
Acta Biologica Hungarica 63 (Suppl. 2),pp. 129-140 (2012) 
DOl: 10. 1 556/ABiol. 63.2012.Suppl.2. 17 

MORPHOLOGY, ULTRASTRUCTURE AND 
CONTRACTILE PROPERTIES OF MUSCLES 
RESPONSIBLE FOR SUPERIOR TENTACLE 

MOVEMENTS OF THE SNAIL * 
NORA KRAJCS,l L. MARK,2 K. ELEKESl and T. Krssl** 

1 MTA Centre for Ecological Research, Balaton Limnological Institute, Department of Experimental 
Zoology, P. O. Box 35, Tihany, Hungary 

2 Department of Biochemistry and Medical Chemistry, Medical School, University of Pecs, 
Pecs, Hungary 

(Received: November 25,2011; accepted: December 20,2011) 

Bending, twitching and quivering are different types of tentacle movements observed during olfactory 
orientation of the snail. Three recently discovered special muscles, spanning along the length of superior 
tentacles from the tip to the base, seem to be responsible for the execution of these movements. In this 
study we have investigated the ultrastructure, contractile properties and protein composition of these 
muscles. Our ultrastructural studies show that smooth muscle fibers are loosely embedded in a collagen 
matrix and they are coupled with long sarcolemma protrusions. The muscle fibers apparently lack organ
ized SR and transverse tubular system. Instead subsarcolemmal vesicles and mitochondria have been 
shown to be possible Ca2+ pools for contraction. It was shown that external Ca2+ is required for contrac
tion elicited by high (40 mM) K+ or 10-4 M ACh. Caffeine (5 mM) induced contraction in Ca2+-free 
solution suggesting the presence of a substantial intracellular Ca2+ pool. High-resolution electrophoretic 
analysis of columellar and tentacular muscles did not reveal differences in major contractile proteins, such 
as actin, myosin and paramyosin. Differences were observed however in several bands representing pre
sumably regulatory enzymes. Tt is concluded that, the ultrastructural, biochemical and contractile proper
ties of the string muscles support their special physiological function. 
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INTRODUCTION 

A considerable number of evidences indicate that the behavior of gastropods rely 
mainly on a well-developed chemical sensory system, which is a dominant sensory 
modality to localize food and prey, to avoid predators, and to follow trails and to find 
conspecifics [4, 8, 10]. For odor perception gastropod mollusks use two pairs of ten
tac1es, the anterior rhinophores and superior ommatophores. Ommatophores that 
house the main olfactory organ perform continuous exploratory movements in order 
to be in contact with the environment. The patterned movements of the olfactory 
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organ seen in many animals have a great significance in facilitating the access of odor 
molecules by the receptors [22]. Lemaire and Chase [19] described several types of 
tentacle movements in gastropod mollusks, including the horizontal head movement 
moving thereby also their tentacles. Other movements such as "twitching and quiver
ing" are correlated with olfactory orientation, and can be superimposed on the previ
ously mentioned body movement. Twitches are brief retractions and quiverings are 
lateral movements of the tentacle. Lemaire and Chase [19] suggested that the motor 
pathway for quivering is probably the same as for tentacle bending. Bending is a 
movement of the partly withdrawn tentacle during orientation towards learned odors 
[24]. Tt is assumed that retraction and bending are mediated by the tentacle retractor 
muscle (TRM) and skin muscles [24,25, 30]. Snails and slugs possess with a hydro
static skeleton the function of which relies on the constant volume of the enclosed 
liquid-filled cavity. Therefore the decrease of the tentacular length would result in the 
increase of the diameter [15]. However, twitching and quivering performed by the 
tentacles cannot be explained exclusively by the function of the TRM and skin mus
cles, because during those movements neither the diameter, nor the length of the 
tentacles is changed. Recently, a set offine muscles innervated by the inner and exter
nal tentacular nerves was described in the tentacles of Helix pomatia by Hermidi and 
Teyke [11]. It is suggested that these muscles are responsible for executing twitching, 
quivering and bending of the superior tentacles during olfactory orientation. Nothing 
is known, however, about the ultrastructure, contractile protein composition and con
tractile properties of these muscles. The present study was undertaken therefore to 
provide data in these aspects, and by this way a background for further studies on the 
innervation and pharmacology of the tentacular muscles. 

MATERIALS AND METHODS 

Electron microscopy 

Experiments were performed on adult specimens of the snail, Helix pomatia, col
lected in the surroundings. Tentacles with their inner surface outside were pinned out 
in Sylgard-coated dish and covered with a fixative containing a mixture of 4% para
formaldehyde and 0.1 % glutaraldehyde diluted in 0.1 M phosphate buffer (PB). 
Fixation lasted overnight at 4 QC. The muscles attached to a small piece of the tenta
cle were cut off from the rest of the tentacle, post-fixed for 1 hour at 4 QC in 1 % OS04 
diluted in 0.1 M cacodylate buffer, dehydrated in graded ethanol and propylene oxide 
and embedded in Araldite (Durcupan ACM, Fluka). In the course of dehydration 
block staining was performed in 70% ethanol saturated with uranylacetate. After 
polymerization I /-lm semi-thin sections were cut, stained with I % toluidine blue and 
used for orientation. For ultrastructural investigations 50-60 nm ultra-thin sections 
were taken, stained with lead citrate and viewed in a JEOL 1200EX electron micro
scope. 
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Muscle contraction measurements 

In the isotonic experiments one end of a single muscle was fixed in a slot cut out of 
plexiglass (Fig. 1). The other end was free and the change in muscle length was meas
ured by an ocular micrometer in control and test solution. The geometry of the per
fusion chamber enabled a fast change of solution (2-3 sec). The experiments were 
made in standard snail physiological solution containing 80 mM NaCI, 4 mM KCI, 
10 mM CaClb 5 mM MgClb 10 mM Tris-HCI, pH = 7.4. In Ca2+-free solution 
Ca-ions were replaced for isotonic NaCI and in Na-free solution NMDG was substi
tuted for Na ions. Acetylcholine (ACh), caffeine and ruthenium red were all the 
products of Sigma, and thapsigargin was purchased from Alomone Labs Ltd. 

Protein separation and identification 

Columellar (CM) and tentacle muscle samples were homogenized in 20 mM Tris/HCI 
buffer (pH 7.4) containing 3 mM EDTA, 5 mM beta-mercaptoethanol and 1 % SDS. 
After the adding of 1 % bromephenol blue, the samples were boiled for 2 min and 
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Fig. 1. The scheme shows the device constructed for the isotonic contraction measurements. A - The 
muscle is fixed in a slot of slide-size perfusion chamber by a supporting needle pressed against the piece 
of connective tissue on one end of muscle. B - The cross-section and geometry of the perfusion chamber. 
C - High magnification detail of A demonstrating the muscle and the relative scale used for detecting the 

change in the length of the muscle 
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clarified by centrifugation (8000 g for 2 min). Sodium dodecylsulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) was carried out on 10% gel by the method of 
Laemmili [18]. A low molecular weight calibration kit (Pharmacia) was used for the 
estimation of molecular weight. Gels were stained with Coomassie brilliant blue 
R-250 (Genlantis) and de-stained with a solution containing 5% (v/v) acetic acid and 
16% (v/v) methanol. 

Statistical analysis 

Data were normalized to the control values (length in normal physiological saline, 
Ca2+ -free or Na+ -free saline) in each experiment, and thereafter the means and ±SEM 
were calculated. Paired-sample t-test was used and the difference level at p < 0.05 was 
considered statistically significant. 

RESULTS 

Gross anatomy 

Fine movements of the superior tentacles are performed usually by three muscles: one 
of them is thicker and two of them are thinner in diameter. They arise from the con
nective tissue of the skin at the base of the tentacle, and are attached to the tip of 
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Fig. 2. A - The head region and the inside-out tentacle of a snail with exposed string muscles. White 
arrows indicate the approximate attachment points of the muscles to the proximal (S) and distal (T) ends 
of tentacle. B - Circles represent the cross-section of the cylinder, where string muscles are attached to 

the skin and tentacle 
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tentacle, close to the eye. The tentacle muscles were named by us as "string" muscles 
(SM) because of their appearance in inside-out preparation (Fig. 2A). At the distal 
end the attachment points ofthe muscles are located ventrally which allow the quiver
ing and twitching movements of tentacles (Fig. 2B). Further on, the thick muscle has 
an attachment near the tip of the tentacle meanwhile the thin muscles possess an 
attachment point between the tip and the shaft of the tentacle (Fig. 2A). The muscles 
sometimes show a branching pattern, display a white appearance and are flattened in 
cross-section. They are approximately 4-6 mm long and 100-150 /-lm wide in resting 
state, and have a capability to elongate extremely. 

Ultrastructure of the muscles 

In longitudinal sections the muscle cells were separated by large extracellular spaces 
(Fig. 3A, B). The extracellular space was filled with connective tissue, containing col
lagen and fine elastic fibers. The muscle cells had long sarcoplasmic protrusions, by 
which they were connected to each other although specialized membrane attachments 
could not be identified (Fig. 3B, insert). The arrangement of the contractile elements 
displayed the characteristics of the smooth muscles. The fibers apparently lacked any 
vestige of the organized tubular or sarcoplasmic reticulum (SR) system although at the 
periphery of the cells an array of subsurface cisternae was found (Fig. 3C, D). The 
sarcoplasm of the muscle cells was occupied by thick and thin filaments, glycogen 
granules and mitochondria. Mitochondria were organized into large packages forming 
the central core ofthe muscle fibers (Fig. 3, A, B, C, D). In cross-sections the fine struc
ture and organization of the myofilaments of the muscle fibers could also be observed, 
consisting of sparsely arranged thin and thick contractile filaments, centrally located 
mitochondria and subsarcolemmal cisternae at the periphery (Fig. 3, D). 

Contractile properties of the muscles 

High K+-solution (40 mM) induced a long lasting (2-3 min) contraction (shortening) 
followed by relaxation of the SM. The effect was due to the membrane depolarizing 
effect of KCI, because hyperosmotic (20 mM glucose) solution itself had no effect on 
the muscle tone (Fig. 4A). 

ACh (10-4 M) and caffeine (5 mM) evoked 55% and 19% contraction, respec
tively, relative to the resting length measured in normal physiological saline. The 
effect of ACh decreased substantially in Na-free extracellular solution (10% com
pared to that obtained in normal physiological solution (55%, Fig. 4A). The KCI and 
ACh evoked contractions of the muscle were almost completely diminished bathing 
the muscle for 30 min in Ca2+-free solution suggesting that it involves an inward 
movement of Ca2+ through voltage dependent Ca2+-channels from the extracellular 
space (Fig. 4B). Blocking the voltage dependent Ca2+-channels by divalent cations, 
such as Cd2+, C02+ and Zn2+ effectively attenuated K-contraction (Fig. 4B). 
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Fig. 3. Ultrastructure of the string muscles. A, B - Muscle fibers (mc) of a thick flexor muscle are shown 
in longitudinal section. The muscle fibers are separated by a wide extracellular space, show an arrange
ment of contractile elements characteristic for the smooth muscles. Note centrally located large groups of 
mitochondria (mi), and the characteristic sarcoplasmic protrusions (arrows) by which the muscle fibers 
are sometimes connected (arrows and rectangle in B). Arrowheads point to small elements of the subsar
colemmar tubular system located in sarcoplasmic protrusions. Insert: Enlarged view of the contact of two 
sarcoplasmic protrusions containing subsarcolemmal cisterns (rectangle in B). C, D - Muscle fibers (mc) 
of a thick string muscle shown in cross-section. White arrows in C indicate centrally located mitochon
dria, arrowheads in D mark elements of the subsarcolemmar tubular system. Note clustering of the tubu
lar elements in two regions of the muscle fiber (stars) and also the abundance of collagen fibers (co) in 

the extracellular space. Bars: A, B, C - I Ilm, D - 0.5 Ilm, insert: 0.2 Ilm 
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Fig. 4. A - Muscle contractions elicited in nonnal physiological or Na+-free solution. A 40 mM KCI, 10-4 

M ACh and 5 mM caffeine contracted the muscle by 42%, 54% and 19%, respectively. Twenty mM 
glucose (hyperosmotic) solution had no effect on muscle tone. Tn Na-free solution the effect of ACh was 
substantially attenuated, while the effect of KC I remained practically unchanged. B - Muscle contractions 
elicited in Ca2+ -free solution. After 30 min exposure to Ca2+ -free extracellular solution, the shortening of 
the muscle evoked by 40 mM KCI and ACh was significantly attenuated, while contraction evoked by 
caffeine remained almost the same. Tn nonnal physiological solution the Ca2+-channel blocker divalent 
cation C02+ (5 mM), Zn2+ (lOO IlM) and Cd2+ (100 IlM) attenuated the contractile effect of high KC!. 

Dashed line shows the muscle length in a resting state 

In contrast, caffeine induced about 40% contraction in Ca2+-free solution which is 
equivalent to that induced by 40 mM KCI in normal physiological solution (Fig. 4A, 
B). Caffeine enhances the release of Ca2+ from intracellular stores and induces a con
traction which is independent from the membrane potential [20]. Experiments with 
high K+ concentration, ACh and caffeine were repeated in muscles soaked in Ca-free 
solution for 12 hours. The results were the same obtained in muscles bathed for 30 
min in Ca2+-free solution (Fig. SA). 

The release of intracellularly stored Ca2+ from the SR plays a major role in excita
tion-contraction coupling in the smooth muscle of a variety of vertebrate and inver
tebrate species [12,27]. In the next experiments therefore the contribution of intracel
lular released Ca2+ was examined using Ca2+-store modifying agents: ruthenium red 
(RR, Kd ~20 nM) which blocks Ca2+ uptake and releases Ca2+ from mitochondria and 
ryanodine-sensitive intracellular stores, and thapsigargin which raises cytosolic Ca2+ 
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Fig. 5. Effect of 12 hours exposure to Ca2+-free solution. (A) The effect of high KCI and ACh was com
pletely blocked. In contrast, the caffeine-induced contraction in Ca2+-free solution was the same as it was 
after 30 min exposure to Ca-free solution. (B) Effect of 40 J.lM ruthenium red (RR) and I J.lM thapsigargin 

on muscle contraction evoked by high KCI 

concentration by blocking calcium pump (SERCA) in the SR and endoplasmic 
reticulum [28]. RR and thapsigargin were dissolved in Ca2+-free solution and their 
effect to induce contraction by 40 mM KCI was tested. Surprisingly, the shortening 
of the SM was 2% in the presence of RR and 13% in the presence of thapsigargin 
(Fig. 5B) suggesting that SR cisternae and mitochondria store sufficient amount of 
Ca2+ to permit muscle contraction in a Ca2+-free solution. 

Contractile and regulatory proteins 

The protein composition of the CM (catch-type) and SM (non-catch type) was ana
Iyzed by SDS-PAGE, to see whether they contain similar components. The CM was 
shown to play a role in the protraction and retraction of the head-foot complex. Tt is 
divided into the pharyngeal, foot and TRM muscles which are responsible for the 
withdrawal of individual organs [3, 26]. Figure 6 shows the protein composition of 
the whole muscle homogenates on SDS-IO% PAGE. The main contractile proteins 
(myosin heavy chain, actin and paramyosin) were present in both the CM and SM. 
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Fig. 6. SDS-PAGE of a range of loading (increasing from left to right) of myofilament extracts from 
columellar (CM) and string muscle (SM). The amount of sample is equal in the second and in the fourth 
column. The main contractile protein composition of CM and SM is similar, including myosin heavy 
chain (Mhc), paramyosin (Para), actin (Act), and myosin light chain (Mic). Differences were observed 

including catchin (Ca) and tropomyosin (Tm) 

The heat stable component between 115-130 kDa in size was abundant in CM. In 
contrast, the 115-130 kDa protein, identified as catchin, and a non-identified 26 kDa 
protein was not present in the homogenate of SM (Fig. 6). In addition the SM 
homogenate contained bands between 55-60 and 70-80 kDa which were not present 
in the homogenate of the CM. 

DISCUSSION 

We have investigated the ultrastructure ofthe SM responsible for the patterned move
ments of the superior tentacles. The special muscles were identified recently [11]. The 
SM consists of loosely packed smooth muscle fibers contacting with each other with 
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finger-like protrusions of the sarcolemma. The wide space between muscle cells filled 
with connective tissue contains a large number of collagen fibrils which could be 
involved in muscular-hydrostatic system, as it has already been demonstrated in other 
invertebrates [9, 23, 29]. Connective tissue elements often play a crucial role in the 
determination of the range and type of movements possible in hydrostatic skeleton. 
The SM is rich in collagen which may serve to anchor muscle fibers and may par
ticipate in the muscular-hydrostatic system as it is suggested for other invertebrates 
[17, 26]. At the ultrastructural level the cytoplasm of SM exhibited a single nucleus, 
a contractile apparatus composed of thin and thick myofilaments surrounding a cen
trally located and longitudinally oriented core of mitochondria, meanwhile lacking an 
organized SR system. Instead an abundance of subsarcolemmal vesicles and short 
flattened subsarcolemmal tubules were observed. Subsarcolemmal vesicles and mito
chondria have been shown to be possible Ca2+ storage sites, which may sequentially 
release Ca2+ as muscle fibers contract. A similar mechanism has been proposed for a 
number of invertebrate species [2, 5, 7, 12]. The SM contractions in response to high 
concentration of KCI or ACh proved to be external Ca2+ dependent and divalent cat
ion sensitive. The mechanism inducing contraction, however, could be different. KCI 
depolarizes muscle cell membrane by opening Ca2+-channels. The contraction evoked 
by ACh is due to binding to the specific membrane receptors resulting in the opening 
of Na-channels, which in turn stimulates, a Na-Ca exchange mechanism, thereby 
increasing the concentration of cytosolic Ca2+ which enters from the extracellular 
space. An alternative source of Ca2+ could be the release from the intracellular space. 
The caffeine induced contraction in Ca2+-free solution was comparable to that 
induced by 40 mM KCI in normal physiological solution, suggesting a significant 
Ca2+ release from the intracellular stores. Caffeine evokes contraction by releasing 
Ca2+ from intracellular stores by activating the ryanodine receptor-Ca2+-release chan
nel. So far it is known that in invertebrate muscle fibers the presence of external Ca2+ 
is mandatory for contraction [1] in sequence however additional Ca2+ can also be 
released from internal stores usually from SR and mitochondria. In summary, it is 
concluded that high KCI concentration, ACh and caffeine initiate the excitation
contraction coupling of the SM by mobilizing Ca2+ from different Ca2+-stores. 

The myofilament protein composition was also compared between the CM and SM 
in order to ascertain the potential role of biochemical specialization in the contractile 
properties. In the SM the high-resolution electrophoretic analysis, however, did not 
reveal any differences regarding the presence of major contractile proteins, such as 
actin, myosin and paramyosin. Paramyosin was thought to be confined to smooth and 
obliquely striated muscles of all invertebrate species. Catchin is abundant only in 
catch muscles of all species examined so far [14, 16, 21]. In addition bands were 
found which were not present or were exclusively present in the homogenate of the 
SM. For example, the protein composition of SM revealed the 100 kDa and 42-46 
kDa bands which can account for the Ca2+/Mg2+ ATPase and calsequestrin, and are 
characteristic for subsarcolemmal and mitochondrial protein profiles of the skeletal 
muscle SR [13]. A detailed mass-spectrometric analysis of isolated contractile protein 
bands awaits further experiments. 
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In gastropods, the hydrostatic skeleton provides a means by which the different 
contractile elements are antagonized [6, 15]. Accordingly, when one of the SM con
tracts, the other two relaxes and this relaxation is suggested to be a passive elonga
tion. SM possesses a remarkable ability to elongate in the active snails. We suggest 
that twitching and quivering movements of the tentacle could be performed by con
tracting the SM rather than the TRM. In contrast the bending movement is more 
complex because during bending the tentacles become shorter and thicker suggesting 
the involvement of both the retractor and SM. Tt was observed that bending requires 
contraction of muscle along one side of the squid arms or tentacles [6, 15]. The bend
ing moment is the greatest when the longitudinal muscle is peripherally arranged, that 
is the longitudinal muscle is located from the central axis of the tentacle as far as 
possible. The anatomical arrangement of the SM correspond to this requirement com
pletely. 
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