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Abstract

Current putative regeneration oriented studies express possible role of stem cell based implanta-
tion strategy in the restoration of fundamental perception of hearing. The present work utilizes a
rat auditory nerve (AN) directed transplantation of human neural progenitor cells (HNPCs) as a
cell replacement therapy for impaired auditory function. Groups of S-bungarotoxin induced audi-
tory function compromised female rats were used to transplant HNPCs in the nerve trunk. In the
treatment groups, brain derived neurotrophic factor (BDNF), peptide amphiphile nanofiber bioac-
tive gel (Bgel) and Chondroitinase ABC (ChABC), a digestive enzyme that cleaves the core of chon-
droitin sulphate proteoglycans, were added along with HNPCs while the control groups were with
PA inert gel (Igel) and devoid of ChABC. Six weeks post transplantation survival, migration, and
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differentiation of HNPCs were studied and compared. The groups treated with BDNF and Bgel
showed improved survival and differentiation of transplanted HNPCs while the ChABC treated
group showed significant migration of HNPCs along the AN and elongation of neuronal fibers along
the nerve towards the cochlear nucleus (CN) which was characterized by immunocytochemical
markers for human Nuclei (HuN), human mitochondria (HuM) and neuronal S-tubulin (Tuj1).
These findings show that addition of BDNF and ChABC consisted Bgel environment facilitated
HNPC survival, migration and differentiation along the transplanted rat AN towards the CN. This
transplantation strategy provides unique experimental validation for futuristic role of cell based
biomaterial consisted neurotrophic factor application in clinically transferable treatment of sen-
sorineural hearing loss (SNHL) along with cochlear implants (CI).
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1. Introduction

Hearing loss of sensory neural origin contributes to the most of deafness related clinical cases worldwide [1] [2].
Auditory sensory structures like hair cells (HC) and spiral ganglion neurons (SGN) are the primary important
structures for hearing which are lost due to acoustic trauma, infectious reaction, effect of ototoxic drugs or aging
process [3]. Neural prostheses like cochlear implant (CI) or brain stem implant (BSI) utilize the mechanism of
electrical stimulation of primary auditory neurons of cochlea [4]-[7]. These implants have provided some degree
of improvement in the hearing ability but the effects are variable in terms of speech recognition and language
orientation. The auditory sensory hair cells and neurons also undergo progressive irreversible degeneration and
this process eventually leads to deafness [8]. Other than the loss of these sensory structures, any damage to the
auditory nerve also leads to a variable degree of hearing loss throughout the hearing process [9]. So to salvage
these structures from irreversible damage or to regenerate these lost sensory structures, various strategies have
been tried or are in experimental trials. Cell transplantation strategy is one of the alternatives which shows
promise to counteract the irreversible loss of auditory hair cells, neurons or damage to the auditory nerve [10]
[11]. A primary objective is to deliver the putative cells into the ear, usually inner ear with minimal changes in
the internal physiological setting. Although the inner ear is a specialized complex structure which lies very deep
and it is very difficult to reach a specific area within, it has been possible to implant these cells strategically in
different areas of inner ear, organ of corti or auditory nerve as well [12].

Stem cells have created considerable interest in the scientific community to investigate their role in cell based
treatment for deafness, because of their ability to restore or regenerate damaged cells and tissues in the human
body [13] [14]. Since these cells are multi-potent or pluri-potent they can give rise to any cell type in the body
and their cell expansion and specialization can be channelized with the internal cues like growth factors. So the
intrinsic stem cells from the inner ear or stem cells from extrinsic source, which could be transplanted into the
ear, are being looked at and being tried to regenerate hair cells and primary neurons to replace those that have
been lost [15] [16]. Attempts have been made to implant stem cells in the inner ear or auditory nerve in the ani-
mal models with significant success [13] [17]. Since auditory neuronal degeneration to some degree occurs be-
cause of depletion of endogenous neurotrophic support, use of growth factors along with the stem cells has been
relinquished for further expansion of these cells inside the body [18]. Thus stem cell implantation strategy, al-
though in primitive stage, has been looked upon as the next promising therapy to restore hearing that could be in
clinical use in near future. Taking into consideration the inadequate nature of endogenous regeneration ability or
availability of the auditory precursor cells [19], some of the exogenous cell candidates and related approaches
have been tried that could be beneficial in survival and differentiation of these implanted cells [20] [21]. Conse-
quently, this will be helpful in the regeneration of sensory structures and could aid in treatment of the deafened
auditory system.

Considering the fact that there is an irreversible loss of the sensory structures in the human ear, neural pros-
thetic devices have been developed and are being used as implants at the cochlear and brainstem levels to
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process the sound and convert it into electric signals for further processing in the higher brain loci [22]. The CI
is surgically implanted and the electrodes stimulate the SGNs to further process the auditory signals to the brain,
while the ABI has electrodes surgically implanted directly into the brain stem. The CI is mostly used to stimu-
late the SGNs in the cochlea while the ABI is used to stimulate the cochlear nucleus located in the brain stem.
The CI is mostly favored in the cases where the auditory nerve function is intact while those who have auditory
nerve damage would be benefited with an ABI directly stimulating the cochlear nucleus. The CI offers a quite
effective speech recognition and discrete sound recognition ability in settled hearing conditions [23]. Most of the
patients can hear well with CI but the maintenance of the hearing ability is dependent on the functional integrity
and sustainability of the CI. On the other hand, the ABI is used when there is actual auditory nerve damage and
deafness can be corrected to some respect with stimulation of auditory nucleus of the brain stem. The lack of re-
liability of consistent performance and inter patient variability of these implants is giving well defined hearing
function for longer duration hinder their success as the lone treatment for deafness. Due to the drawbacks and
inability of these implants, strategies of cell based regeneration of auditory sensory structures are making ways
to the basic auditory research with the hope to make it to the clinical practice in near future.

Although treatment of neurodegenerative diseases with the help of stem cells is still in its primitive stage [24],
cell based transplantation strategy provides a unique opportunity to study the regenerative aspect of degenerated
nerve associated animal models. Traumatized or damaged auditory nerve related impaired hearing investigation-
al cases provide such an interventional opportunity to assess the irreversible loss of sensory structures like the
bipolar SGNs in the inner ear. Such loss of these sensory structures eventually leads to a complete loss of AN
related hearing function in these patients [9] and this central nervous system (CNS) related functional loss can-
not be corrected or recovered with the use of an external prosthetic device like CI [25]. The reason being that
these implanted devices need intact sensory structures and a functional AN to conduct electrical signals gener-
ated through the sensory structures in the PNS and transmit them to cochlear nucleus in the CNS. Although the
BSIs are being tried as a treatment for hearing impairment of central origin, the outcome has not been consistent
and satisfactory for the patients [26]. This has led to an experimental thought process to find and implement a
much improved and different approach that would have a better outcome in terms of hearing function. Therefore,
regeneration of the lost sensory structures with the help of embryonic or progenitor stem cells has been tried as
an experimental strategy to restore hearing function. We have also followed a similar path and have showed that
the mouse tau-green fluorescent protein (GFP) embryonic stem cells (ESC) as well as HNPCs in in-vitro slice
culture settings have shown ability to survive, differentiate and integrate towards CN [27] [28] when trans-
planted in-vivo into the auditory nerve of a deafened rat, they showed survival and migration into the CN along
with differentiation [29]. This suggests that this implantation strategy can be utilized as a model to further inves-
tigate other cell candidates and their ability to restore hearing function.

To restore the hearing function these implanted cells need to have a good survival rate and also would need to
differentiate or develop into well functioning auditory neuronal units to conduct electrical signals. Our previous
studies involving mouse Tau-GFP cells showed promising results with these aspects [29]. Also, it has been
shown previously that the human neural stem cells can be derived from the auditory nerve sensory structures
like SGNs and can be cultured in vitro [30]. Therefore, we wanted to evaluate similar parameters of human ori-
ginated stem cells in in-vivo transplantation to further strengthen our experimental strategy focusing towards
clinical goal. We utilized HNPCs which have ability to develop into neurons or glial cells with the cue of proper
trophic factors and show well regulated axonal and dendritic outgrowth. Various studies deriving these cells
from embryonic or adult tissues have shown that these cells can be directed to give rise to cells having neuronal
phenotype with the help of exogenous addition of different neurotrophic factors like brain derived neurotrophic
factor (BDNF), glial cell derived neurotrophic factor (GDNF) and neurotrophin-3 (NT-3) etc. [31]. This funda-
mental development and maintenance of these cells have been tried and tested in number of neurodegenerative
disease animal models and have demonstrated a great deal of success in forming the CNS cellular phenotypes
and expressing related signaling characteristics [32]. The HNPCs that are used in the present study have been
well described previously. We have previously established a rodent model of selective AN lesion [33] and have
injected HNPCs along with a PA Bgel only or with BDNF added in the Bgel [29]. This Bgel is a nanofiber gel
consisting of self-assembling PA molecules designed to present the laminin epitope isoleucine-lysine-valine-
alanine-valine (IKVAV) to the transplanted cells that promote neurite growth and this gel has also shown to in-
hibit astrocyte formation [34]. The mouse Tau-GFP ESCs were shown to benefit when added to these gels and
differentiate into neurons. Furthermore, in previous studies it has been suggested that the transitional zone (TZ)
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along the AN works as a myelin-astrocyte barrier and prevents the migrating cells or regenerating nerve fibers to
penetrate the oligodendrocytes protected CNS from the Shwann cells designated PNS for further electrical
communication [35]-[37]. It has been demonstrated previously that ChABC is an enzyme that cleaves the core
chondroitin sulfate proteoglycan (CSPG) and is a major component of extracellular matrix that helps permeabil-
ize the TZ to facilitate the migration or penetration of nerve fibers towards the CNS [38] [39]. Furthermore,
ChABC has also been shown to have ability to prevent glial scars and to enhance remyelination. So we added
ChABC as one more component along with BDNF and Bgel to the transplanted HNPCs to evaluate the ability of
these cells to survive, migrate, differentiate and make connections to the CNS. In the previous study, we allowed
these transplanted HNPCs a survival time of three weeks, after which we evaluated the viability of these cells.
Similarly, this study was allowed to carry on for a longer survival period of six weeks. This was done to eva-
luate the developmental ability of these cells, over a longer duration of survival, to regenerate functional sensory
auditory structures and to further evaluate efficiency of these cells to grow neurites and make connections cen-
trally by passing the TZ. This would contribute to the fundamental aspect of functionality of these regenerated
auditory sensory structures aiding the ability of CI to perform better over a longer period preventing sensori-
neural hearing loss.

2. Materials and Methods
2.1. Generation and Expansion of the Human Neural Precursor Cell Line

The human neural precursor cell line used for this study was originally established by L. Wahlberg, A. Seiger,
and colleagues at the Karolinska University Hospital (original work with the cell line is described in [40] and
was kindly provided to us via Prof. A. Bjorklund (Dept. Exp. Med. Sci., Lund University, Sweden). The HNPC
cell line was derived from a forebrain tissue of a 7-week old (post conception) human embryo. The HNPCs were
cultured in DMEM-F12 medium (Invitrogen) supplemented with 2.0 mM L-glutamine (Sigma), 0.6% glucose
(Sigma), N2 supplement (Invitrogen) and 2.0 pug/ml heparin (Sigma) and grown as free floating clusters (neu-
rospheres). The growth factors, human basic fibloblast growth factor (hbFGF, 20 ng/ml; R&D Systems), human
epidermal growth factor (hEGF, 20 ng/ml; Invitrogen) and human leukemia inhibitory factor (hLIF, 20 ng/ml;
Sigma) were added every 3 - 5 days to the culture. The neurospheres were passaged by mechanical dissociation
every 7 - 10 days and reseeded as single cells at a density of 1 x 10° cells/ml. Cells used in the study were pas-
saged 7 - 11 times [41].

2.2. Experimental Animals

All animal experiments followed the national approved protocol for care and use of animals in Sweden (N3/11;
N4/11). Young adult female Sprague Dawley rats (200 - 250 gm body weight) were housed in groups under a 14
hr light: 10 hr dark lighting schedule and permitted free access to standard rat chow and water. Preoperative
otoscopic examinations were performed to exclude any visible middle ear infection.

2.3. Deafening of Animals

All the animals were deafened by an application of s-bungarotoxin (8-BuTx, Alexis Biochemicals) to the round
window niche as described previously [33]. In brief, after i.p. (intra peritoneal) anesthesia with xylazine (10
mg/kg i.p.) and ketamine (50 mg/kg i.p.) the round window niche was exposed by a retro auricular incision. 5 pl
of g-BuTx (0.05 pg/ml) was absorbed on a piece of gel foam and applied to completely fill the round window
niche. A piece of fascia was placed to cover the hole in the bulla and the wound was stitched closed. The ani-
mals were allowed to recover for three weeks until further surgical procedures were performed.

2.4. Cell Implantation

The surgical approach for the injections to the auditory nerve trunk by the intraauditory meatus (IAM) (Figure 1)
has been previously described [29]. In brief, all the animals were anaesthetized with an i.p. injection of a mix-
ture of Ketalar© (50 mg/kg) and Rompun© (10 mg/kg) and the skull was put in a fixed position with the aid of a
stereotactic frame. Under a surgical microscope an incision was made through the skin and underlying soft tis-
sue. Using a drill, a hole was made in the sub-occipital bone and the underlying dura was opened and reflected
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towards the edge of the hole. The cerebellar hemisphere was retracted medially to reveal the auditory nerve en-
tering through the IAM. For injections, a 30-gauge needle (Hamilton, Switzerland) attached to a 10-pl micro-
syringe (Hamilton, Switzerland) was mounted to the stereotactic frame. The needle was positioned above the
auditory nerve trunk with an angle of the tip adjusted towards the IAM. The needle was then lowered into the
auditory nerve trunk by the use of a micromanipulator. A total volume of 5 pl containing the cells at a concen-
tration of approximately 1 x 10° cells/ml in medium either alone or along with different adjuvants according to
the treatment groups as depicted in Table 1, was injected into the nerve trunk over a period of 1 minute. After
injection the needle was left in place for 10 minutes, and then the wound cavity was filled with sterile saline. A
piece of fascia was used to cover the hole in the dura and occipital bone. The wound was sutured in layers and
stitched closed. Following the surgery and removal from the stereotactic frame, the animals were given subcu-
taneous injections of 3 ml saline for rehydration and 0.2 ml Temgesic© (0.3 mg/ml) for pain relief and were
placed in a warm cage to recover before being transferred to the home cage. To prevent postoperative infection
and immune response rejection, all the animals received daily doses of tetracycline (1.8 mg/ml, i.p.) and cyc-
losporine (4.2 mg/ml, i.p.). Sham surgery was done consisting of medium injected by the IAM. In all the ani-
mals, cells were injected together with 5 ul of culture medium containing supplementary BDNF (0.001 mg/ml)
The treatment groups received additional BDNF (10 mg/ml), ChABC (200 U/ml) or BDNF/ChABC mixed in
1% IKVAYV peptide amphiphile (PA) nanofiber bioactive hydrogel (Sequence: C16-VVAAEEEEGIKVAYV) or
inert control VVIAK PA gel (Sequence: C16-VVAAEEEEGVVIAK) (Nanotope, USA) [34]. Also, 5 ul of the
BDNF/ChABC saturated hydrogel was applied around the injection site.

AVCN
PVCN \/,,/\
DCN BS

Figure 1. Schematic showing transplantation strategy in injecting
HNPCs into a rat auditory nerve trunk through an 1AM using a cerebro
pontine angle. Abbreviations: AN, auditory nerve trunk; AVCN, ante-
rior ventral cochlear nucleus; BS, brain stem; CPAC, cerebro pontine
angle; DCN, dorsal cochlear nucleus; HC, hair cells; 1AM, internal
auditory meatus; PVCN, posterior ventral cochlear nucleus; SGN,
spiral ganglion neurons; TB, temporal bone.

Table 1. Treatment paradigm for the implantation of cells and modulatory factors into the rat AN. All the animals were dea-
fened with -bungarotoxin treatment prior to transplantation and then divided into 7 different treatment groups for transplan-
tation of HNPCs into the rat AN. Along with these treatment groups sham operated control animals were devoid of HNPCs
and received just the medium to the AN. The following combinations of modulatory factors were added along with HNPCs
for the rat AN directed transplantation and also applied to transplantation site adjacent locations.

Groups Cells Inert PA gel Bioactive PA gel BDNF ChABC
1 HNPC - - - -
2 HNPC + - - -
3 HNPC - + - -
4 HNPC + - + -
5 HNPC - + + -
6 HNPC + - + +
7 HNPC - + + +

BDNF, brain derived neurotrophic factor; ChABC, chondroitinase ABC; HNPC, human neural progenitor cells; PA, peptide amphiphile.
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2.5. Immunofluorescence Histochemistry

After 6 weeks of survival, all the rats were sacrificed by an overdose of pentobarbital (60 mg/ml, i.p.) and tran-
scardially perfused with warm 0.9% saline followed by ice-cold 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffered saline (PBS). The cochlea, the auditory nerve and the part of auditory BS were carefully removed
en bloc. The specimens (cochlea plus auditory nerve including the brain stem) were dissected out and a small
hole was used for PFA perfusion (initially 4% and then 0.5%) into the cochlear apex. The cochlear specimens
were decalcified in ethylene diamine tetraacetate (EDTA) for seven days. After decalcification, the specimens
were placed in 20% sucrose solution for 24 hours and were embedded and frozen in OCT Compound (Tissue-
Tek; Sakura Finetek, Torrance, CA, USA). The specimens were oriented and cryosectioned using neuroanatom-
ical landmarks depicted in “The rat brain in stereotaxic coordinates” (G. Paxinos and C. Watson, Elsevier 2005)
as a guide. Consecutive 12 pm thick sections were collected over approximate intervals of —=9.00 mm to —11.28
mm relative to bregma in order to obtain suitable mid-modiolar sections containing the cochlea, auditory nerve
and the brain stem (BS) as a continuum. The sections were then mounted on glass slides and washed with 0.1 M
PBS. After stringent washing with PBS the sections were preincubated for 30 min with 5% bovine serum albu-
min (BSA) in PBS. The sections were subsequently incubated for 48 h at 4°C with a cocktail consisting of rabbit
polyclonal g-tubulin (Tujl) (1:500; Covance Research Products, Berkeley, CA, USA) and mouse monoclonal
human nuclei (HuN) (1:200; Millipore, Temecula, CA, USA) or mouse monoclonal human anti mitochondrial
(HuM) (1:200, Millipore, Temecula, CA, USA) antibodies diluted in PBS containing 0.2% Triton X-100. Fol-
lowing incubation the samples were rinsed with PBS and incubated subsequently with goat-anti rabbit Cy3
(1:200) and Alexa Fluore 488 goat-anti mouse (1:500; Invitrogen) antibodies for 90 min each. Omission of the
primary antibody served as negative control. Cell nuclei were stained with 4, 6-diamidino-2-phenylindole
(DAPI). After subsequent washings with PBS, the sections were coverslipped using ProLong Gold antifade
agent (Invitrogen). The specimens were visualized and photographed using a fluorescence laser scanning con-
focal microscope LSM 700 equipped with a digital camera (Zeiss). The images were acquired and processed
using Zen 2010 software (Carl Zeiss, Microlmaging GmnH, Release version 6.0). For each animal, random
blind replicate counts were performed at a magnification of 40x. The number of implanted cells was defined as
the number of cell profiles with co-expression of HuN and DAPI. For unbiased quantifications, a random start-
ing section was selected from the 20 - 30 sections from each specimen. The cellular profiles were quantified in
every third section until a total of nine sections were reached, ideally giving at least 100 profiles quantified for
each specimen. Since the average diameter of the profiles quantified was 15 pm this procedure avoided double
counting of profiles. During the quantification process each and every analyzed section was subdivided into
small fields out of which a selection of fields were analyzed in a regular fashion, each field being equivalent to
the optic field in the microscope. The number of cells in each field was multiplied by the total number of fields
in the evaluated section. In order to get an estimate of the total number of cells, the number of cellular profiles
counted was multiplied by nine. HuN-immunopositive cells were defined by filling of nuclear compartment or
HuM-immunopositive cells were defined by coverage of axonal or dendritic mitochondrial transport respective-
ly by Alex Fluor 488 emitted light while Tujl-immunopositive cells were characterized by Cy3 emitted light;
duel labeled cells were characterized by superimposition of Alex Fluor 488 and Cy3 emissions labeling respec-
tive antigens.

3. Statistical Analysis

All the results were expressed as the mean * the standard error of the mean (SEM). The mean values were com-
pared between the treatment groups by one-way ANOVA followed by Tukey’s HSD test. Differences of p <
0.05 were considered significant.

4. Results

4.1. Survival and Location of the Implanted HNPC Cells

The data in Figure 2 show that mean numbers of survived HuN-ir-positive cells were not different between the
control groups injected with HNPCs only versus HNPCs along with inert gel [HNPC + Igel] in any auditory
sensory structural area evaluated 6 weeks after transplantation of HNPCs. The BDNF treatment in inert gel
[HNPC + Igel + BDNF] increased mean counts of HuN-immunolabeled cells in the AN, while BDNF along
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Figure 2. Effects of BDNF and ChABC treatment in the presence or absence of bio-
active PA gel on the mean survival numbers of HuN-immunopositive HNPCs in cha-
racterized auditory loci in the female rats. n = 5, Significant differences between
treatments: *P < 0.05, compared to HNPC + BioactiveGel + BDNF + ChABC; bp <
0.05, compared to HNPC + BioactiveGel + BDNF; °P < 0.05, HNPC + InertGel +
BDNF + ChABC. Abbreviations: BDNF, brain derived neurotrophic factor; Bgel,
bioactive peptide amphiphile gel; ChABC, chondroitinase ABC; HNPC, human neur-
al progenitor cells; Igel, inert control peptide amphiphile gel.

with bioactive gel [HNPC + Bgel + BDNF] significantly increased mean counts of HuN-immunolabeled cells
along AN proximal to CN and into the CN areas, relative to the HNPC only and HNPC + Igel controls. Follow-
ing addition of ChABC in inert gel [HNPC + Igel + BDNF + ChABC] numbers of HuN-containing cells in the
AN proximal to CN were comparably increased similar to the [HNPC + Igel + BDNF] group while ChABC
along with bioactive gel and BDNF [HNPC + Igel + BDNF + ChABC] treatment group showed marked increase
in numbers of HUN-containing cells in the AN proximal to CN area as well as into the CN as compared to all the
control and other treatment groups. The data show that, as the treatment accompanied the biomimetic factors
there was significantly higher cell survival observed 6 weeks post transplantation. Also the cells showed com-
plete migration from the site of transplantation towards the BS and the location of the cells was seen mainly
along the AN area in proximity to the CN or converging towards the CN and in the CN which can be seen from
Figure 3.

4.2. Differentiation of Survived HNPCs

Figure 3 illustrates representative patterns of staining for nuclear HuUN-ir-positive cells, Tujl-ir-positive neuron-
al cells and colocalization of HuN and Tujl in the AN area proximal to CN and into the CN for the treatment
group HNPC + Bgel + BDNF after 6 weeks of survival period. There was significant increase in the number of
surviving HNPCs along with their Tuj1 positive neuronal immunoreactivity as compared to the HNPCs only and
HNPC + Igel control groups as well as HNPC + Igel + BDNF group. The surviving cells showed a greater pop-
ulation in AN area in close proximity to CN moving towards the CN, along with the characteristics of neuronal
phenotype showing differentiation.

Figure 4 shows that the mean numbers of survived HuN-ir-positive cells colocalized with Tuj1-ir-positive
neuronal structures were not different between control groups injected with HNPCs only versus HNPCs along
with inert gel [HNPC + Igel] in any auditory sensory structural area evaluated 6 weeks after transplantation of
HNPCs. The BDNF treatment [HNPC + Igel + BDNF] significantly increased mean counts (50% of total sur-
vived) of HuN and Tujl-ir-coimmunolabeled cells in the AN while bioactive gel along with BDNF [HNPC +
Bgel + BDNF] increased mean counts (60% of total survived) of HUN and Tujl-coimmunolabeled cells in the
AN and CN, relative to the HNPC only and HNPC + Igel controls. Following addition of ChABC [HNPC + Igel
+ BDNF + ChABC] numbers of HUN and Tujl immmunolabel containing cells in the AN were comparably in-
creased (45% of total survived) similar to the [HNPC + Igel + BDNF] group while [HNPC + Igel + BDNF +
ChABC] treatment group showed marked increase in numbers (71% of total survived) of HuN-Tujl colocalized
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/HuUN

Figure 3. Representative macroscopic histological images showing survival and
migration of the regenerated structures towards CN, 6 weeks post transplantation
of HNPCs along with BDNF and Bgel into the rat AN. Upper panels depict repre-
sentative patterns of immunostaining for Tujl ir-positive HNPCs along the AN
and CN (A, panoramic view, at 5x magnification with scale bar of 400 um (yel-
low) and lower panels depict representative patterns of immunostaining at 10x
magnification with respective colored scale bars of 100 um for DAPI nuclear
staining (B) (blue), Tujl neuronal staining (C) (red), HuN nuclear staining (D)
(green), DAPI + Tujl + HuN co-expression (E) (yellow). Rectangle (white) indi-
cates selected area of illustration. Arrows indicate that HNPCs are colabeled for
Tujland HuN (orange) and single labeled for HuN alone (green). Abbreviations:
AN, auditory nerve; BS, brain stem; CN, cochlear nucleus; CO, cochlea.

Human Neural Progenitor Cell Differentiation
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Figure 4. Effects of BDNF and ChABC treatment in the presence or absence of
bioactive PA gel on the mean numbers of differentiated HuN-plus Tuj1 ir-positive
HNPC derived neuronal structures in characterized auditory loci in the female
rats. n = 5, Significant differences between treatments: ?P < 0.05, compared to
HNPC + BioactiveGel + BDNF + ChABC; °P < 0.05, compared to HNPC + Bio-
activeGel + BDNF; °P < 0.05, HNPC + InertGel + BDNF + ChABC. Abbrevia-
tions: BDNF, brain derived neurotrophic factor; Bgel, bioactive peptide amphi-
phile gel; ChABC, chondroitinase ABC; HNPC, human neural progenitor cells;
Igel, inert control peptide amphiphile gel.

neuronal cells in the AN as well as CN as compared to all the control and other treatment groups. The data show
that the development of these cells towards a neuronal lineage with characteristic differentiation of the processes
thereafter was seen in more numbers when the cells were implanted accompanied with the external modulatory
internal physiological milieu mimicking factors.
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Figure 5 portrays representative patterns of staining for nuclear HuN-ir-positive cells, Tujl-ir-positive neu-
ronal cells and colocalization of HUN and Tujl in the AN and CN for the treatment group HNPC + Bgel +
BDNF + ChABC after 6 weeks of survival period. ChABC treatment significantly increased number of surviv-
ing HNPCs and also duel immunolabeling for HUN and Tujl as compared to HNPCs only and HNPC + Igel
control groups and other treatment groups. Significantly large number of surviving cells was observed in AN
area proximal to CN and moving into the CN showing neuronal phenotypic characteristics along with differen-
tiation.

4.3. Sprouting of Axonal or Dendritic Extensions

Data in the Figure 6, show that the mean numbers of Tuj-1-ir-positive and HuM-ir-positive neuronal structures
showing sprouting in terms of axonal or dendritic extensions from the soma between the treatment groups were
not different between inert gel treated BDNF group [HNPC + Igel + BDNF] and ChABC added group [HNPC +
Igel + BDNF + ChABC] in any auditory sensory structural area evaluated 6 weeks after transplantation of
HNPCs. The number of neurons showing such sprouting characteristics was significantly higher in the BDNF
treatment group having the bioactive gel [HNPC + Bgel + BDNF] as compared to the other inert gel groups,
while the ChABC added bioactive gel group [HNPC + Bgel + BDNF + ChABC] showed significantly high
numbers of sprouting neurons with bi-to-multi polar extensions. The data show that there was appreciable num-
ber of neuronal cells that developed 6 weeks post transplantation to send out axonal or dendritic extensions
along the AN in proximity to CN and also in to the CN. The multidirectional orientation of these neuronal
processes was seen connecting or growing towards the BS as well.

The data in Figure 6 also depicts representative immunolabeling showing surviving HNPCs developing into
neurons (Tujl positive) and extending axonal or dendritic outgrowths (HuM positive) in the Bgel + BDNF +
ChABC cofactor added group after 6 weeks. The ChABC treatment showed higher neuronal differentiation and
sprouting in CN area. Significantly higher bipolar to multi polar extensions were observed into the cochlear
nucleus area. Some of the differentiated neuronal structures also showed branching, sending out processes to-
wards the BS.

5. Discussion

The current study provides a novel evidence that HNPCs when transplanted along with BDNF, ChABC in PA
bioactive gel shows survival over a longer period, migration through the transitional zone along the AN and that
the magnitude of this cellular viability is further enhanced in a subset of these differentiating cells by axonal
sprouting trying to make connections to the CNS. The data also demonstrates that ChABC provides a unique
advantage to this implantation strategy and thereby HNPCs could permeate through the TZ. The present evi-
dence that after six weeks of transplantation the HNPCs survived, migrated and differentiated in vivo supports
the view that cell based transplantation strategy can be looked on as futuristic supplemental treatment along with
hearing aids in hearing compromised cases.

The data obtained here indicates that 6 weeks after transplantation HNPCs showed relatively good number of
cell survival amongst the BDNF and ChABC included treatment groups. Moreover, the extent of differentiation
after the migration was seen to be better in ChABC + BDNF + Bgel treatment group as compared to all other
non ChABC treated groups. Also, the axonal sprouting and elongation towards the BS was seen to be of higher
degree in ChABC + BDNF + Bgel treated group. Our previous studies show that 3 weeks after transplantation
there was appreciable increase in survival number of GFP-HNPCs and mouse tau-GFP cells showed a greater
degree of survival, migration and differentiation when ChABC was added to the transplanted cells [29]. Those
findings suggest that there exists a role of ChABC to influence cellular migration, cellular growth into neural
and further axonal development. Rather, the present evidence of axonal or dendritic sprouting and characteristic
bipolar neuronal resemblance in subset of cellular structures supports the view that ChABC has indeed upregu-
lated the axonal growth activity by preventing or decreasing the formation chondroitin sulphate molecule. At
present, the functional significance of these survived HNPCs in genomic regulatory function as functional audi-
tory neurons remains unclear, but the ability of these progenitor cells to make these types of cells may be related
to the appropriate local microenvironment modulation.

As previously established in various studies, key trophic factors like BDNF have shown to have favorable
developmental effects on the auditory SGNs [42]. SGNs are primarily well supported by BDNF secreted from



A. Kale et al.
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Figure 5. Representative macroscopic histological images of survival and migra-
tion of the regenerated structures towards CN, 6 weeks post transplantation of
HNPCs along with BDNF, ChABC and Bgel into the rat AN. Upper panels depict
representative patterns of immunostaining for Tujl ir-positive HNPCs along the
AN and CN (A, panoramic view, at 5% magnification with scale bar of 400 pm
(yellow) and lower panels depict representative patterns of immunostaining at 10x
magnification with respective colored scale bars of 100 um for DAPI nuclear
staining (B) (blue), Tujl neuronal staining (C) (red), HUN nuclear staining (D)
(green), DAPI + Tujl + HuN co-expression (E) (yellow). Rectangle (white) indi-
cates selected area of illustration. Arrows indicate that HNPCs are colabeled for
Tujl and HuN (orange) and single labeled for HuN alone (green). Abbreviations:
AN, auditory nerve; BS, brain stem; CN, cochlear nucleus; CO, cochlea.
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Figure 6. Effects of BDNF and ChABC treatment in the presence or absence of
bioactive PA gel on the mean numbers of HNPC derived bi to multi-polar neuron-
al structures in characterized auditory loci in the female rat. n = 5, Significant dif-
ferences: *P < 0.05, compared to HNPC + BioactiveGel + BDNF + ChABC; bp <
0.05, compared to HNPC + BioactiveGel + BDNF; °P < 0.05, HNPC + InertGel +
BDNF + ChABC. The lower panels depict representative patterns of immunos-
taining for Tujl ir-positive HNPCs showing axonal or dendritic mitochondrial
transport at 20x magnification with respective colored scale bars of 50 um for
DAPI nuclear staining (A) (blue), Tujl neuronal staining (B) (red), HuM mito-
chondrial staining (C) (green), DAPI + Tujl + HuM co-expression (D) (yellow)
Arrows indicate that HNPCs are colabeled for Tujl and HuM (orange) and single
labeled for HuM alone (green). Abbreviations: BDNF, brain derived neurotrophic
factor; Bgel, bioactive peptide amphiphile gel; ChABC, chondroitinase ABC;
HNPC, human neural progenitor cells; Igel, inert control peptide amphiphile gel.
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hair cells of the organ of Corti and supportive secretions like NT3 by other types of cells including SGN them-
selves [43]. These neurotrophic factors help the sensory SGNs to survive and maintain their functionality. The
exogenous administration of these factors like BDNF, GDNF, NT-3 has shown to improve survival and devel-
opment these neurons in vitro as well as when transplanted in vivo [44]. These surviving transplanted cells have
shown to possess receptors for these growth factor ligands [45] [46]. BDNF has specifically shown to have posi-
tive effect on the survival of SGN and neurite growth as well [47] [48]. Also it has been shown that exogenous
BDNF rescues SGN in vivo [49]. So it has been seen that various studies have tried to use BDNF as one of the
key component additive to the cell replacement studies. In this study, exogenous BDNF is being used primarily
for the purpose of maintaining survival and further development of the transplanted HNPCs. In previous studies,
it has been demonstrated that the group with BDNF treatment showed a marked improvement in survival of the
HNPCs, which suggests that BDNF is one of the key components that provides trophic support to these cells
over a longer duration.

In the present study we also used a bioactive PA Bgel which is designed to present to the cells the neurite-
promoting epitope IKVAV [34]. This carrier gel was mixed with BDNF/ChABC along with HNPCs and this
combination was injected into the AN. We tried to make use of the nanofiber network of this gel to incorporate
cells and the modulating agents together. In this combination, the PA gel might have provided a unique advan-
tage of releasing these incorporated modulators in a proportionate manner and the gel might have also worked as
a scaffold to these cells providing a unique nourishing environment. Since the gel possesses a property of pro-
moting neural differentiation, this scaffolding might have assisted in the development of HNPCs. Also since the
gel has been shown to inhibit glial scar formation [50], this unique property along with its assistance in differen-
tiation may have certainly contributed to the longer survival of the HNPCs and development towards showing
neuronal phenotype resembling cellular characteristic. Although we are speculating a beneficial role of the PA
bioactive gel in this study, we do recognize that further examination at a molecular level is needed in future. The
survival rate of HNPCs has been moderate in comparison to the survival of Mouse Tau-GFP cells in previous
studies but this study was done over a longer duration of six weeks of survival time and that might have had an
effect on the cell number. Also, the survival and differentiation was mostly seen towards the CN as compared to
the peripheral cochlear region which suggested a clear attraction of these cells towards the CNS that has been
already shown in vitro [27]. But the non-migration of these cells towards the cochlear peripheral region after
longer survival time cannot be overlooked and needs further investigation.

Since the implanted cells travelled across the AN and reached the cochlear nucleus, the data also speculates
that the HNPCs travelled along the AN passing through the TZ. We have previously seen that following cell
transplantation into AN, the migration of the cells as well as outgrowth of neuronal fibers have been hindered by
the presence of TZ separating PNS from the CNS [29]. This hindrance is only seen in a PNS to CNS direction
and not vise versa [36]. In this study we used ChABC, an enzyme that possesses an ability to break chondroitin
sulphate glycosaminoglycan (GAG) chains of TZ and makes it permeable to allow migration or axonal growth
towards the CNS. Also in response to any scar formation, as is the case in AN damage, there is an upregulation
of Chondroitin sulphate proteoglycan and that inhibits axonal sprouting and further development. By using
ChABC, we might have indirectly reduced the production of these proteoglycans and thereby their detrimental
effects on the neuronal regeneration. That is why we could observe a great deal of axonal sprouting and elonga-
tion from the surviving HNPCs. Previously it has been observed that the mouse Tau-GFP ESCs when trans-
planted with ChABC showed a great deal of migration throughout the AN and into the brain stem. This is seen
after a 3 weeks survival time. Similar approach has shown that the ChABC substantially facilitated the migration
of HNPCs towards the CN and formation of new axons directing towards CNS over a period of 6 weeks.

Tujl and HuN co-expression was seen in numerous surviving cells and they showed axonal or dendritic
sprouting forming bi to multipolar neuronal phenotype suggesting these neuronal cells can occur within the po-
lysynaptic circuitry that links peripheral and central sensory mechanism that regulate hearing function. Further
work is needed to characterize these neurochemical phenotypes and neuroanatomical connectivity of these
formed neuronal structures. Our findings that the transplanted HNPCs survived after 6 weeks and that the
ChABC promoted axonal growth and sprouting might suggest that the AN neuronal damage mechanism process
has been abated and compensated. The current evidence that there are formation new axonal and dendritic
processes supports the view that ChABC has an inhibitory effect on the upregulation the injury related proteog-
lycans. Also, the BS oriented migration and elongation of neurite growth supports a likelihood of modulatory
trophic support and attraction from BS. Although we added exogenous trophic factors for the survival of the
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HNPCs, we cannot rule out the role of intrinsic physiological trophic support provided by the residual amount of
SGNs and intact hair cells that were present in the near vicinity. Also, the close proximity of the migrated
HNPCs to the CN may suggest an abundance of trophic factors availability at the BS area to support the survival
and development of the HNPCs, though a further investigative role for this BS bound attraction phenomenon is
needed to assess the hearing function.

The current data also show that a moderate number of human nuclei marker positive cells do not express Tuj1.
Such results do not preclude the possibility of these cells to form neuronal phenotypes in future. Also the Tujl
immuno-positive cells confirm a neuronal phenotype and it can be seen that there is mitochondrial movement
along the axons and dendrites of these phenotypes. It is important to note that the axonal and dendritic develop-
ment was of substantial level in ChABC treated HNPCs.

6. Conclusion

In summary, the present study demonstrates that the HNPCs when transplanted along with exogenous biomi-
metic modulatory factors like BDNF, PA bioactive gel and ChABC show appreciable survival, migration and
differentiation after 6 weeks of survival time. The survival appeared to be along the AN migrating into the CN
area, which suggests widespread migration of these cells. The differentiation of these cells into neuronal pheno-
types having axonal and dendritic growth suggests a role for ChABC in cell based transplantation strategy. Al-
though the development of these neuronal structures into auditory functional cell types has not been established
yet, further studies will help explore the phenotypic characteristics of these neuronal structures. Moreover, the
formation of CNS related sensory structures could not be ruled out as well, since these cells show a prominent
dendritic development with mitochondrial transport along them. So it will be interesting to study the sensory cell
profiles of these developing cells into a functional auditory output. Overall in a broader perspective, this rege-
nerative transplantation study shows promising results endorsing a clinically transferable futuristic role for bio-
material consisted neutrophic factor application in cell based treatment of sensorineural hearing loss along with
cochlear implants.
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