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Hmgb1 (high mobility group box-1; amphoterin) is highly
expressed in brain during early development of vertebrate and
nonvertebrate species. However, its role in brain development
remains elusive. Here we have cloned the zebrafish Hmgb1 and
specifically manipulated Hmgb1 expression using injection of
morpholino antisense oligonucleotides or Hmgbl cRNA. The
HMGBI1 knockdown morphants produced by injection of three
different morpholino oligonucleotides display a characteristic
phenotype with smaller size, smaller brain width, and shorter
distance between the eyes. Closer examination of the phenotype
reveals severe defects in the development of the forebrain that
largely lacks catecholaminergic neural networks. The HMGB1
morphant is deficient in survival and proliferation of neural pro-
genitors and displays fewer cell groups expressing the transcrip-
tion factor Pax6a in the forebrain and aberrant Wnt8 signaling.
The mechanism of HMGBI1-dependent progenitor survival
involves the neuronal transmembrane protein AMIGO (ampho-
terin-induced gene and orf), the expression of which is regulated
by HMGBL1 in vivo. Our data demonstrate that HMGBI1 is a
critical factor for brain development, enabling survival and pro-
liferation of neural progenitors that will form the forebrain
structures.

The high mobility group box-1 protein (HMGB1?; also des-
ignated as HMG1 and amphoterin) is an abundantly occurring
parental form of the HMG proteins (for review, see Ref. 1).
HMGBI1 is an exceptional member in the family of HMG-box
proteins; depending on the cell type and its activation state,
HMGBI1 displays a nonnuclear localization and is secreted from
cells, in contrast to most HMG-box proteins that are strictly
bound to the cell nuclei (for recent reviews, see Refs. 2 and 3).
During the last few years, the extensive literature dealing with
HMGBI1 functions has mainly focused on extracellular regula-
tion of cells by HMGB1. HMGBI1 can be passively released from
injured cells, but it is also actively secreted due to several types
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of stimuli such as cell contact with extracellular matrix and
cytokine stimulation of cells (2). Acetylation of lysine residues
of HMGBI has been shown to act as a signal leading to extra-
cellular export via a non-classical secretory pathway (4).
HMGBI functions are currently mainly associated with binding
to the cell surface receptor RAGE (receptor for advanced gly-
cation end products), but Toll-like receptors have been increas-
ingly suggested as membrane receptors of HMGB1 (for review,
see Ref. 2).

Compared with the extensive recent literature dealing with
the pathophysiological roles of HMGB1 in inflammation, much
less attention has been paid to its physiological roles. The
Hmgb1 knock-out mouse survives until early postnatal age, and
problems in glucose homeostasis have been suggested to cause
multiorgan failure in these mice (5).

HMGB1 was isolated from developing rat brain using neurite
outgrowth in embryonic forebrain neurons as a readout in pro-
tein fractionation (6). These studies provided the initial evi-
dence of HMGBI as an extracellularly acting protein (6-38),
which has become the major line of HMGBI research during
the last few years. HMGB1 was found to bind strongly to hep-
arin/heparan sulfate and to be highly expressed in embryonic
rat brain (6). RAGE acts as a receptor in HMGB1-induced
extension of neurites (for review, see Ref. 2). Furthermore,
exogenously added HMGB1 has been shown to enhance sur-
vival of neuronal cells in a RAGE-dependent manner (9). In
cancer cells, HMGB1 has been shown to bind to RAGE and to
enhance tumor growth and spread (10). Despite these in vitro
and in vivo findings, which would be compatible with a devel-
opmental role for HMGBI, its possible role in brain develop-
ment has not been explored.

The forebrain is the part of the nervous system that has
undergone the most dramatic changes during vertebrate evolu-
tion. The early organization of the forebrain subdomains is con-
served in all vertebrates. To understand the origins of the ver-
tebrate forebrain, comparisons of gene expression patterns
have been recently carried out in several nonvertebrate and
early vertebrate organisms (see for example Refs. 11-13) repre-
senting species at the dawn of the vertebrate brain develop-
ment. Hmgb1 is highly expressed in early embryonic brain and
might, therefore, have a role in the development of ancestral
forms of complex brain structures.

The findings explained above, neurite outgrowth-promoting
and survival-enhancing effects on cultured neuronal cells and
high expression in early brain structures, raise the question of
whether Hmgb1 would be one of the genes required for brain
development. In the current study we have addressed this ques-
tion using zebrafish as a vertebrate model in which develop-
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ment of different nervous system structures can be easily fol-
lowed. HMGB1 knockdown experiments in vivo using
morpholino oligonucleotides clearly demonstrate defects in
brain development, in particular in anterior neural structures.
We suggest that in developing forebrain, HMGBI is required
for maintenance of proliferating cells/stem cells that give rise to
neurons.

EXPERIMENTAL PROCEDURES

Experimental Animals—An outbred zebrafish (Danio rerio)
strain from a local resource, Turku line, was used in this study
for its steady yield of embryos (14, 15). Fish feeding, breeding,
and maintenance were done according to Westerfield (16). The
experiment permits were obtained from the University of Hel-
sinki Committee for animal experiments and the Office of the
Regional Government of Southern Finland, in agreement with
the ethical guidelines of the European convention. We express
the embryonic ages in hours post-fertilization (hpf) and days
post-fertilization (dpf). To prevent pigment formation, 0.2 mm
1-phenyl-2-thiourea (Sigma) was added to the media of
embryos to be studied before 3 dpf shortly after spawning.

RT-PCR and Quantitative RT-PCR—Total RNA from 2 dpf
larvae was extracted with NucleoSpin RNA XS kit. RNA was
reverse-transcribed in a reaction containing 1 ug of RNA, 0.25
mMm dNTP-mix, 1 mm random nonamers, 20 units of recombi-
nant RNasin® (Promega), 200 units of Moloney murine leuke-
mia virus (MMLV)-RT (Promega) in 1X MMLV reaction
buffer. 2 ul of the reverse transcription mixture was then used
for polymerase chain reaction with gene-specific primers.

The primers 5'-ACA TCC ACA TAC AGC CAT TGC-3'
and 5'-GGC AAG GAT AGT GGT GTT GGA-3’ were used for
cloning the 963-bp zebrafish HMGB1 full-length transcripts of
coding sequence (supplemental Fig. S1). The primers 5'-AAG
TCA CCG CCA TCA ACG AC-3’ and 5'-ACA ACG GAC
ACA TCA ACG AC-3' of zebrafish GAPDH (gene ID 317743)
were used for relative PCR template control.

The subsequent PCR reaction was performed in a 50-ul PCR
mix (2.5 um ANTP, 150 mm KCI, 1.5 mm MgCl,, and 0.1% Tri-
ton X-100 in 10 mm Tris-HCI, pH 8.8) containing 0.2 um 5’
primer and 3’ primer and 1 unit of Dy-NAzyme™ II DNA
Polymerase or Phusion high fidelity polymerase (Finnzymes).
The PCR cycling parameter was set at 95 °C for 5 min, denatur-
ation at 95 °C for 30 s, annealing/detection at 60 °C for 30 s,
elongation at 72 °C for 1 min, back to denaturation for 29 cycles
and then at 72 °C for 5 min, and holding at 4 °C. The amplifica-
tion products were separated on 1.0% agarose gel and stained
with EtBr. The PCR products were purified with the MinElute
Gel Extraction kit (Qiagen, Hilden, Germany), ligated to the
pGEM-Teasy plasmid (Promega), and sequenced.

The zebrafish B-actinl (AF057040.1, GI:3044209; primers
are 5'-CGA GCA GGA GAT GGG AAC C-3' and 5'- CAA
CGG AAA CGC TCA TTG C-3’), elongation factor 1 a1 (zgc:
109885, GI:90652818; primers are 5'-CCA ACT TCA ACG
CTC AGG TCA-3' and 5'-CAA ACT TGC AGG CGA TGT
GA-3'), and ribosomal protein Ll3a (BC047855.1,
GI:28838761; primers are 5'-AGA GAA AGC GCATGG TTG
TCC-3" and 5'-GCC TGG TAC TTC CAG CCA ACT T-3')
were set as template quantity controls for quantitative real time
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PCR. These primers were obtained from the RT Primer Data-
base. The following primers were obtained from the Zebrafish
International Resource Center (ZIRC): Pas2a (ZIRC cb378;
primers are 5'-ATC AGA GAC CGA CTC TTG GC-3’ and
5'-AAG GCT GCT GAA CTT TGG TT-3'), Pas6a (ZIRC
¢b280; primers are 5'-AAG AGG GAG TGT CCG TCA AT-3’
and 5'-CAG GTT GCG CAG TAC TCT GT-3'), and Krox20
(ZIRC cb427; primers are 5'-GAT GGC AAG TCA CAA AGA
GC-3"and 5'-CTT CTC CGT GCT CAT ATCCC-3'). Wnt8al
(BC055535.1, GI:33416858; primers are 5'-TTG CGT CGT
TGGTTATGT CT-3"and 5'-TACACT GCT GGT GTATGC
GA-3"), Wnt8a2 (U10869.2, GI:14574562; primers are 5'-TAA
TGA AGC TGG ACG TTT GG-3' and 5-TAA TTG CCA
ATC TCA CGG AA-3’), and Wnt8b (U10870.1, GI1:968916;
primers are 5'-TGC AGT GAT AAC GTG GGA TT-3' and
5'-GTC CTC TGC ATG GTT CCT TT-3') primers were
designed with online tools (GenScript). The LuminoCt™
SYBR Green qPCR ReadyMix ™™ (Sigma) was used. The typical
cycling parameters were as follows: initial denaturation at 95 °C
for 30 s, denaturation at 95 °C for 5 s, annealing/detect at 62 °C
for 30 s, back to denaturation for 39 cycles, hold at 4 °C. The
PCR reactions were processed with the Bio-Rad CFX96 real
time PCR machine via CFX96™ Real-Time PCR Detection
System.

Production of HMGBI-GFP Fusion Proteins—The 615-bp
zebrafish HMGBI1 sequence encoding the full-length HMGB1
polypeptide from the start methionine was amplified by PCR
with two pairs of primers with added restriction enzyme diges-
tion sites required for ligation with double multi-clone sites
pEGFP plasmid (derived from pEGFP-C1, Clontech). The first
pair of primers was 5'-AGA ATG CGG CCG CCA CCA TGG
GGA AGG ATC CGA CAA AACC-3" and 5'-AAG GCG CGC
CCT ACT CGT CAT CCT CCT CCT CTT-C-3' with NotI and
Ascl sites required for the cloning site at the N terminus of the
GEFP coding sequence. The second primers were 5'-TAC CCA
AGCTTC GAT GGG GAA GGA TCC GAC AAA AC-3' and
5'-GCG AAT TCC TAC TCG TCA TCC TCC TCC TCT
TC-3" with EcoRI and Hind sites required for the cloning site at
the C terminus of GFP. The PCR reaction products were then
digested as designed and ligated into Double MCS pEGFP plas-
mid for the construction of HMGB1-GFP recombinants. The
digested products were purified by MinEluted kit (Qiagen) and
then ligated by the T4 ligation system (Promega). The HMGB1-
GFP fusion protein plasmids were transfected to 293T cells by
using the FUGENE™ 6 transfection reagent (Roche Applied
Science). The cells were extracted with the SDS buffer (62.5 mMm
Tris, 1.8% SDS, 7.75% glycerol, and 4.4% 2-mercaptoethanol,
pH 6.8), and the extracts were pressed several times through a
needle. The extracts were boiled twice for 5 min and centri-
fuged at 10,000 X g for 10 min to remove insoluble material.
Samples corresponding to the same wet weight were analyzed
by Western blotting.

Preparation of Tissues—Zebrafish embryos were collected
and transferred onto a Petri dish with E3 medium (miniQ water
containing 5 mm NaCl, 0.17 mm KCl, 0.33 mm CaCl,, and 0.33
mMm MgSO,). The fish were killed by keeping them on ice for
more than 10 min followed by decapitation or fixation. Larval
fish were fixed whole with 2% paraformaldehyde in 0.1 m phos-
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phate buffer at room temperature for 2 h or at 4 °C overnight,
and brains of 5-dpf larvae were dissected under a stereomicro-
scope after the fixation (15). The fixed samples could be saved
in phosphate buffer for up to 2 weeks.

Whole-mount in Situ Hybridization—Whole-mount in situ
hybridization was carried out as described previously (17) using
the specific probes (18) of Pas2a (the ZIRC cb378), Pas6a (ZIRC
¢b280), and Krox20 (ZIRC cb427). Larvae at 30-hpf (Prim-5)
and 48-hpf (Long-pec) stages were used in the experiments.

Antibodies, Western Blotting, and Immunocytochemistry—
Affinity-purified anti-peptide IV and (against the peptide KFK-
DPNAPKRPPSA that corresponds to residues 87—100 of the rat
HMGBI sequence) and anti-peptide V (against the peptide
KAEKSKKKKEE that corresponds to the residues 176 —186 of
the rat HMGBI1 sequence) have been previously characterized
(19) and were used at the concentration 250 ng/ml to detect the
zebrafish and rodent HMGB1 in Western blotting. Binding of
the anti-peptide IV antibodies to the zebrafish HMGB1 was
verified using cells transfected with the recombinant zebrafish
HMGB1-GEFP fusion plasmid. Polyclonal anti-3-catenin anti-
bodies (25 ng/ml; C2206 rabbit polyclonal, Sigma) were used to
detect B-catenin in Western blotting. Mouse monoclonal anti-
B-actin antibody (A2228 Sigma, 1:2000) was used as a control of
sample loading.

For Western blotting, brains from more than 1-year-old
adult zebrafish or lysates from 15-20 larvae were homogenized
in 80 ul of SDS gel sample buffer (16); 15 ul of cell or tissue
lysate was used for SDS-PAGE. Proteins were transferred to
Hybond™ nitrocellulose membrane (Amersham Biosciences)
by a semidry blotting technique with transblotting cell (Bio-
Rad) and detected with the antibodies as described (16). After
the horseradish peroxidase-conjugated secondary antibody
incubation, the samples were visualized with the ECL Western
blotting detection system (Amersham Biosciences).

Mouse monoclonal anti-tyrosine hydroxylase (TH) antibody
(Diasorin, Stillwater, MN) was used for the whole-mount stain-
ing of the catecholaminergic system in 5-dpf larval brains as
descried earlier (15). The rabbit anti-HMGBI1 peptide antibod-
ies (see above, 250 ng/ml), chicken anti-AMIGO1 antibodies (1
pg/ml), and anti-active- B-catenin antibodies (mouse monoclo-
nal, Millipore; the antibody epitope is 100% conserved in
zebrafish; 1.1000) were used for whole-mount immunostaining
of zebrafish larvae. The anti-AMIGO1 antibodies were gener-
ated against the AMIGOL1 extracellular domain (20) using a
GST-tagged zebrafish fusion protein as the antigen and affinity-
purified with AMIGO1 extracellular domain-maltose affinity
column. Specificity was shown by Western blotting and com-
petition of binding to the 3 dpflarval samples by the AMIGO1
ectodomain.

For immunohistochemistry of the larvae, the samples were
washed and preincubated in phosphate-buffered saline con-
taining 0.1% Tween 20 or 0.25% Triton X-100 (PBS-T, pH 7.4)
with 1% dimethyl sulfoxide (DMSO) and 4% natural goat serum
at4 °C overnight or longer. The specimens were incubated with
the primary antibodies in the preincubation solution (PBS-T
with 2% natural goat serum) for 1-3 days at 4 °C under slow
stirring. The samples were then washed thoroughly with PBS-T
and incubated with the Alexa®-conjugated donkey anti-rabbit
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(Alexa 546), goat anti-chicken (Alexa 488), or goat anti-mouse
(Alexa 568) secondary antibodies (diluted 1:2000) in the prein-
cubation solution for 1-2 days at 4°C. The samples were
washed with PBS-T twice for 30 min, once with PBS for 30 min,
and once with 50% glycerol in PBS for 1 h, and the samples were
then infiltrated overnight in 80% glycerol in PBS before
mounting.

Morpholino Oligo and ¢cRNA Injections—HMGB1 knock-
down experiments were carried out with antisense morpholino
oligonucleotides (MO) (Gene Tools) targeted to 5" upstream
sequences flanking the translation start site (MOI, 5'-CCT
TCCCCATCT TTG CCT AAA TAT C-3’) and to RNA splic-
ing sites between the 3rd and 4th exons (MO2, 5'-AAC TGA
TTT TCT CAC CTT CTC GTA C-3'; MO3, 5'-GCG ATG
TCCTGAAATAAGATATTCG-3') of the Hmgb1 transcript.
The Hmgbl five mispaired MOs, corresponding to the
sequence of MO1 but with five non-pairing nucleotides (5mis
MO, CgT TCg CCA TgT TTc CCT AAt TAT C; the non-pair-
ing nucleotides marked by lowercase letters), was used as a
morpholino oligo injection control. Because a variety of MOs
have the potential of inducing neural apoptosis caused by their
off-targeting effects inducing the p53 apoptosis pathway, coin-
jection of p53 MO (21) with each HMGB1 MO was separately
carried out to investigate whether the HMGB1 morphant phe-
notype can be rescued by p53 knockdown. Each HMGB1 MO
was mixed with 4 ng of p53 MO to carry out microinjection.
The transcription level of p53 in both single MO-injected and
mixed MO-injected 2-dpf embryos was detected by quantita-
tive RT-PCR with the primers reported (21).

The primers 5'-TAC CCA AGC TTC GAT GGG GAA
GGA TCC GAC AAA AC-3' and 5'-GCG AAT TCC TAC
TCG TCA TCC TCC TCC TCT TC-3’ were used for adding
EcoRI and HindlI restriction enzyme digestion sites on both
sides of the Hmgb1 first-strand cDNA. The primers 5'-ATA
AGATCTATGCCCCCTTCCATT AAT TG-3' and 5'-AAG
AAT TCC CGG TCA AAA GAT ACA CAT CCT C-3" were
used for adding BglIT and EcoRI restriction enzyme digestion
sites on both sides of the AMIGOI first-strand cDNA. These
restriction sites are required for insertion into the pMC expres-
sion vector, which caps the inserted fragment with the
sequence elements of the B-globin 5'-UTR and 3'-UTR on both
sides separately and SV40 poly(A) signal at the 3’ tail addition-
ally. This elevates the transcribed cRNA stability and activity
about 100-fold in cRNA injection experiments (22). GFP cRNA
was used as a control in cRNA rescue experiments, and it was
prepared using pEGFP-C1 vector. All cRNAs were prepared
using mMessage mMachine kit (Ambion, Austin, TX) accord-
ing to the manufacturer’s instructions.

All MO aliquots were stored at 300 um dilution in sterile
distilled water at —70 °C. Capped Hmgb1 cRNA was stored at 1
pg/ul in sterile distilled water at —70 °C. For HMGB1 knock-
down experiments, the injection solution containing 25% phe-
nyl red with 50 um HMGB1 MO1 or 100 um concentrations of
the other MOs (the concentration was varied in dosage exper-
iments) was prepared and heated at 65 °C for 15min. The mix-
ture was then cooled down at room temperature. An aliquot of
4 nl of the mixture (corresponding to 2 ng of MO1 and 4 ng of
the other MOs when 50 or 100 uM solution was used corre-
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spondingly) was injected into the yolk of a 1—4-cell embryo that
was allowed to develop at 28.5 °C. For cRNA rescue experi-
ments, 0.1 ug/ul cRNA was mixed with MO injection solution
after the heating. All injections were done with an injector (WPI
PV830 Pneumatic Pico Pump) and a micromanipulator
(Narishige, Tokyo, Japan).

Cell Death and Proliferation Detection—Whole-mount
staining of 28-hpf larval apoptosis was performed using the
DeadEnd™ Fluorometric TUNEL system (Promega (23)), and
whole-mount staining of 80-hpf larval cell proliferation was
studied with Click-iT Edu Alexa® Fluor 555 imaging kit (Invit-
rogen) using the protocol recommended by the manufacturer.
Unlike assays using bromodeoxyuridine, Click-iT® EdU assays
are not antibody-based and, therefore, do not require DNA
denaturation for detection of the incorporated nucleoside.
Instead, Click-iT® EdU utilizes click chemistry for detection in
a variety of Alexa Fluor® dye fluorescent readouts. (Invitrogen,
#C10338).

Microscopy—Confocal imaging of 5-dpf brains stained with
anti-TH antibodies was carried out as described (24). Zeiss
LSMS5 Pascal confocal microscopy system with air (10X dry)
and water immersion objectives (high magnification, 25 or
63X) was used for imaging of 28-hpf larvae stained with anti-
AMIGO1 and anti-HMGB1 antibodies. The fluorophores were
excited with the 488- or 568-nm lines from an argon-krypton
laser (Omnichrome; Melles Griot, Carlsbad, CA). Cross-talk
between the channels and background noise was eliminated
with sequential scanning and frame averaging as described ear-
lier (15). Stacks of images taken at 1-1.2-um intervals were
compiled to make maximum intensity projection images. For
each scan, uninjected larval samples were scanned first for
imaging normalization. All morphants were then scanned
using the same experimental details. Specimens for light
microscopy were examined with inverted light microscopy
using Olympus IX 70 connected through a CCD camera to the
Analysis® software. High resolution whole-mount in situ
images were obtained with a digital MicroFire S99808 camera
(Optronics) attached to an Olympus BX51 epifluorescence
microscope (Olympus, Tokyo, Japan).

The acquired images were further processed with Adobe
Photoshop 8.0 software (Adobe Systems, San Jose, CA). Ana-
tomical structures of larval brain were named and numbered
using the neuroanatomical atlas of adult zebrafish brain (25, 26)
and the atlas based on location of TH neurons in 5-dpf larval
fish (14, 24).

Analytical Software—All statistical analyses were carried out
using OriginPro 7.5. Intensities of the Western blot bands were
examined with Quantityone 4.6.2 (Bio-Rad) software. HMGB1
protein sequence alignments of different species (Ensembl) and
statistical analysis were carried out using Geneious pro trial
4.8.2 (Biomatters Ltd.).

RESULTS

Zebrafish Hmgbl—The zebrafish Hmgbl gene has the same
exon-intron organization (supplemental Fig. S2) as the mam-
malian Hmgbl. The full-length zebrafish Hmgbl DNA was
cloned by using mRNA from zebrafish larvae and primers
designed according to the putative homologous sequence
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FIGURE 1. Zebrafish HMGB1 and Western blotting using anti-HMGB1
antibodies. A, shown is the domain structure of the zebrafish HMGB1 con-
sisting of 205 amino acids (for comparisons to HMGB1 sequences of other
species, see supplemental Fig. S1). B, shown is Western blotting of zebrafish
HMGB1 with rabbit anti-HMGB1 peptide antibodies. Anti-peptide IV antibod-
ies recognize the endogenous HMGB1 of the zebrafish brain lysates (28-kDa
band) and the fusion protein (55-kDa band) expressed in 293T cells that were
transfected using the zebrafish HMGB1-GFP sequence. Anti-peptide V anti-
bodies only recognize the rodent HMGB1. Zf brain, adult zebrafish brain tissue
lysate; GFP, lysate of 293T cells transfected with the GPF construct; zf HMGB1-
GFP, lysate of 293T cells transfected with the zebrafish HMGB1-GFP fusion
plasmid (GFP at the C-terminal end); GFP zf-HMGBI, lysate of 293T cells trans-
fected with the GFP-zebrafish HMGB1 fusion plasmid (GFP at the N-terminal
end); rat HMGB1-GFP, lysate of 293T cells transfected with the rat HMGB1-GFP
fusion plasmid. The fusion protein is detected in all experiments as the 55-kDa
band; the endogenously occurring HMGB1 in zebrafish brain and in 293T cells
used for transfection is detected as the 28-kDa band.

found in the Zv8 data base (Ensembl, search Danio rerio). Blast
searches identified Hmgb1 as the closest homologue within the
mammalian sequences. Comparisons of the deduced amino
acid sequence (supplemental Fig. S1) to the human or mouse
HMGB1 and HMGB2 sequences displayed 86 and 78% similar-
ity, respectively. As in mammals, the zebrafish sequence corre-
sponds to the protein having two homologous HMG boxes
(HMG boxes A and B) followed by the acidic tail consisting of
only glutamate and aspartate residues (Fig. 14). The deduced
amino acid sequence is slightly shorter (205 amino acids) than
the mammalian one (214 amino acids).

Detection of Zebrafish HMGBI Using Specific Antibodies—
We have previously produced a series of affinity-purified anti-
protein and anti-synthetic peptide antibodies that detect the
mammalian HMGB1 (19). Antibodies against a synthetic pep-
tide (anti-peptide IV; see Ref. 19) corresponding to a highly
conserved area immediately before and at the beginning of the
B box (Fig. 1, A and B) were found to bind to the zebrafish
HMGBI1 in Western blotting. These antibodies detected the
endogenously occurring HMGB1 of zebrafish brain lysate and
of the cells used in transfection assays (the 28-kDa band in Fig.
1B). Furthermore, in transfection assays these anti-HMGB1
antibodies detected the zebrafish and rat fusion protein in a
similar manner (the 55-kDa band in Fig. 1B). In contrast, anti-
bodies against a sequence closer to the C-terminal end (anti-
peptide V), where the zebrafish and the mammalian sequences
display many differences, only detected the endogenously
occurring HMGBL1 of the cells used for transfection assays (the
28-kDa band in Fig. 1B) and the rat fusion protein (the 55-kDa
band in Fig. 1B) but not the endogenously occurring zebrafish
protein or the zebrafish fusion protein. Further evidence of the
specificity of the antibodies (anti-peptide IV) is provided by the
reduced or lacking detection of the zebrafish 28-kDa protein
when translation or mRNA synthesis is disturbed in the mor-
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FIGURE 2. Dosages of HMGB1 MOs required for specific knockdown of HMGB1 expression and rescue of the expression by coinjecting Hmgb1 cRNA.
A, shown is Western blotting of HMGB1 from lysates of 3-dpf larvae that had been injected with different dosages of the MOs. MO1 causes a more prominent
inhibition of HMGB1 expression than MO2 or MO3. B, shown is quantification of the Western blotting bands in A by plot density analyses. MO1 (2 ng) causes
>80% knockdown of HMIGB1 expression, and MO2 and MO3 (4 ng each) cause >50% inhibition of expression. C, statistics of the death rate in different
MO-injected 24-hpf larvae are shown. By increasing the MO1 injection dosage from 1 to 4 ng, the death rate of the MO1-injected morphants displays a
significant increase (compared by one-way ANOVA followed by Fisher’s LSD post hoc test and Bonferroni correction; *, p < 0.001), from less than 8% to around
20%. At the same doses, MO2 or MO3 do not cause an appreciable change. For each group, 300 larvae were used in 6 independent injections; 50 larvae were
injected in each experiment. D, shown is RT-PCR of 2-dpf larval total RNA using primers from both ends of the coding sequence of the Hmgb1 cDNA (615 bp).
MO1 does not cause an appreciable change in the analysis, whereas a band of 440 bp is found in the MO2-injected larval sample corresponding to exon 3
deletion. In the MO3-injected larval sample, the 615-bp Hmgb1 PCR product is clearly reduced compared with the controls. GADPH was used as the template
control. E and F, inhibition of HMGB1 expression by the MOs and rescue of the expression by coinjection of the Hmgb1 cRNA are shown. The three groups of
larvae injected with the morpholino oligonucleotides (2 ng of MO1; 4 ng of MO2 or MO3) display a clearly reduced expression of the HMGB1 protein compared
with the uninjected group or the 5 mis MO-injected group. A Western blot is shown in £, and quantification of the Western blotting band intensities from four
replicates is shown in F. In the groups of larvae injected with MO1, MO2, or MO3, the HMGB1 expression is significantly reduced compared with the MO/cRNA-
coinjected larvae (compared by one-way ANOVA followed by Fisher’s LSD post hoc test and Bonferroni correction; *, p < 0.01). In the group with the best rescue
effect (MO2/cRNA), the HMGB1 expression is ~80% of uninjected controls. In the group with the lowest rescue effect (MO1/cRNA), the expression is >60% of
uninjected controls. For Western blotting, 20 larvae of each injection group were selected randomly for sample preparation. The experiment was repeated
three times by independent injections. The error bars in (C and F) indicate the S.E. values.

pholino antisense experiments specifically targeting HMGB1
(see e.g. the Western blots in Fig. 2).

Inhibition of HMGBI Expression in Zebrafish Larvae with
Morpholino Oligonucleotides—Gene-specific antisense MOs
have been widely used to inhibit gene expression in zebrafish
larvae (27). We designed three MOs (see “Experimental Proce-
dures” and supplemental Fig. S2) expected to interfere in
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Hmgb1 expression. The first one (MO1) targets a sequence that
includes the ATG site (from —15 to +10 compared with the
ATG site) and is expected to inhibit HMGBI translation. The
other two oligonucleotides (MO2 and MO3) target splice sites
in the Hmgb1 pre-mRNA. MO?2 is expected to cause an exon
deletion, whereas MO3 is expected to cause an intron insertion.
Noninjected larvae and larvae injected with the five mispaired
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MOs (5mis MO; having five non-pairing nucleotides compared
with MO1) were used as controls.

In larval lysates, HMGB1 was specifically detected as the pro-
tein with a 28-kDa molecular mass (Fig. 24). We used Western
blotting of 3-dpflarval lysates to evaluate the effects of the MOs
(at the doses 1- 6 ng) on HM GBI protein expression. Estimated
from the Western blots (Fig. 2, A and B), 2 ng of MO1 were
required to cause more than 50% inhibition of the protein
expression, whereas somewhat higher doses of MO2 and MO3
(4 ng) were required for a similar inhibition. We selected these
doses for further experiments aiming at studies on organ devel-
opment as they allow early development and high proportions
of viable larvae (Fig. 2C).

RT-PCR analysis (Fig. 2D) of the total RNA extracted from
2-dpf MO1l-injected larvae revealed expression of Hmgbl
mRNA at the same level as in controls, as expected. In contrast,
in MO2-injected larvae the normally occurring mRNA was
strongly reduced, and a band corresponding to exon 3 deletion
was found. In MO3-injected larvae, expression of the normally
occurring mRNA was strongly reduced.

The MOs were designed so that they may not inhibit the
capped Hmgbl cRNA injected in rescue experiments together
with the MOs. MO1 extends from —15 until +10 compared
with the ATG site and MO2 and MO3 target splice sites of the
pre-mRNAs (supplemental Fig. S2). Western blotting showed
that in the selected doses (Fig. 2E, quantification from replicate
filters in Fig. 2F) MO1 causes 80 -90% inhibition in the protein
expression, whereas MO2 and MO3 cause 70 and 50-60%
inhibition correspondingly. Coinjection of the Hmgbl mRNA
together with MO1, MO2, or MO3 caused a significant rescue
of the protein expression (Fig. 2, E and F).

Expression of HMGBI during Early Development of Zebrafish—
Expression of Hmgbl mRNA has been mapped at different
stages of zebrafish development (see The Zebrafish Model
Organism Database). Hmgb1 is expressed in blastula, gastrula,
and segmentation stages ubiquitously until 14 hpf. After this,
HMGBI1 is mainly expressed in brain and other parts of the
nervous system until 5 dpf, when the expression is down-regu-
lated. Ventral mesoderm also expresses Hmgbl during
organogenesis.

To gain further insight into HMGB1 expression in zebrafish
embryos, we carried out whole-mount immunostaining exper-
iments of 28-hpf larvae (Fig. 3) using antibodies against
HMGBI (anti-peptide IV; see above). The 28-hpf larvae have
already completed primary neurogenesis and are entering into
the stage of secondary neurogenesis (28). HMGB1 was found to
be prominently expressed in forebrain, in particular in rostral
telencephalon and telencephalon close to the ventricular wall,
in pretectum, and at the anterior part of the diencephalic ven-
tricular wall (Fig. 3 and supplemental Figs. S3—S5). Immuno-
staining on these regions is specific as it is strongly reduced or
disappears in MO1 injected larvae. Furthermore, the coinjected
Hmgb1 cRNA rescued immunostaining, although the immuno-
staining pattern is different from that caused by the endoge-
nous HMGB1 expression (Fig. 3 and supplemental Figs. S3 and
S4). The areas where HMGBI1 is expressed are populated by
brain stem cells/neuronal progenitor cells (29) during the pri-
mary and secondary neurogenesis (28). In addition to the fore-

JULY 1,2011+VOLUME 286-NUMBER 26

HMGB1 and Brain Development

A
28hpf Anti HMGB1 Anti AMIGO1
Alexa 546 conjugated Alexa 488 conjugated Merge
Uninjected ‘
&Pr & Pr
DiV
DT
HMGB1
5mis MO \ Pr
DT
HMGB1 MO1
Pr
& DiVv
DT
HMGB MO1 +
Hmgb1cRNA & Pr
DT
B —_

Percent of embryos with anti-HMGB1
positive staining in diencephalon (%

FIGURE 3. Whole-mount immunostaining of HMGB1 (Alexa 546-conju-
gated) and AMIGO1 (Alexa 488-conjugated) in 28-hpf (Prim-15) larvae
(dorsal view). A, the red color shows the HMGB1 immunostaining, and the
green color shows the AMIGOT immunostaining. The uninjected and the 5mis
MO-injected larvae show intense immunostaining of HMGB1 in the anterior
diencephalon and in diencephalon close to the ventricular wall (arrows),
which is essentially absent in the MO1-injected larvae. In the MO1/cRNA-
injected larvae, HMGB1 is clearly immunostained in diencephalon and other
parts of the forebrain but in a more diffuse pattern compared with the endog-
enously expressed HMGB1. AMIGO1 displays a similar distribution compared
with HMGBT1, and the two proteins colocalize on the area where HMGB1 is
intensely immunostained (the merged figures on the right). In MO1 mor-
phants, AMIGO1 expression is down-regulated and restricted along the base
of the diencephalic ventricle. In the MO1/Hmgb1 cRNA coinjected larvae,
AMIGO1 expression is rescued and displays a diffuse pattern in the forebrain.
Maximum intensity projection images using the optical sections throughout
the diencephalon are displayed in the panels. The stack size is 40-50 uwm
covering the sample thickness, and the step interval is 1 um. DiV, dien-
cephalic ventricle; DT, dorsal thalamus; Pr, pretectum. Scale bars, 50 um.
B, shown are statistics of larvae in which HMGB1 expression is detected in
diencephalon. The HMGB1 MO1 morphants display strongly reduced num-
bers of larvae expressing HMGB1 in diencephalon compared with MO1/
cRNA-coinjected or the 5mis MO-injected groups (one-way ANOVA followed
by Fisher's LSD post hoc test and Bonferroni correction have been done; *, p <
0.001). The error bars indicate the S.E. values. For every injection group, 10
larvae were randomly selected for whole-mount immunostaining. Three
independent injections were carried out.
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brain, HMGBI1 was found to be expressed symmetrically along
the brain midline in the spinal cord and in the notochord (sup-
plemental Fig. S6).

AMIGO1 (amphoterin-induced gene and orf) is a nervous
system specific transmembrane protein whose expression is
induced in neuronal cells by extracellular matrix-associated
HMGB1 (20). We used AMIGOL1 as a neuronal plasma mem-
brane marker in double-immunostaining with HMGB1. Immu-
nostaining using the anti-HMGBI and anti-AMIGO1 ectodo-
main antibodies revealed partial colocalization in developing
forebrain (Fig. 3 and supplemental Figs. S3 and S4). A high
resolution view of HMGB1/AMIGO1 double-immunostaining
in diencephalon revealed a patchy detection of both proteins
that partially colocalize at the plasma membrane (Fig. 3 and
supplemental Fig. S5). Visualization of membrane structures
with the lipid-soluble dye Dil revealed a similar localization at
the membrane level (not shown).

Furthermore, immunostaining experiments showed that
MOL1 injection down-regulates both the HMGB1 and AMIGO1
expression, whereas expressions of both proteins are up-regu-
lated by coinjection of the HmgbI cRNA (Fig. 3 and supplemen-
tal Figs. S3 and S4). The expression and function of AMIGO1
may, therefore, be linked to those of HMGB1 during forebrain
development.

Morphological Characteristics of the HMGBI1 Knockdown
Morphants—Each MO caused phenotypic changes at the dose
range of 1- 6 ng per embryo. To analyze the phenotypic effects
of the MOs, we selected the lowest doses causing a 50% or
higher inhibition of HMGBI protein expression as evidenced
by Western blotting analysis but not compromising the viability
of the embryos (see above and Fig. 2).

Examination of gross morphology of MO-injected zebrafish
revealed prominent changes starting at the early stages of devel-
opment (1-2 dpf). The morphant phenotype can be easily rec-
ognized based on smaller size, curling tails, smaller brain width,
and shorter distance between the eyes (Fig. 44 and supplemen-
tal Fig. S7). They are immobile and stay alive until about 1 week.
All three MOs (MO1, MO2, and MO3) produced a very similar
change, but there was a difference in the frequency of the char-
acteristic phenotype observed among the three MOs. Analysis
of 3-dpflarvae revealed that injection of MO1 (2 ng) caused the
characteristic phenotype in 80-90% of the injected zebrafish
with somewhat lower frequencies for MO2 and MO3 injections
(4 ng of each MO; Fig. 4B). This finding agrees with the Western
blot analysis showing that MO1 causes a more prominent and
effective down-regulation of HMGB1 expression compared
with MO2 or MO3 (Fig. 2F). In more than 90% of the experi-
ments, the 5-misMO (4 ng) injected larvae did not display any
morphological changes. Coinjection of the Hmgbl cRNA was
able to rescue the MO-induced phenotypic change (Fig. 4B).
Because MO1 proved to be the most reliable one in causing the
characteristic phenotype and the phenotype was shown to be
rescued by mRNA injection and MO1 caused the strongest
down-regulation of HMGBI expression in Western blotting,
we mainly used this antisense oligonucleotide in further char-
acterization of the developmental role of HMGBI.

Closer examination of the MO1-injected larvae during an
early developmental stage (30 hpf) displayed a disordered pat-
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FIGURE 4. Typical phenotypes of HMGB1 knockdown morphants.
A, shown is light microscopy of 5 dpf larvae. All three HMGB1 MOs cause a
similar phenotype displaying a shorter trunk with curled tail and a smaller
head part. Compared with the HMGB1 knockdown morphants, the HMGB1
MO1/Hmgb1 cRNA-coinjected and the 5mis MO-injected larvae do not show
any severe morphological defects and have the same outlook as the unin-
jected larvae. The scale bar indicates 1 mm. B, shown is are statistics of the
morphants with typical HMGB1 knockdown phenotype (shown in panel A). All
three HMGB1 MO morphants show a significant difference compared with
the 5mis MO morphants (compared by one-way ANOVA followed by Fisher’s
LSD post hoc test and Bonferroni correction; *, p < 0.001). The phenotype is
rescued in the HMGB1 MO1/Hmgb1 cRNA-coinjected larvae. For each group,
200 larvae were used in 4 independent injections; 50 larvae were injected in
each experiment. The error bars indicate the S.E. values. C, catecholaminergic
networks of 5-dpf larval brains detected by TH1 immunostaining (Alexa 568
conjugated; ventral view) are shown. In the HMGB1 MO1-injected larvae, cat-
echolaminergic networks are not detected in the telencephalon, and the
staining is reduced in the diencephalon. Coinjection of Hmgb1 cRNA with
MOT1 partially rescues the phenotype. The HMGB1 5mis MO morphants show
a similar staining pattern as the uninjected controls. The stack size is about
100 wm throughout the brain thickness, and the step interval is 1 um. Di,
diencephalon; H, hindbrain; OB, olfactory bulb; Po, preoptic region; Tel, telen-
cephalon. The scale bar indicates 50 um.

tern of prosomeres and a reduced size of the forebrain due to
perturbed formation of both diencephalon and telencephalon
(supplemental Fig. S7). To further characterize structural
changes in the nervous system development in the HMGB1
knockdown, we used tyrosine hydroxylasel (TH1) immuno-
staining as a marker to detect catecholaminergic, mainly dop-
aminergic neuronal networks that form an important and well
characterized structure in the early zebrafish brain (24, 30, 31).
Immunostaining of TH1-positive networks revealed promi-
nent changes in the morphants (shown for 5-dpf morphants in
Fig. 4C, at the stage when the networks have been essentially
fully formed). The most striking change in HMGB1 knockdown
zebrafish was the nearly complete absence of TH1-positive
neuron clusters in the telencephalon and the anterior basal
diencephalon (Fig. 4C). Furthermore, the HMGB1 morphants
had fewer TH1 neurons in the hypothalamus and disordered
distribution of TH1 reactive axon fibers in the hindbrain along
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FIGURE 5. Detection of embryonic apoptotic and proliferating activity.
A, shown is TUNEL staining (Alexa 488 conjugated) of 28-hpf larvae. The
HMGB1 MO1 morphants display widespread apoptosis in the forebrain
(arrow) and the hindbrain. In the HMGB1 MO1/Hmgb1 cRNA-coinjected, mis
MO-injected, or the uninjected groups, apoptosis is quite limited. The stack
size is about 150 wm throughout the sample thickness, and the step interval
is 1.2 um. The scale bar indicates 100 uwm. B, detection of proliferation activity
by EdU-Alexa 555 staining of 3-dpf larvae (dorsal view; the arrow shows the
forebrain/midbrain boundary) is shown. In the HMGB1 MO1 morphants, very
few proliferating cells are detected. In the HMGB1 MO1/Hmgb1 cRNA-coin-
jected morphants, the pattern of proliferating cells in the brain is similar to
that found in the uninjected and the 5mis MO-injected controls. On some
areas of the brain, the cRNA induces a more intense proliferation compared
with the controls. The stack size is about 150 wm throughout the sample
thickness, and step interval is 1.2 um. The scale bar indicates 150 um. CeP,
cerebellar plate; Di, diencephalon; DiV, diencephalic ventricle; DT, dorsal thal-
amus; H, Hindbrain; M, midbrain; OB, olfactory bulb; Pr, pretectum; Tel, telen-
cephalon; TeO, tectum opticum.

the midline. The phenotype was essentially rescued in MO1/
Hmgbl cRNA-coinjected larvae, with only slight changes com-
pared with wild-type controls (Fig. 4C).

Cell Survival and Proliferation in the HMGBI1 Knockdown
Zebrafish—Previous studies have shown that HMGB1 en-
hances survival of cultured embryonic cells (9). Because
HMGBI is robustly expressed close to ventricular walls popu-
lated by stem cells/proliferating cells, we reasoned that HMGB1
might be required for survival and proliferation in early fore-
brain. TUNEL staining revealed abundantly apoptotic cells in
forebrain and hindbrain in 28-hpf MO1-injected zebrafish lar-
vae (Fig. 5A). At this stage, apoptosis has been shown to be very
rare in the normal developing brain (32), in agreement with our
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analysis of the wild-type larvae used as controls (Fig. 54). Coin-
jection of Hmgbl cRNA was essentially able to reverse the effect
(Fig. 5A), suggesting that apoptosis was specifically caused by
inhibition of HMGB1 expression.

Based on TUNEL labeling, the HMGB1 knockdown larvae
display apoptosis both in forebrain and hindbrain, which is
somewhat unexpected as the morphological changes were
largely restricted to the forebrain compared with other parts of
the nervous system (see above). Yet the cRNA rescue experi-
ments clearly argued for a specific effect (Fig. 54). As an addi-
tional set of control experiments, we therefore studied the pos-
sible p53 activation that is suggested as a control of off-target
effects in siRNA and MO knockdown technologies (21). We did
not find any evidence of p53 activation that would explain apo-
ptosis or other effects in the knockdown experiments using any
of the three HMGB1 MOs (supplemental Fig. S8, A and B).
Furthermore, inclusion of p53 MO is recommended to reduce
the risk of off-target effects in knockdown experiments, but this
approach did not change the characteristic larval phenotype of
the HMGB1 knockdown (supplemental Fig. S8C) or the num-
bers of TUNEL-positive larvae (not shown).

If HMGBI is required to maintain proliferating cells/stem
cells in developing brain, one would expect to see a difference in
DNA synthesis in brain regions populated by such cells in
experiments where the HMGB1 expression level is manipu-
lated. EAU labeling revealed prominent staining that was
strongly reduced in the brain of MO1-injected larvae (shown
for 3-dpf larvae in Fig. 5B). The staining suggesting cell prolif-
eration was rescued by injecting Hmgbl cRNA together with
MOL1. Interestingly, EAU labeling was somewhat more wide-
spread along the midline close to the brain ventricles in fore-
brain and midbrain compared with the controls without cRNA
injection (Fig. 5B). Correspondingly, Hmgbl cRNA-injected
larvae also showed diffuse staining with the HMGB1 antibody
(Fig. 3). This is to be expected as the injected coding sequence
lacks regulatory elements and may, therefore, cause ubiquitous
HMGB1 expression. HMGB1 thus appears to affect cell prolif-
eration on regions where it is not even endogenously expressed
in the nervous system.

Regionally Expressed Markers in the HMGBI Knockdown
Zebrafish—Examination of gross morphology and immunohis-
tochemistry using TH1 staining as a marker suggested promi-
nent changes in telencephalon and diencephalon of the
HMGBI1 knockdowns. To get further insight into the regional
role of HMGBI1 in brain development, we studied the expres-
sion of the transcription factors Pax6a, Pax2a, and Krox20 that
have been implicated in regional development of brain. Pax6 is
essential for early development of many regions of the central
nervous system, especially for the early forebrain patterning
(33, 34). Furthermore, Pax6 activity has been found to be
important for catecholaminergic organization during the early
forebrain development (36). Pax2a was used as the embryonic
regional marker of diencephalon-derived optic stalk and mid-
brain-hindbrain boundary and Krox20 as the marker of early
developing hindbrain rhombomeres (18, 35).

The most prominent change found in these studies was the
virtual absence of the Pax6a-expressing cell group in telenceph-
alon of HMGBI1 knockdown morphants, which can be rescued
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FIGURE 6. Whole-mount in situ hybridization to detect Pas6a, Pas2a, and Krox20 expression in the uninjected and the MO-injected brains. Panel, a-h,
shown is Pas6a in 48-hpf larvae (the pharyngula period from High-pec to Long-pec) as a marker of forebrain development; a-d show the lateral view in which
the scale bar indicates 100 um; e h show the ventral view in which the scale bar indicates 60 um. The arrow shows the telencephalic Pas6a-positive cell group,
which disappears in the HMGB1 MO1 morphants. i-/, shown is Pas2a in 48-hpf larvae (the pharyngula period from High-pec to Long-pec in) as a marker of the
midbrain-hindbrain barrier (MHB) development; the scale bar indicates 250 wm. m-p, Krox20 in 24 -30-h larvae (the pharyngula period from Prim 5 to Prim 15)
detect development of the hindbrain rhombomere3 (r3) and rhombomere5 (r5); the scale bar indicates 100 um. Panel B, percentages of the mutants lacking the
Pas6a-positive cell group in telencephalon (the arrow in a-h). The chart shows that the HMGB1 MO1, MO2, and MO3 morphants have a high percentage of
mutants lacking the telencephalic Pas6a-positive cell group compared with the HMGB1 5mis MO morphants. Coinjection of the Hmgb1 cRNA with the MOs
causes a significant rescue effect (compared by one-way ANOVA followed by Fisher’s LSD post hoc test and Bonferroni correction; *, p < 0.001; the error bars
indicate the S.E.). Each group contains 40 larvae from 4 independent injections; 10 larvae were selected randomly from every injection for whole-mount in situ
hybridization. Panel C, quantification of Pas2a, Pas6a, and Krox20 in 2-dpf larvae by qRT-PCR. The transcription level of Pas6a, but not of Pas2a or Krox20, is
significantly down-regulated by the MO1 injection (compared by one-way ANOVA followed by Fisher’s LSD post hoc test and Bonferroni correction; *, p < 0.01;
the error bars indicate the S.E.). The result is based on five independent injections. Every group has 50 larvae in each injection, and 10 larvae were randomly
collected and prepared for the gRT-PCR analysis.

by Hmgbl cRNA coinjection in most of the embryos studied
(see Fig. 6 for morphology and the percentages of embryos lack-
ing Pas6-positive cells in telencephalon). In contrast to the tel-
encephalic area, Pax6a expression appeared normal in more
posterior areas of the central nervous system. We did not detect
any major differences in the expression patterns of Pax2a or
Krox20 (Fig. 6). These results are in agreement with the mor-
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phological findings (see above), suggesting that forebrain devel-
opment is especially vulnerable to down-regulation of HMGB1
expression.

Wt Signaling in the HMGBI1 Knockdown Zebrafish—Wnt
signaling plays a key role in the development of vertebrates and
nonvertebrates (for review, see Ref 37). In particular, Wnt8 sig-
naling has been connected to forebrain development and is
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FIGURE 7. Up-regulation of Wnt-p-catenin signaling by HMGB1 knockdown. A, shown is quantification of Wnt8a1, Wnt8a2, and Wnt8b in 2-dpf larvae by
gRT-PCR. HMGB1 MO1 morphants show a significantly increased expression of Wnt8a1, Wnt8a2, and Wnt8b compared with the other groups (compared by
one-way ANOVA followed by Fisher's LSD post hoc test and Bonferroni correction; *, p < 0.001; the error bars indicate the S.E.). In the HMGB1 MO1 morphants,
Wnt8a1 expression is about 4 -5-fold higher than in 5mis MO-injected controls (= 1), and Wnt8a2 and Wnt8b are about 2-fold higher than in 5mis MO-injected
controls (=1). The morphants injected with MO1/Hmgb1 cRNA do not show an increase in Wnt8 signals. In Wnt8b qRT-PCR, 60 larvae were used in each group,
and analysis of each group is based on 6 independentinjections. In Wnt8a1 and Wnt8a2 gRT-PCR, 30 larvae were used in each group, and analysis of each group
is based on 3 independent injections. From each injection, 10 larvae were randomly collected and separately prepared for gRT-PCR template. B, shown is
Western blotting of 3-dpf larval lysates with anti-B-catenin antibody shows an increased B-catenin expression in the MO1 morphants, which confirms the
gRT-PCR results shown in A. C, shown is quantification of the Western blotting bands from four anti-B-catenin antibody Western-blotting experiments. The
HMGB1 MO1 morphants have about 3-fold B-catenin expression compared with uninjected or 5mis MO-injected controls (the significance confirmed by
one-way ANOVA followed by Fisher's LSD post hoc test and Bonferroni correction; *, p < 0.001). The error bars indicate the S.E. In every experiment, 20 larvae

of each injection group were randomly collected for Western blotting.

known to become dysregulated in Pax6 '~ embryos (34, 38).
We, therefore, decided to study whether HMGB1 knockdown
affects Wnt8 signaling. Surprisingly, Wnt8 a1 mRNA was up-
regulated 4 —5-fold in MO1-injected larvae, and the effect was
rescued by injection of the Hmgbl cRNA. In addition, Wnt8a2
and Wnt8b mRNAs were up-regulated about 2-fold and 2-3-
fold, respectively (Fig. 7A).

A key question is, therefore, whether the changes in mRNA
levels reflect on protein levels and cell signaling. Because the
Wnt proteins are hard to detect, we chose to take an indirect
approach by following expression of the 3-catenin protein that
is known to become stabilized and, therefore, up-regulated dur-
ing canonical Wnt signaling. Western blotting showed that the
B-catenin level is indeed specifically up-regulated about 3-fold
in the HMGB1 morphants (shown for 3-dpf morphants in Fig.
7, B and C).

Role of AMIGOI in HMGBI-dependent Cell Survival and
Development—Immunostaining studies (Fig. 3 and supplemen-
tal Figs. S3 and S4) suggested coexpression of HMGB1 and
AMIGOL1 in brain. AMIGOI was previously cloned as a gene
that is robustly induced by cell matrix-bound HMGB1 in neu-
ronal cells in vitro (20). We, therefore, examined more closely
whether HMGB1 regulates AMIGOL1 expression in zebrafish in
vivo. Western blotting experiments revealed that the expres-
sion of AMIGO1 is indeed closely linked to the HMGB1 expres-
sion; in MO1-injected larvae both proteins are clearly down-
regulated, and they both reappear when Hmgbl cRNA is
coinjected with MO1 (Fig. 8, A and B).

If AMIGOL1 is involved in the mechanism through which
HMGBI1 regulates brain development, AMIGOI ¢cRNA might
have a rescue effect in the HMGB1 knockdown. We used
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immunostaining of TH1-expressing neuronal networks to eval-
uate the possible rescue effect. In more than 60% of larvae,
TH1-positive networks became detectable in telencephalon
when AMIGOI cRNA was coinjected with MO1 (Fig. 8, C and
D). The corresponding value for the MO1/Hmgb1 cRNA-coin-
jected groups was about the same, whereas GFP cRNA coin-
jected control did not cause a significant rescue effect (Fig. 8D).

Furthermore, rescue experiments suggested that AMIGO1 is
involved in the survival and proliferation-enhancing mecha-
nism of HMGBI1. Abundant TUNEL staining was found in a
high proportion of MO1-injected larvae compared with mis
MO-injected or uninjected larvae; injection of Hmgb1 cRNA or
AMIGOI cRNA both caused a clear rescue effect (see the qual-
itative comparison in Fig. 94 and a comparison from replicate
experiments in Fig. 9C). Coinjection of p53 MO or GFP cRNA
did not change the numbers of TUNEL-positive larvae (not
shown). As expected, a corresponding rescue effect was
observed in EdU staining of proliferating cells (Fig. 9, B and C).

DISCUSSION

Previous in situ hybridization studies have shown that during
organogenesis, HMGB1 mRNA accumulates in early brain
structures in many nonvertebrate species, such as amphioxus
(12) and Xenopus (13) and the basal vertebrate lamprey (11). In
vertebrates, a high expression level of HMGB1 (amphoterin)
has been demonstrated in embryonic rat brain compared with
the adult brain (6), and mapping studies using in situ hybridiza-
tion have shown that during organogenesis in zebrafish
HMGBLI is essentially a nervous system protein that is abun-
dantly expressed in brain (see The Zebrafish Model Organism
Database). However, excluding in vitro studies using primary
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forebrain cells and neuroblastoma cells (6, 8), the possible role
of HMGBI in brain development remains to be explored.

HMGBI Regulates Forebrain Development—The current
study shows that HMGBI is essential for forebrain develop-
ment in zebrafish. Several lines of experiments argue for spec-
ificity in our knockdown experiments. Western blotting shows
that the HMGBI1 protein is down-regulated by three different
HMGBI antisense MOs, and the phenotypic changes parallel
the HMGB1 down-regulation. Furthermore, similar mor-
phants were observed for all three antisense MOs but not for
the control MO (5mis MO). Finally, clear rescue effects can be
observed when the Hmgbl cRNA is injected in knockdown
experiments.

Because HMGBL is highly expressed in the central nervous
system during early development in all species studied so far,
we suggest that the role in brain development is a conserved
phenomenon in evolution. In particular, the diencephalic and
telencephalic forebrain structures appear vulnerable to the
down-regulation of HMGBI expression, and we suggest that
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this highly conserved gene has an important function enabling
survival and proliferation of stem cells/precursor cells that will
form the forebrain structures. It is still unclear to us why the
forebrain appears especially vulnerable to the down-regulation
of HMGBI expression. A possible reason to this is that, com-
pared with other parts of the brain, high numbers of cells have
to be produced and added to the complex network structures in
the developing forebrain. Therefore, the forebrain would be
more critically dependent on survival/proliferation enhancing
factors than lower parts of the nervous system, leading to the
situation that down-regulation of only one factor causes mas-
sive perturbation of forebrain structures.

HMGBI as an Extracellular and Intracellular Factor Regu-
lating Forebrain Development—Proliferation and differentia-
tion of neural progenitors is heavily dependent on the special-
ized microenvironment, the niche in which the cells reside. The
cells are regulated within these niches by soluble and mem-
brane-bound molecules and by extracellular matrix. One
should, therefore, consider whether HMGB1 participates in
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FIGURE 9. Rescue of cell survival and proliferation in the HMGB1 knock-
down morphants by AMIGO1 and Hmgb1 cRNA coinjection. A, AMIGO1
CcRNA rescues 28-hpf larvae from apoptosis due to HMGB1 knockdown. The
forebrain apoptotic area in MO1 morphants and the corresponding area in
MO1/AMIGOT cRNA morphants have been indicated by arrows. Stack size is
about 150 um throughout the sample thickness, and the step interval is 1.2
um. The scale bar indicates 100 wm. B, AMIGO1 cRNA rescues 3-dpf larval
proliferating activity in the telencephalon, diencephalon, and tectum opti-
cum (shown by arrows). Stack size is about 150 um throughout the sample
thickness, and the step intervalis 1.2 um. The scale bar indicates 150 um. CeP,
cerebellar plate; Di, diencephalon; DiV, diencephalic ventricle; DT, dorsal thal-
amus; H, hindbrain; M, midbrain; OB, olfactory bulb; Pr, Pretectum; Tel, telen-
cephalon; T, tectum; TeO, tectum opticum. C, statistics of TUNEL and EdU
staining are shown in A and B. For both TUNEL and EdU staining, the number
of larvae with staining in the forebrain area was counted in each group. The
HMGB1 5mis MO-injected and uninjected larvae were used as the controls.
The HMGB1 MO1 morphants showed a significantly higher TUNEL staining
and a significantly lower EdU staining in 3-dpf larval forebrain (compared by
one-way ANOVA followed by Fisher’s LSD post hoc test and Bonferroni correc-
tion; *, p < 0.001; the error bars indicate the S.E. values). Both Hmgb1 and
AMIGO1 cRNA display a clear rescue effect on cell survival and proliferation.
The experiment was repeated 4 times by independent injections. In every
injection 10 larvae from each group (50 larvae per injection group) were ran-
domly selected for the TUNEL or EdU staining.

cell-to-cell signaling within the niches that regulate neural pro-
genitors. It is currently generally accepted within the HMG
field that HMGB1 can be actively secreted upon cell stimulation
by cytokines/growth factors, and its secretion can be even
induced by cell contact with extracellular matrix (for review,
see Ref 2). Because the stem cells and progenitor cells reside
within niches that are areas where many types of cytokines/
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growth factors and matrix factors regulate cells, one would
expect HMGB1 to become secreted on such areas. In fact, in
whole-mount immunostaining, HMGB1 can be detected in
wild-type but not in knockdown zebrafish larvae at the plasma
membrane level, resembling a matrix-type structure that sur-
rounds the cells. We have previously shown that HMGB1 can
regulate neural cells and other cell types in vitro as a cell matrix-
associated molecule (for review, see Ref 2), which would be
consistent with a role as a factor surrounding neural progen-
itors and regulating them through transmembrane signaling.
However, one should keep in mind that HMGB1 may have
important intracellular functions in neural progenitor regu-
lation, a possibility that clearly warrants further studies. In
the immune cell regulation, HMGB1 was recently shown to
participate in both extracellular and intracellular mecha-
nisms (39).

HMGBI has several cell surface receptors, and further work
is warranted to elucidate the relative importance of different
membrane receptors of HMGB1 in neural progenitors. Regula-
tion of many cell types by HMGBI is generally suggested to
depend, at least partially, on binding to RAGE. A search of the
zebrafish genome data base does not identify any obvious
RAGE homologue, although hypothetical protein structures
displaying some similarity in the domain structure (for exam-
ple, an Ig domain structure with ~30% similarity compared
with the HMGB1 binding Ig domain of mammalian RAGE) can
be found in the data base. Interestingly, Toll-like receptors that
were initially identified as proteins guiding neuronal develop-
ment in Drosophila have been recently implicated in neurogen-
esis in mouse brain (40). Toll-like receptors have been identi-
fied as HMGBI receptors in the immune system in several
studies (for review, see Ref 2), and their possible role as HMGB1
receptors in brain development needs to be elucidated.

A search of genes regulated by HMGB1 in embryonic neural
cells using ordered differential display analysis was the basis of
cloning of a novel adhesion protein designated as AMIGO1
(20). In these in vitro studies regulation of AMIGO1 expression
was shown to depend on extracellular matrix-bound HMGB1
and transmembrane signaling in embryonic neural cells. The
finding that HM GBI regulates AMIGO1 expression in a similar
manner iz vivo in zebrafish larvae provides further evidence for
arole of HMGBI as an extracellular factor that would mediate
cell-to-cell communication within the niches that are required
for survival/proliferation of neural progenitors.

HMGBI, Pax6, and Wnt Signaling—Of the regional markers
of brain development analyzed in the current study, Pax6
expression is of particular interest in the HMGB1 knockdown
zebrafish. Lack of HMGBI clearly results in reduction of Pax6a-
expressing cells in the forebrain. Interestingly, Wnt signaling
has been shown to become up-regulated in Pax6~’~ mutants
and may be involved in the mechanism of Pax6 in forebrain
development (33, 38). Our finding of enhanced Wnt signaling
in the HMGB1 knockdown may, therefore, be due to down-
regulation of Pax6 activity.

Wnt signaling has a complex role from very early to late
stages of the nervous system development (for review, see Ref.
41). In particular, Wnt8 has been reported to play a key role in
brain development (42, 43) and to affect development of cat-
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echolaminergic neural networks (44) that is compromised in
the HMGB1 morphants. Wnt8 and -catenin were even dra-
matically up-regulated in the HMGB1 knockdown, in contrast
to AMIGOL1 that essentially disappears in the knockdown.
Wnt8 has been shown to act as a posteriorizing factor that is
expressed in posterior parts of the central nervous system
and is suggested to diffuse to anterior areas inhibiting its
development (42, 43). Furthermore, Wnt8 has been shown to
restrict the number of catecholaminergic progenitors during
neurogenesis in diencephalon (44). Therefore, up-regulation
of Wnt8 expression likely contributes to perturbed forebrain
development in the HMGB1 morphants. The finding that
HMGBI signaling connects to Wnt signaling opens up novel
views of the roles of HMGBI in development and diseases
such as inflammatory conditions and cancer. Further in vitro
and in vivo studies on HMGB1/Pax6/Wnt connections are,
therefore, warranted.

AMIGOI1 in the Mechanism through Which HMGBI Regu-
lates Forebrain Development—The key question as regarding
the regulation of AMIGO1 expression by HMGB1 is whether
AMIGO1 should be included in the HMGB1-dependent sur-
vival/proliferation mechanism. In our previous studies we
cloned two other proteins that are about 50% homologous as
compared with AMIGO1 and designated these proteins as
AMIGO2 and AMIGO3 (20). However, AMIGO2 was in addi-
tion independently cloned using neuron survival as a readout
and is designated as Alivin-1 (45). We, therefore, decided to
study whether regulation AMIGO1 expression by HMGB1
contributes to the survival/proliferation mechanism of
HMGBLI. Experiments in zebrafish in vivo using AMIGOI
cRNA injection in the HMGB1 knockdown clearly demon-
strate that AMIGO1 should be included in the signaling path-
way through which HMGB1 regulates neural progenitors. Fur-
thermore, based on our in vitro studies, AMIGO1 has a similar
cell survival enhancing effect on embryonic rat brain neurons as
AMIGO2.*

Concluding Remarks—The current study shows that
HMGBI is critically important to construct forebrain structures in
zebrafish, a phenomenon that is likely to be conserved across many
vertebrate and nonvertebrate species. It appears clear that at the
cellular level, regulation of survival and proliferation of neural pro-
genitors is intimately involved in the cellular mechanism through
which HMGBI regulates brain development. As regarding the
molecular mechanism through which HMGBI regulates neural
progenitors, further work is clearly warranted. Our findings sug-
gesting roles for Pax6, Wnt8, and AMIGO1 in the molecular net-
work affected by HMGBI provide clues for further mechanistic
studies on the role of HM GBI in brain development. Furthermore,
it seems clear to us that HMGB1 should be considered in regener-
ative medicine as a factor that regulates neural progenitors during
regeneration.
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