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Abstract

The application of biological effect monitoring for the detection of environmental
chemical exposure in domestic animals is still in its infancy. This study investigated
blood sample preparations in vitro for their use in biological effect monitoring.

When peripheral blood mononuclear cells (PBMCs), isolated following the collection of
multiple blood samples from sheep in the field, were cryopreserved and subsequently
cultured for 24 hours a reduction in cell viability (below 80%) was attributed to delays
in the processing following collection. Alternative blood sample preparations using rat
and sheep blood demonstrated that 3 to 5 hour incubations can be undertaken without
significant alterations in the viability of the lymphocytes; however, a substantial (35%)
reduction in viability was observed after 24 hours in frozen blood. Detectable levels of
early and late apoptosis as well as increased levels of ROS were detectable in frozen
sheep blood samples. The addition of ascorbic acid partly reversed this effect and
reduced the loss in cell viability.

The response of the rat and sheep blood sample preparations to genotoxic compounds
ex vivo showed that EMS caused comparable dose-dependent genotoxic effects in all
sample preparations (fresh and frozen) as detected by the Comet assay. In contrast, the
effects of CdCl, were dependent on the duration of exposure as well as the sample
preparation.

The analysis of leukocyte subsets in frozen sheep blood showed no alterations in the
percentages of T lymphocytes and B lymphocytes but led to a major decrease in the
percentage of granulocytes compared to those in the fresh samples. The B lymphocytes
were more sensitive to EMS and CdCl, than other leukocytes. The percentages of IFN-y
and IL-4 but not IL-6 positive cells were comparable between fresh and frozen sheep
blood after 4 hour stimulation with phorbol 12-myrisate 13-acetate and ionomycin
(PMA+I). These results show that frozen blood gives comparable responses to fresh
blood samples in the toxicological and immune assays used.
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Environmental Exposures to Chemicals

During the last two centuries, industrialization has played a key role in the pace of
society’s progress. Until the mid-20th century, only the positive side of manufacturing
industries was seen i.e. the economy of a country grew in parallel to its industrial
capacity. However, people began to realize that many industrial facilities released

hazardous substances in to the environment (Cohen, 1997).

Our lifestyle benefits from the use of manufactured chemicals found every day
throughout the world. These chemicals help protect crops (pesticides), aid husbandry
(veterinary pharmaceuticals), and are used to preserve, to colour and to improve the
quality of materials, packages, textiles, food and beverages and many other products.
However, while chemicals may improve the quality of our lives they may also be
harmful to humans, domestic and wild animals and to the environment. The most
common sources of environmental pollutants are industrial production facilities, power
stations, motor vehicles, agriculture and domestic heating, which release environmental
pollutants in gaseous, solid or liquid forms (Bearer, 1995). Chemicals may be emitted
into the environment during production, transport or use, as well as after waste disposal.
After their intended use, many chemical substances are discharged ‘down the drain’ into
domestic sewage (Woltering, 1987). Depending on their physicochemical properties,
they will be distributed throughout the environment. Chemicals can be transported over
long distances, even to remote areas, via air, water, soil, sediments and even via living
organisms (UNEP, 2006, He et al., 2007, ECHA, 2008).

All substances are toxic over a certain dose, as stated by Paracelsus: “Dosis sola facit
venenum”. Toxicity depends on the dose, duration of exposure and on the target
organism. Some chemicals are lethal to living species even at very low concentrations
and the effects can range from organ toxicity to cancer. Some chemicals are persistent
in the environment as they are non-degradable and tend to accumulate in living
organisms and spread into the different ecosystems and enter the food chain (Liu et al.,
2008).

The health effects of environmental pollutants on animals can be organ specific or
systemic and contaminants, such as heavy metals (mercury, cadmium and lead),

industrial chemicals e.g. polychlorinated biphenyl (PCBs), persistent organic pollutants
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e.g. polycyclic aromatic hydrocarbons (PAHSs) and dioxins can cause immediate (acute)
and/or long-term damage (e.g. through carcinogenic, mutagenic or teratogenic
mechanisms) (US EPA, 2006).

An acute effect is generally caused by a high dose single chemical exposure (hours)
through accidental or gross over-exposure. The adverse condition develops quickly
(days) with obvious signs and symptoms., After the environmental contamination by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) as a consequence of an industrial accident
in a small manufacturing plant in Seveso in northern Italy in July, 1976, thousands of
small domestic animals (mainly rabbits and poultry) died within a few weeks. Autopsies
on dead animals showed various pathological signs, such as hepatic lesions and
hemorrhages (Fanelli et al., 1980). However, cancer, for example, may take many years
to become clinically apparent following an initial environmental exposure as part of a

multistage process in carcinogenesis (Moolgavkar et al., 1999)

Sub-chronic effects occur from low-level exposure to environmental pollutants for
prolonged periods and will often remain undetected until exposure has occurred for
some time and unless early biochemical changes in target cells in the body are
measured. Heavy metals have very long biological half-lives and are toxic at very low
doses. Examples include kidney dysfunctionin cows and horses after cadmium
exposure (Canty, 2009) and lead neurotoxicity in pet animals (Neathery and Miller,
1975). Small rodents, such as the bank vole from an industrialized area, had both
hepatic and renal injuries when the levels of tissue cadmium were <10 pg/g (Damek-
Poprawa and Sawicka-Kapusta, 2004, Wlostowski et al., 2004).

Chronic effects, on the other hand, usually occur after lower exposures to chemicals
repeated over months or years. The adverse condition may develop slowly over years
with incremental damage and is often irreversible. Sheep from farms in the provinces of
Naples and Caserta (southern Italy) had very high levels of TCDD present in their milk
and these correlated with an increase in mortality, abortion and abnormal foetuses when
monitored for over four years (Perucatti et al., 2006). Both cadmium and dioxins have
been associated with cancer following chronic exposure (IARC, 1993, Bertazzi et al.,
1998). Chronic lead exposure suppresses the nervous and reproductive systems and this

has been well documented in humans, laboratory animals and wildlife (Wu et al., 2008).
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Most chemical emissions may occur as mixtures of different substances and will not be
well characterized, and health effects may be due to singular effects as well as
interactions between the various components (Sexton and Hattis, 2007). Interaction
effects occur when individual chemicals affect the toxicity of one another, either by
synergism or antagonism (more or less than an additive effect) (Cassee et al., 1998,
Spurgeon et al., 2010). For instance, the combined exposure to metals such as lead,
cadmium and arsenic can lead to both additive and synergistic effects but antagonistic
effects have also been described (Wang et al., 2008).

Cases of Environmental Contamination Implicated in Animal

Health Problems in Ireland

When investigated thoroughly, some animal health problems are caused by poor farm
management, biological causes (infections/disease), poor nutritional status of the soil on
the farm and, in some cases, exposure to toxic chemicals whose existence can be traced
to industrial emissions. There have been cases in Ireland including those in Askeaton
Co. Limerick, Castlecomer Co. Kilkenny and the Silvermines area in Co. Tipperary,
whereby the presence of an abandoned mine or factory and its emissions in the vicinity
of domestic animals has been linked with a decrease in the health status of sheep and
cows and resulted in costly investigations (EPA, 2001, Jorgensen et al., 2009, Li et al.,
2011, Qin et al., 2011). It has proven difficult to identify whether emissions were
contributing to the animals’ health problems and which chemicals might have
contributed since emissions generally contain a mixture of chemicals of different classes
with varying concentrations and with different toxicological properties. The effects
caused by environmental exposure to animals can be the result of either acute, sub-
chronic or chronic exposure to low levels of compounds and may arise from additive or
synergistic interactions. Environmental exposure is usually for a prolonged period at
relatively low concentrations and generally won’t cause acute clinical symptoms unless
there is an accidental uncontrolled release. Agencies including the Environmental
Protection Agency (EPA), the Department of Agriculture, Food and Rural Affairs and
Teagasc have assessed the health of domestic animals in selected ‘contaminated’ farms
using environmental and biological monitoring. The results obtained from these
investigations did not establish a link between chemical exposures and animal health.

While it is not known if the sensitivity of the methods used contributed to this outcome,
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the establishment of new biomarkers for biological effect monitoring of domestic farm

animals in the Irish countryside may be useful in the case of future incidents.

Askeaton

In the early to mid-1990s, animal health problems on two farms near Askeaton, Co.
Limerick came to public attention. Both cases were characterised by ill-thrift, reduced
milk production and above normal mortality of cows and loss of calves at birth. Initial
investigations by Limerick County Council did not indicate the involvement of a
common factor and a range of ailments were described. There were suggestions that
nutritional factors leading to loss of immune function could be at the base of the
problems. The EPA were then invited by the Department of Agriculture, Food and
Rural Affairs to investigate whether the unusually high level of animal disease in the
Askeaton area was linked to the possibility of the direct or indirect involvement of an
environmental pollutant or pollutants from a nearby Aughinish Alumina plant which

extracts alumina from bauxite.

In 2001, the EPA and associated agencies compiled a comprehensive ecotoxicological
report (EPA, 2001) into human and animal health in the Askeaton area, entitled
“Investigation of Animal Health Problems at Askeaton, County Limerick” published by
the EPA, Mid-Western Health Board, Teagasc and the Department of Agriculture, Food
and Rural Affairs. This report was based on inputs as follows:

e Veterinary Research Laboratory of the Department of Agriculture, Food and
Rural Development (animal health)

e Teagasc (soils, herbage and related aspects)

e Mid-Western Health Board (human health)

e Environmental Protection Agency (environmental quality aspects)

e Subsidiary studies by Coillte on tree health and the levels of metals and other

substances in vegetable produce.
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The ecotoxicological study conducted by the EPA at Askeaton included:

e A retrospective epidemiological survey of the two most severely affected farms
and of 25 other farms identified by their owners as affected by a high level of
animal ill health

e A longitudinal study of animal health and production on four of the 25 self-
identified problem farms (Toner, 2001)

e A contemporary investigation of animal health on the remaining 21 self-
identified problem farms

e Studies of the immune function of animals from the two affected farms in
Askeaton and the control farm at Abbotstown

e A survey of animal health in the Askeaton area and in other areas in Co.
Limerick and adjacent counties

e A study of the effect of feeding soil from one of the most affected farms to
laboratory rats

e An investigation of a postulated association between enzymatic anomalies in
voles and environmental pollution in the Askeaton area

e Assessments of level of some potential contaminants blood and tissue of animals
from Askeaton farms.

The ecotoxicological report (EPA, 2001) concluded that environmental pollution such
as fluorine, aluminium, volatile organic compounds (VOCS), toxic substances in the
diet, soil composition anomalies and herbage composition anomalies were not the cause
of the health problems experienced in cattle on the two farms investigated in Askeaton.
Based on historical information and past observations, it was proposed that on-farm
infections, nutritional and management factors were involved. Although it was
recognised that there was an unusually high incidence of animal disease on a small
number of farms in the area, there was no evidence to suggest a trend affecting the
wider Askeaton area as a whole (EPA, 2001).

Following the publication of the ecotoxicological report, a review was conducted by

Professor Brian Alloway of Imperial College London on behalf of the Irish Farmers
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Association (IFA). This review further clarified that there were aspects of pollution

which remained unclear or needed further investigation (White, 2004).

After the publication of the ecotoxicological report, additional revelations came to light
pertaining to animal health on a stud farm immediately adjacent to one of the study
farms in the Askeaton area (Fogarty et al., 1998). A total of 11 horses had died and
tissue from 8 of those that died in the period August 1995 to August 1996 were
submitted to the Irish Equine Centre for detailed post mortem examination. Elevated
levels of aluminium were detected in the tissue of all eight animals and aluminium was
associated with the granulomatous lesions and enteritis which developed in the animals.
No probable explanation of these lesions was detected. This was the first recorded case
where a cluster of cases of equine granulomatous enteritis had been recorded anywhere
in the world. This investigation highlights the need for a greater array of toxicological
tests, including biological effect monitoring with highly sensitive and relevant

biomarkers, at sites of environmental exposure.

Silvermines

Between 1999 and mid 2002 there were at least five recorded incidents of lead
poisoning, each of which has resulted in the death of one or two bovines on farms in the
Silvermines area, Co. Tipperary. Silvermines is a large historic abandoned/closed base-
metal mine site where lead-zinc and barite ore were mined. Following the first incident,
an inter-agency group, comprising several organizations, was established and given the
task of overseeing a major investigation into the presence and influence of lead in the
area (Department of Agriculture Food and Rural Development, 2000). As part of this
investigation, Teagasc had responsibility for the investigation into soils, herbages,
fodder and water. A comprehensive investigation was co-ordinated by the EPA and a
report published in 2004 (EPA, 2004).

This investigation included monitoring of the health of humans and animals and the
environmental and the toxicological data summarised below is from the EPA report
which gives guideline values for the acceptable amount of lead in the environment
(below which there are no hazardous effects) and provides information on the effects of
metal contaminations on human health, animal health and the environment (EPA,
2004).

14



Environmental monitoring, which was undertaken in Silvermines, included:

m Analysis of soils and herbage samples taken by Teagasc on farms where animal health

problems had been identified

m Sampling and analysis of surface water and stream sediments from farms and other

areas of concern by the EPA and North Tipperary County Council (NTCC)

m On-going physico-chemical and biological monitoring of the Kilmastulla and Yellow

rivers

The metals detected in the soil of the farms in the vicinity included lead, cadmium,
copper and arsenic. Based on the levels of lead detected in the blood samples of cattle, it
was concluded that lead was the most likely hazard in this area. It was also concluded
that cattle could consume a lethal dose of lead during a single day’s grazing and this is
consistent with the results from a floodplain study (Aslibekian and Moles, 1999). The
expert group concluded that it was unlikely that arsenic, cadmium or copper contributed

to the adverse health effects in the cattle.

Animal health monitoring in Silvermines was sub-divided into animal health and food
safety. In relation to animal health, the EPA report concluded that the investigation of
animal health incidents as they arise would the best way forward in monitoring of this
area. However, the maximum levels for certain contaminants should be more stringently
controlled in the future and the levels of lead, especially, should be monitored in meat,
offal and milk (EPA, 2004).

Due to the lack of evidence linking the environmental lead exposure and the ill health
of the animals, a possible alternative approach would be to measure a lead specific
biomarker, aminolevulinic acid dehydratase (ALAD) in the blood (Martinez et al.,
2013). This investigation suggests that the use of constant biological effect monitoring
of the animals at sites of environmental exposure may be useful in establishing the
detection the effects on health that problematic exposure to lead and other heavy metals

could have on animal populations.
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Castlecomer

Throughout the late 1990s and 2000s calf deaths on a farm near Castlecomer, Co.
Kilkenny, came to the attention of the public and mortality was particularly high in the
years 1998 to 2001 (approximately 70 calves were reported to have died in that period).
As well as the high calf mortality rates, stunting in calves and growing animals and poor

milk production in cows were also identified.

A farm was located near an industrial source of atmospheric emissions — a brick factory
therefore a protocol (Protocol for the Investigative Approach to Serious Animal and
Human Health Problems; EPA, 1997) was activated in early 2004 to allow for a
coordinated investigation involving Department of Agriculture and Food and Rural
Affairs, the EPA, Teagasc and the South Eastern Health Board (Health Service
Executive from January 2005). The culmination of this investigation was a report,
which was presented in two parts and comprises the results of the Department of
Agriculture and Food Veterinary Laboratory Service investigations to date. Part 1 of the
report covers the possible involvement of fluoride toxicity and Part 2 covers the general
animal health investigations (Department of Agriculture and Food, 2006, EPA, 2006,
Centre for Veterinary Epidemiology and Risk Analysis, 2009).

The focus of the environmental component of the investigations was looking at the
possible presence of fluorides in brick-firing emissions, which are known to have
caused environmental problems in other countries; cadmium toxicity was looked at to a
lesser extent about the possibility of these contaminants, contributing to animal health
problems on this farm. Characterisations of the emissions from the factory conducted by
the EPA, did not indicate any other pollutants of significance which might have
contributed to animal health problems (Department of Agriculture and Food, 2006,
EPA, 2006, Centre for Veterinary Epidemiology and Risk Analysis, 2009).

The results of extensive environmental and animal investigations found no evidence to
indicate that environmental pollution caused ill thrift and poor growth rates in animals
on this farm. There was no concrete evidence that cadmium or fluoride were solely

involved with ill health of the animals and the health problems were likely to have been
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multifactorial in origin, even though these chemicals were used in abundance at the
nearby brick factory. The Department of Agriculture and Fisheries and Food Veterinary
Laboratory Service investigations, up to mid-2006, identified a number of common
disease conditions which could account for much of the occurrence and severity of poor
animal performance. The epidemiological studies carried out by the Centre for
Veterinary Epidemiology and Risk Analysis (based in University College Dublin) also
concluded that the problems were likely to be multi-factorial in nature — while at the
same time finding no evidence to suggest involvement of fluoride or cadmium toxicity
(Department of Agriculture and Food , 2006, EPA, 2006, Centre for Veterinary
Epidemiology and Risk Analysis, 2009). Teagasc investigations concluded that while
the soils in question were difficult to farm, the nutrient status of soil and herbage and
the general farm practices were not radically different from that found on many farms in
Ireland and could not explain the poor thrift that was experienced by the animals. The
Health Service Executive investigations did not identify any increase in unusual patterns
of human illness in the area. The unsatisfactory nature of environmental and biological
monitoring based on certain compounds in biological samples or the surrounding flora
is highlighted in studies like that in Castlecomer (Department of Agriculture and Food,
2006, EPA, 2006, Centre for Veterinary Epidemiology and Risk Analysis, 2009).
Maybe the addition of biological effect monitoring, which could provide a deeper
analysis of the biochemical and physiological effects on the animals, could have
revealed if any or all of the chemicals involved caused the poor animal health on this
farm (More, 2005).

Human versus Animal Biological Monitoring

Realistic assessment of health risks associated with exposures to chemicals in the diet
and the environment depends on adequate knowledge and understanding of both the
identity of exposures and their associated effects. Currently there is much more research
performed on humans compared to domestic animals in the area of diet and its
connection to the environment so the level of exposure is much easier to interpret in
humans than animals. However, the concept that animals may serve as sentinels of
environmental hazards that have implications for public health is not new. As far back
as 1962, cases of lead poisoning in cattle and horses living in the vicinity of a smelter

alerted the Minnesota State Health Department to conduct surveillance for lead
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exposure in the local human populations (Hammond and Aronson, 1964). The primary
goal of an animal sentinel system is to act as early warning for new hazards, as an
indicator of potential human exposure to complex mixtures or in complex
environments, before they might otherwise be detected through human epidemiology
studies or toxicology studies in laboratory animals (Hornshaw et al., 1983). Biological
markers measured in wild and domestic animals can directly contribute to the detection,
quantification, and understanding of the significance of the exposure to chemicals in the
environment and help to assess the potential for human exposure to environmental
pollutants and to predict human health risks (Shugart, 2005). The advantages of using
animals as sentinels is in part due to their relative freedom from concurrent exposures
and the influences of cigarette smoking, alcohol, or occupational exposures that may
obscure an effect of exposure to environmental hazards. Human exposure monitoring is
well established in an occupational capacity but biological effect monitoring for
domestic animals like sheep, cows and pigs is still in its infancy. Many authors agree
that, among domestic farm animals, sheep and cows are the most suitable environmental
bioindicators (Parada and Jaszczak, 1993, Rubes et al., 1997) In fact, they are very
sensitive to many environmental pollutants and accumulate xenobiotics in their bodies
(Garcia-Repetto et al., 1997). Mammals, including mink and river otters have revealed
numerous human health hazards, such as the contamination of the Great Lakes—St.
Lawrence basin of the United States and Canada with dichlorodiphenyltrichloroethane
(DDT), polychlorinated biphenyls (PCBs) and dioxin (Fox, 2001). Unfortunately, a
number of scientific issues need to be resolved in the application of animal data in risk
assessment for it to be used with the same confidence as human occupational data. This
is because there is a lack of evaluated biochemical tools and relevant toxicology

information and pharmacokinetic data available for animals compared to humans.

General Approaches in the Investigation of Environmental

Exposure to Chemicals

Large ruminants are generally regarded as the most important domestic livestock
species in the world. In developed countries, their contributions are mainly commercial
products such as meat and milk. In developing countries, they are a source of food,
particularly protein for human diets and they provide income, employment, transport,
draft power and organic fertilizer for crop production (Perry, 2005, Rushton, 2009).
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Morbidity and mortality in domestic animals may be associated with chemical
exposure. The first indications of environmental exposure are generally based on
observations and normally followed up by the clinical investigation of the animals to
give an initial indication of health status of each animal. Venous blood samples are
collected for assessment of biological effects. As well as the standard haematology and
clinical biochemistry analysis, the blood can also be used to test for the presence of any
infection or disease in the animals. The presence of infectious agents should to be ruled
out before the possibility of poisoning with a chemical substance is considered. Post-
mortem gross- and histopathological investigations of deceased animals are routinely
performed and these investigations can be expanded by sacrificing further animals to
support them but this is a last step as it would, in most cases, lead to the destruction of

these very valuable domestic animals.
Clinical Investigation

Clinical examination of animals always involves measurement for a subnormal
temperature, a weak pulse, tachycardia, depressed respirator rate, lethargy and
abdominal discomfort with reduced ruminal sounds and cold extremities. Further
checking is normally undertaken to see whether the animals are grazing or ruminating
normally and whether if there is frequent extrusion and retraction of the tongue, frothing
at the mouth, curling of lips, grinding of teeth and facial twitching (Jackson and
Cockcroft, 2002).

Infectious Agents

Infectious diseases and parasites are common causes for poor animal health and reduced
productivity of livestock. Animal diseases have great impact on food supplies, trade and
commerce, and human health globally. Two of the main infections looked for in large
ruminants are foot-and-mouth disease (FMD) and Brucellosis. FMD is a highly
contagious, clinically acute, viral disease of cloven-hoofed animals. Brucellosis is one
of the most prevalent bacterial zoonoses worldwide and, in particular, in developing
countries where this disease may have important economic, veterinary and public health
consequences. It is caused by the bacterium, Brucella and affects humans, large and
small ruminants, and pigs. Respiratory diseases in ruminants are often due to a

combination of different causes such as viral and bacterial infections, physiological

19



stress, poor management and environmental factors as well as adverse weather
conditions (Bell, 2008, Scott, 2011). Diagnosis is often delayed and based on post-
mortem findings that need to be confirmed by serological markers. In addition,

infections can make the animals susceptible to exposure to environmental contaminants.
Clinical Biochemistry and Haematological Profiles

Clinical biochemical analysis and haematological profiles are routine investigations
which are used for the clinical diagnosis and provide an indication of the health status of
animals (Payne et al., 1970, Unshelm, 1983, Martin and Lumsden, 1987).

Blood collected in serum tubes is used to establish clinical biochemistry profiles. These
include the levels of selected biochemical analytes, namely calcium, inorganic
phosphate, glucose, blood urea nitrogen, creatinine, uric acid, total protein, albumin,
globulin, ¢ reactive protein, direct and indirect bilirubin, as well as the serum
concentration of enzymes alanine aminotransferase (ALT), alkaline phosphatase (ALP),
aspartate amino transferase (AST), creatinine kinase (CK), gamma glutamyl
transpeptidase (GGT), amylase transaminases, sorbitol dehydrogenase, glutamate
dehydrogenase and lactate dehydrogenase (LDH). Electrolytes such as sodium,
potassium and chloride also are routinely measured (Jackson, 2002). If an organ is
damaged, the tissue enzymes will be released into the blood, causing elevated enzyme
levels; the pattern of enzymes levels provide an indication of affected organs. For
instance, liver injury can be diagnosed by certain biochemical markers like ALT, AST,
ALP, GGT and bilirubin. Elevations in serum enzyme levels are indicators of liver
toxicity, whereas increases in both total and conjugated bilirubin levels are measures of

overall liver function.

Blood samples are normally collected in potassium EDTA from domestic animals to
determine the haematological profiles. Total white blood and red blood cell counts,
neutrophils (mature), neutrophils (band cells), lymphocytes, monocytes, eosinophils,

haemoglobin, haematocrit (packed cell volume) and fibrinogen can be measured.

Blood variables such as erythrocyte sedimentation rate, haemoglobin, haematocrit,
ALP, fibrinogen and albumin are parameters for discriminating between healthy pigs

and pigs with inflammatory conditions (Odink et al., 1990).
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Approaches Used for Monitoring of Environmental

Chemical Contamination

Both environmental monitoring and biomonitoring methods are used to measure the
levels of harmful chemicals present in the environment. Historically, the focus was on
the quantity of physical and chemical substances in the environment and only
occasionally was the biological measurements of the chemicals incorporated (EPA,
2002). Biomonitoring can involve the measurement of chemical residues in the tissues
of living organisms (biological monitoring) or the evaluation of specific biological
endpoints (biological effect monitoring) (Seifert et al., 2003). For all biomonitoring
studies it is very important to use the correct biological samples, i.e. samples which are
easy to collect, enable fast processing, are preferably non-invasive for repeated
sampling to avoid stress to the subjects and can be stored in conditions which will not
impact on the assays being performed on these samples (Okazaki et al., 2008).

The design of any monitoring programme depends largely on the goals and objectives
of the project. In selecting control sites as references for exposed regions, any historical
data must be careful considered before commencing the study. Ideally, multiple test and
reference sites must be selected since this will give the greatest information and allow
proper comparison of results and elimination of confounding factors. It is necessary to
establish baseline or background conditions which could affect the interpretation of the
data such as differences in soil composition between the control and the test sites
(Belfroid et al., 1995).

Environmental Monitoring

Environmental monitoring refers to the assessment of environmental quality or
condition by the measurement of a set of selected parameters on a regular basis. In the
past decades, measuring the chemical residues in water, soil, air and flora of the
countryside has been used to assess the levels of contamination. However, these
traditional approaches start to become less useful when mixtures or low levels of

contaminants are in the environment (D'Surney et al., 2001).
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An environmental monitoring programme gives useful information on the levels of
contamination but, generally, does not give information on the effects of the
contaminants on biological systems defined at the outset. The renowned environmental
toxicologist Stegeman (Stegeman et al., 1993), outlined the following general questions

that should be answered by environmental assessment:

What are the levels of contamination?

Are the levels of contamination biologically significant?

Which species, populations or communities are affected?

How severe and widespread are the effects of the contamination?

Environmental monitoring has a number of advantages and as well as limitations.
Historically, analytical chemistry procedures for monitoring soil, air and water were
developed much faster than biological assessment techniques. These chemical methods
tended to be more reliable, repeatable and less expensive than biochemical methods.
Quality assurance and quality control procedures were more developed for chemical
analytical methods as compared to their biological counterparts. The lack of validation
of standard operating procedures in biologically-based assessment methods, led to
chemical analyses taking the centre stage in the environmental monitoring arena. With
the realization that many contaminants could cause severe effects to the health of
animals at low environmental concentrations, research attention turned to biological-

based monitoring, rather than chemical contaminant-based monitoring (EPA, 2002).
Biological Monitoring: Measuring Chemicals in Biological Samples

Biological monitoring involves the measurement of chemicals and/or their metabolites
in the tissue or fluids. Improvements in our knowledge of pharmacokinetics and the
pharmacodynamics of environmental chemicals and advancements in analytical
biochemistry have made this technique more widespread. Thus it is becoming possible
to measure minute gquantities of chemicals in biological materials and to interpret the
results with a level of confidence which was previously reserved for measuring
chemicals in the soil and water, especially when the contaminant and its metabolites are
known (Jakubowski and Trzcinka-Ochocka, 2005).
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Biological techniques can also account for absorption by routes other than inhalation,
such as skin contact or ingestion (Jakubowski, 2012). There are also some important
disadvantages and limitations in the use of biological monitoring which must be

considered before this approach can be applied in biological samples other than blood.

Most sampling procedures are invasive i.e. the body boundary must be penetrated to
obtain the sample and can cause distress to the animal. Urine sampling is inconvenient
and very impractical for domestic animals as they excrete indiscriminately. Non-
invasive sampling techniques such as breath, milk or hair sampling are limited by the
fact that interpretation of the results is still a problem for most chemicals (Jakubowski,
2012).

There are not yet adequate animal pharmacokinetic data for many different compounds
in the environment. Therefore, the interpretation of a biological level of certain
compounds is still quite uncertain so other types of biological effect monitoring are
required. Also it is extremely difficult to look for the identity of unknown contaminants
in the biological samples of exposed animals even with the use of the most advanced
analytical methods. This can be further confused by the possibility that a mixture of

different contaminants is present in the samples.
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Biological Effect Monitoring Using Biomarkers

Biological effect monitoring is a newer advancement in the field of ecotoxicology than
environmental and biological monitoring and has drawn significant attention in both
academic and industrial circles. Environmental exposure to chemicals may cause
changes on a biochemical or genetic level as well as effects on the immune system
which can lead to a number of detrimental conditions to the health of the affected
individual or organism. Biological effect monitoring is unique in its approach since it
measures the effect of chemicals on biomarkers. A biomarker is a xenobiotically-
induced variation in cellular or biochemical components or processes, structures, or
functions that is measurable in a biological system or sample (NRC (National Research
Council), 1987).

In addition to providing a true reflection of the effects of contaminants on organisms,
biological effect monitoring may act as an early warning signal before irreversible
damage at population or ecosystem levels can occur (Hong et al., 2000, Rahman et al.,
2000). The lack of funds, research resources and skilled scientists were considered to be
the main factors which hamper the implementation of programmes of biological effect
monitoring of pollution (Fann et al., 1999). In order to develop biological effect
monitoring, new biomarkers need to be established and validated. Rapid, reliable, cost-
effective and easy to use biomarker techniques are, therefore, in demand, particularly in
third world countries where pollution is becoming a growing concern (Paustenbach and
Galbraith, 2006) and also in developed countries where air pollution is increasing and
chemical monitoring techniques are not effective (Rylance et al., 2013). Active
biological effect monitoring allows the exposure period of the animals to be controlled
over space and time, and provides an accurate comparison between sites, particularly if
some sites have a limited population of species that can be studied (Shugart and
Theodorakis, 1998, Shugart and Goldgar, 1999). A very effective approach in biological
effect monitoring is the use of biomarkers that measure physiological, cytological and
biochemical responses to indicate environmental stress due to anthropogenic
contamination. However, in order to objectively evaluate biomarkers for their suitability
for inclusion into a biological effect monitoring programme, a set of criteria should be
developed to evaluate their strengths (benefits) and weaknesses (drawbacks) (Kniazeva
et al., 2000, Xu et al., 2000).

24



Biological effect monitoring provides early warning signals of adverse biological effects
while chemistry-based surveillance system cannot do this. Biological effect monitoring
IS more effective and more economical in revealing overall toxicities of complex
mixtures. The use of a suitable biomarker with different degrees of specificity is an
important aspect in biological effect monitoring (Sarkar et al., 2006). Biomarker studies
conducted at molecular levels tend to be more biologically relevant than the
measurement of chemicals in the tissues or fluids of animals. The biological responses
of organisms to contaminants are long-lasting and biomarkers can reveal occurrences of

contamination that intermittent chemical monitoring would miss (Handy et al., 2003).

The fact that only a few biomarkers are specific enough to allow the precise
identification of exposure to the specific environmental chemicals is a limitation in
biological effect monitoring. Finally, at the cellular level, some animals have the ability
to repair damage and so even though the biomarker levels have increased due to
exposure, this might not have any permanent physiological damage at the whole animal
level, thus increasing the chance of false negatives. Furthermore, it is presently very
difficult to find animals which have been sufficiently exposed to environmental toxins
to study dose-effect and dose-response between the levels of chemicals in the body, the

levels of biomarkers and the early health effects (Lam, 2009).

Therefore, the selection of appropriate biomarkers for use under specific ecological
circumstances will have to be determined by their relevance and cost-benefits (Lam,
2009). A suite of biomarkers, in combination with chemical analysis of both the soil and
plants and biological tissues, would provide the perfect combination for successful

monitoring of the environment.
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Biomarkers

Biomarkers are measures reflecting an interaction between a biological system and a
chemical, biological, or physical environmental agent. The literature usually considers
three classes of biomarkers: biomarkers of exposure, biomarkers of effect and
biomarkers of susceptibility (NRC (National Research Council), 1987). It may be
possible to measure biomarker responses by several different approaches. For example,
a particular biomarker can be measured by mRNA and protein levels or by its catalytic
activity. Interpretations by each approach may be different but preference for one type
of measurement over another should be considered in light of the specificity, sensitivity

and technical challenge of measurement (Amara et al., 2010).

The measurement of biomarkers can often be more valuable in the environmental
assessment of contaminated sites than chemical analysis. Biomarkers reflect the
concentration of contaminant that is biologically available and active, giving a true

sense of the contaminant is affecting the biochemistry and physiology of the organism.

In the case of environmental contaminants, such as dioxins and PCBs, which persist in
biological organisms, the use of biomarkers has enabled scientists to evaluate progress
in reducing exposures, to show the sources of contamination and to clarify the route of
exposure through food consumption or through inhalation or skin exposure. In contrast,
biomarkers of a compound that is metabolized relatively quickly provide only limited

opportunity for inferring sources or exposure pathways (Handy et al., 2003).
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Common Biomarker Categories

Biomarkers can be divided into different categories such as biomarkers of genotoxicity,

chemical specific enzyme/protein biomarkers and also markers of immunotoxicity.
Genotoxicity

Genotoxicity is described as a deleterious action on a cell's genetic material that affects
its integrity and that may have long-lasting and profound consequences which can
initiate many pathological conditions. This damage may be manifested in the form of
DNA base alterations, DNA adduct formation, DNA strand breaks and DNA cross
linkages. General biomarkers of genotoxicity such as DNA adducts or damage to DNA
integrity in surrogate tissues or cells, have been used for measuring effects of the
combined exposure to air pollutants as well as known genotoxicants (McCarthy et al.,
1991, Sheen et al., 2005, Vineis and Husgafvel-Pursiainen, 2005, Rippel et al., 2006,
Avila Junior et al., 2009). Formation of adducts between reactive chemical species and
cellular DNA is the primary event of mutagenesis and carcinogenesis. The metabolism
of genotoxicants by the cytochrome P450 enzymes often results in the production of
chemically reactive intermediates that are highly electrophilic and can covalently bind
to the bases of DNA forming adducts (Costa et al., 2002, Vyshkina et al., 2005).

DNA single strand breaks are the most prevalent type of genetic damage following
exposure to chemical contaminants. These breaks may be introduced directly by
chemical contaminants in the environment through the induction of cell death by either
apoptosis or necrosis, or through secondary interactions with oxygen radicals or other
reactive intermediates (Maynard et al., 2009). In addition to a linkage with cancer,
studies have demonstrated that increases in cellular DNA damage precedes or
corresponds with higher order cellular effects such as cell cycle arrest, or the induction
of apoptosis and in whole test organisms, reduced growth, abnormal development and
reduced survival (Su, 2006). Single stranded DNA breaks can be measured by the
alkaline Comet assay which is a microelectrophoretic technique for direct visualization
of DNA damage in cells (Collins, 2003). The alkaline treatment facilitates the

unwinding and denaturation of DNA molecules and is, therefore, used to detect single
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strand damage (Nandhakumar et al., 2011). The advantages of this technique are its
ability to evaluate DNA damage and repair in proliferating and non-proliferating cells,
its ability to detect intercellular differences in DNA damage and the fact that it requires
very small numbers of cells (McKelvey-Martin et al., 1993). Comet assay analysis is
performed on a cell by cell basis, making it possible to measure the heterogeneity of
response within a cell population (Fairbairn et al., 1995, Tice et al., 2000). The
percentage of tail DNA seems to be the most useful marker for DNA damage. It
measures the percentage of DNA that has migrated from the head of the comet and is
directly related to the frequency of breaks over a wide range of damage (Collins et al.,
1996). The percentage of tail DNA appears to be a more reliable measure of DNA
damage than using the tail moment parameter as described previously (Fairbairn et al.,
1995) and which tends to be prone to variability in DNA migration and does not have a
linear response to the amount of actual DNA damage (Rojas et al., 1999). Single
stranded DNA damage is caused by environmental pollutants such as heavy metals,
polycyclic aromatic compounds, poly-halogenated hydrocarbons and pesticides (De
Coster S et al., 2008).

An example of an environmental chemical that causes changes in DNA is the heavy
metal, cadmium. Cadmium has been shown to intercalate between DNA strands and
disrupt transcription by destabilizing the helical structure of DNA. These interactions
are probably responsible for cadmium-induced single strand breaks in mammalian cells
(Satarug et al., 2004). Therefore, the mechanism of cadmium genotoxicity may involve
cadmium directly binding to DNA bases, interfering with the repair of DNA lesions
causing DNA strand break induction which in turn enhances reactive oxygen species
production (Waalkes and Poirier, 1984, Yamada et al., 1993, Stohs and Bagchi, 1995,
Stohs et al., 2001).
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Enzyme/Protein Biomarkers

The direct action of a pollutant on target tissues can cause biochemical changes at the
enzyme and protein level which in turn can cause genetic changes leading to DNA
damage and, finally, cell death (Gil and Pla, 2001). Protein and enzyme biomarkers
have been measured in organisms exposed to toxic contaminants in order to monitor the
environment. Cells adopt biochemical defence strategies to counteract the damaging
effects of oxygen or nitrogen-free radicals or other reactive species induced by toxic
chemicals. Protein structure or function may be affected and there are several ways to
measure this stressful response. Protein/enzyme markers include (1) variations of
specific enzyme activities, such as, cytochrome P450 activity or glutathione S-
transferases with phase Il biotransformation capabilities (Bonacci et al., 2007, Liu et al.,
2007, Ma et al., 2007), (2) toxin binding protein levels, e.g. metallothioneins (Yoon et
al., 2007) or (3) heat shock proteins (Brant et al., 2007).

Cytochrome P450 (CYP) is the name given to a family of enzymes which catalyse the
metabolism of a wide range of endogenous lipophilic compounds (steroids, fatty acids
and cholesterol derivatives) as well as a number of xenobiotics. The CYP1 family
consists of 3 subfamilies and 3 genes. These enzymes are inducible and activated by
certain polycyclic hydrocarbons and dioxins (Camus-Randon et al., 1996, Schrenk,
1998, Inoue et al., 2000, Nelson et al., 2004). Increased expression of CYP1Al can
facilitate the transformation of non-polar hydrocarbons into epoxide or hydroxyl
metabolites through the addition of molecular oxygen. The resulting metabolites can
react with intracellular proteins and DNA, resulting in deleterious DNA lesions,
aberrations and dysfunction (e.g. the formation of benzo(a)pyrene diol epoxide from
benzo(a) pyrene) (Kurachi et al., 2002). The complex halogenated mixtures produced by
pulp mills and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) induce the mixed function
oxidases (MFO) enzyme system via the induction of mMRNA and protein levels of
CYP1A1 which is initiated through the binding of these xenobiotics to a cytosolic aryl
hydrocarbon receptor (AhR). Ethoxyresorufin-O-deethylase (EROD) and aryl

hydrocarbon hydroxylase (AHH) activities can be used to measure enzyme activity of
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the CYP1A (Larsen et al., 1998). Therefore, CYP1AL is best viewed as a potential early

warning indication of exposure, a predictive tool for contaminant risk assessment.

Extensive evidence indicates that the toxicity and genotoxicity of cadmium is
ameliorated by binding to cysteine clusters in metallothionein, a sulfhydryl-rich, low
molecular weight metal-binding protein that is involved in the high affinity binding,
transport and detoxification of excessive cadmium (Klaassen et al., 1999, Ohrvik et al.,
2007). 1t is proposed that intestinal cadmium absorption may be limited by the
metallothioneins, which are synthesised in the intestinal epithelium following oral
cadmium exposure and are important in cadmium retention by tissues, primarily in liver
and kidney (Min et al., 1992, Klaassen et al., 2009).

Glutathione S-transferases are a multigene family of enzymes of the phase Il
biotransformation system which inactivate toxins by chemically bonding them to the
tripeptide, glutathione, making them soluble for easy excretion. Glutathione levels are
responsive to metals, a number of organic hydrophilic contaminants, including
polycyclic aromatic hydrocarbons (PAH) and some types of pesticides
(organophosphate, thiocarbamates and triazines). Glutathione S-transferases have been
measured in cattle, deer and horses after exposure to B[a]P and all three animals had

high levels of activity with horses having the highest activity (Darwish et al., 2010).

However, the levels of CYP1A and GST activity and the expression of MT in peripheral
blood lymphocytes are low and extremely difficult to measure compared to
measurement in microsomes of the liver and in the kidneys and also there is a lot of
interindividual variation in expression and inducibility (van Duursen et al., 2005, Chang
et al., 2009, Sharma et al., 2013).

Immunotoxicity

The immune system is highly organised and involves cooperation and regulation of
various cells by soluble mediators (immunoglobulins, immunohormones, and cytokines)
and by intercellular interactions at the level of the membrane receptors such as cluster
designation (CD) antigens. Harmful effects of environmental chemicals can arise from
(1) direct or indirect action of chemicals on the immune system or of products obtained

by their biotransformation, (2) induction of the immune response to chemicals or their

30



metabolites and (3) modification of host immune cell antigens by chemicals or their
metabolites (Berlin, 1987). Immunotoxicants are factors of the external environment
which cause significant changes (modulation) in the immune mechanisms in humans
and animals i.e. pesticides, industrial emissions and heavy metals (Zbinden, 1987,
Dietert, 1996).

The methods commonly used to evaluate immunotoxic effects of harmful
environmental chemicals are functional and non-functional tests (Vandebriel, 1995).
Non-functional tests provide information mainly about the changes in the lymphoid
tissue, number of peripheral lymphocytes and monocytes, level of total
immunoglobulins, cytokines, etc. (Vos, 1977, Vandebriel, 1995, Luster and Kimber,
1996). Functional tests reflect in greater detail the situation in vivo because they focus
on the direct assessment of phagocytic and antigen-specific components of immunity.
The evaluation of the immunotoxicological action of xenobiotics requires a spectrum of
methods that can provide detailed information about the immune system status. This is
suggested by a range of results obtained in the course of sub-chronic intoxication of
sheep with some pesticides and during acute intoxication of sheep with heavy metals
(Mikula et al., 1992, Mikula, 1992b, Pistl et al., 1995).

Chemical agents that affect the immune system can cause agent specific or species
specific immunity damage which, in the majority of cases, results in immune
suppression (e.g. decreased resistance to infectious agents and development of tumours)
caused by PCB, lead and cadmium (Hadden, 1986, Safe, 1994) or hypersensitivity
(autoimmune or allergic diseases) caused by nickel, mercury, polycyclic aromatic
compounds and organophosphate insecticides (Bigazzi, 1988, Henry et al., 1988, Luster
and Rosenthal, 1993, Luster and Kimber, 1996). Heavy metals such as mercury and lead
have been reported to be cytotoxic to numerous immune cell types and through
occupational and environmental exposure cause sub clinical effects (cellular and
humoral immunologic variable modifications). One risk posed by excessive mercury
consumption is that of damage to the central nervous system through its interaction with

the immune system (National Research Council, 2000).
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The Biological Samples used for Biological and Biological

Effect Monitoring

Blood is a common biological specimen of choice used to monitor the effect and level
of environmental contaminants with its composition, constituents and importance to the
immune system but there are other biological specimens available. Both invasive
(blood) and non-invasive (urine, exhaled air, hair, skin, saliva and milk) biological
sampling are used for measuring biomarkers. Metals, solvents and pesticides have been
measured as parent compounds or as metabolites in blood, urine, exhaled air and hair
(Jakubowski and Trzcinka-Ochocka, 2005).

Urine has been the historically favoured specimen of choice for biological monitoring,
since it is relatively easy to collect. A major problem in interpreting urinary
concentrations is the fact that urine is available at intervals, even where exposure is
continuous (Barr et al., 2005). Thus the timing of the sample is important but it cannot

be controlled easily in animals that do not excrete in a regular fashion.

For compounds which are volatile, exhaled air is a useful specimen for analysis. The
portion of each breath coming from the alveolar region of the lungs is nearly in
equilibrium with the blood leaving the lungs. Thus the alveolar gas concentration of a
compound is related to that in arterial blood by the solubility of the compound in blood.
Breath sampling is much less invasive than blood or even urine sampling and it can be
done rapidly and at predetermined times, so this form of biological monitoring is
receiving increased attention (Corradi and Multti, 2005). However, for animals that are
normally housed in the open air this will render breath sampling obsolete as the
detection of the relatively low concentrations of environmental contaminants in the lung

would require analytical sensitivity which is not common place at the present.

Hair has also been used for monitoring biological levels of selective compounds, based
on the fact that the hair follicle is perfused, so that chemicals in blood may deposit in
part of the hair shaft as it grows from the follicle. A few studies have demonstrated that
since the hair grows continuously, the chemical concentration profile along with the
length of the hair provides a historical record of blood concentration (Harkins and

Susten, 2003). Hair analysis has also been applied to the study of certain environmental
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chemicals such as mercury, arsenic, and manganese (Paustenbach and Galbraith, 2006).
Hair has also been used for biological effect monitoring, but the biomarkers available
are limited (Esteban and Castano, 2009).

Milk has been used to monitor the presence and concentrations of selective compounds
in domestic farm animals. For instance 12,000 sheep, cattle and river buffalo from
farms in the provinces of Naples and Caserta (southern Italy) were culled based on the
fact that the level of TCDD present in the milk of these animals monitored over four
years was higher than the permitted level (Perucatti et al., 2006). Also high
concentrations of beta-hexachlorocyclohexane (Beta-HCH), a POP (persistent organic
pollutant), were measured in the milk of cows located along the Sacco river (Sacco
Valley, Central Italy) (Porta et al., 2013) and this has been linked to the nearby location

of a chemical plant that has been manufacturing pesticides since the 1950's.

Saliva represents a simple and readily obtainable fluid which is not extensively used as
a biomonitoring matrix, but has been used to evaluate a number of environmental
contaminants including heavy metals and pesticides (Joselow et al., 1968, Nigg and
Wade, 1992, Lu et al., 1997, 1998). The ease of collection makes saliva ideally suited as
a non-invasive approach. However, compliance might be difficult with some animals.
There are a number of limitations that would have to be noted before it can be used
quantitatively to assess chemical exposure (Nigg and Wade, 1992). The use of saliva in
biological effect monitoring has been shown previously where a dose-dependent
inhibition of saliva choline esterase (ChE) was detected in rats following chlorpyrifos
exposure (Timchalk et al., 2004). Salivary cortisol measurements in sheep and cows are
effective at quantifying stress activation of the hypothalamic—pituitary—adrenal (HPA)
axis (Gibbs, 2011) and cortisol can be increased by heavy metals and pesticides in
different species.
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Blood

Blood consists of 55% plasma and 45% cellular elements. The cellular elements include
red blood cells (erythrocytes), white blood cells (leukocytes) and platelets (Fox, 1999).
Blood is used for biological and biological effect monitoring because it contains cells
such as erythrocytes which are involved in oxygen transport and leukocytes which
reflect changes in the immune system and which contain proteins, enzymes and
nucleated cells which can be used to measure genotoxicity (Liew et al., 2006, Angerer
et al., 2007).Venous blood is commonly used as a surrogate for direct action on organs
as the levels of the chemicals and/or their metabolites can be measured in blood (Liew
et al., 2006, Angerer et al., 2007). Blood concentrations of agents or metabolites or
biomarkers are often relatively high, making analysis easier, but blood is also a very
complex fluid containing numerous suspended and dissolved materials in addition to the
analyte of interest. Thus, the analysis often involves extraction and other processing
steps that add to cost and effect the interpretation of the results. Also, blood collection is
inconvenient and can be controversial because of concern over possible transmission of

blood-borne diseases such as hepatitis C and HIV (Psychogios et al., 2011).

Blood Plasma

Blood plasma is the matrix in which blood cells and platelets are suspended. All the
metabolites used by blood cells, including glucose, amino acids, and vitamins are
dissolved in the plasma, as are hormones that regulate cellular activities, wastes such as
nitrogen compounds and CO, produced by metabolizing cells. Blood plasma is a dilute
salt solution. The predominant plasma ions are sodium, chloride and bicarbonate. In
addition, there are trace amounts of other ions such as calcium, magnesium, copper,
potassium and zinc. The liver produces albumin, which comprises most of the plasma
protein, the alpha (o) and beta () globulins, which serve as carriers of lipids and steroid
hormones and fibrinogen, which is required for blood clotting. Blood plasma which has

had fibrinogen removed is called serum (Frandson, 2013).
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Erythrocytes

Each cubic millimeter of blood in domestic farm animals contains about 7 million
erythrocytes. The fraction of the total blood volume that is occupied by erythrocytes is
called the blood’s haematocrit and is normally 35-45% in mammals. The erythrocytes
of domestic farm animals contain haemoglobin, a pigment which binds and transports
oxygen and carbon dioxide and is found in erythrocytes at a level 11 to 13g /100ml for

domestic animals (Frandson, 2013).

Erythrocytes develop from stem cells and circulate for 3 to 4 months after being
released from the bone marrow. When plasma oxygen levels decrease, the kidney
converts plasma protein into the hormone, erythropoietin, which then stimulates the
production of erythrocytes in bone marrow. In mammals, maturing erythrocytes lose
their nuclei through a process called erythropoiesis. As mammalian erythrocytes age,
they are removed from the blood by phagocytic cells of the spleen, bone marrow and
liver (Frandson, 2013).

Leukocytes

Leukocytes consist of lymphocytes, monocytes, eosinophils, dendritic cells, basophils
and neutrophils. Analysis of blood provides information on the different cell types,
activity and number of leukocytes in the periphery and thus reflects cell trafficking in
the immune system at the time of sampling. However, leukocytes in the periphery are
unlikely to reflect their levels in the tissues from where they originated or resided. There
is some variation in the number of the different types of leukocytes in the blood of
different animals. Sprague-Dawley male rats have lymphocytes (75%-85%) and
neutrophils (25%-15%), respectively, while for sheep there are four major groups of
leukocytes: lymphocytes, granulocytes, monocytes, and auxiliary cells with 40-75 %
being lymphocytes and neutrophils comprising the majority of the rest (Petterino and
Argentino-Storino, 2006). These cells have membrane receptors which help them to
recognize both foreign and self-antigens called cluster designation (CD) markers. The
most widely used sample preparation for biological effect monitoring is peripheral
blood mononuclear cells (PBMCs) which are isolated from blood by density

centrifugation through Ficoll-gradients (Boyum, 1968) and these cells are mainly
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lymphocytes (90%) and monocytes (6%) in the case of domestic animals (Gurtoo et al.,
1975).

Lymphocytes

Lymphocytes are generated in the bone marrow during haematopoiesis; they leave the
bone marrow, circulate in the blood and lymph and reside in the various organs of the
lymphatic system and have longer lifetimes compared with granulocytes. Lymphocytes
show attributes of specificity, diversity, memory and self/non self-cell recognition. The
major peripheral blood lymphocyte populations in sheep are the T cells (56-64%) and
the B cells (30-50%) (Thorp et al., 1991, Smith et al., 1994, Tizard, 2000). B and T
lymphocytes differ in functions and the secretion of molecules such as cytokines and
immunoglobulins (Owen, 2012 ). B lymphocytes are durable and have an average half-
life of 2 years with some surviving as long as 20 years (Macallan et al., 2005) whereas
the T lymphocytes have a half-life of less than 2 weeks since they are continuously
produced (Freitas and Rocha, 2000). However, subsets of around 10% of all circulating
T lymphocytes may live for almost 9 months or more (Freitas et al., 1986). Due to their
biological half-life survival in the blood, B and T lymphocytes are useful sentinels for

studies on sub-chronic environmental exposures.

B Lymphocytes

Naive B lymphocytes mature within the bone marrow and migrate to the periphery with
an antigen-binding B cell receptor which is either a membrane-bound glycoprotein or
immunoglobulin.  Immune response occurs when there is a first encounter between
antigen presenting cell (APC) and either a foreign or self-antigen. This APC comes in
contact with naive T cells and this either initiates the humoral (B cells) or cellular (T
cells) immunity. The humoral response happens when the membrane-bound antibody is
specific, the naive B lymphocytes begin to rapidly divide and differentiate into memory
B lymphocytes and effector cells called plasma cells. Memory B lymphocytes have a
longer life span than plasma cells and continue to express membrane-bound antibody
with the same specificity as their parent cells. Plasma cells, in contrast, produce large
amounts of the receptor molecules, immunoglobulins (Ig), in a form that can be secreted
and these are the major effector molecules of humoral immunity that bind to the specific
antigen and induce further immune cell response (Owen, 2012 ). Different types of Ig,
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i.e. IgM, IgG1, IgG2, IgA and IgE, are secreted by bovine and ovine plasma cells. IgG1
and IgG2 are by far the most abundant immunoglobulins in blood and play a major role
in antibody dependent cell mediated cytotoxicity (Tizard, 2000, Janeway, 2001). IgA
operates mainly on epithelial surfaces as a neutralizing antibody preventing bacterial
colonization, whereas IgM is the largest molecule and the major immunoglobulin
produced during the primary immune response. Its main function is to activate the
complement system. B lymphocytes can also act as antigen presenting cells (APC) and
as such they can phagocytose, process and present antigens in combination through the
(major histocompatibility) MHC-II molecules to CD4" lymphocytes, which in turn
secrete IL-2 and induce B lymphocytes proliferation and differentiation into either

plasma or memory cells (Janeway, 2001).
T Lymphocytes

T lymphocytes play an important role in the initiation and regulation of the immune
response and control in the bone marrow. Unlike B lymphocytes, they originate from
bone marrow but mature in the thymus and recognize foreign antigens through
membrane receptors (Tizard, 2000, Janeway, 2001). During maturation, the T
lymphocytes express a unique membrane bound antigen-binding receptor, the T-cell
receptor (TCR). TCRs recognize antigens in association with cell-membrane proteins
known as the MHC complex and this helps them to differentiate between normal and

altered cells.

The T-lymphocytes can be subdivided into two main classes, aff and vy T- lymphocytes,
depending on the expression of antigenic markers on the cell surface and cytokine
production. off T lymphocytes recognize processed antigens presented on MHC
molecules on the surface of cells. When naive T lymphocytes first encounter an antigen
associated with an MHC molecule on a cell, they proliferate and differentiate into
memory T lymphocytes and effector T lymphocytes. T lymphocytes can be further
subdivided into functionally distinct populations by cell surface marker expression of
membrane glycoproteins, also known as CD markers, which are either T helper (CD4)
or cytotoxic /suppressor (CD8) lymphocytes. Resting T lymphocytes require at least
two signals for cytokine gene expression and cell proliferation. The first signal is
provided by the ligation of the TCR/CD3 complexed with antigenic peptides bound to
the MHC molecules on the surface of APCs including dendritic cells (DCs), activated
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B-lymphocytes, monocytes and macrophages. The second signal, often referred to as the
co-stimulatory signal, is provided by the surface molecules expressed by APCs. These
include the co-stimulatory pathway mediated by the interaction of CD28 on T
lymphocytes. Activation of specific T lymphocytes by APCs is an early and crucial step
in the development of antigen-specific immune responses, resulting in a wide variety of
biological events such as production and secretion of cytokines (Arai et al., 1990, Scott
et al., 1990, Finkelman, 1995), cell-surface expression or up-regulation of cell adhesion
molecules, ligands for molecules expressed on other cells, cytokine receptors and also
the proliferation of antigen-specific clones (Kaye and Janeway, 1984, Jeannin et al.,
1999). It is now assumed that the cytokine profile during early infection, as well as the
strength and the duration of antigen exposure and the type of APCs inducing the
response during priming determines the differentiation of naive T helper (CD4)
lymphocytes into Thl, Th2, Th17 or regulatory T lymphocytes (Tregs) effector cells
(O'Garra and Arai, 2000, Hori et al., 2003, Ouyang et al., 2008). These 4 subsets of T
helper lymphocytes differ in their cytokine, transcription factor expression and
biological functions (Bradley et al., 2000, Janeway, 2001, Sordillo and Streicher, 2002,
Broere, 2011). The promotion of the Thl immune response is characterized by
increased secretion of interleukin (IL)-2, tumour necrosis factor-alpha (TNF-a), and
interferon-gamma (IFN-y), which enhances cellular responses against intracellular
pathogens and viruses, whereas the Th2 immune response is characterized by a higher
production of IL-4, IL-5 and IL-10 that supports humoral immunity (Kehrli et al.,
1999). Th2 cells activate B lymphocytes by secreting IL-4 and IL-5, which are then
induced to aid in B lymphocytes cell division, as well as differentiation and synthesis of
neutralizing opsonizing antibodies (Mumberg et al., 1999, Qin et al., 2003). The Th17
subset, characterized by the expression of IL-17A, IL-17F, IL-22 and IL-26, provides
host defence against extracellular bacteria, particularly at mucosal sites and is also
involved in the pathogenesis of inflammation (Ouyang et al., 2008). Finally, Tregs,
characterized by a continuous expression of the transcription factor, FOXP3, have a
crucial role in maintaining homeostasis of the immune system and in preventing the

autoimmune reactivity of self-reactive T lymphocytes (Hori et al., 2003).

Naive CD8" T lymphocytes proliferate and differentiate into cytotoxic T lymphocytes
(CTLs) when they recognize an antigen-MHC complex on APCs with the help of

cytokines secreted from other Th cells. CTLs can rapidly induce apoptosis in their target

38



cells (Shresta et al., 1998). They interact with the mononuclear phagocytes and have the
capacity to destroy antigens such as intracellular bacteria or specific target cells such as
tumour cells, virus-infected cells in combination with the MHC-I associated molecules
and tissue grafts (Sad et al., 1995).

T lymphocytes expressing the yd6 TCR form a major subpopulation of circulating
lymphocytes in young ruminants where they constitute 5-10% of the total peripheral
blood lymphocytes and are the cells most susceptible to paratuberculosis infection
(Larsen et al., 1975, Hein and Mackay, 1991). yd T-lymphocytes migrate preferentially
to epithelial surfaces especially the skin and have a wide range of functions including
secretion of cytokines such as IFN-y and cytotoxic activity in response to intracellular
infections. They may act in the early response to infections, before antigen-specific
responses (Bluestone et al., 1995, Baldwin et al., 2002, Ismaili et al., 2002, Pollock and
Welsh, 2002).

Granulocytes

Granulocytes consist of eosinophils, basophils and polymorphonuclear neutrophils
(PMNSs) (Owen, 2012 ). PMNs are the majority of the granulocytes in the peripheral
blood and are phagocytic cells with multi-lobed nuclei and their recruitment to an area
of tissue injury to participate in the primary inflammatory response is the first line of
defence against bacteria, fungi, parasites and viruses (Grewal et al., 1980, Rouse et al.,
1980, Faurschou and Borregaard, 2003). The principle role of the PMNs is phagocytosis
with an impressive assortment of preformed antibacterial systems and soluble
mediators, especially the initiation of the oxidative burst i.e. superoxide (O;) and

hydrogen peroxide (H,O,) production (Janeway et al., 2001, Paape et al., 2002).

PMNs are formed in the bone marrow at a rate of about 8 million per minute, although
some reports suggest a turnover rate 10 fold higher (Baggiolini and Dewald, 1985,
Maianski et al., 2004). Following formation in the bone marrow, PMNs migrate to the
bloodstream and about 12 hours later move into the tissues. PMNs have the shortest
half-life among leukocytes, with a half-life of around 35 hours before they undergo
apoptosis, thus limiting their potential to participate in long lasting immunological

interactions. PMNSs constitute approximately 60-75% of the blood leukocytes in most
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carnivores, 50% in horses and 20-30% in ruminants and laboratory rodents (Bertram,
1985).

The Immune system

The immune system in ruminants can be divided into the innate and the adaptive
immune systems. Innate immunity is the predominant defence during early stages of
infections. It is activated by antigens, but the response is not amplified by repeated
exposure to the same antigen (Tizard, 2000). In contrast, the adaptive immune system
recognizes specific antigens and is mediated by APCs. If the host encounters the same
antigen more than once, an enhanced immune reactivity occurs due to immunological
memory (Janeway et al., 2001, Sordillo and Streicher, 2002). Both parts of the immune
system have the capacity to recognize conserved components of pathogens called
pathogen-associated molecular patterns (PAMPS) such as lipopolysaccharide (LPS),
peptidoglycan, flagella and bacterial and virus DNA (Hornef et al., 2002). The host cell
recognition of these molecules relies on a number of membrane receptors, i.e. the Toll-
like receptors (TLRs) or C- lectin receptors, which provide cellular signalling during the
initiation of the immune response (Medzhitov et al., 1997, Janeway et al., 2001).

Biomarkers used in Animals Biological Effect Monitoring
using Blood

As part of routine clinical diagnosis in animals, biochemical and haematological
parameters are measured in the serum and blood, respectively. These can include
biochemical measures of liver function (alkaline phosphatase (ALP), total bilirubin
(TB), gamma-glutamyl transpeptidase (GGT), B-globublin, lactate dehydrogenase
(LDH), albumin, and aspartate aminotransferase (AST)) (Pagana, 2010, Martinez et al.,
2013) as well as the acute phase proteins (APPs) (Alsemgeest et al., 1994). However,
AST is not liver specific in any domestic animal species and the reference range in
horses is rather broad. The levels of different biochemical parameters of liver function
changed in sheep when exposed to different chemicals. LDH-1 and LDH-2 isoenzyme
activities increased in the blood after a 90-day exposure to tolylfluanid (Sutiakova et al.,
2009) and there was an increase in the serum enzymes GGT and AST following sulphur
toxicity (Binta et al., 2012). This was in agreement with an observation in cows where

serum albumin and B-globublin were increased in animals exposed to vanadium and
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monitored over a 5 year period (Gummow et al., 2006). Acute phase proteins (APPS)
such as c-reactive protein (CRP), serum amyloid A (SAA) and haptoglobin (Hp), have
become the biomarkers of inflammation and infection for diagnostic prognostic
purposes in both farm and companion animals and have been adopted routinely in
veterinary clinical chemistry (Alsemgeest et al., 1994, Murata et al., 2004, Petersen et
al., 2004). There have not, however, been any reported studies on APP changes in
animals following environmental contamination exposure. However, the alterations of
these parameters are not specific to animals which have been exposed to chemical
contaminants in the environment as there are known to be changed with infection ,
disease and a number other factors. Therefore, other biomarkers can be measured in the
blood including genotoxicity markers, immune markers and enzyme markers related to

specific biochemical responses to chemical exposure.

Different genotoxic biomarkers have been measured in lymphocytes from peripheral
blood, including chromosome aberrations, sister chromatid exchanges, micronuclei,
single and double stranded DNA breaks and DNA adducts to monitor chemical
exposure. Among the biomarkers, cytogenetic assays are especially useful, as they
permit the detection of damage due to several substances with probable carcinogenic
properties (Tucker and Preston, 1996). Thus, cytogenetic assays may be used as helpful
and easy instruments to monitor animal exposure and this can give a measure of the
biological effects of pollutants before overt disease develops (Staessen et al., 2001).
Among the many farm animal species that are of interest to scientists, the ones most
frequently used in cytogenetic investigations include cattle, sheep, goats and pigs
(Rubes et al., 1992).

The monitoring of chromosome aberrations, which are measured in peripheral
lymphocytes by microscopic visualisation of metaphase chromosomes, can be
performed in relatively basic equipped laboratory conditions although trained personnel
are required for scoring. Chromosome aberrations normally develop following exposure
to occupational chemicals, ionising radiation, and metals (Vainio and Sorsa, 1981). Low
level exposure to environmental toxicants can induce an increased frequency of
aberrations but this is difficult to detect statistically, probably because the noise in the
system is larger than the number of compound-induced aberrations. Furthermore,

monitoring chromosomal aberrations in circulating lymphocytes is not an indication of
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target organ dose, or of toxic effects, since the damaged cells will die. This method has
been used in biological effect monitoring of farm animals where cattle located near a
large chemical plant revealed significantly higher frequencies of chromosome
aberrations at different times of the year (Rubes et al., 1992). As well as this, sheep with
high levels of dioxins found in their milk had higher chromosome aberrations than

sheep that were 80 km away from the exposed area (Perucatti et al., 2006).

Sister chromatid exchanges, which are measured in peripheral lymphocytes, arise
through recombinant events between chromatids and are scored by a variety of
techniques. The biological significance of the process is unclear. Agents that cause
DNA double strand breaks, such as X-rays and bleomycin, induce chromosomal
aberrations but not sister chromatid exchanges (Wojcik, 2007). Sister chromosomal
exchanges can be detected at lower concentrations than can chromosomal aberrations.
Also, increases in the frequency of sister chromosomal exchanges tend to be small, so
that large numbers of chromosomes must be scored to achieve adequate statistical
power. Even where there is exposure to potent alkylating agents, only a small elevation
in sister chromosomal exchange frequency can be observed. High levels of sister
chromatid exchanges were found in sheep herds exposed to high dioxin levels during

grazing (Perucatti et al., 2006).

Micronuclei detected in lymphocytes arise from failure to segregate chromosomes
normally during mitosis. A small piece of a chromosome might break off as a result of
damage and become encapsulated in its own nuclear membrane. A strong correlation
has been reported between micronuclei induction and chromosome aberrations (Stich
and Rosin, 1984, van Sittert and de Jong, 1985). Rubes et al., (1992) compared
genotoxic effects induced in some domestic mammals, such as cows, horses, pigs and
deer, by the exposure to different levels of industrial pollution and demonstrated a
biological impact on animals bred in the most industrialised areas. In particular,
lymphocytes from cows, horses and deer had micronuclei frequencies higher than pigs.
Micronuclei frequencies can also be detected in blood erythrocytes but among the
domestic species, cows, sheep, rabbits and dogs have a spleen that selectively removes
micronuclei from circulation (Udroiu, 2006). On the other hand, the micronucleus test
works well on equine blood samples. An increase in micronuclei has been found in

horses fed with lead-contaminated hay (Burrows and Borchard, 1982)
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Single and double stranded DNA breaks measured in peripheral lymphocytes can be
caused by exposure to intracellular reactive oxygen species generated by redox sensitive
metals such as copper, iron and cadmium or to UV and ionising radiations which act
directly on the DNA (Polle, 1993, Schutzendubel and Polle, 2002). The single cell gel-
electrophoresis (SCGE) assay, more commonly called the Comet assay, is one of
several techniques that can detect double and single-strand breaks in the DNA (Singh et
al., 1988). This technique represents a relatively simple, if indirect, in vitro approach to
screen for genotoxicity. This technique has not been used to-date in the biomonitoring

of environmental chemicals in domestic animals.

DNA adducts arise from the reactions of the oxidation products of poly-aromatic
hydrocarbons compounds binding with DNA,which can affect various target organs,
such as skin, lungs and liver, can also be detected in the blood. DNA adducts can be
determined by various methods, amongst which the *P-post-labelling assay is the most
sensitive and measures a wide range of adducts referred to as “aromatic DNA adducts”.
Phillips et al., (2000) reviewed the strengths, limitations and potential for inter-
laboratory variation of the different assays for measuring DNA adducts and concluded
that most variation occurs due to differences in reagents, enzymes and the particular
protocol used. Meat-producing animals like cattle, deer and horses might be especially
at risk by exposure to promutagenic and procarcinogenic chemicals such as
benzo[a]pyrene (B[a]P) due to the high activity of phase | and phase 1l enzymes which
can eventually lead to the formation of DNA adducts (Phillips et al., 2000, Darwish et
al., 2010).

Immune responses are mediated by a variety of immune cells and the main focus is on
leukocytes and their subsets which have CD markers on their cell surface and can be
identified using specific monoclonal antibodies. Some of these CD markers identify the
cellular phenotype of CD3 (T lymphocytes), CD4 (T helper lymphocytes), CD8
(cytotoxic T lymphocytes), CD11c (dendritic cells), CD19 (B lymphocytes), CD4"
CD25 (activated T lymphocytes), CD4'CD25"FOXP3 (T regulatory lymphocytes),
CD56 (NK cells) and CD14 (monocytes). When lymphocytes are in the activated state
there is an increase in the expression of activation markers such as CD69, CD45R0 and
CD45RA on the cell surface (Sordillo et al., 1997, Tizard, 2000).
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Leukocytes are central to all immune responses, but other cells within tissues also
participate by signalling to lymphocytes and responding to cytokines such as IL-2, IL-4,
IL-5, IL-10, IL-13, IFN-y, TNF-a and GM-CSF released by T lymphocytes and
macrophages. Chemokines are a family of small cytokines secreted by a number of
cells, especially epithelial cells. Their name is derived from their ability to induce
directed chemotaxis in nearby responsive cells and include RANTES, IP-10, MIP-1a,
MIP-1B3, MDC and TARC. Neutrophils, macrophages, natural killer (NK) cells and
soluble factors such as complement and lysozyme mediate the innate immune response,
whereas lymphocytes, macrophages and soluble components such as immunoglobulins
(IgM, IgD, IgG, IgA, IgE) form the specific adaptive immune response (Sordillo et al.,
1997, Tizard, 2000).

Among the most widely studied tests of immune function are the proliferation responses
of T and B lymphocytes which are a reflection of the cell-mediated immunity
hypersensitivity (Burns and Goodwin, 1997). Mitogens such as phytohaemagglutinin
(PHA) (Smith and Allen, 1978), concanavalin A (Con A) (Stavy et al., 1971) and
pokeweed mitogen are lectins from plant sources (Barker and Farnes, 1967). Mitogens
activate leukocytes by cross-linking glycoproteins on the cellular surface and these
mimic the bacterial super-antigen response. Mitogens can induce vigorous secretion of
most cytokines in PBMCs and whole blood lymphocytes and also stimulate lymphocyte
proliferation and cell division in vitro in a large number of T and B lymphocytes
independent of T and B cell receptor stimulation. The main immune biomarkers and the
constituents of blood in which they are measured are shown in Table 1. However, the
analytical method involved processing blood samples within hours of the blood being
taken to measure these immune biomarkers and this can prove impractical to deliver the

samples to the test laboratory within the required time following exposure.
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Table 1. Biomarkers Measured in Blood Used to Investigate Immunotoxicity

Immune Markers Examples of Endpoints Biological Samples
CD markers CD3, CD4, CD8, CDlilc, CD19, | Whole blood/PBMCs
CD25,CD56, CD14, CD203c
(basophils), CD18  (neutrophils),
FOXP3
Activation CD | CD69, CD45R0, Whole blood
markers CD45RA
Immunoglobulins IgM, IgD, 1gG, IgA, IgE, Plasma
Cytokines IL-2, IL-4, IL-5, IL-10, IL-13, IFN-y, | Serum/plasma,
TNF-a, GM-CSF peripheral
blood,
Chemokines RANTES, IP-10, MIP-1a, MIP-1p, Serum/plasma
MDC, TARC
Lymphocytes Mitogenic stimulation (PHA, Peripheral blood
Proliferation markers | Concavalin A, specific antigen)

Besides the immune and genotoxicity biomarkers described above, there are other
enzyme biomarkers measured in the blood including the enzymes delta-aminolevulinic

acid dehydratase (ALAD) and acetylcholinesterase.

ALAD plays a key role in haemoglobin formation and its activity is an indicator of the
rate of haemoglobin synthesis. Heavy metals such as lead, mercury and inorganic
arsenic can cause the inhibition of ALAD. It is mainly used in biomonitoring studies of
occupational exposure to metals in species containing haemoglobin, especially humans,
domestic pigs and wild species including mice and voles (Ahamed et al., 2006). It has
also served as an important biological marker for lead exposure and injury (McFarland,
2005). The effects of cadmium on ALAD are less clear since it has been demonstrated
to increase (Wilson and Bhattacharyya, 1997) or decrease (Abdulla and Haeger-
Aronsen, 1971, Lynch et al., 1976) ALAD in cow erythrocytes.

The complexity of the nervous system has hindered the development of biomonitoring
strategies for chemicals affecting this organ. The organophosphorous pesticides exert
acute toxicity by inhibiting acetylcholinesterase in the neuromuscular junction and in

cases of severe intoxication, seizures and respiratory failure are the main causes of death
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(Marrs, 1996.). Measurement of peripheral acetylcholinesterase activity is a useful, dose
dependent means of monitoring pesticide exposure in domestic food animals such as
cattle, sheep and pigs (Carlock et al., 1999, Askar, 2011). Acetylcholinesterase activity
in erythrocyte, plasma and serum of sheep and cattle may be a suitable biomarker for
anti-cholinesterase compounds (Askar, 2011). However, one of the major limitations of
using acetylcholinesterase measurement is that the blood must be collected in heparin
tubes and this reduces the number of other biomarkers which can be measured. Another
limitation is that there are differences detected among different species of animals and

there is also high variability in the activity levels in individual animals.
Main Considerations When Biological Effect Monitoring with Blood

In large biological effect monitoring studies, samples may often require storage for later
analysis due to sampling logistics as the collection, processing and assaying of samples
are time-consuming. Fresh blood must be processed (i.e. isolation of PBMCs) within
hours of collection and this is not feasible for field-collected and/or large sample
analysis. This creates limitations for the study as the assaying of samples cannot be
done in one big batch and the samples must be assayed on the same day as collection.

Effective sample processing is very important for maintaining the high viability of
leukocytes in blood especially when they have been collected in the field. While there is
always a time delay between collection and processing of the blood, there is a
significant and substantial drop in cell viability when the collection and processing time

take over 4 hours (Groeger et al., unpublished data)

There is a need for alternative sample processing methods as some approaches are not
practical for the time needed for collecting and processing multiple samples in the field.
A number of issues arise when trying to process the samples in a certain way in a
limited time frame. Time restrictions have a major effect on sample processing and on
which biomarkers can be measured in the blood and whether these biomarkers can be
analysed in fresh or frozen blood which had been collected previously. One promising
alternative to the time consuming process of isolating cells on the day of collections is
to cryopreserve the blood samples. The amount of blood sampling which is possible
will depend on the programme objectives, the stability of the contaminants or the half-

life of the biomarkers, the biology of the test species (behaviour, physiology, etc.) and
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the sensitivity of the biomarker response over time. Blood sampling time points could
be either within the range of months or years for long term programmes or daily

sampling for monitoring the acute effects of an accidental pollution event.

Many factors may influence analysis and interpretation. Pilot studies should be
conducted before the main programme is initiated. Variability can be estimated and the
programme designed to be robust and have sufficient accuracy, precision and statistical
power to fulfil the objectives of the planned study. For example, if insufficient sampling
is performed to detect slight changes in biomarkers the programme will be inconclusive

and not protect or effectively monitor environmental health (Lam, 2003).

After blood samples have been taken from the animals exposed to chemicals, the
viability of the blood lymphocytes should be assessed by measuring cell death including
necrosis and apoptosis. Another important factor leading to cell death is the influence of
oxidative stress which should also be measured in the lymphocytes.

General Cytotoxicity

Cytotoxicity refers to the potential of a chemical compound to kill mammalian cells via
two specific mechanisms or modes of cell death, either apoptosis or necrosis (Wyllie,
1980, Darzynkiewicz et al., 1997)

Apoptosis is a morphologically and biochemically distinct form of cell death and is an
energy-requiring process, characterised by DNA fragmentation, nuclear segmentation,
cytoplasmic shrinkage and membrane blebbing (Kerr et al., 1972, Thompson, 1995).
This normal physiological process plays a fundamental role in allowing multi-cellular
organisms to control unwanted cell numbers during development and other normal
biological processes and can protect cells against malignant transformation and
subsequent cancer development (Kerr et al., 1972, Wyllie, 1987). Apoptosis is caused
by various physiological signals such as CD95 (Fas), tumour necrosis factor alpha and
growth factor withdrawal (IL-2), oxygen free radical formation, or by a number of non-
physiological stimuli such as heat shock (Elmore, 2007), UV lights and gamma
radiation (Reed, 2000) and anti-neoplastic drugs (Hickman et al., 1992, Thompson,
1995).
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Cells undergoing the process of apoptosis have a characteristically shrunken look due to
a decrease in cellular volume which results in blebbing of the plasma membrane into
membrane-bound condensed bodies without a loss of membrane integrity. Internally,
these cells maintain organelle integrity but DNA becomes condensed and fragmented
resulting in DNA laddering that can be detected by TUNEL staining in nuclei (Gavrieli
et al., 1992). Other internal characteristics include aggregation/condensation of nuclear
chromatin with nuclear fragmentation, shrinkage of cytoplasm via cell dehydration,
changes in cell morphology, loss of microtubules and mitochondrial leakage due to pore
formation. There is mobilization of intracellular ionized calcium, non-random mono and
oligonucleosomal fragmentation of DNA (ladder effect), release of factors (such as
cytochrome-c) into the cytoplasm from the mitochondria and an activation of caspase
cascades (Elmore, 2007).

An early event in apoptosis is the alteration of membrane symmetry manifested in the
translocation of phosphatidylserine from cytoplasm to the extracellular side of the
membrane and occurs prior to loss of plasma membrane integrity and DNA
fragmentation (Martin et al.,, 1995, Vermes et al., 1995). In functional terms,
phosphatidylserine at the cell surface serves as a signal to macrophages that they are to
phagocytose the cells, enabling them to be lysed in a non-inflammatory manner (Wyllie,
1980, Cohen et al., 1992, Fadok et al., 1992, Darzynkiewicz et al., 1997, Leist and
Nicotera, 1998, Fadok et al., 2000). The translocation of phosphatidylserine from the
cytoplasm to the extracellular side of plasma membrane can be detected by using
annexin V, a phospholipid-binding protein with a high affinity for phosphatidylserine in
the presence of calcium ions, Ca®*. Therefore, to detect early apoptotic cells, a
combination of annexin V and propidium iodide (PI) staining is used. Propidium iodide
is a fluorescent dye which stains DNA but it cannot enter through the intact membrane
of viable or early apoptotic cells. Staining cells simultaneously with annexin-FITC V
(green fluorescence) and the non-vital dye PI (red fluorescence, bivariate analysis)
allows the discrimination of intact cells (FITCPI'), early apoptotic (FITC'PI') and late
apoptotic or necrotic cells (FITCPI")(Vermes et al., 1995).

Necrosis is an “accidental” cell death and is a pathological process which occurs when
cells are exposed to a serious physical or chemical insult, such as in hypoxia, ischemia,

temperature fluctuations, disruption of membrane structure and exposure to toxins (Fink

48



and Cookson, 2005). The digestion of DNA and post-lytic random DNA fragmentation
(late event) are also part of the process of necrosis. Necrosis is a violent and non-
discriminating process characterised by rapid cytoplasmic swelling, destruction of cell
organelles (mitochondria and endoplasmic reticulum) and plasma membrane rupture
which leads to expulsion of intracellular contents, including lysosomal enzymes, and
their release into the extracellular fluid or the surrounding medium (Wyllie, 1980,
Darzynkiewicz et al., 1997, Halestrap et al., 2000). The major biochemical process of
necrosis begins with the loss of ion homeostasis leading to an influx of water and
extracellular ions (Darzynkiewicz et al., 1997). There are different biomarkers that can
be used for detecting a loss of membrane integrity in necrosis including PI, lactate
dehydrogenase (LDH) which is normally sequestered inside cells and the live-cell
protease, which is only active in cells that have an intact cell membrane. The live-cell
protease loses activity once the cell membrane integrity is compromised and a dead-cell
protease can then be measured in culture media (Decker and Lohmann-Matthes, 1988,
Riss and Moravec, 2004, Niles et al., 2007). Researchers have developed assays that use
ATP and NADH contents as markers of viability based on mitochondrial health (Riss
and Moravec, 2004).

Oxidative Stress

Polycyclic aromatic hydrocarbons (PAHs) (Penning et al., 1999) and transition heavy
metals like cadmium, copper, lead and mercury (Ercal et al., 2001, Gaetke and Chow,
2003) have been found to cause oxidative stress. A three-tier hierarchical cellular
response model has been proposed to explain the role of oxidative stress in mediating its
biological effects (Li et al., 2003). This model suggests that low levels of oxidative
stress induce protective effects (tier-1) by the activation of antioxidant enzymes. If these
responses fail to provide adequate protection, then a further increase in reactive oxygen
species (ROS) production will result in pro-inflammatory (tier-2) and cytotoxic (tier-3)
effects. Free radicals are highly reactive molecules containing one or more unpaired
electrons that are capable of an independent existence, occupying an atomic or
molecular orbital (Kehrer, 1993, Halliwell, 1996). There are many forms of free
radicals, such as oxygen- and nitrogen-centred species (Kehrer, 1993, Halliwell, 1996).
Therefore, a free radical species may be highly reactive with other compounds and can
initiate chain reactions by either donating the unpaired electron (i.e. reduction) or
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extraction of an electron (i.e. oxidation) to complete its own orbital. Because most
molecules present in living organisms are non-radicals, a reaction with a free radical

will most likely create a new radical (Kehrer, 1993, Halliwell, 1996).

ROS arise from cellular respiration which involves the reduction of molecular oxygen
(O,) to water in the mitochondrial electron transport chain (Yu, 1994). Upon subsequent
addition of electrons to oxygen, the superoxide anion radicals (*O,’), hydroperoxyl
radical (HO,), hydrogen peroxide (H,O;) and the hydroxyl radical (*OH) are all formed
(Kelly et al., 1998).

The *OH species produced are highly toxic and are claimed to cause most of the
pathology induced by ROS (Lieu et al., 2001). The *OH radical is the potentially
most potent oxidant encountered in biological systems and can react readily with a
variety of molecules, such as lipids, DNA and proteins at close to diffusion limited rates
(Yu, 1994). Normal metabolic products such as H,O,, heme and free iron can act as
strong pro-oxidants, because of their ability to generate extremely reactive *OH species
through non-enzymatic reactions. However, due to its high reactivity, the *OH radical is
a non-selective oxidant and the specificity of its reactions is dictated by the site of
radical generation and it has a short half-life in biological tissue (Siesjo et al., 1989).
*OH species are formed via the Fenton reaction: which is the iron-salt-dependent
decomposition of H,0,, which is extremely slow unless catalyzed by a transitional

metal such as Fe?".

When red blood cells are lysed after cryopreservation there is a release of iron into the
culture medium. Iron has the capacity to accept and donate electrons easily, changing
between ferric (Fe®*) and ferrous (Fe**) oxidation states and participating in the redox
reactions such as Fenton reaction leading to an increase in *OH molecules (Kasprzak,
2002). Other biomarkers such as oxidative stress, altered heme biosynthesis and
increases in different stress proteins could be more suitable for evaluating toxicity of

metals at lower doses (Wang and Fowler, 2008).

Biological structures or biomolecules, such as polyunsaturated membrane lipids, DNA
and amino acids, are the target molecules reacting with ROS. The damage that occurs
includes mitochondrial swelling and lysis, calcium influx, protein damage and lipid

peroxidation and consumption of reducing molecules e.g. nicotinamide adenine

50



dinucleotide phosphate-oxidase (NADPH). These may lead to cellular apoptosis or
necrosis (Bus et al., 1974, Cagen and Gibson, 1977, Burk, 1991, Berlett and Stadtman,
1997, Cheng et al., 1998, Cheng et al., 1999)

Antioxidants including ascorbic acid and ascorbate are used to scavenge ROS. The L-
enantiomer of ascorbic acid is vitamin C and it has a hydrophilic nature and wide
distribution in the body. Vitamin C is the main water-soluble antioxidant in the aqueous
phase and also acts as a reducing agent in biological fluid by scavenging pathologically
relevant ROS (*O, and *OH) and RNS and protecting DNA against ROS damage (Frei
et al., 1989, Duthie et al., 1996, Halliwell, 1997, Carr and Frei, 1999).
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AIms of the Thesis

Biological effect monitoring in domestic animals is in its infancy where the biomarkers
are not well developed and validated and blood sample processing may hinder
investigations. Therefore the overall aim of this study was to develop ex vivo biomarker
assays that would be suitable for biological effect monitoring of the exposure of sheep

to chemicals in the environment.

The specific aims were:

1. To establish suitable blood sampling procedures for ex vivo assays using a
combination of field-collected samples from sheep and laboratory-collected samples
from rats and their characterisation by measuring markers for viability, early
apoptotic or late apoptotic/necrotic events and reactive oxygen species in both short

and longer term cultures.

2. To determine the responses of lymphocytes from different blood sample
preparations to common positive controls for genotoxic assays i.e. ethylmethane
sulphonate (EMS) and cadmium chloride (CdCl,) using markers for viability, early
apoptotic or late apoptotic/necrotic events and DNA damage.

3. To immunologically characterize sheep blood preparations using leukocyte

subpopulation analysis and immune function as measured by cytokine production.
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Development of Basic Protocols and Methodology: Sample
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Introduction

Due to the increased industrialisation in the world, there is a growing amount of harmful
chemical emissions into the environment (Cohen, 1997). Therefore, it has become
extremely important to investigate the levels of chemicals in our surroundings and their
potential adverse health effects on human and non-humans. This is normally done by
performing environmental monitoring studies i.e. measurement of pollutants in
environmental samples. This approach can be limited as the biological effects of the
chemicals are not assessed and the composition of the chemical emissions are not fully
characterized which makes targeted analysis difficult because it is not always apparent
what to measure. Sometimes environmental monitoring is done in parallel with
biological and biological-effect monitoring. This is also called biomonitoring and
encompasses the measurement of chemicals and residues of their metabolites in the
tissues obtained from living organisms as well as assessing specific biological endpoints

in biological samples (Lam and Gray, 2001).

Blood is a common biological sample used for biomonitoring studies due to its ease of
collection and availability, but also because of the possibility for repeated sampling
(Salama et al., 1999, Faust et al., 2004b). It is generally accepted that blood cells can be
used as sentinel cell types to provide early warning signals for adverse health outcomes
(Salama et al., 1999, Faust et al., 2004a, Faust et al., 2004b). In biomonitoring studies,
the traditional blood cell type used to document biomarkers of effects are the peripheral
blood mononuclear cells (PBMCs) (van Leeuwen et al., 2008). PBMCs have advantages
compared to other tissue specimens such as their accessibility (due to the less invasive
nature of their extraction, compared to internal tissue biopsies) and they contain cells
affected by chemicals such as circulating monocytes and T and B lymphocytes (Liew,
2005). PBMCs are the most transcriptionally active cells in the blood and represent a
popular model system that serves as a circulatory mirror of the in vivo systemic changes
in the physiological, immunological and metabolic activities of the body (Fan and
Hegde, 2005, Liew, 2005). Among the plethora of available primary cells, PBMCs and
their individual subsets (CD4 and CD8 T lymphocytes ( up to 70% of all cells), B
lymphocytes (15%), natural killer cells (10%), monocytes/ macrophages (5%), dendritic
cells (1%) and basophils (1%)) have facilitated a broad spectrum of applications from in

vitro cell-based assays to the monitoring of ex vivo changes before and after drug
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treatments or environmental exposures (Mohr and Liew, 2007). As a result, many
studies conducted thus far in areas of research such as immunology, infectious and
cardiovascular diseases, cancer and in toxicological biomarker research, have featured
PBMCs (Whitney et al., 2003, Chon et al., 2004, Lampe et al., 2004). PBMCs are also
the common sample used to study DNA damage in lymphocytes in genotoxicity assays
(Tuo et al., 1996). For such studies, various endpoints have been measured such as the
formation of micronuclei (Ranaldi et al., 1998), sister chromatid exchanges,
chromosomal aberrations (Tompa et al., 1994) and, of particular interest to this study,
DNA strand breaks as measured by the Comet assay (Tuo et al., 1996, McNamee et al.,
2001, Braz and Favero Salvadori, 2007, Sirota and Kuznetsova, 2008). In addition,
PBMCs are often used to measure DNA adducts that have been used as surrogates for
target tissues such as the lung and as biomarkers of cancer risk (Wiencke, 2002, Lee et
al., 2010).

In practice, once the PBMCs are isolated various aspects of acquired and innate
immunity can be quantified by in vitro tests of cell-mediated immune responses which
are useful indicators of immune health. After in vitro stimulations of PBMCs, the only
blood cell type analysed by flow cytometry or the Comet assay is lymphocytes as they
are the only cell type which has not adhered to the plastic in the tissue culture plates.
These indicators of immune health can be measured using a variety of methods,
including proliferation assays (Firbas et al., 2006), cytotoxic-T lymphocyte assays
(Koibuchi et al., 2005, Firbas et al., 2006), intracellular cytokine staining (Asanuma et
al., 2000, Maecker et al., 2005), the cytokine enzyme-linked immunospot (ELISPOT)
assay (Arlen et al., 2000, Smith et al., 2001, Mwau et al., 2004, Goepfert et al., 2005)
and tetramer staining (Maecker et al., 2005, Firbas et al., 2006).

Assays involving PBMCs are labour-intensive by nature and their isolation must to be
done within a narrow time-frame in order to avoid sample deterioration. This time-
frame for the separation and storage of PBMCs is about 8 hours after the blood is drawn
(Bull et al., 2007). However, large sample numbers and low measurement errors in the
assays are required for biological testing. When the number of samples and the number
of subjects are increased on the day of the experiment, prolonged processing time and
possible sample deterioration can result. Therefore, it is necessary to develop reliable,

efficient and standardised techniques to increase the number of samples processed
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(Leyland-Jones et al., 2008). Traditionally, biomarker investigations in laboratory
animals and humans have been well established and there are not too many challenges

to face compared to field-based studies.

The study of the effects of environmental contaminants on farm animals and wildlife
presents challenges regarding sample collection and storage when studies are in remote
locations, especially for ex vivo assays that require viable cells. In field-studies, whole
blood or isolated blood cells must often be held for long periods of time or shipped
overnight before reaching the laboratory and blood samples are known to degrade very
quickly (Lahvis et al., 1995). Furthermore, analysis in a laboratory may not be possible
for days or weeks due to a backlog of samples or a limit of sufficiently trained staff.

The cryopreservation of cells is a potentially beneficial way to preserve them and to
study the in vitro responsiveness at a later date (Weinberg et al., 2000, Finkelstein et al.,
2003). Notably, cryopreservation is used for long-term storage of immortal cell lines
and PBMCs which have been applied in immunotoxicology studies of harbour seals
(Ross et al., 1993, Levin et al., 2005), chickens and American coots (Finkelstein et al.,
2003) as well as in multicentre Acquired Immunodeficiency Syndrome (AIDS) studies
(Weinberg et al., 2000). There is still a limited understanding of factors that affect the
viability of cryopreserved lymphocytes and, thus, their use in field-studies. The factors
which may affect them include transport temperatures, times between sample
collection, processing, freezing and transfer to long-term storage in liquid nitrogen and
potential variation in the final concentration of cryopreservative in each sample
(Weinberg et al., 2000, Disis et al., 2006, Bull et al., 2007, Kierstead et al., 2007, Smith
et al., 2007). In this study, the cryopreservation and thawing protocol was adopted from
that of Reimann et al, (2000) which took into account factors such as cryoprotectants,
the type of protein additive in the cryopreservation medium, storage tank, cryovials,
thawing method and the temperature of the medium at the time of thawing the cells.
Other studies reported the effects of altering several key steps in the cryopreservation
process such as the volume of washes, number of cells frozen per tube, media
components and temperature during the thawing process (Kleeberger et al., 1999,
Betensky et al., 2000, Fowke et al., 2000, Maecker et al., 2005, Disis et al., 2006). Other
important additions to the cryopreservation procedure include the removal of DMSO by

slow dilution and centrifugation and the addition of DNAase to remove the DNA from

74



dead granulocytes to avoid the clumping of lymphocytes as demonstrated by Reimann
et al., (2000) and Steven et al., (2007).

Studies have previously reported the cryopreservation of isolated lymphocytes (Pero et
al., 1998, Kleeberger et al., 1999, Beck et al., 2001) in which the samples were handled
by a limited number of laboratories, ranging from one (Pero et al., 1998, Beck et al.,
2001) to four (Kleeberger et al., 1999) and all reported successful cryopreservation and
subsequent use. The major focus of these studies was to establish that the responses of
cryopreserved samples were similar to those of fresh samples in several important
characteristics including viability and transformability with Epstein Barr Virus (EBV)
and the influence of delayed blood processing on cell viability. In contrast to the other
characteristics, transformation by EBV was consistently found to be unaffected by the
length of time (from 40-60 weeks) samples were stored in liquid nitrogen (Pero et al.,
1998, Beck et al., 2001, Hayes et al., 2002).

While cryopreservation has its advantages, there are also some drawbacks to the use of
this technique. Studies in bone marrow, hepatocyte and lymphocyte systems have
suggested that cryopreserved cells exhibit higher levels of apoptosis compared to fresh
cells in culture (Schmidt-Mende et al., 2000, Yagi et al., 2001, Sarkar et al., 2003).
Cryopreservation-induced apoptosis is a cell death process characterized by
morphological and biochemical features occurring at different stages of the apoptotic
process (Fadok et al., 1992, Vermes et al., 1995). The use of annexin V and propidium
iodide (PI) as cell death markers has become an established method for differentiating
between the two major forms of cell death, namely, apoptosis and necrosis and is a
reliable method to measure cryopreservation—induced apoptosis (Sarkar et al., 2003,
Jeurink et al., 2008). It has been shown that cells undergoing apoptosis break up the
phospholipid asymmetry of their plasma membranes and expose phosphatidylserine
(PS) which is translocated to the outer layer of the cell membrane. This process only
occurs in the early phases of apoptotic cell death during which the cell membrane
remains intact (Fadok et al., 2000). Annexin V preferentially binds to negatively
charged phospholipids like PS in the presence of Ca** and shows minimal binding to
phosphatidylcholine and sphingomyelin. PI binds to DNA by intercalating between the
bases. Once the dye is bound to nucleic acids, its fluorescence is enhanced 20- to 30-

fold and can be measured by flow cytometry (Moore et al., 1998). The PI exclusion
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assay was used as an objective and sensitive approach to assessing the viability of cells
in various studies (Weinberg et al., 2000, Bailey et al., 2002, Doherty et al., 2005, Disis
et al., 2006). The PI exclusion assay has been shown to be a rapid, highly linear,
functionally correlated assay (Mascotti et al., 2000). Thus annexin V can be used as a
marker for early apoptosis while double staining with annexin V and PI can differentiate
between early and late apoptotic cells since viable lymphocytes with intact cell
membranes are impermeable to PI (PI-negative) whereas necrotic and late apoptotic
lymphocytes, with deficient cell membranes, are permeable to PI (PI-positive). Given
the rising health issues associated with the increasing amount of contaminants in the
environment and the number of alarming incidences reported, it would be highly
beneficial to develop techniques to properly assess the effects of chemicals in biological
tissues or samples and to store them for multiple endpoint analysis at a later date. The
overall aim of the present study was to investigate the effects of blood sample
preparations and cryopreservation on cell viability and responses in ex vivo biomarker
assays. While the ultimate goal being to develop biological effect monitoring
methodologies for domestic animals. At the onset, the potential to cryopreserve
PBMCs collected from multiple sheep under field-conditions, without affecting the
number of viable cells needed for the ex vivo assays, was assessed. The effect of the
time interval between the sampling of blood from individual sheep and the
cryopreservation step was investigated because this aspect has not been addressed in the
literature. The objective was to use a cryopreservation protocol that would not include
additives, such as cytokines, that could have the potential to artificially augment

antigen-specific immunity and the response to genotoxic compounds.

Following the initial field-based studies using sheep blood, rat blood was used for a
detailed protocol development/evaluation of fresh and frozen PBMCs because it is very
easy to collect, relatively cheap and provides sufficient volume for ex vivo assays. The
impact of the cryopreservation procedure used to store PBMCs in the viability of
lymphocytes in culture was examined. The extent to which the loss of viability observed
was due to early apoptotic or late apoptotic/necrotic events were examined. In addition,
the effects of the mitogens, phytohaemagglutinin (PHA-P) and pokeweed mitogens
(PWN), on the survival and the apoptotic induction of freshly isolated and frozen
PBMCs were assessed.
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Materials & Methods

Chemicals & Reagents

All chemicals used were of the highest grade available. RPMI 1640 medium with 2mM
L-glutamine, heat-inactivated foetal bovine serum (FBS), HEPES, phosphate-buffered
saline (PBS) , dimethyl sulphoxide (DMSO), propidium iodide (PI), Ficoll-Hypaque
density gradient (Histopaque 1083) , DNAse, phytohemagglutinin P (PHA-P) and
pokeweed mitogen (PWM) were purchased from Sigma-Aldrich, Ireland. The antibiotic
gentamycin was procured from GIBCO, UK. 96-well sterile tissue culture plates were
purchased from Sarstedt (Ireland). Ammonium chloride red blood cell lysis solution
buffer (Pharmlyse), annexin V-FITC apoptosis detection kits and 9 ml sodium heparin

blood collection tubes were procured from BD Biosciences, UK.
Animals

Sheep

Blood samples were taken from four 2-year-old Cheviot-cross ewes (with tag numbers
405, 445, 555 and 645) that were provided by and maintained in the grass paddock of
the Central Veterinary Laboratory (CVL), Abbotstown, Co Dublin

Rats

Sprague-Dawley male rats, 1-year-old, weighing 250 to 400 g, were obtained from the
Biological Services Unit of University College Cork, Ireland and had been purchased
from Harlan, Bicester, U.K. The rats were housed in groups of 6 under standard
controlled conditions (21+/-1°C) on a 12 hour light/dark cycle (lights on at 8.00 a.m.)

and received standard water and diet, provided ad libitum.
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Blood Collection

Sheep

Jugular blood samples were extracted from the ewes after they were restrained in small
pens so that they could not turn around but were able to move forwards and backwards.
70-80 ml blood was collected from each ewe in 9x9 ml sodium heparin tubes. The
blood was pooled together from each individual sheep and then processed for the
isolation of PBMCs and cryopreservation as shown in Figure 1.

M’h

Fresh
Whole
Blood

Pooled Blood
Ficoll
Density
Gradient BMCs
Centrifugation

+DMSO+FBS

Cryopreservation

WWWWW

Figure 1. Schematic of the Sampling Procedure Methods used when Blood was
Collected from Sheep in the Field.
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sampling transport | processing Sheep 445
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< 7.5 hours ——mmm>
1 .25 hour 1hour 15 mins 4 hour 3 hours
Sheep 555 sampling processing
< 9.5 hours
1.25 hour 15 mins 6 hour 3 hours
Sheep 645 sampling | transport processing
< 10.5 hours

Figure 2. Schematic of the Schedule of Sampling, Transport, Storage and

Processing when Blood was Collected from Sheep in the Field.

Because the blood was collected under field-based conditions and multiple samples
were taken from each sheep, the blood sampling draws were staggered in the order
sheep 445 405, 555 and 645. The veterinarian took samples in the field and following
15 minute transport time the laboratory-based technician processed the blood and
performed Ficoll-density gradient centrifugation to isolate PBMCs (as described in the
section “Isolation of PBMCs from Blood”). Another confounding factor was that blood
was stored at room temperature in between sampling and processing. While biological
samples containing proteins should be normally stored on ice to maintain activity for a
long time, the method for isolation of PBMCs requires both the blood samples and the
reagents to be stored at room temperature for optimal isolation efficiency. The duration
for which each sample was kept before processing was recorded and together with the
schedule of sampling is shown in Figure 2. The PBMCs in all samples were counted
using trypan blue stain and a haemocytometer and cryopreserved by placing them in
cryovials in a slow-freezing-rate container (Mr Frosty, Nalgene, UK) and stored in a -
80°C freezer (one container was used for each individual sheep samples). The next day
the containers were placed on dry ice, transported to the laboratory in Cork by train and
placed in the -80°C freezer for 24 hours. Finally, the cryovials containing the frozen

PBMCs were transferred to liquid nitrogen for storage.

79



Rats

Each rat was placed into a Perspex custom-built anaesthetic chamber and anesthesia was
induced with 4% halothane vaporized in oxygen (3l per minute). Then 5-7 ml of blood
was extracted from each of 4 rats by cardiac puncture and transferred to 9 ml sodium
heparin tubes followed by cervical dislocation. The procedure was performed on 3
separate occasions using a total of 12 rats. The reason for this was to limit the amount of

time the blood samples were stored at room temperature to a maximum of about 1 hour.

The blood from each individual rat was then processed for the isolation of PBMCs
which were either put into culture straight away or cryopreserved as soon as possible.
On the day that PBMCs were isolated from fresh blood, frozen PBMCs were thawed
and cultured in parallel with the fresh PBMCs. This process was performed on 3

separate occasions for each rat.
Sample Preparations

Isolation of PBMCs from Blood

Fresh sheep and rat PBMCs were isolated from heparinised blood by routine Ficoll-
density gradient centrifugation as described by Boyum (1968). Briefly, 2.5 ml of whole
blood was carefully layered on the top of Histopaque 1083 Ficoll-density separation
medium in a centrifugation tube at a ratio of 1:1. After centrifugation for 30 minutes at
400 x g, the white buffy layer of PBMCs was formed at the interface between blood
plasma and the Histopaque medium and the PBMC fraction was carefully transferred
using a Pasteur pipette into a tube containing 5 ml of RPMI 1640 cell culture medium.
The PBMCs were then washed twice with RPMI 1640 and centrifuged at 300 x g for 7
minutes. The cell pellet was either resuspended in 5ml culture medium (RPMI 1640
medium supplemented with 2mM L-glutamine, heat-inactivated 10% foetal bovine
serum (FBS), 10 mM HEPES and 20 pg/ml gentamycin) or further processed for
cryopreservation as described below. At this stage a viable cell count was performed

using trypan blue stain and a haemocytometer. The cell suspension was diluted until a

6
cell concentration of 1x10 cells/ml was achieved and 500 pl of the PBMC cell

suspension were added per well in a 24-well plate for further analysis (Boyum, 1968).
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Cryopreservation of PBMCs

At the final step in the PBMC isolation procedure, the cell pellet isolated from the 9 ml
sodium heparin aliquots of blood was resuspended in freezing medium (80 % FBS 20 %
DMSO) at a concentration of 5 x 10° viable cells/ml. The samples were mixed gently to
avoid cell damage. The cryovial was placed in a slow- freezing-rate container (Mr
Frosty, Nalgene, UK) and transferred to a —80 °C freezer for 24 hours. This simplified
method of controlled-rate freezing lowered sample temperatures by approximately 1°C
per hour. After 24 hours, frozen specimens were transferred to a liquid nitrogen dewar
flask at (-196°C) and maintained for 14 days before being thawed and put into culture as
described below.

Thawing of Frozen PBMCs

Frozen PBMCs were thawed according to a procedure adapted from protocols described
by Reimann and colleagues (Reimann et al., 2000). A frozen cryovial containing
PBMCs was placed in a 37°C water bath with continuous agitation until completely
melted and then placed on ice for 2 minutes. All dilution media were heated to 37°C
before being added to the thawed cell suspension. One ml of the thawed cell suspension
was slowly diluted with RPMI 1640 medium supplemented with 20 % FCS 0.2 pg/ml
DNAse 25 mM HEPES buffer (thawing medium) at room temperature. To accomplish
this slow dilution, 0.1, 0.2, 0.4, 0.8 and 2 ml of thawing medium were added
sequentially at 1-minute intervals with further gentle agitation. Five minutes after the
last addition of medium, the total volume was brought to 10 ml with thawing medium
and centrifuged at 300 x g for 7 minutes. The supernatant was then removed and this
wash step was repeated and the samples resuspended in 10 ml culture medium. At this

stage a viable cell count was performed using trypan blue stain and a haemocytometer.

6
The cell suspension was diluted until a cell concentration of 1x10 cells/ml was achieved
and 500 pl of the PBMC cell suspension was added per well in triplicate in a 24-well

plate for further analysis.
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Cell Culture

Both fresh and frozen PBMCs were cultured at a concentration of 1x10° cells/ml in
RPMI 1640 medium supplemented with 2 mM L-glutamine, heat-inactivated 10 %
foetal bovine serum (FBS), 10 mM HEPES and 20 pg/ml gentamycin. All PBMCs were
maintained at 37°C in a 5% CO, humidified incubator with a volume of 500 ul/well in a
24-well plate and all treatments were performed in triplicate for the duration of the
experiment. The plates were pre-incubated for 1 hour 30 minutes at 37°C prior to

exposures as described below
Mitogen Exposures

The mitogens, phytohemagglutinin P (PHA-P) (1 ug/ml) and pokeweed mitogen (PWN)
(0.5 pg/ml), were added in together to triplicate wells (20 pl) based on an adapted
protocol (Bansal et al., 1993). Control wells contained similar volumes of RPMI added
to the PBMCs. The plates were incubated for a further 48 hours at 37°C. This was
repeated for each sample preparation from each animal.

Propidium lodide Exclusion Assay

The viability of lymphocytes in both fresh and frozen PBMCs was determined by
propidium iodide (PI) exclusion. 500 pl of the cell suspension (1x 10° ml) from the
different samples was taken from the 24-well plate at each specific time point and
transferred to flow cytometer tubes. In addition, all biological samples and PBS buffers
were kept on ice unless otherwise indicated. The cell suspensions were diluted in 2 ml
of PBS and centrifuged for 7 min at 300 x g. The supernatant was then aspirated off and
this procedure was repeated twice. The supernatant was discarded and the cells were
resuspended in a volume of 100 ul PBS in the tubes to which 5 ul of PI (50 ug/ml in
PBS) was added. The cells were incubated for 15 min in the dark at room temperature
and the volume was brought to a total of 500 ul with PBS. These samples were

subsequently analysed by flow cytometer on a FACS Calibur instrument (Becton
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Dickinson, UK). As stated previously, the only cell types that were analysed in the
PBMC fraction were lymphocytes as the monocytes, dendritic cells and basophils were
still attached to the plastic tissue culture plate. A minimum of 10,000 events (in the
lymphocytes gate) were analysed for each sample. Lymphocyte gating was determined
by analysing the forward scatter (FSC) and side scatter (SSC) profile of the PBMCs on
a dot plot as shown in Figure 3A. Objective gating was used based on those cell
populations identified from the Cell Quest Pro manual (Becton Dickinson, UK) and also
by the guidelines set out by Calvelli et al., (1993). The criteria for gating included
lymphocytes which were both positive and negative for Pl staining. The same gate was
used for all samples from the same animal species. Different settings were needed for
sheep and rats. Data from this lymphocyte gate were displayed as a histogram with PI
(red fluorescence, X axis) vs. the number of events (Y-axis) as shown in Figure 3B. The
number of positive cells (Pl-positive) was measured, reflecting the number of necrotic
and late apoptotic cells; the % of viable cells was calculated from this using Cell Quest

Pro software (Becton Dickinson, UK).

P11 P12
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Pl Fluorescence

Figure 3A and 3B. Flow Cytometry Profiles of Rat Lymphocyte for Live and Dead Cell
Determination using Different Parameters.

A plot of rat PBMCs when gating around lymphocytes using forward scatter (FSC) vs. side scatter (SSC)
is shown in Figure 3A.

A histogram of rat PBMCs when gating around lymphocytes with propidium iodide fluorescence (PI) (X-
axis ) vs. frequency of viable and non-viable cells (Y-axis) is shown in Figure 3B.
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Annexin V-FITC Apoptosis Assay

Following culture, PBMCs were prepared and stained with annexin V-FITC (excitation
488nm/emission 530nm) and propidium iodide (PI) (excitation 488nm/emission 585nm)
according to the manufacturer’s instructions (Becton Dickinson, UK). Staining cells
simultaneously with annexin V-FITC (green fluorescence) and the DNA intercalating
dye, propidium iodide (red fluorescence), allows (bivariate analysis) the discrimination
of viable cells (AnV-FITCPT'), early apoptotic (AnV-FITC PI') and late apoptotic or
necrotic cells (AnV-FITC PI"). Staining of cells for flow cytometric analysis was done
in flow tubes (Falcon, BD Biosciences, UK) containing 500 pl of the PBMCs
(1x10%ells/ml). Cell pellets were washed with PBS and centrifuged for 7 minutes at
300 x g and the supernatant discarded. The cell pellet was then resuspended in 100 ul of
freshly prepared binding buffer (The 10X buffer [0.1 M HEPES, pH 7.4; 1.4 M NaCl;
25 mM CaCl;] was diluted to a 1X solution) and the cells were stained with 5 ul of Pl
(50 pg/ml in PBS) and 5 pl of annexinV-FITC (1ug/ml in binding buffer) and incubated
for 15 minutes in the dark at room temperature. After the incubation was complete, 400
pl of binding buffer was added and cells were analysed (Moore et al., 1998). Data were
displayed as a two-colour dot plot with annexin V-FITC (AnV-FITC) (green
fluorescence, X axis) vs. propidium iodide (red fluorescence, Y axis) as shown in

Figure 4.
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Propidigm iodide

Annexin V

Figure 4. Annexin V (AnV) /Propidium lodide (PI) Bivariate Analysis of Rat Lymphocytes Used to
Identify the Different Cell Sub-Populations. The lower left quadrant contains AnV-FITC/PI"(black-
stained) viable, non-apoptotic lymphocytes. The lower right quadrant contains AnV-FITC */PI" (green-
stained) early apoptotic lymphocytes. The upper left (AnV-FITC /PI%) and right (AnV-FITC */PI%)

quadrants (red-stained) contain late apoptotic or necrotic lymphocytes
Statistical Analysis

Results are expressed as the means + standard deviation (SD) for three independent
experiments with the means based on triplicate analysis for each experiment. All
statistical analyses used Sigma Stat software (version 2.03). Data were tested for
normality using the Kolmogorov-Smirmnov test. Differences between group means
were analysed using a one-way ANOVA followed by Tukey post-hoc test for multiple

comparisons. Data significance was set at *p<0.05, ** p<0.01, *** p<0.001.
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Results

The Effect of Sample Processing on Lymphocyte Viability of Sheep
PBMCs over 24 Hours in Culture

The viability of the cells in the various sheep PBMC samples as measured by the trypan
blue stain on a haemocytometer was between 91% and 85%, depending on what sheep
sample was measured, before the samples were placed in the slow-rate freezing
container (data not shown). There was no change in viability as measured by this
method when the samples were measured immediately after thawing or in the case of
samples after 3 hours in culture that were measured by the propidium iodide (PI)

exclusion assay (data not shown).

A comparison of the lymphocyte viability as measured by the PI exclusion assay in the
frozen PBMCs from four sheep in culture after 3 hours and 24 hours is shown in Figure
5. The viability of the lymphocytes after 3 hours in culture was 90% for Sheep 445;
82% for Sheep 405; 74% for Sheep 555 and 72% for Sheep 645 and correlated with the
duration time between blood sampling and processing for each sheep i.e. 5.5 hours, 7.5
hours, 9.5 hours and 10.5 hours, respectively. The number of viable lymphocytes in
frozen PBMCs from all four sheep decreased when they were cultured for 24 hours. The
sample viabilities dropped by 13% (p<0.01) for Sheep 405 to 69%; by 14% (p<0.001)
for Sheep 445 to 77%; by 18% (p<0.001) for Sheep 645 to 54% and by 22% (p<0.001)
for Sheep 555 to 52%. Duplicate wells were used for each time point and the
experiment was performed in triplicate (3 individual frozen PBMC aliquots were

thawed out for each sheep in independent experiments on different days).
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Figure 5. Comparison of the Lymphocyte Viability in Frozen PBMCs from Different Sheep over 24
Hours in Culture. Data are represented as the percentage of viable lymphocytes in various frozen sheep
PBMCs over culture periods of 3 and 24 hours assessed by Pl staining and measured by flow cytometry.
Data are represented as means +/- SD for three independent experiments (frozen aliquots), with 3
replicates per experiment. 3 hours vs 24 hours (* p < 0.05, ** p < 0.01 and *** p < 0.001).

Comparison of the Lymphocyte Viability of Fresh and Frozen Rat
PBMCs over 48 Hours in Culture

The levels of viability as measured by propidium iodide (PI) staining in the lymphocyte
gated subsets of fresh and frozen PBMCs from rats at 3, 24 and 48 hours are shown in
Figures 6A and 6B.

In the case of fresh PBMCs, duplicate wells were analysed for each time point and 3
separate fresh blood draws were taken from three different rats. At 48 hours there was
about a 5% loss in viability in fresh PBMCs from the initial 90% measured at 3 hours
(p<0.05)(Figure 6A).

In the case of frozen PBMCs, duplicate wells were used for each time point and 3
individual frozen PBMC aliquots were thawed out from separate rats. The viability was
reduced by 16% at 24 hours and by 29% at 48 hours from the initial 90% measured at 3
hours (p<0.001) (Figure 6B).

There was no difference in viability in fresh compared to frozen PBMCs at 3 hours but
at 24 hours and 48 hours, the viability in the frozen samples was reduced by 15%
(p<0.001) and 22% (p<0.001), respectively. Therefore, after 48 hours in culture,
lymphocyte viability was 85% for fresh PBMCs and after cryopreservation and culture
this decreased to 62% (Figure 6C).
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Figures 6A and 6B. The Viability of Lymphocytes in Fresh and Frozen Rat PBMCs over 48 Hours
in Culture. Data are represented as the percentage of viable lymphocytes in fresh (A) and frozen (B)
PBMCs over culture periods of 3, 24 and 48 hours as assessed by Pl staining. Data are represented as
means +/- SD for three independent experiments with 3 replicates per experiment. (frozen aliquots or
fresh blood draws). Statistical analysis compares 3 hours vs other time points (* p < 0:05, ** p < 0:05 and
***p < 0:001).

Figure 6C. Comparison of the Viability of Lymphocytes in Fresh and Frozen Rat PBMCs over 48
Hours in Culture. Data are represented as means +/- SD for three independent experiments with 3

replicates per experiment (frozen aliquots or fresh blood draws). Statistical analysis compares fresh vs
frozen PBMCs (* p < 0:05, ** p < 0:05 and *** p < 0:001).
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Comparison of the Levels of Apoptosis Induction in Fresh and Frozen
Rat PBMCs over 48 Hours in Culture

An investigation into the contribution of apoptosis to the total decrease in viability after
48 hours was undertaken. The levels of viability, early apoptosis and late
apoptosis/necrosis in the lymphocyte gated subset of fresh PBMCs from rats at 3, 24
and 48 hours, as assessed by annexin V (AnV-FITC) and PI staining, are shown in
Figure 7A. The reduction in viability does not appear to be the result of early apoptosis.
The lymphocyte viability at 3 hours for fresh PBMCs was 90% and there was a 5% drop
in viable lymphocytes (AnV-FITC  PI") from 3 hours to 48 hours in culture (p<0.05).
The level of early apoptotic lymphocytes (AnV-FITC *PI") was 3% after 3 hours and
after 48 hours it increased by 4% to 7%.(p<0.05). The levels of late apoptosis/ necrosis
(AnV-FITC *PI")/ (AnV-FITC PI") in fresh PBMCs were 6% and 7% at 3 hours and 48

hours, respectively.

The contribution of apoptosis and necrosis to the cell death of lymphocyte in frozen rat
PBMCs at 3, 24 and 48 hours in culture, are shown in Figure 7B. The lymphocyte
viability (AnV-FITC PI’) at 3 hours was 91% and there was a 15% drop from 3 hours to
24 hours (p<0.001) and a 28% drop from 3 hours to 48 hours to 62% (p<0.001). The
early apoptotic lymphocytes (AnV-FITC *PI) after 3 hours had a level of 6% and after
24 hours this level increased by 3% to 9% and by 11% to 17%.(p<0.01) at 48 hours.
The level of late apoptosis or necrosis (AnV-FITC *PI)/ (AnV-FITCPI") was 3% after
3 hours and increased by 12% to 15% (p<0.01) after 24 hours and by 17% to 20%
(p<0.001) after 48 hours.

There was no difference between the number of viable lymphocytes (AnV-FITC" PI)
from fresh and frozen PBMCs after 3 hours. However, there was a reduction of 15%
(p<0.001) at 24 hours and 22% (p<0.001) at 48 hours in the frozen samples. The
number of early apoptotic lymphocytes (AnV-FITC'PI") increased by 3% at 3 hours
after cryopreservation and by 6% (p<0.01) and 10% (p<0.001) at 24 hours and 48 hours,
respectively. Likewise cryopreservation caused a 4% decrease in the level of late
apoptosis or necrosis (AnV-FITC'PI")/(AnV-FITCPI") in PBMCs at 3 hours. This
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decrease changed to an increase of 9% (p<0.001) at 24 hours and increased to 12%
(p<0.001) at 48 hours (Figure 7C).
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Figures 7A and 7B. The Level of the Apoptotic Lymphocytes in Fresh and Frozen Rat PBMCs over
48 Hours in Culture.

Data are represented as the percentage of viable lymphocytes, early apoptotic and late apoptotic /necrotic
lymphocytes in fresh (A) and frozen (B) PBMCs over culture periods of 3, 24 and 48 hours as assessed by
annexin V and PI staining and analysed by flow cytometry. Data are represented as means +/- SD ) with 3
replicates per experiment (frozen aliquots or fresh blood draws). Statistical analysis compares 3 hours vs
other time points (** p < 0:01 and *** p < 0:001).

Figure 7C. Comparison of the Level of Apoptotic Lymphocytes in Fresh and Frozen Rat PBMCs
over 48 Hours in Culture. Data are represented as means +/- SD for three independent experiments with
3 replicates per experiment (frozen aliquots or fresh blood draws). Statistical analysis compares fresh vs
frozen (* p < 0:05, ** p < 0:01 and *** p < 0:001).
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Comparison of the Lymphocyte Viability of Fresh and Frozen Rat
PBMCs Stimulated with Mitogens over 48 Hours in Culture

The levels of viability measured by propidium iodide (PI) staining in the lymphocyte
gated subsets of fresh and frozen PBMCs from rats in the presence of mitogens, PHA-P
and PWN, at 3, 24 and 48 hours are shown in Figure 8A. There was a loss in viability
between 3 hours and 24 hours (71 to 63%) (p<0.01) and between 3 hours and 48 hours
(71 to 19%)(p<0.001)( Figure 8A).

In the case of fresh rat PBMCs, there was a significant difference in viability in fresh
PBMCs compared to fresh samples stimulated by mitogens. At 3, 24 and 48 hours, the
viability in the fresh samples in the presence of mitogens was reduced by 20%
(p<0.001), 15% (p<0.001) and 66% (p<0.001), respectively. Therefore, after 48 hours in
culture, lymphocyte viability was 85% for fresh PBMCs and the addition of mitogens
decreased this to 18% (Figure 8B).

In the case of frozen rats PBMCs in the presence of mitogens there was a loss in
viability between 3 hours and 24 hours (73 to 27%)(p<0.01) and between 3 hours and
48 hours (73 to 11%)(p<0.001) (Figure 8C).

There was a significant difference in viability in frozen PBMCs compared to frozen
samples stimulated by mitogens. At 3, 24 and 48 hours, the viability in the frozen
samples in the presence of mitogens was reduced by 17% (p<0.001), 44% (p<0.001)
and 52% (p<0.001), respectively. After 48 hours in culture, lymphocyte viability was
63% for frozen PBMCs and the addition of mitogens decreased this to 11% (Figure 8D).

When both fresh and frozen PBMCs were stimulated with mitogens, there was no
difference in viability at 3 hours but at 24 hours, the viability in the frozen samples was
reduced by 32% (p<0.001) and by 7% at 48 hours. Therefore, after 48 hours in culture,
lymphocyte viability was 18% for fresh PBMCs and this decreased to 11% for frozen
PBMCs when both were stimulated with mitogens (Figure 8E).
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Figures 8A and 8C. The Viability of Lymphocytes in Fresh and Frozen Rat PBMCs Stimulated
with Mitogens over 48 Hours in Culture. Data are represented as the percentage of viable lymphocytes
in fresh (A) and frozen (C) PBMCs in the presence of mitogens over culture periods of 3, 24 and 48 hours
as assessed by PI staining. Data are represented as means +/- SD for three independent experiments with
3 replicates per experiment (frozen aliquots or fresh blood draws). Statistical analysis compares 3 hours
vs other time points (* p < 0:05, ** p < 0:05 and *** p < 0:001).

Figures 8B and 8D. Comparison of the Viability of Lymphocytes in Fresh and Frozen Rat PBMCs
with or without Stimulation with Mitogens over 48 Hours in Culture. Data are represented as the
percentage of viable lymphocytes, early apoptotic and late apoptotic /necrotic lymphocytes in fresh (B)
and frozen (D) PBMCs in the presence or absence of mitogens over culture periods of 3, 24 and 48 hours
as assessed by annexin V and PI staining and analysed by flow cytometry. Data are represented as means
+/- SD. Statistical analysis compares fresh vs fresh + mitogens (** p < 0:01 and *** p < 0:001).

Figure 8E. Comparison of the Viability of Lymphocytes in Fresh and Frozen Rat PBMCs
Stimulated with Mitogens over 48 Hours in Culture. Data are represented as means +/- SD Statistical
analysis compares fresh PBMCs with mitogens vs frozen PBMCs with mitogens. (* p < 0:05, ** p < 0:05
and *** p < 0:001).
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Comparison of the Levels of Apoptosis Induction in Fresh Rat PBMCs

Stimulated with or without Mitogens over 48 Hours Culture in Culture

The levels of viability, apoptosis and necrosis of lymphocytes in fresh PBMCs from rats
in the presence of mitogens, PHA-P and PWN, at 3, 24 and 48 hours are shown in
Figure 9A. The lymphocyte viability (AnV-FITC " PI') at 3 hours for fresh PBMCs with
mitogens was 70% and there was an 8% drop from 3 hours to 24 hours (p<0.001) and a
51% reduction to 19% (p<0.001) between 3 hours and 48 hours. The level of early
apoptotic lymphocytes (AnV-FITC *PI") in fresh PBMCs with mitogens was14% after 3
hours and after 24 hours this level increased by 10% to 24% (p<0.001) and by 14% to
29% (p<0.001) at 48 hours. The level of late apoptosis/ necrosis (AnV-FITC *PI%)/
(AnV-FITC "PI") after 3 hours was 16% and stayed at this same level after 24 hours. It
increased by 38% to 54% (p<0.001) at 48 hours.

The contributions of apoptosis and necrosis to the cell death of lymphocyte in fresh rat
PBMCs in the presence or absence of mitogens, PHA-P and PWN, at 3, 24 and 48 hours
are shown in Figure 9B. The number of viable lymphocytes (AnV-FITCPI) in fresh
PBMCs was reduced by 20% (p<0.001) after 3 hours in the presence of mitogens. The
reduction increased to 29% (p<0.001) at 24 hours and to 66% (p<0.001) at 48 hours.
The level of early apoptotic lymphocytes (AnV-FITC'PI") increased by 11% (p<0.001)
at 3 hours in the presence of mitogens and by 21% (p<0.001) and 20% (p<0.001) at 24
hours and 48 hours, respectively. The addition of mitogens caused a 10 % (p<0.001)
increase in the level of late apoptosis or necrosis (AnV-FITC*PI")/ (AnV-FITCPIY) in
fresh PBMCs at 3 hours. The increase remained at 10% (p<0.001) at 24 hours but
increased to 45% (p<0.001) at 48 hours.
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Figure 9A. The Level of the Apoptotic Lymphocytes in Fresh Rat PBMCs Stimulated with
Mitogens over 48 Hours in Culture. Data are represented as means +/- SD for three independent
experiments with 3 replicates per experiment (frozen aliquots or fresh blood draws). Statistical analysis
compares 3 hours vs other time points (** p < 0:01 and *** p < 0:001).

Figure 9B. Comparison of the Level of Apoptotic Lymphocytes in Fresh Rat PBMCs Stimulated
with or without Mitogens over 48 Hours in Culture. Data are represented as the percentage of viable
lymphocytes, early apoptotic and late apoptotic /necrotic lymphocytes in fresh PBMCs in the presence or
absence of mitogens over culture periods of 3, 24 and 48 hours as assessed by annexin V and Pl staining
and analysed by flow cytometry. Data are represented as means +/- SD for three independent experiments
with 3 replicates per experiment (frozen aliquots or fresh blood draws). Statistical analysis compares fresh
vs fresh PBMCs + mitogens (** p < 0:01 and *** p < 0:001).
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Comparison of the Levels of Apoptosis Induction in Fresh and Frozen
Rat PBMCs Stimulated with Mitogens over 48 Hours in Culture

The levels of viability, apoptosis and necrosis in the lymphocyte gated subset of frozen
PBMCs from rats in the presence of mitogens, PHA-P and PWN, at 3, 24 and 48 hours
are shown in Figure 10A. The lymphocyte viability (AnV-FITCPI’) at 3 hours was 73%
and there was a 45% drop from 3 hours to 24 hours (p<0.001) and a 62% reduction to
11% (p<0.001) between 3 hours and 48 hours. The level of early apoptotic lymphocytes
(AnV-FITC'PI") was 18% after 3 hours and after 24 hours this level decreased by 8% to
10% (p<0.001) and by 6% to 11% (p<0.001) at 48 hours . The level of late apoptosis/
necrosis (AnV-FITC'PI")/ (AnV-FITCPI") after 3 hours was 9% and increased by 54%
after 24 hours and by 71% to 80% (p<0.001) at 48 hours.

The contributions of apoptosis and necrosis to the cell death of lymphocyte in frozen rat
PBMCs in the presence or absence of mitogens, PHA-P and PWN at 3, 24 and 48 hours
in culture are show in Figure 10B. The number of viable lymphocytes (AnV-FITCPI)
in frozen PBMCs was reduced by 17% (p<0.001) after 3 hours in the presence of
mitogens. The reduction increased to 46% (p<0.001) at 24 hours and to 51% (p<0.001)
at 48 hours. The level of early apoptotic lymphocytes (AnV-FITC'PI") increased by
10% (p<0.001) at 3 hours in the presence of mitogens but decreased by 2% and 8%
(p<0.001) at 24 hours and 48 hours, respectively. The addition of mitogens caused a 7
% (p<0.001) increase in the level of late apoptosis/ necrosis (AnV-FITC *PI")/(AnV-
FITC PI") in frozen PBMCs at 3 hours. The increase remained at 48% (p<0.001) at 24
hours but increased to 59% (p<0.001) at 48 hours.

When the data for fresh and frozen PBMCs from rats were compared, the number of
viable lymphocytes (AnV-FITCPI') in frozen PBMCs was reduced by 3% after 3 hours
in the presence of mitogens. The reduction increased to 32% (p<0.001) at 24 hours and
to 7% (p<0.001) at 48 hours. The level of early apoptotic lymphocytes (AnV-FITC'PI")
increased by 3% at 3 hours in the presence of mitogens and after cryopreservation but
decreased by 16% (p<0.001) and 17% (p<0.001) at 24 hours and 48 hours, respectively.
The addition of mitogens and cryopreservation caused no change in the level of late
apoptosis or necrosis (AnV-FITC'PI")/(AnV-FITCPI") in PBMCs at 3 hours but their
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level increased by 49% (p<0.001) at 24 hours and by 26% (p<0.001) at 48 hours (Figure
10C).
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Figure 10A. The Level of the Apoptotic Lymphocytes in Frozen Rat PBMCs Stimulated with
Mitogens over 48 Hours in Culture. Data are represented as means +/- SD for three independent
experiments with 3 replicates per experiment (frozen aliquots ). Statistical analysis compares 3 hours vs
other time points (** p < 0:01 and *** p < 0:001).

Figure 10B. Comparison of Level of Apoptotic Lymphocytes in Frozen Rat PBMCs Stimulated with
or without Mitogens over 48 Hours in Culture. Data are represented as the percentage of viable
lymphocytes, early apoptotic and late apoptotic /necrotic lymphocytes in frozen PBMCs in the presence
or absence of mitogens over culture periods of 3, 24 and 48 hours as assessed by annexin V and PIl. Data
are represented as means +/- SD for three independent experiments with 3 replicates per experiment
(frozen aliquots). Statistical analysis compares frozen PBMCs with and without mitogens.

Figure 10C. Comparison of the Level of Apoptotic Lymphocytes in Fresh and Frozen Rat PBMCs
Stimulated with Mitogens over 48 Hours in Culture. Data are represented as means +/- SD for three
independent experiments with 3 replicates per experiment (fresh blood draws or frozen aliquots).
Statistical analysis compares fresh PBMCs with mitogens vs frozen PBMCs with mitogens * (* p < 0:05,
**p <0:01 and *** p < 0:001).
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Discussion

The biomonitoring of environmental contaminants involving fresh peripheral blood
mononuclear cells (PBMCs) has been successfully conducted in wild animals such as
bottlenose dolphins exposed to organochloride contaminants (Lahvis et al., 1995) and
tree swallows exposed to pesticides (Bishop et al., 1998) with multiple samples taken
from up to 15 animals. In the field, adequate sample collection procedures for analysing
immune function, genotoxicity and adduct formation, which are the mainstays of
biological effect monitoring, are dependent on a variety of factors affecting the quality
of the samples. These include the type of blood containers, speed of processing, stability
conditions between transport from sample site and laboratory, minimal time between
processing and a manageable quantity of samples. In addition, one has to be aware of
the increased length of processing time involved for multiple blood samples. A labour-
intensive sample processing method, such as the isolation of PBMC:s, takes substantially
more time than the much simpler methods normally used for genetic and cytokine

analysis for which whole blood is cultured (Connor, 2000).

In the present study, the blood samples were taken from sheep located in the field
relatively close (2 kilometres, approx 15 minutes travel time) to the laboratory. In the
cases of environment contamination reported in areas such as Silvermines, Co.
Tipperary, Castlecomer, Co. Kilkenny, and Askeaton, Co. Limerick, the transport times
to a suitable laboratory such as the Regional Veterinary Laboratories in Limerick or the

State Veterinary Laboratory in Kilkenny would be greater (approximately 45 minutes).

9x9 ml blood samples were collected from each of four sheep under field-based
conditions and the blood was pooled before fresh PBMCs were isolated from each
sample and then aliquoted into cryovials and cryopreserved. Therefore,
cryopreservation of the fresh PBMCs was used to stabilise the samples and make them

available for subsequent assays in the laboratory.

Because of the number of samples collected in the field , there were differences between
the samples from each sheep in the time that elapsed between venepuncture, storage ,
transportation and isolation of PBMCs and their cryopreservation (5.5, 7.5, 9.5, and
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10.5 hours for sheep 455, 405, 555 and 645, respectively). Given the number of samples
and the resources available in the laboratory adjacent to the field, it was not possible to
assess the viability of freshly-isolated PBMCs by the propidium iodide (PI) exclusion
assay. Instead, the number of viable cells in the PBMCs before cryopreservation was
counted on a haemocytometer using the trypan blue stain. This method gives a measure
of the membrane integrity of the cells. There were differences in the levels of membrane
integrity in the four sheep samples and, overall, the reduction in the membrane integrity
correlated with the increasing time that elapsed between blood collection and

cryopreservation of the PBMCs.

The viability of PBMCs, as measured by membrane integrity before cryopreservation,
was comparable to those measured by the Pl exclusion assay at 3 hours post thawing.
While trypan blue exclusion is a routinely used benchmark assay, it is very dependent
on operator accuracy as monocytes and other mononuclear white blood cells might be
counted as lymphocytes. In contrast, only lymphocytes can be analysed in the PI
exclusion assay as one can exclude part of the cell population (monocytes and
granulocytes) and debris using objective gating strategies. Despite these considerations

there was good correlation between the two methods used.

The viabilities of the frozen sheep PBMCs, ranged between 91 and 72% after 3 hours in
culture. When the time in culture was extended to 24 hours, the viabilities of all sheep
samples were below 80% and the lowest viability (50%) was that of the samples with

the greatest delay before processing.

The observation that viability was greatly reduced by delayed processing is in
agreement with the findings of Kristal et al. (2005) who found that when the processing
time was 32 hours the viability was around 75% but when blood storage was extended
to 144 hours the viability decreased to 52%. Beck et al. (2001) reported that even after 6
days before processing, frozen lymphocytes could be transformed with Epstein Barr
virus (EBV) similar to fresh lymphocytes even for multiple sample collections.
However, these studies took place in a laboratory environment and did not compare the
differences in laboratory versus field-based processes and the impact that extended
storage at room temperature would have on the viability of frozen PBMCs. A noticeable
difference between these studies was that EDTA was used as the anticoagulant in the
former study (Kristal, 2005) while acid-citrate-dextrose (ACD) was used in the latter
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(Beck et al., 2001). However, in a further study, no differences were detected in cell
recovery, viability and immune function when EDTA, ACD and sodium heparin were
used as anticoagulants in the collection of blood samples for the cryopreservation of
PBMCs (Bull et al., 2007). The time lag between blood collection, processing and
analysis or cryopresvation, which could be a more important factor than the type of
anticoagulant used in the blood tubes, was also examined by Bull et al, (2007). They
found that when cryopreserved within 8 hours of venepuncture, PBMC recovery,
viability and immune function were not significantly affected by the blood
anticoagulant used but when the storage was extended to 24 hours these parameters
were affected. This effect of extended storage is in agreement with the findings for

sheep 405 and 445 compared to sheep 555 and 645 in the present study.

The field-studies with sheep blood showed that cryopreservation was a suitable method
for the provision of a supply of viable PBMCs for ex vivo assays when processed within
5.5 hours. However, because it is easy to collect, relatively cheap and provides enough
volumes, rat blood, rather than sheep blood, was used for more detailed comparative
studies on fresh and frozen PBMCs. It is important to have high cell viability in
cryopreserved samples so that reproducible, reliable and relevant results can be
achieved in assays using immune or toxicological endpoints. The general consensus is
that for any cell assay, one should have a starting viability of >80% (Kleeberger et al.,
1999). Therefore, as part of control practices, viability tests need to be performed on
cryopreserved cells in order to verify that preservation is effective, i.e. that all or nearly
all the cells are viable upon thawing. The benefits of this were demonstrated in human
clinical studies (Weinberg et al., 2000) and it is known that cryopreservation can have
negative impacts on the characteristics of cells (Deneys et al., 1999, Fowke et al., 2000,
Reimann et al., 2000, Cavers et al., 2002). In a study by Betensky et al. (2000),
consistent proliferative T-cell responses were observed in assays after 72 hours in
culture when the viability of thawed PBMCs was greater than or equal to 70%.

In the case of fresh rat PBMCs, there was a small decrease (5%) in the number of viable
cells over a 48 hour culture period. This is in agreement with other studies that observed
viabilities of 95-90% after isolation and during long term culture (Sarkar et al., 2003,
Disis et al., 2006, Garcia-Pineres et al., 2006, Ruitenberg et al., 2006). Interestingly, up

to 90% of the lymphocytes in the frozen PBMCs were viable after cryopreservation
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when cultured for 3 hours. These results are in agreement with those of Wang et al.
(1998) and Fowke et al. (2000) who reported 89% and 86% viability, respectively, for
PBMCs after cryopreservation and with those of Venkataraman and colleagues who
reported 98% of cells with membrane integrity using the cryobox method
(Venkataraman et al., 1992, Wang et al., 1998). However, other studies have reported
reduced viabilities of 70 -80% after cryopreservation and these may have been caused
by the use of quick freezing rather than the slow-controlled method (Ichino and
Ishikawa, 1985, Weinberg et al., 2000, Riccio et al., 2002).

In contrast to the fresh PBMCs, there was a considerable loss of viable lymphocytes
(30%) when the frozen samples were cultured for 48 hours. This loss of viability could
result from either of two mechanisms of cell death, namely necrosis or apoptosis and the
contribution of these was investigated since both processes could affect the

interpretation of the data obtained in other assays used in this study.

Annexin V and propidium iodide bivariate analysis detects the breaking up of the
phospholipid asymmetry of the plasma membrane (Fadok et al., 2000).There are various
markers of apoptosis which can be measured by a number of approaches such as by the
nuclease activation of apoptosis or by the formation of a DNA ladder following agarose
gel electrophoresis, or by the end-labelling of the newly created DNA ends (the
TUNNEL assay) or by the changes in chromatin structure using DNA binding dyes and
fluorescent microscopy. Since the events being measured can occur at different stages
of apoptosis, inter-study comparisons can be difficult, depending on the technique used
(Darzynkiewicz and Traganos, 1998, Mills et al., 1998). Cells undergoing early
apoptotic events can still repel trypan blue and propidium iodide and, therefore, may
still be considered viable according to the lack of cell permeability but these cells could
still be on the way to becoming late apoptotic at a later time point and these cells could
be detected with annexin V staining (O'Brien and Bolton, 1995).

When fresh PBMCs were cultured for 48 hours, there was a slight increase (up to 7%)
in levels of early apoptotic lymphocytes and the number of late apoptotic / necrosis
lymphocytes was less than 10%. These results are in agreement with those of Jeurink et
al. (2008) who reported an increase in early and late apoptotics cells of around 20% at

24 hours in fresh PBMCs. However, the results from both studies are in contrast with a
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previous report where the number of apoptotic cells was very low (5%) up to and
throughout 5 days culture (Sarkar et al., 2003).

Frozen PBMCs had higher levels of early apoptosis (16% at 48 hours) than fresh cells
and 21% of the frozen PBMCs were in late apoptosis/necrosis phase at 48 hours. The
level of apoptotic lymphocytes was about 40% at 48 hours which is similar to other
studies (Sarkar et al., 2003, Jeurink et al., 2008). Cryopreserved cells usually show
higher levels of apoptosis compared to fresh cells in bone marrow, hepatocyte and
lymphocyte culture systems (Glander and Schaller, 1999, Schmidt-Mende et al., 2000,
Yagi et al., 2001, Sarkar et al., 2003). However, Riccio et al., (2002) reported that the
frequencies of apoptosis were very low, at about 10 % for both fresh and frozen PBMCs
after 24 hours in culture. The discrepancies between the results may be explained by
differences between the methods used to measure apoptosis. The breaking up of the
phospholipid asymmetry of the plasma membrane, as detected by annexin V binding,
happens at an earlier time point than the DNA fragmentation or chromatin condensation
described by Riccio et al., (2002).

The main mechanism associated with the reduction in viability when PBMCs were
cryopreserved is apoptosis and this was detected by an increase in annexin V positive
cells at 24 hours. What is encouraging is that at 3 hours there was no difference in the
percentage of viable lymphocytes between fresh and frozen PBMCs. The next step was
to examine whether these frozen PBMCs could be used to assess immunotoxicity
manifested by either increased immune activity or decreased immune function. Cell
mediated immunity can be assessed by the lymphocyte proliferation assay which
involves culturing PBMCs with mitogens. The proliferation is necessary to investigate
immune functionality of the cells because lymphocytes are quiescent and need to be
stimulated (Keller et al., 2005). The normal duration of the lymphocyte proliferation
assay is 72 hours but this is dependent on the specific mitogens used. Because of the

major loss of viability observed after 48 hours, the 72 hour time point was not used.

The lymphocyte viability of fresh rat PBMCs stimulated with the mitogens,
phytohemagglutin (PHA-P) and poke weed mitogen (PWM), decreased substantially by
almost 70% compared to fresh PBMCs without stimulation after 48 hours and
corresponded to a significant increase in early (23%) and late apoptotic /necrotic (47%)
lymphocytes. This is in agreement with the use of the mitogen, concanavalinA (ConA),
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which caused a similar decrease in viability and increase in apoptotic lymphocytes
(Jeurink et al., 2008). In the case of cryopreserved PBMCs stimulated by mitogens,
there was a large reduction (87%) in the level of cell viability at 48 hours in culture but
the reduction was not substantial after 3 hours. This high level of cell death is much
higher than that previously reported by Jeurink et al, (2008). However, these workers
stimulated only T-cells, in contrast to the use of mitogens to stimulate both T-and B-
cells and increase the level of cell death in the present study. There was a difference in
the level of early apoptotic cells between fresh and frozen PBMCs stimulated by
mitogens. For frozen PBMCs, 17% were in the early apoptotic phase at 3 hours but
these then became late apoptotic/necrotic lymphocytes after 48 hours. Overall, however,
there was very little difference between the inductions of apoptosis in frozen PBMCs
(80%) compared to fresh PBMCs (70%) after treatment with mitogens over a 48 hour

period.

The phenomenon of mitogen-induced apoptosis has already been described in the case
of T-lymphocytes. These cells can receive signals that prime them for apoptosis but
they do not actually undergo cell death until the physical or physiological signal is
received (Costas et al., 1996). It is possible that, during cryopreservation, cells receive
certain physical or physiological signals that prime them for apoptosis but do not initiate
this process. By culturing lymphocytes in the presence of mitogens, the primed cells can
be driven fully into the death cascade by this activation-induced apoptosis (Yahata et
al., 1999, Zhu et al., 1999).

There are reports in the literature that, upon thawing, lymphocyte samples from a
number of human subjects did not respond to stimulation with PHA-P and failed to
grow in culture, possibly due to low viability (King et al., 1997). After ConA
stimulation of frozen PBMCs, proliferation activity was similar to that for fresh PBMCs
after 48 hours (Jeurink et al., 2008). Furthermore, frozen PBMCs retained their
proliferative ability after over 1 week storage at either -70°C in a freezer or -196°C in
liquid nitrogen (Sobota et al., 1997). The cryopreservation protocol for PBMCs used in
this study has also been used in an investigation of the responses of fresh and frozen T-
cells from humans after stimulation with cytomegalovirus (CMV) in ELISPOT,
cytokine flow cytometry and tetramer assays (Maecker et al., 2005) and there were

similar responses in all these endpoints before and after cryopreservation.

102



Cryopreserved PBMCs have also been used routinely in numerous genotoxic assays
such as the Comet and micronucleus assays (O'Donovan et al., 1995, Visvardis et al.,
1997, Duthie et al., 2002). The option of cryopreservation of biological material is
crucial to the success of studies that range from large epidemiological ones mainly
interested in genetic analyses (Visvikis et al., 1998) to those focused on Epstein Barr
Virus (EBV) transformation because the quantity of samples and the different times at
which samples were received make it impossible to have analysed the blood samples in
the fresh state (Stevens et al., 2007).

Main Conclusions

The time that sheep blood was kept at ambient temperature without processing had a
major impact on the viability of the lymphocytes. The delays in the processing time
after blood sample collection led to reduced viability of frozen sheep PBMCs after
thawing and culturing for 3 and 24 hours. When the fresh sheep blood samples were left
for longer than 5.5 hours at room temperature there was large drop in viability

compared to those processed right away.

In the case of rat blood, there was no difference in the viabilities of lymphocytes in
fresh and frozen PBMCs after 3 hours in culture. However, there was a significant
reduction in the case of frozen PBMCs when the time in culture was extended to 24 and
48 hours. In addition, the levels of apoptosis in frozen PBMCs were much higher than
those in fresh rat PBMCs after 24 and 48 hours in culture.

Stimulation of rat PBMCs with mitogens caused a reduced viability due to an increase
in early apoptotic cells at 24 hours and late apoptotic cells after 48 hours.
Cryopreservation followed by stimulation of PBMCs with mitogens led to a substantial
reduction in viability after 24 hours, mainly due to an increase in late apoptotic /necrotic
cells. The percentage of apoptotic cells provided the best indication as to whether

PBMCs responded to mitogens.

Traditionally, fresh PBMCs isolated from blood have been the bench mark sample
supporting most environmental biomonitoring studies. The results from this study
specifically demonstrated that the ability to isolate and retain batches of PBMCs from

multiple rats, coupled with the use of optimized processing, cryopreservation and
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recovery conditions, led to well-preserved characteristics of frozen PBMCs when
culturing in the short term up to 3 hours. On the basis of the initial results in rats, the
cryopreservation of PBMCs is a promising procedure for long term storage of sample.
However, the data in this Chapter indicate that one of the main restrictions of the
cryopreservation approach described here is the reduction of viability and induction of
apoptosis during prolonged culture time. This will affect the type of in vitro and ex vivo

analysis which can be performed with these samples.

However, further studies are needed to identify sampling procedures, such as the use of
frozen blood, which would be quicker than the isolation of PBMCs. These studies
should be undertaken initially with rat blood before transferring the methodology to

field-based studies.

104



References

Abdulla M, Haeger-Aronsen B (1971) ALA-dehydratase activation by zinc. Enzyme
12:708-710.

Ahamed M, Verma S, Kumar A, Siddiqui MK (2006) Delta-aminolevulinic acid
dehydratase inhibition and oxidative stress in relation to blood lead among urban
adolescents. Hum Exp Toxicol 25:547-553.

Alsemgeest SP, Kalsbeek HC, Wensing T, Koeman JP, van Ederen AM, Gruys E
(1994) Concentrations of serum amyloid-A (SAA) and haptoglobin (HP) as
parameters of inflammatory diseases in cattle. Vet Quart 16:21-23.

Amara IE, Anwar-Mohamed A, El-Kadi AO (2010) Mercury modulates the CYP1A1 at
transcriptional and posttranslational levels in human hepatoma HepG2 cells.
Toxicol Lett 199:225-233.

Angerer J, Ewers U, Wilhelm M (2007) Human biomonitoring: state of the art. Int J
Hyg Environ Health 210:201-228.

Arai K, Nishida J, Hayashida K, Hatake K, Kitamura T, Miyajima A, Arai N, Yokota T
(1990) [Coordinate regulation of immune and inflammatory responses by
cytokines]. Rinsho Byori 38:347-353.

Arlen P, Tsang KY, Marshall JL, Chen A, Steinberg SM, Poole D, Hand PH, Schlom J,
Hamilton JM (2000) The use of a rapid ELISPOT assay to analyze peptide-
specific immune responses in carcinoma patients to peptide vs. recombinant
poxvirus vaccines. Cancer Immunol Immunother 49:517-529.

Asanuma H, Sharp M, Maecker HT, Maino VC, Arvin AM (2000) Frequencies of
memory T cells specific for varicella-zoster virus, herpes simplex virus, and
cytomegalovirus by intracellular detection of cytokine expression. J Infect Dis
181:859-866.

Askar KAK, John Moody JA (2011) Comparative analysis of cholinesterase activities
in food animals using modified Ellman and Michel assays. Can J Vet Res 261—
270.

Aslibekian O, Moles R (1999) An investigation of environmental contamination at the
Silvermines abandoned mines site in Ireland based on the preliminary
delimitation of pollution hot spots. Mine Water Environ 20:73-80.

Avila Junior S, Possamai FP, Budni P, Backes P, Parisotto EB, Rizelio VM, Torres MA,
Colepicolo P, Wilhelm Filho D (2009) Occupational airborne contamination in
south Brazil: 1. Oxidative stress detected in the blood of coal miners.
Ecotoxicology 18:1150-1157.

Baggiolini M, Dewald B (1985) The neutrophil. Int Arch Allergy Appl Immunol 76
Suppl 1:13-20.

Bailey T, Stark S, Grant A, Hartnett C, Tsang M, Kalyuzhny A (2002) A multidonor
ELISPOT study of IL-1 beta, IL-2, IL-4, IL-6, IL-13, IFN-gamma and TNF-
alpha release by cryopreserved human peripheral blood mononuclear cells. J
Immunol Meth 270:171-182.

105


http://het.sagepub.com/
http://www.elsevier.com/locate/toxlet

Baldwin CL, Sathiyaseelan T, Naiman B, White AM, Brown R, Blumerman S, Rogers
A, Black SJ (2002) Activation of bovine peripheral blood gammadelta T cells
for cell division and IFN-gamma production. Vet Immunol Immunopathol
87:251-2509.

Bansal AS, Moran A, Potter M, Taylor R, Haeney MR, Mandal BK (1993) Lymphocyte
transformation responses to phytohaemagglutinin and pokeweed mitogen in
patients at differing stages of HIV infection: are they worth measuring? J Clin
Pathol 46:846-848.

Barker BE, Farnes P (1967) Histochemistry of blood cells treated with pokeweed
mitogen. Nature 214:787-789.

Barr DB, Wang RY, Needham LL (2005) Biologic monitoring of exposure to
environmental chemicals throughout the life stages: requirements and issues for
consideration for the National Children's Study. Environ Health Perspect
113:1083-1091.

Bearer CF (1995) Environmental health hazards: how children are different from adults.
Future Child 5:11-26.

Beck JC, Beiswanger CM, John EM, Satariano E, West D (2001) Successful
transformation of cryopreserved lymphocytes: a resource for epidemiological
studies. Cancer Epidem Biomar 10:551-554.

Belfroid A, Meiling J, Drenth HJ, Hermens J, Seinen W, van Gestel K (1995) Dietary
uptake of superlipophilic compounds by earthworms (Eisenia andrei).
Ecotoxicol Environ Saf 31:185-191.

Bell S (2008) Respiratory disease in sheep. Differential diagnosis and epidemiology. In
Pract 30:200-207.

Berlett BS, Stadtman ER (1997) Protein oxidation in aging, disease, and oxidative
stress. J Biol Chem 272:20313-20316.

Berlin A (1987) Synopsis, conclusions and recommendations. Immunotoxicology.eds.
Berlin A, Dean JH, Draper MH, Smith EMB, Spreafico F Martinus Nijhoff
Publishers, Dordrecht, 11-26

Bertazzi PA, Bernucci I, Brambilla G, Consonni D, Pesatori AC (1998) The Seveso
studies on early and long-term effects of dioxin exposure: a review. Environ
Health Perspect 106 Suppl 2:625-633.

Bertram TA (1985) Neutrophilic leukocyte structure and function in domestic animals.
Adv Vet Sci Comp Med 30:91-129.

Betensky RA, Connick E, Devers J, Landay AL, Nokta M, Plaeger S, Rosenblatt H,
Schmitz JL, Valentine F, Wara D, Weinberg A, Lederman HM (2000) Shipment
impairs lymphocyte proliferative responses to microbial antigens. Clin Diagn
Lab Immunol 7:759-763.

Bigazzi PE (1988) Autoimmunity induced by chemicals. J Clin Toxicol 26:125-156.

Binta MG, Baipoledi, E. K. ; Nyange, J. C.; Mushi, E. Z. (2012) Elemental Sulphur
Toxicosis in Cattle and Sheep in Botswana. J Pet Environ Biotechnology 3: 6 1-
5

Bishop CA, Boermans HJ, Ng P, Campbell GD, Struger J (1998) Health of tree
swallows (Tachycineta bicolor) nesting in pesticide-sprayed apple orchards in
Ontario, Canada. I. Immunological parameters. J Toxicol Environ Health A
55:531-559.

Bluestone JA, Khattri R, Sciammas R, Sperling Al (1995) TCR gamma delta cells: a
specialized T-cell subset in the immune system. Annu Rev Cell Dev Biol
11:307-353.

106



Bonacci S, lacocca A, Fossi S, Lancini L, Caruso T, Corsi I, Focardi S (2007)
Biomonitoring aquatic environmental quality in a marine protected area: a
biomarker approach. Ambio 36:308-315.

Boyum A (1968) Isolation of mononuclear cells and granulocytes from human blood.
Isolation of monuclear cells by one centrifugation, and of granulocytes by
combining centrifugation and sedimentation at 1 g. Scand J Clin Lab Invest
Suppl 97:77-809.

Bradley LM, Harbertson J, Freschi GC, Kondrack R, Linton PJ (2000) Regulation of
development and function of memory CD4 subsets. Immunol Res 21:149-158.

Brant SR, Wang MH, Rawsthorne P, Sargent M, Datta LW, Nouvet F, Shugart YY,
Bernstein CN (2007) A population-based case-control study of CARD15 and
other risk factors in Crohn's disease and ulcerative colitis. Am J Gastroenterol
102:313-323.

Braz MG, Favero Salvadori DM (2007) Influence of endogenous and synthetic female
sex hormones on human blood cells in vitro studied with comet assay. Toxicol
In Vitro 21:972-976.

Broere F, Apasov SG, Sitkovsky MV, van Eden WT (2011) T cell subsets and T cell-
mediated In:  Nijkamp FP, Parnham MJ, eds. Principles of
Immunopharmacology. 3rd Edition . Springer:14-27.

Bull M, Lee D, Stucky J, Chiu YL, Rubin A, Horton H, McElrath MJ (2007) Defining
blood processing parameters for optimal detection of cryopreserved antigen-
specific responses for HIV vaccine trials. J Immunol Meth 322:57-69.

Burk RF (1991) Molecular biology of selenium with implications for its metabolism.
Faseb J 5:2274-2279.

Burns EA, Goodwin JS (1997) Immunodeficiency of aging. Drugs Aging 11:374-397.

Burrows GE, Borchard RE (1982) Experimental lead toxicosis in ponies: comparison of
the effects of smelter effluent-contaminated hay and lead acetate. Am J Vet Res
43:2129-2133.

Bus JS, Aust SD, Gibson JE (1974) Superoxide- and singlet oxygen-catalyzed lipid
peroxidation as a possible mechanism for paraquat (methyl viologen) toxicity.
Biochem Biophys Res Commun 58:749-755.

Cagen SZ, Gibson JE (1977) Liver damage following paraquat in selenium-deficient
and diethyl maleate-pretreated mice. Toxicol Appl Pharmacol 40:193-200.
Camus-Randon AM, Raffalli F, Bereziat JC, McGregor D, Konstandi M, Lang MA
(1996) Liver injury and expression of cytochromes P450: evidence that
regulation of CYP2A5 is different from that of other major xenobiotic

metabolizing CYP enzymes. Toxicol Appl Pharmacol 138:140-148.

Canty MJ, Lane EA More SJ (2009) Study 5: Kidney cadmium concentrations in cattle
from the index farm, 2003-2005 and 2009. Epidemiological studies of poor
animal performance on a farm in Castlecomer, Co. Kilkenny. Centre for
Veterinary Epidemiology and Risk Analysis, UCD Veterinary Sciences Centre,
University College Dublin. Online at:
http://www.agriculture.gov.ie/media/migration/animalhealthwelfare/epidemiolo
gyreport/Study%205.pdf

Carlock LL, Chen WL, Gordon EB, Killeen JC, Manley A, Meyer LS, Mullin LS,
Pendino KJ, Percy A, Sargent DE, Seaman LR, Svanborg NK, Stanton RH,
Tellone CI, Van Goethem DL (1999) Regulating and assessing risks of
cholinesterase-inhibiting pesticides: divergent approaches and interpretations. J
Toxicol Environ Heal B 2:105-160.

107


http://www.agriculture.gov.ie/media/migration/animalhealthwelfare/epidemiologyreport/Study%205.pdf
http://www.agriculture.gov.ie/media/migration/animalhealthwelfare/epidemiologyreport/Study%205.pdf

Carr A, Frei B (1999) Does vitamin C act as a pro-oxidant under physiological
conditions? Faseb J 13:1007-1024.

Cassee FR, Groten JP, van Bladeren PJ, Feron VJ (1998) Toxicological evaluation and
risk assessment of chemical mixtures. Crit Rev Toxicol 28:73-101.

Cavers M, Afzali B, Macey M, McCarthy DA, Irshad S, Brown KA (2002) Differential
expression of betal and beta2 integrins and L-selectin on CD4+ and CD8+ T
lymphocytes in human blood: comparative analysis between isolated cells,
whole blood samples and cryopreserved preparations. Clin Exp Immunol
127:60-65.

Chang X, Jin T, Chen L, Nordberg M, Lei L (2009) Metallothionein | isoform mRNA
expression in peripheral lymphocytes as a biomarker for occupational cadmium
exposure. Exp Biol Med 234.:666-672.

Cheng W, Fu YX, Porres JM, Ross DA, Lei XG (1999) Selenium-dependent cellular
glutathione peroxidase protects mice against a pro-oxidant-induced oxidation of
NADPH, NADH, lipids, and protein. Faseb J 13:1467-1475.

Cheng WH, Ho YS, Valentine BA, Ross DA, Combs GF, Jr., Lei XG (1998) Cellular
glutathione peroxidase is the mediator of body selenium to protect against
paraquat lethality in transgenic mice. J Nutr 128:1070-1076.

Chon H, Gaillard CA, van der Meijden BB, Dijstelbloem HM, Kraaijenhagen RJ, van
Leenen D, Holstege FC, Joles JA, Bluyssen HA, Koomans HA, Braam B (2004)
Broadly altered gene expression in blood leukocytes in essential hypertension is
absent during treatment. Hypertension 43:947-951.

Cohen JJ, Duke RC, Fadok VA, Sellins KS (1992) Apoptosis and programmed cell
death in immunity. Annu Rev Immunol 10:267-293.

Cohen MJ (1997a) Risk society and ecological modernisation alternative visions for
post-industrial nations. Futures. 29 (2), 105-119

Cohen MJ (1997b) The spatial distribution of toxic chemical emissions: Implications for
nonmetropolitan areas. Soc Natur Resour 10:17-41.

Collins AR, Dusinska M, Gedik CM, Stetina R (1996) Oxidative damage to DNA: do
we have a reliable biomarker? Environ Health Perspect 104 Suppl 3:465-469.

Connor TJK, Leonard BE (2000) An assessment of the acute effects of the serotonin
releasers methylenedioxymethamphetamine, methylenedioxyamphetamine and
fenfluramine on immunity in rats. Immunopharmacology 46:223-235.

Corradi M, Mutti A (2005) Exhaled breath analysis: from occupational to respiratory
medicine. Acta Biomed. 2005;76 Suppl 2:20-9

Costa FO, Neuparth T, Costa MH, Theodorakis CW, Shugart LR (2002) Detection of
DNA strand breakage in a marine amphipod by agarose gel electrophoresis:
exposure to X-rays and copper. Biomarkers 7:451-463.

Costas M, Trapp T, Pereda MP, Sauer J, Rupprecht R, Nahmod VE, Reul JM, Holsboer
F, Arzt E (1996) Molecular and functional evidence for in vitro cytokine
enhancement of human and murine target cell sensitivity to glucocorticoids.
TNF-alpha priming increases glucocorticoid inhibition of TNF-alpha-induced
cytotoxicity/apoptosis. J Clin Invest 98:1409-1416.

D'Surney SJ, Shugart LR, Theodorakis CW (2001) Genetic markers and genotyping
methodologies: an overview. Ecotoxicology 10:201-204.

Damek-Poprawa M, Sawicka-Kapusta K (2004) Histopathological changes in the liver,
kidneys, and testes of bank voles environmentally exposed to heavy metal
emissions from the steelworks and zinc smelter in Poland. Environ Res 96:72-
78.

108


http://www.ncbi.nlm.nih.gov/pubmed/16353343

Darwish W, lkenaka Y, Eldaly E, Ishizuka M (2010) Mutagenic activation and
detoxification of benzo[a]pyrene in vitro by hepatic cytochrome P450 1Al and
phase Il enzymes in three meat-producing animals. Food Chem Toxicol.
48:2526-2531.

Darzynkiewicz Z, Juan G, Li X, Gorczyca W, Murakami T, Traganos F (1997)
Cytometry in cell necrobiology: analysis of apoptosis and accidental cell death
(necrosis). Cytometry 27:1-20.

Darzynkiewicz Z, Traganos F (1998) Measurement of apoptosis. Adv Biochem Eng
Biotechnol 62:33-73.

Decker T, Lohmann-Matthes ML (1988) A quick and simple method for the
quantitation of lactate dehydrogenase release in measurements of cellular
cytotoxicity and tumor necrosis factor (TNF) activity. J Immunol Meth 115:61-
69.

Deneys V, Thiry V, Hougardy N, Mazzon AM, Leveugle P, De Bruyere M (1999)
Impact of cryopreservation on B cell chronic lymphocytic leukaemia phenotype.
J Immunol Methods 228:13-21.

Department of Agriculture Food and Rural Development (2000) Report of the
Investigation into the presence and influence of lead in the Silvermines area of
County Tipperary. Interagency group report DAFRD Dublin

Dietert RRG, Golemboski KA, Ha R, Kwak H, Miller TE, Davison TF (1996)
Environment — immunity interactions. In: Poultry immunology (Davison TF,
Morris TR, Payne LN, eds). Oxford: Carfax Publishing; 343-356.

Disis ML, dela Rosa C, Goodell V, Kuan LY, Chang JC, Kuus-Reichel K, Clay TM,
Kim Lyerly H, Bhatia S, Ghanekar SA, Maino VC, Maecker HT (2006)
Maximizing the retention of antigen specific lymphocyte function after
cryopreservation. J Immunol Meth 308:13-18.

Doherty TM, Demissie A, Menzies D, Andersen P, Rook G, Zumla A, Grp VS (2005)
Effect of sample handling on analysis of cytokine responses to Mycobacterium
tuberculosis in clinical samples using ELISA, ELISPOT and quantitative PCR. J
Immunol Methods 298:129-141.

Duthie SJ, Ma A, Ross MA, Collins AR (1996) Antioxidant supplementation decreases
oxidative DNA damage in human lymphocytes. Cancer Res 56:1291-1295.

Duthie SJ, Pirie L, Jenkinson AM, Narayanan S (2002) Cryopreserved versus freshly
isolated lymphocytes in human biomonitoring: endogenous and induced DNA
damage, antioxidant status and repair capability. Mutagenesis 17:211-214.

ECHA (2008) European Chemicals Agency Guidance on Information Requirements
and Chemical Safety Assessment. Chapter R.7b: Endpoint Specific Guidance
Available:http://www.echa.europa.eu/documents/10162/17224/information_requ
irements_r7b_en.pdf

Elmore S (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol 35:495-
516.

EPA (2001) Investigation of Animal Health Problems at Askeaton, County Limerick.
Wexford, Environmental Protection Agency

Ercal N, Gurer-Orhan H, Aykin-Burns N (2001) Toxic metals and oxidative stress part
I: mechanisms involved in metal-induced oxidative damage. Curr Top Med
Chem 1:529-539.

Esteban M, Castano A (2009) Non-invasive matrices in human biomonitoring: a review.
Environ Int 35:438-449.

109



Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, Henson PM (2000) A
receptor for phosphatidylserine-specific clearance of apoptotic cells. Nature
405:85-90.

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM (1992)
Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers
specific recognition and removal by macrophages. J Immunol 148:2207-2216.

Fairbairn DW, Olive PL, O'Neill KL (1995) The comet assay: a comprehensive review.
Mutat Res 339:37-59.

Fan H, Hegde PS (2005) The transcriptome in blood: challenges and solutions for
robust expression profiling. Curr Mol Med 5:3-10.

Fanelli R, Bertoni MP, Bonfanti M, Castelli MG, Chiabrando C, Martelli GP, Noe MA,
Noseda A, Sbarra C (1980) Routine analysis of 2,3,7,8-tetrachlorodibenzo-p-
dioxin in biological samples from the contaminated area of Seveso, Italy. Bull
Environ Contam Toxicol 24:818-823.

Fann CS, Shugart YY, Lachman H, Collins A, Chang CJ (1999) The impact of
redefining affection status for alcoholism on affected-sib-pair analysis. Genet
Epidemiol 17 Suppl 1:5S151-156.

Faurschou M, Borregaard N (2003) Neutrophil granules and secretory vesicles in
inflammation. Microbes Infect 5:1317-1327.

Faust F, Kassie F, Knasmuller S, Boedecker RH, Mann M, Mersch-Sundermann V
(2004a) The use of the alkaline comet assay with lymphocytes in human
biomonitoring studies. Mutat Res 566:209-229.

Faust F, Kassie F, Knasmuller S, Kevekordes S, Mersch-Sundermann V (2004b) Use of
primary blood cells for the assessment of exposure to occupational
genotoxicants in human biomonitoring studies. Toxicology 198:341-350.

Fink SL, Cookson BT (2005) Apoptosis, pyroptosis, and necrosis: mechanistic
description of dead and dying eukaryotic cells. Infect Immun 73:1907-1916.

Finkelman FD (1995) Relationships among antigen presentation, cytokines, immune
deviation, and autoimmune disease. J Exp Med 182:279-282.

Finkelstein M, Grasman KA, Croll DA, Tershy B, Smith DR (2003) Immune function
of cryopreserved avian peripheral white blood cells: potential biomarkers of
contaminant effects in wild birds. Arch Environ Contam Toxicol 44:502-509.

Firbas C, Jilma B, Tauber E, Buerger V, Jelovcan S, Lingnau K, Buschle M, Frisch J,
Klade CS (2006) Immunogenicity and safety of a novel therapeutic hepatitis C
virus (HCV) peptide vaccine: a randomized, placebo controlled trial for dose
optimization in 128 healthy subjects. Vaccine 24:4343-4353.

Fogarty U, Perl D, Good P, Ensley S, Seawright A, Noonan J (1998) A cluster of equine
granulomatous enteritis cases: the link with aluminium. Vet Hum Toxicol 40(5):
297-305

Fowke KR, Behnke J, Hanson C, Shea K, Cosentino LM (2000) Apoptosis: a method
for evaluating the cryopreservation of whole blood and peripheral blood
mononuclear cells. J Immunol Meth 244:139-144.

Fox GA (2001) Wildlife as sentinels of human health effects in the Great Lakes--St.
Lawrence basin. Environ Health Perspect 109 Suppl 6:853-861.

Fox S1(1999) Human physiology. 7th ed., WCB McGraw-Hill 364-367.

Frandson RDF, Fails AD, Wilke WL (2013) Anatomy and Physiology of Farm Animals
7th ed., John Wiley & Sons. 449-451

Frei B, England L, Ames BN (1989) Ascorbate is an outstanding antioxidant in human
blood plasma. Proc Natl Acad Sci U S A 86:6377-6381.

110



Freitas AA, Rocha B (2000) Population biology of lymphocytes: the flight for survival.
Annu Rev Immunol 18:83-111.

Freitas AA, Rocha B, Coutinho AA (1986) Life span of B lymphocytes: the
experimental basis for conflicting results. J Immunol 136:470-476.

Gaetke LM, Chow CK (2003) Copper toxicity, oxidative stress, and antioxidant
nutrients. Toxicology 189:147-163.

Garcia-Pineres AJ, Hildesheim A, Williams M, Trivett M, Strobl S, Pinto LA (2006)
DNAse treatment following thawing of cryopreserved PBMC is a procedure
suitable for lymphocyte functional studies. J Immunol Meth 313:209-213.

Garcia-Repetto R, Martinez D, Repetto M (1997) Biodisposition study of the
organophosphorus pesticide, methyl-parathion. Bull Environ Contam Toxicol
59:901-908.

Gavrieli Y, Sherman Y, Ben-Sasson SA (1992) Identification of programmed cell death
in situ via specific labeling of nuclear DNA fragmentation. J Cell Biol 119:493-
501.

Gibbs SG, E.; Stedman, A., Abayasekara, R.; Renshaw, D.; Fowkes, R. (2011)
Salivary cortisol monitoring in sheep and cows: evidence for acute activation of
the hypothalamo-pituitary-adrenal (HPA) axis using two models of stress.
Presented at Society for Endocrinology BES 2011, Endocrine Abstracts 25 S113

Gil F, Pla A (2001) Biomarkers as biological indicators of xenobiotic exposure. J Appl
Toxicol : JAT 21:245-255.

Glander HJ, Schaller J (1999) Binding of annexin V to plasma membranes of human
spermatozoa: a rapid assay for detection of membrane changes after cryostorage.
Mol Hum Reprod 5:109-115.

Goepfert PA, Horton H, McElrath MJ, Gurunathan S, Ferrari G, Tomaras GD,
Montefiori DC, Allen M, Chiu YL, Spearman P, Fuchs JD, Koblin BA, Blattner
WA, Frey S, Keefer MC, Baden LR, Corey L (2005) High-dose recombinant
Canarypox vaccine expressing HIV-1 protein, in seronegative human subjects. J
Infect Dis 192:1249-1259.

Grewal AS, Rouse BT, Babiuk LA (1980) Mechanisms of recovery from viral
infections: destruction of infected cells by neutrophils and complement. J
Immunol 124:312-319.

Gummow B, van den Broek J, Kirsten WF, Botha CJ, Noordhuizen JP, Heesterbeek JA
(2006) The assessment of biomarkers in sentinel cattle for monitoring vanadium
exposure. J Environ Monitor 8:445-455.

Gurtoo HL, Bejba N, Minowada J (1975) Properties, inducibility, and an improved
method of analysis of aryl hydrocarbon hydroxylase in cultured human
lymphocytes. Cancer Res 35:1235-1243.

Hadden JW (1986) Symposium on current problems in testing and evaluation of
experimental and clinical effects of immunomodulators. Methods Find Exp Clin
Pharmacol 8:7-10.

Halestrap AP, Doran E, Gillespie JP, O'Toole A (2000) Mitochondria and cell death.
Biochem Soc Trans 28:170-177.

Halliwell B (1996) Mechanisms involved in the generation of free radicals. Pathol Biol
(Paris) 44:6-13.

Halliwell B (1997) Ascorbic acid: hype, hoax, or healer? Am J Clin Nutr 65:1891-1892.

Hammond PB, Aronson AL (1964) Lead Poisoning in Cattle and Horses in the Vicinity
of a Smelter. Ann N Y Acad Sci 111:595-611.

111



Handy RD, Galloway TS, Depledge MH (2003) A proposal for the use of biomarkers
for the assessment of chronic pollution and in regulatory toxicology.
Ecotoxicology 12:331-343.

Harkins DK, Susten AS (2003) Hair analysis: exploring the state of the science. Environ
Health Perspect 111:576-578.

Hayes RB, Smith CO, Huang WY, Read Y, Kopp WC (2002) Whole blood
cryopreservation in epidemiological studies. Cancer Epidem Biomar 11:1496-
1498.

He JF, Jia WH, Fan Q, Zhou XX, Qin HD, Shugart YY, Zeng YX (2007) Genetic
polymorphisms of TLR3 are associated with Nasopharyngeal carcinoma risk in
Cantonese population. BMC Cancer 7:194 1-7

Hein WR, Mackay CR (1991) Prominence of gamma delta T cells in the ruminant
immune system. Immunol Today 12:30-34.

Henry GA, Jarnot BM, Steinhoff MM, Bigazzi PE (1988) Mercury-induced renal
autoimmunity in the MAXX rat. Clin Immunol Immunopathol 49:187-203.
Hickman JA, Beere HM, Wood AC, Waters CM, Parmar R (1992) Mechanisms of

cytotoxicity caused by antitumour drugs. Toxicol Lett 64-65: 553-561.

Hong SE, Shugart YY, Huang DT, Shahwan SA, Grant PE, Hourihane JO, Martin ND,
Walsh CA (2000) Autosomal recessive lissencephaly with cerebellar hypoplasia
is associated with human RELN mutations. Nat Genet 26:93-96.

Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory T cell development by the
transcription factor Foxp3. Science 299:1057-1061.

Hornef MW, Wick MJ, Rhen M, Normark S (2002) Bacterial strategies for overcoming
host innate and adaptive immune responses. Nat Immunol 3:1033-1040.

Hornshaw TC, Aulerich RJ, Johnson HE (1983) Feeding Great Lakes fish to mink:
effects on mink and accumulation and elimination of PCBS by mink. J Toxicol
Environ Health 11:933-946.

IARC (1993) Cadmium and cadmium compounds. Monogr Eval Carcinog Risks Hum
58:119-237.

Ichino Y, Ishikawa T (1985) Effects of cryopreservation on human lymphocyte
functions: comparison of programmed freezing method by a direct control
system with a mechanical freezing method. J Immunol Meth 77:283-290.

Inoue H, Kiyohara C, Marugame T, Shinomiya S, Tsuji E, Handa K, Hayabuchi H,
Onuma K, Hamada H, Koga H, Kono S (2000) Cigarette smoking, CYP1Al
Mspl and GSTM1 genotypes, and colorectal adenomas. Cancer Res 60:3749-
3752.

Ismaili J, Olislagers V, Poupot R, Fournie JJ, Goldman M (2002) Human gamma delta
T cells induce dendritic cell maturation. Clin Immunol 103:296-302.

Jackson P, Cockcroft P (2002) Clinical examination of farm animals. Blackwell Science
Ltd., Oxford, UK: 154-166

Jakubowski M (2012) Biological monitoring versus air monitoring strategies in
assessing environmental-occupational exposure. J Environ Monitor 14:348-352.

Jakubowski M, Trzcinka-Ochocka M (2005) Biological monitoring of exposure: trends
and key developments. J Occup Health 47:22-48.

Janeway CA, Travers P, Walport M, & Shlomchik M (2001) Immunobiology: The
immune system in health and disease 5" Edition New York: Garland Science
Chapter 1 Basic concepts in immunology.

Jeannin P, Herbault N, Delneste Y, Magistrelli G, Lecoanet-Henchoz S, Caron G,
Aubry JP, Bonnefoy JY (1999) Human effector memory T cells express CD86: a
functional role in naive T cell priming. J Immunol 162:2044-2048.

112


http://www.tandfonline.com/action/doSearch?Contrib=

Jeurink PV, Vissers YM, Rappard B, Savelkoul HF (2008) T cell responses in fresh and
cryopreserved peripheral blood mononuclear cells: kinetics of cell viability,
cellular subsets, proliferation, and cytokine production. Cryobiology 57:91-103.

Jorgensen TJ, Ruczinski I, Kessing B, Smith MW, Shugart YY, Alberg AJ (2009)
Hypothesis-driven candidate gene association studies: practical design and
analytical considerations. Am J Epidemiol 170:986-993.

Joselow MM, Ruiz R, Goldwater LJ (1968) Absorption and excretion of mercury in
man. XIV. Salivary excretion of mercury and its relationship to blood and urine
mercury. Arch Environ Health 17:39-43.

Kasprzak KS (2002) Oxidative DNA and protein damage in metal-induced toxicity and
carcinogenesis. Free Radic Biol Med 32:958-967.

Kaye J, Janeway CA, Jr. (1984) Induction of receptors for interleukin 2 requires T cell
Ag:la receptor crosslinking and interleukin 1. Lymphokine Res 3:175-182.
Kehrer JP (1993) Free radicals as mediators of tissue injury and disease. Crit Rev

Toxicol 23:21-48.

Kehrli ME, Burton JL, Nonnecke BJ, Lee EK (1999) Effects of stress on leukocyte
trafficking and immune responses: implications for vaccination. Adv Vet Med
41:61-81.

Keller JM, McClellan-Green PD, Lee AM, Arendt MD, Maier PP, Segars AL, Whitaker
JD, Keil DE, Peden-Adams MM (2005) Mitogen-induced lymphocyte
proliferation in loggerhead sea turtles: comparison of methods and effects of
gender, plasma testosterone concentration, and body condition on immunity. Vet
Immunol Immunopathol 103:269-281.

Kelly KA, Havrilla CM, Brady TC, Abramo KH, Levin ED (1998) Oxidative stress in
toxicology: established mammalian and emerging piscine model systems.
Environ Health Perspect 106:375-384.

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue Kinetics. Br J Cancer 26:239-257.

Kierstead LS, Dubey S, Meyer B, Tobery TW, Mogg R, Fernandez VR, Long R, Guan
L, Gaunt C, Collins K, Sykes KJ, Mehrotra DV, Chirmule N, Shiver JW,
Casimiro DR (2007) Enhanced rates and magnitude of immune responses
detected against an HIV vaccine: effect of using an optimized process for
isolating PBMC. AIDS Res Hum Retroviruses 23:86-92.

King CM, Bristow-Craig HE, Gillespie ES, Barnett YA (1997) In vivo antioxidant
status, DNA damage, mutation and DNA repair capacity in cultured
lymphocytes from healthy 75- to 80-year-old humans. Mutat Res 377:137-147.

Klaassen CD, Liu J, Choudhuri S (1999) Metallothionein: an intracellular protein to
protect against cadmium toxicity. Annu Rev Pharmacol 39:267-294.

Klaassen CD, Liu J, Diwan BA (2009) Metallothionein protection of cadmium toxicity.
Toxicol Appl Pharmacol 238:215-220.

Kleeberger CA, Lyles RH, Margolick JB, Rinaldo CR, Phair JP, Giorgi JV (1999)
Viability and recovery of peripheral blood mononuclear cells cryopreserved for
up to 12 years in a multicenter study. Clin Diagn Lab Immunol 6:14-19.

Kniazeva M, Traboulsi El, Yu Z, Stefko ST, Gorin MB, Shugart YY, O'Connell JR,
Blaschak CJ, Cutting G, Han M, Zhang K (2000) A new locus for dominant
drusen and macular degeneration maps to chromosome 6g14. Am J Ophthalmol
130:197-202.

113



Koibuchi T, Allen TM, Lichterfeld M, Mui SK, O'Sullivan KM, Trocha A, Kalams SA,
Johnson RP, Walker BD (2005) Limited sequence evolution within persistently
targeted CD8 epitopes in chronic human immunodeficiency virus type 1
infection. J Virol 79:8171-8181.

Kristal ARK, Albanes D, Pollak MN, Stanzyk, FZ, Santella RM, Hoque A, (2005)
Centralized blood processing for the selenium and vitamin E cancer prevention
trial: effects of delayed processing on carotenoids, tocopherols, insulin-like
growth factor-1, insulin-like growth factor binding protein 3, steroid hormones,
and lymphocyte viability. Cancer Epidem Biomar 14:727-30

Kurachi M, Hashimoto S, Obata A, Nagai S, Nagahata T, Inadera H, Sone H, Tohyama
C, Kaneko S, Kobayashi K, Matsushima K (2002) ldentification of 2,3,7,8-
tetrachlorodibenzo-p-dioxin-responsive genes in mouse liver by serial analysis
of gene expression. Biochem Biophys Res Commun 292:368-377.

Lahvis GP, Wells RS, Kuehl DW, Stewart JL, Rhinehart HL, Via CS (1995) Decreased
lymphocyte responses in free-ranging bottlenose dolphins (Tursiops truncatus)
are associated with increased concentrations of PCBs and DDT in peripheral
blood. Environ Health Perspect 103 Suppl 4:67-72.

Lam PKS, Gray JS (2001) Predicting effects of toxic chemicals in the marine
environment. Mar Pollut Bull 42:169-173.

Lam PKS (2009) Use of biomarkers in environmental monitoring. Ocean Coast Manage
52:348-354.

Lam PKS (2003) The use of biomarkers in environmental monitoring programmes. Mar
Pollut Bull 46: 182-186.

Lampe JW, Stepaniants SB, Mao M, Radich JP, Dai H, Linsley PS, Friend SH, Potter
JD (2004) Signatures of environmental exposures using peripheral leukocyte
gene expression: tobacco smoke. Cancer Epidem Biomar 13:445-453.

Larsen AB, Merkal RS, Cutlip RC (1975) Age of cattle as related to resistance to
infection with Mycobacterium paratuberculosis. Am J Vet Res 36:255-257.

Larsen MC, Angus WG, Brake PB, Eltom SE, Sukow KA, Jefcoate CR (1998)
Characterization of CYP1B1 and CYP1Al expression in human mammary
epithelial cells: role of the aryl hydrocarbon receptor in polycyclic aromatic
hydrocarbon metabolism. Cancer Res 58:2366-2374.

Lee MS, Su L, Mark EJ, Wain JC, Christiani DC (2010) Genetic modifiers of
carcinogen DNA adducts in target lung and peripheral blood mononuclear cells.
Carcinogenesis. 31:2091-2096.

Leist M, Nicotera P (1998) Apoptosis versus necrosis: the shape of neuronal cell death.
Results Probl Cell Differ 24:105-135.

Levin M, De Guise S, Ross PS (2005) Association between lymphocyte proliferation
and polychlorinated biphenyls in free-ranging harbor seal (Phoca vitulina) pups
from British Columbia, Canada. Environ Toxicol Chem 24:1247-1252.

Leyland-Jones BR, Ambrosone CB, Bartlett J, Ellis MJ, Enos RA, Raji A, Pins MR,
Zujewski JA, Hewitt SM, Forbes JF, Abramovitz M, Braga S, Cardoso F,
Harbeck N, Denkert C, Jewell SD (2008) Recommendations for collection and
handling of specimens from group breast cancer clinical trials. J Clin Oncol
26:5638-5644.

Li N, Hao M, Phalen RF, Hinds WC, Nel AE (2003) Particulate air pollutants and
asthma. A paradigm for the role of oxidative stress in PM-induced adverse
health effects. Clin Immunol 109:250-265.

114



Li R, Yang Y, AnY, Zhou Y, Liu Y, Yu Q, Lu D, Wang H, Jin L, Zhou W, Qian J,
Shugart YY (2011) Genetic polymorphisms in DNA double-strand break repair
genes XRCC5, XRCC6 and susceptibility to hepatocellular carcinoma.
Carcinogenesis 32:530-536.

Lieu PT, Heiskala M, Peterson PA, Yang Y (2001) The roles of iron in health and
disease. Mol Aspects Med 22:1-87.

Liew CC (2005) Expressed genome molecular signatures of heart failure. Clin Chem
Lab Med 43:462-4609.

Liew CC, Ma J, Tang HC, Zheng R, Dempsey AA (2006) The peripheral blood
transcriptome dynamically reflects system wide biology: a potential diagnostic
tool. J Lab Clin Med 147:126-132.

LiuY, Zhang H, Zhou K, Chen L, Xu Z, Zhong Y, Liu H, Li R, Shugart YY, Wei Q, Jin
L, Huang F, Lu D, Zhou L (2007) Tagging SNPs in non-homologous end-
joining pathway genes and risk of glioma. Carcinogenesis 28:1906-1913.

Liu Y, Zhou K, Zhang H, Shugart YY, Chen L, Xu Z, Zhong Y, Liu H, Jin L, Wei Q,
Huang F, Lu D, Zhou L (2008) Polymorphisms of LIG4 and XRCC4 involved in
the NHEJ pathway interact to modify risk of glioma. Hum Mutat 29:381-389.

Lu C, Anderson LC, Morgan MS, Fenske RA (1997) Correspondence of salivary and
plasma concentrations of atrazine in rats under variable salivary flow rate and
plasma concentration. J Toxicol Environ Health 52:317-329.

Lu C, Anderson LC, Morgan MS, Fenske RA (1998) Salivary concentrations of atrazine
reflect free atrazine plasma levels in rats.J Toxicol Env Heal A 53:283-292.

Luster M1, Kimber I (1996) Immunotoxicity: hazard identification and risk assessment.
Hum Exp Toxicol 15:947-948.

Luster MI, Rosenthal GJ (1993) Chemical agents and the immune response. Environ
Health Perspect 100:219-226.

Lynch GP, Smith DF, Fisher M, Pike TL, Weinland BT (1976) Physiological responses
of calves to cadmium and lead. J Anim Sci 42:410-421.

Ma H, Xu L, Yuan J, Shao M, Hu Z, Wang F, Wang Y, Yuan W, Qian J, Xun P, Liu H,
Chen W, Yang L, Jin G, Huo X, Chen F, Shugart YY, Jin L, Wei Q, Wu T, Shen
H, Huang W, Lu D (2007) Tagging single nucleotide polymorphisms in excision
repair cross-complementing group 1 (ERCC1) and risk of primary lung cancer in
a Chinese population. Pharmacogenet Genomics 17:417-423.

Macallan DC, Wallace DL, Zhang Y, Ghattas H, Asquith B, de Lara C, Worth A,
Panayiotakopoulos G, Griffin GE, Tough DF, Beverley PC (2005) B-cell
Kinetics in humans: rapid turnover of peripheral blood memory cells. Blood
105:3633-3640.

Maecker HT, Moon J, Bhatia S, Ghanekar SA, Maino VC, Payne JK, Kuus-Reichel
K,Chang JC, Summers A, Clay TM, Morse MA, Lyerly HK, DeLaRosa C,
Ankerst DP, Disis ML (2005) Impact of cryopreservation on tetramer, cytokine
flow cytometry, and ELISPOT. BMC Immunol 6 (1) 17-61

Maianski NA, Maianski AN, Kuijpers TW, Roos D (2004) Apoptosis of neutrophils.
Acta Haematol 111:56-66.

Marrs TC (1996.) Organophosphate anticholinesterase poisoning. Toxic Subst Mech 15
:357-388.

Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van Schie RC, LaFace DM,
Green DR (1995) Early redistribution of plasma membrane phosphatidylserine is
a general feature of apoptosis regardless of the initiating stimulus: inhibition by
overexpression of Bcl-2 and Abl. J Exp Med 182:1545-1556.

115


http://het.sagepub.com/

Martin SW, Lumsden JH (1987) The relationship of hematology and serum chemistry
parameters to treatment for respiratory disease and weight gain in Ontario
feedlot calves. Can J Vet Res 51:499-505.

Martinez SA, Simonella L, Hansen C, Rivolta S, Cancela LM, Virgolini MB (2013)
Blood lead levels and enzymatic biomarkers of environmental lead exposure in
children in Cordoba, Argentina, after the ban of leaded gasoline. Hum Exp
Toxicol 32:449-463.

Mascotti K, McCullough J, Burger SR (2000) HPC viability measurement: trypan blue
versus acridine orange and propidium iodide. Transfusion 40:693-696.

Maynard S, Schurman SH, Harboe C, de Souza-Pinto NC, Bohr VA (2009) Base
excision repair of oxidative DNA damage and association with cancer and aging.
Carcinogenesis 30:2-10.

McCarthy JF, Gardner H, Wolfe MJ, Shugart LR (1991) DNA alterations and enzyme
activities in Japanese medaka (Oryzias latipes) exposed to diethylnitrosamine.
Neurosci Biobehav Rev 15:99-102.

McFarland C (2005) Delta-Aminolevulinic Acid Dehydratase (ALAD) characterization
and use in metal exposure assessments. PhD Dissertation Texas Tech
University.

McKelvey-Martin VVJ, Green MH, Schmezer P, Pool-Zobel BL, De Meo MP, Collins A
(1993) The single cell gel electrophoresis assay (comet assay): a European
review. Mutat Res 288:47-63.

McNamee JP, Bellier PV, McLean JR (2001) Differential rates of cytokine production
and apoptosis in venipuncture and finger-stab derived blood cultures. Cytokine
15:274-280.

Medzhitov R, Preston-Hurlburt P, Janeway CA, Jr. (1997) A human homologue of the
Drosophila Toll protein signals activation of adaptive immunity. Nature
388:394-397.

Mikula I, Pistl J, Kacmar P (1992) The immune response of sheep to subclinical chronic
exposure to the herbicide Bentazon TP. Vet Hum Toxicol 34:507-5009.

Mikula IP, J.; Kaamar, P. (1992b) Immune response of sheep at subchronic intoxication
by pyrethroid insecticide supercypermethrine. Acta Vet Brno 61:57-60.

Mills JC, Lee VM, Pittman RN (1998) Activation of a PP2A-like phosphatase and
dephosphorylation of tau protein characterize onset of the execution phase of
apoptosis. J Cell Sci 111 ( Pt 5):625-636.

Min KS, Nakatsubo T, Kawamura S, Fujita Y, Onosaka S, Tanaka K (1992) Effects of
mucosal metallothionein in small intestine on tissue distribution of cadmium
after oral administration of cadmium compounds. Toxicol Appl Pharmacol
113:306-310.

Mohr S, Liew CC (2007) The peripheral-blood transcriptome: new insights into disease
and risk assessment. Trends Mol Med 13:422-432.

Moolgavkar S, Krewski D, Schwarz M (1999) Mechanisms of carcinogenesis and
biologically based models for estimation and prediction of risk. IARC Sci Publ
131:179-237.

Moore A, Donahue CJ, Bauer KD, Mather JP (1998) Simultaneous measurement of cell
cycle and apoptotic cell death. Methods Cell Biol 57:265-278.

More SJ (2005) The Castlecomer investigation: an epidemiological review. University
College Dublin, 29 March 2005

116


http://het.sagepub.com/
http://het.sagepub.com/
http://www.ncbi.nlm.nih.gov/pubmed/10505297

Mumberg D, Monach PA, Wanderling S, Philip M, Toledano AY, Schreiber RD,
Schreiber H (1999) CD4(+) T cells eliminate MHC class 11-negative cancer cells
in vivo by indirect effects of IFN-gamma. Proc Natl Acad Sci USA 96:8633-
8638.

Murata H, Shimada N, Yoshioka M (2004) Current research on acute phase proteins in
veterinary diagnosis: an overview. Vet J 168:28-40.

Mwau M, Cebere I, Sutton J, Chikoti P, Winstone N, Wee EG, Beattie T, Chen YH,
Dorrell L, McShane H, Schmidt C, Brooks M, Patel S, Roberts J, Conlon C,
Rowland-Jones SL, Bwayo JJ, McMichael AJ, Hanke T (2004) A human
immunodeficiency virus 1 (HIV-1) clade A vaccine in clinical trials: stimulation
of HIV-specific T-cell responses by DNA and recombinant modified vaccinia
virus Ankara (MVA) vaccines in humans. J Gen Virol 85:911-919.

Nandhakumar S, Parasuraman S, Shanmugam MM, Rao KR, Chand P, Bhat BV (2011)
Evaluation of DNA damage using single-cell gel electrophoresis (Comet Assay).
J Pharmacol Pharmacother

National Research Council (2000) Toxicological Effects of Methylmercury.
Washington, DC: The National Academies Press 1-345.

Neathery MW, Miller WJ (1975) Metabolism and toxicity of cadmium, mercury, and
lead in animals: a review. J Dairy Sci 58:1767-1781.

Nelson DR, Zeldin DC, Hoffman SM, Maltais LJ, Wain HM, Nebert DW (2004)
Comparison of cytochrome P450 (CYP) genes from the mouse and human
genomes, including nomenclature recommendations for genes, pseudogenes and
alternative-splice variants. Pharmacogenetics 14:1-18.

Nigg HN, Wade SE (1992) Saliva as a monitoring medium for chemicals. Rev Environ
Contam T 129:95-1109.

Niles AL, Moravec RA, Eric Hesselberth P, Scurria MA, Daily WJ, Riss TL (2007) A
homogeneous assay to measure live and dead cells in the same sample by
detecting different protease markers. Anal Biochem 366:197-206.

NRC (National Research Council) (1987) Committee on biological markers. Environ
Health Perspect 74:3-9.

O'Brien MC, Bolton WE (1995) Comparison of cell viability probes compatible with
fixation and permeabilization for combined surface and intracellular staining in
flow cytometry. Cytometry 19:243-255.

O'Donovan MR, Freemantle MR, Hull G, Bell DA, Arlett CF, Cole J (1995) Extended-
term cultures of human T-lymphocytes: a practical alternative to primary human
lymphocytes for use in genotoxicity testing. Mutagenesis 10:189-201.

O'Garra A, Arai N (2000) The molecular basis of T helper 1 and T helper 2 cell
differentiation. Trends Cell Biol 10:542-550.

Odink J, Smeets JF, Visser IJ, Sandman H, Snijders JM (1990) Hematological and
clinicochemical profiles of healthy swine and swine with inflammatory
processes. J Anim Sci 68:163-170.

Ohrvik H, Oskarsson A, Lundh T, Skerfving S, Tallkvist J (2007) Impact of iron status
on cadmium uptake in suckling piglets. Toxicology 240:15-24.

Okazaki T, Wang MH, Rawsthorne P, Sargent M, Datta LW, Shugart YY, Bernstein
CN, Brant SR (2008) Contributions of IBD5, IL23R, ATG16L1, and NOD2 to
Crohn's disease risk in a population-based case-control study: evidence of gene-
gene interactions. Inflamm Bowel Dis 14:1528-1541.

Ouyang W, Kolls JK, Zheng Y (2008) The biological functions of T helper 17 cell
effector cytokines in inflammation. Immunity 28:454-467.

117



Owen PJ, Stranford S (2012 ) Kuby Immunology 6th Edition W.H. Freeman, 1-574.

Paape M, Mehrzad J, Zhao X, Detilleux J, Burvenich C (2002) Defense of the bovine
mammary gland by polymorphonuclear neutrophil leukocytes. J Mammary
Gland Biol Neoplasia 7:109-121.

Pagana KD, Pagana TJ (2010) Mosby’s Manual of Diagnostic and Lab Tests. St. Louis,
Mo. 4th ed. Mosby/ Elsevier.

Parada R, Jaszczak K (1993) A cytogenetic study of cows from a highly industrial or an
agricultural region. Mutat Res 300:259-263.

Paustenbach D, Galbraith D (2006) Biomonitoring and biomarkers: exposure
assessment will never be the same. Environ Health Perspect 114:1143-1149.

Payne JM, Dew SM, Manston R, Faulks M (1970) The use of a metabolic profile test in
dairy herds. Vet Rec 87:150-158.

Penning TM, Burczynski ME, Hung CF, McCoull KD, Palackal NT, Tsuruda LS (1999)
Dihydrodiol dehydrogenases and polycyclic aromatic hydrocarbon activation:
generation of reactive and redox active o-quinones. Chem Res Toxicol 12:1-18.

Pero RW, Olsson A, Bryngelsson C, Carlsson S, Janzon L, Berglund G, Elmstahl S
(1998) Quality control program for storage of biologically banked blood
specimens in the Malmo Diet and Cancer Study. Cancer Epidem Biomar 7:803-
808.

Perry BP, A. N.; Sones, K.; Stevens, C. (2005) An Appropriate Level of Risk:Balancing
the Need for Safe Livestock Products with Fair Market Access for the Poor. Pro-
Poor Livestock Policy Initiative.

Perucatti A, Di Meo GP, Albarella S, Ciotola F, Incarnato D, Jambrenghi AC, Peretti V,
Vonghia G, lannuzzi L (2006) Increased frequencies of both chromosome
abnormalities and SCEs in two sheep flocks exposed to high dioxin levels
during pasturage. Mutagenesis 21:67-75.

Petersen HH, Nielsen JP, Heegaard PM (2004) Application of acute phase protein
measurements in veterinary clinical chemistry. Vet Res 35:163-187.

Petterino C, Argentino-Storino A (2006) Clinical chemistry and haematology historical
data in control Sprague-Dawley rats from pre-clinical toxicity studies. Exp
Toxicol Pathol 57:213-219.

Phillips DH, Farmer PB, Beland FA, Nath RG, Poirier MC, Reddy MV, Turteltaub KW
(2000) Methods of DNA adduct determination and their application to testing
compounds for genotoxicity. Environ Mol Mutagen 35:222-233.

Pistl J, Mikula I, Krupicer 1, Snirc J (1995) The influence of heavy metal emissions and
Fasciola hepatica infestation on the immunogenicity of a Listeria vaccine. Vet
Hum Toxicol 37:110-112.

Polle A. and Rennenberg H. (1993) Significance of antioxidants in plant adaptation to
environmental stress. In: Plant adaptation to environmental stress. (T. Mansfield,
L. Fowden, F. Stoddard, eds.) 263-273, Chapman & Hall, London.

Pollock JM, Welsh MD (2002) The WC1(+) gammadelta T-cell population in cattle: a
possible role in resistance to intracellular infection. Vet Immunol Immunopathol
89:105-114.

Porta D, Fantini F, De Felip E, Blasetti F, Abballe A, Dell'Orco V, Fano V, Ingelido
AM, Narduzzi S, Forastiere F (2013) A biomonitoring study on blood levels of
beta-hexachlorocyclohexane among people living close to an industrial area.
Environ Health 12:57 2-10.

118


http://www.edpsciences.org/journal/index.cfm?edpsname=vetres

Psychogios N, Hau DD, Peng J, Guo AC, Mandal R, Bouatra S, Sinelnikov I,
Krishnamurthy R, Eisner R, Gautam B, Young N, Xia J, Knox C, Dong E,
Huang P, Hollander Z, Pedersen TL, Smith SR, Bamforth F, Greiner R,
McManus B, Newman JW, Goodfriend T, Wishart DS (2011) The human serum
metabolome. PloS one 6:2 1-23.

Qin HD, Shugart YY, Bei JX, Pan QH, Chen L, Feng QS, Chen LZ, Huang W, Liu JJ,
Jorgensen TJ, Zeng YX, Jia WH (2011) Comprehensive pathway-based
association study of DNA repair gene variants and the risk of nasopharyngeal
carcinoma. Cancer Res 71:3000-3008.

Qin Z, Schwartzkopff J, Pradera F, Kammertoens T, Seliger B, Pircher H, Blankenstein
T (2003) A critical requirement of interferon gamma-mediated angiostasis for
tumor rejection by CD8+ T cells. Cancer Res 63:4095-4100.

Rahman N, Teare MD, Seal S, Renard H, Mangion J, Cour C, Thompson D, Shugart Y,
Eccles D, Devilee P, Meijers H, Nathanson KL, Neuhausen SL, Weber B,
Chang-Claude J, Easton DF, Goldgar D, Stratton MR (2000) Absence of
evidence for a familial breast cancer susceptibility gene at chromosome 8p12-
p22. Oncogene 19:4170-4173.

Ranaldi R, Bassani B, Villani P, Lombardi CC, Tanzarella C, Pacchierotti F (1998)
Measurement and characterization of micronuclei in cultured primary lung cells
of mice following inhalation exposure to benzene. Mutagenesis 13:453-460.

Reed CJ (2000) Apoptosis and cancer: strategies for integrating programmed cell death.
Semin Hematol 37:9-16.

Reimann KA, Chernoff M, Wilkening CL, Nickerson CE, Landay AL (2000)
Preservation of lymphocyte immunophenotype and proliferative responses in
cryopreserved  peripheral  blood mononuclear cells from  human
immunodeficiency virus type 1-infected donors: implications for multicenter
clinical trials. Clin Diagn Lab Immunol 7:352-359.

Riccio EK, Neves I, Banic DM, Corte-Real S, Alecrim MG, Morgado M, Daniel-
Ribeiro CT, Ferreira-da-Cruz Mde F (2002) Cryopreservation of peripheral
blood mononuclear cells does not significantly affect the levels of spontaneous
apoptosis after 24-h culture. Cryobiology 45:127-134.

Rippel CA, Kobets AJ, Yoon DY, Williams PN, Shugart YY, Bridges DD,
Vandenbergh DJ, Singer HS (2006) Norepinephrine transporter polymorphisms
in Tourette syndrome with and without attention deficit hyperactivity disorder:
no evidence for significant association. Psychiatr Genet 16:179-180.

Riss TL, Moravec RA (2004) Use of multiple assay endpoints to investigate the effects
of incubation time, dose of toxin, and plating density in cell-based cytotoxicity
assays. Assay and Drug Development Technologies 2:51-62.

Rojas E, Lopez MC, Valverde M (1999) Single cell gel electrophoresis assay:
methodology and applications. J Chromatogr B Biomed Sci Appl 722:225-254.

Ross PS, Pohajdak B, Bowen WD, Addison RF (1993) Immune function in free-ranging
harbor seal (Phoca vitulina) mothers and their pups during lactation. J Wildl Dis
29:21-29.

Rouse BT, Babiuk LA, Henson PM (1980) Neutrophils in antiviral immunity: inhibition
of virus replication by a mediator produced by bovine neutrophils. J Infect Dis
141:223-232.

Rubes J, Borkovec L, Horinova Z, Urbanova J, Prorokova I, Kulikova L (1992)
Cytogenetic monitoring of farm animals under conditions of environmental
pollution. Mutat Res 283:199-210.

119



Rubes J, Pokorna Z, Borkovec L, Urbanova J, Strnadova V (1997) Dairy cattle as a
bioindicator of exposure to genotoxic substances in a heavily polluted area in
northern Bohemia. Mutat Res 391:57-70.

Ruitenberg JJ, Mulder CB, Maino VC, Landay AL, Ghanekar SA (2006)
VACUTAINER CPT and Ficoll density gradient separation perform
equivalently in maintaining the quality and function of PBMC from HIV
seropositive blood samples. BMC Immunol 7:11-18

Rushton J (2009) The economics of animal health & production. Cambridge, MA:
CABI International.

Rylance J, Gordon SB, Naeher LP, Patel A, Balmes JR, Adetona O, Rogalsky DK,
Martin WJ, 2nd (2013) Household air pollution: a call for studies into
biomarkers of exposure and predictors of respiratory disease. Am J Physiol
Lung Cell Mol Physiol 304: 571-578.

Sad S, Marcotte R, Mosmann TR (1995) Cytokine-induced differentiation of precursor
mouse CD8+ T cells into cytotoxic CD8+ T cells secreting Thl or Th2
cytokines. Immunity 2:271-279.

Safe SH (1994) Polychlorinated biphenyls (PCBs): environmental impact, biochemical
and toxic responses, and implications for risk assessment. Crit Rev Toxicol
24:87-149.

Salama SA, Serrana M, Au WW (1999) Biomonitoring using accessible human cells for
exposure and health risk assessment. Mutat Res 436:99-112.

Sarkar A, Ray D, Shrivastava AN, Sarker S (2006) Molecular Biomarkers: their
significance and application in marine pollution monitoring. Ecotoxicology
15:333-340.

Sarkar S, Kalia V, Montelaro RC (2003) Caspase-mediated apoptosis and cell death of
rhesus macaque CD4+ T-cells due to cryopreservation of peripheral blood
mononuclear cells can be rescued by cytokine treatment after thawing.
Cryobiology 47:44-58.

Satarug S, Nishijo M, Ujjin P, Vanavanitkun Y, Baker JR, Moore MR (2004) Effects of
chronic exposure to low-level cadmium on renal tubular function and CYP2AG6-
mediated coumarin metabolism in healthy human subjects. Toxicol Lett
148:187-197.

Schmidt-Mende J, Hellstrom-Lindberg E, Joseph B, Zhivotovsky B (2000) Freezing
induces artificial cleavage of apoptosis-related proteins in human bone marrow
cells. J Immunol Meth 245:91-94.

Schrenk D (1998) Impact of dioxin-type induction of drug-metabolizing enzymes on the
metabolism of endo- and xenobiotics. Biochem Pharmacol 55:1155-1162.
Schutzendubel A, Polle A (2002) Plant responses to abiotic stresses: heavy metal-
induced oxidative stress and protection by mycorrhization. J Exp Bot 53:1351-

1365.

Scott DE, Gause WC, Finkelman FD, Steinberg AD (1990) Anti-CD3 antibody induces
rapid expression of cytokine genes in vivo. J Immunol 145:2183-2188.

Scott PR (2011) Treatment and control of respiratory disease in sheep. Vet Clin North
Am Food Anim Prac 27:175-186.

Seifert MW, Alberti M, Kausch U, Hock, B (2003) Biomonitoring: Integration of
biological endpoints into chemical monitoring. Pure Appl Chem 75:2451-2459.

Sexton K, Hattis D (2007) Assessing cumulative health risks from exposure to
environmental mixtures - three fundamental questions. Environ Health Perspect
115:825-832.

120


http://www.ncbi.nlm.nih.gov/pubmed/23457186
http://www.ncbi.nlm.nih.gov/pubmed/23457186
http://www.elsevier.com/locate/toxlet

Sharma A, Saurabh K, Yadav S, Jain SK, Parmar D (2013) Expression profiling of
selected genes of toxication and detoxication pathways in peripheral blood
lymphocytes as a biomarker for predicting toxicity of environmental chemicals.
Int J Hyg Environ Health 216:645-651.

Sheen VL, Jansen A, Chen MH, Parrini E, Morgan T, Ravenscroft R, Ganesh V,
Underwood T, Wiley J, Leventer R, Vaid RR, Ruiz DE, Hutchins GM, Menasha
J, Willner J, Geng Y, Gripp KW, Nicholson L, Berry-Kravis E, Bodell A, Apse
K, Hill RS, Dubeau F, Andermann F, Barkovich J, Andermann E, Shugart YY,
Thomas P, Viri M, Veggiotti P, Robertson S, Guerrini R, Walsh CA (2005)
Filamin A mutations cause periventricular heterotopia with Ehlers-Danlos
syndrome. Neurology 64:254-262.

Shresta S, Pham CT, Thomas DA, Graubert TA, Ley TJ (1998) How do cytotoxic
lymphocytes kill their targets? Curr Opin Immunol 10:581-587.

Shugart L, Theodorakis C (1998) New trends in biological monitoring: application of
biomarkers to genetic ecotoxicology. Biotherapy 11:119-127.

Shugart LR (2005) Biomarkers Environmental. In: Encyclopedia of Toxicology.
Wexler P (Editor in Chief), 287-290, Elselvier, New York

Shugart YY, Goldgar DE (1999) Multipoint genomic scanning for quantitative loci:
effects of map density, sibship size and computational approach. Eur J Hum
Genet 7:103-109.

Siesjo BK, Agardh CD, Bengtsson F (1989) Free radicals and brain damage.
Cerebrovasc Brain Metab Rev 1:165-211.

Singh NP, McCoy MT, Tice RR, Schneider EL (1988) A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp Cell Res
175:184-191.

Sirota NP, Kuznetsova EA (2008) Spontaneous DNA damage in peripheral blood
leukocytes from donors of different age. Bull Exp Biol Med 145:194-197.

Smith CJ, Allen JC (1978) Commercial PHA preparations contain different mitogenic
components. Cell Tissue Kinet11:659-663.

Smith HE, Jacobs RM, Smith C (1994) Flow cytometric analysis of ovine peripheral
blood lymphocytes. Can J Vet Res 58:152-155.

Smith JG, Joseph HR, Green T, Field JA, Wooters M, Kaufhold RM, Antonello J,
Caulfield MJ (2007) Establishing acceptance criteria for cell-mediated-immunity
assays using frozen peripheral blood mononuclear cells stored under optimal and
suboptimal conditions. Clin Vaccine Immunol 14:527-537.

Smith JG, Liu X, Kaufhold RM, Clair J, Caulfield MJ (2001) Development and
validation of a gamma interferon ELISPOT assay for quantitation of cellular
immune responses to varicella-zoster virus. Clin Diagn Lab Immunol 8:871-879.

Sobota V, Bubenik J, Indrova M, VIk V, Jakoubkova J (1997) Use of cryopreserved
lymphocytes for assessment of the immunological effects of interferon therapy
in renal cell carcinoma patients. J Immunol Meth 203:1-10.

Sordillo LM, Shafer-Weaver K, DeRosa D (1997) Immunobiology of the mammary
gland. J Dairy Sci 80:1851-1865.

Sordillo LM, Streicher KL (2002) Mammary gland immunity and mastitis
susceptibility. J Mammary Gland Biol Neoplasia 7:135-146.

Spurgeon DJ, Jones OA, Dorne JL, Svendsen C, Swain S, Sturzenbaum SR (2010)
Systems toxicology approaches for understanding the joint effects of
environmental chemical mixtures. Sci Total Environ 408:3725-3734.

121



Staessen JA, Nawrot T, Hond ED, Thijs L, Fagard R, Hoppenbrouwers K, Koppen G,
Nelen V, Schoeters G, Vanderschueren D, Van Hecke E, Verschaeve L,
Vlietinck R, Roels HA (2001) Renal function, cytogenetic measurements, and
sexual development in adolescents in relation to environmental pollutants: a
feasibility study of biomarkers. Lancet 357:1660-16609.

Stavy L, Treves AJ, Feldman M (1971) Effect of concanavalin A on lymphocyte-
mediated cytotoxicity. Nature 232:56-58.

Stevens VL, Patel AV, Feigelson HS, Rodriguez C, Thun MJ, Calle EE (2007)
Cryopreservation of whole blood samples collected in the field for a large
epidemiologic study. Cancer Epidem Biomar16:2160-2163.

Stich HF, Rosin MP (1984) Micronuclei in exfoliated human cells as a tool for studies
in cancer risk and cancer intervention. Cancer Lett 22:241-253.

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in the toxicity of metal ions. Free
Radic Biol Med 18:321-336.

Stohs SJ, Bagchi D, Hassoun E, Bagchi M (2001) Oxidative mechanisms in the toxicity
of chromium and cadmium ions. J Environ Pathol Toxicol Oncol 20:77-88.

Su TT (2006) Cellular responses to DNA damage: one signal, multiple choices. Annu
Rev Genet 40:187-208.

Sutiakova IK, Legath J, Pistl J, Kovac G, Sutiak VJ, Novotny J, Vaczi P (2009) Effect
of subchronic exposure to Tolyfluanid on the lactate dehydrogenase activity and
its isoenzymes in sheep. Slovak J Anim Sci 42:104-109.

Thompson CB (1995) Apoptosis in the pathogenesis and treatment of disease. Science
267:1456-1462.

Thorp BH, Seneque S, Staute K, Kimpton WG (1991) Characterization and distribution
of lymphocyte subsets in sheep hemal nodes. Dev Comp Immunol 15:393-400.

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A, Kobayashi H, Miyamae Y,
Rojas E, Ryu JC, Sasaki YF (2000) Single cell gel/comet assay: guidelines for in
vitro and in vivo genetic toxicology testing. Environ Mol Mutagen 35:206-221.

Timchalk C, Poet TS, Kousba AA, Campbell JA, Lin Y (2004) Non invasive
biomonitoring approaches to determine dosimetry and risk following acute
chemical exposure: analysis of lead or organophosphate insecticide in saliva. J
Toxicol Env Heal A 67:635-650.

Tizard IR (2000) Organ specific autoimmmune diseases In: Tizard IR, editor.
Veterinary immunology. An introduction. 6th ed. Philadelphia: WB Saunders
Company,375-377

Tompa A, Major J, Jakab MG (1994) Monitoring of benzene-exposed workers for
genotoxic effects of benzene: improved-working-condition-related decrease in
the frequencies of chromosomal aberrations in peripheral blood lymphocytes.
Mutat Res 304:159-165.

Toner PF (2001) Investigations of Animal Health Problems at Askeaton, Co. Limerick:
Environmental Quality. Environmental Protection Agency, Wexford 1-162.

Tucker JD, Preston RJ (1996) Chromosome aberrations, micronuclei, aneuploidy, sister
chromatid exchanges, and cancer risk assessment. Mutat Res 365:147-159.

Tuo J, Loft S, Thomsen MS, Poulsen HE (1996) Benzene-induced genotoxicity in mice
in vivo detected by the alkaline comet assay: reduction by CYP2E1 inhibition.
Mutat Res 368:213-219.

Udroiu | (2006) Feasibility of conducting the micronucleus test in circulating
erythrocytes from different mammalian species: an anatomical perspective.
Environ Mol Mutagen47:643-646.

122



UNEP (2006) Environment Programme, United Nations Annual Evaluation Report (
Evaluation and Oversight Unit).

Unshelm J (1983) Physiological-biochemical techniques for health control and
evaluation of husbandry farm animals. In: H. Sommer (Editor), Research and
results in clinical chemistry of domestic animals. Int. Conf. of the Ass. Clin.
Biochem. 1 Schwabisch Hall, FRG, pp. 289-306.

US EPA (2006) Memorandum. Office of Prevention, Pesticides, and Toxic Substances
Environmental Protection Agency Washington D.C.

Vainio H, Sorsa M (1981) Chromosome aberrations and their relevance to metal
carcinogenesis. Environ Health Perspect 40:173-180.

van Duursen MB, Sanderson JT, van den Berg M (2005) Cytochrome P450 1A1 and
1B1 in human blood lymphocytes are not suitable as biomarkers of exposure to
dioxin-like compounds: polymorphisms and interindividual variation in
expression and inducibility. Toxicol Sci 85:703-712.

van Leeuwen DM, Gottschalk RW, Schoeters G, van Larebeke NA, Nelen V, Baeyens
WEF, Kleinjans JC, van Delft JH (2008) Transcriptome analysis in peripheral
blood of humans exposed to environmental carcinogens: a promising new
biomarker in environmental health studies. Environ Health Perspect 116:1519-
1525.

van Sittert NJ, de Jong G (1985) Biomonitoring of exposure to potential mutagens and
carcinogens in industrial populations. Food and Chem Toxicol 23:23-31.

Vandebriel RJG, J.; van Loveren, H. (1995) Methods in Immunotoxicology. Methods in
Neurosciences 24:151-169.

Venkataraman M, Rao DS, Westerman MP (1992) Functional studies on long-term
cryopreserved peripheral blood mononuclear cells from patients with lung
cancer and from healthy subjects. J Lab Clin Med 120:453-458.

Vermes |, Haanen C, Steffens-Nakken H, Reutelingsperger C (1995) A novel assay for
apoptosis. Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labelled Annexin V. J Immunol Meth 184:39-
51.

Vineis P, Husgafvel-Pursiainen K (2005) Air pollution and cancer: biomarker studies in
human populations. Carcinogenesis 26:1846-1855.

Visvardis EE, Tassiou AM, Piperakis SM (1997) Study of DNA damage induction and
repair capacity of fresh and cryopreserved lymphocytes exposed to H202 and
gamma-irradiation with the alkaline comet assay. Mutat Res 383:71-80.

Visvikis S, Schlenck A, Maurice M (1998) DNA extraction and stability for
epidemiological studies. Clin Chem Lab Med 36:551-555.

Vos JG (1977) Immune suppression as related to toxicology. Crit Rev Toxicol 5:67-
101.

Vyshkina T, Banisor I, Shugart YY, Leist TP, Kalman B (2005) Genetic variants of
Complex I in multiple sclerosis. J Neurol Sci 228:55-64.

Waalkes MP, Poirier LA (1984) In vitro cadmium-DNA interactions: cooperativity of
cadmium binding and competitive antagonism by calcium, magnesium, and
zinc. Toxicol Appl Pharmacol 75:539-546.

Wang G, Fowler BA (2008) Roles of biomarkers in evaluating interactions among
mixtures of lead, cadmium and arsenic. Toxicol Appl Pharmacol 233:92-99.

Wang SY, Hsu ML, Tzeng CH, Hsu HC, Ho CK (1998) The influence of
cryopreservation on cytokine production by human T lymphocytes. Cryobiology
37:22-29.

123



Wang XL, Yang YJ, Ding MY, Quan ZJ, Zhao XG, Nie J, Qian Y, Zhang JL (2008)
[Effect of heavy metals exposure on neurobehavioral function in welders].
Zhonghua lao dong wei sheng zhi ye bing za zhi 26:641-644.

Weinberg A, Zhang L, Brown D, Erice A, Polsky B, Hirsch MS, Owens S, Lamb K
(2000) Viability and functional activity of cryopreserved mononuclear cells.
Clin Diagn Lab Immunol 7:714-716.

Whitney AR, Diehn M, Popper SJ, Alizadeh AA, Boldrick JC, Relman DA, Brown PO
(2003) Individuality and variation in gene expression patterns in human blood.
Proc Natl Acad Sci USA 100:1896-1901.

Wiencke JK (2002) DNA adduct burden and tobacco carcinogenesis. Oncogene
21:7376-7391.

Wilson AK, Bhattacharyya MH (1997) Effects of cadmium on bone: an in vivo model
for the early response. Toxicol Appl Pharmacol 145:68-73.

WiIostowski T, Bonda E, Krasowska A (2004) Photoperiod affects hepatic and renal
cadmium accumulation, metallothionein induction, and cadmium toxicity in the
wild bank vole (Clethrionomys glareolus). Ecotoxicol Environ Saf 58:29-36.

Wojcik AO, G. (2007) Sister-Chromatid Exchanges. Chromosomal Alterations 271-
283.

Woltering DML, R.J., Hopping, W.D., Jamieson, R.A. & de Oude, N.T. (1987) The
environmental fate and effects of detergents. Tenside Surfactants Deterg 24:286-
296.

Wu J, Basha MR, Brock B, Cox DP, Cardozo-Pelaez F, McPherson CA, Harry J, Rice
DC, Maloney B, Chen D, Lahiri DK, Zawia NH (2008) Alzheimer's disease
(AD)-like pathology in aged monkeys after infantile exposure to environmental
metal lead (Pb): evidence for a developmental origin and environmental link for
AD. J Neurosci 28:3-9.

Wyllie AH (1980) Glucocorticoid-induced thymocyte apoptosis is associated with
endogenous endonuclease activation. Nature 284:555-556.

Wyllie AH (1987) Apoptosis: cell death in tissue regulation. J Pathol 153:313-316.

Xu MQ, Feldman G, Le Merrer M, Shugart Y'Y, Glaser DL, Urtizberea JA, Fardeau M,
Connor JM, Triffitt J, Smith R, Shore EM, Kaplan FS (2000) Linkage exclusion
and mutational analysis of the noggin gene in patients with fibrodysplasia
ossificans progressiva (FOP). Clin Genet 58:291-298.

Yagi T, Hardin JA, Valenzuela YM, Miyoshi H, Gores GJ, Nyberg SL (2001) Caspase
inhibition reduces apoptotic death of cryopreserved porcine hepatocytes.
Hepatology 33:1432-1440.

Yahata T, Abe N, Yahata C, Ohmi Y, Ohta A, lwakabe K, Habu S, Yagita H, Kitamura
H, Matsuki N, Nakui M, Sato M, Nishimura T (1999) The essential role of
phorbol ester-sensitive protein kinase C isoforms in activation-induced cell
death of Thl cells. Eur J Immunol 29:727-732.

Yamada H, Miyahara T, Sasaki YF (1993) Inorganic cadmium increases the frequency
of chemically induced chromosome aberrations in cultured mammalian cells.
Mutat Res 302:137-145.

Yoon DY, Rippel CA, Kobets AJ, Morris CM, Lee JE, Williams PN, Bridges DD,
Vandenbergh DJ, Shugart Y'Y, Singer HS (2007) Dopaminergic polymorphisms
in Tourette syndrome: association with the DAT gene (SLC6A3). Am J Med
Genet B Neuropsychiatr Genet 144B:605-610.

Yu BP (1994) Cellular defenses against damage from reactive oxygen species. Physiol
Rev 74:139-162.

124



Zbinden LC (1987) A toxicologist's view of immunotoxicology. Immunotoxicology eds
Berlin, A., DeanJ, Draper MH, Smith, EMB, & Spreafico F, , Hingham,
Maryland, Martinus Nijhoff Publishers, Dordrecht 1-11.

Zhu L, Yu X, Akatsuka Y, Cooper JA, Anasetti C (1999) Role of mitogen-activated
protein kinases in activation-induced apoptosis of T cells. Immunology 97:26-
35.

125



Chapter 3

The Effects of Sample Processing on the Response of
Lymphocytes in Cytotoxicity and Genotoxic Assays using Rat
Blood Preparations
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Introduction

Blood cells can act as sentinels for cytotoxic and genotoxic exposures; it is possible that
exposure to chemicals may cause detectable changes in circulating blood cells at the
cellular, protein and gene levels, that correlate with detrimental changes that may be
observed in other tissues in the body (Liew et al., 2006). Therefore, blood is a common

biological sample used for biomonitoring studies (Angerer et al., 2007).

In larger biomonitoring studies, it is often necessary to store samples for later analysis
due to the amount of time required for sample collection, processing and assaying. To
avoid blood sample degradation, morphological and biochemical changes or a decrease
in cell viability, fresh whole blood should be processed within 6 hours if kept at room
temperature (Kristal et al., 2005). Storing blood samples at 4°C slows down changes,
but does not prevent them. Therefore, even those samples stored at 4°C have to be
processed within a maximum of 24 hours, and this reduces the number of assays that
can be performed (Narayanan et al., 2001). For field-based collections, a large number
of samples leads to an increase in the processing times which could result to sample
deterioration (reduction of viability). It is not always feasible to use processed fresh
blood samples such as peripheral blood mononuclear cells (PBMCs) or leukocytes that
are isolated on the same day as the assays need to be performed. Time is the biggest
limiting factor on the number of samples being collected and processed by a small
number of operators and introduces inter-assay variability since processing cannot be
done for a large number of samples for the one assay but the processing and collection
as well as the assays have to be extended to multiple days (Narayanan et al., 2001).
These limitations could be overcome by developing techniques for the preservation of
blood that will allow processing of a large number of samples over time, without

affecting cell viability, DNA stability or immune response.

The method of choice used to investigate the effects of environmental exposure on
blood is the isolation of PBMCs as they are the most transcriptionally active cells in the
blood (Fan and Hegde, 2005). As discussed in Chapter 2, PBMCs are the benchmark
blood sample preparation method (Boyum, 1968), especially for biomonitoring endpoint
studies (van Leeuwen et al., 2008). Isolation of PBMCs is the most common sample

processing technique used to study lymphocytes in genotoxicity assays (Tuo et al.,
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1996) for which endpoints such as the formation of micronuclei (Ranaldi et al., 1998),
sister chromatid exchanges, chromosomal aberrations (Tompa et al., 1994) and DNA
damage have been measured. The Comet assay has been used to detect DNA damage
induced in various mammalian cells and, of particular relevance to this study, has been
used to measure DNA damage in blood cells of mice exposed to benzene (Tuo et al.,
1996). It permits direct visualization of DNA damage in cells by assessing single and
double strand breaks in DNA and allows the evaluation of DNA damage in proliferating
and non-proliferating cells. One of its many benefits is that it requires only a low
quantity of cellular samples (McKelvey-Martin et al., 1993).

DNA damage can be caused by genotoxic compounds such as ethyl methanesulphonate
(EMS) and cadmium chloride (CdCl,). EMS is a direct monofunctional alkylating agent
that causes DNA adducts leading to single strand breaks causing point mutations
(Davies et al., 1993, Anderson et al., 1996). EMS is a standard positive control for
genotoxicity studies including the Comet assay as it. Cadmium is a class 1 carcinogen
(IARC, 1993) and one of the most toxic environmental and industrial pollutants causing
DNA damage, elevating lipid peroxidation in vitro and in vivo, complexing with thiol
groups of enzymes and increasing free-radical levels in different organs (Valverde et al.,
2001). Furthermore, at low non-cytotoxic concentrations, cadmium inhibits unscheduled
DNA synthesis after UV irradiation and partially inhibits the removal of UV-induced
DNA lesions, suggesting an interference with DNA repair processes at relevant
biological concentrations (Rojas et al., 1999). Whether these direct interactions are able
to induce strand breakage, cross-linking, or conformational changes in DNA or affect

DNA repair mechanisms in vivo is at present unclear.

Although they present many advantages, the isolation of PBMCs is a time and labour
intensive process taking approximately 2 hours per sample (Shou et al., 2005).
Therefore, other approaches to the processing of multiple samples need to be evaluated.
Alternative cell preparations, including fresh leukocytes, fresh whole blood cultures
(unprocessed), fresh processed (centrifuged) blood cultures and frozen blood have been
described for the use in biomonitoring studies and can be obtained from blood samples
collected in the field. The isolation of leukocytes (lymphocytes, monocytes and
granulocytes) used for biomonitoring or genotoxic studies from blood is a faster (30 min

per sample) and less labour intensive method than PBMC processing as red blood cells
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(RBCs) are directly lysed (Renzi and Ginns, 1987, Ashmore et al., 1989) instead of
using a density gradient separation which is necessary for PBMC isolation (O'Neil-
Andersen and Lawrence, 2002). Another advantage of this technique is that when it is
compared to fresh whole blood for ex vivo assays, the interference of red blood cells is
avoided (Frenzilli et al., 1997). This permits the study of the interaction of all the major

leukocyte subsets instead of just lymphocytes and monocytes as in the PBMC assay.

Fresh whole blood has been used in biomonitoring studies but to a lesser extent than
PBMCs because it contains a mixed population of adherent and non-adherent
leukocytes as well as autologous plasma and proteins (Connor, 2000, Remick et al.,
2000). While it is a better representation of in vivo conditions and presents an advantage
over the lymphocyte cultures supplemented with foetal bovine serum, the constituents
such as granulocytes and blood proteins can influence the lymphocytes responses during
in vitro experiments. The use of fresh whole blood requires only small samples and is a
rapid and easy procedure without the need for PBMC isolation (Connor, 2000, Remick
et al., 2000). For these reasons, fresh blood is frequently used for in vitro analysis in
rodent studies for which large blood samples are not available. Additionally, whole
blood culturing allows the study of lymphocytes, monocytes, granulocytes and RBCs
and the interaction and crosstalk of these cells in the culture even though the endpoints
only analyse lymphocytes. However, when performing ex vivo assays using biological

samples there can be inherent problems with batch to batch variability.

Another approach for blood sample processing is the cryopreservation of the whole
blood, which, compared with fresh PBMCs, offers the advantages of substantial cost
savings in materials and labour and large scale storage of viable lymphocytes (Reimann
et al., 2000, Hayes et al., 2002, Costantini et al., 2003, Stevens et al., 2007). The
cryopreservation of whole blood is a very fast and much easier process than PBMC
isolation and only involves the addition of 10% DMSO followed by control-rate
freezing (Piperakis et al., 2000). It also offers a practical alternative to frozen PBMCs as
the whole blood is frozen directly without requiring the additional lengthy step of the
isolation of PBMC:s.

In this study, various blood sample preparations, namely fresh leukocytes, unprocessed
fresh whole blood, fresh processed blood, frozen blood and PBMCs were used. The

objective was to compare and contrast the various sample preparation methods in
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relation to viability and responses to common positive controls for genotoxic assays i.e.
EMS & CdCl,. Both basal and time effects were included in the analysis. The
membrane integrity of lymphocytes was examined in culture using the propidium iodide
(PI) exclusion method (Moore et al., 1998) and DNA damage was measured using the
Comet assay (Woods et al., 1997).

Materials & Methods

Chemicals & Reagents

All chemicals used were of the highest grade available. RPMI 1640 medium with 2 mM
L-glutamine, heat-inactivated foetal bovine serum (FBS), HEPES, phosphate-buffered
saline (PBS), ethyl methanesulphonate (EMS), dimethyl sulphoxide (DMSO),
propidium iodide (PI), low melting agarose (LMA), normal melting agarose (NMA),
sodium chloride (NaCl), ethylenediaminetetraacetic acid (EDTA), Tris-HCI, DNAse,
sodium hydroxide (NaOH), 1% N-sodium lauryl sarcosinate, Triton X-100, Ficoll-
density gradient medium (Histopaque 1083) and ethidium bromide were all purchased
from Sigma-Aldrich (Ireland). Gentamycin was procured from GIBCO (UK). Sterile
96-well tissue culture plates and sodium heparin 9ml blood collection tubes were
purchased from Sarstedt (Ireland). Cadmium chloride (CdCl,.5H,0) was obtained from
Alkem (Ireland). Ammonium chloride RBC lysis solution buffer (Pharmlyse) was
procured from BD Biosciences (UK). All biological samples and PBS buffers were kept

on ice unless otherwise indicated.
Animals

Sprague-Dawley male rats, 1-year-old and weighing 250 to 400 g, were obtained from
the Biological Services Unit of University College Cork, Ireland and had been
purchased from Harlan, Bicester, U.K. The Rats were housed in groups of 6 under
standard controlled conditions (21+/-1°C) on a 12 hour light/dark cycle (lights on at

8.00 a.m.) and received standard water and diet, provided ad libitum.
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Blood Collection

Each rat was placed into a perspex anaesthetic chamber and anesthesia was induced
with 4 % halothane vaporized in oxygen (3l per minute) followed by cervical
dislocation. Afterwards, 5-7 ml of blood was extracted by cardiac puncture and
transferred to 9 ml sodium heparin tubes. The blood samples were collected from a
number of different rats and this blood was pooled together before being divided with
some used for PBMC isolation, leukocyte isolation, some for the preparation of fresh

whole blood by dilution, some was processed by centrifugation and the remaining blood

was cryopreserved as described previously in Chapters 2 and shown in Figure 1.

€2

Leukocytes Fresh Fresh Frozen
Whole Processed pgjg0od
Blood Blood

Figure 1. Schematic of the Different Blood Sample Processing Methods Used in
this Chapter.
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Sample Preparation

Isolation of PBMCs from Fresh Blood

Fresh rat PBMCs were isolated from heparinised blood by routine Ficoll-density
gradient centrifugation as described by Boyum (1968) and as detailed previously in
Chapter 2.

Isolation of Leukocytes from Fresh Blood

Whole blood (1ml) was transferred into a 50 ml centrifuge tube and diluted 1:20 with
ammonium chloride RBC lysis solution buffer as previously described by O'Neil-
Andersen et al., (2002). The sample was mixed thoroughly and incubated for 15
minutes at room temperature followed by 7 minutes centrifugation at 300 x g. The
supernatant was decanted, leaving only a visible white blood cell (WBC) pellet. The cell
pellet was resuspended in 5 ml complete culture medium (RPMI 1640 medium
supplemented with 2 mM L-glutamine, heat-inactivated 10 % foetal bovine serum
(FBS) 10 mM HEPES and 20 pg/ml gentamycin). Cell viability and numbers were
assessed using trypan blue stain and a haemocytometer. The cell suspension was diluted

6
to a concentration of 1x10 cells/ml and 500 pl of the leukocyte cell suspension was
added per well in a 24-well plate. The plates were pre-incubated for 1 hour 30 minutes

at 37°C prior to exposures to test chemicals as described below.
Fresh Whole Blood

1ml of fresh blood was diluted with 2ml of complete culture medium, mixed gently and
put in culture as described by Connor et al, (2000). The ratio of blood to medium is
based on the observation in earlier pilot studies that 1ml of blood contains 2x10°
lymphocytes and this dilution would provide 1x10° cells /ml (data not shown).

Fresh Processed Blood

Fresh blood (1 ml) was added to 10 ml of complete culture medium and was transferred
after dilution to tubes for 7 minutes centrifugation at 300 x g. Most of the supernatant

was removed with aspiration. The remaining 1 ml pellet and interface were resuspended
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in a ratio of 1:2 in 2 ml of complete culture medium. The ratio of blood to medium is
based on the observation in earlier pilot studies that 1 ml of blood contains 2x10°

lymphocytes and this dilution would provide 1x10° cells /ml.
Frozen Blood

150 pl (10% v/v) of DMSO (kept for 10 minutes at 4°C before use) was added drop
wise to 1350 ul of fresh blood in a cryovial followed by gentle mixing. The cryovial
was then placed in a slow- freeze container (Mr Frosty, Nalgene, UK) and stored in a
—80°C freezer for 24 hours. This simplified method of controlled-rate freezing lowers
the temperature of the samples by approximately 1°C per min to -80°C as previously
described (Piperakis et al., 2000). The frozen samples were then stored in a liquid

nitrogen dewar for 14 days before being thawed and assayed.
Thawing of Frozen Blood

Frozen samples were thawed in a 37°C water bath with continuous gentle agitation until
no ice was visible and then placed on ice for 2 minutes according to the procedure
adapted from the protocol described by Reimann and colleagues (Reimann et al., 2000).
The thawing medium (RPMI 1640 medium supplemented with 20 % FBS, 0.2 pg/ml
DNAse and 25 mM HEPES buffer) was heated to 37°C before being added to the cell
suspension. 1 ml of thawed whole blood cell suspension was slowly diluted with
thawing medium at room temperature. The slow-dilution protocol consisted of 0.1, 0.2,
0.4, 0.8 and 2 ml of thawing medium sequentially added at 1-minute intervals with
further gentle agitation. Five minutes after the last addition of medium, the total volume
was brought to 10 ml with thawing medium and centrifuged at 300 x g for 7 minutes.
The supernatant was removed; the total volume was brought to 10 ml with complete
medium and centrifuged again at 300 x g for 7 minutes. The cell pellet was resuspended
in 1 ml of complete medium and at this stage a viability cell count was performed using

trypan blue stain and a haemocytometer. The cell suspension was diluted until a cell

6
concentration of 1x10 cells/ml was achieved and 500 ul of the cell suspension was
added per well in a 24-well plate. The plates were pre-incubated for 1 hour 30 minutes

at 37°C prior to exposures as described below.
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Cell Culture

All the blood sample preparations were cultured in complete culture medium with a
volume of 500 ul/well in a 24-well plate and all treatments were performed in triplicate.
Experiment/exposure was conducted at 37°C in a 5 % CO; humidified incubator for the
duration of the culture (normally up to 24 hours) after which the lymphocytes were

assayed.

Cadmium Chloride and Ethyl Methanesulphonate Stock Solutions and

EXxposures

For all sample preparations, 500 pl of the cell suspension was transferred to 24-well
plates in triplicate. A 10mM stock solution of CdCl;, was prepared in distilled water and
then sterilized by passage through a 0.2 um filter (Schleicher & Schuell, UK). This
stock was diluted 1:1, 1:2 and 1:9 in RPMI medium to achieve 5 mM, 3.3 mM and 1
mM CdCl, stock solutions, respectively, as described previously (Carey, 2005). A
volume of 50 pl of these stock solutions was added to the cells in a 24-well plate to
achieve the final concentrations (500, 333 and 100 uM).

A 100 mM stock of EMS was prepared in RPMI medium and diluted 1:1, 1:3 and 1:9 to
achieve 50 mM, 25 mM and 10 mM solutions. A volume of 50 ul of these solutions was
added to the cells of a 24-well plate to achieve the desired final concentrations (5, 2.5
and 1 mM) (Mouchet et al., 2005).

Finally, 50 ul of RPMI medium was added to wells containing the cell suspension as
controls. All additions of genotoxic compounds or the RPMI medium control were
performed in triplicate wells. The plates were incubated for 3-24 hours at 37°C and then

assayed as described below.
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Propidium lodide Exclusion Assay

The viability of lymphocytes in blood sample preparations was determined by
propidium iodide (PI) exclusion as described by Moore et al., (1998) and as detailed in
Chapter 2. As stated previously, the only cell types that were analysed in the blood
sample preparations were lymphocytes as the monocytes and dendritic cells were still
attached to the plastic tissue culture plates and the granulocytes were non-viable. This
observation was independent of the matrix composition which does differ between

sample preparations.
Comet Assay

The Comet assay for these experiments was adapted from a previous study (Woods et
al., 1997). A triple layered agar sandwich was prepared on microscope slides. The slides
were precoated by evenly spreading 100 pl of normal temperature-melting agarose (1 %
NMA in PBS) and allowing it to solidify. Thereafter, another 100 pl of NMA was
added, covered with a 22 x 22 mm cover slip and solidified on ice for 10 minutes. The
cover slips were removed, 30pl of single cell suspension (1-5 x 10° cells/ml) was mixed
with 70 pl low-melting point agarose (1.0 % LMA in PBS pH 7.4) and 70 pl of this
mixture was quickly added onto the NMA layer before applying a cover slip and
refrigerating at 4°C. When the gel had set, the cover slips were removed and the cells
were lysed for 1 hour at 4°C in the dark in an ice-cold salt buffer (2.5 M NaCl, 100 mM
Na-EDTA, 10 mM Tris, 1 % Na-lauryl sarcosinate). The pH was adjusted to 10 with
NaOH, with 1 % (v/v) Triton X-100 and 10 % (v/v) DMSO added just before use. After
lysis, the slides were gently placed into a horizontal electrophoresis tank and immersed
in an alkaline solution (0.3 M NaOH, 1 mM EDTA,; pH > 12) for 25 minutes at 4°C in
the dark to allow the DNA to unwind. Without changing the alkaline electrophoresis
solution, a 25 volt, 300 mA current was applied for 25 minutes to allow for
electrophoresis to occur. The slides were removed from the electrophoresis chamber,
placed on a flat tray and then neutralised three times with Tris buffer (0.4 M Tris-HCI,
pH 7.4) at 5 minutes intervals. The slides were then washed with distilled water and
stained using 2—-3 drops of ethidium bromide (20 pug/ml) for 5 minutes. The slides were
washed with distilled water and cover slips were placed over the gels and stored at 4°C

in the dark under damp conditions until visualised (usually within 24 hours) using an
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epifluorescence microscope (Nikon EFD-3, Micron Optical Co. Ltd, County Wexford,
Ireland). In total, 50 cells per slide were scored and the degree of DNA damage was
evaluated using the % Tail DNA parameter. One slide was processed from each well
and there were duplicate wells per concentration and a total of 3 independent
experiments were performed for each blood sample preparation, chemical and exposure
time. The analysis was performed using the imaging analysis software package Komet
4.0 (Kinetic Imaging Ltd, Liverpool, UK).

Some cells exhibited poly-lobated nuclei regardless of the degree of electrophoretic
migration of the DNA and were identified as polymorphonuclear leukocytes
(granulocytes), whereas others showed smaller nuclei and regular morphology and were
considered to be mononuclear leukocytes (lymphocytes). Lymphocytes are the only
leukocyte subset analysed by the Comet assay included in the results as they were the
one leukocyte population that was present in all the sample preparations; the other cell

types were excluded based on microscopic identification, which showed that these cells

had polymorphological nuclei typical of granulocytes.

Figure 2. Micrographs of Comet Tail Length Displaying Varying degrees of DNA Damage

(A) Control untreated lymphocytes showing no DNA damage
(B) Moderate DNA damage in lymphocytes
(C) Severe DNA damage in lymphocytes
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Statistical Analysis

Results are expressed as the means + Standard Deviation (SD) for three independent
experiments with 3 determinations per data point for each experiment. All statistical
analysis used Sigma Stat software (version 2.03). Where data followed a normal
distribution as assessed with a Kolmogorov-Smirmnov test, differences between groups
were analysed using a one-way ANOVA followed by a Tukey post-hoc test for multiple
comparisons. Statistical correlation and linear regression analysis were performed using
Prism 4.05 software. Statistical significance was set at p<0.05 and significant levels
were defined as *p<0.05, ** p<0.01, *** p<0.001.
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Results

Effects of Different Sample Preparations on the Viability of Lymphocytes

over 3 and 24 Hours in Culture.

The effects of sample processing on the viability of lymphocyte after 3 and 24 hours in
culture are shown in Figures 3A and 3B, respectively. After 3 hours there was a
significant 6 % difference in cell viability between fresh PBMCs and fresh whole blood
(p<0.05) and between fresh PBMCs and frozen blood there was a difference of about 9
% (p<0.01). After 24 hours in culture, there was a significant and sizable difference in
cell viability between fresh PBMCs and frozen blood samples with a drop of 46 %
(p<0.001) in the latter. When comparing the viability of lymphocytes at 3 hours and 24
hours, there was a significant 40 % reduction in frozen blood overtime to 50 %
(p<0.001) (Figure 3C).
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Figures 3A, 3B and 3C. Effect of Sample Processing on Lymphocyte Viability after 3 Hours (A), 24
Hours (B) and both timepoints (C) in Culture. Data are represented as the percentage viability of rat
lymphocytes cultured from PBMCs, leukocytes, fresh whole blood, fresh processed blood and frozen
blood preparations over culture periods of 3 hours (A), 24 hours (B) hours and both time points (C)
assessed by PI staining. Data are represented as means +/- SD from three replicate wells in three
independent experiments. In Figures 3A and 3B, statistical analysis is PBMCs vs. every other sample. In

Figure 3C, statistical analysis is 3 hours vs. 24 hours for each fraction (* p < 0.05, ** p < 0.01 and *** p

<0.001).
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Effects of Cryopreservation on the Viability of Lymphocytes in Whole

Blood Cultures over 24 Hours in Culture.

Because of the substantial decrease of viability of lymphocytes observed in frozen
blood at 24 hours, a more detailed time-course study was undertaken (Figure 4). There
was no reduction in viability after 3 hours in culture. However, there was a progressive
time-dependent decrease in cell viability of 10 % at 6 hours (p<0.01), 30 % at 13 hours
(p<0.001), 40 % at 19 hours (p<0.001) and 46 % at 24 hours (p<0.001).
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Figure 4. Cell Viability of Lymphocytes in Frozen Blood over 24 Hours in Culture. Data are
represented as the percentage viability of rat lymphocytes cultured from frozen blood preparations over
culture periods of 3, 6, 13, 19 and 24 hours assessed by PI staining. Data are represented as means +/- SD

from three replicate wells in three independent experiments. 0 hour vs. all time-points * p < 0.05, ** p <

0.01 and *** p < 0:001.
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The Effects of Different Sample Preparations on the DNA Damage of

Lymphocytes over 24 Hours in Culture.

There was no statistical significant difference in DNA damage (as measured by
increases in % Tail DNA values) detected by the Comet assay in the untreated sample
preparations after 3 hours in culture as shown in Figure 5. In contrast, after 24 hours, the
DNA damage was significantly higher in lymphocytes from frozen blood than in those
in all other preparations, especially PBMCs (p<0.05). In agreement with this, there was
an increase in DNA damage between 3 and 24 hours in culture for lymphocytes in
frozen blood while there was no significant increase in any other sample preparation
over 24 hours (p<0.05).
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Figure 5. The Effect of Sample Processing on the DNA Damage of Lymphocytes over 24 Hours in
Culture. Data are represented as DNA damage (as measured by increases in % Tail DNA values) of
untreated rat lymphocytes cultured from PBMCs, leukocytes, fresh whole blood, fresh processed blood
and frozen blood preparations over culture periods of 3 and 24 hours assessed by the Comet Assay. Data
are represented as means +/- SD from three replicate wells in three independent experiments. * represents
a significant difference between the amount of DNA damage at 3 hours vs. 24 hours (*p < 0.05). #
represents a significant difference between the amount of DNA damage in PBMCs after 24 hours vs.

every other sample preparation at 24 hours (#p < 0.05).
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Response of Lymphocytes to Ethyl Methylsulphonate in Cytotoxicity and

Genotoxicity Assays over 3 Hours in Culture.

The 3 hour time point was chosen for EMS exposure as this was the shortest incubation
period possible whereby DNA damage could be induced with the concentrations used
without inducing cytoxicity (data not shown). EMS had no cytotoxic effect in any
sample preparations when the 1 mM and 2.5 mM doses were used when compared with
the corresponding untreated controls (Figure 6A). At a dose of 5 mM, there was a
significant (9 %) reduction (p<0.01) to 79 % in the case of frozen blood but no effect on

the other samples.

The genotoxic effects of EMS are shown in Figure 6B. An increase in DNA damage (as
measured by % Tail DNA) of lymphocytes in a dose-dependent manner was observed in
all sample preparations. At 1mM concentration, there was only a slight and non-
significant increase in DNA damage. At the concentration of 2.5 mM, the DNA damage
increased significantly in all sample preparations compared to untreated controls:
PBMCs (p<0.05), leukocytes (p<0.001), fresh whole blood (p<0.001), fresh processed
blood (p<0.05) and frozen blood (p<0.05). At the highest concentration used, 5 mM,
EMS caused a substantial increase in DNA damage in all sample preparations
(p<0.001).

144



(A)

100+

-k
-k
> 75 N OmM
=i —J1imm
> 50+
) N 2.5mM
')
S 257 &5V
O=
2 & S > S
Q)@ & & sO\oo &
< &L = O Q
> > 5 &
N A&{\ C;Q’% Q\O
AN (e)
() Q\
< »
<
<<‘\
401 (B) *
.k
N *
x *
X * *
304 X * x
< X
S % N * @l omMm
@) X X
= 20 x ¥ 3 1mm
~ X *
X * X
104 @l 2.5mM
&8 smMm

Figures 6A and 6B. The Effects of Short-Term (3 Hour) EMS Exposure on Cell Viability and DNA
Damage in Lymphocytes. Data are represented as the viability (Figure 6A) and DNA damage (as
measured by % Tail DNA)(Figure 6B) of rat blood lymphocytes after 3 hours exposure to EMS (1, 2.5
and 5 mM). Rat lymphocytes were cultured from PBMCs, leukocytes, fresh whole blood, fresh processed
blood and frozen blood preparations. Values represent the mean£SD from three replicate wells in three
independent experiments. Control (0 mM) vs. all concentrations for each sample preparation * p< 0.05;

** < 0.01; *** p< 0.001.
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Response of Lymphocytes to Cadmium Chloride in Cytotoxicity and in

Genotoxicity Assays over 3 and 24 Hours in Culture.

The objective of this work was to assess the genotoxic potential of CdCl; in short-term

and longer-term exposure in the different sample preparations.

CdCl, caused a slight reduction in cell viability of lymphocytes compared to untreated
controls in a dose-dependent manner in all sample preparations after 3 hours (Figure
7A). However, this reduction in cell viability was only significant for PBMCs (p<0.01)
and isolated leukocytes (p<0.01) for the 333 UM CdCl, exposure, In addition, 500 uM
CdCl,, also caused a significant reduction in cell viability in PBMCs (p<0.01), isolated
leukocytes (p<0.01) and fresh processed blood (p<0.05).

When exposure was extended to 24 hours, CdCl, substantially reduced the cell viability
in lymphocytes compared to untreated controls in a dose-dependent manner in all
sample preparations (Figure 7B). At 100 uM CdCl,, this reduction was significant in 2
of the sample preparations: PBMCs (p<0.001) and isolated leukocytes (p<0.01). At the
333 uM CdCl; dose, the reduction in lymphocyte viability was significant in all sample
preparations: PBMCs (p<0.001), isolated leukocytes (p<0.001), fresh whole blood,
(p<0.05), fresh processed blood, (p<0.01) and frozen blood (p<0.05). The highest
concentration (500 uM) had the most toxic effect and significantly reduced lymphocyte
viability by 87 % in PBMCs (p<0.001), 85% in leukocytes (p<0.001) and 36 % in
frozen blood (p<0.001). The 500uM dose also significantly reduced viability, although
to a lesser extent, in fresh whole blood by 8 % (p<0.01) and in fresh processed blood by
28 % (p<0.001).
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Figures 7A and 7B. The Effects of Short (3 Hours) and Long-Term (24 Hours) Exposure to CdCl,
on Cell Viability in Lymphocytes. Data are represented as the percentage viability of rat lymphocytes
cultured from PBMCs, leukocytes, fresh whole blood, fresh processed blood and frozen blood
preparations after 3 hours (Figure 7A) and 24 hours (Figure 7B) exposure to CdCl, (0, 100, 333 and 500
1M). Data are represented as means +/- SD from three replicate wells in three independent experiments.
Control (OuM) vs. all concentrations for each sample preparation * p < 0.05, ** p < 0.01 and *** p <

0:001.

147



With regard to the genotoxicity assessment, CdCl, increased the DNA damage (as
measured % Tail DNA) in a dose-dependent manner at 3 hours (Figure 8A). There was
a small effect observed at the 100 uM dose in all the sample preparations which did not
contain RBCs (PBMCs, leucocytes and frozen blood). However, at 333 uM CdCl,
exposure, isolated leukocytes (p<0.001) and frozen blood (p<0.01) had a significant
amount of DNA damage. At the highest dose (500 uM), PBMCs (p<0.01), isolated
leukocytes (p<0.001) and frozen blood (p<0.01) also showed a significant increase in
DNA damage. At 3 hours, CdCl, exposure (all doses) did not have any significant effect

on DNA damage in the lymphocytes of fresh processed and unprocessed blood.

Because the genotoxic effects of CdClI, were slight (although significant) at 3 hours and
only occurred in some sample preparations, the incubation time was extended to 24
hours to assess if a more severe genotoxicity could be observed. At 24 hours, CdCl,
increased DNA damage in a dose-dependent manner in all sample preparations (Figure
8B). The 100 uM dose induced a highly significant increase in DNA damage values in
PBMCs (p<0.01), isolated leukocytes (p<0.01) and frozen blood (p<0.001). At both the
333 uM and 500 uM doses, CdCl, induced a highly significant increase in DNA
damage values in PBMCs (p<0.001), isolated leukocytes (p<0.001) and frozen blood.
CdCl; had no effect on DNA damage in fresh whole blood cells and only the 500 uM

concentration had an effect when the blood was processed (p<0.01).
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Figures 8A and 8B. The Effects of Short (3 Hours) and Long-Term (24 Hours) Exposure to CdCl,
on DNA Damage in Lymphocytes. Data are represented as the DNA damage (% Tail DNA) of rat
lymphocytes cultured from PBMCs, leukocytes, fresh whole blood, fresh processed blood and frozen
blood preparations after 3 hours (Figure 8A) and 24 hours (Figure 8B) exposure to CdCl, (0, 100, 333 and
500 pM). Data are represented as means +/- SD from three replicate wells in three independent
experiments; Control (0 M) vs. all concentrations for each sample preparation * p < 0.05, ** p < 0.01 and
*** < 0.001.
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Assessment of the Correlation between Cytoxicity and Genotoxicity of the
Ethyl Methylsulphonate and Cadmium Chloride over 24 Hours in

Culture.

Correlation and linear regression analysis were also conducted to assess if there was a
statistical association between the DNA damage (as measured by increases in % Tail
DNA values) and cell viability for the two genotoxic compounds. The increases in
genotoxicity or DNA damage were directly related to the reduction in viability
especially for CdCl,, exposures, as shown in Table 1. Indeed, the PBMC (p<0.0058),
leukocyte (p<0.0002) and fresh processed blood (p<0.0233) preparations had a linear
regression correlation between the DNA damage and cell viability at 3 hours exposure
(Figure 9). When the exposure time was lengthened to 24 hours, the level of
genotoxicity increased considerably from that present at 3 hours. PBMC (p<0.0001),
leukocyte (p<0.0001), fresh processed blood (p<0.0022) and frozen blood (p<0.0021)
preparations were determined to have a linear regression correlation between the DNA

damage, and cell viability (Figure 9).

EMS exposure also had a statistical correlation between cytoxicity and genotoxicity for
the cell preparations PBMCs (p<0.0107), leukocytes (p<0.00228) and frozen blood
p<0.0223. There was a significant increase in DNA damage at the two highest

concentrations, 2.5 mM and 5 mM, in the absence of significant cytotoxicity.

Fresh whole blood showed no correlation between the DNA damage and cell viability.
When whole blood was centrifuged, the only correlation that was apparent was after
short (3 hours) and long-term (24 hours) incubation with CdCl,, From these results,
CdCl, has the strongest statistical association between DNA damage and cell viability
(Figure 9).
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Figure 9. The Correlation between Cytoxicity and Genotoxicity Effects of CdCl, Exposure in
Lymphocytes. Data are represented as DNA damage (as measured by increases in % Tail DNA values)
versus the percentage of cell viability of rat lymphocytes cultured from PBMCs, leukocytes, fresh whole
blood, fresh processed blood and frozen blood preparations after 24 hours exposure to CdCl, (0, 100, 333

and 500 uM) (Figure 9). Linear regression (P value) and R? goodness of fit were calculated for each

exposure and cell preparation and are shown in Table 1.
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Samples Treatment | Time point | Linear Goodness of Fit
Preparations Regression

(Hours) R squared

P value

PBMCs CdCl, 3 0.0058 0.5495
Leukocytes CdCl, 3 0.0002 0.7558
Fresh  whole CdCl, 3 0.2070 0.1540
blood
Fresh CdCl, 3 0.0444 0.3456
processed
blood
Frozen blood CdCl, 3 0.2768 0.1168
PBMCs CdcCl, 24 0.0001 0.8995
Leukocytes CdCl, 24 0.0001 0.8006
Fresh whole CdCl, 24 0.0551 0.3240
blood
Fresh CdCl, 24 0.0022 0.62777
processed
blood
Frozen blood CdCl, 24 0.0021 0.6277
PBMCs EMS 3 0.0107 0.4944
Leukocytes EMS 3 0.0028 0.6073
Fresh whole EMS 3 0.9268 0.00088
blood
Fresh EMS 3 0.5973 0.02891
processed
blood
Frozen blood EMS 3 0.0233 0.4170

Table 1. Statistical Correlations between DNA Damage and the Cell Viability for the
Different Sample Preparations after Exposure to Cadmium Chloride and Ethyl
Methanesulphonate.
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Discussion

For biomonitoring studies it is very important to have the right biological samples, i.e.
those that are easy to get for fast processing, preferably non-invasive for repeated
sampling (to avoid stress to the subjects) and in conditions which will not impact on the
assays being performed (Okazaki et al., 2008). In biomonitoring studies, lymphocytes
are the preferred sample for measurement of genotoxic effects, the immunological status
and other effects (Faust et al., 2004, Linzalone, 2009). However, there is a processing
time limit if the whole blood or PBMC samples are kept at 25°C or 4°C for a long
period of time, and this makes cryopreservation of samples a very interesting alternative
(Villavicencio, 2006). Because the preparation of frozen PBMCs can be a lengthy
process and because the storage at room temperature reduces the viability of
lymphocytes (as described in Chapter 2) frozen blood, fresh whole blood and fresh

processed blood were investigated as possible alternatives.

In this Chapter, the effects that different blood separation and cell isolation techniques
had on the viability of rat lymphocytes and their responses to genotoxic compounds
were examined. The similarities and differences in responses of the sample methods
were compared with regard to the presence of different cell types and blood components
other than those contained in PBMCs. (The main comparison was between the gold
standard method PBMCs vs. leukocytes (lymphocytes + granulocytes), fresh whole
blood (lymphocytes+RBCs+granulocytes+blood plasma +proteins), fresh processed
blood (lymphocytes+RBCs+granulocytes) and frozen blood (lymphocytes+break down
products+granulocytes). The different degrees of homogeneity of the cell types and
culture compositions generated by using the different fractionation and isolation

techniques are shown in Table 2.

153



Blood Cell Type/ Separation Techniques

Sample Fresh Fresh
PBMCs Leukocytes Frozen
Preparations Whole processed
blood
blood blood
Ficoll Cryopreservation
Centrifugation
Separation Density RBC Thawing+
Dilution +Dilution
Techniques Gradient Lysis Centrifugation+
Centrifugation +Dilution
Lymphocytes + + + + +
Erythrocytes - - + + l
RBC
Breakdown - + - - +
Products
Granulocytes - + + + l
Foetal 10%
Bovine (+13%
10% 10% 8% 8%
Plasma)
Serum

Table 2: Cell types and Blood Culture Components after Various Blood Separation and

Fractionation Techniques. | refers to substantial reduction of granulocytes and erythrocytes in the

blood sample mixture following cryopreservation. +/- refers to the presence or absence of certain blood

constituents after the different sample processing methods have been completed.
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Frozen blood samples were processed as quickly as possible in order to minimize cell
damage following the thawing step. In addition, the process was optimised to obtain
samples of the highest lymphocyte viability possible (85% or above). This was achieved
by the removal of DMSO by slow dilution and centrifugation and the addition of
DNAase to remove the DNA from dead granulocytes to avoid the clumping of
lymphocytes as demonstrated by Reimann et al., (2000) and Steven et al., (2007). The
cell viability of 90% post thawing at 3 hours is consistent with the findings of Anderson
et al., (1996), Cheng et al., (2001) and Stevens et al., (2007). However, the loss of
lymphocyte viability was time-dependent and increased when measured at 6 hours and
24 hours.

The Comet assay is a very sensitive method which can detect very low levels of DNA
breakage. Therefore, reliable sample processing is a critical issue so as not to increase
the basal level of DNA damage through the processing steps (Collins et al., 1996).
There was no significant difference in the viability and DNA damage of lymphocytes
from frozen blood and those from the other sample preparations after 3 hours in culture.
This is consistent with the findings of Duthie et al., (2002) who found that
cryopreservation of lymphocytes did not increase DNA strand breakage above
endogenous levels found in PBMCs. Similarly, lymphocytes obtained from blood
samples stored at -80°C for 60 days did not produce detectable DNA strand breaks
(Visvardis et al., 1997, Tice et al., 2000, Chuang and Hu, 2004, Villavicencio, 2006).
However, in these studies, the time for which the lymphocytes were cultured was less
than 6 hours-the time at which DNA damage was observed to increase significantly in
the present study. After 24 hours in culture, the % Tail DNA in frozen blood was
increased compared to that from the other sample preparations. This observation is in
agreement with Villavicencio et al., (2006) and Visvardis et al., (1997) who observed an
increase in DNA strand breaks in frozen lymphocytes after culturing for longer than 4
hours. This increase in DNA damage could be attributed to the lysis of red blood cells
and possibly an increase in early apoptosis after the freeze thaw process as observed in
Chapter 2. The DNA fragmentation induced during the apoptotic process can be
visualised in the Comet assay (Godard et al., 1999, Bagchi et al., 2000, Choucroun et
al., 2001, Meintieres et al., 2001, Meintieres et al., 2003, Yasuhara et al., 2003).
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Fresh whole blood had the lowest basal level of DNA damage compared to the other
samples used in this study. This may reflect the fact that it involves no isolation of
individual cell types. In a separate study, the use of whole blood cells for the Comet
assay reduced the sampling time and prevented DNA damage during lymphocyte
isolation (Speit and Hartmann, 2005). Also in the present study, fresh processed blood
and freshly isolated leukocytes had a lower level of % Tail DNA than PBMCs. This is
consistent with the finding that for PBMCs isolated using Ficoll-density separation
centrifugation and measured by the Comet assay, there was an increase in oxidative
DNA damage after isolation compared to non-separated leukocytes or whole blood
(Vijayalaxmi et al., 1993, Collins, 1999, Narayanan et al., 2001).

Once the cell preparations were characterised for a 24 hour culture period, the effects of
in vitro exposure of lymphocytes from different blood sample preparations to DNA-
damaging agents, the alkylating ethyl methanesulphonate (EMS) and cadmium chloride
(CdCly), were investigated.

EMS caused DNA damage in a dose—dependent manner in all sample preparations after
a 3 hours exposure. This is consistent with the findings of De-Boeck et al, (2000) who
demonstrated DNA damage in rat blood cells after exposure to direct-acting alkylating
water-soluble mutagens for 3 hours. Other reports provide contrasting effects of EMS.
Exposure to concentrations from 1-40 mM induced DNA damage at all doses (Wyatt et
al., 2007). In another study, no significant DNA damage was observed when EMS
concentrations of 1-5 mM were used for 30 minutes but at a concentration of 40 mM
single strand breaks appeared in the DNA (Suggitt et al., 2003). However, even after
exposure to 120 mM EMS, the DNA damage was fully repaired within 24 hours
indicating that the EMS does not have a cytotoxic effect (Suggitt et al., 2003). The level
of EMS-induced damage was similar for PBMCs and whole blood suggesting that,
under the conditions applied, the proteins and other nucleophiles present in whole blood
had no scavenging effect on the direct-acting mutagen. This is in agreement with a
study that showed that whole blood exposed to EMS had huge increases in % Tail DNA
(Speit et al., 2004). When fresh and frozen blood samples were exposed to EMS, the
amount of DNA damage induced was comparable to that seen with PBMCs and
leukocytes. This is in contrast to reports that the use of whole blood was unsuitable for

measuring DNA damage using the Comet assay due to interferences from RBCs and
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other blood components which can have an inhibitory effect in these assays (Gaetani et
al., 1989, Scott et al., 1991).

At concentrations of 333 and 500 uM, CdCl, caused a significant reduction in viability
when PBMCs, isolated leukocytes and fresh processed blood were exposed for 3 hours.
When exposure was extended to 24 hours, all concentrations used impacted
significantly on viability. Blasiak et al, (2000) showed that the viability of human
lymphocytes was reduced when exposed to concentrations of 5 to 150 uM of CdCl, for
1 hour. In the present study, both whole and processed fresh blood samples had only a
slight reduction in viability when exposed to 500 uM CdCl,, the highest concentration
used, for 24 hours while fresh whole blood was the least affected of all samples. This
may be due to the presence of RBCs which are known for their binding potential to
cadmium and also the higher quantity of plasma and blood proteins in the fresh whole
blood.

A limited genototoxic effect was observed when PBMCs and leukocytes were exposed
to CdCl;, for 3 hours but it increased significantly when exposure was extended to 24
hours. Previous reports have shown that 0.16 -20 uM CdCl, caused an increase in DNA
damage in peripheral blood lymphocytes (Cai and Zhuang, 1999) and 150 uM cadmium
significantly increased DNA damage when 1-3 x10° cells per ml were exposed for 1
hour (Blasiak and Kowalik, 2001). In addition, in vivo exposure to CdCl, caused an
increase in DNA damage in suckling Wistar rats and turbot fish (Kasuba et al., 2002,
Kilemade et al., 2004). Consistent with the effects observed in the present study, CdCl,

has been described as an indirect genotoxic compound (Bertin and Averbeck, 2006).

In the present study, lymphocytes from whole blood were resistant to CdCl,-induced
cytotoxicity and DNA damage but became very sensitive when exposed as PBMCs
(isolated by using Ficoll-density separation centrifugation) or as leukocytes (prepared
using red blood cell lysis buffer). Even at 24 hour exposure, CdCl, induced no DNA
damage in lymphocytes prepared from fresh whole blood and had only a small effect
when the blood was centrifuged to reduce the content of its plasma and blood proteins.
This may be explained by the ability of the RBCs to bind cadmium in the absence of the
scavenging effects of the plasma proteins. It is known that cadmium is detected in the

RBCs component of the blood. The effects of CdCl, were dependent on sample
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constitution, i.e. presence or absence of red blood cells and serum protein concentration
and on exposure time. In contrast, in human whole blood exposed to CdCl, there was an
increase in DNA damage in 2 out of 4 subjects (Rozgaj et al., 2002). The contrasting
findings may reflect differences in the repair of induced DNA damage between rat
blood and human blood (Rozgaj et al., 2002). The lack of genotoxic insult from CdCl,
in the case of whole blood may be due to the fact that it becomes bound to plasma
proteins such as albumin and transferin (Saljooghi and Fatemi, 2010a). This scavenging
effect could have a major influence on the bioaccumulation of CdCl, (Saljooghi and
Fatemi, 2010b). The scavenging effect of whole blood has been reported previously
when whole blood and isolated lymphocytes were exposed to hydrogen peroxide
(Andreoli et al., 1999, Chuang and Hu, 2004).

The criterion of true genotoxic effects proposed by Henderson et al., (1998) states that
DNA strand breaks should only occur in the absence of cytotoxicity. Cytotoxins are
able to induce an increase in DNA migration, but this observation only occurred when
viability was < 75% (Henderson et al., 1998). The CdCl,-induced Comet formation seen
in this study may reflect indirect DNA damage which is likely to be due to a secondary
consequence of physical or chemical damage to cell membranes or more simply an
inhibition of the DNA repair process. The Comet assay can be used to discriminate
efficiently between genotoxins and cytotoxins (Fairbairn et al., 1996). However, there
are discrepancies regarding the genotoxic effects of CdCl; in a variety of systems where
some studies proclaim the genotoxic effect of CdCI, whereas other studies claim that
the DNA damage is secondary to cytotoxicity (Saplakoglu and Iscan, 1998, Rojas et al.,
1999). The interpretation of the results from this study are in contrast to the those
reached in some previous studies which reported that CdCl, induced a dose dependent
DNA strand break in lymphoblastoid, fibroblasts and human leukocytes (Mikhailova et
al., 1997, Cai and Zhuang, 1999, Bagchi et al., 2000, Blasiak et al., 2000, Blasiak and
Kowalik, 2001, Mouron et al., 2004, Zhang, 2011). All the above studies concluded that
CdCl, is a true genotoxic compound but the cell viability assessment was not performed.
Cadmium has been shown to intercalate between DNA strands and disrupt transcription
by destabilizing the helical structure of DNA (Webb, 1979). Therefore, the mechanism
of cadmium genotoxicity i.e. increase in % Tail DNA of the exposed lymphocytes may
be caused by the induction of DNA strand breaks which in turn can be attributed to

direct binding to DNA bases, by enhancing reactive oxygen species production as well
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as interference with the repair of DNA lesions (Waalkes and Poirier, 1984, Stohs and
Bagchi, 1995, Stohs et al., 2001). The increase of % Tail DNA in lymphocytes after 24
hours exposure to CdCl; is similar to what was seen previously when the degradation of
chromosomal DNA in CHO cells was linked to oxidative stress and apoptosis (Bagchi
et al., 2000, Banfalvi et al., 2005). Cadmium has been demonstrated to induce DNA
strand breaks but also apoptosis in various cell lines (Galan et al., 2000, Banfalvi et al.,
2005, Fotakis et al., 2005).

Main Conclusions

In this Chapter, the merits and limitations of a number of sample preparations in short
and long term culturing and their responsiveness to genotoxic compounds ex vivo were
assessed. The different sample processing methods were shown to alter the
responsiveness of lymphocytes to CdCl, but not to EMS. This shows the limitations of
using peripheral blood from animals when using unknown genotoxic compounds, the
importance of knowing the mode of action of each compound and also how the
constituents of each culture will affect the potency of the genotoxic compounds. It was
demonstrated that three hour incubations can be undertaken without considerable
alterations in the viability of the lymphocytes after all sample processing methods
described but when the culture times were extended for frozen blood this lead to a large
decrease in viability. On the basis of the results using rat blood, one can conclude that
direct cryopreservation of blood can be used as an alternative to PBMCs, especially for
short term cultures and exposures. This is of prime interest due to the fact that there are
time constraints in field-based biomonitoring studies so frozen blood looks a very

promising technique for short term ex-vivo studies.

What is striking and important is that the direct cryopreservation of unprocessed blood
does not affect responsiveness of lymphocytes to genotoxic compounds. For future
studies, where the collection of field-based samples would require long term storage of
the samples, the fresh whole and frozen blood protocol is very encouraging because
these methodologies have additional advantages of simplicity, economy, and speed and
involve less cell manipulation over these assays in gradient-isolation of blood cell

subtypes. Future studies in this area should focus on the transfer of these methodologies
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to a more relevant biomonitoring model, such as sheep, and fully characterise each

blood processing protocol.
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Introduction

Animal environmental sentinels have been defined as any non-human organisms that
can react to an environmental contaminant before it impacts humans (Stahl, 1997). The
aim of this thesis was to investigate the effects of blood sample preparations and
cryopreservation on cell viability and responses in ex vivo biomarker assays. The
assessment of the exposure of selected animals to contaminants can be strengthened by
using biomarkers which are common to animals and humans so that the effects of
exposure can be translated to humans. For example, the measurement of metals and
levels of selected proteins in blood are useful in the evaluation of the physical condition
which can include the health/ disease status as well as the effect of chemical exposure of
ruminants and other mammals (Duffy, 1996, Lagadic, 2000, Krausman, 2003, Duffy et
al., 2005). The blood samples can be easily obtained from domestic animals that are
relatively small and, therefore, easier to house and to handle. This leads to more
economical methods of biomonitoring as they can be monitored repeatedly without

requiring the destruction of the animal.

Sheep were chosen as the model for domestic animals in this study because of their
relative abundance at varied locations in the Irish countryside and the availability of
antibodies and other biochemical and cellular tools. In addition to being readily
available, sheep are relatively small and, therefore easier, to house and handle and more
economical than cattle. Although quantitative studies that describe the biochemical
effects of environmental exposure of sheep are rare, they have been used to monitor the
bioavailability and bioaccumulation of chemical contaminants and integrate exposures
across their entire environment (van Kampen, 1969, Pistl, 2002, Mohammad, 2007 ,
Duffy, 2009).

The studies described in Chapter 3 demonstrated that carefully controlled
cryopreservation was a suitable technique for the preservation of rat blood, although the
viability of lymphocytes was significantly reduced after 6 hours in culture. The overall
objective of this study was to determine whether cryopreservation could be successful
for the long-term storage of whole blood in field-based collection (sheep blood) as well
as in the laboratory setting (rat blood). In addition, it was decided to determine if any

loss of viability (cell death) observed was caused by the generation of reactive oxygen
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species (ROS) and involved apoptosis and/or necrosis (Wyllie, 1980, Corcoran et al.,
1994).

ROS arise from cellular respiration which involves the reduction of molecular oxygen
(O,) to water in the mitochondrial electron transport chain (Yu, 1994). Upon subsequent
addition of electrons to molecular oxygen, the superoxide anion radicals, hydroperoxyl
radical, hydrogen peroxide and the hydroxyl radical are formed (Kelly et al., 1998). The
hydroxyl radical is the potentially most potent oxidant encountered in biological
systems and can react readily with a variety of molecules, such as lipids, DNA and

proteins at close to diffusion limited rates (Yu, 1994, Lieu et al., 2001).

ROS such as superoxide, hydrogen peroxide and lipid hydroperoxides have roles in the
regulation of intracellular calcium, kinases, transcription factors and apoptotic factors
(D'Autreaux and Toledano, 2007). They also contribute to immune cell regulation as
they are involved in the mechanism of respiratory burst (D'Autreaux and Toledano,
2007). However, when the levels of reactive species that include oxygen-centred and
nitrogen-centred radicals produced outweigh the capacity of the combined cellular
antioxidant defences, oxidative stress occurs and can lead to cell death manifested as
apoptosis or necrosis (Bus et al., 1974, Cagen and Gibson, 1977, Burk, 1991, Kehrer,
1993, Halliwell, 1996, Berlett and Stadtman, 1997, Cheng et al., 1998, Cheng et al.,
1999).

The major biochemical process of necrosis begins with the loss of ion homeostasis
leading to an influx of water and extracellular ions. (Darzynkiewicz et al., 1997).
Necrosis is a violent and non-discriminating process characterised by rapid cytoplasmic
swelling, destruction of cell organelles (mitochondria and endoplasmic reticulum) and
plasma membrane rupture which leads to expulsion of intracellular contents, including
lysosomal enzymes and their release into the extracellular fluid or the surrounding
medium (Wyllie, 1980, Darzynkiewicz et al., 1997, Halestrap et al., 2000). It has been
described as a pathological process which occurs when cells are exposed to a serious
physical or chemical insult, such as in hypoxia, ischemia, temperature fluctuations,

disruption of membrane structure and exposure to toxins (Fink and Cookson, 2005).

In contrast, apoptosis is considered to be a form of “programmed cell death” and is a

morphologically and biochemically distinct form of cell death compared to necrosis.

170



Apoptosis is an energy-requiring process that is characterised by DNA fragmentation,
nuclear segmentation, cytoplasmic shrinkage and membrane blebbing. Alteration in
membrane symmetry, such as translocation of phosphatidylserine from the cytoplasm to
the extracellular side of membrane occurs (Kerr et al., 1972, Thompson, 1995). The
change in the cell surface enables recognition by macrophages. This leads to
phagocytosis whereby the macrophages rapidly and efficiently engulf apoptotic cells
enabling them to be lysed in a non-inflammatory manner (Wyllie, 1980, Cohen et al.,
1992, Darzynkiewicz et al., 1997, Leist and Nicotera, 1998). The induction of apoptosis
has been assessed in sheep blood preparations to address the possibility that
cryopreservation may mediate cell death induction and cause functional changes that

have long been reported in immune cells after freeze—thawing (Riccio et al., 2002).

In this study, a range of sheep blood preparations, namely, fresh whole blood, fresh
processed blood, frozen blood and PBMCs were obtained under field-conditions. The
objectives were (i) to compare the preparations in terms of time efficiency of sample
preparation and impact on cell viability in culture assays; (ii) to study the use of
cryopreservation of whole blood as a method of storage and (iii) to investigate the
production of reactive oxygen species (ROS), necrosis and apoptosis in the

cryopreservation-induced cell death of lymphocytes present in sheep blood.

The production of ROS in lymphocytes (in the sheep blood) was determined by
dicholorofluorescin oxidation (Zhu et al., 1994). The assay uses the redox fluorescent
probe, 2, 7° dichloroflourescein diacetate (H,DCFDA), which freely permeates cells
and accumulates mostly in the cytosol, where it is deacetylated by esterases to
dicholorofluorescin (H,DCF). The H,DCF becomes trapped within cells and is stable
for a few hours (Bass et al., 1983, Zhu et al., 1994). H,DCF is rapidly oxidised by ROS,
especially hydroxyl radicals and lipid hydroperoxides, to a fluorescent form known as
dichlorofluorescein (DCF). The green fluorescence at 530 nm is proportional to the

level of ROS present.

The ability of the well-known water soluble antioxidant, ascorbic acid, to enhance the
viability of the cryopreserved blood lymphocytes in culture was also assessed. Ascorbic
acid is known to scavenge the superoxide anion radicals and hydroxyl radical and can
also protect DNA against damage induced by ROS (Duthie et al., 1996).
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The membrane integrity of lymphocytes in culture was used as an indicator of cell death
and was measured using the propidium iodide (PI) exclusion method (Moore et al.,
1998). Early apoptosis and late apoptosis / necrosis were measured using annexinV and
Pl staining (Fadok et al., 2000).
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Materials & Methods

Chemicals & Reagents

All chemicals used were of the highest grade available: RPMI 1640 medium with 2 mM
L-glutamine; heat-inactivated foetal bovine serum (FBS); HEPES; phosphate-buffered
saline (PBS); dimethyl sulphoxide (DMSQO); propidium iodide (PI); lymphocyte
separation medium (Histopaque 1083) and ascorbic acid were purchased from Sigma-
Aldrich, Ireland. The antibiotic gentamycin was procured from GIBCO, UK. Sterile 96-
well tissue culture plates were purchased from Sarstedt (Ireland). Ammonium chloride
RBC lysis buffer (Pharmlyse) annexinV-FITC apoptosis detection kits and sodium
heparin and potassium EDTA blood collection tubes (10 ml) were procured from BD
Biosciences, Ireland. The redox fluorescent probe 2’, 7°-dichlorodihydrofluorescein

diacetate (H,DCFDA) was obtained from Molecular Probes Europe, the Netherlands.

Animals

Three two-year-old Cheviot-cross ewes, tagged 401, 440 and 642, were derived from a
breeding stock at the Central Veterinary Laboratory (CVL) Dublin, Ireland and
relocated to a farm 10 km from the laboratory at which the cell isolations and assays
were performed. They were housed together in one pen and provided with hay ad
libitum in racks and water in a large plastic container. All experiments were conducted
in accordance with the European Communities Council Directive of 24 November 1986
(86/609/EEC), the Recommendation 2007/526/65/EC and approved by the Animal

Experimentation Ethics Committee of University College Cork.
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Blood Collection

Jugular blood samples were extracted from the ewes after they were restrained in
individual small pens. Blood (50-60 ml) was collected from each ewe in 9 ml sodium
heparin tubes. The blood was then divided with some used for PBMC isolation, some
for the preparation of fresh whole blood by dilution, some was processed by
centrifugation and the remaining blood was cryopreserved as described previously in

Chapters 2 and 3 and shown in Figure 1.

Cr-

Caal |
RBC

PBMCs Fresh Fresh -
Whole Processed
Blood Blood Blood

Figure 1. Schematic of the Different Blood Sample Processing Methods Used in
this Chapter.
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Figure 2. Schematic of the Schedule of Sampling, Transport, Storage and
Processing when PBMCs were Isolated from Multiple Blood Samples (above the
line) Compared to the Schedule of Sampling, Transport, Storage and Differential
Processing of Blood samples (below the line) when Collected from Sheep in the
Field.

Because the blood was collected under field-based conditions and multiple samples
were taken from each sheep, the blood sampling draws were staggered in the order
sheep 1, 2, and 3 (as shown previously in chapter 2). The veterinarian took samples in
the field and a laboratory-based technician processed the blood and performed Ficoll-
density gradient centrifugation to isolate PBMCs as described in Figure 1.

The time taken for the isolation and processing of PBMCs when multiple samples were
taken from three sheep is depicted in Figure 2 (above the dotted line) and was explained
in Chapter 2. In this scenario, it took up to 9.5 hours before all the samples were
processed. In the experiments described in this chapter, only single blood samples were
taken on each occasion from each sheep and then split between the 4 different sample
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preparations. The samples were collected on three different sampling dates and treated

as three independent experiments.

The duration for each sample processing method was recorded and together with the

schedule of sampling, transport, and processing is shown in Figure 2.

The PBMCs in all samples were counted using trypan blue stain and a haemocytometer
and whole blood was cryopreserved by placing it in cryovials in a slow-freezing-rate
container (Mr Frosty, Nalgene, UK) and stored in a -80°C freezer for 24 hours. Finally,
the cryovials containing the frozen blood were transferred to liquid nitrogen for storage.
All the blood samples were procured, transported and processed within a 4 hour

window.
Haematology and Serum Biochemistry

Haematological analyses were carried out on freshly collected blood with EDTA as
anti-coagulant using an automated haematology analyzer (Sysmex E-820), which uses
automatic windowing to differentiate between different cell subsets (courtesy of the
Munster Regional Veterinary Laboratory (MRVL), Co Cork, Ireland). White Blood Cell
(WBC) was determined by Wintrobe method (Coles, 1986). Differential counts of WBC
(neutrophils, eosinophils, monocytes, basophils and lymphocytes) were determined by
counting 100 WBC Giemsa’s blood stain method (Coles, 1986). Serum biochemistry
was determined in serum blood-tubes courtesy of the Munster Regional Veterinary
Laboratory (MRVL), Co Cork, Ireland. Total protein determination was carried out by
the Biuret method of Savory and Sunderman (1968). Albumin was determined by the
method described by Johnson et al., (1999). Serum electrolytes (sodium, potassium,
chloride) were determined by atomic absorption spectroscopy as reported by Adejumo
and Onifade (2005).Serum minerals (calcium, and phosphorus) assayed using Sigma
kits (Daly and Ertingshausen, 1972, Gindler and King, 1972, Harris, 1995; Moss and
Henderson, 1999). Liver markers such as serum enzymes (AST, SDH, ALP, and CK)
were determined according to Coles (1986). Renal markers such as urea were
determined by the urease-Berthelot method (Coles, 1986) and creatinine was
determined according to the method described by Henry (1974). Blood glucose was
determined by Folin and Wu method (Allen, 1990). Clinical chemistry values were

analyzed in serum on a selective discrete clinical chemistry analyzer (Hitachi 717).
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Sample Preparation

Isolation of PBMCs

Fresh sheep PBMCs were isolated from heparinised blood by routine Ficoll-density
gradient centrifugation as described by Boyum (1968) and as detailed previously in
Chapter 2.

Fresh Whole Blood

Fresh blood (1 ml) was diluted with 2 ml of complete culture medium, mixed gently and
put in culture as described by Connor et al, (2000) and as detailed previously in
Chapter3.

Fresh Processed Blood

Fresh blood (1ml) was added to 10 ml of complete culture medium and centrifuged for
7 minutes at 300 x g. The supernatant was aspirated and the remaining 1 ml pellet and

supernatant was diluted as detailed previously in Chapter 3.

Frozen Blood

DMSO (150 pl) was added to 1350 pl of fresh sheep blood in a cryovial placed in a
slow- freeze container, stored in a —80 °C freezer for 24 hours then stored in liquid

nitrogen dewars as detailed previously in Chapter 3.

Thawing of Frozen Blood

Frozen samples were thawed in 37°C water according to the procedure adapted from the
protocol described by Reimann and colleagues (Reimann et al., 2000). Slow dilution
with thawing medium was followed by centrifugation and resuspension as detailed

previously in Chapter 3.
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Cell Culture

All the blood sample preparations were cultured in complete culture medium with a
volume of 500 pl/well in a 24-well plate and all treatments were performed in triplicate
and kept at 37°C in a 5% CO, humidified incubator for the duration of the culture
(normally up to 24 hours) after which the lymphocytes were assayed. In addition, frozen
sheep blood was also cultured in triplicate wells and sampled at various time-points, 0,
3, 5 and 7 hours after initiation of culture for experiments using the annexin V-FITC
and H,DCFDA oxidation assays.

Propidium lodide (PI) Exclusion Assay

The viability of lymphocytes in blood sample preparations was determined by
propidium iodide (PI) exclusion as described by Moore et al., (1998) and as detailed in
Chapter 2. As stated previously, the only cell types that were analysed in the blood
sample preparations were lymphocytes as the monocytes and dendritic cells were still

attached to the plastic tissue culture plate and the granulocytes were non-viable.

Annexin V-FITC Apoptosis Assay

Lymphocytes from frozen blood were prepared and stained with annexin V-FITC and
propidium iodide (PI) as described by Moore et al., (1998) and as detailed previously in
Chapter 2.

Determination of the Formation of Reactive Oxygen Species

(H,DCFDA Oxidation Assay)

Reactive oxygen species (ROS) production was assessed by oxidation of 2°, 7°-
dichlorodihydrofluorescein diacetate (H,DCFDA) (Molecular Probes, the Netherlands)
to the fluorescent product, 2°,7"-dichlorofluorescein (DCF), which has a green
fluorescence and is detected at 530 nm in the FL1 channel. For H,DCFDA oxidation
assays, 1x10° cells were incubated in RPMI with 30 pM H,DCFDA for 30 minutes at
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37°C in a water bath on the gentle shaking setting. Thereafter, cells were centrifuged for
7 min at 300 x g, resuspended (washed) once with 10 ml PBS and resuspended in 500 pl
PBS. The tubes were immediately placed on ice. Flow cytometric analysis was

performed within 5 minutes.
Flow Cytometric Analysis

Flow cytometry was performed on a FACS Calibur instrument (Becton Dickinson, UK).
A minimum of 10,000 cells, were analysed for each sample. Data were acquired and
analysed using Cell Quest Pro software (Becton Dickinson, UK). The lymphocyte gate
was set up in a forward scatter (FSC)/side scatter (SSC) dot plot. Lymphocytes were the
only subset analysed for cell viability in the sheep blood as they were the only subset

that was present in all the sample preparations.

Statistical Analysis

Results are presented as means = SD where the mean was calculated from the 3
replicates per treatment and the means calculated from three independent experiments.
All statistical analyses were conducted using SigmaStat software (version 2.03). Data
were tested for normality using a Kolmogorov-Smirmnov test. Differences between
groups were analysed using a one-way ANOVA followed by a Tukey post-hoc test for
multiple comparisons. Statistical significance was set at p<0.05 and significant levels

were defined as *p<0.05, ** p<0.01, *** p<0.001.
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Haematology and Serum Biochemistry Analysis

Results

The blood differential leukocyte counts measured for each sheep are shown in Table 1

and were within the specifications as detailed by the MRVL for healthy sheep.

Sheep ID
Test Normal
401 440 642
range
Lymphocytes % 46 50 63 40-75
Neutrophils % 47.5 31 31 10-50
Band neutrophils % 15 0.7 1 0-2
Eosinophils % 3 15 15 0-10
Monocytes % 1 0 0 0-6
Basophils % 0 0.5 15 0-3
RBC x 10™/L 1264 | 1358 | 1285 | 9-15
WBC x 10°/L 7.75 9.5 9 4-12
Lymphocytes x 10%/L 377 | 538 | 5695 | 2-9
Neutrophils x 10%/L 304 | 319 | 269 | 0.7-6.0
Band Neutrophils x 10°L | 011 | 007 | 008 | 0-01
Eosinophils x 10°/L 0275 | 012 | 015 0-1
Monocytes x 10°/L 009 | 0.04 02 | 0-0.75
Basophils x 10°/L 0 004 | 015 | 003

Table 1. Differential Blood Leukocyte Counts from the Three Sheep Used in this

Study.
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The serum biochemistry parameters measured for each sheep are shown in Table 2 and

were within the specifications as detailed by the MRVL for healthy sheep.

Serum
Biochemistry
Parameter:

Glucose

Blood Urea
Nitrogen (BUN)

Creatinine
Calcium
Phosphorus
Total Protein
Albumin

Alkaline
Phosphatase
(ALP)
Sorbitol
Dehydrogenase
(SDH)
Aspartate
Aminotransferase
(AST)
Creatine
Phosphokinase
(CPK)
Chloride
Potassium

Sodium

401
80 mg/dl

14 mg/dl

1.4 mg/dl

11.9 mg/dI
7.7 mg/dl
6.8 g/dI
2.7 g/dl

250 IU/L

18 IU/L

180 IU/L

346 IU/L

102 mEqg/L
5.0 mEqg/L
149 mEqg/L

440
75 mg/dl
18 mg/dl

1.8 mg/dl

11.9 mg/dI
6.6 mg/dl
6.4 g/dl
2.7 g/dl

227 IU/L

14 1U/L

160 IU/L

220 IU/L

105 mEqg/L
5.3 mEq/L
142 mEqg/L

Sheep ID
642
70 mg/dl
18 mg/dl

1.5 mg/dl

12.2 mg/dI
8.8 mg/dl
7.0 g/di
2.8 g/dl

237 IU/L

21 1U/L

150 IU/L

194 1U/L

92 mEg/L
5.4 mEg/L
145m Eq/L

Normal Range

44-81 mg/dl
10-26 mg/ dI

0.9-2.0 mg/ dI

9.3-13.7 mg/ dI
4.0-9.3 mg/ dl
5.9-7.8 g/ dl
2.7-3.7 g/ dl

97-266 1U/L

3.5-21 IU/L

49-183 IU/L

107.7-351 IU/L

91-113 mEqg/L
4.3-6.3 mEqg/L
132-160 mEqg/L

Table 2. The Serum Biochemistry Profiles of the Blood of the Three Sheep Used in

this Study.
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Effects of Different Blood Sample Processing Preparations on the

Viability of Lymphocytes over 24 Hours in Culture

The viabilities of lymphocytes in the various blood samples preparations (i.e. PBMCs.
fresh whole, fresh processed and frozen blood) over 24 hours in culture are shown in
Figure 3. All the sample preparations had a lymphocyte viability of over 85 % after 5
hours in culture. The greatest reduction in viability was observed for frozen blood. The
time-dependent reduction became significant after 7 hours (13 % reduction to 75 %)
(p<0.001) and was substantial (35 % reduction to 56 %) after 24 hours (p<0.001). The
reductions in the viability of lymphocytes in the other samples after 24 hours culture
were 14 % for fresh blood (p<0.01), 12 % for fresh processed blood (p<0.01) and 8 %
for PBMCs (p<0.01).

PBMCs
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*% Fresh Processed

Blood
Frozen Blood
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Figure 3. Effect of Sample Processing on Lymphocyte Viability over 24 Hours in Culture

Data are represented as the percentage viability of sheep lymphocytes cultured from PBMCs, fresh whole
blood, fresh processed blood and frozen blood preparations over culture periods of 3, 5, 7 and 24hours as
assessed by Pl staining. Data are represented as means +/- SD for three independent experiments with 3
replicates per experiment. Statistical comparisons *represents O hrs vs. other time points (* p < 0.05, ** p
<0.05and *** p < 0.001).
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Before culturing of blood sample preparations is initiated there was a 7 % (p<0.01)
significant difference in cell viability between fresh PBMCs and frozen blood. After
culturing of blood sample preparations there were significant differences in cell viability
between fresh PBMCs and frozen blood of 7 % (p<0.01), 9.5 % (p<0.001), 19 %
(p<0.001), 35 % (p<0.001) after 3, 5, 7 and 24 hours (Figure 4A, 4B, 4C, 4D, 4E). In
addition, there was a significant difference in cell viability between fresh PBMCs and
fresh blood of 13 % (p<0.01) after 24 hours (Figure 4E).
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Figures 4A, 4B, 4C, 4D and 4E. Effect of Sample Processing on Lymphocyte Viability over 24

Hours in Culture

Data are represented as the percentage viability of sheep lymphocytes cultured from PBMCs, fresh whole
blood, fresh processed blood and frozen blood preparations over culture periods of 0(4A), 3(4B) 5(4C), 7
(4D), and 24 (4E) hours as assessed by Pl staining (same data as Figure 3). Data are represented as means
+/- SD for three independent experiments with 3 replicates per experiment. Statistical comparisons
*represents PBMCs vs. other sample preparations (* p < 0.05, ** p < 0.05 and *** p < 0.001).
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The Levels of Total Cell Reactive Oxygen Species Production in

Lymphocytes in Frozen Blood over 7 Hours in Culture.

The levels of reactive oxygen species (ROS), as assessed by H,DCFDA oxidation, in
lymphocytes from frozen blood over 7 hours in culture are shown in Figure 5. A
significant increase in ROS levels was observed at 7 hours in culture (p<0.05) but not at
the earlier time-points.

Frozen blood was selected for this analysis because of the substantial drop in viability of
lymphocytes observed after 7 hours in culture compared to the other sample
preparations. In addition, it was accepted that due to the time involved in processing a
large number of samples, it was not feasible to include the fresh blood samples in this

study.
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Figure 5. The Amount of Total Cell ROS Production in Lymphocytes in Frozen Blood over 7 Hours
in Culture Data are represented as the ROS production of sheep lymphocytes cultured from frozen whole
blood preparation over culture periods of 3, 5 and 7 hours as assessed by H,DCFDA oxidation. Data are
represented as the mean percentage increase in H,DCFDA oxidation +/- SD for three independent
experiments with 3 replicates per experiment (* p < 0.05, ** p < 0.05 and *** p < 0.001). * Statistical
analysis compares the percentage increase in H,DCFDA oxidation at each time point to the 3 hour time
point.
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Effects of Ascorbic Acid on Total Cell Reactive Oxygen Species in

Lymphocytes in Frozen Blood over 7 Hours in Culture.

The impact of ascorbic acid addition on the levels of reactive oxygen species (ROS)
produced by lymphocytes in frozen blood over 7 hours in culture is shown in Figure 6.

Ascorbic acid was chosen because it is a well-known water soluble antioxidant.

The addition of 100 uM ascorbic acid caused a significant reduction in the ROS levels
detected at 7 hours in culture (p<0.05).

250+
Il Control

I Ascorbic Acid
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5
Time/Hours

Figure 6. The Effect of Ascorbic Acid on Reactive Oxygen Species Production in Lymphocytes from
Frozen Blood over7 Hour in Culture. Data are represented as the total cell ROS production of sheep
lymphocytes cultured from frozen blood preparation over culture periods 3, 5 and 7 hours with and
without ascorbic acid (100 uM) as assessed by H,DCFDA oxidation. Data are represented as the mean
percentage increase in H,DCFDA oxidation +/- SD for three independent experiments with 3 replicates
per experiment (* p < 0.05, ** p < 0.05 and *** p < 0.001). * represents a significant difference between
the mean relative fluorescence of a treatment group and its corresponding control at each particular time
point.
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Effects of Ascorbic acid on Lymphocyte Viability in Frozen Blood over

7 Hours in Culture.

The viability of lymphocytes in frozen blood, as assessed by PI staining, over 7 hours in
culture in the presence and absence of ascorbic acid (100 puM) is shown in Figure 7.
There was a significant reduction in the cell viability of lymphocytes after a 7 hour
culture (p<0.001) in the absence but not in the presence of ascorbic acid. There was a 9
% drop in the levels of lymphocyte viability at 7 hours in culture compared to 4 % loss

after the addition of ascorbic acid (p<0.05).
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Figure 7. Effects of the Addition of Ascorbic Acid on the Viability of Lymphocytes in Frozen Blood
over 7 hours in Culture. Data are represented as the percentage viability of sheep lymphocytes cultured
from frozen whole blood preparation over culture periods of 3, 5 and 7 hours with and without ascorbic
acid (100 uM) assessed by PI staining. Data are represented as means +/- SD for three independent
experiments with 3 replicates per experiment. *represents a significant difference between the % viability
of a treatment group and its corresponding control without ascorbic acid at each particular time point (* p
< 0.05). # represents O hrs vs. other time points for both the lymphocytes with and without ascorbic acid

(###p < 0.001).
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The Levels of Apoptosis in Lymphocytes in Frozen Blood over 7 Hours

in Culture.

The levels of apoptosis (AnV-FITC *) and viability (PI") in lymphocytes from frozen

blood over 7 hours in culture are shown in Figure 8.

The level of late apoptosis/necrosis (AnV-FITC */ PI") increased with time and became
significant at 5 hours (p<0.05) and highly significant at 7 hours (p<0.001). There was a
detectable level of early apoptosis (AnV-FITC */PI) at all-time points but it did not
reach significance up to 7 hours in culture. There was a drop in number of viable cells
(AnV-FITC/PI') at the 5 and 7 hour timepoints but it did not reach significance up to 7

hours in culture.
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Figure 8. The Level of the Apoptotic Lymphocytes in Frozen blood over 7 Hours in Culture Data
are represented as the percentage of viable, early and late apoptotic sheep lymphocytes cultured from
frozen whole blood preparation over culture periods of 3, 5, 7 and 24 hours as assessed by annexin V-
FITC/ PI staining. Data are represented as means +/- SD for three independent experiments with 3
replicas per experiment. Statistical comparisons *represents 0 hours vs. other timepoints. (* p < 0.05, ** p
<0.05and *** p < 0.001).
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Discussion

The results described in Chapter 3 demonstrated the potential of cryopreservation for
the successful storage of rat blood collected under laboratory-based conditions. The
viability of frozen rat lymphocytes was only marginally affected by the freeze thaw
process after 3 hours in culture. However, there was a significant drop in viability after

6 hours in culture.

The objective of this study was to assess the suitability of cryopreservation for the
storage of sheep blood collected under field-based conditions. A key determinant was
the duration for which sheep lymphocytes could be cultured after the freezing and
thawing steps without a substantial drop in their viability. In addition, the mechanisms
by which cryopreservation induces cell death in lymphocytes in frozen sheep blood was
investigated. In this regard, the levels of reactive oxygen species (ROS) present in
lymphocytes following cryopreservation were measured as was the ability of the water-
soluble antioxidant, ascorbic acid, to prevent their accumulation. The integrity of cell
membranes and the extent of early apoptosis and late apoptosis/necrosis present in

frozen/thawed lymphocytes were also determined.

The presence of different cell types and blood components in the sample preparations
used, i.e. PBMCs, fresh whole blood, fresh processed blood and frozen blood are shown
in Table 3.
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Blood Cell Type/ Separation Techniques

Fresh
Sample PBMCs Whole Fresh Processed Frozen
Preparations Blood Blood
Ficoll Cryopreservation
Centrifugation
Separation Density +Thawing
Dilution +Dilution
Techniques Gradient +Centrifugation
Centrifugation +Dilution
Lymphocytes + + + +
Erythrocytes - + +
RBC Fragments - - - +
Granulocytes - + + !
Foetal 10%
Bovine 10% (+13% 8% 8%
Serum Plasma)

Table 3: Cell types and Blood Culture Components after Various Blood Separation and
Fractionation Techniques. | refers to substantial reduction of granulocytes and erythrocytes in the blood
sample mixture following cryopreservation. +/- refers to the presence or absence of certain blood

constituents after the different sample processing methods have been completed.

When fresh whole blood, fresh processed blood and PBMCs were cultured for up to 7
hours, all samples retained a lymphocyte viability of greater than 85% while after 24
hours in culture the viability was still greater than 80%. The findings for fresh whole
blood are in agreement with those of Fiebig and colleagues who reported a viability of
95% (Fiebig et al., 1997). It is speculated that whole blood provides an environment
resembling in vivo conditions thus contributing to the high viability observed. Likewise,
the high levels of viability observed with PBMCs (greater than 92% after 24 hours) are
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in agreement with studies by Sarkar et al., (2003) , Disis et al., (2006), Garcia-Pineres et
al., (2006) and Ruitenberg et al., (2006). The viability of lymphocytes in frozen sheep
blood immediately after thawing was 90%. This was significantly reduced after 5 hours
in culture and at 24 hours had dropped to 56%. These results are in agreement with
other studies that showed that the viability in frozen blood was between 85 and 90%
after thawing (Hayes et al., 2002, Schindler et al., 2004). In contrast, a starting
lymphocyte viability of 70% has also been reported (Fiebig et al., 1997). This difference
may be explained by the fact that Fiebig and colleagues thawed their frozen blood
aliquots by allowing them to come to room temperature overtime in contrast to the
quick thaw method at 37°C in the presence of 20% foetal bovine serum and DNAse
used in the present study. The importance of the steps such as dilution, media additives
and temperature profile during thawing in maintaining the viability of PBMCs after
cryopreservation was shown by Disis et al., (2006). The results obtained in this study
suggest that cryopreservation of whole blood samples collected in the field could be a

promising technique for biomonitoring studies that use short-term culture times.

The loss in viability in the frozen sheep blood after thawing might be explained by the
increased sensitivity of lymphocytes to undergo cell death after the loss of red blood
cells due to lysis this could also be explained by the loss of antioxidants in the whole
blood (Halliwell and Gutteridge, 1985). This haemolysis was defined by Wilmer et al.,
(1983) as the disruption of the integrity of the red cell membrane causing leaking of the
cell contents into the surrounding media. The leaked contents contain the pigment
haemoglobin as well as iron and iron-bound substances that have the ability to generate
primary reactive oxygen species (ROS) and enhance the reactivity of other ROS
generated by other pathways (Cooper et al., 2002). While in this study the impact of
haemolysis would be reduced by the cell-washing step used after thawing, even
relatively small amounts of ROS material released could have a marked effect on the
lymphocyte population. It is noteworthy also that the lysis of red blood cells leads to a
loss of protective antioxidant mechanisms such as superoxidase dismutase, catalase and
glutathione peroxidase which are present in erythrocytes and this adds to the greater
sensitivity of lymphocytes in frozen blood to ROS material (Halliwell and Gutteridge,
1985).
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The use of the redox dye dichloroflourescein diacetate (DCFDA) following an extended
culture whereby 27,7 -dichlorofluorescein (DCF) fluorescence provides a measure of
ROS production in the cell cytosol could possibly be an good tool to assess the effects
of red blood cell lysis and freeze thawing on lymphocytes in frozen blood (Halliwell
and Whiteman, 2004, Tarpey et al., 2004). This technique was used to demonstrate a
significant increase in the levels of ROS in lymphocytes in frozen blood after 7 hours in
culture in the present study. The addition of ascorbic acid reduced the levels of ROS
detected and, therefore, prevented the oxidation of the DCFDA dye. Interestingly, co-
incubation with ascorbic acid also prevented the loss in lymphocyte cell viability
observed with frozen blood after 5 hours in culture. In this experiment, red blood cell
lysis and ROS production were observed in addition to a drop in cell viability but a
causative relationship has not been proved. The contribution of apoptosis to the
reduction in lymphocyte viability when frozen blood was cultured was examined by
using indices of early and late apoptosis/necrosis as assessed by annexin V and
propidium iodide staining. While a detectable level (11% on average) of early apoptosis
was observed there was no substantial drop in cell viability with time. However, cells
will progress from early to late apoptosis. Fowke et al., (2000) showed that whole blood
stored in liquid nitrogen had a greater level of apoptosis than matched PBMC samples
stored at the same temperature. However, it is difficult to compare this finding with
those of the present study because Fowke et al., (2000) used the Hoechst 33342 staining
technique that does not separate lymphocytes, monocytes and granulocytes. Hoechst
33342 apoptosis analysis scores the nuclear morphology of cells using fluorescent
microscopy. Granulocytes are completely non-viable after 24 hours in culture so this
would give false-positive recognition of apoptotic lymphocytes when using the Hoechst
33342 staining (Pruett and Loftis, 1990). In contrast, the use of Pl and annexin V
staining by flow cytometry permitted the analysis of both lymphocytes and granulocytes
in this study; however, lymphocytes were the only population analysed. This suggests
that apoptosis was not the only cause of the cell death overtime and that maybe necrosis
was also involved and both of these mechanisms of cell death can be caused by the
production of ROS.

In the frozen blood the viability was significantly reduced after 5 hours in culture when
assessed by the prodium iodide (PI) exclusion assay. However when measuring the

number of viable cells (AnV-FITC /PI") using the annexin V/ P1 assay there was a drop
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in viable cells but this did not reach significance up to 7 hours in culture. These
different observations can be explained by the presence of early apoptotic cells which
are annexin-v positive but which are Pl negative (Moore et al., 1998, Fadok et al.,
2000).

The observed increase in ROS production probably occurred due to the presence of
reactive hydroxyl radical species in the lymphocytes. A number of reactive species are
capable of oxidising DCFDA to DCF. These include peroxyl, alkoyl, NO,, NO,
carbonate and *OH and ONOO" (Valkonen and Kuusi, 1997). However, neither «O;” nor
H.0, can oxidise DCFDA in the absence of a cellular peroxidase so the actual oxidant
involved is more likely to be a Fenton-type species rather than a peroxidase (LeBel et
al., 1992, Zhu et al., 1994). When leukocytes were incubated in the presence of lysed
red blood cells for 1 hour prior to analysis there was a significant increase in oxidative
damage and DNA strand breaks (Villavicencio, 2006). The addition of deferoxiamine
mesylate, the iron chelating agent used to bind iron during red blood cell lysis, prevents
a Fenton type reaction from occurring (Villavicencio, 2006). Iron can participate in
reactions leading to an increase in hydroxyl radical (Kasprzak, 2002). These radicals
can be generated by the Fenton reaction through intermediates such as H,O, and Fe**
and can be scavenged by agents such as mannitol, urea and DMSO (Jimenez Del Rio
and Velez-Pardo, 2004). A previous study showed that concentration dependent changes
in DCF fluorescence were detected when lymphocytes were treated with ferrous ions
(ferrous chloride) (Dix and Aikens, 1993).

There have been previous reports that show the ability of ascorbic acid to provide
protection from hydroxyl radicals in mammalian cells. Huang and colleagues showed
that exposure of Chinese hamster ovary cells (CHO) to nickel sulfide (Ni3S,) resulted in
the generation of ROS, as measured by the increased formation of DCF. However, co-
incubation with ascorbic acid and NizS; led to scavenging of the ROS and prevented the
oxidation of DCF-CA (Huang et al., 1993). In a later study involving rat lymphocytes, a
2 hour co-incubation of Ni3zS, with ascorbic acid resulted in a significant decrease in
ROS-induced DNA-protein cross links (Chakrabarti et al., 2001). The addition of the
dietary flavonoid, quercetin, has also been shown to act as a cryoprotectant when added
to human lymphocytes prior to freezing (Duthie et al., 2002). One possible addition

would be to include ascorbic acid in the thawing medium before the start of the
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culturing of the frozen blood preparation. Ascorbic acid could not be added to the
culture medium during the exposure as it would suppress the activity of the test
compounds CdCIl, and EMS. It has been shown previously that ascorbic acid is
protective against cadmium-induced toxicity that may act via oxidative damage through
the depletion of glutathione and binding to sulfhydryl groups of protein (Valko et al.,
2005, Omonkhua, 2008)and EMS toxicity (Guha and Khuda-Bukhsh, 2002).

Main Conclusions

This study demonstrated that frozen blood is a promising sample preparation for field
based biomonitoring studies when performed in vitro or ex vivo stimulations up to 3to 5
hours. The viability results were consistent with those observed for laboratory-based rat

blood studies in Chapter 3.

Cryopreservation of sheep blood led to an increase in the production of reactive oxygen
species (ROS) after an incubation period of 7 hours.

The addition of ascorbic acid reduced the levels of ROS produced and protected against
the decrease in cell viability. This suggests that ascorbic acid may be a useful additive in
whole blood cryopreservation protocol, possibly in the thawing medium.

In the present study, it was shown that there were comparable levels of viability for
lymphocytes in sheep frozen blood, fresh blood and PBMCs similar to what was shown
for rat blood in Chapter 3. In addition, it has been shown that apoptosis does not appear

to be the only cause of the cell death of lymphocytes in frozen blood in culture.

Future studies could assess the nature of reactions leading to ROS formation and the

contribution of haemolysis and/or freezing to the increased ROS formation.
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Chapter 5

The Effects of Sample Processing on the Response of
Lymphocytes in Cytotoxicity and Genotoxic Assays in
Sheep Blood
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Introduction

With the realization that many environmental contaminants, especially heavy metals,
e.g. cadmium and mercury, could cause severe negative effects to the health of humans
and animals at low environmental concentrations, research attention turned to
biologically-based monitoring, rather than contaminant (chemically-based) monitoring
(Lam and Gray, 2001). The aim of this study was to develop biomarker assays for
domestic animals rather than humans. Sheep were the environmental sentinels chosen
even though they are generally not closer to industrialised areas than humans. They
were chosen from among domestic animals for practical and economic reasons and
because they are abundant at varied locations in the Irish countryside (Stahl Jr, 1997 ).
Exposure specific biomarkers are common to sheep and humans and can be detected by
antibodies and other biochemical and cellular tools which are commercially available.
Blood is a common biological sample used for biomonitoring studies as the
lymphocytes present are the most transcriptional active cells (Angerer et al., 2007).
After exposure to chemicals, chemical specific or effect specific biomarkers can be
monitored at the cellular, protein and gene level in lymphocytes (Liew et al., 2006).

As shown in Chapters 2, 3 and 4, the isolation of PBMCs is a time and labour intensive
process. Therefore, alternative cell preparations, including fresh whole blood, fresh
processed blood and frozen blood cultures were explored and these preparations were
obtained from blood samples collected in the field. The studies described in Chapters 3
and 4 demonstrated that frozen blood is a promising sample preparation by giving
results equivalent to fresh blood for both laboratory (rat blood) and field-sample
collection (sheep blood) studies when in vitro or ex vivo stimulations were measured up
to 3 hours in culture. One of the major limitations to having such a short possible
culture time with frozen blood is that you can't do prolonged exposure with

environmental contaminants.

The overall objective of this study was to determine if the findings from the
toxicological studies on rat blood in a laboratory setting (Chapter 3) could be replicated
using sheep blood collected in the field. In Chapter 3, the merits and limitations of a
number of rat blood sample preparations in short and long-term culturing and their ex

vivo responsiveness to the genotoxic compounds, ethyl methanesulphonate (EMS) and
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cadmium chloride (CdCl,), were assessed. The different rat blood sample processing
methods were shown to alter the sensitivity of lymphocytes to CdCl, but not to EMS. It
was demonstrated that incubations for 3 hours can be undertaken without considerable
alterations in the viability of the lymphocytes after all sample processing methods
described but when the culture times were extended beyond 6 hours for frozen blood a
large decrease in viability was observed. On the basis of the results using rat blood,
direct cryopreservation of blood can be used as an alternative to PBMCs or fresh whole
blood, especially for short-term cultures and exposures up to 3 hours. It is of interest to
determine if these findings could be replicated in the case of field-collected sheep blood

samples that have associated time constraints.

As discussed in Chapter 3, the Comet assay has been used to detect the DNA damage
induced in lymphocytes in various blood sample preparations. It permits direct
visualization of DNA damage in cells by assessing single and double strand breaks in
the DNA (McKelvey-Martin et al., 1993). DNA damage can be caused by genotoxic
compounds such as EMS and CdCl, which are frequently used as positive controls for
genotoxicity studies. In addition, it was decided to investigate the contribution of
apoptosis or necrosis to the loss of viability induced by CdCl,. Cadmium induced DNA
damage can be caused by an increase in free radical species such as oxygen-centred
radicals (Wyllie, 1980, Kehrer, 1993, Corcoran et al., 1994, Halliwell, 1996). In
contrast, EMS is a direct monofunctional alkylating agent that causes DNA adducts
leading to single strand breaks causing point mutations (Davies et al., 1993, Anderson et
al., 1996).

In this study, various sheep blood preparations, namely, fresh whole blood, fresh
processed blood, frozen blood and PBMCs were prepared in the laboratory after the
blood was collected under field conditions. The objective was to compare and contrast
the various sample preparation methods in relation to viability and responses to
common positive controls for genotoxic assays i.e. EMS & CdCl,. The membrane
integrity of lymphocytes was examined in culture using the propidium iodide (PI)
exclusion method (Moore et al., 1998) and DNA damage was measured using the
Comet assay (Woods et al., 1997). The time effects of CdCl, exposure and the
level/percentage of early apoptosis and late apoptosis/necrosis was assessed in

lymphocytes in sheep blood. The final objective was to compare and contrast the frozen
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blood collected in different anticoagulant-coated tubes in terms of viability and
responses to EMS & CdCl,,
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Materials & Methods

Animals

Three two-year-old Cheviot-cross ewes, tagged 401, 440 and 642, were derived from a
breeding stock at the Central Veterinary Laboratory (CVL) Dublin, Ireland and
relocated to a farm 10 km from the laboratory at which the cell isolations and assays
were performed. They were housed together in one pen and provided with hay ad
libitum in racks and water in a large plastic container. All experiments were conducted
in accordance with the European Communities Council Directive of 24 November 1986
(86/609/EEC), the Recommendation 2007/526/65/EC and approved by the Animal

Experimentation Ethics Committee of University College Cork.
Chemicals & Reagents

All chemicals used were of the highest grade available: RPMI 1640 medium with 2 mM
L-glutamine, heat-inactivated foetal bovine serum (FBS), HEPES, phosphate-buffered
saline (PBS), ethyl methanesulphonate (EMS), dimethyl sulphoxide (DMSO),
propidium iodide (PI), low melting agarose (LMA), normal melting agarose (NMA),
sodium chloride (NaCl), ethylenediaminetetraacetic acid (EDTA), Tris-HCI; DNAse,
sodium hydroxide (NaOH), 1% N-sodium lauryl sarcosinate, Triton X-100, Ficoll-
density gradient medium (Histopaque 1083) and ethidium bromide were all purchased
from Sigma-Aldrich (Ireland). The antibiotic gentamycin was procured from GIBCO
(UK). Sterile 96-well tissue culture plates were purchased from Sarstedt (Ireland).
Ammonium chloride RBC lysis buffer (Pharmlyse), annexinV-FITC apoptosis
detection kits and sodium heparin and potassium EDTA blood collection tubes (9ml)
were procured from BD Biosciences (Ireland). Sterile 24-well tissue culture plates were
purchased from Sarstedt (Ireland). Cadmium chloride (CdCl,.5H,0) was obtained from
Alkem (Ireland).
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Blood Collection

Jugular blood samples were extracted from ewes after they were restrained in individual
small pens. Blood (50-60 ml) was collected from each ewe in 9 ml sodium heparin
(NaH) and potassium EDTA (KEDTA) tubes. The blood was then divided with some
being used for PBMC isolation, some for the preparation of fresh whole blood by

dilution, some processed by centrifugation and the remaining blood was cryopreserved

as described previously in Chapters 2, 3 and 4 and shown in Figure 1.

Cr-

%RBC

PBMCs Fresh Fresh SR
Whole Processed
Blood Blood Blood

Figure 1. Schematic of the Different Blood Sample Processing Methods
Used in this Chapter.
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Sample Preparation

Isolation of PBMCs

Fresh sheep PBMCs were isolated from heparinised blood by routine Ficoll-density
gradient centrifugation as described by Boyum (1968) and as detailed previously in
Chapter 2.

Fresh Whole Blood
Fresh blood (1ml) was diluted with 2 ml of complete culture medium, mixed gently and
put in culture as described by Connor et al, (2000) and as detailed previously in Chapter

3.

Fresh Processed Blood

Fresh blood (1 ml) was added to 10 ml of complete culture medium, centrifuged, the
supernatant was aspirated and the remaining 1ml pellet and supernatant was diluted as
detailed previously in Chapter 3.

Frozen Blood

DMSO (150 pl) was added to 1350 pl of fresh sheep blood in a cryovial, placed in a
slow- freeze container, stored in a —80 °C freezer for 24 hours and then stored in a

liquid nitrogen dewar as detailed previously in Chapter 3.
Thawing of Frozen Blood

Frozen samples were thawed in a 37°C water bath according to the procedure adapted
from the protocol described by Reimann and colleagues (Reimann et al., 2000). Slow
dilution with thawing medium was followed by centrifugation and resuspension as

detailed previously in Chapter 3.
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Cell Culture

All the blood sample preparations were cultured in complete culture medium with a
volume of 500 pl/well in a 24-well plate and all treatments were performed in triplicate.
Experiment/exposure was conducted at 37°C in a 5% CO, humidified incubator for the
duration of the culture (3 hours) after which the lymphocytes were assayed. In addition,
for time course experiments all sheep blood sample preparations were also cultured in
triplicate wells and sampled at various time-points, 0, 3, 5 and 7 hours after initiation of

culture.

Cadmium Chloride and Ethylene Methane Sulphonate Stock Solutions

and Exposures

CdCl, was used at the final concentrations of 500, 333 and 100 uM as described

previously and as detailed in Chapter 3.

EMS was used at the final concentrations of 5, 2.5 and 1 mM as described previously
(Mouchet et al., 2005) and as detailed in Chapter 3.

Finally, 50 pl of RPMI medium was added to wells containing the cell suspension as a
control. All additions of genotoxic compounds or the RPMI medium control were
performed in triplicate wells. The plates were incubated for 3-7 hours at 37°C and then

assayed as described below.
Propidium lodide (PI) Exclusion Assay

The viability of lymphocytes in blood sample preparations was determined by
propidium iodide (PI) exclusion as described by Moore et al., (1998) and as detailed in
Chapter 2. As stated previously, the only cell types that were analysed in the blood
sample preparations were lymphocytes as the monocytes and dendritic cells were still

attached to the plastic tissue culture plates and the granulocytes were non-viable and
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were excluded from the analysis by gating which was dependent on forward scatter and

side scatter.

Annexin V-FITC Apoptosis Assay

Lymphocytes from frozen blood were prepared and stained with annexin V-FITC and
propidium iodide (PI) as described by Moore et al., (1998) and as detailed in Chapter 2.

Comet Assay

The DNA damage to lymphocytes in blood sample preparations was determined by the
Comet assay as adapted from a previous study (Woods et al., 1997) and as detailed in
Chapter 3. As stated previously, the only cell types that were analysed in the blood
sample preparations were lymphocytes.

Statistical Analysis

Results are expressed as the means + Standard Deviation (SD) for three independent
experiments. All statistical analysis used Sigma Stat software (version 2.03). Where
data followed a normal distribution as assessed with a Kolmogorov-Smirmnov test,
differences between groups were analysed using a one-way ANOVA followed by a
Tukey post-hoc test for multiple comparisons. Statistical significance was set at p<0.05

and significant levels were defined as *p<0.05, ** p<0.01, *** p<0.001.
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Results

Response of Lymphocytes to Ethyl Methylsulphonate in Cytotoxicity and

Genotoxicity Assays over 3 Hours in Culture.

In the case of untreated controls, there was a significant reduction (6%) in cell viability
to in both fresh whole blood and frozen blood when compared to PBMCs (p<0.05) (data

not shown).

At each of the doses used (1 mM, 2.5 mM and 5 mM), EMS reduced the viability of
lymphocytes in all sample preparations when the incubation period was greater than 3
hours (data not shown). For this reason, the effects of EMS after 3 hours were studied in
detail and the effects are shown in Figure 2A. EMS had no cytotoxic effect in any
sample preparations when the 1 mM and 2.5 mM doses were used. At a dose of 5 mM,
there was a significant (6 %) reduction (p<0.05) to 80 % in the case of frozen blood but

no effect on the other samples (Figure 2A).

The genotoxic effects of EMS are shown in Figure 2B. An increase of DNA damage in
all sample preparations of lymphocytes in a dose-dependent manner was observed. At 1
mM concentration there was only a slight increase in DNA damage and it was
significant for the PBMCs (p<0.01) and frozen blood sample preparations (p<0.01). At
the concentration of 2.5 mM, the DNA damage increased significantly in all sample
preparations compared to untreated controls: PBMCs (p<0.001), fresh whole blood
(p<0.05), fresh processed blood (p<0.01) and frozen blood (p<0.001). At the highest
concentration used, 5 mM, EMS caused a substantial increase in DNA damage in all

sample preparations (p<0.001).
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Figures 2A and 2B. The Effects of Short (3 Hour) EMS Exposure on Cell Viability and DNA
Damage in Lymphocytes. Data are represented as the viability (Figure 2A) and DNA damage (as
measured by % Tail DNA) (Figure 2B) of sheep blood lymphocytes after 3 hours exposure to EMS (1,
2.5 and 5 mM). Sheep lymphocytes were cultured from PBMCs, fresh whole blood, fresh processed
blood and frozen blood preparations. Values represent the mean£SD from three replicate wells in three
independent experiments. Control (0 mM) vs. all concentrations for each sample preparation * p< 0.05;

** p< 0.01; *** p< 0.001.
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Response of Lymphocytes to Cadmium Chloride in Cytotoxicity and in

Genotoxicity Assays over 3 Hours in Culture.

CdCl;, caused a slight reduction in cell viability compared to untreated controls in a
dose-dependent manner in all sample preparations after 3 hours in culture (Figure 3A).
However, this reduction in cell viability of lymphocytes was only significant for frozen
blood (p<0.05) for the 500 uM CdCl, exposure.

With regard to the genotoxicity assessment, CdCl, increased the DNA damage in a
dose-dependent manner at 3 hours (Figure 3B). There was a small effect observed at the
333 puM dose in all the sample preparations which did not contain red blood cells
(PBMCs and frozen blood). At the highest dose (500 uM), PBMCs (p<0.05), fresh
processed blood (p<0.05) and frozen blood (p<0.05) also showed a significant increase
in DNA damage. None of the CdCl, doses used had a significant effect on DNA damage

in the lymphocytes of fresh unprocessed blood.
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Figures 3A and 3B. The Effects of Short (3 Hours) Cadmium Chloride Exposure on Cell Viability
and DNA Damage in Lymphocytes. Data are represented as the viability (Figure 3A) and DNA damage
(as measured by % Tail DNA) (Figure 3B) of sheep blood lymphocytes after 3 hours exposure to CdCl,
(0, 100, 333 and 500 puM). Sheep lymphocytes were cultured from PBMCs, fresh whole blood, fresh

processed blood and frozen blood preparations. Values represent the mean+SD from three replicate wells

in three independent experiments. Control (0 uM) vs. all concentrations for each sample preparation * p<

0.05; ** p< 0.01; *** p< 0.001.
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Response of Lymphocytes to Cadmium Chloride (333 pM) in a

Cytotoxicity Assay over 7 Hours in Culture.

The 7 hour culture period was chosen because at 3 hours there was only a slight increase
in DNA damage but when exposure was increased to 24 hours both genotoxcity and
cytotoxicity effects were observed ( results described in Chapter 3 for rat blood). The
333 uM dose of CdCl, was chosen because there was an increase in DNA damage in

PBMCs after 3 hours without a significant drop in viability (Figures 3A and 3B).

The levels of viability in lymphocytes from different sample preparation after exposure
to 333 uM CdCl, over 7 hours in culture are shown in Figures 4A, 4B, 4C, and 4D.
However, the reduction in cell viability after 333 uM CdCl, exposure was only
significant for PBMCs at 5 (p<0.01) and 7 (p<0.001) hours and for frozen blood at 5
(p<0.05) and 7 (p<0.001) hours compared to untreated controls. The loss in viability for
PBMC:s after 333 uM CdCl, exposure increased with time and became highly significant
at 5 hours (p<0.001) and at 7 hours (p<0.001)(Figure 4A). Similarly, the loss in viability
after 333 uM CdCl, exposure for frozen blood increased with time and became
significant at 5 hours (p<0.01) and highly significant at 7 hours (p<0.001)(Figure 4D).
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Figures 4A, 4B, 4C and 4D. The Effects of 7 Hours Cadmium Chloride Exposure on Cell Viability
in Lymphocytes. Data represented as the viability of sheep blood lymphocytes over exposure periods of
3, 5, 7 hours to CdCl, (0 and 333 uM). Sheep lymphocytes were cultured from PBMCs (Figure 4A), fresh
whole blood (Figure 4B), fresh processed blood (Figure 4C) and frozen blood (Figure 4D) preparations.
Values represent the mean+SD from three replicate wells in three independent experiments for three
different sheep.* represent the statistical analysis of Control (0 hours) vs. all time points for each sample
preparation * p< 0.05; ** p< 0.01; *** p< 0.001.  represent the statistical analysis of Control (0 uM ) vs.
333 pM CdCl, at each time point for each preparation” p< 0.05; * p< 0.01; ** p< 0.001.
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The Levels of Apoptosis Induction in Lymphocytes in Frozen Blood
following Exposure to Cadmium Chloride (333 pM) over 7 Hours in

Culture

The levels of apoptosis as measured by annexin V-FITC (AnV-FITC") and viability (PI
) in lymphocytes from frozen blood after exposure with and without 333 uM CdCl,

over 7 hours in culture are shown in Figures 5A.

Frozen blood was the sample preparation chosen for these assays because of the
significant and substantial drop in viability observed after 7 hours exposure to 333 uM
CdCl, (Figure 4D) was considered worthy of further investigation. In addition, it was
realised that it was not practical to assess all the sample preparations immediately after
collection. There was a detectable increase in early apoptosis (AnV-FITC */ PI') at all-
time points but it did not rise significantly compared to the time zero control over the 7
hours in culture. In contrast, there was a detectable increase in early apoptosis (AnV-
FITC */ PI) at all time points and this reached significance at the 5 (p<0.05) and 7
(p<0.05) hour time points (Figure 5A).

The levels of apoptosis (AnV-FITC *) and viability (PI") in lymphocytes from frozen
blood over 7 hours after exposure with 333 uM CdCl; in culture are shown in Figure
5B.

The level of late apoptosis/necrosis (AnV-FITC */ PI") increased with time and became
significant at 3 hours (p<0.05), at 5 hours (p<0.05) and highly significant at 7 hours
(p<0.001). There was a drop in the number of viable cells (AnV-FITC /PI") which
increased with time and became significant at 3 hours (p<0.05), at 5 hours (p<0.01) and

highly significant at 7 hours at which time the viability was 45% (p<0.001) (Figure 5B).
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Figures 5A and 5B. The Level of the Apoptotic Lymphocytes in Frozen Blood Following Exposure
to Cadmium Chloride over 7 Hours in Culture.

(Figures 5A) Data are represented as the percentage of early apoptotic sheep lymphocytes cultured from
frozen whole blood preparations after exposure with 333 uM CdCl, or medium alone over culture periods
of 0, 3, 5 and 7 hours as assessed by annexin V-FITC/ Pl staining. Values represent the mean+SD from
three replicate wells in three independent experiments for three different sheep. *represent the statistical
analysis of Control (0 hours) vs. all time points * p< 0.05; ** p< 0.01; *** p< 0.001. * represent the
statistical analysis of Control (0 uM ) vs. 333 pM CdCl, at each time point for each preparation” p< 0.05;
# p< 0.01; " p< 0.001.

(Figures 5B) Data are represented as the percentage of viable, early and late apoptotic sheep
lymphocytes cultured from frozen blood preparation after exposure with 333 uM CdCl, over culture
periods of 0, 3, 5, and 7 hours (same data as used in Figure 5A). * represent the statistical analysis of

Control (0 hours) vs. all time points * p< 0.05; ** p< 0.01; *** p< 0.001.
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Effect that Storage in Different Anticoagulants had on the Response of
Lymphocytes in Frozen Blood to Ethyl Methylsulphonate in Cytotoxicity

and Genotoxicity Assays over 3 Hours in Culture.

There was no significant difference in viability for untreated controls for the frozen
blood stored either with the anticoagulants sodium heparin or potassium EDTA (Figure
6A).

EMS had no cytotoxic effect in frozen blood stored in sodium heparin tubes when 1, 2.5
and 5 mM doses were used (Figure 6A). However, when potassium EDTA tubes were
used there was a significant 5% reduction at both 1 mM and 2.5 mM doses (p<0.01),
and an 8% reduction at the 5 mM dose of EMS (p<0.001), at which the final viability

was 79%.

When the effects of EMS on the viability of lymphocytes in frozen blood collected in
the two anticoagulants were compared directly, there was a significant reduction in the
case of potassium EDTA i.e. 6 % at 1 mM EMS (p<0.001), 5 % reduction at 2.5 mM
(p<0.001) and 5 % reduction at the 5 mM dose of EMS (p<0.001) (Figure 6A).

The genotoxic effects of EMS are shown in Figure 6B for frozen blood stored in
different anticoagulants were increase of DNA damage in all sample preparations of
lymphocytes in a dose-dependent manner was observed. At 1 mM concentration there
was only a slight increase in DNA damage and it was not significant for either
anticoagulant. At the concentration of 2.5 mM, the DNA damage increased significantly
in both sodium heparin (p<0.001) and potassium EDTA (p<0.01) tubes. At the highest
concentration used, 5 MM EMS caused a substantial increase in DNA damage in both
frozen blood sample preparations (p<0.001). There was no significant difference in the
level of DNA damage for untreated controls in frozen blood stored in different
anticoagulant tubes. When the effect of EMS exposure in samples collected in
potassium EDTA tubes were compared to those in sodium heparin tubes, there was a
significantly greater DNA damage at 2.5 mM (p<0.01) and at 5 mM (p<0.001) in the

later.
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Figures 6A and 6B. The Effects of Short (3 Hour) EMS Exposure on Cell Viability and DNA
Stability in Lymphocytes Stored in Different Anticoagulants. Data are represented as the viability
(Figure 6A) and % Tail DNA (Figure 6B) of sheep blood lymphocytes stored in either sodium heparin
(NaH) or potassium EDTA (KEDTA) tubes after 3 hours exposure to EMS (1, 2.5 and 5 mM). Sheep
lymphocytes were cultured from frozen blood preparation. Values represent the mean+SD from three
replicate wells in three independent experiments. *represent the statistical analysis of Control (0 hours)
vs. all concentrations for each anticoagulant storage condition used * p< 0.05; ** p< 0.01; *** p< 0.001. *
represent the statistical analysis of NaH vs. KEDTA for each all concentrations * p< 0.05; * p< 0.01; **
p< 0.001.
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Effect that Storage in Different Anticoagulants had on the Response of
Lymphocytes in Frozen Blood to Cadmium Chloride in Cytotoxicity and

Genotoxicity Assays over 3 Hours in Culture.

There was no significant difference in viability for untreated controls for the frozen
blood stored either as anticoagulants sodium heparin or potassium EDTA (Figure 7A).

CdCl;, had no cytotoxic effect in frozen blood stored in sodium heparin tubes following
exposure to the 100 and 300uM doses. However, at a dose of 500uM, the reduction in
cell viability of lymphocytes (5%) was significant (p<0.05) (Figure 7A). When
potassium EDTA tubes were used there was a significant reduction in viability of 4% at
100uM (p<0.01), 10% at 333uM (p<0.001) and 12% at 500uM CdCl, (p<0.001) at
which the final viability was 74%. When the effects of CdCl, on the viability of
lymphocytes in frozen blood collected in the two anticoagulants were compared
directly, there was a significant reduction in the case of potassium EDTA i.e. 4% at
100uM (p<0.001), 8% at 333uM (p<0.001) and 7% reduction at 500 puM (p<0.001)
(Figure 7A).

The genotoxic effects of CdCl, are shown in Figure 7B for frozen blood stored in
different anticoagulants. An increase of DNA damage in all sample preparations of
lymphocytes in a dose-dependent manner was observed. At the 100uM dose, there was
an increase in DNA damage but it was only significant for frozen blood collected in
potassium EDTA tubes (p<0.05). At the concentration of 333uM, the DNA damage
increased significantly in potassium EDTA (p<0.01) but not in in sodium heparin tubes.
The highest concentration used, 500 pM, caused a substantial increase in DNA damage
in both frozen blood sample preparations collected in sodium heparin (p<0.05) and
potassium EDTA (p<0.01) tubes. There was no significant difference in the level of
DNA damage for untreated controls when the frozen blood was stored in different
anticoagulants tubes. When the effect of CdCl, exposure in samples collected in
potassium EDTA tubes were compared to those in sodium heparin tubes, the DNA
damage was significantly higher in potassium EDTA tubes at all concentrations
(p<0.001).

221



(A)

HH# fidiaid i
pe— x
- Pomi
=S @ Frozen blood
.© NaH
= 501 =3 Frozen blood
@ KEDTA
(@]
N 254
0- L] L] L] L]
OMM lOOpM 333u|\/| 500”|\/|
[CdCI,]
(B)
30+ HHHt
< HitH — 'ox @ Frozen blood
o I =1
= I#_I - 3 Frozen blood
S KEDTA
© *
S 10+ H
A1 1IN 11N 1IN |
OuM  100uM  333uM  500uM
[CdCI,]

Figures 7A and 7B. The Effects of Short (3 Hour) Cadmium Chloride Exposure on Cell Viability
and DNA Stability in Lymphocytes Stored in Different Anticoagulants Data are represented as the
viability (Figure 7A) and % Tail DNA (Figure 7B) of sheep blood lymphocytes stored in either sodium
heparin (NaH) or potassium EDTA (KEDTA) tubes after 3 hours exposure to CdCl, (500, 333 and 100
UM). Sheep lymphocytes were cultured from a frozen blood preparations. Values represent the mean£SD

from three replicate wells in three independent experiments. *represent the statistical analysis of Control

(0 hours) vs. all concentrations for each anticoagulant storage condition used * p< 0.05; ** p< 0.01; ***
p< 0.001. * represent the statistical analysis of NaH vs. KEDTA for each all concentrations * p< 0.05; *

p< 0.01; ** p< 0.001.
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Discussion

When collecting samples from sheep to be used in field-based biomonitoring, jugular
venipuncture proved to be very suitable to obtain blood samples which contain
lymphocytes, the preferred cell type for measurement of genotoxic, immunological and
metabolic effects (Faust et al., 2004, Okazaki et al., 2008, Linzalone, 2009). In Ireland,
the exposure to environmental chemical contaminants from factories or abandoned
mines has been touted as a possible cause for the decrease in the health of particular
farm animals in Askeaton Co. Limerick, Lucan Co. Dublin and in the Silvermines area
in Co. Tipperary (Department of Agriculture, Food and Rural Development, 2000, EPA,
2002, Li et al., 2011, Qin et al., 2011). The heavy metal, cadmium, which is a class 1
carcinogen (IARC, 1993) and one of the most toxic environmental and industrial
pollutants is used as a relevant positive control in this study. Exposure could be through
ingestion of food and drinking water, inhalation of particulates from ambient air, or
ingestion of contaminated soil or dust. Cadmium toxicity normally acts through
elevating lipid peroxidation, complexing with thiol groups of enzymes and increasing
free-radical levels in different organs eventually leading to DNA damage in cells
(\Valverde et al., 2001). In the case of acute exposure of humans to cadmium, the
concentration levels are measured in blood and these procedures could be transferred to
domestic animals. Subchronic exposure to cadmium in humans is monitored by
measuring cadmium levels in urine but this approach is more challenging in domestic
animals which excrete indiscriminately. While the methods used in this study may be
useful in this regard, the overall aim is to develop biomarkers that are effect rather than
compound specific.

The results described in Chapter 3 and Chapter 4 demonstrated the potential of
cryopreservation for the successful storage of rat blood collected under laboratory-based
conditions as well as sheep blood collected under field-based conditions. The viability
of lymphocytes in both frozen rat and sheep bloods was only marginally affected after 3
hours in culture. However, there was a significant drop in lymphocyte viability in frozen
blood after 7 hours in culture. Therefore, the objective of this study was to assess the
effects that different blood separation and cell isolation techniques have on the viability
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of sheep lymphocytes and their responses to genotoxic compounds. Also, the suitability
of cryopreservation for the storage of sheep blood collected under field-based
conditions for this ex vivo toxicity testing was examined. A key determinant was the
duration for which sheep lymphocytes could be cultured after the freezing and thawing
steps without a reduction in their viability and whether the use of a different
anticoagulant, potassium EDTA, could improve the viability of the lymphocytes and
their sensitivity to genotoxic compounds. In addition, the contribution of both apoptosis
and necrosis to cadmium chloride induced cell death in lymphocytes present in frozen

sheep blood was investigated.

Fresh whole and processed bloods and PBMCs processed from sheep blood collected in
the field retained a lymphocyte viability of greater than 85% after culturing for up to 7
hours. This is in agreement with our findings from Chapter 3 when rat blood in a
laboratory setting was used. The findings for fresh whole blood are in agreement with
those of Fiebig and colleagues who also reported a viability of greater than 85% (Fiebig
et al., 1997). It is speculated that whole blood provides an environment resembling in
vivo conditions, thus contributing to the high viability observed. Fresh whole and fresh
processed sheep blood had the lowest basal levels of DNA damage of all the sample

preparations and this is in agreement with what was reported for rat blood in Chapter 3.

Frozen blood samples were processed as quickly as possible in order to minimize cell
damage following the thawing step. The viability of lymphocytes in frozen sheep blood
immediately after thawing was 90 %. This is in agreement with what was observed in
Chapters 3 and 4 and with other studies that showed that the viability in frozen blood
was between 85 and 90 % straight after thawing (Hayes et al., 2002, Schindler et al.,
2004). When frozen blood was cultured for 3 hours, the viability of 90 % was consistent
with the findings of Anderson et al, (1996), Cheng et al, (2001) and Stevens et al,
(2007). Lymphocyte viability in frozen sheep was still above 80% at 5 hours but after 7
hours in culture it had dropped to 73 %. This drop in viability had already been
observed in frozen sheep blood in Chapter 4 and was explained in part by the induction
of reactive oxygen species (ROS) at 7 hours following the freeze-thaw lysis of red
blood cells and also by cryopreservation-induced apoptosis.

There was no significant difference in the DNA stability of lymphocytes from frozen
sheep blood and those from the other sample preparations after 3 hours in culture. This
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is consistent with the findings from Chapter 3 and other studies where lymphocytes
obtained from blood samples were stored at -80 °C (Visvardis et al., 1997, Tice et al.,
2000, Chuang and Hu, 2004, Villavicencio, 2006). The results described in this study
demonstrated the potential of cryopreservation for the successful storage of sheep blood
collected under field-based conditions for use in ex vivo exposures up to 5 hours in

culture.

Once the lymphocytes from the different sheep sample preparations were characterised,
the effects of ex vivo exposure to DNA-damaging agents, the EMS and CdCl, were
investigated EMS caused DNA damage in a dose—dependent manner in all sheep blood
sample preparations after 3 hours exposure. This is consistent with the findings from
Chapter 3 where the all doses increased the level of DNA damage in lymphocytes in the
different rat blood sample preparations after 3 hours. These results agree with the
findings of De-Boeck et al, (2000) and Wyatt et al., (2007) who demonstrated that DNA
damage was induced in lymphocytes in rat blood after exposure to direct-acting
alkylating water-soluble mutagens for 3 hours using concentrations from 1-40 mM. The
levels of EMS-induced damage were similar for PBMCs, fresh whole and frozen sheep
blood suggesting that, under the conditions applied, the proteins and other nucleophiles

present in sheep whole blood had no scavenging effect on the direct-acting mutagen.

At a concentration of 500 uM, CdCl, caused a significant reduction in viability when
frozen sheep blood was exposed for 3 hours. When exposure was extended to 7 hours,
the 333 uM dose significantly reduced viability of all the sheep samples preparations
except fresh whole blood. Both PBMCs and frozen blood samples had a significant
reduction in viability when exposed to 333 uM and 500 uM, for 5 and 7 hours while
both whole and processed fresh blood samples had only a slight and non-significant
reduction in viability. This may be due to the presence of RBCs which are known for
their binding potential to cadmium and also the higher quantity of plasma and blood
proteins in the fresh whole blood. Similar results were observed in Chapter 3, whereby
CdCl, at doses of 333 and 500 uM caused a minor, although significant, reduction in
viability when PBMCs and fresh processed blood were exposed for 3 hours. When
exposure was extended to 24 hours, all concentrations used led to a much greater
reduction in viability. Blasiak et al, (2000) showed that the viability of human
lymphocytes was greatly reduced when exposed to concentrations of 5 to 150 uM of

225



CdCl, for 1 hour.

A limited genototoxic effect was observed in all the sheep blood sample preparations
when they were exposed to CdCl, for 3 hours. There was a significant increase in DNA
damage in PBMCs, fresh processed blood and frozen blood at the concentration of 500
uM but there was no effect on fresh whole blood. These findings are similar to what
was seen in Chapter 3 where there was a small increase in DNA damage in all rat blood
sample preparations after 3 hours but this increase in DNA damage became substantial
at 24 hour in all sample preparation except fresh whole blood. Previous reports which
are not fully in agreement with these findings have shown that 0.16-20 uM CdCl,
increases DNA damage in peripheral blood lymphocytes (Cai and Zhuang, 1999) and
150 pM cadmium significantly increased DNA damage when lymphocytes were
exposed (Blasiak and Kowalik, 2001). The effects of CdCl, are dependent on sample
constitution, i.e. the presence or absence of red blood cells and serum protein
concentration and on exposure time. The lack of genotoxic insult from CdCl,, in the
case of whole blood, may be due to the fact that cadmium becomes bound to plasma
proteins such as albumin and transferin (Saljooghi and Fatemi, 2010a). This scavenging
effect could have a major influence on the bioavailability of CdCl, (Saljooghi and
Fatemi, 2010b).

This study was designed to bridge the gap between toxicological testing based in the
laboratory and field-based sampling followed by laboratory-based analysis. In Chapter
3, blood sample handling and blood sample preparations were optimised using rat blood
under controlled conditions. In Chapter 4, blood was collected from sheep in the field
and again sample handling and blood sample preparations were optimised. The length
of time that blood could be left before processing, the number of samples that could be
processed, and the length of the time for which the samples could be cultured without
deterioration were also recorded. In this study, the experiments of Chapter 3 and 4 were
successfully repeated for sheep blood collected in the field and toxicity tests using
genotoxic compounds were undertaken. With the combined knowledge of both Chapters
3 and 4 and this Chapter, our methods are now robust and reproducible enough to

increase the number and type of endpoints looked at in sheep blood.
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The contributions of two different causes by which CdCl, induces cell death in
lymphocytes in frozen sheep blood was assessed by determining the integrity of cell
membranes and the extent of early apoptosis and late apoptosis/necrosis present in
lymphocytes. While a detectable level (6-8% on average) of early apoptosis was
observed, there is no evidence that it preceded the substantial drop in cell viability in
frozen sheep blood. This suggests that apoptosis is not the only cause of the cell death
and that maybe necrosis could also be involved. This is in agreement with the findings
from Chapter 4 which found a similar low level of early apoptosis in frozen rat blood.
Exposure to CdCl, for up to 7 hours caused a significant increase in early apoptotic
lymphocytes at 5 and 7 hours and there was also a significant increase in late apoptosis
at 3 and 5 hours and this increase became substantial at 7 hours. This is in agreement
with other studies as cadmium is well recognised for its ability to induce apoptosis in
cells such as hepatic (Habeebu et al., 1998, Shimoda et al., 2001, Yu et al., 2001, Aydin
et al., 2003, Tzirogiannis et al., 2003, Lemarie et al., 2004, Oh et al., 2006, Oh and Lim,
2006) renal (Tanimoto et al., 1993, Yan et al., 1997, Ishido et al., 1998, Ishido et al.,
2002, Lee et al., 2006) neural (Zhao et al., 2000, Choi et al., 2002, Watjen et al., 2002,
Lopez et al., 2003, Watjen and Beyersmann, 2004, Huang et al., 2006, Silva et al.,
2006) reproductive (Xu et al., 1996, Zhou et al., 1999, Achanzar et al., 2002, Goyer et
al., 2004, Sen Gupta et al., 2004) lung (Hart et al., 1999, Waalkes and Diwan, 1999, Lag
et al., 2002, Lu et al., 2002, Shih et al., 2003, Huang et al., 2006), connective (Biagioli
et al., 2001, Kim et al., 2002, Shih et al., 2004) , myeloid primarily monocytic (Bagchi
et al., 2000b, Galan et al., 2000a, Galan et al., 2000c, Li et al., 2000, Galan et al., 20014,
Galan et al., 2001b, de la Fuente et al., 2002, Sancho et al., 2003, Jeon et al., 2004,
Miguel et al., 2005, Sancho et al., 2006) and lymphoid (el Azzouzi et al., 1994,
Tsangaris and Tzortzatou-Stathopoulou, 1998, Bagchi et al., 2000b, Fujimaki et al.,
2000, Iryo et al., 2000, Li et al., 2000, Dong et al., 2001, Feng et al., 2001, Shen et al.,
2001, de la Fuente et al., 2002, Takagi et al., 2002, Colombo et al., 2004, Pathak and
Khandelwal, 2006b, a, Qu et al., 2006) cells. However, there is considerable variation in
the sensitivity of each of these cell types to the apoptotic effects of cadmium. This may
be attributable to differences in metallothionein levels in these cells, with several studies
reporting pro-and anti-apoptotic functions for these high affinity cadmium-binding
proteins (Habeebu et al., 2000, McAleer and Tuan, 2001, Shimoda et al., 2001, Lu et al.,
2002, Shimoda et al., 2003). The contribution of apoptosis to the observed increase in

DNA damage, as observed in the Comet assay, could be another explanation for the
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increase of % tail DNA in lymphocytes after 3 hours exposure to CdCl, and the increase
in early apoptotic cells seen at 5 and 7 hours exposure. Cadmium has been demonstrated
to induce DNA strand breaks but also apoptosis in various cell lines (Bagchi et al.,
2000a, Galan et al., 2000b, Banfalvi et al., 2005, Fotakis et al., 2005).

In an effort to improve the survival of lymphocytes in frozen blood, an alternative
anticoagulant, potassium EDTA, was compared with sodium heparin which was used
for the all previous studies in Chapters 2, 3, and 4. However, there was a significant
reduction in the DNA stability of lymphocytes from frozen blood after 3 hours in
culture when potassium EDTA was used as the anticoagulant. These results may be
considered surprising as potassium EDTA stored blood has been used previously in the
Comet assay and is used regularly for the collection of blood in clinical and veterinary
studies. When potassium EDTA was used as the anticoagulant, frozen blood exhibited a
reduction in cell viability and an increase in DNA damage in a dose—dependent manner

after 3 hours exposure to the genotoxic compounds EMS and CdCls.

When lymphocytes prepared using potassium EDTA were compared to those prepared
using sodium heparin, the DNA damage induced by EMS was similar but the former
were much more sensitive to CdCl; induced cytotoxicity and DNA damage. This might
be due to the role of EDTA as a calcium chelator where the cadmium-activation of
MAP kinase and Akt survival pathways result in part from an elevation of intracellular
calcium concentration (Misra et al., 2002, Kim and Sharma, 2004) and the lack of

extracellular calcium might be affected by the use of EDTA.
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Main Conclusions

In this Chapter, the merits and limitations of a number of sample preparations of sheep
blood collected in the field after short term culturing and their response to genotoxic
compounds in vitro were assessed. The different sample processing methods were
shown to alter the sensitivity of lymphocytes to CdCl, but not to EMS. This is in
complete agreement with the results described in Chapter 3 where rat blood was
exposed to genotoxic compounds after being collected in a laboratory setting.

Three hour incubations can be undertaken on sheep blood without considerable
alterations in the viability of the lymphocytes for sample processing methods described
but when the culture times were extended up to 7 hours for frozen blood this lead to a
significant decrease in viability. On the basis of the results using sheep blood, one can
conclude that direct cryopreservation of blood can be used as an alternative to PBMCs,
especially for short term cultures and exposures but it really does depend on the
anticoagulant used as potassium EDTA stored frozen blood samples had a significantly
higher basal level of DNA damage than those stored in sodium heparin tubes. These
results are of prime interest due to the fact that there are time constraints in field-based
biomonitoring studies and therefore, frozen blood looks a very promising technique for

short-term ex-vivo studies.

What is striking and important is that the direct cryopreservation of unprocessed blood
does not affect the responsiveness of lymphocytes to genotoxic compounds for up to 3
hours exposure. When collecting field-based sheep blood samples which require long-
term storage, the fresh whole blood and frozen blood processing protocols are very
encouraging because these methodologies have additional advantages of simplicity,
economy, and speed and involve less cell manipulation than the isolation of PBMCs.
This study demonstrated that frozen blood is a promising sample preparation for field-
based biomonitoring studies when performed in vitro or ex vivo stimulations with
genotoxic compounds up to 3 hours. There was only minor a loss in cell viability up to
7 hours in culture which is similar to what was observed for laboratory-based rat blood
studies in Chapter 3. When in frozen blood lymphocytes were exposed to CdCl, the

contribution of apoptosis to the loss in viability was identified.

229



References

Achanzar WE, Webber MM, Waalkes MP (2002) Altered apoptotic gene expression
and acquired apoptotic resistance in cadmium-transformed human prostate
epithelial cells. Prostate 52:236-244.

Anderson D, Hughes JA, Cebulska-Wasilewska A, Wierzewska A, Kasper E (1996)
Biological monitoring of workers exposed to emissions from petroleum plants.
Environ Health Perspect 104 Suppl 3:609-613.

Angerer J, Ewers U, Wilhelm M (2007) Human biomonitoring: state of the art. Int J
Hyg Environ Health 210:201-228.

Aydin HH, Celik HA, Deveci R, Terzioglu E, Karacali S, Mete N, Akarca U, Batur Y
(2003) Characterization of the cellular response during apoptosis induction in
cadmium-treated Hep G2 human hepatoma cells. Biol Trace Elem Res 95:139-
153.

Bagchi D, Joshi SS, Bagchi M, Balmoori J, Benner EJ, Kuszynski CA, Stohs SJ (2000a)
Cadmium- and chromium-induced oxidative stress, DNA damage, and apoptotic
cell death in cultured human chronic myelogenous leukemic K562 cells,
promyelocytic leukemic HL-60 cells, and normal human peripheral blood
mononuclear cells. J Biochem Mol Toxic 14:33-41.

Bagchi D, Joshi SS, Bagchi M, Balmoori J, Benner EJ, Kuszynski CA, Stohs SJ
(2000b) Cadmium- and chromium-induced oxidative stress, DNA damage, and
apoptotic cell death in cultured human chronic myelogenous leukemic K562
cells, promyelocytic leukemic HL-60 cells, and normal human peripheral blood
mononuclear cells. J Biochem Mol Toxicol 14:33-41.

Banfalvi G, Gacsi M, Nagy G, Kiss ZB, Basnakian AG (2005) Cadmium induced
apoptotic changes in chromatin structure and subphases of nuclear growth
during the cell cycle in CHO cells. Apoptosis 10:631-642.

Biagioli M, Watjen W, Beyersmann D, Zoncu R, Cappellini C, Ragghianti M, Cremisi
F, Bucci S (2001) Cadmium-induced apoptosis in murine fibroblasts is
suppressed by Bcl-2. Arch Toxicol 75:313-320.

Blasiak J, Kowalik J (2001) Protective action of vitamin C against DNA damage
induced by selenium-cisplatin conjugate. Acta Biochim Pol 48:233-240.

Blasiak J, Trzeciak A, Dziki A, Ulanska J, Pander B (2000) Synergistic effect of
vitamin C on DNA damage induced by cadmium. Gen Physiol Biophys 19:373-
379.

Cai Y, Zhuang Z (1999) DNA damage in human peripheral blood lymphocyte caused
by nickel and cadmium. Zhonghua Yu Fang Yi Xue Za Zhi 33:75-77.

Cheng L, Wang LE, Spitz MR, Wei Q (2001) Cryopreserving whole blood for
functional assays using viable lymphocytes in molecular epidemiology studies.
Cancer Lett 166:155-163.

Choi MK, Kim BH, Chung YY, Han MS (2002) Cadmium-induced apoptosis in h9c2,
arr5, and c6-glial cell. Bull Environ Contam Toxicol 69:335-341.

Chuang CH, Hu ML (2004) Use of whole blood directly for single-cell gel
electrophoresis (comet) assay in vivo and white blood cells for in vitro assay.
Mutat Res 564:75-82.

Colombo M, Hamelin C, Kouassi E, Fournier M, Bernier J (2004) Differential effects of
mercury, lead, and cadmium on IL-2 production by Jurkat T cells. Clin Immunol
111:311-322.

230



Connor TJK, Leonard BE, (2000) An assessment of the acute effects of the serotonin
releasers methylenedioxymethamphetamine, methylenedioxyamphetamine and
fenfluramine on immunity in rats. Immunopharmacology 46:223-235.

Corcoran GB, Fix L, Jones DP, Moslen MT, Nicotera P, Oberhammer FA, Buttyan R
(1994) Apoptosis: molecular control point in toxicity. Toxicol Appl Pharmacol
128:169-181.

Davies MJ, Phillips BJ, Rumsby PC (1993) Molecular analysis of mutations at the tk
locus of L5178Y mouse-lymphoma cells induced by ethyl methanesulphonate
and mitomycin C. Mutat Res 290:145-153.

de la Fuente H, Portales-Perez D, Baranda L, Diaz-Barriga F, Saavedra-Alanis V,
Layseca E, Gonzalez-Amaro R (2002) Effect of arsenic, cadmium and lead on
the induction of apoptosis of normal human mononuclear cells. Clin Exp
Immunol 129:69-77.

Dong S, Shen HM, Ong CN (2001) Cadmium-induced apoptosis and phenotypic
changes in mouse thymocytes. Mol Cell Biochem 222:11-20.

el Azzouzi B, Tsangaris GT, Pellegrini O, Manuel Y, Benveniste J, Thomas Y (1994)
Cadmium induces apoptosis in a human T cell line. Toxicology 88:127-139.

EPA (2001) Investigation of Animal Health Problems at Askeaton, County Limerick.
Wexford, Environmental Protection Agency

Faust F, Kassie F, Knasmuller S, Kevekordes S, Mersch-Sundermann V (2004) Use of
primary blood cells for the assessment of exposure to occupational
genotoxicants in human biomonitoring studies. Toxicology 198:341-350.

Feng F, Xue B, Zhang X (2001) The relationship between cadmium-induced inhibition
of splenic lymphocyte function and cell apoptosis. Zhonghua Yu Fang Yi Xue
Za Zhi 35:44-47.

Fiebig EW, Johnson DK, Hirschkorn DF, Knape CC, Webster HK, Lowder J, Busch
MP (1997) Lymphocyte subset analysis on frozen whole blood. Cytometry
29:340-350.

Fotakis G, Cemeli E, Anderson D, Timbrell JA (2005) Cadmium chloride-induced
DNA and lysosomal damage in a hepatoma cell line. Toxicol in Vitro 19:481-
489.

Fujimaki H, Ishido M, Nohara K (2000) Induction of apoptosis in mouse thymocytes by
cadmium. Toxicol Lett 115:99-105.

Galan A, Garcia-Bermejo L, Troyano A, Vilaboa NE, Fernandez C, de Blas E, Aller P
(2001a) The role of intracellular oxidation in death induction (apoptosis and
necrosis) in human promonocytic cells treated with stress inducers (cadmium,
heat, X-rays). Eur J Cell Biol 80:312-320.

Galan A, Garcia-Bermejo L, Vilaboa NE, de Blas E, Aller P (2000a) Uncoupling of
apoptosis and Jun/AP-1 activity in human promonocytic cells treated with DNA-
damaging and stress-inducing agents. Eur J Cell Biol 79:1-9.

Galan A, Garcia-Bermejo ML, Troyano A, Vilaboa NE, de Blas E, Kazanietz MG, Aller
P (2000b) Stimulation of p38 mitogen-activated protein kinase is an early
regulatory event for the cadmium-induced apoptosis in human promonocytic
cells. J Biol Chem 275:11418-11424.

Galan A, Garcia-Bermejo ML, Troyano A, Vilaboa NE, de Blas E, Kazanietz MG, Aller
P (2000c) Stimulation of p38 mitogen-activated protein kinase is an early
regulatory event for the cadmium-induced apoptosis in human promonocytic
cells. J Biol Chem 275:11418-11424.

231



Galan A, Troyano A, Vilaboa NE, Fernandez C, de Blas E, Aller P (2001b) Modulation
of the stress response during apoptosis and necrosis induction in cadmium-
treated U-937 human promonocytic cells. Biochim Biophys Acta 1538:38-46.

Goyer RA, Liu J, Waalkes MP (2004) Cadmium and cancer of prostate and testis.
Biometals 17:555-558.

Habeebu SS, Liu J, Klaassen CD (1998) Cadmium-induced apoptosis in mouse liver.
Toxicol Appl Pharmacol 149:203-209.

Habeebu SS, Liu J, Liu Y, Klaassen CD (2000) Metallothionein-null mice are more
sensitive than wild-type mice to liver injury induced by repeated exposure to
cadmium. Toxicol Sci 55:223-232.

Halliwell B (1996) Mechanisms involved in the generation of free radicals. Pathol Biol
(Paris) 44:6-13.

Hart BA, Lee CH, Shukla GS, Shukla A, Osier M, Eneman JD, Chiu JF (1999)
Characterization of cadmium-induced apoptosis in rat lung epithelial cells:
evidence for the participation of oxidant stress. Toxicology 133:43-58.

Hayes RB, Smith CO, Huang WY, Read Y, Kopp WC (2002) Whole blood
cryopreservation in epidemiological studies. Cancer Epidem Biomar 11:1496-
1498.

Huang YH, Shih CM, Huang CJ, Lin CM, Chou CM, Tsai ML, Liu TP, Chiu JF, Chen
CT (2006) Effects of cadmium on structure and enzymatic activity of Cu,Zn-
SOD and oxidative status in neural cells. J Cell Biochem 98:577-5809.

Department of Agriculture Food and Rural Development (2000) Report of the
Investigation into the presence and influence of lead in the Silvermines area of
County Tipperary. Interagency group report DAFRD Dublin

Iryo Y, Matsuoka M, Wispriyono B, Sugiura T, Igisu H (2000) Involvement of the
extracellular signal-regulated protein kinase (ERK) pathway in the induction of
apoptosis by cadmium chloride in CCRF-CEM cells. Biochem Pharmacol
60:1875-1882.

Ishido M, Homma-Takeda S, Tohyama C, Suzuki T (1998) Apoptosis in rat renal
proximal tubular cells induced by cadmium. J Toxicol Environ Health A 55:1-
12.

Ishido M, Ohtsubo R, Adachi T, Kunimoto M (2002) Attenuation of both apoptotic and
necrotic actions of cadmium by Bcl-2. Environ Health Perspect 110:37-42.

Jeon HK, Jin HS, Lee DH, Choi WS, Moon CK, Oh YJ, Lee TH (2004) Proteome
analysis associated with cadmium adaptation in U937 cells: identification of
calbindin-D28k as a secondary cadmium-responsive protein that confers
resistance to cadmium-induced apoptosis. J Biol Chem 279:31575-31583.

Kehrer JP (1993) Free radicals as mediators of tissue injury and disease. Crit Rev
Toxicol 23:21-48.

Kim BJ, Kim MS, Kim KB, Kim KW, Hong YM, Kim IK, Lee HW, Jung YK (2002)
Sensitizing effects of cadmium on TNF-alpha- and TRAIL-mediated apoptosis
of NIH3T3 cells with distinct expression patterns of p53. Carcinogenesis
23:1411-1417.

Kim J, Sharma RP (2004) Calcium-mediated activation of c-Jun NH2-terminal kinase
(JNK) and apoptosis in response to cadmium in murine macrophages. Toxicol
Sci 81:518-527.

Lag M, Westly S, Lerstad T, Bjornsrud C, Refsnes M, Schwarze PE (2002) Cadmium-
induced apoptosis of primary epithelial lung cells: involvement of Bax and p53,
but not of oxidative stress. Cell Biol Toxicol 18:29-42.

232



Lam PK, Gray JS (2001) Predicting effects of toxic chemicals in the marine
environment. Mar Pollut Bull 42:169-173.

Lee WK, Abouhamed M, Thevenod F (2006) Caspase-dependent and -independent
pathways for cadmium-induced apoptosis in cultured kidney proximal tubule
cells. Am J Physiol Renal Physiol.

Lemarie A, Lagadic-Gossmann D, Morzadec C, Allain N, Fardel O, Vernhet L (2004)
Cadmium induces caspase-independent apoptosis in liver Hep3B cells: role for
calcium in signaling oxidative stress-related impairment of mitochondria and
relocation of endonuclease G and apoptosis-inducing factor. Free Radic Biol
Med 36:1517-1531.

Li M, Kondo T, Zhao QL, Li FJ, Tanabe K, Arai Y, Zhou ZC, Kasuya M (2000)
Apoptosis induced by cadmium in human lymphoma U937 cells through Ca2+-
calpain and caspase-mitochondria- dependent pathways. J Biol Chem
275:39702-39709.

Li R, Yang Y, An Y, Zhou Y, Liu Y, Yu Q, Lu D, Wang H, Jin L, Zhou W, Qian J,
Shugart YY (2011) Genetic polymorphisms in DNA double-strand break repair
genes XRCC5, XRCC6 and susceptibility to hepatocellular carcinoma.
Carcinogenesis 32:530-536.

Liew CC, Ma J, Tang HC, Zheng R, Dempsey AA (2006) The peripheral blood
transcriptome dynamically reflects system wide biology: a potential diagnostic
tool. J Lab Clin Med 147:126-132.

Linzalone N, Bianchi F. (2009) Human biomonitoring to define occupational exposure
and health risks in waste incinerator plants. Int J Environ Health 3:87 - 105.

Lopez E, Figueroa S, Oset-Gasque MJ, Gonzalez MP (2003) Apoptosis and necrosis:
two distinct events induced by cadmium in cortical neurons in culture. Br J
Pharmacol 138:901-911.

Lu H, Hunt DM, Ganti R, Davis A, Dutt K, Alam J, Hunt RC (2002) Metallothionein
protects retinal pigment epithelial cells against apoptosis and oxidative stress.
Exp Eye Res 74:83-92.

McAleer MF, Tuan RS (2001) Metallothionein overexpression in human trophoblastic
cells protects against cadmium-induced apoptosis. In Vitr Mol Toxicol 14:25-42,

McKelvey-Martin VVJ, Green MH, Schmezer P, Pool-Zobel BL, De Meo MP, Collins A
(1993) The single cell gel electrophoresis assay (comet assay): a European
review. Mutat Res 288:47-63.

Miguel BG, Rodriguez ME, Aller P, Martinez AM, Mata F (2005) Regulation of
cadmium-induced apoptosis by PKCdelta in U937 human promonocytic cells.
Biochim Biophys Acta 1743:215-222.

Misra UK, Gawdi G, Akabani G, Pizzo SV (2002) Cadmium-induced DNA synthesis
and cell proliferation in macrophages: the role of intracellular calcium and signal
transduction mechanisms. Cell Signal 14:327-340.

Moore A, Donahue CJ, Bauer KD, Mather JP (1998) Simultaneous measurement of cell
cycle and apoptotic cell death. Methods Cell Biol 57:265-278.

Mouchet F, Gauthier L, Mailhes C, Ferrier V, Devaux A (2005) Comparative study of
the comet assay and the micronucleus test in amphibian larvae (Xenopus laevis)
using benzo(a)pyrene, ethyl methanesulfonate, and methyl methanesulfonate:
establishment of a positive control in the amphibian comet assay. Environ
Toxicol 20:74-84.

Oh SH, Choi JE, Lim SC (2006) Protection of betulin against cadmium-induced
apoptosis in hepatoma cells. Toxicology 220:1-12.

233



Oh SH, Lim SC (2006) A rapid and transient ROS generation by cadmium triggers
apoptosis via caspase-dependent pathway in HepG2 cells and this is inhibited
through N-acetylcysteine-mediated catalase upregulation. Toxicol Appl
Pharmacol 212:212-223.

Okazaki T, Wang MH, Rawsthorne P, Sargent M, Datta LW, Shugart YY, Bernstein
CN, Brant SR (2008) Contributions of IBD5, IL23R, ATG16L1, and NOD2 to
Crohn's disease risk in a population-based case-control study: evidence of gene-
gene interactions. Inflamm Bowel Dis 14:1528-1541.

Pathak N, Khandelwal S (2006a) Influence of cadmium on murine thymocytes:
Potentiation of apoptosis and oxidative stress. Toxicol Lett.

Pathak N, Khandelwal S (2006b) Oxidative stress and apoptotic changes in murine
splenocytes exposed to cadmium. Toxicology 220:26-36.

Qin HD, Shugart YY, Bei JX, Pan QH, Chen L, Feng QS, Chen LZ, Huang W, Liu JJ,
Jorgensen TJ, Zeng YX, Jia WH (2011) Comprehensive pathway-based
association study of DNA repair gene variants and the risk of nasopharyngeal
carcinoma. Cancer Res 71:3000-3008.

Qu W, Fuquay R, Sakurai T, Waalkes MP (2006) Acquisition of apoptotic resistance in
cadmium-induced malignant transformation: Specific perturbation of JNK signal
transduction pathway and associated metallothionein overexpression. Mol
Carcinog. 45: 561-71

Reimann KA, Chernoff M, Wilkening CL, Nickerson CE, Landay AL (2000)
Preservation of lymphocyte immunophenotype and proliferative responses in
cryopreserved  peripheral  blood mononuclear cells from  human
immunodeficiency virus type 1-infected donors: implications for multicenter
clinical trials. Clin Diagn Lab Immunol 7:352-359.

Saljooghi AS, Fatemi SJ (2010a) Cadmium transport in blood serum. Toxicol Ind
Health 26:195-201.

Saljooghi AS, Fatemi SJ (2010b) Clinical evaluation of Deferasirox for removal of
cadmium ions in rat. Biometals 23:707-712.

Sancho P, Fernandez C, Yuste VJ, Amran D, Ramos AM, de Blas E, Susin SA, Aller P
(2006) Regulation of apoptosis/necrosis execution in cadmium-treated human
promonocytic cells under different forms of oxidative stress. Apoptosis 11:673-
686.

Sancho P, Troyano A, Fernandez C, De Blas E, Aller P (2003) Differential effects of
catalase on apoptosis induction in human promonocytic cells. Relationships with
heat-shock protein expression. Mol Pharmacol 63:581-589.

Schindler S, Asmus S, von Aulock S, Wendel A, Hartung T, Fennrich S (2004)
Cryopreservation of human whole blood for pyrogenicity testing. J Immunol
Methods 294:89-100.

Sen Gupta R, Kim J, Gomes C, Oh S, Park J, Im WB, Seong JY, Ahn RS, Kwon HB,
Soh J (2004) Effect of ascorbic acid supplementation on testicular
steroidogenesis and germ cell death in cadmium-treated male rats. Mol Cell
Endocrinol 221:57-66.

Shen X, Lee K, Konig R (2001) Effects of heavy metal ions on resting and antigen-
activated CD4(+) T cells. Toxicology 169:67-80.

Shih CM, Ko WC, Wu JS, Wei YH, Wang LF, Chang EE, Lo TY, Cheng HH, Chen CT
(2004) Mediating of caspase-independent apoptosis by cadmium through the
mitochondria-ROS pathway in MRC-5 fibroblasts. J Cell Biochem 91:384-397.

234



Shih CM, Wu JS, Ko WC, Wang LF, Wei YH, Liang HF, Chen YC, Chen CT (2003)
Mitochondria-mediated caspase-independent apoptosis induced by cadmium in
normal human lung cells. J Cell Biochem 89:335-347.

Shimoda R, Achanzar WE, Qu W, Nagamine T, Takagi H, Mori M, Waalkes MP
(2003) Metallothionein is a potential negative regulator of apoptosis. Toxicol Sci
73:294-300.

Shimoda R, Nagamine T, Takagi H, Mori M, Waalkes MP (2001) Induction of
apoptosis in cells by cadmium: quantitative negative correlation between basal
or induced metallothionein concentration and apoptotic rate. Toxicol Sci 64:208-
215.

Silva RF, Falcao AS, Fernandes A, Gordo AC, Brito MA, Brites D (2006) Dissociated
primary nerve cell cultures as models for assessment of neurotoxicity. Toxicol
Lett 163:1-9.

Stahl Jr RG (1997 ) Can mammalian and non-mammalian 'sentinel species' data be used
to evaluate the human health implications of environmental contaminants. Hum
Ecol Risk Assess 3:329-335.

Stevens VL, Patel AV, Feigelson HS, Rodriguez C, Thun MJ, Calle EE (2007)
Cryopreservation of whole blood samples collected in the field for a large
epidemiologic study. Cancer Epidem Biomar 16:2160-2163.

Takagi M, Satofuka H, Amano S, Mizuno H, Eguchi Y, Hirata K, Miyamoto K, Fukui
K, Imanaka T (2002) Cellular toxicity of cadmium ions and their detoxification
by heavy metal-specific plant peptides, phytochelatins, expressed in Mammalian
cells. J Biochem 131:233-2309.

Tanimoto A, Hamada T, Koide O (1993) Cell death and regeneration of renal proximal
tubular cells in rats with subchronic cadmium intoxication. Toxicol Pathol
21:341-352.

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A, Kobayashi H, Miyamae Y,
Rojas E, Ryu JC, Sasaki YF (2000) Single cell gel/comet assay: guidelines for in
vitro and in vivo genetic toxicology testing. Environ Mol Mutagen 35:206-221.

Tsangaris GT, Tzortzatou-Stathopoulou F (1998) Cadmium induces apoptosis
differentially on immune system cell lines. Toxicology 128:143-150.

Tzirogiannis KN, Panoutsopoulos GI, Demonakou MD, Hereti RI, Alexandropoulou
KN, Basayannis AC, Mykoniatis MG (2003) Time-course of cadmium-induced
acute hepatotoxicity in the rat liver: the role of apoptosis. Arch Toxicol 77:694-
701.

Valverde M, Trejo C, Rojas E (2001) Is the capacity of lead acetate and cadmium
chloride to induce genotoxic damage due to direct DNA-metal interaction?
Mutagenesis 16:265-270.

Villavicencio D (2006) Evaluation of storage conditions for assessing DNA damage
using the COMET assay Masters Thesis Department of Pharmacology and
Toxicology, Indiana University-Purdue University Indianapolis.

Visvardis EE, Tassiou AM, Piperakis SM (1997) Study of DNA damage induction and
repair capacity of fresh and cryopreserved lymphocytes exposed to H202 and
gamma-irradiation with the alkaline comet assay. Mutat Res383:71-80.

Waalkes MP, Diwan BA (1999) Cadmium-induced inhibition of the growth and
metastasis of human lung carcinoma xenografts: role of apoptosis.
Carcinogenesis 20:65-70.

Watjen W, Beyersmann D (2004) Cadmium-induced apoptosis in C6 glioma cells:
influence of oxidative stress. Biometals 17:65-78.

235



Watjen W, Cox M, Biagioli M, Beyersmann D (2002) Cadmium-induced apoptosis in
C6 glioma cells: mediation by caspase 9-activation. Biometals 15:15-25.

Woods JA, Young AJ, Gilmore IT, Morris A, Bilton RF (1997) Measurement of
menadione-mediated DNA damage in human lymphocytes using the comet
assay. Free Radic Res 26:113-124.

Wyllie AH (1980) Glucocorticoid-induced thymocyte apoptosis is associated with
endogenous endonuclease activation. Nature 284:555-556.

Xu C, Johnson JE, Singh PK, Jones MM, Yan H, Carter CE (1996) In vivo studies of
cadmium-induced apoptosis in testicular tissue of the rat and its modulation by a
chelating agent. Toxicology 107:1-8.

Yan H, Carter CE, Xu C, Singh PK, Jones MM, Johnson JE, Dietrich MS (1997)
Cadmium-induced apoptosis in the urogenital organs of the male rat and its
suppression by chelation. J Toxicol Environ Health 52:149-168.

Yu RA, Chen X, Lu W (2001) [Study on cadmium-induced hepatocellular apoptosis in
rats]. Wei Sheng Yan Jiu 30:271-272.

Zhao M, Yang X, Wei Q, Chen W, Lu C, Chen T (2000) [A study on apoptosis and
activity of SAPK/INK in adrenocortical cells induced by cadmium chloride].
Zhonghua Yu Fang Yi Xue Za Zhi 34:342-344.

Zhou T, Zhou G, Song W, Eguchi N, Lu W, Lundin E, Jin T, Nordberg G (1999)
Cadmium-induced apoptosis and changes in expression of p53, c-jun and MT-I
genes in testes and ventral prostate of rats. Toxicology 142:1-13.

236



Chapter 6

Effect of Cryopreservation on Leukocyte
Subpopulations and Immune Function Parameters in

Sheep Blood Preparations
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Introduction

The studies described in Chapter 5 demonstrated that frozen sheep blood is a promising
sample preparation for field-based biomonitoring studies when ex vivo exposures up to 3
hours in culture are performed. In addition to giving results equivalent to fresh blood in
both the Comet and PI exclusion assays, cryopreservation has a number of advantages.
Firstly, it is convenient, since samples can be collected over a selected time period and
stored for later analysis. Secondly, it helps to overcome problems associated with inter-
assay variation or with comparison of samples from different occasions or different

groups of animals, since all samples can be analysed together.

The overall objective of the study in this Chapter was to extend the previous findings
and to determine the effects that cryopreservation has on whole blood, collected under
field-based conditions, when used for immune-monitoring of sheep. Available
experimental animal data indicate that the immune system is a sensitive target for
chemical-induced toxicity, especially for the chlorinated compounds, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) (Burleson et al., 1996), polychlorinated
biphenyl (PCB) (Tryphonas et al., 1989, Brown et al., 1994, Summerfield et al., 2009)
and heavy metals (Yurkow and Makhijani, 1998, Marth et al., 2001) and is, therefore, a
useful target for environmental risk assessment studies with domestic animals such as

sheep.

Leukocytes are a major component of the mammalian immune systems and consist of
granulocytes (polymorphonuclear neutrophils and basophils), lymphocytes and
monocytes which are all functionally unique. Peripheral lymphocytes circulate in the
blood and aid in defending the body against infections and the intrusion of foreign
materials. The two main classes of lymphocytes are T and B lymphocytes, which differ
in functions and molecule secretions (Owen, 2012 ).

Leukocytes, their subpopulations and their stage of differentiation are typically
identified by different glycoprotein antigens expressed on their cell surfaces and these
antigens are named systematically by assigning them a cluster of differentiation (CD)

numbers which are recognized by specific antibodies. Flow cytometric
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immunophenotyping is the gold standard for distinguishing different leukocyte
subpopulations from each other by measuring the combinations of CD antigens on the
surface of the cells and has been used routinely in diagnostic analysis in clinical
medicine since its first commercialization in the 1950s, especially in diagnosing
immunologic and hematologic disorders (Muller-Steinhardt et al., 2009, Connelley et al.,
2011).

Among the many CD antigens on sheep leucocytes, CD11la and CD5 are especially
relevant to this study because of their specificity for selected leukocyte subpopulations.
There are antibodies available commercially which recognise ovine CD11a and CD5 and
that have been used for the detection of these surface markers by flow cytometry
(Mackay et al., 1985, Dhabhar et al., 1995, Gonzalez-Amaro and Sanchez-Madrid, 1999,
Halliday et al., 2005).

CD11a, which is part of the lymphocyte function-associated antigen-1 complex (LFA-1,
a P2, CD11a/CD18), is expressed on 100% of leukocytes in sheep blood (Gonzalez-
Amaro and Sanchez-Madrid, 1999). Granulocytes are identified as showing high levels
of CD11a expression (CD11a™"%") and lymphocytes are detected as showing low levels
of CD11a expression (CD11a""")(Mackay et al., 1990). CDS5 is expressed on 98% of T
lymphocytes (Mackay et al., 1985, Dhabhar et al., 1995) and is also expressed by B-1
lymphocytes (a relatively small subset -5% of B lymphocytes) in mammals including
sheep (Tornberg and Holmberg, 1995, Chevallier et al., 1998).

The measurement of the surface immunoglobulin (Ig) can be used as an alternative to the
use of CD antigens to identify ovine B lymphocytes. IgM is expressed on 100% of
sheep B lymphocytes in the peripheral blood and is the major immunoglobulin produced
in the primary immune response (Thompson and Hoffmann, 1971, Langezaal et al.,
2002, Halliday et al., 2005).

Exposure to viruses and chemicals may alter leukocyte subpopulations which can
adversely affect the immune function. This can be detected by changes in the expression
of CD antigens on the cell surface. Therefore, by measuring leukocyte subpopulations
one gets a broad picture of immune competence at the cellular level. Cadmium chloride
is an example of a chemical that is able to cause damage both to the humoral immune
response and the cell-mediated immunity (Dan et al., 2000, Langezaal et al., 2001). In
this study, leukocyte subpopulations were identified by the expression of CD11 for
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granulocytes vs. lymphocytes, the IgM cell surface antigens for B lymphocytes and CD5
for T lymphocytes.

When looking at the effects of sub-chronic exposure of environmental chemicals, it may
be necessary to look at biomarkers at the protein and gene levels to detect the subtle
changes that have both biological and toxicological significance (Duramad and Holland,
2011). Cytokines are small secreted soluble proteins that act as secondary messengers
and signal cells to mediate and regulate immunity and haematopoiesis (Cher and
Mosmann, 1987). Their excretion can be affected by sub-chronic exposure (lavicoli et
al., 2008). Clinical studies show that many cytokines play a role in autoimmunity,
allergy and chronic inflammation. Measurements of cytokine levels are useful for
understanding the pathogenesis of these conditions and as diagnostic and prognostic
indicators in each of these conditions. Quantification of cytokines following activation
of immune cells can also generate useful information regarding the mechanism of action
of environmental chemical contaminants which are possible triggers of T helper 1 (Th1)
autoimmune diseases, T helper 2 (Th2) allergic reactions and chronic inflammation
(Schmidt, 2011).

Signature cytokines produced by Thl and Th2 cells, as well as cytokines linked to the
acute phase response which triggers chronic inflammation, are of particular importance
and include:

IFN-y which is a signature cytokine produced by Thl lymphocytes that promotes cell-
mediated immunity both by increasing the presentation of viral peptides by antigen
presenting cells and by controlling the production of pro-inflammatory Thl cytokines
such as TNF-a and IL-12p70, making it a master regulator of autoimmunity (Wu et al.,
1994, Foster et al., 2007).

Interleukin-4 (IL-4) which is a key pleiotropic cytokine produced by Th2 lymphocytes
and mast cells. It induces Th2 lymphocyte differentiation and growth (Gross et al., 1993)
as well as the activation and growth of B lymphocytes and 1gG to IgE class switching,
all of which are prominent in allergic diseases (Snapper et al., 1988).

IL-6 which is a pro-inflammatory cytokine which has a wide range of functions
including stimulation of B and T lymphocytes and hepatocytes as well as the induction
of B lymphocyte hybridoma proliferation. While IL-6 is produced by many cell types,
including B and T lymphocytes, monocytes are thought to be the major source in the
body (Aarden et al., 1987, Van Snick, 1990). IL-6 initiates the acute phase response
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which is linked to the pathological conditions initially caused by chronic inflammation
(Hirano et al., 1988).

While peripheral blood lymphocytes produce a range of cytokines, a Thl cytokine (IFN-
v), @ Th2 cytokine (IL-4) and a pro-inflammatory cytokine (IL-6) were chosen for this
study because there are antibodies commercially available which can recognise or be
cross reactive to these ovine cytokines and which can be measured using intracellular
staining and detected by flow cytometry (Weynants et al., 1998, McWaters et al., 2000,
Pedersen et al., 2002).

Because of their roles in the regulation of the immune response, the cytokines IFN-y, IL-
4, and IL-6, are useful biomarkers for immunotoxicity in in vitro bioassays. Pool et al.,
(2003) used IL-6, to screen for inflammatory activity in whole blood. The measurement
of IFN-y and IL-4 can provide direct or indirect information on both immunostimulation
and immunosuppression by chemical exposure. For instance Langezaal et al., (2001 and
2002), showed that exposure of whole blood to a wide range of immunomodulatory

chemicals caused changes in IFN-y and IL-4 release.

In the case of immune function-dependent assays such as intracellular cytokine
production or cytokine secretion, in vitro stimulation is usually required to induce
specific immune functions. When measuring immune biomarkers in field—based immune
monitoring, ex vivo stimulation of peripheral blood lymphocytes followed by
measurement of intracellular cytokine production is extremely sensitive and relevant. In
addition, measurement of intracellular cytokine production does not have the inherent
problems associated with the measurement of secreted cytokines i.e. the rapid uptake of
secreted cytokines by nearby immune cells. To avoid this uptake, samples must be
analysed within 2-3 hours after blood collection to account for cytokine absorption
kinetics (Pala et al., 2000). This may be difficult in biomonitoring studies where samples

are collected in the field and then transported to a laboratory for analysis.

The flow cytometric-based method of intracellular lymphocyte cytokine detection has
proved to be a great advantage in immunology. This is because of the opportunity of
counterstaining with antibodies to cell surface CD antigens, thus allowing accurate
identification of the lymphocytes that produce the specific cytokines. When measuring
the intracellular production of pro-inflammatory cytokines in lymphocytes, the cells are
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stimulated by phorbol 12-myrisate 13-acetate (PMA) plus the calcium ionophore,
ionomycin, followed by inhibition of cytokine release using Brefeldin A (BFA)
(Andersson et al., 1990, North et al., 1996). PMA and ionomycin are commonly used as
stimulants and this combination activates protein kinase C (PKC) and calcium ion
influx, respectively, and these in turn induce cytokine expression of cells previously
activated by physiological stimuli. This is also used as a positive control to show the
potential expression by cells that respond weakly to other stimuli (Maino et al., 1995,
North et al., 1996, Jason and Larned, 1997, Sewell et al., 1997, Mascher et al., 1999,
Rostaing et al., 1999, Mendes et al., 2000, Baran et al., 2001). The blocking of cytokine
secretion and intracellular accumulation is achieved by treatment with BFA (Sander et
al., 1991, Jung et al., 1993, Dinter and Berger, 1998).

The aim of the present study was to immunologically characterize frozen sheep blood.
The different immune endpoints, leukocyte subpopulation analysis and intracellular
cytokine production following in vitro stimulation, were assessed to quantify the
distribution of leukocytes subsets circulating in the blood and the levels of cytokines that
these cells produce. The objective of the short term exposure of frozen blood to common
positive controls for genotoxic assays i.e. EMS & CdCl,, was to determine which
leukocyte subset was the most sensitive in relation to viability and responses. The
different immune endpoints were assessed with the prospect of using them as immune

markers in field-based monitoring.
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Materials & Methods

Animals

Three two-year-old Cheviot-cross ewes, tagged 401, 440 and 642, were derived from a
breeding stock at the Central Veterinary Laboratory (CVL), Dublin, Ireland. They were
housed together in one pen and provided with hay ad libitum in racks and water in a
large plastic container. The studies were conducted at a farm located 10 km from the
laboratory at which the cell isolations, culturing and assays were performed. All
experiments were conducted in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC), the Recommendation 2007/526/65/EC
and approved by the Animal Experimentation Ethics Committee of University College
Cork.

Chemicals & Reagents

All chemicals used were of the highest grade available: RPMI 1640 medium with 2mM
L-glutamine, heat-inactivated foetal bovine serum (FBS), HEPES, phosphate-buffered
saline (PBS), dimethyl sulphoxide (DMSO), ethyl methanesulphonate (EMS),
propidium iodide (PI), lymphocyte separation medium (Histopaque 1083), phorbol 12-
myrisate 13-acetate (PMA), ionomycin; Brefeldin A (BFA), formaldehyde, bovine
serum albumin (BSA), sodium azide and glucose were purchased from Sigma-Aldrich
(Ireland). The antibiotic, gentamycin, was procured from GIBCO (UK). Sterile 24-well
tissue culture plates were purchased from Sarstedt (Ireland). Ammonium chloride RBC
lysis buffer (Pharmlyse), sodium heparin and potassium EDTA blood collection tubes
(9ml) were procured from BD Biosciences (Ireland). Leucoperm (A and B) and all flow
cytometry antibodies used were obtained from Serotec (UK): monoclonal mouse anti-
bovine CD5: FITC antibody, clone CC15 (IgG1), mouse IgGL:FITC (IgG1l isotype
control), monoclonal mouse anti-ovine CD11a:FITC clone 72.87 (IgG2a) ; mouse
1gG2a:FITC (IgG2a isotype control), monoclonal mouse anti-ovine IgM:FITC clone
25.69 (1gG1) ; monoclonal mouse anti-bovine interleukin-4:RPE clone CC303 (1gG2a),
mouse 1gG2a:RPE (lgG2a isotype control), monoclonal mouse anti-ovine interleukin-6

clone 4B6(IgG1), mouse IgG1l (IgG1l isotype control), polyclonal rabbit F(ab"), anti-
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mouse IgG:FITC and monoclonal mouse anti-bovine interferon gamma:FITC clone
CC302 (IgG1). Cadmium chloride (CdCl,.5H,0) was obtained from Alkem (Ireland).

Blood Collection

Jugular blood samples were extracted from the ewes after they were restrained in
individual small pens. Blood (50-60 ml) was collected from each ewe in 9 ml sodium
heparin and potassium EDTA tubes. The blood was then divided with some being used
for PBMC isolation, some for the preparation of fresh whole blood by dilution and the
remainder was cryopreserved as described previously in Chapters 2, 3 and 4 and shown

in Figure 1.

SN

Ficoll

Density

Gradient +DMSO

Centrifugatio Crypopreservation
WBC

RBC
Fresh
PBMCs Whole Frozen
Blood Blood

Figure 1. Schematic of the Different Blood Sample Processing Methods Used in
this Chapter.
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Haematology and Serum Biochemistry

Blood differential leukocyte counts were determined in potassium-EDTA-blood tubes
using an automated haematology analyser (Sysmex F-820, courtesy of the Munster
Regional Veterinary Laboratory, Co Cork, Ireland). Serum biochemistry was assessed
to determine the health status of each sheep before proceeding with the processing of

samples. Both methods are described in detail in Chapter 4.

Sample Preparation

Isolation of PBMCs

Fresh sheep PBMCs were isolated from heparinised blood by routine Ficoll-density
gradient centrifugation as described by Boyum (1968) and as detailed previously in
Chapter 2.

Fresh Whole Blood

Fresh whole blood (Iml) was diluted with 2 ml of complete culture medium, mixed
gently and put in culture as described by Connor et al, (2000) and as detailed previously
in Chapter 3.

Frozen Blood

After 150 pl of DMSO was added to 1350 pl of fresh sheep blood, the cryovials were
placed in a slow-freeze container, stored in a —80°C freezer for 24 hours and then stored

in a liquid nitrogen dewar as detailed previously in Chapter 3.
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Thawing of Frozen Blood

Frozen samples were thawed in a 37°C water bath according to the procedure adapted
from the protocol described by Reimann and colleagues (Reimann et al., 2000). Slow
dilution with thawing medium was followed by centrifugation and suspension as

detailed previously in Chapter 3.

Cell Culture

The cells from each sample preparation were cultured at 37°C in a 5 % CO; humidified
incubator in RPMI 1640 medium supplemented with 2 mM L-glutamine, heat
inactivated 10 % foetal bovine serum (FBS), 10 mM HEPES and 20 pg /ml gentamycin.
200 pul of the appropriate cell suspension was added to wells in 96-well plates which

were incubated for 1 hour 30 minutes at 37°C prior to exposures.
Cell Surface Marker Analysis

The CD5 and CD1la antibodies used were conjugated to the fluorescent dye,
fluorescein isothiocynate (FITC). These antibodies and isotype controls were each
diluted in PBS/1% (w/v) BSA/20 mM glucose and stored at 4°C before use. The cells
from each sample preparation were cultured for 3 hours in a 24-well plate as described
previously and then 200 ul of the cell suspension was removed and transferred in a flow
tube. Tubes were centrifuged for 7 minutes at 400 x g and the supernatant discarded and
100 pl of PBS/1% (w/v) BSA/20 mM glucose was added to each tube. 10 pl of each
antibody solution or isotype controls was added to the appropriate flow tubes which
were incubated in the dark for 30 minutes at room temperature. The cells were washed
with 2 ml of PBS/BSA added to the flow tubes and they were centrifuged for 7 minutes
at 300xg and the supernatant discarded. The cells were then resuspended in 0.1 % (v/v)
formalin in PBS/1% (w/v) BSA and stored at 4°C in the dark until flow cytometry

analysis was performed within 24 hours of staining.

The immunofluorescent staining of IgM expression on B lymphocytes required an

additional procedure to remove serum immunoglobulin which would otherwise interfere
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and block staining with immunoglobulin-specific antibodies. Blood (1ml) was mixed
well with 13 ml of PBS/BSA (pre-warmed to 37°C in a 15 ml tube) and centrifuged at
400 x g for 7 minutes. The supernatant was carefully aspirated and the pellet
resuspended in the residual supernatant. The process was repeated (two washes in total)
before continuing with staining with the FITC conjugated anti-IgM antibody following
the procedure described above. All these FITC conjugated detection antibodies were

used in tandem with the viability dye, propidium iodide.

Propidium lodide (PI) Exclusion Assay

The viability of lymphocytes in blood sample preparations was determined by the
propidium iodide (PI) exclusion assay as described by Moore et al., (1998) and as
detailed in Chapter 2. As stated previously, the only cell types that were analysed in the
blood sample preparations were lymphocytes and granulocytes as the monocytes and

dendritic cells were still attached to the plastic tissue culture plates.

Lymphocyte Cytokine Induction and Intracellular Cytokine Staining

Sample preparations, 1ml of PBMCs, fresh and frozen whole blood containing 1 x 10°
lymphocytes were incubated with 10 ug/ml Brefeldin A (BFA), 25 ng/ml phorbol 12-
myristate 13-acetate (PMA) and 1 pg/ml ionomycin at 37°C in 5% CO, for 4 hours to

stimulate the lymphocytes for cytokine production.

Spontaneous cytokine production in unstimulated controls was assessed in an equivalent
manner without the PMA and ionomycin treatments but with 10 ug/ml BFA only. After
exposures, the red blood cells in fresh and frozen blood samples were lysed using an
ammonium chloride lysing agent, Pharmlyse, (1X ) where the 10X concentrate was
diluted 1:10 with distilled water and warmed to room temperature prior to use. 1X
lysing solution (1.0 ml) was added to each tube containing up to 200 ul of a fresh whole
blood or frozen blood. Each tube was gently vortexed immediately after adding the
lysing solution. The tubes were then incubated at room temperature, protected from
light, for 15 minutes. The cell samples were then centrifuged at 400 x g for 7 minutes
and then the supernatant was carefully aspirated without disturbing the pellet. PBS (2

ml) containing 1% heat-inactivated fetal bovine serum and 0.1% sodium azide was
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added and the tubes centrifuged at 400 X g for 7 minute and then the supernatant, was
carefully aspirated without the disturbing pellet. After culture, harvesting and washing,
the cells were resuspended in 250 pl of medium. The cell suspension (100 pl) was
fixed and permeabilized using Leucoperm according to the manufacturer’s protocol:
Leucoperm A solution (50 pl) was added to each tube, to fix the external epitopes and
after a wash and centrifugation at 400 x g for 7 minutes, 50 pul of Leucoperm B solution
was added for permeabilization along with 10 pl of the anti-cytokine monoclonal
antibodies to IFN-y, IL-4 and IL-6. The tubes were then incubated in the dark for 30
minutes at room temperature. After washing with PBS containing 1% (w/v) BSA and
0.1% (w/v) sodium azide, cells were resuspended in 1% formaldehyde in PBS and
stored at 4°C in the dark until measurement. All samples were analysed by flow
cytometer within 24 hours of staining the cells.

Minor changes were made to the protocol for the intracellular staining of I1L-4 due to the
low quantity produced. In order to increase the chances of detection, the samples were
double stained with both the anti-1L-4: RPE (R-phycoerythrin) and the anti-CD5-FITC
antibodies. This allowed the selection of the CD5'(T lymphocytes) subpopulation
through gating during flow cytometric analysis. After culture, harvesting and washing,
100 pl of the blood sample was added to a flow tube and 10 pl of the anti-CD5-FITC
antibody was added and incubated for 15 min. The preparation was washed again and
centrifuged for 7 minutes at 400 x g. The rest of the procedure was the same as that used

earlier for the intracellular staining of cytokines.

Due to the lack of a commercially available fluorochrome-conjugated IL-6 antibody, the
protocol for IL-6 staining was changed to an indirect immunofluorescence staining in
which the unconjugated monoclonal antibody recognizing ovine IL-6 was visualised
using a FITC-conjugated secondary antibody. After the first incubation step with anti-
ovine IL-6, cells were washed and incubated with 10 pL of the F(ab), rabbit anti-mouse
IgG:FITC (secondary antibody) in PBS/1% (w/v) BSA/0.1% sodium azide heat
inactivated rabbit serum for 30 minutes at room temperature in order to minimise non-
specific binding of the secondary antibodies. The rest of the procedure was similar to
the standard intracellular staining protocol used above.
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Flow Cytometric Analysis

Flow cytometric analysis was performed on a FACS Calibur instrument (Becton
Dickinson, UK). Readings were taken on a minimum of 10,000 leukocytes and the
percentage of positive cells within two gated populations, ‘‘Granulocyte gating’” and
““‘Lymphocyte gating’’ was determined for each staining. Lymphocyte and granulocyte
gating were determined by analysing the forward scatter (FSC) and side scatter (SSC)
profile of the whole blood on a dot plot as shown in Figure 2A. Objective gating was
used based on those cell populations identified from the Cell Quest Pro manual (Becton
Dickinson, UK). The criteria for gating included lymphocytes which were both positive
and negative for Pl staining. These gates were further verified using the differential
staining of the CD11a antibody as shown in Figures 2C and 2D, which has either low or
high expression depending on the leukocyte population. The same gates were used for
all sheep samples. Data were acquired and analysed using Cell Quest Pro software
(Becton Dickinson, UK). For certain samples, the mean fluorescence intensity (MFI)
was also determined, as a measure of changes in the mean expression of the cytokine

molecules on the cells.
Statistical Analysis

Results are presented as means = SD from 3 independent experiments. All statistical
analyses were performed using SigmaStat software (version 2.03). Data were tested for
normality using a Kolmogorov-Smirmnov test. Differences between groups were
analysed using a one-way ANOVA followed by a Tukey post-hoc test for multiple
comparisons. Statistical correlation and linear regression analysis were performed using
Prism 4.05 software. Statistical significance was set at p<0.05 and significant levels

were defined as *p<0.05, ** p<0.01, *** p<0.001.
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Haematology and Serum Biochemistry Analysis

Results

The blood differential leukocyte counts measured for each sheep are shown in Table 1

and were within the specifications as detailed by the MRVL for healthy sheep.

Sheep ID
Test Normal
401 440 642
range
Lymphocytes % 60 75 66 40-75
neutrophils % 31 16 24 10-50
Band neutron % 1.0 0.0 0 0-2
Eosinophils % 6 3 3 0-10
Monocytes % 2 0 4 0-6
Basophils % 0 1 3 0-3
RBC x 10™/L 1223 | 13.08 12.13 9-15
WBC x 10%/L 9.2 7.75 9.9 4-12
Lymphocytes x 10%/L 5.52 6.32 5.53 2-9
Neutrophils x 10%/L 2.65 1.28 2.36 0.7-6.0
Band Neutrophils x 10°/L 0.09 0 0 0-0.1
Eosinophils x 10°/L 0.55 0.24 0.30 0-1
Monocytes x 10°/L 0.18 0 0.4 0-0.75
Basophils x 10°/L 0 0.1 0.30 0-0.3

Table 1. Differential Blood Leukocyte Counts from the Three Sheep Used in this

Study.
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The serum biochemistry parameters measured for each sheep are shown in Table 2 and

were within the specifications as detailed by the MRVL for healthy sheep.

Serum
Biochemistry
Parameter: 401
Glucose 80 mg/dl
Blood Urea
Nitrogen (BUN) 14 m/dl
Creatinine 1.4 mg/dl
Calcium 12.2 mg/dl
Phosphorus 7.7 mg/dl
Total Protein 6.8 g/dI
Albumin 2.7 g/dl
Alkaline
Phosphatase 223 IU/L
(ALP)
Sorbitol
Dehydrogenase 13 IU/L
(SDH)
Aspartate
Aminotransferase| 180 IU/L
(AST)
Creatine
Phosphokinase 323 1IU/L
(CPK)
Chloride 102 mEg/L
Potassium 5.5 mEq/L
Sodium 134 mEqg/L

440
75 mg/dl
18 mg/dl

1.8 mg/dl
13.5 mg/dl
6.6 mg/dl
6.4 g/dl
2.7 g/dl

213 IU/L

13 1U/L

160 1U/L

213 IU/L

105 mEq/L
5.8 mEg/L
148 mEq/L

Sheep ID
642
70 mg/dl
18 mg/dl

1.5 mg/di
11.6 mg/dl
8.8 mg/dl
7.0 g/dl
2.8 g/di

264 IU/L

211 U/L

150 IU/L

205 IU/L

92 mEg/L
5.2 mEg/L
139m Eq/L

Normal Range

44-81 mg/dI
10-26 mg/ dI

0.9-2.0 mg/ dl
9.3-13.7 mg/ dI
4.0-9.3 mg/ dI
5.9-7.8 g/ dl
2.7-3.7 g/ dl

97-266 1U/L

3.5-21 IU/L

49-183 IU/L

107.7-351 IU/L

91-113 mEg/L
4.3-6.3 mEg/L
132-160 mEg/L

Table 2. The Serum Biochemistry Profiles of the Blood of the Three Sheep Used in

this Study.
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Immunophenotyping Profiles of Leukocyte Subpopulations in Blood.

The cell surface markers, CD5, CD11a and IgM, were measured by flow cytometry to
assess the distribution of leukocyte subpopulations in three different sheep.
Lymphocytes (L) and granulocytes (G) were differentiated by gating on individual
populations forward scatter (FSC) vs. side scatter (SSC) to separate the leukocyte
subpopulations in terms of size, shape and granularity as shown in Figure 2A. All the
samples were gated with the same criteria for all animals. The distribution of gated
peripheral blood granulocytes (Figure 2C) and lymphocytes (Figure 2D) were also
identified using the differential expression of CD11a which are consistently used as the
criteria to classify the cells as shown in Figures 2C and 2D. In the lymphocytes gate,
CD11a (CD11a""") expression was much lower than the CD11a expression (CD11a"%")

in the granulocyte gate.

The percentage of gated peripheral blood T lymphocytes and B lymphocytes were
identified using CD5 expression (Figure 2E) and IgM expression (Figure 2 F) in
lymphocytes (analysed as gated using FSC/SCC): 59-65% were CD5 positive and 23-
30% were IgM positive. All samples were also stained using the corresponding isotype
control antibody for each cytokine antibody. The isotype control staining for each
antibody served two purposes. Firstly, it confirmed the specificity of the primary
antibody. Secondly, it showed the background fluorescence resulting from mouse Fc
receptor mediated binding and other non-specific cellular protein interactions. The
appropriate staining procedures were verified by using the isotype control antibodies
and a typical example of the negative control staining pattern is shown in Figure 2B.
This negative control pattern can correct for non-specific staining and inform whether

gates are in the right position.
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Figure 2. Flow Cytometry Profiles of Different Leukocyte Subpopulations from Sheep using
Different Parameters. A dot plot of whole sheep blood is differentiating between lymphocytes (L) and
granulocytes (G) using forward scatter (FSC) vs. side scatter (SSC) as shown in Figure 2A. Fluorescence
(CD11a) vs. frequency histogram shows the distribution of gated peripheral blood granulocytes (Figure
2C) and lymphocytes (Figure 2D) using mouse anti-ovine CD11a:FITC (IgG2a) as shown in Figures 2C
and 2D. Fluorescence (CD5 or IgM) vs. frequency histogram shows distribution of gated peripheral blood
T and B lymphocytes, respectively, using mouse anti-bovine CD5:FITC(IgG1) (Figure 2E) and mouse
anti-ovine IgM:FITC(IgG1) (Figure 2F) antibodies as shown in Figures 2E and 2F. A fluorescence
(isotype) vs. frequency histogram showing the staining pattern of mouse 19G2a:FITC (isotype control for
the anti-Ovine CD11a:FITC) is shown in Figure 2B and is a typical result for all the isotype controls.
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Comparison of the Two Methods, Automated Haematology Analyser
and CD1la Cell Surface Marker Expression, used to Measure the

Leukocyte Subpopulations in Fresh Whole Blood

There was no significant difference in the relative proportions of the leukocyte
subpopulations, lymphocytes and granulocytes, in fresh whole blood when either an
automated haematology analyser or CD11a cell surface marker expression, as measured

by flow cytometer, was used to measure them (Figure 3).

100~
@8 Lymphocytes
@ Granulocytes
75
X 50
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Haematology analyser Cell surface markers

Figure 3. Comparison of the Two Methods, Automated Haematology Analyser and CD11a Cell
Surface Marker Expression, used to Measure the Leukocyte Subpopulations in Fresh Whole Blood:
Data compare the standard automated haematology analyser method and cell surface marker expression
anti CD11a to measure the proportion of lymphocytes and granulocytes in fresh whole sheep blood. All
values are expressed as percentages of total leukocytes. Values represent the mean + SD of one
representative experiment from three independent experiments from 3 different sheep. * Represents a
significant difference between the automated haematology analyser and CD marker analysed
subpopulations P< 0.05 ** p< 0.01 *** p< 0.001
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The Effect of Sample Processing and Cryopreservation on Leukocyte

and Lymphocyte Subpopulations in Blood.

The freezing and thawing procedure significantly reduced the percentage of
granulocytes in frozen whole blood (p<0.01) as measured in whole blood by the
reduction of % CD11™" cells. This reduction was confirmed using the flow cytometer
parameters FSC (forward scatter) and SSC (side scatter). Thus freezing and thawing
procedure altered the distribution of lymphocytes and granulocytes within the leukocyte
population (Figure 4A) but this cell distribution is not further altered further by
culturing for 3 hours (Figure 4A).

The relative proportions of T and B lymphocytes as measured by the percentage of CD5
cells and IgM cells were the same in fresh whole blood and frozen blood and were not

altered by culturing for 3 hours (Figure 4B).
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Figure 4. The Effect of Sample Processing on the Relative Proportions of Leukocyte and
Lymphocyte Subpopulations before and after 3 Hours in Culture. The proportion of
lymphocytes and granulocytes in fresh and frozen blood are shown in Figure 4A. The proportions of T
cells and B lymphocytes are shown in Figure 4B. All values are expressed as percentages and represent
the mean + SD of one representative experiment from three independent experiments from 3 different
sheep. * Represents a significant difference between the fresh and frozen samples subpopulations P< 0.05
**p< 0.01 *** p< 0.001
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Effect of Storage in Different Anticoagulants on the Viability of
Leukocyte and Lymphocyte Subpopulations in Frozen Blood.

The expression of the cell surface markers, CD5, CD11a and IgM, and the level of
propidium iodide exclusion were measured by flow cytometry after 3 hours in culture to
assess the % of cell viability of each subpopulation of leukocytes in frozen blood
collected in tubes with 2 different anticoagulants, sodium heparin (NaH) and potassium
EDTA (KEDTA). Fresh blood samples were not included in this study due to time

constraints in dealing with a large number of samples.

The distribution between peripheral blood granulocytes and lymphocytes was identified
using the differential expression of CD11a, whereas the distribution between peripheral
blood T lymphocytes and B lymphocytes was identified using CD5 expression and IgM
expression, respectively. There was no difference between the distribution of the
different leukocyte populations for the frozen blood when stored in either of the
anticoagulants, sodium heparin or potassium EDTA (data not shown). The viability of
each of the leukocyte subpopulations was measured by double staining the leukocytes
with the cell surface markers and propidium iodide and gating on granulocytes or
lymphocytes or both. The use of KEDTA storage tubes instead of NaH tubes caused a
significant reduction in the viability of leukocytes by 7.5% (p<0.01) to 83%,
lymphocytes by 6.5% (p<0.01) to 84%, T lymphocytes by 5% (p<0.05) to 80% and B
lymphocytes by 8.5% (p<0.01) to 81% (Figure 5). There was no significant difference in
the viability of granulocytes for the frozen blood stored in the different anticoagulants.
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Figure 5. Effect that Storage in Different Anticoagulants has on the Viability of Leukocyte and
Lymphocyte Subpopulations in Frozen Blood. Data represent the viability of sheep blood leukocytes,
lymphocytes and granulocytes as well as the lymphocyte subpopulations T and B lymphocytes in frozen
blood. Each cell surface marker was double stained with propidium iodide (PI) and all values are
expressed as a percentage of cell viability of each subpopulation. Values represent the mean + SD from
three independent experiments from 3 different sheep. * Represents a significant difference between
sodium heparin (Na H) and potassium EDTA (K EDTA) stored frozen blood samples subpopulations P<
0.05 ** p< 0.01 *** p< 0.001
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Effect of Storage in Different Anticoagulants on the Response of
Leukocyte and Lymphocyte Subpopulations in Frozen Blood to Ethyl
Methylsulphonate in Cytotoxicity Assays over 3 Hours in Culture.

Because exposure to EMS for more than 3 hours caused substantial cytotoxicity in
frozen blood, the 3 hour time point was chosen (data not shown). When frozen blood
was collected in sodium heparin (NaH) collection tubes, EMS had no cytotoxic effect
on any cell type when the 1 mM dose was used. At a dose of 2.5 mM, there was a
significant (6 %) reduction (p<0.05) in B lymphocytes but no effect on the other
populations. At a dose of 5 mM, there was a significant (10 %) reduction (p<0.01) to 80
% in B lymphocytes and a significant (8 %) reduction (p<0.01) in granulocytes to 64 %.
but no significant effect on the total lymphocytes or the T lymphocytes subpopulation
(Table 3).

When frozen blood was collected in potassium EDTA (KEDTA) blood collection tubes,
EMS had only a slight cytotoxic effect when the 1 mM dose was used as it did not cause
any reduction in the viability of T lymphocytes or granulocytes but it did cause a
significant (7 %) reduction (p<0.05) to 74 % in B lymphocytes. At a dose of 2.5 mM,
there was a significant (10 %) reduction (p<0.01) to 71 % in B lymphocytes, a
significant (15 %) reduction (p<0.01) to 65 % in T lymphocytes and a significant (14
%) reduction (p<0.01) in granulocytes to 52 %. At a dose of 5 mM, there was a
significant (13 %) reduction (p<0.01) to 68 % in B lymphocytes, a significant (20 %)
reduction (p<0.001) to 60 % in T lymphocytes, a significant (5 %) reduction (p<0.05) to
79 % in total lymphocytes and a significant (8 %) reduction (p<0.01) in granulocytes to
64 % (Table 3).
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Concentrations of EMS
Blood
T D o | Cell population | OmMM | ImM | 2.5mM | 5mM
7299 | 72.41 7115 | 64.01
NaH Granulocytes | cp11a™" | Granulocytes +2.12 | £0.91 +1.86 | ¥1.76
NS NS *k
90.98 | 89.12 85.15 83.40
NaH Lymphocytes | cp11a' | Lymphocytes +0.43 | +0.58 +1.46 | +1.56
NS NS NS
85.86 | 84.13 80.10 | 79.42
NaH Lymphocytes | cps T-Lymphocytes | #1.41 | +0.82 +3.31 +2.46
NS NS NS
90.61 | 85.04 83.44 [ 80.83
NaH Lymphocytes | g B-Lymphocytes | +1.39 | +4.28 +3.42 | £3.17
NS * **
67.69 |58.20 52.85 | 52.69
K EDTA| Granulocytes | cp11a™" | Granulocytes +0.27 | +2.56 +4.93 | +3.16
NS ** *k**%*
84.43 | 81.35 81.14 | 80.30
K EDTA| Lymphocytes | cp112"" | Lymphocytes +1.04 | +2.02 +1.43 +1.02
. NS NS *
80.70 | 72.58 65.36 | 60.02
K EDTA| Lymphocytes | cps T-Lymphocytes | +1.70 | +2.75 +4.83 +2.38
NS ** *k**%x
81.93 | 74.76 7158 | 68.68
K EDTA| Lymphocytes | g B-Lymphocytes | +0.36 | %0.20 +2.82 | +3.52
* ** *kk

Table 3. Effect that Storage in Different Anticoagulants has on the Response of Leukocyte and
Lymphocyte Subpopulations in Frozen Blood to Ethyl Methylsulphonate in Cytotoxicity Assays
over 3 Hours in Culture. The viability of lymphocytes and granulocytes as well as the lymphocyte
subpopulations, T lymphocytes and B lymphocytes after exposure of frozen blood to various EMS
concentrations after the blood was collected in either sodium heparin (NaH) or potassium EDTA
(KEDTA) are shown in the Table. Each cell surface marker was double stained with propidium iodide
(P and all values are expressed as a percentage of cell viability of each subpopulation. Values in each
column represent the mean + SD from three independent experiments from 3 different sheep. *
Represents a significant difference between control and the EMS treated groups P< 0.05 ** p< 0.01 ***

p< 0.001
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Effect of Storage in Different Anticoagulants on the Response of
Leukocyte Subpopulations in Frozen Blood to Cadmium Chloride in

Cytotoxicity Assays over 3 Hours in Culture.

When frozen blood was collected in sodium heparin (NaH) blood collection tubes,
exposure to 100 uM CdCl; for 3 hours had no cytotoxic effect. At a dose of 333 pM,
there was a significant (3 %) reduction (p<0.05) to 87 % in B lymphocytes. At a dose of
500 uM, there was a significant (5 %) reduction (p<0.01) to 85 % in B lymphocytes and
a significant (10 %) reduction (p<0.01) to 60 % in granulocytes (Table 4).

When frozen blood was collected in potassium EDTA (KEDTA) blood collection tubes,
CdCl;, had no cytotoxic effect when the 100 uM dose was used. At a dose of 333 uM,
there was a significant (12 %) reduction (p<0.05) in granulocytes to 55 %. but it had no
significant effect on any of the lymphocytes subpopulations. At a dose of 500uM, there
was a significant (7 %) reduction (p<0.05) to 73 % in B lymphocytes, a significant (6
%) reduction (p<0.01) to 75 % in T lymphocytes, a significant (5 %) reduction (p<0.05)
to 79 % in total lymphocytes and a significant (15 %) reduction (p<0.01) in
granulocytes to 52 % (Table 4).
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Concentrations of CdCl,

Blood CD Cell
Gate OpM | 100 pM | 333 uM | 500 pM
Tube marker | population
70.66 65.77 62.82 60.06
NaH | Granulocytes | CD11a™" | Granulocytes +3.46 | +193 | +365 | £065

NS NS **

87.81 85.60 |85.32 | 84.00
NaH | Lymphocytes |CD11a® | Lymphocytes | +108 |+0.78 |+0.72 |+1.84

NS NS NS

85.86 85.20 81.08 80.16

NaH Lymphocytes | CD5 T-Lymphocytes | +1.41 +029 | +251 | +164
NS NS NS

90.61 90.61 87.17 85.14

NaH Lymphocytes | IgM B-Lymphocytes | + 1 39 +207 | +047 | +1.98
NS * **

67.69 58.20 55.72 52.85

K EDTA| Granulocytes | CD11a"™" | Granulocytes +0.27 55-56 f0-50 f*4-93

| 84.43 81.35 81.14 79.30
K EDTA| Lymphocytes | CD11a® | Lymphocytes +1.04 +202 | +143 +1.02

NS NS *
80.70 78.18 77.29 75.55
K EDTA| Lymphocytes | CD5 T-Lymphocytes | +1.70 +203 +215 +0.78
NS NS el
81.93 79.49 77.42 73.44
K EDTA| Lymphocytes | IgM B-Lymphocytes | +036 | +1.07 |£3.10 |+0.75
NS NS e

Table 4. Effect that Storage in Different Anticoagulants has on the Response of Leukocyte and
Lymphocyte Subpopulations in Frozen Blood to Cadmium Chloride in Cytotoxicity Assays over 3
Hours in Culture. The viability of lymphocytes and granulocytes as well as the lymphocyte
subpopulations T cells and B cells after exposure of frozen blood to various concentrations of CdCl, after
the blood was collected in either sodium heparin (NaH) or potassium EDTA (K EDTA) are shown in the
table. Each cell surface marker was double stained with propidium iodide (PI) and all values are
expressed as a percentage of cell viability of each subpopulation. Values in each column represent the
mean + SD from three independent experiments from 3 different sheep. *represents a significant
difference between control and the CdCl, treated groups P< 0.05 ** p< 0.01 *** p< 0.001
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Flow Cytometry Profiles of Cytokines from Fresh Whole Blood

The cytokines, IL-4, IL-6 and IFN-y, were measured to assess the immune function of
sheep lymphocytes. In pilot studies, there was very low cytokine production detected
when the lymphocytes were stimulated for 3 hours (data not shown). A stimulation time
of 4 hours was used because it did not cause a decrease in the viability of the
lymphocytes (data not shown). Fresh whole sheep blood was cultured in the presence of
Brefeldin A (BFA) (untreated) or stimulated with phorbol 12-myrisate 13-acetate
(PMA)-ionomycin (1) in the presence of BFA. Lymphocytes (identified through gating)
from fresh sheep whole bloods were stained with either the isotype control mouse 1gG1:
FITC (Figure 6A) or mouse anti-bovine Interferon gamma:FITC (Figure 6B and 6C).
Due to the low production of IL-4 from lymphocytes (identified through gating) from
fresh whole sheep blood, the lymphocytes were double stained with mouse anti-Bovine
CD5:FITC (1gG1) and mouse anti-bovine IL-4:RPE clone CC303 (IgG2a) antibodies to
improve the detection of this cytokine by gating for CD5" cells (Figure 7B).
Lymphocytes (identified through gating) from fresh sheep whole bloods were stained
with either the isotype control mouse IgG1 (IgG1l) (Figure 8A) and mouse anti-ovine
Interleukin-6 (IgG1) (Figure 8B and 8C) and both were visualised using the polyclonal
rabbit F (ab"), anti-mouse IgG:FITC secondary antibody.

11.5 % of stimulated lymphocytes were IFN-y positive (Figure 6C) compared to 0.4 %
for unstimulated lymphocytes (Figure 6B).

4.5 % of stimulated CD5 lymphocytes (T lymphocytes) were IL-4 positive compared to
0.9 % for unstimulated T lymphocytes (Figures 7A (C) & 7A (B)).

2.0 % of stimulated lymphocytes were 1L-6 positive compared to 0.5% for unstimulated
lymphocytes (Figures 8B and 8C). All samples were stained using the corresponding
isotype control antibody for each cytokine antibody. There was a typical staining pattern
for all negative control isotype antibodies (Figures 6A, 7A (A) & 8A).
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Figure 6. Flow Cytometry Analysis of Intracellular IFN-y in Lymphocytes from Fresh Whole Blood
Following PMA-I Activation. Fresh whole sheep blood cultured for 4 hours in medium in the presence
of Brefeldin A (B) or stimulated with PMA-ionomycin in the presence of Brefeldin A (C), was stained
with anti-bovine IFN-y:FITC (IgG1) antibody or stimulated with PMA-ionomycin in the presence of
Brefeldin A was stained with mouse 1gG1:FITC isotype control (A) antibody.
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Figure 7. Flow Cytometry Analysis of Intracellular IL-4 in CD5+ Lymphocytes from Fresh Whole
Blood Following PMA-lonomycin Activation.

(Figure 7A) Fluorescence (IL-4) vs. frequency histogram shows the distribution of gated peripheral blood
CD5" lymphocytes from fresh whole sheep blood cultured for 4 hours in medium in the presence of
Brefeldin A (11) or stimulated with PMA-ionomycin in the presence of Brefeldin A (I11), was double
stained with anti-bovine interleukin-4:RPE (IgG2a) and anti-bovine CD5:FITC (IgGl) antibodies or
stimulated with PMA-ionomycin in the presence of Brefeldin A was double stained with mouse
1gG2a:RPE isotype control and anti-bovine CD5:FITC (IgG1) antibodies (1).

(Figure 7B) A dot plot of fresh whole sheep blood cultured for 4 hours in medium in the presence of
Brefeldin A or stimulated with PMA-ionomycin in the presence of Brefeldin A, was double stained with
anti-bovine interleukin-4:RPE (1gG2a) and anti-bovine CD5:FITC (IgG1) antibodies.
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Figure 8. Flow Cytometry Analysis of Intracellular IL-6 in Lymphocytes from Fresh Whole Blood
Following PMA-lonomycin Activation. Fresh whole sheep blood cultured for 4 hours in medium in the
presence of Brefeldin A or stimulated with PMA-ionomycin in the presence of Brefeldin A was stained
with the mouse anti-ovine interleukin-6 (IgG1l) antibody and polyclonal rabbit F(ab"), anti-mouse
IgG:FITC antibody or stimulated with PMA-ionomycin in the presence of Brefeldin A was stained
isotype control mouse IgG1 (IgG1) and polyclonal rabbit F(ab"), anti-mouse IgG:FITC (A).
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The Effects of Sample Processing on Immune Function as Shown by

Cytokine Responses of Lymphocytes

Cytokine Profiles for both Stimulated and Unstimulated Lymphocytes in PBMCs
and Fresh Whole Blood

The percentages of cytokine-positive lymphocytes in fresh PBMCs and fresh whole
blood after 4 hours incubation time in the 3 sheep studied are shown in Figures 9A and
9B. The synthesis of IFN- vy (p<0.001) and IL-6 (p<0.01) were significantly enhanced in
PMA+lonomycin (PMA+I) stimulated lymphocytes compared to unstimulated
lymphocytes. The synthesis of IL-4 (p<0.001) was significantly enhanced in PMA+I
stimulated CD5*lymphocytes compared to unstimulated CD5*lymphocytes.
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Figures 9A and 9B. Cytokine Profiles for Fresh PBMCs (9A) and Fresh Whole Blood (9B).
Percentages of IFN-y and IL-6 positive sheep lymphocytes or IL-4 positive sheep CD5'lymphocytes
which were either resting or PMA+lonomycin stimulated after 4 hours in culture. Values represent the
mean + SD from 3 different sheep from three independent experiments. Statistics were performed on n=3
mean values £ SD where n is an independent experiment. * Represents a significant difference of
treatment groups compared to its corresponding control i.e. untreated * P< 0.05 ** p< 0.01 *** p< 0.001
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Cytokine Profiles for both Stimulated and Unstimulated Lymphocytes in Frozen
Blood

The percentages of cytokine-positive lymphocytes in frozen sheep blood after 4 hours
incubation time in the 3 sheep studied are shown in Figure 10A. Significantly enhanced
IFN-y synthesis was found for the PMA+I stimulated lymphocytes (p<0.001) compared
to unstimulated lymphocytes in all 3 sheep studied. When using the mean values of I1L-4
expression from the PMA+I stimulated lymphocytes for the 3 sheep, there was a p value
just above significance (p=0.057). However, there was a significant increase in IL-4
positive lymphocytes following stimulation compared to the unstimulated lymphocytes
in each of the 3 sheep measured 401 (p<0.01), 440 (p<0.05), 642 (p<0.01) as shown in
Figure 10B. Surprisingly, there was enhanced IL-6 synthesis found in the unstimulated
lymphocytes from frozen blood samples compared to unstimulated lymphocytes in the
fresh samples in Figure 11. This level of IL-6 synthesis could not be increased to a

significant level by PMA+I stimulation in any of the sheep analysed (p=0.078).
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Figure 10A. Cytokine Profiles for Frozen Blood Percentages of IFN- y and IL-6 postive sheep
lymphocytes or IL-4 positive sheep CD5 lymphocytes which were either resting or PMA +lonomycin
stimulated after 4 hours in culture. Values represent the mean + SD from 3 different sheep from three
independent experiments. Statistics were performed on n=3 mean values £ SD where n is an independent
experiment * Represents a significant difference of treatment groups compared to its corresponding
control i.e. untreated * P< 0.05 ** p< 0.01 *** p< 0.001

Figure 10B. IL-4 Levels for Frozen Blood from Three Different Sheep. Percentages of IL-4 positive
resting or PMA +ionomycin stimulated CD5'lymphocytes after 4 hours in culture from three different
sheep. Values represent the mean £ SD from 3 independent experiments from each individual sheep. *
Represents a significant difference of treatment groups compared to its corresponding control i.e.
untreated * P< 0.05 ** p< 0.01 *** p< 0.001
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Comparison of the Cytokine Profiles from Blood after 3 Different Sample

Processing Methods

There was no significant increase in the lymphocyte or CD5 lymphocyte responses to
PMA+] as measured by the increase in IFN-y or IL-4 production in fresh whole sheep
blood, frozen blood and PBMCs after 4 hours in culture as shown in Figures 11A &
11B. The levels in fresh whole blood, frozen blood and PBMCs were compared and
there was a significant difference between the level of IL-6 production after PMA+I
stimulation in frozen blood compared to those in fresh blood (p<0.01) and PBMCs
(p<0.01) after 4 hours in culture (Figure 11C).
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Figure 11. Comparison of Three Different Blood Sample Processing Methods in Terms of the
Increase in IFN-y, IL-6, and IL-4 Positive Cells. Data represent the A IFN-y (Figure 11A) or A IL-6
(Figure 11B) Positive Cells (IFN-y or IL-6 positive PMA+ionomycin stimulated lymphocytes minus the
IFN-y or IL-6 positive unstimulated lymphocytes) after 4-hours in culture. Data represent A I1L-4 Positive
Cells (Figure 11C)  (IL-4 positive PMA+ionomycin stimulated CD5'lymphocytes minus the IL-4
positive unstimulated CD5*lymphocytes) after 4-hours in culture. Values represent the mean + SD from
3 different sheep from three independent experiments. Statistics were performed on n=3 mean values *
SD where n is an independent experiment.* Represents a significant difference between PBMCs versus
the other sample preparations * P< 0.05. # Represents a significant difference between fresh blood versus
the other sample preparations * P< 0.05.
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Assessment of the Levels of IFN-y and IL-4 Positive Cells in Frozen Blood

after One Week and Six Months Storage in Liquid Nitrogen

The levels of IFN-y and IL-4 positive cells in frozen blood taken from sheep and stored
for 1 week and 6 months in liquid nitrogen are shown in Figures 12A and 12B,
respectively. Significantly enhanced IFN-y (p<0.001) synthesis was found for the
PMA+I stimulated compared to unstimulated lymphocytes after both 1 week and 6
months storage. Similarly, significantly enhanced synthesis of 1L-4 (p<0.01) was found
for the PMA+1 stimulated compared to unstimulated CD5"lymphocytes after 6 months
storage but there was no significant increase in IL-4 (p<0.057) after 1 week in storage.
There was no significant difference between the amount of IFN-y and IL-4 synthesis
from stimulated lymphocytes after 1 week and after 6 month storage (Figures 12A and
12B). The measurement of I1L-6 was not included in this long term storage experiment
because PMA+| stimulation had no effect on this cytokine in frozen blood samples
(Figure 10A).

-
N
]
kok

Bl Unstimulated

B Stimulated
with PMA/I

>
% positive cells
?

54 IFNy 1 week IFNy 6 months

2

(0.057) %

Bl Unstimulated
B Stimulated
with PMA/I

@
% positive cells
Y

-
1

IL-4 1 week

IL-4 6 months

Figure 12. Comparison of the Levels of IFN-y and IL-4 Positive Cells in Frozen Blood Stored for 1
Week and 6 Months. Percentages of IFN-y (Figure 12A) and IL-4 (Figure 12B) positive resting or
PMA-+ionomycin stimulated lymphocytes or CD5*PMA+ionomycin lymphocytes after 4-hours in culture.
Values represent the mean + SD from 3 different sheep from three independent experiments. Statistics
were performed on n=3 mean values + SD where n is an independent experiment. * Represents a
significant difference of treatment groups compared to its corresponding control i.e. untreated * P< 0.05
** p< 0.01 *** p< 0.001
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Discussion

The effects of cryopreservation on leukocyte subpopulations and immune function
parameters in sheep blood were examined in this study. These methods were chosen as
the focus of the current investigation as they can evaluate immunotoxicological effects
of chemical exposure. Both functional and non-functional assessments have been
included where the non-functional tests normally provide information about changes in
the subpopulation distribution of different leukocytes, whereas functional tests, such as
cytokine expression in response to stimuli, can reflect the nature of potential paracrine
interactions among lymphocytes (Muller-Steinhardt et al., 2009). Taken together, these
analyses should provide an insight into the effects on the immune system of animals.

In the first approach to the study of the sheep immune system, cell surface marker
analysis was used to assess the proportions of lymphocytes and granulocytes as well as
lymphocyte subsets (T and B) in fresh and frozen blood. Fluorescent antibodies were
used to identify granulocytes (CD11"9"), lymphocytes (CD11"") in samples by flow
cytometry. This method of quantification of leukocyte subsets in sheep blood gave
similar profiles to those obtained with automated haematology analysis, the standard
method. In addition, the distribution of T lymphocytes (CD5) and B lymphocytes (IgM)
was analysed in the lymphocyte population, information which cannot be obtained from

automated haematology analysis.

CD5"lymphocytes (T cells) are the major lymphocyte subpopulation and occur at values
ranging from 45 % to 65 % in the peripheral blood of mammalian species (Mackay et
al., 1985, Birkebak et al., 1994, Brodersen et al., 1998, Boppana et al., 2004). In this
study, the value for CD5 lymphocytes (60 %) detected in fresh whole sheep blood is
very similar to those reported in two previous studies in sheep (Mackay et al., 1985,
Boppana et al., 2004).

Similar variations in the number of IgM*lymphocytes (B cells) in the peripheral blood
of the sheep are reported in the literature. In this study, 29 % of IgM*lymphocytes were
observed in fresh whole sheep blood whereas previous published values were at a range
of 30 % to 39 % of ovine peripheral blood lymphocytes (Mackay et al., 1986, Birkebak
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et al.,, 1994, Smith et al., 1994). Surface immunoglobulin measurement may be a
relatively insensitive method for the determination of lineage specificity in other parts
of the body, since only mature B-lymphocytes express immunoglobulins, but for
identification of B lymphocytes in the peripheral blood of sheep it is the most accurate
method (Mackay et al., 1986).

Controlled-rate cryopreservation significantly reduced the percentage of granulocytes in
the blood samples in this study and enriched the percentage of lymphocytes in the
frozen blood preparations but did not cause substantial changes in the proportions of T
and B lymphocytes. Therefore, frozen blood, when processed according to the method
described in this study, does not reflect the fresh whole blood sample due to this
decreased granulocyte and red blood cell distribution. Previous studies reported that the
surface properties of neutrophilic granulocytes were affected by the cryopreservation
procedure and lose their surface markers, such as CD11a, and this affects their function
(Schindler et al., 2004). However, in this study the percentage of granulocytes was
reduced when measured by the flow cytometer parameters forward scatter and side

scatter as well as by CD11a staining.

There have been a number of studies in the literature regarding the effect of storage of
blood samples on lymphocyte subset distribution. These have highlighted the fact that
the way in which blood samples are stored can have a marked effect on the results
obtained (Grunow et al., 1976, Dzik and Neckers, 1983, Shield et al., 1983, Weiblen et
al., 1983, Bongers and Bertrams, 1984, Nicholson et al., 1984, Prince and Arens, 1986,
Ashmore et al., 1989, Ekong et al., 1992, Ekong et al., 1993). However, controlled rate
cryopreservation does not cause changes in lymphocyte subset proportions (Callery et
al., 1980, Glassman and Christopher, 1984, Kawai et al., 1988, Letellier et al., 1991,
Truax et al., 1993, Sobota et al., 1997) and this is in agreement with the findings
reported in this study.

In contrast to the absence of change in the lymphocytes expressing CD5 or IgM in fresh
and frozen blood in this study after 3 hours in culture, Lloyd et al., (1995) found that
the percentage of sheep lymphocytes expressing CD4, CD5 and CD8 markers were all
decreased significantly after freezing. Other studies have found a reduction in CD4" and

CD5"lymphocytes in sheep after a 24 hours culture (Lloyd et al., 1995). Differences in
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the methods of cryopreservation as well as the samples used (frozen whole blood vs.

frozen leukocytes) may explain the inconsistencies

The characterisation of the CD cell surface antigens on leukocytes, granulocytes, T
lymphocytes and B lymphocytes in both fresh and frozen sheep blood samples provides
the opportunity to monitor host responses either straight away after collection or after
long term storage. A number of environmental contaminants can have detrimental
effects on the immune system. Some of these contaminants may influence the
progression of autoimmune disease through either immune activation or
suppression. The ability of contaminant exposures to affect autoimmunity appears to
depend on genetic susceptibility, the duration of exposure, the timing of the exposure
and the dose of the contaminant involved (Inadera, 2006). Immunophenotyping of sheep
blood leukocytes using limited numbers of CD antigens enables the differentiation
states of the immune system cells to be determined. In future, more extended
phenotyping involving parallel and/or simultaneous measurement of multiple CD
antigens may help identify expression pattern signatures associated with perturbations
of host immunity, pathogenesis, disease progression, or specific environmental

contaminant exposures.

Sodium heparin (NaH) was the anticoagulant of choice for the studies in Chapters 2-5
and the majority of this chapter. Potassium EDTA (KEDTA), an alternative
anticoagulant which is extensively used in clinical and veterinary settings, was included
in these investigations to determine the effects of anticoagulant on cell viability and
leukocytes profile. When NaH was used as the anti-coagulant, the cell viabilities of
greater than 90 % for the leukocytes, total lymphocytes and B lymphocytes and the
viability of 85 % for T lymphocytes after 3 hours in culture in frozen blood are
consistent with the findings of Anderson et al, (1996), Cheng et al, (2001) and Stevens
et al, (2007). When KEDTA was used as the anti-coagulant, T lymphocytes and B
lymphocytes had cell viabilities of 80 %, whereas the viabilities of leukocytes and total
lymphocytes were 83 % post thawing at 3 hours and significantly lower than when NaH
was used. However, while the viability of the granulocytes (70 %) was lower than that
of lymphocytes, there was no significant difference between the anticoagulants used.
However, in a further study, no differences were detected in cell viability and immune

function when EDTA, acid citrate dextrose (ACD) and sodium heparin were used as
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anticoagulants in the collection of blood samples for the cryopreservation of PBMCs
(Bull et al., 2007) However, Bull et al., (2007) measured the viability of total PBMCs
and the viability of different leukocyte subpopulations were analysed in this study.

The effects of ethyl methanesulfonate (EMS) and cadmium chloride (CdCl,) on the
different leukocyte subpopulations of frozen blood collected in two different storage
tubes were investigated. When frozen blood samples were collected in NaH tubes, the
addition of EMS reduced viability in a dose—dependent manner in all leukocyte subsets.
The 5 mM dose caused a significant reduction in the viability of granulocytes and B
lymphocytes. The frozen blood samples that were collected in KEDTA tubes proved
more sensitive to EMS exposure and both the 2.5 mM and 5 mM doses caused
significant reductions in the viability of granulocytes, total lymphocytes, T lymphocytes
and B lymphocytes with the latter again proving the most sensitive cell type. In NaH
tubes, at a concentration of 500 uM, CdCl, caused a significant reduction in the viability
of granulocytes and B lymphocytes in frozen blood samples that were exposed for 3
hours. In contrast, in KEDTA tubes, at concentrations of 333 and 500 uM, CdCl; caused
a significant reduction in the viability of granulocytes, total lymphocytes, T
lymphocytes and B lymphocytes after exposure for 3 hours.

The reduction in the viability of T and B lymphocytes but not the viability of the gated
lymphocytes was not explained by insufficient gating or sensitivity/specificity of
antibodies staining as shown in Figure 1. A possible explanation could be the presence
of another population in the lymphocyte gate which are both CD5 and IgM negative.
Recent studies identified a cell population which is 10% of ovine peripheral blood
lymphocytes and characterised by the cell surface markers NKp46'CD16°CD14 CD5
IgM™ and has the morphological and functional characteristics of NK cells (Elhmouzi-
Younes et al., 2010, Connelley et al., 2011).

Overall, NaH appears to be a better anticoagulant for immunophenotyping of leukocytes
in frozen blood since KEDTA has a greater effect on the cell viability and causes a
greater sensitivity to DNA-damaging agents as observed in this study. What was also
interesting was that B lymphocytes were the subpopulation that were most sensitive to
EMS and CdCl,. B-cell chronic lymphocytic leukaemia may arise following
environmental exposures with chemicals or radiation (Shim et al., 2007). Rats exposed
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in vivo to CdCl, had decreased B lymphocytes in peripheral blood with doses of 5 and
10 ppm whereas doses from 25 to 100 ppm increased B lymphocytes (Lafuente et al.,
2004). When human whole blood was treated with doses as low as 0.3uM CdCl; for 12
hours in vitro, T lymphocytes produced higher levels of metallothionein, a cadmium
binding protein, than did B lymphocytes (Yurkow and Makhijani, 1998). The lower
level of this protective protein in B lymphocytes could possibly account for the greater
sensitivity of B lymphocytes to CdCl, compared to T lymphocytes. In addition, doses as
low as 0.1uM CdCl; inhibited IgE synthesis in human B lymphocytes after 96 hours in
culture (Marth et al., 2001). All of these effects could be due to the induction of reactive
oxygen species and apoptosis in B lymphocytes by CdCl, leading to cell death
(Nemmiche et al., 2012).

In order to obtain sufficient sensitivity in the measurement of the intracellular cytokines,
IL-4, IL-6 and IFN-y, at the single-cell level by flow cytometry, it was necessary to
cultivate purified PBMCs or whole blood and culture them in the presence of the strong
cellular stimulants, phorbol 12-myrisate 13-acetate (PMA) and ionomycin (1), combined
with Brefeldin A blockage of protein transport from the endoplasmic reticulum to the

Golgi complex (Foster et al., 2007).

The suitability of using gates with forward scatter and side scatter to measure the
cytokine levels in lymphocyte populations was verified using CD11a staining. Both IL-
4 and IFN-y are mainly produced by T lymphocytes, which are the majority (60 %.) of
the lymphocytes population. However, since IL-4 was produced by a low percentage of
lymphocytes in healthy animals, the cells were also stained with the pan T cell marker
(CD5) to increase the detection levels. Since IFN-y is produced at a much higher level it
was not as necessary to stain for CD5. Double staining of both IFN-y and CD5 was not
possible at the time of the study due to the limited number of fluorochromes conjugated

to antibodies commercially available for sheep.

As expected, only barely detectable levels of spontaneous lymphocyte cytokine
production were observed in unstimulated whole blood and PBMCs for all 3 cytokines.
The addition of PMA+I significantly enhanced the synthesis of IL-4, IL-6 and IFN-y
compared to the levels found in lymphocytes treated only with Brefeldin A (BFA).
These results are in agreement with observations reported for sheep PBMCs (Weynants
et al., 1998, McWaters et al., 2000, Pedersen et al., 2002) but this is the first study to
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report successful induction of these cytokines in fresh whole and frozen sheep blood. In
this study, the level of cytokine production was comparable for fresh whole blood and
PBMCs when PMA+I stimulation acted directly on lymphocytes. In contrast, previous
studies which used different stimuli, such as mitogens or pyrogens, reported a difference
in level of cytokines between fresh whole blood and PBMCs. One possible reason for
this difference could be the culture composition, since whole blood cultures contain
large numbers of erythrocytes and granulocytes that are more vulnerable to sample
processing than lymphocytes and monocytes and die rapidly, producing debris and other
substances that may disturb and inhibit the function of lymphocytes (Gaines et al., 1996,
Baran et al., 2001). PMA+I are potent stimulators of IFN-y in both PBMCs and whole
blood cultures (Prussin, 1997, Rostaing et al., 1999). Stimulated cultures from adult
humans revealed a biphasic kinetic production pattern for IFN-y with peaks occurring 6
and 24-30 hours after initiation of the cultures and approximately 20 % of the
lymphocytes produced IFN-y (Andersson et al., 1990), which was higher than the
amount produced by either fresh whole blood or PBMCs after 4 hours stimulation in
this study. The amount of PMA+I induced IFN-y" lymphocytes in frozen blood and
fresh whole blood were comparable at 9.5 % and 10.5 %, respectively and slightly
lower than the 12 % observed in PBMCs. These findings are in agreement with Kilani et
al., (2005) who reported that the levels of IFN-y" lymphocytes detected after PMA+I
activation were very similar for fresh and frozen PBMCs. Likewise, other studies are in
agreement with our findings and showed no difference in IFN-y secretion in frozen
PBMCs compared to fresh PBMCs, even when using different freezing methods
(Knight et al., 1972, Friberg et al., 1994, Venkataraman, 1995, Sobota et al., 1997,
Wang et al., 1998, Smith et al., 2001).

One of the main advantages of having a well characterised intracellular detection
method of IFN-y production in domestic animals is that it can be used as a more rapid
and robust indicator of general immunocompetence. IFN-y is an important component
of the host immune response to common intracellular pathogens in sheep including
Chlamydophia abortus and Toxoplasma gondii or viruses i.e. Foot and Mouth Disease
Virus (FMDV) and so the ability to detect this marker in the plasma or serum or in an ex
vivo whole blood assay could enhance the ability to reveal the presence of pathogens
(Graham et al., 1995, Innes et al., 1995) and viruses (Shtrichman and Samuel, 2001,
Parida et al., 2006, Billiau and Matthys, 2009) as measuring of IFN-y can be effect
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specific marker for infection. IFN-y has antiviral activity against FMDV (Zhang et al.,
2002a, Zhang et al., 2002b, Moraes et al., 2007, Summerfield et al., 2009) and also
promotes natural killer and macrophage activation, which are likely to contribute to
controlling FMDV replication and spread within the host (Summerfield et al., 2009).
The methods used in this chapter could be transferred to cattle where the IFN-y
secretion assay has been used for measuring the immune modulation associated with
bovine tuberculosis (Wood and Rothel, 1994), bovine brucellosis (Weynants et al.,
1995) and Johnes disease (Billman-Jacobe et al., 1992) . The intracellular production of

IFN-y was measured by Antas et al., (2004) to monitor cattle for the above infections.

IL-4 is the Th2 cytokine and is typically produced in smaller quantities than IFN-y in
human lymphocytes (Jung et al., 1993) and is only produced in a very small percentage
of lymphocytes from healthy animals (Weynants et al., 1998, Sopp and Howard, 2001).
As discussed earlier, PMA+] induce Thl cytokine (IFN-y) profiles, whereas PHA
stimulated both the Thl and the Th2 cytokines (IL-4) profiles, although with different
Kinetics (Baran et al., 2001). In this study, the 4 hours in culture time point was chosen
for all samples because the activation of lymphocytes after PMA+I stimulation was
rapid and robust at this time and lymphocyte viability is unchanged but decreased in the

case of frozen samples beyond 4 hours.

The levels of PMA+I induced 1L-4" lymphocytes expressing CD5 in fresh whole blood
and PBMCs were comparable at 3.5 % and 2.75 %, respectively. This is in agreement
with reported values for which the maximum level of IL-4*lymphocytes induction was
after 6 hours of PMA+I stimulation (Andersson et al., 1990). The level of induction of
PMA+I induced IL-4" lymphocytes expressing CD5 in frozen blood was lower at 2.3 %
but it was not significantly different from fresh whole blood and PBMCs. These
findings are in agreement with Kilani et al., (2005) who reported that the levels of IL-4"
lymphocytes were similar between fresh and frozen human PBMCs. However, the
values reported were less than 1 %, considerably less than those in this study. It is
noteworthy that Kilani et al., (2005) analysed total lymphocytes rather than the CD5"
cells (T lymphocytes) which were analysed using double staining in the present study
and which would be the major producers of IL-4. In addition, Kilani et al., (2005) used a
longer stimulation time of 16 hours which is not optimum for IL-4 production. Likewise

other studies are in agreement with our findings that there was no change in the levels of
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IL-4 produced in fresh and frozen PBMCs following stimulation with mitogens (Kreher
et al., 2003) or specific antigens (Grogan et al., 1998). In contrast with our results and
the other studies described above, a decrease in IL-4 secretion in frozen PBMCs
compared with fresh PBMCs following auto antigen and allergen induced secretion was
shown by Bailey et al., (2002) and Kvamstrom et al., (2004). Suboptimal freezing
conditions for the activated cells may explain the decrease in IL-4 production in these

studies.

The availability of a reproducible method to measure IL-4 production in peripheral
blood is beneficial as the assessment of this cytokine in human clinical trials and
molecular epidemiology of environmental health has facilitated a better understanding
of the mechanisms that underlie associations between environmental exposures and
immune-mediated disorders, such as asthma, and atophy (Heaton et al., 2005, Duramad
et al., 2006, Robroeks et al., 2006). IL-4 can also be used to measure the immune
modulation of livestock infected with Fasciola hepatica, a prevalent helminthic
parasite. The immune response to F. hepatica is skewed toward type 2 helper (Th2)
dominance, characterized by interleukin-4 (IL-4) production (Brown et al., 1994) and its

infection down regulates Th1 responses in mice (O'Neill et al., 2000).

While IL-6, a pro-inflammatory cytokine, is generally not produced constitutively in
lymphocytes or monocytes, it can be upregulated by a number of factors including viral
infection, lipopolysaccharide (LPS) and cytokines such as IL-1f, tumour necrosis
factor-alpha (TNF-a), IFN-y and granulocyte/macrophage colony-stimulating factor
(GM-CSF) (Van Snick, 1990). However, all these stimulations require longer
incubation times than those used in the present study. For example, stimulation with
PMA+I for 24 hours increased the production of IL-6"lymphocytes to 40 % in sheep
PBMCs (McWaters et al., 2000).

The levels of PMA+I induced I1L-6"lymphocytes in PBMCs and fresh whole blood were
3 % while the level in frozen blood was 2 %. The level of IL-6" lymphocytes in
unstimulated lymphocytes was much higher than that in PBMCs and fresh whole blood
and could not be increased further with PMA+I treatment. These findings are in
agreement with previous studies that reported the level of IL-6 in frozen T lymphocytes
was elevated following cryopreservation (Venkataraman, 1994, Wang et al., 1998). This

observation could be explained by the fact that IL-6 is produced by a variety of cells
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with varying degrees of sensitivity to freezing and thawing. Moreover, the larger
quantities of IL-1 and IL-2 secreted by the frozen, mitogen activated cells
(Venkataraman and Westerman, 1990, Venkataraman, 1992) might also enhance the IL-
6 secreting activities of the frozen cells, because these cytokines are known to induce
IL-6 production in the peripheral blood monocytes and T lymphocytes secrete IL-6 in a
monocyte dependent manner (Horii et al., 1988, Nakajima et al., 1989, Tosato and
Jones, 1990).

When frozen blood was stored for 1 week or for 6 months and then stimulated with
PMA+I after thawing, there were comparable levels of IFN-y and IL-4"lymphocytes
after 4 hours in culture. The results of this study suggest that whole sheep blood can be
cryopreserved for as long as 6 months without losing its capacity for activation or
altering the proportion of Thl and Th2 cytokines. These findings are in agreement with
other observations which suggest that human PBMCs can be cryopreserved without
compromising the ability of the cells to respond to activation signals for up to 1 week
(Sobota et al., 1997) and to 12 months (Kilani et al., 2005) of cold storage. Previous
studies have shown that the freezing and thawing processes, and not the time of storage,
exert the main effects on the lymphocyte response (Wang et al., 1998, Kleeberger et al.,
1999, Smith et al., 2001).

When frozen blood samples were exposed to EMS and CdCl,, the gentotoxic effects,
and the effects on different leukocyte subpopulations were examined. However the
production of cytokines after PMA/I stimulation of frozen blood exposed to EMS and
CdCl, was not studied. To do so, would require either in vivo or in vitro chemical
exposure before PMA/I stimulation and neither of these scenarios was feasible.
Chemical exposure in vivo was outside the scope of this project and in vitro exposure
would require prolonged culture which would lead to a loss in viability of the frozen
blood samples.

Profiling the intracellular cytokine production after stimulation in sheep PBMC’s, fresh
whole and frozen sheep blood, offers a very important technique for monitoring host
responses and general immunocompetence. The IFN-y and IL-4 assays can be
performed on sheep that could possibly carry a disease or that have been subjected to
environmental exposures either straight after blood collection or after long term storage.

What is beneficial about the intracellular lymphocyte cytokine staining by flow
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cytometry is that more cytokines can be included in the future and also multiple
cytokines from specific lymphocyte subsets can be analysed concurrently, providing a
quantitative and phenotypic assessment of responding lymphocytes. Eventually this
technique, in combination with immunophenotyping, could become part of routine
analysis in clinical or veterinary laboratories. Also, the recent availability of mobile
flow-cytometer units may allow the use of this assay under field investigation
conditions instead of having to bring the blood samples back to the laboratory (Mbopi-
Kéou, 2012).

Main Conclusions

This study demonstrated that the analysis of lymphocyte subsets can be successfully
undertaken on frozen sheep blood as there were no alterations following the freezing
and thawing process compared to fresh sheep whole blood. These observations are of
prime interest due to the amount of clinical investigations taking place on cryopreserved
lymphocytes which have been stored and this allows all the blood samples to be
analysed in one batch to reduce variability. One can analyse lymphocyte subsets without
the need for prior isolation, as in the case of PBMCs, while maintaining the lymphocyte
subpopulation proportions similar to those of fresh whole blood. However,
cryopreservation of sheep blood led to a major decrease in the amount of granulocytes

high cells as

present compared to fresh whole blood as shown by a reduction in CD11a
well in the viability of the these granulocytes. The different anticoagulants blood tubes
were shown to alter the sensitivity of leukocytes from frozen blood to EMS and CdCl..
B lymphocytes seemed to be the most sensitive cell type to these genotoxic compounds
especially when the frozen blood was collected in potassium EDTA tubes. Future
studies could assess the T lymphocyte subpopulations of sheep such as CD4™ CD8" and
gamma delta T lymphocytes, as well as some subsets of CD4" such as T regulatory cells

and T helper 17 cells, in frozen sheep blood compared to fresh blood.

In this chapter, the merits of a number of sample preparations after short term culturing
with PMA+I and their cytokine responses were assessed. It was demonstrated that four
hour stimulations can be undertaken without considerable alterations to the levels of 2
out of 3 cytokines (IFN-y, IL-4) produced by lymphocytes after different sample
processing methods described (PBMCs, fresh whole blood and frozen blood). This
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demonstrates the importance of investigating the effects of freezing for each cytokine
and stimuli before using frozen cells in studies of in vitro cytokine secretion. The
characterization of cytokine production at the cellular level after short-time stimulation
by flow cytometry should be beneficial for the study of functional aspects of ovine

lymphocytes and cytokine patterns of specific immunological reactions.
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The overall aim of this study was to explore and develop biomarkers which are suitable
for biological effect monitoring of domestic farm animals related to environmental
exposure. These biomarkers would ideally be used for the detection of different
biological or toxicological effects. They should be biomarkers of effect and would not
necessarily be compound specific as the composition and degree of contamination that
occurs in many cases of environmental exposure is unknown and may involve a range
of compounds with different biological/toxicological properties. Biological effect
monitoring should ideally identify some molecular and cellular alterations that occur
before serious health incidences are apparent in the domestic farm animals that are
grazing close to factories and other manufacturing industries. The benefit of this
approach is that the knowledge of individual compounds and their concentrations is not
required and this might also provide information on the interaction of chemicals related
to the endpoint in question. The sheer scope of environmental contamination and its
effects on the flora and fauna highlights the need for a multi-faceted approach to
monitoring of animals involving environmental, biological and biological effect

monitoring.

Environmental and biological monitoring investigations of possible chemical exposures
in Ireland in Askeaton Co. Limerick, Castlecomer Co. Kilkenny and the Silvermines
area in Co. Tipperary, were unable to identify the cause of poor animal health. In
addition to the possible presence of chemicals, there are other explanations for the
changes in animal health which are equally valid, including infections and the poor
nutritional status of the soils (EPA, 2002, Jorgensen et al., 2009, Li et al., 2011, Qin et
al.,, 2011). However, the introduction of biological effect monitoring should be
considered as an option for the future to investigate the impact of environmental

exposure on animals that have infections or health problems.

Sheep were the environmental sentinels chosen in this study for practical and economic
reasons and because they are considered to be suitable environmental bioindicators
(Parada and Jaszczak, 1993, Rubes et al., 1997, Stahl Jr, 1997). In addition, some
exposure specific biomarkers are common to sheep and humans and can be detected by
antibodies and other biochemical and cellular tools which are commercially available.
Blood samples can be easily obtained from sheep as they are relatively small and,

therefore, easy to house and to handle and more economical than cattle. However, many
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of the methods described in this study could easily be applicable to the monitoring of
other domestic animals. This could lead to more economical methods of biomonitoring
as the animals can be monitored repeatedly without requiring their destruction.
Although quantitative studies that describe the biological effect monitoring of
environmental exposure of sheep are rare, they have been used to monitor the
bioavailability and bioaccumulation of chemical contaminants and integrate exposures
across their entire environment (van Kampen, 1969, Pistl, 2002, Mohammad, 2007,
Duffy, 2009).

Both invasive (blood) and non-invasive (urine, exhaled air, hair, skin, saliva and milk)
biological sampling can be used for measuring biomarkers. Blood was the sample of
choice for this study after the pros and cons of different biological samples were
considered. Urine sampling cannot be controlled easily in animals as they do not excrete
in a regular fashion. The grazing of sheep in pastures instead of enclosed housing
renders breath sampling obsolete as the detection of the relatively low concentrations of
environmental contaminants in the lung would require analytical sensitivity which is not
common place at the present. Hair, milk and saliva have also been used for biological
effect monitoring in humans, but the biomarkers available are limited (Timchalk et al.,
2004, Esteban and Castano, 2009).

After exposure to chemicals, chemical specific or effect specific biomarkers can be
monitored at the cellular, protein and gene level in peripheral blood lymphocytes (Liew
et al., 2006). Biochemical and haematological parameters are measured in blood and
blood serum, respectively, in animals as part of routine clinical diagnosis. However, it
can be argued that many of the biochemical parameters in the blood are too non-specific
to be used as biomarkers as the alterations of these parameters are not specific to
animals which have been exposed to chemical contaminants in the environment but are
known to be changed in the case of infection, disease and a number other factors.
Therefore, it is useful to measure other biomarkers in the blood including, genotoxicity
markers, immune markers and enzyme markers, that are related to specific biochemical
responses to chemical exposure. Enzyme/protein markers related to compound specific
responses have used extensively in laboratory-based toxicological studies in which the
levels of these proteins have been measured in specific organs such as the kidneys and

liver. Since this normally requires the destruction of the animals, another alternative
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would be the use of peripheral blood lymphocytes. However, the levels of cytochrome
P450 1A (CYP1A) and glutathione S-transferases (GST) activity and the expression of
metallothioneins (MT) in peripheral blood lymphocytes are low and extremely difficult
to measure compared to their measurement in microsomes of the liver and in the
kidneys and also there is considerable inter-individual variation in expression and
inducibility (van Duursen et al., 2005, Chang et al., 2009, Sharma et al., 2013). The
immune and genotoxicity biomarkers would be more effect specific and hence were the

markers of choice in this study

The implementation of large scale field-based biomonitoring effect studies has been
hindered by the problems of sample collection, transport, and storage, especially when
attempting to collect multiple blood samples from a flock of sheep. It proved difficult to
validate a strategy for the collection, processing and cryopreservation of PBMCs from
multiple sheep blood samples because a major loss in the viability of the lymphocytes
was encountered. The observation that viability was greatly reduced by delayed
processing is in agreement with the findings of Kristal et al. (2005) who found that
when processing time was extended, the viability of the cells was below the required

80% for in vitro or ex vivo cell culture assays.

When using isolated PBMC:s, it is important to maintain a high viability of lymphocytes
before measuring different biomarkers and this proved very difficult with the current
methods in place. For example, if insufficient sampling is performed to detect slight
changes in biomarkers, the programme will be inconclusive and not protect or
effectively monitor environmental health (Lam, 2003). In this study, conditions for the
optimum preparation of blood samples were established. Based on these the ideal
sample preparation for field- based biomonitoring should include 1) ease of collection
2) minimum amount of sample processing time 3) suitability to perform processing in
batches 4) ability for long term storage and 5) ability to be able to measure multiple
endpoints at the same time. Comparison of the different types of sample preparations

allowed robust conclusions as to the best sample preparation to be drawn.

Taken together, the studies in Chapters 3, 4 and 5 provide the first comparative in vitro
characterisation of peripheral blood lymphocytes in fresh and frozen blood in terms of
viability, reactive oxygen species (ROS) production, apoptosis induction and
responsiveness to genotoxic compounds. When collecting field-based sheep blood
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samples, fresh whole and frozen blood processing protocols are encouraging because
these methodologies have additional advantages of simplicity, economy and speed and
involve less sample manipulation than the isolation of PBMCs. Frozen blood, fresh
blood and PBMCs show similar viability and DNA integrity levels in their lymphocyte
populations after 3-4 hours in culture. Longer cultures (24 hours) of frozen blood lead to
a decrease in the lymphocyte viability and a decrease in DNA integrity so biomarkers
should be measured after less than 4 hours after incubation or can be potentially
measured in the serum or plasma. These results are consistent with the findings of the
following studies that found comparable levels of viability or DNA integrity between
fresh and frozen blood or PBMC samples (Visvardis et al., 1997, Duthie et al., 2002,
Hayes et al., 2002, Schindler et al., 2004, Villavicencio, 2006, Stevens et al., 2007).

The decrease in the viability of lymphocytes from frozen blood after 24 hours in culture
was examined with a view to establishing factors involved in the death of cells. The
findings suggest the involvement of ROS formation (associated with haemolysis during
freeze-thawing) and apoptosis. The role of apoptosis in the cell death was demonstrated
although this was not the only determining factor in the fate of the lymphocytes. While
some reports have suggested that apoptosis represented the principal effector of cell
death of frozen blood lymphocytes (Fowke et al., 2000, Maecker et al., 2005), the
results of this study suggest that both ROS and apoptosis may mediate
cryopreservation-induced cell death in a hierarchal manner, with ROS playing the
dominant role in dealing the terminal insult to frozen blood lymphocytes, while
apoptosis may occur after the initial production of the ROS and result in the cell death

evident at the later time points.

In this study, a number of critical steps were included to maintain frozen blood samples
of the highest quality. These included collection in the least toxic anticoagulant blood
tube (sodium heparin) and the use of a slow freezing rate and thawing procedure
involving a slow dilution with medium containing DNAse and 20% foetal bovine serum
(v/v). Other studies indicate that the addition of antioxidants and some anti-apoptotic
caspase inhibitors to the freezing media might contribute to the quality of the frozen
blood (Sarkar et al., 2003, Fujita et al., 2005). A combination of these additions may be
useful for the field-based biomonitoring involving the collection of large batches of

samples.
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In vitro models were used to investigate the response of model compounds in terms of
cell death and single strand DNA damage and also their effect on specific immune cells
in whole blood. While the direct acting alkylating agent, EMS, and the indirect DNA
damaging agent, CdCl,, represent some of the major categories of genotoxins, another
group of genotoxins which could be included in further investigations would be pro-
mutagens such as aflatoxin Bland benzo [a] pyrene to be used with the S9 fraction
prepared from the liver of rats. These compounds were not used in this study due to
time constraints. When measuring the response to genotoxic compounds, the Comet
assay was used in this study to measure single stranded DNA breaks that can be caused
by exposure to genotoxic compounds directly or indirectly through the formation of
intracellular reactive oxygen species generated by redox sensitive metals such as
copper, iron and cadmium or to UV and ionising radiations which act directly on the
DNA (Polle, 1993, Schutzendubel and Polle, 2002). This technique has not been used
to-date in the biomonitoring of environmental chemicals in domestic animals. However,
other genotoxic biomarkers have been measured in lymphocytes from peripheral blood,
including chromosome aberrations, sister chromatid exchanges, micronuclei, double
stranded DNA breaks and DNA adducts to monitor chemical exposure. Although some
of these biomarkers have been used in the investigations of genotoxic exposure in farm
animals, there are limitations in their potential (Burrows and Borchard, 1982, Rubes et
al., 1992, Perucatti et al., 2006). Low level exposure to environmental toxicants can
induce an increased frequency of chromosome aberrations but this is difficult to detect
statistically, probably because the noise in the system is larger than the number of
compound-induced aberrations. Even where there is exposure to potent alkylating
agents, only a small elevation in sister chromosomal exchange frequency can be
observed (Rubes et al., 1992).

This study focused on the in vitro characterisation of different sample preparations after
blood collection under controlled laboratory and field-based conditions because without
viable lymphocytes in blood samples it would be very difficult to obtain accurate and
validated measurements in ex vivo assays when determining the effects of animals
exposed in the field (in vivo). The number of sheep used in the study was chosen as the
minimum number of animals that could comfortably provide sufficient replicates while

being easy to manage under controlled conditions on a farm close to the laboratory,
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The findings in the study suggest that frozen blood may be a useful sample preparation
for toxicologists involved in large biomonitoring trials and for veterinarians involved in
the monitoring of the health status of animals in the case of infection and other diseases.
The samples can be easily prepared and can be stored for up to 6 months in liquid
nitrogen while maintaining viability, immune phenotype and function when cultured for
up to 4 hours. When the relative numbers of leukocytes and T and B lymphocytes were
measured in different blood sample preparations, the % of CD5" (T lymphocytes) and
IgM™ (B lymphocytes) were in agreement with the percentage of these cells reported in
the literature (Mackay et al., 1985, Mackay et al., 1986, Birkebak et al., 1994, Smith et
al., 1994, Dharmendra K V Boppana, 2004).

The loss of erythrocytes through haemolysis that occurred during the freeze-thawing
procedure used in this study has both advantages and disadvantages in the context of
biological effect monitoring. On the one hand, the extra step of red blood cell lysis is
not required when antibody staining of lymphocytes is used to measure changes in
cytokine or leukocyte subpopulations; however, delta-aminolevulinic acid dehydratase
(ALAD) and acetylcholinesterase enzymes are measured in erythrocytes. These enzyme
biomarkers have been measured in domestic animal species and are considered specific
for heavy metals and pesticides, respectively. However, their activity levels show high
variability even in individual animals (Ahamed et al., 2006, Askar, 2011).

There were no alterations in the levels of the T and B lymphocytes when comparing
fresh and frozen blood samples. In contrast, Lloyd et al., (1995) found a reduction in
CD4" and CD5" lymphocytes in frozen sheep leukocytes. Different freezing methods
and sample preparations could explain the differences between the two studies. T
lymphocytes have major roles in autoimmunity and allergy. Therefore, the measurement
of T lymphocytes subpopulations such as CD4" (helper), CD8" ( cytotoxic /suppressor)
T regulatory cells, and gamma delta T lymphocytes of frozen sheep blood could be
used outside the remit of environmental monitoring, for example in immune health
monitoring of individuals with cancer or autoimmune disease or after exposure to

pathogens or viruses.

This study provided an approach to efficiently maintain the number of IFN-y and 1L-4
positive cells after cryopreservation for up to 6 months and subsequent restimulation.

These findings are in agreement with Kilani et al., (2005) who reported that the levels of
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IL-4" lymphocytes and IFN-y" lymphocytes were similar between fresh and frozen
human PBMCs. Kilani et al., (2005) did not, however, measure the cytokine response in
frozen blood which was the sample of choice in this study. The characterization of
cytokine production at the cellular level after short-time stimulation by flow cytometry
should be beneficial for the study of functional aspects of ovine lymphocytes and
cytokine patterns of specific immunological reaction. Although the cell culture method
can be said to be artificial, the relative comparisons of the percentage of cytokine-
producing cells have been shown to reflect closely the in vivo health status of an animal

(Langezaal et al., 2001, Langezaal et al., 2002).

One of the main advantages of having a well characterised intracellular detection
method of IFN-y and IL-4 production in domestic animals is that it can also be used to
demonstrate immune modulation following infection with bacteria, viruses or parasites.
The methods used in this study could be transferred to cattle in which intracellular
production of IFN-y has been used to diagnose bovine tuberculosis, brucellosis, and
Johnes disease (Antas et al., 2004). In addition, intracellular detection of IL.-4 was used
to diagnose asthma and atophy (Heaton et al., 2005, Duramad et al., 2006, Robroeks et
al., 2006) and to diagnose Fasciola hepatica, which is a prevalent helminthic parasite of
livestock (O'Neill et al., 2000). A possible limitation of this study is that only three
cytokines were measured while there are many cytokines and chemokines produced by
lymphocytes which are valid choices to measure including IL-2, IL-5, IL-10, IL-13,
TNF-a and GM-CSF ,RANTES, IP-10, MIP-1a, MIP-18, (Sordillo et al., 1997, Tizard,
2000). However, there were no commercially available fluorochrome conjugated —

antibodies to any of these markers for sheep at the time of this study.

While cryopresereved PBMCs have been used in in immunotoxicology studies of
harbour seals (Ross et al., 1993, Levin et al., 2005), chickens and American coots
(Finkelstein et al., 2003), these studies did not use frozen blood and they did not use
blood from domestic animals. It is, perhaps, surprising that cryopreservation strategies
have not been employed more frequently in field-based biomonitoring studies. There
may be a number of reasons for this. Firstly, monitoring of the environment has, until
now, focused primarily on detection and quantitation of chemical contaminants in the
soil, water and air or in affected animals or humans and has not focused on the

biomarker approach. Secondly, field-based monitoring investigations are very
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expensive and labour intensive. Furthermore, to date only a limited range of biomarkers
for biological effect monitoring (in animals) have been developed and even fewer have
been validated. Cryopreservation will have to undergo a peer reviewed standardisation
of the technique in order for it to become the mainstream method for storing samples for
biological effect monitoring. The standardisation of blood specimen collection,
processing, storage (at ambient temperature, cooled or frozen) and shipping blood
should be should be conducted under a strict quality assurance program, including
standard operating procedures and regular quality control reviews enforced and well

documented.

In addition to the sample preparations of choice and the biomarker approaches
suggested in this study, additional strategies may be worthy of consideration.These
include molecular and cellular biomarkers such as the use of MRNA probes, cDNA
microarrays (transcriptomics) or advanced proteomics approaches (Maldi-Tof-Mass
Spectrometry) to detect many of the proteins and mRNAs whose synthesis is stimulated
or inhibited by pollutants. These approaches are potentially more sensitive than the
traditional cytological/biochemical "core" biomarkers suggested in traditional biological
effect monitoring programs. However, widespread validation of both the traditional and
novel approaches in the domestic animal field is still required (Jamers et al., 2006).
High-throughput proteomic methods based on liquid chromatography coupled to 2-
dimensional gel electrophoresis (LC/2-DE) have been developed for environmental

monitoring of marine pollution in a field experiment (Amelina et al., 2007).

The present study represents a significant addition to the current body of knowledge in
the developing area of biological effect monitoring of domestic farm animals in the
field. While genotoxic and immune biomarkers have been measured in sheep and cows
using fresh PBMCS or fresh whole blood, this is the first time that frozen blood has
been used to measure selected biomarkers and to show similar response to fresh blood

sample preparations.

This study also provides valuable information for researchers in the area of
environmental monitoring and veterinary medicine. The approaches described can be
useful for the biological effect monitoring of other domestic animals like cows, goats
and buffalo. In addition, some of the techniques described, especially those that measure

immune biomarkers, may be useful in the health monitoring of domestic animals
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