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ABSTRACT

The seunsitivity of cilia and eirri on the ctenidia of the American oyster
Crassostrea virginice to rapid salinity change was tested in vitre with excised.
innervated ctenidivin preparations, Quantitative measurements of metachronal
wave activity and particle transport rates showed that on ctenidia from oysters
acclimated to 15 ofoo sea water, ciliary activity was immediately inhibited by
exposure to salinities below 15 ofoo, but was unaffected by higher salinities.
Inhibition was followed by partial or complete recovery within the J20-minute
experimental period. Exposure of oysters to 15 o/oo sea water for 24 hours shifted
the maximum activity 10 3 /oo and established sensitivity to higher salinities; this
shift was largely reversed if oysters were re-exposed to 15 0/oo sea water for an
additional 24 hours. When total salinity was held constant at 35 o/foo but the Ca2 +
concentration was varied equivalently to the salinity variations, the effect of rapid
salinity changes was duplicated; holding Ca2+ concentration constant at the level
expected for 35 ofoo seawater and varying the total salinity greatly diminished
salinity sensitivity. These results indicate that the responses of ctenidial cilia and
cirri to rapid salinity change is mediated principally by the Ca2+ concentration.
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Under field conditions. the compensatory mechanisms will maintain eiliary activity
at high levels even under varying salinity regimes.

INTRODUCTION

The American oyster Crassostrea virginice (Gmelin} is a curvhaline mariue
bivalve mollusk forming extensive subtidal reefs in estuaries on the Atlantie and
Gulf Cousts (Galtsofl, 1964). The species is abundant in lower Mohbile Bay, Alabama,
a habitat characterized by a complex fluctuating salinity regime (Schroeder. 1977),
There is an wnnual evele, with low salinities predominant in the spring during
freshwater flooding (Schroeder, 1977, 1979 which can lower salinities to below 1
o/oo. Jf the condition persists for weeks, extensive ovster mortality may result
(Galtsoft, 1930; May. 1972). Significant diurnal eveling on the botton is unusual, but
shifts in salinity may be rapid and unpredictable.

As is typical for marine bivalves, C. virginice is an osmoconformer (Anderson
and Anderson, 1976) with an apparent capacity for cell volmne regolation with free
amino acids (Lynch and Wood, 1966}, Laboratory studics with this species show a
low salinity lethal limit around 3 ofoo {Loosanoft, 1952; Cuastagna and Chanley, 1973}
which corresponds well with ceological observations on the Gulf Coast (Galfsoff,
1930; Gunter 1953; May, 1971]. While ovsters may avoid extremely low salinities for
several days by valve closure, the ovstrs in Mobile Bay appear to function normally
from 5 ofoo to over 30 o/oo total salinity (May 1971, 1972

It is well decumented for marine organisms that conpensatory mechanisms
serve to regulate physiological functions within narrow limits in the face of broadly
fluctuating environmental and internal parameters such an osmotic and ionic
concentrations (Mangum and “lTowle, 19770 When an osmoconforming organism
such as €. virginica is exposed to a ¢hange in salinity, an alteration ol physiological
function is expected, followed by a return to normal activity as a result of internal
compensatory mechanisms. This has been shown to be the case tor pumping and
fecding rates in C. giges (Hopkins, 1936).

The experiments reported here make use of quantitative measurements of the
activity of cilia on the surface of ctenidial filanents of the oyster {ovster ctenidial
structure is deseribed by Nelson, 1960). Two such measurements were used: the
percentage of filuments whose lateral eilia displav a metachronal wave and the
transport rate of sinall and large particles by the frontal cilia and laterofrontal cirri.
These cilia and cirri are involved in the generation of water flow through the wantle
cavity and the capture of suspended particles, so changes in their activity will
directly affect feeding and oxygen consumption.

This study examines the elfect of rapid salinity change on ciliary activity in
vitro. The activity was highly scnsitive to salinity change, but compensatorv
respunses were observed that permitted acclimation of the ciliated svstem within
hours or days. These responses were mediated primarily by changes in the culeium
ion eoncentration of the medium, not the total osmotic concentration.

MATERIAL AND METHODS

Ovslers (Crassostrea virginica) were collected from a shallow subtidal ovster
bed on the north side of Dauphin 1sland, Alabaina, USA during late siimmer, fall
and winter 1981-82. Salinities ranged from 10 to 30 oioo during this period.
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Preliminary experiments were performed at the Dauphin Island Sca Lab. the
experiments reported here were performed at Southern Ilinois Universily, Carbondale,
Mlinois, UDA. Oysters were collected in Alabaina and shipped to Illinois in
insulated containers, arriving within three days. No mortality resulted trem shipping.

Ovsters were acclimated for two wecks to 15 ofoo artificial sca water in an
Instant Ocean Aquarinm {emperature 21° C., pH 7.3-8.0}. Before each experiment,
oysters were placed in finger bowls containing the artificial sea water, the posterior
and anterior adductor muscles were cut and cach ctenidium with its branchial
nerve, visceral ganglion and piece of posterior adductor muscle for support was
isolated. This ganglion/merve/ctenidium preparation was pinned to rubber mats
glued to the bottom of a petri dish containing sea water and the dish was placed in a
holder fastened to the adjustable stage of a microscope. Under a 10-power objective
the ctenidium was seen to consist of numerous parallel filaments. Three inajor types
of ciliated cells were elearly distinguished: frontal, latero-frontal. and lateral (Nelson,
1960; Ribelin and Collier. 1977). This study was concerned with the rate of beating
of the lateral cilia which beat in such a wav that metachronal waves (Aiello and
Sleigh, 1972) uppear to travel in oppesite directions along euch side of each
filament. A field of view was selected which contained 50 filaments. By moving the
microscope stage each filament could be followed from its dorsal attachiment at the
axis to its free ventral margin. Changes in the metachronal wave activity over time
were determined by the use of a calibrated sub-microscopic stroboscopic light
source. A total of 12 readings were obtained for each preparation; and five
preparations were tested at each test salinity. The percentage metachronal wave
was determined for each preparation by calling the highest reading equal to 100%
and normalizing all subsequent readings against this value.

Particle transport rates were measured with the same apparatus and identical
tissuc preparations. The tissue was exposced to suspensions of latex beads (Sigma) of
two particle diamelers at a concentration of 108 beads 11, The movement of
individual particles on the grill surface was ohserved with an optical micrometer
and the period of transit timed. Twelve determinations were made for each
preparation and the transport rate caleulated (109 m . five preparations were
tested al cach salinity.

A coostant temperature of 21 £ 1.5°C was maintained on the adjustable stage
containing the preparation by connecting tubing 1o a temperature-controlled circulator.
A thermoprobe was placed in the petri dish to moenitor temperature during the
course of the experiment. Control measurements of percentage metachronal wave
activity and particle transport rate were made at 0, 10 and 20 minuies in the
acclimation mediom. Exposure to the test media was accomplished by replacing the
contents of the petri dish with the new solution and continuing to perfuse the dish
through the experimental period.

Test solutions were made from reagent grade salts according to Tarvey, 18957,
When called for, Ca2+ (as CaCls) and Na {as NaCl) substituted for one another.

The data for maximum metachronal wave activity are expressed as 4 percentage
of the maximum activity observed during the control period. The data for particle
transport rate were similarly normalized:

% maximum rate =
{maximum control rate - rate at time t) x 100

maximum contrel rate
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RESULTS

Ovysters were divided into three groups (Table 1). Group A oysters were those
acclimated to 15 ofoo artificial seawater. Group B ovsters were transferred from 15
ofao to 5 ofoo seawater for 24 hours before opening. Group C oysters were
transferred from 15 o/00 to 5 o/oo for 24 hours and back to 15 o/0o for an additional
24 hours before measurements of ciliary activity wre made. All experiments were
performed on these three groups.

Comparison of mean control values by analysis of variance indicated that in two
of the three experiments there were significant differences between the three
groups (Table 2). Since the percentage of filaments displaying a metachronal wave
{metachronal wave uactivity) was normalized at 100 percent during the control
period (see METHODS), the significant differences in the means observed in the
constant Ca2+ experiment may be interpreted as a greater variability over the
three control time points (Table 2).

Mean control values for the particle transport rates of the three groups were
not significantly different in the variable salinity experiment, but were significantly
different (B 001} in the other two cxperiments. These results are interpreted as
showing incomplete acclimation of the ciliary activity to the salinity treatment
regimes described for groups B and C. The maximum rate in the contro} period was
assumed to be 100 percent to normalize the experimental data. In all the figures,
the experimental results are the change in the mean value for ciliary activity over
the 30- to 40-minute time period. Standard deviations of the means during
perfusion of the dishes with the test solutions were comparable to the control
values, indicating uniform responses among individuals. For simplicity, standard
deviations are not shown in the figures.

Table 1. Crassostrea virginica. Experimental design. Acclimation salinity refers to
acclimation in the laboratory; treatment involved transferring intact oys-
ters to aquaria of the indicated salinities.

GROUP ACCLIMATION SALINITY {(0fou) TREATMENT (o/on)
A 15 15
B 15 5 for 24 hours

C 15 5 for 24 hours
) 15 for 24 hours

A rapid change in medium salinity resulted in a loss of coordinated ciliary
motion; the greater the change in salinity, the greater the reduction in the
percentage of ctenidial flaments displaying a metachronal wave (Figure 1). The
usual response was an immediate inhibition of ciliary activity followed by a partial
recovery within the experimental period. The metachronal wave activity of group A
oysters was unaffected by salinities above the treatment salinity of 15 o/oo, but was
strongly inhibited by lower salinities (Figure 1A). Similar results were obtained
with the group B ovsters (Figure 1B). However, the range of salinity sensitivity has
shifted. Maximum metachronal wave activity was measured at 5 o/oo, the treatment
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salinity, while both lower and higher salinities inhibited ciliary activity. At 13, 20
and 30 o/oo test salinitics, a more gradual loss, or decav, of ciliary activity was
obscrved rather than the immediate inhibition scen with low salinity cffects on
groups A and B oysters {(Figure 1B). The group C ovslers showed that 24 hours after
returning to 15 o/oo the oysters were regaining the range of sensitivity shown by
the group A oysters; residual sensitivity to high salinity remained, scen as a decay
in activity (Figure 1CL The effect of treatment sulinity on salinity sensitivity is
clearly revealed by “the spectrim of sensitivity” maximum inhibition of metachro-
nal wave activity as a function of exposure salinity for the three groups (Figure 2).

The sensitivity to rapid salinity change observed could be a result of chunges in
the concentration of particular ious. Sinee chunges in the intracellular concentration
of Ca2+ are known to inhibit the ciliated cells in Muytilus eduliy (Walter and Satir,
1978; Paparo, 1980}, the effect of this jon was tested. Test solutions were made up
with a total sulinity of 35 o/foo but with Ca2+ concentrations equivalent to the
salinities alrcady tested. Any differences between the effcets of these test solutions
can be ascribed to changing levels of the cation. The results (Figure 31 show that for
all three groups, the eflecl of varyving the Ca2+ concentrations at constant high
salinity virtually duplicates the effect of varying the total salinity; the sensitivity
spectra are similar (Figure 4).

To confirm these results. the inverse cxperiment was perdformed: Ca2 +
concentration was held constant at the level expected in seawater al 33 o/oo salinity
(102 mol 1Y), but the total osmotic concentrations were varied as in the first
experinent (Figure 13 The results (Figure 5) indicate that all three groups of
aysters responded similarly to the rapid change in salinity, Rather than sudden
inhibition, a gradual decay in the percentage of gill filaments displayving a metachro-
nal wave was observed. At all salinitics, the effect of the rapid change was
minimized, as is shown in the sensitivity spectra (Figure 6), Departures from the
treatment salinity exerted only a minor inhibitery effect.

In general, particle transport rates showed changes in responsc 1o test media
that were similar to the changes in metachronal wave activitv. Large particles (23.7
microns meun diameter] were transported at a slower rate than smaller particles
(3.7 microns mean diameter) of the same density: the recovery of the normal rate
following a salinity change was also slower for the larger particles. This may be seen
in the resulls for group A oysters exposed to salinities of 5, 10 and 15 ofoo {Figure
7). The particle transport rate tended to decav over the cxperimental period even
when measured at the treatment salinity (Figures 7. 8. 10 and 12) and the
variability of the responses of individual oysters was high as can be seen in the
standard deviations of the control vatues.

Particle concentration also affected the rate of particle transport. This effect
was tested by exposing the ctenidial tissue preparations to inereasing concentrations
of particles beginning 60 minutes after exposure to the test medinum when recovery
should be inderway. Concentrations ranged from 10 to 107 particles 17, In
gencral, particle transport rate decreased with increasing particle concentration: at
most test salinities, the rate was significantly negatively correlated with log particle
concentration (P .05). At some salinities for each group, this correlation was not
observed, usually when the transport rates were maximal. When the effcets of
medium change on particle transport rates over time were measured, a high
concentration (10° particles I'') was used. ITence transport rates are much below
the maximum possible rates.
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The particle transport rates changed in response rapid salinity change much as
did the metrachronal wave activity (figure B} With all three groups of ovsters an
inhibition of the transport rate was followed by recovery, with maximum rates
measured at the treatinent salinity. Characteristic shifts in the seusitivity spectra
were observed for groups B and C (Figure 9). These results tor group A oysters
were nearly duplicated by varving the Cu2+ concentration while holding the
salinity constant at 35 o/oo as previously described (Figure 104, 11}, Group B oyster
tissue displaved more variable respouses with a minimum inhibition at 10 o/co but
maximum recovery at 3 o/oo. the treatment salinity Figure 10B). The response to
test salinities by the group C ovsters was highly variable, but the key elements of a
return to low salinity sensitivity and residoal bul diminished high salinity sensitivity
are present (Figure 100).

The experiments measuring particle transport rate as a function of rapid
salinity change with a constant high Ca2+ concentration show results comparable
to those measuring metachronal wave activity (Figure 12). However, a sibstantial
decline in the transport rate over the experimental period was observed even at the
treatient salinities for all groups. The rate of decay of the transport rate was clearly
related to the test and acclimalion salinitics. Although the pattern of response in
the presence of constant caleium is different from both the variable salinity and
variable calcium responses, the salinity sensitivity spectra are essentially the same
for all three cxperiments (Figure 13).

DISCUSSION

Oysters have a highly complex ctenidial structure interpreled as an adaptation
for pumping water through the mantle cavity and capturing suspended particles for
food (Nelson, 1960; Ribelin and Collier, 1977. Jorgenson, 1980}, The laleral cilia
function primarily in moving water through the animal and display a characteristic
metachronal wave (Ajello and Sleigh, 1972). The laterofrontal cirri and the frontal
cilia generate the currents required for capturing the suspended particles and
moving them down the gill surface to be ingested (Ribelin and Collicr, 1977;
Jorgenson, 1980%. The present study hus measured directly the activity of the lateral
cilia as the percentage of filaments displaving a metachronal wave. Generally a loss
of ciliary coordination is accomnpanied by a slowing of the beating rate, although
variations in the beating rate are not always associated with a loss of the metachro-
nal wave, The activity of the laterofrontal cirri and the frontal cilia was measured
indirectly as the rate at which small and lurge particles were transported across the
ctenidizl surface.

The response of oysters to a change in environmental salinity may be expected
to involve a complex of behavioral and physiological changes. When Crassostrea
gigas was exposed to altered salinity in a laboratory aquarinm system. the animal
ceascd pumping and closed their valves (Hopkins, 1938). Valve closure in response
to salinity change has been terined an “isolation response”™ (Davenport, 1979) but it
may be to some extent a laboratory artifact. Hand and Stickle (1977} monitored
valve movements of €. virginica when exposed to chunging salinitics and found
only very rapid shifis resulted in significant valve closure. Under natural conditions,
oysters remain open most of the tine (Loosanoff and Nomncejko, 1946) and the
ctenidia are exposed to changing osmotic and ionic concentrations in their environment.
In organisms inhabiting fluctuating salinity environments, we expect strong sclec-
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tive pressure lor compensatory mechanisms active in maintaining nornal physiological
functions.

Qur studies using largely intact innervaled oyster ctenidia show that shifts in
salinity over the range occurring in the natural habitat of this species have an
immediate inhibitory effect on the activity of the cilia on the ctenidia. The results
show that the inhibition is largely reversible over the tolerance range of the ovster
and that this species will rapidly acclimate to salinities as low as 5 ofoo.

Ciliary activity of oysters acclimated te 15 ofoo in the laboratory was very
sensitive to low salinity exposure; salinities above 15 ofou exerted no effect. This
asymmetry in high and low salinity effects was preserved even after exposure of
intact oysters to 5 ofoo for 24 hours, In this group, while salinities above 5 o/oo did
indeed inhibit the activity, the pattern of inhibition was different: high salinity
exposure resulted iv a decay in activity rather than rapid inhibition (refer to group
B in Figure 1 and 3). The explanation may lie with different compensatory
mechanisms for dealing with the different stresses: similar results were obtained in
testing the response of Mytilus edulis nerve action potentials to salinity change
(Willmer, 1978).

Even 24 hours exposure in the laboratory to a lower salinity produced a shift in
the sensitivity spectrum; the eflect was almost completely reversed by a 24-hour
re-exposure to 15 o/ao. Clearly in thesc animals the isolation response, if it exists.
must have been relatively brief. These shifts are important for interpreting several
earlier studies of ciliary activity in bivalves, where excised filaments were exposed
to test salinities for 24 to 48 hours before measuring activity (Schlieper et af ., 1960;
Vernberg ¢t al., 1963; Theede and Lassig et al., 1967; and Schlieper et ul.. 1967).
Such preincubations would be sufficient for acclimation to all but the most extreme
salinitics so the investigators werc measuring the extent of compensation of the
ciliary systems, rather than acute sensitivity. Their results are consistent with our
studies of C. virginica, in that ciliary respanscs were related to habitat salinity and
could be shifted by exposurc of intact animals to a new salinity regime (Theede and
Lassig, 1967). Acutc responses of the laterofrontal cirti and frontal cilia were
measured in C. sirginica and three other bivalve species by Van Winkle (1972} from
0.5 to 12 hours with results similar to those reported here.

Several studies have implicated Ca2+ in controlling ciliary activity on hivalve
ctenidia. Paparo and Murphy (1975a) demonstrated ciliary arrest with Mytilus edulis
tissue in Ca2+-free medium and increasing inhibition of ciliary activity as the
Ca2 + concentration was raiscd bevond normal levels. An increase in the intracellu-
lar free Ca2+ level in the ciliated cells also results in ciliary arrest (Walter and
Satir, 1978 Paparo and Satir, 1980) and alterations in intraccllular free Ca2+ have
been unambiguously associated with chemical, photic and eleetrical stimulation and
inhibition at the level of the ciliated cell and the branchial nerve {Paparo and
Murphy. 1875a, 1975b, 1976, 1980; Paparo, 1980).

Our study supports the significance of Ca2+ in controlling ciliary activity.
When Ca2+ was varied but total medium salinity held constant at 35 o/vo, the
results of the salinity variation study could be duplicated. These results suggesi that
the salinity effect is in fact a calcium effect, and explanations for the compensatory
response wilt be found in mechanisms influencing the intracellular caleium pool.

Mainptaining the Ca2 + concentration at a level expected for seawater at 33 o/00
did not completely eliminate the salinity effect. This can be most casily seen in the
relationship of percent inhibition to test salinity in the constant calcium experiment
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Figure 3. Crassostrea vivginice. Poreeatage of maximum metachronal wave activity after exposure of
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seawater. (dther details as in Fig. 1.



=1
ot

TRANSACTIONS OF 1L ILLINOTS ACaDEMY OF SCIENCE

100

% INHIBITION OF
METACHRONAL WAVE ACTIVITY

,--/

T T T 1

1
0 5 10 15 20 25 30 35
SALINITY (%)

Figure 3 Crassostrea virginiea. a2+ sensitivibe spectr tor inetuclivonal wanve activity spectra lor
netachronal wave activity for ossters of groups &0 1 and C Data from Fig, 3,



56
5A

£ 100 e S Z 10011
> iax e , > _
5 SNl B
2 ] Re A
w 80 W7 ~ w 80-
> . \'\\ / A >
<L ST 8 T 4
g “ N \w.* g
T ! < 60
< 60 < 60
o O
o - [+ 4
I I
¥ T e e v
< 40— . TC < 40
— | 5 —
w ! |O - — _ [WE]
2 5 —— =
g | 20— — g
g 20 O g 20 q
> x>
< { <
= =
i 0— — i —r— &2 0-

0 40 80 120 0

CHancEs N THE RATE OF BEATING OF CTiniDIA CILIA

TIME {(MINUTES)

%o MAXIMUM METACHRONAL WAVE ACTIVITY

80

TIME (MINUTES)

Figure 5. Crassosfrea virginica, Percentage of masimum metachronal wave activity

58

— — "

40 80 120
TIME (MINUTES)

120

atter exposure to

rapid salinity change in the presence of a constant CaZ+ concenlration 0% mol 171 Other
detaily as in Fig. 1,






38

100
LL
—
<
o
— 80 -
&
O
& i
v
=
<< &0
=4
—
w —
—
=
E 404
=y
ﬂ'_ —
2
= 204
=
< i
2
o 0 _

CrANGES 1IN TE RaTe or Beanine oF CTExtDia Crins

7A 7B
— 100 - 1'--—._
o 5 %oo " | 10 %o
—
. < Lo
. :
k- B0~
= !
o |
e i
by , ;
pd . / -
é &0 - ..-"IIII //
I
v J /
) AN /
o E 40“ Nl ///
\\_/// E | -
=
2
T T - ___ . - =
<
=
sk U I o 2 0 T T T 1 )
g 4Q 80 120 0 40 80 120
TIME (MINUTES) TIME (MINUTES)
7C
100 - e,
] 5 |5 %00
< a1 l
= 4 —
= 80 - R
O —
o L
o - Py
E ___"'\_\_\_J/
e 60
o
a -
&
< 40
o
s —
2
2 20
>
<
E -
a\o\ OJT T T T g A R §
0 40 80 i20

TIME MINUTES)

Fignre 7. Crassostrea cirginied, Parlicle transport rates of small (5.7 microns diameter! and large (23,7
microns dimmelert on the fronfal sinface of group A ovsler ctenidia at 50 15 and 30 oo Lest

saliniHes [

+small particles: (— Large particles.



TRANSACTIONS O1 THE [LLINOIS ACADEMY OF SCIENCE

8A
100 - — e T
] 1 i R
— K -
< B
ol
£ 80-
9]
o _ :
z i
w :
el i .
v i
w0 :
40 4

& ~ P
s N
2 —

IO _____
x 20445
< 20 —-—
= 30 - .
&2 ST T T

0 A I I | T "
5] 40 80 120

% MAXIMUM PARTICLE TRANSPORT RATE

|
—
—a

60

40—

204

0

o4

]OO— I-m__hh_
’
= ~_ s T
< i ) —
2.4
= 80
o
[+
[7z]
pad
g &0 -
—
o
v
&
< 404
[+
by ;
= 50l
2 904
b
<
=
s 04— T T - T
0 40 80 120
TIME {MINUTES)
8C
\/ o
~ ,.'( /
N i S e
T "t TTTTYT
40 80 120

TIME (MINUTES)

Figure 8. Crassostrea virginica. Small particle transport rates after cxposure of ovsters to rapid salinity
change for ovsters of groups A, B and . Other details as in Fig. 1.



60 Crances In THE Rate or Beative or CTenmia Ciuia

100+

% INHIBITION OF
PARTICLE TRANSPORT RATE

0 I T I T T I I 1
0 5 10 15 20 25 30 35

SALINITY (%)

Figure 9. Crassostrea virginica. Salinity sensitivity spectra ol small particle transport rate for groups A.
B and € ovsters. Data trom Fig. 8.
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Figure 11. Crussostred cirginice. Ca2+ sensilivily spectra lor stuall particle transport rate for groups A,
B and C ovsters. Tata from Fig, 1)
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Fivure 12, Crassostrea virginica . Sl particle transport rate on the fromtal surface of ovster dlenidia of
pronps A, b oand € ovsters alter expuosure to vapid salinity change at a constant Ca? +
concentration {1072 mel 171, Other details as in Fig, 1,
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Figure 13, Crassostrea virginica. Salinity sensitivity spectra at a constant Ca2+ concentration {1072 mo
LY for oysters of groups A, B and €. Data from Fig. 12



