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Abstract

The resilience of regeneration in vertebrate tissues is not well understood. Yet
understanding how well tissues can regenerate after repeated insults, and identifying
any limitations, is an important step towards elucidating the underlying mechanisms of
tissue plasticity. This is particularly challenging in tissues such as the nervous system,
which contain a large number of terminally differentiated cells (i.e. neurons) and that
often exhibits limited regenerative potential in the first place. However, unlike mammals
that exhibit very little spinal cord regeneration, many non-mammalian vertebrate
species, including lampreys, fishes, amphibians and reptiles, regenerate their spinal
cords and functionally recover even after a complete spinal cord transection. It is well
established that lampreys undergo full functional recovery of swimming behaviors after
a single spinal cord transection, which is accompanied by tissue repair at the lesion as
well as axon and synapse regeneration. Here, using the lamprey model, we begin to
explore resilience of spinal cord regeneration after a second spinal re-transection. We
report that by all functional and anatomical measures tested, the lampreys regenerated
after spinal re-transection just as robustly as after single transections. Recovery of
swimming behaviors, axon regeneration, synapse and cytoskeletal distributions, and
neuronal survival were nearly identical after a single spinal transection or a repeated
transection. Thus, regenerative potential in the lamprey spinal cord is largely unaffected
by spinal re-transection, indicating a greater persistent regenerative potential than exists
in some other highly-regenerative models. These findings establish a new path for
uncovering pro-regenerative targets that could be deployed in non-regenerative

conditions.
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Introduction

High regenerative capacity has demonstrated in a number of invertebrate and
vertebrate animals. Classic models for whole body regeneration include hydras,
planarians, and many annelids, which can regenerate entire animals with proper body
form from tiny pieces of tissues or after repeated amputations (Reddien and Sanchez
Alvarado, 2004; Tanaka and Reddien, 2011; Bely, 2014). Similarly, many instances of
organ and tissue regeneration have been observed amongst vertebrate species. For
example, zebrafish can regenerate complex tissues and organs including the heart, liver
and fins (Gemberling et al., 2013; Wang et al., 2017). Mexican axolotl salamanders are
known to regenerate their limbs, tails, skin, and several internal organs (Muneoka and
Bryant, 1982; Echeverri and Tanaka, 2002; Monaghan et al., 2007; Voss et al., 2009;
McCusker and Gardiner, 2011; Seifert et al., 2012; Voss et al., 2013; Erickson et al.,
2016). Other amphibians such as Xenopus tadpoles can regenerate spinal cord, limb
buds, tail and lens (Slack et al., 2008; Gibbs et al., 2011). This regenerative capacity is
not limited to non-mammalian vertebrates, as neonatal mice can regenerate digit tips
and heart (Reginelli et al., 1995; Uygur and Lee, 2016; Dolan et al., 2018).

Remarkably, even tissues with a large number of terminally differentiated cells,
such as the central nervous system, can readily regenerate in vertebrates. As
examples, zebrafish and amphibians can regenerate parts of their retina, optic nerve,
and brain (Sperry, 1947; Fawcett and Gaze, 1981; Vergara and Del Rio-Tsonis, 2009;
Goldshmit et al., 2012; Gorsuch and Hyde, 2014; Morgan and Shifman, 2014; Williams
et al., 2015). Species ranging from lampreys and fishes to amphibians and reptiles can

regenerate spinal cord structures (Tanaka and Ferretti, 2009; Zukor et al., 2011;
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Goldshmit et al., 2012; Diaz Quiroz and Echeverri, 2013; Bloom, 2014; Morgan and
Shifman, 2014). Although central nervous system (i.e. brain and spinal cord)
regeneration is poor in mammals, peripheral nerve regeneration is particularly robust in
most vertebrates, including adult mammals (David and Aguayo, 1981; Son and
Thompson, 1995; Kang and Lichtman, 2013). While these and many other examples of
successful regeneration have been demonstrated across the animal kingdom for over a
century, what is not understood is how well regenerative capacity persists after
repeated injuries.

Repeated rounds of injury and recovery have been followed in only a small
number of experimental models, with surprisingly varied outcomes on regenerative
capacity. At one extreme, whole planarians can regenerate entire body structures from
as little as 1/279t of the original parent animal (Morgan, 1898; Newmark and Sanchez
Alvarado, 2002). Because planarians reproduce by fission, they can survive repeated
rounds of resection and regeneration and are therefore are technically immortal.
Likewise, the zebrafish caudal fin can undergo repeated cycles of normal regeneration
even after 27 amputations at the same location (Azevedo et al., 2011). At the other
extreme, salamanders and newts exhibit imperfect regeneration of limb structures
beginning with the second amputation (Dearlove and Dresden, 1976; Frobisch et al.,
2014; Bryant et al., 2017). Therefore, regenerative capacity is limited in certain cases.

In comparison to the examples described above, very little if anything is known
about how regeneration of nervous system tissues is affected by repeated injuries. Yet,
understanding the extent of regenerative capacity in the spinal cord or brain could

provide important insights into the mechanisms of nervous system plasticity, as well as
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98 the limitations that occur in higher vertebrates such as mammals. To begin testing the
99 resilience of regenerative capacity in the vertebrate nervous system, we followed the
100 behavioral and anatomical outcomes after two successive spinal cord transections in
101 sea lampreys, Petromyzon marinus. Lampreys undergo full functional recovery of
102 swimming behaviors within 10-12 weeks after completely transecting, or severing, the
103  spinal cord (Rovainen, 1976; Selzer, 1978; Cohen et al., 1986; Davis et al., 1993;
104  Oliphint et al., 2010). Behavioral recovery is accompanied by tissue repair at the lesion
105  site, regeneration of descending and ascending axons several millimeters beyond the
106 lesion site, and formation of new synaptic connections (Rovainen, 1976; Wood and
107 Cohen, 1981; Yin and Selzer, 1983; Mackler and Selzer, 1985; Davis and McClellan,
108  1994; Oliphint et al., 2010). Amongst the descending neurons are 32 identified “giant”
109 reticulospinal neurons, which reside in stereotypical locations in the lamprey midbrain
110 and hindbrain, with known probabilities of survival and regeneration. Some are
111  reproducibly “good survivors/regenerators,” while others are “poor
112  survivors/regenerators”, a unique feature of the lamprey model that allows for
113  determination of regenerative capacity at the level of individual neurons (Jacobs et al.,
114  1997; Shifman et al., 2008; Busch and Morgan, 2012; Lau et al., 2013; Barreiro-Iglesias,
115 2015). In this study, we measured functional and anatomical recovery after an initial
116  spinal cord transection and also after a second spinal re-transection at the same lesion
117  site. We report here nearly identical behavioral recovery, tissue repair, and neural
118 regeneration after spinal transection and re-transection, indicating that spinal cord

119 regeneration in lampreys is resilient to repeated injuries.

120
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121 Materials and methods

122  Spinal cord surgeries

123 Spinal cord transections were performed as previously described (Oliphint et al.,
124  2010; Lau et al., 2011; Fogerson et al., 2016). Briefly, late stage larval sea lampreys
125  (Petromyzon marinus; 11-13 cm) were first anesthetized in 0.2 g/L MS-222 (Tricaine-S;
126 Western Chemical, Inc.; Ferndale, WA). Once anesthetized, a small horizontal incision
127 was made at the level of the 5" gill through the skin and muscle to reveal the spinal
128  cord, after which it was completely transected using fine iridectomy scissors. The spinal
129 transection was visually confirmed, and the incision was subsequently closed with
130 sutures (Ethilon 697G Ethilon Nylon Suture; Ethicon US, LLC; Somerville, NJ). Animals
131 were housed post-operatively in isolated tank breeders within 10-gallon aquaria and
132  held at room temperature (RT; 20-25°C). At 11 weeks post-injury (wpi), the regenerated
133  lampreys were re-anesthetized, and their spinal cords were re-transected through the
134  original lesion scar using the same procedure. After spinal re-transection, the lampreys
135 were allowed to recover for another 11 wpi prior to tissue harvest. All procedures were
136  approved by the Institutional Animal Care and Use Committee at the Marine Biological
137 Laboratory in accordance with standards set by the National Institutes of Health.

138

139 Behavioral analysis

140 After spinal transection or re-transection, the lampreys’ swimming movements
141 were scored twice per week during the recovery periods, as previously described
142  (Oliphint et al., 2010; Herman et al., 2018). The scoring criteria were as follows: 0 —

143  immediately post-operatively, lampreys exhibited no response to a light tail pinch; 1 —
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144  only head movements were observed; no tail movements occurred below the lesion
145  site; 2 — brief periods of self-initiated swimming occurred, but with atypical movements
146  and body shapes; 3 — lampreys demonstrated longer periods of swimming with more
147  normal undulations and fewer abnormalities; 4 — lampreys exhibited persistent bouts of
148  swimming with normal sinusoidal undulations that were comparable to uninjured, control
149 lampreys. The average movement scores were calculated for n=10-18 animals and
150 graphed in GraphPad Prism 6.0c (GraphPad Software, Inc.; La Jolla, CA). Additionally,
151 at 1, 3, and 11 wpi, during both recovery periods, still images of the lampreys were
152  acquired using a Sony Handycam HDR-CX455.

153

154  Spinal cord dissection and bright field imaging

155 At the appropriate post-injury time points, lampreys were re-anesthetized, and
156 ~4 cm segments of the spinal cords surrounding the lesion site were microdissected in
157 fresh, oxygenated lamprey Ringer: 100 mM NacCl, 2.1 mM KCI, 1.8 mM MgCl,, 4 mM
158 glucose, 2 mM HEPES, 0.5 mM L-glutamine, 2.6 mM CaCl,, pH 7.4. For most
159  experiments, the spinal cords were fixed immediately in 4% paraformaldehyde (PFA) in
160 0.1 M phosphate buffered saline (PBS, pH 7.4) for 3 hours at RT and then overnight at
161  4°C, followed by washing for 3 x 5 min with 0.1 M PBS (pH 7.4). Brightfield images of
162 spinal cords at 1, 3, and 11 wpi were acquired at 30X magnification using a Zeiss
163  Axiocam503 color camera mounted to a Zeiss Axio Zoom.V16 fluorescence stereo
164  zoom microscope (1X, 0.25 NA Zeiss Plan-NeoFluar Z objective).

165

166  Anterograde labeling of regenerated axons
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167 For a subset of experiments, bulk anterograde labeling of regenerated axons was
168 performed in transected (n=14) and re-transected (n=7) spinal cords, as previously
169 described (Lau et al., 2013). Axons were labeled with a fluorescent dye (5 mM Alexa
170  Fluor® 488-conjugated dextran; 10 kDa; Thermo Fisher, Inc.), diluted in lamprey
171  internal solution (180 mM KCI, 10 mM HEPES, pH 7.4) via a 1x1x1 mm piece of
172  Gelfoam (Pfizer; New York, NY), which was applied 5 mm rostral to the lesion site.
173  After application, the dye was allowed to transport for 3-6 days before harvesting the
174  spinal cords. Labeled spinal cords were imaged live in lamprey Ringer. Confocal Z-
175 stacks were collected using a Zeiss LSM 510 laser scanning confocal attached to an
176  Axioskop 2FS upright microscope (10X, 0.3 NA Zeiss Plan-NEOFLUAR objective).
177 Maximum intensity projections of the spinal cords, ranging from ~1 mm proximal to 5
178 mm distal to the lesion, were generated using the Zeiss LSM software. After stitching
179 the projections together in Adobe Photoshop, the number of labeled, regenerated axons
180 was counted at 1 mm intervals starting from the center of the lesion. Graphing and
181  statistical analyses were conducted using GraphPad Prism 6.0c (GraphPad Software;
182 La Jolla, CA).

183

184 Immunofluorescence assays

185 For immunofluorescence experiments, fixed spinal cords were cryoprotected in
186 12%, 15%, and 18% sucrose in 0.1 M PBS, pH 7.4 for 2 3 hours each at RT, or
187 overnight at 4°C. A 2-cm length of each spinal cord was then embedded horizontally in

188 O.C.T. Compound (EM Sciences; Hatfield, PA). Longitudinal sections (14 pm
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189 thickness) were collected onto Superfrost Plus microscope slides (Fisher Scientific;
190 Pittsburgh, PA) using a Leica CM1850 cryostat and stored at -20°C until use.

191 Cryosections were incubated in blocking buffer containing 9.5% normal goat
192  serum (Life Technologies, Carlsbad, CA) and 0.5% Triton-X 100 for 45 minutes at RT.
193  Next, the sections were incubated in primary antibodies diluted 1:100 in an antibody
194  signal enhancer (ASE) solution for 2 hours at RT, as described in Rosas-Arellano et al.,
195 2016. The primary antibodies used for this study were: a mouse monoclonal antibody
196 raised against lamprey neurofilament-180 (LCM16; kind gift from Dr. Michael Selzer); a
197 mouse monoclonal SV2 antibody that was deposited to the DSHB by Dr. Kathleen
198 Buckley (DSHB; lowa City, I1A) (Buckley and Kelly, 1985); and a mouse monoclonal anti-
199 a-Tubulin antibody (clone DM1A; Sigma-Aldrich; St. Louis, MO). The NF-180 antibody
200 (Jin et al., 2009) and SV2 antibody (Bloom et al., 2003; Oliphint et al., 2010; Lau et al.,
201  2011; Busch and Morgan, 2012; Busch et al.,, 2014) have been extensively
202 characterized in lamprey nervous tissues. The a-tubulin antibody is further
203 characterized in Supplemental Fig. 1. After primary antibody incubation, the sections
204  were washed for 3 x 10 minutes at RT in wash buffer (20 mM Na phosphate buffer pH
205 7.4, 0.3% Triton X-100, 450 mM NaCl), followed by a 1 hour incubation at RT in
206 secondary antibody (1:300 Alexa Fluor™ 488-conjugated goat anti-mouse IgG (H+L);
207 ThermoFisher Scientific). For labeling of actin cytoskeleton, sections were directly
208 labeled with Acti-Stain™ 488 phalloidin (Cytoskeleton, Inc.; Denver, CO) at 1:200
209 diluted in blocking buffer for 45 min at RT. Finally, sections were washed in wash buffer
210 for 3 x 5 min, followed by 15 min in 5 mM Na phosphate buffer, pH 7.4. Slides were

211  then mounted with ProLong® Gold antifade reagent with DAPI (Life Technologies, Inc.)
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212 in order to label nuclei. After immunostaining, sections were imaged in ZEN 2.3
213  software using a Zeiss Axiocam 503 color camera mounted onto a Zeiss Axio
214  Imager.M2 upright microscope (10X, 0.3 NA and 40X, 1.3 NA Zeiss EC Plan-Neofluar
215  objectives).

216

217 Retrograde labeling of regenerated neurons

218 Regenerated giant RS neurons were retrogradely labeled, as previously
219 described (Shifman et al., 2008). Briefly, at 11 wpi, the regenerated axons in the
220 transected and re-transected spinal cords were labeled by inserting a 1x1x1 mm
221  pledget of Gelfoam soaked in 10 mM tetramethylrhodamine dextran (TMR-DA; 10 kDa;
222  ThermoFisher) into the spinal cord at a location 5 mm caudal to the lesion site (Shifman,
223 et al.,, 2008). The TMR-DA was allowed to retrogradely transport for 9 days prior to
224  harvesting the brains. Brains were imaged live using a Zeiss Axio Zoom.V16
225 fluorescence stereo zoom microscope. Giant RS neurons that had regenerated their
226  axons distal to the lesion were identified by their fluorescently-labeled cell bodies, while
227 giant RS neurons that did not regenerate were devoid of dye. Mean fluorescence
228 intensity for each RS neuron was measured using ImagedJ software. The percentage of
229 regenerated RS neurons was determined from n=10 lampreys for each experimental
230 condition. All graphing and statistical analyses were performed in OriginPro 7.0
231  (OriginLab Corp.; Wellesley, MA).

232

233  Nissl staining

10
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234 After imaging the regenerated neurons, the lamprey brains were subsequently
235 fixed overnight at 4°C in 4% PFA in 0.1M PBS, pH 7.4, washed 3 x 15 min with 0.1M
236 PBS (pH 7.4) and stained with Toluidine Blue O (EM Sciences; Hatfield, PA) to label the
237 Nissl substance (Shifman et al.,, 2008; Busch and Morgan, 2012). Brains were
238 incubated in 1% Toluidine Blue O solution containing 1% borax (pH 7.6) for 20 minutes
239 at 37°C. The brains were then destained in Bodian’s fixative (72% EtOH; 5% glacial
240 acetic acid; 5% formalin) until the desired tissue contrast was obtained. Next, the brains
241  were dehydrated in 95% and 100% ethanol (2 x 5 min each) and cleared in cedarwood
242  oil at 65°C for 2 hours prior to mounting on slides with Permount. Brightfield images of
243  whole brains and giant RS neurons were acquired at 20-80x magnification using a Zeiss
244  Axio Zoom.V16 fluorescence stereo zoom microscope.

245 Image analysis was performed using ImageJ software. The mean intensity of
246  each giant neuron was measured. Cells with a positive mean intensity after background
247  subtraction were labeled Nissl (+), and cells with a negative mean intensity were labeled
248 Nissl (-). The average percentage of Nissl (+) cells was plotted by cell type and for the
249  overall brain from n=9 transected, n=10 re-transected lampreys. Graphing and statistical

250 analyses were performed in OriginPro 7.0 (OriginLab Corp.; Wellesley, MA).

251

252 Results

253 Lampreys exhibit robust functional recovery after spinal re-transection
254 The goal of this study was to determine the extent to which lampreys can

255  functionally recover and regenerate their spinal cord structures after a repeated

11
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256  transection. We thus began by observing their behavioral recovery after two successive
257  spinal transections. First, the lampreys were spinally transected at the level of the 5"
258  gill, after which they were allowed to recover for 11 weeks post-injury (wpi). At 1 wpi,
259 the lampreys were paralyzed below the lesion site, and only head movements were

260 observed (Fig. 1A). At 3 wpi, the lampreys regained their ability to swim but displayed
261 abnormal movements such as rapid head oscillations, abnormal body contractions, and
262  shallow sinusoidal waves (Fig. 1A). Once the lampreys reached 11 wpi, they exhibited
263  normal sinusoidal swimming movements (Fig. 1A). After this initial recovery period,

264  lampreys underwent a second spinal transection at the original lesion site and were

265  subsequently allowed to recover for another 11 wpi. Re-transected lampreys recovered
266  along the same timeline and displayed similar locomotor behaviors (Fig. 1B). During
267  both recovery periods, the swimming behaviors were recorded twice per week using an
268  observational movement scoring, as described in Oliphint et al., 2010, where a score of
269 0 indicates complete paralysis; 1 indicates head wagging, but no forward movement; 2
270 indicates brief bouts of abnormal, self-initiated swimming; 3 indicates longer durations of
271  persistent swimming with more regular movements; 4 represents normal sinusoidal

272  swimming. The movement scoring indicated that both transected and re-transected
273  lampreys recovered robustly along similar trajectories. Singly transected lampreys

274  recovered to ~90% of normal levels by 11 wpi (Fig. 1C). The recovery curve was well fit
275 by an exponential process that reached a half maximum (t;,) at 2.6 £ 0.2 wpi (R? =

276  0.78, n=18 lampreys), which was similar to previous reports (Fig. 1C) (Oliphint et al.,
277 2010; Herman et al., 2018). After spinal re-transection, this same cohort of lampreys

278  recovered to ~85% of normal swimming movements by 11 wpi, reaching half maximum

12
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279  (t42) at 2.4 £ 0.1 wpi (R2=0.78, n=18 lampreys) (Fig. 1C). Thus, remarkably, lampreys
280 were able to recover normal swimming movements to the same degree after multiple
281  spinal transections.

282

283  Figure 1. Functional recovery of swimming in lampreys after two successive

284  spinal cord transections. (A-B) Still images of lampreys illustrating several distinct
285 stages of functional recovery after spinal transection (A) or re-transection (B). The body
286 shapes are similar at each post-injury time point. Scale bar in panel A also applies to B.
287  (C) Time course of functional recovery of swimming movements in transected versus re-
288 transected lampreys shows no obvious difference. Data points represent mean + SEM
289 from n=18 lampreys. Data were well fit by an exponential curve (Trans R2=0.78; Re-
290 Trans R?=0.78).

291

292 Lesion repair is complete after spinal re-transection

293 Next, we examined tissue repair in the lamprey spinal cord after transection and
294  re-transection. Uninjured, control spinal cords are translucent and well organized with
295 several giant axons (gray lines) and large neurons (gray spheres) visible along the

296 longitudinal axis (Fig. 2A). After the initial spinal transection, at 1 wpi, the proximal and
297 distal stumps of the spinal cord were largely disconnected, joined only by a thin layer of
298 meninges, and the central canal (red arrow) was swollen (Fig. 2B). At 3 wpi, the

299 proximal and distal stumps had become re-connected by a glial-ependymal scar (Fig.
300 2C) (Selzer, 1978; Lurie et al., 1994). The central canal could also be seen extending
301 through the lesion, still swollen. By 11 wpi, the tissue regained a more normal

302 translucent appearance, and the lesion scar appeared more healed, though the central
303 canal remained swollen (Fig. 2D-E). After spinal re-transection, the spinal cords

304 exhibited similar morphologies at these post-injury time points (Fig. 2E-H). A notable

305 exception was at 1 wpi, where the re-transected spinal cords routinely exhibited an

13
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306 advanced development of tissue repair at the lesion site (Fig. 2F). The re-transected
307 spinal cords were also slightly narrower at the lesion site (Fig. 2F-H). Thus, in addition
308 to behavioral recovery, there was robust repair of the spinal cord tissues in re-

309 transected lampreys.

310

311 Figure 2. Robust tissue repair after spinal cord transection and re-transection.
312  (A-D) Brightfield images showing an uninjured, control lamprey spinal cord (A) and

313 transected spinal cords (B-D) at the indicated time points. At 1wpi the proximal and
314  distal stumps are still separated. But by 3-11 wpi, the spinal cords are reconnected

315 after tissue repair. (E-H) Images showing the typical time course of lesion repair within
316 re-transected spinal cords. Asterisks indicate the lesion center, and red arrows indicate
317 the central canal. R=rostral; C=caudal. Scale bar in A applies to B-H.

318

319

320 Long-distance axon regeneration remains robust after spinal re-transection

321 Next, we examined the extent of axon regeneration after spinal cord re-

322 transection. To do so, we anterogradely labeled regenerating axons in transected and
323  re-transected lamprey spinal cords using a 10 kDa Alexa Fluor® 488-conjugated

324  fluorescent dextran, as previously described (Lau et al., 2013). Within the uninjured
325 control spinal cord, this procedure preferentially labeled giant RS axons in the

326  ventromedial tract of the spinal cord, as well as medium-caliber fibers in the

327 ventromedial and lateral tracts, the vast majority of which exhibited straight projection
328 patterns (Fig. 3A). In contrast, labeled axons within the transected spinal cord exhibited
329 atypical projection patterns at 11 wpi, including branching and rostral turning, which was
330 especially prevalent in the rostral spinal cord, as previously reported (Fig. 3B, D-E)

331 (Wood and Cohen, 1981; Oliphint et al., 2010). Regenerated axon branches also had

332  smaller diameters (Fig. 3B). Similar morphologies and axonal growth patterns were
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333 observed in the re-transected spinal cords at 11 wpi (Fig. 3C, F-G). As a semi-

334 quantitative approach to measuring axon regeneration, we counted the number of

335 labeled axons crossing at 1 mm intervals beyond the lesion center up to 5 mm distal to
336 the lesion (Lau et al., 2013). This analysis showed no significant difference in the

337 number of labeled, regenerated axons in transected and re-transected spinal cords (Fig.
338 3H) (n =14 Trans, 7 Re-Trans; ANOVA, p = 0.53). Previous studies in the lamprey

339 model reported that ~30-70% of descending RS axons regenerate to a position distal to
340 the lesion by 11 wpi (Rovainen, 1976; Yin and Selzer, 1983; Davis and McClellan, 1994;
341 Jacobs et al., 1997). Thus, as a means for comparing with our current findings, we also
342 calculated the percentage of labeled distal/proximal axons and observed ~50-80%

343 regeneration in the transected spinal cord and no significant differences in the re-

344 transected spinal cords, though the values were slightly higher (Fig. 31) (n = 14 Trans, 7
345 Re-Trans; ANOVA, p = 0.94). Thus, axonal re-growth was not impaired by a second
346 spinal transection but remained as robust as after the initial spinal transection.

347

348 Figure 3. Axon regeneration in the lamprey spinal cord is comparable after

349 repeated transections. (A) A montage of confocal z-projections showing bulk labeled
350 axons in the uninjured, control spinal cord. Note the straight axonal projection patterns.
351 (B-C) In contrast, regenerated axons in the transected and re-transected spinal cords
352 are sparser at 11 wpi, and they exhibit atypical projection patterns in the medial and

353 lateral tracts. (D-G) Higher magnification confocal images showing axonal branching
354  and rostral turning (R-Turn) in transected and re-transected spinal cords (arrows).

355 Scale barin D applies to E-G. (H) There is no significant difference in the number of
356 labeled, regenerated axons in transected and re-transected spinal cords. Bars

357 represent mean + SEM from n=7-14 lampreys. p = 0.53 by ANOVA. |. The percentage
358 of labeled, regenerated axons was also similar. Bars represent mean + SEM from n=7-
359 14 lampreys. p = 0.13 by ANOVA.

360

361
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362 Axon, synapse, and cytoskeletal distribution is comparable after spinal

363 transection and re-transection

364 We next examined the distributions of several neuronal and cytoskeletal

365 elements in the transected versus re-transected lamprey spinal cords as another means
366 to assess structural repair. We first immunostained longitudinal cryosections of lamprey
367  spinal cords with a mouse monoclonal antibody against neurofilament-180 (NF-180),
368  which labels large and medium caliber axons in the lamprey spinal cord (Jin et al., 2009;
369 Fogerson et al., 2016). In the control spinal cord, NF-180 staining reveals large and

370 medium-sized RS axons that extend in straight projections through the ventromedial
371 and lateral tracts of the spinal cord (Fig. 4A). DAPI staining labels the central canal,

372 which is narrow and densely packed with nuclei of the ependymal glial cells, as well as
373  motor and intraspinal neurons in the lateral columns (Fig. 4A). At 11 wpi, NF-180

374 labeling in the transected spinal cord shows regenerating axons that extended through
375 the lesion site and into the distal stump, but with atypical projection patterns (Fig. 4B).
376 In the transected spinal cord, DAPI labeling shows the central canal that is enlarged at
377 and around the lesion site (Fig. 4B). Similar patterns for NF-180 and DAPI staining

378 were observed in the re-transected spinal cord (Fig. 4C). At higher magnification, the
379 altered axonal growth patterns in the transected and re-transected spinal cord can be
380 seen more clearly (Fig. 5A-C). Whereas most axons are straight in the control spinal
381 cord, the axons in the transected and re-transected spinal cords project in winding paths
382 and often cross the spinal cord midline.

383

384 Figure 4. Distributions of axons, synapses, and cytoskeletal elements are similar
385 in lamprey spinal cord after transection and re-transection. (A-C) NF-180 antibody
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386 labels large and medium caliber axons, which are straight, in the control lamprey spinal
387 cord. DAPI labels nuclei in the central canal (CC), as well as intraspinal neurons in
388 more lateral tracts. In both transected and re-transected spinal cords, NF-180 labels
389 regenerating axons projecting in aberrant patterns. Scale bar in A applies to all panels.
390 Asterisk indicates lesion center. (D-F) SV2 is normally distributed in a uniform punctate
391 pattern throughout the control spinal cord. After spinal transection and re-transection,
392 there is a loss of synapses within the lesion site. (G-L) Tubulin and phalloidin staining
393 reveals robust microtubule and actin distribution, respectively, throughout the spinal
394 cord in all conditions. There are no obvious differences in labeling between transected
395 and re-transected spinal cords. Rostral is to the left in all images.

396

397 Figure 5. Cellular distribution of axons, synapses, and cytoskeletal elements are
398 comparable after spinal transection and re-transection. (A-C) NF-180 staining in
399 large and medium caliber axons in the control, transected and re-transected spinal

400 cords. Note the differences in axonal growth patterns after spinal injury. Asterisks in A-
401 L mark the leftmost position of several identified giant RS axons within each section.
402 Scale bar in A applies to all panels except D and G. (D-F) SV2 staining is punctate in
403  all conditions. Note the tapering signal at the rostro-lesion border in the transected and
404  re-transected spinal cords. CC = central canal. (G-lI) Tubulin staining labels

405  microtubules within neuronal and glial processes throughout the neuropil. There are no
406  major differences after spinal re-transection. (J-L) Phalloidin staining labels actin

407 cytoskeleton and appears as a diffuse signal surrounding axons and cell bodies in the
408 spinal cord. Rostral is to the left in all images.

409

410 Similarly, spinal cord sections were stained with an antibody against the synaptic
411 vesicle protein SV2, which labels presynaptic vesicle clusters in all vertebrates tested,
412  including lampreys (Buckley and Kelly, 1985; Bloom et al., 2003; Busch and Morgan,
413 2012; Busch et al., 2014). This allowed us to determine the overall distribution of

414  synapses within the spinal cord. In the uninjured control spinal cord, the SV2 antibody
415  produced fairly uniform, punctate staining throughout the neuropil (Fig. 4D; Fig. 5D).
416  The profiles of large RS axons were visible (dark lines) because their synapses are

417 localized at the periphery along the axolemmal surface. At 11 wpi in the transected

418 spinal cord, the synaptic labeling in the proximal and distal neuropil remained strong,

419  while the density of synapses within the lesion site was markedly decreased, as
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420 previously reported (Fig. 4E) (Oliphint et al., 2010). A similar loss of SV2 labeling

421 around the lesion site was also seen within the spinal cords of re-transected animals
422  (Fig. 4F). Higher magnification imaging further revealed SV2 expression at the rostral-
423  lesion border within transected and re-transected spinal cords (Fig. 5E-F).

424 Additionally, spinal cord sections were immunostained for a-tubulin and

425  phalloidin, which label microtubules and filamentous actin, respectively. The tubulin
426 antibody was a mouse monoclonal that recognized a single band in both rat brain and
427 lamprey CNS lysates at ~50 kDa, which is the expected molecular weight for tubulin
428  (Suppl. Fig. 1). The a-tubulin and phalloidin labeling were robust and uniform

429 throughout the control spinal cords (Fig. 4G, J), and they revealed web-like structures
430 throughout the neuropil, which are likely to be the intertwining processes of intraspinal
431 neurons and glial cells (Fig. 5G, J). Similar distributions and labeling patterns were
432  observed for both cytoskeletal elements after spinal transection and re-transection,
433  albeit with less organization due to the tissue re-organization in and around the lesion
434  site (Figs. 4H-I, K-L; Fig. 5H-I, K-L). No obvious differences were noted between the
435 tubulin or phalloidin staining in transected versus re-transected cords. Taken together,
436 these data indicate that the distributions of axons, synapses, and cytoskeletal elements
437  within transected lamprey spinal cords are similar after two bouts of regeneration.

438

439 The same subset of giant RS neurons regenerates after spinal transection and re-
440 transection

441 We next took advantage of the large, identified giant RS neurons as another

442  means to evaluate axon regeneration and neuronal survival after spinal re-transection.
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443  The lamprey midbrain and hindbrain contain ~1200 total RS neurons that descend into
444  the spinal cord and initiate locomotion (Dubuc et al., 2008). Amongst them are 32 giant
445 neurons (100-200 um in diameter) that reside in stereotypical locations (Fig. 6A)

446  (Rovainen, 1967; Jacobs et al., 1997; Shifman et al., 2008; Busch and Morgan, 2012).
447  These include the mesencephalic cells (M cells: M1-3), isthmic cells (I cells: 11-15), and
448  bulbar cells (B cells: B1-B6), as well as the Mauthner (Mth) and auxiliary Mauthner

449 (mth’) neurons. These giant RS neurons exhibit distinct intrinsic capacities for surviving
450 and regenerating after axotomy induced by spinal cord transection (Jacobs et al., 1997;
451  Shifman et al., 2008; Busch and Morgan, 2012; Lau et al., 2013; Barreiro-Iglesias, 2015;
452  Fogerson et al., 2016). While some giant RS neurons are “good regenerators” (e.g.
453 M1, I13-15, B2, B4-B6, mth’), meaning they have a high probability of surviving the injury
454  and regenerating their axons, others are “poor regenerators” (e.g. M2-M3, 11, B1, B3,
455  Mth) with a low probability of survival and regeneration.

456

457  Figure 6. Regeneration of giant RS neurons is indistinguishable after spinal

458 transection and re-transection. (A) Diagram showing the giant RS neurons in the
459 lamprey brain. These are the M, |, and B cells, as well as Mauthner neurons. (B)

460 Retrograde labeling in a control lamprey reveals all giant RS neurons. (C) In contrast,
461 only a subset of giant RS neurons regenerate after spinal transection (white labels), as
462 identified by dye labeling, while others fail to regenerate and are devoid of dye (yellow
463 labels). (D) A similar cohort of regenerated neurons is labeled after spinal re-

464  transection. Scale bar in B also applies to C-D. (E) Cell-by-cell analysis of giant RS
465 neuron regeneration from a population of n=10 lampreys. There are no obvious

466  differences in regeneration by cell type. (F) Similarly, the percentage of all giant RS
467 neurons that regenerated was similar in transected and re-transected lampreys. (G-H)
468 Likewise, there were no obvious differences in regeneration of either “good

469 regenerators” or “poor regenerators.” Bars in F and H represent mean + SEM per brain
470 from n=10 lampreys. n.s. indicates “not significant” by Students t-Test (p>0.05).

471
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472 We thus wanted to determine whether the giant RS axons retain their normal
473  intrinsic capacities for regeneration after spinal re-transection. To do so, we

474  retrogradely labeled regenerating RS neurons with tetramethylrhodamine applied

475  caudal to the original lesion site (see Methods) (Shifman et al., 2008). In the brains of
476  uninjured control animals, all giant RS neurons were labeled using this technique (Fig.
477 6B). At 11 wpi after a single spinal transection, a select subset of giant RS neurons was
478 labeled, indicating that they had regenerated their axons beyond the lesion site, and
479 these were generally those neurons previously classified as “good regenerators” (Fig.
480 6C, white labels). In contrast, the remaining giant RS neurons were not labeled,

481 indicating that they did not regenerate their axons, and these were generally those

482  neurons previously classified as “poor regenerators” (Fig. 6C, yellow arrows). A similar
483  pattern of RS neuron labeling was observed in the brains of re-transected lampreys,
484  implicating a similar degree of neuron regeneration (Fig. 6D). Indeed, a cell-by-cell

485  analysis revealed a similar degree of axon regeneration across the giant RS neurons
486  after spinal transection or re-transection (Fig. 6E). At the population level, there was a
487  similar degree of axon regeneration amongst giant RS neurons in transected or re-

488 transected animals (Fig. 6F) (Trans: 53 + 5% regenerated/brain, n=9 animals; Re-

489 Trans: 52 + 4% regenerated/brain, n=10 animals; Student’s t-Test, p = 0.88). Likewise,
490 after transection or re-transection, there was a similar degree of regeneration of the

491 “good regenerator” population (i.e. M1, 12-5, B2, B5-6, mth’), which we defined as those
492  giant RS neurons that regenerated >50% of the time (Fig. 6G-H) (Good Regenerators -
493  Trans: 75 * 4% regenerated/brain, n=9 animals, 162 neurons; Re-Trans: 70 + 3%

494  regenerated/brain, n=10 animals, 180 neurons; Student’s t-Test, p = 0.34). There was a

20


https://doi.org/10.1101/410530
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/410530; this version posted September 6, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

495  similar amount of regeneration of “poor regenerators” (i.e. M2-3, 11, B1, B3-4, Mth),
496  which we defined as those giant RS neurons that regenerated <50% of the time (Poor
497  Regenerators - Trans: 25 + 6% regenerated/brain, n=9 animals, 108 neurons; Re-

498 Trans: 28 + 6% regenerated/brain, n=10 animals, 120 neurons; Student’s t-Test, p =
499 0.71). Thus, the extent of giant RS axon regeneration observed after spinal re-

500 transection was comparable to that after single transections, with the same “good

501 regenerators” exhibiting robust regrowth.

502

503 The same subset of giant RS neurons survive after spinal transection and re-

504 transection

505 As with axon regeneration, each giant RS neuron exhibits a distinct and

506 reproducible intrinsic capacity for survival or death after axotomy. The “good survivors”
507 (e.g. M1, 12-5, B2, B6, mth’) are those giant RS neurons that typically survive the injury
508 and regenerate their axons, while the “poor survivors” (e.g. M3, |1, B1, B3, Mth) are
509 those that typically undergo delayed death by apoptosis (Shifman et al., 2008; Barreiro-
510 Iglesias and Shifman, 2012; Busch and Morgan, 2012; Fogerson et al., 2016).

511 As a second measure of giant RS neuron vitality, we evaluated cell survival and
512 death in the same brains that had been previously assayed for axon regeneration

513  (Shifman et al., 2008; Barreiro-lglesias and Shifman, 2012; Busch and Morgan, 2012).
514  After live imaging to assess the regenerated neurons, as described in Figure 6, we then
515 fixed and histologically stained the brains with Toluidine blue O, which labels Nissl

516 substance. All giant RS neurons within control brains were darkly stained, revealing

517 abundant Nissl substance that is characteristic of healthy neurons (Fig 7A). We refer to
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518 these as “Nissl (+)” neurons. In contrast, after a single spinal transection, a subset of
519 neurons (largely the “poor survivors”) had a swollen, chromalytic appearance and

520 lacked Nissl substance, which is indicative of degenerating neurons (Fig. 7B, yellow
521 labels) (Shifman et al., 2008; Busch and Morgan, 2012). We refer to these as “Nissl (-)”
522 neurons. The remaining neurons (largely “good survivors”) retained Nissl substance
523  after spinal transection (Fig. 7B). Following spinal re-transection, a similar Nissl staining
524  pattern was observed amongst the giant RS neurons (Fig. 7C). Across cohorts of

525 transected and re-transected lampreys (n=9-10 animals), the identified giant RS

526 neurons exhibited similar degrees of Nissl (+) staining on a cell-by-cell basis (Fig. 7D,
527 F). There was no significant difference in the percentage of total “Nissl (+)” giant RS
528 neurons per brain after spinal re-transection (Fig. 7E) (Trans: 58 + 3% Nissl +

529 neurons/brain, n=9 animals, 288 neurons; Re-Trans: 65 + 3% Nissl (+) neurons/brain,
530 n=10 animals, 320 neurons; Student’s t-Test, p = 0.15). Likewise, there was no

531 significant difference in the percentage of Nissl (+) “good survivors” (i.e. M1, 12-15, B2,
532  B4-6, mth’), which we defined as those that retained Nissl (+) staining >50% of the time
533 (Fig. 7G) (Good Survivors: Trans: 80 x 4% Nissl (+)/brain, n=9 animals, 180 neurons;
534 Re-Trans: 90 + 4% Nissl (+)/brain; n=10 animals, 200 neurons; Students t-Test, p =
535 0.11). Nor were there differences in the percentage of Nissl (+) “poor survivors” (i.e.
536 M2-3, 11, B1, B3, Mth), which we defined as those giant RS neurons that retained Nissl
537  (+) staining <50% of the time (Fig. 7G) (Poor Survivors: Trans: 20 + 7% Nissl (+)/brain,
538 n =9 animals, 108 neurons; Re-Trans: 23 + 5% Nissl (+)/brain, n = 10 animals, 120

539 neurons; Student’s t-Test, p = 0.72). Thus, the probability of survival amongst all giant
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540 RS neurons was similar in transected and re-transected lampreys, and the “good

541  survivors” appeared to robustly survive the second injury.

542

543  Figure 7. Nissl staining of giant RS neurons is comparable after spinal

544  transection and re-transection. (A) A whole mounted control lamprey brain stained
545  with Toluidine blue O, which labels Nissl substance within healthy neurons. All giant RS
546 neurons are labeled. Scale bar in A also applies to B-C. (B-C) In contrast, after spinal
547 transection and re-transection only a subset of neurons retains strong Nissl staining
548 (white labels), indicating surviving neurons. Other neurons become chromalytic, swell,
549  and lose their Nissl substance (yellow labels), indicating neurodegeneration. (D) Cell-
550 by-cell analysis of Nissl (+) giant RS neurons from n=10 lampreys. There are no

551 obvious differences in Nissl staining by cell type. (E) The percentage of total giant RS
552  neurons that was Nissl (+) was similar in transected and re-transected lampreys. (F-G)
553  “Good survivor” and “poor survivor” populations of giant RS neurons exhibited similar
554  rates of cell survival, as indicated by Nissl (+) staining. Bars in E and H represent mean
555 £ SEM per brain from n=10 lampreys. n.s. indicates “not significant” by Students T-test
556  (p>0.05).

557

558 The relationship between neurons’ regeneration and survival was unaltered after
559 spinal re-transection

560 Previous studies have reported a positive linear correlation between neuronal
561 survival (as measured by Nissl staining) and axon regeneration (as measured by

562 retrograde labeling) for the giant RS neurons, such that neurons with a high probability
563  of survival are also likely to regenerate their axons and vice versa (Jacobs et al., 1997;
564  Shifman et al., 2008; Busch and Morgan, 2012; Barreiro-Iglesias, 2015). Using this
565 same approach, we also observed the same positive correlation after a single spinal
566 transection as was previously reported (Fig. 8, black line; R2=0.91). The same strong
567 correlation was also observed after spinal re-transection (Fig. 8, red line, R2=0.84),

568  which was not significantly different from the former (One-way ANCOVA, p=0.11).

569  Thus, after both spinal cord transection and re-transection, the relationship between
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570 neuronal survival and axon regeneration was maintained for each of the giant RS

571 neurons, further corroborating the sustained regenerative potential within lamprey spinal
572  cord.

573

574  Figure 8. The relationship between cell survival and axon regeneration is similar

575 after spinal re-transection. There is a positive, linear correlation between cell survival
576 [Nissl (+)] and axon regeneration after spinal transection (R? = 0.91), which is also

577  recapitulated after spinal re-transection (R? = 0.84) (ANCOVA p = 0.11).

578

579

530 Discussion

581 We report here that the regenerative capacity within the lamprey spinal cord
582  appears to be largely unaltered after two successive transections at the same lesion
583 plane. Behavioral recovery (Fig. 1), tissue repair (Fig. 2), axon regeneration (Fig. 3-4,
584  6), synapse and cytoskeletal distributions (Fig. 4-5), and cell survival (Fig. 6-7) were
585 nearly identical after recovery from both the first and second spinal transections.

586  Similarly, in axolotls, the area of tail tissue that regenerates after a second amputation is
587 on average the same as after the first amputation, though differences between sexes
588 have been observed (Voss et al., 2013). The Japanese newt (Cynops pyrrhogaster)
589 can regenerate a normal lens successively up to 18 times spanning 16 years,

590 demonstrating an unlimited regenerative capacity that is also unaffected by aging

591 (Eguchi et al., 2011). Another striking example is the zebrafish caudal fin, which

592  appears to exhibit unlimited regeneration by regrowing normal fin structures even after
593 27 amputations (Azevedo et al., 2011). These instances are in stark contrast to

594  repeated limb amputations in amphibians such as axolotls and newts, which exhibit high
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595 fidelity regeneration after the first amputation but dramatically decreased regeneration
596  with each successive injury, starting with the second amputation (Dearlove and

597 Dresden, 1976; Bryant et al., 2017). Imperfect limb regeneration in amphibians has
598 also been reported in the fossil record (Frobisch et al., 2014), though naturally the prior
599 status of the limbs cannot be ascertained. Interestingly, in axolotls, performing limb
600 amputations at serially-distal locations resulted in significantly improved regenerative
601 capacity, indicating that the failure of limb regeneration is due to events occurring at the
602 original lesion plane (Bryant et al., 2017). We do not yet understand the full

603 regenerative capacity in the lamprey spinal cord, which would require additional rounds
604  of transection and regeneration. However, the robust, high fidelity regeneration that we
605 observed in the lamprey after two successive spinal cord transections indicates that
606 they have greater regenerative capacity than is observed in some other highly

607 regenerative models.

608 Functional recovery after spinal cord injury in lampreys and other non-

609 mammalian vertebrates is supported by extensive regeneration of descending axons
610 beyond the lesion scar (Bloom, 2014; Morgan and Shifman, 2014). Previous studies in
611 lampreys reported that 30-70% of descending reticulospinal axons regenerated several
612  millimeters beyond the lesion center by 11 wpi (Yin and Selzer, 1983; Davis and

613  McClellan, 1994; Oliphint et al., 2010; Lau et al., 2013). Results presented here are
614  consistent with this overall level of axon regeneration in the re-transected lamprey

615 spinal cords after the second round of regeneration (Fig. 3I, 6F). The percentages of

616 regenerated axons appears to be slightly higher after bulk anterograde labeling (Fig. 3I),
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617  but this is likely due to the possibility of counting multiple branches of the same parent
618 axon that cross at the fiduciary marker.

619 Remarkably, the cell specificity of axon regeneration amongst the giant RS

620 neurons was also maintained after spinal re-transection (Fig. 6-8). On one hand, it is
621  not surprising that “poor regenerators/survivors” did not regenerate after spinal re-

622 transection, because they had likely undergone delayed degeneration by apoptosis after
623 the first spinal transection, as previously reported (Fig. 6-8) (Shifman et al., 2008;

624  Barreiro-lglesias and Shifman, 2012; Busch and Morgan, 2012; Barreiro-lglesias, 2015;
625 Fogerson et al., 2016). However, it is interesting that the extent of axon regeneration
626  and cell survival of the remaining RS neurons (e.g. M1, 12-15, B2, B5-B6, mth’) was

627 nearly the same after both spinal transection and re-transection (Fig. 6-8). It is unlikely
628 that the giant RS neurons were replaced by newly-born neurons after transection or re-
629 transection, as neurogenesis appears to be fairly limited in the brain after spinal injury
630 and also restricted to the ependymal zone (Zhang et al., 2014). It is thus likely that

631 many of the “good regenerators/survivors” underwent two rounds of regeneration during
632 the 22-week experiment, suggesting that the intrinsic regenerative capacity of individual
633 giant RS neurons was also largely unaffected by spinal re-transection. Determining this
634 unequivocally would require long-term dynamic imaging in the lamprey nervous system,
635  which is not yet practical in our system.

636 While lampreys recover normal swimming behaviors after spinal cord transection
637 and re-transection, it must be acknowledged that functional recovery is the result of

638  substantial plasticity throughout the central nervous system. That is, the regenerated

639 spinal cord does not return to the original status of an uninjured spinal cord but rather
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640 forms new functional circuitry with compensatory network properties (Parker, 2017).
641 This is clearly illustrated by the facts that only a subset of descending axons regenerate
642 in the transected and re-transected spinal cord (Fig. 3, 6), and those that regenerate
643 terminate early, exhibit atypical projection patterns, and produce few synapses (Fig. 3,
644 4A-F) (Wood and Cohen, 1981; Yin et al., 1981; Yin and Selzer, 1983; Oliphint et al.,
645 2010). Yet, the excitatory postsynaptic potentials, a measure of synaptic strength, can
646 be as strong or stronger than those in the uninjured spinal cord (Mackler and Selzer,
647 1985, 1987). In addition, using electrophysiological methods, compensatory plasticity
648 has also been documented at regenerated lamprey spinal synapses, as are changes in
649 the intrinsic properties of regenerated axons, which together could boost the synaptic
650 output of regenerated synapses (Cooke and Parker, 2009; Parker, 2017). Given the
651 remarkable consistency of axon, synapse and cytoskeleton distributions (Fig. 4-5); axon
652  regeneration (Fig. 3, 6); and cell survival (Fig. 7) in the transected and re-transected
653  spinal cords, it is likely that the second bout of regeneration induces similar types of
654  neural plasticity, though this remains to be fully explored. The one obvious difference
655 we observed was at 1wpi where the re-transected spinal cord appeared to have

656 accelerated the formation of scar tissue (Fig. 2B, F).

657 Going forward, it will be important to further investigate and compare the cellular
658 and molecular mechanisms of tissue repair and regeneration after spinal transection
659 and re-transection. Doing so would allow us to identify how regenerative capacity

660 remains as robust after additional injuries. RNA-Seq analysis, such as that which was
661 recently performed on singly transected spinal cords (Herman et al., 2018), may

662 therefore be useful as an unbiased means for beginning to identify these mechanisms in
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663  the re-transected spinal cords. Doing so will permit a greater understanding of the
664  molecular requirements that are driving successful regeneration of the vertebrate

665  central nervous system and may provide insights into the limitations that occur in non-
666 regenerative conditions.

667

668
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s3s  Supporting Information

839

840 S1 Figure. Characterization of a-tubulin antibody. Western blot using a mouse
841 monoclonal a-tubulin antibody (Sigma; clone DM1A) revealed a single band in both rat
842  brain and lamprey CNS lysates at ~50 kDa, which is the expected molecular weight for
843  o-tubulin.
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