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SUMMARY

Previous studies of zebrafish fin regeneration led to the While msxbis widely expressed among proliferating cells
notion that the regeneration blastema is a homogeneous during blastema formation, its expression becomes

population of proliferating cells. Here, we show that the
blastema consists of two components with markedly
distinct proliferation properties. During early blastema
formation, proliferating cells are evenly distributed. At the
onset of regenerative outgrowth, however, blastemal cells
are partitioned into two domains. Proximal blastemal cells
proliferate at a high rate, shifting from a median G of
more than 6 hours to approximately 1 hour. By contrast,
the most distal blastemal cells do not proliferate. There
is a gradient of proliferation between these extremes.

restricted to a small number of non-proliferating,
distal blastemal cells during regenerative outgrowth.
Bromodeoxyuridine pulse-chase experiments show that
distal and proximal blastemal cells are formed from
proliferating, msxbpositive blastemal cells, not from
preexisting slow-cycling cells. These data support the idea
that blastema formation results from dedifferentiation of
intraray mesenchymal cells. Based on these findings, we
propose a new model of zebrafish fin regeneration in which
the function of non-proliferating, msxbexpressing, distal

Using bromodeoxyuridine incorporation and anti-
phosphohistone H3 labeling, we find a 50-fold difference
in proliferation across the gradient that extends
approximately 50 um, or ten cell diameters. We show that
during early regeneration, proliferating blastemal cells
expressmsxhy a homeodomain transcriptional repressor.

blastemal cells is to specify the boundary of proliferation
and provide direction for regenerative outgrowth.

Key words: Zebrafish regeneration, Blastema, Proliferation, BrdU
incorporation, Cell cyclensxb

INTRODUCTION The zebrafish caudal fin is a symmetric organ composed of
multiple bony fin rays or lepidotrichia. Each fin ray consists of
For more than two centuries, the subject of regeneration haspair of concave hemirays formed by multiple segments joined
fascinated natural scientists. Mammals can regenerate somaed to end by ligaments. Blood vessels, nerves, pigment cells,
structures, including skin, skeletal muscle, bone, digit tips, liveand fibroblasts are in the mesenchymal compartment between
and blood. By contrast, urodele amphibians and teleost fish hakays, as well as in the intraray space. Each hemiray is surrounded
extensive regenerative capabilities. These organisms regenerbiea monolayer of bone secreting cells, scleroblasts. Zebrafish
limb (fin), eye lens, optic nerve and spinal cord. Despite itfins are continuously growing throughout life by addition of ray
importance, the cellular mechanisms of regeneration are poordggments to the end of the fin (Johnson and Bennet, 1999a;
understood. lovine and Johnson, 2000).

Regeneration model organisms have included invertebrates, Stages of caudal fin regeneration at various temperatures have
like hydra and planarians, and vertebrates, such as axoldtleen described (Becerra et al., 1983; Geraudie and Singer, 1992;
Recently, zebrafish fin regeneration has emerged as an attractdahnson and Weston, 1995; Poss et al., 2000b). &, 3Re
model system. The advantages of zebrafish include: (1) rapidound is closed by a thin layer of epithelium within 12 hours
regeneration time; (2) relatively simple architecture of the caudalf amputation. In the next 12 hours, the wound epithelium
fin; (3) the ability to maintain and study zebrafish in largethickens and mesenchymal tissue proximal to the amputation
numbers; (4) advances in zebrafish embryology and genetics; (@ane disorganizes. Mesenchymal cells begin to proliferate and
the fact that standard genetic approaches, including forwamppear to move in a distal direction. The blastema, a mass of
genetics, can potentially be applied to dissect moleculanesenchymal cells thought to be pluripotent, is formed within
mechanisms. the next 24 hours. The origin of the blastema remains
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controversial. It is unknown whether the blastema forms throug SRS audal fir
the process of dedifferentiation or through the recruitment of ste
cells. The onset of the next phase, regenerative outgrowth,
marked by deposition of new bone. It has been postulated tr
distal blastemal cells proliferate, while proximal blastemal cells
differentiate into missing structures. Although, it has beet
assumed that blastemal cell proliferation is critical to
regeneration, blastemal cell cycle properties during regenerati
outgrowth or blastema formation have not been characterized.
Previous reports investigated proliferation patterns ir
regenerating teleost fins using bromodeoxyuridine (BrdU
incorporation (Santamaria et al., 1996; Poleo et al., 2001) ar
Hoescht dye labeling (Johnson and Bennet, 1999a). Howew A
these studies led to the idea that the fin blastema is
homogeneous population of proliferating cells. Here we sho prisipriorand
that the fin blastema is subdivided into two domains, a nor
proliferating distal blastema and a highly proliferating proximal
blastema, with a steep gradient of proliferation between the:
regions. During blastema formatiomsxb, a homedomain
transcriptional repressor, is expressed in a large number
proliferating cells. Howevemsxbexpression becomes restricted
to a small number of non-proliferating distal blastemal cells
during regenerative outgrowth. BrdU pulse-chase experimen
show that blastemal cells are formed from proliferating
mesenchymal cells, not from a population of preexisting slow B
cycling cells, consistent with the notion that the blastema i middle portion
derived from dedifferentiated intraray mesenchyme. We have al:
determined that the length of the @hase of the cell cycle during
regenerative outgrowth is dramatically shorter than during
blastema formation, which is likely a reflection of rapid cell cycle
during outgrowth. Based on these findings, we propose a nov
model of zebrafish fin regeneration, in which we argue that th
function of the non-proliferating distal blastema is to delineat:
the boundary of proliferation and direct regenerative outgrowth

Fig. 1. Proliferation in non-regenerating caudal #ebrafish (=5)

were incubated in BrdU-containing water for 18 hours and BrdU was
MATERIALS AND METHODS detected using immunolabeling (red). Posterior is at left and anterior
) is at right. (A) Whole-mount caudal fin shows abundant labeling
Fish care and surgery concentrated at the posterior end of the fin. Rectangles indicate the
Zebrafish 4-6 months of age were obtained from EKKWill Waterlifeapproximate site of longitudinal sections. (B) Longitudinal section
Resources (Gibsonton, FL) or were derivatives of WIK strain (Johnsofrom the posterior end of intact caudal fin. Note positive labeling of
and Zon, 1999b). Fish were maintained in our laboratory by random pépoth epithelial and mesenchymal cells (arrowheads).
mating. Fish were anesthetized in 0.1% tricaine and caudal fi(C) Longitudinal section through the middle of the caudal fin. Note

amputations were performed using razor blades. Animals were allow¢hat both epithelial and mesenchymal cells are labeled (arrowheads).
to regenerate for various times at 33°C, a temperature that accelereg, epithelium; |, lepidotrichia; m, mesenchyme.

regeneration. Fish were anesthetized and regenerates were collected
further analysis.

) ) alkaline phosphatase. Fins were washed for at least 2 hours in multiple
BrdU incorporation assays changes of phosphate-buffered saline (PBS)-0.1% Tween 20 (PBT),
BrdU was dissolved in fish water at a final concentration qicgl. followed by the last wash in PBT with 2 mg/ml bovine serum albumin
Fins were amputated and fish were kept at a density of five animals g@BTs). Fins were treated with anti-mouse secondary antibodies
liter. For long incubations, BrdU was changed daily. Fish survivedtonjugated to Alexa 488 (Molecular Probes) in PBTs overnight at 4°C.
normally and demonstrated no unusual behavior while in the Brd®n the following day, fins were washed in multiple changes of PBT for

solution. at least 2 hours and processed for the alkaline phosphatase reaction. Fins
i ] i were washed three times in reaction buffer (0.1 M Tris-HCI pH 8.0, 0.1

Simultaneous detection of msxb and shh transcripts and M NaCl. 0.01 M MgCl, 0.1% Tween 20, 0.01 M levamisol) and

PCNA incubated in the reaction buffer with HNPP/Fast Red TR substrate

msxb and shh RNA antisense probes were generated as previouslfRoche Molecular Biochemicals) for 3 hours, changing substrate
described (Poss et al., 2000b). We used a previously published whotslution at the end of each hour. Following the detection reaction, fins
mount in situ hybridization protocol with the following modifications were washed several times with PBT and processed for cryosectioning.
(Poss et al., 2000b). PCNA mouse monoclonal antibody (Oncogenkins were embedded in 1.5% agarose/5% sucrose blocks and treated in
1:100 dilution) was added during sample incubation with anti-30% sucrose overnight. Frozen blocks were sectioned.an lshounted
digoxigenin antibody (Roche Molecular Biochemicals) coupled toon slides using Vectashield with DAPI (Vector), and digital images were
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Fig. 2.Fin regeneration blastema consists of two
functionally distinct regions, a non-proliferating distal .
proliferating proximal blastem&ish were incubated wit

BrdU for 6 hours before harvesting their fins. S negt-amp » 15 po;::‘?p
Longitudinal sections were stained with BrdU antibod IR e e g L
(brown signal indicated by black arrowheads) and the O e ™~ g
counterstained with Hematoxylin. (A) 6 hours post- [ — T <

amputation (h.p.a.), a thin layer of wound epidermis f-igj SNR s -~

covers the stump. The region immediately proximal tc T e S e

amputation plane shows basal levels of epidermal A

proliferation; no BrdU-positive cells are detected in th
intraray mesenchyme. (B) Early signs of mesenchym
disorganization are seen 12 h.p.a. (bracket). The nun Vi e e g S
of proliferating epithelial cells is at basal levels, but th 1 :
is no proliferation in the mesenchyme. (C) BrdU-posit
mesenchymal cells were first detected 18 h.p.a.

(arrowheads). Wound epidermis 24 h.p.a. thickens a
the basal epidermal layer is initiated. (D) The number
BrdU-positive mesenchymal cells continues to increa

18h post-amp /be

with some positive cells detected distal to the amputa 2d post-amp '

plane. In addition to fibroblast-like cells, proliferating dmb P . S PR St
scleroblasts (D,E and insets) are seen (red arrowhea \ R . wCee £ St ._.-,’,'-‘ _.'-'__‘___ P
(E) 2 days post-amputation, a functional blastema is s T T v -
formed. Note that the number of BrdU-positive cells is ,,",--l_(_.‘ pb } : P . m L. =
high in the proximal blastema, while the distal blaster ‘-"__:‘,‘ all 45 ey Y = T TR
remains unlabeled. Proliferating scleroblasts are obst 2 i Yol ;:::f_s = EI P et ¥
immediately distal to bone stumps. (F) 3 days after : He - ¢ » e

amputation, newly formed bone is visible distal to old S,
bone stumps. High levels of BrdU incorporation are s
in the proximal blastema, while the distal blastema 3 days posl-ag\ep
remains unlabeled. Note that newly formed, BrdU- dmb
positive scleroblasts were apparent immediately behi
the central zone of proliferation. The amputation plan
is indicated by a dashed line. b, blastema; be, basal
epidermal layer; e, wound epidermis; dmb, distal-mos
blastema; |, lepidotrichia; m, intraray mesenchyme; pl
proximal blastema; s, scleroblasts. Original
magnifications: (A) 408, (B) 400, (C) 25, (D) 200,
(E) 126%, (F) 126¢< and (G) 108.

X gl ey, -

F

captured using an Axiocam CCD camera equipped with Axiovisiorovernight at 4C with anti-mouse antibody conjugated to Alexa 594

software (Zeiss). Images were processed in Adobe Photoshop FMolecular Probes) and with anti-rabbit antibody conjugated to Alexa-

(Adobe Systems Inc.) or Canvas 8 (Deneba Systema, Inc). 488 (Molecular Probes), both diluted 1:200. Finally, fins were washed
in PBTx and processed for cryosectioning and photography.

Immunohistochemistry

For sections, fin regenerates were fixed in 70% ethanol in 50 mM glycirf@uantification and statistical analysis

(pH 2.0) overnight at€. The next day, fins were rinsed twice in 100% To determine the distribution of BrdU- or H3P-positive cells compared

methanol and rehydrated through a methanol/PBS series (75%ith the length, we overlaid each photographed section (all sections

methanol/25% PBS, 50% methanol/50% PBS, and 25% methanol/7586mputer magnified te454 for analysis) with a 0m-square grid with

PBS) and embedded for cryosectioning. Sectionqu@fwere made zero length corresponding to the most anterior blastemal cell. At each

from frozen blocks as described above. BrdU incorporation wakength point a number of positive cells was normalized to the total

visualized using a detection kit from Roche Molecular Biochemicalsnumber of squares and then to the averaged number of DAPI-stained

After processing, sections were counterstained with Hematoxylimuclei per square. Only signals that had corresponding DAPI-stained

(Vector Laboratories), dehydrated and permanently mounted famuclei were considered positive. Values were given as mestaadard

photography. For whole mounts, fin regenerates were incubated deviation (s.d.) or standard error (s.e.m.). Because the data sets did not

Carnoy'’s fixative (60% ethanol, 30% chloroform, and 10% acetic acidpave a normal distribution, we used nonparametric Mann-Whitney test

overnight at 4C. BrdU and H3P were detected using an adaptation of & compare means. Data sets were analyzed using Microsoft Excel 98

previously published protocol (Newmark and Sanchez Alvarado, 2000Pata Analysis Tool package. Zsiécal, andP values were given for each

Fins were washed twice in methanol and rehydrated through ease.

methanol/PBS+0.3% Triton X-100 (PBTx) series, they were then

washed twice in 2 N HCI in PBTx and incubated in 2 N HCI in PBTx

for 30 minutes. Fins were rinsed twice in PBTx and blocked for 4 hourP{ESULTS

in PBTx+0.25% BSA, followed by incubation with anti-BrdU

monoclonal antibodies (Chemicon International Inc., 1:100) and antip i L . dal fi

H3P rabbit polyclonal antibody (Upstate Biotechnology, 1:100) roliteration in non-regenerating caudal fin

overnight at 4C. On the next day, fins were washed in PBTx multipleTo determine the spatial distribution of proliferating cells in the

times throughout the day (last wash PBTx+0.25% BSA) and incubatddtact zebrafish caudal fin, fish=5) were incubated in BrdU-
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Fig. 3. Gz shortens 24h post-amp 48h post-amp
dramatically with the shift e
from blastema formation to
regenerative outgrowth.
(A-C) Longitudinal sections b
obtained from fins that were b I 4
regenerating for (A) 24 hours
(n=5), (B) 48 hoursr=3), and
(C) 72 hoursit=4). Fins were
treated with BrdU for 6 hours
followed by detection of BrdU
(red) and anti-phosphohiston
(H3P) (green), and
counterstaining with DAPI
(blue) to reveal nuclei. Doublt
labeling appears yellow
(arrowheads). (A) The first
mesenchymal mitotic cells ar
seen 24 hours after amputati
(B) The number of cells
undergoing mitosis continues
to increase by 48 hours. Note
that only a small fraction of

- -

B S ——

P

Z=26.759
Zo=1.645
p<<0.001

fraction of labeled mitoses

“ 48h reg 72h reg
H3P-positive cells (arrows) ai D 42—-t8h!-Br(Il' M--'.-'.‘.’.hLBnll.'

also BrdU-positive 24 or 48
h.p.a., indicating that the duration of the median blastema Greater than 6 hours. (C) By 72 hours post-amputation, almost all H3P-positive
cells are also BrdU-positive, indicating that the median blastemial |€ss than 6 hours. (D) The fraction of labeled mitoses is shown for
blastema formation (48 hours h.p.a.; 252 H3P-positive cells counted from 3 regenerates,@333and during regenerative outgrowth (72
h.p.a.; 337 H3P-positive cells counted from 4 regenerates MIWB). Note that the fractions are significantly different. Error bars indicate
s.e.m. Z value for Mann-Whitney test is 26.75%i{éal is 1.645),P<<0.001.

containing water for 18 hours. BrdU is a thymidine analog thamost likely occurred by migration of epithelial cells from the
incorporates into DNA during replication and can be detectethteral edges over the wound because proliferation in lateral
using immunostaining. As expected, we found proliferatingepithelial cells was similar to basal levels (Fig. 2A). In the next
cells concentrated at the distal end of the fin (Fig. 1A). Sectior& hours, the wound epidermis thickened, while the number of
through the posterior end of the fin showed BrdU labeling oBrdU-positive cells in the lateral epidermis remained at basal
both epidermal and mesenchymal cells (Fig. 1B). Sectiongvels (Fig. 2B). Mesenchymal tissue between hemirays
through the middle of the fin revealed that epithelial cellglisplayed early signs of decondensation and disorganization.
incorporated the majority of label. We found a small numbeHowever, we did not detect BrdU-positive mesenchymal cells
of positive mesenchymal cells, including scleroblasts, in that this stage (Fig. 2B). Fig. 2C,D shows that a columnar basal
intraray mesenchyme (Fig. 1C and data not shown). These dapithelial layer was formed by 18-24 hours post-amputation
indicate that proliferating epithelial cells are distributed(h.p.a.). These data indicate that wound healing results from
throughout the fin, while proliferating mesenchymal cells areepithelial cell migration, not proliferation.

concentrated distally, where bone growth occurs. Next, we examined BrdU incorporation during blastema

. ) . formation (12-48 h.p.a.). The earliest evidence of proliferating
Fin regeneration blastema consists of two mesenchymal cells was detected 18 h.p.a. (Fig. 2C). The extent
functionally distinct regions, a non-proliferating of proliferation was one to two segments proximal to the
distal and proliferating proximal blastema amputation plane. The number of BrdU-positive cells

To determine the distribution of proliferating cells in thecontinued to increase 24 h.p.a., at which point the first labeled
regenerating caudal fin, we performed BrdU incorporatioomesenchymal cells distal to the amputation plane were detected
studies. To initiate these experiments, we empiricall(Fig. 2D). In addition to proliferating fibroblast-like cells, we
determined the length of time necessary to achieve Brddetected proliferating scleroblasts as early as 18-24 h.p.a. (red
incorporation during fin regeneration. Zebrafish that had beesrrows on Fig. 2D and data not shown). These cells were
regenerating for 24 hours were incubated with BrdU for 2, 6readily distinguished because of their characteristic elongated
12 and 18 hours and caudal fin regenerates were analyzed farclei and positioning next to lepidotrichia. In the next 24
the presence of BrdU-positive cells (data not shown). At ®ours, a large number of proliferating cells accumulated in the
hours of BrdU treatment, incorporation was relatively highblastema and epidermis (Fig. 2E). Scleroblasts aligned in two
whereas at 2 hours there was much less staining. In maigteral domains, just distal to the amputation plane, and could
subsequent experiments, therefore, we labeled for 6 hours. be detected by darker Hematoxylin staining in Fig. 2E,F. These

We next examined levels of BrdU incorporation duringdata indicate that most proliferating cells in the early stages of
wound healing =5, 20-40 sections examined for every timecaudal fin regeneration (12-24 h.p.a.) are concentrated in the
point described below). During the first 6 hours of regeneratiordeveloping blastema, whereas epithelial proliferation remains
the wound was closed with a thin layer of epithelium. Closurat basal levels.
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blastema and adjacent aligned scleroblasts. However, the distal-
most blastema (DMB) was scarcely labeled (Fig. 2E,F). This
finding indicated a marked difference in the length of cell cycle
between DMB and proximal blastema. Alternatively, DMB cells
may have withdrawn from the cell cycle.

72h reg 40min BrdU

G2 shortens dramatically with the shift from

blastema formation to regenerative outgrowth

To define the onset and distribution of mitotic cells during
caudal fin regeneration, we used anti-phosphohistone H3

72h reg 70min BrdU ‘ (H3P) antibody. Serine (ser10) phosphorylation of histone H3
R is correlated with, and required for, chromosome condensation
_” during mitoses (Hendzel et al., 1997). Because this
T4 modification is highly conserved, H3P antibodies are a specific
.4 e » mitotic marker (Wei et al., 1999). Although the first BrdU-
b & b ; positive mesenchymal cells were detected 12-18 h.p.a., we saw

no H3P-positive cells until 24 h.p.a. (Fig. 3#5). By 36 and

48 h.p.a., the number of mitotic cells increased. We detected
H3P-positive mesenchymal cells distal and proximal to the
amputation plane (Fig. 3B and data not shown). Only 8.7%

72h reg 140min BrdU (n=3, 252 H3P-positive cells from 42 sections examined) of all

" H3P-labeled cells were also BrdU-positive 48 h.p.a., following

4 a 6-hour BrdU incorporation (Fig. 3B,D), indicating that the

¢ - ‘ . median G of the blastemal cell cycle is longer than 6 hours
4 4 during this phase of blastema formation (Aherne, 1977).

We next examined the distribution of mitosis during
regenerative outgrowth. Fig. 3C shows a 3-day fin regenerate
stained with BrdU and H3P antibodies. Fig. 3D shows that in
all fins analyzedr=4, 337 H3P-positive cells examined from
40 sections), 99% of H3P-positive cells were also BrdU

positive, indicating that the mediarp @ less than 6 hours.
p: These data indicate that@&nd probably the mesenchymal cell
§ 1 T — cycle, during regenerative outgrowth is much shorter than the
= /-! cell cycle during blastema formation (Z=26.7%%<0.001,
- 08 Mann-Whitney test).
3 0.6 / To calculate @ of the blastemal cell cycle during
] regenerative outgrowth, we determined the fraction of H3P-
o 04 -j [ positive cells that were also labeled with BrdU during various
g 02 BrdU treatments 72 h.p.a. (Aherne, 1977). We limited our
> f analyses to the blastemal cells located in the distal third of
g 0 regenerates, where most proliferative cells are concentrated
0 100 240 300 400 (Fig. 4A-C). As early as 40 minutes after BrdU treatment,
D BrdU treatment, min ~12% of mitotic cells were labeled with BrduUn=4
regenerates, 356 mitoses from 40 sections) and by 70 minutes,
Fig. 4.Rapid G during regenerative outgrowth. ~65% of mitotic cells were labelech3 regenerates, 217

(A-C) Representative sections of fins treated with BrdU for (A) 40 mitoses from 40 sections). Almost 96% of mitotic cells were
minutes, (B) 70 minutes, and (C) 140 minutes and stained for BrdU |gpeled with BrdU after 110 minutes=4 regenerates, 272
(red) and H3P (green). Double labeling appears yellow (arrowheadsyyitnses from 39 sections). We plotted the fraction of BrdU-
Note the absence of double-labeled cells after 40 minutes, presencefabeled mitoses against time to generate a fraction of labeled
of some double-labeled cells after 70 minutes, and labeling of all mitoses (FLM) curve (Fig. 4D). From this curve, we concluded

H3P-positive cells with BrdU after 140 minutes. (D) Plot of the X . )
fraction of labeled mitoses over time. Each time point represents ~ that 50% of mitoses are labeled at ~60 minutes, which

measurementss.d. from 40 sections obtained from three or four ~ represents the median length of @uring outgrowth, with a
regenerates. Scale bars: 100. minimum G duration of ~30 minutes (Fig. 4D).

A steep proliferation gradient is formed between
We next examined levels of BrdU incorporation in distal-most and proximal blastema at the onset of
regenerating caudal fins during regenerative outgrowth, whickegenerative outgrowth
begins approximately 48 h.p.a.. A previous study suggested thed define the exact time when fin blastema segregates into distal
BrdU incorporation was limited in the distal portion of goldfishand proximal portions, we closely examined BrdU incorporation
blastema during outgrowth (Santamaria et al., 1996). We founid the DMB at various times: 36, 48, and 72 h.ma3(or 4,
that the number of BrdU-labeled cells remained high in proximaB4-39 sections examined for each time point). We did not detect
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significant differences between cells distributed
within 20 um (5 um approximately corresponds
to a one cell diameter as estimated by electron

£=11453 L=1.306 £=4.756

cells and those immediately proximal to them
o ” became apparent at 48 h.p.a. and even more
i pronounced at 72 h.p.a. (Fig. 5B-D). These data
R D e 42480 Bt 66720 B indicate that distal blastemal cells attain their
functional differences during transition from
blastema formation to regenerative outgrowth,
approximately 48 h.p.a.
During various lengths of BrdU treatment, we
noticed that the number of proximally labeled
DMB cells progressively increased with longer
Pz DZ treatments (Fig. 5C,E,F), suggesting that
proximal DMB cells cycle at a slow rate. To
o better characterize this finding, we plotted the
z N fraction of BrdU-positive cells as a function of
’ I g TNE — 40 min BraU ; P ; i
7 =S|+ 140 min Brav length with zero corresponding to the most distal
04 7 = : === (oAt blastemal cells (Fig. 5G1=4, approximately 40
e [ ] aEa sections examined for each time point). We
1 T_l._" = determined that a zone of reduced proliferation
l:zl'w" ey ———— in the DMB became gradually ;maller from
. length, pm ) approximately 4Qum to 20pm, and finally to 10
A g Sp—————— pm, during 40-minute, 140-minute and 6-hour
72h reg 40min BrdU BrdU treatments, respectively. No BrdU-positive
] cells were detected within the first fith of the
= DMB, even after 24-hour treatments (data not
i shown). To determine whether this difference is
SSS35¥2 58228 ¢% also reflected in the distribution of mitotic cells,
CTRAASTIRE $828 we plotted the number of H3P-positive cells as
length, jum a function of length, starting with the most distal

Fig. 5. Steep proliferation gradient is formed between distal-most and proximal er]d of the fin blastema (Fig. Shi=12, 495
blastema at the onset of regenerative outgrowth. (A-C) Longitudinal sections m!toses from 135 .se'ctlons). W‘? never observed
obtained from fins regenerating for (A) 36 hours, (B) 48 hours, and (C, E, F) 72~ Mitotic  cells  within the first 10 pm
hours. BrdU incubations were for 6 hours (A-C), 140 minutes (E) and 40 minutes (approximately two cell diameters), while in
(F). BrdU labeling is red, DAPI is blue. A 20n scale bar is aligned with the most ~ more proximal regions the number of mitoses
distal blastemal cells. (A) Distal portion of 36-hour regenerate showing proliferationincreased until it peaked at 50-¢@®n. These

in distal blastemal cells€4, 39 sections examined). (B) Distal-most blastema is findings indicate that there is no distinguishable
established at the end of blastema formation and the beginning of regenerative  poundary between the DMB and the proximal
putgrowth, 48 h.p.angE3, 36 sections examlped). Note the absence of Brdp labelingg|astema. Instead, there is a 50-fold gradient of
1 e dta plastema. (€) g regereraue ougrout 12140, e dsiamoSirolferaton, as determined by HEP staining
proliferation within the distal 1dm of DMB, and limited proliferation within the established b(_atween _the DMB and the proximal
next 10um of DMB. (D) Differences (+s.e.m.) in the fraction of BrdU-positive cells b'aSte”.‘a- This gradler}t extends over |50,

of between 0-1Qum (left, blue bars) and 10-20n (red, right bar) indicate that DMB ~ @Pproximately 10 cell diameters. _

is established at the beginning of blastema formation and maintained throughout To further define zones of proliferation and
regenerative outgrowth. Z afdvalues for Mann-Whitney test are shown above eachdifferentiation in the regenerating fin, we
time point. (E,F) Representative fields of short BrdU treatments, (E) 140 minutes analyzed levels of BrdU and H3P labeling in
(n=4, 35 sections examined) and (F) 40 minutegl( 36 sections examined) are specific cell types. First, we defined the DMB
shown. Note with progressively shorter BrdU treatment fewer distal blastema cells g5 a domain with markedly reduced
are labeled. (G) Fraction of BrdU-positive blastemal cells in 72-hour regenerates proliferation, approximately 10-4Qm deep
during 40 minutes, 140 minutes, and 6-hour treatments are plotted as a function OfWith no clear boundary. Second, immediately
length from the distal tip of the blastema. Note the decrease in the zone of limited roximal to the DMB is .a blasterﬁal zone with
proliferation (double headed arrows of the corresponding color) with increased P : . - ) .
length of BrdU treatment. (H) Number of H3P-positive cells shown as a function of intense proliferation activity, the_ pro_llferatlng
length from the distal tip of the blastema. Note that the trend closely follows that Plastemal zone (PZ). As shown in Fig. 5F, the
observed during BrdU incorporation experiments. Stars indicate the most distal  PZ labels first during the shortest BrdU
scleroblasts. b, blastema; be, basal epidermal layer; dmb, distal-most blastema; mireatment. Just proximal to the PZ is a region of
intraray mesenchyme; pz, blastema proliferation zone; s, scleroblasts. moderate proliferation, the differentiation zone

48h reg 6h BrdU

03
0.2

R T <0096 pe<tlOn] microscopy) (A. N. and M. T. K., unpublished

observations) from the distal end of the fin
2,06 Lostet Do | blastema at 36 h.p.a. (Fig. 5A,D). However, the
L M 20w | difference in BrdU incorporation between distal

fraction of BrdU-positive
ell
=

]

dmb

witive celk

—

pz &

/ &

dmb /
F

be
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Fig. 6.Early proliferating
mesenchymal cells contribute t
the blastema. Fin sections fron

regenerate (small dots, indicate
by arrowheads) during outwarc
growth of the regenerate.

(B) When fish were pulsed at tt
end of blastema formation (36
h.p.a.) BrdU label in the DMB is mostly undiluted, while it is diluted in the proximal blastema. (C) By contrast, a laté Brdsedid not

result in staining in the DMB (72 h.p.a.), indicating the absence of DNA synthesis during outgrowth. (D) A bar graph diotheffEuc U-
positive cells in the DMB (0-2Am) for the various 2-hour pulse times, 12 h.p.a., 16 h.p.a., 28 h.p.a., and 36 h.p.a.. Note that the fraction of
BrdU-positive DMB cells is greatest when a pulse occurs late in blastema formation (36-38 h.p.a.), indicating that blkstezrgatgate into
DMB late in blastema formation. For each case, the number of cells in the DMB from pulse-chase experiments was compareduo 70-7
BrdU-treated fins using a Mann-Whitney té3ind Z values aré?<0.05, Z=1.649P<<0.001, Z=7.558P<<0.001, Z=9.518P<<0.001,

Z=11.249 for pulses administered at 12, 16, 28, and 36 hours respectivieiy£Z.645). Error bars indicate s.e.m. Scale bargirb0

BrdU (red) pulse-chase %
experiments are shown. Fish o
were pulsed with BrdU for 2 =
hours at (A) 16 h.p.a., (B) 36 2: = 1
h.p.a. and (C) 70 h.p.a. and o =
chased until harvesting at 72 £ J— -0.74 +0.78
hours. Fluorescent sections we 2 g
counterstained with DAPI (blue £3 +0.56
to reveal nuclei. (A) Whena 2- 2 2= 0%
hour BrdU pulse was given @ =22
during early blastema formatioi = E o4
(16 h.p.a.), staining is most 2 5 2
apparent in the DMB and apice & £5 (4014
epidermis (arrows), including tt b5 0.08
basal epidermal layer. Note the & o i
BrdU label is diluted, indicating < @ 2 S S
that blastemal cells divided o Q';&' Q,@\’ Q}b Q}b %‘b
before segregating into the DM B S & N & o0
BrdU label is even more dilutec @ D 3 & ol A PN
in the proximal parts of the i
M~
°
r~

Fig. 7.Fin blastema is not
formed from slow cycling 4d BrdU+4wk chase 4d BrdU+8wk chase

stem cells. Representative
fins from long-term pulse-
chase experiments are
shown. All the fins had
continuous BrdU treatment
for 4 days, followed by
chases of various times.
BrdU is indicated by red ar
H3P by green. (A) Intact
caudal fin after a 4-week
chase showing a high
number of labeled transit-
amplifying (TA) cells,
mostly in the epidermis. In 4d BrdU+8wk chase 4d BrdU+8wk chase+48h reg
whole-mount (B) and P

longitudinal sections (C) of
intact caudal fins after an
8-week chase, most of the
BrdU label is lost from TA
cells and concentrated in
basal epidermal cells
(arrowheads in C).

(D) Longitudinal section
through regenerating fin 2
days post-amputation. Not:
that BrdU-positive cells in
the regenerate are rare anu
strongly labeled (arrows), indicating that these cells had not likely undergone division. H3P-positive cells are not BvdUspgsgiesting that
proliferating blastemal cells in the regenerate are not derived from slow-cycling cells. Original magnification (in A ard B): 50

|
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30h reg 72h reg 72h reg 2 hours (Fig. 6C). DMB cells derived from
all four pulse-chase experiments were
significantly labeled (Fig. 6D). The earliest
pulse resulted in labeling of DMB cells and
apical epidermis, including the basal
epidermal layer (Fig. 6A). Previous studies
reported the absence of proliferation in the
apical region of the basal epidermis
(Santamaria et al., 1996). However, these
cells were labeled during the earliest pulse-
chase experiments, indicating that they
undergo limited proliferation during early
blastema formation (Fig. 6A). Proximal
mesenchymal regions contained fewer
BrdU signals, most of which appeared
] diluted. We concluded that labeling of
—\oum — EWUN various intensities reflected the cell's
proliferation rates; that is, cells with lower
intensity staining were the result of
subsequent cell divisions. During late
pulses, BrdU label in the DMB was
undiluted, indicating that these cells had
recently segregated into the DMB, before
any cell division had occurred. Overall,

=S Sopum, these data indicate that the DMB originates
overlay ¢ 0 from proliferating blastemal cells that
segregate into the DMB at the end of
blastema formation. Moreover, these data
suggest that the DMB is not formed from a
special pool of stem cells.

msxb

Fin blastema is not formed from
slow cycling cells

Fi - , . . . . A reliable, commonly used method to
ig. 8. Msxbexpression is restricted to non-proliferating DMEepresentative sections from . .

30- and 72-hour fin regenerates4-6) were processed for detectiomuxb(A-H) andshh identify stem cells takes advar}tage of the
(I-L) MRNA (red) and PCNA protein (green). Fluorescent sections are counterstained wii@Ct that these cells are typically slow
DAPI to reveal nuclei (blue). (A-D) Note that during blastema formation, a large number &Ycling (label-retaining cells) (Bickenbach,
distal blastemal proliferating cells are positive rftsxh while during regenerative outgrowth 1981; Cotsarelis et al., 1989; Cotsarelis et
(E-H), msxbexpression is restricted to a small number of non-proliferating DMB cells.  al., 1990; Morris and Potten, 1994;
Although, msxband PCNA domains partially overlap, there is no PCNA staining inthe ~ Johansson et al., 1999; Morris and Potten,
DMB. (I-L) The level ofshhstaining correlates with the end of the blastema proliferation  1999). To detect these cells, an extended
zone and the onset of differentiation (appearance of new scleroblasts, indicated by Starsberiod of labeling is followed by a long

chase period. Label is retained in slow-
(DZ), which consists of proliferating and differentiating cycling cells (stem cells), but lost from all other cycling, transit-
scleroblasts and mesenchymal cells (Fig. 5G). Thus, there isaanplifying (TA) cells. To determine the time it takes to clear
gradient of proliferation in the blastema during regenerativéabel from TA cells, we treated fish for 2 or 4 days with BrdU
outgrowth, with three major zones, DMB, PZ and DZ (Fig.followed by a chase of 1, 2, 4 and 8 weaks7(fins examined

5G). in each case). As noted in Fig. 1A,C, zebrafish caudal fins
. ) ) contain rapidly renewing epithelial cells. Therefore, we used

Early proliferating mesenchymal cells contribute to zebrafish caudal fin epithelium as a reference for label clearance

the blastema from TA cells. After a one-month chase, some label was retained

To define the origin of cells in the DMB, we carried out pulsein epithelial cells (Fig. 7A). However, after two months, most of
chase experiments using BrdU. We treated animals for 2 houttse label was lost (Fig. 7B,C). Most BrdU-positive cells were
beginning 12, 16, 28 and 36 h.p.a. Fish were then transferredd¢oncentrated in the basal epithelial layer, but we also found a
fresh water and regenerates were collected 72 h.p.a. (Fig. 6Adfall number of BrdU-labeled mesenchymal cells (Fig. 7C).
and data not showm=4, 40 sections examined in each case)Thus, two months is a minimum time necessary to chase the
We administered BrdU pulses at early, middle and late stageslabel from TA cells.

blastema formation and collected regenerates when the PZ andlo determine if slow-cycling mesenchymal cells contributed
DMB were easy to distinguish. The intensity and pattern ofo the regeneration blastema, we carried out long-term pulse-
BrdU staining in treated fins was compared to controls that hathase experiments. Fig. 7D shows a section from a 48-hour
been regenerating for 70 hours and then treated with BrdU foegenerating caudal fin after 8 weeks of chase. Out of 193
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0-12 hours post-amp
wound healing

24 hours post-amp
blastema formation

48 hours post-amp
end of blastema formation

72 hours post-amp
b - blastema ® basal epithelial cell regenerative outgrowth

. - _ distal- @ blastemal cell
d - differentiation dmb - distal-most
signal blastema () mesenchymal cell
“" _ positive e - wound epidermis @ scleroblast
proliferation signal m - mesenchyme
“»_ negative pz - proliferation zone =~ @® .. proliferating cells
proliferation signal @ msxb -expressing cell

Legend:

Fig. 9. A cellular model of zebrafish fin regeneration. During stage 1 (0-12 hours; wound healing), the wound epidermis is formatingy migr
epithelial cells. In stage 2 (12-48 hours; blastema formation), the basal epidermis is formed, mesenchymal tissue pnexamglitation

plane begins to disorganize and intraray mesenchymal cells proliferate and move upward. A subset of early mesenchymiral pellifera

(red) expresseamsxb(blue nuclei). A number ahsxbpositive proliferating cells continue to increase throughout blastema formation. Just
before the onset of regenerative outgrowth, blastemal cells segregatesxfapositive, non-proliferating DMB anchsxbnegative

proliferating PZ, with a gradient of proliferation between the two domains. During stage 3 (48 hours ~1 week; regeneraiiie) otitg

gradient ofmsxbexpression and proliferation is maintained, controlling the direction of outgrowth. Cells in the PZ proliferate vigorously and
move in the proximal direction to differentiate. A zone of negative proliferation in the DMB maintains the directionaéitputjiowth by
inhibiting proliferation.

sections examined from four regenerates, 33 contained one lowmedomain transcriptional repressnsxbduring blastema
more BrdU-positive mesenchymal cells (&4232). No labeled formation (Akimenko et al.,, 1995; Poss et al., 2000b).
DMB cells were identified in 191 of 193 sections. In two sectionSubsequentlynsxbexpressing cells are limited to a distal part
we found a single labeled DMB cell. Most of the BrdU-positiveof the blastema, and expression is maintained in this group of
cells in the blastema were strongly labeled (Fig. 7D), suggestiraglls throughout regenerative outgrowth. To define the
that they had not undergone cell division. We simultaneouslyelationships betweemsxbexpressing cells and blastemal
stained 2-day-old regenerates with BrdU and H3P antibodies pwoliferation, we simultaneously stained fin regenerates with
determine whether mesenchymal BrdU-labeled cells hathsxbantisense riboprobe and proliferating cell nuclear antigen
undergone mitosis. Although we examined 150 sections from sSgPCNA) antibodies (Fig. 8A-D). PCNA is expressed
regenerates, we only observed one doubly labeled cell. It throughout G, S, and @M, enabling detection of a spectrum
unlikely that BrdU label was diluted beyond detection levels, aef proliferating cells (Waseem and Lane, 1990; Woods et al.,
we could detect faint BrdU staining in epithelial TA cells (Fig.1991). We found that a subset of proliferating mesenchymal
7C,D). These data indicate that slow-cycling cells did notells expressemhsxbas early as 18 h.p.a. (data not shown). By
significantly contribute to the blastemal cell population inmid-blastema formation (30 h.p.a.) a large number of

regenerating caudal fin. proliferating blastemal cells expressedxb(Fig. 8A-D; n=5
o . ] . regenerates). In contrast, during regenerative outgrongkb

msxb expression is restricted to non-proliferating expression was limited to a small number of non-proliferating

DMB DMB cells. The majority of proliferating PZ cells did not

Previous studies have shown that blastemal cells express teepresamsxb(Fig. 8E-H;n=5 regenerates). However, in 50%
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of sections examined (18 of 3@y)sxband PCNA domains unlikely to arise from slow cycling stem cells. However, our data

partially overlap (Fig. 8H). These data indicate that duringlo not exclude the possibility that fast cycling stem cells may

transition from blastema formation to regenerative outgrowthgontribute to blastema formation.

msxb expression is restricted to a small number of non-

proliferating or slow-cycling DMB cells. G2 is slow during blastema formation and accelerates

Shh, a secreted factor that is thought to play a patterning rofamatically during regenerative outgrowth

during regenerative outgrowth, is expressed in two lateralVe discovered that 4s slow during blastema formation, but

domains of the basal epidermis adjacent to distal scleroblagipidly accelerates during regenerative outgrowth. Using the

(Laforest et al., 1998). To determine the relationship betweefnaction of labeled mitoses technique (Aherne, 1977), we

proliferation and differentiation during regenerative outgrowthdetermined that the median length of kefore 48 h.p.a. is

we simultaneously stained 72 h.p.a. fin regenerates shitth longer than 6 hours, whereas it is approximately 1 hour during

antisense riboprobe and PCNA antibodies (Fig. 8RES  regenerative outgrowth. These data suggest that blastemal cell

regeneratesshhexpressing epithelial cells were located at thecycle before the transition to regenerative outgrowth is slow,

level of distal proliferating scleroblasts. The most distat reflecting the necessary reorganization and cells movements

expressing cells were located just proximal to the PZ (Fig. 8lthat must occur during blastema formation. Although very high

L). Thus, the zone of differentiation begins just proximal to theloses of BrdU have been shown to slowa@d may result in

zone of proliferation. Gg arrest (Rabinovitch, 1983), the fact that ~95% of mitoses
are labeled after 110 minutes of treatment suggests the dose
used here did not cause &trest. Moreover dilution of BrdU

DISCUSSION during short-term pulse-chase experiments suggests that this
dose does not have inhibitory effects on cell division and

We conclude that the regeneration blastema is partitioned intbfferentiation.

two domains with distinct functional properties at the beginning

(48 h.p.a.) of regenerative outgrowth. Non-proliferating, distalsxb expression correlates with slow cell cycle

blastemal cells expresssxh while proliferating proximal cells In the present study, we discovered tmasxb expression

do not. There is a 50-fold proliferation gradient between theseecomes restricted to the non-proliferating DMB during

two domains. Distal blastemal cells arise, at least in part, fromegenerative outgrowtimsxgenes have been implicated in the

previously proliferating blastemal cells, not from slow cyclingmaintenance of undifferentiated, pluripotent cells (Song et al.,

mesenchymal stem cells. Finallyp @f blastemal cell cycle 1992; Odelberg et al., 2000). Initiall;ysxbis expressed in a

shortens dramatically during the transition from blastemdarge number of proliferating blastemal cells throughout the

formation to regenerative outgrowth. Thus, there are majaiegenerate. At the onset of regenerative outgrowth, however,

changes in cell proliferation properties at the end of blastemasxbexpression becomes restricted to a small number of non-

formation, resulting in a blastema with intricate functionalproliferating DMB cells. Interestinglynsxbexpression appears

organization. to be strongest in the most distal celisxblevels gradually

] o ) ) decrease in the proximal direction (A. N. and M. T. K,
Regeneration blastema is divided into two domains, unpublished observations), precisely opposite to the pattern of
rapid cycling proximal blastema and slow cycling proliferation established between DMB and the blastema
distal blastema proliferation zone (PZ). Thuspsxbexpression correlates with

We conclude that proximal and distal blastema are both formea slow cell cycle during blastema formation and with non- and
by proliferating mesenchymal cells, but that cycling in distakslow-cycling DMB cells during regenerative outgrowth. We
cells dramatically slows at the beginning of regenerativeonclude that upregulation mfsxbexpression may be necessary
outgrowth. These conclusions are supported by the followingp slow cell cycling during blastema formation and inhibit
observations. First, distal blastemal cells, unlike proximaproliferation in the DMB during regenerative outgrowth.
blastemal cells, do not proliferate during regenerative outgrowth A number of studies in other systems have correlatexi
as shown by BrdU and H3P labeling. Second, during short-tergene expression with reduced proliferation and suppression of
pulse-chase experiments, distal and proximal blastema are bdbie differentiated state. For example, in the progress zone of
labeled, suggesting that they were derived from early cyclindeveloping chick limb bud#1SX2is expressed in two distinct
blastemal cells. Third, we observed the greatest labeling in tltomains that are correlated with reduced proliferation (Ferrari
DMB when BrdU was given at the end of blastema formationet al., 1998). The anterior mesodermal domainM$X2
indicating that blastemal cells segregate into DMB just befordemarcates the anterior boundary of the limb progress zone,
the onset of regenerative outgrowth. while anotherMSX2 expression domain at the mid-proximal

In this study, we found no evidence that pre-existing, slovposterior margin of the limb bud is located at the proximal
cycling stem cells contribute to the regeneration blastema. Thposterior boundary of the progress zone. Ectoji§X2
conclusion is based on the analysis of fin regenerates after lorexpression via a retroviral expression vector in the posterior
term (two month) BrdU pulse-chase experiments. Although, wenesoderm of the progress zone significantly reduces
found a small number of labeled cells in the regenerate, we neyemoliferation and impairs morphogenesis (Ferrari et al., 1998).
observed evidence of mitoses in these cells. Recently, Rawls afnbdus, it has been proposed tHdSX2 may be part of a
Johnson suggested the existence of pigment stem cells that gregulatory network that delineates the progress zone (Coelho et
rise to the melanocyte population in the regenerate (Rawls adl, 1992; Ferrari et al., 1998). We propose, therefore, that one
Johnson, 2000). It is possible that these cells are slow cyclirfgnction of msxbexpressing DMB may be to suppress
pigment stem cells. We suggest that regenerating blastemad#ferentiation by reducing cell proliferation. This, in turn, may
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direct the patterning of the regenerate by controlling th&errari, D., Lichtler, A. C., Pan, Z. Z., Dealy, C. N., Upholt, W. B. and

direction of proliferation and differentiation. Kosher, R. A. (1998). Ectopic expression of Msx-2 in posterior limb bud
mesoderm impairs limb morphogenesis while inducing BMP-4 expression,
A cellular model of zebrafish fin regeneration inhibiting cell proliferation, and promoting apoptodiev. Biol.197, 12-24.

. . Geraudie, J. and Singer, M(1992). The fish fin regeneradonogr. Dev. Bial
Observations described here and by others suggest a possibles, 62-72.

model for cell proliferation during fin regeneration (Fig. 9).Hendzel, M. J., Wei, Y., Mancini, M. A., Van Hooser, A., Ranalli, T.,
Following amputation, the wound is covered by migrating Brinkley, B. R., Bazett-Jones, D. P. and Allis, C. 01997). Mitosis-specific

; ; ; ; ; phosphorylation of histone H3 initiates primarily within pericentromeric
epithelial cells. Mesenchymal proliferation begins shortly after heterochromatin during G2 and spreads in an ordered fashion coincident with

amputation in the intraray space, proximal to the amputation pittic chromosome condensatia®hromosoma.06, 348-360.

plane. During early blastema formatiomsxb expression is lovine, M. K. and Johnson, S. L(2000). Genetic analysis of isometric growth
induced in a subset of slow proliferating blastemal cells. control mechanisms in the zebrafish caudalGieneticsl55 1321-1329.
Extensive reorganization and cell movement occurs amontghansson. C. B., Momma, S., Clarke, D. L., Risling, M., Lendahl, U. and

Frisen, J.(1999). Identification of a neural stem cell in the adult mammalian

scleroblasts and blastemal cells in preparation for regenerative.q irai nervous systerell 96, 25-34.

_OUtgrOW_th- At the onset of regenerative OUtgr(_)Wth, the b_|aStemﬁhnson, S. L. and Weston, J. A1995). Temperature-sensitive mutations that
is subdivided into the DMB and the PZ, with a gradient of cause stage-specific defects in zebrafish fin regenef@toeticsl41, 1583-
proliferation established between these two domains. While 1595.

: : S : o ohnson, S. L. and Bennet, P. J1999a). Growth control in the ontogenic and
mstﬁbeégreps\smn If. malntﬁneq[.m t?eIEMB’ Itis downr;gugﬁg regenerating zebrafish fin. Tine Zebrafish Biologywol. 59 (ed. H. W. Detrich
Inthe FZ£. A negative proliferation Tield encompasses the » I, M. Westerfield and L. I. Zon), pp. 301-311. San Diego: Academic Press.

while a positive field surrounds the PZ. We hypothesize thabhnson, S. L. and Zon, L. 1(1999b). Genetic backgrounds and some standard
negative and positive proliferation fields are established by stocks and strains used in zebrafish developmental biology and genetics. In
factors secreted from the apical or lateral basal epidermis. weiéffbgg'z%%e?eggi)agg %g;osfg'gs'é gr? E()‘?edéo"'-A\éVédDeigf_f*;r'gvssM-

. : - : . i L , Pp. 357-359. iego: i .
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induction and_ maintenance mﬁsxb_expressmn as well as  ang Akimenko, M. A. (1998). Involvement of theonic Hedgehagpatched
blastemal proliferation. Recent studies demonstrateddfrat 1 andbmp2genes in patterning of the zebrafish dermal fin fagselopment
is expressed in blastemal cells during blastema formation, butl25 4175-4184. _ n
its expression becomes limited to the DMB during outgrovvth'.\"o”'sv R. J. and Potten, C. S.(1994). Slowly cycling (label-retaining)

. . e e ey ey . epidermal cells behave like clonogenic stem cells in videl Prolif. 27,
Even a brief treatment with a specifgfr inhibitor abolishes 299_289. 9

msxb expression (Poss et al., 2000b), implying th@xb  morris, R. J. and Potten, C. S(1999). Highly persistent label-retaining cells
expression is maintained via Fgf signaling. Another good in the hair follicles of mice and their fate following induction of anagen.
candidate for regulating blastemal proliferation is a Wnt Invest. Dermatol112 470-475.

; : ionaoft Newmark, P. A. and Sanchez Alvarado, A(2000). Bromodeoxyuridine
S|gnaI|ng pathway. Recently’ EXpressio 3aandlefl has specifically labels the regenerative stem cells of planaries. Biol. 220,

been reported in wound epidermis and blastema during145.153.

regenerative outgrowth (Poss et al., 2000a). However, furth@rdelberg, S. J., Kollhoff, A. and Keating, M. T.(2000). Dedifferentiation of

studies are necessary to determine the exact role of these gen@smmmalian myotubes induced by msgkll 103 1099-1109.

in blastemal proliferation. Poleo,' G, _Brown, C. W, Laforest', L. and Akimenko, M A._(2001). (_ZeII

proliferation and movement during early fin regeneration in zebr&iesh.
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