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Abstract

The functional interactions between neurons and glial cells that are important for nervous system
function are presumably established during development from the activity of progenitor cells. In
this study we examined proliferation of progenitor cells in the medial nucleus of the trapezoid
body (MNTB) located in the rat auditory brainstem. We performed DNA synthesis labeling
experiments to demonstrate changes in cell proliferation activity during postnatal stages of
development. An increase in cell proliferation correlated with MNTB growth and the presence of
S100B-positive astrocytes among MNTB neurons. In additional experiments we analyzed the fate
of newly born cells. At perinatal ages, newly born cells colabeled with the astrocyte marker S1003
in higher numbers than when cells were generated at postnatal day 6. Furthermore, we identified
newly born cells that were colabeled with caspase-3 immunohistochemistry and performed
comparative experiments to demonstrate that there is a natural decrease in cell proliferation
activity during postnatal development in rats, mice, gerbils, and ferrets. Lastly, we found that there
is a stronger decrease in MNTB cell proliferation after performing bilateral lesions of the auditory
periphery in rats. Altogether, these results identify important stages in the development of
astrocytes in the MNTB and provide evidence that the proliferative activity of the progenitor cells
is developmentally regulated. We propose that the developmental reduction in cell proliferation
may reflect coordinated signaling between the auditory brainstem and the auditory periphery.
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In the central nervous system (CNS), bidirectional communication between neurons and
glial cells is involved in normal and pathological function (Murai and van Meyel, 2007; Rosi
and Volterra, 2009). Presumably, neuron—glial cell interactions are established during
development, most likely during the late embryonic and early postnatal stages when neural
progenitor cells begin their transition to neurons and glial cells, neurons form synaptic
circuits, and glial cells establish functional links with neurons (Bayer, 1989; Morest and
Silver, 2003). The main goal of this study was to analyze proliferation of progenitor cells in
the medial nucleus of the trapezoid body (MNTB) in the mammalian auditory brainstem
during postnatal development.

The MNTB has been used as a system to study the mechanisms of synaptic transmission
during development and sensory processing (Hoffpauir et al., 2010; Nakamura and Cramer,
2011; Borst and Soria van Hoeve, 2012). In rodents, the MNTB is predominately composed
of principal neurons that receive giant glutamatergic connections known as the calyx of Held
synapses from bushy cells in the contralateral anteroventral cochlear nucleus (von Gersdorff
and Borst, 2002; Schneggenburger and Forsythe, 2006). However, very little is known about
the origin, development, and diversity of different glial cell populations in the MNTB.

In this study we analyzed cell proliferation in the MNTB of Wistar rat pups during postnatal
development, including how it relates to gliogenesis, apoptosis, and hearing development.
To test the hypothesis that changes in auditory brainstem cell proliferation are linked to
hearing development, we compared the pattern of postnatal cell proliferation in the rat
MNTB with mice, gerbils, and ferrets. In these species, opening of the ear canal and hearing
onset occur postnatally at different ages (postnatal day [P]13 for Wistar rats, Crins et al.,
2011; our unpublished results; P12 for CBA/CaJ mice, Sonntag et al., 2009; P12 for gerbils,
Woolf and Ryan, 1984; McGuirt et al., 1995; McFadden et al., 1996; P28 for ferrets, Moore
and Hine, 1992). We performed further lesion experiments in rats with the goal to disrupt
activity related signals in the auditory system and to examine their effects on cell
proliferation in the MNTB.

MATERIALS AND METHODS

Animals

All experimental procedures regarding the use of animals were reviewed and approved by
the Institutional Animal Care and Use Committee of the City College of New York, which
conform to National Institutes of Health guidelines for the use of animals in research.
Timed-pregnant Wistar or Mongolian gerbil dams (Charles River, Wilmington, MA) were
received at the animal care facility at gestation day (E) 12 or E15. The day of birth was
defined as PO. Breeding pairs of CBA/CaJ mice were obtained from the Jackson Laboratory
(Bar Harbor, ME) and bred at the animal facility of City College. A pregnant ferret dam
(Mustela putorius furo) was obtained from Marshal Farms (North Rose, NY) and maintained
at the animal facility until pups were born. After birth, pups were reared with their mother
with free access to food and water.
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EdU staining

Thymidine analog 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen, Eugene, OR) was used as a
marker of cell proliferation. This method was chosen over other methods such as
bromodeoxyuridine (BrdU) or H3-thymidine because EdU can be directly labeled with a
fluorescent azide. This reduces false-positive labeling and facilitates multilabeling
experiments in combination with immunohistochemistry (Breunig et al., 2007; Salic and
Mitchison, 2008). Pregnant dams or individual pups received a single intraperitoneal
injection of EdU at 160 g per gram of body weight. As described below, labeling was
examined at different times after EdU injection.

Animals were overdosed with an anesthetic and perfused acutely after 2 hours, or at 3 or 7
days after EAU injection with a fixative solution containing 4% paraformaldehyde in 0.1 M
phosphate buffer (PB). Whole brains were postfixed for 24 hours and placed in 30% sucrose
in PB prior to slicing. Brainstem slices were obtained using a freezing stage microtome
(American Optical, Buffalo, NY) at 35 pm thickness. All slices containing the MNTB were
identified by visual inspection using a Primos Star microscope (Carl Zeiss, North America).
A slice series containing the MNTB was separated into three or four sets containing an equal
number of sections and stored in PB for up to 24 hours at 4°C. EdU staining was conducted
using the Click-iT EdU imaging kit (Invitrogen) according to manufacturer’s instructions. In
some experiments, brain slices were immediately mounted with 0.3% gelatin onto glass
slides and dried before adding Prolong GOLD mounting medium with DAPI (to
counterstain cell nuclei; Invitrogen). In other experiments, brain slices were used for
immunohistochemistry.

Immunohistochemistry

The protocol for immunohistochemistry has been described previously (Rodriguez-
Contreras et al., 2006, 2008). As in other regions of the CNS, astrocytes can be identified by
the expression of specific cell markers such as the calcium-binding protein S100p and the
cytoskeletal protein glial fibrillary acidic protein (GFAP; Ford et al., 2009; Reyes-Haro et
al., 2010). Therefore, the following primary antibodies were used (see Table 1): rabbit anti-
S100B (Immunostar, Hudson, WI); chicken anti-GFAP (Abcam, Cambridge, MA); mouse
anti-NeuN, mouse anti-myelin basic protein (MBP; Millipore, Temecula, CA); and rabbit
anti-cleaved caspase-3 (Cell Signaling Technology, Beverly, MA). EdU-stained brain slices
were incubated for at least 48 hours at 4°C with the primary antibodies, rinsed twice for 5
minutes in a wash solution, followed by another incubation with fluorescently labeled
secondary antibodies (2 mg/ml) for 24-48 hours at 4°C. Goat antirabbit Alexa Fluor 594,
and goat antimouse Alexa Fluor 647 were used as secondary antibodies (Invitrogen). Brain
slices were washed four times before being mounted onto glass slides and counterstained
with DAPI.

Antibody characterization

All the antibodies used in this study showed an appropriate pattern of cellular morphology
and distribution as general markers of neurons, glial, and apoptotic cells.

J Comp Neurol. Author manuscript; available in PMC 2014 July 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Saliu et al.

Page 4

For caspase-3, a polyclonal rabbit antiserum (Cell Signaling Technology; Cat. No. 9661;
1:500) raised against a synthetic peptide (KLH-coupled) corresponding to amino terminal
residues adjacent to (Asp175) in human caspase-3 was used. This antibody does not
recognize full-length caspase-3 or other cleaved caspases (manufacturer’s technical
information). The antiserum stains two bands at 17 and 19 kDa molecular weight on western
blot of HeLa, NIH/3T3, and C6 cell extracts treated with cytochrome c to induce caspase-3
cleavage (manufacturer’s technical information; Sdnchez-Gémez et al., 2003; Rodriguez-
Contreras et al., 2006).

For GFAP a polyclonal chicken antiserum (Abcam, Cat. No. ab4674, 1:50) raised against
full-length protein purified from cow myelin associated material was used. The antiserum
stains transfected cultured cells that express GFAP and brain sections (manufacturer’s
technical information).

For MBP a monoclonal mouse antiserum (Millipore, Cat. No. MAB382, 1:50) against
epitope 129-138 present in human, bovine, and rat MBP was used, characterized by enzyme
immunoassay (Groome et al., 1985) and evaluated with immunohistochemistry on brain
tissue (Jarjour et al., 2008).

For NeuN a monoclonal mouse antiserum against a nuclear protein present in most CNS
neurons was used (Millipore, Cat. No. MAB377, 1:500). Specificity was tested with western
blots in which 2-3 bands in the 46—-48 kDa range and possibly another band at 66 kDa were
observed (manufacturer’s technical information). A similar pattern of staining was observed
previously (Rodriguez-Contreras et al., 2006).

For S100p a polyclonal rabbit antiserum (Immunostar, Cat. No. 22520, 1:500) against
purified bovine brain S100p was used. A similar cellular staining pattern was observed in
gerbils with a different antibody (Ford et al., 2009).

Imaging, analysis of cell density, and colocalization

In order to avoid potential regional differences in maturation, the medial portion of the
MNTB was selected for analysis (Fig. 3B; Rodriguez-Contreras et al., 2008; Ford et al.,
2009). A 40x/NA1.4 oil lens attached to an LSM510 confocal microscope (Carl Zeiss) was
used to acquire z-stacks of 8-bit, 512 x 512 pixel images. Image stacks (X, y, z voxel of 0.58,
0.58, 1.13 mm) were imported into Volocity (Perkin EImer, Waltham, MA) for analysis
using available image-segmentation and colocalization routines (Rodriguez-Contreras et al.,
2005, 2008). Cell density estimates were corrected to exclude cells touching the borders of
the image in X, y, and z planes, and to take into account differences in z-stack volume. Cell
density values were reported in cells/mm3. Brightness and contrast modifications were
performed in Volocity or in Adobe Photoshop (San Jose, CA) during the preparation of
figures.

Auditory periphery lesions

Sham and experimental animals were anesthetized with isoflurane as described above and
the auditory meatus was cut to expose the middle ear cavity (bulla). For sham surgeries, the
patch of skin was glued back with Vetbond (3M Health Care, St Paul, MN) while leaving
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the bulla intact, and covered with antibacterial ointment (3M Health Care) to prevent
infections. For experimental animals receiving bilateral or unilateral lesions, a small hole
was made through the bulla using an ultrasonic cleanser device with a 1-mm tip (Dental
Depot, Fort Lauderdale, FL), exposing the middle turn of the cochlea in order to make a
second hole through the bone. A small piece of absorbing material was used to clean the
lesion site and a piece of gel foam was left in place. The skin covering the auditory meatus
was placed back, glued with Vetbond, and covered with antibacterial ointment. Pups with
unilateral lesions exhibited circling behavior when placed on an open field. Circling
behavior was not always observed in bilateral lesioned pups, presumably because lesions
affected both sets of semicircular canals. The extent of bilateral and unilateral cochlear
damage was verified before processing rat brains for EdU analysis. As criteria for inclusion
in the study we used direct confirmation of damage to the middle ear cavity (which between
ages PO-P14 contains mesenchyme and receives vascular supply) and the presence of
hemorrhaging inside the inner ear (Fig. 12). Sham animals were used as controls for bilateral
lesions. The MNTB receiving input from the intact ear was used as a control for unilateral
lesions.

Analysis and statistics

Datasets were analyzed using Igor Pro 6.04 (Wavemetrics, Lake Oswego, OR). A fit to Eq.
(1) was performed for two phases of the data shown in Figure 4B: from E19 to P10
(exponential increase phase), and from P10 to P31 (exponential decrease phase):

Yo+Aexp[—(z—z0)/7] (1)
where T is the exponential time constant, yg and A are fit coefficients, and xg is a constant.

The percent of EdU-labeled cells remaining after hearing onset shown in Figure 11D was
determined with Eq. (2):

(B*100)/A (2

where B is the mean EdU cell density after hearing onset and A is the mean EdU cell density
before hearing onset. Hearing onset was defined as the earliest age at which auditory
responses with thresholds lower than 80 dB were recorded in each species (P13 for Wistar
rats, our unpublished results; P12 for CBA/Cal mice, Sonntag et al., 2009; P12 for gerbils,
Woolf and Ryan, 1984; McGuirt et al., 1995; McFadden et al., 1996; P28 for ferrets, Moore
and Hine, 1992). This functional definition is correlated with opening of the ear canal, a
major milestone in auditory periphery development (Moore and Hine, 1992).

Statistical analysis was performed using Prism 6 (GraphPad Software, La Jolla, CA).
Datasets were tested for normality using the D’ Agostino and Pearson omnibus K2 test
(D’Agostino, 1986). For statistical comparison in Figures 10 and 13, the unpaired two-tailed
t-test with Welch’s correction was used. For multiple comparisons in Figures 4C, 8D, and
11A-C, the Kruskal-Wallis test was used. Multiple t-tests with correction using the Holm-
Sidak method with alpha = 5% (without assuming a consistent SD) were applied to data in
Figure 13. Significance criterion was P < 0.05.
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Evidence of cell proliferation activity in the rat MNTB during the stage of postnatal growth

To measure the size of the MNTB we used Nissl-stained histological sections (Fig. 1; n = 47
rat pups). We found that the MNTB increased in size about 1.8-fold in both lateral to medial
(LM), and dorsal to ventral (DV) dimensions, and that it increased in size around 2-fold
along the rostral to caudal (RC) axis (Fig. 2). The largest size changes occurred during
perinatal ages and were complete by P10, except for the RC changes, which continued past
P15 (Fig. 2B). To examine cell proliferation in the MNTB, rat pups received acute injections
of EdU (Fig. 3A; n =43 rat pups). We observed systematic differences in the density of
EdU-labeled cells in the MNTB of pups at different ages (Figs. 3C-E, 4). For example, at
prenatal ages the density of EdU-labeled cells was low (mean, SD: 141, 78; range 10-331
cells/mm3; Fig. 4A, top), whereas between PO and P12 the density of EdU-labeled cells
increased (mean, SD: 206, 86; range 63-584 cells/mm3; Fig. 4A, middle). Between the ages
of P14 and P31, there was a marked decrease in the density of EdU-labeled cells (mean, SD:
43, 31; range 0-161 cells/mm3; Fig. 4A, bottom).

To further analyze changes in EdU labeling during postnatal development, we plotted data
in Figure 4A in two different ways. First, we grouped cell density data into bins of 3-day
duration. Using this time scale showed that the density of EdU-labeled cells increased
exponentially during perinatal ages (time constant, t = 1.4 days, continuous line in Fig. 4B),
reached a plateau from about P2 until P12, and declined sharply between P12 and P15 to
remain at low levels until P31 (t = 4.9 days; dashed line in Fig. 4B). Using a second
criterion, we pooled data according to three developmental stages, one embryonic and two
postnatal groups defined with respect to the age of hearing onset (Fig. 4C; hearing onset in
Wistar rats is indicated by an arrow in Fig. 4B). In this analysis, the density of EdU-labeled
cells varied significantly between the different groups (Kruskal-Wallis test, P < 0.0001).

Putative progenitor cells are present in the rat MNTB during postnatal development

Figure 5 shows confocal micrographs of antibody-stained tissue using different neuroglial
cell markers at ages P3, P9, and P21. We observed that S100p immunohistochemistry, used
previously to label astrocytes in gerbil MNTB (Ford et al., 2009), stained cell bodies and
processes of rat MNTB cells at P3 and P9, but only cell processes at P21 (Fig. 5G-1). Anti-
GFAP and anti-MBP immunostaining revealed different labeling patterns. At P3 and P9 the
anti-GFAP antibody labeled cellular processes localized on the ventral border of the
brainstem (marked by dashed lines in Fig. 5A,B). In addition, there was a conspicuous
staining pattern of small GFAP positive particles within the MNTB region (arrows in Fig.
5J). At P21, the small GFAP-positive particles were no longer present and labeling was
observed only in cell processes throughout the MNTB (Fig. 5C). Lastly, anti-MBP
immunostaining was absent at P3, but labeled a large number of putative axon fibers at P9
and P21, with qualitative differences in the staining pattern between these ages (Fig. 5D-F).
As shown in Figure 5J-L, EdU-labeled cells did not show costaining with any of the
neuroglial cell markers screened in these experiments.
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Based on the observation that S100p immunohistochemistry stained cell bodies in the
MNTB during the period of postnatal growth, we performed additional multiple labeling
experiments with a mix of neuronal (NeuN), astrocyte (S1008), and DNA synthesis (EdU)
markers (Fig. 6). As shown in Figure 6E, EdU-labeled cells did not show colocalization with
NeuN-labeled cells. There were very few examples of double-labeled EdU/S100p cells
(arrowhead in Fig. 6F, 8 cells out of 843 EdU-labeled cells at P3 and 6 cells out of 1,467
EdU-labeled cells at P9), and several examples of cell nuclei that did not colocalize with the
NeuN, S100B, or EdU markers (stained with DAPI and marked with asterisks in Fig. 6G),
including cell nuclei with pyknotic morphology (white arrows in Fig. 6G). These data
suggested that EdU-labeled cells could be glial cell progenitors.

Progenitor cells in the rat MNTB generate cells that express astrocyte and apoptosis

markers

To analyze the fate of the putative progenitor cells in the MNTB, we performed 3- and 7-day
survival EdU-labeling experiments. We determined the percent of EdU-labeled cells that
were costained with the neuronal marker NeuN or the astrocyte marker S100p (Figs. (7 and
8); n=19 rats). Similar to the findings in acute experiments, there was no evidence of any
EdU-labeled cells costained with anti-NeuN antibody at any time-point tested, suggesting
that newly born cells do not develop a neuronal phenotype. As a positive control EdU
injections were administered to pregnant rats at a much earlier gestational age (E15), when
neurogenesis in the rat MNTB is more prominent (Kudo et al., 2000). When double labeling
was examined in rats at P15, it was confirmed that cells stained with EdU were positive for
the neuronal marker NeuN (data not shown). In contrast, the experiments illustrated in
Figure 7 showed several examples of double-labeled EAU/S100p cells at 3 and 7 days after
EdU injection. Overall, ~59% of EdU-labeled cells were double-labeled with S1008 when
EdU was injected in embryos (Fig. 8A), about 30% of EdU-labeled cells were double-
labeled with S100p when EdU was injected in neonates (Fig. 8B), and less than 10% of
EdU-labeled cells were double-labeled with S100p when EdU was injected in older pups at
P6 (Fig. 8C). Next, in a separate analysis, we grouped cell density estimates of double-
labeled EdU/S100p cells from the 3- and 7-day survival experiments. This analysis showed a
significant difference between the three age groups (Fig. 8D; Kruskal-Wallis test, P <
0.0001).

Based on the differences in double-stained EAU/S100p cells in the survival experiments
described above, we next determined if cell proliferation was related to the expression of the
apoptosis marker caspase-3 (Fig. 9). Using immunohistochemistry and a similar experiment
design as in Figure 7A, we confirmed the presence of caspase-3-labeled cells in the rat
MNTB (Fig. 9B-G; Rodriguez-Contreras et al., 2006). We found that the density of
caspase-3-labeled cells increased from 124 (56) cells/mm?3 at P4 to 973 (103) cells/mm3 at
P9 (mean [SD]; Fig. 10A; unpaired two-tailed t-test, P < 0.0001), but that the percentage of
EdU-labeled cells that were double-labeled with caspase-3 did not vary between those ages
(Fig. 10B; unpaired two-tailed t-test, P = 0.1364).
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Cell proliferation activity decreases during hearing development in different altricial

mammals

We did a comparative study to analyze the density of EdU-labeled cells in the MNTB of
mammals with distinct postnatal patterns of hearing development. In all cases, we found a
significant difference in the density of EdU-labeled cells at different ages. For example, in
CBA/Cal mice the density of EdU-labeled cells (in cells/mm3) was 75 + 32 at PO, 145 + 31
at P10, and 31 £ 65 at P15 (mean + SD; Fig. 11A, n= 2 pups per age; Kruskal-Wallis test, P
< 0.0001); the density of EdU-labeled cells in gerbils was 362 + 73 at P1, 260 + 78 at P12,
192 + 65 at P13, 23 £ 12 at P19, and 31 + 19 at P20 (Fig. 11B, n = 2 pups per age; note that
data from P12-13, and P19-20 are plotted together; Kruskal-Wallis test, P < 0.0001). Lastly
the density of EdU-labeled cells in ferrets was 154 + 78 at P20, 85 + 28 at P30, and 3 + 2 at
P56 (Fig. 11C, n =2 pups per age; Kruskal-Wallis test, P < 0.0001). Further comparison of
the percent of EdU-labeled cells remaining after hearing onset showed a decrease in cell
proliferation of more than 50% in rodents and ferrets (Fig. 11D).

Bilateral auditory periphery lesions reduce cell proliferation in the rat MNTB

Lastly, we determined whether lesions to the auditory periphery had any effect on cell
proliferation in the MNTB of rats (Figs. (12 and 13); n = 20 rats). We found that bilateral ear
lesions had a significant effect on EdU labeling compared to sham controls at P6, P10, and
P13 (Fig. 13; multiple t-tests with correction, P < 0.0001) but not at P2 or P16 (Fig. 13;
multiple t-tests with correction, n.s. = non significant). Next, we performed unilateral lesions
at P9. The density of EdU-labeled cells was compared in the contralateral (lesion) versus
ipsilateral (control) MNTB (n = 2 rats). There was a very modest, but not significant
increase in the mean density of EdU-labeled cells in the contralateral lesion side (239 + 14
cells/mm3) versus the ipsilateral control side (210 + 12 cells/mm3, open square in Fig. 13;
unpaired two-tailed t-test, P = 0.1219).

DISCUSSION

To our knowledge, this is the first demonstration of cell proliferation associated with
gliogenesis in the rat MNTB. This study also provides three novel results that are relevant to
understand neuron—glial cell interactions in the developing MNTB. First, in this study we
showed that there is an increase in cell proliferation activity during perinatal stages of
development. This increase in cell proliferation concurs with the period of MNTB growth
(Fig. 2), and the presence of S100p positive astrocytes among MNTB neurons (Figs. (5 and
6)). The demonstration that newly born cells colabeled with the astrocyte marker S100p in
higher numbers when cells were generated at perinatal ages than when cells were born at P6
(Fig. 8) identifies the first postnatal week as an important stage for the development of
MNTB astrocytes. Second, in this study we identified proliferating cells that were colabeled
with caspase-3 immunohistochemistry (Fig. 9). This observation provides new evidence
about the nature of apoptotic nonneuronal cells described in a previous study (Rodriguez-
Contreras et al., 2006). Third, in this study we showed that a decrease in the density of
proliferating cells is correlated with the age of hearing onset in rats, mice, gerbils, and
ferrets (Figs. (4 and 11)), and that bilateral lesions of the auditory periphery in rat pups
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cause a stronger decrease in the density of EdU-labeled cells in the MNTB (Figs. (12 and
13)).

EdU labels glial cell progenitors in the MNTB

By using EdU to label cells undergoing DNA synthesis in rodent and ferret pups, we showed
changes in the density of proliferating cells during postnatal development (Figs. (3 and 4),
11). It is important to acknowledge that DNA synthesis can also reflect other processes such
as DNA duplication, DNA repair, or apoptosis (Breunig et al., 2007). Our experiments
showed that there is an increase in the density of caspase-3-positive cells between P4 and P9
(Figs. (9 and 10)), but this was not correlated with an increase in the density of EdU-labeled
cells in acute experiments at comparable ages (Fig. 4B). Therefore, we think that our
measurements may only slightly overestimate the density of proliferating cells in the
MNTB.

We previously showed that the number of cells in the rat MNTB increases during the first 2
weeks of postnatal development (Rodriguez-Contreras et al., 2006). Other studies showed
there is a marked increase in brain growth after the first postnatal week, which involves
addition of nonneuronal cells and is complete by P21 (Bandeira et al., 2006). Our results
differ from those findings since growth-related changes in the MNTB occurred
predominately during the first postnatal week (Fig. 2). One possible way to explain these
results aside from methodological differences is to consider the contribution of diverse
mechanisms of tissue growth such as cell migration and angiogenesis, which could act in
combination with changes in cell proliferation of nonneuronal cells.

A limitation of this study is that we did not identify molecular markers for the putative glial
cell progenitors. Instead, we relied on S100p immunchistochemistry to demonstrate that
these putative progenitors generate cells with an astrocyte-like phenotype. The increase in
anti-MBP staining between P3 and P9 suggests that oligodendrocyte development proceeds
in parallel with astrocyte maturation. Therefore, it is likely that cell proliferation activity in
the MNTB might involve a mixed population of progenitor cells which could be involved in
generating astrocytes (Zhu et al., 2011, 2012) and oligodendrocytes (NG2 cells; Muller et
al., 2009; Nishiyama et al., 2009). Microglial cells originate during embryonic stages
(Kierdorf et al., 2013). Our current experimental approach cannot address this hypothesis
directly, but using mouse lines expressing genetically encoded fluorescent reporters could be
useful in future studies (Kang et al., 2010; Ge et al., 2012; Kierdorf et al., 2013).

Significance of the relationship between cell proliferation activity and apoptosis in the

MNTB

The presence of caspase-3 labeling in newly generated cells (Fig. 9) provides new clues
about previously described nonneuronal apoptotic cells in the MNTB (Rodriguez-Contreras
et al., 2006) and opens new questions concerning developmental changes in the cellular
composition of the MNTB. As mentioned above, we observed an increase in the density of
caspase-3-labeled cells between P4 and P9 (Fig. 10A). This increase was correlated with a
decrease in the density of double-labeled EdU/S100p cells during development (Fig. 8D),
suggesting that newly generated astrocytes are susceptible to cell death during postnatal
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development. In a previous study, we determined that the total number of cells in the MNTB
increases from 3,000 cells at P3 to about 5,000 cells at P15 (Rodriguez-Contreras et al.,
2006), which is in agreement with the study by Kulesza et al. (2002), who determined that
there are about 6,000 neurons in the MNTB of adult Wistar rats. Although the previous
studies only used morphological criteria to count cells (cresyl violet-stained nuclei and
nucleoli), future studies could use different morphological and molecular markers to
determine how the number of neurons and glial cells in the MNTB change during
development.

Although our experiments do not point to the mechanisms that trigger apoptosis in MNTB
cells, we propose that cell death might be part of a more complex process of tissue
remodeling during postnatal development. There are three lines of evidence in support of
this idea. First, previous studies showed evidence of functional interactions between MNTB
neurons and glial cells (Elezgarai et al., 2001; Sétzler et al., 2002; Renden et al., 2005; Ford
et al., 2009; Miller et al., 2009; Reyes-Haro et al., 2010), which we hypothesize begin
during development. Second, during the developmental period between birth and P4 the
main afferent synaptic input to the MNTB undergoes dramatic changes, including dynamic
changes in the morphology of afferent axons; multi-innervation of principal cells; and
elimination of synaptic inputs (Hoffpauir et al., 2006; Rodriguez-Contreras et al., 2006,
2008). Third, recent studies showed that astrocytes produce molecular signals that are
crucially involved in synaptic and neuronal maturation during postnatal development of
different brain regions, including the auditory brainstem (Eroglu and Barres, 2010; Korn et
al., 2011, 2012). Thus, glial cell development may play important roles in the maturation of
neuronal auditory circuits (Korn and Cramer, 2008).

Coordinated changes in cell proliferation during development and after lesions to the
auditory periphery

Ear canal and eye opening occur during the second postnatal week in rodents and at the end
of the first month of postnatal age in the ferret (Clancy et al., 2001). In this study we found a
correlated decrease in the density of proliferating cells during this critical period in the
development of sensory systems (Figs. (4 and 11)). Our comparative results suggest that cell
proliferation in the MNTB of altricial mammals is under developmental regulation. We
further hypothesized that there is a link between development of the auditory periphery and
a reduction in cell proliferation in the MNTB. To test this hypothesis, we performed
auditory periphery lesions in rats and found a further reduction in MNTB cell proliferation
only when bilateral lesions were done. This result was surprising because the comparative
data suggested that developmental changes in the sensory periphery correlated with a
decrease in cell proliferation, while the lesion experiments suggest that the physical integrity
of both ears is important to maintain levels of cell proliferation in the auditory brainstem of
rats.

To reconcile these different interpretations and explain the effects of lesions on cell
proliferation, we postulate two alternative models, a direct effect model and an indirect
effect model. In the direct effect model, a signal or set of signals are produced in the
auditory periphery to maintain the proliferative activity of progenitor cells in the auditory
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brainstem. To account for the lesion effects, the direct effect model requires that the efficacy
or availability of the signal(s) produced in the auditory periphery change developmentally.
For example, if the production of the putative signals(s) increased perinatally to reach a
steady level and then decreased during the onset of hearing, one could explain: 1) the
increase and maintenance of cell proliferation between PO and P10, 2) the decline in cell
proliferation around hearing onset, and 3) the further decreasing effect of bilateral lesions on
cell proliferation between P2 and P16 (Figs. (4 and 11)). In the indirect effect model,
auditory periphery development and changes in cell proliferation in the brainstem could be
regulated by different signals that are correlated, but not causally linked, during postnatal
life. In this alternative model the effects of lesions could be explained as side effects, caused
for example by systemic inflammation. It is important to note that bilateral lesions
performed at P2 and P16 did not have a very strong effect on cell proliferation compared to
sham controls (Figs. (12 and 13)), supporting the idea that the proposed link between
auditory periphery development and cell proliferation in the MNTB is constrained to a
specific postnatal age range and might not result only from side effects.

Unfortunately, the lesion approach did not allow us to identify the precise origin of the
putative auditory periphery signals (i.e., middle or inner ear), or whether these signals acted
directly or indirectly on proliferating cells. The fact that only bilateral lesions caused a
decrease in cell proliferation differs from previous studies that showed activity-dependent
transneuronal regulation in the MNTB upon unilateral cochlear ablation or pharmacological
blockade of auditory nerve activity (Pasic et al., 1994). If patterned neuronal electrical
activity was the main signal for maintaining cell proliferation in the MNTB, one would
expect a decrease in cell proliferation after unilateral lesions, since the MNTB receives
innervation from the contralateral ear (Pasic et al., 1994). It is plausible, however, that
binaural innervation of the SOC is both sufficient and necessary to maintain cell
proliferation levels in the SOC, including the MNTB. For instance, we would like to note
that unilateral cochlear ablation or pharmacological blockade of auditory nerve activity with
tetrodotoxin caused a reduction of neuronal soma size in the MNTB only 48 hours after
experimental manipulation (Pasic et al., 1994), which differs from the 24-hour recovery
period used in this study. Therefore, we would predict that monaural cochlear lesions could
have an effect on cell proliferation in the contralateral MNTB if tested at 48 hours
postlesion.

The presence of small GFAP-labeled particles in the MNTB between P3 and P9 (Fig.
5A,B,J) is puzzling in the context of previous findings of membrane shedding during
activity-dependent pruning and synaptic remodeling (Bishop et al., 2004; Watts et al., 2004;
Fuentes-Medel et al., 2009). Interestingly, the time course of changes in density of EAU-
labeled cells described in this study (Fig. 4B) is similar to the time course of changes in
spontaneous patterned activity described in the rodent auditory system (Sonntag et al., 2009;
Tritsch and Bergles, 2010; Tritsch et al., 2010; Crins et al., 2011). Studies are under way in
our laboratory to determine the origin of small GFAP-labeled particles in the MNTB and
their relationship to activity-dependent synaptic maturation. Recent findings showed that
rodents with altered cochlear activity have smaller auditory brainstem nuclei (Hirtz et al.,
2012). In combination with auditory periphery lesions, these mice could provide a new tool
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to investigate the impact of decreased electrical activity on cell proliferation and gliogenesis
in the auditory brainstem.

In conclusion, the results of this study contribute new information to understand the
development of neuron—glial cell interactions in the MNTB during development. We
suggest that the developmental reduction in cell proliferation may reflect coordinated
signaling between the auditory brainstem and the auditory periphery.
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Figure 1.
Anatomical changes in the rat MNTB during postnatal development. A-C: Nissl-stained

coronal sections of the rat brainstem at different postnatal ages. D-F: Nissl-stained
horizontal sections of the rat brainstem at different postnatal ages. The short-dashed outline
represents the MNTB. The long-dashed line represents the midline. MNTB, medial nucleus
of the trapezoid body; d, dorsal; v, ventral; 1, lateral; m, medial; r, rostral; c, caudal. Scale
bars = 500 um in C (applies to A,B); in F (applies to D,E).
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Growth of the rat MNTB during postnatal development. A: Cartoon showing the criteria
used to measure the length of the MNTB in DV, LM, and RC axes. B: The length of the

MNTB in DV, LM, and RC dimensions is shown as a function of postnatal age. Data

represent mean = SD (n = 47 rats). DV, dorsal to ventral; LM, lateral to medial; RC, rostral

to caudal.
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Figure 3.
Evidence of cell proliferation in the rat MNTB during postnatal development. A:

Experiment design for acute EdU labeling experiments. Rat pups were sacrificed and their
brains processed for histological analysis 2 hours after EAU injection (see Materials and
Methods). B: Digital tracing outlines the brainstem area used to analyze the density of EdU-
labeled cells in coronal sections containing the MNTB. C-E: Exemplar micrographs of
EdU-labeled cells at different ages. The dashed line indicates the ventral border of the
MNTB. EdU, 5-ethynyl-2’-deoxyuridine; d, dorsal; m, medial; E21, embryonic day 21; P,
postnatal day. Scale bar = 75 um in E (applies to C,D).
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Figure 4.
Developmental changes in cell proliferation in the rat MNTB. A: Density of EdU-labeled

cells in the MNTB of rats in three different age groups: E19-21 (n = 8 rats), P0-12 (n= 21
rats), and P14-31 (n = 14 rats). Black lines represent samples from individual animals.
Datasets represent brain section samples from caudal to rostral MNTB. B: Density of EdU-
labeled cells during postnatal development (data from A is grouped in 3-day bins; n =43
rats). The continuous line represents the fit to an exponential function with ©t = 1.5 days. The
dashed line represents the fit to an exponential function with © = 3.7 days. Arrow indicates
the onset of hearing at P13. C: Boxplots of EdU-labeled cell density in three different age
groups, replotted from (A) (Kruskal-Wallis test, P < 0.0001). Dataset in (B) represents mean
+ SEM for cell density, and mean + SD for age. T, time constant.
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Figure 5.
Developmental changes in glial cell marker labeling in the rat MNTB.

Immunohistochemistry with anti-GFAP, -MBP, and -S100p antibodies at P3, P9, and P21 (3
pups per age, at least 4 slices per animal). The ventral side of the MNTB is outlined with
dashed lines similar to Figure 3C. A,B: GFAP immunohistochemistry at P3 and P9 shows
labeled cellular processes near the ventral surface of the brainstem. C: GFAP-labeled
processes are present throughout the MNTB at P21. D: MBP immunohistochemistry does
not show any labeling at P3. E: MBP immunohistochemistry shows labeled fibers at P9. F:
The pattern of anti-MBP staining shows a more compact staining pattern compared to P9.
G,H: Anti-S1008 immunohistochemistry reveals a pattern of cell bodies and processes
throughout the MNTB at P3 and P9. I: Anti-S100p immunohistochemistry labels only cell
processes at P21. J-L: Zoom-in views of boxed areas at P9 (panels B,E,H), showing the
distribution of EdU-labeled cells (green) with respect to each glial cell marker. Arrows in J
indicate small GFAP-labeled particles in the MNTB. GFAP, glial acidic fibrillary protein;
MBP, myelin basic protein. Scale bars = 75 pm in | (applies to A—-H); 30 um in L (applies to
J.K).
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Figure 6.
EdU labels putative cell progenitors in the MNTB. A-C: Representative z-stack projection

from a P9 rat brain slice triple-stained with NeuN (blue, A), S100p (magenta, B), and EdU
(green, C). D: The merged image shows little overlap between the different makers. Dashed
line represents the ventral border of the MNTB. E: High-magnification view of a single
optical slice from boxed region in (D) showing EdU (green, arrows) and NeuN (blue)-
labeled cells. F: The same optical slice from E shows that S1008-labeled cells and their
processes (magenta) intercalate between NeuN and EdU-labeled cells. There is one EAU/
S100p double-labeled cell in this field of view (downward arrowhead; white shows
colocalization). G: DAPI staining reveals several cell nuclei that are not stained by the
NeuN, S100p or EAU markers (asterisks), including two DAPI-stained cell nuclei with
pyknotic morphology (arrows). Scale bars = 50 pm in A (applies to B-D); 15 ym in E
(applies to F,G).
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Figure 7.

Evidence of S100p expression in EdU-labeled MNTB cells. A,B: Experiment design to
examine the fate of newborn cells. EdU was injected in embryos (at E20), neonates (at P1),
or infants (at P6) and animals survived for 3 or 7 days. At every endpoint brainstem slices
were processed for multifluorescence labeling. C-E: Exemplar images demonstrate the
presence of double-labeled EdU (green), and S100p (magenta) cells 3 days after EdU
injection. F—H: Exemplar images demonstrate the presence of double-labeled EdU (green),
and S100B (magenta) cells 7 days after EdU injection. White represents colocalization. Each
panel indicates the age of EdU injection followed by the age of analysis. Scale bar = 80 pm
in H (applies to C-G).
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Differential S1008 expression in newly born cells during development. A: Percent of EdU-
labeled cells that were double-labeled with S100p immunohistochemistry at 3 and 7 days
after EAU injection at E20. B: Percent of EdU-labeled cells that were double-labeled with
S100B immunohistochemistry at three and seven days after EJU injection at P1. C: Percent
of EdU-labeled cells that were double-labeled with S1008 immunohistochemistry at 3 and 7
days after EAU injection at P6. D: Density of double-labeled EAU/S100p cells after EdU
injection at different ages (EdU at E20, 6 rats, 34 brain slices; EdU at P1, 8 rats, 40 brain
slices; EdU at P6, 5 rats, 61 brain slices; Kruskal-Wallis test, P < 0.0001). Dataset
represents mean £ SEM for cell density and mean + SD for age.
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Figure 9.
Evidence of caspase-3 expression in EdU-labeled cells in the rat MNTB. A: Experiment

design to examine the fate of newborn cells. B-D: Exemplar images from double staining
experiments with EdU histochemistry (green) and caspase-3 immunohistochemistry
(magenta). EdU was injected at P1 and tissue analyzed at P4. E-G: Exemplar images from
double staining experiments with EdU histochemistry (green) and caspase-3
immunohistochemistry (magenta). EdU was injected at P6 and tissue analyzed at P9. White
indicates colocalization in (D,G). The ventral border of the MNTB is represented by dashed
lines, similar to Figure 3C. Scale bar = 50 pm in G (applies to B-F).
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Developmental increase in the density of caspase-labeled cells does not result in an increase
of double-labeled EdU/caspase cells in the rat MNTB. A: Density of caspase-3-labeled cells
increased between P4 and P9 (unpaired two-tailed t-test, P < 0.0001). B: No change in
double-labeled EdU/caspase-3 cells between P4 and P9 (expressed as percent of total EdU-

labeled cells; unpaired two-tailed t-test, P = 0.1364).
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Evidence of developmental regulation of cell proliferation in the MNTB of rodents and a
carnivore. A: Density of EdU-labeled cells in the MNTB of the CBA/CaJ mouse at different
ages (Kruskal-Wallis test, P < 0.0001). B: Density of EdU-labeled cells in the MNTB of the
Mongolian gerbil at different ages (Kruskal-Wallis test, P < 0.0001). C: Density of EdU-
labeled cells in the MNTB of the ferret at different ages (Kruskal-Wallis test, P < 0.0001).
Arrows indicate hearing onset for each species (P12 in CBA/CaJ mice, P12 in gerbils, and
P28 in ferrets). D: Bar plot of the percent of EdU-labeled cells remaining after hearing
onset. Equation (2) was used for the calculations (see Materials and Methods). Data from
P12-P13 was not included in the calculation for gerbils.
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Figure 12.
Bilateral ear lesions affect cell proliferation in the rat MNTB. A: Experiment design. Ear

lesions were performed as described in Materials and Methods and proliferating cells were
labeled with EdU histochemistry after a recovery period of 24 hours. B-D: Exemplar
images show the extent of damage in the inner ear of sham (B), bilateral lesion (C), and
unilateral lesion animals (D). White arrows indicate intact inner ear. Red arrows indicate
lesioned inner ear. E-J: Exemplar images of EdU stained brainstem slices from sham (E,H),
bilateral lesion (F,1), and unilateral lesion experiments (G,J). The unlesioned side was used
as a control for unilateral lesions. Scale bar = 50 um in J (applies to E-I).
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Figure 13.
Auditory periphery lesions result in a decrease in cell proliferation in the rat MNTB. Graph

shows the density of EdU-labeled cells in sham (black circles) and bilateral lesioned animals
(white circles) at different postnatal ages. Note there is a reduction in cell density values
between sham and lesion animals at P6, P10 and P13 (t-test with correction for multiple
comparisons, *P < 0.0001). No difference between control (gray triangle) and unilateral
lesion (white triangle) cell density values was detected (unpaired two-tailed t-test, P =
0.1219). n.s. = not significant.
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TABLE 1

Antibodies Used as General Markers in This Study

Antibody  Immunogen Manufacturer

Caspase-3  Synthetic peptide (KLH-coupled) corresponding to amino terminal Cell Signaling Technology; Cat. No. 9661; rabbit
residues adjacent to (Asp175) in human caspase-3: CRGTELDCGIETD®  Polyclonal.

GFAP Full-length protein purified from cow myelin associated material. Uniprot ~ Abcam; Cat. No. ab4674; chicken polyclonal.
accession P14136.

MBP Epitope 129-138 present in human, bovine and rat sequence. Millipore; Cat. No. MAB382; mouse monoclonal.

NeuN Neuron nuclei. Millipore; Cat. No. MAB377; mouse monoclonal.

S100B Full protein from bovine brain Immunostar; Cat. No 22520; rabbit polyclonal

*The information contained in this document is intended for the sole use of the recipient. Cell Signaling Technology, Inc. recognizes that
knowledge of some proprietary information may be necessary for full understanding of the scientific question at hand. In the interest of
advancement of scientific study the information is provided with the honorable stipulations listed. The recipient agrees that this information will
not be published, shared with individuals outside of his or her immediate research group and will not be used for production or purification of

antibodies.
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