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Abstract

Cannabinoid receptor 1 (CB1R) is widely expressed in central auditory system and play
important roles in synaptic plasticity and sensory processing. However, the function of CB1R
in specific neuronal subtypes in the central auditory system is largely unclear. In the current
study, we investigated whether CB1R deficiency in the parvalbumin (PV)-expressing
interneurons, a major class of GABAergic interneurons, affect hearing function. We fist
systematically examined the neuronal localization and distribution of CB1R in mice central
auditory system using double-label immunofluorescence and confocal laser scanning
microscopy, and found that CB1R showed a wide distribution in the central auditory system,
especially highly expressed in the cochlear nucleus (CN), superior olivary complex (SOC) and
lateral lemniscus (LL). Furthermore, we established a CB1R conditional knockout mice
specifically in PV interneurons, and measured auditory function using the auditory brainstem
response (ABR) test. Surprisingly, analysis of ABR indicated that conditional deletion of CB1R
specifically from PV interneurons significantly elevated the physiological hearing threshold,
prolongated the latency of | waves, and decreased the amplitudes of I-V waves. Collectively,
these results indicate that CB1R is highly expressed in CN and SOC, as well as deleting CB1R
specifically from PV interneurons resulted in partial hearing loss and abnormal brainstem
response. Our finding provides an anatomical basis for further investigating CB1R’s function
in auditory system, and suggest that CB1R expression in inhibitory PV interneurons is essential
for hearing function.
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1. Introduction

The cannabinoid receptor type 1 (CB1R), one of most abundantly expressed G protein-coupled
receptors, iS highly expressed throughout the central nervous system (CNS) in excitatory and
inhibitory neurons, primarily located in presynaptic terminals and preterminal axon segments
(1-5). Functionally, activations of CB1R appear to be depolarization dependent presynaptic
modulation of neurotransmitter release primarily via Gi/o protein, subsequently modulate
neuronal activity, and thus impact a myriad of physiological functions, such as anxiety, stress,
learning, memory, cognitive and sensory processing (2,6-8).

Accumulating evidence indicate that CB1R is expressed in central auditory system of
several species and modulates synaptic function (9-14). For instance, the expression of CBIR
within auditory pathway has been investigated in early 1991 by autoradiographic, and the
signals for CB1R in two subregions of cochlear nuclei is consistent with the later spatial
distribution studies through immunohistochemistry (10,12,13). Zheng et al. demonstrated that
CBIR is expressed in glutamatergic neurons in cochlear nucleus (CN) (14). More recently,
Alejando et al. found that CB1R is expressed in CN, inferior colliculus (IC) and auditory cortex
(AC) in the hamster through RT-qPCR and immunostaining (15). Chou et al. found that CB1R
is expressed in AC of human and non-human primate (9). Liu et al. investigated the
transcriptional abundance of cnr/ (CBIR encoding gene) mRNA in the brains from adult
C57BL/6J mice of two sexes using RNAscope in situ hybridization (ISH) (11), and found
expression of CB1R in the IC and AC. Although the expression of CB1R in the central auditory
system has been extensively studied, its spatial distribution in the central auditory system brain
remains incomplete. Therefore, identification of the distribution pattern of CB1R within the
central auditory system is essential to increase our insight into its function.

Although CBI1R exists ubiquitously in CNS, the specific function of CB1R depends on
the context of cell types, particular in cell types of GABAergic neurons (2,8,16-18). For
instance, Busquets-Garcia, A. et al found that CB1R expressed on specific subpopulations of
hippocampal GABAergic interneurons plays a key role in the formation of incidental
associations and learning (16,17). Recently, Barna Dudok et al. found that the selective
expression of CB1R at synapses of CCK-expressing interneurons modulates place cell firing
activity and shapes hippocampal spatial representation (1). In the central auditory system, the
synaptic location of CB1R in CN was also confirmed using electron microscopy to show its
expression in GABAergic terminals (10,13). In addition, the activation of CB1R in the IC can
influence GABAergic neurons to modulate motor behavior like haloperidol-induced catalepsy
(19). These findings provide a basis for understanding CB1 in physiological functions, and
imply the potential role of CB1R in tuning auditory function via influencing GABAergic
signaling. However, the roles of CBIR in GABAergic inhibitory interneurons is poorly
understood.

Dysregulation of CBIR in the central auditory system is implicated in tinnitus (20-25).
Therefore, CB1R provides an excellent opportunity for therapeutic interventions (21). Currently,
there has been increasing interest in the use of cannabinoid compounds for the treatment of
tinnitus. It was reported the cannabinoids such as tetrahydrocannabinol (THC) and cannabidiol
(CBD) that activated CBIR were used for the treatment of tinnitus (26,27). For its promising
future in clinic application, CB1R was under popular researches on structure and bio-



pharmacology to investigate how it was featured as a therapeutic target for its interaction with
cannabinoids or the analogous ligands (28-31). In addition, animal studies have suggested that
downregulation of GABAergic inhibition, particularly parvalbumin (PV) interneurons
mediated inhibition in the central auditory system, is implicated in the generation or perception
of tinnitus (32,33). Therefore, understanding the physiological roles of CBIR in GABAergic
inhibitory interneurons in the central auditory system may provide an insight into mechanisms
underlying tinnitus.

To address these questions, we systematically characterized the neuronal localization and
distribution of CB1R in mice central auditory nuclei, including CN, SOC, IC, lateral lemniscus
(LL), medial geniculate body (MGB) and AC using fluorescence immunohistochemical
techniques; we also established a CBIR conditional knockout mice specifically from PV
interneurons, as a major type of GABAergic interneurons in the central auditory system, and
explored whether deleting CB1R in PV interneurons affect hearing function using auditory
brainstem response (ABR) tests. We found that CBIR is highly expressed in the in the CN,
SOC and LL. Interestingly, PV interneuron specific deletion of CB1R resulted in partial hearing
loss and abnormal auditory brainstem response. This work provides an increasing insight into
the potential roles of CB1R in physiological and pathological brain functions, and more insights
into the CB1R as a pharmaceutical target in the treatment of tinnitus.

2. Materials and Methods
2.1 Animals

Two types of C57BL/6J transgenic mice, Cnr17°¥1x and PV-Cre;Cnr11¥°* were used for
experiments, and they were bred and housed under the guidelines of Institutional Animal Care
and Use Committee of Anhui University (IACUC, AHU). The genotyping of these transgenic
mice was performed using PCR and agarose gel electrophoresis with primers listed in Table S1,
so as to roughly identify a homozygous and a hemizygous mouse. The mice were housed in the
facility with controlled temperature and humidity with a 12-hrs light/dark cycle (lights on 8
a.m.) until they were 8~10 weeks old, and food and water were provided ad libitum.

2.2 Immunostaining

Mice were anesthetized with pentobarbital sodium (60 mg/kg body weight, intraperitoneal
injection), then transcardially perfused with phosphate buffered saline (0.01 M PBS, pH 7.4)
followed by 4% formaldehyde (PFA) prepared at 4 °C to fix the tissues. The brain was extracted
and fixed in 4% PFA for further 12 hours before changed to 15% sucrose (in 0.01 M PBS, pH
7.4) for one day and 30% sucrose for another two days at 4 °C successively. Then, the brain
was coronal sectioned into 40 um slices collected in PBS using cryostat microtome (Leica CM
1900, Leica Biosystems, Wetzlar, Germany). These brain sections were permeabilized in a
blocking solution (5% goat serum, 0.5% Triton X-100, and 0.01% sodium azide in 0.01 M PBS)
for 1 hr at RT, and subsequently incubated with primary antibody against CBIR (1:5000, sc-
518035, Santa Cruz) or parvalbumin (1:500, 195002, Synaptic Systems) overnight at 4 “C. All
the antibodies were prepared in the blocking solution. After being washed for 10 min in 0.01
M PBS, thrice, the sections were incubated with a secondary antibody goat anti-mouse (Alexa



Fluor 488, 1:250, 33206ES60, Yeasen) or goat anti-rabbit (Alexa Fluor 594, 1:300, 33112ES60,
Yeasen) for 2 hours at RT. Finally, the tissues were washed for several times in PBS, then
mounted, dried and counterstained with 4°,6-diamidino-2-phenylindole (DAPI, BMU107-CN,
Abbkine) before cover-slipped. For double-staining, the sections were incubated with
individual primary antibody, and revealed with respective secondary antibodies. Fluoresce
signal from the sections were captured with a confocal laser scanning microscope (LSM980,
Zeiss), and its intensity indicating the expression of proteins was quantitatively or quantitatively
analyzed by Imagel] software (NIH). Part of the images were merged for analysis of co-
localization of CB1R with PV. Antibodies are listed in Table S2.

2.3 Western Blot analysis

The C57BL/6J transgenic mice were sacrificed and used for the immunoblot after
anesthesia. Brain tissues were extracted and lysed using homogenizer in ice-cold lysis buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100) supplemented with protease inhibitor
AEBSF and reductant B-ME. The lysate was centrifuged twice at 15,000xg for 20 min at 4 °C
to remove insoluble debris, and the supernatant was transferred to a sterile EP-tube for another
20 min centrifugation. The concentration of total proteins in solubilized fractions was
determined by Bradford assay using spectrophotometer at 595 nm. Then the protein samples
were mixed with 5xLoading buffer (Dithiothreitol contained) and denatured in Block Heater
for separation by 15% SDS-PAGE (Tanon Electrophoresis System). Separated proteins were
transferred onto 0.22 uym PVDF membranes individually, and the membranes were blocked in
TBST (20 mM Tris-HCI, pH 7.6, 150 mM NaCl, 0.05% Tween 20) with 5% non-fat milk
contained for 1 hour at RT. The primary antibodies used for target and reference proteins were
anti-CB1R (1:5000, sc-518035, Santa Cruz) and anti-GAPDH (1:5000, AF7021, Affinity)
respectively, and they were further detected with HRP-linked secondary antibodies for ECL
assessment (Table S2). The blotting bands were visualized with chemiluminescence imaging
system (JS-1070P, Peiging). Band intensities were quantified through ImageJ software (NIH)
to analyze the protein expression of CB1R relative to GAPDH in the same sample.

2.4 RT-qPCR

Brain tissues isolated from mice were homogenized in Trizol, and then mixed with
chloroform for 2 min of shaking and 3 min of quiescence at RT to extract total RNA. The
mixture was centrifuged at 12,000xg for 15 min at 4 °C to separate water-organic phases. Then
the water phase was preserved with isopropyl alcohol added and mixed well before
precipitation at -80 °C for 2 hrs. The new mixture was centrifuged for another 15 min at
12,000xg to precipitate RNA, and then washed by ice-cold 80% ethanol. Finally, the gelatinoid
RNA precipitant was desiccated and dissolved in 0.1% DEPC ddH»O. Concentration
measurement by OneDrop spectrophotometry (OD1000+, WINS) combined with integrity
detection through agarose gel electrophoresis were conducted to evaluate the quality of RNA.
Reverse-transcription and quantitative real-time PCR were subsequently performed using the
cDNA Synthesis Kit (11141ES60, YEASEN) and qPCR Kit (11184ES08, YEASEN)
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respectively. Data from qPCR were normalized with the method of , and the relative

transcription of cnrl was derived from the transcript ratio of cnrl to S-actin, the reference gene.



All the regents and materials used were RNase-free, and the primers used to amplify the target
genes are shown in Table S1.

2.5 Auditory brainstem response (ABR) test

Since the ABR test provides auditory information of nuclei in the central pathway to sound
stimulation, a TDT (Tucker Davis Technologies) RZ6 system was used to collect evoked
auditory signals of mice. The mice were anesthetized with pentobarbital sodium (60 mg/kg, IP
injection) and positioned 10 cm from the free-field speaker (monaural) on a non-electric heating
pad (~37 °C) with three platinum coated electrodes placed in the scalp, within the sound-proof
chamber. The impedance was adjusted below 5 Ohm before recording, and sound stimuli is
produced through the speaker. For click stimulus, the mouse is presented with a wide spectrum
click (0.1 ms) in a gradient descent of 10 dB SPL from 90 to 10 dB SPL. Each data point
acquisition was repeated for512 times and the integral signals were averaged for display. For
frequency-specific tone burst stimulus, five frequencies including 4, 8, 16, 24 and 32 kHz (0.1
ms) were presented in decreasing levels between 90~20 dB SPL, and each new stimulus was
recorded 5 dB SPL down from the previous. Each point of measurement was recorded 512
times to be averaged. ABR threshold was considered as the lowest intensity of recognizable
response for the given set of variables, and all the hearing threshold, latency, waveform, and
amplitude of ABR data were determined using BioSigRZ software. When finished recording,
the mice had electrode removed and were carefully sent to emergence from anesthesia.

2.6 Data analysis

In all the experiments, mice in the age of 8 and 10 weeks were randomly selected as
biological replicates to make the study reliable. For western-blot, the darkness of blotting-bands
was integrated using ImageJ (NIH). For immunostaining, the images collected from confocal
microscopy were processed by ZEN (Zeiss) and for further cell numbering or fluorescent
intensity integration in ImageJ. The waveform plots exported from BioSigRZ software in ABR
test were line-smoothed by Origin9. Other graphs were prepared in Prism software (GraphPad
9.5.0, La Jolla, CA). Normality of the data was tested using the Shapiro-Wilk normality test.
Nonparametric data with multiple comparisons were analyzed by Kruskal-Wallis one-way
analysis of variance (ANOVA) followed by Holm's Stepdown Bonferroni procedure for
adjusted p-values. The Mann-Whitney ¢ test was used for comparison between two groups. Data
with normal distribution were analyzed by one-way ANOVA with Dunnett's post-test or Tukey's
correction for multiple comparisons as described in the figure legends. Values are presented as
the average mean + standard error (SEM) for data that were normally distributed or median and
interquartile range for data that were not normally distributed for continuous variables. For all
comparison, p < 0.05 was considered statistically significant. p and n represent the value of
significance and the number of mice, respectively. Data were analyzed using GraphPad Prism
software.

3. Results

To gain insight into CB1R functions in inhibitory neural circuits of the central auditory
system, we selectively deleted cnrl by Cre dependent deletion of loxP flanked exons, which



leads to an unstable protein (6,34). Cnr1"¥°* mice were mated with PV-Cre mice to generate
mice with CB1R cKO specifically from PV interneurons. Cnr1%°¥1°* mice were used as controls
because they express normal levels of CBIR (Fig. S1). Two different genotypic strains,
Cnrl¥fex and PV-Cre;Cnrl1°¥1°% were identified and were randomly separated into several
groups for different purposes.

3.1 CB1R is highly expressed in auditory brain stem

In the current study, we first analyzed the distribution and expression of CBIR in the
central auditory system of mice. The distribution and expression level of CB1R in different
brain regions of central auditory system were qualitatively and quantitatively evaluated using
immunostaining through fluorescence’s imaging, and coronal sections of auditory nuclei were
subjected to immunohistochemical analysis. To elucidate the characteristics of CBI1R
expression in central auditory system, several nuclei among the auditory pathway from
Cnr1o¥fx mice were detected through immunostaining. The CN was further divided into two
subregions, dorsal cochlear nucleus (DCN) and ventral cochlear nucleus (VCN). The VCN also
included two parts, anterior VCN (AVCN or VCA) and posterior VCN (PVCN or VCP). For
superior olivary complex (SOC), three major nuclei, medial superior olive (MSO), lateral
superior olive (LSO) and medial nucleus of the tapezoid body (MNTB) were evaluated. For
inferior colliculus (IC), the subregions including external cortex IC (ECIC), dorsal cortex IC
(DCIC) and central nucleus IC (CNIC) were examined. Moreover, besides auditory cortex (AC),
the lateral lemniscus (LL) as well as medial geniculate body (MGB) were also investigated.

From an overall perspective, the CBIR is distributed throughout the central auditory
system, including CN, SOC, LL, IC, MGB and AC (Fig. 1a). CB1R proteins were abundantly
enriched in CN, SOC and LL, especially in the subregion of VCN when compared to DCN,
with the AVCN owned much higher expression than PVCN (Fig. 2a). This was consistent with
the immunohistochemistry result of CN that reported by Zheng et al., previously (14). In SOC,
the CB1R proteins were expressed stably with a similar strength in MSO, LSO and MNTB (Fig.
2a). Moreover, the CB1R proteins were also detected in MGB, with a moderate expression level
relative to other three regions (Fig. 1a). In contrast, the expression of CB1R in IC and AC were
poorly detected for the weak fluorescence signals, particularly it was almost invisible for any
positive immunoactivity of CBIR in AC (Fig. 1a). Intriguingly, the IC nucleus showed a weak
expression of CBIR, the fluorescence signals were also found sporadically distributed in the
subregions of DCIC and CNIC (Fig. 2a).

The distribution of CBIR proteins within different regions were qualitatively and
quantitatively evaluated through number counting as well as fluorescence intensity integration
of CBIR positive neurons (Fig. 1b, 1¢ and Fig. 2b, 2¢). For each nucleus, three to five coronal
sections with different distances from the bregma were used for statistics, so as to cover the
overall brain region. Partially in agreement with the megascopic observation, the total numbers
of CB1R positive neurons were significantly higher in the regions of SOC and LL, when
compared with others (Fig. 1b). Among all the auditory regions, the number of CBIR"* neurons
in CN took the second place when IC with fewer CBIR"* neurons than SOC, LL and CN,
although CN seemed to have a certain high expression of CBIR proteins. For MGB and AC,



much fewer numbers of CB1R" neurons were identified due to the expression level of CBIR
proteins were relative lower in these two regions (Fig. 1b).

To quantify the CBIR expression patterns more accurately, the average fluorescence
intensities of CB1R among distinct nuclei were integrated for comprehensive analysis (Fig. 1c,
2b). Compared with the cell number calculated above, the statistic of average fluorescence
intensities demonstrated that the CB1R were maximumly distributed in the regions of SOC and
CN (Fig. 1¢). While cell numbers in LL were almost the same as in SOC, the average expression
intensity of CB1R proteins indicated by fluorescence signal within LL was closer to the value
from CN (Fig. 1c). Among the subregions of SOC where had most abundant expression of
CBIR, when a greater number of CBIR" neuron was detected in LSO than MNTB and MSO,
the average fluorescence intensities were similar in three nuclei (Fig. 2b, 2¢). This inconsistency
of two kinds of statistics was also observed in subregions of CN or IC (Fig. 2b, 2c). The
discrepancy between analysis of cell number and fluorescence intensity might be attributed to
the different enrichment of CB1R expression within distinct brain regions or cell types, as well
as the differentiated distribution of CBIR or CB1R" neurons within specific region.

3.2 CB1R knockout decreases the distribution of CB1R* PV-neurons

In order to confirm that deleting CB1R specifically from PV neurons, the double-staining
of CB1R and PV as well as their co-localization in PV-Cre;Cnr1%°¥1°* and Cnr1 ¥ mice were
conducted (Fig. 3a, 3b and Fig S5). We found that proteins of PV and CB1R were abundantly
distributed in the CN and SOC, they were co-localized in a certain proportion of neurons within
these two regions, and the expression of PV was unaffected by Cnr1-cKO, (Fig. 1, 2 and 3). It
was not surprised to see that the knockout of Cnrl in PV-positive neurons might trigger a
noteworthy change of CBIR expression in CN and SOC of PV-Cre;Cnr1%¥1x mice (Fig. 1, 3).
When compared with Cnr11°¥1x mice, the co-localizations of these two proteins were notably
reduced in the PV-Cre;Cnr1%°¥°x oroup, and the integral levels of CBIR expression were also
downregulated for its conditional deficiency (Fig. 3a-c). As expected, the extent of CB1R
downregulation that modulated by Cre recombinas integrated in PV positive neurons, was in
consistent with the phenomena that observed in ABR tests previously (Fig. 3, 4).

To further confirm the expressional change of CB1R proteins within these specific regions,
a western-blot assay together with a real-time quantification PCR test were performed on the
KO and non-KO mice (Fig. S6). Only the regions of CN with anatomically marginal definition
were exacted scrupulously for both western-blot and qPCR so as to ensure precision of the
results (Fig. S6). Moreover, regions of IC and hippocampus were also prepared for RT-qPCR
(Fig. S6b). In contrast to Cnrl1i¥x group, the protein expression level of CBIR from PV-
Cre;Cnrl1°¥ox mjce were sharply decreased in CN (Fig. S6a). Although there was no
significant difference between two transgenic groups when it referred to gene transcription, the
entire downtrend of KO mice revealed by mRNA transcripts was consistent with the results
from immunostaining and western-blot (Fig. 3, Fig. S6). Overall, our results indicated that
deleting CB1R specifically from PV neurons dramatically decreased the distribution of CBIR"
PV-neurons in the CN and SOC.



3.3 CB1R ¢KO in PV interneurons results in partial hearing loss

The CBIR were presented in many different cell types, with their expression levels
dynamically varied amongst distinct subcellular locations (8,16,18,35) . CBIR is recognized to
have the most abundant expression in GABAergic interneurons, while glutamatergic,
glycinergic or other neuronal types with relatively low-to-moderate expression levels of this
protein (36). The diversity of GABAergic neurons can be characterized by transcriptomes,
morphology and electrophysiology. PV interneurons are one of the most abundant GABAergic
neurons in the central auditory system (36,37) . Therefore, our results suggest that loss of CB1R
in PV-interneurons might produce abnormal hearing function.

To determine whether deleting CB1R in PV-interneurons impact hearing function, we
performed auditory brainstem response (ABR) tests and measured the thresholds, latencies of

1 flox/flox 1 flox/flox

wave | and amplitudes of waves I-IV in PV-Cre;Cnr mice and Cnr mice.

Compared with Cnr1%¥1x group, the average hearing thresholds for either clicks or pure-tones
in group of PV-Cre;Cnr1%¥1x mice slightly shifted (Fig. 4a,b). These increased thresholds for
PV-Cre;Cnr1%¥x mice indicated that conditional knockout of CBIR specifically from PV-

interneurons resulted in partial hearing loss in mice.
3.4 PV-Cre;Cnr1"¥1°x mjce exhibit abnormal auditory brainstem responses

Among the tone-burst with five frequencies (4~32 kHz), the hearing thresholds presented
a ‘V’-shaped curve to imply the mice with best hearing under 16 kHz (Fig. 4b). Therefore, the
ABR waveforms recorded at 90 dB SPL from two transgenic groups were superimposed under
stimuli of click as well as 16 kHz (the representative one) (Fig. 4c). Surprisingly, there were
significantly differences in ABR wave characteristics between two groups of mice (Fig. 4c-¢).
The amplitude of wave II for clicks decreased dramatically in PV-Cre;Cnrlf°¥flox mice when
compared to Cnr1%¥x while the amplitudes of wave I, III, IV and V had a slightly decrease
(Fig. 4c, 4e). Both the latencies and amplitudes of the waveforms I-V for 16 kHz pure tones
were significantly changed in PV-Cre;Cnrl17°¥fox mice (Fig. 4c-¢, Fig. S3). Especially the wave
II and III, the most typical waves that were generally recognized to represent CN and SOC
respectively, were drastically changed both in amplitudes and latencies (Fig. S2~S4). The
statistics derived from the ABR waveforms of two transgenic mice demonstrated that, except
the data collected under 32 kHz were ambiguous for analysis, the amplitudes of wave I~IV for
clicks or other frequencies of tone burst were decreased (Fig. S4).

Generally, the PV-Cre;Cnr1fo¥flox mice exhibited longer latencies and lower amplitudes,
suggesting that the transduction velocity and strength of the auditory signal in CB1R ¢KO
specifically in PV-interneuron mice were decreased. Taken together, the increased thresholds,
prolonged latencies, and attenuated amplitudes of ABR waves observed in PV-Cre;Cnr] flo¥/flox
mice suggested that CB1R deficiency in PV interneurons impair auditory function.

4. Discussion

In the current study, we assessed region-specific distribution of the CB1R across the
central auditory system of mice using fluorescence immunohistochemical techniques, and



found that CB1R is highly expressed in the CN, SOC and LL. Furthermore, we conditionally
deleted CBI1R specifically from PV interneurons and found that deletion of CBIR specifically
from PV interneurons resulted in partial hearing loss and abnormal auditory brainstem response.
Our findings support a functional role for CB1R in regulating inhibitory circuitry function in
the central auditory system to ultimately impact auditory processing.

4.1 The distribution of CB1R in the central auditory system

ECS components and their role in synaptic plasticity and neurodevelopment have been
extensively described in numerous studies (10,38). However, few studies have concerned about
the intrinsic mapping of CB1R in CNS, especially in central auditory system. While the
distribution of cnrl transcripts have been detected in several brain regions through RNA scope,
more researches concerning the expression characteristic of CB1R proteins is warranted (39,40).
Here, our studies systematically evaluated the differentiated expression patterns of CBIR in
central auditory system through immunostaining, which is more reliable for protein evaluation
than in suit hybridization for mRNA transcript detection. We observed the expression of CBIR
in the CN, SOC, IC, LL, MGB and AC of mice, which is consistent with the previous studies
(13,14,21).

We also found that CB1R is highly expressed in PV interneurons in the several nuclei of
auditory system. The functions of CB1R were not only determined by the expression levels in
specific neuronal subpopulations, but also related with the downstream efficacy of its G protein-
dependent signaling. For instance, although the GABAergic neurons in the hippocampus have
much higher CB1R expression levels than the glutamatergic neurons, they had much lower
efficacy of G protein-dependent signaling of CB1R shown by the conditional mutant mice
lacking CB1R expression in GABAergic or glutamatergic neurons (41). Likewise, although the
CBI1R was most abundantly expressed in GABAergic interneurons with PV-positive neurons,
the capacity of CB1R distinguished by the cell type besides its expression abundance in distinct
nuclei should be considered as well (36).

4.2 Functional implications of CB1R in PV-interneurons

Our findings in this study uncovers an important role of cell type specific CBIR in hearing.
The conditional deletion of c¢nrl gene from PV-positive neurons produced a decrease in both
cell numbers and protein expression of CBIR. More importantly, the transgenic mice with
CBIR deficiency exhibited partial hearing loss and auditory dysfunction revealed by ABR test.
There are five identifiable waves in ABR test, labeled as I-V. Wave I represents the summated
response from the spiral ganglion and auditory nerve while waves II-V represent responses
from the ascending auditory brainstem pathway. Our results demonstrated the transgenic mice
with CB1R deficiency in PV-interneurons exhibited the prolongation of waves I latencies,
suggesting that auditory nerve-brainstem conduction velocity is decreased. Furthermore, a
decrease in the amplitudes of waves [-V observed in the transgenic mice with CB1R deficiency
suggest that conditional deletion of CB1R from PV-interneurons resulted in abnormal auditory
brainstem function.

The nuclei of SOC were responsible for azimuthal sound location of ILD (interaural level



difference) and ITD (interaural time difference) coding, which could be disrupted by early
hearing loss (42). In Cnr1-cKO mice, the CB1R-positive neurons and CB1R expression were
significantly decreased in SOC, accompanied by the wave II and III that typically represented
CN and SOC were drastically changed in ABR tests, respectively. Therefore, the sculpture of
CBIR expression patterns would shed light on the importance of CB1R involved in auditory
function and dysfunction as a neuromodulator. Although the expression of CB1R was quite low
in the regions of MGB and AC, the roles of CBIR in auditory function should be elucidated in
the future.

It has been reported that CB1R undergoes extensive trafficking between the cytoplasm and
the presynaptic terminals, especially in brain regions where it is quite active (43). This process
was dynamically regulated, therefore, the barely visible signal in a certain region detected in
immunostaining did not mean that there was no expression of CB1R. In 2020, Zhong’s group
investigated the intracellular organization of CBIR within the axons of neurons using a
structured illumination microscopy with high spatial resolution (44).The CBIR proteins are
presented at both presynaptic terminals and postsynaptic compartments of several types of
neurons, and they were also found in glial cells such as astrocytes and microglial cells with
lower amounts (45). Astrocytes play an important role in modulation of brain homeostasis and
synaptic plasticity through the cooperation between astrocytes and neurons, and these functions
can be shaped by CBI1R (46,47). Moreover, new evidence recently pointed to the presence of
CBIR (mtCB1R) at mitochondrial membranes of both presynaptic and somatodendritic
compartments of neurons, being associated with brain metabolism, but the specific function not
fully understood (46). The ubiquitous expression of CB1R in these components suggest that the
CBI1R might be involved in various biological processes with functional diversity (40).

Beyond the physiological function of CBIR, our findings may provide insight into the
biological mechanisms of tinnitus. The dysfunction of CB1R is implicated in tinnitus, therefore,
the cannabinoid receptor CBIR may exert like a drug target for tinnitus. The CN is generally
considered as a key region that associated with tinnitus initiation. In 2007, Zheng et al.
investigated CB1R expression in the subregions of the CN using immunohistochemistry (14).
The morphological cell types of CB1R positive cells are different in DCN and VCN, and the
number of CB1R-expressing neurons in VCN are decreased in rats with salicylate-induced
tinnitus that confirmed by conditioned behavioral paradigm. In 2011, Jason et al. reported that
the DCN is hyperactivated in noise-exposed mice mainly due to decreased GABAergic
inhibition, leading to the emergence of tinnitus perception (33). The expression of CB1R and
the number of CB1R positive neurons in CN changed in rats with salicylate-induced tinnitus,
indicating that the dysfunction of CB1R may be involved in auditory dysfunction. However,
the clinical cases that treating tinnitus through cannabinoids or agonists were contradictory, so
the mechanisms for CB1R modulation of auditory system remain uncovered. This expression
profile of CBIR might increase current understandings of CBIR in central auditory system,
and potentially promote the cannabinoid-based drug target finding and drug development of
pharmacotherapies for auditory dysfunctions such as tinnitus.

In summary, we demonstrate that selective deletion of CBIR in GABAergic PV cells
resulted in a defective inhibitory PV cell circuits in central auditory system, and led to partial



hearing loss and abnormal auditory brain stem response. We tentatively conclude from our data
and those deriving from other previous reports that CB1R in PV-interneurons may influence
the development and auditory function (1,2,35,38).
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Figure 1. Distribution analysis of CB1 in central auditory nuclei.

(a) Inmunostaining of CB1 within auditory center from Cnr17°¥1°%, The expression of CB1
receptors in different auditory nuclei were demonstrated by fluorescence signals. CN, cochlear
nucleus; SOC, superior olivary complex; LL, lateral lemniscus; IC, inferior colliculus; MGB,
medial geniculate body; AC, auditory cortex. (b)(c) Numbers of CB1 positive neurons and
average fluorescence intensities of CB1 proteins. The number of CB1" neurons within
distinct nuclei were counted manually, and the average intensity of the fluorescence signal was
integrated for each nucleus from Cnr]f¥/flox,

Figure 2. CB1 expression patterns in subregions of central auditory nuclei.

(a) Immunostaining of CB1 within subregions of auditory nuclei from the transgenic mice
Cnr1fovlex, The auditory nuclei of CN, SOC, and IC with their fundamental subregions were
shown in detailed. DCN, dorsal cochlear nucleus; AVCN, anterior ventral cochlear nucleus;
PVCN, posterior ventral cochlear nucleus; MSO, medial superior olive; LSO, lateral superior
olive; MNTB, medial nucleus of the tapezoid body; ECIC, external cortex inferior colliculus;
DCIC, dorsal cortex inferior colliculus; CNIC, central nucleus inferior colliculus. (b) Numbers
of CB1 positive neurons and average fluorescence intensities of CB1 proteins. The number
of CB1" neurons within these subregions were counted manually, and the average intensity of
the fluorescence signal was integrated for each subregion of CN, SOC, and IC from Cnr]flo¥/flox,
Data presented as means + SEM. *p <0.05, **p <0.01, ****p <(0.0001.

Figure 3. CB1R knockout decreases the distribution of CBIR" PV-neurons.

(a) Double-staining of PV and CB1. The immunoactivity for PV was shown in red, and CB1
was shown in green. Their co-localization in the regions of CN and SOC was shown in yellow
as merged. (b) Comparison of PV and CB1 expression. The numbers of PV" neurons within

CN and SOC were counted manually for each nucleus from Cnr]flovflox

, and they were
compared with PV-Cre;Cnr11°¥1x So as the analysis of CB1" neurons. Data presented as

means + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. (c) Co-localization analysis of PV

and CB1 in CN or SOC. Ratios of distinct PV" neurons were calculated according to the cell
with CB1 expressed in or not.

Figure 4. PV-Cre;Cnr1oox mice exhibit partial hearing loss and abnormal auditory
brainstem responses.

(a) The waveforms of ABR test. The waveforms derived from ABR data were collected under
click and tone burst stimulus of 16 kHz respectively. The black line represented non-KO mice
Cnr1M¥fox "and the red line represented PV-Cre;Cnr17°¥°* mice. (b) The hearing thresholds
obtained from ABR waveforms. The hearing thresholds for each mouse that was recorded
under click and pure-tone with five frequencies (4~32 kHz) were analyzed from their ABR
waveforms. (¢) Superimposition of ABR waveforms. The ABR waveforms at 90 dB SPL
under click and tone burst stimulus of 16 kHz were superimposed to show the discrepancy of
amplitude and latency for wave I~V between two transgenic mice. (d) The latency and (e)
amplitude obtained from ABR waveforms. The latency and amplitude for each wave was
calculated from ABR data collected at 90 dB SPL under 16 kHz, and the amplitudes from data



collected at 90 dB SPL under click were also presented. Data presented as means = SEM. *p
<0.05, **p <0.01, ****p <0.0001.
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Figure. 4
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