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Research Article

Analysis of cell proliferation and migration during
regeneration in Lumbriculus variegatus
(Clitellata: Lumbriculidae)

Kay A. Tweeten' and Amy Anderson'~

! Department of Biology, College of St. Catherine, St. Paul, MN 55105, *Present address: Minneapolis Veterans
Affairs Medical Center, Minneapolis, MN 55417

Abstract. Regeneration of anterior and posterior structures following fragmentation is a well-known
characteristic of Lumbriculus variegatus, a freshwater oligochaete. Elucidation of cellular activities
occurring during regeneration in oligochaetes has relied on classic histological methods. In this
project, molecular and chemical approaches were used to analyze the role of cell proliferation and cell
migration in L. variegatus regeneration. Mitosis was blocked through incubation of worm fragments
in 2.5 mM colchicine or 25 pg/ml vinblastine sulfate. Worm fragments incubated in these drugs no
longer regenerated heads or tails. Because colchicine and vinblastine may affect cellular processes
other than mitosis, more direct evidence of cell proliferation was obtained by soaking regenerating
worms in 5 mM bromodeoxyuridine (BrdU). At various times following BrdU treatment, worms were
fixed and macerates of regenerating tissues were prepared. The dispersed cells were stained with
antibodies against BrdU followed by incubation with fluorescein-conjugated secondary antibodies.
Proliferation of cells, based on BrdU labeling, was observed in both regenerating heads and tails.
Incorporation of BrdU into cell nuclei was observed, with extensive labeling detected in cells har-
vested at 120 hours into regeneration compared to tissues harvested early in the regenerative process
(24 to 72 hours). To investigate the potential role of cell migration in the regenerative process, worm
fragments were incubated in migration blockers, locostatin (7.5 uM) or latrunculin B (0.15 pM). Both
drugs inhibited regeneration of heads and tails. The studies suggested that regeneration in L. variega-
tus involves both cell migration and cell proliferation and that BrdU labeling can be used to monitor
these processes.

Introduction rior structures (and vice versa) and interior frag-
ments forming both anterior and posterior struc-

ollowing fragmentation, Lumbriculus tures. Over several days, the original segments in
F variegatus, a freshwater oligochaete, ex- the oligochaete fragments morphallactically ac-
hibits regeneration. Fragments regener- quire phenotypes typical of their new position in
ate complete worms with anterior fragments the worms (Berrill, 1952; Drewes and Fourtner,
forming blastemas that differentiate into poste- 1990). Another interesting feature in L. variega-

tus is that the ability of the worms to regenerate

head structures progressively decreases along
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proaches. Turner (1935) obtained indirect evi-
dence for mitotic activity during regeneration by
blocking formation of new heads and tails
through exposure of tissues to x-rays. Anterior
regeneration in Nais paraguayensis was deter-
mined by O’Brien (1946) to involve rapid cell
proliferation based on observation of mitotic fig-
ures. The cell division appeared to occur in al-
ready differentiated epithelial cells. Posterior re-
generation was described by O’Brien (1946) to
involve proliferation of epidermal cells and ex-
tensive cell migration and proliferation of cells
with morphologies characteristic of neoblasts.
Stephan-Dubois (1956) suggested that migrating
and dividing neoblast cells might be involved in
both anterior and posterior regeneration in L.
variegatus. Consistent with this view are the his-
tological observations by Myohara et al. (1999)
indicating that epimorphic mechanisms, of
which cell division is a component, were respon-
sible for head and tail regeneration in Enchy-
traeus japonensis, a terrestrial oligochaete. Stud-
ies over several decades support roles for both
cell migration and cell proliferation in tissue re-
generation in oligochaetes. However, the defini-
tive nature and origin of the cells involved in
these processes remain unknown. We initiated
studies on L. variegatus to explore its potential as
amodel system for elucidation of the cellular and
molecular events of regeneration. The project
was designed to determine if the cell prolifera-
tion occurring during regeneration could be de-
tected by soaking worm fragments in 5-bromo-
2-deoxyuridine (BrdU), a drug that is incorpo-
rated into DNA during its replication (Newmark
and Sanchez Alvarado, 2000). If so, this molecu-
lar technique could be used to visualize the loca-
tion and movement of proliferating cells in re-
generating tissues. Another objective was to re-
access the requirement for cell migration during
regeneration through use of cell migration in-
hibitors such as locostatin.

Materials and Methods

Maintenance of worm cultures
Lumbriculus variegatus were obtained from
Carolina Biological Supply Company and main-
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Figure 1. Preparation of regenerating tissue for analysis of
BrdU incorporation. Regenerating blastemas (B) were re-
moved from worms (A), fixed in acetic acid:glycerol:water
[1:1:13], and dissociated into cells (C) which were then
stained with antibodies against BrdU.

tained in spring water (Culligan) in four-liter
plastic containers in an incubator held at 24°C.
Worms were fed crushed Lumbriculus food pel-
lets (Carolina Biological Supply) once per week
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and the spring water was changed twice per
week. Prior to cutting the worms to initiate re-
generation, worms were placed in fresh spring
water without food for seven days.

Treatment of worms with mitosis- or cell
migration-blocking drugs

To evaluate the use of chemical methods for
analysis of cell proliferation during regeneration
in L. variegatus, worms were cut midpoint along
their longitudinal axes with a razor blade into an-
terior halves that regenerated tails and posterior
halves that regenerated heads. These fragments
were then incubated in 0.5 to 25 mM colchicine

or 5 to 50 pg/ml vinblastine sulfate in spring wa-
ter. To investigate the role of cell migration in the
regenerative process, worm fragments were in-
cubated in 1 to 10 uM locostatin (Zhu et al.,
2005) or 0.1 to 10 uM latrunculin B (Spector et
al., 1982) in spring water.

Regeneration of anterior and posterior struc-
tures was observed over ten days and compared
to that of control worms that were cut and incu-
bated in spring water. At least 25 worms were
exposed to each drug concentration. Worms
were examined with an Olympus BH-2 micro-
scope and photographed with a Sony color video
camera (Model CUC8995). Using an Advanced

head regeneration
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application
time into
regeneration:
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24 hours

colchicine-

treated
mr

5 days post-application:
untreated
controls

Figure 2. Effect of colchicine on regeneration of heads. Posterior fragments of worms were allowed to regenerate heads in spring
water for 0 (A), 24 (B), 48 (C), 72 (D) or 120 hours (E). These fragments were then incubated in 2.5 uM colchicine (F-J) or spring
water (K-O) for 5 days. Arrows bracket regions of new tissue formation.
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DV Converter (Model ADVC-100), images
were captured into iMovie on a Macintosh Pow-
erMac G4 computer.

BrdU treatments

At 0, 24, 48, 72, or 112 hours into the regen-
erative process, worm fragments were incubated
for 24 hours in 5 mM BrdU in spring water.
Blastemas were then excised with scalpels from
the regenerating worms (Figure 1A and B),
fixed, and dissociated (Figure 1C) in acetic
acid:glycerol:water (1:1:13). Using the protocol
of Newmark and Sanchez Alvarado (2000), dis-
sociated cells were air-dried on SuperFrost Plus

slides, washed with phosphate-buffered saline +
0.5% Triton X-100, incubated in 2N HCI to de-
nature the DNA, and neutralized with 0.1 M
borax. The cells were then stained with anti-
BrdU (Sigma monoclonal B2531, 1:500 di-
lution) followed by fluorescein-conjugated
anti-mouse IgG (Sigma F5387, 1:100 dilution).
Controls consisted of harvested tissues that
were stained with the secondary antibody.
Slides were analyzed using an Olympus BH-2
microscope and digitally photographed using a
Spot Insight camera (Model 11.1) and Spot (Ver-
sion 4.0.6) software (Diagnostic Instruments,
Inc.).

tail regeneration
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Figure 3. Effect of colchicine on regeneration of tails. Anterior fragments of worms were allowed to regenerate tails in spring
water for 0 (A), 24 (B), 48 (C), 72 (D) or 120 hours (E). These fragments were then incubated in 2.5 uM colchicine (F-J) or spring
water (K-O) for 5 days. Arrows bracket regions of new tissue formation.
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Results sulfate (data not shown) did not regenerate heads

or tails. To further explore this inhibitory effect,

Effect of mit?sis-blocking drugs worm fragments were allowed to regenerate for

on regeneration 0,6,12,24,48,72,96, or 120 hours before being

Worm fragments treated with 2.5 mM colchi- placed in 2.5 mM colchicine. Compared to con-

cine (Figures 2 and 3) or 25 pg/ml vinblastine trols not exposed to colchicine (Figure 2K-O),
heads tails

A

non-regenerating tissue
exposed to BrdU for
24 hours

regenerating tissue
exposed to BrdU from:

0 - 24 hours

24-48 hours

48-72 hours

72-96 hours

112-136 hours

Figure 4. Fluorescence microscopy showing BrdU incorporation into cells from regenerating heads or tails. Worm fragments
were incubated for 24 hours in 5 mM BrdU in spring water at 0, 24, 48, 72, or 112 hours into the regenerative process. Blastemas
were removed and dissociated into cells as described in the caption to Figure 1. After denaturation of the DNA, the cells were
stained with antibodies against BrdU followed by fluorescein-conjugated secondary antibody. Arrows indicate BrdU-labeled
nuclei.
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worm fragments that regenerated for 0, 24, 48,
72, or 120 hours and were then incubated in 2.5
mM colchicine (Figure 2F-J) did not exhibit
head regeneration beyond that already present at
the time the colchicine was added (Figure 2A-E).
Compared to untreated control fragments (Fig-
ure 3K-0), any regeneration that had occurred in
tails prior to incubation in the drug (Figure 3A-
E) was lost upon exposure to the colchicine
(Figure 3F-J). Fragments exposed to colchicine
at 6, 12, or 96 hours into regeneration showed
similar patterns of response to the drug (data not
shown).

Incorporation of BrdU into regenerating
worm tissues

Because colchicine and vinblastine may affect
cellular processes other than mitosis such as cell
motility or cell adhesion (Gordon and Staley,
1990; Hastie, 1991), direct evidence of cell pro-
liferation was obtained by soaking regenerating
worms in 5 mM bromodeoxyuridine (BrdU). In-
corporation of BrdU was not observed in cells
isolated from non-regenerating head (Figure 4A)
tissue. Since segment formation in tails is a pro-
cess that continues after regeneration is com-
pleted, BrdU incorporation into nuclei of some
cells from non-regenerating tail tissue was ex-
pected and was observed (Figure 4B). About 11—
15% of'the cells harvested from anterior and pos-
terior regenerating tissue at 24 hours (Figure 4C
and D) and 48 hours (Figure 4E and F) into re-
generation showed incorporation of BrdU into
nuclei. In the time period from 48 to about 96
hours into regeneration of heads and tails, BrdU
labeling was observed in about 13—15% of the
nuclei (Figure 4G-J). The most extensive label-
ing was detected at 112 to 136 hours into regen-
eration where about 29-32% of the cells from
both regenerating head (Figure 4K) and tail (Fig-
ure 4L) tissues showed BrdU incorporation.

Effect of cell migration-blocking drugs
on regeneration

The results of the BrdU studies suggest that
blastema formation during the first few days of
regeneration consisted of cellular processes be-
sides cell proliferation. To explore the potential
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role of cell migration in regeneration in L. varie-
gatus, worm fragments were incubated with lo-
cosatin (Zhu et al., 2005) or latrunculin B (Spec-
tor et al., 1982), drugs known to inhibit cell mi-
gration. Compared to control worms (Figure SA

tails

Figure 5. Effect of cell migration inhibitors locostatin and
latrunculin B on regeneration. Worm fragments were incu-
bated in spring water (A and B) or 7.5 uM locostatin (C and
D) for 10 days. Following treatment with locostatin, frag-
ments (E and F) were then incubated in spring water for an
additional 10 days. Other fragments (G and H) were incu-
bated in 0.15 uM latrunculin B for ten days. Arrows bracket
regions of new tissue formation.
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and B), locostatin inhibited regeneration of both
heads and tails with a minimum inhibitory con-
centration of 7.5 uM. Small outgrowths of tissue
were observed in regenerating heads incubated
in this drug (Figure 5C) but no tail blastema for-
mation was observed (Figure 5D). This effect
was reversible with full regeneration of heads
and tails occurring when treated worms were re-
moved from the drug and incubated in spring wa-
ter (Figure 5E and F).

When worm fragments were treated with 0.15
uM latrunculin B, no outgrowth was observed in
the posterior regions of the fragments indicating
that regeneration of tails was inhibited by this
drug (Figure SH). The inhibitory effect of latrun-
culin B on head regeneration was less dramatic
(Figure 5G). Head structures were formed; how-
ever, compared to untreated controls (Figure SA)
they lacked a prostomium (Hyman, 1916) and
were not segmented.

Discussion

The results demonstrate that BrdU was incor-
porated into nuclei of cells from regenerating tis-
sues of L. variegatus following soaking of worm
fragments in this thymidine analog. Similar pat-
terns of BrdU incorporation were seen in both
anterior and posterior regeneration (Figure 4C-
L), with uptake of BrdU detected throughout re-
generation. Supportive of these results is the in-
hibition of head and tail regeneration by mitosis
blocking drugs (Figures 2 and 3). These observa-
tions confirm that the cellular and molecular
mechanisms of regeneration of heads and tails in
L. variegatus share some epimorphic features in
common, with cell proliferation necessary for
formation of new tissues. Stephan-Dubois’
(1956) analysis of L. variegatus first provided
histological evidence that this is the case and
Myohara etal. (1999) observed similar histologi-
cal events in a terrestrial oligochaete. The suc-
cessful labeling of cells in L. variegatus with
BrdU showed that this molecular approach can
be used in further analysis of cell proliferation in
these organisms.

Because extensive cell proliferation, based on
BrdU labeling of cells, was not observed until
approximately 120 hours into regeneration and
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because regeneration was blocked by exposure
of worm fragments to locostatin and latrunculin
B, our studies suggest that regeneration in L. var-
iegatus also involves cell migration. These re-
sults are consistent with the histological observa-
tions by Turner (1935) of L. inconstans where
development of new blood vessels and muscle
tissue appeared to arise from differentiation of
cells that accumulated and then proliferated in
regenerating outgrowths.

It remains to be determined if the BrdU-
labeled cells are neoblasts that migrate into the
cut site or are cells derived from differentiated
tissues already in the region of the wound. Treat-
ment of regenerating head tissues with latruncu-
lin B and locostatin provided some insight on
this question. Assuming that latrunculin B and
locostatin inhibited cell migration without af-
fecting cell proliferation, the observation of par-
tial anterior regeneration in cut worms treated
with these drugs (Figure 5C and G) suggest that
some anterior tissues are formed without cell mi-
gration. We conclude that, unlike planaria in
which regeneration relies initially on migration
and then proliferation of neoblasts (Newmark
and Sanchez Alvarado, 2000), head regeneration
in L. variegatus may more closely resemble re-
generation in vertebrates such as amphibians. In
these animals, dedifferentiation, proliferation,
and redifferentiation of cells at the wound site
comprise much of the regenerative process
(Sanchez Alvarado and Tsonis, 2006). This re-
veals the potential usefulness of L. variegatus as
a model system in which to study the regulation
and molecular processes of regeneration. On the
other hand, blastema development in tails was
completely blocked by both locostatin and la-
trunculin B (Figure 5 D and H), suggesting that
regeneration of tails is dependent on migration of
cells to the cut site.

Our interpretations are presented tentatively
since locostatin, by inhibiting MAP kinase sig-
naling (Trakul and Rosner, 2005), and latruncu-
lin B, by disruption of microfilaments (Spector et
al., 1983), can also affect cell proliferation. The
low levels of cell proliferation observed during
the early stages of regeneration could have been
blocked by these drugs with resultant inhibition
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of regeneration. To further examine the nature,
origin, and position of cells that are involved in
formation of new tissues during regeneration in
L. variegatus, BrdU uptake is being analyzed in
regenerating tissues that have been fixed, em-
bedded in paraffin, and sectioned. Regenerating
tissues are also being treated with aphidicolin, a
specific inhibitor of DNA synthesis (Spadari et
al., 1985), to determine when during regenera-
tion cell proliferation is essential. These studies
will further clarify the role and time course of
cell migration and proliferation in the outgrowth
of new heads and tails in L. variegatus.

Acknowledgements: This research was sup-
ported by the CSC Biology Department, 3M Stu-
dent-Faculty Collaborative Research Grants, the
2003-2006 Endowed Professorship in the Sci-
ences, and NIH Extramural Associates Research
Development Award #G11 HD039786 to The
College of St. Catherine. The technical assis-
tance of undergraduate students Onna Roos-
malen, Nicole Zehnder, Katie Blochinger, and
Barbara Pyle is appreciated.

Literature Cited

Berrill N.J. 1952. Regeneration and budding in worms. Biol.
Rev. 27:401-438.

Drewes C.D. and C.R. Fourtner. 1990. Morphallaxis in an
aquatic oligochaete, Lumbriculus variegatus: reorganiza-
tion of escape reflexes in regenerating body fragments.
Developmental Biology 138:94-103.

Gordon S.R. and C.A. Staley. 1990. Role of the cytoskeleton
during injury-induced cell migration in corneal endothe-
lium. Cell Motil. Cytoskeleton 16:47-57.

Volume 79, Number 4, 2008

Downloaded From: https://bioone.org/journals/BIOS on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

Hastie S.B. 1991. Interactions of colchicine with tubulin.
Pharmacol. Ther. 51:377-401.

Hyman L.H. 1916. An analysis of the process of regeneration
in certain microdrilous oligochaetes. Journal of Experi-
mental Zoology 20:99—163.

Myohara M., C. Yoshida-Noro, F. Kobari, and S. Tochinai.
1999. Fragmenting oligochaete Enchytraeus japonensis:
a new material for regeneration study. Develop. Growth
Differ. 41:549-555.

Newmark P.A. and A. Sanchez Alvarado. 2000. Bromode-
oxyuridine specifically labels the regenerative stem cells
of planarians. Developmental Biology 220:142—153.

O’Brien J.P. 1946. Studies of the cellular basis of regenera-
tion in Nais paraguayensis, and the effects of x-rays
thereon. Growth 10:25-44.

Sanchez Alvarado A. and P.A. Tsonis. 2006. Bridging the
regeneration gap: genetic insights from diverse animal
models. Nature Reviews Genetics 7:873—884.

Spadari S., F. Focher, F. Sala, G. Ciarrocchi, G. Koch, A.
Falaschi, and G. Pedrali-Noy. 1985. Control of cell divi-
sion by aphidicolin without adverse effects upon resting
cells. Arzneimittelforschung 35:1108-1116.

Spector 1., N.R. Shochet, Y. Kashman, and A. Groweiss.
1983. Latrunculins: novel marine toxins that disrupt mi-
crofilament organization in cultured cells. Science 219:
493-495.

Stephan-Dubois F. 1956. Migration et différenciation des
néoblastes dans la régénération antérieure de Lumbriculus
variegatus (Annélide Oligochete). C. R. Seances Soc.
Biol. Fil. 150:1239-1242.

Trakul N. and M.R. Rosner. 2005. Modulation of the MAP
kinase signaling cascade by Raf kinase inhibitory protein.
Cell Res. 15:19-23.

Turner C.D. 1935. The effects of x-rays on anterior regenera-
tion in Lumbriculus inconstans. J. Exp. Zool. 71:53-81.

Zhu S, K.T. Mc Henry, W.S. Lane, and G. Fenteany. 2005. A
chemical inhibitor reveals the role of Raf kinase inhibitor
protein in cell migration. Chemistry and Biology 12:981-
991.

Received 30 October 2007, accepted 11 April 2008.





