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ARTICLE INFO ABSTRACT

Corticotropin-releasing factor (CRF) is a neuropeptide mainly synthesized in the hypothalamic paraventricular
nucleus and has been traditionally implicated in stress and anxiety. Intriguingly, genetic or pharmacological
manipulation of CRF receptors affects locomotor activity as well as motor coordination and balance in rodents,
suggesting an active involvement of the central CRFergic system in motor control. Yet little is known about the
exact role of CRF in central motor structures and the underlying mechanisms. Therefore, in the present study, we
focused on the effect of CRF on the lateral vestibular nucleus (LVN) in the brainstem vestibular nuclear complex,
an important center directly contributing to adjustment of muscle tone for both postural maintenance and the
alternative change from the extensor to the flexor phase during locomotion. The results show that CRF depo-
larizes and increases the firing rate of neurons in the LVN. Tetrodotoxin does not block the CRF-induced de-
polarization and inward current on LVN neurons, suggesting a direct postsynaptic action of the neuropeptide.
The CRF-induced depolarization on LVN neurons was partly blocked by antalarmin or antisauvagine-30, se-
lective antagonists for CRF receptors 1 (CRFR1) and 2 (CRFR2), respectively. Furthermore, combined application
of antalarmin and antisauvagine-30 totally abolished the CRF-induced depolarization. Immunofluorescence
results show that CRFR1 and CRFR2 are co-localized in the rat LVN. These results demonstrate that CRF excites
the LVN neurons by co-activation of both CRFR1 and CRFR2, suggesting that via the direct modulation on the
LVN, the central CRFergic system may actively participate in the central vestibular-mediated postural and motor
control.
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1. Introduction coordination and rescues ataxic motor deficits (Wang et al. 2017) and

depletion of CRFR1 in cerebellar granule cells accelerates Pavlovian

Corticotropin-releasing factor (CRF) is a 4l-amino acid peptide
hormone and neurotransmitter mainly synthesized in the hypothalamic
paraventricular nucleus (PVN) and has traditionally been implicated in
stress and anxiety (Bale and Vale 2004; Deussing and Chen 2018; He
et al. 2018; Henckens et al. 2016; Vale et al. 1981). These effects are
mediated through two cloned G protein-coupled receptors, CRF re-
ceptor 1 (CRFR1) and 2 (CRFR2) (Bale and Vale 2004; Fadok et al.
2017; Ramot et al. 2017). Intriguingly, CRFR1 knockout mice not only
show an impaired stress response, but also display abnormal locomotor
activity in the open field (Timpl et al. 1998). Intracerebroventricular
injection of CRF or urocotin-1, a CRF-related peptide, increases loco-
motor activity (Ramot et al. 2017; Spina et al. 1996; Sutton et al. 1982).
In addition, recent studies show that CRF promotes cerebellar motor
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associative eye-blink conditioning (Ezra-Nevo et al. 2018), suggesting
an active involvement of the central CRFergic system in motor control
and motor learning. However, the exact effects of CRF on structures in
the central motor system and their underlying neural mechanisms are
still largely unknown.

The lateral vestibular nucleus (LVN) is a major nucleus in the cen-
tral vestibular nuclear complex in the brainstem, an essential center for
maintenance of posture and balance. It receives predominantly affer-
ents from the utricle and the saccule and projects to the ipsilateral
ventral horn of the spinal cord via the lateral vestibulo-spinal tract
(Carleton and Carpenter 1983; Highstein and Holstein 2006). The LVN
therefore mainly integrates the information of linear acceleration and
gravity's changes of the body to control the vestibulo-spinal reflexes and
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posture. Retrograde tracing combined with immunohistochemical stu-
dies have revealed a moderate dense of CRFergic neurons and fibers
originating from the inferior olive (I0) (Cummings 1989; Errico and
Barmack 1993; Palkovits et al., 1987) in the LVN, indicating that the
CRF may regulate the vestibulo-spinal reflexes and posture via the LVN.
Thus, in the present study, using patch clamp recording and immuno-
fluorescence staining, the effect of CRF on LVN neurons and the un-
derlying receptor mechanisms were investigated. The results demon-
strate that CRF directly depolarizes and excites the LVN neurons via co-
activation of postsynaptic CRFR1 and CRFR2.

2. Materials and methods
2.1. Animals and brain slice preparations

Twenty-six Sprague-Dawley rats aged 12-14 days of either sex (12
females and 14 males) were decapitated under sodium pentobarbital
(40 mg/kg) anesthesia. After the brain was quickly removed and placed
in ice-cold artificial cerebrospinal fluid (ACSF) consisting of (in mM):
124 NaCl, 2.5 KCl, 1.25 NaH,POy,, 1.3 MgSO,, 26 NaHCO3, 2 CaCl, and
10 d-glucose equilibrated with 95% O, and 5% CO,, coronal brainstem
slices (300 uM in thickness) containing the LVN were cut with a vi-
broslicer (VT 12008, Leica, Wetzlar, Germany), according to the rat
brain atlas (Paxinos and Watson 2014). The slices were incubated in
95% O, and 5% CO, oxygenated ACSF at 35 *= 0.5°C for at least 1 h
and then maintained at room temperature. For whole-cell patch clamp
recordings, the slices were transferred to a submerged chamber and
continuously perfused with 95% O, and 5% CO, oxygenated ACSF at a
rate of 2 ml/min maintained at room temperature. All animal care and
experimental procedures complied with the US National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH Pub-
lication 85-23, revised 2011).

2.2. Whole-cell patch clamp recordings

Whole-cell patch clamp recordings were performed as previously
described (Zhang et al. 2011; Wang et al. 2017; Ji et al. 2018) on LVN
neurons with borosilicate glass pipettes (3-5 MQ) filled with an internal
solution (composition in mM: 140 K-methylsulfate, 7 KCI, 2 MgCl,, 10
HEPES, 0.1 EGTA, 4 Na,-ATP, 0.4 GTP-Tris, adjusted to pH 7.25 with
1M KOH). During recording sessions, LVN neurons were visualized
with an Olympus BX51WI microscope (Olympus, Tokyo, Japan). Patch
clamp recordings were acquired with an Axopatch-700B amplifier
(Axon Instruments, Foster City, CA) and the signals were fed into a
computer through a Digidata-1440A interface (Axon Instruments) for
data capture and analysis (pClamp 10.4, Axon Instruments). Neurons
were held at a membrane potential of —60mV and characterized by
injection of rectangular voltage pulse (5mV, 50 ms) to monitor the
whole-cell membrane capacitance, membrane resistance and series re-
sistance. Neurons were excluded from the experiments if the series re-
sistance was not stable or exceeded 20 MQ.

The slices were bathed with CRF (100-1000 nM; Millipore, Billerica,
MA; Cat# 05-23-0050) to stimulate the recorded neurons under current
clamp and voltage clamp mode to observe the effect of CRF on mem-
brane potential and whole-cell current, respectively. Tetrodotoxin
(TTX; 0.3 uM; Alomone Labs, Jerusalem, Israel; Cat# T-500) was used
to determine whether the effect of CRF is postsynaptic. Antalarmin
(300 nM; Tocris, Bristol, UK; Cat# 2778) and antisauvagine-30 (aSVG-
30, 100 nM; Tocris; Cat# 2071), highly selective antagonists for CRFR1
and CRFR2 respectively, were applied to examine the underlying re-
ceptor mechanism. CRF, antalarmin and antisauvagine-30 were all
dissolved in DMSO and diluted to the final concentration with fresh
ACSF (with 0.1% DMSO in the final concentration), whereas TTX was
dissolved directly with ACSF.

Before bath application of each CRFergic compound at known
concentrations, the firing rate or membrane potential of the recorded
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neuron was observed for at least 20 min to assure stability. Then, CRF
was added to the perfusing ACSF to stimulate the recorded neuron for a
test period of 1 min. After each stimulation, cells were given at least
20 min for recovery and prevention of desensitization. The antagonist
was given for at least 15 min before its effect was assessed. Besides the
raw data, the inter-spike intervals (ISIs, sampling interval = 1 ms)
distributions and the peri-stimulus time histograms (PSTHs) of the re-
corded neuronal discharges were generated to assess the effects of CRF
on the cells.

2.3. Immunofluorescence

Immunofluorescence was performed as previously described (Gao
et al. 2017; Wang et al. 2017; Ji et al. 2018). Twelve rats (weighing
150-200 g, 7-8 weeks, 6 males and 6 females) were deeply anesthetized
with sodium pentobarbital (65 mg/kg) and perfused transcardially with
100 ml normal saline, followed by 250-300 ml 4% paraformaldehyde in
0.1 M phosphate buffer. Subsequently, the brain was carefully removed,
trimmed, and post-fixed in the same fixative for 12h at 4°C and then
cryoprotected with 30% sucrose for 48h. Frozen coronal sections
(25 um thick) containing the LVN were obtained by using a freezing
microtome (CM 30508, Leica, Wetzlar, Germany) and mounted on ge-
latin-coated slides. We rinsed the slices in phosphate buffered saline
containing 0.1% Triton X-100 (PBST) and incubated them in 10%
normal bovine serum in PBST for 30 min. Sections were incubated
overnight at 4 °C with following primary antibody: goat anti-CRFR1
(1:200; Abcam, Cambridge, MA; Cat# ab59023, RRID: AB 941167),
rabbit anti-CRFR2 (1:200; Abcam; Cat# ab75168, RRID: AB_1523392)
and/or rabbit anti-calbindin (1:1000; Millipore; Cat# PC253L, RRID:
AB_213554). After a complete wash in PBS, the sections were incubated
in the Alexa 488-conjugated donkey anti-goat IgG (1:2000; Invitrogen,
San Diego, CA; Cat# ab150129, RRID: AB_2687506) or Alexa 568-
conjugated donkey anti-rabbit IgG (1:2000; Invitrogen; Cat# A10042,
RRID: AB_2534017) in room temperature for 2 h. The slides were wa-
shed and then mounted in UltraCruz mounting medium containing 4.6-
diamidino-2-phenylindole (DAPI) (Santa Cruz Biotechnology, CA, Cat#
sc-24,941). DAPI staining was used to identify all cell nuclei. Calbindin
marking was applied to stain synaptic boutons that encircled the so-
mata of the LVN large Deiters' neurons (Kevetter, 1996; Puyal et al.
2002; Shaia et al. 2002). Incubations replacing the primary antiserum
with control immunoglobulins and/or omitting the primary antiserum
were used as negative controls. All micrographs were taken with in-
verted laser scanning confocal microscope TCS SP8 (Leica). Digital
images from the microscope were recorded with LAS X Viewer Software
(Leica). For DAPI+, CRFR1 +, CRFR2+, CRFR1/CRFR2 + and CRFR1/
Calbindin+ quantification, whole tilling LVN images were acquired.
Regions of interest were defined based on each individual brainstem
tilling image. The threshold values were as follows: Threshold 20%,
Seed 10%, and Garbage volume 200. The threshold settings were con-
stant through all the images. Image processing and cell counting was
performed with Image Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD) by an investigator who was blind to the group assign-
ments.

2.4. Statistical analysis

All data were analyzed using SigmaPlot 12.5 (Systat Software, San
Jose, CA) and expressed as mean + SEMs. Paired or unpaired 2-tailed
Student's t-test and one-way analysis of variance (ANOVA) followed by
Bonferroni's test were employed for statistical analysis. P-values
of < 0.05 were considered to be significant.
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Fig. 1. CRF increases the firing rate of LVN neurons. (A) The effect of CRF (1 min, 1 pM) on a spontaneous firing LVN neuron in current clamp recording. (B) The ISI
showed that CRF shortened the inter-spike intervals of the LVN neuron presented in (A). (C) PSTH showed that CRF increased the firing rate of the LVN neuron
presented in (A). (D) Group data of 5 recorded spontaneous firing LVN neurons. (E) CRF (1 min, 1 uM) depolarized a silent LVN neuron and evoked the neuron firing.
In this and the following figures, the short horizontal bars above the data indicated the 1-min period of application of CRF.
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3. Results
3.1. CRF depolarizes and excites LVN neurons

In the present study, a total of 30 LVN neurons with the membrane
resistance higher than 150 MQ2 were recorded. All of these cells had a
whole-cell membrane capacitance > 150 pF and diameter > 30 puM,
suggesting that the neurons recorded were giant Deiters' neurons (Li
et al. 2017; Uno et al. 2003; Zhang et al. 2008, 2011), whose axons
form an important part of the posterior longitudinal bundle that con-
trols the vestibulospinal reflexes. Among the 30 LVN neurons, 17 had
spontaneous firing with a mean firing rate of 8.4 + 0.7 spikes/s and
the remaining 13 were silent at rest, consistent with the previous stu-
dies that 30-50% neurons in the LVN have no spontaneous discharge
(Lai and Chan 2001; Sun et al. 2002; Uno et al. 2003).

We first determined the effect of CRF on firing activities of 10 re-
corded LVN neurons (5 spontaneous firing and 5 silent) in current
clamp recordings. As shown in Fig. 1A, brief bath application (1 min) of
CRF (1 uM) increased firing rates of the recorded spontaneous firing
LVN neurons from 9.75 + 1.08 Hz to 15.03 * 1.35Hz. Both the ISIs
and PSTH of the neurons showed that CRF significantly shortened the
intervals of the spikes (Fig. 1B) and increased the firing rates (Fig. 1C).
The CRF-induced increment in the peak discharge rates, compared with
their basal firing rates, was 99.8 = 14.1% (n = 5, Fig. 1D). On the
other hand, on 5 silent LVN neurons, CRF evoked a strong depolariza-
tion response. As shown in Fig. 1E, the magnitude of the CRF-induced
depolarization was even sufficient to bring up the neurons firing. These
results suggest that CRF excites both spontaneous firing and silent
neurons in the LVN.

3.2. The excitation evoked by CRF on LVN neurons is a direct postsynaptic

effect

We used TTX to clarify whether the CRF-induced depolarization was
a direct postsynaptic effect on 10 LVN neurons (6 spontaneous firing
and 4 silent). As shown in Fig. 2A, brief bath application (1 min) of CRF
still depolarized LVN neurons in the presence of 300nM TTX, sug-
gesting a postsynaptic excitatory effect of CRF. Furthermore, CRF

A inTTX0.3uM
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induced a postsynaptic depolarization on the LVN neurons in a con-
centration-dependent manner. Application of 100, 300 and 1000 nM
CRF elicited a postsynaptic depolarization of 4.58 * 0.52mV,
6.21 * 0.72mV and 8.48 = 0.98 mV, respectively (n = 5, including 3
spontaneous firing and 2 silent neurons, Fig. 2B). Moreover, the voltage
clamp recording results showed that bath application of 1 uM CRF in-
duced a stable inward whole-cell current (98.58 + 7.75 pA, n =5,
including 3 spontaneous firing and 2 silent neurons) in the presence of
300nM TTX on LVN neurons at the holding potential of —60mV
(Fig. 2C and D), confirming the direct postsynaptic response of CRF on
the LVN neurons.

3.3. CRFR1 and CRFR2 co-mediate the CRF-induced excitation on LVN
neurons

CRFR1 and CRFR2 selective antagonists were used to determine the
receptor mechanism underlying the CRF-induced excitatory response
on 10 LVN neurons (6 spontaneous firing and 4 silent). As shown in
Fig. 3, in the presence of TTX, highly selective CRFR1 antagonist an-
talarmin (300 nM) was able to partly block the depolarization response
induced by CRF (1uM) to 62.3 + 2.4% (n = 5, including 3 sponta-
neous firing and 2 silent neurons, t = 5.725, df = 4, P = 0.0023, paired
t-test, Fig. 3A and C), indicating that CRFR1 receptor is involved in the
action of CRF on LVN neurons. The blocking effect of highly selective
CRFR2 antagonist aSVG-30 (100nM) was tested on another 5 LVN
neurons as well and the CRF-evoked depolarization was attenuated to
57.9 * 5.1% (n = 5, including 3 spontaneous firing and 2 silent neu-
rons, t = 6.844, df = 4, P = 0.0024, paired t-test, Fig. 3B and C). Fur-
thermore, co-application of antalarmin (300 nM) and antisauvagine-30
(100 nM), in which 3 neurons (1 spontaneous firing and 2 silent) were
firstly perfused with antalarmine and the other 3 neurons (2 sponta-
neous firing and 1 silent) were firstly applied with antisauvagine-30,
totally blocked the depolarization response induced by CRF (1 uM) on
LVN neurons (2.7 = 5.4%, n=6, t=11.52, df =5, P = 0.0003,
paired t-test, Fig. 3), strongly suggesting that CRFR1 and CRFR2 co-
mediate the excitatory effect of CRF on LVN neurons.

On the other hand, to assess the expression and distribution of CRF
receptors in LVN neurons, we performed double immunostaining on the
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Fig. 2. The depolarization induced by CRF on the LVN neurons is a direct postsynaptic effect. (A) In the presence of TTX, CRF depolarized the LVN neurons in a
concentration-dependent manner. (B) Group data of 5 recorded LVN neurons (including 3 spontaneous firing and 2 silent neurons). (C) In voltage clamp recording,
TTX did not block the CRF-elicited inward current in a tested LVN neuron. (D) Group data of 5 recorded LVN neurons (including 3 spontaneous firing and 2 silent

neurons). Data represent mean + SEM. Vehicle: 0 0.1% DMSO.
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Fig. 3. CRFR1 and CRFR2 co-mediate CRF-induced excitation on the LVN neurons. (A) The CRF-induced depolarization on a tested LVN neuron was partly blocked by
antalarmin (300 nM), a highly selective CRFR1 antagonist, and totally abolished by combined application of antalarmin and aSVG-30 (100 nM), a highly selective
CRFR2 antagonist. (B) The CRF-induced depolarization on another LVN neuron was partly blocked by aSVG-30, and totally abolished by combined application of
antalarmin and aSVG-30. (C) Group data of the recorded LVN neurons (control vs antalarmin, n = 5, including 3 spontaneous firing and 2 silent neurons, t = 5.725,
df = 4, P = 0.0023, paired t-test; control vs aSVG-30, n = 5, including 3 spontaneous firing and 2 silent neurons, t = 6.844, df = 4, P = 0.0024, paired t-test; control
vs antalarmin in combination with aSVG-30, n = 6, including 3 spontaneous firing and 3 silent neurons, t = 11.52, df = 5, P = 0.0003, paired t-test). Data represent
mean * SEM; **P < 0.01, ***P < 0.001, significantly different from the control. In this figure, the long horizontal bars denoted the exposure of the slice to CRF

receptor antagonists.

rat brainstem slices containing the LVN with antibodies against CRFR1
and CRFR2 (Fig. 4). The results showed that CRFR1 (Fig. 4B) and
CRFR2 (Fig. 4C) were not only present in the rat LVN but also co-lo-
calized (Fig. 4D) on the same LVN large cells. The numbers of CRFR1-
labeling (t = 0.4391, df = 6, P = 0.6760, unpaired Student's t-test),
CRFR2-labeling (t = 0.1761, df = 6, P = 0.8660, unpaired Student's t-
test), and CRFR1/CRFR2 co-labeling cells (t= 0.8834, df =6,
P = 0.4110, unpaired Student's t-test) showed no significant difference
between males and females (4 rats for each sex and 10 sections for each
rat, Fig. 4E), and most of these cells were larger than 30 uM in diameter
(referred to as Dieter's cells; Fig. 4F). It has been reported that calbindin
forms densely packed heaps of terminal-like structures, which surround
LVN large cells (Kevetter, 1996; Puyal et al. 2002; Shaia et al. 2002),
calbindin was therefore further chosen as a marker to identify the large
Deiters' neurons in the LVN (Fig. 4G-K). Since CRFR1 and CRFR2 were
shown to be expressed on the same LVN Deiters' neurons, we next
performed double immunostaining with antibodies against calbindin
and CRFR1. As shown in Fig. 4G-K, calbindin was strongly labelled
encircled the somata of CRFR1 labeling neurons. Moreover, we re-
placed the primary antiserum and incubated the brain slices contain
LVN with control immunoglobulins and/or omitting the primary anti-
serum. As shown in Fig. 5, no positive signals were detected, indicating
the specificity of double labeling performed. These results are con-
sistent with the above-mentioned electrophysiological data and suggest
a co-activation of CRFR1 and CRFR2 underlying the CRF-induced ex-
citation on LVN neurons.

4. Discussion

Decreased level of CRF in cerebrospinal fluid was reported in pa-
tients with movement disorders, such as Huntington's disease (Desouza
et al. 1987), or spinocerebellar and olivopontocerebellar ataxias
(Mizuno et al. 1995; Suemaru et al. 1995). Yet little is known about the
effect of CRF on central motor structures. Here, in the present study, we
report a direct excitatory effect of CRF on neurons in the LVN, a nucleus
that directly contributes to adjustment of muscle tone for both postural
maintenance and the alternative change from the extensor to the flexor
phase during locomotion (De Zeeuw et al., 1994; Garden et al., 2018;
Molina-Negro et al., 1980; Wilson and Peterson 1978; Zhang et al.,
2017). The central CRFergic system may together with the other neu-
ropeptidergic and monoaminergic systems, such as orexinergic (Zhang
et al. 2011), histaminergic (Zhang et al. 2008) and serotonergic

(Balaban 2016; Licata et al. 1990), actively modulate central vestibular
functions.

Our recent study has revealed that CRF contributes to the control of
gait, posture, and motor coordination via exciting projection neurons in
the cerebellar nuclei, the ultimate integration and output node of the
cerebellum (Wang et al. 2017). Notably, vestibular nuclear complex is
the transitional nuclei and an important target for the cerebellar output
(Barmack 2003; De Zeeuw and Berrebi 1995; Gao et al., 2012; Voges
et al., 2017; Wulff et al., 2009; Yamazaki et al. 2015), which integrates
vestibular, visual and motor signals to make compensatory eye and
head movements as well as adjustments of muscle tone and posture
(Barmack and Yakhnitsa, 2011; De Zeeuw et al., 1997; Highstein and
Holstein 2006; Straka et al. 2005; Tokuda et al., 2017). Moreover,
elevated levels of CRF in cerebrospinal fluid have been reported in
rabbits after optokinetic stimulation (Barmack and Young 1990), in-
dicating that CRF may also be involved in the modulation of neuronal
activities of vestibular nuclei. Previous studies have reported that CRF
may block the basal chloride permeation across the membranes of LVN
Deiters' neurons and this effect can be partially reversed by CRF re-
ceptor antagonist (Rapallino et al. 2001). In the present study, we de-
monstrate for the first time that CRF directly depolarizes and increases
the firing rate of LVN Deiters' neurons. Considering that both LVN and
cerebellum play critical roles in the control of muscle tone and postural
via their descending pathways to the spinal cord, we therefore suggest
that the direct and homogeneous excitatory effects of CRF on the LVN
and cerebellum may contribute greatly to the vestibular- and cerebellar-
related motor reflexes and behaviors.

CRF is a well-known neuropeptide involved in the regulation of
stress and anxiety (Anthony et al. 2014; Dabrowska et al. 2016;
Deussing and Chen 2018). The interplay between stress responses and
vestibular functions has recently received increasing attention. Vestib-
ular nuclei send direct projections to the parabrachial nucleus which
has reciprocal relationships with the extended central amygdaloid nu-
cleus, infralimbic cortex, and hypothalamus, constituting the neurolo-
gical bases for the close association between vestibular balance control
and stress response (Balaban 2002; Balaban and Thayer 2001). Con-
sidering that the LVN is responsible for vestibulospinal reflexes and
postural control (Li et al. 2017; Zhang et al. 2011), fight-or-flight re-
sponse, which is activated by the sympathetic nervous system and fol-
lowed by the activation of hypothalamic-pituitary-adrenal axis, may
require precise postural and motor control for facing acute stress si-
tuations.
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Fig. 4. The distribution of CRFR1 and CRFR2 in the LVN. (A1-D2) Double immunostaining results showed that CRFR1 (B1-B2) and CRFR2 (C1-C2) were not only
present in the rat LVN but also co-localized in the same LVN neurons. (E) Cell counts of DAPI+, CRFR1 +, CRFR2 + and CRFR1/CRFR2 + neurons both in males and
females in the LVN (DAPI+ male vs DAPI+ female, t = 0.1322, df = 6, P = 0.8991, unpaired student's t-test; CRFR1 + male vs CRFR1 + female, t = 0.4391, df = 6,
P = 0.6760, unpaired student's t-test; CRFR2 + male vs CRFR2+ female, t = 0.1761, df = 6, P = 0.8660, unpaired student's t-test; CRFR1/CRFR2 + male vs CRFR1/
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df = 9, P = 0.2902; CRFR2 vs CRFR1 +/CRFR2 +, t = 2.289, df = 9, P = 0.1436, one-way ANOVA followed by Bonferroni's test; Smaller than 30 uM: F(5, ¢y = 2.955,
P =0.1031; CRFR1 vs CRFR2, t = 0.435, df =9, P > 0.9999; CRFR1 vs CRFR1+/CRFR2+, t = 1.854, df =9, P = 0.2902; CRFR2 vs CRFR1+/CRFR2+,
t = 2.289, df = 9, P = 0.1436, one-way ANOVA followed by Bonferroni's test). (G1-J2) Double immunostaining results showed that CRFR1 (H1 —H2) and calbindin
(I1-12) were co-localized in the same LVN neurons. (K) Cell counts of DAPI+, CRFR1 +, Calbindin+ and CRFR1/Calbindin + neurons in the LVN (F(3, 12 = 150.7,
P < 0.0001; DAPI+ vs CRFR1 +,t=17,df = 12, P < 0.0001; DAPI+ vs Calbindin+, t = 17.36, df = 12, P < 0.0001; DAPI+ vs CRFR1/Calbindin+, t = 17.69,
df =12, P < 0.0001; CRFR1+ vs Calbindin+, t = 0.36, df = 12, P > 0.9999; CRFR1 + vs CRFR1/Calbindin+, t = 0.6922, df = 12, P > 0.9999; Calbindin+ vs
CRFR1/Calbindin+, t = 0.3323, df = 12, P > 0.9999, one-way ANOVA followed by Bonferroni's test). 4V, 4th ventricle; MVN, medial vestibular nucleus; LVN,
lateral vestibular nucleus; SVN, superior vestibular nucleus; sp5, spinal trigeminal tract; icp, inferior cerebellar peduncle. Data represent mean * SEM;
**#*¥p < 0.0001, significantly different between groups; n.s., has no significant different.

In addition, stress may influence central vestibular functions in
health and disease through the effects of stress-related neuroactive
substances, such as histamine or neurosteroids, on the central vestibular
nuclei (Bergquist and Dutia 2006; Saman et al. 2012). A certain amount
of glucocorticoid activation appears to be necessary for the appearance
of compensatory via increasing intrinsic excitability of ipsilesional
vestibular neurons after labyrinthectomy (Cameron and Dutia 1999),
but additional immobilization stress impairs vestibular compensation
(Yamamoto et al. 2000), the behavioral recovery that takes place after
unilateral peripheral vestibular damage (Chen et al. 2019; Lacour et al.
2016). On the other hand, the postural, ocular motor, perceptive and
neurovegetative syndromes resulting from unilateral vestibular neur-
ectomy can generate a stress (Bergquist and Dutia 2006; Tighilet et al.,
2009). Increased CRF immunoreactivity in the PVN of the

hypothalamus has been reported in the unilateral vestibular neur-
ectomy cats (Saman et al. 2012; Tighilet et al., 2009). Moreover, the
expression of c-Fos and the level of CRF in the IO are also elevated in
the hemilabyrinthectomy rats (Kaufman et al. 1994). Although it is
unknown that the role of PVN CRFergic inputs in motor control,
blockage of the IO CRFergic inputs in the cerebellar nuclei induces
ataxia-like motor dysfunctions (Ruigrok and Voogd, 2000; Wang et al.
2017). Therefore, the CRFergic modulation on the LVN may hold a key
position in the vestibular-mediated motor control and compensation as
well as participate in stress response, and consequently contribute to
somatic-nonsomatic integration (Zhang et al. 2011; Zhu et al. 2006) in
response to stress.

In many brain regions, CRFR1 and CRFR2 mediate the same effects
of CRF (Lemos et al. 2012; Riegel and Williams 2008; Wang et al.
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Fig. 5. Neither Alexa Fluor488-labeling nor Alexa Fluor568-labeling neurons are detected in the LVN in negative controls. (A1-D3) Double immunostaining results
showed that neither Alexa Fluor488 (B1-B3) nor Alexa Fluor568 (C1-C3) labeling neurons were present in the rat LVN of negative controls, in which the primary
antiserum was replaced by control immunoglobulins or omitted. 4 V, 4th ventricle; MVN, medial vestibular nucleus; LVN, lateral vestibular nucleus; SVN, superior

vestibular nucleus; sp5, spinal trigeminal tract; icp, inferior cerebellar peduncle.

2017). In the cerebellar nuclei, downregulation or blockage of CRFR1
or CRFR2 induces ataxia-like motor dysfunctions, including gait ab-
normality, motor incoordination, and postural instability (Wang et al.
2017). Although both CRFR1 and CRFR2 contribute to the CRF-induced
excitation on LVN neurons, their specific roles in vestibular functions
remain to be elucidated. Moreover, it has been reported that the age
and sex influence the expression of CRF receptors in a region-specific
manner (Weathington et al. 2014). In the present study, CRFR1 and
CRFR2 are expressed in the LVN of both sexes, which is consistent with
the previous report that both male and female rats show positive CRF
receptor mRNA expression by in situ hybridization (Potter et al. 1994).
Since the CRFergic system reaches an adultlike appearance about
2weeks postnatally in rodents (Cummings et al. 1994) and the LVN
neurons can hardly be visualized and recorded in adult rats by patch
clamp recordings, we used fortnightly rats in the present electro-
physiological experiments. It is furthermore important to determine
that whether there are age and/or sex differences in the expression of
CRFR in the LVN, the effect of CRF on spontaneous firing and silent LVN
neurons, as well as the physiological function of CRF in the LVN cir-
cuitry.

In conclusion, the present study reveals a direct excitatory action of
CRF on LVN neurons via co-activation of both postsynaptic CRFR1 and
CRFR2. Via biasing neuronal activity in the LVN, the central CRFergic
system and CRF may be involved in maintaining excitability and setting
an appropriate level of sensitivity of LVN for responding to the external
vestibular and multisensory information as well as the internal motor
signals. Thus, in this way, the central CRFergic system and CRF may
actively participate in the regulation of vestibular reflexes and motor

control.
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