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Abstract

Afferent connections to the sensory inner and outer hair cells in the cochlea refine and functionally
mature during the thyroid hormone (TH)- critical period of inner ear development that occurs
perinatally in rodents. In this study, we investigated the effects of hypothyroidism on afferent type
I innervation to outer hair cells (OHCs) using the Snell dwarf mouse (Pit19%). Using a transgenic
approach to specifically label type 11 spiral ganglion neurons, we found that a lack of TH causes
persistence of excess type 11 SGN connections to the OHCs, as well as continued expression of the
hair cell functional marker, otoferlin, in the OHCs beyond the maturation period. We also
observed a concurrent delay in efferent attachment to the OHCs. Supplementing with TH during
the early postnatal period from postnatal day (P) 3 to P4 reversed the defect in type 1l SGN
pruning but did not alter otoferlin expression. Our results show that hypothyroidism causes a
defect in the large-scale pruning of afferent type Il spiral ganglion neurons in the cochlea, and a
delay in efferent attachment and the maturation of otoferlin expression. Our data suggest that the
state of maturation of hair cells, as determined by otoferlin expression, may not regulate the
pruning of their afferent innervation.

The inner (IHCs) and outer hair cells (OHCs) in the mature organ of Corti are innervated by
the spiral ganglion neurons (SGNs). Mature IHCs are innervated with 90% to 95% type |
SGN fibers (Liberman, 1980). The remaining 5 to 10% of SGNs are type 1l unmyelinated
neurons that project toward OHC and spiral toward the base to contact multiple OHCs
(Liberman, 1980; Brown, 1987). At birth, a mouse cochlea contains an overabundance of
type Il SGNs. These type 11 afferent neurons and their fibers make multiple contacts with
OHCs, resulting in a surplus number of synapses by the first postnatal week. By the age of
onset of hearing, the excess type Il SGNs die, and consequently, more than 96% of the OHC
afferent synapses are pruned back (Rueda et al., 1987; Echteler, 1992; Barclay et al., 2011).
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This maturation process takes place during thyroid hormone (TH) critical period on cochlear
development that is in the perinatal period in mice (Deol, 1973; Uziel, 1986; Knipper et al.,
1998). An early study by Uziel et al (Uziel et al., 1983a) describes defective synaptic
pruning in the OHCs of hypothyroid rats, including the persistence of afferent connections
that fail to regress normally in the postnatal period. Rueda and colleagues in another study
on rats showed that hypothyroid animals had 22% more total SGNs compared to age-
matched controls (Rueda et al., 2003). These studies underscore the importance of TH in the
OHC afferent pruning process. However, several important questions remain, such as: 1)
What is the effect of hypothyroidism on the synapses of type Il SGNs with OHCs? 2) Does
supplementing with TH during the early postnatal period restore normal afferent innervation
in the hypothyroid OHCs? 3) What is the impact of defective afferent pruning on expression
of functionally relevant afferent proteins in the OHC such as otoferlin (OTOF)? 4) Does
defective afferent pruning correlate with the delay in OHC efferent innervation? 5) What are
the long-term effects of hypothyroidism on OHC synapses? Answers to these questions will
provide important insights into the fundamental mechanisms involved in OHC synaptic
refinement and maintenance as well as the role of TH in these events.

In an earlier study, we found striking structural defects and functional delays in the pruning
of IHC afferent synapses in the Snell dwarf (Pit19W, officially Pou1f19¥) hypothyroid mouse
model (Sundaresan et al., 2015). In the current study, we focused on the OHCs and
examined the role of TH in pruning type Il SGNs. We used a transgenic approach to
specifically label type Il SGNs and count them after the pruning period. We also quantified
the number of synaptic ribbons under hypothyroid conditions at different time points during
the early postnatal period as well as in the adult mouse. In addition, we examined the
ultrastructural pattern of efferent and afferent connectivity to the OHCs and the expression
of OTOF, a synaptic vesicle protein involved in neurotransmitter release, under normal and
hypothyroid conditions. Furthermore, we established the critical window for TH action on
OHC afferent refinement by supplementing Pit19" mice with TH for finite time windows in
the early postnatal period. We report that a defect in large-scale pruning of type Il SGN is
responsible for the abnormal retention of afferent innervation in hypothyroid OHCs.

2. Experimental Procedures

2.1 Mice

The following strains of mice were used in our experiments: 1) Pit19%: DW/J Miph'n
Pit19/J mice were obtained from the Jackson Laboratory in 1990 and maintained at
Stanford University. 2) Peripherin-GFP (PGFP): This transgenic mouse was obtained from
Joseph Sarsero, MCRI, Australia. These mice were crossed with the Pit19W strain to
generate Pit19V-PGFP mice. 3) Mafb-GFP (MGFP): This strain was obtained from Satoru
Takahashi, University of Tsukuba, Tsukuba, Japan. These mice were crossed with the
Pit19W strain to generate Pit19V - MGFP mice.

To induce hypothyroidism, pregnant dams were fed with an iodine-deficient diet containing
0.15% propylthiouracil (PTU) (Harlan Labs, Teklad Animal Diet #95125) throughout the
gestation period. Pups were maintained on this diet until the completion of the experiment at
which point they were sacrificed. Established procedures for animal care and genotyping
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were used, including feeding mice a higher fat chow designed for breeding (PMI15020),
delaying weaning of mutants until 35 days old, and housing mutants with normal littermates
to provide warmth (Karolyi et al., 2007). Control mice were fed normal chow. In all
experiments, at least 4 animals of each genotype were analyzed for each age group studied
unless stated otherwise. Postnatal day zero (P0) was designated as the day of birth. All
experiments were approved by the University Committee on the Use and Care of Animals
and conducted in accord with the principles and procedures outlined in the National
Institutes of Health Guidelines for the Care and Use of Experimental Animals.

2.2 TH injection

Pit1% mice and control wild type (WT) mice were subcutaneously injected for specific
durations with either 20 ng T3/g body weight or PBS as a negative control. T3 solution
(20ng/ul) was prepared by dissolving 1 mg of T3 (3,3,5-triiodo-L-thyronine sodium salt,
Sigma Aldrich, St. Louis, MO) in 1 mL 1N NaOH and 49mL PBS. Radioimmunoassay was
used to confirm that this dose of T3 was sufficient to induce normal T3 levels in Pit19 mice
(Sundaresan et al., 2015). Similar studies by other groups have shown that replacement with
T3 rather than T4 is more effective since it bypasses the necessary conversion of T4 to the
more active T3 in vivo (Weiss et al., 1998; Sui et al., 2006). Mice were sacrificed at P14.
n=4 for all treatment groups and controls.

2.3 Immunofluorescence Staining

Preparation of whole mount cochlear tissues and the procedures for immunostaining on
these tissues have been previously described (Mustapha et al., 2009). Inner ears were
dissected into cold phosphate-buffered saline (PBS) and after opening the oval and round
windows and the bone at the cochlear apex, cochleae were perfused with 4%
paraformaldehyde in PBS and were left in fixative solution for additional 10 minutes.
Samples were washed in PBS for 10 minutes and then blocked in PBS containing 0.5%
Triton X-100 plus 5% bovine serum albumin for 30 minutes at room temperature. The same
blocking buffer was used for diluting antibodies. Primary antibodies were incubated at 4 °C
for 36 hours followed by three washes in PBS with 0.1% Tween 20. Secondary antibodies
were added for 1 hour at room temperature, followed by three washes in PBS with 0.1%
Tween 20. The following primary antibodies were used: goat anti-CtBP2 polyclonal for
RIBEYE (1:200, Santa Cruz Biotechnology), rabbit anti-SHANK1 polyclonal (1:200,
Neuromics), rabbit anti-GLUTR2/3 polyclonal for glutamate receptor (1:200, Millipore),
rabbit anti-synaptophysin polyclonal (1:300, Pierce Biotechnology), and anti-OTOF (1:500,
a gift from Drs. Saaid Safieddine and Christine Petit, Pasteur Institute, France). Secondary
antibodies used were Alexa Fluor 488-conjugated anti-goat and Alexa Fluor 546-conjugated
anti-rabbit (1:500 dilution, Invitrogen). After immunostaining, the cochleae were decalcified
in 10% EDTA at room temperature and further fixed by immersion in 4% paraformaldehyde
in PBS for 15 minutes. Cochleae were washed in PBS and mounted on slides in ProLong
(Invitrogen) anti-fading media.
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2.4 Transmission Electron Microscopy (TEM)

TEM analyses were done as previously described (Mustapha et al., 2009). Briefly, animals
were anesthetized and fixed with an intracardiac perfusion of 2.5% glutaraldehyde in 0.15M
cacodylate buffer, pH 7.2 with 0.1% tannic acid. Inner ears were removed and further fixed
in the same solution for 2 hours. The ears were then decalcified with 3% EDTA with 0.25%
glutaraldehyde for one week at 4°C. They were then postfixed in 1% osmium tetraoxide,
dehydrated with increasing ethanol concentrations, and embedded in Embed 812 epoxy
resin. Embedded ears were sectioned, stained with uranyl acetate and lead citrate, and
examined on a Phillips CM-100 TEM. A minimum of four animals per group was examined.

2.5 Cochlear RNA extraction and quantitative RT-qPCR

Cochleae were dissected, and RNA extraction and cDNA preparation were performed as
previously described (Mendus et al., 2014). To quantify mRNA expression levels, the cDNA
was amplified using Tagman PCR assays (Applied Biosystems, Foster City, CA). We used
their proprietary probes and primers for OTOF (assay ID Mm00453299_m1) and GAPDH
(assay ID Mm99999915 g1). All Tagman qPCR assays were performed on a BIO-RAD
CFX96™ Real-Time System (Bio-Rad, Hercules, CA) with accompanying software for data
analysis. Expression of the gene of interest was normalized with respect to the internal
standard, GAPDH. Statistical analyses were performed using Student’s t test on Microsoft
Excel (Microsoft Corp, Redmond, WA). p<0.05 was considered statistically significant.

2.6 Quantification and Statistical Analysis

Quantification of RIBEYE puncta was performed as previously described (Mendus et al.,
2014). A minimum of 30 outer hair cells per ear and an “n” of four to seven animals per
genotype or treatment group were counted for each marker. Marker counts are shown as box
and whisker plots that represent every data point in the set. The whiskers represent the
minimum and maximum values in the specific group examined. Outliers in the data set are
also shown. Statistical analyses were performed using an analysis of variance (ANOVA)
(SPSS Statistics Premium Grad Pack, IBM Corp.). Two-way ANOVA of the
immunohistochemistry data was performed with RIBEYE count as the dependent variable
with genotype (wild type or Pit1%") and treatment or age as independent factors for these
tests. On the basis of significant main effects and interactions from this statistical test,
planned comparisons were performed either by use of Student’s t test or a one-way ANOVA
with marker counts as dependent variable, followed by Scheffe’s post hoc test to identify
differences between genotypes, or across ages or treatment groups (SPSS, and Microsoft
Excel). In all statistical tests, a p < 0.05 was considered statistically significant. p values >
0.001 for significant comparisons are mentioned in the appropriate results section.

3. Results

3.1 Abnormal persistence of afferent connections to OHCs of Pit19% mutants

Previous studies have shown a drastic reduction in the number of ribbon synapses during the
OHC maturation period (P6 to P12) in mice (Sobkowicz et al., 1982; Huang et al., 2012). To
study the role of TH in the elimination of these synapses, we compared presynaptic ribbons
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in the OHCs of Pit19" and WT mice by immunohistochemistry with the ribbon marker,
RIBEYE, at P5, P9, and P14. We also tried to detect the postsynaptic markers GLUTR2/3
and SHANKZ1 by immunohistochemistry, but were unable to detect distinct puncta for these
markers beyond P5. Also, postsynaptic puncta marked by GLUTR2/3 or SHANK1
immunoreactivity were not juxtaposed with RIBEYE puncta in our experiments. Therefore,
we considered RIBEYE puncta only for our analyses. Confocal images from the apical turn
of the cochlea are shown in Figure 1A-D. RIBEYE-positive puncta from Pit1%% and WT
samples were quantified using 3D-reconstructions of confocal images. For statistical
analysis, two-way ANOVAs were performed with RIBEYE puncta count as dependent
variable and genotype (WT or Pit19%) and age (P5, P9, and P14) as independent factors.
This analysis showed a significant main effect of genotype by age interaction (F 25=14.501,
p<0.001). Planned comparisons were performed with a one-way ANOVA, with RIBEYE
puncta count as dependent variable and either age or genotype as independent factor as
indicated below. This analysis was followed by Scheffe’s post hoc test to identify
differences between genotypes or across the ages tested. Wild type OHCs showed a normal
pattern of presynaptic ribbon loss between the ages of P5, P9, and P14 in both the apical and
mid turns of the cochlea (Figure 1A,C,E). In WT mice, RIBEYE counts at P9 and P14 were
49.4% and 75.2% lower than those at P5 in the apical turn indicating pruning occurred
throughout this period (p<0.001 for both P9 vs. P5 and P14 vs. P5) (Figure 1E). There was a
51.2% reduction in RIBEYE counts between P9 and P14 as well (p=0.025). In the mid turn
of WT cochlea, we saw a similar pattern of pruning with 70.7% and 88.6 % reduction in
RIBEYE counts at P9 and P14, respectively, compared to P5 (p<0.001 for both
comparisons). Counts at P14 were also 61% lower than those at P9 (p=0.027). The
presynaptic ribbons in the OHCs of the apical turn refined to a lesser extent in Pit1dW
mutants compared to WT controls during this time period (Figure 1F). While pruning was
delayed in the mutant mice and no significant changes in RIBEYE counts were seen at P9
compared to P5, there was a 22% reduction at P14 compared to levels at P5 (p =0.02). In the
mid turn, however, Pit19 mutants pruned to a greater extent than the apical turn with
RIBEYE counts 55.4% lower at P9 and 68% lower at P14 compared to P5 (p<0.001 for both
P9 vs. P5 and P14 vs. P5). RIBEYE counts at P9 and P14 were not significantly different
(p=0.05) indicating that pruning mainly occurred in the P5-P9 window in these mice.

Next, when we compared the average ribbon numbers per OHC between the Pit1%" mutants
and WT mice at P5, they were similar in both the apical and mid turns of the cochlea (p=0.1
for both apical and mid turn comparisons) (Figure 1G,H). However, at P9 and P14, WT
mice had significantly lower numbers of ribbons per OHC in the apical turn than Pit19W
mutants (p<0.001 for P9 and p=0.002 for P14) (Figure 1G). RIBEYE counts in the OHCs of
the mid turn at P9 and P14 were also both lower in WT compared to Pit1%" mice (p=0.003
for P9 and p=0.016 for P14) (Figure 1H), although these differences were smaller than what
was seen in the apical turn. These results taken together indicated a disruption in the
refinement of OHC presynaptic ribbons in both turns of the cochlea in the Pit19W mutants.

3.2 Pit19% mice have more type Il SGNs compared to WT mice

The abnormalities of OHC innervation we observed in Pit1% mutants may be due to the
persistence of afferent fibers and neurons of type 11 SGNs, which normally regress from the
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OHCs during the first postnatal week of cochlear development (Rueda et al., 1987; Echteler,
1992). It has been shown that loss of type Il SGNs during this period is an important
mechanism of pruning of afferent innervation to the OHCs (Huang et al., 2012). We
hypothesized that defective pruning of type Il SGN fibers could account for the abnormal
retention of presynaptic ribbons in Pit1%" mutants. We took advantage of the Peripherin-
GFP (PGFP) transgenic mouse model that has the protein peripherin, a commonly used
marker for type 1l SGNs, labeled with GFP (McLenachan et al., 2008). The breeding of
PGFP mice with Pit19¥ mice allowed a specific detection of type Il SGNs in both WT and
Pit19W cochleas from P6 onward (Figure 2A,B). We performed whole mounts of all three
regions of the cochlea (apical, mid, and basal), followed by confocal microscopy and 3D-
reconstruction using Volocity® software. We then counted the number of peripherin-labeled
type 1l neurons in PGFP- Pit1% and WT-PFGP mice. We found that PGFP-Pit1% mice had
19.6% more type Il SGN as compared to PGFP controls (Figure 2C). Therefore, defects in
pruning of excess afferent synapses to the OHCs of Pit19W mutants can, at least partially, be
attributed to a failure in the retraction of type Il SGNs during the normal window of pruning.
This result further indicates that TH could facilitate the apoptosis of type 11 SGNs directly or
indirectly in WT mice, a process that is lacking in the Pit1% mutants. Our data is consistent
with an earlier study in hypothyroid rats that also reported an increase in the number of
SGNs, but this study did not distinguish between types | and 11 (Rueda et al., 2003). Our
results conclusively demonstrate that the number of SGNII is higher in Pit1% mutants
compared to WT mice. We next examined whether replacement with TH would restore
normal pruning in the OHCs of Pit1% mutants.

3.3 Effect of TH replacement on OHC presynaptic ribbon refinement

We injected Pit19 mutants with TH for specific time periods (indicated below) and
examined whether TH treatment was able to correct the refinement defect observed with the
presynaptic ribbons in the OHCs of these animals. Previous studies by our group have
shown that the period from P3 to P8 is critical for TH action on afferent presynaptic pruning
in IHCs (Sundaresan et al., 2015). Based on reports in literature that suggest TH levels (and
therefore, TH action) in the cochlea are highest in the early postnatal period, we picked a
few different treatment windows within this period for TH supplementation (Campos-Barros
et al., 2000; Sharlin et al., 2011). We injected Pit19% mice with TH from: 1) PO to P5, 2) P3
to P4, 3) P3 to P6, or 4) P3 to P8. We then analyzed cochlear tissue from these mice to
determine which of these treatment periods was effective in restoring pruning in the OHCs
of Pit1% mutants. Our analyses showed that treatment from P3 to P4 was sufficient to
restore normal ribbon counts in the hypothyroid OHCs. Data from the other treatment
periods (PO to P5, P3 to P6 and P3 to P8) were similar. Only data and images from the apical
turn of the P3 to P4 treated mice are shown since effects in the apical turn were more
pronounced. Confocal images of cochlear whole mounts stained with antibodies to the
presynaptic marker, RIBEYE, are shown from the apical turn for saline-injected WT, and
Pit1% mice TH-treated from P3 to P4, in Figure 3A,B. We quantified the RIBEYE puncta
and then performed one-way ANOVA with marker count as dependent variable and
treatment group as independent factor (F, 1,=28.429, p<0.001) (Figure 3C). At P14, TH-
injected Pit1% mice had significantly lower number of RIBEYE puncta per OHC compared
to the same genotype animals that were injected with saline (p<0.001 for both apical and
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mid turns; only apical turn shown). RIBEYE puncta counts in both the apical and mid turns
of TH-treated Pit19W mice at P14 were not significantly different from those in saline-
injected WT controls (p=0.93 for apical turn; p=0.73 for mid turn). We concluded that TH
treatment from P3 to P4 was sufficient for restoring normal pruning in the OHCs of the
apical and mid turns of the cochlea.

3.4 The impact of prolonged hypothyroidism on afferent pruning

The excess afferent innervation in the apical turn of the Pit1% mutant mice could either
persist with age or prune over period of time if it were due to a simple developmental delay.
To test which of these two possibilities, we examined the synapses in Pit14% mutant OHCs
by TEM at P42. A representative image from the mid-basal turn is shown for WT and Pit19W
mutants (Figure 4A,B). Hypothyroid OHCs at P42 retained their immature pattern of
innervation, consistent with abnormal persistence of temporary afferent dendrites (Figure
4B). In addition, efferent endings were noted the base of the hypothyroid OHCs where they
retained immature axo-dendritic contacts with the abnormally persisting afferents instead of
establishing mature axo-somatic connection with OHCs as in WT controls (Figure 4A,B).
This observation is consistent with a previous report on hypothyroid rats (Uziel et al.,
1983b; Uziel, 1986). Vesicles were noted in the efferent nerve endings indicating these
terminals may be functional in the Pit19 mutants. In order to obtain a more quantitative
estimate, we performed immunohistochemistry on a whole mount of the organ of Corti with
an anti-RIBEYE antibody to reveal afferent terminals (Figure 4C,D; only apical turn
shown). Quantification of RIBEYE counts from apical and mid turns of WT and Pit19W
mice at P42 showed similar numbers in the mid turn but significantly higher numbers in the
apical turn for the Pit19W mice (p<0.001) (Figure 4E). RIBEYE counts in the apical turn of
the Pit19% mutants were not as high at P42 compared to the same genotype at P9 and P14
(Figure 1H), but still indicated that the afferents in this region did not prune completely by
P42.

The TEM images represent a smaller number of cells per sample than the RIBEYE
immunohistochemistry data and this might account for the discrepancy in the persistent
afferent innervation seen with the TEM that is not supported by the quantification of the
RIBEYE presynaptic puncta in the mid turn at P42. Another possibility is that presynaptic
pruning perhaps preceded postsynaptic removal, as we previously reported for the IHCs
(Sundaresan et al., 2015). However, since we did not use a postsynaptic marker (such as
GLUT2/3 or SHANKZ1) in this immunohistochemistry analysis, we cannot rule out the
possibility of persistent postsynaptic afferent innervation that might correlate with the TEM
data.

3.5 Effect of abnormal afferent fiber persistence on efferent connectivity

To further examine the immature pattern of efferent connectivity to the Pit19W mutant OHCs
observed using TEM (Figure 4B) and determine whether it correlated with the abnormal
persistence of afferent fibers, we performed immunohistochemistry on cochlear whole
mounts for the presynaptic efferent marker, synaptophysin. For this study, Mafb-GFP
(MGFP) mice crossed with the Pit19W strain (MGFP-Pit19%) were examined for the
expression pattern of the efferent marker, synaptophysin (Knipper et al., 1995), and
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compared with the control MGFP strain. Mafb is a transcription factor expressed in both
types of neurons and therefore, both type I and type 1l SGNs and their fibers/terminals are
labeled green with GFP (Lu et al., 2011; Yu et al., 2013). At P30, the controls showed a
greater number of synaptophysin positive puncta with fewer afferent (GFP-positive) puncta
whereas the reverse was observed in age-matched MGFP-Pit1%" cochleae (apical turn,
Figure 5A,B). Lower synaptophysin expression correlated with an abnormal retention of
afferent innervation in the OHCs of the apical turn in Pit1% mice (Figure 1B).

To get a more quantitative estimate of the ratio of efferent to afferent puncta in these mice,
we counted the number of synaptophysin-positive and RIBEY E-positive puncta in the OHCs
of Pit19% and WT mice at P30. As mentioned earlier, we were unable to obtain distinct
punctate staining with afferent postsynaptic markers beyond P5, and therefore considered
the presynaptic ribbons as representing the afferent synapse. We found that Pit1%" mice had
87% lower numbers of synaptophysin puncta (8.16+1.47 per 30 OHCs; mean+SD)
compared to WT mice (62.83+3.65 per 30 OHCs; mean+SD) in the apical turn, indicating
greatly reduced efferent innervation to the OHCs in the Pit19W mice (p<0.001, Student’s t
test, n=6 both genotypes). In addition, the ratio of RIBEYE presynaptic puncta to
synaptophysin puncta was 25.7 to 1 in Pit1% mice, and 1.14 to 1 in WT mice, in the apical
turn (p<0.001, Student’s t test). These results show that the retention of afferent contacts in
the Pit19% mice correlated with their abnormally low efferent numbers. Knipper and
colleagues reported normal efferent innervation to the OHCs in a model of drug-induced
perinatal hypothyroidism (from embryonic day 17 to P9) using synaptophysin for an efferent
marker (Knipper et al., 2000). Our results suggest that prolonged absence of TH beyond this
perinatal period disrupts normal afferent and efferent innervation of the OHCs.

It is possible that the persistence of the afferent connections to the OHCs prevents incoming
efferent fibers from making contacts with their target hair cells. On the other hand, the
transient efferent to afferent axo-dendritic connection may be involved in afferent
elimination during development. In addition to the actions of the efferent input, OHCs may
themselves play an important role in establishing mature pattern of innervation. In order to
investigate the role of the presynaptic activity of OHCs in the maturation of afferent type Il
SGN connections, we examined the level and pattern of OTOF expression in the Pit19W
mutants.

3.6 Otoferlin expression persists in the OHCs of hypothyroid mice

OTOF plays a major role in exocytosis at both the IHC and immature OHC ribbon synapses
(Roux et al., 2006; Beurg et al., 2008). In normal mice, OTOF protein level increases in both
IHCs and OHCs from E18 to P6. From P6 onward, OTOF immunoreactivity vanishes in
most OHCs in parallel with the regression of temporary OHC afferent synaptic contacts
(Sobkowicz et al., 1982; Roux et al., 2006; Beurg et al., 2008). We found persistent
immature OTOF expression by immunohistochemistry in the OHCs of Pit19" mutants in all
cochlear regions up to P21 (P7, P11, P14, P21, P42 and P90 were analyzed but only P14 and
P42 data are shown) (Figure 6A,B,C,D). At P42 and P90, OTOF expression persisted in the
apical and upper mid-turn regions of the organ of Corti (Figure 6E,F,G,H). However, OTOF
expression was not detectable in the OHCs of the lower mid and basal turns at these adult
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ages in the Pit19 mutants. In addition to the protein expression pattern, we looked at OTOF
mRNA levels by quantitative RT-PCR using RNA from WT and Pit1% mutants. Expression
of OTOF mRNA was 70% higher in the organ of Corti of mutants as compared to WT
(p=0.009 by Student’s t test) (data not shown). This increase in OTOF mRNA levels could
account for the higher persistent expression of the protein in the OHCs of Pit19 mice.

4. Discussion

Neuronal death is a common phenomenon in the development of neuronal tissues and is
necessary for the formation of a mature neuronal network (Katz and Lasek, 1978; Catsicas et
al., 1987; Williams and Herrup, 1988). During cochlear development as well, a significant
loss of SGNs occurs between P1 and P7 (Rueda et al., 1987). Studies have shown that 25%
of total SGNs lost during this period are of the type Il kind (Chiong et al., 1993; Echteler et
al., 2005; Barclay et al., 2011). This early postnatal period is also considered a critical phase
for TH action on cochlear neurodevelopment (Uziel, 1986; Rusch et al., 2001). Our group
has recently shown that TH supplementation in the time window from P3 to P8 is sufficient
to restore normal synaptic pruning in the IHCs of the hypothyroid Pit19" mutant mice
(Sundaresan et al., 2015). However, pruning of afferent IHC innervation differs from OHC
synaptic pruning since it is caused by retraction of afferent type | neurite branches rather
than by the death of type Il SGNSs. In the current study, we found that TH also regulates type
I1 SGN pruning as demonstrated by persistent attachment of type 11 SGNs to the OHCs of
Pit19 mutant mice. This OHC afferent synaptic pruning defect was reversible with TH
treatment from P3 to P4. In comparison, a longer treatment window (from P3 to P8) was
necessary to reverse an afferent pruning defect in the IHCs (Sundaresan et al., 2015).

Our current study shows that hypothyroidism in the Pit19¥ mutants somewhat disrupts the
programmed death of type Il SGNs that occurs normally during cochlear development. This
result is consistent with a previous study on propylthiouracil (PTU)-treated rats even though
it did not differentiate between the SGN types that are affected by the absence of TH (Rueda
et al., 2003). While the focus of this study is on TH regulation of the pruning and
maintenance of OHC afferent synapses, it will be interesting to check in future studies
whether the retained afferent fibers are functional and whether hypothyroid OHCs can
generate an action potential. Previous studies have shown that pre-hearing type Il SGNs are
excited by ATP, and may be important for sensing painful sound and receiving the medial
olivocochlear efferent feedback to the cochlea (Weisz et al., 2009, 2012; Flores et al., 2015;
Froud et al., 2015; Liberman and Liberman, 2015). We found that the persistence of type Il
SGNs was correlated with more afferent and lower efferent innervation to the OHCs in the
Pit1% mutants. It is unclear whether the persistence of the afferent connections to the OHCs
impedes incoming efferent fibers from making proper contacts with their target hair cells.
Studies, including our current one, have reported that the myelinated medial efferent fibers
make a temporary axo-dendritic connection with unmyelinated afferent type 11 fibers before
they make a final axo-somatic connection with the OHCs (Nadol, 1983). It is tempting to
speculate that these transient connections to the afferent fibers by the incoming efferent
fibers may result in the weakening of afferent synapses and cause subsequent synaptic
pruning or axonal retraction. An early study of OHC synapse number during development in
a cultured organ of Corti preparation, however, showed that normal afferent pruning, as
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reflected by the number of the presynaptic ribbons, was achieved even in the absence of any
efferent connections, arguing against any efferent role in this process (Sobkowicz et al.,
1982).

If the pruning signals are not originating from the incoming efferent fibers, other potential
sources for type 11 SGN pruning signals are either the hair cells, the supporting cells or
SGNs themselves. One possibility is that the hair cells need to mature to be able to express
the correct cues to attract the incoming efferent fibers and repel the excess afferent
connections. The state of maturation of a hair cell can be determined in many ways,
including the expression of key functional proteins. Appropriate TH levels at specific
developmental time periods were also required for the normal expression of the motor
protein, prestin, and ion channels, KCNQ4 and BK in the hair cells (Knipper et al., 2001;
Rusch et al., 2001; Winter et al., 2007; Mustapha et al., 2009). Whether the immature hair
cell phenotype in hypothyroid animals as observed with disruption in the expression of key
functional proteins is the cause or the effect of the lack of afferent refinement is an
interesting question. In this study we examined whether afferent pruning correlated with the
expression of OTOF under hypothyroid conditions. In our experiments, we found that
OTOF expression persisted in the OHCs of all cochlear turns in Pit19% mutant mice at P14
while it was not detectable in age-matched WT controls. The persistence of OTOF
expression in the apical and upper mid turn OHCs at later ages (P42 and P90) in the Pit19W
mutants, therefore, may reflect an immature phenotype. A persistence of OTOF expression
was also observed by our group studying a similar hypothyroid mouse model, Prop1df/df
(Fang et al., 2012) but not in other hypothyroid reported models (Brandt et al., 2007; Sendin
et al., 2007). This current study is a more comprehensive look, however, at the correlation
between persistence of OTOF expression and afferent innervation in the OHCs. Afferent
synapses in mutant OHCs even in the apical turn did prune somewhat over a longer period
of time as indicated by lower ribbon synaptic puncta at P42 in the Pit19¥ mice, even though
OTOF expression persisted at that age. We also looked at OTOF expression in the Pit19W
mice at P14 after TH supplementation from P3-P4, and found that levels were unchanged in
the mid turn compared to untreated littermates (Table 1). Data on presynaptic marker
quantification, and OTOF expression detection in the OHC are compiled in Table 1 for a
number of developmental stages for both WT and Pit19W mice for easy comparison. Since
afferent pruning to the OHCs was restored by TH replacement in the Pit19 mice, we
propose that the state of maturity of the hair cell, as determined by OTOF expression, may
not regulate the process of afferent pruning. While additional markers or measures of OHC
functional maturation are needed to confirm this theory, we recently reported similar
observations with regard to IHC maturation and afferent synapse pruning (Sundaresan et al.
2015).

It is possible that supporting cells and or/ type 11 SGNs may express genes, directly or
indirectly regulated by TH, that are involved in the pruning of type Il SGNs and/or in
guiding efferent fibers innervating the OHCs. For example, guidance molecules expressed in
the cochlea such as the class 3 Semaphorins and Plexins, their receptors (Katayama et al.,
2013; Coate et al., 2015), the Eph/ephrin signaling molecules (Defourny et al., 2013; Cramer
and Gabriele, 2014), neurotrophins such as the brain-derived neurotrophic factor, BDNF,
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and neurotrophin 3 (Ntf3) (Farifias et al., 2001; Schimmang et al., 2003; Fritzsch et al.,
2005), and transcription factors such as Prox1 (Fritzsch et al., 2010), are all implicated in
regulation of spiral ganglion outgrowth or attachment to hair cell targets to achieve normal
neural patterning in the cochlea. It is unclear whether TH regulates these genes. In our
hands, BDNF and Ntf3 mRNA levels were similar in control and hypothyroid cochleae (data
not shown). However, TH may post-transcriptionally regulate these genes, as we have
observed in the case of glial glutamate transporter (GLAST) levels in Pit19W mice
(Sundaresan et al., 2015). The expression profiling of candidate genes in supporting cells
and SGNs under normal and hypothyroid conditions, or transcriptome analysis of cell-
specific TH deficiency may aid in identifying target genes in these cells that are regulated by
TH (Dettling et al., 2014). Our current data suggest that while TH is required for normal
initiation of synaptic refinement, there maybe one or more other unknown components that
also act in conjunction with TH in these events. In the absence of TH, perhaps one or more
of these other co-factors enables some of the pruning or death of type 11 SGNs to occur,
albeit in a delayed manner. We observed a similar delayed pruning of type | SGNs
innervating the IHCs in the same Pit1%% mouse model (Sundaresan et al., 2015). Peeters and
coworkers also recently proposed the idea of other components acting in conjunction with
TH in the programmed death of the germinal epithelial ridge in the developing inner ear
(Peeters et al., 2015). From our studies, there is sufficient evidence to conclude that TH
regulates both the small-scale pruning involving the retraction of neurite branches as in the
case of the type | SGNs innervating the IHCs (Sundaresan et al., 2015), as well as the death
of type 1l SGNs on a larger scale (this study). These data point to a global role for TH in
synaptic pruning in the cochlea, and also raise possibilities to consider with respect to the
action of TH on neuronal maturation in other organs.

5. Conclusions

This study provides important insights into the role of thyroid hormone in the development
and maturation of type Il spiral ganglion neurons that primarily innervate the mature outer
hair cells. Hypothyroid mice retained excess afferent connections to the outer hair cells that
are normally pruned away by the second postnatal week during the process of synaptic
refinement. Tracing type Il SGN fibers specifically using transgenic Peripherin-GFP mice,
we have shown that type Il fibers were retained in the hypothyroid OHCs. Hypothyroid mice
also retained OTOF expression up to P42 in the apical and mid turns of their cochleae. TH
supplementation from P3 to P4 restored normal afferent connectivity to OHCs in Pit1dW
mice. This did not, however, correct the persistent OTOF expression in the OHCs of these
mice. Additionally, we also found that efferent connections to the OHCs were disrupted in
the Pit19% mice. The above data together indicate that thyroid hormone is required for the
normal innervation of outer hair cells.
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Abbreviations

ANOVA Analysis of variance
GFP Green fluorescent protein
GLAST Glial glutamate transporter
GLUTR Glutamate receptor
IHC Inner hair cell
OHC Outer hair cell
OTOF Otoferlin
PBS Phosphate-buffered saline
RT-gPCR Reverse transcriptase-quantitative polymerase chain reaction
SGN Spiral ganglion neuron
TH Thyroid hormone
WT Wild type
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Highlights
«  Hypothyroid mice retain excess afferent innervation to outer hair cells
e Excess innervation is made up of type Il spiral ganglion neurons
»  Otoferlin expression persists in the outer hair cells of hypothyroid mice

e Thyroid hormone given from postnatal day 3-4 restores normal afferent
innervation

»  Afferent pruning may not be regulated by the state of hair cell maturation
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Figure 1. Outer hair cell (OHC) synaptic refinement is disrupted in Pit1%mutants
Projection of confocal sections obtained from the apical turn of cochlear whole mounts

stained with the afferent presynaptic marker RIBEYE (in green) at P5 in wild type (WT) (A)
and Pit19% mice (B). The same marker at P14 in WT and Pit19W mice is shown in (C) and
(D) respectively. E, F, Quantification of RIBEYE puncta from the cochlea in WT and
Pit19% mice, respectively at P5, P9, and P14. G, H, Comparison of RIBEYE puncta counts
in the OHCs of Pit19W mutants at P5, P9, and P14 as compared to age-matched WT controls.
Box plots represent the entire data set. Statistical tests were performed using ANOVA
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followed by Scheffe’s post hoc test. n=4 for all groups. *p<0.05 was considered statistically
significant. Statistically significant comparisons are indicated (*).

Neuroscience. Author manuscript; available in PMC 2017 January 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sundaresan et al.

Page 19

Wild Type-PGFP Pit1*"-PGFP

*

i
= 700
v
(=]
9]
g
% 650
| —
-
(=]
9]
‘» 600
S
F -
G
A 550 .

| |

Wild Type Pitldw

Figure 2. Altered pruning of spiral ganglion type Il neurons in P8 hypothyroid organ of Corti
A, B, Projection of confocal sections obtained from whole mount cochlea of PGFP that has

type 11 SGNs labeled with GFP (green) (A) and PGFP-Pit1% mice (B). C, Quantification of
the SG 11 neurons in the organ of Corti of Pit19% mutants compared to WT controls. Results
are expressed as a box plot showing the entire data set. The scale bar represents 10 pm. n=7
for both PGFP and PGFP- Pit1% mice. *p<0.001 by Student’s t test.
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Figure 3. Refinement of presynaptic ribbons in Pit19W js rescued by thyroid hormone (TH)

treatment from P3 to P4

A, B, Projection of confocal sections obtained from the apical turn of cochlear whole
mounts stained with RIBEYE (green) at P14 in saline-treated wild type (WT) (A) and in
Pit19% mice treated with TH from P3 to P4 (B). C, Quantification of RIBEYE puncta from
the apical turn of the cochlea in saline-treated WT and TH-treated Pit19W mice showed no
significant differences. n=4 for each group. Results are expressed as a box plot showing the
entire data set. The scale bar represents 10 um. * p<0.05 from Scheffe’s post hoc tests

following an ANOVA.
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Figure 4. Transmission electron microscopy (TEM) analysis of OHCs at P42 and ribbon
quantification

Representative TEM images from the mid-basal turn of and WT (A) and Pit19W mutant
cochleas at P42 (B). The scale bar is 2 um. C, D, Projection of confocal sections obtained
from the apical turn of cochlear whole mounts stained with RIBEYE from WT (C) and
Pit19 mutants (D). E, Quantification of RIBEYE puncta from whole mounts of WT and
Pit1% mutant cochleas stained with an anti-RIBEYE antibody. Data is represented as a box
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plot showing the entire data set. The scale bar represents 10 pm. * p<0.05 from Scheffe’s
post hoc tests following an ANOVA.
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Figure 5. Low efferent marker synaptophysin expression in Pit19W OHCs
Representative images from apical turn sections showing immunohistochemistry for efferent

marker, synaptophysin (red), and type I and type Il SGNs (green) from Mafb-GFP (MGFP)
mice (A) and hypothyroid MGFP-Pit19¥ mice (B).

Neuroscience. Author manuscript; available in PMC 2017 January 15.



1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sundaresan et al.

Page 24

Wild Type Pit 19w

P42, Apical P14, Basal P14, Apical

P42, Basal

Figure 6. Abnormal persistence of otoferlin expression in adult Pit19%W OHCs
Projection of confocal sections obtained from immunohistochemistry of cochlear whole

mounts with an antibody to the presynaptic vesicle protein, otoferlin, in WT and Pit19W
mutants at P14 and P42. Both apical and basal turns of the cochlea were analyzed. A,B,C,D,
apical and basal turns from P14 WT (A,C) and Pit19% mutants (B,D). E,F,G,H, apical and
basal turns from P42 WT (E,G) and Pit19W mutants (F,H).
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