presynaptic input from BCA47. These effects could also be mediated 
368 postsynaptically in MCA through regulation of AMPA receptors or their subunits. The additional spike 
369 observed in MCA and slem waveforms may be akin to burst firing from afterdepolarizations. If altered 
370 currents generate sufficient afterdepolarizations, such as those generated by R/T type Ca2+ currents, 
371 or persistent/resurgent Na+ currents, an additional spike could be elicited each time a CD input 
372 arrives48. A combined physiological and morphological approach will be necessary to determine the 
373 source of these temporal coding specializations. Continued comparative work will also reveal whether 
374 the biophysical factors that alter activity after T-treatment converge with those active at baseline in C. 
375 numenius, whose long EODs are thought to represent a derived character state from an ancestral 
376 short EOD49,50. Morphological or physiological effects observed will be fascinating to consider in 
377 parallel with effects exerted by T on the electric organs of B. brachyistius, and those occurring 
378 throughout ontogeny in Campylomormyrus20,27,28.
379
380 Putative molecular mechanisms driving CD shifts
381 Our results point to a fundamental puzzle: how can precise temporal coordination be maintained 
382 between anatomically and physiologically separate circuits in central and peripheral nervous 
383 systems? Given that T acts independently on the electric organ to elongate EODs and on MCA to 
384 shift CD timing, the submillisecond precision with which CD delays track reafferent input demands 
385 explanation. The solution may lie in shared or parallel regulatory mechanisms that ensure temporal 
386 coherence across these separately regulated systems.
387
388 Common molecular pathways may act on functionally analogous targets in electric organ and CD 
389 circuitry. Recent work has begun to illuminate the genomic basis for EOD waveform diversity35,36, as 
390 well as the molecular cascade by which T elongates EODs in mormyrids28. T treatment upregulates 
391 expression of genes encoding numerous voltage-gated ion channels, as well as structural proteins 
392 that could alter electrocyte membrane properties and morphology28. Differential expression of ion 
393 channel genes is also linked with interspecific differences in EOD waveforms52. These transcriptional 
394 changes likely underpin the extensive biophysical remodeling observed after T: in addition to altered 
395 channel composition, electrocyte membranes undergo hypertrophy after T, and this increased surface 
396 area likely increases membrane capacitance to further contribute to action potential elongation27,29. 
397 These morphophysiological changes occur over several days to weeks, matching the time course 
398 observed for CD plasticity in B. brachyistius. Critically, many of the same ion channel families and 
399 structural proteins that are thought to determine electrocyte excitability and actional potential kinetics 
400 also regulate neuronal excitability in the brain53–55. We propose that T triggers parallel transcriptional 
401 programs in CD neurons that mirror those in electrocytes. A common molecular toolkit including 
402 voltage-gated ion channels, structural proteins, and their transcriptional regulators, could efficiently 
403 implement this coordinated plasticity on both central and peripheral targets.
404
405 In B. brachyistius, T alters CD timing in the absence of sensory feedback, suggesting plasticity arises 
406 exclusively from hormonal action in the brain22. Is this due to direct action on CD nuclei themselves, or 
407 indirect action via neuromodulators? T could act directly in CD nuclei by binding cytoplasmic androgen 
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408 receptors, or, after conversion to estradiol by aromatase, estrogen receptors—the latter being plausible 
409 due to high concentrations of aromatase in teleost brains56. Though a previous study found low 
410 androgen binding near mormyrid electromotor pathways outside breeding condition30, androgen 
411 receptor expression increases in breeding condition and after T treatment in electromotor pathways of 
412 distantly related South American electric fish57, suggesting that T can auto-induce expression of its own 
413 receptor58,59. Considering our data, bound receptors could alter gene expression in BCA (and possibly 
414 downstream nuclei) to drive these observed changes. The 2-week time courses of EOD-elongation and 
415 CD plasticity are consistent with this genomic mechanism, though rapid non-genomic actions may also 
416 be involved60. Alternatively, T could act indirectly through nearby neuromodulators such as serotonin, 
417 whose fibers pass through numerous electromotor and CD nuclei61. Though no study has yet tested for 
418 modulation of excitability by serotonin on these populations, this could provide an attractive central 
419 mediator for the plasticity we observe. Determining whether these shifts are autonomous to CD nuclei 
420 or if they require extrinsic neuromodulators is a critical next step.
421 Though sensory feedback is not necessary for hormonal CD plasticity, it could shape CD timing over 
422 longer developmental periods. Sensory feedback, altered gradually by developmental changes to 
423 electric organ morphology, could induce activity-dependent changes that fine-tune CD circuitry to 
424 elongated reafferent input. Alternatively, the same molecular factors that induce EOD elongation 
425 during development or evolution could circulate in the brain and regulate gene expression and 
426 physiology in CD neurons, as in T’s parallel seasonal actions in electric organ and brain. As genomic 
427 and transcriptomic studies reveal candidate genes underlying hormonal EOD elongation in 
428 Brienomyrus28 and EOD diversification in Campylomormyrus51, it will be informative to extend these 
429 investigations into mormyrid brains—particularly to test whether the same ion channel genes and 
430 structural proteins that are differentially expressed in electric organs are also regulated in CD nuclei. 
431 Despite CD shifts being triggered by distinct proximate mechanisms across timescales, our data 
432 suggest that a common molecular program may ultimately be triggered to ensure reafferent input and 
433 CD timing are coordinated across the sensorimotor system.
434
435 Effects beyond the knollenorgan pathway
436 Temporal coordination between central and peripheral structures are particularly essential given the 
437 pervasive role of EOD waveform in mormyrid information processing. The EOD is not merely a 
438 communication signal; its temporal structure is a fundamental reference against which mormyrid 
439 nervous systems operate. CD pathways predict the timing of knollenorgan reafference (as 
440 demonstrated here), as well as reafference for active and passive electrolocation2. Sensory 
441 processing in higher-order centers integrates information about EOD timing to distinguish reafferent 
442 input from relevant features in the electrosensory scene62,63. Any change to EOD waveforms that was 
443 not precisely matched by corresponding shifts to these interconnected circuits would critically 
444 degrade sensorimotor function. These constraints may have driven the evolution of shared molecular 
445 regulatory systems to ensure that plasticity is inherently coordinated between peripheral and central 
446 structures.
447
448 Due to the interconnectivity of electromotor, electrosensory, and CD circuitry, changes to the timing of 
449 MCA activation should have wide-ranging consequences2. Though MCA receives input exclusively 
450 from BCA, axons of MCA neurons bifurcate into two separate pathways in addition to the CD inhibition 
451 circuit. One pathway is a recurrent inhibitory network that projects into the electromotor pathway to 
452 regulate EOD production64,65. The other is a separate CD that signals the timing of EOD production to 
453 sensory areas involved in active electrolocation, whose inputs arise from mormyromast 
454 electroreceptors32 (not shown in Figure 1). Due to this shared circuitry, timing shifts at or upstream from 
455 MCA are likely to affect electromotor rhythm and sensory predictions for critical active sensing 
456 behaviors. This could further explain the convergence across various timescales of plasticity onto MCA: 
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457 to preserve a coherent sensorimotor phenotype within a constrained system, selection may have 
458 targeted this central hub to concurrently affect multiple pathways.
459 Conclusions
460 By maintaining the distinction between self and other, CDs underpin stable perception for all behaving 
461 animals. A taxonomy of CD effects has been described across the animal kingdom, spanning lower-
462 order sensory filtration to higher-order roles in learning and planning complex movements1. Few 
463 studies have yet investigated how these CDs adapt to changes in the temporal structure of behavioral 
464 outputs. The mormyrid system offers an excellent starting point for revealing these mechanisms. By 
465 focusing on a CD consisting of a simple excitatory relay without complex synaptic integration or 
466 spontaneous activity, we isolated hormonal, developmental, and evolutionary changes in circuit 
467 physiology in the context of quantifiable shifts to reafference. We find that the same neural substrates 
468 support plasticity across diverse timescales. Other systems may also rely on a common, scalable 
469 solution acting on shared substrates to ensure coordinated circuit outputs over ontogenetic and 
470 evolutionary timescales. Alternatively, higher-order CD systems that mediate multisensory 
471 representations may need more degrees of freedom to update more complicated representations, in 
472 which case separate substrates may support plasticity across different timescales. Unraveling these 
473 mechanisms may yield therapeutic targets for when sensory predictions are decoupled from 
474 reafferent input: CD deficits have been demonstrated across sensory modalities in schizophrenia 
475 patients. These deficits are thought to underlie auditory hallucinations and “abnormal self-
476 experiences” characteristic of the disorder66,67, though the neural basis of these symptoms is still 
477 poorly understood due to our incomplete understanding of how sensory predictions are normally 
478 maintained. Additionally, hormonal imbalance at the critical periadolescent period may contribute to 
479 emergence of schizophrenia68,69, though no direct connections of hormonal imbalance on CD 
480 dysfunction have yet been investigated. Further elucidation of how CD circuits support behavioral 
481 plasticity and hormonal sensitivity under nonpathological conditions will be invaluable for our 
482 understanding of the fundamental physiological requirements for temporal preservation in the brain. 
483
484 Resource Availability 
485
486 Lead Contact. Further information and requests for resources and reagents should be directed to 
487 and will be fulfilled by the Lead Contact, Bruce A. Carlson (carlson.bruce@wustl.edu).
488
489 Materials Availability. This study did not generate new unique reagents, strains, or lines.
490
491 Data and Code Availability. Raw, unprocessed data and all original code have been deposited at 
492 Zenodo and are publicly available as of the date of publication at 10.5281/zenodo.18839201.
493
494 Methods
495
496 Experimental Model and Subject Details. We used a total of 8 Brienomyrus brachyistius (7–8.5 cm 
497 in standard length), 8 Campylomormyrus compressirostris (10.5-15.5 cm in standard length), and 8 
498 Campylomormyrus numenius (6.5-15.9 cm in standard length). For all species, we used fish of both 
499 sexes in non-reproductive state. Fish were purchased from Alikhan Tropical Fish. Fish were housed 
500 in groups with a 12 h: 12 h light/dark cycle, temperature of 25–29C, pH of 6–7, and water 
501 conductivity of 175–225 S/cm. Fish were fed live black worms or frozen blood worms four times per 
502 week. All procedures accorded with guidelines established by the National Institutes of Health and 
503 were approved by the Animal Care and Use Committee at Washington University in St. Louis. 

504 Half of the B. brachyistius were testosterone-treated and the other half were vehicle-treated. 
505 Campylomormyrus species received no hormone treatment.  All fish were used for simultaneous 
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506 recording of EOD and EODC, followed by field potential recordings from CD nuclei (CN, MRN, BCA, 
507 MCA, slem, and nELL) while recording the EODC. 

508 Hormone Treatment of B. brachyistius. Methods were similar to a previous study22. A 40L tank was 
509 prepared for each treatment group, divided into four compartments with mesh panels, and filled with 
510 30 L of aquarium water. For testosterone fish, 60 mg of solid 17a-methyltestosterone (Sigma-Aldrich) 
511 dissolved in 0.4 mL 95% ethanol was added to the testosterone tank once every two days over the 
512 course of 14 days. For vehicle fish, only 0.4 mL 95% ethanol was added to the vehicle tank on the 
513 same schedule as the testosterone treatment. Except for the treatment and separation with mesh 
514 panels, tank conditions were identical to normal housing. 

515 EOD recording. EODs were recorded from freely swimming fish. In B. brachyistius, we recorded 
516 EODs immediately prior to the start of hormone treatment and at the end of hormone treatment, prior 
517 to electrophysiology. In Campylomormyrus, we recorded EODs immediately prior to 
518 electrophysiology. EODs were amplified 10 times, bandpass filtered (1 Hz–50 kHz) (BMA-200, CWE), 
519 digitized at a rate of 195 kHz (RP2.1, Tucker-Davis Technologies), and stored using custom software 
520 in MATLAB (The MathWorks). From the triphasic EOD waveform of B. brachyistius, we determined 
521 EOD onset as the point crossing 20% the amplitude of the first head-negative peak (often called peak 
522 0) and EOD offset as the point crossing the last 2% deviation from the overall peak-to-peak 
523 amplitude. From the biphasic waveform of C. compressirostris and C. numenius, which lacks a peak 
524 0, EOD onset and offset were determined as the point crossing the first and last 2% deviation from 
525 the peak-to-peak amplitude, respectively20. For all species, EOD duration was the period between 
526 EOD onset and offset. 

527 EOD and EOD command recording. Recordings were performed immediately before field potential 
528 recording according to a previous study22. Fish were anesthetized in a solution of 300 mg/L MS-222 
529 (Millipore Sigma) and placed on a plastic platform with lateral supports in a recording chamber filled 
530 with freshwater covering the entire body of the fish. To control for effects of temperature on 
531 electromotor output, we maintained the water temperature in our recording chamber by looping 
532 plastic tubing through the tank. The tubing connected to a pump in a bucket containing deionized 
533 water and a heater. By circulating warm water through the tubing, we heated the recording tank by 
534 conduction to maintain a constant temperature of 26.5-28.5 degrees C. Fish were restrained by 
535 lateral plastic pins, a plastic tube on the tail, and two folded paper towels on the dorsal skin surface. 
536 The EODC from spinal electromotor neurons (EMNs) was recorded with a pair of electrodes located 
537 within the plastic tube and oriented parallel to the fish’s electric organ, amplified 1000x, and bandpass 
538 filtered (10 Hz to 5 kHz) (Model 1700, A-M Systems). While the EODC was recorded, EODs were 
539 recorded by separate electrodes, amplified 10 times, and band-pass filtered (1 Hz to 50 kHz) (BMA-
540 200, CWE). These recordings were digitized at a rate of 1 MHz and saved (TDS 3014C, Tektronix). 

541 The EODC was averaged across trials, and EOD traces were filtered by a 21st-order median filter 
542 whose time window was 0.02 ms and averaged across trials. EOD onset was determined as in the 
543 freely swimming EOD recordings. EODC onset was determined as the first negative peak in the 
544 averaged EMN trace. Delay to EOD onset was calculated as the time between EODC onset and EOD 
545 onset. Delay to EOD peak 1 from the EOD command was calculated as the sum of the delay to EOD 
546 onset and the delay between EOD onset and peak 1 recorded from freely swimming fish. We termed 
547 the delay from EOD command to EOD p1 “Reafferent Delay”.

548 Field potential recordings from CD nuclei. Recording and analyses were similar to previous 
549 studies22,34,64. Recordings in B. brachyistius were performed after 14-16 days of treatment. Fish were 
550 anesthetized with a solution of 300 mg/L MS-222 and paralyzed with 0.1-0.12 mL of 3.0 mg/mL 
551 Flaxedil. Fish were transferred to a recording chamber filled with water heated to 26.5-28.5 degrees C 
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552 and positioned on a plastic platform, leaving the surface of the head above water level. During 
553 surgery, we maintained general anesthesia by respirating the fish with an aerated solution of 100 
554 mg/ml MS-222 through a pipette tip placed in the mouth. For Campylomormyrus, we connected a 
555 hose made from heat shrink tubing to the pipette tip to provide respiration to the long tube-snout. For 
556 local anesthesia, we applied 0.2% lidocaine on the skin overlying the incision site and then made an 
557 incision to uncover the skull overlying the dorsal surface of the brain. Next, we glued a headpost to 
558 the skull before using a dental drill and forceps to remove a rectangular piece of skull covering the 
559 brain. Following surgery, we gently removed the glued headpost from the skull and rotated the 
560 platform 34 degrees to be coaxial with the approach angle of our recording electrode. After re-gluing 
561 the headpost to situate the fish in this position, we switched respiration to fresh water and allowed the 
562 fish to recover from anesthesia. We then placed a reference electrode on the nearby cerebellum. The 
563 EODC was recorded from EMNs and sent to a window discriminator for time stamping (SYS-121, 
564 World Precision Instruments). 

565 Recording electrodes (Model 626000, A-M Systems) were pulled with a micropipette puller (Model P-
566 97, Sutter Instrument), broken to 5–10m internal tip diameter, and filled with 3 M NaCl solution. 
567 Recording electrodes were controlled by a motorized micromanipulator (MPC-200 with a ROE-200 
568 controller, Sutter Instruments). 

569 Spontaneous EODC triggered 20 ms or 40 ms recording sweeps in the brain as we searched for CD 
570 nuclei. We located CD nuclei based on proximity to surface landmarks on the brain (Figure 6A) and 
571 EODC-related field potentials, which they exhibit with characteristic waveforms and latencies relative 
572 to the EOD command (Figure 6B). To account for possible damage to axonal projections during 
573 recording, we recorded first from the end of the pathway, in nELL, and worked backwards through 
574 slem, MCA, BCA, MRN, then finally CN. Field potentials were amplified 1000x, bandpass filtered (10 
575 Hz–5 kHz, Model 1700, A-M Systems), and, in most cases, digitized at a rate of 97.7 kHz (RX8, 
576 Tucker-Davis Technologies) and stored using custom software in MATLAB. In some cases, 
577 recordings were digitized at 500 kHz (TDS 3014C, Tektronix) and downsampled in MATLAB by a 
578 factor of 5 to 100kHz. In all cases, we averaged 16 traces to measure command-related timing at 
579 each nucleus.

580 Due to small size of nuclei and their varying depth in the brain, we attempted several sites before 
581 finding a suitable recording site. Once a characteristic waveform was detected, the electrode 
582 penetration site was continually moved in 50-200m increments in the direction of increasing field 
583 potential amplitude, finally encircling the point of maximum amplitude. A single recording position with 
584 maximum amplitude was used to score the timing of a given nucleus. Brains of Campylomormyrus 
585 were larger than those of Brienomyrus, with more of the dorsal surface covered by the valvula 
586 cerebellum. Though CD nuclei of Campylomormyrus were typically found >1mm deeper than in 
587 Brienomyrus, their positions relative to surface landmarks along anteroposterior and mediolateral 
588 axes were similar to Brienomyrus, which facilitated localization of nuclei.

589 We measured onset and offset of field potentials as the first and last peaks in the waveform, 
590 respectively, relative to the first negative peak of the EODC. We defined peaks as local 
591 maxima/minima in the command-related potentials that scaled together in amplitude as the nucleus 
592 was approached. Because CD nuclei do not exhibit spontaneous activity in the absence of CD input 
593 from CN, this activity synchronized 1:1 with EOD command signals. Duration of field potentials was 
594 defined as the period between onset and offset. Criteria for scoring onset and offset peaks were 
595 based on observed patterns across fish and in corroboration with descriptions from the 
596 literature17,31,33,34,70. We developed a custom Matlab function to score timing, with parameters that 
597 captured the unique activity of each nucleus (detailed below). This enabled unsupervised 
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598 measurement for all treatment groups/species, wherein only nucleus ID needed to be input to reliably 
599 measure CD timing. This function detected peaks using the peakfinder function in MATLAB71 which 
600 detects local maxima/minima separated from surrounding data by a given selectivity value and, if 
601 desired, crossing a specified threshold. Timing window, selectivity and threshold varied across nuclei 
602 due to varying peak numbers and relative amplitudes/polarities of peaks. 

603 Command and Medullary Relay Nuclei (CN/MRN): CN and MRN are midline structures located 
604 near the ventral surface of the medulla33. MRN provides the only known source of direct descending 
605 input to drive electromotor neuron activity. CN is just ventral to MRN, and provides monosynaptic 
606 input to MRN, constituting the start of the electromotor pathway, and to BCA, constituting the start of 
607 the CD pathway. Field potential waveforms of CN and MRN typically consisted of two peaks. The first 
608 CN peak occurred around -2.2 ms (all times given relative to first negative peak of EODC), and the 
609 second peak occurs at roughly +0.5 ms. The first MRN peak occurs a couple hundred microseconds 
610 after CN p1 and the second peak occurs right around the EODC. Due to the proximity of CN and 
611 MRN, this second MRN peak near the EODC could often be detected at low amplitude near CN.

612 We obtained CN recordings in 23/24 fish. CN onset was determined as the point of absolute 
613 maximum or minimum in the voltage trace (for positive or negative peaks, respectively) between -3 
614 and -0.5 ms. After peak 1, voltage usually overshot the baseline. In most cases it then returned into a 
615 rounded 2nd peak (17/23 fish), though in some cases (6/23 fish), this offset peak was less distinct and 
616 appeared as a flattening or inflection in the trace. Inspection of the derivative of the voltage trace of all 
617 fish revealed a distinct peak in this window that closely corresponded in time to both the clear voltage 
618 peaks and inflections. Thus, we expect that these inflections represent the same activity as the clear 
619 second peak and simply reflect variations between fish in current source density near CN. To 
620 determine offset for all cases, we detected the last prominent peak in the derivative trace between -
621 0.15 ms and +2 ms, with a peak selectivity of ¼ of the range of the derivative trace. We then detected 
622 the next prominent local maximum or minimum in the derivative trace (for negative and positive 
623 derivative peaks, respectively). We defined offset as the time corresponding to the midpoint between 
624 the peak in the derivative trace and the subsequent maximum/minimum.
625
626 We obtained MRN recordings from 23/24 fish. MRN peaks were detected with selectivity of 1/8 the 
627 range of the voltage trace prior to +1ms. The first peak in this window was defined as MRN onset, 
628 and the last peak as offset.

629 Bulbar Command-Associated nucleus (BCA): BCA is located in the brainstem ~800m lateral to 
630 the midline at the level of the lateral reticular nucleus31. Field potentials recorded from BCA consist of 
631 two peaks of the same polarity separated by about 2ms, with the first occurring about 2ms before the 
632 EODC. 

633 We recorded BCA in 23/24 fish. BCA peaks were detected as local maxima/minima separated from 
634 surrounding data by ¼ of the range of the voltage trace prior to +1ms. The first peak was defined as 
635 BCA onset, and the last peak as offset.

636 Mesencephalic Command-Associated nucleus (MCA): MCA is located ~ 500um lateral to the 
637 midline, at the anterior edge of the valvular peduncle31. The field potential waveform typically consists 
638 of two elements which can be recorded in relative isolation to one another34. The first element 
639 consists of two peaks that occur around -1.2 ms and +1.5-2.2 ms relative to the EODC, which are 
640 attributed to presynaptic BCA axon terminals. The second element consists of two peaks which are 
641 often nested between the two peaks of the first element and separated by about 0.7ms, which are 
642 attributed to postsynaptic MCA neurons (see Discussion for further interpretation of field potentials). 
643 In T-treated fish and C. numenius, the overall waveform was elongated, and an additional peak was 
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644 observed in this window in many cases. Because the small size of MCA made it challenging to fully 
645 separate putative pre- and postsynaptic elements without using juxta- or intracellular recordings, we 
646 used a single recording site that maximally included all elements to score timing of MCA field 
647 potentials for a given fish.

648 We recorded MCA in 24/24 fish. MCA peaks were defined as maxima separated from surrounding 
649 data by 1/12 of the total range of the voltage trace. Onset was defined as the first detected peak and 
650 offset was the last peak within 5 ms of the first peak. This window size was used to exclude slower, 
651 longer-latency activity that did not scale in amplitude with activity recorded near MCA.

652 Sublemniscal nucleus (slem): slem is a subpopulation of the juxtalemniscal nucleus, just ventral to 
653 the lateral lemniscus at the level of nucleus praeeminentialis. All juxtalemniscal neurons receive their 
654 input from MCA. An excitatory subset of juxtalemniscal neurons provides CD input to the medial 
655 juxtalobar nucleus, as part of a related CD pathway for active electrolocation32. Slem, on the other 
656 hand, provides GABAergic inhibition to nELL. Field potentials in this region consist of 2  sharp peaks 
657 separated by ~1 ms, beginning close to the EODC (partial waveform shown in 70). These peaks 
658 scaled uniformly in amplitude with one another and scaled distinctly from a background signal 
659 beginning around -1.8 ms and ending between +1.5-2 ms relative to the EODC, which reflected 
660 activity from the nearby paratrigeminal command-associated nucleus as part of another CD circuit for 
661 passive electrolocation31.

662 We recorded slem in all 24/24 fish. Because slem peaks could be positive or negative based on 
663 electrode position, peak polarity was manually input by the scorer. Peaks were detected as 
664 maxima/minima separated from surrounding data by 1/5 of the total range of the voltage trace and 
665 exceeding a threshold of one standard deviation above or below the baseline. Similar to the 
666 elongated MCA waveform, slem waveforms in T-treated fish and C. numenius showed a prominent 
667 third peak with similar kinetics to the first two peaks. To distinguish this possible third peak from 
668 kinetically slower background activity unrelated to slem, we only included peaks separated by less 
669 than 1.3 ms from previous peaks. Further, we discarded any peaks detected after p2 whose width 
670 was more than 2x the average width of the first two peaks. In 2/24 fish, only one peak was detected 
671 due to a sharp drop past baseline after the first peak, leading subsequent maxima to not pass the 
672 threshold for detection. In these cases, we manually measured the magnitude of subsequent local 
673 maxima as putative peaks. If putative peaks were within 80% of p1 amplitude and met all other 
674 criteria for timing and kinetics listed above, they were included for analysis. 

675 Nucleus of the electrosensory lateral line lobe (nELL): nELL is a thin, tubelike nucleus at the 
676 dorsolateral edge of the Electrosensory Lateral Line lobe (ELL). We identified nELL by its command-
677 related potential, which consists of a single positive-negative peak occurring several ms after the 
678 EODC17. A second criterion for localizing nELL was the characteristic potentials evoked in nELL by 
679 electrosensory stimuli. We presented 0.2 ms bipolar square pulses and 30ms monopolar square 
680 pulses transverse to the body (right-side positive), of both normal and reversed polarity at an intensity 
681 of 73.6 mV/cm. Proximity to nELL was confirmed by short-latency (1.5-2ms) potentials evoked by 
682 bipolar square waves, by onset of reversed-polarity monopolar square waves, and by offset of 
683 normal-polarity monopolar square waves. The timing of CD- and electrosensory evoked potentials 
684 varies slightly along the length of the nucleus due to somatotopy of the projections, with rostral 
685 regions exhibiting shorter-latency potentials compared to caudal regions17. When recording from 
686 nELL, we attempted to record from the full extent of the nucleus and used the median recording site 
687 as the representative nELL potential. 

688 We recorded from nELL in all 24/24 fish. The ELL surrounds nELL and elicits longer-latency CD-
689 related potentials62, which complicated detection of the single nELL peak from voltage alone. We 
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690 noted, however, that the sharp negative-going potential after the single nELL peak always 
691 corresponded to the absolute minimum in the derivative of the voltage trace. Thus, the peak of the 
692 nELL potential was identified as the local maximum in the voltage trace occurring directly before the 
693 time corresponding to this absolute minimum in the derivative trace.
694
695 Statistical Analysis 
696 Analyses were performed in Excel and Matlab. We compared mean differences in EOD duration 
697 within groups before and after hormone/vehicle treatment using paired Student’s T-tests. We used 
698 Welch’s t-tests, which assume unequal variance of groups, to compare between treatment groups or 
699 across species. These comparisons included CD inhibition onset/duration, EOD duration, onset 
700 timing of each nucleus relative to EODC p0, and duration of field potentials at each nucleus (offset – 
701 onset timing). Differences were deemed statistically significant with p < 0.05, and effect size was 
702 calculated using Cohen’s d.
703
704 We computed standard linear regressions of reafferent delay (delay from EODC p0 to EOD p1) vs. 
705 CD nucleus onset and reafferent delay vs. CD nucleus duration using Excel. When comparing 
706 superlong-EOD C. numenius to other C. numenius, we computed Z scores of onset and duration of 
707 each nucleus and computed P(onset < -Z or onset > Z) as the area under the normal distribution 
708 curve.
709
710
711
712
713
714
715
716
717
718 Figure Legends
719
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720
721 Figure 1. Electrocommunication behavior and underlying sensorimotor circuitry of mormyrid fish
722 (A) Diagram of electrocommunication behavior and neuroanatomy of electromotor (red), corollary 
723 discharge (purple), and electrosensory (blue) pathways in mormyrids. Excitatory connections are 
724 indicated by arrows, whereas inhibitory connections are indicated by punctate terminals. EODs are 
725 initiated by the command nucleus (CN). This signal is sent to a medullary relay nucleus (MRN). MRN 
726 excites electromotor neurons (EMN) in the spinal cord, which activate electrocytes in the electric organ 
727 (EO) to produce a single EOD. Knollenorgan (KO) electroreceptors on the skin respond to reafferent 
728 (orange) and exafferent (green) EODs, and their primary afferents terminate in the nucleus of the 
729 electrosensory lateral line lobe (nELL), which projects to the exterolateral nucleus (EL) for further 
730 processing. A copy of the CN command is sent to nELL via three CD nuclei: the bulbar command-
731 associated nucleus (BCA), the mesencephalic command-associated nucleus (MCA), and finally the 
732 GABAergic sublemniscal nucleus (slem), which inhibits nELL to block responses to reafferent EODs. 
733 Scale bar on brain = 1 mm. (B) Photographs of mormyrid species used in this study. (C) Illustration of 
734 representative data from 21, comparing timing of EOD production, associated afferent spike and CD 
735 inhibition relative to the command to produce EODs for short-EOD C. compressirostris (top) and long-
736 EOD C. numenius (bottom). (D) Illustration of representative data from 22 depicting same events as in 
737 (C) but comparing relative timing of a vehicle- and testosterone-treated B. brachyistius.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=6403385

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



17

738
739 Figure 2: Corollary discharge timing is shifted by testosterone treatment 
740 (A) Diagram of CD pathway with electromotor input and electrosensory output. (B) Command-related 
741 field potentials of CD nuclei from representative V- and T-treated fish (average of 16 traces). Each 
742 nucleus fires potentials at a characteristic delay relative to the EODC, the onset of which is denoted 
743 by filled arrowheads. T treatment induces delayed conduction of CD signal starting at MCA, which 
744 propagates through to slem and nELL. MCA and slem waveforms of T-treated fish also contain an 
745 additional peak (open arrowheads), which could underlie elongated CD inhibition in nELL. The first 
746 spike in the 3-spike EODC is a universal timing reference across fish (grey vertical line), and 
747 potentials are scaled to arbitrary height. (C) Summary data of CD nucleus onset timing relative to the 
748 EODC, for vehicle and T-treated fish (n=4 each). (D) Summary data of field potential duration for 
749 nuclei whose waveforms contain multiple peaks, measured as time from onset to offset. n.s.: not 
750 significant; *: p < 0.05; **: p < 0.005, Welch’s T-test.
751
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752
753 Figure 3: Neural substrates of species differences in corollary discharge timing 
754 (A) Diagram of CD pathway with electromotor input and electrosensory output. (B) Command-related 
755 field potentials of CD nuclei from a representative short-EOD C. compressirostris (green) and long-
756 EOD C. numenius (cyan, average of 16 traces). Compared to short-EOD fish, long-EOD fish show 
757 delayed activity starting at MCA onset, which carries through to slem and nELL. MCA and slem 
758 waveforms are also elongated in long-EOD fish compared to short-EOD fish, which could underlie 
759 elongated CD inhibition in nELL. Potentials are scaled to arbitrary height. (C) Summary data of CD 
760 nucleus onset timing relative to the EODC, for C. compressirostris (n=8) and C. numenius (n=7). (D) 
761 Summary data of field potential duration for nuclei whose waveforms contain multiple peaks, 
762 measured as time from onset to offset. n.s.: not significant; ** : p < 0.005; *** : p < 0.00005, Welch’s 
763 T-test.
764
765
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766
767
768 Figure 4: Over both seasonal and evolutionary timescales, CD onset timing and duration correlate 
769 with reafference downstream from BCA
770  (A-F) Plot of field potential onset timing (top) or duration (bottom) against reafferent delay (x axis) for 
771 the six nuclei measured. Each subfigure shows data from the indicated nucleus, presented in order of 
772 CD signal procession (CN, MRN, BCA, MCA, slem, nELL). As nELL field potentials only contained 
773 one peak, only onset timing is shown in (F). Points represent individual fish, color-coded by 
774 species/treatment group as indicated in (G). Regression lines were determined using standard 
775 regression. Solid lines indicate significant correlations. (G) Comparison of latency between the EODC 
776 and EOD peak 1 (termed reafferent delay) for representative vehicle and T-treated B. brachyistius, C. 
777 compressirostris, and C. numenius.
778
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779
780
781 Figure 5: Corollary discharge shifts are accentuated in a superlong-EOD C. numenius at the same 
782 loci
783 where species differences and hormonal plasticity occur
784  (A) Comparison of reafferent delay between representative C. compressirostris, C. numenius (short), 
785 and C. numenius (long). (B) Diagram of CD pathway with electromotor input and electrosensory 
786 output. (C) Command-related field potentials of CD nuclei in another representative C. numenius 
787 (cyan, from dataset shown in Figure 3) and superlong-EOD C. numenius (royal blue, average of 16 
788 traces). Compared to shorter-EOD C. numenius, this superlong-EOD fish shows further delays 
789 starting at MCA onset, which carries through to slem and nELL. MCA and slem waveforms show 
790 species-typical durations in superlong-EOD fish. Potentials are scaled to arbitrary height. (D) Z-score 
791 of onset timing (blue) and field potential duration (purple) for each nucleus recorded from superlong-
792 EOD C. numenius, computed relative to the mean and standard deviation of conspecific C. numenius.
793
794
795
796
797
798
799
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800
801
802 Figure 6: Anatomical position and field potentials of sensorimotor circuitry of mormyrid fish
803 (A) Dorsal view of brain surface of Brienomyrus brachyistius with relevant electromotor (red), corollary 
804 discharge (purple), and electrosensory (blue) nuclei labeled. (B) Typical EODC-related field potentials 
805 from each nucleus recorded relative to fictive EOD and color-coded by pathway.
806
807
808
809 Supplemental Figures
810

811
812
813 Figure S1: CD inhibition is delayed and elongated in long-EOD C. numenius compared to short-EOD 
814 C. compressirostris. (A) Comparison of CD inhibition onset timing between short-EOD C. 
815 compressirostris (n=3) and long-EOD C. numenius (n=6). (B) Comparison of CD inhibition duration 
816 between C. compressirostris and C. numenius. Data courtesy of Dr. Matasaburo Fukutomi. For 
817 details on CD inhibition recording, see 21. * : p < 0.01; ** : p < 0.001 Welch’s t-test.
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