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Abstract

Human spinal cord injury (SCI) is characterized by permanent loss of damaged axons, resulting
in chronic disability. In contrast, zebrafish can regenerate axonal projections following CNS
injury and re-establish synaptic contacts with distant targets; elucidation of the underlying
molecular events is an important goal with translational potential for improving outcomes in

SCI patients. We generated transgenic zebrafish with GFP-labeled axons and transected their
spinal cords at 10 days post-fertilization. Intravital confocal microscopy revealed robust axonal
regeneration following the procedure, with abundant axons bridging the transection site by

48 hours post-injury. In order to analyze neurological function in this model, we developed

and validated new open-source software to measure zebrafish lateral trunk curvature during
propulsive and turning movements at high temporal resolution. Immediately following spinal cord
transection, axial movements were dramatically decreased caudal to the lesion site, but preserved
rostral to the injury, suggesting the induction of motor paralysis below the transection level.
Over the subsequent 96 hours, the magnitude of movements caudal to the lesion recovered to
baseline, but the rate of change of truncal curvature did not fully recover, suggesting incomplete
restoration of caudal strength over this time course. Quantification of both morphological and
functional recovery following SCI will be important for the analysis of axonal regeneration and
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downstream events necessary for restoration of motor function. An extensive array of genetic and
pharmacological interventions can be deployed in the larval zebrafish model to investigate the
underlying molecular mechanisms.

Keywords

axonal regeneration; swimming kinematics; spinal paralysis; intravital microscopy; high-speed
macrovideography; machine vision

Introduction

Spinal cord injury (SCI) is an intractable clinical problem with severe impacts on functional
capacity and long-term quality of life. Current treatments are directed at preventing medical
complications (such as urosepsis, decubitus ulcers and venous thromboembolism), but

have little impact on neurological outcomes (reviewed in (Cadotte and Fehlings 2011)).
Cord transection or crush injury in both SCI patients and mammalian SCI models causes
ascending and descending spinal cord axons to undergo Wallerian degeneration. These
axons do not regrow, resulting in permanent motor, sensory and autonomic deficits below
the level of the lesion (Thomas et al. 1997). There is an urgent and unmet need for
treatments that promote restoration of axonal projections and neurological recovery in SCI
patients.

Unlike the situation in mammals, subsets of adult zebrafish spinal cord axons regenerate
following cord injury (Becker et al. 1997) leading to partial recovery of motor function

(van Raamsdonk et al. 1998). The mechanisms underlying this inter-species difference

may be informative for identifying molecular targets with translational potential in SCI
patients, and consequently are under intense investigation. Both cell-intrinsic properties of
neurons and a permissive tissue environment are thought to support axonal regeneration

in the zebrafish CNS (reviewed in (Rasmussen and Sagasti 2017)). Previous work in adult
zebrafish SCI and optic nerve regeneration models demonstrated that neuronal expression of
genes such as L1.1 cell adhesion molecule (Becker et al. 2004) and a.1-tubulin (regulated

by KLF6/7 (Meldman et al. 2010)) contribute to cell-intrinsic mechanisms favoring axonal
regrowth. CNS tissue environment factors encouraging axonal regrowth include axonal
growth-promoting properties of the zebrafish homologue of Nogo-A, a prominent myelin-
derived inhibitory signal in mammals (Welte et al. 2015); absent post-injury upregulation of
chondroitin sulfate, a component of the inhibitory glial scar in mammals (Becker and Becker
2002); promotion of spinal axonal growth by neuropeptide-Y expressed on motor neurons
(Cui et al. 2021); and glial bridge formation mediated by 7gf(Goldshmit et al. 2012) and
ctgfa (Mokalled et al. 2016), allowing axons to cross the injury site.

Adult zebrafish SCI models are time-consuming, technically challenging, and low
throughput. Furthermore, the full range of powerful genetic and chemical biology tools
available for analyzing zebrafish models is more readily applicable in larvae. Consequently,
recent studies have focused on larval zebrafish spinal cord transection models (Bhatt et al.
2004; Briona et al. 2015; Ohnmacht et al. 2016), in which neuronal and axonal regeneration
occur rapidly and can be observed directly by intravital microscopy. Importantly, genetic
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(Keatinge et al. 2021) and chemical biology (Chapela et al. 2019) approaches can be
applied in these models to resolve underlying molecular mechanisms and identify putative
therapeutics. Recent studies using larval SCI models have yielded insights into molecular
mechanisms, implicating dbxZa-expressing radial glia in neurogenesis following injury
(Briona and Dorsky 2014); innate immunity and dopaminergic signaling in promoting
regeneration of segmental spinal motor neurons (Ohnmacht et al. 2016); neuronal cAMP in
stimulating reticulospinal axonal growth (Bhatt et al. 2004); peripheral macrophage-derived
anti-inflammatory signals in the permissive tissue environment for axonal bridging at the
level of the lesion (Tsarouchas et al. 2018); Wnt/p-catenin signaling both in neurogenesis
(Briona et al. 2015) and in the deposition of collagen XII that allows axons to grow across
the injury site (Wehner et al. 2017); and Tgf-p in preventing the inhibition of axonal growth
by inflammatory 1I-1 signaling (Keatinge et al. 2021). The latter study in particular used
rapid, high throughput reverse genetics to define molecular mechanisms unequivocally — a
unique strength of zebrafish models.

The translational value of putative therapeutic interventions identified in these models

will be dependent on their capacity to restore function. Consequently, it is critical to
include neurological endpoints in studies of regeneration following SCI. Previous work

in larval zebrafish SCI models employed assays such as swimming distance (Ohnmacht

et al. 2016) or proportion of animals showing a motor response (Briona and Dorsky

2014) following mechanosensory stimuli to the tail, kinematics of the startle response
following water jet stimulus to the tail (Bhatt et al. 2004), or high resolution analysis of
truncal swim waves in head-restrained zebrafish (Vasudevan et al. 2021). These approaches
depend on eliciting responses in each zebrafish individually, and consequently are time-
consuming and potentially susceptible to inter-trial stimulus variability and observer

bias. A caudal mechanical stimulus also does not distinguish loss of responses resulting
from sensory versus motor deficits. A high-throughput machine vision method measuring
swimming distance and change in orientation during the dark phase of a repeated light-
dark cycle provided quantitative outputs suitable for chemical screening (Chapela et al.
2019). However, these endpoints are an indirect marker of spinal paralysis that might be
incompletely sensitive to the clinical deficits that typify SCI. Activity measurements of this
type are also susceptible to modulation by extraneous factors such as direct muscle injury
and systemic consequences of injury.

In view of these limitations, the aim of the present study was to quantify the initial motor
deficits and subsequent recovery following transection of descending motor axons in a
larval zebrafish model. We developed a new open-source MATLAB application to analyze
swimming kinematics at high spatiotemporal resolution in experimental groups and controls
simultaneously. We found that truncal curvature dynamics mediating turning and propulsive
movements were severely disrupted below the level of an acute spinal transection at 10 days
post-fertilization. These abnormalities recovered progressively during the 4 days following
injury. However, even 48 hours after abundant regenerated axons were seen bridging the
lesion site, motor recovery was incomplete. The approach and resources we report will
facilitate evaluation of the mechanisms mediating functional recovery, improve screening
approaches by providing unbiased quantitative assay outputs sensitive to spinal cord
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function, and enhance translational studies by focusing on clinically relevant neurological
endpoints.

Materials and Methods

Ethical approval:

All studies were carried out with approval from the University of Pittsburgh Institutional
Animal Care and Use Committee, in accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Experimental subjects:

The study involved larval zebrafish at 10 days post-fertilization, which were bred in-house.
Zebrafish sex is not established at this developmental point and so the study included
subjects with potential to differentiate into either sex. To label spinal cord axons for
intravital imaging, we employed Tg(UAS:GFP-CAAX) €102 zeprafish (Munzel et al. 2012);
when crossed to a Gal4 driver, this line expresses GFP fused to the CAAX signal from the
human HRas protein, resulting in CAAX-directed farnesylation and membrane anchoring
of GFP. To activate transgene expression specifically in neurons, Tg(UAS.GFP-CAAX)
zebrafish were crossed with Tg(eno2:gal4FF)P¥25 driver zebrafish (Xie et al. 2020), which
express a truncated form of Gal4-VP16 with minimal toxicity (Distel et al. 2009), under
transcriptional control of neuronal c/s-regulatory elements from the eno2 gene that express
strongly in the projection neurons of interest (Bai et al. 2007; Bai et al. 2009). The double
transgenic zebrafish were further crossed onto the Casperbackground (White et al. 2008)
to abolish pigment formation and facilitate intravital microscopy. Embryos were raised in
E3 buffer (5mM NaCl, 0.17mM KCI, 0.33mM CaCl,, 0.33mM MgSQy,) in an incubator
at 28.5° C, with white light illumination (200 Ix, 14 hours light:10 hours dark) to 5 days
post-fertilization (dpf) then transferred to 1-liter tanks with continual water flow and three
times daily feeding with brine shrimp and dried feed.

Experimental design and procedures:

Spinal cord transection: At 10 dpf, zebrafish were individually anesthetized in 0.015%
buffered tricaine in E3 for 1 — 2 minutes then transferred to a 35mm surgery dish with a
layer of silicone (Sylgard, Corning) at the bottom covered by E3 buffer. Zebrafish were
positioned by direct visualization under a dissecting microscope to expose a lateral view of
the trunk, and gently prevented from drifting using forceps. The spinal cord was located by
fluorescence signal and anatomical landmarks and transected level with the caudal extremity
of the swim bladder. A stylet was made from 0.016-inch (~ 0.41mm) diameter tungsten wire
that was sharpened to a fine point by electrolysis (Brady 1965) then attached to a wooden
handle. The stylet was inserted through the skin and spinal cord of the zebrafish in a single
pass and immediately withdrawn to minimize trauma to muscle and surrounding tissues. The
zebrafish was then transferred to a plate with fresh E3 solution to recover for 1 hour prior to
further testing.

Intravital imaging: Zebrafish larvae were anesthetized in 0.015% tricaine, placed on one
side in a 35mm glass bottom dish (MatTek, Ashland, MA), and immobilized in 50uL of

J Neurosci Res. Author manuscript; available in PMC 2023 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hossainian et al.

Page 5

2% low melting point agarose in E3 to prevent movement, as reported previously (Van
Laar et al. 2020). Z-planes encompassing the entire depth of the spinal cord and adjacent
tissues were acquired from below through the glass coverslip, using an Olympus 1X-81
inverted microscope with a 20x objective (UPlanSApo, NA 0.75) and Fluoview confocal
system (B&B Microscopes, Pittsburgh, PA). Maximum projection images of the Z-stack
are shown in the figures. Immediately image capture was completed, agarose was removed
from around the zebrafish using forceps, and the zebrafish recovered E3 buffer, allowing
sequential imaging of spinal axons over several days.

Visual motor responses: To facilitate downstream image processing, zebrafish were
housed in wells cut into an agarose-filled plate. The similar IR transmission of agarose and
embryo water ensured that the edges of each behavioral arena were not visible in the video
stream. Briefly, 0.3% agarose was poured into a single-well plate to a depth of 6 — 7mm
(approximately half the interior height of the plate) and allowed to solidify. Wells of 15mm
diameter, arranged as 6 rows of 4 wells, were made using a circular cutter and filled with E3
buffer, so that menisci were not present. A single zebrafish was transferred to each well and
allowed to acclimatize for 30 minutes. Assays were carried out inside an incubator at 28.5°C
to maintain constant temperature and prevent unintentional exposure to extraneous stimuli.
Visual motor responses were elicited by transitions between 2-minute periods of bright
white light (1100 Ix, 4900K) and 1 second periods of dark (<1 Ix; “dark flash™). lllumination
was provided by LEDs (Super Bright LEDs, St. Louis, MO; cat #LSM-CW3X3), controlled
by a USB relay (EtherTek Circuits, Princeton, BC, Canada). Recordings for analysis of
motor responses were made over 40 stimulus cycles. Between recordings, zebrafish were
housed socially within experimental groups in 1L tanks.

Video capture: Video was captured from below the plate using infrared illumination
(#BL812-880, Spectrum Illlumination, Montague, M), and a high-speed camera (Integrated
Design Tools, Pasadena, CA; model #NX8-S2) with a macro lens (Rokinon 100mm f2.8;
B&H, New York) and infrared-pass filter (R72, 720nm; B&H) to allow videography
independent of ambient visible illumination. Uncompressed video segments were captured
for 1 second at 1000 frames/s, triggered by the same USB relay used to control the white
LEDs, in order to synchronize recording with stimulus. Recordings were analyzed offline
using custom MATLAB scripts (see below and supplemental data).

Data and statistical analysis:

Statistical analyses were carried out using GraphPad Prism version 9.4.0. Data were
normally distributed by D’Agostino and Pearson test, allowing use of parametric statistical
tests. Linear regression was used to compare manually and computationally derived angles.
One sample t-tests were employed to compare the differences between manually and
computationally derived angles to 0. For quantitative kinematic analysis, zebrafish without
detectable responses at each time point (overall 1/120 control wells and 37/120 SCI wells
over 5 days of recordings) were removed from analysis instead of being assigned values

of 0, in order to avoid artificially inflating the effect of SCI on truncal curvature during
VMR responses. 20/1440 individual data points were removed as they exceeded acceptable
thresholds for tracking errors or were statistical outliers (ROUT, Q=1%). Two-way ANOVA
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with Sidak post hoc test was used to compare control and SCI zebrafish at multiple time
points.

Regeneration of spinal axons in a larval zebrafish model of spinal cord injury

Using intravital microscopy, we investigated axonal regeneration in a larval zebrafish spinal
cord transection model at 10 days post-fertilization (dpf; figure 1). Tg(eno2:gal4FF)P¥425;
TY(UAS-GFP-CAAX)102: mpy17-1=: mitfa™!~ zebrafish larvae (Munzel et al. 2012; White
et al. 2008; Xie et al. 2020) were generated (figure 1A, B) to express membrane-bound
GFP within large projection neurons (Bai et al. 2007; Bai et al. 2009), on a background
lacking pigment, thereby allowing direct visualization of labeled spinal cord axons /n

vivo by confocal microscopy (figure 1B, D). We transected the spinal cord at a level
adjacent the caudal swim bladder using a tungsten stylet under tricaine anesthesia at 10
dpf. Zebrafish were imaged both before the injury, and at intervals afterwards (figure 1C),
allowing verification of the cord transection and direct observation of regeneration (figure
1D). Immediately after injury, a large void in the spinal cord GFP signal was evident at the
lesion site, reflecting transection of axons passing through the damaged spinal segments,
and mechanical disruption of neurons located at this level (figure 1D). By 24 hours post-
injury (hpi), isolated axons were seen entering the transection site. Between 24 and 48

hpi, substantial axonal regrowth occurred, so that by 48 hpi large bundles of longitudinally
oriented axons were seen bridging the injury site (figure 1D). Together, these data suggest
that regeneration of ascending and/or descending spinal cord axons is both robust and rapid
in this model.

Measuring swimming kinematics at high spatiotemporal resolution

We next asked if spinal cord transection resulted in a detectable motor deficit below the
level of the lesion, and whether the observed axonal regeneration led to functional recovery.
To accomplish this, we employed the zebrafish visual-motor response (VMR), in which

an abrupt change in ambient illumination from light to dark causes a stereotypical high-
angle turning movement termed an ‘O’-bend (Burgess and Granato 2007a). Importantly,
this response is dependent on retinal and diencephalic photoreceptors whose responses
activate spinal motor neurons indirectly via descending spinal axons (Fernandes et al. 2012).
Consequently, the afferent limb of the reflex is not impacted by spinal cord injury, so the
assay output reflects the function of the recovering descending spinal motor axons.

To record the VMR, video was captured from below the zebrafish at 1000 frames/s for 1s
during a dark flash (figure 2A). Figure 2B shows an example response in which a zebrafish
larva at 10 dpf made two high angle turning movements in response to the stimulus. We
developed an application to quantify truncal curvature during the VMR, using a similar
conceptual approach to work reported previously (Burgess and Granato 2007a), but differing
in two ways. First, the application was written using MATLAB for compatibility with

our previously reported open-source zebrafish neurological phenotyping tools (Scheetz et

al. 2018; Zhou et al. 2014). Second, the method was optimized for simultaneous analysis

of multiple larvae, each housed in separate chambers, to facilitate comparison between
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different experimental groups exposed in parallel to the same stimuli. The software files/
source code and operating manual are provided in supplemental data.

Output from the tracking application is illustrated in figure 2C and D (which show the
initial turning movement made by the zebrafish in figure 2B) and its logic is detailed in
supplemental figure 1. In each video frame, the program locates a zebrafish in each well

of a multi-well plate, identifies the head, and draws a bar from the center of the head
caudally, along a vector overlying the darkest pixels of the image corresponding to the
zebrafish (head bar; red in figure 2D). A second bar (body; green) of identical length

is similarly drawn from where the first bar ends, and a third bar (tail; blue) is drawn

from the distal end of the second bar. The result is a 3-segment line that overlies the

long axis of the zebrafish. The line is straight when the zebrafish is at rest, but when

muscle contraction causes lateral truncal curvature during swimming movements, the line
segments form three angles, xhead-tail, 2head-body and Xbody-tail. These angles increase
with truncal curvature and can be used to quantify the magnitude and rate of lateral trunk
bending. For each well in each frame of the video, the result of a frame-by-frame image
subtraction to identify motion events is written to an output file, together with the (x, )
coordinates of the larval head, the orientation of each bar, and the xhead-tail, 2head-body
and xbody-tail angles. Additional calculations yield larval displacement and speed, and

the angular velocity of truncal curvature. The measured and calculated parameters together
provide a detailed picture of activity, displacement, and truncal curvature dynamics for each
zebrafish following each stimulus (figure 2E shows the complete response for the zebrafish
in figure 2B).

Observation of several hours of the live tracking output from the algorithm by multiple
different observers showed that the three body segment lines were reliably located over

the long axis of the zebrafish. We validated the algorithm quantitatively against manual
determination of truncal curvature. An additional application was developed allowing an
observer to draw lines of constrained length (representing head, body, and tail bars to
mimic the algorithm) manually onto video frames that did not show the automatically
generated bars. This approach was highly replicable in images of a resting zebrafish, with
100 consecutive trials showing variability of 0.019 + 0.006 rad. We next added body
segment bars manually to every 5% video frame spanning entire movement episodes in 20
different zebrafish (figure 3A). There was a strong correlation (R? = 0.991, p < 0.0001)
between trunk angles calculated from the automatically generated and manually determined
bar positions; quantitative analysis showed an overall error of 0.013 + 0.006 rad and the
mean absolute error was 0.084 rad (= 4.8°; figure 3B). We employed the same method to
add bars manually to video frames corresponding to the maximum trunk curvature for a
further 74 movement episodes (figure 3C). Similarly, this showed a very strong correlation
between manual and automatic angular assignments (R2 = 0.995, p < 0.0001), such that the
overall error of 0.009 + 0.016 rad did not differ significantly from 0, and the absolute error
for measurement of these peak angles was 0.088 rad (= 5.0°; figure 3C). Together, these
data show that the new MATLAB application produced robust outputs that describe truncal
curvature accurately during larval movement, allowing us to analyze the functional recovery
of zebrafish following spinal cord injury.
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Swimming kinematics following SCI

We next asked whether larval kinematics during ‘O’-bend responses were altered following
spinal cord transection (figure 4). Zebrafish underwent spinal cord transection at 10 dpf
then motor function assays were carried out daily for 5 days, in comparison with control
uninjured sibling zebrafish (figure 4A). Responses to 40 dark flashes of 1s duration, each
preceded by 2-minutes of bright white light ambient illumination, were recorded each day.

Response rates to stimuli differed between the injured and uninjured zebrafish (figure 4B).
Between 10 — 14 dpf, control zebrafish produced movements within 1s of the light-dark
transition, consistently after 55 — 65% stimuli. Response rate was dramatically decreased
immediately after spinal cord transection (control 54.3 + 4.6 % vs. injury 3.0 + 1.5%,
£<0.0001, 2-way ANOVA with Sidak post hoc test, n = 24/group). There was some recovery
over the next 48 hours (immediate post injury 3.0 + 1.5% vs. 2 days post-injury 28.6 +
5.6%, p=0.0077), but the response rate remained lower in the injury group for the duration
of the experiment. Consequently, the groups differed significantly even at 4 days post-injury
(control 59.2 + 5.4% vs. injury 24.5 £ 6%, p<0.0001). These data show that spinal cord
transection provoked a dramatic and long-lasting decrease in the probability of a motor
response to dark flash stimulus.

Even though the probability of response was reduced, it was still possible to capture
movement episodes in many of the injured zebrafish (9/24 immediately post-injury; 19/24 at
4 days post-injury). Figure 3C shows video frames corresponding to baseline and maximum
trunk angle for control and injured zebrafish, immediately post-injury, and 4 days post-
injury. The baseline images in both groups and timepoints show a straight trunk without
spinal deformity. In response to stimuli, control zebrafish at both time points show similar
high-angle curvature involving the entire trunk. In contrast, immediately after spinal cord
transection, there was truncal curvature proximal to the injury, but no movement distal to the
lesion, likely reflecting paralysis of muscles below the transected spinal level (arrow). At 4
days post-injury, truncal curvature following dark flash stimulus was similar to the control.
These images suggest that — similar to mammalian models — zebrafish with acute spinal
cord lesions have a ‘motor level” with a severe neurological deficit caudal to the injury.
Importantly this appeared to recover over several days.

We next quantified these observations using the new MATLAB application (figure 5,
supplemental figure 2, supplemental tables 1 — 6). Trunk curvature (figure 5A; Xhead-tail)
was decreased immediately post injury (control 2.0 £ 0.07 vs. injury 0.94 + 0.13 rad,
<0.0001, 2-way ANOVA with Sidak post hoc test). As predicted from inspection of the
video images, Zhead-body was preserved (figure 5B; control 0.87 £+ 0.04 vs. injury 0.82
+0.12 rad, p=0.9981), but there was a dramatic decrease in Xbody-tail (figure 5C; control
1.14 £ 0.03 vs. injury 0.38 = 0.04 rad, p<0.0001). The maximal body-tail angle gradually
recovered and did not differ significantly from control by 4 days post-injury (control 1.11
+ 0.05 vs. injury 1.05 + 0.05 rad, p=0.9628). Interestingly, Zhead-body also gradually
increased in the injury group, so that it was significantly higher than control at 4 days
post-injury (control 0.87 + 0.07 vs. injury 1.27 + 0.06, p=0.0003). This may represent a
compensatory response to the impaired truncal movements caused by the injury.
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Finally, we used changes in the frame-by-frame angular measurements to calculate angular
velocity of trunk curvature, as a marker of muscle contraction force. This is important, as
the maximum trunk angle potentially could be preserved even in the presence of weaker,
slower, muscle contractions. The maximal trunk angular velocity was dramatically decreased
immediately post-injury (control 66.4 + 2.3 vs. injury 38.5 + 3.2 rad/s, p<0.0001) but
recovered rapidly and had reached baseline by 4 days post-injury (control 66.8 + 1.8 vs.
injury 65.8 + 2.1 rad/s, p=0.9998). There was a modest decrease in head-body angular
velocity immediately post-injury (control 48.5 = 1.3 vs. injury 38.6 £+ 3.5 rad/s, p=0.0114)
but this recovered rapidly and was similar to control by 4 days post-injury (control 55.5

+ 1.1vs. injury 53.0 £ 2.1 rad/s, p=0.8616). In contrast, body-tail angular velocity was
dramatically decreased immediately post injury (control 69.3 + 2.0 vs. injury 40.2 + 3.8
rad/s, p<0.0001). Although substantial recovery was noted during the time course of the
experiment, body-tail angular velocity in SCI zebrafish remained modestly reduced and
significantly lower than control even 4 days after the injury (control 79.2 + 1.5 vs. injury
69.1 + 1.6, p=0.0094). Notably, modest changes in both maximum angle and angular
velocity occurred in the control group at 11 — 14dpf relative to 10dpf (supplemental figure
3). This suggests that age-matched cohort controls (as employed here) are the appropriate
comparison group for these experiments.

Together, these data show acute loss of motor function below the level of spinal cord
transection in this model. Functional recovery starts rapidly and continues after the
appearance of regenerated axons bridging the lesion site at 2 dpi, but measurable motor
deficits are still detected at 4 dpi.

Discussion:

Previous studies reported larval zebrafish SCI at 5 dpf; we selected a later developmental
point for several reasons. Most importantly, the spinal cord is closer to an adult configuration
at 10 dpf than at 5 dpf; for example, myelination is well underway, and markers of

mature myelin such as PO are expressed in long tracts (Bai et al. 2011). Studying this

later time point may help distinguish mechanisms mediating regeneration from ongoing
development. Indeed, this is a common criticism of larval models (Rasmussen and Sagasti
2017), although many molecular mechanisms may be shared between development and
regeneration (Cardozo et al. 2017). In combination with our tungsten stylet method, the
larger size of the zebrafish at 10 dpf also allowed spinal lesions to be induced with

minimal damage to surrounding tissues and without using antibiotics (that might alter assay
outcomes) to prevent infections during recovery. In addition, the body length difference
between 5 dpf and 10 dpf necessitates axonal regrowth over a longer distance, providing

a more stringent test of regeneration. By using a mutant lacking pigment and labeling

spinal axons with membrane bound GFP, we were able to extend the time window for
intravital imaging of axonal regeneration to this later developmental point. Consequently,
although it is necessary to house and feed zebrafish for additional days compared with injury
at 5 dpf, the 10 dpf timepoint presents potential advantages and may be useful for both
discovery-driven and hypothesis testing approaches.
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We report new open-source software to quantify zebrafish trunk curvature in a video
recording. The algorithm was validated extensively and provides accurate measurements

of truncal dynamics during movement. The three-segment truncal line strategy was based
on FLOTE (Burgess and Granato 2007a; Burgess and Granato 2007b), but we implemented
this approach in a new MATLAB algorithm for compatibility with our previously reported
open-source neurobehavioral phenotyping software (Scheetz et al. 2018; Zhou et al. 2014),
and for convenience in downstream analysis as the rich dataset is written directly to
MATLAB matrices. We further optimized the application for analyzing multiple zebrafish
moving simultaneously in separate wells, to facilitate comparison of treatment and control
groups in the same assays. A variety of approaches has been employed previously to
analyze zebrafish kinematics, ranging from manual analysis of video recordings (Budick and
O’Malley 2000), to sophisticated and fully automated systems, some of which allow real-
time analysis of video streams with closed-loop control of stimulus presentation (Guilbeault
etal. 2021; Marques et al. 2018; Portugues and Engert 2011; Stih et al. 2019). Several

of these solutions analyze truncal curvature across multiple body segments rather than the
simpler 3-bar strategy we used here. Although this may provide a more detailed picture

of truncal curvature along the rostro-caudal extent of the body axis, these analyses usually
require images at a higher magnification than employed here. Consequently, multi-segment
applications have mostly found utility in the analysis of complex behaviors in single
zebrafish, sometimes in a head-restrained preparation and coupled with calcium imaging.
Our approach differs in prioritizing analysis of statistically robust experimental groups and
controls responding to simultaneous stimuli, at high temporal resolution, while minimizing
the processing power and time necessary for analysis. We predict the new software may

be useful for quantifying responses with characteristic kinematic properties in comparative
quantitative applications, for example analyzing zebrafish models of neurological diseases
relative to controls, or screening for chemical or genetic modifiers of motor phenotypes.

Coupled with high-speed videography of the responses to abrupt light-dark transition, the
new application enabled us to quantify the neurological deficits resulting from SCI in larval
zebrafish and to document how these recovered over time. The data are of interest for
several reasons. First, it is critically important to measure clinically relevant endpoints in
disease models, as restoration of morphology or other surrogate markers without meaningful
neurological recovery would be of limited value. The hallmark neurological deficit in SCI
patients is loss of neurological function below the level of the injury. Our data demonstrate
a motor level in larval zebrafish, and our approach allows automated unbiased quantification
of this hallmark clinical deficit of SCI in an experimentally tractable model. Second, the
delay between axonal bridging at the lesion site and restoration of motor function suggests
that additional events downstream of initial axon regrowth are essential for functional
recovery. We anticipate these include axonal extension and to spinal segments innervating
caudal muscles, and reestablishment of functional synaptic contacts with other neurons

at their site of termination. The molecular basis of these processes has received less
attention than axonal bridging at the lesion site but is likely critical for clinical recovery.
Consequently, a detailed understanding of the molecular mechanisms mediating later events
in regeneration after initial axonal growth may be a prerequisite for exploiting zebrafish
models for development of therapies. The data also suggest that axonal bridging alone might
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not be optimal for evaluating experimental therapeutics, since although axonal regrowth is
likely necessary for neurological recovery, it is probably not sufficient. Third, our approach
allowed us to detect aspects of motor function that did not recover quantitatively over the
time course of these experiments. Although maximum Xbody-tail recovered to baseline, its
corresponding angular velocity did not, suggesting ongoing weakness of muscle contraction.
It is possible that recovery occurs over a more prolonged time course than evaluated here;
however, it is noteworthy that even after long-term recovery in adult zebrafish SCI models,
swimming function is not fully restored to pre-injury levels (van Raamsdonk et al. 1998).
Although it is undoubtedly true that any degree of recovery might be worthwhile to patients
with permanent and complete paralysis following injury, these observations suggest more
rigorous tests of function that could be exploited to discover interventions that enhance
recovery from SCI. Finally, our observation that movements rostral to the transection site are
increased following paralysis caudal to the injury implies that compensatory mechanisms
may tend to restore movement, separate from neurological recovery in the paralyzed
segments. Hyperkinesia rostral to the injury took 48 hours to appear and may involve
plasticity in the relevant spinal circuitry. It is currently unclear whether this alone could
contribute significantly to the apparent improvement in indirect functional endpoints such as
quantification of locomotor vectors following SCI.

Our findings are overall complementary to an elegant analysis reported recently, in which
motor recovery was quantified in individual head-restrained zebrafish larvae after SCI at
5dpf (Vasudevan et al. 2021). Forward swimming movements were provoked by visual
moving bar stimuli at 3- and 9-days post-injury, and trunk curvature was analyzed in 20
segments from swim bladder to tail, allowing quantification of propagating swim waves
both rostral and caudal to the lesion site. Compatible with our data, these experiments
showed decreased power and peak frequency in the power spectra of swim waves caudal
to the injury, which resolved over the time course of the experiment. Interestingly, a
persistent increase in power was also observed rostral to the injury, supporting the idea
that hyperkinesia in uninjured segments may represent a compensatory response.

High-throughput motor assays have recently been used to test chemical modifiers of
recovery from SCI, with clear translational implications (Chapela et al. 2019). Our new data
extend this approach by providing means to quantify how chemical modifiers mitigate the
hallmark neurological deficit of SCI in a larval zebrafish model. Consequently, we predict
that the resources we report here will be useful, both for studies on molecular mechanisms
of functional recovery from SCI in zebrafish, and in translational studies to test putative
therapeutic interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement

Understanding the molecular mechanisms that drive regeneration of the zebrafish spinal
cord may lead to treatments for human spinal cord injury (SCI) patients with permanent
neurological deficits. Spinal cord transection in larval zebrafish caused caudal motor
paralysis that recovered rapidly and quantitatively following the appearance of new
axons bridging the lesion site. Our study demonstrates quantification of the hallmark
neurological deficit of SCI in a highly experimentally tractable model, allowing analysis
of the mechanisms downstream of axonal regeneration that result in functional recovery,
and providing relevant functional outcomes for translational studies.
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Figure 1: Intravital imaging of axonal regeneration in larval zebrafish
A: Schematic depiction of the transgenic lines used to express GFP at the membrane of

ascending and descending spinal axonal projections.

B: Superimposed brightfield and confocal images of a Tg(enoZ2:gal4ff); TQ(UAS:GFP-
CAAX); mpv17!=; mitfa!~ zebrafish at 10dpf, illustrating widespread axonal labeling by
membrane bound GFP. The boxed area corresponds to the region shown in the left column
of panel D and the dotted line indicates the cord transection plane.

C: Time course of the experiment shown in panel D.

D: Confocal Z-plane projections of the spinal cord of a Tg(enoZ2.gal4ff); Tg(UAS.:GFP-
CAAX); mpv17-'=; mitfa'~ zebrafish (rostral is to the left). The same zebrafish was imaged
prior to spinal cord transection at 10 dpf (top row of images), immediately afterwards, and
24 and 48 hours later (lower rows). The boxed area in the first image encompassing the
transection site is shown at higher magnification in the column of images to the right, using
the color intensity scale shown in the top panel. Arrowheads indicate regenerating axons at
24 hours post-injury.
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Figure 2: An open-source MATLAB application for quantifying larval zebrafish kinematics
following an experimental manipulation

A: Time course of dark flash and camera trigger to elicit and record the VMR.

B: Example response of an individual zebrafish to abrupt light-dark transition. Every 20t
video frame from 300ms to 900ms after the stimulus is superimposed to illustrate the
changes in larval position and orientation. The vector track of the head centroid during the
movement is shown in yellow.

C: The trunk angle (Xhead-tail) of the zebrafish in panel B is plotted against time during the
first turning movement (350 — 470ms after the stimulus). Red data points correspond to the
pictures in panel D.

D: Individual video frames are shown every 10ms between 358 — 468ms after the stimulus.
Head (red), body (green) and tail (blue) bars were fitted to the image by the algorithm.
Truncal curvature in C and E was by calculated as the angle between the red and blue bars.
E: The entire response over 1000ms is plotted for the zebrafish in panels B — D. Two
separate movement episodes are readily identified. In each case the movement started with
an abrupt change in larval head orientation, associated with striking truncal curvature, made
at high angular velocity in the same direction. The movements conclude with tail-beating
motions that cause propulsion.
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Figure 3: Validation of a MATLAB application for measuring trunk angle dynamically in a high
framerate video stream

A: The output from our MATLAB algorithm (solid black line) was compared with trunk
angles calculated from manually drawn bars of constrained length mimicking the algorithm
in every 51 video frame during a movement episode (red circles) in a zebrafish at 11dpf.

B: Trunk angles derived from manually (x-axis) or automatically (y-axis) assigned body
segment bars were plotted for 431 video frames corresponding to 20 entire movements
similar to the episode shown in panel A. The difference and absolute difference between the
manual and automatic measurements is shown in the scatterplots to the right.
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C: Similar data to panel B were measured in video frames corresponding to the maximum
trunk curvature for 74 separate movement episodes. In B and C, a single sample #test
was used to compare the differences between automated and manual measurement to 0
(*p<0.05).

J Neurosci Res. Author manuscript; available in PMC 2023 December 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hossainian et al. Page 20

A . dark flash +
spinal cord video capture @ 1000fps
transection v VvV ¥ y v
= Frrrrrrrrrrrr T e
- VMR analysis 0 2 4 6 s 80min
B %
( ’Il LA 1A LA
1 l |
9 10 1. 12 13 14

Days post-fertilization

B A control @ spinal cord transection
% % %k %k % 3% ok %k * % % % % ok %k %k * % % %
|
@ 107
wvi
= g b Y ry
- Y
o | A Ak oy .
: : .o
° 2 A A
c 0 i
L E "
3 - B
Q_ A
o £
e
"3 &
= oan’
o cilks 1
0 1
Days post-injury
c control spinal cord transection

Odpi

10dpf e \'\ h_____(g

p——

_ | X
e g e -

baseline dark flash baseline dark flash

Figure 4: Recovery of reduced responserate and abnormal swimming kinematics following
spinal cord transection

A: Time course for the experiments shown in figures 4 and 5. Starting immediately after
spinal cord transection, zebrafish motor responses to light-dark transition were recorded
daily over 5 days. In each session, responses were recorded to 40 dark flash stimuli each
after 2 minutes of acclimatization in bright white light.

B: Response rate (proportion of stimuli that provoked a measurable motor response) is
plotted for 24 control (blue) and 24 spinal cord injury (red) zebrafish on each day after
injury. ****p<0.0001, 2-way ANOVA with Sidak post-hoc test.
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C: Representative video frames showing baseline (left column of each group) and maximal
(right column of each group) trunk curvature during responses to light-dark transition in
control (left group) and spinal cord transection (right group) zebrafish, at O (top row) and
4 (bottom row) days post-injury. The arrow indicates the paralyzed distal segment of the
injured zebrafish that recovered by 4 days later.
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Figure5: Partial recovery of swimming kinematics following spinal cord transection in larval
zebrafish

Kinematics of motor responses to sudden ambient light-dark transition were quantified in
control zebrafish (blue, triangles) and siblings that underwent spinal cord transection at
10dpf (red, circles). Data points represent individual zebrafish and show the mean of all
elicited responses for each zebrafish at a particular time point (all zebrafish that showed

at least one response are included at each time point). Bars show group mean + SE. A —

C show maximal angles: (A) Zhead-tail; (B) £head-body; (C) £body-tail. D — F show
mean angular velocity: (D) head-tail; (E) head-body; (F) body-tail. Data were analyzed by
two-way ANOVA with experimental group and time post-injury as variables, and pairwise
comparisons made by Sidak post hoc test (p<0.05*, 0.001**, 0.0001***, 0.00001****),
ANOVA tables are shown in supplemental tables 1 - 6.
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