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Key points
� Ventrolateral thalamus (VL) integrates information from cerebellar nuclei and motor cortical
layer VI.

� Inputs from the cerebellar nuclei evoke large-amplitude responses that depress upon repetitive
stimulation while layer VI inputs from motor cortex induce small-amplitude facilitating
responses.

� We report that the spiking of VL neurons can be determined by the thalamicmembrane potential,
the frequency of cerebellar inputs and the duration of pauses after cerebellar high frequency
stimulation.

� Inputs from motor cortical layer VI shift the VL membrane potential and modulate the VL spike
output in response to cerebellar stimulation.

� These results help us to decipher how the cerebellar output is integrated in VL and modulated by
motor cortical input.

Abstract Orchestrating complexmovements requires well-timed interaction of cerebellar, thalamic
and cerebral structures, but the mechanisms underlying the integration of cerebro-cerebellar
information inmotor thalamus remain largely unknown.Here we investigated how excitatory inputs
from cerebellar nuclei (CN) and primary motor cortex layer VI (M1-L6) neurons may regulate the
activity of neurons in the mouse ventrolateral (VL) thalamus. Using dual-optical stimulation of the
CN and M1-L6 axons and in vitro whole-cell recordings of the responses in VL neurons, we studied
the individual responses as well as the effects of combined CN andM1-L6 stimulation. Whereas CN
inputs evoked large-amplitude responses that were depressed upon repetitive stimulation, M1-L6
inputs elicited small-amplitude responses thatwere facilitated upon repetitive stimulation.Moreover,
pauses in CN stimuli could directly affect VL spiking probability, an effect that was modulated by
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VLmembrane potential. When CN andM1-L6 pathways were co-activated, motor cortical afferents
increased the thalamic spike output in response to cerebellar stimulation, indicating that CN andM1
synergistically, yet differentially, control the membrane potential and spiking pattern of VL neurons.

(Received 25 November 2020; accepted after revision 11 January 2021; first published online 25 January 2021)
Corresponding author F. E. Hoebeek: Department for Developmental Origins of Disease, Wilhelmina Children’s
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Introduction

Successful movement requires an estimation of the
sensory consequences of a motor plan and the integration
of well-timed error signals into ongoing sensorimotor
processing (Ramnani, 2006; Brooks et al. 2015). This
complex task requires the communication of multiple
brain areas, such as the cerebellum, thalamus and
motor cortex. The execution of acquired movements is
mediated by cerebellar computation, in that genetic and
functional lesions throughout various cortical and deeper
cerebellar regions are known to disrupt execution of
motor behaviour (Gao et al. 2018). Subsequently, the
cerebellar output, embodied by projection neurons in
the cerebellar nuclei (CN), is integrated in the ventro-
lateral nucleus (VL) of the thalamus with inhibitory
input from reticular thalamus and cholinergic neuro-
modulatory input from mesencephalic nuclei and from
there relayed to various layers of the motor cortex (Kha
et al. 2000; Teune et al. 2000; Kuramoto et al. 2009;
Proville et al. 2014; Svoboda & Li, 2017; Gornati et al.
2018). In addition, VL neurons receive excitatory input
from cortical layer 6 neurons of the primary motor cortex
(M1-L6) (Yamawaki & Shepherd, 2015; Jeong et al. 2016).
The interaction of subcortical and cortical inputs has
been shown to determine thalamic output in the proprio-
ceptive and visual system (Groh et al. 2008; Sherman &
Guillery, 2011; Mease et al. 2014; Bickford et al. 2015).
It is therefore of key importance to improve our under-
standing of cerebello-cortical integration at the level of the
motor thalamus. Here we focused on how M1-L6 inputs
modulate the responses in VL thalamus evoked by CN
stimulation.
At rest, the baseline firing rates of CN range between 30

and 100Hz (Hoebeek et al. 2010; Sarnaik &Raman, 2018),
while VL and cortical L6 neurons fire at low frequencies
between 5 and 20 Hz (Lamarre et al. 1971; Vitek et al.
1994; Beloozerova et al. 2003; Marlinski et al. 2012;
Olsen et al. 2012; Proville et al. 2014). Once movement
execution starts, neurons in the interposed nuclei evolve
into phasic patterns including high-frequency bursts of
spiking (e.g. scratch movement in cats (Antziferova et al.
1980), locomotion in cats (Armstrong & Edgley, 1984)
and mice (Sarnaik & Raman, 2018). It has been shown
that stimulation of the cerebellar cortical crus I lobule
results in well-timed and rapid alterations in interposed

CN activity patterns that precede an increase in spiking
by VL thalamus neurons (Proville et al. 2014). These
recent findings align with earlier published data about
the thalamic and cortical responses evoked by cerebellar
stimulation (Moruzzi, 1950; Sakata et al. 1966; Bava
et al. 1967, 1986; Uno et al. 1970; Sasaki et al. 1972;
Rispal-Padel et al. 1973, 1987; Rispal-Padel & Latreille,
1974; Shinoda, 1985; Jörntell & Ekerot, 1999). However,
it remains an open question how CN-VL synaptic trans-
mission, which is subject to paired-pulse depression
(Uno et al. 1970; Sawyer et al. 1994; Gornati et al.
2018), and M1-L6-VL transmission interact in individual
neurons and corroborate the VL spiking patterns that are
characterized by burst-pause and tonic spiking. In more
detail, it is unclear how the pauses in the CN spiking,
which are thought to decode the timing of specific sensory
events (as reviewed byDe Zeeuw et al. 2011), can affect VL
spiking activity and how cortico-thalamic modulation of
VL membrane potential affects these supposed responses.
In the current study we investigated the interplay

between CN and M1-L6 inputs in VL neurons in an in
vitro preparation, which allows us to pharmacologically
and optogenetically manipulate the activities of these
inputs. We recorded VL membrane potentials in
whole-cell patch-clamp mode in combination with
dual-optical stimulation techniques to selectively
stimulate CN and M1-L6 axons. Our results show that
pauses in CN spiking are a determinant of VL output
and that M1-L6 inputs modulate the cerebellar induced
spiking in VL neurons, together constructing a low-pass
filter that can be fine-tuned in a timing-dependent
manner.

Methods

Contact for reagent and resource sharing

Information and requests for resources and reagents
should be directed to and will be fulfilled by the lead
contact, Freek E. Hoebeek (f.e.hoebeek@umcutrecht.nl).

Ethical approval

All experiments were performed in accordance
with the European Communities Council Directive.
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All animal protocols were approved by the Dutch
national experimental animal committee (DEC). For
all experiments Tg(Ntsr1-cre)GN220Gsat (Ntsr1-Cre) trans-
genic mice were used, which in combination with
Cre-dependent AAV constructs allows expression in
L6 neurons (Gong et al. 2007) as well as glutamatergic,
thalamus-projecting CN neurons (Houck & Person, 2015;
Dumas et al. 2019). The colony was originally purchased
from the MMRRC repository and maintained by back-
crossing with C57Bl/6OlaHsd mice. The genotype was
tested by PCR reaction using toe-tissue gathered at post-
natal days (P) 7–10. For physiology experimentsNtsr1-Cre
mice were injected with AAV-particles (see below) at P21
and for anatomical experiments at P60–P120. All animals
had ad libitum access to food and water and the total
number of animals used for this study was 66. at the
end of the experiment, the mice were anaesthetized with
isoflurane and decapitated.

Surgical procedures and viral vectors

For surgery mice were anaesthetized with isoflurane
(5% in 0.5 l/min O2 during the induction and 1.5%
in 0.5 l/min O2 for maintainance). During the surgery
the body temperature was maintained at 37°C and the
depth of the anaesthesia was controled by monitoring the
breathing frequency of the mouse. Following the systemic
application of buprenorphine (i.p. injection; 50 μg/kg
bodyweight) and local application of lidocaine (10%) on
the dorsal skin of the head, a skin incision of ∼2 cm was
made to expose dorsal skull bones and sagittal suture.
Craniotomies of 0.5–2 mm were established above the
planned injection sites. For injections to M1, 200 nl of
adeno-associated virus (AAV) was injected to each of
the following stereotaxic coordinates relative to bregma
and midline (x, y; in mm): (1) 1.5, 1; (2) 1.5, 1.25; (3)
1.5, 1.5 at −0.9 depth from the dura. For injections to
the CN, 200 nl of AAV was injected 2 mm posterior
to lambda, 2 mm lateral to the midline at a depth of
−2 mm from the dura and on the contralateral side
to M1 injections. For optical stimulation experiments,
AAV2.9-hSyn-FLEX-ChrimsonR-tdTomato (provided by
Professor Bryan Roth through the UNC vector core) and
AAV2.9-Ef1a-FLEX-ChR2(H134R)-EYFP were injected
into M1 and AAV2.9-hsyn-ChR2(H134R)-EYFP was
injected into CN (provided by Professor K. Deisseroth
through the UNC vector core). Infected neurons express
Channelrhodopsin2 (ChR2) or ChrimsonR molecules in
their cell membrane, which form cation-permeable ion
channels that are activated by 470 nm light or 470–585 nm
light, respectively (Klapoetke et al. 2014). ChR2molecules
also contain enhanced yellow-fluorescent protein (EYFP)
and ChrimsonR molecules the red-fluorescent marker
TdTomato. For all optical stimulation experiments, we

injected the motor cortex that is ipsilateral to the
recorded VL thalamus and the contralateral CN. Mice
that showed ChR2 expression in vestibular nuclei neurons
were excluded from analysis. For anterograde tracing
of CN and M1-L6 axons and identification of their
terminals we injected 200 nl of AAV constructs (chimeric
serotype 1 and 2) carrying CAG_Synaptophysin_eGFP
or CAG_Synaptophysin_mOrange (kindly provided by
Professor T. Kuner, Heidelberg University), respectively.
For retrograde tracing of VL axons projecting to M1 we
injected 1% cholera toxin subunit B (CTB).

Preparation of acute slices

Following 3—6 weeks of incubation time after the viral
injection isoflurane-anaesthetized mice were decapitated,
their brainswere quickly removed and placed into ice-cold
slicing medium containing (in mm): 93 NMDG, 93
HCl, 2.5 KCl, 1.2 NaHPO4, 30 NaHCO3, 25 glucose,
20 HEPES, 5 sodium ascorbate, 3 sodium pyruvate, 2
thiourea, 10 MgSO4, 0.5 CaCl2, 5 N-acetyl-l-cysteine
(osmolarity 310 ± 5; bubbled with 95% O2/5% CO2).
Next, 250 μm thick coronal slices including the motor
cortex (Fig. 3), cerebellum (Fig. 6) or thalamus (all other
figures) were cut using a vibratome (VT1000S; Leica
Biosystems, Nussloch, Germany). For the recovery, brain
slices were incubated for 5 min in slicing medium at
34 ± 1°C and subsequently for ∼40 min in artifical
cerebrospinal fluid (ACSF; containing in mm: 124 NaCl,
2.5 KCl, 1.25 Na2HPO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3,
and 20 d-glucose, osmolarity 310 ± 5; bubbled with
95% O2/5% CO2) at 34 ± 1°C. After recovery brain
slices were stored at room temperature for >30 min
before the experiments started to extend the longivity of
the recordings. For confirmation of the injection spots,
motor cortices and hindbrain were conserved in 4%
paraformaldehyde (PFA).

Electrophysiology and photostimulation

For all recordings, slices were bathed in 34 ± 1°C ACSF
(bubbled with 95% O2/5% CO2) and supplemented with
100 μm picrotoxin to block for GABAergic inputs, e.g.
evoked by neuronal activity in the adjacent reticular
nucleus, which was present in the thalamic slices.
Whole-cell patch-clamp recordings were performed using
an EPC-10 amplifier (HEKA Electronics, Lambrecht,
Germany) for 20–60 min and digitized at 50 kHz.
We recorded up to 3 cells per slice. Recordings were
excluded if series or input resistances (RS and RI,
respectively) varied by >25% over the course of the
experiment or if RS exceeded a maximum of 25 MΩ.
Voltage- and current-clamp recordings were performed
using borosilicate glass pipettes with a resistance of

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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3–6 M� when filled with K+-based internal (in mm:
124 potassium gluconate, 9 KCl, 10 KOH, 4 NaCl,
10 HEPES, 28.5 sucrose, 4 Na2ATP, 0.4 Na3GTP (pH
7.25-7.35; osmolarity 295 ± 5 mosmol l–1)). All recording
pipettes were supplemented with 1 mg/ml Biocytin
(Sigma-Aldrich, St Louis, USA) to allow histological
staining (see below). When necessary internal solution
was supplemented with QX-314 (10 mm, Sigma-Aldrich),
a blocker of voltage-gated Na+-channels, to prevent
escape spikes in response to photocurrents in M1 and
CN neurons. Current-clamp recordings were corrected
offline for the calculated liquid junction potential of
−10.3 mV.
Dual-optical stimulation was induced using a pE-2

(CoolLED, Andover, UK) with LED wavelengths at
470 nmand 585 nm in combinationwith a dichroicmirror
at 580 nm (filterset 15 without excitation filter, Carl Zeiss,
Jena, Germany) and a 40× objective (Carl Zeiss). Light
intensities were recorded by collecting photons across an
area of 1 cm2 (PM400 Optical Power Meter, Thorlabs,
Newton, USA) and the power was back calculated to
the area of the focal spot to determine stimulation
intensities. The photon flux was calculated by converting
the irradiance via the following formula:

N = E
(

λ10−9

hc

)
,

in which N is the number of photons, E is the
irradiation (in W/m2), λ is the wavelength (in nm),
h is the Max-Planck constant and c is the speed of
light. Full-field dual-optical stimulation with 585 nm was
applied for 15 ms with an intensity of 1.66 mW/mm2

and a photonflux of ∼4.8 × 1024 photons/ms/m2, while
stimulations at 470 nm were applied for 1 ms with
intensities ranging from 0.99–7.65 mW/mm2 (maximally
∼18.08 × 1024 photons/ms/m2). The photostimulation
resulted in maximally inducible response amplitudes
from CN and M1-L6 fibres. For the further refinement
of this optical stimulation approach we restricted blue
light to wavelengths above 460 nm (ET445/30x, Chroma
Technology, Vermont, USA) and maximal intensities of
1.3mW/mm2. To ensure that we recorded action potential
driven neurotransmitter release, a portion of the CN and
M1-L6 stimulation experiments were concluded by bath
application of 10 μm tetrodotoxin (TTX, Tocris, Bristol,
UK), an antagonist of voltage-gated sodium channels,
which completely blocked the postsynaptic responses
(data not shown).

Histology

For the histological reconstruction of the patched
neurons, the brain slices were placed in 4%
paraformaldehyde (PFA; in 0.1 m PB and pH 7.3) for

3–5 days. After rinsing the slices with 0.1 PB, they
were placed in 10 mm sodium citrate at 80°C for 3 h
and afterwards blocked for 2 h at RT (10% normal
horse serum (NHS) and 0.5% Triton-X100 in PBS).
Biocytin-filled neurons were visualized by overnight
incubation with Streptavidin-Cy5 conjugated antibody
(1:400, Jackson Immunoresearch).

Image acquisition and analysis

Widefield images and confocal images were acquired
on a LSM 700 microscope (Carl Zeiss) by using a 20×/
0.30 NA and 63×/1.4NA objective, respectively. For the
morphological reconstruction of the Synaptophysin-
mOrange and Synaptophysin-GFP labelled synapses
we used excitation wavelengths of 555 and 488 nm,
respectively. For the morphological reconstruction of
ChR2-expressing fibers, ChrimsonR-expressing fibres
and biocytine-filled, Cy5-labelled cells we used excitation
wavelengths of 488 nm, 555 nm and 639 nm, respectively.

Quantification and statistical analysis

All recording protocols (i.e. sweeps) were repeated 3–10
times and averaged for further analyses. Data analysis
was performed using Clampfit software (HEKA Electro-
nics) or custom written routines in IGOR Pro 6.21
(Wavemetrics, Lake Oswego, OR, USA). For trains of
stimuli, the peak amplitude of each evoked postsynaptic
current/potential (EPSC/EPSP) was detected relative to
baseline. To normalize the EPSC amplitudes within the
train, the amplitude of each EPSC was divided by the
amplitude of the first EPSC. During train stimulation the
current and voltage responses reached a plateau phase,
which we defined as the ‘steady state’ response period.
For calculating the average current amplitude as well as
the average postsynaptic membrane depolarization, we
calculated the responses during the last 100 ms of the
train. To determine the average spike probability during
the steady state of the train, we averaged the responses
across the last 500 ms of the stimulus train. In Figs 2 and 4
we used a 2 s-long stimulus train, while we used a 1 s-long
train in all other figures. To limit the impact of cerebellar
response variability on the spike output, we excluded
recordings in which the charge transferred from CN
terminalswas highly variable.We calculated the variability
of the charge by the coefficient of variation (CV; the ratio
of the standard deviation to the mean). VL recordings in
which the CV of the CN-evoked charge exceeded 0.2 were
excluded from the analysis (n = 2). All data were tested
for normal distribution with the Kolmogorov-Smirnov
test. For statistical comparisons Mann-Whitney-test,
Wilcoxonmatched-pairs signed rank test or Friedman test
with correction for missing values by pairwise exclusion

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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were applied. For trend analysis the Cochran Armitrage
test was applied. For statistical analyses GraphPad PRISM,
SPSS andR software packageswere used. In all datasets the
n represents the number of recorded neurons. All datasets
were corrected for multiple comparisons.

Data and software availability

Data and software codes will be made available upon
consent of the lead author (f.e.hoebeek@umcutrecht.nl).

Results

To confirm that in our preparation CN and M1-L6 inputs
converge on VL neurons that in turn project to the
primary motor cortex, we injected adeno-associated virus
(AAV) expressing constructs that fluorescently label pre-
synaptic terminals: Synaptophysin-mOrange into CN and
a mix of AAV expressing Synaptophysin-GFP and cholera
toxin-B (CTB, retrograde tracer) into M1. We found that
synapses originating fromCN andM1-L6 neurons indeed
converged within close proximity on CTB labelled VL
neurons, which innervate M1 (Fig. 1, n = 3).

To identify the cell-physiological mechanisms that
enable VL neurons to integrate CN with M1-L6 inputs
we performed whole-cell patch-clamp recordings in
acutely prepared coronal slices in Ntsr1-Cremice injected
with AAV allowing the selective optical stimulation

of CN axons (ChR2-EYFP) and/or M1-L6 axons
(flex-ChrimsonR-TdTomato). We first evaluated the
effect of optical CN stimulation on VL neurons in
acute slices of Ntsr1-Cre mice in which CN neurons
express ChR2-EYFP. For the 82 thalamic cells included
in the study, the series resistance was 11.5 ± 2.6 MΩ
and the membrane resistance was 186.2 ± 90.3 MΩ.
Upon stimulation of ChR2-expressing CN fibres with
a single 1 ms light pulse at 470 nm (Fig. 2A, B), we
recorded an EPSC of 1107 ± 849 pA carrying a charge of
4745 ± 3217 pA ms with a CV of 0.08 ± 0.04 (Fig. 2A–E,
n = 35). The evoked current was independent of the
incubation time, i.e. the time between the day of injection
and the day of recording (linear regression: r2 = 0.0045;
n = 28). Next, we stimulated the cerebellar inputs with
frequencies of 20, 35 and 50 Hz, which resulted in a
decrease of EPSC amplitudes with paired pulse ratios
of 67.3 ± 10.9% (n = 27), 59.3 ± 16.8% (n = 24) and
49.4± 19.1% (n= 35), respectively (Fig. 2F–H, Friedman
test, 20 Hz vs. 50 Hz and 35 Hz vs. 50 Hz P values <0.001,
Table 1) and steady state responses of 47.8 ± 19.0%
(n = 27), 37.4 ± 14.4% (n = 24) and 25.6 ± 13.0%
(n = 35) (Fig. 2F,G and I, Friedman test, 20 Hz vs.
50 Hz and 35 Hz vs. 50 Hz; P values <0.001, Table 1). To
evaluate how the postsynaptic responses would recover
from the depressed amplitude, we tested the impact of
a pause length between the end of the stimulus train
and the first subsequent CN stimulus. We tested pause
lengths between 50 and 2000 ms. The recovery of the
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Figure 1. Morphological evaluation of the cerebello-thalamo-cortical connectivity
A, injection spots which represent synaptophysin-mOrange expression in cerebellar nuclei and co-labelling of
synaptophysin-GFP and cholera toxin subunit B (CTB) in primary motor cortex (M1) (scale bar: 500 μm).
Synaptophysin-mOrange is represented in green and synaptophysin-GFP in red. B, the input from CN and
M1 converges within the VL nucleus and overlaps with CTB labelling (scale bar: 500 μm). C, representative
high-magnification image of a cerebellar synapse (asterisk) and M1 synapses that converge on a CTB-labelled
VL neuron (white), which in turn projects back into the same area of M1 (n = 3, scale bar: 10 μm). Abbreviations:
LatCN, lateral cerebellar nuclei; IntA, anterior interposed nucleus; Med, medial cerebellar nucleus; M1, primary
motor cortex; VL, ventrolateral thalamic nucleus. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 2. The effect of cerebellar stimulation on VL neurons
A, schematic representation of CN-VL connectivity and experimental design in a parasagittal schematic. Immuno-
fluorescent illustration of a patch-clamped neuron embedded in ChR2-expressing CN fibres taken from a coronal
section (green, scale bar: 50 μm). B, example trace illustrating the optogenetically evoked response (1 ms, 470 nm)
in a VL neuron. C–E, the amplitude (C), charge (D), and coefficient of variation (CV) of the charge (E) for CN-evoked
EPSCs. F, example traces depicting CN-evoked responses to 20, 35 and 50 Hz stimulus trains of 2 s followed sub-
sequently by a single 100 ms pause and a single CN stimulus. G, normalized steady state (ss) depression evoked
by 20, 35 and 50 Hz stimulus train of 1 s. H and I, the paired pulse ratio (H, PPR) and ss current (I), evoked by train
stimulation with 470 nm at 20, 35 and 50 Hz. J, the example trace depicts the time-dependent recovery of the
compound cerebellar event, which is quantified in K. L, the recovery of the CN-evoked response in VL neurons after
100 ms pause was independent of frequency.M, the resting membrane potential (Vm) of VL neurons is quantified.
The thalamic burst response after cerebellar stimulation and at resting potential (V0) is shown in the example trace
in N, and quantified in O. P, example trace of VL responses to 50 Hz stimulation followed by 100 or 200 ms pauses
at V0. Q, spike probability during the steady state (ss), i.e. the last 500 ms of the stimulus train, at 20 Hz and
50 Hz. R, number of spikes evoked by single pulse CN stimulus after the extended pause following the stimulus
train. All error bars represent standard deviation (SD) except for panel G, in which error bars represent standard
error of the mean (SEM) for illustrative purposes. ‘ns’ indicates not significant and asterisks indicate significance
level: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 1. Statistical analysis for all data in Fig. 2

Panel Unit Mean ± SD Normal
distribution

Pairing Test applied P value n

C Amplitude (pA) 1107.0 ± 849.0 No NA NA NA 35
D Charge (pa ms) 4745.0 ± 3217.0 Yes NA NA NA 35
E CV 0.076 ± 0.045 Yes NA NA NA 35
H Paired pulse ratio

(PPR) (%)
20 Hz: 67.3 ± 10.9
35 Hz: 59.3 ± 16.8
50 Hz: 49.4 ± 19.1

Yes
Yes
Yes

No
No
No

Friedman test,
Bonferroni
correction for
multiple
comparisons

20 Hz vs. 35 Hz = 0.789
20 Hz vs. 50 Hz ≤0.001
35 Hz vs. 50 Hz ≤0.001

27
24
35

I Steady state (%) 20 Hz: 47.8 ± 19.0
35 Hz: 37.8 ± 14.4
50 Hz: 25.6 ± 13.0

No
Yes
Yes

No
No
No

Friedman test,
Bonferroni
correction for
multiple
comparisons

20 Hz vs. 35 Hz = 0.262
20 Hz vs. 50 Hz ≤0.001
35 Hz vs. 50 Hz ≤0.001

27
24
35

K Recovery (%) 50 ms: 42.1 ± 17.1
100 ms: 47.7 ± 14.7
200 ms: 52.9 ± 13.8
400 ms: 65.9 ± 18.8
800ms: 64.5 ± 13.4
2000 ms: 84.2 ± 7.9

Yes
Yes
Yes
Yes
Yes
Yes

No
No
No
No
No
No

Single
Exponential fit

Y0: 39.7
Plateau: 81.9
Tau: 524.4
R2: 0.38

12
11
12
12
6
5

L Recovery (%) 20 Hz: 49.2 ± 13.5
35 Hz: 47.4 ± 12.7
50 Hz: 47.7 ± 12.6

Yes
Yes
Yes

No
No
No

Friedman test,
Bonferroni
correction for
multiple
comparisons

0.324 25
21
28

M Resting potential
(mV)

−73.6 ± 3.80 No NA NA NA 82

O No. spikes 2.24 ± 2.16 No NA NA NA 26
Q Steady State spike

probability
20 Hz: 0.20 ± 0.38
50 Hz: 0.15 ± 0.32

No
No

Yes
Yes

Wilcoxon signed
rank test

0.0625 25
25

R No. spikes
post-pause (at
resting
potential)

50 ms: 0.15 ± 0.35
100 ms: 0.28 ± 0.42
200 ms: 1.39 ± 1.96
400 ms: 2.43 ± 2.43

No
No
No
Yes

Yes
Yes
Yes
Yes

Friedman test,
Bonferroni
correction for
multiple
comparisons

50 ms vs. 100 ms = 1.0
100 ms vs. 200 ms = 1.0
50 ms vs. 200 ms = 1.0
50 ms vs. 400 ms =

0.171
200 ms vs. 400 ms =

0.602
100 ms vs. 400 ms =

0.019

15
19
18
14

cerebellar EPSC amplitude evoked by 50 Hz stimulus
train was best fitted by a single exponential fit (Fig. 2J–K,
R2 = 0.38, plateau = 81.9%, tau = 524.4 ms, Table 1).
We also tested whether the recovery from a pause of
100 ms was dependent on the stimulus train frequency.
The CN-evoked response after 100 ms pauses were not
significantly different between the recordings in which
20, 35 or 50 Hz stimulus trains were used (Fig. 2L, 20 Hz:
49.2± 13.5%, n= 25; 35 Hz: 47.4± 12.7%, n= 21; 50 Hz:
47.7 ± 12.6%, n = 28; Friedman test, P = 0.324, Table 1).

In current clamp, VL neurons showed a resting
membrane potential of −73.4 ± 3.8 mV (n = 82, Fig. 2M,
Table 1). Upon optical CN stimulation 13 VL neurons

responded with an initial burst of 2.24 ± 2.16 action
potentials, 9 VL neurons fired a single action potential or
less and 4 did not fire an action potential in this setting
(Fig. 2N andO). Following the initial response the spiking
probability reached a steady state value of 0.20 ± 0.38
spikes per stimulus during the last 500 ms of the 20 Hz
stimulus train and 0.15 ± 0.32 spikes per stimulus during
the last 500 ms of the 50 Hz stimulus trains (Fig. 2P and
Q; P= 0.0625, Wilcoxon signed-rank (WCR) test, n= 25,
Table 1). We investigated whether the spiking probability
of VL neurons can be affected by implementing a pause
after the CN stimulus train. We recorded the responses to
a single CN stimulus after a pause of 50, 100, 200 or 400ms

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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and found that increasing the pause length increased
the number of action potentials (Fig. 2R; 0.15 ± 0.35,
0.28 ± 0.42, 1.39 ± 1.96 and 2.43 ± 2.43 respectively;
Friedman test, 100 ms vs. 400 ms: P = 0.019, n = 19 and
n = 14, respectively; Table 1). These data show that the
spiking probability of VL neurons can be modulated by
both the frequency during the CN stimulus train and by
the duration of the pause between the end of train and the
subsequent CN stimulus.
To decipher how fluctuations in membrane potential

affect responses of VL neurons to CN stimulus trains,
we injected depolarizing currents while stimulating ChR2
expressing CN fibres at 50 Hz (Fig. 3A). With increasingly
depolarized membrane potentials, the number of action
potentials fired upon the first CN-stimulus decreased, but
the spike probability following CN stimulation during the
steady state increased (Fig. 3B and C; number of action
potentials upon 1st stimulus: 3.00 ± 2.03 at −85 mV
and 1.20 ± 0.82 at −60 mV; steady state: 0.11 ± 0.27 at
−85 mV and 0.37 ± 0.39 at −60 mV, Cochran-Armitrage
test: P < 0.0001 and 0.03267; n = 22 and 20, respectively;
Table 2). In a next step, we focus on thalamic cells in
which cerebellar stimulation induces subthreshold spiking
patterns and evaluate how 100 ms and 200 ms pauses as
well as shifts in membrane potential affect the thalamic
spike output. We found that pauses of 200 ms increase
the thalamic spike output at resting and hyperpolarized
potentials while depolarized potentials equalized that
effect. In more detail, at potentials of −70 mV a pause
of 200 ms significantly increased thalamic spiking when
compared to responses during steady state (number of
action potentials: 0.35 ± 0.49 at steady state; 0.62 ± 0.42
after 100 ms pause; 2.08 ± 1.52 after 200 ms pause,

200 ms vs. steady state: P = 0.0201, n = 9, Friedman test;
Fig. 3D, Table 2). We found a similar effect at −75 mV,
in that a pause of 200 ms results in significantly increased
number of spikes compared to responses during steady
state and after 100ms pauses (number of action potentials:
0.49 ± 0.52 at steady state, 0.50 ± 0.0.44 after 100 ms
pause and 2.18 ± 1.30 after 200 ms pause; steady state vs.
200 ms: P = 0.0121, 100 ms vs. 200 ms: P = 0.0179, n = 8;
Friedman test, Fig. 3D, Table 2). Both at more hyper-
polarized (−80 mV) and depolarized potentials (−65 mV
and −60 mV) the effects of a pause in the 50 Hz CN
stimulation train were not significant (all P values>0.456;
Friedman test, Fig. 3D, Table 2).
In a next step, we tested the responses of VL

neurons to optical stimulation of layer 6 pyramidal
cells in the primary motor cortex (M1-L6). We
infected M1-L6 neurons in Ntsr1-Cre mice with
flex-ChrimsonR-TdTomato and to further investigate
the short-term synaptic response patterns of M1-L6 and
CN inputs, we applied train stimuli (Fig. 4A). After one
second of 10 or 20 Hz stimulation at 585 nm the M1-L6
EPSCs increased from 26.4 ± 19.7 pA to 75.4 ± 73.6 pA
at 10 Hz and from 31.9 ± 31.7 pA to 99.8 ± 114.9 pA
at 20 Hz (Fig. 4B–E; WCR test, P < 0.0001 for 10 Hz
(n = 30) and 20 Hz (n = 39); Table 3), corresponding to
258.8 ± 118.8% and 242.8 ± 138.4% of initial amplitudes,
respectively. We then evaluated the effect of M1-L6 on
the depolarization of the thalamic membrane potential
(Fig. 4F). On average, optical stimulation of M1-L6 fibres
with 585 nm pulses of 15 ms at 10 Hz resulted in a
steady state depolarization of 3.3 ± 1.6 mV (Fig. 4G–I;
range 0.5–5.5 mV), which shifted the average membrane
potential from −72.8 ± 1.8 mV to −69.1 ± 3.1 mV
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Figure 3. Fluctuations in membrane potential affect VL spike output after cerebellar stimulation
A, example showing VL responses to 50 Hz CN stimulus trains (1 ms 470 nm, in absence of ChrimsonR-expression)
and a subsequent 100 or 200 ms pause followed by a single CN stimulus. The increasing membrane potential
(indicated by different colours) reduces the number of action potentials fired upon the first CN stimulus (B) and
enhances the spike probability in the steady state (ss) (C). D, across membrane potentials, the average number of
spikes increased after a pause of 100 and 200 ms compared to ss values. All error bars represent SD. ∗P < 0.05.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Table 2. Statistical analysis for all data in Fig. 3

Panel Unit Mean ± SD Normal
distribution

Pairing Test applied P value n

B No. spikes −85 mV: 3.00 ± 2.03
−80 mV: 2.55 ± 1.97
−75 mV: 2.01 ± 1.87
−70 mV: 1.64 ± 2.07
−65 mV: 1.29 ± 1.37
−60 mV: 1.20 ± 0.82

Yes
Yes
No
No
No
No

No
No
No
No
No
No

Cochran
Armitrage trend
test

= 0.0001 20
22
25
21
21
20

C Steady state
spike
probability

−85 mV: 0.11 ± 0.27
−80 mV: 0.09 ± 0.23
−75 mV: 0.17 ± 0.36
−70 mV: 0.16 ± 0.35
−65 mV: 0.28 ± 0.36
−60 mV: 0.37 ± 0.39

No
No
No
No
No
No

No
No
No
No
No
No

Cochran
Armitrage trend
test

= 0.03267 20
22
25
21
21
20

D No. spikes −85 mV ss: 0.32 ± 0.39
−85 mV 100 ms:
1.23 ± 1.63

−85 mV 200 ms:
2.48 ± 2.35

−80 mV ss: 0.33 ± 0.37
−80 mV 100 ms:
0.45 ± 0.39

−80 mV 200 ms:
2.60 ± 1.73

−75 mV ss: 0.49 ± 0.52
−75 mV 100 ms:
0.50 ± 0.44

−75 mV 200 ms:
2.18 ± 1.30

−70 mV ss: 0.35 ± 0.49
−70 mV 100 ms:
0.62 ± 0.43

−70 mV 200 ms:
2.09 ± 1.52

−65 mV ss: 0.53 ± 0.43
−65 mV 100 ms:
0.49 ± 0.50

−65 mV 200 ms:
1.30 ± 1.34

−60 mV ss: 0.55 ± 0.43
−60 mV 100 ms:
0.67 ± 0.39

−60 mV 200 ms:
1.16 ± 1.25

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Friedman test −85 mV: = 0.0505, ss vs.
100 ms: >0.9999, ss
vs. 200 ms: = 0.0693,
100 ms vs. 200 ms: =
0.5443;

−85 mV: = 0.0327, ss vs.
100 ms: >0.9999, ss
vs. 200 ms: = 0.0911,
100ms vs. 200 ms: =
0.0911;

−75 mV: = 0.0009, ss vs.
100 ms: >0.9999, ss
vs. 200 ms: = 0.0121,
100 ms vs. 200 ms: =
0.0121;

−70 mV: = 0.0017, ss vs.
100 ms: >07158, ss vs.
200 ms: = 0.0201,
100 ms vs. 200 ms: =
0.3765;

−65 mV: = 0.4599, ss vs.
100 ms: >0.9999, ss
vs. 200 ms: >0.9999,
100 ms vs. 200 ms:
>0.9999;

-60 mV: = 0.5303, ss vs.
100 ms: >0.9999, ss
vs. 200 ms: >0.9999,
100 ms vs. 200 ms:
>0.9999

7
7
7
6
6
6
8
8
8
9
9
9
9
9
9
9
9
9

(Fig. 4I;WCR test, P= 0.0039, n= 9; Table 3). Stimulation
at 20 Hz induced a depolarization of 3.5 ± 2.1 mV
(Fig. 4G–I; ranging from 0.4 mV to 7.2 mV), resulting
in a membrane potential shift from −72.5 ± 1.8 mV to
−68.4 ± 3.5 mV (WCR test, P = 0.0005, n = 17; Table 3).
To confirm the facilitating response pattern of layer 6
inputs from M1, we expressed AAV-DIO-ChR2-EYFP in
Ntsr1-Cremice. With this construct optical stimulation at
20 Hz also induced a facilitating postsynaptic responses

in VL neurons, albeit with a stronger depolarizing effect
(average steady state EPSP amplitude 10.9 ± 5.3 mV;
ranging from 6.4 mV to 16.7 mV; shift in membrane
potential from −69.3 ± 1.9 mV to −57.7 ± 3.9 mV,
n= 3), confirming the modulatory role of L6 input on VL
neurons.
Furthermore, we aimed to prove that in our

preparation both CN and M1-L6 inputs converge
onto single VL cells. Therefore we recorded VL

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Table 3. Statistical analysis for all data in Fig. 4

Panel Unit Mean ± SD Normal
distribution

Pairing Test applied P value n

D Amplitude
(pA)

10 Hz 1st: 26.4 ± 19.7
10 Hz Steady state: 75.4 ± 73.6

No
No

Yes Wilcoxon signed-rank
test

≤0.0001 30

20 Hz 1st: 31.9 ± 31.7
20 Hz Steady state: 99.8 ± 114.9

No
No

Yes Wilcoxon signed-rank
test

≤0.0001 39

E Amplitude (%) 10 Hz: 258.8 ± 118.8
20 Hz: 242.8 ± 138.4

No
No

No Mann Whitney test 0.3934 30
39

H Vm (mV) 10 Hz rest: −72.8 ± 1.8
10 Hz Steady state: −69.1 ± 3.1

Yes
Yes

Yes Wilcoxon signed-rank
test

0.0039 9

20 Hz rest: −72.5 ± 1.8
20 Hz Steady state: −68.4 ± 3.5

Yes
Yes

Yes Wilcoxon signed-rank
test

0.0005 17

I Amplitude
(mV)

10 Hz: 3.3 ± 1.6
20 Hz: 3.5 ± 2.1

Yes
Yes

No Mann Whitney test 0.7464 9
17

responses following dual optical stimulation of
AAV-ChR2-EYFP-expressing CN fibres at 470 nm
and AAV-flex-ChrimsonR-TdTomato-expressing M1-L6
fibres at 585 nm in Ntsr1-Cre mice (Klapoetke et al.
2014; Hooks et al. 2015). In this experimental setup,
ChR2-expressing CN axons are solely excited by 470 nm
light pulses, but ChrimsonR-TdTomato-expressing
M1-L6 axons are sensitive to stimulation at 470 nm
and 585 nm. To avoid potential cross-talk we used

prolonged stimulation at 585 nm to desensitize
ChrimsonR-TdTomato-expressing motor cortical
fibres to stimulation at 470 nm (Hooks et al.
2015). To ensure exclusive stimulation of M1-L6
or CN fibres, we first evaluated photocurrents of
ChrimsonR-TdTomato-expressing M1-L6 neurons
(Fig. 5A–D). For our optical stimulation approach we
used pulses of 1 ms at 470 nm and 1, 15 and 200 ms
at 585 nm, which corresponded to photonfluxes of
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Figure 4. M1-L6 neurons modulate VL membrane potential
A, schematic representation of the optical stimulation approach by expressing ChrimsonR-TdTomato (Chrimson) in
M1-L6 in Ntsr1-Cre transgenic mice. B–E, optical stimulation with 15 ms, 585 nm light pulses selectively activated
M1-L6 fibres and result in an increased EPSC amplitude during the steady state (ss) of the stimulus trains of 10
and 20 Hz compared to the first stimulus (1st). E, the ss facilitation of M1-L6 inputs to VL neurons is not different
between 10 and 20 Hz stimulus trains. F–I, same as for B–E, but in current-clamp condition: example traces (F) and
average membrane depolarizations evoked by 10 and 20 Hz (G and H) M1-L6 stimulus trains (15 ms, 585 nm). I,
the ss facilitation of M1-L6 inputs to VL neurons is not different between 10 and 20 Hz stimulus trains. V0 indicates
−73 mV for these example traces. ∗∗P< 0.01 and ∗∗∗P< 0.001. Error bars in C and G represent SEM for illustrative
purposes and error bars in E and I represent SD. [Colour figure can be viewed at wileyonlinelibrary.com]
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18.08 × 1024 photons/ms/m2 for 1 ms at 470 nm and
4.8 × 1024 to 960 × 1024 photons/ms/m2 for 1 to
200 ms at 585 nm, respectively (Fig. 5E). We found
that the photocurrents evoked by stimulation at 585 nm
maximized at 15 ms (1 ms 585 nm: 251.5 ± 119.0 pA,
15 ms 585 nm: 938.8 ± 419.5 pA, 200 ms 585 nm:
1094.0 ± 302.0 pA; n = 8 for all groups; Fig. 5E and
F; Table 4). In these recordings, we found that 1 ms
stimulation at 470 nm evoked 636.5± 356.2 pA of current.
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Figure 5. Photosensitivity of ChrimsonR-TdTomato-expressing
M1-L6 neurons
A, schematic illustration of ChrimsonR expression and patch-clamp
recording from ChrimsonR-TdTomato-expressing M1-L6 neurons. B,
layer 6 specific expression of ChrimsonR-TdTomato in motor cortex
of Ntsr1-Cre mice. (inset: high-magnification image of injection spot;
scale bar: 200 μm). C and D, representative recordings of the
photo-response from ChrimsonR-TdTomato-expressing M1-L6
neurons after stimulation with 1, 15 and 200 ms light at 585 nm
and 1 ms at 470 nm, when recorded in voltage-clamp (VC) (C), and
at resting potential (V0) in current clamp (CC) (D). To independently
excite cerebellar synapses in thalamic slices (see Figs 6 and 7), the
M1-L6 neuron was desensitized to light at 470 nm by applying a
200 ms stimulation at 585 nm, following which a 1 ms stimulus at
470 nm failed to evoke an action potential in M1-L6 neurons (square
in right panel of D). V0 indicates −71 mV for these example traces. E
and F, pulses of 1, 15 and 200 ms at 585 and 1 ms at 470 nm with
corresponding photon fluxes (E), resulted in photocurrents that
maximized in response to 15 ms of 585 nm (F). The photocurrent in
response to 1 ms stimulation at 470 nm is significantly decreased
after 200 ms pre-stimulation at 585 nm (F). G, these photocurrents
induced AP firing after stimulation at 585 nm and 470 nm, but the
dual-optical stimulation protocol prevents AP firing in M1-L6 neurons
upon co-stimulation by 585 nm and 470 nm. ∗P < 0.05. Error bars
represent SD. [Colour figure can be viewed at wileyonlinelibrary.com]

Wewere able to confirm the efficacy of the desensitization
protocol, in that after 200 ms pre-stimulation at 585 nm,
the additional current evoked by 1 ms stimulation at
470 nm is significantly decreased to 52.5 ± 35.0 pA
(Fig. 5F, Kruskal-Wallis test, P < 0.05, n = 8; Table 4).
These maximal photocurrents induced action potential
firing in ChrimsonR-TdTomato-positive M1-L6 neurons
(spiking probability at 1 ms 585 nm: 0.75 ± 0.46, n = 8;
15 ms 585 nm: 1.0 ± 0.0, n = 6; 200 ms 585 nm:
1.0 ± 0.0, n = 8; 1 ms 470 nm: 0.80 ± 0.45, n = 5),
except when a 200 ms 585 nm pulse preceded the
1 ms 470 nm (0.0 ± 0.0, n = 8, Kruskal-Wallis test,
P < 0.05; Table 4). In addition, we desensitized the
ChrimsonR-TdTomato-expressing M1-L6 neurons to
470 nm light by applying a pre-stimulation pulse for
200 ms at 585 nm, which saturates motor cortical
photocurrents and prevents spike induction upon the
subsequent 470 nm light pulse (Fig. 5F and G; Hooks
et al. 2015; Klapoetke et al. 2014). This dual-optical
stimulation protocol prevents action potential firing in
M1-L6 neurons upon co-stimulation with light at 585 nm
and 470 nm. As a final control, we assessed the kinetics of
the ChrimsonR photocurrent to determine the maximal
stimulation frequency we can apply to thalamic slices
(Fig. 2). Therefore, we measured the channel closing
rate (‘tau off’) of ChrimsonR after 15 ms illumination
at 585 nm, which at maximal stimulation intensity was
13.1 ± 1.2 ms, indicating that 20 Hz photostimulation is
feasible.
To ensure that the wavelengths of our optical

stimulation allow the selective stimulation of
ChR2-EYFP-expressing CN axons by 470 nm but not
by 585 nm, we set out to record photocurrent and spike
probabilities in ChR2-EYFP-expressing CN neurons
evoked by these wavelengths (Fig. 6A–H). Stimulation
pulses of 15 ms at 585 nm, 200 ms at 585 nm, 1 ms

at 470 nm and the dual-optical stimulation protocol
(200 ms 585 nm followed by 1 ms 470 nm) induced a
maximal photocurrent of 24.9 ± 23.2 pA, 42.8 ± 29.8 pA,
683.9 ± 361.5 pA and 712.0 ± 364.3 pA, respectively
(n= 7 for all groups; Fig. 6I; Table 5). The decay (‘tau off’)
of the ChR2 photocurrent was 8.5 ± 2.5 ms for 1 ms at
470 nm and 8.6 ± 2.5 ms for 1 ms light at 470 nm pre-
ceded by 200 ms at 585 nm (n = 7 for all groups; Fig. 6J;
Table 5). As expected, the optical stimulation at 585 nm
did not induce action potential firing (15 ms and 200 ms:
0% ± 0%), while stimulation with 1 ms at 470 nm as well
as the dual stimulation protocol (200 ms 585 nm and 1ms
470 nm) induced spiking in 80% ± 45% of the neurons
(n = 5 for all groups; Fig. 6K; Table 5). To investigate
whether the closing kinetics of ChR2 and their dark-state
behaviour at the intended stimulus duration of 1 ms
allows reliable stimulation with 50 Hz, we compared the
relative change in photocurrent during a 50 Hz stimulus
train of 1 ms light pulses at 470 nm with and without

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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co-stimulation at 585 nm (Fig. 6L and M). We recorded
no significant difference between the photocurrents at the
beginning and end of the stimulus train (1st stimulus:
487.4± 352.4 pA; last stimulus: 486.2± 339.1 pA; Fig. 6M;
WCR test, P > 0.99, n = 5; Table 5). These data show
that stimulation at 585 nm does not induce spiking in CN
neurons, while stimulation with short pulses of 1 ms at
470 nm induces strong photocurrents that do not depress
at 50 Hz and reliably trigger action potentials.
Wenext applied our dual optical stimulation protocol to

independently activate ChrimsonR-TdTomato-expressing
M1-L6 fibres and ChR2-EYFP-expressing CN fibres in
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Figure 6. Photosensitivity of ChR2-EYFP-expressing CN
neurons
A, schematic illustration of injection strategy and patch-clamp
recording from ChR2-EYFP-expressing CN neurons. B, ChR2
expression in CN (scale bars: 500 μm). C–H, representative
recordings of the photo-response from ChR2-expressing CN neurons
after stimulation with 15 ms light at 585 nm (C), 1 ms light at
470 nm (D), and 200 ms light at 585 nm followed by 1 ms at
470 nm (E), when recorded in voltage clamp (VC) (C–E), and at
resting potential (V0 = −70 mV) in current clamp (F–H). I–K,
quantification of the photocurrent (I) the decay (tau off) of the
photocurrent (J), as well as the induced spike probabilities (K). L,
representative recording of the photocurrent during stimulation with
50 Hz at 470 nm. M, the optical stimulation at 50 Hz reliably elicits
inward currents, in that the peak current after first (1st) and last (last)
stimulus in the train is stable. ‘ns’ indicates not significant. Error bars
represent SD. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 6. Statistical analysis for all data in Fig. 7

Panel Unit Mean ± SD Normal
distribution

Pairing Test applied P value n

D Amplitude (pA) CN: 688.4 ± 691.8
M1-L6: 89.7 ± 130.0

No
No

Yes Wilcoxon signed-rank test ≤0.0001 28

E Charge (pA ms) CN: 3308.0 ± 3746.0
M1-L6: 888.5 ± 1457.0

No
No

Yes Wilcoxon signed-rank test 0.0012 28

E CV CN: 0.16 ± 0.18
M1-L6: 0.19 ± 0.21

No
No

Yes Wilcoxon signed-rank test 0.6406 28

thalamic slices and evaluated the individual postsynaptic
responses (Fig. 7A–E). For M1-L6 stimulation we used a
20 Hz stimulus train of 15 ms pulses at 585 nm and found
that the EPSC amplitudes increased from 18.6 ± 21.3 pA
to a steady state value of 89.7 ± 130.0 pA. The sub-
sequent single pulse stimulation of 1 ms at 470 nm of CN
fibres (following a 200 ms pulse of 585 nm) evoked an
EPSC of 688.4 ± 691.8 pA, which contrasts with M1-L6
responses (WCR test CN vs.M1-L6 facilitated, P< 0.0001,
n = 28; Fig. 7C–E; Table 6). As we activate the full
population of CN and M1-L6 inputs synchronously, we
analysed the charge and its CV to determine for variability
of the multi-synaptic inputs. The total charge transferred
was 888 ± 1457 pA ms for M1-L6 after the last 1 ms
stimulus at 585 nm in the 1 s lasting train at 20 Hz and
3308 ± 3746 pA ms for the subsequent single pulse of
470 nm that selectively activated CN terminals (Fig. 7E;
WCR test CN vs. M1-L6 facilitated, P < 0.0012, n = 28;
Table 6). Despite this significant difference in total charge
transferred, the variability was not different (CV M1-L6
charge: 0.19 ± 0.21; CV CN charge: 0.16 ± 0.18; Fig. 7E;
WCR test, P = 0.6406, n = 28; Table 6).
In order to investigate the convergence of postsynaptic

responses evoked CN and M1-L6 inputs in more detail,
we adapted our optical stimulation protocol to allow
co-stimulation of CN and M1-L6 inputs. Therefore we

use the initial dual optical stimulation protocol to identify
thalamic cells that are exclusively innervated by motor
cortical or cerebellar fibres as well as thalamic cells that
receive both inputs (Fig. 8A). In a next step we want to
further limit the responsiveness of Chrimson-expressing
motor cortical fibres to blue stimulation by limiting the
light pulses to wavelengths up to 460 nm and mini-
mizing the corresponding light intensity. Next, we use
excitation with 20 Hz stimulus trains with 1 ms pulses
of light at 460 nm as well as 15 ms pulses at 585 nm to
show that motor cortical fibres are exclusively activated
after stimulation at 585 nm. During the last 500 ms
of the stimulus train, 20 Hz stimuli at 585 nm evoked
significantly more current than at 460 nm, with the latter
evoking practically no current (Fig. 8B and C; 20 Hz
585 nm: 68.0 ± 37.3 pA, 20 Hz 460 nm: 6.8 ± 4.7 pA,
n = 8, WCR test, P = 0.0078, Table 7). The same
amplitude difference was found for CN stimulation, in
that at 460 nm 1 ms pulses evoked a significantly bigger
response than 15 ms pulses at 585 nm, with the latter
stimulus evoking practically no response (Fig. 8D and
E; 20 Hz 585 nm: 6.6 ± 5.7 pA, 20 Hz 460 nm:
539.1± 468.4 pA, n= 11, WCR test, P= 0.0010, Table 7).
We identified VL neurons of which both CN and M1-L6
inputs responded to optical stimulation, i.e. neurons that
showed a facilitating response to 585 nm train stimulation
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Figure 7. Physiological convergence of CN and M1-L6 in motor thalamus
A, schematic representation of the dual-optogenetic stimulation approach by expressing ChrimsonR-TdTomato
(Chrimson) in M1-L6 and ChannelRhodopsin2-EYFP (ChR2) in CN in Ntsr1-Cre transgenic mice. B, fluorescent
images of ChrimsonR-TdTomato-positive M1-L6 fibres (red), ChR2-EYFP-positive CN fibres (green) and a
biocytin-filled VL neuron (white; scale bars: 100μm). C, representative VL recording during 20 HzM1-L6 stimulation
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(D), and the charge and the coefficient of variation (CV) of the charge evoked by M1-L6 and CN stimuli (E). ‘ns’
indicates not significant, ∗∗P < 0.01 and ∗∗∗P < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society



J Physiol 599.7 Cerebello-cerebral integration in motor thalamus 2069

and a depressing response to 460 nm train stimulation.
In these dually connected neurons we set out to pair the
460 nm and 585 nm stimuli (Fig. 8F). We found that the
postsynaptic currents induced by co-stimulating motor
cortical and cerebellar afferents resulted in a summation
of the motor cortical and the cerebellar inputs at the
soma. To quantify the summation of both compound
responses, we quantified the accumulation of the total
charge during the steady state of the stimulation (Fig. 8G;
M1-L6: 28.6 ± 27.9 nA × ms, CN: 37.9 ± 31.5 nA ms,
CN plus M1-L6: 52.3 ± 42.1 nA ms, n = 13, Friedman
test, P = 0.0004, Table 7). When motor cortical fibres
were co-activated with cerebellar stimulation, the steady
state spike probability after pulses with 20 Hz was

increased to 0.45 ± 0.47 spikes compared to 0.23 ± 0.39
spikes (Fig. 8H-J, n = 14, WCR test, P = 0.0078,
Table 7) after activating cerebellar fibres exclusively. These
data indicated that indeed the co-activation of M1-L6
modulates the spiking probability of VL neurons in
response to CN stimulus trains.

Discussion

Here we show that cortical projections from M1-L6
evoke facilitating postsynaptic responses in VL neurons
that modulate the membrane potential at the sub-
threshold level, whereas the cerebellar inputs from
CN elicit responses sufficient to induce thalamic spiking.
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light pulses evoked EPSCs with decreasing amplitude. The inset illustrates the accumulation of both currents in
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in G. H, example traces illustrating that co-stimulation of motor cortical afferents can shift the cerebellar induced
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Table 7. Statistical analysis for all data in Fig. 8

Panel Unit Mean ± SD Normal
distribution

Pairing Test applied P value n

C Amplitude (pA) 585 nm: 68.0 ± 37.3
460 nm: 6.8 ± 4.7

No
No

Yes Wilcoxon signed-rank
test

0.0078 8

E Amplitude (pA) 460 nm: 539.1 ± 468.4
585 nm: 6.6 ± 5.7

No
No

Yes Wilcoxon signed-rank
test

0.0010 11

G Steady state
Charge
(nA∗ ms)

M1-L6: 28.6 ± 27.9
CN: 37.9 ± 31.5
CN&M1-L6:
52.3 ± 42.1

Yes
No
Yes

Friedman test M1 vs. CN: 0.5094
M1 vs. CN±M1: 0.0324
CN vs. CN±M1: 0.0003

13
13
13

J Spike probability CN: 0.23 ± 0.39
CN&M1-L6:
0.45 ± 0.47

No
No

Yes Wilcoxon signed-rank
test

0.0078 14
14

Our in vitro data reveal that attenuated responses to
cerebellar stimulation in VL thalamic neurons are
restored after a brief pause in the stimulus train. The
modulation of the membrane potential of VL neurons
by M1-L6 in effect also controls the VL spiking, in
that their probability to fire following repetitive CN
stimulation was higher at depolarized levels. Accordingly,
an increase in membrane potential depolarization
dampened the differences between initial and steady
state responses of VL neurons when CN input was
paused for 100–200 ms. This synergistic modulation of
both inputs enables the motor thalamus to operate as a
low-pass filter, in which a response to the high-frequency
cerebellar input can be adapted based on motor cortical
feedback.
In the thalamus the transfer of subcortical inputs

to the motor cortex is dictated by the state of the
thalamic membrane potential (Jahnsen & Llinas, 1984a;
McCormick & Bal, 1997; Mease et al. 2014). Our findings
show that repetitive stimulation of M1-L6 fibres induces
short-term facilitation of postsynaptic responses in VL,
which allows these modulatory inputs to depolarize the
thalamic membrane potential, albeit below the threshold
for action potential initiation. A previous report on
synaptic connectivity between M1-L6 and VL reported
the responses to single pulse stimulation to be remarkably
weak or absent compared to the impact of M1-L6 neurons
on other thalamic nuclei (Yamawaki & Shepherd, 2015).
Still, the repetitive stimulation protocol in the current
study revealed facilitating response patterns irrespective
of whether the ChR2 or ChrimsonR construct was
expressed.
The output of layer 6 neurons of the motor cortex

probably affects the membrane potential of thalamic VL
neurons by activating their t-type calcium channels. Their
activation in turn allows the thalamic cells to fire the
characteristic low threshold calcium spike (LTS) and the
burst of action potentials (Jahnsen & Llinas, 1984a,b) that

we typically found in response toCN stimulation (Fig. 3F).
The degree of t-type channel de-inactivation is time- and
voltage-dependent and determines the number of spikes
transferred within a burst (Jahnsen & Llinas, 1984a) and
thereby the timing of thalamic spiking (Wolfart et al.
2005; Mease et al. 2014, 2017). In our data we found that
the membrane potential level, which we modulated using
somatic current injections or by selective activation of
M1-L6 axons, indeed modulated the number of action
potentials that a singleCN stimulus evoked inVLneurons,
which is in accordance with the previous findings from
the visual thalamo-cortical system (McCormick & Von
Krosigk, 1992).
In addition to the responses to single CN stimuli,

we also investigated the responses of VL neurons to
high-frequency CN stimulus trains. In various in vitro
and in vivo experimental settings it has been shown
that CN neurons can fire continuously up to 100 Hz or
higher (Antziferova et al. 1980; Armstrong&Edgley, 1984;
Raman et al. 2000; Hoebeek et al. 2010; Ohmae et al. 2013;
Ten Brinke et al. 2017). Our dual-optogenetic patch-clamp
approach permitted us to synchronously activate the full
population of cerebellar fibres at a maximum of 50 Hz
(Klapoetke et al. 2014). Despite this limitations, we were
able to investigate how the CN-evoked responses in VL
neurons altered after brief pauses in the stimulus train.
We found that the responses rapidly recovered from
the paired-pulse depression and increased the number
of action potentials evoked by CN stimuli. These data
suggest that spike coding of thalamic neurons that project
to motor cortex depends on the recovery of synaptic
depression and de-inactivation of t-type calcium channels
during a pause in high-frequency CN spiking. Our
findings in the motor system are in line with previous
reports on the impact of conjunctive activation of sub-
cortical and cortical driver inputs in sensory and visual
thalamus (Hoogland et al. 1991; Groh et al. 2008, 2013;
Bickford et al. 2015).

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society



J Physiol 599.7 Cerebello-cerebral integration in motor thalamus 2071

The low-pass filter function within VL suggests
that the paired-pulse depression characteristic of the
cerebello-thalamic synapses transforms high-frequency
cerebellar spiking patterns into a low-frequency thalamic
spiking pattern that, upon pauses in cerebellar spiking,
which release the synapses from paired-pulse depression,
shows a peak in spiking probability. In addition, our
co-stimulation experiments, in which we combined
M1-L6 with CN optical stimulation, revealed that
synaptic transmission from M1-L6 pyramidal cells
onto VL neurons modulates the impact of the synaptic
transmission from CN neurons and can increase the
spiking probability evoked by individual CN stimuli
during a stimulus train, restoring the effect of CN-VL
paired-pulse depression (Fig. 8J). Thereby our results
indicate that the gain of the low-pass filter can be
modulated by M1-L6 input. Future studies need to
address the modulation of VL output by CN and M1-L6
inputs during movement execution and behaviour. One
aspect that will be of relevance is to investigate the
potential role of feedforward inhibition: in the in vivo
situation M1-L6 neurons monosynaptically innervate
excitatory neurons in VL as well as inhibitory neurons
in the reticular thalamic nucleus (RTN), which in turn
provide feed-forward inhibition to thalamo-cortical relay
neurons (Yamawaki & Shepherd, 2015; Halassa & Acsády,
2016). The depressing short-term release dynamics of
RTN synapses in the thalamus shift the balance between
excitation and inhibition induced by M1-L6 towards
depolarized membrane potentials (Mease et al. 2014;
Crandall et al. 2015). In our current study we blocked
inhibitory inputs from RTN to exclusively study the inter-
action of cerebellum and the feedback frommotor cortex.
Our data show that the depolarizing shift in membrane
potential after M1-L6 activation increases the spiking
probability evoked by cerebellar stimulation, i.e. M1-L6
input modulates the gain of cerebello-thalamic trans-
mission. Recent evidence indicates that the synchronicity
of M1-L6 inputs to thalamic neurons is important to
determine the gain of spike transfer from VL to motor
cortex (Wolfart et al. 2005; Mease et al. 2014). The
combination of cerebellar spike timing, and the response
amplitude in VL neurons as well as their membrane
potential can modulate the spike transfer to motor cortex
along a continuum, as has previously been shown for
the sensory thalamo-cortical processing (Whitmire et al.
2016).
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