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ABSTRACT

This thesis describes a long-term study in which the generic health of a population 

accidentally exposed to ionizing radiation of cesium-137. The Goiania (Brazil) radiological 

accident of September 1987 involved 249 individuals exposed to doses up to 7 Gy, and 

included four fatalities.

We have investigated the generic effects of radiation exposure in this population 

using both cytogenetic and molecular endpoints in T-lymphocytes. The micro nucleus assay 

differentiated between groups exposed to different levels of ionizing radiation. At the 

molecular level two methods were employed: 1) the hprt clonal assay; and 2) the 

determination of microsatellite instability. The hprt assay involves in vitro culturing of T- 

cells and the selection of 6-thioguanine-resistant hprt mutant clones which were then 

characterized at the molecular level using both RT-PCR and genomic analysis. Exposure 

to ionizing radiation initially elevated the mutation frequency but this effect gradually 

diminished, so that 4.5 years no significant increase was observed. This limitation makes 

the hprt T-cell assay unsuitable for the study of long term past exposure. Analysis of the 

spectrum of hprt mutations recovered from 10 individuals exposed to relatively high doses of 

ionizing radiation revealed a significant increase (3.8-fold) in the frequency of A:T —> G:C 

mutations in the exposed group. This increase in A:T —> G:C transitions is consistent with 

the effects of ionizing radiation in prokaryotes and lower eukaryotes and likely reflects the 

mispairing of radiation-induced thymine glycol with guanine. In addition, a two-fold
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increase in the frequency of deletions not readily explained by slippage events and hence 

which may reflect ionizing radiation-induced DNA strand breakage was also observed.

Microsatellite instability was also investigated. Fluorescent PCR and automated 

DNA sequencer analysis, using genomic DNA from mononuclear cells, were used to 

investigate the frequency of microsatellite alterations in exposed and non-exposed 

populations. We examined a total of 200 and 190 alleles respectively and found that the 

microsatellite instability distribution in the two groups were not different. Our assay 

lacked sufficient sensitivity to discriminate between spontaneous and induced 

microsatellite instability and it is, therefore, not suitable for population monitoring.

Finally, despite the minimal database, we used the micronucleus and hprt mutant 

frequency data to estimate the risk associated with radiation exposure for the Goiania 

population. The estimated genetic risk for the exposed group was approximately a 24-fold 

increase in dominant disorders in the first post-exposure generation. Moreover, the risk of 

carcinogenesis in this population was estimated to be increased by a factor in the range of 1.4 

to 1.5 compared to the population at large.
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Layperson’s Introduction

‘There is no concept so difficult that it can’t be explained in a simple way. ”
- Albert Einstein

It is suspected that many human diseases are caused by chemicals, radiation, and 

other agents which can be found in the environment. Many of these agents have been 

studied in an attempt to understand how they contribute to human illness, mainly cancer. 

In the case of radiation, excessive amounts of energy hit the cell, damaging DNA and 

protein molecules. Because of this, cells can either be killed or modhSed (mutated) which 

leads to impaired cellular function.

Unfortunately, a serious radiological accident occurred in Goiânia (Brazil) in 1987. 

During the accident, 249 people were exposed to various levels of ionizing radiation and 

four fatalities resulted. The severity of radiation exposure depended on the proximity and 

the length of time individuals were exposed to the source. Several of the accident victims 

volunteered to donate blood samples annually, over a period of six years, providing a 

unique opportunity to study the nature of DNA mutations in a recently exposed human 

population.

Improved scientific methods have been used to investigate the biological effects of 

radiation exposure in living organisms, including humans. By using these techniques we 

can ask two questions. How does radiation damage the DNA? Is there an increased risk 

for cancers associated with exposure to radiation? Some of the tests we used included:

1. The T-cell clonal assay which used cells taken fi’om the blood sample and allowed only 

DNA damaged cells to grow in a test tube;
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2. Polymerase chain reaction (PCR), a technique that allowed the copying of the 

damaged DNA many times. This step is necessary to generate enough DNA molecules 

to be studied;

3. Automated DNA sequencing - with the aid of a computer the genetic coding, or the 

chemical components, of the copied DNA fragments (protein building instructions) 

were analyzed. The nature of the DNA from the exposed people were then compared 

to the DNA of unexposed individuals, called the control group.

This dissertation will discuss the follow-up study on the Goiânia population from 

its beginning in 1990. The first chapter describes previous scientific knowledge about the 

accident itself, human radiation exposure, the specific gene and the cells we studied (the 

hprt gene and T-lymphocytes). Chapter H discusses the relationship between damaged 

DNA and exposure to radiation, including the association with age and smoking habits. In 

chapter lU we looked at the same individuals over three subsequent samplings to see if the 

type and frequency of the DNA damage would remain the same. We found that the higher 

the exposure, the higher the frequency of DNA damage. However, over time there was a 

gradual decrease in the frequency of damage. After 4.5 years, the level of damage in the 

exposed people showed no difference from the unexposed ones. Chapter IV compares the 

type of DNA damage found in the exposed individuals from the Goiânia population to 

other similar studies, including a study on A-bomb survivors. The main finding was that 

the genetic coding of the DNA was altered in different ways. The main changes affected 

sites labeled A;T. These sites were damaged 4 times more often in the exposed population, 

than in the unexposed population. Furthermore, the exposed individuals were two times 

more likely to have deletions of DNA fragments within the gene we studied. This means
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that there was a cellular loss of DNA molecules, and consequently, a loss of building 

instruction for that cell and its progeny. Both changes and losses o f DNA content increase 

the inability of the cell to reproduce itself accurately which is one of the major steps 

toward cancers. Another test used for checking alterations to the DNA is the 

microsatellite instability assay as described in chapter V. The microsatellite instability 

assay looks at areas of DNA molecules that normally contain repetitive sequences, namely 

microsatellites. Any changes, either additions or deletions, to the repetitive sequences are 

considered microsatellite instabilities. Utilizing this assay we did not find statistically 

significant differences between the exposed and non-exposed individuals. Finally, in 

chapter VI we examined the possible genetic harm and the risk of cancer development for 

the discrete Goiânia population. The risk of being bom with a dominant genetic disorder 

translates into less than one child of the first generation of the exposed individuals. With 

respect to the risk of cancer development, the exposed population was found to be at 1.5 

time higher risk than the Goiânia population at large.

Our general conclusions were that there was a decrease in mutant frequencies over 

time, a small increased risk of developing cancer, and an almost irrelevant genetic risk for 

the next generation.
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Introduction and Thesis Rationale

The great tragedy o f Science - the slaying o f a beautiful hypothesis by an ugly fact. ”
- T.H. Huxley

Environmental mutagens and carcinogens have been suspected as the cause of 

many human diseases. To date, a number of short-term approaches utilizing both 

eukaryote and prokaryote models are used to identify potential mutagens and carcinogens 

as well as to assess their impact on the environment. The results obtained in such studies 

are used to eliminate such agents from the environment or to develop strategies to 

minimize inevitable exposures.

Over the last five decades, intensive study has been conducted to understand the 

biological effects of exposure to ionizing radiation in humans at the molecular, cellular, 

and organismic levels. Despite these efforts, little is known about the mechanisms 

responsible, perhaps because of the complex nature of ionizing radiation and its complex 

interactions with biological matter. Nevertheless, exposure to ionizing radiation has been 

established as a hazard to human health by contributing to the mutational load and 

increasing the cancer incidence in exposed populations. This knowledge has clearly caused 

widespread concern over the biological effects of radiation exposure.

As biotechnological approaches have become available, they have allowed more 

detailed studies and a better understanding of the biological effects of exposure to ionizing 

radiation. In particular, it is now possible to determine the nature of mutations in an 

individual at the DNA sequence level. Such technological investigation allows for a more 

precise interpretation of the molecular events underling radiation-induced mutations and 

contributes to defining the mutational specificity of ionizing radiation.
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On September 13*, 1987 in Goiânia (Brazil), a chain of unfortunate events led to a 

serious radiological accident that became known in the scientific community as simply the 

“Goiânia accident.” During the two weeks following the accident, 249 people received 

substantial exposure to ionizing radiation of ‘̂ ’Cs, resulting in four fatalities. Individual 

dose estimates ranged from near zero up to 7 Gy. In addition, personnel taxed with the 

subsequent patient care and cleanup were also exposed to low doses of ionizing radiation. 

This unfortunate accident, however, has provided a unique opportunity to study the nature 

of ionizing radiation-induced mutations in humans. Moreover, the actions undertaken by 

the Brazilian authorities following the accident resulted in an exposed group which was 

ideal for a follow-up study. The considerable efforts made to determine individual 

exposures, the continuing cytogenetic follow-up, and the detailed monitoring of the 

clinical health of the exposed individuals, maximize the potential value of our study.

Following the accident, the institute ‘Tundaçào Leide das Neves Ferreira 

(FunLeide)” was created by the Governor of the State of Goiâs. This institute has the 

mandate of studying the long-term consequences of the Goiânia accident, including its 

medical, psychological, epidemiological, cytogenetic, and social aspects. In 1989, a mutual 

agreement between the FunLeide, the Universidade Catôlica de Goiâs (UCG), and a 

Canadian institute, the Center for Environmental Health (CEH), was established. In this 

agreement, the CEH was granted access to the patients and their blood, on an armual 

basis, in order to carry out a follow-up monitoring study of the consequences of radiation 

exposure in that population.

The overall proposal of the follow-up study was the monitoring of the genetic 

health of the individuals exposed to ionizing radiation during the Goiânia accident. The
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study involved the application of biotechnology to investigate the mutagenic effects of 

ionizing radiation at both cytogenetic and molecular levels, as well as to determine the 

consequences of radiation to the exposed and general populations by estimating the risk of 

carcinogenesis and genetic harm associated with radiation exposure. The applied strategy 

involved the use of methodologies and a combination of several techniques, such as the 

growth of T-lymphocytes under selective and non-selective conditions, polymerase chain 

reaction (PCR), automated DNA sequencing, and non-sequencing applications of an 

automated DNA sequencer, to name just a few.

The general objective of the long-term study was to determine the DNA damage 

caused by ionizing radiation, as well as to investigate the nature of mutation in the 

exposed population in Goiânia. The blood samples were collected at yearly intervals from 

both exposed and control populations of Goiânians, on a voluntary basis. The control 

group consisted of unexposed individuals selected from unexposed neighbours, family 

members, and the FunLeide’s workers. Although this accident provides a rare opportunity 

to investigate the radiation-induced mutations in people, in vivo, it lacks the refinement of 

experimental studies conducted under the lens of previously designed protocols. In 

addition, accidental exposures generally involve complex populations displaying the 

normal human heterogeneity which impose some limitations. This is especially true, 

considering both the limited number of individuals available and the availability of the 

samples. We must, therefore, emphasize that some of these limitations are unavoidable and 

hence were present during the development of this study. The inherent limitations are 

addressed accordingly, when appropriate, throughout this dissertation.
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This dissertation will deal with the outcome of the follow-up study on the Goiânia 

population which began in 1990 and which was conducted at both the FunLeide and the 

CEH. Chapter I sets the background for this study and includes discussions on the Goiânia 

radiological accident and individual dose estimations for the exposed population; the 

nature of ionizing radiation and its biological effects; the hprt gene and the selection assay; 

and finally T-lymphocyte development, cell cycle, and receptors as they pertain to this 

study. Chapter II describes and discusses the relationship between micronucleus fi-equency 

and exposure to ionizing radiation, including correlation with age and smoking habits as 

possible confounding factors affecting micronucleus frequency. Chapter m  discusses the 

mutation frequency over time in a longitudinal study o f three cohorts of individuals 

exposed to high levels of ionizing radiation. Chapter IV discusses the'nature of radiation- 

induced mutations found in 10 individuals exposed to high doses of ionizing radiation. 

Chapter IV also compares our findings with a low dose-exposed cohort from the Goiânia 

population and to a group of A-bomb survivors. In addition, we further compare our 

results to the background mutations from unexposed individuals. The latter group includes 

data from the hprt database (Cariello et a l, 1994), a control group for the A-bomb 

survivors, and a Brazilian control group. Chapter V discusses the potential use of the 

frequency of microsatellite instability as indicators of somatic damage induced by ionizing  

radiation which is closely associated with the development of malignancies. Finally, 

chapter VI discusses the risk associated with radiation exposure in Goiânia; both the risk 

of cancer and genetic harm are considered.
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CHAPTER I - Background

1. The Goiânia Radiological Accident

1.1. The Accident and Its Implications

Goiânia is located on the central Brazilian plateau and is the capital of Goiâs State. 

The area is well known for its cereal farms and cattle ranches which are major contributors 

to the region’s economy. Goiânia is a m^'or city with a cosmopolitan population of about 

one million. It is a modem, well developed city, with access to modem medical and 

industrial technologies.

The community was serviced by the Institute Goiano de Radioterapia (IGR.), a 

private radiotherapy clinic which was relocated in late 1985. In the process of relocating 

the IGR, a ^̂ ’Cs radiotherapy unit was unfortunately abandoned and despite the legal 

requirement, the licensing governmental office was not properly notified. Shortly 

following the relocation, the premises of the former radiotherapy institute was partially 

demolished, leaving the ‘̂ ^Cs radiotherapy unit in an extremely vulnerable situation 

(Figure lA).

On September 13“*, 1987, two unauthorized individuals entered the premises of the 

demolished institute and removed the source assembly from the radiotherapy unit in the 

belief that it might be of some value as scrap metal. The two individuals transported the 

assembly home and tried to dismantle it, unaware that inside the lead shield was a source
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containing 50.9 TBq^ of radioactive material. During their manipulations, the lead shield 

was ruptured, releasing the stainless steel source capsule. This contained highly 

radioactive ‘̂ ’CsCl (cesium chloride) salt which is highly water soluble and readily 

dispersible. General information on ‘̂ ^Cs and the radioactive source can be found in Table 

I (after IAEA, 1988).

Table L radioactive properties and data on the source ruptured during the Goiânia 
radiological accident. Modified from IAEA, 1988.

- general information
Gamma emissions 
Beta emissions Maximum energies 

Mean energy

0.66 MeV (84%) 
0.5IM eV(95% ) 
1.17 MeV (5%) 
0.187 MeV

Half-life 30 years

Specific gamma ray constant 8.9 mGy/h at 1 m per GBq

Data on the IGR’s source (as of September 1987) 
Model Cesapan F-3000®

Radioactive material
Volume
Mass
Specific activity

Cesium chloride 
3.1 X 10-5 m̂
0.093 kg
0.55 TBq/g (15.1 Ci/g)

Radioactivity 
Dose rate at 1 m

50.9 TBq (1375 Ci) 
4.56 Gv/h

The broken pieces of the assembly were subsequently sold to a scrap metal dealer 

where they were left until later that week, when some of the broken pieces were sold and 

transferred to other junk yards. The distribution process created some of the several foci 

of radiation that were subsequently identified in and around metropolitan Goiânia (Figure 

IH). The first night following the acquisition of the metal pieces, the dealer noticed that 

the stainless steel container emitted a blue glow in the dark. Curious about his new 

purchase he brought it inside where, using a screw driver, he proceeded to dislodge

* For definition of units of radiation mentioned throughout this dissertation, please refer to Appendix 2.
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glowing fragments from within the container. He was astonished at his luck and thought 

the powder must be valuable, if not supernatural. The little gemstone-like granules and the 

glowing powder were distributed among his closest relatives and friends, further 

disseminating the radionucleide.

As a result of the dispersion of the ^̂ ^Cs, a number of people were exposed to 

ionizing radiation, and it was not long before the typical symptoms of acute radiation 

illness became apparent (Figure IB through ID). Unexpected symptoms were 

misinterpreted by local physicians and misdiagnosed as food poisoning, contact dermatitis, 

and pemphigus. To further aggravate the situation, the acute symptoms simulated those of 

tropical diseases. It was only when the scrap dealer’s wife took the remnants of the source 

to a nearby office of the Sanitary Surveillance Division (SSD) that there was some 

suspicion concerning the possibility that the source might be responsible. Finally, a 

technician from the SSD and a physician from the Toxicology Information Center 

suggested the possibility that the material might be radioactive. On the 29^ of September a 

nuclear physicist was called to perform preliminary measurements and immediately 

validated the assumption that radioactivity was involved. Immediate action was taken to 

isolate the area and both military and fire persormel were called upon to prevent anyone 

from entering any premises where radioactivity was above background.

Following the discovery of the nature of the accident, national and international 

emergency teams were dispatched to Goiânia to determine the extent and the level of 

contamination. The human consequences of this accident are summarized in Table II (after 

Oliveira et ai, 1989). In addition to obvious medical effects, severe socio-economical and 

psychological consequences afiOicted the population. Those individuals contaminated by
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radiation, and even their neighbours, were ostracized from the community and to this day 

still live under a stigma. Subsequent to the discovery of the accident, neighboring states 

refused to buy grain, milk, vegetables, and meat from the State of Goiâs. This lead to 

major economic losses for the region.

Table IL The medical consequences of the ^^Cs radiological accident of 
September 1987 in Goiânia (Brazil).

Type of Detriment Total
Fatalities 4
Acute Radiation Syndrome 8
Bone marrow failure 14
Local radiation injuries 28
Hospitalization 20
Contaminated individuals

External contamination^ 120
Internal and external contamination 129

Number of individuals monitored 112,800
‘ Clothing and shoes only.

An area of 2,000 was severely contaminated. Emergency actions were taken to 

clean up and control further contamination (Figure IE and IF). Several procedures were 

quickly used to bring all potential source of contamination under control. Secondly, a 

remediation phase was started in order to restore normal living conditions. During the 

clean up process, any item which could not be decontaminated was dismantled and placed 

into concrete-lined drums for disposal as nuclear waste. In total, 3500 m̂  of waste was 

generated. After extensive socio-political considerations, a temporary storage site was 

defined. A sparsely populated area about 23 km from Goiânia was finally chosen as the 

most convenient location (Figure IG). Six open concrete platforms were built, meeting the 

local conditions, constraints on the construction time, and political demands. An 

environmental monitoring station was placed in the repository site. To date, no leakage of 

radioactive materials has been detected. However, due to weather conditions and high
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humidity and high temperatures, the predicted corrosion o f containers has been observed.

For almost a decade, Brazilian authorities have been engaged in a comprehensive 

decision-make process regards the final resolution as to the location and construction of 

the permanent repository for the radioactive wasted originated during the 1987 Goiânia 

radiological accident. Ongoing discussions are taking place both at the national and 

international levels. The discussions include the technical aspects of a permanent 

repository, as well as ethical and socio-political considerations. A global deliberation over 

all aspects involved in the decision is crucial for solving the problem on a permanent basis, 

as the final repository will have to last for nearly four centuries (Table III).

Table m  Radioactive C: contained in the waste originated during the 
Goiânia radiological accident.

Waste
group

Volume
(m^

Percentage of 
total volume

Average
concentration

(KBq/kg)

Decay time 
(years)

5 51 1.5 3.21X 10̂ 356
4 429 12.8 1.43 X IQ-' 221
3 578 17.2 1.44 X 10* 122
2 769 22.9 3.2 X 10- 57
I 1534 45.6 26.9 0

Taking into account the packaging procedures, the volume, and average 

concentrations of the radionucleide, Brazilian authorities divided the radioactive waste 

into five groups and calculated the time it would take for each group to decay to a residual 

concentration level of < 87 Bq/g, which is the exemption level established in Brazil (Table

Figure 1 (next page). The Goiânia accident is the most serious radiological accident yet to occur in 
the Western hemisphere. (A) partially demolished premises of the IGR from where the carelessly 
abandoned " Cs radiotherapy unit was removed; (B,C,D) deterministic effects of radiation exposure, 
including radio-lesions, and skin bums induced by severe exposure to y-rays due to contact with "^CsCl; 
(E) specialized emergency team undertaking clean up procedures to decontaminate severely 
radioactive areas; (F) the "^Cs source finally shielded in a concrete container; (G) temporary 
storage site in Ahadia de Goiâs of the 3500 m̂  of radioactive waste contained in concrete-lined 
drums, placed on open concrete platforms; and (EQ several radioactive foci in metropolitan Goiânia, 
which originated during the radiological accident, covering an area of 2,000 m .̂ All photographs by 
courtesy of the Fundaçâo Leide das Meves Ferreira, Goiânia (Brazil).
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m , after Paschoa et a i, 1993). The volume o f waste which will need to be confined for 

the longest time comprises 1.5% of the total waste volume. The largest group of 

radioactive waste, accounting for almost half of the total volume, already has a 

concentration lower than the expected exemption level and technically could be considered 

exempt from regulatory control.

In summary, a chain of errors lead to the 1987 radiological accident in Goiânia. In 

all, 249 people were exposed to ionizing radiation of cesium-137 in the worst radiation 

accident in the Western Hemisphere, worldwide second only in severity to the explosion 

of the Chernobyl reactor. The Goiânia accident has had major medical, social-economical, 

and physiological impacts in the community, leaving the government to grapple with the 

political fallout - a struggle that is not yet over. As reported by Roberts (1987), the 

accident, by its nature and characteristics, well illustrates “an eerie image of how wrong 

things can go when vigilance over radioactive material lapses.”

1.2. Dosimetry

The Goiânia radiological accident had serious medical consequences, including 

four casualties. Notably, two weeks elapsed from the time the assembly was first 

dismantled to the discovery of the accident. During this time, several people were critically 

exposed to doses as high as 7 Gy of *̂ ^Cs ionizing radiation derived from both high levels 

of external irradiation and severe internal contamination. The most heavily exposed 

individuals suffered from acute radiation sickness and radiation lesions (Figure IB through 

ID). Both dermal lesions due to beta irradiation and internal lesions caused by more 

deeply penetrating gamma radiation were incurred.
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Dose estimation was one of the most important parameters for prognosis and 

treatment. However, due to the nature of the accident, precise estimates represented a 

major challenge. Individual exposure was very heterogeneous, and in some cases, of a 

fractionated character. A majority of the patients received significant whole-body and 

localized irradiation. Some patients had internal and external contamination from the 

radionucleide. All these peculiarities in extent of radiation further complicated the dose 

estimation for the exposed population. Nevertheless, several dosimetry techniques were 

used to assess the level of exposure and to provide initial information on potentially 

exposed individuals. The main approaches used to estimate the dose for the exposed 

population in Goiânia were:

1.2.1. Internal Dosimetry: Inhalation, ingestion, and absorption through wounds were 

the three potential pathways for internal contamination. The primary action was 

concentrated on determining the individual intake of cesium-13 7 chloride through the 

analysis of biological excreta. In addition to the bioassay estimates, internally deposited 

cesium-137 was quantitatively evaluated by using a field whole-body counter with a 

detection level of 9.1 KBq (247 nCi) for a counting time of 2 minutes with 95% 

confidence. The 70-year dose commitments for the 129 people who exhibited internal and 

external contamination can be seen in Table IV.

1.2.2. Biological Dosimetry: As reported by IAEA (1988), blood samples were collected 

from 110 individuals previously identified as having putative exposure greater than 0.1 Gy. 

Individual absorbed doses were estimated by means of biological dosimetry using 

chromosome aberration analysis. Chromosomal type aberrations, namely dicentric and
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centric ring chromosomes, and acentric fragments, were scored. Dose assessments were 

then obtained using a calibration curve for cobalt-60 (y-rays at a dose rate of 0.12 Gy/min) 

as no similar curve for cesium-137 was available at that time. The unstable chromosome 

aberration analysis showed that dose estimates exceeded 1.0 Gy for 29 people. However, 

no estimated dose exceeded 7.0 Gy (Table IV).

The incidence of chromosome aberrations followed a Poisson distribution 

whenever individuals had a uniform whole body exposure. Six cases, with doses ranging 

from 0.5-4.5 Gy, exhibited over dispersion and may indicate a partial body exposure. 

Nevertheless, the Poisson analysis lacked sufBcient resolution to accurately discern these 

over dispersed findings (IAEA, 1988, Ramalho etal., 1988).

Table IV. Dose commitment for 129 people exposed in the 
radiological accident in Goiânia (Brazil), after IAEA (1988).

Number of people Committed dose (70 years) fSvl
45 <0.005
42 0.005 - 0.05
33 0.05 - 1.0
4 1.0 - 2.0
2 2.0 - 3.0
1 3.0 - 4.0
I 5.0 - 6.0
1 7.0

1.2.3. External Dosimetry: Using this approach, dose estimates can be determined based 

on known radioactive properties of the radionucleide, dose rates and sequential 

reconstruction of the events that lead to exposure. External dosimetry for the exposed 

population in Goiânia was complicated by the complex mix of contamination, external 

irradiation, and accurate time factors. Moreover, the lack of precise information on 

individual exposure histories further complicated the dose estimations. Despite these
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uncertainties, some gross assessments were made for screening purposes.

For additional details on the 1987 radiological accident with cesium-137 in Goiânia 

(Brazil) refer to Roberts, 1987; IAEA, 1988; Candotti et al., 1988; and Oliveira et al, 

1989.

2. Human Radiation Exposure

2.1. Short History and Remarks

Over the past century, few issues have commanded as much public and scientific 

attention as those related to radiation. No single carcinogenic fector - possibly with the 

exception of smoking - has been so Intensively studied as ionizing radiation (Larsson, 1988). 

Whether such interest reflects the potential benefits associated with the use of radiological and 

nuclear technologies, or the fear associated with the deployment of nuclear weapons, is not 

certain. However, since the discovery of X-rays (Roentgen, 1895) and radioactivity 

(Becquerel, 1896), in the latter part of the 19* century, intensive research has been carried out 

in order to understand and characterize the impact of ionizing radiation on human health. Since 

the beginning of the 20* century, it has been known that high doses of ionizing radiation 

produced clinically detectable harm to an exposed individual. The damage resulting firom such 

exposure could range fi'om eye irritation, to skin bum, to death. Some decades ago, it became 

evident that low radiation doses could also cause serious health effects, although such cases are 

of low incidence and only detectable through sophisticated epidemiological studies of large 

populations.

One of the first pieces in the radiation exposure-damage puzzle was provided by the 

demonstrated mutagenicity of X-rays in Drosophila (Muller, 1927). In the early 1950s the
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double heüx modal for the DNA structure was proposed (Watson and Crick, 1953a,b) giving 

radiation geneticists a molecular model to explain their results. Moreover, the double helfac 

model discovery placed the radiation problem into the field of nucleic acid chemistry. In the 

1970s, the development of recombinant DNA techniques and DNA sequencing methodologies 

(Maxam and Gilbert, 1977; Sanger et aL, 1977) permitted the accurate investigation of the 

radiation effects on genes at a molecular level.

By the end of the 1980s, a vast amount of new genetic information had accumulated 

which prompted a new look at the standards governing protection against exposures to 

ionizing radiation and the safety of radiation sources. To date, there are significant gaps 

between scientific records and general public belief relating to the effect of radiation. Despite 

the body of scientific information regarding ionizing radiation, a clear message still emerges, 

which is that radiation’s real and perceived risk are commonly misunderstood, and that a clear 

communication of the fects to the general public is yet to be achieved.

2.2. Natural and Artificial Sources of Radiation

Humans have always been exposed to ionizing radiation. Natural sources of radiation 

include cosmic radiation and external and internal irradiation firom radioactive material in the 

surroundings and within the body. The absorbed dose, due to cosmic radiation, is strongly 

dependent on altitude. The world’s average annual dose equivalent is 0.3 mSv for populations 

at large (UNSŒAR, 1982).

Long-lived radionucleides, such as *̂ Rb, ^*U, and ^^Th, comprise the major 

terrestrial sources of natural radiation. The presence of primordial radionucleides and their 

decay products results in external irradiation to the population. The absorbed dose is dependent
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on specific environmental activity. Long-lived radionucleides in the biosphere may enter the 

human body through ingestion and inhalation The most important contribution to the internal 

irradiation of humans fi’om natural sources comes fi’om the radioactive gas radon, fi'om the 

decay series of and ^̂ ^Th (for detailed information see Gustafsson and Persson, 1988). 

Annual exposure estimates firom natural sources can be found in Table V.

Table V. Global estimates of annual radiation exposure from natural 
sources.

Source of Exposure Aimual effective dose (mSv)’
Cosmic 0.39
Terrestrial gamma KM 0.46
Radionucleides in the bocfŷ  (except radon) 0J26
Radon and its daughters 13
Total 2.38
One mSv is the currently recommended annual dose limit for members of the 
population at large for exposures fiom practices under regulatory controL

The development of radiological and nuclear technologies has contributed to the 

world’s population radiation exposure of man-made sources. Stratospheric fallout due to 

nuclear test explosions, nuclear power production, medical irradiation, occupational exposure, 

and nuclear accidents, comprises the man-made contribution to the worid’s population dose of 

radiatiorL The UNGEAR (1993) report has confirmed that the normal operation of all peaceful 

nuclear installations contributes insignificantly to the global exposure to radiation. Gonzales 

(1993) has compiled all the information on dose commitment, taking into consideration all 

peaceful nuclear activities, medical, occupational, and accidental exposures, and has determined 

global exposure to be equivalent to a few days of natural exposure (Table VI).

Radiological accidents, generally associated with complex environmental, 

physiological, and psycho-sociological components, have become an anticipated and not 

uncommon occurrence in the modem world. The potential chance of accidental exposures 

increases along with the development of radio-nuclear technologies. In addition to the
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deliberate and calamitous dropping of the A-bomb over Hiroshima and Nagasaki in August of 

1945, several severe radiological accidents have occurred in the 20* century. Two mtyor 

accidents occurred at nuclear power plants - at Three Mile Island (USA) in 1979, and at 

Chernobyl (Soviet Union) in 1986. The accidents had a considerable impact on the public's 

perception of the potential danger from radiation exposure. Furthermore, accidents involving 

radiation sources used in medicine and industry have also attracted public attention, such as the 

accidents at Cuidad Juarez (Mexico) in 1982, Mohamadia (Morocco), Goiânia (Brazil) in 

1987, San Salvador (El Salvador) in 1989, Soreq (Israel) in 1990, Zaragoza (Spain), and Kiisa 

(Estonia) in 1994 to name just a few.

Table VL Exposure to man-made sources of radiation expressed as equivalent periods of exposure to 
natural sources of radiation (after Gonzales, 1993).

Source Basis Equivalent period of exposure to 
natural sources

Medical exposure One year of pracdce at the current rate 90 days
Nuclear weapons tests Terminated practice 2.3 years
Nuclear power Total practice to date 10 days

One year of practice at the current rate 1 day
Severe accidents Events to December 1993 20davs
Occupational exposures One year of practice at the current rate 8 hours

2.3. Radiation Safety and Protection

New international standards on radiation safety and protection were discussed in a 

report by Gonzales (1994a). Gonzales highlighted the result of a joint effort towards 

international harmonization of radiation safety. Several organizations and committees 

supported the development of current safety standards which were developed following 

information on extensive research by scientific and engineering organizations at both the 

national and international levels. The newly elaborated guidelines are called BSS (International 

Basic Safety Standards for Protection Against Ionizing Radiation Sources). The BSS provides
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guidelines for intervention in situations where individual doses approach the values in Table

vn.

Table VIL Individual dose level at which intervention must be 
expected under any circumstances (after Gonzales, 1994a).

a. Acute exposures
Organ or Tissue Projected absorbed dose to the organ 

or tissue in less than 2 days (Gv)
Whole body 1
Lung 6
Skin 3
Tltyroid 5
Lens of the e>e 2
Gonads 3

b. Chronic exposures
Organ or Tissue Annual equivalent dose rate 

(Sv/year)
Gonads 0.2
Lens of the eve 0.1
Bone marrow 0.4

The dose limits established by the BBS are intended to ensure that no individual is 

placed at unacceptable risk due to radiation exposure. Dose limits for occupational exposure, 

and for members of the public, can be found in Tables Vnia and b, respectively.

Table VTTT. Individual dose limits.

a. Occupational exposure______________________________________________
• Effective dose of 20 mSv/year averaged over 5 consecutive years;
• Effective dose of 50 mSv in any single year,
• Equivalent dose of 150 mSv for the lens of the eyes in a year, and
» Equivalent dose of 500 mSv for the extremities (hands and feet) and skin.

b. Members of the public______________________________________________
Effective dose of I mSv in a year;
Effective dose up to 5 mSv in a year provided that the average dose over 5 
consecutive years does not exceed 1 mSv/year;
Equivalent dose of 15 mSv in a year for the lens of the e\’e; and 
Equivalent dose of 50 mSv in a year for the skin __________________

2.4. Nature and Properties of Ionizing Radiation

The term radiation denotes energy propagating in the form of electromagnetic waves.



37

photons, or in the form of subatomic particles. Ionizing radiation is a particular kind of 

radiation with sufficient energy to excite - in the medium through which it passes - an atom or 

molecule into an ion. The average ionization energy is approximately 33.7 eV (5.3 x 10'̂ * J) in 

air and, in water is about 20 eV (3.2 x ID'** J). Only ionizing radiation with energy over 124 eV 

(2 X 10*̂ ’ J) is considered to be biologically significant (Gonzales, 1994b).

In nature, ionizing radiation can be either particulate or electromagnetic. Particulate 

ionizing radiation originates fi-om particles produced from unstable nuclei. The most relevant 

for biological systems are a-particles, negatrons (p"), and positrons (P*). Electromagnetic 

ionizing radiation consists of high energy photons, such as X-rays and y-rays. The first arise 

from the oscillation of orbital electrons, or is due to transitions of orbital electrons from a 

higher to a lower energy level. The latter are emitted during the transition of particles within 

the atomic nucleus or by reaction between fimdamental particles.

Différent types of radiation vary in their ionization density. The Linear Energy Transfer 

(LET) describes the relative amounts and distribution of ionizing radiation and excitation 

energy released along the track of a particle in a particular medium. For a given amount of 

energy absorbed, radiation which creates the denser distribution of ionization will cause the 

greater damage (Saddi, 1994).

The biological effect of ionizing radiation is dependent on both the absorbed dose 

delivered to the tissue, the dose rate, and the spatial distribution of the energy transfer, but the 

effect does not depend on the radiation origin (Svensson, 1988). Absorbed dose is the mean 

amount of energy imported from ionizing radiation by a unit mass of irradiated material at a 

point of interest. The current unit for the absorbed dose is expressed in Gray (Gy) which is 

equivalent to a 1 J/Kg. For radiation protection purposes, the absorbed dose is weighted to
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take account of the effectiveness of the different radiation types, and the radiosensitivity of 

various organs and tissues. The resulting quantity is termed effective dose, and its unit is 

expressed in Sievert (Sv). For photons in the intermediate energy range, I Sv is approximately 

equal to I Gy (Gonzales, 1994b).

2.5. Interaction oflonizing Radiation with Living Matter

To consider the biological effects of radiation exposure, one needs to take into 

consideration that cellular material is the medium through which ionizing radiation passes. 

Cellular material is remarkably rich in water molecules and these molecules are immediately 

ionized by radiation exposure creating an abundance of OH-radicals, hydrogen atoms, and 

hydrated electrons. These active chemical radicals are extremely reactive and are, therefore, 

able to promote chemical changes in the cells. The newly formed radicals attack DNA by 

abstracting covalently bound hydrogen atoms or by the addition of double bonds between the 

DNA bases. Abstraction of hydrogen from the deoxyribose moiety results in a free radical that 

may undergo intra-molecular rearrangements or react with solute molecules, while reaction 

with the oxygen leads to an irreversible destruction of the deoxyribose, which generally leads to 

a chain break (Ahnstrôm, 1988; Ward, 1988).

Direct interaction with the DNA molecule, causing the excitement of its atoms due to 

direct deposition of energy, is also ascribed to radiation exposure. There is a multiplicity of 

potential reaction mechanisms in the cellular environment which creates the potential for a large 

spectrum of ionizing radiation products in DNA However, the predominance of water in 

biological systems suggests that species formed by the radiolysis of water are the major source 

of damage (Ward, 1988; Friedbergerai, 1995).
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Ionizing radiation induces mainly four different classes of DNA lesions, namely, single 

strand breaks, double strand breaks, various types of base damage, and DNA-protein cross 

links (Natar^an et al, 1988; Ward, 1988; Friedberg et aL, 1995). It has been estimated that for 

every 1 Gy of absorbed dose, approximately 1000 sin^e-strand breaks, 40 double strand- 

breaks, and other assorted lesions are produced (Ward, 1986).

2.6. The Current Understanding of Biological Effects oflonizing Radiation

Since the early experiments by Roentgen, it has been known that exposure to ionising  

radiation produce clinically detectable harm in an exposed individual. According to our current 

knowledge, two main types of health effects induced by radiation exposure can be identified. 

The first type are called the deterministic effects which develop above a threshold and the 

severity of the effects increase with dose. In general, deterministic effects are associated with 

cell death (e.g., erythema, skin bum, and radio-lesions, etc.). The second type are called 

stochastic effects and are generally associated with cell modification (e.g., cancers and genetic 

disorders). The probability of stochastic effects increases with dose, in a manner similar to 

other genotoxic agents, including tobacco and some chemicals. Consequently the relative 

contribution of these agents can only be established through epidemiological studies. The 

effects of low doses of radiation can thus only be estimated in large populations. The most 

extensive epidemiological study in contact of human radiation exposure has been the follow-up 

studies done over 40 year on the A-bomb survivors of Hiroshima and Nagasaki (Flakus, 1995).

The biological effects of ionizing radiation arise fi'om damage caused to the chemical 

structure of the cell, particularly to DNA, where the altered structure can lead to mutation. If 

mutation occurs in a germ cell, it can be transferred to the progeny. If damage occurs in a
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somatic cell, and the cell survives, fixed mutations could initiate malignant transformation 

(Gonzales, 1994b). While radiation may induce mutation and hence contribute to both 

evolution and genetic variation (Pochin, I980a,b; Denniston, 1982), the vast m^ority of 

biological eflfects of radiation are viewed as harmful.

Carcinogenesis is generally viewed as the most important stochastic effect of ionizing 

radiation. At present, carcinogenesis is assumed to be a multistage process, usually divided into 

three steps, namely cancer initiation, tumour promotion, and malignant progression. Ionizing 

radiation is assumed to be a potent initiator, rather than an effective promoter or progressor. 

Although, to date, it is not possible to clinically determine whether a specific malignancy has 

been caused by radiation exposure, radiation-induced tumours and leukemia have been 

detected and statistically quantified by epidemiological studies of populations exposed to 

ionizing radiation. With regard to germ cell events, epidemiological studies have not detected 

statistically significant hereditary effects of radiation exposure in humans (Larsson, 1988; 

Gonzales, 1994b).

The carcinogenic effects and genetic risks of radiation have been extensively detailed in 

the literature and are, in a general sense, reasonably well understood. The dose-response 

relationship, especially at low doses, however, remains unclear. The questions of whether there 

is a linear or exponential dose response and whether there is a discrete threshold below which 

biological consequences are uncommon, remain unanswered. Similarly, we are uncertain of the 

extent to which such factors as LET, and dose rate, affect the outcome of exposure. 

Essentially, the extent of human illness arising fi’om an increase in mutation rate due to 

exposure to ionizing radiation remains a critical issue (ICPEMC, 1983; UNSŒAR, 1988; 

Sankaranarayanan, 1993; de Serres, 1994).
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3. Hypoxanthine-guanine Phosphoribosyltransferase: The Protein (HPRT), the 

Gene {hprt), and the Assay

3.1. The HPRT Protein

HPRT enzyme catalyses the formation of purine nucleotides, GMP and IMP, from 

PRPP and the respective purine bases. There are two major pathways for purine 

biosynthesis in higher eukaryotic cells, namely, the salvage reaction and the de novo 

pathway. The first consists of a much simpler and less costly reaction to the cells, in that 

purine nucleotides are synthesized from free purine bases formed by hydrolytic 

degradation of nucleic acids and nucleotides. In the second, the salvage pathway, the 

enzyme HPRT catalyses the conversion of guanine and hypoxanthine to guanylic and 

inosinic acids in the presence of PRPP (Stryer, 1988). The simplified salvage pathway can 

be seen in Figure 2.

Hypoxanthine HPRT IMP
Guanine PRPP GMP

Figure 2. The EiPRT enzyme is in the salvage pathway of purine nucleotides.
It is responsible for recycling about 90% of all free purine bases. This enzyme 
catalyzes the conversion of hypoxanthine and guanine to IMP and GMP in the 
presence of PRPP (Stryer, 1988).

Since early description of the HPRT in the late 1960s (Seegmiller et a i, 1967), the 

enzyme and its encoding gene have received a great deal of attention in the fields of 

biochemistry, genetics, and medicine. This interest has resulted in the extensive 

investigation of both the enzyme and its respective gene, including structure, function, and
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expression. HPRT deficiency is also of interest because it is associated with two clinical 

entities in humans. The virtual absence of HPRT enzyme activity is responsible for the 

Lesch-Nyhan syndrome which is characterized by the overproduction of uric acid, leading 

to a central nervous system disorder. The psychological profile of an individual with this 

syndrome includes mental retardation, spasticity, choreoathetosis, and a compulsive form 

of self-mutilation (Lesch and Nyhan, 1964). A partial deficiency of HPRT activity is 

characterized by overproduction of uric acid which may result in hyperuricemia and in an 

early onset of gout (Kelley et aL, 1967).

HPRT is a soluble cytoplasmic enzyme which does not seem to be glycosylated 

(Kruh et al., 1981). The native molecule is a tetramer of identical subunits (Holden and 

Kelley, 1978). Each enzyme subunit is 217 amino acid residues long, including an 

acetylated alanine in the NHz-terminal, with a molecular weight equal to 24,470 (Wilson et 

aL, 1982a,b). Studies of tissue distribution of the enzyme in humans have indicated that 

HPRT is constitutively present in most tissues, accounting for no more than 0.005-0.04% 

of total cellular protein (Melton et a/. 1981). However, cells of the basal ganglia and testes 

have the highest HPRT activity, while cardiac and skeletal muscle have the lowest activity. 

HPRT in the brain can account for as much as 0.05% of the total soluble protein. It can 

thus be concluded that HPRT concentration is 7-fold higher in the brain than in any other 

tissue. The mechanism and the rationale behind such a difference remains unknown (Kelley 

etal., 1969; Wilsone/a/., 1983; Chinault and Caskey, 1984).

Studies in human erythrocytes have shown that the HPRT protein exhibits 

considerable electrophoretic heterogeneity. Some posttranslational modifications may, in 

part, account for such heterogeneity. These posttranslational modifications include: 1)
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removal of the NHj terminal methionine followed by acétylation of the newly formed 

amino-terminus; and 2) Partial deamidation of asparagine at position 106 (Johnson et aL, 

1982; Wilson et al., 1982b). Johnson et aL (1982) showed that modification of erythroid 

cells is time-dependent, starting in the reticulocyte and continuing through the erythrocyte 

life-time. Because of such particularities, HPRT posttranslational modifications could 

serve as molecular markers of enzyme aging (Wilson et aL, 1983).

3.2. The hprt Gene

Hprt is a constitutively expressed gene which encodes the enzyme hypoxanthine- 

guanine phosphoribosyltransferase. Pioneering studies o f pedigree analysis of HPRT- 

deficient families suggested that the hprt locus was X-linked (Nyhan et aL, 1967). 

Advanced studies on segregation of HPRT-activity further confirmed the hprt gene to be 

X-linked and localized to the long arm of this chromosome at a position distal to the 

PRPP synthetase and proximal to the glucose-6-phosphate dehydrogenase (Becker et aL, 

1979; McKusick, 1982). Finally, somatic cell hybridization studies localized the human 

hprt locus to Xq26-27 (Pai et aL, 1980) as seen in Figure 3.

X Chromosome

C 3 q26 - hprt

Gene size: Consensus Seq.; 56.7 Kb 
Coding length: 657 bp 

9 Exons

Figure 3. Ideogram of X chromosome 
showing the location of the hprt gene.
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In the early 1980s the complementary DNA sequence to the HPRT messenger 

RNA was isolated, cloned, and ultimately sequenced. The hprt is a constitutive 

housekeeping gene, hence it is scarcely expressed with less than 10 copies of its raRNA 

per cell. The mature mRNA is about 1.6 kb in length with an open reading frame spanning 

just over 654 base pairs flanked by non-coding sequence (Jolly et a i, 1982 and 1983). The 

functional HPRT mRNA accounts for less than 3% of the genomic DNA that codes for 

this enzyme. The complete genomic sequence consensus of the human HPRT stretches 

across 56,736 bases (Edwards et aL, 1990). Like most eukaryotic genes, the hprt gene is a 

mosaic of exons separated by long intervening introns. The interrupted coding sequence 

splits the gene into nine protein-coding exons dispersed over a very large region of DNA. 

Extensive posttranscriptional events remove the eight introns during the processing of the 

primary transcript to yield a much smaller mature mRNA. Three probable pseudogene 

sequences have been found in humans, and mapped to chromosomes 3 ,5 , and 11. Aside 

from being intronless, these pseudogenes are relatively smaller than the functional gene 

(Chinault and Caskey, 1984; Patel et al., 1984).

During RNA splicing, introns are removed from the primary transcript by a system 

that recognizes short consensus sequences at the exon-intron boundaries and within the 

intron (Lewin, 1994). In the hprt gene the splice junctions are highly conserved and they 

all comply with the GT-AG rule. AU donor sites start with the dinucleotide GT and the 

acceptor sites ends with the dinucleotide AG.

The promoter region of the hprt gene is located in its 5'-end and it has a TATA- 

less promoter that lacks the typical 5’ transcriptional regulatory sequence element know as 

the TATA or CAAT boxes. Instead, the hprt core promoter has extremely GC-rich
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sequences, including five GC hexanucieotide motifs (5’-GGCG<3G-3’) upstream fi’om the 

transcription start point. These motifs are at -214, -202, -183, -178, and -167 and are 

known to bind the cellular transcription factor Spl (Kim et a i ,  1986; Rincôn-Limas et a i, 

1991). Additionally, there is a motif between -204 and -195 of sequence 5’- 

GGGGCG<KK3C-3’ that is similar to the consensus sequence for the high-afBnity binding 

site of Spl (Kadonaga et a i, 1986). Several other regulatory elements, similar in 

homology to the enhancer core sequences of the promoter of Simian Virus 40 (SV40), are 

displayed in the 5’ region of the hprt gene (Kim et a i, 1986; Rincôn-Limas et a l, 1991).

In addition, there are multiple potential transcription start sites in the region 

immediately downstream fi’om the last GC box. The major functional transcription 

initiation sites are found at approximately position -93 and -88, upstream fi’om the AT G 

translational start codon (Kim et a i, 1986). A study of the functional characterization of 

the hprt gene promoter demonstrated that consensus sequences fi'om positions -219 to - 

122 direct a relatively high level of expression and also exhibit bi-directional activity. 

Moreover, an upstream regulatory element, spanning positions -570 to -388, negatively 

modulates this gene expression in position-dependent and orientation-independent fashions 

(Rincôn-Limas et a i, 1991). Based on the hprt promoter sequence, all the basal 

transcriptional factors are needed for transcription, including the TFUD, the initiator (Inr), 

and possibly an additional factor to bind to the Inr and anchor the complex of RNA 

polymerase II general factors. The role of TFIID is not yet clear, but presumably TFIID 

interacts with the Sp 1 in order to recognize the promoter. In the hprt gene, the putative 

Inr element is located between -2 and +2, with a 5’-TTAT-3’ consensus sequence, which 

provides the positioning element for the transcriptional complex (Lewin, 1994).
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The hprt mRNA is 1.6 kb long and has a methylated cap at the 5’-end. The 

methylated cap is the first structure to be recognized by the ribosomes and cap-binding 

proteins during the process of translation initiation. The binding of the ribosome and 

associated factors to the methylated cap unwind the mRNA leader region enabling the 

ribosome to migrate to its binding site. With respect to translation efficiency of the hprt 

mRNA, the two guanines, at positions -8 and -3 respectively, are the two most important 

because they are the binding sites for the 40S ribosomal subunit (Lewis, 1994).

At the 3’-end of the noncoding region of the hprt gene, the putative sequence 

element, believed to be the signal associated with post-transcriptional cleavage and 

polyadenylation of eukaryotic mRNA, can be found. The putative element is postulated to 

be a stretch of adenine and uracil (AAUAAA). For the hprt gene, the putative element is 

located 13 bases upstream fi'om the site of polyadenylation (Wilson et aL, 1983) and its 

exact location is at base pair 42075, following the numbering system of Edwards et al. 

(1990).

3.3. Overview of the 6-Thioguanine Selection Assays

Since the early 1970’s, cultured human cells have been known to have some 

spontaneous resistance to purine analogues. The spontaneous resistance was postulated to 

be induced by known mutagens such as X-rays and N-methyl-N’ -nitro-N- 

nitrosoguanidinine. Furthermore, the possible enumeration of variant cells resistant to 

purine analogues in vitro was addressed as a potential method of detecting mutagenesis 

and as a useful method to detect induced phenotypic changes that could be associated with 

cancer (DeMars, 1974).
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Earlier chemical information on the enzyme HPRTG (hypoxanthine-guanine 

phosphoribosyltransferase) confirmed that the conversion of purine analogues to 

nucleotides inhibited the growth of normal fibroblasts. However, those cells lacking a 

functional enzyme could proliferate in the presence of the analogues by re-synthesizing 

nucleotides through the de novo pathway, using previously synthesized nucleotides 

(DeMars, 1974). The enzyme deficiency was putatively associated with spontaneous 

somatic cell mutation of the hprt gene arising in vivo. Consequently, the hprt locus has 

been extensively used for studies of mutations in cultured somatic cells that were able to 

grow and form colonies in the presence of a purine analogue as a selective agent.

3.3.1. The autoradiographic assay. The autoradiographic method was developed to 

quantify the variant cells using T-lymphocytes in the presence of 6-thioguanine and it was 

proposed for use as a direct mutagenicity test for humans. In the autoradiographic assay, 

cells lacking a functional HPRT were detected by their ability to incorporate 

[^H]thymidine in the presence of 6TG and to therefore be detected by autoradiography 

(Strauss and Albertini, 1979).

Initially it was assumed that only variant cells lacking HPRT activity could 

undergo division in the presence of selective agents. The lack of direct proof that the 6- 

thioguanine-resistant (TG^) cells were mutants, and the relatively high mutant frequency 

of variant cells, made it difficult for the autoradiography assay to find general acceptance. 

The high estimates of mutant frequencies reported in early studies (Strauss and Albertini, 

1979) were later attributed to lymphocytes undergoing division while in the peripheral 

blood. These presumed TG*̂  cells, no longer in Go phase, are able to incorporate the 

radioactive label in the presence of 6TG prior to their death. Further studies reported that
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most of the thioguanine-resistant lymphocytes detected by autoradiography were indeed 

mutant ceils. In addition, the studies reported an excessive variability observed with 

different methods, suggesting that the use of the autoradiography assay should be limited 

to studying large populations of cells (Dempsey and Morley, 1983). The basic procedure 

of the autoradiographic assay has been extensively modified (Morley et aL, 1983; 

Vijayalaxmi et al., 1984; Everson et a i, 1985). Some o f the modifications include 

cytometric cell sorting (Amneus and Erickson, 1986), and the freezing and thawing of the 

cells prior to stimulation with PHA (Albertini, 1982). A different version o f the assay, 

using 5-bromodeoxyuridine incorporation and Hoechst 33258 dye to identify the 6TG- 

resistant cells with fluorescence microscopy, was also developed (Ostrosky-Wegman et 

a i, 1987).

The limitations of the autoradiographic assay became the rationale for improving 

clonal expansion of putative mutant cells allowing for further molecular analysis. Firstly, 

towards this end the capacity to directly clone and propagate T-lymphocytes in vivo (Paul 

et a i, 1981) was developed. Secondly, mass T-cell culturing techniques were developed 

by using basic growth media enriched with T-cell growth factors and feeder cells. T-cells 

were cloned in a 96-well plate in the presence and absence o f 6TG as the selective purine 

analogue. Each well was monitored microscopically for cell growth. Cell densities were 

maintained under optimal conditions by splitting the cell colonies as necessary. The 

availability of cultured T-lymphocytes, introduced by the modifications to the former 

assay, facilitated the investigations of the genetic mechanisms underlying 6TG resistance 

and variability of mutations among the T-cell populations (Albertini et a i, 1982).
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3.3.2. The clonal assay. This hprt assay involves the cloning of the T-cell fraction of the 

mononuclear cells from peripheral blood. Cells are cultured in 96-well microtitre plates in 

the presence of phytohaemagglutinin (PHA). PHA is a mitogenic plant lectin which causes 

an in vivo stimulation of T-lymphocytes by cross-linking the CD3 complex on the T-cell 

receptors. This non-spedfic stimulation, associated with the cytokine inter-leuldn-2 (IL-2) 

and accessory (“feeder”) cells, induces a T-cell proliferative response comparable with the 

antigen driven systems. Furthermore, the T-cell response is controlled by a down- 

regulation mechanism, where, in the absence of further stimulation, IL-2 receptor 

expression on responding T-cells is short-lived. To maintain high expression of the IL-2 

receptors and proliferative activity of the T-cell clones, further PHA stimulation is 

required. PHA alone initiates cell division by passing Go T-lymphocytes into Gi. However, 

IL-2 and “feeder” cells are essential to make the stimulated T-cells go into S-phase and 

commit to cell division (Fleischer, 1983; Hadden, 1988; Beare et cd., 1993). Under these 

conditions, T-lymphocytes undergo clonal expansion and clones can be scored, following 

approximately a 14-day incubation. The addition of 6-thioguanine to the growth medium 

selectively kills the normal cells and the hprt mutant cells form colonies. Both cloning 

efficiencies per clonable cells, that is, in the presence and absence of 6TG, can be 

calculated from the negative component of the Poison distribution.

The T-cell clonal assay is indeed more demanding of resources, time, and money 

than the autoradiography assay. Nevertheless, it is superior in that the use of T- 

lymphocytes and their reasonably simple expansion enable full characterization of each 

individual clone. With the aid of both molecular and biochemical techniques, the mutant 

phenotype can be determined and the mutational spectrum investigated (Rossi et aL, 1992;
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Beare et a i, 1993). Moreover, molecular analysis of T-cell receptor rearrangements was 

developed which provided the means to investigate the clonal origin of mutant T- 

lymphocytes (Nicklas et aL, 1986). The rationale is that in vivo clonal expansion of mutant 

ceils could lead to spuriously high estimates of true mutant frequency of independent 

mutations. The comparison of TCR patterns identifies sibling mutants, and thus the 

observed mutant frequency can be corrected accordingly. The clonal approach, in 

conjunction with the TCR molecular analysis, is particularly useful in cases where an 

exceptionally high mutant frequency has been observed (Nicklas et aL, 1988).

The clonal hprt assay using T-lymphocytes from the mononuclear cell fraction 

from the peripheral blood has been extensively used to monitor the human population for 

somatic mutations. Culture conditions vary between individual laboratories. Nevertheless, 

the observed mutant frequencies are quite similar. A considerable body of data from 

healthy as well as individuals exposed to several mutagens, ranging from cigarette smoke 

to ionizing radiation, has been accumulated (for detailed information see Curry, 1993 and 

references therein). Moreover, a large database including information on the hprt sequence 

and characterized mutations has been collected. As a result, an electronic database is now 

available, including software to facilitate the analysis and comparisons of laboratories’ 

results (Cariello et aL, 1992, Cariello, 1994).

4. T-lymphocytes

The term lymphocyte includes an array of distinct cells which have a lymphoid 

origin and which are specifically associated with the recognition and response of foreign 

antigens. In mammals, the specificity of the immune response is mediated by two broad
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classes of lymphocytes, namely, the T- and B-lymphocytes. These two cell lineages 

derived their common name from the tissue they were first shown to mature. T- 

lymphocytes maturing in the thymus and B-lymphocytes maturing in the bursa o f Fabricius 

in birds (there is no equivalent of such an organ in mammals where early stages of B- 

lymphocyte maturation occurs in the bone marrow). Lymphocyte subsets are quite 

different in their function, although they all appear similar in morphology (Table IX). B- 

lymphocytes can undergo clonal expansion and are responsible for humoral immunity for 

they are the only cells capable of producing antibodies. These particular lymphocyte 

subsets are not further discussed in the present dissertation.

The second major lymphocyte subset is the T-cells (T-lymphocytes) which are the 

main subject of this chapter. T-cells, like B-lymphocytes, are also antigen responsive 

through cell-mediated (cellular) immunity but are not directly related to antibody 

production. Basically, T-cells recognize and respond to cell surfece-associated antigen by 

secreting cytokines. Cytokines are hormones that promote the proliferation and 

differentiation of the T- and B-lymphocytes, macrophages, and granulocytes.

There are at least three lymphocyte classes, including three T-lymphocyte subsets. 

Each group is defined by the cell surface markers and the immediate function. The 

fundamental knowledge of the lymphocyte classes is summarized in Table DC (after Abbas 

e ta l ,  1994).
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Table DC S u m m a ry  of lymphocyte classes found in peripheral blood.

Common
Percentage of Total 

Lymphocytes
Class Functions Receptor Phenotypic

Markers
Blood Lymph Spleen 

node
B-lymphocytes Antibody production Immunoglobulin Fc receptors, 

class H MHC
10-15 20-25 40-45

T-lymphocytes
Helper

Cytolytic

- Stimuli to B cell 
growth and 
differentiatioa

- Macrophage 
activation

-Lysis of virus- 
infected cells, 
tumor cells, and 
allografts

-Macrophage
activation

aP heterodimers 

aP heterodimers

CD3\ 
CD4% CDS'

CDS". CD4 , 
CDS"

50-60 50-60 50-60 

20-25 15-20 10-15

yS T-cells -Unknown y5 heterodimers CDS", CD4 , 
CDS'

1-10 ND** ND

Supressor
Cells*

- down-regulate 
immune response

Unclear Unclear
(CDS")

ND ND ND

Natural Killer 
Cells

- Lysis of virus- 
infected cells and 
tumor cell

- Antibody 
dependent cellular 
cytotoxicity

Unknown Fc receptor 
fbrlgC 
(CD 16)

—10 Rare —10

* It is yet unclear if these so-called “supressor cells” are a distinct subpopulation of T-lymphocytes. 
** Not determined.

4.1. Phases of Immune Response Related to T-Lymphocytes

The word immunity is derived from the Latin word immunitas which referred to 

the exemption from various civic duties and legal prosecution offered to Roman senators 

during their tenures in office. Biologically, immunity means protection from diseases, more 

specifically, infectious diseases.

The modem definition of immunity is a reaction to foreign substances, mainly 

proteins. A collective T-lymphocyte response to the introduction of foreign substances
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comprises the cell-mediated immunity. Cell-mediated immune response involves the 

production of specialized cells that react with foreign antigens on the surface of host cells 

or antigen presenting cells (APCs). Essentially, the cell-mediated immune response may be 

putatively divided into three phases, as follows:

4.1.1. The cognitive phase which consists of the binding of the antigens to specific 

receptors on the surface of T-cells. T-lymphocytes express receptors which recognize only 

short peptide sequences that are previously bound to another cell, through the MHC 

complex.

4.1.2. The activation phase which is the sequence of events induced in T-cells as a 

consequence of antigen recognition. Lymphocytes undergo two major processes after 

antigen recognition. Firstly, T-cells proliferate, leading to clonal expansion of antigen- 

specific cells that amplify the immune response. Secondly, T-lymphocytes difterentiate 

fi’om cells whose primary function is cognitive to cells that eliminate foreign antigens.

4.1.3. The effector phase is the stage in which antigen-specific activated T-cells eliminate 

the antigen. Several effector functions require the participation of other, non-lymphoid 

cells, and defense mechanisms.

4.2. T-Lymphocyte Development

All T-lymphocytes are derived fi'om a common lymphoid precursor. The common 

progenitor originated fi'om pluripotent haematopoietic stem cells that also give rise to a 

common myeloid precursor associated with the production of all the remaining blood cells, 

including the mononuclear lineages and the erythrocytes. The human immune system is 

composed of 2 xlO*  ̂lymphocytes and approximately 70-80% are T-cells which are found
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in large numbers in specialized lymphoid organs such as the thymus, lymph nodes, the 

spleen, gut-associated lymphoid tissues, and the appendix.

T-cell development and differentiation occur in the thymus. However, the thymic 

stem cells are formed in the haematopoietic tissues of bone marrow and fetal liver. The 

stem cells migrate from the tissue of origin to the fetal thymus via the peripheral blood. 

Immature T-cells arrive at the fetal thymus in waves and are committed to the T- 

lymphocyte lineage. As yet immature cells do not express TCR or any accessory molecules 

and, therefore, are unable to recognize antigens and perform any effector function. Once 

in the thymus cortex, T-cell precursors (thymocytes) reach a very high rate of mitosis, 

giving rise to multiple progeny. While undergoing division, thymocytes come in contact 

with a diversity of non-lymphoid cells, including thymic epithelial cells, macrophages, 

dendritic cells, and nurse cells. The interaction of the young T-cells with the above 

mentioned cells is a primordial step in T-lymphocyte maturation.

The non-lymphoid cells in the thymus cortex express a unique class of surface 

molecules called the MHC (Major Histocompatibility Complex). There are two classes of 

such molecules, namely class I MHC and class H MHC. The interaction of maturing 

thymocytes with MHC molecules provides the means for the selection of the mature T-cell 

repertoire. The selection processes begin after developing T-cells first express randomly 

generated TCR molecules. The diversity of the T-cell repertoire arises from a variety of 

combinations of the V, J, and D (P chain only) gene elements. Further variability is 

achieved by addition or deletion of nucleotides around the junction regions. Increased 

diversity of rearrangement and recombination of the TCR gene creates an array of distinct 

TCR molecules which facilitate the recognition of an infinite number of antigens.
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Two major events shape the T-cell repertoire of antigen-binding receptor. The 

events are positive and negative selection. Positive selection is responsible for eliminating 

all cells which cannot bind to class I or class II MHC within the thymus. Positive selection 

ensures that all mature T-cells will be able to interact with self MHC. However, positive 

selection leaves behind harmful self antigen-specific T-lymphocytes. In order to eliminate 

the possibility of autoreactive receptor combinations, negative selection, possibly 

secondary to the positive selection, eliminates all T-cell clones that bind with high afiSnity 

to self-antigens associated with self MHC molecules. There are two putative components 

associated with the negative selection. One component is the clonal deletion where self 

reacting T-lymphocytes are prevented from reaching the periphery, with pathogenic 

consequences. A second component is the clonal anergy, where the self reacting T- 

lymphocytes are inactivated. The outcome of the overall selective process is a population 

of mature, self MHC-restricted, and self-tolerant T-cells. In the process, over 95% of the 

cortical thymocytes die before reaching the medulla.

4.3. T-Cell Cycle

While a T-lymphocyte completes its trajectory from the thymus cortex to the 

medulla it reaches its maturity and then leaves the thymus to enter the blood stream. At 

this stage of development, T-cells are known as naïve or virgin cells for they have never 

encountered their specific antigen. The naive T-cells have a high expression of a surface 

molecule, known as L-selectin. This ligand binds to specialized endothelium in lymph 

nodes (or in other lymphoid organs), mediating these organs as a homing signal for naïve 

T-cells.
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Once a naïve T-lymphocyte encounters its specific antigen in a lymphoid organ, it 

becomes activated and enters its cell cycle. Immediately after recognition of the antigen, 

the activated T-cell responds by increasing the expression of several of its surface proteins. 

The T-cell then remains a resident of the lymphoid organ. Nevertheless, the T-cell’s 

progeny may differentiate to become either effector or memory cells and return to the 

peripheral blood. Memory cells have a long life span, perhaps as long as 20 years in 

humans, and they promote an effective secondary immune response to be mounted rapidly 

if the same antigen is encountered again.

T-cells are continuously recirculating between blood and lymph. This dispersion 

ensures that an antigen is exposed to its specific T-lymphocytes. After antigen presentation 

by an antigen presenting cell (APC), T-cell clonal expansion begins and an immune 

response develops. The effector phase of a specific immune response requires the 

participation of various defense mechanisms, including the complement system, 

phagocytes, inflammatory cells, and cytokines. In order to be recognized by a T- 

lymphocyte, the antigen must be in a peptide form for T-lymphocytes only recognize linear 

determinants of a primary amino acid sequence. Therefore, APCs have to process the 

antigen prior to its presentation to the T-cells. This processing includes the partial 

hydrolysis of the foreign protein and binding of the antigen pieces to the MHC molecules 

at the cell surface.

4.4. The T-Cell Receptors

The T-cell receptor (TCR) is a complex of several integral plasma membrane 

proteins expressed on the surface of a mature T-lymphocyte. The TCR is responsible for
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specific antigen recognition, as well as recognition of self MHC (a phenomenon known as 

MHC-restricted recognition). The T-cell receptors are dimers consisting of two disulfide- 

linked chains, noncovalently associated with the CD3 protein to form a functional TCR- 

CD3 complex at the ceil surface.

The molecular nature of the TCR has been elucidated. The conventional TCR 

expressed in most T-lymphocytes is called the a(3 receptor which consists of two 

polypeptide chains, namely a  and p. The primary function of the aP receptor is to bind 

processed peptide antigen complexed to MHC molecules and polymorphic determinants of 

self MHC molecules on the surface of APCs. Another less common subset of T- 

lymphocytes bears polypeptide chains called y and 5 chains, making the y5 receptor. The 

functions and attributes of this receptor are unknown. Both aP and yS TCR are produced 

fi'om TCR genes, uniquely expressed in T-lymphocytes. The functional TCR genes 

undergo intense somatic rearrangement throughout T-cell development. The 

rearrangements give rise to an incredible diversity of TCRs, making possible the limitless 

antigen specificity in T-cells. The highly diverse nature of the rearranged TCR sequences 

allows for the use of these genes as markers for identifying clonally related T-lymphocytes.

For a detailed review on T-lymphocyte development, cell cycle, and T-cell 

receptors, the reader is referred to references in Abbas et al. (1994), Kendrew (1994), 

Curry (1993), Roitt etal. (1985).
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Abstract
A random sample o f 276 people representing control, direct exposure, and probable 

indirect exposure in the Goiania, Brazil radiological accident was examined using micronuclei as 
indicators o f  cytogenetic damage. The Goiania subjects were analyzed for interactiotis o f age, 
lifestyle, and ion iz ing  radiation dose. Increases in micronucleus frequencies were most strongly 
correlated with the dose o f  ionizing radiation, but age, alcohol consumption, and smoking habits 
also effected micronucleus fiequencies. Despite these additional influences, micronucleus 
fiequencies can be useful as biological dosimeters.______________________________

1. Introduction

On September 13, 1987, a radiological accident involving occurred in

Goiania, Brazil. An abandoned radiotherapy source containing 50.9 TBq (1375 Ci) of 

cesium-137 was removed from its protective housing by two men who sold the metal 

pieces to a scrap metal dealer. The source casing and cesium-13 7 itself was distributed to 

several residences and public places. At least 100 people received external or internal 

exposure with dose rate 4.6 Gy/h at 1 m (IAEA 1988; Ramalho et al. 1988; Natarajan et 

al. 1991a,b). Most of the affected subjects were exposed over a protracted period at 

varying dose rates. Exposures ranged from acute to chronic. Total dose was 

predominantly due to external contamination, but this was frequently accompanied by 

ingestion of the nuclide (Ramalho et al. 1988). Doses ranging up to 7 Gy (700 rad) 

produced multiple cases of radiation sickness and four fatalities.
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Cytogenetic changes, such as chromosome aberrations, sister chromatid 

exchanges, and micronuclei have frequently been utilized as indicators of biological 

damage. Ionizing radiation is a well established inducer of chromosome aberrations and 

micronuclei which can be used as a biological radiation dosimeters (Stenstrand, 1985). 

The documented dose-response relationships for ionizing radiation suggest that the 

micronucleus assay may be one of the easiest and most reliable tests for the determination 

of radiation sensitivity and exposure (Prosser et al. 1988; Ban et al. 1991). Micronuclei 

are formed during cell division from acentric fragments or lagging chromosomes and are 

readily detected in interphase cells as free intracytoplasmatic bodies (Hogstedt, 1984; 

Stenstrand, 1985; Savage, 1989; Littlefield et al., 1989; Baunchinger and Brasehnann,

1990). However, it remains unclear how factors such as age and lifestyle interact with 

ionizing radiation in the production of cytogenetic changes. We have examined this 

question in people exposed during the Goiania accident.

2. Material and Methods

2.1. Sampling and Determining Micronucleus Frequencies

Peripheral blood was obtained 1 year after the Goiania radiological accident from 

276 random donors from Goiania, Brazil classified into five exposure groups (Table X) . 

Age, sex, smoking, and alcohol consumption were recorded for each subject. Two groups 

(the foci in Table X) received unknown exposure to ionizing radiation, and it was our 

secondary goal to estimate the dosage they received using micronucleus frequencies.
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Table X. Statistical data for the five sampled exposure groups.

Variables Direct Exposure Staff Focus 2 Focus 9 Control
Sample size 75 18 66 50 65

Mean dose (rad) 77.6 4.4 unknown unknown unexposed
Mean micronucleus 

frequency
1.5 X 10‘ 1.8 X 10 ‘ 1.1 X 1 0 - 8.7 X 10'̂ 9.9 X 10'̂

Micronucleus 
frequency SD

1.0 X IC* 3.4 X 10'̂ 3.6 X 10'̂ 4.8 X 10 ^ 6.6 X 10'"

Mean age (years) 24.1 38.6 37.7 38.3 32.7
Female 50.7% 61.1% 63.6% 64.4% 69.7%

Smokers 36.0% 61.1% 33.3% 40.0% 37.9%
Drinkers 26.7% 55.6% 30.3% 42.0% 45.5%

Dose was estimated firom urine and &eces bioassay, whole-body counting, and âequency of chromosome 
aberrations at the time of the accident (IAEA, 1988; Ramalho et al., 1990). Foci refer to the two main foci 
of contamination. Members of these foci may have received indirect exposure to ionizing radiation. 
Control individuals were selected fiom parts of the ci^ away from the accident and dispersed cesium-137. 
Staff refers to health, environmental, and safety workers involved in the treatment of exposed individuals 
and the clean-up of radiation sources.

Blood samples were drawn into vacutubes containing sodium heparin. A 1.5 ml 

volume of peripheral blood from each donor was cultured using the microculture method 

of Fenech and Morley (1986), with modifications. Cells were cultured in a 37°C, 10% 

carbon dioxide humidified atmosphere in Ham F-10 modified medium (Cultilab) 

containing 20% foetal calf serum, 2mM L-Glutamine (Gibco), and 5 pg/ml 

phytohaemagglutinin (Welcome). After 44 hours, cytochalasin-B (Gibco) was added to a 

final concentration of 3 pg/ml in order to block cytokinesis. This compound is an inhibitor 

of microfilament assembly that prevents cytoplasmic division after nuclear division has 

occurred (Fenech and Morley, 1986). After 72 hours, the cells were harvested by 

centrifugation and treated with hypotonic solution (0.075 M KCl), fixed in 3:1 

methanoliacetic acid, and then distributed to 10 microscope slides. Cells were stained with 

4% Giemsa solution for 15-20 minutes to make nuclei visible.

Scoring of micronucleus frequencies was performed for binucleate cells only. A 

minimum of 1000 cells were scored for each blood sample. The four criteria of
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Countryman and Heddle (1976) were used for micronucleus scoring: 1) diameter less than 

one third of the nucleus; 2) non-refractility; 3) staining not darker than the nucleus; 4) 

location within three or four nuclear diameters of the nucleus, never touching the nucleus. 

Questionable micronuclei were not counted if unique to a non-control group of individuals 

(after Countryman and Heddle, 1976).

2.2. Data Analysis

The first step was to transform the micronucleus fi-equencies by the natural 

logarithm to reduce non-linear relationships among the fi’equencies and to reduce non- 

normality in the data, both assumptions of the analyses used. Two individuals were 

removed from the analysis because they were extreme outliers and thus had a 

disproportionate influence on the results: individual 7 was the only individual with a cell 

with five micronuclei and individual 213 was much older than the other representatives of 

her exposure group.

The second step was to use a multivariate analysis of variance (MANOVA, Dillon 

and Goldstein, 1984) to examine if the exposure groups differed in the frequency of cells 

with a single, two, three, and four micronuclei. Differences were illustrated using 

canonical discriminant analysis (CDA; Dillon and Goldstein, 1984).

Differences discovered could have been due to radiation exposure, smoking, age, 

alcohol consumption, sex differences, or the number of binucleated cells counted. The 

third step was to reduce differences contributed by non-radiation sources. Correlations 

between non-radiation sources and the micronucleus frequencies (represented by the 

canonical variâtes of the CDA) were measured to identify confounding sources of
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micronucleus frequency differences. Once identified, their effect was reduced by using the 

residuals of a linear regressions between the canonical variâtes and the confounding 

sources of micronucleus frequency differences in the remaining analyses. Value for sex, 

smoking, and alcohol use, as used in the analyses, are explained in the Appendix 1.

The fourth step was to examine if the residual differences were significant among 

groups by examining the 95% confidence ellipses of the residual canonical variâtes. Since 

the effects of non-radiation sources were reduced, differences from the control group 

could only have been due to radiation exposure or unmeasured factors.

The final step was to measure the correlation of dose of radiation with the residual 

canonical variâtes (representative o f the micronucleus frequencies) for those groups with 

known radiation doses. These correlations were then used to predict the dose received by 

the two foci of unknown exposure.

3. Results

The five exposure groups differed in micronucleus frequencies (MANOVA, 

p<0.01). The main difference (first canonical variate or CV 1) was in the frequency of cells 

with a single micronucleus and the minor differences (second canonical variate or CV 2) 

was in the frequency of cells with two or three micronuclei (Table XI). These two 

differences were correlated with age, smoking, alcohol use, and the number of cells 

counted and thus were not readily interpretable in terms of dose alone (Table XU). Age 

(Eq. 1), number of cells sampled (Eq. 2), smoking (Eq. 3 and 4), and alcohol consumption 

(Eq. 4) all had a positive additive effect upon micronucleus frequencies. Smoking was the 

strongest confounding factor. Differences in micronucleus frequencies contributed by
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these sources were reduced by using the residuals of equations 1-4 in the remaining 

analyses.

CV I = -0.841 + 0.250 X log,(age + 1) (1)

CV 2 = -7.26 + 1.04 loge (cells + 1) (2)

CV 1 =-0.114 + 0.300 X Smoking (3)

CV 2 = -0.177 + 0.141 X Smoking + 0.172 x Alcohol (4)

When confounding variation was reduced, the exposed staff and direct exposure 

individuals had higher micronucleus frequencies than the non-exposed control individuals 

(Figure 4). Focus 2 individuals were not significantly different from control individuals in 

micronucleus frequencies. Focus 9 individuals were not significantly different from control 

individuals on the main axis (CV 1) but differed on the minor axis (CV 2) in that they had 

fewer cells with two or three micronuclei than the control individuals.

Table XL Canonical discriminant analysis of micronucleus frequencies 
among the exposure groups.

Discriminant C V l CV2
Eigenvalue 70.52% 24.33%
Eigenvectors

log. (freq. 1 micronucleus) 1.062 -0.329
log, (freq. 2 micronuclei) 0.099 0.833
log, (freq. 3 micronuclei) -0.114 0.487
log, (freq. 4 micronuclei) -0.171 0.337

Eigenvalues represent the proportion of total variation explained by each axis. 
Eigenvectors represent the relative importance of the different frequencies to 
each axis.

Table X U  Pearson’s rank correlations between raw CV scores and the 
various predictors.

Discriminant C V l CV2
Dose 0.356 0.203
Age 0.147 0.063
Sex -0.015 0.026

Smoking 0.191 0.092
Alcohol 0.057 0.108

Number of cells sampled 0.029 0.148
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Variation among individuals within the exposure groups was considerable (Table 

X). As a result, attempts to elucidate a robust, quantitative model to predict individual 

dosage from canonical variate score were a failure. However, increased dose of ionizing 

radiation was positively correlated with increased micronucleus frequency (Table Xm). 

While focus 2 individuals were not significantly different from control individuals, the 

micronucleus frequencies of focus 9 individuals were correlated with a radiation dose 

lower than control individuals.

Table XilL Pearson’s rank correlations between residual CV scores and the 
various predictors.

Discriminant C V l CV2
Dose 0.343 0.205
Age -0.030 0.045
Sex 0.003 0.055

Smoking 0.000 0.000
Alcohol -0.033 0.000

Number of cells sampled 0.050 0.005

Exposure to ionizing radiation also resulted in a change in the covariance of the 

two canonical variâtes (Figure 4). For non-exposed, increase in the frequency of cells with 

a single micronucleus covaried with decrease in the frequency of cells with two or three 

micronuclei. For exposed, there was a positive covariance, i.e., increase in the frequency 

of any number of micronuclei covaried with increases in the frequencies of the other 

numbers of micronuclei.

4. Discussion

There are four concerns for the use of the micronucleus assay as a biological 

dosimeter: (1) the sensitivity of the assay which depends upon the amount of ionizing 

radiation needed to produce detectable levels of micronuclei; (2) the temporal stability of
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radiation induced micronuclei; (3) the time period before micronuclei induced from non

radiation sources (noise) confound the radiation induced micronucleus frequencies.
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Figure 4. Exposure groups differed in micronucleus frequencies after the effects of smoking, age, 
number of cells sampled, and alcohol consumption were factored out. Ovals represent 95% 
confidence. Exposed groups (staff and direct exposure) had higher frequencies of cells with single 
micronucleus.

In a re-analysis of published studies, Bauchinger and Brasehnann (1990) concluded 

that the micronucleus assay was reliable for screening radiation exposure exceeding 0.2 

Gy of a low linear energy transfer radionucleide. Individuals from the two foci may thus 

have been exposed to low levels (< 20 rad) of ionizing radiation, a possibility that the 

micronucleus assay carmot assess.

Blood samples taken 1 year after the Goiania accident revealed dose related 

increases in micronucleus frequencies indicating that micronucleus frequencies can be used 

to estimate the dose received by individuals from the two foci. Even after I year, control



66

and exposed individuals still differed in micronucleus frequencies. However, smoking and 

other factors confound the relationship between dose and micronucleus frequencies and 

their influence must therefore be taken into account. The results for Focus 9, which had 

micronucleus frequencies lower than control group, suggests that additional, unknown 

factors can influence micronucleus frequencies such that the accumulation of micronuclei 

from non-radiation related causes may, with time, obscure the radiation induced 

frequencies. As micronuclei result from chromosome breakage or aneuploidy (Erexson et 

a i, 1991; Stenstrand, 1985), induced micronuclei tend to decrease in frequency with time 

as chromosomal damage leads to cell death or micronuclei are lost during cell division. It 

seems likely that cells with more chromosomal damage, and hence more micronuclei, 

would be lost at a higher frequency than those with less damage. We suggest therefore 

that the relative prevalence of cells with a single micronucleus in differentiating the 

exposed from the control group is the result of the preferential loss of cells with more than 

a single micronucleus that occurred during the year between exposure and blood sampling. 

The examination of micronuclei at a later period, e.g. 5 years, is needed to determine 

whether this trend will continue until the control and exposed can no longer be 

distinguished.

While the micronucleus assay served to differentiate between groups of people 

exposed to different amounts of ionizing radiation, we found it impossible to robustly 

predict individuals dosage from the micronucleus frequencies even after confounding 

sources of variation were reduced. All the predictive models examined were weakened by 

the large degree of unexplained variation in micronucleus frequencies among individuals.
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We note that there is a positive correlation for exposed individuals having ceils 

with one micronucleus also having cells with two or more micronuclei (Figure 4). In other 

words, if exposed persons have cells with a single micronucleus, they are more likely to 

have additional cells with multiple micronuclei. This positive correlation was not observed 

in the control groups (Figure 4).

The micronucleus assay is inexpensive, quick, and relatively simple to perform. 

Even 1 year after exposure, we have shown it to have strong predictive utility for high 

dose exposures as long as comparison to control individuals is used. Unfortunately, the 

micronucleus assay can not detect low levels (<0.2 Gy) of ionizing radiation. Additionally, 

prediction of individual dosage (true dosimetry) is not possible. We conclude however that 

the micronucleus assay is a useful biological dosimeter for human populations even if 

blood samples are taken a year after the exposure to ionizing radiation. While the human 

lymphocyte micronucleus assay cannot replace detailed chromosomal analysis for precise 

estimations of radiation doses, it can be used as a quick predictive model of exposure for 

screening purposes.
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Abstract

Modem technologies have provided the opportunity to monitor mutations in people in vivo. The 
subjects of this study were accidentally exposed to cesium-137 in a radiological accident that occurred in 
September 1987 in Goiania, Brazil during wiiich more than 150 people received doses greater than 0.1 
Gy and as high as 7 Gy. The objective of this study was to determine how Icmg the Aprf mutant T-cells in 
the peripheral blood contribute to mutant fiequency by examining die time-coiuse of the T-lymphocyte 
response to ionizing radiation. This report describes the results obtained over a period of 2.3 to 4.5 years 
subsequent to the accident, from 11 subjects with doses ranging from 1 to 7 Gy, and from 9 ccmtrol 
subjects selected from the same population. The mean InMF (±SE) of the control group was 2.5(±0.2) + 
InlOt The exposed group had a significantly increased mutant frequency, the mean InMF (±SE) were 
3.3(±0.3) + inlO-®, 2.8(±0_2) + InlO"®, and 2.3*(±0.2) + InlQ-®, in the years 1990-1992 respectively. Based 
m  the decline of mutant frequency and using Buckton’s models [Bucktrm et aL, (1967); Nature 
214:470-473], we demonstrated that mutant T-cells have a short term memory with a half life of 2.1 
years. This relatively short half-life limits fee effective use of the hprt assay as the method of choice to 
monitor past exposure. The data also demonstrate a positive correlation wife age, and an inverse 
correlation wife plating efSciency.__________________________________________________

I. Introduction

On September 13, 1987 a highly radioactive cesium-137 source (50.9 TBq or 1375 Ci) 

[International Atomic Energy Agency (IAEA), 1988] was removed from an abandoned 

radiotherapy clinic in Goiania, Brazil. The source was subsequently dismantled and sold as 

scrap metal. During the ensuing weeks, numerous people were exposed, both externally and 

internally, to significant levels of ionizing radiation. Upon the discovery of the accident, over 

120,000 people were screened. Ultimately more than 150 people were found to have received 

doses ranging from 0.1 to 7 Gy (Ramalho et aL, 1988; IAEA, 1988). Four of those exposed
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died from acute radiation syndrome within four weeks of their admission to hospital.

This study describes the genetic monitoring of several of the higher dose victims of the 

accident over time. The purpose of this investigation was to conduct a longitudinal study of 

radiation-exposed individuals to understand the frequency of mutation and the fate of mutant 

T-lymphocytes in the peripheral blood over time. This report comprises the results obtained 

from 11 of those accidentally exposed individuals with doses ranging from 1 to 7 Gy. The hprt 

mutant frequency measurements were performed at yearly intervals over a period of 2.3 to 4.5 

years subsequent to the exposure and were compared to a nine-individual control group 

selected from the same population who were currently healthy and had no history of radiation 

exposure.

The subjects received a combination of external beam irradiation, skin contamination 

and internal contamination Several methods were used to estimate the dose received, 

including; 1) internal dosimetry - bioassay and whole body monitoring; 2) cytogenetic 

dosimetry - the estimation of doses by chromosomal aberrations analysis; 3) external dosimetry 

- dose estimates from reconstruction and on the basis of radiation effects. The details on how 

dose estimates were determined is contained in the IAEA (1988) report on the accident.

Biodosimetric results obtained one year after the accident, using the methods of 

somatic "null" mutation at the glycophoryn A locus and chromosome translocations detected 

by in situ hybridization (these assays were not readily available at the time of the accident), are 

in general agreement with the results originated immediately after the accident using dicentric 

chromosome aberrations (Straumeet a i, 1991).

Ionizing radiation has potential mutagenic effects on DNA (Ahnstrom, 1988; Natarajan 

et ai, 1988) causing somatic mutations, and therefore may exert a carcinogenic stimulus, even
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at low levels of exposure (Upton, 1986; Larsson, 1988). Such biological effects have been 

extensively studied in a variety of species and experimental systems (Sankaranarayanan, 1982; 

Fuscoe et aL, 1992a,b). The detection and characterization of in vivo somatic cell mutation 

occurring in humans is made possible by the use of the hprt T-cell clonal assay, allowing 

enumeration of 6-thioguanine-resistant (TG^) T-lymphocytes from peripheral blood. The 

mutants are selected by their ability to form colonies in the presence of the purine analogue 6- 

thioguanine (6TG) [Albertini etaL, 1982; Moriey e to i, 1983; Albertini, 1985; Albertini et aL, 

1985; Cole etaL, 1988; Hakoda etaL, 1988b].

Several investigators have used the hprt clonal assay to assess background mutant 

frequencies in normal healthy individuals, as well as subjects with genetically determined DNA 

repair deficiencies (Cole et al., 1988; McGinniss etaL, 1989; Cole et aL, 1991; McGinniss et 

al., 1990; Tates et aL, 1991; Davies et al, 1992; Branda et aL, 1993; Steingrimsdottir et aL, 

1993; Finette et aL, 1994; O'Neill et aL, 1994; Robinson et aL, 1994); to measure the mutant 

frequencies of A-bomb survivors (Hakoda et al., 1988a,c; Hakoda et al., 1989; Nakamura et 

aL, 1991), and of individuals exposed to radiation due to occupational (Tompa and Sapi, 1989; 

Seifert et aL, 1993), accidental (Ostrosky-Wegman et al., 1990; Natarajan et al., 1991a,b), 

therapeutic (Messing and Bradley, 1985; Nicklas et aL, 1990; Sala-Trepat et al., 1990; 

Ammenheuser etaZ, 1991; Kelsey eroZ, 1991; CagganaetoZ, 1991, 1992), or environmental 

exposure (Bridges et al., 1991). The hprt clonal assay also has been used to determine the 

mutant frequency in individuals exposed to cigarette smoke (Branda et al., 1992; 

Ammenheuser et al., 1994), and as an assay for biological dosimetry of radiation-exposed 

subjects (Nakamura et aL, 1990, 1991). In vitro measurement of hprt mutant frequencies has 

also been reported (Sanderson and Morl^, 1986; O'Neill et aL, 1990a,b).
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We have examined the genetic efiects of the accidental radiation exposures that 

occurred in Brazil, using the clonal hprt T-cell assay (Skandalis et aL, 1997). That study 

revealed radiation-dose dependent response in individuals exposed to ionizing radiation. In the 

present paper, we address what happens to the in vivo hprt mutant frequency over time.

2. Material and methods

2.1. The hprt Assay

We have followed the method described by Curry et al (1993). Briefly, in the hprt 

clonal assay, T-lymphocytes are cloned under selective and non-selective conditions and the 

mutant frequency is calculated from the ratio of the two cloning eflBciencies, assuming a 

Poisson distribution in both T-lymphocyte populations (Morley et a l, 1985; Albertini et al, 

1990a; McGinniss eta l, 1990). To determine cloning eflSciency (CE) the negative natural log 

of the ratio of the number of negative wells to the total wells is divided by the number of cells 

per well (Albertini et al, 1982). In the presence of 10'̂  M of the selective agent (6-thioguanine) 

mutant cells lacking a functional hprt gene are able to proliferate by synthesizing guanine from 

preformed bases, a reaction known as the purine de novo pathway (Ammenheuser et al, 

1988). In contrast, wild type T-cells metabolize the 6TG and are killed. The hprt gene is X- 

linked (Cox and Masson, 1978), which has the advantage that both males (hemizygotic) and 

females (functionally hemizygotic) can be studied (Chinault and Caskey, 1984; Melton et al., 

1984; Stout and Caskey, 1985).

Mononuclear cells were recovered from subjects exposed to high doses of cesium-13 7 

ionizing radiation during the radiological accident in Goiania (Brazil). Samples were collected 

at yearly intervals beginning in 1990 (2.3 years post-exposure), 1991 (3.3 years post



72

exposure), and 1992 (4.5 years post-exposure). Blood was also collected from a control group 

in 1990. Utilizing questionnaires, it was found that individuals in the control group were 

currently healthy, had no remarkable past medical histories and had not recently received 

significant diagnostic radiation exposure for either medical or dental purposes. They were not 

in the vicinity of the radioactive accident, had no history of previous chemical exposure, and 

were not currently taking any medications. Blood samples were collected from both ®qx)sed 

and control groups on a voluntary basis.

Samples were collected using 10 ml-Leucoprep (Becton-Dickinson) tubes and MNCs 

were collected following the manufecturer’s directions. MNCs were counted and diluted to 10̂  

cells/ml in 50% calf serum (Professional Diagnostics), 10% DMSO (Sigma), and 40% RPMI 

1640 (Hyclone). Cells were placed above the liquid phase of liquid nitrogen (LN%) such that the 

temperature dropped at approximately -rC/min until they reached -80°C, after which samples 

were stored under LNi and shipped from Brazil to Canada on either dry ice (1990) or in the 

gas phase of LNz (1991, 1992). Cells were kept under LNz until required. Cells were then 

treated as described by Curry et al (1993).

Taking into consideration the possible effect that adverse factors would have on mutant 

frequency, we have done several repeat experiments in order to more accurately detennine the 

mutant frequency. In general there was little variability in the repeated cloning eflBciencies, and 

the mutant frequencies.

2.2. Statistical Method

Due to the circumstances of the accident, only a limited number of subjects were 

exposed to high doses of ionizing radiation of ‘” Cs (> 1 Gy). Consequently these analyses
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were restricted to only a relatively small number of individuals. As the distribution of mutant 

frequencies is skewed, our statistical analysis is based upon the natural logarithms of mutant 

frequencies corrected by plating eflSciency (InMF) [Henderson et aL, 1986; Tates et aL, 1991; 

Branda et aL, 1993]. Logarithmic transformation was applicable because this sample has a 

heteroscedastic variance and a constant coeflBcient of variation (Zar, 1984), exhibiting an 

increasing variability of mutant frequency.

Exposed and control results were compared using analysis of variance to assess 

differences in InMF, cloning eflBciency, dose and age. Regression analyses were performed to 

examine the relationships between InMF, cloning efficiency, dose, and age, adjusting for age 

and plating efficiency. Excel 5.0 (Microsoft) was used to perform these analyses.

3. Results

This report describes the measurement of the hprt mutant frequencies in the blood of a 

total of 11 individuals accidentally exposed to high doses of cesium-137. A total of 23 

determinations were performed on non-identical cohorts of 7, 10, and 6 at yearly intervals over 

a period of 2.3 to 4.5 years subsequent to their exposure (Tables XTV- XVI). For comparison, 

a control group (Table XVH) of 9 local individuals was studied in parallel with the first year 

samples to determine the background mutant frequency in the Goiânia population. The means 

of the natural logarithmic mutant frequencies (±SE) during those three years were 3.3 (±0.3) + 

InlO^ (1990), 2.8(±0.2) + InlO^ (1991), and 2.3(±0.2) + InlO'® (1992) and are plotted in 

Figure 5. For the control group the mean of the natural logarithmic mutant frequency (±SE) 

was 2.5(±0.2) + In 10"̂ . We took into consideration the reports of a wide variation in cloning 

efficiency and, therefore, have performed repeat experiments (data not shown). We found that.
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for the same individual, the variation in the cloning eflSciencies was not statistically significant 

and that the mutant fi’equencies were similar. For each individual sample we referred to the 

mutant fi-equency fi-om the experiment with the higher plating eflSciency, as it represents the 

most confident measure.

Table XIV. Biostatistical informatioa and analysis of 1990 sampling of ionizing radiatinn-«»Tpn<«»H

Code# Sex Age Dose
(Gy)

Pos." Tot
wells’"

Pos.^ PE
(%)

MF/PE
(ilÔ

Upper' Lower' InMF/PE
(4inlO"^

Bid M 35 1 83 1280 54 18.9 22.8 46 11 3.13
B17 F 31 1 32 760 25 6.1 55 122 25 4.01
Bd4 M 16 1.3 42 88 1 82 13.9 56 3 2.63
Bl-* M 49 2.1 71 760 28 15.4 24.4 51 12 3.19
BIS’* M 15 2.9 117 264 11 31.3 13.6 28 7 2.61
B9‘* M 43 3 67 200 7 14.3 24.9 55 11 3.21
BW** M 39 7 38 748 58 7.3 110 187 65 4.70

n 7
Mean 32.6 2.6 14.6 37.8 3.35
SD_, 12.9 2.11 8.8 34.73 0.75
SE 4.91 0.8 3.33 13.13 0.28

95% CL 9.62 1.56 6.52 25.73 0.56
*Non-selective plates.
’’Selective plates.
'95% confidence interval (xIO"®). 
‘‘After Skandalis er a/., 1997.

Table XV. Biostatistical information 
individuals in Goiânia (Brazil).

and analysis of 1991 sampling of ionizing radiation-exposed

Code# Sex Age Dose
(Gy)

Pos." Tot
wells’"

Pos.^ PE
(%)

MF/PE
(xlO-*)

Upper' Lower' InMF/PE
C+lnlG-*)

B126 M 36 1 108 568 32 27.6 21.05 39 11 3.05
BIOS F 32 I 65 592 30 13.8 37.73 72 20 3.63
B81 M 17 1.3 104 240 6 26 9.73 24 4 2.27
BlOl M 16 1.6 102 704 15 25.3 8.5 23 3 2.14
B135 M 50 2.1 141 560 21 44.2 8.64 18 4 2.16
B86 M 24 2.9 107 456 18 112 14.76 30 7 2.69
B103 M 16 2.9 101 1352 39 25 11.77 27 5 2.47
B83 M 44 3 100 576 21 24.5 15.13 32 7 2.72
B162 M 46 4.4 60 376 13 12.5 28.18 62 13 3.34
B82 M 40 7 77 472 27 17.1 34.46 63 19 3.54

n 10
Mean 32.1 2.72 24.3 19 2.8
SD», 13.1 1.85 8.95 10.89 0.56
SE 4.14 0.59 2.83 3.44 0.18

95% CL 8.12 1.15 5.55 6.75 0.35
*Non-seIective plates.
’’Selective plates.
'95% confidence interval (xIO"̂ .
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Table XVL Biostatistical informatioii and analysis of 1992 sampling of ionizing radiation-exposed 
individuals in Goiânia (Brazil).

Code# Sex Age Dose
(Gy)

Pos.* Tôt
wells’’

Pos." PE
(%)

MF/PE
(xlO^

Upper' Lower' InMF/PE 
(+tolO^

B189 M 37 1 74 152 3 162 12.28 35
B201 F 33 1 132 400 26 38.8 17.33 24
B194 F 32 1.1 34 112 1 6.5 13.8 126
B192 M 17 1.6 134 144 3 39.9 5.28 14
B193 M 25 2.9 76 368 3 16.8 4.88 24
B190 M 41 7 50 384 5 10 13.04 46

n 6
Mean 30.8 2.4 21.4 11.1
SD»i 8.63 2.35 14.5 4.98
SE 3.5 0.96 5.9 2.03

95% CL 6.91 1.88 11.6 3.98
*Non-selective plates.
‘’Selective plates.
'95% confidence interval (xlO"®).

Table XVIL Biostatistical information and analysis of non-exposed individuals in Goiânia (Brazil).

Code# Sex Age Dose
(Gy)

Pos.* Tôt
wells’’

Pos." PE
(%)

MF/PE
(iio ^

Upper' Lower' InMF/PE
(4inlO-*)

BCIO" M 20 0 59 1088 14 12.2 10.6 37 3 2.36
BC ll M 25 0 125 248 8 35.1 9.34 21 4 2.23
BC2' F 21 0 79 488 9 17.7 10.5 21 5 2.35
BCSy F 4 0 112 640 8 292 4.31 15 1 1.46
BC4’' F 42 0 116 312 19 30.9 20.3 37 11 3.01
BCS’' M 50 0 105 920 33 26.4 13.8 29 7 2.62
BC6f" F 41 0 73 528 27 15.9 32.9 62 17 3.49
BC6T* F 35 0 89 648 20 20.8 15.1 34 7 2.7
BCS’' F 35

o
0 97 464 16 23.5 15 32 7 2.71

n
Mean

y
30.3 23.5 14.65 2.55

SD»i 14.1 7.55 8.17 0.56
SE 4.71 2.52 2.72 0.19

95% CL 9.23 4.93 5.34 0.37
*Non-selective plates.
‘’Selective platœ.
'95% confidence interval (xlO'*). 
‘‘After Skandalis ef a/., 1997.

Multi-factorial ANOVA using age, cloning efiBciency, and dose (for the exposed group 

alone) resulted in no significant diSerences among the four groups. We expanded our analysis 

to consider potential interactions among dose and age using multiple regression procedures. 

Due to the limited number of subjects in our study, no interaction among these variables was
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found. The multiple regression equations with these variables did not predict mutant frequency 

and no precise conclusions could be drawn (data not shown).

We removed the age effect on mutant frequencies by using either the formula reported 

by Branda etcd., (1993) (TnMF=1.46 + O.OlSAge - R ^ .0 1 5 ; p=0.001] or the formula for the 

Brazilian control group. With either correction, there was a significant difference in mutant 

frequency among the three cohorts (p=0.004 and p=0.021, respectively).

Relationships between mutant frequency, cloning efficiency, age, and dose were 

determined as follows:

3.1. Dose and Time

Positive correlation between mutant frequency and dose was observed in the samples 

collected 2.3 and 3.3 years after exposure. However, this positive correlation was lost as the 

mutant frequencies returned to control levels by 4.5 years post-exposure. Using regression 

analysis, there was not significant relationship between mutant frequency and exposure, 

probably due to the limited sample size of this study. A comparison between these two groups 

of correlation coefficients indicates that even 3.3 years after radiation exposure a discrete dose 

effect remains present when one uses the hprt system to determine mutant frequency on 

exposed groups (Figure 5). The relationship between InMF and dose is described by the 

equations:

1990: InMF = 2.769 + 0.224 dose (R^=0.39; p=0.13) (1)

1991: InMF = 2.448+ 0.130 dose (R^=0.18; p=0.21) (2)

1992: InMF = 2.307 - 0.003 dose (R^=0; p=l) (3)

Our data demonstrate that decreased correlation between mutant frequency and dose is
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accompanied by an increased influence of age. We thus condude that, 2.3 years after e?qx>sure, 

the age effect has been obscured by the dose effect. However, by 4.5 years post-exposure the 

age effect predominates and the dose effect is no longer apparent.

Natural logarithm of mutant frequency versus dose over a three
year period.
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Figure S. This %ure depicts the relationship between InMF and estimated dose over a three year 
period for subjects exposed to high levels of "^Cs during the Goiânia radiological accident The mean 
InMF (±SE) for the control group is 23 # 0 3 ) + bUO .̂ The dopes for the regression lines of the 
exposed groups are +0324, +0.13, and -0.003 for the three years studied, respectively. Legend key:
(•)  Control group; ( ■ ,------- ) 1990 regression line and confidence limits; ( 4 ; ------------) 1991
regression line and confidence limits; (▲;----- ) 1992 regression line and confidence limits.

The modest radiation-induced devation of hprt mutant fliequaicy, seen at 2.3 years 

post-exposure, has been driven by two determinations, B17 and B19. If these points are 

removed fit>m the data analysis the dose-response is lost and equation (1) becomes 

lnMF=2.941 + 0.006dose (R^ =0; p=l). Unfortunatdy, the TCR assay was not available \riien
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these experiments wa% carried out as the issue of clonality was only beginning to be addressed 

in the scientific community. Therefore, no clonal determinations were performed for these data 

points and they could be seen as outliers. Our concerns have somewhat alleviated since the 

sequencing work done on 100 mutants collected in 1991 has shown a spectrum comprised of 

unique mutations with less than 3% identical mutants. Nevertheless, we appreciate that this 

does not preclude the occurrence of clonal expansion accounting for the large mutant 

fi-equency reported.

We used Bucktoris model (Buckton et al., 1967) to estimate the mean half-life of T- 

lymphocytes bearing mutations at the hprt gene. The equation for this model is:

P(=Pc-4-P.e-^ (4)

where Pt is the mean of InMF for the 1990 samples; Pc is the mean of InMF of the control 

group; Po is the mean of InMF for the 1992 samples; t is the time-course between Pt and P» 

being 2.2 years. The inverse of b is the mean half-life of the T-cells bearing mutation at the hprt 

locus. With this model we calculate a mean half-life for T-lymphocytes mutated at the hprt 

gene as of 2.1 years.

3.2. Age

In this study mutant frequency shows a positive correlation with age as shown in 

Figure 6 and described by the equations:

1990: InMF = 2.454 + 0.028 age (R^=0.23; p=0.28) (5)

1991: InMF = 2.247+ 0.017 age (R^=0.16; p=0.25) (6)

1992: InMF = 0.762 + 0.050 age (R^=0.65; p=0.05) (7)

Control: InMF = 1.551 + 0.033 age (R?=0.69; p=0.006) (8)
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Natural logarithm of mutant frequency venus age over a three
year period
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Figure 6. Regression lines indicating the effect of subject age on the InMF at the hprt locus of individuals
exposed to ionizing radiation over a three year period and the control group. Legend key: ( # ,---------- )
Control group; (n ,------) 1990 regression line and confidence limits; ( ^ ; ---------- ) 1991 regression line
and confidence Kmits; (▲;----- ) 1992 regression line and confidence limits.

The age range in the three cohorts is 15 to 49 years, 16 to 50 years, and 17 to 41 years 

for 1990, 1991, and 1992 respectively. The nine healthy control individuals used in this study, 

with age ranging from 4 to 50 years, have an increase in mutant frequency of 3.3% per year.

3.3. Cloning Efficiency

As previously reported, cloning efficiency correlates negatively with mutant frequency 

(O’Neill et aL, 1987; Cole et al., 1988; Messing et al., 1989; Cole et al.. 1991; Tates et aL,

1991). We also report such a correlation for both the exposed samples and the controls as 

plotted in Figure 7.
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Natural logaritfam of mutant frequency versus plating efficiency
over a tluee year period.
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Figure 7. Regression lines showing the effect of plating efficiency on the InMF of individuals 
exposed to ionizing radiation during the radiological accident in Goiânia (Brazil). Legend key:
( • , ----------) Control group; (n ,------) 1990 regression line and confidence Kmits; ( ♦ ; -----------)
1991 regression line and confidence Kmits; (▲;----- ) 1992 regression Kne and confidence Kmits.

The n%ahve coirdation of cloning efficiency with mutant fiequency is also described by the 

equations;

1990; InMF = 4.11 - 0.05PE (R  ̂=0.37; p=0.15) (9)

1991; InMF = 3.96 - 0.05PE (R^=0.57; p=0.01) (10)

1992; InMF = 2.46 - O.OIPE (R^=0.04; p=0.70) (11)

Control; InMF = 3.09 - 0.02PE (R^=0.10; p=0.41) (12)
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4. Discussion

As pointed out by Seifert et aL, (1993) when an assay is used to verify the mutagenic 

effect of any mutagen, one must be particularly careful about stating mutation frequencies, as 

mutagenic treatments can have different effects on cell viability and cloning efficiency. Several 

groups have addressed many of the fectors that can potentially affect individual mutation 

frequencies (Grosovsky and Little, 1985; Cole et ai, 1988; O'Neill et aL, 1989; Tates et aL, 

1991; Davies et aL, 1992; Seifert et aL, 1993; O’Neill et al., 1994; Khaidakov and Glickman, 

1996). To some extent, therefore, mutation frequency can be considered to be dependent upon 

experimental conditions (e.g., medium fectors such as serum and growth factors), methods of 

cryopreservation, lifestyle factors (e.g., diet, smoking, and alcohol use), exposure to chemical 

and physical mutagens, genetic constitution, individual DNA repair capacity, age-related effects 

on cloning efficiency, and cell cycle and natural life span.

Our examination of the hprt mutant frequencies for those accidentally exposed to 

ionizing radiation reveals two major findings; 1) The hprt mutant frequency wras higher in those 

exposed to high doses of ̂ ^̂ Cs ionizing radiation during the Goiânia radiological accident than 

in the control group obtained from the same population. This is in agreement with the results 

reported by Natarajan et aL, (1991b) on a sub-set of these high dose exposed individuals and 

our work (Skandalis et aL, 1997). 2) The hprt mutant frequency of the exposed subjects 

decreases gradually over time, showing the hprt T-cell assay is not suitable for the study of 

long term past exposure because of its poor long term memory. Four and one-half years after 

exposure the mutant frequencies of the exposed group were indistinguishable from the 

background frequencies of the Brazilian control group and mutant frequencies reported by 

others (Tates era/., 1991; Branda era/., 1993).
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Our findings correspond with Natarajan etaL, (1991b) who reported estimations of the 

hprt mutant fi-equency and the fi-equency of chromosome aberrations of three subjects exposed 

to high doses of ionizing radiation during the radiological accident in Brazil, and five healthy 

non-exposed individuals fi-om the same population. Estimates were carried out seven months 

after the original exposure by the autoradiographic assay. It was concluded that there was an 

elevated dose-dependent variant frequency (vF) in the lymphocytes of the exposed subjects. 

The mean of the natural logarithmic mutant frequencies reported was 5.4 + InlO"® (2.2 xlO"*). 

The increased mutant frequency persisted for several months. The mean of the natural 

logarithmic mutant frequencies reported for the unexposed individuals was 1.85 + InlO"® (6.3 x 

lO"*). Four out of five in the control group had mutant frequency determined by both the clonal 

assay and the autoradiographic assay and the results from the two assays were comparable.

An age-related increase in mutant frequency of 3.3% per year was found in our study. 

These data are in close agreement with a 3% per year increase in the fqjrt mutant frequencies in 

T-cells of five control populations which was reported by Tates et al. (1991). This relationship 

is statistically significant for the control group (P=0.005). However, it is obscured by the dose 

eftect in the exposed group. As the dose effect diminishes with time, such significance becomes 

clearer in the exposed subjects as well. As the age distribution of the populations studied varies 

widely, so does the age-related increase in mutant frequency. It is therefore difBcult to compare 

findings. Cole et aL (1988) reported an increase of 1.6% per year as opposed to 0.09/10* cells 

per year of age described by Davies et al. (1992). In contrast, Strauss and Albertini (1979) and 

Bradley and Messing (1989) found no age-related increase in mutant frequency in their studies.

It is well established that cells containing aberrations slowly disappear from the 

circulating lymphocyte pool. It is likely that the mean half-life of PHA responsive T-cells varies
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from individual to individual and to date there has not been agreement on the average value for 

humans. The differences found among these means fevour the concept of lymphocyte 

heterogeneity. Just as there is a functional heterogeneity in the periphery, there is heterogeneity 

of intermitotic time (life span). Memory lymphocytes have a more rapid turnover in a way 

directly proportional to the commonness of the antigen th ^  respond to. Lymphocytes with the 

longest life may be those committed to respond to rarely encountered antigens. This 

observation supports the supposition that long-lived memory is not maintained by long-lived T- 

lymphocytes (Buckton et aL, 1967; Michie et aL, 1992; Freitas and Rocha, 1993; Michie and 

McLean, 1993; Green et aL, 1995). T-lymphocyte lifespans vary from a few days to indefinite 

persistence and pools of peripheral lymphocytes seem to have differing rates of division 

depending on their type and their exposure to the antigen (Michie and McLean, 1993; Green et 

aL, 1995). Therefore, lymphocyte turnover will lead to an increase in mutant frequency with 

donor age even in the absence of selection for the TG^ phenotype (Green et aL, 1995). 

Estimates of such half-life have been reported as 1.45 years (Norman et al., 1966), 3 years 

(Lloyd et aL, 1980), and approximately 4 years (Buckton et aL, 1967), based on the 

elimination of chromosome aberrations from the lymphocytes. Based on a 2.1-year half-life as 

determined in this study, the frequencies of the remaining cells present during the radiation 

exposure are 46.8%, 33.6%, and 22.6% in 1990, 1991, and 1992 respectively.

In our study, the mutant frequency decreases with time following exposure. Similarly, 

Aaron et aL, (1996) have reported on the loss of hprt mutations in monkeys over time 

following treatment of the animals with ENU and several other toxic compounds including 

cyclophosphamide, chloroethylmethanesulfonate, and adozelesin. They reported that ENU- 

induced mutant frequency increased significantly in a time-dependent fashion. The mutant
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frequency yield peaked at approximately 80 days after treatment, followed by a reduction, and 

mutant frequency stabilized at an elevated level after approximately ISO days. No increase in 

mutant frequency was detected with all other compounds suggesting that the hprt assay is 

particularly insensitive to many mutagens. These studies demonstrated that the hprt assay has 

low sensitivity and, therefore, is of limited value for long term monitoring.

Among laboratories there is a considerable variability in reported mutant frequencies. 

Consequently, we emphasize the need for a large number of subjects per group in order to 

achieve an appropriate degree of confidence (Robinson et aL, 1994). This requirement can be 

difficult or impossible to satisfy with regards to human in vivo accidental exposure which is the 

particular case presented here. This is a variable over •wdiich researchers have no control and 

therefore will always be a very important confounding factor in the interpretation of human 

monitoring data In addition, the life cycle of T-lymphocytes can also affect the overall mutant 

and mutation frequency in an individual. Hprt mutants are lost as a result of the natural 

turnover of the peripheral T-cells and there is evidence suggesting that there is also negative 

selection of the mutant cells (Albertini and DeMars, 1974; Strauss et ai, 1980; Curry et aL, 

1995) in peripheral blood. Our results emphasize the feet that the hprt T-cell clonal assay is 

most effective for the monitoring of mutations when applied immediately following human 

exposure, giving only sufficient time for mutation fixation. However, this assay is of limited use 

following acute exposures that occurred many years eariier. In the case of ionizing radiation, 

continued chronic exposures maintain the pressure for mutation fixation making the hprt assay 

suitable for the monitoring of accumulated mutational effects.
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Abstract

The current study comprises the analysis of mutations in 10 individuals accidentally 
exposed to cesium-137 during the 1987 radiological accident in Goiânia, Brazil. Their exposures 
were among the highest experienced and range from 1 to 7 Gy. Peripheral T-lymphocyte samples 
were obtained 3.3 years afrer the original exposure, and mutation was studied at the hprt locus, 
using the 6-thioguanine selection assay. The mutational spectrum for the exposed population is 
comprised of 90 independent mutants. Based on T-cell receptor analysis, oiily 5% (5/95) were 
clonally related. Mutants were initially studied using RT-PCR and directly sequenced using an 
automated laser fluorescent DNA sequencer. Mutants that rqjeatedly Ailed to produce cDNAs 
were studied using a multiplex PGR assay and genomic DNA. Missense mutations were the most 
frequent event recovered, comprising 40% (23/57) of the spectral sample. An excess of events 
involving A:T base pairs was observed in this study, exhibiting significant difference (%̂ =12.7, p =
0.0004) when compared to the spontaneous spectrum. This finding may reflect the effect of 
ionizing radiation-induced damage, suggesting a potential similarity to prokaryotes. At the genomic 
level, 36.7% (33/90) of the mutants exhibited gross structural alterations as detected by multiplex 
PGR. Deletion events were over-represented in our spectral sample, accounting for a 2-fold 
increase when compared to the frequency observed in the spontaneous mutation database.

1. Introduction

In 1987 in Goiânia (Brazil) individuals were accidentally exposed to ionizing  

radiation after an abandoned radiotherapy unit was dismantled and sold as scrap, leading 

to one of the most serious radiological accidents to date. The source contained ^̂’CsCl 

(50.9 TBq or 1,375 Ci) which was partially dispersed over 2000 m‘, causing serious 

social, economical, and medical consequences, including four fatalities. Over 100,000 

people were screened which revealed that more than 150 people had been exposed, both 

externally and internally, to doses greater than 0.1 Gy and as high as 7 Gy. Individual dose
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estimates were derived by a combination of methods including internal dosimetry by both 

bioassays and whole body counting, cytogenetic dosimetry and external dosimetry (IAEA, 

1988). Further, additional data on mutation at the glycophoryn A locus and chromosome 

translocation by in situ hybridization were in agreement with the original estimates 

(Straume er a/., 1991).

Ionizing radiation is a potent inducer of damage to DNA due to both free radical 

formation and direct DNA interactions (UNSCEAR, 1988). In aerated aqueous solutions, 

hydroxyl radicals are the most common reactive species produced by ionizing radiation. 

These radicals, as well as direct deposit of radiation energy onto DNA, can cause single- 

and double-strand DNA breaks, base modifications, apurinic/apyrimidinic sites, and 

protein-DNA cross-links (Huttermann et aL, 1978; Hutchinson, 1985; Teoule, 1987, 

Ward, 1988). The mutational consequences of ionizing radiation in mammalian cells have 

been studied in attempt to define its particular signature (Grosovsky et aL, 1988; Hakoda 

et aL, 1989; Fuscoe et aL, 1992a,b; Skandalis et aL, 1995). Understanding spectral 

samples and mutational specificity is essential to comprehend the mechanisms of radiation 

mutagenesis and the risk associated with radiation exposure.

Mutation spectra are usually considered to be mutagen-specific (Grosovsky et aL, 

1988; Sarasin et aL, 1990). Different mutagens cause different kinds o f lesions in the 

DNA, each with a unique mutagenic potency, DNA sequence preferences, and regional 

distribution of DNA damage. The spectrum also reflects the rate and accuracy with which 

the introduced lesion is repaired (Vrieling et aL, 1992). Thus, spectral analysis of 

mutations from an exposed population should provide valuable information about the 

origins of mutation and, potentially, the possibility of identifying specific exposures on the
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basis of the type of mutations found.

The gene coding for the hypoxanthine-guanine phosphoribosyltransferase {hprt) 

located at Xq26 (Pai et ai, 1980) is widely used as a marker for both in vivo germinal 

(Fujimori et aL, 1992) and somatic (Albertini et ai, 1993; Jansen et aL, 1994; da Cruz et 

aL, 1996) mutations as well as in vitro studies (O’Neill et aL, 1990a,b; Kent et aL, 1993; 

Deubel et aL, 1996). The T-lymphocyte clonal assay allows for the ex vivo selection of 

hprt mutants resistant to 6-thioguanine. In addition, this assay enables the estimation of 

clonal expansion, making it suitable for population monitoring (Albertini et aL, 1986; 

Moore et aL, 1993). The ability to collect mutants arising in vivo and their subsequent 

molecular characterization makes the hprt system an excellent choice to define mutational 

spectra in humans which is currently facilitated by both technical advances, including 

polymerase chain reactions (PCR), and extensive mutation database (Cariello et aL, 1992; 

Cariello, 1994).

PCR has been used by several laboratories to amplify the hprt gene and determine 

its DNA sequence alterations. Reports on hprt mutations include the in vivo (Recio et aL, 

1990; Rossi et aL, 1990; Andersson et aL, 1992; Rossi et aL, 1992; Vrieling et aL, 1992; 

Hou et aL, 1993; Steingrimsdottir et aL, 1993) and in vitro (Giver et aL, 1993; 

Manjanatha et aL, 1994; Bao et aL, 1995) spectrum of spontaneous mutations in human 

T-lymphocytes. In addition, recent reports include spectra of mutations following cell 

treatment with mutagens (Walker and Skopek, 1993; Cariello et aL, 1994; Nelson et aL,

1994) and of human populations exposed to ionizing radiation (Shimahara et a l, 1995; 

Khaidakov e/ût/., 1996).
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The Brazilian radiological accident provided us with the opportunity to examine 

the mutational spectra of 10 individuals exposed to high doses (1 to 7 Gy) of ^^Cs 

ionizing radiation. The biostatistical information and mutation frequency data of our high- 

dose-spectral sample (HD-1991) was determined using mutants obtained from the second 

cohort in a longitudinal study of radiation-exposed individuals (da Cruz et ai, 1996) and 

are depicted in Table XVnia.

In this paper we expand the study of mutant frequency to include the HD-1991 

mutational spectrum and comparison with a spontaneous spectrum (SS). Here the SS 

includes data from the human hprt mutant database (Cariello et aL, 1992; Cariello 1994), 

40 individuals from a control group for A-bomb survivors (Shimahara et ai, 1995), and 

31 healthy individuals from the Goiânia population (Skandalis et al., 1997). We further 

compare our HD-1991 spectrum with a 41-mutant hprt mutational spectrum of individuals 

exposed to low doses (0.1-0.7 Gy) of ionizing radiation (LD-1990) in Goiânia (Skandalis 

et aL, 1997). The biostatistical information and hprt mutation frequencies of LD-1990 and 

Brazilian unexposed individuals can be seen in Table XVUIb and c, respectively. An 

additional comparison was made between HD-1991 spectrum and the 48 mutants 

comprising the spectral sample of A-bomb survivors (AB) [Shimahara et aL, 1995].

2. Material and Methods

2.1. Donors

The study group comprises 9 males and 1 female exposed to 1-7 Gy of ionizing 

radiation (Table XVHLA) during the "^Cs radiological accident in Goiânia (Brazil) in 

September 1987. Individuals suffered both internal and external exposure. Blood samples
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were collected in Brazil on a voluntary basis in 1991, 3.3 years after the accident.

Table XVJUUL Biostatistical information and hprt mutant frequencies of 
individuals from the Goiânia population.
a. Individuals accidentally exposed to high doses of ionizing radiation. Blood 
collection of 1991*.

Code# Sex Age Dose (Gy) PE (%) MF/PE (ilO-^
B126 M 36 1 28 21
B105 F 32 I 14 38
B81 M 17 1.3 26 10
BlOl M 16 1.6 25 9
B13S M 50 2.1 44 9
B86 M 24 2.9 27 15
B103 M 16 2.9 25 12
B83 M 44 3 25 15

B162 M 46 4.4 13 28
B82 M 40 7 17 34

n 10
Mean 32 3 24 19
SD_, 13 2 9 11

SE 4 0.6 3 3
95% Cl 8 1 5 7

* From da Cruz et al. (1996).

b. Individuals accidentally exposed to low doses of ionizing radiation. Blood 
collection of 1990*’.

Code# Sex Age Dose (Gy) PE (%) MF/PE (xlQ-*)
B30 F 52 0.1 10 50
B27 M 29 0.2 2 90
B29 M 18 0.2 8 40
B28 F 29 0.4 1 810
BIO F 59 0.6 5 20
B26 F 9 0.7 5 10
B24 F 47 0.3 17 32
B37 F 29 0.3 19 7.5
B53 F 30 0.4 16 1
B39 M 47 0.5 10 3
B25 M 20 0.5 7 10

n 11
Mean 33 1.6 10 126
SD_, 14 2.1 8 247

SE 3 0.5 2 60
95% Cl 7 1.1 4 127

From Skandalis et al. (1997).
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Code# Sex Age PE (%) MF/PE
(xlO^

BC2 F 21 18 10
BC4 F 42 31 20
BC5 M 50 26 14
BC7 M ND‘ 7 17
BC8 F 35 23 15

BCIO M 20 12 11
BC33 F 4 29 4
BC66 F 41 16 33
BC67 F 35 21 15

n 9
Mean 31 20 15
SD^, 15 8 8
SE 5 3 3

95% Cl 12 6 6
' From Skandalis et al. (1997)
* Not determined.

2.2. Sample Collection

Peripheral blood was collected in 10 ml-Leucoprep tubes (Becton-Dickinson) and 

separated, following the manufacturer’s directions. Separated MNCs were counted and 

diluted to 10̂  cells/ml in 50% calf serum (Professional Diagnostics), 10% DMSO (Sigma) 

and 40% RPMI 1640 (Hyclone). Cells were then frozen at approximately -l°C/min to - 

80°C after which they were stored under LN: and shipped to Canada where they were 

kept under LNz until required.

2.3. The hprt Assay

Published protocols for cell revival and the determination of mutant frequencies 

were followed (Curry et ai, 1993; da Cruz et aL, 1996). The 6-thioguanine-resistant T- 

cell clones were expanded to 1-3 x lO’ cells for molecular analysis and cell pellets were 

stored at -20°C until required
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2.4. Production of cDNA

A 2000-cell pellet was prepared from each mutant clone and cDNA was generated 

from total cell lysate in a 5 pi reaction containing 2.5% of the non-ionic detergent NP40 

(Sigma) to lyse the cells; 0.2 U/pl RNA guard (Pharmacia); 0.02 pg/pl BSA (Pharmacia); 

0.0IM DIT, 0.71mM dNTPs (Pharmacia); 0.1 ODWml reverse primer II (Dalton 

Chemicals); Ix PCR Buffer (SOmM Tris-HCl - pH 8.3; 75mM KCl; 3mM MgClz); and 5.7 

U/pl Mo-MLV Reverse Transcriptase (Gibco/BRL). This step was done on ice. Samples 

were then incubated for 1 hour in a 37"C waterbath. Each unsuccessful amplification was 

repeated to a maximum of 6 times. The primer sets and their concentration were according 

to Yang et a/. (1989).

2.5. cDNA Ampiifîcatiou

The amplification of hprt cDNA occurred in two stages of 30 cycles using nested 

primers in a Perkin-Elmer Cetus thermocycler (model 9600). The initial dénaturation step 

was 5min at 95°C. After the cycling reaction steps were completed, a final extension step 

of 5min at72°C was run, followed by a storage step at 4“C. The primer sets and their 

concentration were according to Yang et al. (1989).

PCR I: The 5pl-RT product was used directly in a 50pl-reaction. The reaction mixture 

contained Ix PCR Buffer (15mM Tris-HCl - pH 8.5; 60mM KCl; 2.75 mM MgClz); 

0.71mM dNTPs (Pharmacia); 5 U/pl Taq polymerase; 0.1 OD^go/ml forward primer I 

(Dalton Chemicals); and 0.1 ODieo/ml reverse primer II (Dalton Chemicals). Each cycle 

consisted of a dénaturation for 20 seconds at 94“C, annealing for 30 seconds at 60°C and 

extension for Imin at 72°C.
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PCR H: l|xl of the PCR I amplification product was used in 25pl-reaction. The reaction 

mixture contained Ix PCR Buffer (15mM Tris-HCl - pH 8.5; 60mM KCl; 2.75 mM 

MgClz); O.TlmM dNTPs (Pharmacia); 5 U/pl Taq polymerase; 0.1 ODWml forward 

primer m  (Dalton Chemicals); and 0.1 ODWml reverse primer IV (Dalton Chemicals). 

Each cycle consisted of a dénaturation for 20 seconds at 94°C, annealing for 30 seconds at 

55°C and extension for Imin at 72°C.

After the second PCR round Ipl of gel-loading buffer (0.25% bromophenol blue; 

0.25% xylene cyanol; 30% glycerol in water) was added to lOpl o f each reaction product 

and ran in 1% agarose gel, containing 2pl of ethidium bromide (lOmg/ml) for verification 

of PCR success.

2.6. Multiplex PCR

Multiplex PCR, performed on genomic DNA as described (Gibbs et al., 1990) was 

proven a rapid assay for the detection of hprt deletions. It involves the simultaneous 

amplification of the nine hprt exons using eight pairs of oligonucleotide primers in a single 

PCR.

2.7. DNA Extraction, Purification and Quantification

When DNA was successfully amplified in PCR H, the sample was reamplified 

using the original PCR I product as template. The reamplification produced sufficient 

DNA for direct sequencing. The DNA was precipitated by adding lOM ammonium acetate 

(0.2 volumes) and isopropanol (2 volumes). After gentle mixing, the mixture was left at 

room temperature for 15 minutes and then spun in a microcentrifuge (-14000 rpm) for 30 

minutes. The supernatant was decanted and the pellet washed with 0.5ml of 70% ethanol
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without mixing, followed by centrifugation for 15 minute. The supernatant was decanted 

and DNA pellet either dried at room temperature or dried in a Savant (Labconco), a speed 

vacuum drier. Finally the DNA pellet was resuspended in 25 pi of sterile doubled destilled 

water overnight at room temperature. DNA concentration was measured fluorimetrically 

with a Hoefer TKO-102, and then stored at -20“C until sequenced.

2.8. Direct DNA Sequencing

The purified single-stranded PCR products were sequenced in an ALF DNA 

sequencer (Pharmacia) using “ReadyMLc Gel-ALF Grade” (Pharmacia), a 6% 

polyacrylamide sequencing gel, and prepared following the manufacturer’s instructions. 

Sequencing was performed using the deoxy terminator cycle method and 50-100 ng of 

purified DNA as template. The sequencing reaction mixture contained Ix Buffer (30mM 

Tris-HCl - pH 9.0; 30mM KCl; 5mM MgClz); 5 U/pl Taq polymerase. Individual priming 

reactions contained primer concentration of 1.25 pmol and one of four ddNTP 

(Pharmacia) stop solutions (0.8mM ddATP; 0.4mM ddCTP; O.OSmM ddGTP; 0.8 

ddTTP); and 60pM dNTP. Cycle sequencing involved preheating at 94°C for 4 minutes, 

followed by 25 cycles of denaturing (94°C-10sec), annealing (50°C-20sec), and extension 

(72°C-30sec). A final extension step of 5 minutes at 72“C was added to the protocol. The 

primer sets and their concentration were according to Yang et al., 1989.

Upon completion, 6pl of loading dye (deionized formamide with dextran blue) was 

added to the products. Sequencing gels were run at 1500 V (38 mA), at 45°C, for 480 

min. The sequence data was compared with the wild-type using SeqMan (DNAStar) 

software.
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2.9. T-Cell Receptor Analysis

TCR assay was performed following de Boer et al. (1993). This method is based 

on analysis of restriction fragment length polymorphism of a PCR amplified rearranged T- 

cell receptor y-gene using genomic DNA. If the TCR receptor failed using the primers for 

Jl, a second amplification was done with primers for the J9.

2.10. Statistical Analysis

Mutational spectra were compared by class using the hypergeometric test via 

Monte Carlo techniques (Adams and Skopek, 1987) and chi-square test using Statistica 

(StatSoft) software.

3. Results

The T-cell clonal assay from 10 radiation exposed individuals yielded 221 mutants. 

Of these, 146 were successfully expanded and recovered for molecular analysis. cDNA 

was successfully generated by RT-PCR in 75% of the samples (110/146). Of these, 59 

were randomly selected for sequencing. In each case the entire coding region of the hprt 

gene was sequenced using an automated laser fluorescent (ALF) DNA sequencer. Mutants 

for which cDNA was not produced were characterized by mPCR (Gibbs et al., 1990). We 

also used the mPCR approach to characterize all potential exon losses from cDNAs.

3.1. T-Cell Receptor Analysis

As discussed by Nicklas et al. (1986, 1987, 1988, 1989) individual mutants 

recovered from the peripheral lymphocyte pool may either be the result of independent 

mutational events or of clonal expansion. Clonality can be determined by analyzing the
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TCR in clones with identical mutations, as independent clones will display different 

rearrangements. Based on T-cell receptor analysis, only 5% (5/95) mutants were clonally 

related. The clonal distribution was 2 of the 59 mutant cDNAs and 3 of the 36 m u tan t 

genomic DNA. These duplicate mutants were removed from the spectral sample prior to 

statistical analysis. Therefore, a total of 57 independent cDNAs were sequenced and 33 

independent genomic DNA were characterized by mPCR.

3.2. cDNA Alterations

The results for hprt cDNA mutations are summarized in Table XDC. The entire 

collection of independent cDNA alterations is given in Table XX.

Table XDC Hprt cDNA mutational spectra by class: comparison of spontaneous and 
ionizing radiation exposed groups.

Spontaneous Radiation-induced mutations
Mutation Class SS" AB* LD-1990' HD-1991"'

Total Freq. Total Freq. Total Freq. Total Freq.
G;C -> A;T 35 15% 6 13% 5 12% 3 5%
A;T G;C 11 5% 4 8% 3 7% 12 21%
Transitions 46 19% 10 21% 8 19% 15 26%
G:C -4. T:A 12 5% 3 6% 4 10% 2 4%
G;C -> C:G 17 7% 3 6% 3 7% 0 0%
A;T -4. T:A 13 5% 4 8% 1 2% 3 5%
A:T C:G 10 4% 3 6% 0 0% 3 5%

Transversions 52 22% 13 27% 8 20% 8 14%
Total Base Substitution 98 41% 23 48% 16 39% 23 40%

Exon Skipping 62 26% 9 19% 13 32% 12 21%
Frameshifts (-1) 19 8% 1 2% 1 2% 4 7%
Frameshifts (+1) 3 1% 1 2% 0 0% 3 5%

Complex 7 3% 0 0% 1 2% 2 4%
Tandem 2 1% 0 0% 0 0% 1 2%

Insertion/Duplication. 4 2% 0 0% 7 17% 2 4%
Seq. Deletion 43 18% 10 21% 3 7% 7 12%

Other 1 0% 4 8% 0 0% 3 5%
Total Mutants 239 100% 48 100% 41 100% 57 100%

Spontaneous spectrum after Cariello (1994), Shimahara et al. (1995), and Skandalis et al. 
(1997);  ̂A-bomb survivors study based on Shimahara et al. (1995); ' Low dose exposed 
individuals during the radiological accident in Goiânia. Blood collection of 1990, after 
Skandalis et al. (1997); * This study includes the high dose exposed individuals during 
the Goiânia radiological accident Blood collection obtained in 1991.



Table XX. cDNA sequence alterations identified at the hprt locus in 10 individuals accidentally exposed in vivo to high doses of ionizing radiation of Cs

Mutation Class No. of 
mutants*

Mutant Code’’ Base* Exon Sequence Context'' and 
cDNA change

Codon* Aminoacid
Change

Comments

Base Substitution:
1. Transitions:

A G 1 B126-7 370 4 ACT -V GCT 124 Thr Ala
2 886-16; B105-3 598 8 AGO -> GGG 200 Arg Gly

T -> C 1 BlOl-7 107 2 TTT-+TÇT 36 Phe -> Ser
5 B82-l;B83-5;B103-4; 278 3 ATT-> ACT 93 lie Thr In 50% of the individuals

B126-9; B135-9
1 B83-6 479 6 GTC -> GÇC 160 Val -> Ala
2 B8M; B162-5 548 8 ATT -> ACT 183 lie -V Thr

G —> A 1 B103-8 101 3 AGG -> AAG 34 Arg Lys
1 B105-8 143 3 COT -> CAT 48 Arg -> His CpG site
1 (B126-l;B126-4) 197 3 TGT -> TAT 66 Cys -> Tyr

2. Transversions:
A —► C 1 B126-6 230 3 G AC -> GÇC 77 Asp -> Ala

1 B83-9 593 8 TAC -> TÇC 198 Val -*■ Ala

T -> G 1 B83-13 350 4 ATT -> ACT 117 He -r  Ser

A -> T 1
1

B82-2
B82-10

59
163

2
3 GAT -> GTT 20

55 Asp -> Val

1 B86-18 498 7 AAG -> TAG 166 Lys -> Stop
AAA AAT Lys -» Asn

G ->T 1 B86-17 489 7 163
1 B103-14 600 8 TTG->TTT 200 Leu -> Pile

AGG -> AGT Arg -> Ser
Tandem 1 BlOl-1 124-125 2 ATT GAT 42 He Ser



Table XX, cont.
Mutation Class No. of 

mutants*
Mutant Code'’ Base* Exon Sequence Context** 

and cDNA change
Codon* Aminoacid

Change
Comments

Complex:
G -> T 1 BIOI-2 489 7 TTG->TTT 163 Leu -> Phe riiree RT-PCR products with 

identical base substitution 
and exons 2 & 3, and exon 3 
loss.

G - f  A 1 B105-6 539
606

8
8

GGA GAA 
TTG->TTA

180
202

Gly Glu 
Leu -> Leu Silent mutation

Other
G -> C 1

1
1

(B 126-2; B126-8) 
B103-25 
BI62-I3

234
45-566

3
2-8

CTG.-> CTÇ 
ACC<AGG...TGT>AGG

78 Leu->Leu Silent mutation 
Normal multiplex PCR 
No mutation found in cDNA

Frameshifts:
1. Positive (+1):

+C 1 B81-2 276(?)f 3 ATCCÊATT 92 Creates premature stop codon (TAA)
+G 1 B82-3 120(?)' 2 ATGGGACT 42/43 Creates premature stop codon (TGA)
+G 1 B103-5 658(?)f 9 TAAGGATG NA First base pair in trailer region.

2. Negative (-1):
100(7)'-A 1 B126-5 2 GGAAAGGG 33/34 Creates premature stop codon (TAA)

-A 1 B135-10 383(7)' 4 GGAAAGAA 127/128 Creates premature stop codon (TGA)
G 1 B135-8 334(7)' 4 ACAGGGGACA 112/113 Creates premature stop codon (TAA)
G 1 B103-31 619 9 TTTGTGTCATT 207 Frameshift



Table XX. conf.
Mutation Class No. of 

mutants*
Mutant Code*’ Base* Exon Sequence Context'* and 

cDNA change
Comments

Exon Skipping*;
1 B135-2 28-134 2 Exon loss'* Nonnal multiplex PCR
4 883-15; 8101-10; B1Ü3- 

7; 8105-13
28-318 2-3 Exon loss'* Nonnal multiplex PCR

3 886-14; 8103-2; 8103-3 320-384 4 Exon loss'* Normal multiplex PCR
2 886-4; 8105-9 385-402 5 Exon loss'* Normal multiplex PCR
1 8103-27 403-485 6 Exon loss'* Normal multiplex PCR
1 883-11 486-532 7 Exon loss'* Nonnal multiplex PCR

Insert./Duplication:
7 bp 1 8101-3 612-613 9 TCAT<ATAGCAT>GTTT Inserted sequence located at 18:-4 to E9;3 creates 

new stop codon (TAG)
7 bp 1 8101-5 184-186 3 TCACA<CACACAG>TGTA Original Sequence TCACA<T>TGTA; New 

sequence inserts Thr-His-Ser residues
Deletions:

4 bp 1 882-8 112-115 2 TTTATT<CCTOATGG Creates premature stop codon (TAA)
6 bp 1 8105-7 226-231 3 CTTT<GCTGAOCTGC Removes Pro-Asp residues
7 bp 1 8101-4 592-598 8 GAA<TACTTCA>GGGA Creates premature stop codon (TGA)

1 886-8 28-318 2-3 CGTG|<ATT.. .TGT>| AAT l.arge deletion including 11 through 13
1 881-5 385-402 5 AAG|<AAT...GAA>|GAT ES exclusion caused by sequence deletion in 15
1 8126-3 385-432 5-6 AAG|<AAT...CAG>ACT E5 exclusion caused by deletion over IS to E6;30
1 8101-12 385-413 5-6 AAG|catctttggaaaacCACT E5 exclusion with intronic insertion (14:29174- 

14:29187)
Total of mutants 57

* Only independent mutants are shown;
Clones in brackets shared the same rearranged TCR. Only one was considered for the spectral sample;

' Positions in coding region are numbered after Jolly et al. ( 1983) with adenine of the ATG initiation codon been the first nucleotide;
* Upper case indicates coding sequence while lower case intron sequence. Vertical lines show splice junctions and o  indicate breakpoints. Genomic hpri sequence and 
numbering after Edwards et al. (1990);
* First codon is the Methionine initiation codon (ATG) in the hprt coding region;
'As the affected base pair could not be precisely determined, we referred to the last base in the run as the one responsible to disrupt the reading frame;
* (Putative) splice mutant based on nonnal amplification of the nine hprt exons from genomic DNA; and 
'■ represents exon exclusion from the hprt cDNA.

VO
00
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3.2.1. Base Substitutions: Missense mutations were the most frequent event in the 

spectrum of mutation of the hprt locus in this study. They comprise 40% (23/57) of the 

mutations in this database and were found in all exons, except 1, 5, and 9. The following 

classes of mutations were distinguished;

a. Transitions comprised 26% (15/57) of the spectrum and included 3 G:C —> A:T and 

12 A:T G:C events. The most frequent recovered transition was an A:T -> G:C event 

at position 278 (ATT —> ACT) in the coding region. This event was recovered one time in 

5 individuals. In order to exclude the possibility of a PCR artifact (e.g., the RT-reaction or 

cross contamination) we confirmed each mutation by sequencing the exon 3 from those 

individuals from genomic DNA. Only one of the G:C -> A:T mutations occurred at a CpG 

site (position 143 - CGT —> CAT).

b. Transversions comprised 14% (8/57) of the mutants and included 2 G:C T:A, 3 

A:T -> T A, and 3 A:T C:G events. The G:C -> C:G transversion was not recovered.

3.2.2. Frameshifts comprised 12% (7/57) of the mutations recovered. These included 

three “plus” and four “minus” frameshifts. The majority (6/7) occurred in a run of two or 

more bases (Table XX), although a single negative fi-ameshift was recovered in a short 

repeat at position 207 (TTTGTGT).

3.2.3. Complex mutations involve two or more simultaneous changes. Mutant BlOl-2 

produced three different bands on 1% agarose gel after RT-PCR The largest product was 

a wild type size and had a base substitution at position 489 (G:C —> T:A transversion) 

which is the fourth base pair in exon 7. The two smaller fragments both had the same base
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substitution at position 489 as well as exon losses. The shortest fragment had lost exons 2 

and 3 while the mid-sized fragment had lost exon 3. The nature of this mutation was also 

confirmed by mPCR. This G -»  T transversion event has been previously reported, though 

without the associated exon exclusions (Lukash et al., 1991; Yang et al., 1993). Mutant 

B105-6 had two non-tandem point mutations within the coding region of the cDNA. They 

were both G;C -> A;T transitions in exon 8, separated by 22 base pairs. One of these 

transitions was a silent mutation, afifecting a leucine codon.

3.2.4. Tandem mutations: Only one tandem mutation was found among the radiation- 

exposed individuals. It involved a transition and a transversion at positions 124 and 125 

( A T T G A T ) .

3.2.5. Insertions and duplications have been grouped together. Mutant BlOl-3 has a 7- 

base pair duplication in exon 9, between positions 612-613. The inserted sequence is 

GATTTGAAT C AT> AT AGO AT <GTTT GT GT C ATT and represents a repeat of the last 

7 base pairs immediately before position 613. The first four bases in the inserted sequence 

are the last four bases in intron 8, and the last three bases of the inserted sequence 

represent the first three bases in exon 9. Mutant BIO 1-5 is a 7-base-pair 

duplication/insertion event in exon 3 as a result of the repeat of the sequence TCACA 

>CACACAG< TGTA. The duplication occurs between positions 184-186. The original 

sequence is TCACA<T>TGTA, where the highlighted T is lost and replaced by the entire 

duplication.

3.2.6. Deletions recovered in the cDNA were all short and in coding sequence. There are
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three mutants with small deletions, B82-8, B105-7 and BlOl-4, involving the loss of 4, 6, 

and 7 base pairs respectively, not surrounded by repetitive sequences. Four exon deletion 

events, involving deletion of one or more exons, were confirmed at the genomic level by 

mPCR and were included in the spectrum of cDNA alterations. Mutant B81-5 cDNA had 

lost exon 5, though mPCR produced a shorter fi*agment. Genomic DNA sequencing of 

this fragment confirmed that exon 5 was present, but perhaps PCR primers were too close 

to the break points to accurately reveal any change of sequence. A scan of the region 

revealed two 6-bp sequence repeats 120 bp and 398 bp downstream from the 3’-end of 

exon 5. Slippage between these repeats would produce a 270-base pair deletion, resulting 

in a fragment consistent with the fragment recovered. Mutant B86-8 was confirmed to be 

the consequence of genomic deletion spanning over exon 2 and 3. In mutant BlOl-12, 

exon 5 was lost along with the first 11 base pairs of exon 6. In addition, the insertion of a 

13 base pair fragment from intron 4 was found at this site. The inserted sequence (Table 

XX) occurred between positions 14:29174 and 14:29187. Finally, mutant B126-3 had exon 

5 along with the first 30 base pairs in exon 6. Exon 5 was amplified by multiplex PCR, but 

not exon 6. This can be interpreted as a deletion within intron 6 with the 5’ break point 

located at the 30* base of exon 6.

3.2.7. Exon Skipping involves the precise loss of one or more exons at the cDNA level. 

Multiplex PCR, using genomic DNA can distinguish exon exclusion from actual exon 

deletion events. However, we did not sequence the respective introns nor their splice 

junctions to characterize the splice mutants. Multiple bands after RT-PCR implicates 

splicing errors for the hprt gene. In this study, almost 14% (15 of 110) of the mutants had
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multiple bands. This figure increases to about 18% if we included all exon loss events, e.g. 

product that had either multiple bands or smaller bands (20 of 110). These figures are not 

corrected for clonality. Several splice mutations (4/12) involved exons 2 and 3, 3 involved 

exon 4, 2 involved exon 5, and one each exon 2, 6, and 7 (Table XXI).

Table XXL Summary of exon exclusion events from hprt cDNA mutational spectra, 
comparison of spontaneous and ionizing radiation exposed groups.

Exon
Spontaneous Radiation-Ihducef

55* a b " LD-1990* HD-1991''
Total Freq. Total Freq. Total Freq. Total Freq.

2 9 15% 0 0% 0 0% 1 8%
2 & 3 11 18% 1 11% 1 7% 4 33%

3 0 0% 1 11% 1 7% 0 0%
3 & 4 1 2% 0 0% 0 0% 0 0%

4 14 23% 1 11% 3 21% 3 25%
5 3 5% 1 11% 1 7% 2 17%
6 3 5% 1 11% 1 7% 1 8%
7 4 6% 1 11% 2 14% 1 8%
8 15 24% 3 33% 5 36% 0 0%
9 2 3% 0 0% 0 0% 0 0%

Total 62 100% 9 100% 14 100% 12 100%
* Spontaneous spectrum after Caiiello (1994), and Shimahaia et al. (1995), Skandalis et 

ai. (1997); ’’ A-bomb survivors study after Shimahara et al. (1995); * Low dose exposed 
individuals during the radiological accident in Goiânia Blood collection of 1990, after 
Skandalis et al. (1997); *' This study includes the high dose exposed individuals during 
the Goiânia radiological accident Blood collection obtained in 1991.

3.2.8. “Other” mutations include mutants which failed to be classified in the categories 

discussed above. Mutants B126-2 and B126-8 had a silent mutation at position 234, due 

to a G;C C:G transversion, involving a leucine codon. Identical codons have been used 

elsewhere in the hprt gene. Therefore, the 6TG-resistant phenotype cannot easily be 

associated with codon usage. Furthermore, this transversion was located in the core region 

of the active site of the HPRT protein, at a considerable distance fi'om the splicing sites. In 

order to account for the 6TG-resistant phenotype, we suspect that a second mutation, 

possibly within one of the regulatory elements in the flanking regions of the hprt gene, 

may be involved. As this event was found twice in the same individual and both mutants
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repeatedly failed to amplify the TCR region, we assume them to be clonally related. 

Mutant B103-25 involved a 521-base pair deletion, spanning from position 45 through 

566 in the coding sequence. Nevertheless, all the exons were amplified by multiplex PCR. 

This would be consistent with either inversion or translocation of a large fragment o f the 

hprt gene which has not compromised the transcriptional regulatory elements and would 

explain the normal pattern of amplification of the nine exons by multiplex PCR Finally, 

mutant B162-13 did not exhibited any alteration in its cDNA.

3.3. Genomic Alterations

At the genomic level, 33 of the 90 mutants exhibited gross structural alterations as 

detected by multiplex PCR (Table XXII).

Table XXH Hprt genomic DNA alterations identifîed by Multiplex PCR in 10 individuals 
accidentally exposed in vivo to high doses of ionizing radiation of " Cs.

Mutation Class No. of 
mutants*

Mutant Code*’ Exon Frequency
(%)

Deletions':
1. Total Deletion'* 10 B82-9; B82-22; B83-10; B86-9; 

B103-10; B103-18; B103-19; B105-4; B105- 
5; (B135-4; B135-19)

1-9 30

2. Exon Deletion 5 B83-8; B103-1; B103-15; B135-11; B 162-9 1 36

1 B83-12 2-9 7
1 B82-25 4 7
2 B101-8; B103-36 7-8 14
5 BIO 1-9; B103-21; B103-32; B135-5; B 135-7 9 36

Normal Multiplex 
PCR*

8 B82-17; B83-7; B86-13; BlOl-13; B 103-30; 
B103-34; B105-2; B 105-25

1-9 24

Other* 1 (B126-23; B 126-30; B 126-31) 3 and 9 3
Total of Mutants 33 100
Only independent mutants are shown;  ̂Clones in brackets shared the same TCR pattern. Only one was 
considered for the spectral sample; ' Breakpoints were not determined; * TCR gene was co-amplified 
with hprt gene; *No cDNA was produced; ^No genomic amplification of the two exons.

The genomic alterations are grouped as follows:

3.3.1. Sequence Deletions include mutants that failed to amplify one or more exons. The
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deletion breakpoints were not determined. However, the genomic deletions were 

confirmed by a second multiplex PCR using both oligonucleotide primers for previously 

amplified exons together with oligonucleotide primers for the missing exon(s). A second 

failure to amplify missing exon(s) was the criterion to define exon deletion.

In this study, 14 of the 33 genomic mutants exhibited exon loss preferentially 

involving either the 5’- or the 3'-ends of the gene. Specifically, 72% of the exon deletion 

events affected either exon 1 (5/14) or exon 9 (5/14). The remaining deletions were 

represented by one exon 4 deletion, two exons 7 and 8 deletion and a large deletion 

spanning exon 2 through 9 (B83-12).

Twenty-seven percent (9/33) of mutants analyzed by multiplex PCR could not be 

classified as deletion events. One noteworthy mutant failed to amplify exons 3 and 9 using 

multiplex PCR There were three such events (B126-23, -30, -31) in the same individual. 

Moreover, all three clones failed to amplify the TCR using both J1 and J9 PCR primers 

(primers sequence not shown) and likely represent a clonal run. The remaining 24% (8/33) 

produced no cDNA for analysis but produced a normal pattern after multiplex PCR 

amplification. We assume in these cases that the full mRNA is absent.

3.3.2. Total Deletions are identified by their failure to amplify any of the exons of the hprt 

gene. This subclass comprised 30% (10/33) of the mutation detected by multiplex PCR 

As a positive control, the TCR gene fi'om individual samples was co-amplified.

4. Discussion

A significant increase in hprt mutant fi-equency in human T-lymphocytes has been 

observed in individuals exposed in vivo to ionizing radiation (Messing and Bradley, 1985;
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Seifert et ai, 1987; Hakoda et a i, 1988; Natarajan et a i, 1991b; Nakamura et al, 1991; 

Seifert et ai, 1993; da Cruz et a i, 1996; Skandalis et al., 1997), as well as in vitro studies 

(Sanderson and Morley, 1986; O’Neill et al., 1990b). However, no difference in the nature 

of mutations recovered from exposed and non-exposed individuals has been reported 

(Shimahara era/., 1995; Skandalis era/., 1997).

In this report we chose to determine the spectral sample for the radiation-exposed 

individuals using PCR-based methodology over Southern Blot because of its resolution to 

detect point mutations. In addition, because there was an interim of 3.3 years from the 

time of the exposure to the time of sampling, gross alterations, mainly deletions, attributed 

to radiation exposure, would have impaired cell viability and could be lost from peripheral 

blood. In order to increase our chances of finding significant differences in the hprt 

mutation spectrum of the exposed group, we restricted the analysis to those individuals 

exposed to doses ranging from 1 to 7 Gy. To reduce possible individual donor differences 

on the type of mutations, only a small number of 6TG-resistant clones were analyzed per 

individual.

Using the hypergeometric test in 2 by 6 tables, we compared our HD-1991 

spectrum of hprt mutations based on cDNA changes with the AB spectrum, LD-1990, and 

lastly with the SS spectral sample. We found no significant difference (p > 0.05). 

Furthermore, the inter-comparison of these groups showed no significant difference (p > 

0.05). This did not change when both the high and low dose groups were pooled.

Comparing the HD-1991 spectrum with the SS revealed a significant increase in 

the frequency of AjT -> G:C mutations in the exposed group (x^=17.72, p=0). 

Interestingly, A T G;C transitions appeared to be enhanced by approximately 4-fold in
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the population exposed to ionizing radiation. Peculiarly, A:T —> G:C transitions at position 

278 (5/57) were recovered in 5 of the exposed individuals (p=O.G002, Fisher exact test). 

Moreover, this change has not yet been reported in any of the spontaneous hprt data sets. 

Again we note that the base substitution at position 278 was confirmed at both cDNA and 

genomic levels. The elevated fi-equency of this specific event may be representative for 

past-exposure to ionizing radiation. We assume that T-lymphocytes fi’om exposed subjects 

had survived the radiation hit with fixed permanent mutations that did not impair cell 

viability. This is not representative o f recent exposure which leads to large deletions 

(Grosovsky et ai, 1988; Whaley and Little, 1990; Fuscoe et aL, 1992b; Hutchinson,

1995) which are considered the hallmark of radiation exposure. However, it is well 

established that exposure to ionizing radiation creates fi"ee radicals. The outcome of free 

radical damage could account for this mutation class.

It is noteworthy that A;T sites seem to be favored over G;C pairs as targets in our 

study population. The Chi-square test showed no statistically significant difference 

between the LD-1990 and AB groups. However, the occurrence of damaged A:T base 

pairs in our HD-1991 was significantly different (%^=12.7, p=0.0004) firom the SS. Here 

A;T sites were involved in approximately 80% (18/23) of base substitutions as opposed to 

35% (34/98) among the spontaneous mutants. This finding is consistent with experiments 

in bacteria (Glickman et ai, 1980; Levin et a i, 1982; Basu et ai, 1989; Wood et ai, 

1990), bacteriophage (Conkling et a i, 1976; Wood et ai, 1990), and lower eukaryotes 

(Mailing and de Serres, 1973), where detailed molecular analysis had been undertaken. 

Moreover, it has been reported that A:T base pairs are more susceptible to radiation and 

oxidation-induced mutagenic damage than G:C pairs in a test strain (TA102) of
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Salmonella (Levin et ai, 1982). A similar sensitivity for A:T sites has been reported for 

ionizing radiation in E. call (Basu et a i, 1989). These observations are consistent with the 

shift from G:C —> A;T sites reported here.

All types of base substitutions at both AT and GC sites have been recovered after 

irradiation in prokaryotes and M13mp2 virus (McBride et aL, 1991). Similar changes have 

been reported in mammalian cells in a study using mouse lymphomas (Guerrero et aL, 

1984). In addition, pyrimidine bases have been suggested to be more sensitive to io nizing  

radiation damage than purines, in the presence of O2 (Breimer and Lindahl, 1985). Gamma 

radiolysis of pyrimidines in aqueous systems leads to the formation of several products 

including different hydroperoxide isomers, which decompose into more stable derivatives. 

Thymine bases are the most susceptible to modification, producing 5,6-dihydroxy-5,6- 

dihydrothymine (thymine glycol) as one of the major products (Teoule and Cadet, 1978). 

Several studies have shown that thymine glycol can stall DNA replication in vitro (Rouet 

and Essigmann, 1985; Clark and Beardsley, 1986) and when bypassed can produce a base 

substitution (Hayes and LeClerc, 1986). The radio-adduct (7-8-dihydro-8-

oxoadenine) is another potentially mutagenic adduct which has been detected in DNA 

irradiated both in vivo and in vitro (Fuciarelli et al., 1989; Malins and Haimanot, 1990). 

This premutagenic lesion also likely contributes to mutations that occur at A;T sites in the 

genome of prokaryotes and viruses following exposure to ionizing radiation (Glickman et 

aL, 1980). The has been implicated in single base pair deletions and possibly in A to 

C transversions (Wood et aL, 1992). However, the mispairing of a*"^ with any base pair 

other than thymine would also result in a mutational event.

A 4-fold increase in the frequency of A;T -> G:C transition on our exposed



108

population may thus reflect mutation due to a particular radiation-induced lesion, not 

unlike what is observed in prokaryotes. We suggest that the most likely mechanism would 

be thymine glycol mispairing with guanine. Whether this occurs during replication or 

reflects a repair defect cannot be determined but it must occur prior to the action of TG 

glycosylase (Brown et ai, 1985). Basu et a i (1989) reported that for the wobble mispair 

of thymine glycol and guanine to be mutagenic, it should preferably be S' to a 3' purine. 

We noted that of the A;T sites recovered here, 75% (9/12) occurred 5’ to a purine.

G -> T transversions probably result from the radiation-induced lesion 7,8- 

dihydro-8-oxoguanine (G*^*°), a premutagenic adduct originally detected in gamma and 

X-irradiated DNA (Wood et ai, 1990). G * ^  is thought to be removed by a DNA 

glycosylase, leaving an apurinic (AP) site in the DNA. AP sites can be mutagenic in vtvo, 

where dATP is predominantly inserted opposite the lesion (Wood et a i, 1990). 

Consequently, G;C —> A:T transitions may reflect the depurination of adduct. The 

deamination of a cytosine of a cytosine adduct would result in uracil or a modified uracil 

that would then pair with adenine during DNA replication, giving rise to a C -> T 

transition (Hayes et a i, 1988). Cytosine deamination is a common source of spontaneous 

mutations and it is unlikely to be reflected in our spectrum as a radiation-induced event. 

G;C ^  C:G transversions were not recovered in our exposed population.

A single deletion spanning exons 2 and 3 was identified. One particular mutant had 

a deletion of exons 3 and 9 which may be best explained by an inversion within the hprt 

gene. The inversion would account for the disruption of control elements on the 5’-end of 

the gene, thus explaining the lack of transcriptional products. In addition, three small 

deletions involving repeat sequences were recovered and are hence consistent with the
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slipped mispairing mechanism (Krawczak and Cooper, 1991).

The remaining deletions, including 10 total deletions of the hprt gene, account for 

30% (27/90) of the mutations recovered from the exposed population. Such events are 

consistent with those recovered in vitro in the cprt gene in CHO cells following ionizing 

radiation exposure (Grosovsky et aL, 1988). These deletions share the common feature of 

not being readily explained by slippage events hence may reflect the direct effects of 

ionizing radiation-induced DNA strand breakage. This class of deletion is over

represented in our spectral sample by about 2-fold when compared to the frequency 

observed in the spontaneous database. Southern blot analysis of spontaneous hprt 

mutations in healthy individuals has shown that approximately 15% of those mutations are 

caused by gross structural alterations, namely deletions and insertions with break points 

occurring within and beyond the hprt locus (Albertini et al., 1990b). The slightly elevated 

frequency of deletions seen 3.3 years after exposure may reflect T-lymphocyte turnover. 

We have previously (da Cruz et aL, 1996) calculated a half life of 2.1 years for T-cells 

carrying hprt mutations. Fuscoe et al. (1994) found about 7% of spontaneous hprt 

mutations are due to the total deletion of the gene. We found that the frequency of total 

deletion of the hprt gene in our exposed population is not significantly different from the 

expected frequency.

We note that among the genomic mutants from the radiation-exposed individuals 

24% (8/33) lack mRNA We assume that events within the promoter region are 

responsible, especially since this would also account for the normal multiplex PCR 

amplification.
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One 6TG-resistant clone produced normal cDNA but without any detectable 

mutation in its coding sequence. Similar events have previously been reported in such cells 

exhibiting high levels of HPRT activity (Steingrimsdottir et al.. 1993). How this translates 

to TG-resistance remains unknown, although we did not measure the actual enzyme 

activity in this particular clone

FrameshiA events were not significantly more common than found in the 

spontaneous database (p ^  0.05). The majority of the fiameshifts (6/7) occurred in a run of 

two or more bases, suggesting that these fiameshifts were mediated by DNA sequence 

misalignments (Streisinger et al., 1966). Each of the fiameshifts produced in-firame stop 

codons terminating translation prematurely (Table XX).

The recovery of splice mutations in the spectral sample is similar in both the 

spontaneous and exposed groups (p > 0.05). Ionizing radiation does not seem to induce 

exon 8 exclusion, rather it seems to induce more exons 2 and 3 exclusion which may 

reflect induced V(D)J action.

Considering that the hprt gene has a large number of mutable positions (Jansen et 

ai, 1994) and that ionizing radiation deposits its energy in a relatively random fashion, 

mutational hot spots in the hprt locus would not be expected following exposure to 

radiation. In previously published studies, we reported a discrete, but significant increase 

in the mutant firequency of the exposed group (da Cruz et a i, 1996; Skandalis et ai, 

1997). One could speculate that the increased mutant fi'equency was a result of 

physiological processes, such as clonality and T-cell turnover. However, the TCR analysis 

revealed that physiological processes were not an issue in our study, since there was only 

5% clonality. As well, our sequencing data showed an increase in deletions not flanked by
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repetitive sequences, as would be typical of spontaneous mutations. Thus, these events 

could reasonably be associated with true radiation-induced damage. In addition, the 

occurrence of damaged A;T sites was significantly different firom the spontaneous 

spectrum which has been implicated as radiation-induced mutations. We suggest that 

perhaps the DNA damage seen in the exposed population was caused by free radical 

species originated by ionizing radiation at the time of exposure and, therefore, may 

account for the prevalence of mutations at A:T sites. It is rather difficult to assess what 

kind of free radical species would be implicated in such a mechanism because of the 

complex cellular environment exposed to ionizing radiation.
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CHAPTER V. Somatic Microsatellite Instability in a Human Population 
Exposed to Ionizing Radiation of ̂ ^Cs

Abstract
Tandem repeated DNA sequences, including microsateilites, are prone to somatic 

mutations that lead to changes in their length. Microsatellite instability (MIN) markers have 
become an important tool in the study of carcinogenesis and recently have been used to investigate 
gametic mutations in human populations exposed to ionizing radiation. In this study we determine 
the fiequency of somatic MIN in 16 controls and 17 exposed individuals affected by the 
radiological accident in Goiânia (Brazil). A fluorescent PCR-based assay was performed for 6 
markers (D6S135,f D8S135, D11S35, Ankl, nm23-Hl, and p53). The PCR products were 
analyzed by polyacrylamide gel electrophoresis in an automated DNA sequencer. Data analysis 
was processed with SMART (Pharmacia) software. We examined a total of 200 and 190 
alleles respectively and found that the putative microsatellite instability distribution in the 
two groups were not dififerent(P > 0.05%). Our assay lacked sufBcient sensitivity to 
discriminate between spontaneous and induced microsatellite instability. The p53 maricer 
was the most unstable, while the maricer D11S35 exhibited no detectable instability.

1. Introduction

The human genome is comprised of approximately 10% of tandemly repeated 

DNA sequences. These sequences are generally associated with “noncoding” DNA and 

have no clearly ascribed functional attributes (Fowler et al., 1988). Microsatellites are an 

abundant class of the tandemly repeated DNA sequences, composed of short runs of 

repeated motifs of fewer than 5-6 bp. It has been estimated that the human genome has 

about 100,000 microsatellites, which consist of (A)n and (CA)» repeats and closely related 

variations, including di, tri and tetranucleotide repeats. Microsatellites are highly 

polymorphic in the general population, but they are uniform in the DNA of an individual 

(Marra and Boland, 1995).

Microsatellites may be amplified by using PCR, in which primers are directed to 

unique sequences flanking the repeats (Weber and May, 1989). The tandemly repeated 

DNA sequences are prone to somatic mutations where base misalignment, insertions, and
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deletions are more frequent than in other regions of the genome (Kunkel, 1990). In 

general, somatic mutations of microsatellites leads to changes in the length of the repeats, 

consequently changing the allele size. Microsatellite instability is a term, first proposed by 

Thibodeau et al. (1993), which refers to the changes in length o f the microsatellites in the 

DNA extracted from neoplastic tissues as detected by shift in electrophoretic mobility.

Because the ubiquitous character and random distribution of microsatellites 

throughout the genome, as well as because the repeats are highly polymorphic, 

microsatellite markers have been used extensively for DNA fingerprinting, paternity 

testing (Fowler et al., 1988; Chakraborty and Stivers, 1996) gene mapping and linkage 

analysis (Weber and May, 1989; Holmes, 1994), and distinguishing donor versus recipient 

cells following bone marrow transplantation (Oberldrcher et al., 1995). More recently, 

microsatellite markers have been used to identify specific mutations in inherited disorders 

including Huntington disease (Lesperance et al., 1995), fragile X syndrome (Haataja et al.,

1994), myotonic dystrophy (MuUey et al., 1991), and spinocerebellar ataxia type I 

(Shrimpton et al., 1993). In addition, the instability of microsatellite markers has become a 

powerful indicator of repair proficiency (Parsons et al., 1995) and has been demonstrated 

in neoplastic tissue, becoming an important tool in carcinogenesis (Cawkwell et al., 1993; 

Thibodeau et al., 1993; Peltomaki et al., 1993; Honchel et al., 1994; Mao et al., 1994; 

Patel et a i, 1994; Wooster et a l, 1994; Cawkwell et a i, 1995; Eshleman and Markowitz, 

1995; Negrini et a i, 1995; Tomlinson et a i, 1995; Eshleman et a i, 1996; Mao et a i,

1996). Moreover, germline mutation of human tandem-repetitive elements has been 

investigated in populations exposed to ionizing radiation (Kodaira et a i, 1995; Dubrova et 

a i, 1996).
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Tumor development involves a multistage process in which oncogenes and tumor 

suppressor genes are involved, probably due to a progressive cascade of genetic events. 

Human malignancies are associated with somatic chromosome alterations, including 

translocations, deletions, and rearrangements (Solomon et al., 1991; Cawkwell, et al., 

1993; Patel et al., 1994). Recently, frequent somatic microsatellite instability has been 

reported in several tumors (see references above) and it was demonstrated that, in addition 

to microsatellites, housekeeping genes are also afiected, as shown by a 100- to 1000-fold 

increase oîhprt mutation frequencies (Bhattacharyya et al., 1994; Eshleman et al., 1996). 

Furthermore, microsatellite alterations were shown to be somatically acquired during cell 

division and then propagated as the cells underwent clonal expansion (Mao et al., 1994).

Gene mutations, chromosome aberrations, cell transformation, and cell death are 

well known biological consequences of exposure to ionizing radiation. These 

consequences are caused by the deposition of radiation energy onto the DNA molecules, 

resulting in irreversible changes during DNA replication or as a consequence of error- 

prone enzymatic processing of lesions. It has been accepted that most DNA changes 

happen during the cell cycles immediately after exposure (Kronenberg, 1994; Kadhim et 

al., 1995). Moreover, it has also been shown that exposure to ionizing radiation induces a 

persistent increase in accumulation of non-lethal heritable alterations in the progeny of 

irradiated cells (Fabre, 1983; Kronenberg, 1994; Kadhim et al., 1995) and radiation- 

induced double-strand breaks are an important trigger of genomic instability (Jeggo and 

Kemp, 1983). Thus, ionizing radiation may induce a transmissible microsatellite instability 

that could be detected after many cell cycles in the progeny of irradiated cells. To date, 

studies of radiation-induced instability have used either rodent cells, rodent-human hybrid
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cells, or immortal human cell lines (Kronenberg, 1994). In addition, in vivo analysis of 

somatic microsatellite instability, induced by ionizing, radiation has not yet been reported.

The radiological accident in Goiânia (Brazil) provided us with a singular 

opportunity to investigate the potential induction of microsatellite instability in vivo in a 

population exposed to ionizing radiation of ^̂ Ĉs. On September 13, 1987, a radiotherapy 

unit, containing 50.9 TBq (1,375 Ci) of radioactive ^^CsCl, was removed from its 

protective housing and subsequently ruptured for scrap. As a result, 249 individuals were 

accidentally exposed to ionizing radiation. Over 150 people incurred doses ranging from

0.1 to 7.0 Gy, including some internal exposure due to skin absorption and ingestion of 

^’Cs. Individual exposure ultimately lead to progressive acute radiation syndrome, along 

with severe skin lesions, and at last four deaths. Dosimetry for internal contamination was 

estimated using whole body count and monitoring of feces and urine (IAEA, 1988). 

External exposure was estimated using biological indicators (Ramalho et al., 1988; 

Ramalho et a i, 1991). The glycophoryn A locus and chromosomal translocation by in situ 

hybridization (FISH) were later used for biodosimetry of some of the exposed individuals 

and were in agreement with the previous estimates (Staume et a i, 1991).

The present study examines the frequency of microsatellite instability in peripheral 

lymphocytes in 16 control and 17 exposed individuals from the Goiânia population. The 

principal hypothesis was that if there was an increased instability in the exposed group this 

could be differentiated from the frequency observed in the control group, using fluorescent 

PCR-based assays for six microsatellite markers/loci. The PCR products were analyzed by 

polyacrylamide gel electrophoresis in an automated DNA sequencer.
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2. Material and Methods

2.1. Samples

Peripheral blood was collected in 1990 using lOml-Leucoprep (Becton-Dickinson) 

tubes following the manufacturer’s instructions. MNCs were frozen at - l “C/min above the 

liquid phase of LNz in 50% calf serum (Professional Diagnostics), 10% DMSO (Sigma), 

and 40% RPMI 1640 (Hyclone). Cells were stored under LNz and shipped from Brazil to 

Canada on dry ice. Samples were collected on a voluntary basis from both non-exposed 

and exposed individuals and their biostatistical information can be found in Tables XXm 

and XXTV, respectively.

Table XXEDL Biostatistical information for the Brazilian non- 
exposed individuals comprising the control group.

Donor Sex Age (years) Donor Sex Age (years)
BC96 M 19 BC116 F 33
BC97 F 25 BC119 F 37
BC98 M 18 BC123 F 9

BC102 F 36 BC124 F 10
BC107 F 42 BC125 M 6
BC112 F 42 BC127 M 24
BC113 M 25 BC130 M 28
BC115 F 43 BC139 M 26

Table XXIV. Biostatistical information for the Brazilian exposed group.

Donor Sex Age (years) Dose (Gy) Donor Sex Age (years) Dose (Gy)
B82 M 40 7.0 B91 F 17 0.4
B83 M 44 3.0 B92 F 34 0.2
B84 F 48 0.3 B93 F 10 0.1
B8S F 60 0.6 B95 M 48 0.5
B86 M 24 2.9 BlOO M 9 0.2
B87 M 29 0.15 B103 M 16 2.9
B88 F 38 0.3 B126 M 36 1.0
B89 F 30 0.45 B137 M 10 0.6
B90 F 26 0.2
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2.2. DNA Extraction

Cell samples were lysed and genomic DNA was extracted using Wizard Kit for 

genomic DNA purification (Fisher/Promega) following the manufacturer’s instructions. 

DNA pellet either dried at room temperature or dried in a Savant (Labconco), a speed 

vacuum drier. Finally the DNA pellet was resuspended in 25 pi of sterile doubled destilled 

water overnight at room temperature. DNA concentration was measured fluorimetrically 

with a Hoefer TKO-102, and then stored at -20°C until required.

2.3. Primers

In this study 6 microsatellite markers were used. Our rationale for mar ker selection 

was based on previously reported association of individual markers to specific solid 

tumors typically found in a population comparable to our study population, including the 

chromosomes most likely to be involved in radiation-induced malignancies. The PCR 

product size range expected was fi’om 98-162 bp (Table XXV).

Table XXV. Microsatellite markers location and tumor types potentially associated with instability.

Marker/
Locus

Fragment 
Size (bp)

Repeat Location Reference Rationale

D11S3S 152-162 (GT)n Hq22 Litter a/., 
1991b

Ovary, colon, skin, uterine cervix, 
and breast cancer

D6S10S 116-138 (CA>23 6p Wdjer ef a/., 
1991

MHC complex

D8S135 152-162 (GT). 8p Wood and 
Schertzer, 1991

Hematological malignancies, 
colorectal tumors, malignant 
melanoma, ovary, breast, and 

prostate cancer
ANKl 107-113 (AQw 8pll-21.1 Polymeropoulos 

era/.. 1991
DNA repair and replication, 

breast cancer
nm23-Hl 98-104 (CA). 17q21.3 Hall era/., 

1992
Metastasis suppressor gene, breast 

cancer
pS3 103-135 (CA). 17p Jones et al., 

1992
Tumor suppressor gene, breast 

cancer
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2.4. Fluorescent PCR

The PCR mixture contained Ix PCR bufifer (10 mM Tris-HCl - pH 8.3; 50 mM 

KCI; 1.5 mM MgCh; 0.1 mM TMAC); 125 pM each dNTP (Pharmacia); 2.5 U/pl Taq 

polymerase; and 50 pmol forward and 50 pmol reverse primers (Dalton Chemicals) in a 50 

pl-reaction. PCR reactions were performed individually for each microsatellite maricer, 

using 50-100 ng of genomic DNA. TMCA (tétraméthylammonium chloride) was added to 

the PCR buffer to improve the stringency of the hybridization reactions and, therefore, 

enhance PCR specificity. TMAC was shown to eliminate non-specific amplification 

without any inhibitory effects on Taq polymerase (Hung et a i, 1990).

Our thermal protocol also included a touchdown approach which was used to 

reduce non-specific priming. Our approach was to decrease 1°C in the annealing 

temperature in each cycle, starting fi'om 65°C until it reached 55°C. The last 20 cycles 

were performed at 55°C. Each cycle of annealing temperature lasted 1 minute. The overall 

thermal protocol can be seen in Table XXVI.

Table XXVL The optimized thermal protocol used in this study includes 
the touchdown approach to amplify microsatellite markers using 
fluorescent PCR methodology.

Temperature Time No. of Cycles
Initial Dénaturation 94“C S min I

Cycling Dénaturation 94“C 1 min
(I cycle/temp) 20(Touchdown) Annealing (65-56)-55‘’C 1 min

Cycling Extension 72°C 1 min
Final Extension 72“C 5 min 1

Hold 4°C forever N/A

2.5. Polyacrylamide Gel Electrophoresis and Data Analysis

The fluorescent single-stranded PCR products were separated using an ALF DNA 

sequencer (Pharmacia) using “ReadyMIx Gel-ALF Grade” (Pharmacia), a 6%
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polyacrylamide denaturing gel, prepared following the manufacturer’s instructions. The 

final PCR products were diluted in a ratio of 1:3 in aqueous solution containing loading 

dye (deionized formamide with dextran blue). Polyacrylamide gels were run at 1500 V (38 

mA), at 45°C, for 400 min. A fluorescent sizer (Pharmacia) comprised of 10 known DNA 

fi'agments ranging in size fi'om 50-500bp (10 finol of each fi'agment/pl) was included in 

each gel. This sizer was used as a reference allowing for fi'agment size estimation.

ALF2SMA* (SMART, Pharmacia) was used to calculate the height and area of 

each fluorescent product. Excel 7.0 (Microsoft) was used to generate the 

electropherograms.

2.6. Assessment of Microsatellite Instability

Samples which consistently exhibited novel allele peaks for a particular marker 

were classed as having putative instability at that marker. In this study, every novel allele 

classified as MIN fell within the range of stutter activity. Because we lack the practical 

comparison between two different tissues from the same donor, we established criteria to 

assign instability to a particular microsatellite marker. The criteria are as follow: 1) we 

considered only the proportion of samples that were informative (i.e., heterozygous); 2) a 

new allele must exhibit a size difference of as little as one base pair and a peak area larger 

than any of the stutter peaks; and 3) as PCR amplification frequently produces spurious 

bands, each sample was assayed at least twice to confirm the result.

2.7. Statistical Analysis

All the P values were calculated performing the test, using Statistica (StatSoft).
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3. Results

Tables XXVII and XXVm summarize the results of microsatellite fragment 

analysis for the present study. The proportion of samples that were informative (i.e. 

heterozygous) with the six microsatellite markers was 86.3% and 82.3% for non-exposed 

and exposed groups, respectively. We examined a total of 200 and 190 alleles respectively 

and found that the microsatellite instability distribution in the two study groups was not 

statically different (P > 0.05). When all six markers were considered together, the somatic 

instability for non-exposed and exposed groups were 5.3% and 4.5%, respectively. The 

p53 microsatellite marker was found the most unstable, accounting for 4.2% of all 

informative markers. The least unstable marker was D ll S3 5 which did not exhibit 

detectable instability in our study.

Table XXVDL Putative microsatelllte instability results from 16 
unexposed individuals from the Goiânia population.

Marker n No. of 
alleles

Heterozygous Homozygous »HN

D6S105 16 32 16 0 3
D8S135 15 30 11 4 2
D11S35 16 32 13 3 0
ANKl 16 32 13 3 1

nm23-Hl 16 32 14 2 0
pS3 16 32 15 1 4

Total 95 190 82 13 10

Table XXVDL Putative microsatelllte instability results from 17 
individuals exposed to ionizing radiation during the Goiânia 
radiological accident

Marker n No. of 
alleles

Heterozygous Homozygous MIN

D6S105 17 34 15 2 1
D8S135 16 32 12 4 2
D11S35 17 34 11 6 0
ANKl 17 34 14 3 1

nm23-Hl 17 34 16 1 2
pS3 16 32 16 0 3

Total 103 200 84 16 9
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The electropherograms on Figure 8A-F show one case for each microsatellite 

markers that does not exhibit instability, while the electropherograms on Figure 9A-E 

show additional peaks considered as microsatellite instability in this study. Non 

informative samples were easily determined, as only one fluorescent peak was seen for 

those samples (Figure 9 F).

Stutter bands were generally present and are assumed to be caused by the Taq 

polymerase in the PCR failing to read through the repeat region and therefore generating 

spurious fragments (Litt, 1991; Cawkwell et al., 1993 and 1995). In our study, the 

presence of such additional peaks exhibited a constant pattern for each marker when the 

PCR amplifications were carried out under similar conditions. Additionally, we observed 

that the constancy was reproducible when different individuals were assayed for the same 

marker under similar conditions (data not shown).

4. Discussion

The use of fluorescent PCR and the use of the ALF DNA sequencer (Pharmacia), 

combined with the ALF2SMA* analysis proved to be a rapid and efficient protocol which 

improved the assessment of microsatelllte instability. The initial cost of similar equipment 

can be very high, however, as a multifunctional system is a valuable tool, costs associated 

with fluorescent PCR analyses can be relatively low. In addition, the automated system 

does not impose the nuisance of radioisotope uses, the unavoidable need for specialized 

facilities and personnel, as well as vigorous waste management policies.

A number of studies using tumor and non-tumor tissues have been carried out. 

However, to date only a single study has reported instability of microsatellites in normal
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124

tissue, using T-cell clones. This suggests that normal human genome may be remarkably 

stable, making somatic instability uncommon in the normal population (Kronenberg, 1994; 

Wooster et a i, 1994; Eshleman and Markowitz, 1995). The lack of evidence of 

microsatellite changes in normal cell populations is probably due to a lack of sensitivity in 

the assays. If a rare cell in a population developed microsatellite alterations, the new allele 

would not be detected amid the large background of normal cells. However, a recent 

study using clonally related cells demonstrated that phenotypically normal tissues could 

harbor microsatellite instability, which is consistent with our findings (Hackman et al., 

1995; Parsons et a l, 1995). In addition, a study similar to our current one has been carried 

out in our laboratory using the same six microsatellite markers to investigate potential 

instability in AT probands which have been implicated in genetic instability (Meyn, 1995). 

It has been found that approximately 41% of the informative alleles in AT homozygotes 

demonstrated potential microsatellite instability (Steele et al., in preparation). This is 

approximately a 3.5-fold increase when compared to our results. We found 5.3% and 

4.5% of putative microsatellite alterations in our study populations of non-exposed and 

exposed individuals, suggesting that mismatch repair deficiency (poor proficiency) is 

compatible with cell development.

We chose MNC because this cell fraction contained a large number of T- 

lymphocytes which undergo nuclear divisions while in circulation. We reasoned that T-cell 

clonal expansion would increase our chances of finding those rare cells with poor repair 

proficiency, thereby increasing the chance to demonstrate microsatellite alterations in our 

populations. The changes in allele size would have arisen from misalignment during the 

DNA replication. Moreover, somatic microsatellite alterations have been shown to be
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acquired during division in a single transformed ceil and propagated as this cell underwent 

clonal expansion (Mao et aL, 1994).

We did not find gel to gel, lane to lane, and PCR to PCR variation to be a problem 

as the results were consistent for repeated assays under similar conditions. Nevertheless, 

we could not discriminate between exposed and non-exposed individuals with respect to 

induction of microsatellite instability by ionizing radiation. The informative samples gave 

similar allele ratio results with each primer set for both the exposed and non-exposed 

groups and no statistically significant difference was found between the exposed and non- 

exposed groups. However, the process of induced instability may require multiple genetic 

alterations subsequent to radiation exposure. It has been hypothesized that in order to 

accumulate multiple mutations, potential cancer cells need to disable some o f the cellular 

mechanisms that normally safeguard the fidelity of the cell’s DNA (Loeb, 1991).

Most human cancers, including those induced by radiation exposures, involve the 

accumulation of multiple mutations, and most do not appear until later in life. Genetic 

predisposition may, however, accelerate the tumorigenic process (Kronenberg, 1994).

The potential use of somatic microsatellite instability arising spontaneously in the 

normal population could become an effective tool in identifying individuals with somatic 

mutations in DNA repair genes. However, our current approach lacks the sensitivity to 

discriminate between spontaneous and ionizing radiation-induced microsatellite alterations 

and it is, therefore, not suitable for population monitoring. It is possible that radiation 

exposure in vivo may yield microsatellite alterations, but at fi'equencies below detection. A 

number of variables must be investigated prior to understanding the mechanism of 

formation and the kinetics behind the microsatellite instability. Nevertheless, we assert that
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the identification of clonal microsatellite alterations in body fluid have im porta n t  

implications in cancer detection and diagnosis.
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Abstract
The development of radiological and nuclear technologies and the dqiloyment of nuclear 

weqx}ns have made ionizing radiation <ne of the most studied human mutagens. Exposure to ionizing 
radiation produces DNA damage which can result in rmrtation and cancer, making the risk associated 
with human exposure a critical issue. In this paper we estimate the risk associated widi radiaticm 
exposure for individuals e:qx)sed to '^Cs during the 1987 Goiania radiological accident Using combined 
r%ression slopes frcxn both the in vivo hprt mutant fiequency and micraiucleus fiequency data 
estimated a doubling dose of 173 (± 47) cGy for these two endpoints. This is in close agreement with the 
published estimates for low dose rate and chronic exposure to low-LET radiahcm. We obtained risk 
estimates of about 24-fold increase in dominant disortkrs in the post-exposure generation of the directly 
exposed population. No detectable increase was found in the population at large. The risk of 
carcinogenesis in the directly exposed population was found to be increased by a foctor in the range of 
1.4 to 1.5. The small sample size in this study requires a large element of caution with respect to risk 
estimates interpretation. Moreover, foe doubling dose estimates prepared here are derived foom 
lymphocytes. This somatic data may require additional consideraticxis for both cancer and certainly 
germ-line events. Nevertheless, the risk of carcinogenesis and genetic harm for this populalicHi are good 
indicators of the potential genetic damage imposed by ionizing radiahm to the Goiania population.

1. Introduction

Ionizing radiation is perhaps the most extensively studied human carcinogen. Whether 

this reflects the potential benefits associated with the use of radiological and nuclear 

technologies or the fear associated with the deployment of nuclear weapons (Land, 1980) is 

not certain. What is clear is that exposure to ionizing radiation can damage DNA and result in 

both mutation and cancer. While natural radiation may induce mutation and hence contribute to 

genetic variation (Pochin, 1980a,b; Denniston, 1982), the vast majority of the biological efiects 

of radiation are viewed as harmful. It is thus the estimation of the risk associated with exposure
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to ionizing radiation that is the subject of this paper.

The carcinogenic effects and genetic risks of radiation have been extensively detailed in 

the literature (see BEIR HI, 1980; UNSCEAR 1982 and 1988, and references therein) and are, 

in a general sense, reasonably well understood. H.J. Muller (1927) first demonstrated the 

mutagenic potential of ionizing radiation in Drosophila and pointed this out as a potential 

genetic hazard. Since then, several laboratories and research groups have worked together to 

define and determine the risk imposed by exposure to ionizing radiation (Denniston, 1982; 

ICPEM, 1983; Sankaranarayanan, 1993, UNSCEAR, 1988 and references therein). 

Considerable amounts of data have been obtained on both rodent germ cell mutations (Ehling, 

1991, UNSCEAR, 1988 and references therein) and human somatic mutations (Albertini, 1994 

and references therein).

The dose-response relationship, especially at low doses however, remains unclear. The 

questions of whether there is a ünear or exponential dose response and whether there is a 

discrete threshold below which biological consequences are uncommon, remain unanswered. 

Similariy, we are uncertain of the extent to which such factors as LET (low energy transfer) 

and dose rate affect the outcome of exposure. Essentially, the extent of human illness arising 

fi'om an increase in mutation rate due to exposure to ionizing radiation remains a critical issue 

(ICPEMC, 1983; UNSCEAR, 1988; Sankaranarayanan, 1993; de Serres, 1994).

This report attempts to estimate the doubling dose of ionizing radiation using somatic 

mutation obtained fi'om individuals exposed in vivo to ^^Cs gamma radiation during the 

radiological accident in Goiania (Brazil). We also endeavoured to ascertain the genetic 

implications of radiation exposure in this defined population. The impact that such exposure 

might have on the health and welfare of the exposed individuals and the general population was
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determined by estimating the relative genetic risk and the risk of carcinogenesis in that 

population. All the risk estimates performed in this work follow the standard protocols of 

UNSCEAR (1988). We recognize that the small sample size requires a large element of 

caution when interpreting the results of this analysis, which should be considered as an 

empirical exercise.

2. The Goiania Radiological Accident and the Somatic Mutations Database

The data considered in this report are drawn from the Brazilian population group 

exposed to ^^Cs during the 1987 Goiania radiological accident in September 1987. An 

abandoned radiotherapy unit containing 93g of ^̂ ^CsCl was removed from its protective 

housing by two individuals, who thought that the lead assembly could have some scrap value 

and who were unaware of the feet that it contained 50.9 TBq (1375 Ci) of radioactive material. 

During the two weeks after the mpture of the radiotherapy unit, several people were exposed 

both externally and internally to ionizing radiation to doses as high as 7 Gy.

As reported by IAEA (1988), the exposed individuals incurred initial acute whole body 

external exposures followed by chronic whole body exposure at low dose rates from internally 

deposited ‘̂ ’Cs. The lack of precise information on exposure histories fiirther obscured the 

dose estimations. However, most of the individuals were exposed over a protracted period at 

varying dose rates with exposure ranging from acute to chronic. Doses were estimated by 

means of 1) biological dosimetry using chromosome aberration analysis; 2) internal dosimetry 

by measuring the radioactivity in urine and faecal samples, as well as whole body counting; and 

3) external dosimetry based on the reconstruction of the accident and on the basis of the 

previously known radiological properties of ^^Cs. Using the method of “null” mutation at the
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glycophoryn A locus and chromosome translocations by in situ hybridization, Straume et aL, 

(1991) obtained biodosimetric results one year after exposure that concurred with 

chromosomal aberration results obtained immediately after the accident.

Our study examined in vivo mutation levels using two genetic endpoints, the X-linked 

hprt gene (Saddi et oL, 1996; da Cruz et oL, 1996; Skandalis et oL, 1997) and micronucleus 

frequencies (da Cruz et al, 1994) in both exposed and control populations. Summaries of our 

data, including sex and age distribution are given in Tables XXDC and XXX.

Table XXDC Summary of the mutant frequency and the induced rate of mutation of individuals 
exposed to "^Cs using the hprt locus of T-lymphocytes as the endpoint

Mean InMF 
(-HnlO-  ̂

(SD)

Mean Dose 
(cGy) 
(SD)

Sample
Size

Mean Age 
(years) 

(SD)

Sex
Distribution

Induced
mutation/cGy

Exposed 2.54 92.4 36 26.2 41.7% 1.15.x lO'Z
Group (1.69) (135) (14.7) (female)

Control 1.48 Unexposed 21 23.6 52.4%
Group (1.5) (14.3) (female)

Table XXX. Summary of the micronucleus frequency and their induced rate in peripheral T- 
lymphocytes of individuals exposed to Cs and controls.

Mean MN 
Frequency 

(SD)

Mean Dose 
(cGy) 
(SD)

Sample
Size

Mean Age 
(years) 

(SD)

Sex
Distribution

Induced
mutation/cGy

Exposed
Group

1.5 X 10'-
(1.0 X 10--)

77.6
(13.4)

75 24.1
(16.2)

50.7%
(female)

6.6 X 10’̂

Control
Group

9.9 X 10'̂
(6.6 X 10'̂ )

Unexposed 65 32.7
(16.1)

69.7%
(female)

3. Risk Estimation and Extrapolation for the Brazilian Data

3.1. Estimation of Carcinogenesis for the Goiania Population

Risk estimates for hereditary harm and carcinogenesis are based on a linear dose- 

response relationship. This is consistent with our data from the radiation-induced mutation 

kinetics observed in this population. Figure 10 shows the curve-fitting analysis of the mutant
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frequencies in the hprt locus versus absorbed radiation dose. Figure 11 depicts the same 

relationship for micronucleus frequency of the Brazilian exposed and control groups.

Radiation can cause chromosome aberration and mutations. However, the same events 

do occur spontaneously. Therefore it follows that the consequences of radiation exposure are 

not novel, rather we expect an increase in frequency of the spontaneous damage. This can lead 

to cancer induction, one of the most important somatic effects of low-dose radiation exposure 

(BEER, m , 1980). There is no current method available to identify those individuals who are 

likely to develop specific disorders such as cancer due to radiation exposure. Even if an 

exposed individual later develops cancer, it is not yet possible to prove that radiation exposure 

was the underlying cause. However, the existence of radiation-induced cancer can be defined 

on the basis of statistical excess above the natural incidence.

We propose to estimate the relative risk and the incidence (number of new cases) of 

carcinogenesis in the Goiania exposed population compared to the population at large. Relative 

risk is simply the ratio of the number of cases observed in the exposed population to the 

number of the cases expected in the control population (UNSCEAR, 1988). IAEA (1988) 

reported that 249 individuals were exposed during the 1987 radiological accident. Throughout 

the 8 years since exposure, 6 cases of malignant tumours and 2 benign tumours have arisen in 

the exposed population alone (Table XXXI).
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Figure 10. Dose response curve for the mutant frequencies at the hprt locus versus absorbed 
radiation dose in people accidentally exposed to "^Cs and control subjects from Goiania 
(Brazil).
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Figure 11. Dose response curve for the micronucleus frequencies in peripheral T-lymphocytes
versus dose in individuals accidentally exposed to "^Cs in Goiania (Brazil) and control group.
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Table XXXL All cases of tumours which arose In the populatioa exposed to ionizing radiation of ^̂ Cs 
during the radiological accident in Goiania (Brazil). Data collected between 1988 and 1995.

Patient Sex Dose
(Gy)

Age*
Cvears)

Tumeur Type Tumour
Location

Eüstopathology/Comments

1 M 0.2 21 Skin benign lesion NR** NR
2 F ND' 59 Skin cancer Face NR
3 F 0.4 58 Benign lesion Ovary Serous papillary multilocus 

cystoadenoma
4 F 0J2 31 Carcinoma Breast Infiltrating ductal carcinoma with 

pulmonary, cerdnal, and orbital 
metastasis

5 M ND 50 Melanoma NR Disseininaring mffaotarir 
melanoma

6 M ND 20 Carcinoma Rhinophaiynx Tumour and metastatic cells had 
integrated EBV genome

7 M 7 36 Carcinoma Oesophagus
Prostate

Squamous cell carcinoma 
Adenocarcinoma

* Approximate age at exposure.
Not rqx)ited 

'  Not determined

In order to avoid overestimation of carcinogenesis, our assessment did not consider the 

two benign tumours nor the two cases of skin cancer as these types of lesions were not included 

in the baseline data (ACCG-IPB, 1995) from the Goiania population. Therefore the incidence of 

cancer in the exposed population alone was 0.016 (1.6%) over the eight years elapsed since the 

accident. Although our non-age-adjusted baseline data spans only 6 years (1988-1993), 

epidemiological data show no significant changes in pattern over these years (ACCG-IPB,

1995). Therefore, for practical purposes we assume the extrapolation of these data to 1995 as a 

reasonably valid approach. The mean incidence of cancer over the six years (1988-1993) was 

1.1% in the Goiania population at large. This value is significantly smaller than that found in our 

exposed population, which expressed a value of 1.6%. The ratio of these two values reflect a 

1.5-fold increase in cancer incidence in the ecposed population compared to the population at 

large. We did not have a control population to compare with our cohort of 249 individuals. To 

overcome this obstacle we derived the expected cases of cancer in a population of similar size.
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based on the baseline incidence of cancer in the Goiania population at large. This gave us a value 

of 2.7 cases in 249 individuals. The exposed population had 4 cases, therefore the relative risk is

1.4. The two methods are mutually consistent which lead us to believe this is a reasonable 

estimation of risk.

3.2. The Direct Method

Risk is described by Edwards (1986) as a "chance of injury." The genetic risk 

estimation induced by radiation to human populations is based on extrapolation from animal 

experiments. As low-LET radiation-induced mutations are stochastic events, the probability of 

the event depends upon dose (Ehling, 1991). Thus, the prediction of risk with a large degree of 

confidence is possible only when describing the behaviour of large populations.

The extrapolation procedure we have used to estimate the genetic risk in humans is 

known as the "direct method" (Ehling, 1966). This approach is based on experimental data 

from the mouse and is derived from Ehling’s pioneering work (Kratochvilova, 1979; 

Denniston, 1982; Ehling et aL, 1982). This method estimates the total risk of dominant genetic 

disease to the first generation progeny of an exposed human population. Using this procedure 

the estimated rates are extrapolated from mouse skeleton or cataract data (Denniston, 1982; 

Ehling, 1988; Sankaranarayanan, 1993).

In this report the extrapolation of risk estimation is based on autosomal dominant and 

X-linked diseases. The dominant cataract mutation data was chosen to determine the genetic 

risk for the Goiania population using the direct method and can be seen in Table XXXII. One 

significant advantage of using the dominant cataract data is that these data can be used directly 

for the estimation of the genetic damage ©qpressed in the first generation of human populations
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(Ehling e /a i, 1982).

Table XXXIL Esdmation of the poetic risk in the offspring of the Brazil population after 
exposure to "̂ Ĉs during the Goiania radiological accident.

Estimation by Dominant Cataract 
Mutation

References

Induced MF in mouse (mutation/gamete/Gy) 0.45-0.55 xlQ-* Ehling, 1991
Multiplication Factor 47 McKusidc, 1988
Total Dose Commitment (manSv)

1. Exposed Population*
2. General Population*’

3.5 X 10̂  
1.4x10^

IAEA, 1988

Mutational Component 1.0 UNSCEAR (1988)
Reproductive Factor 0.4 UNSCEAR (1988)
Total of Estimated Dominant Mutation:

1. Exposed Population
2. General Population

296 - 362/10® live birth 
1.2-1.5/10® live birth

Total of Expected Dominant Mutation: 10 - 20/10® live birth UNSCEAR (1988)
Relative Risk:

1. Exposed Population
2. General Population

- 2 4
no dâectable increase

' based on 129 individuals who exhibited both internal and external contamination (IAEA, 1988). 
based on the exposure to public in the streets of Goiania (IAEA, 1988).

The main assumption of this method is the sensitivity of the selected mouse genes to

induced dominant mutations is representative for human genes at which dominant mutations

can arise spontaneously (Denniston, 1982; Ehling et aL, 1982; Ehling, 1988; Selby, 1990;

Ehling, 1991; Favor, 1993; Sankaranarayanan, 1993 and 1994).

The following equation was used to predict the risk of dominant mutations in the

oSspring of the Brazilian population after the Goiania radiological accident:

ExpDHumm = IndMP^fice X MFmksIoKtobi X TDChuubi X M C X RF

where:

ExpDw.—  is the expected number of induced dominant mutations in humans; IndMFMk» is the 

induced mutation frequency in mice (mutation/gamete/Gy, 0.45-0.55x10"*, following Ehling 

(1991)); MFncc to Hüm» is the multiplication fector for the overall dominant mutation frequency 

in humans. It is used to convert the induced mutation rate of dominant cataracts to the
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estimation of the overall dominant mutation rate (Ehling et aL, 1982; Ehling, 1991). This fector 

is the ratio of all dominant mutations (1,443) to dominant cataracts (31) according to McKusick 

(1988). TDCh—  is the total dose commitment to the Goiania population from ^C s from the 

radiological accident (IAEA, 1988). MC reflects the total impact of newly created mutations in 

the exposed populations and is assumed by UNSCEAR (1982) as being one (1) for autosomal 

dominant and X-linked conditions; RF is the reproductive factor as suggested by UNSCEAR 

(1988). It represents F/L, F being the main reproductive age (about 30 years) and L being life 

expectancy at birth (about 75 years).

In order to calculate the risk estimates for our study population, we determined the total 

dose commitment following Edwards (1986) and Brogger (1993). The total dose commitment 

to the Goiania population at large was estimated as been 1.43 xlCP manSv. This estimate is the 

result of the mean doses on the streets of Goiania multiplied by the number of individuals in that 

population (1.43 x 10'̂  Sv x 10“* people - IAEA, 1988). The total dose commitment to the 

directly exposed individuals was estimated to be 45.15 manSv (3.5 x 10'* Sv x 129 people - 

IAEA, 1988). We then extrapolated this dose estimate to one million people, therefore the 

directly exposed population has a total dose commitment equivalent to 3.5 x 10̂  if 10® people 

were exposed in similar conditions.

Using the direct method we estimate the relative risk to the directly exposed population 

of Goiania to be about 24-fold higher than the expected dominant mutations anticipated to the 

population at large. No detectable increase was found in the population at large. To date, 16 

healthy children have been bom to those exposed to doses ranging from 0.2 to 1.6 Gy including 

a history of both external and internal exposure. This figure includes in&nts that were exposed 

in uteros, 3 to 6 months into gestation. Hprt mutant frequencies were assayed in these four
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children and no relationship to dose was determined (Saddi et aL, in press). To date, abortions, 

stillbirth, and malformations have not been reported within the directly ejqxDsed population. This 

corresponds with both BEIR HI (1980) and UNSCEAR (1988) conclusions that there is no 

direct evidence of genetic effects of ionizing radiation in humans, despite the overwhelming 

evidence in animals. Our observations are also in agreement with observations on the children of 

atomic bomb survivors in Hiroshima and Nagasaki. No statistically significant increase was 

observed in the exposed group in any of the parameters studied (such as congenital 

malformations, stillbirth, death among live-bom children up to 26 years of age, physical 

development, sex ratio, chromosome aberrations, etc.) [Schull etaL, 1981; Neel etoL, 1989 and 

1990].

3.3. The Doubling Dose

The doubling dose (DD) is defined as the dose necessary to induce as many mutations 

as occur spontaneously in one generation (i.e., twice background) [Ehling, 1991; Favor, 1993]. 

The DD estimate is a good indicator for the evaluation of the potential human hazard for a 

given exposure (Neel er oZ, 1990).

The Goiania study populations exhibited sufficient overlap to allow combined additive 

analysis of the genetic endpoints, after Neel et aL (1990). We have used this approach based 

upon the additively combined regression analysis of the hprt mutant fi-equency and the 

micronucleus frequency in peripheral T-lymphocytes of both exposed and control populations 

to estimate the genetic doubling dose of radiation exposure in that population.

The outlined approach uses the ratio of the combined slope (Table XXXm) over the 

mutational component, which reflects the total impact of newly created mutations in the



138

exposed populations. The mutational component (MC) is the ratio of the mean inHnred 

mutation frequency over the mean background mutant frequency. In this study the combined 

mutational component represents the mean of the hprt and micronucleus mutation frequencies 

(Tables XXDC and XXX). The mean induced mutation frequency is the difference between the 

overall induced mutant frequency for exposed subjects and the mutant frequency of the control 

group.

Table XXXUL Summary of the régression variables for the two 
somatic endpoint indicators of radiation exposure in the Goiania 
population.

Somatic Endpoint Régression (± SE)
hprt Mutant Frequency 0.574 (±0.181)

Micronucleus Frequency 0.497 (±0.109)
Combined 1.071 (±0.29)

For the study population, the combined mutational component is 0.62 (62%). The 

somatic doubling dose calculated in this manner is 173 (± 47) cGy. This value is close to the 

currently accepted doubling dose of 100 cGy (UNSCEAR, 1982 and 1988), and is within the 

range of 50-250 cGy suggested by the BEIR IH (1980) for low dose rate or chronic exposures 

to sparsely ionizing radiation, such as X- or y-rays, calculated primarily using mouse data

4. Conclusions

Determining the genetic hazards of exposure to ionizing radiation is difficult. 

Auerbach (1975) concluded that the estimation "of risk is a dangerous procedure, because 

it will create the impression that our conclusions are meaningful, whereas in reality they 

are so full of uncertainties as to be practically meaningless." This was again reiterated by 

Crow (1981) in a lecture entitled "How well can we assess genetic risk? Not very."

We have attempted to use our experimental data to obtain some sense of the risk
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involved in human exposures. While this has provided a useful lesson, the small size of the 

exposed Goiania population makes the interpretation of these results difiBcult. This is 

further complicated by the nature of the assumptions and the limited data upon which 

estimates are made. Nevertheless, they can be considered as a reasonable indicator as is 

currently possible of the level of genetic damage for that population.

The added risk of carcinogenesis is maybe genuine. This is consistent with the number 

of individuals in the exposed population who had developed cancer by 1995. However, as it is 

rarely possible to categorically attribute a specific cancer to ionizing radiation, we can only 

conclude that it appear that the probability of carcinogenesis is indeed higher in the exposed 

population.

Our estimates of risk appear small, but whether these represent a "significant" risk 

must be answered at the individual level. Unexpectedly high risk estimates based on studies 

of populations exposed to low-dose radiation can not be rejected out of hand (Land, 1980). 

However, in terms of decision making, factors other than risk may play a role. 

Nevertheless, some knowledge of the size of the risks is important for an intelligent and 

responsible comparison of these alternatives (Pochin, 1980a,b).

Keeping in mind that risk estimation encompasses complex calculations and is based 

upon a number of uncertainties and assumptions, we support Sobels’ observations (Sobels, 

1989 and 1990) that human somatic mutation could be used as a good indicator of ionizing 

radiation to humans. Therefore extrapolations to the gametic level would be possible if the 

relationship between somatic and gametic mutations in mouse and humans were better 

understood. This would require the assumption that mice and humans are afiected the same 

way. At this time however, we can not state this unequivocally.
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A better understanding of the exposure-risk question could be enhanced by a 

comparative analysis of the human and the mouse database at both somatic and gametic 

levels. Such an analysis is still required. Similarly, there is a need for improved 

experimental methods designed for human model systems. These additional data will 

improve our concept of risk estimation, and ultimately offer better protection to the 

genetic pool o f future generations.



141

CHAPTER VII. Overall Discussion

Exposure to ionizing radiation is a feet as old as life itself however, the perception 

of the potential danger of radiation has become a common worry of the modem world. 

Humans and all other living creatures have been constantly exposed to natural sources of 

radiation, including cosmic radiation and external and internal irradiation from 

radionucleides within the organism. Moreover, the development of radiological and 

nuclear technologies has, to some extent, contributed to human exposure due to these 

man-made sources. Over the past century, few nuclear issues have commanded as much 

public and scientific attention as those related to radiation. Public awareness of the risks 

associated with radiation has increased, perhaps in response to the contribution from man- 

made radiation. Nevertheless, there is still a gap between scientific documentation and 

public perception of exposure to radiation

Prevention, detection, assessment, and risk estimation are important procedures to 

evaluate the impact that occupational, accidental, therapeutic, or environmental radiation 

exposures may impose on human health. A clear understanding of both biological and 

physical consequences o f such exposure provides the bases for critical decisions 

concerning both the handling of radioactive material and the development o f monitoring 

and follow-up approaches. The first line of defense is prevention, including both 

occupational and accidental exposures. Prevention could be readily achieved by using 

physical methods to monitor involved personnel and by reinforcing the safety guidelines 

and the laws relating to the management of radioactive material.
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Scientific knowledge relating to radiation effects is continuously expanding and 

advances in modem biology should make it possible to determine the sensitivity to ionizing 

radiation of an individual person. This would contribute to minimizing individual exposure 

to medical radiation, identifying those individuals who require increased clinical 

surveillance for cancer, and finally to determining whether radiation is indeed the cause of 

some cancers and some genetic disorder.

Harm to the environment and ultimately to humans caused by radiation is almost 

entirely associated with nuclear accidents or the use of nuclear weapons. Such unfortunate 

conditions provide unique opportunities to investigate the potential biological effects of 

radiation exposure on human health. The nuclear weapons legacy comprises the dropping 

of two atomic bombs in August 1945 on Hiroshima and Nagasaki. Approximately 600,000 

inhabitants of those two cities were affected by this terrible historical episode. Of that 

number only about 100,000 individuals survived. The Hiroshima and Nagasaki residents 

comprise the largest group o f individuals who have been followed medically for over 40 

years. The list of nuclear accidents has been increasing. Two major accidents world-wide 

were the Chernobyl accident in April 1986 which was the largest nuclear accident in the 

Eastern world, and the Goiania radiological accident in September 1987 which was the 

largest nuclear accident in the Western world. Both events were characterized by 

communication gaps between the population, political decision-makers, media, and 

medical experts.

The Goiania radiological accident provided us the opportunity to understand some 

of the biological effects of exposure to ionizing radiation imposed in a population. The 

exposed people have expressed great concern about their future health, including



143

particular anxiety regarding the potential for the genetic harm in their oflfspring and their 

own risk of cancer development. From 1990 until the present we have been monitoring the 

genetic health of some of the individuals exposed to ionizing radiation in the Goiania 

accident, with doses ranging from 0.1 to 7 Gy. Our approach was first to investigate and 

determine possible exposure by using the micronucleus assay as the cytogenetic endpoint. 

Secondly, we carried out studies at the molecular level, using the hprt gene as the 

molecular endpoint. We conducted a longitudinal study to determine both the level and the 

fate of hprt mutation frequency in T-lymphocytes of individuals exposed to high doses of 

‘̂ ^Cs as well as the nature of mutations induced in that population. We then performed a 

comparative study with the spontaneous spectrum of mutations at the hprt gene, as well as 

comparing our spectrum of mutations to both the Goiania low dose group spectrum and 

the A-bomb survivor spectrum. Again, at the molecular level we have investigated the 

possible effect of ionizing radiation on the induction of microsatellite alterations using 

MNCs from exposed and non-exposed individuals. Finally, we used both the micronucleus 

and the hprt data to estimate the genetic harm and the risk of carcinogenesis in the Goiania 

population.

Using the micronucleus assay we performed an investigative study on a random 

sample of 276 individuals. Even 1 year after exposure we have shown the assay to have 

strong predictive utility for high dose exposures as long as comparison to control 

individuals is used. Unfortunately, the micronucleus assay cannot detect low levels (<0.2 

Gy) of ionizing radiation. Additionally, prediction of individual dosage (true dosimetry) is 

not possible. We conclude, however, that the micronucleus assay is a useful biological 

dosimeter for human populations even if blood samples are taken a year after exposure to
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ionizing radiation. While the human lymphocyte micronucleus assay cannot replace 

detailed chromosomal analysis for precise estimations of radiation doses, it can be used as 

a quick predictive model of exposure for screening purposes.

When we performed the longtudinal study on the 10 individuals exposed to high levels 

of ionizing radiation with doses ranging from 1 to 7 Gy, two m^'or findings were revealed: 1) 

The hprt mutant frequency was higher in those exposed to high doses of ^ C s  ionizing 

radiation during the Goiania radiological accident than in the control group obtained from the 

same population; 2) The hprt mutant frequency of the exposed individuals decreased gradually 

over time, showing the hprt T-cell assay is not suitable for the study of long term past exposure 

because of its poor long term memory. Four and one-half years after exposure the mutant 

frequencies of the exposed group were indistinguishable from the background frequencies of 

the Brazilian control group and mutant frequencies reported by others (Tates et aL, 1991; 

Branda et aL, 1993). In addition, we found an age-related increase in mutant frequency of 

3.3% per year which is consistent with a 3% per year increase in the hprt mutant frequencies in 

T-cells of five control populations (Tates et aL, 1991). We also estimated a 2.1-year half-life 

for those T-cells having hprt mutations, which is direcdy responsible for the decrease in mutant 

frequency with time, following exposure. This study demonstrated that the hprt assay has low 

sensitivity and, therefore, is of limited value for long term monitoring.

In order to establish possible diSerences between our spectral sample comprised of 

mutants obtained from 10 individuals exposed to high doses of ionizing radiation, we used the 

hypergeometric test in 2 by 6 tables. We compared our HD-1991 spectrum of hprt 

mutations based on cDNA changes with the AB spectrum, LD-1990, and lastly with the 

SS spectral sample, and found no significant difference (p > 0.05). However, Chi-square
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analysis, comparing our HD-1991 spectrum and the SS, revealed that there was a potential 

difference between these two groups centered on base substitutions. A significant increase 

of about 4-foId in the frequency of A.T G;C mutations was found in the exposed 

group. Peculiarly, A;T -> G;C transitions at position 278 (5/57) were recovered in 5 of 

the exposed individuals. This particular transition has not yet been reported in any of the 

spontaneous hprt data sets and may even be representative of past-exposure to ionizing 

radiation. It is noteworthy that A;T sites seem to be favored over G:C pairs as tîirgets, in 

our study population, a trend which was shown to be statistically significant. Damaged 

A:T base pairs in our HD-1991 comprised about 80% (18/23) of base substitutions as 

opposed to 35% (34/98) among the spontaneous mutants. This increase in the fi'equency 

of A;T G;C transition on our exposed population may reflect mutation due to a 

particular radiation-induced lesion, most likely due to raispairing of radiation-induced 

thymine glycol with a guanine. This finding is consistent with experiments in bacteria 

(Glickman et a i,  1980; Levin et a i, 1982; Basu et ai, 1989; Wood et ai, 1990), 

bacteriophage (Conkling et ai, 1976; Wood et ai, 1990), and lower eukaryotes (Mailing 

and de Serres, 1973), where detailed molecular analysis had been undertaken. Moreover, 

it has been reported that A:T base pairs are more susceptible to radiation and oxidation- 

induced mutagenic damage than G:C pairs in a test strain (TA102) of Salmonella (Levin 

et ai, 1982). A similar sensitivity for A:T sites has been reported for ionizing radiation in 

E. call (Basu et ai, 1989). These observations are consistent with the shift from G:C —> 

A;T sites reported here.

In our study, 30% (27/90) of the deletions shared the common feature of not being 

readily explained by slippage events which may reflect the direct effects of ionizing
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radiation-induced DNA strand breakage. This class of deletion was represented in our 

spectral sample at a frequency of approximately 2-fold greater than the frequency 

observed in the spontaneous database.

We further investigated the potential induction of microsatellite instability by 

exposure to ionizing radiation. We quantified the frequency of new alleles arising 

somatically in mononuclear cells of peripheral blood. Using fluorescent PCR and the ALF 

DNA sequencer (Pharmacia), combined with the ALF2SMA* analysis we demonstrated 

5.3% and 4.5% of microsatellite alterations in non-exposed and exposed individuals, 

respectively. Our findings suggest that mismatch repair deficiency (or poor proficiency) is 

compatible with cell development. Our current approach lacked the sensitivity to 

discriminate between spontaneous and induced microsatellite instability and it is, therefore, 

not suitable for monitoring. On the other hand, our findings opened a window for the 

potential use of somatic microsatellite instability arising in normal population. This could 

become an effective tool in identifying individuals with somatic mutations in DNA repair 

genes, as well as in identifying clonal microsatellite alterations in body fluid which have 

important implications in cancer detection and diagnosis.

Finally, we examined the possible genetic risk imposed by radiation exposure in the 

Goiania population. We examined both the genetic harm and the risk of carcinogenesis for 

that discrete population. We have attempted to use our experimental data on micronucleus 

and hprt mutant frequency to obtain some sense of the risk involved in human exposures. 

While this has provided a useful lesson, our small population size makes the interpretation 

of the results difiBcult. Interpretation is further complicated by the nature of the 

assumptions and the limited data upon which estimates are made. Nevertheless, our
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estimates can be considered a reasonable indicator which is currently possible regarding 

the level of genetic damage for that population. We obtained risk estimates of about a 24- 

fold increase in dominant disorders in the first post-exposure generation of the directly exposed 

population. No detectable increase was found in the population at large. The risk of 

carcinogenesis in the directly exposed population was found to be increased by a factor in the 

range of 1.4 to 1.5. The added risk of carcinogenesis may be genuine and it is consistent with 

the number of individuals in the exposed population who had developed cancer by 1995. 

However, as it is rarely possible to categorically attribute a specific cancer to ionizing radiation, 

we can only conclude that it appears that the probability of carcinogenesis is indeed higher in 

the exposed population.

Keeping in mind that risk estimation encompasses complex calculations and is based 

upon a number of uncertainties and assumptions, we support Sobels’ observations (Sobels, 

1989 and 1990) that human somatic mutation could be used as a good indicator of ionizing 

radiation in humans. Therefore, extrapolations to the gametic level would be possible if the 

relationship between somatic and gametic mutations in mouse and humans were better 

understood. This would require the assumption that mice and humans are affected the same 

way which at this time, however, we cannot state unequivocally.

We attained the long term objective of this project for which we applied and 

developed methodologies for the purpose of monitoring a selected subset of individuals 

who unfortunately were exposed to ionizing radiation. Throughout the course of this work 

the patient population remained accessible and cooperative, contributing to helping future 

generations. They also silently and patiently hoped that we would bring some good news 

that would minimize their suffering and anxiety about the future and would reduce the



148

burden of being victims. Perhaps we bring good news at last. The general conclusions 

were that we have reported a decrease in mutant frequencies, a small risk of 

carcinogenesis, and an almost irrelevant risk for the next generation. The conclusions are 

all strongly supported by rigorous scientific work and literature. The results may even 

bring some degree of well-being back to the Goiânia exposed population, especially since 

no health consequences have yet been directly linked to radiation exposure. Post-accident 

traumatic stress and recurrences of primary radio-lesions have been the major causes of 

concern for the severely exposed individuals. Our conclusions should mostly reiterate the 

need for the continuation of long term follow up protocols, and clinical surveillance, with 

increased epidemiological support. Moreover, it should be emphasized that clinical follow- 

up and monitoring studies must be performed completely independently of socio-political 

programs.



149

VIII. Bibliography

Aaron CS, Zinaaex DM, Haibach PR, Yu RL (1996): Endpoints for biomonitoring: assay sensitivily/selectivity. 
Environ Health Perspect 04:521-525.

Abbas AK, Lichtman AH, Pober JS (1994): “Cellular and Molecular Immunology, 2“* ed.” Philadelphia: 
W6 Saunders Company.

Adams WT, Skopek TR (1987): Statistical test for comparison of samples from the mutational spectra. J  
Mol Biol 194:391-396.

Ahnstiôm G (1988): DNA repair and radiocardnogenesis. In: “Somatic and Genetic Efifects of Ionizing 
Radiation”. Proceedings of the XVth Berzelius Symposium, r ). 39-42.

Albertini RJ, DeMars R (1974): Mosaicism of peripheral blood lymphocyte populations in females 
heterozygous for the Lesch-Nyhan mutation. Biochem Genet 11:397-111.

Albertini RJ (1982): Studies with T-Iymphocytes: an approach to human mutagenicity monitoring. In: BA 
Bridges, BE Butterworth, and IB Weinsteins (eds): “Bamburry Report: Indicators of Genotoxic 
Exposure.” Cold Spring Harbor Laboratory, 13:393-112.

Albertini RJ, Castle KL, Borcherding WR (1982): T-cell cloning to detect the mutant 6-thioguanine- 
resistant lymphocytes present in human peripheral blood. Froc Natl Acad Sci USA 79:6617-6621.

Albertini RJ (1985): Somatic gene mutations in vivo as indicated by the 6-thioguanine-resistant T- 
lymphocytes in human blood. MutatRes 150:411-122.

Albertini RJ, O’Neill IP, Nicklas JA, Heintz NH, Kelleher PC (1985): Alterations of the hprt gene in 
human in vrvo-derived 6-thioguanine-resistant T-lymphocytes. Nature 316:369-371.

Albertini RJ, Nicklas JA, O’Neill JP (1986): The HPRT mutant T-cell assays for human mutagenicity 
monitoring. Prog Clin Biol Res 2093:185-194.

Albertini RJ, Nicklas JA, O’Neill JP, Robinson SH (1990a): In vivo somatic mutations in humans: 
Measurement and analysis. Annu Rev Genet 24:305-326.

Albertini RJ, O’Neill JP, Nicklas JA, Redo L, Skopek TR (1990b): hprt mutations in vivo in human t- 
lymphocjtes: Frequendes, spectra and clonality. Prog Clin Biol Res 340:15-24.

Albertini RJ, Nicklas JA, Fuscoe JC, Skopek TR, Branda RF, O’Neill JP (1993): In vivo mutations in 
human blood cells: biomarkers for molecular epidemiology. Environ Health Perspect 99:135-141.

Albertini RJ (1994): Why use somatic mutations for human biomonitoring? Environ Mol Mutagen 23 
(Suppl 24): 18-22.

Ammenheuser Mhf Ward Jr. JB, Whorton Jr. EB, Killian JM, Legator MS (1988): Elevated frequendes 
of 6-thioguanine-resistant lymphocytes in multiple sclerosis patients treated with cyclophosphamide: 
a prospective study. Mutat Res 204:509-520.



150

Ammenheuser MM, Au WW, Whorton Jr. EB, Belli AA, Ward Jr. JB (1991): Comparison of Aprr variant 
frequencies and chromosome aberration frequencies in lymphocytes frem radiothei^y and 
chemotherapy patients; a prospective study. Environ Mol Mutagen 18:126-135.

Ammenheuser MM, Berenson AB, Stiglish NJ, Whorton Jr. EB, Ward Jr JB (1994): Elevated frequencies 
of hprt mutant lymphocytes in cigarette-smoking mothers and their newborns. Mutat Res 304:285- 
294.

Amneus H, Erikson L (1986): The frequency of 6-thioguanine-resistant human peripheral blood 
lymphocytes as determined by flow cytometry and by clonal propagation. Mutat Res 173:61-66.

Anderson B, Hou SM, Lambert B (1992): Mutations causing defective splicing in the human hprt gene. 
Environ XfolXfutagen 20:89-95.

Associaçâo de Combate ao Cancer em Goias-Instituto de Pesquisa Basica - ACCG-IPB (1995): (hnado, 
MJ*. (ed): Cancer em Goiânia, incidência e mortalidade - 1988-1993, Registro de Cancer de Base 
PopulacionaL Goiânia.

Auerbach, C (1975); The effect of six years of mutagen testing on our attitude to the problems posed by it 
Mutat Res 33:3-10.

Ban S, Cologne JB (1991): X-ray induction of micronuclei in human lymphocyte subpopulations 
differentiated by immunoperoxidase staining. Radiat Res 131:60-65.

Bao CY, Ma AH, Evans HH, Homg MF, Mend J, Hui TE, Sedwick WD (1995): Molecular analysis of 
hypoxanthine phosphoribosyltransferase gene deletions induced by a- and X-radiation in human 
lymphoblastoid cells. XfutatRes 326:1-15.

Basu AK, Loechler EL. Leadon SA, Essigmann JM (1989): Genetic effects of thymine glycol: Site- 
specific mutagenesis and molecular modelling studies. Proc Natl Acad Sci USA 86:7677-7681.

Bauchinger M., Braselmann H (1990): Use of micronuclei in biological dosimetry of absorbed radiation 
dose. In: “Chromosome Aberrations - Basic and Applied Aspects”. Heidelberg: Springer-Verlag, pp. 
202 .

Beare DM, Aldridge KE, O'Donovan MR, Cole J (1993): An improved procedure for the in vitro 
expansion of human T-lymphocyte clones for mutant analysis. MutatRes 291:207-212.

Becker MA, Yen RCK, Itkin P, Goss SJ, Seegmiller JE, Bakay B (1979): Regional location of the gene for 
human phosphoribosylpyrophosphate synthetase on the X chromosome. Science 203:1016-1019.

Becquerel H (1896): Sur les radiations émises par phosphorescence. Ac Sci C R (Comptes-rendues de 
I’Academie des Sciences),P2ns, 122:420-421.

BEIR m  - Committee on the Biological Effects of Ionizing Radiation - National Research Council (1980): 
The effects on populations of exposure to low levels of ionizing radiation. Washington (DC): National 
Academy Press.

Bhattacharyya NP, Skandalis A, Ganesh A, Groden J, Meuth M (1994): Mutator phenotypes in human 
colorectal carcinoma cell lines. Proc Natl Acad Sci USA 91:6319-6323.

Bradley WEC, Messing K (1989): Studies of mutation at the hprt locus. XIutatRes 216:75-91.



151

Branda RF, O’Neill JP, Jacobson-Kram D, Albertini RJ (1992): Factors influencing mutation at the hprt 
locus in T-lymphocytes: Studies in normal women and women with benign and malignanr breast 
masses. Environ Mol Mutagen 19:274-281.

Branda RF, Sullivan LM, O’Neill JP, Falta MT, Nicklas JA, Hirsch B, Vacek PM, Albertini RJ (1993); 
Measurement of HPRT mutant frequencies in T-lymphocytes from healthy human populations. Mutat 
Res 285:267-279.

Breimer LH, Lindahl T (1985): Thymine lesions produced by ionizing radiation in double-stranded DNA. 
Biochemistry 24:4018-1022.

Bridges BA, (Zole J, Arlett CF, Green MHL, Waugh APW, Beare D, Henshaw DL, Last RD (1991): 
Possible association between mutant frequency in peripheral lymphocytes and domestic radon 
concentrations. Lmzcef 337:1187-1189.

Brogger A. (1993): Genetic efifects in humans of low-dose ionizing radiation with special reference to 
chromosome damage. In: "Children and Radiation Conference”. Trondheim, Norway.

Brown T, Kennard O, Kneale G, Rabinovich D (1985): High-resolution structure of a DNA helix 
containing mismatched base pairs. Nature 315:604-606.

Buckton KE, Court Brown WM Smith PG (1967): Lymphocyte survival in men treated with X-rays for 
Ankylosing Spondylitis. Nature 214:470-473.

Caggana M  Liber HL, Mauch PM Coleman CN, Kelsey KT (1991): In vivo somatic mutation in the 
lymphocytes of Hodgkin's Disease patients. Environ Mol Mutagen 18:6-13.

Caggana M Liber HL, Coleman CN, Mauch P, Clark JR, Kelsey KT (1992): A prospective study of hprt 
mutant and mutation frequencies in treated cancer patients. Cancer Epidemiol Biomarkers Prev 
1:573-580.

Candotti E, Velho O, Lent R, Guimarâes Filho AP, de Almeida DF, Ferraz ESB, Aveline A, Camargo E, 
Roitman I (1988): Autos de Goiânia, Ciência Hoje 7 (Suplemento 40): 1-48.

Cariello NF, Craft TR, Vrieling H, van Zeeland AA, Adams T, Skopek TR (1992): Human HPRT mutant 
database: Software for data entry and retrieval. Environ Mol Mutagen 20:81-83.

Cariello NF (1994): Software for the analysis of mutations at the human hprt gene. Mutat Res 312:173- 
185.

Cariello NF, Cui L, Skopek TR (1994): In vitro mutational spectrum of aflatoxin B1 in the human 
hypo.xanthine-guaninephosphorilx)syltransferase gene. Cancer Res 54:4436-4441.

Cawkwell L, Bell SM  Lewis FA, Dixon MF, Taylor GR (Juirke P (1993): Rapid detection of allele loss in 
colorectal tumours using microsatellites and fluorescent DNA technology. B rJ  Cancer 67:1262-1267.

Cawkwell L, Li D, Lewis FA, Martin I, Dixon MF, Quirke P (1995): Microsatellite instability in 
colorectal cancer Improved assessment using fluorescent polymerase chain reaction. 
Gastroenterology 109:465-471.

Chakraborty R  Stivers DN (1996): Paternity exclusion by DNA markers: effects of paternal mutations. J  
Forensic Sci 41:671-677.



152

Chinault AC, Caskey CT (1984): The hypoxanthine phosphoribosyltransferase gene: A model for the 
study of mutation in mammalian cells. Prog Nucleic Acids Res Mol Biol 31:295-313.

Clark JM, Beardsley GP (1986): Thymine glycol lesions terminate chain elongation by DNA polymerase I 
in vitro. Nucleic Acids Res 14:737-749.

Cole J, Green MHL, James SE, Henderson L, Cole H (1988): A further assessment of factors influencing 
measurements of thioguanine-resistant mutant fiequency in circulating T-lymphocytes. Mutat Res 
204:493-507.

Cole J, Waugh APW, Beare DM Sala-Trepat M  Stephens G, Green MHL (1991): Hprt mutant 
fiequencies in circulating lymphocytes. Population studies using normal donors, exposed groups and 
cancer-prone ^drom es. In: B.L. Gledhill and F. Mauro (eds): “Trends in Biological Dosimetry”. 
New York: Willey, pp. 319-328.

Conkling MA, Grunau JA, Drake JW (1976): Gamma ray mutagenesis in bacteriophage T4. Genetics 
82:565-575.

Countryman PL Heddle JA (1976): The production of micronuclei from chromosome aberrations in 
irradiated cultures of human lymphocytes. MutatRes 41:321-332.

Cox R, Masson WK (1978): Do radiation-induced thioguanine-resistant mutants of cultured mammalian 
cells arise by HGPRT gene mutation or X-chromosome rearrangement Nature 276:629-630.

Crow JF (1981): How well can we assess genetic risks? Not very. In: "Lauriston S. Taylor Lectures in 
Radiation Protection and Measurements", lecture No. 5, National Council on Radiation Protection 
and Measurements, Washington (DC), pp. 7-31.

Curry J, Skandalis A, Holcrofr J, de Boer J, Glickman BW (1993): Coamplification of hprt cDNA and y 
T-cell receptor sequences from 6-thioguanine-resistant human T-lymphocytes. Mutat Res 288:269- 
275.

Curry J (1993): The consequences of in vivo T-lymphocyte clonal expansion on mutation frequency as 
determined by the hprt clonal assay in an individual. York University.

Curry J, Rowley GT, Saddi V, Beare D, Cole J, Glickman BW (1995): Determination of hprt mutant and 
mutation frequencies and the molecular characterization of human derived in vivo T-lymphocyte 
mutants. Environ Mol Mutagen 25:169-179.

da Cruz AD, McArthur AG, Silva CC, Curado MP, Glickman BW (1994): Human micronucleus counts 
are correlated with age, smoking, and cesiiun-137 dose in the Goiânia (Brazil) radiological accident 
MutatRes 313:57-68.

da Cruz AD, Curry J, Curado MP, Glickman BW (1996): Monitoring hprt mutation frequency over time 
in T-lymphocytes of people accidentally exposed to high doses of ionizing radiation. Environ Mol 
Mutagen 27:165-175.

Davies MJ, Lovell DP, Anderson D (1992): Thioguanine-resistant mutant frequency in T-lymphocytes 
from a healthy human popitlatiott MutatRes 265:165-171.

de Boer JG, Curry JD, Glickman BW (1993): A &st and simple method to determine the clonal 
relationship among human T-cell lymphocytes. Mutat Res 288:173-180.



153

de Serres FJ (1994); Commentary on an unresolved problem: EfTective genetic risk assessment of human 
exposure to mutagenic errvirorunentai agents. Environ Mol Mutagen 23 (Suppl.24):7-10.

DeMars, R (1974): Resistance of cultured human fibroblasts arrd other cells to purine and pyrimidine 
analogues in relation to mutagenesis detectiorr MutatRes 24:335-364.

Dempsey JL, Morley AA (1983): Evidence that thioguanine-resistant lymphocytes detected by 
autoradiography are mutant cells. MutatRes 119:203-211.

Dermiston C (1982): Low level radiation and genetic risk estimation in man. Annu Rev Genet 16:329-55.

Deubel W, Bassukas ID, Schlereth W, Lorenz R, Hempel K (1996): Age dependent selection against 
HPRT deficient T-lymphocytes in the HPRT+/- heterozygous mouse. MutatRes 351:67-77.

Dillon WR, Goldstein M (1984): “Multivariate analysis: methods and applications.” New York: John 
Wiley and Sons, Inc.

Dubrova YE, Nesterov VN, Krouchinky NO, Ostapenko VA, Neumarm R  Neil DL, Jeffreys AJ (1996): 
Human minisatellite mutation rate after the Chernobyl accident Nature 380:683-686.

Edwards A, Voss H, Rice P, Civitello A, Stegemarm J, Schwager C, Zimmermarm J, Erfie H, Caskey CT, 
Ansorge W (1990): Automated DNA sequencing of the human HPRT locus. Genomics 6:593-608.

Edwards FM (1986): Dose-response models and methods of risk prediction and causation estimation, 
Semin Nucl Med 16:118-30.

Ehling UH (1966): Dominant mutations affecting the skeleton in offrpring of X-irradiated male mice. 
Genetics 54:1381-89.

Ehling UH, Favor J, Kratochvilova J, Neuhâuser-Klaus A (1982): Dominant cataract mutations and 
specific-locus mutations in mice induced by radiation or ethylnitiosourea. MutatRes 92:181-92.

Ehling UH (1988): Quantification of the genetic risk of environmental mutagens. Risk Anal 8:45-57.

Ehling UH (1991): Mutations in the F, generation of mice. In: “New Horizons in Biological Dosimetry - 
Proceedings of the International Symposium on Trends in Biological Dosimetry. Progress in Clinical 
and Biological Research.” New York: Wiley-Liss, Inc. pp. 481-496.

Erexson GL, Kligerman AD, Bryant MF, Sontag MC, Halperin EC (1991): Induction of micronuclei by 
X-radiation in human, mouse, and rat peripheral blood lymphocytes. Mutat Res 253:1-6.

Eshleman JR Markowitz SD (1995): Microsatellite instability in inherited and sporadic neoplasms. 
Current Opinion Oncol 7:83-89.

Eshleman JR Markowitz SD, Donover PS, Lang EZ, Lutterbaugh JD, Li GM, Longley M, Modrich P, 
Veigl ML, Sedwick WD (1996): Diverse hypermutability of multiple expressed sequences motifs 
present in cancer with microsatellite instability. Oncogene 12:1425-32.

Everson RB, Griffin FM, Capizzi RL (1985): Use of phytohaemagglutinin response to determine the 
extent that somatic cell mutation accounts for 6-thioguanine resistance of human blood mononuclear 
cells. MutatRes 147:369-378.



154

Fabre F (1983): Mitotic transmission of induced recombinational ability in yeast In: Friedberg E (ed): 
“Cellular Responses to DNA Damage.” New York: Liss, pp. 379-384.

Favor J (1993): Genetic effects from exposure to hazardous agents. Environ Health Perspect 101(Suppl 
3): 263-267.

Fenech M, Morley AA (1986): Cytokinesis-block inicronucleus method in human lymphocytes: effect of 
in vivo ageing and low dose X-irradiation. Mutat Res 161:193-198.

Finette BA Sullivan LM, O’Neill JP, Nicklas JA Vacek PM, Albertini RJ (1994): Determination of hprt 
mutant frequencies in T-lymphocytes from a healthy pediatric population: statistical comparison 
between newborn, children and adult mutant frequencies, cloning efBciency and age. Mutat Res 
308:223-231.

Flakus FN (1995): Radiation in pei^jective: Improving comprehension of risks. IAEA Bulletin - Quarterly 
Journal of the International Atomic Energy Agency 37(2):7-l I.

Fleischer B (1983): Activation of human T-lymphocytes - I. Requirements for mitogen-induced 
proliferation of antigen-specific T-lymphocyte clones. EurJMeth 13:970-976.

Fowler JCS, Burgoyne LA Scott AC, Harding HWJ (1988): Repetitive deoxyribonucleic acid (DNA) and 
human genome variation - A concise review relevant to forensic biology. J  Forensic Sci 33:1 H I- 
1126.

Freitas AA Rocha BB (1993): Lymphocyte lifespans: homeostasis, selection and competitioiL Immunol 
Today 14(l):25-29.

Friedberg EC, Walker GC, Siede W (1985): “DNA Repair and Mutagenesis, ed.” Washington (DC): ASM 
Press.

Fudarelli AF, Wegher BJ, Gajewski E, Dizdaroglu M, Blakely WF (1989): Quantitative measurement of 
radiation-induced base products in DNA using gas chromatography-mass spectrometry. Radiat Res 
119:219-231.

Fujimori S, Tagaya T, Kamatani N, Akaoka I (1992): A germ cell line mutation within the coding 
sequence for the putative 5-phosphoribosyl -1-pyrophosphate biding site of hypoxanthrne-guanine 
phosphoribosyltransferase (HPRT) in a Lesch-Nyhan patient: missense mutations within a 
functionally important region probably cause disease. Hum Genet 90:385-388.

Fuscoe JC, Zimmerman LJ, Lippert MJ, Nicklas JA O’Neill JP (1991): V(D)J recombinase-like activity 
mediates hprt gene deletion in human fetal T-lymphocytes. Cancer Res 51:6001-6005.

Fuscoe JC, Zimmerman U , Fekete A  Setzer AW, Rossister BJF (1992a): Analysis of X-ray-induced 
HPRT mutations in CHO cells: Insertions and deletions. MutatRes 269:171-183.

Fuscoe JC, Zimmerman U , Hairington-Brock K, Moore MM (1992b): Large deletions are tolerated at the 
hprt locus of in vivo derived human T-lymphocytes. MutatRes 283:255-262.

Fuscoe JC, Zimmerman U , Harrington-Brock, Moore MM (1994): Multiplex PCR analysis of in vivo- 
arising deletion mutations in the hprt gene of human T-lymphocytes. Environ Mol Mutagen 23:89-95.



155

Gibbs RA, Nguyen PN, Edwards A, Civitello AB, Caskey CT (1990): Multiplex DNA deletion detection 
and exon sequencing of the hypoxanthine phosphoribosyltransferase gene in Lesch-Nyhan 
Genomics 7:235-244.

Giver CR, Nelson SL, Grosovsky AJ (1993): Spectrum of spontaneous HPRT mutations in TK6 human 
lymphoblasts. Environ Mol Mutagen 22:138-146.

Glickman BW, Rietveld K, Aaron CS (1980): Gamma ray-induced mutational spectrum in the la d  gene 
of Escherichia coli: comparison of induced and spontaneous spectra at the molecular level. MutatRes 
69:1-12.

Gonzales AJ (1993): Global levels of radiation exposure: Latest international finding»; IAEA Bulletin - 
Quarterly Journal of the International Atomic Energy Agency 35(4):49-51.

(jonzales AJ (1994a): Radiation safety: New international standards IAEA Bulletin - Quarterly Journal of the 
International Atomic Energy Agency 36(2):2-l 1.

Gonzales AJ (1994b): Biological effects of low doses of ionizing radiation: A fuller picture. IAEA Bulletin - 
Quarteily Journal of the International Atomic Energy Agency 36(4):37-45.

Green MHL, O’Neill JP, Cole J (1995): Suggestions concerning the relationship between mutant 
fiequency and mutation rate at the hprt locus in human peripheral T-lymphocytes. Mutat Res 
334:323-339.

Grosovsky AJ, Little JB (1985): Evidence for linear response for the induction of mutations in human 
cells by X-ray exposures below 10 rad. Proc Natl Acad Sci USA 82:2092-2095.

Grosovsky AJ, de Boer JG, de Jong PJ, Drobetsky EA, Glickman BW (1988): Base substitutions, 
fiameshifis, and small deletions constitute ionizing radiation-induced point mutations in mammalian 
cells. Proc Natl Acad Sci USA 85: 185-188.

Guerrero I, Villasante A, Corces V, Pellicer A (1984): Activation of a c-K-ras oncogene by somatic 
mutation in mouse lymphomas induced by gamma radiation. Science 225:1159-1162.

Gustafison M, Peisson B (1988): Natural and man-made sources of radiatiotL In: “Somatic and Genetic Effects 
of Ionizing Radiation”. Proceedings of the XVth Berzelius Symposium, pp. 13-20.

Haataja R, Vaisanen ML, Li M, Ryynanen M, Leisti J (1994): The fragile X syndrome in Finland: 
demonstration of a founder effect by analysis of microsatellite haploQpes. Human Genet 94:479-483.

Hackman P, Gabbani G, Osterholm AM, Hellgren D, Lambert B (1995): Spontaneous length variation in 
microsatellite DNA fiom human T-cell clones. Genes Chromosomes Cancer 14:215-219.

Hadden JW (1988): Transmembrane signals in the activation of T-lymphocytes by mitogenic antigens, 
Immunol Today 9:235-239.

Hakoda M, Akiyama M  Kyoizumi S. Awa AA, Yamakido M, Otake M (1988a): Increased somatic cell 
mutant firequency in atomic bomb survivors. MutatRes 201:39-48.

Hakoda M, Akiyama M, Kyoizumi S, Kobuke K  Awa AA, Yamakido M (1988b): Measurement of in vivo 
HGPRT -deficient mutant cell fiequency using a modified method for cloning human peripheral blood 
T-lymphocjtes. MutatRes 197:161-169.



156

Hakoda M, Akiyama M, Hirai Y, Kyoizumi S, Awa AA (1988c): In vivo mutant T-cell frequency in 
atomic bomb survivors carrying outlying values of chromosome aberration frequencies. Mutat Res 
202:202-208.

Hakoda M, Hirai Y, Kyoizumi S, Akiyama M (1989): Molecular analyses of in vivo hprt mutant T-cells 
from atomic bomb survivors. Environ Mol Mutagen 13:25-33.

Hall JM, Friedman L, Guenther C, Lee MK, Weber JL, Black DM (1992): Closing in on a breast cancer 
gene on chromosome 17q. Am J  Hum Genet 50:1235-1242.

Hayes RC, LeClerc JE (1986): Sequence dependence for bypass of thymine glycol in DNA by DNA 
polymerase I. Nucleic Acids Res 14:1045-1061.

Hayes RC, Petrullo LA, Huang HM, Wallace SS, LeClerc JE (1988); Oxidative damage in DNA. Lack of 
mutagenicity by thymine glycol lesions. JM ol Biol 201:239-246.

Henderson L, Cole H, Cole J, James SE and Green MHL (1986); Detection of somatic mutations in man: 
evaluation of the microtiter cloning assay for T-lymphocytes. Mutagenesis 1:195-200.

Hogstedt B (1984): Micronuclei in lymphocytes with preserved cytoplasm: a method for assessment of 
cytogenetic damage in man MutatRes 130: 63-72.

Holden JA, Kelley WN (1978): Human hypoxanthine-guanine phosphoribosyltransferase. Evidence for 
tetrameric structure. J  Biol Chem 253:4459-4463.

Holmes NO (1994): Microsatellite markers and the analysis of genetic disease. Br VetJ 150:411-421.

Honchel R, Hailing KC, Schaid DJ, Pittelkow M, Thibodeau N (1994): Nfrcrosatellite instability in Muir- 
Torre syndrome. Cancer Res 54:1159-1163.

Hou SM, Steen AM, Fâlt, Anderso B (1993): Molecular spectrum of background mutations at the hprt 
locus in human T-lymphocytes. Mutagenesis 8:43^9.

Hung T, Mak K, Fong K (1990): A specific enhancer for polymerase chain reactioiL Nucleic Acids Res, 
18:4953.

Hutchinson F (1985): Chemical changes induced in DNA by ionizing radiation. Prog Nucleic Acid Res 
Mol Biol 32:115-154.

Hutchinson F (1995): Analysis of deletions induced in the genome of mammalian cells by ionizing 
radiation. JM ol Biol 254:372-380.

Hutteimaim J, Kohnlein W, Teoule R, Bertinchamps AJ (1978): “Efifects of Ionizing Radiation on DNA” 
New York: Springer.

ICPEMC - Committee 4 Final Report (1983): Estimation of genetic risks and increased incidence of 
genetic disease due to environmental mutagens. MutatRes 115:255-91.

International Atomic Energy Agency - IAEA (1988): “The radiological accident in Goiânia.” Vienna: 
IAEA



157

Jansen JG, Mohn GR, Vrieling H, van Teijlingen CM, Lohman PH, van Zeeland AA (1994): Molecular 
analysis of hprt gene mutations in skin fibroblasts of rats exposed in vivo to N-methyl-N-nitrosourea 
or N-ethyl-N-nitrosourea. Cancer Res 54:2478-2485.

Jeggo PA, Kemp LM (1983): X-ray-sensitive mutants of Chinese hamster ovary cell line. Isolation and 
cross-sensitivity to other DNA-damaging agents. Mutat Res 112:313-327.

Johnson GG, Ramage AL, Littlefield JW, Kazazian Jr. HH (1982): Hypoxanthine-guanine 
phosphoribosyltransferase in human erythroid cells: posttranslational modifications. Biochemistry 
21.960-966.

Jolly DJ, Esty AC, Bernard HU, Friedraarm T (1982): Isolation of a genomic clone partially encoding 
human hypoxanthine phosphoribosyltransferase. Proc Natl Acad Sci USA 79:5038-5041.

Jolly DJ, Okayama H, Berg P, Esty AC, Filpula D, Bohlen P, Johnson GG, Shively JE, Hunkapillar T, 
Friedmann T (1983): Isolation and characterization of a full length expressible cDNA for human 
hypoxanthine phosphoribosyltransferase. Proc Natl Acad Sci USA 80:477^81.

Jones MH, Nakamura Y (1992): Detection of loss of heterozygosity at the human TP53 locus using a 
dinucleotide repeat polymorphism. Genes Chromosomes Cancer 5:89-90.

Kadhim MA, Lorimore SA, Townsend KMS, Goodhead DT, Buckle VJ, Wright EG (1995): Radiation- 
induced genomic instability: Delayed cytogenetic aberrations and apoptosis in primary human bone 
marrow cells. Int J  Radiat Biol 67:287-293.

Kadonaga JT, Jones KA, Tijan R (1986): Promoter-specific activation of RNA polymerize II transcription 
bySpl. Trends Biochem Sci 11:20-23.

Kelley WN, Rosenbloom FM Henderson JF, Seegmiller JE (1967): A specific enzyme defect in gout 
associated with overproduction of uric acid. Proc Natl Acad Sci USA 57:1735-1739.

Kelley WN, Greene ML, Rosenbloom FM Henderson JF, Seegmiller JE (1969): Hypoxanthine-guanine 
phosphoribosyltransferase deficiency in gout Ann Intern Med 70:155-206.

Kelsey KT, Donohoe KJ, Baxter B, Memisoglu A, Little JB, Caggana M Liber HL (1991): Genotoxic and 
mutagenic effects of the diagnostic use of Thallium-201 in nuclear medicine. MutatRes 260:239-246.

Kendrew J (1994): “The encyclopedia of Molecular Biology.” Cambridge: Blackwell Science.

Kent CR, Edwards SM McMillan TJ (1993): Mutation induction by ionizing radiation in three human 
bladder tumour cell lines. Int J  Radiat Biol 63:1-5.

Khaidakov M Glickman B (1996): Possible factors leading to a miqudgment of mutant fi-equencies in 
HPRT assay. MutatRes 354:9-14.

Khaidakov M Young D, Erfie H, Mortimer A  Voronokov Y, Glickman BW (1996): The molecular 
analysis of mutations in T-lymphoc\tes from experienced Soviet Cosmonauts. Environ Mol Mutagen 
submitted.

Kim SH, Moores JC, David D, Respess JG, Jolly DJ, Friedmarm T (1986): The organization of tlie human 
HPRT gene. Nucleic Acids Res 14:3103-3118.



158

Kodaiia M, Satoh C, Hîyama K, Toyama K (1993): Ladc of effects of atomic bomb ladiatioa on genetic 
instability of tandem-repetitive elements in human genn cells. Am J  Hum Genet 57:1275-1283.

Kratochvilova J, Ehling UH (1979): Dominant cataract mutations induced by gamma f  radiation of mai«» 
mice. MutatRes 63:221-23.

Krawczak M, Cooper DN (1991): Genes deletions causing human genetic disease: mechanisms of 
mutagenesis and the role of the local DNA sequence environment Hum Genet 86:425-141.

Kronenberg A (1994): Radiation-induced genomic instability. Int J  Radiat Biol 66:603-609.

Kruh CD, Fenwick RG, Caskey CT (1981): Structural analysis of mutant and revertant forms of Chinese 
hamster hypoxanthine-guanine phosphoribosyltransferase. J  Biol Chem 256:2878-2886.

Kunkel TA (1990): Misalignment-mediated DNA synthesis errors. Biochemistry 29:8003-8011.

Land CE (1980): Estimating cancer risks fiom low dose of ionizing radiatiotL Science 209:1997-203.

Larsson LG (1988): Ionizing radiation and cancer. In: '^matic and Genetic Effects of Ionizing Radiation". 
Proceedings of the XVth Berzelius Symposiurtt pp. 83-88.

Lesch M, Nyhan WL (1964): A familial disorder of uric acid metabolism and central nervous system 
functiotL Am JM ed  36:561-570.

Lesperance MM, Hall JW, Bess FH, Fukushima K, Jain PK, Plopis B, San Agustin TB, Skarka H, Smith 
RJ, Wills M et al. (1995): A gene for autosomal dominant nonsyndrorrtic hereditary hearing 
impairment maps to 4pl6.3. Hum Mol Genet 4:1967-1972.

Levin DE, Hollstein M, Christman MF, Schwiers EA, Ames BN (1982): A new Salmonella tester strain 
(TA102) with A:T base pairs at the site of mutation detects oxidative mutagens. Proc Natl Acad Sci 
USA 79:7445-7449.

Lewin B (1994): “Genes V". New York: Oxford University Press.

Litt M (1991): PCR of TG microsatellites. In: McPherson MJ, Quirke P. Taylor GR (eds) “PCR: A 
practical approach.” New York: Oxford University Press.

Litt M, Sharma V, Luty JA (1991): Dinucleotide repeat polymorphism at the D11S35 locus. Nucleic Acids 
Res 18:5921.

Littlefield LG, Sayer AM, Frorae EL (1989): Comparison of dose-response parameters for radiation- 
induced acentric fragments and micronuclei observed in cytokinesis-arrested lymphocytes. 
Mutagenesis 4: 265-270.

Lloyd DC, Purrot RJ, Reeder EJ (1980): The incidence of unstable chromosome aberrations in peripheral 
blood lymphocytes firom unirradiated and occupationally exposed people. MutatRes 72:523-532.

Loeb LA (1991): Mutator phenotype may be required for multistage carcinogenesis. Cancer Res 51:3075- 
3079.

Lukash LL, Boldt J, Pegg AE, Dolan ME, Maher VM, MCCormick (1991): Effect of 0^-alkylguarune- 
DNA alkyltiansferase on the firequency and spectrum of mutations induced by N-methyl-N’-nitro- 
nitrosoguamdine in the HPRT gene of diploid human fibroblasts. MutatRes 250:397-409.



159

Malins DC, Haimanot R (1990): 4,6-Diaimno-5-fonnamidopyriinidijie, 8-hydroxyguanine anri g- 
hydroxyadenine in DNA firom neoplastic liver of English sole exposed to carcinogens. Biochem 
Biophys Res Commun 173:614-619.

Mailing HV, de Serres FJ (1973): Genetic alterations at the molecular level in X-ray induced ad-3B 
mutants of Neurospora crassa. Radiat Res 53:77-87.

Manjanatha MG, Lindsey LA, Mittelstaedt RA, Heflich RH (1994): Low hprt mRNA levels and multiple 
hprt mRNA species in 6-thioguanine-resistant Chinese hamster cell mutants possessing nonsense 
mutations. Mutat Res 308:65-75.

Mao L, Lee DJ, Tockman MS, Erozan YS, Askin F (1994): Microsatellite alterations as clonal markers 
for the detection of human cancer. Proc Natl Acad Sci USA 91:9871-9875.

Mac L, Schcenber MP, Sciccitano M, Erozan YS, Merlo A, Schwab D, Sidransk} D (1996): Molecular 
detection of primary bladder cancer by microsatellite analysis. Science 271:659-662.

Marra G, Boland R (1995): Hereditary nonpolyposis colorectal cancer The syndrome, the genes, and 
historical perspectives (Review). JNatl Cancer Inst 87:1114-1125.

Maxam AM, Gilbert W (1977): A new method for sequencing DNA Proc Natl Acad Sci USA 74:560-564.

McBride TJ, Preston BD, Loeb LA (1991): Mutagenic spectrum resulting firom DNA damage by oxygen 
radicals. Biochemistry 30:207-213.

McGirmiss MJ, Nicklas JA, Albertini RJ (1989): Molecular analysis of in vivo hprt mutations in human 
T-lymphocytes. Environ Mol Mutagen 14:229-237.

McGirmiss MJ, Falta MT, Sullivan LM Albertini RJ (1990): In vivo hprt mutant fiequency in T-cells of 
normal human newborns. MutatRes 240:117-126.

McKusick VA_(1982): The human genome through the eyes of a clinical geneticist, Cytogenet Cell Genet 
32:7-23.

McKusick VA (1988): “Mendelian inheritance in man, 6* ed.” Baltimore and London: The Johns 
Hopkins University Press.

Melton DW, Konecki DS, Ledbetter DH, Hejtmancik JF, Caskey CT (1981): In vitro translation of 
h)poxanthine/guartine phosphoribosyltransferase mRNA: characterization of a mouse neuroblastoma 
ceU line that has elevated levels of hypo.xanthine/guanine phosphoribosyltransferase. Proc Natl Acad 
Sci USA 78:6877-6880.

Melton DW, Konecki DS, Bretmand J, Caskey CT (1984): Structure, expression, mutation of the 
hvpoxanthine phosphoribosyltransferase gene. Proc Natl Acad Sci USA 81:2147-2151.

Messing K, Bradley WEC (1985): In vivo mutant frequency rises among breast cancer patients after 
exposure to high doses of gartuna radiation. MutatRes 152:107-112.

Messing K, Ferraris J, Bradley WEC, Swartz J, Seifert AM (1989): Mutation fiequency of radiotherapy 
technicians appears to be associated with recent dose of ionizing radiation. Health Phys 57:537-544.

Meyn MS (1995): Ataxia-Telangieciasia and cellular responses to DNA damage. Cancer Res 55:591-601.



160

Michie CA, McLean A, Alcock C, Beverley PCL (1992): Lifespan of human lymphocyte subsets defined 
by CD45 isofonns. Nature 360:264-265.

Michie CA, McLean A (1993): Lymphocyte lifespan, immunological memory and retroviral infections. 
Immunol Today 14(5):235.

Moore MM, Harrington-Brock K, Zimmerman U , Burnette LP, Smith TW, Everson RB, O’Neill JP, 
Fuscoe JC (1993): (Quantification and molecular characterization of hprt mutants of human T- 
lymphocytes. Environ Health Perspect lGl(Suppl 3):219-224.

Morley AA, Trainor KJ, Seshadri R, Ryall RG (1983): Measurement of in vivo mutations in hum an 
lymphocytes. Nature 302:155-156.

Morley AA, Trainor KJ, Dempsey JL, Seshadri RS (1985): Methods for study of mutations and 
mutagenesis in human lymphocytes. MutatRes 147:363-367.

Muller HJ (1927): Artificial transmutation of the gene. Science 46:84-87.

Mulley JC, Gedeon AK, White SJ, Haan EA, Richards RI (1991): Predictive diagnosis of myotonic 
dystrophy with flanking  microsatellite markers. JM ed Genet 28:448-452.

Nakamura N, Kushiro JI, Akiyama M (1990): Improved methods for obtaining colonies of human 
peripheral blood lymphocytes in vitro for radiation dose-survival studies. MutatRes 234:15-22.

Nakamura N, Umeki S, Hirai Y, Kyoizumi S, Kushiro, KusonRd Y, Akiyama M (1991): Evaluation of 
four somatic mutation assays for biological dosimetry of radiation-exposed people including atomic 
bomb survivors. Prog Clin Biol Res 372:341-350.

Natarajan AT, Vyas RC, Danoudi F, Mullenders LHP (1988): The relation baween DNA damage and 
chromosome aberrations. In: “Somatic and Genetic Efifects of Ionizing RadiatiorL” Proceedings of the XVth 
Berzelius Syrrqxxium, pp. 51-54.

Natarajan AT, Ramalho AT, Vyas RC, Bemini LF, Tates AD, Ploem JS, Nascimento ACH, Curado MP 
(1991a): Goiânia radiation accident: results of initial dose estimation and follow up studies. In: “New 
Horizons in Biological Dosimetry.” New York: Wiley-Liss, Inc.

Natarajan AT, Vyas RC, Wiegant J, Curado MP (1991b): A cytogenetic follow-up study of the victims of a 
radiation accident in Goiânia (Brazil). MutatRes 247:103-111.

Neel JV, Schull WJ, Awa AA, Satoh C, Otake M, Kato H, Yoshimoto Y (1989): Implications of the 
Hiroshima-Nagasaki genetic studies for the estimation of the human "doubling dose" of radiation. 
Genome 31:853-859.

Neel JV, Schull WJ, Awa AA. Satho C, Kato H, Otake \L  Yoshimoto Y (1990): The children of parents 
exposed to atomic bombs: estimates of the genetic doubling dose of radiation for humans. Am J  Hum 
Genet 46:1053-72.

Negrini M, Rasio D, Hampton GNL Sabbioni S, Rattan S, Carter SL, Rosenberg AL, Schwartz GF, Shiloh 
Y, Cavenee WK, Croce CM (1995): Definition and refinement of chromosome 11 regions of loss of 
heterozygosity in breast cancer Identification of a new region at 1 lq23.3. Cancer Res 55:3003-3007.

Nelson SL, Giver CR, Grosovsky AJ (1994): Spectrum of X-ray-induced mutations in the human hprt 
gene. Carcinogenesis 15:495-502.



161

Nicklas, JA, JP O’Neill, RJ Albertini (1986): Use of T-cell receptor gene probes to quantify the in vivo 
hprt mutations in human T-lymphocytes. MutatRes 173:67-72.

Nicklas JA, Himter TC, Sullivan LM, Berman JK, O’Neill JP, Albertini RJ (1987): Molecular analysis of 
in vivo hprt mutations in human T-lymphocytes: I. Studies of low frequency ‘spontaneous’ mutants by 
Southern blots. Mutagenesis 2:341-347.

Nicklas, JA, JP O’NeiU, LM Sullivan, TC Hunter, M Alegretta, BF Chastenay, BL Libbus, RJ Albertini 
(1988): Molecular analyses of in vivo hprt mutations in human T-lymphocytes, H. Demonstration of a 
clonal amplification of hprt mutant T-lymphocytes in vivo. Environ Mol Mutagen 12:271-284.

Nicklas JA, Hunter TC, O’Neill JP, Albertini RJ (1989): Molecular analyses of in vivo hprt mutations in 
hiunan T-lymphoc>tes: m . Longimdinal study of hprt gene structural alterations and T-cell clonal 
origins. Mutat Res 215:147-160.

Nicklas JA, Falta MT, Hunter TC, O’Neill JP, Jacobson-Kram D, Williams JR, Albertini RJ (1990): 
Molecular Analysis of in vivo hprt mutations in human T-lymphocytes. V. Effects of total body 
irradiation secondary to radioimmunoglobulin therapy (RTF). Mutagenesis 5(5):461-468.

Norman A, Sasaki MS, Ottoman RE, Fingerhut AG (1966): Elimination of chromosome aberrations from 
human lymphocytes. Blood 27:706-714.

Nyhan WL, Pesek J, Sweetman L, (Zarpenter DG, Carter CG (1967) Genetics of an X-linked disorder of 
uric acid metabolism and cerd)ral function. PediatrRes 1:5-13.

O’Neill JP, McGirmiss MJ, Berman JK, Sullivan LM, Nicklas JA, Albertini RJ (1987); Refinement of a T- 
lymphocyte cloning assay to quantify the in vivo thioguanine-resistant mutant frequency in humans 
Mutagenesis 2:87-94.

O’Neill JP, Sullivan LM Booker JK, Pomelos BS, Falta MT, Greene CJ, Albertini RJ (1989): 
Longitudinal study of the in vivo hprt mutant frequency in hiunan T-lymphocytes as determined by a 
cell clotting assay. Environ Mol Mutagen 13:289-293.

O’Neill JP, Sullivan LM Albertini RJ (1990a): In vitro induction, expression and selection of 
thioguartine-resistant mutants with human T-lymphocytes. MutatRes 240:135-142.

O’Neill JP, Hunter TC, Sullivan LM  Nicklas JA, Albertini RJ (1990b): Southem-blot analyses of human 
T-l\mphocytes mutants induced in vitro by gamma irradiation. 240:143-149.

O’Neill JP, Nicklas JA, Hunter TC, Batson OB, AUegretta M Falta MT, Branda RF, Albertini RJ (1994): 
The effect of T-lymphocyte "clonality" on the calculated hprt mutation frequency occurring in vivo in 
humans. MutatRes 313:215-225.

Oberkircher AR, Strout MP, Herzig GP, Fritz PD, Caligiuri MA (1995): Description of an efticient and 
highly informative method for the evaluation of haematopoietic chimerism following allogenic bone 
marrow transplantation. Bone Marrow Transplant 16:695-702.

Oliveira AR, CE Btandâo-Mello. Tabak D, Himt JG, Valverde NJL, de Souza PC, Farina R (1989): 1987 
radiation accident in Goiârtia: Medical and orgartizational experiences. Radiation Medicine Division, 
Niicleos - Instituto Nuclebras de Seguridade Social.



162

Ostrosky-Wegman P, Montera MR, de Nava CC, Tice RR, Albertini R (1987); The use of 
bromodeoxyuridine labeling in the human lymphocyte HPRTG somatic mutation assay. Mutat Res 
191:211-214.

Ostrosky-Wegman P, Montera R, Palao A, Cortinas de Nava C, Hurtado F, Albertini RJ (1990): 6- 
Thioguanine-resistant T-lymphocyte autoradiographic assay. Determination of variation frequencies 
in individuals suspected of radiation exposure. MutatRes 232:49-56.

Pai GS, Sprenkle JA, Do TT, Mareni CE, Migeon BR (1980): Localization of loci for hypoxanthine 
phosphoribosyltransferase and glucose-6-phosphate dehydrogenase and biochemical evidence of 
nonrandom X chromosome expression from studies of a hiunan X-autosome translocation. Proc Natl 
Acad Sci USA 77:2810-2813.

Parsons R, Li GM, Longley M, Modrich P, Liu B, Berk T, Hamilton SR, Kinzler KW, Vogelstein B 
(1995): Mismatch repair deficiency in phenotypically normal human cells. Science 268:738-740.

Paschoa AS, Tranjan Filho A, Rosenthal JJ (1993): Revisiting (joiânia: Toward a final repository for 
radioactive waste. IAEA Bulletin - (Quarterly Journal of the International Atonuc Energy Agency, 
35(1):28-31.

Patel PI, Nussbaum RL, Gramson PE, Ledbetter DH, Caskey CT, Chinault AC (1984): Organization of 
the HPRT gene and related sequences in the human genome. Somat Cell Mol Genet 10:483-493.

Patel U, Grundfest-Broniatowski S, Gupta M, Baneijee S (1994): Microsatellite instabilities at five 
chromosomes in primary breast tumors. Oncogene 9:3695-3700.

Paul WE, Sredni B, Schwartz, RH (1981): Long-term growth and cloning of non-transformed 
lymphocytes. Nature 294:697-699.

Peltomaki P, Lothe RA, Aaltonen LA, Pjlkkànen L, Nystrôm-Lahti M, Seruca R, David L, Holm R, 
Ryberg D, Haugen A, Brogger, Borresen AL, de la Chapelle A (1993): Micrasatellite instability is 
associated with tumors that characterize the hereditary non-polyposis colorectal carcinoma syndrome. 
Cancer Res 53:5853-5855.

Pochin EE (1980a): Risk assessment for radiation protection purposes. At Energy Rev 18(3):779-802.

Pochin EE (1980b): The need to estimate the risk. The 16‘*‘ Douglas Lea Lecture. Phys Med Biol 25:1-12.

Polyraerapoulos MH, Rath DS, Xioa H, Merril CR (1991): Dinucleotide repeat polymorphism at the 
ankyrin gene Ç4NKI). Nucleic Acids Res 19:969.

Prosser JS, Moquet JE, Lloyd DC, Edwards AA (1988): Radiation induction of micronuclei in hum an 
hmphocytes. MutatRes 199:37-45.

Ramalho AT, Nascimento ACH, Natarajan AT (1988): Dose assessments by cytogenetic analysis in the 
Goiânia (Brazil) radiation accident Radiat Protect Dosimetry 25:97-100.

Ramalho AT, Nascimento ACH, Bellido P (1990): Dose estimates and the fate of chromosomal 
aberrations in cesium-137 exposed individuals in the Goiânia Radiation Accident In: '^Chromosome 
Aberrations - Basic and Applied Aspects.” Heidelberg: Springer-Verlag.



163

Ramalho AT, Nascimento ACH, Littlefield LG, Natarajan AT, Sasaki MS (1991): Frequency of 
chromosomal aberrations in a subjea accidentally exposed to ‘^̂ Cs in the Goiânia (Brazil) radiation 
accident: intercomparison among four laboratories. MutatRes 252:157-160.

Redo L, Cochrane J, Simpson D, Skopek TR, O’Neill JP, Nicklas JA, Albertini RJ (1990): DNA seguenre 
analysis of in vivo hprt mutations in human T-lymphocytes. Mutagenesis 5:505-510.

Rincon-Limas DE, DA Krueger, PI Patel (1991): Functional characterization of the human hypoxanthine 
phosphoribosyltransferase gene promoter Evidence for a negative regulatory element Mol Cell Biol 
11:4157-4164.

Roberts L (1987): Radiation acddent grips Goiânia. Science 238:1028-1031.

Robinson DR, Goodall K, Albertini RJ, O’Neill JP, Finette B, Sala-Trepat M, Moustacchi E, Tates AD, 
Beare DM, Green MHL, Cole J (1994): An analysis of in vivo hprt mutant fiequency in circulating T- 
lymphocytes in the normal human population: a comparison of four datasets. MutatRes 313:227-247.

Roentgen WC (1895): Udber eine neue art von strahlen. Sltzung*erichte der Physflt Medizinische Gesellschaft 
zu Wuerdiurg, 137:132. Translated inNature (1896), 53:274.

Roitt IM, Brostoff J, Male DK (1985): “Irrununology, 2ed.” Edinburgh: Churchill Livingstone.

Rossi A\L JCP Thijssen, Tates AD, Vrieling H, Natarajan AT, Lohman PHM, van Zeeland AA (1990): 
Mutations affecting RNA splicing in man are detected more fiequently in somatic than in germ cells, 
MutatRes 244:353-357.

Rossi AM, Tates AD, van Zeeland AA, Vrieling H (1992): Molecular analysis of mutations affecting hprt 
mRNA splicing in humans T-lymphocytes in vivo. Environ Mol Mutagen 19:7-13.

Rouet P, Essigmaim JM (1985): Possible role for thymine glycol in the selective inhibition of DNA 
synthesis on oxidized DNA templates. Cancer Res 45:6113-6118.

Saddi V, Curry J, Nohturfft A, Kusser W, Glickman BW (1996): Increased hprt mutant fiequendes in 
Brazilian children acddentally exposed to ionizing radiation. Environ Mol Mutagen 28:267-275.

Saddi VA (1994): Hprt mutant fiequendes fiom Brazilian children acddentally exposed to ionizing radiation. 
University of Victoria.

Sala-Trepat M  Cole J, Green MHL, O. Rigaud, Vilcoq JR, Moustacchi E (1990): Genotoxic effects of 
radiotherapy and chemotherapy on the circulating lymphocytes of breast cancer patients, m . 
Measurement of mutation fiequency to 6-thioguanine resistance. Mutagenesis 5:593-598.

Sanderson BJS, Morley AA (1986): Exposure of human lymphocytes to ionizing radiation reduces 
mutagenesis by subsequent ionizing radiation. MutatRes 164:347-351.

Sanger FS, Nicklen S, Coulson AR (1977): DNA sequencing with chain-terminating inhibitors. Proc Natl Acad 
Sci USA 74:5463-5467.

Sankaranarayanan K (1982): “Genetic effects of ionizing radiation in multicellular eukaryotes and the 
assessment of genetic radiation hazards in man.” Amsterdam: Elselvier.

Sankaranarayanan K (1993): Ionizing radiation, genetic risk estimation and molecular biology, impact 
and inferences. Trends Genet 9(3):79-84.



164

Sankaranarayanan K (1994): Estimation of genetic risks of exposure to chemical mutagens: Relevance of 
data on spontaneous mutations and of experience with ionizing radiation. ICPEMC Working paper 
No. 6, Mutat Res 304:139-58.

Sarasin A, Bourre F, Daya-Groqean L, Gentil A, Madzak C, Staiy A (1990): Mechanism and 
consequences of mutation induction in mammalian cells. Int J  Radiat Biol 57 665-676.

Savage JRK (1989): Acentric chromosomal fragments and micronuclei: the time-displacement factor. 
Mutat Res 125:111-112.

Schull WJ, Otake M, Neel JV (1981): Genetic effects of the atomic bombs: A reappraisal. Science 
213(11): 1220-1227.

Seegmiller JE, Rosenbloom FM, Kelley WN (1967): Enzyme defect associated wit a sex-linked human 
neurological disorder and excessive purine synthesis. Science 155:1682-1684.

Seifert AM, Bradley WE, Messing K (1987): Exposure of nuclear medicine patients to ionizing radiation 
is associated with rises in HPRT-mutant frequency in peripheral T-lymphocytes. Mutat Res 191:57- 
63.

Seifert AM, Demers C, Dubeau H, Messing K (1993): HPTR-mutant fiequency and lymphocyte 
characteristics of workers exposed to ionizing radiation on a sporadic basis: A comparison of two 
exposure indicators, job title and dose. MutatRes 319:61-70.

Selby PB (1990): Experimental induction of dominant mutations in mammals by ionizing radiation and 
chemicals. Issues Rev Teratol 5:181-253.

Shimahara H, Kato T, Hirai Y, Akiyama M (1995): Spectrum of in vivo hprt mutations in T-lymphocytes 
from atomic bomb survivors. I. Sequence alterations in cDNA. Carcinogenesis 16:583-591.

Shrimpton AE, Davidson R, MacDonald N, Brock DJ (1993): Presymptomatic testing for autosomal 
dominant spinocerebellar ataxia type 1. JMed Genet 30:616-617.

Skandalis A, Curry J, O’Neill JP, Nicklas JA, Albertini RJ, Glickman BW (1995): Analysis of point 
mutations in the hprt gene of cancer patients treated with radioimmunoglobulin therapy. Environ Mol 
Mutagen 26:213-217.

Skandalis A, da Cruz AD, Curry J, Nohturfft A, Curado MP, Glickman BW (1997): Molecular analysis of 
T-lymphocyte HPRT mutations firom individuals exposed to ionizing radiation in Goiânia, Brazil. 
Environ Mol Mutagen (in press).

Sobels FH (1989): Models and assumptions underlying genetic risk assessment MutatRes 212:77-89.

Sobels FH (1990): International symposium on strategies for the control of mutagenic and carcinogenic 
risk: Current status and perspectives. Teratog CarcinogMutagen 10:239-245.

Solomon E, Borrow J, Goddard AD (1991): Chromosome aberrations and cancer. Science 365:1153-1160.

Steele PP. da Cruz AD, Moffat J, Glickman BW (1997): Hjhrid V(D)J recombination events in 
agricultural workers and ataxia telangiectasia family members. In preparatioiL



165

Steingrimsdottir H, Rowley G, Waugh A, Beare D, Ceccheiini I, Cole J, Lehmann AR (1993): Molecular 
analysis of mutations in the hprt gene in circulating lymphocytes firom normal and DN-repair- 
deficient donors. X/utatRes 294:29-41.

Stenstrand K (1985): Efifects of ionizing radiation on chromosome aberrations, sister chromatid exchanges 
and micronuclei in lymphocytes of smokers and non-smokers. Hereditas 102:71-76.

Stout JT, Caskey CT (1985): HPRT: Gene structure, expression, and mutation. Annu Rev Genet 19:127- 
148.

Straume T, Langlois RG, Lucas J, Jensen RH, Bigbee WL, Ramalho AT, Brandao-Mello CE (1991): 
Novel biodosimetry methods applied to victims of the Goiânia accident Health Phys 60(l):71-76.

Strauss GH, Albertini RJ (1979): Enumeration of 6-thioguanine-resistant peripheral blood lymphocytes in 
man as a potential test for somatic cell mutations arising in vtvo. MutatRes 61:353-379.

Strauss GH, Allen EF, Albertini RJ (1980): An enumerative assay of purine analogue-resistant 
lymphocytes in women heterozygous for the Lesch-Nyhan mutatiort Biochem Genet 18:529-547.

Streisinger G, Okada Y, Emrich J, Newton J, Tsugita A, Terzaghi E, Inouye M (1966): Frameshift 
mutations and the genetic code. Cold Spring Harbor Symp Quant Biol 31:77-84.

Stryer L (1988): Biosynthesis of nucleotides. In: “Biochemistry, 3'̂  ed.” New York: W.H. Freeman and 
Company, pp. 601-626.

Svensson H (1988): Dififerent kinds and properties of ionizing radiation In: “Somatic and Genetic Effects of 
Ionizing Radiation”. Proceedings of the XVth Berzelius Symposium, pp. 9-11.

Tates AD, van Dam FJ, van Mossel H, Schoemaker H, Thijssen JCP, Woldring VM, Zwinderman AH, 
Natarajan AT (1991): Use of the clonal assay for the measurement of fiequencies of HPRT mutants in 
T-lymphocytes fiom five control populations. Xlutat Res 253:199-213.

Teoule R, Cadet J (1978): Radiation induced degradation of the base component in DNA and related 
substances; final products. In: Bertinchamps AJ, Huttermann J, Kohnlein W, Teoule R (eds) “Efifects 
of Ionizing Radiation on DNA.” Berlin: Spring pp. 171-203.

Teoule R (1987): Radiation-induced DNA damage and its repair. Int J  Radiat Biol Relat Stud Phys Chem 
AW  51:573-589.

Thibodeau SN, Bre G, Schaid D (1993): Microsatellite instability in cancer of the proximal colon. Science 
260:816-819.

Tomlinson IPM, Stickland JE, Lee ASG, Bromley L, Evans MF, Morton J, McGee JO’D (1995): Loss of 
heterozygosity on chromosome 1 Iq in breast cancer. /  C/m Pathol 48:424-428.

Tompa A, Sapi E (1989): Detection of 6-thioguanine resistance in human peripheral blood lymphocvtes 
(PEL) of industrial workers and lung cancer patients. XIutatRes 210:345-351.

UNSCEAR (1982): Ionizing radiation: Sources and biological efifects. United Nations Scientific 
Committee on the Efifects of Atomic Radiation, United Nations, New York.



166

UNSCEAR. (1988): Sources, effects and risks of ionizing radiation. Report to the General Assembly with 
Annexes, United Nations Scientific Committee on the Effects of Atomic Radiation, United Nations, 
New York.

UNCEAR (1993): Sources and Effects of Ionizing Radiation. United Nations Scientific Committee on the 
Effects of Atomic Radiation, United Nations, New York.

Upton AC (1986): Historical perspectives on radiation carcinogenesis. In Upton AC, Albert RE, Bums FJ, 
Shore RE (eds): “Radiation Carcinogenesis.” New York: Elsevier, pp. 1-10.

Vijayalaxmi, Evans HJ (1984): Measurement of spontaneous and X-irradiation-induced 6-thioguanine- 
resistant human blood lymphocytes using a T-cell cloning technique. Mutat Res 125:87-94.

Vrieling H, Thijssen JCP, Rossi AM, van Dam FJ, Natarajan AT, Tate AD, van Zeeland AA (1992); 
Enhanced hprt mutant frequency but no significant difference in mutation spectrum between a 
smoking and non-smoking human population. Carcinogenesis 13:1625-1631.

Walker VE, Skopek TR (1993): A mouse model for the study of in vivo mutational spectra: Sequence 
specificity of ethylene oxide at the hprt locus. Mutat Res 288:151-162.

Ward JF (1986): Mechanisms of DNA repair and their potential modification for radiotherapy. Int J  Radiat 
Oncol Biol Phys 12:1027-1032.

Ward JF (1988): DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanisms of 
formation, and reparability. Prog Nucleic Acid Res 35:95-125.

Watson JD, Crick FHC (1953a): Molecular structure of tnideic add: A structure for the desonribosenudeic 
add. Nature 171:737-738.

Watson JD, Cridc FHC (1953b): Genetic implications of the structure of deso)QTibosemideic add. Nature 
171:964-967.

Weber JL, Kwitek AE, May PE, Zoghbi, HY (1991): Dinucleotide repeat polymorphism at the D6S105 
locus. Nucleic Acids Res 19:968.

Weber JL, May PE (1989): Abundant class of human DNA polymorphisms which can be used typed using 
the polymerase chain reaction. Am J  Hum Genet 44:388-396.

Whaley JM, Little JB (1990): Molecular characterization of hprt mutants induced by low- and high-LET 
radiations in human cells. MutatRes 243:35-15.

Wilson JM, Tart GE, Mahoney WC, Kelley WN (1982a): Human hypoxanthine-guanine 
phosphoribosyltransferase - complete amino add sequence of the erythrocyte enzyme. J  Biol Chem 
257:10978-10985.

Wilson JNL Landa LE, Kobayashi R, Kelley WN (1982b): Hypoxanthine-guanine
phosphoribosyltransferase: tryptic peptides and posttranslational modification of the erythrocyte 
enzyme. J Biol Chem 257:14830-14834.

Wilson J\L Young AB, Kelley WN (1983): Hypo.xanthine-guanine phosphoribosyltransferase defidency - 
the molecular basis of the cliiucal syndromes. N Engl JM ed  309:900-910.



167

Wood ML, Dizdaroglu M, Gajewski E, Essigmann JM (1990): Mechanistic studies of ionizing radiation 
and oxidative mutagenesis: Genetic effects of a single 8-hydroxyguanine (7-hydro-8-oxoguanine) 
residue inserted at a unique site in a viral genome. Biochem 29:7024-7032.

Wood ML, Esteve A, Momingstar ML, Kuziemko GM, Essigmann JM (1992): Genetic effects of 
oxidative DNA damage: comparative mutagenesis of 7,8-dihydro-8-oxoguanine and 7,8-dihydro-8- 
oxoadenine in Escherichia coli. Nucleic Acids Res 20: 6023-6032.

Wood S, Schertzer M (1991): Dinucleotide repeat polymorphism at the D8S135 locus on chromosome 8p. 
Nucleic Acids Res 19:6664.

Wooster R, Cleton-Jansen AM, Collins N, Mangion J, Cornells RS, Cooper CS, Gusterson BA, Ponder 
BAJ, von Deimling A, Wiestler OD, Comelisse CJ, Devilee P, Stratton MR (1994): Instability of 
short tandem repeats (microsatellites) in human cancers. Nature Genetics 6:152-156.

Yang JL, Maher VM, NkCormick (1989): Amplification and direct sequencing of cDNA finm the lysate 
of low numbers of diploid human cells. Gene 83:347-354.

Yang JL, Lin JG, Hu MC, Wu CW (1993): Mutagenicity and mutational spectrum of N-methyl-N’-nitro- 
N-nitrosoguanidine in the hprt gene in Gi-S and late S phase of diploid human fibroblasts. Cancer 
Res 53:2865-2873.

Zar JH (1984): “Biostatistical Analysis, 2nd ed.” New Jersey: Prentice-Hall.



168

IX. Appendix

Appendix 1. Data from the micronucleus assay from cesium-137 exposed and non-exposed 
lymphocyte donors from Goiânia, BraziL For group, 0 = control, 1 = direct exposure, 2 = focus 9 ,3  = 
focus 2, 4 = staff. For the analyses, the values used for quantitative variables were sex (1 + male, 2 =

Ohs
Age 

Group (years) Sex Smoking Alcohol
Dose
(rad)

Total of 
Cells

Micronucleus Distribution/Cell 
One Two Three Four Five

1 0 15 1 1 0 0 1000 9 0 0 0 0
2 0 20 1 1 1 0 1000 7 0 0 0 0
3 0 31 2 1 1 0 1000 3 1 0 0 0
4 0 62 2 0 0 0 1000 3 1 0 0 0
5 0 28 1 1 1 0 1000 3 0 0 0 0
6 0 20 2 0 1 0 1100 2 1 0 0 0
7 0 59 1 1 1 0 1100 7 0 0 0 1
8 0 40 2 0 0 0 1000 2 1 1 0 0
9 0 24 2 0 0 0 1000 5 0 0 0 0
10 0 68 1 0 0 0 1000 5 1 0 0 0

11 0 30 2 0 1 0 1000 4 0 0 0 0
12 0 11 2 0 0 0 1000 2 1 0 0 0
13 0 17 1 0 0 0 1000 1 1 0 0 0
14 0 57 1 0 0 0 1000 4 0 1 0 0
15 0 39 2 1 0 0 1000 4 0 0 0 0
16 0 20 2 1 1 0 1000 9 0 0 0 0
17 0 30 2 1 1 0 1000 3 0 0 0 0
18 0 25 1 0 1 0 1000 6 1 0 0 0
19 0 53 1 0 0 0 1000 1 1 0 0 0
20 0 24 1 0 1 0 1000 2 1 0 0 0

21 0 39 2 1 1 0 1000 16 3 0 0 0
22 0 32 2 0 0 0 1000 3 0 0 0 0
23 0 16 2 0 1 0 1000 10 4 0 0 0
24 0 48 1 1 0 0 1000 20 5 0 0 0
25 0 31 2 1 0 0 1000 14 3 0 0 0
26 0 46 1 1 1 0 1000 12 3 0 0 0
27 0 30 2 1 0 0 1000 6 1 1 0 0
28 0 42 2 1 0 0 1000 6 0 0 0 0
29 0 40 2 1 1 0 1000 12 1 1 0 0
30 0 26 2 1 0 0 1000 8 2 1 0 0

31 0 6 1 0 0 0 1500 14 2 0 0 0
32 0 49 2 0 0 0 1200 7 0 0 0 0
33 0 20 2 0 1 0 1000 19 2 0 0 0
34 0 9 2 0 0 0 1400 6 1 0 0 0
35 0 7 2 0 0 0 1500 11 0 0 0 0
36 0 4 2 0 0 0 1500 8 0 1 1 0
37 0 76 2 0 0 0 1500 14 5 1 0 0
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Obs Group
Age

(years) Sex Smoking Alcohol
Dose
(rad)

Total of 
Cells

Micronucleus Distribution/Celi 
One Two Three Four Five

38 0 25 2 0 1 0 1500 4 2 0 0 0
39 0 58 2 0 1 0 1500 6 2 0 0 0
40 0 40 2 1 1 0 1000 14 3 0 0 0

41 0 23 2 0 1 0 1000 5 0 0 0 0
42 0 53 1 0 1 0 1000 11 2 0 0 0
43 0 22 2 0 1 0 1500 18 1 0 0 0
44 0 24 2 0 0 1000 11 1 0 0 0
45 0 39 2 1 1 0 1500 13 4 0 0 0
46 0 50 2 0 1 0 1000 19 0 0 0 0
47 0 26 2 1 1 0 1500 6 0 0 0 0
48 0 25 2 0 1 0 1000 11 0 0 0 0
49 0 43 2 1 0 0 1500 21 1 0 0 0
50 0 15 1 0 0 0 1500 6 0 0 0 0

51 0 33 2 0 0 0 1000 10 1 0 0 0
52 0 18 2 0 0 0 1500 7 1 0 0 0
53 0 27 1 1 1 0 1500 15 0 0 1 0
54 0 43 2 0 0 0 1500 17 0 1 0 0
55 0 16 2 0 0 0 1500 6 0 0 0 0
56 0 24 1 1 1 0 1500 8 0 0 0 0
57 0 52 1 1 1 0 1500 19 1 0 0 0
58 0 34 2 0 0 0 1500 5 1 0 0 0
59 0 43 2 0 1 0 1500 10 1 0 0 0
60 0 60 1 1 0 0 1500 6 2 0 0 0

61 0 60 2 0 0 0 1500 21 2 0 0 0
62 0 26 2 1 0 0 1500 4 1 0 0 0
63 0 25 1 0 1 0 1500 8 2 1 0 0
64 0 29 2 0 0 0 1000 22 2 1 0 0
65 0 11 2 0 0 0 1000 4 0 0 0 0
66 0 46 2 0 0 0 1000 4 0 0 0 0
67 1 22 2 0 0 30 1500 19 5 0 0 0
68 1 21 1 0 0 620 1000 37 1 2 0 0
69 1 32 1 0 0 50 1000 28 1 0 0 0
70 1 42 2 1 1 60 1000 11 3 0 0 0

71 1 27 2 1 1 45 1000 19 1 0 0 0
72 1 62 2 0 0 40 1000 21 1 0 0 0
73 1 65 1 1 0 20 1200 5 0 0 0 0
74 1 30 2 1 1 15 1000 15 1 0 0 0
75 1 43 2 1 1 120 1000 27 5 1 0 0
76 1 46 2 1 1 30 1000 26 2 0 0 0
77 1 60 2 1 1 0 1000 31 1 0 0 0
78 1 26 1 1 0 15 1000 7 2 0 0 0
79 I 14 I 0 0 130 1500 12 0 0 0 0
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Obs
Age 

Group (years) Sex Smoking Alcohol
Dose
(rad)

Total of 
Cells

Micronucleus Distribution/Cell 
One Two Three Four Five

80 1 37 2 0 0 20 1500 9 3 0 0 0
81 1 38 1 1 1 700 1000 37 7 2 0 0
82 1 28 2 0 0 110 1500 10 0 0 0 0
83 1 29 2 0 0 100 1000 16 2 0 0 0
84 1 47 1 1 1 210 1500 7 1 0 0 0
85 1 41 1 I 0 300 1000 14 2 0 0 0
86 1 42 1 1 1 440 1000 21 1 1 0 0
87 1 32 1 1 1 100 2000 14 3 0 0 0
88 1 58 0 0 430 1000 34 4 0 0 0
89 1 21 1 0 0 270 1000 20 1 0 0 0
90 1 13 1 1 0 290 1000 18 0 0 0 0

91 1 22 1 1 1 290 1500 19 2 0 0 0
92 1 51 1 1 0 50 1000 5 1 0 0 0
93 1 13 1 1 1 160 1000 18 2 0 0 0
94 1 7 2 0 0 20 1000 16 0 0 0 0
95 1 28 2 0 0 40 1000 11 2 0 0 0
96 1 9 2 0 0 30 1000 9 3 0 0 0
97 1 6 2 0 0 70 1000 16 0 1 1 0
98 1 39 2 1 1 15 1000 20 1 0 0 0
99 1 8 1 0 0 50 1000 8 0 0 0 0
100 1 31 1 1 0 30 1000 4 1 0 0 0

101 1 15 1 1 0 50 1000 6 0 0 0 0
102 1 2 2 0 0 20 1000 10 0 0 0 0
103 1 29 0 0 20 1000 15 0 0 0 0
104 1 30 1 I 1 20 1500 6 1 0 0 0
105 1 18 1 1 1 10 1000 7 0 0 0 0
106 1 3 0 0 0 1000 5 1 0 0 0
107 1 29 0 0 40 1500 6 0 0 0 0
108 1 37 2 0 0 30 1000 6 0 0 0 0
109 1 5 1 0 0 0 1500 11 0 0 0 0
110 1 7 0 0 20 1500 8 1 1 0 0

111 1 7 2 0 0 10 1500 6 1 0 0 0
112 1 9 2 0 0 40 1000 5 0 0 0 0
113 1 6 1 0 0 10 1000 7 0 0 0 0
114 1 11 1 0 0 20 1000 9 0 0 0 0
115 1 7 1 0 0 60 1000 13 0 0 0 0
116 1 13 1 0 0 30 1000 22 2 0 0 0
117 1 34 1 1 20 1000 5 0 0 0 0
118 1 7 I 0 0 20 1000 7 2 0 0 0
119 1 6 0 0 20 1000 4 0 0 0 0
120 1 7 I 0 0 40 1000 4 0 0 0 0

121 I 27 0 0 30 1000 10 0 0 0 0
122 1 50 2 0 0 10 1500 25 3 0 0 0
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Age
Obs Group (years) Sex Smoking Alcohol

Dose
(rad)

Total of 
Cells

Micronucleus Distribution/CeU 
One Two Three Four Five

123 1 22 1 0 0 20 1000 16 2 0 0 0
124 1 26 2 0 0 20 1000 7 1 0 0 0
125 1 45 1 0 0 50 1000 12 3 0 0 0
126 1 16 2 1 1 50 1000 14 I 1 0 0
127 1 6 1 0 0 20 1000 7 0 0 0 0
128 1 28 1 0 0 10 1000 15 1 0 0 0
129 1 24 1 1 1 30 1000 15 4 1 0 0
130 1 26 1 1 1 20 1000 18 4 1 0 0

131 1 2 1 0 0 0 1000 8 0 0 0 0
132 1 23 2 0 0 40 1000 14 0 0 0 0
133 1 1 2 0 0 0 1000 6 1 0 0 0
134 1 33 2 0 0 10 1000 13 0 1 0 0
135 1 9 1 0 0 25 1000 14 0 0 0 0
136 1 7 1 0 0 0 1000 6 0 0 0 0
137 I 14 2 0 0 40 1000 9 1 0 0 0
138 1 9 2 0 0 15 1000 15 0 0 0 0
139 1 31 2 1 1 20 1000 8 1 0 0 0
140 I 2 2 0 0 15 1000 7 0 0 0 0

141 1 36 1 0 0 20 1000 11 1 0 0 0
142 2 27 2 1 0 ? 1000 3 0 0 0 0
143 2 25 2 1 1 7 1000 14 0 0 0 0
144 2 35 1 1 1 ? 1000 8 1 0 0 0
145 2 60 2 1 0 ? 1000 4 0 0 0 0
146 2 59 2 0 1 ? 1000 10 0 0 0 0
147 2 16 2 0 1 7 1000 4 0 0 0 0
148 2 35 1 1 1 7 1000 6 1 0 0 0
149 2 60 2 1 0 7 1000 4 I 0 0 1
150 2 54 2 0 1 7 1000 4 0 0 0 0

151 2 30 1 1 1 7 1000 5 0 0 0 0
152 2 52 2 1 0 7 1000 5 0 0 0 0
153 2 37 2 0 0 ? 1000 7 0 0 0 0
154 2 22 2 0 0 7 1000 4 0 0 0 0
155 2 38 2 0 0 ? 1000 7 0 0 0 0
156 2 18 1 0 0 ? 1000 9 2 0 0 0
157 2 20 2 0 0 7 1000 6 0 0 0 0
158 2 19 2 0 1 ? 1000 9 0 0 0 0
159 2 17 1 0 1 7 1000 16 0 0 0 0
160 2 58 1 1 1 7 1000 3 0 0 0 0

161 2 30 2 1 1 7 1000 2 1 0 0 0
162 2 43 1 1 0 7 1000 4 0 0 0 0
163 2 38 1 1 1 7 1000 7 0 0 0 0
164 2 26 2 0 0 7 1000 8 1 1 0 0
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Age
Obs Group (years) Sex Smoking Alcohol

Dose
(rad)

Total of 
Cells

Micronucleus Distribution/Cell 
One Two Three Four Five

165 2 20 2 0 0 ? 1000 11 2 0 0 0
166 2 67 1 1 0 ? 1000 11 0 0 0 0
167 2 29 1 0 1 ? 1000 4 0 0 0 0
168 2 46 1 1 1 ? 1000 5 0 0 0 0
169 2 35 1 1 1 ? 1000 6 1 0 0 0
170 2 18 2 0 1 ? 1000 5 0 0 0 0

171 2 39 2 1 1 ? 1000 9 0 0 0 0
172 2 63 1 0 0 ? 1000 5 0 0 0 0
173 2 39 2 0 0 ? 1000 7 0 0 0 0
174 2 17 1 0 0 ? 1000 9 1 0 0 0
175 2 59 2 0 0 ? 1000 14 0 0 0 0
176 2 22 1 0 1 ? 1000 3 0 0 0 0
177 2 67 2 0 0 ? 1000 14 0 0 0 0
178 2 33 2 0 0 ? 1000 9 1 0 0 0
179 2 72 2 1 0 ? 1000 22 0 0 0 0
180 2 44 1 1 1 ? 1000 6 1 0 0 0

181 2 54 2 0 0 ? 1000 11 1 0 0 0
182 2 21 2 0 1 7 1000 3 1 0 0 0
183 2 24 2 0 0 ? 1000 9 1 0 0 0
184 2 27 2 0 0 ? 1000 3 0 0 0 0
185 2 71 2 0 0 ? 1000 13 1 1 0 0
186 2 41 2 0 0 ? 1000 11 1 0 0 0
187 2 40 2 1 0 ? lOOO 17 0 0 0 0
188 2 51 I 1 1 ? 1000 16 1 0 0 0
189 2 15 1 0 0 *) 1000 5 0 0 0 0
190 2 9 2 0 0 ? lOOO 5 0 0 0 0

191 2 73 2 0 0 ? 1000 9 1 0 0 0
192 3 51 2 0 0 7 1000 19 1 0 0 0
193 3 52 2 0 0 7 1000 12 1 0 0 0
194 3 56 2 0 0 7 1000 14 1 0 0 0
195 3 54 2 0 0 7 1000 10 0 0 0 0
196 3 75 2 0 0 7 1000 7 0 0 0 0
197 3 38 2 0 0 ? 1000 11 1 1 0 0
198 3 62 2 0 0 7 1200 11 1 0 0 0
199 3 14 1 0 0 7 1000 8 1 0 0 0
200 3 50 2 0 0 7 1200 16 2 0 0 0

201 3 14 2 0 0 7 1000 11 1 0 0 0
202 3 12 1 0 0 7 1000 10 0 0 0 0
203 3 28 2 0 0 7 1000 8 0 0 0 0
204 3 27 2 0 0 7 1000 8 1 0 1 0
205 3 50 2 1 0 7 1000 5 2 0 0 0
206 3 29 2 0 0 7 1000 8 1 0 0 0
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Obs
Age 

Group (years) Sex Smoking Alcohol
Dose
(rad)

Total of 
Cells

Micronucleus Distribution/Cell 
One Two Three Four Five

207 3 31 2 0 0 ? 1000 4 1 0 0 0
208 3 36 2 0 0 ? 1000 11 0 0 0 0
209 3 60 1 0 0 ? 1000 9 0 0 0 0
210 3 53 2 0 0 7 1000 11 1 0 0 0

211 3 25 2 0 0 ? 1000 13 0 0 0 0
212 3 20 1 0 0 ? 1000 6 1 0 0 0
213 3 41 2 0 0 ? 1000 7 0 0 0 0
214 3 26 1 0 0 ? 1000 9 1 0 0 0
215 3 33 1 0 0 ? 1000 10 2 0 0 0
216 3 33 2 0 0 7 1000 11 2 0 0 0
217 3 20 1 0 0 7 1000 6 2 0 0 0
218 3 16 1 0 0 7 1500 10 0 0 0 0
219 3 21 2 0 0 7 1000 4 1 0 0 0
220 3 25 2 0 0 7 1000 7 0 0 0 0

221 3 44 2 0 0 7 1000 12 0 0 0 0
222 3 60 2 0 0 7 1000 12 1 0 0 0
223 3 50 2 0 0 7 1000 6 0 1 0 0
224 3 33 1 0 0 7 1100 9 0 0 0 0
225 3 20 2 0 0 ? 1500 6 1 0 0 0
226 3 42 2 0 0 ? 1000 7 1 0 0 0
227 3 40 2 0 0 ? 1000 8 0 0 0 0
228 3 40 2 0 0 ? 1000 10 0 0 0 0
229 3 30 2 0 0 7 1000 9 1 0 0 0
230 3 29 1 0 0 7 1000 16 0 0 0 0

231 3 27 1 0 0 7 1000 9 0 0 0 0
232 3 54 1 0 0 7 1000 11 2 0 0 0
233 3 52 1 0 0 ? 1000 8 0 0 0 0
234 3 33 2 0 0 7 1000 8 0 0 0 0
235 3 33 2 0 0 7 1000 9 0 0 0 0
236 3 57 2 0 0 ? 1000 16 3 0 0 0
237 3 39 2 0 0 7 1000 10 1 0 0 0
238 3 50 1 0 0 ? 1000 5 1 0 0 0

239 3 42 1 0 0 7 1000 6 2 0 0 0

240 3 31 1 0 0 7 1000 10 1 0 0 0

241 3 26 2 0 0 7 1000 11 0 0 0 0
242 3 50 1 0 0 ? 1000 12 2 0 0 0
243 3 50 1 0 0 7 1000 9 0 0 0 0
244 3 46 2 0 0 7 1000 10 0 0 0 0
245 3 37 1 0 0 ? 1000 13 2 0 0 0
246 3 49 2 0 0 7 1000 7 0 0 0 0
247 3 47 1 0 0 7 1000 10 10 0 0 0
248 3 60 2 0 0 7 1000 11 1 0 0 0
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Obs
Age 

Group (years) Sex Smoking Alcohol
Dose
(rad)

Total of 
Cells

Micronucleus Distribution/Cell 
One Two Three Four Five

249 3 47 1 0 0 ? 1000 13 0 0 0 0
250 3 49 2 0 0 7 1000 6 2 0 0 0

251 3 16 2 0 0 ? 1000 7 0 0 0 0
252 3 15 1 0 0 ? 1000 9 1 0 0 0
253 3 25 1 0 0 ? 1000 7 2 0 0 0
254 3 24 1 0 0 7 1000 13 1 0 0 0
255 3 11 1 0 0 7 1000 20 0 0 0 0
256 3 36 2 0 0 7 1000 11 2 0 0 0
257 3 50 2 0 0 ? 1000 12 1 0 0 0
258 3 35 2 0 0 ? 1000 10 0 0 0 0
259 4 25 2 0 0 0 1000 15 1 0 0 0
260 4 40 2 0 0 0 1000 18 3 0 0 0

261 4 43 2 0 0 0 1000 12 1 0 0 0
262 4 32 2 0 0 0 1000 13 3 0 0 0
263 4 40 2 0 0 0 1000 19 1 I 0 0
264 4 41 2 0 0 0 1000 12 2 I 0 0
265 4 56 1 0 0 0 1000 15 1 0 0 0
266 54 1 0 0 Ü 1000 15 0 0 0 0
267 4 46 1 0 0 15 1000 11 1 0 0 0
268 4 46 2 0 0 0 1000 15 2 0 0 0
269 4 31 2 0 0 20 1000 19 2 0 0 0
270 4 31 2 0 0 0 1000 17 2 0 0 0

271 4 27 1 0 0 15 1000 15 1 0 0 0
272 4 51 1 0 0 30 1000 17 0 0 0 0
273 4 32 2 0 0 0 1000 11 2 0 0 0
274 4 44 1 0 0 0 1000 11 1 0 0 0
275 4 25 1 0 0 0 1000 19 0 0 0 0
276 4 30 2 0 0 0 1000 14 0 0 0 0



A p p en d ix  2n. Défini lion o f  units o f  m easurem ent o f  radiation energy.
Unit of Radiation Concept Definition Former Unit Equivalency
Becqucrcl (Bq) Unit of activity The quantity of radioactive material in which one atom is 

transfonned per second
Curie (Ci) 

(activity of Ig ” *Ra| 
[3.7xlO'“dps]

1 Bq = 27 pCi = 1 dps

Coulomb/Kilogram
(C/Kr)

Unit of radiation 
exposure

The measure of ionization produced in air by X- and y- 
rays

Roentgen (R) 1 R = 2.58x10-  ̂C/Kg

Gray (Gy) Unit of absortxxl 
dose

Tlie mean energy imparted to matter by ionizing radiation 
per unit mass of irradiated material at a point of interest 

(Joules/Kg)

rad IGy= 1 J/Kg= 100 rad

Sicvcrt (Sv)* Unit of relative 
biological 

elTcctiveness (RBE)

The product of the absorbed dose (Gy) by the effective 
quality factor (Q) [sec appendix 2b]

rein 1 Sv = 100 rems

Effective Bose 
Equivalent (11%) 

(Sv)
Unit of damage

The sum of the weighted H» for irradiated tissues or 
organs (see appendix 2c)

[H e = Z w tH t  -  H*bj
T

NA NA

Committed Dose 
Equivalent (II50) jSv]

Unit of damage The time integral of the dose equivalent rate in a specific 
tissue following radionucleide intake NA NA

• I Sv = I Gy, in llml the ItBE equal Ihe absorbed dose.

Type of Radiation Approximate value of Q
X-rays, y-rays, 3 particles, and electrons 1

Thennal neutrons 5
Neutrons, protons, a  particles, and multi-charged particles of unknown energy 20

Appendix 2c. Recommended values of weighting factors (w t)  for

Tissue Risk Coefficient WT
Gonads 40xl0-^/Sv 0.25
Breast 25 X 10-̂ /Sv 0.15

Red bone marrow and lung 20 X 10-̂ /Sv 0.12
Thyroid and bone surfaces 5 X 10-̂ /Sv 0.03

Remainder 50 X 10-4/Sv 0.30
Ul




