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SUMMARY
Steroid hormones remodel neural networks to induce seasonal or developmental changes in behavior.
Hormonal changes in behavior likely require coordinated changes in sensorimotor integration. Here, we
investigate hormonal effects on a predictive motor signal, termed corollary discharge, that modulates
sensory processing in weakly electric mormyrid fish. In the electrosensory pathway mediating communica-
tion behavior, inhibition activated by a corollary discharge blocks sensory responses to self-generated elec-
tric pulses, allowing the downstream circuit to selectively analyze communication signals from nearby fish.
These pulses are elongated by increasing testosterone levels in males during the breeding season. We
induced electric-pulse elongation using testosterone treatment and found that the timing of electroreceptor
responses to self-generated pulses was delayed as electric-pulse duration increased. Simultaneous record-
ings from an electrosensory nucleus and electromotor neurons revealed that the timing of corollary discharge
inhibition was delayed and elongated by testosterone. Furthermore, this shift in the timing of corollary
discharge inhibition was precisely matched to the shift in timing of receptor responses to self-generated
pulses. We then asked whether the shift in inhibition timing was caused by direct action of testosterone
on the corollary discharge circuit or by plasticity acting on the circuit in response to altered sensory feedback.
We surgically silenced the electric organ of fish and found similar hormonal modulation of corollary discharge
timing between intact and silent fish, suggesting that sensory feedback was not required for this shift. Our
findings demonstrate that testosterone directly regulatesmotor output and internal prediction of the resulting
sensory consequences in a coordinated manner.
INTRODUCTION

Steroid hormones underlie seasonal or developmental changes

in animal behavior, such as the seasonal songs of birds and

the lowering of the voice in humans through secondary sexual

characteristics. Such behavioral shifts are based on direct

effects of hormones at multiple sites, including peripheral effec-

tors,1–4 central motor circuits,5–7 and sensory systems.8–10

Because these elements are closely interrelated, hormonal

changes in behavior likely require coordinated changes in senso-

rimotor integration. However, little is known about the hormonal

control of sensorimotor integration. Here, we investigate

hormonal effects on a corollary discharge that providesmotor in-

formation to modulate central sensory processing in weakly

electric mormyrid fish. In this system, mechanisms of corollary

discharge and hormonal effects on motor output are well

understood.

Mormyrid fish generate electric pulses by discharging an elec-

tric organ in their tail11 (Figure 1A). These pulses are used for

active electrolocation12 and communication.13 The waveform
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of the electric organ discharge (EOD) is stereotyped to represent

the sender’s identity, such as species, sex, and social sta-

tus,1,14–16 while the interval between EODs can be flexibly varied

to communicate behavioral states in the moment.17–19 Mormyr-

ids have a dedicated sensory pathway for processing electric

communication signals20–22 in which a corollary discharge plays

an essential role.23,24 In this pathway, the primary sensory center

(the nucleus of the electrosensory lateral line lobe [nELL]) re-

ceives two types of inputs: excitation from sensory afferents of

electroreceptors (knollenorgan [KO]) distributed throughout the

surface of the skin, and inhibition originating from the EOD com-

mand nucleus (CN) in the medulla through a corollary discharge

pathway21,23–26 (Figure 1B). Both self- and other-generated

EODs stimulate KOs, but this internal inhibitory signal precisely

blocks sensory responses to self-generated EODs, allowing

the downstream pathway to selectively process sensory infor-

mation from the EODs emitted by nearby fish (Figure 1B).

This communication system is sensitive to the steroid hormone

testosterone.27 Exogenous administration of testosterone in-

creases EODduration in juveniles, females, andnon-reproductive
r Inc.
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A B Figure 1. Electric signaling behavior and

the sensorimotor circuit of mormyrid fish

(A) Electrical recording from a freely swimming

mormyrid, Brienomyrus brachyistius. Electric

signaling consists of a fixed waveform and vari-

able inter-pulse intervals of electric organ

discharge (EOD). The changes in EOD amplitude

are due to movement of the fish relative to the

recording electrode, not to changes in EOD

amplitude emitted by the fish. If the recording

electrode (red) is placed on the head side and the

reference electrode (black) on the tail side, then a

head-positive waveform will be recorded.

(B) Circuit diagram showing electromotor com-

mand (blue), knollenorgan (KO) electrosensory (red), and corollary discharge (purple) pathways. The command nucleus (CN) drives the electric organ (EO) to

generate each EOD via the medullary relay nucleus (MRN, not shown) and spinal electromotor neurons (EMNs). KO electroreceptors respond to both self- and

other-generated EODs and send time-locked spikes to the first center (the nucleus of the electrosensory lateral line lobe [nELL]) via primary afferents. The CN

sends corollary discharge inhibition to the nELL via the bulbar command-associated nucleus (BCA), the mesencephalic command-associated nucleus (MCA),

and the sublemniscal nucleus (slem), which blocks sensory responses to self-generated EODs. This circuit allows the nELL neurons to send filtered sensory

information about EODs generated by other fish to the anterior exterolateral nucleus (ELa).
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males, mimicking the sexual differentiation of mature males that

occurs during the breeding season.1 In this case, testosterone

directly affects the biophysical properties of the electrocytes in

the electric organ that determine the EOD waveform.11,28–30

Testosterone also induces a downward shift in the sensory tuning

of the KOs to match the spectral content of the altered EOD, but
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Figure 2. EOD duration is elongated by testosterone treatment

(A) Daily changes in EOD waveform in response to vehicle (black) and

testosterone (magenta) treatment. Dotted line indicates EOD onset, deter-

mined as the point crossing 20% of peak-0 amplitude (see STAR Methods).

(B–D) Daily changes in EOD duration (B), peak power frequency (C), and delay

to EOD peak 1 (D). Each light-color line indicates individual fish (n = 4 fish for

each treatment) and dark-color line indicates the average. Error bars indicate

SEM.
this hormonal effect is indirect and depends on sensory feed-

back.31 If the sensory feedback (or reafferent input) changes,

then the timing of corollary discharge inhibition would also need

to change in concert to continue filtering out responses to self-

generated EODs. Indeed, a previous study comparing different

speciesofmormyridsshowed that fisheswith longEODshavede-

layed corollary discharge inhibition compared with those with

short EODs.32 This difference in the timing of inhibition optimally

matches the timing of reafferent input fromKOs, which differs be-

tween species.32 Furthermore, this trend was observed for indi-

vidual differences in EOD duration within one species.32

In the present study, using testosterone treatment, we first

quantify a hormonally induced shift in reafferent input by

recording individual EOD waveforms and KO spiking responses

to a mimic of the fish’s own EOD. Then, we show that the timing

of corollary discharge inhibition is also altered by testosterone to

match the shifted reafferent input. Lastly, we ask how this

matching is accomplished. We surgically silenced fish to remove

the effect of sensory feedback during hormone treatment and

show that the hormonal shift in corollary discharge occurs simi-

larly in both silent and intact fish. Our results demonstrate that

testosterone directly regulates electromotor output and corollary

discharge in a coordinated manner.

RESULTS

Testosterone elongates EOD duration
We recorded individual EODs of freely swimming fish from the

start of treatment to 13 days after treatment (Figure 2A). Testos-

terone treatment increased EOD duration, while the vehicle

treatment had no effect (Figure 2B; p = 0.0008 for treatment,

p < 0.0001 for days after treatment, p < 0.0001 for the interaction,

linear mixed model [LMM]). Accordingly, peak power fre-

quencies of the EODs were lowered by the testosterone treat-

ment (Figure 2C; p = 0.0020 for treatment, p < 0.0001 for days

after treatment, p < 0.0001 for the interaction, LMM). These re-

sults were consistent with previous studies.1,29,30 The EOD

waveform of Brienomyrus brachyistius is triphasic: the first small

head-negative peak, the second large head-positive peak, and

the third large head-negative peak are referred to as peak 0,
Current Biology 33, 3350–3359, August 21, 2023 3351
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Figure 3. The timing of reafferent spikes from KO electroreceptors is shifted by EOD elongation through testosterone treatment

(A) Schematic representation of electrophysiological recording from KOs. Recording electrode is positioned over an individual KO without touching it.

(B) Example traces in response to self-generated EODs recorded from an identical KO of a testosterone-treated fish at 1, 6, and 14 days after treatment. Inverted

EOD waveform recorded from the same fish on the same day was used for sensory stimulation. Spike rate was calculated using a spike density function (see

STAR Methods). Raster plots show spike timing over 50 repetitions.

(C) Daily changes in KO peak latency by vehicle (black) and testosterone (magenta) treatment. Each line connects points that correspond to the same KO

recorded across multiple days (34 recordings from 16 KOs for vehicle treatment and 38 recordings from 16 KOs for testosterone treatment).

(D) Relationship between delay to EOD peak 1 and KO peak latency. Regression line (blue) was determined using a linear mixed-effect model. The slope is 1.11,

and the intercept is 0.16.

(E) Relationship between delay to EOD peak 1 and KO peak latency to EOD peak 1. The slope is 0.11, and the intercept is 0.16.

See also Figure S1.
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peak 1, and peak 2, respectively. Delay to peak 1 of the self-

generated EOD is strongly correlated with KO receptor spike

timing.32 We confirmed that testosterone treatment also

increased the delay to EOD peak 1 (Figure 2D; p = 0.0009 for

treatment, p < 0.0001 for days after treatment, p < 0.0001 for

the interaction, LMM).

EOD elongation shifts KO spike timing
We recorded spiking activity fromKOs of treated fish in response

to electrosensory stimulation that mimics a self-generated EOD

(Figure 3A; see STARMethods). A representative KO produced a

single spike with short delay following peak 1 of the EOD and

was found to shift its spike timing along with testosterone-

induced EOD elongation (Figure 3B). Across KOs, we found

that testosterone shifted the peak response latency (Figure 3C;

p < 0.0001 for treatment, p < 0.0001 for days after treatment,

p < 0.0001 for the interaction, LMM). A linear regression

comparing KO response latency with the delay to EODpeak 1 re-

vealed a strong correlation, with a slope of 1.11 and intercept of

0.16 (Figure 3D; p < 0.0001 for slope, p < 0.0001 for intercept,

LMM). We also measured the correlation between KO peak la-

tency and delay to EOD peak 1 and found a slope of 0.11, which

was significantly larger than 0 (Figure 3E; p = 0.033 for slope,

LMM), indicating that KO spike latency relative to EOD peak 1

also slightly increased as the EOD elongated.

KOs typically emit a single spike with a fixed delay relative to

EOD peak 1,32,33 but our recordings included several KOs that

had a relatively strong second peak in their average firing rate
3352 Current Biology 33, 3350–3359, August 21, 2023
(or spike density function; see STAR Methods) (Figure S1A).

We counted KOs with a second peak whose Z score was greater

than 3 andwhose timingwaswithin 5ms of EODonset and found

more testosterone-treated KOs (Figure S1B, 5/16 total KOs, 9/38

total responses over multiple days) in this range than vehicle-

treated KOs (Figure S1B, 1/16 total KOs, 1/34 total responses).

These second peaks resulted from either (1) multiple spikes to

a single EOD stimulus or (2) a single spike with variable timing

across trials.

Overall, these results suggest that reafferent input to the KO

sensory pathway can be altered by testosterone treatment,

which may require coordinated changes to corollary discharge

timing to inhibit it effectively.

Testosterone shifts corollary discharge timing
To measure the inhibitory effect of corollary discharge in the KO

pathway, we recorded evoked potentials from the anterior ex-

terolateral nucleus (ELa) in the midbrain, which is the main target

of nELL projection axons (Figure 1B). In this preparation, neuro-

muscular paralysis blocks EOD production while spontaneous

EOD commands (EODCs) remain, leaving the corollary

discharge effects on sensory processing intact.24 We stimulated

with 0.2-ms bipolar square electric pulses delivered with a spe-

cific delay, typically between 0.2 and 10.2ms after the EODC, re-

corded from spinal electromotor neurons (EMNs) (Figure 4A).

Electrosensory responses of a vehicle-treated fish were blocked

for a narrow range of stimulus delays (�3–4 ms) following the

EODC due to the corollary discharge inhibition in nELL
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Figure 4. Corollary discharge timing is altered by testosterone treatment

(A) Measurement of corollary discharge timing. Although the fish is curarized to eliminate movement and silence EOD production, EOD commands (EODCs) from

spinal electromotor neurons (EMNs) can be recorded as fictive EODs. Electrosensory stimuli can be delivered at fixed delays relative to the EODC onset, which is

determined as the first negative peak, while recording evoked potentials in ELa.

(B) Representative mean evoked potentials in response to stimuli at varying delays following the EOD command (1–10 ms) in vehicle- and testosterone-treated

fish recorded 16 days after treatment.

(C) Corollary discharge inhibition curves in vehicle- and testosterone-treated fish recorded 14–17 days after treatment. Normalized amplitudes were calculated

using the maximum and minimum peak-to-peak amplitude across all stimulus delays.

(D) Sigmoid curve fitting. On the left is the expression used and an example of an inhibition tuning curve fitted to separate onset andoffset sigmoid curves. The filled

black circle is theminimumpoint, with the left side defined as the onset direction and the right side as the offset direction. Filled colored circles are data points used

for each sigmoid fit (blue, onset; red, offset). On the right is a description of how the coefficients, slope, and inflection point are related to the shapes of the curves.

(E–H) Changes in onset slope (E), inflection point of the onset (F), offset slope (G), and inflection point of the offset (H). Each circle indicates individual fish (n = 12 for

each treatment).
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(Figure 4B, left), as shown previously.32 Strikingly, the window

over which responses were blocked in a testosterone-treated

fish was delayed and elongated (Figure 4B, right).

From the evoked potential traces, we calculated the normal-

ized amplitude across stimulus delays and generated an inhibi-

tion curve (Figure 4C). We then divided the curve into onset
and offset curves based on the point of minimum amplitude

and fitted each curve to a sigmoid to determine two coefficients,

slope, and inflection point (Figure 4D; see also STAR Methods).

We found that the onset slope was flattened by testosterone

(Figure 4E; p = 0.0013 for treatment, p = 0.39 for days after treat-

ment, p = 0.024 for the interaction, linear model [LM]), while the
Current Biology 33, 3350–3359, August 21, 2023 3353
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Figure 5. Shifted corollary discharge matches shifted reafferent spike timing

(A) Comparison of the time courses of the EOD command (EODC) (top blue traces), the EOD (middle trace), and corollary discharge inhibition. Vertical dotted lines

indicate EODC onset (blue), EOD onset (black), and EOD peak 1 (red). Gray areas indicate 10% inhibition window calculated from the sigmoid curve fitting.

(B andC) Daily changes in EOD onset relative to EODC onset (B) and in EOD peak 1 relative to EODC onset (C). Each circle indicates individual fish (n = 12 for each

treatment).

(D) Relationship between estimated KO spike timing and 10% inhibition onset. Regression line (blue) was determined using a linear model. The slope is 0.73 and

the intercept is 0.41.
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onset inflection point was not significantly affected (Figure 4F;

p = 0.15 for treatment, p = 0.15 for days after treatment, p =

0.89 for the interaction, LM). By contrast, the offset slope was

not significantly affected by testosterone (Figure 4G; p = 0.25

for treatment, p = 0.40 for days after treatment, p = 0.35 for

the interaction, LM), but the offset inflection point was substan-

tially delayed (Figure 4H; p < 0.0001 for treatment, p = 0.0003 for

days after treatment, p < 0.0001 for the interaction, LM).

Shifted corollary discharge matches the shift in
reafferent timing
We further examined whether the shifted corollary discharge was

matched to the shifted reafferent input. Prior to evoked potential
3354 Current Biology 33, 3350–3359, August 21, 2023
recording,wemeasuredEODtiming relative to theEODCinunpar-

alyzedfish to compare the timecourses of corollarydischargeand

EOD production32 (Figure 5A). We found no hormonally induced

shift in EOD onset relative to the EODC (Figure 5B; p = 0.36 for

treatment, p = 0.0077 for days after treatment, p = 0.73 for the

interaction, LM). Therewasaslightlypositiveslopeofonset versus

day. The reason for this is unclear but may be due to the small

amounts of ethanol used to dissolve the testosterone that were

also provided to the vehicle treatment group. Importantly, the

delay to EOD peak 1 from the EODC was shifted by testosterone

(Figure5C;p<0.0001 for treatment, p=0.0001 fordaysafter treat-

ment, p = 0.046 for the interaction, LM), demonstrating that EOD

elongation indeed caused a shift in reafferent timing.
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Figure 6. Testosterone alters corollary discharge without sensory feedback

(A) Measurement of corollary discharge timing from surgically silenced fish. Instead of EOD commands from EMNs, field potentials from the command nucleus

(CN) in the hindbrain were used as a motor reference signal.

(B) Example traces of a CN potential and EOD command from an intact fish. The CN potential typically has a double negative peak and its onset was determined

as the first negative peak. EOD command signals from the EMNs follow CN onset with a fixed delay in intact fish.

(C) Representative mean evoked potentials in response to stimuli at varying delays following the EOD command (3–12 ms) in vehicle- and testosterone-treated

fish recorded 16 days after treatment.

(D) Corollary discharge inhibition curves in vehicle- and testosterone-treated, surgically silenced fish recorded 14–17 days after treatment.

(E–H) Changes in onset slope (E), inflection point of the onset (F), offset slope (G), and inflection point of the offset (H). Each circle indicates individual fish (n = 12 for

each treatment).

See also Table S1.
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Given the KO recording data, we estimatedKO reafferent spike

timing for these fish (Figure 3D; see also STAR Methods). We

found that the timing of strong inhibition onset, or 10% inhibition

onset, tightly correlated with the estimated KO reafferent spike

timing (Figure 5D, R = 0.75, p < 0.0001). The slope and intercept

of the regression line were 0.73 and 0.41, respectively.

Sensory feedback is not necessary for corollary
discharge shift
How is the match between EOD elongation and corollary

discharge shift achieved? One possibility is that the altered sen-

sory feedback tunes corollary discharge timing through plasticity

or learning. To test this, we made fish electrically silent by spinal

cord transection and measured corollary discharge timing by

recording evoked potentials.

Because the transection also eliminated EODCs from spinal

EMNs, we recorded fictive EODs as field potentials from the
CN in the hindbrain (Figure 6A), which fires one-to-one with

EOD output in intact fish34,35 (Figure 6B). CN activity was intact

in all fish tested. Because CN potentials precede EODCs from

the EMN in intact fish, the apparent inhibition window by corol-

lary discharge was delayed, but the differences between vehicle

and testosterone fish were similar to those of intact fish

(Figures 6C and 6D).

As in intact fish, we found that testosterone flattened the

onset slope (Figure 6E; p = 0.025 for treatment, p = 0.024 for

days after treatment, p = 0.253 for the interaction, LM) and sub-

stantially delayed the offset inflection point (Figure 6H;

p < 0.0001 for treatment, p = 0.21 for days after treatment,

p = 0.0008 for the interaction, LM). However, unlike intact

fish, the interaction effect on the onset slope was not signifi-

cant. In addition, we found significant effects of testosterone

on the onset inflection point (Figure 6F; p = 0.043 for treatment,

p = 0.023 for days after treatment, p = 0.60 for the interaction,
Current Biology 33, 3350–3359, August 21, 2023 3355
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LM) and on the offset slope (Figure 6G; p = 0.0057 for treat-

ment, p = 0.25 for days after treatment, p = 0.17 for the inter-

action, LM), which were also different from the results in

intact fish.

To statistically test whether the effects of testosterone were

influenced by sensory feedback, we made additional models

that included both intact and silent fish and added an additional

independent variable, ‘‘silencing’’ (see also Table S1). We found

no significant interaction effects between treatment and silencing

nor between treatment, silencing, and days (Table S1), suggest-

ing that absence of sensory feedback had little effect on the

hormonal modulations. This indicates that altered sensory feed-

back is not necessary for driving this hormonally induced shift in

corollary discharge timing. In these models, we found significant

hormonal modulations, including gradual changes in onset slope

(p = 0.0001 for treatment, p = 0.017 for the interaction between

treatment and days) and offset inflection point (p < 0.0001 for

treatment, p < 0.0001 for the interaction), and relatively rapid

changes in onset inflection point (p = 0.012 for treatment, p =

0.61 for the interaction) and offset slope (p= 0.0054 for treatment,

p = 0.10 for the interaction). We also found a significant interac-

tion effect between surgery and days on onset inflection point

(p = 0.007), suggesting that surgical silencing or an absence of

sensory feedback might have slightly reduced the corollary

discharge delay.
DISCUSSION

We found that testosterone modulates the timing of corollary

discharge in a mormyrid fish (Figure 4). This modulation corre-

sponds to the hormonally induced change in EOD duration that

shifts the reafferent spike timing of electroreceptors (Figures 2,

3, and 5). Recordings from surgically silenced fish showed that

exposure to sensory feedback is not necessary to drive this hor-

monal modulation of corollary discharge (Figure 6). These results

suggest that testosterone directly and independently adjusts the

internal signal that predicts the sensory consequences of periph-

eral motor output.

Changes in circulating steroid hormone levels can modulate

motor systems,2–6,36 sensory systems,8–10 or both,37,38 which is

particularly evident in communication systems. These changes

should alter the encoding of reafferent inputs, while the nervous

system still faces the challenge of distinguishing between self

and other. Corollary discharges frommotor centers serve as pre-

dictive signals of the timing of motor output and mediate this

discrimination in sensory processing across modalities and spe-

cies.24,39–41 Mismatch between sensory prediction and actual

sensory feedback is associated with hallucinations in patients

with schizophrenia.42 Our results show that testosterone-treated

mormyrid fish have modified a filter in their corollary discharge to

matchaltered reafferent input (Figure 5). Theonset of this filter oc-

curs just prior to the peak timing of the reafferent spikes, and its

longer duration can cover more variable spike timings, which

weremoreoftenobserved in testosterone-treatedKOs (Figures3,

4, and S1). As the task of self-other discrimination is ubiquitous

across species and sensorymodalities, we expect that hormonal

shifts in corollary discharge will be found in a wider range of

systems.24,41
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Tominimizemismatch throughout sensorimotor circuits, coor-

dination of hormonal effects on different circuit components is

essential. For example, in a gymnotiform electric fish that emits

highly regular EODs, androgen treatment increases EOD dura-

tion while simultaneously decreasing EOD frequency in a coordi-

nated manner.36 Interestingly, localized androgen treatment of

the electric organ increases EOD duration without affecting

EOD frequency, suggesting independent regulation of EOD

duration and frequency by androgens acting in the peripheral

and central nervous systems, respectively, similar to our find-

ings.43 In addition, androgens directly lower the frequency tuning

of electroreceptors in gymnotiforms,37,44 in contrast to the indi-

rect hormonal effect on KO receptors in mormyrid fish.31

We found that corollary discharge timing is regulated by circu-

lating testosterone levels to achieve coordination of the electro-

communication circuit. Thus, one or more sites in the corollary

discharge pathway may express androgen receptors. The corol-

lary discharge originates in the CN and reaches the nELL via

three additional nuclei, the bulbar command-associated nucleus

(BCA), themesencephalic command-associated nucleus (MCA),

and the sublemniscal nucleus (slem)21,23–25 (Figure 1B). A previ-

ous study examined androgen binding sites in the mormyrid

brain but did not find binding sites in the corollary discharge

pathway.45 However, the examined area was limited to the rela-

tively ventral side and likely missed parts of this corollary

discharge pathway.45 In addition, androgen binding sites may

only become visible after testosterone treatment: a previous

study using a gymnotiform fish showed that the expression of

androgen receptors was upregulated following 15 days of hor-

mone treatment.46 Moreover, the actions of testosterone may

be mediated by aromatase, which converts testosterone into

estrogen.47 Future studies should examine the distribution of

both androgen and estrogen receptors throughout the corollary

discharge pathway using testosterone-treated fish to identify

where in the pathway they may be responsible for shifting corol-

lary discharge timing.

The cellular mechanisms by which testosterone shifts corol-

lary discharge timing remain to be determined. There are many

possibilities. For example, testosterone, or estrogen produced

by aromatase, may regulate g-aminobutyric acid (GABA) trans-

mission. In the first sensory center (nELL), primary KO afferents

form excitatory, mixed chemical-electrical synapses onto the

soma of adendritic nELL neurons, which in turn project to the

midbrain (ELa).26 The nELL neurons also receive inhibitory inputs

from the slem neurons in the form of GABAergic boutons.26 This

inhibition functions to timeously block sensory responses to self-

generated EODs, allowing the downstream pathway to selec-

tively process EODs emitted by other fish.23 Several studies

have shown that testosterone or estrogen treatment can alter

GABA receptor expression.48,49 Thus, it is possible that testos-

terone directly affects GABA receptor expression in nELL neu-

rons to change the kinetics of inhibitory synaptic currents, thus

altering the time course of inhibition, resulting in a slower onset

slope and delayed offset (Figures 4E and 4H; Table S1). Howev-

er, we cannot exclude the possibility that testosterone acts on

upstream nuclei in the corollary discharge pathway (BCA,

MCA, and slem). Testosterone may change axonal morphology

or myelination of neurons in these nuclei to delay action potential

propagation and the timing of inhibition.22,50–52 Testosterone
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could also alter the passive or active electrical properties of neu-

rons in this pathway to alter their excitability.7,53,54 To determine

which nucleus (or nuclei) contributes to the shift in corollary

discharge timing, future studies can record command-related

neural activities from these nuclei and compare their timing be-

tween testosterone- and vehicle-treated fish. Furthermore, a

recent study documented changes in gene expression induced

by testosterone in the electric organ of the same species of mor-

myrid we studied, many of which are likely associated with EOD

elongation.55 It will be interesting to determine whether similar

molecular cascades underlie shifts in corollary discharge timing.

Altered sensory feedback itself could provide a basis for ad-

justing corollary discharge through plasticity. Such plasticity

has been found in several systems, including passive and active

electrolocation systems in mormyrid fish.56–59 In these electrolo-

cation systems, corollary discharge functions to subtract pre-

dictable sensory feedback from reafferent input by a modifiable

efference copy, forming a ‘‘negative image’’ through cerebellum-

like circuitry in the electrosensory lateral line lobe.24,56,57 This

negative image is formed at synapses between parallel fibers

that carry corollary discharge inputs from the CN and medial

ganglion cells that receive sensory inputs through spike-

timing-dependent plasticity.60–63 By contrast, in the communica-

tion pathway, we found that removal of sensory feedback had no

effect on hormonal modulations of corollary discharge (Figures 4

and 6). However, we cannot conclude that sensory feedback has

no effect on corollary discharge inhibition because we did not

test whether altered sensory feedback is sufficient tomodify cor-

ollary discharge inhibition. We observed very similar inhibition

curves in intact and silent fish (Figures 4 and 6), but it is also

possible that altered sensory feedback plays a key role in fine-

tuning the onset of inhibition, which was fixed to KO spike timing

in response to simulated reafferent input in intact fish (Figure 5).

More localized treatment of testosterone in the electric organ, or

other manipulations that alter sensory feedback over long

periods of time without increasing systemic levels of testos-

terone, may allow us to test the effects of altered sensory

feedback.

Coordinated changes in corollary discharge are essential for

adaptive behavioral change, not only through hormonal plasticity

but also through development or evolution, because all animals

are constantly faced with the task of discriminating between self

and others.24,39–41 Coordination of behavioral change and a cor-

ollary discharge shift is also found in the diversification of

communication signals among mormyrid species and in devel-

opmental changes in these signals within species.32,64 A previ-

ous comparative study showed a correlation between EOD

duration and the timing of corollary discharge inhibition onset,

while the duration of corollary discharge inhibition was similar

between and within species.32 This evolutionary shift in corollary

discharge inhibition contrasts with testosterone-treated fish hav-

ing a significant elongation of the duration of corollary discharge

inhibition. However, because the longer inhibition window could

cancel the multiple spikes from KOs observed in testosterone-

treated fish (Figure S1), both types of corollary discharge shifts

appear to maintain a match between reafferent input timing

and corollary discharge inhibition. It will be very interesting to

test whether these evolutionary and developmental shifts share

the same substrates or mechanisms responsible for the precise
matching of corollary discharge and reafferent timing. Mormyr-

ids are an excellent system to study sensorimotor coordination

underlying plastic behavior and its relationship to evolutionary

change.
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Materials availability
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Data and code availability
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d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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ing author on request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used a total of 54 Brienomyrus brachyistius of both sexes in non-reproductive state (5.4–10.9 cm in standard length). All fish were

purchased from Bailey Wholesale Tropical Fish or Alikhan Tropical Fish. The fish were housed in groups with a 12 h: 12 h light/dark

cycle, temperature of 25–29�C, pH of 6–7, and water conductivity of 200–400 mS/cm. Fish were fed live black worms or frozen blood

worms four times per week. All procedures were in accordance with guidelines established by the National Institutes of Health and

were approved by the Animal Care and Use Committee at Washington University in St. Louis.

Half of the fish were testosterone treated and the other half were vehicle treated. All experiments below used the same number of

fish for each treatment. Six fish were used for KO recording. Another twenty-four fish were used for simultaneous recording of EOD

and EODC and evoked potential recording from ELa. For 8 of these fish, the change in EODwas followed up to 13 days after the start

of treatment. The remaining 24 fish were surgically silenced to eliminate EOD production by spinal cord transection before treatment,

and then used for evoked potential recording.

METHOD DETAILS

Surgery for silencing the EOD
Fish were anesthetized in a solution of 300 mg/L MS-222 (Western Chemical Inc.). When movement ceased, the fish were removed

from the solution and 70% ethanol was applied around the incision site, just anterior to the electric organ. A 26-gauge needle was
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then inserted through the skin to transect the spinal cord. After transection, lidocaine (0.2% solution; Sigma-Aldrich) was applied

around the incision site, but not directly at the incision site, for local anesthesia. Finally, the incision was closed with a small amount

of superglue and the fish was returned to its home tank. This operation did not affect motility, as the spinal motorneurons controlling

movement are all located anterior to the incision site.31,65 Prior to treatment, surgically silenced fish were allowed to recover in isola-

tion for at least 6 days.

Hormone treatment
A treatment tank (25.4 * 30.5 * 50.8 cm) was prepared for each treatment group, divided into four compartments with mesh panels,

and filled with 30 L of treated aquariumwater. For testosterone fish, 60mg of solid 17a-methyltestosterone (Sigma-Aldrich) dissolved

in 0.4 mL 95% ethanol was added to the testosterone tank on the start day and the next day, and then every two days thereafter. For

vehicle fish, only 0.4 mL 95% ethanol was added to the vehicle tank on the same schedule as the testosterone treatment. Except for

the treatment and separation with mesh panels, tank conditions were identical to our normal fish housing.

EOD recording
EOD recordings were made from freely swimming fish prior to EOD and EODC recording or KO recording in intact fish. EODs were

amplified 10 times, bandpass filtered (1 Hz–50 kHz) (BMA-200, CWE), digitized at a rate of 195 kHz (RP2.1, Tucker-Davis Technol-

ogies), and stored using custom software in MATLAB (The MathWorks). From the recorded EOD waveform, we determined EOD

onset as the point crossing 20%of peak 0 amplitude and EOD offset as the point crossing zero after peak 2. EOD duration was deter-

mined as the period between EOD onset and offset. Delay to peak 1 was determined as the period between EOD onset and timing of

peak 1. Peak power frequencywas calculated by fast Fourier transformation. Each valuewas calculated from 10 EODs obtained from

each fish, and the average was used for analysis.

KO recording
The recording method was similar to previous studies.66,67 Recordings were performed on 1, 2, 4, 6, 7, 9, 14, 15, and 17 days after

starting treatment. Fish were anesthetized with a solution of 300 mg/L MS-222, and then paralyzed and electrically silenced with 50–

60 mL of 0.05 mg/mL gallamine triethiodide (Flaxedil, Sigma-Aldrich). The fish were then placed on a plastic platform with lateral sup-

ports in a recording chamber (20 * 12.5 * 45 cm) filled with freshwater covering the entire body of the fish and were respirated with

aerated freshwater through a pipette tip placed in the fish’s mouth. To verify that the fish had recovered from anesthesia, field

potentials were recorded from EMNs using a pair of electrodes placed next to the fish’s tail. After recovery, indicated by EOD com-

mands from the EMNs, the recording session was started. After recording, the fish were allowed to fully recover from paralysis before

being returned to their home tank.

Wemade recording electrodes from borosilicate capillary glass (o.d. = 1mm, i.d. = 0.5 mm; Model 626000, A-M Systems). Using a

Bunsen burner, we bent the last �1–2 cm to a �10–30-degree angle and polished the tip. The electrode was filled with tank water,

placed in an electrode holder with a Ag-AgCl wire connected to the headstage of an amplifier (NeuroproveModel 1600, A-MSystems)

and positioned over individual KOs without touching them. The extracellular activity was referenced to ground, amplified 10 times

and low-pass filtered (cut-off frequency = 10 kHz) with the amplifier, and digitized at a sampling rate of 97.7 kHz (RP2.1, Tucker-

Davis Technologies). Electrosensory stimuli were generated at a sampling rate of 195.31 kHz (RP2.1, Tucker-Davis Technologies),

attenuated (PA5, Tucker-Davis Technologies), and delivered through the recording electrode as constant-current stimuli. We

used a bridge balance to minimize stimulus artifact. Recording traces were stored using customMATLAB (The MathWorks) software

from 20 ms before stimulation to 20 ms after stimulation.

We used an inverted (or head-negative) EOD waveform for stimulation, which was recorded from the same individual just prior to

recording. When a fish generates an EOD, all the KOs on its skin receive the same-direction currents consisting of a large outward

current followed by a large inward current. This waveform is opposite to the waveform obtained when a recording electrode is placed

at the head and a reference electrode is placed at the tail. We tested each KO with at least two different stimulus intensities, with a 5

dB attenuation interval, including one intensity where KO spike amplitude exceeded the stimulus artifact and onewhere it did not. We

presented 50 repetitions for each stimulus intensity.

For each recording, we selected the maximum stimulus intensity at which spikes could be reliably distinguished from artifact for

further analysis. Spikes were detected by finding the peak voltage that crossed a manually set threshold specific to each KO. For

some KOs, a stimulus artifact template was created by taking the median trace of non-responsive traces to weaker stimuli and

scaling it. The template trace was subtracted from the recording traces to stronger stimuli and spikes were detected by the threshold

crossing method.

We computed the spike density function (SDF) by convolving each KO spike time with a Gaussian of 0.1 ms width and then aver-

aging over stimulus repetitions. We first determined the timing of the largest peak for each KO SDF trace as the first peak. KO peak

latency was calculated as the interval between EOD stimulus onset and the time of the first peak. KO peak latency to EOD peak 1was

calculated as the interval between the time of EOD peak 1 and the time of the first peak.

When looking at the distribution of KO peak latency to EOD peak 1, two obvious outliers were found. These KO recordings showed

weak responses to the stimuli and were excluded. As a result, a total of 72 recordings from 32 different KOs were used for the sub-

sequent statistical analyses. Note that the 23 out of 32 KOs could be recorded on multiple days.
Current Biology 33, 3350–3359.e1–e4, August 21, 2023 e2
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We also determined the timing of the second largest peak for each SDF trace as the second peak. The z-score of the second peak

was calculated using the z-score over each SDF.

EOD and EOD command recording
Recording and analysis methods were similar to a previous study.32 Recordings were performed before evoked potential recording

on 1, 2, 3, 4, 6, 7, 8, 9, 14, 15, 16, and 17 days after starting treatment. Fishwere anesthetized in a solution of 300mg/LMS-222 (Sigma

Millipore) and placed on a plastic platform with lateral supports in the recording chamber filled with freshwater covering the entire

body of the fish. Fish were restrained by lateral plastic pins, a plastic tube on the tail, and two or three folded paper towels on the

dorsal skin surface. EOD commands from spinal EMNs were recorded with a pair of electrodes located within the plastic tube

and oriented parallel to the fish’s electric organ, amplified 10003, and bandpass filtered (10 Hz to 5 kHz) (Model 1700, A-M Systems).

While EOD commands from EMNs were recorded, the EODs were recorded by separate electrodes, amplified 10 times, and band-

pass filtered (1 Hz to 50 kHz) (BMA-200, CWE). These recordings were digitized at a rate of 1MHz and saved (TDS 3014C, Tektronix).

EOD command traces from EMNs were averaged across trials, and EOD traces were filtered by a 21st-order median filter whose

timewindowwas 0.02ms and averaged across trials. EOD onset was determined in the samewaywe determined EODonset in freely

swimming EOD recordings. EOD command onset was determined as the first negative peak in the averaged EMN trace. Delay to

EOD onset was calculated as the time between EOD command onset and EOD onset. Delay to EOD peak 1 from the EOD command

was calculated as the sum of the delay to EOD onset and the delay between EOD onset and peak 1 recorded from freely swim-

ming fish.

Evoked potential recording from intact fish
The recording and analysis methods were similar to a previous study.20,22,32 Recordings were performed on 1, 2, 3, 4, 6, 7, 8, 9, 14,

15, 16, and 17 days after starting treatment. Fish were anesthetized with a solution of 300 mg/L MS-222, and then paralyzed with

0.05–0.1mL of 3.0mg/mL Flaxedil. The fish were then transferred to a recording chamber filled with water and positioned on a plastic

platform, leaving a small region of the head above water level. During surgery, we maintained general anesthesia by respirating the

fish with an aerated solution of 100 mg/ml MS-222 through a pipette tip placed in the mouth. For local anesthesia, we applied 0.2%

lidocaine on the skin overlying the incision site, and then made an incision to uncover the skull overlying the ELa. Next, we glued a

headpost to the skull before using a dental drill and forceps to remove a rectangular piece of skull covering the ELa. After exposing

ELa, we placed a reference electrode on the nearby cerebellum. Following surgery, we switched respiration to fresh water and

allowed the fish to recover from general anesthesia. EOD commands were also recorded from the EMNs and sent to a window

discriminator for time stamping (SYS-121, World Precision Instruments). At the end of the recording session, the respiration of the

fish was switched back to 100 mg/L MS-222 until no EOD commands could be recorded, and then the fish was euthanized by

freezing.

Recording electrodes (Model 626000, A-MSystems) were pulledwith amicropipette puller (Model P-97, Sutter Instrument), broken

to a tip diameter of 10–20 mm, and filled with 3 M NaCl solution. Evoked field potentials were amplified 10003, bandpass filtered

(10 Hz–5 kHz) (Model 1700, A-M Systems), digitized at a rate of 97.7 kHz (RX8, Tucker-Davis Technologies), and stored using custom

software in MATLAB (The MathWorks). We presented 0.2 ms bipolar square pulses at several delays following the EOD command

onset, typically �0.2–10.2 ms with 0.2 ms intervals, in a randomized order. The stimulus intensity was fixed at 73.6 mV/cm. Each

delay was repeated 10 times.

Technically, the window discriminator could not detect the minimum point of the first negative peak in the EOD command, but

rather the point at which a manually selected threshold was crossed. Therefore, we also recorded the EOD command and the digital

output of the window discriminator to measure the stimulus delay to EOD command onset. Using this, the corrected stimulus delay

was used in the subsequent analyses.

To characterize corollary discharge inhibition, we first calculated the normalized amplitude by the following steps: (i) calculating the

peak-to-peak (PP) amplitude 2–4ms after stimulus onset for each stimulus delay, (ii) subtracting theminimumPP amplitude across all

delays, and (iii) dividing by the difference between the maximum PP amplitude and the minimum PP amplitude. Sigmoid curve fitting

was then applied to the normalized amplitude curve as follows: (i) determining the minimum point and dividing into onset and offset

directions, (ii) selecting the points ranging from the minimum amplitude point to a point above 50% amplitude where the next point is

lower than that point for the first time for each direction, and (iii) fitting the following expression:

Normalized amplitude =
1

1+eslope3 ðinflection point�Stimulus delayÞ

where slope and inflection point are the coefficients of this curve. The coefficients of the onset curve were used to calculate 10%

onset and offset.

Evoked potential recording from silent fish
Recordings were performed on 1, 2, 3, 4, 6, 7, 8, 9, 14, 15, 16, and 17 days after starting treatment. The procedure was almost the

same as in intact fish, but EOD commands from the EMNs were silent because the spinal cord had been cut anterior to the electric

organ. As an alternative motor reference signal, we recorded field potentials from the command nucleus (CN) in the hindbrain. Before

exposing ELa, wemade a second incision window in the skull on the dorsal surface above the CN. After recovery from anesthesia, we
e3 Current Biology 33, 3350–3359.e1–e4, August 21, 2023
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searched for a CN potential using another electrode controlled by a motorized micromanipulator (MP-285, Sutter Instrument). CN

typically exhibited a double negative potential, and the onset was determined as the first negative peak. Field potential signals

from the CN were processed in the same way as EOD command recording from the EMNs to trigger electrosensory stimuli. Since

the CN onset preceded the EMN onset, a wider range of stimulus delay to the command (�0.2–13.2 ms with 0.2 ms intervals)

was used. The stimulus delay from the CN field potential was also measured and the corrected stimulus delay was used in the

analyses.

Our recordings of command-related potentials from the hindbrain possibly include the medullary relay nucleus that is immediately

dorsal to the CN. Technically, it was difficult to accurately distinguish between these nuclei without the EMN reference. Because

these nuclei are electrically coupled and have a very small difference in peak timing relative to the EMN in intact fish,34,35 we analyzed

the recordings without distinguishing between them.

QUANTIFICATION, STATISTICAL ANALYSIS AND DATA PRESENTATION

We performed all statistical tests using R version 4.0.3. Additional details on sample sizes and statistical tests can be found in figure

legends and themain text.We used the nlme package tomake amodel that accounts for random effects. To assess hormonal effects

on EOD duration, peak power frequency and delay to EOD peak 1, we made linear mixed models in which the fixed effects were

treatment (vehicle or testosterone), days after treatment, and the interaction, and the random effect was individual fish

(Figures 2B–2D). To assess the hormonal effects on KO peak latency, we made a linear mixed model in which the fixed effects

were treatment, days after treatment, and the interaction, and the random effect was individual KO (Figure 3C). To assess the hor-

monal effects on the corollary discharge inhibition curves (Figures 4 and 6) and EOD timing relative to the EOD command onset

(Figures 5B and 5C), we made linear models with fixed effects of treatment, days after treatment, and the interaction. Additionally,

we also made linear models with fixed effects of treatment, surgery, days after treatment, and the interactions (Table S1). To test for

significant effects, we applied an analysis of variance to thesemodels. To describe the relationship between delay to EODpeak 1 and

KO peak latency (Figure 3D) or KO peak latency to EOD peak 1 (Figure 3E), we made a linear mixed model in which the fixed effect

was delay to EOD peak 1 and the random effect was individual KO and determined the slope and intercept of the regression line. In

this case, we tested whether a given parameter was significantly different from zero. Using the coefficients from Figure 3D, we

estimated KO spike timing of fish (intact) that were used for evoked potential recording (Figure 5D). To determine the relationship

between estimated KO spike timing, we calculated the Pearson’s correlation coefficient.
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