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INTRODUCTION AND LiTERATURE REVIEW

One of the many questions in muscle physiology still left un-
answered concerns so-called '‘smooth muscle!' of molluscans. Most
pelecypods have an adductor or adductors that can contract for
prolonged periods of time without apparent signs of fatigue. This is
a paradoxical situation when the relatively quick contractions of
this muscle are considered. The aim of this study is to Investigate
some histological and physiological characteristics of the adductor

muscle of a fresh water pelecypod, Quadrula quadrula.

Paviov (1885) excised the visceral ganglion of Anodonta and
stimulated the cut end of the nerve of the adductor. He found that
weak faradlic stimulation quiﬁkly relaxed a tonlcally contracted
sdductor. This suggested the existence of some kind of Inhibitory
mechanism. Bayless et. al. (1930) found a similar situation when
they Investigated the function of the tonic portion of the adductor
of \Pecten. They also found that from a relaxed state, very slow
twitches fused into a powerful tetanus. Benson et. al. (1942)
cleafly demonstrated separate excitatory and Inhibitory nerves of
the adductor.

The 'sliding fllament hypothesis'' proposed by Huxley and Hanson
(1954) stimulated renewed Interest in muscle histology and physiology.
Barnes (1955) while studylng the intact animal observed reflex actions
and spontaneous slow and fast rhythms of the adductor. Hoyle and iLowy
(1955) presented a new Interpretation regarding molluscan muscle.

They elaborated on some previous work and proposed the existence of a
‘catch mechanism'' to explain prolonged contraction.

The adductor muscles of pelecypods seem to be histologically and
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functionally similar, but It has been found that several variations
exist. Kawagutl and lkemoto (1957, 1958, 1960a, 1960b, 1960c, 1961,
1964) worked with nunerous gencra of Pelecypoda. They observed in al!
but one genus two portions to the adductors. One portion was descrlibed
2s tonic and the other as phasic. The tonic portion, 28 the name im-
plies, Is mainly responsible for the tonec of the adductor that keeps
the valves only sllightly gaped. This portion |s probably partislly
contracted at cll times, accounting for this behavior. The phasic
portion is malnly responsible for the relatively quick contractions
on the adductor, followed closely by quick relaxations. in the
species that hed one portion, 6nly a phasic contractile behavior was
observed. Hlstologicelly, there were variations ranging from a cou-
pletely smooth muscle to a typically striated muscle. Kswagutl end
ikenoto (1961) refer to Uexkull, T.V. (1912) whose study of Pecten
correleted similarly with their study of Spondylus.

Hanson and Lowy (1961) did a very thorough study of the muscle
fibers of the translucent portion of the adductor of Crassostrea
angulata. This portion was described ss having more phasic than tonic
properties, but that it had both types of contractile behavior was of
significant Interaest. The translucent portion had double ob!igue
striations under the }ight mlcroscope. A possible mechanlsm of con-
trection was suggested; this muscle probably contracts by sliding of
discontinuous filaments over one another. They extended their con-
clusions to Include the ‘‘cetch mechanisw’’ hypothesis, but concluded
that it was unnecessarily complicated and offered an alternative ex-

planatlion which they called the ''linkage hypothesis.'* The ‘catch
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mechonism'’ hypothesis, described by Johnson and Szent-Gyorgyi (1959),
involved the actual cryztallizotion, thus allowing the muscle to re-
main centracted without any expenditure of energy. The *'linkage hy-
pothesis'' of Hanson and Lowy (1961) is an elaboration of the basic
sliding filanent hypothesis. They belicved that the linkages formed
during contraction broke at a very slow rate, thus accounting for the
low eneryy expenditure and prolonged contraction.,

A study of the adductor of Anodonts by G.M. Forte (1964) also
revealed two portions; a phasic portion thot appeared double obiiquely
striated in an overcontracted condition, and a smooth tonic portion.

Elliot (i964) studied the. opaque part of the adductor of Crassos
trea angulata and noted the absence of strlations and the existence of
two types of filaments; thin actin and thick paramyosin. 2s Nagy and
Salanki (1964b), attempting to determine whether strlatlons did exist
in the adductor muscles of pelecypods, demonstrated that in Anodonta's
adductor, the presence or absence of striations depended upon the de~
gree or state of contractinn.

Twarogg (1954), Johnson and Twarogg (1959) and Lowy and Millnen
(1963) have 21l demonstrated the excitatory effect of acetyicholine,
the inhibitory effect of 5-hydroxytryptamine and the effect of various
types of electrical stimulation on the anterior byssus retractor nuscle
(a.b.r.m.) of Mytilus., Using their work as 2 guideline, the present
investigation is to relate some of these physiological cheracteristics

of the anterior byssus retractor muscle to the adductor of Quadrula sp.
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Thirty-eight Quadrula quadrula (ldentified by author using Par-

malee, 1967) were collected at a depth of 7 or 8 feet, In Lake Char-
leston, Coles County, illinois, between June and August of 1968, The
clams were maintained for a week or two In five, eight-gallon aquariuns,
no more than eight clams to an aquarium. The water was kept at room
temperature (23%), unfiltered end well aerated by an air pump. With-
in the first two weeks, 30 clams were fixed for histological study. The
remaining ¢ight were used in physiological oxperiments.

Histological techniques employed were generally in accord with
Humason (1967). To insure rapid fixation, the shells were trepannad
with an electric drlll. Two,on3~quarter inch holes v:re mede in ecach
valve, and carc was taken not to damage the soft parts.

The posterior adductor muscle was fixed in five different stages
of contraction: ) relaxed muscle, fixed at on extended length after
being In & warm water bath (45-50°C) for 30 minutes; 2) Isametric con-
troction, fixad inmedietely after excitation; 3) isametric contrsction,
fixed 30 minutes aftor excitation; &) isotonic contraction, fixed
imrediately aftor excitation; 5) Isotonic contraction, fixed 20 min-
utes after cxcitation.

Before fixation could occur, the proper state of contraction had
to be achieved. All the clams were reimmersed In aquarlum water after
the trauma of trepanization and all seemed to assume a normal gape
after about 30 minutes. Each group of claems was subjected to a spe-
cific treatnent In oSrder to achieve the proper state of contraction.

For the first trcatnent, six clams ware irmersed In l.5..50°c tap water
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for 30 minutes in order to relax them. The clans relaxed in this way
continued to respond to external stimuli. They were made to gape their
shells (2cn) by gentle prying and a cork was inserted between the valves
to prevent thes: from closing. Rubber bands were used to prevent the
shelis from gaping more than 2 ecm. The clems were then shaken to re-
move any excess fluld and then they were I[mmersed in 5% formaldehyde
fixative buffered to a pH of 7. This fixative was used for all clams

in this experiment.

The second treatment involved shaking the excess water from six
cliems and Inmedlately Irmersing them in the fixetive. This achieved
an isometric state of contraction. The fixatlon occurred shortly after
the onset of contraction.

The third treatment Involved exciting six clams by handling them
for 30 minutes In order to achieve an |sometric state of contraction
with fixation occuring 30 minutes after excitation.

The fourth treatment involved cutting the end of the posterior
adductor away from one shell at the hypostracum by Insertinyg a scalpel
between the valves., The muscle was then not limited by the shell and
could contract [sotonically, or as much as It could possibly contract.
In this fourth treatment, the clams were imnedlately inmersed in the ¢
fixative after the adductor was cut. The fifth treatment was |dentical
to the fourth axcept the six clams were handled for 30 minutes before
they were lumersed Into the fixative,

After four full days of being In the fixative, the clams ware
rinsed with running tap water and prepared for opening. The lsoretri-
cally contracted posterior adductor muscles and the relaxed posterior
muscles were cut oway from their shells to prevent tearing the nuscle.

This was donc by Inserting a scalpel between the valves and cutting tha
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posterior adductor muscle at the hypostracumi. The isotonicelly contrac-
ted adductor muscles had already be:n cut and the only thing holding

the valves closed was the anterior adductor. With a sufficient

amount of pressure, the anterior adductor tore loose and exposed the
posterior adductor which was then ranoved with a scalpel and then sliced
into 2nm cross sections with a razor blade. The muscle was ismersed in
aqucous Bouin's fixative for 48 hours. This served as a secondary
fixative. The tissue was then washed in tap water overnight. The
opaque and translucent portions were then separated with the unaided

eye by a simple teasing technique. Dehydration followed this proce-
dure. A stendard ethanol series, except for 100% methanol instead of
ethanol, was used for one half of the tissue. Pure ethanol {100%)

is not used by the Zoology Department of Eastern I1linois University

and only 100% r.ethanol was avallable. The second half of the tissuc

was dehydrated in ''cellosolve'’ and cleared in methyl benzoate. Ben-
zene was the final clearing agent in both cases. The reason for the
second technique was for one of convenience and the possibility that it
was maore gentle on the tissve. The tissue was embedded in '‘Tissuemat"
at 58-59°C. The blocks were longitudinally sectionad at 9u using
"Gillette Valet'! razor blades. These blades are not hollow ground ard
are therefore suitable for sectioning. The sections were affixed to
slides with alburin. Heldenhain’s iron hemotoxylln was the only stain
used, because of its ability to stain striations exceedingly well. 211
observations were made using an American Optical light microscope at
either 430X or 1000¥%. All measurements were made using an ocular wmicro-

mater,
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Photomlcrographs were made using @ Bausch end Lomb 1ight microscope
with a Honeywell Pentax Spotmatic cemera using Kodek Pantomlic-x fllm.
The light source was a tungsten light bulb of a 500 watt capacity with
a blue filter.

Five physlologlcal experimants were conducted on five Indlvidual
clams. The experiments were devised to damonstrate the tonliclty of
the posterior adductor muscle and its reaction to electricel and chemi-
cal stimulation once It had been stripped of all nervous and epithelial
tissue.

One requirement of each physlologlcal experiment was to leave the
muscle attached to the shall and to leave as much of the shell Intact
as possible In order to maintain normel muscle length. This was achiev-
ed by removing the anterior half of the right valve, along with the an-
terior edductor, leaving the posterior adductor atteched to the entire
ieft valve end to the remaining posterior half of the right valve. The
right valve was divided into two by drllling consecutive smell holes
along a midorsal-ventrel line. This, in essence, ''scored'’ the right
shell making it crack in half. The enterlor half was then pulled awsy
from the clar and all of the soft parts ware removed except for the
posterior adductor. The specimen was then Inmediately lmmersed In C.16%
physlologlcal solution (Forte 1964) and allowed to repolarize for about
30 minutes. The specimen was then piaced in a 1.5 liter "finger bowl
with enough physiological solution, at room temperature, to cover the
muscle, The intact left valve was in contact with the botton of the bowl
and restreined by 2 rod ettached to a ring stand; the total weight hold-
ing the shell down beling approximately 5 Ibs. The free, right, upper

hat¢ of the shel! was attached to an E&M myograph “A'', by means of three
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hooks and a strong nylon thread. The connectlon was direct; no pulleys
or levers were necessary since the total ruscle travel did not exceed
5 to 10 mm.

The myograph was attached to an Egk ''‘Physiograph Four'* (EGM (nstru-
mont Company, @ division of Nerco Sclentific Company). An inltlal ex-
periment wos conducted to record any spontaneous activity by the muscle,
and to detamine its response to changes In tension effected by raising
and lowering the myograph while it was attached to the right valve; the
applied tensicn ranyed from Og. to 10g. A serles of square wave stimull
were then applied to each muscle by means of two stainless steei elec-
trodes Iinserted into ths muscle and connected to the stimulator unit of
the physiograph. The electrodass wore inserted in various locations of
each nuscle and the effect of the various positions in which the muscla
was stimulated was noted. The range of the voltage used for stimulation
was |1 to 100 stimull per second.

Chemical stimulation was limited to the use of noreplnephrina and
acetylcholine chioride. Conceatrations of !0"'Mu. iO’BM., and 1077,
were injected directly into the muscle and the response was recorded by
means of the physiograph. {nitlally, an attempt was made to bathe the
muscle in varlious concentrations of neurohumors, but this proved 1o be
awkward and ineffective. NO response could be yotten from the muscle
by means of bathing It in one of the various solutions. The reason

for this was not sppsrent.



Histology

The posterior adductor in cross section is divided into two por-
tions; a dorsal, translucent portion and a ventral, opaque portion.

The appearance of these two portions was corretlated with thelr func-
tions. The difference In appearance between the two portions is read-
ily observable in a fresh or fixed portion of the posterior adductor
muscle by simply holding a cross section of the adductor in front of a
l1{ght source.

When the adductors were removed from the clams, a difference In the
lengths of the fixed muscle, depending on the state of contraction, was
noted. A fully extended, relaxed muscle averaged 2.0 c» in length. An
isotonically contracted muscle averaged {.0 e¢m in length, and an Iso-
metrically contracted muscle averaged 1.5 cm in length., A posterior
adductor, In vivo, would naver shorten less than 1.5 cm or the Isometric
length.

Histologically, the translucent and opaque portions were similar
but with significant differences occurring when the muscle was contract-
ed Isotonically. The fibers in both portions seemed to run the entire
length of the muscle.

The opaque portion of the posterior adductor, In longlitudinal sec-
tions, appsared differently at various fixed stages of cortract:on. iIn
all cases, a flbrlllar structure was apparent. The Isometrically con~
tracted adductor muscle flbers fixed Immedlately after excitation (fig.
2) were straight and without any striations or other patterns. The
fibrils appeared to be parallel with the fiber sxis and, occasionally,

2 haelical spiral arrangement of fibrils was apparont. The mudian fiber



-B-

diamster was 3.8u but fibsrs of 2.85u to 5.5u ware present. Tha nuclet
were centrally located in all fibers and measured about 2.55u to 3.8u
in width and 1i.5u to 17.1u in lenyth.

tsonetrically contracted nuscle fixed 30 minutes after excitation
(f1g. 4) appeared to be very similar to the isawetrically contracted
ruscle fixed imnediately after excitation; howover, the spiral arrange-
ment of fibr.)s was not observed very often. The muscle had the appear-
ance of smooth auscle that had cylindrical fibers instead of spindlc-
shaped fibers. The nuclei msasured about 13.3u to 17.1u long and &sbout
2.65u to 3.5u wide.,

i sotonical ly contracted adductor muscle with Inmediate fixation
(fig. 7 and 8) appeared significantly different from isometrically con-
tracted adductor muscle. Frequent buckling or bending characterizad
the fibers of this nwuscle. Fibrils were apparent and seamed n:ore
widely spaced in the wider fibers. Fiber diameter varied from sbout 1.Su
to 9.5u, however, the median was 3.85u. No striations or other patterns
ware apparent snd vary unusual staining charactérized the fibers of this
muscle. The thinngr fibers tended to stain more darkly than widar §ibers.
in an oblique sactlon, light and dark areas become apparent suygestiny
a pattern of contraction bands. Occasionally in longitudinal ssction,
therc would be wide fibers with altermating light and derk arwvas; thase
fibars mecasurod about 5.5u in diamater and had a wavy appearance. The
nuclear dimensions varied much more than in the previous states of cen-
traction; their diameter varied from 1.9u to 3.8u and their lengths
variad from 3.5u to 17.lu.

isotonically contracted muscle fixed 30 minutes aftar excitation
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{fig. 1l) exhibited an even greater degree of buckling or bending of
fibers. Fiber diameter again ranged from 1.9u to 9.5u with most of the
fibers at about 3.8u. The nuclei masasured the same as those of iso-
tonical ly contracted adductor muscie with immediate fixation. The nuclcar
dlameters ranged fram 1.9u to 3.8u and their lengths from asbout 3.6u

to about 11.4u.

Relaxed muscle fibers (fig. 13 and k) were attenusted and straight.
They varied in thickness from 1.9u to 5.7u with @ median of 1.9u. No
striations oy any other patterns were observed. The nuclei were general-
iy as wide as the fiber they were in and sometimes were oaver 2lu long.

A certain amount of uneven steining was of some interest but this may
be due to stalning techniques.

The translucent portion of the posterior adductor differed signi-
ficantly in appearance from the opaque portion in the state of isotonic
contraction. In the trensiucent portion, fibrils were apparent, as
they were in the opaque portion, and sgain seemed parallei to the fiber
axis.

tn an isometric state of contrection, fixed irmedlately after exci-
tation (fig. 1), the translucent portion exhibited no striations or
other patterns. The flbers were straight and the fiber thickness was
falrly uniform, 3.8u being the median fiber diameter. The fibrillar
structure was apparent but the hellcal arrengement was not. The nuclei
were very similar in appearance to those found in the opaque portion;
about 3.8u in dianeter and about 11.5u long, and centrally located.

|sometrically contracted adductor muscle fixed 30 minutes after

excitation (fig. 3) was very similar to isometrically contracted
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adductor muscle fixed inmedlately after excitation, The fibers appear~
ed to be of a nors uniform width, about 3.Bu. No stristions or patterns
ware acbserved and no buckling or folding of the fibers was present.
Nuclei eppeared very similar to the other nuclei and measured 3.5u wide
and the lenyth varied from 13.3u to 17.lu.

isotonlcally contracted muscle fixed lmmedlately after excitation
(fig. 5 and 6) exhibited a significant change in appearance. Buckling
or folding of the fibers was vory characteristic of this muscle iIn
longitudinal section. Many nuclel were oval, measuring 3.5u in width
and 5.5u in length. Sane nuclel were actually round st 3.8u in dia-
meter, wherees some were long, meesuring 13.5u. The wider, apparently
more contracted flbars had the more rounded nuclel, whereas the alongat-
ed nucle!l were found in thin, apparently not fully contracted, fibers.
No definite striations were apparent Lut some faint patterns were pre-
sent. The most definite pattern was the ''checkerboard'' or braided
fibers.

Isotonically contracted muscle fixoed 30 minutas after excitation
(fig. 9 and 10) wes different in appearance from adductor muscle in
other stages of contraction; it had occasional definite striations.

The stristions were in foairly wide fibers of about Su. They did not

occur frequently snd were atyplcal when conpared to striations of ver-
tebrate stristed muscle. The sarcomeres of this translucent portion av-
eraged 3.8u long wherees the sarcomeres of vertebrate muscle are sbout
2.5u long. The borders of the A end | bands were not well defined and
often appesrad serreted. No other bands could be seen, and the striations

did not always seen to be at right angles to the fiber sxis, Buckling



or folding of fibers in thls muscle predominated, but not in portions
of the fibers having strlations, As before, there ware darker staining
thin flbers and llghter staining wide fibers. Huclei were mostly roung
and about 3.8u In diaveter. Fiber diametar varied from 1.9u te about
9.5u with 3.8u baing the median. Translucent fibers of the relaxed
posterior adductor (flg. 12) seemed to be similar to those of the opaque
portion of the rclaxed muscle. The fibers were again attenuated and
straight and measured from .9u to 3.8u In dismoter. The nuclel varied
from .9u to 3.8u in diameter and 3.8u to 20.0u in length. The staining
seemed falrly uniform with no visible striations or patterns., Fibrils
with 2 spirail arrangement did-appear occasionally.

An unusual conditlon in both the opaque and the translucent por-
tions existed at the hypostracum (fig. 3 and 12). Many nuclei werc
lined up elong the hypostracum; such nuclesr al)ignmment occurred at no

other place within the fibers of the adductor.

Physlology

The five experimonts described in this report deserve only tentz-
tive and prellminary conslderation. The results expressed are meant to
suggest possible behavioral characteristics of the posterior adductor
as a whole,

The adductor muscle preparations revealed some sponteneous scti-
vity. Undes soma tension, the muscie slowly acconmodated by lengthen-
ing; if small amounts sf tension were applled to the muscle it would
increase its rate of lengthening. On the other hand, if the tfension was

decreased, the muscle would shorten. This activity was reversed for 20
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to 30 seconds by direct current stimulation (fig. 15). No response
was obtained below 50V, regardless of the frequency. Varying the
stinulus fraguency had little effect. Very low frequencies cvoked
fitrie or notresponse whareas stimuii eppiied at a rate of one or
more per second did produce a response.

The rate of shortening and lengthening of the muscle was very
slow except when acetylcholine was administered. The auscle continucd
to shorten very slowly for many hours if allowed, or iengthen for many
hours :f sufficient tension was maintained.

Changiny tihe position of the two eiectrodes in the muscle pro-
duced little varistion in response to electrical stimulation. Generally,
when they were close toyother, less response was obtained than when they
were farther apart.

The effect of adrenalin or epinephrine was minimal or negative; no
dafinite response could be noted at any concentration,

At certain concentrstions, acetylicholine chloride did produce &
positive rasponse (fig. 15). When | ec of IO'SN. solution was ednlinis~
tered, nd response was noted; the muscle was washed in balanced sait
sojutlon and | cc of 10°3M. solution was administered. The 10™3M.
solution did evoke & definlte contractlle response. The | ¢c of
10" IM. solution also produced contractions, but in one case, not as

strong & response as evoked by the 10"34. solution.
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RESULTS

results of the histological examination of the posterior

adductor of Quadrula sp. are listed in Table | and Table ilI.

TABLE 1: The histological characteristics of the translucent
portion of the posterior adductor muscle of Quadrula sp.
at different stages of contraction.

STATE OF FIBER FIBER PATTERNS NUCLEAR

CONTRACT ON DIAMETER & ARRANGEMENT D MENS | ONS

isometrically 2.85u-5.5u No striations or Diemater:

contracted median 3.8u patterns. Fibers 2.85u-3.8u
with inmediate were straight and Length:
fixation loosely arranged. 11.5u-17.1u
Fibrils seemed to
form loose spiral.

Isometrically 3.8u Simitar to isometri- Diameter:

contracted cally contracted 3.8u

with 30 min- muscle with inmediate Length:

utes post fixation 13.3u~17.1u

fixation

Isotonically 1.9u-5.5u Many fibers wavy or Diameter:

contracted median 3.8u buckied, alternating 3.6u-

with immediate with straight fibers. Length:

fixation Very few faint stria- 3.6u-13.5u

tions?

Isotonically 1.9u-9.5u Much waviness or buck- Diameter:

contracted medien 3.8u ling, oblique ''stria- 3.6u

with 30 minutes tions' and normal stria- Length:

post fixation tion occasionally pre- 3.6u-5.5u

sent. Sarcomete length
is 3.6u.

Narcotized .9u-3.8u All fibers were attenu- Dlameter:

nuscle fixed median 1.9u ated, and distance be- «9u-3.8u

irmediately tween. fFibers often ex- Length:
after 45-50°C ceeded fiber diameter 3.8u-20.0u

water bath for
30 minutes



TABLE [t: The histological characteristics of the opaque portion of

the posterior adductor muscle of Quadrula sp. at different

stages of contraction.
STATE OF FIBER FIBER PATTERNS NUCLEAR
CONTRACTION _ DIAMEYER § ARRANGEMENT DIMENSIONS
Isometrically 1.9u-3.8u Straight fibers, Diamater:
contracted median 1.9u littie spaciny. No 2.35u~3.6u
with immediate striations or patterns. Length:
fixation Some helically arranged 11.5u-17.1u

fibrils
Isometrically 1.9u~3.8u Fibers were relatively PDiameter:
contracted median 3.8u straight, no stria- 2.65u-3.6u
with 30 minutes ; tions or patterns. Length:
post fixation Sane helically arrang~ 13.3u-17.lu
ed fibrils.,

{sotonically 1.9u=5.5u Most of the fibers Diemetar:
contracted with median 3.8u were buckled or wavy, 1.9u-3.6u
irmediate fix- No striations of Length:
ation patterns were present. 3.6u-17.lu
{sotonically }.9u~7.2u Rbout half the fibers Diancter:
contracted with median 3.8u are buckled or wavy. !1.9u-3.6u
30 minutes post o striations or Length:
fixation patterns were present. 3.6u-17.lu
Nercotlzed muscle 1.9u-3.8u Straight attenuated Diamoeter:
fixed hnmod&ately median 1.9u fibers s mitar to 1.9u-5,7u
efter 45-50"C translucent nsrcotized Length:
water bath for 30 muscle. No patterns 5.5u~21.0u

minutes

or striations
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Fig.

fsanetrically contracted translucent portion fixed irmediately
after excitation, 1000x

Isometrically contracted opaque portion fixed irmediately
atter excitation. 1000x

isometrically contracted translucent portion fixed 30 minutes
after excitation. Note hypostracum 500x

isometrically contracted opaque portion, fixed 30 minutes after
excitation. 500x

Isotonically contracted translucent portion fixed inmediately
after excitation. 500x

Isotonically contracted translucent portion fixed immediately
after excitation. 1000x

tsotonicatly contracted opaque portioan fixed irmedlataly after
excitation. 1000x

isotonically contracted opaque portion fixed immediately after
excitation. 1000x
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Isotonically contracted translucent portion fixed 30 minutes
after excitation. t000x

isotonically contracted translucent portion fixed 30 minutes
after excitation. 100Cx

isetonically contracted opaque portion fixed 30 minutes
after excitation. S00x

Relaxed translucent portion, fixed 30 minutes after kS-SOOC
water bath. 500x

Relaxed opaque portion, fixad 30 minutes after £5-50°C water
bath. 5C0x

Relaxed opaque portion, fixed 30 minutes after QS-SGOC water
bath. 1000x
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Histology

Almost every pelecyped adductor described since 1954 by In-
vestigators is made up of two portions. Thsse two port:ons are de-
scribed in various ways; yellow end white, red and white, and trans-
lucent and opaque. Quadryig's posterior adductor fits the descrip-
tion used by Henson and Lowy (1961) for the adductor of Cressostrea
angulata. Upon macrosceplic exssinetion, tha two portions eppoer
translucent and opeque. The significance of this distinction between
the two portions of the edductors Is not certain. HIistologically,
adductor of Crassostres, Anodomgte (Forte 196M), and Quadrula occasion-
ally exhibit 'paetterns'’' when allowed to econtract far enough. The
adductors of these bivalves have what is called by Hanson and Lowy
(1961), *'disvond-lattice’ appearing fibrils or what this author calls
‘‘braided’’. The translucent portion of the adductorssof Anodonta and
Quadrula also have fibers with stristions when the fibers aro allowed
to contract isotonically. The opaque portion of all three spacies
seems to be smooth; no petterns are described for any of the opaque
adductor muscle fibars,

The description of each portion of the adductors of Crassostrea,
Anodonts, and Quadrula, becomes more mesningful when ons considers
tham in relation to the contractile behavior of Pelecypod adductor
muscles. Most pelecypod adductors have two major types of contrac-

tlle behavior. Crassostrea's translucent portion is said to be

phasic (Hanson and Lowy, 1957), and the opeque portion is said to
be tonic (Eiliott 1964, Hanson and Lowy 1961). This same situation

exists for four out of six adductors described by Kawaguti and {komoto
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(1957, 1960a, 1960b, 1264), es shown in Table {11,

The paradox of certain molluscan muscle, including the adductor
muscle, is that it can contract quickly and for prolonged periods
of time without apparent signs of fatigue (Hoyle end Lowy 1955).

The speciellzation of the adductor into two portions is not, there-
fore, unreasonable and may very wel! have been selactad for during
the course of evolution, The need for tight and prolonged valve
closure becomes apparent for a inussel or oyster when a predator, such
as a raccoon, starfish or octopus, decides to feed uwpon the bivalve.

The division of labor or specialization of the adductor of bi-
valves has necessitated a designation or assignnent of the duties of
prolonged contraction. This is not as simple as might first appear.
Either portion, phasic or tonic, mav exhibit prolonged contractile
capabilities. The presence of paramyosin in both portions (Hanson
and Lowy 1961) has been related to the abillty of en adductor or 2n~
terior byssat ratractor muscle to undergo durable or prolonged con-
traction. This situation needs to be investigated further.

The question of whether or not an adductor muscle of a pelecypod
is striated or smooth has been answered inconsistently. According to
Zs Negy and Salanki (1964d) many authors refer to adductor musclas s
either striated or smooth; the question Is partly answered by 2s Nauy
and Salanki, In their use of the tern polymorphic.

Now that It is known that there are two portions of the adductor
of most species, and that the portions differ to sorie extent, histo~
logically, labels like ''striated’" and '"smooth' should be reassesscd.
The term, striated, is used especially (and originally) to describe

vertebratc skelctal muscle.
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The terwm, swooth, most often used to describe visceral muscie,
has been used indiscriminastely to identify any muscle not having
striations. These descriptive termws are not really exact enough,
and nore appropriete labels should bs used. MNanson and tLowy (1961)
attempt to caorrect this nlsusage by using the phrase '‘contraction
bands" instead of striations. They still, however, use ‘ssooth*
to describe the tonic portion. A fair argument for not using
“smooth': mijht be the fact that the opaque portion's fibers are
cylindrical, not spindle shaped. The adductor of (rassostrea
angulata (Henson and Lowy, 1957) hes tonic and phasic contractiie
behavior, but they are not isolated or |llmited to the separata por-
tions of the adductor. It may be true that the opaque portion is
mainly tonic and the translucent portion is mainly phasic but in
each case the division of labor is not complete. The tonic portion
may behave sometimes in a phasic way and the phasic portion is
sometimes tonic {Hanson and Lowy, 1961).

The history of confusion regarding the histology of adductor
muscles of pelecypods is understendable when attention Is given to
the fact thst cach individual portion of ths adductors, in many
species, appears differently at various fixed stages of contract.on,
As previdusly stated, Zs Nagy and Sslanki (1964) appropriately de-
fined the edductor of Anodonta as polymorphic. This term, in oy
opinion, is appropriate for describing the adductor muscle of
Quadruia.

The transiucency and opaqueness of the two portions of the
adductors of aAnodonta and Crassostreas has bezn explained in two

different ways. &s Wagy end Selanki {1%65) waention that the only
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difference between the two portions is the undqual distribution of
connective tissue. The opaque or white portion is described as
having more connective tissue than the translucent or yel lowish por-
tion. Henson and Lowy (1957) and Kawaguti and |kemoto (1957) con-
sidered the posslibility of connectlive tissue being the reason for

the difference in appearance batwsen the two portions, but finally
concluded that the difference is more likely to be a result of uitre-
microscopic regularity, and its effcct on light. Thse regularity is
related to or a result of the alignmment of fibrils and filaments
within the fibers. The transiucent portion is translucent because
its uitrastructure interfers with light less than the ultrastructure
of the opaque portion. The prasence of striations in the transliucent
portion of the adductor of Anodonta end Quadrula supports this hy-
pothesis, even though they occur only in an isotonlc state of con-
traction; striations are definitely en indication of ultrastructure
regularity.

Light microscopy has limited the informgtion obtainable during
this study of the posterior adductor of Quadrula. An electron micro-
scope study is needed in order to determine the filament structure at
different stages of contraction, and possibly determine what con-
tractiie proteins are present. The light microscope study may be
made more complete by a more refined ewamination, Serlal sectlons of
an entire portion of the adductor might help clarify the peculiar
alignment of fiber nuclel at the hypostracus, and quantitatively
determine the occurrence of various patterns such as striations and

diemond lattice or braided-appearing fibrils, The occasional appear-
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ance of striatlons during Isotonic contraction, 30 minutes afiar e~
citation has begun, is of speclial Interest. Do oniy certain fibers
become striated or do all fibers have this potential? Maybe with
8 faster penetrating fixative that wi!l not dissolve out, a more
substantlal result could be obteined. The protein bound plcrates of
Bouin's fixetion are water soluble, and during any one of the
washes, they could have dissolved out too corpletely and disrupted
the protein structure of the fibers.

The variability of fibers in zach portion of the adductors
raises some Intcresting questions. Do these fibers not only
appear differently but also function differently? The fibers,
when in a partially buckled arrangement do not seem to be contracting
equelly; some fibers seam to have contracted, while others did not
contract or contracted much less,

The relationship of fiber thickness to contractile potentla}
is vague., The wider fibers (5.5u),in an Isotonic state of contrec-
tion fixed 30 minutes after continucus excitation, occasionaliy had
strietlons whereas thinnar, darker straining fibers did not. The
differential staining suggests an unequal protein distribution.
Heidenhain's iron hemotoxylin is probably a protein stalus {Puchtler,
1968); this might explain the light and dark fibers.

if any conclusion can be dreawit from the histological examins-
tion of the posterior adductor of Quadrula, it is that the portions
of the edductors, even though they are divided macroscoplcally and
do differ somewhat histologlcally, sre nevertheless somewhat similar
and are therefore incompletely distinct. The appearance of some fibers

seems to be the same in both portions and justifies the claim that



the portions are indistinct,

The evidence that molluscan muscie, including Pelecypod
adductor musclc, contracts by means of a sliding of discontinuous
filaments over one onother, Is not es plentiful as the evidence to
support this theory for vertebratc muscia. The problem has been exam-
ined, however. and it is now gencrally assumed that it does contract
in this manner (Hanson and Lowy, 1957, 1959, !961;_Elllott 1960 ;
Kahn and Johnson, 1961).

Physiology

The anterior byssus retractor muscle of Mytilus Is the only
Pelecypod muscle which has been studied physiolaglically by recent
investigators. It has been used more than any other Pelecypod
muscle probably because [t Is very accessible and has all of the con-
tractile and behaviore! characteristics of tolluscan muscle with
which physiologists are concerned. The anterior byssus retractor
muscle has both tonic and phasic activity, and the sbility to
contract for prolonged periods of time without spparent signs of
fatigue. Therefore, the anterior byssus retractor muscle and most
adductors have the same contractile chzracteristics, and may very
well have the sama mechanisms of contraction.

Twaroy {1954), Jewell (1961), Johison and Twarog (1959), and
towy and Millnan (19564) have described the effects that various forms
of stimulation have on the anterior byssus retractor muscle of
Mytilus and have recorded spontaneous activity of the muscle. They
have demenstrated the effect of 5-hydroxytryptarine {(5-HT), and have

concliuded that it is an Inhibitor, destroying tonic response, isnd
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czusing the nuscle to relax. Johnson and Twaroy (1955) have reason
to believe that it is naturally occurring. |t may have the same
effect on the adductor muscles of Pelecypods, but this Is not yet
knawn., Al agree that acetyicholine is the excitatory or stimulating
neurohumor for the anterior byssus retractor muscle. The sxperiments
on the posterior adductor of GQuadrula Indicate that acetylcholine
evokes 8 positive respanse from the adductor as it does from the
anterior byssus retractor muscle. The presence of cholinesterase

has been demonstrated in the anterior byssus retractor muscle of
Mytilus edulls (Lowy end Mi)iman 1963), and in the adductor of
Anodonta cygnoa (2s Nagy and Salanki, 1964s8). This neaeds to be
determined for the posterior adductor of Quadrula,

The negative effect of electricel stimulation during tonic
contraction, axcept at unusually high voltege, suggests that de-
polarization depends significantly upon the presence of nsurohunors.
The tonic bzhavior was very difflcult to disrupt except when aceryl-
choline chlorids was aduinistered.

The presence of an excitatory and inhibltory mechanism prob-
ably necessitates the need for dual innervation. Thils hes been
demonstrated by Paviov (1885), Benson et al (1942), and Selanki,

J. and Labos, E. (1963), who found that weak faradic stimulation
of the cut end of the otherwise Intact nerve to the adductor caused
the muscle to rolax. 8enson deanonstrated how this Inhibitory effect

abolishad tonic contraction, thus creating a purely phasic nuscla.



TABLE til: The relationship between structure and contractile
behavior 0f various adductors of caertain bivalve
genera: (after Kawaguti and Lkemoto, 1961).
ACTIVITY DURABLE YELLOW OR WHITE OR
CLOSURE TRANSLUCENT OPAQUE
PORTION PORT I OH
Pecten fast cont. yes cross striated smaoth
fast refat,
Lima fasy cont. no cross striatad none
fast relax.,
gSpondylus frequent no gross cblique smooth
fast cont, striations
rather slow
relax.
Ostrea occasiona! yes smod th smooth
fast cont.
slow relax.
Heretrix occas ional yes sinooth ssooth
fast cont.
Pinna & occasional yes snoth sinooth
Atrina fast cont.
s low relax.
Quadrula occasional Yes occesional sipooth
fast cont. cross and
slow relax. oblique
striations

cont.= contraction
relax.= relaxation



SUMMARY AND CONCLUS!ON

tn conclusion, these experiments have revealed six important
points about the posterior add ctor of Quadrula:

t. The posterlor adductor is divided into two
purtions.,

2. One portion Is trensi cent and is probably
phasic muscle. Some of icts fibers are
patterned with striatiens on a dianond-
lattice like ratwork.

3. The other portion is opaque and is probably
tonlc wmuscie. it has no strlations or any other
patterns and may be referred to as smooth muscle.

k. The characteristic ablllity of moiluscan so-called
'smooth'* muscle to undergo prolonged contraction,
may not belong to any one portion of the adducter,
but possibly both.

5. The evidence derlved fram the experimwents on the
anterlor byssus retractor muscle of jytilus may
explain the contractile mechanism of the posterior
add ctor of Quadrula. There semmed to be separate
excitatory and inhibitory machanisms conterailing
these muscles.

6. 5-HT is the inhibitory nsurohwior of the antarior
byssus retractor muscle end might be for the
adductor,

7. Acetylcholine is the excltatory nsurohumor of the
anterior byssus retractor muscle and, from experi-
mental evidence, is probably the excltatory neuro-
humor for the posterior adductor of Quadruisa.

8. The existence of separste excitatory and inhibitory
systems would necessitate the existence of dual
innervation,
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