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Abstract

Severe hypoxia results in complete loss of central nervous system (CNS) function in mammals, while several other
vertebrates, such as zebrafish, can regenerate after hypoxia-induced injury of CNS. Since the cellular mechanism involved
in this remarkable feature of other vertebrates is still unclear, we studied the cellular regeneration of zebrafish brain,
employing zebrafish embryos from transgenic line huORFZ exposed to hypoxia and then oxygen recovery. GFP-expressing
cells, identified in some cells of the CNS, including some brain cells, were termed as hypoxia-responsive recovering cells
(HrRCs). After hypoxia, HrRCs did not undergo apoptosis, while most non-GFP-expressing cells, including neurons, did.
Major cell types of HrRCs found in the brain of zebrafish embryos induced by hypoxic stress were neural stem/progenitor
cells (NSPCs) and radial glia cells (RGs), that is, subtypes of NSPCs (NSPCs-HrRCs) and RGs (RGs-HrRCs) that were
induced by and sensitively responded to hypoxic stress. Interestingly, among HrRCs, subtypes of NSPCs- or RGs-HrRCs
could proliferate and differentiate into early neurons during oxygen recovery, suggesting that these subtype cells might play
a critical role in brain regeneration of zebrafish embryos after hypoxic stress.
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Introduction The her4.1-positive ventricular radial glia progenitor cells
are involved in neuronal regeneration in the stab lesion of
zebrafish brain’. In addition to radial glia cells (RGs), nonglia
progenitors are also involved in nerve repair after external
brain injury. Zebrafish brain injury occurs both externally and
internally. Upon external brain injury, neuronal progenitors are
recruited to the injuried site, resulting in generating additional
neurons during regeneration'®!!, This report suggests that neu-
ronal progenitors and her4.-positive ventricular radial glia

Regeneration of the central nervous system (CNS) in the
mammalian system is quite limited. However, zebrafish are
capable of neurogenesis and regeneration of adult brain'=.
Traumatic injury in the adult zebrafish brain leads to
increased proliferation of neural stem cells without inducing
glial scars®. Moreover, Gan et al* found that microglia can
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progenitor cells are involved in neuronal regeneration after
external brain injury. Most regenerative cells are derived from
the regions of constitutive neurogenesis'>!*. Alzheimer’s dis-
ease is an example of internal brain injury. The Alzheimer’s
disease zebrafish model revealed that amyloid toxicity, which
causes symptoms of Alzheimer’s disease in fish brain, is simi-
lar to that in human brain'. In the adult zebrafish, neural stem
cells proliferate, form new neurons, and integrate into the
remaining circuitry'>. Thus, a group of neural stem cells and
glia cells are induced in the damaged brain to promote the
repair and regeneration of internal brain injury.

A zebrafish transgenic line /uORFZ harbors a DNA con-
struct in which the upstream open reading frame (#ORF)
sequence from human CCAAT/enhancer-binding protein
homologous protein gene (chop; huORF"P) was fused with
GFP reporter at downstream (huORF**’—gfp) driven by a
cytomegalovirus promoter!'®. The translation of transgenic
huORF"P—gfp mRNA is mediated by the AuORF*"’ motif.
At the normal condition, the translation of downstream GFP
is completely repressed by the inhibitory uORF motif.
However, at the stress condition, increased Endouc ribonu-
clease disrupts the inhibitory structure of huORF"? motif in
a manner that allows the translation of downstream GFP
reporter'’. In this study, when huORFZ embryos were
exposed to hypoxic stress, we found that some cell subtypes
in the CNS could sense and respond to this stress such that
the downstream GFP was, in turn, only apparent in these spe-
cific subtype cell populations.

When huORFZ embryos were exposed to hypoxic stress,
Zeng et al'® previously reported that a population of GFP-
expressing cells, named as hypoxia-responsive recovering
cells (HrRCs), was also found in the spinal cord. However, the
biological characteristics of HrRCs found in the spinal cord
may not be similar to those found in the brain. Furthermore,
the functional role of HrRCs induced by hypoxic stress in the
brain remains to be fully characterized. In this study, we deter-
mined that neural stem/progenitor cells (NSPCs) and RGs
comprise the major cell type among HrRCs present in the
brain after CNS injury. It was also determined that the NSPCs-
HrRCs and RGs-HrRCs subtypes play a major role in neuro-
nal regeneration in the zebrafish brain after hypoxic stress.

Materials and Methods

Ethics Statement

The animal protocol, which was strictly followed in this study,
was reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC), National Taiwan University,
Taiwan, with approval number NTU-102-EL-19.

Zebrdfish

Zebrafish (Dario rerio) wild-type (WT) AB strain and trans-
genic line huORFZ'® were maintained in 28.5°C water and
exposed to a 14/10-h light/dark cycle. Embryo medium (EM)

was replaced by fresh medium containing 0.003% 1-phenyl-
2-thiourea at 24 hpf to reduce pigmentation.

Hypoxic Exposure of Zebrafish Embryos From
Transgenic Line huORFZ

A hypoxic environment was established in the medium used
to incubate zebrafish embryos. Following the method previ-
ously described by Zeng et al'®, an influx of nitrogen gas was
forced into embryonic medium to generate the final O,/N,
ratio that reached to 5% O, and 95% N,. The same strategy
of this approach was also reported by Khaliullina-Skultety
et al. Under the specific 5% O, hypoxic stress, we studied the
response of zebrafish brain'®. Briefly, 80 ml of EM at pH 5.8
was placed in a 100-ml serum bottle capped with a rubber
stopper having a glass tube and kept at 28°C for 10 min, fol-
lowed by pumping 99% nitrogen for 5 min to make deoxy-
genated EM. Plastic wrapping was affixed to prevent water
spillage. When 100 zebrafish embryos had developed at 72
hpf, they were transferred to a 3-cm Petri dish filled with
freshly deoxygenated EM, sealed tightly with three layers of
paraffin, and kept at 28°C for 2.5 h. After that, the hypoxia-
exposed larvae were collected, along with replacement of
fresh EM, and kept at 28°C for the following experiments.

Immunostaining of Embryos

The immunostaining pattern of embryos was observed under
a Zeiss LSM 780 confocal microscope. Primary antibodies
were prepared from mouse, including anti-Gfap (RG marker)
at 1:200 (Millipore), anti-HuC/HuD (early neuron marker) at
1:500 (Invitrogen), and rabbit polyclonal primary antibody
against Phospho-Histone H3 Ser10 (Millipore) at 1:200 dilu-
tion. Secondary antibodies were goat anti-rabbit or anti-
mouse Cy3-conjugated fluorescence at 1:500 (Millipore).
Nuclei were counterstained with 4',6-diamidino-2-phenylin-
dole (DAPI) at 1:1000 (Sigma).

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling (TUNEL) Assay

Whole-mount TUNEL staining in whole zebrafish embryos
(Roche) was used following the manufacturer’s instructions.
Briefly, zebrafish larvae were fixed in 4% paraformaldehyde
at 4°C overnight and then rinsed twice with PBS. Endogenous
peroxidases were blocked by incubation in 3% hydrogen per-
oxide in methanol for 15 min at room temperature. After
washing with Phosphate-buffered saline (PBS), the treated lar-
vae were incubated with 90-ul labeling solution plus 10-pl
enzyme solution at 37°C for 2 h. After washing with Phosphate-
buffered saline with 0.1% Tween 20 detergent (PBST) for 5
min, images were examined by confocal microscopy.

Labeling and Tracing of 5-Bromo-2’-Deoxyuridine
(BrdU)

We followed the method described previously by Huang
et al®, The larvae were maintained for 12 h in aquarium



Zeng et al

water containing 10-mM BrdU (Sigma-Aldrich). Immunoblot
analysis we used was monoclonal mouse anti-BrdU antibody
(Abcam) at a dilution of 1:400 in blocking solution and Cy3-
conjugated anti-mouse secondary antibody (Invitrogen).

Confocal Microscopy and Image Processing

Fluorescence signals were captured by a Zeiss LSM 780 con-
focal microscope. Images were analyzed using ZEISS ZEN
imaging software.

Whole-Mount In Situ Hybridization (WISH)

The procedures were described by Zeng et al*!. Images were
captured using a light stereomicroscope with CCD camera
(MZ FLIII, Leica).

Dissociation of Embryos and Immunostaining of
Embryonic Cells

The procedures for dissociation were described by Lee
et al'®. After dissociation of embryonic cells, the suspended
cells were fixed with 2.5% paraformaldehyde for 1 h, fol-
lowed by incubation with 0.2% Triton X-100 for 30 min,
and then treatment with blocking buffer (5% bovine serum
albumin) for another 1 h. Primary antibodies were rabbit
anti-Sox2 at 1:200, mouse anti-HuC/D at 1:500, and DAPI
at 1:800.

Fluorescence-Activated Cell Sorting

A FACSAria cell sorting system (BD Biosciences,
FACSVerse™) was used to perform fluorescence-activated
cell sorting (FACS) to sort single cells under sterilized condi-
tion according to the protocols described by Zeng et al'® and
Vitak et al?. Briefly, after embryonic tissue dissociation and
cell fixation, we performed immunostaining via specific
antibody against either Sox2 or GFAP, using red fluorescent
signal. Red- and GFAP-expressing cells were sorted from the
cell suspension by FACS and presented by several gates: (1)
total analytic cells gated at P1; (2) GFP-expressing GFAP
cells gated at P2; (3) red-labeled Sox2 cells gated at P3; and
(4) cells with red signal overlapping cells with GFP signal
gated at P4 and labeled in blue. Therefore, the percentage of
NSPCs or RGs among HrRCs was calculated by cell number
in P4 among 3 X 103 examined cells.

Western Blot Analysis

Total proteins extracted from embryos were analyzed on a 10%
sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Western blot analysis according to
the procedures described by Zeng et al'8, except that the anti-
bodies against zebrafish Chop and a-tubulin (Sigma) with a
dilution of 1:200 and 1:1000, respectively, were used.

Results

The Increased Levels of Chop mRNA and Its
Encoded Protein Chop Corresponded to the
Number of GFP-Expressing Cells Present in the
Brain of Hypoxia-Exposed huORFZ Embryos
During Recovery

The huORFZ embryos were exposed to hypoxia for 2 h, but
after recovery for 12 h (R12) (Fig. 1A), GFP-expressing
cells were observed in the spinal cord of these same hypoxia-
exposed huORFZ embryos. These results were consistent
with those described by Zeng et al'® who named these cells
as HrRCs. We found that HrRCs also appeared in the brain
of hypoxia-exposed huORFZ embryos at R15 and reached
maximal level at R24 (Fig. 1C). In contrast, since GFP was
not expressed in the mock control groups, no signal appeared
in the images, resulting in a black background under fluo-
rescence microscopy (Fig. 1B). These data indicated that
hypoxic stress could induce ~uORFZ embryos to generate a
specific cell subtype population of HrRCs in the CNS.
Furthermore, we employed WISH to detect the amount of
endogenous chop mRNA expression levels in nonhypoxia-
exposure huORFZ embryos at 98 hpf (corresponding to R24
stage of hypoxia-exposure huORFZ embryos) and in the
hypoxia-exposure /uORFZ embryos at R36 (corresponding
to nonhypoxia-exposure huORFZ embryos at 108 hpf). The
result showed a very low level of endogenous chop mRNA
expressed in the nonhypoxia-exposure #uORFZ embryos at
98 hpf compared with hypoxia-exposure huORFZ embryos
at R24. The chop mRNA was sensitively translated in the
telencephalon (Tel), tectum opticum (TeO), and medulla
oblongata (MO) at R24 and highly expressed in the Tel and
ventricular zone (VZ) at R36 (Fig. 1D). Since the VZ func-
tions as a neural precursor to generate neurons in the telen-
cephalon of zebrafish!®?, we speculate that HrRCs may
possess neuronal regeneration capability after hypoxic stress.
Since HrRCs were present in the brain of hypoxia-
exposed huORFZ, we further determined any correspond-
ingly increased expression level of endogenous Chop protein
in the 7uORFZ brain. To accomplish this, brains of embryos
were collected at R-2, R0, R24 R26, R28, and R30, corre-
sponding to 72, 74, 96, 98, 100, and 102 hpf in the embryonic
development of nonhypoxia-exposed embryos, respectively,
and detected the expression level of endogenous Chop pro-
tein. Results showed that the expression level of Chop pro-
tein was expressed at low level in head of normoxic WT
embryos. However, Chop expression was greatly increased
in the head of hypoxia-exposure WT embryos starting at R24
and decreasing at R48 (Fig. 1E). Since the Chop level in nor-
moxic WT embryos was not different between 74-hpf-
embryos and 98-146-hpf-embryos, suggesting that the
increase of Chop in hypoxia-exposure embryos was posi-
tively dependent on the duration of oxygen recovery (OR)
until R48 (Fig. 1E). Taken together, we conclude that the
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Figure |. Expression of exogenous GFP and endogenous chop transcripts and the appearance of HrRCs in the brain of hypoxia-
exposed huORFZ embryos. (A) Schematic illustration of experimental workflow. Zebrafish embryos from transgenic line huORFZ
developed at 72 hpf, 2 h prior to oxygen recovery (R-2), were exposed to hypoxia for 2 h, followed by the start of oxygen recovery (RO,
74 hpf). (B) No GFP signal was presented in the huORFZ embryos served as mock control groups at 72 hpf and RO (74 hpf). (C) The GFP
signal started to appear in embryos undergoing oxygen recovery for 12 h (R12), while GFP was observed in the brain at R15. (D) Dorsal
and lateral views of the temporospatial expression of chop transcript in the nonhypoxia-exposure huORFZ (normoxia; positive control
group) embryos at 98 hpf (equivalent to R24) and hypoxia-exposure huORFZ embryos at R24 (equivalent to 98 hpf) and R36 (equivalent
to | 10 hpf) using whole-mount in situ hybridization (WISH). The chop mRNA was mainly expressed in the telencephalon (Tel), habenula
(Hb), optic tectum (TeO), ventricular zone (VZ), and medulla oblongata (MO). Western blot analyses of (E) CHOP and Endouc proteins
presented at various stages of normoxia- and hypoxia-exposure huORFZ embryos. Total proteins were extracted from the heads of
embryos at the start of recovery (74 hpf; R0) through 146 hpf (R72), as indicated. The control group consisted of untreated huORFZ
embryos (normoxia) after extraction of total proteins from the head at the corresponding hpf of treated embryos. o-Tubulin served as a
loading control. HrRCs: hypoxia-responsive recovering cells; hpf: hours postfertilization.
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zebrafish brain responded hypoxia stress at R24, starting
actively regenerative processes and then going back to nor-
mal state at R48.

In addition to the dynamic change of Chop protein, we also
examined Endouc protein which was a novel poly(U)-specific
endoribonuclease to induce chop mMRNA translation'®.
To confirm that this endogenous stress-related protein could
be induced by hypoxia, we performed the Western blot experi-
ment to detect the protein level of Endouc in zebrafish brain.
The result demonstrated that Endouc protein was expressed at
a very low level in the head of untreated WT embryos, while
Endouc was starting to greatly increase at R24 but decreasing
at R48 in the head of hypoxia-exposure WT embryos (Fig.
ID). This result was consistent with the dynamic change of
Chop protein, suggesting that again the GFP expression
observed in AuORFZ embryos corresponds to stress-related
proteins expressed in WT embryos during recovery time after
hypoxia.

Based on these results, we conclude that (1) the amount
of HrRCs present in the brain of hypoxia-exposed AuO-
RFZ embryos corresponds with the increase of endoge-
nous chop transcript and CHOP protein levels in the
zebrafish brain and (2) the increased level of CHOP pro-
tein expressed in the brain was positively dependent on
the duration of OR time up to R36, but returned to normal
state at R48.

HrRCs in the Brain of Hypoxia-Exposed Embryos
Did Not Undergo Apoptosis During Recovery

We next asked if HrRCs in the brain of hypoxia-exposed
huORFZ embryos would undergo apoptotic cell death. To
address this, we employed TUNEL to label apoptotic cells
shown on the VZ of brain with red fluorescence, followed by
whole-mount immunofluorescence staining (Fig. 2A), after
exposure to hypoxia for 2 h. No NSPCs-HrRCs (quiescent
proregenerative NSPCs belonging to group of HrRCs popu-
lation in the brain of zebrafish embryos exposed to hypoxia;
Table 1) underwent apoptosis at R24, R36, and R48, but only
a few NSPCs-non-HrRCs (NSPCs that are insensitive to
hypoxia and remain inactive without responding to hypoxia;
Table 1) did undergo apoptosis. TUNEL-red signal was pres-
ent in HuC/HuD-marked early neurons in the brain of huO-
RFZ embryos after exposure to hypoxia. The number of early
neurons, as indicated by the TUNEL-red signal, increased
from R24 to R36, but decreased at R48 (Figs. 2B, D), sug-
gesting that most early neurons underwent apoptosis after
hypoxic stress. Next, we determined whether Sox2-marked
NSPCs in the brain of 7uORFZ embryos underwent apopto-
sis after hypoxia exposure. While no NSPCs-HrRCs under-
wentapoptosisatR24,R36,and R48,afew NSPCs-non-HrRCs
did undergo apoptosis (Fig. 2C, E). These results indicated
that the NSPCs in zebrafish brain can be characterized by the
heterogeneity of subtypes, accordingly, presenting different
cell fate.

Since increased CHOP protein promotes the survival
of neuronal cells against hypoxia stress-induced death
and increased Endouc/ENDOU poly(U)-endoribonuclease
disrupts the inhibitory structure of the ~ZuORF*P motif in
a manner that allows the translation of downstream chop
mRNA!, we speculate that the biological characteristics
which make HrRCs different from other subtype cells could
be attributed to the ability of HrRCs to sensitively increase
Endouc/ENDOU at the stress condition, resulting in the
increased resistance of CHOP to apoptosis.

The chop is only minimally expressed under normal con-
ditions, whereas under stress, chop is substantially induced,
accumulating in the nucleus to suppress transcription of the
Bcl-2 gene, finally inducing cellular apoptosis*»?°. Maytin
et al?’ also demonstrated that overexpression of CHOP
causes cell cycle arrest and/or apoptosis. On the other hand,
Halterman et al?* reported on administering hypoxic stress to
mouse primary neuronal cells and then removing it. Under
these conditions, CHOP combined with a brain-derived neu-
rotrophic factor to form a complex. This caused a reduction
in the cleavage of PARP activities and, finally, promoted
neuronal cell survival. This line of evidence suggests that
CHOP can promote cell survival at the initial stage of stress.
It is only when CHOP is highly accumulated in cells, such as
induction by excessive and prolonged stress, that cell apop-
tosis occurs.

In this study, the GFP signal shown on zebrafish trans-
genic line huORFZ served as a reference marker for the
translation of endogenous chop mRNA. It has been reported
that the increase of CHOP is time-dependent in hypoxic
cells?®. Indeed, our in vivo study showed that the amount of
CHOP protein in embryos increased from R12 to R36, con-
sistent with the report published by Dong et al?®. This evi-
dence supports our hypothesis that increased CHOP protein
could promote the survival of neural cells during recovery,
after removal of stress, precisely at the R36 time point,
which, therefore, appears to be critical for the increased
resistance of CHOP to apoptosis. Therefore, brain HrRCs
represent specific hypoxia-activated cells able to promote
regenerative neurogenesis instead of merely stochastic acti-
vation and a bias in the detection and analysis. This line of
evidence suggested that HrRCs did not undergo apoptosis
during recovery time at R24, while most non-HrRCs did.

HrRCs in the Brain of Hypoxia-Exposed Embryos
Were Not Neurons

To further elucidate whether HrRCs in the brain are neurons,
we used immunofluorescence analysis of the HuC/HuD
marker shown on the brain. HrRCs in the brain were not
colocalized with the HuC/HuD marker at R9, R12, R15, and
R18 (Fig. 3; Supplemental Fig. S1; movies 1 and 2). In addi-
tion, we used FACS analysis to determine the percentages of
HrRCs colocalized with the HuC/HuD marker at R12 and
R18. In addition, we used FACS analysis to determine the
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Figure 2. HrRCs in the brain of hypoxia-exposed huORFZ embryos did not undergo apoptosis during oxygen recovery. TUNEL
staining as a quantitative assay was performed to determine the hypoxia-induced zebrafish embryos apoptosis. (A) Schematic
representation of the embryonic brain (72 hpf), showing the forebrain (in yellow), midbrain (m), and hindbrain (h). Forebrain is
subdivided in the telencephalon (t) and the diencephalon (d). The red dotted line box indicated the observation area. Apoptotic cells
were marked by red after TUNEL staining with (B) early neuron marker, HuC/HuD, and (C) NSPC marker, Sox2, were observed
under a fluorescent confocal microscopy in the normoxic huORFZ embryos at 98, 108, and 120 hpf (equivalent to R24, R36, and R48,
respectively) and hypoxic huORFZ embryos at R24, R36, and R48 (equivalent to 98, 108, and 120 hpf, respectively). Each figure in the
lower right three panels was amplified from the area indicated by the dotted line box. Arrow indicated that the cells expressed red-
colored TUNEL signals. Quantitative analyses of (D) apoptotic early neurons (HuC/HuD marker) and (E) apoptotic NSPCs-non-HrRCs
(Sox2 marker) by TUNEL assay. Black and gray bars indicated the normoxic and hypoxic huORFZ embryos, respectively. Data were
averaged from five examined embryos at the same position of brain. The unpaired t test showed the significant difference of apoptotic
cells between two studied groups (Statistical analysis was based on t test at **P < 0.05, ***P < 0.001 significance). Error bar indicates
SEM. The scale bar is 40 um. HrRCs: hypoxia-responsive recovering cells; TUNEL: terminal deoxynucleotidyl transferase dUTP nick-
end labeling; hpf: hours postfertilization; NSPCs: neural stem/progenitor cells; VZ: ventricular zone; SEM: standard error of the mean;
HuC and HuD: Neural Hu proteins.
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Table I. Summary of the Markers Expressed in the Different HrRC Subpopulations.

HrRC subpopulations

Full name

Markers

Expressed signals

NSPCs-HrRCs

RGs-HrRCs
NSPCs/RGs-HrRCs

NSPCs-non-HrRCs

RGs-non-HrRCs

Proliferated HrRCs-neurons

Neural stem/progenitor cells of
HrRCs-subtype

Radial glia cells of HrRCs-subtype

Neural stem/progenitor and radial
glia cells of HrRCs-subtype

Neural stem/progenitor cells of
non-HrRCs-subtype

Radial glia cells of non-HrRCs-
subtype

Proliferated HrRCs directly
differentiated into neurons

Sox2, GFP

Gfap, GFP
Sox2, Gfap, GFP

Sox2
Gfap

BrdU(+), HuC/
HuD, GFP

Sox2-red and GFP colocalization

Gfap-red and GFP colocalized signals

Gfap-red, Sox2-pink, and GFP
triple colocalized signals

Sox2-red signal only (no GFP
signal)

Gfap-red signal only

BrdU-red, HuC/HuD-pink, and
GFP triple colocalized signals

HrRCs: hypoxia-responsive recovering cells; NSPCs: neural stem/progenitor cells; RGs: radial glia cells.
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Figure 3. HrRCs in the brain did not express the early neuronal marker HuC/HuD. The images of fluorescence confocal microscopy
were obtained from the hypoxia-exposure huORFZ embryos during recovery at different stages. (A) GFP-expressing HrRCs were
observed under fluorescence microscopy at R9, R12, R15, and R18. The lower right two panels were amplified from the area indicated
by the white dotted line box. (B—C) Data displayed the percentage of red-labeled HuC/HuD neurons overlapped with GFP-expressing
HrRCs (at P8 gate) at R12 and R8 obtained through FACS sorting and immunostaining. (D) Calculation of the percentages of three
different subtype cell populations isolated by FACS at R12 and RI8. The scale bar is 20 pm. HrRCs: hypoxia-responsive recovering cells;
FACS: fluorescence-activated cell sorting.
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Immunostaining for FACS sorting was performed and the number of specific cell types calculated. To distinguish NSPCs among all
HrRCs, antiserum against SRY (sex determining region Y)-box 2 (Sox2) labeled with red fluorescent signal was used. Subtype markers of
(B) RGs (Gfap, red) and NSPCs (Sox2, red) that colocalized with HrRCs (green) were indicated by yellow signals. The lower right three
panels were amplified from the area indicated by the box. Arrows indicated that GFP-expressing HrRCs were coexpressed with either
RG (Gfap, pink) or NSPC (Sox2, pink) signal. (C) The ratio of HrRCs with either Sox2- or Gfap-expressing in the normoxic huORFZ
embryos at 98 hpf and hypoxia-exposure huORFZ embryos at R24 were counted. The diagram exhibited the percentages of NSPC and
RG subtypes displaying yellow color among total GFP-expressing HrRCs. Data were averaged from counting five embryos at the same
position of brain. (D) Calculating the ratio of two cell types among GFP-expressing cell populations isolated by FACS. Error bars indicate
SEM. The scale bar is 20 pm. (E) Calculating the number of NSPCs and RGs among total examined cells in the VZ (area was 3 X 0% um?).
HrRCs: hypoxia-responsive recovering cells; hpf: hours postfertilization; FACS: fluorescence-activated cell sorting; NSPCs: neural stem/
progenitor cells; RGs: radial glia cells; VZ: ventricular zone; n.s.: no significant difference; SEM: standard error of the mean.

percentages of HrRCs colocalized with the HuC/HuD marker
at R12 and R18. The results demonstrated that they were
0.1% and 0.03% at R12 and R18 (Fig. 3B-D), respectively,
suggesting that the number of HuC/HuD-expressing HrRCs
was extremely low at R12 and R18. We also noticed that the
percentages of HuC/HuD cells were decreased from R12 to
R18 (Fig. 3B-D), suggesting that neurons underwent apop-
tosis in hypoxia-exposure huORFZ embryos. These results
were consistent with the TUNEL assay which showed that
neurons could undergo apoptosis, resulting in the decreased
number of HuC/HuD cells from R12 to R18 (Fig. 2).

Subtypes of NSPCs and RGs Are Major
Constituents Among HrRCs in the Brain of
Hypoxia-Exposed Embryos

We carried out immunofluorescence staining using antibody
against sex determining region Y (SRY)-box 2 (Sox2) to

determine whether NSPCs comprise a cell type within
HrRCs in the brain of hypoxia-exposed zebrafish embryos
(Fig. 4A). We found that no HrRCs appeared in the normoxia
group (Fig. 4B, left panels and Fig. 4C). However, the per-
centages of NSPCs-HrRCs, RGs-HrRCs, and NSPCs/RGs-
HrRCs (Table 1) were 39.33 = 7.5, 23.67 = 4.16, and 6.33
* 3.51%, respectively (Fig. 4B, right panels and Fig. 4C;
Supplemental Fig. S2), suggesting that the major subtype
cells of HrRCs were those expressing Sox2 and Gfap, but
with a minor percentage of Sox2/Gfap coexpressing HrRCs
at R24. Taken together, we conclude that Sox2- and Gfap-
expressing cells overlapped with a large portion of GFP-
expressing HrRCs, suggesting that NSPCs and RGs consist
of the major subtype cells among HrRCs at R24.

We further defined the proportion of NSPCs-HrRCs
among the entire cell population of HrRCs in the brain of
hypoxia-exposed embryos using FACS combined with
cell immunofluorescence staining (Supplemental Fig. S3).
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According to our results, NSPCs-HrRCs and RGs-HrRCs
accounted for 48.3 = 2.5% and 36.3 = 4.7% (Fig. 4D) of
HrRCs induced in the brain. After counting the number of
Sox2(+) and Gfap(+) cells in normoxia group and hypoxia
group, we found that there was no significant difference
between normoxia and hypoxia groups (Fig. 4E). The line of
evidence suggested that the quiescent pro-regenerative sub-
types of NSPCs and RGs cells existed in the brain. However,
in case of hypoxic stress, these subtypes of NSPCs and
RGs, such as NSPCs-HrRCs and RGs-HrRCs, respectively,
became the proregenerative subtypes which were responsi-
ble for neuronal regeneration. Taken together, (1) only
around one third of NSPCs are NSPCs-HrRCs which are
able to be quickly induced by and sensitively responds to
hypoxia exposure; (2) two thirds of NSPCs are quiescent
NSPCs-non-HrRCs that do not sensitively respond to
hypoxic stress; (3) the subtypes of NSPCs-HrRCs and RGs-
HrRCs are the major constituents of HrRCs in the zebrafish
hypoxia-brain, suggesting that they play a major role during
neuronal regeneration after stress; and (4) the quiescent pro-
regenerative subtypes of NSPCs and RGs are original exis-
tence in the brain, whereas these quiescent subtypes could
be induced by hypoxic stress to become active subtypes of
NSPCs- and RGs-HrRCs, respectively.

HrRCs Are Able to Proliferate In Vivo

We next examined the ability of HrRCs in the brain of
hypoxia-exposed embryos to proliferate during the recovery
stage. Here, we employed FACS combined with immuno-
fluorescence staining. First, a fluorescence gate was set, and
signal cells (P1) collected by FACS were divided into two
populations: green fluorescence cells selected in the P2 gate
(HrRCs-GFP) and non-green fluorescence cells selected in
the P3 gate (non-HrRCs; Table 1). Subsequently, a DAPI-
area histogram (calculated as G, ) was used for cell cycle
analysis (P4 and P5 gates). These results showed that the
proportions of HrRCs-GFP G, _ cells at R24, R36, and R48
were 5, 14, and 27%, respectively (Fig. SA) In contrast, the
proportion of non-HrRCs G, _ cells at R24, R36, and R48
were 0.3, 1.3, and 1.8%, respectively (Fig. 5A). These results
suggested that GFP-expressing HrRCs induced by hypoxic
stress could proliferate, while non-HrRCs could not.
Furthermore, we used immunofluorescence staining to detect
the mitosis marker phospho-Histone 3 (PH3). The expres-
sion of exogenous GFP was mainly apparent in the VZ of
brain and entire spinal cord at R24 (dorsal view of Fig. 1B,
R24), while endogenous chop mRNA was mainly expressed
in the telencephalon, habenula, optic tectum, and medulla
oblongata, but expressed to a lesser degree in the VZ at R24
(Fig. 1C). Therefore, we focused on the specific brain area in
the VZ. Most GFP-positive HrRCs could express a PH3 sig-
nal at R24, R36, and R48 (Fig. 5SB-D). Importantly, the num-
ber of PH3-expressing HrRCs and the percentages were

10.80 = 3.49%, 21.40 = 4.16%, and 24.80 = 5.07% at R24,
R36, and R48, respectively (Fig. S5E), suggesting that GFP-
positive HrRCs are major cells undergoing proliferation and
that the increased number of proliferated cells was positively
dependent on the duration of OR time after hypoxia. On the
other hand, we also observed that a small number of non-
HrRCs could express a PH3 signal in the VZ at R24, but
these PH3-expressing non-HrRCs dramatically lessened in
number at R48 (Fig. 5B-D), suggesting that the non-GFP-
positive stem cells contributed least among proliferation sub-
types. Overall, we conclude that (1) the in vitro FACS data
were consistent with the in vivo data and (2) the number of
proliferating HrRCs at R36 and R48 was higher than the
number of proliferating HrRCs at R24.

To determine which subtype cells in the population of
HrRCs could proliferate, we carried out a new triple immu-
nostaining experiment using proliferation marker Ki67 (RFP
signal, red color) and either neural stem cell marker Sox2
(Alexa 633 signal, pink color) or GFAP-marked glia cell
(Alexa 633 signal, pink color). We have already shown
the absence of GFP signal in embryos from transgenic line
huORFZ at normoxia, but its presence in some subtypes of
Sox2(+) and GFAP(+) cells after hypoxic stress (Fig. 1B).
When we studied the dynamic change in cell number of
GFP-expressing HrRCs after hypoxic stress, we found that
(1) the number of Ki67-expressing NSPCs-HrRCs and RGs-
HrRCs (Fig. 5H, I) was higher than that of control normoxic
Ki67-expressing NSPCs and RGs, respectively (Fig. 5F, G),
and (2) some HrRCs were colocalized according to the
appearance of BrdU-red and HuC/HuD-pink signals. Thus,
based on the number of NSPCs-HrRCs and RGs-HrRCs cell
subtypes induced by hypoxic stress, we can infer that most of
these cells will eventually undergo proliferation and differ-
entiation into neurons. In addition, we also found that the cell
number of Ki67-expressing NSPCs-HrRCs was higher than
that of Ki67-expressing RGs-HrRCs (Fig. 5J), suggesting
that NSPCs-HrRCs subtype cells might play more contribu-
tions on neurogenesis compared with RGs-HrRCs subtype
cells. Taken together, we suggest that NSPCs-HrRCs and
RGs-HrRCs subtypes could proliferate after hypoxia expo-
sure, but that neither NSPCs-non-HrRCs nor most Gfap-non-
HrRCs could. In summary, although only a few non-GFP
cells could proliferate, it is unlikely that the GFP-expressing
HrRCs cells would be positive for proliferation markers by
chance as the entire stem cell population is activated.

Taken together, it was concluded that (1) the number of
proliferative HrRCs was increased after exposure to hypoxia;
(2) hypoxia-exposure huORFZ embryos normally undergo
developmental proliferation up to R24, but actively undergo
regenerative processes at R48 after hypoxic stress; (3) HrRCs
were the major regenerative cells, given their ability to pro-
liferate and participate in neurogenesis; and (4) the major
proliferated HrRCs were subtypes of NSPCs-HrRCs and
RGs-HrRCs.
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Figure 5. Using an in vivo system to demonstrate that GFP-expressing HrRCs could proliferate. The heads of hypoxia-exposed
huORFZ embryos during recovery time, as indicated, were collected, subjected to cell suspension, and then FACS sorting combined
with immunostaining. (A) Scatter profiles of brain cells obtained from treated huORFZ embryos. Single-cell fraction was gated (red gate;
PI). Cells expressing GFP, such as GFP-expressing HrRCs, were located at P2 gate, while cells not expressing GFP, such as non-HrRCs,
were located at P3 gate. After selecting P2 and P3 gates, single cells were gated based on the DAPI-area signal. Cell cycle analysis was
calculated G, from a DAPI-area histogram shown on P4 and P5 gates which were calculated from P2 and P3 gates, respectively. The
number shown in the right corner represents the percentage of the number of proliferated cells among the total examined cells. (B-D)
Hypoxia-exposure huORFZ embryos were stained for M phase marker (PH3, red) at R24, R36, and R48. The lower right three panels
were amplified from the area indicated by the box, and the arrows indicated that the HrRCs could express the PH3-red signal. (E) The
average number of HrRCs, both GFP-positive HrRCs and PH3-positive cells per embryos (n = 5), was calculated and graphed with
error bars (two-way ANOVA with multiple comparisons test, **P < 0.01; t test: **P < 0.01). Error bars indicate SEM. (F-G) Zebrafish
embryos were stained for proliferation marker (Ki67, red) together with (F) NSPCs (Sox2, pink) and (G) RGs (Gfap, pink) in the
normoxic huORFZ embryos at 98 hpf. The lower right three panels were amplified from the area indicated by the box, and the arrows
indicated that HrRCs could coexpress Ki67-red, together with either NSPCs (Sox2, pink) or RGs (Gfap, pink) signal. (H-I) Zebrafish
embryos were stained for markers of (H) Sox2 and (I) Gfap combined with proliferate marker (Ki67, red) in the hypoxic huORFZ
embryos at R48. The lower right three panels were amplified from the area indicated by box, and the arrow indicated the NSPCs-HrRCs
and RGs-HrRCs subtypes’ cell population could coexpress Ki67-red signal. (J) The number of NSPCs-HrRCs and RGs-HrRCs that were
also PH3-positive in an embryo was calculated and graphed with error bars. Data were averaged from five embryos. The unpaired t
test showed the different degree between proliferated-NSPCs-HrRCs and proliferated-RGs-HrRCs subtype cells (Statistical analysis
was based on t test at *P < 0.05 significance). Error bars indicate SEM. The scale bar in (B—C) and (F-l) represents 20 and |5 pm,
respectively. HrRCs: hypoxia-responsive recovering cells; FACS: fluorescence-activated cell sorting; DAPI: 4’,6-diamidino-2-phenylindole;
NSPCs: neural stem/progenitor cells; RGs: radial glia cells; hpf: hours postfertilization; n.s.: not significant; SEM: standard error of the

mean; ANOVA: analysis of variance.

HrRCs Are Also Able to Differentiate Into
Neurons In Vivo

To examine whether proliferating HrRCs can undergo fur-
ther differentiation into neurons, we again employed the
combination of FACS and immunofluorescence staining. We
dissociated the cells from the head part of the 96-hpf WT
zebrafish embryos prior to employing FACS to define the
background (Fig. 6A). Subsequently, we collected cells from
the hypoxia-exposed huORFZ embryos which exhibited
HrRCs-GFP signal and HuC/HuD-RFP signal after immuno-
fluorescence staining. After cell dissociation, FACS was
used to gate cells exhibiting HrRCs-GFP and HuC/HuD-RFP
signals which were in the P5- and P4-gates, respectively,
while cells that simultaneously expressed both GFP and RFP
were in the P3-gate (Fig. 6B). Results showed that the pro-
portion of cells displaying the colocalization of GFP and
RFP signals at R24, R36, and R48 was 1.3%, 23%, and 42%,
respectively (Fig. 6C, I). These data indicated that HrRCs
can further develop and differentiate into neurons in the
hypoxia-exposed 7uORFZ embryos during recovery time.
Next, to determine whether the proliferative HrRCs could
be directly differentiated into neurons, we performed a new
experiment in which we used a pulse-chase BrdU-labeled
incorporation assay (Fig. 6D), followed by triple staining of
BrdU, HuC/HuD, and HrRCs to determine whether prolifer-
ated HrRCs could directly differentiate into neurons (prolif-
erated  HrRCs-neurons)  during  recovery.  Some
GFP(+)-HrRCs overlapped with red-fluorescent BrdU.
After embryos were continuously incubated in BrdU medium
for 20 min and interrupted by non-BrdU treatment for another
12 h (R12-R24, R24-R36, and R36-R48), we found that
BrdU-red and HuC/HuD-pink signals overlapped with some
GFP-HrRCs, suggesting that proliferation could be taking

place from R12 to R24, R24 to R36, and R36 to R48 (Fig.
6E—G). Moreover, the number of proliferated HrRCs-neurons
at R24 to R36 and R36 to R48 was found to be significantly
higher than the number of proliferated HrRCs-neurons at
R12 to R24 (Fig. 6H). In addition, we found that HrRCs can
differentiate into neuron at late neuronal regeneration, using
flow cytometry analysis. We set up a new experiment to per-
form double immunostaining for GFP and HuC/HuD at R60.
The result demonstrated that only a few HuC- and HuD-
expressing HrRCs were still observed at R60 (Supplemental
Fig. S3), suggesting that HrRCs could differentiate into early
neurons until R60. Furthermore, we noticed that the total
number of HrRCs was significantly decreased at R60 com-
pared with that the total number of HrRCs at R24 since the
hypoxic stress for embryos was no longer presented at R60,
causing the microenvironment of the brain to return back to
normoxia condition. Therefore, the subtypes of quiescent
proregenerative NSPCs-HrRCs and RGs-HrRCs were back
to normal types of NSPCs and RGs, respectively.

This conclusion was supported by the results obtained
from in vivo PH3 immunostaining and in vitro FACS data.
This line of evidence suggests that the proliferation and
differentiation of HrRCs are products of regeneration, not
normal development.

Discussion

A Subtype Cell Population That Sensitively
Responds to Hypoxic Stress Can Be Identified in
the Zebrafish Transgenic Line huORFZ

By wusing transgenic line AuORFZ which harbors a
huORF"P—gfp DNA construct controlled by human
uORF"P cassette!'®, we revealed a unique HrRC population
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Figure 6. HrRCs can differentiate into neurons in vivo. Brain samples were obtained from nontreated huORFZ and hypoxia-exposed
huORFZ embryos during recovery time and then subjected to cell suspension, followed by flow cytometry and immunostaining with
HuC/HuD antibody. (A) To serve as background control, a single-cell fraction was obtained after suspending the brain of nontreated
embryos. (B) Cells expressing GFP signal were located at P5 gate (green color gate). After immunostaining, Sox2 cells labeled with

red were located at P4 gate (red color gate). Cells coexpressing green and red signals were located at P3 gate (black color gate). (C)
After suspending the brain cells of hypoxia-exposed huORFZ embryos during recovery at R24, R36, and R48, cells expressing green,
red, and coexpressing green and red signals were located at P5, P4, and P3 gates, respectively. The number shown in the upper left
corner of each panel represents the percentage of neurons differentiated from HrRCs among total examined HrRCs. (D) Experimental
design to depict the pulse-chase BrdU of HrRCs to determine if proliferative HrRCs could directly differentiate into neurons. (E-G)
Immunostaining patterns against BrdU for hypoxia-exposure huORFZ embryos. Pulse BrdU: huORFZ embryos were incubated with
BrdU for 20 min. Chase BrdU: embryos were incubated in medium without BrdU for 12 h. Embryos were collected and observed

at R24, R36, and R48. BrdU-labeled cells were the proliferated cells. (H) Calculating the percentages of GFP/BrdU-red/HuCD-pink
overlapped signals among HrRCs at R24, R36, and R48 (two-way ANOVA with multiple comparisons test, **P < 0.01; t test: **P <
0.01), while there was no significant difference between R36 and R48 groups. Error bars indicated SEM. (I) Calculating the percentages
of HuCD-expressing HrRCs at R24, R36, and R48 by FACS. The scale bar is 10 um. HrRCs: hypoxia-responsive recovering cells; BrdU:
5-bromo-2’-deoxyuridine; FACS: fluorescence-activated cell sorting; n.s.: not significant; SEM: standard error of the mean; ANOVA:

analysis of variance.

existing in the zebrafish brain. Zeng et al'® reported that
HrRCs also exist in the spinal cord of hypoxia-exposed
zebrafish embryos, but that they comprise a different per-
centage of different subtype cells, that is, Sox(+)-NSPCs,
36.3 £ 1.0%; Gfap(+)-RGs, 26.1 = 1.2%; OLG(+)-OLPs,
13.2 = 0.6%; and O4(+)-OLs, 3.4 = 0.6% of total HrRCs.
The presence of HrRCs in other species is an open question.
With the exception of HrRCs per se, scientists have reported
a significant difference in the proliferation pattern was found
in the brain’s ventricular cells of newts, leading the activa-
tion of neural stem cells putatively involved in regeneration
after injury®-!. Similar to salamanders and teleost fish, the
source of regenerated cells in Xenopus larvae lies within the
VZ of the respective brain region®. In both the telencephalon
and optic tectum of Xenopus larvae, injury induces the
increased proliferation of Sox2-expressing neural progeni-
tors, which, in turn, ultimately differentiate into N--tubulin-
positive neurons®?. This line of evidence suggests that neural
stem cells, as well as Sox2-expressing neural progenitors,
are involved in regeneration of brain after injury. Yet, it is
still unknown whether all Sox2-expressing neural progeni-
tors are totally induced to take part in regeneration after brain
injury. In this study, we only found that some HrRC-specific
subtype cells are sensitively induced by hypoxia to play a
role in regeneration after brain injury. Thus, based on still
sparse evidence, it could be speculated that a cell population
like HrRCs might be found in other species, and it remains a
question to be addressed in the future.

Hypoxia-Induced GFP Expression Pattern and
Endogenous CHOP Protein Level Found in
huORFZ During Neural Regeneration

Lee et al** demonstrated that GFP expression pattern shown
in huORFZ embryos is tissue-specific response to various
stresses. The intensity of GFP signal in h7uORFZ embryos is
positively correlated with the strength or duration of stresses.
In addition, we found that most HrRCs in brain, such as
NSPCs-HrRCs and RGs-HrRCs, can survive, proliferate,

and differentiate into neurons, while other non-HrRCs can-
not. The line of evidence suggests that a particular cell popu-
lation composed of several subtype of stress-responsive cells
is able to sensitively respond to hypoxic stress. We employed
transgenic huORFZ embryos to label proregenerative Sox2-
and Gfap-HrRC subtype cells in brain that faithfully reflect
hypoxic stress because all stress-responsive cells are able to
quickly respond to hypoxic stress, increasing Endouc to
abolish the inhibitory RNA structure formed by huORF"P
transcript, resulting in GFP expression!”!'®, The C/EBP
homologous protein (chop) gene is responsive to endoplas-
mic reticulum (ER) stress. Chop protein frequently serves as
an apoptotic indicator®>. Nonetheless, the increase of Chop
translation after having blocked the translation inhibition
mediated by the uORF of chop transcript could also facilitate
the survival of stressed cells at the initial time of stress®*3¢
and could thus be considered as a cell survival marker?’. This
suggests that Chop is a bifunctional protein. We also found
that Chop is permissive for the survival of HrRCs during OR
following hypoxic stress. Using a zebrafish-specific Chop
antibody to examine the expression of endogenous Chop
protein, we found it to be higher at R24 than that in embryos
before treatment (R-2), or at the beginning of OR (RO).
Therefore, we suggest that Chop can facilitate the survival of
HrRCs during OR after stress.

HrRCs Sensitively Respond to ER Stress and Play
a Proregenerative Role in CNS Neurogenesis

Brain injury, as a consequence of hypoxic stress, would
result in ER stress to brain cells. At the initial stage, the
induction of unfolded protein response (UPR) combined
with the phosphorylation of eukaryotic initiation factor o
(elF2a) causes a reduction in global protein synthesis®.
Meanwhile, the gene encoding Chop is activated by inositol-
requiring protein 1 and ATF6 transcription factor, resulting
in extensive translation of chop mRNA3®. Although chop
translation is inhibited by the uORF at the 5’-region of chop
mRNA (£ORF*'P)35 under normal condition, UPR regulates
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gene expression of downstream genes, including chop, to
overcome ER stress before apoptosis of affected cells under
the stress condition®. Consequently, uORF*"P-mediated
translation inhibition of chop mRNA is suppressed, resulting
the translation of Chop protein. Such increased Chop protein
then promotes the survival of neuronal cells against hypoxia
stress-induced death?*. This confirms Chop as a reliable pro-
tein marking the presence of ER stress within cells. Lee
et al'® generated a zebrafish transgenic line huORFZ which
harbors a human uORF™"? (huORF*™P) motif to inhibit the
translation of downstream GFP reporter in the absence of
stress. However, GFP is exclusively expressed in the CNS of
huORFZ embryos encountering stresses. Specifically, when
huORFZ embryos are exposed to hypoxia, GFP becomes
apparent in a specific subtype cell population, termed HrRCs,
in the spinal cord'®. These HrRCs consist of multiple subtype
cells that contribute to neuronal regeneration after hypoxia.
Similarly, when the spinal cord of huORFZ embryos is
mechanically injured [spinal cord injury (SCI)], GFP is only
expressed in a specific subtype cell population, termed SCI
stress-responsive regenerating cells (SrRCs), located at both
sides of the lesion*. Interestingly, this GFP-expressing sub-
type cells, such as HrRCs and SrRCs, can survive and play a
regenerative role in the postlesion (injury) microenviron-
ment. In this study, we employed the same strategy to per-
form hypoxia stress to zebrafish embryos, but we focused on
brain injury instead of SCI. We found that HrRCs are also
observed in the brain. This GFP-expressing subtype cells not
only sensitively respond to ER stress but also play a regen-
erative role in a manner similar to that of hypoxic stress that
occurs in the spinal cord. Therefore, the transgenic zebrafish
line huORFZ may also be an excellent model to study the
characteristics of major cell subtypes participating in neuro-
nal regeneration in brain after hypoxic stress.

We also noticed that the expression of exogenous GFP
was mainly apparent in the VZ of brain and entire spinal
cord at R24 (dorsal view of Fig. 1B, R24), while the endog-
enous chop mRNA was mainly expressed in the telencepha-
lon, habenula, optic tectum, and medulla oblongata, but
expressed to a lesser degree in the VZ at R24 (Fig. 1C).
Interestingly, our results demonstrated that the GFP-
negative cells (non-HrRCs), expressing a TUNEL-apoptotic
signal, were in the regions of brain other than VZ where
chop mRNA was highly translated (Fig. 2). Therefore, these
GFP-negative (non-HrRCs) cells containing a high expres-
sion of chop mRNA do not sensitively respond to stress,
resulting in the absence of Chop protein while undergoing
apoptosis. In contrast, the cells containing a lesser degree
of chop mRNA expression in the VZ survived and showed
a GFP signal. This should provide the basis for understand-
ing why the results, as observed in Fig. 1C, D, show that the
GFP expression pattern did not perfectly correspond with
the in situ pattern of endogenous chop mRNA found in
huORFZ embryos at R24.

The Proregenerative HrRCs Play Role in
Regenerative Neurogenesis, Which Is a Different
Role From Playing in Normal Development

Hypoxia causes apoptosis of neurons and induces apoptotic
response*'. However, different from cells during normal
development, HrRCs proliferate and differentiate into neu-
rons during OR after hypoxic stress. More specifically, in the
hypoxic condition in zebrafish brain, some cells cannot resist
hypoxic stress, resulting in apoptosis (Fig. 2B), whereas a
specific cell subtype, HrRCs (Fig. 2C), can resist hypoxic
stress and undergo proliferation and differentiation into neu-
rons (Fig. 7). To demonstrate the phenomenon, Zeng et al'®
reported a distinct cell population induced by hypoxia and
involved in neuronal regeneration of zebrafish spinal cord
after hypoxia. These quiescent proregenerative subtype cells
that exist in the brain, namely hypoxia-induced NSPCs- and
RGs-HrRCs, can proliferate and differentiate into functional
neurons in the hypoxia-reoxygenation microenvironment.
This conclusion is supported by Sawahata et al*? who dem-
onstrated that hypoxia-reoxygenation treatment of zebrafish
larvae could induce neuronal dysfunction on one hand, but
glial activation on the other hand.

At R24, HrRCs Start Proliferating and
Differentiating Into Neurons

We demonstrated that HrRCs-GFP signal could be observed
at R9 (Fig. 3A). Some specific cells from different cell types,
such as NSPCs and RGs, would continuously respond to
stress and become HrRC subtype cells until at R24 (Fig. 3A).
Thus, the number of HrRCs reached to maximum at R24.
However, these HrRCs did not overlap with early neuron
marker HuC/HuD at least until at R18. Only a few of HuC/
HuD-expressing HrRCs could be occasionally observable at
R24 (Fig. 6C). We noticed that, although all HrRCs are not
formed synchronously during R9 through R24, most HrRCs
start to undergo neurogenesis at R24 and reached to the
greatest number of neurons at R48. In the future, it would be
worthwhile to reveal why all HrRCs start to proliferate and
differentiate at R24, even some HrRCs are present at an ear-
lier stage such as RO.

Cell Heterogeneity Exists in the CNS of Zebrdfish
After Different Stress

A green fluorescence signal can be apparent in some cells
and tissues in the embryos derived from the transgenic line
huORFZ. For instance, a green fluorescence signal could be
induced for subsequent observation in the CNS and skin cells
after heat-shock treatment®, and green fluorescence signal
was present along both sides of the injury site after mechani-
cal SCI. It has been demonstrated that this GFP-expressing
cell population, termed as SrRCs, in the spinal cord plays a
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Figure 7. Cell fate of NSPC subtype cells which are highly sensitive to hypoxia stress in the brain of hypoxia-exposed zebrafish
embryos during oxygen recovery. The embryos developed at 72 hpf from zebrafish transgenic line huORFZ were exposure to hypoxia
for 2 h, followed by recovery with oxygen for 9 h (R9) to R48. During oxygen recovery within 48 h, the GFP-expressing cells [GFP(+)],
which are cells highly sensitive to hypoxia, termed as HrRCs, are found in the brain at R9. Brain HrRCs are mostly composed of NSPCs
and RGs. While most negative GFP-expressing cells [GFP(-)] are apoptotic during recovery from stress, GFP-expressing HrRCs are
not. Instead, some HrRCs, such as a group of NSPC subtype cells (NSPCs-HrRCs subtype) and RG subtype cells (RGs-HrRCs subtype),
could undergo proliferation and differentiation into neurons during regeneration. NSPCs: neural stem/progenitor cells; hpf: hours
postfertilization; HrRCs: hypoxia-responsive recovering cells; RGs: radial glia cells.
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major role in neuronal regeneration after SCI*C. Nevertheless,
GFP-expressing HrRCs in embryos display not only in the
spinal cord but also in the brain. Although spinal cord HrRCs
were previously studied by Zeng et al'®* the biological
characteristics of GFP-expressing HrRCs appearing in the
brain remain unknown. Therefore, in this study, we charac-
terized a cell population of HrRCs appearing in the brain of
hypoxia-exposed huORFZ transgenic zebrafish during OR.
Like the HrRCs reported in the spinal cord, NSPCs also com-
prise the major cell type among the specific cell populations
of HrRCs in hypoxia-exposed zebrafish embryos!’. However,
we found that NSPCs-HrRCs in the hypoxia-stressed brain
can proliferate after stress, while NSPCs-non-HrRCs cannot.
Moreover, we found that brain-HrRCs do not undergo apop-
tosis, but rather express an early neuron marker, HuC/HuD,
eventually differentiating into neurons possibly involved in
neuronal regeneration after hypoxic stress.

Relationship Among Subtypes of her4.|-Radial
Glia Progenitor Cells, Neurog|-Neuronal
Precursor Cells, RGs-HrRCs, and NSPCs-HrRCs

Kawauchi et al*® reported that self-renewing Sox2+ neural

stem cells give rise to transit amplifying progenitors that
express Mashl followed by immediate neuronal precursors
(INPs) that express neurogeninl (neurogl). These neurogl-
positive neuronal precursor cells in the telencephalon can
proliferate, migrate, and differentiate into neurogl+ neuro-
nal precursors after brain injury, suggesting that this cell sub-
type is involved in neuronal regeneration!. Kroehne et al’
also found that traumatic lesion in the brain of adult zebraf-
ish could induce a group of &er4. I-positive ventricular radial
glia progenitor cells able to react to injury, proliferate, gener-
ate neuroblasts, and migrate to the lesion site. Interestingly,
taking advantage of zebrafish transgenic line huORFZ, we
discovered in this study a cell population in the CNS com-
posed of subtypes of different neural cell types. These GFP-
expressing HrRCs in the CNS turned out to be the most
sensitive responders to hypoxia-exposed zebrafish embryos
and could thus serve as the “first responders” to hypoxic
stress during GFP translation. Specifically, we found that
hypoxia can induce subtypes of NSPCs and RGs, termed
NSPCs-HrRCs and RGs-HrRCs subtypes, in the brain able
to sensitively respond to hypoxic stress. These NSPCs-
HrRCs and RGs-HrRCs subtypes, two major constitutes
among HrRCs, can then proliferate into neurons during OR
after hypoxic stress. Therefore, it is highly likely that these
NSPCs-HrRCs and RGs-HrRCs subtypes are involved in
neuronal regeneration similar to NSPCs-HrRCs and RGs-
HrRCs subtypes found in the hypoxia-exposure spinal cord,
as reported by Zeng et al'®. In contrast, another cell subtype
population, NSPCs-non-HrRCs and RGs-non-HrRCs, is not
involved in neuronal regeneration because they are subject to
apoptosis after hypoxic stress. In this study, we found that
HrRCs in embryonic brain can proliferate and differentiate

into early neurons during recovery after hypoxia exposure.
This evidence leads us to conclude high heterogeneity of the
same cell type in zebrafish brain, including subtypes of
her4.I-positive ventricular radial glia progenitor cells, neu-
rogl-positive neuronal precursor cells, RGs-HrRCs, and
NSPCs-HrRCs highly sensitive to hypoxic stress, as reported
in this study.

Mirz et al'* demonstrated that NSPCs are more aggre-
gated in the VZ. Interestingly, as shown in Figs. 3A and 4A
in this study, we demonstrated that HrRCs are located in the
VZ of zebrafish brain. We also noticed that 48% of HrRCs
composed of NSPCs in the brain (NSPCs-HrRCs) are able to
differentiate into neurons during recovery'2. Meanwhile, Hui
et al'® reported that proliferating NSPCs are particularly
located in the VZ around the central canal of the spinal cord.
When zebrafish embryos were exposed to hypoxia, Zeng
et al'® also found that 36% of HrRCs were composed of
NSPCs located in the VZ of the spinal cord and that they con-
tributed to neuronal regeneration. Our results show that
NSPCs-HrRCs are induced and presented in the VZ of brain
and spinal cord after hypoxic stress in the zebrafish embryos
and that NSPCs-HrRCs comprise the cell subtype mostly
involved in neuronal regeneration of brain and spinal cord
after hypoxia. Taken together, it is likely that neurog-posi-
tive neuronal precursor cells, herd4.l-positive ventricular
radial glia progenitor cells, and NSPCs-HrRCs constitute the
three important progenitors involved in brain neuronal regen-
eration. We hypothesize the contribution of these three pro-
genitors to neuronal regeneration in brain after hypoxic stress
following a model whereby (1) neurons in the parenchyma of
the injured brain undergo cell death; (2) NSPCs-HrRCs start
self-renewing and give rise to INPs which express neurogl;
(3) NSPCs-HrRCs and INPs differentiate into neurons and
finally contribute to neural tissue recovery; and (4) her4.1-
positive ventricular radial glia progenitor cells also generate
mature neurons. However, marking and understanding the
cooperativity among these three progenitors involved in brain
neuronal regeneration remain to be elucidated, for example,
by establishing transgenic zebrafish with tricolor labeling and
long-term observation in vivo.

1]2

Conclusions

In this study, we demonstrated that a subtype cell population,
termed as HrRCs, exists in zebrafish brain and can respond
sensitively to hypoxic stress. HrRCs are mostly composed of
NSPC and RG subtypes, the major proliferating cells after
hypoxic stress. They can further differentiate into neurons,
contributing to neural regeneration in zebrafish brain.
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