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A B S T R A C T   

How neural populations encode sensory input to generate behavioral responses remains a central 
problem in systems neuroscience. Here we investigated how neuromodulation influences popu-
lation coding of behaviorally relevant stimuli to give rise to behavior in the electrosensory system 
of the weakly electric fish Apteronotus leptorhynchus. We performed multi-unit recordings from ON 
and OFF sensory pyramidal cells in response to stimuli whose amplitude (i.e., envelope) varied in 
time, before and after electrical stimulation of the raphe nuclei. Overall, raphe stimulation 
increased population coding by ON- but not by OFF-type cells, despite both cell types showing 
similar sensitivities to the stimulus at the single neuron level. Surprisingly, only changes in 
population coding by ON-type cells were correlated with changes in behavioral responses. Taken 
together, our results show that neuromodulation differentially affects ON vs. OFF-type cells in 
order to enhance perception of behaviorally relevant sensory input.   

1. Introduction 

Understanding how behaviors are generated by the activities of neurons is a central question in neuroscience. Answering this 
question is complicated in part by the fact that the internal state of the brain is highly dynamic and neural responses are constantly 
adjusted via neuromodulators to generate appropriate behavior depending on context [1,2]. One such neuromodulator is serotonin, 
which modulates the activities of sensory neurons via fibers emanating from the raphe nuclei (see Refs. [3–6] for review). While 
previous studies have investigated the effects of serotonin on sensory processing using single unit recordings [7–13], it is now generally 
agreed that behavior is determined by combining the activities of large neural populations. This, together with technological advances 
permitting the simultaneous recording of the activities of large neural populations [14], has prompted multiple investigations of 
population coding and, particularly, how such coding is impacted by the fact that neural activities are not independent of one another 
(see Refs. [15–18] for review). However, how the activities of large neural populations are combined to give rise to behavior remains 
poorly understood in general [19]. Here we investigated how serotonin alters population coding of behaviorally relevant stimuli by 
sensory neurons and how changes in neural activity impact behavior. 

Gymnotiform wave-type weakly electric fish offer an attractive model to study the effects of serotonin on population coding by 
sensory neurons and behavior. These fish detect amplitude modulations (AMs) of a self-generated electric field (i.e., the electric organ 
discharge or EOD) via electroreceptor afferents that relay this information to pyramidal cells within the electrosensory lateral line lobe 
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(ELL). Pyramidal cells project to higher order brain areas that generate behavior [20–22]. There are two main classes of ELL pyramidal 
cells: ON- and OFF-type cells. ON cells receive direct excitatory input from electroreceptor afferents, whereas OFF cells receive indirect 
inhibitory input via local interneurons. ON and OFF cells respond to increases in EOD amplitude with excitation and inhibition, 
respectively, when stimuli are delivered either locally within the center portion of their receptive fields or globally across their entire 

Fig. 1. Experimental set up and relevant circuitry. A) Schematic showing the experimental setup where multi-unit recordings were made from 
awake behaving fish using Neuropixel probes. Sorted action potentials of different neurons are highlighted in different colors for recordings on five 
example channels (top right). The stimulus consisted of amplitude modulations of the fish’s electric organ discharge (EOD). Shown are the com-
pound signal received by the animal (grey), the amplitude modulation of that signal (AM, light grey) and its envelope (blue), as well as their 
respective frequency contents (inset). We used a pair of electrodes perpendicular to the fish’s rostro-caudal axis to deliver the stimuli and monitored 
the animal’s behavioral responses through a separate pair of electrodes located near the snout and tail. Behavioral responses consisted of changes in 
the electric organ discharge (EOD) frequency (bottom). Shown are the fish’s EOD (brown) on the left and the EOD spectrogram on the right showing 
EOD frequency modulation in response to the envelope stimulus (blue trace in upper left). Electrical stimulation of the Raphe nuclei was achieved 
through a stimulus generator (G) connected to stimulation electrodes placed within the brain. B) Simplified diagram showing relevant brain areas in 
the electrosensory system. EOD AMs are encoded by electroreceptor afferents that project directly to ON cells and indirectly via local inhibitory 
interneurons to OFF cells in the electrosensory lateral line lobe (ELL), the first stage of sensory processing in the central nervous system. The ELL, in 
turn, projects to the nucleus praeeminentialis (nP) which feeds back to ELL and the torus semicircularis (TS) which, besides also sending feedback to 
the ELL, sends information to higher brain areas that control the electric organ and give rise to behaviors. The ELL, among other brain areas, receives 
serotonergic input from the Raphe nuclei (Rn). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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receptive fields [23–25]. Additionally, both ON and OFF cells display large heterogeneities in terms of dendritic morphology, presence 
and distribution of membrane conductances, and firing characteristics (see Ref. [26] for review), which contribute to differential 
responses to stimulation (see Refs. [27–29] for review). When two conspecific fish are in proximity to each other, interference between 
their EODs gives rise to a sinusoidal AM (i.e., a beat) whose amplitude (i.e., the envelope) varies as a function of the relative distance 

Fig. 2. Serotonin differentially modulates the responses of ON vs. OFF cell populations. A) Envelope stimulus (top, .75 Hz), raster plots 
(middle top) and time-dependent firing rates (middle bottom) showing responses of 5 example ON (purple) and 5 example OFF (green) cells, as well 
as population activities from ON (light purple), OFF (light green), and all (black) cells (bottom) under control (left) and after raphe stimulation 
(right, magenta). Note that modulations of the time-dependent firing rate of individual neurons, as well as the summed network activity (magenta), 
are more evident after raphe stimulation. B) Top, polar plots showing neural sensitivity (radial axis) and preferred phase (angular axis) to all 
envelope frequencies (n = 18 neurons for six different envelope frequencies) during control (left, black dots) and after raphe stimulation (right, 
magenta dots) for the ON cell population. Bottom, raphe stimulation significantly increased the sensitivity or gain (p = 2.4 × 10− 9, Wilcoxon’s 
signed-rank) of the ON cell population. Preferred phase values were not statistically different from control (p = 0.78, Wilcoxon’s signed-rank). Here, 
positive/negative values imply that the neural response leads/lags the stimulus. Circular standard deviation (circular std) significantly decreased (p 
= 7.4 × 10− 7, Student’s t-test, n = 50, bootstrapped) after raphe stimulation. C) Same as B) but for the OFF cell population. Raphe stimulation 
significantly increased the sensitivity to envelopes (p = 7.4 × 10− 6, Wilcoxon’s signed-rank), while it did not significantly affect the preferred phase 
(p = 0.14, Wilcoxon’s signed-rank). Circular standard deviation significantly increased after raphe stimulation (p = 1.9 × 10− 9, Wilcoxon’s signed- 
rank, n = 50, bootstrapped). These results indicate that neural responses of ON cells became more homogeneous and neural responses of OFF cells 
became more heterogeneous after stimulation of the raphe nuclei. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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and orientation between two fish (see Refs. [30,31] for review). Information as to the time-varying envelope is retained in the brain, as 
these fish display changes in their EOD frequency that track the detailed timecourse of the envelope stimulus [32]. Previous studies 
have investigated how electrosensory neurons, including ELL pyramidal cells, respond to envelope stimuli, but have relied on 
single-unit recordings [33–38]. ELL pyramidal cells also receive serotonergic innervation from the raphe nuclei [39,40]. Previous 
studies have shown that activation of serotonergic pathways increases the excitability of single ELL pyramidal cells [40–42], which 
makes them more responsive to sensory input including envelope stimulation [43,44] (see Ref. [45] for review). While recent studies 
have started to investigate how electrosensory neural populations encode electrocommunication stimuli [46,47], how these pop-
ulations encode envelope stimuli, and the effects of neuromodulators on such coding, has not been investigated to date. 

To answer this question, we used high-density arrays (i.e., Neuropixels probes) to record the simultaneous activities of ELL py-
ramidal cell populations in response to envelope stimuli before and after electrical stimulation of the raphe nuclei in awake behaving 
fish. We found that serotonin affected the heterogeneity of responses and the trial-to-trial variability of ON and OFF pyramidal cells in 
differential fashion, such that information as to the timecourse of the envelope stimulus was primarily, if not exclusively, carried by the 
ON subpopulation. Further analysis revealed that changes in behavior due to raphe stimulation were best predicted by only consid-
ering the activities of ON cells. Taken together, our results show for the first time that raphe stimulation leads to asymmetric coding by 
two neural subpopulations to give rise to behavior. Based on important similarities between the electrosensory and other systems [48], 
and the fact that the serotonergic system is conserved across vertebrate species [49], our results will likely be applicable elsewhere. 

2. Results 

We investigated the effects of electrical stimulation of serotonergic fibers on the sensory coding of envelope stimuli by population of 
pyramidal neurons in the hindbrain ELL. The experimental preparation we used is schematized in Fig. 1. Specifically, we inserted a 
high-density electrode array in the brain to record the activities of ELL pyramidal cell populations while simultaneously using external 
electrodes to record the animal’s behavioral responses, consisting of changes in the EOD frequency to sensory stimulation (Fig. 1A 
bottom). Our stimuli consisted of noisy amplitude modulations of the fish’s own EOD whose amplitude (i.e., the envelope) varied 
sinusoidally at different frequencies spanning the physiologically relevant range. The top left panel of Fig. 1A shows the envelope 
waveform (blue), the noisy carrier (light grey) and the compound signal that is delivered in the water (dark grey) as well as their 
respective frequency contents (inset). We are considering both first- (i.e., amplitude modulation) and second-order (i.e., envelope) 
features of the stimulus and note that these correspond to the second- and third-order features of the full signal received by the animal, 
respectively. Thus, the first-order feature corresponds to the mean and the second-order feature corresponds to the variance of the 
stimulus. 

Ascending electrosensory pathways are schematized in Fig. 1B. Electroreceptor afferents project to ELL pyramidal cells which, as 
previously mentioned, can be classified as ON or OFF based on their responses to changes in EOD amplitude (Supplementary Fig. 1). 
ON and OFF pyramidal cells in turn project directly to the nucleus praeeminentialis (nP) and midbrain torus semicircularis (TS). TS 
projects to higher brain areas that mediate behavior, while projections from both TS and nP give rise to feedback input to the ELL. ELL 
pyramidal cells also receive descending input from the raphe nuclei (Rn) [39]. It is important to note that ON and OFF cells respond to 
the AM stimuli in opposite fashion, with ON cells responding with increased firing activity to increases in EOD amplitude and OFF cells 
responding with increased firing activity to decreases in EOD amplitude [24,50]. However, this is not the case when one considers the 
envelope, which varies more slowly than the AM stimulus. As such, it is possible to have ON and OFF cells both respond to increases in 
the envelope and at the same time responding to increases and decreases in the AM stimulus, respectively [50]. 

2.1. Serotonin differentially modulates ON and OFF subpopulation responses to envelope stimuli 

We first investigated how raphe stimulation altered responses of ELL pyramidal cells to envelope stimuli. Overall, these responses 
were highly heterogeneous under control conditions (i.e., before raphe stimulation), with both ON and OFF cells firing preferentially at 
different phases of the envelope stimulus (e.g., compare the firing activities of neurons 3,4, and 7 in Fig. 2A left). Overall, raphe 
stimulation increased pyramidal cell excitability in the absence of stimulation, as quantified by increased firing rate and burst firing 
(Supplementary Fig. 2), consistent with previous results [41]. Raphe stimulation increased ELL pyramidal cell sensitivity as evidenced 
by an overall greater modulation in firing rate (Fig. 2A right). 

As the firing rates of neurons varied sinusoidally with the envelope before and after raphe stimulation, we used linear systems 
identification techniques to compute response sensitivity and preferred phase (Fig. 2B and C). We found that raphe stimulation 
significantly increased neural sensitivity for both ON and OFF cells but did not affect neurons’ preferred phase (Fig. 2B and C bottom). 
Interestingly however, polar plots of gain and phase revealed more heterogeneous responses after raphe stimulation for OFF but not for 
ON cells (Fig. 2B and C top). Indeed, while in control conditions OFF cells fired at a similar phase, serotonin rendered their responses 
more out of phase of each other (e.g., compare neurons 7 and 8 in Fig. 2A). On the other hand, more ON cells fired at the same preferred 
phase after raphe stimulation (e.g., compare neurons 3 and 4 in Fig. 2A). Changes in response heterogeneity were quantified using the 
circular STD (see Methods), with higher values indicating more heterogeneity. Overall, the circular STD was significantly decreased 
after raphe stimulation for ON cells (Fig. 2B, bottom) but was instead significantly increased for OFF cells (Fig. 2C, bottom) (ON: p =
0.03, Wilcoxon’s signed-rank, OFF: p = 5.1 × 10− 9, Wilcoxon’s signed-rank). When comparing ON and OFF cells (Supplementary 
Fig. 3), we found that these displayed overall similar response properties to the envelope before raphe stimulation as quantified by gain 
(p = 0.09, Wilcoxon rank sum test) and phase (p = 0.22, Wilcoxon rank sum test), which is consistent with previous results [33,51]. 
Interestingly, circular STD for ON cells was slightly lower than for OFF cells (p = 0.012, Student’s t-test). After raphe stimulation, both 
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Fig. 3. Information about the envelope stimulus’ timecourse is primarily encoded by ON cells. A) Schematic of the linear decoder considered 
here. The activity of each neuron is convolved with an optimized filter, the convolved neural responses are then added together to obtain the 
reconstructed stimulus. The filters selected are those that minimize the mean square error between the original stimulus and the reconstructed one. 
B) Example traces of the stimulus estimated from a population of 12 neurons during control (black, left) and after raphe stimulation (magenta, right) 
overlapped with the actual stimulus (fainted blue, 0.25 Hz envelope). Shown below is the same example but computed only from the contributions 
of ON cells (6 neurons, purple trace) and OFF cells (6 neurons, green trace). Note that the quality of the reconstruction increases after raphe 
stimulation mostly due to the enhanced contributions from ON cells. C) Coding fraction as a function of population size for different envelope 
frequencies during control (black traces) and after raphe stimulation (magenta traces). Top, the reconstruction is calculated by pooling ON cells first 
(purple background) and then OFF cells (green background). Bottom, the reconstruction is calculated by pooling OFF cells first instead. D) Coding 
fraction at the maximum population size for all stimulus conditions. The coding fraction is significantly larger after raphe stimulation when all cells 
are considered for the reconstruction, as well as when only ON cells are included, but not when only OFF cells are included (ON: p = 2.8 × 10− 4, 
Student’s t-test; OFF: p = 0.06, Student’s t-test; all cells: p = 0.03, Wilcoxon’s signed-rank). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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ON and OFF cells displayed similar gain (p = 0.08, Wilcoxon rank sum test) and phase (p = 0.048, Wilcoxon rank sum test) values, 
which is expected because raphe stimulation increases gain similarly for both ON and OFF cells and does not affect phase values much. 
OFF cells displayed higher circular STD values than ON cells (p = 1.06 × 10− 17, Student’s t-test) after raphe stimulation, which is 
expected as raphe stimulation has opposite effects on circular STD for ON and OFF cells. These results demonstrate that raphe 
stimulation has differential effects on the activities of ON and OFF pyramidal cells by decreasing and increasing response heterogeneity 
in the former and latter cases, respectively. 

2.2. Raphe stimulation promotes asymmetric coding of envelope stimuli by ON and OFF cell subpopulations 

How does raphe stimulation alter population coding of envelope stimuli by ELL pyramidal cells? To answer this question, we 
considered the performance of an optimized linear decoder towards reconstructing the detailed timecourse of the stimulus (Fig. 3A). 
Briefly, each spike train is convolved with a separate filter and a summation is then performed over neurons to obtain the reconstructed 
stimulus. The filters are chosen such as to minimize the mean-square error between the original and reconstructed stimuli and the use 
of separate filters can better account for response heterogeneities observed in the data above (Fig. 2A and B). The quality of the 
reconstruction was quantified by the coding fraction, which ranges between 0 and 1 and represents the fraction of the stimulus that is 
correctly reconstructed (see Methods). The use of the stimulus reconstruction appears justified here because the animal’s behavioral 
response follows the detailed timecourse of the envelope stimulus, indicating that information about such timecourse must be retained 

Fig. 4. Serotonin differentially affects trial-to-trial variability of ON and OFF cells. A) Top, time dependent firing rate of a representative ON 
cell during 20 envelope cycles superimposed with the mean firing rate across all trials (solid line) during control condition (black, left) and after 
raphe stimulation (magenta, right). The blue arrows show the amplitude of the mean firing rate (signal). The turquoise dotted lines show the 
variability of the response (absolute difference between each trial response and the mean response). Bottom, same but for a representative OFF cell. 
B) Top, box plots showing the variability and the signal to noise ratio (snr i.e., signal to variability ratio, see Methods) computed from all the ON 
cells recorded during control (black) and after raphe stimulation (magenta) (variability: p = 0.95, Student’s t-test; snr: p = 0.01, Wilcoxon’s signed- 
rank). Bottom, same but for OFF cells (variability: p = 0.02, Student’s t-test; snr: p = 0.8, Wilcoxon’s signed-rank). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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in the brain [32]. 
Overall, under control conditions, we found that while the combined activities of ELL pyramidal cell populations carried infor-

mation as to the stimulus’ detailed timecourse (Fig. 3B left panel, compare light blue and black traces), ON and OFF cells contributed 
differentially to the quality of the reconstruction despite showing similar sensitivities and phase relationships to envelopes (Fig. 2C). 
Indeed, only considering the activities of ON cells led to much better reconstruction than only considering the activities of OFF cells 
(Fig. 3B left panel, compare purple and green traces to light blue trace). This asymmetry was reflected in plots of the coding fraction as 
a function of population size for different envelope frequencies (Fig. 3C and Supplementary Fig. 4, black traces). When first considering 
ON cells only, the coding fraction rapidly increased with population size but then saturated when OFF cells were added (Fig. 3C and 
Supplementary Fig. 4, black traces in top panels). Instead, when first considering OFF cells only, the coding fraction only increased 
marginally but then more strongly increased only when ON cells were added (Fig. 3C and Supplementary Fig. 4, black traces in bottom 

Fig. 5. A simple sum of the activities of all neurons cannot predict changes in behavioral responses after raphe stimulation. A) Information 
about the envelope stimulus is processed across multiple brain areas to give rise to behavior, but electrical stimulation of serotonergic fibers that 
innervate the ELL is enough to induce changes in ELL pyramidal cell responses and behavioral responses to envelopes, as is exogenous application of 
serotonin [43]. How changes in neuronal responses generate changes in behavior is not understood yet. B) Left, representative behavioral response 
(middle) and summed neural activity (bottom) to a 0.05 Hz sinusoidal envelope (top, blue) for control (dark brown and black respectively) and after 
raphe stimulation (light brown and magenta respectively). Right, same but in response to a higher frequency envelope (0.75 Hz). Note the difference 
between behavioral responses and the summed neural activity: while the behavioral response is larger for the low frequency envelope and di-
minishes for the high envelope frequency, the summed neural activity is modulated in response to the high envelope frequency, but not the low 
envelope frequency. Raphe stimulation primarily enhances behavioral response to the low envelope frequency, but it enhances the modulation of 
the summed neural activity to the two envelope stimuli. For better visualization, the behavioral responses were low pass filtered with a 1 s and 225 
ms width box car respectively. C) Left, normalized behavioral sensitivity as a function of envelope frequency for control (dark brown) and after 
raphe stimulation (light brown). The dotted lines show the best power law fits to the data. Inset, averaged best-fit power law exponent significantly 
decreases after raphe stimulation (p = 1.49 × 10− 14, Wilcoxon’s signed-rank, bootstrapped from two experiments). Right, same but for the summed 
neural activity (p = 5.61 × 10− 9, Wilcoxon’s signed-rank, bootstrapped from two experiments). While both behavioral and neural power law 
exponents become more negative, the behavioral tuning curve is low-pass whereas the summed neural tuning curve is, at best, constant as a function 
of envelope frequency. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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panels). 
Interestingly, we found that raphe stimulation further exacerbated the differential contributions of ON and OFF cell subpopulations 

towards reconstructing the detailed timecourse of envelope stimuli (Fig. 3B right panel, compare purple and green traces to those on 
the left panel). Indeed, coding fraction was increased only when ON cells were included (Fig. 3C and Supplementary Fig. 4, magenta 
traces). Taken together, these results show that raphe stimulation differentially affects information transmission by ON and OFF cells. 
Specifically, the overall information content carried by the ELL pyramidal cell population is increased after raphe stimulation because 
the information content of ON, but not OFF cell subpopulations is increased. This effect was observed across envelope frequencies 
(Fig. 3C and 3D, and Supplementary Fig. 4). 

2.3. Raphe stimulation differentially alters trial-to-trial variability in ON and OFF ELL pyramidal cell populations 

How can raphe stimulation increase the information content of ON but not OFF ELL pyramidal cell populations, despite having 
similar effects on their sensitivities at the single neuron level? To answer this question, it is important to consider that information is 
not solely determined by neural sensitivity, but also by variability [52]. As such, we investigated the effects of raphe stimulation on the 
trial-to-trial variability of responses to envelopes for ON and OFF cells. Fig. 4A shows the responses of representative ON and OFF cells. 
During control condition, we observed that the modulated responses have a similar degree of trial-to-trial variability for both cells 
(compare the dotted turquoise lines on the left). However, after raphe stimulation, the ON cell’s responses to repeated stimulation were 
more similar across trials, indicating decreased trial-to-trial variability, whereas the OFF cell’s responses to repeated stimulation were 
more variable, indicating increased trial-to-trial variability. When looking at the entire dataset, raphe stimulation significantly 
increased trial-to-trial variability for OFF but not ON cells (Fig. 4B left, top and bottom respectively). We next computed the 
signal-to-noise ratio (snr, see Methods) and found increases after raphe stimulation for ON, but not OFF cells (Fig. 4B right, top and 
bottom respectively). This is because the increased sensitivity after raphe stimulation (Fig. 2B and C) is offset for OFF but not ON cells. 
When comparing ON and OFF cells before raphe stimulation (Supplementary Fig. 3), there were no differences in variability (p = 0.40, 
Wilcoxon rank sum) and snr (p = 0.60, paired Student’s t-test). After raphe stimulation, OFF cells displayed higher variability than ON 
cells (p = 0.04, Wilcoxon rank sum test), which is expected given that raphe stimulation increases variability for OFF but not ON cells. 
There were no snr differences between ON and OFF cells after raphe stimulation (p = 0.15, Wilcoxon rank sum test). 

2.4. Raphe stimulation increases correlations between ELL pyramidal cell activities 

In general, information carried by neural populations can be strongly influenced by signal (i.e., the similarity between neural 
responses that are attributable to a common stimulus) and noise (i.e., the similarity between the trial-to-trial variabilities of neural 
responses) correlations [17]. As such, we quantified both quantities before and after raphe stimulation (see Methods). Overall, we 
found that raphe stimulation increased the magnitude of both signal and noise correlations between ELL pyramidal cell pairs (Sup-
plementary Fig. 5). However, the contribution of noise correlations to the total information encoded by the ELL neural population was 
negligible since removing them from the population activities did not significantly change the coding fraction (Supplementary Fig. 6). 
Thus, the differences in coding fraction observed between ON and OFF cells are due to changes in single neuron attributes (e.g., 
sensitivity and snr), rather than changes in correlations. 

2.5. A linear decoder that sums up the activities of all neurons cannot predict changes in behavioral responses to envelopes induced by 
serotonin 

How do changes in the activities of ELL pyramidal neurons induced by raphe stimulation determine changes in the animal’s 
behavioral responses (Fig. 5A)? To answer this question, it is important to note that behavioral responses are non-trivially related to 
neural responses. Indeed, under control conditions, behavioral sensitivity (i.e., gain) to envelope stimuli decreased as a function of 
envelope frequency, indicating low-pass tuning (Fig. 5B middle panels, dark brown trace and Fig. 5C left panel, dark brown trace), 
whereas the sensitivity of the summed neural activity (i.e., the neural population) instead increased with envelope frequency, indi-
cating high-pass tuning (Fig. 5B bottom panels, black trace and Fig. 5C, right panel, black trace). After raphe stimulation, both 
behavioral and neural population sensitivity increased (Fig. 5B, compare magenta and light brown traces to black and dark brown 
traces, respectively). However, behavioral gain increased more for low than for high frequencies, leading to a steeper decrease with 
increasing frequency (Fig. 5C left panel, light brown). In contrast, neural population sensitivity became largely independent of fre-
quency (Fig. 5C right panel, magenta). Behavioral and neural tuning curves were fitted with a power law and lower power law ex-
ponents were obtained in both cases (Fig. 5C insets). We found that the change in exponent obtained for behavior after raphe 
stimulation did not numerically correspond to the change in exponent observed for the neural population activity (Fig. 5C insets). 
Thus, these results show that behavioral responses are most likely not determined by simply adding the spiking activities of ELL 
pyramidal cells in the manner described above. 

2.6. An optimized linear decoder that includes the activities of ON pyramidal cells best predict changes in behavioral responses to envelopes 
induced by serotonin 

We used an optimized linear decoder as described above to quantify how the animal’s behavioral response can be reconstructed 
based on the activities of ELL pyramidal cells (Fig. 6A). Overall, performance improved after raphe stimulation, but this improvement 
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was primarily observed for ON rather than OFF subpopulations (Fig. 6B). Moreover, in relative terms, improvement was greater for low 
envelope frequencies (compare Fig. 6B left and right panels). Overall, quantification of performance using the coding fraction revealed 
an overall increase for ON but an overall decrease for OFF cells, such that the coding fraction obtained from all cells either increased or 
decreased with envelope frequency (Fig. 6C–E black traces). Importantly, after raphe stimulation, the quality of the reconstruction is 
enhanced only for low envelope frequencies when considering the activities of all cells (Fig. 6C), indicating that this is due to the 
increased coding fraction for ON cells, as opposed to the decreased coding fraction for OFF cells. 

To compare changes in neural population activity to changes in behavior induced by raphe stimulation, we computed the relative 

Fig. 6. ON cells best predict changes in behavior responses after raphe stimulation. A) Schematic of the linear decoder used to predict 
behavioral responses. Similarly to what was done to reconstruct the envelope stimuli, the neural activities are convolved with an individual 
optimized filter and then added together to obtain the best reconstruction of behavior. The filters selected are those that minimize the mean square 
error between the original behavioral response and the reconstructed one. B) Left top, representative behavioral response to a 0.05 Hz envelope 
(blue) during control (light brown) and after raphe stimulation (dark brown). Shown below is the behavior reconstructed from the activities of all 
cells, ON cells and OFF cells only during control (black) and after raphe stimulation (magenta). Right top, same as on the left side but for a 0.75 Hz 
envelope. Note that the reconstruction of behavior is improved after raphe stimulation and that this improvement is more evident when the 
estimation is done from the activities of ON cells only. C) Coding fraction as a function of envelope frequency when the behavior is reconstructed 
from the activities of all cells (n = 8) during control (black) and after raphe stimulation (magenta). D) Same as C), but when the reconstruction is 
computed from the activities of ON cells only (n = 4). E) Same as C), but when the reconstruction is computed from the activities of OFF cells only 
(n = 4). F) Relative change in coding fraction as a function of envelope frequency when the reconstruction of behavior is computed from the 
activities of all cells (grey), ON cells (purple) and OFF cells (green) only. Superimposed is the relative change in behavioral gain as a function of 
envelope frequency (brown). Behavioral error bars are computed through bootstrapping technique (see Methods). G) Relative change in behavioral 
gain plotted against the relative change in coding fraction associated with the reconstruction computed from all cells (grey circles), ON cells (purple 
triangles) and OFF cells (green inverted triangles) only. We found a significant correlation between the relative change in behavioral gain and 
coding fraction associated with all cells (p = 0.02, Pearson correlation) and ON cells (p = 0.03, Spearman correlation), but not OFF cells (p = 0.23, 
Pearson correlation), as indicated by *. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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changes in behavioral sensitivity and coding fraction as a function of envelope frequency (Fig. 6F). Overall, we found that the de-
pendency of the relative change in coding fraction with envelope frequency was most similar to the relative change in behavioral 
sensitivity when only ON cells were considered (Fig. 6F, compare purple and brown traces), followed by all cells (Fig. 6F, compare grey 
and brown traces), followed by OFF cells (Fig. 6F, compare green and brown traces). Indeed, the relative change in coding fraction 
obtained from OFF cells was negative and thus opposite to the increased relative change in behavioral sensitivity. Overall, we found a 
significant positive correlation between the relative changes in behavioral sensitivity and coding fraction by all cells and ON cells, but 
not OFF cells (Fig. 6G). This indicates changes in the activities of ON type cells best predict changes in behavior, suggesting that 
downstream decoders are already tuned to asymmetric coding of envelope stimuli by ON and OFF cell subpopulations. 

3. Discussion 

3.1. Summary of results 

We investigated how serotonin alters population coding of envelope stimuli by ELL pyramidal cells and how information about the 
stimulus’ detailed timecourse is decoded in order to generate behavior. At the single neuron level, raphe stimulation increased neural 
excitability and sensitivity to envelopes for both ON and OFF cells but had opposite effects by making the responses of ON cells more 
homogeneous and those of OFF cells more heterogeneous. At the population level, we found that information about the envelope 
stimulus’ detailed timecourse was carried mostly by ON cells. After raphe stimulation, ON cells carried even more information about 
the stimulus’ detailed timecourse whereas the information carried by OFF cells was not increased. Further analysis revealed that this 
was because raphe stimulation increased the response trial-to-trial variability for OFF but not ON cells, thereby offsetting the beneficial 
effects of increased sensitivity in the former but not the latter case. Changes in information content were due to changes in single 
neuron properties, as opposed to changes in noise correlations. Finally, we investigated how the activities of ELL pyramidal cell 
populations determined behavioral responses at the organismal level. Overall, our results showed that changes in the activities of ON 
cells were the best predictor of behavioral responses. Taken together, our results show that serotonin further exacerbates asymmetric 
coding of envelope stimuli by ON and OFF cell subpopulations, and that downstream decoders are already tuned to such asymmetry in 
order to generate behavioral responses at the organismal level. 

3.2. Mechanisms mediating differential effects of raphe stimulation on ON and OFF ELL pyramidal cells 

Our results showing that raphe stimulation had differential effects on the responses of ON and OFF ELL pyramidal cells to envelope 
stimuli are surprising. This is because previous studies have found that exogenous application of serotonin had largely similar effects 
on the responses of ON and OFF cells, making them more excitable and thus more responsive to stimulation with EOD AMs as well as 
electrocommunication stimuli [41]. One possible explanation is that raphe stimulation, rather than exogenous application of sero-
tonin, was used in the current study. However, this is unlikely to explain the difference as previous studies have found that exogenous 
application and raphe stimulation had qualitatively similar effects overall using stimuli other than the ones considered here [41]. 
Further evidence against this hypothesis is that we observed changes in the sensitivity of single ELL pyramidal cells as well as 
behavioral responses to envelope stimuli that were similar to those observed previously using exogenous serotonin application [43]. 
Thus, it is very unlikely that the differential effects of serotonin on ON and OFF ELL pyramidal cells we observed were due to raphe 
stimulation rather than exogenous application of serotonin. 

Another possibility is that the mechanisms that mediate ELL pyramidal cell responses to envelope stimuli considered here are 
fundamentally different than those mediating responses to other stimuli such as EOD AMs and electrocommunication stimuli 
considered elsewhere. Indeed, while responses to EOD AMs and electrocommunication stimuli are due to feedforward input and can be 
modulated by feedback [53,54], responses to envelope stimuli at low intensities are instead mediated by feedback [55–57]. While the 
nature of the mechanisms by which this occurs has not yet been elucidated [58], we hypothesize that the differential effects of raphe 
stimulation observed here are due to ON and OFF cells differentially integrating feedback input. It is conceivable that the differential 
effects of serotonin on ON and OFF cells occur because OFF cells receive inhibition from local interneurons whereas ON cells receive 
direct excitation from electroreceptor afferents. However, results obtained showing similar effects of serotonin for ON and OFF cells 
both in vitro [40] and in vivo [41] suggest that the effects of serotonin on both ON and OFF cells are primarily mediated through 5-HT 
receptors located on the pyramidal cell membrane. Further experiments suggest that serotonin increases excitability in ON and OFF 
cells through inhibition of both SK and M-type potassium currents via 5-HT2 receptors [40,42]. As such, an alternative but not 
necessarily mutually exclusive hypothesis for the differential effects of serotonin on ON and OFF-type cells could be due to the fact that 
ON cells express both SK1 channels on their dendrites as well as SK2 channels on their somata, whereas OFF cells only express SK1 
channels on their dendrites [59]. The presence of SK2 channels has been shown to strongly influence responses of ON cells to current 
injection in vitro in particular through burst firing [60,61], thereby suggesting that the presence of such channels can strongly influence 
integration of synaptic input. Moreover, serotonin application in vitro inhibits SK2 channels in ON ELL pyramidal cells [40] via 
5HT2-like receptors [42]. As such, we hypothesize that the differential effects of raphe stimulation on ON and OFF ELL pyramidal cells 
observed in the current study are due to downregulation of SK2 channels that are present in the former but not the latter. As such, we 
predict that heterogeneities in envelope responses for ON cells are in part due to differential levels of expression of SK2 channels [62]. 
Further studies are needed to test these experimentally. 
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3.3. Population coding by ELL pyramidal cells: implications for behavior 

While previous studies have largely focused on population coding by relying on single-unit recordings from ELL pyramidal cells (see 
Refs. [26,27,31,48] for review), more recent studies have started to use multi-unit recordings to investigate population coding [47]. As 
previously mentioned, correlations between the trial-to-trial variabilities of neural responses (i.e., noise correlations), which can only 
be measured using simultaneous recordings, have been found ubiquitously and can strongly influence information transmission by 
neural populations (see Refs. [16–18,63] for review). Noise correlations are present in the ELL and strongly depend on stimulus at-
tributes [64]. Moreover, these can induce synergy between the activities of ELL pyramidal cells such as to enhance information 
transmitted about electrocommunication stimuli by ON and OFF ELL pyramidal cells [47]. In contrast, our results show that for en-
velope stimuli noise correlations are present but are, at best, minimally modulated by raphe stimulation and do not much influence 
population coding by ELL pyramidal cells. The small changes in noise correlations after raphe stimulation support the hypothesis that 
noise correlations in the ELL are primarily from feedforward mechanisms, such as shared input from electroreceptor afferents, as 
opposed to feedback [65]. 

While population coding by ELL pyramidal cells is generally “symmetric” in that responses of OFF cells largely mirror those of ON 
cells [24,66,67], our results show that this is not the case for envelope stimuli as ON cells primarily carry information. This result is 
surprising because previous studies have found that ON and OFF cells generally displayed similar response properties to envelopes [28, 
33]. However, it is important to note that these have only considered the sensitivity to envelopes and did not quantify trial-to-trial 
variability. Moreover, coinciding with our findings, previous research has demonstrated that including the effects of such vari-
ability can lead to qualitatively different results than those obtained when considering sensitivity alone [68,69]. Indeed, a recent study 
has shown asymmetric coding of natural electrocommunication stimuli by ON and OFF cells [47]. It should furthermore be noted that 
our results do not imply in any way that OFF cells do not serve an important function. As mentioned above, OFF cells respond strongly 
to AM stimuli [54,66,70,71] and, as such, likely contribute to generating associated behavioral responses such as the jamming 
avoidance response [72]. Moreover, OFF cells respond strongly to a particular class of natural electrocommunication stimuli that occur 
during male-female interactions [53,73]. 

How are the activities of ELL pyramidal cells combined to give rise to behavior? Despite decades of research on this subject, how 
neural populations determine behavior remains poorly understood in general [19]. Our results provide new insight as to how ELL 
pyramidal cell responses to envelope stimuli give rise to observed behavioral responses. While changes in ELL pyramidal cell activity 
(e.g., by pharmacological inactivation of SK channels or via sensory adaptation) lead to changes in behavior, the relationship between 
neural activity and behavior is non-trivial [34,35]. This is in part due to the fact that ELL pyramidal cells tend to display high-pass 
tuning to envelope stimuli [28,33,35], whereas behavioral responses instead display low-pass tuning [32]. Our results showing 
that the activity of ON cell population best predicts behavioral responses make important predictions as to how information should be 
decoded. Specifically, downstream neurons should integrate input from ON cells only. There is evidence supporting such a decoding 
scheme. Specifically, both ON and OFF ELL pyramidal cells make excitatory synaptic connections with neurons within the midbrain 
torus semicircularis [74]. However, physiological studies have found that TS neurons are mostly ON-type in their responses to sensory 
input [75,76], which suggests that input from ON cells dominates. Finally, it should be noted that we convolved the spiking activities of 
different ELL pyramidal cells with separate filters that were chosen to minimize the mean square error in order to reconstruct the 
stimulus and behavior. As such, we assumed a combinatorial code which is in theory advantageous and has been considered in other 
systems [77,78]. However, how such codes are implemented in the nervous system remains problematic as neural identity must be 
retained [79]. Further studies are needed to investigate how the activities of ELL pyramidal cells in response to envelope stimuli are 
decoded by downstream brain areas to generate behavior. In particular, these should take into account the fact that there are sero-
tonergic projections to multiple brain areas downstream of ELL including TS as well as the nucleus electrosensorius [39] that most 
likely play a role towards shaping behavioral responses. 

3.4. Implications for other sensory systems 

The electrosensory system shares many similarities with other systems including visual, auditory, and vestibular [48,80,81]. There 
is moreover evidence that the serotonergic system is ancient and is largely conserved across vertebrates, suggesting a common function 
[49]. Indeed, previous studies have shown similar effects of serotonin in neurons within the dorsal cochlear nucleus [82], which like 
the ELL is a cerebellar-like structure. Importantly, the time varying envelope stimuli considered here are behaviorally relevant stimuli 
found in other sensory modalities (visual: [83], auditory: [84,85], vestibular: [86], mechanosensory: [87]). Finally, the ON- and OFF- 
type cell distinction is a prominent feature in other sensory modalities (visual: [88], auditory: [89,90], olfactory: [91]) and asym-
metries in their responses to sensory input have been previously observed [92–94]. Thus, while to our knowledge, this constitutes the 
first study to investigate the effects of serotonin on sensory coding by neural populations, it is likely that our results will be applicable 
to other systems. 

4. Limitations of the Study 

While there are many similarities between the electrosensory system of weakly electric fish and mammalian ones, there is no 
guarantee that our results will be directly applicable elsewhere. Further, future studies should investigate the release of serotonin 
occurring during more natural conditions than the artificial raphe stimulation employed here. Moreover, further studies are needed in 
order to understand the mechanisms by which serotonergic feedback decreases response heterogeneities in ON cells on the one hand 
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but increases response heterogeneities in OFF cells on the other hand. 
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All animal procedures were approved by McGill University’s animal care committee and were performed in accordance with the 
guidelines of the Canadian Council on Animal Care. 

Animals 

The South American wave-type weakly electric fish Apteronotus leptorhynchus was used in this study (N = 3). Animals of either sex 
were obtained from tropical fish suppliers and housed in groups of no more than 10 at controlled conditions (water temperature: 
26–29 ◦C, water conductivity: 100–300 μS*cm− 1) according to established guidelines [95]. 

Surgery 

Animals were immobilized for electrophysiology experiments by an intramuscular injection of tubocurarine chloride hydrate 
(0.1–0.5 mg, Sigma-Aldrich) and were then transferred to an experimental tank containing water from the home tank. The electric 
organ of Apteronotus leptorhynchus is neurogenic and thus, the electric organ discharge is not affected by curare. A constant flow of 
oxygenated water was passed through the fish’s gills (10 mL*min− 1) via a mouth tube. The animal’s head was kept slightly above the 
water level and locally anesthetized with lidocaine ointment (5%, AstraZeneca). Two small craniotomies were performed to access the 
hindbrain area for recordings in the electrosensory lateral line lobe (ELL) and the midbrain area for electrical stimulation of the raphe 
nuclei as done previously [41]. 

Recordings and electrical stimulation of serotonergic fibers 

We used Neuropixels probes (Imec Inc. [14]) to record the simultaneous activity of ELL pyramidal cells as done previously [47]. 
The probe was inserted at an angle of 15 deg with respect to the sagittal plane and advanced 1500–2000 μm from the surface to record 
neurons located at depths between 400 and 1200 μm. We aimed to record neurons from the lateral segment of the ELL, as they receive 
the highest amount of serotonergic innervation from the dorsal raphe nuclei [39,40]. Recordings were digitalized at 30 kHz using 
SpikeGLX (Janelia Research Campus) and stored for offline analysis. 

To investigate the effects of serotonin in a population of neurons, we simultaneously recorded neural and behavioral responses to 
envelopes during control conditions and after the electrical stimulation of serotonergic fibers emanating from the Raphe nuclei that 
innervate the ELL. We used a bipolar tungsten electrode positioned 1 mm rostral to T0, advanced 3500 μm in depth. The stimulation 
electrode was positioned near the target, before advancing the probe to its final position. We waited at least 30 min before starting the 
recording to allow the brain tissue to settle and improve recording stability. Once the experimental protocol was run for the control 
condition, we delivered 10 pulses (200–300 pA) at 40 Hz with each pulse lasting 0.3 ms, as done previously [41]. We tested if the 
electrical stimulation was successful by recording the jamming avoidance response (JAR, further described below) right before and 
immediately after delivering the electrical pulses, as previous studies have shown this behavioral response is increased after stimu-
lation [41,43]. Thus, the full experimental protocol was the following: recording of control condition, JAR test, electrical stimulation 
of raphe, JAR test after stimulation and recording of serotonin condition. 

We note that although the electrical stimulation of serotonergic fibers was localized, the perturbations it induced in the recordings 
made it difficult to retain the identity of all the neurons recorded from across conditions. Accordingly, for session 1 we recorded n = 13 
neurons during control, n = 13 neurons after raphe stimulation and retained identity of n = 3; for session 2 we recorded n = 17 neurons 
during control, n = 24 after raphe stimulation and retained identity of n = 9 neurons; for session 3 we recorded n = 21 neurons during 
control, n = 24 after raphe stimulation and retained the identity of n = 6 neurons. Qualitatively similar results were obtained when 
comparing the same population of neurons and two different populations of neurons across conditions. We only show results from the 
analysis performed for the same population of neurons throughout this paper except in Sup Fig. 3 where ON and OFF cells were 
compared before and after raphe stimulation. ELL pyramidal cells were identified based on previously well-established characteristics 
such as firing rate and response to stimulation. For our dataset, the baseline firing rate was 16.51 ± 0.81 Hz (min: 6.23 Hz; max: 30.62 
Hz), which is similar to what was found in previous studies [24,51,54,66,71,96]. We note that other cell types within the ELL such as 
inhibitory interneurons typically have much larger firing rates [97] and, as such, can easily be distinguished from ELL pyramidal cells. 

Stimulation 

Stimuli consisted of a 5–15 Hz noise (4th order Butterworth) amplitude modulation (AM) whose amplitude (i.e., envelope) was 
further modulated sinusoidally at 0.05 Hz, 0.1 Hz, 0.25 Hz, 0.5 Hz, 0.75 Hz and 1 Hz. We played 20 repetitions of a cycle for each 
envelope frequency. These envelope stimuli mimic electrical signals that arise due to relative movement between two fish [30,32] and 
as such, the range of envelope frequencies chosen is behaviorally relevant. Single neuron and behavioral responses to envelopes have 
been the subject of several recent studies (see Ref. [31] for a review). The envelope stimuli were produced by triggering a function 
generator to emit one cycle of a sinewave each time a cycle of the EOD was emitted, as done previously [24]. The frequency of the 
emitted sinewave was set slightly higher (~30 Hz) than that of the EOD, allowing for the output of the function generator to be 
synchronized with EOD. The emitted sinewave was subsequently multiplied by the desired AM and the resultant signal was isolated 
from the ground. The final signal was delivered through a pair of chloridized silver electrodes in the water located ~15 cm away from 
the fish perpendicular to its rostro-caudal axis. To measure the stimulus intensity, we used a small dipole placed near the fish’s skin. 
Stimulus intensity was adjusted to produce changes in the EOD amplitude that were ~20% of the baseline level, as done in previous 
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studies [43,44]. 
We also stimulated with a low-pass filtered 0–120 Hz noise amplitude modulation to classify ELL pyramidal cells as ON- or OFF- 

type as described below. Thus, each control or serotonin condition consisted of recordings of a 100 s baseline period, followed by a 
noisy AM and lastly the envelope stimuli. 

Behavior 

Behavioral responses to sinusoidal envelopes consist of changes in the time-dependent EOD frequency of the fish. As mentioned 
above, a signal is triggered every time the fish emits a cycle of the EOD. This triggered signal or ‘zero-crossings’ of the EOD are 
converted into a binary sequence and low-pass filtered (second-order Butterworth with 0.05 Hz cutoff) to finally obtain the time- 
dependent EOD, as done previously [34]. 

The jamming avoidance response was elicited by a 4 Hz sinusoidal AM stimulus played for at least 50 s. The stimulus was presented 
five times with a rest period of at least 20 s between each presentation. The JAR magnitude was defined as the maximum EOD fre-
quency elicited during stimulation relative to the EOD frequency baseline value, as done previously [41,43]. 

Data analysis 

Spike times for each individual neuron were sorted using Kilosort [98] and manually curated using phy 2 (https://github.com/ 
cortex-lab/phy). The spike time sequences were then converted to a binary sampled at 2 kHz, i.e., the content of a binwidth of 0.5 
ms is 1 if a spike occurred and 0 otherwise. All data analysis was performed using custom codes written in Matlab (MathWorks). 

ELL pyramidal cells were classified as ON or OFF according to their responses to a low-pass filtered 0–120 Hz noise amplitude 
modulation as done previously [47,99]. Briefly, we computed the spike triggered average (STA) by averaging stimulus segments 
during 1 s windows centered at the action potential times of a given neuron. We then computed the STA slope during an 8 ms window 
centered 8 ms before the action potential occurred to account for spike transmission delay. Neurons for which the slope was positive 
weare classified as ON cells, whereas those for which the slope was negative were classified as OFF cells. 

We computed baseline firing rates and burst fractions from a 100 s of baseline data before presenting the stimuli. Burst fraction was 
defined as the ratio of the number of spikes that occurred in a burst (i.e., interspike interval ≤ burst threshold) to the total number of 
spikes. The burst threshold corresponds to the trough of the bimodal ISI distribution which was on average 10 ms. We note that this 
burst threshold has been used extensively in the electrosensory system [70,100–102]. 

To quantify neural responses to envelopes we used linear systems identification techniques to compute gain and phase as done 
previously [35,43,44]. Specifically, neural gain is defined as the ratio of the amplitude of the filtered firing rate response and the 
stimulus amplitude, measured from the dipole. The response phase is defined as the average phase at which the filtered firing rate 
reached its maximum relative to the peak of the stimulus waveform over each cycle divided by a period of 2π. The filtered firing rates 
were obtained by low-pass filtering the binary sequencies with a [10, 5, 2, 1, 0.65, 0.5] s long box car window (i.e., the filter is constant 
for the duration of the window and zero otherwise, see “boxcar” function in Matlab) for envelope frequencies [0.05, 0.1, 0.25, 0.5, 
0.75, 1] Hz respectively. We note that these lengths correspond to one half of the envelope period for all frequencies tested. 

Polar plots were generated by plotting the phase (angular coordinate) and gain (radial coordinate). From these polar plots, we 
computed the circular standard deviation as: 

cir STD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

− 2 log(R)
√

where R is the mean resulting length of the trigonometric moments of the circular distribution. Note that values near 0 correspond to 
little variation in phase values. 

To quantify the trial-to-trial variability in the firing rate response of ELL pyramidal cells to the envelope signal, we calculated the 
mean response from the filtered binaries across trials and subtracted this mean response from each individual trial to obtain the ‘noise’. 
We defined the trial-to-trial variability as the mean of the absolute value of the noise across trials. The signal to noise ratio (snr) is 
measured as the ratio between the amplitude of the mean response and the trial-to-trial variability. 

We quantified pairwise correlations between neural activities recorded simultaneously by computing the Pearson’s correlation 
coefficient between two filtered firing rate sequences (ni) as: 

rtotal =
Cov(n1n2)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(n1)Var(n2)

√

To compute signal correlations, we used this equation on firing rate sequences shuffled across trials and averaged over 20 re-
alizations of the shuffling procedure. To compute noise correlations, we used the firing rate residual sequences of the shuffling pro-
cedure. The firing rate residual sequences were obtained by subtracting the mean firing rate sequence from the firing rate for each 
individual trial. Since the mean firing rate sequence corresponds to the firing rate modulation due to the stimulus presentation, the 
residual firing rate sequence represents the component of the neural response that cannot be attributed to a given stimulus waveform 
(i.e., noise) as this is not constant across trials. 

Stimulus reconstruction and coding fraction 
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An estimate of the time-varying envelope stimulus E(t) was obtained from the population of ELL pyramidal cells by convolving each 
spike train Ri(t) with a linear filter Ki(t) and adding the contributions of all cells [103–106]: 

Eest(t)=
∑n

i=1

∫

dτKi(τ)Ri(t − τ)

The filters Ki(t) are chosen to minimize the mean square error ε2 between the stimulus and its estimate: 

ε2 = 〈[E(t) − Eest(t)]2〉 

The optimal set of filters are the solution to the following system of equations [52,107]: 
⎛

⎜
⎜
⎝
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⎟
⎠

Where K̃i(f) is the Fourier transform of Ki(t), PRiRj (f) is the cross-spectrum between binary sequences Ri(t) and Rj(t) and PERj (− f) is the 
cross-spectrum between the stimulus E(t) and binary sequence Ri(t). The quality of the reconstruction was assessed by the coding 
fraction cf , defined by: 

cf = 1 −
ε
σ  

Where σ is the standard deviation of the envelope. cf ranges between 0 and 1 and represents the fraction of the stimulus that is correctly 
estimated [52,108]. This algorithm was applied either to neural activities that were recorded from simultaneously or using the shuffled 
trials (see above description) in order to quantify the effects of noise correlations on coding. 

Statistics 

Values are reported as mean ± SE unless otherwise indicated. Statistical significance was evaluated by either a parametric Stu-
dent’s t-test if the data was normally distributed or non-parametric Wilcoxon signed-rank test otherwise for paired samples. When 
comparing unpaired samples, we used a parametric unpaired Student’s t-test if the data was normally distributed or a non-parametric 
Wilcoxon rank sum test otherwise. Significance at the p = 0.05 level is indicated by “*” in all figures. Whether the data follow a normal 
distribution was evaluated by a Lilliefors test at the p = 0.05 level. Where indicated, error bars were generated by bootstrapping 
technique, computing 50 bootstraps taking 80% of the measured values. 
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