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- ABSTRACT'

Ll I

Elimination of !37Cs and 5%Fe by wild small rodents was measured

R o 8o bee
ARV £ P g fos ron oy 90

in the laboratory and field.to determine whether excretion rates of
these nuclides are influenced directly by general metabolic rates. The
object of this research was, to establish aétechnidue“for measuring

¥ ;.

metabolism in the field for. ultimate appllcatlon 1n energy flow studies.

A double-tagging method was employed 1sotopes were adminlstered 1ntra—

peritoneally, and attention was focused on final —component ellmlnatlon

R

of each isotope. Cotton rats (Sigmodon hispldus) harvest mlce

(Reithrodontomys humulls) and white—footed mice (Peromyscus;leucopus)

were used in 1aboratory investigations, and cotton rats and white-

- P - R

footed mice were employed in field experiments.

Isotope elimination studies in the field were conduCted in winter

w o

and spring, assuming that metabolic rates of rodents would be higher in

e & &

winter due to lower temperatures. Also metabolic rates 1n the field
i

were expected to be higher than laboratory rates due to more physical

activity of animals in nature. Average daily metabolic rates in the

&

laboratory were determined by measuring carbon dioxide production with

an infrared analyzer, and were examined in conJunctlon w1th 137Cs and
ot A TN o

59Fe excretion rates. Animals were maintained under different experl—

(M

mental conditions, which were designed to create metabolic rate

alterations.

¢

Both species in field studies eliminated 59Fe more rapidly than

laboratory animals, but only cotton rats excreted the 1sotope faster

iv
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in winter than in spring. No differences between 137cg seasonal excre-
. tion rates of either species were found, and field values did not differ

from those obtained in the laboratory. There was, however, a striking

- difference between species in rate of 137¢g turnover, with Peromyscus
'~excréting the' isotope about twice as fast as Sigmodon.

’ ' Long-component biological half-times (Tb) of 5%Fe for Sigmodon
.were 108 days in winter, l44 days in spring, and 176 to 242 days in

the laboratory; for Peromyscus, these values were 50 days in winter,

L 747 days 'in'spring, and 289:days in the laboratory. Biological half-

i times of %%Fe in Reithrodontomys ranged from 121 to 178 days at
different:laboratory treatment levels.
;. : 137 T : :
The,Tb values for long-component Cs elimination for Sigmodon
“were7.5 days. in winter, 7.9 days in spring, and 7.7 to 8.6 days at
_different treatment levels in the laboratory; in Peromyscus, values

- were 3.4:days in winter, 3.6-days in spring, and 3.5 days in the lab-

~oratory. #Biological half-times of 137¢cs in laboratory Reithrodontomys

ranged from 3.5 to 3.9 days.

Daily average CO. production rates (cc/hr/g; 29°C, 745 mmHg) for

2

cotton rats ranged from 1.55 to 2.62; for harvest mice, 4.53 to 7.67;

and averaged 3.73 for white-footed mice. Mean hourly CO, production

2
rates were plotted to obtain daily metabolic cycles for individuals.

These plots clearly indicated nocturnality in all three species, with

Reithrodontomys being the most nocturnal. Regular peaks of increased

CO2 production were noted, and it was assumed that these peaks were

concurrent with periods of accelerated physical activity.
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Rate of long-component 137¢c5 loss from rodents was not affected
by metabolic rate changes at any treatment level; but, as in the field
experiment, interspecific differences were noted in 137¢s elimination
rates, and also in metabolic rates. Long-component intercept values
of 137Cs, which indicated the level of incorporation or rate of initial-
component excretion, exhibited a strong relationship with CO2 production
within a species. Based on this relationship, equations were derived
to predict metabolism from Y-axis intercept values. These equations
have potential use in estimating metabolism of rodents in the field
for energy flow measurements.

Although °9Fe elimination appeared to correlate with metabolic
rates in the field, laboratory experiments failed to demonstrate a
predictable relationship between excretion of this nuclide and general
metabolism. Iron-59 was associated primarily with the blood, and the
physiology of this tissue presumably controlled whole-body excretion

of the isotope.




TABLE OF CONTENTS

~SECTION

I.

II.

ITI.

IV.

INTRéﬁUdTiON 5 0600 O C
St;témént of the Problem .,
Higgéf;cal S IR
Ohjektives . . « .+ . 4 . .
Genéral Procedure . . . .
Expéfimentél Radionuclides

GENERAL METHODS . . + . . .

Acquisition and Maintenance of

Traéér‘Techniques o 0 0 O
Data Processing . . . .
PRELIMINARY INVESTIGATIONS .

Duai—Isotope Technique . .

. . .

.

and Animals

Oxygen Consumption Measurements

FIELD MEAshREMENT OF ISOTOPE
Objective . . « + . . . .
Mé£ﬁ6ds 5 000000 D0 C
%‘Experimental animalé

Description of the area
Weather monitoring ; 0 o
Experimental procedure .

Results . . . « ¢« « « «

ELIMINATION

vii

Animal Colony

PAGE

10

13

15

15

17

20

20

20

20

21

22

24

26




viii

SECTION

V. LABORATORY MEASUREMENT OF ISOTQOPE ELIMINATION

AND CARBON DIOXIDE PRODUCTION . . . .

Objectives « « ¢« ¢« ¢« v o o v 4 e 0 .

Methods . . ¢ + v « v v ¢ ¢ ¢ o o o« &
002 measurements . . . . ¢ ¢ o« o . o
Experimental treatments . . . . . .
Food and water consumption . . .
Tissue distribution studies . . .

Results + &+ v v 4 v ¢ o o o s o o »

CO2 production and isotope excretion

Tissue distribution of isotopes . .

VI. DISCUSSION AND CONCLUSIONS . . + « « .« .

Correlations Between Isotope Elimination

Metabolism . . . . . « . . . . . .
Iron-59 . . ¢ . v ¢ v o0 e e e e
Cesium-137 . . ¢« « « ¢« v s « « o

Carbon Dioxide Production . . . . .
VII. SUMMARY ¢ ¢ ¢ ¢ ¢ o o o = o o o o o o
LITERATURE CITED . . « ¢ v « v & o o o o o o

APPENDICES . + ¢ ¢ v v « o o o o o o o s s s o

Appendix A . . ¢ . o v v e e e e e h e e e
Appendix B v . + 4 ¢ v 4 e 0 0 v e e e e e
Appendix C . . « « v « ¢ v v e e e e 0 e e
Appendix D . . ¢ v v v v e e e 0 e e e e e
VABYA 6 6 0 0 0 0 0O 0O 0 OO O0ODOOOOO®DOGOORA Q.cC

PAGE

33
33
34
34
41
45
46
47
48
60

64

64
64
66
69
72
76
82
83
90
93
102

104




- TABLE-

IT.:

IIT.

IV.

VI e

VIT.

VIII.

IX.

LIST OF TABLES

PAGE
Results: from Duncan's 5% Multiple Range Test for
Differences in Sigmodon Isotope Elimination
Values:Between Laboratory and Field . . . . . . . .« « . . 29
:Average Micrometeorological Data Taken During
- Isotope Elimination Studies in the Field . . . . . . . . 31
Mean C02~Production Values for all Experimental
GIOUPS + + o o 5 o o o s o s o o o o s o o o o & o o o s 49
Maximum%and‘Miﬂimum'Values, Dark-Period and Light-
Period ‘Averages of CO, Production . . . . . « . . « . .« . 52

2

Mean 137Cs Values for all Experimental Groups . . . . « . . 53
Mean °9Fe Values for all Experimental Groups . . . . . . . 54
Results from Duncan's 57 Multiple Range Test for

Differences Among Laboratory Treatment Groups . . . . . . 57
Food (Purina Laboratory Chow) and Water Consumption

of Cotton Rats, with Standard Errors . . . . . . « « « . 61

. Distribution of 5%Fe in Cotton RatsS « « + o « o « o o o & & 62

ix



LIST OF FIGURES

FIGURE

1.

Oxygen Consumption of Two Species of Small Rodents
at Resting Levels as a Function of Environmental
TemperatULe « « o o o o o o s+ o & s o o s o o o o
Schematic of Field Study Area . . . ¢« « ¢ ¢ « o« & o &
Elimination of 137Cs by Two Species of Rodents in
Laboratory and Field . . . . . « ¢ o ¢« « + « o «
Elimination of °%Fe by Two Species of Rodents in
Laboratory and Field . . + ¢ ¢ v ¢ ¢« ¢ ¢ ¢« o o « &
Weather Data Collected During Study of Isotope
Elimination in the Field . . . « ¢« « ¢« ¢« ¢« « « + .
Schematic Diagram of Control Unit Specially Con-
structed for Use with Infrared Gas Analyzer . . . .
Beckman Infrared Gas Analyzer Resting Atop Specially
Constructed Air Supply and Control Unit, with Mea-
suring Chambers in Background . . . . . . . ... a o
Beckman Teletype Coupler (Right) and Teletype (Left)
for Recording CO2 Production Data from Infrared
Analyzer .« . ¢ v v e s e a b e e s w e e e e e e
Specially Constructed Respiration Chambers for Hold-
ing Rodents and Cages in Environment Chamber During

C02 MeasurementsS « « s« o s o o s ¢ o o o o o o o

PAGE

19

23

27

28

32

35

36

37

38



x1i

FIGURE

10.

11.

12.

13.

14.

15.

16.

17."

18.

19.
20.
21.

22.

23.

‘Sample of Teletype Recording Representing a 12~min

CO2 Measurement on Three Animals . . . . . . . . .

‘Average Daily CO, Production by Cotton Rats of Dif-

2

ferent Treatment Groups . . + « &+ + « o = o o « o &

\Average‘Daily CO2 Production by Harvest Mice and

White-Footed Mice of Indicated Treatment Groups . .
Elimination of !37Cs by Two Species of Rodents . . .
Elimination of °%Fe by Two Species of Rodents . . . .
Index: to Metabolism in Cotton Rats (a) and Harvest

Mice (b), Using !37Cs Intercept Values . . . . . .
Sherman Live-Trap Used for Capturing Small Mammals .
Mammal Trap Placed Inside Protective Metal Container

and: Set for Animal Capture . . . . « + & + & « .+ .
Laboratory Cages Used for (Left to Right) Peromyscus

leucopus, Sigmodon hispidus, and Reithrodontomys

humulis o ¢ ¢ ¢ v v v v v s 0t e e e e e e e e e
Packard Armac Whole-Body Counter, With Animal Being

Inserted for ASsSay .« + « ¢ v & ¢ o o s e e 4 s e
Aloe Oxygen Respirometer in Operation; Spirometer and

Recorder on Left, Animal Chamber on Right . . .
Field Enclosures During Winter Experiments . . . . .
Field Study Area as Seen During Spring Experiments .
Sample of CO, Measurements Made on Cotton Rats at

2
7 ¢

PAGE

42

50

51

55

56

59

83

84

85

86

87

88

89

94



FIGURE

24,

25.

26.

27.

28.

29,

30.

Sample of 002

9°C . . . .

Sample of CO2

Rats . . .
Sample of CO2
Cotton Rats

Sample of CO

2

22°C . . .
Sample of 002
9°c . . . .
Sample of CO2
Mice . . .

Sample of CO2

at 22°C .

xii

Measurements Made

on Cotton Rats at

. . . . . . . . . . .

PAGE

95

96

97

98

99

100

101



I. INTRODUCTION
A, Statement of the Problem

More" precise techniques for measuring animal energetics in the
field' are necessary for better understanding of energy transformations
occurring in nature. A primary need is development of methods for
determining metabolic rates of individual animals and populations in
their natural environments. Without this metabolic information, the
respiration component in energy flow can be only estimated from labora-
tory ‘data (Golley, '1968).

"Metabolism'" as used here is defined in the classical and eco-
logical context, and may be regarded as the sum of energy processes
in an animal which require oxygen and yield carbon dioxide (Kleiber,
1961; Odum, 1968; Wiegert, 1968). Volumes of these gases consumed or
produced are convertible to caloric equivalents of respiratory heat
loss and physiological maintenance. This component of energy flow
must be considered‘'in conjunction with estimates of biomass production,
because most of the energy losses at all levels of an ecosystem are due
to respiration (Odum, 1963).

A method for obtaining metabolic rates of animals in the field
not only would provide vital-<information for energy flow studies, but
also could be a useful tool for exploring modes of damage to popula-
tions by certain environmental forces. Effects of ionizing radiation,

high population density, and severe climatic conditions could be
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assessed from the metabolic rateAaspect,v;nd:thereby generate a better
understanding of stress factors.

The problem of measuring metaboliémiin the field has been
approached with the theory that excretioﬂ\gf certain administered
radionuclides is a function of metabolic rate, and thatbthese excre-.
tion rates can be applied in the field tazdeterﬁine animal respiration.
Such an application of radioisotopes. in écdlogical research was alluded
to by Auerbach (1958), formed into a hypsthesis by Odum (1961), and
later elaborated by Odum and Golley (1963) and Crossley (1963). With
regard to the isotopic method, Odum andgéolley (1963) stated that ..

", . . we can see no other way to measure metabolic rate in completely

1

free-living populations.'
B. Historical

Earlier experimental results whichmfgrmed the basis fof the
hypothesis that metabolic rates of animais_qan be determined by radio—
nuclide excretion were obtained from investigations on poikilothermoqs
animals, chiefly arthropods (Odum, l9§l)f .Most subsequent experimegts
conducted to validate and implement this:tgchnique also dealt with;

arthropods (Crossley, 1963; Reichle, l967).» Only recently have studies

o2,

been conducted in an ecological cpntext»tofextrapolaterthe method to
homeotherms; a summary of these and'othef related‘experiments is'prej
sented here.

An investigation by Comar et al. (1962) indicated a lackiof
correlation between metabolic rate and 157Cs retention in thiouracil-

treated white rats. These workers were unable to detect any differences
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in cesium retention rates between groups of animals with different
metabolic:and:growth rates. Contrastingly, Furchner and Richmond (1963)
demonstrated that lowered environmental temperature increased the rate
of 137‘Cs excretion in laboratory mice, indicating a possible connection
between metabolism- and isotope elimination. However, no metabolic rate
measurements were made to confirm this apparent relationship. A
statistically significant correlation between resting metabolism and
elimination of !3%Cs in cotton rats was shown by Baker and Dunaway
(1969).

Orr (1967) found no distinct differences between elimination
rates of 65Zn-in animals kept in the laboratory and those released
into field enclosures. There was a slight difference between labora-
tory and field groups during November-December, but not during the
spring. Orr's assumptions were that field animals would require more
energy ‘due to increased activity and temperature stress, and that
these factors would increase metabolic rates. If ©5Zn excretion is
relatéd to general metabolism, and if Orr's assumptions were correct,
there should have been distinct differences between elimination rates
of laboratory and field animals. Hemington (1967) and Pulliam et al.
(l968):found»the'use of ©5Zn elimination rates to be promising as a
technique for measuring metabolism of small mammals, but both of
thesé investigations failed to disclose any predictable relationships
with individual animals.

O'Farrell et al. (1966) found a relationship between whole-body

retention of a halogenated pyrimidine, 13liododeoxyuridine (IUDR), and
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oxygen consumption in three species of rodents. - The relationship was -
based on average values for each species, and not on individual meta-
bolic rates. IUDR is incorporated into DNA of rapidly dividing cells,
and elimination of the compound due to sloughing of old cells apparently
is an index to cellular proliferation rates. These rates in turﬁ may .
be related to general metabolism.

Experiments with 32P excretion in cotton rats (Wagner, 1968)
showed little promise that this nuclide could be used as a metabolic
indicator because of wide variability in the data. Wagner also found
that 32P elimination was related to environmental teﬁperature more than
to metabolic rate.

Another method, somewhat different from the above cases, was
investigated by Lifson et al. (1955), who demonstrated that total co, -
production could be measured by means of doubly-labeled water (D2180).
This technique was validated by McClintock and Lifson (1958) and Lee
and Lifson (1960), and was used later to measure energy metabolism of
pigeons at rest and in flight (LeFebvre, 1964).  -Some authors have
expressed confidence that this method will-be most feasible for general
application in field studies (Short and Golley, 1968; Wagner,: 1968),

but the technique is difficult and expensive to employ, requiring mass

spectrometry.
C. Objectives

The primary objective of this research was to compare general

metabolic rates of individual small rodents with long-—component



5

elimination rates of !37Cs and 59Fe, determining whether these isotopes
may be used as metabolic tags in nature. Secondary objectives of the
study were (1) to provide experimental records of small-mammal meta-
bolismias measured with newer techniques (as contrasted with the data
of investigators such as Morrison, 1948a, 1948b; Morrison and Pearson,
1946; Pearson, 1947); (2) to add to the growing body of knowledge on
element :cycling -in ecosystems by further elucidation of radionuclide
movement in organisms (see Auerbach, 1963); and (3) to demonstrate the

existence of possible alternative mechanisms for elimination of these

isotopes, other than those related to general metabolic rate.
D. General Procedure

. Three species of wild small mammals (Sigmodon hispidus komareki

Gardner, ‘Reithrodontomys humulis humulis Audubon and Bachman, and

Peromyscus leucopus leucopus Rafinesque) were given 5%Fe and 137Cs,

both ;isotopes being administered simultaneously to each individual.'
This ."double-tagging'" technique allowed comparison of rates of elimina-
tion of: both isotopes in the same animal to determine whether there
would be concurrent changes in excretion patterns of the two nuclides
during metabolic rate changes. As a secondary advantage, use of the
method also avoided duplication of effort.

Elimination of these nuclides was investigated to determine
whether excretion rétes in the field would differ between winter and
spring, ;and:whether field elimination rates would differ from those

in the laboratory. Laboratory animals were subjected to different
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experimental treatments to produce metabolic changes, and to demonstrate
whether isotope elimination rates:were altered accordingly.

Metabolism was monitored byi/measuring rate of daily 002 produc-
tion. Carbon:dioxide production.alone is assumed to be a valid index
to the metabolic rates of small mammals kept under standardized condi-
tions, but :for total characterization of metaboliém, measurements of
oxygen consumption and protein catabolism also are desirable (Buckner,

1964).
E. Experimental Radionuclides and Animals

For these: experiments, it seemed appropriate to select one -
isotope (element) which has little.or no direct relationship to meta-
bolic précesses:and another which is used actively in met;bolism.
Isotopes of cesium and iron were chosen because of such éﬁntrasting
physiological roles. Cesium is metabolically similar to éotassium
(Davis, 1963; Relman, 1956; Ringer, 1882), which is important in main-
taining ion balance and membrane potentials. Iron is rel;ted more to
intermediary metabolism, being incorporated into the cytochromes and
hemoglobin. The literature contains numerous reports of pertinent
experiments which describe tracer techniques for both cesium (Hood
and Comar, 1953; Johnson et al., 1968; Kitchings et al., 1969; Mraz
and Patrick, 1956, 1957) and iron (Bonnet et al., 1960; Chappelle
et al., 1955; Foreman et al., 1952).

Cotton rats and harvest mice were selected primarily because

of their contrasting body weights. Body weight is related inversely
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to metabolic rate (Kleiber, 1947), and using different sized species
‘provided opportunity additional to experimental treatments to observe
_w?e;hgr radionﬁél%de elimination is affected by metabolic differences.
ui?fe‘histories, p;pulational aspects, and habitats have been described
-gétﬁ fér cottoﬁ rats (Dunaway and Kaye, 1964; Meyer and Meyer, 1944)
and harvest mice (Dunaway, 1968; Kaye, 1961).

Other species, such as short-tailed shrews and pine mice, were
r_conside‘redﬂ‘buvt rejected due to difficulties in laboratory housing or
torfhe relapivevsqarcity of the species. Also, the semifossorial
habits éf pine mice would have created problems in maintaining them
in;ﬁield enclosures. It was not planned originally to use white-footed
mice, but this species was employed in the field study for reasons

FA

.explained in Section Iv.



II. GENERAL METHODS

Methods presented in this section were common to most phases of
the project. Special methods for specific experiments will be discussed

under the appropriate headings.
A. Acquisition and Maintenance of Animal Colony

Rodents for these experiments either were live-trapped on the
Oak Ridge National Laboratory (ORNL) reservation or reared in the
laboratory. It was assumed that a considerable period of acclimation
of animals to the laboratory environment should be allowed before
initiating metabolic rate experiments. Therefore, wild animals used
in laboratory studies were trapped several months prior to the studies.
All animals investigated were adults, except as indicated in one case.

Metal modified Sherman live-traps (Fig. 16, Appendix A), mea-
suring 8 x 9 x 30 cm, were used for capturing animals. Each trap was
placed inside a weather-proof metal container (Fig. 17, Appendix A),
and set in an area well marked with animal runways. Trapping for both
cotton rats and harvest mice was conducted in fields in early succes-
sional stages, with the former species always being more obtainable.
Other details on trapping procedures and initial handling of captured
animals‘in the laboratory were the same as given by O'Farrell et al.
(1966) .

Cotton rats were housed in polypropylene cages (35 x 22 x 13 cm)
with steel grate tops; harvest mice were kept in clear plastic cages

8
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(29 x 19 x 13 cm) with wire mesh tops; white-footed mice were held in
the same type cages as harvest mice, but with steel grate tops. Types
of cages used are illustrated in Fig. 18 (Appendix A). A contact-type
absorbent bedding (Sterolit) was used. A metal can (8 x 8 x 11 cm),
.open<at,one end, was placed in each cage to provide a retreat, or
"house." The can also was used for removing animals from their cages.
White-footed mice and harvest mice were given cotton for nest-building,
but this material was withheld from cotton rats because their larger
size:decreased the need for added insulation. Also, it previously had
been noted in this laboratory that cotton rats were prone to chew and
swallow- large pieces of cotton, and sometimes died from gastric obstruc-
~tion.

In addition to the standard diet of Purina Laboratory Chow,
animals regularly were given sunflower seeds and lettuce. The tempera-
ture:of the animal room averaged 22°C, and a photoperiod of twelve
hours (0600-1800) was maintained. Rodents were kept under these con-
ditions until termination of the experiments, except for the lower
environmental temperature of one experimental treatment.

Shortly before the isotope excretion studies, cages of cotton
‘rats were modified slightly to prevent self-contamination by animals
excreting radioactive urine. The metal can described above was removed
and replaced with a 12-oz beverage can which had been cut and trimmed
to provide a "house" without a floor, and was wired to the top of the
cage for stability. This procedure allowed radioactive urine to pass

directly into the absorbent Sterolit on the bottom of the cage. Without
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this modification,: urine and feces would ﬁa&e femained for some time on
the floor of the conventional can, and likeiy would have contaminated
the hair and skin of the animal. The original—type can was reinserted
in the opposite end of the cage during removal of a cotton rat for
counting. The rat then was chased into the can and withdrawn. Changing
the type of "house' was considered unnecessary for the other two species
because they were provided with nesting matérial, and the cotton absorbed
radioactivekurine. Also, these smaller s?ecies were not expected to
excrete as large a volume of urine as cotton rats. Cotton and Sterolit
were changed frequently as a further measure for preventing self-

contamination.

N

£
£

B. Tracer Techniﬁués

Iron-59 was purchased from Nuclear”ﬁciénce Division of Inter-
national Chemical and Nuclear Corporation, and !37Cs was taken from
stock obtained:earlier from the Isotopes:Division of ORNL. Both iso-
topes were in the chloride form. Injection:solution was prepared by
combining the two nuclides in distilled water.so that approximately
0.8 uCi °%Fe and 2.0 uci 137¢s was administered in 0.3 - 0.4 ml quan-
tities. The mixed isotope solution was injected intraperitoneally
using a l-ml disposable hypodermic syringe (27-gage needle).

The injection mode of administration was selected because it
was adjudged to be the most practical and. convenient for eventual
application in field studies. Although injection is an “unnatural

means of introducing radioisotopes into animals, there is little or no
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evidence to suggest that mode of administration affects long-component
excretion or tissue distribution of the nuclides used here (J. T.
Kitchings, personal communication; Kitchings et al., 1969; Nelson et al.,
1960).

During the injection procedure, each rodent was taken from its
cage by means of the metal can and transferred to a plastic bag. The
animal was ‘directed into a crease of the bag, grasped by the nape, and
held with its. ventral surface up. The syringe needle then was inserted
gently into the-.abdominal cavity, and isotope solution was released
slowly. The animal was placed immediately into a ventilated paper
food carton, and the top was secured by a band of wide masking tape.
?int—sizéd'containers were used for cotton rats and white-footed mice,
and half-pint cartons were used for harvest mice. Cartons were placed
inside plastic bags to prevent leakage of radioactive urine into the
coun£ing apparatus. Animals were weighed while in the cartons, which
were marked. for identification, and taken immediately to the counting
room for initial assay. Cartons were weighed to obtain tares after
the rodents were returned to their cages. Only a few animals were
handled at. any one time to insure that they were not kept out of their
cages any longer than necessary. Except for injection of isotopes,
these same procedures were followed during subsequent counting.

Animals were counted for radioactivity four to six times after
initial assay to establish long-component loss rates of isotopes.

)
Previous work at this-laboratory and the literature indicated that the

final component of °%Fe excretion in small rodents is reached after
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about one week (Bonnet et al., 1960; Chappelle et al., 1955). The final
component for 137¢s elimination from harvest mice is reached after about
three to four days, five to six days for white-footed mice, and about
six days for cotton rats. Therefore, the first counts after initial
assay took place at least seven days after injection. Counting was
continued at appropriate intervals for about 30 days for 137¢cs and 45
days for 59Fe.

Whole-body assay was accomplished with an Auto-gamma Spectrometer
and Armac Liquid Scintillation Detector (Packard Instruments Company,
Model 410 A/440; Fig. 19, Appendix A). These instruments were not
designed primarily for mixed-isotope counting, but good resolution was
obtained with the two nuclides used in these experiments. Radioactivity

present was expressed for both nuclides as percent of initial by
percent retention = (lOO)(At/St)(So/AO) s

where A is animal radioactivity, S is radioactivity of a standard, t is
any given day after injection, and o is day of injection. Standards
were prepared from polyethylene bottles containing a single-isotope
solution and were counted in a geometry simulating that of the animals.
By transforming percent of initial vadioactivity retained to
natural logarithmic equivalents, a linear relationship between reten-
tion and time was attained, allowing slope and intercept values to be
estimated by the method of least squares. Final-component excretion
of both isotopes was then described by

Y = ae_kt 5
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where Y is the percent of initial activity remaining at time t; a is
the intercept of the regression line on the Y axis at time zero (not
100% in this case, because of more rapid components during early excre-
tion); e is the base of the natural logarithms; and k is the regression
coefficient, or rate constant. Biological half-time (Tb), or time
required for the decay-corrected body burden to be reduced by one-half,

was calculated by

where 0.693 is loge2, and k is as defined above.

Tissue samples were assayed for radioactivity with a dual-channel
analyzer (Packard Tri-Carb Spectrometer, seriés 314E) and a 3-in TI1-
activated NaIl crystal detector. The instrument operated in conjunction
with an automatic turntable, sample changer, and recorder. For prepara-
tion of samples, selected organs were removed from animals and placed
in test tubes (25 x 150 mm). To obtain a constant counting geometry,

5% formalin was added to bring the level of all samples to the same
height in the tubes. Formalin was used instead of water to preserve
the organs in case it became necessary to retain them for further inves-

tigation,
C. Data Processing

Computer programs were used for most calculations and were run
on an IBM 360/75-91 computer. Regression and correlation analyses were

performed with program Regress (Van Dyne, 1965); analyses of variance



14
were calculated using Anova-Gr (Hull, 1967); and an unpublished bfégram
by R. I. Van Hook (Radiation Ecology Section, ORNL) was used fér»buncan's
Multiple Range Test. A progfam for ?eduction aﬁd analysis of ﬁétéﬁolic
data was written specifically for this project by Dan Foster of the'Oak
Ridge Gaseous‘Diffusion,Plant's Computing Technology Center, and is

discussed later in this paper.



III. PRELIMINARY INVESTIGATIONS
A. Dual-Isotope Technique

It was necessary to verify that combined 137Cs and °%Fe could be
counted because the counting apparatus employed in this study was
designed primarily for single-isotope analysis. Counting might have
been performed with good resolution between isotopes on a multichannel
analyzer, but this alternative was rejected because geometry problems
in: counting live animals with the detectors available would nullify any
advantages of using such a system. Detectors used with multichannel
analyzers in this laboratory consist of either one or two crystals
(Tl-activated Nal), and slight movements of an animal being counted in
these arrangements would introduce sizable error due to altered geome-
try..  This problem would be particularly acute with the larger cotton
rats, and could be avoided only by undue restraint of animals during
counting. Geometry problems are not as great with the Armac because
the liquid scintillation detector is essentially in a 4w configuration,
and' slight movements of animals during counting do not greatly affect
detection efficiency.

Initially, relationships for resolving °%Fe and 137Cs in mixed
samples were determined by counting standards of known radioactivities.
The use of narrow counting modes ("windows') allowed virtual isolation
of- 5%Fe radioactivity in mixture with 137¢s. However, a sizable frac-

tion of radioactivity detected on !37Cs settings was always attributable

15
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to the presence of °9Fe. Net 137Cs therefore was determined by use of

the following relationship.
Net 137Cs = B
et 137Cs = A - (FXD)

where A = sample counts on 137¢s settings; B = °%Fe standard counts on
13705 settings; C = °%Fe standard counts on °%Fe settings; and D =
sample counts on °9Fe settings.

For validation of the method, a small experiment was conducted
with live animals to determine whether this relationship would hold at
changing levels of radioactivity, that is, while the isotopes weré being
excreted by animals. Nine male cotton rats were selected on the basis
of homogeneity of weight, and divided into groups of three. One group
received 137¢Cs only, one received 59Fe only, and the other group
received a mixture of the two isotopes. Excretion of the nuclides was
followed for 39 days, and no differences were noted between the elimina-
tion rates of either single-isotope group and its counterpart in the
mixed-isotope group. Therefore, it was concluded that the two isotopes
could indeed be counted in combination, even in a dynamic situation.

The method was not without limitation, however, as the relative
levels of radioactivity were an important factor in attaining good
resolution. The quantity of !37Cs had to be kept fairly low (<0.75 uCi),
because above this amount the contribution of 137Cs on the 5%Fe settings
became apparent. However, this radioactivity due to !37Cs was not con-
sidered significant as long as the level of °%Fe radioactivity was kept

high enough (>0.3 uCi). Because of rapid initial loss of injected 137cCs,
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more of this isotope was administered than was desirable, creating a

small error in determining the initial amounts of both isotopes.
B. Oxygen Consumption Measurements

Two different environmental temperatures were to be used in the
COzvprOduction experiments, and it was desirable to know beforehand at
what temperatures significant changes in metabolic rates could be
expected. Also, it was important to characterize the metabolic profiles
of the species to be used in the ensuing experiments, so that ranges of
metabolic rates and relationships between species could be examined
 before further experiments were designed.

An apparatus for measuring CO2 production rates was not available
at that time, and a manometric respirometer (Minute Oxygen Uptake
Spirometer, Aloe Scientific; Fig. 20, Appendix A) was used to determine
oxygen consumption rates of rodents at several different temperatures.
This instrument operated on a closed-system principle, whereby exhaled
CO,, was taken up by soda lime in the respiration chamber. The drop in

2

chamber pressure resulting from CO, absorption caused oxygen to be drawn

2

into the chamber from a reservoir, and the amount of O, entering was

2
recorded. Time intervals also were recorded automatically. During the
experiment, the respiration chamber was placed in a water bath (50-
gallon aquarium),:which contained heating and cooling elements to pro-
vide temperature stability.

A ventilated metal shelter was placed inside the chamber to

provide a retreat for the animal during measurement, and presumably
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aided the animal in arriving at a resting level more rapidly. It was
necessary to measure animals at resting levels because the instrument
used was capable of making only short-term measurements, and only at
resting levels could mean values be used reliably to make comparisons
between groups of animals.
Measurements were made on three adult cotton rats and three adult

harvest mice. Values for oxygen consumption {corrected to STP) were
plotted as a function of envirommental temperature (Fig. 1), and were

best described for both species by
log Y = log a - bx s

where Y is the rate of oxygen consumption (ce/hr/g) at temperature X,

a is the intercept at x = 0, and b is the slope of the regression line.
This semilogarithmic relationship for small rodents contrasts with the
linear relationship described by Brody (1945), Kleiber (1961) and
Prosser and Brown (1961), who are authorities for reference to metabolic
data of this type. No zone of thermoneutrality was apparent in either
species, and metabolism did not increase at the highest temperature used
in these experiments. These relationships did not emerge until values
were corrected to STP, and suggests for the range measured a Q10 of 1.4

for Sigmodon and 1.8 for Reithrodontomys.

The environmental chamber selected for use in the subsequent CO2
production experiment maintained a lower temperature of 9°C. From
these data it appeared that this temperature was sufficient to produce

significant increases in metabolic rates of both species.
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IV. FIELD MEASUREMENT OF,ISOTOPE ELIMINATION
A, Objeétive o

The objective of this experiment was to examine the relationship
S, e ‘
of long-component elimination rates to general metabolism by measuring

excretion of 5%Fe and !'37Cs by rodents_undér*field conditions. Studies
. : 5 K

were conducted in winter and spring, andmitfwgs assumed that/metabélié  W
rates would be higher in winter than in s;;ing due to lower environ-
mental temperatures. Also, it was expectéa;that field animals. would
have greater metabolic demands than those‘iﬁ thé iaboratory because of
higher levels of physical activity in free—rangiﬁg animals. . If these
kassﬁmptions are correct and if elimination of these isotopes is related

to metabolism, excretion rates should be more rapid in winter than in

'spring,‘and faster in the field than in the laboratory. ...
B. Methods .

Expéfimental Animals

It was desirable to uée for field éﬁudies the same sﬁeéiééﬁ”
éﬁpié&éd in 1ab6ratbry experiments. Howe§efﬁﬁharvest mice were
véktféméiy difficult to acquire when the fiél&;éxperiment ﬁas Begﬁﬁ;:
;nd uéé of this species had to be abandoﬁéé; Field animals et e
be fraﬁped in advance and heid in the labé;égéry because‘ofufﬁé iﬂ;d;
Viéagility\of usiné rodents which were noﬁ acclimated to fheirMégééri—
: o . / LR
mental conditions. It was therefore’necesgafy to trap all animals for
e expe;ihéntkwithin the span of three to)foﬁr days. Because harvest

A

20
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mice were unavailable, an arbitrary decision was made to use white-footed

mice (Peromyscus leucopus) as a second species in the field. However,

after introducing several of these mice into field enclosures at the
start of the winter study, it was discovered that they were able to

escape from the pens, which were designed primarily for cotton rats.
Therefore, use of white-footed mice in the enclosures had to be dis-
continued, and a decision was made to use only cotton rats.

Some of the white—féoted mice which escaped from the field pens
remained in the study area. Since these mice already had been given
;sotgpes, an attempt was made to follow excretion rates of these free-
ranging animals and another group was released in spring. A number of
traps'were set periodically outside the pens for white-footed mice and
spmeudata were obtained. A total of four mice were captured regularly
throughout the winter study, and five mice were followed in the spring

experiment.

DesCription of the Area

The four 10- x 10-m field enclosures used in this experiment are
located on ORNL Ecology Area 0911, and are constructed of 3-ft galva-
nized steel sheet. They are situated in an old-field habitat, adjacent
to a semimarshy area (Figs. 21 and 22, Appendix A). The terrain is
well-drained, sloping from the jﬁncture of the four pens. Vegetation
was predominately broomsedge and honeysuckle, with a clump of small

sweetgum trees occupying a fairly large portion of one pen. A more

complete summary of the flora of the plots is given in Appendix B,
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which also contains a list of birds and other fauna observed or trapﬂed
on the area. o

To discourage mammalian predation from outside the pens, an ;
electrically charged wire was strung over the fences, and streamers
were placed in trees and bdébés about the area to frighteﬁ away avian
predators. Small plastic barriers ("turn-ins") were placed over thé
top of each 90-degree fence juncture to prevent animalé fromvclimbing'
out the studded corners of the pens. A schematic diagram of the com-

plete experimental arrangement is given in Fig. 2.

Weather Monitoring

Meteorological measurements were made to quantify microhabitat
conditions during winter and spring. Due to the locations af which
readings were takeﬁ, data from these measurements did not coincide
with weather bureau information, but ref}ected the same trends. Rela-
tive humidity was ﬁeasured 6 inchés aboveground with a fecordihg hygro-
thermograph. This instrument was located just outside the pens beééuseL s
the experimental rats might have mutilated it by chewing away’taut
hairs contained in the device. Maximum and minimum air temperatures
were read from two thermometers placed 6 inches aboveground inside the
pens. Soil temperature (2-in) was monitored in one location, and read

o
only in the morning.

Mean maximum and minimum temperatures were obtained by averaging
readings from the two max-min thermometers inside the pens with readings

taken from the hygrothermograph. Mean daily temperature and mean daily

relative humidity were obtained from hygrothermograph charts with the
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aid of a compensating planimeter. Hours per day of 100% relative

humidity also were read from the hygrothermograph recording.

:bExperimental Procedure

Each séasonal study was handled as two replications, the second
beginniné(two weeks after fhe fi?st. This procedure obviated having to
ostainfa lérge number of animals at one time, and also allowed the study
t;'contin;e o§ér a longer periba: The latter feature was important
bé;ause 137¢g Qas eliminated fapi&ly, and if the experiment had been
dééignéd Qithéut replications, ekcretion of this nuclide would not
h;Qe béeﬁ’comﬁéréble with °9Fe détg in terms of elapsed time. Animals
_for the winter experiment were trapped January 28-31 and February 13-14,
aﬁd,fdé tHe séring study, April 3-8 and 22-25, 1969.

’ ‘Animalé obtained for the field study were brought to the labora-
tory, injééted wifh isotope solution, and released immediately into the
field enclésures. Thereafter, they were sampled weekly for radioactivity
tﬂ?ougﬁout theLSeason. Captured énimals were transported to the labora-
édéy iﬁ the tfaps, counted for radibactivity, and returned immediately
_to the‘field whilé still in the cérfons used for counting.

’All fourkpens were used for each season (two for each sex), with
an averagé of four animals per pen. At the beginning of the winter
study thé Vegetati;n in the pens was sparse, and it was decided to
supplemeﬁt the natural food of the cotton rats with sunflower seeds.
fh;refdré, fourkto five handfuls of these seeds were scattered over
eééh pen twice a week. This procedﬁre probably was not required during

the spring, but was continued to keep the two seasonal studies as
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similar as possible. However, spring animals likely consumed a somewhat
different diet than the winter animals, due to the emergence and avail-
ability of green vegetation.

Very good sampling success was experienced during the entire
study, and there was only one case of trap mortality. Except in a few
instances all animals were trapped weekly, and only one important
problem was encountered. A female in the spring experiment was unde-
tectably:pregnant at the time she was introduced into the pen, and
abQutfthree»weeks later gave birth to a litter. Four of these young
were trapped subsequently, and kept in the laboratory to determine
whether a significant amount of the mother's radioactivity had been
imparted -to:the offspring. Enough radioactivity (°%Fe only) was present
in each of the young rats to be counted for several weeks. It was of
interest to follow the excretion of isotope from these young animals to
determine:whether the rate of turnover would differ from adults, as
their metabolic rates were expected to be different because of smaller
body:size. In the data, these animals are referred to as ''spring litter."
It could:not be determined from amount of radiocactivity lost or weight
change which f;male in the pen was the mother of the litter.

Four of the winter animals were brought to the laboratory after
the field study was terminated, and elimination of °3Fe was followed
for:several -weeks (not enough 13705 was present for whole-body counting).
The. object of: this procedure was to determine whether excretion rates
would . change after animals were taken from the field environment, where

their metabolic demands were assumed to be greater due to lower
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temperatures and physical activity. These animals are referred to in
the data as "winter trailers.' The remainder of the winter animals were
sacrificed at the conclusion of the study for tissue distribution
analyses.

For comparison with field data, a group of 12 cotton rats were
injected with isotopes and maintained in the laboratory at 22°C. Elim-
ination rates were obtained in a fashion similar to that of the field
study. These laboratory 'controls" also were used as controls in the

CO2 production experiments described in the next section.

C. Results

Average 13705 and 5%Fe elimination curves for both species are
presented in Figs. 3 and 4, respectively. Based upon results from
Duncan's 5% Multiple Range Test, no differences in long-component 137¢g
elimination rates (k) were found among winter, spring or laboratory
cotton rats. Laboratory and spring intercept values (a) were not dif-
ferent from each other, but both differed significantly from winter
intercepts. All three groups of cotton rats were significantly differ-
ent in long-component elimination of S9Fe, with the fastest rates being
in winter and the slowest in the laboratory. Intercept values for °>7Fe
were significantly lower in field animals, but no differences were
present between winter and spring. These statistically significant
differences in slopes and intercepts for both nuclides are summarized
in Table I.

In Peromyscus, no differences were noted among the three treat-

ment groups in long-component 13705 elimination rates, but this species
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TABLE I

RESULTS FROM DUNCAN'S 5% MULTIPLE RANGE TEST FOR
DIFFERENCES IN SIGMODON ISOTOPE ELIMINATION
VALUES BETWEEN LABORATORY AND FIELD™

Isg;egg Vglues Winter Spring Laboratory
. 137¢s Slope -0.0927 -0.0882 -0.0817
‘13;és Intercept 26.3 34.5 36.6

59Fe 'Slope -0.0064 ~0.0048 -0.0033
1-553? Intercept . 86.3 87.0 96.1

. _
Means underscored by same line are not significantly
‘different. ‘
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excreted !37Cs more rapidly than cotton rats (Fig. 3). Intercept values
were different for all three groups, with winter intercepts lowest and
laboratory intercepts the highest. White-footed mice in the field
eliminated 59Fe at markedly different rates than those in the labora-
tory (Fig. 4c), but winter excretion rates were not different from
those of spring. No differences were seen in °%Fe intercepts among
the three groups of Peromyscus.

The "spring litter" rates (°%Fe) were indistinguishable from
those of other cotton rats in the spring experiment. The "winter
trailer" group, on an average basis, did not alter their °%Fe elimina-
tion rates after being brought into the laboratory environment. The
"winter trailer'" curve of Fig. 4 can not be compared directly with the
winter Sigmodon 59Fe curve because the former represents only four
animals of the latter; also, the time scale of Fig. 4b is not directly
comparable with the other two graphs, because the days given are rela-
tive to the beginning of the experiment and not to time of isotope
administration.

? Weather data were averaged for the experimental periods and are

summarized in Table II. The continua from which the averages were

taken are depicted graphically in Fig. 5.
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TABLE II

AVERAGE MICROMETEOROLOGICAL DATA TAKEN DURING
ISOTOPE ELIMINATION STUDIES IN THE FIELD

Characteristic

Winter
(1/22 - 4/10)

Spring
(4/4 - 6/6)

Mean Daily Temperature

Mean Daily Rel. Humidity
Time/Day of 100% Humidity
Daily Maximum Temperature
Daily Minimum Temperature

Soil Temperature (2-in)

39.5°F (4.0°C)

79.0%
8.5 hr

58.0°F (14.5°C)
26.5°F (-3.0°C)

39.0°F (4.0°C)

60.5°F (16.0°C)

77.5%
6.5 hr

82.5°F (28.0°C)
43.5°F (6.5°C)

57.0°F (14.0°C)
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V. LABORATORY MEASUREMENT OF ISOTOPE ELIMINATION

AND CARBON DIOXIDE PRODUCTION
A. Objectives

The laboratory phase of this study was designed to make compari-
sons between isotope elimination and metabolic rates of individual

rodents. Besides the primary measurements of CO, production and radio-

2
isotbpe elimination, two ofher investigations were conducted to inter-
pret éactors wﬁich may be important in excretion of radionuclides by
foden;s. Food and water consumption rates of cotton rats were measured
fd déﬁérminé<whether these factors were related to isotope elimination.
Somevé;idén;e iﬁdicates that "competition' from stable and analog forms
éf raaioeiementé present in the diet may affect excretion of radio-
isot&ééé (Johﬁson et al., 1968; Mraz and Patrick, 1957). Tissue dis-
tribution sfudies were performed to define active sites of radionuclide
incofﬁorafién, which presumably are the tissues controlling whole-body
éiimi;afion rates.

An apparatus for making sustained metabolic measurements, incor-
porating the features desired for these experiments, was not available
Commefcially as a unit. Therefore, one of the objectives of this
égpefiﬁént was to design and construct auxiliary components which could
gé coébined wifh commercial equipment to form a working unit for mea-

suring metabolic rates.

33
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B. Methods

992 Measurements

Metabolic rates of smali maﬁméls commonly are measured with mano-
metric devices‘for determiﬁing o#ygen donsumption‘rates (Buckner, 1964;
Pearson, 1947), and these instrumenié can be constructed so that mea-
surements are feasible for~extendéd periods. However, certain problems
are inherent in the use of suéh'iﬁétruments (Morrison; 1947), and a
more satisfacﬁory apparatué was needed. Therefore;(an infrared gas
analyzer (Beckﬁan Instruments, Model IR-215A) Wés selected for monitor-
ing metaboliqm of rodents over 24-hr periods. Analog data from the
analyzer were éonverted to digitaiiform by a teleﬁype coupler (Beckman
Instruments, Model 3108), and recorded on a teletype which provided
both printed copy and computer punch tape.

For the system to be completely autométic, it was necessary to
construct a épecial unit which would supply air‘fofexperimental animals
and control the stream flow. The unit was required‘to switch the sample
stream frompéne experimental cage to another, whilé’still_supplying air
to the cages not béing measured (three animals were measured during
each sample period), and to control signal output to the recording
instruments.. This control unit was designed and constructed in colla-
boration with ORNL engineers (Instrumentation and Controls Division),
and is shown schematically in Fig. 6. Figs. 7-9 show all of the com-

ponents of the CO, measuring apparatus.

2

For measuring CO2 production, the cages in which animals were

housed were placed inside the respiration chambers (Fig. 9). This
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Figure 7. Beckman infrared gas analyzer resting atop specially
constructed air supply and control unit, with measuring chambers in
background.
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Figure 8. Beckman teletype coupler (right) and teletype (left)
1for recording CO, production data from infrared analyzer.
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Figure 9. Specially constructed respiration chambers for hold-
ing rodents and cages in environment chamber during CO, measurements.
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procedure reduced handling of the animals, and also allowed CO2 produc—
tion to .be measured under practically the same conditions as isotope
excretion.. To minimize the contribution of CO2 from bacterial respira-
tion, clean cages were provided prior to measurement periods. This
step was included even though tests failed to show that detectable

levels of CO, evolved from extremely dirty cages. Temperature was

2

monitored with a thermometer placed in each respiration chamber and a
recording thermograph located inside the enviromment chamber. Tempera-

ture was stable throughout measurement periods, with fluctuations of

less than 1°C except when the door of the environment chamber was

opened. Actual measurement of CO, production was not begun until

2

animals were allowed about a l-hr period to equilibrate to the sample
chamber and to recover from possible effects of being placed into a
new environment.

Rodents were weighed immediately after removal from the chamber,

-and these weights were used for calculating 002 production on a per-

gram;basis. Carbon dioxide production rates were computed both as

ce/hr and cc/hr/g for the 12-hr light period, for the 12-hr dark period,

~and as daily averages, yielding a total of six values with which to com-

pare isotope elimination data. For these comparisons, the daily average
value was considered of primary importance, because it probably was the
best index to general metabolism.

All air passing through the respiration chambers was analyzed
at 29 * 1°C due to the warming effect of conduits leading from the

chambers and due to heat from the analyzer. Therefore, assuming
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negligible atmospheric pressure changes, no corrections to standard
temperature and pressure were necessary for comparing one group of
animals with another. However, to express CO2 production at STP, all
values reported need correction by a factor of 0.8502 which is appro-
priate for 29°C, 745 mmHg (Diem, 1962).

Each animal was measured twice (two separate 24-hr runs) during
the period of isotope elimination. Except for a few instances when
circumstances prevented it, these measurements were made within two
weeks of each other. The two readings‘were averaged for each animal,
and in most cases were very similar. This similarity indicated that
the rodents had definite daily metabolic patterns (Appendix C), and
that reproducible results were obtained from the measuring apparatus.

The air-supply and control unit is flexible and may be programmed
to suit the design of the investigation. For these experiments, the
equipment was arranged to measure three animals and ambient CO2 concen-
tration. The ambient value was subtracted from each experimental read-
ing because animals breathed room air during measurement. In making
multiple measurements with a single analyzer and recorder, it was
necessary to measure one animal for a period of time, then switch to
another, and so on. A total of 3 minutes per animal was allowed for
any one reading period, the first minute of which was used for flushing
the previous animal's air from the apparatus, and the remaining time
was used for actual measurement. A recorded measurement every 5 seconds
accounted for two lines of output on the teletype, with a 20-sec pause

between lines. Only one line, 50 seconds, was devoted to the measurement
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of ambient‘CQ2 (including flushing)é after which the cycle returned to
fhe’first‘aﬁimél. This procedure yieiééé a total of seven lines for
each lZ—mih cycle of measurement kFig. }b). |
:;Informatioﬁ provided as printed cépy by the teletype was punched
simultaneously on paper tape. The tape was used for data calculations
which wefg’done entirely by computer. Teletype print—outjwas used for
moqitoriné purposes and for occasional editing of the punch tape. After
conversion‘of‘the paper tape to magnetic:tape, the following operations
_ were required of the computer program; average the measurements repre-
sented by each two lines of output and subtract from each the average
ambient reading for that 12-min period; correct for response character-—
isticé of the analyzer; multiply relative data (all readings were
klrecofded in percent of full scale) by factor appropriate for upscale
calibration and air flow through the cages to obtain cc/hr; average
five lZ—min values of each animal to obtain hourly means; divide by
weigh& of animal to obtain cec/hr/g; calculate dark-period, light-period,
and daily CO2 production; and plot hourly‘values of daily CO2 cycle.
SPlotting was done on a CALCOMP cathode ray tube (CRT) plotter, which

provided 35 mm photographic negatives of the graphs. Examples of

these CRT plots are included in this report.

Experimental Treatments

The primary species investigated in laboratory experiments were
cotton rats and harvest mice. Since white-footed mice were used in the
field study, a group of five laboratory-reared animals of this species

also were included.
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01 0093 0094 0093 0094 0094 0095 0093 0094 0094 0094

01 0093 0094 0093 .0093 0093 0092 0092 0091 0091 0091

02 0104 0103 0103 0103 0103 0102 0102 0102 0103 Ol02:
02 0102 0102 0102.0102 0103 0102 0101 0100 0101 0100
03 0154 0152 0151 0153 0153 0155 0156 0156 0156 0154 -
03 0156 0156 0159 0161 01610162 0160 0162 0162 0163 -
04 0012 0014 0014 0013 0015 0014 0015 0015 0015 001S

Figure 10. Sample of teletype recording representing a 12-min
CO, measurement on three animals.

First column is for identification, with number 04 the ambient
CO, concentration. Numbers are read with one decimal place understood.
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Rodents were selected to create heterogeneous treatment groups
by méking eaCh~group composed of both males and females, wild-caught
_‘and laboratory-born animals, and by having a wide range of body weights.
The.objective of this procedure waé to create a group of animals which
would exhibit metabolic differences, thus providing added opportunity
to determine whether isotope elimination values would vary with meta-
bolic rate.' Whereas considerable constitutional differences existed
within eachgroup, an attempt wés made to have experimental groups as
similar to each other as possible, so that average values could be
used. The primary objective in laboratory experiments was to make
correlations on the individual level, and different treatments were
provided only to induce metabolic changes in these individuals. Com-
parisons of group mean values is therefore only of secondary importance,
but should reflect any significant correlations between isotope elimina-
tion and metabolic rates of animals within the groups.

7 Each treatment group except Peromyscus originally contained
twélve animals. However, some.mean'values are based on less than
twelve measurements per group due to mortality and also to occasional
subjective discarding of invalid data (e.g., resulting from injection
of -isotopes into the gut or other organs, creating values which obviously
were deviant from others in the group). In no case did the number in a
treatment group fall below nine, and usually was eleven or twelve.

Treatment groups included 'a "control," which consisted of rodents

kept at the usual laboratory colony temperature (22°C); one group held

at a lower temperature (9°C); one which was irradiated at sublethal



44
doses and held at 22°C; and one which was kept at 22°C on a regimen of
Tapazole (methimazole, Eli Lilly Company), which is a chemical metabolic
inhibitor and goitrogen. Only cotton rats were treated with Tapazole,
but the other three treatments were common to both principal species.
Peromyscus were investigated only at the control level.

Animals held in cold temperature were kept in a chamber which
normally maintained an environment of 9 * 2°C. These rodents were
placed in the cold temperature at least one month before experimentation
to allow acclimation to the new environment. The chamber was the walk-
in type, and during periods when the door was open the temperature not
only rose, but required several hours to re-equilibrate. Therefore,
it was important to minimize the frequency of entering the room to keep
the experimental temperature constant. Temperature and humidity were
monitored with a recording hygrothermograph, and the relative humidity
averaged about 807, considerably higher than the 40-507% of the colony
room.

Irradiated animals were administered sublethal doses of gamma
radiation from a Gammacell-200 °0Co unit (Atomic Energy of Canada
Limited), which delivered a dose of 7.0 rads/sec. Doses close to the
LD50—30 probably are required to produce metabolic changes detectable

production rates. The LD values for cotton rats

by measuring CO 50-30

2
and harvest mice were estimated to be 958 rads and 947 rads, respec-
tively (Dunaway et al., 1969). Therefore, half of each species received

900 rads and the other half received 700 rads. The lower dose was

given because of the possibility of high mortality at 900 rads.
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Irradiation took place two days before the first counting session after
injection of isotopes, and was given in a single administration.

Tapazole-treated animals (cotton rats only) were supplied a
0.02% solution as drinking water 20 days prior to administration of
isotopes. This concentration was chosen after reviewing experiments
from the literature (Grosvenor, 1962), which used 0.0125% Tapazole
solutions with laboratory animals. It was assumed that a slight
increase in concentration would be appropriate for wild animals, since
they may require higher levels to reduce thyroidal activity. The
volume of drinking water consumed by these animals after being placed
on Tapazole was measured, and it was found that they were consuming
less (14.5 ml/day) than before being placed on the regimen. Assuming
that the water had become unpalatable to the animals, and that unfavor-
able physiological effects might ensue, the concentration was reduced
to 0.013% after 12 days on the previous concentration. Water consump-
tion then increased to 15.6 ml/day, still somewhat below untreated
water (app. 18.0 ml/day), but was left at this level. At the final
concentration used, water consumption of these rats was equivalent to
2.03 mg Tapazole per day. The rats continued to receive Tapazole solu-

tion throughout the experiment.

Food and Water Consumption

Food consumption in cold-exposed and control cotton rats was
measured to determine whether rate of intake was proportional to iso-
tope elimination rates. Measurement was accomplished simply by weighing

amounts of food added periodically to cage tops, and subtracting that
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which remained at the end of the experiment. Water consumption also
was measured on the same two groups of cotton rats by measuring the
volume of water given, and subtracting the volume remaining at the end
of the experiment. Relationships between rates of food and water con-
sumption and isotope elimination values were tested by linear regression
and correlation methods.

These methods for measuring food and water consumption are based
on the assumption that disappearance of food and water from containers
represents actual intake by the animals. Portions of food could be
lost to the bedding material during gnawing, and water could be lost
from the cannulate drinking bottles by an animal brushing against the
aperture or 'playing'" with the drinking spout. Therefore, cages were
examined for signs of these sources of error. No food was found on
the bottoms of the cages, and no wet spots were observed in the area
of the cage where dripping from the drinking tube might have occurred.
Also, it was noted in the cages of animals which had high rates of
water consumption that an area in the opposite end of the cage from
the water bottle opening often became soggy with moisture. This indi-
cated that relatively large quantities of water indeed were being con-
sumed by these animals and deposited in another portion of the cage as
urine. In view of these findings, confidence is placed in values

obtained for food and water consumption.

Tissue Distribution Studies

Amount of radioactivity present in various organs of cotton rats

was measured to determine which tissues accumulated the nuclides. The
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fact that such studies had been performed previously (e.g., Nelson et al.,
1960) was not a deterrent to performing this investigation because
earlier studies did not involve the particular combination of isotopes
and species used here. Also, previous investigations usually were con-
ducted after isotopes had been present in animals for only a short time,
whereas the present study was concerned with the distribution of the
elements well into the final component of excretion. As mentioned
previously, animals for these studies were remnants from the winter

field study, and methods for tissue analyses are outlined in Section II.
C. Results

Measurements of primary :interest were long-component elimination
coefficients (k) of each isotope and ‘daily average CO2 production.
Other elimination parameters determined from'the data of each animal
were biological half-times (Tb) and intercept values (a). In addition
to daily averages, CO2 production rates were calculated in cc/hr and
cc/hr/g for both light and dark periods. . Linear regression and corre-
lation analyses were performed on all possible combinations of CO2
production rates and isotope elimination'values=f6r both isotopes,
using measurements from individual animals and also from treatment
means. Correlation attempts were performed by treatment,’ by species,
and on all treatments pooled. The.results from all these tests caﬁnot
be reported, and in general it will be necessary to use group means as.
a somewhat qualitative way of reporting the:findings. However, some -
of the more promising correlations based on individual ‘animal data are

discussed.
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QQQ Production and Isotope Excretion

Mean values of CO2 production for all treatments are summarized
in Table III. Mean hourly CO2 production cycles for each treatment are
shown in Figs. 11 and 12, and examples of individual daily C02,profiles
from each treatment are included in Appendix C. Maximum-minimum and
dark-light ratios of CO2 production are given in Table IV.

Isotope elimination mean values are given in Tables V é;d VI.
These values are presented graphically in Figs. 13 and 14 fo?i;he two
principal species.

Tests for significant differences between treatment méaﬁs, both
for isotope values and CO2 production, are given in Table VII.i Results
from other analyses of variance showed no differences in iso%pée or CO2
values between males and females of any group. Tests also showed that
treatment groups of the same species were not significantly different
in mean body weights (P = 0.01). o

For comparison and correlation purposes, all irradiatédzanimals
of°the same species were considered as one treatment group. Lngever,
there were differences between 700~ and 900-rad animals, andvthese
differences followed the same trends in both species. 1In aniﬁals
receiving 900 rads, CO2 production was lower, 137¢g eliminatibh was
less rapid, 137cs intercepts were higher, 59Fe elimination was’more
rapid, but 59Fe intercepts were almost identical to those of“rédents
receiving 700 rads. Although these differences were consistent and
appeared to be predictable, only 137¢s intercepts and 59Fe slopes were
significantly different at the two dose levels (P = 0.01). Only one

case of mortality, a cotton rat, occurred among 24 irradiated animals.



TABLE III

%
MEAN CO2 PRODUCTION VALUES FOR ALL EXPERIMENTAL GROUPS

6%

Treatment Weight Light Light Dark Dark Daily Daily

Group (g) (ce/hr) (ce/hr/g) (ce/hr) (ce/hr/g) (cc/hr) (cc/hr/g)
S.h. A 132.8 200.17 1.52 267.98 2.04 234.07 1.78
S.h. C 129.3 301.29 2.38 362.31 2.87 331.87 2.62
S.h. R 134.6 192.48 1.45 237.41 1.78 214.99 1.61
S.h. T 140.6 189.28 1.36 243.78 1.75 216.67 1.55
R.h. A 9.7 32.61 3.51 1 50.59 5.52 41.70 ©  4.53
R.h. C 9.1 62.26 6.95 75.08 8.38 68.67 7.67
R.h. R 8.8  34.43 3.95 52.91 6.10 43.66 5.02
P.1. A 21,2 68.36 3.25 88.51 4,20 78.42 3.73
*S.h. - cotton rét, R;h. - hafvest mouse, %.1. = white—footea mouse} A - ambientk

temperature (22°C), C - cold-exposed (9°C), R - irradiated, T - Tapazole-treated.
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Figure 11. Average daily Co, production by cotton rats of dif-
ferent treatment groups.

A - 22°C; C - 9°C; R ~ irradiated; T - Tapazole-treated.
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Figure 12. Average daily CO, production by harvest mice and
white-footed mice of indicated treatment groups.

A - 22°C; C - 9°C; R - irradiated (Note different CO, scale
for PL-A).



TABLE IV

MAXIMUM AND MINIMUM VALUES, DARK-PERIOD AND LIGHT-

PERIOD AVERAGES OF CO2 PRODUCTION®

Species

and N C02(cc/hr/g) COz(cc/hr/g)

Treatment Maximum Minimum Ratio Dark Light Ratio
S.h. A 2.46 1.24 2.01 2.04 1.52 1.37
S.h. C 3.32 2.09 1.59 2.87 2.38 1.25
S.h. R 2.19 1.23 1.79 1.78 1.45 1.23
S.h. T 2,07 1.15 1.84 1.75 1.36 1.29
R.h. A 6.72 3.01 2,22 5.52 3.51 1.57
R.h. C 10.39 5.05 2.05 8.38 6.95 1.20
R.h. R 7.46 3.36 2,21 6.10 3.95 1.53
P.1. A 5.12 2.80 1.85 4,20 3.25 1.30

*
Max-min values based on highest and lowest hourly means; dark-light

values based on 12-hr averages.
Fok
S.h. - cotton rat, R.h. - harvest mouse, P.l. - white- footed mouse;
A - ambient temperature (22 C), C - cold-exposed (9°C), R - irradiated, T -
Tapazole-treated.

(49
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TABLE V

MEAN 137Cs VALUES FOR ALL EXPERIMENTAL GROUPS™

Treatment** K T a
Group b 41n arith
S.h. A -0.0817 8.6 3.6010 36.6
S.h. C -0.0925 7.9 3.3266 27.8
S.h. R -0.0900 7.9 3.9825 53.7
S.h. T -0.0905 7.7 3.7178 41.2
R.h. A -0.2041 3.7 4,4662 87.0
R.h. C -0.1841 3.9 2.8326 17.0
R.h. R -0.2142 3.5 4.1384 62.7
P.1. A -0.2059 3.5 4.0453 57.1
*
k = elimination coefficient.
Tp = biological half-time in days.
ain = intercept (log.).
a,rith = intercept (arithmetic).

Tb for each treatment obtained from

Z(Tbi)
N

0.693
k

, and not from

*%
S.h. - cotton rat, R.h. - harvest mouse, P.l. -

white-footed mouse; A - ambient temperature (22°C), C -
c old-exposed (9°C), R - irradiated, T - Tapazole-treated.
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TABLE VI

MEAN 59Fe VALUES FOR ALL EXPERIMENTAL GROUPS*

Treatment** Kk T a a
Group b 1n arith
S.h. A -0.0033 241.6 4,.5659 96.1
S.h. C -0.0035 225.7 4.4951 89.6
S.h. R -0.0044 176.4 4.,4822 88.4
S.h. T -0.0045 192.1 4.4118 82.4
R.h. A -0.0052 156.7 4.5511 94,7
R.h. C -0.0046 177.8 4.4746 87.8
R.h. R -0.0060 121.2 4.4308 84.0
P.1. A -0.0032 289.0 4.4524 85.8
%
k = elimination coefficient.
Ty = biological half-time in days.
aln = %ntercept (logg) - .
asrith = intercept (arithmetic).

Tb for each treatment obtained from

Z(Tp, )
———ﬁg;- , and not from O'E?3
k
b33
S.h. - cotton rat, R.h. - harvest mouse, P.1l. -

white-footed mouse; A - ambient temperature (22°C), C -
cold-exposed (9°C), R - irradiated, T - Tapazole-treated.
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Figure 13. Elimination of 137cs by two species of rodents.

A - 22°C; C - 9°C; R - irradiated; T - Tapazole-treated.



56

100
90 ———

— A
80 — | —r—— ] C

70 |

C:Y=89.6¢70-0035

Sigmodon hispidus

A:Y=96.1¢~ 00033t

>-
=
P
[
Q
<
Q
a 60
& R:Y=88.4¢~0.0044t
. T:Y=82.4¢-0:0045 (@)
1 1
= 50
Z 100
L.
o 90 ——=
I\
ol |
—
« Reithrodontomys humulis \\ R
60 L A:Y=94.7¢ 00052t
C:Y=87.8¢70:0046!
R: Y=84.0¢™0-0060! (5)
50 1 1 1
10 15 20 25 30 35 40 45
TIME AFTER 59Fe ADMINISTRATION (days)
Figure 14, Elimination of 59Fe by two species of rodents.

A - 22°C; C - 9°C; R - irradiated; T - Tapazole-treated.
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 TABLE VII

RESULTS 'FROM DUNCAN'S 5% MULTIPLE RANGE TEST® FOR
DIFFERENCES AMONG LABORATORY TREATMENT GROUPS™*

‘Characteristic c . A PUeR 2 o® , O, 7%

Sigmodon hispidus

\Dailyjcoz (ce/hr/g) 2.62 L;;jéa }”' 1;61' “E{i'l.sg i
137¢cs slope -0.0925 —b.OS;% -0.0900 A'-o.o905
137¢g Intercept 27.8 g%;gf s D3 T ﬁ%rgj'

5%Fe Slope ©-0.0035 f—o.6033 © -0.0044 -0.0045
59Fe Intercept . §2r§ 2§#£ §§T£ o 82.4

Reithrodontoﬁys humulis

Daily CO2 (ce/hr/g) 7.67 4:;3'4 5.02
137¢s slope -0.1841 ~0.2041 -0.2142
137Csrlntercept 17.0 87.0 62.7
59Fe Slope ~0.0046  -0.0052  —0.0060
59Fe Intercept 87.8 gﬁLZ 84.0

*®

Means connected by same line not significantly different.

k%
A - 22°C; C - 9°C; R - irradiated; T - Tapazole-treated.
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No significant correlations between general metabolism and excre-
tion of 5%Fe were found. There were isolated cases of good within-
treatment correlations both with slopes and intercepts, but for these
to be valid the correlation should have been apparent among all treat-
ments.

The only consistent correlation found with 13705 was between 002
production and Y-axis intercept values (a). Better correlations usually
were found with logarithms of intercepts and were more predictable in
harvest mice than in cotton rats. Equations for estimating metabolic
rates from these relationships are, for Sigmodon

Daily average COp production,

CC/hr/g at 29°C, 745 mmHg = 5.24 - 0.9172 (10gea)

N = 39
r = -0.66 (P < 0.01)
= .36
SY/x 0

and for Reithrodontomys,

Daily average CO9 production,

cc/hr/g at 29°C, 745 mmHg = 12.51 - 1.80 (log_a)

N = 31
r = -0.82 (P < 0.01)
= 1.02
Sy/x

These relationships are presented graphically in Fig. 15. Other equa-
tions describing statistically significant relationships for these two
species, involving light- and dark-period metabolism, are given in

Appendix D,
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Although 1370g elimination rates did not correlate well with
metabolism within a species, there was a good interspecific relation-
ship between CO2 production and biological half-times (Tb). This
correlation may be useful in predicting average metabolic rates in the
field (assuming that the relationship between the two species is

linear):

Daily average CO, production,

ce/hr/g at 29°C, 745 mmHg 7.64 - 0.6773 (Tb)

N = 86
r = -0.77 (P < 0.01)
Sy/x = 1.42

No correlations were found with Peromyscus, probably due to the small
number of animals and wide variability in the data.

Food and water consumption rates of cotton rats are given in
Table VIII. Regression and correlation analyses on individual measure-
ments failed to demonstrate any predictable relationship between rate
of food or water consumption and elimination rates of either isotope.
Instead, food and water intake appeared to be more closely linked with
body size than with any other factor. Rate of food consumption differed
significantly (P = 0.01) between cold-exposed and control group cotton
rats, but no significant differences were found between these groups in

rate of water consumption.

Tissue Distribution of Isotopes

Results from tissue distribution analysis for 59Fe are given in

Table IX. To determine the relative contribution of 59Fe radioactivity
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TABLE VIIT

FOOD (PURINA LABORATORY CHOW) AND WATER CONSUMPTION
OF COTTON RATS, WITH STANDARD ERRORS

Measurement 22°C 9°C
FOOD g/day 10.4 (20.42) 12.8 (#0.51)
g/day/g™ 0.078 (+0.0022) 0.090 (+0.0032)
WATER  ml/day 17.6 (+1.74) 19.4 (+1.98)
ml/day/g® 0.135 (+0.0166) 0.145 (+0.0122)

*
Body weight in grams.
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TABLE IX

DISTRIBUTION OF 5%Fe IN COTTON RATS*

Percent of Body Percent/Gram
Component Burden (#S.E.) of Tissue Weight
Kidneys 3.2 (#0.15) 3.72
Lungs 2.6 (x0.57) 5.53
Heart 1.6 (i0.27) 4.71
Liver 17.7 (%1.06) 5.01
Spleen 1.6 (1.14) 14.55
G. I. Tract 11.1 (£1.03) 1.88
Skin-Hair 13.1 (£1.26) 0.70

Carcass (residual) 49.0 (+2.82) 0.76

*
Data from 8 animals approximately 50 days after
administration of isotope.
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in the blood, samples were analyzed in 0.3 ml quantities. These saﬁples
averaged 3.2 * 0.50 (S.E.) percent of the total body burden. Basedﬁon
a relationship given by Diem (1962), the total blood volume of an average-
sized cotton rat was calculated to be about 8 ml. If these calculations
are correct, °°Fe radioactivity in blood accounted for about 85% of the
total body burden (3.2 [8/0.3]). Therefore, a major portion of radio-
activity found in all tissues is attributed to the presence of blood.
It is apparent from per—gram values of Table IX that hemopoietic and
blood-rich organs accumulated 59Fe. Tissues with low per-gram values
probably reflected radioactivity solely from blood. g

Approximately 807 of total body 137Ccs was found in the carcass
and skin-hair compartments, with the remainder being uniformly distri-
buted among other organs. Radiocesium has a high affinity for skeletal
muscle (Nelson et al., 1960), and the distribution of the nuclide in-
the residual carcass could be explained on that basis. The skin also
is endowed with muscle tissue, but a portion of the radioactivity in

the skin-hair compartment possibly was due to external self-contamination.



VI. DISCUSSION AND CONCLUSIONS e
A. Correlations Between Isotope Elimination and Metabolism

Iron-59

Elimination of °9Fe by cotton rats in the field correlated well
with expected metabolic rates during winter and spring. Biological
half—-times (Tb) were 108 days in winter and 144 days in the spring

(Fig. 4a, page 28). Field groups of both Sigmodon and Peromyscus

showed faster elimination rates for °%Fe than 1aboratofy animals, but
when some of the winter cotton rats were transferred from the field to
the laboratory, their elimination rates were not altered (Fig.74b;

page 28). Furthermore, no consistent relationship between 59Fe" elimina-
tion and CO2 production could be deménstrat;d in the laboratory. ' On an
average basis, however, 59Fe intercept values of laboratory cbld;exposed
animals were lower than those of the’control groups of'bofh cotton rats
and harvest mice. Intercepts of field animals were different from

those of the laboratory, but no distinction was apparent between sea-
sonal values (Table I, page 29).

Most of the S9Fe was associated with blood, and iftis obvious
that changes occurring in' this' tissue would affect whole-body elimina-
tion rates. When red blood cells are destroyed and hemoglobin is’~
degraded, mechanisms for recycling of iron must be functional} or‘a
loss of iron will result. If the number of erythrocytes or amount of
hemoglobin is altered, the total 59Fe body burden could be affected
(Bonnet et al., 1960; Stevens et al., 1953). Such hematological
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impairments due to cold stress (Sealander, 1960, 1962) and irradiation
(Ludewig and Chanutin, 1951; Okunewick and Kretchmar, 1967) have been
reported, and these changes could affect 59Fe loss rates. Moreover,
it may even be possible to assess hemopdietic damage by measuring radio-
iron elimination (Kitchings et al., 1968).

Hemoglobin and hematocrit values tend to increase during winter
or prolonged cold exposure (Sealander, 1962). Apparently these changes
precipitate rapid iron turnover, as evidenced by faster 59Fe excretion
by the winter field animals. However, envirommental factors which
caused °%Fe to be eliminated more rapidly in the field apparently were
not present in sufficient magnitude to affect 59Fe elimination by lab-
oratory cold-exposed animals. It is possible that low temperatures
used in the laboratory were not sufficient to elicit responses similar
to those of field animals, or perhaps differences in available iron
between laboratory and field diets were important in iron retention.
It also is possible that a long enough period of acclimation to the
cold environment was not provided in the laboratory experiment. There
appears to be a definite time requirement for such acclimation (Stullken
and Hiestand, 1954), and perhaps the one-month period allowed was not
adequate. One-month acclimation failed to produce total hematological
adjustment in cold-exposed laboratory rats (Hannon and Young, 1959),
but this same time allowance was adequate in another experiment (Deb
and Hart, 1956).

Irradiated animals of both species incorporated less 59Fe and

eliminated it more rapidly than cold-exposed animals (Table VI, page 54).
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A different mechanism is responsible for this rapid elimination because,
unlike cold stress, ionizing radiation decreases erythrocyte numbers
(Okunewick and Kretchmar, 1967). Despite this opposite effect on blood
composition, both irradiation and cold increased the loss rate of
radioiron.

No relationship between these hematological adaptations or
damages (with subsequent faster turnover of 59Fe) and general body
metabolism was demonstrated in the laboratory. However, it is important
to emphasize that laboratory isotope elimination rates of this nuclide
must be interpreted with caution since they likely could be much dif-
ferent from elimination rates in animals undergoing long-term hemato-

logical adjustments in nature.

Cesium-137

Rate of final-component 137¢s elimination within a species was
not altered by any treatment used in laboratory or field (Figs. 3 and
13, pages 27 and 55), and therefore was assumed to be unrelated to
general metabolic rate. However, there was a statistically significant
interspecific relationship between metabolism and cesium turnover in
cotton rats and harvest mice, which may have been due only to body
size.

A better indicator for predicting individual metabolism within
a species appeared to be 137¢s intercept values, which indicate early
levels of isotope incorporation or rates of initial excretion. It was
assumed before the experiment that if radioisotope elimination and

general metabolism were related, the relationship would be apparent
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only during final-component excretion. This assumption was based on
the thesis that initial excretion of injected isotopes represents extra-
cellular flushing of unassimilated material, and would not be expected
to relate to any particular metabolic processes. Therefore, it was
somewhat unanticipated that intercept values would correlate so well
with metabolic rates (Fig. 15, page 59). Such a correlation indicates
that either the rate of initial assimilation or early excretion of
injected 137Cs is more related to metabolic rate than is the elimina-
tion of the nuclide once it is incorporated into body tissues. This
conclusion is in qualitative agreement with Baker et al. (1968), whose
data also suggested a correlation between metabolism and cesium inter—
cept values, but is in contrast with findings by Furchner and Richmond
(1963).

Using the predictive relationship derived from intercept values,
cotton rats in the field had average metabolic rates of 2.24 cc/hr/g
(29°C, 745 mmHg) in winter and 1.99 in the spring. Compared with values
of laboratory controls and cold-exposed animals, 1.78 and 2.62, respec-
tively, these estimated field metabolic rates were not as high as
anticipated. Laboratory cold-exposed cotton rats were maintained at
a higher temperature (9°) than the measured mean daily environmental
temperature (4°) of winter animals, and still had higher metabolic
rates than the winter animals. Moreover, laboratory animals were
greatly restricted in physical activity. These estimations could
indicate that the index to metabolism derived from intercepts is not

valid, particularly in extrapolating to the field. They also might
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suggest that free-ranging animals do not have unusually high average
metabolic rates due to efficient:behavioral mechanisms for heat and
energy conservation. Animals in nature:can reduce energy demands with
well insulated nests and burrows, and by huddling in groups to conserve
heat. ‘ 3

Cesium is excreted rapidly by: rodents;”and the duration of
metabolic rate estimation from intercept:values or initial-component
excretion is therefore limited to' about.two to:five:days. Ideally, it
would be desirable in energy flow studies to:measure:metabolism of free-
ranging animals over a long period of time, but:this does not appear to
be feasible with 137Cs. However, periodic sampling of a population at
regular intervals may allow a serie57ofw3hort—term measurements to be
integrated into a single long-term estimate of metabolism. - It is con-
ceivable that‘short—térm measurements would be'desirable in certain:
instances, such as during a short periodfof1severevweather.v

It was somewhat surprising that free-ranging animals did not.
eliminate !37Cs more rapidly than animals caged-in the laboratory ol
(Fig. 3, page 27). Cesium apparently is: closely. linked with skelétal:

muscle functions (Nelson et al., 1960), and increased physical activity

in the field theoretically should have affected the retention of cesium

by these tissues. However, an investigatiog by Fﬁrchner et al. (1963)
failed to demonstrate that enforced physical exercise effects the rate
of 137Cs excretion in mice.

The field data necessarily evoked conclusions based on indirect -

evidence and group mean values, but the laboratory phase of'this project

—
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sought correlations on the individual level. The latter was accomplished
by making 24-hr metabolic measurements with a sophisticated apparatus,
and comparing these values with isotope elimination parameters. Whereas
the field experiment was considered essential, in that it served to
test the method under 'normal" conditions, the laboratory experiments
must be considered more conclusive because of their more quantitative
nature.

It is believed that if a relationship exists between CO2 meta-—
bolism and long-component elimination of either of the isotopes employed,
it would have been manifested during this experiment. The technology
employed for making sustained metabolic measurements was highly reli-
able, and measurements were made with equal accuracy at all levels of
activity. Other features of the technique which make the data worthy

of confidence include (1) measuring CO, production of animals in their

2
usual cages, (2) being able to measure several animals at a time,

(3) having an open system, (4) providing extremely stable air stream
flow through the measuring chambers, (5) obtaining digital output and

handling data by computer, and (6) having a completely automatic system

which minimized disturbance of experimental animals.
B. Carbon Dioxide Production

Excellent resolution between individuals was obtained in mea-
surements of CO2 production (Appendix C). In most cases, the two
measurements made on each animal were similar, both in terms of average

values and character of the daily cycle. Apart from correlations or

1] ~\ ¢ -
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lack of correlations with isotope data, several observations were made-
concerning CO2 production rates obtained for the different treatments.::

As expected, cold-exposed animals produced more CO2 than con- - =
trols of both species (Table III, page 49). Light-period averages for
cold animals of both species were higher than the dark-period averages
of other treatment groups, indicating the important overriding influence
of low envirommental temperatures. All three species displayed,K definite
nocturnality, as evidenced by the shape of daily CO2 production .curves
(Figs. 11 and 12, pages 50 and 51) and dark-light ratios (Table VI,:
page 54).

Sigmodon displayed a subtle bimodal pattern during the dark, -
with a short period of '"rest" occurring around midnight. This observa-
tion is in general agreement with physical activity patterns of cotton
rats as measured by Calhoun (1945), and indicates that C02’productionA;
can be used effectively as an index to activity. .The nighttime.:resting
level never reached the low level of daytime metabolism, and the period
of rest was less pronounced in the cold-exposed animals. Nocturnality
was more apparent in the control group (A) than in any of the other
three treatments.

Apparently the concentration of Tapazole used in this experiment
was not high enough to produce distinct metabolic differences, although

daily CO, rates of Tapazole-treated animals were significantly lower

2
than controls. Tapazole animals had the lowest 59Fe intercepts of all

treatment groups, but 137cs intercepts were not different from the con-'

trols. A higher concentration of Tapazole probably would result in
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rejection of drinking water. For future experiments Tapazole probably
should be administered in food or by injection, allowing greater amounts
to be delivered daily. Near-lethal irradiation produced no detectable
metabolic rate changes in cotton rats.

In Reithrodontomys, all treatment groups showed definite noctur-

nality, with only the cold-exposed animals displaying biomodal activity
during darkness. As in Sigmodon, the lowest hourly average CO2 produc—
tion rate during the dark was always greater than the highest hourly
average rate during the light period. Irradiated animals had slightly
higher daily average metabolic rates than controls, but showed about
the same degree of nocturnality. Using dark-light ratios as an index
to nocturnality (Pearson, 1960), cold-exposed harvest mice were less
nocturnal than mice of the other two treatments.

Peromyscus was similar qualitatively to cotton rats in daily CO2

patterns, but the secondary peak of production was less pronounced.

T



VII. SUMMARY

i

Elimination of 137Cs and 5°Fe by wild small rodents was investi-
gated in the field and laboratory. These investigations were conducted

to test the hypothesis that elimination rates of radlonuclides can be

37 AT

used in the field to determine animal respiration rates. A double—

s

tagging technique was employed, and isotopes were administered intra-
. i . 5 ' Lk B .. .

peritoneally Attention was focused on the final—component elimination
phase of both isotopes, rather than on the complete characterization of
excretion patterns.

I

For field testing,’cotton rats (Sigmodon hispidus) and a lesser

number of white-footed mice (Peromyscus leucopus) were live-trapped,

brought to the laboratory, 1nJected w1th 1sotopes, and released into
field enclosures. Thereafter they were trapped weekly and counted for
radiocactivity to determine isotope eliminatlon rates. This procedure
was carried out in winter and in spring, assuming that metabolic rates
would be higher in winter and would result in faster radionuclide
turnover. Field elimlnation rates were compared Wlth laboratory rates

to determine whether greater metabolic demands in the field due to

phys1cal activity would increase 1sotope elimination rates.

Excretion of 137Cs and °%Fe by rodents in the laboratory was

examined in conjunction with carbon dioxide production rates. Sigmodon

hispidus and Reithrodontomys humulis were the primary species investi-

o~

gated, but some Peromyscus were used for comparison with field data.
Metabolic rates were determined by measuring 002 production with an

72
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infrared gas analyzer, which operated in connection wiﬁh'a‘specially
constructed air supply and control unit. Continuous réadings were
taken automatically over 24-hr periods to establish daily éverage
metabolic rates. These rates were compared with isotope‘eliminatioh
in animals maintained under different experimental condi;ions. Treat-
ments included "controls" at 22°C, cold-exposure at 9°C, irradiation
at near-lethal doses, and administration of a chemical;mgtabolié inhib—
itor (Tapazole). These treatments were common to cotton rats and
harvest mice, except only the former species received Tapazole. Whife—
footed mice were investigated only at the control level.

Both species used in the field studies eliminated 59Fe more -
rapidly than laboratory animals, but only cotton rats: excreted the .
isotope faster in winter than in spring. However, when: some of the
winter cotton rats were transferred to the laboratory, they failed to
alter their elimination patterns over a period of several weeks. No
differences between seasonal values of either species were noted in
137cs excretion, and field values did not differ from’ those obtained

in the laboratory. There was, however, a striking difference between

the two species in rate of 137¢s turnover, with Peromyscus excreting -

the isotope about twice as fast as Sigmodon.

Long—component biological half-times (Tb) of °9Fe for Sigmodon
were 108 days in winter, 144 days in spring, and 176 to 242 days in
the laboratory; for Peromyscus, these values were 50 days in winter,
47 days in spring, and 289 days in the laboratory. Biological half-

times for Reithrodontomys ranged from 121 to 178 days for the different

laboratory treatment levels.

-—
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The Tb values for 137Cs elimination for Sigmodon were 7.5 days
in winter, 7.9 days in spring, and 7.7 to 8.6 days at different treat-
ment levels in the laboratory; in Peromyscus, these values were 3.4

days in winter, 3.6 days in spring, and 3.5 days in the laboratory.

Biological half-times of 137¢s in laboratory Reithrodontomys ranged

from 3.5 to 3.9 days.

Daily average CO, production rates (cc/hr/g; 29°C, 745 mmHg)
for cotton rats ranged from 1.55 to 2.62; for harvest mice, 4.53 to
7.67; and averaged 3.73 for white-footed mice. Mean hourly CO2 pro-
duction rates were plotted to obtain daily metabolic cycles for
individuals. These plots clearly indicated nocturnality in all three

species, with Reithrodontomys being the most nocturnal. Regular peaks

of increased 002 production were noted, and it was assumed that these

peaks were concurrent with periods of accelerated physical activity.
Rate of long-component 137¢cs loss from rodents was not affected

by metabolic rate changes at any treatment level; but, as in the field

experiment, interspecific differences were noted in 137¢s elimination

rates, and also in metabolic rates. Long-component intercept values

of 137Cs, which indicated the level of incorporation or rate of initial-

component excretion, exhibited a strong relationship with CO2 production

within a species. Based on this relationship, equations were derived

to predict metabolism from Y-axis intercept values. These equations

have potential use in estimating metabolism of rodents in the field

for energy flow measurements.

Although °9Fe elimination appeared to correlate with metabolic

rates in the field, laboratory experiments failed to demonstrate a

P o . - -
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predictable relationship between excretion of this nuclide and general
metabolism. Iron-59 was associated primarily with the blood, and the
physiology of this tissue presumably controlled whole-body excretion

of the isotope.
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APPENDIX A

This appendix contains photographs which illustrate experimental

methods described in the text.

Sherman live-trap used for capturing small mammals.

Figure 16.
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Figure 17. Mammal trap placed inside protective metal container
and set for animal capture.
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Figure 18. Laboratory cages used for (left to right) Peromyscus
leucopus, Sigmodon hispidus, and Reithrodontomys humulis.
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Figure 19.
inserted for assay.
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Figure 20. Aloe oxygen respirometer in operation; spirometer and
recorder on left, animal chamber on right.
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Figure 21. Field enclosures during winter experiments.

Nearest pen corresponds to lower-left enclosure of Figure 2,
23.
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Figure 22.

Field study area as seen during spring experiments.
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APPENDIX B

This appendix contains a list of identified biota in the field
study area. No significance is attached to the order of any listings,

which are provided primarily as a matter of record.

1. Flora Identified in Field Enclosures
Blackberry (Rubus spp.)
Sumac (Rhus sp.)

Broomsedge (Andropogon spp.)

Honeysuckle (Lonicera japonica)

Goldenrod (Solidago spp.)

Black-eyed Susan (Rudbekia hirta)

Panic grass (Panicum sp.)

Strawberry (Fragaria virginiana)

Rush (Juncus sp.)

Thistle (Cirsium vulgare)

Small trees, few and scattered
Red maple (Acer rubrum)

Post oak (Quercus stellata)

Tulip poplar (Liriodendron tulipifera)

Dogwood (Cornus florida)

Blackgum (Nyssa sylvatica)

Sweetgum (Liquidambar styraciflua)

Black cherry (Prunus serotina)
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Red cedar (Juniperus virginiana)

Virginia pine (Pinus virginiana)

2. Bird Species Identified on Field Study Area

White-throated Sparrow (Zonotrichia albicollis)

Field Sparrow (Spizella pusilla)

Cardinal (Richmondena cardinalis)

Phoebe (Sayornis phoebe)

Eastern Towhee (Pipilo erythrophthalmus)

Common Goldfinch (Spinus tristis)

Downy Woodpecker (Dendrocopos pubescens)

Blue Jay (Cyanocitta cristata)

Crow (Corvus brachyrhynchos)

Carolina Chickadee (Parus atricapillus)

Ruby-crowned Kinglet (Regulus calendula)

Blue-gray gnatcatcher (Polioptila caerulea)

Prairie Warbler (Dendroica discolor)

Yellow-throated Warbler (Geothlypis trichas)

Red-winged Blackbird (Agelaius phoeniceus)

Mourning Dove (Zenaidura macroura)

3. Other Fauna Trapped or Seen
Mammals

Rice Rat (Oryzomys palustris)

White~footed Mouse (Peromyscus leucopus)

Golden Mouse (Peromyscus nuttalli)
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Pine Mouse (Microtus pinetorum)

Short-tail Shrew (Blarina brevicauda)

Eastern Cottontail (Sylvilagus floridanus)

Amphibians

Cricket Frog (Acris gryllus)

Chorus Frog (Pseudacris sp.)

Reptiles

Rat Snake (Elaphe obsoleta obsoleta)

Brown Snake (Storeria dekayi dekayi)

Garter Snake (Thamnophis sirtalis sirtalis)




APPENDIX C

This appendix contains examples of daily carbon dioxide measure-
ments made on individual animals. Each figure shows results from three
animals, two measurements on each, and identification of treatment and
animal is given in the upper left region of each plot. Species names
are abbreviated; SH - cotton rat, RH - harvest mouse, PL - white-
footed mice., Treatment symbols are defined as follows: A - ambient
temperature (22°C), C - cold-exposed (9°C), R - irradiated, T - Tapazole-

treated.
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APPENDIX D

This appendix contains additional equations derived from corre-
lations of 137¢Cs intercepts with metabolism in rodents. Unlike the
primary relationships given in the text, some of these equations may
be of potential value in predicting metabolic rates other than on a
daily average basis. No attempt is made to elaborate on these rela-
tionships at present, and they are reported primarily because of their
statistical validity (P < 0.01). All predictions are based on CO2 at
29°C, 745 mmHg, and were derived from individual data rather than from

treatment means.

For Sigmodon, potentially useful equations are:

Light-period CO2 production (ce/hr/g) 4,60 - 0.8029 (logea)

r = -0.59
Sy/x = (.38
Dark-period CO, production (ce/hr/g) = 5.87 - 1.03 (logea)
r = -0.71
S = 3
ol 0.36

Similar relationships for Reithrodontomys are:

Light-period 002 production (cc/hr) 106.%6 - 16.65 (logea)
r = -0.88

Sy/x = 7.40

Light-period CO, production (cc/hr/g) 11.93 - 1.88 (logea)
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Dark-period CO2 production (cc/hr)
r

S
y/x

Daily CO, production (ce/hr)

2

r

S

y/x

-0.88
0.83
78.08 - 0.3367 (a)

-0.71

11.43

111.55 - 15.96 (1ogea)
-0.84

7.97
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