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SUMMARY

The functional impact of single interneurons on
neuronal output in vivo and how interneurons are re-
cruited by physiological activity patterns remain
poorly understood. In the cerebellar cortex, molecu-
lar layer interneurons and their targets, Purkinje
cells, receive excitatory inputs from granule cells
and climbing fibers. Using dual patch-clamp record-
ings from interneurons and Purkinje cells in vivo, we
probe the spatiotemporal interactions between
these circuit elements. We show that single inter-
neuron spikes can potently inhibit Purkinje cell
output, depending on interneuron location. Climbing
fiber input activates many interneurons via gluta-
mate spillover but results in inhibition of those inter-
neurons that inhibit the same Purkinje cell receiving
the climbing fiber input, forming a disinhibitory
motif. These interneuron circuits are engaged during
sensory processing, creating diverse pathway-spe-
cific response functions. These findings demon-
strate how the powerful effect of single interneurons
on Purkinje cell output can be sculpted by various
interneuron circuit motifs to diversify cerebellar
computations.

INTRODUCTION

Patterns of activity in neural circuits depend on the precise inter-

play of synaptic excitation and inhibition. Identifying how the ac-

tivity of individual interneurons (INs) sculpts principal cell firing,

and uncovering the logic by which incoming excitation engages

inhibitory neurons, is crucial for understanding local computa-

tions and circuit dynamics (Isaacson and Scanziani, 2011; Trem-

blay et al., 2016). However, the impact of single INs on their

targets in vivo is difficult to establish. Although numerous

in vitro paired-recording studies have measured the conse-

quences of single IN spiking on postsynaptic output, in both

cortical (Cobb et al., 1995; Miles et al., 1996) and cerebellar

(Häusser and Clark, 1997; Oldfield et al., 2010) circuits, differ-

ences in the levels of activity (Bernander et al., 1991; Destexhe

and Paré, 1999; Rapp et al., 1992; Waters and Helmchen,

2006), extracellular calcium levels (Borst, 2010), and neuromo-
3020 Cell Reports 30, 3020–3035, March 3, 2020 ª 2020 The Author
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dulatory states present in vivomake it challenging to extrapolate

from slice studies to the in vivo situation. Moreover, the slicing

procedure may truncate or modify axonal and dendritic

morphology (Jiang et al., 2015; Kirov et al., 1999), thereby chang-

ing the connectivity patterns and the efficacy of monosynaptic

connections.Measuring the functional impact of single INs in vivo

is therefore essential if we are to understand how inhibitory net-

works exert their effects.

Measuring the impact of monosynaptic connections is chal-

lenging in vivo, and no reports exist of dual patch-clamp record-

ings of single INs and synaptically connected postsynaptic cells

in the mammalian brain. Paired extracellular recordings have

reported inhibitory correlations between IN spikes and postsyn-

aptic spikes (Barthó et al., 2004; Blot et al., 2016; Diba et al.,

2014), but the interpretation of such experiments is complicated

by synchrony and common input, as well as the difficulty of

unambiguously identifying INs from extracellular recordings.

That single INs can affect the local network in vivo has been sug-

gested by experiments inwhich activating single cortical INswith

spike trains can produce a behavioral report in rodents (Doron

et al., 2014). However, how these INs exert their behavioral ef-

fects via network activity has not been established, and the

impact of single IN spikes has not been measured.

In the cerebellar cortex, extrapolating from in vitro recordings

is further hindered by recent findings revealing that the cerebellar

inhibitory network exhibits unexpected complexity. The molecu-

lar layer IN population is morphologically (Eccles et al., 1967;

Palay and Chan-Palay, 1974; Sultan and Bower, 1998) and func-

tionally (Blot and Barbour, 2014; Pouzat and Hestrin, 1997)

diverse. INs inhibit one another (Häusser and Clark, 1997; Kondo

and Marty, 1998; Mittmann et al., 2005; Rieubland et al., 2014),

and the IN network shows structured connectivity patterns orga-

nized in the sagittal plane (Rieubland et al., 2014). INs are highly

sensitive to excitatory input (Carter and Regehr, 2002) and can

be excited by inputs from single granule cells (Barbour, 1993),

which in turn excite Purkinje cells (PCs), forming a feedforward

inhibition motif (Mittmann et al., 2005). Furthermore, climbing fi-

ber (CF) input to PCs has been shown to excite INs via an uncon-

ventional spillover pathway (Szapiro and Barbour, 2007), which

can also exhibit disynaptic inhibition (Coddington et al., 2013;

Mathews et al., 2012). Thus, predicting how single INs exert their

influence over PCs in vivo, particularly during sensory process-

ing, is not trivial and requires direct measurement.

Here we have performed dual targeted patch-clamp record-

ings from INs and PCs to directly measure the influence of single
(s).
commons.org/licenses/by/4.0/).
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Figure 1. Single IN Spikes Inhibit PC Spiking In Vivo

(A) Left: dual two-photon targeted patch-clamp recordings from INs and PCs

in vivo. Right: schematic of paired recording configuration.

(B) Two-photon average intensity projections showing a dual PC (left) and IN

(right) cell-attached recording configuration.

(C) IN trace triggered on 20 consecutive spontaneous IN spikes, traces over-

laid; below, corresponding overlaid traces of simultaneous PC recording

(complex spikes removed). IN spikes before or after time point 0 ms were used

to align PC activity in previous or consecutive trials, respectively. PC pauses

were not present after IN spikes before or after the 0 ms time point because

previous or following IN spikes were irregularly timed.

(D) IN spikes directly triggered by a brief (0.2 ms) voltage pulse via the patch

pipette. Below: corresponding overlaid PC traces.

(E) PCsimple spike histogramaligned to spontaneous IN spikes (bin size = 1ms).
INs on PC spiking in vivo. Our data reveal differential recruitment

of functional IN-PC connectivity by different excitatory path-

ways, with important implications for understanding the func-

tional role of inhibition in the cerebellar cortical network.

RESULTS

Single IN Spikes Inhibit Purkinje Cell Firing In Vivo

We performed simultaneous dual targeted patch-clamp record-

ings from INs and PCs in vermis and crus II of isoflurane-anes-

thetized parvalbumin-positive (PV+)-GFP mice (Figures 1A and

1B). INs and PCs were clearly distinguishable based on the loca-

tion and size of their somata, allowing us to target PCs and

neighboring INs in the molecular layer. Both INs and PCs were

spontaneously active (Armstrong and Rawson, 1979; Chu

et al., 2012; Eccles et al., 1966), with INs spiking at 8.0 ±

7.7 Hz and PCs at 26.4 ± 15.5 Hz (n = 56 paired cell-attached re-

cordings, mean ± SD). PCs also exhibited complex spikes at

1.2 ± 0.6 Hz. We first used cross-correlograms between sponta-

neous IN and PC spikes to assess functional IN-PC interactions.

Single IN action potentials were correlated with a powerful tran-

sient inhibition of PC simple spikes (Figures 1C and 1E). Of 56 IN-

PC pairs, 24 showed significant PC inhibition (i.e., Z scores <�3

in the 0–10 ms bin from the IN spike). In those pairs, on average,

the PC spiking probability dropped by �30% (average baseline-

normalized PC spike probability of 0.71 ± 0.14 in the 0–10ms bin

after an IN spike). We also quantified PC inhibition as the average

number of dropped PC spikes per IN spike, i.e., the net spike

change (Figure S1). In the 24 pairs with significant IN-PC inhibi-

tion, on average, each IN spike produced a net change of

�0.12 ± 0.11 spikes in the PC (Figure S1E), whereas this mea-

sure was close to zero in the remaining pairs without significant

IN-PC inhibition (�0.03 ± 0.18 net spike change, n = 32, p <

0.005 comparing net spike changes in the two groups).

To examine the dynamics of the connection, we compared in-

hibition mediated by short (<20 ms) or long (>100 ms) IN inter-

spike intervals (ISIs) (Figures S2A and S2B). When IN spikes

occurred in doublets (IN ISIs < 20 ms), the second spike pro-

duced a comparable decrease in PC spike probability (normal-

ized PC spike count/bin of 0.79 ± 0.42 and 0.76 ± 0.39 in bins

0–10 and 20–30 following the first IN spike, respectively; p =

0.4, n = 11 pairs showing significant IN-PC inhibition) (Fig-

ure S2C), comparable to paired-pulse dynamics at the mature
(F) Normalized PC spike probability/bin aligned to spontaneous (gray) and

triggered (green) IN spikes (bin size = 10 ms). Shadings denote ±SEM. (B)–(F)

are from the same dual recording.

(G) Illustration of intersomatic Euclidean IN-PC distance in the transverse plane

and sagittal plane and as the D depth in the molecular layer (ML). The center of

the PC soma denotes a 0 mm distance.

(H) Fraction of pairs with significant (PC Z score < �3) IN-PC inhibition across

ML depth IN-PC distance. Error bars show SD based on bootstrap analysis.

(I) Left: baseline-normalized PC spike counts/bin for 3 example pairs with the

IN soma positioned deep (dark blue), intermediate (blue), and superficial (light

blue) in ML. Middle: for IN-PC pairs within the 30 mm intersomatic transverse

distance, the ML depth IN-PC distance is plotted versus the normalized PC

spike count in the 0–10 ms bin after the IN spike. The black line indicates the

linear regression line, p = 0.017. Colors indicate the pairs shown on the left.

Right: schematic of IN-PC inhibition graded by IN depth in ML.
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IN-PC synapse (Pouzat and Hestrin, 1997). In contrast, when

aligning PC spikes to IN spikes with large ISIs, following the initial

PC spike probability decrease right after the IN spike, PC spiking

probability slowly rose to levels above baseline, suggesting

disinhibition of PC spikes as a result of IN spike pauses (1.09 ±

0.08 in a 50–100 ms window post-IN spike compared with pre-

spike baseline, p < 0.001, n = 11 pairs) (Figure S2C).

Next, we directly stimulated IN spikes via the cell-attached

recording pipette (Figure 1D; Barbour and Isope, 2000) to provide

a causal assay of IN-PC inhibition. Thismethodof single spike trig-

gering was specific to the stimulated IN in most trials (Figure S3;

see also vanWelie et al., 2016). Triggering a single spike in a single

IN produced a clear decrease in PC spiking probability, compara-

ble to the effect of spontaneous IN spikes at the same connection

(Figures 1D and 1F). Pairs in which the triggered IN spike resulted

in significant PC inhibition (pairs with a PC Z score < �3 in the

0–10 ms bin after the triggered IN spike, n = 6/30 pairs) also ex-

hibited significant PC inhibition associated with spontaneous IN

spikes. Furthermore, the baseline-normalized PC spike probabil-

ities after triggered and spontaneous IN spikes were highly corre-

lated (n = 30, p = 0.024) (Figure S4A), and the values

corresponding to the 6 pairs with significant PC inhibition after

triggered IN spikes were close to the unity line, consistent with a

strong correlation between spontaneous and triggered IN-PC ef-

fects. Finally, we examined the effect of a triggered IN spike on the

succeeding ISI in the postsynaptic PC in pairs with significant PC

spike probability decreases. PC ISIswere significantly delayed, by

�5 ms on average, by single IN spikes (Figures S4B–S4D). Alto-

gether, these results indicate that single spikes in single INs can

exert a powerful influence on the spiking of postsynaptic PCs

in vivo. They also confirm that functional connectivity between

INs and PCs can be read out using cross-correlation analysis of

spontaneous spikes.

The efficacy of IN-PC inhibition depended on IN location in the

molecular layer: IN-PC inhibition was more prevalent in deep INs

than in superficial INs (Figure 1H) (mean distance to PC: 106.3 ±

43.9 mm, n = 24, with significant PC inhibition versus 135.8 ±

30.6 mm, n = 30, without significant PC inhibition, p = 0.006).

The strength of PC inhibition, measured as the baseline-normal-

ized PC spike probability following the IN spike, was inversely

related to increasing IN-PC distance in the molecular layer (Fig-

ure 1I): the deeper the IN soma, the bigger the inhibitory IN-PC

effect (R2 = 0.148, p = 0.017, IN-PC pairs within a 30 mm trans-

verse distance only). Similar findings were made with directly

triggered IN-PC inhibition (Figures S6C and S6D). Finally, IN-

PC pairs with significant PC inhibition were closer in transverse

distance than pairs without inhibition (11.7 ± 7.6 mm, n = 24,

versus 20.1 ± 17.0 mm, n = 30, p = 0.010) (Figures 1G, S5, and

S6), while there was no relationship with location in the sagittal

plane (Figure S6B). Altogether, these results confirm that IN-

PC inhibition is restricted to the sagittal plane and can occur at

relatively large distances within that plane (Figures S6A and

S6B), in line with IN axons extending hundreds of micrometers

sagittally (Sultan and Bower, 1998). Our data thus indicate that

proximal basket cells are more potent than superficial stellate

cells in inhibiting PC spiking but do not support a binary IN cate-

gorization based on IN depth in themolecular layer, suggesting a

continuum of inhibition instead (Figure 1I).
3022 Cell Reports 30, 3020–3035, March 3, 2020
IN-IN Cross-Correlograms Are Diverse, with Directional
Inhibition from Top to Bottom in the Molecular Layer
To characterize interactions within the IN population, we per-

formed dual targeted patch-clamp recordings from IN pairs (Fig-

ures 2A and S7A). A sizable fraction of IN-IN cross-correlograms

(8/28 pairs) exhibited short-latency spike probability decreases

in one IN after spikes in the other (Figure 2A), thus likely reflect-

ing monosynaptic g-aminobutyric acid (GABA)-ergic inhibition.

In these pairs, a single IN spike resulted in the spiking probability

being transiently reduced by �20% in the other IN (average

baseline-normalized IN spike probability of 0.81 ± 0.16 in the

0–10 ms bin after an IN spike). Next, we categorized INs as

trigger (presynaptic) and target (postsynaptic, i.e., inhibited)

INs and measured their somatic depth in the molecular layer.

We found that trigger INs tended to be more superficial than

their targets (Figure 2B) (mean normalized molecular-layer posi-

tions of 0.74 ± 0.07 versus 0.59 ± 0.13, n = 8, p = 0.02, 0 denotes

the PC layer). These results demonstrate that in vivo, INs can

significantly inhibit one another, and this inhibitory connectivity

is organized from top to bottom in the molecular layer (Rieub-

land et al., 2014). IN-IN cross-correlograms were more diverse

than IN-PC cross-correlograms (Figure S7B); in addition to uni-

directional inhibitory connectivity, we observed co-activation

without unilateral inhibition in 6/28 pairs (example in Figure S7C,

left), demonstrating some degree of synchronization of the IN

population. The hallmark of precise synchrony mediated by

electrical coupling (Mann-Metzer and Yarom, 1999; Rieubland

et al., 2014) is symmetric peaks at ±1 ms lag in the cross-corre-

logram (van Welie et al., 2016). Such a pattern was only

observed in one of our IN-IN pairs (Figure 2C), suggesting that

in most cases, loose synchrony results from common input

rather than strong gap-junction coupling. Accordingly, across

our IN-IN recordings, the fraction of synchronized spikes per

pair (i.e., spikes of one IN within ±5 ms of spikes of the other

IN) was relatively low (median of 5%) (Figure 2D). Thus, except

for rare cases of strong gap-junction coupling, most sponta-

neous IN spikes were not accompanied by highly synchronous

spikes in other INs. This is consistent with the similarity between

spontaneous and triggered IN-PC inhibition and corroborates

our conclusion that single spikes in single INs can potently

inhibit downstream PCs.

Co-activation of IN-PC Pairs Depends on IN-PC
Inhibition
In some IN-PC recordings, PC spike probability significantly

increased in the �10 to 0 ms bin preceding the IN spike (Fig-

ure S8A). Interestingly, and in contrast to our dual IN recordings,

in which co-activation could occur without inhibition, this

increase was only observed in IN-PC pairs that also showed sig-

nificant IN-PC inhibition (Figure S8); in other words, the occur-

rences of co-activation and inhibition were not independent of

each other (Fisher’s exact test, p = 0.004) (Figure S8B). Previous

work suggested that this co-activation peak preceding IN-PC in-

hibition is driven by shared granule-cell input (Blot et al., 2016),

such that when co-activation and inhibition are both observed

in single pairs, this indicates a feedforward inhibition motif. If

shared input fully accounted for the co-activation peak, one

would expect the timing of increased spiking would be
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Figure 2. Interneurons Inhibit Each Other with a Top to Bottom Organization in the Molecular Layer

(A) Left: two-photon average intensity projection showing a dual IN-IN cell-attached recording. Middle: spontaneous activity of the IN-IN pair. Right: average IN2

spike count/bin aligned to IN1 spikes (bin size = 5 ms).

(B) Cross-correlograms of 8 IN-IN pairs with significant unidirectional spike probability decreases, dark blue: average. The trigger, presumed to be presynaptic IN,

was denoted as IN1, and the target was denoted as IN2. Middle: schematic illustrating the measurement of IN-IN distance in the molecular layer (ML) as

normalized ML positions. Right: ML positions of trigger INs and target INs (mean + SD, p = 0.02, Wilcoxon signed-rank test).

(C) Left: cross-correlogram of another IN-IN pair (5ms bin size) exhibiting precise synchrony. Right: higher temporal resolution (bin size = 0.5ms) version of cross-

correlogram on left, showing two peaks at ±1 ms lag. Purple shading indicates the temporal window shown at a higher resolution.

(D) Across all IN-IN pairs, distribution of fraction of synchronized spikes (spikes within ±5 ms of the spike in the other IN) per IN pair. The dotted black line shows

the distribution median.
temporally restricted to a relatively narrowwindow of�±10ms, a

timescale at which shared inputs are known to synchronize

neuronal spiking (Ostojic et al., 2009). In our case, increased

PC spiking would be restricted only to negative lags from the

IN spike, i.e., �10 to 0 ms, because the positive lag is the time

window of IN-PC inhibition. Conversely, elevated PC spiking

probability before the IN spike can be explained by an absence
of IN spikes in that time window, resulting in PC disinhibition. If

that were the case, the temporal window of PC disinhibition

should depend on the previous IN ISI. When aligning PC spikes

to IN spikes depending on the previous IN ISI, the temporal pro-

file of increases in PC spiking probability was tightly linked to the

previous IN ISI, rising tens of milliseconds before the IN spike if

aligned to long preceding ISIs (Figure S8C). This effect was
Cell Reports 30, 3020–3035, March 3, 2020 3023
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(A) Left: schematic of the recording configuration. Right: Z scores of IN spikes aligned to PC complex spikes (color axis clipped at Z score = ±10 for better

visualization, bin size = 10 ms). Pairs were sorted by minimal Z score in 0–10 ms bin.

(B) Top: raw overlaid PC traces aligned to 50 consecutive complex spikes. Overlays of raw traces always show a small subset of all traces for better illustration.

The colored bar on the top left indicates the identity of the cross-correlogram in the overview in (A), right. Second row: corresponding overlaid IN traces aligned to

150 additional complex spikes. Third row: IN histogram aligned to complex spikes (bin size = 5 ms, left y axis), and Z scores of IN spike count/bin aligned to

complex spikes (bin size = 10 ms, right y axis).

(C) Analogous to (B), but for another recording. Overlaid PC and IN traces aligned to 76 consecutive complex spikes.

(D) Another dual recording. Overlaid IN traces aligned to 60 consecutive complex spikes.

(legend continued on next page)
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apparent in pairs with strong IN-PC co-activation and in pairs

with weaker co-activation Z scores (Figure S8C, left andmiddle).

In both cases, the strength of IN-PC inhibition was similar. These

results show that under spontaneous conditions, increases in PC

spiking before IN spikes are tightly linked to IN-PC inhibition, and

this effect may result not only from shared granule-cell input but

also from PC disinhibition.

CF Input Activates Many INs but Inhibits INs Deep in the
Molecular Layer
We next addressed whether CF input can modulate IN spiking

in vivo, using spontaneously occurring PC complex spikes as a

readout of local CF input during simultaneous IN-PC recordings.

We found IN excitation after CF input in more than 20%of our re-

cordings: in 13 of 56 pairs, the IN exhibited a pure spike proba-

bility increase (Figure 3A). These excitatory responses started

immediately after the complex spike but had a slow rise time,

peaking at a latency of 10–20 ms (Figure 3B) (Z score > 3 from

10–20 ms after the complex spike), and are thus consistent

with extrasynaptic glutamate spillover from CF-PC synapses

(Mathews et al., 2012; Szapiro and Barbour, 2007). Another sub-

group of INs exhibited purely inhibitory responses to CF activa-

tion (Figure 3C) (Z score <�3 from 10–30ms postcomplex spike,

n = 8). Inhibitory responses occurred later than the excitatory re-

sponses observed in other INs (Z score thresholds crossed at

4.2 ± 2.8 and 13.8 ± 6.4ms for IN spike increases and decreases,

respectively; p = 0.0006). The slower time course of inhibitory re-

sponses suggests that they result from CF input recruiting INs

that in turn inhibit other INs outside of the glutamate spillover

diffusion limit (Coddington et al., 2013). Finally, in 3 pairs, we

found a combination of IN spike increases and decreases, with

the increase always preceding the decrease (Figure 3D), pre-

sumably resulting from a combination of direct excitation by

glutamate spillover followed by disynaptic inhibition.

Disynaptic inhibition mediated by CF-IN activation should be

reflected in inhibition predominating in deeper INs, resulting

from the top-to-bottom organization of molecular-layer IN con-

nectivity (Rieubland et al., 2014; Figure 2B). Pure CF-IN inhibition

was more prevalent in deeper INs, whereas pure CF-IN excita-

tion did not depend on IN depth (Figures 3E and 3F). On average,

INs purely inhibited following CF input were deeper than INs ex-

hibiting excitation only (78.4 ± 33.3 mm, n = 8, versus 126.5 ±

39.8 mm, n = 12, p = 0.038) or INs without an effect of CF input

(78.4 ± 33.3 mm, n = 8, versus 132.5 ± 35.2 mm, n = 31, p =

0.008, Kruskal-Wallis plus multiple comparisons test) (Figure 3D;

see Figure S9 for CF-IN effects along transverse and sagittal dis-

tances). These results indicate that spontaneous CF activity both

activates INs and disynaptically inhibits deeper INs in vivo.

CF Input Inhibits INs with a Strong Impact on PC Spiking
To identify feedforward motifs (Figure 4A), we compared the

effects on PC spiking exerted by INs with significant CF-IN exci-
(E) Left: schematic illustrating themeasurement of the IN-PC depth distance in the

CF-IN inhibition (blue, n = 8) across the IN-PCML depth distance. Error bars show

inhibition, INs with CF-IN excitation, and those with no significant CF-IN effect (m

effect), p = 0.976 (CF-IN+ versus no CF-IN effect), Kruskal-Wallis plus multiple c

(F) Schematic illustrating CF-IN excitation and delayed CF-IN inhibition in a deep
tation only and CF-IN inhibition only (Figure 4B). INs that were in-

hibited by the CF produced stronger IN-PC inhibition than those

that were excited by the CF (normalized PC spike probability of

0.70 ± 0.13, n = 8, versus 0.90 ± 0.21, n = 13 after IN spike,

p = 0.018) (Figure 4C). Moreover, the probability of observing sig-

nificant IN-PC inhibition did not depend on the presence of CF-

IN excitation in a given pair (3/13 pairs with CF-IN excitation

exhibited significant IN-PC inhibition, p = 0.13), whereas the

probability of observing IN-PC inhibition was increased in CF-

IN inhibition pairs (7/8 pairs, p = 0.01, Fisher’s exact test)

(Figure 4D). Contrary to predictions from in vitro studies, we

thus revealed that INs activated by glutamate spillover from local

CF activity show little direct effect on PC spike output, arguing

against a crucial role of CF-PC feedforward inhibition via INs in

controlling PC spiking. Instead, we demonstrate that the INs indi-

rectly inhibited by CF input have the strongest impact on PC

spike output, revealing a preference for a local CF-PC feedfor-

ward disinhibition motif via INs (Figure 4E).

Millisecond Recruitment of Precisely Timed
Feedforward Inhibition by Sensory Stimulation
To examine how the inhibitory circuitry is engaged during sen-

sory processing, we delivered ipsilateral airpuffs to the whisker

field or perioral region during simultaneous recordings from INs

and PCs in crus II, an area known to receive tactile projections

both via mossy-fiber-granule-cell inputs and via CFs (Brown

and Bower, 2001). Sensory stimulation produced rapid activa-

tion of both INs and PCs (Figure 5), reflecting excitation by

granule cells. This co-activation of INs and PCswas often rapidly

followed by inhibition of PC simple spikes (Figure 5A) consistent

with feedforward inhibition (Mittmann et al., 2005). PC complex

spike responses occurred at longer and more variable latencies

(Brown and Bower, 2001; Kitamura and Häusser, 2011). In some

recordings, PC simple spikes showed additional delayed excit-

atory responses, as observed previously (Bosman et al., 2010).

Surprisingly, we also found delayed excitatory responses in

some INs, with a latency following simultaneously recorded PC

complex spike responses (example 2 in Figure 5B: IN response

latency peaks at 19 and 47 ms and PC complex spike response

latency peak at 39 ms). This delayed sensory-evoked IN

response was also obvious in the mean spike changes to the

stimulus, i.e., the mean number of spikes that were added or

omitted due to the stimulus per trial as a function of time (Fig-

ure 5C): after an early IN spike change with timing similar to

that of rapid PC responses, the average IN spike change showed

a delayed, slow increase following the average PC complex

spike change.

We next investigated the exact temporal relationship of the

initial IN and PC responses to tactile stimulation by calculating

the distributions of latencies from stimulus onset to first spike

(Figure 5D). On average, fast PC simple spike responses pre-

ceded fast IN responses by 1 ms, with the peaks of the response
molecular layer (ML). Prevalence of pure CF-IN excitation (red, n = 13) and pure

SD based on bootstrap analysis. Right: IN-PC depth distance in INs with CF-IN

ean + SD, p = 0.038 (CF-IN- versus CF-IN+), p = 0.008 (CF-IN- versus no CF-IN

omparisons test).

er IN via directional IN-IN inhibition.

Cell Reports 30, 3020–3035, March 3, 2020 3025



B

A

time from IN spike (ms)

no
rm

al
iz

ed
 P

C
 s

pi
ke

 c
ou

nt
 / 

bi
n

−100 −50 0 50 100

0.7

0.8

0.9

1

1.1

time from complex spike (ms)

no
rm

al
iz

ed
 IN

 s
pi

ke
 c

ou
nt

 / 
bi

n

−100 −50 0 50 100
0

1

2

3

4

n = 32
n = 8

n = 13

D

C

no
rm

al
iz

ed
 P

C
 s

pi
ke

co
un

t /
 b

in
 a

fte
r I

N
 s

pi
ke

0.4

0.6

0.8

1

1.2 *

CF-IN(-)CF-IN(+)

0

0.2

0.4

0.6

0.8

1

pr
ob

ab
ilit

y 
of

 o
cc

ur
re

nc
e

IN
-P

C

C
F-

IN
(+

)

IN
-P

C
 &

C
F-

IN
(+

)

IN
-P

C
 &

C
F-

IN
( -)

C
F-

IN
( -)

p = 0.13

p = 0.01*

24/56

8/56
3/1313/56

7/8

E

feed-forward inhibition

&

CF-IN excitation

IN-PC inhibition

CF PC

IN

feed-forward disinhibition

IN-PC inhibition

&

CF PC

IN

IN

Possible CF-IN-PC motifs

CF PC

IN

IN

Figure 4. CF Input Inhibits Those INs with an

Impact on PC Spiking

(A) Schematics of possible CF-IN-PC motifs. Left:

CF-IN-PC feed-forward inhibition circuit; i.e., CF-

IN excitation (CF-IN+) co-occurring with IN-PC in-

hibition in the same IN-PC pairs. Right: schematic

of a CF-IN-PC feed-forward disinhibition motif; i.e.,

CF-IN inhibition (CF-IN�) co-occurring with IN-PC

inhibition.

(B) Normalizedmean IN spike counts/bin aligned to

complex spikes. Pairs are grouped based on IN

responses to CF input: significant excitation (red),

inhibition (blue), or no response (gray).

(C) Left: normalized PC spike counts/bin aligned to

IN spikes, same grouping as in (B). Shadings

denote ±SEM. Right: normalized PC spike count in

the 0–10 ms bin after the IN spike in CF-IN� pairs

and CF-IN+ pairs (mean + SD, p = 0.018, Wilcoxon

rank-sum test).

(D) Absolute probabilities of observing significant

IN-PC inhibition (gray stripes), CF-IN+ (red), and

CF-IN� (blue), and conditional probabilities of

observing IN-PC inhibition given CF-IN+ or CF-IN�
in a given IN-PC pair. The occurrence of IN-PC in-

hibition andCF-IN+ in a given pair was independent

of one another (p = 0.13), whereas the association

between IN-PC inhibition and CF-IN� was signifi-

cant (p = 0.01, two-tailed Fisher’s exact tests).

(E) Diagram of the resulting microcircuit motif.
latency distributions positioned at 13 and 14 ms, respectively

(n = 26). Accordingly, in pairs with distinct peaks in the response

latency distributions for both IN and PC (see STARMethods), we

found that in most (n = 12/15), the IN response peaked�1 ms af-

ter the PC response (Figure 5D, right) (13.7 ± 1.1 versus 14.8 ±

0.6 ms for PCs and INs, respectively; p = 0.003, n = 15). INs

and PCs are therefore recruited rapidly and near-synchronously

by sensory-evoked granule-cell input.

What is the relationship between spontaneous IN-PC inhibi-

tion and sensory-evoked IN-PC recruitment and inhibition? To

address this, we grouped dual recordings into connected and

unconnected IN-PC pairs based on the presence of significant

PC inhibition after spontaneous IN spikes (Figure 5E, left) and

calculated IN-PC cross-correlograms aligned to sensory-

evoked IN spikes, removing trials with sensory-evoked PC com-

plex spikes. For connected and unconnected IN-PC pairs, the

sensory-evoked cross-correlograms were similar, exhibiting

sharp PC activation preceding the IN spike and prolonged PC in-

hibition afterward (Figure 5E, middle). The peak close to 0 ms lag

in both groups shows that both connected and unconnected IN-

PC pairs were recruited near-simultaneously by sensory-evoked

granule-cell input. The subsequent PC inhibition was of similar

magnitude in both groups (mean normalized PC spike probability
3026 Cell Reports 30, 3020–3035, March 3, 2020
in a 5–10 ms window post-IN spike of

0.30 ± 0.29, n = 6 pairs with spontaneous

IN-PC inhibition, versus 0.45 ± 0.44, n = 4

pairs without spontaneous IN-PC inhibi-

tion, p = 0.352). Sensory-evoked IN-PC

inhibition was more potent than sponta-

neous IN-PC inhibition across pairs
(mean normalized PC spike probability post-IN spike of 0.36 ±

0.34 versus 0.71 ± 0.29 for evoked versus spontaneous IN-PC

effects, respectively; p = 0.012) (Figure 5F). Moreover, sen-

sory-evoked inhibition was prolonged in time, with decreased

PC spiking probability up to �40 ms after the IN spike, whereas

spontaneous IN-PC inhibition lasted up to �10 ms. Thus, during

sensory processing, IN-PC cross-correlograms are similar for

both connected and unconnected IN-PC pairs, exhibiting syn-

chronization from granule-cell input followed by PC inhibition.

These data suggest that sensory stimulation synchronizes large

numbers of INs and PCs, with increased IN activation resulting in

more potent PC inhibition.

The Contribution of Single INs to Sensory-Evoked
Feedforward Inhibition
To estimate the impact of single INs on PC inhibition recruited by

sensory stimulation, we sorted sensory stimulation trials into tri-

als with and without fast, granule-cell-evoked IN responses and

compared PC inhibition in these two conditions (Figures 6A–

6C). Sensory-evokedPC inhibitionwas significantly larger in trials

with evoked IN spikes, reflecting the additional inhibition contrib-

uted by the recorded IN (mean normalized PC spiking probability

in a 20–40 ms window after airpuff of 0.13 ± 0.41, n = 275 trials
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Figure 5. Millisecond Recruitment of IN-PC Inhibition by Sensory Stimulation

(A) Example of a single trial of simultaneously recorded IN and PC responses to an airpuff directed at the ipsilateral whisker pad. Left: recording of IN (top) and PC

(bottom) activity. Gray rectangle indicates airpuff duration. Black circles indicate PC complex spikes. Middle: same as left but showing 40 consecutive trials

overlaid. Right: PSTHs (peri-stimulus time histograms) of IN spikes (top), PC simple spikes (middle), and PC complex spikes (bottom). Bin size = 5 ms.

(B) Same as (A, right) but for another IN-PC pair.

(C) Mean spike changes across all IN-PC pairs, i.e., mean number of delta spikes per stimulus, for IN spikes (blue), PC simple spikes (gray), and PC complex

spikes (black). Shadings denote ±SEM.

(D) Left: mean distributions of latencies from stimulus onset to first spike for IN spikes, PC simple spikes and complex spikes across all IN-PC pairs. Bin size =

2ms. Inset: bin size = 0.5ms. Shadings denote ±SEM. Right: PC response latencies plotted versus IN response latencies. Values are maxima of response latency

distributions (bin size = 0.5 ms).

(E) Left: IN-PC pairs were grouped into connected (blue, n = 6) and unconnected (gray, n = 4) pairs based on baseline-normalized PC spike counts/bin after

spontaneous IN spikes. Right: for the same groups, mean baseline-normalized PC spike counts/bin aligned to IN spikes recruited by rapid granule-cell input, i.e.,

within 20 ms of stimulus onset. Trials with sensory-evoked complex spikes were removed. Shadings denote ±SEM. Bin size = 5 ms.

(F) Amplitudes of spontaneous and sensory-evoked IN-PC inhibition plotted against each other for each connected pair. Amplitudes are measured as mean

baseline-normalized PC spike counts/bin 5–10 ms post-IN spike. The dotted line represents the unity line.
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Figure 6. The Contribution of Single INs to Sensory-

Evoked Feedforward Inhibition

(A) Left: recording configuration. Right: Mean PC spike counts

aligned to spontaneous IN spikes indicating IN-PC inhibition.

(B) In the same IN-PC pair as shown in (A), sensory stimulation

trials were categorized into trials without (gray) and trials with

(blue) sensory-evoked rapid IN spikes. Single trials are shown.

(C) PSTHs of IN spikes (top panel) and of PC simple spikes

(bottom panel) for the two categories defined in (B). Trials with

sensory-evoked complex spikes were removed. Shadings

denote ±SEM.

(D) Zoom-in on the bottom plot in (C) as indicated by the orange

shading. Brackets indicate the temporal window in which the

significance of difference in PC inhibition with and without

sensory responses in the simultaneously recorded IN was as-

sessed (20–40 ms postairpuff onset, p = 0.0037, Wilcoxon

rank-sum test).

(E) Distributions of PC ISIs around the mean time point of

sensory-evoked IN responses for the same categories as in (B)

and (C). Bin size = 10 ms. Vertical lines indicate distribution

means (p = 0.015, Wilcoxon rank-sum test).

(F) PC spike changes corresponding to same categories as in

(B)–(D). Brackets indicate the time window in which the signif-

icance of difference between PC spike changes with and

without sensory-evoked IN spikes was assessed (50–100 ms

postairpuff onset, p = 0.0021, Wilcoxon rank-sum test).

Shadings denote ±SEM.
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without IN spike, versus 0.01 ± 0.13, n = 100 trials with IN spike,

p = 0.0037) (Figure 6D). Notably, this effect was only observed in

pairs that were connected based on spontaneous IN-PC cross-

correlograms (2/6), but not in unconnected pairs (0/4). We also

examined the effect of single IN spikes on the ISIs of connected

postsynaptic PCs. Trials in which the recorded IN responded to

sensory stimulation had a significantly longer ISI compared with

trials in which the recorded IN did not spike (mean PC ISIs 74 ±

37 versus 66 ± 42 ms, p = 0.015) (Figure 6E). This indicates that

a spike in a single IN can prolong the spiking of the PC during a

sensory-evoked response, paralleling the observations of single

IN spikes on ISIs during spontaneous spiking (Figures S4B–S4D).

Fast excitatory PC responses preceding PC inhibition were iden-

tical in trialswith and trialswithout IN recruitment (Figure 6F), indi-

cating that granule-cell-mediated IN and PC responses were

independent of each other trial by trial. Thus, although several

synchronously active INs are involved in generating the promi-

nent PC inhibition upon sensory stimulation, the recruitment of

a presynaptic IN on a given trial is detectable in the inhibition of

the PC, highlighting the impact of single INs on PC output.

The Recruitment of INs during Sensory Processing Is
Pathway Specific and Spatially Organized by IN Depth in
the Molecular Layer
Given that in some pairs delayed IN sensory responses occurred

with timecourses similar to those of sensory-evoked CF input

(Figures 5B and 5C), we investigated the relationship between

CF and IN activity during sensory processing. We grouped INs

according to their spike modulation upon spontaneous CF input

into INs responding with spike probability increases and de-

creases (Figure 7A). The average sensory responses in these

IN groups exhibited clear differences (Figure 7B): INs that were

inhibited by spontaneous CF input responded to sensory stimu-

lation with a large, fast excitatory component, whereas INs

excited by CF input showed weaker fast activation (maximum

IN spike change within 20 ms after airpuff onset of 0.29 ± 0.05,

n = 3, versus 0.09 ± 0.04, n = 5, p = 0.036). The CF-IN excitation

group showed an additional slow excitatory response compo-

nent that was absent from the CF-IN inhibition group.

To unmask the contribution of CF input to sensory responses in

these IN groups, we quantified sensory responses of INs in trials

with and without sensory-evoked local CF input, measured by

the presence of PC complex spikes. Figure 7C (left) shows an
Figure 7. The Recruitment of INs during Sensory Processing Is Pathway

(A) Left: diagram of the relevant microcircuit. Red: INs with excitation after sponta

normalized mean IN spike counts/bin aligned to spontaneous PC complex spike

(B) Left: mean IN spike changes after an airpuff for the same IN groups as in (A). Rig

the CF-IN+ and CF-IN� group (mean + SD, p = 0.036, Wilcoxon rank-sum test).

(C) Left: example of airpuff-evoked mean spike changes in a single IN (CF-IN+ typ

(black/dark red) and trials without (gray/light red). Note the larger secondary IN res

recording with IN inhibition after spontaneous CF input (CF-IN� type). Note the a

(D) Differences of IN spike changes 0–140ms from airpuff onset between trials wit

(mean + SD, p = 0.036, Wilcoxon rank-sum test).

(E) Left: individual (blue) and mean (black) IN sensory-evoked spike changes (n = 2

airpuff onset, purple) and a delayed component (50–120 ms from airpuff onset, or

molecular layer. Black line: linear regression line, p = 0.003. Right: amplitude of de

versus IN molecular-layer position. Black line: regression line, p = 0.107.

(F) Summary diagrams of IN microcircuit principles organized by IN depth in the
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example of this analysis in an IN with spontaneous CF-IN excita-

tion: although the fast IN response was not affected, the slow

response was bigger in trials with sensory-evoked CF input, sug-

gesting that local CF input contributed to delayed excitatory sen-

sory responses in INs. The second component was smaller but

still present in trials without CF input to the local PC, which sug-

gests that the IN may pool input from several CFs (Szapiro and

Barbour, 2007) that did not all respond on a given trial. The sec-

ond, slow response was absent from INs with spontaneous CF-

IN inhibition, irrespective of local CF recruitment (example in Fig-

ure 7C, right), suggesting that even during sensory processing,

when CF input is known to be more synchronized, INs with spon-

taneousCF-IN inhibition successfully avoidCFexcitation. Thedif-

ference in IN spike change between trials with and those without

local CF inputwaspositive for pairswith spontaneousCF-IN exci-

tation, but not for pairs with CF-IN inhibition, and it differed signif-

icantlybetween these twogroups (Figure7D) (meandifferencesof

0.23 ± 0.12, n = 5, versus�0.03 ± 0.09, n = 3, for CF-IN increase

and decrease groups, respectively; p = 0.036), highlighting the

role of CF input in segregating IN activity during sensory process-

ing. These results demonstrate that INs are recruited differentially

by sensory-evoked granule-cell and CF input, depending on the

sign of their response to spontaneous CF input.

Given that IN-PC inhibition, IN-IN inhibition, and the resulting

CF-IN polysynaptic inhibition were all organized by IN depth in

the molecular layer, we asked whether sensory-evoked excit-

atory recruitment also depends on somatic IN depth. We again

categorized IN airpuff responses into a fast, granule-cell-medi-

ated component and a slow, CF-mediated component (Fig-

ure7E).We found that theamplitudeof the fast component scaled

inversely with the depth of the IN in the molecular layer; i.e.,

deeper INs responded more strongly (Figure 7E) (R2 = 0.32, p =

0.003). The delayed IN response component did not depend on

IN depth in themolecular layer, matching the broad spatial profile

of spontaneous CF-IN excitation (R2 = 0.109, p = 0.107). In sum-

mary, we show that IN somatic depth in the molecular layer is an

organizing principle for microcircuit rules governing the recruit-

ment and the impact of single INs on their targets (Figure 7F).

DISCUSSION

We made simultaneous recordings from INs and PCs in vivo to

determine the functional impact of single INs on their targets
-Specific and Spatially Organized by IN Depth in theMolecular Layer

neous CF input (CF-IN+, n = 5), blue: INs with inhibition (CF-IN�, n = 3). Right:

s are used for IN grouping. Shadings denote ±SEM.

ht: comparison of maximum IN spike change within 20ms after airpuff onset for

e) for trials with simultaneously recorded sensory-evoked PC complex spikes

ponse in trials with local PC complex spikes. Right: same as left, but for another

bsence of delayed secondary sensory responses. Shadings denote ±SEM.

h and trials without local PC complex spikes for same IN groups as in (A) and (B)

6 INs). IN spike changes were separated into a fast component (0–20 ms from

ange). Middle: amplitude of fast IN spike change plotted versus IN depth in the

layed IN spike change (difference between delayed and fast amplitude) plotted

molecular layer.



and to identify the circuit rules governing the impact of individual

connections. We show that individual spikes in single INs can

inhibit their targets potently, with the efficacy of inhibition being

stronger for proximal INs. Furthermore, an IN’s response to local

CF input dictates its effect on PC spiking: INs excited by CF input

have little direct influence on PC simple spike output but cause

delayed inhibition of a separate IN population that controls PC

output. This segregation of IN activity is conserved during sen-

sory processing, with INs inhibited by CF input being more

strongly activated by granule-cell input and INs excited by CFs

showing additional delayed responses. These results reveal

the circuit building blocks for sculpting PC responses to sensory

stimulation. The differential engagement of INs over a range of

timescales, via different pathways, allows PC activity to be

both precisely timed (Brown and Raman, 2018; Heck et al.,

2007) and modulated over longer timescales (Chabrol et al.,

2019; Gao et al., 2018; Sarnaik and Raman, 2018).

The Functional Impact of Single INs on Spike Output
In Vivo

Our findings provide direct evidence that single spikes in single

identified INs in the mammalian brain can produce significant in-

hibition of principal cell spiking in vivo. Although there are previ-

ous reports of inhibitory interactions inferred from spike trains of

extracellularly recorded INs and principal neurons in several

brain areas (Barthó et al., 2004; Blot et al., 2016; Diba et al.,

2014), these studies lacked the ability to directly stimulate the

neuron presumed to cause the inhibition and are thereby

restricted to reporting correlations. By triggering spikes in single

INs, we directly assessed the postsynaptic impact of a single

spike in a single IN and demonstrated that this causes brief but

potent inhibition of neighboring PC spiking. The strength of sin-

gle IN inhibition we observe is surprising given that modeling

studies have predicted substantially weakened impact of indi-

vidual synaptic inputs in vivo (Bernander et al., 1991; Rapp

et al., 1992) due to high levels of background synaptic input in

the intact brain (Destexhe and Paré, 1999; Powell et al., 2015;

Waters and Helmchen, 2006).

PC inhibition from triggered IN spikes was comparable to PC

inhibition aligned to spontaneous IN spikes at the same synaptic

connection, demonstrating that cross-correlograms of sponta-

neous IN-PC spikes can be used to read out functional inhibitory

connectivity between single IN-PC pairs. This also suggests that

most INs do not fire in precise synchrony under spontaneous

conditions, consistent with the low incidence of millisecond-syn-

chronous spiking in our dual IN recordings. INs are spontane-

ously active, driven by intrinsic properties in the absence of

excitatory inputs (Häusser and Clark, 1997; Raman and Bean,

1997), which likely contributes to this finding. Spontaneous syn-

chrony may be further disrupted by GABAergic connectivity

among INs.

A Gradient of Inhibitory Efficacy Depending on IN
Location
We systematically sampled the impact of INs located throughout

the molecular layer and show that in vivo, the most proximal INs

produce the most powerful inhibition of PC output. This result is

in general accordance with the classical division of INs into
stellate cells higher up in the molecular layer and basket cells

proximal to the PC layer (Palay and Chan Palay, 1974), and

with physiological studies showing that only the more proximal

basket cells exert strong control of the PC spike rate (Bao

et al., 2010; Blot and Barbour, 2014; Brown et al., 2019). How-

ever, rather than two distinct classes of IN-PC effects, we found

a gradient of inhibitory efficacy across the entire depth of themo-

lecular layer. This continuum in the functional impact across the

IN population may have an anatomical basis in the varying

numbers and locations of IN axonal collaterals (Sultan and

Bower, 1998).

The sharp distance dependence of IN-PC interactions in the

transverse plane—with no connections detectable at a 40 mm

distance—matches morphological constraints on IN axon con-

nectivity (Palay and Chan-Palay, 1974), supporting that INs

mainly deliver local inhibition within a given sagittal plane. In

contrast, in the sagittal plane, IN axons can extend for hundreds

of micrometers, allowing them to mediate lateral inhibition (Co-

hen and Yarom, 2000; Dizon and Khodakhah, 2011; Eccles

et al., 1967; Sultan and Bower, 1998). Our data showing no

decrease of functional IN-PC connectivity within the first

100 mm in the sagittal axis are consistent with this axonal

morphology.

Sensory Stimulation Rapidly Recruits Feedforward
Inhibition from INs onto PCs
We demonstrate that INs are rapidly recruited by sensory-

driven granule-cell input, exhibiting millisecond-precise syn-

chrony with the activation of PCs. This highlights the role of

feedforward inhibition in terminating excitation of PCs after

granule-cell input (Mittmann et al., 2005), narrowing the

time window for integration of excitatory inputs. Importantly,

even single INs engaged by the sensory stimulation can

contribute significantly to the inhibition of postsynaptic PCs,

as measured by the overall impact on PC spiking and on PC

ISIs following the sensory stimulus. The finding that tactile

granule-cell recruitment more strongly activates INs deep in

the molecular layer, which are the INs inhibiting PC spiking

most efficiently, supports this notion (Chu et al., 2012). In con-

cert with ephaptic coupling between PCs (Han et al., 2018), this

rapid engagement of IN inhibition may help ensure well-timed

spikes in response to sensory stimulation (Brown and Raman,

2018) and the millisecond synchrony of PC spiking during a

learned reaching task, precisely locked to movement (Heck

et al., 2007).

Sensory-evoked responses in PCs were often �1 ms quicker

than IN responses to the same sensory stimulus, despite INs be-

ing smaller and having higher input resistances. The faster

response of PCs may result from a combination of factors: sen-

sory information could be mediated mainly by granule-cell-

ascending axons instead of parallel fibers (Gundappa-Sulur

et al., 1999). Alternatively, PCs receive input frommore synchro-

nously active granule-cell inputs than INs and, moreover, have

shorter ISIs during spontaneous firing and thus are brought to

spike threshold more quickly. Prolonged PC inhibition during

sensory processing may stem from effects of INs activated

by delayed CF input to neighboring PCs, synergistically prolong-

ing PC inhibition (even if most of those INs do not have
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measurable effects on PC spiking by themselves). Alternatively,

long PC spike decreases may result from cell-intrinsic plasticity

mechanisms (Johansson et al., 2015), complicating the interpre-

tation of PC sensory responses.

During sensory processing, we find that functionally con-

nected and unconnected IN-PC pairs exhibit similar cross-

correlograms indicative of feedforward inhibition. Sensory

stimulation thus activates many INs and PCs in synchrony

whose firing is uncorrelated during spontaneous activity. This

finding also suggests that the anesthetized state, with low

spontaneous granule-cell activity (Wilms and Häusser, 2015),

may represent a favorable setting for inferring inhibitory

connectivity from spontaneous IN-PC cross-correlograms,

whereas during sensory processing or in the awake state,

increased network synchrony may render cross-correlograms

between connected and unconnected IN-PC pairs indistin-

guishable without the ability to reliably categorize spikes as

spontaneous or sensory-evoked. Nevertheless, given that iso-

flurane modulates GABA receptors allosterically (Garcia et al.,

2010), and in light of the richness of neuromodulatory projec-

tions to cerebellar cortex (Libster and Yarom, 2013), it will be

important to investigate the state dependence of IN-PC inhibi-

tion in the awake animal.

CF-IN Interactions Mediated by Glutamate Spillover
In Vivo

Although previous in vivo studies reported excitatory IN re-

sponses to electrical inferior olive stimulation (Eccles et al.,

1966; Jirenhed, Bengtsson, and Jörntell, 2013; Jörntell and

Ekerot, 2003), optogenetic CF activation (Rowan et al., 2018),

and similar time courses of CF and IN activity during cere-

bellar-dependent behavior (Badura et al., 2013; ten Brinke

et al., 2015), simultaneous measurements of IN spiking and

physiological CF activity have been lacking. We demonstrate

that CF input can activate INs via an unconventional glutamate

spillover pathway (Coddington et al., 2013; Mathews et al.,

2012; Szapiro and Barbour, 2007), which is surprising given

various mechanisms working against spillover transmission

in vivo (Asztely et al., 1997; Auger and Attwell, 2000; Dzubay

and Jahr, 1999). Not all INs were activated by CF input: rather,

INs located deep in the molecular layer tend to be inhibited,

most likely via disynaptic inhibition from more distal INs. This

motif is consistent with inhibitory connections within the IN

network being directed downward in the molecular layer (Rieub-

land et al., 2014), a spatial organization we also observed in our

dual IN recordings.

A similar microcircuit structure has been described in other

brain areas: in neocortex, foot shocks used during auditory

fear conditioning recruit basal forebrain afferents activating

layer 1 INs, which inhibit PV+ INs below them, resulting in prin-

cipal cell disinhibition (Letzkus et al., 2011). A comparable cir-

cuit logic has been found in the basolateral amygdala (Wolff

et al., 2014). In cerebellar associative learning, the uncondi-

tioned stimuli (or error signals) are thought to activate the CF

pathway (Ohmae and Medina, 2015; ten Brinke et al., 2015;

Yeo and Hesslow, 1998). Thus, inhibition of deep INs by uncon-

ditioned stimuli appears to be a common motif across brain

areas.
3032 Cell Reports 30, 3020–3035, March 3, 2020
A Preference for CF Feedforward Disinhibition of PCs
via INs
The effect of CF-IN transmission on PC activity is usually consid-

ered in a feedforward inhibitory framework in which activated INs

inhibit the local PC, prolonging postcomplex spike pauses

(Marshall and Lang, 2009; Mathews et al., 2012; Wulff et al.,

2009). In contrast, our data reveal a microcircuit in which INs in-

hibited upon CF input inhibit spiking of the local PC, thereby

forming a motif of local PC disinhibition upon CF input. Via disin-

hibition, the IN population may have a role in setting a time win-

dow for the reset of PC simple spiking after a complex spike,

modulating PC simple spike facilitation observed in vivo (De

Zeeuw et al., 2011; Marshall and Lang, 2009). Somatic disinhibi-

tion may also control variability of PC spiking after CF input by

affecting the dynamic, complex interactions between somatic

and dendritic PC currents (Jaeger et al., 1997).

Activation of vertically distant INs may provide dendritic inhibi-

tion to PCs that we could not assess by recording somatic PC

spikes. In support of this, inhibition has been shown to regulate

variability of CF-triggered dendritic calcium levels (Kitamura

and Häusser, 2011), and IN activity can regulate CF-evoked den-

dritic calcium levels and thereby granule-cell PC synaptic plas-

ticity (Callaway et al., 1995; Gaffield et al., 2018; Rowan et al.,

2018).

Implications for Plasticity
Albus (1971) hypothesized that CF input drives plasticity not

only at the granule-cell-PC synapse but also at the granule-

cell-IN synapse. Moreover, he postulated that different INs

should exhibit opposite plasticity rules with CF input (Albus,

1971), increasing the network’s computational capacity. By

demonstrating that different INs are activated and inhibited

by CF input in vivo, our data suggest opposite changes in the

IN responses to CF input as a possible candidate mechanism

for the implementation of such learning rules. CF input can

shape IN and PC receptive fields (Jörntell and Ekerot, 2002),

and IN membrane potentials following granule-cell input can

affect synaptic plasticity (Rancillac and Crépel, 2004), support-

ing that CF-triggered plasticity of granule-cell-IN synapses can

follow diverse rules (Albus, 1971). Our results describing sen-

sory-evoked IN responses are in line with this hypothesis: INs

exhibited not only fast, granule-cell-mediated activation but

also delayed activation correlated with CF input. Interestingly,

granule-cell-mediated IN responses were larger in INs without

delayed CF-associated IN responses, suggesting that sen-

sory-evoked CF-IN excitation may affect granule-cell-IN synap-

tic strength. During sensory processing, the inhibition of INs by

CF input in a subset of powerful INs might be crucial to pre-

serve balanced activation of these INs and their target PCs

by the same granule-cell inputs, serving a homeostatic function

and maintaining granule-cell feedforward inhibition over long

timescales.

In summary, our results reveal the impact of single cerebellar

INs on their targets under in vivo conditions and dissect the cir-

cuit logic underlying the recruitment of INs by different excitatory

inputs. These results provide critical constraints for any model of

cerebellar function and should inspire future studies on the dy-

namics of this microcircuit during skilled behavior and learning.



STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d LEAD CONTACT AND MATERIALS AVAILABILITY

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS
B Surgical Preparation

B In vivo dual patch-clamp recordings

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Spike train cross-correlation analysis

B Alternative quantifications of IN-PC inhibition

B Analysis of sensory-evoked spiking activity

B Two-photon stacks of pipette positions

B Statistical tests

d DATA AND CODE AVAILABILITY
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

celrep.2020.02.009.
ACKNOWLEDGMENTS

We are grateful to Christian Wilms and Beverley Clark for advice on experi-

ments and analysis and to Mark Farrant, Dimitar Kostadinov, Adam Packer,

and Arnd Roth for discussions and comments on the manuscript. We thank

Soyon Chun for mouse colony maintenance. We also thank Jean-Sebastien

Jouhanneau and Ingrid van Welie for advice about multiple in vivo patch re-

cordings. This work was supported by grants from the German Academic Ex-

change Service (DAAD; to C.A.), the Gatsby Charitable Foundation (to M.H.),

the European Research Council (to M.H.), the Wellcome Trust (to M.H.), and

the European Union (Cerebnet FP7-238686; to M.H.).
AUTHOR CONTRIBUTIONS

The study was designed by C.A. andM.H., who also wrote the paper. C.A. per-

formed all experiments and analyses.
DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: October 7, 2017

Revised: January 7, 2020

Accepted: February 3, 2020

Published: March 3, 2020

REFERENCES

Albus, J.S. (1971). A theory of cerebellar function. Math. Biosci. 10, 25–61.

Armstrong, D.M., and Rawson, J.A. (1979). Activity patterns of cerebellar

cortical neurones and climbing fibre afferents in the awake cat. J. Physiol.

289, 425–448.

Asztely, F., Erdemli, G., and Kullmann, D.M. (1997). Extrasynaptic glutamate

spillover in the hippocampus: dependence on temperature and the role of

active glutamate uptake. Neuron 18, 281–293.

Auger, C., and Attwell, D. (2000). Fast removal of synaptic glutamate by post-

synaptic transporters. Neuron 28, 547–558.
Badura, A., Schonewille, M., Voges, K., Galliano, E., Renier, N., Gao, Z., Witter,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Chlorprothixene Hydrochloride Sigma C1671-1G

Dexamethasone Norbrook Colvasone

Alexa Fluor 594 Hydrazide Thermo Fisher Scientific A10438

Sodium chloride Sigma S6191

Potassium chloride Sigma P9333

HEPES Sigma H3375

Calcium Chloride VWR 190464K

Magnesium Chloride Sigma 63069

Agarose Sigma A6138

Experimental Models: Organisms/Strains

Mouse: PV-eGFP Hannah Monyer, Meyer et al., 2002; N/A

Software and Algorithms

Axograph Axograph Scientific https://axograph.com/

FIJI Schneider et al., 2012 https://fiji.sc/

MATLAB MATHWORKS https://www.mathworks.com/

ScanImage Pologruto et al., 2003 https://vidriotechnologies.com/scanimage/

Graphpad Graphpad Software https://www.graphpad.com/quickcalcs/

Other

Laser Spectra-Physics Mai Tai HP

Objective Nikon CFI75 LWD 16X W

Amplifier Molecular Devices Multiclamp 700B

Micropipette puller Narishige PC-10

Capillary glass World Precision Instruments 1B150F-4
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael

Hausser (m.hausser@ucl.ac.uk). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal procedureswere performed under license from the UKHomeOffice in accordancewith the Animal (Scientific Procedures) Act

1986. 52 adult (P30-60) male and female (ca 50% each) transgenic mice expressing EGFP in parvalbumin-positive neurons (Meyer

et al., 2002) were used to identify and target molecular layer interneurons (INs) and Purkinje cells (PCs). Mice were group-housed and

kept on a regular light-dark cycle. Experiments were performed during the light cycle of the mice.

METHOD DETAILS

Surgical Preparation
Mice were anaesthetized with isoflurane (2% during surgery, 0.75% during recordings) and injected intraperitoneally with chlorpro-

thixene (1 mg/kg) and dexamethasone (1 mg/kg). Body temperature was monitored using a rectal probe and maintained at 37.2 ±

0.2�C using a feedback-controlled heating blanket. Craniotomies (1 mm2) were made over vermis lobule 5 (medial) or Crus II. The

dura was left intact. If necessary, the brain was covered using 1.5% agar in HEPES buffered artificial cerebrospinal fluid (ACSF:

150 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 2 mM CaCl2 and 1 mM MgCl2, pH 7.3) to reduce brain movement.
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In vivo dual patch-clamp recordings
In vivo targeted loose patch-clamp recordings (Kitamura et al., 2008; Margrie et al., 2003) were performed using a custom

two-photon microscope (MOM, Sutter) with a Ti:Sapphire laser (Mai Tai; Spectra-Physics) and a 16X, 0.8 numerical aperture wa-

ter-immersion objective (Nikon). Images were acquired using ScanImage (Pologruto et al., 2003) in conjunction with MATLAB

(Mathworks). An excitation wavelength of 865 nm was used to visualize EGFP-positive neurons. The pipette solution contained

ACSF and 20 mM Alexa Fluor 594 (Thermo Fisher Scientific). Recordings were made using a Multiclamp 700B amplifier (Molecular

Devices). Data were filtered at 6-10 kHz and acquired at 20 kHz in voltage clamp using an ITC-18 board (Instrutech) in conjunction

with Axograph software (Axograph Scientific). Patch pipettes were pulled using a vertical puller (Narishige) from thick walled bo-

rosilicate glass and had a resistance of 5 or 7 MU for PC and IN recordings, respectively. Spontaneous spiking activity was re-

corded for 5-25 minutes (n = 56 IN-PC pairs and 28 IN-IN pairs). To trigger single spikes in INs (n = 30 IN-PC pairs), a

200 mV, 0.2 ms voltage pulse was delivered through the IN recording pipette at a rate of 1 Hz. Sensory stimulation was performed

by delivering a 60 ms airpuff (60 PSI) to the ipsilateral perioral region and/or whisker pad (Picospritzer III, Parker) with an inter-

stimulus interval of 1- 2 s controlled with Axograph (n = 26 IN-PC pairs). The position of the airpuff was adjusted until sensory

responses in the IN and/or PC were observed. After each recording, a z stack of IN and PC pipette position (256 x 256 pixels)

was recorded at 3 mm z resolution.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spike train cross-correlation analysis
All analysis was performed using custom-written software in MATLAB. Spikes were detected with a manually set amplitude

threshold. To distinguish simple and complex spikes, the variance 3 ms following the spike was plotted and the resulting two pop-

ulations were separated with a manual threshold. Cross-correlograms between two spike trains were calculated by using spike

times of one trace as the triggers and calculating the average spike count per bin of the target spike train 100 ms before and after

the trigger. For IN-PC simple spike cross-correlograms, IN spikes following a complex spike within 25 ms were excluded as trigger

spikes. Cross-correlograms were tested for significance as follows: trigger spike times were shuffled by reordering 5 s periods of

the recording randomly, and 500 shuffled cross-correlograms (10 ms bin size) were calculated based on the shuffled trigger times.

To avoid artifacts from non-stationarities, the original and shuffled cross-correlograms were normalized to their respective mean

baseline rate (for PCs: –100 to –80 ms from IN spike, for INs: –100 to 0 ms from complex spike), and the standard deviations of the

shuffled cross-correlograms were normalized to the original’s baseline rate, before a standard score (z-score) was calculated for

each bin. Z-scores of > 3 or < –3 were considered significant. This method likely underestimates the number of functional mono-

synaptic connections in vivo as it does not report weak connections or electrotonically remote synapses on PC distal dendrites. To

detect IN-PC inhibition, the 0-10 ms bin was tested for significance. For CF-IN excitation, effects were considered significant if

either of the 0-10 or 10-20 ms bin exceeded the threshold. For CF-IN inhibition, effects were considered significant if either of

the 10-20 or 20-30 ms bin exceeded the threshold. For IN-IN cross-correlograms, a 5 ms bin size was used. Co-activation

was defined as z-score > 3 with ± 10 ms lag, inhibition was defined as z-score < �3 with ± 10 ms lag, and synchrony indicative

of gap-junction coupling was tested by computing cross-correlograms with 0.5 ms bin size and looking for significant peaks at ±

1 ms lag.

Alternative quantifications of IN-PC inhibition
We also measured the amplitude of PC spike inhibition after spontaneous IN spikes in terms of net spike change, i.e., the average

number of spikes added or omitted in response to a given event (see Figure S2). For IN-PC inhibition, we calculated the cumulative

sum of all PC simple spikes from �100 to +100 ms from the IN spike times of all trials. From that, we subtracted a linear fit to the

baseline period of�100 to�80ms from the IN spike time, and divided the result by the number of trials to yield the net spike change.

We found this quantity to depend on the PC baseline spike rate, unlike the baseline-normalized PC spike count per bin after an IN

spike (see Figures S2F–S2H), and thus preferred to quantify inhibition as the baseline-normalized spike count per bin for the rest

of the analyses. Excitatory spike changes in response to sensory stimuli, i.e., the number of added spikes after an airpuff, on the other

hand, did not depend on baseline firing rates (data not shown), so we frequently used this measure to quantify sensory responses in

detail.

We furthermore quantified electrically triggered IN-PC inhibition as an effect of the IN spike on the PC inter-spike interval (ISI) that

the triggered IN spike fell into. To do so, we calculated the distribution of PC ISIs surrounding the real, triggered IN spikes and 1000

shuffled distributions of PC ISIs around randomly positioned hypothetical IN spike times, matching the number of random IN spike

times to the number of triggered IN spikes in each shuffle. Then we compared the median of the real PC ISIs to a distribution of me-

dians from the shuffles (Figure S4). This approach corroborated our IN-PC inhibition classification based on z-scored PC spike

counts per bin, as z-scores calculated from effects on PC ISIs and z-scores calculated from PC spike counts per bin as described

above were highly correlated. Accordingly, we found on average a significant increase of the PC ISI in the group of pairs with signif-

icantly reduced PC spike counts in the 0-10 ms bin after the IN spike, but not in the other group without significant PC spike count

decreases (Figure S4).
Cell Reports 30, 3020–3035.e1–e3, March 3, 2020 e2



Analysis of sensory-evoked spiking activity
To analyze sensory-evoked spike latencies, the distribution of latency to first spike after stimulus onset was calculated for each

recording. To compare rapid IN and PC response timings per dual recording, only recordings in which the latency distributions for

both IN spikes and PC simple spikes exhibited clear peaks (i.e., maximum values at least 4 standard deviations above mean latency)

were included (n = 15/26 pairs). To analyze the amplitude of sensory-evoked IN spike changes, the cumulative sum of all spike times

was calculated, a linear fit was fitted to the baseline (–200 to 0 ms from stimulus), extrapolated over the entire trace (+300 ms from

stimulus), and subtracted (Mittmann and Häusser, 2007). Data are reported asmean ± standard error of themean. When sorting sen-

sory-evoked trials based on complex spike presence, all complex spikes occurring within 100 ms of stimulus onset were considered

sensory-evoked. To isolate rapid, granule cell-mediated IN spike changes, a time window of 0-20 ms from stimulus onset was used.

To measure the amplitude of delayed IN responses, a 50-120 ms time window post stimulus onset was used. The amplitude of sen-

sory responses in terms of spike changewas defined as themaximumof themean spike change in a given timewindow. To obtain the

net delayed IN spike change amplitude, the fast spike change amplitude was subtracted from the maximum of the mean spike

change in the delayed response window. To compare spontaneous and sensory-evoked IN-PC inhibition, only pairs with sen-

sory-evoked PC inhibition, a minimum of 20 trials with sensory-evoked IN spikes, and enough spontaneous IN-PC spikes for

cross-correlation analysis (minimum of 200 spontaneous IN spikes) were used (n = 10). Accordingly, to relate spontaneous CF-IN

effects to IN sensory responses, only pairs with recordings of sensory-evoked spikes and enough spontaneous spikes for cross-cor-

relation analysis (minimum of 200 IN spikes within ± 100 ms of PC complex spikes) were used.

Two-photon stacks of pipette positions
Two-photon images were analyzed using Fiji (http://fiji.sc/) (Schneider et al., 2012). The two channels containing measurements of

green and red fluorescence were assigned green and red lookup tables, respectively. The channels were overlaid, and the angle of

the parasagittal plane in the images was measured by drawing a line along the orientation of PC dendrites seen as long stripes in the

field of view. Images were rotated by the measured angle to align PC dendrites vertically (at 90 degrees). The identity of the neurons

recorded from was clear from the pipette tip positions touching the neurons’ somata. Measurements of the positions of the somata

centers, the PC layer and the dura mater were made in Fiji by placing cursors in the respective positions and planes. Data were then

exported to MATLAB to calculate Euclidean intersomatic distances in the transverse and sagittal planes, and by molecular layer

depth.

Statistical tests
For paired data, the Wilcoxon signed-rank test was used to assess significance. For unpaired data, the Wilcoxon rank sum test was

used. For comparisons of mean values across more than two groups, the Kruskal-Wallis test plus multiple comparisons test was

used. p < 0.05 was considered significant. For analysis of higher-order connectivity, Fisher’s exact test was calculated using the

QuickCalc tool on https://www.graphpad.com/, the associated p values are two-tailed p values calculated using themethod of sum-

ming small p values. In all Figures, * p < 0.05, ** p < 0.01.

DATA AND CODE AVAILABILITY

Analysis-specific code and datasets are available by request to the Lead Contact: m.hausser@ucl.ac.uk.
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