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High specific activity tritiated thymidine (40-60 Ci/mM) and

autoradiographic techniques were used to study cell renewal systems

in the freshwater mussel, Margaritifera margaritifera.

Groups of mussels were injected with tritiated thymidine

(1.0 [J. Ci/g) and then serially sacrificed. Tissues from selected

areas of the body were routinely processed, and slides were made and

coated with Ilford K5 emulsion. After exposure, slides were developed

to obtain autoradiographs and stained.

High specific activity tritiated thymidine ( 3H-TdR) may have

significant potential for application in cell renewal studies in mollusks

and other organisms in which the time of DNA synthesis may be long

with respect to the time of 3H-TdR availability. It was necessary to



expose slides for only 2-3 days as compared to exposure times of

15 days to 6 months in previous studies. No clear radiobiological

affects or cytoplasmic labelling due to labelled by-products were

observed.

Labelling was observed in aLl tissues studied -- stomach,

intestine, rectum, mantle epithelium, gills, some blood cell types

and connective tissues in most areas of the body.

The cell renewal systems in the gills of M. margaritifera can

be considered to consist of a stem-type population in the gill furrow,

a maturing, dividing transient population on the proximal gill ridge

side, and a functional, simple transient population on the distal gill

ridge side and gill ridge tip. The minimum transit time from the

dividing transient population to the functional population may be no

more than 24 hours.
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AN AUTORADIOGRAPHIC STUDY OF CELL RENEWAL IN A
FRESHWATER MUSSEL, MARGARITIFERA MARGARITIFERA

USING HIGH SPECIFIC ACTIVITY
TRI TIA TED THYMIDINE

INTRODUCTION

A. Autoradiography and Studies
of Cell Renewal

Since the first successful attempts to incorporate tritium into

the thymidine molecule in 1955, hundreds of studies of cell renewal and

cell kinetics have been done on plants and animals. Cleaver (1967),

Feinendegen (1967), and Cameron and Thrasher (1971) have detailed

many of the methods and results of such studies.

Most commonly, these studies have involved introduction of

tritiated thymidine (3H-TdR), a deoxyribonucleic acid specific label

(i. e. , it is incorporated specifically into deoxyribonucleic acid during

synthesis as part of the requirement for the pyrimidine base thymine),

into various organisms. A sensitive photographic emulsion is then

applied and a "picture" of the location of the labelled deoxyribonucleic

acid (DNA) can be observed.

Such autoradiographs have been a valuable and powerful technique

in studying cell renewal and cell kinetics. Using this method, it has

been possible to follow labelled cells and their labelled daughter cells

during migrations and through morphological and physiological
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changes. It has also been possible to analyze the cell cycle (the

progression from one cell division to the next) and to begin to study

perturbations of this cycle (e. g. , tumors).

B. Studies of Cell Renewal in Mollusks

Researchers have recently become interested in normal cell

kinetics and cell renewal systems in mollusks of commercial impor-

tance and in determining the effects of ionizing radiations, various

pathogens and environmental insults on normal cell kinetics and cell

renewal systems in these mollusks. Unfortunately there have been

few successful attempts in using autoradiography and 3 H-TdR to

study cell renewal in these animals. In fact, it is difficult to locate

studies of cell renewal in mollusks.

Some work has been done with spermatogenesis in mollusks,

but most of these studies did not utilize autoradiography. Beeman

(1969, 1970a, 1970b) has used autoradiographic techniques to study

spermatogenesis, sperm storage and exchange, and stomach tooth
. 3renewal in the sea hare (Phyllaplysia taylori). Using 3H -TdR with a

specific activity of 2.0 Ci/mM and exposure times of 15-82 days, he

was able to determine the duration of replacement for a stomach

tooth, rates of spermatogenesis, and duration of sperm storage. He

was also able to follow the translocations of labelled sperm within a

pair of these mollusks during and after copulation.
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During preliminary studies, Cheney (1969) obtained virtually no

cell labelling in the Pacific oyster, Crassostrea gigas, or the blue

mussel, Mytilus edulis, although he subsequently utilized 3 H-TdR

(3. 0 Ci/mM and exposure times of 2-3 weeks) to study the morphology,

morphogenesis, and reactive responses of Manila clam (Tapes

semidecussata) blood cells. The reason for this failure in C. gigas

and M. edulis is not entirely clear since it is possible to observe

numerous mitoses in several tissues of these animals. Cheney (1969)

and Mix (1972a) have speculated that C. gigas may have a relatively

long period of DNA synthesis and slow cell turnover times.

Mix (1971, 1972a) and Mix and Sparks (1971a, 1971b) have

published a series of papers on the histological effects of gamma-

irradiation on various tissues of C. gigas and on tissue repair and cell

renewal systems in the digestive tubes, gonads, gut, and gills. These

studies compose the bulk of what is known about cell renewal in

mollusks. However, unless cells can be labelled and traced, little

can be definitely stated about cell renewal systems and less can be

stated about the parameters of the cell cycle.

It seems likely that Cheney (1969) and Mix (1972a) were correct

in speculating that the reasons for difficulty in obtaining cell labelling

with 3H-TdR, in some mollusks, might be due to slow cell turnover

and a relatively long period of DNA synthesis. It is known that

labelling with 3 H-TdR is depressed when a large amount (e. g. , 100X)
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of unlabelled thymidine is added to dilute the labelled precursor

(i. e. , the specific activity is low) (Feinendegen, 1967). Therefore, it

seems possible that, if precursors could be used in which the propor-

tion of 3 H-TdR molecules was much greater than the unlabelled form

(high specific activity), labelling would occur even though periods of

DNA synthesis may be relatively long. Recently, a high specific

activity tritiated thymidine (40-60 Ci/mM) has become available.

This high specific activity 3H-TdR and autoradiographs were used in

this study of cell renewal in the freshwater mussel, Margaritifera

margaritifera.

C. Assumptions Made for Use of 3 H-TdR
in Cell Renewal Studies

While tritiated thymidine has been a valuable tool in studies of

cell renewal and cell kinetics, a number of assumptions have been

made about the specificity and stability of 3 H-TdR in such studies.

Cronkite et al. (1959) have summarized these assumptions:

1)
3H-TdR is uniformly distributed throughout the body and either

quickly incorporated into DNA or broken down;

2) there is no significant radiobiological effect on the cells due to

3H beta-particles;

3) a cell which carries out DNA synthesis will subsequently divide;

4) incorporation of large pieces of DNA as breakdown products is

unlikely;
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5) incorporation of labelled breakdown products of 3H-TdR into

DNA from dead cells is unlikely;

6) DNA turnover is due to mitosis and death alone;

7) tritium label does not exchange from the pyrimidine ring under

biological conditions and thymine does not exchange after

incorporation into DNA;

8) 3H-TdR is available for a short time with respect to the length

of DNA synthesis;

9) in vivo labelling makes it possible to determine cell kinetics.

There are, of course, exceptions to these assumptions in any

particular experiment and tissue. However, the majority are pro-

bably correct and any error arising from such assumptions is usually

small or can be noted as needing compensation (Cleaver, 1967).

D. Experimental Animal

1. Ecology of Margaritifera margaritifera

The freshwater pearl mussel, Margaritifera margaritifera

Linnaeus), has the widest distribution of any freshwater mussel in the

world. It has a holarctic distribution; inhabiting the northern portions

of Europe, Asia, and North America, and is also found in Japan and

Iceland (Simpson, 1900). The subspecies found on the Pacific coast,

M. margaritifera falcata, is distinguished by the color of the nacre,
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which has been described as dull purple, salmon red, or peach-

blossom (Ingram, 1948).

Its main habitat is in rivers that are clean enough to support

game fish such as trout and salmon (Boycott, 1936). It is usually

found on rocky bottoms of small gravel and stones where currents

prevent heavy silting (I have observed, however, that it is capable of

remaining at the surface of a substrate under conditions of heavy silt

deposition).

Most commonly, the mussels are found in 0.5-1.5 m of water

and are in groups of 2-6 individuals. They are oriented in a near

vertical position in the substrate with the posterior 2-4 cm of the

shell protruding.

2. Advantages of Utilizing M. mar_garitifera
as the Study Organism

M. margaritifera was selected as the study animal for the

following reasons: it is a mollusk and belongs to the same class

(Pelecypoda) as commercially important freshwater and marine

mollusks; conditions necessary for its long-term maintenance were

known; facilities for its maintenance were available in the Department

of General Science at Oregon State University in Corvallis, Oregon

where the study was conducted; it is available in large numbers in the

Corvallis area.
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E. Purpose of the Study

The general purpose of this study was to demonstrate the

potential of high specific activity tritiated thyrnidine for use in studies

of cell renewal in mollusks and other organisms in which the period of

DNA synthesis may be much longer than the period of 3H-TdR

availability.

The specific objectives were: to determine if there may be a

diurnal fluctuation in DNA synthesis in the gill epithelium of M.

margaritifera; to study cell renewal systems in M. margaritifera

through both short- and long-term serial sacrifices; to determine if

the use of high specific activity 3H-TdR may interfere with cell

renewal studies through radiobiological effects or increased cyto-

plasmic labelling from labelled by-products.



II. MATERIALS AND METHODS

A. Animal Collection and Maintenance

1. Collection

8

Freshwater mussels were collected in the Willamette River

approximately 3.7 km downstream from the Harrison Street Bridge

in Corvallis, Oregon. A dense mussel population is located along the

shoreside of a small island that forms a channel near the east bank

of the river. During the summer months, the water depth in this

area is 50-75 cm and it is possible to wade through the area and

collect the mussels by feeling for them or by observing the gaping

posterior portion of the shell protruding from the substrate. During

the rainy winter months, it is impossible to collect from this area

due to high water levels and strong currents. Therefore, a surplus of

mussels was collected during the summer and held for experiments to

be conducted during the winter.

The mussels collected were adults of both sexes. Wet weight

(without the shell) averaged 30 g and they ranged in size from 10-12

cm long (from anterior to posterior), 3-5 cm deep (from dorsal to

ventral edges), and 2-3 cm wide (from right to left side).

2. Maintenance

Mussels were collected and placed in baskets under moist burlap
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bags. Eighty to ninety mussels were then transferred to a 61 x 31 x

31 cm plastic laundry basket. The basket was covered with a wire

screen, fitted with a rope harness, and suspended in 2-3 m of water

from the side of the Taylor water treatment plant water intake tower.

The access gate to this tower was locked and it was possible to

securely maintain large numbers of mussels until they were required

for experiments. The only maintenance required was a periodic

removal of silt which accumulated in the baskets.

Prior to each experiment, the required number of mussels were

transferred to a laboratory located in the General Science Department

at Oregon State University in Corvallis, Oregon. Groups of 4-6

individuals were placed in 27 x 20 x 10 cm plastic boxes containing

aerated artificial streamwater (Appendix Table I) (Duodoroff, 1956).

To maintain refrigerated conditions and still avoid excessive radio-

active contamination, the boxes were placed in 183 x 56 x 15 cm

fiberglass lined wooden troughs containing circulating refrigerated

water maintained at 12.5 ± 0. 5 °C by a Westinghouse remote cooler

(Figure 1). The animals were acclimated for one week.

Water in the plastic boxes was changed every week and the

mussels were fed 800 mg of powdered wheat starch every other day.

It was possible to maintain mussels under these conditions for over

one year.
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Figure 1. Laboratory facilities for maintaining the mussel,
M. margaritifera. Arrows indicate Westinghouse
remote cooler (1), fiberglass-lined troughs (2), and
plastic box containing mussels (3).
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B. Autoradiographic Techniques and
Tissue Processing

1. Autoradiographic Techniques

a. Radiochemical Specifications

High specific activity (40-60 Ci/mM) thymidine, tritiated in the

methyl position, was obtained from New England Nuclear (NEN)

(cat, no. NET-027Z) in a sterile aqueous solution. The concentration

of each lot received was one mCi; 0.00481 mg in one ml. Two lots

were used in separate experiments; the first lot had a specific

activity of 50.3 Ci/mM, the second a specific activity of 56 Ci/mM.

Both lots were greater than 98% pure and both were used within one

month after the last radiochemical purity check.

b. Injection Calculations

An injection dose of one p.Ci/g body weight is a commonly used

concentration of isotope for an injection volume of one ml (Gude,

1968). As was mentioned above, the wet weight (without shell) of the

mussels used in the experiments was approximately 30 g. Therefore,

in all experiments, each mussel received 0.03 mCi of 3H-TdR in an

injection volume of one ml. The concentration received from NEN was

one mCi/ml. By dividing that concentration by the concentration

required (0. 03 mCi/m1), it was determined that the original one ml

had to be diluted with 32.0 ml of sterile glass-distilled water to
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reduce the concentration to 0.03 mCi/ml. The diluted isotope was

placed in a labelled one ounce serum bottle and injections were drawn

as required. At these concentrations, this dilution was sufficient to

inject 33 mussels.

c. Introduction of Isotope into the Mussel

Two methods of introducing the isotope into the mussel were

utilized. Cheney (1969) conducted dye experiments to determine the

relative rates of spread of injected solutions. He found that dye

injected into muscle diffused most slowly, that dye introduced into the

pericardial sinus diffused most rapidly, and that injection into the

visceral mass was intermediate between the first two in diffusion rate.

It was desirable to spread the isotope as quickly as possible throughout

the mussel to insure its uniform distribution before it was broken

down. Therefore, if the mussels were to be sacrificed four or less

hours post-injection, the anterior and posterior adductor muscles

were severed and the isotope was injected directly into the pericardial

sinus with a 23 gauge, 0. 75 inch needle (Figure 2). The mussel was

then taped shut and wrapped in moist toweling until sacrifice. It was

not possible to use this method in studies in which the mussels were

sacrificed at times longer than four hours post-injection because they

might not survive to the sacrifice time. Therefore, if the mussels

were to be sacrificed at longer than four hours post-injection, the

isotope was introduced by injection through the anterior shell gape into

the visceral mass with a 22 gauge, one inch needle (Figure 3).
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Figure 2. Point of injection (arrows) of tritiated thymidine into the
pericardial sinus of the mussel, M. margaritifera.
A - anterior; P - posterior; D - dorsal; V - ventral.
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Figure 3. Point and angle of injection (arrow) of tritiated thymidine
into the visceral mass of the mussel, M. margaritifera.
A - anterior; P - posterior; D - dorsal; V - ventral.
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d. Preparation of Slides for Autoradiography

The method used in applying photographic emulsion to slides

required special treatment of the slides to avoid artifacts caused by

uneven emulsion coating. A subbing mixture was also applied to

prevent separation of the emulsion and tissue sections from the slide

during processing. Appendix Table II outlines cleaning and subbing

procedures (Gude, 1968; Salamone, personal communication). These

treated slides were stored in slide boxes until needed.

e. Emulsion Coating

Ilford K5 gel emulsion (Ilford, Essex, England; cat, no. 25868)

with a grain diameter of approximately 0.21 p. was used in all experi-

ments. The emulsion was stored in a light-tight box in the refrigera-

for at 4 o
C. The following procedures were conducted in a darkroom

at a temperature of 17-18 oC four feet from a Wratten series 2 filter

housing with a 15 watt bulb (Gude, 1968).

The emulsion was scooped out of its container using a porcelain

spoon and placed in a dipping cell (Figures 4 and 5) (Salamone, per-

sonal communication). The dipping cell was placed in a heat transfer

beaker and then into a water bath maintained at 42°C. With the safe

light off, the emulsion was allowed to melt and stand for one hour to

remove air bubbles. Test slides were then dipped in the emulsion to

insure that all bubbles were removed.
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Figure 4. Edge view of the dipping cell used in coating slides with
photographic emulsion (Salamone, personal communica-
tion).
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Figure 5. Side view of the dipping cell used in coating slides with
photographic emulsion (Salamone, personal communica-
tion).
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Deparaffinized slides (Appendix Table III)(Mix, personal

communication) were placed back to back, dipped smoothly in and out

of the emulsion, and allowed to dry in a vertical position over moist

paper toweling in a rubber covered test tube rack. Blank test slides

were also dipped to determine the background count of the emulsion

at the start and end of each exposure.

After the slides were dried, they were stored in 9. 5 x 8 x 3 cm

black slide boxes containing 15-25 g of Drierite drying agent (anhy-

drous CaSO4). The boxes were made light-tight by sealing the edges

with photographic tape and were stored in a refrigerator at 4°C during

the exposure period.

Excess emulsion was placed in another light-tight container and

returned to the refrigerator. This emulsion was not reused in any

subsequent studies.

f. Developing

Test slides were developed at 2, 3, 4, and 5 days to determine

when the exposure was sufficient (i. e., when the grains over labelled

cells were detectable at 500X magnification and the background grains

were still very small and evenly scattered). All slides were developed

when the test slides showed this point had been reached.

Developing was done in the darkroom under the previously

described lighting conditions with the developing solutions maintained

at 18 oC by ice baths. The developing sequence is given in Appendix



19

Table IV (Modified from Kopriwa and Leblond, 1962; Gude, 1968).

2. Tissue Processing.

a. Fixation, Dehydration and Sectioning

At the sacrifice time, mussels were shucked, cut to enhance

fixative penetration, and fixed in cold (4°C), 10% neutral buffered

formalin. The fixed tissue was then cut into 0.5 cm thick tissue

blocks from the body areas of interest, processed through a standard

dehydration series (Appendix Table V)(Mix, personal communication),

embedded in Paraplast, and sectioned at six microns.

b. Staining and Mounting

After the slides were developed, staining and mounting steps

were carried out in ordinary light at room temperature. Three stains

were used: Harris hematoxylin and eosin (H and E) (Appendix Table

VI) (Mix, personal communication), and a methyl green-pyronin Y

method for differentiating nucleic acids (Appendix Table VIII)(Gurr,

1965).

Slides were mounted in Permount histological mounting medium,

dried for 5-7 days and then cleaned with xylene.

c. Slide Reading

Tissues were read at 500X magnification on a Zeiss research

microscope using a stage manipulator and overlapping fields. Black

and white photomicrographs were taken with a Polaroid MP-3 Land
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Camera. All photomicrographs of autoradiographs were taken with

the focus on the grains.

C. Experimental Design

1. Study of Diurnal Rhythm in the
Posterior Gill Epithelium

The posterior gill epithelium was used for this portion of the

study. Groups of three mussels were injected in their visceral mass

every three hours for 24 hours and each group of mussels was

sacrificed after an equivalent time post-injection (three hours). For

example: the experiment started with the injection of three mussels

at 0800, then these three mussels were sacrificed at 1100 and a new

group of three mussels were injected. This procedure was repeated

for 24 hours.

The 24 injected mussels, plus one control (not injected), were

then processed as previously described. Two slides were made from

each experimental mussel, four slides were made from the control,

two slides were made for background of emulsion at the start, four

slides were made for background at the end of exposure, and a series

of test slides were made to determine exposure time. Tissue was

embedded in such a manner that sections on slides were latitudinal

cross-sections (Figure 6, then Figures 7A and 7B).
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Figure 6. Drawing of longitudinal cross-section taken from the
posterior gill of the mussel, M. margaritifera.
A - posterior adductor muscle; W - water chambers;
M - right and left mantle; Arrows - four gill demibranchs
or plates; D - dorsal; V - ventral; L - left side; R - right
side.
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Figure 7A. Drawing of longitudinal cross-section taken from the
posterior gill of the mussel, M. margaritifera.
Sectioning along the plane of line 1 results in a latitudinal
cross-section (Figure 7B). D - dorsal; V - ventral;
L - left; R - right.
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Figure 7B. Drawing of portion of one demibranch in latitudinal cross-
section taken from the posterior gill of the mussel,
M. margaritifera. W - water space; AL - ascending
lamella of gill demibranch; DL - descending lamella of
gill demibranch; o - ostia; b - blood space; s - septa;
c - chitinous rods; r - gill ridge; f - gill furrow;
stippled areas indicate connective tissue.
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2. Short-Term Labelling Study

One mussel was sacrificed at 1, 2, 4, 10, 24, and 48 hours post-

injection (PI). Mussels sacrificed from 1-4 hours PI were injected

in the pericardial sinus, while those sacrificed at 10, 24, and 48 hours

PI were injected in the visceral mass.

From each mussel, two latitudinal cross-sections were taken

from the posterior gill (Figure 8, line 1), and two longitudinal

cross-sections (Figure 6) were taken from the whole body through the

level of the pericardial sinus (Figure 8, line 2), These two sections

were also taken from a control (no injection) mussel. 'I issue was

processed as previously described.

3. Long-Term Labelling Study

Three mussels were sacrificed at four hours and 1, 2, 3, 4, 7,

17, 21, 28, 35, and 42 days PI. All mussels were injected with
3H-TdR in the visceral mass except for the control which received

a glass-distilled water injection.

Sections were taken from each mussel at three levels; through

the posterior adductor and gill, through the pericardial sinus and

visceral mass, and through the posterior edge of the foot and anterior

visceral mass (Figure 8). The sections were longitudinal cross-

sections (Figure 6),
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Figure 8. M. margaritifera, with left valve and mantle removed,
indicating location of sections taken from the posterior
adductor and gill (line 1), the pericardial sinus and visceral
mass (line 2), and the posterior edge of the foot and
anterior visceral mass (line 3). A - anterior; P - posterior;
D - dorsal; V - ventral.
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As another control of ability to detect labelling, three slides

were made of each section; one remained unstained, one was stained

before emulsion was applied, and one was stained after emulsion was

applied. Tissue was routinely processed.

4. Deoxyribonuclease Digestion Study

Sections were taken from tissue known, from previous experi-

ments, to have heavy labelling. Three slides were treated with

deoxyribonuclease (DN'ase) solution for 18-20 hours at 37°C and three

control slides were treated with Tris buffer solution under the same

conditions (Appendix Table IX) (modified from Luna, 1968). The

sections were taken from the posterior gill and were longitudinal

cross-sections (Figure 6). Tissues were processed as previously

described and stained with methyl green-pyronin Y to differentiate

nucleic acids (Appendix Table VIII) (Gurr, 1965).
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III. RESULTS

A. Study of Diurnal Rhythm in the
Posterior Gill Epithelium

The study for determining a possible diurnal rhythm of DNA

synthesis in the posterior gill epithelium was inconclusive. No label

was observed in 48 latitudinal cross-sections taken from 24 mussels

at eight sacrifice times. Exposure was terminated at five days when

background count began to rise.

B. Short-Term Labelling Study

1. General Results

Labelling was observed in all tissues studied; stomach,

intestine, rectum, mantle epithelium, gills, some blood cell types,

and connective tissues in most areas of the body (Figures 9, 10, 11).

The number of grains over labelled nuclei ranged from five to

approximately seventy. There was a general increase in the number

of observed labelled cells from 10-24 hours PI (increasing from 70 to

429 labelled cells).

Injection into the visceral mass appeared to be an effective

method of introducing 3 H-TdR. It was necessary to expose slides for

only three days.
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Figure 9. Longitudinal cross-section containing a labelled epithelial
cell nucleus (arrows) in the intestine of M. margaritifera
sacrificed 10 hrs after injection with 3H-TdR.
Hematoxylin - eosin (H and E). Exposure 3 days. 800X.
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Figure 10. Latitudinal cross-section containing labelled epithelial
cell nucleus (arrows) in the gill furrow between two gill
filaments in the posterior gill of M. margaritifera
sacrificed 10 hrs after injection with 3H-TdR. H and E.
Exposure 3 days. 800X.
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Figure 11. Latitudinal cross-section containing a labelled cell
nucleus (arrows) in the connective tissue of M.
margaritifera sacrificed 10 hrs after injection with
3H-TdR. H and E. Exposure 3 days. 800X.
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2. Cell Renewal in the Posterior
Gill Epithelium

Studies of cell renewal in the posterior gill epithelium from

latitudinal cross-sections (Figure 7B) of mussels sacrificed at

intervals from 1-48 hours revealed: no labelling prior to ten hours PI

(1, 2, and 4 hours); at ten hours PI, labelled epithelial cell nuclei

began to appear in the gill furrow or gill furrow edge (Figures 12 and

13) and fewer labelled epithelial cell nuclei were observed one-third to

one-half the distance up the gill ridge side (Figure 14); at 24 hours PI,

labelled epithelial cell nuclei were present from the gill furrow to the

gill ridge tip (Figures 15 and 16); 48 hours PI showed a decrease in

number of labelled cells and grains per nucleus in the gill furrow, gill

ridge side, and gill ridge tip. The proportions remained similar.

There appeared to be a decrease in the number of grains over labelled

nuclei from the gill furrow to the gill ridge tip (Appendix Table X).

C. Long-Term Labelling Study

1. General Results

Tissue labelling observed in longitudinal cross-sections

(Figure 6) was similar to that observed in the short-term labelling

study. The initial increase in number of observed labelled cells

began an obvious decline by seven days PI. It was possible to expose
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Figure 12. Drawing of a latitudinal cross-section of two adjacent gill
filaments in the posterior gill of M. margaritifera.
ge - gill epithelium; t - gill ridge tip (area bounded by two
lines); s - gill ridge side (area bounded by two lines);
f - gill furrow (area bounded by two lines).
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Figure 13. Latitudinal cross-section of two labelled epithelial cell
nuclei (arrows) in the gill furrow between two gill fila-
ments in the posterior gill of M. margaritifera sacrificed
10 hrs after injection with 3H-TdR. H and E. Exposure
3 days. 800X.
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Figure 14. Latitudinal cross-section of labelled epithelial cell
nucleus (arrows) one-third the distance up the gill ridge
side in the posterior gill of M. margaritifera sacrificed
10 hrs after injection with 3H-TdR. H and E. Exposure
3 days. 800X.
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Figure 15. Latitudinal cross-section containing seven or more
labelled epithelial cell nuclei (arrows) from gill furrow
to gill ridge tip in the posterior gill of M. margaritifera
sacrificed 24 hrs after injection with 3H-TdR. H and E.
Exposure 3 days. 800X.
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Figure 16. Latitudinal cross-section containing a labelled epithelial
cell nucleus (arrows) in gill ridge tip in the posterior gill
of M. margaritifera sacrificed 24 hrs after injection with
3H-TdR. H and E. Exposure 3 days. 800X.
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slides for only two days and still retain acceptable labelling density.

Unstained slides were difficult to read as lack of contrast made

location of reference points laborious. Slides stained before emulsion

was applied lost some stain during further processing and lacked

contrast. Slides stained after emulsion was applied were easiest to

read and therefore most useful.

2. Cell Renewal in the Posterior
Gill Epithelium

Studies of cell renewal in the posterior gill epithelium from

longitudinal cross-sections (Figure 6) of mussels sacrificed at

intervals from four hours to 42 days revealed: labelled epithelial cell

nuclei in gill furrows at four hours PI (Figure 17); at one day PI,

labelled epithelial cell nuclei were observed from the gill furrow to

the gill ridge tip (Figures 18 and 19); numbers of labelled cells

remained high from the gill furrow to gill ridge tip through four days

PI; by seven days PI, there was a decline in observed labelled

epithelial. cell nuclei, particularly along the gill ridge side and gill

ridge tip; through 45 days PI, it was still possible to detect some

labelled nuclei in the gill furrow (Figure 20) (Appendix Table XI).

D. Deoxyribonuclease Digestion Study

Staining of control and digested slides with methyl green-

pyronin Y revealed that the DN'ase had removed deoxyribonucleic acid
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Figure 17. Slightly oblique longitudinal cross-section containing

numerous labelled epithelial cell nuclei (arrows) in the
gill furrow in the posterior gill of M. margaritifera
sacrificed 4 hrs after injection with 3H-TdR. H and E.
Exposure 3 days. 800X.
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Figure 18. Slightly oblique longitudinal cross-section containing
numerous labelled epithelial cell nuclei (arrows) in the
gill furrow and part way up the gill ridge sides in the
posterior gill of M. margaritifera sacrificed 1 day after
injection with 3H-TdR. H and E. Exposure 2 days. 800X.
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Figure 19. Slightly oblique longitudinal cross-section containing two
labelled epithelial cell nuclei (arrows) in the gill ridge tip
in the posterior gill of M. margaritifera sacrificed 1 day
after injection with 3H-TdR. H and E. Exposure 2 days.
800X.
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Figure 20. Slightly oblique longitudinal cross-section containing
labelled epithelial cell nuclei (arrows) in a gill furrow in
the posterior gill of M. margaritifera sacrificed 42 days
after injection with -TdR. Modified Gomori's tri-
chrome. Exposure 2 days. 800X.
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(DNA) from the digested slides. One hundred and twenty-six labelled

gill epithelial cell nuclei, with 10-25 grains over each nucleus, were

observed in three 'Iris buffer treated sections from three mussels

sacrificed at 4, 24, and 48 hours PI (Figure 21). No label above

background was observed in three DN'ase treated sections (taken from

positions in the sectioning ribbon adjacent to control sections) from

the same mussels (Figure 22).
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Figure 21. Slightly oblique longitudinal cross-section containing
numerous labelled epithelial cell nuclei (arrows) in the
gill furrow in the posterior gill of M. margaritifera
sacrificed 4 hrs after injection with 3H-TdR. Section
treated with Tris buffer for 18-20 hrs at 37°C. Methyl
green-pyronin Y. Exposure 2 days. 800X.
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Figure 22. Slightly oblique longitudinal cross-section of the gill
furrow in the posterior gill of M. margaritifera sacrificed
4 hrs after injection with 3H-TdR. Section treated with
DN'ase for 18-20 hrs at 37°C. Adjacent section in ribbon
to section in Figure 21 and same field of view. Methyl
green-pyronin Y. Exposure 2 days. 800X.
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IV. DISCUSSION

A. Function and Anatomy of the Gill

1. Function of the Gill

The major functions of the gill are concerned with respiration

and food collection. Cilia on the gills maintain a steady current which

brings oxygenated water in close contact with blood sinuses and also

brings food particles and detritus to the cilia where they are sorted

and separated (Galtsoff, 1964).

2. Gross Anatomy of the Gill

The gills of M. margaritifera consist of four demibranchs

(folds) of tissue suspended from the visceral mass. Two folds arise

on each side of the visceral mass from a common ridge. At the level

of the posterior adductor (Figure 8, line 1), in longitudinal cross-

section, the visceral mass is not interposed between the four demi-

branchs (Figure 6). Each demibranch appears V-shaped, with a

descending lamella arising from the common ridge and an opposite

ascending lamella. Along the entire inner length of each demibranch

is the interlamellar space (Galtsoff, 1964).

In a lateral view, the surface of each lamella of a demibranch

appears as a sheet of parallel alternating ridges and furrows that
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extend vertically from the proximal to distal demibranch. Each

ridge is supported by a pair of vertical chitinous rods. A latitudinal

cross-section cuts across the parallel ridges and shows much of this

structure and the epithelial cells on the gill surface (Figure 7B)

(Meglitsch, 1967).

3. Gill Epithelium

In latitudinal cross-section (Figure 7B), the outer surface of

each lamella can be seen to be covered with a layer of epithelial cells.

The gill furrow (Figure 12) epithelium varies with the location of the

plane of the section. Most commonly, the epithelium consists of a

single layer of simple cuboidal cells with interspersed gland cells

(probably mucoid) (Bloom and Fawcett, 1966). The epithelium on the

gill ridge side (Figure 12) is transitional in appearance. The proximal

portion may be simple cuboidal, or simple columnar epithelium. As

the distal portion of the gill ridge side is approached, there is an

apparent transition to a simple columnar ciliated epithelium. The

gill ridge tip (Figure 12) is a simple columnar ciliated epithelium with

interspersed gland cells (probably mucoid) and an extrusion region

(Bloom and Fawcett, 1966).

B. Study of Diurnal Rhythm in the
Posterior Gill Epithelium

It was not established whether or not there is a diurnal rhythm
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in DNA synthesis in the posterior gill epithelium. The possibility of

such a regular cyclic change cannot be eliminated.

Latitudinal cross-sections permit observation of only one

epithelial cell at any one location on the gill lamella (Figure 7B). Ih.e

mussels were sacrificed three hours after injection and fluctuation in

the number of labelled epithelial cell nuclei may remain low enough so

they are not detected in latitudinal cross-sections. This possibility

was supported by later studies.

In short-term labelling studies, which also utilized a latitudinal

cross-section, labelled cells were not detected at four hours after

injection, but labelling was observed in mussels sacrificed at later

time intervals (10, 24, and 48 hours PI) (Figures 13, 14, 15, and 16).

In order to use 3H-TdR in the study of cell populations, it has been

assumed that it is quickly incorporated into DNA or degraded

(Cronkite et al. , 1959). If this assumption is correct, it suggests

that, if labelling occurs at all, then it must have been present very

soon after injection, certainly within four hours.

Long-term labelling studies, which utilized a longitudinal or

slightly oblique longitudinal section (Figure 6), support the above

statements. The first sacrifice time in this study was four hours PI

and labelling was observed in slightly oblique longitudinal sections

(which allow the viewing of a series of adjacent cells along gill

furrows, gill ridge sides, and ridge tips) (Figure 17).
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It may also be possible that there is no diurnal rhythm in the

posterior gill epithelium. Cyclic changes in DNA synthesis are

apparently related to periodic stress (such as tidal cycles in the case

of some marine mollusks) (Feinendegen, 1967). I am aware of no

such periodic stress on M. margaritifera. Finally, the posterior gill

epithelium has a relatively high proliferative rate and it has been

demonstrated for the mouse that such tissues do not show periodic

fluctuations (Pilgrim, Erb, and Maurer, 1963).

C. Short-Term Labelling Study

1. General Results

The usefulness of high specific activity 3 H-1 as a DNA

specific label in the freshwater mussel was confirmed by results

obtained in the short-term labelling study. A wide range of tissue

types had heavily labelled nuclei (5 -70 grains per nucleus) even though

the total numbers of cells undergoing DNA synthesis was relatively

low (with the exceptions of gill and connective tissue cells) (Figures

9, 10, and 11). The exposure time of three days compares very

favorably with other invertebrate studies using low specific activity

isotopes which require 15 days to 6 months of exposure (Holland,

Phillips, and Giese, 1965; Beeman, 1970).

It appears that injection into the visceral mass is the most



49

favorable method of introducing isotope. It is less traumatic and

experiments involving serial sacrifices can be conducted for extended

periods of time. Since I was not able to observe labelling in mussels

injected into the pericardial sinus, there is no direct evidence that

this method is an effective means of labelling. However, there is no

reason why labelling should not have occurred. I have interpreted the

apparent lack of labelling, using this method, to be due to the low

numbers of cells labelled at early sacrifice times.

2. Cell Renewal in the Posterior
Gill Epithelium

It has been assumed that 3H-TdR is a specific label incorporated

into synthesizing DNA and that a synthesizing cell will divide

(Cronkite et al. , 1959; Cleaver, 1967). The gills of M. margaritifera

are covered with morphologically specialized cells that are turned

over (e. g. , cell death, extrusion) as a result of normal function. The

presence of labelled nuclei in the gill epithelium is associated with cell

renewal activity. Cell renewal involves the continuous supply of new

cells to replace those lost through cell death and extrusion (Thrasher,

1966).

The process of cell renewal in the gill epithelium of M.

margaritifera appears to be in a steady state (i. e., the rate of cell

production balances the rate of cell loss) (Thrasher, 1966). No
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emigration or immigration of labelled nuclei out of or into the epi-

thelium was observed.

The epithelial surface can be divided into contiguous populations

or compartments of cells that can be defined on the basis of morphology

and location (Thrasher, 1966; Cleaver, 1967).

Cells of simple cuboidal type located in the gill furrow (Figure

12), where labelled nuclei are first observed (Figure 13), appear to be

a stem type population which, through proliferation, supplies undif-

ferentiated replacement cells for other compartments. Cells of

simple cuboidal or simple columnar type located on the gill furrow

edge and proximal gill ridge side (Figure 12), where labelled nuclei

are next observed (Figure 14), appear to be a dividing transient,

maturing population. Simple columnar ciliated epithelial cells located

on the distal portion of the gill ridge side and on the gill ridge tip

(Figure 12), where labelled nuclei are last observed (Figures 15 and 16),

appear to be a simple transient population of functional cells that

eventually die and/or are extruded from the gill ridge tip.

There seems to be evidence that a dividing transient population

is located along at least a portion of the gill ridge side. In a stem

population, each division results in an average of one-half of the

population migrating into the next compartment (Thrasher, 1967). A

ratio of the number of labelled cells in the stem compartment to total

labelled cells gives an approximation of the number of divisions that
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have occurred (Cameron and Thrasher, 1971). Using the data in

Appendix Table X, it can be seen that the ratio of labelled gill furrow

cells to total cells at 48 hours PI is 0.0615. If no division occurred

along the gill ridge side, it would take about 15 divisions of the stem

population in 48 hours to achieve this ratio. This indicates that cells

in the gill ridge side are also dividing, since it is very improbable

that molluscan cells could be dividing at that rate.

As cells migrate out of the gill furrow and up the gill ridge side,

they mature and undergo morphological, and presumably physiologi-

cal, specialization to become functional gill epithelial cells. This

transition makes sharp distinctions between compartments difficult.

Therefore, the cell renewal system in the gill epithelium of

M. margaritifera appears to consist of a stem-type population in the

gill furrow which supplies, through division, cells for a maturing,

dividing transient, transitional population along the proximal gill

ridge side which, in turn, supplies cells to a simple transient,

differentiated, functional population on the distal gill ridge side and

tip. Loss of cells from the cell renewal system appears to be through

cell death and/or extrusion from the gill ridge tip. The minimum

transit time from the dividing transient population to the functional

population in the gill ridge tip may be no more than 24 hours.
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3. Other Cell Renewal Systems

a. Blood Cells

A small number of labelled nuclei were observed in the connec-

tive tissue of the gill lamella from 10-48 hours PI (Figure 11). I was

unable to determine cell type or observe any significant increase or

decrease in their number or any migration.

It is possible that some of these cells may be precursors to

some of the formed elements of the blood. Little is known of blood

cells in invertebrates. Differentiation may occur in the blood and

some lymphoid tissues have been reported (Meglitsch, 1967).

I was able to positively identify only one blood cell in fixed and

stained (H and E) sections; a relatively large, round cell with a round,

eccentric basophilic nucleus and with an eosinophilic cytoplasm. This

cell type was present in relatively large numbers in the blood sinuses

and arteries and apparently does not divide or have a life span of 42

days or less as I never observed it to be labelled, even in long-term

studies.

Cheney (1969) has done a study of morphogenesis, morphology,

and reactive responses of 3H-TdR labelled leucocytes in the Manila

clam, Tapes semidecussata, that covers much of what is known about

renewal of molluscan blood cells.
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D. Long-Term Labelling Study

1. General Results

The usefulness of high specific activity 3H-TdR in studies of

cell renewal in M. margaritifera was also confirmed in the long-term

labelling study. A wide range of tissue types were labelled. No clear

radiobiological effects were observed through 42 days PI. Exposure

times of only two days compare very favorably with exposure times

of 15 days to 6 months required in low specific activity experiments

(Holland, Phillips, and Geise, 1965; Beeman, 1970).

2. Cell Renewal in the Posterior
Gill Epithelium

Long-term labelling studies support conclusions, reached from

short-term studies, about the process of cell renewal in the gill

epithelium of M. margaritifera. The same compartments were

identified and minimum transit time, once again, may be no more than

24 hours from the dividing transient population to the functional popu-

lation in the gill ridge tip (Figures 17, 18, and 19).

Between four and seven days PI, an obvious decline in observed

labelled nuclei occurs (Appendix Table XI). This decline is apparently

due to repeated division of stem cell populations, reducing the number

of grains per nuclei, in some cells, to an undetectable level, and
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migration of labelled cells through maturing and functional compart-

ments to be lost by cell death and/or extrusion from the gill ridge tip.

It is possible to detect labelled nuclei at 42 days PI in the gill

furrow areas while none are seen along the gill ridge sides or gill

ridge tip (Figure 20). There are several possible explanations for

this phenomenon.

Cleaver (1967) has presented evidence that salvage of labelled

breakdown products can become important in long-term in vivo

experiments with 3 H-7:dR. However, I have shown that this is not an

important factor through four days PI (Figures 21 and 22), and, if it

occurred, it seems likely that such labelling would continue to be seen

throughout the renewal system. There are two other possible explana-

tions.

Growth delay has been shown to be a radiobiological effect of

X-irradiation (Cleaver, 1967; Mitchison, 1971). Some cells in the

stem population may be labelled during synthesis of DNA and then

undergo a radiation-induced growth delay that could result in their

presence in autoradiographs after other label had been lost. However,

this is not a clear example of a radiobiological effect. It has been

shown that, in some cell renewal systems, some of the stem type

cells may enter a Go phase (i. e. , a population of cells that, after

DNA synthesis, enter the cell cycle at a later time) (Cleaver, 1967).

Such a reserve population may be present in gill furrow epithelium.
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3. Other Cell Renewal Systems

a. Blood Cells

The observation of labelled nuclei in connective tissue has already

been discussed. Meglitsch (1967) has stated that the small arteries of

some mollusks have an endothelial lining that can detach to form blood

cells. This may occur in M. margaritifera. Labelled cells were

observed that appeared to be part of the endothelial lining of some

blood sinuses and arteries. No other observations were made

regarding this possibility.

b. Cell Renewal in the Intestine

Mix (1971, 1972a) has studied cell renewal in various portions of

the digestive tract of the Pacific oyster, Crassostrea gigas, and

described renewal systems for two cell types in the oyster gut.

Labelled nuclei were observed in M. margaritifera in the basal

portion of the epithelial lining of the rectum and intestine and may

correspond to the gland cells described by Mix (1971) as undergoing

division in the basal portion of the gut epithelium. No emigration or

immigration of labelled nuclei was observed in the intestinal epi-

thelium.

c. Cell Renewal in the Inner
Mantle Epithelium

The inner mantle epithelium apparently has a very low rate of

cell renewal with only scattered nuclei observed to be labelled. These
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nuclei were located in the epithelium itself and no emigration or

immigration was observed. The distal and outer mantle epithelium

were difficult to analyze due to the presence of many pigment granules

that obscured labelling.

E. Deoxyribonuclease Digestion Study

Labelled thymidine (TdR) can undergo self-decomposition in

storage to produce labelled by-products and degradation pathways of

TdR can produce labelled breakdown products. Both of these proces-

ses can interfere with studies that rely on specific labelling of DNA.

High specific activity increases the overall rate of self-

decomposition. Rate of decomposition is closely proportional to the

dose rate from emission of beta-particles, which is dependent on the

concentration of labelled molecules (specific activity). Non-sterile

storage and subsequent infection by microorganisms can result in

enzymatic degradation, loss of labelled thymidine, and an accumula-

tion of breakdown products (Cleaver, 1967). In order to minimize

these two processes, solutions of labelled TdR were maintained

under sterile, cold (4°C) conditions and were used within one month

of the last radiochemical purity check.

In the degradation pathway of thymidine, the labelled methyl

group may be lost by demethylation of TdR or one of its breakdown

products. These methyl groups can be incorporated into proteins and



57

result in cytoplasmic labelling. However, the amount of label

incorporated into proteins is low compared to that incorporated into

DNA and is not usually detectable when short exposure times are used

(as was the case in this study) (Cleaver, 1967).

That the above precautions and conclusions were successful and

correct is supported by the results of the DN'ase digestion study.

Since all label was removed from digested sections (Figure 22) as

compared to control slides (Figure 21), labelling by breakdown or

self-decomposition products was not a factor in labelling through 48

hours PI. All labelling observed was specific labelling of DNA.

F. Possible Radiobiological Effects
of Labelled Thymidine

Incorporated labelled thymidine has been shown, under certain

conditions, to cause a range of radiobiological effects including; growth

delay, chromosomal aberrations, mutations and cell killing (Cleaver,

1967). Disintegration of a tritium molecule results in the emission of

a beta-particle and transmutation of the emitting nucleus (3H to 3 He).

Transmutation of the emitting nucleus has a negligible effect since the

vacated hydrogen atom sites in the pyrimidine ring are filled by

hydrogen atoms present in living cells. Emission of beta-particles is

responsible for any radiobiological effects (Cleaver, 1967).

The effects of beta-emission depend quantitatively on the number
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of
3H-TdR molecules incorporated into DNA, which is, in turn,

determined by the total concentration of I'dR available, and the specific

activity (Cleaver, 1967). Total concentration of TdR available is

difficult to determine, but was similar to that available in many

previous experiments in mammals (Thrasher, 1966; Cleaver, 1967;

Gude, 1968). Specific activity was higher than the levels used in

previous experiments and it may be suggested that this could increase

radiobiological effects.

'I his possibility cannot be eliminated and was considered in all

interpretations of data. However, no clear radiobiological effects were

observed in any of the studies performed. It must be remembered

that one of the major considerations, in using high specific activity

3H-TdR in these studies, was that periods of DNA synthesis might be

long in relation to the time of 3H -TdR availability. This would

reduce the amount of 3 H-TdR incorporated and consequently, radio-

biological effects.
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V. CONCLUSIONS

High specific activity tritiated thymidine may have great

potential for application in cell renewal studies in mollusks and other

organisms in which the time of DNA synthesis may be long with

respect to the time of 3H-TdR availability. I was unable to detect any

clear radiobiological effects or presence of excessive labelled by-

products, although such possibilities cannot be eliminated from con-

sideration in further studies.

The short exposure times (2-3 days) are very attractive in

comparison with long exposure times (up to 6 months) required in

previous studies of cell renewal in mollusks. If limited time is

available in which to establish normal cell renewal systems and their

parameters, such a time saving could be crucial to success.

Injection into the visceral mass was an effective means of

introducing 3H-TdR into M. margaritifera. Labelling was observed

in all tissues studied stomach, intestine, rectum, mantle epithelium,

gills, some blood cell types, and connective tissues in most areas

of the body.

It was not established whether or not there is a diurnal rhythm

in DNA synthesis in the gill epithelium of M. margaritifera and the

possibility of such a regular cyclic change cannot be eliminated by

results obtained in this study.
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The cell renewal system in the gill epithelium of M. margaritifera

appears to consist of a stem-type population in the gill furrow which

supplies, through division, cells for a maturing, dividing transient,

transitional population along the proximal gill ridge side which, in

turn, supplies cells to a simple transient, differentiated, functional

population on the distal gill ridge side and tip. Loss of cells from the

cell renewal system appears to be through cell death and/or extrusion

from the gill ridge tip. No emigration or immigration of labelled

nuclei out of or into the gill epithelium was observed. The minimum

transit time from the dividing transient population to the functional

population in the gill ridge tip may be no more than 24 hours.

Blood cell renewal systems in M. margaritifera are not known.

However, there is some evidence precursors may originate in

connective tissue or from the endothelial lining of blood sinuses and

arteries. :there was no evidence for synthesis of DNA in recognized

blood elements.

Cell renewal in the inner mantle epithelium of M. margaritifera

proceeds at a relatively low rate. Any cell in the epithelial surface

may be capable of division to replace cells lost through death. No

evidence of emigration or immigration of cells was observed.

Cell renewal in the intestine of M. margaritif era also proceeds

at a relatively low rate. One cell type (probably glandular) was

observed to be labelled and may undergo replacement through division
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in the basal portion of the epithelium. No evidence for emigration or

immigration of labelled cells was observed.
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Appendix Table I. Artificial Stream Water (Doudoroff, 1956).

1. Add 630 mg of CaCO3 to 3 liters of glass-distilled water.

2. Bubble solution with CO2 and shake occasionally until CaCO3 is
dissolved (0. 5 to one hour).

3. Take 1.5 liters of the Cal-1CO3 formed and add it to 16.5 liters of
glass-distilled water.

4. Add 4. 5 ml of salt solution consisting of the following quantities
of salts in one liter:

O. 0058 g
0.00185 g
O. 0011 g

NaCI
MgSO4
K2504

5. Let air bubble through the finished solution overnight to remove
excess CO2.
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Appendix Table II. Cleaning and Subbing Procedure (Gude, 1968;
Salamone, personal communication).

Cleaning procedure

1. Place pre-cleaned slides in 100% ethyl alcohol for 45 minutes.

2. Pass through two changes of glass-distilled water and dry with
a lint-free cloth.

Subbing procedure

1. Add 0. 5 g of gelatin (U.S. P. grade) to 100 ml of glass-distilled
water and heat at 60-70°C until gelatin dissolves.

2. Cool mixture, then add 0.05 g of chrome alum and dissolve.

3. Let mixture stand for one hour before use.

4. Dip test slides in mixture to test for the presence of bubbles
and/or particles (mixture can be filtered if necessary).

5. Place slides to be subbed back to back and dip smoothly in and
out of the mixture.

6. Allow to drain dry vertically in rubber covered test tube racks
over moist towelling and covered with a lint-free cloth.

7. Store slides until needed.
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Appendix Table III. Deparaffinization Procedure (Modified for
Molluscan Tissue) (Mix, personal communication).

Step Time

Xylene DI

Xylene DII

100% Ethyl alcohol DI

100% Ethyl alcohol DII

95% Ethyl alcohol DI

Glass-distilled water DI

5 minutes

5 minutes

3 minutes

3 minutes

3 minutes

3 minutes or longer

Appendix Table IV. Developing Procedure (Modified from Kopriwa
and Leblond, 1962; Gude, 1968).

Step Time

Kodak D-19 Developer

Stop bath of glass-distilled water
Kodak acid fixer with hardener
Slowly running water

2 minutes

8-10 dips

3 minutes

15 minutes

All solutions maintained at 18 oC by ice baths.
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Appendix /able V. Dehydration Procedure (Modified for Molluscan
Tissue) (Mix, personal communication).

Step Time

70% Ethyl alcohol DI Overnight

80% Ethyl alcohol DI 1-2 hours

95% Ethyl alcohol DI 1 hour

95% Ethyl alcohol DII 1 hour

100% Ethyl alcohol DI 1 hour

100% Ethyl alcohol DII 1 hour

Xylene DI 1 hour

Xylene DII 1 hour

Paraffin DI 1-2 hours

Paraffin DII 1-2 hours
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Appendix lable VI. Harris Hematoxylin and Eosin Stain (Modified for
Molluscan Tissue) (Mix, personal communication).

Step Time

Harris hematoxylin 1-15 minutes

Water Wash slowly until no
stain comes off

1% HC1 in 70% Ethyl alcohol 3-10 dips

Water

70% Ethyl alcohol DI

0. 5% Eosin in 70% Ethyl alcohol

95% Ethyl alcohol DI

95% Ethyl alcohol DII

100% Ethyl alcohol DI

100% Ethyl alcohol DII

Carbol xylene (1:3)

Xylene DI

Xylene DII

Xylene DIII

Wash slowly until no
stain comes off

2 minutes or longer
20 seconds, drain

10 seconds

5 seconds, drain
5 seconds

5 seconds, drain
5 seconds

1 minute

2 minutes

10 seconds, drain
10 seconds

30 seconds

1 minute

3 minutes or longer

Results:
Nuclei: blue--with some metachromasia
Cytoplasm: various shades of pink
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Appendix Table VII. Modified Gomori's Trichrome Stain (Sprague,
personal communication).

Trichrome Stain:

Chromotrope ZR
Light green SF
Phos photungs tic acid
Glacial acetic acid
Glass-distilled water

0. 6 g
0. 3 g
0. 7 g
1. 0 ml

100. 0 ml

Add acetic acid to dry ingredients, let stand for 15 to 30 minutes,
then add glass-distilled water. Good stain is purple in color.

Step Time

Trichrome 15 minutes

1% Acetic acid in 90% Ethyl alcohol DI 10 dips

1% Acetic acid in 90% Ethyl alcohol DII 10 dips

95% Ethyl alcohol DI 3 minutes

100% Ethyl Alcohol DI 3 minutes

100% Ethyl alcohol and Xylene (1:1) 3 minutes

Xylene DI 3 minutes or longer

Results:
Muscle fibers, cilia; red to purple
Nucleoli: bright red
Nucleus: purple
Connective tissue: various shades of green
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Appendix Table VIII. Methyl Green-Pyronin Y Stain (Gurr, 1965).

Solutions:

A. Pyronin Y 2 g
Distilled water 100 ml

Extract with chloroform by shaking the above solution
in a separatory funnel until the chloroform layer is
nearly colorless.

B. Methyl green 2 g
Distilled water 100 ml

Extract as with solution A.

C. Pyronin Y solution 12.5 ml
Methyl green solution 7.5 ml
Acetate buffer pH 4.7 30.0 ml

Solution C deteriorates rapidly and should not be
made until just prior to staining.

Step

Deparaffinize the usual way (Appendix Table III)

Solution C

Blot with tissue paper
N-butyl alcohol DI

N-butyl alcohol DII
Xylene DI

2 im e

6 minutes

5 minutes

5 minutes
5 minutes

Results:
DNA (chromatin): clear green
Nucleoli: bright red
RNA of cytoplasm: red
Eosinophilic granules: red
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Appendix Table IX. Deoxyribonuclease Digestion Procedure (Modified
from Luna, 1968).

Solutions:

Deoxyribonuclease (DN'ase) solution
DN'ase I, crystalline

(Aldrich: cat. no. 85, 481-6)
1. 0 mg

0. 2 M MgCl2 (4. 066% MgC12 6H20) 22. 5 ml
0. 2 M CaC12 (2. 2% CaC12) 2. 5 ml
0. 1 M Tris buffer, pH 7. 3 20. 0 ml
Glass- distilled water 55. 0 ml

Tris buffer solution (stock)
Solution A

Trihydroxymethylaminomethane 2. 43 g
Glass-distilled water 100.0 ml

Solution B
HCI, concentrated (1. 1837) 0. 084 ml
Glass-distilled water 99.2 ml

Iris buffer solution, pH 7, 3 (working)
Solution A
Solution B
Glass-distilled water

Procedure:

1. Deparaffinize (Appendix Table III).

10. 0 ml
17. 0 ml
13. 0 ml

2. Treat sections with DN'ase solution and Tris buffer solution.*

3. Wash with slowly running water for 10 minutes.
4. Coat with emulsion and proceed with other steps as previously

described.
5. Stain with methyl green-pyronin Y (Appendix Table VIII); if the

digestion was successful, the slides treated with Tris buffer will
stain for DNA and the slides treated with DN'ase will not.

For 18-20 hours at 37°C
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Appendix Table X. Partial Slide Reading from Short-term Labelling
Study.

Hours
PI

Number
slides

1 3

2 3

4 2

10 3

24 3

48 3

Observed Labelling*
No.Location labelled / No. grains

cells / per cell

NA **NA None /NA

NA None /NA

NA None /NA

gill furrow 26 /60-70
gill ridge side 34 /50-60
gill ridge tip None /NA

gill furrow 89/50-60
gill ridge side 244/40-50
gill ridge tip 86/25-40

gill furrow 7/10-20
gill ridge side 62 /25-35
gill ridge tip 45 /10-15

**

All gill epithelial cells

Not applicable
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Appendix Table XI. Partial Slide Reading from Long-term Labelling
Study.

ime
PI

Number
slides

4 hrs .3

1 d 3

2 3

3 3

4 3

7 3

17 3

21 3

28 3

35 3

42 3

Observed Labellin,:'
No. labelled No. ..,,rainsLocation cells per cell

gill furrow 114 /15 -25
gill ridge side 9/15 -25
gill ridge tip None /NA**

gill furrow 5 1/10-2 0
gill ridge side 154/15-25
gill ridge tip 33 /15 -2 0

gill furrow 63/10-15
gill ridge side 62 /10-20
gill ridge tip None /NA

gill furrow 15 /5 -10
gill ridge side 42 /5-10
gill ridge tip 6/5-10

gill furrow 63/10-15
gill ridge side 108/10-15
gill ridge tip 2 3/5-10

NA None /NA

gill furrow 4/5-10
gill ridge side 3/5-10
gill ridge tip None /NA

gill furrow 2 /5 -10
gill ridge side N one /NA
gill ridge tip N one /NA

gill furrow 3/5-10
gill ridge side None /NA
gill ridge tip N one /NA

gill furrow 8/10-15
gill ridge side None/NA
gill ridge tip None /NA

gill furrow 12 /5 -10
gill ridge side None /NA
gill ridge tip None /NA

**All gill epithelial cells
**Not applicable

All times following are in days


