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SUMMARY

In addition to the action potentials used for axonal signaling, many neurons generate dendritic “spikes” asso-
ciated with synaptic plasticity. However, in order to control both plasticity and signaling, synaptic inputs must
be able to differentially modulate the firing of these two spike types. Here, we investigate this issue in the elec-
trosensory lobe (ELL) of weakly electric mormyrid fish, where separate control over axonal and dendritic
spikes is essential for the transmission of learned predictive signals from inhibitory interneurons to the output
stage of the circuit. Through a combination of experimental and modeling studies, we uncover a novel
mechanism by which sensory input selectively modulates the rate of dendritic spiking by adjusting the
amplitude of backpropagating axonal action potentials. Interestingly, this mechanism does not require
spatially segregated synaptic inputs or dendritic compartmentalization but relies instead on an electrotoni-

cally distant spike initiation site in the axon—a common biophysical feature of neurons.

INTRODUCTION

Many classes of neurons fire both axonal and dendritic action
potentials."® Whereas axonal spikes mediate inter-cellular
signaling, dendritic spikes are often associated with the induc-
tion of synaptic plasticity.”'® This raises the possibility that two
spike types allow individual neurons to control signaling and
learning-related functions separately.®' For this to be possible,
however, synaptic inputs must be able to differentially modulate
the firing of axonal and dendritic spikes. In Purkinje cells, this is
accomplished by a powerful excitatory input (the climbing fiber)
that is required to evoke dendritic “complex” spikes.'® Most
neurons, however, do not have such clearly specialized input
and presumably rely on other mechanisms, for example,
spatially localized synaptic inputs.'*'® Here, we elucidate the
biophysical basis for differential control over axonal (narrow)
and dendritic (broad) spikes in a well-studied class of electrosen-
sory lobe (ELL) interneuron known as the medium ganglion (MG)
cell. In these cells, narrow spikes are initiated in the axon, have a
low threshold, and are emitted at high rates (~50 Hz), whereas
broad spikes are initiated in the soma or proximal apical den-
drites, have a high threshold, and are emitted at low rates
(~2 Hz)."®'® Narrow spikes constitute the main signaling output
of MG cells (due to their much higher rate), while broad spikes
play a critical role in triggering synaptic plasticity.'®*° As will
be described below, advantageous features of this system allow
the detailed biophysical interplay between narrow and broad
spikes in MG cells to be directly linked to circuit and systems
level function.

aaaaaa

Weakly electric mormyrid fish use both active and passive
electrolocation to detect and localize nearby objects, such as
prey.?" In active electrolocation, the fish senses modulations of
its own electric organ discharge (EOD) pulses, while in the pas-
sive case, a different set of highly sensitive electroreceptors
detects the minute electric fields generated by other organisms.
These two systems operate simultaneously, which raises a prob-
lem for the passive system: active, self-generated EOD pulses
induce large, long-lasting ringing in the passive electroreceptors
that masks the responses to the external fields they are tuned to
detect.? Extensive prior work has shown that this problem is
solved in the hindbrain ELL, where information from electrore-
ceptors is combined with a diverse array of signals, including a
corollary discharge of the fish’s EOD motor command, in order
to cancel responses to self-generated sensory input induced
by the EOD.?*?° Electroreceptors’ afferent nerve fibers project
somatotopically to the deep layers of the ELL (Figure 1A, red),
whereas corollary discharge signals are conveyed to a superfi-
cial (molecular) layer via a granule-cell-parallel fiber system
similar to that found in the cerebellum (Figure 1A, blue).?¢28
These two input streams converge onto both MG cells and excit-
atory output cells. MG cells inhibit the output cells via two sepa-
rate sub-circuits, discussed further in the results. EOD-induced
electrosensory input alters the rate of broad spike firing in MG
cells (Figure 1A, magenta dashed), thereby inducing anti-Heb-
bian plasticity at parallel fiber to MG cell synapses.'®?%?° This
plasticity gradually modifies the strength of the granule cell (cor-
ollary discharge) input, over minutes to hours, forming an
inverted copy or “negative image” (Figure 1A, blue solid). The
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Figure 1. Backpropagating narrow spikes evoke broad spikes
(A) Schematic of negative image formation and transmission in the ELL. Electrosensory input containing both self-generated and external signals is relayed to the
basilar dendrites of MG cells and output cells. For clarity, the schematic traces depict only the self-generated responses due to the fish’s EOD, and note that the

(legend continued on next page)
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negative image cancels the effects of EOD-induced sensory
input on broad spiking, thus restoring the rate of broad spike
firing to a constant (unmodulated) rate of ~2 Hz (Figure 1A,
magenta solid).?**° In vivo recordings have shown (1) that nega-
tive images are also transmitted by the narrow spike output of
MG cells (Figure 1A, blue solid)'? and (2) that the resulting inhibi-
tion contributes to cancelling responses to the EOD at the output
stage of the ELL (Figure 1A, right).'>*"*2 Importantly, however,
these findings remain puzzling as they appear to violate basic as-
sumptions regarding input summation. Because negative im-
ages conveyed by excitatory granule cell input (Figure 1A, blue
solid) cancel the EOD-induced sensory input (Figure 1A, red
dashed), the net input to the MG cell is expected to be constant
and both broad and narrow spike rates are expected to be un-
modulated. This scenario leaves no way for MG cells to transmit
negative images to output cells. Such conflicts between
learning- and signaling-related functions are not specific to the
ELL but would confront any system that relies on anti-Hebbian
(homeostatic) forms of plasticity to predict sensory input (see
discussion).3%34

Here, we provide evidence that this conflict is resolved at the
biophysical level by interactions between inhibitory synaptic
input, backpropagating axonal action potentials, and dendritic
spikes. Specifically, we reveal mechanisms that (1) allow sensory
input to affect broad and narrow spikes differently and (2) allow
anti-Hebbian plasticity to maintain a constant broad spike rate
by enforcing cancellation while simultaneously inducing modula-
tions in narrow spike rate that transmit sensory predictions.

RESULTS

Dendritic spikes are triggered by backpropagating
axonal spikes

We analyzed previously obtained in vivo intracellular recordings
from MG cells and constructed a multi-compartment MG cell
model that recapitulates critical features of MG cell responses.®®
In the model, voltage-gated sodium and potassium channels in
the apical dendrites and at the base of the axon’s initial segment
generate narrow axonal and broad dendritic spikes, similar to
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those in real MG cells (Figure 1C). Given the critical role of broad
spikes in the induction of synaptic plasticity in this system, we
first sought to determine how they are evoked given that MG
cells lack a climbing fiber analog.'®'® Consistent with prior
studies, we observed that broad spikes are invariably preceded
by a narrow spike at a characteristic interval of ~3 ms
(Figures 1B, 1D, S1A, and S1B)."® 836 Although these preceding
narrow spikes could arise simply because broad spikes have a
higher threshold than narrow spikes (a large synaptic potential
that crosses the higher broad spike threshold must first cross
the narrow spike threshold), we hypothesized that the brief de-
polarization due to the backpropagating narrow spike itself
may play a causal role in evoking broad spikes. To investigate
this, we examined the relationship between broad and narrow
spikes in the model. When input currents were adjusted to evoke
the ~50 Hz narrow spike firing and ~2 Hz broad spike firing seen
in vivo, broad spikes in the model cell were always preceded by a
narrow spike at an interval of ~3 ms (Figures 1C, 1D, and S1B).
Blocking narrow spikes by turning off active conductances in the
axonal compartment abolished broad spike firing over a range of
input strengths (Figure 1E), while injecting a brief spike-like de-
polarizing current into the soma (with active conductances in
the axon turned off) evoked broad spikes after a similar delay
(Figure S1C). These results establish a causal role for narrow
spikes in evoking broad spikes in the model. Monitoring the
voltage at various locations revealed that even though the axonal
depolarization resulting from the narrow spike is highly attenu-
ated by the time it reaches the soma (Figure 1F, open arrow-
head), it nevertheless spreads passively into the proximal apical
dendrites where it activates voltage-gated sodium and potas-
sium channels to evoke a local dendritic spike (Figure 1F,
blue). Depolarization from the local dendritic spike then propa-
gates into other apical branches leading to additional spike
initiations at multiple sites throughout the apical dendrite. These
local dendritic spikes sum to produce a broad somatic spike af-
ter a delay of several milliseconds from the triggering narrow
spike (Figure 1F, filled arrowhead; Video S1). Characteristics of
putative apical dendritic MG cell recordings in vivo are consistent
with the model; narrow spikes are smaller and broad spikes are

negative image can only cancel the response to the predicted, self-generated, sensory input. The dashed and solid traces depict responses before and after
negative image formation. Anti-Hebbian plasticity at granule cell synapses onto MG cells sculpts motor corollary discharge input into a negative image (blue
trace), which cancels the effects of the EOD on broad spike firing (magenta trace). Negative images also simultaneously modulate the rate of narrow spike firing
(blue trace) via previously unknown mechanisms that are elucidated here. The ELL also contains a second, parallel sub-circuit (not shown), consisting of a second
MG sub-class (termed BS+) and a second output cell sub-class (termed I-cells). This circuit is similar to the one depicted, but with the polarity of the sensory- and
granule-cell-evoked neural responses reversed.

(B and C) Overlaid intracellular voltage traces from an example MG cell recorded in vivo (B) (also see Figure S1D) and the model cell (C).

(D) Interval between peaks of narrow and broad spikes in recorded (n = 17) and model MG cells.

(E) Effect of eliminating narrow spikes on broad spike firing in the model. Narrow spike F-I curve is also shown.

(F) Left: neurolucida reconstruction of an MG cell used to build the multi-compartment model. Arrows indicate the sites of the membrane voltage recordings
depicting the process of broad spike initiation (right). Open and filled arrows indicate somatically recorded narrow and broad spikes, respectively. Voltage trace
from the axon is truncated for clarity (omitted portion shows that broad spikes trigger an additional axonal spike as shown in Video S1).

(G) Left: membrane potential fluctuations in an MG cell recorded with no bias current (top) and with hyperpolarizing bias current to prevent narrow spiking
(bottom). Red lines indicate the times of the fish’s electric organ discharge command. Right: peak depolarization amplitudes (relative to baseline) are substantially
larger with narrow spikes intact (n = 10, p < 0.001).

(H) Left: example MG cell recording illustrating the relationship between broad spike probability and the peak of the narrow spike immediately preceding the
broad spike. Additional examples are shown in Figure S1G. Right: same display for the model cell.

(I) Narrow spike amplitude depends on the baseline membrane potential (i.e., the point from which the spike arises), but for any given baseline membrane
potential, narrow spikes that precede broad spikes have, on average, a larger amplitude. One example MG cell (left) (and see Figures STH-S1K) and results from
the model cell (right). Each circle represents the average amplitude for the given baseline membrane potential.

See also Video S1.
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narrower in comparison with somatic recordings (Figures S1D
and S1E).

Several lines of evidence suggest a causal role for backpropa-
gating narrow spikes in evoking broad spikes in vivo through a
process similar to that described in the model. First, eliminating
narrow spikes with hyperpolarizing current or a sodium channel
blocker in the recording pipette revealed that peak somatic de-
polarization due to narrow spikes is much greater than that
due to subthreshold input alone (Figure 1G). Second, in vivo
(as in the model), the probability of evoking a broad spike de-
pends strongly on the membrane potential at the peak of the
recorded narrow spike (Figures 1H, S1F, and S1G). Third, in vivo
(as in the model), narrow spikes that immediately precede a
broad spike not only arise from more depolarized potentials (as
would be expected based on the higher threshold for broad
spikes) but also exhibit larger amplitudes than narrow spikes
not preceding a broad spike (Figures 11 and S1H-S1K). Note,
this analysis also shows that the amplitude of backpropagating
narrow spikes depends on the baseline membrane potential,
an effect seen in other systems,® presumably due to the
voltage-dependence of the membrane conductance. Although
these results do not prove a causal role for narrow spikes in
evoking broad spikes, they argue against the alternative possibil-
ities that broad spikes are evoked either by large synaptic events
visible at the soma (Figure 1G) or by strong apical input that does
not propagate to the soma (Figures 1H and 1l).

Sensory input modulates broad but not narrow spiking
We next examined how sensory input affects broad and narrow
spike firing in the multi-compartment model. In vivo studies have
revealed two distinct sub-classes of MG cells, which respond
with opposite polarity to sensory input.’® In BS— cells, the initial
component of the response is a decrease in broad spike rate
(Figure 1A), while in BS+ cells, the initial component of the
response is an increase in broad spike rate. In prior work, in vivo
responses of both MG cell sub-classes were reproduced in the
model under the assumption that broad spikes in BS+ cells are
evoked by dis-inhibition.'? Because implementing this dis-inhib-
itory circuit adds additional complexity to the modeling, we
focused on analyzing the behavior of BS— cells. For clarity, we
consider constant sensory input, but we have verified that all
the results we report apply to time-dependent sensory inputs
matching those in vivo (Figures S2D and S2E).

Adding relatively weak inhibitory input to basilar dendritic
compartments potently reduces the broad spike firing rate with
little effect on the rate of narrow spikes (Figure 2A, inhibition),
consistent with prior in vivo recordings.'? Measuring membrane
potential values in the somatic compartment of the model re-
vealed that inhibition results in narrow spikes reaching less
depolarized levels at their peaks (Figure 2B, red; Figure S2A),
so that the broad spike threshold is rarely crossed (Figure 2B,
gray and dashed line). The increased conductance due to the
inhibitory input reduces the peak membrane potential by attenu-
ating the passive spread of the narrow spike from the axon’s
initial segment, as seen in the small reduction in the amplitude
of the narrow spike at the soma (~0.75 mV; Figures 2C and
2E, red; Figure S2B; see STAR Methods for analytical results).
The effects of inhibitory input on the baseline membrane poten-
tial and the narrow spike rate are negligible because the narrow
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spike threshold (~—64 mV) is near the reversal potential for inhi-
bition (—65 mV in the model). No further fine-tuning of parame-
ters is required to produce the results we report and, in fact, as
we show later, the basic effects can be reproduced in a simple
two-compartment model.

Reconciling the effects of plasticity on broad and narrow
spikes

We have shown that modulating the amplitude of backpropagat-
ing narrow spikes has a differential effect on broad and narrow
spiking. We now examine the effects of plasticity on these two
spike types. The dynamics of anti-Hebbian spike-timing-depen-
dent plasticity acting on realistic granule cell corollary discharge
inputs have been extensively characterized and modeled.'®-263°
Because the focus here is on the consequences of these well-
characterized plasticity dynamics on narrow and broad spike
firing (rather than on the plasticity mechanism itself), we simply
reproduce the known effect of this plasticity in our model rather
than modeling it explicitly. In other words, we set the strengths
of excitatory conductances onto apical dendrites to cancel
the effects of inhibition on the broad spike rate (Figure 2A,
cancellation).

As shown in the previous section, adding sensory input to an
MG cell that initially received no such input temporarily lowers
the broad spike rate from its baseline value. Mimicking plasticity
at granule cell synapses returns the broad spike rate to this base-
line value by restoring the membrane potential at the peak of the
backpropagating narrow spike close to its original value (Fig-
ure 2B, cyan; Figure S2A). At the same time, the added granule
cell excitatory input generated by the plasticity increased the
narrow spike rate (Figure 2A, cancellation). This increase is
what allows MG cells to transmit the negative image they
compute to output cells of the ELL. However, the fact that after
plasticity, narrow spiking—but not broad spiking—has
increased, raises a question. We have shown that narrow spikes
evoked broad spikes, although with a low probability given the
difference in background rates (~50 Hz for narrow and ~2 Hz
for broad spikes). After plasticity, there are more narrow spikes,
but not more broad spikes. How is this possible if, as we claim,
narrow spikes generate broad spikes?

We have shown that the average membrane potential at the
peak of the backpropagating narrow spike is brought back to
its initial, pre-input, value by plasticity. However, the reduction
in the backpropagating narrow spike amplitude caused by
inhibition is not reversed (Figure 2C, cyan; Figure S2B). Instead,
the peak height is restored because the smaller amplitude back-
propagating spike rides on top of a depolarization of the under-
lying membrane potential (Figures 2D and 2E, cyan; Figure S2C).
This baseline depolarization is what drives the increase in narrow
spike firing, thereby transmitting the negative image to down-
stream neurons (Figure 2A, cancellation). Analytical results sug-
gest that the same mechanism operates in BS+ cells, under the
assumption that broad spikes are evoked by dis-inhibition
(Figure S2F).

An equivalent explanation for this phenomenon can be con-
structed by expressing the broad spike rate, Rys, as the product
of two factors, the probability of a narrow spike evoking a broad
spike, p, and the rate of narrow spikes, r,s: Rps = p-I'ns. The factor
p reflects the functional coupling between backpropagating
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Figure 2. Biophysical model of negative image formation and transmission

(A) Narrow and broad spike rates under three conditions used to simulate the formation and transmission of negative images in the model (see main text). To
simplify model analysis, we use step-like changes in sensory and corollary discharge input rather than simulating the temporal response profiles observed in vivo
Figure S2 (Figures S2D and S2E). This is equivalent to plotting the peak of the responses schematized in Figure 1A.

(B) Peak membrane potential of backpropagating narrow spikes for the input conditions shown in (A). Gray line indicates the broad spike threshold. The distance
from the gray line to the dashed blue line is approximately one standard deviation from the mean value of the membrane potential at the peak of the narrow spike
(this value is similar across conditions). This illustrates that the change in the peak of the narrow spike due to sensory inhibition drives the membrane potential far

from the threshold, explaining the large reduction in broad spike rate.

(C) Backpropagating narrow spike amplitudes for the input conditions shown in (A).

(D) Baseline membrane potentials for the input conditions shown in (A).

(E) Example voltage traces from the model illustrating how membrane potential depolarization (cyan) allows narrow spikes to cross the threshold for evoking a
broad spike (dashed line), despite the reduction in narrow spike amplitude due to inhibition (red).

(F) Inhibition (red) reduces probability of evoking a broad spike (p), such that an increase in narrow spike rate is required to restore the broad spike rate to
equilibrium (dashed line). This increase is proportional to the negative image. Equilibria for the two conditions are where the dashed and solid curves cross.

See also Figure S3.

narrow spikes and broad spikes (similar to the “safety factor”
described in classical studies of initial segment-somatodendritic
spike coupling®’°). Sensory input selectively affects the broad
spike rate by reducing the value of p. Although narrow spike peak
voltage is the dominant factor affecting p (Figure 1H), other fac-
tors may also contribute (Figure S3). Specifically, suppose that
the broad spike rate Ry = p-Is is at its equilibrium value in the
absence of sensory input, with p = pg. Introducing inhibition
due to sensory input reduces p, causing the broad spike rate
to decrease. Synaptic plasticity restores the broad spike rate
by returning p-r.s, and thus Ry, back to its equilibrium value
(Figure 2F, dashed line). However, through this process p is

not restored to its previous value po, but instead remains smaller
than pg. Thus, the broad spike rate is restored to its equilibrium
value despite an increase in r,,s, the narrow spike rate (Figure 2F).

Negative image formation and transmission in vivo

The model makes two key predictions regarding negative image
generation and transmission that we tested using in vivo intracel-
lular recordings from both BS— and BS+ type MG cells obtained
previously.'? Note that for BS+ cells, both the sign of the broad
spike response to the sensory input and the sign of the negative
image are reversed. First, sensory input is hypothesized to
decrease (in BS— cells) or increase (in BS+ cells) the amplitude
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of narrow spikes recorded in the soma. Second, the plasticity of
granule cell (corollary discharge) input is hypothesized to cancel
the effects of sensory input on the broad spike rate by changing
the underlying membrane potential (rather than by reversing the
effects of sensory input on narrow spike amplitude). Comparing
narrow spike amplitudes in time windows when broad spike
firing was modulated by an electrosensory stimulus versus con-
trol windows, revealed that the sensory stimuli that suppressed
broad spiking reduced the amplitude of backpropagating narrow
spikes, while stimuli that enhanced broad spiking increased this
amplitude (Figures 3A-3C and S4A). These results directly sup-
port the first hypothesis.

To test prediction 2 concerning the changes in baseline mem-
brane potential, we examined narrow spike amplitudes during
the formation of negative images induced by pairing an electro-
sensory stimulus with the motor command that discharges the
electric organ.®’ These experiments utilize an immobilized prep-
aration in which emission of the EOD is blocked but in which fish
continue to spontaneously emit the EOD motor command (which
can be recorded extracellularly near the tail) at a rate of ~2-
5 Hz.®" This analysis was only possible for BS+ cells because
of the faster time course of cancellation in these cells and the
technical difficulty of maintaining stable intracellular recordings
of sufficient quality to analyze changes in spike amplitude.'?
As expected, cancellation of sensory-evoked increases in broad
spike firing was driven by a temporally specific hyperpolarization
of the underlying membrane potential (Figure 3D, inset). Impor-
tantly, sensory-evoked changes in narrow spike amplitude
were not reversed as negative images formed, a critical feature
for our model of negative image transmission (Figures 3D,
S4D, and S4E). In fact, the amplitude of backpropagating narrow
spikes actually increased due to the prominent inverse correla-
tion of the narrow spike amplitude and the baseline membrane
potential (Figure 11). This effect amplifies the mechanism identi-
fied in the model, leading to even more robust negative image
transmission by narrow spikes (Figures S4F and S4G). Defining
AAmp as the change in narrow spike amplitude due to sensory
input and S as the slope of the relationship between narrow spike
amplitude and the baseline membrane potential (Figures S4B
and S4C), the learned negative image is equal to —AAmp/(1 +
S). Our data suggest a value for S of ~—4.1% (1/mV) (Figure S4B;
see STAR Methods for the derivation of this value), which corre-
sponds to —0.5 for a typical 12-mV narrow spike recorded in the
soma. Hence, the negative image generated by a 3% narrow
spike amplitude change (Figure 3C) is expected to be 0.35 mV/
(1 — 0.5) = 0.7 mV. Based on measured dependence of the nar-
row spike firing rate on membrane potential (Figures 3E and 3F),
this amounts to an ~25-Hz change in narrow spike rate, which is
comparable in magnitude to negative images recorded in vivo.'?

Axonal, but not dendritic, compartmentalization is
required for MG cell function

The differential effect of sensory input on broad and narrow
spikes might suggest that spatial targeting of synaptic inputs
onto MG cells is essential for generating and transmitting nega-
tive images. We tested this by varying the location of the inhibi-
tory sensory input in the model. Surprisingly, sensory inhibition
onto the proximal apical dendrites (Figure 4A) or soma (Figure 4B)
yielded similar model performance as did sensory inhibition onto
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basilar dendrites (Figure 2A). In both cases, sensory inhibition
robustly decreased broad spike firing with little effect on narrow
spike firing (Figures 4A and 4B, inhibition), and the addition of
excitatory granule cell (corollary discharge) input to the apical
dendrites cancelled the effects of sensory input on the broad
spike rate while simultaneously modulating narrow spike output
(Figures 4A and 4B, cancellation). Furthermore, if a mixture of
excitatory and relatively strong inhibitory sensory inputs are
delivered to the basilar dendrites, the narrow spike firing rate is
also increased (due to an increase in baseline membrane poten-
tial), while broad spike firing is decreased (due to a decrease in
narrow spike amplitude) (Figure 4C), matching prior in vivo ob-
servations.'? These results suggest that neither spatially segre-
gated synaptic inputs nor dendritic compartmentalization are
strictly required for differential control over broad and narrow
spikes.

To test this further, we constructed a simple conductance-
based integrate-and-fire model with only two compartments,
representing an axon and a soma. In this model, a realistic
shaped action potential is inserted in the axon when the narrow
spike threshold is reached and then backpropagates to the
soma. When the soma reaches a high threshold value, this re-
sults in the firing of a broad spike (Figure 4E; STAR Methods).
Remarkably, the same qualitative results described for the
morphologically realistic multi-compartment model were repro-
duced by the attenuation of the backpropagating axonal narrow
spike in the somatic compartment (Figures 4D-4F). Although this
result in no way excludes important functional roles for the
numerous morphological, synaptic, and biophysical specializa-
tions of real MG cells, it suggests a minimal set of essential bio-
physical requirements for differential control of narrow and broad
spiking.

DISCUSSION

An essential role for axonal compartmentalization

An action potential that arrives at the soma highly attenuated
might seem an unlikely candidate for impacting dendrites. We
find, to the contrary, that the small size of backpropagating
axonal spikes in MG cells makes them susceptible to modulation
and therefore an ideal candidate for flexibly controlling dendritic
events. Importantly, the amplitude of backpropagating action
potentials is much more sensitive to synaptic input®>*%®*' than
rates of action potential generation. This provides a mechanism
for precise and, importantly, differential control of axonal and
dendritic spikes that supports their separate functions. Whereas
discussion of neuronal compartmentalization typically focuses
on dendritic structure,”"'>*? our work provides a case in which
the separation of the axon from the soma and dendrites is the
essential element. Although in our models this separation is
based on the high resistance between axonal and somatic com-
partments and the generation of the axonal spike at the base of
the axon initial segment, additional specializations (and potential
sites of regulation) are likely to exist in real cells.*® For example,
studies of medium superior olive neurons in the mammalian
auditory brainstem provide evidence that the precise subcellular
localization and inactivation properties of voltage-gated sodium
channels contribute to the electrical isolation of the axon’s initial
segment from the soma and dendrites.***°
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Figure 3. Negative image formation and transmission in vivo

(A) Example BS— MG cellillustrating a decrease in the backpropagating narrow spike amplitude in a time window when broad spike firing is transiently decreased
by an electrosensory stimulus (red) compared with a window in which the broad spike rate is not modulated (black). Inset here and in (B) identifies these analysis
windows and shows the average broad spike response to the electrosensory stimulus (black triangle).

(B) Example BS+ MG cell illustrating an increase in the backpropagating narrow spike amplitude in a time window when broad spike firing was transiently
increased by an electrosensory stimulus (magenta).

(C) Summary of the effects of sensory stimuli on narrow spike amplitude across MG cells (n = 15 decrease, n = 13 increase, p < 0.001). Middle bar (control) shows
results of analysis comparing amplitudes in two windows in which broad spike rates were not modulated (the two windows are separated by the gray dashed line
in insets A and B).

(D) Changes in membrane potential at the peak of the narrow spike (Apeak), narrow spike amplitude (Aamplitude), and the baseline membrane potential pre-
ceding narrow spikes (Abaseline MP) during pairing (~4 min) of an electrosensory stimulus with the electric organ discharge motor command (comd) to induce
negative image formation and sensory cancellation in BS+ cells (n = 10). Inset right, traces from an example cell illustrating the initial sensory-evoked increase in
broad spike firing (black, average of first 100 paired trials) along with the resulting change in the membrane potential (with spikes removed), which forms an
approximate negative image of the effects of the paired sensory input on broad spike firing (magenta, average of final 100 minus first 100 paired trials). Inset left,
illustration of the pairing paradigm.

(E) Narrow spike rate versus membrane potential plotted for one example cell. Dashed line is the linear fit. Inset, trial-averaged membrane potential (with spike
removed) and corresponding narrow spike rate for the same cell.

(F) Average slope of narrow spikes to membrane potential changes across MG cells (n = 17) calculated based on the range of the curves shown in (E). The red dot
corresponds to the example cell in (E).

See also Figure S4.

Limitations of the study and future directions the effects we describe. Direct measurements may be possible
We posit a key functional role for small (<1 mV) changes in in the future as high-speed in vivo voltage imaging technologies
backpropagating narrow spike amplitude. Measuring such become more refined. One goal for future modeling work is to
changes with single microelectrode recordings in vivo is chal- identify biophysical features that amplify the effects of sensory
lenging and does not directly reveal the attenuation of the input on narrow spike backpropagation and/or reduce noise.
spatial spread of depolarization that is hypothesized to underlie  Although such effects may not be visible in somatic recordings

Current Biology 33, 2657-2667, July 10, 2023 2663




¢? CellPress Current Biology

corollary discharge A B c
sensor H H R P Slige
y apical inhibition somatic inhibition mixed inputs
—0 2o 2f 2 2t
&L
-‘3% 1t 1t 1t
—0 _‘5 ~
o+ ok (Ve
100
_._o .
apical Q 5
somatic 'p— é_ﬁ 60 100
Lo ] »
initial ——» = 40 }
2 o 50F
S 50 |
5= 20 |
mixed c
(VR ot ok
D two compartments
2r initial
corollary discharge o __ el
sensoryy ¢ EE i - =inhibition
0w = 1
«— B2 [
°© — s® |
Ne)
0 L —_—
100
axon [0}
aN
s
2 o 50f
g : .
2
ol |
& & Qo
R &° o 60
L ‘-\\o\ N time (ms)
QO (\0
@
_ — initia
F initial
502k inhibition <
—— cancellation [S
12.4} T -63
= 5
L > =
/>\—50.6 E <3
E 2 2
i~ S ©
g = 122 £ 634
= 12.2f 634}
2 s g 5
®© €
(0]
£
514 —— broad spike threshold %
14T —— 1 standard deviati
stanaart eviation 12 o 638l

Figure 4. Negative image formation and transmission does not require dendritic compartmentalization

Left: schematic indicates locations of corollary discharge (blue) and sensory (red) inputs used in the different simulation conditions (A-C). Black arrow (initial)
indicates location of inputs used to establish in vivo-like baseline rates of narrow and broad spike firing.

(A and B) Inhibition onto proximal apical dendrites (A) or soma (B) results in the formation and transmission of negative images in the multi-compartment model.
(C) Amixture of excitatory and inhibitory inputs decreases the firing rate of broad spikes while increasing narrow spike firing. Cancellation of broad spike inhibition
results in a further increase of narrow spike firing.

(legend continued on next page)
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and were not systematically analyzed here, we note that noise
due to background synaptic input in the multi-compartment
model is comparable to (or larger) than in somatic recording
from MG cells (Figure 1B). It is also important to consider
that negative images themselves are relatively small at the level
of the subthreshold membrane (typically <1.5 mV)'? and that
their physiological effects are significantly amplified at the level
of axonal spike generation (Figures 3E and 3F).

One goal for future studies is to characterize the circuitry within
the ELL that transmits sensory input (the “target” for learning in
the ELL) to different sub-classes of MG and output cells. Excit-
atory afferent nerve fibers conveying input from passive electrore-
ceptors on the skin terminate in the deep layers of the ELL.
Although their exact termination patterns are unknown, they likely
include the basilar dendrites of MG and output cells as well as a
large population of small interneurons, known as granular cells,
with diverse axonal and dendritic morphology.*® Interestingly,
most granular cells appear to be inhibitory,*”*® providing a poten-
tial anatomical substrate for the inhibitory and dis-inhibitory con-
trol over broad spikes that is critical for the mechanisms proposed
here. A second goal is to characterize recurrent inhibitory connec-
tions between MG cells.*® The present results suggest that the
impact of such recurrent connections on sensory cancellation
will depend not only on the structure of the connectivity between
the two MG sub-classes but also on its relative impact on broad
versus narrow spikes. Although our compartmental modeling indi-
cates that inhibition targeted to the soma or basilar dendrites
selectively affects broad spikes, the axon’s initial segment is
also a common target of inhibition that we have yet to explore in
the model. Serial section electron microscopy is currently being
used to map ELL circuitry at the high level of resolution required
to address these issues.

Implications for other systems

The convergent evolution of cerebellum-like structures in
different vertebrate groups allows for a comparative perspective
on the present findings. Anti-Hebbian forms of plasticity at par-
allel fiber synapses are present in all cerebellum-like structures
that have been examined.?*?” Some cerebellum-like structures,
such as the ELL of South American gymnotiform fish and the dor-
sal octavolateral nucleus of elasmobranchs, appear to lack MG
cell analogs. In these structures, the main site of anti-Hebbian
plasticity is at parallel fiber synapses onto glutamatergic output
neurons.?>*°*! Because negative images cancel sensory re-
sponses cell autonomously in these systems (i.e., within the
output neurons themselves), separate control over axonal and
dendritic spikes is not needed. Interestingly, a different form of
coupling between axonal and dendritic spikes has been
described for output neurons of the gymnotid ELL. In these
cells, backpropagating axonal spikes generate a depolarizing
afterpotential that triggers the dendritic spike bursts required
for synaptic plasticity induction.®® Regulation of this coupling
by synaptic input has been implicated in novelty detection®®

¢ CellP’ress

and gain control.>* Cartwheel cells in the mammalian dorsal
cochlear nucleus, on the other hand, exhibit a number of striking
similarities with MG cells, including anti-Hebbian spike-timing-
dependent plasticity at parallel fiber synapses and distinct
axonal and dendritic spikes.>>™>’ Prior work has provided evi-
dence for the cancellation of self-generated sounds in output
cells of the dorsal cochlear nucleus.®® However, as cartwheel
cells lack direct auditory nerve input (equivalent to the electro-
sensory input to the basilar dendrites of MG cells), additional
studies are required to determine whether they generate nega-
tive images of predictable auditory input. Finally, in both the mor-
myrid ELL and the dorsal cochlear nucleus, synaptic plasticity
exists both at granule cell synapses onto inhibitory Purkinje-
like cells and excitatory output cells. The existence of multiple
sites of synaptic plasticity is also well-characterized in the cere-
bellum itself.>® Understanding whether and how multiple sites of
plasticity improve sensory cancellation in the mormyrid ELL is an
important goal for future work.

Anti-Hebbian plasticity provides a powerful mechanism for
generating predictions of synaptic input. However, because the
stability and accuracy of anti-Hebbian learning relies on a cancel-
lation process, such plasticity seemingly precludes the transmis-
sion of learned signals to other neurons or processing stages.
Anti-Hebbian and related homeostatic forms of plasticity have
been reported in the striatum® and neocortex®'*®® and hence
may be involved in predictive processing outside of cerebellum-
like structures. For example, predictive coding models of the sen-
sory cortex posit that pyramidal neurons compute sensory predic-
tion errors by comparing bottom-up sensory input with top-down
predictions transmitted from higher cortical regions.®® Although
anti-Hebbian plasticity at inhibitory synapses onto pyramidal cells
is hypothesized to underlie the computation of prediction errors in
sensory cortical neurons,**** the problem of how the predictions
themselves are generated and transmitted between cortical layers
or regions remains to be addressed. Our studies of MG cells
suggest that this problem can potentially be resolved by an indi-
vidual neuron endowed with anti-Hebbian plasticity and separate
axonal and somatodendritic sites of action potential initiation.
If the input to be predicted is conveyed via synaptic inhibition
(dis-inhibition), it can alter the dendritic spike rate without
substantially impacting the axonal spike rate by reducing
(increasing) the amplitude of a passively backpropagating axonal
spike. If anti-Hebbian plasticity is a function of the presynaptic
input and the dendritic spike rate, the learned signal is not
cancelled by the sensory input but, rather, can be effectively trans-
mitted via changes in the axonal spike rate. Given its minimal bio-
physical requirements, core features of this mechanism could be
widely used to transmit learned predictive signals.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

(D) Formation and transmission of negative images can also be achieved in a simplified two-compartment model in which all the inputs are at the soma (left

diagram).

(E) Trace from the two-compartment model showing the reduction of backpropagating narrow spike amplitude by inhibitory input. Dashed line is the broad spike

threshold.

(F) Mechanism of negative image formation and transmission in the two-compartment model is the same as in the realistic model (cf. Figures 2B-2D).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper; Mendeley Data https://doi.org/10.17632/47nsb6x7nr.1

MG Cell morphology, simulation This paper and Muller et al. (2019)'%; ModelDB ModelDB: http://modeldb.yale.edu/267596

and analysis code of biophysical model

Experimental models: Organisms/strains

Gnathonemus petersii Wild-born fish caught in Africa N/A

Software and algorithms

Spike2 Cambridge Electronic Design http://ced.co.uk/

MATLAB MathWorks https://www.mathworks.com
NEURON Carnevale and Hines (2006)* https://www.neuron.yale.edu/neuron/
Python3 Python https://www.python.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for data should be directed to and will be fulfilled by the Lead Contact, Nate Sawtell (ns2635@
columbia.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability

® Model code is available at: ModelDB: http://modeldb.yale.edu/267596
o Data and data code are available at Mendeley Data: https://doi.org/10.17632/47nsb6x7nr.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Male and female Mormyrid fish (7-12 cm in length) of the species Gnathonemus petersii were used in these experiments. Fish were
housed in 60 gallon tanks in groups of 5-20. Water conductivity was maintained between 40-65 microsiemens. All experiments per-
formed in this study adhere to the American Physiological Society’s Guiding Principles in the Care and Use of Animals and were
approved by the Institutional Animal Care and Use Committee of Columbia University.

For surgery to expose the brain for recording, fish were anesthetized (MS:222, 1:25,000) and held against a foam pad. Skin on the
dorsal surface of the head was removed and a long-lasting local anesthetic (0.75% Bupivacaine) was applied to the wound margins.
A plastic rod was cemented to the anterior portion of the skull to secure the head. The posterior portion of the skull overlying the ELL
was removed and the valvula cerebelli was reflected laterally to expose the eminentia granularis posterior (EGp) and the molecular
layer of the ELL, facilitating whole-cell recordings from the ventrolateral zone of the ELL. Gallamine triethiodide (Flaxedil) was given at
the end of the surgery (~20 ng/cm of body length) and the anesthetic was removed. Aerated water was passed over the fish’s gills for
respiration. Paralysis blocks the effect of electromotoneurons on the electric organ, preventing the EOD, but the motor command
signal that would normally elicit an EOD continues to be emitted at a rate of 2 to 5 Hz.

METHOD DETAILS
Electrophysiology
The EOD motor command signal was recorded with a Ag-AgCl electrode placed over the electric organ. The command signal is the

synchronized volley of electromotoneurons that would normally elicit an EOD in the absence of neuromuscular blockade. The com-
mand signal lasts about 3 ms and consists of a small negative wave followed by three larger biphasic waves. Onset of EOD command

el Current Biology 33, 2657-2667.e1-e4, July 10, 2023


mailto:ns2635@columbia.edu
mailto:ns2635@columbia.edu
http://modeldb.yale.edu/267596
https://doi.org/10.17632/47nsb6x7nr.1
https://doi.org/10.17632/47nsb6x7nr.1
http://modeldb.yale.edu/267596
http://ced.co.uk/
https://www.mathworks.com
https://www.neuron.yale.edu/neuron/
https://www.python.org/

Current Biology ¢? CellP’ress

was defined as the negative peak of the first large biphasic wave in the command signal. For pairing experiments, the EOD mimic was
presented 4.5 ms following EOD command onset. Recordings were started ~1 hour after paralysis.

Methods for in vivo whole-cell recordings were the same as in prior studies of the mormyrid ELL."?° Briefly, electrodes (8-15 MQ)
were filled with an internal solution containing, in mM: K-gluconate (122); KCI (7); HEPES (10); Na2GTP (0.4); MgATP (4); EGTA (0.5),
and 0.5-1% biocytin (pH 7.2, 280-290 mOsm). No correction was made for liquid junction potentials. Membrane potentials were re-
corded and filtered at 10 kHz (Axoclamp 2B amplifier, Axon Instruments) and digitized at 20 kHz (CED micro1401 hardware and
Spike2 software; Cambridge Electronics Design, Cambridge, UK). Only cells with stable membrane potentials more hyperpolarized
than -40 mV and broad spike amplitudes >40 mV were analyzed. In contrast to broad spikes, narrow spike amplitude varied across
recordings from ~15 mV (similar to values obtained from somatic recordings in vitro) to indistinguishable from subthreshold synaptic
events. The latter, which were typically obtained at more superficial recording depths corresponding to the ELL molecular layer, were
classified as putative apical dendritic recordings (see Figure S1D).

Electrosensory stimulation

The EOD mimic was a 0.2 ms duration square pulse delivered between an electrode in the stomach and another positioned near the
electric organ in the tail. The amplitude was 25-50 pA at the output of the stimulus isolation unit (stomach electrode negative). Re-
cordings from ampullary afferents showed that firing rate modulations evoked by this mimic are within the range of those induced by
the fish’s natural EOD.?? We use the terms sensory input or sensory response to refer to the effect of the mimicked electric field on the
ELL. Because we do not include prey-like electric fields the sensory input we discuss is entirely predictable on the basis of the EOD
command signal and is therefore entirely uninformative to and 'unwanted’ by the fish. Thus, we consider a situation where the ELL
attempts to cancel all of its sensory input. It is important to appreciate that, in a natural setting, the mechanisms we analyze would
only cancel the predictable self-generated component of the sensory input, leaving the unpredictable inputs of interest to the fish
intact. To isolate responses to sensory versus corollary discharge we analyzed periods in which sensory stimuli were delivered in-
dependent of the EOD motor command. In some cases, sensory responses were isolated from periods in which the sensory stimuli
were paired with the EOD motor command by off-line subtraction of responses to the EOD motor command alone.

Biophysical model

The compartmental model was based on a morphological reconstructed MG cell and consisted of 78 compartments further divided
into 230 segments. '? Simulation of cell activity was done using NEURON software and a Python 3 wrapper.®* Voltage gated Na+ and
K+ channels inserted in the apical dendrites and axon are Hodgkin-Huxley type channels. Temperature was set to 20° Celsius. The
attenuation of axonal spikes in the model arises simply due to the resistance between axonal and somatodendritic compartments
and limiting the density of voltage gated channels at the axon initial segment (AIS). Voltage-gated channel conductances were
adjusted (see below) to achieve the higher spike threshold for broad versus narrow spikes that is observed experimentally.

Values of biophysical parameters for the different compartments

leakage reversal Capacitance
g/ (S/cm?) potential (mV) axial resistance (Qcm) (uF/cm?) Ona (S/cm?) 9k (S/cm?)
axon 0.0003 -65 100 1 4 0.5
AIS 0.0003 -65 100 1 0.168 0.05
apical 0.0003 -65 100 1 0.1 0.008
rest 0.0003 -65 100 1 0 0

Inthe table above, ‘rest’ includes the soma, the somatic-connected apical compartment and all basal dendrite compartments. g, is
leakage conductance. gy,,and gx are the maximal conductances of the sodium and potassium channels, respectively.

To drive baseline spiking in the model cell (the condition we term initial), we injected Gaussian current noise into the soma (0.5 ms
timesteps) with a standard deviation chosen to evoke ~50 Hz narrow spike firing and ~2 Hz broad spike firing. To drive excitatory and
inhibitory responses we added synaptic conductances with properties resembling AMPA and GABA(A) receptors.®® Reversal poten-
tial of the AMPA and GABA(A) conductances are 0 mV and -65 mV, respectively. The AMPA excitatory input was inserted into all
apical dendrite compartments (49 compartments, 175 segments). The AMPA and GABA(A) inputs were constant, with each relevant
compartment receiving a synaptic input with timing onset (in units of ms) ~ N/ (t;, 5?)wheret; € [0, 10, 20, 30 .... T] (we used T = 50000).
For basal dendrites inhibition (21 compartments, 45 segments), conductance was 0.1 uS and excitatory conductance was 7.65e-
5 uS. For somatic inhibition, conductance was 0.04 uS and excitatory conductance was 1.85e-5 uS. For apical inhibition, conduc-
tance was 0.01 uS and excitatory conductance was 7.1e-5 uS. Apical inhibition was inserted into proximal apical compartments (11
compartments, 19 segments) defined as those whose center is within 100 umof the center of the soma. For the mixture of excitatory
and inhibitory input into the basal dendrites (Figure 4C), inhibition conductance was 0.18 uS and excitatory conductance was 1e-
3 uS. Cancellation of the mixture of inputs was achieved by adding AMPA into the apical dendrites and conductance was set to
7.8e-5 uS. A small Gaussian noise was added to the conductance of each synaptic input.

Current Biology 33, 2657-2667.e1-e4, July 10, 2023 e2




¢? CellPress Current Biology

Dependence of somatic spike amplitude on synaptic conductance (analytical results)

Figures 2C and 2E show a reduction of the amplitude of the backpropagating narrow spike due to the introduction of an inhibitory
synaptic conductance. To analyze this effect, we consider a conductance-based model of a somatic compartment connected to
a spike-generating axon. The somatic membrane potential is described by

CuV = =gV —E) — ga(V — Valt)) — geV — gi(V — E)

with ¢, the specific membrane capacitance, g, and E, the leakage conductance and reversal potential, g, the conductance from the
axon to the soma, g; and E; the inhibitory conductance and reversal potential, and g the excitatory conductance (the excitatory
reversal potential is set to 0). The axonal membrane potential, V,, is,

Ta

Va(t) = E+A; exp(—i)

where A, is the fixed amplitude of the axonal action potential and E = (g|E, + giEj)/( 91+9e+3)) is the resting potential of both the soma
and axon. Note that we model the backpropagating action potential as decaying exponentially with fixed time constant , from a peak
voltage of E + A, to the equilibrium potential E. We assume that the membrane potential starts out at time 0 at the value V(0) = E. Then,

fort > 0,
- _YaTahla IR _t
V(i) = E en( — 1) (exp( 7) exp( Ta))

where 7 = Cp /(gr ga + Je + g) @nd r = 74 /7.
From this, the peak of the backpropagating action potential in the soma occurs at time
Taln (r)
r—1

tmax -

and its amplitude A = V(t,a) - E is

Any conductance increase, whether inhibitory or excitatory, will increase r, and the factor r = isa decreasing function of r. Thus,
the backpropagating spike amplitude decreases when sensory evoked synaptic conductances are activated and increases if inhib-
itory or excitatory conductance decreases.

Two compartment model
Conductance based integrate-and-fire model was used for the two compartment model (Figure 4D). The equations for somatic and
axonal membrane potential are:

CmVs = —Qi(Vs — E1) — 9i(Vs — Ei) — Ge(Vs — Ee) — gc(Vs — Va(t)) +1e

Cm‘/a = —Q/(Va - EI) - gc(va - Vs(t))

Where c,, is the specific membrane capacitance g is the leakage conductance, g. is the intercompartment conductance and g; and
ge are the inhibitory and excitatory conductances respectively. I, is external current (with Gaussian noise) and is set to produce
~50 Hz narrow spike and ~2 Hz broad spike rates. When the axon reaches the threshold for axonal spike, a spike shape plus a re-
fractory period (7ms) is imposed in the axon. Broad spike rate was determined by the number of times the backpropagating axonal
spike reached a high threshold in the soma (this threshold was defined as the 97th percentile of the backpropagating spike-peak in
the initial period). The shape of the added action potential = 1/2e-3 (exp(-t/0.3)-exp(-t/0.2))

Measuring narrow spike amplitude differences
Quantifying narrow spike amplitude differences induced by sensory input is complicated by the strong dependence of narrow spike
amplitude on baseline membrane potential observed in vivo (negative slope in Figure 11). To account for this effect, we fit the slope of
the relationship between narrow spike amplitude and baseline membrane potential and report the difference across conditions in the
bias of these slopes. Similarly, to measure difference between expected and actual amplitude (Figure S4A) we first fit a slope to the
relationship between amplitude and baseline membrane potential across all periods and then measure the distance from the fit.
We hypothesize (Figures STH and S1l) that the attenuation of the backpropagating narrow spike amplitude is linearly proportional
to the amplitude:

AMP, = (1 — AJAMP;
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Where A is a constant representing attenuation, and subscripts 1 and 2 represent location relative to the soma where 1 is closer to the
soma than 2. Thus, AMP, and AMP, represent amplitudes at compartments 2 and 1 respectively.
Then, if we divide by the average recorded mean we have the following equality:

mean(AMP;) - (1 — A)mean(AMP;) mean(AMP;)

AMP?voke _ AMP?On*eVOKe (1 _ A)AMP?VOke _ (1 _ A)AMP?on—evoke AMngoke _ AMPrQ\on—evoke

The average narrow spike amplitude differs widely across recordings (see Figure S1D), presumably due to recording location in the
soma versus the proximal apical dendrites. Hence, to compare differences in narrow spike amplitude evoked by sensory stimuli
across recordings we report the percentage change in narrow spike amplitude relative to the average narrow spike amplitude for
each cell. The same reasoning applies to analysis of the relationship between amplitude and baseline membrane potential across
different cells (Figure S4A).

F-1 curve for narrow spikes
The fit between membrane potential and spike rate is approximately linear (see example in Figure 3E). To minimize the effect of out-
liers we quantify the change in rate/mV as:

max(Nspk rate) — min(Nspk rate)
max(MP) — min(MP)

Determining windows of interest in Figure 3

As expected based on the recorded responses of ampullary afferents to brief (EOD-like) electrosensory stimuli,”? peak modulation of
broad spikes rate was observed 10-50 ms following the electrosensory stimulus. Thus, we limited the search for peak and trough
broad spike responses to this window. For each period, we calculated average broad spike rate after smoothing with a 10 ms
gaussian kernel. If peak broad spike response within 10-50 ms following the stimulus time was larger than 3 Hz, we defined the
excitatory response window to be from 10 ms before to 5 ms following the broad spike peak response and analyzed amplitude
and baseline membrane potential of narrow spikes within this window. Inhibitory responses were quantified in a 15 ms window
following the initial stimulus-locked decrease in broad spike rate defined as reaching 0 broad spike rate. As the broad spike
responses to electrosensory stimulus were minimal after 120 ms, we defined a period 120-160 ms after the stimulus as the ‘unmod-
ulated’ window. For the ‘control’ analysis in Figure 3C, we compared amplitude and baseline membrane potential of narrow spikes
occurring in windows 120-140 ms versus 140-160 ms after the stimulus. For ‘late’ and ‘early’ analysis in Figure 3D, we analyzed pe-
riods in which electrosensory input was paired with the EOD at least 300 times and then defined the last 100 trials as ‘late’ and first
100 as ‘early’ to measure the changes resulting from the pairing.

Measuring in vivo changes due to cancellation (Figure 3D)

The recorded peak, amplitude and baseline membrane potential of in vivo narrow spikes may change over the course of the recording
(e.g. due to changes in recording quality). Therefore, we measured differences relative to a control window within the same recording
period:

late — early = (test window — control window)(late) — (test window — control window)(early)

QUANTIFICATION AND STATISTICAL ANALYSIS

Software used and general statistical methods

Data were analyzed off-line using Spike2 (Cambridge Electronic Design) and custom Matlab code (Mathworks, Natick, MA). Biophys-
ical model analysis was performed using custom Python3 code. Non-parametric tests were used for testing statistical significance.
Unless otherwise indicated, we used the two-sided Wilcoxon rank sum test for unpaired samples and the Wilcoxon signed ranks test
for paired samples. Differences were considered significant at P < 0.05. 3 stars indicate a P < 0.001
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