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Abstract

Acoustic trauma, aging, genetic defects or ototoxic drugs are causes for sensorineural hearing loss involving sensory hair cell
death and secondary degeneration of spiral ganglion neurons. Auditory implants are the only available therapy for severe to
profound sensorineural hearing loss when hearing aids do not provide a sufficient speech discrimination anymore. Neuro-
trophic factors represent potential therapeutic candidates to improve the performance of cochlear implants (CIs) by the sup-
port of spiral ganglion neurons (SGNs). Here, we investigated the effect of pleiotrophin (PTN), a well-described neurotrophic
factor for different types of neurons that is expressed in the postnatal mouse cochlea. PTN knockout mice exhibit severe
deficits in auditory brainstem responses, which indicates the importance of PTN in inner ear development and function and
makes it a promising candidate to support SGNs. Using organotypic explants and dissociated SGN cultures, we investigated
the influence of PTN on the number of neurons, neurite number and neurite length. PTN significantly increased the number
and neurite length of dissociated SGNs. We further verified the expression of important PTN-associated receptors in the
SG. mRNA of anaplastic lymphoma kinase, a, integrin, 35 integrin, receptor protein tyrosine phosphatase p/C, neuroglycan
C, low-density lipoprotein receptor-related protein 1 and syndecan 3 was detected in the inner ear. These results suggest that
PTN may be a novel candidate to improve sensorineural hearing loss treatment in the future.
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SGN Spiral ganglion neuron
SMN Spinal motor neuron
Introduction

In mammals, auditory information is received by hair cells
within the sensory epithelium of the cochlea and trans-
duced via different subtypes of spiral ganglion (SG) neurons
(SGNis) to the brain (Nayagam et al. 2011; Zhang and Coate
2017). A variety of reasons like aging, acoustic trauma,
genetic defects or ototoxic drugs may cause sensorineural
hearing loss (Furness 2015). An irreversible damage to
cochlear hair cells (HCs) is, therefore, often followed by a
degeneration of SGNs (Dodson and Mohuiddin 2000).

When hearing aids do not originate satisfying speech dis-
crimination, cochlear implants (CIs) are the only available
therapeutic option for these patients with severe to profound
sensorineural hearing loss. CIs replace HC functions in the
auditory pathway. Until now, more than 600,000 patients
worldwide received CIs (Nguyen et al. 2017). CIs bypass the
HC function by converting sound information to a pulsatile
electrical stimulation to the SGNs (Eshraghi et al. 2012;
Geleoc and Holt 2014). CIs promote the survival of SGNs
by electrical stimulation (Leake et al. 1999). More sophis-
ticated strategies aim at an improved survival of SGNs by
simultaneous electrical stimulation provided by the CI and
supplementary treatment with neurotrophins (NTs) (Budenz
et al. 2012). Neurotrophin-3 (NT-3) overexpressed by gene
therapy in combination with a CI enhanced the SGN den-
sity in an animal model in vivo (Pfingst et al. 2017). So far,
a positive impact on SGN survival or peripheral auditory
fiber regrowth has been reported for several NTs, e.g., brain-
derived neurotrophic factor (BNDF), NT-3, bone morphoge-
netic protein-2 (BMP-2), glial cell line-derived neurotrophic
factor (GDNF) and leukemia inhibitory factor (LIF) (Bod-
mer et al. 2002; Euteneuer et al. 2013; Gillespie et al. 2001;
Miller et al. 1997; Volkenstein et al. 2009).

An interesting novel candidate in the context of neuro-
protection and neurite outgrowth of SGNs is pleiotrophin
(PTN). It is a 17-kDa protein that belongs to the heparin-
binding midkine (MK) family and shares a high homology
(>50%) with MK (Milner et al. 1989). PTN is also known
as heparin-binding brain mitogen (HBBM), heparin-binding
growth factor 8 (HBGF-8), neurite growth-promoting factor
1 (NGPF1), heparin affinity regulatory peptide (HARP) and
heparin-binding growth-associated molecule (HB-GAM).
PTN has a plethora of effects on different cell types, as indi-
cated by its name (Kadomatsu et al. 2013). For example,
PTN protects spinal motor neurons (SMN) against chronic
excitotoxic injury and initiates an increasing outgrowth
of motor axons, and is consequently a neurotrophic fac-
tor for SMNs (Mi et al. 2007). PTN also stimulates neurite
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outgrowth in perinatal rat brain neurons (Rauvala 1989;
Rauvala et al. 1994). Knockout mice lacking PTN and MK
exhibit severe deficits in auditory brainstem responses (Sone
et al. 2011). PTN shows a wide expression pattern. First
isolated from bovine uterus (Milner et al. 1989), it is also
expressed in the central and peripheral nervous system,
including the cochlea of mice up to one week after birth
(Zou et al. 2006). Various receptors mediate PTN signaling,
including anaplastic lymphoma kinase (ALK), «, integrin,
B; integrin, receptor protein tyrosine phosphatase (RPTP)
B/, neuroglycan C (NGC), low-density lipoprotein receptor-
related protein (LRP) 1 and syndecan (SDC) 3 (Xu et al.
2014). Taken together, PTN is a promising candidate for
new studies regarding neuroprotection and neurite outgrowth
of SGNs.

In the present study, we investigated for the first time
whether PTN has a neurotrophic effect and tested its influ-
ence on neurite outgrowth of SGNs in organotypic SG
explants as well as of dissociated SGNs. Whereas SG
explants allow to investigate cells in a complex cellular
environment, dissociated SGNs receive reduced influence
from surrounding cells and have direct contact to the PTN-
containing medium.

Pleiotrophin significantly increased the number and neu-
rite length of dissociated SGNs. To address the question
which receptors mediate the observed effects of PTN, the
expression of different potential PTN-related receptors in
the mouse SG was investigated.

General methods
Animals

Postnatal day 4 (P4) BALB/c mice (Charles River Labora-
tories, Sulzfeld, Germany) of both sexes were used for this
study. This inbred strain displays normal hearing, also in
aged animals (Zheng et al. 1999). All animals were handled
according to the German animal protection law. Experi-
ments were approved by the animal care committee of North
Rhine-Westphalia, Germany, based at the LANUYV (Lande-
samt fiir Natur, Umwelt und Verbraucherschutz). Mice had
continuous free access to chow and water, and were housed
in the animal facility of the Ruhr-University Bochum (Fac-
ulty of Medicine) under a twelve-hour light—dark cycle and
pathogen-free conditions.

SG dissection and cultivation of organotypic SG
explants and dissociated SGNs

Postnatal mice were decapitated using a surgical scissor,
according to the local guidelines for the experimental use
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of animals. The SG was dissected as described previously
(Kwiatkowska et al. 2016; Volkenstein et al. 2009, 2012).

After decapitation, the skin was removed from the skull
and the skull was opened midsagittally. The brain was
removed and the temporal bones were cut in midline and
transferred into a Petri dish (35 x 10 mm; BD Falcon, New
York, USA) with ice cold Dulbecco's phosphate-buffered
saline (DPBS; Gibco, Waltham, Massachusetts, USA). After
removal of the bony capsule, the membranous cochlea was
peeled off and the SG was separated from the modiolus.
Afterwards, the stria vascularis and the layer of hair cells
were dissected. For the organotypic cell culture, the SG was
cut into 4-6 equal parts of 400-500 um in diameter. For the
dissociated cell culture, 8 complete cochleae were placed in
270 pl DPBS. Then, 30 ul Dispase (50 units/ml) was added
and incubated for 40 min at 37 °C. Subsequently, the coch-
leae were placed in 500 ul DPBS and incubated for 40 min
at room temperature (RT). After this, only the cochleae were
transferred into an empty 2000-pul centrifuge tube. The dis-
sociation was performed by pipetting up and down. Cells
were transferred in 1400 pl basic medium (BM) contain-
ing serum-free Dulbecco’s modified Eagle Medium/F12
(mixed 1:1) with 1X L-Glutamine (Gibco), 20 ul/ml B-27
Supplement (50%, Gibco), 10 ul/ml N-2 Supplement (100X,
Gibco) and 50 mg/ml Ampicillin (Carl Roth, Karlsruhe, Ger-
many) (Volkenstein et al. 2012).

For the cultivation of organotypic SG explants and dis-
sociated SGNs, four-well culture dishes (Greiner Bio One,
Kremsmiinster, Austria) and eight-chamber culture slides
(BD Biosciences, Fraklin Lakes, New Jersey, USA) were
coated with 100 pg/ml poly-L-Lysine (PLL; Sigma-Aldrich,
St. Louis, Missouri, USA) in H,O for 1 h at 37 °C. After
washing twice with H,O, dishes were coated with 10 pg/
ml Laminin (LN; Sigma-Aldrich) in DPBS for 1 h at 37 °C.
Prior to SG explant or SGN transfer, the wells were rinsed
twice with DPBS and covered with culture medium until the
final conditions were applied.

Explants were cultured in a four-well culture dish in BM
under different conditions: BM in a serial dilution with PTN
(PTN+; in every condition from 1:4 to 1:16) supplemented
with 10 ng/ml BDNF (brain-derived neurotrophic factor;
Invitrogen) and 20 ng/ml NT-3 (Sigma-Aldrich), BM in a
serial dilution without PTN (PTN—; in every condition from
1:4 to 1:16) supplemented with 10 ng/ml BDNF (Invitro-
gen) and 20 ng/ml NT-3 (Sigma-Aldrich). Each coated cul-
ture well was filled with 50 pl culture medium as described
above. Afterwards, the explants were placed in the middle
of each culture well and incubated for 3 days at 37 °C with
5% CO, (FORMA Series II, Thermo Scientific, Waltham,
Massachusetts, USA). After 24 h, 20 pl culture medium with
equal condition was added.

Dissociated cells were seeded in wells of eight-chamber
culture slides (BD Biosciences) in a density of 1.25 X 10°

cells/300 pl. The cell suspensions were incubated for 3 days
at 37 °C with 5% CO, (FORMA Series II, Thermo Scien-
tific) under the same conditions as described for the explant
culture system. As the same medium was used for the dis-
sociated and explant culture, both culture conditions include
supportive cells, e.g., glia cells.

PTN overexpression

For PTN overexpression, HEK293T cells (established by
the group around M. P. Calos; DuBridge et al. 1987) were
cultivated in medium containing DMEM, supplemented with
10% (v/v) fetal calf serum, 100 pg/ml Penicillin/Strepto-
mycin and 1% (v/v) HEPES at 37 °C and 6% CO,. For cell
transfection, 100 pl of 2.5 M CaCl, was mixed with 20 pg
plasmid DNA (full-length rat PTN in pcDNA™3.1/myc-
His (Mi et al. 2007). The volume was filled up with H,O to
a total volume of 1 ml, before 1 ml of 2 x HBS (280 mM
NaCl, 10 mM KCl, 1,5 mM Na,HPO, x 2 H,0, 12 mM
dextrose, 50 mM HEPES, pH 7.05) was added dropwise
to cells in a 10-cm culture dish. Subsequently, cells were
incubated for 5 h at 37 °C and 6% CO,, and then washed
with PBS and cultivated in fresh medium for 65 h until the
conditioned medium with overexpressed PTN was collected.
For the PTN-negative control condition, medium from non-
transfected HEK293T cells was also collected after 65 h.
The concentration of PTN has previously been described
between 80 and 100 ng/ml (Mi et al. 2007), resulting in
20-25 ng/ml for the 1:4, 10-12.5 ng/ml for the 1:8 and
5-6.25 ng/ml for the 1:16 condition.

Immunocytochemistry

Immunocytochemical stainings were performed as described
previously (Kwiatkowska et al. 2016). In brief, after culti-
vation for 3 days, SG cells and explants were fixed in 4%
Paraformaldehyde (SAFC, Biosciences, St. Louis, Missouri,
USA) for 5 min. All steps were performed at RT unless
specified otherwise. SG cells and explants were rinsed twice
with DPBS and permeabilized with PBT-1 (PBS containing
0.1% Triton X-100; Sigma-Aldrich) and 1% bovine serum
albumin (BSA; PAN Biotech, Aidenbach, Germany) for
30 min. To visualize SGN neurites, cultures were stained
with anti-NF-200 antibody (anti-Neurofilament-200; mouse
monoclonal IgG1, 1:500, Linaris, Dossenheim, Germany)
in PBT-1 at 4 °C overnight. The primary antibody solution
was rinsed twice with PBT-1 for 5 min before SG cells and
explants were washed for 5 min with PBT-2 (0.1% Triton
X-100 and 0.1% BSA in PBS). Afterwards, SG cells and
explants were incubated for 2 h using a FITC-conjugated
secondary antibody (goat anti-mouse IgG, Jackson Immuno
Research, West Grove, Pennsylvania, USA) diluted 1:100
in PBT-2. SG cells and explants were rinsed twice with
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PBT-2 for 5 min and cell nuclei were stained with DAPI
(4,6-diamidino-2-phenylindole; 1:5000 in PBS; Invitrogen)
for 15 min. Cells and explants were washed twice with PBS
for 5 min and mounted in ImmunoSelect medium (Jackson
Immuno Research).

Analysis of organotypic SG explants and dissociated
SGNs

All analyses were performed with an inverted microscope
(BX40, Olympus). To analyze organotypic explants, the
number of neurites and neurite length were measured.
Explants were photographed with a digital camera (DP50,
Olympus) and each neurite was traced from the edge of the
explant to its termination. Convoluted neurites were not
being measured. The total number of neurites per explant
was counted from all measured neurites.

Total number of neurons, neuronal morphology and
the neurite length of the dissociated SGNs were analyzed.
To assess the total cell number, all adherent cells with an
unambiguous cell nucleus were counted, without regard
to the morphology or the number of processes. Large cell
aggregates were excluded.

The neuronal morphology was identified according to
Whitlon et al. (2007). SGN morphology was evaluated from
at least 5 random fields of view per well. The percentage for
each neuron type was calculated from the total number of
neurons.

For the neurite length measurements, pictures were taken
from five fields of view with a digital camera (DP50, Olym-
pus), according to Whitlon et al. (2007). The longest neurite
in each field of view was measured. In case that 5 or less
neurons were present in a well, the neurites of all neurons
were measured. All analyses were performed with an image
analysis program (ImageJ 1.49v, plug-in NeuronJ Version
1.4.3) (Meijering et al. 2004).

RNA isolation, cDNA synthesis
and reverse-transcription polymerase chain
reaction (RT-PCR)

SG tissue of 3 mice was isolated as described above, pooled
and frozen on dry ice. Total RNA was isolated and puri-
fied according to the manufacturer’s instructions using the
ReliaPrep™ RNA Tissue Miniprep System kit (Promega,
Madison, USA). RNA concentration and purity were
assessed by spectrophotometry (BioSpectrometer, Eppen-
dorf, Hamburg, Germany). To obtain cDNA, 1 ug RNA was
reverse-transcribed using the First Strand cDNA Synthesis
kit with random hexamer primers (Thermo Fisher Scien-
tific, Waltham, MA, USA). RT-PCR was performed with
1 ul cDNA using Taq DNA Polymerase (Sigma-Aldrich) in
a Mastercycler Gradient (Eppendorf, Hamburg, Germany)
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using various primers (Supplemental Tab. 1) at the following
conditions: 94 °C for 5 min (initial denaturation), 36 cycles
of 94 °C for 30 s (denaturation), 60 °C for 35 s (annealing)
and 72 °C for 1 min (elongation), followed by 72 °C for
5 min (final elongation). The samples were documented after
agarose gel electrophoresis under UV light. The identity of
the amplicons was confirmed by the sequencing service of
the Ruhr-University Bochum. Sequences were analyzed with
Sequence Scanner software (Applied Biosystems, Carlsbad,
USA) and the BLAST tool of the National Center for Bio-
technology Information database (NCBI; Bethesda, USA).

Western blot

SGs of 4 mice were isolated, pooled and homogenized in
60 pl lysis buffer (60 mM n-octyl-B-p-glucopyranoside,
50 mM sodium acetate, 50 mM Tris chloride pH 8.0 and
2 M urea) containing a protease inhibitor cocktail (1:10;
Sigma-Aldrich) on ice for 2 h. The protein lysate was cen-
trifuged at 14,000xg at 4 °C for 30 min. Protein concentra-
tion of the supernatant was determined with a BCA Protein
Assay kit (Pierce, Thermo Fisher Scientific, Rockford, Illi-
nois, USA). Afterwards, 4x sodium dodecyl sulfate (SDS)
sample buffer was added to the protein sample (20 pg). The
protein sample was denaturized at 95 °C for 5 min and sep-
arated via SDS polyacrylamide gel electrophoresis (SDS-
PAGE) using a 4-10% polyacrylamide gradient gels. After
separation, proteins were transferred to polyvinylidene dif-
luoride (PVDF) membranes (Roth, Karlsruhe, Germany) by
Western blotting. Membranes were incubated in blocking
solution containing 5% w/v milk powder in Tris-buffered
saline (TBS) and Tween 20 (TBST) at RT for 1 h. Primary
antibodies diluted in blocking solution were used against
Lrpl (85 kDa, rabbit, 1:10,000; ab92544, Abcam, Berlin,
Germany), RPTPp/C-isoforms (KAF13 antibody; > 150 kDa,
rabbit, 1:5000) (Faissner et al. 1994), the DSD-1 epitope
(473HD antibody; > 150 kDa, rat, 1:100) (Clement et al.
1998) and a-tubulin (clone DM1A; 50 kDa, mouse,
1:10,000; Sigma-Aldrich). After incubation over night at
4 °C, membranes were washed in TBST, before horseradish
peroxidase (HRP)-coupled secondary antibodies (Dianova)
were diluted 1:5000 in blocking solution and applied. After
incubation at RT for 1 h, membranes were washed in TBST
and finally in TBS. To detect proteins, ECL Substrate solu-
tions (Bio-Rad Laboratories GmbH, Munich, Germany)
were mixed 1:1, added to the membranes and incubated at
RT for 5 min. Immunoreactivity of proteins was detected
with a MicroChemi Chemiluminescence Reader (Biostep,
Burkhardtsdorf, Germany).
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Statistical evaluation

Statistical analysis was performed with GraphPad Prism
(Version 6.01, GraphPad Software, La Jolla California
USA). For the statistical analysis of neuronal viability, the
number of neurites and the neurite length, one-way ANOVA
followed by Bonferroni multiple comparisons test was per-
formed. Data were expressed as mean + standard error of
mean (SEM). The Chi-square test was used to analyze neu-
ronal morphology. Values of p <0.05 were considered sta-
tistically significant.

Image processing

Brightness and contrast of images were adjusted using
Adobe Photoshop and artwork was created with Adobe Illus-
trator (both version CS6, Adobe Inc., San José California
USA).

Results

Influence of PTN on neurite number and neurite
length in SG explants

To analyze a potential effect of PTN on neurite outgrowth of
SGNss in vitro, SGNs were cultivated as organotypic explants
without and in the presence of PTN using decreasing dilu-
tions of PTN-conditioned medium (1:4, 1:8 and 1:16). After
3 days, explants were immunostained against neurofila-
ment-200 (NF-200; Fig. 1a, b). Quantification revealed a
comparable number of neurites per explant (p>0.999 for
all dilutions) without and after PTN treatment (Table 1;
Fig. 1c). A slight, non-significant increase in the neurite
length of SGNs was measured in the presence of PTN (1:4,
p=0.178; 1:8, p=0.159; 1:16, p > 0.999; Table 2; Fig. 1d).

Influence of PTN on neurite length, cell number
and morphology of dissociated SGNs

Dissociated SGNs were cultivated in vitro for 3 days, either
without PTN (PTN-) or in the presence of PTN (PTN+;
Fig. 2a, b). Analysis of NF-200-immunostained SGNs
showed a significantly increased neurite length after culti-
vation with PTN 1:4 (PTN+: 1023.00+74.07 um; PTN—:
221.30+20.19 um; p=0.001; Table 3; Fig. 2c). No signifi-
cant difference was found for lower PTN levels (1:8, p=0.258;
1:16, p=0.399). SGN numbers were significantly increased in
the presence of PTN 1:4, indicating a promoting effect on the
cell density in our dissociated SGN culture system (PTN+:
66.33+6.96; PTN—: 19.67 +8.09; p=0.044; Table 4; Fig. 2d).
Cell morphological analysis revealed a comparable ratio of

SGNs without neurites and with mono-, bi-, pseudouni- and
multipolar morphology under all conditions (Table 5; Fig. 2e,
f). Most of the SGNs displayed a monopolar morphology, fol-
lowed by cells with a bipolar morphology. Only few pseudou-
nipolar or multipolar cells were observed.

PTN-associated receptors in the SG

The expression of Anaplastic lymphoma kinase (Alk), a,
Integrin (Itgav), B Integrin (Itgh3), Receptor protein tyros-
ine phosphatase p/¢ (Ptprzl), Neuroglycan C (Ngc), Low
density lipoprotein receptor-related protein 1 (Lrpl), Syn-
decan 3 (Sdc3) and the housekeeping gene f-Actin (Actb)
in the SG at postnatal day 4 (P4) was confirmed on mRNA
level by RT-PCR (Fig. 3a). Furthermore, we confirmed
the expression of LRP1 and RPTP/C, two important PTN
receptors, on protein level in the SG (Fig. 3b). Finally, we
were able to detect the DSD-1 carbohydrate epitope, a modi-
fication specifically found on RPTPP/C.

Discussion

The present study was designed to analyze the influence of
PTN on SGNs using an organotypic explant and dissociated
cell culture system. Our data demonstrate that PTN has a
beneficial effect on neurite length and the number of dissoci-
ated SGNs in vitro. However, only a moderate, statistically
not significant effect on the neurite length was observed
in the SG explants. Therefore, the results show the advan-
tages and disadvantages of the different cell culture models,
depending on the research question.

PTN has only a minor effect on SGN neurites
in organotypic explants

No statistically significant difference in the number and length
of neurites was found after PTN treatment in our organotypic
SG explant model. Nevertheless, a tendency of an increased
neurite length was observed. These findings are in line with
other studies, which show that PTN increases the neurite num-
ber of primary cortical neurons in an in vitro oxygen and glu-
cose deprivation model (Wang et al. 2014). PTN also enhanced
the neurite length of SMNs cultivated as explants or as dis-
sociated cells and of dorsal root ganglion (DRG) cultures (Mi
et al. 2007). In their study, PTN improved the number of axons
crossing the gray—white matter junction of SMNS.

The lack of statistically significant effects might be related
to the explant model, in which the SGNs are in close con-
tact to other cells, e.g., Schwann and hair cells (Hansen et al.
2001a, b). Those cell types are a source of additional signals
including neurotrophic factors that influence the SGNs, which
may cover potential effects of the PTN treatment. Therefore,
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Fig.1 The influence of PTN on the neurite number and neur-
ite length of SG explants in vitro. a, b Representative fluorescence
images display NF-200-immunostained SG explants after cultivation
without PTN (PTN—; 1:4) and in the presence of PTN (PTN+; 1:4).
¢ A comparable number of neurites per explant was observed fol-
lowing different treatments. d The mean neurite length of SGNs was

Table 1 Number of neurites per explant

Condition Dilution Mean SEM p value
PTN- 1:4 9.60 3.20 >0.999
PTN+ 12.80 2.04
PTN- 1:8 11.17 4.81 >0.999
PTN+ 13.14 2.79
PTN- 1:16 16.50 4.41 >0.999
PTN+ 16.00 5.07

Data are shown as mean =+ standard error of mean (SEM, n=4-7).
Statistical analyses were performed using one-way ANOVA followed
by Bonferroni multiple comparisons test

we analyzed the neurite length of SGNss using the dissociated
SG culture model, where the cells are directly exposed to the
PTN-containing medium and the distance between SGNs and
neighboring cells is larger.
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quantified without and after PTN treatment (1:4, 1:8 and 1:16). The
mean neurite length was comparable under all conditions. Data are
shown as mean = standard error of mean (SEM). Statistical analyses
were performed using one-way ANOVA followed by Bonferroni mul-
tiple comparisons test. Scale bar=100 um

Table 2 Mean neurite length of explants

Condition Dilution Mean SEM p value
PTN- 1:4 226.90 67.42 0.178
PTN+ 421.70 81.25
PTN- 1:8 279.00 43.26 0.159
PTN+ 454.60 79.06
PTN- 1:16 219.00 22.17 >0.999
PTN+ 329.30 58.68

Data are shown as mean =+ standard error of mean (SEM, n=4-7).
Statistical analyses were performed using one-way ANOVA followed
by Bonferroni multiple comparisons test

PTN increases the neurite length and number
of dissociated SGNs in vitro

Dissociated SGNs showed a significantly increased neurite
length and neuron number after PTN treatment. In this
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Fig.2 The influence of PTN on the neurite length, adhesion, viability
and morphology of SGNs in vitro. a, b Representative fluorescence
images display NF-200-immunostained dissociated SGNs after culti-
vation without PTN (PTN—; 1:4) and in the presence of PTN (PTN+;
1:4). ¢ After cultivation with PTN 1:4, a significantly increased neu-
rite length of SGNs was observed. d To analyze SGN adhesion and
viability, SGN numbers were quantified without and after PTN treat-
ment (1:4, 1:8 and 1:16). SGN numbers were significantly increased
in the presence of PTN, indicating a promoting effect on adhesion or

regard, potential pathways involved in the mediation of
PTN-induced effects are of great interest.

Recent in vivo and in vitro experiments revealed a trophic
effect of PTN on the survival of dopaminergic neurons (Hida
et al. 2003, 2007). PTN had also a positive effect on the

100+
80

i

100 — =

Number of neurons

8o tr—1— — — — —
o — — - 1

60+ — —] A

504 — — — M HH F

o — KM
304 — — — — - -

20 — — —H H —H F

1044 — 1 ] -

Morphological subtypes [%]

viability of SGNs. e, f To analyze potential morphological changes,
polarity of SGN neurites was monitored. The ratio of SGNs with-
out neurites and with mono-, bi-, pseudouni- and multipolar mor-
phology was comparable under all conditions. Data are shown as
mean + standard error of mean (SEM; ¢, d) or mean (f). Statistical
analyses were performed using one-way ANOVA followed by Bon-
ferroni multiple comparisons test. The comparison of the neuronal
morphology was performed with the Chi-square test. *p<0.05;
*#%p <0.001. Scale bar=100 um

survival of DRG neurons co-cultured with PTN-secreting
pancreatic cancer cells (Yao et al. 2011, 2014). In contrast,
another study on dissociated SMN and DRG cultures dem-
onstrated just an enhancement of the neurite length, but no
increase in the cell number following PTN treatment (Mi
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Table 3 Mean neurite length of dissociated cells

Condition Dilution Mean SEM p value
PTN- 1:4 221.30 20.19 0.001
PTN+ 1023.00 74.07

PTN- 1:8 365.20 36.43 0.258
PTN+ 676.20 205.50

PTN—- 1:16 290.00 47.36 0.399
PTN+ 563.50 39.71

Data are shown as mean + standard error of mean (SEM, n=3). Sta-
tistical analyses were performed using one-way ANOVA followed by
Bonferroni multiple comparisons test

Table 4 Number of neurons

Condition Dilution Mean SEM p value
PTN—- 1:4 19.67 8.09 0.044
PTN+ 66.33 6.96
PTN- 1:8 27.33 9.06 >0.999
PTN+ 30.00 17.04
PTN- 1:16 37.33 10.48 >0.999
PTN+ 43.33 10.91

Data are shown as mean + standard error of mean (SEM, n=3). Sta-
tistical analyses were performed using one-way ANOVA followed by
Bonferroni multiple comparisons test

et al. 2007). This shows that PTN affects neurons in a cell-
type and context-specific manner.

Morphology of dissociated SGNs

Comparison of the cell morphologies showed that monopo-
lar and bipolar neurons were the most frequent subtypes.
A previous study had shown that the growth factors NT-3,
BDNF, LIF and especially combinations of those factors
enhance the proportion of bipolar neurons and reduce the
number of neurons without neurites (Jin et al. 2013). How-
ever, in our culture conditions, PTN had no additional influ-
ence on neuronal morphology, as indicated by a similar
distribution of neuronal subtypes compared to other neu-
rotrophic factors. It is feasible that the combination of dif-
ferent factors, including PTN, might have an effect on SGN
morphology.

Potential pathways underlying PTN signaling
in the SG

To identify potential underlying signaling pathways of PTN
in the mouse SG, we performed RT-PCR analyses for several
receptor molecules. Anaplastic lymphoma kinase (ALK),
integrin o, fB;, receptor protein tyrosine phosphatase B/C
(RPTPP/C), neuroglycan C (NGC), low-density lipoprotein

Table 5 Neuron morphology

o Condition Dilution Monopolar Bipolar Pseudo-unipolar Multipolar No neurites
distribution
PTN-— 1:4 81.48 14.81 3.71 0 0
PTN+ 76.12 16.42 5.97 1.49 0
PTN-— 1:8 59.09 27.28 0 4.55 9.08
PTN+ 57.14 34.29 5.71 0 2.86
PTN-— 1:16 60.53 18.42 13.16 2.63 5.26
PTN+ 69.57 2391 4.35 0 2.17

Data are shown as mean. The comparison of the neuronal morphology was performed with the Chi-square

test

Alk
Itgav
Iltgb3
Ptprz1
Ngc
Lrp1
Sdc3

bp

700 —
500 —
400 —
300 —
200 —

Fig.3 Expression of PTN-associated receptors in the mouse SG at
postnatal day 4. a The expression of Alk, Itgav, Itgh3, Ptprzl, Ngc,
Lrpl, Sdc3 and the housekeeping gene Actb in the SG was confirmed
on mRNA level by RT-PCR. b LRP1 and RPTPf/C protein levels as
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well as the DSD-1 carbohydrate epitope, a modification of RPTPp/C,
were detected via Western blot. a-tubulin (aTub) served as loading
control. bp base pairs, kDa kilo Dalton
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a
Without PTN: With PTN:

Fig.4 Cartoon illustrating the influence of PTN on SGNs in vitro and
expression of PTN-related receptors. a Morphology of SGNs in the
absence and presence of PTN in vitro. An enhanced neurite length

receptor related protein (LRP) and syndecan 3 (SDC3) have
been reported as PTN-associated receptors in various tissues
(Xu et al. 2014). We could demonstrate that these receptors
were expressed on mRNA level in the postnatal SG. Addi-
tionally, we were able to confirm the presence of LRP1 and
RPTPB/C proteins at this developmental stage, which points
to the reliability of our mRNA analyses.

PTN mediates neurotrophic properties in SMN via the
ALK pathway (Mi et al. 2007). Although expression of ALK
has not been described previously, we identified its transcript
in the postnatal SG.

Integrin o, f; induces endothelial cell migration through
RPTPB/C (Mikelis et al. 2009) and was found in the SGN.
Kistrin, a potent inhibitor of a5 integrin, reduced the mean
neurite length of SG explants cultured on the extracellular
matrix substrate LN (Aletsee et al. 2001). According to these
findings, PTN might act through the o, ; integrin pathway
on SGN neurite growth.

RPTPP/C has important functions in the developing nerv-
ous system and displays mitogenic and neurite outgrow-
ing activity (Asai et al. 2009; Maeda and Noda 1998). As
shown by our expression analyses and previous reports, it
is expressed in hair cells and SGNs (Kowalik and Hudspeth
2011; Kwiatkowska et al. 2016).

NGC is a brain-specific chondroitin sulfate proteoglycan
that has neurite outgrowth-promoting effects on cortical neu-
rons (Nakanishi et al. 2006). Also, process elongation of
oligodendrocyte precursors is mediated by NGC (Ichihara-
Tanaka et al. 2006).

LRP1 is a large transmembrane receptor with multiple
functions in various processes, including lipoprotein metab-
olism, axon guidance and is a crucial neurotrophic factor for

Potential receptors in the spiral ganglion:

Neuroglycan C

Lg%
535D | RP1

RPTPB/C

a B, Integrin

Syndecan 3

ALK

was observed after PTN treatment, while polarity of neurons was
comparable under both conditions. b Expression of potential PTN
receptors in the SG

sensory neurons (Lillis et al. 2008; Yamauchi et al. 2013).
Midkine-induced neuroprotection is transmitted via LRP
(Muramatsu et al. 2000).

SDCs are a family of transmembrane heparan sulfate pro-
teoglycans (Afratis et al. 2017). Previous studies suggest
that PTN displays neurite outgrowth-promoting effects on
cerebral neurons by binding to SDC3 (Raulo et al. 1994).
Very recently, another heparan sulfate proteoglycan, glypi-
can-2, was identified as a mediator of PTN-induced neurite
outgrowth (Paveliev et al. 2016).

Conclusion

We could demonstrate that PTN has a promoting effect on
neurite outgrowth and the number of dissociated SGNs
in vitro. This effect was weaker in the explant culture. In
addition, we identified PTN-associated receptors that are
expressed in the postnatal SG, which potentially mediate
the observed effects of PTN (Fig. 4). Further in vivo experi-
ments with simultaneous electrical stimulation and supple-
mentary treatment with PTN should be performed.
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