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Figure ED 1. GCaMP-positive structures in the granule cell layer are predominantly granule cells. 
(a) A Neurod1 mouse injected with AAV1.CAG.Flex.GCaMP6f.WPRE.SV40. GCaMP6f (green) positive cells 
negative for α6GABAA (red) were sparse in the granule cell layer, and are indicated by white arrows. The 
dashed white line denotes the location of Purkinje cells at the border between granule and molecular 
layers. The scatter plot shows absolute numbers of α6GABAA negative cells >7.5 µm wide in the granule 
cell layer in 10,000 µm2 �elds of view. Horizontal bars represent means (Neurod1 = 1.2±0.6, and hSyn = 
0.9±0.5). (b) High-magni�cation images of the granule cell layer revealed that the majority of round, 
small (between 4.5 and 7.5 µm in diameter) GCaMP6f-positive structures were both positive for α
6GABAA and contained a distinct nucleus revealed by DAPI staining. White arrows point to putative gran-
ule cell dendrites, positive for both GCaMP6f and α6GABAA but without nuclear staining. 
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Figure ED3. GCaMP6f signals in cerebellar brain slices. 
(a) Granule cells (GrCs) expressing GCaMP6f in a brain slice imaged under two-photon microscopy. The 
inset shows a �uorescence image of two GrCs during stimulation of mossy �bers via a saline-�lled glass 
electrode placed more than 100 microns away. (b) Signal decay times and amplitudes in GrCs recorded 
using mossy �ber (MF) stimulation (n=8). The center subpanel represents data from a single GrC. (c) 
GCaMP signals evoked by direct depolarization of GrCs. Top. A GCaMP-expressing GrC counterstained 
with Alexa 568 electroporated into the cell by repeated depolarization and recorded by a cell-attached 
patch pipet. Action potentials (red dots) were evoked by applying voltage steps to the recording pipet 
of 200 mV, 1 ms. Middle. Fluorescence signals as a function of the number of evoked action potentials 
from all recorded cells (n=18); shaded areas indicate ΔF/F range in vivo during locomotion (green) and 
spiking range of GrCs recorded in vivo by Powell et al. (grey; Powell et al. eLife, 2015). Bottom. Averaged 
data (bin size 3 spikes). (d) Similar recordings for Golgi cells (n=2). (e) GCaMP signal amplitudes in �ve 
GrCs stimulated to �re 2-12 action potentials at 600 Hz by cell-attached pipet. (f) Decay times of 
depolarization-triggered �ring.
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Figure ED 5. Stability of granule cell response properties across days. 
(a) For light CS mouse, average calcium traces in response to periorbital airpu� stimulation on days 1-3 
(blue) and 7-9 (black). (b) Same as (a), but for a whisker CS in days 1-2 (black) and 5-6 (blue). As a measure of 
granule cell responses to US stimulus, P was de�ned as the integral of the response between 64 and 240 
msec after US stimulus delivery. (c-d) Evolution of the response to periorbital stimulation in individual gran-
ule cells during training for light (panel c) and whisker (panel d) CS animals. The response was stable across 
days, so the variation in CS responses observed during training did not arise from changes in neuronal phys-
iology nor as an artifact of data analysis. (e-f) Two-photon imaging of granule cell activity. (e) Craniotomy 
over cerebellar lobule VI in example whisker-CS mouse. The dashed lines indicate the interlobule boundary 
(black) and the brain midline (white). In �elds of view across training yellow arrows indicate representative 
cells. Corresponding granule cell �uorescence traces are shown underneath. Shaded areas indicate times of 
stimulus delivery. (f) Craniotomy over cerebellar lobule VI in example light-CS mouse. The dashed lines indi-
cate the brain midline (white). In �elds of view across training yellow arrows indicate representative cells. 
Corresponding granule cell �uorescence traces are shown underneath. Shaded areas indicate times of stim-
ulus delivery.
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Figure ED 6. Channelrhodopsin-2 optogenetic stimulation of cerebellar mossy �bers. 
(a) Top. Frame from camera recording behavior along with di�erent zones marked for the animal: whiskers 
(green), forelimb proximal (red), forelimb distal (cyan) and oral zone (yellow). Middle. Corresponding regions 
of interest matching the colors in the top image. Bottom. Movements elicited by stimulation of Crus I 
surface. (b) Coarse map of responses elicited by cerebellar stimulation.
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Figure ED7. Pharmacological inactivation in all tested animals. 
Left column. Red circles depict size and location of the muscimol injections using the Allen Brain Atlas coordi-
nate system in cerebellar coronal sections. Distance from bregma is indicated next to each section. Middle 
column. Cerebellar coronal sections from all mice used in the experiments. Location and extent of muscimol 
injections is shown in red. Muscimol was mixed with Evans Blue and visualized by excitation at 594 nm. 
Sections were counterstained with DAPI (blue) and aldolase C antibody to reveal zebrin-positive and 
zebrin-negative zones in the Purkinje cell layer (green). Right column. Cumulative frequency graphs of the 
amplitude of conditioned responses in trained animals during baseline before saline injection. Pre-saline, 
blue dashed line. After saline injections ("+ saline"), blue solid line. During baseline before muscimol injec-
tions, red dashed line. After muscimol, red solid line. US-only trials are plotted as a gray line for reference.
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Figure ED8. Monitoring representations in cerebellar granule cells over the course of learning 
(whisker CS). 
(a) Eyelid movement (left), wheel movement (middle), and neural activity in an example granule cell 
(right) over six days of CS-plus-US training. Each row represents a single trial. Minor ticks indicate a new 
session on the same day of training. Vertical solid lines indicate onset and o�set of CS stimulus, dashed 
vertical lines indicate delivery time of the US stimulus. (b) In CS-US trials, data grouped according to 
whether the CS did ("CR+", middle) or did not ("CR–", top) evoke an anticipatory eyelid closure. Bottom. 
Overlaid average responses of the two conditions above plus US trials. f* is the integral of the neural 
response 260-440 msec after CS onset.
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Figure ED9. Measures of animal motion were estimated from images of behavioral recordings. 
(a) Because the behavior camera (blue) was positioned non-orthogonally to the wheel’s surface (black arrows), 
a model based on physical measurements of the wheel was used to estimate a projective transform (T) that 
reprojected image pixels onto the imaging plane of a theoretically orthogonally positioned camera (red). (b) By 
applying this transform to a region of the image containing mostly wheel pixels (blue), a reprojected view was 
computed (red) such that vertical displacements corresponded directly to wheel motion. (c) After tracking 
regions in the projected images, an estimate of the actual physical velocity could be calculated by scaling to the 
model parameters. To compensate for image noise, all pixels in the �ctive �eld of view were tracked and their 
displacements yielded a distribution whose summary measures quantitatively re�ected animal locomotion. (d) 
In order to measure animal self-motion, raw images were segmented and their boundaries traced to yield a set 
of points that putatively included the contour of the snout. (e) Seed points (red) were selected along the 
contour of the snout and then matched (green) to boundary points (blue) across subsequent frames via a 
robust point set registration algorithm. This approach was capable of dealing with substantial noise (inset) by 
imposing constraints on the rigidity of the original contour. (f) All seed points around the contour of the snout 
were tracked across time and their absolute displacements yielded a distribution over point velocities. Despite 
nonlinear shape deformations, summary measures of these point velocities served as a robust estimate for 
animal self-motion.
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Figure ED 12. Response properties of granule cells.
(a)  Left. Example of traces that are highly correlated with CR (r for CR>0.3) superimposed on averaged 
eyelid response during the CR+ trials in the last training session in 1 mouse. Traces are normalized to the 
standard deviation of the noise computed over the pre stimulus period. Right. Histograms of latencies 
corresponding to the traces on the left. Latencies were calculated between the onset of the average 
conditioned response in CR+ trials (�rst crossing of the 3 standard deviation threshold) and the onsets of 
each neuron averaged in CR+ trials (same normalization and 3 standard deviation crossing). Data comes 
from a mouse scanned using a fast resonant scanner. (b) Histograms of latencies as described in (a) calcu-
lated for all granule cell responses strongly correlated with the CR (r>0.3) in all mice. (c) 40 runs of the 
bootstrapping procedure sampling f* in CR+ (black) and CR- (red) trials from 30 neurons per FOV per 
animal (N=6) and then binned according to eyelid amplitude (top) or performance (% CR, bottom). (d) 
Histograms of granule cell responses in 4 fully trained mice. Each histogram bar represents the response 
of a single granule cell to a CS stimulus without wheel movement. Red histograms show ΔF/F for trials 
with no conditioned response (CR–, same time bin as f*). Black histograms show di�erence in ΔF/F 
between CR+ and CR– trial responses for the same cells, i.e. the CR+ excess (same time bin as f*). One �eld 
of view from each mouse. 
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