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CHAPTER 3

Methods to Detect Toxic Effects in Specific

Mammalian Organs and Physiological

Systems*

3.1 INTRODUCTION

Toxicity has been defined as the inherent property of a substance to cause an adverse
biological effect (ECETOC, 1985). It is the result of disturbances induced by a
chemical that affect complex, interrelated systems involving cells, tissues and or-

gans and their metabolic processes. Experimental procedures to investigate toxicity
may involve one or more of severa11eve1s of biological organization ranging from
the molecular level to the whole animal, induding tests designed to investigate

effects on organelles, cellular interactions and organ-to-organ interactions in
physiological systems.

Testing for toxicity at the organ or system level can be conveniently considered
according to whether the investigations are designed to detect cytotoxicity, changes
in metabolic processes, functional capacity or influences on differentiation and
developmental processes. Biological models are available that have proved useful in
the study of these various types of effect in many specific organs and organ systems.
However, many of these experimental procedures require additional validation as
far as reproducibility, accuracy, reliability, sensitivity and biological relevance for
man are concerned.

Tables 3.l(A) to (H) list many of the tests considered by the Workgroup to be

useful or potentially useful as short-term tests for chemical toxicity. These tests have
been used for a variety of purposes induding:

(i) to detect and quantify organ-specific toxic effects;
(ii) to elucidate mechanisms of toxicity;
(iii) to provide information relevant to other organs and tissues; and
(iv) in some instances, to permit direct experimental studies on human tissues.

*This chapter was prepared by a Workgroup co-chaired by J. W. Bridges and S. Garattini. Other

members were D. K. Agarwal, D. Barltrop, M. J. Brueton, N. Chernoff, J. Clark, J. H. Dean, R. Dixon, T.
Fliedner, L. Saxen, R. Suskind, J. G. Vos, F. X. R. Van Leeuwen, K. Khera, and S. Tabakova.
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Table 3.1 Models for individual organs/systems with particular potential for assessing the adverse effects of chemicals

(A) Liver (see Bridges, Chapter 9, this volume)

Model StatusPurpose End-points

Microsomes

Freshly isolated hepatocytes

Primary maintenance cultures
of hepatocytes

Liver perfusion

Whole animal

Reactive metabolite
production and covalent
binding/lipid peroxidation.
Particularly useful for species
comparisons. Often
incorporated as the
metabolizing system with
other cell types.

Xenobiotic metabolism.
Initial toxic effects.
Particularly employed for
interspecies comparisons

Effects of chemicals on
macromolecular/organelle
turnover

Study of short-term effects on
total function

Organ/organ interactions,
particularly delayed effects.
Influence of pharmacokinetic
factors on the degree of
toxicity

Radioisotope methods,
biochemical analyses

Radioisotope methods,
biochemical assays,
morphological changes

Enzyme activity.
Radioisotope incorporation

Blood flow, bile flow and
composition, oxygen
utilization

Serum chemistry. NMR

Well developed;
interlaboratory standardized
procedures yet to be identified

In extensive use. Reliable
methods for preparing/storing
human hepatocytes
particularly needed

Used by many laboratories.
Improved stabilization
techniques for particular
constituents, e.g. drug
metabolizing enzymes,
required

Reduced interpretation
variability needed, needs
viability period extended

NMR still in its infancy.
Serum chemistry parameters
need to be adapted for each
animal model used
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(B) Central nervous system (see Garattini, Chapter 13, this volume)

Model Purpose StatusEnd-points

Membranes Study of binding sites and
receptors

Neuronal cultures Study of morphological
effects, cytotoxicity,
biochemical activities

Study of electrical activityBrain slices

Whole animal Study of behaviour

Radioisotope methods

Radioisotope methods;
biochemical assays;
morphological changes

Voltammetry for continuous
measurement or biochemical
analyses of individual
neurotransmitters

Observations; behavioural
measurements

Well developed, relatively
well reproducible but very
expensive

Extensive use but not for
toxicological studies

Extensive use, relatively well
standardized but not for
toxicological studies

Extensive use but not for
toxicological studies
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Model

(C) Endocrine system (see Clark and van Leeuwen, Chapter 14, this volume)

End-pointsPurpose Status

Immunocytochemical staining
of endocrine glands

Determination of circulating
hormones

Release tests in vivo

Receptor binding

Lipoprotein uptake by
adrenal

Hormone secretion by
pituitary in vitro

Determination of status of
specific hormone producing
cells

Overall activity of endocrine
organ function

Test for endocrine organ
function

Test of inhibition of target
gland function

Test for decreased adrenal
function

Test for decreased pituitary
function

Appropriate staining capacity

Thyroid hormones, mineralol
glucocorticoids, etc.

TSH, prolactin, LH, FSH,
ACTH, corticosterone,
insulin in circulation

Inhibition of TSH and ACTH
binding

Inhibition of uptake of
lipoprotein, 1251

Pituitary hormones in the
medium

Limited use, * reliable, well-
developed

Limited use, reliable,
validated

Limited use, * reliable,
validated

Not in wide use

Not in use for toxicologic
evaluation

Limited use

* For several of these methods, specific antisera for the species used in the study are required.
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(D) Gastrointestinal tract (see Barltrop and Brueton, Chapter 8, this volume)

Model StatusPurpose End-point

Whole animal and man-in
vivo

Whole animal and man-in
vivo

Whole animal and man-in
vitro

Dissociated animal and
human enterocytes in cell
culture

Animal and human enterocyte
subcellular fractions

To recognize gross damage to
mucosal structure

To recognize gross damage to
mucosal function

To recognize disturbances in
mucosal transport

To recognize toxic effects on
cell culture systems

To recognize toxic effects on
subcellular function

Abnormalities seen on light
and electron/microscopy,
immuno- histochemimstry

Reduction in the absorption
of fat, nitrogen, carbohydrate

Changes in uptake kinetics in:
(a) perfusion studies; (b)
Ussing or Lucite chambers

Changes in enzyme synthesis
activity or release. Alteration
of cell surface activities or
metabolic pathways

Recognition of metabolic
products; changes in enzyme
synthesis, activity or release;
alt~ration in metabolic
pathways

Extensively used,
interpretation non-specific

Extensively used,
interpretation non-specific

Research tool; ethical
considerations in man

Further development and
validation required

Further development and
validation required
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(E) Haematological toxicity (short-term) (see Fliedner et aI., Chapter 12, this volume)

Haematopoietic cell renewal
system

Routine haematology (species
differences)

General toxicity

Bone marrow impairment

Stem-cell pool impairment

Cell specific functional
impairment

Haematopoietic function
impairment

Blood cell counts (red cells,
granulocytes, lymphocytes,
platelets)

Histology; EM; Cell smear;
cyto/histochemistry

CFU-S (mouse assay)
Progenitor cell culture (CFU-
GM) (CFU-GEMM)

Red cell toxicology
(haemolysis); Granulocytic
toxicology; Lymphocytic
toxicology; platelet toxicology

59Feincorporation
(erythropoiesis); 51Crblood
cell survival;
methaemoglobin; C)-ALA;
bleeding time; granulocytic
mobilization

Routine haematology (in man
and animals)

In vitro cell culture (cells from
man and animals)

In vitro test systems (cells
from man and animals)

Radionuclide methods,
biochemistry of blood and
urine (in man and animals)
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Model

(F) Immune system (see Vos and Dean, Chapter 15, this volume)

End-pointsPurpose Status

Whole animal, in vivo

Whole animal, in vivo

Whole animal, ex vivo-in
vitro

Whole animal, ex vivo-in
vitro

Lymphatic cells from rodents
and man, in vitro

Initial screening for
immunotoxicology

Confirmation of altered host
resistance

Confirmation of dysfunction
of immune system

Identification of effect on
lymphoid subpopulation

Identification of mechanism of
action and development of
predictive models for man

Weight and histology of
thymus, spleen and lymph
nodes; bone marrow cell
intensity; serum
immunoglobulin levels

Resistance to infectious
agents and. tumour cell
challenges

Various tests of cellular and
humoral immunity, and of
macrophage and natural killer
cell function

Immunohistochemistry and
flow cytometry using
monoclonal antibodies

Cytotoxicity or altered
functions

Validated and tabulated in
many laboratories

Validated and tabulated in
many laboratories

Validated and tabulated in
many laboratories

Under development

Under development
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Model

(G) Kidney (see Saxen, Chapter 10, this volume)

Purpose End-points Status

Organ culture (embryonic)

Chorionallantoic grafting
(embryonic)

In vitro perfusion (neonatal)

Culture of collecting duct
epithelium (embryonic and
neonatal)

'Biochemical end-point
analysis' (embryonic)

'Partial nephrectomy' (adult,
non-differentiating)

Analysis of cell interactions,
organogenesis, proliferation

Analysis of cell interactions,
organogenesis, proliferation;
cell migration

To examine the physiological
maturation of the nephron

Toxicity test

Drug testing

Toxicity test

Differentiation of the nephron
at different levels

Vascularization

Ion transport, etc.

Viability, macromolecule
synthesis

Weight, protein synthesis,
enzyme activity

Renal histopathology; blood
and urine biochemistry,
metabolic disposition

Used mainly by
developmental biologists.
Some toxicological
applications

Used mainly by
developmental biologists.
Some toxicological
applications

Limited use by physiologists

Limited use

Limited use

Limited use
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Model

(H) Skin (see Suskind, Chapter 11, this volume)

Purpose End-points Status

Percutaneous absorbtion in
vivo (rodent, rabbit)

Percutaneous absorbtion in
vitro in static or flowing
chamber models

Irritation: in vivo, single and
repeated exposure in rodents,
rabbit, man

Irritation: in vitro, cultured
whole skin

Chorioallantoic membrane of
chick

Guinea-pigs; sensitization

Guinea-pigs; sensitization
(many models)

Rate of penetration from
environment through
epidermis to underlying
tissue, blood stream and
excreta

Rate of penetration

Identify type and quantitate
inflammatory response;
determine threshold of
irritancy

Quantitate inflammatory
response to xenobiotic

Potential in vitro substitute
for in vivo skin irritancy tests

Determine potential for
inducing humoral antibody-
associated skin reactions

Determine potential for
underlying cell-mediated
hypersensitivity reactions

Measurement of penetrantl
metabolites

Measurement of penetrantl
metabolites

Morphologic criteria: gross
and histologic

Degree of inflammation,
necrosis, etc.: gross and
histologic

Biochemical markers of injury

Wheal-flare vascular response
to elicitations; identification
of humoral antibodies

Elicitation of inflammatory
response which can be
quantitated grossly and
histologically

Limited use

Limited use; one processing
model for assessment of
biotransformation

Widely used

Experimental, requires
exploration

Experimental, requires
exploration

Experimental

Frequently used
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Table 3.1 (H) (continued)

Human panel; sensitization

Single cell cultures, LS.C.viral
systems + UV radiation

Rodent, rabbit, hairless
mouse + UV radiation;
human subjects

Guinea-pigs + UV radiation

In vitro tyrosinase activity,
tyrosine transformation to
dopa and melanin precursors

Mouse melanoma cell culture

Black guinea-pigs and mice

Determine potential for
underlying cell-mediated
hypersensitivity reactions

Determine photo toxic
potential

Determine phototoxic
potential

Determine photo allergenic
potential

Determine change in pigment
(melanin) formation

Determine change in
melanocytes: decrease or
increase in pigment

Determine change in
pigmentation

Elicitation of inflammatory
response which can be
quantitated grossly and
histologically

Viability of cells

Inflammatory response

Inflammatory response

Rate of formation of dopa
and precursors of melanin

Colour and concentration of
melanin granules

Colour and concentration of
melanin granules

Frequently used

No correlation with effect on
man

Frequently used

Frequently used

Frequently used

Frequently used

Frequently used
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Hair strands in vitro

Rodents with hair cycle of
known duration (mice)

Albino rabbit ear

Hairless mouse

Human skin transplant to
athymic mice

Human skin transplant to
athymic mice

Effect on structure of keratin

Effect of xenobiotic absorbed
by any route on matrix cell
production of hair

Screen agent for acnegenic
potential

Screen agent for acnegenic
potential

Cutaneous metabolism of
xenobiotics; P450 enzyme
activity

Potential use for measuring
effect on sebaceous follicles

Morphologic and chemical
change in hair

Rate of hair growth, hair
structure, onset and
persistence of hair loss;
interruption of hair cycle

Epidermal hyperplasia,
follicular hyperkeratosis,
comedones, epithelial cyst

Follicular hyperkeratosis,
epidermal hyperplasia,
sebaceous gland involution,
keratin cyst

Quantitative metabolites

Follicular hyperkeratosis,
epidermal hyperplasia,
sebaceous gland involution,
keratin cyst

Used by cosmetic
manufacturers

Occasionally used

Frequently used

Research model with good
potential for wider use

Experimental

Experimental
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22 Short-term Toxicity Testsfor Non-genotoxic Effects

The selection anddevelopment of such tests requires the application of scientific
judgement and expertise if the results are to be relevant and capable of meaningful
interpretation. Sections 3.2 to 3.7 of this report discuss various aspects ofthese tests
which should be considered, as routine short-term tests methods are developed and
refined.

3.2 CONSTRAINTS IN THE USE OF IN VITRO TESTS FOR
SELECTIVE EFFECTS

Major advances in the development of cell culture systems that retain the differenti-
ated functions and responses characteristic of the intact tissue in vivo have opened
up possibilities for using these techniques to assess the effects of chemicals.

There are a number of considerations that relate to the use of in vitro test

procedures. Some of the more significant ones are mentioned below.

(1) Living organisms are characterized by homeostatic mechanisms that ensure
their integrity and uniformity under differing environmental conditions. Em-
bryo and organ cultures, cell cultures, subcellular preparations, membrane
receptors and other test systems used in in vitro studies are more prone to
artefacts because homeostatic mechanisms are considerably modified or
absent.

Organs and cells cultured in vitro are not subject to many of the crucial
influences that characterize their normal existence in vivo, including such
influences as:

(2)

(a) homeostatic control (e.g. hormonal, nervous and immune systems);
(b) continuous input of nutrients and specific substances produced by other

organs (e.g. liver); and
(c) processes which result in the elimination of catabolic products formed in

organs or cells.

(3) Exposure to chemicals, at the organ or cellular level, is the result of a dynamic
situation involving absorption, distribution, metabolism and excretion pro-
cesses. In contrast, exposure to chemicals in vitro is a static situation. In
consequence, there may be differences in the response to a chemical insult in
vitro compared to that in vivo. For example, a toxic effect identified in vitro
may not occur in vivo because the toxicant is rapidly metabolized or excreted,
or because other types of toxicity intervene at lower concentrations. Maintain-
ing adequate concentrations of chemicals in in vitro systems is also a problem
III some cases.

Certain tissues (e.g. brain, skin) are protected in the living organism by physio-
logical barriers which inhibit the entry of particular chemicals. Just as access
of chemicals at the tissue level may differ between the in vitro and in vivo

(4)
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situations, it is conceivable that entry of a chemical into the cell and subse-
quent subcellular distribution may also differ.

(5) In vitro tests may yield misleading results for chemicals that require metabolic
activation in order to exert their toxic effects. Several examples are known of
chemicals that are not toxic themselves but which yield metabolites that are
highly toxic (e.g. cyclophosphamide). In this context, it is worth noting that in
vivo biotransformation of chemicals to their active metabolites may be a com-
plex process involving large numbers of metabolites, some of which may
potentiate or prolong the toxic effects and others of which may exert antag-
onistic actions. For example, salicylate, the major metabolite of acetylsalicylic
acid, counteracts the inhibitory effect of acetylsalicylic acid on cyclo-
oxygenases.

3.3 ORGAN-SPECIFIC CYTOTOXIC EFFECTS

A number of short-term tests that have found wide application in the past (e.g. the
Draize tests for skin and eye irritation) depend upon the detection of cell injury or
death, often by assessment of the degree of pathological sequelae such as inflamma-
tion, ulceration or immunologic responses. More recently, the possibility to culture a
wide range of cell types and organs in vitro using relatively simple and inexpensive
techniques has triggered interest in measuring adaptive changes and cell death more
directly using end-points based on both cell morphology and biochemistry.

3.3.1 Skin

Topical application of chemicals to skin may result in cytotoxic effects with various
sequelae depending upon the potency of the chemical and the conditions and dura-
tion of contact. These range from relatively mild, reversible effects (irritancy) to
more serious effects that are irreversible such as corrosive action at the point of
contact. Some chemicals require light exposure to induce a response (phototoxicity).

3.3.1.1 Primary irritation

Primary irritation is a condition in which the superficial epithelial cells of the
epidermis are destroyed, provoking an inflammatory reaction. It may occur with
single, short-term exposure (acute primary irritant) or only after repeated exposures.
If cell injury is more severe and extensive, necrosis, ulceration and, ultimately,
scarring result.

There is no single test that provides an adequate predictive model for primary
irritation in humans (McCreesh and Steinberg, 1983). The most widely used meth-
ods are based on the Draize skin irritancy test (Draize et al., 1944), one modification

of which has been adopted as a reference method under the US Federal Hazardous
Substances Act (Code of Federal Regulations, 1980) and by the Organization for
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Economic Co-operation and Development (GECD, 1981).However,theDraizeskin
irritancy test (and modifications) suffer from a number of shortcomings, particularly
in the ability of the test to predict mild or moderate irritancy. Many chemicals found
to be mild irritants in rabbit or guinea-pig result in no demonstrable effects in
humans (National Academy of Sciences, 1977). On the other hand, substances
which elicit no irritant response (or minimal response) in rabbit are unlikely to cause
a reaction in man (McCreesh and Steinberg, 1983).

In order to overcome the difficulties inherent in extrapolation of the results of
irritancy testing from animal species to humans, various bioassay procedures
involving human subjects have been developed (Mathias, 1983). The methods util-
ize the degree of erythema and oedema as indices of irritancy and are simple and
convenient. Other end-points such as measurements of electrical impedance of
human skin, carbon dioxide emission from skin and electrolyte flux have been used
(Mathias, 1983). An in-depth review of selected issues for testing dermal toxicity
has been published by the US Environmental Protection Agency (Chaube et at.,
1982).

No satisfactory in vitro methods are currently available to substitute for the
Draize skin irritancy test. The potential for the development of in vitro methods
appears promising because of improvements in culture methods for human and
animal whole skin.

3.3.1.2 Changes in pigmentation

Selective melanocytotoxic action induced by chemicals results in depigmentation of
the skin, a condition known clinically as 'white skin syndrome'. Animal models,
using guinea-pig, mouse, cat, goldfish and rabbit, have been developed for use as in
vitro screening techniques to detect the depigmenting action of chemicals (Gellin
and Maibach, 1983). Changes in pigment, and changes in the number of
melanocytes per unit area of pigmented skin of CH3 or DBA strains of mice, have
been used as measures of potency.

1n vitro cell systems have been used to study the effects of chemicals known to
induce depigmentation. Mansur et at. (1978) reported studies using harvested
melanocytes from the ears of black guinea-pigs. Others have used a murine
melanoma strain (Dewey et at., 1977). End-points include measurement of tyro-
sinase activity (several potent depigmenters have been shown to inhibit this en-
zyme) and the concentration and colour intensity of melanin granules.

3.3.1.3 P hototoxicity

Exposure to sunlight (and other sources of ultraviolet light) causes increased reac-
tivity of many chemicals which can result in toxic skin reactions. Reactions of a
non-immunologic type are usually described as phototoxic, whereas the term photo-
allergy has been used to describe the light-induced counterpart of contact allergy.
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Phototoxicity and photoallergy testing have been primarily of interest in the
cosmetic field, although light-induced reactions to drugs, industrial chemicals and
environmental chemicals are of growing concern, mainly because of changing life-
styles that result in increased exposure to sunlight.

Several test systems are in use to detect phototoxicity (Harber, 1981;Kornhauser
et al., 1983; Maibach and Marzulli, 1983) and photoallergy (Epstein, 1983) al-
though specific tests, including in vivo animal tests, have not yet become standard-
ized (Chaube et al., 1982). The methods cited are all basically similar but vary in
specific details such as the test species and light source to which animals are
exposed to elicit a response. Rabbits, mice, guinea-pigs and miniature swine have
been shown to be satisfactory models when tested with known phototoxic materials
(Harber, 1981); guinea-pigs have been found suitable for photoallergy testing
(Harber et al., 1983). Nevertheless, because of uncertainties in the extrapolation of
results obtained in laboratory animals to man, and because of the non-invasive and
reversible nature of the response to most chemicals, human testing has been recom-
mended, but only after testing in animals for both photosensitivity and systemic
toxicity (Chaube et al., 1982). Human testing methods for phototoxicity have been
reviewed by Maibach and Marzulli (1983) and, for photoallergy, by Kaidbey
(1983).

3.3.1.4 Dermal sensitization

Allergic reactions, or hypersensitivity, are frequently observed in response to con-
tact with certain chemicals. Three types of injury due to the release of immuno-
globulins from cells have been classified using the criteria of Coombs and Gell
(1975). Briefly, these are:

(1) anaphylactic reactions involving humoral antibodies with the participation of
B cells;

allergic contact dermatitis in which simple chemical compounds (e.g. metal
ions) are absorbed through skin, conjugate with proteins leading to recognition
of the protein antigen by T lymphocytes; and

cutaneous reactions to xenobiotics which involve antigen-antibody complexes
forming microprecipitates in and around small blood vessels and in basement
membranes.

(2)

(3)

Methods to detect the potential of chemical agents to induce various kinds of

allergic response depend on short-term in vivo procedures reviewed by Klecak
(1983) and by Chaube et al. (1982). The in vivo skin sensitization test has been

standardized by the Organization for Economic Co-operation and Development
(GECD, 1981).
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3.3.2 Gastrointestinal tract

The gastrointestinal tract is a major portal of entry for chemical agents-a distinc-
tion shared with skin and lung. As such, it is both a major target organ for the action
of ingested toxic substances, and a site for their metabolism, either during passage
through the structures of the gut wall itself, or in the lumen as a result of bacterial or
enzymic activity.

Toxic effects on the gastroinestinal tract structures can be identified in man by
means of mucosal biopsies which are readily obtainable from the oesophagus,
stomach, jejunum, sigmoid colon and rectum. A variety of cellular changes can be
determined through staining, mitotic indices and the use of monoclonal antibodies.
Fibre-optic endoscopy has made it possible to complement observations on biopsy
material with direct observations in situ.

In animal models, histological and electron microscopic examination of all com-
petent layers of the gastrointestinal tract can be carried out to determine inflamma-
tory changes, alterations in cell types, cellular damage, ulceration, hyperplasia and
changes in glandular structures and their contents. Enterocytes can be dissociated
from the mucosa by chemical or mechanical means and maintained in various
culture systems (Hartmann et al., 1982;Gaginella et al., 1977).

3.3.3 Respiratory tract

Many chemicals are known to injure the lung (Witschi, 1976) either via the airways
or the bloodstream (Evans, 1982). The ciliated cells of the distal airways, the type I
epithelial cells of the alveoli and the endothelial cells of the vascular system appear
the most vulnerable to damage (Evans, 1982).

The pulmonary alveolar macrophages serve as an effective defence mechanism to

protect the respiratory membrane against inhaled particles and micro-organisms by
means of their phagocytic and lytic properties. Certain particulates are toxic to
alveolar macrophages resulting in cytotoxicity. In the case of silica and asbestos, it

has been postulated that macrophage injury might be the mediator of fibrosis (Brody
and Davis, 1982), while macrophage dysfunction and the release of a variety of
enzymes have been observed as a consequence of exposure to a number of chemical
agents including oxidant gases and cigarette smoke (Brain et al., 1977). In animal
models, histological and electron-microscopic methods have been used to observe
and quantify the degree of cellular damage. Bronchopulmonary lavage with saline
solution, either in living animals or in excised lung, has been used to investigate
several types of acute injury to the lung, and the inflammatory response to such an
injury (Henderson et aI., 1979). This technique shows promise also for detecting
developing chronic pulmonary conditions. It is suitable for use as a screening
procedure, especially if advanced flow-cytometric instrumentation is used; this tech-
nique has been applied to toxicity studies on environmental pollutants associated
with the production of synthetic fuels (Steinkamp et al., 1979).
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3.3.4 Haematopoietic system

In health, there is a delicate balance between the production and destruction of the
cellular elements of blood (erythrocytes, leukocytes, platelets). Any chemical exert-
ing a cytotoxic effect on the cells involved in the development of blood cells has the
potential to upset this steady state equilibrium.

A large number of chemicals affect some component of the haematopoietic cell
renewal system. The simplest but most effective approach to detecting this toxicity
is to evaluate changes in blood cell counts in relation to the administered dosage and
time. This must be done for each blood cell line independently because each of the
cell types (such as erythrocytes, granulocytes, lymphocytes, monocytes and plate-
lets) is the culmination of a renewal system with its own regulatory mechanism.
However, while changes in blood counts (cells per unit volume of blood) may result
from indirect action affecting precursor cells or release mechanisms, they may also
result from direct effects on circulating cells (e.g. haemolysis). In many instances,
disturbance of blood cell function (migration or spreading capabilities of granulo-
cytes, monocytes or platelets, or the amount of methaemoglobin in red cells) can be
detected by established methods.

Bone marrow is amenable to study either by examination of smears prepared
from biopsy samples or by histological techniques applied to bone marrow sections.
Bone marrow studies may provide information as to possible mechanisms of toxic
action detected by systematic changes in blood counts. Specific cell types associated
with cytotoxicity can be identified by appropriate staining techniques. However, it
must be recognized that different animal species have specific bone marrow cytol-
ogy and that the techniques involved require skill and experience.

Of particular importance for evaluating cytotoxic effects in the haematopoietic
system is the study of the stem cell pool using in vivo or in vitro methods. The
spleen colony assay, based on techniques developed by Till and McCulloch (1961)
permits the study of chemical toxicity to pluripotent stem cells (Uyeki et al., 1977).
In vitro culture systems make it possible to study different haematopoietic progeni-
tor cell populations (Metcalf, 1977).

3.3.5 Immune system

The potential for chemicals to alter immune response (often without causing other
symptoms of overt toxicity) has been observed in both animals (for example, Gold-
stein et al., 1976;Dean et al., 1982, 1986) and man (for example, Kammuller et al.,
1984; Lunn et al., 1967; French et al., 1973). The result of such alterations is
observed clinically as changes in resistance to infectious agents.

Effects on the immune system are best evaluated in vivo due to the complexity of
the immune system. Effects can be quantified by histopathological observations on
the spleen and lymph nodes which provide an indication of effects of xenobiotics on
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T lymphocytes and B lymphocytes, especially when evaluated in conjunction with
the weights of thymus, spleen andperipheral lymph nodes. B lymphocytes, which
are primarily responsible for the production of antibodies, enter the lymphatic
nodules of the spleen and are largely absent from the periarterial lymphatic sheaths;
T lymphocytes, which function primarily in cellular immune response, occur mainly
in the periarterial lymphatic sheaths. Atrophy of the thymus and thymus-dependent
areas of the spleen and lymph nodes is indicative of immunosuppression, whereas
proliferation of the high endothelial venules of thymus-dependent areas of the
lymph nodes and Peyer's patches of the small intestine correlate with an enhanced
immune response.

A variety of in vitro methods have been developed to detect or measure potential
immunotoxicity (for example, Mishell and Dutton, 1967; van Furth and van Zwet,
1973; Tucker et al., 1982; Graham et al., 1975; Greenspan and Morrow, 1984).
However, the specificityof these methods and the potential for false negative results
(Kutz et al., 1980) requires that they be used as part of a battery of tests (Vos and
Dean, this volume). The true value of in vitro methods with respect to immunotox-
icology is in the evaluation of modes of action of immunotoxic chemicals.

3.3.6 Liver

The liver is a biochemically diverse organ and has a wide range of important
physiological functions including bile production, protein synthesis and detoxifica-
tion of endogenous waste products. Despite a large functional reserve, the liver is
vulnerable to effects of xenobiotics because chemicals absorbed following ingestion
pass almost exclusively into the hepatic portal vein and are transported to the liver.
Also, its high metabolic activity makes the liver particularly vulnerable to chemicals
for which toxicity is potentiated by metabolic alteration.

A variety of accepted in vivo methods exist for the evaluation of cytotoxicity in
the liver. These include methods for histological and histochemical assessment, and
serum and tissue biochemistry (see Bridges, Chapter 9, this volume).

Liver cell lines, isolated hepatocytes and primary hepatocyte cultures have been
used as in vitro systems to investigate general cytotoxicity, as well as liver-specific
effects of xenobiotics. Hepatocytes are a particularly relevant model for evaluating
the cytotoxic effects of chemicals requiring metabolic alteration to form active
metabolites. Various endpoints have been monitored in these in vitro models includ-
ing membrane damage, protein synthesis, changes in metabolic parameters, and
changes in activity, growth and morphology of cell cultures.

In vitro systems lack the complexity and long-term viability to adequately assess
or detect all hepatotoxic effects of chemicals. However, their use in defining
mechanisms of action should be vigorously pursued, as should improvements in
their preparation, maintenance and viability.
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3.3.7 Kidney

Chemicals can have a variety of direct toxic or indirect effects on the kidney (Rush
et al., 1984; Goyer, 1983). Clinically, these effects are ultimately manifested as
altered urine flow, and/or altered urine chemistry (Hayes, 1983).

A variety of kidney cell lines are available for in vitro assessment of chemical
effects. These include baby hamster kidney fibroblasts (BHK-21), Syrian hamster
kidney (HaK), monkey kidney cells (VERa), and a cell line derived from the cortex
of adult pig kidney (K7) (Paganuzzi-Stammati, et al., 1981). Such cell cultures can
be used to assess cell specific effects, general cytotoxicity and xenobiotic metabol-
ism. Toxic end-points include those used to investigate effects on cells of other
organs (such as the liver).

Organ-specific effects are more readily investigated in vivo using various histo-
logical and light and electron microscopy techniques to determine the cellular
pathophysiological effects of chemicals (Porter, 1982).

A practical approach to studying renal cellular effects is the in vitro tissue slice
technique (Berndt, 1976). This technique is effective in assessing the effects of
xenobiotics on renal transport processes at the cellular level, following in vivo
chemical exposure.

3.3.8 Nervous system

Neurotoxic potential is commonly evaluated on the basis of effects on neurone and
axon morphology in brain, spinal cord, and peripheral nerves. While the blood-
brain barrier protects the central nervous system (CNS) against the entry of many
chemicals, there are aspects of the process where the barrier is less efficient on the
circumventricular organs. Systematically administered agents may affect some of
these organs, such as the nucleus arcuatus of the hypothalamus, and cause selective
degeneration of neurones. Cell culture systems using nervous tissue of different
animal species and man can be used as test systems for effects of xenobiotics.
However, due to the complexity of the CNS, it is unlikely that a few cell lines are
sufficient to represent the variety of cells existing in the brain.

3.3.9 Endocrine system

Recent developments in immunocytochemistry, specifically radioimmunoassay and
enzyme-linked immunosorbent assay techniques, have greatly expanded the testing
possibilities for xenobiotic effects on the endocrine system. Combined with bio-
chemical and histological observations, it is now possible to identify hormone-
producing cells and quantify effects after in vivo chemical exposure.

In vitro, cell preparations can be used for the assessment of a variety of toxic,
endocrine-specific effects including the uptake of iodide by thyroid cells, lipoprotein
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uptake by adrenal cells, and hormone receptor binding (see Clark and van Leeuwen,
Chapter 14, this volume).

3.3.10 Reproductive system

The assessment of xenobiotic effects on cells and tissues associated with reproduc-
tion may be conducted in a wide variety of models. In animals, pre- and post-
exposure models may be used and histologic, cytologic, and where appropriate,
morphometric assessment of components of the male and female gonadal tissues
may be carried out. Areas of investigation include aspects of maturation of gonads
and accessory sex organs, ovarian cytology and ovarian growth, granulosa and
thecal structure, vaginal and cervical epithelium morphology, and the quantity,
quality, structure, motility, morphology, and fertility capacity of sperm. Observation
of cytologic effects on reproductive processes include morphologic aspects of em-
bryogenesis from implantation of fertilized ovum to fully developed newborn. Test
models for effects on organogenesis include morphologic changes in organ cultures
such as limb buds, tooth buds, liver, kidney and thyroid (see Nadolney et al.,
Chapter 16, this volume; Saxen, Chapter 10, this volume).

3.4 METABOLIC AND BIOCHEMICAL CONSIDERATIONS

The analysis of metabolic and biochemical changes induced by xenobiotics is an
important aspect of the total battery of toxicological tests. Such analyses are espe-
cially valuable in understanding mechanisms of action, and offer considerable po-
tential for developing predictive models based on structure-function relationships.
At the present time, many biochemical and metabolic tests are available; however,
few of them have been used to examine toxic effects.

3.4.1 Endocrine system

The influence of endocrine secretions on metabolism is well known and it is clear

that alterations in the normal secretory patterns of hormones can lead to toxicity.
However, little is known concerning exposure of the endocrine system to toxins.
Therefore, many of the proposed methods still require careful testing and validation.
For example, some substances can interfere with the stimulation of adenylate
cyclase activity by thyrotropin in in vitro thyroid membrane preparations; however,
whether this effect occurs in vivo with resultant toxicity needs to be established in
animals. The potential for in vitro metabolic tests is great since they are relatively
inexpensive and require little time. Conceivably, such analyses could be used to
screen potential toxins and certainly to examine their mechanisms of action (Clark
and van Leeuwen, Chapter 14, this volume). The limitations of in vitro tests are
considerable, however, since they give no information concerning the pharma-
cokinetics of the test substance or the likelihood of interactions via indirect actions.
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3.4.2 Reproductive system

The reproductive system depends on the interplay between hormones and target
organs and many of the biochemical and metabolic consequences are known. Meth-
ods for the examination of hormone receptor binding are well known and toxic
substances may act at this level. Such actions of toxins may decrease the hormone-
induced response or they may mimic the response. These actions of toxins must be
considered with respect to the development stage at which exposure occurs. Thus,
oestrogenic toxins may have little lasting effect in the adult but may be very
deleterious if exposure occurs during the fetal or neonatal period. Biochemical
analysis of toxic interactions in the reproductive system will point the way for
understanding mechanisms of action of toxins and should, when combined with in
vivo studies, provide a framework upon which predictions of hazard may be made
(Nadolney et al., Chapter 16, this volume).

3.4.3 Nervous system

The metabolic and biochemical tests which are of potential use are numerous. These
include neurotransmitter binding, turnover and post-synaptic responses. Toxins
could, in theory, act at any or all of these steps and thereby interfere with nervous
system function. Such tests will probably require treatment in vivo and subsequent
in vitro analysis since suitable, purely in vitro, model systems are not available. The
potential for such in vivo-in vitro analyses is great but much more work is necessary
to validate their value to toxicology (Garattini, Chapter 13, this volume).

3.4.4 Skin

Knowledge about the passage of molecules across the skin has increased greatly in
recent years. Local and systemic toxicity of substances that contact the skin depend
on a chemical penetrating its multiple layers. This is a complex phenomenon involv-
ing both a passive diffusion process and metabolic processes of the skin itself that
can serve both to detoxify or to activate applied chemical agents.

Measurements of the absorption of xenobiotics through skin are laborious and it
is difficult to obtain consistent results (Dugard, 1983). There are a number of in vivo
and in vitro techniques that have been used; of these, the in vitro techniques are
easier to perform, more amenable to the control of experimental conditions and
more precise. However, Franz (1973) noted important differences between tests
conducted in vivo and in vitro; in particular, shedding of the superficial cells of the
stratum corneum does not occur in vitro, and the role of hair follicles and sweat
glands may differ.

In vitro methods to investigate percutaneous absorption involve the use of diffu-
sion cells in which skin is mounted as the membrane with the stratum corneum side

exposed to the test environment. The integrity of the skin can be verified before use
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by detennining its penneability for tritiated water (Bronaugh et at., 1981).Chemical
depilatory agents should be avoided because of their ability to increase skin absorp-
tion (Andersen et af., 1980). Good agreement has been obtained between in vitro
and in vivo techniques for several chemicals (Bronaugh and Maibach, 1983).
However, the number of validation studies available is small so that in vitro studies
are, at present, of greatest value to supplement in vivo absorption studies. Although
human skin is preferred, its use is not always feasible. Several animal models have
been used (Bronaugh and Maibach, 1983).

Methods to study in vivo percutaneous absorption have been reviewed by Wester
and Maibach (1983). The most commonly used methqds depend upon the measure-
ment of radioactivity in excreta following topical applicationof a radiolabelled com-
pound. Other approaches include determination of the rate of loss of radioactivity
absorbed from applied substances, measurement of pharmacological responses in-
duced by the test substanceand whole body autoradiographyand fluorescence.

In addition to its function as a permeable membrane, the skin is also a major site
of metabolism. It constitutes about 10 per cent of normal body weight and must,
therefore, be considered one of the major organs of the human body. The viable
layers beneath the stratum corneum are involved in numerous biochemical pro-
cesses. Chemicals that penetrate the stratum corneum are subjected to the action of
drug-metabolizing enzymes that can result in the metabolism of absorbed sub-
stances before they reach the underlying capillary bed. This activity has been de-
scribed as 'first-pass' metabolism of topically-applied chemicals. Besides in vivo
studies, mouse skin in organ culture may provide a good in vitro model for studying
the interrelationship of the skin as a metabolizing and target organ and as a primary
entry for xenobiotics. The in vitro tests are potentially adaptable for the study of
interspecies differences with respect to skin metabolism and penetration but their
validity needs to be better established before they can be used with confidence for
risk assessment for human beings.

3.4.5 Gastrointestinal tract

The gastrointestinal tract functions as an important metabolic organ and is a major
site of extrahepatic xenobiotic metabolism. In addition, the intestinal flora play an
important part in the metabolism of xenobiotics. The lack of suitable techniques (the
majority of bacteria in the gut are anaerobic and have specializednutritional require-
ments that are largely unknown) has inhibited research on the role of the intestinal
flora in xenobiotic metabolism until recently (Rafter et af., 1983).

A number of techniques have been described for investigation of the absorption
and metabolism of xenobiotics both in vivo and in vitro. These include pharmaco-
kinetic studies using radiolabelled materials, transport and uptake studies using gut
loops (in which each end is cannulated to allow perfusions to be carried out, but in
which the blood and other vessels supplying the intestinal segment are left intact),
studies using isolated organ preparations (Barltrop and Brueton, Chapter 8, this
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volume), as well as enterocytes dissociated from the mucosa (Hartmann et al., 1982)
and subcellular fractions (mitochondria, microsomes, nuclear and microvilli).
However, these techniques, developed for functional studies in clinical gastroen-

terology, have yet to be extensively used in toxicology. Their potential appears
considerable but needs validation.

3.4.6 Lung

The importance of lung in the absorption and metabolism of xenobiotics is fre-
quently overlooked. In addition to its function in the exchange of gases, the lung has
an extensive capillary bed through which the entire cardiac output passes. Because
of this, it is frequently the target organ not only for inhaled substances such as gases,
asbestos or smoke particulates, but also for substances to which it is exposed
systemically (e.g. paraquat). The lung also has the capability to metabolize many
foreign compounds which may be activated to toxic intermediates or detoxified. For
a more detailed account of the toxicologic implications of lung metabolism, the
reader is referred to the reviews by Philpot et al. (1977) and Wilson (1982).

A variety of techniques and preparations have been used to study the metabolism
of xenobiotics in the lung and pulmonary vascular system. These include isolated
perfused lung preparations, distribution studies in whole animals, and measurements
of the disappearance of substances from the pulmonary circulation, or of the in-
activation of pharmacologically active substances. Alabaster (1977) noted that dis-
tribution studies, where the xenobiotic concentration in lung tissue is determined at

varying times after administration, do not reflect the ability of lung to remove the
substance in one pass. He also noted that studies in homogenized tissue do not
necessarily reflect the metabolizing activity of the pulmonary circulation since
homogenization can expose intracellular enzyme systems not normally accessible
during passage through the pulmonary circulation. Wilson (1982) reported on sig-
nificant advances. in determining the kinetic parameters for metabolic pathways in
pulmonary tissue. This opens up new possibilities for the use of pharmacokinetic
models for the pulmonary clearance of endogenous agents, and the assessment of
lung damage resulting from exposure to toxic substances.

Immunologic stimulation of the lungs results in the release of potent,
biologically-active substances that are important in relation to anaphylaxis and
asthma of extrinsic origin. Methods for the detection and assay of released sub-
stances have been reviewed by Said (1982). Methods based on superfusion tech-
niques and identification of humoral agents by the use of inhibitors of their
biosynthesis require specialized skills and equipment. The use of radioimmuno-
assays has the merit of relative simplicity, sensitivity and precision (Said, 1982).

3.4.7 Liver

The liver is the most important organ with respect to both intermediary and
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xenobiotic metabolism. Numerous tests of proven validity are available to establish
the effects of xenobiotics on: carbohydrate and protein metabolism, oxidative
phosphorylation, microsomal mono-oxygenase activity, conjugation reactions, etc.
Most of these tests can easily be applied to in vivo as well as in vitro toxicity
experiments (Bridges, Chapter 9, this volume).

3.4.8 Haematopoietic system

Cell renewal is used in testing chemical toxicity. Impairment of metabolism causes
quantitative and/or qualitative impairment of cell numbers or function, resulting in
fe~d-back actions causing other parts of the system to respond (indirect result of
direct action) (Fliedner et ai., Chapter 12, this volume). Metabolic effects, mainly
detected in vivo (in man as well as in animals), are disturbance of iron uptake and
haeme biosynthesis and the 'formation of methaemoglobin. Determination of por-
phyrin patterns and methaemoglobin formation can be detected easily. For the study
of iron metabolism, radionuclides are indicated. These tests are expensive and time
consuming. For mechanistic studies the same approach can be used in in vitro
models (Fliedner et ai., Chapter 12, this volume).

3.4.9 Kidney

The kidneys receive about 20 per cent of cardiac blood output. Therefore, the
kidneys are considerably exposed to chemicals in the circulation. The removal of
xenobiotics from the blood via filtration, combined with the resorption of water
from the filtrate in the proximal tubule, with the subsequent concentration of
xenobiotics, may expose tubule cells to relatively high concentrations of these
chemicals. The role of metabolic activation in nephrotoxicity has recently been
reviewed (Rush et ai., 1984).

3.5 EVALVATION OF EFFECTS ON DIFFERENTIATION

From a single cell, the conceptus differentiates into a complex organism containing
pools of stem cells which account for the cellular renewal observed in almost all
tissues and organs. If the balance between cell production and removal is lost, health
is impaired and a disease state introduced. Cellular differentiation which underlies
embryogenesis is a most complex process, as is the de-differentiation which ac-
counts for malignant transformation. Neither process is well understood. However,
models of differentiation are required as short-term tests to determine toxicity and to
aid our understanding of mechanisms of toxicity.

Differentiation is usually defined superficially, which is a reflection of our lack of
in-depth knowledge of the genetic, molecular and cellular processes involved. It is a
finely balanced programme of cellular events, including proliferation, migration,
association, differentiation, senescence and cell death, precisely arranged to produce
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tissues and organs selected from genetic information present in all cells. This com-
plex process involves interactions which are both time and space dependent. Adja-
cent cell groups interact, apparently mediated through endogenous molecular
growth modifiers. Processes of cell migration, pattern formation, and the penetration
of one cell group by another further characterize this process. Nuclear and non-
nuclear events are involved which can be affected genetically or epigenetically.
Transcriptional and translational events are likely targets of toxic chemicals. Most
of these processes have been modelled in culture systems but have not been applied
directly to toxicity testing.

Although cytotoxicity can affect differentiation, cellular differentiation should be
clearly distinguished from cellular replication. Many test systems are available
which model cellular replication and are useful predictors for cytotoxicity.
However, these end-points should not be confused with indicators of abnormal
differentiation. Cytotoxicity is a very general type of toxicity; abnormal differentia-
tion is the result of a much,more specific insult. The differentiation of various tissue
and organ systems, embryogenesis, and cellular transformation have much more in
common. Models of these processes have many advantages in toxicological studies
but share definite limitations. Various events of embryogenesis have been shown to
be exquisitely sensitive to exogenous influences, and the biological consequences
are frequently easily recorded. Moreover, many undifferentiated cells and tissues
can easily be studied in vitro or grafted in vivo at various anatomical sites. In such
systems the exposure to test agents can be precise in both concentration and timing
of exposure. To extrapolate such systems to the in vivo situation it is often necessary
to supplement the in vitro system with a means of metabolizing the test chemical
(such as hepatic S9 microsomal fraction). In some laboratories, the serum of treated
animals is used in the culture media to provide the test chemicals and metabolites.

The various components of differentiation for which models for toxicity testing
are sought include:

. proliferation (DNA synthesis, meiosis, mitosis);

. activation of the genome (expression of new phenotypes);

. polarization of cells (morphology, secretions);

. interactive events with other cells or with the extracellular matrix;

. migration and the attachment of cells;

. cell recognition and spatial organization;

. appearance of cell- and tissue-specific functions;

. celldeath;and

. regeneration.

Knowledge concerning these events and their control systems is increasing
rapidly, and models of many of these processes are being employed by biologists in
their laboratories. Such models can be adopted by toxicologists to identify chemi-
cals capable of perturbing specific steps in the differentiational process. The present
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situation employs much less sophisticated toxicity tests. In most cases, embryonic
cells and whole tissues are used in culture to identify the effects of toxic chemicals.
The endpoints are crude and lack specificity, and cytotoxic chemicals are often
confused with those capable of altering differentiation.

Nevertheless, the future is encouraging. These newer systems might soon unravel
some of the basic mechanisms which account for the harmful effects of chemicals,
and aid in the laboratory identification of such hazards. For example, cellular events
such as impaired cellular migration, abnormal cellular aggregation, and membrane
changes can now be detected in in vitro systems.

Various mature tissues and organs offer a number of attractive models which
deserve much greater emphasis on their laboratory development, and efforts to
evaluate their validity for toxicity testing should be given a high priority.

3.5.1 Gut mucosa

The gut mucosa provides a classic example of differentiation at a local site. Active
crypt cell proliferation generates enterocytes which undergo motivation as they
migrate to the villus tip, where they are lost into the gut lumen. Monitoring histo-
chemical and immunochemical function during this period therefore permits the
recognition of a wide variety of toxicological effects within an extremely short time
scale. The notable metabolic activity of crypt cells has only been recently appreci-
ated. It is probable that their advantages and relevance as a site of primary contact
with xenobiotics, when compared with the use of cells from less accessible tissues,
has not been fully appreciated or exploited.

3.5.2 Liver

The liver, although capable of regeneration following damage or partial hepatec-
tomy, does not appear to offer any significant model of differentiation.

3.5.3 Kidney

The developing kidney, in vitro, has been identified as a sensitive indicator of
chemical fetotoxicity and teratogenicity (Kavlock and Gray, 1983; Kavlock et al.,
1982). In vitro models to assess organ development using organ culture (Saxen,
1983), or to assess cell differentiation using embryonic kidney anlagen in culture,
have been developed in a number of laboratories with routine techniques (Saxen,
1983; Saxen, Chapter 10, this volume). These test systems seem to be of potential
interest to toxicologists as suggested by studies seeking to define the toxic effects of
chemicals.
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3.5.4 Skin

The skin is a particularly useful organ to serve as a model system for cellular
differentiation. Cultured keratinocytes are especially interesting as models for tox-
icity testing (Suskind, Chapter 11, this volume). These cells grow well and have
defined markers of differentiation.

3.5.5 Haematopoietic system

The haematopoietic cell renewal system involves the erythrocytic, granulocytic and
megakaryocytic series which differentiate from a stem-cell pool capable of un-
limited self-replication. Specific stimuli trigger stem cells to differentiate into spe-
cific cell lineages (Fliedner et ai., Chapter 12, this volume).

Recently, tests have become available to study in vitro cellular differentiation
(using haematopoietic progenitor cells). Mononuclear cells from human bone mar-
row and blood can be forted by appropriate humoral stimuli to differentiate into
erythropoietic, granulocytic-macrophage, and megakaryocytic cell lines or into all
three lines simultaneously. These new cell culture systems should now be adapted to
evaluate the effects of chemicals on cell differentiation.

3.5.6 Immune system

The immune system, like the hematopoietic system, contains a series of cells whose
continued differentiation is required to provide immune homeostasis. Morphologi-
cal differences as well as functional deficits can be monitored as indicators of
altered differentiation using standardized tests. Several chemicals (e.g. TCDD, ben-
zene) have been shown to alter differentiation in cells of the immune system (Vos
and Dean, Chapter 15, this volume).

3.5.7 Nervous system

The nervous system is generally presented as a non-replicating system. However,
prenatal neural tissue does differentiate and can be modelled in vitro. Also, the

supporting glial elements in the nervous system do differentiate postnatally and can
be maintained in appropriate culture systems. These culture systems include whole-
embryo, whole organ, organ explants, reaggregation of dispersed cells, and dis-
persed cell cultures.

3.5.8 Reproductive system

The reproductive system, especially gametogenesis, offers especially attractive
model systems for cellular differentiation. In both the testis and ovary, stem cells
differentiate during the process of spermatogenesis and oogenesis. Unique meiotic
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processes, thought to be particularly susceptible to chemical perturbation, occur as
the haploid spenn and ova are fonned. Fertilization leads to both embryonic and
non-embryonic tissues which differentiate actively.

A great number of systems are available which attempt to model embryogenesis.
However, most are crude and few are able to provide infonnation concerning the
specific mechanisms of differentiation which are altered by the test chemical.
However, the study of trophoblast function, honnone production and implantation,
has been neglected in most laboratories but offer unique test systems which are
relatively easily maintained and monitored in vitro as well as in vivo.

3.5.9 Future prospects for tests for effects on differentiation

In practice, most of the screening tests for altered differentiation are still imple-
mented in vivo, using pregnant laboratory animals. Although longer in duration than
most in vitro toxicity tests and tests using perfused or cultured organ systems, a 21-
30 day gestation is still, by definition, a short-tenn test.

Nevertheless, a great many systems have been proposed for teratogenicity testing;
many fewer model systems are available for gonadal and accessory sex organ
function. Recent improvements of many analytical methods for detecting
qualitatively and quantitatively the toxic affects of chemicals at cell and tissue levels
have increased the validity of the classic test systems. In contrast, few in vitro model
systems have been adopted as routine tests. In vitro tests, however, should be
thoroughly studied and their obvious advantages with regard to amount of time and
resources required should be exploited in the laboratory. A primary constraint to the
increased use of such in vitro systems is that embryonic cells and tissues may vary
greatly in their sensitivity toward exogenous influences depending on their state of
development. This feature requires special attention when the applicability of such
models in toxicology is considered. Also to be considered is the possibility that
hannful effects which occur in vivo might be readily reversible.

3.6 EVALUATION OF EFFECTS ON FUNCTION

Numerous function tests are .currently used in mammalian toxicology and clinical
medicine. In the past, the major end-points observed in toxicity testing have been
degeneration and cell death, which are identified by morphological and histological
changes. Cell functions are rarely addressed in this context, although they appear in
many cases to be more sensitive indices and may help to elucidate the underlying
mechanisms of toxicity.

3.6.1 Cellular. function

It is well known in cell biology that cells have both constitutive and luxury func-
tions. Constitutive functions are involved in the maintenance of membrane integrity
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and transport, energy metabolism and respiration. If constitutive functions are dis-
rupted by chemical exposure, cytotoxicity (cell degeneration and death) results. In
contrast, luxury functions involve proliferation, differentiation and other functions
which specify the individual characteristics of the cell (i.e. distinguish hepatocytes
from lymphocytes). Some luxury functions can be inhibited by toxic agents (e.g.
lymphokine elaboration, detoxifying enzyme production, hormone production)
without resulting in cell death. These luxury functions are often more sensitive
indicators of toxic insult and may have greater predictive value than constitutive
functions for toxicity assessment. Currently, enzyme histochemistry and immun-
ohistochemistry procedures can be used to determine enzyme or hormone produc-
tion at a cellular level whereas other sensitive function assays can measure whole
organ/system performance. It has become increasingly recognized that loss of some
functional reserve in an organ/system of man or rodent can occur following chemi-
cal exposure without immediate adverse clinical sequelae. However, this functional
.deficit should still be considered as a toxic consequence for risk assessment. To
reveal loss of functional reserve, it is often necessary to optimize the test system by
an appropriate challenge, stress or stimulus.

3.6.2 In vitro systems

Since functions are often the consequence of a complex cascade of physiological
and biochemical events, often involving the cooperation of various cell types within
an organ/system, it becomes essential to first establish the functional deficit in the
intact animal using selected tests that measure terminal responses (e.g. resistance to
infectious agent challenge, reproductive performance, etc.). Additional tests, some
of which can be applied in vitro, can be used to dissect sequential responses and
identify the specific lesion (i.e. mechanistic studies). In vitro function tests at present
are limited because of the complexity of the organ/system froin which they are
derived. One advantage afforded by in vitro function tests are that in some systems
human tissue can be utilized.

3.6.3 Organs and physiological systems

The degree to which functional tests relating to particular organs and systems can at
present be applied to toxicity testing varies markedly. Thus hepatic and renal func-
tion tests are more frequently used in animal models than tests involving other
organs, reflecting their known propensity for damage by toxic chemicals and the
accumulation of knowledge from clinical observation. Further, tests involving the
endocrine, immune, haematopoietic, and central nervous systems are now highly
developed and available. However, these tests are numerous and normally under-
taken in specialized laboratories. Thus, selection of appropriate tests in this context
will require further validation before wider application becomes possible.

Among the remaining organs and systems, cardiopulmonary and reproductive
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function tests have been elaborated for studies involving humans and to a lesser
extent laboratory animals. Their application in toxicity testing is at present limited
and requires further development and validation. Although gastrointestinal function
studies have been increasingly used in clinical medicine, similar methods for labora-
tory animals have seldom been applied. Similarly, ear and eye function tests com-
mon in man need to be developed for animal models.

3.6.4 Future prospects for tests for effects on function

A strategy for the future would be to incorporate more function tests in toxicity
testing because of their sensitivity, relevance and information provided about the
nature of the toxic lesion. Special emphasis should be given to the development and
validation of in vitro meth~dology using tissues of human as opposed to animal
origin. This should facilitate more accurate risk assessment.

3.7 PRACTICAL USE OF TESTS FOR ORGAN/SYSTEM
SPECIFIC TOXICITY

As an increasing variety of in vitro and in vivo short-term tests becomes available, it
is essential that toxicologists appreciate the strengths and weaknesses of each in
order to use them appropriately. The selection of the tests to be utilized should
involve consideration of factors such as the chemical and physical properties of the
substance under study, the analogy with chemicals for which toxicological effects
are known (for instance an organophosphorus compound must be tested for possible
inhibition of cholinesterase), and the intended use of the chemical (e.g. route of
administration for a drug, or condition of exposure of an environmental contami-
nant). It would be erroneous to believe that either a single specific test or even a
preordained list of tests is likely to be an effective approach to providing precise and
predictive answers about the potential target organ/system toxicity of a chemical. It
is also not appropriate to lay down a rigid protocol for each test. There is a danger in
encouraging the legislator and the consumer to believe that the development of a
few simple tests will enable toxicologists to provide complete assurance to the
public on the safety of chemicals to which man is exposed. It should be appreciated
that the prediction of toxicological effects for humans is one of the most difficult
and complex aspects of biology. From a safety assessment standpoint, each chemi-
cal must be regarded as an individual entity when selecting appropriate tests and test
conditions.

It must be appereciated that the human being and, for that matter, any mammal is
a unit, the function of which is maintained by the continuous interaction of complex
regulated circuits that are able to tolerate stress even of a chemical nature. It is the
goal of all predictive test systems to analyse the potentials and limitations of the
entire organism or its components to tolerate environmentally induced stress and to
determine the threshold values for irreversible changes of function. In addition, one
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should remember that the possibilities and limitations of man to tolerate exposure to
chemicals is also determined by genetic factors. Thus, inter-individual differences in
disposition must be taken into account when extrapolations are made from the
'pure' test system to man.

3.8 CONCLUSIONS AND RECOMMENDATIONS

3.8.1 Conclusions

The test systems outlined in Tables 3.1(A) - (H), and in the contributed papers in
Part B of this volume, require intelligent use. Each system has its merits for particu-
lar purposes and its limitations for general use. It is inappropriate both at the present
time, and for the foreseeable future, to rely solely on in vitro tests to assess potential
toxic hazard to man. Until very major advances in our knowledge occur, the proof of
toxicity must reside with the findings from in vivo tests. However in vitro tests may
make a number of very important contributions to identifying and quantitating the
toxicological properties of a chemical:

(A) In vitro and ex vivo tests potentially enable the study of a wide range of
variables which may affect the toxicity of a chemical (e.g. interactions with
other chemicals or cells). They may also greatly assist in identifying those
chemicals which produce subtle damage in target organs which is not imme-
diately identifiable in vivo due to the organs' functional reserve.

(B) Some of the limitations described earlier for in vitro tests may become advant-
ages if efforts are made to properly understand the differences between in
vitro and in vivo findings. In vitro tests may be especially helpful in deciding
whether the organ toxicity of a chemical is a direct or an indirect effect. For
instance, a chemical inducing thymic atrophy might act through a direct
cytotoxic effect on the thymocytes or may activate the adrenal gland to secrete
excessive amounts of corticosteroids which are thymolytic agents; a chemical
which induces anaemia may do so because it impairs bone marrow functions
or because it inhibits the absorption of important nutrients (e.g. vitamins). In
vitro tests are vital in resolving the underlying cause of many such in vivo
observations.

(C) A major advantage of in vitro systems is that human cells and tissues can be
utilized. This allows us to evaluate the toxic effects of chemicals directly on
human cells and makes possible direct comparisons on the same cell types
across animals species. The merit of this approach is already evident. Consid-
erable differences in cell sensitivity to the same concentrations of chemicals
have been documented. For example, saccharin prevents, in vitro, the forma-
tion of lymphoblasts obtained from rats but not from man, while levels of
clofibrate, which produce considerable peroxisome proliferation in cultured
rat hepatocytes, produce no such induction in man.
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3.8.2 Recommendations

In order to develop better test systems it is essential to:

(A) Improve our present knowledge on mechanisms of target specific toxicity.
Such information is required to identify:
. the most appropriate biological model to use in assessing a particular type

of toxicity;
the relevance of the findings to the human situation;
the relevance of the end-points used to human disease;
individuals at risk.

.

.

.

(B) Develop better procedures for maintaining in a near in vivo state, isolated cells
and tissues from animal and human organs.

Establish effective means of probing the contributions of particular cell types
to toxicity within the intact tissue.

Develop in vitro methods for replicating in vivo pharmacokinetics, including
metabolism.

Utilize developments of knowledge of living systems more effectively to
develop new toxicological tests.
Increase the use of sensitive function tests rather than relying on detection of
gross toxic change.

(C)

(D)

(E)

(F)
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