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SUMMARY Hearing loss is the third most prevalent physical condition affecting communication, well-being, and
healthcare costs. Sensorineural hearing loss often occurs first in the high-frequency region (basal
turn), then towards the low-frequency region (apical turn). However, the mechanism is still unclear.
Supporting cells play a critical role in the maintenance of normal cochlear function. The function and
supporting capacity of these cells may be different from different frequency regions. Hensen's cells are
one of the unique supporting cell types characterized by lipid droplets (LDs) in the cytoplasm. Here,
we investigated the morphological and gene expression differences of Hensen's cells along the cochlear
axis. We observed a gradient change in the morphological characteristics of Hensen's cells along the
cochlear tonotopic axis, with larger and more abundant LDs observed in apical Hensen's cells. Smart-
seq2 RNA-seq revealed differentially expressed genes (DEGs) between apical and basal Hensen's
cells that clustered in several pathways, including unsaturated fatty acid biosynthesis, cholesterol
metabolism, and fatty acid catabolism, which are associated with different energy storage capacities
and metabolic potential. These findings suggest potential differences in lipid metabolism and oxidative
energy supply between apical and basal Hensen's cells, which is consistent with the morphological
differences of Hensen's cells. We also found differential expression patterns of candidate genes
associated with hereditary hearing loss (HHL), noise-induced hearing loss (NIHL), and age-related
hearing loss (ARHL). These findings indicate functional heterogeneity of SCs along the cochlear axis,
contribute to our understanding of cochlear physiology and provide molecular basis evidence for future
studies of hearing loss.
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1. Introduction SCs can be identified as several types: Hensen, Deiter,

internal and external Pillar, Boettcher, and Claudius

The cochlea is a very sophisticated 3D structure. The
Organ Corti is a highly specialized hearing organ located
within the cochlea that is comprised of hair cells (HCs)
and their adjacent supporting cells (SCs). Both HCs and
SCs are essential for normal hearing, acting as primary
structures for sound perception (/-3). Within the cochlea,
HCs and SCs form an ordered asymmetrical pattern,
extending from the basal to the apical axis. SCs provide
the necessary metabolic and electrolyte environment for
HCs to maintain their normal physiological functions and
form the supporting Corti apparatus structure (4,5). The

cell. Hensen's cells, a type of SC found on the basement
membrane's outer side, are notable for their lipid droplets
(LDs) enrichment. Hensen's cells can be individually
identified in the cochlea of guinea pigs due to the LDs
in the cytoplasm (/,6). More studies have shown that
Hensen's cells may have some other important functions
such as the regulation of sensory cell differentiation
and development, maintenance of a stable ionic state,
modulation of sensorimotor function, and development
of synaptogenesis (7-12).

Smart-seq2 is a single-cell RNA sequencing
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technology that enables the extraction and sequencing of
RNA from individual cells or cell masses, and we took
this approach specifically to examine only pure Hensen's
cells to avoid the influence of other parts of the cochlea
on the result. We observed a gradient enrichment of LDs
in Hensen's cells along the tonotopic axis. Analysis of
differentially expressed genes (DEGs) suggests that these
disparities might be linked to variations in energy storage
and metabolic capacities. Following sonic induction, the
low-frequency region (apical turn) recovers faster from
the noise stimuli than the high-frequency region (basal
turn). The increased vulnerability of high-frequency
hearing may be related to the lower "supporting ability
and potential" of the Hensen's cells from the basal turn.

2. Materials and Methods
2.1. Animals

Five-week-old healthy adult male albino guinea pigs
weighing 230 g were used for this study. The animals
were purchased from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The study's
animal care and use protocols received approval from
the Chinese Capital Medical University's Institutional
Animal Care and Use Committee.

2.2. Immunofluorescence

The cochleae were transferred into an Eppendorf tube
containing paraformaldehyde and kept overnight at 4
°C. A 10% EDTA solution (Solarbio, China) was used
for decalcification at room temperature for 7 days. The
sensory epithelium of every turn was dissected out and
stained with BODIPY 493/503 (Invitrogen, Cat# D3922,
1:200) for 2 h without light to display the LDs. Then,
the sections were rinsed with 0.1 M PBS three times for
5 min each time and drawn onto a glass slide by using a
pipette. The slides were carefully covered with Antifade
Mounting Medium (Beyotime, Cat# P0131, China).
A confocal microscope (Zeiss, Germany) was used to
observe the experimental results.

2.3. Frozen sections and oil red O staining

After decalcification with disodium EDTA for 7 days, the
cochleae were dehydrated with 15% and 30% sucrose for
1.5 h each and embedded in optimal cutting temperature
compound (Sakura, Cat#4583, Japan) overnight at 4°C.
Modiolar sections with a thickness of 10 um were cut, air
dried, fixed in formalin, briefly washed with running tap
water for 5 min, and then rinsed with 60% isopropanol.
The slides were stained with freshly prepared Oil Red
O working solution for 15 min and rinsed with 60%
isopropanol. The nuclei were lightly stained with 5 dips
in alum hematoxylin and rinsed with distilled water. The
slides were mounted in glycerine jelly. A microscope

(Zeiss, Germany) was used to observe the samples.
2.4. Dissection and isolation of Hensen's cells

Following anesthesia with pentobarbital sodium (50 mg/
kg intraperitoneal injection), guinea pigs were killed by
cervical dislocation. The bulla was removed, and the
cochlea was exposed. Then, the volute was removed
from the basal to the apical turn. Micro tweezers were
used to mechanically detach the Hensen's cells from the
cochlear basement membrane. A microsyringe was used
to transfer the Hensen's cell mass to a 1 ml Eppendorf
(EP) tube with 500 pL of extracellular fluid (pH 7.35
and 300 mOsm) and 500 pg of trypsin (Gibco, United
States) for digestion. After 10 min of incubation at room
temperature, 200 pl of extracellular fluid was added to
the EP tube to terminate digestion and gently blown with
a pipette gun to digest the tissue into single cells and cell
masses. The cell masses were transferred to a new plastic
chamber containing an enzyme-free culture medium.
Hensen's cells were separated after gentle trituration of
the tissue with a small pipette and observed under an
inverted microscope (Leica, Germany). One guinea pig
was used to collect 2 cell masses from apical and basal
turns separately, and three guinea pigs were used for
three biological repeats.

2.5. Collection of isolated Hensen's cells

Two glass pipettes pulled by an electrode puller
(Narishige, Japan), 70-100 pm in diameter, were used
to collect solitary Hensen's cells separately to prevent
contamination. These pipettes were mounted in two
separate electrode holders on two micromanipulators
(Narishige, Japan). A 1 mL syringe was connected to the
suction port of the pipette to aspirate or expel the cells.
The Hensen's cells were identified based on their specific
morphological features. Cells from the apical and basal
turns were collected separately in different EP tubes, and
stored on ice. Each sample contained 10-15 identified
Hensen's cells. All samples were from three animals.
Only the identified HCs were aspirated into the first
glass micropipette and expelled into the Bovine Serum
Albumin (BSA) on the adjacent coverslip for washing.
Washed cells were transferred using another clean glass
micropipette and expelled into a 0.2 mL thin-walled PCR
tube containing 2 pl of a mild hypotonic lysis buffer
composed of 0.2% Triton X-100 (Sigma, United States)
and 2 U/uL RNase inhibitor (Clontech, Canada).

2.6. Library preparation and RNA sequencing

We followed the Smart-Seq2 protocol for reverse
transcription with a few modifications (/3,74). The
library was prepared by using the Smart-Seq v4 Ultra
Low Input RNA Kit (Clontech Laboratories, Canada)
and Nextera Library Preparation Kit (Illumina, Canada).
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The concentration of total extracted RNA from cells
ranged from 5 to 10 ng/puL. Subsequently, amplified
samples were purified and selected with AMpure XP
beads (Beckman, United States). The DNA quality
was examined using an Agilent 2100 BioAnalyzer
system (Agilent Technologies, CA, United States). The
libraries were multiplexed and sequenced on an Illumina
X-Ten platform to generate 100-bp paired-end reads.
The files from the multiplexed RNA-seq samples were
demultiplexed, and fastq files representing each library
were generated.

2.7. Data analysis

The low-quality reads were filtered, and the linker
sequence was trimmed to obtain clean reads by
Trimmomatic (v0.39). Then, STAR (2.7.5¢) was utilized
to align the reads to the guinea pig reference genome
(Cavpor3.0). The reads aligned to genes were counted
by cufflinks (v2.2.1). The fragments per kilobase of
transcript per million mapped reads (FPKM) values were
normalized by cuffnorm, and the gene expression levels
were calculated by cuffdiff. The resulting P values were
adjusted using Benjamini and Hochberg's approach for
controlling the false discovery rate. Significant DEGs
were identified with threshold P values < 0.05 and fold-
change > 1.2. The DESeq R package was used to conduct
differential expression analysis of the two groups, with
three biological replicates per condition. Gene Ontology
(GO) enrichment analysis was performed using TopGO
(v2.24.0), Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis was performed using
DAVID (v6.8), and the results were visualized using
ClusterProfiler and ggplot2 package in R (v4.3.1).

3. Results

3.1. Morphological differences between apical and basal
turn Hensen's cells.

The presence of LDs is one of the main features of
Hensen cells and can be easily identified from the
cochlea epithelium. The Hensen's cells were distributed
in the outer part of the Corti organ, and those from
different turns had different morphologies, especially
regarding the volume of LDs. We observed a larger cell
body and a greater volume of LDs in the apical turn
compared to that in the basal turn (Figure 1A-E). Oil Red
O staining's longitudinal observations corroborated the
LD distribution patterns across various turns: the LDs
were dyed red, and the apical LDs were larger (Figure
2A-F). At the same time, the cochlea basilar membrane
from different turns showed that the size and number of
LDs decreased along the longitudinal cochlea toward
the basal turn, and became unobservable (especially the
basal turn) (Figure 1E).

3.2. Analysis of gene expression profiles.

The reads containing adapters or multiple unidentifiable
nucleotides and low-quality reads were deleted from
the raw reads to obtain clean data (FPKM > 0.5). 1389
DEGs between apical and basal Hensen's cells were
identified, 567/1389 (40.8%) DEGs were upregulated
in apical cells, while 822/1389 (59.2%) DEGs were
upregulated in basal cells (Figure 3A). The heatmap and
PCA plot compared the gene expression of six samples
from different turns and showed that the six samples
from the apical turn and the basal turn could be clustered

Figure 1. Morphological characteristics of Hensen's cells and the LDs in different turns. A-D: Confocal images scanned on the surface of each
turn; green represents the LDs stained by BODIPY, and blue represents cell nuclei stained by DAPI. E: LDs gradually become smaller until they
disappear. Green represents the LDs stained by BODIPY. The size of the LDs decreases along the longitudinal cochlea apical toward the basal turn,
becoming progressively unobservable. Scale bars = 50 um (apply to A-E). HC: Hair Cell.
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Figure 2. Longitudinal observation of the distribution of LDs in different turns. Oil Red O staining of whole frozen cochlear sections. A-F:
Oil Red O staining of each turn; red represents the LDs. Longitudinal observation of the distribution of different turns of LDs confirmed the
distribution characteristics of LDs, the apical turn enrichs more LDs.. Scale bars = 200 um in the whole cochlea; scale bars = 20 pm in A-F. HC:

Hair Cell.
A Apical vs Basal
< 4
Higher in basal Hensen Cells

~ Higher in apical Hensen Cells
o)
3 None
8 N4
T

- 4

o 4

T T T
-5 0 5
logz(FPKM, + 1) - logz(FPKMg + 1)
B
™\
\
A\ turn
H
L {
- y apical tum N
. %

Comporent 1

C@

* Sample

1 Apical-1
W Apical-2
W Apical-3
W Basal-1

M Basal-2
W Basal-3

Apical-1 Apical-2  Apical-3 Basal-1 Basal-2 Basal-3

Figure 3. Analysis of DEGs between apical and basal Hensen's cells. A: Volcano plot with the red and blue dots representing the up- and
downregulation of differentially expressed genes, respectively. B: K-means clustering shows that the samples from the apical and basal turns can be
clustered together. C: Heatmap generated by the clustering analysis of DEGs and samples. The samples from the apical turn and basal turn could be
clustered into two groups, and Hensen's cells from the same site had similar expression patterns.

into two groups, indicating different transcriptional
profiles between apical and basal Hensen's cells (Figure
3B, O).

3.3. GO enrichment analysis

The ontology covers three domains: molecular function
(MF), cellular component (CC), and biological process
(BP). We summarized some of the most significantly
enriched GO terms from our analysis, revealing that
the DEGs were predominantly associated with the
CC, such as extracellular exosome, peroxisomes, and
lipid biosynthesis proteins. In terms of MF, the DEGs

were significantly involved in processes and functions
critical for cellular energy management and metabolic
regulation, including activities related to ion transport
via ATPase activity, redox reactions via oxidoreductases,
and lipid metabolism via fatty acid-CoA ligase activity
and lipid transporter activity. In addition, these DEGs
played critical roles in metabolic pathways, particularly
in lipid oxidation, fatty acid metabolism, and response
to decreased oxygen levels. These findings highlight
the essential functions of the genes in lipid metabolism
and their impact on the cellular antioxidant system,
which may affect the cell's ability to maintain redox
homeostasis (Figure 4A).
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Figure 4. GO bar chart showing significant accumulation and significant KEGG enrichment scatter. A: GO bar chart showing significant
accumulation: significantly enriched GO terms based on p < 0.05; the horizontal axis shows the logarithm of the p value, the vertical axis shows the
GO terms, BP terms are shown in green, CC terms are shown in orange, MF terms are shown in blue. B: Each dot represents a KEGG pathway; the
names of the pathways are shown on the vertical axis, and enrichment factors are shown on the horizontal axis. The larger the enrichment factor is,
the more reliable the significant enrichment of the DEGs in the pathway. Both the GO and KEGG enrichment analyses showed that the different
pathways between the two groups may be associated with lipid metabolism and oxidative energy supply.

3.4. KEGG enrichment analysis

KEGG pathway analysis revealed a cluster of key
pathways that are central to lipid homeostasis and
energy balance within Hensen's cell. These pathways
range from fatty acid degradation and biosynthesis,
including the critical involvement of peroxisomes, to
the regulation of these processes by the PPAR signaling
pathway. In addition, cholesterol metabolism and
unsaturated fatty acid biosynthesis indicate a complex
interplay in lipid management. Glycerophospholipid
metabolism and the adipocytokine signaling pathway
suggest a link between lipid storage and signaling
mechanisms. These pathways also emphasize the
cellular focus on the regulation of energy storage and
utilization, as demonstrated in the pathways for fat
digestion and absorption, and regulation of lipolysis
in adipocytes. In addition, glutathione metabolism
indicates a link to the antioxidant defense system,
highlighting the multiple roles of these genes in cellular
metabolism (Figure 4B).

3.5. Expression of HHL, NIHL, and ARHL candidate
genes

3.5.1. HHL Genes

Mutations in deafness-related genes have been linked
to inherited syndromic or non-syndromic hearing loss,

and the mutations affect different hearing phenotypes.
Therefore, we analyzed the expression of deafness-
related genes. Many of these deafness-related genes can
be expressed in SCs, and some exclusively in SCs. We
compared 36 deafness-related genes (3 of these genes
were not found in our samples) that may be expressed in
Hensen's cells (/5). At least 16 of these genes differed
in expression by 2-fold or more (|log2FC[>1); among
them, GJB2 and P2RX2 were significantly more highly
expressed in the apical turn, and only COLI1A41 was
more highly expressed in the basal turn (FDR g-value <
0.05) (Table 1).

3.5.2. Candidate NIHL susceptibility genes

There is increasing evidence that genetic factors may
increase susceptibility to noise-induced hearing loss
(NIHL), and by conducting a review of previous
studies, we compiled a list of some of the genes that
may contribute to increased noise sensitivity and
compared the expression of these genes in Hensen's
cells at different locations. A total of 47 possible NIHL
susceptibility genes (/6) were compared; 7 of these genes
were not detected in our samples, and the expression of
25 genes differed 2-fold or more ([log2FC[>1), including
11 genes with higher expression in the apical turn, 1
with a significant difference, and 14 genes with higher
expression in the basal turn, 2 with significant differences
(FDR g-value < 0.05) (Table 2).
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Table 1. Summary of deafness genes that differ between apical and basal Hensen's cells

NO. Gene Symbol Apical (FPKM) Basal (FPKM) log2 FC FDR g-value
1 GJB2 875.50 43.73 -4.41 0.003*

2 P2RX2 353.00 19.64 -4.25 0.003*

3 COLI11A41 2.66 41.62 3.88 0.021*

4 GJB6 99.85 16.33 -2.69 0.150

5 WES1 50.93 18.04 -1.58 0.170

6 SMPX 604.61 6.60 -6.60 0.474

7 EYA4 437 11.99 1.37 0.491

8 CIB2 46.08 23.02 -1.08 0.508

9 ILDRI 15.27 5.76 -1.49 0.513

10 TMPRSS3 28.43 1.81 -4.05 0.527

11 ELMOD3 1.44 10.22 2.75 0.569

12 SYNE4 17.93 4.84 -1.97 0.572

13 SOX10 46.41 22.05 -1.15 0.614

14 TPRN 7.11 2.11 -1.82 0.655

15 KARS 61.08 98.88 0.61 0.694

16 MYH9 18.27 13.37 -0.53 0.716

17 CLPP 17.09 27.47 0.60 0.727

18 CLDN14 8.07 3.38 -1.33 0.733

19 EDN3 0.01 13.99 10.30 0.750

20 MSRB3 7.72 1.57 -2.38 0.759

21 TRIOBP 17.52 11.97 -0.63 0.824

22 PNPTI 18.98 17.51 -0.20 0.889

23 GPSM?2 8.38 6.99 -0.35 0.940

24 P2 16.68 18.89 0.10 0.941

25 CCDC50 13.14 16.26 0.22 0.958

26 COL1142 2.04 2.15 0.00 0.997

27 EYAl 45.72 48.71 0.01 0.997

28 ESRRB 0.00 0.00 0.00 1.000 Not detected
29 ADCY1 0.00 0.00 0.00 1.000 Not detected
30 CEACAM16 0.00 0.00 0.00 1.000 Not detected
31 GRXCRI1 0.29 0.07 -2.09 1.000

32 LHFPLS 0.10 0.46 2.06 1.000

33 MYHI14 0.74 0.00 -7.31 1.000

34 OTOGL 0.90 0.24 -1.95 1.000

35 T™CI 0.05 0.25 2.29 1.000

36 TMIE 0.12 0.17 0.36 1.000

FPKM: Fragments per kilobase of transcript per million mapped reads. *g-value < 0.05

3.5.3. Candidate ARHL-associated genes

Similarly, we conducted a literature survey and summary
of the studies related to pathogenic genes associated with
ARHL, focusing on genes that may be mainly expressed
in SCs, including CDH23, CEP104, DCLK, ERBB3,
EYA4, GJB2, GRHL2, GRM7, ILDRI, ISG20, KCNQ4,
KCNQ5, P2RX2, PCDH20, SLC28A3, and TRIOBP (17-
22). Some of these candidate genes were not detected
in our samples, such as SLC2843, KCNQ4, KCNQ5,
and PCDH20 (FPKM < 0.5). The expression of 7 genes
differed 2-fold or more (|log2FC>1) in different groups,
among which 3 were highly expressed in the apical turn,
2 with significant differences (FDR g-value < 0.05), and
4 had higher expression in the basal turn, none with a
significant difference (Table 3).

4. Discussion
SCs are involved in ionic circulation, structural

support, and repair in the inner ear, similar to glial
cells for neuronal cells, including the provision of

mechanical and nutritional support for HCs (4,5).
The inherent challenges posed by the deep location
and limited quantity of cochlear cells limit research
investigating gene expression in cochlear SCs. Most
previous studies on cochlear cells have inevitably
mixed a variety of different cell types, and potentially
important information may be lost in the context of
data on complex SC populations (23-25). One of the
biggest difficulties is obtaining enough cells of one
single cochlear type for sequencing. Smart-seq2 RNA
sequencing technology has provided new ideas and
methods to construct libraries from very small amounts
of cells and obtain full-length RNA sequencing
(1,13,14,26-28). As far as we know, there have been no
RNA studies have been conducted using pure Hensen's
Cells, this is the first data to investigate the difference
between apical and basal Hensen's cells using SMART-
seq2 RNA sequencing.

4.1. The morphological differences implied that
Hensen's cells have different energy storage capacities
and metabolic potential
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Table 2. Summary of candidate NIHL-related genes that differ between apical and basal Hensen's cells

NO. Gene Symbol Apical (FPKM) Basal (FPKM) log2 FC FDR g-value

1 GJB2 814.75 4435 -4.41 0.003*

2 ITGAS 9.52 103.38 3.84 0.003*

3 SLC1244 1.63 22.42 3.36 0.020*

4 GJB6 112.94 21.58 -2.69 0.150

5 ATP2B2 18.68 4.57 -2.42 0.204

6 GAPDH 2406.65 1182.68 -1.37 0.336

7 CAT 34.48 80.23 1.11 0.348

8 SOD2 123.31 350.11 1.19 0.403

9 PERI 4.19 14.82 1.92 0.409

10 KCNQI1 35.90 8.48 -1.97 0.434

11 SIK3 11.25 26.95 1.20 0.470

12 EYA4 4.01 15.98 1.37 0.491

13 SOD1 3433.96 2187.52 -0.84 0.525

14 HDAC2 28.34 45.42 0.85 0.565

15 NRNI 0.13 97.16 10.45 0.588

16 KCNEI 9.47 132.04 4.43 0.603

17 GRM7 0.01 6.26 9.81 0.635

18 NOTCH]I 7.66 0.97 -3.15 0.645

19 DNMTI 0.61 222 2.66 0.656

20 CDH?23 0.02 1.60 6.02 0.705

21 0GG1 1.06 5.08 1.66 0.705

22 KCNJI10 1.14 0.40 -2.13 0.743

23 PON2 46.28 62.41 0.31 0.793

24 WHRN 2.13 0.55 -2.02 0.798

25 CASP3 1.78 5.68 1.81 0.814

26 FOX03 13.63 11.57 0.30 0.819

27 NCL 83.30 91.37 0.25 0.843

28 MAPKS 2.81 2.67 -0.73 0.848

29 XRCCI 9.31 14.21 0.46 0.853

30 NFE2L2 55.98 83.58 0.15 0.897

31 UBAC2 13.45 14.60 -0.20 0.903

32 GRHL?2 1.48 1.71 -0.50 0914

33 DNMT3A 21.61 12.26 -0.17 0.920

34 AUTS2 18.13 14.54 -0.12 0.933

35 APEXI 9.01 10.75 0.18 0.942

36 MAPK1 38.32 42.46 -0.06 0.955

37 DFNAS 0.16 0.05 -3.69 1.000

38 FAS 0.00 0.00 0.00 1.000 Not detected
39 GJB3 0.00 0.00 0.00 1.000 Not detected
40 GJB4 0.00 0.00 0.00 1.000 Not detected
41 HSPAIL 1.03 0.24 -2.22 1.000

42 KCNMAI 0.00 0.00 0.00 1.000 Not detected
43 KCNQO4 0.00 0.00 0.00 1.000 Not detected
44 MYHI14 0.71 0.01 -7.31 1.000

45 NOX3 0.00 0.00 0.00 1.000 Not detected
46 PCDHIS5 0.00 0.00 0.00 1.000 Not detected
47 POU4F3 0.39 0.13 -0.21 1.000

FPKM: Fragments per kilobase of transcript per million mapped reads. *g-value < 0.05

Our morphological analysis showed that cell size and
LD size were consistent with a gradual decrease from
the apical to the basal turn, especially the gradual
disappearance near the basal turn (Figure 1E), which
was also confirmed by oil red O staining of frozen
sections (Figure 2 A-E). In previous studies, LDs have
been considered dynamic lipid storage organelles that
respond to external stimuli, participate in a variety of
metabolic processes, and are involved in maintaining a
relatively stable morphological equilibrium They may
not only be composed of lipids, but also contain steroids
and various proteins that are thought to play important
roles in energy metabolism, protein synthesis, and other

biological processes, and may regulate relevant cellular
signaling pathways (29,30). As seen in the structure of
the enriched LDs of Hensen's cells, the cells may have a
high energy supply capacity and play an important role
in the nutritional support of sensory cells. (3/,32). In the
1980s, Merchan and his team suggested a possible role
for Hensen's cell in hearing. Using a scanning electron
microscope, they observed that Hensen's cells showed a
partial loss of the plasma membrane to form vacuoles.
They hypothesized that cytoplasmic material might be
extruded through the vacuoles into the endolymph (33).
Further studies have described that high-intensity noise
exposure resulted in the secretion of LDs from Hensen's

www.biosciencetrends.com



BioScience Trends. 2024, 18(2):165-175. 172

Table 3. Summary of candidate ARHL-related genes that differ between apical and basal Hensen's cells

NO. Gene Symbol Apical (FPKM) Basal (FPKM) log2 FC FDR g-value

1 GJB2 875.50 44.35 -4.41 0.003*

2 P2RX2 353.00 43.73 -4.25 0.003*

3 EYA4 437 19.64 1.37 0.491

4 ILDRI 15.27 11.99 -1.49 0.513

5 GRM7 0.01 5.76 9.81 0.635

6 DCLK1 0.00 9.29 11.16 0.645

7 CDH23 0.02 10.53 6.02 0.705

8 CEP104 2.87 1.20 0.66 0.790

9 TRIOBP 17.52 4.80 -0.63 0.824

10 1SG20 5.36 11.97 0.80 0.863

11 GRHL2 1.72 9.80 -0.50 0.914

12 ERBB3 19.01 1.28 0.13 0.924

13 SLC2843 0.00 21.94 0.51 1.000 Not detected
14 KCNQ5 0.00 0.00 0.00 1.000 Not detected
15 KCNQ4 0.00 0.00 0.00 1.000 Not detected
16 PCDH20 0.00 0.00 0.00 1.000 Not detected

FPKM: Fragments per kilobase of transcript per million mapped reads. *g-value < 0.05

cells into the endolymphatic space in the guinea pig
cochlea. (34,35). From the different volumes of the
LDs, we can see that the large volume LDs of the apical
Hensen's cells have more energy storage potential than
those in the basal turn.

Our analysis delved into the gene expression of
Hensen's cells from different turns and revealed that
DEGs were predominantly enriched in biological
processes such as lipid and fatty acid oxidation, along
with monocarboxylic acid cycle metabolism. At the
same time, pathways involved regulation of lipolysis
in adipocytes, fat digestion and absorption, and PPAR
signaling were also highlighted (Figure 4B). These
patterns suggest that Hensen's cells not only exhibit
marked differences in the distribution and volume of
LDs but also in the expression of genes involved in lipid
synthesis and metabolism. This observation implied that
LDs function beyond mere energy reserves; they may
also be underpinned by a sophisticated gene regulatory
framework poised for rapid adaptive responses to stimuli
such as noise and pharmacological agents.

The specific causes of the differences in the
distribution of LDs in cells at different turns and whether
they exhibit differential gene expression are still not well
known. We found a variety of lipid metabolism-related
genes were differentially expressed, such as DGAT?2,
HACD3, and ACOT7. Among them, the diacylglycerol
acyltransferase (DGAT2) apical-basal expressed
significantly differed, and the gene expression level was
477-fold higher (|log2FC|=8.90) in the apical turn than in
the basal turn. DGAT is a glycerol-restricted transferase
with two isoforms, DGATI and DGAT2. DGATI is
mainly responsible for the synthesis of triacylglycerol
during fat absorption and storage, while DGAT?2 is
responsible for the balance of basic fat in various tissues
(36-38). The high expression of DGAT?2 in the apical turn
may be responsible for the abundance of LDs from the
apical turn and needs to be further confirmed.

4.2. Apical Hensen's cells may have a better response to
the stimulation

Individuals with sensorineural hearing loss, including
HHL, NIHL, and ARHL, usually experience a decrease
in high-frequency hearing at first (39-43). Hearing
loss usually begins as high-frequency hearing loss (39-
44). For example, in conditions such as NIHL, high-
frequency hearing is the first to decline after stimulus
onset; high-frequency hearing thresholds also recover
more slowly after stimulus disappearance (417,44).
This suggests that cells in different parts of the cochlea
usually have different survival abilities and differ in their
recoverability from stimulation.

The reasons for high-frequency vulnerability remain
unclear, potentially relating to diverse factors. This
vulnerability may be attributed to various cells, such
as HCs, SCs, spiral ganglion cells, and other cochlear
cells. For the hair cells, such as THCs, their ability to
recover in response to stimuli may differ. For instance,
the protective genes PRKD1 and SNCG, associated with
IHC survival, exhibited upregulation at the apical turn.
Conversely, the negative regulatory genes NME?2 and
FBXO032 manifested upregulation at the basal turns (26).
Basal HCs demonstrate reduced tolerance to oxygen free
radicals, increasing their susceptibility to apoptosis (44).
Sensory neuron cells exhibit molecular variations across
the subtypes of spiral ganglion neurons on the tonotopic
axis. Genes such as LRRC52, KCNIP4, ANXAS5, and
RYR3, relevant to functionality, displayed regional
differences (27). Considering the crucial role of Hensen's
cells in maintaining the auditory epithelium's integrity,
it is important to also examine their function in high-
frequency vulnerability (basal turn).

There was not just a morphological difference
between the Hensen's cells from apical and basal turns.
These cells exhibit significant differences in genetic
expression, particularly within pathways related to
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energy and lipid metabolism, which correlate with
their morphological characteristics. Hensen's cells are
dynamic entities actively involved in lipid and energy
homeostasis. We proposed that apical Hensen's cells
may have enhanced capacities for energy storage and
metabolic processing, involving intricate processes such
as oxidation and peroxide transport. Such features could
potentially contribute to the recovery and maintenance
of the organ of Corti function following environmental
stimulation. Notably, the GO term "response to decreased
oxygen levels" was enriched. This kind of response is
critical for cochlear cell survival under oxygen-deprived
environments, which could be indicative of the difference
in resilience and adaptability between cells in the apical
and basal turn. Simultaneously, the KEGG pathway
enrichment for "Platinum drug resistance" suggested
that these cells may possess enhanced mechanisms
for dealing with the cytotoxic effects of platinum-
based chemotherapeutic agents. This could reflect a
sophisticated network of genes involved in DNA repair,
and apoptosis regulation, endowing the Hensen's cells
with the capacity to survive and maintain function during
drug exposure.

4.3. Many SNHL-associated gene mutations are
expressed at low levels in Hensen's cells at the basal turn,
leading to clinical hearing loss in high-frequency

Cochlear function is influenced by both genetic
and environmental factors. A significant number of
deafness-causing genes are mainly expressed in SCs
(45), and deafness genes are the most important factors
causing HHL (46,47), especially GJB2, GJB3, and
SLC26A4, which have a high carriage rate (/,48-50).
Under specific circumstances, the gene expression
patterns observed in the basal turn of the cochlea
may contribute to greater challenges in maintaining
normal cochlear function. This can cause a more
rapid decline below a critical threshold when the gene
loses its function compared to that in the apical turn.
This disparity arises due to a gene expression gradient
that is more pronounced in the basal turn, leading to
early progressive loss of high-frequency hearing (57).
Investigating the SCs across various turns can enhance
our understanding of the pathology associated with
specific-frequency hearing loss.

In Hensen's cells, we analyzed the susceptibility
genes for HHL, NIHL, and ARHL at different turns.
Notably, certain genes demonstrated significant
differences in their expression levels, as indicated in
Tables 1, 2, and 3. GJB2, GJB6, and P2RX2 are all
associated with HHL, NIHL, and ARHL. Mutations in
GJB?2 significantly contribute to non-syndromic deafness,
representing nearly half of all moderate-to-profound
congenital cases. GJB2 can either form a homomeric
gap junction on its own or a heteromeric gap junction in
conjunction with GJB6. Our research indicates a higher

expression of GJB2 and GJB6 at the apical turn (high-
frequency region), aligning with findings from previous
studies (52).

P2RX2, also known as Purinergic Receptor P2X2,
plays a pivotal role in several auditory processes.
This includes regulating sound transduction, auditory
neurotransmission, outer hair cell electromotility, and
inner ear gap junctions. Additionally, it mediates K+
recycling and facilitates synaptic transmission between
neurons and smooth muscles (53). Patients harboring
mutations in P2RX2 can experience progressive hearing
loss accompanied by heightened noise sensitivity.
Notably, P2RX2 expression has been observed to decline
with age (27). Studies conducted with animal models
have found that noise can reduce sound transduction and
synaptic transmission between HCs by increasing ATP
levels and thus activating P2X2 receptors and reducing
P2RX2 receptor-mediated regulation of endocochlear
potential in the aging mouse cochlea resulting in hearing
sensitivity impairment (54,55).

Our comprehensive analysis has shown that Hensen's
cells display significant morphological variations that
reflect their different energy storage and metabolic
capabilities. The data demonstrated that Hensen's
cells from different cochlear turns exhibit pronounced
disparities in lipid metabolism, oxidative capacity,
and gene expression that are consistent with their
morphological characteristics. It appears that Hensen's
cells from the basal turn (high-frequency region) may
have reduced resilience to environmental challenges
such as acoustic trauma and ototoxic agents. This
compromised metabolic functionality could lead to an
inadequate energy supply to sensory cells, culminating
in damage or death of hair cells near the basal turn.
Genes such as GJB2, GJB6, and P2RX2 show variable
expression along the cochlear axis, which may be
clinically critical in initiating cochlear dysfunction and
subsequent high-frequency hearing loss. This study
emphasized the significance of conducting a thorough
investigation of supporting cells to gain a better
understanding of the complex physiology of the cochlea
and to identify effective measures for preserving high-
frequency hearing.
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