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Previous work on wound healing in holothurians (sea
cucumbers) has been concerned with the relatively long-
term cellular processes of wound closure and regeneration
of new tissue. In this report, we characterize a short-term
adhesion that is a very early step in holothurian wound
healing. Dissected pieces of dermis from the sea cucumber
Parastichopus parvimensisadhered to each other after only
2 h of contact, whether the cells in the tissues were intact
or had been lysed. Lapshear tests showed that the breaking
stresses of adhered tissues reached approximately 0.5 kPa
after 24 h of contact. Furthermore, dermal allografts were

incorporated into the live recipient individuals without any
external pressures, sutures or artificial gels to keep them in
place. Dislodging the grafts after 24 h of contact required
shear stresses of approximately 14 kPa. It appears that the
adhesive property of the dermis plays a key role in the
initiation of this grafting.

Key words: mutable collagenous tissue, catch connective tiss
grafting, skin grafting, wound healing, adhesion, echinoder
Parastichopus parvimensis, holothurian, invertebrate, connective
tissue.
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The conspicuous wound healing ability of holothurians (s
cucumbers) has long been recognized (Torelle, 1909). Over
last 30 years, a handful of studies have examined 
phenomenon more closely (Cowden, 1968; Hildemann a
Dix, 1972; Menton and Eisen, 1973; Fankboner, 1978), b
very little is understood about the initial stages of woun
healing. These involve reapproximation (the closing of t
wound and alignment of the surfaces in preparation for m
gradual repair procedures such as cell migration a
differentiation) and the synthesis of extracellular matrix, whi
is defined here as all components external to any cells. 
current investigation was prompted by observations that 
holothurian Parastichopus parvimensisaccepts dermal grafts
very easily and closes its wounds very rapidly, and that 
wounded surfaces adhere to each other in a way that m
maintain this closure. Furthermore, this adhesion occurs e
between detached pieces of dermis that have had their resi
cells destroyed. These observations led us to look for a n
cellular means by which this adhesion could be occurring.

Holothurian dermis is largely composed of collageno
fibers in a relatively amorphous extracellular matrix (ofte
referred to as the ‘ground substance’) rich in proteoglycans
this sense, its composition is similar to that of vertebra
connective tissues, and yet we witnessed adhesion betw
pieces of holothurian dermis in which the cells had be
destroyed by freezing and thawing, while no adhesion w
observed between pieces of cartilage or between dermis 
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cartilage. It seems, therefore, that the holothurian tissue diff
in some unknown way that allows adhesion to occur. Th
adhesive difference might be responsible for the ease w
which this tissue can be grafted, as we demonstrate in t
paper. Both autografts and allografts were successfu
incorporated into the dermis of most individuals (i.e. the graf
‘took’ well). The immunological reactions to the allografts wil
not be a focus of this paper (the grafts were eventua
rejected); they have been discussed by Hildemann et al. (1979).

Holothurian dermis is also considered to be a ‘mutab
collagenous tissue’ (MCT). This means that its stiffness can 
rapidly and reversibly altered by the animal (a phenomenon t
is apparently unique to echinoderms; see Wilkie, 1996). MC
can change from being ‘compliant’ to being ‘stiff’ within a few
seconds. The mechanism for this change is still not clear, bu
has been demonstrated that certain artificial conditions w
reliably produce these mechanical states in the tissues. T
removal of free Ca2+ from the extracellular space will make the
MCTs compliant, while freeze-thawing will make many o
them stiff (for a review, see Wilkie, 1996). In this study, w
used these techniques to elicit both of these extreme mechan
states in the dermis so that we could explore the effects of M
stiffness on MCT adhesion. We suspected that the tw
phenomena might be linked because they are both exceptio
properties of the same extracellular matrix.

The objectives of the present study were (1) to investigate 
conspicuous wound closing ability of P. parvimensisusing
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wound healing and grafting experiments, (2) to determine the 
of living cells in the self-adhesive ability of the tissue, (3) 
describe the junction between apposed tissues at the microsc
level, (4) to quantify the adhesion by measuring the force requ
to separate adhered tissues in lapshear tests, and to (5) dete
whether the mechanical state of the tissue (i.e. stiff or complia
correlates with the level of adhesion of the tissue.

Materials and methods
Previous literature has contained some ambiguity regard

the nomenclature of the tissues used in this study (Holla
1984). Hyman (1955, p.132) describes the body wall 
holothurians as consisting of a thin, external cuticle cover
an epidermis, overlying a highly collagenous dermis (whi
constitutes the thickest part of the body wall and approxima
the standard description of vertebrate dermis). This all over
an internal layer of circular and longitudinal muscle fibers. 
the present study, we used pieces of body wall from which 
muscle layer had been removed, but which still possessed
thick, extracellular, collagenous feltwork covered by a th
epidermis and cuticle. We use the simplified term ‘dermis’
describe each of these tissue specimens because the epid
and cuticle account for only a very small fraction of the surfa
area tested.

Wounding, grafting and lapshear tests

Sea cucumbers (Parastichopus parvimensisClark, 1913) of
medium size (185±33.8 g wet mass, mean ±S.D., N=15) were
collected with the aid of SCUBA off the coast of La Joll
California, USA, and kept in a large (approximately 2 m3)
flow-through seawater aquarium at ambient ocean tempera
(11–21 °C), where they were maintained with no mortality f
at least 3 months.

Several cuts 2 cm long were made in the dermal tissue
five individuals. Cuts were made both longitudinally an
circumferentially to various depths (including cuts penetrati
into the coelom). In 30 additional individuals
2 cm×1 cm×0.3 cm (depth) sections of dermis were excised.
six of these, the wounds were left exposed. In twelve othe
the excised sections from each individual were replaced o
the wounds (i.e. autografts). In the final twelve individuals, t
same procedure was carried out except that allografts w
created by switching the excised pieces between individu
No external pressures, sutures or devices of any kind were u
to hold the grafts in place. These procedures to
approximately 1 min, after which the sea cucumbers w
replaced into their tanks where they were allowed to resu
their normal activities.

The adhesive strengths of four grafts were tested as follo
The lateral interfaces between the grafts and the host tiss
were cut with a razor so that only the bottom of the graft w
still in contact with the host (this was done so that the cont
surfaces being sheared would be analogous to the surfac
the lapshear tests described below). A series of small ho
embedded in a rectangular block of epoxy resin was th
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implanted into the graft, and it was pulled from its host by she
forces (i.e. pulled parallel to the adhered surface). The for
required to do this was measured using a T10 tensometer 
recorded using a chart recorder (both devices from Monsan
Wiltshire, England). The breaking shear stress was calcula
by dividing the maximum force by the area of contact betwe
each set of tissues. This normalization of the forc
measurement over the area assumes a homogeneous adh
of the surfaces, which gives the most conservative estimate
stress at any contact point.

To obtain tissue specimens for all other tests, each individ
was induced to become stiff by gently drumming on its surfa
with a few fingers prior to cutting. This resulted in smooth
well-defined tissue specimen surfaces. The body wall was th
split longitudinally along the ventral surface with a razor blad
and opened up so that its inside surface was exposed. 
viscera and muscle layers on the inside of the body wall we
removed using forceps, leaving only the collagenous derm
Tissue samples were always taken from the central dorsal a
of the dermis, where there are no tube feet. Standard-si
tissue samples were excised using new razor blades held
parallel 0.5 cm apart.

To test the effects of tissue stiffness on tissue adhesion, so
tissue specimens were induced to achieve extreme mechan
states defined as ‘compliant’ or ‘stiff’. The compliant state wa
induced by incubating the specimens in an artificial seawa
solution that was free of Ca2+ (Ca2+-chelated ASW). This
medium has been shown to be effective for this purpose
previous studies (see Wilkie, 1996). The stiff state was induc
by freezing and thawing the tissue specimens, a method sho
to be effective in other experiments (G. Szulgit and R. Shadwi
in preparation). Specimens incubated in artificial sea water t
included Ca2+ (ASW) were considered to be of ‘normal’
stiffness. ASW consisted of 445mmol l−1 NaCl, 60mmol l−1

MgCl2, 10mmol l−1 KCl, 2.4mmol l−1 NaHCO3, 10mmol l−1

Hepes and 10mmol l−1 CaCl2. The solution of Ca2+-chelated
ASW consisted of the same ingredients as ASW, except t
2.5mmol l−1 EGTA (a Ca2+ chelator) was added instead o
CaCl2. The 2.5mmol l−1 EGTA in these solutions provided an
almost 50:1 ratio of chelator to Ca2+ to prevent contamination of
the solutions by Ca2+ endogenous to the tissue specimen
Tissues were never allowed to dry out and were always incuba
at 4°C for 24h prior to testing, fixing or photographing.

‘Freeze-thaw’ tissues were placed on a block of dry ic
immediately after they had been cut. Once the tissues had b
thoroughly frozen, they were thawed in natural sea water
room temperature. Each piece was put through this proc
three times, taking care to ensure that only one surface of 
tissue wafer was in contact with the dry ice and that t
opposite surface was used as the testing surface. Transmis
electron microscopy confirmed that this procedure disrupt
cell membranes, exposing the cell contents to the surround
tissue (see Results section).

Tissue blocks apposed without pressure

Pieces of dermis were frozen, cut into blocks and plac
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Plastic block

Gripping surface

Tissue

 
Top pulled   

upwards

Bottom fixed
    in place

B

Bath1g

Tissue

A

Fig. 1. Schematic diagram of (A) the incubation chamber for the
tissues in their holder and (B) tissues about to be drawn apart in a
lapshear experiment.
side-by-side in a shallow dish containing 20 ml of ASW fo
24 h. The tissues were in contact with each other the en
time, but were not pressed together by external forces. Th
apposed tissues were then pulled away from each other v
slightly using forceps. The apposed surfaces tended to rem
stuck together while the tissue surrounding these areas 
stretched into tendril-like formations, which wer
photographed through a dissecting microscope. Th
experiments were conducted in ASW, in Ca2+-chelated ASW
and with freeze-thawed tissues.

Microscopy

Freeze-thawed tissues were placed in contact with each o
for 24 h without any weight pressing them together. T
adhering tissue blocks were then fixed in 2.5 % glutaraldehy
in 0.1 mol l−1 sodium phosphate buffer, pH 7.5, gently washe
in successive solutions of increasing ethanol concentrat
(50–100 %) and embedded in Spurr’s resin. For optic
microscopy, 5µm thick tissue sections were cut from th
interface region between the adhering tissues and stained 
Toluidine Blue in 1 % sodium borate. These sections we
photographed through a light microscope. For transmiss
electron microscopy, light gold, ultrathin sections from th
same block were stained with lead citrate and uranyl aceta

Lapshear tests

Specimens for lapshear tests measur
24 mm×10 mm×4 mm, corresponding to the longitudinal
radial and circumferential axes respectively. Tissues w
placed in specially designed holders so that they overlap
each other in a controlled fashion and could be handled ea
(Fig. 1A). The dimensions of this overlap were measured us
calipers to calculate the area of contact. The tissues were 
incubated in 150 ml of artificial seawater solution at 4 °C f
24 h (except for those tested after only 2 h). Some of 
incubation solutions also included 0.05 % sodium azide as
antiseptic agent. The tissues were stored beneath a 1 g pl
weight to ensure that the surfaces remained in contact for
duration of the incubation (Fig. 1A).

Tissues were taken from their incubation solutions wh
still in their holders and placed in a T10 tensometer (Fig. 1
The stabilizing support was then removed from the holder, a
the wafers of tissue were separated at a rate of 6 mm s−1. Forces
were measured and recorded using the same methods desc
for determining the adhesive strengths of grafts.

Pieces of cartilage measuring 15 mm×20 mm×2 mm were
obtained from a fresh cow patella using the methods descri
by Reindel et al.(1995). These pieces were frozen and thaw
using the same methods described for freeze-thaw
holothurian dermis (described above) and were then use
lapshear tests.

All statistical analyses were conducted using the softwa
Statgraphics Plus from Manugistics, Inc. (Rockville, MD
USA). Values are reported throughout this paper as mean
standard deviations, unless otherwise indicated. The d
represented in Table 1 were pooled from several individua
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Because the data characteristics did not indicate the use
parametric tests, the groups were compared using 
Kruskal–Wallis test.

Results
Wounding and grafting

The surface incisions of varying depth appeared to be fu
closed within 24–36 h, depending on the depth of the incisio
with very little visible scarring. The excision wounds (10 mm
wide) were closed within 48 h. The wound closure looke
similar to that seen in Thyone briareusafter 28 days (Menton
and Eisen, 1973).

Most grafted tissues stayed in place and appeared to
incorporated into the dermis of the host within 24 h (Fig. 2
Of the twelve pieces of tissue that were autografted, elev
adhered firmly to the wounded surface, judging by the abil
of the grafts to remain in place as the animals were hand
and by the closure of the host tissue around the outer edge
the graft (Fig. 2). Of the twelve allografts, eight wer
successful (judged by the same criteria). We suspect that so
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did not ‘take’ because of the natural bending movements of
individuals immediately following their grafting and releas
The mean adhesive strength of four of the successful allogr
was 13.9±3.1 kPa (equivalent to a shearing force of 200 g o
graft smaller than 1 cm×1.5 cm). The remaining sea cucumbe
with allografts were maintained in running sea water to obse
the long-term fate of their grafts. Only after 5–6 months d
these tissues begin to show obvious evidence of rejection. 
Fig. 2. Allografting of dermal tissue. (A) Intact
tissue pieces are excised from two individuals
(one shown here on the left and one on the
right), leaving wounds indicated by arrows.
Note that the wound on the light-colored
individual is slightly longer than that on the
darker individual. (B) The excised tissue pieces
are exchanged. The allografts are not held in
place with any bandages, sutures or gels. The
white arrow indicates part of an allograft that
extends past the wound. The black arrow
indicates a wounded area not covered by a graft.
(C) 24 h after graft exchange. The epithelial
tissue surrounding the graft in each individual
has fused with each graft. The grafts have
‘taken’. The graft extension (white arrow) hangs
free of the surface and has lost its flat shape. The
uncovered area (black arrow) is beginning to
close. (D) 48 h after graft exchange. The graft
extension (white arrow) has become very soft
and can be torn off easily (not shown). The
uncovered area (black arrow) has almost fully
reapproximated. All pictures are approximately
actual size.
 the
e.
afts
n a
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rve
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original wound appeared to close underneath them in ea
case, and the grafted tissues were pushed out of their sites 
a further period of approximately 2 weeks.

Tissues apposed without pressure

Tissue specimens were placed in contact in a shallow d
of ASW for 24 h without any external pressure pushing the
together. In places where adjacent tissues touched, t



3007Non-cellular adhesion and tissue grafting in a sea cucumber

red
not

is
ual
er
is,
the
ted
ey
ey
s)
iven

is
ith
ot
sue
ear
as

on
e
ce.
 it

ing
sue
ce
his
the
ns
t

ce
ng
n

he
the
he
ise
he
 be
k
nt;

 is
 of
 2 h

hat
 in

eze-

Fig. 3. Apposed, non-pressured tissues are pulled away from 
other after adhering. Tissues are being illuminated by both transm
polarized light and reflected light. (A) Fibers from tissue 1 rema
attached to tissue 2 when the two tissues are separated slightly
white arrow indicates the epidermis of tissue 2, which does 
contain fibers. The fibers from tissue 1 are, therefore, adherin
tissue 2 and not simply entangled with fibers from that tiss
(B,C) The same tissues at lower magnification. Forceps (not sho
are used to pull the tissues further apart. As the tissues are sepa
the fibers can be seen to be stretched between the tissues (
arrows). Force is transmitted through the fibers, as shown by 
stress-induced wrinkles in tissue 1 (black arrow). Scale bars, 1mm
adhered. This occurred both in ASW and in Ca2+-chelated
ASW, and both in freeze-thawed tissue and in non-free
thawed tissue. All portions of the specimens remaining af
ze-
ter

dissection (epidermis, outer dermis and inner dermis) adhe
to all others. The strengths of these adhesions were 
measured separately, although the epidermis–epiderm
adhesion appeared to be the weakest on the basis of vis
inspection while the tissues were separated slightly. Und
these conditions, in the inner and outer portions of the derm
fibrous elements of the tissues persisted in adhering to 
apposing surfaces (Fig. 3). These fibrous portions contac
the apposing surfaces with very little surface area, yet th
adhered with sufficient tenacity to deform the tissues as th
were separated (Fig. 3B). These deformations (wrinkle
persisted as long as the tissues remained separated at a g
distance (15 s).

Microscopy

Light microscopy shows that each apposed piece of derm
consists of a collagenous feltwork embedded in a matrix w
a sparse cell population (Fig. 4). The collagen fibers did n
cross the plane of apposition between the two apposing tis
pieces. The razor-cut ends of the collagen fibers app
distinctly compressed and densely stained. This distinction w
used to identify the razor-cut end of a fiber during preparati
for transmission electron microscopy (see Fig. 5). Th
interface between the two tissues is not uniform in appearan
In one region (Fig. 4A,B), the adhesion is so complete that
is difficult to distinguish the interface from the rest of the
tissue. These surfaces do not seem to have any distinguish
substance associated with them. In another region of the tis
interface (Fig. 4C,D), a substance with a granular appearan
occupies the area between the two wounded surfaces. T
substance appears to become more tightly packed as 
wounded surfaces draw closer to each other. The regio
shown in Fig. 4A,B and Fig. 4C,D, therefore, have differen
appearances. The reasons for this are not clear.

Fig. 5 is a transmission electron micrograph of the interfa
between the tissues shown in Fig. 4. The original dissecti
cut, which sliced through the collagen, was in an orientatio
that is now normal to the page (as determined by t
distinctively compressed, densely stained appearance of 
fiber end). The razor-cut end of the collagen fiber marks t
end of one tissue and the beginning of another. The prec
location of the interface at this level, however, is not clear. T
dominant component of the tissue at this location seems to
an amorphous, granular matrix. There is no visible lin
between the collagen fiber and any other tissue compone
also, no cells gathered at the wound surface.

Lapshear tests

An example of the data collected from a lapshear test
shown in Fig. 6. The first measurements (with the exception
the baseline measurements at time zero) were made after
of tissue-to-tissue contact (Table 1).

Tissues that were stiff adhered just as well as tissues t
were compliant. Tissues that had been incubated for 24 h
ASW, Ca2+-chelated ASW or ASW + azide all exhibited
similar adhesion responses, as did tissues that had been fre
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Fig. 4. Light micrographs of the interface between two adhering tissues. (A) The gap between the tissues (white arrows) diminishes until it can
no longer be distinguished (arrow with question mark). (B) A higher magnification of A. (C) A different region of the interface between the
same tissues. There appears to be a substance with a granular appearance layered between the two tissues (black arrow). The edge of the gap
between these tissues is marked by white arrows. (D) C at higher magnification. Note that the collagen fibers (cf) do not cross the gap between
tissues to entangle with other fibers. Scale bars, A, 250µm; B, 100µm; C, 50µm; D, 10µm.
thawed (Table 1). The tissues incubated in Ca2+-chelated ASW
were noticeably less stiff than those that had been incubate
ASW. The tissues that had been freeze-thawed were very s

Dermal tissues placed against glass slides or cow pate
cartilage adhered relatively weakly (Table 1). Both the
surfaces were smooth and stiff, although their chemic
compositions were obviously quite different. We were unab
to measure any adhesion between apposed pieces of carti

Discussion
Wound reapproximation

Complex organisms have developed various ways 
mending themselves when they suffer injuries. The first s
usually involves stabilizing the damage, which is then follow
by a reconstruction of the wounded site at the cellular lev
This reconstruction is often slow and can be subject 
problems such as infection or reinstatement of the wou
through mechanical stresses. Because reconstruction dep
largely on the volume of tissue that needs to be replac
reapproximating the wound (i.e. bringing the displace
surfaces back into their original alignment to reduce the wou
space) can greatly aid the healing process. Humans usually
d in
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some sort of tool to accomplish this (e.g. sutures, tapes, stap
etc.). Once reapproximated, most vertebrate tissues can h
rather quickly if they are well vascularized. Highly collagenou
tissue such as that found in the cartilage or ligaments 
vertebrates, however, is very poorly vascularized and does 
heal quickly. This was demonstrated using blocks of co
patellar cartilage (Reindel et al.1995).

The dermis of P. parvimensisis interesting because it is able
to accomplish reapproximation so easily, apparently becau
of its composition. Furthermore, although it resembles hum
tissues that are highly collagenous and minimally vascularize
it heals extremely well and is able to maintain live grafts fo
extended periods. While holothurian dermis is not exact
homologous to vertebrate dermis (Holland, 1984), it consis
largely of proteins that are extremely similar to those in o
own connective tissues and it contains a sparse assortmen
cells (including nerves). A major component is collagen, whic
exists in the form of bipolar, spindle-shaped fibrils 39–436µm
long (Trotter et al. 1994) that have proteoglycans associate
with their surfaces (Scott, 1988, 1991; Trotter and Koob, 198
Trotter et al.1995). The fibrils are further organized into large
structures known as fibers. These fibers are loosely arrang
appearing as a feltwork pattern under the microscope (Figs



3009Non-cellular adhesion and tissue grafting in a sea cucumber

bt
ess
 

,
is

ge

the

ns

fts
een
ls.

res
nd

the

t

ed
d
dy
nd

ed

ly
by

Fig. 5. A transmission electron micrograph of the interface between
two adhering surfaces. The arrow indicates the end of a collagen
fiber (cf), which marks the original razor cut through the tissue and
should determine its boundary (the interface between the two
tissues). There is no clear boundary, however, only an appa
continuum of extracellular matrix. Scale bar, 2µm.

Tissues
becoming

taut

  Tissues
separating

Mean peak stress 695 Pa
(approx. 10g)

S
tr

es
s

Movement of top clamp

Fig. 6. Representative data plotted as stress versusmovement of the
tissue holder. The peak stress represents the strength of the join
between the tissues. The abscissa does not depict strain (the usual
convention) because the actual join is not being strained appreciably
in these tests (it is either intact or not). Instead, tissue above and
below the join is allowed to stretch while the join remains intact.
4). There is also an extensive, non-collagenous microfibri
network that permeates the dermis (Thurmond and Trot
1996) and may be very important in its mechanical behav
Finally, all these components reside in an apparen
amorphous extracellular matrix (Figs 4, 5).

The healing ability of holothurian dermis has not be
extensively investigated. There are a few studies that h
focused on the cellular response to tissue insult, but they
not discuss wound closure prior to this response (Cowd
1968; Menton and Eisen, 1973). An exception to this is 
work of Fankboner (1978), who describes ‘self-suturing’ 
Opheodesoma spectabilisby means of calcified ossicles in th
dermis. We could find no such structures in the dermis ofP.
parvimensis. Cowden (1968) made incisions in the dermis 
Stichopus badionotusand noted that the tissue becam
reapproximated after 6–8 h, but gave no details of this ini
stage of closure. The rest of his observations describe 
healing process at least 2 days after the incision had been m
Menton and Eisen (1973) describe the response of Thyone
briareusdermis to excision. They note that 1 cm wide excis
wounds take 28 days to reapproximate. The huge discrepa
between this result and the reapproximation time measure
P. parvimensisis not understood at this point, but we specula
that the excised dermis of P. parvimensisis more easily pulled
together initially by the subdermal muscles.

Studies of the clotting ability of holothurian coelomic flui
(see Smith, 1981, for an excellent review of work prior to 198
see also Canicatti et al.1989, 1992; Canicatti and Farina-Lapar
1990) have focused mostly on the structure, classification 
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clotting behavior of various coelomocytes. We have no dou
that coelomocytes are important to the long-term healing proc
in holothurians and may contribute to the healing that we seein
vivo. Our in vitro freeze-thaw experiments, however
demonstrate that the initial adhesion of isolated pieces of derm
does not require viable cells. The reason(s) for the hu
difference in shear breaking stresses between in vivo and
lapshear adhesions (Table 1) is not known, but may include 
activities of coelomocytes and/or other cells.

Grafting has previously been accomplished in holothuria
(specifically Cucumaria tricolor) by Hildemann and Dix
(1972). In their study, sutures were required to hold the gra
in place while they healed, after an absorbable gelatin had b
dusted onto the graft sites to form temporary gelatinous sea
We suspect that the grafts in our study did not require sutu
or gelatin because of the malleable nature of the dermis a
because of the adhesive nature of the viscous fluid on 
wounded surface. Hildemann and Dix (1972) report that C.
tricolor has a ‘leathery skin’. This ‘leathery skin’ may no
creep as well as the soft dermis of P. parvimensis. The sealing
that was required for C. tricolor grafts was not necessary with
P. parvimensis, probably because the ‘floppy’ nature of the
grafted tissues allowed them to fit well against the wound
surface (although not to the microscopic level describe
below). The eventual graft rejection that was seen in our stu
was also seen and very well documented by Hildemann a
Dix (1972), although the tissues in their study were reject
sooner (approximately 3–4 months after grafting).

Does the mutability of the dermis affect adhesion?

One unique feature of echinoderms is that they can rapid
and reversibly alter the stiffness of their connective tissues 

rent
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Table 1. Adhesion between dermal tissue specimens in vari
incubation solutions reported as mean breaking stresses

Breaking stress Mechanical
of join between state of 

Incubation solution specimens (Pa) N specimens

In vivografts 13900±3600 4 Normal
ASW 695±321 31 Normal
ASW, freeze-thawed 393±211 9 Stiff
Ca2+-chelated 505±215 7 Floppy
Ca2+-chelated, freeze- 487±164 6 Stiff

thawed
ASW, 2 h 205±59 5 Normal
ASW freeze-thawed, 2 h 277±101 10 Stiff
Ca2+-chelated, 2 h 495±286 9 Floppy
ASW + azide 613±362 20 Normal
ASW on cartilage 129±100 4 Normal
ASW on glass 124±28 4 Normal

Values are means ±S.D.
ASW, artificial sea water.
All incubations lasted 24 h unless otherwise stated. 
The mechanical state of tissue specimens was determined

visual observation during handling. 
Note that stiffness does not correlate with breaking stress. 
Only values for tissues placed against cartilage and glass diff

significantly from the ASW controls (P<0.05).
orders of magnitude (see Wilkie, 1996, for an excelle
review). The tissues can have a stiffness similar to that
mammalian connective tissues one moment, only to beco
extremely soft and compliant a few moments later. T
phenomenon has been shown to be neurally mediated (Ma
1978) and requires the presence of intact cells (Szulgit a
Shadwick, 1994; Trotter and Koob, 1994, 1995). Tissues t
have had their cells perforated with the detergent Triton X-1
become irreversibly stiff, even in the presence of a Ca2+

chelator (Szulgit and Shadwick, 1994). This has led so
researchers to believe that there is a matrix-stiffening ag
within certain yet-to-be identified dermal cells that is releas
in cases of cell perforation or lysis and is prevented from be
released when Ca2+ is not present (Szulgit and Shadwick
1994; Trotter and Koob, 1995). Our current observation th
freeze-thawed tissues become stiff, even in the presence 
Ca2+ chelator, is consistent with this idea.

Because collagen fibrils inside the tissue do not stre
appreciably when the tissue is lengthened (Smith, 19
Hidaka and Takahashi, 1983), it is generally thought that 
fibrils slide past each other under these conditions (convers
the fibrils are thought not to slide past each other when 
tissue is stiff). This fibrillar sliding allows the tissue to deform
plastically over time if subjected to a mechanical stress
property known as ‘creep’. This property was apparent wh
1 cm×1.5 cm pieces of tissue were placed on rough surfaces
several hours beneath 1 g weights. The bottom surface of
tissues deformed (crept) to match the intricacies of the surfa
below (G. K. Szulgit and R. E. Shadwick, person
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observation). Waite (1983) and Denny (1988) provide succin
descriptions of some of the factors that promote adhesion a
note that close physical contact is one of the most importa
factors in maximizing the potential of an intervening adhesiv
(for a more thorough discussion of adhesion, see Israelachv
1991). Because sea cucumber dermis is known to creep, 
two wounded surfaces can theoretically flow together to mat
each other almost perfectly, on a microscopic scale, with ve
little space between them. We measured the distance betw
surfaces to be 3.6µm in one area (Fig. 4C,D) and to be
immeasurably small (using our techniques) in another ar
(Fig. 4A,B). This proximity should allow for maximum wound
closing potential of an adhesive substance between t
surfaces. In this sense, we would expect the mutability of t
dermis to be extremely important in the initial reapproximatio
of the wounded surfaces because it should cause a quic
onset of adhesion in tissues that can creep more rapidly (
when the tissue is compliant). When we compared the adhes
of stiff and compliant tissues, however, we found no significa
difference in adhesion between the two mechanical states a
2 h of contact or 24 h of contact (Table 1).

What are the possible methods of adhesion?

There are many factors that could be involved in th
adhesion between tissue pieces. For the purpose of this pa
these will be divided into two over-simplified categories
‘physical’ and ‘chemical’. The physical forms of adhesion
include mechanical linkages, capillary adhesion and visco
shear. The chemical forms refer to any attraction that is caus
by electrostatic interactions (e.g. Van der Waals interaction
ionic bonding, hydrogen bonding). The contributions from
each of these factors are considered below.

Mechanical adhesion

The contribution due to interlinking surfaces appears to b
minimal. Collagenous fibers at the surface of the wound d
not become entangled with fibers from the apposing surfa
(Fig. 4), although there may be entanglements betwe
structures that are not visible at this level of magnification.

Capillary adhesion

The force required to create a new air–water interface as 
wetted tissues were separated was measured by placing we
tissues together for 5 s and then pulling them apart. Th
allowed the water from apposing surfaces to cohere, but d
not allow the tissue surfaces to creep close together on a mi
scale. The forces in these tests were immeasurably small us
our techniques. Furthermore, the forces reported from t
lapshear tests were peak forces, recorded just prior to 
tissues actually separating (Fig. 6). At the time that the forc
were recorded, therefore, there was no new air–water interfa
being created.

Viscous shear stress

Shearing a fluid between two parallel surfaces requires
stress described by the equation:

ous
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τ = µU/z,

where τ is shear stress, µ is the dynamic viscosity of the fluid
U is shear velocity and z is the distance between the surface

Excised pieces of dermis quickly develop some kind 
viscous fluid on their surfaces. Fig. 4C,D shows a substa
with a granular appearance in the gap between wounded ti
surfaces, and this viscous fluid might be responsible 
adhesion between tissue pieces. If so, this raises the que
of whether the adhesion is physical or chemical. If the visc
fluid has no particular chemical attraction to the tissues, t
pulling the tissues apart (thus shearing the fluid between th
could still require a significant force (where the intermolecu
forces and the extent of entanglements between molec
chains produced very high values of µ). If this were the case,
however, one would expect similar levels of adhesion betw
the tissues and any other surface. This is clearly not the c
because cartilage and glass adhere to the tissues with very
tenacity. Viscous shear forces also fail to explain the prolon
adhesion under stress between apposed tissues (Fig. 3B)
contact areas between the surfaces (fibers) in these tissue
extremely small, which means that the stresses on them wi
quite large for a given separating force. If viscous adhes
were the only force sticking them together, they should beco
unstuck after the application of a stress (even a small one
an extended period (15 s), but this did not occur.

Chemical adhesion

Adhesion between tissue specimens that have been
apposed, non-pressured contact is probably aided o
minimally by the mutability of the tissue, because there is v
little force to cause the tissue to creep. In these cases, 
evident that only a very small area of contact between 
tissues is necessary to achieve adhesion and that the adh
is probably based on something other than viscous sh
between two parallel surfaces. That they do not beco
unstuck suggests some form of adhesion based on w
chemical bonds.

Are there any other known adhesives in echinoderms?

Adhesive secretory substances, common in the podia 
cuvierian tubules of holothurians, are thought to be mixtu
of proteins and mucopolysaccharides that are secreted 
specialized cells and adhere to a wide variety of surfa
(Flammang, 1996). The nature and origin of the adhesive
our study, however, remain unclear. In tests where the tiss
were frozen and thawed, the cells in the tissues w
presumably lysed, precluding them from participating in a
kind of metabolically active healing response. Substan
previously contained within these cells, however, could ha
diffused to the wound surface. In other tests, the cellu
activity in unfrozen tissues was presumably halted by 
addition of 0.1 % azide (a metabolic blocker). This preven
the cells from actively participating in the healing proce
while also presumably reducing their secretory ability. We 
not test the secretory ability of poisoned cells, but we 
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determine that the tissue specimens were much less stiff 
those that had been freeze-thawed. This indicates that there
a definite difference between the two treatments. We attrib
this difference to a reduction of active cellular secretions.
one assumes that most of the cells in these tissues were i
after dissection, then their contents would have remain
locked within them and would have had no effect on t
extracellular matrix. Undoubtedly, a few cells were ruptured
the wound surface where the original cuts were ma
(microscopy reveals that approximately 1 % of the cros
sectional area of the tissue, at this depth, is composed of ce
On the basis of this evidence, it seems more likely that 
adhesive substance is not secreted near the wound site a
but is part of the amorphous matrix substance that occurs a
times between fibers in the dermis (Figs 4, 5).

Under what conditions is the adhesive effective?

Is the adhesive in our study simply a highly charg
substance that sticks to anything, having no special affinity 
holothurian tissue? Or does it preferentially adhere to so
component of the dermis? The tissue sticks only weakly
glass and cartilage, yet it sticks to itself quite we
demonstrating that it has some level of specificity. There 
several known adhesive molecules (e.g. fibronectin, lami
and cadherins) that hold vertebrate tissue components toge
in normal, healthy tissue. If holothurian tissues also poss
these proteins, or similar proteins, then these might link w
other components of each surface (and/or themselves
wounded tissue. Trotter et al. (1996) demonstrated that
collagen fibrils can be isolated from the dermis of the s
cucumber Cucumaria frondosasimply by washing out some
of the dermal components. One of these components can 
be added back to the isolated fibrils causing them to floccul
They have named this component ‘stiparin’. What stiparin
doing to the fibrils, to the surface proteoglycans or to the io
environment surrounding them remains unclear. Perh
further elucidation of the role of stiparin in isolated fibr
flocculations of C. frondosawill provide some information
regarding adhesion between wounded dermal surfaces inP.
parvimensis.

When speculating on the specificity of the chemical bon
involved in this adhesion, it is important to remember th
adhesion occurs in the absence of Ca2+ (Table 1). This
treatment has dramatic mechanical effects on the derm
indicating that it affects the interactions between t
components in some way. The details of these interactions
still undetermined, but it is interesting that the mechanic
effects induced by the removal of Ca2+ appear not to be linked
to any changes in the adhesive properties of the tissue.

It is our hope that future work with holothurians wil
explore applications of this tissue for tissue graftin
technology. Artificial skins are becoming increasingly popul
as temporary and permanent wound dressings for trau
such as burns. These often consist of synthetic meshwo
(Aliabadi-Wahle et al. 1996) in which fibroblasts are
sometimes cultured (Hansbrough et al. 1994). Much of the
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research on tissue grafting is concerned with getting the g
to ‘take’ (to adhere to the wounded area long enough
promote healing). This does not seem to be problematic foP.
parvimensisdermal grafts. One of the most interesting aspe
of the allografts is that they survive even though they are 3 m
thick or thicker (this is much thicker than typical human sk
grafts), as long as they are directly above the wounded a
If part of the graft hangs over the edge of the wound (Fig.
then that portion of the graft rapidly atrophies. This impli
that the grafted tissue is being kept alive by something ot
than the surrounding sea water (i.e. the host holothurian).
substances migrate from the host to the graft tissue and, i
why do they stop at the overhanging region? Is it due to
simple concentration gradient of migrating substances alo
the graft, to bacterial attack of sparsely vascularized regi
of the graft or to something more complicated? T
exceptional grafting ability and non-cellular adhesion of P.
parvimensisdermis might lead to important insights in othe
areas of grafting research.

In conclusion, a surprising result of the present study is 
uniformity of the adhesion response of P. parvimensisdermis,
irrespective of its incubation conditions. Tissues adhered
each other whether cells were intact, had been lysed
freezing or had been treated with a metabolic blocker. T
adhesion, therefore, is not a product of cellular activity, b
appears to be due to the composition of the extracellu
matrix. The adhesion is more effective between derm
specimens than it is between dermis and glass or verteb
cartilage and seems to be a product of chemical forces
opposed to physical forces. The mechanical state of the tis
as discussed in many other papers (Wilkie, 1996), does 
seem to affect the magnitude of tissue adhesion. Frozen 
thawed tissues are orders of magnitude stiffer than th
incubated in Ca2+-chelated ASW (G. K. Szulgit and R. E
Shadwick, in preparation) yet they all have similar adhes
capabilities.

For holothurians, and echinoderms in general, there 
aspects of connective tissue composition or design that h
not yet been seen in other phyla, either because they do
exist or because they are well hidden in other animals. If 
latter is true, sea cucumbers should become increasin
important as a model system in the field of extracellular ma
biology.
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