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Effects of activators and antagonists of the neuropeptides
substance P and substance K on cell proliferation in planarians

JAUME BAGUriJA', EMILI SALO and RAFAEL ROMERO

Departament de Genetica, Facultat de Bialagia, Universitat de Barcelona, Barcelona. Spain.

ABSTRACT. Substance P and substance K(Neurokmin AIare mammalian peptldes belonging to the tachykinln
family. Both have been studied extensively, are widely distributed in both central and peripheral mammalian
nervous systems, and seem to be involved in pain reactions and inflammatory responses. We report here that
substance P and substance K, as well as Epidermal Growth Factor (EGF). are potent mitogens, at micro and
nanomolar concentrations, for planarian cells. This stimulation IS inhIbited by the substance P and substance
Kantagonist spantide, while capsaicin, a pungent agent of capsIcum peppers that destroys sensory neurons,
stimulates cell division, probably through release of substance P. These results, jointly with the reported
stimulation of cell division by naloxone and Its inhIbition by Met-Enkephalin (Baguna, 1986), both probably
acting on tachykinm release, suggest that target cells, the neoblasts, must have In their cell membranes nu-
merous receptors for growth hormones and neuropeptldes analogous to their mammalian counterparts.

Introduction

Freshwater planarians (Fig. 1) are widely known for
their high power of regeneration. When a planarian is cut
(Fig. 2). the wound rapidly contracts and a thin film of
epidermal cells from the stretched old epidermis covers it.
Below the wound epithelium, groups of undifferentiated
cells soon appearforming a few layers of cells that grow by
addition of new undifferentiated cells formed by cell divi-
sion in the underlaying parenchyma. At one day of regene-
ration, this accumulation of undifferentiated cells is exter-
nally visible due to its unpigmented character, and is
known as the regenerative blastema. Over the next few
days, the blastema grows exponentially, and is clearly vi.
sible at 3-5 days of regeneration (Fig. 2) when new structu-
res (e.g. eyes and brain ganglia in anterior (cephalic) rege-
neration) appear within the blastema and postblastema
areas. The lost pattern is thus restored and the initial body
proportions finally acquired after 3-4 weeks of regenera-
tion (Fig. 21.

Besides their ample power of regeneration, freshwater
planarians are also known for their ability to grow and
degrow (to shrink in volume and length) continuously, de-
pending on body size, temperature and food availability.
Quantitative cellular studies of both processes have shown
them to depend on the daily balance between cells born by
cell proliferation and cells lost by cell lysis and death
(Baguna and Romero. 1981; Romero 19871.

Regeneration and growth/degrowth in planarians seem
to have a common cellular basis. Planarians can be consi.
dered, in cellular terms, to be made of two main compart-
ments: 1) a proliferative one which comprises 20-25% of
- ---

total cells and is composed of a single, though heteroge-
neous, class of small undifferentiated cells (the so-called
neoblas!) which give rise. by differentiation, to all differen-
tiated cell types; and 2) a functional compartment, made of
12-15 terminally differentiated non proliferating cell types
(75-80%. of total cells) that turn over continuously during
the life-time of the organisms. Several lines of evidence in-
dicate that the undifferentiated cells (neoblastsl of the
intact organism, which serve as stem cells for daily cell
renewal are similar to the undifferentiated cells of the
blastema, the latter arising directly from the former ISal6
and Baguna. 1984; Baguna etal.. 19881. Since both proces-
ses, especially regeneration, are driven through increased
cell proliferation, and since neoblasts are known to be the
only proliferative cell type in planarians, one of the main
areas of the active research lies in the discovery of how
they are stimulated to divide during growth and regenera-
tion, what kind of factors or substances are responsible for
such increase, what type of tissues or organs produce
them, and what the molecular mechanisms through which
neoblasts respond are.

To address such questions, a first and valid approach
has been to test in intact and regenerating planarians the
action (stimulatory or inhibitory) of some growth factors
and neuropeptides isolated and characterized from seve-
ral vertebrates (mainly mammals) and invertebrates (Sa16
and Baguna. 1986). The neuropeptides substance P (SPI,
substance K (SK), bradykinin, hydra peptide, and the epi-
dermal growth factor (EGF) have been found to be, at
concentrations known to enhance cell proliferation in
mammalian cell cultures (100 - 0.1 nM). potent mitogens in
intact and regenerating planarians (Baguna, 1986; Baguna
et al., 1988). These results suggest that these substances.
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Fig. 1. External apperance of a live specimen of Dugesia(GHigrina
fissiparons strain. .x 10

known to be widely distributed in both central and perip-
heral nervous systems of mammalians and other orga-
nisms (Black etal., 1982; Cuello etal., 1982) may also have
an important specific role in controlling cell proliferation

'in planarians, a group placed in one of the lowest ranks of
the phylogenetic ladder.

A specific role for substance P was further supported
when Met-enkephalin, an opiate that inhibits the release of
SP (Mudge etat., 1979), and naloxone, a potent antagonist
of Met- enkephalin by competing to bind to opiate recep-
tors (Simon and Hiller, 1978), were found to inhibit and
activate, respectively, cell proliferation in intact planarians
(Baguria, 1986). However, whether the effects of Met-
enkephalin and naloxone on SP release in planarians were
direct or whether they resulted through interactions with

any of the myriad of substances or factors known to be
involved in the control of cell proliferation (Zachary et aI.,
1987), remains uncertain.

A more specific test of the action of SP and SK on cell
proliferation in planarians would be to study both the
action of specific antagonists and activators of these subs-
tances. We address here this problem studying the effects
on cell proliferation in intact planarians of spantide, a
substance P antagonist acting probably through competi-
tive inhibition of SP and SK receptor binding (Holmdahl et
al.,1981), and capsaicin, a pungent agent from capscicum
pepper known to stimulate the release of SP from sensory
nerve terminals (Cuello et al., 1982). If these substances
inh ibit or activate, respectively SP and SK-mediated action
on cell proliferation this would be a further indication of
the presence of SP and SK and their receptors in planarians
and of their role in controlling cell proliferation.

Results

Effects of neuropeptides and EGF on cell prolifera-
tion

The addition of SP, SK and EGF to intact Dugesia-
(G)tigrina increased significantly (Student's t test) their
mitotic indices as compared to intact control organisms
(Fig. 3). The effect is more pronounced for both tachykini-
nes, mainly for SK, and less so for EGF, this latter only
being significant from 107M up. The activation is similar at
different times of incubation (8,15 and 48 hrs) but from
now on only those for 15 hours will be represented here.

The concentrations found where SP and SK activate cell
proliferation are similar to those found by Nilsson et al.
(1985) in tests to stimulate proliferation of cultu red muscle
cells and fibroblasts from rats and humans respectively.
Similary, a higher effect of SK was also found.
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Fig. 2. Diagramatic representation of anteriorly regenerating Dugesia(GHigrina up to 30 days of regeneration. Hatched: blastema region; ph:
pharynx; w: wound.
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Fig. 3. Stimulatory effect of substance P (SPJ. substance K (SKJ and epidermal growth factor (EGF) on the mitotic index of 6-7 mm. long intact
planarians after 15 hours incubation (10 -6_10 -9M.J. Control: non treated organisms. Ordinate: mitotic index (mitoses/lOO nuclei); Abscissa:
concentration (in M.J of the substances tested. Each point represents the average of 15 values. For the sake of clarity standard deviations (with
ranges not higher than 15% of the average va/tie) have been omitted.

Fig. 4. Inhibitory effect of substance P analog Span tide (SPA' on mitotic activation of 6-7 mm long intact organisms co.incubated with

substance P (SP). substance K (SK) or Epidermal Growth F8ctor (EGFJ at JO
_7

M., or spanride alone (10 4 to 106M.) for 15 hours. Control:
non treated organisms. Ordinate: mitotic index (mitoses/100 nuclei); Abscissa: concentration (in M.J of spantide (SPA). Each point represents
the average of 15 values. For the sake of clarity, standard deviations (not higher than 15% of the average value) have been omitted.

Effect of span tide on SP and SK activation of cell
proliferation

To determine the specificity of the stimulatory action of
SP and SK, experiments were performed with organisms
co-incubated with 10" M SP or SK and the SP-antagonist
spantide. Organisms incubated either with spantide alone,
with 10-7 M EGF and spantide, or in planarian saline (PS)
served as controls.

The addition of spantide (10-4 to 106M) alone caused a
limited, though significant. stimulation of cell prolifera-
tion, 10.4M doubling the mitotic index of controls without
spantide (Fig. 4). Added together with SP or SK (10'M).
spantide produced a significant reduction of SP and SK
mediated increases in cell proliferation, whereas co.incu.
bation of spantide and 10 'M EGF did not affect the prolife-
rative increase caused by EGF alone.

Effect of capsaicin on cell proliferation

The effects of 10-4to 10-6M capsaicin on cell proliferation
in planarians are summarized in Figure 8. Capsaicin was
found to be highly stimulatory at 10' and 10 'M, and lethal
to whole organisms at 10-4M. Surprisingly, the solvent
solution used also stimulated cell proliferation, its effect
increasing with higher concentrations. Sorting out both
effects it becomes clear that at 106M capsaicin is clearly
stimulatory since the effect of the solvent alone, though
slightly stimulatory, is significantly lower. At 10-~ M howe-
ver, the activating effect of capsaicin is blurred by a similar
effect of the solvent alone, reducing the former to insigni-

fica nee. Finally, the lethality of 10' M capsaicin should be
mainly assigned to capsaicin and not to the solvent, as the
latter shows by itself a highly stimulatory effect.

Discussion

The results described here are further evidence that
mammalian growth factors and neuropeptides, mainly the

0.3

Fig. 5. Effect of capsaicin (CAP) and its solvent (Tween- meth8nol)(C)
on mitotic index of 6.7 mm. long intact organisms after 15 hours
incubation (104-10' M.J. Control: non treated organisms. Ordinate:
mitotic index (mitoses/l00 nuclei); Abscissa: concentration (;n M.J of
capsaicin (CAP). Data represent means 1: S.D. (n=3; 5 individuals per
experiment).
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Fig. 6. Diagram of the presumed effects and interactions between neuropeptides, growth factor and its receptors, target cells (neoblast) and

nerve cells in planarians according to data from this work and recent literature. nb: neoblast; nc: nerve cell: BRK: bradykinin; EGF: Epidermal
Growth Factor; HP: Hydra Peptide; SK: substance K; SP: substance P. Thick lines represent stimulatory effects; thin fines, inhibitory effects.
For more details, see text.



tachykinines, substance P (SP) and substance K (SK), act as
specific potent mitogens for planarian cells.

The specific role of SP and SK clearly stems from the use
of the SP analogue, spantide. First, spantide alone had a
small, though significant, stimulatory effect. a fact consis-
tent with the reported agonistic activity of substance P
analogues IHolmdahl er al., 1981). Second, cell prolifera-
tion induced by SP and SK was markedly reduced by co-
incubation with increasing concentrations of spantide,
suggesting a competitive inhibition of receptor binding.
Finally, EGF-mediated increases in cell proliferation were
not affected by increasing concentrations of spantide.
Moreover it is also interesting to note that bombesin, a
neuropeptide that has two C-terminal amino acids in com-
mon with SP and SK, failed to increase cell proliferation in
planarians (Bag una, 1986), a result also found for mamma-
lian fibroblasts (Nilsson et al., 1985), We therefore conclu-
de that the stimulatory effect of SP and SK should be
mediated via specific tachykinin receptors.

The stimulatory effect of capsaicin, an agent known to
enhance, at low concentrations, the release of SP and other
neuropeptides and neurotransmitters from sensory neu-
rons in newborn mice and, at higher doses, to destroy
selectively small diameter sensory neurons and deplete SP
immuno-reactivity (Cuello et al., 1982), represents further
evidence of the role of both tachykinines in planarians. As
expected, low doses gave highest effects while higher
doses, probably through nerve terminal destruction, led to
the death of organisms. In the latter case, a brief high spurt
of mitotic activity due to the masive release of SP during
early phases of sensory cell destruction, can be anticipated
(Baguna, work in progress).

An interesting, though rather unexpected, outcome of
capsaicin action was the stimulatory effect shown, even at
low doses, by capsaicin solvent made of Tween and metha-
nol (Fig. 5). Given the effects of both substances as enhan-
cers of cell permeability, it is suggestive to think they act
enhancing the entrance, into the cells, of specific ions (Na',
K., Ca2-) somehow involved in the transducing path lea-
ding to cell proliferation. Indeed, substances like veratridi-
ne and tetrodotoxine that stimulate or inhibit Na- flux into
the cells, are known to block or enhance, respectively, the
release of SP from sensory neurons in vivo and in vitro
(Black et al., 1982). In planarians, high concentrations of
extracellular Na' are known to inhibit cell proliferation,
whereas high concentrations of K- and Ca2. are stimula-
tory, the latter effect shown by the absence of mitoses in
planarians incubated in calcium-free medium or in media
where calcium has been depleted by Ca2'-chelating subs-
tances such as EDTA and dilantin tBaguna, 1973; Franqui-
net, 1981).

A general diagram summarizing all the data here consi-
dered is shown in Figure 9. Although some relationships
are still highly uncertain and speculative, two main points
warrant further consideration. First, it is becoming evident
that simple animals like planarians show immunoreacti-
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vity to antibodies against a pleyade of neuropeptides and
growth factors first detected and isolated in higher groups
(mainly in mammals). This suggests very strongly the axis.
tence of such factors and substances in planarians, calling
for a thorough study of their role in such primitive orga-
nisms as a means to understand their further role in more
advanced groups. It is, therefore, of the outmost interest to
study the tissular and cellular distribution of such factors in
intact planarians as well as to look for qualitative and quan-
titative changes during regeneration. Immunocytochemi-
cal studies in planarians (Burgaya. Bueno, Sumoy, Romero
and Saguna, unpublished data) and related Turbellaria
(Wikgren and Reuter, 1985) have shown them mainly loca-
ted within nerve cells and processes, occurring in diffe.
rent, but partially overlapping, sets of neurons, though the
changes of expression, if any, during regeneration have
not been worked out.

Second, undifferentiated cells (neoblasts) of planarians,
known to be the only cell type able to divide IBaguria, 1981;
Ehlers, 1985). seem the likely target for such factors and,
hence, to display in their membranes an array of receptors
specific to them_ This will make of such cells ideal systems
to study, both in vivo and in vitro, the single and combined
action of such factors in stimulating (or inhibiting) cell
proliferation and cell differentiation. Moreover, the morp-
hological and functional heterogeneity of neoblasts (Sa16
and Bagufla, 1984; Auladell and Saguna, work in progress)
can be considered to be due, at least partially, to different
sets of receptors displayed in their surfaces. A molecular
screening of this presumed heterogeneity using oligonu-
cleotide probes and monoclonal antibodies, may lead to
the discovery of subsets of neoblast in different stages of

proliferation and/or determination/diferentiation, as well
as the confirmation of whether cells other than neoblasts
bear such receptors.

Materials and Methods

The planarians used were individuals, 6-7 mm long of an
asexual strain of Dugesia(GJtigrina (Platyhelminthes: Turbelfa-
ria: Tric/ad;daJ. They were maintained in Petri dishes in the dark
at 17:tl'-C in planarian saline (PS; Sal6, 1984), and fed with
Tubifex. In all experiments, one-week-starved organisms were
used and the temperature kept at 17:tl C.

Chemicals

Substance P, substance K, epidermal growth factor and cap-
saicin were all from Sigma (London). Spantide (D-Arg', D- Trp1l
Leull_SP) was from Sachem !Switzerland).

Stock solutions of SP, SK and EGF were made at 10 'M in PS.
Spantide was dissolved in PS at 10] M, and capsaicin was

dissolved in methanol: Tween 80: PS (1:1:8! at 10 J M. All solu-
tions were kept in 100 mcl aliquots at -20' C until used.

Effect of neuropeptidesand growth factors on cell proli-
feration

To test the effects of SP, SK and EGF, intact organisms kept in
PS were used. SP. SK and EGF were added, from stock solutions,at
10! - 10 ~M and organisms left for 2 days. To avoid bacterial con-
tamination all solutions were filtered !Millipore, 0.22,um) and
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contained 5 ~lg.ml- 1 of kanamycin sulfate (Sigma, London!. At 8,
15 and 48 hours of incubation, 5 individuals were set apart. fixed
in 1N HC!, stained by a modified Gomori technique. and mounted
whole ~Sa16 and Baguna. 1984).

Mitotic indices (number of mitoses/100 nuclei) were measured
as described (Sa16 and Baguna. 1986). As controls. intact orga-
nisms kept in PS without SP. SK or EGF were used. and their
mitotic indices measured similarly.

Effect of spantide on cell proliferation

Spantide was diluted. from stock solutions. to 10 I to 10-1M in
PS and used either alone or jointly with SP, SK or EGF at 10 'M;
this latter group aimed to determine the specificity of stimulatory
action of SP and SK. Incubations were for 15 and 48 hours. and
the experimental conditions and measurement of mitotic indices
were as described.

Effect of capsaicin on cell proliferation

Capsaicin was tested at 10 I to 10' M in PS. Incubation periods
were for 15 and 48 hours. and experimental conditions and mea-
surement of mitotic indices were as described. Control groups
were intact organisms kept in PS alone or in PS with a similar
amount of the solvent used (methanol:Tween ao:ps; 1:1:8) as in
experimental groups. In terms of methanol and Tween 80 this
range between 0.1 and 0.001% of total volume.

Acknowledgments

We would like to thank Dr. Maria Ribas and Dr. Car me Auladell
for generously providing unpublished illustrations of
DugesiafGWgrina.This work was supported by a CAICYT grant
PB85/0094 and FISS granr 87/1533 to JB.

References

BAGUNA, J. (1973). Estudios citotaxonomicos, ecologicos
e histofisiologia de la regulacion morfogenetica duran~
te el crecimiento y la regeneracion de la raza asexuada
de la planaria Dugesia mediterranea n.sp. (Turbellaria,
Tricladida, Paludicola!. Ph. D. Thesis. University of
Barcelona.

BAGUNA, J. 11981). Planarian neoblast. Nature {London}.
290:14-15

BAGUNA, J.t 19861. Efecte de neuropeptids i factors de crei-
xement sabre la proliferacio celular a planaries. In Bio.
logia del Desenvolupament, Vol. 6. Societat Catalana de
Biologia, pp. 71-78.

BAGUNA, J. and ROMERO, R.119811. Quantitative analysis
of cell types during growth, degrowth and regeneration
in the planarians Dugesia(S)mediterraneaand
Dugesia(Gitigrina. Hydrobiologia 84: 181-194.

BAGUNA, J., SAlO, E., COllET, J., AUlADEll, M.C. and
RIBAS, M. 119881. Cellular, molecular and genetic
approaches to regeneration and pattern formation in

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

planarians. Fortschr. Zool. 36:65-78.
BLACK, LB., KESSLER, J.A., ADLER, J.E. and BOHN, M.C.

(1982). Regulation of substance P expression and meta-
bolism in vivo and in vitro. In Substance P in the
Nervous System Ciba. Found. Symp.. No. 91. Pitman,
london, pp 107-123.

CUEllO, A.C., PRIESTlEY,J.V., and MATHEWS, M.R.
(1982). Localization of Substance P in neuronal path-
ways. In Substance P in the Nervous System. Ciba.
Found. Symp., No. 91. Pitman, london, pp 55-83.

EHLERS,U. (1985). Das Phylogenetische System der Plat-
helminthes. Gustav Fischer Verlag, Stuttgart.

FRANQUINET, R.11981J.Synthese d'ADN dans les cellules
de planaires cultivees in vitro. Role de la serotonine.
Bioi. Cell 40:41-46.

HOLM DAHL, G., HAKANSON, R., lEANDER, S., ROSEll,
S., FOLKERS, K. and SUNDlER, F. 11981). A Substance
P antagonist, (D-Pro 2, D~Trp7.9)SP. inhibits infJamatory
responses in the rabbit eye. Science. 214: 1029-1 031.

MUDGE, A.W., lEEMAN, S.E. and FISCHBACH, G.D.11979).
Enkephalin inhibits release of substance P from sensory
neurons in culture and decreases action potential dura-
tion. Proc. Natl. Acad. Sci. USA 76:526-530.

NilSSON, J., VON EULER, A.M. and DAlSGAARD, C.J.
(1985). Stimulation of connective tissue cell growth by
substance P and substance K. Nature (London! 315:61-
63.

ROMERO, R. 11987). Analisi cellular quantitatiu del creixe-
men! ide la reproduccio a diferents especies de plana-
ries. Ph. O. Thesis University of Barcelona.

SAlO, E. 119841. Formacia del blastema i re-especificacia
del patro durant la regeneraci6 de les planaries
Dugesia(S)mediterranea i Dugesia(GJtigrina: analisi
morfologica, cellular i bioquimica. Ph. D. Thesis. Uni-
versity of Barcelona.

SAlO, E. and BAGUNA, J. 119841. Regeneration and pat-
tern formation in planarians. I. The pattern of mitosis in
anterior and posterior regeneration in
Dugesia(GJtigrina, and a new proposal for blastema
formation. J. Embryo/. Exp. Morph. 83: 63-80.

SAlO, E. and BAGUNA, J. (1986). Stimulation of cellular
proliferation and differentiation in the intact and rege-
nerating planarian Dugesia(G)tigrina by the neuropep-
tide substance P. J. Exp. Zool. 237:129-135.

SIMON, E.J. and HillER, J.M.11985)' The opiate receptors.
Rev. Pharmac. Toxieol. 18: 371-394.

WIKGREN, M.C. and REUTER, M. (1985). Neuropeptides in
a microturbellarian. Whole mount immunocyto-
chemistry. Peptides 6:471-475.

ZACHARY, I., WOll, P.J. and ROZENGURT, E. (1987). A
role for neuropeptides in the control of cell proliferation.
Dev. Bioi. 124: 295-308.


