
Page 1/16

Opposing Actions of CRF-R1 and CB1 Receptor on
Facial Stimulation-Induced MLI-PC Plasticity in
Mouse Cerebellar Cortex
Guang-Gao Li 

Yanbian University
Peng Wan 

Jilin Medical University
Wen-Yuan Wu 

A�liated Hospital of Yanbian University
Chun-Ping Chu 

Jilin Medical University
De-Lai Qiu  (  dlqiu@jlmu.edu.cn )

Jilin Medical University
Chun-Jian Piao 

Jilin Medical University
Shu-Yu Li 

Yanbian University
Yu-Xuan Wei 

Yanbian University
Guo-Hun Zhao 

Yanbian University

Research Article

Keywords: Corticotropin-releasing factor (CRF), mouse cerebellar cortex, sensory stimulation, molecular
layer interneuron (MLI), Purkinje cell, in vivo cell-attached recording, long-term plasticity

Posted Date: March 10th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1383556/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1383556/v1
mailto:dlqiu@jlmu.edu.cn
https://doi.org/10.21203/rs.3.rs-1383556/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/16

Abstract

Background
Corticotropin-releasing factor (CRF) is an important neuromodulator in cerebellar cortex, which plays
critical roles in modulating synaptic transmission and plasticity via its receptors. Activation of
cannabinoid receptor 1 (CB1) controls the sensory stimulation-induced interneuron–Purkinje cell long-
term depression (MLI-PC LTD) in mouse cerebellar cortex. However, the cellular actions of CRF on MLI-PC
LTD are poor understand. We here investigated the effect of CRF on the facial stimulation-evoked MLI-PC
long-term depression (LTD) in urethane-anesthetized mice by cell-attached recording technique and
pharmacological method.

Results
Facial stimulation at 1Hz induced a LTD of MLI-PC synaptic transmission under control conditions, but it
was not induced in the presence of CRF (100 nM). The CRF-abolished MLI-PC LTD was restored by a
selective CRF-R1 antagonist, BMS-763534 (BMS, 200 nM), but it was not restored by a selective CRF-R2
antagonist, antisauvagine-30 (200 nM). Blocking cannabinoid type 1 (CB1) receptor, abolished the facial
stimulation-induced MLI-PC LTD, and revealed a CRF-R1 receptor activation-dependent MLI-PC long-term
potentiation (LTP). However, the CRF-R1 receptor activation-dependent MLI-PC LTP was abolished by
inhibition of protein kinase C (PKC) with chelerythrine (5 µM) or depletion of intracellular Ca2+ with
cyclopiazonic acid (100 µM).

Conclusions
The present results indicate that CRF opposes the CB1 receptor-dependent MLI-PC LTD produced by the
facial stimulation train, which may be caused by triggering a MLI-PC LTP through CRF-R1/PKC and
intracellular Ca2+ signaling pathway in mouse cerebellar cortex. Our results suggest that CRF-R1 and CB1
receptor play oppose actions on facial stimulation-induced cerebellar MLI-PC plasticity in vivo in mice.

1. Background
Corticotropin releasing factor (CRF) is a neuropeptide, which is founds in hypothalamus, cerebral cortex,
amygdala, cerebellum and spinal cord (Luo et al., 1994; Palkovits et al., 1987; Barnack et al., 1990; Tian
and Bishop, 2003; Ezra-Nevo et al., 2018a). CRF plays important functions in regulation of ionic current,
synaptic transmission and long-term plasticity via its receptors (Palkovits et al., 1987; Barnack et al.,
1990; Miyata et al., 1999; Tian and Bishop, 2003). which are G protein-coupled receptors, and named CRF-
R1 and CRF-R2 (Chen et al., 1993). Both CRF-R1 and CRF-R2 are expressed in the cerebellum of adult
rodents (Bishop 1990; Bishop et al., 2000; Lee et al., 2004). CRF-R1 is found in all lobules of the cerebellar
cortex, including PCs, MLIs, Golgi cells and granule cells (Tao et al., 2009; Tian et al., 2006; Wu et al.,
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2020). In contrast, CRF-R2 has been found in the cerebellar cortical molecular layer, such as parallel �bers
and their terminals (Tian et al., 2006; Bishop et al., 2006).

Cerebellar cortex is composed of molecular layer, Purkinje cell (PC) layer and granular layer, which mainly
include PC, molecular layer interneurons (MLI), granular cell and Golgi cell (Palay and Chan-Palay., 1974).
In the cerebellar cortical circuit, long-term synaptic plasticity can occur in parallel �ber-PC (PF-PC), parallel
�ber-MLIS (PF-MLIs), mossy �ber-granule cells (MF-GrC) and MLI-PC synapses, which is considered as
the cellular mechanisms of motor learning (Ito 1989). Activation of CRF receptors regulates synaptic
transmission and plasticity in cerebellum has been well demonstrated previously (Miyata et al., 1999;
Schmolesky et al., 2007; Regeva and Barama, 2007). During several minutes of stress stimulation, CRF
release potentiates synaptic plasticity (Wang et al., 1998, 2000). In mouse hippocampus slices,
electrophysiological evidence showing that activation of CRF-R1 signaling potentiates synaptic plasticity
(Schierloh et al, 2007). Blockade of central CRF-R1 during the period that followed the early-life stress
prevents impairment of hippocampus-dependent LTP in selective regions of hippocampal CA1 (Ivy et al.,
2010). In cerebellar slices of rats, application of CRF receptor antagonists abolishes parallel �ber-PC LTD
induced by conjunctive stimulation of parallel �ber and climbing �ber via protein kinase C signaling
pathway, suggesting that CRF releases from climbing �ber play a key role in cerebellar parallel �ber-PC
LTD (Miyata et al., 1999). Bath application of CRF not only reduces climbing-�ber synaptic transmission
but also induces a parallel �ber-PC LTD by a CRF-mediated recruitment of PKC and PKA in rat cerebellar
slices, suggesting that CRF regulates climbing �ber-Purkinje cell synaptic transmission and long-term
plasticity (Schmolesky et al., 2007). Activation of CRF-R1 play an important role in the responses to
stressful challenges, and act as critical roles in regulating particular forms of cerebellar learning both at
the cellular and behavioral levels, but without an effect on baseline motor skills (Ezra-Nevo et al., 2018b;
Wang et al., 2017). We recently found that activation of CRF-R1 increases excitability of MLIs and
enhances the facial stimulation-evoked MLI-PC synaptic transmission in vivo in mice, suggesting that
CRF modulates MLI-PC synaptic transmission and long-term plasticity (Wu et al., 2020).

In addition, endocannabinoids release could be induced by high-frequency stimulation train via activation
of postsynaptic mGluR1 and NMDA receptors in cerebellar PCs or MLIs, which regulates the induction of
presynaptic plasticity (Chu et al., 2014). Under in vitro conditions, activating cannabinoids receptor 1
(CB1) induces long-term plasticity at MLI-PC synapses, which expresses in a heterosynaptic manner
(Hirano and Kawaguchi, 2014; Ezra-Nevo et al., 2018a). Stimulation of molecular layer induces a
presynaptic LTD at parallel �ber-PC synapses via activation of cannabinoid type 1 (CB1) receptors in vivo
in mice (Chu et al., 2014). Moreover, facial stimulation at 1 Hz could induce a CB1 receptor dependent
MLI-PC LTD in cerebellar cortex (Bing et al., 2015). Collectively, CRF-R1 and CB1 receptor exit in cerebellar
cortex, and both of them are considered to involve in modulation MLI-PC GABAergic synaptic
transmission and plasticity. Although, activation CB1 receptor controls 1 Hz facial stimulation-induced
MLI-LTD in mouse cerebellar cortex, the role CRF-R1 during sensory stimulation induced MLI-PC
GABAergic plasticity is unknown.
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2. Results

2.1 Effect of CRF on the facial stimulation-induced MLI-PC
LTD
Consisted with previous studies (Bing et al., 2015; Li et al., 2019), facial stimulation at 1 Hz (240 pulses)
induced a LTD at MLI-PC synapses (MLI-PC LTD). As shown in Fig. 1, 1 Hz facial stimulation induced a
persistent depression of MLI-PC GABAergic synaptic transmission, which expressed a decrease in
amplitude of P1 under control conditions (ACSF; Fig. 2A, B). The normalized amplitude of P1 was
decreased to 71.9 ± 4.6% of that of baseline during 40–50 minutes after 1 Hz facial stimulation (P < 0.05
versus baseline, n = 7 experiments; Fig. 1C), while the normalized pause of simple spike was 73.3 ± 4.7%
of that of baseline during 40–50 minutes after 1 Hz stimulation (P < 0.05 versus baseline, n = 7; Fig. 1D).
Interestingly, 1 Hz (240 pulses) facial stimulation delivered the presence of CRF (100 nM) failed to induce
MLI-PC LTD in (Fig. 1A, B). The normalized amplitude of P1 during 40–50 minutes after 1 Hz facial
stimulation was 99.7 ± 4.2% of that of baseline (P > 0.05 versus baseline, n = 7; Fig. 1C), which was
signi�cant higher than that of control (ACSF; P < 0.05, n = 7; Fig. 1C). The normalized pause time during
40–50 minutes after 1 Hz stimulation was 98.7 ± 4.3% of that of baseline (P > 0.05 versus baseline, n = 7;
Fig. 1D), which was signi�cant different than that of control (ACSF; P < 0.05, n = 7; Fig. 1D ). These results
indicate that 1 Hz facial stimulation induced MLI-PC LTD under control condition, but not in the presence
of CRF, suggesting that activation CRF receptors prevents the expression of facial stimulation-induced
cerebellar MLI-PC LTD in vivo in mice

2.2 Activation CRF-R1 prevents the expression of facial
stimulation-induced MLI-PC LTD
We further employed a selective CRF-R1 antagonist BSM-763534 (BMS, 200 nM) to examine whether CRF
modulated the facial stimulation-induced MLI-PC LTD through CRF-R1. 1 Hz facial stimulation delivered
in the presence BSM and CRF could induce MLI-PC LTD (Fig. 2A, B). The normalized amplitude of P1
decreased to 72.4 ± 3.8% of that of baseline during 40–50 minutes after 1 Hz facial stimulation (P < 0.05
versus baseline, n = 7, Fig. 2C), which was signi�cant lower than that of CRF alone (P > 0.05, n = 7,
Fig. 2C). The normalized time of pause was 73.7 ± 4.2% of that of baseline during 40–50 minutes after 1
Hz stimulation (P < 0.05 versus baseline, n = 7; Fig. 2D), which was signi�cant shorter than that of CRF
alone (P > 0.05, n = 7, Fig. 2D). These results indicate that blocking CRF-R1 restore the facial stimulation
induced MLI-PC LTD abolished by CRF in mouse cerebellar cortex, suggesting that activation CRF-R1
impairs the expression of facial stimulation-induced MLI-PC LTD.

Blockade of CRF-R2 with antisauvagine-30 (200 nM), CRF (100 nM) prevented 1 Hz facial stimulation to
induce MLI-PC LTD (Fig. 3A, B). The normalized P1 amplitude was 100.1 ± 3.6% of that of baseline during
40–50 minutes after 1 Hz facial stimulation, (P > 0.05 versus baseline, n = 7; Fig. 3C), which was similar
to that of CRF alone (P > 0.05 versus CRF, n = 7; Fig. 3C). The normalized time of pause was 99.4 ± 3.8%
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of that of baseline during 40–50 minutes after 1 Hz stimulation (P > 0.05 versus baseline, n = 7; Fig. 3D),
which was no signi�cant than that of CRF alone (P > 0.05 versus CRF, n = 7; Fig. 3D). These results
indicate that CRF impairs facial stimulation-induced MLI-PC LTD is regardless of CRF-R2.

2.3 Blockade of CB1 receptor, CRF triggers the facial stimulation to induce a MLI-PC LTP via activation of
CRF-R1

Our previous study demonstrated that 1 Hz facial stimulation-induced MLI-PC LTD was dependent on
activation of CB1 receptor (Bing et al., 2015) Consisted with the previous results (Bing et al., 2015),
blockade CB1 receptors activity with AM-251(5 µM), 1 Hz facial stimulation failed to induce MLI-PC LTD
(Fig. 4C, D). However, blockade of MLI-PC LTD with AM251, CRF triggered the facial stimulation to induce
a MLI-PC LTP (Fig. 4A, B). The normalized amplitude of P1 was 117.8 ± 5.9% of that of baseline during
40–50 minutes after 1 Hz facial stimulation (P < 0.05 versus baseline, n = 8; Fig. 4C), which was
signi�cant higher than that of AM251 alone (P < 0.05 versus AM251, n = 8; Fig. 4C). The normalized time
of pause was 123.1 ± 7.6% of that of baseline during 40–50 minutes after 1 Hz stimulation (P > 0.05
versus baseline, n = 8; Fig. 4D), which was signi�cant higher than that of AM251 alone (P < 0.05 versus
AM251, n = 8; Fig. 4D). These results indicate that blockade of CB1 receptor, CRF triggers 1Hz facial
stimulation to induce a MLI-PC LTP in mouse cerebellar cortex.

We further examined whether CRF triggered 1 Hz sensory stimulation-induced MLI-PC LTP via activation
of CRF-R1. Blockade of CRF-R1, CRF could not trigger 1Hz facial stimulation to induce a MLI-PC LTP in
mouse cerebellar cortex (Fig. 5A). In the presence of a mixture of AM251 (5 µM), BSM (200 nM) and CRF
(100 nM), delivery of 1 Hz facial stimulation did not induce MLI-PC plasticity (Fig. 5A, B). The normalized
amplitude of P1 was 101.9 ± 3.4% of that of baseline during 40–50 minutes after 1 Hz facial stimulation
(P < 0.05 versus baseline, n = 8; Fig. 5C), which was no signi�cant than that of AM251 + CRF (P > 0.05
versus AM251 + CRF, n = 8; Fig. 5C). The normalized time of pause was 102.2 ± 3.4% of that of baseline
during 40–50 minutes after 1 Hz stimulation (P < 0.05 versus baseline, n = 8, Fig. 5D), which was no
signi�cant than that of AM251 + CRF (P > 0.05 versus AM251 + CRF, n = 8; Fig. 5D). The results show that
blockade CB1 receptor, CRF triggers 1 Hz facial stimulation to induce MLI-PC LTP through CRF-R1.

2.4 CRF triggers the facial stimulation to induce a MLI-PC LTP via PKC and intracellular Ca 2+ signaling
pathway

It has been showed that activation of CRF-R1 modulated intracellular protein kinase C (PKC) and calcium
level, which regulated the synaptic transmission and plasticity (Arzt and Holsboer, 2006). We further
examined whether CRF triggered the facial stimulation to induce MLI-PC LTP via PKC signaling pathway,
by applying PKC inhibitor, chelerythrine (Ko et al., 1990; Tian et al., 2006). In order to full inhibiting the
catalytic subunit of PKC, chelerythrine (5 µM) was perfused on cerebellar surface over 30 min. As shown
in Fig. 6, inhibition of PKC, CRF (100 nM) failed to trigger 1 Hz facial stimulation (240 pulses) to induce
MLI-PC LTD or MLI-PC LTP (Fig. 6A, B). The normalized amplitude of P1 was 101.6 ± 3.7% of that of
baseline during 40–50 minutes after 1 Hz facial stimulation delivered in AM251 + CRF (P < 0.05 versus



Page 6/16

baseline, n = 8; Fig. 6C), which was no signi�cant than that of AM251 + CRF (P > 0.05 versus AM251 + 
CRF, n = 8; Fig. 6C). The normalized time of pause was 100.6 ± 5.2% of that of baseline during 40–50
minutes after 1 Hz stimulation delivered in the presence of AM251 + CRF (P < 0.05 versus baseline, n = 8,
Fig. 6D), which was no signi�cant than that of AM251 + CRF (P > 0.05 versus AM251 + CRF, n = 8; Fig. 6D).
The results indicate that inhibition of PKC, CRF fails to trigger 1 Hz facial stimulation-induced MLI-PC LTP,
suggesting that CRF triggers 1Hz facial stimulation-induced MLI-PC LTP through a PKC signaling
pathway.

Since CRF could regulate transmitter release by mobilizing intracellular calcium release through kinase
dependent pathways (Herbert et al., 1990), we further examined whether CRF could trigger 1 Hz facial
stimulation to induce MLI-PC LTP when intracellular Ca2 + was depleted by perfusion of cyclopyruvate
(CPA; 100 µM). In order to depleting the intracellular Ca2+, CPA (100 µM) was perfused on cerebellar
surface over 30 min. As shown in Fig. 7, depletion of intracellular Ca2+ and blockade of CB1 receptor, CRF
(100 nM) failed to trigger 1 Hz facial stimulation-induced MLI-PC plasticity (Fig. 7A, B). The normalized
amplitude of P1 was 100.3 ± 4.3% of that of baseline during 40–50 minutes after 1 Hz facial stimulation
delivered in the presence of CPA, AM251 and CRF (P < 0.05 versus baseline, n = 8, Fig. 7C), which was no
signi�cant than that of AM251 + CRF (P > 0.05 versus AM251 + CRF, n = 8; Fig. 7C). The normalized time
of pause was 99.8 ± 5.2% of baseline during 40–50 minutes after 1 Hz stimulation delivered in the
presence of CPA, AM251 and CRF (P < 0.05 versus baseline, n = 8, Fig. 7D), which was no signi�cant than
that of AM251 + CRF (P > 0.05 versus AM251 + CRF, n = 8; Fig. 7D). The results indicate that depletion of
intracellular Ca2+, CRF could not trigger 1 Hz facial stimulation to induce MLI-PC LTP, suggesting that CRF
triggers 1Hz facial stimulation-induced MLI-PC LTP required intracellular Ca2+.

3. Discussion
In this study, we found that the CRF impaired the facial stimulation-evoked MLI-PC LTD was restored by a
selective CRF-R1 antagonist. Blockade CB1 receptor abolished MLI-PC LTD revealed that CRF triggered a
facial stimulation-induced MLI-PC LTP via CRF-R1/PCK/Ca2+ signaling pathway. These results indicate
that activation of CRF-R1 triggers 1 Hz facial sensory stimulation-induced MLI-PC LTP through a PKC and
intracellular Ca2+ signaling pathway, which opposed the expression of CB1 receptor-dependent MLI-PC
LTD in vivo in mice.

3.1 Activation of CRF-R1 modulates cerebellar MLI-PC
synaptic transmission and long-term plasticity
Electrophysiological recording from cerebellar PCs shows that sensory stimulation evokes MLI-PC
GABAergic synaptic transmission, which expresses a strong inhibitory component in vivo in mice (Chu et
al., 2011; Bing et al., 2015). The sensory stimulation evokes MLI-PC inhibitory synaptic transmission and
plasticity play critical roles in regulation PC to output movement-related command (Chu et al., 2012; Bing
et al., 2015). Previous studies demonstrated that long-term synaptic plasticity could be induced by
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postsynaptic depolarization at MLI-PC synapses in cerebellar slices, which were dependent on the
activation of CB1 receptor (Llano et al., 1991; Yoshida et al., 2002). Under in vivo conditions, facial
stimulation at 1 Hz induced a MLI-PC LTD via activation of CB1 and NMDA receptors in mouse cerebellar
cortex (Bing et al., 2015). Consistent with our previous studies (Bing et al., 2015; Li et al., 2019), our
results showed that facial stimulation at 1 Hz induced a MLI-PC LTD, which could be abolished by CB1
receptor antagonist, indicating that MLI-PC LTD was dependent on the activation of CB1 receptor.
Notably, the facial stimulation delivered in the presence of CRF failed to induce MLI-PC LTD, indicating
that activation of CRF receptors impaired the facial stimulation-induced MLI-PC LTD.

Immunohistochemical study has revealed that both CRF-R1 and CRF-R2 were expressed in adult rat
cerebellum (Swinny et al., 2003). CRF release from CRFergic mossy �ber terminals in granular layer and
molecular layer could regulate mossy �ber-granule cell, parallel �ber-PC and parallel �ber-MLIs synaptic
transmission and long-term plasticity (Tian et al., 2006; Wang et al., 2018; Wu et al., 2020). We recently
found that CRF increases excitability of MLIs, resulting in a signi�cant enhancement of the facial
stimulation-evoked MLI-PC synaptic transmission via activation of CRF-R1 in vivo in mice, suggesting
that CRF modulates MLI-PC synaptic transmission and long-term plasticity and play a critical role in
motor learning in living animals (Wu et al., 2020). Interestingly, our present results showed that CRF failed
to prevent the facial stimulation-induced MLI-PC LTD in mouse cerebellar cortex in the absence of CRF-R1
activity, suggesting that activation of CRF-R1 impaired the expression of MLI-PC LTD. However, CRF
impaired the facial stimulation-induced MLI-PC LTD sensory stimulation was persisted in the absence of
CRF-R2 activity, which suggested that CRF impaired the facial stimulation-induced MLI-PC LTD via CRF-
R1 rather than CRF-R2. These results are consisted with previous studies (Tian et al., 2006; Wang et al.,
2018; Wu et al., 2020), CRF-R1 activation modulates MLI-PC synaptic transmission and long-term-
synaptic plasticity.

3.2 Pharmacological blocking MLI-PC LTD, CRF triggers the facial stimulation to induced a MLI-PC LTP
through CRF-R1

CB1 receptor-mediated LTD has been demonstrated in several brain areas at both inhibitory and
excitatory synapses (Chevaleyre et al, 2006). In cerebellar cortex, a CB1 receptor-dependent PF-PC LTD
could be induced in cerebellar slice (Qiu and Knӧpfel, 2009), and in living mice (Chu et al., 2014). A
presynaptically expressed form of CB1 receptor-dependent LTD has been also found at PF-MLI synapses
(Soler-Llavina and Sabatini, 2006). Our previous study demonstrated that 1 Hz facial stimulation-induced
MLI-PC LTD could be blocked by CB1 receptor antagonist, and could be mimicked by pharmacological
activation of CB1 receptor, indicated that the facial stimulation-induced MLI-PC LTD via activation of CB1
receptor (Bing et al., 2015). The present results showed that that CRF triggered 1Hz facial stimulation to
induce a MLI-PC LTP in absence of CB1 receptor activity, indicating that blockade of CB1 receptor-
dependent LTD revealed a CRF-triggered MLI-PC LTP in mouse cerebellar cortex. Moreover, blockade of
CRF-R1, CRF failed to trigger 1Hz facial stimulation to induce a MLI-PC LTP in mouse cerebellar cortex.
These results indicate that blockade CB1 receptor abolished MLI-PC LTD, and activation of CRF-R1
triggers facial stimulation to induce a MLI-PC LTP in vivo in mice.
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3.3 Blockade MLI-PC LTD, CRF triggers the facial stimulation to induce a MLI-PC LTP via PKC/Ca 2+

signaling pathway

CRF-R1 is G-protein coupled receptor, which can activate adenylate cyclase, protein kinase A (PKA), PKC
and intracellular second messenger, cyclic adenosine monophosphate, thereby increasing the level of
intracellular Ca2+ (Riegel and Williams, 2008; Tan et al., 2004; Harlan et al., 2018). Previous study
demonstrated that activation of CRF-R1 enhances GABA release via PKC signaling pathway (Riegel and
Williams, 2008; Tan et al., 2004; Harlan et al., 2018). CRF modulates GABAergic synaptic transmission of
serotonergic neurons in pyramidal neurons of prefrontal cortex (Tan et al., 2004), and enhancing GABA
release in central amygdala (CEA) through CRF-R1/PKC signaling pathway (Harlan et al., 2018). Although
PKC signaling cascade dependent LTP has not demonstrated in cerebellar cortex, the activation of PKC
has been found to be required for LTP induction in other areas of the brain (MacDonald et al., 2001; Luu
and Malenka, 2008). Consistent with previous studies (MacDonald et al., 2001; Luu and Malenka, 2008),
the results showed that inhibition of PKC abolished CRF to trigger 1 Hz facial stimulation-induced MLI-PC
LTP, suggesting that CRF triggers 1Hz facial stimulation to induce MLI-PC LTP through PKC signaling
pathway. In addition, activation of CRF-R1 can regulate transmitter release by a kinase dependent
mobilization of calcium release from intracellular stores (Arzt and Holsboer, 2006), and CRF activated
presynaptic intracellular calcium store might serve as reservoirs for release machinery (Llano et al.,
1994). The present results showed that depletion of intracellular Ca2+, CRF could not trigger 1 Hz facial
stimulation to induce MLI-PC LTP, suggesting that CRF trigger 1Hz facial stimulation to induce MLI-PC
LTP required intracellular Ca2+. Collectively, our present results indicate that blockade of CB1 receptor-
dependent MLI-PC LTD, CRF triggers 1 Hz facial stimulation to induce MLI-PC LTP through CRF-R1-PKC-
Ca2+ signaling pathway. The present study provides evidence for understanding the mechanisms of CRF
modulates the facial stimulation-induced MLI-PC inhibitory synaptic plasticity in vivo in mice.

4. Conclusions:
Our present results indicate that CRF opposes the CB1 receptor-dependent MLI-PC LTD induced by 1 Hz
facial stimulation, which may be caused by triggering a MLI-PC LTP through CRF-R1/PKC and
intracellular Ca2+ signaling pathway in mouse cerebellar cortex. Our results suggest that CRF-R1 and CB1
receptor play oppose actions on facial stimulation-induced cerebellar MLI-PC plasticity in vivo in mice.

5. Material And Methods
The procedures of anesthesia and surgical have been described previously (Chu et al., 2011). The
experimental procedures were approved by the Animal Care and Use Committee of Yanbian University.
The permit number is SYXK (Ji) 2011-006. All the experimental methods were in accordance with the
animal welfare guidelines of the U.S. National Institutes of Health, and the Animal Research: Reporting in
Vivo Experiments (ARRIVE; https://arriveguidelines.org). Male adult (6-8-week-old; n = 92) C57BL/6 mice
were bought from the experiment center of Yanbian University. All mice were housed under a 12-h light:
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12-h dark cycle with free access to food and water in a colony room under room temperature (23 ± 1°C)
and humidity (50 ± 5%). The anesthesia and surgical procedures have been described previously (Chu et
al., 2011). After the mice were anesthetized with urethane (1.3 g/kg body weight i.p.), and were
tracheotomized to avoid respiratory obstruction. After the mice were �xed on a custom-made stereotaxic
frame, soft tissue was stripped to gain access to the dorsal portion of the occipital bone. A watertight
recording chamber was created and a 1-1.5 mm craniotomy was drilled to expose the cerebellar surface
corresponding to Crus II. The brain surface was constantly perfusion with oxygenated arti�cial
cerebrospinal �uid (ACSF: 125 mM NaCl, 3 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 1 mM NaH2PO4, 25 mM
NaHCO3, and 10 mM D-glucose) with a peristaltic pump (Gilson Minipulse 3; Villiers, Le Bel, France) at 0.5
ml/min. Rectal temperature was monitored and maintained at 37.0 ± 0.2°C using body temperature
equipment.

An Axopatch-200B ampli�er (Molecular Devices, Foster City, CA) was employed to perform cell-attached
recordings from PCs. The signal of PC activity was acquired through a Digidata 1440 series analog-to-
digital interface on a personal computer using Clampex 10.3 software. Patch pipettes were prepared with
a puller (PB-10; Narishige, Tokyo, Japan) from thick-wall borosilicate glass (GD-1.5; Narishige), with
resistances of 3–5 MΩ. The cell-attached recordings from PCs were performed at depths of 200–250 µm
under the pia mater membrane, and were identi�ed by their simple spikes (SS) and complex spikes (CSs).

Facial stimulation was performed by air-puff (10 ms, 60 psi) of the ipsilateral whisker pad through a 12-
gauge stainless steel tube connected with a pressurized injection system (Picospritzer® III; Parker
Hanni�n Co., Pine Brook, NJ, USA). The air-puff stimulation (duration: 25 sec; intersweep interval: 30 sec)
were synchronized with the electrophysiological recordings and delivered at 0.05 Hz via a Master 8
controller (A.M.P.I., Jerusalem, Israel) and Clampex 10.3 software. The facial stimulation-evoked MLI–PC
synaptic transmission expressed a positive component (P1) accompanied with a pause of SS �ring
(Fig. 1A) (Chu et al., 2011; Bing et al., 2015). For induction of MLI-PC synaptic plasticity, 1 Hz (240 pulses)
air-puff stimulation (10 ms, 60 psi) was delivered at 10 minutes after the baseline recording was stable.

The reagents included human/rat CRF (Peptide Institute Inc., Japan); N-(piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-di-chlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251), CB1 receptors blocker; chelerythrine,
PKC inhibitor; cyclopiazonic acid (CPA), intracellular Ca2+ depletion; BMS-763534, CRF-R1 antagonist and
antisauvagine-30, CRF-R2 antagonist were purchased from Sigma-Aldrich (Shanghai, China). The stock
solutions of BMS-763534 were dissolved in dimethyl sulfoxide (DMSO). The drugs were �nally dissolved
in ACSF, and bath applied directly onto the cerebellar surface by a peristaltic pump (Gilson Minipulse 3;
Villiers, Le Bel, France) at 0.5 ml/min. For blocking receptors during induction of MLI-PC plasticity, all
chemicals were routinely contained in ACSF throughout the experiments. For experiments of PKC
inhibition and Ca2+ depletion, chelerythrine or CPA were applied at least 30 min before the cell-attached
recordings were performed.

Electrophysiological data were analyzed with Clamp�t 10.6 (Molecular Devices, Foster City, CA). All the
parameters were maintained constant for an individual recorded PC in each experiment. Values are
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expressed as the mean ± S.E.M. One-way ANOVA followed by Tukey's post-hoc test (SPSS software;
Chicago, IL) was used to determine the level of statistical signi�cance between groups of data. P-values
below 0.05 were considered to indicate a statistically signi�cant difference between experimental groups.

Declarations
Ethics approval and accordance

The experimental procedures were approved by the Animal Care and Use Committee of the Yanbian
University.The permit number is SYXK (Ji) 2011-006.All the experimental methods were in accordance
with the animal welfare guidelines of the U.S. National Institutes of Health, and the Animal Research:
Reporting in Vivo Experiments (ARRIVE; https://arriveguidelines.org).

Availability of data and materials

All relevant data and materials are within the manuscript.

Competing interests

We have no con�icts of interest in this manuscript.

Funding Sources

This work was supported by the National Natural Science Foundations of China (32070986 32171005
82160256 31760273), and Jilin College Student Innovation and Entrepreneurship Training Program
(202110184061).

Author Contributions:

DLQ, CPC and WYW conceived and designed the experiments. GGL, CJP and PW performed the
experiments. YXW and GHZ prepared the anesthesia and surgical of animals. WYW and DLQ analyzed
the data. CPC and DLQ wrote the manuscript. All authors reviewed the manuscript.

Acknowledgement

This manuscript does not include any non-author contributors to acknowledge.

References
1. Arzt E, Holsboer F. CRF signaling: molecular speci�city for drug targeting in the CNS. Trends

Pharmacol Sci. 2006; 27:531–538.

2. Bing YH, Wu MC, Chu CP, Qiu DL. Facial stimulation induces long-term depression at cerebellar
molecular layer interneuron-Purkinje cell synapses in vivo in mice. Front Cell Neurosci. 2015; 9(9):
214.



Page 11/16

3. Bishop GA.Neuromodulatory effects of corticotropin releasing factor on cerebellar Purkinje cells: an
in vivo study in the cat. Neuroscience 1990; 39: 251-257.

4. Bishop GA, Seelandt CM, King JS.Cellular localization of corticotropin releasing factor receptors in
the adult mouse cerebellum. Neuroscience 2000; 101: 1083-1092.

5. Bishop GA, Tian JB, Stanke JJ, Fischer AJ, King JS.Evidence for the presence of the type 2
corticotropin releasing factor receptor in the rodent cerebellum.J Neurosci Res. 2006; 84: 1255-1269.

�. Chen R, Lewis KA, Perrin MH, Vale WW.Expression cloning of a human corticotropin-releasing-factor
receptor.ProcNatlAcadSci USA.1993; 90: 8967-8971.

7. Chevaleyre V, Takahashi KA, Castillo PE.Endocannabinoid-mediated synaptic plasticity in the
CNS.Annu Rev Neurosci.2006; 29: 37-76.

�. Chu CP, Bing YH, Liu H, Qiu DL.Roles of molecular layer interneurons in sensory information
processing in mouse cerebellar cortex Crus II in vivo.PLoS One 2012; 7(5): e37031.

9. Chu CP, Bing YH, Liu QR, Qiu DL. Synaptic responses evoked by tactile stimuli in Purkinje cells in
mouse cerebellar cortex Crus II in vivo. PLoS One2011; 6: e22752.

10. Chu CP, Zhao GY, Jin R, Zhao SN, Sun L, Qiu DL. Properties of 4 Hz stimulation-induced parallel �ber-
Purkinje cell presynaptic long-term plasticity in mouse cerebellar cortex in vivo. Eur J Neurosci. 2014;
39(10): 1624-1631.

11. Ezra-Nevo G, Prestori F, Locatelli F, Soda T, Ten Brinke MM, Engel M, Boele HJ, Botta L, Leshkowitz D,
Ramot A, Tsoory M, Biton IE, Deussing J, D'Angelo E, De Zeeuw CI, Chen A. Cerebellar Learning
Properties Are Modulated by the CRF Receptor. J Neurosci. 2018a; 38: 6751-6765.

12. Ezra-Nevo G, Volk N, Ramot A, Kuehne C, Tsoory M, Deussing J, Chen A. Inferior Olive CRF Plays a
Role in Motor Performance Under Challenging Conditions Transl Psychiatry 2018b; 8: 107.

13. Harlan BA, Becker HC, Woodward JJ, Riegel AC. Opposing actions of CRF-R1 and CB1 receptors on
VTA-GABAergic plasticity following chronic exposure to ethanol. Neuropsychopharmacology 2018;
43(10): 2064-2074.

14. Herbert JM, Augereau JM, Gleye J, Maffrand JP.Chelerythrine is a potent and speci�c inhibitor of
protein kinase C. BiochemBiophys Res Commun.1990; 172:993-999.

15. Hirano T, Kawaguchi SY. Regulation and functional roles of rebound potentiation at cerebellar
stellate cell-Purkinje cell synapses. Front Cell Neurosci.2014; 8: 42.

1�. Ito M. Long-term depression.Annu Rev Neurosci.1989; 12: 85-102.

17. Ivy AS, Rex CS, Chen Y, Dubé C, Maras PM, Grigoriadis DE, Gall CM, Lynch G, Baram TZ.Hippocampal
dysfunction and cognitive impairments provoked by chronic early-life stress involveexcessive
activation of CRH receptors. J Neurosci.2010; 30:13005–13015.

1�. Ko FN, Chen IS, Wu SJ, Lee LG, Haung TF, Teng CM. Antiplatelet effects of chelerythrine chloride
isolated from Zanthoxylumsimulans. BiochimBiophysActa.1990; 1052:360-365.

19. Lee KH, Bishop GA, Tian JB, King JS.Evidence for an axonal localization of the type 2 corticotropin-
releasing factor receptor during postnatal development of the mouse cerebellum.Exp Neurol. 2004;



Page 12/16

187: 11-22.

20. Li DY, Bing YH, Chu CP, Cui X, Cui SB, Qiu DL, Su LD. Chronic Ethanol Consumption Impairs the
Tactile-Evoked Long-Term Depression at Cerebellar Molecular Layer Interneuron-Purkinje Cell
Synapses in vivo in Mice. Front Cell Neurosci.2019; 12:521.

21. Llano I, DiPolo R, Marty A. Calcium-induced calcium release in cerebellar Purkinje cells. Neuron 1994;
12:663-73.

22. Llano I, Marty A, Armstrong CM, Konnerth A. Synaptic-and agonist induced excitatory currents of
Purkinje cells in rat cerebellar slices. J Physiol. 1991; 434: 183-213.

23. Luo X, Kiss A, Makara G, Lolait SJ, Aguilera G. Stress-speci�c regulation of corticotropin releasing
hormone receptor expression in the paraventricular and supraoptic nuclei of the hypothalamus in the
rat. J Neuroendocrinol.1994; 6: 689-696.

24. Luu P, Malenka RC. Spike timing-dependent long-term potentiation in ventral tegmental area
dopamine cells requires PKC.J Neurophysiol.2008; 100(1):533-8.

25. MacDonald JF, Kotecha SA, Lu WY, Jackson MF. Convergence of PKC-dependent kinase signal
cascades on NMDA receptors. Curr Drug Targets2001; 2(3):299-312.

2�. Miyata M, Okada D, Hashimoto K, Kano M, Ito M. Corticotropin-releasing factor plays a permissive
role in cerebellar long-term depression. Neuron1999; 22(4):763-75.

27. Palay SL, Chan-Palay V. Cerebellar Cortex. New York. Springer-Verlag. 1974.

2�. Palkovits M, Leranth C, Gorcs T, Young WS 3rd.Corticotropin-releasing factor in the olivocerebellar
tract of rats: demonstration by light- and electron-microscopic immunohistochemistry and in situ
hybridization histochemistry. ProcNatlAcadSci USA. 1987; 84: 3911-3915.

29. Qiu DL, Knöpfel T.Presynaptically expressed long-term depression at cerebellar parallel �ber
synapses. P�ugers Arch. 2009; 457(4):865-875.

30. Regev L, Baram T.Corticotropin releasing factor in neuroplasticity Front Neuroendocrinol. 2014;
35(2):171-9.

31. Riegel AC, Williams JT. CRF facilitates calcium release from intracellular stores in midbrain
dopamine neurons. Neuron2008; 57:559-70.

32. Schierloh A, Deussing J, Wurst W, Zieglgänsberger W, Rammes G. Corticotropin-releasing factor

33. (CRF) receptor type 1-dependent modulation of synaptic plasticity.Neurosci.Lett. 2007;

34. 416:82–86.

35. Schmolesky MT, De RuiterMM, De Zeeuw I, Hansel C. The neuropeptide corticotropin-releasing factor
regulates excitatory transmission and plasticity at the climbing �bre-Purkinje cell synapse. EurJ
Neurosci. 2007; 25:1460–1466.

3�. Soler-Llavina GJ, Sabatini BL. Synapse-speci�c plasticity and compartment- alizedsignaling in
cerebellar stellate cells. Nat Neurosci.2006; 9: 798-806.

37. Swinny JD, Kalicharan D, Blaauw EH, Ijkema-Paassen J, Shi F, Gramsbergen A, van der Want
JJ.Corticotropin-releasing factor receptor types 1 and 2 are differentially expressed in pre- and post-



Page 13/16

synaptic elements in the post-natal developing rat cerebellum. Eur J Neurosci. 2003; 18(3):549-62.

3�. Tan H, Zhong P, Yan Z.Corticotropin-releasing factor and acute stress prolongs serotonergic
regulation of GABA transmission in prefrontal cortical pyramidal neurons. J Neurosci.2004; 24:5000-
8.

39. Tao J, Zhang Y, Huang H, Jiang X. Activation of corticotropin-releasing factor 2 receptor inhibits
Purkinje neuron P-type calcium currents via G(o)alpha-dependent PKC epsilon pathway. Cell Signal
2009; 21: 1436-1443.

40. Tian JB, Bishop GA. Frequency-dependent expression of corticotropin releasing factor in the rat's
cerebellum. Neuroscience2003; 121: 363-377.

41. Tian JB, Shan X, Bishop GA, King JS.Presynaptic localization of a truncated isoform of the type 2
corticotropin releasing factor receptor in the cerebellum. Neuroscience2006; 138: 691-702.

42. Wang HL, Tsai LY, Lee EH.Corticotropin-releasing factor produces a protein synthesis –
dependentlong-lasting potentiation in dentate gyrus neurons. J Neurophysiol.2000; 83:343–349.

43. Wang HL, Wayner MJ, Chai CY, Lee EH. Corticotrophin-releasing factor produces a long-lasting

44. enhancement of synaptic e�cacy in the hippocampus. Eur J Neurosci. 1998; 10:3428–3437.

45. Wang HW, Zhao JT, Zhang, Li BX, Su SS, Bing YH, Chu CP, Wang WM, Li YZ, Qiu DL. Corticotrophin-
releasing factor modulates cerebellar Purkinje cells simple spike activity in vivo in mice. Front Cell
Neurosci. 2018; 12:184.

4�. Wang Y, Chen ZP, Zhuang QX, Zhang XY, Li HZ, Wang JJ, Zhu JN.Role of Corticotropin-Releasing
Factor in Cerebellar Motor Control and Ataxia.Curr Biol. 2017; 27: 2661-2669.

47. Wu WY, Liu Y, Wu MC, Wang HW, Chu CP, Jin H, Li YZ, Qiu DL. Corticotrophin-Releasing Factor
Modulates the Facial Stimulation-Evoked Molecular Layer Interneuron-Purkinje Cell Synaptic
Transmission in vivo in Mice. Front Cell Neurosci. 2020; 14:563428.

4�. Yoshida T, Hashimoto K, Zimmer A, Maejima T, Araishi K, Kano M. The cannabinoid CB1 receptor
mediates retrograde signals for depolarization-induced suppression of inhibition in cerebellar
Purkinje cells. J Neurosci. 2002; 22(5):1690-1697.

Figures

Figure 1

Effect of CRF on the facial stimulation-evoked MLI-PC LTDin vivo in mice. (A) Upper:Representative cell-
attached recording traces showing air-puff stimulation (10 ms, 60 psi; arrows)-evoked responses in
cerebellar PCs before (Pre) and after (post) delivering 1 Hz (240 pulses) stimulation during treatments
ofACSF (control) and CRF(100nM).(B) Summary of normalized P1 amplitude before and after delivery of
1 Hz facial stimulation (arrow head) in ACSF (control, �lled circle) and CRF (open circles). (C) Bar graph
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with individual data showing normalized amplitude of P1 before (Pre), after (Post) delivery of 1 Hz
stimulation during treatments of ACSF (control) and CRF. (D) Mean (± S.E.M.) with individual data
showing normalized pause of simple spike �ring before (Pre), after (Post) delivery of 1 Hz stimulation in
each treatment.#, P < 0.05 vs baseline (Pre) of control; *, P < 0.05 vs post of control. n = 7 mice in each
group.

Figure 2

Blockade of CRF-R1, CRF fails to impair the facial stimulation-evoked MLI-PC LTD.(A) Upper:
Representative cell-attached recording traces showing air-puff stimulation (10 ms, 60 psi; arrows)-evoked
responses in a cerebellar PC before (Pre) and after (post) delivering 1 Hz (240 pulses) stimulation in the
presence of a mixture of BSM (200 nM) and CRF (100 nM). (B) Summary of data showing the normalized
P1 amplitude before and after delivery of 1 Hz facial stimulation (arrow head) in the presence of BSM
and CRF. (C) Bar graph with individual data showing normalized amplitude of P1 before (Pre), after (Post)
delivery of 1 Hz stimulation during treatment with CRF and a mixture of BSM and CRF. (D) Mean (±
S.E.M.) with individual data showing normalized pause of simple spike �ring before (Pre), after (Post)
delivery of 1 Hz stimulation during treatment with CRF anda mixture of BSM and CRF. n = 8 mice.#, P <
0.05 vs baseline (Pre) of BSM + CRF; *, P < 0.05 vs post of CRF.

Figure 3

CRF impairs the facial stimulation-evoked MLI-PC LTD was persisted in the presence of CRF-R2 blocker.
(A) Upper: Representative cell-attached recording traces showing air-puff stimulation (10 ms, 60 psi;
arrows)-evoked responses in a cerebellar PC before (Pre) and after (post) delivering 1 Hz (240 pulses)
stimulation in the presence of a mixture of antisauvagine-30 Antisau; 200 nM and CRF (100 nM). (B)
Summary of data showing the normalized P1 amplitude before and after delivery of 1 Hz facial
stimulation (arrow head) in the presence of Antisau and CRF. (C) Mean (± S.E.M) with individual data
showing normalized amplitude of P1 before (Pre), after (Post) delivery of 1 Hz stimulation during
treatment with CRF and a mixture of Antisau and CRF. (D) Mean (± S.E.M.) with individual data showing
normalized pause of simple spike �ring before (Pre), after (Post) delivery of 1 Hz stimulation during
treatment with CRF and a mixture of Antisau and CRF. n = 7 mice.

Figure 4

Blockade CB1 receptor, CRF triggers facial stimulation to induce a MLI-PC LTP in vivo in mice. (A) Upper:
Representative cell-attached recording traces showing air-puff stimulation (10 ms, 60 psi; arrows)-evoked
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responses in a cerebellar PC before (Pre) and after (post) delivering 1 Hz (240 pulses) stimulation in the
presence of a mixture of AM251 5 μM and CRF (100 nM). (B) Summary of data showing the normalized
P1 amplitude before and after delivery of 1 Hz facial stimulation (arrow head) in the presence of AM-251
and CRF. (C) Bar graph with individual data showing normalized amplitude of P1 before (Pre), after (Post)
delivery of 1 Hz stimulation during treatment of AM251 and a mixture of AM251 and CRF. (D) Mean (±
S.E.M.) with individual data showing normalized pause of simple spike �ring before (Pre), after (Post)
delivery of 1 Hz stimulation during each treatment. n = 8 mice. #, P < 0.05 vs baseline (Pre) of AM251 +
CRF; *, P < 0.05 vs post of AM251.

Figure 5

Blockade CB1 receptor and CRF-R1, CRF fails to promote facial stimulation-induced MLI-PC LTP in vivo in
mice. (A) Upper: Representative cell-attached recording traces showing air-puff stimulation (10 ms, 60 psi;
arrows)-evoked responses in a cerebellar PC before (Pre) and after (post) delivering 1 Hz (240 pulses)
stimulation in the presence of a mixture of AM251 5μM + BSM (200 nM)+ CRF (100 nM). (B) Summary
of data (n = 7) showing the normalized P1 amplitude before and after delivery of 1 Hz facial stimulation
(arrow head) in the presence of a mixture of AM251+ BSM + CRF. (C) Bar graph with individual data
showing normalized amplitude of P1 before (Pre), after (Post) delivery of 1 Hz stimulation during each
treatment (D) Mean (± S.E.M.) with individual data showing normalized pause of simple spike �ring
before (Pre), after (Post) delivery of 1 Hz stimulation during each treatment. 

Figure 6

Inhibition of PKC, CRF failed to promote facial stimulation-induced MLI-PC LTP in vivo in mice. (A) Upper:
Representative cell-attached recording traces showing air-puff stimulation (10 ms, 60 psi; arrows)-evoked
responses in a cerebellar PC before (Pre) and after (post) delivering 1 Hz (240 pulses) stimulation in the
presence of a mixture of AM251 (5 μM) + chelerythrine 5 μM + CRF (100nM). (B) Summary of data
showing the normalized P1 amplitude before and after delivery of 1 Hz facial stimulation (arrow head) in
the presence of AM251+chelerythrine + CRF. (C) Bar graph with individual data showing normalized
amplitude of P1 before (Pre), after (Post) delivery of 1 Hz stimulation during each treatment. (D) Mean (±
S.E.M.) with individual data showing normalized pause of simple spike �ring before (Pre), after (Post)
delivery of 1 Hz stimulation during each treatment. 

Figure 7
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Depletion of intracellular Ca2+, CRF failed to trigger facial stimulation-induced MLI-PC LTP in vivo in mice.
(A) Upper: Representative cell-attached recording traces showing air-puff stimulation (10 ms, 60 psi;
arrows)-evoked responses in a cerebellar PC before (Pre) and after (post) delivering 1 Hz (240 pulses)
stimulation in the presence of a mixture of AM251 (5 μM) + cyclopiazonic acid (CPA, 100 μM) + CRF (100
nM). (B) Summary of data showing the normalized P1 amplitude before and after delivery of 1 Hz facial
stimulation (arrow head) in treatment witha mixture of AM251+ CPA + CRF. (C) Bar graph with individual
data showing normalized amplitude of P1 before (Pre), after (Post) delivery of 1 Hz stimulation during
each treatment. (D) Mean (± S.E.M.) with individual data showing normalized pause of simple spike �ring
before (Pre), after (Post) delivery of 1 Hz stimulation during each treatment.#, P < 0.05 vs baseline (Pre)
of AM-251 + CRF; *, P < 0.05 vs post of AM-251 + CRF.


