1’ frontiers

in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 24 May 2021
doi: 10.3389/fcell.2021.643709

OPEN ACCESS

Edited by:

Hongzhe Li,

VA Loma Linda Healthcare System,
United States

Reviewed by:

Robert M. Raphael,

Rice University, United States
Ruili Xie,

The Ohio State University,
United States

*Correspondence:
Richard Salvi
salvi@buffalo.edu

Specialty section:

This article was submitted to
Molecular Medicine,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 18 December 2020
Accepted: 08 March 2021
Published: 24 May 2021

Citation:

Ding D, Jiang H, Manohar S,

Liu X, Li L, Chen G-D and Salvi R
(2021) Spatiotemporal Developmental
Upregulation of Prestin Correlates
With the Severity and Location

of Cyclodextrin-Induced Outer Hair
Cell Loss and Hearing Loss.

Front. Cell Dev. Biol. 9:643709.

doi: 10.3389/fcell.2021.643709

Check for
updates

Spatiotemporal Developmental
Upregulation of Prestin Correlates
With the Severity and Location of
Cyclodextrin-Induced Outer Hair Cell
Loss and Hearing Loss

Dalian Ding, Haiyan Jiang, Senthilvelan Manohar, Xiaopeng Liu, Li Li, Guang-Di Chen
and Richard Salvi*

Center for Hearing and Deafness, University at Buffalo, Buffalo, NY, United States

2-Hyroxypropyl-beta-cyclodextrin (HPBCD) is being used to treat Niemann-Pick C1, a
fatal neurodegenerative disease caused by abnormal cholesterol metabolism. HPBCD
slows disease progression, but unfortunately causes severe, rapid onset hearing loss by
destroying the outer hair cells (OHC). HPRCD-induced damage is believed to be related
to the expression of prestin in OHCs. Because prestin is postnatally upregulated from
the cochlear base toward the apex, we hypothesized that HPBCD ototoxicity would
spread from the high-frequency base toward the low-frequency apex of the cochlea.
Consistent with this hypothesis, cochlear hearing impairments and OHC loss rapidly
spread from the high-frequency base toward the low-frequency apex of the cochlea
when HPBCD administration shifted from postnatal day 3 (P3) to P28. HPBCD-induced
histopathologies were initially confined to the OHCs, but between 4- and 6-weeks post-
treatment, there was an unexpected, rapid and massive expansion of the lesion to
include most inner hair cells (IHC), pillar cells (PC), peripheral auditory nerve fibers,
and spiral ganglion neurons at location where OHCs were missing. The magnitude
and spatial extent of HPRCD-induced OHC death was tightly correlated with the
postnatal day when HPBCD was administered which coincided with the spatiotemporal
upregulation of prestin in OHCs. A second, massive wave of degeneration involving
IHCs, PC, auditory nerve fibers and spiral ganglion neurons abruptly emerged 4-6
weeks post-HPBCD treatment. This secondary wave of degeneration combined with
the initial OHC loss results in a profound, irreversible hearing loss.

Keywords: cyclodextrin, prestin, Niemann-Pick C1, spiral ganglion neurons, outer hair cells, inner hair cells,
otoacoustic emissions, compound action potential

Abbreviations: ANE, auditory nerve fibers; HPBCD, 2-hydroxylpropyl-beta-cyclodextrin; CAP, compound action potential;
DPOAE, distortion product otoacoustic emission; IHC, inner hair cells; NE, nerve fiber; NPC1, Niemann-Pick Type Cl;
OHC, outer hair cells; PC, pillar cells; SGN, spiral ganglion neurons; SL, spiral limbus; W'T, wild type.
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INTRODUCTION

Cyclodextrins are widely used in many industries because they
can encapsulate hydrophobic compounds within a hydrophobic
shell (Okamura et al., 2002; Laza-Knoerr et al., 2010; Loftsson and
Brewster, 2010). Consequently, cyclodextrins are often employed
as excipients because they enhance the solubility, absorption, and
stability of these compounds (Otero-Espinar et al., 2010), making
them extremely useful for drug delivery (Davis and Brewster,
2004; Tang et al., 2006; Ren et al., 2010; Wu et al., 2013). At
the doses normally employed commercially, cyclodextrins have
negligible side effects (Marttin et al., 1998; Uchenna Agu et al.,
2000; Stella and He, 2008) and are considered safe (FDA; Notices
000155, 000074, 000046).

Because cyclodextrins can remove lipids and cholesterol from
cells, they are being evaluated as potential therapeutics to treat
vascular, kidney, liver, and neurodegenerative diseases caused
by the cellular accumulation of cholesterol (Lirussi et al., 2002;
Walenbergh et al., 2015; Coisne et al., 2016; Zimmer et al., 2016;
Mitrofanova et al., 2018; Bessell et al., 2019; Cho et al., 2019;
Kim et al., 2020). 2-Hydroypropyl-beta-cyclodextrin (HPBCD)
is currently being evaluated as an investigational new drug to
treat Niemann-Pick Type C1 disease (NPC1) (ClinicalTrials.gov
Identifier: NCTO02534844), a fatal neurodegenerative disease
caused by the buildup of unesterified cholesterol in brain
(Kolodny, 2000; Ory, 2000; Newton et al., 2018). Unesterified
cholesterol plays an important role in plasma membrane
turnover, which in neurons, is estimated to be more than
20%/day (Dietschy and Turley, 2004). In the brain, inactivation
of NPCI leads to the sequestration of unesterified cholesterol
in endosomes and lysosomes resulting in neurodegeneration
(Aqul et al, 2011). Mutant npcl~/~ mice, an animal model
of NPC1 disease, develop severe pulmonary, hepatic and
neurodegenerative disorders. However, when npcl ™/~ mice are
treated with high systemic doses of HPBCD, the compound
overcomes the cholesterol transport deficits allowing the release
of excess sterols thereby alleviating symptoms (Liu et al., 2010;
Ramirez et al., 2010; Taylor A. M. et al., 2012). Although HPBCD
slows NPC1 neurodegeneration, the high therapeutic doses
employed can cause hearing loss (Ward et al., 2010; Crumling
et al., 2012; King et al., 2014; Cronin et al., 2015; Maarup et al,,
2015; Liu et al.,, 2020). Cyclodextrin-induced hearing loss has
an abrupt onset due to the rapid degeneration of outer hair
cells (OHC; Crumling et al,, 2012, 2017; Cronin et al., 2015;
Takahashi et al., 2016). Over time, the inner hair cells (IHCs),
spiral ganglion neurons (SGNs), and auditory nerve fibers
(ANFs) eventually degenerate following high-dose cyclodextrin
treatment, but the time course over which this occurs is unclear
(Liu et al,, 2020; Ding et al., 2021). Because HPBCD initially
destroys only OHCs and because cholesterol modulates OHC
electromotility mediated by prestin (Rajagopalan et al., 2007),
it was assumed that this selective damage was related to the
expression of the electromotile protein prestin located in the
plasma membrane along the OHC lateral wall (Takahashi et al.,
2016; Crumling et al., 2017). Because mutant mice with a non-
electromotile version of prestin continued to be vulnerable to
HPBCD ototoxicity; it was concluded that electromotility per

se was not a critical factor in HPBCD ototoxicity (Zhou et al.,
2018). On the other hand, OHCs in the middle and basal turn
of prestin knockout mice were substantially less susceptible to
HPBCD toxicity than wild type (WT) mice. Despite the absence
of prestin, approximately 20% more OHCs were damaged by
HPBCD in the knockout mice compared to saline controls
(Takahashi et al., 2016). Moreover, there was still considerable
OHC loss in the apical turn of prestin knockout mice. While
these results indicate that prestin is important, other factors may
contribute to cyclodextrin ototoxicity.

Prestin undergoes a developmental spatial and temporal
upregulation in altricial mammals. In rodents, prestin expression
in the OHC lateral wall progressively increases from postnatal
day 0 (P0) reaching adult-like levels in the basal turn at
approximately P9, in the middle turn around P11 and in the
apical turn around P12 (Belyantseva et al., 2000; Jensen-Smith
and Hallworth, 2007). In contrast, cholesterol expression in the
OHC lateral wall decreases slightly from P3 to P21 (Jensen-Smith
and Hallworth, 2007). If prestin expression is a key element
in cyclodextrin ototoxicity, then high-dose HPBCD should only
damage basal turn OHCs if the drug is administered in early
postnatal life, but OHC damage should progressively increase
and spread from the base to the apex of the cochlea from
PO to adulthood. To test this hypothesis, the developmental
expression of prestin was evaluated in OHCs along the length of
the cochlea and compared to the cochlear frequency-dependent
functional deficits and time-dependent histopathological damage
patterns in the cochlea. By carefully assessing the time course
of cyclodextrin ototoxicity over several months, we were able
to show that HPBCD, in addition to causing early onset
OHC damage, also caused a large, secondary wave of damage
to IHCs, ANFs and SGNs between 4- and 6-weeks after
HPBCD treatment.

MATERIALS AND METHODS
Subjects

Sprague-Dawley rats (Charles River) were used for all
experiments. In Experiment #1, the developmental upregulation
of prestin was evaluated in the OHCs of postnatal day 5 (P5,
n = 4), day 10 (P10, n = 4), day 15 (P15, n = 4) and day 28
(P28, n = 4) rats. In Experiments #2, P5 (n = 6), P10 (n = 6),
P15 (n = 6), and P28 (n = 6) Sprague-Dawley rats were treated
subcutaneously with a single dose of 4,000 mg/kg of HPRCD
and a Control group (n = 10) was treated similarly with saline.
The cochleae from these animals underwent histological analysis
8-weeks post-treatment (n = 6/group). DPOAEs and CAPs were
measured from the P5 (n = 6), P10 (n = 6), and P15 (n = 6)
groups 8-weeks after HPBCD treatment. DPOAEs (n = 10) and
CAPs (n = 8) were also measured from the saline Control group.
In Experiments #3, which was designed to assess the time-course
of degeneration, the extent of hair cell, nerve fiber and SGN loss
was evaluated in adult rats (~12 weeks old at time of HPBCD
treatment) as a function of time after treatment with 4,000 mg/kg
of HPBCD. Sprague-Dawley rats were evaluated 1-week (n = 5)
and 4- (n = 4), 6- (n = 6) or 8-weeks (n = 4) post-treatment
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and the results compared to a saline Control group (n = 6)
8-weeks post-treatment.

HPBCD Treatment

2-Hyroxypropyl-beta-cyclodextrin was administered subcuta-
neously to rats at a dose of 4,000 mg/kg of HPBCD in sterile
saline (volume: 0.2 ml for P5, P10, P15, and P28 rats and 1 ml
for adult rats). This high 4,000 mg/kg dose was used in order
to destroy OHCs over the length of the cochlea in order to
assess the developmental upregulation of prestin from the base
to apex of the cochlea. Rats in the Control group (n = 6) were
subcutaneously injected with the same amount of sterile saline.
One ear of each rat in the experimental group was used to prepare
cochlear surface preparations; the other was used to prepare
temporal bone sections. Animals were sacrificed for histological
analysis at 1-week or 4-, 6- or 8-weeks after the saline or HPBCD
treatments. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (HER05080Y) at
the University at Buffalo in accordance with NIH guidelines.

Cochlear Preparations

Rats were anesthetized with ketamine (50 mg/kg, i.p.) and
xylazine (6 mg/kg, i.p), decapitated and the bullae quickly
removed. Openings were carefully made in the cochlear apex,
round window, and the oval window and then the cochleae were
perfused with 10% formalin in phosphate buffered saline (PBS)
and immersed in the fixative overnight.

Cochleograms

One cochlea from each animal was stained with Ehrlichs
hematoxylin solution as previously described (Johnson et al.,
2017). Afterward, the samples were mounted as a flat surface
preparation in glycerin on glass slides, coverslipped and
examined with a light microscope (Zeiss Standard, 400X). IHCs,
OHCs, and pillar cells (PCs) were counted along successive 0.12-
0.24 mm intervals from the apex to the base of the cochlea by
a second person blind to the experimental conditions. A hair
cell or PC was counted as present if both the cuticular plate
and cell nucleus were clearly visible and considered missing if
either were absent. The percentages of missing IHCs, OHCs and
PCs were determined for each animal based on lab norms and
a cochleogram constructed showing the percentage of missing
OHCs, IHCs, and PCs as a function of percent distance from
the apex of the cochlea. Position in the cochlea was related
to frequency using a rat tonotopic map (Miiller, 1991). Mean
percent OHC, IHC, and PC losses were computed over 5%
intervals of the cochlea.

Immunolabeling

In Experiment 1, cochleae from postnatal rats were incubated
for 24 h with a primary rabbit anti-SLC26A5 antibody (Millipore
Sigma, AV44176, 1:100 dilution) and then incubated for 2 h in a
fluorescently labeled (Alexa Fluor 555) goat anti-rabbit secondary
antibody (Abcam, ab15008, 1:100 dilution). The specimens
were then doubled-labeled with for 1 h with Alexa Fluor 488
conjugated phalloidin (1:200, Invitrogen 474685) to label the
hair cell stereocilia and cuticular plate. Specimens were mounted

on glass slide, cover slipped, and examined under a confocal
microscope with appropriate filters as described previously
(Ding et al., 2010).

Spiral Ganglion Neurons and Auditory

Nerve Fibers

To determine if HPBCD resulted in degeneration of SGNs and
NFs fibers in the habenula perforata, the temporal bones from
rats in Experiment 3 were fixed with 0.25% glutaraldehyde in
phosphate-buffered saline for 2 h and then treated with 2%
osmium tetroxide for 2 h as described in earlier publications
(Ding et al., 1999; Wang et al., 2003). The temporal bones were
decalcified for 48 h (Decal, Baxter Scientific Immunoreactivity
Products), dehydrated through a graded series of ethanol
solutions ending at 100% and then embedded in Epon 812
resin. The Epon-embedded blocks were cut parallel to the
axis of the cochlear modiolus at a thickness of 4 pm using
an ultramicrotome (Reichert Supernova) equipped with glass
knives. Serial sections were collected on glass slides, stained with
toluidine blue and examined under a light microscope (Zeiss
Axioskop). Specimens were photographed with a digital camera
(SPOT Insight, Diagnostic Instruments Inc.) and processed with
imaging software (SPOT Software, version 4.6; Adobe Photoshop
5.5). Sections cut tangential to the habenula perforata were used
to count the number of fibers passing through each habenula
perforata canal. For each experimental condition, the numbers
of nerve fibers were counted from 10 habenula perforata canals
located in the middle of the basal turn (~70%-distance-from-
apex) of the cochlea of each animal. Measurements were obtained
from each animal in the control group (n = 6) and each animal
in the groups treated with 1,000, 2,000, 3,000, or 4,000 mg/kg
HPBCD (n = 6/group) (Ding et al., 1999; Fu et al., 2012). Sections
cut through the modiolus were used to count the number of
SGNs in Rosenthal’s canal in the middle of the basal turn (~70%-
distance-from-apex) of the cochlea as described previously (Ding
et al., 1998; McFadden et al., 1999; Fu et al., 2012). For each
experimental condition, the number of SGNs in Rosenthal’s
canal was counted in each section; data were obtained from five
separate sections in each animal (sections separated by 20 pum)
and a mean value was computed for each animal. Mean numbers
of SGNis per section were computed for each experimental group
and the Control group (n = 6/group).

DPOAE and CAP

Our procedures for measuring DPOAEs and CAPs have been
described in a recent publication (Liu et al., 2020). The rats in
Experiment #2 that were treated with a single 4,000 mg/kg dose
of HPBCD at P5, P10, or P15 and the saline Control group were
evaluated 8-weeks post-treatment. The animals were anesthetized
with ketamine (100 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.),
placed on a heating pad to maintain normal body temperature
and DPOAEs were measured with an Extended-Bandwidth
Acoustic Probe System (ER10X, Etymotic Research, Elk Grove
Village, IL, United States) containing two loudspeakers and a
low-noise microphone. Custom software was used to generate
pairs of primary tones, f1 and f2, and the microphone was used
to measure the primary tones and DPOAEs in the ear canal.
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The higher frequency, f2, of the pair of tones was presented
at a frequency 1.2 times greater than the lower frequency, f1
(i.e., f2/f1 = 1.2). The intensity of the lower frequency, L1, was
set 10 dB greater than the intensity of the higher frequency,
L2. The stimuli were presented for 90 ms at the rate of 5 Hz
and repeated 32 times. The acoustic signal in the ear canal
was recorded with the low-noise microphone, digitized (RME
Babyface Pro, 192 kHz sampling rate, 24 bit A/D converter)
and the intensity of fl, f2 and 2f1-f2 calculated using a fast
Fourier transform (FFT). DPOAE input/output functions were
constructed at f2 frequencies of 4, 8, 16, 24, 30, and 45 kHz by
plotting the amplitude of 2f1-f2 at L2 intensities from 15 to 70 dB
SPL in 5 dB SPL steps. DPOAEs were measured eight weeks after
HPBCD treatment.

Our procedures for recording the CAP are described in a
recent publication (Liu et al., 2020). Tone bursts were generated
(5 ms duration, 1 ms rise/fall time, cosine2-gated, 2-60 kHz, TDT
RX6 Multifunction Processor, 200 kHz sampling rate) and sent
to a half-inch condenser microphone/sound source (ACO !/"
microphone driven in reverse). The sound source, located within
a speculum-like assembly was inserted in the ear canal. The sound
source was calibrated with the aid of a !2" microphone (model
2540, Larson Davis), microphone preamplifier (Model 2221,
Larson Davis) and A/D converter (RME Babyface Pro) connected
to a personal computer and custom sound calibration software.

Rats were anesthetized (ketamine/xylazine cocktail;
100 mg/kg, i.p./30 mg/kg, i.p.), mounted in a custom head-
holder, and placed on a temperature controlled heating blanket
(Harvard Apparatus). The right cochlea was surgically opened
and a recording electrode (Teflon-coated gold wire) was placed
on the round window membrane and a silver chloride ground
electrode placed in the neck muscle. The electrode output was

amplified (1000X, DAM-50 amplifier, WPI), filtered (0.1 Hz-
10 kHz), delivered to an A/D converter (100 kHz sampling
rate, TDT RX6 Multifunction Processor) and averaged (100X)
using custom data acquisition and filtering software (MATLAB
6.1) optimized to exclude the cochlear microphonic potential
and isolate the CAP. CAP amplitude was defined as the voltage
difference between the first negative peak (N1) and following
positive peak (P1). CAP amplitude was plotted as a function of
stimulus intensity level to construct CAP input/output functions
at 4, 8, 16, 24, 30, and 45 kHz.

Analysis
GraphPad Prism (ver. 5) and/or Sigma Stat (ver. 3) software
were used to plot and/or analyze the results as described below.
HPBCD-induced losses of SGNs and ANFs were evaluated using
a one-way ANOVA followed by Tukey’s post-hoc comparison.
This research was approved by the University at Buffalo
Institutional Animal Care and Use Committee and carried out
in accordance with NIH Guidelines.

RESULTS

Prestin Is Developmentally Upregulated
Along the Cochlear Tonotopic Axis in Rat
OHCs

Prestin immunolabeling was used to identify the location and
relative abundance of prestin in P5, P10, P15, and P28 rats. Strong
prestin immunolabeling was only evident in OHCs in the basal
turn of the cochlea at P5 (Figures 1A-J) and P10 (Figures 1K-
S). However, prestin expression spread to OHCs in the middle

Postnatal Day 5

Apical Turn

Middle Turn

Basal Turn

FIGURE 1 | Prestin is only expressed in the basal turn of normal rats on postnatal day 5 (P5) and day 10 (P10). Representative phalloidin-labeled images,
prestin-labeled images and merged confocal images of cochlear surface preparations from the apical, middle and basal turn of normal P5 rats (A-J) and P10 rats
(K=S). (I,R) Note strong prestin immunolabeling in basal turn outer hair cells (OHCs), but absence of prestin labeling in inner hair cells (IHCs).

Postnatal Day 10
M

Apical Turn

|

OHC]

T

Middle Turn

Basal Turn
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Postnatal Day 15
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Merge

FIGURE 2 | Prestin labeling present in outer hair cells (OHCs) in basal and middle turn at P15 and labeling spreads to OHCs in apical turn at P28. Representative
phalloidin-labeled, prestin-labeled and merged confocal images of cochlear surface preparations from the apical, middle and basal turn of normal P15 rats (A-J) and
P28 rats (K-S). (I,R) Note strong prestin immunolabeling in OHCs at P15 and P28, but absence of prestin labeling in inner hair cells IHCs.

Middle Turn

Postnatal Day 28
L

Apical Turn

Basal Turn

turn at P15 (Figures 2A-J) and to OHCs in the apical turn at
P28 (Figures 2K-S) consistent with previous reports related to
the spatiotemporal developmentally upregulated expression of
prestin in OHCs in rats and other rodents (Belyantseva et al.,
2000; Jensen-Smith and Hallworth, 2007).

DPOAE Deficits Greater When HPBCD
Administered at P15 Than P5

The exquisite sensitivity and frequency selectivity of the auditory
system is dependent on the nonlinear, electromotile properties of
OHCs, which contribute to the generation of distortion products
that can be detected in the ear canal using DPOAEs (Brownell,
1990; Liberman et al., 2002). Thus, DPOAEs provide a non-
invasive method for assessing OHC function. DPOAEs were
evaluated 8-weeks after P5, P10, and P15 rats were treated with
4,000 mg/kg of HPBCD or in P5 rats treated with saline. To aid
in the interpretation of the results, the mean (n = 10) DPOAE
input/output functions of the Control group are presented with
their 95% confidence intervals and compared to the mean
(n = 6/group, +/-SEM) input/output functions obtained from
the groups treated with HPBCD at P5, P10, or P15 HPBCD
(Figure 3). The DPOAEs in the group treated with HPBCD at
P15 were largely abolished at frequencies from 8 to 45 kHz and
greatly reduced at 4 kHz. In contrast, the groups treated with
HPBCD at P5 and P10 had DPOAE input/output functions at
4, 8, and 16 kHz that were completely normal (Figures 3A-C).
The P5 DPOAE input/output function at 24 kHz was within
normal limits whereas P10 DPOAE amplitudes were slightly
below normal at high intensities (Figure 3D). P5 and P10
DPOAE amplitudes at 30 kHz were far below normal; however,

the deficits were consistently less for P5 than P10 (Figure 3E).
P5 and P10 DPOAE amplitudes were barely detectable except
at L2 intensities greater than 60 dB SPL. Thus, HPBCD almost
completely eliminated DPOAESs in the P15 group whereas in the
P5 and P10 groups it only reduced DPOAE amplitudes at the
high, but not the low frequencies.

CAP Deficits Greater When HPECD
Administered at P15 Than P5

Type I auditory nerve fibers make one to one synaptic contact
with THCs. Tone burst-evoked activation of IHCs results in the
sudden release of neurotransmitter from the base of the IHC onto
afferent terminals resulting in synchronous neural discharges that
generate the CAP (Bourien et al., 2014). The CAP, which reflects
the neural output of the cochlea relayed from the IHCs, was
measured 8-weeks after the P5, P10, and P15 rats had been treated
with 4,000 mg/kg of HPBCD and compared to measurements
from rats in the saline Control. The CAP waveforms elicited by
80 dB SPL tone bursts presented at 8 kHz are shown in Figure 4A;
results are presented for a representative rat in the saline Control
group and rats treated with HPBCD at P5, P10, or P15. The CAP
measurement were obtained 8-weeks post-treatment. Large N1
and N2 responses were present in the Control, P5 and P10 rats,
whereas N1 and N2 response were absent in the P15 rat. To
visualize the age-dependent effects of the HPBCD treatment, the
mean (n = 8) CAP input/output functions of the Control group
are presented with their 95% confidence intervals and the results
compared to the mean (n = 6/group, +/-SEM) CAP input/output
functions measured 8-weeks after the P5, P10, and P15 groups
had been treated with 4,000 mg/kg HPBCD (Figures 4B-G). CAP
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FIGURE 3 | DPOAE deficits are more severe in adulthood if HPBCD is administered to postnatal rats at P15 than P5 or P10. Mean DPOAE input/output functions
measured in the adult Control group (n = 10, +/-95% confidence interval) compared to mean (+/-SEM, n = 6/group) DPOAE input/output functions measured in
adults 8-weeks after the rats were treated with 4,000 mg/kg HPBCD at P5, P10 or P15. Data shown for (A) 4 kHz, (B) 8 kHz, (C) 16 kHz, (D) 24 kHz, (E) 30 kHz
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responses in the P15 group were largely abolished from 8 to
45 kHz; the CAP was present at 4 kHz, but the amplitude was
greatly reduced (Figure 4B). In contrast, CAP responses in the
P5 and P10 group were similar to the Control group from 4 to
24 kHz (Figures 4B-E), slightly reduced at 30 kHz (Figure 4F)
and greatly reduced at 45 kHz compared to the Control group
(Figure 4G). The deficits at 45 kHz were slightly greater at P10
than at P5 (Figure 4G). HPBCD was thus much more ototoxic
when administered at P15 than P5 or P10 and the ototoxic effects
were more severe at the high frequencies.

Cochlear Lesions Greater When HPBCD

Administered at P28 Than P10 or P15

To determine if the cochlear histopathologies from HPBCD
treatment were age-dependent, mean cochleograms (n = 6/group,
+/-SEM) were prepared 8-weeks after the P5, P10, P15, and P28
rats had been treated with 4,000 mg/kg of HPBCD. The smallest
cochlear pathologies occurred in the group treated with HPRCD
at P5 (Figure 5A). The OHC losses in this group decreased from
100% at the base to less than 10% approximately 70% distance

from the apex (DFA). Small (<25%) IHC and PC losses were
present 90-100% DFA. The OHC losses in the P10 group were
similar to those seen in the P5 group (Figure 5B), but the IHC
and PC losses in the P10 group, which were more severe than
at P5, approached 90% at the most basal location. The cochlear
lesions were much more extensive and severe in the P15 group
(Figure 5C). All of the OHCs were missing over the basal half
of the cochlea followed by a decrease in OHC loss to less than
10% loss ~30% DFA. All of the IHCs and PCs were missing over
the basal two-thirds of the cochlea; the loss decreased to less
than 10% approximately 45% DFA. There was a further apical
expansion of the lesion in the group treated with HPBCD at P28
(Figure 5D). The OHC lesion decreased from 100% over the basal
two-thirds of the cochlea to ~30% at the extreme apex. Unlike
the P15 group, the IHC and PC lesions in the P28 group hovered
around 80% over the basal two-thirds of the cochlea followed
by a gradual decline to less than 10% IHC and PC loss in the
extreme apex. Thus, the OHC lesion was confined to the base
of the cochlea when HPBCD was administered at P5 or P10 and
the OHC lesion was only slightly greater at P10 than P5. The
OHC lesion rapidly expanded toward the apex when the drug was
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FIGURE 4 | Adult CAP deficits are more severe when HPBCD is administered to postnatal rats at P15 than P5 or P10. (A) Representative CAP waveforms elicited by
8 kHz tone bursts presented at 80 dB SPL. Note large reduction in CAP amplitude in adult rats when HBBCD was administered at P15 and nearly normal response
when the drug was administered at P5 or P10. Mean (n = 8, +/-95% confidence interval) CAP input/output functions at (B) 4 kHz, (C) 8 kHz, (D) 16 kHz,
(E) 24 kHz, (F) 30 kHz and (G) 45 kHz in Control rats compared to mean (+/-SEM, n = 6/group) input/output functions obtained 8-weeks after the rats were treated
with 4000 mg/kg HPBCD at P5, P10 or P15. CAP amplitudes in the P5 and P10 group were much larger than those in the P15 group. At 45 kHz, CAP amplitudes in
the P5 and P10 group were much smaller than in the Control group.

administered from P15 to P28 (Figure 5E), a pattern consistent
with the developmental upregulation of prestin expression in rat
OHCs (Belyantseva et al., 2000). HPBCD also caused extensive
damage to THCs and PCs, but the damage was restricted to
cochlear locations where the drug also caused at least 30% or
more OHC loss. IHC and PC damage was never observed at
cochlear locations where nearly all the OHCs were present. The
IHC lesion also rapidly expanded toward the apex when HPRCD
was administered at P15 or P28 (Figure 5F).

Delayed Onset Between OHC Loss and

IHC and PC Degeneration

2-Hyroxypropyl-beta-cyclodextrin was originally believed to only
damage prestin-bearing OHCs (Crumling et al., 2012; Cronin
et al., 2015; Takahashi et al., 2016). However, more recent work
indicates that HPBCD also leads to the delayed destruction of
IHCs and PCs (Liu et al., 2020). To determine when the IHCs
and PCs degenerated, we treated adult rats with 4,000 mg/kg
of HPBCD or saline and evaluated their cochleae from 1- to
8-weeks post-treatment. The mean cochleogram (n = 6) from
the saline Control group showed no loss of OHCs, IHCs,
or PCs 8-weeks post-treatment (Figure 6A) whereas massive
OHC loss was evident over most of the cochlea 1-week after
HPBCD treatment (Figure 6B). The magnitude and extent of the
OHC lesion was roughly the same at 4-, 6-, and 8-weeks post-
treatment (Figures 6C-E). There was little evidence of IHC or
PC loss 1-week after HPBCD treatment. After 4-weeks, a mild

IHC/PC lesion emerged near the base of the cochlea, but at 6-
weeks post-treatment the IHC/PC lesion underwent a massive
expansion to match the large OHC pathology (Figure 6D).
A large THC/PC lesion that followed the general contour of
the OHC pathology was also present 8-weeks post-treatment.
To illustrate the delayed, but rapid expansion of IHC lesion
between 4- and 6-weeks, Figure 6F compares the mean THC
lesion at 1-, 4-, 6-, and 8-week(s) post-treatment. The massive
IHC/PC lesions present at 6- and 8-weeks post-treatment were
associated with a flattened sensory epithelium composed of
large cuboidal cells (Figures 7C,D) that had replaced the highly
stereotyped network of sensory cells and support cells that
comprise the partially damaged (Figure 7B) or normal organ of
Corti (Figure 7A).

Delayed Nerve Fiber and Spiral Ganglion

Degeneration

Massive loss of hair cells and support cells often leads to
the degeneration of nerve fibers that innervate the cochlea
(McFadden et al., 2004). To determine if and when the nerve
fibers were degenerating after administering 4,000 mg/kg of
HPBCD, we counted the number of nerve fibers in the habenula
perforata in the basal turn of the cochlea 1-, 4-, 6-, and 8-week(s)
after treatment with 4,000 mg/kg of HPBCD. The habenula
perforatae were densely packed with nerve fibers in the Control
cochlea (Figure 8A) and there was only a slight hint of a
reduction in fiber density at 1- and 4-weeks post-treatment
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FIGURE 5 | Mean (+/-SEM, n = 6) cochleograms showing percent missing outer hair cells (OHCs), inner hair cells (IHCs), and pillar cells (PCs) plotted as function of
percent distance from the apex (DFA). Frequency-place map of rat cochlea below abscissa (Muller, 1991). Data obtained 8-weeks after (A) P5, (B) P10, (C) P15,
and (D) P28 rats were treated with 4,000 mg/kg of HPBCD. Large OHC lesion present 70-100% DFA at P5 and P10 (A,B). OHC lesion spreads toward the apex
from P15 (C) to P28 (D). Minimal IHC and PC losses in base of cochlea at P5 (A). IHC and PC losses increase dramatically and spread from the base toward the
apex of the cochlea from P10 to P28. Comparison of mean (n = 6/group) (E) OHC loss and (F) IHC loss when HPBCD administered at P5, P10, P15 or P28. Note
rapid expansion of OHC and IHC losses from P5 to P28.

(Figures 8B,C); however, there was a massive reduction in fiber
density in the habenula perforatae at 6- and 8-weeks post-
treatment (Figures 8D,E). The mean (n = 6/group, +SEM)
number of nerve fibers per habenula perforata was approximately
116 (n = 6 rats) in the saline Control group (Figure 8F). The
mean (n = 6 rats/group) numbers of nerve fibers decreased to
106, 99, 28, and 5, respectively when rats were evaluated at 1-
week or 4-, 6-, or 8-week(s) after treatment with 4,000 mg/kg
HPBCD. The numbers of nerve fibers in the 6- and 8-weeks
groups were significantly less than those in the Control group
[one-way analysis of variance (F (4, 25) = 62.47, p < 0.0001,
Tukey’s multiple comparison, p < 0.05].

The nerve fiber loss in the habenula perforatae was
accompanied by a corresponding loss of SGNs. Rosenthal’s
canal in the middle of the basal turn of the cochlea was
packed with SGNs in the saline Control group together with
IHCs and OHCs in the organ of Corti adjacent to the spiral
limbus (SL) (Figure 9A). The OHCs were missing 1-week
after treatment with 4,000 mg/kg of HPBCD, but numerous
SGNs were still present in Rosenthal’s canal (Figure 9B). The
modest reduction of SGNs in Rosenthal’s canal at 4-weeks post-
treatment was followed by a massive loss at 6-weeks post-
treatment (Figure 9D) and a nearly complete loss at 8-weeks
post-treatment (Figure 9E). Despite the massive loss of hair

cells, SGNs and collapse of the organ of Corti, the SL appeared
relatively normal (Figure 9D). The loss of SGNs was quantified
in the different groups in the middle of the basal turn. The
mean (n = 6, +SEM) number of SGNs per Rosenthal’s canal
was approximately 49 in both the saline Control group and
the group evaluated 1-week after treatment with 4,000 mg/kg
HPBCD (Figure 9F). The mean (n = 6 rats/group, +SEM)
number decreased slightly to 43 at 4-weeks post-treatment
followed by a dramatic reduction to 14 at 6-weeks and nearly a
complete loss of SGNs at 8-weeks post-treatment. The numbers
of SGNs in the 6- and 8-weeks groups were significantly less
than in the Control group (one-way analysis of variance (F

(4, 25) = 179.9, p < 0.0001, Tukey’s multiple comparison,
p < 0.05).
DISCUSSION

Prestin Upregulation Determines Spread

of High-Frequency Auditory Impairment

2-Hyroxypropyl-beta-cyclodextrin-induced hearing loss is
associated with the rapid destruction of OHCs (Crumling et al.,
2012, 2017; Cronin et al,, 2015; Ding et al.,, 2020, 2021). This
rapid destruction of OHCs can be tracked non-invasively by
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FIGURE 6 | Inner hair cell (IHC) and pillar cell (PC) losses dramatically increase in adult rats 4-8 week after 4,000 mg/kg HPBCD treatment. Mean (+/-SEM)
cochleograms showing percent missing OHCs, IHCs and pillar cells (PC) plotted as function of percent distance from the apex (DFA) in adult rats. Rat cochlear
frequency-place map shown below abscissa (Mller, 1991). (A) Mean (n = 6) data from saline Control group 8-weeks post-treatment (n = 6). Mean cochleograms
obtained from adult rats treated with 4,000 mg/kg HPBCD and evaluated (B) 1-week post-treatment (n = 5), (C) 4-weeks post-treatment (n = 4) (D) 6-weeks
post-treatment (n = 4), and (E) 8-weeks post-treatment (n = 4). Massive OHC loss 1-week after 4,000 mg/kg treatment, but no IHC and PC loss (B), but massive
IHC and PC loss occurs 6- to 8-weeks post-treatment (D,E). (F) Mean cochleogram showing percent IHC loss as a function of percent distance from the apex (DFA)
of the cochlea; cochlear frequency-place map shown on the abscissa. Note large increase in IHC loss between 4- and 6-weeks post-treatment.
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FIGURE 7 | Massive inner hair cell (IHC) and pillar cells(PC) loss occurs 6-8 weeks after treatment with 4,000 mg/kg HPBCD. Representative photomicrographs of
hematoxylin and eosin stained cochlear surface preparation from middle of the basal turn (60-80% distance from apex) of the cochlea. Representative
photomicrograph shown for (A) 8-weeks after saline treatment and (B) 1-week, (C) 6-weeks, and (D) 8-weeks after treatment with 4,000 mg/kg of HPRCD.

(A) Three orderly rows of outer hair cells (OHC), single row of inner hair cells (IHC) and pillar cells present in saline controls. (B) IHCs and PCs present, but most
OHCs missing 1-week after treatment with 4,000 mg/kg HPBCD. (C,D) Massive OHC, IHC and PC loss results in flattened sensory epithelium that is replaced by
many large, cuboidal cells (yellow arrowhead).
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FIGURE 8 | Massive loss of nerve fibers occurs in habenula perforata 6- to 8-weeks following 4,000 mg/kg treatment with HPBCD. Representative photomicrograph
of methylene blue-stained 4 micron sections taken tangent to the habenula perforata in the middle of the basal turn from an adult rat in the (A) saline Control group

8-weeks post-treatment and from adult rats treated with 4,000 mg/kg HPBCD and evaluated (B) 1-week, (C) 4-weeks, (D-E) 6- and 8-weeks post-treatment. Nerve
fibers densely packed in habenula perforata of (A) saline control; nerve fiber packing density slightly reduced at 1- and 4-week post-treatment followed by a massive

reduction in nerve fiber density 6- and 8-weeks post-treatment (C,D). (F) Mean numbers (+SEM, n = rats/group) of nerve fibers per habenula perforata in saline
Control group and groups treated with 4,000 mg/kg HPBCD and evaluated 1-, 4-, 6- or 8-weeks post-treatment.

serially measuring DPOAEs. In adult rats, the 4,000 mg/kg dose
of HPBCD completely eliminated the DPOAE 2-days post-
treatment (Liu et al., 2020). Although several mechanisms have
been suggested (Crumling et al., 2017), selective cyclodextrin
ototoxicity is believed to be correlated with prestin expression
in OHCs because knockout mice missing this protein are more
resistant to cyclodextrin damage than wild type mice (Takahashi
et al., 2016) or mutant mice with a non-electromotile form of
prestin (Zhou et al., 2018).

In order to investigate the developmental upregulation of
prestin in OHCs from base to apex, we employed a high
4,000 mg/kg dose of HPBCD that would destroy OHCs over
the entire length of the rat cochlea (Liu et al., 2020). The
functional deficits observed in our postnatal rats treated with
HPBCD were closely correlated with the temporal and spatial
upregulation of prestin in OHCs indicating that prestin, or
some other unknown factor associated with its expression, is
critically important for initiating cyclodextrin-induced OHC loss.
If HPBCD was administered to rats at P5 or P10, when prestin
was absent from OHCs in the apical and middle turn, then low-
and mid-frequency DPOAEs and CAPs measured 8-weeks post-
treatment were normal, i.e., the absence of prestin in OHCs when
HPBCD was administered prevented cyclodextrin ototoxicity at
the low- and mid-frequencies. Prestin was already present in
basal turn OHCs at P5 and P10 and when rats were treated
with HPBCD at these ages, high-frequency DPOAEs and CAPs

measured 8-weeks post-treatment were greatly depressed. When
HPBCD was administered to rats at P15, when prestin was also
expressed in middle-turn OHCs, then mid-frequency DPOAEs
and CAPs measured 8-weeks post-treatment were also depressed.
Thus, the developmental spatiotemporal upregulation of prestin
in OHCs determined when the OHC loss and cochlear hearing
loss spread from high to low frequencies.

The postnatal time at which HPBCD was administered
together with the spatiotemporal expression of prestin
determined the location and breadth of the HPBCD-induced
OHC lesion (Figure 5F). The OHC lesion was confined to the
high-frequency, basal third of the cochlea when HPBCD was
administered at P5 or P10, consistent with the presence of
prestin in the base of the cochlea. However, the OHC lesion
expanded to cover the basal two-thirds of the cochlea when
cyclodextrin was administered at P15, at which time prestin
expression had expanded from the base to the middle turn of the
cochlea. Importantly, prestin was expressed in the apical turn, as
well as middle and basal turns, at P28. Only then did the OHC
lesions appear in the most apical region of the cochlea. Thus,
the expansion of the OHC lesion toward the apex of the cochlea
was closely correlated with the developmental base to apex
upregulation of prestin, which finally appeared in the cochlear
apex at P28. Our apical turn results might account for the lack
of OHC loss in the apex of the cochlea of WT mice treated with
8000 mg/kg of HPBCD on P21 (Takahashi et al., 2016). The
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post-treatment were significantly less than in the saline Control group.

FIGURE 9 | Massive loss of spiral ganglion neurons (SGN) in Rosenthal’s canal 6- to 8-weeks following 4,000 mg/kg treatment with HPBCD. Thin sections (4 wm)
through the modiolus in the middle of the basal turn of the cochlea. (A) Saline control showing inner hair cell (IHC), outer hair cells (OHC), and spiral limbus (SL).
Rosenthal’s canal filed with SGNs. (B-E) Sections from adult rats treated with 4,000 mg/kg of HPBCD and evaluated 1-, 4-, 6- and 8-weeks post-treatment:
Numbers of SGNs in Rosenthal’s canal (B) normal at 1-week post-treatment, (C) slightly reduced at 4-weeks post-treatment and greatly reduced at (D) 6-weeks
and (E) 8-weeks post-treatment. (F) Mean (n = 6, +SEM) numbers of SGNs in Rosenthal’s canal in the saline Control group versus the groups treated with

4,000 mg/kg HPBCD and evaluated 1-, 4-, 6- and 8-weeks post-treatment. Numbers of SGNs in HPBCD-treated groups evaluated at 6- and 8-weeks
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absence of OHC damage in the apex of the WT mouse cochlea
is most likely due to the fact that prestin was expressed at such
a low level on P21 that HPBCD was unable to damage OHCs in
the most apical portion of the cochlea.

Mechanisms of HPBCD OHC Damage

Several different mechanisms could contribute to the
cyclodextrin-induced OHC death (Crumling et al., 2012, 2017),
but interactions between cholesterol and prestin have garnered
the most attention. Prestin is expressed in the lateral wall of
mature OHCs and has also been reported in the cytoplasm of
vestibular hair cells although its cytoplasmic expression has not
been independently verified (Belyantseva et al., 2000; Adler et al.,
2003). Systemic administration of cyclodextrin, however, does
not damage adult vestibular hair cells (Ding et al., 2020, 2021),
nor does it damage postnatal OHCs lacking prestin. Prestin is
heavily expressed along the OHC lateral wall, adjacent to the
actin-spectrin cortical lattice and subsurface cisternae (Jensen-
Smith and Hallworth, 2007; Legendre et al, 2008). Prestin
appears to interact with cholesterol (Takahashietal., 2016)

and experimental manipulations of cholesterol affect OHC
stiffness, electromotility, the lateral mobility of prestin in the
membrane and prestin function (Nguyen and Brownell, 1998;
Rajagopalan et al.,, 2007; Kamar et al., 2012). Imaging studies
have revealed high levels of cholesterol staining at the apical
and basal poles of normal OHCs. In contrast, low-levels of
cholesterol are present along the lateral wall of OHCs in WT
mice whereas cholesterol labeling is more abundant in the lateral
wall of prestin knockout mice (Nguyen and Brownell, 1998;
Rajagopalan et al., 2007; Brownell et al., 2011; Takahashi et al,,
2016). Treatment of isolated OHCs with cyclodextrin often leads
to rapid cell death associated with rupture of the cell’s membrane.
In contrast, OHCs in prestin knockout mice are largely resistant
to cyclodextrin (Rajagopalan et al., 2007; Takahashi et al., 2016).
In cochlear organotypic cultures, HPBCD-induced OHC death
was initiated by the extrinsic caspase-8 apoptotic pathway that
is triggered by ligands that bind to death receptors on the cell’s
membrane (Salvesen, 2002; Cheng et al., 2005; Ding et al., 2020).
Because of the low-abundance of cholesterol in the lateral wall
of normal OHCs, further cyclodextrin-induced depletion of
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cholesterol from this region likely leads to the breakdown of the
plasma membrane in the lateral wall of OHCs leading to rapid
onset of caspase-8 mediated cell death (Garofalo et al., 2003;
Schonfelder et al., 2006). Caspase-8 inhibitors could be used to
test this hypothesis (Wang et al., 2004; Bozzo et al., 2006).

Time Course of IHC, PC, and SGN

Degeneration
Much of the previous literature on HPBCD ototoxicity in mice
has focused on its early, selective destruction of OHCs with
little evidence of damage to IHCs, ANFs, or SGNs (Crumling
et al.,, 2012, 2017; Takahashi et al., 2016; Zhou et al., 2018).
However, recent studies from our lab have revealed that HPBCD
unexpectedly causes massive, delayed degeneration of rat IHCs,
PCs, ANFs, SGNs, and much of the organ of Corti (Ding et al,,
2020; Liu et al., 2020). The abrupt onset of this massive secondary
loss of IHCs, ANFs, and SGNs differs from the progressive
loss of SGNs seen after most other ototoxic drug insults or
traumatic noise exposures (Koitchev et al., 1982; Bichler et al.,
1983; Yagi et al., 2000; Lin et al, 2011). The abrupt onset of
this second wave of degeneration may have been missed in
previous mouse studies because the bulk of the damage occurred
well beyond the time period when degeneration of OHCs and
IHCs typically occurs. From our previous studies, it was unclear
exactly when the IHC, ANF, and SGN damage occurred. Our
results indicate that this secondary degenerative process occurs
suddenly, starting in the base of the cochlea 4-weeks post-
treatment and expanding to virtually all of the cochlea by 8-weeks
post-treatment (Figures 5, 8, 9). The sudden increase in these
IHC, ANF and SGN pathologies occurred between 4- and 6-
weeks post-treatment. We are unaware of any ototoxicity studies
showing an abrupt, massive upsurge of IHC, ANF and SGN
damage more than a month after the initial damage to OHCs
occurs. In some cases, nearly 100% of the IHCs and PCs were
missing in regions with complete OHC loss (Figure 6), but in
other cases only ~80% had degenerated (Figure 5). Additional
studies are needed to determine if all the IHCs, support cells and
SGNs eventually degenerate with longer survival times or if the
degenerative processes are essentially complete by 8-weeks post-
treatment. Although high doses of HPBCD are highly ototoxic,
studies have shown that very little of the drug actually crosses
the blood-brain barrier when it is administered systemically
(Ramirez et al., 2011; Pontikis et al., 2013; Vecsernyes et al.,
2014). Therefore, the levels of HPBCD in the cochlea would
be expected to be low unless the blood-labyrinth barrier was
uniquely permeable to HPBCD or if the drug disrupted the blood-
labyrinth barrier. Systemically administered HPBCD is rapidly
cleared from the body within a few hours; however, its effects
on cholesterol synthesis may be long lasting (Aqul et al., 2011)
raising the possibility of more prolonged degenerative effects.
2-Hyroxypropyl-beta-cyclodextrin-induced OHC
degeneration occurs rapidly within hours after intracerebral
administration and within 1 day after subcutaneous dosing
(Crumling et al, 2017). The acute damage to OHCs has
been repeatedly observed (Figure 6; Crumling et al, 2012;
Cronin et al,, 2015; Takahashi et al., 2016; Ding et al., 2020). In

contrast, the onset of IHC, PC, ANF and SGN degeneration
did not begin until 4-weeks post-treatment, but during the
following two weeks there was a large increase in the magnitude
and apical expansion of the lesion (Figures 6F, 8F, 9F; Liu
et al, 2020; Ding et al, 2021). The PC losses were highly
correlated with the IHC lesions suggesting that the survival of
these two structures depended on some common factor such
as loss of neurotrophic support (Mueller et al., 2002; Pickles
and Chir, 2002; Fritzsch et al., 2004). Reintroducing one or
more neurotrophic factors into the cochlea at specific times
following HPBCD treatment could aid in identification of
specific neurotrophic factors that enhance the survival of IHCs,
PCs, ANFs or SGNs (Atkinson et al., 2012; Chen et al., 2018;

A P5 HPBCD: Damage Early or Late
Cochear Location Apex Middle Base
Prestin X
Frequency Low <20 kHz| Mid 20-40 kHz| High >40 kHz
OHC Loss Early
DPOAE Loss Early
CAP Loss Early
IHC/ANF/SGN Loss Late
CAP Loss Late
B
Cochear Location Apex Middle Base
Prestin X X
Frequency Low <20 kHz | Mid 20-40 kHz| High >40 kHz
OHC Loss Early Early
DPOAE Loss Early Early
CAP Loss Early Early
IHC/ANF/SGN Loss Late Late
CAP Loss Late Late
c P15 HPBCD: Damage Early or Late
Cochear Location Apex Middle Base
Prestin X X X
Frequency Low <20 kHz | Mid 20-40 kHz| High >40 kHz
OHC Loss Early Early Early
DPOAE Loss Early Early Early
CAP Loss Early Early Early
IHC/ANF/SGN Loss Late Late Late
CAP Loss Late Late Late

FIGURE 10 | Schematics in panels (A-C) showing the approximate location
of prestin in outer hair cells (OHCs) in the base, middle, and apex of the
cochlea on postnatal day 5, 10, and 15 (P5, P10, and P15) when HPRCD was
administered. Each panel shows the approximate cochlear location and
frequency of the loss and/or damage to OHCs, distortion product otoacoustic
emissions (DPOAEs), the compound action potential (CAP), inner hair cells
(IHCs), auditory nerve fibers (ANFs), and spiral ganglion neurons (SGNs)
approximately 1-week (Early phase) and approximately 8-weeks (Late phase)
after HPBCD treatment. The least damage/loss occurs when HPBCD is
administered at P5 when prestin is mainly expressed in the base of the
cochlea. The greatest damage/loss occurs when HPBCD is administered at
P15 when prestin is expressed over most of the cochlea. CAP loss is
observed in the early phase because the OHC and DPOAE losses affect the
input to the IHCs. CAP losses are exacerbated during the late phase because
of the additional loss of IHCs, ANFs and SGNs.
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Leake et al,, 2019; Maetal, 2019). Cholesterol depletion is
known to disrupt intercellular communication and tight
junctions and lead to anoikis-like cell death (Lambert et al., 2007;
Park et al., 2009; Zhang et al., 2018), disruption of the reticular
lamina and/or dedifferentiation of the organ of Corti (Favre and
Sans, 1991; Kiernan et al., 2005; Oesterle and Campbell, 2009;
Taylor R. R. et al., 2012). In order to account for the delayed
degeneration of these structures, HPBCD would need to induce
long-lasting changes in sterol homeostasis.

The early, massive loss of OHCs could lead to chronic cochlear
neuroinflammation associated with release of toxic substances
from dying cells or the subsequent invasion and/or upregulation
of phagocytic cells (macrophages/microglia) (Wood and Zuo,
2017). Chronic macrophage/microglia activation begins around
4-weeks after intense noise exposure (Baizer et al.,, 2015). The
proinflammatory molecules which these immune cells release
(Dheen et al., 2007) could contribute to the delayed HPBCD-
induced THC, PC, ANF, and SGN degeneration. This hypothesis
could be tested by administering therapeutic compounds that
suppress neuroinflammation (Lee et al., 2016; Tillinger et al,
2018). Finally, if the secondary wave of IHC, ANF, and SGN
degeneration is caused by an inflammatory storm initiated
by the massive degeneration of OHCs, then HPBCD-induced
damage to these structures would be expected to be minimal in
animals in which the OHCs have been already be eliminated by
genetic or other manipulations. However, if this secondary wave
of degeneration is due to long term disruption of cholesterol
homeostasis, then HPBCD would be expected to cause delayed
damage (second wave) to IHCs, ANFs and SGNs in animals
with missing OHCs.

Synthesis

Figure 10 is a schematic that attempts to synthesize and integrate
the general findings of the current study as well as the results
from earlier reports (Ding et al., 2020, 2021; Liu et al., 2020). At
P5, prestin is most heavily expressed in the base of the cochlea
(Figure 10A). When HPBCD is administered at P5, it initially
(early phase 1-week post-treatment) destroys only the OHCs
in the base of the cochlea eliminating or greatly reducing high
frequency DPOAEs. Because of OHC amplification, the input to
the THCs is reduced during the early phase of damage thereby
increasing the threshold and reducing the CAP amplitude that
is initiated by IHC neurotransmitter release (Dallos and Harris,
1978). Between 4- and 8-weeks after HPBCD treatment, the
IHCs, ANFs, and SGNs abruptly die off during the late phase of
degeneration; this further exacerbates the CAP loss. If HPBCD is
administered at P10 when prestin expression in OHCs expands
further toward the middle of the cochlea (Figure 10B), the
OHC, DPOAE, and CAP losses expand further toward the apex
and to lower frequencies during the early phase of damage (1-
week post-treatment). During the late phase, the IHCs, ANFs,
SGNs suddenly die oft and CAP losses are exacerbated. Now
the losses include both high- and mid-frequencies. If HPBCD is
administered at P15 or later when prestin in OHCs is expressed
throughout the cochlea (Figure 10C), the OHC, DPOAE, and
CAP losses expand toward the apex and lower frequencies during
the early phase of damage. During the late phase, the IHCs, ANFs,

and SGNs also die off and CAP losses are further exacerbated.
Thus, the greatest and most widespread damage from HPBCD
occurs after prestin expression has reached adult levels.

Clinical Implications
2-Hyroxypropyl-beta-cyclodextrin ameliorates many of the
clinical disorders associated with NPCI and slows the
progression of the disease, but a major side effect is rapid
onset sensorineural hearing loss that spreads from high to low
frequencies (Ward et al,, 2010; Crumling et al, 2012; King
et al., 2014; Cronin et al., 2015; Maarup et al., 2015). The initial
reports in animals suggested that the HPBCD-induced hearing
loss was caused by early damage to the OHCs consistent with
the results presented here, but recent results indicate that there
is massive, delayed damage to IHCs, ANFs and SGNs that
occurs between 4 and 8-weeks post-treatment (Figures 6, 8, 9;
Liu et al.,, 2020; Ding et al., 2021). This second, delayed wave
of degeneration implies that HPBCD ototoxicity is worse
than previously believed. The clinical consequences of IHC
and SGN degeneration is that it greatly reduces the benefits
of hearing aids and cochlear implants for patients receiving
HPBCD treatments. Given that the delayed degeneration of
IHCs, ANFs, and SGNs occurs over a well-defined 4- to 8-week
time window following HBBCD treatment, researchers could use
this animal model to test out various therapeutic interventions
to prevent the secondary degeneration of the remaining IHC,
ANFs and SGNs using antioxidants, neurotrophins or a cocktail
of the two (Rybak and Whitworth, 2005; Atkinson et al., 2012;
Leake et al,, 2019; Chen et al, 2020). The optimal time for
delivering these therapies would seem to be from approximately
7-days after HPBCD treatment to 8-weeks post-treatment and
possibly longer.
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