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SUMMARY 

  

The cerebellum integrates sensory stimuli and motor actions to enable smooth coordination and 

motor learning. We use population imaging and single-cell electrophysiology while monitoring 

behavior to find the neural correlates of sensory and motor variables in the cerebellar Purkinje cell 15 

population during visually-driven behaviors in larval zebrafish. We find that Purkinje cells 

functionally cluster into three regions that receive similarly tuned, sensory climbing fiber input 

relating to distinct visual features. In contrast, the simple spike output of nearly all Purkinje cells is 

strongly driven by motor-related tail and eye signals. At rest, complex spikes modulate simple spike 

rates over hundreds of milliseconds in a cell-specific way, whereas during swimming, complex 20 

spikes have a very acute temporal effect on already high simple spike rates. Our findings highlight 

the importance of motor context for cerebellar computations and provide the first comprehensive 

description of sensorimotor coding across the Purkinje cell population during behavior.   
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INTRODUCTION 25 

  

Decades of influential anatomical (Eccles et al., 1967; Palay & Chan-Palay, 1974), theoretical 

(Marr, 1969; Albus, 1971; Ito, 1972) and experimental work (see Ito, 2006 for a review) have led to 

our current knowledge highlighting the cerebellum as a major brain region for the control of motor 

behaviors. The ability of the cerebellum to guide motor control and learning relies critically on the 30 

integration of sensory and motor-related signals in Purkinje cells, as these neurons constitute the 

main computational units and output of the cerebellum.  

 

The anatomy and physiology of Purkinje cells across vertebrates displays several distinctive 

features that are thought to underlie an important functional role in the cerebellum. Purkinje cells 35 

receive two excitatory input streams, via parallel fibers from granule cells and a single climbing fiber 

from the inferior olive, that differentially modulate their spike output. Across vertebrate species, 

climbing fibers from inferior olivary neurons drive complex spikes in Purkinje cells at a spontaneous 

rate of ~0.5-2 Hz whereas parallel fiber inputs modulate intrinsic simple spike activity at much 

higher rates (tens of Hz in larval zebrafish, Hsieh et al., 2015, and up to hundreds of Hz in 40 

mammals, Eccles et al., 1967; Raman & Bean, 1997). Simple spike output can furthermore be 

biased to burst or pause by the arrival of a complex spike (Mathews et al., 2012; Badura et al., 

2013; Sengupta & Thirumalai, 2015), though the precise nature of this relationship varies across 

Purkinje cells (Zhou et al., 2014, 2015; Xiao et al., 2014). Although little is currently known about 

molecular layer interneurons in the zebrafish cerebellum (Bae et al., 2009), findings in mammalian 45 

cerebellum suggest that inhibitory interneurons may also exert considerable control over simple 

spike rates (Dizon & Khodakhah, 2011; ten Brinke et al., 2015; Jelitai et al., 2016). 

 

Motor learning requires the coincident arrival of relevant sensorimotor information in the cerebellum 

along the climbing fiber and parallel fiber synapses to drive synaptic plasticity at parallel fiber to 50 

Purkinje cell synapses, among others (see Gao et al., 2012 for review). Sensory and motor 

information must therefore be consistently encoded in the cerebellum to provide the foundation for 

motor learning to take place. Nevertheless, there is little consensus regarding the population-wide 

organization of sensory and motor information to Purkinje cells via these different channels. 

Climbing fibers have been variously described as carrying sensory and/or motor signals (see Ito, 55 

2013 for review), which may reflect regional differences in coding or an inability to disambiguate 

correlated sensorimotor signals during behavior. Furthermore, there is great debate about whether 

climbing fiber signals convey error, novelty, or predictive signals (see Simpson et al., 1996 and 
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Streng et al., 2018 for reviews). Granule cells were previously thought to convey mostly sensory 

context (see Arenz et al., 2009, for review) but have more recently been shown to robustly encode 60 

both current (Ozden et al., 2012; Powell et al., 2015; Knogler et al., 2017) and predicted behavioral 

state (Giovannucci et al., 2017) and even cognitive signals such as the expectation of reward 

(Wagner et al., 2017). In Purkinje cells, many studies have demonstrated that simple spiking driven 

by parallel fiber input can correlate with movement kinematics related to some aspect of behavior 

(see Popa et al., 2018 for areview). Nonetheless, it is challenging to interpret how individual 65 

Purkinje cells integrate both sensory and motor variables since mammalian Purkinje cells have 

particularly high spontaneous simple spike firing rates and are estimated to receive input from 

100,000 - 200,000 parallel fibers (Harvey & Napper, 1991).  

 

At the population level, Purkinje cells in the mammalian cerebellum are generally organized into 70 

four transverse zones along the rostrocaudal axis based on the anatomy of the climbing fiber 

projections (Ozol et al., 1999) and further subdivided into longitudinal zones and microzones 

defined by additional anatomical, physiological and molecular features (see Apps & Hawkes, 2009 

for review). This organization is thought to produce functional modules that each participate in the 

control of a certain set of behaviors (Cerminara & Apps, 2011), however the precise link between 75 

Purkinje cell physiology and the behavioral relevance of cerebellar modules is not well understood. 

The large number of Purkinje cells in the mammalian cerebellum (estimated at >300,000 in the rat 

cerebellum; Harvey & Napper, 1991) precludes the ability to comprehensively monitor activity 

across the Purkinje cell layer to determine if the same computations are performed throughout the 

cerebellum.  80 

 

In this study, we use larval zebrafish to study how sensorimotor variables are encoded in Purkinje 

cells and how these responses are functionally organized across the cerebellum with respect to 

the most important reflexive visuomotor behaviors performed by these animals. The larval zebrafish 

cerebellum is anatomically organized in a typical vertebrate tri-layered configuration, with a 85 

population of approximately 500 Purkinje cells, each receiving inputs from many parallel fibers and 

likely just one climbing fiber (Bae et al., 2009; Hashimoto & Hibi, 2012; Hsieh et al., 2014; Hamling 

et al., 2015). Several studies have demonstrated a functional role for the cerebellum in the larval 

zebrafish relating to motor coordination, adaptation, and learning (Aizenberg & Schuman, 2011; 

Ahrens et al., 2012; Matsui et al., 2014; Portugues et al., 2014; Harmon et al., 2017). We took 90 

advantage of the small size of the cerebellum in larval zebrafish and its accessibility for 

physiological recordings to perform functional mapping of Purkinje cell sensorimotor responses 
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across the entire population during spontaneous and visually-evoked reflexive swimming and eye 

movements (the optomotor and optokinetic response, respectively). These uncover a striking 

organization of the Purkinje cell population into three functional regions that receive similar motor-95 

related parallel fiber input but are strongly differentiated by sensory complex spike responses 

relating to different visual features of reflexive visuomotor behaviors. These findings reveal the 

organization of cerebellar modules underlying innate behaviors and thus provide a foundation for 

future studies of motor learning in the cerebellum.  

 100 

 

RESULTS 

  

Activity in the cerebellum is arranged into functionally-defined and anatomically-clustered 

symmetrical regions of Purkinje cells 105 

  

Anatomical, physiological, and genetic studies of the mammalian cerebellum across species show 

that the cerebellar cortex is organized into spatially-restricted functional regions of Purkinje cells, 

where a given region has a specific set of inputs and outputs and is thought to control the 

coordination and adaptation of a different set of sensorimotor behaviors (Apps & Hawkes, 2009; 110 

Witter & De Zeeuw, 2015). In order to describe the organization of Purkinje cells across the entire 

cerebellum for the first time, we performed population imaging across all Purkinje cells while driving 

reflexive sensorimotor behaviors. We presented a variety of visual stimuli to awake, head-

embedded fish whose eyes and tail were freed and we observed consistent eye and tail movements 

in response to visual stimuli (Figure 1a; Easter & Nicola, 1996). These included whole-field gratings 115 

moving in the four cardinal directions that elicited reflexive optomotor swimming responses, and a 

windmill pattern centered on the larva’s head rotating with a sinusoidal velocity that elicited a 

reflexive optokinetic response of the eyes to track the movement. Moving gratings evoked varying 

degrees of swimming behavior depending on the direction and speed in which they were presented, 

and whole-field flashes were included to provide stimuli that evoke very little behavior (Figure 1a). 120 

The visual stimuli were presented in open loop (e.g. with no updating of the visual stimuli in 

response to behavior) in order to clearly disambiguate sensory versus motor contributions to neural 

activity. We performed 2-photon functional imaging of the entire Purkinje cell population in response 

to this set of stimuli while tracking eye and tail movements (Figure 1b, Movie S1). 

  125 
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Figure 1. Purkinje cell activity is functionally clustered across the cerebellum. 

a) Overview of the visual stimuli presented to the awake, behaving zebrafish during volumetric two-photon 
calcium imaging. See Methods for further details. The mean swimming activity and eye position for a 
representative fish across an entire experiment is shown (N=100 trials). b) Composite brightfield image of a 130 
7 dpf zebrafish larvae from a dorsal view showing Purkinje cells expressing GCaMP6s driven by a ca8 
enhancer element. Scale bar = 100 microns. c) Example z-scored fluorescent traces from Purkinje cells in 
this fish together with their best correlated sensory or motor regressors. Regressor and correlation coefficient 
is given at right for each cell. d) Heatmaps of the z-projected mean voxelwise correlation coefficients from 
multilinear regression (MLR) with example sensory and motor regressors for a representative fish (see 135 
Methods). Scale bar = 50 microns. e) Voxels from the example fish in d) are colored according to whether 
the best regressor for correlated sensory stimuli and motor events (including i) swimming and ii) eye 
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movement) are sensory (magenta), motor (green), or equal/uncorrelated (white). fi) Composite projections of 
the first ten principal components of Purkinje cell activity in response to experimental stimuli across all fish 
(N=6; see Methods), ordered in increasing variance explained. Colors are arbitrarily chosen. fii) Left axis, 140 
index values across the first ten principal components with respect to the anatomical clustering of principal 
components within a fish (red line) and the stereotypy of these clusters across fish (blue line). Dotted black 
line shows an index value of 1 or chance value: an index above this line denotes that the particular cluster is 
more anatomically clustered than expected by chance within fish (red) or more stereotypically anatomically 
located across fish than chance (blue). Right axis, total variance explained across principal components. fiii) 145 
Spatial map of the four principal components with the highest index values for both anatomical clustering 
within a fish as well as stereotypy across fish. See also Figures S1 and S6. 
  

Individual fish showed segregated regions of Purkinje cell activity that correlated highly with 

different sensory and motor variables. Each different feature of the sensory stimulus or motor 150 

behavior, such as translational motion in a certain direction, or the duration of the swimming bouts 

across a trial, were used to build a vector of values for the trial duration. This vector was then 

convolved with a GCaMP kernel to produce a regressor for each feature (Figure 1c), and this set 

of regressors was evaluated against the calcium traces obtained from individual neurons to identify 

the feature(s) that each cell encoded (Figure 1d; Portugues et al., 2014).  155 

 

Purkinje cell responses to reverse grating motion were concentrated rostromedially, while 

responses to luminance were located more centrally across both cerebellar hemispheres (Figure 

1d). Both of these responses are predominantly sensory since these stimuli do not typically elicit 

behavioral responses in larval zebrafish (Figure 1a). The most caudolateral regions of the 160 

cerebellum were highly responsive to rotational motion, with Purkinje cells in the left hemisphere 

responding to clockwise motion and those in the right hemisphere responding to counter-clockwise 

motion (Figure 1d). In order to disambiguate the responses of Purkinje cells during visual stimuli 

that drive a specific behavior (translational motion and swimming, or rotational motion and left/right 

eye velocities), we performed voxelwise analysis to determine whether a sensory versus motor 165 

regressor was significantly better in explaining the activity in each voxel (Figure 1e; see Methods). 

The activity of Purkinje cells distributed across a broad region of the cerebellum correlated highly 

with tail movement during swimming whereas sensory grating motion was represented sparsely, in 

patches (Figure 1ei). In contrast, a large dense bilateral area of the caudolateral cerebellum 

correlated best with sensory rotational motion while the remaining area of the rostral and medial 170 

cerebellum was highly correlated with eye movements (Figure 1eii). These results indicate that 

locomotor activity of the tail and eyes is broadly encoded in Purkinje cell activity across the 

cerebellum whereas sensory responses are more clustered. 
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In order to understand Purkinje cell population activity beyond correlations with a particular stimulus 175 

or motor feature, we performed principal component analysis (see Methods). This approach 

allowed us to identify groups of Purkinje cells whose activity was modulated in a similar way during 

the experiment, regardless of what particular stimulus feature drove the response. This analysis 

revealed considerable spatial structure in Purkinje cell responses (Figure 1f). We used the first ten 

principal components (total fraction of variance explained = 0.9) to determine the anatomical 180 

clustering of functional responses within fish as well as the stereotypy of these clusters across fish 

(Figure 1f). These results reveal a clear spatial organization of Purkinje cells into functional regions 

across the zebrafish cerebellum.  

  

Calcium signals in Purkinje cells report complex spikes with high fidelity with lesser 185 

contributions from simple spikes 

  

Climbing fiber inputs driving complex spikes have been shown to reliably produce large dendritic 

calcium signals in mammalian Purkinje cells with little to no signal in the soma (Lev-Ram et al., 

1992). In contrast, parallel fiber inputs may contribute to small, local calcium signals at dendritic 190 

spines or branchlets (see Kitamura & Kano, 2013 for review) while changes in sodium-dependent 

simple spike rates may be read out from somatic calcium signals (Ramirez & Stell, 2016). In order 

to understand how the signals obtained during calcium imaging relate to complex spike and simple 

spike output in larval zebrafish Purkinje cells, we obtained in vivo cell-attached electrophysiological 

recordings from single Purkinje cells expressing GCaMP6s (Figure S1).  195 

 

As expected, we found that every complex spike elicited a peak in the calcium signal of a Purkinje 

cell’s dendrites (Figure S1a,b). However, we also found that isolated bursts of simple spikes 

correlated with widespread increases in the dendritic calcium signal. Aligning the calcium signal to 

the onset of simple spike bursts and single complex spike events showed consistent simple spike-200 

triggered calcium transients that were of smaller amplitude but a similar duration to complex spike-

triggered transients (Figure S1b,d). These findings reveal that both complex spikes and simple 

spike bursts can contribute to the dendritic fluorescence signals obtained by calcium imaging in 

larval zebrafish Purkinje cells. We used regression methods to compare the contribution from 

complex and simple spikes to the fluorescence and saw that the majority of the contribution to these 205 

fluorescence signals comes from complex spikes, with the proportion from simple spikes varying 

across cells (mean contribution from complex spikes = 78.4 ± 6.8% , N=8 cells from 8 fish; Figure 

S1e,f). We furthermore observed that somatic signals and dendritic signals were highly correlated 
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(mean correlation = 0.87 ± 0.2, N=5 cells from 3 fish; Figure S1g,h), suggesting that the contribution 

from different inputs may not be as spatially segregated in these Purkinje cells as shown in other 210 

systems. Functional imaging data from Purkinje cell populations therefore reports both complex 

spikes and high frequency simple spiking.  

  

Electrophysiological recordings from Purkinje cells reveal distinct complex spike 

responses that can be grouped into four primary response types corresponding to sensory 215 

or motor responses 

  

In order to overcome the ambiguous contribution of complex spikes versus simple spike bursts to 

calcium signals, we performed cell-attached Purkinje cell electrophysiological recordings at 

different locations across the cerebellum in the awake, paralyzed larval zebrafish while presenting 220 

visual stimuli as for the functional imaging experiments described above (N = 61 cells from 61 fish). 

Complex spikes and simple spikes can be clearly distinguished in these recordings with automated 

thresholding by amplitude (Figure 2a) and converted to a spike rate (Figure 2b; see Methods). 

Simultaneous fictive recordings of locomotor activity were obtained from a ventral root extracellular 

electrode (Figure 2a) as previously described (Masino & Fetcho, 2005) and used to extract 225 

information about fictive swim bouts (see Methods). It should be noted that visually-driven motor 

behaviors are robust on average but episodic and variable across trials, allowing us to clearly 

disambiguate sensory and motor contributions to neuronal activity. Fish swim in episodic bursts of 

swimming that last just hundreds of milliseconds, separated by rest periods lasting seconds, 

whereas the visual stimuli driving these swim bouts were presented for many seconds. As a result, 230 

the motor regressors for swimming activity look very different from visual (sensory) regressors 

(Figure S2) and are only moderately correlated with these stimuli on a trial by trial basis (mean 

correlation = 0.31 ± 0.2, Figure 2c).  

  

In an approach similar to that used to analyze our functional imaging results, we built regressors to 235 

capture the most salient features of the visual and motor stimuli (Figure 2d and Figure S2). 

Evidence suggests that zebrafish Purkinje cells receive only one climbing fiber input from the 

inferior olive by 7 days post fertilization (dpf) (Hsieh et al., 2014, 2018), however mixed complex 

spike responses to multiple stimuli are possible due to mixed selectivity (multiplexing) in neurons 

of the inferior olive (Ohmae & Medina, 2015) or residual multiple climbing fiber input. Least-squares 240 

multilinear regression was used to calculate coefficient weights for the complex spike activity of all 

cells with these regressors (Figure 2e and Figure S2; see Methods).  
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Figure 2. Electrophysiological recordings from Purkinje cells reveal distinct complex spike 
responses that can be grouped into four primary response types corresponding to sensory 245 
or motor features. 
 
a) Example single trial from a cell-attached Purkinje cell (PC) recording (upper trace, black) with simultaneous 
ventral root recording (lower trace, gray, shown as a moving standard deviation). Complex spikes in the PC 
are indicated by orange dots above the trace and simple spikes are indicated by blue dots below the trace. 250 
Stimuli are color-coded as before (see Figure 1 and methods for more details). b) Left, the mean simple spike 
(SS) and complex spike (CS) rate for the cell shown in (a) across five trials. Right, the correlation coefficients 
of forward, left and rightward grating motion with the trialwise and average fictive swim activity for all fish. c) 
Plot of the correlation coefficient for each fish between the regressor for concatenated swimming activity 
during moving forward, left, and right gratings across all trials and the summed sensory regressor for forward, 255 
left, and right grating motion. The mean is indicated by the black bar. d) Example mean complex spike rates 
and example regressors e) Above, heatmap of coefficient weights for the complex spike firing rates of 61 
cells from z-scored least-squares multilinear regression (MLR) with a full set of 24 stimulus- and motor-related 
variables (see Methods). Below, histogram showing the distribution of cells’ highest regressor weight. f) 
Location of these cells across all fish mapped onto a reference cerebellum (bird’s eye view). The color 260 
indicates the highest MLR coefficient weight for that cell while the size indicates the degree to which that 
coefficient contributes to the overall firing rate respective to the others, where the biggest circles = 100%. 
Scale bar = 50 microns. g) Left, heatmap of complex spike rates for all 61 cells clustered according to their 
highest MLR coefficient weight. To reduce extraneous clusters, all motor-related responses are grouped in 
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one cluster and some luminance-related regressors were combined. Colored bars at right indicate complex 265 
spike phenotype as indicated in previous panels. Right, the mean z-scored complex spike rate from each 
cluster. See also Figure S2. 
 

 

We observed that complex spikes generally responded to a narrow subset of stimuli, as shown by 270 

the sparse matrix of regressor weights (Figure 2e). Only a few sensory or motor features provided 

a significant contribution to each cell’s complex spike rate (mean number of nonzero coefficients = 

6.0 ± 0.4 / 22, N=61). A survey of the best regressor category for each cell from this dataset 

revealed that Purkinje cell complex spike responses were most strongly enriched for visual 

information, specifically the onset of direction-specific translational motion (N=31/61) and the 275 

direction-specific rotational velocity (N=14/61). The remaining Purkinje cells were categorized as 

having complex spikes that best responded to changes in whole-field luminance, to fictive motor 

activity, or to the duration of translational motion (Figure 2e). Notably, sensory responses are far 

better represented than motor responses in the complex spike responses of Purkinje cells, despite 

the fact that many of the visual stimuli we used elicited robust swimming behavior. Only 8/61 cells 280 

had the biggest contribution to complex spike rates from motor activity, and across the remaining 

cells the average contribution from motor regressors was less than 5% (3.7 ± 1%, N=53). Of the 

eight cells whose best regressor was motor-related, there were nonetheless significant responses 

to visual features present as determined by non-zero sensory coefficient weights accounting for 

10-40% of the complex spike activity (mean contribution = 20 ± 5%).  285 

 

We hypothesized that the specificity of complex spike sensory responses across Purkinje cells 

could underlie the spatial clustering we observed with functional imaging. Mapping the coordinates 

of all Purkinje cells onto a reference cerebellum revealed a spatial organization of complex spike 

sensory response phenotypes similar to our functional imaging data (Figure 2f and Figure 1d). In 290 

particular, we observed a rostromedial cluster of cells responsive to the onset of directional motion 

in the visual stimulus and a caudolateral cluster of cells responsive to rotational stimulus velocity. 

Luminance responses were more scattered but generally occupied the central zone between these 

regions. Closer inspection of the complex spike firing rates across cells reveals that these 

responses can be further subdivided based on the specific type of response to the stimulus. For 295 

example, direction-selective motion onset-responsive Purkinje cells differ in their directional tuning, 

and luminance-responsive cells can prefer either increases or decreases in luminance, or 

bidirectional changes (Figure 2g).  
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Together with our functional imaging data, these results suggest that nearly all zebrafish Purkinje 300 

cells contribute to the formation of three distinct spatial regions across the cerebellum through 

sensory complex spike profiles encoding either directional translational motion onset, rotational 

motion, or luminance of the visual world. We performed further detailed electrophysiological and 

anatomical analyses of the Purkinje cells from each of the three sensory response types in order 

to examine what aspects of the sensory stimuli were encoded by their complex spikes and in turn 305 

where they send their outputs. 

  

Purkinje cells in different regions receive climbing fiber input related to different, specific 

visual features and send outputs to different downstream regions 

 310 

The largest group of Purkinje cells showed strong, direction-selective responses to the onset of 

translational motion, as revealed by significant correlation weights for these regressors (see 

Methods; N=33/61 cells). These responses typically spanned two of the four cardinal directions 

tested, producing on average just one complex spike at the onset of motion in the preferred 

directions (1.2 ± 0.6 spikes/stimulus; Figure 3a). The direction selectivity index (DSI) of these cells 315 

ranged from 0.2-0.9 and no cells were found that responded significantly to motion onset in 

opposing directions (Figure 3a and Figure S3a). Although these Purkinje cell somata are closely 

clustered in the most rostromedial part of the cerebellum (Figure 1d), the lateralization of Purkinje 

cells was biased such that cells in the left cerebellar hemisphere preferred either forward motion to 

the right (0 to 90°, N=7) or reverse motion to the left (-90 to -180°, N=5; Figure S3a). Conversely, 320 

Purkinje cells in the right cerebellar hemisphere preferred either forward motion to the left (0 to -

90°, N=5) or reverse motion to the right (90 to 180°, N=5; Figure S3a).  

  

The second group of Purkinje cells, located in the caudolateral cerebellum, showed a large increase 

in complex spikes during either clockwise or counter-clockwise rotational motion that persisted 325 

throughout the duration of movement (Figure 3b; N=12/61 cells). As seen in our functional imaging 

data (Figure 1c), responses to rotational motion were highly lateralized such that all Purkinje cells 

(10/10) that preferred clockwise rotational motion were located in the caudolateral region of the left 

cerebellar hemisphere while the only two Purkinje cells that preferred counter-clockwise motion 

were located in the mirror symmetric region of the right cerebellar hemisphere (Figure S3b). 330 

Clockwise motion-preferring cells also show an increase in complex spiking for the duration of 

rightwards translational motion whereas counter-clockwise motion-preferring cells respond to 

leftwards translation motion (Figure S3b), suggesting that these cells integrate motion over a large 
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area situated in the front half of the visual field. During rotational motion in the preferred direction, 

complex spike firing rates in these cells were two to five times higher than baseline (mean rate 335 

increase = 340 ± 40%, N=12). In contrast, complex spike rates during motion in the non-preferred 

direction fell to nearly zero, well below the baseline rate (mean rate non-preferred direction = 0.32 

± 0.1 Hz versus 0.87 ± 0.1 Hz at baseline; Figure S3b). Complex spike rates for translational motion 

in the preferred direction followed a similar pattern (mean rate increase above baseline = 280 ± 

20%). We also observed an apparent homeostatic regulation of complex spikes in these cells where 340 

spontaneous firing rates were strongly depressed for several seconds following the robust complex 

spike responses during this stimulus period (Figure 2d,g).  

 

 

 345 

Figure 3. Purkinje cells in different regions show complex spike responses that encode 
different visual features and send outputs to different downstream regions 
 
a) Raster plot (upper left panels) and histogram (lower left panels, 500 ms bins) of complex spikes occurring 
across trials during translational whole-field motion of black and white bars in all four cardinal directions for 350 
two example cells. See also Figure S3. b)  Raster plot (upper left panels) and histogram (lower left panels, 
100 ms bins) of complex spikes occurring across trials during whole- and half-field bidirectional rotational 
motion of a black and white windmill for an example cell. The dashed lines over the histogram show the 
velocity of the stimulus in each direction across the trial. See also Figure S3. c) Raster plot (upper left panels) 
and histogram (lower left panels, 100 ms bins) of complex spikes occurring across trials during whole-field 355 
light/dark flashes for two example cells, i) and ii). See also Figure S3. d) A box plot of complex spike firing 
rates during blank trials (no visual stimuli) for cells grouped by their sensory or motor complex spike category 
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(see Fig 2). N = 31, 14, 5, 8. Asterisks indicate significance (one-way ANOVA with Bonferroni post hoc 
correction, p<0.001). j i) The location of cells colored by complex spike phenotype are plotted onto a flattened 
bird's eye view of the cerebellum with all coordinates flipped to the right half of the cerebellum. e ii) Three 360 
example maximum projection images of traced axonal morphology from stochastically-labelled, Fyn-
mClover3-expressing Purkinje cells for which electrophysiological recordings were also obtained. Labels for 
each cell refer to the electrophysiological traces in previous panels. The asterisk for cell a) indicates that 
these coordinates were flipped to the right half of the cerebellum. Scale bar = 50 microns. e iii) Categorical 
grouping of complex spike phenotypes for internal versus caudal axonal projections. N = 17 cells from 17 365 
fish. f) Morphed Purkinje cell axonal morphologies from single-cell labelling across fish (N=50 cells) can be 
grouped into two populations based on axonal projection (as for e iii). N=27 cells with internal axons, N=23 
cells with caudal axons. 
 

The third prominent group of Purkinje cells had complex spike responses correlated with changes 370 

in whole-field luminance. These were identified using autocorrelation analyses to periodic whole-

field flashes (Figure S3c; see Methods) and included some Purkinje cells belonging to the previous 

sensory groups responsive to visual motion (N=25/61 cells with significant autocorrelation to 

flashes; Figure 3c and Figure S3c-e). Purkinje cells within this group had complex spike responses 

that encoded either luminance increases (9/25) or decreases (11/25) or both (5/25; Figure 3c and 375 

Figure S3d). The latency from the onset of the preferred luminance transition to the first complex 

spike occurred for each cell with very little jitter but the latency itself varied across cells (Figure 

S3d). This group of Purkinje cells showed a wide distribution in their localization across the central 

region of the cerebellum (Figure S3e). Luminance-responsive Purkinje cells in many but not all 

cases also showed significant complex spike responsive to local luminance changes during the 380 

translational motion of gratings (Figure S3f), suggesting that some cells may have smaller receptive 

field sizes over which they integrate luminance. Most responses were transient such that cells fired 

just one complex spike for the preferred luminance change (mean = 0.80 ± 0.02 spikes). We did 

however observe sustained changes in complex firing rates in two cells that persisted as long as 

the duration of the preferred luminance and therefore appear to encode ambient luminance through 385 

their complex spike rate (Figure 3cii, one-way ANOVA with Bonferroni post hoc correction, p<0.01; 

Figure S3g,h) .   

 

Notably, the spontaneous complex spike rates were quite different between these groups. Purkinje 

cells responding to rotational motion velocity had a significantly higher baseline firing rate than 390 

those with directionally selective motion onset responses (0.77 ± 0.1 Hz and 0.20 ± 0.02 Hz, 

respectively, p<0.001, Bonferroni post hoc correction; Figure 3d). Purkinje cells responding most 

strongly to luminance or motor activity had intermediate baseline complex spike rates (0.28 ± 0.1 

Hz and 0.34 ± 0.1 Hz, respectively; Figure 3d). 

  395 
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Mapping the coordinates of Purkinje cell somata belonging to these three complex spike sensory 

subtypes supports a regional division of the cerebellum along the rostrocaudal axis where each of 

the three regions within the cerebellar hemisphere receives inputs from the same or similar inferior 

olive neurons carrying visual information (Figure 3ei). To examine the outputs of Purkinje cells, we 

performed cell-attached electrophysiological recordings with morphological analyses via stochastic 400 

single-cell labelling of Purkinje cells to visualize the axonal projections (N=17 cells from 17 fish; 

Figure 3eii). Unlike the mammalian cerebellum, where all Purkinje cell axons project outside of the 

cerebellar cortex, zebrafish Purkinje cells can be divided into two anatomical populations - one with 

internally-projecting axons that contact eurydendroid cells (the equivalent of mammalian cerebellar 

nuclei neurons) and the other whose somata are more lateral and who have externally-projecting 405 

caudal axons that contact neurons in the vestibular nuclei (Bae et al., 2009; Matsui et al., 2014). 

Strikingly, 6/7 Purkinje cells with caudally projecting axons exhibited a clear complex spike 

phenotype for directional rotational motion, whereas only 1/10 cells with an internal axon had this 

same phenotype (Figure 3eiii). We further reconstructed and aligned 50 singly-labelled Purkinje 

cell morphologies across fish. Although the somata of Purkinje cells with caudal (N=23/50) and 410 

internal (N=27/50) axons partially overlap, the segregation of rotational motion responses with 

caudal axon anatomies in this dataset further support our definition of this Purkinje cells functional 

region (Figure 3e). We also found that Purkinje cell dendrites generally had a classic albeit 

simplified morphology with mostly planar dendrites (Figure S4) oriented orthogonally to the axis of 

parallel fiber extension across the cerebellum (Knogler et al., 2017), as seen in mammalian 415 

cerebellum (Eccles et al., 1967). 

  

Together, these results define three functional regions of Purkinje cells across the cerebellum 

operating with different complex spike frequencies and encoding distinct sensory features related 

to visuomotor behaviors, of which one region also send the majority of its projections to a different 420 

downstream area than the others.   

 

Motor-related complex spikes are rare 

  

As discussed above, motor regressors did not significantly contribute to complex spike activity in 425 

the majority of Purkinje cells (N=47/61), despite an abundance of visually-evoked fictive behavior.  

Eight cells had the largest regressor weight for their complex spike activity from a motor regressor 

while four additional Purkinje cells had small but nonzero regressor coefficient weights, therefore a 

total of twelve cells were included for further motor analysis. We analyzed motor-related complex 
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spike responses from these cells during spontaneously-evoked swimming in blank trials as well as 430 

trials where visual stimuli elicited swimming in order to confirm that responses were indeed driven 

by motor activity and not sensory stimuli (Figure S5a). Motor-related complex spikes had 

considerable jitter from bout onset in blank trials in contrast to the fixed latencies for most sensory-

driven complex spikes (Figure S5b, compare with Figure 3). This is consistent with observations 

that complex spikes show no phase-locking with stereotyped locomotor movements (Apps, 1999). 435 

Some Purkinje cells also showed an increase in complex spikes following bout offset (Figure S5c). 

Notably, the mean swim bout-related complex spike rate was higher for spontaneous bouts in blank 

trials that for visually-driven bouts (Figure S5a,c; p<0.05, Wilcoxon signed rank test, N=12 cells). 

This finding aligns with several studies showing that sensory and motor signals can interact to alter 

climbing fiber input to the cerebellum via the inhibition of inferior olive activity from cerebellar nuclei, 440 

the red nucleus, and other indirect pathways (see Apps, 1999, and Gibson et al., 2002 for reviews).   

 

Of the cells that showed a motor-related change in complex spike activity, the majority had an 

increase in complex spikes during a fictive bout (N = 9/12; Figure S5d). These responses were 

however unreliable and a complex spike occurred on less than half of bouts on average (mean 445 

probability = 0.38 ± 0.07 for stimuli trials, N=9 cells; mean probability for blank trials = 0.42 ± 0.07, 

N=5 cells). The remaining three cells showed a decrease in complex spikes during fictive bouts 

(mean probability of a complex spike during bout < 0.02, N=3; Figure S5d). Unlike the spatial 

mapping seen for Purkinje cells sensory response types, Purkinje cells with motor-related complex 

signals were distributed across the cerebellum with no apparent clustering (Figure S5e).  450 

 

We observed that both translational and rotational motion induced frequent bouts of fictive 

swimming in fish (Figure 2a), however the complex spike responses during these stimuli in most 

Purkinje cells did not correlate well on a trial-by-trial basis with fictive swimming bouts and were 

thus classified as sensory, as described above. Rotational windmill stimuli are however known to 455 

evoke stereotyped eye movements known as the optokinetic reflex (Easter & Nicola, 1996), 

therefore complex spike responses to rotational visual motion could relate to eye movement. 

Studies of the cerebellar control of eye movements have shown evidence that climbing fibers 

provide eye motor error signals, which could account for the prominent complex spike signals 

observed in Purkinje cells in the caudolateral cerebellum during rotational windmill motion. In order 460 

to examine the potential contribution of eye movement to driving complex spikes in this group of 

Purkinje cells, we performed cell-attached recordings from Purkinje cells in the caudolateral 

cerebellum in the semi-paralyzed zebrafish, where the eyes were free to move and were tracked 
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with a high-speed camera (see Methods). The independent movement of each eye was then used 

to build a set of twelve regressors corresponding to eye position and velocity in different directions 465 

(Figure S5f).  

 

Least-squares multilinear regression was used to calculate coefficient weights for the complex 

spike activity of all cells with the previously described eighteen sensory regressors and these twelve 

new eye motor regressors. We found that simple spike phenotypes across cells were strongly motor 470 

whereas we once again observed a clear bias for a sensory complex spike phenotype across 

Purkinje cells (N=11/13), with only two cells whose best regressor related to eye movement (Figure 

S5g,h). A further analysis of the complex spike phenotypes of these latter two cells showed that in 

one case, the eye movement was so well-correlated with the sensory stimulus that it was hard to 

disambiguate the true sensory vs motor nature of the complex spike response (Figure S5i, cell 2). 475 

For the other cell (Figure S5i, cell 3), a strong luminance (sensory) complex spike phenotype was 

identified through additional autocorrelation analyses (p<0.001 from Ljung-Box Q-test; r=0.67 for 

correlation with the luminance regressor) in addition to the moderate correlation with eye movement 

(r=0.32 for correlation with eye motor regressor). Nonetheless, the majority of Purkinje cells in this 

region could be clearly assigned to a sensory complex spike phenotype since these cells showed 480 

very stereotyped complex spike responses to directional rotational stimuli that did not correlate well 

with the variable eye movements observed across trials (Figure S5j,k). We conclude from these 

data that the complex spike responses during rotational visual motion are predominantly sensory 

rather than motor. Furthermore these responses are likely not error signals due to lack of eye 

movement because these signals are equally prominent in the paralyzed fish as in the 485 

electrophysiological and functional imaging experiments where the eyes are free and track the 

stimulus (Figure 1d,e). 

  

Simple spike responses across the Purkinje cell population are highly modulated by motor 

efference copies during fictive swimming 490 

  

Having observed that Purkinje cells can be clustered into functional regions defined by their sensory 

complex spike responses and anatomical features, we next wanted to understand how simple spike 

responses were organized across the cerebellum. Sensory and motor contributions to simple spike 

responses in individual Purkinje cells were much more broadly distributed than those observed for 495 

complex spike activity (Figure 4a and Figure 2d), as expected in a circuit where many parallel fibers 

converge on a single Purkinje cell (De Zeeuw et al., 2011). The regression analyses revealed that 
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translational and rotational motion of visual stimuli, regardless of direction, was the most prominent 

sensory feature encoded by simple spike activity as evidenced by the broad distribution of 

moderate coefficient weights for individual cells across motion regressors in most or all directions 500 

(Figure 4a). These findings suggest that Purkinje cells are integrating inputs from motion 

responsive granule cells with different directional tuning (Knogler et al., 2017). 

 

 

Figure 4. Simple spike rates in Purkinje cells and in granule cells are increased during fictive 505 
swimming  
(legend continued on next page) 
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a) Above, heatmap of coefficient weights for the simple spike firing rates of 61 cells from least-squares 
regression with a full set of 24 stimulus- and motor-related variables (see methods for more details). Below, 
histogram showing the distribution of cells’ highest regressor weight and the associated sensory/motor 510 
categories. b) Upper panel, heatmap of z-scored simple spike rates for all 61 cells sorted by decreasing 
motor coefficient weight. Lower panel, the mean simple spike rate for the ten cells with the highest (upper 
trace) and lowest (lower trace) motor coefficient weights. c) Left panel, example cell-attached Purkinje cell 
recording (PC, upper trace, black) from a blank trial (no stimuli) with simultaneous ventral root recording (VR, 
lower trace, gray, shown as a moving standard deviation). The simple spike rate is also shown (SSrate, 515 
middle trace, purple). Right, the bouts highlighted in green on an expanded timescale show the close timing 
of fictive bout onset and simple spike activity. d) The bout on- and off-triggered mean simple spike firing rates 
for the cell in c) during blank recordings (purple) and stimulus trials (pink). e) Z-scored heatmap of bout on- 
and off-triggered mean simple spike firing rates across all Purkinje cells sorted by mean firing rate in the 300 
ms following bout onset. f) Mean autocorrelation heatmap for simple spikes (SS, upper panel) and for ventral 520 
root recordings (VR, lower panel) for all Purkinje cells that showed spontaneous swimming bouts during blank 
trials (N=30 cells from 30 fish), sorted by time to first peak in the VR autocorrelation. Right, the first significant 
peak in the VR autocorrelation for each recording is plotted to give the mean fictive swim frequency for each 
fish. g) Upper panel, example cell-attached recording from a granule cell (gc, upper trace, black) from a blank 
trial with simultaneous ventral root recording (VR, lower trace, gray). The granule cell firing rate is also shown 525 
(spike rate, middle trace, orange). The bout highlighted in green (i) is shown below on an expanded timescale. 
h) The bout on- (left) and off- (right) triggered mean firing rates for this granule cell during blank recordings 
(orange) and stimulus trials (red). i) Z-scored heatmaps of bout on- (left) and off- (right) triggered mean firing 
rates in all granule cells sorted by mean firing rate in the 300 ms following bout onset (N=8 cell from 8 fish). 
Timescale same as for upper panels. See also Figure S7. j) Mean autocorrelation heatmap for spikes (upper 530 
panel) and ventral root recordings (VR, lower panel) for all granule cells from i), sorted by time to first peak 
in the VR autocorrelation. The red arrowheads signify granule cells with significant spike autocorrelations 
during fictive swim bouts (N=3; p<0.001, Ljung-Box Q-test; see Methods). Right, the first significant peak in 
the VR autocorrelation for each recording is plotted to give the mean fictive swim frequency for each fish. 
The red circles are the mean spike autocorrelation frequency obtained from the three significantly 535 
autocorrelated granule cells. k) An example bout from the cell indicated in j), which was located ipsilateral to 
the ventral root recording. The smoothed spike rate (red) is in antiphase with the ipsilateral fictive tail 
contractions (grey). 
  

Although simple spike rates were modulated to some extent by many of the visual stimuli 540 

presented, motor activity significantly modulated simple spike activity in nearly all Purkinje cells 

across the cerebellum (N=60/61) and was in fact the main contributor to modulating simple spike 

activity in the majority of cells (N=44/61; Figure 4a). Simple spike firing rates for these cells were 

consistently better correlated with bout vigor (equivalent to swim “strength”, calculated from the 

standard deviation of the tail amplitude) than bout duration, suggesting that fictive swimming activity 545 

is encoded in a graded manner by simple spike output. Mean simple spike firing rates across the 

population were on average twice as high during a bout as during the rest of the trial (mean rate 

during a bout = 14.5 ± 1.5 Hz vs 7.6 ± 0.8 Hz at rest; p<0.001, Wilcoxon signed rank test). Trial-

averaged simple spike responses across the population appeared as a continuum rather than as 

clusters (Figure 4b), suggesting that the organization of parallel fiber inputs does not follow the 550 

regional specificity of climbing fiber inputs and send similar information across the entire Purkinje 

cell layer.  
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In order to rule out potential sensory contributions to simple spike rates during visually-evoked 

behaviors, we analyzed simple spike activity during additional blank trials without visual stimuli 555 

(Figure 4c). Purkinje cells exhibit considerable spontaneous simple spike firing in the absence of 

any sensory stimuli or motor activity due to intrinsic bistability (Sengupta & Thirumalai, 2015), 

however fictive swim bouts consistently increased simple spike firing well above baseline levels 

(Figure 4c-e) and to an ever greater extent for spontaneous bouts in the absence of visual stimuli 

(p<0.01, Wilcoxon signed rank test). Aligning the mean bout-triggered simple spike rates for all 560 

Purkinje cells at bout onset and offset confirmed that the majority of cells have consistent motor-

related increases in simple spike activity that begin at bout onset and return to baseline following 

bout offset (Figure 4e) although a small number of Purkinje cells instead show bout-triggered 

decreases in simple spike firing rates (Figure 4e), as observed elsewhere (Scalise et al., 2016). As 

expected for rhythmic locomotor output, the ventral root signal was highly autocorrelated for all fish 565 

with a mean autocorrelation frequency across fish of 26.7 ± 0.7 Hz (N=30 fish; Figure 4f), consistent 

with the slow swim bout frequency reported for restrained zebrafish larvae (Severi et al., 2014). 

The autocorrelation analyses of simple spike firing for each Purkinje cell during a spontaneous 

fictive bout revealed however no significant autocorrelations for simple spikes at any frequency. 

Unlike the modulation of simple spike firing rate seen during step phase in locomoting rats 570 

(Sauerbrei et al., 2015), simple spikes in zebrafish Purkinje cells do not appear to be modulated in 

phase with rhythmic swimming activity but are nonetheless graded by swim strength. This suggests 

that individual Purkinje cell firing does not encode the activation of individual muscles involved in 

rhythmic swimming. 

  575 

Motor activity is broadly represented in granule cell signals 

 

The timing and reliability of swim-related simple spike activity is consistent with motor efference 

signals from spinal locomotor circuits arriving along mossy fibers to the granule cell layer, and 

subsequently to Purkinje cells, during fictive swimming. A disynaptic pathway from spinal premotor 580 

interneurons to the granule cells via the lateral reticular nucleus was recently found that would 

convey information about ongoing network activity in the spinal cord (Pivetta et al., 2014). 

Furthermore, extensive electrophysiological recordings from the granule cells of the cerebellum-

like circuit of the electric organ in the electric fish revealed that an overwhelming majority (>90%) 

of granule cells receive depolarizing motor efference signals during electric organ discharge, 585 

although this translated into spiking in only ~20% of granule cells (Kennedy et al., 2014).  
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In order to characterize motor-related granule cell activity and its potential contribution to motor-

related excitation in Purkinje cells, we imaged responses in the granule cell population to the same 

set of visual stimuli while tracking tail and eye movement (Figure S6). Multilinear regression was 590 

once again used to disambiguate responses to sensory stimuli and motor activity. Across fish 

(N=7), we observed that granule cell activity was strong and widespread during swimming activity, 

both in the somatic layer and across the parallel fiber layer (Figure S6). Granule cell activity relating 

to eye movements was weaker but also widespread (Figure S6). These findings suggest that a 

large number of granule cells receive mossy fiber inputs relaying motor efference copies that drive 595 

them to fire, and they in turn drive broad motor-related activation of simple spikes in Purkinje cells 

(Figure 1). These findings show more widespread motor-related representations in comparison to 

previous population-wide analyses of granule cell activity (Knogler et al., 2017) due to the 

abundance of behavior elicited by the current set of visual stimuli. 

 600 

In order to better understand the temporal patterning of swim-related motor signals in the granule 

cells layer, we performed additional electrophysiological recordings from randomly targeted granule 

cells across the cerebellum while simultaneously recording ventral root activity to identify fictive 

swim episodes. These recordings revealed several granule cells with negligible firing rates in the 

absence of motor activity but that showed large, significant increases in their spike rates during 605 

fictive bouts (N=6/8 cells; mean firing rate at rest = 1.3 ± 0.3 Hz vs 25.7 ± 7.6 Hz during a bout; 

p<0.005, Wilcoxon signed rank test; Figure 4-i and Figure S7). These granule cells could reach 

high instantaneous firing frequencies of up to 150 Hz during a fictive bout, similar to the burst firing 

seen in mammalian granule cells during locomotion (Powell et al., 2015) or whisker stimulation (van 

Beugen et al., 2013). Half of these motor-excited granule cells (N=3/6) also showed significant 610 

autocorrelations in their spiking activity during fictive swimming (p<0.001, Ljung-Box Q-test; Figure 

4j). The frequency of the spike autocorrelations for these cells was comparable to the fictive swim 

frequency obtained from the ventral root (mean difference in frequency = 1.3 ± 0.6 Hz, N=3), 

suggesting that the periodicity of granule cell spiking is related to the swimming activity (Figure 4i). 

The phase of the granule cell spiking with respect to the ipsilateral ventral root activity varied 615 

however across cells, arriving either in phase, with a lag, or in antiphase (Figure 4k).  

 

Together, these results suggest that motor efference copies are relayed along mossy fibers to many 

granule cells to drive burst firing during swimming bouts, whether fictive or real. In turn, parallel 

fibers deliver swim-related excitation to nearly all cerebellar Purkinje cells. The widespread 620 

increases in Purkinje cell calcium signals observed in the behaving animal during swimming (Figure 
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1d) therefore are likely to reflect simple spike bursts in Purkinje cells (Figure S1) driven by the high 

frequency firing of one or more presynaptic granule cells.  

 Purkinje cells combine sensory and motor information from distinct inputs 

 625 

Our data suggests that as a population, Purkinje cells preferentially encode visual features in their 

complex spike activity whereas swimming activity, arriving in the form of motor efference copies, is 

predominantly encoded by simple spikes. Breaking this down by group, we find that Purkinje cells 

belonging to the three sensory complex spike groups described above have simple spike activity 

that is correlated most strongly with motor activity (fraction of total signal from motor regressors = 630 

0.65 ± 0.05, 0.54 ± 0.07, 0.76 ± 0.02 for the three CS sensory phenotypes; Figure 5a). In contrast, 

for the small group of Purkinje cells with dominant motor-related complex spike phenotypes, the 

contribution from motor activity to simple spike responses is relatively low (0.35 ± 0.12) and simple 

spikes are instead broadly influenced by a combination of sensory and motor features (Figure 5a). 

This relationship holds true for individual Purkinje cells as well (Figure 5b). Together, these data 635 

suggest that sensory and motor information is combined in Purkinje cells from distinct sources. 
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Figure 5. Individual Purkinje cells combine sensory and motor information and modify their 
simple spike output in a complex spike- and motor context-dependent way 640 
 
a) The mean fraction of the simple spike (SS) response contributed by each regressor computed for each of 
the four Purkinje cell complex spike (CS) groups. b) Left, scatterplot of the fraction of complex spike versus 
simple spike activity accounted for by motor regressors. Right, the fraction of simple spike activity accounted 
for by motor regressors versus the fraction of complex spike activity accounted for by all sensory regressors. 645 
c) Heatmap of simple spike counts for each cell normalized to the 100 ms preceding a complex spike for all 
cells sorted by decreasing simple spike pause and increasing excitation. Simple spike counts for each cell 
(row) are normalized to the mean simple spike count in the 100 ms preceding a complex spike. The inset 
shows the location of these cells colored by the normalized difference in simple spiking in the 50 ms following 
the CS. d) The mean CS-triggered SS count (10 ms bins) is shown for five example cells (as indicated in c) 650 
for five different contexts. Left (green box), in the absence of fictive swimming episodes (“non-bout period”), 
different Purkinje cells show, respectively, a CS-induced i) long SS pause, ii) short SS pause with rebound 
increase, iii) no change in SS, iv) short SS increase, and finally a v) long SS increase. These relationships 
change in most cells during fictive bout periods (“bout period”, changes highlighted by green arrowheads). 
Middle (blue box), these relationships are similar across all sensory contexts when the fish is not swimming, 655 
regardless of whether the CS occurs during the preferred sensory stimulus driving complex spikes in that cell 
or at all other non-swimming periods during the trial. Right (grey box), the modulation of simple spike rates 
by spontaneous CS (blank trials) is consistent with the relationship in all other non-bout contexts. Vertical 
scale bar indicates the rate conversion for 0.2 spikes / 10 ms bin (20 Hz). e) The mean normalized simple 
spike rates (calculated from 10 ms bins) for all Purkinje cells  centered on the occurrence of a complex spike 660 
during a fictive bout minus those occurring at any other point (green markers, mean ± SEM; N=51 cells). The 
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simple spike rates centered on the occurrence of a complex spike during all sensory stimuli minus those 
occurring during blank trials are also shown (grey markers, mean ± SEM; N=53 cells; note that all complex 
spikes that occurred during a fictive bout were excluded from this latter analysis). Cells for which there were 
less than ten complex spikes for any condition were excluded from analysis. The dashed black line indicates 665 
zero difference between conditions. Inset, the window around complex spike onset shown on an expanded 
timescale. Asterisks indicate p<0.05 for motor minus nonmotor conditions (green markers) as computed by 
the Wilcoxon signed rank test. There are no significant differences in this period between sensory minus 
blank conditions. f) Heat maps are shown for individual Purkinje cell binned simple spike counts over the 
three different 50 ms periods as indicated in e). Complex-spike triggered simple spike counts are separated 670 
for each cell for those complex spikes occurring during a fictive bout (left column of heatmaps, outlined in 
green) or at any other time (right column of heatmaps, outlined in black). 
  

 Motor context alters the relationship between complex spike and simple spike activity 

  675 

It is well-established that the occurrence of a complex spike can alter simple spike activity in a 

Purkinje cell both acutely and across longer timescales (De Zeeuw et al., 2011). On a short 

timescale, complex spikes typically cause a brief pause of tens of milliseconds in simple spike firing 

that can be followed by an increase or decrease in simple spikes lasting hundreds of milliseconds. 

The particular complex spike-triggered change in simple spiking is robust for a given Purkinje cell 680 

but varies considerably across cells (Zhou et al., 2014, 2015; Xiao et al., 2014). Similar to previous 

findings, we observed heterogeneity in the relationship between complex and simple spikes across 

Purkinje cell recordings (Figure 5c). At the most extreme end, we observed complex spike-induced 

pauses or increases in simple spike rates that took several hundred milliseconds to return to 

baseline. These pauses or increases in simple spiking may be attributable to a toggling action of 685 

the complex spike to shift the Purkinje cell between “up” and “down” states (Loewenstein et al., 

2005; Sengupta & Thirumalai, 2015). Several cells had brief pauses (tens of milliseconds) following 

a complex spike which left simple spikes otherwise unchanged, whereas others showed a brief 

increase in simple spike firing. Previous studies have revealed that the modulation of simple spike 

firing by a complex spike is related to the cell’s location within the cerebellum (Zhou et al. 2014, 690 

2015). We did not, however, observe any clear spatial organization of the complex spike-simple 

spike relationship in this dataset (Figure 5c). 

 

The current behavioral state of the animal should provide important contextual information for 

cerebellar circuits, therefore we hypothesized that the modulation of simple spikes by a complex 695 

spike might be altered in different sensory and motor contexts. In periods during which the fish was 

at rest (no fictive swimming), the relationship between complex spikes and simple spike firing rates 

was consistent whether or not visual stimuli were being presented (Figure 5d, “non-motor” versus 

“blank trials”). When the fish was performing a fictive swimming bout however, the effect of a 
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complex spike on simple spike output appeared diminished (Figure 5d, “non-motor” versus 700 

“motor”), which was not the case for complex spikes occurring during a cell’s preferred complex 

spike sensory stimulus versus those occurring during all other periods (Figure 5d, “pref. sensory” 

versus “all other periods”).  

 

The unique effect of motor context on this relationship is likely related to the finding that many 705 

Purkinje cells have simple spike rates that are strongly excited by motor activity (Figure 4c-e), 

therefore a complex spike stochastically occurring during a bout would be faced with simple spikes 

rates that are significantly higher than baseline. Upon closer examination of the temporal window 

around the occurrence of a complex spike, we observed that the acute effect of a complex spike to 

modulate simple spike rates was identical between motor and non-motor periods for only a 50 710 

millisecond period following the complex spike, after which time simple spiking returned to high 

levels correlated with ongoing behavior (Figure 5e,f). This temporal window was the same across 

cells regardless of whether the baseline modulation by a complex spike was to pause or facilitate 

simple spike firing. These findings suggest that the acute effect of a complex spike to change simple 

spike output in a Purkinje cell is temporally restricted by the behavioral state of the animal and that 715 

plasticity mechanisms relying on coincident complex spike and simple spike activity will have a 

unique dependence on motor context (see discussion).  

  

 

DISCUSSION 720 

 

In this study, we have characterized the spatial integration of sensory and motor information in 

cerebellar Purkinje cells from excitatory input streams during simple visuomotor behaviors in the 

larval zebrafish. We show that Purkinje cells fall into anatomically clustered regions that are 

functionally defined by complex spike responses that convey mostly sensory information. On the 725 

other hand, simple spikes convey mostly motor-related information about tail and eye movement. 

Information arriving via these two streams in a given region likely represent a behavioral module 

whose neural computations are used to guide sensorimotor integration and motor learning in the 

cerebellum. 

  730 

Complex spikes encode sensory and not motor information 

Our results show that that majority of Purkinje cells across the cerebellum encode sensory and not 

motor information in their complex spike activity. We observed a strikingly discrete and complete 
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classification of nearly all Purkinje cells (>90%) for a specific visual complex spike response whose 

sensory nature was clearly distinguishable from motor-related signals of eye and tail behavior. 735 

These visually-evoked responses may signal unexpected events or “negative sensory events to be 

avoided” such as retinal slip (Lang et al., 2017). This is not necessarily a classical error signal (Ito, 

2013) because stimulus-evoked complex spikes are equally prominent in paralyzed fish as in 

experiments where the eyes and tail are free and track the stimulus. Furthermore, many complex 

spikes are robustly elicited by sensory stimuli that do not drive behavior, such as reverse motion or 740 

luminance changes. In cases when complex spikes are driven by the onset of directional 

translational motion, they tend to precede behavior but do not predict it, since for example forward 

translational movement elicits variable bouts of swimming and not across all trials, yet the sensory 

complex spike response does not change. These results argue against an interpretation that these 

complex spikes carry predictive motor signals. In our experiments, complex spikes are consistently 745 

elicited by visual stimuli, across many trials and many hours. It remains to be seen how robust 

these responses are over longer timescales, as previous work has suggested the complex spike 

response to a sensory stimulus is driven by its novelty and therefore subject to habituation with 

repeated exposure across many days (Ohmae & Medina, 2015). Nonetheless, the complex spike 

responses we observed are clearly selective for certain visual features and not encoding novel 750 

stimuli in general. The current findings furthermore suggest that there is limited multiplexing of 

visual features or of visual and motor information in these complex spike responses (Kitazawa et 

al., 1998), therefore our interpretation is that complex spikes convey rather straightforward sensory 

signals in this experimental context. Additional work is needed to determine how the complex spike 

responses to other sensory modalities map onto these functional regions and within individual 755 

Purkinje cells.  

 

Anatomical organization of cerebellar regions 

The three distinct regions formed along the rostrocaudal axis of the larval zebrafish cerebellum we 

define here based on distinct Purkinje cells sensory complex spike phenotypes to visual stimuli 760 

should receive specific inputs from the inferior olive (Figure 6; Ozol et al., 1999). Ongoing work 

characterizing the physiology and anatomy of inferior olive neurons and their climbing fibers 

(unpublished observations) supports this regional characterization and together with studies of 

Purkinje cell output to eurydendroid cells will further our understanding of these anatomical regions. 

Differences in developmental timing are known to contribute to the formation of a topographic 765 

functional map in the cerebellum across species (Hashimoto & Hibi, 2012). In zebrafish, Purkinje 

cell development occurs in waves that map onto the same regions we describe here, beginning 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 1, 2018. ; https://doi.org/10.1101/432153doi: bioRxiv preprint 

https://doi.org/10.1101/432153
http://creativecommons.org/licenses/by/4.0/


26 
 

with a large rostromedial cluster and a smaller, caudolateral cluster and later filling in the central 

region to form a continuous layer (Hamling et al., 2015). Regional differences in cytoarchitecture 

and patterns of molecular markers such as zebrin have also been useful for identifying related 770 

Purkinje cells into groups in the mammalian cerebellum (see Cerminara et al., 2015 for review). 

Although in larval zebrafish all Purkinje cells are zebrin-positive (Bae et al., 2009), many other 

genes are expressed in restricted patterns in the zebrafish (Takeuchi et al., 2017) and mammalian 

cerebellum (Hawkes, 2014) that could help understand the subdivision of Purkinje cells into clearly-

defined regions and subregions across the cerebellum. 775 

 

Regional functionality of the zebrafish and mammalian cerebellum  

The anatomical organization of the cerebellum is thought to impart distinct functional roles onto 

cerebellar regions, such that groups of Purkinje cells process information relating to different 

sensorimotor behaviors (Witter & de Zeeuw, 2015). Although we only probed one sensory modality 780 

to drive behavior, zebrafish are highly visual animals that perform robust visuomotor behaviors at 

the larval stage, including prey capture, optokinetic and optomotor responses, and associative 

learning with a conditioned visual stimulus (Nicola & Easter, 1996; Budick & O’Malley, 2000; 

Aizenberg & Schuman, 2011; Harmon et al., 2017). Visual information is therefore a highly salient 

sensory modality at this age and in accordance with this strong ethological relevance we find that 785 

the complex spike sensory responses to visual stimuli provide an overarching organization of the 

Purkinje cell layer into behavioral modules (Figure 6). 
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Figure 6. Schematic model for the functional organization of the larval zebrafish cerebellum 
 790 
Granule cells (GCs) send long parallel fibers (grey lines) that contact Purkinje cells (PCs) across the 
cerebellum and broadly relay motor efference copies of locomotor activity (swimming). Sensory information 
relating to different visual features are sent by climbing fibers of inferior olive neurons (IO) to stereotyped 
regions of the contralateral Purkinje cell layer. These visual stimuli contribute to several reflexive behaviors; 
rotational motion drives the optokinetic reflex of the eyes, translational forward motion drives the optomotor 795 
swimming reflex while others, such as luminance, may drive behavior over longer (e.g. circadian) timescales. 
We believe that the three distinct functional regions in the zebrafish cerebellum defined by Purkinje cell 
complex spike sensory responses that encode these different visual features represent behavioral modules. 
Information about the onset of translational motion in different directions is preferentially sent to Purkinje cells 
in the rostromedial region of the cerebellum (cyan) and would be important for coordinating turning and 800 
swimming, while information about the direction and velocity of rotational motion as would be needed for 
coordinating eye and body movements is sent to the caudolateral region (blue). The intermediate region 
receives information about luminance (red) and may provide a substrate for novel, learned sensorimotor 
associations. 
 805 
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Transient changes in the direction of translational motion, encoded by the rostromedial cerebellum, 

convey information critical for driving swimming and turning behaviors in the larval zebrafish, or in 

the case of visual reafference, for evaluating the success of a directed behavior. This population of 

Purkinje cells whose complex spikes encode directionally-selective motion onset are reminiscent 

of the directionally-tuned Purkinje cells in the oculomotor vermis of posterior lobes VI and VII in 810 

primates (Soetedjo & Fuchs, 2006; Herzfeld et al., 2015). In the caudolateral region we find Purkinje 

cells with strong complex spike responses to unidirectional rotational motion and axons that project 

primarily to the octaval nuclei in zebrafish (Matsui et al., 2014). These Purkinje cells fire complex 

spikes during contraversive (temporal to nasal, with respect to the Purkinje cell) movement in the 

contralateral visual field. This caudal region is likely the vestibulocerebellum, homologous to the 815 

mammalian flocculonodular lobe where Purkinje cells receive climbing fiber input conveying 

information about ongoing, opposing directional visual and rotational head motion that is used for 

vestibulo-ocular coordination (Simpson & Alley, 1974; Ito, 1982). Notably, these zebrafish 

vestibulocerebellar Purkinje cells show complex spike responses not only to rotational but also to 

translational moving fields, which is not seen in mammals but has been observed in pigeons (Wylie 820 

& Frost, 1991). This finding may relate to the additional complexity of optic flow that arises during 

navigation in a three-dimensional world for birds and fish.  

 

We furthermore observe that Purkinje cells in the caudolateral region have spontaneous complex 

spike rates an order of magnitude higher than those in the rostromedial region described above 825 

and show sustained high complex spike firing in response to their preferred stimulus. This could 

allow for increased temporal precision in order to generate fast and precise firing patterns as would 

be required when generating sensorimotor associations or coordinating smooth movements (Porrill 

et al., 2013, Suvrathan et al., 2016). The computation itself may in fact be different since complex 

spikes in this region could use conventional rate coding to encode the speed and direction of 830 

ongoing, slow movements of the visual field during behavior, as proposed by Simpson et al. (1996) 

based on observations in the mammalian flocculonodular lobe across species. These findings 

challenge the widely-held assumption that the computations being performed across the 

cerebellum all follow the same rules and that the occurrence of a discrete event, rather than 

information about an ongoing event, is transmitted by complex spikes. 835 

 

Sensory complex spike coding of luminance in the intermediate region of the zebrafish cerebellum 

shows significant heterogeneity across cells which may reflect involvement in different behaviors 

modulated by luminance. At greater magnitudes, sudden decreases in luminance induce re-
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orienting navigational turns (Burgess & Granato, 2007) or escapes (Temizer et al., 2015) in 840 

zebrafish larvae and transient startle responses in the adult (Easter & Nicola, 1996), the latter two 

representing likely predator avoidance responses. Luminance has also been found to increase 

spontaneous locomotor activity in the larva over longer timescales, which could be used as a cue 

to regulate circadian rhythms and motivate feeding and exploratory behavior in the daytime 

(Burgess & Granato, 2007). Purkinje cells in this central region are born slightly later in 845 

development (Hamling et al., 2015), suggesting that this region could also be suited for flexible or 

learned behaviors. Recent work in zebrafish revealed that Purkinje cells in this intermediate region 

of the cerebellum preferentially acquired complex spike responses to a conditioned light stimulus 

(Harmon et al., 2017), supporting the idea that this region could preferentially contribute to learned 

sensorimotor associations. This region may be similar to areas in the central zone (posterior lobes 850 

VI and VII) of the cerebellum in mammals, which support a wide range of behavioral functions 

(Koziol et al., 2015; Stoodley et al., 2012). The function and organization of the zebrafish 

cerebellum across regions may furthermore change to reflect an increasing complexity and 

repertoire of behaviors at later developmental stages.  

 855 

Motor efference copies in the cerebellum 

Our population-wide imaging and extensive electrophysiological recordings show that Purkinje cells 

across the cerebellum encode the current behavioral state (motor context) of the animal through a 

pronounced increase in simple spikes during locomotor behaviors. We observed strong swim-

related signals in granule cells and Purkinje cells during both active and fictive swimming, where 860 

zebrafish were awake but paralyzed, therefore this activity is more consistent with motor efference 

copy signals than proprioceptive or lateral line activation. Moreover, we found that simple spike 

output correlated best with the strength of swimming rather than reporting binary locomotor state, 

supporting previous findings that motor parameters are linearly coded in the cerebellum (Raymond 

& Medina, 2018). The increases in simple spike output that we observe are far less heterogeneous 865 

than the effects of locomotion on mammalian Purkinje cell simple spike firing (Jelitai et al., 2016; 

Sauerbrei et al., 2015) and build on previous electrophysiological samplings of Purkinje cell activity 

that showed increases in membrane depolarization and simple spike output during fictive swimming 

in zebrafish (Sengupta & Thirumalai, 2015; Scalise et al., 2016). These results suggest that motor 

efference signals during whole-body locomotion (swimming) drive simple spike output in nearly all 870 

cerebellar Purkinje cells in the larval zebrafish. Our additional granule cell population imaging and 

electrophysiological recordings in zebrafish together with other recordings in zebrafish and mice 

(Ozden et al., 2012; Powell et al., 2015; Jelitai et al., 2016; Giovannucci et al., 2017; Knogler et al., 
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2017; Albergaria et al. 2018) provide strong evidence that the cerebellum broadly encodes intended 

locomotor output or signals related to it in the input layer (Figure 6). Future work is required to 875 

investigate the origin of mossy fibers carrying eye and tail motor efference copies to the zebrafish 

cerebellum and how these signals are transformed by subsequent processing stages in cerebellar 

circuits.   

 

Evidence for a forward internal model  880 

The cerebellum has been implicated in internal models of motor control. Simple spikes in Purkinje 

cells driven by motor efference copies may convey more than just the occurrence of a motor event. 

In a forward model, the motor efference copy is used to predict the sensory consequences that 

should result from the movement, i.e. the reafference (Miall et al., 1993). These predictions will also 

be motor-related, and in fact it is likely that the simple spike activity we observe is a mixture of both 885 

(Porrill et al., 2013; Ishikawa et al., 2016). Physiological recordings from granule cells (Ishikawa et 

al., 2015; Knogler et al., 2017) and other anatomical studies (Huang et al., 2013; Chabrol et al., 

2015) show that both motor and sensory signals converge on individual granule cells and may thus 

provide the substrate for these reafferent signals. As mentioned above, we find that climbing fiber 

inputs to Purkinje cells primarily encode sensory information. If these do indeed correspond to 890 

teaching signals, from a computational perspective, we would expect the contextual information 

from parallel fibers and the climbing fiber activity to be in the same basis in order to compare the 

predicted and actual sensory consequences of the motor command (Porrill et al., 2004, 2013; Dean 

et al., 2002). This interpretation agrees with the notion that the cerebellum generates rapid 

predictions about state estimation and expected sensory feedback through a forward model 895 

(Wolpert et al., 1998). This is in contrast to models of eyelid conditioning that resemble inverse 

models of motor control, where the sensory context of the conditioned tone stimulus is conveyed 

via mossy fibers and granule cells while climbing fibers encode motor errors (Steinmetz et al., 1986, 

1987). Although it is unreasonable to expect a simple straightforward mapping between these 

internal models and the olivo-cerebellar system, we believe that this framework constitutes a 900 

valuable tool to understand cerebellar function and future work is needed to flesh out this analogy. 

 

Complex spike - simple spike relationships  

Internal models need to be adjusted during development, experience, and learning, so that the 

behaviors being performed by an animal can adapt to suit a changing environment or context. 905 

Classical theories of supervised cerebellar learning predict that the coincident activation of a 

climbing fiber input and parallel fiber synapses drives long-term depression at the active parallel 
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fiber to Purkinje cell synapses, leading to motor learning (Ito, 2001; but see Bouvier et al., 2017). 

Synaptic plasticity mechanisms both at other synapses and involving other cerebellar neurons (e.g. 

interneurons) are also likely to contribute (see Gao et al., 2012 for review). We propose that motor 910 

efference signals during swimming and eye movement are broadcasted widely across the 

cerebellum to Purkinje cells because these are the most relevant signals not only for coordinating 

ongoing behaviors but also for driving plasticity. The enrichment of motor-related activity across 

the entire cerebellum allows for a large substrate to support novel associations between motor 

behaviors and the sensory information carried by regionally-specially climbing fiber input. 915 

 

Motor activity not only dominates the output from Purkinje cells but also changes how complex 

spikes and simple spikes interact. During non-locomotor periods, we observe that the temporal 

effects of complex spikes on simple spike output, encapsulated by the complex spike-triggered 

simple spike averages, are heterogeneous across Purkinje cells, such that in some cells a complex 920 

spike consistently increases or pauses simple spiking for several hundreds of milliseconds. Under 

motor-driven conditions of high simple spike rates, however, a complex spike now resets simple 

spike activity for only a brief (<50 ms) window in all Purkinje cells before simple spikes return to 

their previous high rate. A complex spike arriving during motor activity is therefore special not only 

because its acute effect to control simple spike output becomes temporally limited, but because in 925 

most Purkinje cells parallel fiber inputs carrying motor information will be highly coincidently active, 

and therefore incoming complex spikes should drive significant plasticity. This may be interpreted 

as the fact that a complex spike occurring during a motor event may be serving to bring the simple 

spike firing rate back to baseline during a very precise time window.    

 930 

The specific features of the three functional cerebellar regions we define here have additional 

implications for plasticity. The elevated spontaneous complex spike rate we find in the 

vestibulocerebellum suggests an increased probability of complex spikes stochastically arriving 

during motor behaviors, which could drive acute variations in behavior as a potential means to 

explore motor parameter space and behavioral optimization (Lisberger & Medina, 2015). The 935 

temporal patterning of luminance-evoked complex spikes we observe in the central region, which 

may arise from phase differences in electrically-coupled inferior olive networks, could drive 

plasticity in neighboring cells at slightly different time intervals as required for a learned motor 

sequence (Jacobson et al., 2008). A detailed examination of synaptic plasticity mechanisms (Ito, 

2001) and timing rules (Suvrathan et al., 2016) in the zebrafish cerebellum is needed to understand 940 

the impact of motor context at the cellular level. 
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Outlook 

Our results reveal a spatial organization of sensory encoding in the Purkinje cell population into 

three rostrocaudal functional regions receiving different climbing fiber inputs. These regions are 

each involved in processing visual information relating to distinct motor behaviors. Broad excitation 945 

from granule cells is layered on these regions during locomotor activity as a contextual signal. We 

believe that the system of granule cells and Purkinje cells together thus forms the substrate of 

internal models, which can be updated by climbing fiber input. These and other recent findings 

(Matsui et al., 2014; Harmon et al., 2017) provide a promising outlook for using the zebrafish as a 

model organism to understand Purkinje cell physiology in the context of cerebellar modules 950 

modulating innate and learned motor behaviors.   
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MATERIALS AND METHODS 

  

Experimental Model and Subject Details 

Zebrafish (Danio rerio) were maintained at 28˚C on a 14hr light/10hr dark cycle using standard 955 

protocols. All animal procedures were performed in accordance with approved protocols set by the 

Max Planck Society and the Regierung von Oberbayern. All experiments were performed using 

larvae at 6-8 dpf of as yet undetermined sex. 

  

To label Purkinje cells specifically, we made use of the aldoca promoter and the carbonic 960 

anhydrase 8 (ca8) enhancer element as published previously (Takeuchi et al., 2014, Matsui et al., 

2014). For electrophysiological recordings in Purkinje cells, aldoca:GFF;mn7GFF;UAS:GFP fish 

were used (Takeuchi et al., 2014; Asakawa et al., 2008, 2013), with Tg(gSAIzGFFM765B); 

UAS:GFP and Tg(gSAG6A); UAS:GFP fish additionally used for granule cell recordings (Takeuchi 

et al., 2014). For calcium imaging experiments with granule cells, Tg(gSA2AzGFF152B); 965 

UAS:GCaMP6s fish were used (Takeuchi et al., 2015; Thiele et al. 2014). For calcium imaging 

experiments in Purkinje cells, we cloned GCaMP6s (Chen et al., 2013) downstream of the ca8 

enhancer with an E1b minimal promoter referred hereafter as PC:GCaMP6s. We injected 

PC:GCaMP6s together with tol2 mRNA in one cell stage embryos (25 ng/µl each), screened at 6 

dpf for expression in the cerebellum, and raised strong positive fish to adulthood. Positive F1 970 

progeny were used for all imaging experiments. For simultaneous electrophysiological and imaging 

experiments, we injected PC:GCaMP6s without tol2 mRNA to achieve sparse, single-cell labelling. 

For anatomical experiments, we created a construct harboring a bright GFP variant mClover3 

(Bajar et al., 2016) tagged with a membrane targeting signal (Fyn). This construct is termed 

PC:Fyn-mClover3. Injections were done as described for sparse GCaMP6s labelling in fish 975 

expressing aldoca:gap43-mCherry to allow registration across fish. For optogenetics experiments 

we cloned channelrhodopsin 2 (ChR2) harboring the H134R mutation (Nagel et al., 2005) that has 

larger photocurrents downstream of the ca8 enhancer element and fused it to tagRFP 

(PC:ChR2(H134R)-tagRFP) to avoid ChR2-activation while screening and approaching the cell. 

Sparse labelling was achieved by injecting PC:ChR2(H134R)-tagRFP with tol2 mRNA in one cell 980 

stage embryos. 

  

Functional population imaging 

Volumetric functional imaging in the larval zebrafish cerebellum was performed as previously 

described in Knogler et al., 2017. Briefly. 6-8 dpf nacre (mitfa -/-) transgenic zebrafish larvae with 985 
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GCaMP6s expressed in Purkinje cells were embedded in 1.5-2.5% agarose prior to imaging. Neural 

activity was recorded with a custom-built two-photon microscope. A Ti- Sapphire laser (Spectra 

Physics Mai Tai) tuned to 905 nm was used for excitation. Larval brains were systematically imaged 

while presenting visual stimuli (see below) at 60 frames per second using a Telefunken 

microprojector controlled by custom Python software and filtered (Kodak Wratten No.25) to allow 990 

for simultaneous imaging and visual stimulation. We acquired the total cerebellar volume by 

sampling each plane at ~ 5 Hz. After all stimuli were shown in one plane, the focal plane was shifted 

ventrally by 1 µm and the process was repeated. Tail and eye movement was tracked throughout 

with 850nm infrared illumination and customized, automated tracking software. Behavior was 

imaged at up to 200 frames per second using an infrared-sensitive charge-coupled device camera 995 

(Pike F032B, Allied Vision Technologies) and custom written software in Python. 

 

Single cell Purkinje cell imaging 

Sparse labelled Purkinje cells expressing GCaMP6s were used to perform two-photon imaging as 

described above to identify any signal compartmentalization (Figure S1). Visual stimuli consisting 1000 

of reverse and forward moving gratings were probed to evoke signals in Purkinje cells. For five 

Purkinje cells across three fish, ROIs for soma and parts of the dendrite were drawn manually and 

Calcium traces were extracted using custom-written software in Python. The most distal dendritic 

ROI was correlated with somatic ROI to determine the correlation coefficient for each cell.  

  1005 

Visual stimuli 

For functional imaging experiments, trials were presented that consisted of the following stimuli, in 

non-randomized order: Black and white whole-field gratings were presented with motion in the 

forward direction at slow, medium, and fast speeds (3,10, and 30 mm/s, respectively), for five 

seconds each with a pause of five seconds between stimuli, followed by reverse, leftward, and 1010 

rightward moving gratings of the same duration and at medium speed. Grating remained static 

between stimuli. Black and white windmill patterns were rotated at 0.2 Hz with changing velocity 

that followed a sine function. Windmill patterns were presented across the whole field as well as 

for each half of the visual field. Flashes covered the whole visual field and switched between 

maximum luminance and darkness. For electrophysiological recordings, stimuli were similar as for 1015 

functional imaging with the exception that the stimulus set had shorter pauses between stimuli and 

that fewer repetitions of the rotating windmill stimulus were presented. Blank trials consisting of 

static gratings were also interspersed with stimuli trials to obtain baseline responses. For one 
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experiment (Figure S3g) the fish was also presented with a series of whole-field black or white 

flashes of various durations (50 - 5000 ms) against a baseline intermediate luminance. 1020 

  

Imaging analysis 

Image analysis was performed with MATLAB (MathWorks) and Python similar to Knogler et al. 

(2017). Python analysis used scikit-learn and scikit-image (Pedregosa et al., 2011, van der Walt et 

al., 2014). Volumetrically-acquired 2-photon data was aligned first within a plane then across planes 1025 

to ensure that stacks were aligned to each other with subpixel precision. Any experiments during 

which the fish drifted significantly in z were stopped and the data discarded. The boundary of the 

cerebellum was manually masked to remove external signals such as skin autofluoresence. 

  

Tail activity during imaging experiments was processed to yield a vigor measurement that was 1030 

greater than zero when the fish is moving. Independent left and right eye position and velocity were 

obtained from eye tracking data. Motor regressors for each imaging plane were created from these 

behavioral parameters. Sensory regressors were the same across trials and built using features 

including the onset, duration, direction, and velocity of moving stimuli as well as luminance. All 

regressors were convolved with a GCaMP kernel (tau=1600ms). We performed voxel-wise multi-1035 

linear regression with normalized convolved regressors and present here mean z-projections of the 

regressor coefficients. Purkinje cell maps show a representative fish. Granule cell maps are means 

of seven morphed fish and were manually masked either for parallel fibres and granule cell somata 

somata to show potential differences in the signal topography. To further dissociate motor and 

sensory responses for sensory stimuli that strongly drive a particular behavior (translational motion 1040 

and swimming, or rotational motion and left/right eye velocities), we used a maximum intensity 

projection of respective sensory and motor regressor maps and colored a pixel depending on 

whether sensory (magenta) or motor (green) regressors explain this pixel better with a given 

minimum distance. Differences that are below that minimum distance or are uncorrelated are 

colored white. Example Purkinje cell activity traces used in Figure 1 were extracted using 1045 

automated algorithms based on local correlations between pixels (see Portugues et al., 2014 for 

details).  

  

In order to understand activity as a whole as opposed to in relation with particular regressors, we 

performed PCA on the vector of correlations with all regressors for all automatically segmented 1050 

ROIs and all fish.  This correlation vector representation was clustered in the PC space in 10 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 1, 2018. ; https://doi.org/10.1101/432153doi: bioRxiv preprint 

https://doi.org/10.1101/432153
http://creativecommons.org/licenses/by/4.0/


36 
 

clusters using kmeans. This number was chosen because 10 PCs already explained ~90% of the 

variance.  All voxels were then colored in according to the cluster they belonged to. 

 

The anatomical clustering and stereotypy indices were calculated as follows. For the anatomical 1055 

clustering index, the average distance between ROIs of the same cluster within a fish was 

compared against the average distance between an ROI from that cluster and a randomly chosen 

ROI from that fish. The inverse ratio of these two quantities is the anatomical clustering index. The 

stereotypy index is computed similarly.  In this case, the average distance between an ROI from a 

particular cluster and fish and other ROIs from that same cluster but other fish is compared against 1060 

the distance between an ROI from that same cluster and fish and other ROIs from other clusters 

and fish. Again, the inverse ratio of these two quantities is the stereotypy index. To summarize, the 

index is a comparison of average distance within a condition to average distance without the 

restraint of that condition.     

 1065 

Electrophysiological neural recordings 

Cell-attached electrophysiological recordings were performed in 6-8 dpf zebrafish as previously 

described (Knogler et al., 2017) using an Axopatch Multiclamp 700B amplifier, a Digidata series 

1550 Digitizer, and pClamp 9 software (Axon Instruments, Molecular Devices). Data were acquired 

at 8.3 kHz using Clampex 10.2. Wild-type or transgenic zebrafish larvae with GFP-positive Purkinje 1070 

cells and motor neurons were used for most recordings (see subject details above).  

  

Larvae were paralyzed in bath-applied buffered 1 mg/ml alpha-bungarotoxin (Cayman Scientific, 

Concord, CA) and embedded in 1.5% low melting point agarose in a 35mm petri dish. External 

solution was composed of Evans solution (134 mM NaCl, 2.9 mM KCl, 2.1 mM CaCl2, 1.2 mM 1075 

MgCl2 , 10 mM glucose, 10 mM HEPES, pH 7.8 with NaOH). Electrodes for neuron recordings (6-

12 MΩ) were pulled from thick-walled borosilicate glass with filament and were filled with the 

following intracellular solution (in mM): 105 D-gluconic acid, 16 KCl, 2 MgCl2, 10 HEPES, and 10 

EGTA, adjusted to pH 7.2, 290 mOsm (Drapeau et al., 1999). Sulforhodamine B (0.1%) was 

included in the intracellular solution to visualize the electrode. The skin overlying the cerebellum 1080 

was carefully removed with a glass electrode prior to recording. Post-recording fluorescent images 

of GFP-positive Purkinje cells and the recording electrode (visualized with an RFP filter) as well as 

bright-field images to confirm cell identity and map somatic location were acquired with an 

epifluorescent ThorLabs camera controlled by Micromanager. 

  1085 
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Electrophysiological data were analyzed offline with Clampfit 10.2 software (Molecular Devices) 

and Matlab (Mathworks, Natick MA). Cell-attached traces were high-pass filtered at 1-10 Hz and 

complex spikes and simple spike were automatically extracted by setting a threshold for each type 

of spike in that recording. A 2.5 ms period was blanked following each complex spike so that the 

complex spike waveform did not cross the simple spike threshold. Baseline firing rates were 1090 

calculated from blank trials where no visual stimuli were presented or from the two second period 

at the beginning of each trial prior to the first stimulus onset if no blanks were obtained. 

  

For experiments with simultaneous calcium imaging, stochastically-labeled single Purkinje cells 

expressing GCaMP6s were recorded with an epifluorescent backlit-CMOS camera (Photometrix 1095 

Prime 95B) at 11.5 fps controlled by Micromanager and triggered by pClamp software during 

electrophysiological recordings. No visual stimuli were shown in these experiments. Fluorescent 

Purkinje cell activity was processed by manual ROI extraction. Extracted complex spike and simple 

spike rates from simultaneous electrophysiology traces were convolved with a GCaMP6 kernel for 

comparison with the fluorescent signal.  1100 

 

For electrophysiological recordings in the semi-paralyzed animal, larval zebrafish were embedded 

in 2% low-melting point agarose and injected with 0.5 mg/ml alpha-bungarotoxin in the caudal tip 

of the tail. This method reduces the trunk contractions during swimming but preserved full eye 

movement. The agarose around the eyes was removed and the fish was lit from below with 850nm 1105 

infrared illumination to allow for good image contrast of the eyes. Eye movement was recorded 

during simultaneous electrophysiological recordings and tracked offline with customized, 

automated software to extract independent trajectories for each eye.  

  

Ventral root recordings and analysis 1110 

To obtain extracellular ventral root recordings, a thin-walled borosilicate glass electrode with a large 

opening (approximately a quarter of the width of a somite) was first used to remove a small section 

of skin overlying the horizontal myotomes of the spinal cord around the fifth spinal somite. The 

electrode was then cleared with positive pressure and positioned over the terminals of the ventral 

root with gentle suction to ensure good signal to noise.  1115 

 

Motor activity was extracted as a moving standard deviation of the ventral root trace. A threshold 

was then applied to identify ventral root activity that would correspond to motor output on the side 

of the animal ipsilateral to the recording electrode. To extract a binarized trace of swimming bouts, 
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ventral root activity separated by an interval of less than 100 ms was considered to be part of the 1120 

same bout. The vigor trace was median filtered to extrapolate vigor information across the entire 

bout. Peaks in the lag of the autocorrelation analysis of the thresholded, binarized signal was used 

to extract fictive swim frequency.  

  

Electrophysiology analyses with multilinear regression 1125 

Purkinje cell complex spikes and simple spikes were concatenated across trials and filtered over 

20 ms bins to extract firing rates from electrophysiological recordings. Motor regressors for each 

cell were calculated using the concatenated extracted bout information including bout onset, offset, 

duration, and vigor. Sensory regressors for each trial were the same for all cells and were created 

using features including the onset, duration, direction, and velocity of moving stimuli as well as 1130 

luminance (see Figure S2 for full regressor list). Least-squares ridge regression was then used to 

determine the coefficient weights of the matrix of sensory and motor regressors concatenated 

across all recorded trials for each cell with its complex spike and simple spike firing rates. Alpha 

was 0.2 therefore the elastic net regression approaches ridge regression. Changing the alpha 

parameter to move closer to an elastic net optimization did not significantly alter the main regressor 1135 

weights but rather assigned some extremely small (nearly zero) weights to other regressors. 

Lambda, a regularization parameter, was set to initial values of 0.9 to calculate regressor coefficient 

weights. The number of nonzero coefficient weights were calculated and the regression was rerun 

with a Lambda value in decreasing increments of 0.1 until at least three nonzero weights were 

present for both simple spike and complex spike rates. Once again, initializing parameters with a 1140 

lower Lambda value did not significantly alter the distribution of coefficient weights. The same 

procedure was used to obtain granule cell coefficient weights. 

  

For detailed analysis of the different classes of sensory complex spike responses (Figure 2), we 

included for analyses all Purkinje cells for which that regressor coefficient weight was significant. 1145 

To determine which Purkinje cells showed significant responses to luminance, we used 

autocorrelation analyses of complex spike rates during whole-field flashes only and assessed 

significance using the Ljung-Box Q-test.  

 

Purkinje cell morphology 1150 

Sparsely labelled Purkinje cells were imaged using a 20x water immersion objective with 1 NA 

(Zeiss) on a confocal microscope (LSM 700, Carl Zeiss, Germany). High resolution stacks of 

Purkinje cells were deconvolved using Richardson-Lucy algorithm and artifacts were removed 
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manually. Purkinje cell axonal projections were traced using NeuTube (Feng et al., 2014) and the 

Simple Neurite Tracer plugin for FIJI (Longair et al., 2011). SWC files were converted to line stacks 1155 

and post-processed using custom written software in Python. Individual axonal projections were 

morphed together using aldoca:gap43-mCherry as reference and CMTK as morphing tool (Rohlfing 

& Maurer, 2003). Dendritic planarity by performing principal component analysis on binarized 

dendritic morphologies. The ratio of the third principal component to the second was used to 

determine planarity (planar dendrites have ratios approaching 0, whereas nonplanar dendrites 1160 

have ratios approaching 1). 

  

Quantification and Statistical Analysis 

Data were analyzed in MATLAB and Python with custom software. 

Baseline complex spike firing rates for groups of Purkinje cells sorted by complex spike phenotype 1165 

were compared by one-way ANOVA, followed by pairwise post hoc analyses using Bonferroni post 

hoc correction. The nonparametric Wilcoxon signed rank test was used on paired nonparametric 

datasets. Details of statistical analyses are found in the text and figure legends. 

  

Data/resource sharing 1170 

Further information and requests for data, resources, and reagents should be directed to Ruben 

Portugues (rportugues@neuro.mpg.de).   
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MULTIMEDIA FILES 

Movie S1. Z-projection map of GCaMP6s responses (max dF/F) in Purkinje cells to visual stimuli. 1485 

See Figure 1.  
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SUPPLEMENTAL FIGURES AND LEGENDS 

 

 

 1490 

 
Figure S1. Related to Figure 1. Calcium signals report complex spikes reliably but can also 
report simple spike bursts 
 
a) Example cell-attached electrophysiological recording (ephys, black trace) and simultaneously recorded 1495 
fluorescence trace (green) from a Purkinje cell expressing GCaMP6s under the Purkinje cell-specific ca8 
enhancer. All complex spikes (orange dots) are accompanied by an increase in fluorescence as shown as a 
deflection in the fluorescence trace that accounts for every peak in the complex spike regressor (orange 
trace, spike rate convolved with GCaMP kernel). In contrast, only high frequency bursts of simple spikes 
(blue dots) influence the fluorescence signal (indicated by blue arrowheads). b) The mean spike-triggered 1500 
fluorescence signal and standard deviation is plotted for the example cell from a) for complex and simple 
spike bursts (N=25 each). c) A composite epifluorescent image showing a bright field bird’s eye image of the 
cerebellum together with single-cell GCaMP expression in the Purkinje cell from the previous panels and the 
rhodamine-filled electrode contacting this cell. The outline and midline of the cerebellum is indicated by the 
dashed white line. Scalebar = 50 microns. d) The mean spike-triggered fluorescence signal and standard 1505 
error is plotted for eight cells (N=6 fish) for complex and simple spike bursts. e) The relative contribution of 
the complex spike (CS) and simple spike (SS) regressors (spike rates convolved with the GCaMP kernel) to 
the fluorescence signal in each cell as determined by least squares regression (see Methods) across the 
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eight cells. The example cell from a) is indicated. f) The location of all example cells, color-coded by relative 
SS regressor contribution. g) Overview of i) the morphology of a singly-labelled Purkinje cell and the 1510 
subcellular regions of interest (ROIs) with ii) corresponding calcium signals obtained from high resolution 
two-photon imaging (see Methods). Scale bars = 20 microns. h) Quantification of the correlation coefficient 
between the calcium signal from the most distal dendritic segment and the soma. N=5 cells from 3 fish.  
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Figure S2. Related to Figure 2. Sensory and motor regressors used for multilinear least-1515 
squares regression  

Top, description of stimuli used in the electrophysiological experiments (see methods and Figure 2 for 
details). Gratings speeds are 10mm/s with additional slow (Fslow, 3 mm/s) and fast (Ffast, 30mm/s) speeds for 
forward grating stimuli. The windmill stimulus rotated at sinusoidal velocities in the clockwise (CW) and 
counter-clockwise (CCW) directions with a frequency of 0.2 Hz. Six total periods were shown, with the first 1520 
two periods being whole-field windmills, the second two periods restricted to the left visual field only, and the 
final two periods restricted to the right visual field only. Below, the complete set of regressors used in analysis 
of electrophysiological data. Individual regressors fall into one of five categories (four sensory or one motor), 
as indicated by the colored bars at left and the category names at the right. Regressors 19-21 are calculated 
for each cell based on the motor activity in that trial, therefore a representative example from one trial in the 1525 
dataset is shown here. 
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Figure S3. Related to Figure 3. Complex spike responses encode specific aspects of visual 
features  1530 
 
a) Left, polar plot of all Purkinje cells with a significant contribution to complex spike activity from the onset 
of translational motion in a given direction (N=33/61 cells). The tuning of the cells is indicated by the polar 
coordinates as well as the marker color, with 0° indicating forward motion. The distance from the center 
indicates the direction selectivity index of the cell (see Methods). Dashed areas indicate the four quadrants 1535 
used for binning. Right, the location of all cells with this complex spike phenotype within the quadrants are 
plotted onto a flattened bird's eye view of the cerebellum (example cells I and ii from Figure 3a are indicated 
and outlined in black). The overview shows the zoomed-in region of the rostromedial cerebellum. Colors 
indicate tuning preference as shown at left. Dotted ellipses indicate the boundary for the mean location and 
SEM for each group of similarly tuned cells. Scale bar = 100 microns for overview, 500 microns for cropped 1540 
zoom. b) Upper plots, the mean complex spike firing rate (normalized to baseline, dotted black line) of all 
Purkinje cells with significant coefficient weights for rotational motion regressors (N=11) is shown for both 
the duration of rotational motion in a given direction (left plot) and the duration of leftward and rightward 
translational motion (right plot). Two distinct groups are clearly seen that prefer either clockwise and rightward 
motion (orange lines) or counter-clockwise and leftward motion (blue lines). Lower panel, the location of all 1545 
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cells with this complex spike phenotype are plotted onto a flattened bird's eye view of the cerebellum. Colors 
indicate rotational motion preference. Scale bar = 50 microns. c) Left, all luminance-responsive cells as 
determined by significant autocorrelation values for whole-field flashes for the 2 second lag (N=25/61) are 
plotted in a heat map sorted by maximum autocorrelation value for the 2 s lag. Cells are ordered by peak 
autocorrelation at 2s. d) Z-scored complex spike firing rates for all luminance-responsive Purkinje cells 1550 
averaged across flash repetitions and sorted by the timing of their peak firing rate are shown as a heatmap. 
Black lines mark the transition from dark to light and back again as indicated by the grey bars above. Example 
cells from Figure 3c are indicated. N=25 cells. e) The location of all cells with a luminance complex spike 
phenotype are plotted onto a flattened bird's eye view of the cerebellum with all coordinates flipped to the 
right half of the cerebellum. Colors indicate the preference for light or dark flashes (or both). Scale bar = 50 1555 
microns.f) Four example Purkinje cell mean complex spike firing rates in response to whole-field flashes (left) 
and three directions of moving gratings (right) show different responses to global versus local luminance 
changes. g) Additional recordings from a luminance-responsive Purkinje cell (see Figure 3cii) during the 
presentation of whole-field black (here shown as dark grey) and white flashes of various durations (50 - 5000 
ms) from a baseline intermediate luminance (light grey). Upper panel, raster plot of complex spikes across 1560 
trials (N=11). Lower panel, complex spike count histogram. This cell produces has a clear sustained increase 
in complex spike activity during darkness whereas complex spike activity is nearly absent during bright 
flashes. h) Quantification of the baseline complex spike firing rate of the cell in g) in the absence of changing 
visual stimuli for three different whole-field luminance levels. Three asterisks indicate p<0.001 and two 
indicate p<0.01 as calculated by one-way ANOVA with Bonferroni post hoc correction. 1565 
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Figure S4. Related to Figure 3. Purkinje cell dendrites show a mostly planar morphology 
 1570 
a) Four example Purkinje cell morphologies obtained by single-cell labeling (see Methods) are shown with 
their soma and axon in black and dendrites in orange. Asterisks indicate a truncated axon. b) Quantification 
of dendritic morphology as measured by determining the principal axes (see Methods) shows that dendrites 
are significantly more planar than chance (p<0.01, Wilcoxon signed rank test).  
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Figure S5. Related to Figure 3. Motor-related complex spikes are rare  
 
a) Upper plot, the mean bout-triggered complex spike rate with shaded SEM for this cell for all swim bouts 
during the blank recordings (no stimuli presented, orange trace) and during trials with visual stimuli (red 1580 
trace). N = 16 bouts (blanks), 76 bouts (stimuli). Lower traces, example excerpt from a blank recording from 
this Purkinje cell (PC, black trace) with simultaneous ventral root recording (VR, gray trace, shown as a 
moving standard deviation). Complex spikes are indicated by orange dots above the trace. b) Upper traces, 
a subset of bouts are plotted aligned to bout onset for swim episodes during which a complex spike occurred 
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(orange dot). Below, a normalized histogram for all CS+ bouts in this recording show that the majority of the 1585 
complex spikes are triggered in the period 100-150 ms following bout onset (N=34/76 CS+ bouts). c) Upper 
plot, the mean bout off-triggered complex spike rate with shaded SEM for this cell for blank and visual stimuli 
trials. N = 12 bouts (blanks), 468 bouts (stimuli). Lower traces, example excerpt from a blank 
electrophysiological recording from this cell. d) Heatmap of bout on- and off-triggered mean complex spike 
rates for all cells with significant motor coefficients arranged by peak CS firing rate from bout onset. The 1590 
lower three rows correspond to cells that have a decrease in CS activity during bouts which increases 
following bout offset. The example cells from a) and c) are indicated. e) The locations of these Purkinje cells 
with CS activity correlated with bout onset (green) or bout offset (black) are plotted on the right lobe of a 
reference cerebellum (some coordinates were flipped from left to right). The example cells from a) and c) are 
indicated. Scale bar = 50 microns. f) The 12 eye motor regressors used for multilinear least squares 1595 
regression (MLR) of electrophysiological data with eye movements in the semi-paralyzed zebrafish (see 
Methods for details; see Figure S2 for the description of sensory regressors). All eye motor regressors are 
calculated for each cell based on the motor activity of each eye (tracked independently) in that trial. A 
representative set of regressors computed from eye movement in one trial in the dataset is shown here. g) 
Heatmap of all 30 regressor coefficient weights (18 sensory and 12 eye motor) for the complex spike (left) 1600 
and simple spike (right) firing rates of 13 cells (N=11 fish). The sensory regressors with the largest coefficient 
weights for complex spike rates are indicated. For complex spike phenotypes, 11/13 Purkinje cells have a 
stronger "sensory" phenotype, whereas 13/13 Purkinje cell have a simple spike "motor" phenotype. The two 
remaining Purkinje cells with a motor complex spike phenotype are indicated as ci and cii (arrowheads). h) 
Location of all cells, color-coded for complex spike phenotype as determined by MLR and additional analyses 1605 
(see subsequent panels). Scale bar = 50 microns. i) Left, mean activity and SEM for the complex spike rate 
and best eye movement regressor excerpted from the rotational stimulus portion of the experiment for 
Purkinje cell 2 as indicated in g) and classified as having a motor complex spike phenotype. The single 
correlation coefficient between the best motor and sensory regressors across trials are very high (r = 0.60 
across the full trial). Right, mean activity and SEM for the complex spike rate and best eye movement 1610 
regressor excerpted from the rotational stimulus and flash portion of the experiment for Purkinje cell 3 as 
indicated in b) and the only other cell classified as having a “motor” complex spike phenotype. The single 
correlation coefficient values for the complex spike rate with the indicated regressors across trials for just the 
rotational stimulus period or just the luminance period are shown. j) Heatmap of eye movement (left eye, 
nasal) and complex spike rates across all trials of an experiment for a representative Purkinje cell in the left 1615 
caudolateral cerebellum (cell 7 as indicated in g,h). Note the variability of the eye movement across trials 
(left) compared to the complex spike rate (right). Clockwise velocity is indicated for reference. k) The best 
motor regressors for each eye and the best sensory regressor are plotted against the complex spike rate of 
the cell in j) for the first (left) and last (right) trial of the experiment. Single correlation coefficient values are 
shown between each regressor and the complex spike rate for this trial. Time scale is same as for j).  1620 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 1, 2018. ; https://doi.org/10.1101/432153doi: bioRxiv preprint 

https://doi.org/10.1101/432153
http://creativecommons.org/licenses/by/4.0/


59 
 

 

 

Figure S6. Related to Figure 1 and Figure 4. Swimming-related granule cell activity is 

distributed broadly across the cerebellum 

Heatmaps of the z-projected mean voxelwise correlation coefficients of granule cell GCaMP6s signals from 1625 
multilinear regression with example sensory and motor regressors averaged across 7 fish (see Methods). 
Scale bar = 50 microns.  
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Figure S7. Related to Figure 4. Many granule cells show significant modulation of their firing 1630 
rates during fictive swimming bouts  
 
a) Left, matrix of multilinear regressor coefficients for granule cell firing rates from all 10 cell-attached 

electrophysiological recordings with simultaneous fictive behavior in response to the same sensory stimuli 

as shown in Figure 2a. Right, histogram of cell counts for each best regressor category (as color-coded at 1635 
left).  b) Location of granule cells across all fish mapped onto a reference cerebellum (bird’s eye view) and 

colored according to their motor phenotype. All coordinates are flipped onto the right hemisphere. Scale bar 

= 50 microns. c) Left, heatmap of z-scored mean firing rates for all granule cells sorted by decreasing motor 

regressor coefficient. Colored bars at right indicate cells whose firing rate is positively modulated by bout 

duration (green), by bout offset (black), or by neither (grey). Right, cluster mean granule cell firing rates 1640 
(black) and mean fictive bout vigor (grey).  
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