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ABSTRACT OF DISSERTATION
Chromosome Translocations in Turtles:

A Biomarker in a Sentinel Animal for Environmental Biodosimetry

This dissertation details a new approach for determining the magnitude and
genetically relevant effects of wildlife exposures to radionuclides in contaminated
environments. The yellow-bellied slider turtle (Trachemys scripta) served as a model
organism. A biomarker of radiation exposure, the frequency of symmetrical chromosome
aberrations in 7. scripta lymphocytes, was developed which correlates with cumulative
lifetime exposure.

A fluorescence in situ hybridization probe for T. scripta chromosome-1 was
constructed through microdissection and amplification by polymerase chain reaction.
The T. scripta probe hybridized exclusively to chromosome-1 7. scripta, and in each of
four other turtle species, demonstrating conservation of chromosome-1 homology in
turtles over 66 million years.

The efficacy of this probe in detecting radiation-induced chromosome aberrations
was demonstrated through the construction of a dose-response curve for T. scripta
fibroblasts acutely irradiated in vitro. With respect to induction of chromosome
interchange aberrations, human fibroblasts are approximately 1.7 times more
radiosensitive than the 7. scripta fibroblasts.

To move toward application of this biomarker in field studies, culture conditions
for 7. scripta lymphocytes, which can be sampled nonlethally, were developed. Since
protracted exposures result in a reduced effect per unit dose, the extent of this effect for

aberration induction in turtle cells was examined in both fibroblasts and lymphocytes.
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The dose-rate below which no reduction in effect per unit dose is observed with further
dose protraction was approximately 23 c¢Gy hr'. The whole-genome spontaneous
background level of complete, apparently simple symmetrical translocations in 7. scripta
lymphocytes. projected from aberrations occurring in chromosome-1 was approximately
1.20x10%/cell. Comparable spontaneous background levels reported for humans are
some 3- to 30-fold higher. This relatively low background level for turtles would be a
significant advantage for measurement of effects at low doses and dose-rates. Finally.
the dose-response of 7. scripta lymphocytes irradiated in vivo at a low dose-rate was
determined. The best fit curve was Y = (0.0015-0.0013) + (0.0058-0.0009)*D -
(0.00033-0.00011)*D?*; where Y = number of apparently simple symmetrical
translocations per cell. D = dose (Gy), and errors are one Poisson standard deviation.
This dose-response relationship can serve as a calibration curve for environmental

biodosimetry field studies.

Brant Allan Ulsh

Department of Radiological Health Sciences
Colorado State University

Fort Collins, Colorado 80523

Summer. 2000
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FOREWARD

Each chapter in this dissertation covers a different aspect of my research project
on environmental biodosimetry in T. scripta. Chapter one is an introductory chapter on
the history of biological dosimetry, and the ecological applications biodosimetric
techniques. Chapter two reports the development of a whole-chromosome fluorescence
in situe hybridization (FISH) probe for T. scripra chromosome-1 and use of the probe for
comparative genomics. Chapter three covers the initial testing of the probe in T. scripra
fibroblasts, and the determination of a dose-response curve for acute, high-dose rate
irradiation of fibroblast cultures in vitro. Chapter four describes the development of 7.
scripta lymphocyte culture techniques. Chapter five investigates the dose-rate effect for
chromosome aberration induction in 7. scripta fibroblasts and lymphocytes, and develops
a dose-response calibration curve for low dose-rate, chronic irradiation of T. scripta
lymphocytes in vivo.

This dissertation is written so that each chapter is a stand-alone document suitable
for submission for publication. The chapters are organized to reflect the steps of this
project in the order in which they were addressed, rather than the order in which the
chapters were written and submitted for publication, therefore an occasional reference to
other chapters as manuscripts submitted or in preparation may be found. The reader may
also notice repetition of some text, particularly in the introduction and discussion sections
of the various chapters. This was necessary to make each paper submitted for publication
complete and self-contained. Only minimal formatting changes for the sake of
consistency were made to the manuscripts for inclusion in this dissertation. Upon the

advice of my graduatz committee, this dissertation (but not the manuscripts submitted for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



publication) is written in first person singular. However, [ feel it is necessary to
explicitly state that the studies contained herein could not have been accomplished

without the considerable help provided by the individuals mentioned in the

Acknowledgements.
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SUMMARY

One of the fundamental problems of ecological risk assessment and biomonitoring
is the current difficulty in directly linking observed effects in wildlife populations to
exposure to environmental contaminants such as chemicals or radionuclides, particularly
at the low doses and dose rates typical of environmental exposures. Most often, fate and
transport modeling and tissue residue analyses are used to provide exposure estimates for
selected species. But such estimates suffer from several shortcomings including: 1) only
a snapshot picture at a given point in time is provided — no information can be ascertained
on cumulative exposure; 2) only internal exposures are estimated — no information is
provided on external exposures (e.g. from ionizing radiation); 3) assumptions regarding
movements of animal species through contaminated areas and the duration of exposures
are required; 4) it can be difficult, particularly in sublethal ranges, to correlate a given
level of a contaminant in a given tissue to ecologically relevant effects.

My overall objective was to begin to address these problems by extending the
techniques of biodosimetry to environmental contamination situations. [ did this by
developing a biomarker of exposure to radionuclides in a model wildlife species, the
yvellow-bellied slider turtle (Trachemys scripta), which is known to have a maximum life-
span of at least 22 years. Turtles were chosen because a long-lived animal would best
serve the need for the study of low level, prolonged chronic exposure conditions such as
those typical of contaminated environments.

As a biomarker, I used the frequency of radiation-induced symmetrical
chromosome translocations in 7. scripta fibroblasts and lymphocytes, as detected by

fluorescence in situ hybridization (FISH) whole chromosome painting. The objective of
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chapter 1 is to provide a discussion of the past uses of this biodosimetric technique, and
how it may be applied to environmental contamination situations. Biodosimetric
techniques are widely applied in humans acutely exposed as a result of accidents or for
clinical purposes, but they have not been utilized in organisms chronically exposed to
radionuclides in contaminated environments. The application of biodosimetry, the
estimation of received doses by determining the frequency of radiation-induced
chromosome aberrations, to environmental exposure scenarios could greatly improve the
accuracy and reduce the uncertainties of ecological risk assessments and biomonitoring
studies, because no assumptions are required regarding external exposure rates and the
movement of organisms into and out of contaminated areas. Furthermore, unlike residue
analyses of environmental media or biota tissues, environmental biodosimetry provides a
genetically relevant biomarker of cumulative lifetime exposure. Symmetrical
chromosome translocations can impact reproductive success when they occur in gametes,
and could therefore eventually prove to be ecologically relevant as well.

The objective of chapter 2 was to discuss the development of the FISH probe, and
its application in comparative genomics. After preparing a whole chromosome-1 specific
DNA library from a T. scripta fibroblast cell line (the first such library prepared for any
reptile), a FISH painting probe was prepared and hybridized to cells from four other
species of turtle ranging from a desert tortoise to a loggerhead sea turtle. This resulted in
specific and exclusive hybridization to chromosome-1 in each species. Previous
observations of conservation in the giemsa banding pattern and chromosome morphology
and number among turtles are thus extended to the DNA sequence level, revealing a

cytogenetic stability of chromosome-1 in these turtles during the past 66-144 million
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years. This contrasts with the situation for various hominoid species where, in many
instances, extensive chromosomal rearrangements have been reported in one third of that
time period.

The objective of chapter 3 was to test the probe for use in radiation biodosimetry.
The efficacy of the probe for detection of chromosome aberrations was demonstrated by
the establishment of a dose-response curve for chromosome interchange aberrations in
acutely irradiated T. scripta fibroblasts. This was compared to the dose-response for
human fibroblasts treated under similar conditions in this laboratory. With respect to
induction of chromosome interchange aberrations, human fibroblasts were approximately
1.7 times more sensitive than the T. scripta fibroblasts. The relative radioresistance of
turtles may be the result of evolved cellular defenses against reperfusion injury when
turtles recover from hypoxic conditions encountered during diving and hibernating.

The objective of chapter 4 was to develop culture techniques for T. scripta
lvmphocytes. Since lymphocytes can be sampled nonlethally, they are the cell type of
choice for environmental studies of animal species. However, culture techniques for
turtle and other reptilian lymphocytes are not well established. I examined a variety of
conditions and parameters relevant to turtle lymphocyte culture including: different
mitogenic agents, alone and in combination; lymphocyte separation protocols; culture
volume; time required to stimulate lymphocytes to mitosis; importance of humidity and
gas exchange in culture incubation; suitability of different culture media; effects of
varying serum concentrations; ability of interleukin-2 (IL-2) to stimulate lymphocyte
growth and prevent apoptosis; and feasibility of inducing premature chromosome

condensation. The best conditions and parameters of those I studied for obtaining mitotic
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cells were (1) the combined use of phytohemagglutinin-M form (2%) and
lipopolysaccharides (0.55 ugml™), (2) the use of 5% autologous turtle serum (as opposed
to fetal bovine serum), and (3) collection of mitotic cells around 96 hours after mitogenic
stimulation. Human, recombinant IL-2 did not increase the fraction of lymphocytes in
mitosis over the range of concentrations tested and calyculin A was not effective at
inducing premature chromosome condensation in turtle lymphocytes over the range of
concentrations tested.

Finally, the objective of chapter 5 was to take the last steps to ready this technique
for use in environmental biodosimetry experiments. I investigated the dose-rate effect for
radiation-induced symmetrical translocations in T. scripra fibroblasts and lymphocytes.
The dose-rate below which no reduction in effect per unit dose was observed with further
dose protraction was approximately 23 ¢Gy hr™'.

[ estimated the whole-genome spontaneous background level of complete,
apparently simple symmetrical translocations in 7. scripta lymphocytes projected from
aberrations occurring in chromosome-1 to be approximately 1.20x 107 /cell. Comparable
spontaneous background levels reported for humans are some 5- to 30-fold higher,
ranging from about 6x107 to 3.4x10 per cell. This relatively low background level for
turtles would be a significant advantage for measurement of effects at low doses and
dose-rates.

[ also chronically irradiated turtles over a range of doses from 0-8 Gy delivered at
approximately 5.5 ¢Gy hr', and constructed a lymphocyte dose-response curve for
complete, apparently simple symmetrical translocations (Yt) suitable for use with

animals chronically exposed to radiation in contaminated environments. The best fit

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



calibration curve (not constrained through the zero dose estimate) was of the form Y, =c¢
+ aD + bD?, where Y. was the number of apparently simple symmetrical translocations
per cell, D was the dose (Gy), a = (0.0058 £ 0.0009), b = (-0.00033 + 0.00011), and ¢ =
(0.0015 # 0.0013), and errors were one Poisson standard deviation. This calibration
curve should facilitate field studies with 7. scripta inhabiting radionuclide-contaminated
ponds, reservoirs and streams.

Taken together, the results of the experiments reported in this dissertation
demonstrate the feasibility of environmental biodosimetry in determining cumulative
lifetime exposures organisms receive from environments contaminated with
radionuclides. With additional whole-chromosome probes to improve sensitivity,
environmental biodosimetry using stable chromosome translocations could provide a
practical and genetically relevant measurement endpoint for ecological risk assessments

and biomonitoring programs.
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Chapter 1

Environmental Biodosimetry: A Genetically Relevant

Tool for Biomonitoring and Ecological Risk Assessment
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Abstract:

Biodosimetry, the estimation of received doses by determining the frequency of
radiation-induced chromosome aberrations, is widely applied in humans acutely exposed
as a result of accidents or for clinical purposes, but biodosimetric techniques have not
been utilized in organisms chronically exposed to radionuclides in contaminated
environments. The application of biodosimetry to environmental exposure scenarios
could greatly improve the accuracy and reduce the uncertainties of ecological risk
assessments and biomonitoring studies, because no assumptions are required regarding
external exposure rates and the movement of organisms into and out of contaminated
areas. Furthermore, unlike residue analyses of environmental media, environmental
biodosimetry provides a genetically relevant biomarker of cumulative lifetime exposure.
Symmetrical chromosome translocations can impact reproductive success. and could
therefore prove to be ecologically relevant as well. [ describe my experience studying
aberrations in the yellow-bellied slider turtle as an example of environmental

biodosimetry.

Introduction:

Humans and other organisms are continuously exposed to ionizing radiation from
natural background sources in the environment including cosmic radiation, **Rn and it’s
daughter products, actinides and their decay products, and from intermal sources
including *°K and '*C. This unavoidable exposure is not without consequence, as

ionizing radiation exposure is known to deliver a variety of insults to nuclear DNA.
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Unfortunately, natural background is not the only source of ionizing radiation to
which organisms are exposed. Numerous sites across the U.S. (1) and the rest of the
world have been contaminated with radionuclides as a result of anthropogenic activity.
Human exposures can be minimized by limiting access to contaminated areas, but this is
generally not feasible for nonhuman organisms, and resulting exposures can be
significantly higher than those from natural background sources.

Ecological risk assessments for sites contaminated with radionuclides usually rely on
indirect methods for estimating exposures to species of concern. Either screening
calculations, which generally compare radionuclide levels in various environmental
media against regulatory limits, and/or fate and transport modeling, is used to estimate
doses that these species might receive. There are many uncertainties associated with such
estimates (2). Similarly, most current biomonitoring programs for sites with radionuclide
contamination consist of sampling of environmental media and tissue residue analyses of
various biota (3). These types of data can often be useful in determining which species
are being exposed to certain radionuclides via internal uptake, but external exposures
cannot be determined. Tissue residue analyses also provide only a snapshot picture of
current internal exposure rates. They reveal nothing about the cumulative exposure an
organism has received. therefore many ecologically relevant effects cannot be estimated
based solely on such analyses. Use of a direct biomarker of geneticallv relevant damage
in species of concern as a measurement endpoint cculd remove much of the uncertainty
associated with current ecological risk assessments and biomonitoring programs and

provide a meaningful indicator of biological damage. Furthermore, if this biological or
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genetic damage has potential reproductive effects, the biomarker could be an ecologically
relevant assessment endpoint as well.

In this chapter, [ discuss one such measure, the frequency of symmetrical
chromosome translocations. which is ideally suited to serve as a biomarker of cumulative
radiation exposure. The term “dosimetry” is generally used to refer to the determination
of dose by the observation of a radiation-induced effect. The use of cytogenetic
techniques to observe chromosome aberrations in humans (and a few rodent species), is
termed biodosimetry, and is well-developed and widely applied. The application of these
same techniques to organisms chronically exposed to radionuclides in their environment,
which I call environmental biodosimetry, could provide a sensitive and biologically
relevant measurement endpoint for ecological risk assessments and biomonitoring
programs. Further studies to link the incidence of symmetrical translocations in a species
of concern to reproductive effects could make this biomarker an ecologically relevant

assessment endpoint.

The formation of chromosome aberrations:

The interaction of ionizing radiation with DNA either directly. or indirectly
through intermediate reactive oxygen species, creates a spectrum of damage including
oxidized and methylated bases, DNA adducts, and single- and double-strand breaks (4).
Of all the products of radiation interaction with DNA, double strand breaks (DSBs) are
thought to be the most detrimental and resistant to repair. There are three possible
outcomes of DSBs: (1) they can be repaired, with no lasting effect on the cell, (2) they

can remain unrepaired, resulting in cell death, or (3) they can be mis-repaired, leading to
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the formation of chromosome aberrations. In turn, chromosome aberrations can be fatal
to the cell if the aberration results in a loss of genetic material, as is the case with
asymmetrical chromosome interchanges (dicentrics) (Figure 1.1).

[t was suggested over 30 years ago that the incidence of radiation-induced
chromosome aberrations in human lymphocytes could be used to determine the
magnitude of an unknown, accidental exposure. This technique is known as
biodosimetry (5). Estimating dose involves construction of a dose-response, or
calibration curve for chromosome aberrations against which aberration frequencies in
exposed individuals are compared to determine the received dose. Accidental exposures
are typically acute, and occur at a known point in time. Therefore. the decline of unstable
aberrations from a lymphocyte population of an accidentally exposed person can be
quantified as Y(t) = Y(0)=exp(-Vty); where Y(0) is the initial frequency of unstable
aberrations. t is time since exposure, and ty is the mean lymphocyte lifetime. Unstable
aberrations were easier to detect with early cytogenetic techniques than were stable
aberrations. therefore the frequency of dicentrics and rings in lymphocytes of exposed
individuals was the biodosimetric method of choice. However. the use of unstable
aberrations for biodosimetry precluded application of this technique to chronic exposure
situations, since the behavior over time of unstable aberrations under chronic irradiation
conditions is much more complicated than is the case with acute exposures. The
frequency of unstable aberrations induced by chronic irradiation at any point in time
reflects a balance between continuous induction caused by ongoing exposure, and

deletion of cells bearing these aberrations from the cell population.
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Figure 1.1:

Chromosome interchange aberrations are formed when DSBs in two (or more)
chromosomes interact and are mis-repaired. Asymmetrical aberrations involve the loss of
genetic material (essential genes are represented by letters and numbers inside the
chromosomes), and are therefore fatal to the cell. Symmetrical aberrations involve no
such loss, and therefore they have the potential to be stable. If a symmetrical
translocation occurs in a germline stem cell, translocation heterozygosity can lead to a
50% reduction in reproductive success (any zygote which has a deficit of essential
genetic material will be nonviable). Of the viable offspring produced by translocation
heterozygotes, half will be normal, and half will also be translocation heterozygotes.
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Not all chromosome aberrations are fatal to the cells carrying them. Symmetrical
chromosome interchanges (translocations) do not result in a loss of genetic material
(Figure 1.1), therefore they have the potential to be stable. Unless such aberrations, in
and of themselves, result in a selective disadvantage relative to other cells in the
population or they are coexist with unstable aberrations (6), their frequency in the cell
population is not predicted to decline. The decline and disappearance of asymmetrical
aberrations has been widely observed and is not in dispute (7-10), however the evidence
on the stability of symmetrical aberrations is more equivocal. Although some authors
have observed an initial decline in symmetrical translocations immediately following
irradiation (11-14), others have not observed such a decline (15-17). Regardless of
whether an initial decline in translocation frequency was observed, all these studies found
that at least a fraction of the symmetrical translocations remain stable over time. and the
frequency of these aberrations increases with increasing dose. In organisms subjected to
chronic exposures, such as those received as a result of inhabiting radionuclide-
contaminated environments, stable chromosome translocations should accumulate over
time. therefore this type of aberration is best-suited to serve as a biomarker of cumulative
radiation exposure. Chromosome inversions and certain more complex aberrations are
also stable. but methods suitable for their routine measurement are only recently being

developed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The dose-rate effect:

There is a complication in the application of biodosimetry to chronic exposures:
the dependence of the frequency of chromosome aberrations on dose-rate, in addition to
total dose. Numerous studies using diverse endpoints in humans (18-24) and in a variety
of other organisms (25-28) have shown that for sparsely ionizing radiation delivered at
moderate dose-rates, there is a reduction in the effect caused by a given dose when the
dose is protracted in time (Figure 1.2). At very high and very low dose-rates, the effect
per unit dose appears to be independent of dose-rate.

The dose-rate effect for chromosome aberration induction is generally interpreted
as arising from the requirement for more than one lesion or chromosome break to
produce an exchange and that breaks rejoin (restitution) or mis-rejoin (exchange) with
ume. If for a given dose, the dose-rate is high (a few thousands of cGy hr'! or more), so
that all the breaks are produced at the same time or within a few minutes of each other,
every break that is near enough to another to have some possibility of mis-rejoining to
form an exchange will have the opportunity to do so. If the same dose is delivered at a
lower dose-rate (hundreds of cGy hr' to a few tens of cGy hr"), even though the same
total number of breaks are produced, some will be produced early and will have rejoined
or restituted so they are no longer present to have the opportunity to mis-rejoin to
produce exchanges with breaks occurring later during the protracted dose delivery.
When each of these breaks is produced by an independent event, which for sparsely

lonizing radiation would be the passage of a single electron track, and these interact
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Figure 1.2:
A lower response is observed for a given dose of ionizing radiation when the dose is
administered at a low dose-rate than when the same dose is administered at a high dose-
rate. When the dose-rate is lowered beyond a minimum value (usually on the order of
20-60 cGy hr'), no further reduction in response per unit dose is observed. In this low
dose-rate plateau, the response is independent of dose-rate. and de?ends only on the total
received dose. At very high dose-rates (thousands of c¢cGy hr™'), the response again
reaches a plateau, and becomes independent of dose-rate. Most environmental exposures
occur at dose-rates in the low dose-rate plateau. To ensure their relevancy to field
conditions, dose-responses curves generated in the laboratory for use in environmental

dosimetry should also use dose-rates in the low dose-rate plateau.
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pairwise when one occurs within a certain range of another, then the number of
potentially interacting lesion-pairs would increase in proportion to the square of the
number of lesions present (the latter being directly proportional to dose). The vield of
exchanges from two independently produced breaks, Y, would increase according to the
expression Yz = BD?; where P is a constant relating to both the number of lesions per unit
dose, and the probability that two lesions within a certain distance of each other will
interact to form an exchange. As the dose-rate is reduced, the probability that two
independently produced lesions will be produced within a sufficient period of time to
interact will become smaller and smaller. depending on their rate of restitution and the
vield of exchanges from these independent events, and finally will disappear altogether.
It is known from experimental observation that the yield of exchanges for a given dose
does not disappear altogether in the limit (less than a few cGy hr'!) with decreasing dose-
rate (25.26.29.30) and it is thought that this results because lesion-pairs or break-pairs can
be produced by even the smallest possible radiation event, which is the passage of a
single electron track. The production of these would, of course, be independent of dose-
rate since each of the two breaks of a break-pair is produced simultaneously. The yield
from this single event break-pair production, Y,, would increase linearly with dose
according to the expression Y; = aD; where « is a constant relating to the number of
potentially interacting break-pairs per unit dose and the probability that such a break pair
will vield an exchange. The response per unit dose in this lower plateau is independent
of dose-rate. The total vield of exchanges, YT, is then just the sum of Y; and Y,, so Yt =

@D + BD? where BD? is the dose-rate dependent term and aD is the dose-rate

independent term.
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The dose-rate effect has important implications for environmental biodosimetry.
Environments contaminated with low to moderate levels of radionuclides are typically
characterized by dose-rates low enough to fall into the lower dose-rate plateau region.
The application of a calibration curve constructed using a dose-rate above the lower dose-
rate effect plateau will result in underestimation of the doses received by organisms

inhabiting such environments, as illustrated in Figure 1.3.

The effects of symmetrical transiocations:

While symmetrical translocations do not result in loss of genetic material followed
by cell death, they do result in the relocation of sections of DNA which almost certainly
contain genes essential to the organism’s survival. This can potentially lead to
consequences far more serious for the organism than the death of a limited number of
cells. Symmetrical translocations have been implicated in carcinogenesis when they
occur in somatic (non-germline) cells. When translocations occur in germline stem cells,
they can result in a condition known as translocation heterozygosity, as illustrated in
Figure 1.1. Every cell in the offspring produced by a germline cell containing a
symmetrical translocation will contain the translocation. Translocation heterozygotes are
semi-sterile. and their reproductive success is reduced by 50%. Of the viable offspring
thev do produce, half will be normal, and half will also be translocation heterozygotes.
The potential of symmetrical translocations to lead to translocation heterozygosity, with
the concomitant reduction in reproductive success, gives the frequency of these

aberrations direct ecological relevance. Therefore, the endpoint of symmetrical

11
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T

Chromosome exchange frequency

Figure 1.3:

Hypothetical curves showing a curvilinear dose-response relationship resulting from
administration of the dose at a dose-rate where the dose-rate-dependent component is
greater than zero (curve A). and a linear relationship resulting from administration of the
dose at a chronic dose-rate where the dose-rate-dependent component has disappeared
(curve B). Assume an organism receives a dose from a contaminated environment,
resulting in a chromosome exchange frequency, F. Using curve A as a calibration curve
for such an organism would resulit in an erroneously low estimate of dose (L), while the
true dose received (T) would be obtained by using curve B.
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translocation frequency may be more sensitive and relevant than traditional endpoints
such as tissue residue analyses. Chromosome inversions, referred to previously, also
have similar effects on reproduction. The goals of radiation protection of nonhuman
species is maintenance of long-term population viability (31), therefore, adverse

reproductive effects are of paramount concern.

Detection of chromosome aberrations:

Early cvtogenetic and biodosimetric studies employed solid staining with dves such
as giemsa. orcein. or crystal violet. With these dves, all chromosomes are stained in a
single color. When cells enter mitosis, the chromosomes condense and, upon staining,
they are distinctly visible under bright field illumination using a microscope. With solid
staining. only asymmetrical chromosome aberrations (rings and dicentrics) are reliably
detected because they involve a visible change in chromosome morphology.
Symmetrical interchanges are not visible unless they involve large alterations in
chromosome morphology.

Development of whole-chromosome-specific molecular probe libraries containing
unique DNA sequences has facilitated significant advances in the detection of
symmetrical translocations. Such probes labeled with various tags have been constructed
which allow individual pairs of homologous chromosomes to be painted in unique colors.
The first step in probe construction involves isolating target chromosomes from mitotic
cells using either flow cytometry or microdissection techniques. This is followed by

random amplification of the isolated material through the polymerase chain reaction
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(PCR) (32-34), during which billions of copies of the original chromosome, each
containing fluorescent marker molecules, are created. This probe library contains DNA
sequences specific to the original chromosome of interest, as well as sequences repeated
throughout the genome. To detect chromosome aberrations, irradiated cells are spread on
glass slides. and both the chromosomes in the target cells and the DNA in the probe are
denatured, or melted by heating. In this process, the DNA strands are split, much like
unzipping a zipper. The probe is then “hybridized™ onto the target cells, when the DNA
is allowed to reanneal. The unique sequences in the probe hybridize to their unique
complementary sequences in the target chromosome. while the probe is prevented from
hybridizing to repetitive sequences throughout the genome by the addition of unlabeled
cot DNA (highly enriched in repetitive sequences). which competitively binds to
repetitive sites on the chromosomes as well as labeled repetitive DNA in the probe. Once
hybridization is complete. the fluorescent probe is bound only to the specific sequences
on the target chromosomes. and when viewed under a fluorescent microscope. the target
chromosomes appear *“painted™ in a unique color distinct from the other chromosomes in
the cell. This process is known as fluorescence in situ hybridization (FISH) whole-
chromosome painting (35,36). The molecular basis for DNA melting and reannealing
and its dependence on DNA sequence copy number has been reviewed on numerous
occasions (e.g. (37)). When an interchange aberration involving the painted chromosome
is present in a cell, a fragment of the painted chromosome appears translocated to another
(unpainted) chromosome, and vice versa. and both of the chromosomes involved appear

bicolored (Figure 1.4A-C). Most generally, from one to three pairs of homologous
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Figure 1.4:

FISH allows homologous chromosome pairs to be painted in a unique color. Panels A-C
show a human AG1521A fibroblast with different homologous chromosomes painted.
Depending which chromosomes happen to be painted, the cell could be scored as
containing either an insertion (Panel A) or a symmetrical translocation (Panels B and C).
The use of mFISH allows correct resolution of the complex aberration involving
chromosomes 4, 6, and 13 (Panel D). Each pair of homologous chromosomes can be
painted a unique color (Panel E), allowing maximum sensitivity for aberration detection.
Application of FISH and mFISH is not limited to human cells. Panel F shows a probe for
chromoscme #1 of the yellow-bellied slider turtle (Trachemys scripta) applied to a T.
scripta fibroblast containing one normal chromosome, and an apparently simple
symmetrical translocation (identified by arrows).

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



chromosomes are painted either in a single or in unique colors, and the rest of the
chromosomes are counterstained in a single background color.  Symmetrical
translocations between chromosomes painted the same color, or among unpainted
chromosomes are not visible. The FISH process is illustrated in Figure 1.5.

A further significant advance has recently been made in this technology. The
application of multiple probe mixtures together in processes known as multiplex FISH
(mFISH) or spectral karyotyping now allows every pair of homologous chromosomes in
the human genome to be assigned a unique color (38,39). The use of mFISH for
aberration detection provides dramatic potential increases in sensitivity. since
chromosome interchanges involving any chromosome can be detected. At present, the
analysis of each cell requires a much longer time, so the full advantage of the potential
increased sensitivity will await further developments in computerized image analysis.
With single color FISH, complex aberrations (those involving three or more breaks in
two or more chromosomes) can be mis-scored because they appear to be simple. and the
tvpe of aberration scored depends on which chromosomes happen to be painted (Figure
1.4A-C), but with mFISH, virtually all chromosome exchange aberrations can be
accurately resolved (Figure 1.4D). A human AG1521A fibroblast completely colored

with mFISH is illustrated in Figure 1.4E.

Environmental biodosimetry:
Most often, biodosimetric studies have been performed on mice or rats which have
received controlled exposures in the laboratory (e.g. (14,40-44), or on humans who have

been exposed accidentally (16,45-51) or for therapeutic purposes (9,10,52).
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Figure 1.5:

During the FISH process, both the chromosome-specific probe and the target
chromosomes are denatured. The probe is applied to the chromosomes and allowed to
hybridize to the specific sequences on the target chromosomes. The probe also contains
sequences repeated throughout the genome. Nonspecific hybridization to these repetitive
sites is prevented by the use of unlabeled cot DNA, which is highly enriched in the
repetitive sequences. The cot DNA competes with the probe for the repetitive sites and
effectively blocks probe hybridization at these sites.
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Only a few studies have been carried out retrospectively on humans chronically exposed
to radionuclides in the environment (53-36). There are no technical limitations
preventing the application of biodosimetric techniques to nonhuman organisms inhabiting
environments contaminated with radionuclides, yet to my knowledge, these techniques
have not previously been used for ecological applications. I have recently been
performed the first such studies using yellow-bellied slider turtles (Trachemys scripta)
(57). Figure 1.4F shows my probe for 7. scripta chromosome #1 applied to a fibroblast

containing one normal chromosome #1 and one symmetrical translocation.

Conducting environmental biodesimetry studies — step by step:

In the rest of this chapter, [ discuss the steps necessary to conduct environmental
biodosimetry studies, based on my experience with 7. scripta. Each step is discussed in
the order in which it arose in my project. I present this synopsis as an example of what is
required to conduct these types of studies. There will no doubt be differences in other
studies, depending on the endpoint species selected, but [ believe these experiences may

reveal the sorts of issues that may be encountered.

1) Selection of endpoint species and probe construction:

While environmental biodosimetry has the potential to be widely applicable to
numerous plant and animal species, there are certain desirable traits that candidate
species should possess. First, a candidate species should have a suitable karyotype, that
is. they should have at least a few large and easily recognizable chromosomes. Unlike

humans, for which whole-chromosome probes are commercially available, probes for
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other species will have to be constructed by microdissection and PCR. For reasons
discussed below, microdissection requires the presence of large, easily identifiable
chromosomes, which could eliminate species with only small, indistinguishable
chromosomes from consideration.

Even if limitations associated with microdissection are overcome, there is still the
issue of the minimum resolution of the FISH visualization process. The minimum
detectable size of a painted fragment of DNA is approximately 11 megabases (Mb) or
approximately 15 Mb for unpainted fragments (58). Since chromosomes are fragmented
during chromosome interchanges. species with at least a few chromosomes larger than
approximately 30 Mb would make the best candidates for environmental biodosimetry
studies.

There are demographic factors to consider as well. Organisms with relatively long
life-spans will have the potential to accumulate significantly higher lifetime doses than
those which are relatively short-lived. and therefore they will be more likely to show a
measurable response to chronic radiation exposure, all other factors being equal. On the
other hand. studies of reproductive effects (such as those caused by translocation
heterozygosity) are difficult to conduct on long-lived, slowly-reproducing species.

Finally. candidate species should be those with some potential to be exposed. Since
many environmental contaminants (including most radionuclides) are eventually
deposited and sequestered in sediments (59.60), organisms which have contact with
sediments could make strong candidates. Tissue residue analyses, which measure levels
of contaminants in the tissues of various biota, may provide clues regarding which

organisms are being exposed and what the current exposure rates might be.
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It is evident that any number of plant and animal species would make strong
candidates for environmental biodosimetry. Perhaps the best approach for ecological risk
assessments and biological monitoring applications would be to select a suite of suitable

species representing diverse ecological, economic, and aesthetic values.

2) Probe construction:

In general, the largest chromosome(s) are targeted, since the greater the fraction
of the genome painted, the greater the sensitivity for detecting chromosome aberrations
(61). If standard lymphocyte culture techniques work well with the species being
studied. this would be the best and most direct approach for preparing chromosomes for
microdissection. If this is not the case, it is easier to use fibroblasts at this stage because
of the challenges in stimulating lymphocytes into mitosis. Fibroblast cell lines can be

established from embryos or from tissue samples.

3) Investigation of cell culture techniques:

In conducting environmental biodosimetry studies involving animal species, it is
preferable to use lvmphocytes rather than fibroblasts (62). Lymphocytes offer the
advantage of nonlethal sampling, which allows repeated blood sampling from individual
organisms so the temporal behavior of the dose-response can be studied. Furthermore,
animal welfare considerations or potential adverse impacts to endpoint populations from
harvesting large numbers of individuals may also favor nonlethal sampling techniques.

The challenge in using lymphocytes is stimulating them to undergo mitosis.

These cells are usually noncycling, and they must be forced into the cell cycle by
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mitogenic agents. The mitogenic responses of lvmphocytes from nonmammalian species
is not well characterized. Therefore, factors such as which mitogenic agents are effective
for a given species and the optimal concentrations of these agents, optimal culture
temperature, cell cycle time, etc. will have to be determined. Of course, the available

blood volume and methods for collection may provide additional challenges.

4) Determination of background symmetrical translocation frequency:

Obviously. the sensitivity of ecological applications of biodosimetry will depend
on the radiosensitivity of the endpoint species. What may not be so obvious however, is
that species which are more resistant, ironically. may be more sensitive indicators of
radiation damage. This arises from the fact that species which are more radioresistant
may also have lower background levels of symmetrical translocations, as is the case with
T. scripta, which I found to be about twice as radioresistant as humans (57). Background
frequencies of svmmetrical translocations in humans have been reported as much as 30
times higher than the background I observed in T. scripta (63). A high background could
significantly impact sensitivity, especially at the low doses and dose-rates likely to be
encountered by organisms from radionuclide-contaminated environments. If the factors
which make a particular species more radioresistant also depress background
translocation frequencies. then the loss in sensitivity caused by higher radioresistance
may be outweighed by the gain in sensitivity afforded by a lower background. In any
case, some estimate of background translocation frequency will be necessary. since the
organisms to be studied will have received unknown doses. Without an estimate of

background. it would be unclear how much of the observed translocation frequency in
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exposed animals was due to radiation exposure, and how much was due to extraneous
factors. The best way to obtain an estimate of background is to score cells from

numerous organisms known to be from uncontaminated environments.

3) Investigation of dose-rate effect:

As mentioned previously, it is important that the calibration curve to be used for
environmental biodosimetry be determined for low dose-rate exposures. However. for
practical reasons, laboratory studies will almost certainly have to be conducted at dose-
rates higher than those observed in contaminated environments. The applicability of the
calibration curve can only be definitively demonstrated by identification of the minimum
dose-rate below which the reduction in effect per unit dose plateaus. This involves
exposing whole organisms or cell cultures to the same total dose. but delivering the dose
at a range of dose-rates from thousands of cGy hr'' to only a few ¢Gy hr'. For almost
every organism previously studied. the lower dose-rate effect plateau begins at a rate on

the order of 20-60 ¢Gy hr'.

6) Determination of dose-response relationship:

Once an appropriate dose-rate is identified, it should be used in the construction
of the calibration curve. This involves plotting the dose-response relationship over a
range of doses that the organisms are expected to receive over the course of their lifetime.
A preliminary estimate of the maximum dose which should be included in the calibration
curve can be obtained by multiplying worst-case environmental dose-rates by the

maximum expected lifespan of the endpoint species. However, the main focus should be
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at the lower end of the of the dose range, since these exposures would be more typical of

most environmental exposures.

7) Applying environmental biodosimetry to organisms from contaminated environments:
Upon completion of the preliminary steps outlined above, a variety of field
studies are possible. These could include mark-and-recapture studies of animals, since
lymphocyte sampling is nonlethal. This type of study would be particularly appropriate
for biomonitoring programs and would provide useful data for ongoing exposures. For
ecological risk assessments upon which remediation decisions are to be based, an
extensive. one-time sampling effort might be more appropriate. An exploration of the
reproductive effects caused by radiation-induced translocation heterozygosity would be

particularly informative.

Conclusion:

Environmental biodosimetry studies offer several advantages over traditional
approaches to biomonitoring and ecological risk assessment. Unlike dose estimates
obtained by modeling, biodosimetric estimates require no assumptions regarding
organism movements into and out of contaminated environments (which may be difficult
to verify). Furthermore. actual doses received externally, or internally via uptake of
radionuclides will be reflected in biodosimetric estimates. Another advantage of
environmental biodosimetry is that an estimate of cumulative lifetime dose can be
obtained, rather than the snapshot picture provided by environmental sampling and tissue

residue analyses. Perhaps the most significant advantage of environmental biodosimetry,
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however, is its potential relevance to ecological and biological effects in exposed
populations.

While environmental biodosimetry can currently serve as a useful measurement
endpoint for ecological risk assessment, completing the causal chain of events between
radiation exposure. the formation of radiation-induced symmetrical translocations, and
reproductive effects through translocation heterozygosity would provide an ecologically
relevant assessment endpoint. Once received dose, as detected by environmental
biodosimetry, can be linked to reproductive effects in exposed individuals, “ecological
dosimetry” studies could be conducted on a variety of species to study effects of radiation

exposure at higher levels of biological organization.
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Abstract:

Fluorescence in siru hybridization (FISH) of a whole chromosome-1-specific
probe from the yellow-bellied slider turtle (Trachemys scripta) to cells from four other
species of turtle ranging from a desert tortoise to a loggerhead sea turtle resulted in
specific and exclusive hybridization to chromosome-1 in all five species. Previous
observations of conservation in the giemsa banding pattern and chromosome morphology
and number among turtles are thus extended to the DNA sequence level, revealing a
cytogenetic stability of chromosome-1 in these turtles during the past 66-144 million
years. This contrasts with the situation for various hominoid species where, in many
instances, extensive chromosomal rearrangements have been reported in one third of that
time period. My probe, which was prepared by microdissecting whole chromosomes
from embryonic T. scripta fibroblasts and amplifying using DOP-PCR, is the first report

of a whole-chromosome FISH probe for any reptile.

Introduction:

The availability of whole-chromosome-specific DNA libraries, first from humans
and later from other mammals has had wide application (1,2). One application of
particular interest to me is comparative cytogenetics and genomics (3.4).

The use of whole-chromosome libraries in comparative cytogenetics holds great
potential for clarifying evolutionary relationships. Such libraries have been used in
studies of mammalian evolution (5-8), but wider application has been hindered by the

lack of whole-chromosome libraries for non-mammalian species (6). The isolation of a
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few chromosome libraries for birds has been reported (4,9), but beyond this, virtually
nothing is available.

I prepared a turtle chromosome-1-specific DNA library as a potential tool for
sketching evolutionary history using cytogenetic phylogenies. To the best of my
knowledge, this is the first report of a whole-chromosome library for a reptilian species.
Previous reports have suggested long-term genomic stability among turtle species, both in
chromosome number (10) and in banded chromosome morphology (11). However,
conservation of chromosome number and G-banding patterns over time does not establish
conservation of DNA sequences within chromosomes (4.7). In this study, I use FISH test
the hypothesis that the remarkable stability of the G-banded karyotypes in turtles extends

to the DNA sequence level in chromosome-1.

Methods:
Cell culture:

A fibroblast line of T. scripta (yellow-bellied slider turtle) cells was established
by primary explant from T. scripta embryos. Fibroblasts were maintained at 29°C [the
preferred 7. scripta body temperature (12)] in an atmosphere of 5% CO; in air. Cells
were cultured in aMEM containing 10% fetal calf serum, gentamycin (Gibco, Grand
Island. Illinois, final concentration 25 pg ml™'), fungizone (Gibco, 0.5 pg ml™),
streptomycin sulfate (68 ug mi™"), and penicillin G (31 ug mi™"). Mitotic fibroblasts were
obtained by applying a colcemide (Gibco, 0.15 ug mi™") block for 12 hours, followed by
selective detachment by agitation. Cells were fixed in 3:1 methanol/glacial acetic acid

according to standard procedures (13,14) and dropped onto cold, cleaned, wet microscope
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slides. Terrapene carolina (Eastern box turtle) and Chrysemys picta (painted turtle)
lymphocyte cultures were prepared from turtles housed at the Savannah River Ecology
Laboratory in Aiken, South Carolina. A Gopherus agassizii (desert tortoise) lymphocyte
culture was prepared from an animal at the Colorado State University Veterinary
Teaching Hospital and a Caretta caretta (loggerhead sea turtle) lymphocyte sample came
from an animal at SeaWorld in Orlando, Florida. Samples for bloed cultures were
collected from the dorsal coccygeal vein (15) using syringes containing sodium heparin.
Samples were then sent overnight to Colorado State University. Lymphocyte cultures
were established and incubated under conditions similar to those of the fibroblast cultures
with the following changes; 1) two percent phytohemagglutinin-M form (PHA-M)
(Gibco) and 2) 55 pug ml™ lipopolysaccharides (Sigma. St. Louis, Missouri) were added
to the cultures to stimulate the lymphocytes into the cell cycle, and 3) lymphocytes were
cultured in Cellgro medium (Mediatech, Herndon, Virginia) supplemented with
autologous serum used was from the turtle blood sample rather than the fetal bovine
serum used for fibroblasts. Colcemide was added at 90 hours post-stimulation. and cells
were harvested at 102 hours post-stimulation. Prior to fixation, lymphocytes were

isolated by centrifugation in a ficoll gradient.

Karyorype:

Images were produced for karyotyping following a D/C-R banding procedure
developed in this laboratory and which was described previously (16). Chromosomes
from mitotic embryonic fibroblasts and from mitotic lymphocytes were stained

simultaneously with 4,6-diamidino-2-phenylindole (DAPI) and chromomycin A3. A
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Photometrics camera combined with the Universal Imaging MetaMorph software
package was then used to generate one image taken with a DAPI excitation filter and one
image taken with a chromomycin A3 excitation filter. A triple band pass filter designed
for viewing fluorescence at the appropriate wavelengths was also in place. Intensity
values from the DAPI image were then divided pixel-by-pixel by those from the

chromomycin A3 image to generate patterns which are very similar to R-banding.

Probe preparation:

Chromosome spreads from log-phase cultures were prepared on coverslips for
microdissection (17-19). About 10 whole-chromosome-1 (largest chromosome, sub-
metacentric) samples were microdissected and placed together in a microfuge tube for
PCR. to which was added 10 pul UV sterilized water, 2 ul of 10x thermosequenase
reaction buffer. 4 pl of ANTP stock (2.5 mM each), 2 ul DOP primer solution, 5' CCG
ACT CGA GNN NNN NAT GTG G 3' (100 uM) and 2 pl thermosequenase (4 U pl™).
The solution was overlaid with mineral oil and the following PCR program was applied:
95° C for 3 minutes followed by 10 cycles of 94° C for 1.5 minutes, 30° C for 3 minutes
and ramping to 72° C over 4 minutes (approximately 0.18° C s™), and then 50 cycles of
94° C for 1.5 minutes, 56° C for 1.5 minutes, and 72° C for 1.5 minutes. Small aliquots
of the stock product were then labeled for the FISH procedure by repeating 10 cycles of

the final. 94° C. 56° C, 72° C PCR reaction but in the presence of 100 uM biotin dUTP.
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Fluorescence in situ hybridization:

The FISH was carried out essentially as described previously (20,21).
Approximately 35 upl of the hybridization mixture containing 50% formamide, 10%
dextran sulfate, 1 ug ul™' herring sperm DNA, about 300 ng of PCR labeled probe and 5
ug of turtle cot DNA was denatured by boiling for 5 to 10 minutes, reannealed for 20
minutes, and the probe hybridization mixture was then placed on the slide (denatured as
described below), covered by a 22 x 50 mm coverslip and sealed with rubber cement.
Hybridization then proceeded overnight at 37°C. The turtle cot DNA was prepared (22)
from T. scripta liver DNA which. after isolation. was sonicated to approximately 500 bp.
A tube containing 1 pg pul™' was then placed in boiling water for 30 minutes, transferred
to a 65°C water bath for 4 minutes, and NaCl solution was added to achieve a final
concentration of 0.3 M. Reannealing was then allowed to proceed for 6 minutes at 37°C
and an equal volume of 2x S1 nuclease buffer along with 1 unit of S1 nuclease per ug of
DNA was added. After digestion of the single stranded (slow annealing) sequences, the
reaction was stopped by freezing and the cot DNA was precipitated with ammonium
acetate and ethanol. The hybridization probe was placed on target slides prepared by
denaturing the chromosomes on the slides in a coplin jar containing 70% formamide in 2
x SSC (sodium saline citrate) at pH 7.0 for 2 minutes at 68°C. The slide was then
quickly transferred to ice cold 70% ethanol for 1 minute with agitation, followed by
transfer to 90% and then 100% ice cold ethanol and finally by drying with a clean air jet.
After probe hybridization to the denatured chromosomes. the coverslips were removed,
the slides were washed in two changes of 50% formamide in 2 x SSC, pH 7.0, at 45°C

and then were washed twice more in 2 x SSC and 3 times in PN buffer for 3 minutes
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each, also at 45°C. For probe detection. PN buffer containing 5% non-fat dry milk was
applied for 5 minutes at room temperature, the solution was drained from the slide and a
solution of 5 pg ml™' avidin FITC in PN in 5% non-fat dry milk was applied
(approximately 5 pl cm™ of the slide) and the slide was incubated 20 minutes at 37°C.
The slide was then rinsed in 3 changes of PN buffer at 45°C for 2 minutes each. Further
signal amplification was sometimes used as necessary. For microscopy, the slides were
counterstained with a solution of antifade containing DAPI and/or propidium iodide (PI)
at a concentration of 0.5 pg ul"' under a coverslip. Slides were then viewed under a
fluorescence microscope with appropriate excitation and emission filters. Photographs
were prepared with a Photometrics camera combined with the Universal Imaging

MetaMorph software package.

Results:

The D/C R-banded karyotype for the 7. scripta embryonic fibroblast cell line is
shown in Figure 2.1A. The reported (diploid) chromosome number for 7. scripta, 2n=50
(10.23). whereas [ found that for this fibroblast cell line, the modal chromosome number
was 48. Figure 2.1B is the D/C-R-banded karyotype constructed from 7. scripta
lymphocytes, which agreed with the reported karyotype for this species (2n=50). My use
of fibroblast cultures yielded karyotypes that matched well with that for lymphocytes,
except for a deficit in the number of microchromosomes.

Figure 2.2A shows a metaphase chromosome spread from a 7. scripta cell which
was labeled by FISH with biotinylated chromosome-1 probe library and detected with

FITC avidin. Counter-staining was with propidium iodide. I then applied the labeled 7.
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scripta chromosome-1 probe to metaphase lymphocytes from other turtle species.
Figures 2.2 B, C, D, and E are lymphocyte metaphase chromosome spreads from:
Chrysemys picta (painted turtle), Terrapene carolina (Eastern box turtle), Gopherus
agassizii (desert tortoise), and Carerta carerta (loggerhead sea turtle) respectively. All

show exclusive hybridization of the probe to chromosome-1 of each species examined.

Discussion:

In the T. scripta karyotypes pictured in Figures 2.1A and B. regions of
preferential DAPI staining (AT-rich. heterochromatin) are lighter. while the darker
regions represent regions of preferential chromomycin A3 staining (GC-rich,
euchromatin). By this criterion, the microchromosomes appear to be highly euchromatic,
while the macrochromosomes contain larger blocks of heterochromatin. This is
especially interesting In light of the fact that differences in the numbers of
microchromosomes account for much of the variations observed among giemsa-stained
karyotypes from different cryptodiran (head-retracting) turtle species (as opposed to
pleurodiran. or side-necked species). Many pleurodires have substantially lower
chromosome numbers (24.25)]. It also appears that in the macrochromosomes.
subtelomeric and pericentromeric regions are more euchromatic. These patterns of
euchromatin and heterochromatin distribution are also evident in previous reports of G-
banded karyotypes from a variety of turtle species (25-31) and contrasts with the pattern
for humans and other mammals where many chromosomes contain pericentromeric
heterochromatin. The 7. scripta genome has a DNA content similar to that of humans

(32.33).

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.1A:
Karyptype of T. scripta embryonic fibroblast cell line. Image was created by D/C R-
banding (16) and pseudocoloring.
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Figure 2.1B:
Karyotype of T. scripta lymphocyte. Image was created by D/C R-banding (16).
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Figure 2.2:

Whole chromosome painting by fluorescence in situ hybridization (FISH) using a 7.
scripta chromosome-1 library obtained by microdissection and DOP-PCR.
Chromosome-1 probe labeling and detection was with biotin dUTP and FITC avidin
(yellow-green chromosomes). Panel A illustrates the 7. scripta chromosome-1-specific
probe library hybridized onto 7. scripta mitotic cells. Panels B, C, D, and E utilized the
same probe, but with hybridization onto C. picta (B), T. carolina (C); G. agassizii (D);
or C. caretta (E) mitotic cells. Counterstaining was with propidium iodide (PI).
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Turtles (order Testudines) appear in the fossil record about 200 million years ago.
Body form is conservative. T. scripta, C. picta, and T. carolina are members of the
family Emydidae (Figure 2.3), which is the largest and most diverse family of living
turtles that occupy North Africa, Asia, Indonesia, the Philippines, Europe and the
Americas. The family is currently comprised of two subfamilies: Batagurinae (Old
World) and Emydinae (New World) pond turtles (34). The Batagurinae and Emydinae
have similar chromosome numbers (2n=52 and 2n=350. respectively) (26). There are 33
genera and approximately 90 species in the family Emydidae. The earliest known fossils
of Emydine turtles in North America are from approximately 65 million year old
Paleocene deposits. G. agassizii is a member of the family Testudinidae, and C. carerta
is a member of the family Cheloniidae (Figure 2.3)(35,36). Based on skeletal
characteristics and the fossil record, these families diverged during the Cretaceous period,
approximately 66.4-144 million vears ago (35).

There are numerous lines of evidence suggesting slow rates of evolution in turtles.
The rate of change in Testudine mitochondrial DNA base sequences is eight times slower
than in other higher vertebrates, which show a rate of change of about 2% per miilion
vears (37). Homologous loci have been found in six marine turtle species within two
families (Cheloniidae and Dermochelydidae) and one freshwater species (7. scripta).
indicating conservation of fianking microsatellite loci (38) since the Cretaceous period
(~144 million years). Sporadic natural viable hybrids among sea turtle (family
Cheloniidae) genera occur. The species involved in the hybridization events represent
lineages thought to have diverged 10-75 million years ago. Thus they appear to represent

the oldest diverged lineages documented to hybridize. By implication, changes in the
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genomes of species have remained small (39). Karyologic comparisons of Testudine
groups have revealed extensive similarity in chromosome numbers among diverse
members of a majority of turtle families, including the species considered in this study: 7.
scripta, 2n=50 (2n=48 in the embryonic fibroblast cell line used in this study); T
carolina, 2n=50; C. picta, 2n=50; G. agassizii, 2n=52; and C. caretta, 2n=56 (10,23).
Previous reports comparing G-banding patterns for primarily macrochromosomes among
diverse turtle species had suggested chromosomal stability over an evolutionary time
scale of millions of years (11,26,40). Whereas banding patterns from giemsa staining
may suggest chromosome stability and conservation. such banding does not demonstrate
a conservation of DNA sequences within chromosomes (4.7).

That the entire chromosome-1 of all four species was uniquely and exclusively
labeled with the probe derived from chromosome-1 of 7. scripta demonstrates that this
chromosome has maintained a remarkable stability with regard to translocations or other
rearrangements in species as diverse as desert tortoises and loggerhead sea turtles. This
contrasts with the situation for certain hominoid species where extensive chromosomal
rearrangements have been reported (3.4) during the past 20 million years (41.42), despite
a considerable degree of linkage conservation. The reason for a greater genomic stability
in turtles is not known. but one possibility might be the lower rate of oxidative free
radical production related to lower metabolic rate (37). The development of whole-
chromosome probes for a turtle species is especially timely, as considerable debate
currently exists over the evolutionary relationship between turtles, other reptilian species,

and avian species. Recent molecular evidence appears to be at odds with phylogenies
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Class Reptilia
Order Crocodylia Testudines Aves
Order Cryotodira
group I rypiox
Superfamily Testucfinoidea Chelonioidea
Family Testudinidae Emydidae Cheloniidae
Genus/ G. agassizii T. scripta 1 C. careita
Species T. carolina C. picta

Figure 2.3:

A partial phylogeny of turtles. Note that only the branches which include species
discussed in this chapter are detailed in this figure. 7. scripra, C. picta, and T. carolina
are members of the family Emydidae, which first appeared in the fossil record during the
Eocene period (36.6-57.8 million years ago), while G. agassizii is a member of the family
Testudinidae. which also first appeared in the Eocene, and C. carerta is a member of the
family Cheloniidae. which first appeared in the Cretaceous period, 66.4-144 million years
ago (35).
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based on the fossil record and on morphology (43). The development of whole-
chromosome libraries for turtles can provide independent cytogenetic evidence of
genomic relationships and contribute to this debate.

[ am currently attempting to examine an even broader range of turtle species, and
to develop probes for other turtle chromosomes. A larger number of whole-chromosome
libraries would be very useful for comparative genomics, as it would allow a more
complete investigation of chromosome homology and linkage patterns among the
genomes of diverse turtle species, and among turtles and other organisms; especially
other reptiles and birds, for example. Full comparisons of relative stability cannot be
made at present because I do not have whole-chromosome-specific DNA libraries for
every chromosome.

The utility of whole-chromosome libraries for nonhuman organisms is not limited
to comparative cytogenetics. I have also used the chromosome-1 probe to examine the
clastogenic effects of ionizing radiation on T. scripta fibroblasts (44), and [ am currently
extending the techniques of biological dosimetry to turtles exposed to radionuclides in
contaminated natural environments.

The application of microdissection, PCR and FISH to generate whole-
chromosome libraries for nonmammalian organisms will greatly expand the tools
available for comparative genomics, help to clarify evolutionary relationships. and
expand the reach of genetic ecotoxicology to important species of organisms not

previously examined.
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Chapter 3

Chromosome Translocations in Turtles:

A Biomarker in a Sentinel Animal for Environmental Biodosimetry
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Abstract:

Nonhuman organisms are being exposed to ionizing radiations at radionuclide-
contaminated sites around the world. Direct methods are seldom available for measuring
biologically relevant doses received by these organisms. Here, I extend biological
dosimetry techniques, which are much better developed for humans and a few other
mammalian species, to a nonmammalian species. Turtles were chosen because a long-
lived animal would best serve the need for low level. chronic exposure conditions. [
chose the yellow-bellied slider turtle (7rachemys scripta) which is known to have a
maximum life-span of at least 22 years. As reported elsewhere, I first isolated an
embryonic fibroblast cell line and constructed whole-chromosome-specific DNA libraries
for chromosome-1 by microdissection and PCR. A FISH painting probe was prepared
and used to establish a dose-response curve for ionizing radiation-induced chromosome
interchange aberrations in turtle fibroblasts. This was compared to the dose-response for
human fibroblasts treated under similar conditions in this laboratory. With respect to
induction of chromosome interchange aberrations, human fibroblasts were approximately
1.7 times more sensitive than the T. scripia fibroblasts. To the extent that symmetrical
interchanges are persistent over long periods of time, this approach could eventually
provide a measure of the integrated lifetime dose these organisms receive from
radionuclides in their environment and give a measure of the extent of relevant genetic

damage over that time.
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Introduction:

Determining the effect of clastogenic agents decades after exposure is possible in
humans due to the availability of whole-chromosome-specific DNA libraries, as
demonstrated for example in Japanese A-bomb survivors fifty years after radiation
exposure (1). Cytogenetic analysis has been greatly facilitated by fluorescence in situ
hybridization techniques (FISH) (2), To my knowledge, whole-chromosome-specific
DNA libraries have been isolated and utilized for biodosimetry only in humans exposed
accidentally or other mammals clinically exposed in controlled laboratory settings (e.g.
human studies reviewed in (3-6), rhesus monkeys (7) and rodents, e.g. (8-11)). FISH-
based biodosimetry has not been applied to nonhuman organisms receiving radiation
exposure from contaminated environments.

The aim of the present study was to extend the techniques of biodosimetry to an
ecological receptor, the yellow-bellied slider turtle (Trachemys scripta). In this chapter, |
refer to retrospective biodosimetry in nonhuman organisms continuously inhabiting
contaminated environments as “environmental biodosimetry™ to differentiate this type of
assessment from the traditional applications of biodosimetry where humans or other
mammals receive controlled doses for clinical purposes, or acute exposures in accident
situations. [ hypothesize that, at the very least. environmental biodosimetry could be
useful in the exposure assessment stage of ecological risk assessments involving
radionuclides or other clastogens. Should these techniques prove to be sufficiently
sensitive and indicative of adverse biological or ecological effects, they could inspire a
reexamination of currently proposed primary dose-rate limits based on less sensitive

measures of biological damage such as gross mortality or reproductive impairment (12).
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It is widely recognized that chromosome interchanges are particularly well-suited
to serve as biomarkers of radiation exposure, as suggested by Bender and Gooch (13)
more than 35 years ago. The scoring of asymmetrical chromosome interchanges
(dicentrics) in peripheral blood lymphocytes has long been used for this purpose. With
the development of FISH. scoring of symmetrical interchanges for biodosimetry has also
become practical. Symmetrical interchanges are generally thought to be relatively more
stable over time than asymmetrical interchanges, i.e. they do not kill cells bearing them
and they remain in a stem cell population to produce progeny with aberrations many cell
generations after exposure. While the background level of symmetrical interchanges is
generally considerably higher than that of asymmetrical interchanges, they can better
serve as a biomarker cf cumulative radiation exposure. This higher background is
presumably due to the accumulation of symmetrical interchanges caused by chronic
exposure to natural radiation sources or endogenous mutagens. Asymmetrical
interchanges would also be produced from such sources, but they would not accumulate
due to the resultant cell lethality.

The model organism I chose, T. scripta, has a relatively long life span (maximum
of at least 22 vears (14)) and a wide geographical distribution (15), which make it an
excellent sentinel animal for assessing chromosomal damage that is likely relevant to
ecological risk from chronic, low-level exposure to radionuclides (and other clastogens)
in the environment (16). Other turtle species are endemic to much of the United States
(17.18) and are also relatively long-lived, so techniques developed for T. scripta could
have wide application. Using FISH whole-chromosome paint probes prepared by

microdissection and PCR (the development of which will be described elsewhere), I test
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the hypothesis that the dose-response curve for radiation-induced chromosome
interchanges in 7. scripta is of a linear-quadratic form, and similar to one generated in
this laboratory for human fibroblasts treated similarly. In doing so, I have developed a
biomarker of cumulative radiation exposure for the common yellow-bellied slider turtle.
This appears to be the first application of FISH-based biodosimetry to a nonmammalian

organism.

Methods:
Cell culture:

A fibroblast line of T. scripta (vellow-bellied slider turtle) cells was established
by primary explant from I. scripta embryos. Fibroblasts were maintained at 29°C (the
preferred T. scripta body temperature (19)) in an atmosphere of 5% CO,. Cells were
cultured in «MEM containing 10% fetal calf serum, gentamycin (Gibco BRL, Grand
Island. Ill., final concentration 25 pg ml™'), fungizone (Gibco BRL, 0.5 pug ml™h),
streptomycin sulfate (68 ug ml™'). and penicillin G (31 pg ml™).

Contact-inhibited cultures were grown for use in irradiation treatments to ensure
that cells were in Gy during irradiation and the following period of damage
repair/misrepair. Contact-inhibition was verified in the fibroblast cultures by the addition
of bromodeoxyuridine (BrdU) (10™ M) to two replicate cultures established in parallel
with the unirradiated experimental control cultures. At the conclusion of the irradiation
of experimental treatments, the (unirradiated) cultures containing BrdU were immediately
fixed and labeled with mouse monoclonal anti-BrdU (Amersham Pharmacia Biotech,

Piscataway, NJ) followed by anti-mouse Ig, fluorescein linked whole antibody (from
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sheep) (Amersham Pharmacia Biotech). One-thousand cells from each replicate were
then scored using a fluorescence microscope equipped with a FITC filter. Less than 5%

of the cell population were typically found to be cycling.

Irradiation:

Contact-inhibited cells were irradiated at room temperature in a 222 TBq “'Cs y
irradiator (MARK-1 Model 68A, J. L. Shepherd and Associates. San Fernando, CA).
¥1Cs v-ray doses were O (control), 4, 6. 8, and 10 Gy delivered at 3.48 Gy min
(exposure rates measured using a Victoreen R-chamber traceable to the National Institute
of Standards and Technology). Cultures were returned to the incubator immediately after
irradiation for 24 hours to allow for the completion of repair/misrepair processes (20,21).
Cells were then subcultured and fixed at 6 hour intervals beginning 30 hours after
subculture (to estimate the time of the peak in first post-irradiation mitoses) or at 42
hours after subculture (for FISH experiments).

Depending on the number of mitotic cells obtained from irradiated cultures, one
to three independent trials were conducted to obtain a sufficient number of scorable cells
for each experimental treatment. Identical irradiation and culture conditions and the
same cell line were used for all trials. The results were not statistically significantly
different between trials for any dose, therefore the results were combined to yield pooled

aberration frequencies.
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Fixation and slide preparation:

Fixation was always preceded by a 6 hour colcemide (Gibco BRL, 0.15 pg m!™
final concentration) block. The fixation procedure consisted of the following
standardized protocol: 1) cells were trypsinized from the culture flasks and centrifuged;
2) the supernatant was discarded, and the cell pellet was resuspended in 8 ml 0.075 M
KCl and incubated for 15 minutes at 37°C; 3) two ml fixative (3:1 methanol/glacial
acetic acid) was added to the hypotonic solution; 4) cells were centrifuged, the
supernatant was discarded. and the pellet was broken by agitation; 5) 4 ml of fixative
was added dropwise to the cells while they were agitated to prevent clumping; 6) two
more changes of fixative were performed. Cell suspensions were stored at — 20°C until
use. Fixed cells were dropped onto clean, cold, wet glass slides. The slides used for
FISH were hybridized within 3-7 days. Slides used for determination of mitotic index
were giemsa stained and scored immediately. One thousand cells were scored for each 6
hour interval for each dose and the mitotic index (the percentage of cells in mitosis) was

calculated.

Fluorescence in situ hybridization:

The whole-chromosome-1 probe used in this studv was prepared by
microdissection and DOP-PCR (22-24). FISH was carried out essentially as described by
Pinkel and coworkers (25) and by Lichter and coworkers (26). Approximately 35 ul of
the hybridization mixture containing 50% formamide, 10% dextran sulfate, 1 pg pL™
herring sperm DNA, about 300 ng of probe PCR labeled with biotin and 5 pg of turtle cot

DNA (see following subsection for details on cot preparation) was denatured by boiling
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for 5 to 10 minutes, reannealed for 20 minutes at 37°C, and the probe hybridization
mixture was then placed on the slide (denatured as described below), covered by a 22 x
50 mm coverslip and sealed with rubber cement. Hybridization then proceeded overnight
at 37° C. The target slides onto which the hybridization probe was placed were prepared
by denaturing the chromosomes on slides in a coplin jar containing 70% formamide in 2
x saline sodium citrate (SSC) at pH 7.0 for 2 minutes at 68° C. After this, the slide was
quickly transferred to ice cold 70% ethanol for 1 minute with agitation, followed by
transfer to 90% and then 100% ice cold ethanol and finally by drying with a clean air jet.
After probe hybridization to the denatured chromosomes, the coverslips were removed.
the slides were washed in two changes of 50% formamide in 2 x SSC, pH 7.0, at 45° C
and then were washed twice more in 2 x SSC and 3 times in PN buffer for 3 minutes
each. also at 45° C. For probe detection, PN buffer containing 5% non-fat dry milk was
applied for 5 minutes at room temperature, then the solution was drained from the slide
and a solution of 5 ug ml™" avidin-fluorescein isothiocyanate (FITC) in PN was applied
(approximately 5 ul cm™ of the slide). The slide was incubated 20 minutes at 37° C, then
rinsed in 3 changes of PN buffer at 45° C for 3 minutes each. Further, amplification was
sometimes used. For microscopy. the slides were counterstained with a solution of
antifade containing 4,6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) at a
concentration of 0.5 pg L™ under a coverslip. Slides were then viewed under a
fluorescence microscope with appropriate excitation and emission filters. Photographs
were prepared with a Photometrics camera combined with the Universal Imaging

MetaMorph software package.
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Cot preparation:

The turtle cot DNA was prepared from 7. scripta liver DNA which, after
isolation, was sonicated to approximately 500 bp. A tube containing 1 ug pL™' was then
placed in boiling water for 30 minutes, transferred to a 65° C water bath for 4 minutes,
and NaCl solution was added to achieve a final concentration of 0.3 M. Reannealing was
then allowed to proceed for 6 minutes at 37° C and an equal volume of 2x S1 nuclease
buffer along with 1 unit of S1 nuclease per ug of DNA was added. After digestion of the
single stranded (slow annealing) sequences, the reaction was stopped by freezing, and the

cot DNA was precipitated with ammonium acetate and ethanol.

Aberration scoring:

Using a probe for chromosome-1, [ determined a dose-response for the induction
of interchange aberrations involving 7. scripta chromosome-1 in cultured fibroblasts
following various doses of '*'Cs gamma rays (Table 1). Aberrations were classified as
either apparently simple and complete asymmetrical or symmetrical interchanges, or as
incomplete or complex aberrations (as defined in (27)). I used the PAINT nomenclature

(28) for scoring aberrations.

Results:

There was a distinct peak in mitotic index for the interval ending at 42 hours after
subculture in the control and in treatments irradiated with 4 and 8 Gy (Figure 3.1). The
peaks for the 6 and 10 Gy treatments were seen in the succeeding interval ending at 48

hours post-subculture. [ therefore chose the 36-42 hour post-subculture interval for
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harvest of cells in their first post-irradiation mitosis for the subsequent experiment (i.e.
the determination of the dose-response relationship for radiation-induced interchange
aberrations).

One example of the type of aberration seen at the first mitosis after irradiation of
Go T. scripra cells is shown in Figure 3.2. A metaphase cell containing a normal
chromosome-1 and a chromosome-1 involved in a chromosome exchange was painted
using the labeled chromosome-1 probe, labeled by FISH with biotinylated chromosome-1
probe library and detected with FITC avidin. Counter-staining was with propidium
iodide. This aberration was scored as an apparently simple svymmetrical chromosome-
type interchange. As described below, however, there is often considerable uncertainty
about centromere identification after the relatively harsh chromosome treatments
necessary for the in situ hybridization. resulting in a scoring bias toward symmetrical and
against asymmetrical interchanges. A whole-genome dose-response curve was generated
for apparently simple, complete, symmetrical plus asymmetrical interchanges projected
from the frequency of interchanges involving chromosome-1 (Figure 3.3). For
comparison. data generated in this laboratory for low-passage human fibroblasts (20)
grown and irradiated under nearly identical conditions are also shown in Figure 3.3.
Besides a small correction made for differences in radiation quality between the studies
(X-rays (20) vs. y-rays in the present study), a further correction was applied to estimate a
whole genome equivalent for turtle cells based on measurement of interchanges solely in

chromosome-1 (1). By measuring DAPI and chromomycin fluorescence on identical
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24 30 36 42 48 54 60 66
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Figure 3.1:
Mitotic index at various sampling times after irradiation and subculture of contact
inhibited 7. scripta fibroblasts. Contact inhibited cells were irradiated at room
temperature at the indicated doses, returned to incubators (29°C) for 24 hours to allow
complete damage processing, then subcultured. Cells were then fixed (in 3:1
methanol/glacial acetic acid) at the times indicated. All fixations were preceded by a 6
hour colcemide block to accumulate cells in mitosis.
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Figure 3.2:

Whole chromosome painting by fluorescence in situ hybridization (FISH) using T.
scripta chromosome-1 library obtained by microdissection and DOP-PCR.
Chromosome-1 probe labeling and detection was with biotin-dUTP and FITC. A
chromosome interchange aberration (arrows) involving T. scripta chromosome-1
(vellow) and another T. scripta chromosome in the first metaphase after a '*’Cs gamma-
ray dose of 4 Gy delivered to Go cells is visible, as well as an intact chromosome-1.
Propidium iodide was used as a counterstain.
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Figure 3.3:
Comparison of turtle (7. scripta) and human chromosomal radiosensitivity. Data (Table
1, columns four and six) on total interchange frequencies (apparently simple, complete,
symmetrical and asymmetrical interchanges) involving 7. scripta chromosome-1 (which
comprises about 17% of the entire genome) were used to project the total expected
frequency for the whole turtle genome. To the extent that all 7. scripta chromosomes
have the same radiosensitivity per unit of DNA as chromosome-1, the *’Cs gamma-ray
dose response for the induction of total chromosome-type interchanges in the first mitosis
after irradiation of cultured fibroblasts in Gq is plotted in the lower curve. Error bars
indicate 95% confidence limits on the mean based on Poisson counting statistics. For
comparison, the curve for human fibroblasts irradiated with X-rays, but otherwise under
identical conditions, is shown as the upper curve (see text for details).
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chromosomes and also by chromosome length measurements, [ have estimated that
chromosome-1 comprises about 17% of the turtle genome. A linear-quadratic function
provided a better fit than a linear function at the 90%, but not at the 95% confidence
level. The best linear fit was Y = (11.1 = 0.472)*D; £ = 0.97, n = 5, uncertainties are
standard errors, and Y is the total interchange frequency per 100 cells and D is the dose in
Gy. The best linear-quadratic fit was Y = (10.2-2.38)*D + (0.11-0.280)sD> r* = 0.98, n

= 5. Resulits are presented in Table 1.

Discussion:

It has traditionally been thought that if radiation protection standards for humans
are not exceeded, populations of other organisms and ecosystems will also be adequately
protected, as stated by the International Commission on Radiological Protection:

*“The Commission believes that the standard of environmental control needed to

protect man to the degree currently thought desirable will ensure that other

species are not put at risk. Occasionally, individual members of non-human
species might be harmed. but not to the extent of endangering whole species or
creating imbalance between species.”(29)

However, special considerations may be required for endangered species,
populations with long generation times or geographically isolated populations (30).
Further, there are regulatory requirements for ecological risk assessments and, where
indicated. remediation of some sites contaminated by radionuclides or other genotoxic
agents. Environmental sampling (e.g. soil, sediment, water, biota, etc.) can provide data

from which a current radiation dose rate can be estimated. But this type of data reveals

nothing about the total exposure an organism has received. A direct quantitative
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biological assessment using a relevant genetic index of exposure would be a very useful
tool, especially in long-lived organisms which may show cumulative effects of chronic
exposure. My biomarker of cumulative radiation exposure for 7. scripta is such a tool,
and apparently the first FISH-based biodosimeter applicable for a free-ranging wildlife
species. I chose symmetrical interchange aberrations as a biomarker mainly because they
are thought to be generally stable over time (31,32), in contrast to dicentrics which
decline with an estimated half-time of 1-3 years in humans (33-35). Some recent studies
however, have found that even symmetrical interchanges may not be entirely stable. For
example, in human peripheral blood lymphocytes exposed in vitro to 0 — 4 Gy, a decline
of 26 - 47% in symmetrical interchange frequency was noted between days 2 and 7 post-
irradiation (36). In rat peripheral blood lymphocytes exposed in vitro to 1 - 2 Gy, the
decline was up to 35% between days 2 and 5 post-irradiation (37). And in mouse
peripheral blood lymphocytes exposed to 4 Gy in vivo, the initial decline was
approximately 33% between days 10 and 30 post-irradiation. but no decline was observed
in mice exposed to lower doses (10). Nevertheless, these studies all report a subsequent
plateau in symmetrical interchange frequencies above control levels, a result consistent
with the long-term persistence of at least a subpopulation of cells bearing these
aberrations.

I found a ratio of symmetrical interchanges to asymmetrical interchanges
apparently greater than one at every dose (Table 1), but without the simultaneous use of
centromere-specific probes, [ cannot attribute any significance to this observation.

Classical theory suggests that these aberrations should occur at equal frequency in the

first post-irradiation mitosis, and there is substantial evidence to support this notion (e.g.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(20,34,38-44)). The harsh denaturation treatments involved in the FISH procedure can
obscure centromeres. and when this occurs, some asymmetrical interchanges will be
misclassified as symmetrical (45). Some recent studies have reported an excess of
symmetrical versus asymmetrical interchanges even when a pancentromeric probe was
used (21,46-49), or when centromeres were visible by DAPI staining (50). While I
cannot rule out the possibility that there may be an excess of symmetrical interchanges in
irradiated T. scripra fibroblasts, much of the excess I observed is almost certainly due to
the fact that centromeres were not always identifiable. This is especially problematic for
the T. scripta genome because of the presence of several microchromosomes, the
centromeres of which are difficult to detect even under the best of circumstances.
Definitive identification of interchange aberrations as symmetrical or asymmetrical in
this organism should be possible once a pancentromeric probe becomes available.
Development of such a probe is underway in this laboratory.

Since turtles are an unusual experimental species, an approximate, order-of-
magnitude type comparison between turtie and human cell sensitivity may be of interest.
To this end. [ compared the results obtained in this study for turtle cells with data
previously generated in this laboratory for normal human fibroblasts. The most
appropriate comparison would include normal human fibroblasts with a similar
proportion of the genome painted with a whole-chromosome FISH probe, as was done
with turtle fibroblasts in this study. However studies in the literature involving human
cells almost always employ lymphocytes, which tend to have a different dose-response
than fibroblasts (51). Even though some extrapolation was necessary, [ therefore felt it

was more appropriate to compare the data generated here with the human data set
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previously generated in this laboratory, especially since [ could verify that the
experimental conditions were similar between the two studies.

The comparison between human and turtle fibroblast sensitivity indicates that
turtle celis are more resistant by a factor of about 1.7 with respect to the induction of
chromosomal interchange aberrations (comparison based on the ratio of doses for the
same level of effect). The difference in sensitivity cannot be accounted for by a
difference in total genome size because the DNA content per cell is very nearly the same
for turtle and human diploid G, cells (52,53). The human data were generated by scoring
asymmetrical interchanges in giemsa stained metaphase spreads. Assuming that
symmetrical and asymmetrical interchanges occur in equal frequency, | estimated the
total interchange frequencies in the human fibroblasts by doubling the asymmetrical
interchange frequency. A linear-quadratic function of dose provided a significantly better
fit (54) than a linear function (P > 0.95) for the human data. The best-fit curve was Y =
(13.3=5.45)=D + (0.96:0.46)*02; =097, n=7 Y = the total interchange frequency
(#/100 cells), and D = dose (Gy). The lesser sensitivity of turtle fibroblasts could at least
partially explain the linear dose-response seen over the range of doses from 0-10 Gy.
Indeed. fitting the human data over the same range of biological effect, rather than the
same range of dose, also resulted in a situation where a linear-quadratic function did not
significantly improve the fit over a simple linear function.

The data plotted in Figure 3.3 for turtles are whole-genome interchange
frequencies (symmetrical plus asymmetrical) projected from complete, apparently simple,
chromosome interchange aberration frequencies involving chromosome-1 observed in the

first post-irradiation mitosis (Table 1, columns four and six), but other aberrations which
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obviously involved three or more break points in a complex interchange were also
observed, as were apparently incomplete interchanges (Table 1. columns five and seven).
Including these other aberrations will of course increase the sensitivity of the system for
detecting chromosomal damage. Increased sensitivity could also be achieved by
production of additional chromosome-specific libraries for simultaneous whole-
chromosome painting of two or more chromosomes (1). Ultimately, probes for each
chromosome with multi-color painting (e.g. mFISH (55) or spectral karyotyping (56))
would allow the maximum sensitivity and resolution for assessment of exposure to
genotoxic agents in the environment. The results presented in Figure 3.3 demonstrate the
feasibility of using symmetrical interchange frequency to determine received dose in T.
scripta. The doses (and dose-rates) used were relatively high, but are not unreasonably
so. considering that this species could receive cumulative doses near 100 Gy over a
lifetime of 1-2 decades if exposures occurred at currently proposed dose-rate standards
for populations (10 mGy day™ for maximally exposed aquatic organisms, and 1 mGy day’
' for maximally exposed terrestrial animals (12)). The sensitivity of this system for
detecting effects from low dose, low dose-rate exposures will depend on the total fraction
of the genome painted. the number of uniquely colored probes available, the natural
background of symmetrical translocations. the persistence of symmetrical translocations,
and the number of cells scored.

Direct comparisons of total aberrations in all chromosomes using classical giemsa
staining is hampered for turtle cells because it is difficult to distinguish between
microchromosomes and interstitial or small terminal deletions. Even though a deletion

results in an excess fragment and should be apparent in the chromosome count, there is a
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small variation in modal chromosome number in my fibroblasts cultures involving
especially microchromosomes, so small deletions are not unequivocally identifiable at
present. These can only be resolved unequivocally by the application of centromere- and
telomere-specific probes that are not currently available. Genetic deficiencies arising
from the loss of acentric fragments is a major cause of cell reproductive death following
ionizing radiation exposure (20,57). For risk assessments, however, the focus is on stable
aberrations, which have the potential to reflect cumulative exposures. Thus, for assessing
the impacts of long-term, low-level exposure over many years or decades, the stable
aberrations detected by my molecular whole-chromosome painting probe. such as
symmetrical interchanges or complex interchanges that do not produce acentric fragments
are of principal concern.

These first steps, the construction of FISH probes for T. scripta and the
determination of the dose-response curve for acute irradiation, demonstrate the feasibility
of extending biodosimetry to ecological receptors. There is evidence that the probes I
have developed in T. scripta will have broad applicability beyond this particular species
of wurtle. I have successfully hybridized the chromosome-1 probe to metaphase spreads
from 4 other diverse turtle species (to be reported elsewhere). But my ultimate objective
is to apply biodosimetric techniques to turtles receiving sustained, relatively low-level
exposure from radionuclides in the natural environment. This will require a dose-
response calibration curve for irradiation conditions similar to those turtles are
experiencing in the field. I am currently conducting experiments to examine the dose-
rate effect for interchange aberration induction in this organism, and to determine the

dose-response relationship for chronic, rather than acute, exposures. Furthermore, it
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would be especially useful to sample lymphocytes, rather than fibroblasts, so that
repeated, nonlethal sampling can be conducted. To this end, development of turtle
lvmphocyte culture and stimulation techniques are also currently under development in
this laboratory. Finally, an estimation of background frequencies of symmetrical
interchanges in 7. scripta lymphocytes due to exposure to natural radiation sources and
endogenous mutagens will be necessary. This will be especially important for
distinguishing effects of natural exposures from effects of low dose and low dose-rate
anthropogenic exposures typical of sites contaminated with radionuclides. Experiments
consisting of chronic irradiation of previously unexposed turtles, with lymphocyte
samples collected both before (to provide an estimate of background) and after irradiation
are underway. Additionally, I plan to resample the animals used in these experiments at
various time periods after irradiation to determine the temporal stability of radiation-
induced symmetrical translocations.

Environmental biodosimetry could revolutionize ecological risk assessment by
providing direct. accurate. and precise methods for estimating the dose that organisms
have received in the field. For obvious ethical reasons, direct investigations of the effects
of chronic, low-level environmental exposures in humans is impossible. Therefore, in
addition to being ecologically relevant., biodosimetric investigations could provide

valuable insights into the effects of these types of exposures on humans.
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Abstract:

Culture techniques for turtle and other reptilian lymphocytes are not well
established. Optimization of lymphocyte culture techniques is essential for facilitating
cytogenetic and immunologic research for these animals. I have examined a variety of
conditions and parameters relevant to turtle lymphocyte culture including: different
mitogenic agents, alone and in combination; lymphocyte separation protocols; culture
volume; time required to stimulate lymphocytes to mitosis; importance of humidity and
gas exchange in culture incubation; suitability of different culture media; effects of
varying serum concentrations; ability of interleukin-2 (IL-2) to stimulate lymphocyte
growth and prevent apoptosis; and feasibility of inducing premature chromosome
condensation. The best conditions and parameters of those I studied for obtaining mitotic
cells were (1) the combined use of phytohemagglutinin-M form (2%) and
lipopolysaccharides (0.55 pug ml™), (2) the use of 5% autologous turtle serum (as opposed
to fetal bovine serum), and (3) collection of mitotic cells around 96 hours after mitogenic
stimulation. Human, recombinant [L-2 did not increase the fraction of lymphocytes in
mitosis over the range of concentrations tested and calyculin A was not effective at
inducing premature chromosome condensation in turtle lymphocytes over the range of

concentrations tested.

Introduction:

The expanding field of comparative cytogenetics requires adequate techniques for
lymphocyte culture to prepare chromosome spreads, at least for vertebrates. Further,

turtles have been utilized as sentinel species in chemical and radionuclide uptake studies
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(1,2). While it is often useful to know contaminant levels in the tissues of organisms, a
more complete picture is gained by an examination of biologically relevant effects, such
as chromosome damage, caused by contaminant exposures (3). There have been several
cytogenetic studies involving turtles to establish karyotypes including the early studies of
standard, non-banded karyotypes (4-12) as well as other studies of banded karyotypes
(13-18). Most of these early studies obtained mitotic cells from cultured spleen, heart, or
kidney tissue. Collection of these tissues is obviously not conducive to repeated
sampling. Furthermore, routine sampling from such tissues would be totally unsuitable,
especially for species which are either threatened or endangered (such as most Chelonioid
species) since sacrifice of the animals is required.

[ am involved in research to examine the induction of chromosome aberrations in
turtles by chronic, low-level exposure to radioactivity. The research requires that
samples be repeatedly collected from exposed animals, therefore nonlethal sampling
techniques are necessary. Furthermore, it is necessary to stimulate cells into the cell
cycle, and to harvest them in mitosis for assessment of aberration induction. Finally, in
contrast to Karyotyping where only a few mitotic cells are necessary, large numbers of
mitotic cells are required, since induced frequencies of aberrations per cell are relatively
low. Sampling lymphocytes is an obvious way to satisfy these requirements, which is my
motivation for optimizing turtle [ymphocyte culture techniques.

The results of these experiments would also be of interest to researchers in
comparative and veterinary immunology. Lymphocytes mediate immune response, and
they are therefore used in immunologic assays. The inclusion of turtles in immunologic

studies could provide a valuable perspective on the response of these animals to
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xenobiotic exposures, as impairment of the immune system is frequently a component of
the stress response elicited by such exposures (19).

Blood culture techniques for humans and other mammals are well established, but
these techniques may not be optimal for reptilian lymphocytes. One major difference
between reptiles and mammals is that reptiles have nucleated erythrocytes. Other
physiological differences could also lead to variations in optimum blood culture
conditions between reptiles and mammals. Some studies in this regard have been
conducted using Florida alligators (Alligator mississippiensis), and it does appear that
like mammals, reptiles, or at least alligators, have T- and B-lymphocytes (20) which are
responsive to mitogenic stimulation (21).

Peripheral blood lymphocytes are normally in the Go, or resting phase of the cell
cycle. Therefore, performance of some immunologic and all cytogenetic assays requires
culture techniques which provide not only for the viability of lymphocytes, but for
stimulation into the cell cycle. This is usually accomplished using mitogens, but even
among mammals, the effectiveness of different mitogens varies across species. The
effectiveness of the various mitogens in stimulating turtle lymphocytes remains largely
untested.

In the interest of facilitating the inclusion of reptiles in general, and turtles in
particular, in immunologic and cytogenetic studies, work was undertaken to determine
suitable conditions for the culture and stimulation of turtle lymphocytes. I examined
several important variables including: protocols for separating lymphocytes from whole

blood; the effectiveness of the most common mitogens; the efficacy of different culture
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media; the lymphocyte cycle time (time to reach first post-stimulation mitosis); and the

feasibility of utilizing premature chromosome condensation to address cytogenetic issues.

Materials and methods:
General methods:

All animals included in this study were adult vellow-bellied slider turtles
(Trachemys scripta). They were captured with hoop traps from a farm pond near the
Savannah River Site in Aiken, South Carolina between July 17 and July 22, 1998. No
radioactive or chemical contamination is known to exist in this pond. The animals were
then transported to Colorado State University where they were maintained in a
temperature-controlled greenhouse with natural lighting. Animal care procedures
followed in this study are in accordance with Colorado State University Animal Care and
Use Committee guidelines.

Blood samples were collected from the dorsal coccygeal vein in the turtles’ tails.
The methods followed were essentially as described by Haskell and Pokras (22), with a
few variations. [ fabricated a device to immobilize the turtle’s tail with an elastic cord in
a straight, and fully extended position. Use of this device allowed me to have both hands
free, and it prevented movement of the tail during blood collection. To ensure sterility of
the sample, the tail was washed with betadine, followed by a wash with ethanol. This
wash procedure was repeated twice more, and the last application of betadine was
allowed to contact the turtle’s skin for five minutes before application of the last ethanol
wash. The bacterial contamination that I found to be very frequent in cultures before I

instituted this wash protocol was greatly reduced with this procedure. I also noted that it

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was much easier to collect blood samples during the warmest part of the day
(approximately 11:00 AM —1:00 PM) as opposed to the early morning. This was most
likely due to more rapid circulation when temperatures were warmer. One to three ml of
blood was collected using a five ml syringe containing a few drops of sodium heparin and
equipped with a 25 gauge, 5/8 inch needle. Additional sodium heparin was added to the
cultures (approximately 10 units ml" whole blood) to prevent clotting, as the few drops
in the syringe prevented immediate clotting, but did not always prevent clotting over the
several days the samples were cultured. Samples were always processed immediately
following collection.

[ set up all cultures in 15 ml conical centrifuge tubes tilted at a 45° angle to
facilitate gas exchange. Previous work with human lymphocytes concluded that cells
entered the cell cycle much more readily if they were concentrated in a relatively small
volume of culture medium, as occurs when cells settle to the bottom of centrifuge tubes,
rather than diluted in flasks or petri dishes with high surface areas (23). Furthermore. [
observed that turtle lymphocytes attach to and stretch out on the surfaces of polystyrene
culture vessels which have a ussue culture coating. This contrasts with mammalian
lymphocytes, which do not attach. A fraction of turtle lymphocytes even attached to
uncoated polystyrene dishes. Therefore I used centrifuge tubes, which had smaller
surface areas per unit volume.

Culture conditions included incubation at 29°C, the preferred body temperature of
T. scripra (24) in a 5% CO-: environment. Cellgro complete, serum free (CSF) culture
medium (Mediatech, Herndon, Virginia) was added to the blood sample in a ratio of 5:1

(medium volume:blood volume), unless otherwise noted. Gentamycin (Gibco BRL,
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Grand Island, Llinois, final concentration 25 pug mi™') and fungizone (Gibco BRL, final
concentration 0.5 pg ml™') were added to the cultures to impede the growth of bacterial or
fungal contamination. Other culture conditions were varied in the following experiments,
as described.

At the end of the incubation period, colcemide (Gibco BRL, final concentration of
0.15 ug ml™") was applied to block cells in mitosis prior to fixation. The duration of this
colcemide block was six hours for the small culture volume experiments, and 12 hours
for all other experiments.

The fixation procedure consisted of the foilowing standardized protocol: 1) cell
cultures were centrifuged; 2) the supernatant was discarded, and the cell pellet was
resuspended in 800 pl 0.075 M KCl and incubated for 15 minutes at 37°C; 3) 200 ul
fixative (3:1 methanol/glacial acetic acid) was added to the hypotonic solution and
mixed; 4) cells were centrifuged, the supernatant was discarded, and cells in the pellet
were dispersed by agitation; 5) one ml of fixative was added dropwise to the cells while
they were agitated to prevent clumping; 6) cells were then centrifuged and carried
through two additional fixation steps. Fixed cells were dropped onto clean, cold, wet
glass slides.

The number of post-stimulation mitoses undergone by cells was determined by
the use of differential chromatid staining, essentially as described by Benn and Perle (25).
Briefly, bromodeoxyuridine (BrdU) was added to the cultures at a concentration of 107
M at the start of the incubation period. Following fixation and slide preparation, cells
were stained with Hoechst 33258 (0.5 pug ml'l) for 10 minutes at room temperature. The

slides were rinsed briefly in phosphate buffered saline (PBS) then in distilled water, and
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mounted in Macllvaine’s buffer (pH 7.5). They were then placed on wet paper towels
and exposed to a black light (40 W m’z) for 30 minutes. Finally, the slides were rinsed in
distilled water, incubated in 2x SSC at 65°C for 15 minutes and stained for approximately
seven minutes in 10% giemsa. With this procedure, cells which had completed one round
of DNA synthesis in the presence of BrdU and entered the first post-stimulation mitosis
showed two identically stained chromatids for each chromosome. Cells which completed

two rounds of DNA synthesis showed “harlequin™ stained chromosomes i.e., one

chromatid was stained much more lightly (26).

Time period from stimulation to the first mitosis:

Experiments referred to below as Experiments MP1 and MP2 were designed to
determine the time required from stimulation into the cell cycle until the first wave of
mitotic cells in the population, i.e., the time of the first peak in mitotic index (mitotic
peak, or MP).

In experiment MPI, a 2.5 ml blood sample was collected and aliquotted into
cultures consisting of 0.5 ml whole blood plus 2.5 ml CSF medium. Cultures were
stimulated with phytohemagglutinin-M form (PHA) (Gibco BRL, final concentration of
2%) and lipopolysaccharides (LPS) (Sigma, St. Louis, Missouri, final concentration of 55
ug mi™"). The first colcemide block began at 48 hours after the addition of mitogens to
the cell cultures, and lymphocyte separation and fixation was performed 12 hours later,
followed by slide preparation and giemsa staining. Cell collection was continued over
four 12 hour periods spanning 48-96 hours post-stimulation. One thousand cells were

scored to determine the mitotic index from each treatment.
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In experiment MP2, [ repeated this experiment with the first collection period
beginning at 72 hours post-stimulation, and the last period ending at 132 hours. Blood
from the same turtle was used for both experiments. Following fixation and giemsa
staining, cells were scored until either 2500 cells had been counted, or 25 mitotic cells
had been observed and the mitotic index was determined (MI = number of mitotic cells /

number of mitotic plus interphase cells).

Comparison of separated lymphocytes (SL) vs. whole blood cultures:

Lymphoprep ficoll (Nycomed Pharma, Oslo, Norway) with a density of 1.077 =
0.001 g ml"' was used for all lymphocyte separations. A volume of ficoll equal to the
blood volume to be separated was added to a centrifuge tube, and the blood was carefully
layered on top of the ficoll. The sample plus ficoll was then centrifuged at 200 g for 20
minutes at room temperature. Following centrifugation, the blood had separated into a
layer of erythrocytes at the bottom of the tube with the ficoll layered on top of the
erythrocvtes. A thin buffy layer of putative lymphocytes collected at the interface
between the ficoll and the overlying plasma. Cells in the buffy layer were collected,
fixed, dropped onto microscope slides, and stained with Wright's stain. Lymphocyte
identity was then verified by cell morphology.

In the experiment subsequently referred to as SL, a 2.5 ml blood sample was
collected from one turtle, and 0.5 ml of whole blood was cultured with approximately 2.5
ml! of CSF medium. Lymphocytes from another 0.5 ml of whole blood were separated
and following centrifugation, the lymphocytes in the buffy layer, as well as the plasma

fraction (the majority of which consists of serum) were collected. The combined volume
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of this material was approximately 0.2-0.3 ml, and this was cultured with approximately
2.7 ml of CSF medium, as was used with the whole blood. The plasma fraction made up
slightly more than half the volume of whole blood, and cultures were established so that
the plasma made up approximately 10% of the total culture volume. So, for example, if
0.5 ml of whole blood, containing approximately 0.2-0.3 ml of plasma, was used in a
treatment, the culture volume was adjusted to 3.0 ml by the addition of culture medium.
Therefore, both cultures., one containing whole blood and the other containing isolated
lymphocytes plus plasma, contained approximately the same concentration of turtle
plasma.

The two cultures were stimulated with PHA (2%) and LPS (0.55 ug ml") and
incubated for 72 hours, at which time colcemide was added. Lymphocytes were isolated
from the whole blood culture using two ficoll separations twelve hours later and both
cultures were fixed. Slides were prepared and stained with 10% giemsa for seven

minutes. One thousand cells were then scored and the mitotic index was determined.

Comparison of cultures with large or small volumes:

In the experiment subsequently referred to as SV1 (small volume), three small-
volume cultures (1.0, 0.5, and 0.25 ml) were established with separated lymphocytes.
Turtle plasma concentrations in all cultures were kept constant at 10%, and PHA (2%)
and LPS (0.55 ug ml™') were used to stimulate the cultures. Culture incubation and
fixation was identical to that followed in experiment SL. One thousand cells were scored

from each treatment.
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Three I ml whole-blood cultures were used in experiment SV2, and subjected to
three different incubation environments: 1) a culture was maintained in a sealed
centrifuge tube in a dry incubator; 2) a culture was maintained in the same dry incubator
environment, but the centrifuge cap was loosened to allow gas exchange (and
evaporation); 3) a culture was maintained in a humid environment with a loosened cap.
The humid environment was created by incubating the culture inside a plastic container
with a few centimeters of water in the bottom. After allowing the air in the container to
equilibrate with the 5% CO» atmosphere in the incubator, the container was sealed to
raise the humidity. Cells were harvested over a 6 hour collection period, from 93-99
hours post stimulation. At the end of the incubation period, the cultures were centrifuged
at 200 g for 5 minutes, and the cell pellet was resuspended in a small volume
(approximately 0.5 ml) of culture media. This suspension was then layered on top of
approximately 0.5 ml of ficoll in a I ml glass centrifuge tube, and centrifuged at 200 g for
20 minutes at room temperature. Cells from the buffy layer were then collected. fixed,
and stained with a solution of antifade containing 4,6-diamidino-2-phenylindole (DAPI).

Cells were then scored for mitotics until 25 mitotics had been observed.

Comparison of different mitogenic agents:

In this experiment, subsequently referred to as experiment M (mitogens), PHA,
LPS. pokeweed mitogen, and concanavalin A were used in a titration series to stimulate
lymphocytes in 1 ml whole blood cultures. Combinations or mixtures were also tested.
A 1.8 ml blood sample was collected from a single turtle, and this sample was aliquotted

(0.2 ml each) into nine 1 ml cultures which were shared between experiments M and
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MED. All cultures were established so that turtle plasma concentration was 10%. Cells
in this experiment, were cultured in CSF medium. All combinations of 0.5, 1.0, and 2.0
times the manufacturer-recommended concentration of PHA (2%) and the optimal LPS
concentration for stimulation of alligator lymphocytes (55 pug mil') (21) were tested
(there was no manufacturer recommendation for LPS concentration). The manufacturer-
recommended-concentration of pokeweed mitogen (1%) plus LPS, and the recommended
concentration of concanavalin A (9 ug ml™') plus LPS was also tested. Cultures were
maintained in a humid environment for 90 hours, at which time colcemide was added.
The collection period for all cultures was 12 hours, followed by lymphocyte separation in
I ml glass centrifuge tubes, fixation, slide preparation, DAPI staining and cell scoring.

Cells were scored until 25 mitotic cells or 2500 total cells were counted.

Experiment MED — cell culture media:

Aliquots of blood from the same sample used in experiment M (above) were used
for experiment MED. Two cultures containing «MEM (minimum essential medium)
cell culture medium and stimulated with PHA (2%) and LPS (55 ug ml') were used in
this experiment. One culture contained 10% fetal bovine serum (FBS) and the other
contained 20% FBS. With the exception of the culture media, conditions were identical
between experiments M and MED and these two experiments were run concurrently, so
that the mitotic index values from the treatments in this experiment could be directly

compared with that from the culture using the same mitogen concentrations in experiment

M.
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Comparison of turtle vs. fetal bovine sera:

For comparison of lymphocyte cultures with autologous turtle serum vs. FBS,
subsequently referred to as experiment TS (turtle serum), a 2.0 ml blood sample was
collected from a single turtle, and aliquotted into twelve 1 ml cultures (with CSF
medium) which were shared between experiment TS, and the experiments described
below as IL-2, and C, which compare the effects of added interleukin-2 and calyculin A.
All these experiments were run concurrently. All cultures were stimulated with PHA
(2%) and LPS (55 pg mi™) and were incubated in a humid environment for 90 hours,
followed by a 12 hour collection period with colcemide, lymphocyte separation, cell
fixation, slide preparation and cell scoring. Cells were scored until 25 mitotic cells or
2500 total cells had been counted.

Three cultures were used in experiment TS for specific comparison of autologous
turtle serum with FBS. Whole blood volumes were varied across treatments to give
different concentrations of turtle plasma. A 5% turtle plasma culture was established by
the addition of 83 pl whole blood to 917 ul CSF medium. A 10% plasma culture
contained 167 pl whole blood and 833 pul medium, and a 20% plasma culture contained
334 ul blood and 667 pl medium.

I also tested the possible efficacy of adding interleukin-2 (IL-2) to the cultures.
All cultures and conditions used in this experiment were identical to the 10% turtle
plasma culture (experiment TS), but with the addition of human, recombinant [L-2
(Sigma, St. Louis, Missouri). Three cultures were used in this experiment containing
0.175, 0.35, or 0.70 ng ml! of IL-2 (1 ng = 2.4 U). These concentrations represent 0.5,

1.0, and 2.0 times the manufacturer-specified ECs, defined as the effective concentration
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of growth factor that elicits a 50% increase in cell growth in a cell-based bioassay. Slides
were stained with DAPI, and 2500 cells from each treatment were scored.

Finally, to test the possible use of calyculin A to induce premature chromosome
condensation in cycling cells, I set up another series of cultures along with the turtle
serum and [L-2 series, but to this series I added calyculin A (Sigma, stock concentration
=10 ug mi™ in ethanol). Three cultures were used in this experiment. Calyculin A was
added to these cultures (50, 100, or 200 nM) | hour prior to cell fixation. Cultures were
then kept in a 37°C waterbath until fixation. Lymphocyte separation, cell fixation, slide
preparation and staining were as described for experiment TS. Slides were stained with

DAPI. and 2500 cells from each treatment were scored.

Results and discussion:

The results of all the experiments for all the conditions tested are summarized in
Table 4.1. The calculated uncertainties for MI values are one standard deviation due to
counting statistics for a Poisson distribution. The experiments which were run
concurrently and which used aliquots from a common blood sample are boxed together in
Table 4.1. Results from identical treatments between separate experiments were
sometimes quite variable, even when blood samples from the same animal were used (for
example, treatment M-2 from experiment M and the 10% turtle serum treatment from
experiment TS). Therefore, the results of culture conditions or parameters were

compared only within a given experiment.
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Table 4.1; Comparison of T. scripra lymphocyte mitotic indices for varying culture conditions.

Treatment/

M1 \Y Mitogen” Collection  Medium®
Condition" N 1 M (%) (ml) (concentration) (hours)
Experiment MP 1 — mitotic peak
MP1-1 1000 1000 0 0.00£0.00 3 PHA (2%), LPS (0.55 pg m1™) 48-60 CSF
MPI1-2 1000 995 5§  0.50£0.22 3 PHA (2%), LPS (0.55 pg ml™) 60-72 CSF
MP1}-3 1000 996 4 0.40:0.20 3 PHA (2%), LPS (0.55 pug mi™) 72-84 CSF
MPI-4 1000 980 20 2.0:045 3 PHA (2%), LPS (0.55 pg ml'") 84-96 CSF
Experiment SL - separated lymphocytes
Sep. lymphocytes 1000 994 6  0.60:0.24 3 PHA (2%), LPS (0.55 pg ml™) 72-84 CSF
Experiment MP2 — mitotic peak
MP2-1 2500 2487 13 0.52:0.14 3 PHA (2%), LPS (0.55 ug ml™') 72-84 CSF
MP2-2 1862 1837 25  1.3:0.27 3 PHA (2%), LPS (0.55 pg ml™') 84-96 CSF
MP2-3 1668 1642 2 1.6:0.31 3 PHA (2%), LPS (0.55 pg mi™) 96-108 CSF
MP2-4 2500 2493 7 0.28:0.11 3 PHA (2%), LPS (0.55 pg ml™) 108-120 CSF
MP2-5 2500 2495 5 0.20:0.09 3 PHA (2%), LPS (0.55 pg ml'") 120-132 CSF
Experiment SV2 — small volume cultures
SV2-1 5362 5337 25  0.47:0.09 1 PHA (2%), LLPS (0.55 pg ml") 93-99 CSF
Sv2-2 7413 7388 25  0.33:0.07 I PHA (2%), LPS (0.55 pg ml™") 93-99 CSF
Sv2-3 8907 8882 25 0.28:0.06 I PHA (2%), LPS (0.55 pg ml™") 93-99 CSF
Experiment M — mitogens

M-1 2500 2494 6 0.24:0.10 ! PHA (0.5%), LPS (0.55 pg mi™") 90-102 CSF
M-2 2500 2478 22 0.88:0.19 | PHA (2%), LPS (0.55 ug ml') 90-102 CSF
M3 2500 2486 14 0.56:0.15 1 PHA (4%), LPS (0.55 pg ml™) 90-102 CSF
M-4 2500 2497 3 0.12:0.07 | PHA (2%), LPS (0.275 pg ml™") 90-102 CSF
M-5 2500 2490 10 0.40+0.13 I PHA (2%), LPS (1.1 pg mi') 90-102 CSF
M-6 2500 2500 O 0.00:£0.00 I PWM (1%), LPS (0.55 pg ml™) 90-102 CSF
M-7 2500 2484 16 0.64:0.16 1  ConA (9 pgmi’), LPS (0.55 pg ml™*) 90-102 CSF
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Experiment MED — culture media

MD-1 2500 2492 8 0.32:0.11 1 PHA (2%), LPS (0.55 pg ml™) 90-102 aMEM
MD-2 2500 2485 15 0.60:0.15 I PHA (2%), LLPS (0.55 pﬂnl") 90-102 ocMEM
Experiment TS — turtle serum
5% turtle serum 2500 2485 1S 0.60:0.15 | PHA (2%), LPS (0.55 pg mi'") 90-102 CSF
10% turtle serum 2500 2492 8 0.32:0.11 l PHA (2%), LPS (0.55 pg mi™ 90-102 CSF
20% turtle serum 2500 2491 9 0.36:0.12 1 PHA (2%), LPS (0.55 pg mI'") 90-102 CSF
Experiment 1.2 - interleukin 2
IL2(0.175ngml") 2500 2495 5 0.20:0.09 I PHA (2%), LPS (0.55 pg ml™") 90-102 CSF
IL2 (035 ng ml™) 2500 2492 8 0.32:0.11 1 PHA (2%), LPS (0.55 pg ml'") 90-102 CSF
IL2(0.70ngml) 2500 2497 3 0.12:0.07 | PHA (2%), LPS (0.55 pg ml™") 90-102 CSF
Experiment C - calyculin A
Calyculin A (50 nM) 2500 2500 0  0.00:0.00 1 PHA (2%), LPS (0.55 pg ml") 90-102 CSF
Calyculin A (100nM) 2500 2499 |  0.04:0.04 I PHA (2%), LPS (0.55 pg ml™) 90-102 CSF
Calyculin A 2000M) 2500 2500 O  0.00:0.00 1 PHA (2%), LPS (0.55 ug mI™") 90-102 CSF

N=total number of cells scored; I=number of interphase cells scored; M=number of mitotic cells scored; MI=mitotic index; V=culture
volume,

Boxed sections indicate experiments conducted concurrently with aliquots from a common blood sample.

a SV-1=sealed culture, no gas exchange; SV-2=dry environment, gas exchange; SV-3=humid environment, gas exchange
Differences between treatments in experiments MP1, MP2, M and MD are listed in table; IL.2=interleukin-2
PHA=phytohemagglutinin; LPS=lipopolysaccharides; PWM=pokeweed mitogen; ConA=concanavalin A

c: CSF=complete, serum free medium; MEM=minimum esseatial medium
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Time for the first post-stimulation mitosis:

The results of experiments MP1 and MP2 to determine the optimal period over
which to apply colcemide to obtain the maximum number of first division mitotic cells
are summarized in Figure 4.1. The first collection interval began at 48 hours after the
addition of mitogens to the cultures. This time period was selected as a first estimate
because the first peak in the mitotic index occurs at 48 hours in humans. No mitotic cells
were observed (MI = 0) in the first collection period, 48-60 hours. A few mitotic cells
began to appear in the 60-72 hour collection period (MI = 0.50=0.22%), held relatively
constant (MI = 0.40=0.20%) through the 72-84 hour collection period, and increased
dramatically in the 84-96 hour collection period to a high of 2.0:0.45%.

Since I did not see a peak in MI in the first series of intervals spanning 48-96
hours post-stimulation, but a rather constant increase, I could not conclude that I had
determined the peak period of first division cells. In the second experiment, using blood
from the same turtle, two collection periods, 72-84 hours and 84-96 hours. were included
as in the first experiment but collection periods of 96-108 hours, 108-120 hours, and 120-
132 hours were also studied. The differences in MI values between the two experiments
for the 72-84 hours and 84-96 hours collection times were within the range of counting
uncertainty. The MI values for the 72-84 hour period was 0.50=0.10 %. This was
followed by a broad peak including the 84-96 hours collection period (MI = 1.3:0.27 %),
and the 96-108 hour collection period (MI = 1.5=0.30 %). This peak was followed by a
rapid decline (MI = 0.16=0.08 %) at 120-132 hours. The MI for the two peak periods

was nearly identical, therefore I concluded that the peak was centered at 96 hours,
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between the two collection periods and subsequent experiments utilized a twelve hour
collection period from 90-102 hours.

I was also interested in determining whether I was observing cells in their first
post-stimulation mitosis or whether they were in their second (or later) generation. I
made this determination by culturing the cells in the presence of bromodeoxyuridine
(BrdU). In cells that have gone through one mitosis in the presence of BrdU, the
chromosomes have two unifilarly labeled chromatids (one DNA strand BrdU substituted,
the other not, in each chromatid), which appear darkly stained with the differential
chromatid staining technique used (26). After the second mitosis in the continuous
presence of BrdU, one chromatid will be unifilarly labeled, and will appear dark, while
the other chromatid will be bifilarly labeled and will appear light. If BrdU is added to the
cultures at the time of stimulation, it can be determined whether mitotic cells are in their
first or second post-stimulation mitosis. In experiment MP1 all mitotic cells were in their
first mitosis. All mitotic cells collected prior to 96 hours in experiment MP2 were first-
division cells, and a very small number of second-division cells (4% of all mitotic cells
scored) began to appear in the 96-108 hour collection period (data not shown).
Therefore, it can be concluded that greater than 96% of the mitotic cells appearing in the

peak between 84 and 108 hours were in the first post-stimulation mitosis.

Separated lymphocytes vs. whole blood cultures:
The next technical issue I addressed was the effective isolation of turtle
lymphocytes. It is difficult to do cytogenetic studies for species with nucleated

erythrocytes which are not lysed and eliminated during fixation, as is the case for
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Figure 4.1:

Turtle lymphocyte mitotic index vs. time after stimulation. The data points in the graph
indicate the midpoint of the collection period, for instance the point at 66 hours indicates
the mitotic index of the cells collected during the ‘60-72 hour collection period. Error
bars indicate one standard deviation due to counting statistics for a Poisson distribution.
Data from two separate experiments (denoted by ® and A) were included, however
blood samples from the same animal were used for both experiments and all culture
conditions except length of incubation period were identical.
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anucleate erythrocytes of mammals. Commercial ficoll centrifugation medium is
available for the separation of lymphocytes from mammalian whole blood. However, it
was unknown whether the ficoll density which is optimal for use with mammalian blood
would also be optimal for reptilian blood.

To verify that the buffy layer did indeed contain lymphocytes, I isolated cells
from this layer and identified them by cell morphology. These results confirmed that
commercial ficoll used for mammalian lymphocyte isolation was suitable for isolation of
turtle lymphocytes as well.

[ included the plasma fraction in separated lymphocyte cultures because previous
studies have indicated that alligator lymphocytes were capable of stimulation into the cell
cycle only when they were fed with alligator serum, rather than fetal bovine serum
(which is typically used with mammalian cell culture) (21). Furthermore, these studies
found that a serum concentration of approximately 10% of the culture volume was
superior to lower concentrations.

After determining the adequacy of the separation protocol for isolation of turtle
lvmpyocytes, the next experiments [ performed were designed to determine whether
lymphocyte isolation should be performed prior to, or following mitogenic stimulation
and culture incubation. The advantage of isolating lymphocytes prior to the incubation
period is that very little hemolysis of erythrocytes has occurred. I noted that if whole
blood was cultured and lymphocyte isolation was performed at the end of the incubation
period, a fraction of the erythrocytes sometimes hemolyzed, making separation of these

cells from lymphocytes difficult. In some cases, the ficoll separation procedure had to be
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performed twice, and even then, some erythrocytes remained. Since erythrocytes are
largely unresponsive to mitogenic stimulation, and they are difficult to distinguish from
interphase lymphocytes using conventional giemsa or DAPI staining, the presence of a
variable number of erythrocytes could confound measurements of the mitotic index. This
difficulty could be avoided if lymphocytes were isolated immediately after sample
collection, and prior to incubation.

Another advantage of separation prior to incubation is that the various samples for
experiments could be divided into many experimental treatments. In order to perform the
lymphocyte separation, enough lymphocytes to form a visible buffy layer must be
present. I found that the minimum volume of whole blood necessary to yield a visible
buffy layer was approximately 0.5 ml if a 15 ml centrifuge tube is used in the separation
protocol. Therefore, if separation was performed after incubation. each experimental
treatment required 0.5 ml of whole blood. The maximum volume of blood I was able to
collect from a given turtle was approximately 2.5 ml, and a sample volume of 1.0 ml was
more common. This severely limited the number of aliquots available from a sample. If,
on the other hand, the separation was performed prior to incubation, the separated
lymphocytes could be aliquotted into numerous small-volume treatments. I addressed
this issue by centrifuging all blood cells out of whole blood cultures at the end of
incubation, resuspending the cell pellet in a small volume of culture medium, and
performing the separation procedure in small diameter, | ml glass centrifuge tubes,
instead of the larger diameter 15 ml tubes. This had the effect of making the buffy coat

thicker, and therefore easier to visualize.
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I designed an experiment to compare mitotic indices of lymphocytes isolated from
the same sample either before or after incubation. This experiment was performed in
conjunction with the first experiment to locate the peak in first post-stimulation mitosis
(experiment MP1), the results of which are described below. This experiment consisted
of comparing the MI values from two 3 ml cultures from the same blood sample treated
identically, except that in one sample, the lymphocytes were isolated prior to incubation,
and in the other sample separation was performed following incubation. The MI values
for these two samples were similar (Table 4.1), indicating that for these culture
conditions, separating lymphocytes either before or following incubation has no impact
on MI value. The MI for the separated lymphocyte culture (0.60=0.24%) was similar to

that for the corresponding whole blood culture in experiment MP1 (treatment MP1-3, MI

= 0.40=0.20%).

Culture volume conditions:

The next logical step was to test various concentrations of different mitogens, but
these experiments required several treatments from the same blood sample (to minimize
interindividual variation). Therefore, I designed an experiment to determine optimal
conditions for small volume cultures which would require smaller aliquots of whole
blood. I first attempted to establish separated lymphocyte cultures in 1.0, 0.5, and 0.25
ml volumes. None of these cultures were successful (MI=0), despite repeated attempts. [
hypothesize that this was due to the influence of evaporation on the osmolarity, pH,
and/or oxygen tension of the cultures. Previous work with human lymphocytes has

revealed that isolated lymphocytes are much more sensitive to changes in these
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parameters than are lymphocytes in whole blood cultures, where erythrocytes provide a
buffering effect (23). Due to the cylindrical shape of the centrifuge tubes, the fluid
surface areas of the cultures were approximately the same regardless of volume therefore
[ would expect the absolute rate of water loss by evaporation to be similar. The result
would then be a larger relative change in osmolarity and nutrient concentrations with
time in small vs. larger culture volumes.

To test this hypothesis, I set up cultures in three different environments. The first
culture was established in a humid environment, with the centrifuge tube cap loosened to
allow gas exchange. Presumally, this culture would experience minimal changes due to
either cell respiration or evaporation. The second culture was established in a dry
environment with gas exchange. This culture would be expected to suffer effects of
evaporation. The last culture was established in a dry environment with the cap tightened
to prevent gas exchange. This culture would experience changes due to cell respiration,
such as pH variances, but not effects due to evaporation. The whole-blood culture
maintained in a humid environment with gas exchange had the highest MI value,
0.47=0.09 %, followed by the culture in the dry environment with gas exchange
0.33-0.07 %, and the culture in the dry environment with no gas exchange 0.28-0.06 %
(Table 4.1). Apparently, changes in pH, osmolarity, oxygen tension, or some other
physical or chemical parameters can be caused by either evaporation or cell respiration,
as the culture in the humid environment with free gas exchange had the highest MI value.
This supports my evaporation hypothesis. However, cell respiration may be marginally
more important than evaporation, as the culture in which gas exchange was prevented had

a somewhat lower MI value than the culture in the dry environment with free gas
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exchange. While the performance of small volume (1 ml) cultures can be improved by
using whole blood cultures in a humid environment, 3 ml cultures consistently had three-

or four-fold higher MI values, all other factors being equal.

Comparison of different mitogens:

The next experiment tested the mitogenic activity of different concentrations of
PHA and LPS. PHA stimulates nearly all T-lymphocytes (which form the majority of the
lymphocyte population), while LPS stimulates B-lymphocytes, as well as many other
types of cells (27). These mitogens were selected for a titration series because they were
found to be optimal in the stimulation of alligator lymphocytes (21). This was the most
closely related species to turtles for which I had information on mitogenic response of
lvmphocytes.

I also tested the performance of manufacturer-recommended concentrations of
two other common T-lymphocyte mitogens, pokeweed mitogen and concanavalin A (con
A). in combination with LPS, though a full titration series was not performed. Turtle
lymphocytes were found to be completely unresponsive to pokeweed mitogen. The
recommended concentration of con A performed almost as well as the optimal
concentration of PHA. The difference in the mitotic indices of cultures containing these
two mitogens was within counting error. This response profile is similar to that reported
for alligators: PHA gave the best mitogenic response, followed by con A, while

pokeweed mitogen gave the poorest response (21).
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With the LPS concentration held constant at 55 pug ml™', the highest MI value
(0.88+0.19%) was obtained with the manufacturer-recommended concentration of PHA
(2%). At 0.5% PHA, MI1=0.24-0.10% and at 4% PHA, MI=0.56-0.15% (Table 4.1).

The concentration of LPS found to be optimal in stimulation of alligator
lymphocytes also gave the highest MI value in turtle lymphocytes. When the PHA
concentration was held to 2% and the LPS concentration was varied, the MI values for
turtle lymphocytes for LPS concentrations of 0.275, 0.55 (optimal for alligator), and 1.1
pg ml"' were 0.1220.07%, 0.56+0.15%, and 0.40+0.13%, respectively (Table 4.1).

There were no mitotic cells observed in the pokeweed mitogen-stimulated culture,

while the MI for the con A culture was 0.64-0.16%.

Comparison of culture media and sera:

I next examined the ability of two different cell culture media to support
lvmphocyte proliferation, and the influence of the concentration of FBS was also
investigated. The two media tested were CSF medium, and «MEM, which is commonly
used in mammalian cell culture. When aMEM is used, FBS must be added to support
cell proliferation. It was critical that this serum be heat inactivated (heated to 56°C for 30
minutes) when used with turtle lymphocytes. I made numerous attempts to culture turtle
lymphocytes in serum which had not been inactivated, and none of these attempts were
successful, most likely due to the presence of an inhibitory complement component.
Cuchens and Clem (1979) found that the concentration of FBS used was irrelevant to
success in culturing alligator lymphocytes, but I did not find this to be the case with turtle

lymphocytes. Doubling the FBS concentration nearly doubled the mitotic index of
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cultured lymphocytes. However, neither of the «d MEM cultures with FBS (either 10% or
20%) performed as well as the cultures with CSF medium containing autologous turtle
plasma.

The MI values for the 10% and 20% FBS were C.32-0.11 and 0.60=0.15,
respectively (Table 4.1). These values are both lower than the culture from experiment
M, which contained CSF medium containing autologous turtle plasma and the same
mitogen concentrations (treatment M-2, MI = 0.88-0.19).

Regarding the use of turtle serum, while Cuchins and Clem found that the FBS
concentration had no impact on stimulation of alligator lymphocytes cultured in MEM,
the concentration of alligator serum did have an effect, with 10% alligator serum being
more effective than 5%. This was not the case for turtle lymphocytes cultured in CSF
medium containing autologous turtle plasma. The MI value decreased when the turtle
serum concentration was increased from 5% (M1 = 0.60=0.15) to 10% (MI = 0.32-0.11),
but remained essentially unchanged when the serum concentration was increased from
10% to 20% (MI = 0.36=0.12)(Table 4.1). A possible explanation is that increasing the
serum concentration dilutes the medium concentration. CSF medium is designed to
contain all the growth factors and nutrients needed to support a much higher fraction of
proliferating cells than are normally found in in vivo. Therefore, dilution of this medium
with additional serum lowers the concentrations of the growth factors and nutrients, and
this may lead to a lower proliferating fraction in the cultured cell population.

Regarding IL-2, my early attempts at turtle lymphocyte culture were plagued with
two problems: first, I failed to stimulate the lymphocytes into the cell cycle and second,

the lymphocytes suffered high levels of apoptosis (cell suicide), as revealed by flow
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cytometry (data not shown). In the hope of enhancing lymphocyte stimulation and
reducing apoptosis, I experimented with the addition of IL-2 to the lymphocyte cultures.
This lymphokine has been shown to reduce lymphocyte apoptosis under certain
conditions (28). Furthermore, IL-2 is widely recognized as a T-lymphocyte growth factor
(29-32) and IL-2 also plays a role in the activation of B- and other types of lymphocytes
(27,29,33). The effect of [L-2 on lymphocytes appears to be determined by the [L-2
concentration, the competency of the lymphocytes to enter the cell cycle, and many other
factors. While IL-2 can sometimes rescue lymphocytes from apoptosis, under other
conditions it can also induce apoptosis (34), and over the range of [L-2 concentrations [
tested, it appears that [L-2 had the latter effect or no effect at all on turtle lymphocytes.
[L-2 had no effect when added in a concentration equal to the ECso for human
lymphocytes (ECsp = 0.35 ng mi”, MI = 0.32=0.11), as the MI value was equal to that
from a similar culture run concurrently, but without the addition of [L-2 (experiment TS).
The MI value is somewhat lower at one half the IL-2 ECso (MI = 0.20=0.09), and still
lower at twice the ECso (MI =0.12-0.07)(Table 4.1).

Human recombinant IL-2 is commercially available, while turtle IL-2 is not. It is
possible that the human version of this lymphokine is at least partially inactive in turtles.
It is also possible that at a different concentration, human IL-2 would have a more
positive effect on turtle lymphocyte proliferation.

Finally, I examined the possibility of inducing premature chromosome
condensation (PCC) in turtle lymphocytes. Conventional methods of achieving PCC
involve the fusion of mitotic “inducer” cells to interphase cells using Sendai virus (35-37)

or polyethylene glycol (38). Unfortunately, induction of PCC in lymphocytes by fusion
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typically suffers from low yields of cells with condensed chromosomes, usually because
of a low incidence of fusion (39). Recently, calyculin A has been shown to induce PCC
in human lymphocytes, possibly by interfering with serine/threonine phosphatases (40).
Using calyculin A, yields of cells with condensed chromosomes have been reported as
high as 30-60% (40). I performed several experiments on turtle fibroblasts to determine
the optimal concentration of calyculin A which might produce such an effect in turtle
cells (data not shown). None of these experiments were very encouraging, although 200
aM concentrations did produce a level of PCC that was somewhat higher than other
concentrations ranging from 25-800 nM. Durante, er. al. (1998) recommended a
calyculin A concentration of 50 nM for human lymphocytes. Therefore, in my calyculin
A experiment with turtle lymphocytes, I included treatments spanning the range from 50-
200 nM. Regarding the mitotic index (not the PCC index) in the presence of calyculin A,
I found that the MI in all lymphocyte cultures not only failed to increase, but actually
decreased. No mitotic cells were observed in the 50 nM and 200 nM treatments
(MI=0.00=0.00), and only one was observed in the 100 nM treatment (MI=0.04-0.04).

It may be that calyculin A interfered with the cell cycle arresting action of
colcemide, but it does not appear to have had this effect in Durante’s work with human
lymphocytes and it is difficult to imagine how this could occur. It is also possible that
either the calyculin A, or the one hour incubation at 37°C involved in the PCC procedure
caused apoptosis in mitotic lymphocytes. Incubation temperatures as high as 36°C have
been shown to render turtle epithelial cells incapable of growth (41). It is unknown
however, whether these elevated temperatures actually cause apoptosis, or whether a one

hour exposure would be sufficient to cause the demise of mitotic lymphocytes.
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Conclusion:

There are several important differences between the culture techniques suitable
for turtle lymphocytes compared to those typically employed for human or other
mammalian lymphocytes. A failure to recognize these differences could be a major
obstacle to the inclusion of turtles (and most other reptiles) in cytogenetic and
immunologic studies. Taken as a whole, the results of this series of experiments identify
lymphocyte culture conditions which should allow the incorporation of turtles into
cytogenetic and immunologic studies more readily. Such studies with turtles will provide
valuable insights in applications as diverse as ecological risk assessment, comparative

genomics and immunology, ecotoxicology and environmental biodosimetry.
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Chapter 5

Chromosome Translocations In T. Scripta:

The Dose-Rate Effect and In Vivo Lymphocyte Radiation Response
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Abstract:

Using a whole-chromosome FISH painting probe we previously developed for
chromosome-1 of the yellow-bellied slider turtle (Trachemys scripta), 1 investigated the
dose-rate effect for radiation-induced symmetrical translocations in 7. scripta fibroblasts
and lymphocytes. The dose-rate below which no reduction in effect per unit dose is
observed with further dose protraction was approximately 23 ¢cGy hr™'.

[ estimated the whole-genome spontaneous background level of complete,
apparently simple symmetrical translocations in 7. scripta lymphocytes to be
approximately 1.20x10 /cell projected from aberrations occurring in chromosome-1.
Similar spontaneous background levels reported for humans are some 5- to 30-fold
higher, ranging from about 6x107 to 3.4x107 per cell. This relatively low background
level for turtles would be a significant advantage for resolution of effects at low doses
and dose-rates.

[ also chronically irradiated turtles over a range of doses from 0-8 Gy delivered at
approximately 5.5 cGy hr', and constructed a lymphocyte dose-response curve for
complete, apparently simple symmetrical translocations (Yt) suitable for use with
animals chronically exposed to radiation in contaminated environments. The best fit
calibration curve (not constrained through the zero dose estimate was of the form Y,s=¢
+ aD + bD", where Y. was the number of apparently simple symmetrical translocations
per cell, D was the dose (Gy), a = (0.0058-0.0009), b = (-0.00033=0.00011), and ¢ =
(0.0015=0.0013). With additional whole-chromosome probes to improve sensitivity,

environmental biodosimetry using stable chromosome translocations could provide a
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practical and genetically relevant measurement endpoint for ecological risk assessments

and biomonitoring programs.

Introduction:

A large number of sites around the United States are contaminated with
radionuclides (1), and many similar sites exist around the world. Aquatic and terrestrial
organisms inhabiting a variety of these sites at former nuclear weapons production
facilities and waste disposal areas are chronically exposed to varying levels of ionizing
radiation, yet it is difficult to calculate or directly measure the biologically relevant doses
these organisms are receiving (2). Much of the early work in comparative radiobiology
involved measuring acute mortality (such as LD50 values for various animals and plants),
which is a relatively insensitive indicator of radiation-induced damage and is not directly
applicable to the chronic exposures organisms experience in contaminated environments.
More sensitive indicators of integrated dose and biologically relevant effects are needed.
Molecular cytogenetic techniques widely used in humans and a few other mammalian
species could provide such indicators (3).

I have previously reported the development of a whole-chromosome-specific
fluorescence in situ hybridization (FISH) probe for chromosome-1 of the yellow-bellied
slider turtle (Trachemys scripta) (4). I believe that this was the first report of a whole-
chromosome probe for a reptilian species. I used this probe to determine the dose-
response relationship for chromosome aberration induction in cultured 7. scripta
fibroblasts acutely irradiated in vitro with *’Cs gamma rays. [ then developed culture

techniques for turtle lymphocytes that allowed direct measurement of aberration
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induction in turtle cells irradiated in vivo. These studies were designed to assess the
potential usefulness for application in environmental biodosimetry, i.e., the application of
biodosimetric techniques developed in humans to organisms exposed to radionuclide-
contaminated environments, and took the first steps toward making these techniques
relevant to biomonitoring applications.

Turtles (and other organisms) inhabiting contaminated environments are nearly
always subjected to chronic, low dose-rate exposures, rather than the acute, high dose-
rate exposures typical of many laboratory studies and accidental exposures. Many
previous studies with other organisms and various endpoints of biological damage have
shown that the biological effectiveness per unit dose is generally reduced as the intensity
of exposure or the dose-rate of sparsely ionizing radiation is reduced (e.g. (5-12)).
Furthermore, it has also been shown that below a critical dose-rate, further dose
protraction does not result in a further reduction in effect per unit dose (6,8,10,12).
Identification of this critical dose-rate is important because it is the response to chronic,
low dose-rate exposures that is of concern for radiological protection for humans as well
as other species.

In the current study I take the next steps toward bringing biodosimetric techniques
to ecologically relevant field investigations. First, to minimize the number of
experimental animals required, I examined the dose-response of T. scripta fibroblasts
subjected to chronic in vitro exposure to B7Cs gamma rays over a range of dose-rates to
estimate the lower range limit to the dose-rate effect. [ hypothesize that the dose-rate
effect in T. scripta will be similar to that previously observed in various other organisms,

that is, a reduction in effect per unit dose with a plateau at higher dose-rates due to
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saturation, and a plateau at lower dose-rates due to the dominance of one-hit radiation
interactions. Similar data were then obtained for 7. scripta lymphocytes but using a
single dose delivered in vivo at two different low dose rates in the range determined for
fibroblast cultures. Finally, I construct a complete in vivo dose-response curve for
lymphocytes from turtles irradiated at a low dose-rate. I hypothesize that the shape of
this curve will be linear, as has been observed for various endpoints in other organisms

subjected to low dose-rate irradiation.

Materials and Methods:
Experimental animals and cell lines:

All animals included in this study were adult yellow-bellied slider turtles (T.
scripta). They were captured with hoop traps from a farmm pond near Jackson, South
Carolina between July 17 and July 22, 1998. No radioactive or chemical contamination
is known to exist in this pond. The animals were then transported to Colorado State
University where they were maintained in a temperature-controlled greenhouse with
natural lighting. Animal care procedures followed in this study are in accordance with
Colorado State University Animal Care and Use Committee guidelines.

The fibroblasts used in this study were low-passage cells from a fibroblast line of
T. scripta cells established by primary explant from embryos. The embryo donor was a

gravid female from an uncontaminated pond in the same vicinity of Jackson, SC.
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[rradiation:

Continuous, low-dose-rate irradiation was delivered in a specially designed
irradiator. This unit consisted of a shielded warm room into which one to twelve 0.148
TBq (nominal) 137Cs sources (Amersham, Arlington Heights, VA) could be removed or
inserted from a remote location. The sources were arranged around the circumference of
an 80 cm circle in a horizontal plane. Cell cultures or turtles in plastic tubs were then
placed on horizontal shelves above the source-plane. The exposure-rate can be controlled
in this unit by either varying shelf height above the source-plane, or by varying the
number of sources inserted. In the experiments described here, all twelve sources were
inserted, and shelf-height was varied to yield the desired exposure-rates. Nominal
exposure rates were measured at varying heights above the source plane using a
Victoreen R chamber. Calibration of this chamber was traceable to the National Institute
of Standards and Technology. Variations in dose-rate uniformity across the horizontal
field were less than 10%. These measurements were taken in 1990, and values were
decay-corrected to the time of this study.

Approximately 30 minutes prior to irradiation, contact-inhibited fibroblast
cultures in T-150 flasks were gassed with 5% CO., 2% O, for approximately two
minutes. The caps on the culture flasks were then tightened and the cultures were placed
inside an airtight 7.8 L plastic container. The container was then gassed for
approximately five minutes prior to sealing the lid. The cultures were placed in the
irradiator at the appropriate shelf-height. Fibroblast culture irradiation was performed at

29°C (the preferred body temperature of T. scripta (13)).
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Irradiation of the experimental animals was conducted similarly. The animals
were placed in the same plastic containers used for fibroblast irradiation (one animal per
container), but holes were drilled in the container lids to allow air exchange. A few cm
of water was placed in the bottom of each container to prevent dehydration. Food was
also added to the containers, and the animals appeared to be eating normally. Once
inside these containers, the animals could only move perhaps 10-20 cm in any direction,
thus ensuring a reasonably consistent exposure rate.

Prior to irradiation, all turtles were moved to the irradiation chamber anteroom
(which is exposed only to background radiation), where they remained until the end of all
irradiations except for the period they spent in the irradiator. The irradiations spanned a
period of approximately 6 days, during which the animals were scheduled in and out of
the radiation field to give the appropriate total dose. The total dose was controlled by the
length of the irradiation period. Irradiation of turtles was performed at room temperature
(approximately 25°C), and free air exchange was allowed between the irradiator and
anteroom to ensure that the temperature did not vary. The turtles were irradiated
continuously, with the exception of daily cleanings of their plastic containers
(approximately 10 minutes/cleaning). The light cycle was controlled both in the
irradiator and in the anteroom to mimic natural conditions as closely as possible

(approximately 12 hours light alternated with 12 hours dark).

Cell culture:

Fibroblasts were grown to confluence in T-150 tissue culture flasks. The

incubation environment consisted of a humidified atmosphere of 5% CQ, in air at 29°C.
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The fibroblasts were cultured in «MEM with 10% fetal bovine serum. Gentamycin
(Gibco BRL, Grand Island, [llinois, final concentration 25 pug ml™') and fungizone (Gibco
BRL, final concentration 0.5 pg mi') were added to the cultures to impede the growth of
bacterial or fungal contamination. To prepare cultures for irradiation, T-150 flasks were
inoculated with 1x10° cells 7 days before irradiation. These cultures reached confluence
after approximately 3-4 days, after which growth is stopped or at least severely reduced.
The degree of cell cycling in these nominally “contact-inhibited™ cultures was measured
in the fibroblast cultures by the addition of bromodeoxyuridine (BrdU) (10? M) to two
replicate cultures established in parallel with the unirradiated experimental control
cultures. At the conclusion of the irradiation of experimental treatments (approximately
200 hours after the addition of BrdU), the (unirradiated) culitures containing BrdU were
immediately fixed and labeled with mouse monoclonal anti-BrdU (Amersham Pharmacia
Biotech, Piscataway, NJ) followed by anti-mouse Ig, fluorescein-linked whole antibody
(from sheep) (Amersham Pharmacia Biotech). One-thousand cells from each replicate
were then scored using a fluorescence microscope equipped with a FITC filter to
determine the proportion of cells which entered or remained in S-phase during the
incubation period.

Prior to this experiment, the efficacy of the BrdU antibody system in this cell line
was tested by growing log-phase fibroblasts in the presence of BrdU, then staining with
the fluorescein-conjugated antibody system (data not shown). As expected, a large
fraction of the cell population (presumably the fraction that was cycling), incorporated
BrdU and was differentially stained by the antibodies. There was also a fraction of the

population which was not stained (presumably the fraction that was not cycling).
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Therefore, it appears that this system is effective in detecting cells which have undergone
DNA synthesis in the presence of BrdU.

Whole blood (1-3 ml) was collected from the dorsal coccygeal vein in the
animals’ tails into 3 cc syringes containing a few drops of sodium heparin. An additional
10 U sodium heparin mI"' whole blood was added, and the blood was mixed with
complete serum-free medium (Mediatech, Herndon, VA) in a ratio of 1 ml blood/11 ml
medium. Blood is approximately 50% plasma, thus the cultures contained approximately
4-5% turtle plasma, but no bovine or other serum products. Gentamycin (Gibco BRL,
final concentration 25 pug ml™") and fungizone (Gibco BRL, final concentration 0.5 ug
ml') were added to the cultures to impede the growth of bacterial or fungal
contamination. Lymphocytes were stimulated with phytohemagglutinin M-form (PHA)
(Gibco BRL, final concentration 2%) and lipopolysaccharides (LPS) (Sigma, St. Louis,
Missouri, final concentration of 55 ug ml"'). Three ml cultures were set up in 15 mi
centrifuge tubes. These cultures were maintained in a 29°C incubator in a humid, 5%
CO- environment. Colcemide (Gibco BRL. final concentration 0.15 pug mi™') was applied
at 90 hours post-stimulation to block cells in their first post-stimulation mitosis. At
approximately 111 hours post-stimulation, lymphocytes were separated from the cultures
by centrifuging in a ficoll gradient at 200 g for 20 minutes at room temperature.
Lymphoprep ficoll (Nycomed Pharma, Oslo, Norway) with a density of 1.077 = 0.001 g
mi"' was used for all lymphocyte separations. Separation was carried out to remove
erythrocytes, which are nucleated in reptiles, and which are not eliminated by the fixation
procedure. Following separation, lymphocytes were swelled in 0.075 M hypotonic

solution (30 minutes, 37°C), and fixed in three changes of 3:1 methanol/glacial acetic
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acid. Both pre- and post-irradiation samples were collected from each animal and the

samples were treated identically.

Fluorescence in situ hybridization (FISH):

FISH was carried out as described previously (4), with some modifications.
Approximately 40 pl of the hybridization mixture which contained 50% formamide, 10%
dextran sulfate, about 300 ng of PCR biotin-labeled probe and 5 ug of turtle cot DNA
was denatured in a thermal cycler for 10 minutes at 84°C, reannealed for 45 minutes at
37°C, and the probe hybridization mixture was then placed on the slide (denatured as
described below), covered by a 22 x 50 mm coverslip and sealed with rubber cement.
Hybridization then proceeded for at least 2 days at 37°C in a dry slide box. The target
slides onto which the hybridization probe was placed were prepared by denaturing the
chromosomes on slides in 70% formamide in 2 x saline sodium citrate (SSC) at pH 7.0
for 2 minutes at 68°C. After this, the slide was quickly transferred first to ice cold 70%
ethanol, then 90% and then 100% ethanol (1.5 minutes each) and finally air dried. After
probe hybridization to the denatured chromosomes, the coverslips were removed, the
slides were washed in two changes of 50% formamide in 2 x SSC, pH 7.0, at 45°C to
remove loosely bound or hybridized DNA and then were washed twice more in 2 x SSC
and 3 times in PN buffer for 3 minutes each, also at 45°C. For probe detection. PN buffer
containing 5% non-fat dry milk was applied for 30 minutes at room temperature (to block
the probe from binding to extraneous sites and increasing background), and a solution of

5 pg ml™" fluorescein-avidin (Vector Laboratories, Burlingame, CA) in 0.1 M sodium
bicarbonate, 0.15 M NaCl was applied (approximately 5 ul cm™ of the slide) and the slide
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was incubated for 15 minutes at 37° C. The slide was then rinsed in 3 changes of PN
buffer at 45° C for 3 minutes each. Biotinylated anti-avidin D (Vector Laboratories) in
water (5 ug ml™') was then applied and the slide was incubated for 15 minutes at 37° C.
This was followed by the same PN wash cycle, another layer of block and fluorescein-
avidin, and another PN wash cycle. For microscopy, the slides were counterstained with
a solution of antifade containing 4,6-diamidino-2-phenylindole (DAPI) at a concentration
of 0.62 ug pl’' and propidium iodide (PI) at a concentration of 0.5 ug w' under a
coverslip. Slides were then viewed under a fluorescence microscope with appropriate

excitation and emission filters.

Aberration scoring:

Aberrations were scored according to the PAINT nomenclature system (i4), with
minor modification. Apparently simple interchange aberrations were defined as those in
which both of the chromosomes invoived were bicolored and had had only one color
junction each (two such chromosomes were considered one complete exchange).
Bicolored chromosomes containing more than one color junction were defined as
complex (15). A complete translocation was defined as one in which two bicolored
chromosomes were visible in the cell. If only one bicolored chromosome was visible, the
translocation was defined as incomplete even though many of these were probably hidden
complete translocations which appeared incomplete because of the resolution of the
detection system (16-18). Finally, symmetrical translocations were defined as those in
which each bicolored chromosome had exactly one centromere, while asymmetrical

translocations were defined as those in which a bicolored chromosome had two
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centromeres and was accompanied by a bicolored acentric fragment for complete
translocations, or by a painted acentric fragment or no visible fragment for incomplete

translocations).

Results:
Verification of fibroblast contact inhibition:

Contact-inhibited cultures set up as described earlier were incubated in the
presence of BudR for approximately 200 hours followed by fixation and preparation for
detection of BudR incorporation. One-thousand cells were scored from each replicate
BudR control culture. In the first replicate, 52 cells were BudR-positive, indicating that
5.2% of the cell population had incorporated BudR during S-phase during the period of
about 8 days when the irradiated cultures were being exposed. The results in the second

replicate were similar, with 41 cells (4.1%) being BudR-positive.

Fibroblast dose-rate effect:

The interchange aberration frequencies for turtle fibroblasts irradiated with 10 Gy
of *7Cs gamma rays at various dose-rates are listed in Table 5.1 and illustrated in Figure
5.1. Error bars in Figure 5.1 reflect the standard deviation due to Poisson counting
statistics. Each data point in Figure 5.1 represents the frequency of symmetrical
translocations detected in an independent fibroblast culture, and two identical replicates
were irradiated at each dose-rate. The aberration frequencies from an acutely (high dose-
rate) irradiated fibroblast culture from a previous study conducted in this laboratory (4)

are also listed in Table 5.1 and plotted in Figure 5.1. The acutely irradiated culture
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Table 5.1. Chromosomal aberrations* involving T. scripta chromosome 1 as determined by FISH whole chromosome painting at the
first mitosis after 10 Gy of Wi gamma rays delivered at various dose-rates to Gy, fibroblast cultures.

Interchange aberrations total (%)

Symmetrical Asymmetrical'
Dose-rate  # cells Total color Apparently Complex or Apparently Complex or
(¢Gy hr'")  scored Jjunctions (%) simple incomplete simple incomplete
0 500 0(0.00) 0 (0.00) 0 (0.00) 0(0.00) 0 (0.00)
0 500 2 (0.40) 0 (0.00) 0(0.00) 1 (0.20) 0 (0.00)
5.1 400 56 (14.0) 16 (4.00) 12 (3.00) 1(0.25) 10 (2.50)
5.1 300 15 (5.00) 5(1.67) 1(0.33) 2(0.67) 0 (0.00)
9.3 196 35(17.9) 12 (6.12) 2(1.02) 1(0.51) 73.57)
9.3 309 32(104) 10 (3.24) 3(0.97) 2 (0.65) 5(1.62)
228 300 39 (13.0) 12 (4.00) 6 (2.00) 2 (0.67) 5(1.67)
228 300 41 (13.7) 12 (4.00) 4(1.33) S(1.67) 3(1.00)
69.1 300 49 (16.3) 14 (4.67) 9 (3.00) 2(0.67) 10 (3.33)
69.1 292 79 (27.1) 32(11.0) 8 (2.74) 1(0.34) 5(L71)
20880" 561 369 (65.8) 111(19.8) 32(5.7) 47 (8.4) 2(0.36)

* [nterstitial and terminal deletions not scored.

! Centromeres were frequently obscured as a result of the FISH procedure. This leads to a bias resulting in a deficiency of
asymmetrical (dicentric) aberrations with a corresponding excess of the symmetrical counterpart.
# Data point included from ref. (4).
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Figure 5.1:

Comparison of the dose-rate effect observed for radiation-induced symmetrical
translocations in 7. scripra fibroblasts (®) with the dose-rate effect observed in other
organisms using a variety of biological endpoints. These include mutations in mice
(11,19), survival of murine C3H 10T1/2 cells (12), chromosome aberrations in human
AGI1522 fibroblasts (6,7), and chromosome exchanges in Tradescantia microspores
observed by Giemsa staining (10). All data has been normalized by dividing each
observation by the maximum effect observed in each study. The curves are 5-factor
sigmoid fits to the normalized data, except for the Tradescantia curve, which is a second
order polynomial fit. Error bars on T. scripta data represent propagated errors due to
Poisson counting statistics (one standard deviation).
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also received 10 Gy, used the same cell-line, and was handled identically to the cultures
in this study but the dose was delivered at a high dose-rate where the exposure required
only 3 minutes instead of 8 days in the case of the lowest dose rate included in the current
study. This point is included for comparative purposes.

Regression analysis was employed to determine whether there was a plateau in
the symmetrical exchange frequency for the 10 Gy dose as the dose-rates were reduced
from 22.8 to 9.3 to 5.1 ¢cGy hr'. The first regression was performed on the data for all
dose-rates included in this experiment (69.1, 22.8, 9.3, and 5.1 cGy hr'). The 95%
confidence interval on the slope of this regression line did not include zero: y =
(0.00071=0.00029)*DR + (0.030=0.011); r’=0.49, DR=dose-rate (cGy hr'), uncertainties
are standard errors. A second regression was performed on the data for lowest 3 dose-
rates (22.8, 9.3, and 5.1 cGy hr'l). The 95% confidence interval on the slope of this
regression line did include zero: y = (0.00034-0.00079)*DR + (0.034=0.011); r’=0.044.

In addition, the nonparametric Kruskal-Wallis test (20) was performed to test for
differences between the symmetrical translocation frequencies between all the dose-rates
considered, and again between only the lowest three dose-rates. There was no significant
difference between the effects per unit dose ob§ewed for the lowest three dose-rates, but

there was a significant increase at the highest dose-rate (69.1 cGy hr").

Lymphocyte dose-rate effect:

To determine whether the plateau in the dose-rate effect also applied for
lymphocytes irradiated in vivo, the aberration frequency in lymphocytes was compared

between one turtle who received 8 Gy at a dose-rate of 16.3 cGy hr', and two turtles who
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received the same dose at 5.5 cGy hr'. The results are summarized in Table 5.2. The
symmetrical translocation frequency in the animal receiving 16.3 cGy hr' was
0.025-0.0071 translocations/cell, while that for the two animals receiving 5.5 cGy hr’!

was 0.029=0.0080 and 0.026-0.0068 translocations/cell.

Background symmetrical exchange frequency in lymphocytes:

The data on symmetrical exchange frequency in unirradiated turtles was used to
estimate the spontaneous background level of these aberrations in these animals. For this
estimate, the pre-irradiation samples from all turtles were combined with the post-sham-
irradiated samples from the two sham-irradiated turtles. Only one complete, apparently
simple symmetrical exchange was observed in a combined total of 4919 lymphocytes

scored. All zero dose lymphocyte data are presented in Table 5.2.

Lymphocyte dose-response:

The dose-response data for turtles irradiated at 5.5 cGy hr'! over a range of total
doses from 0-8 Gy are summarized in Table 5.2 and the values are plotted in Figure 5.2.
The data plotted in Figure 5.2 are the net symmetrical translocation frequencies
(frequency after irradiation — frequency before irradiation) for each turtle, however the
symmetrical translocation frequency before irradiation was zero in all of the pre-
irradiation samples. Figure 5.2 also shows the least squares regression line: Yas =
(0.0041:0.0014) + (0.0031=0.00035)*D; where Y,s is the complete, apparently simple

symmetrical translocation frequency per cell, and D is the dose in Gy (r’=091,n= 10,
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Table 5.2. Chromosomal aberrations* involving 7. scripta chromosome 1 as determined by FISH whole chromosome painting at the
. . . . N . <13 . . . .
first mitosis before and after 0-8 Gy of Y105 gamma rays delivered to lymphocytes in vivo at 5.5 ¢Gy hr '

Interchange aberrations total (%)

Symmetrical Asymmetrical'
# cells Total color Apparently Complex or Apparently Complex or
Dose (Gy)  scored Junctions (%) simple incomplete simple incomplete

0 300 0(0.00) 0 (0.00) 0(0.00) 0 (0.00) 0 (0.00)

0 600 3OS0 o ] L 0(000) . ] 0(0.00)

""" 0 TS0 T T 00.00) 0 (0.00) 0 (0.00) 0 (0.00) 000 T
...... 0 .48 0oy ey ey L 0e00) 000y

0 300 0 (0.00) 0'(0.00) 0 (0.00) 0 (0.00) 0(0.00)

R MY BQSD) 2068 o M03h el S 103y .

0 300 0 (0.00) 0(0.00) 0(0.00) 0 (0.00) 0(0.00)

I T0 . 18Q257) .. SOIY sy 200.29) .. e 343 .
""" 1 " 0(0.00) 0(0.00) 0 (0.00) 0 (0.00) 000 T
...... 2 0 ey o eaayy 02029 00 000y

0 300 0 (0.00) 0(0.00) 0(0.00) 0 (0.00) 0(0.00)

...... 2 a8 esy o daay o daay 24094 Ay

0 400 0(0.00) 0(0.00) 0 (0.00) 0 (0.00) 0(0.00)

4 00 16(533) 6Q200) . 20067) 000 20067) .
""" 0 T 500 0 (0.00) 0.(0.00) 0(0.00) 0(0.00) 000y T

4 00 o A8686) DS RO SO 4(0.57)

""" ' 1" 0 (0.00) 0 (0.00) 0 (0.00) 0000y 0000 T

8 453 Ba2w) o esny Joee) 0©o0) 4088)
""" R 1" Y ) Y1) Y1)\ 0(0.00) 0.(0.00) 0 (0.00) 0(0.00)

8 LSS0 ATeTyy L QssS) 6(LO9) ey 1018) .
""" 0 330 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) )

8" 511 36 (7.05) 13 (2.54) 2(0.39) 4(0.78) 0 (0.00)

Dashed lines denote individual turtles, For each turtle, the first line is pre-irradiation data, and the second line is post-irradiation data.

* Interstitial and terminal deletions not scored.

! Centromeres were frequently obscured as a result of the FISH procedure. This leads to a bias resulting in a deficiency of asymmetrical
(dicentric) aberrations with a corresponding excess of the symmetrical counterpart,

# Dose-rate =16.3 cGy hr'’
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Figure 5.2:
Dose-response curve for T. scripta lymphocytes continuously exposed to ¥Cs gamma
rays in vivo. All irradiations were carried out at 25°C at a dose-rate of 5.5 ¢Gy hr''. Each
datapoint represents the net frequency (frequency after irradiation — frequency before
irradiation) of apparently simple, complete symmetrical translocations involving
chromosome I, but no translocations were observed in any pre-irradiation sample.
Datapoints are offset for clarity. Error bars represent 1 standard deviation based on
Poisson counting statistics. The least square regression is shown (dashed line), however
a linear-quadratic curve (solid line) gave a significantly better fit to the data (o0 = 0.05).
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uncertainties for each coefficient are standard errors). A significantly better fit (as
determined by an F-test (21)) is given by a second-order polynomial, Y.s =
(0.0015-0.0013) + (0.0058-0.0009)*D - (0.00033-0.00011)*D>, (r* =0.96, n = 10). The

improvement was significant at ¢ = 0.05, but not at a =0.01.

Discussion and conclusions:
Dose-rate effect:

It is well known from numerous studies using diverse endpoints in a variety of
organisms that for sparsely ionizing radiation, there is a reduction in the effect of a given
dose when the dose-rate is lowered or the dose is fractionated or otherwise protracted in
time (22). The dose-rate effect generally applies over a range of dose-rates between a
few Gy hr'' down to a few cGy hr''. At the low end, there often appears to be a minimum
dose-rate, below which further reductions in dose-rate result in no further diminution of
response per unit dose i.e. a plateau is reached (5-12,19).

The dose-rate effect for the production of chromosomal aberrations in
Tradescantia microspores was first described by Sax (10). This effect has since been
observed, for example, in the survival of human (35,6,23) and murine (12) fibroblasts, in
the induced frequency of unstable aberrations in human lymphocytes (24-30) and in
mutation induction in mice (l1). The only study of dose protraction for stable
translocations detected by FISH that [ am aware of was recently conducted in murine
lymphocytes and this study involved fractionating the dose over time rather than reducing
the dose-rate (31). A comparison of the dose-rate effect data from this study to that

observed for a variety of endpoints in a variety of organisms is illustrated in Figure 5.1.
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Because different endpoints were used, data from the original studies were normalized by
dividing each data value by the maximum observed effect. For the case where cell killing
was the biological effect (12), survival values were converted to the corresponding lethal
events per cell to facilitate the comparison. [ observed a dose-rate effect for symmetrical
translocations in 7. scripta fibroblasts similar to that observed for radiation-induced
mutations in mice (11,19), chromosome aberrations in human AG1522 fibroblasts (6,7)
and in Tradescantia microspores (10), and for survival of mouse C3H 10T /2 cells (12).

A study of the dose-rate effect for symmetrical translocations induced in turtle
cells was necessary to ensure the accuracy of the calibration curve constructed in this
study using chronic irradiation. If the dose-rate used in the laboratory study was not in
the minimum dose-rate plateau, then low dose-rate or protracted doses received by turtles
in the field would be underestimated, as illustrated in Figure 5.3.

In an effort to more closely mimic in vivo conditions, the fibroblast cultures were
irradiated in a 2% oxygen environment. While this oxygen level would be considered at
the low end of the normal range for mammalian systems where 2-5% normal tissue
oxvgen tensions are typical (32), the 2% level is not unrealistic for turtles due to their
diving behavior. It is well documented that turtles have an extraordinary ability to
survive in hypoxic, or even anoxic conditions. Ultsch and Jackson (33) subjected
Chrysemys picta, an emydine species closely related to T. scripra, to forced submergence
in anoxic water at 3°C, where they survived for over 6 months. While T. scripta can
survive long anoxic or hypoxic periods, they do not subject themselves to such extreme

conditions voluntarily. T. scripta can be found as far north as Michigan (34),
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Figure 5.3:

Hypothetical curves showing a curvilinear dose-response relationship resulting from
administration of the dose at a dose-rate where the dose-rate-dependent component is
greater than zero (curve A), and a linear relationship resulting from administration of the
dose at a chronic dose-rate where the dose-rate-dependent component has disappeared
(curve B). Assume a turtle receives a dose from a contaminated environment, resulting in
a symmetrical translocation frequency, F. Using curve A as a calibration curve for such
an animal would result in an erroneously low estimate of dose (L), while the true dose
received (T) would be obtained by using curve B.
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where they are most likely subjected to hypoxia during overwintering in frozen ponds
and slow-moving streams. But over much of T. scripta’s geographic range, winters are
much milder and water bodies do not typically freeze. In such habitats, turtles are
typically active in the warm seasons, but are semi-dormant in winter. Nevertheless, they
have free access to air, even in winter, and do surface to breathe and even bask on warm
days.

Most voluntary dives by T. scripta and other emydine turtles are of short enough
duration [5-6 minutes for T. scripta at 20-25°C (35)] to be entirely aerobic (36).
However, even during periods of short-term submergence, oxygen stores are rapidly
depleted. Jackson (37) found that after approximately 15 minutes of submergence in
24°C water, average blood oxygen content (in samples obtained from cardiac puncture) in
T. scripta had dropped to approximately 2% (from 6% before submergence). A
minimum value of approximately 0.75% was reached after 45 minutes, where it remained
for the duration of the study (4 hours). Similarly, Crocker (38) found that arterial blood
in C. picta had an oxygen content of only 0.22% after 6 hours of submersion in 20°C
water. As observed in both humans (32) and mice (39), pO- in normal tissues is clearly
lower than in blood vessels in the immediate vicinity. I felt that irradiating cultures in a
2% oxygen environment was an appropriate balance between full aerobic conditions and
complete anoxia.

A concern for lowering the oxygen tension would, of course, be whether the pO- [
chose, or more importantly the typical pOa levels in critical tissues of turtles, would be
low enough to affect radiosensitivity. For the following reason, I would not expect the

O, level of 2% used in this study to appreciably affect radiosensitivity. A general
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formulation often used to describe radiosensitivity as a function of oxygen tension is: r=
(m[Oax]+k) / ([O-]+k); where [O-] is the oxygen concentration required to increase the
radiosensitivity above that for anoxic cells by the factor, r, which approaches a maximum
value, m, at high oxygen concentrations (40,41). The value of k is the concentration of
oxygen where the radiosensitivity is half way between the minimum and maximum
sensitivities.  Since the maximum, m, usually refers to the maximum oxygen
enhancement ratio and has a value of about 3.0, and k generally corresponds to around
0.4%, I would expect relative radiosensitivity to be 2.67 for the 2% O, level I used
compared to 2.85 to 2.92 for the 5-10% O levels that might represent the highest
expected values for normal mammalian tissues.

Of course, the turtle fibroblasts in culture, like any cells, respire and utilize
oxygen. At 22°C, Chinese hamster cells consume about 4x107'® moles of O, per cell per
second (42). This corresponds to (8.64x10%) = (4»xlO'l8 moles of O, per cell per day) =
3.46x10°"* moles O- per cell per day or for a culture containing 3.75x10° cells, the culture
consumption would be 1.3x10° moles d™' or about 1.3 pmoles d'. Our T-150 flasks
contain about 755 cc of the 2% O» gas mixture, or 15.1 cc O,. Since a gas occupies 22.4
L mole' at STP, or about 27 L mole” in Fort Collins, CO, this corresponds to
15.1/27,000 moles O2 or 559 umoles. For the longest radiation exposures of 8 days at the
lowest dose-rate used, only 10.4 pmoles would be consumed by the cells. This would
result in a fractional reduction of oxygen by only 10.4/559 =0.019, or from-2% to 1.86%.
In turn, this would decrease the relative radiosensitivity from about 2.67 for 2% O,, to
about 2.65 for 1.86% O, i.e. the radiosensitivity would be expected to change by only

about 0.75%.
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Statistical analysis of results:

The regression analyses and the nonparametric Kruskal-Wallis test both indicated
a plateau when the lowest three dose-rates (5.1, 9.3 and 22.8 cGy hr") were analyzed, but
not when the highest dose-rate (69.1 ¢Gy hr'') was included. Several conclusions can be
drawn from these results, namely: (1) a dose-rate effect was observed, with decreases in
effect for a given dose with protraction of the dose; (2) the plateau of the dose-rate effect
begins at a dose-rate between 69.1 and 22.8 ¢Gy hr', and no further reductions in effect
per unit dose were seen at lower dose-rates; (3) the presence of a plateau in the dose-rate
effect would indicate that irradiation at the lower dose-rates experienced by turtles in
contaminated environments would not be expected to result in a dose-response
relationship significantly different from that observed in this study, unless the dose-rate
effect in turtles operates differently from that observed in all other organisms studied
previously.

Further evidence that the 5.5 cGy hr'' dose-rate used for lymphocyte irradiation in
this study is low enough to be contained in the plateau region of the dose-rate effect was
provided by the irradiation of one animal at 16.3 cGy hr''. This is nearly three times the
dose-rate used for the turtles in the dose-response experiment, yet the induced frequency
of symmetrical exchanges in the turtle receiving the higher dose-rate was nearly identical
to the two animals receiving the same dose (8 Gy) at the lower dose-rate of 5.5 cGy hr!
(Table 5.2). This resuit, especially when combined with the fibroblast results and what is
generally known about dose-rate effects in other systems, suggests that the dose-rate used

in this study yielded a calibration curve which should be appropriate for use with animals
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receiving lower dose-rate environmental exposures. [ cannot, of course, rule out other
complicating factors without observations at much lower dose-rates under field

conditions, but I should have a reasonable approximation with the present results.

Background level of symmetrical translocations in T. scripta lymphocytes:

One of the most significant disadvantages of using symmetrical translocations, as
opposed to dicentrics, for retrospective biodosimetry is that the background frequency of
symmetrical translocations in humans is up to 10 times higher than that for dicentrics
(43). A further complication is the apparent correlation in humans between individual
age and background symmetrical translocation frequency (43). Background symmetrical
translocations are most likely caused by endogenous biological processes rather than
exposure to environmental clastogens such as man-made pollutants or natural sources of
ionizing radiation (44). One of the most significant potential sources of symmetrical
translocations is free radical damage resulting from oxygen metabolism (45-48).

In contrast to mammals, a very low frequency of symmetrical translocations was
observed in 7. scripta lymphocytes. The full-genome equivalent background frequency
was (1.20 =1.20) x 10~ complete, apparently simple, symmetrical translocations per cell.
Background estimates for humans range from 7.30x1073 (49) to 3.39x107 (50)
translocations/cell, (original human data was converted to full genome equivalent using
chromosome length measurements (51) and the formula provided by Lucas (52)). Only
complete translocations involving two bicolored chromosomes were included and
counted as a single event. Based on these values, the background frequency in 7. scripta

is only 4-16% of that seen in humans. It should be noted that there is a large uncertainty
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associated with all of these values, as they are based on a very small number of observed
symmetrical translocations. Nevertheless, it appears that the background symmetrical
exchange frequency in T. scripta lymphocytes is appreciably lower than that in human
lymphocytes. A major issue in radiation protection. both for humans and for other
organisms in the environment is the detection and quantification of effects at very low
doses. Even though turtles are more radioresistant than humans by a factor of about 2
(4), and would therefore appear to be a less sensitive indicator species for biodosimetry,
the “background noise™ of aberrations can be much more of a limiting factor for this
purpose than absolute sensitivity. A 5- to 30-fold lower background aberration frequency
for turtles may in fact make them a more sensitive organism for purposes of detection of
protracted, low-level effects.

There are several plausible explanations for a lower background aberration
frequency in T. scripta. First, the turtle’s resting metabolic rate is a fraction of that of
mammals largely due to the fact that turtles are ectothermic, while mammals are
endothermic. Furthermore, the turtle metabolic rate is depressed when they dive (37,38)
or hibernate (53,54), so the difference is even more pronounced during the significant
portion of their lives turtles spend underwater. As a result of their lower metabolic rate,
turtle chromosomes might be expected to be exposed to less damage from reactive
oxygen species (ROS) resulting from oxygen metabolism. In spite of their much lower
exposure to ROS-damage, T. scripta has cellular levels of protective antioxidants similar

to those of humans (55,56).
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[ therefore conclude that the low background frequency of symmetrical
translocations in 7. scripta is a significant advantage for environmental biodosimetry

studies, especially at low doses and dose-rates typical of contaminated environments.

Dose-response of turtle lymphocytes irradiated in vivo at a low dose-rate:

As shown in Figure 5.2, the complete symmetrical translocation frequency
increased with dose. A weighted linear regression gave a good fit to the data, as expected
since the dose was administered at a low dose-rate. However, the linear regression
appears to overestimate the spontaneous background frequency of symmetrical
translocations. In fact, it would appear that a curvilinear fit, with a flattening of the curve
at higher doses provides a better fit to the data. A curvilinear dose-response would be
expected if saturation was approached at higher doses, but the aberration frequency was
quite low, even at the highest dose tested. Saturation does not appear to be occurring,
and it is difficult to envision another justification for a curvilinear fit. It should be noted
that since the frequency of translocations was low, there are substantial errors associated
with each data point. This being the case, it is difficult to state with any degree of
confidence whether a slight flattening of the curve at higher doses is occurring.
Nevertheless, the curvilinear fit represents the best fit to the data, and should therefore be
used as the calibration curve for environmental biodosimetry until more data becomes
available.

A complication for determination of symmetrical translocation frequency is that
centromeres are often obscured by the harsh denaturation treatments involved in the FISH

procedure, which leads to a mis-scoring of some asymmetrical translocations as
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symmetrical unless a pancentromeric probe is also used (57). This is especially
problematic for the 7. scripta genome because of the presence of several
microchromosomes, the centromeres of which are difficult to detect even under the best
of circumstances.  Definitive identification of translocations as symmetrical or
asymmetrical will be possible once a pancentromeric probe becomes available. Classical
theory predicts that symmetrical and asymmetrical translocations should occur in equal
frequency (58), as has been observed in several studies (49,59-63), but some recent
studies have noted an excess of symmetrical translocations even when centromeres are
readily visible, either by use of a pancentromeric probe or when DAPI staining allows
positive centromere identification (64-67).  Still, an unknown portion of the excess
symmetrical translocations observed in this study are almost certainly due to
misclassification of some asymmetrical translocations as symmetrical.

The dose-response relationship depicted in Figure 5.2 (solid curve) represents a
calibration curve which. to a first approximation, should be suitable for use with turtles
from contaminated environments who have received unknown doses of sparsely ionizing
radiation. A few improvements would make this methodology practical for use on a
routine basis in biomonitoring and ecological risk assessment.

First, it will be necessary to determine the persistence of symmetrical
translocations in 7. scripta lymphocytes over much longer times. It has previously been
assumed that since these aberrations do not explicitly result in the loss of genetic
material, they should be stable over time, as suggested by several studies (60,68-71).
However, some recent studies suggest that there is at least some initial loss of

symmetrical translocations, followed by a plateau above control values (72-75). I plan to
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resample the animals used in this study periodically to determine the stability of
symmetrical translocations frequencies over much longer periods.

As mentioned previously, the development of a centromere-specific probe would
allow for unequivocal discrimination of symmetrical and asymmetrical translocations.
This would have important ramifications for the determination of translocation
persistence, since asymmetrical translocations are unstable and disappear over time. If a
fraction of the aberrations scored as symmetrical translocations are actually
asymmetrical, it could appear that symmetrical translocations are declining when this is
not in fact occurring, or at least any such decline could be overestimated.

The most important improvement to this methodology would be the development
of probes for additional T. scripta chromosomes. In this species, 2n = 50, and
chromosome | represents approximately 17% of the T. scripta genome (as determined by
measuring DAPI and chromomycin fluorescence on identical chromosomes and also by
chromosome length measurements). Probes for the five largest chromosomes would
allow 56% of the genome to be painted, while the largest 10 chromosomes would cover
80% of the genome. Additional probes and perhaps multiplex fluorescence in situ
hybridization (mFISH) could provide some advantage in this regard (76).

The results of this study demonstrate that using whole-chromosome FISH probes
for environmental biodosimetry represents a promising new methodology for conducting
exposure assessments for organisms inhabiting radionuclide-contaminated environments.
Environmental biodosimetry using stable chromosome translocations is clearly feasible,
and would provide a genetically relevant measurement endpoint for ecological risk

assessments. With the modest improvements discussed above, this methodology could
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result in more precise and ecologically meaningful risk assessments and biomonitoring

programs.
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