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ABSTRACT

Stem-cell-based therapy may be used to replace damaged or lost neu-
rons in the cochlear nerve of patients suffering from severe-to-profound
sensorineural hearing loss. In order to achieve functional recovery in future
clinical trials, knowledge about survival of grafted cells and their differen-
tiation into functional neurons is a prerequisite. This calls for non-invasive
in vivo visualization of cells and long-term monitoring of their survival and
fate after cochlear transplantation. We have investigated if molecular opti-
cal imaging enables visualization of exogenous cells in the intact cochlea of
guinea pig cadaver heads. Transduced (stem) cells, stably co-expressing
fluorescent (copGFP) and bioluminescent (Luc2) reporter molecules, were
injected into the internal auditory meatus or directly into the cochlea
through the round window. After injection of the cells into the internal
auditory meatus, a bright bioluminescent signal was observed in the cavum
conchae of the auricle, indicating that light generated by Luc2 is passing
through the tympanic membrane and the external auditory meatus. Simi-
lar results were obtained after injection of the cells through the round win-
dow membrane, either directly into the scala tympani or in Rosenthal’s
canal within the modiolus of the basal cochlear turn. Imaging of the audi-
tory bulla demonstrated that the bioluminescent signal passes through the
tympanic membrane and crevices in the bony wall of the bulla. After open-
ing the auditory bulla, the bioluminescent signal was emanating from the
round window. This is the first study demonstrating that bioluminescence
imaging enables visualization of luciferase-expressing cells injected into
the intact guinea pig cochlea. Anat Rec, 303:427-440, 2020. © 2019 The
Authors. The Anatomical Record published by Wiley Periodicals, Inc. on
behalf of American Association of Anatomists.
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The inner ear in Mammals contains the sense organs
for hearing (cochlea) and balance (vestibular system).
Within the cochlea, the sensory epithelium, or organ of
Corti, houses two different types of sensory cells: the
outer and inner hair cells. The former function as acousti-
cal pre-amplifiers, whereas the latter are the actual
sound receptor cells. Inner hair cells are responsible for
the mechano-electric transduction process in the cochlea;
they transduce sound-induced vibrations into a chemical
signal leading to an electric signal which is delivered by
the auditory nerve to the brain, where auditory informa-
tion is finally processed.

Degeneration of the hair cells and spiral ganglion neu-
rons (SGNs) in the cochlea leads ultimately to sensorineu-
ral hearing loss (SNHL). The World Health Organization
has estimated that approximately 5% of the world’s popu-
lation suffer from some form of disabling SNHL (WHO,
2017). In humans and other mammalian species, the
cochlea itself'is not able to spontaneously replace lost hair
cells and SGNs.

SNHL currently cannot be treated by means of either
pharmaceutical or surgical intervention, but auditory
function can be partially restored with conventional hear-
ing aids or—in case of severe-to-profound SNHL—with a
cochlear implant, which electrically stimulates the resid-
ual SGNs in the modiolus directly. Since the first applica-
tion of this kind of cochlear prosthesis, technology has
progressed significantly and this has led to advanced elec-
trode and speech processor strategies resulting in higher
performance levels (Bierer et al., 2011; Kalkman et al.,
2015). There nevertheless exists considerable inter-
individual variability in performance, especially in noisy
listening environments. This variability can be explained
by regional variations in the distance between the sites of
action potential initiation and the electrodes of the
cochlear implant resulting from regression of the den-
drites of the SGNs (Bierer et al., 2011; Kalkman et al.,
2015). Alternatively, it may be due to neurocellular
changes creating variation in the sensitivity of SGNs
(Briaire and Frijns, 2006).

It is now generally accepted that the preservation of
functional SGNs in sufficiently high numbers along the
entire cochlear spiral is crucial with regard to cochlear
implant performance (Gantz et al., 1993; Eppsteiner
et al.,, 2012; Snel-Bongers et al., 2013). Besides local
loss of SGN dendrites after prolonged deafness and neu-
ral degeneration, variation in electrode position within
the cochlea and/or tissue growth (fibrosis and ossifica-
tion) can also reduce the performance of the cochlear
implant (Briaire and Frijns, 2006; Bierer et al., 2011).
In adults, not much is known about the precise histolog-
ical status in the cochlea and the time course of SGN
degeneration in deafness and reports are contradictory
(cf., Snel-Bongers et al., 2013). Even less is known
about the neural status in deaf children, and probably
much depends on the etiology causing the deafness.
A growing body of evidence from animal studies sug-
gests that cell-based therapy using stem cells and/or

neural progenitor cells may be applied to replace dam-
aged or lost SGNs, and this may eventually result in
enhanced cochlear implant performance in patients
(Rask-Andersen et al., 2005; Regala et al., 2005; Cole-
man et al., 2006; Corrales et al., 2006; Hu and Ulfen-
dahl, 2006; Sekiya et al., 2007; Chen et al., 2012;
Gunewardene et al., 2012; Huisman and Rivolta, 2012;
Needham et al., 2013; Shi and Edge, 2013). However,
survival of grafted stem cells or neural progenitor cells
and their differentiation into SGNs and glial (Schwann)
cells as well as their functional integration into extant
peripheral auditory structures are a prerequisite to
achieve functional repair of the cochlear nerve. This
calls for non-invasive in vivo visualization of grafted
stem cells and longitudinal monitoring of their survival
and fate in the cochleas of deafened animals.

Molecular optical imaging based on reporter gene
expression is a highly sensitive and versatile imaging
modality and is gaining popularity in small animal
research, because it allows for real-time tracking of differ-
ent kinds of grafted cells as well as in vivo monitoring of
the migration, proliferation and persistence of exogenous
cells within the host (for reviews, see De Almeida et al.,
2011; Welsh and Noguchi, 2012; Mezzanotte et al., 2017).
In order to track grafted cells by means of whole-body
molecular optical imaging, it is essential that these cells
stably express reporter molecules that can be visualized.
Genetic modification of cells using a lentiviral construct
carrying a foreign gene that codes for a fluorescent, or bio-
luminescent, reporter molecule is a usual approach and
results in stable expression of the reporter molecule,
which can then be detected by means of either fluores-
cence or bioluminescence imaging (Fig. 1). Fluorescence
imaging is based upon the phenomenon that a fluoro-
phore absorbs energy from a light source and emits light
at a different wavelength (Shagin et al., 2004; Mezzanotte
et al.,, 2013). Bioluminescence imaging, in contrast, is
based upon the emission of light generated during the
enzymatic conversion of D-luciferin into oxyluciferin by
luciferase enzymes.

We have designed a lentiviral gene construct resulting
in stable, equimolar co-expression of a fluorescent
(copGFP) and bioluminescent reporter molecule (Luc2),
because such a dual-reporter approach exploits the differ-
ent but complementary advantages of both reporter mole-
cules. Whereas the fluorescent reporter is advantageous
for in vitro light-microscopical detection of transduced
cells and post-mortem visualization of grafted cells in his-
tological sections of the cochlea, the bioluminescent
reporter is more suitable for detection of grafted cells
using optical whole-body molecular optical imaging,
because of its high sensitivity, a high signal-to-noise
ratio—due to low background luminescence levels—and
the higher penetration depth, as compared to fluorescence
imaging (Choy et al., 2003; Massoud and Gambhir, 2003;
Shah and Weissleder, 2005; Zhao et al., 2010). Further-
more, as enzymatic conversion of D-luciferin into oxyluci-
ferin is dependent on ATP and O,, the bioluminescent
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Fig. 1. Schematic drawing explaining the basic principles of dual-reporter gene expression in genetically engineered cells. The lentiviral gene
construct is designed to stably co-express copepod green fluorescent protein (copGFP; emitting at ~502 nm) and codon-optimized firefly
luciferase Luc2 (emitting at ~560 nm). The copGFP-Luc2 construct is composed of the EF1 promotor and genes coding for copGFP and Luc2.
Both genes are coupled via a T2A-like sequence, which mediates co-translational cleavage (ribosome skipping) and, hence, results in bicistronic
expression. The inserts are flanked by long terminal repeats (LTR). TF: transcription factors; RNA Pol Il: RNA polymerase |l

signal can be used as a proxy for cell viability and, hence,
to confirm the viability of the injected cells.

The objective of this study was to investigate if visuali-
zation of exogenous stem cells within the intact cochlea of
cadaver guinea pig, using molecular optical imaging, is
feasible for future in vivo stem cell transplantation exper-
iments. We have used the guinea pig because it is the

most commonly used animal model of deafness. However,
molecular imaging in the guinea pig is particularly chal-
lenging since this species is a newcomer to the field of
molecular optical imaging and because the cochlea is
embedded within the auditory bulla consisting of compact
bone with a high mineral density, which may block signal
detection during molecular optical imaging.
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MATERIALS AND METHODS
Animals

In order to avoid the unnecessary use of living animals,
and in compliance with the 3Rs guiding principles for ani-
mal experimentation, we have only used cadavers from
animals used in non-related experiments.

Cadaver heads (n = 26; i.e., 52 cochleas) from adult
female guinea pigs (strain: Dunkin Hartley) were
obtained from the Department of Pharmaceutical Sci-
ences (Utrecht University, the Netherlands). Animals had
been used for non-related experiments. Approval for their
use was obtained from the respective Animal Welfare
Officers of Utrecht University and Leiden University
Medical Center (LUMC).

Surplus C57BL/6 mice served as a source for whisker
pads and were obtained from the LUMC Central Animal
Facility. The use of surplus mice was approved by the
LUMC Animal Experiments Committee (DEC permit
10172).

Cell Cultures

Two different types of cells were used in this study:
(1) HEK293-copGFP-CBG99 cells, a recently established
cell line that stably expresses copGFP and the CBG99
luciferase at an equimolar ratio (Mezzanotte et al., 2013);
and (2) hair-follicle-bulge-derived stem cells (HFBSCs),
which have been proved to be multipotent and may differ-
entiate into neurons and glial cells, both in vitro and in
living animals (Liu et al.,, 2011; Gho et al., 2016).
HEK293-copGFP-CBG99 cells were used in a series of
experiments to determine the implantation approach of
first choice (cf., section “Whole-head imaging after
cochlear implantation of transduced cells”), because these
cells are routinely cultured and abundantly available at
our laboratories, in contrast to the HFBSCs. We used
HFBSCs, because we aim to use these stem cells in future
transplantation experiments.

HEK293-copGFP-CBG99 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine and penicillin/streptomy-
cin solution (diluted 1:100; PAA Laboratories, Pasching,
Austria). The cell cultures were maintained in a humidi-
fied incubator with 5% COs at a temperature of 37°C.

HFBSCs were isolated from mouse whiskers according
to a previously described protocol (Schomann et al., 2016).
Hair follicles were dissected out from the whisker pads
and the bulge region was removed. Explants were trans-
ferred to 12-well cell culture plates pre-coated with poly-
D-lysine (PDL; Sima-Aldrich, St. Louis, MO, USA), stem
cell culture medium was added and stem cells were
allowed to migrate from the explant. Stem cell culture
medium, modified from Nguyen et al. (2013), consisted of
DMEM/F12 (Biochrom AG, Berlin, Germany) supplemen-
ted with Gibco® GlutaMax™-I (Life Technologies™), to
which 10% FBS, Gibco® B-27® serum-free supplement
(Life Technologies™), N2 supplement (R&D Systems, Min-
neapolis, MN, USA), epidermal growth factor (20 ng/mL;
R&D Systems), basic fibroblast growth factor (20 ng/mL;
R&D Systems) and antibiotic/antimycotic solution (diluted
1:100; Sigma-Aldrich) were added.

After 1 week in culture, the explants were removed,
culture medium was changed and cells were allowed to

grow until they reached 70-80% confluency. Culture
medium was changed twice weekly. Cell cultures were
maintained in a humidified incubator with 5% CO, at a
temperature of 37°C. After several cycles of passage and
expansion, cells were trypsinized (0.05% trypsin and
0.02% EDTA.4Na in PBS) for 2 min, pelleted by centrifu-
gation at ~280xg for 10 min, resuspended (cell density:
1 x 10° cells/mL) in FBS containing 10% DMSO and
immediately frozen, and stored at —80°C.

Lentiviral Vector Production and Transduction
of HFBSCs

We designed a lentiviral gene construct (Fig. 1) that
allows stable, equimolar co-expression of copGFP and
Luc2. Details on cloning and recombination procedures
have been reported previously (Mezzanotte et al., 2013).
In brief, the gene coding for Luc2 is inserted into the mul-
tiple cloning site (MCS) of the lentiviral expression vector
pCDH-EF1-MCS-T2A-copGFP (SBI System Biosciences,
Mountain View, CA), which contains the elongation factor
la (EF1) promoter and a T2A-like sequence. The T2A
peptide mediates co-translational cleavage allowing bicis-
tronic expression (Szymczak and Vignali, 2005).

Lentivirus particles were generated by means of
calcium-phosphate-mediated transfection in HEK293 cells
(Abbas et al., 2000). Virus was quantified by antigen-
capture ELISA, measuring HIV p24 levels (ZeptoMetrix
Corporation, Buffalo, NY). These values were converted to
an infectious titer using the approximation that 1 ng of
p24 equals 2,500 infectious units. HFBSCs were resus-
pended in medium and subsequently transduced with
pseudoviral particles containing the copGFP-Luc2 con-
struct, using 40 ng virus per 1 x 10° cells, followed by stor-
age at —80°C.

Lentiviral vector production and stem cell transduction
were performed under appropriate biosafety level condi-
tions (ML-II) in accordance with the National Biosafety
Guidelines and Regulations for Research on Genetically
Modified Organisms. Procedures and protocols were
reviewed and approved by the LUMC Biosafety Commit-
tee (GMO permit 00-026).

Loading of Transduced HFBSCs with Iron Oxide
Nanoparticles

HFBSCs containing the copGFP-Luc2 construct were
loaded with superparamagnetic iron oxide nanoparticles
(ferumoxytol) according to the procedure of Thu et al.
(2012). An amount of 4 x 10° cells were resuspended in
serum-free basic growth medium (BGM) -containing
2 ITU/mL sodium heparin (LEO Pharma, Amsterdam, the
Netherlands), 60 pg/mL protamine hydrochloride (MEDA
Pharma BV, Amstelveen, the Netherlands) and 50 pg/mL
ferumoxytol (Takeda Pharma A/S, Roskilde, Denmark)
followed by incubation at 37°C for 2 hr. An equal amount
of BGM containing 20% FBS was added, upon which the
cells were transferred to PDL-coated dishes and incu-
bated in a humidified incubator with 5% CO, at a temper-
ature of 37°C. After 24 hr, the cells were washed with
PBS and then with PBS containing heparin (10 IU/mL).
The cells were passaged by adding pre-warmed (37°C)
balanced salt solution containing 0.05% trypsin and
0.02% EDTA.4Na (Gibco Life Technologies) to the culture
dish and incubation for 2 min. Cells were collected and
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resuspended in PBS at a concentration of 5 x 10* cells/pL
and stored at 4°C until transplantation.

In vitro Light-Microscopical Detection of
Reporter Molecule Expression in Transduced
HFBSCs

Fluorescence microscopy. Transduced HFBSCs
containing the copGFP-Luc2 construct were plated and
allowed to attach in PDL-coated 12-well cell culture plates.
Real-time observation of copGFP expression was per-
formed using an Olympus IX70 epi-illumination fluores-
cence microscope (FITC filter settings) equipped with a
Leica DFC340 FX digital color camera. Images were
acquired and digitally stored using Leica Application Suite
Advanced Fluorescence (LASAF) version 1.9 software.

Bioluminescence microscopy. HFBSCs with the
copGFP-Luc2 construct were plated and allowed to attach
in PDL-coated glass-bottom microwell dishes (MatTek
Corporation, Ashland, MA, USA) containing 3 mL of stem
cell culture medium. Luc2 expression was assessed in
real time wusing bioluminescence microscopy (Buijink
et al., 2016). For this purpose, an Olympus BX51WIF
microscope was fitted with a V240 XY-shifting table
(Luigs & Neumann, Ratingen, Germany) and a Hamama-
tsu ORCA UU-BT-1024G high-resolution, back-thinned
CCD camera, and the microscope’s main body was
enclosed by a custom-made dark box to block external
light. D-luciferin (potassium salt; Synchem, Felsberg,
Germany) was added at a final concentration of 0.1 mM,
i.e., 10-fold lower than that used by Ogoh et al. (2014).
The bioluminescent signal was recorded over a course of
15 min, during which the cells were kept at a tempera-
ture of 37°C. Images were acquired and digitally stored
using Image-Pro® Plus software, followed by conversion
of the grayscale images into pseudocolor images.

In vitro imaging of luciferase expression in
transduced HFBSCs. In order to determine the time
window for optimal signal measurement, transduced
HFBSCs containing the copGFP-Luc2 construct were
resuspended in PBS and plated in different amounts (2.5
x 10%100 pL or 5 x 10* cells/100 pL per well) in black-
walled 96-well plates (NUNC™, Rochester, NY, USA).
D-luciferin was added at a final concentration of 0.5 mM
and bioluminescence was recorded by consecutive 30-sec
acquisitions during 30 min. All images were taken with
the IVIS® Spectrum multimodal imaging system
(Xenogen, Caliper Life Sciences, Hopkinton, MA, USA)
using an open filter, field of view C (default setting),
f/lstop = 1, and medium binning for all bioluminescence
measurements. Image acquisition and analysis were done
with Living Image version 4.2.1 software (Caliper Life
Sciences, Hopkinton, MA).

Whole-head imaging after cochlear implantation
of transduced cells. Real-time observations were per-
formed either on intact auditory bullae after removal
from the cadaver heads or on auditory bullae left in situ
within the cadaver heads. Cells were resuspended in PBS
at a density of 1 x 10° cells/100 pL. After dilution
and addition of D-luciferin (at a final concentration of
15 mg/mL), 5 pL of the cell suspension was injected using
a 20-pL. Hamilton syringe with a 25-gauge needle. The

volume of the perilymphatic injections was less than the
total volume (8-10 pL) of perilymph in the guinea pig
cochlea (Thorne et al., 1999; Shinomori et al., 2001). Cell
suspensions were also injected into the internal auditory
meatus (volume: 10 pL) and into the cochlear modiolus
at a volume of <5 pL (Corrales et al., 2006; Ogita et al.,
2009; Chen et al., 2012).

All imaging measurements were performed with the
IVIS® Spectrum multimodal imaging system. Digital
images were acquired immediately after injection of the
cell suspensions into the cochlea, approximately 15 min
after addition of D-luciferin to the cell suspension. A gray-
scale image of the cadaver head was first collected, using
the laser scan surface topography modality, followed by
the acquisition and overlay of the pseudocolor biolumines-
cent images. Image acquisition and analysis were done
with Living Image version 4.2.1 software using a 30-sec
acquisition time, open filter, field of view C (default set-
ting), f/stop = 1, and medium binning for all biolumines-
cence measurements.

The imaging experiments were performed at the Small
Animal Imaging Unit of the LUMC Central Animal Facil-
ity under appropriate biosafety level conditions (DM-II)
in accordance with the National Biosafety Guidelines
and Regulations for Research on Genetically Modified
Organisms.

Validation of cochlear implantation of transduced
cells. To determine if the reporter signal passes
through the bony capsule of the cochlea, auditory bullae
(n =4) were removed from the cadaver heads and
HEK293-copGFP-CBG99 cells (5 x 10* cells in 10 pL
luciferin-containing PBS) were injected directly into the
internal auditory meatus followed by imaging of the
intact bullae. Next, the auditory bullae were opened to
reveal its internal structures and the cochleas were
viewed by imaging.

In order to confirm if cells injected into the internal
auditory meatus actually reach Rosenthal’s canal in the
cochlear modiolus, 10 pL of a 1% aqueous solution of
methylene blue were injected into the internal auditory
meatus. After 30 min, the cochleas (n = 2) were removed
from the auditory bulla, fixed in 2.5% glutaraldehyde in
0.1 M sodium cacodylate/HC] buffer (pH 7.4) for 1 hr,
rinsed in the same buffer and decalcified in 10%
EDTA.2Na (pH 7.4) at room temperature for 1 week.
Next, the decalcified cochleas were dehydrated in an
ascending ethanol series and treated according to the
Spalteholz clearing method using methyl salicylate and
benzyl benzoate (Voie, 2002) to render the tissues and
decalcified bone transparent. Specimens were examined
with a Leica M205C stereomicroscope equipped with a
Leica IC80 HD color camera. Digital images were
acquired and stored using Leica Application Suite (LAS
V4.5; Leica Camera AG, Wetzlar, Germany) software.

Comparison of application routes for cochlear
implantation. Three different application routes were
compared, in order to determine the most convenient
approach to introduce transduced cells into the cochlea
(Fig. 2). To this end, the auditory bullae were left in situ
in the cadaver heads.

With the first approach (Fig. 2A), the foramen magnum
was opened and widened to expose the internal auditory
meatus located in the medial aspect of the auditory bulla.
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A Internal auditory meatus B

Scala tympani C

Rosenthal’s canal

Fig. 2. lllustration of the three different injection routes. (A) Injection into the internal auditory meatus. (B) Injection into the scala tympani via the
round window membrane. (C) Injection into Rosenthal’s canal via the round window membrane. IAM: internal auditory meatus; ST: scala tympani;

SV: scala vestibuli; RC: Rosenthal’s canal.

HEK293-copGFP-CBG99 cells (5 x 10* cells in 10 pL PBS
containing D-luciferin at a final concentration of
15 mg/mL) were injected directly into the internal audi-
tory meatus of the right ear (n = 4). The left ear (n = 4)
was not injected and served as control.

During the second approach (Fig. 2B), a retro-auricular
surgical incision was made to expose the skull bone and
the right auditory bulla (n = 4) was opened with a dia-
mond burr to obtain easy access to the round window
niche. HEK293-copGFP-GCB99 cells (5 x 10* cells in 5 pL
luciferin-containing PBS) were injected directly into the
scala tympani through the round window membrane. The
left ear (n = 4) served as control.

With the third approach (Fig. 2C), HEK293-copGFP-
CBG99 cells (5 x 10* cells in 5 pL luciferin-containing
PBS) were injected into Rosenthal’s canal through the
round window membrane of the right cochlea (n = 4). The
left ear (n = 4) served as control.

As an additional control for all approaches, cells were
injected into the left masseter muscle.

Cell dilution series. In addition, a cell dilution
series was performed to determine the amount of cells
needed to reach signal threshold for bioluminescent
imaging. Transduced HFBSCs containing the copGFP-
Luc2 construct were resuspended in PBS at a density of
1 x 108 cells per 100 pL. After appropriate dilution and
addition of D-luciferin (at a final concentration of
15 mg/mL), different volumes (10, 5, 2.5, and 1 pl) con-
taining 5 x 10* cells, 2.5 x 10* cells, 1.25 x 10* cells, and
0.5 x 10* cells, respectively, were injected into
Rosenthal’s canal through the round window membrane
(cf., section “Comparison of application routes for
cochlear implantation”). Both the right (n = 8) and left
cochleas (n = 8) were injected, but the left cochleas
received the lower amount of cells.

Detection of transduced iron-containing HFBSCs
in histological sections of cochleas. To visualize
HFBSCs in histological sections of the cochlea, auditory
bullae (n = 6) were used to inject transduced HFBSCs
containing iron oxide nanoparticles (5 x 10* cells in 5 pL
luciferin-containing PBS) into the scala tympani through
the round window membrane (cf., section “Comparison of
application routes for cochlear implantation”).

Immediately following imaging, the cochleas were
removed from the auditory bullae and fixed by intralabyr-
inthine perfusion with 4% formaldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) and overnight immersion in the
same fixative at 4 °C. Next, the cochleas were rinsed in
the same buffer and decalcified in 10% EDTA.2Na
(pH 7.4) at room temperature for 1 week. Decalcified
cochleas were dehydrated in an ascending ethanol series
and xylene followed by paraffin embedding. Serial sec-
tions were cut at a thickness of 8 pm along a plane paral-
lel to the central axis of the modiolus, mounted on
gelatin-coated glass slides, dewaxed in xylene and rehy-
drated in a descending ethanol series.

Sections were pre-treated with 3% Hy05 in methanol for
30 min to inhibit endogenous peroxidase activity and
washed in distilled water (30 min). Iron-containing nano-
particles were visualized using Perls’ Prussian blue method
followed by DAB intensification (Meguro et al., 2007). Incu-
bation in 1% potassium ferrocyanide [KFe(CN)g.3H20] in
1% aqueous hydrochloric acid for 30 min was followed by
several washes in distilled water (3 x 10 min). Next, the
sections were incubated in a solution containing 0.1% 3,3'-
diaminobenzidine.4HCl and 0.03% H;0, in PBS in the
dark for 10 min, followed by three washes in distilled water
(5 min each) to stop the reaction. The sections were subse-
quently mounted in Roti®-Mount FluorCare (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) mounting medium
and examined with a Leica DM5500B microscope equipped
with a Leica DFC 450C color camera. Digital images were
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Luminescence ¢

Fig. 3. Detection of bioluminescent signals emanating from the cochlea in situ and verification of injection. (A, B) Pseudocolor light emission
images of an auditory bulla after injection of HEK293-copGFP-CBG99 cells (5 x 10* cells in 10 pL PBS containing D-luciferin at a final
concentration of 15 mg/mL) directly into the internal auditory meatus. Bioluminescence is expressed as radiance (photons/second/cm?/sr). Optical
imaging of the auditory bulla after its removal from the skull demonstrates that the bioluminescent signal can pass through the tympanic membrane
(arrow) and crevices (*) in the bony wall of the auditory bulla (A). After removing part of the bony wall of the auditory bulla (B), the cochlea can be
discerned and a bright bioluminescent signal is observed at the basal cochlear turn, localized near the round window. (C) Photomicrograph of a
cleared cochlea after injection of a methylene blue solution directly into the internal auditory meatus. Myelin sheaths of the neurons in the basal and
middle turns are stained blue, allowing visualization of Rosenthal’s canal (scale bar: 1 mm).

acquired and stored using Leica Application Suite (LAS
V4.5; Leica Camera AG, Wetzlar, Germany) software.

RESULTS
Detection of Light Emanating from the Cochlea

In order to determine if it is possible to detect biolumi-
nescent signals emanating from the cochlea in situ,
HEK293-copGFP-CBG99 cells were injected into the inter-
nal auditory meatus of intact auditory bullae. A bright and
distinctly localized bioluminescent signal could be seen
passing through the tympanic membrane and crevices in
the bony wall of the auditory bulla (Fig. 3A). The signal
was observed emanating from the round window after
opening the bulla and exposing the cochlea (Fig. 3B). This
observation indicates that HEK293-copGFP-CBG99 cells,
after injection into the cochlea, retain enough luciferase
activity to yield detectable bioluminescence.

In order to confirm if cells injected into the internal
auditory meatus actually reach Rosenthal’s canal in the
modiolus, we injected cochleas with methylene blue. In
cleared specimens a distinct blue staining of the myelin
sheath of the auditory neurons was present in the basal
and middle turns (Fig. 3C).

Comparison of the Different Application Routes

Approach via the internal auditory meatus. The
auditory bullae were left in situ in the cadaver heads and
the foramen magnum was widened to allow easy access
to the internal auditory meatus. After injection of
HEK293-copGFP-CBG99 cells into the internal auditory
meatus of the right auditory bulla, a bright biolumines-
cent signal was observed in the cavum conchae of the
auricle (Fig. 4A), indicating that light generated by enzy-
matic (luciferase) conversion of D-luciferin is passing
through the tympanic membrane and the external audi-
tory meatus.

Approach via the round window: Direct injection
into the scala tympani. In this experiment, both
auditory bullae were left in situ in the cadaver heads.
After opening the auditory bulla, HEK293-copGFP-
CBG99 cells were injected through the round window
membrane directly into the scala tympani. The biolumi-
nescent signal was invariably located near the cavum con-
chae of the auricle (Fig. 4C), indicating that the light
emitted by the cochlea was passing through the tympanic
membrane and the external auditory meatus. Control
injection into the masseter muscle resulted in much less
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Fig. 4. Comparison of the different application routes. (A, B) Pseudocolor light emission images of guinea pig cadaver heads after injection of
HEK293-copGFP-CBG99 cells (5 x 10* cells in 10 pL PBS containing D-luciferin at a final concentration of 15 mg/mL) into the internal auditory
meatus. (A) Ventrolateral view of the cadaver head from the left side. Bioluminescent signal is located at the cavum conchae of the auricle.
(B) Ventral view of the same head seen from the rear. A distinct bioluminescent signal is seen emanating from the injection site, i.e., the internal
auditory meatus. (C, D) Injection of HEK293-copGFP-CBG99 cells (5 x 10* cells in 5 pL PBS containing D-luciferin) directly into the scala tympani
via the round window membrane. (C) Lateral view from the right side showing bioluminescent signal located at the cavum conchae of the auricle.
(D) Injection of transduced cells into the left masseter muscle results in a considerably lower signal, due to light absorption by tissue
chromophores. (E, F) Injection of HEK293-copGFP-CBG99 cells (5 x 10* cells in 5 uL PBS containing D-luciferin) directly into the modiolus of the
basal cochlear turn. After an initial injection in the right ear (E) followed by a second injection in the left ear (F), in both ears a bright bioluminescent
signal was invariably located near the cavum conchae of the auricle, indicating that the light emanating from the cochlea is passing through the
tympanic membrane and the external auditory meatus. Bioluminescence is expressed as radiance (photons/second/cm?/st).

bioluminescent signal, due to light absorption by tissue Approach via the round window: Direct injection
chromophores such as oxyhemoglobin, myoglobin and infto Rosenthal’s canal. Similar results were obtained
cytochromes (Fig. 4D). after injection of HEK293-copGFP-CBG99 cells through
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Fig. 5. Detection of reporter molecule expression in HFBSCs expressing copGFP-Luc2. Light micrographs showing reporter molecule expression
in cultures of transduced HFBSCs containing the copGFP-Luc2 construct. (A-C) Fluorescence microscopy: Fluorescence (A) and bright-field
(B) images of a representative area in the culture were merged and the resulting overlay (C) shows that nearly all cells express the fluorescent
reporter molecule copGFP (scale bar: 100 pm). (D-F) Bioluminescence microscopy: From the overlay (F) of the bioluminescence (D) and bright-field
(E) images it is clear that most (i.e., viable) cells express the bioluminescent reporter molecule Luc2 (scale bar: 200 pm).

the round window membrane, directly into the modiolus
of the basal cochlear turn (Fig. 4E,F). Molecular optical
imaging of the auditory bullae following their removal
from the skull demonstrated that the bioluminescent sig-
nal is passing through the tympanic membrane and crev-
ices in the bony wall of the bullae. After opening the
auditory bulla to show its internal structures, a distinct
bioluminescent signal was seen emanating from the area
near the round window, i.e., the site of injection (data not
shown; cf., Fig. 3). The finding that the bioluminescent
signal was restricted to a small area—rather than being
dispersed more widely—indicates that leakage of the fluid
after intracochlear injection does not occur.

In future transplantation experiments we aim to intro-
duce transduced stem cells into the spiral ganglion and
for that reason injection into Rosenthal’s canal is the
approach of first choice.

In vitro light-microscopical detection of reporter
molecule expression in HFBSCs with copGFP-
Luc2. Cultures of transduced HFBSCs containing the
copGFP-Luc2 construct were tested for copGFP expression
using fluorescence microscopy. Fluorescence micrographs
and the corresponding bright-field overlays demonstrate
that nearly all cells express copGFP (Fig. 5A-C).

Luc2 expression was verified by means of biolumines-
cence microscopy. Close examination of the biolumines-
cent images and the bright-field overlays reveals that the

majority of cells express the bioluminescent reporter mol-
ecule, implying that the transduced cells have retained
their viability (Fig. 5D-F).

In vitro imaging of luciferase expression in
cultures of HFBSCs with copGFP-Luc2. Luc2
emission kinetics were measured in cultures of trans-
duced HFBSCs containing the copGFP-Luc2 construct.
Quantitative measurement of Luc2 emission kinetics
demonstrates that approximately 15 min after addition of
D-luciferin the bioluminescent signal reaches its plateau
phase (Fig. 6), irrespective of the amount of cells (2.5 x
10%100 pL or 5 x 10* cells/100 pL) studied. This image
acquisition window was used in all subsequent imaging
experiments.

Cell dilution series to determine the limit of
detection. A cell dilution series was performed to
determine the limit of detection for the bioluminescent
signal using transduced HFBSCs containing the copGFP-
Luc2 construct. A bioluminescent signal of 4.3 + 0.5 X
10° photons/second was detected after round window
membrane injection of an amount of 5 x 10% cells, while
lower signals amounting to 2.0 + 0.3 x 10° and 1.2 4+ 0.3
x 10° photons/second were detected after injection of 2.5
x 10* and 1.25 x 10* cells, respectively (cf., Fig. 7A-C).
Injection of 0.5 x 10* cells did not result in a detectable
bioluminescent signal (Fig. 7D). Quantitative analysis
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detection of bioluminescent stem cells injected into an
anatomically complex structure such as the cochlea.
Whole-specimen imaging has been used to make
three-dimensional reconstructions of rodent cochleas
using digitized optical sections obtained from a variety of
fluorescence-based microscopical techniques, such as
orthogonal-plane fluorescence optical sectioning microscopy
(Voie, 2002; Hofman et al., 2009), confocal laser scanning
microscopy (MacDonald and Rubel, 2008; Kopecky et al.,
2012; Wrzeszcz et al., 2013), thin-sheet laser imaging
microscopy (Santi, 2011) and, more recently, two-photon
excitation fluorescence microscopy which uses near-infrared
excitation wavelengths (Yuan et al.,, 2010; Yang et al,,
2013). However, none of these approaches can be used in
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Fig. 6. Time course of the bioluminescent signal observed in cultures
of transduced HFBSCs. The signal of transduced HFBSCs containing the
copGFP-Luc2 construct gradually increases after addition of D-luciferin
(final concentration: 0.5 mM) and reaches its plateau phase after
approximately 15 min (red line), irrespective of the amount of plated
cells (dotted line: 5 x 10* cells; solid line: 2.5 x 10* cells) studied.
Values for each time point and cell amount represent the averaged data
sets from six wells. Bioluminescence is expressed as photon flux (ph/s:
photons/second).

shows that the threshold for bioluminescence imaging lies
between 0.5 x 10% cells and 1.25 x 10 cells (Fig. 7E).

Detection of iron-containing HFBSCs in histo-
logical sections of cochleas. Transduced HFBSCs
containing iron oxide nanoparticles could be visualized in
dewaxed histological sections of the cochlea using the
Perls’ Prussian blue method and DAB intensification
(Fig. 8A).

CopGFP-expressing cells in deparaffinized histological
sections of the cochlea showed a green-fluorescent signal.
However, most probably due to formaldehyde fixation,
several cochlear structures (bony capsule and bony modio-
lus) and tissues (e.g., spiral ganglion cells and myelin
sheaths of the auditory neurons) showed a high cellular
autofluorescence in the same range of the spectrum, at
which copGFP emits light (Fig. 8B). Therefore, our strat-
egy to load the transduced cells also with iron oxide nano-
particles proved to be prudent. Immunohistochemical
detection with specific antibodies to copGFP was there-
fore not necessary.

DISCUSSION

The objective of this study was to investigate if visuali-
zation of exogenous stem cells within the intact guinea pig
cochlea, using molecular optical imaging, is feasible for
future in vivo stem cell transplantation experiments. To
the best of our knowledge, this is the first study that has
been undertaken to detect luciferase-expressing cells in
the intact cochlea of guinea pigs using bioluminescence
imaging. Although other authors have tracked green-
fluorescent stem cells in histological sections of the cochlea
from various rodent species using fluorescence microscopy
(Regala et al.,, 2005; Hu and Ulfendahl, 2006; Sekiya
et al., 2006; Bogaerts et al., 2008; Ogita et al., 2009;
Kasagi et al., 2013), the present study is the first that uses
molecular optical imaging for the non-destructive in situ

sedated animals as they require post-mortem removal of
the cochlea from the auditory bulla and rigorous prepara-
tory steps, involving chemical fixation, decalcification,
dehydration and clearing. Non-destructive or minimally
invasive in vivo imaging modalities—such as fluorescence
intravital microscopy (Shi et al., 2014), fluorescence micro-
endoscopy, optical coherence tomography (Tona et al.,
2014), and magnetic resonance imaging—can be used to
study cochlear blood flow and anatomy in sedated animals,
but do not allow real-time tracking of cells in living ani-
mals. However, recent studies have shown that biolumines-
cence imaging is a valid and efficient imaging technique, in
particular in small rodents (Kanzaki et al., 2012; Meltser
et al., 2014; Kanzaki et al., 2015; Park et al., 2016).

Our results demonstrate that light emanating from the
cochlea can be detected using bioluminescence imaging.
We assume that the light does not penetrate the bony cap-
sule of the cochlea nor the thick bone of the auditory bulla,
but emanates from the round window membrane and is
then reflected by the inner wall of the bulla and escapes
through the tympanic membrane and the external audi-
tory meatus. The spatial resolution of bioluminescence
imaging is 3-5 mm with a penetration depth of 1-3 cm
(Massoud and Gambhir, 2003; Shah and Weissleder,
2005). The distance from round window to tympanic mem-
brane in the guinea pig measures approximately 2 mm,
whereas the distance from the round window to the distal
end of the bony part of the external auditory meatus is
approximately 5 mm (Voie, 2002). The external auditory
meatus, measured from its proximal end at the tympanic
membrane to its distal opening, i.e., cavum conchae,
including the bony and cartilaginous walls, is approxi-
mately 4.45-7.45 mm long, with an average length of
5.77 mm (Wysocki and Sharifi, 2005). These considerations
suggest that fluorescence imaging with a spatial resolution
of 2-3 mm and a penetration depth of only 5~7 mm (Shah
and Weissleder, 2005) cannot be used to visualize cells in
the cochlea of guinea pigs. Moreover, it should be empha-
sized that not only is penetration depth a limiting factor,
but also absorbance of light due to tissue chromophores,
such as oxyhemoglobin, myoglobin and cytochromes, may
result in a reduction of photon yield at or near the site of
injection (cf:, Fig. 4B).

Bioluminescence imaging is a highly sensitive tech-
nique, detecting amounts of the reporter molecule as low
as 10715-107'" M (Zhao et al., 2010). In contrast, fluores-
cence imaging detects reporter molecule amounts that
are in the range of 107°-107'2 M (Zhao et al., 2010). Also
in favor of bioluminescence is its signal-to-noise ratio
which is high for luciferase-based systems, but low for
fluorescent proteins (Choy et al., 2003; Zhao et al., 2010).
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Fig. 7. Cell dilution series. (A-D) To determine the amount of transduced HFBSCs (containing the copGFP-Luc2 construct) needed to reach signal
threshold for bioluminescence imaging a cell dilution series was performed. Bioluminescence is expressed as radiance (photons/second/cm?/sr). Cells
were resuspended in PBS at a concentration of 1 x 10° cells/100 pL followed by addition of D-luciferin (final concentration: 15 mg/mL). Different
amounts of cells were injected into the modiolus of the basal cochlear turn in the right ear. A bright bioluminescent signal was seen after injection of
5 x 10* cells (A). Considerably lower signals were detected after injection of 2.5 x 10* cells (B) and 1.25 x 10* cells (C). Injection of 0.5 x 10* cells
(D) did not result in a detectable bioluminescent signal. (E) Quantitative measurement of the bioluminescent signal shows that the threshold for
bioluminescence imaging lies between 0.5 x 10* cells and 1.25 x 10 cells. Bioluminescence is expressed as photon flux (ph/s: photons/second).

Furthermore, as a result of codon optimization, the click beetle luciferase CBG99 (Mezzanotte et al., 2013)
expression of Luc2, is considerably higher than that of and its spectrum of emission is more red-shifted, thus
the commonly used wild-type firefly luciferase. In vivo, its allowing injection of a 10-fold lower amount of cells,
photon yield is higher than that of the green-emitting i.e., 10° cells instead of 10° cells.
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Fig. 8. Perls’ Prussian blue staining of transduced HFBSCs containing
ferumoxytol. Histochemical visualization of non-heme iron in transduced
HFBSCs containing iron oxide nanoparticles (ferumoxytol) using the
method with DAB intensification. Dark brown precipitates represent the
presence of intracellular iron accumulations. (A) Iron accumulations in
transduced iron-containing HFBSCs (arrows) after injection into the scala
tympani (ST) of the cochlea. The spiral ganglion (SG) does not contain
iron accumulations. (B) Same section, but with overlay of grayscale
bright field image with the green-fluorescent signal, demonstrating that
iron-containing HFBSCs also express copGFP (arrows). However, spiral
ganglion cells, myelin sheath, bone matrix, and erythrocytes (¥)
demonstrate autofluorescence at the same wavelengths. (C) Iron
accumulations in transduced HFBSCs in culture dishes after uploading
with ferumoxytol nanoparticles. (D) Transduced HFBSCs (control) that
have not been uploaded with ferumoxytol nanoparticles do not
demonstrate any intracellular deposits after treatment with the Perls’
Prussian blue method and DAB intensification (scale bar: 100 pm).

Temporal resolution of bioluminescence imaging is in
the range of minutes, with average image acquisition
times of 10 min (Choy et al., 2003). With the settings as
used in our study, the bioluminescent signal reaches pla-
teau phase approximately 10—15 min after addition of D-
luciferin to the cell suspension. The plateau phase lasts
for approximately 30—40 min. This allows data and image
acquisition within a temporal window during which sig-
nal emission remains stable. Nevertheless, it should be
emphasized that luciferase emission kinetics after injec-
tion of the luciferin-containing cell suspension in the
cadaver head will be different from that after intravenous
or intraperitoneal injection of D-luciferin alone in a living
animal.

In small animals, such as mice and rats, D-luciferin at
a dose of 150 mg/kg is typically used and this is adequate
for bioluminescence imaging of most organs. However,
higher concentrations of D-luciferin resulting in higher
signal emission (Aswendt et al., 2013) and new luciferase
substrates (e.g., CycLucl) to maximize photon emission
(Evans et al., 2014) have been recently used to improve
bioluminescence imaging in specific applications. In the

guinea pig, we cannot inject D-luciferin by means of intra-
venous injections—because of the absence of a tail
(vein)—and shall have to resort to other application
routes, such as intraperitoneal injection. In future in vivo
experiments, longitudinal monitoring of grafted stem cells
requires repeated bioluminescence imaging sessions in
the same individual and, hence, repeated injections with
D-luciferin. For that purpose, D-luciferin can be applied
either via repeated middle ear instillation—as used by
Kanzaki et al. (2012) to demonstrate GFAP-expressing
cells in cochleas of transgenic GFAP-Luc mice—or chroni-
cally by means of an osmotic minipump with a large infu-
sion reservoir or by repeated intraperitoneal injections.

The advantage of using the construct coding for Luc2
and copGFP is that both proteins are translated as single
proteins in an equimolar ratio as a result of co-translational
cleavage (“ribosome skipping”) mediated by the T2A-like
sequence in the bicistronic construct (Szymczak and Vig-
nali, 2005). Efficiency of transduction can then easily be
estimated by using fluorescence microscopy.

We have chosen for copGFP, as it has a higher photon
yield as compared to other naturally occurring fluorescent
proteins and because of the varied availability of anti-
bodies against this protein, enabling post-mortem immu-
nohistochemical demonstration of injected cells in
histological sections.

Alternatively, injected stem cells containing iron oxide
nanoparticles (e.g., ferumoxytol) can be detected in histo-
logical sections using the Perls’ Prussian blue method
with DAB intensification. With this method we were able
to identify ferumoxytol-containing HFBSCs after injection
in the scala tympani, avoiding autofluorescence of
cochlear tissues. However, we did not find iron-containing
HFBSCs within the spiral ganglion in histological sec-
tions of the cochleas. Apparently, proper engraftment of
cells into the modiolus was not achieved, since we
injected the cells in non-viable tissue of guinea pig
cadaver heads. We cannot conclude other than that most
cells got flushed out during injection and subsequent tis-
sue fixation and processing steps. In addition, we expect
that iron oxide-containing cells will be easily detectable
in living animals by means of magnetic resonance imag-
ing (¢f. Schomann et al., 2016). However, the aim of this
study was to visualize luciferase-expressing cells within
the intact guinea pig cochlea, and in this we succeeded.

In this study, we have used guinea pig cadavers, but we
are confident that the transduced cells will also express a
high level of bioluminescence in a living animal. This is
supported by the in vitro finding that transduced HFBSCs
express luciferase activity after multiple proliferation
cycles over a period of 15 weeks (Schomann et al., 2016),
which makes us confident to assume that these cells are
capable to retain their ability to express luciferase after
cochlear injection in living animals. For implantation pur-
poses, the number of cells that is injected into the cochlear
modiolus varies between 5 x 10* and 2 x 10° (Corrales
et al., 2006; Ogita et al., 2009; Chen et al., 2012). Our cell
dilution experiment shows that the limit of detection for
bioluminescence of the transduced HFBSCs is between 0.5
x 10* and 1.25 x 10* cells after injection into Rosenthal’s
canal in the basal turn of the cochlea. Based upon an ini-
tial amount of 2 x 10° cells, this would mean that approxi-
mately 5% of the population of grafted cells would suffice
for detection. However, one may ask if such a low percent-
age of surviving cells may ultimately result in a sufficient
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degree of regeneration, taking into account the massive
amount of cell debris and dead cells. This will be studied
in a series of stem cell transplantation experiments in liv-
ing, deafened guinea pigs.

In conclusion, this feasibility study demonstrates that
bioluminescence imaging enables visualization of
luciferase-expressing, exogenous stem cells in the intact
guinea pig cochlea.
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