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Abstract

Spinal motor nerves are necessary for organismal locomotion and survival.

In zebrafish and most vertebrates, these peripheral nervous system structures are

composed of bundles of axons that naturally regenerate following injury. However,

the cellular and molecular mechanisms that mediate this process are still only partially

understood. Perineurial glia, which form a component of the blood-nerve barrier, are

necessary for the earliest regenerative steps by establishing a glial bridge across the

injury site as well as phagocytosing debris. Without perineurial glial bridging, regener-

ation is impaired. In addition to perineurial glia, Schwann cells, the cells that ensheath

and myelinate axons within the nerve, are essential for debris clearance and axon

guidance. In the absence of Schwann cells, perineurial glia exhibit perturbed bridging,

demonstrating that these two cell types communicate during the injury response.

While the presence and importance of perineurial glial bridging is known, the molecu-

lar mechanisms that underlie this process remain a mystery. Understanding the cellu-

lar and molecular interactions that drive perineurial glial bridging is crucial to

unlocking the mechanisms underlying successful motor nerve regeneration. Using

laser axotomy and in vivo imaging in zebrafish, we show that transforming growth

factor-beta (TGFβ) signaling modulates perineurial glial bridging. Further, we identify

connective tissue growth factor-a (ctgfa) as a downstream effector of TGF-β signaling

that works in a positive feedback loop to mediate perineurial glial bridging. Together,

these studies present a new signaling pathway involved in the perineurial glial injury

response and further characterize the dynamics of the perineurial glial bridge.
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1 | INTRODUCTION

Motor nerves, the peripheral nerves that control locomotion, require

perineurial glia, the protective barrier of the nerve, and Schwann cells,

peripheral myelinating cells, for development (Binari et al., 2013; Clark

et al., 2014; Jessen et al., 2015; Kucenas, 2015; Kucenas, Takada,

et al., 2008). Following axonal projection from the central nervous

system (CNS) through motor exit point transition zones into the
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peripheral nervous system (PNS), individual neural crest-derived

Schwann cell precursors hone towards axons in the periphery, associ-

ate with them in a 1:1 ratio, and differentiate into myelinating

Schwann cells (D'Rozario et al., 2017; Jessen et al., 2015; Jessen &

Mirsky, 2005). In zebrafish and mice, the perineurium, made of floor

plate-derived perineurial glia, ensheaths these axon-Schwann cell bun-

dles into fascicles, protecting the nerve by establishing a component

of the blood-nerve-barrier (Clark et al., 2014; Kucenas, 2015;

Peltonen et al., 2013). Perturbation to perineurial glial migration into

the periphery adversely affects Schwann cell development and differ-

entiation (Binari et al., 2013). Reciprocally, perturbing Schwann cell

development prevents or delays perineurial glial migration into the

periphery (Morris et al., 2017). In the absence of perineurial glia,

motor axons exit the spinal cord ectopically and Schwann cells fail to

ensheath motor nerves (Kucenas, Takada, et al., 2008). Similarly, in

colorless zebrafish mutants, which lack Schwann cells due to a muta-

tion in sox10, perineurial glial migration into the periphery is delayed

and these cells fail to properly ensheath motor nerves (Lewis &

Kucenas, 2014). Therefore, reciprocal cellular and molecular interac-

tions between Schwann cells and perineurial glia during development

are essential for motor nerve development. These same glial cells that

are crucial for spinal motor nerve development play essential cellular

and molecular roles in modulating regenerative responses after nerve

injury to drive successful and effective regeneration (Cattin &

Lloyd, 2016; Gonzalez & Allende, 2021; Jessen & Mirsky, 2019;

Lewis & Kucenas, 2014).

Immediately following peripheral motor nerve injury, axons expe-

rience acute axonal degeneration, where the proximal and distal

stumps of the nerve degenerate away from the injury site. The distal

stump then undergoes Wallerian degeneration, a highly conserved

pattern of anterograde degeneration of both the axon and associated

myelin sheaths, resulting in rapid fragmentation of the axon

(Coleman & Freeman, 2010; Lewis & Kucenas, 2014; Villegas

et al., 2012; Waller, 1850). Axonal and myelin debris is then removed

by macrophages, Schwann cells, and perineurial glia, establishing a

growth permissive environment (Cattin & Lloyd, 2016; Huebner &

Strittmatter, 2009; Lewis & Kucenas, 2014; Waller, 1850).

The perineurium has long been suspected to play an active

role in motor nerve regeneration (Behrman & Acland, 1981;

Popovi�c et al., 1994; Schröder et al., 1993). Previous studies from

our lab discovered that following spinal motor nerve injury in

zebrafish, perineurial glia clear debris and form a glial bridge across

the injury site that is essential for regeneration, and this process

precedes Schwann cell infiltration into the injury site (Lewis &

Kucenas, 2014). As axons degenerate and perineurial glia begin to

bridge, Schwann cells convert into distinct repair (Bungner)

Schwann cells. Schwann cell function switches from myelination of

axons to phagocytosis of myelin and axonal debris as well as col-

lective migration, forming Bands of Bungner that guide reg-

enerating axons across the injury site. Following regeneration,

Schwann cells begin to re-myelinate the newly established axons

(Brosius Lutz et al., 2022; Fernandez et al., 2017; Jessen &

Mirsky, 2019; Parrinello et al., 2010; Webber & Zochodne, 2010).

Together, Schwann cells and perineurial glia provide essential phys-

ical structures that are necessary for proper motor nerve regenera-

tion. Though many studies have explored the Schwann cell injury

response (Brosius Lutz et al., 2022; Clements et al., 2017; K. R.

Jessen & Mirsky, 2016; Allison F. Rosenberg et al., 2014; Schira

et al., 2018), the cellular and molecular mechanisms that drive

perineurial glial behaviors essential for motor nerve regeneration

remain unknown.

Transforming growth factor beta-1 (TGFβ-1) is an important regu-

lator of regenerative processes (Abarca-Buis et al., 2021; Katsuno &

Derynck, 2021; Sulaiman & Nguyen, 2016). In particular, Schwann

cells both secrete TGFβ-1 following peripheral nerve injury to

enhance debris clearance and suppress fibroblast proliferation (Schira

et al., 2018; Sulaiman & Nguyen, 2016) as well as require TGFβ signal-

ing to successfully migrate across the injury site (Clements

et al., 2017). Therefore, TGFβ signaling is crucial for Schwann cell

reprogramming, debris clearance, and subsequent nerve regeneration.

Connective tissue growth factor (CTGF) is another secreted protein

involved in angiogenesis and wound healing (Mokalled et al., 2016;

Mukherjee et al., 2021). CTGF directly binds TGFβ-1 and enhances

receptor binding, working in a positive feedback loop to drive TGFβ

signaling. At low TGFβ-1 concentrations, CTGF even potentiates the

phosphorylation of Smad2 induced by TGFβ-1 (Abarca-Buis

et al., 2021; Abreu et al., 2002). Previous studies demonstrate that

CTGF is actively involved in regenerative processes including driving

glial bridging after spinal cord injury (Mokalled et al., 2016) and modu-

lating TGFβ/pSmad3 signaling to promote cardiac regeneration

(Mukherjee et al., 2021). Additionally, CTGF is secreted by Schwann

cells following peripheral nerve injury (Schira et al., 2018). Therefore,

CTGF is an important regulator of TGFβ signaling and cellular

responses following injury. Though crucial roles of both TGFβ-1 and

CTGF in regeneration are known, it remains unknown how these sig-

nals might be affecting perineurial glial responses following peripheral

motor nerve injury.

While peripheral motor nerves possess regenerative capabili-

ties, regaining full function following injury is extremely limited in

humans. Currently, less than 10% of peripheral nerve injury

patients achieve full functional recovery (Lopes et al., 2022; Witzel

et al., 2005; Zochodne, 2012) with patients commonly facing life-

long functional impairment and neuropathic pain (Balakrishnan

et al., 2021; Lopes et al., 2022; Menorca et al., 2013). Understand-

ing the cellular and molecular mechanisms between glial cells and

the molecular drivers of their regenerative processes is crucial for

developing new targeted therapies to enhance regenerative

capacity.

Here, we identify a signaling pathway that drives perineurial

glial bridging, an essential regenerative process, after spinal motor

nerve injury. We demonstrate that TGFβ signaling modulates

perineurial glial dynamics after injury by initiating bridging behav-

iors. We then show that connective tissue growth factor a (ctgfa),

a component of this signaling cascade, is also required for

perineurial glial bridging. Together, these studies present TGFβ sig-

naling as a driver of perineurial glial bridging, a process that is
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crucial for successful and functional motor nerve regeneration. Elu-

cidating the cellular and molecular mechanisms that regulate

perineurial glial behaviors following injury is crucial to further

understanding successful motor nerve regeneration.

2 | MATERIALS AND METHODS

2.1 | Fish husbandry

All animal studies were approved by the University of Virginia Institu-

tional Animal Care and Use Committee. Zebrafish strains used in this

study include: AB*, Tg(nkx2.2a:megfp)vu17 (Kirby et al., 2006; Kucenas,

Snell, & Appel, 2008), Tg(olig2:dsred2)vu19 (Kucenas, Snell, &

Appel, 2008), Tg(nkx2.2a(-3.5):nls-egfp)uva1 (Fontenas & Kucenas, 2021),

Tg(nkx2.2a(-3.5):nls-mcherry)uva2 (Zhu et al., 2019), Tg(sox10(-7.2):meg-

fp)sl3 (Kirby et al., 2006), Tg(mpeg1:egfp)gl22 (Ellett et al., 2011), Tg(sox10:

gal4-VP16;UAS-E1B:NTR-mcherry)el159 (Das & Crump, 2012); Tg

(nkx2.2a:gal4-VP16;UAS:NTR-mcherry)uva4 (this article), Tg(ctgfa:egfp)pd96

(Mokalled et al., 2016), and ctgfabns50 (Mokalled et al., 2016) (Table 1).

Embryos were produced by pairwise natural matings, raised at 28.5�C

in egg water, staged according to hours or days post fertilization (hpf or

dpf, respectively), and screened for correct fluorescence of transgenic

lines. Embryos of either sex were used for all experiments (Kimmel

et al., 1995). Embryos used for microscopy or immunohistochemistry

were treated at 24 hpf with 0.003% phenylthiourea (PTU) in egg water

to reduce development of pigmentation.

2.2 | Generation of transgenic lines

All constructs were created using the Tol2kit Gateway-based cloning

system (Kwan et al., 2007). Vectors p5E-nkx2.2a(-3.5) (Pauls

et al., 2007), pME-Gal4-VP16, and p3E-polyA, were inserted into a

pDesTol2CG2 destination vector through an LR reaction (Kwan

et al., 2007). Final constructs were amplified and sequenced to con-

firm correct insertion. To generate a stable transgenic line, plasmid

DNA was microinjected at a concentration of 20 ng/μl in combination

with 100 ng/μl Tol2 transposase mRNA into embryos at the one-cell

stage. Injected embryos were then screened for founders

(Kawakami, 2004). To generate the Tg(nkx2.2a:gal4-VP16;UAS:NTR-

mcherry) line, UAS:NTR-mcherry plasmid DNA was microinjected at a

concentration of 20 ng/μl in combination with 100 ng/μl Tol2 trans-

posase mRNA into Tg(nkx2.2a:gal4-VP16;cmlc2:egfp)uva4 embryos at

the one-cell stage. Injected embryos were then screened for founders

(Kawakami, 2004).

2.3 | In vivo imaging

At 24 hpf, all embryos used for imaging were treated with 0.003% PTU to

reduce pigment formation. Embryos were screened for correct fluores-

cence and manually dechorionated. At specified stages, embryos and lar-

vae were anesthetized using 3-aminobenzoic acid esther (Tricaine) and

mounted in 0.8% low-gelling point agarose in 4-well glass bottom 35 mm

Petri dishes (Fisher, Greiner Bio-One). Following mounting, Petri dishes

were filled with egg water containing Tricaine. In vivo imaging was con-

ducted on a motorized Zeiss AxioObserver Z1 microscope equipped with

Quorum WaveFX-XI (Quorum Technologies) or Andor CSU-W (Andor

Oxford Instruments Plc.) spinning disk confocal system. A 40X water

objective (NA = 1.1) was used to capture all images and time-lapses.

Time-lapses were set to image in 5-minute intervals for 6–12 h, depending

on the experiment. For experiments using ctgfabns50 larvae, time-lapses

were set to image in 2-h intervals for 10 h. Z stacks of 1–2 μm were col-

lected for each image in a time-lapse. Image processing and limited adjust-

ments were made using MetaMorph software and FIJI (ImageJ).

2.4 | Nerve transection

Nerve transections were preformed using a nitrogen-dye (435 nm)

pumped MicroPoint laser (Andor technology) connected to a spinning

disk confocal system (Quorum Technologies) controlled by

MetaMorph as previously published (Lewis & Kucenas, 2014;

Gwendolyn M. Lewis & Kucenas, 2013; Morris et al., 2017; Rosenberg

et al., 2012). Injuries were conducted using either a 40X water

(NA = 1.1) or 63X water (NA = 0.8) objective. Ablation power ranged

from 40 to 60 depending on the size of the nerve, the mounting of

the larvae, the age of the larvae, and the age of the nitrogen-dye. For

all experiments, injuries were induced in 1–3 spinal motor nerves

within hemisegments 4–16, creating an approximately 10 μm injury.

Nerves with injuries larger than 10 μm or without a full

TABLE 1 Zebrafish lines used in this study and their genotypes

Full name Abbreviation Reference

AB* AB*

Tg(nkx2.2a:megfp)vu17 nkx2.2a:megfp Kirby et al. (2006);

Kucenas, Snell, and

Appel (2008)

Tg(olig2:dsred2)vu19 olig2:dsred Kucenas, Snell, and

Appel (2008)

Tg(nkx2.2a(-3.5):nls-

egfp)uva1
nkx2.2a:nls-

egfp

Fontenas and

Kucenas (2021)

Tg(nkx2.2a(-3.5):nls-

mcherry)uva2
nkx2.2a:nls-

mch

Zhu et al. (2019)

Tg(sox10(-7.2):

megfp)sl3
sox10:megfp Smith et al. (2014)

Tg(mpeg1:egfp)gl22 mpeg1:egfp Ellett et al. (2011)

Tg(nkx2.2a(-3.5):

gal4-VP16;UAS-E1B:

NTR-mcherry)uva4

nkx2.2a:gal4;

UAS:NTR-

mch

This article

Tg(sox10:gal4-VP16;

UAS-E1B:NTR-

mcherry)el159

sox10:gal4;

UAS:NTR-

mch

Das and Crump (2012)

Tg(ctgfa:egfp)pd96 ctgfa:egfp Mokalled et al. (2016)

ctgfabns50 ctgfa Mokalled et al. (2016)
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transection were not included in analyses. To transect nerves, an

ellipse was virtually drawn around the desired injury site on an image

of the nerve in MetaMorph. The laser was pulsed within the desig-

nated region of interest (ROI) until the nerve was injured. Injuries

were confirmed by presence of axonal debris and lack of return of

motor neuron fluorescence in the ROI after 20 s. In vivo imaging of

transected nerves was conducted as described above. In fish that

were fixed for antibody staining following nerve transection, the first

10 nerves in each fish were injured.

2.5 | Drug treatments

The following drug treatments were performed in 24-well plates with

up to five larvae per well:

2.6 | TGFβ inhibition

Larvae were incubated in either 1.5 ml of 10 μM SB431542 (Morris

et al., 2017; Sun et al., 2006), a selective inhibitor of the TGFβ

receptor-I, in 1% DMSO in PTU water or 1.5 ml of 1% DMSO in PTU

water at 28.5�C in dark conditions. Larvae were treated with either

drug or control DMSO solutions beginning at 4 dpf and placed in an

incubator in dark conditions at 28.5�C for approximately 24 h. Fresh

drug or DMSO solutions were replaced at 5 dpf and larvae were

placed back in the 28.5�C incubator in dark conditions for an addi-

tional 24 h. At 6 dpf, larvae were treated with fresh drug or DMSO

solutions and mounted for imaging. Tricaine was added to drug or

DMSO solutions for imaging, and larvae were submerged in these

solutions for the entirety of imaging.

2.7 | Ronidazole treatment

Larvae were incubated at 5 or 6 dpf in either 1.5 ml of 2 mM or

ronidazole (Lai et al., 2021) in PTU egg water or 1.5 ml of PTU egg

water at 28.5�C in dark conditions for 6 h prior to imaging and for the

duration of imaging.

2.8 | Whole mount immunohistochemistry

Following injury, 5–6 dpf larvae were fixed in AB Fix (4% PFA, 0.1%

Triton X-100, 1X PBS) for either 3 h at 23�C or overnight at 4�C.

Fixed larvae were then washed for 5 min with PBSTx (1% Triton X-

100, 1X PBS) followed by a 5-minute wash with DWTx (1% Triton X-

100, distilled water), a 5-minute wash with acetone at 23�C, a

10-minute wash with acetone at �20�C, and three 5-minute washes

with PBSTx. Larvae were preblocked in 5% goat serum/PBSTx for a

minimum of 1 h at 23�C and incubated in primary antibody for 1 h at

23�C and overnight at 4�C. The primary antibodies used in these stud-

ies include the following: a rabbit antibody to anti-phospho-Smad3

(1:175, Abcam catalog #ab52903) (Casari et al., 2014) and a chicken

antibody to anti-GFP (1:200, Abcam catalog #ab13970). Larvae were

washed with 1X PBSTx, preblocked in 5% goat serum/PBSTx for a

minimum of 1 h at 23�C and incubated in secondary antibody for 1 h

at 23�C and overnight at 4�C. Secondary antibodies used in these

studies include the following: goat anti-rabbit IgG (H + L) cross-

absorbed secondary antibody, Alex Fluor 647 (ThermoFisher Scientific

catalog #A-21244) and goat anti-chicken IgY (H + L) cross-absorbed

secondary antibody, Alexa Fluor 488 (ThermoFisher Scientific catalog

# A-11039). Larvae were washed with 1X PBSTx and stored in 50%

glycerol-PBS at 4�C until imaging. Larvae were mounted on their sides

in 0.8% low-gelling point agarose on glass-bottom 35 mm Petri dishes

and imaged using the confocal microscope and techniques described

above. Image processing and alterations were limited to contrast

enhancement and level settings were made using MetaMorph soft-

ware and FIJI (ImageJ). 3D renderings were produced using Imaris

(Oxford Instruments).

2.9 | Genotyping

DNA samples were prepared for individual ctgfabns50 larvae after

imaging by digesting larvae using HotSHOT (Meeker et al., 2007) and

were amplified using the primers 50-CATCTCCGTCCCACAGCCA-30

and 50-ACAGCACCGTCCAGACACG-30 (Mokalled et al., 2016).

For pSmad3 antibody staining experiments conducted with

ctgfabns50 larvae, DNA was extracted from 3 dpf ctgfabns50 larvae prior

to injury and fixation using a Zebrafish Embryonic Genotyper (ZEG)

(Danio Lab) and amplified using the same primers described above.

Larvae selected for imaging were genotyped a second time following

antibody staining using the method described above to confirm their

genotype.

2.10 | Data collection

None of the data collected in these studies were blinded with the

exception of the experiments conducted in ctgfabns50 larvae in

Figure 9. For these studies, 5 or 6 dpf larvae were injured using the

nerve transection assay described above and time-lapse imaged every

2 h for 6 hpi. At 6 hpi, the larvae were unmounted and digested using

HotSHOT (Meeker et al., 2007) for genotyping. Time-lapse movies

were analyzed prior to completion of genotyping. ctgfa�/� larvae are

morphologically indistinguishable from ctgfa+/� and ctgfa+/+ larvae

and therefore, require genotyping for identification.

2.11 | Quantification of perineurial glial and
Schwann cell bridging

To quantify and compare the efficacy of bridging in either nkx2.2a:

megfp or sox10:megfp larvae treated with either 10 μM SB431542 in

1% DMSO or 1% DMSO alone, we calculated the ratio of the size of
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the bridge across the injury gap compared to the size of the original

injury gap. Values greater than 1 indicate that perineurial glia

(Figure 3g) or Schwann cells (Figure 3h) have fully bridged the original

injury gap and continue to bridge past the initial distal stump. Values

less than 1 indicate that perineurial glia or Schwann cells have not

fully bridged the original injury gap, with negative values indicating

the cells have retracted away from the injury site. The size of the ini-

tial injury gap was measured from a still image from each time-lapse

movie at 0 hpi. The length of the injury gap bridged was measured

from still images at each 30-minute time interval in each time-lapse

movie over 8 h. The measured bridge size/measured size of the initial

injury gap calculated for each time point and was repeated for each

time-lapse movie captured for each group. These values were then

plotted over time in 30-minute intervals for the duration of the 8-h

time-lapse movie, with each dot representing the ratio of injury gap

bridged: initial injury gap at a given time-point and with each line con-

necting the individual time-points from a single time-lapse movie.

Each line represents an 8-h time-lapse movie of a single injury spinal

motor nerve in a single 5 or 6 dpf larvae. Lines that end prior to the

8-h mark indicate time-lapse movies in which the injured larva died or

the injured nerve shifted out of the imaging plane before the end of

the time-lapse. All measurements were conducted using the manual

measure tool in FIJI (ImageJ).

2.12 | Quantification of perineurial glial velocity

To quantify and compare the velocity of perineurial glial bridging in

larvae treated with either 10 μM SB431542 in 1% DMSO or 1%

DMSO alone, the position of the edge of either the proximal or distal

perineurial glial stump from an individual time-lapse movie was

tracked over each time point using the manual tracking plugin in FIJI

(ImageJ). The positioning of the perineurial glial proximal and distal

stumps was independently measured in 5-min intervals for the first

200 min post injury (mpi). The manual tracking plugin provides veloc-

ity measurements for each time point tracked. Each tracking was

repeated three times and an average of the velocities was taken for

each time point. This process was repeated for each time-lapse

movie captured for each group (SB431542 or DMSO-treated larvae

in proximal (proximal only), proximal (proximal and distal), and distal

(proximal and distal) groups). The average velocity from each time-

lapse movie in a group was then averaged at each time point and

plotted over time, with each dot representing the average velocity at

each time point in 5-min intervals and the lines connecting each

group. To compare the average velocities between DMSO and

SB431542-treated groups over the first 200 mpi, the average veloci-

ties for each group at each time point (every 5 min) over the 200 mpi

time-lapse movie were plotted for both proximal and distal measure-

ments. Each dot in the plot represents the average velocity of a sin-

gle time-point over the 200 mpi time-lapse for all larvae in that

group. An unpaired t-test was conducted for each plot to determine

any significance between the average velocities of DMSO or

SB431542-treated groups.

2.13 | Data quantification and statistical analyses

All graphically presented data represent the mean of the analyzed

data. Statistical analyses and graphing were performed using Gra-

phPad Prism software. p values involving only two groups were calcu-

lated using an unpaired student's t test. p values involving categorical

groups were calculated using a Chi-square test. Significance levels

were determined using a confidence interval of 95%. The data in the

plots and in the text are presented as means ± SEM.

3 | RESULTS

3.1 | Perineurial glia bridge and phagocytose
debris after spinal motor nerve injury

In zebrafish, peripheral motor nerve axons originate in the ventral

ventricular, or pMN, domain of the spinal cord, migrating through the

motor exit point transition zone into the periphery during early devel-

opment (Myers et al., 1986; Park et al., 2002). Following the growing

axons, Schwann cell precursors migrate from the dorsal neural tube

into the periphery to differentiate into mature Schwann cells and

myelinate axons within nerves (Lyons & Talbot, 2015). Perineurial glia

then exit the spinal cord and begin to ensheath the Schwann cell-axon

bundles at approximately 52 hpf (Kucenas, Takada, et al., 2008). By

5 days post-fertilization (dpf), zebrafish spinal motor nerves and their

associated glia have matured past major developmental processes

(Binari et al., 2013; Lewis & Kucenas, 2014; Rosenberg et al., 2012).

This, along with the highly regenerative capacity of zebrafish

(Ghosh & Hui, 2016; Marques et al., 2019; Mokalled & Poss, 2018;

Poss et al., 2002; Shi et al., 2015), makes the larval zebrafish an opti-

mal model for studying motor nerve regeneration.

Using nkx2.2a:megfp to label perineurial glia and olig2:dsred to

label motor axons (Kucenas, Snell, & Appel, 2008; Lewis &

Kucenas, 2014) (Figure 1a), we injured peripheral spinal motor nerves

in 5 or 6 dpf zebrafish larvae on either the caudal or rostral tract of

the nerve using laser axotomy as previously described (Lewis &

Kucenas, 2013; A. F. Rosenberg et al., 2012; Allison F. Rosenberg

et al., 2014) and time-lapse imaged every 5 min for 8 h post injury

(hpi). Consistent with previous studies (Lewis & Kucenas, 2014), we

observed perineurial glia with phagocytic vesicles primarily proximal

to the injury site between 1 and 6 hpi, a behavior we previously

observed via labeling with LysoTracker (Figure 1b; n = 11 nerves in

5 larvae) (Lewis & Kucenas, 2014). Additionally, we observed

perineurial glia form a complete bridge across the injury gap within

the first 6 hpi in both rostral and caudal nerve tract injuries (Figure 1b;

n = 11 nerves in 5 larvae). Perineurial glial bridging and phagocytosis

is crucial for motor nerve regeneration (Lewis & Kucenas, 2014).

However not much is known about the dynamics of these processes

nor the identity of the signals that drive these cellular behaviors.

To begin to characterize perineurial glial bridging, we analyzed

the time at which perineurial glia initiated and completed bridging.

We defined bridging initiation as perineurial glial membranes crossing
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beyond the proximal or distal injury stump and bridging completion as

perineurial glial membranes fully bridging across the original injury

gap. For these analyses, we used time-lapse videos of motor nerves

injured on either the rostral or the caudal tract in 5 or 6 dpf nkx2.2a:

megfp;olig2:dsred larvae. Our results showed that the majority of

perineurial glia initiate bridging within the first 2 hpi (n = 9 nerves in

5 larvae), with all perineurial glia initiating bridging within the first

6 hpi (Figure 1c; n = 11 nerves in 5 larvae). Additionally, the majority

of perineurial glia complete bridging by 5 hpi (n = 9 nerves in 5 larvae),

with all bridging complete by 8 hpi (n = 11 nerves in 5 larvae) and

with an average total bridging time of approximately 2.5 h (Figure 1d;

mean: 150.54 min). In our studies, we also observed that when

perineurial glia bridge, they either bridge from both the proximal and

distal sides of the injury, with perineurial glia meeting in the middle

(n = 6 nerves in 5 larvae), or from only the proximal side of the injury,

with perineurial glia extending from the proximal stump fully across

the injury site (n = 5 nerves in 5 larvae). Each type of bridging is

equally likely to occur, and there is no difference in bridging timing

between the two different types (Figure 1c,e).

In addition to bridging the injury gap, perineurial glia form phago-

cytic vesicles to clear axonal debris shortly after injury (Lewis &

Kucenas, 2014). To further characterize perineurial glial phagocytosis,

we investigated whether there was a difference in where phagocytic

vesicles formed in perineurial glia using the same time-lapse videos of

perineurial glial bridging used in the previous analyses (Figure 1b–d).

Although half of the injured nerves had bridging from perineurial glia

on both the proximal and distal side of the injury site, we observed

that the majority (73%) of perineurial phagocytic vesicles were formed

only on the proximal side of the nerve (Figure 1f; n = 8 nerves in 5 lar-

vae). While some injured nerves did have vesicles on both the proxi-

mal and distal side of the injury (Figure 1f; n = 3 nerves in 5 larvae),

no injured nerves had phagocytic vesicles in only perineurial glia distal

to the injury (Figure 1f). These analyses confirm that perineurial glia

play a pivotal role early in the regeneration process by forming a

bridge across the injury gap and phagocytosing debris.

Together, this data establishes a timeline during which perineurial

glial bridging occurs (Figure 1g). During the first 4 hpi, perineurial glia

initiate bridging and phagocytose debris, providing by 6–8 hpi, a scaf-

fold upon which the injured nerve can regenerate. During this time,

macrophages infiltrate the injury site to clear debris and Schwann cells

begin to activate their repair program, which occurs during the first

12 hpf (Chen et al., 2015; Jessen et al., 2015; Jessen & Mirsky, 2016;

Lewis & Kucenas, 2014). Between 12 to 24 hpi, following perineurial

glial bridge completion, Schwann cells form Bands of Bungner to

guide regenerating axons across the injury site to re-innervate target

tissues (Jessen & Mirsky, 2016; Min et al., 2021). Importantly,

Schwann cells do not form Bands of Bungner across the injury site

until after perineurial glial bridging is complete and full spinal motor

nerve regeneration takes between 24 and 48 hpi in zebrafish larvae

(Lewis & Kucenas, 2014; Rosenberg et al., 2012; Rosenberg

et al., 2014). For our studies in this manuscript, we focused on the

first 8 during which perineurial glia are bridging and phagocytosing

debris (Figure 1g). While these perineurial glial behaviors are critical

for efficient regeneration, not much is known about bridging dynamics

or the molecular signals that regulate these events.

3.2 | Perineurial glia do not proliferate after spinal
motor nerve injury

To further elucidate perineurial glial bridging dynamics, we

explored the role that the positioning of perineurial glial cells along

the nerve plays in bridging. We first examined the number of

nkx2.2a+ nuclei present on the nerve. Using nkx2.2a:nls-egfp or

nkx2.2a:nls-mch to visualize perineurial glia nuclei (Fontenas &

Kucenas, 2021; Kucenas, Snell, & Appel, 2008; Zhu et al., 2019), we

imaged nkx2.2a+ nuclei at both 5 and 6 dpf. The number of

nkx2.2a+ nuclei as well as the position of the nuclei along the nerve

varied per nerve, but there was no significant change in the number

of cells between 5 and 6 dpf (Figure 2a; 5 dpf: n = 10 nerves in

5 larvae, mean: 4.8 nuclei; 6 dpf: n = 17 nerves in 5 larvae, mean:

6.1 nuclei). Next, we asked whether perineurial glia proliferated in

order to form the bridge after injury. Using nkx2.2a:nls-mcherry;

olig2:dsred larvae to label perineurial glial nuclei and motor axons,

respectively, we performed laser axotomy and time-lapse imaged

for 6 hpi. In these studies, we observed Wallerian degeneration,

however nkx2.2a+ nuclei did not migrate or divide (Figure 2b; n = 4

nerves in 3 larvae). This indicates that when perineurial glia form a

bridge, the cell bodies do not migrate and perineurial glia do not

proliferate. Instead, perineurial glia extend membrane processes

across the injury site.

Finally, we analyzed the role that perineurial glial nuclei position

plays in the types of perineurial glial bridging that we observed. We

hypothesized that positioning of perineurial glia nuclei relative to the

injury site would affect the type of bridging that occurs. Following

injury to larvae expressing nkx2.2a:megfp and nkx2.2a:nls-mcherry to

label perineurial glial membranes and nuclei, respectively, we

observed two distinct types of bridging on both the rostral and cau-

dal side of the nerve, consistent with our previous imaging

(Figure 1e). We observed that when an injury is created with no

nkx2.2a+ nuclei distal to the injury site, perineurial glia proximal to

the injury site extend their membrane fully across the injury gap

(Figure 2c; n = 6 nerves in 4 larvae). This likely occurs because when

no nkx2.2a+ nuclei are distal to the injury site, the remaining

perineurial glial membrane distal to the injury degenerates away with

the nerve. Conversely, perineurial glial membranes both proximal

and distal to the injury site actively bridged when nkx2.2a+ nuclei

were present on both sides of the injury site (Figure 2c; n = 4 nerves

in 3 larvae). Both types of bridging occurred on a similar time scale,

with bridging initiating by 2 hpi and completing by 6 hpi (data not

shown). Therefore, the difference in bridging we observed was due

to location of the injury site relative to the position of nkx2.2a+

nuclei. Similar to the nkx2.2a+ nuclei imaged with olig2:dsred

(Figure 2b), nkx2.2a+ nuclei did not migrate or divide along nerves

that exhibited either type of bridging (Figure 2c, n = 10 nerves in

7 larvae). Overall, these studies demonstrate that perineurial glial
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bridging behaviors are not due to cell migration or division. Instead,

the positioning of nkx2.2a+ nuclei relative to the injury influences

how perineurial glia bridge.

3.3 | Inhibition of TGFβ signaling perturbs
perineurial glial bridging but not phagocytosis

We know that perineurial glia form a bridge within the first 1–4 hpi

and complete their membrane extension across the bridge by 6–8 hpi,

phagocytosing axonal debris as they bridge (Figure 1c,d) (Lewis &

Kucenas, 2014). However, it remains unknown what molecular signals

drive this process. Transforming growth factor-beta (TGFβ) signaling is

an established regulator of regenerative processes (Keatinge

et al., 2021; Kim et al., 2006; Lenkowski et al., 2013; Nakamura

et al., 2021; Sharma et al., 2020; Sulaiman & Nguyen, 2016), specifi-

cally during motor nerve regeneration (Clements et al., 2017; Frostick

et al., 1998; Schira et al., 2018). TGFβ-1 is important for the Schwann

cell repair program, and Schwann cells both secrete TGFβ-1 following

injury (Schira et al., 2018) and require it to successfully migrate across

the injury site (Clements et al., 2017). Additionally, TGFβ-1 is secreted

by macrophages responding to injury, providing a source of TGFβ-1

for Schwann cells (Chen et al., 2021). Finally, TGFβ signaling is also

important for perineurial glial development (Morris et al., 2017).

Therefore, because TGFβ signaling is present during motor nerve

regeneration and perineurial glia require TGFβ for development, we

hypothesized that TGFβ signaling might also drive perineurial glial

bridging after injury.

To investigate the role of TGFβ signaling in perineurial glial bridg-

ing, we treated 4 dpf nkx2.2a:megfp;olig2:dsred larvae with either

10 μM SB431542, a selective inhibitor of the TGFβ-1 receptor, dis-

solved in 1% DMSO, or 1% DMSO alone for 48 h (Morris et al., 2017;

Sun et al., 2006) prior to injury. In these studies, larvae were treated

from 4 to 6 dpf, a window after which perineurial glia have fully

ensheathed the nerve and undergone their major developmental pro-

cesses (Kucenas, 2015; Kucenas, Snell, & Appel, 2008; Kucenas,

Takada, et al., 2008; Lewis & Kucenas, 2014). Larvae in both

SB4315342 and DMSO-treated groups showed no changes in overall

morphology, motor nerve development, or perineurial glial

ensheathment of the nerve after treatment (Figure S1; n = 11 nerves

in 5 fish, 14 nerves in 6 fish, respectively) (Morris et al., 2017; Sun

et al., 2006). We then used laser axotomy to injure spinal motor

nerves in both SB431542 and DMSO-treated groups. After time-lapse

imaging for 8 hpi, we observed that perineurial glia in 1% DMSO-

treated control larvae formed phagocytic vesicles and initiated bridg-

ing within 2 hpi, with bridging complete by 4 to 6 hpi, consistent with

our previous data (Figure 3a-a"; n = 5 nerves in 4 larvae) (Movie S1).

In contrast, perineurial glia in larvae treated with 10 μM SB431542

formed phagocytic vesicles but did not initiate bridging or cross over

the injury site by 8 hpi (Figure 3d-d", n = 6 nerves in 4 larvae)

(Movie S2). We observed bridging in all DMSO controls (n = 5 nerves

in 4 larvae) but in none of the TGFβ inhibitor-treated larvae (n = 6

nerves in 4 larvae) (Figure 3g). Additionally, in some cases, perineurial

glia in SB431542-treated larvae that failed to bridge began to degen-

erate along with the nerve, resulting in a larger gap between the

perineurial glial stump and the original injury site (Figure 3g). From

these studies we conclude that inhibition of TGFβ signaling perturbs

perineurial glial bridging after injury.

To determine if these changes in perineurial glial bridging behaviors

were specific to perineurial glia and not due to a change in behavior of

other cells involved in the injury response (Figure 1g), we repeated

these experiments using either sox10:megfp to label Schwann cells or

mpeg1:egfp to label macrophages with olig2:dsred to label motor axons.

Both groups of transgenic larvae were treated with either 10 μM

SB431542 in 1% DMSO or 1% DMSO alone for 48 h from 4 to 6 dpf

prior to injury and time-lapse imaged for 8 hpi. Previous studies demon-

strate that immediately following injury, Schwann cells extend pro-

cesses towards the injury site, but do not migrate into it within the first

8 hpi (Lewis & Kucenas, 2014). Consistent with this, we observed no

difference in the migration of Schwann cells in sox10:megfp larvae

treated with DMSO (n = 4 nerves in 3 larvae) or SB431542 (n = 4

nerves in 3 larvae) (Figure 3b-b",e–e",h). Similarly, mpeg1:egfp larvae

treated with DMSO (n = 8 nerves in 5 larvae) or SB431542 (n = 6

nerves in 4 larvae) showed no difference in the number of macrophages

recruited to the injury site nor the timing of macrophages entering the

injury site (Figure 3c-c",f-f",i,j). These results demonstrate that inhibi-

tion of TGFβ signaling disrupts perineurial glial bridging but not phago-

cytosis, without perturbing the early injury responses of either

Schwann cells or macrophages during the first 8 hpi. Therefore,

perineurial glial bridging and phagocytosis are two behaviors controlled

by separate molecular signals and inhibition of TGFβ signaling perturbs

perineurial glial bridging independent of Schwann cell and macrophage

behaviors.

To further confirm that the vesicles observed in SB431542-

treated perineurial glia were indicative of phagocytosis of axonal

debris, we utilized Imaris (Oxford Instruments) to render 3D images of

5 or 6 dpf nkx2.2a:megfp;olig2:dsred larvae treated with either 1%

DMSO (n = 5 nerves in 4 larvae) or 10 μM SB431542 in 1% DMSO

(n = 6 nerves in 4 larvae). 3D rendering demonstrated that axonal

debris observed in perineurial glial vesicles in our time-lapse imaging

in the first 3 hpi were fully engulfed by perineurial glial membranes in

both DMSO-treated (Figure 4a) and SB431542-treated (Figure 4b) lar-

vae. Therefore, although SB431542-treated perineurial glia were

unable to form a glial bridge across they injury site, we continued to

observe them phagocytosing debris (Figure 4c).

3.4 | TGFβ signaling is present during early phases
of perineurial glial bridging

We next wanted to explore the timing during which TGFβ signaling is

impacting perineurial glial bridging. Because inhibition of TGFβ signal-

ing prevented perineurial glia from crossing into the injury site, we

hypothesized that TGFβ signaling is important for early initiation of

this behavior. To explore this, we injured 5 or 6 dpf nkx2.2a:nls-egfp;

olig2:dsred larvae and fixed the larvae at 2, 3, or 6 hpi. For these
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studies, we used uninjured sibling larvae as controls. We then stained

all groups with an antibody specific to phosphorylated Smad3

(pSmad3), an indicator of active TGFβ signaling (Casari et al., 2014;

Kitisin et al., 2007; Morris et al., 2017). In these studies, using Imaris

(Oxford Instruments) to render 3D images of nkx2.2a+ nuclei and

pSmad3 labeling, we did not observe any pSmad3-positive nkx2.2a+

nuclei along uninjured spinal motor nerves (Figure 5a; n = 13 nerves

in 9 larvae). However, we did see pSmad3 labeling in nkx2.2a+ nuclei

at 2, 3, and 6 hpi (Figure 5b–d; 2 hpi, n = 20 nerves in 4 larvae; 3 hpi,

n = 21 nerves in 6 larvae; 6 hpi, n = 17 nerves in 4 larvae). The per-

centage of nerves with pSmad3+/nkx2.2a+ nuclei increased at 3 hpi

and decreased by 6 hpi (Figure 5f). From these data we observed the

most pSmad3+ perineurial glial nuclei at 3 hpi, the time at which

perineurial glia are actively bridging. Importantly, we did not observe

pSmad3 staining in nkx2.2a+ nuclei at 3 hpi in larvae treated with

10 μM SB431542 (Figure 5e; n = 15 nerves in 5 larvae). This is consis-

tent with our data demonstrating that perineurial glia do not initiate

bridging into the injury gap with inhibition of TGFβ signaling

(Figure 3d).

In addition to pSmad3 staining in nkx2.2a+ nuclei, we also

observed pSmad3 staining along the injured nerve in linear structures,

but not along uninjured nerves or nerves treated with 10 μM

SB431542 (Figure 5a–e; uninjured, n = 13 nerves in 9 larvae; 2 hpi

n = 20 nerves in 4 larvae; 3 hpi, n = 21 nerves in 6 larvae; 6 hpi,

n = 17 nerves in 4 larvae; SB431542 treatment, n = 15 nerves in 5 lar-

vae). The percentage of nerves with pSmad3 staining along the injured

nerve increased over time following injury, with pSmad3 staining

largely present along both the proximal and distal stump (Figure 5g;

2 hpi, n = 20 nerves in 4 larvae; 3 hpi, n = 21 nerves in 6 larvae;

6 hpi, n = 17 nerves in 4 larvae). Because the percentage of nerves

with pSmad3 staining along the injured nerve is highest at 6 hpi, when

perineurial glia complete bridging, it is possible that this pSmad3 label-

ing we observed was present in bridged perineurial glial, as the distal

axon has mostly degenerated by that time but has not yet begun to

regenerate. Therefore, we conclude that TGFβ signaling is important

for early initiation of perineurial glial bridging.

3.5 | Inhibition of TGFβ signaling alters perineurial
glial bridging dynamics

Taken together, our data demonstrates that TGFβ signaling is essential

for perineurial glial bridging. To further elucidate how TGFβ signaling

is affecting perineurial glial bridging, we decided to explore the effect

of TGFβ inhibition on bridging dynamics. To do this, we measured the

velocity of perineurial glial membrane processes after injury. Velocity

was measured by manually tracking perineurial glia on both proximal

and distal stumps (Figure 6a) over a period of 8 hpi from time-lapse

movies taken from injured 6 dpf nkx2.2a:megfp;olig2:dsred larvae

treated with either 1% DMSO or 10 μM SB431542 in 1% DMSO. Our

tracking demonstrated that in larvae treated with SB431542,

perineurial glia did not bridge the injury gap (Figure 6c). In contrast,

we observed both perineurial glial stumps meeting in the middle of

the injury gap in DMSO-treated larvae (Figure 6b). We then plotted

average velocity in μm/second against time in minutes post injury for

the first 200 min post injury, the period during which perineurial glial

bridging initiates. Velocities were measured for the proximal stump in

nerves that only had proximal bridging, for the proximal stump in

nerves that had both proximal and distal bridging, and for the distal

stump in nerves that had both proximal and distal bridging in both

DMSO and SB431542-treated larvae. Intriguingly, there was no dif-

ference in bridging velocity between SB431542-treated and DMSO-

treated larvae for nerves where only the proximal side bridged

(Figure 6d,g; DMSO-treated, n = 3 nerves in 3 larvae;

SB431542-treated, n = 3 nerves in 3 larvae). However, there was a

significantly higher velocity in both proximal bridging velocity and dis-

tal bridging velocity in DMSO-treated larvae compared to

SB431542-treated larvae for nerves that had both proximal and distal

bridging (Figure 6e,f,h,i; DMSO-treated, n = 4 nerves in 3 larvae,

SB431542-treated, n = 3 nerves in 3 larvae). These differences in

perineurial glial bridging velocity in DMSO-treated larvae compared to

SB431542-treated larvae further demonstrate that TGFβ signaling is

essential for initiation of perineurial glial bridging across the injury

gap. However, the source of this TGFβ signaling remains unknown.

3.6 | Absence of Schwann cells immediately prior
to injury perturbs perineurial glial bridging

Schwann cells are known to both secrete TGFβ-1 following nerve

injury (Schira et al., 2018; Sulaiman & Nguyen, 2016) and require

TGFβ signaling to drive their own directional migration across the

injury site (Clements et al., 2017). Therefore, Schwann cells are a

potential source of TGFβ-1 during perineurial glial bridging. Previous

studies from our lab demonstrate that in the absence of Schwann

cells, perineurial glia fail to form a glial bridge after spinal motor nerve

injury (Lewis & Kucenas, 2014). However, these studies were con-

ducted in colorless mutants, which are deficient in sox10 and lack

Schwann cells during development (Dutton et al., 2001). Because

perineurial glia require Schwann cells for proper development (Morris

et al., 2017), perineurial glia in colorless mutants were sparse and did

not fully ensheath nerves (Lewis & Kucenas, 2014). Therefore, nerve

regeneration was likely not completely wildtype.

To determine if Schwann cells are required for perineurial glial

bridging and a possible source of TGFβ-1, we injured motor nerves in

5 or 6 dpf nkx2.2a:megfp;sox10:gal4;UAS:NTR-mcherry larvae. Prior to

injury, larvae were either kept in PTU egg water or treated with 2 mM

ronidazole (RDZ) in PTU egg water for 6 h to induce the expression of

nitroreductase and subsequent cell-specific death in sox10+ cells (Lai

et al., 2021). In these studies, we observed that sox10+ Schwann cells

in RDZ-treated larvae were successfully ablated when imaging began.

However, perineurial glial ensheathment of spinal motor nerves

appeared healthy and intact (data not shown). Following spinal motor

nerve injury, larvae in PTU egg water displayed perineurial glial bridg-

ing and phagocytosis by 6 hpi (Figure 7a,c; n = 4 nerves in 3 larvae).

However, perineurial glia in larvae treated with RDZ did not bridge by
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F IGURE 1 Perineurial glia form a bridge and phagocytose debris after spinal motor nerve injury. (a) (Left) Diagrammatic representation of a
6 dpf zebrafish larva with a single peripheral spinal motor nerve (inset) displayed. Motor axon (magenta), ensheathed Schwann cells (orange),
perineurial glia (green). (Right) Representative images of an in vivo 6 dpf spinal motor nerve, where olig2 labels motor axons (magenta) and
nkx2.2a labels perineurial glia (green). (b–f) n = 11 nerves in 5 larvae. (b) Representative stills taken from time-lapse movies of perineurial glia
(green) and motor axons (magenta) in 5 or 6 dpf larvae injured on either the caudal or rostral side of the spinal motor nerve. Stills are shown in the
first 6 h post injury (hpi). The dashed circle indicates the injury site. Blue arrows denote phagocytic vesicles in perineurial glia. White arrows
follow the proximal end and yellow arrows follow the distal end of the perineurial glial bridge. (c) Quantification of perineurial glial (PG) bridging
timing. Timing of bridging initiation (green) and completion (magenta) was recorded in minutes post injury. (d) Quantification of perineurial glial
(PG) bridging duration in minutes (mean: 150.54 ± 18.25 min). (e) Quantification of the type of perineurial glial (PG) bridging observed. Proximal
and distal bridging (45% of nerves, gray) or proximal only bridging (55% of nerves, black). (f) Quantification of perineurial glial (PG) phagocytosis
after injury. Phagocytic vesicles on both proximal and distal perineurial glial stumps (27% of nerves, gray) or only on proximal perineurial glial
stumps (73% of nerves, black). (g) Representative timeline of the first 48 h following spinal motor nerve injury in 5 to 6 dpf zebrafish. Motor axon
(magenta), Schwann cells (orange), perineurial glia (green), macrophages (blue). Scale bars, 25 μm.
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6 hpi (Figure 7b,c; n = 7 nerves in 5 larvae). Therefore, in the absence

of Schwann cells, perineurial glia were unable to bridge, indicating that

perineurial glia might require signals from Schwann cells to success-

fully bridge the injury site. Interestingly, we did observe that

perineurial glia continue to phagocytose debris in RDZ-treated larvae,

reinforcing the hypothesis that perineurial glial bridging and phagocy-

tosis are distinct events controlled by different molecular cues

(Figures 3d and 7b). However, perineurial glia do not appear to phago-

cytose Schwann cell debris in RDZ-treated larvae. This indicates that

perineurial glial phagocytosis is specific to axonal debris and that the

signals that drive phagocytosis are not derived from Schwann cells.

This observation is consistent with previous data suggesting that

Schwann cells, macrophages, and perineurial glia spatially coordinate

their debris clearance following injury (Lewis & Kucenas, 2014). Taken

together, our data are consistent with the hypothesis that there is

communication occurring between Schwann cells and perineurial glia

following injury that drives perineurial glial bridging, indicating

Schwann cells as a possible source of perineurial glial-dependent

TGFβ signaling, though future studies will need to be conducted to

confirm this hypothesis.

3.7 | Connective tissue growth factor-a is
expressed in the periphery following injury

Because inhibition of TGFβ signaling perturbs perineurial glial bridging

initiation, we next wanted to identify other components of TGFβ signal-

ing that may also be involved in this process. We decided to explore

the expression of connective tissue growth factor a (ctgfa), a gene that

is actively involved in wound healing (Mokalled et al., 2016; Mukherjee

et al., 2021; Zhang et al., 2021). ctgfa is expressed downstream of TGFβ

signaling and works in a positive feedback loop to enhance receptor

binding of TGFβ-1 (Abreu et al., 2002; Mukherjee et al., 2021;

Zaykov & Chaqour, 2021; Zhang et al., 2021). Following peripheral

nerve injury, CTGF is secreted by Schwann cells, which provides a

potential source for both TGFβ and ctgfa signaling (Schira et al., 2018).

Additionally, ctgfa is necessary and sufficient for glial bridging following

spinal cord injury in zebrafish (Mokalled et al., 2016).

To determine if ctgfa is involved in perineurial glial bridging, we

injured 6 dpf ctgfa:egfp;olig2:dsred larvae and imaged for 6 hpi to

determine if ctgfa was expressed following injury. We used laser-

induced transection to perform either no injury, injury to the muscle,

or spinal motor nerve axotomy (Figure 8a–c). In larvae with either no

injury or injury to the muscle, we saw no change in ctgfa expression

over 6 hpi (Figure 8a-a",b-b"“; no injury, n = 4 nerves in 4 larvae; mus-

cle injury, n = 4 nerves in 4 larvae). However, in larvae where we

induced spinal motor nerve injury, we observed an increase in ctgfa

expression in the injury site over 6 hpi (Figure 8c-c"; n = 11 nerves in

5 larvae). This data demonstrates that ctgfa expression is increased

only after spinal motor nerve axotomy. Interestingly, we observed

ctgfa expression within the injury site during the 2–6 hpi window that

perineurial glia are bridging. Therefore, we hypothesized that ctgfa

might drive perineurial glial bridging downstream of TGFβ signaling.

To assess the role of ctgfa expression in perineurial glial bridging,

we created a nkx2.2a:gal4;UAS:NTR-mcherry line to visualize both

perineurial glia and ctgfa expression after injury. We injured motor

nerves in 5 or 6 dpf nkx2.2a:gal4;UAS:NTR-mcherry;ctgfa:egfp larvae

using laser axotomy and time-lapse imaged for 8 hpi. Although we

observed both perineurial glial bridging and an increase in ctgfa

expression along all injured nerves, we did not observe co-localization

of nkx2.2a and ctgfa expression (Figure 8d0-d00; n = 6 nerves in 4 lar-

vae). Although ctgfa expression was not observed in perineurial glial

cells after injury, it is possible that ctgfa drives perineurial glial bridging

indirectly through its positive feedback loop with TGFβ signaling.

To determine whether ctgfa expression in the injury site was

indeed downstream of TGFβ signaling, we treated 4 dpf ctgfa;egfp;

olig2:dsred larvae with 10 μM SB431542 in 1% DMSO or 1% DMSO

alone. Spinal nerves in larvae from both groups were injured and

imaged for 6 hpi at 6 dpf. DMSO-treated larvae showed an increase

in ctgfa expression in the injury site by 2 hpi, with expression in the

injury site increasing through 6 hpi (Figure 8e-e" n = 4 nerves in 3 lar-

vae). Larvae treated with SB431542 showed no change in expression

of ctgfa after injury and had no increase in ctgfa in the injury site by

6 hpi (Figure 8f-f"; n = 4 nerves in 3 larvae). Therefore, inhibition of

TGFβ signaling negatively regulates ctgfa expression in the injury site.

Because ctgfa expression is changed by TGFβ signaling inhibition but

is present in the injury site during the timing of perineurial glial bridg-

ing in the presence of TGFβ signaling, we hypothesized that ctgfa

works within the TGFβ signaling pathway to drive perineurial glial

bridging.

3.8 | Perineurial glial bridging, but not
phagocytosis, is perturbed in ctgfa mutant larvae

To determine if ctgfa was required for perineurial glial bridging even in

the presence of TGFβ signaling, we injured spinal motor axons in

ctgfabns50 larvae, which have a 7-nt deletion in the third exon of ctgfa

(Mokalled et al., 2016). ctgfa�/� adults are viable and larvae at 6 dpf

show typical motor nerve and perineurial glial development

(Figure 9a). Larvae from an in-cross of ctgfa+/� fish expressing both

nkx2.2a:megfp and olig2:dsred were injured at 5 or 6 dpf and time-

lapse imaged in 2-h intervals for 6 hpi. Larvae were then genotyped

immediately following the completion of imaging. In ctgfa+/+ larvae,

we always observed perineurial glial bridging within the first 6 hpi

(Figure 9b,e,f; n = 5 nerves in 4 larvae). In contrast, perineurial glia

fully bridged the injury site in only 55% of nerve axotomies in ctgfa+/�

larvae (Figure 9c,e,f; n = 10 bridging nerves, n = 9 non-bridging

nerves in 10 larvae). Finally, we observed no perineurial glial bridging

along injured motor nerves in any ctgfa�/� larvae (Figure 9d,e,f;

n = 11 nerves in 6 larvae). This phenotype is consistent with what we

observed in SB431542-treated larvae (Figure 3d). Interestingly,

perineurial glia continue to form phagocytic vesicles in all genotypes

(Figure 9b–d,g). Therefore, because loss of ctgfa produces a similar

phenotype to that of TGFβ inhibition, we conclude that ctgfa is

required for perineurial glial bridging.
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While our data demonstrates that both TGFβ signaling (Figure 3)

and ctgfa (Figure 9) are required for perineurial glial bridging, we next

wanted to determine if ctgfa and TGFβ signaling are working in a

positive feedback loop to drive perineurial glial bridging. To explore

this, we injured 5 or 6 dpf nkx2.2a:nls-egfp;olig2:dsred ctgfa+/+,

ctgfa+/�, or ctgfa�/� larvae and fixed the larvae at 3 hpi. We then

F IGURE 2 Perineurial glia do not proliferate following spinal motor nerve injury. (a) (Left) Representative images of perineurial glial nuclei
(open arrows) imaged with either motor axons (magenta, left) or perineurial glial membrane (green, right) at 5 dpf. (Right) Quantification of the
number of nkx2.2a+ nuclei on a single spinal motor nerve in 5 (green, n = 10 nerves in 5 larvae, mean: 4.8 ± 0.79 nuclei) and 6 dpf (magenta,
n = 17 nerves in 5 larvae, mean: 6.1 ± 0.44 nuclei) larvae (p = .1272). (b) Representative images from a time-lapse movie of nkx2.2a+ nuclei
(green) in an injured 6 dpf larva. The dashed circle indicates the injury site (n = 4 nerves in 3 larvae). (c) Representative still images from a time-
lapse movie of nkx2.2a+ nuclei (magenta, open arrowheads) in injured 5 to 6 dpf larvae exhibiting either proximal only bridging (top panels, n = 6
nerves in 4 larvae) or proximal and distal bridging (bottom panels, n = 4 nerves in 3 larvae). Solid white arrows follow the proximal end and yellow
arrows follow the distal end of the perineurial glial bridge (green). Asterisks indicate nkx2.2a+ cells that are not perineurial glial nuclei. Scale
bars, 25 μm.
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F IGURE 3 Legend on next page.
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F IGURE 4 Phagocytosis is observed in perineurial glia with inhibition of TGFβ. (a,b) Representative images of 5 dpf nkx2.2a:megfp;olig2:dsred
injured larvae treated with either 1% DMSO (a) or 10 μM SB431542 (b) at 3 hpi. The dashed circle indicates the injury site. Axonal debris and
perineurial glial vesicles are specified by blue arrows. 3D renderings of these representative images are shown in both a 0� and 90� rotated views
(Imaris). (c) Quantification of the presence of phagocytic vesicles in 1% DMSO or 10 μM SB431542 in 1% DMSO-treated larvae. Phagocytic
vesicles were present in 100% of injured nerves in both groups (n = 5 nerves in 4 larvae, 6 nerves in 4 larvae, respectively). Scale bars, 25 μm;
magnified insets and 3D renderings, 10 μm.

F IGURE 3 Inhibition of TGFβ signaling perturbs perineurial glial bridging. (a–f) Representative stills from time-lapse movies of 5–6 dpf larvae
with injured spinal motor nerves (magenta) treated with either 1% DMSO (a–c) or 10 μM SB431542 (d–f). The dashed circle indicates the injury
site while the solid line box indicates the regions of interest highlighted in adjacent insets. Blue arrows specify phagocytic vesicles. (a,d) White
arrows follow the proximal end and yellow arrows follow the distal end of the perineurial glial bridge (green). (b,e) White arrows follow the
proximal Schwann cell stump (green). (c,f) White arrows show macrophages (green) present in the injury site. (g,h) Quantification of either
perineurial glial (PG) bridging (g) or Schwann cell (SC) bridging (h) over 8 hpi in both DMSO (green) and SB431542-treated (magenta) groups.
Measurements of perineurial glial membrane (g) or Schwann cell (h) extension into the injury site were compared to the size of the initial injury
gap, with values over 1 (dotted-line) indicating complete bridging and values less than zero indicating retraction away from the injury site. (g) All

DMSO-treated larvae (n = 5 nerves in 4 larvae) demonstrated complete bridging while perineurial glia in all SB432542-treated larvae (n = 6
nerves in 4 larvae) failed to bridge the injury gap. (h) Schwann cells in both DMSO (n = 4 nerves in 3 larvae) and SB431542-treated larvae (n = 4
nerves in 3 larvae) did not bridge across the injury site. (i) Quantification of the timing of the first macrophage to enter the injury site in both
DMSO (green, n = 8 nerves in 5 larvae; mean: 31.88 ± 0 min) and SB431542-treated (magenta, n = 6 nerves in 4 larvae; mean: 34.175.62
± 0 min) larvae (p = .3335). (j) Quantification of the number of macrophages per nerve recruited to the injury site over 8 hpi in both DMSO
(green, n = 8 nerves in 5 larvae; mean: 5.62 ± 0 macrophages) and SB431542-treated (magenta, n = 6 nerves in 4 larvae; mean: 4.67 ± 0
macrophages) larvae (p = .8655). Scale bar, (a–f) 25 μm; (a'–f00) magnified insets, 10 μm.
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F IGURE 5 pSmad3 expression is present in perineurial glia early after injury. (a–e) Representative images of 5 or 6 dpf larvae with motor
axons (magenta), nkx2.2a+ nuclei (green, white open arrows), and anti-pSmad3 (cyan) in uninjured (a), 2 (b), 3 (c), 6 (d) hpi larvae, and larvae
treated with SB431542 at 3 hpi (e). Anti-pSmad3 labeling is observed in nkx2.2a+ nuclei (open white arrows) and along the motor nerve (open
yellow arrows) at 2, 3, and 6 hpi. 6 dpf larvae treated with 10 μM SB431542 show loss of anti-pSmad3 staining at 3 hpi (bottom panels). Dashed
circles indicate injury sites. Solid-line boxes indicate the area represented in enhanced single z planes and nuclei in 3D rendered images (Imaris).
White dotted-lines outline nkx2.2a+ nuclei and anti-pSmad3 labeling. (f,g) Quantification of the percentage of nerves that had anti-pSmad3+

labeling (black) co-localized with nkx2.2a+ nuclei (f) or motor nerves (g). Chi-square tests were performed to determine significance. (f) 0% of
uninjured nerves, 46% of 2 hpi nerves, 71% of 3 hpi nerves, and 22% of 6 hpi nerves had anti-pSmad3+ labeling in nkx2.2a+ nuclei (n = 13 nerves
in 9 larvae, 20 nerves in 4 larvae, 21 nerves in 6 larvae, 17 nerves in 4 larvae, respectively) (Chi-square: 137.7, df: 3, p < .0001). (g) 0% of
uninjured nerves, 31% of 2 hpi nerves, 43% of 3 hpi nerves, and 55% of 6 hpi had anti-pSmad3+ labeling along the nerve (n = 13 nerves in
9 larvae, 20 nerves in 4 larvae, 21 nerves in 6 larvae, 17 nerves in 4 larvae, respectively) (Chi-square: 63.92, df: 3, p < .0001). Scale bars, 25 μm;
magnified insets, 10 μm; 3D renderings, 5 μm.
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F IGURE 6 Inhibition of TGFβ signaling alters perineurial glial bridging dynamics. (a) Representative image of a recently transected spinal
motor nerve in a 6 dpf nkx2.2a:megfp larva with the proximal (green dot) and distal (magenta dot) stumps labeled. (b,c) Representative images
from tracking of both the proximal (green dot) and distal (magenta dot) stumps from time-lapse movies of perineurial glia in injured 5 or 6 dpf
larvae treated with either 1% DMSO (b) or 10 μM SB431542 (c). (d–i) Quantification of the average velocity of perineurial glial membrane
proximal or distal stumps in μm/s plotted over time (d–f) or for the first 200 min post injury (mpi) (g–i). Velocities were calculated every 5 min
using FIJI. Each dot represents the average velocity of all larvae within a group at that specific time point. (d,g) There is no significant difference in
proximal only perineurial glial bridging velocity between DMSO and SB431542-treated larvae (mean: 0.116 ± 0.02 μm/s, 0.063 ± 0.015 μm/s,
respectively; p = .1078) (n = 3 nerves in 3 larvae, n = 3 nerves in 3 larvae, respectively). (e,f,h,i) There is a significant difference in perineurial glial
bridging velocity between DMSO and SB432542-treated larvae, with DMSO-treated larvae having a higher average velocity, (n = 4 nerves in
3 larvae, n = 3 nerves in 3 larvae, respectively) in both proximal (mean: 0.139 ± 0.03, 0.08 ± 0.02 μm/s, respectively; p < .0001) and proximal and
distal (mean: 0.18 ± 0.03, 0.06 ± 0.02 μm/s; p < .0001) bridging in larvae that had bridging from both the proximal and distal perineurial glial ends.
Scale bars, (a) 25 μm; (b,c) tracking images, 10 μm.
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stained all groups with an antibody specific to pSmad3. In these stud-

ies, using Imaris (Oxford Instruments) to render 3D images of

nkx2.2a+ nuclei and pSmad3 signal, we observed pSmad3-positive

nkx2.2a+ nuclei in both ctgfa+/+ and ctgfa+/� larvae (Figure 10a,b,d;

n = 52 nerves in 10 larvae, 20 nerves in 7 larvae, respectively). How-

ever, we did not observe pSmad3-positive nkx2.2a+ nuclei in ctgfa�/�

larvae (Figure 10c,d; n = 23 nerves in 6 larvae). Similarly, we observed

pSmad3 labeling along motor nerves in some ctgfa+/+ and ctgfa+/�

larvae, with no pSmad3 labeling along motor nerves in ctgfa�/� larvae

(Figure 10e; n = 52 nerves in 10 larvae, 20 nerves in 7 larvae, n = 23

nerves in 6 larvae, respectively). This loss of pSmad3 labeling in

nkx2.2a+ nuclei and along the nerve after injury only in ctgfa�/� larvae

indicates that perineurial glia lose TGFβ signaling, and subsequently

an ability to bridge, as a result of a loss of ctgfa expression, suggesting

that these two signals do indeed work in a positive feedback loop to

drive perineurial glial bridging.

Based on our data, we propose a model in which TGFβ signaling

and ctgfa work in a positive feedback loop to drive perineurial glial

bridging (Figure 11). Our data shows that perineurial glia indepen-

dently require TGFβ signaling (Figure 3d), the presence of Schwann

F IGURE 7 Elimination of Schwann cells immediately prior to injury perturbs perineurial glial bridging. (a,b) Representative images from stills
of time-lapse movies of injured 5 or 6 dpf nkx2.2a:megfp;sox10:gal4;UAS:NTR-mch larvae. Dashed circles indicate injury sites. White arrows follow
the proximal end and yellow arrows follow the distal end of the perineurial glial bridge (green). Blue arrows indicate phagocytic vesicles. Larvae
were treated with either (a) PTU egg water (n = 4 nerves in 3 larvae) or (b) 2 mM ronidazole (RDZ) in PTU egg water (n = 7 nerves in 5 larvae).
(c) Quantification of the percentage of the injury gap bridged by perineurial glia (PG) at 6 hpi in larvae treated with either PTU water (green, n = 4
nerves in 3 larvae; mean: 95.25 ± 1.32) or 2 mM RDZ (magenta, n = 7 nerves in 5 larvae; mean: 2.71 ± 1.32) (p < .0001;). Scale bar, 25 μm.
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(a) (a′) (a′′) (a′′′) (a′′′′)

(b) (b′) (b′′) (b′′′) (b′′′′)

(c) (c′) (c′′) (c′′′) (c′′′′)

(d) (d′) (d′′) (d′′′) (d′′′′)

(e) (e′) (e′′) (e′′′) (e′′′′)

(f) (f′) (f′′) (f′′′) (f′′′′)

F IGURE 8 ctgfa expression increases at the injury site. (a–c) Representative images from stills of time-lapse movies of 5 or 6 dpf ctgfa:egfp;
olig2:dsred larvae. Larvae were either uninjured (a; n = 4 nerves in 4 larvae), injured in muscle adjacent to spinal motor nerves (b; n = 4 nerves in
4 larvae), or injured along the spinal motor nerve (c; n = 11 nerves in 5 larvae) and time-lapse imaged for 6 hpi. Dashed circles indicate the injury
site. White arrows indicate increased ctgfa expression. (d) Representative images from stills of a time-lapse movie of a 6 dpf nkx2.2a:gal4;UAS:
NTR-mcherry;ctgfa:egfp larva (n = 6 nerves in 4 larvae). A single z-plane image demonstrates potential regions of co-localization of perineurial glia
(magenta) and ctgfa expression (green) at 8 hpi. Solid white arrows follow bridging perineurial glia across the injury site. Open white arrows
indicate ctgfa expression that might co-localize with perineurial glia. Open yellow arrows specify increased ctgfa expression that does not co-
localize with perineurial glia. (e,f) Representative images from stills of time-lapse movies of 5 or 6 dpf ctgfa:egfp;olig2:dsred larvae. Larvae were
either treated with 1% DMSO (E; n = 4 nerves in 3 larvae) or 10 μM SB431542 (F; n = 4 nerves in 3 larvae). White arrows follow the increase in
ctgfa expression proximal to the injury site and yellow arrows follow the increase in ctgfa distal to the injury site. Scale bars, 25 μm; magnified
insets, 10 μm.
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F IGURE 9 Perineurial glial bridging is perturbed in ctgfamutants. (a) Representative images prior to injury of 5 dpf ctgfa+/+, ctgfa+/�, and
ctgfa�/� nkx2.2a:megfp;olig2:dsred larvae. White arrows indicate healthy perineurial glia fully ensheathing motor nerves. (b–d) 5 or 6 dpf larvae with
ctgfa+/+ (n = 5 nerves in 4 larvae), ctgfa+/� (n = 19 nerves in 10 larvae), or ctgfa�/� (n = 11 nerves in 6 larvae) genotypes. (b–d) Representative
images from time-lapse movies of 5 or 6 dpf ctgfa+/+ (b), ctgfa+/� (c), or ctgfa�/� (d) larvae where spinal motor nerves were injured. Dashed circles
indicate injury site. White arrows follow the proximal end and yellow arrows follow the distal end of the perineurial glial bridge. Blue arrows specify
perineurial glial phagocytic vesicles. (e) Quantification of percentage of nerves in which perineurial glia bridged (black) or did not bridge (gray) across
ctgfa+/+, ctgfa+/�, or ctgfa�/� genotypes. (f) Quantification of the percentage of the injury gap bridged by perineurial glia at 6 hpi by ctgfa+/+,
ctgfa+/�, or ctgfa�/� larvae (mean ± SEM: ctgfa+/+: 100 ± 0; ctgfa+/�: 49.21 ± 11.06; ctgfa�/�: 2.18 ± 0.96. p values: ctgfa+/+ vs. ctgfa+/�: p = .0301;
ctgfa+/+ vs. ctgfa�/�: p < .0001; ctgfa+/� vs. ctgfa�/�: p = .0033). (g) Quantification of presence of phagocytic vesicles in ctgfa+/+, ctgfa+/�, or
ctgfa�/� larvae. Phagocytic vesicles were present in 100% of larvae across all genotypes. Scale bars, (a) pre-injury images, 10 μm; (b–d) 25 μm.
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cells (Figure 7b), and ctgfa signaling (Figure 9d) for bridging following

spinal motor nerve injury. Additionally, inhibition of TGFβ signaling

leads to a loss of ctgfa expression in the injury site after injury

(Figure 8f) while absence of ctgfa expression leads to a loss of pSmad3

expression in nkx2.2a+ nuclei 3 hpi after injury (Figure 10c). There-

fore, we hypothesize that following spinal motor nerve injury, TGFβ

signaling, potentially derived from Schwann cells, drives an increase in

ctgfa expression. This increase in ctgfa expression then in turn stimu-

lates binding of TGFβ-1 to its receptors to drive the TGFβ signaling

necessary for perineurial glial bridging. It is possible that the stimula-

tion of TGFβ signaling by ctgfa is necessary to initiate perineurial glial

bridging, and that basal availability of TGFβ signaling is insufficient to

do so. Therefore, loss of TGFβ signaling would cause a loss of both

perineurial glial bridging (Figure 3d) and ctgfa expression (Figure 9d)

F IGURE 10 pSmad3 expression is absent in nkx2.2a+ nuclei in ctgfa mutants. (a–c) Representative images of 5 or 6 dpf larvae with motor
axons (magenta), nkx2.2a+ nuclei (green), and anti-pSmad3 (cyan) in ctgfa+/+ (a), ctgfa+/� (b), and ctgfa�/� (c) larvae at 3 hpi. Anti-pSmad3 labeling
is observed in nkx2.2a+ nuclei (open white arrows) and along the motor nerve (open yellow arrows) in ctgfa+/+ and some ctgfa+/� larvae. ctgfa�/�

larvae show loss of anti-pSmad3 staining in nkx2.2a+ nuclei at 3 hpi. Dashed circles indicate injury sites. Solid-line boxes indicate the area
represented in enhanced single z planes and nuclei in 3D rendered images (Imaris). White dotted-lines outline nkx2.2a+ nuclei and anti-pSmad3
labeling. (d,e) Quantification of the percentage of nerves that had anti-pSmad3+ labeling (black) co-localized with nkx2.2a+ nuclei (d) or motor
nerves (e). Chi-square tests were performed to determine significance (ctgfa+/+: n = 52 nerves in 10 larvae, ctgfa+/�: n = 20 nerves in 7 larvae,
ctgfa�/�: n = 23 nerves in 6 larvae). (d) 64% of ctgfa+/+ nerves, 55% of ctgfa+/� nerves, and 9% of ctgfa�/� nerves had anti-pSmad3+ labeling in
nkx2.2a+ nuclei (Chi-square: 71.16, df: 2, p < .0001). (e) 24% of ctgfa+/+ nerves, 15% of ctgfa+/� nerves, and 0% of ctgfa�/� nerves had anti-
pSmad3+ labeling in nkx2.2a+ nuclei (Chi-square: 25.99, df: 2, p < .0001). Scale bars, 25 μm; magnified insets, 10 μm; 3D renderings, 5 μm.

1844 ARENA ET AL.



after injury, as observed with our SB431542-treated larvae

(Figure 11). Subsequently, loss of ctgfa expression would cause a loss

of perineurial glial bridging (Figure 9d) due to insufficient availability

of TGFβ signaling, as observed in our ctgfa�/� larvae (Figure 11). Fur-

ther, pSmad3 antibody staining is lost in nkx2.2a+ nuclei in ctgfa�/�

larvae at 3 hpi (Figure 10c), confirming that ctgfa and TGFβ signaling

are indeed working together to initiate perineurial glial bridging.

Therefore, we conclude that TGFβ signaling drives perineurial glial

bridging after spinal motor nerve injury through a positive feedback

loop with ctgfa.

4 | DISCUSSION

Understanding the cellular and molecular drivers of peripheral motor

nerve regeneration is crucial to gaining insight into effective and func-

tional recovery after injury. Most research focuses on the roles that

Schwann cells and macrophages play in regeneration (Chen et al., 2015;

Chen et al., 2021; Clements et al., 2017; Jessen & Mirsky, 2019;

Rosenberg et al., 2012; Schira et al., 2018). However, we know that

perineurial glia are also essential for efficient nerve regeneration

(Lewis & Kucenas, 2014). Here, we show that TGFβ signaling drives

perineurial glial bridging. We also introduce a factor downstream of

TGFβ signaling, ctgfa, which is necessary for perineurial bridging. These

data unlock novel insights into what drives perineurial glial bridging, a

process that is essential for successful nerve regeneration.

4.1 | TGFβ signaling drives perineurial glial
bridging after spinal motor nerve injury

Perineurial glia are one of the first cell types to respond to spinal motor

nerve injury in zebrafish and initiate the regeneration process by

phagocytosing debris and bridging across the injury site within the first

8 hpi (Lewis & Kucenas, 2014). Our data demonstrates that the location

of perineurial glial nuclei relative to the injury site influences whether

perineurial glia bridge from both the proximal and distal side of the

injury or just from the proximal side. While the location of perineurial

glial nuclei affects the type of bridging that occurs, it is also likely that

location of perineurial glial nuclei could affect signaling that occurs dur-

ing bridging. Following the inhibition of TGFβ signaling, perineurial glial

proximal stump velocity is decreased relative to DMSO-treated larvae

along nerves that had proximal and distal bridging. However, proximal

stump velocity is not decreased relative to DMSO-treated controls

along nerves that had proximal only bridging. This data raises the possi-

bility that TGFβ signaling might be acting in a paracrine manner in

perineurial glia, and that the lack of distal perineurial glia in proximal

only bridging nerves might result in a smaller source of TGFβ signaling

in DMSO-treated control larvae, causing their initial velocity to be more

similar to that of those with TGFβ inhibition. Therefore, the availability

of TGFβ signaling depending on the position of perineurial glial nuclei

relative to the injury site might influence the ability of perineurial glia to

initiate bridging.

Alternatively, it is possible that TGFβ signaling indirectly drives

perineurial glial bridging. Previous studies demonstrate that

perineurial glial fail to bridge but continue to phagocytose debris in

the absence of Schwann cells (Lewis & Kucenas, 2014). TGFβ-1 is

secreted from Schwann cells after injury and is necessary for their

transformation from myelinating into repair Schwann cells (Clements

et al., 2017; Schira et al., 2018). Perineurial glial bridge before Schwann

cells form bands of Bungner and physically enter the injury site

(Lewis & Kucenas, 2014). Our studies demonstrate that when Schwann

cells are present during development but eliminated immediately prior

to injury, perineurial glia are unable to bridge. Therefore, it is possible

that perineurial glia are bridging during the time in which Schwann cells

secrete TGFβ-1. For this reason, Schwann cells are another potential

F IGURE 11 Perineurial glial bridging
is modulated by a positive feedback loop
between TGFβ signaling and ctgfa.
Summary diagram of our proposed
signaling model that drives perineurial
glial bridging after injury in control, 10 μM
SB431542, and ctgfa�/� conditions at
0 (top panels) and 8 hpi (bottom panels).
Motor axons (magenta), Schwann cells

(orange), perineurial glia (light green), ctgfa
expressing cells (dark green). The
magnified region designates perineurial
glial-specific TGFβ signaling. Dotted-lines
indicate TGFβ signaling whereas solid
lines indicate ctgfa signaling. Red “X”s
demonstrate pathways that are inhibited
or turned off in either 10 μM SB431542
treatment or ctgfa�/� larvae.
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source of TGFβ-1. Future studies further investigating the source of

TGFβ-1 and whether this signaling is directly or indirectly affecting

perineurial glial bridging will shed light on this possibility.

Finally, our studies demonstrate that pSmad3 is present in

nkx2.2a+ nuclei early during perineurial glial bridging behaviors,

peaking at about 3 hpi, suggesting that TGFβ signaling in perineurial

glia is important for the initiation of bridging. Although we know TGFβ

signaling is crucial for the initiation of bridging, we do not know if

acute or sustained inhibition of this cascade is what causes this phe-

notype. Further understanding the critical period of TGFβ signaling

required for perineurial glial bridging could provide insight into what

cells might be a direct source of this molecule and reveal potential

therapeutic targets for enhancing peripheral nerve regeneration.

4.2 | Perineurial glial bridging and phagocytosis are
controlled by separate molecular mediators

In addition to bridging, perineurial glia phagocytose debris after injury.

Consistent with previous work from our lab, we observed that

perineurial glial phagocytosis is more prominent on the proximal

stump than on the distal stump (Lewis & Kucenas, 2014). In the

absence of Schwann cells, perineurial glia fail to bridge, however they

continue to phagocytose debris (Lewis & Kucenas, 2014). Our data

demonstrates that while perineurial glia fail to bridge in the absence

of TGFβ signaling, elimination of Schwann cells, or depletion of ctgfa

expression, they continue to phagocytose debris, supporting the

hypothesis that perineurial glial bridging and phagocytosis are con-

trolled by distinct molecular drivers. Further, perineurial glia do not

appear to phagocytose Schwann cell debris, suggesting that

perineurial glial phagocytosis is specific to axonal debris and

supporting previous work demonstrating that perineurial glia,

Schwann cells, and macrophages spatially coordinate to clear debris

after injury. Future studies aiming to identify potential signaling path-

ways that control perineurial glial phagocytosis would add to our

understanding of the full molecular repertoire that drives the

perineurial glial injury response. Such studies could also elucidate the

role that perineurial glial phagocytosis plays in debris clearance and

whether their phagocytosis is required for perineurial glial bridging as

well as full regeneration. Because perineurial glia phagocytose axonal

debris primarily on the proximal stump of the axon, it is possible that

without perineurial glial phagocytosis clearing debris to create a

growth permissive environment, perineurial glia would not be able to

establish a bridge.

4.3 | Connective tissue growth factor-a is
necessary for perineurial glial bridging

ctgfa is a well-known driver of regenerative responses after injury

(Mokalled et al., 2016; Mukherjee et al., 2021). Additionally, ctgfa

works in a positive feedback loop with TGFβ signaling to increase the

production of TGFβ-1 (Abreu et al., 2002). Our results support the

presence of this feedback loop, as inhibition of TGFβ signaling

resulted in a loss of ctgfa expression after injury. Similarly, absence of

ctgfa signaling in ctgfa mutants phenocopied the loss of TGFβ signal-

ing, with both resulting in the loss of perineurial glial bridging but the

retention of perineurial glial phagocytosis and the loss of pSmad3

staining in nkx2.2a+ nuclei at 3 hpi. This suggests that loss of ctgfa

expression might be affecting TGFβ signaling levels, therefore indi-

rectly affecting perineurial glial bridging through the downregulation

of TGFβ signaling.

In our imaging with ctgfa:egfp after injury, we observed expres-

sion of ctgfa increase in the injury site during the first 6 hpi, the

period during which perineurial glia are forming their bridge. While

CTGF is secreted by Schwann cells after injury (Schira et al., 2018),

we see an increase in ctgfa expression in the injury site in the first

6 hpi, before Schwann cells migrate into the injury site and form

Bands of Bungner. Therefore, it is unlikely that the cells we observe

expressing ctgfa during this time are Schwann cells. Perineurial glia

express ctgfa during development (data not shown), therefore it is

possible that perineurial glia express ctgfa during regeneration.

Although we do not observe co-localization of ctgfa expression with

perineurial glia during the first 8 hpi, it is still possible that perineurial

glia are expressing ctgfa at a low level that is difficult to observe with

the tools currently available. Additionally, we observed cells that

express ctgfa actively respond to motor nerve injury but are not

physically found along the nerve. Therefore, additional cells are

expressing ctgfa as a response to injury, and these cells could be indi-

rectly driving perineurial glial bridging through ctgfa expression and

enhancement of TGFβ signaling. It is likely that TGFβ signaling,

potentially derived from Schwann cells, alone is insufficient to drive

perineurial glial bridging, and enhancement of this basal TGFβ signal-

ing by ctgfa expression is sufficient to drive bridging. This is

supported by our data, where eliminating TGFβ signaling, the pres-

ence of Schwann cells, or ctgfa expression independently produced

similar phenotypes, with perineurial glia unable to form a bridge but

continuing to phagocytose debris. Future studies investigating which

cells are expressing ctgfa after injury and the role that these cells

play in perineurial glial bridging and motor nerve regeneration will be

key to closing this loop. These cells could be epineurium or end-

oneurium cells, of which little is known about their injury responses

and of which we currently lack specific markers. Further, perineurial

glia act as a component of the blood-nerve barrier in both mice and

zebrafish (Clark et al., 2014; Kucenas, Takada, et al., 2008) and ctgfa

is important for angiogenesis during wound healing (Abreu

et al., 2002; Schira et al., 2018). Therefore, ctgfa could be driving

perineurial glial bridging through stimulation of TGFβ signaling while

concurrently aiding in reinnervation of vasculature following injury,

with endothelial cells being the ctgfa+ cells we observe. Future stud-

ies investigating the relationship between blood vessel bridging and

perineurial glial bridging are important to determine the role that

perineurial glia play in reinnervation following injury.

Together, our work establishes TGFβ signaling as an essential

driver of perineurial glial bridging after peripheral motor nerve injury

in zebrafish. We found that TGFβ signaling is important for early
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initiation of perineurial glial bridging. Further, we identify ctgfa as a

downstream effector of TGFβ signaling that is necessary for

perineurial glial bridging. Although both TGFβ and ctgfa signaling are

known to be involved in peripheral nerve regeneration and wound

healing (Clements et al., 2017; Mokalled et al., 2016; Mukherjee

et al., 2021; Schira et al., 2018; Sulaiman & Nguyen, 2016), this work

highlights a novel and crucial role for both of these signals in the

perineurial glial injury response. Collectively, these studies increase

our understanding of how perineurial glial respond to injury and pro-

vide insight into potential cellular and molecular targets for therapeu-

tics to enhance and promote regeneration.
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