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Axonal Cleaved Caspase-3 Regulates
Axon Targeting and Morphogenesis
in the Developing Auditory Brainstem

Sarah E. Rotschafer, Michelle R. Allen-Sharpley and Karina S. Cramer*

Department of Neurobiology and Behavior, University of California, Irvine, CA, USA

Caspase-3 is a cysteine protease that is most commonly associated with cell
death. Recent studies have shown additional roles in mediating cell differentiation,
cell proliferation and development of cell morphology. We investigated the role of
caspase-3 in the development of chick auditory brainstem nuclei during embryogenesis.
Immunofluorescence from embryonic days E6-13 revealed that the temporal expression
of cleaved caspase-3 follows the ascending anatomical pathway. The expression is first
seen in the auditory portion of VIlith nerve including central axonal regions projecting
to nucleus magnocellularis (NM), then later in NM axons projecting to nucleus laminaris
(NL), and subsequently in NL dendrites. To examine the function of cleaved caspase-3
in chick auditory brainstem development, we blocked caspase-3 cleavage in developing
chick embryos with the caspase-3 inhibitor Z-DEVD-FMK from E6 to E9, then examined
NM and NL morphology and NM axonal targeting on E10. NL lamination in treated
embryos was disorganized and the neuropil around NL contained a significant number
of glial cells normally excluded from this region. Additionally, NM axons projected into
inappropriate portions of NL in Z-DEVD-FMK treated embyros. We found that the
presence of misrouted axons was associated with more severe NL disorganization.
The effects of axonal caspase-3 inhibition on both NL morphogenesis and NM axon
targeting suggest that these developmental processes are coordinated, likely through
communication between axons and their targets.
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INTRODUCTION

Caspase-3 is an evolutionarily conserved member of the cysteine-aspartic acid protease family that
plays a well-established role in apoptosis (Kuida et al., 1996). Caspases are categorized as either
initiator or effector caspases. Initiator caspases cleave effector caspases, which may then cleave
other protein substrates in an apoptotic cascade. Caspase-3 exists in either an inactive pro-caspase
form, or an active cleaved caspase form. Caspase-9, an initiator caspase, activates procaspase-3 by
cleaving it into active caspase-3, which may then initiate cell death (Kuida et al., 1996; Salvesen and
Dixit, 1997; Zou et al., 1997).

Caspase-3 induced apoptosis has been observed in neurons during programmed developmental
cell death (Kuida et al., 1996; Jacobson, 1997; Pompeiano et al., 2000; Roth et al., 2000; Mayordomo
et al., 2003), and is a necessary component for normal brain development (Kuida et al., 1996).
Capase-3 deficient mice for instance, display hyperplasia throughout the brain and disorganized cell
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deployment (Kuida et al., 1996). Caspase-3 has also been shown
to induce apoptosis in microglia and astrocytes of developing
brains (Zhang et al., 2000; Dalmau et al., 2003).

More recently, non-apoptotic functions of caspase-3 have
been discovered. Several studies have found caspase-3 to play an
important role in cell differentiation in both neurons (Ishizaki
et al, 1998; Fan et al, 2014) and glia (Oomman et al,
2005). Moreover, caspase-3 influences neuronal development by
determining branch points in retinal axon arbors (Campbell and
Okamoto, 2013) and pruning of dendrites and dendritic spines
(Ertirk et al., 2014).

Caspase-3 is known to be necessary for the development
of auditory function. Caspase-3 knockout mice (caspase-3~/~
mice) experience hyperplasia of supporting cells resulting
in cochlear malformation, and generally immature cochlear
morphology (Takahashi et al, 2001). There is an overall
reduction in the number of inner and outer hair cells in
caspase—3*/ ~ mice (Morishita et al, 2001), and cilia in
remaining hair cells are often fused (Takahashi et al., 2001).
Caspase-3 thus regulates the balance of cell types in the
developing inner ear. Neuronal cells of the spiral ganglion
degenerate in caspase-37/~ mice, and hearing function is
severely impaired (Morishita et al., 2001).

Caspase-3 has been shown to be a necessary component
of peripheral auditory system development, but its role in
the developing central auditory system is unknown. Here,
we investigated caspase-3 expression and function during the
maturation of the auditory brainstem. We used whole embryo
chick cultures that permit access to the brainstem over the
course of development. In the chick brainstem, the first stages
of auditory processing are performed by nucleus magnocellularis
(NM), a homolog of the anteroventral cochlear nucleus, and
nucleus laminaris (NL), analogous to the medial superior olive
(Smith and Rubel, 1979). Input from the peripheral auditory
system is conveyed by central projections of cochlear ganglion
cells through the auditory portion of the VIIIth cranial nerve.
These projections form the first central auditory synapses,
which terminate on NM neurons. Each NM neuron then
sends out a bifurcating axon to NL. One branch crosses the
midline and projects to the ventral portion of the contralateral
NL. The other NM axon branch forms synapses on the
dorsal side of the ipsilateral NL. This pathway integrates
binaural auditory input as a means of performing sound
localization (Carr and Konishi, 1990; Overholt et al., 1992).
We found prominent expression of cleaved caspase-3 in the
developing chick auditory brainstem with a temporal sequence
that followed the ascending projection from the VIIIth nerve
to NM and then to NL. To test the function of cleaved
caspase-3 in development, we blocked caspase-3 cleavage in
the developing chick brainstem over several days. Loss of
caspase-3 activity resulted in disorganization of NL neurons,
the appearance of small non-neuronal cells within the normally
cell-free dendritic zone around NL, and aberrations in NL
innervation. These observations suggest that axonal caspase-3
regulates multiple aspects of circuit formation at a time that
precedes programmed cell death in the developing auditory
brainstem.

MATERIALS AND METHODS

Immunofluorescence

Fertilized brown Leghorn chicken eggs (Gallus domesticus)
were obtained from AA Laboratories (Westminster, CA, USA).
To initiate development, eggs were placed into a rotating
incubator at 39°C. Tissue was collected from chick embryos
at embryonic day (E)6, E7, E9, E10, E11 and E13. We
used 3-5 embryos at each age for each antibody in our
expression studies. Dissected brainstems were fixed with 4%
paraformaldehyde (PFA) in phosphate buffered saline (PBS)
for 45 min and placed in a 30% sucrose solution in PBS
overnight at 4°C. Brainstems were cryosectioned at 14 pm
and mounted on chrome-alum glass slides in a 1-in-4 series
to permit multiple histological assays for each specimen. Slides
were then dried on a 37°C slide warmer, and sections were
surrounded with a hydrophobic Pap pen barrier. Slides were
rinsed, in PBS, then antigen retrieval was performed using
a 0.1% sodium dodecyl sulfate in PBS solution for 5 min.
Slides were rinsed again in PBS, then blocking solution (4%
normal goat serum and 0.1% Triton X in PBS) was applied
for 1 h in a humid chamber. Primary antibodies (see below)
were diluted in blocking solution, then incubated with sections
for at least 10 h in a humid chamber. Slides were rinsed in
PBS and secondary antibody applied. Slides were incubated
for 1 h with AlexaFlour (Life Technologies #A11001, Carlsbad,
CA, USA) secondary antibodies (goat anti-mouse Alexa 488;
goat anti-mouse 647; goat anti-rabbit 488) diluted 1:500 in
blocking solution. Slides were rinsed with PBS, cover-slipped
with glycergel mounting medium (Dako #C0563, Carpinteria,
CA, USA), then imaged at 20x on Zeiss Axioskop2 microscope
using Axiovision software.

Primary Antibodies

For cleaved caspase-3 immunofluorescence we used a rabbit
polyclonal antibody (Cell Signaling Technology #9661, Danvers,
MA, USA) and a rabbit monoclonal antibody (R&D Systems
#AF835, Minneapolis, MN, USA) that were generated using
distinct synthetic peptides corresponding to human cleaved
caspase-3 diluted 1:200 in blocking solution. Both antibodies
revealed similar patterns of cleaved caspase-3 expression.
We also performed a negative control in which the primary
antibody was omitted. The negative control did not show
any immunofluorescence that corresponded with cleaved
caspase-3 expression. To label procaspase-3 we used a rabbit
polyclonal anti-procaspase-3 primary antibody (Abcam ab90437,
Cambridge, MA, USA) diluted 1:500 in blocking solution. We
used a mouse monoclonal neurofilament (NF) primary antibody
(EDM Millipore MAB5266, Darmstadt, Germany) diluted 1:500
in blocking solution in conjunction with cleaved caspase-3
immunolabeling. In our caspase-3 inhibition studies (see
below), we found that the inhibitor reduced expression of
cleaved caspase-3 but not procaspase-3, providing additional
support for the specificity of these antibodies. We performed
immunofluorescence for the astrocyte marker aldehyde
dehydrogenase 1 family member L1 (ALDHILI) using a
mouse monoclonal antibody (Abcam ab56777, Cambridge,
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MA, USA) diluted 1:500 in blocking solution. In embryos
used in axon tracing studies (see below), we performed
immunofluorescence for microtubule-associated protein 2
(MAP2), which is expressed throughout NL dendrites and can
thus be used to outline the extent of NL neuropil (Wang and
Lenardo, 2000; Person et al, 2004; Wang and Rubel, 2008;
Tabor et al., 2011). The blocking solution was 10% bovine serum
albumin, 10% heat inactivated normal goat serum, 0.05% Triton
X in PBS. Primary mouse anti-MAP2 monoclonal antibody
(Millipore MAB3418, Temecula, CA, USA) was diluted to 1:200
in blocking solution.

Nissl Staining

To visualize cell bodies, we performed fluorescent Nissl staining
using the BrainStain Imaging Kit (Life Technologies #B34650,
Carlsbad, CA, USA). Mounted sections prepared as previously
described were outlined with a hydrophobic pap pen barrier,
then washed in PBS and 0.2% Triton X solution. Slides were
incubated at room temperature for 20 min with NeuroTrace
530/615 red fluorescent Nissl stain (Life Technologies #B34650,
Carlsbad, CA, USA), diluted 1:300 in PBS. Immunofluorescence
was then performed as previously described. For brightfield Nissl
staining, mounted cryosections were stained with 1% thionin,
dehydrated through a graded series of alcohol and then xylene,
and coverslipped with DPX mounting medium.

Whole Embryo Cultures

Fertilized brown Leghorn chicken eggs (Gallus domesticus) were
obtained from AA Laboratories (Westminster, CA, USA). To
initiate development, eggs were placed into a rotating incubator
at 39°C. At E3, the eggs were cracked and all egg contents,
including the chicken embryo were very carefully transferred into
a small dish with a cover to prevent dehydration. Whole embryo
cultures were then maintained in a dark non-rotating incubator
at 39°C for the duration of the experiment.

Z-DEVD-FMK Injections

At 3 days in vitro (DIV), embryos were staged at embryonic day
6 (E6) and continued to proceed through development along
a time course similar to that seen in vivo (Allen-Sharpley and
Cramer, 2012); we refer to these embryos as E6. Beginning at
this age, we made daily injections of sham, control, or Z-DEVD-
FMK solution into the IVth ventricle of cultured embryos.
Z-DEVD-FMK (BD Pharmingen #550378, San Jose, CA, USA)
is a tetrapeptide that selectively inhibits caspase-3 cleavage.
Z-DEVD-FMK was reconstituted in dimethyl sulfoxide (DMSO)
to make a 10 mM stock solution. The stock solution was then
diluted using sterilized PBS containing NaCl and Na3POy4 to
a final concentration of 50 WM. Because Z-DEVD-FMK was
reconstituted in DMSO, a DMSO control solution was made
by adding 10 pL DMSO to 200 pL sterilized PBS. Sterilized
PBS was used as a sham control solution. A small amount of
methylene blue was added to each solution to confirm placement
of solution in the correct location. Injections were delivered
through a 1.2 mm-diameter pulled glass pipette attached to
a Picospritzer. Incubation was repeated over several days and

injection volume was increased each day to fill the increasing
volume of the brainstem and IVth ventricle. At E6, an average
of 18.9 pL was injected into each embryo; at E7 an average
of 22.9 pL was injected; at E8 an average of 53.3 uL was
injected and at E9 an average of 67.6 WL was injected. At
E10, brainstems were dissected and processed for imaging and
analysis.

To test the efficacy of Z-DEVD-FMK in blocking caspase-3
cleavage, tissue from five control animals and six Z-DEVD-FMK
injected embryos was immunolabeled with cleaved caspase-3
antibody. We quantified the reduction in cleaved caspase-3
expression by finding the optical density of immunolabel in NM
using the measure function in Image] (NIH). We normalize it to
the optical density of unlabeled background in a region adjacent
and slightly dorsolateral to NM, which has a similar proximity to
the injected IVth ventricle.

Analysis of NL Morphology
Nissl-stained sections containing NL were imaged in brightfield
at 20x on a Zeiss Axioskop2 microscope using Axiovision
software. At least two brainstem sections were analyzed for each
embryo. We used 13 shams, 17 controls and 23 Z-DEVD-FMK
injected embryos for this analysis.

To describe how well neuronal cells within NL formed
a single-cell thick lamina, X — Y coordinates (medial-lateral
distance in pwm by dorsal-ventral distance in pum) were assigned
to neurons within NL using X — Y data from the cell counter
function of Image]. NL neurons were identified as intensely
labeled large cells, approximately 20 pm in diameter (Smith
and Rubel, 1979). A regression line was fit to those coordinates
and the R? coefficient found for each regression line. Using the
regression line as a centralized point of reference within each NL,
we imposed a parallel line 40 pm dorsal to the regression line
and a parallel line 40 pm ventral to the regression line. Because
Z-DEVD-FMK treatment could dramatically disrupt lamination
of NL, the spaces between the regression line and the imposed
lines acted to consistently mark the dorsal and ventral cell-free
dendritic zone in all nuclei analyzed. The number of smaller
cells intruding into the dorsal cell-free dendritic zone (the space
between the regression line and the dorsal imposed line) and
into the ventral cell-free dendritic zone (the space between the
regression line and the ventral imposed line) were counted and
compared.

Axon Tracing

Brainstems were dissected from sham, control and Z-DEVD-
FMK injected chick brainstems at E10 and maintained in
an oxygenated artificial cerebrospinal fluid (ACSF) solution
containing 10% ACSF stock solution (125.0 mM NaCl, 2.5 mM
KCl, 25.0 mM NaHCOj3, 1.25 mM KH,POy, 10.0 mM glucose),
0.12% 1 M MgSO4 and 0.24% 1 M CaCl, for up to 30 min.
Brainstems were then injected with a small amount of rhodamine
dextran amine (RDA) in PBS with 1% Triton X-100 at the
midline, where branched of NM axons cross to the contralateral
NL. Brainstems were then returned to the oxygenated ACSF
solution for another 30 min to allow anterograde transport of
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RDA to axon terminations in the ventral NL. Brainstems were
then post-fixed with 4% PFA in PBS for 45 min and placed in
a 30% sucrose solution in PBS overnight in a 4°C refrigerator.
Brainstems were cryosectioned at 14 pm and mounted.

Analysis of Axon Tracing

We obtained 20 x images of RDA tracing co-labeled with MAP2
immunofluorescence in NL using a Zeiss Axioskop2 microscope
using Axiovision software. MAP2 staining highlighted NM and
NL cell bodies, while RDA injections into midline crossing axons
revealed NM axon terminations in contralateral NL. Normal
targeting of these crossed projections is limited to the ventral
dendrites and cell bodies of NL. We thus categorized each
specimen as having “axon targeting errors,” in which axons
and axon fascicles were seen coursing into dorsal NL dendrites
or having “no axon targeting errors,” in which axon projections
labeled from the midline were limited to the ventral region of NL.
This categorization was made for axon tracts with fascicles of NM
axons growing together toward NL. A minimum of three sections
was scored for each animal. Sham and control were pooled in this
analysis. Eight sham and control animals, and eight Z-DEVD-
FMK animals were used in this analysis.

TUNEL Labeling

We performed terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), which reveals fragmented DNA
generated during apoptosis, to determine whether cleaved
caspase-3 expression coincides with developmental programmed
cell death. We used brainstem tissue from E8, E10 and E13 chick
embryos. Three brainstems were collected for each embryonic
age. Brainstems were fixed in 4% PFA then placed in a 30%
sucrose solution overnight. Cryosectioned 8 pm-thick coronal
sections were mounted on chrome-alum glass slides and dried
on a 37°C slide warmer.

We used the Promega DeadEnd Fluorometric TUNEL
System (Promega #G3250, Madison, WI, USA), with minor
modifications to the protocol provided. Briefly, slides were rinsed
in PBS, post-fixed 4% PFA for 15 min, then rinsed twice more.
To permeabilize sections, E10 and E13 slides were placed in a
1% SDS/0.2% Triton-X 100 in PBS solution for 5 min and rinsed
twice in PBS. E8, E10 and E13 slides were then incubated with
20 pg/ml proteinase K (Promega #V302A, Madison, WI, USA)
in PBS for 20 min. Slides were rinsed, then placed in 4% PFA for
5 min. Slides used for the positive control group were incubated
in a humid chamber at room temperature with DNase I buffer
containing 40 mM Tris-HCl, 10 mM NaCl,, 6 mM MgCl, and
10 mM CaCl, for 5 min. DNasel buffer was removed from slides
and 100 pl of 10 pl/mL DNase I (Promega #M6101, Madison,
WI, USA) in DNase I buffer was applied for 10 min. Slides
were washed three times in deionized water and all additional
processing of control slides was done in a dedicated Coplin jar in
order to prevent cross-contamination with the test and negative
control groups.

Slides were incubated for 10 min in a humid chamber with
100 pl of equilibration buffer (Promega #G327C, Madison,
WI, USA). Positive control and test slides were then incubated

under a plastic coverslip in a solution containing 45 pl
equilibration buffer, 5 pl fluorescein labeled nucleotide mix
(Promega #G328A, Madison, WI, USA), and 1 pl terminal
deoxynucleotidyl transferase (rTdT) enzyme (Promega #M828B,
Madison, WI, USA) for 1 h. For negative control slides, we
used the same conditions but we omitted the rTdT enzyme. All
slides were rinsed for 15 min in 2x saline sodium citrate buffer
(Promega #G329A, Madison, WI, USA) to terminate the reaction
then washed in PBS. Slides were mounted using ProLong Gold
antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI)
(LifeTechnologies #P36931, Eugene, OR, USA) and imaged
at 20x on a Zeiss Axioskop2 microscope using Axiovision
acquisition software.

Images were analyzed for the percentage of cell nuclei positive
for TUNEL labeling using the cell counter tool in Image]. The
auditory anlage was identified in E8 images, and the NM and
NL identified in E10 and E13 images. Color channels were split,
and the number of DAPI-labeled nuclei and TUNEL-positive
nuclei were counted. The percentage of nuclei that were TUNEL-
positive was then calculated. Three brainstems were examined for
each age group.

RESULTS

Cleaved Caspase-3 Expression Ascends

the Auditory Brainstem Pathways

Coronal brainstem sections from E6, E7, E9, E10, E11 and
E13 chick embryos were immunolabeled for cleaved caspase-3
together with NF, a structural protein found in axons (Figure 1).
Similar patterns were observed using both cleaved caspase-3
antibodies, summarized in Figure 1A. Central projections from
the auditory portion of the VIIIth nerve have been previously
defined within NF immunolabeled regions (Allen-Sharpley et al.,
2013). At E6, prior to the formation of NM and NL from
the auditory anlage in the brainstem, cleaved caspase-3 was
expressed along the dorsolateral portion of the VIIIth nerve,
consistent with the auditory and not the vestibular portion
(Figure 1B). At E7, cleaved caspase-3 was expressed along axons
projecting to the dorsolateral portion of the brainstem where
auditory anlage had begun to form (Figure 1B). Additionally,
cleaved caspase-3 was expressed in axons projecting from the
developing NM to the developing NL on both sides of the
brainstem.

By E9, NM and NL have separated from one another.
NM axons projecting bilaterally to the dorsal portion of
ipsilateral NL and to the ventral portion of contralateral NL
were identifiable. Cleaved caspase-3 was expressed in these
NM-NL axons (Figure 1B). Although refinement of NM and
NL continues into later developmental stages, by E10 NL had
achieved its characteristic morphology with a single-cell thick
lamina of principle neurons surrounded by a cell-free dendritic
zone. A layer of glial cells then surrounds NL neurons along both
its dorsal and ventral portions.

At E10, caspase-3 expression within axons innervating NL
was noticeably reduced (Figure 1A). Rather, cleaved caspase-3
expression was most apparent within the dendrites of NL
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FIGURE 1 | Spatial and temporal expression of cleaved caspase-3 in the developing chick auditory brainstem. (A) Summary of cleaved caspase-3
expression (shown in green) from E6 to E13. (B) Expression of cleaved caspase-3 in the brainstem from E6 to E13. Neurofilament (NF) staining (red) shows the
developmental progression of axonal tracts, with cleaved caspase-3 expression (green) closely following axonal tract development (merged). At E6 labeling is seen in
the peripheral and central projections of the auditory VIlith nerve fibers. At E7 central projections of auditory nerve fibers and their synaptic target, nucleus
magnocellularis (NM), also shows labeled axons. At E9-10 NM axons are labeled. At E11-12 these NM fibers are no longer labeled, but expression is seen in
dendrites of their synaptic target, nucleus laminaris (NL). Scale bar for E6 = 100 pwm, applies to E6-7. Scale bar for E9 = 100 wm, applies to E9-13.

neurons. Cleaved caspase-3 expression continued to be most
prominent in NL dendrites at E11 and E13 (Figure 1B).
After these ages caspase-3 expression in other portions of the
brainstem becomes more prominent, consistent with previous
reports of cell death in later embryonic development (Rubel
etal., 1976). For the observed embryonic ages, cleaved caspase-3
expression very precisely follows the spatial and temporal
development of the auditory brainstem.

Axonal Cleaved Caspase-3 Expression
Precedes Programmed Cell Death in NM
and NL

Previous studies using cell counts have shown that
developmental declines in NM and NL cell number occur after
E11 (Rubel et al., 1976), suggesting that the cleaved caspase-3
we observed in auditory axons is not primarily associated with
apoptosis. To ascertain whether cleaved caspase-3 expression
in axons precedes the period of programmed cell death, we
performed TUNEL labeling on E8, E10 and E13 chick brainstems
(Figure 2). Consistent with these previous findings, few, if any
TUNEL-positive cells were apparent in auditory brainstem
nuclei in the sections we tested at E8, similar to negative controls

and in contrast to positive controls (Figure 2A). Similarly, at
E10, few TUNEL-positive cells were found in the test sections
(Figure 2B). At E13 (Figure 2C), TUNEL labeling was seen
in NM cells, where it appeared primarily in a cytoplasmic
distribution at greater levels than in negative controls. These
labeled cells were also seen in NL, but more sparsely; few cells
showed nuclear labeling in either NM or NL.

We quantified the percent of cell nuclei in NM and NL
that showed positive TUNEL labeling (Figures 2D-F). At E8
0.81 =+ 0.36% of DAPI-labeled nuclei in the auditory anlage were
TUNEL labeled. No cells were TUNEL-positive in the negative
controls and 87.9 £ 12.1 (S.E.M.)% of the cells were TUNEL-
positive in the positive control. A one-way ANOVA comparing
TUNEL-positive cells in the positive control, negative control
and test group showed no difference between the negative control
and test groups, although both were significantly different
than the positive control group (F,4) = 74.730, p < 0.001).
At E10 (Figure 2E), few TUNEL-positive cells were found
in the test sections (NM: 3.99 & 2.71%; NL: 7.00 & 4.38%;
n = 3). E10 negative controls showed no significant differences
from our test sections, but both were significantly different
than the control group (NM: 0.81 & 0.28%; one-way ANOVA
Fos = 167.515 p < 0.001; NL: 0.75 £ 0.42%; one-way
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FIGURE 2 | Transferase dUTP nick end labeling (TUNEL) assessment of
development cell death. 4’,6-diamidino-2-phenylindole (DAPI) labels all cell
nuclei, while TUNEL labels nicked DNA characteristically seen during
apoptosis. (A) At E8, NM and NL have not completely separated from one
another and are found in the auditory anlage (dashed lines). Positive control
sections show nearly perfect alignment of DAPI-labeled cell nuclei and
(Continued)

FIGURE 2 | Continued

nuclei positive for TUNEL labeling (top row). Negative control sections did not
show TUNEL-positive nuclei aligned with DAPI-labeled nuclei (middle row).
Labeling in test sections (bottom row) revealed few, if any TUNEL-positive
nuclei in the auditory anlage. Scale bar = 100 wm, applies to (A-C).

(B) TUNEL labeling in E10 sections showed few positive nuclei in NM or NL.
(C) Test sections from E13 animals showed sparse nuclear TUNEL-labeling in
NM and NL. Cytoplasmic TUNEL labeling was seen at this age. (D-F)
Histograms showing the percent of DAPI-labeled nuclei that co-localized with
nuclear TUNEL labeling in the auditory nuclei at each age. Percentages in the
positive control were significantly greater (***p < 0.001; one-way ANOVA) than
in negative control or test sections, which did not differ from each other.

ANOVA F(;5 = 213.523, p < 0.001; n = 3). Positive controls
showed extensive label, with 86.1 £ 7.48% of NM cells and
92.1 + 3.22% of NL cells TUNEL-positive. Thus, at E8-E10,
when cleaved caspase-3 is seen in NM axons, there is no
evidence of programmed cell death in NM and NL. At E13, while
cytoplasmic labeling was seen abundantly in the test sections,
only 3.9 &+ 1.2% of NM cell nuclei and 6.1 £ 2.8% of NL cell
nuclei were positive for TUNEL labeling (Figure 2F). These
values did not differ from E13 negative controls, which showed
0.94 £ 0.38% of NM cells and 0.1 £ 0.1% of NL cells to be
positive for TUNEL labeling, while more than 90% were TUNEL
labeled in the positive control. The positive control group was
significantly different than the negative control and test group
(NM: one-way ANOVA F(,4 = 241.633, p < 0.001; NL: one-
way ANOVA Fpg4 = 441916, p < 0.001; n = 3 in each
group).

Blocking Caspase-3 Cleavage Disrupts the

Morphology of Nucleus Laminaris

We next tested the function of caspase-3 in the development of
the NM-NL pathway using application of a blocking peptide,
Z-DEVD-FMK. We specifically focused on ages during which
NL and NM separate, NL forms a clear lamina and NM axons
grow to appropriate regions of NL. We thus used daily injection
of Z-DEVD-FMK into the fourth ventricle in whole embryo
cultures from E6 and E10, when caspase-3 was expressed and
TUNEL labeling was not apparent.

To ascertain whether injection of Z-DEVD-FMK inhibited
caspase-3 in our preparation, we tested for the presence
of pro- and cleaved caspase-3 using immunofluorescence
(Figure 3). In sections taken from control animals, we saw
procaspase-3 expressed in NL cell bodies, NL dendrites, the
glial margin and in NM cell bodies (Figure 3A). Procaspase-3
expression in Z-DEVD-FMK injected tissue was similar to
controls (Figure 3B). In control animals, cleaved caspase-3
was expressed in the NM and NL dendrites (Figure 3C). In
sections taken from Z-DEVD-FMK injected embryos, cleaved
caspase-3 expression was greatly reduced in both NM and NL
(Figure 3D), which are both found dorsally near the injection
site in the IVth ventricle. There was no significant difference in
background optical density (¢-test, p > 0.706; n = 5 treated and
6 controls). Optical density in NM was significantly reduced in
the Z-DEVD-FMK injected group compared to controls (¢-test,
p < 0.05; Figure 3E).
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FIGURE 3 | Cleaved caspase-3 expression is reduced in Z-DEVD-FMK
injected animals. (A) NM cell bodies, NL cell bodies, NL dendrites and cells
in the glial margin express procaspase-3 in control embryos and

(B) Z-DEVD-FMK injected embryos. (C) In tissue from control animals, cleaved
caspase-3 is expressed in NM and in NL dendrites. (D) In tissue from embryos
that received injections of Z-DEVD-FMK into the IVth ventricle, cleaved
caspase-3 expression was reduced. (E) While background optical density
values did not differ, values in NM were significantly lower in treated vs. control
embryos (*p < 0.5, t-test). (F) Quantification of cleaved caspase-3 expression
showed that optical density measured in NM was significantly reduced in
Z-DEVD-FMK injected embryos relative to background levels in an unlabeled
area dorsolateral to NM (*p < 0.5, t-test). Scale bar in (A) = 100 pm, applies
to (A-D).

We quantified the optical density of cleaved caspase-3
immunofluorescence in NM compared to background
(NM optical density/background optical density). Cleaved
caspase-3 expression is significantly reduced in Z-DEVD-
FMK injected embryos (ratio = 2.15 £ 0.24) compared to
controls (ratio = 3.9 & 0.65, t-test, p < 0.05; Figure 3F). Based
on this reduction in cleaved caspase-3 expression following
Z-DEVD-FMK injections, we conclude that Z-DEVD-FMK
successfully penetrated the dorsal brainstem into the auditory
brainstem nuclei and significantly reduced expression of cleaved
caspase-3.

To examine the effect of caspase-3 inhibition on NL
development, Nissl stained brainstem sections containing
NL were imaged (Figures 4A-C). Using those images of NL,
X — Y coordinates (medial-lateral distance in wm by dorsal-
ventral distance in pm) were assigned to neurons within NL
(black circles, Figure 4D). A regression line was fit to those
coordinates and the R? coefficient found for each regression
line (red line, Figure 4D). In typically developing NL, primary

neuronal cells form a single-cell thick tightly grouped sheet,
and are described with an R? coefficient near 1, indicative
of a strong linear fit. In the sham and control groups of
embryos the mean R? coefficient was 0.950 £ 0.0132 (s.e.m.)
and 0.951 + 0.0068, respectively. The R coefficient in the
Z-DEVD-FMK injected group was 0.806 £ 0.0256. A one-
way ANOVA showed a significant difference between groups
F39) = 17.206, p < 0.001. Pairwise-comparison revealed
no significant difference between sham and control group
R? coefficients (Figure 4E). Both groups were significantly
different than the R? coefficients of the Z-DEVD-FMK injected
group.

Given the disruption of the neuronal lamina, we also
investigated the effect of blocking caspase-3 cleavage on non-
neuronal lamination within NL. At E10 the single-cell thick
layer of neuronal cells within NL is normally surrounded by
a cell body-free dendritic zone, which in turn is surrounded
by a margin of glial cells, characterized by their small size
and dense packing. This glial margin appeared disrupted in
Nissl stained sections of treated embryos. To quantify this
disruption of the glial boundary, we counted the number
of small cells appearing ectopically in the cell-free dendritic
zone. While neurons, dendritic zone and glial margin were
clearly identifiable in most sections, the demarcation between
dendritic zone and glial margin was degraded in other sections.
We used the regression lines drawn to describe the neuronal
distribution within NL in each nucleus analyzed. We then
imposed a dorsal boundary for the cell-free dendritic zone
40 pm from the regression line and a ventral boundary
40 pm from the regression line (black lines, Figure 4D).
We counted small cells found within the dorsal and ventral
cell free dendritic zones and compared this number between
treatment groups (Figure 4D). A one-way ANOVA revealed
significant differences in the number of cells permitted into
the dorsal zone (Fp37y = 5249, p < 0.01) and into the
ventral zone (F(3,37) = 10.789, p < 0.001). Pairwise comparisons
did not show any significant differences between the sham
or control groups in this number. However, the number
of non-neuronal cells intruding into both the dorsal and
ventral cell-free dendritic zone was significantly different in the
Z-DEVD-FMK injected group as compared to the sham and
control groups (Figures 4F,G). When caspase-3 cleavage was
blocked, NL neurons failed to form a single-cell thick lamina,
and small cells distinct from NL principal neurons were found
in the nucleus. These data suggest that cleaved caspase-3 is
necessary for NL lamination and formation of the cell-free
surrounding area.

In an effort to identify the small cells intruding into the cell-
free dendritic space surrounding NL neurons, we performed
immunofluorescence on sections from control (Figures 4H-J;
n = 4) and Z-DEVD-FMK injected embryos (Figures 4K-M;
n = 5) for the astrocyte marker ALDHI1L1 (Figures 4H,K).
Fluorescent Nissl staining allowed us to image cell bodies, NL
morphology, and to identify small cells intruding into the cell-
free dendritic zone of NL (Figures 4I,L). ALDHIL1 staining
revealed the majority of cells surrounding NL to be astrocytes
(Figures 4H,K). Moreover, treated specimens showed a reduced
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FIGURE 4 | Loss of cleaved caspase-3 impairs NL lamination. (A) NL lamination appeared normal in Niss! stained sections from sham injected embryos and
(B) control embryos. (C) In Nissl stained sections from Z-DEVD-FMK injected embryos, disruption of the NL lamina and surrounding cell-free neuropil was evident.
(D) The extent of NL neuronal disarray was described using R? coefficients and by quantifying the extent of small cells permitted into the normally cell-free dendritic
zone of NL. R? coefficients were found by assigning X — Y coordinates to NL neurons (black circles) and drawing a regression line through those points (red line).
Lines parallel to the regression line were drawn 40 pm dorsal and ventral to the regression line to delineate the cell-free neuropil ended (black lines). The number of
small cells (x's) that normally remain outside the cell-free neuropil were quantified in control and treated embryos. (E) The Z-DEVD-FMK injected group had
significantly lower R? coefficient values (***p < 0.001, one-way ANOVA), reflecting more neuronal disorganization. (F,G) Significantly more cells intruded into the
(Continued)
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FIGURE 4 | Continued

dorsal (F) and ventral NL (G) neuropil in the Z-DEVD-FMK injected group than
in controls (**p < 0.01; **p < 0.001). The small cells surrounding NL in
control animals (white arrows, H=J) express the astrocyte marker aldehyde
dehydrogenase 1 family member L1 (ALDH1L1). In Z-DEVD-FMK injected
embryos, ALDH1L1 was also expressed in the small cells surrounding NL
(white arrows, K=M), in cells intruding into the N neuropil (white asterisks,
K-M), and in areas of NL where lamination was unclear (white brackets,
K-M). Scale bar = 100 um, applies to (A-C,H-M).

glial margin and the cells intruding into the NL cell-free
dendritic zone expressed ALDH1L1 (Figures 4H,K), particularly
in portions of NL where lamination was degraded (Figure 4K).

Caspase-3 Blockage Drives Errors in
Axonal Targeting and is Associated with
Disrupted NL Morphology

As blocking caspase-3 activity in the auditory axons of the
developing chick brainstem results in poor lamination and
gaps between NL cells, we sought to determine whether the
disruptions in NL lamination may be associated with errors
in axonal targeting (Parks and Rubel, 1975; Cramer et al,
2000; Huffman and Cramer, 2007). By E10, the dendrites
along the ventral side of NL neurons have been innervated
by the axons of the contralateral NM. We injected RDA
into the midline crossing axons of E10 sham, control and
Z-DEVD-FMK injected brainstems, and neurons within
NL were imaged using MAP2 immunofluorescence. NL
containing sections were scored according to whether or not
axon tracts had permeated into or through the neuronal
lamina of NL (Figure 5). Sections taken from sham or
control embryos generally demonstrated a single cell-thick
neuronal lamina (Figures 5A,A’), with axons terminating
in the ventral NL dendrites or on the ventral portions of
NL cell bodies (Figures 5B,B’,C,C’). Z-DEVD-FMK injected
sections generally had less well defined neuronal NL lamina
(Figures 5D,D’), as well as axons (asterisks, Figures 5E,E,EF’)
and fascicles (arrows, Figures 5E,E,EF’) that were misrouted
through NL. Because there were no significant differences
between sham and control NL in R? values, ventral non-
neuronal cell intrusion, or dorsal non-neuronal cell intrusion,
we pooled sham and control data for this analysis. Eight
sham + control animals and eight Z-DEVD-FMK animals
were obtained. Of the eight embryos examined in the sham +
control, there were no examples of axons interposed throughout
the neuronal lamina of NL. However, of the eight Z-DEVD-
FMK embryos tested, five exhibited growth of axonal fascicles
beyond the neuronal lamina of NL, while three did not. The
aberrant axons appeared to grow through the gaps in the NL
lamina. To determine whether these errors in axonal targeting
correlated with impaired NL morphology, we performed a
one-way ANOVA comparing the R? coefficient values of the
sham + control group, the Z-DEVD-FMK injected group
with axonal imposition, and the Z-DEVD-FMK injected
group without axonal imposition. There was a significant
difference between groups Fy15 = 13.260, p < 0.001, with

pairwise comparisons revealing that while the sham + control
group and the Z-DEVD-FMK injected group without axonal
imposition did not have significantly different R? coefficients,
the Z-DEVD-FMK injected group with axonal targeting errors
was significantly different from the sham + control group, and
from the Z-DEVD-FMK injected group without targeting errors
(Figure 6).

DISCUSSION

We have shown that cleaved caspase-3 is expressed in
the developing chick auditory brainstem in a remarkable
spatiotemporal pattern that follows the ascending pathway with
a sequence that roughly parallels the formation of synaptic
connections. At E6, when auditory VIIIth nerve axons express
cleaved caspase-3, these axons have penetrated the brainstem
(Molea and Rubel, 2003; Hendricks et al., 2006). At E9-10, when
caspase-3 is expressed in NM axons, these axons have reached NL
(Young and Rubel, 1986; Book and Morest, 1990) and have begun
to form synaptic connections (Jackson et al., 1982; Hendricks
et al., 2006). At E11, a period of dendritic refinement begins
(Parks and Jackson, 1984), and cleaved caspase-3 expression
remains strong in NL dendrites through E13. Notably, the
cleaved caspase-3 expression shown here occurs before the
period of programmed cell death begins. In the developing
chick brainstem, a rapid decline in cell number in NM and
NL begins at E11 (Rubel et al., 1976, 1981). Our TUNEL data
support a lack of apoptosis prior to E11. While we did not
observe many TUNEL labeled nuclei at E13, our data showed
extensive cytoplasmic labeling at this age, especially in NM.
This labeling pattern has been demonstrated in deafferentation-
induced apoptosis in NM, and thus may be indicative of
developmental cell death in these auditory nuclei (Karnes et al,,
2009).

We found that in embryos treated with caspase-3 inhibitor,
NL neurons failed to form a single-cell thick lamina and smaller
cells intruded into the cell-free dendritic zone surrounding
NL neurons. Given their size, location and ALDHIL1
immunofluorescence, these cells are likely astrocytes normally
restricted to the glial margin outside NL at these ages. These
morphological changes were correlated with axon targeting
errors, suggesting that communication between NM axons, NL
neurons and glial cells is needed for the formation of NL and its
appropriate innervation.

Nucleus Innervation and Morphology

Axonal input from NM neurons may guide NL development.
NM neurons are the first to develop within the auditory
brainstem (Rubel et al., 1976; Book and Morest, 1990; Cramer
et al., 2000) and may influence other auditory nuclei (Hendricks
et al., 2006). Prior to receiving input from the cochlea, NM
neurons send projections to innervate the ventral portion of the
contralateral NL. NM inputs to NL are likely specified early
in development, and may guide the tonotopic identity of NL
neurons and formation of hindbrain circuitry (Cramer et al,
2000; Hendricks et al., 2006).
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FIGURE 5 | Axon tract targeting is impaired in Z-DEVD-FMK injected embryos. (A) Microtubule-associated protein 2 (MAP2) immunolabel shows the extent
of NM and NL in a control embryo. (A’) Higher power shows inset. (B,B’) The same section showing rhodamine dextran amine (RDA) labeling from the midline in
revealing axon terminations in NL. (C,C’) Merged images demonstrated that these terminations are appropriately limited to the ventral portion of NL. (D,D’) MAP2
immunolabel in a Z-DEVD-FMK injected embryo. (E,E’) RDA labeling from midline in the section shown in (D). Axon arbors deviate from the normally confined ventral
region. Axon tracts (white arrows) and individually resolvable axons (asterisks) were observed. (FF’) Merged image shows the extent of mistargeting in the NL region.

Scale bar in (A) = 100 wm, applies to (A-F).
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NL dendritic morphology depends on innervation from NM.
Several studies have demonstrated that when the dorsal cochlear
tract (the axon tract projecting from the NM to the ventral
NL) is cut, NL morphology changes (Parks and Rubel, 1975;
Benes et al., 1977; Deitch and Rubel, 1984). Ventral NL dendrites
become atrophied and degraded, which is reflected in decreases
in dendrite density and ventral NL volume (Benes et al., 1977).
Following de-innervation of the ventral NL, cells from the glial
margin moved into the cell-free dendritic zone (Rubel et al,
1981). This observation suggests that axonal input is needed to
maintain neuronal morphology in NL, and disruptions in the
glial margin follow disruptions to the neuronal lamina. Given

that axonal innervation is a significant factor in proper NL
development, misrouted axons, as seen in our data, may drive
malformations of NL.

Caspase-3 Function in Axons and

Dendrites

Cleaved caspase-3 influences the survival, structure and
trajectory of developing axons. Apoptosis is accompanied by
caspase-3 induced cleavage of cytoskeletal actin (Mashima et al.,
1997, 1999). However, given that several other cytoskeletal-
associated proteins are also cleaved by caspase-3, the function
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FIGURE 6 | The presence of axonal tract intrusions into NL was
associated with greater disorganization of NL lamina. No instances of
axonal tract intrusion were seen in the sham + control group, and R?
coefficient values were correspondingly high. High R? coefficient values
describe NL with highly organized neuronal deployment. Several instances of
axon targeting errors were seen in the Z-DEVD-FMK injected group, although
not in all specimens. In instances of targeting errors, R? coefficient values were
significantly lower than in instances of no axonal targeting errors in sham +
control or Z-DEVD-FMK injected groups.

of caspase-3 in axons extends beyond apoptosis. Caspase-3 has
been implicated in axonal growth cone guidance. In order
to navigate towards their targets, axonal growth cones
rely on cell surface receptors to detect chemotropic cues
within their environment. Chemotropic input can then
induce caspase-3 dependent degradation of cytoskeletal
growth cone proteins (Campbell and Holt, 2001, 2003). In
addition to directly acting on cytoskeletal proteins, caspase-3
can also cleave a host of cytoskeletal regulators, including
Gap43, which is present in growth cones (Benowitz and
Routtenberg, 1997; Denny, 2006). Loss of active caspase-3
may then prevent the degradation of inappropriate or
misrouted axonal growth cones, resulting in errors in axonal
trajectory.

Cleaved caspase-3 also influences axonal arborization. Acting
in concert with caspase-9, p38, and MAPK, caspase-3 acts to
localize branch points in developing retinal ganglion cell axonal
arbors (Campbell and Okamoto, 2013). Caspase-3 becomes
active within 5 min of branch-point formation with activity
decreasing as arbors become more stable (Campbell et al,
2007; Campbell and Okamoto, 2013), and cleaves several
cytoskeletal regulators to limit arbor growth (Han et al,, 2013).

Without activated caspase-3 present to guide where branch
points may form, axons may branch in unsuitable places, and
impair nucleus innervation. Despite caspase-3 blockage however,
contralateral NM projecting axons did generally arrive near
their NL targets, suggesting that caspase-3 influences short-
range intercellular signaling rather than long-range diffusible
factors.

Axon Guidance and Nucleus Formation

The effects of caspase-3 inhibition on both NL formation and
axon targeting to NL are similar to those we previously observed
for Eph protein inhibition, with caspase-3 blockade showing a
larger magnitude for both effects. Eph receptors and their ephrin
ligands are membrane-associated molecules that operate over
short distances and play an important role in the development
of the auditory brainstem. Eph receptor-ephrin interactions
allow for bidirectional signaling between cells (Davy et al,
1999; Lim et al.,, 2008; Cramer and Gabriele, 2014; Cramer and
Miko, 2016), which can result in attraction to, or repulsion
from a target (Cowan and Henkemeyer, 2002; Kullander and
Klein, 2002). In the avian brainstem, EphA4 is expressed much
more strongly in dorsal NL dendrites than in ventral dendrites.
When expression of EphA4 was experimentally altered, incoming
contralateral axonal inputs from the NM did not remain confined
to the ventral portion of NL (Cramer et al., 2004; Huffman
and Cramer, 2007), suggesting that EphA4 serves to restrict
the areas along NL where NM inputs may synapse (Cramer
et al., 2004). Similar mistargeting occurred when EphB2 was
inhibited (Allen-Sharpley and Cramer, 2012). Interestingly, in
studies of both EphA4 and EphB2 disruption, the morphological
lamination of NL was also impaired (Cramer et al., 2004;
Allen-Sharpley and Cramer, 2012). These observations support
the hypothesis that NM axon targeting is closely related to
morphogenesis in NL.

An intriguing possibility is that caspase-3 effects share
signaling pathways with Eph family proteins. Eph receptors can
also influence cell proliferation in a caspase-3 dependent fashion.
During brain development, Eph receptor—ephrin interactions
limit brain size by controlling cell proliferation. Developing
telencephalon size is dependent on EphA7 binding to ephrin-
A5 to initiate caspase-3 mediated cell death within the pool of
progenitor cells, thus regulating brain size (Depaepe et al., 2005).
Similarly, when ephrin-B3 is un-bound from its EphA4 receptor,
caspase dependent cell death is initiated, during which process
EphA4 itself is cleaved by a caspase-3-like caspase (Furne et al,,
2009). Eph-receptors can initiate caspase-3 cleavage and there is
some evidence that caspase-3 can cleave Eph receptors. Whether
caspase-3 signaling interacts with Eph family proteins in axon
guidance remains to be determined.
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