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Abstract 44 

Corticotropin-releasing factor (CRF) and its type 1 receptor (CRFR1) play an important role in the responses 45 

to stressful challenges. Despite the well-established expression of CRFR1 in granular cells (GrCs), its role in 46 

procedural motor performance and memory formation remains elusive. To investigate the role of CRFR1 47 

expression in cerebellar GrCs, we used a mouse model depleted of CRFR1 in these cells. We detected 48 

changes in the cellular learning mechanisms in GrCs depleted of CRFR1 in that they showed changes in 49 

intrinsic excitability and long-term synaptic plasticity. Moreover, male mice depleted of CRFR1 specifically in 50 

GrCs showed accelerated Pavlovian associative eye-blink conditioning, but no differences in baseline motor 51 

performance, locomotion or fear and anxiety-related behaviors. Last, we analyzed cerebella transcriptome 52 

of KO and control mice and detected prominent alterations in the expression of calcium signaling pathways 53 

components.  Our findings shed light on the interplay between stress-related central mechanisms and 54 

cerebellar motor conditioning, highlighting the role of the CRF system in regulating particular forms of 55 

cerebellar learning.  56 

 57 

Significance statement 58 

Although it is known that CRFR1 is highly expressed in the cerebellum, little attention has been given to its 59 

role in cerebellar functions in the behaving animal. Moreover, most of the attention was directed to the 60 

effect of CRF on Purkinje cells at the cellular level, and to this date, almost no data exist on the role of this 61 

stress-related receptor in other cerebellar structures. Here, we explored the behavioral and cellular effect of 62 

GrCs specific ablation of CRFR1. We found a profound effect on learning, both at the cellular and behavioral 63 

levels, without affecting baseline motor skills.  64 
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Introduction 65 

Physical or psychological challenge perceived by the organism is followed by a series of sensory, motor, 66 

neuroendocrine and cognitive modifications (Joëls and Baram, 2009). These modifications are generally 67 

aimed to increase the organism’s chances for survival (Joëls and Baram, 2009; Santarelli et al., 2014).  68 

Corticotropin releasing factor (CRF) and its major receptor, CRF receptor type 1 (CRFR1) play an 69 

important and well-established role in the response to stressful challenges (Heinrichs and Koob, 2004; 70 

Henckens et al., 2016; Joëls and Baram, 2009; Koob and Heinrichs, 1999; Sztainberg and Chen, 2012). 71 

Depending on the specific stressor and demand, CRF and its receptors induce different responses to 72 

promote appropriate coping (Fadok et al., 2017; Farook et al., 2004; Henckens et al., 2016; Sztainberg 73 

and Chen, 2012). When considering learning and memory, it is evident that stress can either increase or 74 

decrease learning depending on the procedure (Joëls and Baram, 2009; Joëls et al., 2006). Accordingly, 75 

CRF/CRFR1 have been shown to support learning (Sztainberg and Chen, 2012) or disrupt learning 76 

(Santarelli et al., 2014; Wang et al., 2011), depending on the behavioral procedure and brain region 77 

involved.  78 

Cerebellar granular cells (GrCs), which are known to play a pivotal role in cerebellar learning (Galliano et 79 

al., 2013; Gao et al., 2012; Giovannucci et al., 2017; Hansel et al., 2001; Mapelli et al., 2014), show a 80 

prominent CRFR1 expression (Justice et al., 2008; Kühne et al., 2012; Refojo et al., 2011; Sánchez et al., 81 

1999; Van Pett et al., 2000), while CRF is expressed in the fibers innervating them, i.e., the mossy fibers 82 

(Bishop et al., 2000; Chen et al., 2000; Errico and Barmack, 1993; Merchenthaler, 1984; Olschowka et al., 83 

1982). Although, the interaction between the CRF system and cerebellar learning has been previously 84 

studied, our understanding remains limited due to a lack of region or cell type specific approaches (i.e., 85 

ICV CRF injections (Servatius et al., 2005)). At the cellular level, only the specific effect of CRF on Purkinje 86 

cells (PCs) has been investigated (Bishop, 1990; Libster et al., 2015; Miyata et al., 1999; Schmolesky et 87 

al., 2007; Swinny et al., 2004). Hence, the involvement of the CRF family in cerebellar learning at the 88 
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cellular and behavioral levels, particularly relating to GrC function, has been neglected.  89 

In this work, we aimed to elucidate the role of CRFR1 specifically in cerebellar GrCs. For this aim, we 90 

generated a GrC-specific CRFR1 conditional knockout (CRFR1
cKO) mouse using the Cre-lox system. 91 

Electrophysiological recordings of GrCs in CRFR1
cKO and control mice revealed changes in excitability and 92 

theta-burst stimulation (TBS), inducing long-term potentiation (LTP) in control GrCs and generating long-93 

term depression (LTD) in GrCs depleted of CRFR1. Analysis of the transcriptome of cerebella obtained 94 

from KO and control mice revealed differences in the expression of calcium signaling components. When 95 

tested on the eye-blink conditioning (EBC) procedure, mice depleted of CRFR1 showed accelerated 96 

learning compared to controls, whereas their general level of motor performance was unaffected. We 97 

further tested the mice for anxiety-like behavior and anxiety related learning and did not detect any 98 

differences between the groups. Taken together these results link GrCs CRFR1 and learning properties at 99 

both the cellular and behavioral level.  100 

  101 
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Methods  102 

Animals 103 

All animals were housed in a temperature-controlled room (22 ± 1°C) on a reverse 12 h light/dark cycle with 104 

food ad-libitum. Adult (12-20 weeks old) male mice and age matched littermates were used for all 105 

experiments, excluding electrophysiology where both sexes were used. Behavioral tests were performed 106 

during the dark phase of the circadian cycle, following at least 1 h habituation to the test room, unless 107 

stated otherwise. All experimental protocols were approved by the Institutional Animal Care and Use 108 

Committee of the Weizmann Institute of Science.  109 

Reporter lines: Mice expressing GFP under the CRFR1 promoter (CRFR1
GFP) (Justice et al., 2008) were crossed 110 

with mice expressing Cre-recombinase under the CRF promoter (CRH-ires-Cre; Jackson laboratories, Bar 111 

Harbor, Maine; http://jaxmice.jax.org/strain/012704.html; RRID:IMSR_JAX:012704) and Ai9 reporter mice, 112 

in which tdTomato expression is Cre dependent  (Ai9) (Madisen et al., 2010), Jackson laboratories, Bar 113 

Harbor, Maine; http://jaxmice.jax.org/strain/007909.html; RRID:IMSR_JAX:007909).  114 

GrCs-specific CRFR1 knock-out (GrCs-CRFR1
cKO) mice:  Mice lacking the CRFR1 were generated by crossing mice 115 

carrying a conditional allele of CRFR1 with mice expressing Cre-recombinase knocked into the GABA-A alpha 116 

6 subunit promoter (Δα6-Cre; obtained from MMRRC; https://www.mmrrc.org/catalog/sds.php?mmrrc_id= 117 

15968; RRID:IMSR_JAX:007909) (Aller et al., 2003). Mouse genotype was determined using polymerase 118 

chain reaction (PCR). Floxed CRFR1 (i.e. CRFR1
flox/flox), Cre positive (α6-Cre+/-) mice served as controls for the 119 

electrophysiology experiments, for the behavior experiments only CRFR1
flox/flox and GrCs-CRFR1

cKO mice were 120 

used. For CRFR1 Δα6-cre co-localization, CRFR1
GFP mice were crossbred with Δα6-cre and Ai9 mice. 121 

 122 

Slice preparation and solutions.  123 

All experiments were performed according to the guidelines laid down by the institution's animal welfare 124 

committee. We performed whole-cell patch-clamp recordings from GrCs in acute cerebellar slices as 125 
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reported previously (Prestori et al., 2008, 2013; Sgritta et al., 2017) from P18-P22 mice. Briefly, mice were 126 

killed by decapitation after anesthesia with halothane. The cerebellum was gently removed and the vermis 127 

was isolated and fixed on the stage of a vibroslicer (VT1200S, Leica, Germany) with cyano-acrilic glue. Acute 128 

220 μm thick slices were cut in parasagittal plane in cold Kreb's solution containing (in mM): NaCl 120, KCl 2, 129 

MgSO4 1.2, NaHCO3 26, KH2PO4 1.2, CaCl2 2, glucose 11 (pH 7.4 when equilibrated with 95% O2–5% CO2) and 130 

maintained at room temperature before being transferring to a recording chamber mounted on the stage of 131 

an upright microscope (Axioskop 2 FS, Zeiss, Germany). The slices were perfused with Kreb's solution and 132 

maintained at 32 °C with a Peltier feedback device (TC-324B, Warner Instrument Corp.). For recordings, 133 

Kreb’s solution was added with the GABAA receptor antagonist SR95531 (10 μM) (Abcam, Cambridge, UK). 134 

Recordings were performed with Multiclamp 700B [-3dB; cutoff frequency (fc),10 kHz], sampled with 135 

Digidata 1550 interface, and analyzed off-line with pClamp10 software (Molecular Devices, CA, USA). Patch 136 

pipettes were pulled from borosilicate glass capillaries (Sutter Instruments, CA, USA) and had a resistance of 137 

7-9 MΩ before seal formation, when filled with the intracellular solution containing (in mM): 126 potassium 138 

gluconate, 4 NaCl, 5 HEPES, 15 glucose, 1 MgSO4 · 7H2O, 0.1 BAPTA-free, 0.05 BAPTA-Ca2+, 3 Mg2+-ATP, 0.1 139 

Na+-GTP, pH 7.2 adjusted with KOH. The liquid junction potential (ELJ) between the bath and pipette 140 

solution was measured according to Neher (1992) (Neher, 1992). Correction for liquid junction potentials in 141 

patch clamp experiments and was about 10 mV. ELJ has not been subtracted from the membrane potential 142 

measurements. 143 

 144 

Whole-cell recording properties.  145 

The cerebellar GrC is electrotonically compact and can be treated as a simple RC system, in which relevant 146 

parameters can be extracted by analyzing passive current relaxation induced by 10 mV hyperpolarizing steps 147 

from a holding potential of -70 mV. The voltage clamp time constant, τvc, was estimated from bi-exponential 148 

fitting to current transients elicited by voltage steps. The 3-dB cut-off frequency of the electrode-cell system 149 
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was calculated as fvc= (2π • τvc)-1. Membrane capacitance (Cm) was measured from the capacitive charge 150 

(the area underlying current transient), membrane resistance (Rm) was obtained from the steady-state 151 

current flow, also yielding series resistance (Rs) = τvc/Cm. Data are reported in Table 1. These values did not 152 

significantly change after 30 minutes at testing recording stability. 153 

 154 

GrCs excitability.  155 

After switching to current clamp, intrinsic excitability was investigated by setting resting membrane 156 

potential at -80 mV and injecting 2 s current steps (from -8 to 44 pA in 4 pA increment). Action potentials in 157 

GrCs show a prepotential followed by the upstroke (Armano et al., 2000; D’Angelo et al., 1995, 1998; 158 

Prestori et al., 2008; Rossi et al., 1998). Action potential threshold was measured along the raising phase of 159 

membrane potential responses to step current injection.  160 

The amplitude of the action potential overshoot was estimated as the maximum reached potential. The 161 

amplitude of the action potential AHP was estimated as the lowest potential after the upstroke. Action 162 

potential frequency was measured by dividing the number of spikes by the current injected duration. Action 163 

potential instantaneous frequency (IF) was calculated as the inverse of the interval time from the previous 164 

spike.  165 

 166 

Synaptic currents.  167 

Mossy fiber stimulation was performed with a bipolar tungsten electrode (Clark Instruments, UK) via 168 

stimulus isolation unit. The stimulation electrode was placed over the fiber bundle in the cerebellar lamina 169 

to stimulate the mossy fibers and 200 μs step current pulses were applied at the frequency of 0.33 Hz (test 170 

frequency). After evoking EPSCs at -70 mV at the test frequency for 10 min (control period), the recording 171 

was switched to current clamp. LTP induction protocol consisted of four 100 ms - 100 Hz bursts repeated 172 

every 250 ms (TBS) from the potential of -50 mV 4,8. Long-term synaptic plasticity changes were measured 173 
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after 20 min. Then, after re-establishing voltage-clamp at -70 mV, stimulation was restarted at test 174 

frequency. EPSCs were digitally filtered at 1.5 kHz and analyzed off-line. If Rs changed by > 20% over the 175 

course of the experiment, the results were not further considered. 176 

 177 

Immunohistochemistry 178 

Mice were euthanized using an intra-peritoneal injection of sodium thiopental and intracardially perfused 179 

with PBSx1 followed by 4% PFA in PBSx1. Brains were fixed in 4% PFA 30% sucrose solution and serially 180 

sectioned to 30 or 50 μm using a microtome (Leica Microsystems GmbH, Wetzlar, Germany).  181 

Brain slices were blocked for 1 h with PBS containing 20% normal horse serum and 0.3% Triton followed by 182 

incubation overnight with monoclonal mouse anti-Calbindin-D-28K antibody (C9848, Sigma-Aldrich®, St. 183 

Louis, MO; RRID:AB_476894) and rabbit anti-GFP antibody (ab6556, Abcam, Cambridge, UK; 184 

RRID:AB_305564) 185 

Comments), diluted 1:200. Slices were washed and incubated with M.O.MTM anti-mouse biotinylated 186 

antibody (Vector laboratories®, Burlingame, CA; RRID:AB_2336833), followed by a 2 h incubation with anti-187 

rabbit Alexa Fluor® 488 and/or streptavidin conjugated Alexa Fluor® 647 (A-21206, A-31573, Life 188 

technologies, Carlsbad, CA; RRID:AB_2535792, AB_2536183). Slices were then washed and mounted on 189 

gelatin-coated slides. Imaging was performed using a confocal microscope (LSM 700, Zeiss, Oberkochen, 190 

Germany). 191 

 192 

Golgi stain 193 

Cerebella were dissected and processed according to manufacturer’s instructions (NeuroTechnologies, 194 

Vilnius, Lithuania). Sagittal 50 μm sections were collected and stained according to manufacturer’s 195 

instructions. Images were collected with a light microscope and analyzed using ImageJ.  196 

 197 
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Modified CLARITY and Whole-Brain Imaging 198 

The brain clearing protocol was based on a modified CLARITY protocol (Ye et al., 2016) with the following 199 

changes. Briefly, CRF-Cre x Ai9 mice were transcardially perfused with PBSx1 followed by ice-cold 4% PFA. 200 

Brains were post-fixed in 4% PFA overnight at 4°C and then transferred to 1% hydrogel solution (1% 201 

acrylamide, 0.125% Bis-Acrylamide, 4% PFA, 0.025% VA-044 initiator, in PBSx1) for 72 hours. Brains were 202 

then degassed and polymerized for 5 hours at 37 °C. Next, whole brains were cut into 2 hemispheres and 203 

washed with 200mM NaOH-Boric buffer (pH= 8.5) containing 8% SDS for 12 hours. Brain hemispheres were 204 

transferred to a clearing device built from a temperature-control circulator containing clearing solution (100 205 

mM Tris-Boric Buffer, 8% SDS at 37-40 °C). Twelve days later the samples were washed in PBST (0.2% Triton- 206 

X100) for at least 48-72 hours at 37 °C. Brain hemispheres were incubated for 2-4 days in a refractive index 207 

matching solution (RIMS;(4)) containing phosphate buffer and Histodenz (Sigma–Aldrich, Wicklow, Ireland). 208 

Brain hemispheres were then imaged using light-sheet microscope (Ultramicroscope II, LaVision BioTec 209 

GmbH, Bielefeld, Germany). Briefly, brain hemispheres were mounted on a holder and the imaging chamber 210 

was filled with 100 ml of RIMS. Imaging was done using a 2x/0.5NA objective at 1x magnification, while both 211 

light sheets illuminating the sample, and the Z-step was set to 5μm. 16-bit TIFF files were stitched and 212 

visualize using arivis Vision4D software (arivis AG, Unterschleißheim, Germany). 213 

 214 

RNA extraction and quantitative real-time PCR (qRT-PCR) 215 

Immediately after decapitation, the brain was removed and hippocampi (bilateral) and cerebella were 216 

dissected and stored at -80 °C until use. RNA extraction was performed using Tri-reagent® according to the 217 

manufacturer’s protocol (Sigma-Aldrich®, St. Louis, MO). To avoid genomic DNA contamination, RNA 218 

samples were treated with TurboTM Dnase (Life Technologies, Carlsbad, CA), then reverse transcribed to 219 

generate complementary DNA (cDNA) using high capacity RT-kit (Applied Biosystems, Carlsbad, CA). cDNA 220 

samples were then analyzed using TaqMan® PCR kit or cyber assay according to the manufacturer's 221 
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guidelines in StepOne™ (Applied Biosystems, Carlsbad, CA). CRFR1 specific primers were provided by 222 

TaqMan® were used (Life Technologies, TaqMan®, cat. # 4351372), with the expression of hypoxanthine 223 

phosphoribosyltransferase (HPRT; Life Technologies, Carlsbad, CA; TaqMan®, cat. # 4453320) used as 224 

internal control. Atp2b4 primers forward: CATCATCGGAGTCACTGTACTGGTA, reverse: 225 

GGACCAAGTTGTTGTCCTTCATC, Gabra6 forward: CTTGCTGGAAGGCTATGACAAC, reverse: 226 

AAGTCTGGCGGAAGAAAACAT, and HPRT: forward: GCAGTACAGCCCCAAAATGG, reverse: 227 

GGTCCTTTTCACCAGCAAGCT.  228 

 229 

RNA Sequencing 230 

After homogenization of freshly dissected cerebella using a Bullet Blender (Next Advance) and isopropanol 231 

precipitation, total RNA was isolated using Trizol (Invitrogen, CA, USA) according to the manufacturer’s 232 

instructions. Residual genomic DNA was removed using the Turbo DNA-free kit (Ambion®, Invitrogen, CA, 233 

USA). RNA integrity and absence of DNA was confirmed by Bioanalyzer RNA Nano chips (Agilent, RIN > 9.3) 234 

and Qubit DNA High sensitivity kit, respectively. Sequencing libraries were prepared using the Illumina 235 

TruSeq Stranded mRNA Library Preparation HT Kit following the standard protocol starting from 4 μg of total 236 

RNA using 11 cycles of PCR amplification. Sequencing was performed on 2 lanes of an Illumina HiSeq4000 237 

(Illumina, CA, USA) multiplexing all samples. We used STAR (Dobin et al., 2013) (version 2.5.2b) to align and 238 

count the trimmed reads to mm10 genome and to count refSeq annotation genes (downloaded from 239 

iGenomes).  DESeq2 was used to normalize and detect differentially expressed genes when comparing 6 240 

‘control’ mice to 6 CRFR1cKO mice.  For the DESeq (Love et al., 2014) model only genes with a total of 5 241 

counts in all samples were used (18394 genes).  Of these, 10 genes were found to have an adjusted p value 242 

(Benjamini & Hochberg, BH) lower than 0.05 and an absolute log fold change above 0.4. Ingenuity Pathway 243 

Analysis (IPA) 7.1 Software (Ingenuity Systems, Redwood City, CA, USA; www.ingenuity.com; 244 

RRID:SCR_008653) was used to examine altered canonical pathways. 245 
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 246 

Western blot 247 

Cerebella dissections were lysed in lysis buffer [25 mM Tris-HCl, pH 7.4, 150 mM KCl, 1.5 mM MgCl2, 1% 248 

(w/v) glycerol, 1% (w/v) NP40] containing protease inhibitors. Lysates were subjected to gel electrophoresis 249 

on 10% SDS-polyacrylamide gel, and separated proteins were transferred onto nitrocellulose membranes 250 

and probed with AB5453 | Rabbit Anti-GABA A Receptor α6 Antibody (Merck Millipore, Billerica, MA; 251 

RRID:AB_177478) or Anti-Calcium Pump PMCA4 ATPase antibody [JA9] (ab2783; Abcam, Cambridge, UK; 252 

RRID:AB_303296). Membranes were then incubated with HRP-conjugated anti-rabbit secondary antibody. 253 

Thereafter, the blots were stripped and re-probed with anti-β-actin (A1978, Sigma-Aldrich, St Louis, MO; 254 

RRID:AB_476692) or GAPDH (ab8245, Abcam, Cambridge, UK RRID:AB_2107448). 255 

 256 

Behavioral procedures 257 

Rota-rod: Mice were placed on a standard rota-rod apparatus (San Diego Instruments, San Diego, CA) with 258 

the speed increasing linearly from 0 to 40 rpm over a 4 min period or over a 2 min period. Mice had 5 min 259 

habituation on the apparatus immediately followed by 4 consecutive trials, on the rotating cylinder. Mice 260 

were given a 2 min break between trials. Sum of latencies to fall off the rotating cylinder and maximal 261 

velocity reached in the session were calculated.  262 

Treadmill: Treadmill apparatus (Panlab, Harvard apparatus, Cornella, Spain; LE8710M) consists of a rolling 263 

belt with adjustable speed and acceleration. The apparatus provides an electrical shock from a grid situated 264 

at the end of the rolling belt. We created a treadmill protocol that consisted of a habituation day followed 265 

by a test day. On the habituation day, mice were familiarized for 10 min with the shocker operating at 0.2 266 

mA, while the treadmill belt was not moving. On the next day, mice were subjected to the treadmill 267 

accelerating according to a crescendo protocol: during the first 10 min the speed increased from 0.1m/h to 268 

0.18 m/h while at the next 5 min speed increased from 0.18 m/h to 0.19 m/h. Number of falls onto the grid 269 
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per mouse was counted.   270 

Home cage locomotion: Locomotion was assessed using the InfraMot system (TSE Systems, Bad Homburg, 271 

Germany). Mice were housed individually for 72 h, in which the first 24 h were considered habituation to the 272 

individual housing conditions. Measurements of general locomotion consisted of the averages of 2 light and 273 

2 dark cycles in the last 48 h collected at 30 min intervals. 274 

Delayed eye-blink conditioning (EBC): EBC is a classical conditioning task where animals learn to associate a 275 

neutral CS, (green LED light), with a US (air puff or to the cornea) (De Zeeuw and Yeo, 2005). Repeated CS-US 276 

pairings result in the acquisition of a CR to the LED CS, which is an eye-blink that is well-timed to the onset of 277 

the air puff US. Delayed EBC, during which the CS co-terminates with the US presentation, is presumably 278 

largely encoded in the cerebellum (Koekkoek et al., 2003). Mice were equipped with a cranial pedestal for 279 

the purpose of head fixation, as previously described (Boele et al., 2013). After a recovery period of 1 week, 280 

mice were subjected to an EBC procedure, in which eyelid movement was recorded using MDMT (De Zeeuw 281 

et al., 1998; Koekkoek et al., 2002). Before training mice were initially subjected to 3 consecutive 282 

habituation sessions. Mice were placed and head fixed on a feely moving treadmill. A minuscule magnet (1.5 283 

x 0.7 x 0.5 mm) was place on their lower eyelid and a magnet sensitive chip was placed in proximity to the 284 

minuscule magnet to detects its movements (Figure 6a-b); for more details see (Koekkoek et al., 2002). Mice 285 

then underwent daily training sessions for 10 days, consisting of 100 trials each, spaced 10 s apart. Each trial 286 

started with 500 ms pre-CS period (baseline) followed by a 330 or 280 ms (Fig. 6 and Extended data 6-2) 287 

light CS presentation paired with a co-terminating 30 ms mild corneal air puff US, yielding an inter-stimulus 288 

interval of 300 or 250 ms. Individual eye-blink traces were analyzed using Matlab (RRID:SCR_001622). First, 289 

trials were normalized to values 0-100. For each session, standard deviation (SD) of the baseline period (500 290 

ms pre-CS period) was calculated, and trials that had baseline SD more than three folds larger than the 291 

session SD were excluded. CR and eye position analysis for training sessions was as follows: In valid trials, 292 

eyelid movements in the last 20% pre-US period (0.2* inter-stimulus interval) that were larger than 5% of 293 
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full eyelid closure considered significant and thus counted as a CR. Based on trial by trial analysis, the 294 

percent of CR positive trials from all valid trials (percentage CR) was calculated for each animal.  295 

Open-field test (OF): Anxiety and fear learning tests were done as previously describes (Neufeld-Cohen et al., 296 

2010). In this test, the mouse is faced with the natural conflict between the exploration of a novel 297 

environment and the evasiveness of a brightly lit area. The open-field test was performed in a 50 x 50 x 22 298 

cm white box, lit to 120 lux. The mice were placed in the box for 10 min. Locomotion in the box was 299 

quantified using a video tracking system (VideoMot2; TSE Systems, Bad Homburg, Germany; 300 

RRID:SCR_014334). 301 

Fear conditioning (FC): Fear conditioning was done using a computer-controlled system (TSE systems, Bad 302 

Homburg, Germany) as previously described (Chen et al., 2006). In short, on day 1, mice were habituated for 303 

5 min to a fear conditioning chamber. On day 2, conditioning took place in one 5 min training session, during 304 

which mice were exposed to 2 pairings of a tone [conditioned stimulus (CS): 30 s, 3000 Hz, pulsed 10 Hz, 80 305 

db (A)] and a co-terminating shock [unconditioned stimulus (US): 0.7 mA, 2 s, constant current] with an 306 

inter-trial interval (ITI) of 60 s. The US was delivered through a metal grid floor. On day 3, context-307 

dependent memory and cued-memory were tested, by recording the percent of time spent freezing.  308 

Startle response (TSE Systems Bad Homburg, Germany): The protocol was adapted from Neufeld-Cohen et 309 

al. (2010) (Neufeld-Cohen et al., 2010). Briefly, mice were placed in a small Plexiglas and wired mesh cage on 310 

top of a vibration-sensitive platform in a sound-attenuated, ventilated chamber. A high-precision sensor, 311 

integrated into the measuring platform, detected movement. Two high-frequency loudspeakers inside the 312 

chamber produced all the audio stimuli. The acoustic startle response (ASR) session began with 5 min 313 

acclimatization to white background noise [65 db(A)] maintained through the whole session. Thirty-two 314 

startle stimuli [120 db(A), 40 ms duration with a randomly varying ITI of 12–30 s] were presented. Latency to 315 

peak startle amplitude was also measured. 316 

 317 
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Statistical analyses  318 

Values are presented as mean ± standard error of mean (SEM). All analysis and data collection were 319 

automated and blinded as far as possible. For behavioral, transcriptional and in-situ data, mice with Z scores 320 

higher than |2| in at least half the measurement of a given test were excluded from that test. For all non-321 

repeated analysis, two-sided unpaired student’s t-test or nonparametric Mann-Whitney (MW) U tests were 322 

used to determine the level of significance, according to the data distribution in the specific test. When 323 

normal sphericity could not be assumed, the recommended correction for unequal variance was performed. 324 

Repeated training sessions (EBC) were analyzed using repeated measures ANOVA.  Electrophysiology data 325 

were analyzed using the one-way ANOVA. For ANOVAs, Tukey test was used as post-hoc test. N indicates the 326 

number of mice; n indicates the number of recordings, cells or slices used for the analysis. Data were 327 

considered significant if p < 0.05. No statistical methods were used to predetermine sample sizes, but our 328 

sample sizes are similar to those reported in previous publications (Giovannucci et al., 2017). 329 

 330 

Results 331 

Mice show dense expression of CRFR1 in the cerebellar GrCs layer  332 

To validate and evaluate the extent of CRFR1 and CRF expression in the cerebellum, we generated a reporter 333 

mouse line by crossbreeding CRFR1
-GFP mice, CRF-Cre and floxed-stop tdTomato to obtain GFP signal in CRFR1 334 

expressing cells and tdTomato in CRF expressing cells (Fig. 1a). To better visualize the layers of the cerebellar 335 

cortex, we also performed immunohistochemical staining for calbindin, a Purkinje cell marker (Batini, 1990) 336 

(Fig. 1b-f; CRFR1-GFP: green, CRF-tdTomato: Red, Purkinje cells: Cyan). Figure 1b-f shows the dense 337 

population of CRFR1 expressing cells in the GrC-layer, as expected. Importantly, tdTomato expressing 338 

glomeruli were detected in between the GrCs, indicating that mossy fibers expressing CRF indeed reach 339 

these cells (Fig. 1g-i). Movie 1 of cleared CRF-tdTomato mouse brain depicts fibers originating in CRF positive 340 
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neurons reaching the cerebellum (Movie 1, Fig. 1J). Both mossy fibers (originating mainly from the pontine 341 

nuclei) and climbing fibers (originating in the inferior olive) show marked expression of tdTomato (Fig. 1J left 342 

and right panel). 343 

 344 

Establishing a mouse model depleted of CRFR1 specifically in GrCs 345 

In order to study the role of CRFR1 in GrCs, we generated a conditional CRFR1
KO mouse line, depleted of 346 

CRFR1 specifically in GrCs using the Cre-lox system, using the Δα6-Cre mouse line expressing Cre 347 

recombinase specifically in GrCs (see methods). We first assessed the applicability of the Δα6-Cre mouse line 348 

for GrCs CRFR1 depletion (Figs. 2-1 and 2-2). Although previous work has reported no effect in Δα6-Cre on 349 

GABA equilibrium (Seja et al., 2012), we further examined levels of the GABA-A receptor α6 subunit 350 

(Gabra6) mRNA quantitative real-time polymerase chain reaction (qRT-PCR; Fig.2-1a) and protein using 351 

western blot (WB; Fig.2-1b-c) in cerebella obtained from heterozygous Cre expressing mice and wild-type 352 

(WT) mice. We did not detect any significant differences between the groups in Gabra6 levels (N = 7,5, 353 

unpaired t-test, t(10)= 1.18 p= 0.26, N = 7,6,unpaired t-test, t(6.77)= 1.89 p= 0.1; Fig. 2-1a, and 2-1b-c 354 

respectively). We further crossed-bred Δα6-Cre mice with conditional tdTomato expressing mice (floxed-355 

stop-tdTomato; see methods) to evaluate Cre expression specificity (Fig. 2-1d,e). Indeed, tdTomato signal 356 

was strongly evident in the cerebellum and negligible in the rest of the CNS.  To assess expected on and off 357 

target depletion of CRFR1, we used a reporter mouse line generated by crossbreeding the Δα6-Cre with 358 

conditional tdTomato expressing mice and with CRFR1
GFP mouse, expressing GFP in CRFR1 expressing cells 359 

(Fig. 2-2a). We then quantified colocalization between tdTomato expressing cells and GFP expressing cells in 360 

the GrCs layer and in extra-cerebellar structures (Fig. 2-2b-e). As expected, CRFR1 showed high colocalization 361 

with Cre-recombinase in the GrCs layer as indicated by GFP and tdTomato signal (94% ± 1.3 of GFP signal is 362 

co- expressed with tdTomato, n= 9, N= 2; Fig. 2-2b-c). Other brain regions however, showed low to almost 363 
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absent co-localization of GFP and tdTomato, which supports the validity of this model and insures minimal 364 

off-target deletion (mean percentage co-localization± SEM: cortex = 6%±0.08, hippocampus = 5.2%±0.1, 365 

DCN = 0/190 cells, pontine = 27%±2.4, thalamus = 2.3%±0.08, n = 5-9 slices, N= 2; Fig. 2-2d-e).  366 

To generate a GrC-specific CRFR1
cKO mouse-line, Δα6-Cre mice were crossbred with mice with loxP flanking 367 

exon 2 of the CRFR1 gene (floxed-CRFR1; see methods; Fig. 2a). CRFR1 depletion was assessed using qRT-PCR. 368 

CRFR1 levels in the cerebella of cKO mice were reduced by more than 90% compared to control mice 369 

(control dCT mean = -0.3±0.14, CRFR1
cKO dCT mean = 5.59±0.62, = MW-U, U = 48, p = 0.002, N = 8, 6; Fig. 2b). 370 

Importantly, other key regions did not show any significant reduction in CRFR1 levels (dCT means ± SEM: 371 

cortex control = 4.3±0.2, CRFR1
cKO = 4.1±0.2, hippocampus control = 5.3.7±0.05, CRFR1

cKO = 3.6±0.09, pontine 372 

control = 0.6±0.2, CRFR1
cKO = 0.9±0.3, thalamus control = 4.7±0.1, CRFR1

cKO = 4.5±0.2,=  N = 6,6, DCN control = 373 

2.3±0.49, CRFR1
cKO = 3.7±0.44,=  N = 3,5; unpaired t-test, or MW-U p = 0.373-0.991; Fig. 2c). We further 374 

examined gross morphology of the cerebellum and GrCs and found no differences in cerebellar weight 375 

(control mean weight = 0.0588 mg ±0.0007, CRFR1
cKO mean weight = 0.0572 mg ±0.0012, unpaired t-test, 376 

t(13)= 1.12,  p = 0.284, N = 8,7; Fig. 2d) or cerebellar volume (control mean = 38.26 mm3 ±1, CRFR1
cKO mean= 377 

39.5 mm3 ±1.5= , unpaired t-test, t(13)= -1.13  p= 0.277, n= 7,8; Fig. 2e). Golgi stained GrCs did not 378 

significantly differ between control and CRFR1
cKO in soma diameter (control mean = 7.79 μm ±0.18, CRFR1

cKO 379 

mean = 7.85 μm±0.16= , unpaired t-test, t(92)= 0.23 ,  p = 0.82, n = 43,51, N = 2; Fig. 2f) or number of 380 

dendrites (control mean= 3.6±0.4, CRFR1
cKO  mean= 3.2±0.1= , unpaired t-test, t(4)= -0.84,  p = 0.45, n= 6,10 381 

cells, N = 3,3). 382 

 383 

Increased intrinsic excitability in GrCs depleted of CRFR1 384 

We first set out to test the electrophysiological properties of the GrCs of CRFR1
cKO. Similar to previous 385 

reports on rodent cerebella (Armano et al., 2000; D’Angelo et al., 1995, 1999; Prestori et al., 2008; Rossi et 386 

al., 1998), the present recordings for both control and Cre GrCs were characterized by fast repetitive spike 387 
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discharge (Fig. 3a). However, CRFR1
cKO GrCs showed a set of differences in spikes and firing pattern 388 

compared to GrCs of controls. CRFR1
cKO GrCs showed a higher average discharge frequency at low current 389 

injection (24pA: control, 9.6 ± 3.6 Hz, n = 8, N = 4; Cre, 8.4 ± 4.6 Hz, n = 7, N = 4; CRFR1
cKO , 27.8 ± 5.7 Hz, n = 390 

5, N = 3; One-way ANOVA F(2,17) = 5.6, p= 0.013; Tukey post hoc pairwise comparisons, control flox vs. control 391 

Cre, p = 0.98; control flox vs. CRFR1
cKO , p = 0.024; control Cre vs. CRFR1

cKO, p = 0.02), but showed a lower 392 

average discharge frequency at higher current injections (44 pA: control, 32.0 ± 7.0 Hz, n = 8, N = 4; Cre, 45.3 393 

± 12.7 Hz, n = 7, N = 4; CRFR1
cKO, 16.7 ± 8.7 Hz , n = 5, N = 3; One-way ANOVA F(2,17) = 4.6, p= 0.025 control 394 

flox vs. control Cre, p = 0.35; Tukey post hoc pairwise comparisons, control flox vs. CRFR1
cKO , p = 0.047; 395 

control Cre vs. CRFR1
cKO, p = 0.019). This generated a bell-shaped profile in the frequency-intensity plot (Fig. 396 

3b), but since the reduced discharge frequency at the higher current injections only occurred after initial 397 

hyper-bursting, the ultimate reduced average discharge rate may reflect some type of depolarization-block 398 

after an initial hyper-excitation. The CRFR1
cKO GrCs spikes showed marked adaptation, a high threshold (44 399 

pA, One-way ANOVA, F(2,17) = 16.0, p = 0.000125;  Tukey post hoc pairwise comparisons:  control flox vs. 400 

control Cre, p = 0.31; control flox vs. CRFR1
cKO , p = 0.0013; control Cre vs. CRFR1

cKO, p = 0.00015), small 401 

afterhyperpolarization (AHP; 44 pA, One-way ANOVA,  F(2,17) = 10.8, p = 0.00095;  Tukey post hoc pairwise 402 

comparisons:  control flox vs. control Cre, p = 0.73; control flox vs. CRFR1
cKO , p = 0.0037; control Cre vs. 403 

CRFR1
cKO, p = 0.0011) and smaller overshoot (32 pA, One-way ANOVA, F(2,17) = 4.6, p = 0.025;  Tukey post hoc 404 

pairwise comparisons:  control flox vs. control Cre, p = 0.9; control flox vs. CRFR1
cKO , p = 0.052; control Cre 405 

vs. CRFR1
cKO, p = 0.029) compared to the 2 control groups (control flox n= 8, N= 4; control Cre n= 7, N= 4; 406 

CRFR1
cKO n= 5, N= 3; Fig. 3a,c). Altered intrinsic excitability in CRFR1

cKO mice did not depend on series 407 

resistance (Rs), membrane capacitance (Cm), membrane resistance (Rm), or resting membrane potential, 408 

which were all similar regardless of the recorded cell group (Table 1). The similarity of passive parameters 409 

(especially Cm) is consistent with the normal soma diameter and homogenous shape reported in Fig. 2f.  410 

  411 
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GrCs depleted of CRFR1 show altered long-term synaptic plasticity 412 

The hyper-excitability in the GrCs in CRFR1
cKO mice might have induced some secondary changes in plasticity 413 

at the mossy fiber to GrC synapse. Normally, high frequency stimulation induces LTP at this synapse 414 

(Andreescu et al., 2011; Prestori et al., 2013). Indeed, in both control and Cre GrCs, robust action potential 415 

discharge was generated by delivering TBS in current-clamp recordings (Fig. 4c). Conversely, in CRFR1
cKO 416 

mice, although TBS caused a strong depolarization, no spikes could be elicited in response to TBS (Fig. 4c-e). 417 

After TBS, the excitatory postsynaptic current (EPSC) in WT mice increased, following a similar time course in 418 

control and Cre strains, and remained potentiated throughout the recordings (at least 20 min after TBS; 419 

average time courses are shown in Fig. 4a,b). At 20 min after TBS, the EPSC increase was 32.7 ± 5.5% in 420 

control (n = 5, N = 4) and 32.3 ±3.9% in Cre mice (n = 5, N = 4). However, the CRFR1
cKO group showed LTD 421 

rather than LTP following the same induction protocol (-38.4 ± 10.3; n = 5, N = 4; F (2,12) = 21.3, p = 0.00017; 422 

Tukey post hoc pairwise comparisons:  control flox vs. control Cre, p = 0.64; control flox vs. CRFR1
cKO, p = 423 

0.00078; control Cre vs. CRFR1
cKO, p = 0.00036; Fig. 4b). Note the absence of spike generation in the CRFR1

cKO 424 

granule cell (despite a robust depolarization) compared to the intense burst discharge of the control flox and 425 

control Cre granule cells (One-way ANOVA, F(2,12) = 8.7, p = 0.0054; Tukey post hoc pairwise comparisons:  426 

control flox vs. control Cre, p = 0.64; control flox vs. CRFR1
cKO , p = 0.023; control Cre vs. CRFR1

cKO, p = 0.0065; 427 

control flox n= 5, N= 4; control Cre n= 5, N= 4; CRFR1
cKO n= 5, N= 4; Fig. 4c). Since Cre mice presented similar 428 

characteristics to floxed control mice and no effect of the Cre knock-in was detected, floxed mice were used 429 

as controls for the rest of the experiments.  430 

 431 

Cerebellar gene expression is altered by GrCs CRFR1 depletion 432 

CRFR1 is a G-protein coupled receptor and thus is expected to have an effect on transcription. We 433 

hypothesized that the expression of genes related to its function will be altered. To test this, we collected 434 
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cerebella obtained from CRFR1
cKO and control mice, extracted mRNA and sequenced them using Illumina 435 

sequencing technology. Analysis of the mRNA sequencing revealed differential expression in a large variety 436 

of genes (563 genes, adjusted p value <0.05), however only 10 genes showed an up- or down-regulation 437 

larger than 0.4-fold change (Log2; Fig. 5a). Atp2b4, a gene coding for the calcium transporting plasma 438 

membrane ATPase 4 (PMCA4) was previously shown to be correlated with CRFR1 levels in the cerebellar 439 

cortex of genetically distonic rats (Xiao et al., 2007). We thus chose to further validate its down-regulation in 440 

the cerebella of CRFR1
cKO mice. Indeed, Atp2b4 mRNA levels were down-regulated by 50% in CRFR1

cKO mice 441 

compared to controls (dCT control= 4.3 ± 0.1, dCT CRFR1
cKO= 5.3±0.1, t(10)= 6.416 , p<0.001, N = 7,5; Fig. 5b;  442 

in additional cohort downregulation was to a similar extent, t(12)= 2.386, p= 0.034, N = 7,7, data not 443 

presented). Further analysis of PMCA4 levels, revealed a 40% down-regulation of the calcium transporter in 444 

CRFR1
cKO at the protein level (relative intensity control= 1.08±0.08, CRFR1

cKO= 0.68 ± 0.11, t(11)= 2.911, p= 445 

0.014, N = 7,6; Fig. 5c). Interestingly, and in line with PMCA4 down-regulation, analysis of all significantly 446 

down- or up-regulated genes using Ingenuity® pathway analysis revealed that the calcium signaling pathway 447 

was the most altered pathway in the cerebella of CRFR1
cKO mice (p= 1.26e-04).  448 

 449 

 CRFR1
cKO mice show accelerated learning in the EBC procedure 450 

Since the cerebellum, including its granular layer, is known to play a role in procedural learning (Galliano et 451 

al., 2013; Gao et al., 2012; Giovannucci et al., 2017), we next subjected the CRFR1
cKO mice to a cerebellar 452 

specific conditioning procedure, delay EBC. The mossy fiber to GrC pathway is thought to convey the 453 

conditioned stimulus (CS) signal to the cerebellum (De Zeeuw and Yeo, 2005; Yeo and Hesslow, 1998). We 454 

used the Magnetic Distance Measurement Technique (MDMT) (Koekkoek et al., 2002) for EB recordings, 455 

which allows a good measure of the mouse eyelid closure during CS presentation relative to eyelid closure 456 

during unconditioned stimulus (US) presentation by measuring the distance between a magnet placed on 457 
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the eyelid and a detector (Fig. 6a).  EBC was performed by pairing a neutral CS, a LED light, presented for a 458 

period of 330 ms, which co-terminated for 30 ms with an unconditioned stimulus (US), a mild air-puff to the 459 

cornea (Fig. 6a-b). Mice typically learn to close their eye in response to the CS, in a timely manner, i.e., close 460 

to US presentation, forming the conditioned response (CR). Figures 5c and 5d present a heat-map of group 461 

averages of eyelid closure in individual trials (1000 trials in total; Control: Fig. 6c, CRFR1
cKO: Fig. 6d). Figures 462 

4e and f present group average of eyelid traces of each of 10 training sessions for control (Fig. 6e) and 463 

CRFR1
cKO (Fig. 6f) mice. As evident from Fig. 6c-f, both CRFR1

cKO and control mice show a marked increase in 464 

eyelid closure preceding US presentation (Fig. 6c-f). Quantitative assessment of the percentage of CRs 465 

(calculated by assessing the number of CRs out of valid trials; see Methods) showed that both groups had 466 

learnt the EBC procedure (repeated measures ANOVA, main effect for session, F(3.227,45.176)= 39.722, p<0.001; 467 

Fig. 6g). However, CRFR1
cKO mice showed a significantly higher percentage of CRs during EBC training 468 

(repeated measures ANOVA, main effect for group, F(1,13) = 13.561, p = 0.002,=  N = 6,10; Fig. 6g). 469 

Importantly, the peak of the CRs were close to the US presentation, indicating the well-timed character of 470 

the responses (for the response time probability of the CRs in session 10, see Fig. 6-1). When trained on a 471 

shorter CS-US interval (250ms), CRFR1
cKO showed faster learning of the response, but both groups reached a 472 

similar CR percentage after 10 conditioning sessions (control = 46% ± 15, CRFR1
cKO = 49% ± 22, repeated 473 

measures ANOVA, main effect for group, F(1,12) = 5.56, p = 0.036,  N = 9, 5; Fig. 6-2). Taken together, these 474 

results further support the role of GrCs in learning rather than motor performance and suggest a significant 475 

role for CRFR1 specifically in learning properties of GrCs.  476 

 477 

Motor performance and fear and anxiety related behaviors are intact in CRFR1
cKO mice 478 

Mice with GrCs depleted of CRFR1 were tested for locomotion under baseline conditions using the inframot 479 

and for locomotion under challenging conditions using the rotarod and the treadmill. CRFR1
cKO mice did not 480 
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differ from their littermates in home-cage locomotion during light or dark phases (measured in arbitrary 481 

units, AU, control dark = 3870AU ± 443, light = 1266 AU ± 932, light = 867 AU ±250, dark unpaired t-test, 482 

t(11)= 1.114, p = 0.287, light unpaired t-test, t(7.128)= -0.539 p = 0.607,=  N = 7,6; Fig. 7a-b). For the rotarod test, 483 

CRFR1
cKO and control mice were subjected to 4 consecutive trials on a rod accelerating at 10rpm/min or to 4 484 

trials of 20rpm/min. The latencies to fall off the rod were summated for each mouse and averaged for each 485 

group. CRFR1
cKO performance on the rotarod was indistinguishable from that of control mice (at 10rpm 486 

control = 231 s ±27, CRFR1
cKO = 222 s ±19, MW-U, U= 114, p = 0.653, N = 12, 21; at 20rpm control = 167 s ±40, 487 

CRFR1
cKO = 144 s ±56, = 0.171, MW-U, U= 38, N = 13, 9; Fig. 7c). To assess the potential differences in stress 488 

induced motor performance, we used a treadmill apparatus that delivers a mild shock each time the mouse 489 

fails to run and falls on the grid (see Methods). On day 1 the mice were familiarized with the apparatus 490 

including the shock-delivering grid, and the mice had to learn that they had to continuously run to avoid the 491 

shocker mice. On the following day mice were returned to the active treadmill, and we used the number of 492 

falls on the grid to assess motor adequacy of the mice (Fig. 7d). CRFR1
cKO did not differ from their control 493 

counterparts in the performance on the treadmill (control = 38±5, CRFR1
cKO = 36±7, unpaired t-test, t(20)= 494 

0.193 p = 0.849,=  N = 12,10; Fig. 7e). Thus, we can conclude that CRFR1 in GrCs probably does not play a 495 

critical role in motor performance, neither under basal nor under stressful conditions.   496 

Since CRFR1 has been repeatedly shown to be involved in fear and anxiety related behaviors (Henckens et 497 

al., 2016; Sztainberg and Chen, 2012), we tested whether these were altered in CRFR1
cKO mice. No 498 

differences in acoustic startle response were detected between the groups (control = 29 AU ± 5, CRFR1
cKO = 499 

39 AU ±6, unpaired t-test, t(26)= -1.198, p = 0.242,=  N = 13,15; Fig. 7f). CRFR1
cKO mice tested in the open field 500 

test did not show any marked differences from their control counterparts in time spent in the center 501 

(control= 90 s ± 27, CRFR1
cKO = 41 s ± 6, unpaired t-test, t(26)= 1.74, p= 0.09), distance moved in the center 502 

(control = 922 cm ± 151, CRFR1
cKO = 604 cm ± 97, unpaired t-test, t(26)= 1.77, p = 0.9) or number of visits to 503 

the center of the arena (control= 44 visits ± 7, CRFR1
cKO = 30±4, unpaired t-test, t(26)= 1.67, p = 0.11,=  N = 504 
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14,14; Fig. 7g). Likewise, CRFR1
cKO mice exposed to a fear conditioning procedure did not differ from control 505 

littermates in freezing duration, neither during cue nor context presentation (context: control = 0.73 ± 0.1, 506 

CRFR1
cKO = 0.63 ± 0.06, unpaired t-test, t(10)= 1.121 p = 0.289,=  N = 6,6; cue: control = 0.79 ± 0.08, CRFR1

cKO = 507 

0.66 ± 0.08, unpaired t-test, t(8)= 1.032 p = 0.332,=  N = 6,4; Fig. 7h). These results show that CRFR1
cKO mice 508 

do not have altered emotional valence and exclude the involvement of GrCs-CRFR1
 in ‘emotionally 509 

susceptible’ behaviors. 510 

To conclude, CRFR1 depletion in the GrCs results in increased excitability of GrCs, a significantly altered 511 

cerebellar transcriptome including lowered expression of proteins involved in the calcium signaling pathway 512 

and accelerated cerebellar learning in the EBC procedure. Together, these results suggest a significant role 513 

for CRFR1 in tempering GrCs’ learning capacity.   514 
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Discussion 515 

CRF and its type 1 receptor are well characterized stress response mediators, however their role outside the 516 

limbic system is largely overlooked. Although CRFR1 expression in the cerebellum and in GrCs specifically has 517 

been previously reported, its role in cerebellar functions has not yet been examined (Justice et al., 2008; Van 518 

Pett et al., 2000). In this study, we established a GrC-specific CRFR1
KO mouse line, which was lacking most of 519 

the CRFR1 expressed in the cerebellum. We revealed that CRFR1 expressed in GrCs plays a relevant role in 520 

cerebellum-related learning, both at the cellular and behavioral level, but not in motor performance or 521 

stress-related behaviors. 522 

 523 

CRFR1 control of granule cells alters cerebellar learning 524 

GrCs depleted of CRFR1 showed a profoundly altered intrinsic excitability. The GrCs in CRFR1
cKO mice showed 525 

rapid activation of firing and a reduced ability to maintain activation when the injected current was intense. 526 

This was apparently due to a progressive reduction of AHP and, consequently, to action potential 527 

inactivation. These alterations point to inefficiency of Ca2+-dependent mechanisms controlling AHP. Indeed, 528 

the firing pattern alterations are very similar to those induced by selective BK-channel blockers and N-type 529 

Ca2+ channel blockers in these neurons, which could stem from reduced expression of the Ca2+-ATPase 530 

(Figure 3) (D’Angelo et al., 1998). Changes in basal calcium would bring Ca2+ binding sites of BK channels 531 

toward saturation and may contribute to inactivate Ca2+ channels (D’Angelo et al., 1998; for GrCs see (Rossi 532 

et al., 1998)) both limiting the dynamic control of ionic channel gating normally triggered by Ca2+ entry 533 

during action potentials. We have also found that GrCs of CRFR1
cKO fail to present LTP following TBS. This is 534 

particularly interesting considering that enhanced mossy fiber to GrC LTP results in impaired cerebellar 535 

learning at the behavioral level (Andreescu et al., 2011) while CRFR1
cKO mice show accelerated EBC at the 536 

behavioral level.  As LTP and LTD are spontaneously occurring in-vivo, it would be interesting to try to shift 537 

GrCs to induce more LTD in freely-behaving mice, during the process of learning.  538 
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CRFR1 has been implicated in a variety of learning paradigms, such as fear conditioning and spatial learning. 539 

Interestingly, fear conditioning is generally associated with increased CRFR1 activity, but spatial and other 540 

reward-based forms of learning can be accelerated or disrupted by stress or CRFR1 activity (Campbell et al., 541 

2015; Santarelli et al., 2014; Sztainberg and Chen, 2012; Wang et al., 2011). Several studies have specifically 542 

shown that depletion of CRFR1 in rodents can ‘rescue’ animals from the hazardous effect of early life stress 543 

or prolonged stress on learning (Campbell et al., 2015; Joëls and Baram, 2009; Wang et al., 2011). In 544 

humans, stress is reported to disrupt EBC (Schwabe and Wolf, 2010; Wolf et al., 2009, 2012). Consistent with 545 

this, mice lacking CRFR1 in GrCs show accelerated EBC learning. 546 

 547 

Potential beneficiary effects of CRFR1 activation at the acute stage 548 

If long-term processes, like some forms of procedural and declarative memory formation, are indeed 549 

impaired by activation of the CRF/CRFR1 system, one might expect from a teleological point of view that 550 

other, more acute stress-related functions are enhanced. Several findings in the eye-blink field support this 551 

possibility. The more acute short-latency responses or startle responses induced by loud tones when used as 552 

a CS for example (Boele et al., 2010; Medina et al., 2000), may well be enhanced by CRF. The mechanisms 553 

underlying such acutely enhanced responses might also explain why pharmacological injection of CRF into 554 

the lateral ventricles, generates an unnaturally high level of responses at the early stage of the conditioning 555 

process (Servatius et al., 2005). Similarly, previous reports of stress induced accelerated EBC in rats and mice 556 

present unusually fast learning (albeit different apparatus used; EMG and para-orbital shock) and show 557 

involvement of extra cerebellar brain structures including the amygdala and the hippocampus (Bangasser 558 

and Shors, 2007; Boele et al., 2010; Shors et al., 1992; Weiss et al., 2005). Notably, the use of para-orbital 559 

shock is likely to generate a much more stressful learning environment, that may lead to faster learning 560 

dependent more upon extra-cerebellar structures. Thus, the CRF/CRFR1 operations may particularly 561 

contribute to acute stress-related functions at the cost of longer term processes including some forms of 562 
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procedural and declarative memory formation. Hopefully further studies will give more insight about the 563 

specific role of stress-related peptides including CRFR1, on various forms and aspects of learning in the 564 

future. 565 

For EBC to appear, distributed plasticity mechanisms involving multiple synaptic sites both in the cerebellar 566 

cortex and deep cerebellar nuclei (DCN) must take place (Gao et al., 2012; ten Brinke et al., 2015). The 567 

mossy fiber input pathway engages a varied set of plasticity mechanisms in the whole cerebellum (Diwakar 568 

et al., 2011; Ramakrishnan et al., 2016; Roggeri et al., 2008), possibly as a result of increased excitability of 569 

the GrCs with a lower activation threshold. Downstream, this would lead to an increase in LTP of the parallel 570 

fiber to molecular layer interneuron synapses, more widespread LTD at the parallel fiber to PC synapse 571 

(ten Brinke et al., 2015), and more amplification of the recurrent nucleo-cortical pathway (Gao et al., 2016), 572 

which would all facilitate learning at the behavioral level. This hard-wired plasticity occurs over the course of 573 

several days and may well be facilitated by the trophic activity requiring steroid mechanisms (Brandoli et al., 574 

1998, 1998; Jeanneteau and Chao, 2013; Swinny et al., 2004). Interestingly, CRFR1 is also expressed in the 575 

cerebellar nuclei and so the CRF released from the mossy fiber and/or climbing fiber collaterals may also 576 

affect the activity of neurons at this site (Errico and Barmack, 1993; Justice et al., 2008; Van Pett et al., 577 

2000). Therefore, it would be interesting to further consider the effect of CRF from the mossy fibers on the 578 

cerebellar nuclei and explore to what extent its effects follow the concept of down-regulation of associative 579 

learning induced by stress and/or up-regulation of conditioned responses through trophic activity.  580 

 581 

CRF control of cerebellar granular cells is not essential for baseline motor performance or anxiety-like 582 

Behaviors 583 

Under basal conditions, motor performance tasks are not altered in CRFR1
cKO mice. Indeed, the majority of 584 

GrCs is probably essential for motor learning rather than performance (Galliano et al., 2013; Gao et al., 585 

2012). This is in line with the cortical-cerebellar-conditioning model described by Yeo and Hesslow (1998), 586 
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suggesting the mossy fiber - GrC pathway conveys mainly cortical-sensory information to the cerebellar 587 

cortex, which is essential for conditioning (Yeo and Hesslow, 1998). Moreover, in spite of its well 588 

characterized role in anxiety-related behavioral responses however cerebellar specific manipulation of 589 

CRFR1 did not result in anxiety-like phenotype in our study (Elliott et al., 2010; Henckens et al., 2016; Lucas 590 

et al., 2013; Regev et al., 2011, 2012; Sztainberg and Chen, 2012). It is indeed possible that in some brain 591 

regions, such as the cerebellum, the CRF system is utilized for functions that are stress independent, and 592 

thus manipulation of these components will not yield an anxiety related phenotype, nor will they be 593 

affected by stressful stimuli or challenge. However, we suggest that the cerebellum adaptation to stressful 594 

challenges may be directed by CRF/CRFR1 activity.  Further research is needed in order to conclude whether 595 

cerebellar CRF is affected by stress or may affect stress comping, in relation to cerebellar functions.  596 

To conclude, we have presented strong evidence that CRFR1 in GrCs plays a specific role in cerebellar 597 

learning, but does not affect baseline motor performance, in line with current understanding of GrCs 598 

function. On the cellular level, gene expression and electrophysiology revealed that functional CRFR1 is 599 

important in maintaining appropriate levels of excitability and calcium pathway related transcripts. The 600 

interaction between stress and various forms of learning has been extensively researched, however 601 

cerebellar learning has been mostly neglected in this regard. Understanding how stressful emotional 602 

motivation can alter not only emotional memories, but also motor learning will contribute to our 603 

understanding of CNS function both in general and under extreme conditions. CRFR1 undoubtedly has an 604 

important role in mediating such effects, and its contribution to various cerebellar functions under different 605 

conditioning will hopefully be elucidated by future research.   606 

607 
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Figure Legends 809 

Figure 1: CRFR1 is highly expressed in granular cells of mice.  810 

(a) Reporter mouse line expressing GFP under the CRFR1 promoter and tdTomato in CRF expressing cells was 811 

generated by crossbreeding the CRFR1
GFP mouse line with CRF-Cre mouse line and mice conditionally 812 

expressing tdTomato. (b-f) Sagittal cerebellar slice of the reporter line (b) with cortical magnifications (c-f), 813 

expressing GFP under the CRFR1 promoter and tdTomato in CRF expressing neurons; Purkinje cells are 814 

stained with calbindin (cyan; scale= 25 μm). (g-i) Magnification of the granular cell layer. (g) High 815 

magnification of granular cells clearly shows a dense population of granular cells expressing CRFR1 in the 816 

granular layer. (h) Glomeruli with tdTomato signal reaching the granular layer, indicates that mossy fibers 817 

expressing CRF reach the granular cell layer. (i) Merged image of glomeruli expressing tdTomato (CRF; red) 818 

and granular cells expressing GFP (CRFR1; green). (j) Mossy and climbing fibers expressing tdTomato in CRF 819 

positive cells in a cleared mouse brain. DCN= deep cerebellar nuclei, PN= pontine nucleus, IO= inferior olive, 820 

ML= molecular layer, PC= Purkinje cell layer, GC= granular cell layer. 821 

 822 

Figure 2. Establishment of a mouse line depleted of CRFR1 specifically in cerebellar granular cells.  823 

The 6 subunit levels in 6-Cre line cerebella and the Cre line granular specificity are presented in 824 

extended data 2-1. (a) Schematic representation of cell-specific deletion of CRFR1 using the Cre-lox system. 825 

(b) CRFR1 mRNA is reduced by more than 90% in the cerebella of Cre expressing mice (CRFR1
cKO; N= 8,6, p= 826 

0.002; Data in figure are presented as fold change). (c) No significant reduction in CRFR1 mRNA levels was 827 

detected in extra-cerebellar regions in CRFR1
cKO (mRNA levels presented are normalized to control levels, 828 

represented as dashed gray line, N = 3-6 per group, p= 0.373-0.991; data presented as fold change). Image 829 

analysis of co-localization levels of Cre activity in the 6-Cre line and CRFR1 expression are presented in 830 
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extended data 2-2.  (d-f) cerebellar structural properties. (d) No differences in cerebellar weight (N = 8,7, p= 831 

0.284) or (e) cerebellar volume (quantification and representative image of MRI scan, N= 7,8, p= 0.277) were 832 

detected. (f) No differences in granular cell soma size or number of dendrites were detected in CRFR1
cKO 833 

compared to control mice (Diameter: n= 43,51 cells, N = 2, p=0.82; dendrites N= 3,3, p= 0.45). Data are 834 

represented as mean ± SEM, ***p<0.005. DCN= deep cerebellar nuclei.  835 

 836 

Figure 3. CRFR1
cKO granule cells show different electro-responsiveness from control mice.   837 

(a) Examples of voltage responses elicited from -80 mV using step current injections in control for the floxed 838 

alleles (control flox), control for the α6- Cre (Control Cre) and CRFR1
cKO

 mice.  Instantaneous spike frequency 839 

is represented on top, showing rapid increase and marked adaptation in CRFR1
cKO mice. (b) 840 

Frequency/intensity plots for the same cells in (a). Note that the CRFR1
cKO granule cell shows higher 841 

discharge frequency at low current injection and lower discharge frequency at high current injection 842 

compared to control and Cre cells, generating a characteristic bell-shaped response profile. The histograms 843 

at the bottom show average discharge frequency values at different current injection for all recorded cells 844 

(control flox n= 8, N= 4; control Cre n= 7, N= 4; CRFR1
cKO n= 5, N= 3). (c) Spike threshold, 845 

afterhyperpolarization (AHP) and spike peak in the different groups of granule cell control flox n= 8, N= 4; 846 

control Cre n= 7, N= 4; CRFR1
cKO n= 5, N= 3). CRFR1

cKO
  granule cells spikes show higher threshold (control flox 847 

vs. control Cre, p = 0.31; control flox vs. CRFR1
cKO , p = 0.0013; control Cre vs. CRFR1

cKO, p = 0.00015), smaller 848 

AHP (control flox vs. control Cre, p = 0.73; control flox vs. CRFR1
cKO , p = 0.0037; control Cre vs. CRFR1

cKO, p = 849 

0.0011) and smaller overshoot (control flox vs. control Cre, p = 0.9; control flox vs. CRFR1
cKO , p = 0.052; 850 

control Cre vs. CRFR1
cKO, p = 0.029) compared to the 2 control groups. Data are represented as mean ±SEM, 851 

#p<0.05, *p<0.005 for one-way. Ind= induction. 852 

 853 
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Figure 4. Long-term changes in mossy fiber– granule cell excitatory postsynaptic currents (EPSCs) are 854 

markedly different in CRFR1
cKO

 and control mice.  855 

(a) Average EPSCs (100 tracings) obtained during control and 20 min after theta-burst stimulation (TBS) 856 

application are shown superimposed in control flox, control Cre, and CRFR1
cKO

 granule cells. After TBS, EPSCs 857 

increased in flox and Cre mice but decreased in the CRFR1
cKO granule cells. The plot shows the average time 858 

course of EPSC amplitude changes (control flox n= 5, N= 4; control Cre n= 5, N= 4; CRFR1
cKO n= 5, N= 4). (b) 859 

The histogram shows ensemble EPSC amplitude changes at 20 min after TBS compared to baseline (control 860 

flox vs. control Cre, p = 0.64; control flox vs. CRFR1
cKO, p = 0.00078; control Cre vs. CRFR1

cKO, p = 0.00036). (c) 861 

Examples of granule cell responses elicited by TBS. Note the absence of spike generation in the CRFR1
cKO 862 

granule cell (despite a robust depolarization) compared to the intense burst discharge of the control flox and 863 

control Cre granule cells (control flox vs. control Cre, p = 0.64; control flox vs. CRFR1
cKO, p = 0.023; control Cre 864 

vs. CRFR1
cKO, p = 0.0065). (d) The histogram shows ensemble number of spikes generated during TBS (control 865 

flox n= 5, N= 4; control Cre n= 5, N= 4; CRFR1
cKO n= 5, N= 4). (e) The plot correlates EPSC amplitude changes 866 

after induction with the number of spikes generated during TBS for the different mice groups (control flox 867 

n= 5, N= 4; control Cre n= 5, N= 4; CRFR1
cKO n= 5, N= 4; individual data points and mean ± SEM are shown for 868 

each group). Data are represented as mean ± SEM, *p<0.005. 869 

 870 

Figure 5. Whole cerebellum mRNA sequencing reveals significant differences in transcriptome of control and 871 

CRFR1
cKO mice.  872 

(a) Log2 mRNA analysis of CRFR1
cKO and control cerebella mice revealed 563 significantly up- or down-873 

regulated genes (light purple dots; N = 6,6). 10 genes showed log2 change larger than ±0.4 (FC>30%, dark 874 

purple dots; 3 genes up-regulated and 7 down-regulated). (b) Real time qPCR analysis was used to validates 875 

the down-regulation of Atp2b4 mRNA levels, in CRFR1
cKO mice compared to controls (N = 7,5, p<0.001). (c) 876 

quantification by WB of PMCA4, the protein coded by the Atp2b4 gene, validates its translation down-877 
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regulation in cerebella obtained from control and CRFR1
cKO as well (N = 7,6, p= 0.014). Data are represented 878 

as mean ± SEM, *p<0.05, #p<0.001. 879 

 880 

Figure 6. CRFR1
cKO mice show enhanced learning in the eye-blink conditioning (EBC) procedure compared to 881 

control mice.  882 

(a) Schematic illustration of EBC using magnetic distance measurement technique (MDMT). (b) Over the 883 

course of EBC, a 330 ms conditioned stimulus (CS; green line) was paired with a co-terminating 30ms 884 

unconditioned stimulus (US; blue line). (c-d) Heat- map of group averages of trial-by-trial eyelid closure over 885 

the entire course of conditioning for controls (c) and CRFR1
cKO mice (d). (e-f) Averaged group eyelid traces 886 

per session depicting levels of eyelid closure over the entire course of conditioning for controls (e) and 887 

CRFR1
cKO mice (f).  (g) Although both groups perform conditioned responses (CRs) prior to US presentation 888 

within several training sessions, quantitative assessment clearly reveals that CRFR1
cKO CR percentage 889 

presented during EBC training is higher than controls (control: green, CRFR1
cKO: purple, N = 6,10 respectively; 890 

p= 0.002). CR timing histograms for session 10 are presented in extended data 6-1. Similar learning trends 891 

are seen for CRFR1
cKO and control mice trained with 250ms ISI in extended data Figure 6-2. Data are 892 

represented as mean ± SEM, ***p<0.005.  893 

 894 

Figure 7. CRFR1
cKO mice do not show any motor phenotype under challenging or neutral conditions.  895 

(a-b) Home-cage locomotion measured in single caged CRFR1
cKO mice and control mice did not reveal any 896 

differences between the groups in light or dark phases (N = 7,6, p= 0.607, 0.289, respectively). (c) Mice 897 

tested on the rotarod for a single session (4 trials) at 10rpm/min or 20rpm/min (from 0 to 40 rpm in 4 or 2 min) 898 

lasted for similar latencies on the rod (10 rpm: N = 12,21, p= 0.653; 20 rpm: N = 13, 9 p= 0.171). (d) Layout of 899 

treadmill protocol. (e) Mice tested on a treadmill fell onto the grid to a similar extent (N = 12,10, p= 0.849 (f-900 



 

 38 

h) CRFR1
cKO and control mice do not show a fear or anxiety related phenotype. (f) Mice do not exhibit 901 

differences in startle response (N = 13,15, p= 0.242). (g) CRFR1
cKO and control mice tested in the open field 902 

test do not show a significant difference in time spent in the center of the arena, number of visits to or 903 

distance in the center, or in total distance walked during the task (N = 14,14, p= 0.11-0.9). (h) Following fear 904 

conditioning, CRFR1
cKO and control do not show differences in freezing during cue (N = 6,4, p= 0.332) or 905 

context (N = 6,6, p= 0.289) presentation. Data are represented as mean ± SEM. 906 

 907 

Fig 2-1. Validation of the of α6-Cre mouse line. (Related to Figure 2) 908 

(a) RT-qPCR analysis of cerebella obtained from heterozygous α6-Cre mice shows there is not significant 909 

reduction of Gabra6 gene expression levels (N = 7,5, p= 0.26). (b) Western blot analysis of relative quantity 910 

of Gabra6 protein in heterozygous α6-Cre reveals no significant reduction in protein levels (N = 7,6, p= 0.1). 911 

(c) Western blot image of the Gabra6. (d) Reporter mouse line expressing tdTomato α6-Cre expressing cells 912 

was generated by cross breeding α6-Cre and floxed stop tdTomato mice (α6-tdTomato). (e) Sagittal section 913 

of α6-tdTomato brain clearly shows a specific expression of tdTomato in the cerebellum. Data are 914 

represented as mean ± SEM. 915 

 916 

Fig. 2-2. Evaluation of CRFR1
cKO mouse model. (Related to Figure 2) 917 

(a) Reporter mouse line expressing GFP under the CRFR1 promoter and tdTomato in α6-Cre expressing cells 918 

was generated by cross-breeding CRFR1
GFP with α6-Cre and floxed stop tdTomato mice. (b) Co-localization 919 

of tdTomato and GFP expressing cells in the granular layer reveals an almost complete overlap between the 920 

α6 subunit (tdTomato; red) and CRFR1 (GFP) indicating CRFR1 is expressed in the vast majority of GrCs and 921 

that the penetrance of α6-Cre will allow for a complete ablation of CRFR1 from GrCs. (c) Since granular cells 922 



 

 39 

are too crowded to allow for cell by cell count, Mander’s coefficient was used to assess overlap of GFP signal 923 

with tdTomato signal; Mander’s coefficient reveals that nearly all GFP positive pixels are co-stained with 924 

tdTomato, indicating CRFR1 expressing GrCs (GFP) also express the α6 subunit (tdTomato, n = 9 925 

images/slices, N= 2). (d) Representative images of the cortex, hippocampus, DCN, pontine and thalamus of 926 

the CRFR1
GFP x α6-tdTomato reporter mouse line. (e) Analysis of percentage of cells expressing GFP (CRFR1) 927 

that co-express tdTomato ( α6-Cre) signal in extra-cerebellar structures reveals low co-localization in extra-928 

cereballar structures (N= 2; CRFR1-GFP+tdTomato: yellow, CRFR1-GFP not co-localized with tdTomato: 929 

green). Data are represented as mean ± SEM. DCN= deep cerebellar nuclei. 930 

 931 

Fig. 6-1. Conditioned response (CR) peak time probability of control and knockout mice. (Related to Figure 6) 932 

(a-b) CR peak time probability per group in session 10 reveals that both groups show higher probability to 933 

respond within 50 ms prior to unconditioned stimulus (US) onset (i.e., present well-timed CRs, a, control: 934 

green; b, CRFR1
cKO: purple). Each bar represents a 25 ms bin, starting 50 ms after conditioned stimulus (CS) 935 

onset.  936 

 937 

Fig. 6-2. CRFR1
cKO mice show accelerated learning of the eye-blink conditioning (EBC) with a 250 ms CS-US 938 

interval. (Related to Figure 6) 939 

(a-b) Heat map of average trial-by-trial eyelid closure over the entire course of conditioning for controls (a) 940 

and CRFR1
cKO (b). (c) Quantified percentage CR of control (green) and CRFR1

cKO (purple) in 10 training sessions 941 

of EBC with a 250 ms CS-US interval show accelerated learning in CRFR1
cKO compared to controls (N = 9,5, p= 942 

0.036). Data are represented as mean ± SEM, *p<0.05. 943 

 944 
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Movie 1. CRF expressing cells give rise to mossy and climbing fibers 945 

CRF-tdTomato mouse brain was cleared and imaged to depict fibers originating in CRF positive neurons 946 

reaching the cerebellum. Mossy and climbing fibers show marked expression of tdTomato indicating CRF 947 

input to the cerebellum via these two pathways.  948 
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Tables 949 

Table 1. Properties of whole-cell recordings in mice granule cells 950 

  

Control flox 

(n = 13) 

 

Control Cre 

(n = 10) 

 

CRFR1
cKO 

(n = 10) 

Rm (GΩ) 1.5 ± 0.2 1.3 ± 0.2 1.8 ± 0.3 

Cm (pF) 3.1 ± 0.2 3.2 ± 0.2 2.9 ± 0.3 

Rs (MΩ) 27.6 ± 2.5 28.1 ± 6.0 26.4 ± 2.4 

fVC (KHz) 2.1 ± 0.2 2.4 ± 0.3 2.3 ± 0.2 

τVC(μs) 88.2 ± 10.0 89.2 ± 15.2 79.3 ± 11.5 

Vm (mV) -49.9 ± 3.1 -51.6 ± 2.6 -48.8 ± 2.8 

The data were obtained using K-gluconate intracellular solution and analyzing  951 
current transients elicited by 10 mV voltage-clamp steps delivered from the  952 
holding potential of -70 mV 953 

 954 

Table 1 955 

Properties of whole-cell recordings in mice granule cells do not differ among mice with floxed alleles of the 956 

CRFR1 gene, heterozygous α6-Cre and granular cells CRFR1
cKO mice. 957 
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