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Cellular/Molecular

Sensorimotor Coding of Vermal Granule Neurons in the
Developing Mammalian Cerebellum

Kelly H. Markwalter,"> ©“Yue Yang,' Timothy E. Holy,' and “Azad Bonni'
Department of Neuroscience, and 2MD-PhD Program, Washington University School of Medicine, St. Louis, Missouri 63110

The vermal cerebellum is a hub of sensorimotor integration critical for postural control and locomotion, but the nature and developmen-
tal organization of afferent information to this region have remained poorly understood in vivo. Here, we use in vivo two-photon calcium
imaging of the vermal cerebellum in awake behaving male and female mice to record granule neuron responses to diverse sensorimotor
cues targeting visual, auditory, somatosensory, and motor domains. Use of an activity-independent marker revealed that approximately
half (54%) of vermal granule neurons were activated during these recordings. A multikernel linear model distinguished the relative
influences of external stimuli and co-occurring movements on neural responses, indicating that, among the subset of activated granule
neurons, locomotion (44%-56%) and facial air puffs (50%) were more commonly and reliably encoded than visual (31%-32%) and
auditory (19%-28%) stimuli. Strikingly, we also uncover populations of granule neurons that respond differentially to voluntary and
forced locomotion, whereas other granule neurons in the same region respond similarly to locomotion in both conditions. Finally, by
combining two-photon calcium imaging with birth date labeling of granule neurons via in vivo electroporation, we find that early- and
late-born granule neurons convey similarly diverse sensorimotor information to spatially distinct regions of the molecular layer. Collec-
tively, our findings elucidate the nature and developmental organization of sensorimotor information in vermal granule neurons of the
developing mammalian brain.

Key words: calcium imaging; cerebellar development; cerebellar granule neuron; sensorimotor encoding; two-photon imaging

(s )

Cerebellar granule neurons comprise over half the neurons in the brain, and their coding properties have been the subject of
theoretical and experimental interest for over a half-century. In this study, we directly test long-held theories about encoding of
sensorimotor stimuli in the cerebellum and compare the in vivo coding properties of early- and late-born granule neurons.
Strikingly, we identify populations of granule neurons that differentially encode voluntary and forced locomotion and find that,
although the birth order of granule neurons specifies the positioning of their parallel fiber axons, both early- and late-born granule
neurons convey a functionally diverse sensorimotor code. These findings constitute important conceptual advances in under-
standing the principles underlying cerebellar circuit development and function. j

ignificance Statement

about internal and external contexts, the cerebellum facilitates
motor coordination, adaptation, and learning. However, the
function and organization of cerebellar inputs that enable these
tasks have remained poorly understood.

Within the cerebellum, the vermal region is thought to play a
key role in locomotor coordination and postural control (Hol-
mes, 1922; Shik and Orlovsky, 1976; Armstrong, 1986; Bastian et
al., 1998; Thach and Bastian, 2004; Vinueza Veloz et al., 2015).

Introduction
The cerebellum is a key center of sensorimotor processing in the
brain. By integrating diverse neural inputs that relay information
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Accordingly, the vermis receives dense mossy fiber inputs from
spinocerebellar tracts encoding limb muscle activity and joint
position (Arshavsky et al., 1972; Matsushita et al., 1979; Matsu-
shita and Tkeda, 1980; Armstrong, 1988; Piillysaho et al., 1991;
Orlovsky et al., 1999; Bosco et al., 2005) as well as from premotor
and motor regions of the cerebral cortex that arrive via the pon-
tine nuclei (Kelly and Strick, 2003; Coffman et al., 2011). How-
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ever, the vermis also receives mossy fiber inputs from regions
related to visual, auditory, tactile, and vestibular processing as
well as inputs relayed from cortical association areas (Snider and
Stowell, 1944; Aitkin and Boyd, 1975; Huang et al., 1982; Wiesen-
danger and Wiesendanger, 1982; Stein and Glickstein, 1992;
Glickstein, 1997). This broad convergence of information has
been hypothesized to endow the vermis with a role in sensorimo-
tor integration and associative learning (Stein and Glickstein,
1992; Sawtell, 2010; Huang et al., 2013; Ishikawa et al., 2015;
Giovannucci et al., 2017), but how the afferent information is
represented and processed within the cerebellum to facilitate
such roles in vivo remains unclear.

The organization of information arriving via the mossy fiber-
granule neuron system has historically been underexplored due
to the technical challenges of recording large populations of gran-
ule neurons in vivo. Recent studies have overcome these chal-
lenges and begun to offer new insights into the diversity, density,
and dynamic nature of the information encoded by granule neu-
rons (Gilmer and Person, 2017; Giovannucci et al., 2017; Knogler
etal.,, 2017,2019, Wagner et al., 2017, 2019; Yamada et al., 2019).
However, the response properties of mammalian granule neu-
rons to a battery of untrained sensorimotor stimuli have not yet
been systematically explored. Furthermore, the developmental
programs that govern granule neuron sensorimotor coding re-
main unclear. Intriguingly, the birth order of granule neurons
appears to influence parallel fiber positioning (Espinosa and Luo,
2008), suggesting that coding properties of early- versus late-
born granule neurons could influence information processing in
the cerebellar cortex. However, the influence of birth order on
organization of sensorimotor information arriving to granule
neurons remained unknown.

To better understand the nature and developmental organi-
zation of sensorimotor information encoded by granule neurons
in the mammalian cerebellar vermis, we have imaged >1000 in-
dividual granule neurons in lobule VIA, an optically accessible
vermal region associated with multiple sensorimotor contexts
(Stein and Glickstein, 1992; Stoodley and Schmahmann, 2009;
Yang et al., 2016; Giovannucci et al., 2017; Wagner et al., 2017;
Yamada et al., 2019), during locomotion and upon exposure to
visual, auditory, and somatosensory cues. We have also devel-
oped a multikernel linear model that disambiguated granule
neuron responses to sensorimotor stimuli from responses to co-
occurring movements. This approach revealed granule neurons
with diverse temporal and combinatorial response properties.
Strikingly, populations of granule neurons responded differen-
tially to voluntary versus forced locomotion. In addition, com-
bining in vivo two-photon calcium imaging with in vivo birth
date-dependent labeling of granule neurons in awake behaving
juvenile mice revealed that, while the birth order of granule neu-
rons profoundly influences the positioning of their parallel fiber
axons in the molecular layer (ML), both early- and late-born
granule neurons respond to the panoply of sensorimotor stimuli.
Together, our findings uncover properties of vermal granule neu-
ron responses to diverse sensorimotor stimuli and reveal that this
sensorimotor code is conveyed broadly to distinct molecular
layer regions of the mammalian cerebellar cortex.

Materials and Methods

Animals

For in vivo imaging experiments, we crossed mice expressing the calcium
indicator GCaMP6f in a Cre-dependent fashion (Ai95, The Jackson Lab-
oratory) with GABA(A)Ra6-Cre driver mice (Fiinfschilling and Reich-
ardt, 2002). Due to male germline expression of the Cre recombinase,
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female GABA(A)Ra6-Cre animals were used for all matings. WT
C57BL/6 mice of either sex were used for histologic experiments charac-
terizing positioning of electroporated granule neurons. All experiments
were done according to protocols approved by the Animal Studies Com-
mittee of Washington University School of Medicine and in accordance
with National Institutes of Health guidelines. Male and female mice were
used for all experiments, and mice were purchased and maintained under
pathogen-free conditions.

In vivo electroporation

In vivo electroporation of postnatal mouse pups was done as described
previously (Huynh et al., 2011; Yamada et al., 2014; Yang et al., 2016)
with modifications. For injection of pups older than P10, a small (~5
mm) incision was made in the dorsal scalp of lightly anesthetized mouse
pups (isoflurane: 5% in O, for induction, 1%-2% for maintenance), and
the occipital bone overlying the cerebellum was targeted for midline
injection. In younger pups, no incision was necessary for accurate target-
ing of the cerebellum. In all cases, 3 ug of the DNA plasmid ( pCAG-GFP
or pCAG-mCherry, prepared at 1.5 ug/ul) was injected, and pups were
subjected to four 50 ms electrical pulses of 120 mV at 950 ms intervals.
Incisions were closed with suture, and electroporated pups were returned
to dams until weaning age.

Histologic procedures

Immunohistochemical analyses were performed as described previously
(Yamada et al., 2014; Valnegri et al., 2017). For characterization of
GCaMPe6f expression, brains of 4- to 5-week-old mice were perfused
transcardially with 4% PFA and 4% sucrose, postfixed overnight, and
stored in 30% sucrose solution. For morphologic quantification of elec-
troporated neurons, the electroporated cerebellum was collected at post-
natal day 22 (P22) and fixed in 4% PFA and 4% sucrose. In all cases,
brains were frozen, sectioned sagittally at 30 um, and stained with anti-
bodies against calbindin (Millipore AB1788, 1:250), GFP (Abcam
ab13970, 1:250), or DsRed (Clontech 632496, 1:250), as well as the DNA
dye bisbenzimide (Hoechst). Images of labeled sections were taken on an
AxioScan Z1 fluorescence imaging system (Carl Zeiss) or an Olympus
FV1200 confocal system.

Cranial window implant surgical procedures

For imaging experiments, a 3-mm-diameter circular craniotomy was
made overlying the dorsal cerebellum of mice on P26-P28. Mice were
anesthetized with isoflurane (5% induction, 1%-2% maintenance) dur-
ing surgery. Dexamethasone (2 mg/kg i.m.), carprofen (5 mg/kg s.c.),
and buprenorphine (0.5-1.0 mg/kg s.c.) were administered to reduce
brain swelling and inflammation and to provide analgesia. The craniot-
omy overlapped portions of the occipital and interparietal bones; it gen-
erally extended the full width of the vermis, exposing the dorsal surface of
lobule VI as well as parts of lobules IV/V and VII. The cranial window was
installed using cyanoacrylate followed by dental cement (Ortho-Jet,
Lang) to secure a double-layered glass coverslip over the exposed saline-
covered brain. The two coverslip layers were joined by UV-cured optical
adhesive (Norland Products, NOA71) and positioned such that the lower
layer (3 mm diameter, 0.15 mm thick) fit snugly inside the craniotomy
and the upper layer (5 mm diameter, 0.15 mm thick) contacted the intact
skull. A titanium headplate for head fixation was centered over the cra-
niotomy and secured using dental cement mixed with carbon (484164,
Sigma-Aldrich) to help reduce light transmission through the skull. Mice
were imaged at least 5 d after surgery.

Two-photon microscopy
Dual-color imaging was performed on a Bruker multiphoton system
equipped with a Ti:Sapphire laser (MaiTai eHP DeepSee, Spectra-
Physics), a 20X water-immersion objective (NA 1.0, Olympus), and
GaAsP detector elements. All images were acquired at 20 Hz (~2 s dwell
time per pixel) with the excitation laser tuned to 920 nm. Signals from
GCaMP6fand mCherry fluorescent indicators were collected simultane-
ously and separated based on their emission spectra.

Prairie View software (Bruker) was used to synchronize image acqui-
sition, stimulus triggers, and recordings of treadmill velocity. The LED
and speaker were triggered directly, the treadmill motor was controlled
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Table 1. Parameters and timing of sensorimotor stimuli

Markwalter et al. ® Sensorimotor Coding of Developing Granule Neurons

Stimulus Parameters Timing per block? Hardware
Air puff Facial: 20 psi, targeting right periorbital area, calibrated  Three 300 ms air puffs with 2000 ms ISI Ingersoll Rand ARO 37121600 Air Regulator
to cause an eyeblink
Trunk: 20 psi, targeting right lateral trunk, with some
variation introduced by mouse trunk movements
Tone Beep: steady tone at ~90 dB Three 1000 ms beeps with 1000 ms ISI Speaker: SparkFun, COM-13939, setting 1, driven at 5V
Warble: tone ~90 dB with frequency alternating
between 2800 Hz and 3200 Hz 5000 ms tone-warble with 50% duty cycle atrate of 1THz ~ Speaker: SparkFun, COM-13939, setting 8, driven at 5V
Light Stable: blue LED (~465 nm) 5000 ms LED on LED: SparkFun, COM-00529
Flash: blue LED (~465 nm) alternating on and off 5000 ms LED flashing with 50% duty cycle at rate of 5 Hz
Treadmill ~ Fast: 10 rpm continuous 5000 ms treadmill-on Stepper Motor: SparkFun ROB-09238
Slow: 5 rpm continuous
Nothing Imaging without any external stimulus presentations 95 block None

“Each stimulus block was 9 s total. Each block began and ended with a no-stimulus period of 1.9 2.2 s duration. The intervening stimulus-on periods were as described per condition. ISI, Interstimulus interval.

through an Arduino Due microcontroller, and the air puffs were trig-
gered through an external stimulus delivery system (Automate Scientific,
ValveLink 8.2).

For all imaging studies, mice were head-fixed on a custom-built mo-
torized treadmill (adapted from Heiney et al., 2014) that was suspended
on low-friction ball bearings and was freely rotatable, except during
forced treadmill epochs. At the time of imaging (P32-P34), surface vas-
culature was inspected and used to identify the boundaries of lobule VI.
We selected imaging regions within the anterior half of lobule VI, ap-
proximately corresponding to lobule VIA, that included several
mCherry-positive granule cells labeled by in vivo electroporation. Imag-
ing fields were generally located within the top 150 wm of the internal
granule layer (IGL), covered an average surface area of 10,923 um 2 were
preferentially aligned with their long axis in an anteroposterior direction,
and extended an average of 63 um in the mediolateral direction (range
28-112 pum). Individual FOVs were therefore likely to fall either within
one module or between two adjacent modules as defined by mossy fiber
terminals, which cluster in ~100- to 150-um-wide parasagittally ori-
ented stripes (Ji and Hawkes, 1994; Gebre et al., 2012; Huang et al., 2013;
Apps et al., 2018). Two to seven FOVs were imaged per animal, suggest-
ing that the composite dataset includes granule neurons sampled from
multiple modules.

Imaging and behavioral data were collected in stimulus blocks of 9 s
duration. Blocks were presented in a pseudorandomized order with a
randomized interblock interval of 1-25 s. Imaging data for each FOV,
including three trials of each stimulus block, were acquired within 10-15
min, and 2-7 FOVs were imaged per animal. Total imaging time for each
mouse did not exceed 120 min.

For forced treadmill stimulus blocks, fixed-speed treadmill rotation
was driven by a stepper motor (SparkFun Electronics, ROB-09238) at 4
or 8 cm/s. These speeds were selected based on visual inspection of un-
trained behavior of juvenile mice walking on the rotating treadmill. Spe-
cifically, the speeds were chosen to be relatively slow and fast speeds at
which the mice were nonetheless able to keep pace and demonstrate a
continuous gait cycle for a 5 s trial. During forced as well as voluntary
epochs, treadmill rotations were recorded by a rotary encoder (SparkFun
Electronics, COM-11102). No video recordings were collected during
data acquisition. Timing and parameter specifics of the stimulus blocks
are summarized in Table 1.

Experimental design and statistical analysis
Histologic analysis. To quantify the position of electroporated parallel
fibers within the molecular layer, we first used the calbindin-immuno-
reactive signal to delineate the extent of the molecular layer. Line seg-
ments oriented perpendicular to the pial surface were drawn from the pia
to the top of the Purkinje cell somas at 100-200 wm intervals along the
dorsal cerebellar surface. These lines were drawn while blinded to the age
of electroporation and fluorescence channel of electroporated neurons.
ML thickness was quantified as mean line length per lobule.

Next, the intensity profile of electroporated fluorescence signal along
each previously drawn line was quantified, and the relative location of the
peak signal along the line was determined. To avoid artifact due to local

fluorescence hotspots or intersection of occasional labeled Bergmann
glial cell, images were smoothed before intensity profiling, and lines in-
tersecting labeled glia were excluded from analysis. Smoothing was ac-
complished using two applications of the Image] Smooth function,
which replaces each pixel with the average of its 3 X 3 neighborhood.

To quantify the distribution of labeled granule neuron somas within
the IGL, the Hoechst signal was used to identify the extent of the IGL
and divide it into thirds. The electroporated fluorescence channel was
then examined, and the signal intensity per unit area was quantified.
IGL delineations were done blinded to electroporated signal and age
at electroporation.

Calcium imaging data analysis. Image analysis was performed using
custom ImageJ, MATLAB, and Julia scripts. Image registration was ac-
complished using nonrigid motion correction based on template match-
ing as previously described (Pnevmatikakis and Giovannucci, 2017). We
calculated shifts from our sparse-labeled structural channel (mCherry)
and applied the displacements to both the structural and functional
(GCaMP6f) channels. Image registration successfully resolved within-
plane motion. To ensure that out-of-plane motion did not contaminate
the analyzed calcium transients, we used a two-step quality control pro-
cess. First, taking advantage of the presence of an activity-independent
label, we examined the time course of mCherry signal from the sparsely
labeled somas. As expected, mCherry signals remained stable across im-
aging. On rare occasions when the signal of any mCherry soma in a FOV
varied beyond 3 SDs from its running mean, the entire frame was ex-
cluded from analysis. These dropped-frame events were rare, accounting
for <1% of all frames. If a single trial ever had >5% of frames excluded,
the entire trial was discarded; this was also a rare occurrence (<2% of all
trials). Second, we used a standard approach of analyzing the statistics of
the GCaMP6f signal to identify statistically significant positive-going
transients with <5% false-positive error rate of being attributable to
motion (Dombeck and Tank, 2014). Only the trials and transients pass-
ing both the mCherry and GCaMP6f-based evaluations were analyzed
further, thus providing high confidence that the analyzed calcium activ-
ity was minimally contaminated by motion artifact.

To identify ROIs, we developed and used a custom cell segmentation
algorithm optimized for separation of signal sources in densely packed
regions, such as the IGL. Briefly, our method uses a non-negative matrix
factorization approach similar to those described previously (Maruyama
etal., 2014; Pnevmatikakis et al., 2016) to separate signals based on their
patterns of spatial and temporal coherence. The method can attribute
signal from a single pixel to multiple ROIs, provided that the contribut-
ing ROIs have some epochs of nonsynchronous activity. By allowing
separation of signal from overlapping ROIs, this approach reduces con-
tamination by adjacent signal sources. In addition, this approach re-
moves any diffuse time-variant signal before segmenting cells, thus
accounting for a diffuse calcium signal that may originate from neuropil
composed of granule cell ascending axons.

After segmentation, all identified ROIs were manually rated on two
criteria. First, with reference to the mean GCaMP6f image and a sliding
average of the entire time series, each ROI was inspected and rated as
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unambiguously nuclear-cleared or not. Absence of nuclear clearing is
often used as an indicator of poor neuronal health, particularly when
overexpression of the calcium indicator is a concern (Tian et al., 2009). In
our case, with stable transgenic expression of the GCaMP6f protein and a
priori concern for a nonsomatic source of calcium signal associated with
granule neuron dendritic claws (Wagner et al., 2017), we instead used the
criterion of nuclear clearing as a mechanism to reduce contamination by
nonsomatic structures (Wagner et al., 2017). Validation against the
sparse mCherry label confirmed that ROIs located at cerebellar glomeruli
lacked nuclear clearing, but we cannot rule out the possibility that a small
minority of our verified nuclear-cleared ROIs also corresponded to
glomeruli.

Second, in separate analyses, we evaluated the overlay of each ROI’s
spatial profile with the mean mCherry signal and used the sparse label to
rate each ROI as somatic, glomerular, or not sparsely labeled. Impor-
tantly, all ratings were done blinded to the opposite channel signal, to the
calcium signal of the ROI being rated, and to the electroporation age of
the animal. All detected, nuclear-cleared ROIs were used in analyses of
sensorimotor coding of granule neuron somas (see Figs. 3—6). All de-
tected ROIs corresponding to sparsely labeled somas were used in anal-
yses of the effects of birth order on functional coding (see Fig. 8).

For each segmented ROI, we calculated a modified z score as follows:

0.67 # (X = Xoseh percentite)

Median absolute deviation of X from Xysu, percentite

z

The 25th percentile of the calcium trace, rather than the median, was
used as the baseline for the modified z score calculation because visual
inspection revealed this value to better reflect the signal baseline. The
modified zscores in epochs of statistically significant transients were used
for all subsequent analyses.

Locomotion analysis. Rotary encoder data were analyzed offline to cal-
culate movement velocities. Briefly, the quadrature-encoded gray code
was converted to revolutions per minute and, accounting for treadmill
diameter, to a linear velocity. Encoder data were collected at 10 kHz.

For cumulative distribution plots summarizing frequency of motor
behaviors in each animal (see Fig. 3B), we analyzed encoder data from all
time points when the treadmill was under voluntary control. These data
came from multiple trials and multiple FOVs per animal. The foam
treadmill required very little force to rotate, and the encoder was capable
of detecting movements as small as 0.05 cm at the surface of the treadmill.
Consequently, small postural adjustments as well as bouts of locomotion
were detected. To provide an initial description of the nature as well as
the frequency of mouse behaviors detected, any frame in which velocity
was non-0 was counted as movement and any frame in which velocity
surpassed 3 cm/s was counted as locomotion (see Fig. 3B). For each
animal, we calculated the mean speed during movement-containing or
locomotion-containing frames across all recorded trials and FOVs.

Individual mice engaged in differing amounts of voluntary locomo-
tion during each recording (see Fig. 3B). To avoid drawing conclusions
about neural responses to locomotion based on a limited sample, the
recordings containing <2.5 s of locomotion (total of 11) were excluded
from locomotion analyses (see Fig. 3D, E). The cutoff of 2.5 s is compa-
rable with the minimum amount of stimulus-on time used in analyses of
responsivity to the other external stimuli. In total, locomotor responses
were analyzed for 1196 granule neurons recorded from 71 FOVs (Fig.
3 D, E). Responsivity indices were calculated as the conditional probabil-
ity thata frame exhibited a statistically significant calcium transient given
that it met the movement criterion of interest as follows:

Free wheel responsivity index

Number of Free Wheel Movement Frames With Calcium Transient Occurring

Number of Free Wheel Movement Frames
Motorized wheel responsivity index

Number of Motorized Treadmill Frames With Calcium Transient Occurring

Number of Motorized Treadmill Frames

Because this approach does not normalize for the cell’s firing rate during
stimulus-off epochs, it is informative only in cell populations with low
basal firing rates, such as cerebellar granule neurons.
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The responsivity indices plotted in Figure 4E were calculated by the
same method as above. Figure 4E displays the subset of cells from Figure
3D that meet inclusion criteria for the multikernel linear model analysis
(i.e., those with three trials per stimulus), and each datapoint is displayed
with a color code reflecting its responsivity as determined by the multi-
kernel linear model analysis described below.

Multikernel linear model. We used a multikernel linear model based on
principles that have been described previously (Simoncelli et al., 2004;
Dayan and Abbott, 2005). This approach is a type of multiple linear
regression. Solving for kernels rather than constant coefficients that de-
scribe the relationships between the stimuli and neural activity allows for
time-dependent stimulus-response relationships to be identified. Briefly,
given a set of i time-dependent stimuli S, ; including external perturba-
tions and recorded behavioral information (i.e., movement velocity),
and a time-dependent response vector r,, we found the set of kernel
vectors, one per stimulus, that when convolved with the stimuli and
summed would best reproduce the response as follows:

ry = zst—mkm‘
T

by minimizing the sum of square errors as follows:

> = %z(rr - ;2)2

For most stimuli, the kernel was allowed a duration of 40 frames, thus
allowing 2 s of stimulus history to influence the response at time . As an
exception, for locomotor-related stimuli (voluntary movement, tread-
mill fast, and treadmill slow), the kernels had only 10 time points (500
ms) of history. Use of the shorter kernel allowed retention of more data
during the ~2 s baseline period of each trial (i.e., before stimulus presen-
tations), even though that period lacked a full 2 s history of voluntary
movement behavioral data. This choice was made in accordance with
visual inspection of neural activity, which revealed minimal persistence
of calcium signal, beyond that predicted by GCaMP6f decay kinetics,
after bouts of locomotion.

Given the binary nature of the treadmill stimulus signal, in contrast to
the temporally diverse responses it evoked, we added two additional
stimuli to the model that were non-0 at moments of treadmill initiation
or termination, respectively. The addition of these stimuli improved the
model’s prediction of responses to the treadmill stimulus and were there-
fore used for all analyses. For each cell, kernels were solved for all three
treadmill-associated features (initiation, steady-state, and termination),
and the cell’s net characteristic response to the treadmill (see Fig. 5E) was
defined as the sum of the three characteristic responses.

As neural activity in the cerebellum can precede movement, we eval-
uated whether the model’s accuracy was improved when the voluntary
movement kernel was allowed to consider treadmill velocity in the near
future (250, 500, or 1000 ms) and/or more distant past (up to 2000 ms).
This additional information did not dramatically improve the model’s
performance and was therefore not incorporated into the analyses pre-
sented. The lack of predictive improvement should not be interpreted to
mean that granule neuron activity does not precede some aspects of
locomotor behavior. Rather, it likely reflects the comparative simplicity
of mapping neural activity to locomotor velocity as opposed to mapping
it to all features and dimensions of mammalian locomotion.

To enforce a match only in places where complete information was
known, we implemented a weighting vector w,, where

{1 if r, known and could be predicted from S and k
o, =

0 otherwise

such that

1
> = Ezwt(rr - ;r)z

At times where w, = 0, the predicted value was allowed to be arbitrary.
For example, w, always equaled 0 during the first 500 ms of each trial, as
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stimulus history was unknown for the voluntary movement stimulus
occurring during that period.

Other than minimizing ¥, no additional constraints were applied to
the kernels. To ensure that interpretations were not confounded by po-
tential degeneracies in the solutions, we restricted our analysis and inter-
pretation to the convolution of each kernel with the time course of its
corresponding stimulus. The resulting “reconstructed responses” (see
Fig. 4A) represented the neural activity predicted to have occurred in
association with each stimulus individually. In other analyses, a single
“characteristic response” was calculated as the convolution of each kernel
with the time course of a single presentation of the relevant stimulus.
Characteristic responses could be directly compared to evaluate the va-
riety of neural responses associated with each stimulus (see Fig. 5C,E).
The characteristic responses solved for the forced locomotion stimulus,
as well as those for any other stimulus defined by a constant value that
lasts longer than the 2 s kernel duration, will by definition have a period
of constant value. This explains the constant values lasting from 2 s after
treadmill initiation until treadmill termination in the characteristic re-
sponses to forced locomotion (see Fig. 5E).

To assess the accuracy of the model, we computed power spectra for
the recorded neural activity and for the residual, that is, the difference
between the recorded activity and the response predicted by the model.
Accuracy was reported at each frequency as the percentage of power in
the recorded neural signal that was present in the residual.

For the schematic of the multikernel model shown in Figure 4A, Stim-
ulus 1 was defined to induce firing at 50 Hz and Stimulus 2 was defined to
induce a burst of firing every 250 ms, with 100 Hz intraburst frequency.
The corresponding calcium activity was determined by convolving the
firing pattern with a GCaMP6f kernel modeled as an exponential decay
with 400 ms half-life (Chen et al., 2013). As in the real dataset, the model
was solved using 2 s of stimulus history to solve for the kernels that define
areconstructed response optimally fitted to the original calcium activity.

Analysis of stimulus responsivity. To assess stimulus responsivity, we
first regressed out the neural activity attributed to voluntary movements
and then analyzed whether the remaining level of neural activity during
each peristimulus period of interest was significantly higher than the
activity during no-stimulus periods. This analysis was done using a sta-
tistical scramble approach (Peters et al., 2014). Briefly, the neural activity
during each peristimulus epoch, defined as the moment of stimulus ini-
tiation through 1 s after stimulus termination, was extracted as a contig-
uous segment. The activity during each of the many no-stimulus epochs
was extracted likewise. These segments were concatenated in 1000 ran-
domly shuffled orders to form composite traces, and the mean during the
true peristimulus period was compared with the mean during an equiv-
alent period of time in each shuffled trace. If the true mean was >99% of
shuffled means, the neuron was considered to be responsive to that stim-
ulus trial. For populational response statistics (see Fig. 5A4), neurons were
counted as responsive if they were significantly responsive to at least one
of three trials, and neurons without three trials of a particular stimulus
were excluded from the responsivity analysis of that stimulus.

Responsivity to voluntary movement was assessed by an analogous
method. The neural activity attributed to other stimuli by the multiker-
nel linear model was regressed out, and the remaining unexplained ac-
tivity was analyzed to determine whether it was higher during the true
peristimulus periods for voluntary movement compared with no-
movement periods. The peristimulus periods were defined as all frames
within 250 ms of a frame with voluntary movement velocity >3 cm/s.
Bouts of treadmill movement without velocity >3 cm/s were excluded
from the analysis to preferentially analyze locomotion rather than
small postural adjustments or isolated limb movements. In addition,
as described above for the initial locomotor-responsivity analyses,
neurons without at least 2.5 s of recordings when voluntary move-
ment was >3 cm/s were excluded from this analysis due to the limited
sample duration.

For visualization of neural response diversity, the cell/stimulus-
specific kernels were convolved with the stimulus time courses to evalu-
ate the dynamics of each neuron’s typical response. Only neurons that
responded to at least two of the three trials were visualized. Responses to
the air puff stimulus were sorted based on FWHM (see Fig. 5C). Re-
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sponses to the fast treadmill were sorted using k-means clustering (k = 3)
because sorting by a single feature did not effectively illustrate the re-
sponse variability. k = 3 was chosen because the characteristic responses
were determined as a composite of the responses to three treadmill fea-
tures (initiation, steady-state, and termination) (see Fig. 5E).

To calculate the dual responsivity heatmap in Figure 6C, we consid-
ered each pair of two stimuli and calculated the observed probability that
aneuron within the subpopulation of neurons responsive to Stimulus A
also responded to Stimulus B, that is, P(B|A). This observed probability
was compared with the expected probability that a neuron taken from the
total population responded to Stimulus B, that is, P(B) (see Fig. 5A).
These two ratios were compared to identify whether granule neurons
responded to certain pairs of stimuli more or less frequently than ex-
pected by chance. In other words, for each pair of Stimuli A and B, we
tested the null hypothesis P(B|A) = P(B), which is true if A and B are
independently assorted events and is false if responsivity of a neuron to
stimulus A affects the likelihood that it responds to stimulus B.

Linear discriminant analysis. We performed a linear discriminant anal-
ysis as described previously (Campbell et al., 2008) to determine whether
the neural responsivities determined by the kernel analysis could be used
to reliably distinguish populations of granule neurons. Each neuron’s
functional response was summarized as a nine-element binary vector
describing whether or not the neuron was responsive to each of the nine
stimuli: air puff to face, air puff to trunk, light flashing, light sustained,
tone beep, tone warble, forced locomotion fast, forced locomotion slow,
and free locomotion (Table 1). The linear discriminant analysis identi-
fied the weighted combination of these nine stimuli that could best sort
the neurons into predefined classes (i.e., early-born vs late-born). As a
positive control, the responsivities derived from the multikernel linear
model were used to distinguish two populations of neurons defined
based on the independent movement responsivity analyses as preferen-
tially responsive to free locomotion (free-wheel responsivity index > 0.6
and motorized-wheel responsivity index < 0.3) or preferentially respon-
sive to forced locomotion (free-wheel responsivity index < 0.3,
motorized-wheel responsivity index > 0.6).

Code availability

The code needed to implement the multikernel linear model is pub-
licly available on GitHub (https://github.com/HolyLab/LinearKernel
Models.jl).

Results

Calcium imaging of bona fide granule neuron somatic
responses to sensorimotor stimuli in awake behaving mice

To uncover coding properties in the developing cerebellar cortex,
we subjected awake behaving juvenile mice that expressed the
calcium indicator GCaMP6f in granule neurons to two-photon
calcium imaging (Fig. 1 A, B). We imaged lobule VIA in P32-P34
mice presented with a randomized battery of sensorimotor stim-
uli (n = 16 mice, 82 FOVs). Mice were subjected to forced loco-
motion at a fast (8 cm/s) or slow (4 cm/s) speed on a motorized
treadmill. Outside of the forced locomotion periods, animals
were free to locomote at will, and this movement was recorded by
a rotary encoder attached to the treadmill. Additional stimuli,
selected to engage the diverse mossy fiber systems that project to
the vermis, were presented during free-wheel periods and in-
cluded air pulffs to the face or trunk, flashing or sustained light,
and a single tone beep or prolonged tone warble.

To identify granule neurons in lobule VIA displaying acti-
vated GCaMP6f signal, we used a custom cell segmentation algo-
rithm (Fig. 1B,C). In addition, we validated the anatomical
identity of the activated GCaMP6f segments in the high-density
IGL as neuron somas upon expression of the fluorescent protein
mCherry in a subset of granule neurons using an in vivo electro-
poration approach (Fig. 2A-D). Remarkably, this approach re-
vealed that only 50% of active GCaMP6f ROIs that were
mCherry-positive corresponded to mCherry-positive granule
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Figure 1. Imaging cerebellar granule neuron responses to in vivo sensorimotor stimuli. A, GCaMP6f*"; GABA(A)Rc6-Cre mice
were subjected to immunohistochemistry analyses using antibodies against GCaMP6f and calbindin as well as the DNA dye
bisbenzimide (Hoechst 33258). GCaMP6f-positive rings had Hoechst-positive/GCaMP6f-cleared nuclei, and GCaMP6f was excluded
from calbindin-positive Purkinje cells (*). Scale bar, 20 pem. PCL, Purkinje cell layer. B, Schematic of in vivo imaging setup. Left,
Head-fixed juvenile mice were subjected to a randomized sensorimotor stimulus battery of air puffs, lights, tones, and forced
locomotion on a motorized treadmill. Right top, Cranial window was made over lobule VIA. Red rectangle represents the area of a
typical FOV (mean 10,923 m ). Two to seven fields were imaged per animal. Scale bar, 1 mm. Right bottom, Mean GCaMP6f
intensity of granule neurons imaged from GCaMP61~*'; GABA(A)Rax6-Cre mice during sensorimotor stimulation. Pseudocolored
overlays represent ROIs identified by an activity-based automated segmentation algorithm and manually verified to be nuclear-
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cell somas, whereas the remainder corre-
sponded to cerebellar glomeruli, which
include granule neuron dendritic claws
(Altman, 1972; Billings et al., 2014) (Fig.
2E,F). To further focus our analyses on
somatic calcium activity, which reflects
spiking of individual granule neurons
(Giovannucci et al.,, 2017), rather than
glomerular calcium activity, which re-
flects signals of several dozen granule neu-
rons, we manually selected segments with
unambiguous nuclear clearing in the
GCaMPe6f fluorescence channel (see Ma-
terials and Methods) (Wagner et al,
2017). Using these criteria, we selected 1375
granule neuron somas for analysis. To-
gether, these steps established the feasibility
to characterize large numbers of bona fide
granule neuron somatic responses to senso-
rimotor stimuli in vivo.

Identification of granule neurons that
respond differentially to voluntary and
forced locomotion

We first evaluated how the activity of in-
dividual granule neurons in the develop-
ing mouse brain correlated with the gross
locomotor movements detected by a ro-
tary encoder. The rotary encoder detected
treadmill movements both during epochs
of fixed-speed treadmill rotation driven
by a motor, and during epochs of free-
wheel rotation in which the motor clutch
was disengaged and the treadmill speed
was fully determined by the mouse’s
movements.

Movements occurred with varying
likelihood and speed across all stimulus
blocks (Fig. 3 A, B). Some granule neurons
were consistently activated in association
with encoder-detected movements (Fig.
3C) (e.g., Cell 9, Pearson r = 0.39, p <
0.001), whereas others did not display
consistent movement-associated activity
(Fig. 3C) (e.g., Cell 7, Pearson r = —0.13,
p = 0.31). However, other neurons exhib-
ited robust activation during a subset of
movement epochs and remained com-
pletely silent during other epochs (Fig.
3C) (e.g., Cells 8 and 10). Remarkably,
some of these neurons appeared to re-
spond selectively either to movements
during the motorized-treadmill epochs

<«

cleared granule neuron somas. Scale bar, 25 m. €, Mice were
presented with eight stimulus blocks in a pseudorandomized
order while velocity and granule neuron calcium activity were
recorded. Z-scored calcium activity traces of six nuclear-
cleared somas (from B) are depicted for one episode of each
stimulus block. Red represents statistically significant tran-
sients. Bottom, Recorded velocity trace and stimulus time
courses.



6632 - J. Neurosci., August 21,2019 - 39(34):6626 — 6643 Markwalter et al. ® Sensorimotor Coding of Developing Granule Neurons

>

GCaMP6f
Ai95;GABA(A)Rab-Cre

mCherry
(electroporated)

C
62 MMJ-mM.wJ«»mm.WMWWMMMMMMMMMJM»«»MMMMMMMMm
2 0 o A 0 o i i 90 o A i

G MMMMJMMJMAU»WJ»MMLMMAL&MMW NMMMMJMMAA»&WW“M
s1 MMWMMWMMWWWMMMMMWMMMJM AMMMMNM‘/}HMMWMM

D Response Frequency E
057 x Early-EP field of view
O Late-EP field of view Activity-detected Segments
& y With mCherry+ Signal (N = 664)
£, 041 /
é 3 x / [ Located at soma (S)
2 =4 x / [ Located at glomerulus (G)
» 203{ o %
t S e o** /
=X} *x 0o /
.q:, © 0.2 g & xx 7/
O BT V4T x
EE T g% F
28 o Xx
£ = 01 o x
L2 o
, 7 mCherry+ Somas (N = 611)
0 | I Detected by activity
0 01 02 03 04 05 Not detected by GCaMP6F activity

Active, mCherry+ Segments
Located at Soma

Figure2. Calciumimaging of responses in bonafide granule neuron somas. A, Sample results of granule neuron detection by activity-based cell segmentation algorithm and manual assessment
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to detection by activity-based segmentation algorithm and coincidence with mCherry-positive birthdate-labeled granule neuron somas. Open arrowhead indicates granule neurons that were
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pCAG-mCherry plasmid in GCaMP6f-"; GABA(A)Rax6-Cre mice. Some active ROIs (orange) coincided with mCherry-positive granule neuron somas (S), but others (cyan) were located at mCherry-
positive dendritic claws in the glomerulus region (G). Scale bar, 10 wm. C, Traces of GCaMP6f activity from ROIs located over somas and glomeruli of the mCherry-labeled granule neurons in B. Red
traces represent epochs of statistically significant calcium transients. Calibration: 20's, Z = 10. D, Response frequency was calculated for all ROIs as the proportion of recorded time during which
statistically significant transients occurred. Mean response frequencies for ROIs located at mCherry-positive somas and glomeruli are plotted for each FOV containing at least four examples of each
ROI type. Data include FOVs from mice electroporated at early (Early-EP) and late (Late-EP) time points. ROIs located at mCherry-positive glomeruli had higher response frequencies than ROIs at
mCherry-positive somas. E, The ROIs detected by activity-based segmentation and found to overlap with an mCherry-positive granule neuron were compared with the mCherry signal to determine
whether each ROI corresponded to a granule neuron soma or a glomerulus (n = 664). F, The mCherry-positive granule neurons recorded during sensorimotor stimulus presentations were compared
with the automated segmentation algorithm to determine how many of the sparsely labeled somas were detected by activity-based segmentation (n = 611 neurons from 82 FOVs in 16 mice).

(e.g., Cell 8) or else to movements during the free-wheel epochs
(e.g., Cell 10).

To quantify the movement response selectivity of each cell, we
calculated a free-wheel responsivity index and a motorized-wheel
responsivity index, each corresponding to the fraction of time
that calcium transients occurred within the subset of frames ex-
hibiting the respective movement context. Across 1196 granule
neurons, the free-wheel and motorized-wheel indices were not
deterministic of each other (Fig. 3D) (Pearson r = 0.55, p < 0.01).

Notably, granule neuron responses filled the entire space of
possible combinations of the parameters of free-wheel and
motorized-wheel responsivities (Fig. 3D). Furthermore, neu-
rons recorded concurrently in the same FOV exhibited diverse
movement response selectivities (Fig. 3E), suggesting that the
differential responses to locomotion in free-wheel versus
motorized-wheel contexts were not primarily due to behavioral
variance between trials. Together, these results suggest that gran-
ule neurons exhibit diverse response selectivities to locomotion
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Figure3.

Free Wheel Responsivity Index

Granule neurons respond differentially to voluntary and forced locomotion. A, Variability in treadmill velocity recorded during presentations of sensorimotor stimuli. Median (bold line)

and interquartile range (gray shading) of velocities in 82 FOVs from 16 mice. Three trials of each stimulus were recorded per FOV. B, Cumulative distribution plots of the percentage of time imaged
under voluntary wheel control during which each mouse exhibited voluntary movements (non-0 velocity) or locomotion (velocity > 3 cm/s) (left) and the mean speed (cm/s) during those times
(right) (N = 16 mice). €, Calcium activity and treadmill velocity data during stimulus blocks with motorized-wheel trials (left) and free-wheel epochs (right) for four example cells that exhibit distinct
response selectivities to voluntary versus forced movements. Yellow patches represent epochs of motorized wheel-ON. Trials were presented in a pseudorandomized fashion but are ordered for
display. *Neural responses during motorized-wheel stimulus blocks that occurred during interstimulus epochs when the motor was OFF and the wheel was under voluntary control. D, Relationship
between free-wheel responsivity index and motorized-wheel responsivity index for granule neurons in lobule VIA (n = 1196 activity-detected, nuclear-cleared somas from 16 mice). Example cells
from Care highlighted. E, Free-wheel and motorized-wheel responsivity indices, plotted as in D, with the neurons recorded from each mouse denoted in color and neurons from all other
mice denoted in gray. Within each mouse (M), neurons from different FOVs are shown in distinct colors. Mice were electroporated at postnatal day 5 (EP5) or 12 (EP12) and imaged

between P32 and P34,
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A multikernel linear model disambiguates neural responses to sensorimotor stimuli and co-occurring movements. 4, Schematic of the multikernel linear model analysis. A recorded

neural response (R,,) and known stimuli with partially overlapping time courses (S,, S,) are used to determine the portion of neural activity explained by each stimulus. Stimulus-specific kernels (K,,
K,) are determined analytically by minimizing the sum of least square errors (see Materials and Methods) such that, once convolved with their respective stimuli, the stimulus-specific responses (R,,
R,) sum to a reconstructed response (R, yellow line) that best fits the recorded response R, (shaded black area). Calibration: 1. B, Results of the multikernel linear model analysis are shown for two
granule neurons with recorded neural responses (R,,) during the facial air puff stimulus blocks (red asterisk) that could be attributed to the air puff stimulus (S,;,c.) O the co-occurring voluntary

MOVEMENTS (Sreewneer) dUrNg those blocks. The seven other sensorimotor stimuli do not occur during this epoch and have been summed (XS

other) fOr condensed (Figure legend continues.)



Markwalter et al. ® Sensorimotor Coding of Developing Granule Neurons

on a freely rotatable versus motor-driven treadmill. Importantly,
however, the different amount of temporal variation present in free
versus forced locomotion as well as the intermittent coincidence of
free-wheel locomotion with presentation of other external stimuli
remained as possible explanations for the context-selective re-
sponses. These limitations motivated us to develop a more sophisti-
cated method capable of disentangling and describing the stimulus—
response properties of cerebellar granule neurons.

A multikernel linear model disambiguates neural responses
to sensorimotor stimuli and co-occurring movements

To determine whether granule neurons indeed respond differen-
tially to free and forced locomotion, we developed an encoding
model that captures a range of kinetic responses. The model also
presented the opportunity to address a major hurdle that plagues
imaging studies of cerebellar responses in mice in vivo. Because
presentations of external stimuli evoke variable amounts of loco-
motor movement (e.g., Fig. 3A), granule neuron responses to
stimuli are often contaminated with responses to co-occurring
movement. Observed correlations between stimuli and neural
activity may thereby reflect neural encoding of the stimulus, the
associated movements, or both. To resolve such ambiguities, we
developed a multikernel linear model that takes into account all
known stimuli and describes the recorded neural response as a
combination of responses to the individual stimuli (Fig. 4A). This
model is based on the principle that a recorded stimulus-evoked
calcium signal, which reflects the convolution of the neuron’s
firing rate with the calcium indicator’s time course, can be ap-
proximated as the convolution of the known stimulus time
course with an analytically determined cell/stimulus-specific ker-
nel (Simoncelli et al., 2004; Dayan and Abbott, 2005). Thus, using
the known stimulus time courses and the recorded composite
neural response of each granule neuron, the optimal set of
stimulus-specific kernels was determined for each neuron such
that the net reconstructed response was best fit to the recorded
response (Fig. 4A).

The example cells in Figure 4B illustrate the utility of the mul-
tikernel linear model for disambiguating granule neuron re-
sponses to co-occurring stimuli. Both example granule neurons
exhibit neural activity during the facial air puff peristimulus pe-
riod, but mouse body movements during this same period cast
doubt as to whether the recorded neural activity reflects respon-
sivity of granule neurons to the air puff itself or to the co-
occurring movements. Using information across all trials and
stimuli, the model deduced that neural activity in Cell 11 oc-
curred in response to the air puff itself, whereas neural activity in
Cell 12 occurred in response to the voluntary movements. These

<«

(Figure legend continued.)  presentation. Right, Reconstructed stimulus-specific responses
reveal that the recorded activity (shaded black area) during air puff blocks is best explained as a
response to the air puff stimulus in Cell 11 and as a response to the associated free-wheel
movements in Cell 12. , Quantification of the accuracy of the model in explaining the recorded
neural response. Top, Plot represents the average power spectrum of the true signal (R,) and
predictive error (error = R, — R) during treadmill stimulus blocks (n = 6 trials per neuron,
1271 neurons). The model performs best at low frequencies, as also illustrated schematically in
A.Bottom, Plot of the signal power and error power at 0.1 Hz for the individual cells contributing
to average in the top panel. The predictive error remains low for the majority of neurons,
regardless of their signal power. D, Power analysis as in € for data in all stimulus blocks. The
model performs best at low frequencies. E, Relationship between free-wheel responsivity index
and motorized-wheel responsivity index for granule neurons, as in Figure 3D, with the color of
each datapoint denoting the responsivity of each neuron determined by the multikernel linear
model analysis.
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interpretations are consistent with visual inspections of the re-
sponsivity of each granule neuron to voluntary movements dur-
ing nonair puff periods (Fig. 4B).

To assess the accuracy of the model, we first examined how
well it reconstructed the recorded neural activity during trials
that included wheel movements. Among all granule neurons an-
alyzed, the model reconstructed the low-frequency components
of calcium activity with high fidelity (71% accuracy at 0.1 Hz)
(Fig. 4C), demonstrating its ability to accurately identify epochs
when each cell is activated. As expected, the model was less capa-
ble of reconstructing higher frequency responses (39% accuracy
at 0.4 Hz) (Fig. 4C), which may arise from the variable, intermit-
tent bursting patterns of granule neurons (Duguid et al., 2015;
Powell et al., 2015; Witter and De Zeeuw, 2015) and from behav-
ioral variability between movement epochs (Lisberger and
Medina, 2015). The model was predictive during presentations of
other sensorimotor stimuli as well (Fig. 4D), thus confirming its
ability to capture dominant components of granule neuron ac-
tivity across a variety of conditions.

Having verified its predictive power, we next used the results
of the multikernel linear model analysis to determine how gran-
ule neurons respond to free versus forced locomotion. In addi-
tion to evaluating movements time-locked with calcium activity,
as in the prior calculation of free-wheel and motorized-wheel
responsivity indices, the kernel analysis facilitated assessment of
more complex kinetic relationships between stimulus history and
neural activity and disambiguated responses to stimuli that par-
tially overlap in time (Fig. 4B). Using this analysis, we found that
44% of active granule neurons were responsive to free locomotion
and 51%-56% were responsive to forced locomotion. Strikingly,
among responsive cells, some individual neurons responded selec-
tively to either free or forced locomotion (Fig. 4E), and these
classifications corroborate the results of our responsivity analysis
based on free-wheel and motorized-wheel responsivity indices.
Collectively, based on the distinct approaches of responsivity in-
dex and kernel analysis, we conclude that granule neurons differ-
entially respond to locomotion in voluntary versus forced
contexts.

Granule neurons in the vermal cerebellum encode temporally
diverse features of sensorimotor stimuli

By disentangling the influence of co-occurring stimuli on neural
activity, the multikernel model enabled more accurate assess-
ment of whether and how granule neurons in lobule VIA re-
sponded to each sensorimotor stimulus. Each of the nine stimuli
assessed in vivo was associated with activity in a subset of granule
neurons (Fig. 5A). Forced locomotion and facial air puffs each
triggered responses in approximately half of the active subset of
granule neurons (fast treadmill: 51%, slow treadmill: 56%, facial
air puff: 50%), whereas free locomotion (44%), visual (light
flashing: 32%, light sustained: 31%), and auditory (tone beep:
19%, tone warble: 28%) cues stimulated smaller proportions of
the active neurons (Fig. 5A). Because labeling neurons with an
activity-independent marker by in vivo electroporation suggested
that only 54% of vermal granule neurons were detectable by
GCaMPéf activity-based segmentation (Fig. 2F), these data indi-
cate that each sensorimotor stimulus activated between 10%
(0.19 X 0.54) and 30% (0.56 X 0.54) of all granule neurons in
lobule VIA.

Although subsets of granule neurons were identified as re-
sponsive to each stimulus, the consistency with which responses
were evoked across multiple trials varied (Fig. 5A). Neurons re-
sponsive to a facial air puff or motorized treadmill stimulus were
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most likely to have high-fidelity re-
sponses, defined as responses to at least
two of three trials. In contrast, the major-
ity of neurons identified as responsive to
the visual or auditory stimuli had statisti-
cally significant responses to only one of
the three trials.

Among the subset of neurons with
high-fidelity responses to a given stimu-
lus, the time course of stimulus-evoked
calcium activity was often similar between
trials, but different between neurons. For
example, each presentation of a facial air
puff evoked a sharp onset and rapid decay
of calcium activity in Cell 13, whereas in
Cell 14 each facial air puff was associated
with a calcium transient that still had a
rapid onset but then remained elevated
for 1-2 s after air puff termination (Fig.
5B). Importantly, these temporally di-
verse responses were recorded simultane-
ously from granule neurons in a single
FOV, indicating that the different re-
sponse time courses were not primarily
due to trial-to-trial behavioral differences.

To assess the variety of response time
courses for all air puff-responsive granule
neurons, we convolved each neuron’s
computed air puff response kernel with
the air puff stimulus time course. The re-
sulting “characteristic response” for each
neuron represents the neuron’s typical re-
sponse to a single air puff presentation. A
heatmap of characteristic responses for all
responsive neurons thus illustrates the
proportion of neurons exhibiting differ-
ent calcium time courses (Fig. 5C). Forced
locomotion also evoked high-fidelity re-
sponses from many granule neurons, and
the time courses of these responses also
showed relative consistency between trials
but diversity between neurons. For exam-
ple, the calcium activity of some granule
neurons peaked shortly after treadmill
initiation and subsequently decayed (e.g.,
Cell 15), whereas other neurons had cal-
cium activity that remained elevated
throughout the duration of the tread-
mill-on epoch (e.g., Cell 16), or activity
that increased following termination of
the treadmill and return to the free-wheel
state (e.g., Cell 17) (Fig. 5D, E). The diver-
sity of characteristic responses suggests
that the subset (10%-30%) of vermal
granule neurons responsive to each stim-
ulus encodes multiple different stimulus-
associated features or encodes a single
feature with a variety of temporal kinetics.

Individual granule neurons in the vermal cerebellum respond
to diverse combinations of sensorimotor stimuli

Response characteristics in the IGL are constrained not only by
the type of information carried by mossy fibers but also by the
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Figure5.  Granule neurons encode temporally diverse features of sensorimotor stimuli. A, Responsivity to sensorimotor stimuli
was determined for a population of 1375 active granule neurons using a multikernel linear model analysis. Histogram represents
the proportion of active granule neurons that was statistically significantly responsive to each stimulus (n = 1147-1375 neurons
per condition; only neurons with three trials of the stimulus were included in the analysis). Shading represents fidelity of neural
response, assessed over three stimulus trials. *Free-wheel responsivity was assessed from data in multiple stimulus blocks (see
Materials and Methods) and therefore did not have discrete trial structure needed for calculation of response fidelity. B, Raw neural
responses of two granule neurons recorded simultaneously that exhibit distinct time courses of activation following presentation
of facial air puff stimulus. €, Characteristic neural responses to the facial air puff stimulus were calculated by convolving each
cell/stimulus-specific kernel with the time course of a single air puff trial. A heatmap of the normalized characteristic responses for
293 neurons activated by at least two of the three stimulus blocks is shown, ordered by the FWHM of their responses. D, Raw neural
responses, as in B, for three simultaneously recorded granule neurons that respond differentially to the fast treadmill stimulus. E,
Characteristic neural response to the fast treadmill stimulus, as in C. For display purposes, neurons are ordered after k-means
clustering (k = 3). The vertical lines apparent 2 s after stimulus initiation and at the moment of stimulus termination arise because
eachindividual cell's predicted response has a constant value on thisinterval, an expected consequence given the 2 s kernel length
(see Materials and Methods).

arrangement of those afferent fibers onto individual granule neu-
rons (Ekerot and Jorntell, 2008; Arenz et al., 2009; Huang et al.,
2013; Gilmer and Person, 2017). Because some granule neurons
receive three to five functionally similar unimodal inputs (Jérn-
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tell and Ekerot, 2006; Bengtsson and Jorntell, 2009) and others
receive dissimilar multimodal inputs (Huang et al., 2013; Cha-
brol et al., 2015; Ishikawa et al., 2015), we evaluated whether and
how granule neurons in lobule VIA respond to multiple sensori-
motor cues. Although a subset of neurons responded to only one
of the sensorimotor stimuli (Fig. 6A) (e.g., Cell 18, trunk air puff),
the majority of granule neurons responded to multiple stimuli
(Fig. 6A). These included neurons with responses to pairs of stim-
uli that engage the same sensory modality (e.g., Cell 19, light
flashing or sustained; Cell 20 and 21 treadmill fast or slow; Cell 24
air puff to face or trunk), as well as neurons responsive to stimuli
that engage distinct sensory modalities (e.g., Cells 19, 20, 23, and
24). Interestingly, granule neurons differed in their relative re-
sponses to pairs of stimuli engaging the same modality. For ex-
ample, in response to the slow versus fast motorized treadmill,
neurons exhibited similar (e.g., Cell 20, 24), disparate (e.g., Cell
21), or selective (e.g., Cell 22) responses. Likewise, some cells
responded selectively to an air puff of the face (Cell 19) versus
trunk (Cell 18), whereas others responded to both air puff stimuli
(Cells 23 and 24), sometimes with differing reliabilities (Cell 23).
Together, these examples highlight the variety of features en-
coded at the level of individual granule neurons in the vermal
cerebellum and underscore the increased neuronal diversity that
is apparent in the granule neuron population upon consideration
of responses in multiple functional domains.

Across the population of active granule neurons, 79% exhib-
ited responses to two or more of the nine cues experienced by the
mice (Fig. 6B). Notably, even after discounting neurons that re-
sponded only to a pair of same-modality cues (e.g., light flashing
and light sustained), the majority of neurons (75%) were acti-
vated in response to multiple distinct-modality stimuli (Fig. 6B).

Insofar as distinct functional responses reflect input from dis-
tinct mossy fibers, the functional code of the granule neuron
population may provide insight into patterns of mossy fiber con-
nectivity. We analyzed whether particular combinations of func-
tional responses were overrepresented or underrepresented
compared with chance, which might suggest nonrandom, biased
mossy fiber connectivity. For every combination of two stimuli,
we calculated the observed probability that a granule neuron re-
sponsive to Stimulus A also responded to Stimulus B. We then
compared this dual-responsivity rate to the population-wide
probability that any neuron responded to Stimulus B. Overall,
granule neurons responsive to one external stimulus were more
likely than the total population to respond to a second external
stimulus (Fig. 6C). The enrichment was most pronounced
among the four pairs of stimuli that targeted a common sensory
modality (mean enrichment 52%; Fig. 6C, bold boxes) but was
also present for pairs of sensorimotor stimuli targeting distinct
modalities (mean enrichment 19% among 24 dissimilar pairs of
stimuli; Fig. 6C). Collectively, these results demonstrate that
individual vermal granule neurons are frequently activated in
association with multiple sensorimotor stimuli, suggesting non-
random mossy fiber patterning or convergence of information
upstream of the cerebellum.

Early- and late-born granule neurons convey diverse
sensorimotor information to spatially distinct parallel fiber
domains in the cerebellum in vivo

Having elucidated the characteristics of vermal cerebellar granule
neuron responses to diverse sensorimotor stimuli in juvenile
mice, we next asked how these response patterns were established
and organized during brain development. Granule neuron re-
sponses to multiple sensorimotor stimuli may reflect inputs from
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multiple mossy fibers that emanate from distinct precerebellar
nuclei. During development, mossy fibers of different precerebel-
lar nuclei are born at different time points and the subsequent
arrival of these fibers to the cerebellar cortex is also temporally
staggered (Altman and Bayer, 1987, 1997; Ashwell and Zhang,
1992). Furthermore, within the cerebellar cortex, mossy fibers
continue to grow and retract (Kalinovsky et al., 2011), and they
respond to cues from developing granule neurons (Zhang and
Mason, 1998). To test whether the timing of a granule neuron’s
birth during this dynamic early postnatal period affects its ulti-
mate afferent connectivity, we therefore assessed the effect of the
birth order of granule neurons on their responsivity to sensori-
motor stimuli. Taking advantage of the prolonged generation of
cerebellar granule neurons throughout the first two postnatal
weeks in mice, we used in vivo electroporation at different post-
natal time points to selectively label birth dated subpopulations
of granule neurons. Analyses at P22 of granule neurons from
mice that had been electroporated as early as P5 or as late as P15
revealed successful labeling of large cohorts of granule neurons in
the targeted lobules IV/V, VI, and VII of the developing mouse
brain (Fig. 7A).

The somas of labeled early- and late-born granule neurons
were distributed throughout the IGL independently of birth or-
der (Zong et al., 2005; Espinosa and Luo, 2008) (Fig. 7B). Re-
markably, however, granule neuron parallel fibers of early- and
late-born granule neurons were each stacked together at a specific
depth within the molecular layer (ML) (Zong et al., 2005; Espi-
nosa and Luo, 2008) (Fig. 7C). Quantification across cohorts of
electroporated animals revealed that parallel fibers of early-born
granule neurons (electroporated at P5) resided in the deep ML,
near Purkinje cell somas, whereas neurons labeled at later time
points (up to P15) occupied progressively more superficial posi-
tions within the ML (Fig. 7D). Notably, the timing of this sequen-
tial parallel fiber stacking differed between lobules in a
stereotyped manner (Fig. 7D) (two-way ANOVA with main ef-
fect of lobule: F, ;5 = 27.88, p < 0.001; main effect of electro-
poration age: F34) = 22.63, p < 0.001). The structure of the
cerebellar cortex and thickness of the ML at P22 had little or no
difference between mice that had been electroporated at early
versus late time points (Fig. 7E) (one-way ANOVA: F; ,, = 0.87,
p = 0.49). These results reveal that granule neuron parallel fibers
are positioned in specific sublayers of the ML depending on their
birth date. Foreshadowing these findings, Cajal’s illustrations of
the mammalian cerebellar cortex depict a relationship between
granule neuron morphologic maturity and parallel fiber position
in the ML (Ramon y Cajal, 1911). Clonally related genetically
labeled granule neurons in the mouse cerebellum also display
spatially clustered parallel fibers that depend on birth order (Es-
pinosa and Luo, 2008). Our findings demonstrate that the tem-
poral order of birth and the lobule of origin, independently of
clonal relationship, specify the spatial patterning of granule neu-
ron parallel fibers in the ML in the mammalian cerebellar cortex.

Having characterized a robust effect of birth order on granule
neuron efferents, we next tested the hypothesis that birth date
influences afferent connectivity and thereby impacts the diversity
of granule neuron responses to sensorimotor stimuli in awake
behaving mice. Analysis of movement encoding using the free-
wheel and motorized-wheel responsivity indices revealed that
populations of early-born and late-born granule neurons both
exhibited the full diversity of response selectivities to voluntary
and forced locomotion (Fig. 8A). We next used linear discrimi-
nant analysis (Campbell et al., 2008) to determine whether the
information about neural responsivities to the nine sensorimotor
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stimuli could be used to distinguish the two populations of early-
born and late-born granule neurons. As a positive control,
populations of granule neurons defined by the free-wheel/
motorized-wheel responsivity analysis as preferentially respon-
sive to free-wheel (free-wheel responsivity index > 0.6,
motorized-wheel responsivity index < 0.3) or motorized-wheel
locomotion (free-wheel responsivity index < 0.3, motorized-
wheel responsivity index > 0.6) could be reliably distinguished
(90% accuracy, p = 0.006) using the multikernel linear model
responsivity profiles (Fig. 8B). As expected in this test case, the
kernel-derived responsivities to free and forced locomotion were
the most informative response variables used to distinguish the
two populations. In contrast, an analogous linear discriminant
analysis could not distinguish the populations of early-born and
late-born granule neurons significantly better than chance based
on their sensorimotor responsivities (56% accuracy, p = 0.28)
(Fig. 8C). This result suggests that diverse sensorimotor stimuli
are represented across populations of both early-born and late-
born granule neurons. Consequently, the diverse sensorimotor
code identified at the level of cerebellar granule neurons is relayed

broadly to parallel fibers throughout the molecular layer in the
mammalian cerebellar cortex in vivo.

Discussion

In this study, we have elucidated response properties of granule
neurons underlying the representation of sensorimotor informa-
tion in the mammalian cerebellar vermis. Using a multikernel
linear model to disambiguate neural responses to extrinsic cues
from responses to co-occurring movements enabled quantifica-
tion of the relative proportion of granule neurons responding to
nine sensorimotor contexts and evaluation of the diversity of
responses evoked by each stimulus. Notably, a subset of granule
neurons responded differentially to locomotion on a free versus
motorized wheel, and many granule neurons responded to mul-
tiple dissimilar sensorimotor stimuli. In addition, developmental
in vivo electroporation studies of granule neuron responses in
behaving juvenile mice revealed a diverse sensorimotor code
present in both early- and late-born granule neurons whose par-
allel fiber axons reside in spatially segregated domains of the mo-
lecular layer. Together, our findings provide insights into the
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function and organization of vermal gran-
ule neurons in the developing mamma-
lian cerebellum.

The convergence of diverse mossy fi-
ber systems at the cerebellar vermis is
thought to facilitate sensorimotor inte-
gration and associative learning (Stein
and Glickstein, 1992; Sawtell, 2010;
Huang et al., 2013; Ishikawa et al., 2015;
Giovannucci et al., 2017; Knogler et al.,
2017), but the extent to which stimuli of
different sensory modalities activate ver-
mal granule neurons in an untrained
mouse has remained unclear. Likewise,
the extent to which specific stimuli acti-
vate common or disparate populations of
granule neurons has remained to be eluci-
dated. Granule neurons in the present
study were predominantly silent in the ab-
sence of stimuli, consistent with prior
electrophysiological recordings (van Beu-
gen et al., 2013; Powell et al., 2015). Loco-
motor stimuli activated ~30% of granule
neurons in lobule VIA, whereas a smaller
proportion of granule neurons was acti-
vated in association with visual and audi-
tory stimuli (Fig. 5A). The salience of
locomotor signals in vermal granule neu-
rons is supported by prior recordings in
mice showing widespread increases in
vermal granule neuron activity during lo-
comotion (Ozden et al., 2012) and by re-
cordings from granule neurons and
Purkinje cells of zebrafish demonstrating
broad excitation during locomotion
(Knogler et al., 2017, 2019). Interestingly,
we find that individual granule neurons,
including those responsive to locomo-
tion, are commonly responsive to more
than one stimulus (Fig. 6), and neurons
with distinct response properties are spa-
tially intermixed (Fig. 3E). Finally, it is no-
table that labeling granule neurons with
an activity-independent reporter revealed
that nearly half of the total granule neuron
population (46%) did not respond under
any of the examined conditions (Fig. 2F).
Given that some vermal granule neurons
may encode nonsensorimotor informa-
tion, such as reward expectation (Wagner
et al.,, 2017), and that some may change
their coding properties following learning
(Giovannucci et al., 2017; Wagner et al.,
2019; Yamada et al., 2019), it will be of
particular interest to determine how gran-
ule neurons exhibiting these different re-
sponse characteristics are interrelated and
whether they represent populations over-
lapping with or distinct from the subsets
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Figure8. Both early-born and late-horn granule neurons encode diverse sensorimotor information. 4, Free-wheel responsivity
index and motorized-wheel responsivity index as in Figure 3D for early-born (n = 153) and late-born (n = 133) granule neurons
(GN). B, Linear discriminant analysis using the neural responsivities calculated by multikernel linear model analysis to distinguish
free-wheel (n = 41) versus motorized-wheel (n = 68) selective neurons as defined by the responsivity index analysis (see
Materials and Methods). Left, Linear discriminant values for the context-selective neurons. Right, The mean accuracy of the linear
discriminant classifier using kernel-derived responsivities (red, . = 90%, n = 5000 bootstrapped samples) was significantly
higher than the accuracy of scrambled samples (black, . = 50%, n = 5000 bootstrapped samples; p = 0.006). *Statistically
significant (p << 0.05). €, Linear discriminant analysis using the neural responsivities calculated by multikernel linear model
analysis to distinguish early-born (n = 91) and late-born (n = 94) GNs. Left, Linear discriminant values for early-born and
late-born neurons. Right, The mean accuracy of the linear discriminant classifier (red, w = 56%, n = 5000 bootstrapped samples)
was not significantly higher (NS) than the accuracy of scrambled samples (black, . = 50%, n = 5000 bootstrapped samples; p =
0.28).

of neurons that respond to sensorimotor stimuli in untrained  of granule neuron subsets encoding distinct stimulus-associated

mice.

features. Consistent with this notion, in vivo patch-clamp record-

The variety of response time courses observed among each set  ings of vermal granule neurons during locomotion indicate that
of stimulus-responsive neurons (Fig. 5B—E) suggests the presence  the spiking of individual granule neurons can reflect different
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phases of the animal’s step sequence (Powell et al., 2015), and in
vivo mossy fiber recordings have identified cerebellar inputs that
exhibit tonic changes in firing rate during locomotion as well as
fibers that fire rhythmically (Arshavsky et al., 1972; Zangger and
Schultz, 1978; Armstrong, 1986). Similarly, recordings of granule
neurons in anesthetized rats during perioral air puff revealed a
variety of response latencies and durations following stimulation
(Duguid et al., 2015). The diversity of granule neuron responses
to individual sensorimotor stimuli may also reflect the temporal
diversity thought to be critical for cerebellar-dependent learning
and hypothesized to arise from modulation by feedforward inhi-
bition within the cerebellar cortex (Medina et al., 2000; Mauk and
Buonomano, 2004; Kalmbach et al., 2010, 2011).

Interestingly, whereas the responses of individual neurons to
locomotion and air puff stimuli were fairly consistent across re-
peated trials of each stimulus, the neuronal responses to visual
and auditory stimuli showed less trial-to-trial consistency (Fig.
5A). As opposed to reflecting a noisy encoding of the animal’s
stimulus perception, the neural variability may arise from behav-
ioral variability and reflect faithful encoding of features of the
animal’s response (e.g., twitch, eyeblink, or whisking) that are
inconsistently evoked by stimulus presentation (Lisberger and
Medina, 2015). Together, our data provide direct quantification
of the relative activation of vermal granule neurons in response to
sensorimotor stimuli and offer insights into the temporal variety
of neural responses associated with each stimulus. Future studies
recording granule neuron activity in conjunction with more
detailed video analyses and EMG monitoring will help further
delineate whether and how specific behavioral parameters re-
late to the observed responses. Notably, the multikernel linear
model approach used in this study may aid interpretation of
such studies by allowing the proportion of calcium activity
explained by multiple co-occurring behavioral and external
events to be disentangled.

The identification of cerebellar granule neurons that respond
differentially to locomotion in a free-wheel versus motorized-
wheel context (Figs. 3D, 4E) bears significant implications for
information processing in the cerebellum. Distinguishing active
self-generated movements from passive externally applied ones is
thought to be critical for accurate perception and motor control
(Von Holst and Mittelstaedt, 1950; Angelaki and Cullen, 2008),
and the cerebellum may be a key site for this computation (Roy
and Cullen, 2001, 2004; Brooks and Cullen, 2013). Vermal-
projecting mossy fibers selectively responsive to active versus pas-
sive limb movements have previously been identified (van Kan et
al.,, 1993), but monitoring for such responses from granule neu-
rons in vivo has not been feasible until recently. Accordingly, an
intriguing possibility is that some granule neurons selectively re-
sponsive to the motorized wheel encode passive aspects of move-
ment, as the mouse’s limbs are displaced by external forces not
present during free-wheel locomotion. Conversely, selective
granule neuron responses to the free-wheel locomotion may
reflect an efference copy signal, as the mouse voluntarily ini-
tiates a motor command. Granule neurons active under both
free and forced locomotion may convey signals present in both
contexts, including proprioceptive, active movement, or effer-
ence copy information. The prevalence and diversity of these
locomotor-related signals add to the growing body of evidence
of the importance of motor signals in granule neurons across
diverse contexts (Albergaria et al., 2018; Khilkevich et al.,
2018; Knogler et al., 2019) and suggest that the information
encoded in lobule VI vermis is poised to impact locomotor
coordination and adaptation.
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To probe the factors regulating establishment of the sensori-
motor code during development, we used in vivo electroporation
and investigated cohorts of hundreds of nonclonal granule neu-
rons that share a similar birth date. These studies revealed that
parallel fiber axons are positioned in the molecular layer in a birth
date- and lobule-specific fashion, and suggest that the informa-
tion carried by the earliest-born granule neurons may be prefer-
entially transmitted to the proximal Purkinje cell dendritic arbor
and to basket cells that reside in the deep molecular layer (Fig. 7).
By contrast, late-born granule neurons transmit their informa-
tion to the distal dendritic arbors and may communicate prefer-
entially with stellate cells in the superficial molecular layer.
Although the location of spike generation on the Purkinje cell
dendritic tree does not significantly impact somatic firing (Rancz
and Hiusser, 2010), molecular layer interneurons exhibit spa-
tially structured connectivity patterns (Rieubland et al., 2014),
suggesting that early- and late-born granule neurons might dif-
ferentially affect molecular layer processing. In addition, func-
tionally similar parallel fiber inputs exhibit spatial clustering, and
birth order-derived functional differences between granule neu-
rons have been hypothesized as one possible mechanism for this
arrangement (Wilms and Héusser, 2015). We provide the first
comparison of functional properties of early- versus late-born
granule neurons in the mammalian cerebellum, demonstrating
that a diverse sensorimotor code is processed in both early- and
late-born granule neurons and suggesting that this information is
relayed broadly across the molecular layer (Fig. 8). These results
suggest that the birth order of granule neurons influences the
structural assembly of parallel fiber connections with their effer-
ent synaptic partners but does not have an obvious relationship
to representations of incoming sensorimotor information. It will
be interesting in future studies to evaluate whether mossy fibers
conveying nonsensorimotor information (e.g., cognitive, limbic)
connect differentially with early- versus late-born granule neu-
rons and to further probe the impact of early- versus late-born
granule neurons on information processing in the molecular
layer.

In conclusion, these results define key properties of the coding
and organization of sensorimotor information in granule neu-
rons of the cerebellar vermis, including the rate and type of
responses evoked by visual, auditory, somatosensory, and loco-
motor stimuli. The in vivo response properties reported here pro-
vide insight into the organization of sensorimotor information
arriving to the cerebellar vermis and pave the way for future
studies examining how the cerebellum uses this information for
associative learning and motor control, including postural con-
trol and locomotion.
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