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 Invertebrate Biology 116(3): 200-212.

 ? 1997 American Microscopical Society, Inc.

 Functional organization of intrinsic gill muscles in zebra mussels,
 Dreissena polymorpha (Mollusca: Bivalvia),

 and response to transmitters in vitro

 Scott Medlera and Harold Silverman

 Department of Zoology and Physiology, Louisiana State University,
 Baton Rouge, Louisiana 70803, USA

 Abstract. Lamellibranch gills are used for various vital functions ranging from food capture
 to ion regulation. The foundation for many of these functions is the transport of water through
 the gill. Few studies have examined the role of intrinsic gill muscles and their ability to control
 water flow by altering the dimensions of the water passageways of the gill. In this report we
 examine the organization of intrinsic gill muscles and associated connective tissue in zebra
 mussels, Dreissena polymorpha.

 Two sets of muscles lie within the hemocoel of the gill and are bathed with hemolymph. In
 those muscles associated with the connective tissue sheets (which underlie external and internal
 gill epithelia), the orientation of the muscle fibers is consistent with a role of regulating the
 external and internal ostial area. Those muscles encased in connective tissue bands and oriented

 perpendicular to the bases of gill filaments reduce interfilament distance in the gill; these
 muscles are antagonized by dense connective tissue cross-struts that push the gill filaments
 apart when the muscles relax. The two sets of muscles are oriented to serve complementary
 functions in reducing ostial openings, thus affecting water flow through the gill.

 The muscles of the gill respond to application of exogenous acetylcholine, FMRFamide, and
 serotonin. The gill contracts in response to acetylcholine and FMRFamide but relaxes with
 serotonin application. Microscopic observation of live gill tissues reveals complex and dynamic
 changes in gill dimensions consistent with a role in regulating water flow.

 Additional key words: water flow, gill function, muscle fibers, connective tissue

 Lamellibranch gills are often the major site of gas
 exchange, ion transport, and nutrient capture depend-
 ing on the species of bivalve (Barrington 1979; Dietz
 1985; Pearse et al. 1987; Kays et al. 1990; McMahon
 1991). In some bivalves, the gill also serves as a re-
 productive brood chamber (Ortmann 1911; Silverman
 et al. 1985; Silverman 1989; Tankersley & Dimock
 1992; Tankersley 1996) or the organ housing symbi-
 otic organisms that produce nutrients for the bivalve
 (Southward 1986; Cavanaugh et al. 1987; Dando &
 Spiro 1993). All of these vital functions can be influ-
 enced or regulated by the amount of water flowing
 through the gill. While there are clearly variations
 among bivalve families (Ridewood 1903; Atkins
 1937), the major force generating water flow in a eu-
 lamellibranch is provided by the lateral ciliated cells
 on adjacent filaments (J0rgensen 1975; Silvester 1988;

 a Author for correspondence.
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 McMahon 1991). The movement of these cilia propels
 water into the mantle cavity through an incurrent si-
 phon. Inside the mantle cavity, water is drawn into the
 gill through external ostia that lead into water canals
 (Pearse et al. 1987; Gardiner et al. 1991; McMahon
 1991). Water moves through these canals into a central
 water channel via internal ostia, and then travels dor-

 sally through the water channel to the suprabranchial
 chamber (Barrington 1979; Pearse et al. 1987; Gardi-
 ner et al. 1991; McMahon 1991) (see Fig. 1). Water
 exits the animal through the excurrent siphon.

 While the driving force for water movement is cil-
 iary activity, there are several control points in this
 pathway that are under muscular control. For example,
 the incurrent and excurrent siphons vary greatly in
 their diameter in response to the tone of integral mus-
 cles. Foster-Smith (1976) characterized the excurrent
 siphon as the most important adjustable resistance fac-
 tor influencing water flow through several bivalve spe-
 cies. In their model of the bivalve pump, J0rgensen et

This content downloaded from 
��������������149.76.0.33 on Fri, 16 Apr 2021 15:13:37 UTC�������������� 

All use subject to https://about.jstor.org/terms



 Bivalve gill muscles

 ' ' " Fig. 1. Gills of Dreissena polymor-
 pha. (a) Orientation of the gills with
 respect to the gross morphology of
 the animal. A lateral demibranch

 (LD) and a medial demibranch

 lc Water (MD) compose a gill on each side Water Channel Epithelium of the animal. Byssus (Bs); foot (F).

 t^~ ~ 51^~~~ \i~ ~ SEM. (b) Higher magnification of a
 single demibranch showing the out-

 Ciliated Epithelium V Connective Tissue v Connective Tissue ber (not shown) before exiting

 Epithe clium Chateannel Epithelium shown). SEM.

 (c) Diagrammatic composite of the elements of a demibranch (not to scale). The outermost layer iof the ciliated epithelium.

 Supporting the ciliated epithelium is a loose connective tissue sheet, filament supports (f), and cross-struts (cs) between

 fiwith thlaments. Bands of connective tissue and muscle fibers (B) lie deep to the base of the filament supports and are continuousd.

 wither ast the deep portion of the cross-struts. A second connective tissue sheet supports the wate epi

 V<.,.'~,~] thelium and into the central water

 hemocoel of the gill lies between these two connective tissue sheets. Associated with both loose connective tissue sheets

 SupporingCiliatedSupporti Water thcha nnel via water canals (not
 ( i m c p oh e s as . Tshown). These water canals empty
 S r t c e i i a o o i i s , .:' fi nto the central water channel

 with the... de o. Ain the water channel epithelium
 hemocoel of the gil e(W C E ) T h l e cenntra wate t e hanne is

 are arrays of muscle fibers (m) radiating in many directions. External and internal ostia (o) are associated with the external
 and internal portions of the gill, respectively. Septa (S) connecting the lamellae are continuous with the water channel
 epithelium and the associated connective issue Connectivsheets. epithelium and the associated connective tissue sheets.

 al. (1986) supported this view with the estimation that
 the excurrent siphon accounts for the largest pressure
 head in the water pump. Lei et al. (1996) observed
 changes in excurrent siphon diameter of Dreissena
 polymorpha in response to changes in particle concen-
 tration. Water flow may also be controlled by integral
 gill muscles that control interfilament and ostial di-
 mensions. In the J0rgensen et al. (1986) model of the
 bivalve pump, the interfilament canals collectively are
 considered to be the second largest pressure head in
 the pump, accounting for over 30% of the total pres-
 sure in the system. Increases in pressure are inversely

 related to the square of the interfilament distance. J0r-
 gensen (1989) also indicated that the distance between
 opposing bands of lateral cilia, controlled by the width
 of interfilament canals, is "the main factor in deter-
 mining pump pressure and flow rate in bivalves." Oth-
 er studies have demonstrated a relationship between
 ostial dimension and water flow, particle filtration, and
 filtration efficiency (Nelson & Allison 1940; Dral
 1968; Foster-Smith 1975, 1976).

 Many studies have documented neural control of the
 bivalve gill (reviewed by Paparo 1988). Application of
 exogenous transmitters has been known for some time
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 to affect ciliary activity (Aiello 1960, 1962; Aiello &
 Guideri 1964). The effects of transmitters on intrinsic
 musculature (Gardiner et al. 1991) and overall pump-
 ing rate (Jones & Richards 1993) have been examined
 more recently. Previous accounts reported that the gill
 muscles of D. polymorpha respond to exogenous trans-
 mitters (Duncan et al. 1994; Medler & Silverman
 1994). Acetylcholine, FMRFamide, and serotonin are
 all physiologically important in a variety of molluscan
 species. Although the response varies considerably be-
 tween and even within a species, FMRFamide and ace-
 tylcholine are often excitatory neurotransmitters,
 whereas serotonin is often inhibitory or neuromodu-
 latory (Muneoka & Twarog 1983).

 This study examines the role of connective tissue
 elements, intrinsic gill muscles, and their ability to al-
 ter the dimensions of water passageways in a homo-
 rhabdic eulamellibranch gill. Dreissena polymorpha is
 a non-native freshwater species recently introduced
 into North America from the Caspian Sea/Black Sea
 region of Europe (Ludyanskiy 1993; Smirnova et al.
 1993) and represents a phylogenetic group distinct
 from the previously studied bivalves. We report here
 that the musculature in the gill of D. polymorpha re-
 sponds to exogenous acetylcholine, FMRFamide, and
 serotonin. Stimulation by FMRFamide and acetylcho-
 line caused muscle contraction in the gill while sero-
 tonin caused muscle relaxation. Observation of live

 gill tissue revealed complex and dynamic changes in
 interfilament distance and internal ostial area consis-

 tent with regulation of water flow. These changes are
 related to the contraction of the intrinsic musculature

 integrated with the associated connective tissue of the
 gill.

 Methods

 Animals and maintenance

 Zebra mussels, Dreissena polymorpha (PALLAS
 1771), were collected from Lake Erie at the mouth of
 the Raisin River in Monroe, Michigan and from the
 Mississippi River near Plaquemine, Louisiana. The an-
 imals were maintained in artificial pondwater (0.5 mM

 NaCl, 0.4 mM CaC12, 0.2 mM NaHCO3, 0.05 mM
 KC1, and 0.2 mM MgCl2) in aerated aquariums under
 laboratory conditions of -25?C and 12h:12h light/dark
 cycles.

 General gill preparation

 Each gill was freed from its dorsal attachment with
 forceps, and excised gills were placed in a Ringer's
 solution designed to approximate blood composition
 of the animals (Dietz et al. 1994) (5 mM NaCl, 5 mM

 CaCl2, 5 mM NaHCO3, 0.5 mM KC1, 5 mM NaSO4,
 0.5 mM MgCl2; 48 mOsm). Calcium-free Ringer's
 used in various experiments had the same composition
 as the above solution except that the CaCl2 was omit-
 ted and 4 mM EDTA was added. The osmolality and
 pH were the same in both solutions. Lateral and medial
 demibranchs were separated by cutting along their dor-
 sal connection.

 Muscle labeling with phallacidin

 The f-actin of muscle bands was labeled with phal-
 lacidin conjugated to a fluorescent marker, NBD [N-
 (7-nitrobenz-2-oxa-1,3-diazol-4-yl) phallacidin]. Phal-
 lacidin is a bicyclic peptide that specifically binds f-
 actin at nanomolar concentrations in muscle and non-

 muscle cells from many different plants and animals
 (Molecular Probes Inc., Eugene, Oregon). Excised de-
 mibranchs were split into single lamellae and stripped
 of epithelium by placing them in a Ca2+-free Ringer's
 solution containing 4 mM EDTA and passing them
 through the end of a small transfer pipette. Phallacidin
 application procedures were those recommended by
 Molecular Probes. Briefly, single lamellae were ex-
 tracted with a solution of -20?C acetone for 3-5 min

 and then air dried. The lamellae were incubated with

 phallacidin in Ringer's solution for 20 min at 25?C.
 Finally, the lamellae were washed twice with Ringer's
 solution.

 Samples were observed on a Nikon Microphot FXA
 using an excitation filter of 450-490 nm and a barrier
 filter of 520 nm. Gills were also observed with No-

 marski illumination to compare structural correlates of
 labeled areas.

 Preparation for transmission electron microscopy
 (TEM)

 Before gill excision, hemolymph samples were taken
 from animals by inserting a 26-gauge needle between
 the valves and into the pericardial space (Fyhn & Cost-
 low 1975; Dietz et al. 1994). Hemolymph osmolality
 was measured on a Precision Systems freezing point os-
 mometer. A 2% glutaraldehyde solution was adjusted
 with phosphate buffer to match the hemolymph osmo-
 lality. Excised gills were cut along the filaments into
 strips about 3 mm wide and quickly fixed by immersion
 in the glutaraldehyde solution for 1 h. Gills were rinsed
 twice in a phosphate buffer designed to match the he-
 molymph osmolality and pH (-40 mOsm, pH 7.0) and
 post-fixed in 1% OS04 for 1 h, rinsed twice in phosphate
 buffer, and dehydrated in a graded ethanol series. Gill
 strips were embedded in LR White (London Resin Co.)
 medium grade resin by placing them in a 1:1 mixture of
 ethanol and resin for 24 h. They were transferred to
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 100% resin for 12 h, and embedded flat in fresh resin at
 60?C for 24-48 h.

 Gills were sectioned with a Reichert-Jung ultracut
 E ultramicrotome at 60-90 nm thickness with glass
 knives. The gills were sectioned in two planes: (1) in
 a dorso-ventral plane between adjacent filaments, and
 (2) in frontal sections (en face) across gill filaments
 and through the muscles surrounding internal ostia.
 Sections were stained with 3% uranyl acetate for 2 min
 followed by Reynolds' (1963) lead citrate for 2-5 min.
 The sections were examined with a JOEL 100CX

 TEM operating at 80 kV.

 Preparation of gills for scanning electron
 microscopy (SEM)

 Dissected gills were placed in Ringer's solution as
 described above. In some instances, gills were exposed
 to acetylcholine, FMRFamide, or serotonin for 10-20
 min before fixation. The solution was carefully drained
 and quickly replaced with liquid nitrogen in order to
 prevent muscular contraction of the gills during fixa-
 tion. After a few seconds, the nitrogen was removed
 and the frozen gills were immersed in the osmotically
 balanced 2% glutaraldehyde solution for 1 to 4 h. Gills
 were rinsed in phosphate buffer (as described above)
 and post-fixed in 1% Os04 for 1 h. After osmication,
 gills were rinsed in phosphate buffer and dehydrated
 in a graded ethanol series. Gills were wrapped in lens
 paper, critical-point dried, and mounted on stubs.
 Specimens were sputter coated with a mixture of gold
 and palladium (20 nm) and viewed with a Cambridge
 S-260 SEM. Measurements of ostial areas were made

 by cutting out and weighing printed images. These
 masses were converted into areas by calibrating with
 a known area.

 Confocal microscopy

 Optical sections (2 trm) of the connective tissue
 structures were observed by confocal imaging tech-
 niques with a Noran Instruments Odyssey XL Laser
 Confocal Microscope. Before they were observed,
 gills were incubated with a horseradish peroxidase-
 FITC (fluorescein-5-isothiocyanate) conjugate at 1
 mg/mL. Initially this methodology was used in an at-
 tempt to label neural elements of the gill. However,
 the marker was absorbed into the highly porous con-
 nective tissue elements.

 Measurement of demibranch contraction

 Excised demibranchs were placed in Ringer's solu-
 tion on a glass microscope slide, with the demibranch
 floating freely in the solution. The solution was then

 aspirated to leave the demibranch flattened on the sur-
 face of the slide. The gill was rapidly immersed in a
 Ringer's solution containing acetylcholine or
 FMRFamide at concentrations from 10-3 to 10-6 M.

 The transmitter-containing solution was aspirated im-
 mediately following its application, again leaving the
 demibranch flat on the slide. During this procedure,
 gills were observed at a magnification of about 1OX
 with a dissecting microscope and recorded on VHS
 videotape. Video images were digitized and measured
 with Image-I computer software (Universal Imaging
 Corp.). Gill area was measured before transmitter ex-
 posure and at timed intervals after transmitter appli-
 cation. Changes in gill area over time were expressed
 either as the relative reduction from the initial area (%
 of initial area) or as surface area (mm2).

 Observation and measurement of perfused gill
 tissue

 Internal ostial dimensions were observed using a
 Nikon Diaphot inverted microscope with Hoffman
 Modulation optics or Nomarski (DIC) optics at mag-
 nifications of 400x or 600X and recorded on VHS

 videotape. Excised demibranchs were split along the
 interlamellar septa into ascending and descending la-
 mellae. Individual lamellae were placed in a 200-itL
 perfusion chamber with the water channel epithelium
 visible and held in place by nylon mesh. The tissue
 was perfused with 60 or 70% Ringer's solution at a
 flow rate of 1.5-5 mL/min. The solutions perfusing the
 lamellae were introduced at the bottom of the chamber

 and aspirated at the top. Thus, water flow was theo-
 retically unidirectional from bottom to the top of the
 chamber. Solutions were changed with a valve that
 switched to a second reservoir.

 In addition to control observations with only Rin-
 ger's solution bathing the organs, we also observed the
 effects of serotonin, acetylcholine, and FMRFamide at
 concentrations from 10-4 to 10-6 M. In some cases

 ostial dimensions were measured with Image-I com-
 puter software (Universal Imaging Corp.) as described
 above. Measured values were calibrated with a stage
 micrometer in the experimental set-up. Recordings
 used for measurements were from open ostia flat
 enough to be within a single plane of focus throughout
 an experiment and reasonably stable in dimension be-
 fore experimental manipulation. Images for figures
 were processed with Adobe Photoshop (Adobe Sys-
 tems, Inc.) to optimize image brightness and contrast.

 In addition to general observations, we compared
 pre-treatment ostial areas with post-treatment areas for
 each of the three transmitters at a concentration of 10-5

 M. In each case, ostial area was measured immediately
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 preceding transmitter application and again after 5 min
 of perfusion with a transmitter solution. Pre-treatment
 and post-treatment areas were compared with paired
 t-tests (n = 10 for each transmitter). The statistical
 power of the paired comparisons was needed to factor
 out inherent variability between individual ostia. Sta-
 tistics were performed with SAS version 6.10 (SAS
 Institute 1995).

 Results

 The gill of Dreissena polymorpha is of a eulamel-
 libranch form whose gross structure has been de-
 scribed (Ridewood 1903; Morton 1969). Fig. 1 relates
 the gross structure of the gill and the direction of water
 movement through it to the complex, layered organi-
 zation of its tissues, showing the position of the con-
 nective tissue elements and intrinsic musculature de-
 scribed below.

 Connective tissue skeleton

 Stripping the epithelial tissue from the underlying
 supportive tissue in living gills leaves a "skeleton"
 that has filaments held apart from one another by con-
 nective tissue cross struts (see Fig. Ic, 2b). This skel-
 eton has a compressible yet resilient texture. The gill
 filaments are supported by a fibrous connective tissue
 matrix (Fig. 2a) composed of a network of thin fibers
 several nanometers in diameter. Aside from this rather

 dense homogeneous matrix, there are no further sup-
 portive structures in the filaments. The filaments do
 not contain calcified rods as are found in the gills of
 unionids. The cellular elements associated with the fil-
 ament connective tissue and vascular sinus are located

 in the central midline of the filament.

 The connective tissue matrix supporting individual
 filaments is continuous with connective tissue struts

 that cross the filaments at right angles approximately
 every 30-80 ptm (Fig. 2b). This distance can vary with
 animal size, contractile state, and fixation state. The
 cross-struts have an elongate figure-8 morphology and
 have the same fibrous appearance as the filament sup-
 ports (Fig. 2). The connective tissue supporting the
 epithelial cells is a thin sheet of loose, but fibrous con-
 nective tissue (Fig. Ic, 2d, 3a,b, 4a). One sheet un-
 derlies the external ciliated epithelium while a second
 sheet underlies the internal water channel epithelium.
 A hemocoel is enclosed between these two sheets of

 connective tissue and their associated epithelia (see
 Fig. 1c). In areas where the cross-struts occur, the thin
 sheet of connective tissue dips under the strut so that
 the strut lies between the sheet and the outer epithe-
 lium (Fig. 2d). The deep regions of the cross-struts
 form bands of connective tissue perpendicular to the

 filaments. These bands are interspersed with muscle
 fibers (see below).

 Muscle organization

 Muscle fibers were identified structurally using
 TEM and by their positive labeling with NBD-phal-
 lacidin. Groups of obliquely-striated muscle fibers lie
 in bands at right angles to gill filaments, and muscle
 fibers are also found in a web-like orientation in as-

 sociation with the loose connective tissue sheet that

 underlies the external and internal epithelium (Figs.
 Ic, 3, 4a). The muscle fibers crossing the gill filaments
 are encased in well-organized connective tissue bands
 with fiber orientation paralleling the longitudinal axis
 of the muscle fibers (Fig. 3d). These bands lie at the
 base of the gill filaments in the hemocoelic space be-
 tween the outer ciliated epithelium and the inner water
 channel epithelium. The individual muscle fibers are
 attached to the connective tissue fibers by peripheral
 dense bodies (Fig. 3d).

 A second major set of muscle fibers is found in the
 connective tissue sheets underlying the epithelial lay-
 ers of the gill (Figs. Ic, 3a,b, 4). Contraction of these
 muscle fibers causes a reduction in the size of the wa-

 ter canal and the ostia leading to the water channel.
 These individual muscle fibers are small, generally on
 the order of 1-2 [Lm in diameter (Fig. 3) and of un-
 known length. Nervous tissue lies in close association
 with these fibers, but the overall organization of these
 nerves has not been formally assessed.

 Demibranch contraction

 To assess the effects of general intrinsic muscle con-
 traction, we isolated demibranchs and exposed them
 to the neurotransmitters acetylcholine and FMRFam-
 ide. We measured gross area of the demibranch over
 time, with contraction of the musculature resulting in
 reduced demibranch area. Gill area is reduced follow-

 ing application of a stimulating transmitter, with the
 greatest reduction occurring in the first 10-20 seconds
 and then becoming asymptotic to a level of maximum
 reduction (Figs. 5, 6). Gills returned to Ringer's so-
 lution lacking transmitters were observed to relax after
 several minutes. Reduction in demibranch area was

 concentration-dependent following exposure to either
 acetylcholine or FMRFamide (Fig. 6). Responses to
 acetylcholine and FMRFamide were similar in mag-
 nitude and time course (Fig. 6).

 Observation of perfused gill tissue

 We made over 20 h of video-taped observations on
 the internal water channel epithelium and ostia in these
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 Fig. 2. Connective tissue support of
 the gill of Dreissena polymorpha.
 (a) Filament support demonstrating
 the fibrous connective tissue of the

 structure. Tissue forming a cross-
 strut (cs) is continuous with the fil-
 ament support. TEM.
 (b) Gill stripped of epithelium to ex-
 pose underlying connective tissue
 support. Parallel filaments (f) are
 separated by perpendicular cross-
 struts (cs). Nomarski illumination
 (DIC).

 (c) A 2-,im thick laser confocal op-
 tical section of a cross-strut labeled

 with horseradish peroxidase-FITC.
 (d) Gill stripped of its external cili-
 ated epithelium. The filament sup-
 ports (f) and cross-struts (cs) over-
 lay the connective tissue sheet (cts)
 which encloses the hemolymph
 space. An external ostium (0) is vis-
 ible. SEM.

 (e) Thin section of a cross-strut
 showing the filamentous nature of
 the connective tissue. TEM.

 preparations. Generally, ostial area decreased in re-
 sponse to either acetylcholine or FMRFamide, and os-
 tial area increased following serotonin application. The
 paired comparisons of pre-treatment and post-treat-
 ment areas generally support these observations. Ostial
 area was reduced to an average of 55% of the control
 value following acetylcholine treatment (p < 0.01) and
 was reduced to an average of 67% of the control value
 following FMRFamide treatment (p < 0.02) (Fig. 7).
 The ostial area of serotonin-treated preparations was
 an average of 1 13% of the control value, but the two
 values did not differ significantly (p < 0.1) (Fig. 7).
 In the serotonin-treated group, 7 of the 10 ostia in-
 creased in size to an average of 120% of the control
 area.

 Overall, we observed conspicuous changes in ostial

 dimension over time (Figs. 8d-i, 9). While most ostia
 were fairly stable in dimension during our observa-
 tions (Fig. 9a), a few ostia were found to be active in
 their movements even without transmitter application
 (Fig. 9b). Transmitter-treated preparations showed a
 wide range of ostial size and shape over short time
 periods (Figs. 8, 9c-e). Interfilament distance follows
 the same pattern of change as ostial area, decreasing
 when the ostial area decreases and vice versa.

 Discussion

 The major muscles in the gill of Dreissena poly-
 morpha cross the base of the gill filaments at right
 angles and radiate within the thin connective tissue
 sheets supporting the epithelial cells of the gill. While
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 Fig. 3. Intrinsic gill muscles. :
 (a) Hemocoel side of the connective S1
 tissue sheet underlying the internal ' *:B'
 water channel epithelium. Presump-

 tive muscle fibers (m) are closely as-
 sociated with the connective tissue

 (ct). The margin of an internal osti-
 um (0) is just visible. SEM.
 (b) Frontal section of a gill at the
 level of an internal ostium (0). The

 epithelial tissue (e), muscle fibers
 (m), and connective tissue (ct) near

 the ostium are clearly visible. TEM.
 (c) Bands (B) of connective tissue
 and muscle lie in the hemocoel at

 the base of filaments. Water channel

 epithelium (WCE) has largely been
 stripped away to reveal the bands,
 but some remains with intact inter-

 nal ostia (0). SEM.

 (d) Cross section of the connective

 tissue (ct) and muscle fiber (m)
 bands shown in 3c. The connective

 tissue filaments are arranged in par-
 allel with the muscle fibers and

 dense bodies (arrows) connect mus-

 cle fibers with the surrounding con-
 nective tissue. TEM.

 neither of these sets is paired with antagonistic mus-
 cles, the anatomical relationship between the main
 supportive connective tissue elements of the gill and
 the musculature suggests a functional antagonism. In
 the absence of contraction, the dense interfilament

 cross-struts serve a mechanical function in keeping the
 gill filaments apart. During contraction, the interfila-
 ment muscle bands pull the filaments together in the
 concertina-like motion described for many bivalve
 gills (Setna 1930; Elsey 1935; Atkins 1943; J0rgensen
 1976). In addition, the contraction of the fibers sur-
 rounding the internal ostia act to close the ostia in a
 sphincter-like manner. Elsey (1935) first suggested an
 antagonistic relationship between the muscles and con-
 nective tissue skeleton in the bivalve gill. Elsey re-
 ported that the cross-struts of Ostrea lurida and 0.

 3d

 `-

 gigas are straight when muscles are relaxed but be-
 come bent as the contracting muscles draw the fila-
 ments together. Intrinsic gill muscles in unionid bi-
 valves have recently been described for Ligumia sub-
 rostrata and Anodonta grandis (Kays et al. 1990; Gar-
 diner et al. 1991). In these species, muscle bands run
 perpendicular to gill filaments and insert onto calcified
 (chitinous) rods. Other muscles are associated with the
 water canals connecting the outside of the gill with the
 central water channel. Gardiner et al. ( 1991 ) concluded
 that the muscular elements in these unionids were an-

 tagonized by the connective tissue skeleton.
 Ridewood (1903) and Elsey (1935) both described

 the soft skeleton of bivalves as elastic and resistant in

 nature. Our experience with the connective tissue skel-
 eton of D. polvmorpha is consistent with these descrip-
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 Fig. 4. Gill stripped of its epithelium. (a) Filament supports
 (f), the connective tissue sheet (cts), ostia (0), and bands (B)
 crossing the filaments at right angles are visible with No-
 marski illumination. (b) Same gill labeled with phallacidin
 to reveal f-actin filaments in presumptive muscle bands.

 Fig. 5. Digitized image of a single demibranch just before
 acetylcholine application (above) and at 60 seconds after the
 addition of acetylcholine (below). For both time points, the
 absolute area (mm2) and the relative reduction in gill area
 (% of initial area) are given.

 tions. While the connective tissue support of gill fila-
 ments has often been termed chitinous (Ridewood
 1903; Elsey 1935), preliminary data indicate that this
 connective tissue is similar to other connective tissues,
 containing collagen fibers embedded in a ground sub-
 stance (Medler, unpubl.). The individual fibrils com-
 posing larger vertebrate collagen fibers are on the or-
 der of 20-200 nm in diameter, but those composing
 the reticular fibers of vertebrate connective tissue can

 be similar in size to those seen here (Kelly et al. 1984).
 Experiments with whole demibranchs show that, as

 muscles contract, the demibranch shortens mainly in
 an anterio-posterior direction, thereby decreasing the
 demibranch area (Fig. 5). This reduction proceeds in
 a dose-dependent manner with either acetylcholine or
 FMRFamide application (Fig. 6). Since the degree of
 muscle activation is a function of intracellular calcium

 concentration (Ruegg 1986), it is likely that the dif-
 fering levels of contraction are correlated with the

 Large bands of muscle fibers lie at right angles to the fila-
 ments, while fibers (arrows) associated with the connective
 tissue sheet form a complex web-like pattern around the
 ostia.

 207

This content downloaded from 
��������������149.76.0.33 on Fri, 16 Apr 2021 15:13:37 UTC�������������� 

All use subject to https://about.jstor.org/terms



 Medler & Silverman

 100

 ci)

 _

 (us
 C c'O -cc

 C.) ?
 L -5
 -0

 E',0
 a)

 au.

 0 20 40  60

 seconds

 Fig. 6. Reduction in gill area (% of initial area) as a function of time in response to exogenous acetylcholine and FMRFam-
 ide. Dose-dependent responses to 10-6 M (squares), 10-5 M (diamonds), 10-4 M (circles), and 10-3 M (triangles) acetyl-
 choline or FMRFamide are shown. Both experiments used 10 animals, with each of the four demibranchs per animal
 randomly distributed to a transmitter concentration. (Each point is the mean + SE).
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 Fig. 7. Pretreatment control ostial areas (pm2) for acetyl-
 choline (AC), FMRFamide (FC), and serotonin (SC) and the
 corresponding ostial areas (A, F, and S) following 5 min of
 exposure to the respective transmitter. Paired comparisons of
 pretreatment control ostia with corresponding post-treatment
 ostia were made for each of the three transmitters. Trans-

 mitter concentration in each case was 10-5 M. (Each value
 is mean + SE, n = 10 preparations. ** p < 0.01; * p <
 0.02; for the serotonin group, p < 0.1).

 amount of calcium entering the muscle. Preliminary
 experiments with calcium-free Ringer's solutions sug-
 gest that external calcium is required for muscle con-
 traction to proceed. This dependence on external cal-
 cium is not surprising given the small size of these
 fibers and the apparent lack of a developed intracel-
 lular membrane system (Fig. 4b,d). These changes in
 whole demibranch area are consistent with contraction

 of the muscle fibers in connective tissue-associated

 bands that run across the base of the filaments at right
 angles.

 Observation of the water channel epithelium and in-
 ternal ostia also reveals consistent responses to exog-
 enous transmitter application. Changes in ostial di-
 mension in response to acetylcholine, FMRFamide,
 and serotonin are rapid and reversible (Fig. 9). Ace-
 tylcholine and FMRFamide both cause ostial area to
 diminish. Serotonin generally causes the ostia to open
 more widely. Apparently, acetylcholine and FMRFam-
 ide cause the muscle fibers to contract while serotonin

 causes the muscle fibers to relax. While the experi-
 mental examination of the serotonin effect was not sta-

 tistically significant, the response is biologically im-
 portant but variable. The response to serotonin is gen-
 erally an increase in ostial area, but in a few cases
 ostia clearly decrease in size. Elsey (1935) observed
 dramatic changes in the ostial dimensions of the ac-
 tively functioning gills of 0. lurida and Gardiner et al.
 (1991) demonstrated statistically significant increases
 in ostial dimensions of Ligumia subrostrata following
 serotonin (10-5 M) application. Further work is needed
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 Fig. 8. Ostial areas between gills
 and for individual ostia over time.

 (a-c) Internal ostia and water chan-
 nel epithelium. SEM. (a) Serotonin-
 treated gill (10-5 M): average ostial
 area = 2760 [Jm2. (b) Untreated gill:
 average ostial area = 1444 [Lm2. (c)
 FMRFamide-treated gill (10-5 M):
 ostia completely closed (arrows de-
 note dorsal and ventral margins).
 (d-f) Digitized video images of a
 single ostium from a perfused live
 gill preparation (DIC optics). Aster-
 isks mark two reference cells visible

 throughout the series. The prepara-
 tion was briefly treated with sero-
 tonin (~10-3 M) a few minutes be-
 fore setup in the chamber. (d) Osti-
 um as it is perfused with a control
 Ringer's solution 1.25 min before
 treatment with FMRFamide (10-5 M

 for 1.5 min). The ostial area is 2525

 [Lm2. (e) Same ostium 1.16 min after
 the start of FMRFamide treatment.

 The ostial area has been reduced to

 2013 VLm2 (80% of the area in 8d).
 (f) Same ostium 2.5 min after the

 initial exposure to FMRFamide. The
 ostium in this figure is completely
 occluded (arrows denote dorsal and

 ventral margins). (g-i) Digitized
 video images of a single ostium
 from a perfused preparation (Hoff-
 man modulation optics). (g) Single
 ostium 2 min before treatment with

 serotonin (10-4 M for 1.33 min).
 The ostial area is 912 (pm2. (h) Same
 ostium after 1.33 min of serotonin

 treatment. The ostial area is 2017

 [Lm2 (221% of the area in 8g). (i)
 Same ostium 3.67 min after return

 to control Ringer's. The ostial area
 is 1450 VJm2 (159% of the area in

 8g).

 to understand which transmitters are physiologically
 important for direct muscular control.

 Recent in vivo observations have documented what
 seems to be muscular control of gill function. Tank-
 ersley (1996) made endoscopic observations from the
 suprabranchial chamber of the unionid Pyganodon ca-
 taracta and found that the internal ostia were more

 visible and less constricted during active water pump-
 ing. These results were interpreted to be consistent
 with the muscular control of ostia reported by Gardiner

 et al. (1991). The rhythmic expansion and contraction
 of the gills of P. cataracta have also been observed;
 these were thought to result from cardiac rhythm and
 subsequent blood movement or from the muscular ac-
 tivity of water canals and ostia (Tankersley & Dimock
 1993). Endoscopic observations of Placopecten ma-
 gellanicus indicated that concertina-like movements of
 the gill are important in regulating ingestion volume
 (Beninger et al. 1992). Ward et al. (1994) observed
 movements in Crassostrea virginica, including expan-
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 Bivalve gill muscles

 sion and contraction of the plicae caused by move-
 ments of the ordinary filaments. Observing through the
 transparent shell of small specimens of Dreissena
 polymorpha, Sprung & Rose (1988) found gill expan-
 sion following shell opening.

 The size of the passageways for water flow are im-
 portant parameters for bivalve gill function. Models of
 the bivalve gill have used fixed estimates of interfila-
 ment distance or ostial dimension to determine other
 values like pump capacity and interfilament flow ve-
 locity (Foster-Smith 1976; Silvester & Sleigh 1984;
 J0rgensen et al. 1986; Jones et al. 1993). Our obser-
 vations on D. polymorpha and those from other studies
 on oysters (Elsey 1935) and freshwater unionids (Gar-
 diner et al. 1991) show that the interfilament distance
 and ostial dimensions are variable and under muscular
 control. Our study demonstrates that muscular alter-
 ation of the water passageways through the gill can be
 both rapid and dramatic in an excised gill preparation.
 The importance of muscle structure and function
 across bivalve phylogenies and gill types, as well as
 the extent of gill movements in vivo, remain to be
 determined.
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