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ABSTRACT

Intramuscular administration of Botulinum toxin (BTx) has been associated with impaired osteogenesis in diverse conditions of bone
formation (eg, development, growth, and healing), yet the mechanisms of neuromuscular-bone crosstalk underlying these deficits
have yet to be identified. Motivated by the emerging utility of zebrafish (Danio rerio) as a rapid, genetically tractable, and optically
transparent model for human pathologies (as well as the potential to interrogate neuromuscular-mediated bone disorders in a simple
model that bridges in vitro and more complex in vivo model systems), in this study, we developed a model of BTx-induced muscle
paralysis in adult zebrafish, and we examined its effects on intramembranous ossification during tail fin regeneration. BTx
administration induced rapid muscle paralysis in adult zebrafish in a manner that was dose-dependent, transient, and focal, mirroring
the paralytic phenotype observed in animal and human studies. During fin regeneration, BTx impaired continued bone ray
outgrowth, morphology, and patterning, indicating defects in early osteogenesis. Further, BTx significantly decreased mineralizing
activity and crystalline mineral accumulation, suggesting delayed late-stage osteoblast differentiation and/or altered secondary bone
apposition. Bone ray transection proximal to the amputation site focally inhibited bone outgrowth in the affected ray, implicating
intra- and/or inter-ray nerves in this process. Taken together, these studies demonstrate the potential to interrogate pathological
features of BTx-induced osteoanabolic dysfunction in the regenerating zebrafish fin, define the technological toolbox for detecting
bone growth and mineralization deficits in this process, and suggest that pathways mediating neuromuscular regulation of
osteogenesis may be conserved beyond established mammalian models of bone anabolic disorders. © 2014 American Society for
Bone and Mineral Research.
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Introduction

he growing use of simple model organisms for examining

human disease, in conjunction with modern advances
in large-scale biological research (eg, rapid whole-genome
sequencing, high-throughput chemical discovery, and high-
content imaging), underscore the potential impact of novel
vertebrate models of bone pathologies that are genetically
tractable, optically transparent, and amenable to large-scale
experimental paradigms. Within the last several decades,
zebrafish (Danio rerio) have emerged from their longstanding
use as a vertebrate model of developmental biology to a valuable
model organism for human disease. This emergence has been
spurred by their unique experimental attributes (eg, optical

transparency, ease of genetic manipulation, small size, low cost,
and the ability to rapidly administer compounds via the water)
that enable powerful experimental approaches that would
otherwise be highly challenging in other vertebrate model
systems (eg, large-scale genetic screens, high-contentimaging of
cellular dynamics, in vivo small molecule discovery, and rapid
interrogation of human mutant gene function).”

Though the zebrafish skeleton differs from that in mammals in
several aspects [such as a lack of hematopoietic tissue-
containing bone marrow, diminished participation in calcium
homeostasis, and a reduced role in resisting gravitational
loading'?], it is becoming increasingly clear that it also retains
a number of conserved elements with significant potential to
recapitulate human bone native and disease states. For example,
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zebrafish possess the major cellular constituents of mammalian
bone (osteocytes, osteoblasts, and osteoclasts) and have a high
degree of homology for genes mediating mammalian osteogen-
esis and bone homeostasis (both in regard to amino acid
sequence and expression patterns).”) In addition, zebrafish
respond to several known osteoactive compounds in humans,*>
and express a number of orthologous genes implicated in
mammalian skeletal disease [including those identified in human
genome-wide association studies®]. These attributes have
spurred significant interest in examining the potential of zebrafish
to recapitulate mammalian bone pathophysiologies under
developmental, homeostatic, and/or regenerative conditions.®”®

Neuromuscular-mediated bone disorders (ie, bone patholo-
gies associated with abnormal neuronal and/or muscular
function such as disuse, neurological trauma, and paralysis)
are mediated by complex mechano-chemical interactions
between diverse cell types (neuronal, muscle, bone, endothelial,
etc.). Given the experimental challenges in recapitulating these
interactions in vitro, zebrafish may hold unique potential to
bridge existing cell culture and animal models®~'? by enabling
their in vivo interrogation in a rapid, genetically tractable, and
optically transparent model system. An essential first step toward
such examinations is characterizing the potential for the
zebrafish skeleton to recapitulate known associations between
inhibitors of neuromuscular activity and impaired skeletal
function. For example, intramuscular injection of Botulinum
toxin (a clostridial neurotoxin that inhibits synaptic fusion) has
been broadly shown to induce rapid muscle paralysis and
diminished skeletal function in a variety of conditions and model
organisms. In skeletally mature mice, intramuscular injection in
the hindlimb induces rapid endosteal bone resorption but
minimally alters periosteal bone formation."” Interestingly,
recent studies suggest this loss is not entirely attributable to
deficits in mechanical loading,”"® and may be mediated in part
through disruption of proprioceptive nerve function." In
contrast, under conditions of skeletogenesis, BTx is associated
with altered patterning and diminished bone mass in broad
contexts including bone and joint development,™® fracture
callus formation,"® appositional growth,'” cortical defect
healing,"® and mandibular development."® The diversity of
contexts in which BTx-induced bone anabolic dysfunction is
manifested suggests that this physiology may be conserved in
broad conditions of osteogenesis, and consequently, the
potential to interrogate it in novel in vivo models apart from
those established for mammalian bone pathologies.

By virtue of its capacity to recapitulate bone anabolic pathways
associated with mammalian osteogenesis, osteoblast differentia-
tion, and limb development,?*?" the regenerating zebrafish tail
fin represents a potentially powerful model system for such
studies. Like other teleosts, zebrafish possess the capacity to
regenerate amputated fin bone rays via epimorphic regeneration.
Following fin amputation, osteoblasts at the stump partially
de-differentiate to form part of the proliferating blastema,®?
which gives rise to differentiating (or re-differentiating) osteo-
blasts that undergo bone matrix secretion and mineraliza-
tion.?>?® The rate of bone formation during this process is
remarkable, as new bone segments are readily observed within
3-5 days following amputation (with the majority of lost bone,
joints, nerves, skin and blood vessels restored within a few weeks).
Experimentally, the regenerating fin confers a number of
favorable attributes including a simple anatomical structure
(segmented bony rays encapsulating intra-ray nerves, vasculature,
and connective tissue), the capacity to rapidly manipulate gene

expression, ¥ amenability to chemical and genetic screen-

ing,%>?® and the potential to image cell dynamics in vivo. In
addition, the tail fin possesses skeletal muscle only at its base,
enabling the opportunity to examine remote effects of BTx-
induced neuronal dysfunction in a manner that minimizes the
influence of impaired muscle on bone outgrowth at the distal tip.

In this study, we developed a model of BTx-induced muscle
paralysis in adult zebrafish, and we examined its effects on
intramembranous ossification during tail fin regeneration. Our
investigations demonstrate the potential for BTx to induce focal
and transient paralysis in zebrafish, show the capacity for this
impairment to induce altered bone ray outgrowth, patterning,
and mineralization, and highlight a potential role for inter- and/
or intra-ray nerves in regulating this process. Collectively, our
studies demonstrate the potential to interrogate pathological
features of BTx-induced osteoanabolic dysfunction in the
regenerating zebrafish tail fin, define the technological toolbox
for detecting bone growth and mineralization deficits in this
process, and suggest that pathways mediating neuromuscular
regulation of osteogenesis may be conserved beyond estab-
lished mammalian models of bone anabolic disorders.

Materials and Methods

Zebrafish

Adult wild-type zebrafish (outbred stock) were purchased from
Aquatic Research Organisms and housed at a temperature of
27°C -28°C on a 14:10h light:dark photoperiod. All studies were
performed in mixed sex adult zebrafish (~30mm Standard
Length, S.L.).

Botulinum toxin administration

Botulinum toxin A (Botox, Allergan) and Botulinum toxin B
(Myobloc, Solstice Neurosciences) were prepared/diluted in
saline. Fish were anesthetized in 0.04% MS-222 (Sigma), injected
using a Nanofil microinjection system (10pL syringe, 33—
35 gauge needle), and recovered in fresh water. An injection
volume of 5 pL was used for all experiments.

Tail Fin Amputations

For tail fin amputations, zebrafish were anesthetized, injected
with BTx or saline, and immediately subjected to ~50%
amputation using a straight razor blade. Following amputation,
fish were recovered in fresh water. Brightfield images of the
caudal fin were acquired on a stereomicroscope. Images
were analyzed for the following quantities: fin area, length of
the longest fin rays in the dorsal and ventral lobes, and length
of the shortest fin ray in the middle of the fin. The percent of
regrowth was computed as described in Ref.*”,

Bone Ray Transection

For bone ray transections, fish were anesthetized, and a 0.5 mm
hole was resected from a single bone ray approximately 0.5-
1.0 mm proximal to the amputation plane using a tissue micro-
punch (Harris Uni-core). The position and size of the defect were
selected based on the average inter-ray distance of ~0.25 mm
between the transected ray and its dorsal/ventral neighbors, as
well as our desire to transect the majority of intra- and inter-ray
nerves associated with the affected ray. All transections were
performed on the fourth most dorsal ray, with the fourth most
ventral ray serving as an internal control.
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Locomotor Scoring

For locomotor function assessment, zebrafish were scored on a
scale of 1-5 using criteria adapted from Goldshmit et al.?®:
(1) complete paralysis, with fish resting on the bottom of the
tank; (2) infrequent jerky movements but no directed motion;
(3) some directed motion through a series of small jerky
movements; (4) large muscle movements with coordinated,
whole-body rotations while turning; and (5) indistinguishable
from uninjected fish.

Open Field Activity Monitoring

For open field activity assessment, fish were placed in an activity
monitor (Med Associates) in 20cm x 8cm x 10cm tanks filled
with 250 mL system water. Fish motions were tracked over a
20 min period using Med Associates software. Distance, time
spent swimming, and swimming velocity were computed from
swim traces. Videos of fish swimming were observed and
evaluated for leftward (counter clockwise) and rightward
(clockwise) turns while swimming.

Startle Response Testing

For startle response testing, fish were placed in 10 cm diameter
cylindrical tanks filled with 150 mL of system water. Audible
startles were invoked by dropping an aluminum weight
mounted to a lever arm (to ensure consistent drop heights).
Video recordings of the C-start response (250 fps) were captured
using a high-speed video camera (Kodak Ektapro).

Real-time RT-PCR

For real-time RT-PCR, regenerated fin tissue was isolated from
anesthetized fish and immediately immersed in RNAlater storage
solution (Qiagen). Total RNA was extracted using the RNeasy Mini
Kit (Qiagen) according to manufacturer’s protocol. cDNA was
synthesized using Super Script Ill reverse transcriptase (Invitro-
gen), and real-time PCR was performed using SYBR green and the
Applied Biosystems Viia7 Real time PCR system. Relative gene
expression levels were quantified using the 2*(—AACT) method
with beta-actin as the housekeeping gene. The following
sequences were used: gli1 F: 5'-CAGCTCCGCAAGTTTTCCAG-3/,
gli1 R: 5'-TGGTTGCTGGTGTTGTCGTA-3; ptch1 F: 5'-GGAATGC-
GACTGGGAGGAAA-3’, ptch1 R: 5'-CCTGACGAGGCGTCTGTATC-3';
shha F: 5-ACTGTCTCGCCTAGCTGTGG-3', shha R: 5'-CCTTCT-
GTCCTCCGTCCTG-3'; shhb F: 5'-CCACGATCCGACAACGAGAA-3/,
shhb R: 5-AGGCTCTCGCATGTGTCTTC-3; smo F: 5'-CACGCA-
CACGTCTCTGATTC-3/, smo R: 5'-TCCACCTTTCCATTCTCACAC-3;
msxb F. 5-GACGACAGTGAAGAACTAAGCG-3', msxb R: 5'-
CCGTTCGGCGATAGAGAGGT-3'; pcna F: 5'-CCCGATTGTGACCCTC-
TAAA-3', pcna R: 5'-TTGGAATGAGCAGTTGGACA-3'; beta-actin F:
5'-CAACAGGGAAAAGATGACACAGAT-3, beta-actin R: 5'-CAGCC-
TGGATGGCAACGT-3'.

Quantitative Fluorochrome Analysis

Live fish were immersed in buffered 0.04% calcein and rinsed for
10 min in fresh water.??) For each fin, a composite image stack
(4 x 9 x 10 images in the x/y/z directions) was acquired on a
high-content fluorescent microscopy system (Zeiss Axio Imager.
M2, constant settings for all experiments), and the maximum
intensity projection (MIP) computed (~5000 x 9000 pixels,
1.3 wm/pixel). Calcein intensities were evaluated at the mid-
points of the regenerated bone segments, and these data were
used to compute mean calcein intensity (), standard deviation

(o), and coefficient of variation (o/p.) for each fish. Alizarin red
staining was performed using identical procedures.

Rotopol Microscopy

A Rotopol microscopy system was used to compute bone ray
birefringence in hydrated fixed fins. Our use of this modality
enabled the independent computation of birefringence, trans-
mittance, and orientation, quantities that are typically coupled in
polarized light imaging.®® Briefly, a custom polarizing micro-
scope was adapted with a stepper motor, rotating-polarizer, and
circular analyzer (consisting of a linear analyzer and quarter
waveplate aligned at 45°). A digital camera was used to acquire a
sequence of images under a step-wise rotating polarizer. Using
the relations in Ref.®?, birefringence (|sind]), transmittance, and
orientation were computed on a pixel-by-pixel basis. For analysis,
composite images of birefringence (nine fields of view manually
stitched together) were generated for each fin, non-regenerated
(ie, proximal to the amputation plane) and regenerated tissue (ie,
distal to the amputation plane) were manually segmented, and
mean values of [sind| within each tissue region were computed.

Data Analysis and Statistics

Comparison between two groups was performed using a t-test
assuming equal variances and a two-tailed distribution. Differ-
ences in distributions were assessed using a two-sample
Kolmogorov-Smirnov test.®" For multiple comparisons, either
one-way ANOVA and Fisher's PLSD post hoc tests or two-way
ANOVA was performed. p <0.05 was considered statistically
significant. All data are presented as mean =+ SE.

Results

Intramuscular administration of BTxB, but not BTxA, induces
dose- and site-specific deficits in locomotor function

We first assessed the capacity for two mechanistically distinct
Botulinum toxin serotypes to induce muscle paralysis in adult
zebrafish: Botulinum Toxin A (BTxA) and Botulinum Toxin (BTxB).
BTXA inhibits synaptic fusion by cleaving the t-SNARE SNAP-25,
while BTxB inhibits the v-SNARE synaptobrevin. BTx was injected
intramuscularly into one of two locations: (1) the dorsolateral
trunk, or (2) at the base of the tail fin (Fig. 1A), and locomotor
function was evaluated 3 days post injection (a time point in
which BTx-induced deficits appeared to largely plateau).
Locomotor scoring revealed fish injected in the trunk with
0.5U BTxB, but not 0.5U BTxA, exhibited a significant reduction
(p <0.001) in locomotor function relative to trunk-injected fish
administered saline (Fig. 1B). In addition, fish administered 0.5U
BTxB in the trunk exhibited significantly greater deficits than
those administered an equivalent BTxB dose at the base of the
tail (p <0.05), suggesting that the severity of BTxB-induced
deficits was site-specific and graded along the anteroposterior
axis. In tail-injected fish, animals injected with 0.1U BTxB
(p <0.05) but not 0.05U BTxB exhibited significant decreases
in locomotor function compared to tail-injected fish adminis-
tered saline, suggesting the potential for BTxB to induce graded
paralysis in zebrafish by modulating injection dosage.

BTxB-injected fish exhibit transient deficits in open-field
swimming activity

Given the potential for disuse to contribute to aberrant bone
regeneration, we next investigated whether BTxB-induced
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Fig. 1. Intramuscular administration of BTxB, but not BTxA, inhibits
locomotor function in zebrafish in a dose- and site-specific manner. (A)
Schematic depicting injection locations. (B) Locomotor scores at 3 dpi.
**p<0.01, ***p<0.001 versus tail-injected fish administered saline;
###p <0.001 versus trunk-injected fish administered saline; Ap < 0.05
versus trunk-injected fish administered equivalent dose of BTxB;
n=2-5/group.

locomotor deficits were translated into reduced open field
swimming activity (and if so, the degree to which these deficits
were transient). At 7 days post injection (dpi), tail-injected fish
administered 0.1U BTxB exhibited a significant decrease in
swimming distance compared to saline controls (p < 0.01) that
was attributable to both a significant reduction in time spent
swimming (p < 0.001) as well as a decrease in swimming velocity
(p < 0.001) (Fig. 2A). At 14 dpi, BTxB-injected fish also exhibited a
significant decrease in swim distance (p < 0.05), swim velocity
(p <0.05), and time spent swimming (p < 0.01). However, no
significant differences in these quantities were observed at
49 dpi. These studies suggest the potential for BTxB to induce
transient deficits in open field activity that are sustained through
a period of time sufficient for substantial fin regeneration to
occur (14 days), but recoverable in the long-term.

Asymmetric swimming tendencies in BTxB-injected fish
indicate focal muscle paralysis

We next examined the degree to which BTxB-induced paralysis
was focal to the site of injection. For these studies, our strategy

was to inject fish on the right dorsolateral surface of the trunk,
and monitor for asymmetric swimming behaviors arising from
unilateral impairment of muscle contractility. During open field
swimming, fish administered 0.5U BTxB exhibited a significantly
lower tendency to turn in the rightward (clockwise) direction
(p < 0.05) compared to uninjected controls and fish injected with
BTxA (Fig. 2B), which is consistent with disproportionate left/right
muscle impairment. To determine whether deficits were focal
along the anteroposterior axis, we performed startle response
testing to invoke the startle-induced C-start response.®? BTxB-
injected fish exhibited a W-shaped body plan during rightward,
but not leftward C-starts, with the mid-apex corresponding to the
site of injection (Fig. 2C). This was in contrast to uninjected fish
and trunk-injected fish administered saline, which exhibited
highly pronounced full-length body flexions in both the leftward
and rightward directions. Collectively, these studies suggest the
potential for intramuscular injection of BTxB to induce focal
impairment of contractile function in both the mediolateral and
anteroposterior axes.

BTxB-injected fish exhibit decreased area of fin regrowth
during late, but not early, stages of regenerative outgrowth

Next, we investigated whether BTxB-induced impairment of the
tail fin neuromuscular tissue was associated with bone
regenerative dysfunction. Fin regeneration occurs through three
sequential stages: wound healing [0-1 days postamputation
(dpa)], blastema formation (1-2 dpa), and regenerative out-
growth (>2 dpa).(33) In this case, we assessed bone ray regrowth
at 5 dpa, 9 dpa, and 12 dpa, resulting in ~3-4 days of
regenerative outgrowth within three different periods of time
(2-5 dpa, 5-9 dpa, 9-12 dpa). By 9 dpa, tail-injected fish
administered 0.1 U BTxB exhibited noticeable deficits in length of
bone ray regrowth (Fig. 3A). Quantitative image analysis at the
same time point revealed that the BTxB-induced reduction in the
percent length of bone ray regrowth was more pronounced in
the middle fin rays relative to dorsal and ventral rays (p < 0.05 for
BTxB:ray interaction, p < 0.001 for BTxB) (Fig. 3B). Quantification
of percent area of fin regrowth revealed a significant decrease in
BTxB-injected fish at 9 dpa (p <0.001) and 12 dpa (p < 0.01).
However, no difference in regrowth was observed at 5 dpa
(Fig. 30), suggesting BTxB impaired continued bone ray
outgrowth, but not its initialization.

Intramuscular BTxB injection alters bone ray segment
morphology, branching, and joint specification

Previous studies in the regenerating fin have demonstrated an
association between a lack of sustained bone outgrowth and
impaired spatial specification of osteoblast differentiation.®*# In
this case, we examined the potential for BTxB to alter the latter as
evidenced by altered bone segment morphology, ray branching,
and joint specification. Quantitative image analysis at 9 dpa
revealed that BTxB-injected fish exhibited a significant reduction
in the average number of segments in the regenerated ray
(p < 0.01, Fig. 4A) bone segment width (p < 0.01, Fig. 40), inter-
joint distance (ie, bone segment length, p < 0.05, Fig. 4B), and
bone ray branching (p < 0.01, Fig. 4D). Notably, the latter two
quantities (inter-joint distance and bone ray branching) are
direct measures of bone patterning as they cannot be
manifested through deficits in osteoblast activity alone. Thus,
these results suggest that BTxB impaired bone ray morphogen-
esis, and implicate spatial specification of osteoblast differentia-
tion (ie, patterning) in this process.
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BTxB-injected fish exhibit impaired mineralizing activity
in newly regenerated bone segments

We next investigated the potential for BTxB to impair minerali-
zation during late-stage osteoblast differentiation. We first
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and BTxB-injected fish. (B) Quantification of percent length regrowth (9 dpa). Relative difference between BTxB and saline-injected fish is greatest in the
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(Fig. 5A-A’). Unlike saline-injected fish, fish treated with BTxB
generally exhibited heterogeneous, “patchy” labeling in the
regenerate with a high degree of phenotypic variation from fish-
to-fish. In particular, BTxB-treated fish exhibited varying mixtures
of inter-ray heterogeneity (ie, marked differences in labeling
between rays, Fig. 5B) and intra-ray heterogeneity (ie, sporadic
regions of low and high labeling along individual rays, Fig. 5B8').
To quantify these deficits, we evaluated calcein intensities in over
900 individual bone segments and generated probability
distribution functions for saline- and BTxB-injected fish
(Fig. 5C). Distributional analysis revealed highly significant
differences in the intensity distributions of these two populations
(p <0.001). More specifically, BTxB-treated fish exhibited a
higher proportion of low intensity segments, a lower proportion
of segments with medium intensity segments, and a roughly
equal probability of high intensity segments. Quantification of
the coefficient of variation of intensity (p=0.05, Fig. 5D), a
normalized measure of relative dispersion, suggested BTxB
induced greater heterogeneity of labeling within each fish
(consistent with our qualitative observations). No significant
difference in the mean intensity of labeling between saline- and
BTxB-injected fish was detected (p =0.48, Fig. 5D), potentially
attributable to the higher inter-specimen variability in BTxB-
treated animals.

Rotopol microscopy reveals BTxB-injected fish exhibit
impaired crystalline mineral accumulation

To determine whether BTxB-injected fish exhibited a functional
deficit in mineralization, we subjected zebrafish to quantitative
polarized light imaging using Rotopol microscopy®® (Fig. 6A).
Previous studies suggest that zebrafish fin ray birefringence is
primarily associated with crystalline mineral accumulation rather
than matrix anisotropy (except for between segments, where
there is additional birefringence due to the fibrous inter-segment
ligament).®> BTxB-injected fish exhibited significantly decreased
birefringence in the regenerated (but not non-regenerated)
tissue (p < 0.05, Fig. 6B). These results indicate that BTx impaired

crystalline mineral accumulation during bone regeneration,
suggesting delayed late-stage differentiation during initial
ossification and/or decreased secondary bone apposition.

Proximal bone ray transection impairs outgrowth in a
focal manner

The remote effects of BTx-induced neuromuscular impairment
on regenerative outgrowth and bone cell differentiation at the
distal tip of the fin suggested a potential role for intra- and inter-
ray nerves in mediating these long-distance effects (for example,
through direct nerve-bone cell crosstalk, or indirectly via
epithelial or endothelial intermediaries). To explore this
possibility, we generated circular lesions proximal to the
amputation stump to focally transect intra-ray nerves, blood
vessels, and associated inter-ray nerves within a single bone ray.
Fish subjected to bone ray transection exhibited impaired
regenerative outgrowth in a manner that was highly focused to
the affected ray (Fig. 7A). In particular, we observed a significant
reduction in the length of the regenerate in transected rays
compared to immediately neighboring dorsal/ventral rays
(67.54+9.3% at 7 dpa, p=0.03, n=5), with no such reduction
observed in untransected control rays (104.0 £3.7%, p =0.34,
n=15). Calcein labeling was also reduced within the regenerate in
67% (6/9) of the transected rays (Fig. 7B).

BTxB alters sonic hedgehog pathway gene expression

Finally, to explore the pathways linking BTxB-induced neuro-
muscular impairment to bone regenerative deficits, we analyzed
gene expression for components of the sonic hedgehog
pathway (shha, shhb, ptch1, smo, and gli1) as well as genes
associated with the msxb-positive signaling center (msxb,
pcna).®® For these studies, we analyzed gene expression at
5 dpa in order to identify transcriptional alterations preceding
the regenerative deficits observed between 5-9dpa. Quantitative
RT-PCR revealed that BTxB-treated fish exhibited a significant
increase in the expression of ptch1 (p < 0.05) and gli1 (p < 0.05)
(Fig. 8). No other significant differences were observed.
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Interestingly, both gli1 and ptch1 are known gli target genes,®”

with ptch1 known to potently repress shh signal transduction
through a negative feedback loop.®%* Thus, these studies
suggest that BTxB-induced deficits in regenerative outgrowth
may be preceded by gli overactivity and overexpression of ptch1,
the latter of which is associated with repressed shh signaling
downstream.

Discussion

BTx-induced muscle paralysis has been associated with impaired
osteogenesis in diverse conditions of bone formation (eg,
development, growth, and healing), yet the mechanisms of
neuromuscular regulation underlying these deficits have yet to
be identified. As a first step toward understanding the potential
for zebrafish to recapitulate pathways mediating neuromuscular-
mediated bone pathologies, in this study we developed a BTx
model of muscle paralysis in adult animals, and demonstrated its

capacity to impair intramembranous ossification during tail fin
regeneration.

Our studies demonstrated the potential for intramuscular
administration of BTxB to induce muscle paralysis in adult
zebrafish in a manner that was transient, dose-dependent, and
focal, mirroring the paralytic phenotype broadly observed in
animal and human studies.""'? For example, the time to
paralytic onset and dynamics of locomotor recovery in BTxB fish
were temporally consistent with BTxB studies in humans
demonstrating onset of paralysis 24~48 hrs post injection and
amean recovery time of ~8 wks.“? In regard to BTx serotype, the
sensitivity of adult zebrafish to BTxB was consistent with the
impaired synaptic transmission observed in zebrafish embryos
administered the B serotype at similar dosages.“” In contrast,
the observed resistance of zebrafish to BTxA differed from the
BTXA sensitivity identified in sunfish,“? and may be attributable
to species-dependent mutations in SNAP-25 around the BTxA
cleavage site [as in Torpedo fish®"]. It is noteworthy that in
animal and human studies, variations in BTx dose, concentration,
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and carrier volume significantly alter paralytic severity, dynamics
of onset and recovery, and BTx diffusion from the injection site.
By enabling the targeting of specific neuromuscular circuits and
the examination of regenerative mechanisms associated with
recovery of synaptic transmission, the BTxB model developed
herein may provide a valuable complement to genetic models of
systemic and terminal paralysis in zebrafish.“®

During tail fin regeneration, BTx induced multi-faceted deficits
on bone regenerative function, reminiscent of the osteoanabolic
dysfunction observed in mammalian models of bone develop-
ment and healing. Our studies suggest the potential for multiple

Calcein (7dpa)
(14dpa)

A Amputation
Plane

Amputation
Plane

Fig. 7. Bone ray transection proximal to the amputation site focally
inhibits bone outgrowth. (A) Fin regrowth at 7 dpa. Bone growth in the
damaged ray (*) is visibly shorter than in the neighboring rays. () Double
fluorochrome labeling 7 dpa (calcein) and 14 dpa (alizarin red). Calcein
labeling is markedly reduced in the regenerated portion of the damaged
ray (*). Note also the increased calcein labeling at the site of injury.

osteogenic processes to be under the influence of neuromuscu-
lar regulation, including maintenance of bone outgrowth, bone
patterning, late-stage osteoblast differentiation, and secondary
bone apposition. In identifying these deficits, we implemented
several novel modalities for analyzing mineralizing activity that
enabled the identification of subtle skeletal phenotypes. For
example, using quantitative fluorochrome analysis, we observed
a significant shift toward reduced intensity of labeling in BTxB-
treated fish, suggesting decreased appositional activity in newly
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Fig. 8. BTxB alters sonic hedgehog pathway gene expression. Gene
expression was assessed at 5 dpa via real time RT-PCR. Results are shown
for genes associated with the sonic hedgehog pathway (shha, shhb, smo,
ptch1, gli1) and the msxb-positive signaling center (msxb and pcna).
*p < 0.05 for BTxB versus saline; n =4-6/group.
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regenerated bone segments. Interestingly, BTxB-injected fish
exhibited substantial phenotypic variation in labeling deficits
(ie, different degrees of intra- and inter-ray heterogeneity),
which we speculate may be a consequence of distinct neuronal
populations being targeted by slight variations in BTxB
injection location. In addition, we utilized Rotopol imaging to
quantify bone ray birefringence, a measure of crystalline
mineral accumulation during regeneration. This quantity
was significantly decreased in the regenerated (but not
non-regenerated) tissue of BTxB-injected fish, suggesting that
BTxB impaired bone mineral accrual in newly regenerating
bone but did not systemically induce demineralization in
non-regenerated bone tissue.

Given the remote effects of BTxB administration at the base of
the tail on fin regrowth at the distal tip, an intriguing question is
the role of fin ray nerves in mediating BTxB-induced regenerative
defects. Nerve-dependent appendage regeneration has long
been observed in diverse contexts and phyla, including limb
regeneration in salamanders.*® In our studies, several of the
physiological features of BTxB were focal to specific bone rays
(eg, greater inhibition of regrowth in middle rays and marked
differences in calcein labeling in neighboring rays in some
animals), suggesting that these deficits were not manifested by
systemic factors alone. Further, we found that bone ray
transection was sufficient to focally inhibit regeneration in the
affected ray, implicating intra- and/or inter-ray nerves in
modulating bone ray outgrowth. In salamanders, systemic
administration of BTx at paralytic doses does not inhibit limb
regeneration to the early bud stage,**) consistent with the lack of
effect of BTxB on early fin regeneration (<5 dpa) observed in our
investigations. Interestingly, this suggests that cholinergic
transmission, a process long speculated to be dispensible for
appendage regeneration,*”) may be required for late-stage
regenerative functions associated with osteoblastic differentia-
tion and control of osteoblast activity (such as bone mineraliza-
tion, patterning, and cessation of growth), but not early-stage
functions associated with precursor cell origination (such as
epithelial migration, dedifferentiation, and blastema formation).
This distinction may have important implications in the potential
to infer regulatory mechanisms identified in our model to
broader bone anabolic contexts, as dedifferentiation and
blastema formation are processes specific to epimorphic
regeneration, whereas osteoblastic differentiation is not.

Drawing parallels between the regenerative deficits identified
in BTxB-treated fish and phenotypes attributed to known
regenerative signaling pathways may provide important clues
into underlying mechanisms regulating this pathophysiology. In
the regenerating zebrafish fin, two well-characterized signaling
centers have been established: the msxb-positive signaling
center at the distal blastema®® (a regulator of cell proliferation in
the proximal blastema), and the shh-positive center at the basal
epidermal layer®® (a regulator of continued bone outgrowth,
patterning, and bone cell differentiation). Our studies suggest
that regenerative deficits in BTxB-treated fish were preceded by
overactivity of the shh transcriptional effector gli, as evidenced
by the overexpression of the gli target genes gli1 and ptch1 (the
latter of which has potential to repress shh signaling down-
stream). In this context, BTxB-treated fish closely phenocopied
fish administered cyclopamine (a chemical inhibitor of shh
signaling) in multiple aspects,®? including impaired bone
outgrowth during late (but not early) regeneration, lack of
bifurcations in the regenerate, and reductions in the number of
bone segments. In mammals, shh is a critical regulator of bone

patterning and continued outgrowth in the developing limb
bud, and recent studies suggest that it is also expressed during
early fracture repair.*® Though bone and nerves have long been
known to develop and regenerate in concert (eg, in the
developing limb bud and during bone healing), their potential
to crosstalk via established regenerative pathways has not been
explored. Intriguingly, our studies suggest a potential regulatory
link between BTxB-sensitive nerves, shh signaling, and bone cell
differentiation/activity that does not require direct contact with
skeletal muscle, an exciting avenue for future investigation that
may be ideal for cross-examination in zebrafish and more
complex animal model systems.

Several limitations should be considered when interpreting
the findings from this study. First, while kinematic analyses
suggested that locomotor deficits arising from BTxB injection
were focal to the injection site, we are unable to rule out the
possibility that BTx migrated/diffused to distant tissue sites.
However, the fact that bone ray transection in the absence of BTx
inhibited bone ray outgrowth suggests that direct binding of BTx
to regenerating cells at the distal fin tip was not an essential
etiological factor in our studies. Second, regenerative defects in
our study may be attributable to either decreased innervation
(eg, stemming from impaired nerve regeneration) or impaired
nerve function (eg, stemming from cholinergic blockade), and
we did not delineate these possibilities. The examination of
re-innervation in the regenerate following BTx may provide
important insight in this regard, and we are actively pursuing
such studies. Finally, given that ray-associated blood vessels
were severed in our fin ray transection model, as well as evidence
that blood vessels may guide bone ray patterning,“” at this time
we are unable to rule out the possibility that impaired vascular
function contributed to the observed effects on focal bone ray
outgrowth. The use of laser-based axotomies® may enable
precise delineation of vascular, intra-ray nerve, and inter-ray
nerve contributions to bone ray growth, as well as the
contribution of specific nerve populations to this process.

In summary, our studies are the first to demonstrate the
potential to examine features of BTx-mediated bone anabolic
dysfunction in the regenerating zebrafish fin, and suggest that
pathways mediating neuromuscular regulation of osteogenesis
may be conserved beyond established mammalian models of
bone anabolic disorders. Given the experimental flexibility of
zebrafish, these studies provide an essential starting point for the
development of rapid in vivo screening modalities for neuro-
muscular-mediated bone anabolic pathologies, as well as
novel models of neuro-musculoskeletal systems biology that
elucidate mechanisms of nerve-muscle-bone crosstalk during
their co-development, ontogenesis, and regeneration.
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