
INTRODUCTION

Human organs are subjected to a variety of insults and injuries,
but have a limited ability to heal and regenerate damaged or
lost tissue. Natural scientists have actively pursued the problem
of regeneration since the 17th century, largely by utilizing
lower vertebrate species possessing exceptional regenerative
capacities (Dinsmore, 1991). Newts are the primary
experimental model used to study vertebrate regeneration, as
they can regrow a striking number of adult structures, including
limbs, tail, spinal cord, jaws, tongue, lens and optic nerve
(Brockes, 1997; Ferretti and Géraudie, 1998). While genetic
approaches have been successfully applied to dissect many
developmental, physiological and behavioral processes, and
could conceivably be applied to reveal factors required for
regeneration, newts and other highly regenerative amphibians
are not suitable for this analysis. This is because of their long
generation times, enormous genomes, and the difficulty of
maintaining large numbers of animals. 

In contrast, because of their amenability to genetic
manipulation, zebrafish have proved to be a valuable laboratory
model for understanding many aspects of vertebrate
embryogenesis. Small- and large-scale mutagenesis screens
have yielded hundreds of interesting mutants, from which
dozens of genes essential for ontogeny have been identified

(see Driever et al., 1996; Gaiano et al., 1996; Haffter et al.,
1996; Zhang et al., 1998). Somewhat overlooked is the fact that
zebrafish can regenerate an impressive number of structures as
adults, such as spinal cord, optic nerve, scales, and each of five
types of fins (Johnson and Weston, 1995; Bernhardt et al.,
1996; Becker et al., 1997). 

For several reasons, the fin is an excellent model organ for
studying regeneration. First, fins have a simple architecture,
consisting of several segmented, bony fin rays composed of
concave, facing hemirays that surround connective tissue,
nerves and blood vessels (Ferretti and Géraudie, 1998).
Second, surgery is nearly effortless, so that hundreds of
amputations per hour may be performed. Third, regeneration
is rapid and reliable, with most structures replaced within 1-2
weeks. Finally, zebrafish unable to regenerate fins survive
normally despite their wounds, allowing the recovery of mutant
founders from genetic screens (Johnson and Weston, 1995).

Fin regeneration can be broken down into four stages (Poss
et al., 2000a). First, epidermal cells migrate to cover the wound
and form a multilayered cap. Second, mesenchymal tissue
down to two segments beneath the new epidermis disorganizes,
or dedifferentiates, and mesenchymal cells migrate distally
toward the amputation plane (Poleo et al., 2001). Third, these
cells proliferate and accumulate to form the regeneration
blastema, a tissue mass from which the new fin structures are
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One possible reason why regeneration remains enigmatic
is that the dominant organisms used for studying
regeneration are not amenable to genetic approaches. We
mutagenized zebrafish and screened for temperature-
sensitive defects in adult fin regeneration. The nightcap
mutant showed a defect in fin regeneration that was first
apparent at the onset of regenerative outgrowth. Positional
cloning revealed that nightcap encodes the zebrafish
orthologue of mps1, a kinase required for the mitotic
checkpoint. mps1expression was specifically induced in the
proximal regeneration blastema, a group of cells that
normally proliferate intensely during outgrowth. The

nightcap mutation caused severe defects in these cells.
However, msxb-expressing blastemal cells immediately
distal to this proliferative region did not induce mps1and
were retained in mutants. These results indicate that the
proximal blastema comprises an essential subpopulation of
the fin regenerate defined by the induction and function of
Mps1. Furthermore, we show that molecular mechanisms
of complex tissue regeneration can now be dissected using
zebrafish genetics.
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ultimately derived. Regeneration is completed by a phase of
outgrowth, composed of exquisitely integrated proliferation,
patterning, and differentiation events. Recent work has
demonstrated that the distal regenerate is divided into three
compartments during regenerative outgrowth (Nechiporuk
and Keating, 2002). Distal blastemal cells are essentially
nonproliferative and express msxb, a transcriptional repressor
gene that is induced during blastema formation and might
function to activate cellular dedifferentiation in mesenchyme
underlying the wound epidermis (Akimenko et al., 1995;
Poss et al., 2000a; Odelberg et al., 2000). More proximal
blastemal cells are highly proliferative, and show high
bromodeoxyuridine (BrdU) incorporation and mitotic indices
with a very brief G2 cell cycle phase. Proximal to this region
is a patterning zone, where proliferation is less intense and
bone-depositing scleroblasts align. We have postulated that the
distal blastema might function to specify the direction of
regenerative outgrowth, while the proximal blastema drives
regeneneration (Nechiporuk and Keating, 2002). However,
these regeneration zones have not been functionally dissected,
as no agents or mutations that affect a specific region of the
blastema have been discovered.

To find genes that mediate fin regeneration we treated
zebrafish with N-ethyl-N-nitrosourea (ENU) and screened
mutagenized families, as adults, for individuals unable to
regenerate amputated caudal fins. We identified the nightcap
(ncp) mutant, a strain that fails during regenerative outgrowth
owing to severe blastemal proliferative defects. We then used
positional cloning to demonstrate that this regenerative block
is caused by a temperature-sensitive mutation in the zebrafish
orthologue of mps1, a cell cycle regulator that is specifically
upregulated in the proximal fin blastema. Our findings indicate
that proximal blastemal cells are required to support
proliferation through mps1expression and function, and that
compartmentalization of the blastema is crucial for
regeneration. Thus, through a molecular genetic approach, we
propose a molecular and cellular model for blastemal function
during regeneration. 

MATERIALS AND METHODS

Mutagenesis and screen for fin regeneration mutants
Males of the C32 inbred zebrafish strain were mutagenized using
published protocols and mated to females of the SJD inbred strain
(Mullins et al., 1994). Eggs were squeezed from F1 females
(heterozygous for mutated genomes) and subjected to early pressure
parthenogenesis (Streisinger et al., 1981). The resulting families were
raised at 24-25°C until 2-3 months of age. At this point, one-half of
the caudal fin was amputated from each fish, and families were shifted
to a recirculating system heated at 33-34°C, for 1 week. After this
period, fish were analyzed individually for regeneration defects, using
a dissecting microscope. One of the two ncp founders was initially
outcrossed to a C32 female; the ncp mutation was then outcrossed
twice to the WIK zebrafish strain and maintained through ncpcrosses,
ncp/+ crosses, or ncp× ncp/+ crosses. 

Immunohistochemistry
Hematoxylin staining and whole-mount in situ hybridization were
performed as described previously (Poss et al., 2000a). To generate
digoxigenin-labeled probes for this study, we used a full-length 3.2 kb
mps1 cDNA (EST fi61a12) and a full-length 1.2 kb msxb probe
(Akimenko et al., 1995). Immunohistochemistry on sectioned tissue

was performed as described previously (Poss et al., 2000b), using the
monoclonal antibody Zns-5 (Johnson and Weston, 1995). For
simultaneous detection of mps1mRNA and PCNA, a monoclonal anti-
PCNA antibody (Oncogene, 1:100 dilution) was added following in situ
hybridization during fin incubation with anti-digoxigenin antibody
coupled to alkaline phosphatase. Fins were then washed for at least 2
hours in multiple changes of phosphate-buffered saline (PBS)-0.1%
Tween 20 (PBT), followed by a final wash in PBT with 2 mg/ml bovine
serum albumin (PBTs). Fins were treated with anti-mouse secondary
antibodies coupled to Alexa-488 (Molecular Probes) in PBTs overnight
at 4°C. On the following day, fins were washed in multiple changes of
PBT for at least 2 hours and processed for an alkaline phosphatase
reaction using the NBT/BCIP substrate. Following the detection
reaction, fins were rinsed several times with PBT and processed for
cryosectioning as described previously (Poss et al., 2000a). Frozen
blocks were sectioned at 14 µm, mounted using Vectashield with DAPI
(Vector), and digital images were captured using an Axiocam CCD
camera equipped with Axiovision software (Zeiss). 

For BrdU incorporation experiments, animals were injected
intraperitoneally with a 2.5 mg/ml solution of BrdU. To detect BrdU
and H3P by whole-mount immunostaining, fin regenerates were
incubated in Carnoy’s fixative (60% ethanol, 30% chloroform, and
10% acetic acid) overnight at 4°C and stained as described (Newmark
and Sanchez Alvarado, 2000). Fins were washed twice in methanol
and rehydrated through a methanol/PBS+0.3% Triton X-100 (PBTx)
series. They were then washed twice in 2 N HCl in PBTx and
incubated in 2 N HCl in PBTx for 30 minutes, followed by two rinses
in PBTx and blocking for 4 hours in (PBTx + 0.25% BSA). Then, fins
were incubated with anti-BrdU monoclonal antibodies (Chemicon
International Inc., 1:100) and rabbit polyclonal anti-H3P antibody
(Upstate Biotechnology, 1:200) overnight at 4°C. The next day, fins
were washed in several changes of PBTx (last wash PBTx + 0.25%
BSA) and incubated overnight at 4°C in Alexa 594-coupled goat anti-
mouse antibodies and Alexa 488-coupled goat anti-rabbit antibodies
(Molecular Probes), both diluted 1:200 in PBTx. Whole-mount
regenerates were washed several times in PBS and examined by laser
confocal microscopy (410 LSM, Zeiss). 

The number of mitoses per regenerating ray was counted using
three-dimensional projections of confocal images through the entire
depth of the fin (100 µm). Epidermal cells developed a nonspecific
cytoplasmic fluorescence after H3P staining and secondary antibody
detection. This fluoresence was observed at the distal epidermal edges
of the regenerate in sections of both wild-type and mps1fins (see
Fig. 6C). Therefore, it was relatively easy to limit scans to
mesenchymal tissue by setting the confocal depth range to just within
the highly stained epidermis. In wild-type regenerates during
outgrowth, this mesenchymal region was 45-55 µm. Longitudinal
sections and work from a previous study confirmed that mesenchymal
mitoses far outnumber epidermal mitoses in the distal regenerate (see
Nechiporuk and Keating, 2002).

Genetic mapping and positional cloning
We assigned the ncp gene to LG16 by centromere-linkage analysis,
using CA-repeat markers (Shimoda et al., 1999) to genotype 51
progeny generated by early pressure of ncp/+ oocytes (Johnson et
al., 1996). CA-repeat markers and ESTs (Hukriede et al., 2001)
previously localized to the vicinity of the ncp were then utilized to
finely map the ncpmutation in ncp× ncp/+ crosses. All progeny were
raised to 2-3 months at 25°C, before phenotyping for regeneration
defects at 33°C. Genotyping information from both ncp and ncp/+
progeny were used in mapping experiments.

Zebrafish YAC clone pools (Research Genetics) were screened by
PCR for fc38g10 (Clark et al., 2001) and z6506 sequences (Zhong et
al., 1998). DNA from YAC43G3 was subcloned into the SuperCos1
cosmid vector (Stratagene) according to manufacturer’s protocol.
Cosmid clones were screened with labeled zebrafish genomic DNA
to select those inserts containing repetitive zebrafish DNA. A cosmid
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contig was assembled using recombination data
generated from use of cosmid end sequences. After
obtaining a critical region of 80 kb, cosmid inserts were
labeled and hybridized to cDNA library filters generated
from 28-hour embryos or adult fin regenerates. mps1
and bckdhb cDNA clones were obtained through
hybridization and, after observing synteny with human
6p14, from commercial sources (Incyte). To find the ncp
mutation, we amplified 400 bp mps1fragments from
wild-type and ncpmutant cDNAs, and sequenced these
using a 3100 Genetic Analyzer (Applied Biosystems).

Mitotic checkpoint analysis
24-hour postfertilization embryos were dechorionated,
disaggregated with a kontes pestle in 250 µl trypsin
solution, and triturated for 10 minutes. The trypsin was
inactivated with 250 µl of 20% FBS/DMEM, and the
suspension passed through 100 µm mesh and then 40
µm mesh. Cells were centrifuged for 10 minutes, and
the pellet was resuspended in 250 µl PBS/embryo. 10
µl/ml of Triton X-100 was added to the suspension,
followed by 20 µl/ml of 0.1 mg/ml DAPI. Cells were
kept on ice until flow cytometic analysis. Each sample
comprised cells from 1-4 embryos; 10 wild-type
samples and 12 ncpsamples were examined.

RESULTS

Identification of the ncp regeneration
mutant
To discover zebrafish defective in fin regeneration,
we treated male zebrafish with ENU and
generated mutagenized families by
parthenogenesis, as shown in Fig. 1A. We raised
these families to adulthood at 25°C, amputated
caudal fins, and shifted them to 33°C for 7 days
before assessing regeneration. We looked for
conditional, temperature-sensitive effects on
regeneration, as we predicted that many genes involved in
regeneration also function during embryogenesis. An adult fin
regeneration screen designed to detect only strong alleles
would fail to recover mutations in these genes. Importantly,
wild-type fin regeneration is completed without error at 33°C;
in fact, regeneration proceeds nearly twice as quickly at 33°C
as at 25°C (Johnson and Weston, 1995). 

The ncp mutation was inherited in a recessive manner and
identified in a family from which two of seven members
displayed regenerative blocks. ncp fin regenerates appeared
grossly normal through 2 days postamputation at the restrictive
temperature of 33°C, but typically had stalled or regressed back
to the amputation plane without forming new bone by 7 days
(Fig. 1B). Incubation of ncp adults at 33°C for long periods
(over 3 months) had little or no effect on survival, suggesting
that the ncp mutation does not hinder general cell survival or
adult physiology. All ncp mutants regenerated normally at
25°C. Thus, ncp is a temperature-sensitive mutation that
disrupts fin regeneration. 

To test if the ncp gene is required for embryonic
development, we raised embryos from heterozygous crosses at
33°C. In our studies, wild-type zebrafish embryos raised in a
33°C incubator following fertilization showed considerably
reduced viability compared to those raised at 25-28°C.

Although 50% of wild-type or heterozygous zebrafish reached
swimming stage normally, no homozygous ncp mutants
attained this stage (data not shown). Defects displayed by ncp
mutants appeared nonspecific and grossly indistinguishable
from those in inviable wild-type or heterozygous siblings, such
as cardiac edema, hooked tail and failure to form a swim
bladder. ncp animals raised at 25°C also appeared to have
compromised viability, as only half of the expected numbers
of ncp from parental backcrosses were recovered during
adulthood. This suggested that the ncp mutation was
hypomorphic at 25°C, but not strong enough to affect
regeneration at that temperature. The only consistent
observation in ncp animals raised at 25°C was that smaller
adult fish from parental backcrosses tended to be ncp
homozygotes. These observations support our initial
assumption that genes required for fin regeneration are also
required for embryonic or larval development (see also,
Johnson and Weston, 1995). 

ncp regenerates display proximal blastemal defects
at the onset of regenerative outgrowth
To determine the cellular mechanism of the ncp regenerative
failure, we examined the histology of ncp regenerates through
different stages of regeneration at 33°C. We found that the

Fig. l. Genetic screen for regeneration and identification of the ncpmutant.
(A) Illustration depicting mutagenesis and screen for temperature-sensitive fin
regeneration mutants. (B) Whole-mount wild-type and ncpcaudal fin regenerates at
2 and 7 days postamputation. The ncpmutant showed a clear defect in fin
regeneration by 7 days postamputation. Arrows demarcate amputation plane in
each photo. Original magnification is 15×. 
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early stages of wound healing and blastema formation
appeared normal (Fig. 2A). However, by 2 days
postamputation, ncp regenerates demonstrated obvious

histological abnormalities, particularly in mesenchymal cells
distal to the amputation plane. To refine our analysis of the ncp
defect, we analyzed regenerates for expression of msxb. We
also examined expression of Zns-5, which recognizes an
unknown antigen on scleroblasts, or bone-depositing cells, and
thus can be used to visualize patterning events such as
scleroblast alignment (Johnson and Weston, 1995). At 1 day
postamputation, msxb expression was normal in ncp
regenerates (Fig. 2A). Interestingly, msxb expression was
maintained in ncp regenerates at 2-3 days postamputation,
often in an expanded domain, indicating that the mutation
spares the distal blastema during outgrowth. The larger msxb-
expressing domain might be due to (1) failure of blastemal cells
to properly condense into the distal blastema, (2) epidermal
pinching and separation of the distal blastema, or (3)
compensatory expansion of the distal blastema as a result of
deficiencies in other portions of the regenerate. Furthermore,
we found that scleroblasts were present and correctly patterned
in the most proximal regenerate, suggesting that the ncp
mutation did not directly affect patterning or differentiation
functions (Fig. 2B). These data indicate that ncp affects a
specific subpopulation of cells in the proximal blastema at the
onset of regenerative outgrowth.

A mutation in the zebrafish orthologue of mps1 is
fully linked to ncp
To define the ncp gene, we raised 1,751 progeny from ncp ×
ncp/+ mapping crosses to adulthood at 25°C, scored for
regenerative defects at 33°C, and genotyped these animals
using CA-repeat and SSCP markers. We found two closely
linked markers that flanked a 0.7 centiMorgan (cM) region
containing ncpon linkage group 16, and utilized these markers
to retrieve a 950 kb yeast artificial chromosome (YAC) clone
that spanned the critical region. After making a cosmid library
from this YAC clone, we generated additional SSCP markers
from cosmid end sequences. We then used these new markers
to refine the genetic map to 0.11 cM. These new flanking
markers were contained within two cosmids, representing
approximately 80 kb (Fig. 3A). 

To identify the ncp gene, we screened a zebrafish cDNA
library with radiolabeled cosmid inserts. We identified cDNA
clones representing two genes, the zebrafish orthologues of
bckdhb (corresponding to zebrafish ESTs fb34c01 and
fb54e12) and mps1 (corresponding to zebrafish ESTs fi32g09,
fi61a12, and fl31h05). No other genes were identified using this
technique. We then searched the human genome database to
identify the human syntenic region. Human mps1(known as
TTK) and BCKDHB are located on chromosome 6p14,
approximately 50 kb apart. From a search of GenBank no
human mRNAs were located between TTK and BCKDHB.
These experiments indicate that the ncpmutation is located in
either the bckdhbor mps1genes. 

BCKDHBencodes a subunit of a metabolic enzyme mutated
in human maple syrup urine disease (Indo et al., 1987). To test
the candidacy of bckdhbfor the ncp mutation, we sequenced
the entire bckdhb coding sequence from ncp mutants. No
nucleotide differences were detected from wild-type AB strain
sequences (data not shown). These data suggest that bckdhbis
not the ncpgene.

Mps1 is an intracellular kinase important for cell
proliferation. cDNA sequence analysis revealed that zebrafish
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Fig. 2.ncpfin regenerates display defects in proximal blastemal cells
during regenerative outgrowth. (A) Longitudinal sections of 1-day
postamputation fin regenerates during blastema formation, with the
distal, regenerating end shown at the top. At this stage, ncpregenerates
display a typical blastema with normal msxbexpression (violet stain).
(B) Sections of regenerates at the onset of outgrowth. (Top)
Hematoxylin stains of ncpregenerates indicate a mesenchymal
compartment with a reduced number of blastemal cells. (Middle)msxb
expression is maintained and even expanded in ncpregenerates despite
blastemal reduction. (Bottom) The antibody Zns-5 detects scleroblasts,
or bone-depositing cells (brown stain), which align bilaterally in the
patterning zone by 2 days postamputation and begin to deposit
mineral. Note that the ncpregeneration defect was first apparent at the
onset of regenerative outgrowth and had little or no effect on the
establishment of the distal blastema or patterning zone. Arrows
indicate point of amputation. Original magnification is 250×.
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mps1encodes a protein of 983 amino acids. Zebrafish Mps1 is
34% identical at the amino acid level with murine Mps1
(Mpeg1), and 39% identical with X. laevisMps1. The carboxyl
terminus encoding the kinase domain (326 amino acids) is 60%
and 71% identical, respectively (GenBank accession number
AF488735). To test the candidacy of mps1, we sequenced
cDNAs from wild-type and ncpfish. We found one nucleotide
difference from wild-type AB strain mps1cDNA sequence, a
thymidine to adenosine (T to A) transversion in the mps1gene
of ncp fish that converts isoleucine 843 to lysine (Fig. 3B).
Isoleucine 843 is identical in zebrafish, amphibians and
mammals, and resides within kinase subdomain VII. The
comparable amino acid in budding and fission yeasts is leucine,
a conservative amino acid substitution (Fig. 3C). The sequence
of the corresponding region in the C32 inbred strain was
identical to that of the AB-derived cDNA. Since ncp was
isolated in the C32 inbred background, this indicates that the
T to A transversion was caused by the ENU mutagenesis that
produced the ncp mutation. Furthermore, the point mutation
was unique to the ncp mutant strain among all additional
genetic backgrounds examined, including Ekkwill, WIK and

SJD, indicating that the I843K mutation is not a variant or
polymorphism among laboratory stocks of zebrafish. These
data indicate that mps1is the ncpgene.

ncp embryonic cells display reduced mitotic
checkpoint activity
Mps1 is important for the mitotic checkpoint and
centrosome duplication (Abrieu et al., 2001; Fisk and
Winey, 2001). mps1was initially isolated as a budding
yeast mutant that disrupts spindle pole body duplication,
leading to its name (monopolar spindle) (Winey et al.,
1991). Subsequent experiments in yeast revealed a second,
distinct role in the mitotic, or spindle, checkpoint (Weiss
and Winey, 1996). The mitotic checkpoint is a sensing
mechanism that monitors interactions between
kinetochores and microtubules and prevents sister
chromatid segregation until all chromosomes are properly
aligned. In fact, six temperature-sensitive alleles of mps1
that disrupted mitotic checkpoint activity in S. cerevisae
changed residues of the kinase domain (Schutz and Winey,
1998). The role of Mps1 in mitotic checkpoint signaling
has been confirmed in S. pombe, X. laeviscell extracts, and
human cells in vitro (He et al., 1998; Abrieu et al., 2001;
Fisk and Winey, 2001; Stucke et al., 2002). Interestingly,
Mps1 was required only for mitotic checkpoint activity and
not centrosome duplication in human cells in vitro and S.
pombe(He et al., 1998; Stucke et al., 2002). 

To determine if Mps1 function was affected by the
I843K mutation, we examined mitotic checkpoint
signaling in ncp embryonic cells. We treated 24-hour
postfertilization wild-type and ncp embryos (raised at
25°C) for 4 hours at 33°C with the microtubule-disrupting
agent, nocodazole. Nocodazole destroys mitotic spindles
and activates the mitotic checkpoint. Cycling cells with
normal mitotic checkpoint activity respond to nocodazole
treatment by arresting in mitotic metaphase. In our
experiments, wild-type embryonic cells clearly arrested in
mitosis (4N nuclear content) in the absence of mitotic
spindles. While most cycling ncp cells also arrested in
mitosis during this period, a subpopulation of cells

continued to increase DNA content in the presence of
nocodazole, suggesting that these cells entered new cell cycles
despite gross spindle defects (Fig. 4). These data indicate that
the I843K mutation is associated with abnormal mitotic
checkpoint activity in ncp cells. Together with genetic data,
these functional data indicate that mps1is the ncp gene. We
will refer to ncpanimals hereafter as mps1mutants.

mps1 expression is induced in proximal blastemal
cells
To define the timing and pattern of mps1expression during fin
regeneration, and to determine whether expression is consistent
with mps1mutant pathology, we performed northern analysis
and in situ hybridization experiments. We found that zebrafish
mps1RNA was undetectable or present at very low levels in
all adult somatic tissues examined, including unamputated
caudal fins. In contrast, northern analysis of 1, 2, and 4 days
postamputation fin regenerates indicated induction of mps1
(Fig. 5A). In situ hybridization experiments demonstrated
mps1expression beginning at 18-24 hours postamputation (at
33°C) in the newly formed blastema (Fig. 5B). At this point,

A                         Linkage Group 16
    tel        cen
            z6506  ncp fc38g10

    (10)  (2)

    z6506                                                 fc38g10

YACG343

   cosB48  (2) (0)
       (1) cosA10

        cDNAs
bckdhb    mps1

B
wt mps1  GCC AAT TTT TTG A TA GTG GAT GGT TCG CTG
    A   N   F   L   I    V   D   G   M   L   

nc p mps1 GCC AAT TTT TTG A AA GTG GAT GGT TCG CTG
    A   N   F   L   K   V   D   G   M   L

C
nc p       812    RKAYWRNMLEAVHTIH KHGI VHSDLKPANFLKVDGSLKLI DFGI ANQ
Zebrafish  812    RKAYWRNMLEAVHTIH KHGI VHSDLKPANFLI VDGSLKLI DFGI ANQ
Human     683   RKSYWKNMLEAVHTIH QHGI VHSDLKPANFLI VDGMLKLI DFGI ANQ
Mouse      682    RKSYWKNMLEAVHI IH QHGI VHSDLKPANFVI VDGMLKLI DFGI ANQ
Xenopus    704    RKSYWKNMLEAVHTIH QHGI VHSDLKPANFLI VDGMLKLI DFGI ANQ
Yeas t      599    VRFYTKEMLLCI KVVHDAGI VHSDLKPANFVLVKGI LKI I DFGI ANA

Fig. 3.Linkage of a kinase mutation in mps1to ncp. (A) Genetic and
physical map of ncpregion indicating genomic DNA, YAC clone,
cosmids, and cDNAs. Numbers in parentheses represent recombination
events from 1,751 meioses in regions between ncpand linked genetic
markers. (B,C) Mutational analysis of mps1. Sequencing of cDNAs from
ncpand several wild-type strains revealed a unique thymidine to
adenosine mutation that altered isoleucine-843 to lysine (red). A portion
of the highly conserved carboxyl terminal kinase domain of Mps1
containing the I843K mutation is shown. This isoleucine is highly
conserved among vertebrates. Thus, a mutation in mps1is associated with
the ncpregeneration defect. 
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mps1was coexpressed with both msxband proliferating cell
nuclear antigen (PCNA), a marker for actively cycling cells
(Takasaki et al., 1981) (Fig. 5C). However, during regenerative
outgrowth, mps1RNA was limited to PCNA-positive proximal
blastemal cells, and was not detectable in the PCNA-negative,
msxb-positive distal blastema or in the patterning zone (Fig.
5C). These data indicate that mps1is specifically expressed in
a subpopulation of cells in the proximal blastema during

regenerative outgrowth, findings that are entirely consistent
with mps1mutant pathology. 

Mps1 is required for blastemal proliferation during
outgrowth
To define the mechanism of the mps1regenerative defect, we
examined cell cycle entry by BrdU incorporation. We also
assayed mitosis by the presence of phosphorylated histone-3

(H3P) (Hendzel et al., 1997). mps1fin regenerates
showed normal BrdU incorporation and H3P staining
at 1 day postamputation (data not shown). However,
at the onset of regenerative outgrowth (2 days
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Fig. 4. Reduced mitotic checkpoint activity in ncpcells.
Histograms from flow cytometric analysis of DAPI-stained cells
from 24-hour postfertilization wild-type and ncpembryos. (Left)
FACs profile of cells collected from embryos (raised at 25°C)
after a 4-hour incubation at 33°C. The majority of cells in wild-
type and ncpsamples had a 2N nuclear content. (Right) FACs
profile of cells collected from embryos treated with 1 µg/ml
nocodazole during the 4-hour 33°C incubation. A large 4N peak,
representing cells that have arrested in mitosis, appeared in both
wild-type and ncphistograms. However, note the substantial >4N
subpopulation in the ncphistogram (arrows). Such cells
presumably reflect those that failed to arrest in mitosis and
continued to synthesize DNA despite the absence of mitotic
spindles. High DNA content (>2% of cells with DNA content
over 4N) was not observed in cell suspensions from nocodazole-
treated wild-type embryos (n=10), but was seen in 10 of 12
suspensions from treated ncpembryos. Thus, mitotic checkpoint
activity is reduced in ncp embryonic cells, indicating that the
I843K mutation disrupts Mps1 function in zebrafish.

Fig. 5.mps1is induced in the proximal blastemal
proliferative zone during regenerative outgrowth.
(A) Northern analysis of mps1expression using several
adult tissues as well as regenerating caudal fin tissue. Blots
were also probed for β-actinexpression as a control to
indicate the amounts of RNA loaded. (B) Whole-mount in
situ hybridization of mps1in wild-type 1-day and 3-day
postamputation fin regenerates (violet stain indicated by
arrowhead). mps1RNA levels were increased in the newly-
formed blastema at 1 day postamputation (top) and these
levels were maintained in the blastema during regenerative
outgrowth (bottom). Whole-mount mps1signals appeared
stronger than section mps1signals in 1-day regenerates, an
observation that is common at that timepoint for other
genes. This likely represents somewhat weak but
widespread signals in individual blastemal cells that appear
stronger when visualized en masse. (C) (Left and center)
Longitudinal sections of wild-type 1- and 3-day fin
regenerates co-stained for mps1RNA and PCNA protein
(green). mps1was upregulated in the most highly
proliferative cells during outgrowth (brackets), but was
absent from the distal blastema. (Right) msxbRNA
localization (violet, arrowhead at 3 days) in the newly
formed blastema at 1 day and the distal blastema at 3 days
postamputation. Thus, in the new blastema, mps1
colocalizes with PCNA and msxb. However, mps1is
specifically induced in the proximal blastema during
outgrowth. The morphological difference between 3-day
regenerates shown in Fig. 5C represents variation
commonly seen in fin regenerates during outgrowth.
Original magnifications: 50× in B and 110× in C. 
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postamputation),mps1 blastemal tissue displayed a slight
(30%) reduction in mesenchymal BrdU incorporation (Fig.
6A). The decrease in mesenchymal mitoses was more severe,
as mps1 regenerates had approximately one-fifth of the
number of mitoses as wild-type at 2 days postamputation (Fig.
6A,B). Microscopic examination of H3P-positive nuclei
indicated an unusually low percentage of mps1mesenchymal
cells progressing into later mitotic phases, suggesting an
additional defect in transition to anaphase (Fig. 6A,B). Finally,
by 4 days postamputation, at which point gross differences
between wild-type and mps1outgrowth were apparent, we
observed unusually large mesenchymal nuclei in mps1
regenerates (Fig. 6B). Many of these nuclei continued to
incorporate BrdU. Increased nuclear size suggested
aneuploidy, and the fact that these enlarged nuclei continued
to synthesize DNA indicated a defect in cell cycle regulation.
We saw normal TUNEL-staining in ncp fin regenerates at 3
days and 7 days postamputation, indicating that programmed
cell death did not play a major role in the regenerative block
(data not shown).

As Mps1 is required for mitotic checkpoint signaling, and
mitotic checkpoint deficiencies have been linked to similar
proliferative defects in both invertebrate and vertebrate embryos
(Kitagawa and Rose, 1999; Dobles et al., 2000; Kalitsis et al.,
2000), the mps1proliferative failures likely reflected a reduction
in checkpoint activity. Consistent with this notion and the fact
that mps1embryonic cells showed checkpoint abnormalities,
regenerating fin cells from mps1animals also had a diminished
response when challenged at 33°C to arrest in nocodazole (as
assayed by increases in H3P-positive cells; data not shown).
Thus, the mps1 regenerative defect is caused by failed
proliferation in proximal blastemal cells during regenerative
outgrowth, indicating that mps1-expressing proximal blastemal
cells have a critical role in regeneration. 

DISCUSSION

We initiated a genetic approach to regeneration with a
mutagenesis screen for temperature-sensitive fin regeneration
mutants in zebrafish. We identified the ncp strain, which
displayed a deficiency in proximally located blastemal cells at
the onset of regenerative outgrowth. The ncp defect was
associated with a temperature-sensitive mutation in mps1, a
critical regulator of eukaryotic cell cycle progression. Evidence
implicating mps1as the ncp gene include: (1) localization of
the ncpmutation to an 80 kb segment that contained only mps1
and bckdhb; (2) no mutations were identified in bckdhb; (3)
identification of a missense mutation in a conserved amino acid
of the Mps1 kinase domain; (4) comparative DNA sequence
data indicating that the I843K mutation in mps1 is not a
polymorphism; (5) functional data indicating that ncp cells
have abnormal mitotic checkpoint activity, consistent with
abnormal Mps1 function; (6) expression studies showing that
mps1is expressed at the time and location one would expect
given the ncp regenerative phenotype; (7) a mps1 kinase
mutation is consistent with the defects in proliferation observed
in ncpfin regenerates. Our findings indicate that the proximal
blastema is an essential proliferative zone that is defined by the
induction and function of Mps1.

A model for blastemal function during fin
regeneration
Together with our previous findings (Poss et al., 2000a;
Nechiporuk and Keating, 2002) as well as those of others
(Laforest et al., 1998; Poleo et al., 2001), a molecular and
cellular model of zebrafish fin regeneration is beginning to
emerge (Fig. 7). After injury, the first obvious step is formation
of the wound epidermis, a non-proliferative event that does not
require Mps1. Next, mesenchymal tissue beneath the epidermis

Fig. 6.The mps1regeneration defect is caused by severe
blastemal proliferative abnormalities. (A) Indices of
proliferation at 2 days postamputation. (Left) BrdU
incorporation data were obtained from counting 500-3,000
mesenchymal nuclei from 6-10 sections of each of five whole-
mount immunostained regenerates. (Middle) A total of 14
regenerating rays from six wild-type fish and 21 rays from eight
mps1animals were used to count H3P-positive nuclei. (Right) A
total of 1,355 H3P-positive nuclei from eight wild-type
regenerates and 704 H3P-positive nuclei from 10 mps1
regenerates were scored for mitotic phases at 500×
magnification. Results are shown as mean ± s.e.m. (t-test;
*P<0.05, **P<<0.001). (B) (Left) Confocal projections of 2-
day postamputation fin regenerates stained with anti-H3P to
indicate mesenchymal mitoses. The bright points are individual
mitotic nuclei, severely reduced in mps1regenerates. Both fins
show non-specific epidermal fluorescence at the distal edge (see
Materials and Methods). (Middle) High magnification confocal
images of H3P-positive mesenchymal nuclei. An mps1fin ray
with an unusually high number of mitoses is shown.
Arrowheads point to late phase mitoses, deficient in mps1fin
regenerates. (Right) Projections of single 4-day postamputation
fin rays from animals that have incorporated BrdU for the final
5 hours of regeneration. Note the reduced incorporation, and
unusually large nuclei in cycling mps1cells that are suggestive
of aneuploidy (arrowheads in right image). Original
magnification is 150× (left panels) and 945× (middle and right
panels).
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disorganizes; this event may involve cellular dedifferentiation.
The first signs of proliferation are apparent at 12-18 hours
postamputation, as mesenchymal cells orient longitudinally,
begin to migrate distally toward the wound epidermis, and
form a rudimentary blastema. Blastema formation involves
induction of msxb and msxc genes, as well as mps1, and
depends on intact fibroblast growth factor signaling. At 48-72
hours postamputation, the blastema matures to form the distal
and proximal blastemal compartments. The msxb-positive,
distal blastema is approximately 5 cell diameters and is non-
proliferative. This region does not induce mps1expression and
does not require Mps1 function. We believe that the distal
blastema may provide a source of undifferentiated cells for
proliferation and differentiation. The msxb-negative proximal
blastema extends 10-20 cell diameters and is highly
proliferative. Here, cells are cycling, with a rapid median G2
cell cycle phase of approximately 60 minutes. mps1is induced
and required to establish or maintain intense proliferation in
this region, ostensibly the engine of regenerative outgrowth.
The patterning zone comprises the remaining portion of
mesenchymal tissue, and does not express msxb or mps1.
Proliferation is less intense, Mps1 function is not required, and
patterning and differentiation events predominate. These three
compartments continue to function until the regenerative
process is completed.

Our findings indicate that the distribution of blastemal
function into distinct domains is essential for regeneration.
We suspect that extracellular signaling molecules released
from the wound epidermis establish and maintain these
domains during outgrowth. Signaling by Fgfs appears to
contribute to distal blastemal identity, as pharmacological
inhibition of Fgf receptors diminished established blastemal
msxb expression (Poss et al., 2000a). In addition, recent
studies have suggested that Sonic hedgehog might pattern
proximal blastemal cells (Laforest et al., 1998; Nechiporuk
and Keating, 2002; Quint et al., 2002). It is likely that these
molecules or others such as Wnt factors (Poss et al., 2000b)
participate in maintaining the proliferative properties of the

proximal blastema. The mps1 strain might be useful for
evaluating these candidate signals. For instance, the
augmented msxb-expressing region in the mps1 mutant
regenerate might represent an expansion of the distal
blastema to compensate for compromised proximal function.
Potentially, the expression patterns of epidermal signals that
maintain this msxbexpression are also expanded.

A conditional mutation in mps1
We predict that genetic dissection of regeneration requires the
production of conditional mutations that allow determination
of in vivo gene function beyond that gene’s earliest
requirement. In zebrafish, conditional mutations can be
identified by screening for temperature-sensitive phenotypes;
thus, experimental regulation of gene function is easily
accomplished by changing water temperature. Recently,
temperature-sensitive mutations have been identified in
developmentally important genes such as bmp7and kit (Dick
et al., 2000; Rawls and Johnson, 2001). One would also predict
that the availability of conditional mutations is essential for
detailed study of Mps1 function in vertebrates, as Mps1 is
required for normal cell division in yeast, and zebrafish mps1
mutants raised at 33°C fail to complete embryogenesis. This
prediction likely applies to all mitotic checkpoint signaling
members; for instance, mice containing null mutations in the
checkpoint genes Mad2 or Bub3 fail to survive past early
embryogenesis (Dobles et al., 2000; Kalitsis et al., 2000).
Accordingly, we expect that the mps1 zebrafish strain,
containing a temperature-sensitive allele of mps1, will be a
useful reagent for studying the mitotic checkpoint in vertebrate
processes in addition to regeneration, such as gametogenesis,
organogenesis, and tumorigenesis. 

Regeneration genetics
The study of regeneration holds great promise for the emerging
field of regenerative medicine, but to realize this promise,
regenerative phenomena must be understood in molecular
terms. Genetic analysis of regeneration in zebrafish provides a
unique instrument for achieving this goal. Zebrafish are the
only genetic model system that reliably regenerates complex
tissue. Accumulating technological advances in zebrafish
genetics, including the genome sequencing initiative, stand to
substantially advance discoveries through regeneration
genetics. From our genetic screen for fin regeneration mutants,
we expected to find disruptions in wound healing, tissue
dedifferentiation, blastema formation and proliferation, and
organ patterning. While the mps1mutant represents a defect in
blastemal proliferation during outgrowth, mutants in other
stages of regeneration have also been found and should shed
light on these events (Johnson and Weston, 1995) (A. N., K.
D. P., S. L. J. and M. T. K., unpublished observations). In future
experiments, we will focus on the early events that initiate fin
regeneration, and also extend our studies to additional organ
systems that have not yet been examined for regenerative
potential, such as the heart. 
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Fig. 7.Cellular and molecular model for fin regeneration. During
outgrowth, the distal blastema (DB) is defined by msxb(orange), the
proximal blastema (PB) by mps1(blue), and the patterning zone (PZ)
by newly patterned scleroblasts (brown) and differentiating
mesenchyme (yellow). 



5149Mps1 and zebrafish fin regeneration

for excellent animal care. We also thank K. Kisiel for help with cell
counting software, A. Flint for help with FACS analysis and L. Zon,
S. Odelberg, D. Clapham and M. Mercola for critiques of the
manuscript. K. D. P. was supported by a postdoctoral fellowship from
the Helen Hay Whitney Foundation. S. L. J. was supported by NIH
PO1 grant HD39952. The GenBank accession number formps1
mRNA sequence is AF488735.

REFERENCES

Abrieu, A., Magnaghi-Jaulin, L., Kahana, J. A., Peter, M., Castro, A.,
Vigneron, S., Lorca, T., Cleveland, D. W. and Labbe, J. C.(2001). Mps1
is a kinetochore-associated kinase essential for the vertebrate mitotic
checkpoint. Cell 106, 83-93.

Akimenko, M. A., Johnson, S. L., Westerfield, M. and Ekker, M.(1995).
Differential induction of four msx homeobox genes during fin development
and regeneration in zebrafish. Development121, 347-357.

Becker, T., Wullimann, M. F., Becker, C. G., Bernhardt, R. R. and
Schachner, M. (1997). Axonal regrowth after spinal cord transection in
adult zebrafish. J. Comp. Neurol. 377, 577-595.

Bernhardt, R. R., Tongiorgi, E., Anzini, P. and Schachner, M.(1996).
Increased expression of specific recognition molecules by retinal ganglion
cells and by optic pathway glia accompanies the successful regeneration of
retinal axons in adult zebrafish. J. Comp. Neurol. 376, 253-264.

Brockes, J. P. (1997). Amphibian limb regeneration: rebuilding a complex
structure. Science 276, 81-87.

Clark, M. D., Hennig, S., Herwig, R., Clifton, S. W., Marra, M. A.,
Lehrach, H. and Johnson, S. L.(2001). An oligonucleotide fingerprint
normalized and expressed sequence tag characterized zebrafish cDNA
library. Genome Res. 11, 1594-1602.

Dick, A., Hild, M., Bauer, H., Imai, Y., Maifeld, H., Schier, A. F., Talbot,
W. S., Bouwmeester, T. and Hammerschmidt, M.(2000). Essential role
of Bmp7 (snailhouse) and its prodomain in dorsoventral patterning of the
zebrafish embryo. Development127, 343-354.

Dinsmore, C. E. and American Society of Zoologists(1991). A History of
Regeneration Research: Milestones in the Evolution of a Science. New York:
Cambridge University Press.

Dobles, M., Liberal, V., Scott, M. L., Benezra, R. and Sorger, P. K.(2000).
Chromosome missegregation and apoptosis in mice lacking the mitotic
checkpoint protein Mad2. Cell 101, 635-645.

Driever, W., Solnica-Krezel, L., Schier, A. F., Neuhauss, S. C., Malicki, J.,
Stemple, D. L., Stainer, D. Y., Zwartkruis, F., Abdelilah, S., Rangini, Z.
et al. (1996). A genetic screen for mutations affecting embryogenesis in
zebrafish. Development 123, 37-46.

Ferretti, P. and Géraudie, J. (1998). Cellular and Molecular Basis of
Regeneration: From Invertebrates to Humans. New York: Wiley Press.

Fisk, H. A. and Winey, M. (2001). The mouse Mps1p-like kinase regulates
centrosome duplication. Cell 106, 95-104.

Gaiano, N., Amsterdam, A., Kawakami, K., Allende, M., Becker, T. and
Hopkins, N. (1996). Insertional mutagenesis and rapid cloning of essential
genes in zebrafish. Nature 383, 829-832.

Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M.,
Kane, D. A., Odenthal, J., van Eeden, F. J., Jiang, Y. J., Heisenberg, C.
P. et al. (1996). The identification of genes with unique and essential
functions in the development of the zebrafish, Danio rerio. Development
123, 1-36.

He, X., Jones, M. H., Winey, M. and Sazer, S.(1998). Mph1, a member of
the Mps1-like family of dual specificity protein kinases, is required for the
spindle checkpoint in S. pombe. J. Cell Sci. 111, 1635-1647.

Hendzel, M. J., Wei, Y., Mancini, M. A., Van Hooser, A., Ranalli, T.,
Brinkley, B. R., Bazett-Jones, D. P. and Allis, C. D.(1997). Mitosis-
specific phosphorylation of histone H3 initiates primarily within
pericentromeric heterochromatin during G2 and spreads in an ordered
fashion coincident with mitotic chromosome condensation. Chromosoma
106, 348-360.

Hukriede, N., Fisher, D., Epstein, J., Joly, L., Tellis, P., Zhou, Y., Barbazuk,
B., Cox, K., Fenton-Noriega, L., Hersey, C. et al. (2001). The LN54
radiation hybrid map of zebrafish expressed sequences. Genome Res. 11,
2127-2132.

Indo, Y., Kitano, A., Endo, F., Akaboshi, I. and Matsuda, I. (1987).
Altered kinetic properties of the branched-chain alpha-keto acid
dehydrogenase complex due to mutation of the beta-subunit of the

branched-chain alpha-keto acid decarboxylase (E1) component in
lymphoblastoid cells derived from patients with maple syrup urine disease.
J. Clin. Invest. 80, 63-70.

Johnson, S. L. and Weston, J. A.(1995). Temperature-sensitive mutations
that cause stage-specific defects in zebrafish fin regeneration. Genetics141,
1583-1595.

Johnson, S. L., Gates, M. A., Johnson, M., Talbot, W. S., Horne, S., Baik,
K., Rude, S., Wong, J. R. and Postlethwait, J. H.(1996). Centromere-
linkage analysis and consolidation of the zebrafish genetic map. Genetics
142, 1277-1288.

Kalitsis, P., Earle, E., Fowler, K. J. and Choo, K. H.(2000). Bub3 gene
disruption in mice reveals essential mitotic spindle checkpoint function
during early embryogenesis. Genes Dev. 14, 2277-2282.

Kitagawa, R. and Rose, A. M.(1999). Components of the spindle-assembly
checkpoint are essential in Caenorhabditis elegans. Nat. Cell Biol. 1, 514-
521.

Laforest, L., Brown, C. W., Poleo, G., Geraudie, J., Tada, M., Ekker, M.
and Akimenko, M. A. (1998). Involvement of the sonic hedgehog, patched
1 and bmp2 genes in patterning of the zebrafish dermal fin rays.
Development125, 4175-4184.

Mullins, M. C., Hammerschmidt, M., Haffter, P. and Nusslein-Volhard, C.
(1994). Large-scale mutagenesis in the zebrafish: in search of genes
controlling development in a vertebrate. Curr. Biol. 4, 189-202.

Nechiporuk, A. and Keating, M. T. (2002). A proliferation gradient between
proximal and msxb-expressing distal blastema directs zebrafish fin
regeneration. Development129, 2607-2617.

Newmark, P. A. and Sanchez Alvarado, A.(2000). Bromodeoxyuridine
specifically labels the regenerative stem cells of planarians. Dev. Biol. 220,
142-153.

Odelberg, S. J., Kollhoff, A. and Keating, M. T.(2000). Dedifferentiation
of mammalian myotubes induced by msx1. Cell 103, 1099-1109.

Poleo, G., Brown, C. W., Laforest, L. and Akimenko, M. A.(2001). Cell
proliferation and movement during early fin regeneration in zebrafish. Dev.
Dyn. 221, 380-390.

Poss, K. D., Shen, J., Nechiporuk, A., McMahon, G., Thisse, B., Thisse, C.
and Keating, M. T. (2000a). Roles for Fgf signaling during zebrafish fin
regeneration. Dev. Biol. 222, 347-358.

Poss, K. D., Shen, J. and Keating, M. T.(2000b). Induction of lef1 during
zebrafish fin regeneration. Dev. Dyn. 219, 282-286.

Quint, E., Smith, A., Avaron, F., Laforest, L., Miles, J., Gaffield, W.
and Akimenko, M. A. (2002). Bone patterning is altered in the
regenerating zebrafish caudal fin after ectopic expression of sonic
hedgehog and bmp2b or exposure to cyclopamine. Proc. Natl. Acad. Sci.
USA99, 8713-8718.

Rawls, J. F. and Johnson, S. L.(2001). Requirements for the kit receptor
tyrosine kinase during regeneration of zebrafish fin melanocytes.
Development128, 1943-1949.

Schutz, A. R. and Winey, M.(1998). New alleles of the yeast MPS1 gene
reveal multiple requirements in spindle pole body duplication. Mol. Biol.
Cell 9, 759-774.

Shimoda, N., Knapik, E. W., Ziniti, J., Sim, C., Yamada, E., Kaplan, S.,
Jackson, D., de Sauvage, F., Jacob, H. and Fishman, M. C.(1999).
Zebrafish genetic map with 2000 microsatellite markers. Genomics58, 219-
232.

Streisinger, G., Walker, C., Dower, N., Knauber, D. and Singer, F.(1981).
Production of clones of homozygous diploid zebra fish (Brachydanio rerio).
Nature291, 293-296.

Stucke, V. M., Sillje, H. H., Arnaud, L. and Nigg, E. A.(2002). Human
Mps1 kinase is required for the spindle assembly checkpoint but not for
centrosome duplication. EMBO J. 21, 1723-1732.

Takasaki, Y., Deng, J. S. and Tan, E. M.(1981). A nuclear antigen associated
with cell proliferation and blast transformation. J. Exp. Med. 154, 1899-1909.

Weiss, E. and Winey, M.(1996). The Saccharomyces cerevisiae spindle pole
body duplication gene MPS1 is part of a mitotic checkpoint. J. Cell Biol.
132, 111-123.

Winey, M., Goetsch, L., Baum, P. and Byers, B.(1991). MPS1 and MPS2:
novel yeast genes defining distinct steps of spindle pole body duplication.
J. Cell Biol. 114, 745-754.

Zhang, J., Talbot, W. S. and Schier, A. F.(1998). Positional cloning identifies
zebrafish one-eyed pinhead as a permissive EGF-related ligand required
during gastrulation. Cell 92, 241-251.

Zhong, T. P., Kaphingst, K., Akella, U., Haldi, M., Lander, E. S. and
Fishman, M. C. (1998). Zebrafish genomic library in yeast artificial
chromosomes. Genomics48, 136-138.


