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Tissues from the marine isopod Idothea wosnesenskii

(Brandt) were surveyed for the presence of polyploid cells.

Large polyploid cells were found in the hepatic cecum, gut

and sheath of the testis.

The relative DNA content of the polyploid nuclei was

measured by means of two wavelength cytophotometry. Histo-

grams plotted from the data provide information on the level

and range of the nuclear DNA, and on changes during the

course of development.

Nuclei from the adult hepatic cecum range from 32C to

256C and do not conform to discrete DNA multiples. In

juveniles, the hepatic cecum nuclei vary from 16C to 64C.

In emergers, however, they are arranged in distinct classes

of 2C. 4C, and 8C nuclei.

The incidence and development of ploidy in the midgut

are similar to the hepatic cecum of both adults and

juveniles. The hepatic cecum cells of newly emerged



specimens, however, all have 2C nuclei.

Nuclei of testis sheath cells form a doubling series

corresponding to discrete nuclear classes. In adults,

75 percent of the nuclei are 16C, and the remainder 32C.

A bimodal distribution is also found in juvenile specimens,

but the DNA values are lower. The frequency of nuclei in

each class shifts as the animals grow.

Simultaneous measurements of nuclear volume and DNA

content were made on nuclei of the hepatic cecum. It was

found that the correlation between these two factors is

high, enabling a reasonably accurate estimation of the

nuclear DNA content from a measurement of the nuclear

diameter.

Autoradiographic evidence indicates that adult testis

sheath nuclei continue to synthesize DNA, while adult

hepatic cecum and midgut nuclei do not. In juvenile

specimens, nuclei of all three tissues synthesize DNA.

Cells of the hepatic cecum and midgut do not respond

to crustecdysone, whether exposed in vitro or in vivo.

Testis sheath cells, however, respond to the molting hormone

when exposed in vitro.
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THE INCIDENCE AND DEVELOPMENT OF SOMATIC POLYPLOIDY
IN THE MARINE ISOPOD Idothea wosnesenskii

INTRODUCTION

A frequently stated generalization of elementary

biology affirms that the somatic cells of an organism are

diploid. This notion is only partially correct, for all

multicellular plants and animals normally have polyploid

cells in certain tissues (White, 1973).

While the phenomenon of somatic polyploidy was suspected

and occasionally reported in the early literature of cell

biology, the first detailed studies were those of Geitler

(1937, 1938, 1939, 1941) on waterstriders of the genus

Gerris. Subsequently, Boivin, et al. (1948) and Vendrely &

Vendrely (1949, 1950) carried out a number of investigations

on the DNA content of a variety of vertebrate tissues. In

the beginning, the results, based on DNA determinations of

aliquot tissue masses, revealed a fairly constant amount of

DNA per tissue and even between different tissues of the

same organism. This prompted Boivin et al. to propose the

theory of intraspecific nuclear DNA constancy. In 1949,

however, Mirsky & Ris reported tissue DNA values which were

significantly greater than twice the haploid values obtained

from spermatozoa. These results led Mirsky & Ris to suggest

that true variations in the nuclear DNA content of cells

in vertebrate tissues may be a normal occurrence.
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The study of somatic polyploidy requires an accurate

method of estimating the number of chromosome sets or amount

of nuclear DNA present. One such method is simply to count

chromosomes. While this approach may be useful, it is not

feasible unless mitotic figures are available and the

chromosomes are sufficiently large to be countable, condi-

tions that occur infrequently in somatic polyploidy.

Measurement of nuclear volume has been used on occasion,

but may be unreliable because the size of the nucleus is

not necessarily proportional to the chromosome number or

the DNA content. By counting heteropycnotic X chromosomes,

Geitler was able to circumvent the problems of small

chromosome size and large chromosome number. Unfortunately,

X chromosomes are not always heteropycnotic, and in some

species the condensed X's tend to fuse. Similarly, count-

ing nucleoli usually is not practical because the number

per chromosome set is variable, and they tend to fuse when

present in large numbers.

Many of the difficulties hampering the accurate measure-

ment of nuclear DNA content disappeared with the advent of

cytospectrophotometric techniques. The first of these,

introduced by Casperson in 1936, was based on the marked

absorption of ultraviolet light at 260 nm by the purine and

pyrimidine bases of nucleic acids. Ultraviolet cytopho-

tometry did not become widespread, however, because it

required expensive quartz or first-surface reflecting optics.
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Cytophotometry in the visible range was developed by

Pollister & Ris (1947) and Pollister & Moses (1949). This

technique, involving the measurement of light absorption

by quantitatively stained nuclei, met with rapid acceptance

and was soon refined with numerous technical improvements.

Of special significance was the two wavelength method,

which permits accurate and reproducible measurements of

individual nuclei. Since this technique was introduced

(Patau, 1952; Ornstein, 1952), it has become the method

of choice for the study of somatic polyploidy.

The advent of cytophotometry brought a rapid prolifer-

ation of studies on somatic polyploidy in the early 1950's.

Most of this investigative effort was directed toward the

vertebrates. In reviewing the literature, one is struck

by the dearth of information on the invertebrate phyla.

This is particularly surprising in view of the higher inci-

dence and degree of ploidy found in these animals.

Coggeshall et al. (1970), for example, reported giant

neurons in the mollusc Aplysia, whose nuclei had 75,000

times the haploid DNA content. Vertebrate cells with more

than an octaploid number of chromosomes are very rare.

The invertebrates have not been entirely ignored,

however. Work in this area includes that of Leuchtenberger

& Schrader (1951) on the salivary glands of the snail

Helix; Merriam & Ris (1954) on tissues of the honey bee;

Matuszewski (1965) on the salivary glands of the
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Cecidomyiidae; Romer(1966) on tissues of cucujid beetles;

Berendes & Keyl (1966) on polytene nuclei in Drosophila;

Wigglesworth (1967) on Malpighian tubules in Rhodnius;

Coggeshall et al. (1970) on the giant neurons of Aplysia;

Fox (1969, 1970) on various tissues in dermestid beetles

and locusts; and Roberts & Roberts (1972) on the testes

and Malpighian tubules of the dipteran Tricholioproctia.

While each of the studies mentioned above is an impor-

tant contribution, there remain many groups, including

entire Orders as well as some Classes, which have not been

investigated. Moreover, very little research has been

directed toward achieving an understanding of the develop-

mental history of endoreplication in specific tissues. To

date, the only investigators who have turned their attention

toward this problem are Berendes & Key]. (1967), who studied

polytene nuclei in Drosophila, and Fox (1971), who studied

tissues of the beetle Dermestes. A full exploration of the

incidence, range, and degree of somatic polyploidy among

the invertebrates may provide useful leads for research

into its origin, development, control, and significance.

At the beginning of the present investigation, a

number of marine invertebrates were surveyed for the

presence of polyploid cells, particularly Crustacea, which

have not been studied previously. This led to the dis-

covery of extensive ploidy in tissues of the marine isopod

Idothea wosnesenskii (Brandt). Certain tissues, such as
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the hepatic ceca, gut, and male reproductive tract, were

found to contain many very large cells, with some nuclei

exceeding 50 u in diameter.

In view of the limited extent of our knowledge on the

phenomenon of endoreplication, and the excellence of the

isopod material, the author undertook this investigation

into the incidence and development of somatic polyploidy

in Idothea. The specific objectives of this research were:

1) to determine the extent of polyploidy in different
tissues of Idothea;

2) to study the histological associations of the

polyploid cells;

3) to determine the relationship between nuclear
volume and DNA content;

4) to determine the range, level, and distribution
of ploidy in the tissues;

5) to follow the development of endoreplication in
tissues of embryonic and juvenile isopods; and,

6) to determine experimentally the effect of
ecdysterone on the mechanism of endoreplication
in the polyploid tissues.
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MATERIALS AND METHODS

The isopods used in this study were collected on the

mussel-encrusted rocks at North Agate Beach, in the shelter

of Yaquina Head, on the central Oregon coast. While

several species of isopods occur in this habitat, Idothea

wosnesenskii was selected for study.

In the laboratory the animals were easily maintained

in a ten gallon saltwater aquarium equipped with an aeration

device and a filtration unit. Since Idothea is an omnivor-

ous scavenger of plant and animal matter (Menzies, 1950),

the animals could be maintained for several months by add-

ing clumps of mussels to the aquarium; no more specific

feeding was required.

Female isopods are equipped with a brood pouch, or

"marsupium", in which the young are carried. The embryonic

isopods are extruded into the marsupium shortly after

fertilization, and remain there until ready to emerge on

their own. Thus immature isopods are easily obtained in

large numbers.

Specimens were collected at all seasons of the year.

Most of the females collected were found to be brooding

young, no matter what the season. The few females that did

not have young in the marsupium invariably had oviducts

full of eggs. Although there did not appear to be any

synchrony with respect to the reproductive or molt cycles,
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to be certain one would need to monitor a population of

isopods on a daily basis.

Embryonic Development

Fertilization in Idothea is internal. Mating pairs

are commonly collected in the field. The male is usually

somewhat larger than the female and grasps the margin of

her tergites with his clawed pereiopods. McMurrich (1895)

describes a process of impregnation by means of "injection"

in Jaera. Other authors merely state that sperm are

introduced into the oviducts of the females, without giving

any specific details.

The centrolecithal nature of early cleavage in the

Isopoda was first described by Van Beneden (1869). Zygotes

are extruded from the oviduct into the marsupium at what

would correspond to the eight-cell stage (Korschelt &

Heider, 1895; Stromberg, 1965). Synchrony is maintained

through the sixth nuclear replication (Stromberg, 1965).

Up to one hundred twenty-five young have been found in a

single marsupium, and generally all are at the same stage

of development.

There are at least four easily designated embryonic

stages in the marsupium (Naylor, 1954). The first of

these is the egg membrane stage, encompassing the formation

of the blastodisc and gastrulation. At this point the

zygotes are roughly spherical, although somewhat compressed
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laterally because of the number of offspring in the marsu-

pium. The second stage includes embryos in which segmenta-

tion has started and appendages have begun to appear. At

this stage the embryos are enclosed within an embryonic

membrane and have elongated somewhat. The third stage

appears after the embryonic membrane has ruptured and most

of the appendages are fully formed. The last stage includes

young which are very similar in morphology to the adults,

ready to emerge from the marsupium, and they are here

referred to as "emergers". The emergers are approximately

three millimeters long. Juvenile isopods may undergo six

or seven post-marsupial molts (Howe, 1938). The exact

number of molts and diagnostic characteristics of each

instar are not generally known for most species of isopods

because, within any given population, there is a great deal

of overlap in the size and number of antennal segments and

other diagnostic features between one molt and the next.

It is generally recognized, however, that adult males

continue to molt throughout life (Naylor, 1954). In this

study, a few of the males collected measured nearly 35 mm

in length, while the average was a little less than 28 mm.

Dissection and Fixation

Organs and tissues were removed from adult and juvenile

isopods under a dissecting microscope using very fine in-

struments. The dissections were carried out in sea water,
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whose osmolarity does not cause damage to delicate tissues.

An incision was made through the dorsal plates of the

pereiopodal segments to one side of the midline. When the

incision was held open by means of insect pins, all of the

major organs of the hemocoel were exposed. (See photos

and anatomical diagram, Figures 1, 2, 3 and 4).

The tissues to be studied cytophotometrically were

quickly removed with fine forceps and immersed in freshly

prepared Carnoy's fixative (absolute ethanol and acetic

acid, 3:1). This fixative is particularly useful in

cytophotometry because it penetrates rapidly, preserves

chromatin very well, and contains no formalin or other

aldehyde which could interfere with the Feulgen nucleal

reaction. Tissues were fixed for a period of one to four

hours, with occasional replacement of the fixing solution.

After fixation, the material was stored in 70 percent

ethanol and placed in a freezer. Tissues handled in this

manner keep well for months with no apparent loss of DNA.

Tissues for histological study were removed from

live specimens, as described above, and immersed in Bouin's

fixative. Such material was prepared for paraffin embedd-

ing and sectioning using routine microtechnique. Sections

were cut at ten microns and stained with iron hematoxylin.

Whole mounts of hepatic cecum, gut, and testis were

prepared from Carnoy-fixed intact organs. These were hydro-

lyzed and stained with Feulgen reagent. They were then
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cleared in xylene, infiltrated with balsam, and mounted

under supported coverslips. Organs thus treated are

rendered transparent, except for the nuclei, which are

densely stained and fixed in their normal positions within

the tissue.

Squash Preparation

Preserved tissues were removed from the freezer, rinsed

briefly in distilled water, and hydrolyzed for 90 minutes

in 5N HC1 at room temperature. A variety of hydrolysis

times, acid concentrations, and temperatures have been

suggested in the literature. Most common of these is

1N HCI for one hour at 60°C (Salisbury, et al. 1964).

More recently, however, Decosse and Aiello (1966) have

demonstrated that maximum hydrolysis occurs more reliably

in stronger acid at room temperature. Elevated temperatures

have been shown to result in a partial loss of DNA as well

as RNA. The stronger acid permits complete hydrolysis.

After 90 minutes, hydrolyzed tissues were removed

from the acid and rinsed twice in distilled water. They

were then stained in leucofuchsin (Feulgen reagent) for

one hour. Upon removal from the stain, the tissues were

rinsed twice in a solution of sodium metabisulfite (1 ml

10% Na(S03)2, 1 ml 1N HC1, 20 ml H20) and immersed in

45 percent acetic acid.

Pieces of tissue to be squashed, usually intact
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organs, were placed in a drop of 45 percent acetic acid oh

a glass slide, carefully covered with a glass coverslip, and

squashed by light taps from a pencil eraser. To obtain good

preparations, in which the large nuclei are adequately

flattened but not disrupted or obliterated, it is necessary

to use a light but sharp application of pressure.

Each slide was frozen by holding it against dry ice,

after which the coverslip was quickly pried off with a

razor blade. The slides were then air-dried on a slide-

warming tray. This drying caused the tissue to become

firmly affixed to the slide without any detectable loss of

chromophore. When dry, the slides were dehydrated in

ethanol, cleared in xylene, and mounted in Histoclad

(Clay-Admas Co.) with a glass coverslip.

It should be noted that the choice of a proper mount-

ing medium is critical to the subsequent cytophotometric

measurements. Histoclad was chosen because of its high

refractive index (1.54) and absorption characteristics.

Many mounting media commonly used for routine histological

purposes have a refractive index lower than that of cyto-

plasm fixed in Carnoy's fixative. If these media are used

for cytophotometry, the difference in refractive index

between the medium and the tissue results in a significant

increase in light scattering, and therefore a concomitant

increase in the inherent error of the measurements. The

use of a clear, colorless mounting medium is also important;
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many mounting media absorb in the visible spectrum in the

range used for cytophotometry, thus shifting the absorption

spectrum of the material being measured.

Cytospectrophotometry - Instrumentation

The cytophotometer used in this study consisted, in

part, of a Leitz microscope mounted below the bellows of

a Leitz Aristophot camera (Appendix I). In place of the

camera, an RCA 1P28 photoelectric cell was mounted on a

sliding assembly with a telescope attached so that nuclei

could be centered in the field and accurately focused.

An iris diaphragm below the phototube assembly permitted

the operator to adjust the field diameter according to the

size of the nuclear image. The combination of occular and

objective lenses in the microscope was adjusted to accomo-

date both large and small nuclei.

The phototube was connected through a power supply to

an RCA ultrasensitive microammeter. Readings were taken

directly from the dial of the microammeter. The light

source was the tungsten coil filament of a Spencer illum-

inator, which was connected to a voltage regulator to

eliminate fluctuations in light intensity. One coil of

the filament was focused on the entrance slit (0.7mm) of

the monochromator. The entire optical path was carefully

collimated. Measurements were made in a darkened room, and
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the substage diaphragm of the microscope was stopped down

to approximately one millimeter to reduce the amount of

stray light reaching the specimen and phototube.

The Photometric Procedure

The single wavelength cytophotometric technique,

originated by Pollister, Ris, and Moses, poses certain

special problems. The most significant of these is the

error inherent in measuring objects with an uneven distri-

bution of absorbing material and an irregular geometric

shape. The two wavelength technique used in this investi-

gation effectively circumvents these problems by making

use of wavelengths chosen such that the extinction at one

is exactly twice the extinction at the other. Developed

independently by Patau (1952)and Ornstein (1952), the

mathematical derivation of this technique is summarized

in Appendix II.

When using two wavelength cytophotometry, the light

transmission through each nucle'us and adjacent cytoplasm

was measured twice at each wavelength, and in a specific

order: cytoplasm, nucleus, nucleus, cytoplasm. Recording

the data in this manner permitted the detection and elim-

ination of drift due to fluctuations in the light source

or microammeter response.

The data were entered on a standard form to simplify

and organize the recording procedure and the calculations.
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(See sample data sheet, Appendix III).

Regions with the best prospects for measurement were

selected. Such regions involved the following criteria:

(1) nuclei widely separated, (2) nuclei well flattened,

(3) nuclei intact, (4) cytoplasm clear. When the area to

be measured was small, readings were made on every cell.

If the area was large, only cells lying within a pre-

determined path were measured. Additional steps taken to

avoid biased sampling were (1) measuring cells in several

regions of a slide, (2) measuring cells on several slides,

and (3) measuring a sufficiently large number of cells.

A very critical step in any cytophotometric investi-

gation is the choice of the operating wavelengths. In

this study, the wavelengths were selected from the absorp-

tion spectrum of Feulgen-stained Idothea tissue (see

Appendix IV). It will be noted that the lower of the two

wavelengths chosen is approximately 53 percent of the

higher value, rather than exactly 50 percent. Although the

theory of two wavelength cytophotometry calls for a 1:2

ratio of extinctions, empirically it has been found that a

slightly higher ratio (51 to 54 percent) yields better

results (Garcia & Iorio, 1966). The wavelengths used were

495 nm and 540 nm.
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Autoradiography

Both large (32mm) and small (15 mm) adult specimens

were injected with tritiated thymidine with a specific

activity of 20 mCi/mg, supplied by New England Nuclear.

The dosage varied from 5 pCi to 25 pCi per animal, depend-

ing on size. The injections were made with 10 pl and 100

pl syringes. The fine needles were inserted through the

cuticle, between the sixth and seventh tergites, until the

needle tips were under the epidermis of the third or fourth

segments. This procedure prevented damage to the major

organs and helped to reduce the loss of labeled thymidine

upon removal of the needle.

One hour after thymidine injection, the animals were

dissected and the tissues fixed in Carnoy's fixative for

squash preparation, as previously described. The one-hour

exposure was determined by prior trial experiments and is

similar to that used by Fox (1970). After staining with

Feulgen reagent and squashing, the slides were dipped in

Ilford K-5 autoradiographic emulsion diluted 1:1 with

distilled water. The slides were air dried in a light-

tight drying chamber with circulating air flow, and then

left for three to six weeks in the dark at 4°C. The emul-

sion was developed for two minutes in Kodak D-19 developer

at 20°C, rinsed for one minute in distilled water, and fixed

in hypo for five minutes. The slides were then washed in
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running water for one hour, dehydrated in ethanol, cleared

in xylol, and mounted in Histoclad.

Crustecdysone Experiments

Idothea at different stages of development were exposed

to crustecydsone in vivo and in vitro. The specific com-

pound used in these studies was 20(R)hydroxyecdysterone,

supplied by Sigma Chemical Co. The crystalline hormone

was dissolved in sea water containing five percent ethanol

to make a concentration of one mg/ml of hormone.

Both small and large adult Idothea were exposed to

the crustocedysone by injecting the hormone into the

hemocoel. The dose, 0.02 mg per mg of body weight, was

similar to doses administered to insects and other arthro-

pods (Stocker & Pavan, 1974). Controls were injected with

the sea water and ethanol solvent containing no hormone.

After a period of 19 to 72 hours, the specimens were in-

jected with tritiated thymidine. One hour after the

administration of labeled thymidine, tissues were dissected

from the specimens, fixed in Carnoy's fixative, stained

with Feulgen reagent, and squashed in 45 percent acetic

acid. The slides were prepared for autoradiography as

previously described.

Idothea emergers, which were too small to receive an

injection, were exposed to crustecdysone by placing them
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in sea water containing the hormone at concentrations of

0.5, 0.25, and 0.125 mg/ml. Controls were kept in plain

sea water. After 24 hours, all specimens were returned to

sea water without hormone. After the initial exposure to

crustecdysone, specimens were fixed by immersion in

Carnoy's fixative at intervals of 24 to 72 hours. They

were then hydrolyzed and stained with Feulgen's reagent.

Pieces of midgut and hepatic cecum were very carefully

dissected from the emergers and squashed in 45 percent

acetic acid. The squashes were air-dried, cleared in

xylene, and mounted in Histoclad for cytophotometric

measurement.

Organs dissected from untreated adult males were

exposed to crustecdysone in vitro. Intact midgut, hepatic

cecum, and testis were removed aseptically and placed on

a semisolid culture medium in a Maximow slide. The culture

medium was a modification of medium "Standard C" developed

by Berreur-Bonnenfant (1964) for the culture of amphipod

tissues. This was composed of sea water (25 ppt) with

0.1 percent glucose (3 parts), one percent agar dissolved

in sea water (6 parts), and chick embryo extract diluted

to 50 percent with the sea water-glucose solution (3

parts). To prevent microbial contamination, penicillin-

streptomycin antibiotic was added to provide a final con-

centration of approximately 50 units per milliliter.
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Prior to dissection, the specimens were dipped

in 70 percent ethanol. Sterile instruments were used in

the removal of the organs, after which they were rinsed

for several minutes in a sea water-glucose solution

containing penicillin-streptomycin.

Before sealing the culture chambers, one testis

from each pair received 0.1 ml crustecdysone, while the

other received 0.1 ml sterile saline. Similarly, three

hepatic ceca from each specimen were exposed to the

hormone, while the other three were not. Since the mid-

gut is not a paired structure, it was cut in half, one

piece for exposure to crustecdysone, the other for a

control.

The chambers were covered with a large glass

coverslip and the edges sealed with paraffin. After 72

hours, the culture chambers were opened and the tissues

removed for fixation in Carnoy's fixative. They were then

processed for cytophotometric analysis as described

above. In other experiments, the chambers were opened at

24, 48, or 72 hours for the addition of 10 ul of tritiated

thymidine. The tissue was allowed to incubate with the

thymidine for one hour, after which it was fixed in

Carnoy's fixative and prepared for autoradiography.

Tissues cultured as described above remained viable

for more than three days (Figure 26).
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Nuclear Volume vs. DNA Content

The relationship between nuclear volume and DNA

content was studied in cells of the hepatic ceca. Mid-

gut and testis sheath cells were not studied because their

irregular shapes prevented accurate estimation of nuclear

volume, and the dense in situ arrangement of their cells

prevented accurate measurement of DNA Content.

A technique was developed to allow the measurement of

the diameter and the DNA content of individual hepatic

cecum nuclei. This involved the preparation of whole

mounts, which were photographed to permit the identifi-

cation of specific nuclei. The details of the procedure

are outlined below.

Intact hepatic ceca were removed from live adult

Idothea, fixed by immersion in fresh Carnoy's fixative,

and stained with Feulgen reagent. At this point, instead

of making squashes, the organs were split lengthwise with

thin dissecting needles and cut into small pieces of 50

to 200 cells. These were dehydrated in ethanol, cleared

in xylene, and mounted in Histoclad under a coverslip.

Because of the single-layered structure of the polyploid

epithelium, the pieces flattened nicely when mounted. The

result was a preparation in which intact nuclei were stained

quantitatively and cytoplasm was clear and colorless.

Each piece of tissue was photographed and 8x10 inch
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prints from these served as maps (see Appendix V). The

nuclei were assigned numbers on the map as the diameter

of each was measured. This made it possible to return to

the same nuclei to measure their DNA content.

Nuclear dimensions weie measured to the nearest

0.001 u using a Leitz ocular micrometer with a vernier

scale. Since most nuclei were elongate, both the long and

short axes were measured. Nuclear volumes were calculated

using the formula for the volume of an ellipsoid

(V = 1/6 PiD1D2
D3 ). Nuclear DNA values were determined

using the same equipment and procedure as for squashes.

The data obtained permitted the construction of a

graph of nuclear volume versus DNA content. It was also

possible to calculate and draw a regression line through

the plotted points and to calculate the correlation

coefficient between nuclear volume and DNA content in

these cells.
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RESULTS

Histological Observations

The hepatic cecum, midgut, stomach, ventral nerve

cord, muscle, hypodermis, heart, and testis of Idothea

were surveyed for the presence of polyploid cells. Whole

amounts, squash preparations, and paraffin sections were

examined. Large, apparently polyploid cells were found

in the hepatic cecum, midgut, and testis.

Hepatic Ceca:

Idothea has six hepatic ceca, three of which are

located on either side of the gut (Figures 3 and 4). Each

group of three shares a common opening to the gut at a point

immediately posterior to the grinding stomach, and roughly

corresponding to the boundary between the cephalon and

pereion. In adults, the individual ceca vary from 10 to

20 mm in length.

As seen in cross-section (Figure 5), each cecum con-

sists of a simple epithelial layer of giant glandular cells.

Between these, and around the periphery, are small connect-

ive tissue cells. A scant amount of striated muscle forms

a lattice-work around the organ (Figure 6) and functions

to facilitate changes in its length and diameter. It is

not uncommon to observe four or five points of contraction

along the length of an organ in the live condition.
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Although it would seem that these indicate peristaltic

waves, such movements were never detected.

The epithelial cells may be greater than 100 p in

length. Their nuclei, located in the basal half of the

cells, vary from spherical to ellipsoidal in shape. They

average approximately 35 11 in diameter in adult specimens.

There is generally one very large and densely staining

nucleolus per nucleus. This averages 12 11 in diameter

and usually shows one or more clear central vacuoles.

The basal region of the cytoplasm in the epithelial

cells is filled with a dense array of parallel fibers.

These may be microtubules or microfilaments serving as

secretory elements, or long filamentous mitochondria.

To resolve this, one would need to resort to electron

microscopy. Also in the basal region are rather large

angular granules of unknown nature. In slides stained

with iron hematoxylin they are yellow-green in color.

The distal portion of the cytoplasm is filled with

numerous clear vacuoles. These are known to contain

lipid (Roche, 1953) and occasionally are seen to discharge

into the lumen of the gland.

Midgut:

The midgut in Idothea is essentially a straight

conduit. It is composed of a single layer of very large

epithelial cells interspersed with much smaller connective
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tissue cells. In whole mounts, the large nuclei are seen

to occur in pairs, forming longitudinal rows the length

of the organ (Figure 7). In cross-sections the inner wall

is thrown into rugae-like folds, each with two nuclei

(Figure 8). These inner folds run the length of the organ

and correspond to the paired rows of nuclei observed in

whole mounts.

Nuclei of the intestinal wall have the same general

size and appearance as those in the hepatic cecum. However,

the gut nuclei are more irregular in shape, and some are

highly polymorphic.

The cytoplasm is more homogeneous than that of

hepatic cecum cells. There are no secretion vacuoles,

although some basal fibers are usually present. The

lumenal surface of the cells is covered by a thin cuticle,

suggesting an ectodermal origin.

Testis:

The testis of Idothea consists of three lobes which

open into the vas deferens at different levels. Striated

muscle fibers are associated with their outer surface.

The wall itself is composed of "sheath cells," each with an

elongate nucleus (Figure 9). The boundaries of these cells

are rarely discernible, so their exact dimensions cannot

be determined. Although they are polyploid, their nuclei

are considerably smaller than those of hepatic cecum and
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midgut cells. In general, these cells appear to be thin

and flat, and occasionally extend into the interior of the

testis lobe.

The apical tip of each testis lobe consists of a

region of spermatogonial cells. Below this level the

lobe contains synchronized meiotic cells. The meiotic

stages are different in each of the three lobes. (Becker

& Mann, 1938).

Cytophotometry

Cytophotometric measurements of relative nuclear DNA

content were made on tissues from adults, juveniles, and

embryos. Whenever possible, at least 50 nuclei per tissue

from each animal were measured, in most cases, more than

100. Histograms of the nuclear DNA content in each tissue

were plotted for each animal and analyzed individually.

Histograms of the combined data for a given type of tissue

from a number of different animals were also plotted.

There was never any significant difference (chi-square test)

between the results obtained from any given animal and the

collective results from all other animals within the same

age and size class. Discrepancies in the nuclear DNA

content of a given tissue between animals of different

age and size were found to be significant and are reported

below.

The tissues selected for the present study were the
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hepatic cecum, midgut, and testis sheath. It was not

possible to measure testis sheath cells from embryonic

isopods because the gonadal tissues of these immature

specimens are rarely detectable and hence cannot be

dissected out for squash preparation.

Spermatids and Connective Tissue Cells:

The lowest nuclear DNA content was encountered in

spermatids of the testicular follicles. Their nuclei,

which one may safely assume to be haploid, had a mean

relative DNA value of 0.496. A histogram showing the dis-

tribution of DNA values from nearly 100 spermatids

is presented in Figure 10. It will be noted that these

spermatids form a single, rather sharp peak. Henceforth,

nuclei with DNA values of approximately 0.50 will be

referred to as Class I (1C) nuclei.

Small connective tissue cells from the hepatic ceca

were measured and found to have a mean relative DNA con-

tent of 0.990. These nuclei are distributed in a single

peak, as shown in Figure 11. Because their mean DNA value

is approximately twice that of the spermatids, they are

considered to be Class II (2C) nuclei, and are probably

diploid.
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Hepatic Cecum Cells:

The glandular epithelial cells of the hepatic cecum

were measured in large adults, juveniles, and emergers.

The results from the large adults (28 mm) are illus-

trated in Figure 12. It can be seen that the range of

nuclear DNA values in these cells is extremely wide, from

10 (Class V, 16C) to 166 (Class IX, 256C). There are no

distinct peaks corresponding to specific DNA classes. A

large proportion of the polyploid cells have intermediate

DNA values. The implications of this spread are further

analyzed and discussed below.

Hepatic cecum cells from juveniles (15 mm) have a much

narrower range of nuclear DNA content, as illustrated in

Figure 13. There is a peak corresponding to Class VI

(32C), but values range from Class III (4C) to Class VIII

(128C), together with intermediate levels.

In emergers, the DNA values fall into three distinct

peaks, corresponding to Classes II, III, and IV, with Class

III nuclei predominating. The histogram in Figure 14 has

been drawn on an expanded scale in order to resolve these

peaks. A few intermediate values are present.

The data for large adults, juveniles, and emergers

are presented together on the same scale in Figure 15. In

this revealing comparison, the differences in both level

and range of ploidy in the hepatic cecum at different stages
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apparent that the nuclear DNA content of these cells

increases dramatically as the animal matures and that the

correspondence with distinct class values breaks down

progressively, resulting ultimately in a broad-ranging,

non-doubling series.

Midgut Cells:

Nuclei from the midgut of large adults, juveniles, and

emergers were measured.

The data obtained from large adult midgut cells are

presented in Figure 16. The DNA content of these cells

ranges from Class VI (32C) to Class IX (256C). This dis-

tribution is similar to that of the adult hepatic cecum

cells, but does not range as high, the largest nuclei

having a DNA value of 130, as compared to 166 for the

hepatic cecum. Again, there are no discreet peaks, but

the mean DNA level is somewhat higher.

The relative DNA content of midgut nuclei from juven-

iles ranges from 12 to 67, corresponding to Classes VI

(32C) to VII (128C)(see Figure 17). This is only half

that found in adults. As in the latter, there are many

intermediate values and no distinct peaks.

Data from midgut cells of emergers are presented in

Figure 18. These nuclei fall into a single peak, unlike

the emerger nuclei of the hepatic ceca. Although the DNA
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values range from 0.5 to 2.0, the peak is relatively sharp,

and the nuclei distinctly constitute Class II (2C),

characteristic of the diploid condition.

Comparison of midgut cells from emergers, juveniles,

and large adults is made in Figure 19. The development

of ploidy in this tissue is obviously very similar to that

in the hepatic cecum. Ploidization of the midgut cells

does not begin until the animals have emerged from the

marsupium. As with the hepatic cecum cells, the increase

in nuclear DNA content, once initiated, is dramatic.

Similarly, the correspondence with discreet DNA classes

appears to diminish as development proceeds.

Testis Sheath Cells:

Testis sheath cells from both large adults and juven-

iles were measured. It was not possible to identify and

remove gonadal tissue from emergers.

The data from the testis sheath cells of adults are

presented in Figure 20. Approximately 75 percent of the

cells measured correspond to DNA Class V (16C). The

remainder correspond to Class VI (32C). Although the Class

V peak is quite distinct, the actual presence of the Class

VI peak is not apparent in Figure 20. In order to obtain

better resolution, the data from several individual animals

have been plotted in Figure 21 on an expanded scale. This

treatment of the data clearly shows the presence of both
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peaks. The differences in the distribution of cells

between the two peaks in different specimens are probably

due to sampling errors rather than differences between the

cell populations.

Although the results from large adults are consistent,

there are significant differences (Chi-Square test) in

the distribution of polyploid nuclei between small specimens

of different sizes. These discrepancies are illustrated

in Figure 22, which compares nuclei from 13.5 mm, 16 mm,

and 28 mm isopods. The 13.5 mm specimen had nuclei dis-

tributed between Classes IV and V; approximately 75 percent

of the nuclei are in Class IV, with the remainder in

Class V, except for a single Class VI nucleus. In the

16 mm specimen, however, only 40 percent of the nuclei are

in Class IV, while nearly 60 percent are in Class V. The

shift to higher levels of ploidy continues in the 28 mm

specimen (large adult), in which there are no Class IV

nuclei, and in which approximately 25 percent are Class VI

nuclei.

The doubling series of nuclear DNA values in the

testis sheath cells is clearly different from the broad,

non-doubling series in both the midgut and hepatic ceca.

The implications of these observed differences are con-

sidered below.
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Autoradiography

The patterns of thymidine incorporation were found to

vary, depending on the age of the specimen. In the hepatic

cecum and the gut of adults, incorporation of the label

occurred only in the small connective tissue cells and was

associated with normal mitotic division. The radiotracer

was never found in the giant polyploid nuclei of either

tissue, in spite of the fact that thousands of nuclei

from a number of adult specimens were surveyed. In re-

peated experiments this observation was consistent (Figures

23A and 24A).

The situation was somewhat different in the adult

testis. As one might expect, tritiated thymidine incorpor-

ated heavily into spermatogonial cells, due to their nor-

mally active DNA synthesis. Occasionally, however, labeled

sheath cell nuclei were encountered. These were invariably

few in number and occurred in small groups of six cells or

less. An example of labeled adult testis sheath cell

nuclei is pictured in Figure 25A.

In juvenile specimens of Idothea, the results were

somewhat different. Tritiated thymidine, in this instance,

was incorporated into polyploid cells of both the hepatic

cecum and the midget. The labeled cells were, however,

relatively few in number, approximately one cell out of a

thousand. Incorporation by nuclei of the testis sheath

occurred in juveniles as well as adults, but usually with
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in groups of ten nuclei or less. By referring to Figures

23, 24, and 25, one may compare the situation in adults

with the situation in juveniles for each cell type.

It should be noted that the evidence for nuclear DNA

synthesis obtained from the autoradiographs was unambigu-

ous. The dose, incubation time, and exposure time were

selected to enhance the photographic grain density over

areas of active incorporation. The background grain density

normally was very low, allowing unequivocal identification

of those nuclei actively synthesizing DNA.

Crustecdysone Experiments

Live specimens of Idothea at different stages of

development were injected with the crustacean molting

hormone in an effort to ascertain its effects on DNA

synthesis in polyploid nuclei, The resulting autcradio-

graphs failed to reveal any statistically significant

difference in the number of nuclei incorporating labeled

thymidine as compared with untreated controls. This result

was consistent for hormone exposure times varying from 19

to 72 hours and in both large adults and juveniles.

Emergers, which were too small to be injected, were

exposed to hormone added to the surrounding sea water.

Cytophotometric measurements of nuclei from animals exposed

for 24, 48, and 72 hours showed no detectable increase in
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nuclear DNA content over the untreated controls.

Explants of hepatic cecum and gut cultured in the

presence of crustecdysone showed no noticeable increase in

DNA content over untreated controls. In cultured testis

sheath cells, however, the situation was quite different.

In this instance there was a pronounced shift in the

distribution of DNA values from a preponderance of Class V

(16C) to Class VI (32C) nuclei (Figure 27). The number of

Class VII (64C) nuclei more than doubled in the hormone

treated explants.

To support the cytophotometric evidence, explants were

exposed to tritiated thymidine after 48 or 72 hours of

hormone treatment. The resulting autoradiographs revealed

a doubling in the frequency of thymidine incorporating

nuclei, from 0.40 percent in controls to 0.85 percent after

48 hours, and a tripling to 1.2 percent after 72 hours.

One may calculate the average length of the synthetic

phase by dividing the thymidine exposure time by the

proportion of labeled nuclei. Using this method, one

arrives at an estimate of 250 hours for the synthetic

period in the controls.

Nuclear Volume vs. DNA Content

Using whole mounts, both the diameter and the DNA

content were measured in individual nuclei of the hepatic

cecum. The data were obtained in such a manner that the
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distribution of nuclear volumes an the distribution of

DNA values can by analyzed both separately and simultan-

eously.

The mean nuclear volume in the adult hepatic cecum was

found to be 9,286 P3, and the mean nuclear DNA value was

34.7. The range for both was considerable. The nuclear

volume ranged from less than 1,000 P3 to more than

90,000
3

, while the DNA content varied between 2.8 (8C)

and 124 (256C).

The distribution of nuclear DNA values is illustrated

in Figure 28. It also shows the distribution of the nuclear

volumes of the same nuclei. By comparing the two, one

can get an impression of the general correspondence between

the two parameters.

The volume and relative DNA content of each nucleus

were plotted simultaneously (x = volume, y = DNA) and the

regression line was calculated (Figure 29). The correla-

tion coefficient between the two factors was 0.895, which

was found to be a significant correlation at the 0.001

level.
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Histological Observations

Hepatic Ceca:

34

The histological structure of the hepatic cecum in

Idothea differs considerably from that of Ligia and

Armadillio given by Chandy (1939). He reported the presence

of two types of cells, tall columnar secretory cells, and

smaller conical "enzymatic" cells. A brief glance at

Figure 5 might seem to bear out Chandy's contention. More

careful observation, however, reveals that what appear to

be small conical cells are, in fact, columnar secretory

cells that have been truncated by the plane of section.

This is particularly evident when one scans serial sec-

tions. Since descriptions of the hepatic cecum in other

species report only one large secretory cell, it would seem

that Chandy made an error of interpretation.

The large basal granules found in the giant epithelial

cells are a puzzling phenomenon. Although their function

is not known, Roche (1953) found them to contain lipo-

protein. They may be storage organelles, although similar

granules in the gut of certain isopods (not Idothea) were

found not to vary with the availability of food (McMurrich,

1898). This relatively old experiment indicates a function

other than nutrient storage. The granules may serve,
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instead, as a reservoir of lipoprotein membrane components

required during periods of active merocrine secretion.

The most recent histological and physiological studies

of the hepatic cecum are those of Roche (1953) and Tuzet

et al. (1960). These indicate that it is both the enzyme

secreting and food absorbing organ. The hepatic cecum is

the only endodermally derived portion of the digestive

tract, corresponding to the true midgut found in most

other animals (Goodrich, 1939).

Midgut:

The midgut, or intestine, of isopods is not endoder-

mally derived, but entirely ectodermal in origin, arising

from the proctodeum (McMurrich, 1895; Goodrich, 1939;

Stromberg, 1965). This is indicated particularly by the

thin cuticle which lines the entire lumenal surface of the

gut and effectively prevents absorption or secretion by

the epithelial cells.

In his detailed study of the midgut in terrestrial

isopods, McMurrich (1898) states that the epithelium is

actually a syncitium. In Figure 8 one can see that there

appears to be cytoplasmic continuity between the "cells"

of each internal ridge. There also appears to be contin-

uity between the cells of adjacent ridges. The situation

is complicated, however, by the occasional presence of

membrane between adjacent nuclei (see arrow, Figure 8B).
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In this case the question of syncitial structure can be

resolved only by electron microscopy.

Testis:

Concerning the sheath cells of the testis, nothing is

known of their function which could satisfactorily account

for their polyploid condition. They may secrete a sex

hormone, although such a suggestion at this point is

purely conjectural.

Cytophotometry

Hepatic Cecum Cells:

The data gathered from isopods of different ages

provide a clear and instructive picture of the development

of polyploidy in the hepatic cecum (see Figure 15).

Data from emergers indicates that ploidization has

already begun at this stage. It has not been found this

early in the other tissues examined.

Hepatic cecum cells of emergers appear to be interest-

ing for another reason: they are all definitively diploid,

tetraploid, or octaploid. This is in sharp contrast to the

situation in older animals, in which there are no discreet

partitionings into regular DNA classes. This may indicate

that there are differences in the control of DNA replica-

tion at different stages of development. In emergers the

ploidization process appears to be synchronized. One is
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reminded of the general mitotic synchrony and its gradual

decay in early embryonic development,

Cytophotometric and autoradiographic studies of mitot-

ically active diploid tissues generally show a small pro-

portion of cells with more than the diploid quantity of

DNA, the percentage depending on the length of S phase and

the mitotic rate. Although this percentage varies, it

usually accounts for less than ten percent of the cell

population. In adult hepatic cecum cells, however, at

least half of the nuclei have DNA values between class

levels.

There are several possible explanations for the high

incidence of intermediate DNA values in adult hepatic cecum

cells. One is simply that the intermediate values are the

result of inherent cytophotometric error. Estimates of the

photometric accuracy obtained in this study, however,

indicate an error of less than 15 percent (see Appendix V).

Clearly, this cannot account for more than a fraction of the

intermediate values. Additional evidence against this

explanation is that intermediate values were not found in

all tissues; the incidence was very low in testis sheath

cells.

Aneuploidy is another possibility. Unfortunately,

confirmation of aneuploidy requires a karyotype analysis

and an accurate chromosome count, neither of which is

possible in these cells. While it cannot be ruled out,
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aneuploidy does not provide a very satisfying answer. It

is a relatively rare occurrence in animal cells, and it

would be difficult to explain how such a phenomenon could

be regulated.

It is possible that the intermediate DNA values ob-

tained are due to a high rate of endomitotic activity within

the polyploid nuclei. This possibility has been suggested

by others (Leuchtenberger & Shrader, 1952; Truong &

Dornfeld, 1955), although hard evidence has not been forth-

coming. Nevertheless, it is conceivable that a relatively

rapid rate of endoreplication would result in there being

a large proportion of cells in S phase at any given instant.

If such is the case, it should be detectable by measuring

the uptake of a radioactively labelled DNA precursor.

Endoreplication could occur in a wave of synthetic activity,

or it could be asynchronous, with each cell synthesizing

DNA at regular intervals, but independent of its neighbors.

It is possible, also, that endomitosis proceeds continu-

ously at a low level. These matters have been further

studied and are discussed below.

A relatively recent explanation for continuous, non-

doubling series of polyploid nuclei has been suggested by

Fox (1970b; 1972) in his studies on the beetle Dermestes.

Using autoradiography, Fox found that only 1/1000 to

1/10,000 of the polyploid fat body nuclei were in S phase

at any given time, thus ruling out continuous or rapid
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endoreplication. He suggested that the intermediate DNA

values were due to the progressive transformation of euchro-

matin into heterochromatin combined with differential

rates of replication. Fox was able to confirm this hypo-

thesis in Dermestes by making detailed density maps of

nuclei to permit the estimation of the proportion of

heterochromatin. Similar results were obtained by Nur

(1966) in his study of mealy bugs, and by Berendes & Keyl

in their work on differential polyteny in chromosomes of

Drosophila.

Midgut Cells:

Reference to Figure 19 shows that the development of

polyploidy in the midgut is strikingly similar to that of

the hepatic ceca. In both tissues, ploidization increases

rapidly after the young emerge from the brood pouch, and a

large proportion of the cells have intermediate DNA values.

One significant difference between the midgut and the

hepatic cecum is the nuclear DNA content of cells in the

emerger stage. While hepatic cecum nuclei are distributed

between Classes II, III, and IV, the midgut nuclei are

uniformly Class II. Apparently ploidization begins some-

what later in the midgut than in the hepatic ceca. This

may account for the fact that the DNA content of midgut

nuclei does not reach as high a level in the adult.

The explanations considered for the inter-class DNA
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values in hepatic cecum cells apply equally to midgut

cells.

Testis Sheath Cells:

The nuclei of the testis sheath cells are not as

highly polyploid as those of the midgut and hepatic ceca,

and their DNA values are distributed differently (Figures

20, 21, 22). Whereas the midgut and hepatic cecum nuclei

show a full range of inter-class DNA values, the testis

sheath nuclei correspond to discreet classes in a doubling

series. This distributional difference implies a differ-

ence in the control and development of polyploidy in these

tissues.

The lack of inter-class DNA values in testis sheath

nuclei indicates that ploidization in this tissue cannot

occur by means of continuous, low-level DNA synthesis.

Rather, it would appear that synthetic activity is confined

to short S phases, separated by long G phases. If DNA

synthesis in these cells is synchronous, one would expect

to find few inter-class nuclei, except during the relatively

brief S phase. If DNA synthesis is not synchronous, one

would still expect to find the nuclear DNA values grouped

in definite classes, but with a substantial number of

intermediate nuclei. The latter appears to be the case,

judging from the data presented in Figure 21.
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Autoradiography

Radioactively labeled DNA precursor and autoradio-

graphic procedures were employed in an attempt to eluci-

date the process of ploidization in the tissues under

consideration. One of the specific questions to be

answered was: How long is S phase in each cell type?

Related questions were: (1) Is DNA synthesis synchronous

in all cells of a given tissue?; (2) Does DNA synthesis

occur at a low but continuous rate?; or (3) Does the

pattern of synthesis vary in different polyploid tissues?

When dealing with diploid somatic cells that undergo

a recurrent cycle of growth and division, the administra-

tion of tritiated thymidine in vivo results in autoradio-

graphs that have both labeled and unlabeled nuclei. The

proportion of labeled nuclei depends on the rate of cell

division and is indicative of the extent of S phase.

Polyploid somatic cells grow and synthesize DNA, but they

do not divide. They do not conform to the usual cell

cycle.

The cytophotometric data discussed previously reveal

that cells of the hepatic cecum and gut are diploid at the

emerger stage, that they increase in DNA content during

subsequent development, and that they form a stable, non-

doubling series in adults. Cells of the testis sheath

also begin in a diploid condition, but they increase their
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DNA content by regular doublings, to form a discontinuous

series of DNA classes in adults. These distinct situations

may be explained by one or more of the following hypotheses:

1) DNA synthesis is confined to definite S phase in
each cell, and this activity is synchronous;

2) DNA synthesis is confined to a definite S phaSe in
each cell, but there is no synchrony between cells;

3) DNA synthesis is greatly protracted, appears con-
tinuous, and proceeds at a low rate;

4) DNA synthesis is confined to a limited S phase,
but only certain chromosomes, or regions of
chromosomes, are replicated.

The results of the autoradiographic experiments enable

one to evaluate the possibilities listed above as they

apply to the tissues under investigation. The fact that no

incorporation was ever encountered in the hepatic cecum

and midgut of adults indicates that there is an upper

limit to the size and DNA content of their nuclei. Label-

ing of testis sheath nuclei in the same specimens, however,

may indicate that these continue to synthesize throughout

life.

In juvenile Idothea, the pattern of incorporation was

the same in each of the tissues studied. In each case,

synthetic nuclei were relatively few in number, thus ruling

out item 3 above, which would require all nuclei to incor-

porate at least a small amount of labeled precursor at

any given instant. Similarly, one may eliminate hypothesis

1, which would also require that all nuclei incorporate the

thymidine simultaneously.
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In view of the above, one is forced to conclude that

hypothesis 2 is essentially correct for each of the tissues

concerned; DNA synthesis is asynchronous and confined to a

limited S phase.

It is not possible to decide for or against proposi-

tion 4 without appropriate evidence. Fox (1971) and Berendes

& Keyl (1967) were able to demonstrate a differential

replication between heterochromatin and euchromatin in the

nuclei that they studied. The organisms with which they

dealt had the fortuitous characteristic of segregating

heterochromatin and euchromatin into distinct regions of

the nuclei. This made it possible to detect a differential

rate of uptake of thymidine by measuring the autoradio-

graphic grain density over euchromatic and heterochromatic

regions. Unfortunately, in Idothea the heterochromatin is

dispersed throughout the nucleus, rather than concentrated

into specific areas.

Although hypothesis 2 may be basically correct, the

great number of inter-class DNA values encountered in the

hepatic cecum and midgut remain a problem. The explanation

proposed by Fox and Berendes & Keyl, however, would be

helpful. It is possible that DNA synthesis is both differ-

ential and asynchronous in the hepatic cecum and the midgut.

Because of the regular doubling series of DNA values found

in testis sheath nuclei, however, it seems unlikely that

any differential replication of euchromatin and hetero-
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chromatin occurs in this instance,

Crustecdysone Experiments

Invertebrate metamorphosis and the role of molting

hormones have been the subjects of intense investigative

interest for many years. Most of this effort has been

devoted to insects. In recent years, however, attention

has turned increasingly to other arthropods, especially

the crustaceans. Such studies have revealed a high degree

of similarity in the molting physiology of insects and

crustaceans. In both groups it is regulated by hormones

secreted in two senarate ecdysial organs. Furthermore,

the molt-promoting hormones of both are steroids whose

molecular structures are very similar. It has even been

shown that the insect hormone will trigger a molt in

crustaceans and vice versa (Krishnakumaran & Schneiderman,

1970).

The large volume of experimental work on the cellular

effects of ecdysones in insects are discussed by Doane

(1973) in an extensive review. He found convincing evidence

that the molting hormone stimulates DNA synthesis but not

cell division in certain tissues, including the epidermis,

midgut, Malphighian tubules, and gonadal sheath. In addi-

tion, Romer (1965) has demonstrated a regular increase in

the nuclear DNA content of certain polyploid cells of

cucujid beetles following each molt.
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In view of the apparent correlation between molting

hormones and DNA synthesis, and the striking physiological

similarities between insects and crustaceans, it seems

possible that the secretion of crustecdysone in Idothea

controls the development of polyploidy in certain tissues.

The experimental results of this study are not completely

clarifying.

Both cytophotometric and autoradiographic evidence

indicate that the polyploid cells of the gut and hepatic

cecum are refractile to exogenous crustecdysone. Although

there are no data to indicate that these cells do respond

to endogenously secreted hormone, the possibility cannot

be eliminated on the basis of present evidence.

Testis sheath cell nuclei responded to the exogenous

molting hormone, but only when administered in vitro.

Figure 27 shows that treatment with crustecdysone promoted

a doubling of the DNA content of a large proportion of

the sheath cell population. Repetitions of this experi-

ment consistently revealed an increase in nuclear DNA

values following the addition of crustecdysone. These

cytophotometric results were corroborated by autoradio-

graphs that showed a tripling in the number of nuclei

synthesizing DNA after 72 hours of exposure to the hormone.

It should be noted that the DNA synthesis in the

testis sheath nuclei cannot be attributed solely to the

stimulus of culturing the tissue. Comparison of Figures
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21 and 27 shows no increase in the DNA values of non-

hormone treated, cultured controls over the values found

in normal tissues in vivo.

It is interesting that nuclei which respond to

crustecdysone in culture do not respond when exposed

in vivo. This seeming anomaly has been observed in the

experiments of a number of workers. It has been demon-

strated that the insect molting hormone is capable of in-

ducing a molting response in vitro (Oberlander & Fulco,

1967; Oberlander, 1969). The interpretation of experiments

involving the injection of the hormone are much more

difficult to assess. Locke (1970) suggests that the proper

interpretation of results in such cases may depend on

knowledge of the developmental stage of the animal, the

current state of the animal's own. endocrine system, and

the survival time of the injected hormone. One rarely

has knowledge of all these factors in any given situation.

Thus, it would appear that the failure of cells to respond

to crustecdysone in vivo need not conflict with the results

of the in vitro experiments. It is possible that the

exogenous crustecdysone was inactivated soon after injec-

tion, or that the effects of the hormone were inhibited

or negated by the normal activity of the animal's endo-

crine system.
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Nuclear Volume vs. DNA Content

There are many types of nuclei that do not lend

themselves easily to cytophotometric measurement for a

variety of reasons. Since in most instances the nuclear

diameter is relatively easy to obtain, studies of nuclear

DNA content would be greatly facilitated when it can be

demonstrated that there is a direct proportionality between

the nuclear volume and the DNA content.

Among the Idothea tissues studied, the hepatic cecum

was suitable for the simultaneous measurement of nuclear

diameter and DNA content. The distributions of nuclear

volume and DNA content are illustrated in Figure 28, from

which it is evident that there is a general correspondence

between the two.

Figure 29 shows the regression line obtained when the

volume and relative DNA value of each individual nucleus

are plotted simultaneously. The correlation coefficient

(0.895) is relatively high, especially when one considers

that the inherent cytophotometric error may be as high as

15 percent. It is very possible that the actual correla-

tion is even greater than the calculations indicate. There

are two sources of error in addition to the cytophotometric

instrumental error. One of these is a potential "shadow

effect," which tends to artificially reduce the difference

in extinction at the two wavelengths. This occurs because
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nuclei are spherical in a whole mount, rather than flattened,

as they would be in a squash preparation. The second source

of error enters into the calculation of nuclear volumes,

because the formula used is, at best, an approximation.

Moreover, any error in measurement of nuclear dimensions

is compounded when cubed in the formula. Since these

sources of error tend to reduce rather than increase the

apparent correlation, the true correlation coefficient

may be higher than the value obtained. It is therefore

possible to estimate the level of ploidy in the hepatic

cecum simply by measuring nuclear diameters.
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SUMMARY AND CONCLUSIONS

1) The hepatic cecum, midgut, stomach, ventral

nerve cord, muscle, heart, and testis of Idothea

wosnesenskii were examined in whole mounts, squash prepara-

tions, and paraffin sections. Large polyploid cells were

found in the hepatic cecum, midgut, and testis. The

histological organization of these organs was analyzed.

2) The range and distribution of nuclear DNA values

in the polyploid cells were measured by two wavelength

cytophotometry.

In the hepatic cecum of adults, the majority of

nuclei fall between Class VI (32C) and Class IX (256C).

The DNA values, however, are distributed in a non-doubling

series with many intermediates. In juveniles, most hepatic

cecum nuclei have DNA values ranging from Class V (16C)

to Class VII (64C). These also do not correspond to

discreet nuclear classes. In newly emerged Idothea

("emergers"), nuclei are grouped in three distinct peaks,

conforming to Classes II (2C), III (4C), and IV (8C).

3) The distribution of nuclear DNA values in the

adult midgut is very similar to that of the hepatic cecum,

ranging from Class VI (32C) to Class IX (256C), and without

grouping into discrete peaks of even DNA multiples. In

juvenile specimens the nuclear DNA measurements range from

Class VI (32C) to Class VII (128C), also in a non-doubling



50

series. Nuclei of emergers all correspond to Class II

(2C) and are probably diploid.

4) Nuclei of adult testis sheath cells fall into

two discrete DNA peaks, corresponding to Class V (16C)

and Class VI (32C); approximately 75 percent of the nuclei

belong to Class V. In juveniles the nuclei also form two

discreet DNA classes, whose values, however, are lower

(Classes IV and V).

5) The autoradiographic measurement of tritiated

thymidine incorporation reveals that testis sheath cell

nuclei continue to synthesize DNA in adults, while nuclei

of the hepatic cecum and midgut do not. In juvenile

specimens, tritiated thymidine is incorporated by both

hepatic cecum and midgut nuclei as well as testis sheath

nuclei.

The patterns of tritiated thymidine incorporation in

juvenile and adult specimens leads to the conclusion that

DNA synthesis is confined to a definite S phase and that

there is no synchrony between cells. The frequency of

labeled nuclei in the hepatic cecum and midgut is not

great enough to account for the preponderance on inter-

class nuclei found in those tissues. Differential repli-

cation of euchromatin and heterochromatin is possible,

but at present cannot be tested in Idothea.

6) The possible effect of crustecdysone on DNA

synthesis in the polyploid cells was experimentally tested.
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The cells of the hepatic cecum and midgut do not respond

to the hormone, as indicated by cytophotometric and auto-

radiographic analysis after treatment. However, the

possibility that these cells do respond to endogenously

secreted crustecdysone cannot be excluded. Testis sheath

cell nuclei respond to the molting hormone in vitro but

not in vivo.

7) Simultaneous measurement of the nuclear DNA

content and nuclear volume were made for cells of the

hepatic cecum. The correlation between the two factors

was approximately 90 percent, allowing estimates of DNA

values from volume data alone.
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Figure 1. Adult male Idothea wosnesenskii,
dorsal view.
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Figure 2. A. Adult female Idothea wosnesenskii,
ventral view.

B. Emerger.
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Figure 3. Photograph of the internal anatomy
of an adult male.

H = hepatic ceca

G = gut

T = testis
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Figure 4. Diagram of the internal anatomy of
an adult male.

H = hepatic ceca

G = gut

T = testis
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Figure 5. Cross-section of the hepatic cecurn.
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Figure 6. A. High magnification of the
polyploid secretory cell of the
hepatic cecum.

B. Tangential section of the hepatic
cecum showing the lattice of
striated muscle fibers.



as
N
to



58

Figure 7. Whole mount of midgut.

a = polyploid midgut nuclei

b = connective tissue nuclei
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Figure 8. A. Cross-section of midgut.

B. High magnification of polyploid
midgut cells. Arrow indicates
cell membrane.
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Figure 9. A. Longitudinal section of
testis lobe.

B. High magnification of testis
showing polyploid sheath cells.
Arrow indicates sheath cell nucleus.
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Figure 13. Comparison of the DNA content of
hepatic cecum cells at different
stages of development.
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Figure 18. DNA content of midgut cells in emergers.
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Figure 19. Comparison of the DNA content of
midgut cells at different stages
of development.
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Figure 23. A. Autoradiograph of adult hepatic
cecum. Arrows indicate labeled
nuclei.

B. Autoradiograph of juvenile hepatic
cecum. Arrows indicate labeled
nuclei.
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Figure 24. A. Autoradiograph of adult midgut.
Arrows indicate labeled nuclei.

B. Autoradiograph of juvenile midgut.
Arrows indicate labeled nuclei.
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Figure 25. A. Autoradiograph of adult testis.
Arrows indicate labeled sheath
cell nuclei.

B. Autoradiograph of juvenile testis.
Arrows indicate labeled sheath
cell nuclei.
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Figure 26. Feulgen squashes of tissue explants
after three days in culture.

A. Hepatic cecum

B. Midgut

C. Testis



as.

t.

A

C

7 7 a



20

15

10

5

0
LL

15

Class: V VI VII

Controls

Hormone Treated

10

5

0 10 20 30
Relative DNA Content

40

Figure 27. DNA content of nuclei in control and hormone
treated explants of the testis.

78



79

10

Relative DNA Content

IMEMMINII I IN I i
0 10 20 30 40 50 60 70 80 90 100 110 120

Nuclear Volume (u3 x 10-3 )

Figure 28. Comparison or the distributions of nuclear DNA content
and nuclear volume of hepatic cecum cells.



120

100

80

60

40

20

5 10 15 20 25
Nuclear Volume (iii) x 10-3

Figure 29. Regression analysis of nuclear volume vs. DNA content.

30 35 40



81

BIBLIOGRAPHY

Becker, F. and M. Mann. 1939. The reproductive system of
the male isopod, Porcellio scaber. Transactions of
the American Microscopical Society 57: 395-399.

Berendes, H. and H. Keyl. 1967. Distribution of DNA in
heterochromatin and euchromatin of polytene nuclei of
Drosophila hydei. Genetics 57: 1-13.

Berreur-Bonnenfant, J. 1964. La culture in vitro d'organes
de Crustaces. Bulletin Zoologique de France 89: 59-64.

Boivin, A., R. Vendrely, and C. Vendrely. 1948. L'acide
desoxyribonucleique du noyau cellulaire, depositaire
des characteres hereditaires; arguments d'ordre
analytique. Compte Rendus des Seances de L'academie
des Sciences (Paris) 226: 1061-1063.

Bowers and Williams. 1964. Physiology of the insect
diapause XIII. DNA synthesis during the metamorphosis
of the Cecropia Silkworm. Biological Bulletin of the
Marine Biology Laboratoy, Woods Hole 126: 205-219.

Casperson, T. 1936. Uber den chemischen Aufbau des
Zellkerns. Skandinavisches Archiv fur Physiologie
73 (suppl. 8): 1-15.

Chandy, M. 1939. The Histology and physiology of the
intestine and hepatopancreas of two isopods, Ligia
exotica, and Armadillio elevatus. Journal of the
Asiatic Society of Bengal (Science) 4: 1-16.

Coggeshall, R., B. Yaksta, and F. Swartz. 1970. A cyto-
photometric analysis of the DNA in the nucleus of the
giant cell, R-2, in Aplysia. Chromosome 32: 205-212.

Decosse, J. and N. Aiello. 1966. Feulgen hydrolysis:
effect of acid and temperature. Journal of Histo-
chemistry and Cytochemistry 14: 601-604.

Doane, W. 1973. Role of hormones in insect development.
In: Developmental Systems: Insects, vol 2. ed.
Counce, S. J. and C. Waddington, Academic Press,
New York.

Dodson, E. 0. 1946. Some evidence for the specificity of
the Feulgen reaction. Stain Technology 21: 103-105.



82

Donadey, C. 1970. Donnees ultrastructurales sur la
fonction secretrice des caecums digestifs des Crustaces
Isopodes. Compte Rendus des Seances Societe Biologique
Fiales. 164 (3): 597-600.

Fand, S. 1970. Environmental conditions for optimal
Feulgen hydrolysis. In: Introduction to Quantitative
Cytochemistry, Vol. II, ed. G. Wied and G. Bahr.
Academic Press, N.Y. pp. 209-221.

Fox, D. 1969. DNA values in somatic tissues of Dermestes
(Dermestidae: Coleoptera) I. Abdominal fat body
and testis wall of the adult. Chromosoma 28: 445-456.

1970a. A non-doubling DNA series in somatic tissues
of the locusts Schistocerca gregaria (Forskal) and
Locusta migratoria (Linn.). Chromosoma 29: 446-461.

1970b. DNA values in somatic tissues of Dermestes
(Dermestidae: Coleoptera). II. Malpighian tubules
of the adult male. Crhomosoma 31: 321-330.

1971a. The replicative status of heterochromatic and
euchromatic DNA in two somatic tissues of Dermestes
maculatus (Dermestidae: Coleoptera). Chromosoma
33: 183-195.

1971b. DNA content of related species. Chromosomes
Today 3: 32-37.

Garcia, M. and R. Iorio. 1966. Potential sources of error
in two wavelength cytophotometry. In: Introduction
to Quantitative Cytochemistry, Vol. I, ed. G. Wied.
Academic Press, New York. pp. 216-237.

Geitler, L. 1937. Die Analyse des Kernbaus und der Kern-
teilung der Wasserlaufer Gerris lateralis und Gerris
lacustris (Hemiptera, Heteroptera) und die Somadiffer-
enzierung. Zeitschrift Zellforschung 26: 641-672.

1938. Uber den Bau des Ruhekerns mit besonderer
BerUcksichtigung der Heteropteren und Dipteren.
Biologisches Zentralblatt 58: 152-178.

1939. Das Heterochromatin der Geschlechtschromosomen
bei Heteropteren. Chromosoma 1: 197-229.

1941. Das Wachstum des Zellkerns in tierischen uhd
pflanzlichen Geweben. Ergebn. Biol. 18: 1-54.



83

Goodrich, A. 1939. The origin and fate of the entoderm
elements in the embryogeny of Porcellio laevis Latr.
and Armadillidium nasatum B.L. (Isopoda). Journal of
Morphology 64: 401-423.

Howes, N. 1938-39. Observations on the biology and
postembryonic development of Idotea viridis from New
England Creek, Essex. Marine Biology Association
vol. 23.

Krishnakumaran, A., H. Oberlander, and H. Schneiderman.
2965. Rate of DNA and RNA synthesis in various tissues
during a larval molt cycle of Samia cynthia racini
(Lepidoptera). Nature 205: 1131-1133.

Krishnakumaran, A. and H. Schneiderman. 1970. Control of
molting in mandibulate and chelicerate arthropods by
ecdysones. Biological Bulletin 139: 520-538.

Leuchtenberger, C. and F. Schrader. 1951. Variation in
the amounts of desoxyribose nucleic acid (DNA) in
cells of the same tissue and its correlation with
secretory function. Proceedings of the National
Academy of Sciences 38: 99-105.

Locke, M. 1970. The Molt/Intermolt cycle in the epidermis
and other tissues of an insect Calpodes ethlius
(Lepiodoptera, Hesperiidae). Tissue and Cell 2
(2): 197-223.

Matuszewski, B. 1965. Transition from polyteny to poly-
ploidy in salivary glands of Cecidomyiidae. Chromo-
soma 16: 22-34.

Mayall, G. and M. Mendelsohn. 1970. Errors in Absorption
Cytophotometry: Some theoretical considerations.
In: Introduction to Quantitative Cytochemistry.
Vol. II. ed. G. `Pied and G. Bahr. Academic Press
N. Y. pp. 171-197.

McMurrich, J. 1895. Embryology of the isopod crustacea.
Journal of Morphology 11: 64-143.

1898. The epithelium of the so-called midgut of the
terrestrial isopods. Journal of Morphology 14:

Menzies, R. 1950. The taxonomy, ecology, and distribution
of Northern California isopods of the genus Idothea
with the description of a new species. Wassman Journal
of Biology 8: 155-195.



84

Menzies, R. and R. Waidzunas. 1948. Post-embryonic growth
changes in the isopod Pentidotea resecata, with remarks
on their taxonomic significance. Biological Bulletin
95: 107-113.

Merriam, R. and H. Ris. 1954. Size and DNA content of
nuclei in various tissues of male, female, and worker
honey bees. Crhomosoma 6: 522-538.

Mirsky, A. and H. Ris. 1949. Variable and constant Com-
ponents of chromosomes. Nature 163: 666-667.

Naylor, E. 1955. The life cycle of the isopod Idotea
emarginata (Fabricius). Animal Ecology 24: 271-281.

Nur, U. 1966. Nonreplication of heterochromatic chromo-
somes in a mealy bug, Planococcus citri (Coccoidea:
Homoptera). Chromosoma 19: 439-448.

Oberlander, H. and L. Fulco. 1967. Growth and partial
metamorphosis of imaginal disks of the greater wax
moth, Galleria mellonella, in vitro. Nature 216:
1140-1141.

Oberlander, H. 1969. Effects of ecdysone, ecdysterone,
and inokosterone on the in vivo initiation of meta-
morphosis of wing disks of Galleria mellonella.
Journal of Insect Physiology 15: 297-304.

Ornstein, L. 1952. The distributional error in micro-
spectrophotometry. Laboratory Investigations 1:
250-262.

Patau, K. 1952. Absorption microphotometry of irregular-
shaped objects. Chromosoma 5: 341-362.

Pollister, A. and M. Moses. 1949. A simplified apparatus
for photometric analysis and photomicrography.
Journal of General Physiology 32: 567-571.

Pollister, A. and H. Ris. 1949. Quantitative cytochemical
determination of desoxyribonucleic acid with the
Feulgen nucleal reaction. Journal of General Physio-
logy 33: 125-146.

Ris, H. and A. Mirsky. 1949. Quantitative cytochemical
determination of desoxyribonucleic acid with the
Feulgen nucleal reaction. Journal of General
Physiology 33: 125-146.



85

Roberts, B. and S. Roberts, 1972. The DNA content of
testes and Malpighian tubule nuclei of
Tricholioproctia impatiens (Sarcophagidae, Diptera).
Chromosoma 39: 83-91.

Roche, A. 1953. Contribution a l'etude histophysiologique
de l'appareil digestif chez Asellus aquatious. Annales
des Sciences Naturelles, Zoologique 15: 347-358.

Romer, F. 1966. Zytophotometrische Untersuchungen des
DNS-Gehalts in verschiedenen Geweben der Larve and
Imago von Oryzaephilus surinamensis L. Biologisches
Zentralblatt 85: 490-438.

Salisbury, 0., J. Lodge, and F. Baker. 1964. Effects of
age of stain, hydrolysis time, and freezing of the
cells on the Feulgen-DNA content of bovine spermatozoa.
Journal of Dairy Science 47 (3): 284-287.

Stocker, A. and C. Pavan. 1974. The influence of ecdyster-
one on gene amplification, DNA synthesis, and puff
formation in the salivary gland chromosomes of
Rhynchosciara hollaenderi. Chromosome 45: 295-319.

Stowell, R. 1946. The specificity of the Feulgen reaction
for thymonucleic acid. Stain Technology 21: 137-148.

Stromberg, J. 1965. On the embryology of the isopod
Idothea. Arkiv for Zoologi 17(5): 421-473.

Truong, S. and E. Dornfeld. 1955. Desoxyribose nucleic
acid content in the nuclei of salamander somatic
tissues. Biological Bulletin 108: 242-251.

Tuzet, 0., J. Manier, and R. Ormi'eres. 1960. Recherches
sur l'appareil digestif de quelques Isopodes (anatomie,
histologic, cytologic). Bulletin de le Societe
Zoologique de France 84(5/6): 505-531.

Van Beneden, E. 1869. Recherches sur l'embryogenie des
crustaces. I. Observations sur l'developpment de
l'Assellus agnaticus. Bulletin de l'Academie Royale
de Belgique 28(2):

Vendrely, R. and C. Vendrely. 1948. La teneur du noyau
cellulaire en acide d6soxyribonucleique a travers les
organes, les individus et les especes animales.
Experientia 4: 434-436.



86

1949. La teneur du noyau ceilualire en acide desoxy-
ribonucleique a travers les organes, les individus
et les especes animales. Experientia 5: 327-329.

1950. Sur la teneur absolue en acide desocyribon-
ucleique du noyau cellulaire chez quelques especes
d'oiseaux et de poissons. Compte Rendus des Seances
de l'Academie des Sciences (Paris) 230: 788-790.

White, M. 1973. Endomitosis and Polyploidy. In: Animal
Cytology and Evolution, 3rd edition. Cambridge
University Press, London. pp. 74-86.

Wigglesworth, V. 1967. Polyploidy and nuclear fusion in
the fat body of Rhodnius (Hemiptera). Journal of
Cell Science 2: 603-616.



APPENDICES



87

APPENDIX I

Cytophotometric Apparatus

Mi = microammeter

Mo = monochromator

PS = power supply

Pt = phototube

R = voltage regulator

T = telescope
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APPENDIX II

Derivation of the Cytophotometric Formula for the Two
Wavelength Method

The basic formula used to calculate the relative DNA

content of nuclei is:

y = KBL
1
C (1)

where y is the relative DNA content in arbitrary units

(Patau, 1952). K is a constant and may be ignored unless

the actual DNA content in known units (i.e. picograms of

dry-weight DNA) is desired. B corresponds to the field

area and is a function of both the field diameter and the

magnification. L1 is equal to the reciprocal of the percent

transmittance (T
1

) at the lower of the two operating wave-

lengths (i.e. 495 nm). C is a correction factor given by

the formula:

C
ln

3--

(2)
2 Q 2 Q

where Q is equal to L2 divided by L1. C is usually obtained

from a table published by Patau (1952) or Mendelsohn (1958).

The formula for two-wavelength cytophotometry was

derived independently by Patau (1952) and Oonstein (1952).

The explanation that follows is based on Patau's derivation.

The amount of absorbing dye, y, is known to be roughly

proportional to the area of the nucleus, F, and the extinc-

tion, Ev. Hence the general relationship:



=
1 .,.Ev
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(3)

where k
v

is the extinction coefficient at any given wave-

length v.

When measuring a blank, the light flux is (F/B)Ivo,

where I is the intensity of light in the blank field at

wavelength v. When measuring a stained nucleus, the light

flux is Iv1
B -

B
F I v0. The transmission, Tv, is ob-

tained by dividing the light flux in the presence of the

nucleus by the light flux through the blank:

T

I
vl

B-F I
vu
,

1 +
B

I v1
- I v0

v
B I

v0
Iv0

L
v
may be substituted for I vl - Iv0' so that:

I
v0

Tv = 1 B L
v

Rearranging the terms, one obtains:

L
v

(1 - T )
v (4)

Defining Q = L2/Li, and substituting this expression into

equation (4) yields:

L
2

F (1 - T2) 1 - T9
Q L

B
= F .(1 - T1)

1
1 - T1

B

(5)

In the ideal case, E2 = 2(E1) and T2 = (T1)2. Assume

however, that there exists a small, unknown error e, now

E2 = 2(1 ± e)E1 and T2 = (T1)
2(1+e). Substituting



(T1)
2(1+e)

for T
2

in equation (5) means that:

Q
1 - (T1)2(1+e)

1 - T
1

1 - T
1

+ T
1

- (T1)2(l +e)

1 - T1

1 - T
1

T
1
- (T

1

)2(1+e)

1 - T 1 - T
1 1

- T
1

1+2e
)

= 1 +
1 - T1

1 - T
1Introducing q(e)

1 + 2e
1 - (T

1
)

, one obtains

T
1the relationship: Q = 1 1 Rerranging the terms,

q(e).

one arrives at:

T
1
= q(e)(Q - 1).

Since E
v

is equal to -logT
v

, one can say that:

E
1
= -logq(e) - log(Q - 1)

= log Q log q(e).
-
1

1

From equation (4) one can see that:

F = BL
1

1

1 - T
1

90

(6)

(7)

Substituting equation (6) in the above expression yields:

1
F = BL1 1 - (Q - 1) q(e)

Combining El from equation (7) and F from equation (8)

(8)
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results in the following relationship:

1 BL 1 .(log__ log q(e)).
1.

k
1

1 - (Q - 1) q(e) Q-1

Converting from common to natural logarithms and assuming

an ideal situation in which the error, e, equals zero, then

q(e) becomes 1, and:

y
(ln 1 ).= KBL1 Q - 1

Letting C (ln
!"

)
yields the final formula:

Y = KBL,C.

The factor C, as previously mentioned, is the correction

factor. When used in computations, C is usually obtained

from one of several available tables. K is ignored unless

one wishes to calculate the actual mass of DNA present

in each nucleus. L
1

is obtained from intensity readings

through the blank and through the nucleus.
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APPENDIX IV

Feulgen Absorption Curve
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APPENDIX V

Map of Hepatic Cecum Whole Mount
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APPENDIX VI

Sources of Error

A technique as involved as two wavelength cytophotom-

etry has many potential sources of error. These have been

investigated in detail by a number of workers, and have

been the subjects of several extensive reviews (Patau,

1952; Ornstein, 1952; Garcia & Iorio, 1966; Mayall &

Mendelsohn, 1970). The majority of cytophotometric errors

fall into one of three main categories: (1) specimen

errors, (2) absorption or optical errors, and (3) instru-

mental errors.

Specimen errors include the loss of DNA during slide

preparation, non-specific staining, mismatch in refractive

index, the presence of irrelevant absorbing material, and

improper choice of clear areas for "blank" readings. The

specificity and stoichiometric reliability of the Feulgen

reaction under normal reaction conditions are now generally

accepted (Dodson, 1946; Stowell, 1946). However, a con-

siderable amount of error can be introduced by failure to

maintain constant conditions during hydrolysis and stain-

ing. The data obtained by DeCosse & Aiello (1956),

Salisbury et al. (1964), and Fand (1970) indicate that

increasing the hydrolysis time by as little as five minutes

under otherwise standard conditions may cause a ten percent

discrepancy in the spectrophotometric readings. The length



96

of staining time may also affect measurements, although to

a lesser degree. As mentioned earlier, the reaction

conditions used in this study were chosen so as to minimize

these effects. In addition, identical conditions were

maintained during the preparation of each series of slides.

The loss of light due to scatter by unstained colloidal

particles in the specimen was minimized by the use of a

colorless mounting medium with a high refractive index,

matching that of the Carnoy-fixed tissue.

The presence of extraneous absorbing material in the

specimens was not a problem in this study. The tissues did

not contain any opaque or absorbing substances, such as

natural pigment granules; Feulgen chromophores were present

only in the nuclei.

The areas selected for the blank readings were always

those of clear cytoplasm and as close as possible to the

nuclei being measured.

Absorption or optical errors may be produced by in-

correct condenser aperture, chromatic impurity, glare or

stray light, and uneven distribution of absorbing sub-

stance. The most significant of these, by common agree-

ment of numerous investigators, are errors due to stray

light and non-homogeneous distribution of the chromophores.

Stray light entering the cytophotometric light path

was reduced by narrowing the entrance slit of the monochro-

mator to 0.7 mm, which is less than the width of the fila-
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ment image impinging on the slit. In addition, the measure-

ments were always made in a darkened room to prevent stray

light from entering the system at the mirror, condenser,

objective lens, or from reflection off the specimen slide.

The uneven distribution of absorbing substance was

the major source of error with the older, single wavelength

techniques. Patau (1952) and Ornstein (1952) independently

derived the two wavelength technique to circumvent this

problem. In theory, one of the two wavelengths is chosen

such that the dye particles are so transparent to it that

no shadowing takes place. Patau estimates that this

technique theoretically can limit the distributional error

to less than two percent, although such extreme accuracy

is rarely achieved in practice.

Mayall and Mendelsohn (1970) estimate that error due

to the condenser aperture is probably not significant. The

problem arises if the light striking the specimen is not

parallel, causing a difference in pathlength for photons

passing through the specimen. According to the Beer-

Lambert relation, the extinction (the variable of interest)

is proportional to path length, hence it is necessary that

all photons in the field be parallel. The light impinging

on the specimen was adjusted to reduce this source of error.

The purity of light in cytophotometry depends directly

on the operating efficiency of the monochromator. Error
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due to chromatic impurity was reduced by narrowing the

entrance and exit slits of the monochromator and by the

use of the two wavelength method.

There are many potential sources of error within the

actual components of the cytophotometric apparatus. Most

of these never become significant enought to influence

the results obtained. Fortunately, the nature of most

instrumental errors is such that they can be detected by

proper testing, although their complete elimination may be

difficult.

Of the primary concern is the linearity of response

of the photoelectric cell. The sensitivity profile of the

type of phototube used in this investigation indicates

that a 5 mm by 10 mm rectangular area is of relatively

uniform sensitivity (Pollister and Ornstein, 1955). The

iris diaphragm below the phototube assembly was used to

restrict the field area to a 2 mm to 5 mm range when

measurements were made. The linearity of response within

this restricted range was tested by measuring the total

light flux while varying the field size. The limiting

factor appears to be the mechanism for adjusting field size

rather than the linearity of the phototube response.

Fluctuations in the line current that supplies the

phototube and the light source can cause deviations in the

results from minute to minute. This variability generally

amounts to two or three percent, but can mostly be avoided
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by interposition of a voltage stabilizer.

The five position test (Garcia & Iorio, 1966) was

performed to determine the homogeneity of both light and

phototube response around the field of measurement. It

consists of making five measurements on the same cell.

The cell is chosen such that its area is much smaller than

the field area. It is measured in the center of the field,

as well as the top, bottom, left, and right sides. Several

replicate readings are made at each position. If the field

illumination and photometer response are uniform, the mean

value for each position will be the same. The results of

this test are presented in Appendix VII. The mean value

for all five positions was 59.8, the standard deviation

2.99, and the coefficient of variation five percent. The

maximum difference, between positions two and five was

11 percent. In a sample case, Garcia & Iorio (1966) report

maximum differences of three to five percent, with ten

percent being acceptable.

A very critical step is the selection of the operating

wavelengths. It is imperative that the extinction at one

wavelength be twice that at the other wavelength (see

mathematical derivation of two wavelength cytophotometry,

Appendix II). It should be noted that there i8 not just

one set of wavelengths that will work; any combination for

which the 1:2 relationship holds is satisfactory. Because

of differences between tissues, mounting media, and stains,
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it is necessary to determine the operating wavelengths in

each situation. A mistake in the selection of wavelengths

introduces a significant systematic error into the measure-

ments. Once the selection is made, it can be checked by

means of the slope zero test. A single nucleus is measured

several times, using a different field area each time.

If the chosen wavelengths bear the proper relationship to

one another, the values obtained will be identical in each

case. The data obtained from the slope-zero test when

applied to the wavelengths used in this investigation,

495 mm and 540 mm, are presented in Appendix VIII. The

mean DNA value is 13.8, the standard deviation is 0.91,

and the coefficient of variance is 6.5 percent. The data can

also be expressed graphically by plotting the areas on the

abscissa and the DNA values on the ordinate. If the

selection of wavelengths was proper, so that the mathemati-

cal relationship holds, the slope of the line should be

close to zero. If the ratio of extinctions is more or

less than 0.5, the slope will be positive or negative.

The data in Appendix VII were plotted. The slope of the

regression line through these points is 0.00531. The

results obtained from the slope-zero test compare favorably

with the examples cited by Garcia & Iorio (1966).

Patau (1952) has estimated the total error inherent

in two wavelength cytophotometry to be theoretically less

than three percent. In practice the error may run as high
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as 25 percent. The results of the five position test and

the slope-zero test provide one of the best estimates of

the optical and instrumental errors (approximately six and

one-half percent). However, an estimate of the total error

should also include specimen error, and may therefore be

somewhat higher. Perhaps the best estimate of the maximum

total cytophotometric error encountered in this study was

obtained from the measurement of spermatids. The amount

of DNA in spermatids is theoretically constant. There is

no mitotic cycling or DNA synthesis to interfere; there is

no ostensible reason why all spermatids measured should not

have exactly the same relative DNA value. The data obtained

in this investigation came from different spermatids pre-

pared from different animals in different slide batches.

Spermatids are difficult to measure because of their small

size. Hence, the potential for introducing error is

greater with spermatids than for the other cell types, and

any variation encountered is due to error, not actual varia-

tion in DNA content. The coefficient of variation (standard

deviation/mean) for these spermatids was 14.7 percent. The

maximum total cytophotometric error was therefore approximate-

ly 15 percent and it is reasonable to assume that the amount

of variation due to error in the larger hepatic ceca,

midgut, and testis sheath cells was significantly less.
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APPENDIX VIII

FIVE POSITION TEST

Position Replicate Readings Mean

1 54,070,4, 71.34, 53.9, 61.3 62.2

2 71.0, 51.1, 68.1, 58.3, 65.4 62.8

3 62.3, 62.5, 63.3, 59.1, 56.7 60.7

4 42.6, 67.3, 50.3, 48.8, 76.2 57.1

5 59.1, 58.5, 55.8, 42.5, 64.9 56.2
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APPENDIX VIII

SLOPE ZERO TEST

Relative Area Relative DNA content

100 12.5

88 12.4

85 13.9

77 13.1

70 14.1

64 14.2

60 15.4

53 14.1

45 14.4

36 13.9


