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The cellular dynamics of the intestinal epithelium in the coho

salmon, Oncorhynchus kisutch, has been studied to determine the ef-

fects of temperature and whole-body X-irradiation. In vivo experi-

ments utilizing colchicine mitotic inhibiting technique and tritiated

thymidine (3H- TdR) radioautography were employed in order to

evaluate the kinetics of the cell population. In vitro radiotracer en-

zyme assays were used to measure the conversion of 14C-2-

thymidine to the precursors of DNA synthesis, dTMP, dTDP and

dTTP.

Colchicine solution at 0. 04 mg/100 gm body weight was injected

and fish sacrificed from 1 to 18 hours. Arrested mitotic figures oc-

curred only in the basal region of the intestinal folds for all time

periods.

A series of 3H-TdR experiments were carried out using salmon



thermally acclimated at 5°, 10°, or 18° C. Fish were injected intra-

peritoneally with 3H-TdR solution (1. 5 II Ci/gm body weight), then

sacrificed sequentially from 10 minutes to 37 days after injection.

Samples of the intestine were processed either for radioautography

or for liquid scintillation studies. Radioautographs indicated initial

3 H-TdR cell labeling occurred in the basal region of the intestinal

folds, with subsequent cell migration up the folds, and sloughing of

cells into the lumen from the tips of the folds. Renewal times were

temperature dependent, with estimates of 13-15, 23-25, and in

excess of 35 days for 18°, 10° and 5°C respectively.

Whole-body X-irradiation at 10°C produced considerable cell

damage by 21-22 days after exposure at 1, 000 R level. The gastro-

intestinal syndrome was manifested by 24 to 26 days after exposures

of 4, 000 and 8, 000 R. 3H-TdR incorporation into the intestinal

nucleoprotein fraction was dose dependent through 160 minutes after

injection.

A series of invitro radiotracer enzyme assay experiments were

carried out using 14 C-2-thymidine and the intestinal post-microsomal

fraction (> 104, 000 x G for 1 hr) from thermally acclimated coho

salmon. Thymidine kinase exhibited pH optimum at pH 7. 9 ± 0. 1

while thymidylate kinase showed maximum activity at pH 6. 8 ± 0. 1.

Formation of dTMP, dTDP, and dTTP exhibited saturation type sub-

strate dependency curves, while dTMP activities measured at 5°,



100, and 18°C resulted in non-competitive inhibition at the lower

temperatures. Relative thymidine kinase activities estimated for

the different temperature levels were 3. 6, 2. 5, and 2. 0 for 5° -5°G

vs 10° -1,0°C, 5° -5°C vs 18°-18°C, and 10 ° -10 °C vs 18 ° -18 °C,

respectively.

Lowry protein assays indicated there was an inverse relation-

ship between total protein per unit volume intestinal microsomal

supernatant fraction and fish acclimation temperature.
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CELLULAR DYNAMICS OF THE INTESTINAL EPITHELIUM
OF COHO SALMON, ONCORHYNCHUS KISUTCH, AS

INFLUENCED BY TEMPERATURE AND X-RAYS

INTRODUCTION

Cellular Dynamics

General

The investigations of deoxyribonucleic acid (DNA) synthesis

are useful for studying environmental factors which may significantly

influence the dynamics of cell populations. The synthesis of new

DNA almost invariably signifies cell replication', and in cell renew-

ing systems the numbers of newly formed cells introduced into the

population are balanced by loss of old cells, thus establishing steady-

state kinetics.

A steady-state equilibrium cell population requires the pres-

ence of a self-sustaining pool of stem or proliferative cells, each

capable of dividing into a second homomorphogenic stem cell and a

heteromorphogenic cell destined to differentiate and become a func-

tional cell. The cellular dynamics of the system is determined by

the summation of the constituent phases comprising the generation

cycle, including G1, S, G2, and M of the proliferating cells;

'DNA replication occurs without cell replication in cases of
polyploidy, also referred to as endoduplication.
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number of cells in the population; transit times; and total renewal

or turnover time.

Among environmental factors which may significantly influence

DNA synthesis and cellular dynamics, temperature and ionizing

radiation are of considerable interest to cell biologists. Tempera-

ture, because of its influence on reaction rates, and ionizing radia-

tion, because of the inhibitory effects on cells. Thus, a study involv-

ing the effects of temperature and radiation on DNA synthesis in a

steady-state cell population allows one to better understand the com-

plex kinetics, which cell populations undergo in the natural state.

Literature

The intestinal epithelium in mammals has been defined as a

steady-state cell population by numerous investigators through eluci-

dation of cellular dynamics including, McMinn (1954), Hughes et al.

(1958), Quastler et al. (1958), Loran and Althausen (1960), Fry,

Lesher and Kohn (1961a, 1961b), Fry, Lesher and Kisieliski (1963),

and Leblond (1965). In general, these studies indicate the genera-

tion cycle for the mammalian intestinal epithelial cells is 12-14

hours, and the renewal times vary from one to three days.

Studies involving cellular dynamics of non-mammalian verte-

brates have been limited to a few species. In amphibians, Patten

(1960) and O'Steen and Walker (1960), studying Triturus and Necturus,
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reported finding subepithelial buds or cell nests in the intestinal

mucosa layer. They said cell migration occurred via direct migra-

tion to the lumen. In reptiles, Andrew (1959) observed mitotic

activity of reptilian intestinal mucosa occurring in the basal region

of the folds, while Wurth and Musacchia (1964), investigating the

cellular renewal of intestinal epithelium in the turtle, Chrysemys

picta, reported mitotic activity occurring regularly along the fold in

the entire intestinal region. They estimated a turnover time of 56

days, with cell loss by random movement of cells from the basement

membrane directly into the lumen. Johnson, Dornfeld, and Conte

(1967) reported that colchicine arrested mitotic figures and initial
3H-TdR (tritiated thymidine) labelling occurred in the basal portion

of the intestinal folds in the fence lizard, Sceloporus occidentalis,

with renewal times of five to seven days in juveniles and six to nine

days in adults.

In fishes, Vickers (1962), studying the intestinal epithelium of

the goldfish, Carassius auratus, noted colchicine arrested mitotic

figures in the basal portion of the rugae and estimated renewal times

of six to nine days at 20° C. Hyodo (1964, 65) and Egami, Hyodo-

Taguchi and Etoh (1968) described the goldfish intestinal epithelium

and followed incorporation of 3H-TdR radioautographically. They

reported initial cell labelling occurred in the basal region of the

rugae, with subsequent immigration of the cells onto the folds, and
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finally lost into the lumen. Goldfish sampled 20 days after injection

of 3H-TdR showed labelled cells in the extrusion zone of the intestinal

folds when maintained at 23' C, but no indication of labelled cell mi-

gration by 40 days with fish held at 6e C.

Temperature Concepts

General

Temperature is an important factor in understanding the com-

plex relationships between living organisms and their environment,

since it determines to a large degree, metabolic rate and defines the

ranges within which, all living biological organisms may exist.

Biologically, all animals are classified either as homoiothermic

(warm-blooded) or poikilothermic (cold-blooded). Homoiothermic

animals are those forms maintaining a relatively constant body tem-

perature irrespective of environmental temperature, such as found

in birds and mammals, while poikilothermic animals are those forms

with varying body temperature, usually close to the environmental

temperature.

Physiologically, poikilothermic animals acclimated to cold

temperatures are very different from warm-acclimated animals as

evident from laboratory studies on temperature lethality, metabolic

rate, growth rate, and enzymatic activities. The poikilotherms are
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thought to "compensate" metabolic processes in response to environ-

mental temperature by altering chemical and cellular processes,

i. e. , by regulating either the anabolic or catabolic processes by in-

duction or repression; by nervous and hormonal alterations; by

changes in ionic balance and regulation; or by specific qualitative

changes in the enzyme molecules themselves.

Most biochemical processes in living organisms occur in a

series of reactions, the reaction velocity of the series being deter-

mined by the rate-limiting step in that series. The temperature co-

efficient for the series will be determined by the rate-limiting reac-

tion for a given system under defined temperature conditions.

The temperature coefficient for a biological system can be de-

fined by the Q10.
These values are determined by the ratio of the

activity rate at a given temperature to the rate at a temperature

10°C lower and this is called the Q10 or temperature coefficient.

Q10 values are usually about two, but may be less than or consider-

ably greater than two, depending on the system. For biological and

numerous thermochemical reactions, the Q10 is approximately two

(equals twofold increase in activity) for each 10° C rise in tempera-

ture within the biothermal range.

In 1899 Arrhenius postulated the theory of activation energy to

explain the Q
10

phenomena in chemical and biological systems

(Giese, 1962). He noted that only a certain fraction of the molecules
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at a temperature, T, have equal kinetic energies, and a wide spec-

trum of kinetic energies exist for each molecular type at that tem-

perature and set of conditions. He said those molecules with the

highest kinetic energy, have the highest probability of reacting upon

collision with other molecules, therefore, the reaction rate would be

dependent upon the concentration of those molecules with higher

kinetic energy. The critical energy required to react was called

"activation energy, " and from mathematical calculations, he deter-

mined there would be several times as many molecules with sufficient

"activation energy" to react at temperature T, than at temperature

T-10°C. Thus, the twofold increase in reaction rates of the system

result principally from increased proportion of molecules possessing

"activation energy. "

Temperature coefficients can also be determined by the Van't

Hoff equation for reaction rates at two different temperatures (Giese,

1962).

where:

k
2

1O/(t
2
-t

1)
Q ()10 k

1

k
1

= reaction rate at temperature 1

k
2

= reaction rate at temperature 2

t
1

= lower temperature

t
2

= higher temperature
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the equation can be used in the form:

10
k

2log 10 (t2 -t1) log 7.

The complex biochemical reactions occurring in biological

systems require enzymes to catalyze the conversion of substrates

into products. The rates of these enzymatic reactions are influenced

by four major factors, which are the following: substrate concentra-

tion; reaction inhibitor concentration; temperature; and pH. The com-

plex structure of the enzyme protein molecules is important in deter-

mining the velocity of a given catalytic reaction, and this structure,

especially critical at the active site, is unique for each enzyme

species.

The classical theories of Michaelis and Menten (1913) on en-

zyme kinetics are basic to the understanding of enzymatic reaction

mechanisms. These concepts are valuable in studies involving tern -

perature effects on biological systems, especially poikilothermic

organisms, since changes in environmental temperature will alter

the catabolic rates in those systems.

In retrospect, the rates of organic chemical reactions increase

with increase in temperature by a change in the molecular collision

frequency, thus temperature is important in controlling the reaction

rates of enzymes, metabolism and growth of organisms. In
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poikilothermic organisms, the van't Hoff-Arrhenius relations of reac-

tion rates of temperature are valid and biochemical reaction systems

involving macromolecules show temperature dependency rate-func-

tions, but the optimum rates are limited to relatively narrow tem-

perature ranges. Temperatures greater or less than the optimum

result in decreased rate-functions, but are thought to affect the rates

differently. Collision frequency phenomena is thought to dominate

the reaction rates below the optimum, while alterations in the enzyme

molecular structure may cause the decreased rates above the opti-

mum temperature. Therefore, for a given organism and environ-

mental conditions, there is a biothermal range with defined

"optimum" conditions for controlling the rate-functions of that bio-

logical system.

Despite the dominant rate-controlling factor of molecular col-

lision frequency, this concept doesn't completely explain the effects

of temperature acclimation on the enzymatic rates, metabolic func-

tions and growth rates in poikilothermic animals, for numerous

examples are given in the literature where rate functions are altered

by temperature more than can be explained by the molecular excita-

tion concept alone.

Literature

Considerable information is available on temperature lethality
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and metabolic rate-functions in vivo for poikilothermic organisms.

The aquatic poikilothermic organisms represent a large portion of

the temperature conforming species and their body temperatures

closely parallel the environmental temperatures. Among the aquatic

poikilotherms, the Teleosts (bony fishes) are the most numerous,

diversed, and widely distributed group of vertebrates, numbering

over 50, 000 species. The Teleosts have evolved, biologically, the

capacity to "compensate" for environmental temperature changes,

thus allowing them to maintain the dynamic balance of homeostasts

over a relatively wide biothermal range.

The process of acclimation has been known since 1895, when

Davenport and Castle (1895) studied effects of temperature on morpho-

genesis, but Hathaway (1927), was the first investigator to show ac-

climation in fish. Subsequently, numerous reports have been pub-

lished concerning temperature lethality and resistance acclimation2

(as opposed to capacity acclimation 3) among them Wells (1914), Fry,

Black and Black (1947), Brett (1944, 46, 52, 60), Fry (1957), and

Tsukuda (1960a, 61).

Considerable work has been done on oxygen consumption in fish

2Resistance acclimation, refers to temperature acclimation
under thermal stress conditions, i. e. extreme warm or cold.

3Capacity acclimation, refers to temperature acclimation oc-
curring in the normal biothermal range for that particular species.
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acclimated to different temperatures, Wells (1935), Fry and Hart

(1948), Fry (1958), Prosser (1958), Kanungo and Prosser (1959a,

1959b) and numerous others. In general, they have found that fish

acclimated to warm temperatures have a higher oxygen consumption

than those acclimated at colder temperatures when measured at the

temperature of acclimation, but at a designated intermediate tem-

perature, the cold-acclimated fish oxygen consumption is greater

than the oxygen consumed by the warm-acclimated fish.

The physiological pattern of temperature acclimation in fishes

has been defined by Precht (1958) and Prosser (1958) in terms of

metabolic rates at different acclimation and experimental tempera-

tures. These authors define "acclimation" as a slow change in the

organism in response to environmental change, and the ability of

the organism to "compensate" for change in environmental tempera-

ture.

Recently, the emphasis in temperature acclimation studies has

been in the area of cellular mechanisms for possible answers to the

processes of "compensation. " A basic underlying assumption in

these cellular mechanism studies is that the organism must maintain

homeostasis if it is to survive, and this can be accomplished either

by maintaining a constant internal milieu or by altering the enzyme

reaction rate coefficients of the numerous biological reactions oc-

curring in the dynamic biological system (Hochachka, 1967). Hoar
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and Cottle (1952a and 1952b) studied lipid structure of the plasma

membrane in fishes and postulated the acclimation temperature af-

fected the permeability of the cell membranes by altering the consti-

tution of the lipids and fats in the plasma membranes. Hoar (1959)

followed hormone-induced enzymatic changes in fish acclimated to

various temperatures and Barrington and Matty (1954) also postulated

temperature induced hormone effects in fishes.

Houston et al. (1968), studying ionic regulation in thermally ac-

climated rainbow trout, postulated the probable role of mono- and

divalent cations in control of enzymatic activity and suggested that

changes in ionic balance and regulation may influence biochemical

events associated with temperature adaptation in trout. Precht,

Christopherson and Hensil (1955), Fischer (1958) and Read (1964b)

discussed concepts of cellular and subcellular temperature adapta-

tion, while Poston (1966), Berlin and Dean (1967) reported tempera-

ture-induced protein level changes in fish tissue. Hochachka (1965)

noted the rate-functions, metabolic rates, and enzymatic rates in

fishes showed temperature dependency related to quantitative and

qualitative changes in the enzyme protein, with increased protein in

the cold acclimated fish compared to warm acclimated fish. Prosser

(1967) suggested that enzyme induction and repression occurred, while

Hochachka (1967) studied temperature induced changes in lactic

dehydrogenase isozymes from fish muscle and Hochachka and
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Somero (1968) reported temperature dependent enzyme affinity for

ligands using fish muscle LDH. Rosen, Murray and Novel li (1967)

demonstrated a heat-labile aminoacyl transferase exists in trout

liver cell-free system.

The areaof biosynthesis of nucleic acids in fishes and the effects

of temperature acclimation on these processes is not well defined.

Tarr (in press) has reviewed the work on biosynthesis of DNA in

fishes.

Tarr (1964c) reported the formation of purine and pyrimidine

nucleoside, deoxynucleotides, and corresponding mononucleotides in

vitro, cell-free lithium chloride extract of immature rainbow trout

testes. He showed adenosine, guanosine, uridine, cytidine, thymi-

dine, and deoxyuridine all yielded the corresponding nucleotide.

Deoxynucleosides and deoxynucleotides were formed from the bases

and deoxyribose-l-phosphate. These experiments demonstrate that

immature salmon milts contain enzymes necessary to catalyze the

typical biological reaction involving purines, pyrimidines, into the

corresponding mononucleotides.

Hyodo (1965) followed the incorporation of 3H- TdR into goldfish

intestinal epithelium radioautographically. He reported initial

labelling in base of rugae with maximum grain count 3 hours and 44

hours for 22°C and 4°C temperature groups respectively.
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General

13

The consequences of whole-body irradiation on biological

tissue depends on many variables including such factors as species,

tissue, type of radiation, energy, dose, dose-rate, oxygen content

of the tissue, physiological state of the organism, temperature, etc.

Ionizing radiation is a form of energy, which upon absorption by

matter, causes ionization to occur.

The response of steady-state cell populations to radiation

injury is to replace the damaged or dead cells in the population by

proliferation of stem cells, thus introducing new functional cells into

the populations. In radiation exposure, the enzymatic mechanisms

required to maintain the cell generation cycle are damaged, which

results in disturbance of the dynamics of the cell population. The

mature functional cells of a steady-state population are much more

radioresistant, as h L411 doses are required to impair their functions,

while proliferating cells are more radiosensitive and cell division

is easily inhibited by ionizing radiation. Bond, Fliedner and

Archambeau (1965) attribute the radiosensitivity to macrornolecular

synthesis (i. e. RNA, DNA, and Protein) as important factors in

stem cell sensitivity.
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Literature

To date, effects of whole-body radiation on freshwater fish

survival have been reported by several authors, among them

El linger (1940) on goldfish (Carrasius auratus), Welander et al.

(1949) on rainbow trout (Salmo gairdneri), Bonham et al. (1948) on

Chinook salmon (Oncorhynchus tshawytscha), and in goldfish and

Japanese medaka (Oryzias latipes) by Egami and Etoh (1963), Etoh

and Egami (1963), Egami and Hyodo (1965), Etoh and Egami (1965).

These studies indicate the survival curves in fish following whole-

body irradiation with X-rays are similar to those reported for mam-

malian species, except the expression of the damage is much slower

in fish, Egami et al. (1966).

Hyodo (1964) studied effects of radiation insult on the intestine

of the goldfish (Carrassius auratus) and reported typical radiation

syndrome with mitosis completely inhibited at 22° -23°C two weeks

post exposure at 2 to 32 kR. Hyodo (1965) noted that goldfish which

were exposed to 8 kR X-rays and then maintained at 4°C survived

more than 100 days, whereas those irradiated similarly but kept at

22°C died with ten days. He concluded that the expression of in-

testinal cell damage was masked at 4° C.

Hyodo (1965) studied 3 H-TdR incorporation into intestinal epi-

thelial cells of goldfish maintained at 22C and irradiated with 8kR.



He reported a maximum incorporation activity at three hours post

injection. Those fish held at 22° C, irradiated and injected with

3

15

H-TdR, then transferred to 4°C showed a decrease in incorporation

of 3H-TdR following irradiation, yet no definite effects of irradiation

on the rate of DNA synthesis were observed in the experiments.

Egami and Etoh (1966) obtained a decrease in mortality of ir-

radiated goldfish using split dose technique and reduction of the

water temperature from 23°C to 11°C. Egami, Hyodo-Taguchi and

Etoh (1967) significantly reduced post-irradiation survival time in

goldfish by increasing the post-irradiation environmental tempera-

ture. Hyodo-Taguchi (1968) studied the effect of post-irradiation

temperature on cell renewal of goldfish intestinal epithelium at 6°,

15° and 25°C after 8kR X-rays. Radioautographic measurement of
3 H-TdR incorporation into the intestine following irradiation indi-

cated labelled cells occurred in the base of the mucosal folds at all

temperatures, but noted a reduction in the number of cells entering

DNA synthesis per unit population per unit time at the lower tem-

perature levels. Grain counts failed to indicate significant differ-

ences 3H-TdR incorporation between 8 kR irradiated samples and

controls. He suggested there were no inhibitory effects of X-rays

on the rate of DNA synthesis immediately following irradiation.

Radioautographs of goldfish intestinal tissue 20 days after in-

jection of 3H-TdR showed that fish held at 25°, 15°, and 6°C, had
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labelled cells appearing in the extrusion zone, one-half way up the

folds, and one-third way up the folds, respectively, indicating definite

temperature dependent cell renewal times.

Hyodo (1964) and Hyodo-Taguchi (1968) reported that the in-

testinal epithelium of goldfish irradiated in the dose independent range

(3-64 kR) of X-rays, have considerable reduction in number of cells

present on the intestinal folds and attribute acute radiation death to

the gastrointestinal syndrome. The rate of expression of intestinal

syndrome has been shown to be dose and temperature dependent;

therefore, any lowering of the environment temperature increases

the survival time by changing the rate of cellular dynamics of the

system.

The importance of environmental temperature in survival of

fishes following irradiation has also been reported by Angelovic,

White and Davis (1968). They investigated the effects of temperature

and salinity following irradiation on the estuarine fish, Fundulus

heteroclitus. Their data indicate any temperature increase during

or after irradiation increases the radiosensitivity of the organism,

by altering the metabolic rate.

The present study was undertaken to provide further informa-

tion on the effects of temperature and radiation on a poikilothermic,

steady-state cell population. The study examines the influence of

temperature acclimation and radiation insult on the cellular dynamics
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of the intestinal epithelial cell population of the coho salmon,

Oncorhynchus kisutch and the in vitro phosphorylation activities for

thymidine kinase and thymidylate kinase using salmon intestinal

post-microsomal supernatant fraction.
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MATERIALS AND METHODS

Collection and Care of Experimental Animals

Nine-hundred juvenile coho salmon, Oncorhynchus kisutch, of

the Washougal brood stock were obtained from the State of Washington

Department of Fisheries. Four hundred coho salmon from Ringold

natural rearing pond, Pasco, Washington in October 1965 and five

hundred salmon from Klickitat salmon hatchery located at Glenwood,

Washington in December 1965. The salmon were trucked to holding

facilities at the Battelle-Northwest Biology Laboratory, Richland,

Washington, maintained in hatchery troughs supplied with continuous

flowing, temperature controlled Columbia river water and fed com-

mercial salmon diet three times daily.

Two hundred juvenile coho salmon, Oncorhynchus kisutch, of

the Washougal brood stock were obtained from the State of Washington

Department of Fisheries salmon hatchery at Washougal, Washington

in March of 1967. The salmon were trucked to the aquarium facili-

ties at the Oregon State University Radiation Center, Corvallis and

maintained in fiberglass aquariums supplied with continuous flowing,

temperature controlled, de-chlorinated water and fed twice daily on

commercial salmon pellet.

The fish were always randomly divided into three groups for

acclimation to temperatures of 5', 10°, and 18°C. Acclimation
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temperatures were attained by slowly adjusting the water temperature

(1*C/day) until the desired levels were reached, then the fish were

maintained at the respective temperature levels for a minimum of

six weeks before experimentation.

Experimental Procedures

Cellular Dynamics of the Intestinal Epithelium:
In Vivo Experiments.

Colchicine. A preliminary experiment with colchicine was

carried out to determine the sites of mitotic activity in the coho

salmon intestinal epithelium. Sixty salmon, average fork length

10. 1 cm, average weight 9. 8 gm, were thermally acclimated for six

weeks at either 5', 10°, or 18°C. The salmon were anesthetized

by immersion in methyl pentanol, injected intraperitoneally with

colchicine solution (0. 04 mg/100 gm body weight) and immediately

returned to their hatchery troughs. They were sacrificed at various

time intervals after injection from 1 to 18 hours. Controls received

similar treatment, but were injected with saline solution.

Tissue samples were taken from the anterior portion of the

descending intestine, fixed in ten percent neutral buffered formalin,

processed histologically, sectioned at 7p. and stained with hematoxylin

and eosin.

Radioautography. A series of 3H-TdR incorporation studies
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were carried out to define the sites of DNA synthesis, cell replica-

tion, cell migration patterns and renewal times for the intestinal

epithelial population. Two hundred and fifty fish, average length

12. 5 cm, average weight, 19. 1 gm acclimated for six weeks at their

respective temperatures of 5°, 10° or 18°C, were anesthetized with

methyl pentanol, injected intraperitoneally with a 3H-TdR saline

solution (1. 5 Ci/gm body weight) 5 a nd. immediately returned -

to their respective hatchery troughs.

Tissue samples from the anterior portion of the descending

intestine were taken at various time intervals after injection, from

1 hour to 37 days. Three fish were sampled at each temperature

level for each time period. Tissues were immediately fixed in ten

percent neutral buffered formalin, prepared histologically, cut at

5[1., radioautographs prepared routinely using Ilford K-5 nuclear

emulsion. Dipped slides were stored in light-tight boxes for four

weeks at 3° -4°C, developed with Kodak D-19 developer then stained

with hematoxylin and eosin.

DNase digestion technique was used to determine specificity

of 3H-TdR as a DNA precursor. Twenty mg DNase 6 were added to

5
Thymidine-methyl-T( 3H-TdR), Batch 12, specific activity

12.8 Curies/mM, from Nuclear-Chicago Corporation, Des Plaines,
Illinois.

6
DNase, deoxyribonuclease, crystallized, and lyophilized from

bovine pancreas, stock no. DN-C, 150, 000 units/mg, Sigma
Chemical Co. , St. Louis, Missouri.
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100 ml of 0. 003 M MgSO4, pH adjusted to 6. 5 with 1N NaOH and

slides with 3H-TdR labelled tissued sections were incubated in the

mixture for four hours at 37° C. Control slides were treated in a

similar manner, except DNase was omitted from the digestion mix-

ture. Radioautographs were prepared as previously described.

All radioautographs were surveyed microscopically to deter-

mine presence and location of silver grains. DNase treated slides

were surveyed for absence of silver grains to confirm 3_H-TdR

specificity for DNA.

Thymidine Incorporation. A series of experiments were ini-

tiated to determine the influence of thermal acclimation and radiation

on 3H-TdR incorporation into nucleoprotein in the salmon intestinal

tissue.

Three hundred coho salmon, average length 14. 3 cm, average

weight 30. 3 gm, acclimated at 5°, 10°, or 18°C for two months were

anesthetized (five to seven at a time) with methyl pentanol, injected

intraperitoneally with freshly prepared solution of 3H- TdR in saline

(1. 5[1. Ci/gm body weight)7 then immediately returned to the hatchery

troughs.

Three to six fish were sacrificed at each temperature

7 Thymidine -m ethyl- T( 3H- TdR), Batch 13, specific activity
12. 3 curies/mM from Nuclear-Chicago Corporation, Des Plaines,
Illinois.
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sequentially from 10 minutes to 160minutes follwing the injection.

Fish sampled from 1 to 37 days after injection were used to estimate

cell turnover. The fish were sacrificed by a blow on the head and the
3
H-TdR incorporation into the intestinal nucleoprotein fraction deter-

mined. The entire procedure was as follows.:

1. Sacrificed fish

2. Dissected descended intestine

3. Tissue frozen in liquid nitrogen

4. Tissue weighed

5. Homogenized tissue (1:1 w/v) with saline (isotonic . 9%

NaCl)

6. Washed tissue into centrifuge tube with 5 ml of 10%

TCA and stir

7. Centrifuged

8. Discarded supernatant fraction

9. Repeated steps 6, 7, and 8 at least three more times

10. Washed the residue with distilled water

11. Added 5 ml of 95% ethanol to tissue residue

12. Stirred, centrifuged and decanted

13. Added 5 ml of ethanol + chloroform (3 + 1)

14. Stirred, centrifuged and decanted

15. Repeated steps 13 and 14.

16. Added 5 ml of ethanol + ether (3 + 1)
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17. Stirred, centrifuged, and decanted

18. Added 5 ml ether

19. Stirred, centrifuged and decanted

20. Air dried

21. weighed

22. Schoniger combustion performed on dry nucleoprotein

samples

23. Aliquots of combusted samples counted using liquid

scintillation techniques

Ninety salmon averaging 16. 3 cm in length and 45. 0 gm in

weight, maintained at 10°C for a period of two months, were studied

to measure the effects of whole-body X-irradiation on incorporation

rate of 3H-TdR into nucleoprotein of the intestinal tissue.

Radiation exposure conditions were identical to those described

in the histopathology section, except only 1000 R, 2000 R and 4000 R

exposure levels were studied.

After irradiation the salmon were transported to the hatchery

facilities, anesthetized with methyl pentanol, injected intraperi-

toneally with a solution of 3H-TdR in saline (1. 5 Ci/gm body weight) 8

and immediately returned to the 10° C holding troughs. A maximum

8 Thymidine-methyl-T( 3H-TdR), Batch 13, specific activity
12. 3 curies/mM, from Nucelar-Chicago Corporation, Des Plaines,
Illinois.
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of 15 minutes elapsed between the end of radiation exposure and com-

pletion of 3H- TdR injection. Samples of the entire descending in-

testine were excised starting at ten minutes after injection to 160

minutes, then the nucleoprotein fraction isolated and specific activity

determined as described above.

Histopathology. Two hundred salmon, average length 16. 5 cm,

average weight, 45. 3 gm, temperature acclimated for at least two

months, were studied to determine the effects of whole-body X-

irradiation on the intestinal epithelium cell population at 10°C. The

fish were transported (25 fish/group) to the X-ray facilities in plastic

containers and subjected to a single irradiation with exposures rang-

ing from 140 R to 8, 000 R. 9

Radiation exposures were made using a General Electric Maxi-

tron two-fifty X-ray generator machine operated at 250 KVp, 30 mA,

with 0. 25 mm Cu and 1 mm Al filters. The distance from anode to

center of exposure container was approximately 23. 5 inches, result-

inging in an average exposure rate of 43. 7 R/minute. Air was sup-

plied to the fish during irradiation, the temperature maintained at

9R refers to Roentgen, is the standard unit of air exposure
dose of X- or gamma radiation such that the associated corpuscular
emission per cm air produces, in air, ions carrying 1 esu of charge
of either sign.

10Exposure rate estimated by determining average R/minute in
a calibrated Victoreen 100r "thimble, " wrapped in polyethylene,
submerged in the water and resting on the bottom of the container.
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10 ± 0. 5°C and the container rotated at 10 ± 1 rpm to obtain a more

uniform field of exposure. Figure No. 1 shows a schematic diagram

of the radiation exposure assembly.

After irradiation the fish were returned to the holding troughs

and held at 10° C. Non-irradiated fish were handled in a similar

manner. One-hundred and thirty-six salmon (8 groups of 17

fish/group) were observed for 34 days post-irradiation for lethality,

while 64 fish were sampled at various times to follow histopatho-

logical damage in the intestinal tissue. Tissue samples were re-

moved from the anterior portion of the descending intestine, fixed

in ten percent neutral buffered formalin, processed histologically,

sectioned at 71.1, and stained with hema.toxylin and eosin.

Thymidine Kinase and Thymidylate Kinase:
In Vitro Experiments.

Isolation of Enzyme Fraction. Two hundred coho salmon

averaging 16. 1 cm in length, 45. 4 gm in weight after being held six

weeks at one of three temperature levels (5°, 10°, or 18° C), were

sacrificed, the descending intestine removed and placed in cold

saline solution saturated with phenylthiourea.

The tissues were weighed, homogenized in ice-cold 20 percent

sucrose plus 0. 0002 M CaC1
2

solution (1/10 or 1/5, w/v) buffered

at pH 7. 2 using a Potter-Elvehjeim glass-teflon homogenizer (five



Figure 1. Schematic diagram of radiation exposure conditions used
in the study. The electric motor (M) rotated the con-
tainer and the air pump (AP) supplied air to the fish.
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strokes). The homogenates were placed in plastic tubes and centri-

fuged in a Sorvall Superspeed model RC-2 centrifuge for seven

minutes at 12, 100 x g, 0' C. The supernatant fractions were decanted

into Beckman polyallomer 5/8 x 3 inch tubes, and centrifuged for

60 minutes at 105, 000 x g, at 0°C, using a Beckman L2-65 Ultra-

centrifuge with type 65K rotor. The resulting soluble supernatant

or post-microsomal fraction from the tubes was pipetted into small

vials (2 to 3 ml /vial) and stored in a freezer at -20'C. This post-

microsomal fraction was used as the source of enzymes for the

radiotracer enzyme assay experiments.

Radiotracer Enzyme Assays. Radiotracer assays used to de-

termine effects of thermal acclimation on the enzymes thymidine

kinase and thymidylate kinase in the coho salmon intestinal post-

microsomal fraction. It was found that the post-microsomal fraction

contained the phosphorylating enzymes, which would catalyze the

conversion of 14C-2- thymidine substrate into phosphorylated inter-

mediates (dTMP, dTDP, and dTTP) 11. By comparing the in vitro

activities of these enzymatic reactions for the different acclimation

temperatures to the in vivo incorporation of 3 H-TdR into the intesti-

nal nucleoprotein, it was thought that information might be obtained

11 dTMP, dTDP, and dTTP refer to deoxythymidine-5'-
monophosphate, deoxythym idine -51- dipho sphate and deoxythym idine -
5 ' -triphosphate, re spectively.
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concerning the rate limiting step for temperature acclimation in

poikilotherms with respect to DNA synthesis,

Reaction Mixture for Enzyme Assay. The in vitro reaction

mixture contained the following: 50 ill 0. 1 M ATP 12, 50 ill 0. 1 M

MgC12, 100 µl 0. 2 M Tris-HC1 pH 7. 3 or 0. 1 M Sorensen phosphate

13 14
buffer pH 7. 3, 50

14C-2-thymidine. The samples were tern-

perature equilibrated for ten minutes, then 200 µl of thawed micro-

somal supernatant fraction were added to each tube. Blanks re-

ceived 200 p.1 of boiled and centrifuged supernatant fluid. The pH

of the reaction mixtures were adjusted to the desired values by addi-

tion of 0. 303 M KOH, then the samples maintained at a constant tem-

perature for the desired time period using a Gilson Model WBP4

constant temperature bath. The reactions were stopped by placing

the tubes in boiling water for three minutes.

Chromatography and Counting Procedures for Enzyme Assay.

The samples were cooled, centrifuged, and 100 p.1 samples spotted

12ATP, adenosine-51-triphosphate no. 6612, Schwarz Bio-
Research Inc. , Orangeburg, New York.

13Tris-HC1 showed a pH temperature dependency over the 5°
to 18°C experimental range, so I changed to Sorensen phosphate
buffer because its pH was relatively independent over this tempera-
ture range.

1414C-2-thymidine, lot no. 6701, specific activity 52. 4 m
Ci/mM; and lot 6801, specific activity 49. 0 m CilrnM from Schwarz
BioResearch Inc. , Orangeburg, New York.
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on DEAE-81 chromatography strips15 (3. 3 x 57 cm), and chromato-

graphed by developing 4. 5 hours using descending chromatography,

with 4N formic acid, 0. 1 M in ammonium formate. The solvent front

was allowed to progress at least 36 cm from the origin, then the

strips dried in situ, cut into 1, 5 x 3. 3 cm sections, placed in liquid

scintillation vials with Bray's solution, and counted using either a

Packard model 314 EX or Packard model 3375 Tri-Garb liquid

scintillation counting system.

This method yielded excellent separation of 14 C-2-thymidine

substrate, from the phosphorylated products. Thymidine moved

freely with the solvent front (Rf 0. 90 - 0. 93); dTMP was located at

Rf of 0. 58 to 0. 63; dTDP migrated very little having an Rf of 0. 2,

while dTTP was almost completely immobile, Rf values ranging from

0. 0 to 0. 04. No effort was made to resolve dTDP from dTTP, as

they were treated as one peak representing thymidylate kinase ac-

tivity. Experimental Rf values agreed with chromatographed stan-

dards of C-2-thymidine, dTMP, dTDP and dTTP using similar

15Whatman paper chromedia, DEAE-81, diethylaminoethyl cel-
lulose, catalogue no. 24811, Scientific Supplies, Portland, Oregon.

16 Thymidine-5'-monophosphate, (dTMP), catalogue no. 2212-
92, Schwarz BioResearch Inc. , Orangeburg, New York. Thymidine-
5'-diphosphate, lot no. 105B-7601, Sigma Chemical Co. , St. Louis,
Missouri. Thymidine-5'-triphosphate, lot no. 126B-7280, Sigma
Chemical Co. , St. Louis, Missouri.
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chromatographic conditions. The standard Rf values for each of the

compounds were 0.89, 0. 61, 0. 20, and 0. 06 respectively.

The radioactivity of the sample was corrected for counting ef-

ficiency and dilution. The total dpm were calculated for the substrate

and products. The values were expressed in mil moles product/mg

protein in the reaction mixture for 100 µl chromatographed, using

the following formula.

(DPM isolated (DPM isolated product
mp, moles product product) - of Blank)

specific activity 14C-2-thymidine in DPM/mp, mole

Protein determinations were made on the post-microsomal

fractions used in each experiment following the method of Lowry et al.

(1951).
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RESULTS

General Morphology of the Coho Salmon Intestine

The gross anatomy of the intestine of juvenile coho salmon con-

sists of two major portions: a short, curved ascending segment,

0. 5 x 1. 5 cm in length, just posterior to the pyloric caeca and a

longer descending portion, approximately 0. 5 x 6 cm extending

posteriorly to the anus as shown in Plate I, Figure 3. There are 20

to 30 primary longitudinal folds protruding into the lumen as viewed

in cross-section (Plate II, Figures 4 and 5. ).

The histology of the intestinal wall shows the mucosa to be

lined by tall, non-ciliated, simple columnar epithelial cells, with

microvilli visible under high magnification projecting lumenward

from the apical surface of the epithelial cells. The intestinal folds

are interspersed with goblet cells, which comprise less than ten

percent of the mucosal lining. A loosely arranged tunica propria

supports the epithelium, with stratum granulosum and distinct

stratum compactum layers also present. The muscularis is corn-

prised of thicker inner circular and thinner outer longitudinal

muscle layers, with a delicate serosa layer covering the outer in-

testinal surface as shown in Plate II, Figures 4 and 5.



Plate I

Figure 2. Sideview of a yearling coho salmon, Oncorhynchus
kisutch, typical of the size used in the studies. 0. 33x.

Figure 3. Sideview of coho salmon, showing cut-away of body wall,
exposing pyloric caeca (PC) and descending intestine
(DI). 0. 73x.





Plate II

Figure 4. Cross section of the gastrointestinal tract, ascending
portion, showing pyloric caeca (PC), muscularis (M),
primary fold (P), and proliferation zone (PZ). 82. 5x.

Figure 5. Cross section of 10° C acclimated control salmon
intestine showing proliferation zone (PZ), goblet cell
(GB), epithelial cell (EC), and primary fold (P F). 330x.
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Cellular Dynamics of the Intestinal Epithelium:
In Vivo Experiments

Intestinal Epithelium as a Model Steady-State Cell Population

General Concepts. It has been established that incorporation

of isotopically labeled DNA precursors into DNA is due to synthesis

of new DNA. Once the specific DNA precursors are incorporated

into DNA they are quite stable and do not exchange readily; there-

fore, it can be assumed the uptake of these specific precursors into

nucleoprotein can be taken as a measure of the rate of DNA synthesis

for any given system.

The incorporation of these precursors into new DNA occurs in

the synthesis (S) phase of the cell generation cycle (schematically

represented in Figure 6). I have assumed the thymidine to be in-

corporated into the DNA through the enzymatic pathway illustrated

in Figure 7. It is assumed that:

1. The DNA in the intestinal epithelial stem cells is repli-

cated only once per generation cycle.

2.
3H-TdR and 14C-2-thymidine molecules are isotopically

stable and are stable once they are incorporated into DNA.

Cytological Evidence. Colchicine-arrested mitotic figures

were found only in the basal regions of the intestinal folds in all fish

studied. Fish maintained at 5' C showed only a few arrested mitotic



Figure 6. Schematic representation of the cell generation cycle,
illustrating endogenous (EN) and exogenous (EX)
thymidine pools, Gap 1 (G ), DNA synthesis phase (S),
Gap 2 (G2), mitotic phase 14), and resting phase (G0).

Figure 7. Schematic representation of biosynthetic pathways for
production of DNA precursors assumed to be present in
the salmon intestinal tissue showing deoxyribosyl-
pyrimidine-4-deaminase (E1), thymidylate synthetase
(E.)), thymidine kinase (E 3), thymidylate kinase (E

4,
E5),

and DNA polymerase (E6).
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figures even at the 18 hour sample time, suggesting a very low

mitotic index.

Radioautographs of coho salmon intestinal tissues prepared

following intraperitoneal injection of 3H- TdR into fish acclimated to

10°C showed the sites of initial uptake occurred in the basal portion

of the intestinal folds as illustrated in Plate III, Figures 8 and 9, and

Plate IV, Figures 10 and 11. Radioautographs indicate that labeled

epithelial cells migrated from the basal proliferation zone onto the

folds, move towards the tips of the folds (extrusion zone) and are

finally sloughed into the lumen as shown in Plate V, Figures 12 and

13.

The renewal pattern, as evidenced by the radiographic studies,

is schematically illustrated in Figure 14. The coho salmon intestinal

epithelia cell population is represented by four major compartments:

(1) proliferation zone, (2) differentiation zone, (3) functional zone,

and (4) extrusion zone. If one assumes the number of cells is rela-

tively constant, the coho salmon intestinal epithelium can be con-

sidered a steady-state, renewing cell population.

Effects of Temperature Acclimation on Incorporation of
3H-TdR into the Coho Salmon Intestinal Tissue

Radioautographic Evidence. Radioautographic slides of coho

salmon intestinal tissues were prepared following injection of



Plate III

Figure 8. Cross section of coho salmon descending intestine showing
radioautograph of initial labeled cells (LC) 10C, three
hours, following injection of 3H-TdR noting extrusion
zone (EZ), and lumen (L). 320x.

Figure 9. Cross section of salmon intestine showing labeled
cells (LC) in proliferation zone (PZ) three hours
after 3H-TdR injection at 10° C. 1, 200x.
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Plate IV

Figure 10. Tangential section of salmon intestine showing labeled
cells (LC) in proliferation zone (PZ), five hours after
initial 3H-TdR injection (FZ) denotes function zone.
210x.

Figure 11. Enlarged view of Figure 10 showing labeled cells (LC)
in proliferation zone (PZ) in relation to functional
zone (FZ). 478x.
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Plate V

Figure 12. Enlarged cross section view of proliferation zone (PZ)
and immigrating labeled cells (IC) 10° C, three days
after 3H-TdR injection. 1200x.

Figure 13. Cross section of salmon intestinal tissue 10°C, 23
days after 3H-TdR injection, showing position of
labeled cells (LC) relative to proliferation zone.
310x.
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Figure 14. Schematic representation of the coho salmon intestinal epithelial cell population.
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3H-TdR into salmon acclimated at 5°, 10°, and 18°C. Plate VI,

Figures 15 and 16 show labeled cells in the proliferation zone of 10°C

acclimated fish intestine three hours after injection of 3H-TdR. The

non-labeled mitotic figures present at this time indicate that at least

three hours are required for an intestinal epithelial stem cell to

progress through G2 to mid M phase of the generation cycle.

Radioautographs of 3H-TdR labeled intestinal tissue samples

from 1 to 37 days after injection were studied to estimate the re-

newal time of the intestinal epithelium at 5°, 10*, and 18°C. Esti-

mates for renewal or turnover times for 18°, 10°, and 5°C were

14 ± 1 days, 24 ± 1 days and more than 35 days respectively.

Thymidine Incorporation. The effects of temperature acclima-

tion on incorporation of 3 H-TdR into the salmon intestinal nucleo-

protein fraction were studied in vivo. The results for a short term
3 H-TdR uptake experiment using fish acclimated at 5°, 10°, and

18°C are given in Figure 17. Each point represents the average

amount of 3 H-TdR (in nano curies) incorporated per mg nucleo-

protein for three to six fish. The points for each sample time were

compared statistically for the three temperatures studied and found

to be statistically different at the five percent level.

Maximum specific activities occurred at the 120 minutes sam-

ple time for all three temperature levels, with maximums of 2. 0,

6. 2 and 9. 3 N Ci/mg nucleoprotein for the 5°, 10' and 18°C



Plate VI

Figure 15. Enlarged cross section of salmon intestinal epithelium
proliferation zone 10°C, three hours after 3H-TdR
injection showing labeled cells (LC), mitotic figures
(MF), epithelial cells (EC), and goblet cell (GC). 1200x.

Figure 16. Enlarged cross section of intestinal epithelium pro-
liferation 18°C six hours after 3H-TdR injection,
showing labeled cells (LC), epithelial cells (EC) and
designated limits of proliferation zone (PZ). 1200x.





3Figure 17. Graph showing H-TdR incorporated into the intestinal nucleoprotein fraction of coho
salmon acclimated and studied at 5° (0), 10° (9), and 18°C (0).
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groups respectively. Table 1 lists the relative in vivo rate-functions

for 3H- TdR uptake into the intestinal nucleoprotein fraction at the

temperatures studied.

Table 1. 3H-TdR incorporation into the intestinal nucleoprotein
fraction of coho salmon, expressed as Q10 values
calculated using the Van't Hoff equation.

Tempera- Time Avg thru
ture °C 10 20 40 60 80 120 160 60 min

5° vs 10° 5. 3 5. 5 5. 9 6. 5 7. 3 10. 6 23. 9 5. 8

5° vs 18° 2. 9 3. 0 3. 0 3. 1 3. 1 3. 4 4. 1 3. 0

10° vs 18° 2. 0 2. 0 2. 0 1. 9 1. 8 1. 7 1. 3 2. 0

For estimation of cell renewal times in the salmon intestine at

5°, 10°, and 18°C, long term 3 H-TdR retention and loss were fol-

lowed in a manner similar to that employed in the short term studies.

Figure 18 shows the data obtained from fish sampled at the different

temperatures from 1 - 37 days after injection of the DNA precursor.

Maximum specific activity levels of approximately 2. 0, 6. 5, and

9. 8 N Ci/mg nucleoprotein for 5°, 10°, and 18°C agreed with the

short term 3H-TdR uptake maximum levels and reflected the thermal

effects on cell replication rates in the salmon intestinal epithelium,

The points for each sample period were analyzed statistically for the

three temperatures studied and found to be significantly different at

the five percent level.



Figure 18. Graph showing long term 3H-TdR retention and loss from the coho salmon intestinal
nucleoprotein fraction at 5° (0), 10° (e), and 18°C (0).
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Specificity of 3H-TdR for de novo Synthesis of DNA

Radiochromatograms of the 3H- TdR solutions used in the above

experiments indicated all the radioactivity was associated with the
3 H-TdR spot, the position of which agreed with the standard thymi-

dine Rf value of 0. 90. Radioautographs of the salmon intestinal tis-

sue indicated cell labeling was confined almost entirely to the epi-

thelial cell population, as evidenced by presence of silver grains

over the epithelial cell nuclei.

DNase digestion of salmon intestinal tissue slices containing the

incorporated DNA precursor 3H-TdR, with subsequent preparation of

radioautographs resulted in complete elimination of silver grains in

treated compared to non-treated slides as shown in Plate VII,

Figures 19 and 20.

Effects of Radiation on the Intestinal Epithelium

Destruction of Epithelial Cell Population. The effects of whole-

body X-irradiation were studied using fish acclimated at 10° C to de-

fine the response of the intestinal epithelial cell population following

radiation insult. Table 2 lists the survival of 136 salmon at 10°C,

34 days after receiving 0 to 980 R single X-irradiation exposure.

Only one fish died during this experimental period and this was at

980 R, 26 days post-irradiation, due to bacterial infection and severe



Plate VII

Figure 19, Radioautograph of 3H- TdR labeled salmon intestinal
tissue prepared without DNase digestion. 320 x.

Figure 20. Radioautograph of 3H-YdR labeled salmon intestinal
tissue prepared after DNase digestion. 320x,
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gastrointestinal syndrome.

Table 2. Survival of coho salmon following whole-body X-irradiation
at 10°C.

Total
Exposure (R)

Total No.
Fish Exposed

Ratio Fish
Surviving at 34 days

Percent Survival
at 34 days

0 17 17/17 100

140 17 17/17 100

280 17 17/17 100

420 17 17/17 100

560 17 17/17 100

700 17 17/17 100

840 17 17/17 100

980 17 16/17 94

Histological sections of fish irradiated and maintained at 10°C

then sampled from 1 to 22 days after exposure at 140 to 8, 000 R were

studied to ascertain the degree of cellular damage in the intestinal

epithelium. Non-irradiated control fish maintained at 10°C showed

very little histological changes in the intestinal epithelium. Salmon

irradiated with 500 R or less showed only slight histological changes,

i. e. cell swelling in the extrusion zones by seven days after exposure

and complete recovery by 14 - 18 days.

In contrast to the lower exposures, fish subjected to 1000 R

whole-body irradiation showed epithelial cell:swelling in the upper

folds and excess mucoid material in the cytoplasm at one to two days
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after exposure as illustrated in Plate VIII, Figure 21. Excess

swelling was apparent in epithelial cells located on the upper third

of the folds, with cell debris in the lumen and shortening of the folds

at 12 days after irradiation as shown in Plate VIII, Figure 22. A few

of the 1000 R group showed definite recovery by 21-22 days after

exposure, while other fish had severe gastrointestinal damage.

Cell damage in the intestinal epithelium was expressed more

rapidly and severely in the 2000 R group. At four days after irradia-

tion, excess sloughing of epithelial cells was evident with cell

streaming occurring from the extrusion zone, which resulted in

definite shortening of the folds by ten days. At 19 days, large

amounts of cell debris had collected in the lumen, severe swelling,

vesicular appearing epithelial cells and excessive swelling occurred

in the proliferation zone. Only slight indications of recovery were

evident in samples taken 21 and 22 days after irradiation.

Those fish exposed to 4, 000 and 8, 000 R showed typical gastro-

intestinal radiation syndrome: The folds were reduced to one-half

the normal height by 13-14 days after exposure to 4000 R, with

severe cell swelling, cell streaming, and no indication of mitotic

activity. Samples taken at 19 days after irradiation with 4, 000 R had

short folds, cell streaming and swollen vesicular cells in the pro-

liferation zone as shown in Plate IX, Figure 23. Fish given 8, 000 R

showed severe cell damage as early as two days after exposure, folds



Plate VIII

Figure 21. Cross section of intestinal tissue from a fish exposed
1,000R whole-body X-irradiation, 10°C, two days
after exposure, showing mucoid cells (MC) and
sloughing cells (SC). 330x..

Figure 22. Cross section of intestinal tissue from a fish exposed
1000 R whole-body X-irradiation, 10°C, 12 days after
exposure. Showing cell sloughing (CS); extrusion zone
(EZ) and inhibited cells (IC). 300x.
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Plate IX

Figure 23. Enlarged cross section of coho salmon intestinal pro-
liferation zone, 19 days after exposure to 4000 R whole-
body X-irradiation showing vesicular nuclei (VN),
enlarged mucoid cells (MC), and cytoplasmic debris
(CD). 825x.

Figure 24. Enlarged cross section view of salmon intestinal fold,
21 days after irradiation with 8, 000 R. Note the
denuded folds (DF), presence of cytoplasmic debris
(CD), and severely disrupted proliferation zone (PZ).
8 25x.
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reduced to one-half the normal size by 13 days and absence of

mitotic activity, with only a few irregular cells adhering to the re-

maining folds at 21 days after initial irradiation as illustrated in

Plate IX, Figure 24.

Inhibition of DNA Synthesis. The results of whole-body X-

irradiation on incorporation of 3H-TdR into the coho salmon intestinal

nucleoprotein fraction at 10°C are shown in Figure 25. Each point

represents the average nCi/mg nucleoprotein for three to four fish;

the data at each sample time were compared statistically for each

irradiation level and found to be significantly different at the five

percent level. Uptake of 3H-TdR was inhibited in all irradiated sam-

ples compared to control levels, the degree of inhibition being dose

dependent. Maximum incorporation of 3 H-TdR occurred at 120 to

160 minutes after injection, with levels of 1. 8, 0. 9, and 0. 5 nCi/mg

nucleoprotein for the 1000, 2000, and 4000 R groups respectively, as

compared to controls which averaged 6. 5 riCi /mg nucleoprotein at

120 minutes.

Table 3 lists the average percent reduction in in vivo 3H-TdR

incorporation into the intestinal nucleoprotein fraction at 10° C for

irradiated and non-irradiated fish.



3Figure 25. Graph showing 3H-TdR incorporated into the salmon intestinal nucleoprotein fraction
following X-irradiation at 0 R (e), 1, 000 R (0), 2, 000 R (), and 4, 000 R (a), 10° C.
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Table 3. Reduction of 3H-TdR incorporation into coho salmon
intestinal nucleoprotein at 10C for irradiated and
non-irradiated samples.

69

Minutes after Average NCi/mg Nucleoprotein Expressed
Injection as Percent of Control
3H- TdR 0 R 1000 R 2000 R 4000 R

10 100 38.7 23.8 9. 0

20 100 35.5 23. 1 8. 9

40 100 36.8 21.7 8.8
60 100 35. 2 20. 0 8. 6

80 100 33.3 18.0 8. 4

120 100 28.2 12.4 8. 0

160 100 19.7 3. 3 7. 2

Average 100 32. 5 17. 5 8.4

Thymidine Kinase and Thymidylate Kinase:
In Vitro Experiments

Characterization of Enzyme Activity

The formation of phosphorylated products from 14C-2-thymi-

dine using coho salmon intestinal post-microsomal fraction was

studied in vitro at 10° C. Table 4 lists the data obtained in two ex-

periments carried out to determine the rate of the reaction and

establish the optimum incubation tithe. The maximum values for

thymidine kinase16 and thymidylate kinase17 activity occurred at

16 Thymidine kthase activity measured as total dTMP + dTDP +
dT TP detected in 100111 chromatographed sample of the i.eaction mixture.

17 Thymidylate kina se activity measured as total dTDP + dTTP de-
tected in 100 ill chromatographed sample of the reaction mixture.
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60 minutes. Therefore, subsequent assays were stopped after 60

minutes of incubation time.

Table 4. Formation of dTMP, dTDP, and dTTP from 14C -2-
thymidine substrate using 10' -10°C intestinal post-
microsomal fraction. 18

Average
Time mMoles/100111 Chromatographed

Experiment Temperature (Min) dTMP dTDP dTTP

I 10' -10° 15 6 3

30 8 5

60 23 15

90 12 5

II 10' -10° 30 9 5

60 21 9

120 10 6

180 15 4

Formation of dTMP from 14 C-2-thymidine substrate at 10°C,

as a function of enzyme concentration, is shown in Figure 26. Re-

sults indicate that the reaction mixture was linear with enzyme con-

centration used.

The pH dependency of thymidine kinase and thymidylate kinase

at 10C, was measured through a pH range of 5. 6 - 9. 2. Figure 27

shows that the values obtained for the thymidine kinase had two

1810° -10C refers to fish acclimated at 10°C and the in vitro
assay carried out at 10*C.



Figure 26. Formation of dTMP as a function of enzyme concen-
tration, in vitro, 10' C.
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Figure 27. Composite thymidine kinase pH dependency curve,
in vitro 10° C. Experiment IV x 1. 8 (0), IVd x 1. 3
(s), IX' x 1. 0 (0), and IX2 x f. 7 ().

Figure 28. Composite thymidylate kinase pH
in vitro 10°C. Experiment IVc x
(E)), IX1 x 1. 0 (0), and IX2 x 1. 6

dependency curve,
1. 3 (0), IVd x 0. 6()
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maxima, the first at pH 7. 0 - 7. 1 and the second at pH 7. 9-8. 0.

The formation of phosphorylated products decreased rapidly below

pH 6. 8 and above pH 8. 1.

The thymidylate kinase appears to have a single maximum at

approximately pH 6. 8 to pH 6. 9, with the rates falling off rapidly

below 6. 8 and above pH 7. 2 as represented in Figure 29.

The bi-modal curve for thymidine kinase was interpreted as

a "composite curve" of thymidine kinase plus thymidylate kinase,

because by definition thymidine kinase represents the sum of

dTMP + dTDP + dTTP. Therefore, the first peak of the bi-modal

curve was considered the thymidylate kinase portion and the second

peak as the thymidine kinase portion of the pH dependency curve.

Thus the thymidine kinase pH optimum was determined as being pH

7. 9 - 8. 0. The thymidine kinase and thymidylate pH rate dependency

curves for 5° and 18°C were also studied, but insufficient data were

obtained.

Assay experiments, which determined the dependency of

thymidine substrate concentration on the formation of dTMP, dTDP

and dTTP indicated dTMP could not be observed at a concentration

less than 4 p,M, but reached a maximum at a concentration of 45 p,M

of thymidine as shown in Figure 29. The formation of dTDP + dTTP

wasn't detected below approximately 15 p.M thymidine concentration,

because of the dependency of thymidylate kinase on the formation of



Figure 29. Thymidine kinase (0) and thymidylate kinase (9)
substrate dependency curves, in vitro 10C.

Figure 30. Thymidine kinase substrate dependency curve in
vitro at 5' -5°C (), 10-10°C (0) and 18' -18' C (0).
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dTMP in the reaction mixture as its substrate.

Substrate dependency experiments measured at 5° and 18° C

using the enzyme fraction isolated from fish acclimated at 5° and

18°C differed from the 10°C data. The maximum formation of dTMP

required a concentration of 19 p.M and 4 p.M at 18° and 5°C respec-

tively, as shown in Figure 30.

Effect of Temperature on Thymidine Kinase and
Thymidylate Kinase

The results of in vitro experiments, which studied the tempera-

ture acclimation effects on thymidine kinase and thymidylate kinase

are given in Figures 31 and 32. The points represent average forma-

tion of product, either dTMP or dTDP + dTTP in mil moles/hr/mg

protein of reaction mixtures. The data were analyzed statistically

and found to be significant at the five percent level, except for 10° -

5° C
1 9 vs 18° - 5°C and 5° - 18°C vs 10° - 18° C. The data for

thymidylate kinase activity at the various acclimation and in vitro

assay temperatures was not significantly different for the three tem-

peratures studied, possibly because of the small amount of product

made it difficult to resolve the curves.

Relative in vitro rates for thymidine kinase and thymidylate

1910° - 5°C refers to fish acclimated at 10°C and the post-
microsomal fraction assayed at 5°C.



Figure 31. Thymidine kinase activities using 5°C-enzyme (0),
10°C-enzyme (e), and 18°C-enzyme (0) fractions
respectively, assayed in vitro at 5', 10° and 18°C.

Figure 32. Thymidylate kinase activities using 5'C- enzyme (0),
10° C- enzyme (0), and 18° C- enzyme (0) fractions
respectively, assayed in vitro at 5°, 10° and 18°C.
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kinase calculated from the van't Hoff equation are listed in Table 5.

Table 5. Enzymatic rates for 14C-2-thyrnidine conversion into
phosphorylated products utilizing intestinal post-micro-
somal fraction, expressed as Q10 values.

Temperature e C
Q10 Values for

Total dTMP
Q10 Values for

Total dTDP+dTTP

50- 5° vs 100 -10° 3. 6 2. 0

5°- 5° vs 18° -18° 2. 5 2. 2

10 ° -10° vs 18 ° -18° 2. 0 2. 3

The total protein content of the post-microsomal fraction, as

measured by the Lowry method, showed that freshly prepared ma-

terial sampled from fish acclimated at 5°, 10* and 18°C had an in-

verse relationship between the total protein per unit volume of post-

microsomal supernatant fraction and in vivo acclimation temperature.

Table 6 lists the data obtained from Lowry protein determinations

for the three temperatures studied.

Table 6. Total protein per unit volume of intestinal post-microsomal
supernatant fraction for salmon acclimated at 5°, 10° and
18° C, as determined by the Lowry method.

Fish Acclimation
Temperature, *C

Number of
Samples Avg mg protein/100 [11

5° 20 0.84 + O. 15

10° 56 O. 72 + 0. 06

18' 16 0. 49 + O. 11
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DISCUSSION AND CONCLUSIONS

Cellular Dynamics and Temperature Effects

Cell proliferation in the intestinal epithelium of coho salmon,

Oncorhynchus kisutch, occurs in the basal regions of the primary

folds as evidenced by colchicine arrested mitotic figures and radio-

autography following 3 H-TdR incorporation into replicating cells.

Stem cells located in the basal proliferation zones give rise to newly

formed epithelial cells, which migrate from the basal region onto the

folds proper, where they become part of the functional cell popula-

tion. Cell migration progresses slowly towards the extrusion zone

at the tips of the folds with ultimate loss of cells into the lumen.

The intestinal epithelium of the coho salmon is a renewing,

steady-state cell population comparable to the systems described

in goldfish by Vickers (1962), Hyodo (1964, 1965), Egami, Hyodo-

Taguchi and Etoh (1968), and in the small intestine of the lizard by

Johnson, Dornfeld and Conte (1967). The cell migration and renewing

patterns of the salmon intestinal epithelium are similar to mam-

malian systems reported by Fry, Lesher and Kisieliski (1963) and

Leblond (1965), except the salmon cell population lacks the distinct,

compartmentalized "crypt" region in the basal portion of the folds.

Turnover times for the coho salmon intestinal epithelial cell

population are temperature dependent as evidenced by labeled
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thymidine incorporation into DNA and cell labeling. Estimates of

renewal times are 14 ± 1, 24 + 1 and more than 35 days for 18°, 10°

and 5°C respectively.

Renewal times for goldfish intestinal epithelium were estimated

to be six to nine days at 20°C by. Vickers (1962); 20 days at 23°C by

Hyodo (1964, 1965), Egami, Hyodo-Taguchi and Etoh (1968), with no

indication of labeled cell migration by 40 days in goldfish held at 6° C.

In vivo temperature studies on 3 H-TdR incorporation into the

nucleoprotein fraction indicate temperature dependency. Relative

temperature coefficients for 5° vs 10°C, 5' vs 18° C, and 10° vs 18°C

were 5.8, 3. 0, and 2. 0 respectively. Although the experimental

temperatures are within the biothermal range of salmon, the varia-

tion of rates indicates considerable temperature effect, which appears

to be greater than can be explained by simple collision frequency

phenomena.

Hyodo (1965) reported that maximum uptake of 3H- TdR into

goldfish intestinal tissue occurred at 3 and 44 hours after injection at

220 and 4°C respectively. The lower rate of 3 H-TdR incorporation

in goldfish intestine at 4' C compared to salmon at 5°C, possibly il-

lustrates the differences in evolutionary thermal adaptation for these

species. The thermal range of goldfish (Cypinidae family) is con-

siderably greater (4° - 37° C) than that of the salmon (Salmonidae

family, 3° - 25° C).
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Radiotracer enzyme experiments using thermally acclimated

salmon intestinal thymidine kinase and thymidylate kinase indicate

formation of dTMP, dTDP and dTTP from 14C-2-thymidine was

temperature dependent.

Thermal acclimation appears to establish different enzymatic ac-

tivities, depending on the acclimation temperature. Relative in vitro tem-

perature coefficients of thymidine kinase are 3. 6, 2. 5 and 2. 0 for

5° - 5° vs 100 - 10°C, 5° - 5° vs 18* - 18°C and 10° - 10° vs

18° - 18°C respectively.

This indicates considerable decrease in phosphorylation of

14 C-2-thymidine at 5°C compared to 10°C, because the rates in-

creased 3. 6 fold over this range. The increment of increase in

activity decreased as the temperature increased from 5° to 10° to

18° C, suggesting 18°C is near or past the thermal optimum.

It is interesting to note the correlation of thymidine kinase

activities at the different in vitro assay temperatures in relation to

in vivo acclimation temperature. The maximum enzyme activities

for a given in vitro assay temperature corresponds to the acclima-

tion temperature, suggesting thermal compensation at the enzyme

level. Studies on other poikilothermic species indicate possible

temperature compensation at the biochemical and cellular levels:

for example, Prosser (1958), Kanungo and Prosser (1959a, 1959b)

reported changes in enzyme reaction coefficients in numerous
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biological reaction systems and Hochachka (1967) and Prosser (1967)

have discussed thermal induction and repression in fish enzymes.

Hochachka (1967) published evidence for temperatures induced alter-

ations in fish muscle LDH, while Hochachka and Somero (1968) re-

ported temperature dependent enzyme affinity for ligands of fish

muscle LDH.

The current concepts of thermal compensation in poikilothermic

organisms stress the alterations at the cellular and subcellular levels.

I believe further studies defining the enzymatic kinetics of thermally

acclimated organisms, would provide meaningful parameters for the

explanation of temperature "compensation" in poikilothermic animals

as evidenced by Hochachka (1965), Rosen, Murray and Novel li (1967)

and Hochachka and Somero (1968).

Cellular Dynamics as Influenced by Radiation

Cellular changes due to whole-body X-irradiation in coho

salmon acclimated at 10°C was dose dependent, causing disruption

of the steady-state kinetics in the intestinal epithelium. Salmon

exposed to 500 R or less manifest only slight histological changes in

the intestinal epithelium and recover completely by 14 - 18 days

after initial exposure.

Fish irradiated with 1, 000 R develop definite cell degradation

by 12 days after exposure and either reveal signs of recovery by 22
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days or continue to worsen until there is a complete loss of cells

from the intestinal epithelial population by 26 days. Salmon exposed

to 2, 000 R express severe cell damage by seven to ten days after

exposure, with vesicular cells, excess sloughing, and only short

folds remaining by 22 days post-exposure.

Experimental fish irradiated with 4, 000 and 8, 000 R show com-

plete arrest of mitotic activity within two days and typical gastroin-

testinal syndrome histologically, requiring 25-26 days for comple-

tion. The rate of cell depopulation from the intestinal epithelium fol-

lowing these higher exposures correlates with the estimated renewal

time of 24 ± 1 days at 10°C determined in the present study. These

high X-ray exposure levels inhibit DNA synthesis and cell replication

of the intestinal epithelial stem cells, thus stopping the entry of

newly formed cells into the population. The cell migration and cell

sloughing continues until the cell population is completely exhausted

and death occurs.

The gastrointestinal syndrome in the salmon maintained at 10° C

is histopathologically similar to that reported for goldfish at 23°C

by Hyodo (1964, 1965), but the rate of cell depopulation was much

slower in the salmon, because of the slower cellular dynamics at the

temperature studied.

Egami and Etoh (1966) and Egami, Hyodo- Taguchi, and Etoh

(1968) reported prolonging survival of goldfish irradiated with 8, 000R
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X-rays by decreasing the temperature from 23°C to 11°C. 3H- TdR

labeled intestinal epithelial cells at 25°, 15° and 6°C had migrated

100, 50 and 30 percent respectively up the intestinal folds by 20 days

after initial exposure.

The evidence on radiation damage in the fish intestinal epi-

thelium indicates that exposures in the dose independent range (3, 000

- 64, 000 R) severely disrupts the steady-state kinetics of this cell

population and is important in acute radiation death. The expression

of gastrointestinal syndrome in these poikilothermic organisms is

dose dependent below approximately 3, 000 R, while temperature ap-

pears to be especially important in reducing the expression of cell

damage by decreasing metabolic, biochemical and cellular dynamic

rates.

The uptake of H-TdR into the salmon intestinal nucleoprotein

fraction is dependent on the X-irradiation exposure level. The

3H-TdR incorporation rates into salmon intestinal tissue at 10° C are

significantly reduced by whole-body X-irradiation, with relative

values of 100, 32. 5, 17. 5 and 8. 5 percent for control, 1, 000, 2, 000

and 4, 000 R respectively. These values fit a typical bi-phasic radia-

tion response curve, similar to that reported by Smets (1966) and are

thought to be due to "competitive inhibition" of 3 1-J - TdR incorporation

by endogenous precursors and DNA breakdown fragments.

Studies by Hyodo (1965) on goldfish maintained at 22° C,
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irradiated with 8, 000 R, then held at 22° and 4°C suggest a decrease

in intestinal DNA synthesis, yet no definite effects were reported on

the rate of DNA synthesis. Hyodo-Taguchi (1968) stated 8, 000 R

irradiated goldfish at 25°, 15° and 6°C exhibit reduction in the num-

ber of cells entering DNA synthesis per unit population per unit time

at the lower thermal levels, but his data failed to show significant

differences in 3H- TdR uptake between irradiated and non-irradiated

fish. He also stated that X-irradiation of goldfish doesn't affect the

rate of DNA synthesis immediately following exposure.

In contrast to these findings, my data on 3H-TdR incorporation

into the salmon intestinal nucleoprotein fraction following X-irradia-

tion, clearly shows that DNA synthesis is immediately decreased in

irradiated compared to non-irradiated fish.

In retrospect, the present study has provided evidence that long

term thermal acclimation of yearling coho salmon, Oncorhynchus

kisutch, establishes new cellular dynamic rates in the steady-state,

intestinal epithelial cell population. The rates of DNA synthesis,

cell replication and cell renewal times are temperature dependent,

yet these rates are altered by environmental temperature change

more than can be attributed to molecular collision frequency alone.

The data suggests "thermal compensation" is taking place at the sub-

cellular and/or enzyme levels. The "thermal compensation" is im-

portant to the poikilothermic organism in order that it can survive
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wide biothermal changes, yet maintain vital biochemical processes,

1. e. homeostasis and cellular dynamics.

Whole-body X-irradiation immediately decreases the rate of

DNA synthesis and disrupts the cellular dynamics of the salmon in-

testinal epithelial cell population. The replication of intestinal epi-

thelial stem cells is dose dependent, with irreversible gastroin-

testinal syndrome occurring at 24 ± 1 days at 10°C.



9 0

SUMMARY

The effects of temperature acclimation and whole-body X-

irradiation on the cellular dynamics of the intestinal epithelium in

juvenile coho salmon, Oncorhynchus kisutch, have been studied.

Cell replication and cellular dynamics in the salmon intestinal epi-

thelium were studied using colchicine mitotic inhibiting method,

3 H-TdR radioautographic and Sch8niger tissue combustion. Radia-

tion produced cell damage was followed histopathologically and radia-

tion induced inhibition of 3H-TdR uptake was studied biochemically,

using tissue combustion techniques.

In vitro radiotracer enzyme assays were used to follow 14C-2-

thymidine conversion into dTMP, dTDP, and dTTP using a salmon

intestinal microsomal supernatant fraction and noting temperature

dependent rate-functions.

I. In Vivo Experiments

1. The coho salmon intestinal epithelium was found to

be a simple columnar, steady-state, renewing cell

population lacking definite compartmentalized "crypt"

regions present in mammalian intestinal epithelium..

Cell proliferation occurs in the basal regions of the

folds with migration of cells onto the folds proper with

ultimate sloughing into the lumen from the tips of
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the folds.

2. Renewal times for the salmon intestinal epithelium

were temperature dependent, with estimates of 13 to

15, 23 to 25, and in excess of 35 days for 18°, 10°,

and 5° C, respectively.

3.
3H-TdR incorporation into the salmon intestinal nu-

cleoprotein fraction showed temperature dependent

rate-functions. Relative temperature coefficients of

5.8, 3. 0, and 2. 0 were obtained for 5° vs 10° C,

5° vs 18° C, and 10° vs 180 C, respectively.

4. Expression of radiation cell damage in the intestinal

tissue at 10 °C was dose dependent. 1000 R or greater

were required to induce irreversible cell damage by

21 to 22 days after initial exposure. Irradiation with

4, 000 and 8, 000 R resulted in a typical gastrointestinal

syndrome requiring 24 to 26 days for completion.

5. Inhibition of 3H-TdR incorporation into the intestinal

nucleoprotein fraction was dependent on radiation dose,

with a definite reduction in the rate of DNA synthesis

occurring in irradiated compared to non-irradiated

fish. Relative 3H-TdR incorporation ratevalues

were 100, 32. 5, 17. 5, and 8. 4 percent for 0, I, 000,

2, 000, and 4, 000 R, respectively, at 160 minutes



after 3H-TdR injection.

II. la Vitro Experiments
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1. Formation of dTMP, dTDP, and dTTP from 14-2-

thymidine using coho salmon intestinal microsomal

supernatant fraction occurred in vitro. Thymidine

kinase and thymidylate kinase pH optima were deter-

mined to be pH 7. 9 to 8. 0 and 6.8 to 6. 9, respectively.

2. Thymidine kinase and thymidylate kinase showed satur-

ation type substrate dependency curves reaching maxi-

mum activity of 9. 5 and 4. 7 p.p.moles/mg protein re-

spectively, at 45 to 50 II M thymidine concen-

tration. Thymidine kinase activities studied at 50,

10°, and 18°C exhibited noncompetitive inhibition with

decreasing temperature.

3. Thymidine kinase temperature coefficients decreased

with increasing temperature. Estimate of 3. 6, 2. 5,

and 2. 0 were obtained for 5' -5°C20 vs 10° -10°C, 5°-

5°Cvs 18°-18°C, and 10*-10°C vs 18*-18°C, respec-

tively.

4. The total protein per unit volume of intestinal micro-

somal supernatant fraction increased with decreasing

acclimation temperature.

205° -5°C refers to salmon acclimated at 5°C and the intestinal
cell sap assayed in vitro at 5°C.
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