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Highlights
e Aging impairs neurorepair in the killifish pallium at multiple stages of the regeneration
process

e Atypical non-glial progenitors support the production of new neurons in the naive and
injured dorsal pallium

e The impaired regeneration capacity of aged killifish is characterized by a reduced reactive
proliferation of these progenitors followed by a decreased generation of newborn
neurons that in addition, fail to reach the injury site

e Excessive inflammation and glial scarring surface as potential brakes on brain repair in the
aged killifish pallium

Summary

The aging central nervous system (CNS) of mammals displays progressive limited regenerative
abilities. Recovery after loss of neurons is extremely restricted in the aged brain. Many research
models fall short in recapitulating mammalian aging hallmarks or have an impractically long
lifespan. We established a traumatic brain injury model in the African turquoise killifish
(Nothobranchius furzeri), a regeneration-competent vertebrate model that evolved to naturally
age extremely fast. Stab-wound injury of the aged killifish dorsal telencephalon unveils an
impaired and incomplete regeneration response when compared to young individuals.
Remarkably, killifish brain regeneration is mainly supported by atypical non-glial progenitors, yet
their proliferation capacity appears declined with age. We identified a high inflammatory
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response and glial scarring to also underlie the hampered generation of new neurons in aged
fish. These primary results will pave the way for further research to unravel the factor age in
relation to neurorepair, and to improve therapeutic strategies to restore the injured and/or
diseased aged mammalian CNS.

Keywords
Aging, neuroregeneration, neurorepair, non-glial progenitors (NGPs), Nothobranchius furzeri,
Killifish, traumatic brain injury, neurodegenerative diseases

Introduction

Age-related neurodegenerative diseases are highly debilitating and incurable pathologies that
impinge a high socio-economic burden on our society (El-Hayek et al., 2019). They share a
progressive degeneration of neurons, which results in loss of brain function and a heterogeneous
array of incapacitating symptoms (Dugger et al., 2017). Therapeutic strategies for brain
restoration consist of compensating for neuronal loss by generating new neurons from the
existing stem cell pools that can integrate in the existing circuitry. The capacity for
neuroregeneration is naturally limited in the adult mammalian brain (Tanaka et al., 2009; Zhao
et al., 2016). Neural stem cells may start dividing upon injury, but a large part of the newly
generated neurons fail to mature, survive and integrate into the existing neural network, thereby
restricting full recovery (Arvidsson et al., 2002; Thored et al., 2006; Kernie et al., 2010; Turnley et
al., 2014; Grade et al., 2017). The mammalian neurogenic potential diminishes even further with
advancing age, which constitutes one of the main risk factors for neurodegenerative diseases
(Galvan et al., 2007; Popa-Wagner et al., 2011; Hou et al., 2019). Studying vertebrate aging in
models with high neuroregenerative capacities, such as teleost fish, can therefore help reveal
key information to deal with each of these physiological brakes on neuroregeneration and
neurorepair (Zhao et al., 2016).

Teleost fish share approximately 70% of the coding genes with mammals (Howe et al., 2013), but
in contrast to mammals, retain the ability to regenerate multiple organs, including fin, heart and
the central nervous system (CNS) (Zupanc, 2001; Zupanc et al., 2012; Wendler et al., 2015;
Marques et al., 2019; Zambusi et al., 2020; Van houcke et al., 2021). They have been extensively
exploited as gerontology models in the past (Ding et al., 2010; Gopalakrishnan et al., 2013; Van
houcke et al., 2015, 2021; Kim et al., 2016; Platzer et al., 2016). Yet, most teleosts are relatively
long-lived (3-5 years) just like mice (Gerhard et al., 2002; Miller et al., 2002; Gopalakrishnan et
al., 2013), making investigations about the specific impact of age impractical (Van houcke et al.,
2021). The African turquoise killifish (N. furzeri) however, has surfaced as an ideal vertebrate
model for aging studies because of its extremely short lifespan. The short-lived GRZ stain for
example, has a median lifespan of 4-6 months depending on housing conditions (Valdesalici et
al., 2003; Reichwald et al., 2015; Valenzano et al., 2015; Polacik et al., 2016). Killifish naturally
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68 live in ephemeral ponds in Africa, which have forced this species to evolve into a short lifespan
69 and rapid aging (Genade et al., 2005). Many typical aging hallmarks of mammals are conserved
70 in killifish (Kim et al., 2016; Platzer et al., 2016; Hu et al., 2018; Van houcke et al., 2021).
71  Understanding how aged killifish retain or lose their high regenerative capacity upon CNS aging,
72 could thus catalyze the development of therapeutic strategies aiming at inducing successful
73  neuroregeneration in the adult mammalian brain.

74  The telencephalon or forebrain of fish is a favorable model of study since homologues to the two
75  main neurogenic zones of mammals, the subgranular zone (SGZ) of the hippocampus and the
76  subventricular zone (SVZ) of the lateral ventricles, have been identified in the pallium and
77  subpallium (Adolf et al., 2006; Mueller et al., 2009, 2011). It was recently discovered that the
78  killifish dorsal pallium holds two classes of progenitors: (1) the commonly known radial glia (RGs)
79 and (2) the non-glial progenitors (NGPs). NGPs are devoid of the typical astroglial/RG markers,
80  such as glutamine synthetase (GS), brain lipid-binding protein (BLBP), glial fibrillary acidic protein
81 (GFAP) and vimentin, and have a morphology that is less branched than RGs (Coolen et al., 2020).
82 Early in development, killifish RGs enter a premature quiescent state and proliferation is
83  supported by the NGPs. This is in sharp contrast to the situation in zebrafish, where RGs represent
84  the neurogenic population in the dorsal pallium (Kroehne et al., 2011; Rothenaigner et al., 2011;
85 Coolenetal., 2020). How these two different progenitor classes, with the NGPs appearing unique
86  to the killifish, behave in the neuroregenesis process, and whether their neurogenic capacity is
87 influenced by aging, remains unexplored.

88 Inthe present study, we have first set up and validated stab-wound injury as a reliable traumatic
89  braininjury (TBI) model. Next, we have decoded the impact of aging on the regeneration capacity
90 -andonthe two neurogenic pools - in the killifish dorsal pallium after stab-wound injury. We find
91 that aged killifish, just like mammals, are not capable to successfully regenerate; they develop an
92  excessive inflammatory reaction and glial scarring, show diminished injury-induced
93  neurogenesis, and the vast majority of newborn neurons fail to reach the injury site. Remarkably,
94  we show neuroregeneration to be supported by the NGPs in both young adult and aged killifish,
95 and not the RGs that typically constitute neuroregenesis in other teleosts. Taken together, aged
96 killifish appear to mimic the impaired regeneration capacity also seen in adult and/or aged
97 mammals, instead of displaying the high regenerative capacities seen in young adult teleost fish,
98 including killfish. In summary, we propose the killifish aging nervous system as a valuable model
99 to create knowledge about the identity and mode of action of drivers and brakes of
100 neuroregenerative properties.This may eventually elucidate how to boost the repair capacity in
101  an aging context in the diseased/injured mammalian brain.
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103  Methods
104  RESOURCE AVAILABILITY
105 Lead contact and Materials availability

106  Further information and requests for resources (killifish) should be directed to and will be fulfilled
107 by the Lead Contact, Lutgarde Arckens (lut.arckens@kuleuven.be).

108 Data and code availability

109 The present study has no unique datasets or code.

110 EXPERIMENTAL MODEL AND SUBIJECT DETAILS
111  Fish strain and housing

112  All experiments were performed on adult (6 week- and 18 week-old) female African turquoise
113 killifish (Nothobranchius furzeri), inbred strain GRZ-AD, which were kindly provided by Prof. Dr.
114 L. Brendonck and Dr. T. Pinceel and originate from the Biology of Ageing, Leibniz Institute for Age
115  Research - Fritz Lipmann Institute, Jena, Germany. Breeding pairs were housed in 8 L aquaria and
116  experimental fish were kept in 3,5 L aquaria in a ZebTEC Multi-Linking Housing System
117  (Tecniplast). One male was housed with three females under standardized conditions;
118 temperature 28 °C, pH 7, conductivity 600 pus, 12h/12h light/dark cycle, and fed twice a day with
119  (Artemia salina, Ocean Nutrition) and mosquito larvae (Chironomidae, Ocean Nutrition).
120 Breeding pairs were given sandboxes for spawning. Fertilized eggs were collected once a week
121  and washed with methylene blue solution (0,0001% in autoclaved system water, Sigma-Aldrich,
122  03978) for five minutes. Next, eggs were bleached twice for five minutes in 1% Hydrogen
123 Peroxide (H20;2, Chem-Lab, CL00.2308.5000) diluted in autoclaved system water. Then, eggs were
124  again washed four times for five minutes with methylene blue solution. Eggs were stored on
125  moist Jiffy-7C coco substrate plates (Jiffy Products International AS, Norway) at 28°C with a
126  12h/12h light/dark cycle for three weeks in a custom-made incubator. Embryos that reached the
127  ‘Golden Eye stage’ (Polacik et al., 2016) were hatched in a small volume of ice-cold Humic acid
128  solution (Sigma-Aldrich, 53680, 1g/L in system water) with continuous oxygenation. Larvae were
129 raised at 26°C and half of the water was changed daily for one week. Hereafter, larvae were
130 transferred to 3,5 L aquaria and fed daily with (Artemia salina, Ocean Nutrition) until 3 weeks
131  post hatching. All experiments were approved by the KU Leuven ethical committee in accordance
132  with the European Communities Council Directive of 22 September 2010 (2010/63/EU) and the
133  Belgian legislation (KB of 29 May 2013).

134 Method details

135  Stab-wound injury
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136  Fish were first sedated in 0,03% buffered tricaine (MS-222, Sigma-Aldrich, CAS: 886-86-2), diluted
137  insystem water, and placed in a cold moist sponge. Scales, skin and fat tissue was removed above
138 the right telencephalic hemisphere to visualize the skull. Next, a custom Hamilton 33-Gauge
139 needle was pushed through the skull into the dorsal pallium of the right hemisphere of the
140 telencephalon, causing a brain lesion of approximately a depth of 500 um (Figure S1). The
141  telencephalon lies in between the eyes of the killifish, which were used as landmarks. The needle
142  was dipped in Vybrant DiD cell-labeling solution (Cs7H103CIN203S, Thermo Fisher Scientific,
143  V22887) to easily find the place of entrance and needle track on sections (Figure S1). Afterwards,
144  the fish were placed in fresh system water to recover.

145  BrdU labeling

146  To label dividing cells and their progeny, fish were placed in 5-Bromo-2’-deoxyuridine (BrdU,
147  Sigma-Aldrich, B5002-5G; CAS: 59-14-3) water (7,5 mM in system water) for 16 hours between
148 one and two days post injury. After the pulse, fish were placed in fresh system water for a chase
149  period of 21 days.

150 Tissue fixation and processing

151  Fish were euthanized in 0.1% buffered tricaine (MS-222, Sigma-Aldrich, diluted in system water)
152  and perfused via the heart with PBS and 4% paraformaldehyde (PFA, Sigma-Aldrich, 8.18715, CAS
153  30525-89-4, diluted in PBS). Brains were extracted and fixed for 12 hours in 4% PFA at 4 °C.
154  Afterwards, brains were washed three times with PBS and embedded in 30% sucrose, 1,25%
155  agarose in PBS. Coronal sections of 10 um were made on a CM3050s cryostat (Leica) and collected
156  on SuperFrost Plus Adhesion slides (Thermo Fisher Scientific, 10149870). Sections were stored at
157  -20 °C until immunohistochemistry (IHC) or Cresyl Violet staining.

158  Cresyl Violet histological staining

159  Cryostat sections were dried for 30 minutes at 37°C to improve adhesion to the glass slides and
160 washed in aqua destillata (AD). Next, the sections were immersed in Cresyl Violet solution (1% in
161  AD, Fluka Chemicals, Sigma-Aldrich) for five minutes. The sections were rinsed in 200 mL AD with
162 five drops of Acetic Acid (Glacial, 100%) for 30 seconds. Hereafter, the sections were dehydrated
163  in 100% ethanol and 100% xylol series. Sections were covered with DePeX and cover slip and
164  dried overnight.

165 Immunohistochemistry (IHC)

166  Sections were dried for half an hour at 37°C to improve adhesion to the glass slides and washed
167 in AD and TBS (0,1% Triton-X-100 in PBS). Heat-mediated antigen retrieval was used to break
168  cross-links between the proteins. The slices were boiled in the microwave in 1X citrate buffer (2,1
169 g citric acid and 500 pL Tween 20 in 1L PBS, pH 6) for five minutes at 100% and two times five
170  minutes at 80%. Afterwards, the slices were cooled down for 20 minutes and washed three times
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171  for five minutes with TBS. For BrdU IHC, sections were pretreated with 2N HCl at 37°C for 30
172  minutes to break the DNA and washed with 0,1M sodium borate (in AD) to neutralize HCI.
173  Sections were blocked for one hour at room temperature with 20% normal goat serum (Sigma-
174  Aldrich, S26) in Tris-NaCl blocking buffer (TNB). For IHC stainings involving the primary antibody
175  Goat anti-BLBP (Abcam, ab110099), blocking was performed with normal donkey serum (Sigma-
176  Aldrich, S30). Sections were stained over night with primary antibodies diluted in TNB at room
177  temperature, with the exception of the anti-HuC/D antibody, which was incubated at 4°C for 48
178 hours in Pierce Immunostain Enhancer (Thermo Fisher Scientific, 46644). Pierce Enhancer was
179 also used in triple IHC stainings and when the anti-L-plastin primary antibody (GeneTex,
180 GTX124420) was involved. The primary antibodies used were rabbit anti-SOX2 (1:1000, Sigma-
181  Aldrich, SAB2701800), mouse anti-HuC/D (1/200, Thermo Fisher Scientific, A-21271), mouse anti-
182  PCNA (1:500, Abcam, ab29), Goat anti-BLBP (1:1000, Abcam, ab110099), rat anti-BrdU (1:1000,
183  Abcam, ab6326), rabbit anti-L-plastin (1:400, GeneTex, GTX124420) and mouse anti-GS (1:1000,
184  Abcam, ab64613). Sections were washed with TBS three times for five minutes. Secondary
185 antibodies were stained at room temperature in TNB for two hours (Alexa-594, Alexa-488, Alexa-
186 305, 1:300, Thermo Fisher Scientific). In case of the anti-L-plastin IHC staining, a long
187  amplification was used, in which the secondary antibody is coupled to biotin (Goat anti-Rabbit-
188  biotin, 1:300 in TNB, Agilent Dako, E043201-8) and incubated for 45 minutes. After washing three
189 times for five minutes with TBS, Streptavidin-Cy5 (1/500 in TNB, Thermo Fisher Scientific,
190 SA1011) was added to the sections for two hours. For cell death detection, the TUNEL assay (In
191  Situ Cell Death Detection Kit, Fluorescein, Sigma-Aldrich, 11684795910) was used, following the
192  manufacturer’s instructions. Cell nuclei were stained with 4',6-diamidino-2-fenylindool (DAPI,
193  1:1000 in PBS, Thermo Fisher Scientific). Last, sections were covered with Mowiol solution and a
194  cover glass slide.

195  Microscopy

196  Sections were scanned for DiD positivity using Texas Red light with a confocal microscope
197  (FV1000, Olympus), to locate the injury site, even after neuroregeneration was completed. For
198 the quantification of IHC stainings and Cresyl Violet staining, a Zeiss (‘Axio Imager Z1’)
199 fluorescence microscope was used to photograph three sections per animal. For fluorescence
200  pictures the AxioCam MR R3 camera was used. For Bright field pictures, the Mrc5 color camera
201  was used. 20X Tile scans were taken and stitching was performed using the ZEN software (ZEN
202  Pro 2012, Carl Zeiss). For greater detail, 63X magnification pictures were taken using immersion
203  oil. Channels were equally intensified for all conditions using Adobe Photoshop SC5 (Adobe
204  Systems) for publication. Figure configurations were made with Adobe lllustrator (Adobe
205  Systems).

206 QUANTIFICATION AND STATISTICAL ANALYSIS
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207  Immunopositive cells were counted (Figure S4) and the injury area surface (mm?) was measured
208  (Figure S2) on three sections adjacent to the lesion site and compared with corresponding
209 sections of naive animals using respectively the cell counter plugin and polygon tool in Image J
210  (Fiji). An average of three sections was taken per animal for statistical analysis using GraphPad
211  Prism (version 8.2.1).

212  Data were analyzed by two independent observers and first tested for Gaussian normality and
213  homoscedasticity. If these assumptions were met, we used a parametric unpaired t-test (two
214  conditions) or one-way ANOVA (> two conditions), followed by Dunnett’s multiple comparisons
215  test to compare injured fish to naive fish for each age separately. If these assumptions were not
216  met, we used the non-parametric Mann Whitney test (two conditions) or Kruskal-Wallis test (>
217  two conditions), followed by Dunn’s multiple comparisons test. Two-way ANOVA was used to
218 compare young and aged fish at each time point, followed by Sidak's multiple comparisons test.
219 n represents the number of animals in each condition. All values are mean + standard error of
220 the mean (SEM). Means were statistically significantly different when p< 0,05.

221 Results
222 A stab-wound injury model to study neuroregeneration in the killifish pallium

223  Before studying neuroregeneration in the young and aged dorsal pallium of killifish, we first
224  introduced an easy-to-use and reproducible brain injury model. Stab-wound injuries have been
225  extensively characterized in the zebrafish telencephalon and effectively induce brain
226  regeneration (Ayari et al., 2010; Kroehne et al., 2011; Marz et al., 2011; Baumgart et al., 2012;
227  Kishimoto et al., 2012; Kyritsis et al., 2012; Barbosa et al., 2015). We chose to optimize a similar
228  injury model in the young adult (6 week-old) and aged (18 week-old) killifish telencephalon
229  (Figure S1A-B). Approaching the dorsal telencephalon through the nostrils was not possible
230  without damaging the large eyes, since the nostrils of the killifish are positioned more lateral
231 compared to zebrafish. Instead, the medial part of the right telencephalic hemisphere was
232  targeted from above, and a 33-gauge Hamilton needle was pushed through the skull,
233 approximately 500 um in depth (Figure S1C). The medial telencephalon lies in between the eyes,
234 which were used as visual landmarks. Skin and fat tissue cover the skull of the killifish and were
235 removed to visualize the skull of the fish. The procedure required an experienced hand and a
236  training period. Just prior to wounding, the needle was dipped in Vybrant DiD Cell-Labeling
237  Solution (Thermo Fischer) in order to permanently label the cells close to the injury site. This DiD
238 dye approach enabled reconstruction of the original injury site, even if complete recovery had
239  taken place, and the wounded area could no longer be distinguished from the surrounding tissue
240 by (immuno)histology (Figure S1D,E).

241
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242  Aging impairs tissue recovery after stab-wound injury

243  Standard histology revealed a packed blood clot that filled the injury site in the brain of young
244  adult and aged killifish immediately upon injury (Figure 1A,B). In ensuing weeks, the parenchyma
245  of the young adult telencephalon was able to structurally regenerate in a seamless fashion,
246  showing a normal distribution of cells even at the DiD-positive injury site, 23 to 30 days post
247  injury (dpi) (Figure 1C, see also Figure S1F). In aged killifish on the contrary, the parenchyma
248  showed a malformation, recognizable by swollen and irregularly-shaped cells and blood vessels
249  at 30 dpi. The malformation was reminiscent of a mammalian glial scar (Figure 1D, see also Figure
250 S1G). We tested if the scar tissue, only observed in aged killifish, was of glial nature. As the teleost
251 telencephalon is devoid of parenchymal astrocytes (Grupp et al., 2010), we probed for the
252  presence of microglia and the long bushy fiber of RGs (GS*) that span the entire parenchyma. At
253 23 dpi a cluster of L-plastin* microglia/macrophages was present at the injury site, co-localising
254  with the scar tissue and the DiD labeled cells in aged killifish. Even at 30 dpi, the
255  microglia/macrophage cluster was still present in aged injured killifish (Figure S1F-1) indicating
256  that the scaris likely permanent. We did not observe RG cell bodies at the scar tissue. However,
257  the GS*fibers of the RG were surrounding the glial scar, indicating that RGs were still involved in
258  glial scarring via the use of their bushy fiber.

259 In conclusion, stab-wound injury could effectively be applied to compare the regeneration
260  process between young and aged killifish brains. Aged killifish brain recovered incompletely and
261 showed signs of permanent glial scarring.

262 A high inflammatory response exacerbates tissue recovery in aged killifish

263  To be certain that the stab-wound injury created a comparable injury in young and aged animals,
264  we studied the temporal dynamics of the surface size of the injury using (immuno)histology
265  (Figure S2). One hour after injury, the size of the wound was comparable between young adult
266  andaged killifish. By 2 dpi, the injury size was enlarged in aged killifish, possibly due to differences
267  in cell death, arrival of inflammatory cells and edema (Figure 1E). By counting the number of
268 TUNEL* apoptotic cells we discovered that the aged, injured brain contained more TUNEL*
269  apoptotic cells than young adult fish already at 1 dpi (37+12,33 versus 15,33+4,659; P=0,0128).
270 It thus seems that in an aged injured environment, cells were more vulnerable to secondary
271  damage, which might be linked to an inflammatory state. Led by these results, we stained for the
272  microglia/macrophage marker (pan-leukocyte marker) L-plastin at 1 and 2 dpi. As expected, stab-
273  wound injury induced an acute inflammatory response reflected in an increased number of
274  microglia/macrophages at 1 and 2 dpi in injured fish compared to naive fish (uninjured controls)
275  (Figure 2). In addition, we detected more microglia/macrophages in aged, injured Kkillifish
276  compared to young adult, injured killifish, indicating a higher inflammatory response in aged
277  Killifish (Figure 2). This may explain the higher number of apoptotic cells seen at 1 dpi, as well as
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278  why the size of the injury site increases towards 2 dpi in aged killifish. In addition, a fraction of
279 these microglia/macrophages were PCNA* (Figure S3), and thus proliferating, which is in
280 accordance with reports on injury impact in zebrafish (Kroehne et al., 2011; Baumgart et al.,
281  2012).

282  Reactive proliferation is declined and delayed in aged injured killifish brains

283  For brain repair to be successful, new neurons should be generated from the available neuronal
284  progenitor cell (NPC) pool. We counted the number of activated NPCs (SOX2* PCNA*) and all NPCs
285  (SOX2*) in the dorsal ventricular zone (VZ) (Figure S4) in function of age and time post injury.

286  The percentage of dividing NPCs in the progenitor pool of aged naive fish was cleary lower than
287  in young fish (8,120%+1,048 versus 20,06%+3,486; P=0,0047, Figure 3), and this difference
288  persisted upon injury. In young killifish, the injury-induced proliferation of NPCs was significantly
289  higher than in aged killifish (at 2 dpi: 34,94%+3,824 versus 17,75%+2,629 repectively; P<0,0001,
290  Figure 3). The increase occured at 1 and 2 dpi, and declined back to normal levels from 5 dpi
291 onward. In the aged killifish the percentage was significantly higher at 2 dpi compared to naive
292  aged fish, but it did not even reach the baseline levels of the young adult killifish. These result
293  show that the capacity for NPC proliferation upon injury diminishes steeply with age, but that
294  aged killifish still retain some capacity for NPC reactive proliferation.

295  Reactive proliferation is mainly supported by NGPs and not RGs

296  The killifish dorsal telencephalon holds two classes of progenitors: NGPs and RGs (Coolen et al.,
297  2020). We therefore investigated which progenitor type supported reactive proliferation in our
298 injury model at 2 dpi, the time point at which reactive proliferation peaks independent of age
299  (Figure 3). By immunohistochemistry for SOX2, PCNA and BLBP, we could delineate the dividing
300 RGs (SOX2* PCNA* BLBP*) from the dividing NGPs (SOX2* PCNA* BLBP). Strikingly, we rarely
301 observed dividing RGs (approximately 3% of all NPCs) (Figure 4), although RG fibers did present
302 themselves with a swollen morphology after injury (Figure 4B’). Instead, we clearly observed
303 many dividing NGPs in the naive and injured dorsal VZ of young and aged killifish, showing that
304 NGPs are the most prominent cell type supporting adult neurogenesis in killifish (Figure 4). The
305 percentage of dividing NGPs among all NPCs was significantly lower in aged killifish compared to
306 young adult fish (Figure 4), both in naive animals (14,26%+1,328 versus 28,04%+1;569; P=0,0005)
307 and injured animals (22,5%+2,383 versus 43%%2,543; P<0,0001), demonstrating that adult
308 neuro(re)genesis declined upon aging.

309 Unlike in zebrafish, we provide evidence that injury-induced reactive proliferation of progenitors
310 is mainly supported by the NGPs in the killifish pallium. Of all dividing NPCs present in the young
311  injured adult VZ at 2 dpi, 93,49%+0,688 could be assigned to NGPs, while only 6,509%+0,688
312 were of RG type (Table S1). This is in sharp contrast to young adult injured zebrafish where
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313  86,5%+3,1% (n=4) of dividing cells represented RGs at 3 dpi (Kroehne et al., 2011). In the aged
314  injured killifish 87,72%%1,837 of all dividing NPCs were NGPs, while 12,28%+1,837 were RG (Table
315  S1). Aged injured killifish thus showed a higher percentage of dividing RG among all dividing cells
316 compared to young adult injured killifish. A similar observation was made for naive conditions
317 (Table S1). It appears that aged killifish try to compensate their reduced capacities by activating
318 the RG pool.

319 Taken together, killifish NGPs represent the most potent progenitor type driving the proliferative
320 response to injury, but their number declines significantly with age when RGs appear more
321  activated, albeit still low in repect to NGPs.

322 A declined number of newborn neurons reach the injury site in aged killifish

323  To elucidate if reactive NGPs lead to the production of newborn neurons that can migrate to the
324  injury site for replacement of the lost cell types, we designed a BrdU pulse chase experiment. In
325 between 1 and 2 dpi, when reactive proliferation is most intense (Figure 3), young and aged
326 injured and age-matched control (AMC) killifish where subjected to 16 hours of BrdU water,
327 labeling all cells passing through S-phase (Figure 5A). After a 21-day chase period, a time window
328 matching maximal recovery in young adult fish, we visualized the progeny of these cells via
329 immunostaining for BrdU and HuCD. HuCD is a pan-neuronal marker, expressed in both early
330 (immature) and late (mature) neurons (Kim et al., 1996; Kroehne et al., 2011). As such, BrdU*
331 HuCD* neurons, that represent the progeny of the dividing NGPs, were visualized at 23 dpi (Figure
332  5B).

333  Ourdatareveal impaired production and migration of newborn neurons in aged killifish at 23 dpi.
334 In naive fish, we could hardly detect newborn neurons that had migrated into the parenchyma
335 (10,94+3,303 for young adult and 3,571+0,566 for aged fish) (Figure 5C). Many newborn neurons
336 in the periventricular zone (PVZ) of the dorsal pallium and near the rostral migratory stream
337  (RMS) (Figure S4), migrate only 1-2 cell diameters away from the ventricular stem cell zones,
338  which is typical for constitutive neurogenesis in teleosts (Adolf et al., 2006; Grandel et al., 2006;
339  Rothenaigner et al., 2011). Injured killifish on the contrary, generated more newborn neurons
340 that migrated into the injured parenchyma. This number was significantly higher in young adult
341  Kkillifish than in aged killifish (46,97+8,017 versus 20,80+6,540; P=0,005) (Figure 5C).

342  Most likely the impaired replenishment of newborn neurons in aged injured animals is caused by
343  a declined production of neurons, yet also the failure of these neurons to migrate towards the
344  injury site through the aged non-permissive environment. Indeed, we confirmed that aged
345 injured killifish produce large numbers of newborn microglia/macrophages (BrdU* L-plastin®
346  cells) by 23 dpi (aged killifish: 30,33+5,88 versus young adult killifish: 4,933+1,087; P<0,0001),
347  what most likely contributes to an inflammatory non-permissive environment (Figure 5D,E).
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348  Aging hampers the replenishment of progenitors in the VZ after injury

349  Stab-wound injury disrupts the parenchyma of the dorsal telencephalon, but also the VZ. Hence,
350 the dorsal VZ needs to be replenished with newly generated NGPs and RGs. We applied BrdU
351 pulse chase labeling to investigate if dividing progenitors, labeled between 1 and 2 dpi, give rise
352  to new progenitors by 23 dpi, the time point where regeneration is complete in young adult fish
353  (Figure 6A). We zoomed in on the two major progenitor classes; (1) newly generated RGs (BrdU*,
354  BLBP*) and (2) newly generated dividing NGPs (BrdU*, PCNA*, BLBP"). The BrdU signal in highly
355 proliferative progenitors, which are NGPs, will be diluted with each cell division until the moment
356 when the BrdU signal gets lost. This assay thus rather describes the progeny of low proliferative
357  progenitors, that is the RGs in killifish. Indeed, in all conditions we found a larger number of newly
358 generated RGs than NGPs. RGs, labeled between 1 and 2 dpi, thus seem to generate new RGs via
359 gliogenic divisions. Whether RGs also gave rise to NGPs or vice versa remains elusive and an
360 interesting research question for future studies. Of note, we also detected a low number of BrdU*
361 cells in the VZ that were PCNA" and BLBP", which we thus could not identify as RG or NGP. We
362 however realize that these cells could possibly represent a quiescent progenitor type or newborn
363 neuroblasts, lying closely to the VZ.

364 Independent of the progenitor class, we observed that naive fish showed negligible amounts of
365 newborn RG and NGPs. In injured brains, clearly more newly generated progenitors are present
366 inthe dorsal VZ, albeit much less in aged fish compared to young adult fish (for newly generated
367 RG: 2,9+0,3636 versus 8,883+1,212; P<0,0001 and for newly generated NGP: 1,967+0,5686
368  versus 3,3+0,5925; P=n.s.) (Figure 6B,C).

369 Remarkable, the dividing progenitor pool was replenished to baseline levels during the 21 day
370 chase for each specific age (Figure S5). For both progenitor classes, a similar number of dividing
371  cells was observed compared to their respective AMCs (Figure S5). Aged fish however still had a
372  lower number of dividing NGPs at 23 dpi compared to young adult animals. The number of
373  dividing RGs was very low for both ages.

374  Taken together, these results indicate that aged killifish are less efficient in replenishing the
375 dorsal VZ after stab-wound injury compared to young adult killifish. Furthermore, generation of
376 neurons and progenitors does not exhaust the available dividing progenitor pools during a short
377 21 day chase period, suggesting a great capacity of killifish for progenitor cell self-renewal and
378 neuro(re)genesis. This capacity was again higher in young adult killifish.

379 Discussion

380 We designed and benchmarked an easy-to-use and adequate TBI model to study
381 neuroregeneration and uncover the impact of aging on brain repair in the fastest-aging teleost
382 laboratory species, N. furzeri. We discovered an age-related decline in proliferation as well as
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383 injury-related proliferative response of neurogenic progenitors. The NGP population is most
384 active and responds most prominently to injury. Glial scarring and a strong, localized
385 inflammatory reaction also typify the aged condition post-injury, while young adult brains
386 regenerate in a seamless manner. Taken together, our results provide a validated animal model
387  for future studies to unveil underlying mechanisms driving the loss of full neuroregenerative
388  capacity upon aging.

389  Stab-wound injuries are reliable, effective injury models and require no specialized equipment,
390 which makes them applicable in a broad range of laboratories. They are also very practical to
391 study a vast array of pathological conditions, since they elicit a clear multicellular read-out, e.g.
392  disruption of the blood brain barrier (BBB), inflammation, astrogliosis. Stab-injuries are often
393  used in mice as TBI model, e.g. Balasingam et al., 1994; Allahyari et al., 2015; Frik et al., 2018;
394  Hashimoto et al., 2018; Mattugini et al., 2018. They have also been extensively characterized in
395 the zebrafish telencephalon (Ayari et al., 2010; Kroehne et al., 2011; Marz et al., 2011; Baumgart
396 et al., 2012; Kishimoto et al., 2012; Kyritsis et al., 2012; Barbosa et al., 2015). The benefit of
397 translating this model to the killifish is the implementation of the factor age to investigate its
398 influence on the high neuroregenerative capacity, typically associated with teleost species.
399  Surgery can be performed under 5 minutes, no specialized equipment is required and since
400 teleost fish are regenerative-competent vertebrates, full recovery is established within 23-30
401 daysin young adult killifish (data presented here) and adult zebrafish (Ayari et al., 2010; Kroehne
402 etal., 2011; Kishimoto et al., 2012).

403 The current study provides evidence that the killifish telencephalon is subjected to age-
404  associated stem cell exhaustion, one of the 9 hallmarks of aging (Lopez-Otin et al., 2013). Farr
405 less proliferating progenitors, newborn neurons and newly generated progenitors were counted
406 in aged killifish, even after injury, which is in line with other reports in killifish (Tozzini et al., 2012)
407  and zebrafish (Edelmann et al., 2013; Bhattarai et al., 2017). The most striking difference to other
408 teleosts is that the reactive proliferation is related to the atypical NGPs in killifish, instead of the
409 typical RGs that support zebrafish neuroregeneration (Kroehne et al., 2011; Baumgart et al.,
410 2012). RG division is very low in killifish, even after injury. It was recently discovered that RGs
411 enter a Notch3-dependent quiescence already in larval stages (Coolen et al., 2020). Whenever
412  these RGs are reactivated, their division is mainly of gliogenic nature (Coolen et al., 2020). The
413  low division of RGs in the killifish brain is reminiscent of adult neural stem cells (NSCs) in the SGZ
414  and SVZ of mice. Here, GFAP* NSCs are mostly quiescent and use predominately asymmetric
415  divisions to create a new NSC and a transient amplifying progenitor. They can however also use
416  symmetric divisions for self-renewal (reviewed in Daynac et al., 2017). Indeed, we and others
417  discovered that killifish RGs, are mostly quiescent, have low division potential and can also self-
418 renew (Coolen et al., 2020).Whether killifish RGs can also generate NGPs via asymmetric division
419  the way mammalian NSCs create transit amplifying cells remains however elusive. There are
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420 some similarities between NGPs and mammalian transient amplifying progenitors. Both
421  progenitor types have a higher division rate compared to NSCs/RGs and are responsible for the
422  production of newborn neurons (neuroblasts) (Daynac et al., 2017; Coolen et al., 2020). In the
423  SVZ, generation of neurons happen via symmetric divisions, directly creating two neuroblasts
424  from one transit amplifying progenitor (Daynac et al., 2017). NGPs on the contrary, also appear
425  to have a lot of self-renewing capacity (Coolen et al., 2020). As such, NGPs might represent a
426  separate progenitor lineage, created early in brain development, that is self-sustainable while
427  the RGs become quiescent upon adulthood. In the present study we also discovered that the
428 percentage of dividing RGs among all dividing cells was doubled in aged killifish, although still low
429 in respect to the percentage of dividing NGPs. We hypothesise that when NGPs become
430 exhausted with increasing age, more RGs become activated as a replenishing strategy. This would
431  imply that RGs give rise to NGPs, which remains unexplored to date. Taken together, our results
432  urge for dedicated lineage tracing from these two progenitor pools. Insights into the self-renewal
433  capacities of both progenitor types might unravel key concepts of stem cell biology and division
434  mode necessary for successful neuroregeneration.

435 Notwithstanding the low percentage of dividing progenitors, aged killifish are still able to produce
436  a neurogenic response upon injury. They generate a considerable number of newborn neurons,
437  albeit much less than young adult killifish. Few neurons reach the injury site in the parenchyma,
438  suggesting migration is also impacted by aging. It remains to be investigated if these neurons are
439  still capable of maturing and integrating in the existing aged circuit, and if some degree of
440 improved functional outcome can be established. The massive surge in microglia/macrophages
441  attheinjury site in aged killifish, likely creates chronic inflammation and renders the parenchyma
442  unsuitable for neuron migration, maturation and integration, or may even drive the newborn
443  neurons into apoptosis. This is similar to mammals, in which a large portion of the injury-induced
444  neurons will die due to the pathological environment (Turnley et al., 2014; Grade et al., 2017).
445  We predict the chronic inflammation to be partly caused by influx of blood-derived macrophages.
446  Aging renders the BBB weak, enabling more macrophages to pass the BBB in aged brains
447  (Montagne et al., 2015; Verheggen et al., 2020). This will increase the inflammatory response and
448  exacerbate damage. Also in the aged zebrafish telencephalon, increased numbers of ramified,
449  but not round, microglia were discovered after amyloidosis (Bhattarai et al., 2017).

450  Aged Kkillifish also showed glial scarring at the injury site, which is — to our knowledge — never
451  whitnessed before in other regeneration studies working with telencephalic injuries in teleosts
452  (Kroehne et al., 2011; Baumgart et al., 2012; Edelmann et al., 2013; Bhattarai et al., 2017). In
453  mammals, the glial scar acts as a physical barrier consisting of reactive astrocytes, NG2 glia and
454  microglia. On the one hand, the glial scar preserves tissue integrity by repairing the BBB and
455  blocking the influx of fibrotic cells and blood-derived macrophages. On the other hand, the scar
456  represents a physical barrier for axonal outgrowth, thereby restricting neural circuit integration
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457  andoverall brain repair (reviewed in Adams et al., 2018). We hypothesize that also in aged injured
458  Kkillifish, the glial scar is preventing newborn neurons to integrate and thereby impedes successful
459  brain recovery. Interestingly, the presence of RG fibers, expressing high amounts of GS, suggests
460 a function of RGs in glial scar formation. GS is known to convert glutamate into glutamine,
461 reducing toxic extracellular glutamate levels (Zou et al., 2010). Its presence at the glial scar could
462 indicate that high glutamate toxicity levels were still present in aged killifish. The cells
463  surrounding the scar tissue indeed had a swollen morphology, typical for cytotoxicity (Liang et
464  al., 2007).

465  Since our data predict that RGs do not support the production of new neurons in the killifish
466  brain, the question remains what role RGs play after injury. At 2 dpi, RG fibers appeared swollen
467 in aged injured killifish, suggesting that the RGs do respond to the insult. Considering that many
468  of the mammalian astrocyte-specific genes (GLT-1, BLBP, GS, GLAST, aldh1l1, GFAP, Vimentin,
469  S100pB) are also expressed by teleost RGs (Ganz et al., 2010; Marz et al., 2010; Chen et al., 2020;
470 Coolen et al., 2020), a similar function is highly likely. In mammals, RGs act as neural stem cells
471  early in development and support neurogenesis. Later on, most RGs leave the ventricular zone —
472  the mammalian stem cell zone — and become star-shaped astrocytes (reviewed in Kriegstein et
473  al., 2009). ‘Star-shaped astroglia’ have previously been described in the zebrafish spinal cord
474  (Kawai et al., 2001), but are are yet to be found in the teleost telencephalon. New evidence was
475  recently provided that teleost ‘astroglia’ resemble mammalian astrocytes more than once
476  thought. In the larval zebrafish spinal cord they are in close association with synapses, exhibit
477  tiling and calcium signaling dynamics and have a long bushy morphology that expands during
478  development (Chen et al., 2020). In the zebrafish larval brain, interplay between astroglia and
479 neurons during epileptic seizures was discovered, as well as large gap junction-coupled glial
480 networks (Diaz Verdugo et al., 2019). It thus seems that teleost RGs keep their developmental
481 morphology into adulthood, but adopt several functions typically associated with mammalian
482  protoplasmic astrocytes (Wahis et al., 2021). This might also explain why teleosts have such
483 impressive regenerative abilities as their astroglia resemble more the ‘developmental’
484  mammalian RGs, which makes them highly neurogenic into adulthood. The Kkillifish thus
485  represents a promising vertebrate model to unravel the function of the teleost ‘astroglia’ because
486 the delineation between RG stem cell properties and astrocyte-properties seems more
487  distinguished than in other teleost models. How these killifish ‘astroglia’ respond to injury and,
488 interestingly, behave upon brain aging, are intriguing research questions for the future.

489  Altogether, we expose the aged killifish to model low regenerative abilities similar to adult
490 mammals. The aged neuroregenerative response is characterized by glial scarring, secondary
491 damage, aggravating inflammation, reduced proliferation of stem cells and reduced production
492  of new neurons. Our model will therefore be highly useful to elucidate how to reverse the aging
493  state of the brain in order to reinstate a high neuroreparative strategy as occruing in young adult

14


https://doi.org/10.1101/2021.02.26.433041
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.26.433041; this version posted February 27, 2021. 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-NC-ND 4.0 International license.

494  Kkillifish. Such insights will hopefully play a pivotal role in boosting neurorepair in mammals in the
495  near future.
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so8 List of abbreviations

509 AMC: age-matched control

510 BBB: brain blood barrier

511  BLBP: brain lipid-binding protein
512  CNS: central nervous system

513  dpi: days post injury

514  GFAP: glial fibrillary acidic protein
515  GS: glutamine synthetase

516  hpi: hours post injury

517 NGP: non-glial progenitor

518 NPC: neuronal progenitor cell

519 NSC: neuronal stem cell

520 PCNA: proliferating cell nuclear antigen
521  PVZ: periventricular zone

522  RG: radial glia

523  RMS: rostral migratory stream

524  SGZ- subgranular zone

525  SOX2: SRY-box transcription factor 2
526  SVZ: subventicular zone

527  TBI: traumatic brain injury
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528 TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
529  VZ:ventricular zone
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753  Figure 6

754  Figure legends

755  Figure 1: Aging impairs tissue recovery after brain injury

756  (A-D) Cresyl violet stainings of coronal sections illustrate the injury site and tissue recovery after
757  braininjury in the telencephalon of young killifish (A,C) and of aged killifish (B, D). At 30 dpi, the
758  aged telencephalon still shows a tissue scar in the parenchyma (arrowhead in D’), while the

759  young telencephalon has no visible injury anymore. Of note, cells near the tissue scar appear
760  swollen (D’). Scale bar in A-D: 50 um. Scale bar in A’-D’: 20 um.

761  (E) Quantification of the injury surface area (in mm?2) measured at 1 hpi and 1, 23, 30 dpi, in
762  young adult and aged killifish. At 1 hpi the injury size is similar between young adult and aged
763  Kkillifish, towards 2 dpi the injury is significantly enlarged in aged fish. In addition, the injury is
764  still visible at 23 and 30 dpi, time points at which young adult fish demonstrate extensive

765  structural recovery.

766  (F) Countings of the absolute number of TUNEL* apoptotic cells detected in the injured

767  telencephalon at 1, 2 and 5 dpi reveal that apoptosis is significantly larger in aged fish at 1dpi.
768  *p<0,05; Two-way ANOVA, followed by Sidak's multiple comparisons test. Values are mean +
769  SEM; n24. hpi: hours post injury, dpi: days post injury. Pictures of coronal brain sections in (A,
770  B,C,D) are also shown in Figure S2 to illustrate how the injury surface area was measured, and
771  in Figure S1 to visualize the DiD crystals and glial scarring at the site of injury.

772  Figure 2: The injury-induced inflammatory reaction is larger in the aged brain

773  (A) Staining for L-plastin (red) with DAPI (blue) on coronal brain sections of young adult and
774  aged killifish in naive conditions and at 2 dpi. Boxed areas are magnified in (A’-D’). A more

775  pronounced increase in L-plastin* inflammatory cells is observed for aged than young adult
776  injured fish. (A’-D’) Higher magnification of individual L-plastin* microglia/macrophages are
777  presented in the right bottom corner. Scale bars in (A) and (A’-D’): 100 um. Scale bars of boxed
778 areasin A’-D’: 10 um.

779  (B) Absolute number of L-plastin* microglia/macrophages in young adult and aged telencephali
780 in naive conditions and at 2 dpi. Both young adult and aged killifish show a significant increase
781 ininflammatory cells early after brain injury, but the number of microglia/macrophages is

782  significantly higher in aged fish at 1 and 2 dpi when compared to young adult individuals.

783  *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001; One-way ANOVA is used to compare naive fish
784  toinjured fish. Young: parametric one-way ANOVA, followed by Dunnett’s multiple

785  comparisons test. Aged: non-parametric Kruskal-Wallis test, followed by Dunn’s multiple

786  comparisons test. Two-way ANOVA is used to compare young and aged fish, followed by Sidak's
787  multiple comparisons test. Values are mean + SEM; n>5. dpi: days post injury.
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788  Figure 3: Aging diminishes neural progenitor cell proliferation in the ventricular zone of the
789 killifish telencephalon, in naive conditions and in response to injury

790 (A, B) Double staining for SOX2 (magenta) and PCNA (green) with DAPI (blue) on coronal

791  sections of young and aged killifish in naive conditions and at 1 dpi. The dashed lines encircle
792  thessite of injury filled with blood cells that autofluoresce in the green channel. (B)

793  Magnifications of the boxed areas in A: Young adult killifish have a higher percentage of

794  proliferating progenitor cells (SOX2* PCNA* cells, arrowheads) in the VZ compared to aged fish.
795  Scale barsin A: 100 um. Scale bars in B: 10 um.

796  (C) Proportion of double-positive SOX2* PCNA* dividing progenitor cells among SOX2* cells (all
797  progenitor cells) in young adult and aged telencephali in naive conditionsand at 1, 2,5, 9, 12
798 and 23 dpi. At all time points investigated, young adult fish have a higher capacity for

799  progenitor proliferation than aged fish. Interestingly, for both ages progenitor proliferation
800 peaks at 2 dpi. *p<0,05, **p<0,01, ****p<0,0001; One-way ANOVA is used to compare naive
801 fish to injured fish, followed by Dunnett's multiple comparisons test. Two-way ANOVA is used
802 to compare young and aged fish at each time point, followed by Sidak's multiple comparisons
803  test. Values are mean = SEM; n>5, except for aged, 9 dpi: n=4. VZ: ventricular zone, dpi: days
804  postinjury.

805  Figure 4: Aging reduces the proportion of dividing specialized NGPs, but not dividing common
806 RGs

807  (A) Triple staining for BLBP (magenta), PCNA (green) and SOX2 (blue) on coronal sections of
808  young adult and aged killifish in naive conditions and at 2 dpi. The dashed lines encircle the site
809  ofinjury filled with blood cells that autofluoresce in the green channel. Boxed areas are

810 magnified in (A’-D’). White arrowheads depict triple positive BLBP* SOX2* PCNA* dividing RGs,
811  while turquoise arrowheads mark double positive BLBP- SOX2* PCNA* dividing NGPs. (C’)

812  Thicker RG fibers are noticed in young, injured fish (white arrow in B’), indicative for glial

813  activation. Young adult killifish clearly have more dividing NGPs compared to aged fish. In

814  addition, dividing RGs are only observed in small amounts in the VZ. Scale bars in (A): 100 um.
815  Scale barsin (A’-D’): 10 um.

816  (B) Proportion of BLBP* SOX2* PCNA* dividing RG and BLBP~ SOX2* PCNA* dividing NGPs over all
817  SOX2* cells (all progenitor cells) in the VZ of young and aged telencephali in naive conditions
818 and at 2 dpi. Reactive progenitor proliferation is mainly supported by specialized NGPs and is
819  highest in young adult killifish. Aged killifish have significantly lower percentages of dividing
820 NGPs in both naive and injured conditions. *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001;

821  Unpaired t-test is used to compare naive fish to injured fish. Two-way ANOVA is used to

822  compare young and aged fish, followed by Sidak's multiple comparisons test. Values are mean +
823  SEM; n>5. RG: radial glia, NGP: non-glial progenitor, VZ: ventricular zone, dpi: days post injury.
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824  Figure 5: Aged killifish generate less newborn neurons but more newborn

825  microglia/macrophages in the parenchyma of the telencephalon compared to young ault

826 Kkillifish

827  (A) Experimental set up: Day 0: time of a stab-wound injury; From 1 to 2 dpi: injured fish and
828 AMCs are placed in BrdU water for 16 hours: BrdU will be incorporated in the DNA of dividing
829  cells and passed on to the progeny upon each cell division. 23 dpi: regeneration is completed in
830 vyoung fish, all brain samples of young and aged, AMC and injury conditions are collected for cell
831  analysis (as illustrated in B-E).

832  (B) Double staining for BrdU (magenta) and HuCD (green). Boxed areas are magnified in (B’,C’).
833  White closed arrowheads depict double positive BrdU* HuCD* newborn neurons; open

834  arrowheads indicate newborn single positive BrdU* cells of unknown cell type. While the BrdU
835  signal overlaps with HUCD (neuronal marker) in young adult killifish, representing newborn

836  neurons, aged killifish mostly have BrdU positive cells lying next to HuCD* neurons, suggesting
837  these cells are another cell type. Scale bars in (B): 100 um. Scale bars in (B’,C’): 10 um.

838  (C) Number of BrdU* HUCD* newborn neurons near the RMS of the subpallium, in the PVZ of
839  the dorsal pallium, and in the parenchyma. In the parenchyma, significantly lower numbers of
840 newborn neurons are present in aged injured fish compared to young adult injured fish.

841 (D) Number of BrdU* L-plastin* newborn microglia/macrophages in the parenchyma. Aged

842 injured fish generate large numbers of newborn microglia/macrophages by 23 dpi. *p<0,05,
843  **p<0,01, ****p<0,0001; Unpaired t-test or non-parametric Mann Whitney test is used to

844  compare AMC to 23 dpi fish. Two-way ANOVA is used to compare young and aged fish,

845  followed by Sidak's multiple comparisons test. Values are mean + SEM; n>5.

846  (E) Double staining for BrdU (green) and L-plastin (magenta). Boxed areas are magnified in the
847  right corner of each panel. A cluster of L-plastin* microglia/macrophages is visible in the

848  parenchyma of aged injured fish, but not in young injured fish, at 23 dpi. White closed

849  arrowhead depicts a BrdU* L-plastin* newborn microglia/macrophages, inside this cluster. The
850 open arrowhead points to a green autofluorescent blood cell recognizable by its oval shape and
851  visible nucleus. Scale bars in (E): 100 um. Scale bars of boxed areas: 10 um. 16h: 16 hours, AMC:
852  age-matched control, RMS: rostral migratory stream, PVZ: periventricular zone, dpi: days post
853  injury.

854  Figure 6: Aging hampers the replenishing of progenitors in the VZ after injury

855  (A) Experimental set up: Day 0: time of a stab-wound injury; From 1 to 2 dpi: injured fish and
856  AMCs are placed in BrdU water for 16 hours: BrdU will be incorporated in the DNA of dividing
857  cells and passed on to the progeny upon each cell division. 23 dpi: regeneration is completed in
858  young fish, all brain samples of young and aged, AMC and injury conditions are collected for cell
859  analysis (as illustrated in B).

860  (B) Triple staining for BLBP (blue), BrdU (magenta) and PCNA (green). Boxed areas are

861  magnified in (A’-D’). White arrowheads depict double positive BLBP* BrdU* newly generated
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862  RGs. Turquoise arrowheads mark double positive BLBP- BrdU* PCNA* newly generated NGPs.
863 Newly generated RGs, and to a lesser extent newly generated NGPs, are produced after injury
864  inthe VZ. Scale bars in (B): 100 um. Scale bars in (A’-D’): 10 um.

865  (C) Number of BLBP* BrdU* newly generated RGs and BLBP" BrdU* PCNA* newly generated NGPs
866 inthe VZ of young and aged telencephali in naive conditions (AMC) and at 23 dpi. Significantly
867 more newly generated progenitors are produced after injury. Young adult fish create

868  significantly more newly generated RGs compared to aged killifish at 23 dpi. This difference is
869  not significant for newly generated NGPs. *p<0,05, **p<0,01, ****p<0,0001; Unpaired t-test or
870  non-parametric Mann Whitney test is used to compare AMC to 23 dpi fish. Two-way ANOVA is
871  used to compare young and aged fish, followed by Sidak's multiple comparisons test. Values are
872  mean £ SEM; n25. RG: radial glia, NGP: non-glial progenitor, AMC: age-matched control, VZ:
873  ventricular zone, dpi: days post injury, nGen: newly generated.

874  Supplementary figure legends

875  Supplementary figure 1: Research methodology and glial scarring

876  (A) Survival curve of N. furzeri females (strain GRZ-AD), housed in a Tecniplast ZebTEC multi-
877  linking aquarium system (n=48). 6 week-old killifish are chosen as young adult based on 100%
878  survival rate and having reached sexual maturity. 18 week-old killifish are chosen as aged based
879 on 76,6% survival rate and showing phenotypic aging hallmarks (illustrated in B).

880 (B) Photographs of a young adult (6 week-old) and aged (18 week-old) N. furzeri females (strain
881 GRZ-AD). Aged females show phenotypic aging hallmarks, such as a spinal curvature and

882  protrusion of the lip (arrowheads).

883  (C) Schematic of the stab-wound injury method. After removing skin above the skull, a 33-gauge
884  Hamiliton needle is pushed into the medial zone of the right telencephalic hemisphere. The
885 needle is dipped in DiD solution (red), which labels the membranes of cells around the injury
886  site (illustrated in D,E).

887  (D-K) The injury site can be found by scanning sections for DiD-positivity (red crystals) after

888  cryosectioning, for example at 30 dpi. (D,F,H, J) Adjacent coronal sections of a young adult

889 killifish telencephalon. (D) The DiD dye is still visible at 30 dpi. (F) Cresyl violet staining shows
890 that the tissue of the young adult fish is structurally regenerated. (H) No glial scar (or

891 malformation) is visible after staining for L-plastin* microglia/macrophages in the young adult
892  brain at the site of injury. (J) Gs* RG fiber distribution is normal in young adult fish at 30 dpi.
893 (E,G,l) Adjacent coronal sections of an aged killifish telencephalon. (E) The DiD dye clearly

894  marks the injury site at 30 dpi. (G) Cresyl violet staining shows tissue scarring (arrowhead in G’),
895 indicative for incomplete repair. () Signs of glial scarring are visible after staining for L-plastin*
896  microglia/macrophages in the aged brain at the site of injury. (K) Gs* RG fibers are in close

897  contact with the glial scar (arrowhead in K’).
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898 (D’,F’,F’,G’,H’,I’) are magnifications of the boxed area in (D,E,F,G,H,|) respectively. Scale bars in
899  D-I: 100 um. Scale bars in D’-I': 50 um. dpi: days post injury.

900 Supplementary figure 2: Methodology of injury surface area measurements

901 InImagel (FII) the scale is set and a polygon is drawn around the injury site with the polygon
902 tool (blue line). Imagel calculates the surface of the polygon. At early stages, the injury site is
903 visible by a blood clot and the borders of this clot are taken as the injury borders (young, aged
904  at 1 dpi, scale bars: 50 um). In later stages, only a malformation of the parenchymal tissue is
905 visible (aged 30 dpi, scale bar: 50 um). In this case, the borders of this malformation are taken
906  asthe injury borders (lllustrated in the inset of aged 30 dpi, scale bar: 20 um).

907  Supplementary figure 3: Injury induces proliferation of microglia in young and aged fish

908 (A) Double staining for L-plastin (magenta) and PCNA (green) with DAPI (blue) shows

909 proliferating microglia/macrophages (arrowhead) on coronal sections of young and aged

910 killifish at 2 dpi. Scale bars: 10 um.

911 (B) Absolute number of double positive L-plastint PCNA* proliferating microglia/macrophages in
912  young adult and aged telencephali in naive conditions and at 1 and 2 dpi.

913  Microglia/macrophages start proliferating early after injury in the killifish telencephalon.

914  Significantly higher levels of proliferating microglia/macrophages are observed at 1 and 2 dpi
915 for both ages. This activation is slightly more pronounced but highly variable in aged killifish
916 compared to young adult fish. *p<0,05, **p<0,01; One-way ANOVA is used to compare naive
917  fish to injured fish for each. Young: parametric one-way ANOVA, followed by Dunnett’s multiple
918 comparisons test. Aged: non-parametric Kruskal-Wallis test, followed by Dunn’s multiple

919  comparisons test. Two-way ANOVA is used to compare young and aged fish, followed by Sidak's
920 multiple comparisons test. Values are mean + SEM; n>5.

921  Supplementary figure 4: Counting method

922  Schematic view of the different regions in which different types of cells are counted in the right
923  telencephalic hemisphere. VZ: ventricular zone, PVZ: periventricular zone, RMS: rostral

924  migratory stream, RG: radial glia, NGP: non-glial progenitor. Created with BioRender.com.

925  Supplementary table 1: Percentages of dividing RGs and NGPs among the total amount of
926 dividing progenitors differ between young adult and aged killifish

927 Independent of injury, aged killifish display more dividing RGs in regard to the total amount of
928  dividing progenitors compared to young adult fish. *p<0,05; Unpaired T-test is used to compare
929  the percentage of dividing RGs or NGPs among all dividing progenitors between young adult
930 and aged killifish. Values are mean + SEM; n>5.

931 Supplementary figure 5: The dividing progenitor pool is not depleted within a short period
932  afterinjury
933  (A) Absolute number of BLBP* PCNA* dividing RGs and (B) BLBP- PCNA* dividing NGPs in the VZ
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934  of young and aged telencephali in naive conditions (AMC) and at 23 dpi. Even after the

935  production of neurons, the number of dividing RGs and NGPs is respectively similar or increased
936  at 23 dpi compared to AMCs. This suggests that killifish replenish the proliferative stem cell

937  pool after injury. *p<0,05, **p<0,01, Unpaired t-test or non-parametric Mann Whitney test is
938  used to compare AMC to 23 dpi fish. Two-way ANOVA is used to compare young and aged fish,
939 followed by Sidak's multiple comparisons test. Values are mean + SEM; n>5. RG: radial glia,

940 NGP: non-glial progenitor, AMC: age-matched control, VZ: ventricular zone, dpi: days post

941  injury.

942
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