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ABSTRACT

The present invention provides methods of screening an
agent for activity using teleosts. Methods of screening an
agent for angiogenesis activity, toxic activity and an effect
cell death activity in teleosts are provided. The invention
further provides high throughput methods of screening
agents in multi-well plates.
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METHODS OF SCREENING AGENTS FOR
ACTIVITY USING TELEOSTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part of
U.S. Ser. No. 09/255,397 filed Feb. 22, 1999, which derives
priority from U.S. Provisional Patent Application Ser. No.
60/075,783, filed on Feb. 23, 1998, and U.S. Provisional
Patent Application Ser. 60/100,950, filed on Sep. 18, 1998,
each of which is incorporated herein by reference in its
entirety for all purposes. Commonly owned copending U.S.
Patent Application Ser. No. 60/110,464, filed Dec. 1, 1998 is
directed to related subject matter and is incorporated herein
by reference in its entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

[0002] This invention was supported by a grant from the
National Institutes of Health (Grant No. 1R43CA7938-01).
The Government may have certain rights in this invention.

BACKGROUND OF THE INVENTION

[0003] Currently, searches for target-specific therapeutic
and prophylactic compounds that have the ability to enhance
or inhibit angiogenesis activity, enhance or inhibit cell death
activity, and/or exhibit low toxicity comprise three major
focuses of drug discovery and development. Angiogenesis
plays an important role not only in the further development
of the embryonic vasculature, but also in many post-natal
processes, such as wound healing and tissue and organ
regeneration. Angiogenesis has also been identified as a
critical process for solid tumor growth. Furthermore, uncon-
trolled blood cell proliferation and excessive angiogenesis
have been shown to constitute significant pathogenic com-
ponents in numerous diseases, including rheumatoid arthri-
tis, atherosclerosis, diabetes mellitus, retinopathies, psoria-
sis, and retrolental fibroplasia.

[0004] Methods of screening agents for an ability to
inhibit or enhance angiogenesis activity would be useful in
identifying those agents that would be effective in therapeu-
tic or prophylactic treatment of a variety of diseases involv-
ing angiogenesis processes. For example, angiogenesis inhi-
bition is a powerful potential approach for ameliorating
cancer (Folkman, New Eng. J. Med. 333:1757-1763 (1995);
Kerbel, Nature 390:355(1997)) and for reversing blood
vessel loss associated with tissue ischemia, such as diabetic
retinopathy (Bonn, Lancet 348:604 (1996); Breier et al.,
Haemist. 78(1):678-683 (1997). It appears that anti-angio-
genic therapies do not induce acquired drug resistance
(Boehm et al., Nature 390:404-407 (1997))—a major prob-
lem with current cancer therapies. However, few therapeutic
candidate molecules exist. It would therefore be desirable to
provide methods of identifying compounds that inhibit
angiogenesis and have therapeutic activities against diseases
that would benefit from angiogenesis inhibition, such as
cancer and diabetes. Similarly, methods of screening for
compounds that enhance angiogenesis by stimulating blood
vessel formation would be advantageous for use in mini-
mally invasive approaches for improving circulatory func-
tion in various diseases, such as coronary artery disease,
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congestive heart failure, peripheral arterial disease, and
peripheral venous disease. Unfortunately, many current
assays for angiogenesis do not permit in vivo assessment of
compounds or their side effects in whole animal models, or
in multiple tissues or organs of animal models simulta-
neously and over time. In addition, many current assays for
angiogenesis activity are not suitable for rapid, automated,
or extensive compound screening, particularly screening of
compound libraries containing numerous compounds, due to
their complexity.

[0005] The search for compounds that can regulate pro-
mote or inhibit cell death has also been of vital interest.
Necrosis and apoptosis are two known types of cell death.
Necrosis involves the pathologic death of living tissue in a
subject due to non-physiological injury to cells of the tissue.
Apoptosis, which involves programmed cell death, is a
physiological process that ensures that an equilibrium is
maintained between cell proliferation and cell differentiation
in most self-renewing tissues of multicellular organisms.
Regulation of cell death activity (in particular, apoptosis)
constitutes an important mechanism in therapeutic and pro-
phylactic approaches to many diseases, including, e.g.,
cancer and organ transplantation. Existing models for
assessing apoptosis activity include the nematode worm, C.
elegans. Although the nematode has many advantages as a
model system, it is not the optimum model for evaluating
vertebrate cell death activity or for use in screening com-
pounds for potential therapeutic activity in vertebrates.

[0006] There are currently two approaches for detecting
cell death activity in vertebrate hosts. The first approach uses
standard cell culture techniques and typically relies on
standard microplate readers to detect the death of cells
cultured from an organism. A major drawback of the cell
culture assay format is that it does not permit analysis of the
effects of a compound on cell types that have not been
cultured (i.e., other cell types). It also does not allow
evaluation of the effects of a compounds on specific tissues
or organs or in an intact whole host in vivo. Furthermore,
such an assay format does not permit the monitoring of cell
death activities in multiple tissues, organs, or systems of a
live host simultaneously or the continued monitoring of such
activities over time. In addition, the cell culture assay
approach does not allow for rapid or automated high-
throughput screening of many compounds.

[0007] A second approach to detecting cell death activity
utilizes a histochemical staining technique, designated ter-
minal deoxyuridine nucleotide end labeling (TUNEL), to
detect dead or dying cells in sectioned tissues of vertebrate
embryos. Unfortunately, with this approach, only a single
time point in the life cycle of the host can be examined; the
death of cells in various tissues or organs of the subject over
a period of time cannot be monitored. Because many degen-
erative diseases occur in stages, the ability to examine
changes in the pattern of cell death activity caused by a
compound and the duration of direct and side effects of the
compound on multiple tissues and organs would represent a
significant improvement over such methods. Moreover,
because the TUNEL approach requires that cells be fixed for
visualization, effects in a live animal cannot be monitored.

[0008] The identification of target-specific therapeutic and
prophylactic compounds that exhibit low toxicity and/or
side effects has also been focal point of drug discovery and
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development. Evaluation of the potential impact of different
compounds on humans and animal health is a major com-
ponent of risk assessment. There is increasing concern that
current toxicity test procedures are inadequate. A number of
cell-based in vitro toxicity screens have been developed.
Significantly, however, these screens do not permit evalua-
tion of the toxic effects of a compound in vivo on an intact
animal. Notably, these cell-based assays are designed at the
molecular and cellular levels; as a result, determining the
impact of a compound of interest on higher levels of cellular
organization, such as the circulatory system and neurode-
velopment, still requires subsequent whole animal testing. In
addition, current screens do not permit the assessment of
drug effects on all potential target cells, tissues, or organs of
an animal. Nor can the effects of a compound on multiple
target tissues and organs be studied simultaneously or over
time using current assays. Underscoring the need for the
development of more predictive and comprehensive toxicity
screening methods, many compounds that pass preliminary
cell-based testing fail final large animal toxicity testing, a
prerequisite for eventual FDA approval. Furthermore, some
potential therapeutic compounds that do not produce imme-
diate lethality induce toxic effects in specific organs and
tissues. There is a need for a cost-effective, comprehensive
methods for screening compounds for toxic activity in whole
animals and in one or more designated target tissues and
organs in vivo and in cells in vitro and over time.

SUMMARY OF THE INVENTION

[0009] The present invention relates generally to methods
of screening an agent for an activity in a teleost. In one
aspect, methods of screening an agent for an angiogenesis
activity in vivo or in vitro are provided. Some such methods
comprise administering the agent to a whole teleost in vivo
and detecting a response in the teleost or in at least one tissue
or organ of the teleost indicating the angiogenesis activity.
Other such methods comprise administering the agent to
cells of a teleost in vitro and detecting a response in such
cells indicating the angiogenesis activity. In some such
methods, the response is a reduction in blood vessel forma-
tion relative to an untreated teleost. In other such methods,
the response is an increase in blood vessel formation relative
to an untreated teleost.

[0010] In another aspect, the invention provides methods
of screening an agent for an effect on cell death activity in
vivo or in vitro. Some such methods comprise administering
the agent to a whole teleost in vivo and detecting a response
in the teleost or in at least one tissue or organ of the teleost
or cells thereof indicating an effect on cell death activity.
Some such methods comprise administering the agent to
cells of a teleost in vitro and detecting a response in such cell
indicating an effect on cell death activity. In some such
methods, the response is an increase in cell death activity. In
other such methods, the response is a decrease in cell death
activity. The cell death activity may comprise apoptotic or
necrotic activity. In some such methods, a fluorescent dye
which labels dead or dying cells is administered to facilitate
detection of cell death activity. In some such methods, the
fluorescent dye is administered to the teleost prior to the
administration of the agent. In some such methods, the
fluorescent dye is an unsymmetrical cyanine dye, such as a
quinolium dye.

[0011] Also provided are methods of screening an agent
for toxic activity in vivo or in vitro. Some such methods
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comprise administering the agent to a whole teleost in vivo
and detecting a response in the teleost or in at least one tissue
or organ of the teleost indicating toxicity. Other such meth-
ods comprise administering the agent in vitro to cells of a
teleost and detecting a response in the cells indicating
toxicity. In some such methods, the response is detected in
two or more organs of the teleost simultaneously.

[0012] In another aspect, the present invention provides
methods of screening an agent for angiogenesis activity and
toxicity in vivo or in vitro. Some such methods comprise
administering the agent to a whole teleost in vivo and
detecting a response in the teleost indicating angiogenesis
activity and/or toxicity. Other such methods comprise
administering the agent in vitro to cells of a teleost and
detecting a response in the cells indicating angiogenesis
activity and/or toxicity.

[0013] In yet another aspect, the present invention
includes methods of screening an agent for angiogenesis
activity and an effect on cell death activity in vivo or in vitro.
Some such methods comprise administering the agent to a
teleost in vivo and detecting a response in the teleost
indicating angiogenesis activity and/or an effect on cell
death activity. Other such methods comprise administering
the agent in vitro to cells of a teleost and detecting a response
in the cells indicating angiogenesis activity and/or an effect
on cell death activity.

[0014] The present invention also includes methods of
screening an agent for an effect on cell death activity and
toxic activity in vitro or in vivo. Some such methods
comprise administering the agent in vivo to a teleost and
detecting a response in the teleost indicating an effect on cell
death activity and/or toxicity. Other such methods comprise
administering the agent in vitro to cells of a teleost and
detecting a response in the cells indicating an effect on cell
death activity and/or toxicity.

[0015] The invention further provides methods of screen-
ing an agent for a pharmacological activity. Such methods
entail providing a multi-well plate, the wells containing
teleosts. Agents are then into different wells of the multi-
well plate, and incubating the agents with the teleosts for
sufficient time to induce a response in the teleosts indicative
of the pharmacological activity. A labelling reagent is intro-
duced into each well, which, through processing by or
binding to a component of the teleost, generates a detectable
signal dependent on the extent of the response in the teleost.
A signal is detected in each well as an indication of the
pharmacological activity of the agent introduced in the well.
In some methods, the detectable signal is an optically
detectable signal, which can be detected, for example, by a
microplate reader. In some methods, a single teleost occu-
pies in each well. In some methods, the teleosts are
zebrafish. In some methods, the teleosts are synchronized
embryos.

[0016] In some methods, the labelling reagent is a sub-
strate of an enzyme, and the response is an increase or
decrease in activity of the enzyme. In some methods, the
labelling reagent comprises an antibody, and the detectable
signal is generated by the antibody bound to a cellular
receptor of the teleost. In some methods, the response is a
change in number of cells or types of cells of the teleost. In
some methods, the labelling reagent is a nucleic acid, and the
detectable signal is generated by the nucleic acid bound to
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a nucleic acid of the teleost. In some methods, the labelling
reagent is contacted with a second labelling reagent that
binds to the labelling reagent thereby generating the detect-
able signal. In some methods, the pharmacological activity
is modulation of angiogenesis, the response is a change in
alkaline phosphatase activity of the teleost and the labelling
reagent is a substrate for alkaline phosphatase. In some
methods, the pharmacological activity is modulation of
apoptosis, the response is a change in level of a caspase
activity of the teleost and the labelling reagent is a substrate
for the caspase.

[0017] In some methods, optical density is determined
within each well to distinguish teleosts that survive incuba-
tion with the agent and teleosts that die due to incubation
with the agent. In some methods, subsequent steps of
introducing a labelling agent and detecting signal are per-
formed on a subset of wells containing teleosts that survive
incubation with the compound. Some methods are followed
by performing a confirmatory assay on a subset of agents
indicated to have the pharmacological activity. The confir-
matory assay entails detecting a second response of the
teleosts, the same or different than the response, wherein the
second response is a confirmatory indicator of the pharma-
cological activity. In some such methods, the response and
the second response are the same, and the response is
detected with preformed with a plate reader, and the second
response is detected with a microscope. Some methods
further comprise determining an LD50 on a subset of agents
indicated to have pharmacological activity. Some methods
further comprise determining organ-specific toxicity on a
subset of agents indicated to have pharmacological activity.

[0018] The invention further provides methods of moni-
toring distribution of an agent between teleosts and a sur-
rounding medium. In such methods, a multi-well plate is
provided in which the wells containing teleosts in a medium,
and either the medium or the teleosts or both containing an
agent. The teleosts are cultured in the wells. In each well, the
amount of the agent in the medium, in the zebrafish or both
is determined. Such methods can be used to determine
absorption rate, excretion rate of metabolism rate of the
agent.

[0019] The invention further provides methods of screen-
ing an agent for a property. Such methods entail providing
a multi-well plate, the wells containing teleosts. Agents are
introduced into different wells of the multi-well plate, and
the agents are incubated with the teleosts for sufficient time
to induce a response. The response is detected in each well
as an indication of the property of the agent introduced in the
well.

[0020] A further understanding of the nature and advan-
tages of the inventions herein may be realized by reference
to the detailed description of the specification and the
associated figures.

BRIEF DESCRIPTION OF THE FIGURES

[0021] FIG. 1 is a schematic diagram showing the pro-
cesses of vasculargenesis and angiogenesis.

[0022] FIGS. 2A, 2B, and 2C are photographs through a
dissecting microscope showing lateral views of zebrafish
embryos at 72 hours (hr) of development. The embryos have
been stained with alkaline phosphatase (AP). Blood vessels
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are visualized by light microscopy after alkaline phos-
phatase staining. A control embryo (FIG. 2A) treated with
0.1% dimethyl sulfoxide (DMSO) has normal morphology
and vessel formation. The subintestinal vessels (SIVs)
(arrow) are in the characteristic pattern. An embryo treated
with a fumagillin derivative at concentration of 10 micro-
molar (uM) (FIG. 2B) shows both developmental delay
(reduced fin size and axial length) and loss of the SIVs
(arrow). The pronepheric duct provides a positive control for
AP staining (arrowhead). An embryo treated with a fumag-
illin derivative at a concentration of 100 uM (FIG. 2C) is
dead. Fumagillin derivatives induce developmental delay
and toxic response in the embryos. The eye (E), yolk (Y) and
fin (F) of the embryos are labeled for orientation. Scale
bar=100 pm.

[0023] FIGS. 3A and 3B are photographs through a
dissecting microscope showing two lateral views of
zebrafish embryos at 72 hours of development. Each embryo
has been stained with alkaline phosphatase. FIG. 3A rep-
resents a control; FIG. 3B shows a treated embryos treated
with a compound from the NCI library. Both embryos are
morphologically normal, however, the treated embryo has
failed to form any SIVs (arrow) and shows a specific loss of
the subintestinal vessels. The eye (E), yolk (Y) and fin (F)
of the embryos are labeled for orientation. Scale bar=100
pm.

[0024] FIG. 4 is a photograph through a dissecting micro-
scope of a lateral view of an alkaline-phosphatase stained
zebrafish embryo at 72 hours of development. The embryo
has been treated with a compound which induced truncation,
pericardial edema (arrow), and reduction of SIV formation
(arrowhead). A loss of lateral vessels in the SIV basket is
shown. The eye (E), yolk (Y) and fin (F) of the embryo are
labeled for orientation. Scale bar=100 um.

[0025] FIG. 5 is a photograph through a dissecting micro-
scope showing a lateral view of a zebrafish embryo treated
with a compound which induced blebbing of the notocord
(arrow), but did not effect SIV formation (arrowhead). The
embryo been stained with AP. Axial defects do not usually
effect angiogenesis. The eye (E), yolk (Y) and fin (F) of the
embryo are labeled for orientation. Scale bar=100 pum.

[0026] FIGS. 6A-6D are photographs through a dissecting
microscope showing lateral views of zebrafish embryos at
72 hours of development. Embryos have been stained with
AP. When VEGF was injected into the yolk of an embryo
(FIGS. 6A and 6C), two angiogenic phenotypes were
observed: 1) the appearance of long spikes projecting from
the subintestinal vessel basket (long arrows); and 2)
increased vessel diameters in the subintestinal basket
(arrowheads). When VEGF was injected into the perivi-
telline space (FIG. 6D) of an embryo, we observed fusion of
large vessels, inappropriate vessel formation (arrow), as well
as heart (long arrow) and developmental defects. Control
embryos (FIG. 6B), in which buffer was injected into either
the yolk of perivitelline space, were normal. The eye (E),
yolk (Y) and fin (F) of the embryos are labeled for orien-
tation. Scale bar=100 pm.

[0027] FIG. 7 is a photograph through a compound micro-
scope (10x objective) of an alkaline phosphatase staining of
zebrafish embryos at day three of development. These dorsal
views of an untreated (top) and a treated (bottom) embryo
show the effect of the anti-angiogenesis drug, Ovicillin, on
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the subintestinal veins (arrows). In addition to causing a
reduction in the subintestinal vessels, the drug had other
effects, including causing pericardial edema (arrowheads).
In this figure, the letter “E” denotes the eye, and the letter
“Y” denotes the yolkball.

[0028] FIG. 8 is a photograph through a compound micro-
scope (20x objective) showing a wholemount RNA in situ
hybridization with flk-1 performed on a day one zebrafish
embryo. In this lateral view of the trunk, intersomitic vessels
(arrows), which are sprouting from the dorsal aorta (A), are
labeled with the probe. Anterior is to the left and dorsal is up.

[0029] FIG. 9 is a microangiograph showing lateral pro-
file of a zebrafish embryo at day three of development,
depicting the normal vascular pattern, including the cranial
(C), intersegmental (I) and subintestinal (S) vessels. The
letter “H” denotes the heart, and the letter “E” denotes the
eye. The data to construct the microangiograph was acquired
from an epifluorescence microscope and processed using
digital image processing software.

[0030] FIGS. 10A and 10B are compound microscope
photographs (10x objective) under a compound microscope
showing, respectively, a phase image of a normal (FIG.
10A) zebrafish embryo and a retinoic acid-treated (FIG.
10B) zebrafish embryo. The embryo treated with retinoic
acid (vitamin A acid, Sigma Chemical Co.) was exposed to
1 uM retinoic acid (RA) at 12 to 14 hours. Apoptosis
occurred in the hindbrain of the RA-treated embryo, as
evidenced by the disorganization of the hindbrain and the
significant reduction in distance between the otic vesicle and
the eye in the retinoic acid-treated embryo, as compared
with the normal embryo (compare arrows in FIGS. 10A and
10B). The letter “E” denotes the eye, the letters “YB” signify
the yolkball, and the letters “OT” denote the otic vesicle.

[0031] FIG. 11 is a photograph through a dissecting
microscope showing a lateral view of a 5 day zebrafish
embryo stained with streptavidin-conjugated peroxidase.
Both the liver (arrows) and the gut (G) are stained. The eye
(E) and the otic vesicle (OV) of the embryo are labeled for
orientation. The magnification is comparable to FIGS. 12A
and 12B.

[0032] FIGS. 12A and 12B are photographs through a
dissecting microscope which show a dose response of
zebrafish embryos to which specific dosages of dexametha-
sone had been administered. Zebrafish embryos were treated
for five days with dexamethasone to determine the effect of
dexamethasone on liver development and function. The
embryos were fixed with paraformaldehyde and incubated
with streptavidin-peroxidase to detect the liver after incu-
bating with a chromogenic dye. The arrows indicate the
position of the liver. FIG. 12A (top), six day old untreated
embryo (control embryo); FIG. 12B (bottom), six day old
embryo treated with 100 uM of dexamethasone for five days.
Embryos treated with dexamethasone showed a dramatic
reduction in liver size compared with control embryos. Scale
bar=1 millimeter (mm); Eye (E); Gut(G); Tail (T).

[0033] FIG. 13 is a graphical illustration showing a dose
response of zebrafish embryos to various dosages of dex-
amethasone. Zebrafish embryos were exposed to different
concentrations of dexamethasone (i.e., concentrations rang-
ing from 1 uM to 100 uM) for five days as described for
FIGS. 12A and 12B. After treatment, the embryos were
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stained with a soluble dye to detect liver defects specifically.
After staining, the product formed by peroxidase was
detected by absorbance at 405 nanometers (nm). The values
were expressed as a percentage of control (% Control),
where the control (i.e., untreated embryos) is 100%. The
standard deviation was also calculated and added to the data.
Liver toxicity resulting from dexamethasone is suggested by
a reduction in liver size.

[0034] FIG. 14 is a photograph of a six day old zebrafish
embryo fixed with paraformaldehyde and stained for alka-
line phosphatase. The arrow indicates the position of the
stained embryonic kidney. Scale bar=1 mm; Eye (E);
Gut(G); Tail (T).

[0035] FIG. 15: Flow chart of an exemplary high through-
put screening assay.

[0036] FIG. 16 A. Linear relationship between OD (405
nm) and pNPP incubation time. Using 1 embryo/well at 24
(red), 48 (blue) and 72 (green) hpf stage, a linear relationship
was observed between 20 and 40 minutes (each point
represents mean+S.E., n=06).

[0037] FIG. 16B. OD (405 nm) difference among
embryos aged 24, 48 and 72 hpf, incubated with pNPP for
5 (red), 10 (blue), 20 (green), 30 (dark green) and 40
(magenta) minutes (each point represents mean+S.E., n=6).

[0038] FIG. 17. Representative embryos re-stained for
microscopic observation after OD (405 nm) measurement.
A. 24 hpf; B. 48 hpt; and 72 hpf. The arrows indicate the site
of'the SIVs formation. At 24 and 48 hpf, the SIVs are not yet
present. In contrast, the SIVs are quite obvious by 72 hpf

[0039] FIG. 18. Dose response curve of SU5416 (each
point represents mean+S.E., n=10)

DEFINITIONS

[0040] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by those of ordinary skill in the art to which this
invention belongs. The following references provide one of
skill with a general definition of many of the terms used in
this invention: Singleton et al., DICTIONARY OF MICRO-
BIOLOGY AND MOLECULAR BIOLOGY (2d ed. 1994);
THE CAMBRIDGE DICTIONARY OF SCIENCE AND
TECHNOLOGY (Walker ed., 1988); and Hale & Marham,
THE HARPER COLLINS DICTIONARY OF BIOLOGY
(1991). As used herein, the following terms and phrases
have the meanings ascribed to them unless specified other-
wise. Although any methods and materials similar or equiva-
lent to those described herein can be used in the practice or
testing of the present invention, the preferred methods and
materials are described. For purposes of the present inven-
tion, the following terms and phrases are intended to have
the following general meanings as they are used herein:

[0041] The term “subject” as used herein includes an
animal. The term “animal” as used herein includes a verte-
brate animal, such as a vertebrate fish. Vertebrate fish
include teleosts, such as, e.g., zebrafish, medaka, Giant rerio,
and puffer fish. The term “teleost” as used herein means of
or belonging to the Teleostei or Teleostomi, a group con-
sisting of numerous fishes having bony skeletons and rayed
fins. Teleosts include, for example, zebrafish, medaka, Giant
rerio, and puffer fish.
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[0042] The term “larva” or “larval” as used herein means
the stage of any of various animals, including vertebrate
animals, such as vertebrate fishes (including teleosts, such
as, e.g., zebrafish, medaka, Giant rerio, and puffer fish),
between embryogenesis and adult.

[0043] “Angiogenesis activity” or “angiogenic activity” in
reference to an agent is defined herein as the ability of the
agent to enhance, inhibit, or prevent the formation or out-
growth of blood vessels or lymph vessels. Angiogenesis
activity or angiogenic activity in reference to a subject refers
to activity associated with angiogenesis within a subject or
organ(s) or tissue(s) of a subject or originating from within
a subject or organ(s) or tissues(s) of the subject.

[0044] “Anti-angiogenesis activity” or “anti-angiogenic
activity” in reference to an agent is defined herein as the
ability of the agent to inhibit, prevent, or greatly reduce the
formation or outgrowth of blood or lymph vessels, or
destroy such vessels during sprouting or outgrowth. Anti-
angiogenesis activity or anti-angiogenic activity in reference
to a subject refers to activity associated with anti-angiogen-
esis within a subject or organ(s) or tissue(s) of a subject or
originating from within a subject or organ(s) or tissues(s) of
the subject.

[0045] The term “apoptotic activity” or “apoptosis activ-
ity” in reference to an agent is defined herein as the ability
of the agent to enhance, inhibit, or prevent apoptosis.
Apoptotic activity or apoptosis activity in reference to a
subject refers to activity associated with the death of cells
within a subject or organ(s) or tissue(s) of a subject or
originating from within a subject or organ(s) or tissues(s) of
the subject.

[0046] “Cell death activity” in reference to an agent is
defined herein as the ability of the agent to enhance, inhibit,
or prevent the death of one or more cells within a subject or
organ(s) or tissue(s) of a subject or originating from within
a subject or organ(s) or tissues(s) of the subject. Cell death
activity in reference to a subject refers to activity associated
with the death of cells within a subject or organ(s) or
tissue(s) of a subject or originating from within a subject or
organ(s) or tissues(s) of the subject.

[0047] The term “necrotic activity” or “necrosis activity”
in reference to an agent is defined herein as the ability of the
agent to enhance, inhibit, or prevent necrosis.

[0048] An “effect on cell death activity” as used herein
refers to the way in which an agent acts upon or influences
cell death activity in a subject. Such effects include an ability
to enhance or inhibit cell death activity in the subject, as
indicated or manifested by, for example, a clinical manifes-
tation, characteristic, symptom, or event that occurs or is
observed in, associated with, or peculiar to death of cells in
a subject.

[0049] An “effect on apoptotic activity” as used herein
refers to the way in which an agent acts upon or influences
apoptotic activity in a subject. Such effects include an ability
to enhance or inhibit apoptotic activity in the subject, as
indicated or manifested by, for example, a clinical manifes-
tation, characteristic, symptom, or event that occurs or is
observed in, associated with, or peculiar to apoptosis of cells
in a subject.

[0050] An “endogenously occurring” as used herein
means occurring originating from within.
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[0051] The term “gene” is used broadly to refer to any
segment of DNA associated with a biological function.
Thus, genes include coding sequences and/or the regulatory
sequences required for their expression. Genes also include
non-expressed DNA segments that, for example, form rec-
ognition sequences for other proteins.

[0052] The term “nucleic acid” or “nucleic acid segment”
refers to a deoxyribonucleotide or ribonucleotide and poly-
mer thereof which is in either single- or double-stranded
form. Unless specifically limited, the term encompasses
nucleic acids containing known analogues (synthetic and
naturally occurring) of nucleotides, which have similar
binding properties as the reference nucleic acid and are
metabolized in a manner similar to the reference nucleotides.
Unless otherwise indicated, a particular nucleic acid
sequence also implicitly encompasses conservatively modi-
fied variants thereof (e.g., degenerate codon substitutions)
and complementary sequences, as well as the sequence
explicitly indicated. Specifically, degenerate codon substi-
tutions can be achieved by generating sequences in which
the third position of one or more selected (or all) codons is
substituted with mixed-base and/or deoxyinosine residues
(Batzer et al., Nucleic Acid Res. 19:5081 (1991); Ohtsuka et
al., J. Biol. Chem. 260:2605-2608 (1985); Rossolini et al.,
Mol. Cell. Probes 8:91-98 (1994)). The term nucleic acid is
used interchangeably with gene, cDNA, and mRNA encoded
by a gene.

[0053] The term “isolated nucleic acid” or “isolated
nucleic acid segment” means a single- or double-stranded
nucleic acid (e.g., an RNA, DNA, or a mixed polymer),
which is substantially separated from other genome DNA
sequences as well as proteins or complexes such as ribo-
somes and polymerases, which naturally accompany a
native sequence. The term embraces a nucleic acid sequence
which has been removed from its naturally occurring envi-
ronment, and includes recombinant or cloned DNA isolates
and chemically synthesized analogues or analogues biologi-
cally synthesized by heterologous systems. A substantially
pure molecule includes isolated forms of the molecule. An
“isolated polypeptide” or protein carries a similar meaning
with the polypeptide or protein being substantially separated
from any cellular contaminants and components naturally
associated with the protein in vivo.

[0054] The terms “polypeptide,”“peptide” and “protein”
are used interchangeably herein to refer to a polymer of
amino acid residues. The terms apply to amino acid poly-
mers in which one or more amino acid residue is an artificial
chemical analogue of a corresponding naturally occurring
amino acid, as well as to naturally occurring amino acid
polymers.

[0055] Amino acids may be referred to herein by either
their commonly known three letter symbols or by the
one-letter symbols recommended by the I[UPAC-IUB Bio-
chemical Nomenclature Commission. Nucleotides, likewise,
may be referred to by their commonly accepted single-letter
codes.

[0056] A “chimeric molecule” as used herein refers to a
linked molecule obtained after conjugation of two or more
different types of molecules (e.g., lipids, glycolipids, pep-
tides, proteins, glycoproteins, carbohydrates, nucleic acids,
natural products, synthetic compounds, organic molecule,
inorganic molecule, etc.).
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[0057] The term “normal blood vessel formation” as used
herein refers to the typical, usual, or natural process of
forming or producing blood vessels in a subject.

[0058] The term “gene expression profile” or “gene
expression pattern” as used herein means a profile or pattern
based on the detection of mRNA for each gene to be
included in the profile or pattern. mRNA can be detected at
a particular time or under a particular condition(s). mRNA
is extracted from cells, tissues, organs, or an entire organism
of interest and detected. The amount or level of mRNA for
a particular gene can be determined quantitatively.

[0059] The term “protein expression profile” or “protein
expression pattern” as used herein means a profile or pattern
based on the detection of a protein. The protein can be
detected at a particular time or under a particular condi-
tion(s). Protein is extracted from cells, tissues, organs, or an
entire organism of interest and detected. The amount or level
of protein can be determined quantitatively.

[0060] The term “agent” includes any element, compound,
or entity, including, but not limited to, e.g., pharmaceutical,
therapeutic, pharmacologic, environmental or agricultural
pollutant or compound, aquatic pollutant, cosmeceutical,
drug, toxin, natural product, synthetic compound, or chemi-
cal compound.

[0061] The term ‘“natural compound” as used herein
includes a molecule isolated, extracted, or purified from a
plant, animal, yeast, bacterium, or other microorganism. A
natural compound includes, e.g., among other things,
organic molecules belonging to the broad biochemical
classes of peptides, proteins, glycoproteins, nucleic acids,
carbohydrates, lipids, fats, glycolipids, as well as more
complex molecules which comprise, e.g., elements of more
than one of these basic biochemical classes.

[0062] The term “synthetic compound” as used herein
includes a molecule synthesized de novo or produced by
modifying or derivatizing a natural compound.

[0063] “Developmental defect” as used herein means a
deficiency, imperfection, or difference in the development of
a tissue, organ, or other bodily component of an animal
relative to normal development. Such a defect is identified
as a change, difference, or lack of something necessary or
desirable for completion or proper operation in the devel-
opment of a tissue, organ, or other bodily component of the
animal as compared with normal development of the com-
ponent. Developmental defects include, for example, the
failure of organ to develop properly, excess or reduced cell
proliferation as compared to normal cell proliferation, and
the malfunctioning of an organ or tissue.

[0064] Generally, the nomenclature used hereafter and the
laboratory procedures in cell culture, molecular genetics,
and nucleic acid chemistry described below are those well
known and commonly employed in the art. Standard tech-
niques such as described in Sambrook et al., MOLECULAR
CLONING: A LABORATORY MANUAL (Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y., 2nd ed. 1989)
and CURRENT PROTOCOLS IN MOLECULAR BIOL-
OGY, Vols. 1-3 (Virginia Benson Chanda ed., John Wiley &
Sons, 1994-1998), each of which is incorporated herein by
reference in its entirety for all purposes, are used for
recombinant nucleic acid methods, nucleic acid synthesis,
cell culture, and transgene incorporation, e.g., electropora-
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tion, injection, ingestion, and lipofection. Electroporation
techniques utilize a pulse of high electrical current to
introduce molecules of interest into cells, tissues, or organ-
isms. Lipofection employs lipid-like cationic molecules that
interact strongly with cell membranes, destabilizing them
locally, thereby allowing DNA and RNA entry into cells.
Generally, oligonucleotide synthesis and purification steps
are performed according to the specifications. The tech-
niques and procedures are generally performed according to
conventional methods in the art and various general refer-
ences which are provided throughout this document. The
procedures therein are believed to be well known in the art
and are provided for the convenience of the reader.

[0065] The term “transgenic” in reference to an organism
or animal includes those organisms or animals that have
developed from a fertilized egg, into a chromosome of
which a foreign gene has been inserted. Such transgenic
organisms and animals carry the foreign gene insert in every
cell. Transgenic organisms and animals are created by using
known techniques (see, e.g., Sambrook, supra and BIO-
CHEMISTRY WITH CLINICAL CORRELATIONS (T.
Devlin ed., 3d ed. 1992), which is incorporated herein by
reference in its entirety for all purposes). Transgenic organ-
isms and animals can be used to study different aspects of
the foreign gene, including the analysis of DNA regulatory
elements, expression of proteins during differentiation, tis-
sue specificity, and the potential role of oncogene products
on growth, differentiation, and the induction of tumorigen-
esis. A “transgene” is a gene, in original or modified form,
that has been introduced into an organism or animal that
does not naturally have such gene. A “mosaically expressing
transgene” is a transgene that is expressed randomly in a
subset of the cells of the transgenic organism or animal. An
“exogenous gene” is a gene from an organism or animal that
does not belong to the species into which the gene has been
introduced. A “transient transgenic animal” is transgenic
animal which carries an introduced gene that is not inserted
into a chromosome.

[0066] The term “founder fish” as used herein refers to the
fish from which a line of fish is generated. Usually, a founder
fish is an individual fish which carries a unique mutation and
which is used to generate progeny that also carry the
mutation.

[0067] A “physiological activity” in reference to an organ-
ism is defined herein as any normal processes, functions, or
activities of a living organism.

[0068] A “prophylactic activity” is an activity of, for
example, an agent, gene, nucleic acid segment, pharmaceu-
tical, substance, compound, or composition which, when
administered to a subject who does not exhibit signs or
symptoms of a disease or exhibits only early signs or
symptoms of a disease, diminishes, decreases, or prevents
the risk in the subject of developing pathology.

[0069] A “therapeutic activity” is defined herein as any
activity of e.g., an agent, gene, nucleic acid segment, phar-
maceutical, therapeutic, substance, compound, or composi-
tion, which diminishes or eliminates pathological signs or
symptoms when administered to a subject exhibiting the
pathology. The term “therapeutically useful” in reference to
an agent means that the agent is useful in diminishing,
decreasing, treating, or eliminating pathological signs or
symptoms of a pathology or disease.
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DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

[0070] I. General

[0071] The present invention is directed to methods of
screening an agent for an activity. In Section II of the
application, methods of screening an agent for an ability or
capacity to enhance, inhibit, or block angiogenesis activity
are discussed. In Section III, methods of screening an agent
for an ability to enhance, inhibit, or cause cell death activity
are described. In Part IV, methods of screening an agent for
a toxic activity are presented.

[0072] A. Animal Models

[0073] The methods of the present invention, which are
directed to screening agents for activities (e.g., angiogenesis
activity, cell death activity, and toxic activity), are generally
applicable for use in a various animals, including vertebrate
animals, such as fish. Various species of fish are suitable,
including teleosts. Suitable teleosts include, for example,
zebrafish (Danio rerio), Medaka, Giant rerio, and puffer fish.
Typically, animal models of the present invention are fish
that are transparent or translucent (i.e., optically clear) in at
least one of the following stages: the embryonic, larval, or
adult stage.

[0074] Certain teleosts, including the zebrafish, Medaka,
Giant rerio, and puffer fish, offer important advantages over
other animal model systems for use in screening methods of
the present invention. First, these teleosts are vertebrates
whose genetic makeup is more closely related to that of man
than are other models, such as the Drosophila and nematode.
All essential components of human form and organ devel-
opment are mimicked in these teleosts and the morphologi-
cal and molecular bases of tissue and organ development are
either identical or similar to other vertebrates, including
man. Chen and Fishman, Development 123:293-302 (1996);
Granato and Nusselien-Volhard, Cur. Op. Gen. Dev. 6:461-
468 (Wylie ed. 1996). As a result, these teleosts serve as an
excellent model for the study of vertebrate development and
human disease states.

[0075] Second, these teleosts provide advantageous ani-
mal models because their embryos are very transparent.
Given the transparency of the embryo, angiogenesis activity,
cell death activity (e.g., apoptosis and necrosis), and toxic
activity produced by administered agents can be detected
and diagnosed much more rapidly than in non-transparent
animals. These activities can also be detected in the more
mature larval and adult forms of the zebrafish, though
somewhat less readily as such forms become progressively
less optically clear. These activities can also be detected in
vivo in all three forms or in cells thereof in vitro. By
contrast, the mouse, which is commonly used as an animal
model system, is an opaque animal and does not allow a
similar rapid or in vivo assessment of phenotypic or devel-
opmental changes, including those associated with cell
death, angiogenesis, or toxicity, in whole animal or whole
organs or tissues. Significantly, precursor tissues and com-
ponents of the brain, eyes, heart, and musculature of these
teleosts are detected and visualized much more easily and
quickly in the transparent teleosts than in other systems,
including other vertebrate systems (such as the mouse) by a
variety of detection techniques, including, e.g., light micros-
copy, fluorescence microscopy, colorimetry, chemilumines-
cence, digital imaging, microplate reader techniques, in situ
hybridization of RNA, etc.
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[0076] Another important advantage of teleosts over other
animal models is that teleosts develop much more rapidly
than do other animal models. In general, the body plan,
organs, tissues, and other systems of teleosts develop much
more rapidly than do such components in other vertebrate
model systems (e.g., the mouse). The entire vertebrate body
plan of the zebrafish, for example, is typically established
within 24 hours. A functioning cardiovascular system is
evident in the zebrafish within the first 24 hours of devel-
opment. Stainier and Fishman, Trends Cardiovasc. Med.
4:207-212 (1994). The remaining organs of the zebrafish,
including the gut, liver, kidney, and vasculature, are estab-
lished within 48 hours. The hatched zebrafish embryo nearly
completes morphogenesis within 120 hours, thereby making
it highly accessible to manipulation and observation and
amenable to high-throughput automated observation and
detection procedures.

[0077] The cell death activity, angiogenesis activity, and
toxic activity of an agent and responses indicating these
activities can be monitored in whole teleosts and/or in vivo
or in cells thereof in vitro over time—a procedure not
possible or readily practiced with other animal embryos
which develop in utero, such as the mouse. Moreover, the
effects of an agent on the whole teleost embryo or on more
than one system (e.g., cardiovascular system, enteric system,
and musculature system), organ, or tissue can be detected
simultaneously using transparent teleosts. The persistence of
such effects can be monitored by using simple visualization
methods and over selected time intervals. By comparison, it
is extremely difficult to detect and assess developmental and
phenotypic changes in organs, tissues, and systems (such as
inhibition or enhancement of angiogenesis, cell death or
toxic activity due to an agent) over time in animals which
develop in utero. Mouse embryos, for example, must be
removed from the mother—a labor intensive procedure—
before an assay can be performed.

[0078] Teleosts also offer the advantage that agents to be
evaluated for toxic effects can be administered directly to the
developing teleost. Direct introduction of candidate com-
pounds is hindered in animals which develop in utero, such
as the mouse embryo. Further, the teleost embryo is an
intact, self-sustaining organism. It is different from a mouse
embryo, for example, which because it is physically
removed from its mother’s womb, it is not self-sustaining or
intact; a mouse embryo would function more as an “organ”
culture or the like.

[0079] Another significant advantage is cost. Mouse
assays are expensive, primarily due to the cost of breeding
and maintenance and the need to manually perform injec-
tions and subsequent analysis. The average cost of a com-
mercial mouse tumor assay is approximately $2,900 ($1,600
per government). In contrast, teleosts, such as zebrafish, are
comparatively inexpensive to generate and maintain. For
example, the estimate cost of a zebrafish assays is less than
$100. A single mating of a zebrafish produces 100-200 eggs.
Inbred strains are available and thousands of zebrafish can
be raised inexpensively in a small room of aquaria. More-
over, teleost eggs, including those of the zebrafish, are
externally fertilized. Teleost embryos (such as zebrafish) can
survive by diffusion of oxygen from the water and nutrients
from the yolk and thus even the absence of the entire
circulatory system is well tolerated during early develop-
ment. Weinstein et al., Nature Med. 1:1143-1147 (1995).
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[0080] Additionally, single whole teleost embryos can be
maintained in vivo in fluid volumes as small as 100 micro-
liters for the first six days of development. Intact live
embryos can be kept in culture in individual microtiter wells
or multi-well plates. Test compounds can be added directly
to the solution in which the fish is immersed. Compounds
permeate the intact embryo directly, making this multi-well
format particularly attractive for high through-put and auto-
mated compound screening. Both the therapeutic activities
and side effects (e.g., toxicity) of a drug can be assayed in
the fish simultaneously in vivo.

[0081] The teleosts used with the screening methods of the
invention are typically early-stage teleost embryos; how-
ever, transparent larval or adult teleosts can also be used.
Wildtype strains of teleosts are usually employed. Wildtype
strains are typically maintained for about one year, after
which time fertility decreases. Mutant strains of teleosts
(such as zebrafish) can be used to assess, e.g., the interaction
between therapeutic agents and specific genetic deficiencies.
The teleost can contain a mutation in a selected gene. The
mutation can be a heritable mutation, including, e.g., a
heritable mutation associated with a developmental defect.
The teleost can also be transgenic.

[0082] B. Agents to be Screened

[0083] A variety of agents from various sources can be
screened for enhancing or inhibiting angiogenesis activity,
cell death activity, and/or toxic activity by using the methods
of the present invention. Agents to be screened can be
naturally occurring or synthetic molecules. Agents to be
screened can also obtained from natural sources, such as,
e.g., marine microorganisms, algae, plants, fungi, etc. Alter-
natively, agent to be screened can be from combinatorial
libraries of agents, including peptides or small molecules, or
from existing repertories of chemical compounds synthe-
sized in industry, e.g., by the chemical, pharmaceutical,
environmental, agricultural, marine, cosmeceutical, drug,
and biotechnological industries. Agents can include, e.g.,
pharmaceuticals, therapeutics, environmental, agricultural,
or industrial agents, pollutants, cosmeceuticals, drugs,
organic compounds, lipids, glucocorticoids, antibiotics, pep-
tides, proteins, sugars, carbohydrates, chimeric molecules,
etc.

[0084] Combinatorial libraries can be produced for many
types of compounds that can be synthesized in a step-by-step
fashion. Such compounds include polypeptides, proteins,
nucleic acids, beta-turn mimetics, polysaccharides, phos-
pholipids, hormones, prostaglandins, steroids, aromatic
compounds, heterocyclic compounds, benzodiazepines, oli-
gomeric N-substituted glycines and oligocarbamates. Large
combinatorial libraries of compounds can be constructed by
the encoded synthetic libraries (ESL) method described in
Affymax, WO 95/12608, Affymax WO 93/06121, Columbia
University, WO 94/08051, Pharmacopeia, WO 95/35503
and Scripps, WO 95/30642 (each of which is incorporated
herein by reference in its entirety for all purposes). Peptide
libraries can also be generated by phage display methods.
See, e.g., Devlin, WO 91/18980. Compounds to be screened
can also be obtained from governmental or private sources,
including, e.g., the National Cancer Institute’s (NCI) Natural
Product Repository, Bethesda, Md., the NCI Open Synthetic
Compound Collection, Bethesda, Md., NCI’s Developmen-
tal Therapeutics Program, or the like.
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[0085] C. Administration of Agents

[0086] Agents to be screened for an effect on angiogenesis
activity, cell death activity, and/or toxic activity can be
administered to the teleost by adding the agent directly to the
media containing the live teleost. Alternatively, the agent
can first be dissolved in the media and the live teleost
submerged in the media subsequently. Such approaches have
been used to introduce anesthetics and other chemicals to
fish embryos. See, e.g., M. Westerfield, THE ZEBRAFISH
BOOK: A GUIDE FOR THE LABORATORY USE OF
ZEBRAFISH (3d. ed. 1995), which is incorporated herein in
its entirety for all purposes. Agents can also be administered
to the teleost by using microinjection techniques in which
the agent is injected directly into the live teleost. For
example, agents can be injected into either the yolk or body
of a teleost embryo or both.

[0087] Agents can also be administered to teleosts by
electroporation, lipofection, or ingestion or by using biolistic
cell loading technology in which particles coated with the
biological molecule are “biolistically” shot into the cell or
tissue of interest using a high-pressure gun. Such techniques
are well known to those of ordinary skill in the art. See, e.g.,
Sambrook et al., supra; Chow et al., Amer J. Pathol.
2(6):1667-1679 (1998).

[0088] Agents can be administered alone, in conjunction
with a variety of solvents (e.g., dimethylsulfoxide or the
like) or carriers (including, e.g., peptide, lipid or solvent
carriers), or in conjunction with other compounds.

[0089] Agents can be administered to the teleost before, at
the same time as, or after administration of a dye used for
detection of the response in the animal indicating a specific
activity (e.g., cell death activity, angiogenesis activity, toxic
activity).

[0090] D. Administration of Dyes

[0091] A dye used in methods of screening agents for an
activity (e.g., cell death activity, angiogenesis activity, toxic
activity) can be administered to the teleost by adding the
agent directly to the media containing the live teleost.
Alternatively, the dye can first be dissolved in the media and
the live teleost submerged in the media subsequently. See,
e.g., Westerfield, supra. Dyes can also be administered to the
teleost by using microinjection techniques in which the dye
is injected directly into the live teleost. Dyes can be injected
into either the yolk or body of a teleost embryo or both.

[0092] Dyes can be administered alone, in conjunction
with a variety of solvents (e.g., dimethylsulfoxide or the
like), or in conjunction with other dyes. Dyes can be
administered to the teleost before, at the same time as, or
after administration of a dye used for detection of the
response in the teleost indicating a specific activity (e.g., cell
death activity, angiogenesis activity, toxic activity). When
fluorescent dyes are used (e.g., unsymmetrical cyanine dye,
such as a quinolium dye) for detection of an activity (e.g.,
cell death activity), the dye is preferably administered prior
to administration of the agent.

[0093] E. Detecting Agent Activity and Responses in
Teleosts

[0094] A variety of techniques can be used together or
separately to generate a signal and to detect and assess the
effect of an agent on cell death activity or angiogenesis
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activity or toxic activity of an agent. Signals can be gener-
ated by, for example, in situ hybridization, antibody staining
of specific proteins (e.g., antibody markers that label sig-
naling proteins involved in angiogenic vessel formation in
teleost, including VEGF and Angl and 2; terminal deox-
yuridine nucleotide end labeling to detect dead or dying
cells, etc.). Responses indicating toxic or angiogenic activity
or an effect of cell death activity can be detected by, e.g.,
visual inspection, colorimetry, fluorescence microscopy,
light microscopy, chemiluminescence, digital image analyz-
ing, standard microplate reader techniques, fluorometry,
including time-resolved fluorometry, visual inspection, CCD
cameras, video cameras, photographic film, or the use of
current instrumentation such as laser scanning devices,
fluorometers, photodiodes, quantum counters, plate readers,
epifluorescence microscopes, scanning microscopes, confo-
cal microscopes, flow cytometers, capillary electrophoresis
detectors, or by means for amplifying the signal such as a
photomultiplier tube, etc. Responses can be discriminated
and/or analyzed by using pattern recognition software.
Agents are identified and selected using the screening meth-
ods according to the activities and responses they produce.

[0095] Changes in the distribution of a protein both spa-
tially and temporally, including a complete absence of a
protein, can be detected and protein expression profiles can
be generated. Changes in a level of an enzyme or enzymatic
activity within the intact teleost can also be detected by
various means, including, e.g., alkaline phosphatase staining
and use of streptavidin (avidin) conjugated reporter enzyme
to detect naturally biotinylated carboxylase enzymes in the
liver, gut, and digestive tube of animals.

[0096] F. Automated Methods

[0097] In addition to manual screening methods, the
present invention also provides methods for rapid screening
of agents for activities, such as angiogenesis activity, cell
death activity, and toxic activity, using automated proce-
dures. Such automated methods can be readily performed by
using commercially available automated instrumentation
and software and known automated observation and detec-
tion procedures. Multi-well formats are particularly attrac-
tive for high through-put and automated compound screen-
ing. Screening methods can be performed, for example,
using a standard microplate well format, with a whole
zebrafish embryo in each well of the microplate. This format
permits screening assays to be automated using standard
microplate procedures and microplate readers to detect
enhancement or inhibition of angiogenesis activity in the
zebrafish embryos in the wells. A microplate reader includes
any device that is able to read a signal from a microplate
(e.g., 96-well plate), including fluorometry (standard or
time-resolved), luminometry, or photometry in either end-
point or kinetic assays. Using such techniques, the effect of
a specific agent on a large number of teleosts (e.g., teleost
embryos) in vivo or in vitro can be ascertained rapidly. In
addition, with such an arrangement, a wide variety of agents
can be rapidly and efficiently screened for their respective
effects on the cells of teleosts contained in the wells.

[0098] Sample handling and detection procedures can be
automated using commercially available instrumentation
and software systems for rapid reproducible application of
dyes and agents, fluid changing, and automated screening of
target compounds. To increase the throughput of a com-
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pound administration, currently available robotic systems
(e.g., the BioRobot 9600 from Qiagen, the Zymate from
Zymark or the Biomek from Beckman Instruments)—most
of which use the multi-well culture plate format—can be
used. The processing procedure involves a large number of
fluid changes that must be performed at defined timepoints.
Non-automated throughput is typically 5 microtiter plates
per investigator (400 teleost embryos and 20 compounds)
per week based on using a 96-well plate with 1 embryo per
well and screening 2 concentrations with 10 embryos per
concentration. Using currently available fluid handling hard-
ware (e.g., Bodhan Automation, Inc., Zymark) and our
standard sample handling procedures, 50-100 plates per day
(4800-9600 teleost embryos and 200-400 compounds) can
be processed. Incorporation of commercially available fluid
handling instrumentation significantly reduces the time
frame of manual screening procedures and permits efficient
analysis of many agents, including libraries of agents.

[0099] 1I. Methods of Screening an Agent for an Effect on
Angiogenesis Activity

[0100] A. Angiogenesis

[0101] The formation and establishment of a vascular
supply is an essential requirement for the cellular inflow of
nutrients, outflow of waste products, and gas exchange in
most tissues and organs. Two processes for such blood
vessel development and differentiation have been identified.
One process of vascularization, termed “vasculogenesis,”
occurs in the embryo and consists of the in situ differentia-
tion of mesenchymal cells into hemoangioblasts. Hemoan-
gioblasts are the precursors of both endothelial cells and
blood cells. The second process, termed “angiogenesis,”
involves the formation of new blood and lymph vessels from
preexisting endothelium. In this process, tissues and organs
are vascularized by sprouting in which smaller vessels
extend from larger vessels and penetrate a specific tissue.
Fouquet et al., supra. Angiogenesis also involves the migra-
tion and proliferation of endothelial cells, their differentia-
tion into a tube-like structure, and the production of a
basement membrane matrix around the vessel. Herbert et al.,
L. Cell. Biol. 106:1365-1373 (1988).

[0102] Methods for screening agents for inhibition or
enhancement of angiogenesis activity are useful in identi-
fying agents that would be effective in therapeutic or pro-
phylactic treatment of a variety of diseases involving angio-
genic processes.

[0103] B. Blood Vessel Formation

[0104] New blood vessels form during normal tissue
growth and repair in a series of sequential steps: an endot-
helial cell which forms the wall of an existing small blood
vessel (capillary) becomes activated, secretes enzymes that
degrade the extracellular matrix (the surrounding) tissue,
invades the matrix, and begins dividing. Eventually, strings
of' new endothelial cells organize into hollow tubes, creating
new networks of blood vessels that make tissue and repair
possible. Ordinarily, endothelial cells lie dormant. However,
when necessary, short bursts of blood vessel growth occur in
localized parts of tissues. New capillary growth is tightly
controlled by a finely tuned balance between factors that
activate or inhibit endothelial cell growth. About 15 proteins
are known to activate endothelial cell growth and move-
ment, including angiopoietins, epidermal growth factor,
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estrogen, fibroblast growth factors, prostaglandin, tumor
necrosis factor, vascular endothelial growth factor (VEGF),
and granulocyte stimulating factor (Zetter, Ann. Rev. Med.
49:407-424 (1998)). VEGF binds to tyrosine kinase recep-
tors fit-1 and flk-1/KDR on endothelial cells (Hanahan,
Science 277(5322):48-50 (1997)). Downstream effects of
VEGF include the activation of matrix proteases and glu-
caronidases, loosening of endothelial cell junctions and
proliferation and migration of endothelial cells. Downstream
effects of basic fibroblast growth factor (bFGF) include the
mitogenic stimulation of endothelial cells (Relou et al.,
Tissue Cell 5:525-530 (1998)). Some of the known inhibi-
tors of angiogenesis include angiostatin, endostatin, inter-
ferons, interleukin 1, interleukin 12, retinoic acid, and tissue
inhibitors of metalloproteinase 1 and 2 (Zetter, supra).

[0105] C. Angiogenesis Inhibition

[0106] Because angiogenesis is essential for solid tumor
growth, inhibition of angiogenesis is one strategy for pre-
venting tumor growth. By blocking the development of new
blood vessels, a tumor’s supply of oxygen and nutrients can
be cut off and, therefore, the tumors’ continued growth and
metastasis can be arrested. Several strategies can be to
design anti-angiogenesis agents including: 1) blocking the
factors that stimulate the formation of blood vessels; 2)
using natural inhibitors of angiogenesis; 3) blocking mol-
ecules that allow newly forming blood vessels to invade
surrounding tissue; and 4) incapacitating newly dividing
endothelial cells. In general, tumors with higher densities of
blood vessels are more likely to metastasize and are corre-
lated with poor clinical outcomes. Also, cell shedding from
the primary tumor begins only after the tumor has a full
network of blood vessels. In addition, both angiogenesis and
metastasis require matrix metalloproteinases, enzymes that
break down the surrounding tissue and the extracellular
matrix during blood vessel and tumor invasion. Several
differences between standard chemotherapy and anti-angio-
genesis therapy result from the fact that angiogenic inhibi-
tors target dividing endothelial cells rather than tumor cells.
Anti-angiogenic drugs are not likely to cause bone marrow
suppression, gastrointestinal symptoms, or hair loss, char-
acteristics of standard chemotherapy treatments. Also,
because anti-angiogenic drugs may not necessarily kill
tumors, but rather hold them in check indefinitely, the
endpoint of early clinical trials may be different than for
standard therapies. Rather than looking only for tumor
response, it may be appropriate to evaluate increases in
survival and or time to disease progression.

[0107] Drug resistance is a major problem with chemo-
therapy agents because most cancer cells are genetically
unstable and therefore prone to mutations. Because angio-
genic drugs target normal endothelial cells, which are not
genetically unstable, drug resistance may not develop. So
far, resistance has not been a major problem in long term
animal studies or in clinical trials of potential therapeutic
drug candidates. Anti-angiogenic therapy may prove useful
in combination with therapy directly aimed at tumor cells.
Because each therapy is aimed at different cellular targets,
such combination therapy should more effective. There is
growing recognition that cancer may become a chronic
disease. If treatments are long term, the toxicity profile of
drugs, which can be examined readily in the transparent
teleost (e.g., zebrafish) embryo, will become an increasingly
important parameter for drug screening and evaluation.
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[0108] D. Angiogenesis Stimulation

[0109] Although ischemic tissue in the heart or limbs
secretes VEGF and bFGF, which stimulate local growth of
collateral blood vessel, natural formation of collateral ves-
sels feeding into ischemic tissue is rarely sufficient for full
restoration of blood flow in cardiovascular disease patients.
Growth of new blood vessels, induced by exogenous angio-
genic agents, may restore blood flow to ischemic tissue in
patients with various cardiovascular diseases. Stimulatory
angiogenic therapy may also provide a minimally invasive
approach to improved circulatory function in coronary artery
disease (CAD), congestive heart failure, peripheral arterial
disease (PAD) and peripheral venous disease (PVD). Stimu-
latory angiogenic therapies may also facilitate transplant
acceptance or survival. Disadvantages of angiogenic stimu-
lators include exacerbation of growth of occult tumors and
progression of diabetic retinopathy. An ideal angiogenic
agent for inducing growth of collateral arteries around an
atherosclerotic plaque should function only in the locality of
or be delivered locally to ischemic tissue.

[0110] Angiogenesis gene therapy is an experimental tech-
nique being used to trick the heart into performing its own
bypass operation by growing new blood vessels. The gene
coding for a protein, such as VEGF, which encourages new
blood vessels to sprout from existing ones is injected into the
heart of the patient and the body performs its own coronary
bypass. These new vessels are less inclined to silt up again.
In preliminary experiments with rabbits, the arteries in
rabbit legs have been tied off and the VEGF gene has been
applied directly onto the smooth muscle cells lining the
artery using a catheter and small balloon. Within three to 10
days, new blood vessels were observed to sprout and find
their way around the blockage. Rivard et al., Circulation
99(1):111-120 (1999). In preliminary experiments with
humans, the gene has been injected directly into the left
ventricle, the pumping chamber of the heart. Results to date
from these studies are promising. There have been no side
effects and the worst result to date has been no result. The
sprouting of new vessels, if it occurs, seems to stop after four
to six weeks. Losordo et al., Circulation 98(25):2800-2804
(1998).

[0111] E. Angiogenesis in Zebrafish

[0112] In the zebrafish, as in other vertebrates, blood
vessels form from precursors cells (angioblasts) distributed
widely throughout the mesoderm of the embryo. Some
angioblasts migrate long distances, while others remain
locally to form vessels (Fouquet et al., supra). The major
vessels, including the aorta, vena cava, and vessels directed
to some organs, are believed to form by local assembly of
angioblasts into tubes (vasculargenesis). See FIG. 1. In
addition to vasculargenesis, smaller vessels extend from
larger vessels to penetrate a specific tissue (angiogenesis)
(Fouquet et al., supra). Experiments suggest that both pro-
cesses of vessel formation—vasculargenesis and angiogen-
esis—are driven by local signals. By day three of develop-
ment, the zebrafish has developed an intact, functioning
vasculature, including both major vessels and sprouts, which
has a consistent pattern of vessel location. See FIGS. 2A
and 3A. Because the zebrafish embryo can survive and
develop for at least 4-5 days without a circulatory system,
with the transparent zebrafish it is possible to study the
effects of a variety of agents on all aspects of vascular
formation in an intact, live animal.
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[0113] F. Advantages of Using Zebrafish in Screening
Assays for Angiogenesis

[0114] Currently, a variety of assays are used to study the
process of angiogenesis in various animal models. These
assays include preparing a transparent window in the skin of
a rabbit or mouse, injecting tumor cells or carrier matrix into
an avascular region, such as the cornea, and inducing
ischemia by constricting existing blood vessels (Jain et al.,
Nat. Med. 11: 1203-1208 (1997)). While these and other
approaches generate a great deal of information about the
process of angiogenesis, the tissue manipulation required for
each assay make them unsuitable for use as screening tools.
(Comparative assays are further described in detail below.)
Teleosts and zebrafish in particular offer significant advan-
tages for in vivo screening assays for angiogenesis. As noted
above, zebrafish are comparatively inexpensive to generate
and maintain and the embryos can be placed in individual
microtiter wells, making automated analysis with standard
liquid handling equipment possible.

[0115] Inaddition, with teleosts, such as zebrafish, the side
effects of an agent can be monitored and assessed simulta-
neously along with the principal effect of the agent. This
provides a significant advantage in methods for screening
compounds for angiogenesis activity. Notably, one difficulty
associated with identifying compounds that can be used as
anti-angiogenic agents, such as anti-cancer therapeutics, is
that many of the compounds used to inhibit the proliferation
of cancer cells also have deleterious effects on proliferating
non-cancer cells. This is especially problematic when deal-
ing with cancers that affect children, because many of their
organs and tissues are still growing and developing. Using
transparent teleost embryos, the effect of an agent on angio-
genesis activity as well as any toxic or side effects can be
assayed simultaneously. Side effects or toxic effects of
agents on zebrafish cells and/or embryogenesis can be
monitored at time intervals after administration of the agent.
Typically, measurements are performed at the same time as
measurements to assess activity of administered agents.

[0116] G. Angiogenesis Screening Methods

[0117] The present invention provides methods of screen-
ing an agent for an ability or capacity of an agent to enhance,
inhibit, or block angiogenesis activity in a teleost in response
to the administration of a dose of an agent to the teleost.
Angiogenesis activity is assessed relative to contemporane-
ous and/or historical control teleosts (or tissues, organs, or
cells thereof) to which the agent has not been administered.
Angiogenesis activity is reflected in changes in the vascu-
lature of the teleost. Blood vessel formation and develop-
ment can be monitored over time in the teleost to which an
agent has been administered as well as in control teleosts. A
response showing an increase in normal blood vessel for-
mation suggests that the compound enhances or increases
angiogenesis. A response showing a decrease or reduction in
normal blood vessel formation or the death or loss of
previously established, existing blood vessels suggests that
the compound decreases, prevents, or inhibits angiogenesis
activity (i.e., enhances or stimulates anti-angiogenesis activ-
ity) or disrupts existing vessels. Responses indicating an
angiogenic activity can be detected in a whole teleost or in
one or more organs or tissues of a teleost, either simulta-
neously or separately. Responses can be detected over time
and at predetermined time intervals. These responses can
also be detected in vitro in cells of a teleost.
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[0118] The methods of the present invention are useful in
identifying agents that would be effective in therapeutic or
prophylactic treatment of a variety of diseases involving
angiogenic processes, including cancer, coronary artery dis-
ease, congestive heart failure, peripheral arterial disease,
peripheral venous disease, neurological diseases, cardiopul-
monary diseases, ischemia, developmental diseases, autoim-
mune diseases, and diseases of bone and cartilage. In
general, these methods are useful in screening compounds
for therapeutic activity against diseases that would benefit
from an increase in angiogenesis activity (e.g., increase in
blood vessel formation) or decrease in angiogenesis activity
(i.e., anti-angiogenesis activity, a reduction in blood vessel
formation).

[0119] In one aspect, the methods comprise administering
the compound to be screened to a teleost embryo by sub-
merging the embryo in culture media in which the com-
pound has been dissolved prior to the onset of vasculargen-
esis or angiogenesis. After a suitable period (e.g., 24 or 48
hours), the embryos are fixed and stained for an endogenous
blood vessel marker, such as, e.g., alkaline phosphatase
(AP). A reduction or increase in the formation of blood
vessels and any perturbation in the normal pattern of blood
vessels can be determined visually by light microscopy after,
e.g., alkaline phosphatase staining, antibody staining of a
protein, in situ hybridization. Organ or tissue function can
also be determined by measuring enzymatic activity.

[0120] Compounds comprising small molecules typically
penetrate the teleost embryos by simple diffusion. For com-
pounds that do not penetrate the periderm (the outer ecto-
derm), dimethyl sulfoxide (DMSO) or other solvents or
osmotic shock can be used to transiently premeabilize the
periderm. Compounds can also be administered by other
well-known methods of administration, including ingestion
or direct injection into either the embryo yolk or the heart of
the teleost embryo. Once inside the embryo, compounds
diffuse freely within the embryo.

[0121] For example, to screen for an effect of the com-
pounds on angiogenesis activity, the subintestinal and inter-
somitic vessels are typically examined. To screen for an
effect of the compounds on vasculargenesis activity, the
dorsal aorta and ventral vessels are examined. All of these
vessels are quite prominent in the unaffected teleost embryo
and thus serve as ideal indicators of changes in the vascular
pattern. In particular, these vessels are examined for: 1) the
presence or absence of vessels, which is indicative of
inhibition of angiogenesis; 2) excessive branching, which is
indicative of enhancement of angiogenesis; and 3) changes
in architecture of the blood vessel formation, which is
indicative of changes in local signaling events. In our
methods, the zebrafish embryo is used because it can survive
and develop for about 4-5 days without a circulatory system
and thus the effects of agents on all aspects of vascular
formation in the intact embryo can be readily evaluated.

[0122] Changes in vascular pattern can be studied by
performing RNA in situ hybridization analysis, to examine
the angioblasts and vascular growth factors, and microan-
giography, to examine the circulation and heart function—
all of which have roles in blood vessel formation. As an
example, a compound to be screened is administered to a
24-hour teleost embryo by dissolving the compound in the
culture medium containing the embryo in culture (prior to
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the onset of vasculargenesis or angiogenesis). After an
additional 24 hours (at 48 hours of development), the
embryo is visually inspected for morphological defects. 50%
of the embryos are fixed for in situ hybridization using the
flk-1 probe to identify angioblasts. The remaining embryos
are fixed at 72 hours of development and stained with AP.
Compounds that affect the expression of endogenous AP,
thereby making it difficult to assay vascular pattern by using
AP staining, can be assayed by using microangiography. The
embryos are then examined for any perturbation in the
normal pattern of blood vessels.

[0123] Angiogenesis activity can also be detected by stan-
dard techniques indicated previously, including, e.g., colo-
rimetry, fluorescence microscopy (including, e.g., time-re-
solved fluorometry), chemiluminescence, digital image
analyzing, standard microplate reader techniques, pattern
recognition software for response discrimination and analy-
sis, etc. Antibody staining of specific epitopes can also be
used to detect spatial or temporal changes in distribution and
expression of epitopes in teleost tissues, as well as molecular
modifications.

[0124] H. Screening Agents for Angiogenesis Activity
and/or Toxic Activity and/or Cell Death Activity Simulta-
neously

[0125] The methods for screening agents for angiogenesis
or anti-angiogenesis activity can be combined with other
methods of the present invention described below, including
methods of screening agents for an effect on cell death
activity (Section III) or toxic activity (Section IV). Because
the teleosts used with these methods are transparent, it is
possible to assess angiogenesis or anti-angiogenesis activity
in conjunction with other activities. Responses indicating
various activities can also be detected in conjunction with
one another—either at separate times or simultaneously.

[0126] Such combined methods are useful in assessing
multiple affects of an agent on a teleost. The agent may
cause both a desired response, such as enhancement of
angiogenesis, and a toxic (undesired) response. The ability
to assess multiple activities and responses in a teleost due to
the administration of an agent is of particular benefit in
identifying potential therapeutic compounds and assessing
their side effects. For example, one difficulty associated with
identifying compounds that can be used as anti-cancer
therapeutics against targeted cancer cells is that some com-
pounds may also have deleterious effects on non-cancer
cells. Anti-angiogenic cancer therapy, for example, typically
seeks to induce apoptosis in cancer cells by cutting off the
blood supply of such cells. This type of treatment regime
may be designed to induce apoptosis in the angioblasts as a
means of preventing or diminishing vascularization of the
tumor. During treatment, a balance must be achieved such
that a negligible level of cell death is induced in other tissues
or locations in the body (such as the heart). Such undesired
ectopic cell death could be considered a toxic activity. A
combination screen for assessing angiogenesis, cell death,
and toxic activities of an agent would be useful in identi-
fying those agents that protect the heart from agents which
induce apoptosis elsewhere. Dose levels of the agent effec-
tive to promote one activity without promoting the other can
also be ascertained. Such combined screens would also be
useful in identifying and evaluating agents for pro-angio-
genic therapies which typically have the therapeutic goal of
preventing cell death in a damaged or transplanted tissue.
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[0127] Multiple activities/responses can be monitored in
the whole teleost or in one or more tissues or organs of the
teleost. Such activities and responses can be monitored over
time and at predetermined time intervals. A variety of
techniques can be used together or separately to analyze
multiple activities and responses, including, e.g., fluores-
cence microscopy, light microscopy, digital image analyz-
ing, standard microplate reader techniques (colorimetry,
fluorometry, including time-resolved fluorometry, and
chemiluminescence), in situ hybridization, antibody staining
of specific proteins, changes in protein distribution tempo-
rally and spatially within the animal, changes in a level of
enzymatic activity in the whole teleost, or tissues, organs or
cells of the teleost, etc. Furthermore, the response can be
discriminated and/or analyzed by using pattern recognition
software.

[0128] In one aspect, the present invention provides a
method of screening an agent for an increase or decrease in
angiogenesis activity as described above which further com-
prises screening the agent for an increase or decrease in
toxicity by detecting a response in the teleost indicating an
increase or decrease in toxic activity. Such a method is
useful, e.g., in identifying contra indications to therapeutic
value of a compound.

[0129] In another aspect, the invention provides a method
of screening an agent for an increase or decrease in angio-
genesis activity as described above which further comprises
screening the agent for an ability to enhance or inhibit cell
death activity by detecting a response in the teleost indicat-
ing an enhancement or inhibition of cell death activity. Such
a method is useful, for example, in identifying contra
indications to therapeutic value of a compound. Such com-
bination screens also allow for the identification of agents
which protect the heart from circulating agents which induce
apoptosis elsewhere.

EXAMPLES

[0130] 1. Screening Compounds for Angiogenesis Activ-
ity in Zebrafish

[0131] A. Materials and Methods

[0132] 1) Embryo Collection

[0133] Zebrafish embryos were generated by natural pair-
wise mating as described in Westerfield, supra, which is
incorporated herein by reference in its entirety for all pur-
poses. Four to five zebrafish pairs were set up for each
mating; on average, 100-150 embryos per pair were gener-
ated. Embryos were collected and placed in egg culture
media prepared by combining 5 grams (g) of Instant Ocean
Salt with 3 g of calcium sulfate in 25 liters of distilled water
at 27° C. for approximately 20 hours (21 somite stage)
before being sorted for viability, using both morphology and
developmental stage as criteria. Healthy embryos were then
dechorionated by enzymatic digestion using 1 mg/ml pro-
tease (Sigma Chemistry Co.) for 5 minutes at room tem-
perature. The embryos were then washed 5 times in embryo
water. Because the fish embryo receives nourishment from
an attached yolk ball, no additional maintenance was
required.

[0134] 2) Compounds Screened

[0135] Compounds from the following two sources were
screened for an ability or capacity to enhance or inhibit
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angiogenesis activity: NCI Open Synthetic Compound Col-
lection library, Bethesda, Md. and The Center for Cancer
Research, Massachusetts Institute of Technology (MIT),
Cambridge, Mass.

[0136] The NCI Open Synthetic Compound Collection
library consists of more than 100,000 unique compound
structures; currently, only 12,000 are available for screening.

[0137] Compounds obtained from MIT consisted of 11
fumagillin derivatives, including TNP 470 (Turk et al.,
Bioorg. Med. Chem. 8:1163-1169 (1998)) and AGM-1470.
Fumagillin is a natural product isolated from fungus with
potent anti-angiogenic and toxic effects. AGM-1470 and the
other fumagillin derivatives are angiogenesis inhibitors,
which prevent entry of normal, but not transformed, endot-
helial cells into the G1 phase of the cell cycle by binding
type 2 methionine aminopeptidase (MetAP2). The deriva-
tives were supplied at an initial concentration of 20 mM.
Samples were diluted in dimethyl sulfoxide (DMSO, Sigma
Chemical Co.) to a stock concentration of 10 mM.

[0138] Compounds from NCI were randomly selected
from the NCI Open Synthetic Compound Collection library.
The compounds were supplied by NCI in 96 microplate
arrays, each at an initial concentration of 10 mM in DMSO.
No specific information on compound source, activity,
chemical structure, or mechanism of action was available.

[0139] 3) Administration of Compounds

[0140] To determine the effect(s) of a compound on vessel
formation on a fish, the compound was added directly to the
culture medium solution containing the fish embryos (e.g.,
to individual microwells containing the fish embryos). Com-
pounds were added to the medium solution at 12 or 24 hours
of development of the fish embryo, which is prior to the
point at which angiogenic vessels can first be identified
using the flk-1 in situ hybridization probe. Fouquet et al.,
supra. Assays were performed in 6-well, 24-well, or 96-well
plates. Such plates facilitated automation of the chemical
application and subsequent analysis, including dose
response, and subsequent analysis.

[0141] 4) Visual Screening

[0142] After administering a compound to the fish
embryos, the embryos were maintained in individual
microwells at 28° C. until day 3 of development. Twenty-
four and forty-eight hours after adding the compound to the
medium in which the fish embryos were cultured, the
embryos were visually inspected for viability, gross mor-
phological defects, heart rate, and circulation (see Table 1).
Circulation was assayed by following the movement of
blood cells through each embryo.

[0143] 5) Vessel Staining

[0144] On the third day of development, embryos were
collected for alkaline phosphatase staining. Specifically,
embryos were fixed in 4% paraformaldehyde and stained for
endogenous alkaline phosphatase activity. Embryos were
fixed for 2 hours at room temperature. The embryos were
then washed two times in phosphate buffered saline (PBS)
and dehydrated by immersion in 25%, 50%, 75% and 100%
methanol in phosphate buffered saline with 0.1% Tween
(PBT) to permeabilize the embryos. The embryos were then
rehydrated and washed in 100% PBT. For staining, embryos
were equilibrated in NTMT buffer (0.1M Tris-HCI pH 9.5;
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50 mM MgCl; 0.1M NaCl; 0.1% Tween 20) at room
temperature. After the embryos equilibrated, embryos were
stained by adding 4.5 pl of 75 mg/ml nitro blue tetrazolium
(NBT) and 3.5 uLlL of 50 mg/ml X-phosphate per ml. After
staining for 10 minutes, all the blood vessels in the fish
embryo were labeled (see FIGS. 2A-2C, 3A-3B, 4, 7). The
staining reaction was stopped by addition of PBST. Embryos
were then examined on a stereo-dissecting microscope. One
advantage of using the zebrafish for this type of assay is that
the subintestinal vessels, which are located over the yolk, are
both sensitive to factors which effect vessel formation and
easily assayed by this method (see, e.g., FIG. 7). The
subintestinal vessels are normally present on the dorsolateral
surface of the yolk of zebrafish embryos by 48 hours of
development. They form a distinct basket shape that extends
50-100 pm from the ventral edge of the somite over the yolk.
By assaying the subintestinal vessels at 72 hours of devel-
opment (24 hours after the subintestinal vessels normally
appear), normal variation in the timing of the vessel forma-
tion was avoided. The staining procedure is easily automated
using commercially available instrumentation.

[0145] 6) Bleaching Teleosts

[0146] If desired, teleosts (e.g., zebrafish embryos) can be
bleached before or after alkaline phosphatase staining.
Bleaching removes the melanin pigment from the teleost and
permits the screening of teleost without the adverse effects
of 1-phenyl-2-thiourea (PTU) treatment. Post-stain bleach-
ing also removes the extracellular staining associated with
background staining. Bleaching effectively enhances visu-
alization and analysis of the response of the treated teleost
to a compound through the removal pigmentation of some
cells. Bleaching enhances visual detection of responses
indicating toxic, angiogenic, and cell death activities.

[0147] To bleach zebrafish, the fish were immersed for 10
minutes at room temperature in 5% formamide, 1x sodium
chloride/sodium citrate and 10% hydrogen peroxide.

[0148] 7) In Situ Hybridization

[0149] In addition to performing visual screens, specific
molecular changes in teleost tissues can be detected by in
situ hybridization of RNA or antibody staining of specific
proteins. In situ hybridization of RNA is a routine molecular
approach in zebrafish (Westerfield, supra). A digoxigenin-
labeling kit from Boehringer Mannheim can be used to label
the RNA probes. Whole mount in situ hybridization can be
carried out as follows: Embryos are fixed with 4% paraform-
aldehyde in PBS, lightly digested with proteinase K, and
hybridized with 1 pg of probe in in situ hybridization
solution (50% formamide, 5xSSC, 50 pg/ml Heparin, 500
png/ml tRNA,; 92 ul of 1M citric acid, pH 6.0, and 0.1%
Tween 20) at 65° C. Alkaline phosphatase-conjugated anti-
digoxigenin antibody is used to detect signals. Background
staining from endogenous alkaline phosphatase does not
pose a problem, because endogenous alkaline phosphatase
does not survive the in situ hybridization procedure. After
staining with NBT/X-phosphatase (Boehringer Mannheim),
embryos are bleached in 100% methanol, refixed in 4%
paraformaldehyde, and stored in PBS. Multiple in situ
hybridizations can be performed simultaneously on different
teleosts in multi-well dishes.

[0150] 8) Additional Assays for Angiogenesis

[0151] To determine if any changes in vascular pattern are
due to inhibition or stimulation of the angioblasts, RNA in
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situ hybridization analysis on known angioblast markers,
flk-1, tie, tek, and fli (Dumont et al., Dev. Dyn. 203:80-92
(1995); Liao et al., Dev. Suppl. 124:381-389 (1996); Fouquet
et al., supra) can be performed using procedures outlined
above. Flk-1 (FIG. 8), tie, and tek are receptor tyrosine
kinases, which label angioblasts early in development. Fli is
a transcription factor which labels them at a later stage.
Because flk-1, tie, tek, and fli appear sequentially during
angioblast development in vertebrates (Dumont et al.,
supra), assaying for the presence or absence of these mol-
ecules makes it possible not only to determine if the angio-
blasts are affected, but also the stage of development at
which they are affected.

[0152] Changes in the distribution of a protein both spa-
tially and temporally, including a complete absence of a
protein, within the intact teleost can be detected. For
example, changes in the pattern of the vascular endothelial
growth factor, VEGF, can be examined using standard
antibody staining procedures (Westerfield, supra) or in situ
hybridization techniques described above (see also Wester-
field, supra). VEGF is believed to have two roles in vascular
development: 1) a chemo-attractant or guidance role; and 2)
a maintenance role (Dumont et al., supra). Thus, chemicals
which affect VEGF expression are of particular interest. The
above are examples of well known molecular markers; other
molecular markers can also be employed.

[0153] 9) Function Assay

[0154] In addition to changes in the vascular architecture,
vascular function (circulation and heart rate) may also be
affected by compounds. To determine whether a compound
administered to zebrafish affected vascular functioning (e.g.,
heart rate and circulation), heart rate and circulation of the
zebrafish embryos are studied. In this instance, heart rate
was assessed by counting the heart beats/minute. Circulation
was assessed by examining zebrafish embryos under a
dissecting microscope for the movement of blood cells
through the heart and major vessels. Zebrafish embryos were
also examined for blood pooling in the yolk (an indicator of
poor blood flow through the heart) and in the body of the
embryo (an indication of leaky vessels). In those embryos in
which a compound was observed to affect blood cell devel-
opment, micro-angiography was performed using the pro-
cedures outlined in Weinstein et al., Nature Med. 1:1143-
1147 (1995) to examine the integrity of the vascular system
for vessel leakage and blockage, which can cause changes in
vessel formation and maintenance. Embryos were anesthe-
tized with tricaine to stop the heart, a micro-pipet was
inserted into the heart, and fluorescent beads were injected.
The tricaine was then washed out, and the heart resumed
beating. The flow of fluorescent beads was then observed
using an epifluorescence microscope and recorded using a
low light level camera attached to a computer (FIG. 9). This
approach allows examination of the integrity of the vascular
system and assessment of the effects of the chemicals on the
condition of the heart.

[0155] B. Results

[0156] 1) Determination of Parameters for the Delivery of
Compounds to Target Tissues and Organs

[0157]

[0158] In our initial studies, we employed 12-hour
zebrafish embryos (6 somite stage) for the assays and began

a) Embryo Developmental Stage
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the assays at the 12 hour of development. Although this
time point is advantageous because it is just prior to the
onset of angioblast formation (Fouquet et al., supra), there
are several disadvantages. The most significant of these is
that at 12 hours of development, many structures of the
zebrafish embryo including the notochord, the somites, and
the heart are beginning to form. Because these structures
directly affect both vasculargenesis and angiogenesis, it is
difficult to determine if the observed effects of compounds
on vessel formation are primary (direct effects on the ves-
sels) or secondary (indirect effects due to damage to other
tissues).

[0159] To circumvent this problem, we began the assays at
22 hours of development (26 somite stage). At this stage of
development, the dorsal aorta and ventral vein are present in
the anterior, but not in the posterior regions of the zebrafish
embryo. This permitted examination of both vasculargenesis
and angiogenesis independently in the same embryo. For
vasculargenesis, we examined the embryos for the presence
of the dorsal aorta and ventral vessel in the most posterior
regions of the tail. For angiogenesis, we examined the
embryos for the presence of sprouting vessels, including the
subintestinal and the intersomitic vessels. The subintestinal
vessels begin to form at 36 hours of development; therefore,
using the 22-hour time point reduces the time between
compound administration and angiogenic vessel formation.
This is an important consideration for compounds that are
unstable under the culture conditions.

[0160] b) Embryo Maintenance

[0161] Initial experiments were performed in 35 mm wells
in 6-well culture dishes using 50 zebrafish embryos per well
in 5 ml of embryo water. While this approach worked, it has
a number of drawbacks, including that: 1) a relatively large
amount of compound must be used to dose the embryos; 2)
the number of compounds that can be screened simulta-
neously is limited; and 3) because there are multiple
embryos in a dish, dying embryos could contaminate living
embryos.

[0162] In an attempt to circumvent these drawbacks, we
examined two alternative formats, the 96- and the 24-well
plate. Previous observations indicated that single zebrafish
embryos were capable of surviving and developing normally
in 50-100 pl of embryo water for up to 5 days. Therefore, we
collected, dechorionated and sorted 22 hour embryos into
either: 1) 96 well plates with one embryo per well in 100 pl;
or 2) 24 well plates with 5 embryos in 500 pl of embryo
water. The embryos were allowed to develop for 72 hours
before examination. The embryos were assessed by size,
morphology, and movement. No obvious differences were
observed between the embryos raised in the microwell plates
and control embryos raised in larger containers. The
embryos were fixed and stained for endogenous alkaline
phosphatase to examine vessel formation. The staining pat-
tern in the experimental embryos was identical to that
observed in the controls. For the manual screen, we pre-
ferred the 24 well format and used it for all experiments
described below.

[0163]

[0164] In order to optimize the parameters for screening
compounds, we performed a series of experiments using the
11 fumagillin derivatives obtained from MIT and 10 random

¢) Compound Delivery
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compounds obtained from the NCI Open Synthetic Com-
pound Collection library. We knew from our feasibility
studies that fumagillin inhibited angiogenesis in the
zebrafish; we thus decided to use these compounds as
positive controls to verify the assay. We also used the 10
compounds from NCI to verify that the established param-
eters were appropriate for other types of compounds. In
general, we expected that the small molecules would diffuse
freely both into the embryo and through the chorion mem-
brane that surrounds the embryo for the first 2-3 days of
development. However, to avoid potential problems, we
removed the chorion by enzymatic digestion. This approach
is well established and when done properly produces no
adverse effects on the embryos.

TABLE 1
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logical criteria to be ~12 hours delayed in development. At
1 uM, 20/21 compounds caused developmental delay and
1/21 caused lethality. These results show quite clearly that
compounds added to the media were capable of getting into
the zebrafish embryo and inducing an effect.

[0167] e) Use of DMSO

[0168] One problem with the experimental conditions
described above was that the control embryos maintained in
1% DMSO in embryo water also showed a slight develop-
mental delay, similar to that observed for all of the concen-
trations of the NCI compounds and for the 1 pM concen-
tration the fumagillin derivatives. We repeated the
experiments using 10 uM and 1 pM concentrations of the

Summary of Concentration Effects of Compounds

Compound 100 uM Effect 10 uM Effect 1 pM Effect

MIT (11) 11/11  Lethal 7/10  Vascular effects 11/11 Slight
Developmental Developmental

Delay Delay

NCI (10) 4/10  Lethal 1/10  Lethal 1/10 Lethal

6/10  Slight 2/10  Chromatic Change 10/10 Slight
Developmental  10/10  Slight Developmental

Delay Developmental Delay

Delay

d) Compound Concentration

[0165] As a primary screen for compound effects, we
tested each compound at three different concentrations to
determine which concentration would provide the most
information. The concentrations tested were 100 uM, 10 uM,
and 1 uM. Results are summarized in Table 1. For these
experiments, we added 50 pl of 10 mM stock solution to 5
ml of embryo water to generate a 100 uM solution in 1%
DMSO. The subsequent concentrations were generated by
1:10 and 1:100 dilutions in embryo water; for each concen-
tration, DMSO added to 1% of the total solution. The control
solutions consisted of 1% DMSO in embryo water. Ten
embryos per compound per concentration were tested. Of
the 21 compounds tested, 15 (11/11 MIT, 4/10 NCI) were
lethal at the 100 uM concentration. At the 10 uM concen-
tration, 7/11 of the fumagillin derivatives had an inhibitory
effect on angiogenesis. However, while none of the fumag-
illin derivatives were lethal at 10 uM, they all had a
deleterious effect on the growth of the embryo (FIG. 2A),
consistent with previously published results showing that
the target of fumagillin derivatives is methionine aminopep-
tidase (type 2), which plays a role in cell cycle control in
eukaryotic cells (Ishikawa et al., J. Exp. Ther. Oncol. 6:390-
396 (1996); Kria et al., Curr. Eye Res. 10:986-993 (1998).

[0166] In contrast to the fumagillin derivatives, at 10 pM
the NCI compounds had no observable effect on vessel
formation. However, 1 of the 10 NCI compounds was lethal
at this concentration and 2 of the 10 compounds caused a
chromatic change in the embryos. The chromatic changes
were not limited simply to taking up the color of the
compound; one of the NCI compounds caused the melano-
cytes to turn purple. As with the fumagillin derivatives, all
9 of the non-lethal NCI compounds caused a slight devel-
opmental delay, because the embryos appeared by morpho-

compounds, respectively, in 0.1% DMSO. The results were
identical to those in Table 1, except that the developmental
delay for all of the compounds except the fumagillin deriva-
tives at 10 uM concentration was eliminated. After perform-
ing these experiments, we decided to use 10 uM concentra-
tions with 0.1% DMSO. The results indicated that at
relatively high concentrations, DMSO has some effect on
developing zebrafish. While DMSO does not appear to have
any effect on developing zebrafish at lower concentrations,
we are aware that synergistic effects may occur. Unfortu-
nately, many of the compounds available for screening were
only soluble in DSMO or similar solvents. As with any
primary screen, positive results will require further verifi-
cation and scrutiny.

[0169] 2) Assessing the Effects of Compounds on Blood
Vessel Formation

[0170] After establishing basic assay parameters, we
screened compounds received from MIT (11 compounds)
and NCI (190 compounds) for effects on blood vessel
formation (angiogenesis and vasculargenesis). Embryos
were collected at 20 hours of development and dechorion-
ated. At 22 hours of development, the embryos were sorted
into 24 well plates with 5 embryos per well in 500 ul of
embryo water. The compounds from MIT and NCI were
added at a concentration of 10 uM. For each compound, 3
sets of embryos (15 total) were screened. For convenience,
each set was maintained in a separate multi-well plate. This
permitted testing of 23 compounds/plate with 1 set of
controls per plate. At 72 hours of development, embryos
were visually screened for gross morphological defects and
cardiac function using a dissecting microscope. After the
visual screen, embryos were fixed and stained for endog-
enous alkaline phosphatase activity in order to analyze
vascular architecture. Experimental results are shown in
Table 2 and described below.
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TABLE 2
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16

Results of Visual Screen

Number Circulation/Heart  Toxic At
Compounds Compds  Vascular Developmental Axial  Cranial Rate 10 uM
(Compds) Screened  Changes Delay Defects Defects Defects Compd
NCI 190 18 16 6 7 6 13
MIT 11 7 11 3 0 0 0
[0171] a) Vascular Changes in vessel formation as assayed by increases either in size of

[0172] To assay vessel formation, embryos were fixed and
stained and the vessels were scored as described above. The
subintestinal vessels form on the dorsolateral surface of the
yolk on both sides of the embryo in the shape of a basket that
extends 50-100 pm from the ventral edge of the somite over
the yolk. For this screen, anti-angiogenic effects were
defined as either the complete absence of these vessels or the
loss of either the lateral or dorsalventral vessels of the basket
(FIGS. 2B-2C, 3B, 4). An angiogenic effect was defined for
this screen as an enlargement of the basket beyond 150 pm
from the somite. This includes both increases in size of the
entire basket and/or projections from the basket (FIGS. 6A,
6C, 6D). In addition to the overall basket size, we also
looked for increases in the diameter of the vessels. Normal
vessels are less than 10 um in diameter. Embryos were also
screened for gross changes in the large vessels, including the
dorsal aorta and ventral vein.

[0173] Of the 241 compounds tested, 25 (7/11 from MIT
and 18/190 from NCI) caused some anti-angiogenic effects
(Table 3). Of these, 23/25 were associated with various
degrees of developmental delay; the more severe the delay,
the more dramatic was the reduction in vessel formation
(FIGS. 2A-2B). Of the two other compounds that caused a
reduction or loss in vessel formation, one was associated
with a truncation of the embryonic axis (FIG. 4). Axial
defects do not generally cause a loss of the subintestinal
vessels, suggesting that the vessel effect may be distinct
from the axial effect. Only 1 of the compounds tested
showed a specific effect on vessel formation. With this
compound, there was a loss of the subintestinal vessels
(FIG. 2B), with no other observable effects on the embryo.

TABLE 3

the subintestinal vessels or the diameter of the vessels.

[0175] To determine if the loss of the subintestinal vessels
was due to the loss of angioblast, we performed an in situ
analysis on embryos treated with the compounds that had
previously been shown to cause a reduction of vessel
formation. We used a probe against flk-1, a receptor tyrosine
kinase that has been shown to play a pivotal role in angio-
genic vessel formation (Hanahan, supra). Flk-1 has been
shown to be the earliest marker for angioblast in the
zebrafish embryo (Fouquet et al., supra). Normally, flk-1 is
highly expressed throughout development in newly forming
vessels and expressed at lower levels in the large vessels
after their formation. In the absence of angiogenic vessels,
we would not expect to see flk-1 expression in the somitic
and subintestinal region; therefore, we focused on expres-
sion of flk-1 in the large vessels.

[0176] Embryos were collected at 48 hours of develop-
ment (24 hours after addition of the compounds) because
Flk-1 is still highly expressed in the large vessels at this
stage. For 17 of the 18 NCI compounds which caused a
reduction in the subintestinal vessels, the pattern of flk-1
staining appeared normal at 48 hrs of development. Specifi-
cally, flk-1 staining was present in the dorsal aorta and
ventral vein as well as in the vessels of the head. There was
no staining in either the intersomitic space or on the dorsal
surface of the yolk, however; this was expected, because
these vessels did not form. One compound caused a loss of
flk-1 staining in the large vessels of the tail, but not in the
head. This compound also caused a truncation of the
embryo, a thinning of the tail and heart malformation (FIG.

Observed Effects of Compounds on Vessel Formation

Loss of
Complete Loss Lateral or Increase in  Changes
Compds Vessel of Subintestinal ~ Dorsalventral — Increase in  Vessel in Large
(Source) Effect Vessels (SIVs) Vessels of SIVs SIVs Diameter  Vessels
MIT (11) 7/11 4 3 0 0 5
NCI (190)  18/190 5 13 0 0 3

[0174] With 8/25 compounds that caused angiogenic
effect, we observed what appeared to be a failure of the large
vessels to organize properly in the tail. We only observed
this effect with compounds that induced severe developmen-
tal delay. It is likely that the failure of the aortal and ventral
vein to organize properly may be a secondary effect. Curi-
ously, none of the compounds screened caused an increase

5). It is probable that the loss of flk-1 staining was part of a
more global defect, rather than a specific anti-angiogenic
effect.

[0177] b) Developmental Delay

[0178] Because a number of the defects included changes
in the size and shape of the embryo, to distinguish between
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Smorphological defects and developmental delay, we used
three distinct parameters. Normally, zebrafish embryos are
staged by the position of the head on the yolk ball, the length
of the embryo, and the position of the forming melanocytes.
As our 4™ criteria, we used the size and shape of the fins to
assist in staging the embryos. For this screen, developmental
delay was defined as at least 12 hours slower than the control
embryos on the same multi-well plate. As previously noted,
all the fumagillin derivatives caused a substantial develop-
mental delay of at least 24 hours (FIGS. 2A-2C). This is
probably because the target of these compounds is a cell
cycle regulating protein (Turk et al., supra). Developmental
delay was also observed in 16 of the 190 (8.5%) small
molecule compounds from NCI. In all cases where devel-
opmental delay was observed, there was a change in vas-
cular architecture consistent with the developmental delay
(FIGS. 2A-2C). It is likely that compounds that affect
proliferation and growth will also affect angiogenic vessel
formation, which requires cell proliferation in order to form
new vessels. Eight of these 16 compounds also caused what
appeared to be a disorganization of the large vessels in the
tail.

[0179] c¢) Axial Defects

[0180] There were three typical types of axial defects: 1)
bending of the axis either up or down (NCI 3/6, MIT 3/3);
2) truncation of the axis (NCI 2/6); and 3) blebbing of the
notochord (FIG. 5) (NCI 2/6). A reduction of the subintes-
tinal vessels was observed with only one of the compounds
that caused an axial defect (FIG. 4).

[0181] d) Cranial Defects

[0182] Cranial defects were defined as either the disrup-
tion of the central nervous system (CNS) morphology,
usually at the midbrain/hindbrain border, or the presence of
cellular debris in the ventricular space of the CNS. Seven of
the 190 NCI compounds caused cranial defects; however,
none affected the subintestinal vessel or the large vessels in
the tail.

[0183]

[0184] For this specific experiment, we defined toxicity as
whole embryo lethality by 72 hours of development. Using
the previously established assay parameters, we predicted
that the 10 uM concentration of a compound was unlikely to
induce toxicity. Therefore, we were not surprised that only
5% (6.8% of NCI, 13/190) of the compounds tested were
lethal. Of the 13 lethal compounds, eight killed the embryos
within 24 hours of application. The remaining 5 compounds
caused localized cell death (4 in the tail and 1 in the head)
within 24 hours and whole embryo lethality by 72 hours of
development. It is possible that at lower concentrations these
compounds can affect angiogenesis without causing toxic-
ity; however, this seems unlikely, as the toxic effects were
quite global.

e) Toxicity

[0185] 3) Assessing Effects on Vascular Function

[0186] a) Circulation/Heart Rate Defects

[0187] There were a number of compounds causing devel-
opmental delay and axial defects that also caused structural
changes in the heart. In general, these effects were consistent
with underdevelopment of the heart. In order to evaluate
function, we restricted our analysis to embryos in which the
heart appeared relatively normal, as defined by the presence
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of an atrium and a ventricle, as well as a heartbeat. 6/190 of
the NCI compounds caused a reduction in the beat rate of the
heart. For this screen, reduced heart rate was defined as 50%
or less than the rate of controls. Because biological and
environmental factors cause natural variations in the heart
rate, the normal heart rate was taken as the average heart rate
of the 10 embryos in the control wells for each plate. This
was compared to the average heart rate of the embryos in the
experimental well. In 3/6 compounds, pericardial edema and
blood pooling over the yolk accompanied the reduced rate.
Even though pericardial edema was evident, blood cells
moved through the major vessels. All three of these com-
pounds caused developmental delay with an associated
reduction in angiogenic vessels; specifically, the subintesti-
nal vessels were absent. The remaining 3 compounds had no
observable effects other than reduced heart rate.

[0188] None of the non-lethal compounds tested caused an
observable reduction in the number of blood cells; thus, it
was possible to assay circulation by observing the move-
ment of blood cells through the vessels. As with assessment
of heart rate, only embryos with structurally normal hearts
were analyzed, because malformed or underdeveloped
hearts cannot usually pump blood. None of the compounds
appeared to affect circulation as assessed by lack of blood
flow, blood pooling, or leaky vessels.

[0189] Circulation was assayed by observing the flow of
blood cells through the embryo. Of the 212 compounds
tested in this study, none affected the formation of the blood
cells; therefore, it was not necessary to perform any
microangiograms to assay circulation. However, because it
is unlikely that this will be the case for all compounds, the
microangiogram technique is typically included as part of
the screening methods. A microangiogram was performed as
part of our initial studies on a zebrafish embryo at day three
of development. The microangiogram shows the normal
vascular pattern of the zebrafish embryo, including the
cranial, intersegmental, and subintestinal vessels. See FIG.
9.

[0190] C. Discussion

[0191] The above results demonstrate that the teleost (e.g.,
zebrafish) is a viable model for screening small molecules
(e.g., chemical compounds) for effects on vessel formation.
Such small molecules not only diffuse into the embryo, but
can also induce specific, observable effects on blood vessel
formation.

[0192]
Embryo

1) Diffusion of Small Compounds into the Teleost

[0193] One major concern prior to experimentation was
whether different types of small molecules would diffuse
into the zebrafish embryos after addition to the media. Our
initial studies demonstrated that fumagillin and ovicillin
were capable of diffusing into the zebrafish embryo. How-
ever, these compounds are natural products identified
because of their ability to diffuse into cells in culture. Of the
201 small molecule compounds screened, 81 had some
observable effect on zebrafish embryos (70/190 compounds,
including 23 which caused color changes (data not shown),
from NCI and 11/11 fumagillin derivatives). These results
suggest that our initial assumption that small molecules
would enter the embryos by diffusion was correct.
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[0194] 2) Advantages of Whole Embryo Screening

[0195] One significant advantage of using whole teleost
embryos for assays is the ability to identify effects on
multiple targets simultaneously. In our initial set of experi-
ments, we restricted additional targets to events that could be
visualized without additional staining. Developmental delay
was the most useful of these parameters. Unlike with cell
culture assays, with the whole embryo assay, we were able
to observe that the 11 MIT compounds caused what
appeared to be general cell proliferation effects, which may
or may not be the same as anti-angiogenic effects. This may
be due to the binding of type 2 methionine aminopeptidase
(MetAP2)(Turk et al., supra) or a related cell cycle protein.

[0196] We also observed a number of other effects with
other compounds. With 6 compounds, we observed effects
on heart rate in live embryos by visual inspection. Because
the heart is quite prominent in the early embryo, it was
possible to observe a slow versus normal heart rate by visual
inspection. Two possible mechanisms for this observed
effect are: 1) the compound may affect development of the
heart in such a way that the conductivity mechanism
required for normal heart beat is absent, or 2) the compound
directly antagonizes the conductivity mechanism in a man-
ner similar to beta-blockers (Reiter and Reiffel, Am. J.
Cardiol 82(4A):9-19 (1998)). We were also able to score
cranial defects in 7/201 compounds, as well as axial defects
in 9/201. In subsequent studies (described below), we used
specific antibodies and staining techniques to analyze the
effects of compounds on other organs, including the liver
and the kidney, to determine adverse effects of angiogenic
compounds. The liver and kidney are highly vascularized; as
a result, these organs represent potential targets for screen-
ing compounds for adverse effects on blood vessel forma-
tion.

[0197] 3) Screening for Anti-Angiogenic Effects

[0198] In our first set of screening experiments for anti-
angiogenic effects, we examined the effect of fumagillin, a
natural anti-angiogenesis chemical, on blood vessel forma-
tion in the zebrafish embryo. The compound was adminis-
tered by addition to the fish culture media. This compound
caused a reduction in angiogenesis, indicated by a reduction
of the subintestinal and intersomitic vessels (see, e.g., FIG.
7). However, each compound also caused serious compli-
cations in the embryo including pericardial edema, devel-
opmental delay, and axial defects. Although these experi-
ments demonstrated the feasibility of the approach for drug
screening, they also underscored the importance of identi-
fying compounds that affect angiogenesis selectively. Using
the screening parameters described above, we identified two
compounds that caused apparently specific anti-angiogenic
effects. In addition, we identified 16 other compounds that
caused a reduction of angiogenic vessel formation in addi-
tion to other effects. These results show that the zebrafish
embryo model can be used to screen for compounds that
specifically affect angiogenesis and anti-angiogenesis activi-
ties.

[0199] 4) Screening for Angioblast Formation Using Flk-1
Staining

[0200] 1 ofthe 18 NCI compounds that caused a reduction
in subintestinal vessel formation had an effect on the flk-1
staining pattern. Because flk-1 is an early marker for angio-
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blasts, this result suggests that for 17/18 compounds, the
blocking of angiogenesis is not due to loss of angioblast, but
rather to interference with some other component of the
angiogenic pathway. For the one compound that did affect
flk-1 staining, it was not clear if the loss of staining was due
to a loss of angioblasts or loss of the flk-1 tyrosine kinase
expression. This demonstrates the importance of establish-
ing markers for both angioblasts and the angiogenic pathway
(see discussion below).

[0201] 5) Angiogenic Effects

[0202] None of the compounds tested caused an observ-
able increase in vessel formation. Two possible explanations
of'this observation are: 1) none of the compounds tested had
angiogenic properties; and 2) the normal zebrafish embryo is
refractory to exogenous angiogenic stimulation. To distin-
guish between these two possibilities, we performed experi-
ments, described below, in which VEGF was injected into 24
hour embryos. These experiments suggested that increased
angiogenesis can be induced in the normal zebrafish embryo
(FIGS. 5A-5C). In order to increase the likelihood of
identifying compounds which stimulate angiogenesis, we
explored the use of mutant zebrafish lines, such as the
gridlock mutant (Weinstein et al., supra), which has defects
which block angiogenesis.

[0203] 6) Vasculargenesis

[0204] In the zebrafish as in humans, vasculargenesis is
the process by which the large vessels, including the aorta,
vena cava, and vessels to some organs, form from local
precursors cells (angioblasts) distributed throughout the
mesoderm of the embryo (Fouquet et al., supra). We
observed vascular defects with 8 of the 241 compounds
screened. The effects observed were limited to a disorgani-
zation of the dorsal aorta and ventral vessel in embryos with
severe developmental delay. It is not clear that vasculargen-
esis requires extensive cell proliferation, and these observed
effects on the large vessels may be due to a disruption of the
surrounding tissue, rather than a direct effect on the angio-
blasts.

[0205] 7) Rapid and Automated Methods of Screening of
Agents for Angiogenesis Activity

[0206] Our experiments demonstrated the versatility and
value of the teleost as a model for use in detecting, identi-
fying, and analyzing compounds that inhibit or enhance
angiogenesis in vivo and in vitro. With methods of the
present invention, teleosts (e.g., zebrafish embryos) can be
used to screen large numbers of compounds rapidly for
effects on angiogenesis. For example, using the 24 well
format and manual techniques for fluid changes, we
screened 241 compounds for a variety of effects at multiple
time points. These effects included morphological defects,
functional defects, and lethality. While these target effects
provide a tremendous amount of information, analysis of
other targets such as heart rate, circulation, and other organs
constitute a secondary level of screening that should be
performed only on compounds pre-screened for angiogenic
effects. A primary screen for compounds which affect angio-
genesis should focus on the stained subintestinal vessels in
72 hour embryos.

[0207] The present invention also includes automated
methods for rapid screening of compounds that enhance or
inhibit angiogenesis activity in animal models in vivo and in
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vitro in cells thereof. Preferred animal models include
transparent teleosts, such as zebrafish. Any of the com-
pounds described herein can be screened using automated
procedures described previously, including, e.g., small
chemical compounds or larger biological molecules dis-
cussed below.

[0208] In our analyses discussed above, we screened 190
compounds from the NCI Open Synthetic Compound Col-
lection library. Although this library consists of more than
100,000 unique compound structures, currently only 12,000
are available for screening. Using the manual screening
methods of the invention, the entire compound library can be
screened in two years. Incorporation of commercially avail-
able fluid handling instrumentation significantly reduces this
time frame to less than three months.

[0209] 2. Screening Biological Molecules for Angiogen-
esis Activity

[0210] The present invention also includes methods of
screening of larger molecules, including biological mol-
ecules, for an ability to enhance or inhibit angiogenesis
activity. These methods comprise administering the com-
pound to a teleost and detecting a response indicating an
enhancement or inhibition in angiogenesis activity. No pre-
cise method for screening large biological molecules for
angiogenesis activity currently exists. Thus, the methods of
the invention are thus of particular value and use in evalu-
ating the use of biological compounds as therapeutics and/or
prophylactics for treating a variety of diseases in humans
associated with angiogenesis processes, including neuro-
logical diseases, cardiopulmonary diseases, ischemia, devel-
opmental diseases, autoimmune diseases, diseases of bone
and cartilage, and cancer.

[0211] A wide range of biological compounds, including
peptides, proteins, glycoproteins, nucleic acids (e.g., DNA
and RNA), lipids, glycolipids, and the like, including, but
not limited to, derivatives, analogues, and chimeras of such
compounds, can be screened by these methods. As discussed
above, compounds from a library of compounds, including
a combinatorial library, can be screened.

[0212] Recently, a number of biological molecules have
been identified that have either anti-angiogenic or angio-
genic effects (Hanahan, Science 277(5322):48-50 (1997);
Zetter, supra). Some biological compounds have been char-
acterized and analyzed for angiogenesis activity in cell
cultures and in mice; a few such compounds have been
tested in therapeutic and/or prophylactic treatment programs
in humans. Comparison of the results using these com-
pounds and the teleost model and screening methods of the
present invention would allow a determination as to whether
the teleost model and screening methods described herein is
predictive of the therapeutic effect in humans; such a com-
parison would be of benefit in determining whether a tested
compound would be useful in programs for therapeutic
and/or prophylactic treatment of angiogenesis-related disor-
ders in humans.

[0213] A. Proteins

[0214] To examine the effects of proteins and protein
fragments (and peptides and peptide fragments) on angio-
genesis in teleost embryos, proteins (and protein fragments
and peptide fragments) were directly injected into the cir-
culation of 24 hour zebrafish embryos. Embryos were col-
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lected and dechorionated as described above. The embryos
were then sorted into holding ramps made of 1% agarose in
embryo water and oriented with the yolk ball projecting up.
Microinjection injection was performed as follows: the
proteins were suspended in PBS and backfilled into a pulled
glass micropipet. The micropipet was then attached to a
micromanipulator and a picospritzer (General Valve)
attached to a nitrogen tank. Using the micromanipulator, the
tip of the micropipet was inserted into the embryo and a
small volume of protein solution was expelled from the tip
using positive pressure. To determine if our animal model
could be used effectively to screen for these compounds, we
performed a series of experiments in which we injected one
of two different proteins having opposing effects on vessel
formation—human endostatin (O’Reilly et al., Cell
88(2):277-285 (1997)) and human vascular endothelial
growth factor (VEGF)— into an embryo. Endostatin, a
collagen XVIII fragment, is an endogenous protein with
potent anti-angiogenic activity. VEGF has been shown to
play a critical role in both endothelial cell determination, as
well as vessel formation. In preliminary experiments, we
injected VEGF protein either into the yolk ball or into the
perivitelline space between the yolk and the periderm.
Because the second location is in the path of the venous
return, proteins end up in the circulation of the embryo. To
backfill the injection pipettes, we used a 2 mg/ml solution of
VEGF. When VEGF was injected into the yolk, we observed
two angiogenic phenotypes: 1) the appearance of long spikes
projecting from the subintestinal vessel basket (FIG. 6A);
and 2) increased vessel diameters in the subintestinal basket
(FIG. 6C). In contrast, injections of VEGF into the periv-
etellin space led to a disruption of vessel formation (FIG.
6D) and heart development. This is consistent with obser-
vations in other vertebrates. Drake et al., Proc. Natl. Acad.
Sci. USA 92(17):7657-7661 (1995); Fouquet et al., supra.
Endostatin was injected into the zebrafish as was VEGF. In
contrast with VEGF, endostatin results ere inconsistent and
thus uninterpretable. These experiments demonstrated that
changes in the vascular pattern can be induced in our animal
model. Moreover, because human proteins produced these
effects, these experiments suggested that the mechanisms for
angiogenesis in zebrafish and humans are probably similar.

[0215] B. Nucleic Acids

[0216] To deliver nucleic acids to teleosts, we established
a microinjection system. Microinjection of DNA, RNA, and
proteins is a well established procedure used in a variety of
biological systems, including single cells, frog embryos,
mouse embryos, and zebrafish. Westerfield, supra. In the
zebrafish, it is possible to load every cell of the embryo by
injecting molecules of interest into the yolk of 1-16 cell
stage embryos. See Westerfield, supra. Using these standard
approaches, several hundred embryos can be loaded in a
two-hour period.

[0217] 3. Evaluation of Biolistic Cell Loading Technology

[0218] Biolistic cell loading technology uses coated par-
ticles to introduce molecules of interest into tissues and
organs of an animal. In this technique, particles coated with
the biological molecule are “biolistically” shot into the cell
or tissue of interest of the animal using a high-pressure gun.
This technique has been used successfully to load primary
culture cells as well as whole mouse embryos with large
DNA plasmid constructs. Chow et al., Amer. J. Pathol.
2(6):1667-1679 (1998).
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[0219] With the methods of the invention, biolistic cell
loading can be used as an alternative to microinjection
techniques to inject compounds into animals, such as, e.g.,
adult, larval, and teleost embryos. DNA can be regionally
administered to the teleost (e.g., introduced to specific
locations within the teleost embryo), such as the tail or the
dorsal surface of the yolk, prior to, after, or at the time
angiogenesis begins.

[0220] 4. Establishing Parameters for Quantifying and
Characterizing the Effects of Compounds on Angiogenesis
Activity and Endothelial Cell Toxicity

[0221] To determine whether a particular compound is of
potential therapeutic or prophylactic use, a number of addi-
tional parameters, including the Therapeutic Window and
the Effective Window can be determined.

[0222] A. Therapeutic Window

[0223] The Therapeutic Window (TW) is the ratio of the
Median Effective Concentration (EC50) to the Median
Lethal Concentration (LC50) (i.e., LCS0/EC50). LCS0 is
determined by administering serial dilutions of an agent and
determining what proportion of teleosts die at each dilution.
LC50 is the concentration needed to cause lethality in 50%
of the teleosts. Agents which exhibit a high Therapeutic
Window (LCS50/EC50), such as 100 or 1,000, are good
potential drug candidates because toxicity at the therapeutic
concentration is low. Agent concentrations typically range
from picomolar to millimolar.

[0224] B. Effective Window

[0225] The Effective Window (EW) identifies the point
during angiogenesis at which a compound is effective. This
is determined by exposing embryos to the ECS50 of a
compound at different stages of angiogenesis, beginning
with the 12 somite stage, when angioblasts are first detect-
able, through the 72 hour stage, when vascularization in the
embryo is complete.

[0226] In our preliminary studies, we identified a number
of compounds which were toxic at various concentrations. It
is possible that such compounds are extremely potent and
that only low (picomolar) concentrations of such compounds
effect angiogenesis. This problem can be addressed by
screening compounds for angiogenic effects at concentra-
tions well below the concentration at which induces toxicity.

[0227] C. Quantitation of Vessel Growth

[0228] While visual comparison of an embryo treated with
a compound of interest with an untreated embryo (control)
is an effective means for identifying changes in the vessel
architecture related to angiogenesis, it does not permit
quantitative assessment. As an alternative or in addition to
visual comparison, image analysis can be used to quantify
and standardize the analysis. A number of commercially
available software packages exist (e.g., Image-Pro Plus™,
Media Cybernetics; WSR Image Analysis System, Wind-
Sword Software Research; MetaMorph®, Universal Imag-
ing Corp.) that permit both distance and area measurements
of vessel dimensions and distribution—the parameters used
for visual analysis.
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[0229] D. Evaluation of Additional Markers for Charac-
terizing Angiogenic Activity

[0230] Antibody markers that label signaling proteins
involved in angiogenic vessel formation in the zebrafish,
including VEGF and Angl and 2 (Hanahan, Science
277(5322):48-50 (1997)), would assist in identifying com-
pounds that are either agonists or antagonists of the signal-
ing molecules that guide vessel development and patterning.
A number of antibody markers have been identified in
mouse and are commercially available (Santa Cruz Biotech-
nology, Inc.). These markers can be tested in teleosts using
standard antibody staining protocols. Westerfield, supra.
Antibodies can be used in place of RNA probes to simplify
the assay procedure.

[0231] Briefly, embryos are fixed for 2 hours at room
temperature. The embryos are then washed two times in
phosphate buffered saline with Tween (PBT) and permeabi-
lized by treatment acetone at —20° C. for 7 minutes. The
embryos are rehydrated and then treated with a blocking
solution (2% goat serum, 1% bovine serum albumin (BSA)
in PBT) for 30 minutes at room temperature. Next, the
embryos are soaked in blocking solution containing the
primary antibody overnight at 4° C. The embryos are then be
washed 5 times in PBT with 1% BSA. The embryos are
soaked in blocking solution containing a secondary HRP-
conjugated antibody for 4 hours at room temperature. The
embryos are then washed and stained by soaking in DAB
solution (1 mg diaminobenzidine, 1 ml 0.1M PO, buffer, 1
ml dH,O and 20 pl of DMSO) for 15 minutes. H,O, is then
added to the solution for color development. The reaction is
stopped by adding PBT.

[0232] E. Assays for Compounds that Induce Endothelial
Cell Toxicity

[0233] Although the strategy of blocking new vessel for-
mation has significant potential for anticancer therapeutics,
an alternative strategy is to destroy vessels already present
in the tumor. With such a strategy, a compound is adminis-
tered to the teleost after vessel formation, not prior to vessel
formation. It is not known how long compounds persist in
the media containing teleost embryos; we assume that
effects on blood vessel formation occur relatively soon after
administration of the compound. To identify compounds that
have toxic effects on blood vessels after formation, we
administered compounds to zebrafish embryos at 60 hours of
development, when the subintestinal vessels were well
established. We then assay the embryos at 72 and 84 hours
of development. Compounds were screened for those which
caused a loss of the subintestinal vessel staining, as
described above.

[0234] F. Evaluating the Use of Mutant Fish Lines

[0235] Studies suggest that it may be difficult to induce
additional vessel growth in a normal animal system. For
example, there is evidence of this in the mouse model for
ischemia (Couffinhal et al., Amer. J. Pathol. 2(6):1667-1679
(1998)). This issue can be circumvented by performing
screens on animals in which vessel development has been
impaired. A few genetic mutations exist in the zebrafish that
disrupt vessel formation. Examples of such mutations are: 1)
gridlock, alocalized heritable vascular patterning defect in
the zebrafish (Weinstein et al., Cardiovascular Research
Center, Massachusetts General Hospital, Charleston, Mass.
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(1998)), in which vessel formation is normal in the head
region and absent in the tail for the first 3-4 days of
development, and after ~4 days, collateral vessels begin to
appear in the tail; 2) cloche (Fouquet et al., supra, Thompson
etal., Dev. Biol. 197(2):248-49 (1998)), in which angioblast
development is impaired; and 3) no tail and floating head
(Fouquet et al., supra), notocord mutants, in which the
formation of the large vessels is blocked. The usefulness of
these and other mutant lines are readily evaluated by using
the methods for screening compounds for angiogenic activ-
ity described herein. Currently, there are no known muta-
tions that cause increases in vessel growth in zebrafish.

[0236] G. Assessing Effects of Angiogenic/Anti-Angio-
genic Compounds on Organ Systems

[0237] The effects of a compound on organ systems other
than the vascular system (e.g., kidney, heart, etc.) can be
determined by using screening methods described herein.
The ability to make such determinations is significant,
because in evaluating the potential therapeutic value of any
compound identified using the methods of screening com-
pounds for angiogenesis activity, it is important also to
identify adverse effects, including adverse effects on other
organ systems. The teleost model is ideal for this purpose
because many of its organs can be visualized in the trans-
parent teleost embryo by light microscopy (e.g., the heart
and the CNS); alternatively, a number of organs of the
teleost embryo can be identified by simple staining tech-
niques (e.g., liver, gut, heart, and kidney). For example,
cardiac function and liver viability can be assayed. Because
the heart is both directly connected to the vasculature and
because the heart and the vessels share some of the same cell
types, the heart is a likely secondary target of compounds
that affect angiogenesis activity. Because the liver is the site
of' accumulation and metabolism of many compounds, espe-
cially toxins, it is an indicator of the toxicity of both the
compounds and the breakdown products.

[0238] As described above, in our initial studies, we
observed that a small number of compounds affected the
heart rate of the zebrafish embryo. With six compounds, we
observed that the zebrafish heart beat at approximately 1-2
beat(s) per second instead of the normal 4-5 beats per
second. To determine if a particular compound affected
teleost heart development, or if it acted as an antagonist to
the conductivity mechanism, we administered the compound
of interest to a zebrafish embryo at 72 hours of development,
when a functioning heart and vascular system is present. The
embryos were then evaluated 2 hours after the addition of
the compound for immediate effects on heart rate and
contractility and at 24 hours for effects which might require
novel gene or protein expression. If a compound acted as a
direct antagonist on either the conduction or contraction
machinery of the zebrafish heart, its administration to the
zebrafish at any stage would likely show an effect. However,
if a compound affected development of the zebrafish heart,
its presence should show no effect at the later stage of
development.

[0239] In addition to examining the heart rate and con-
tractility, we also examined the structure of the heart both by
visual inspection (Stainier et al., Development 123:285-92
(1996)) and by staining the heart with antibodies against
tropomyosin and cardiac myosin heavy chain (Stainier and
Fishman, Trends Cardiovasc. Med. 4:207-212 (1994), which
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allowed identification of the atrium and the ventricle—the
two chambers of the fish heart. Briefly, embryos were fixed
for 2 hours at room temperature. The embryos were then
washed two times in PBT with Tween and permeabilized by
treatment acetone at -20° C. for 7 minutes. The embryos
were rehydrated and then treated with a blocking solution
(2% goat serum, 1% bovine serum albumin (BSA) in PBT)
for 30 minutes at room temperature. Next, the embryos were
soaked in blocking solution containing the primary antibody
overnight at 4° C. The embryos were then washed 5 times
in PBT with 1% BSA. The embryos were subsequently
exposed to the appropriate fluorescent conjugated secondary
antibodies for detection. The embryos were analyzed using
an epifluorescence microscope. This method uses a particu-
lar means of detection; alternative secondary reagents and
visualization (or detection) methods, including, e.g., chro-
mogenic, radiographic or other methods, may be used.

[0240] III. Methods of Screening an Agent for an Effect on
Cell Death Activity

[0241] A. Cell Death

[0242] The death of cells of multicellular organisms may
result from natural processes or external non-physiological
causes. Two types of cell death are known: necrosis and
apoptosis. Necrosis is the pathologic death of living cells
which results from acute, non-physiological injury to the
cells. Hetts, J. Amer. Med. Assoc. 279(4):300-07 (1998).
Necrosis may result from the exposure of a cell to a number
of differing conditions, including toxins, severe hypoxia,
massive insult or physical injury, or conditions of adenosine
S'-triphosphate (ATP) depletion. Id. Necrosis occurs, for
example, in the center of infarcted tissue in an ischemic
stroke or at the center of toxin action. Id. Necrotic cells swell
and lyse, thereby releasing their nuclear contents into the
surrounding intercellular regions and causing an inflamma-
tory response. Id. Significantly, however, necrosis is not the
only mechanism by which cells die.

[0243] Apoptosis, or programmed cell death, is a natu-
rally-occurring physiological process that plays an impor-
tant role in modeling tissues during development. Kerr et al.,
Br J. Cancer 26:239-257 (1972); Clarke, Anat. Embryol.
181:195-213 (1990). Apoptosis ensures that a balance is
maintained between cell proliferation and cell differentiation
in nearly all self-renewing tissues of multicellular organ-
isms. Apoptosis allows the elimination of cells that are, for
example, no longer required, are produced in excess, have
incurred damage, or have developed improperly. Numerous
types of cells undergo cell death through by apoptotic
processes. Hetts, J. Amer Med. Assoc. 279(4):300-307
(1998). Apoptotic cells undergo a number of characteristic
changes, including chromatin condensation, nuclear frag-
mentation and cytoplasmic blebbing. Liepins and Busta-
mante, Scanning Microsc. 8:631-641 (1994). This pro-
grammed cell death mechanism is precise and predictable,
and the stages and genes that govern cell death are highly
conserved among multicellular animals.

[0244] Apoptosis appears to be directed by the dying cells
themselves, and during development, it is involved in main-
taining the appropriate cell number and cell type in a given
organ or tissue. Some apoptotic events are believed to be
regulated by limiting the amount of growth or survival
factors. It can also be triggered in response to external
stimuli, including, for example, radiation, hyperthermia,
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hormone withdrawal, immune reactions, radiation, chemo-
toxins, temperature extremes, growth factor deprivation, and
infection by some viruses. Thompson, Science 267:1456-
1462 (1995).

[0245] Abnormal regulation of apoptosis has been impli-
cated in the onset and progression of a broad range of
diseases resulting from inappropriate cell death or inhibition
of cell death. Apoptotic dysregulation has been implicated,
for example, in some types of cancer cells which survive for
longer periods than do corresponding normal cells. It is
believed that the suppression or failure of the apoptotic
mechanism allows certain cancer cells to undergo further
mutations leading to a transformed or cancerous state. Hetts,
J. Amer. Med. Assoc. 279(4):300-307 (1998). Uncontrolled
apoptosis has also been implicated in other disorders,
including neurodegenerative disorders, lymphoproliferation,
autoimmune diseases, and heart and renal diseases. 1d.

[0246] In addition, many therapeutic approaches for dis-
eases (e.g., cancer, heart disease, and neurodegenerative
diseases), including various chemotherapies and organ
transplantation, have been shown to induce apoptosis in
normal cells. Id.

[0247] Indiscriminate inhibition of apoptosis can lead to
widespread hyperplasia, and inappropriate promotion of
apoptosis may lead to undesirable tissue degeneration,
underscoring the need for more precise assays for studying
cell death. Multiple pathways to apoptosis mean that differ-
ent therapeutic approaches are possible for treating abnor-
mal apoptotic regulation, demonstrating the need for assays
for screening compounds for their ability to cause or sup-
press cell death.

[0248] Understanding of the mechanisms of cell death
activity, including apoptosis, would facilitate the develop-
ment of therapeutic compounds that either stimulate, trigger,
or initiate cell death, or, alternatively, suppress, inhibit, or
block cell death. For example, the discovery of signaling
proteins and their corresponding receptors presents the
opportunity for the development of tools for correcting the
apoptotic cellular machinery when it goes awry or harness-
ing its potential for cell killing. Because abnormal regulation
of apoptosis has been implicated in the onset and progres-
sion of a wide range of diseases, many disorders can now be
classified based as to whether they are associated with too
much or too little apoptosis. In particular, a number of
approaches aimed at cancer therapy are currently under
investigation, since it is known that tumor cells proliferate
when the apoptotic engine fails to operate. Potential meth-
ods of repair include finding chemicals that target receptors
to restore the apoptotic function in tumor cells, and inducing
apoptosis in a tumor’s developing blood vessel.

[0249] Improved understanding of the molecular apopto-
sis pathways may also stimulate development of novel
non-pharmaceutical therapies. For example, an adenovirus
that is only able to replicate in and kill p53-deficient cells is
currently in Phase I clinical trials as a possible antitumor
agent that should kill only p53 deficient tumor cells, leaving
normal cells unaffected. A compound that limits coronary
damage if injected after a heart attack is also presently under
investigation, underscoring the potential for the develop-
ment of molecular approaches utilizing small molecules that
both inhibit and induce apoptosis selectively. Improved
understanding of the physiological process of apoptosis at

Jun. &, 2006

the molecular level would provide insight into disease
pathogenesis and open new avenues for developing diag-
nostic, prognostic, and therapeutic tools.

[0250] The genetics and molecular mechanisms of apop-
tosis were characterized in the late 1980s and early 1990s in
studies using the nematode worm, C. elegans. Although the
nematode has many advantages as a model system, includ-
ing evolutionary conservation of much of the signaling
pathway involved in apoptosis (see, e.g., Steller, Science
267:144549 (1995)), it is not the optimum model for an
understanding of vertebrate cell death activity and disease
states. Vertebrates are much more complex and have mul-
tiple apoptosis pathways comprised of many more signaling
molecules. There are currently no rapid in vivo assays of
screening a compound for its effect on cell death activity,
such as apoptosis, in vivo in a vertebrate system. It would
therefore be desirable to provide a rapid in vivo method of
screening a compound for its effects on cell death activity,
including apoptosis and necrosis, in a vertebrate system.

[0251] Currently, there are two primary approaches for
detecting cell death activity in vertebrates hosts. The first
approach uses standard cells culture techniques and typically
relies on standard microplate plate readers to detect the
death of cells cultured from an organism. A major drawback
of the cell culture assay format is that it does not permit
analysis of the effects of a compound on cell types that have
not been cultured (i.e., other cell types) or on one or more
tissues or organs or an intact, whole host in vivo. Further-
more, such an assay format does not permit simultaneous
monitoring of cell death activities in multiple tissues,
organs, or systems of a live host or monitoring over time.

[0252] A second approach to detecting cell death activity
utilizes a histochemical staining technique, designated ter-
minal deoxyuridine nucleotide end labeling (TUNEL) to
detect dead or dying cells (e.g., apoptotic cells) in sectioned
tissues of vertebrate embryos. Gavrieli et al., J. Cell. Biol.
119:493-501 (1992). Unfortunately, with this approach, only
a single time point in the life cycle of the host can be
examined; the death of cells in various tissues or organs over
a period of time cannot be monitored. Nor can side effects
due to an administered compound be monitored simulta-
neously or over time. Because many diseases occur in
stages, the ability to examine changes in the pattern of cell
death activity caused by a compound, the duration of direct
and side effects of the compound of multiple tissues, would
represent a significant improvement over current methods.

[0253] Gene products that regulate cell death activity,
including apoptosis, are excellent targets for therapeutic
intervention in alleviating many disease processes. Few such
therapeutic gene products currently exist. It would be also
desirable to provide a method of screening a compound for
its potential therapeutic effect on cell death activity. Such
methods would be of benefit in alleviating diseases resulting
from abnormal cell death processes, including those result-
ing from inappropriate cell death or inhibition of cell death
(e.g., apoptotic dysregulation).

[0254] B. Methods of Screening Agents for Cell Death
Activity

[0255] The present invention provides methods of screen-
ing an agent for an effect on cell death activity in a vertebrate
animal, such as a teleost, in vivo or in vitro in cells of the
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animal. Cell death activity is the ability or capacity of an
agent to enhance, stimulate, inhibit, or block cell death in an
animal, tissue, organ, or cell in response to administration of
an agent. Cell death activity is assessed relative to contem-
poraneous and/or historical control teleosts (or tissues,
organs, or cells thereof) to which the agent has not been
administered. Such methods are useful for screening an
agent for its ability to trigger, enhance, suppress, or elimi-
nate apoptotic or necrotic processes. Identified agents can be
used potentially in therapeutic or prophylactic treatment of
diseases which result from abnormal cell death processes or
diseases which would benefit from the elimination or con-
trolled death of targeted cells or tissues.

[0256] Some such methods comprise administering the
agent to a whole teleost in vivo and detecting a response in
the teleost indicating an effect on cell death activity. Other
such methods comprise administering the agent in vitro to a
culture of cells of a teleost and detecting a response in the
cells indicating an effect on cell death activity. In some such
methods, the detected response is an increase or initiation of
cell death activity. In other methods, the detected response
is a decrease or suppression of cell death activity. In some
methods, the response is an increase or decrease in apoptotic
activity. An effect on apoptotic activity can be measured by
detecting a response indicating such an effect; the response
can be, for example, an increase or triggering of apoptosis or
a decrease or suppression of apoptosis. An increase in
apoptotic activity generally comprises an increase in the
death of cells in a tissue or organ of the animal.

[0257] Typically, the animal is a teleost, such as a
zebrafish. Usually, the teleost is transparent. The teleost can
be in embryonic, larval, or adult form.

[0258] Alternatively, an agent can be screened for an effect
on necrotic activity in vivo in a teleost by administering the
agent to the teleost in vivo and detecting a response in the
teleost indicating an effect on necrotic activity. An agent can
also be screened for an effect on necrotic activity in vitro by
administering the agent in vitro to cultured cells of a teleost
and detecting in the cells indicating an effect on necrotic
activity. In both such methods, the response can be an
increase or decrease in necrotic activity.

[0259] The effect of a particular agent on the entire, intact
teleost and/or one or more organs, tissues, or systems of the
teleost (e.g., the cardiovascular system, the enteric system,
and the musculature) can be measured in vivo or in vitro in
cells of the teleost and, if desired, over a period of time
and/or at selected time intervals. Responses in combinations
of organs and/or tissues can be detected simultaneously or
separately; such analyses can be performed over time at
predetermined time intervals. These methods can also be
used with isolated cells or cell lysates.

[0260] Cell death activity can be detected in vivo or in
vitro by using at least one of a variety of techniques,
including, e.g., fluorescence microscopy, light microscopy,
digital image analyzing, or standard microplate reader tech-
niques (colorimetry, fluorometry, including time-resolved
fluorometry, and chemiluminescence), antibody staining of
proteins, changes in enzyme levels or enzymatic activities in
the whole teleost, or tissues, organs or cells of the teleost,
and changes in protein distribution temporally and spatially
within the animal. The response can also be discriminated
and/or analyzed by using pattern recognition software. Thus,
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for example, an increase in apoptotic or necrotic tissue can
be analyzed in a zebrafish by using such techniques.

[0261] Fluorescence-based detection techniques and fluo-
rescence microscopy can also be used to detect the effect of
an agent on cell death activity in an animal, such as a teleost.
For example, teleosts can be stained with a membrane-
impermeant, nuclear-staining fluorescent dye which permits
detection of cell death activity (e.g., apoptosis or necrosis).
A variety of fluorescent dyes can be used. Preferred dyes
include those of the unsymmetrical cyanine dye family (such
as quinolium dyes, e.g., benzothiazolium-4-quinolium dyes
(Molecular Probes)), including derivatives, analogs, and
substituted or unsubstituted forms thereof. Such dyes are
generally discussed in U.S. Pat. No. 5,658,751, which is
incorporated herein by reference in its entirety for all pur-
poses. A number of these dyes are commercially available.

[0262] These dyes, including monomeric cyanine dyes
(such as benzothiazolium-4-quinolium), cannot pass
through intact membranes of cells of live embryos. How-
ever, these dyes can enter dead or dying cells whose mem-
branes have become discontinuous or disrupted (a charac-
teristic of cells undergoing cell death, Liepins and
Bustamante, Scanning Microsc. 8:631-41 (1994)). Notably,
the cytoplasmic blebbing and other properties in the mem-
brane characteristic of a dead, dying cell, or apoptotic cell
permit such dyes to enter the cell.

[0263] Upon passing through the cell membrane, mono-
meric cyanine dyes (e.g., benzothiazolium-4-quinolium)
intercalate into the DNA of the dead or dying cells. The
dense chromatin and nuclear fragmentation provide an ideal
environment for dye intercalation and signal amplification.
Singer, Biotechnol. Intl. 1:267-276 (1997). Upon intercalat-
ing into the DNA, the dye becomes intensely fluorescent,
allowing for rapid detection of the labeled cells using simple
fluorescent microscopy. Notably, when concentrated in
DNA, the fluorescent signal of benzothiazolium-4-quino-
lium dye is amplified up to 400 fold. Serbedzija et al., J.
Neurobiol. 31(3):275-282 (1996). The magnitude of the
signal serves as a measure of the number of apoptotic or
necrotic cells.

[0264] Notably, the in vivo methods of screening agents
for cell death activity of the present invention provide a
more sensitive and accurate detection and measurement of
cell death in whole embryos in vivo than permitted by
existing approaches. Other fluorescent markers of cell death,
such as Acridine Orange, pass through the membranes of
cells of live embryos much more readily and fluoresce under
a variety of conditions than do monomeric cyanine dyes,
such as benzothiazolium-4-quinolium dyes. For example,
Acridine Orange fluoresces when bound to nucleic acids and
when localized in subcellular compartments such as
lysozymes. It has also been reported that Acridine Orange
does not bind effectively with DNA under some circum-
stances, including chromatin compaction which is some-
times associated with apoptosis. Thus, Acridine Orange and
similar such dyes do not provide as specific a marker of cell
death as a benzothiazolium-4-quinolium dye.

[0265] Monomeric cyanine dyes (e.g., benzothiazolium-
4-quinolium dyes) also provide a higher signal-to-back-
ground when bound to nucleic acid than do other fluorescent
markers of cell death, such as Acridine Orange. In addition,
the fluorescence emission spectra of benzothiazolium-4-
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quinolium dyes are typically narrower (i.e., emission occurs
over a narrow wavelength emission band) than are the
emission spectra of other fluorescence labels, such as, e.g.,
Acridine Orange, which has a very broad fluorescence
emission spectrum. The characteristic emission spectra of
monomeric cyanine dyes permit the use of two or more
additional fluorescence labels simultaneously in conjunction
with the quinolium dye, thereby allowing characterization of
multiple types of physiological events within the same or
different organs or tissues. A broad emission spectrum (e.g.,
Acridine Orange) severely limits the ability to use multiple
fluorescent labels for screening methods described herein
due to overlap between the fluorescence emission spectra of
the labels. Thus, with the methods of the invention described
herein, more than one fluorescent dye can be used together
for monitoring multiple cellular and/or molecular phenom-
ena in response to an agent administered to the animal in
vivo simultaneously over time. Dyes can be selected to have
emission bands that match commercially available filter sets
such as that for fluorescein or for detecting multiple fluo-
rophores with several excitation and emission bands.

[0266] Furthermore, in contrast with other fluorescent
markers of cell death, benzothiazolium-4-quinolium dyes
are not toxic; thus, apoptotic or necrotic effects in a living
teleost to which the dye has been administered can be
monitored over a significant time period, without risk that
the teleost will be adversely affected by the dye. In contrast,
assays using other types of markers of cell death require that
the host be sacrificed and fixed (e.g., TUNEL labeling).

[0267] The fluorescent dye is typically administered to the
teleost by adding the dye to the media containing the teleost.
Alternatively, the dye can be injected directly into the
teleost. The dye is typically administered prior to adminis-
tration of the agent to be screened for cell death activity. This
procedure provides superior results over existing
approaches, because we have found that if the dye is added
after apoptosis has been induced, the dye is less effective in
labeling dead or dying cells. One of the apoptotic mecha-
nisms (e.g., the polymerization of components of intracel-
Iular membranes and the plasma membrane) may make it
difficult or impossible for the dye to enter the cell. As a
result, an apoptosing cell may not be labeled. By applying
the dye prior to application of the agent, this problem is
avoided. The fluorescence emission of the dyes is monitored
by using standard fluorometric techniques, including visual
inspection, CCD cameras, video cameras, photographic
film, or the use of current instrumentation, such as laser
scanning devices, fluorometers, photodiodes, quantum
counters, photon counters, plate readers, epifluorescence
microscopes, scanning microscopes, confocal microscopes,
or by means for amplifying the signal, such as a photomul-
tiplier tube.

[0268] Unlike other known dyes which involve laborious
labeling procedures (e.g., TUNEL labeling), the benzothia-
zolium-4-quinolium dyes are particularly suitable for high
throughput, automated screening methods. The higher sig-
nal-to-noise ratio inherent in these dyes and our superior
method of administering the dye prior to administration of
the agent to be screened for apoptosis enable automated data
acquisition, more accurate quantitation of the collected data
(e.g., digital imaging), and the possibility of feature extrac-
tion/image segmentation of acquired data. These features
allow mapping of the apoptosis signal in space/time dimen-
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sions that can be correlated with fate map coordinates of the
specific teleost’s fate map. Such information permits further
characterization of the screened agents.

[0269] As noted above, cell death activity (e.g., apoptosis
and necrosis) can also be detected by digital imaging. Digital
imaging is an indispensable tool for biological research due
to several advantages when compared to the human eye.
Digital imaging involves the collection of images using a
charge-coupled device (CCD). The higher sensitivity imag-
ing detector enables one to visualize very low light objects
which are not detectable by the unaided human eye. The
spectrum sensitivity of the human eye is limited from 400 to
700 nm. In contrast, the spectrum sensitivity range of
imaging detectors is more broad, and signals from the range
of x-ray to infrared can be detected. Combining digital
mapping and pattern recognition software enables the quan-
tification and comparison of multiple data sets and facilitates
comparison of contemporaneous and historical controls with
experimental teleost animals.

[0270] The present invention also provides methods of
screening a compound for its effect on cell death activity in
vivo in a teleost or in vitro in cells of the teleost over time.
Such methods comprise administering the compound to the
teleost in vivo or in vitro in cells thereof, detecting a
response in the teleost indicating an effect on cell death
activity, and further detecting a response in cell death
activity in the teleost after a predetermined period of time or
time interval. The period of time, which is selected by the
practitioner, is typically sufficient for detectable cell death to
occur in the presence of the compound. In addition, multiple
time points can be examined to detect any pertinent physi-
ological activity. Some such methods further comprise
detecting a response in cell death activity (e.g., apoptosis)
after a second predetermined time interval using the detec-
tion techniques described herein. Such methods are useful in
evaluating the effect of an agent (e.g., chemical compound,
drug, environmental agent, agricultural compound, toxin,
pharmaceutical, cosmeceutical, etc.) on tissues and organs
over time in the intact, live teleost.

[0271] In yet another aspect, the present invention pro-
vides methods of screening an agent for an effect on cell
death activity in vivo or in vitro, as described above, which
further comprise detecting an increase or decrease in cell
death activity in more than one tissue or organ of the teleost
simultaneously. In some such methods, the increase or
decrease in cell death activity is detected simultaneously in
more than one tissue or organ at predetermined time inter-
vals. The effect of a particular compound on various cells,
tissues, and organs of the embryo can be monitored and
assessed over time. Cell death activity in multiple tissues or
organs can be detected by using the detection techniques
described throughout this specification.

[0272] The present invention also provides automated
methods of screening a compound for an effect on cell death
activity in vivo or in vitro. The methods of the invention can
be performed using a standard microplate well format, with
one or more whole teleosts per well of the microplate. This
format permits screening assays to be automated using
standard microplate procedures and plate readers to detect
cell death in the zebrafish in the wells. With this setup, the
effect of a specific compound on a large number of teleosts
can be ascertained rapidly. In addition, with such format, a
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wide variety of compounds can be rapidly and efficiently
screened for their respective effects on the cells of teleosts
(e.g., teleost embryos) contained in the wells. Both sample
handling and detection procedures can be automated using
commercially available instrumentation and software sys-
tems for rapid reproducible application of dyes and com-
pounds and automated screening of target compounds.

[0273] The contemporaneous and/or historical control
teleosts (which includes teleost tissues, organs, or cells) used
with these methods can include those in which at least one
inhibitor of apoptotic molecular mechanisms (including,
e.g., known or specific inhibitors of apoptotic mechanisms)
has been administered to the teleost (or tissues, organs, or
cells thereof) at specific stages of development, thereby
generating a particular phenotype, such as tissue malforma-
tion (e.g., expansion of the central nervous system; malfor-
mation of the cloacal/anal pore region; hyperproliferation of
cells in any tissues). Agents can then be screened for the
ability to induce the same or similar phenotype (i.e., phe-
notypic response). With such methods, the agent is admin-
istered to the teleost as described above; the phenotypic
response in the teleost can be detected visually by light
microscopy, by fluorescent labeling with unsymmetrical
cyanine dyes discussed above, or by labeling with in situ
hybridization or antibody staining for selected cell types.
Using these types of controls, the agents can be screened for
the ability to “phenocopy” the effect of the loss of molecular
function(s) or mechanism(s) induced by the apoptotic inhibi-
tor. Phenocopying in the experimental teleost (or tissues,
organs, or cells thereof) relates to the duplication or mim-
icking of the same or similar phenotype observed in the
control.

[0274] The present invention includes screening methods
which rely on detecting enzymatic activity associated with
apoptosis. In one aspect, the invention provides methods of
screening an agent for apoptotic activity which comprise
administering the agent to a teleost and detecting a response
in the teleost indicating apoptotic activity by detecting the
activity of an enzyme (e.g., cleavage of caspase substrate).

[0275] Caspase enzymes, for example, are well character-
ized proteases that function as triggers, effectors, or media-
tors in a number of apoptotic pathways. The fluorogenic
caspase substrate can be introduced into the teleost by a
variety of methods, including, e.g., by injection into the
teleost, by dissolving the substrate in the medium containing
the teleost. The manner of introduction of the substrate
depends upon the particular type and nature of reporter
substrate design (e.g., small molecule, plasmid). The fluo-
rogenic caspase substrate can be introduced at the time or,
after, or, usually, prior to administration of the agent.
Caspase activity (e.g., cleavage of caspase substrate) can be
measured by using, for example, commercially available
colorimetric or fluorometric enzymatic assays or by using
antibodies which detect cleaved substrates (e.g., M30
CytoDEATH antibody; Boehringer Mannheim). Specific
patterns of embryo dysgenesis result from the inhibition of
naturally occurring apoptotic events during development.
Inhibition of caspase activity can cause specific morpho-
logical effects including tissue malformation. Such methods
can be conducted in vivo using whole teleosts or in vitro
using cells of the teleost. Such methods are useful for
identifying agents having apoptotic activity that may have
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potential therapeutic or prophylactic use for treating a vari-
ety of diseases, such as cancer.

[0276] C. Screening Agents for Cell Death Activity and/or
Angiogenesis Activity and/or Toxic Activity Simultaneously

[0277] The methods for screening agents for cell death
activity can be combined with other methods of the present
invention, including methods of screening agents for angio-
genesis activity (Section II) or toxic activity (Section IV).
Because teleosts are transparent, it is possible to assess
effects of cell death activity, angiogenesis activity, and/or
toxic effects in teleosts in response to an agent simulta-
neously. Responses can be monitored in one or more tissues
or organs and at predetermined time intervals.

[0278] As noted previously, these combined methods are
useful in assessing multiple effects of an agent, including
desired and undesired responses (such as detrimental side
effects) and dose levels of the agent effective to promote one
activity without promoting the other. The ability to assess
multiple activities and responses in an animal due to the
administration of an agent is of particular benefit in identi-
fying potential therapeutic compounds and assessing their
side effects. Pathological regulation of apoptosis, for
example, is associated with a wide variety of human diseases
including cancer, heart disease, neurodegenerative disor-
ders, and immune, renal and viral-induced diseases. Essen-
tially all cells are poised to commit suicide from the earliest
stages of development. Thus, it is imperative that drugs be
exactingly targeted. A balance must also be achieved during
treatment with drugs such that only a negligible level of cell
death and toxic effects in non-targeted tissues or organs. The
combined methods of the invention are useful in assessing
the specificity and extent of cell death and deleterious and
toxic effects of potential drugs in particular organs and
tissues or within the whole animal.

[0279] A variety of techniques can be used together or
separately to analyze multiple activities/responses, includ-
ing, e.g., fluorescence microscopy, light microscopy, digital
image analyzing, standard microplate reader techniques
(colorimetry, fluorometry, including time-resolved fluorom-
etry, and chemiluminescence), radiometric analysis, in situ
hybridization, changes in enzymatic activity and levels in
the whole teleost, or tissues, organs or cells of the teleost,
antibody staining of specific proteins, changes in protein
distribution temporally and spatially within the animal, etc.

[0280] In one aspect, the present invention provides meth-
ods of screening an agent for an effect on cell death activity
in vivo or in vitro as described above which further comprise
screening the agent for an increase or decrease in toxic
activity by detecting a response in the teleost indicating an
increase or decrease in toxic activity. In another aspect, the
invention provides methods of screening an agent for an
effect on cell death activity in vivo or in vitro as described
above which further comprise screening the agent for an
increase or decrease in angiogenesis activity by detecting a
response in the teleost indicating an increase or decrease in
angiogenesis activity.

[0281] With such combination methods, the contempora-
neous and/or historical control teleosts (or tissues, organs, or
cells thereof) for the cell death activity screens can include
those described above in which at least one inhibitor of
apoptotic molecular mechanisms has been administered to
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the teleost (or tissues, organs, or cells thereof) at specific
stages of development, thus generating a particular pheno-
type. Agents can then be screened for the ability to induce
the same or similar phenotype.

EXAMPLES
[0282] 1. Induction of Cell Death in Zebrafish Embryos

[0283] Treatment of zebrafish with retinoic acid (RA,
vitamin A acid) leads to increased apoptosis in a number of
developing tissues, including the neural tube. Ellies et al.,
Mech. Dev. 61:23-36 (1997). Retinoic acid is known to
regulate the expression of the Hox gene family. Members of
this gene family have been shown to confer positional
identity to cells during development. Hunt et al., Nature
353:861-864 (1991). Retinoic acid induced apoptosis may
be a result of a change in a cell’s identity, or a direct effect
on the apoptosis pathway. In either case, application of
retinoic acid is different stages of development leads to
characteristic patterns of cell death (see, e.g., FIGS. 10A-
10B).

[0284] Normal apoptosis occurs in the zebrafish embryo
throughout the complete morphogenesis period of 72 hours;
however, high levels of apoptosis can be induced in the
24-hour embryo by administration of retinoic acid to the
embryo. In methods of the present invention, retinoic acid is
used to generate a reproducible pattern of cell death for
assay optimization. Where cell death activity involves apo-
ptosis, assays of the present invention can include a com-
parison of the effects of apoptosis induced by retinoic acid
in zebrafish embryos in vivo (i.e., control) with the effects of
a test compound on zebrafish embryos in vivo. The accuracy
of such assays can be confirmed by performing the TUNEL
assay (described above) on the same zebrafish embryos.

[0285] A method of screening a test compound for an
effect on cell death activity (e.g., apoptosis or necrosis) in
vivo in vertebrate embryos is depicted below:

Generate Embryos

Distribute into Multi-Well Culture Plates

AN
/

Induce Cell Death (e.g.,
apoptosis) with cell-death
inducing compound

Add Test Compound

Stain Embryos (e.g., Fluorescent Dye)

Collect and Compare Images

[0286] This method can be readily automated using known
automated software and instrumentation systems.

[0287] With this method, zebrafish embryos are first gen-
erated by natural mating and then collected and placed in
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egg water prepared by combining 5 gram (g) of Instant
Ocean Salt with 3 g of calcium sulfate in 25 liters of distilled
water. Embryos are then be treated with a 2 mg/ml pronase
solution for 1 minute at 28° C. and washed three times in egg
water to remove the chorions. The embryos are maintained
in the egg media throughout the experiments. Because the
zebrafish embryo receives nourishment from an attached
yolk ball, no additional maintenance is required. After 12-14
hours of development, embryos are treated with 0.1 uM to
1 uM retinoic acid in 0.5% dimethyl sulfoxide (DMSO) for
2 hours to induce cell death in the forebrain and hindbrain
of the zebrafish. Cell death in the forebrain and hindbrain
can be detected at approximately 24 hours of development
(see FIGS. 10A-10B). Embryos are then be washed twice in
egg water and maintained at 28° C. until they reach the
appropriate developmental stage for staining.

[0288] 2. Fluorescent Detection of Cell Death in Live
Zebrafish Embryos

[0289] To identify cells undergoing cell death, embryos
are stained with a membrane-impermeant, nuclear-staining
fluorescent dye, such as a dye of the benzothiazolium-4-
quinolium dye family. Benzothiazolium-4-quinolium dyes
are soluble in DMSO and can be administered to the
zebrafish by adding the dyes directly to the medium, which
usually contains DMSO. Zebrafish tolerate high levels of
DMSO well.

[0290] Zebrafish embryos are generated and the chorions
are removed as described above. The embryos are divided
into 4 groups:

[0291] 1) Untreated, unstained embryos (autofluores-
cence+cell death)

[0292] 2) Treated, unstained embryos (autofluorescence
w/induced cell death)

[0293] 3) Untreated, stained embryos (fluorescent dye+
normal cell death)

[0294] 4) Treated, stained embryos

[0295] Embryos from group 2 and 4 are treated with
retinoic acid at 12 hours of development as described above.
At 20 hours of development, individual embryos from each
group are placed in single wells of a multi-well culture plate
(e.g., 96-well culture plate) in 100 microliter (ul) of egg
water. Because zebrafish embryos develop normally in 100
ul of water, test compounds and dyes can be easily added
directly to the medium in which the fish is maintained. In
this procedure, the fluorescent dye is added to the media of
embryos from groups 3 and 4 in 1/5, 1/10, 1/50, 1/100 and
1/200 dilutions. For each dye concentration, embryos are
collected at 30-minute intervals for 4 hours. The embryos
are then washed twice in tank water for 5 minutes. The
embryos are viewed using an epifluorescence microscope
equipped with a CCD camera for low light level detection.
Images are collected and compared using standard software
(e.g., Photoshop, Adobe System). Group 1 embryos reflect
the normal level of autofluorescence. Group 2 embryos
reflect autofluorescence caused by the apoptotic cells or
retinoic acid. Group 3 embryos indicate normally occurring
cell death. Group 4 embryos provide the primary baseline
for assay development.

[0296] To confirm the accuracy of fluorescent detection of
cell death (e.g., apoptosis), a conventional TdT-mediated
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dUTP-biotin nick end labeling assay (designated terminal
deoxyuridine nucleotide end labeling or “TUNEL”) is per-
formed on the same embryos (Groups 1-4, described above).
The TUNEL assay is described in Gavrieli et al., J. Cell.
Biol. 119:493-501 (1992). This assay is a method of in situ
labeling of DNA breaks in nucleic, in tissue sections pro-
cessed through standard histopathological procedures. The
method employs terminal deoxynucleotidyl transferase
(TdT) to end label DNA fragments within the nucleic of
apoptotic cells. TdT specifically binds to the 3'-OH ends of
DNA, ensuring a synthesis of a polydeoxynucleotide poly-
mer. After exposure of nuclear DNA on histological sections
by proteolytic treatment, TdT is used to incorporate bioti-
nylated deoxyuridine at sites of DNA breaks. The resulting
signal is amplified by avidin-peroxidase, enabling conven-
tional histochemical identification by light microscopy.

[0297] Because the zebrafish embryos are transparent,
TUNEL staining can be done in whole mount format. Whole
embryos are fixed in 4% paraformaldehyde overnight and
stained using the TUNEL procedure described by Gavrieli
supra. Embryos are rinsed in ddH20 (double distilled water)
and 10 mM Tris-HCI, pH 8. Embryos are then pre-treated
with TdT buffer (30 mM Trizma base, 140 mM sodium
cacodylate, pH 7.2, 1 M cobalt chloride (COCl,)) for 3 hours
at 37° C. Embryos are then washed 3 times for 30 minutes
in phosphate-buffered saline with 0.1% Tween (PBST) at pH
7.2. PBST is then replaced with a reaction mixture of TdT
buffer containing 40 uM bio-16-dUTP (Enzo Biochemicals)
and 0.3 Units/ul of TdT enzyme (IBI/Kodak) overnight at
37° C. The reaction is terminated by washing the embryos
in 2x saline-sodium citrate buffer (SSC). Embryos are then
rinsed in PBS. Biotinylated nucleotides are detected using a
streptavidin complex conjugated to horseradish peroxidase
(HRP) according to the manufacturer’s protocol (A+B
reagents, Vectastain). HRP is detected by incubating the
sections in a 3,3'-diaminobenzidine (DAB) solution contain-
ing 500 ug/ml DAB, 02% CoCl,, 02%
NiSO,(NH,),S0,.6H,0 and 10% H,O, in 1 M phosphate
buffer, pH 7.4. Stained embryos are visualized on a com-
pound light microscope.

[0298] As an additional test of our cell death detection
method, we also examined the ability of the dye to label cells
in embryos treated with Ibuprofen, a cyclooxygenase inhibi-
tor, which causes a characteristic pattern of cell death. This
pattern consists of a posterior to anterior progression of
dying cells as indicated by a progression of opacity changes
in the cells of the embryo.

[0299] Embryos as 24 hours of development were pre-
treated for 1 hour with a 100 nanomolar concentration of the
fluorescent dye (e.g., benzothiazolium-4-quinolium dye) in
embryo media. The embryos were then exposed to 100 uM
of Ibuprofen by addition to the media and examined by light
and epifluorescence microscopy every 15 minutes for 2
hours. Control embryos were pretreated with the same
concentration of dye, but were not exposed to the Ibuprofen.
Within 1 hour, fluorescently labeled cells were detected in
the posterior tip of the tail in the experimental embryos, but
not in the control embryos. At 1 hour and 30 minutes,
labeled cells were detected in a large patch, extended from
the tip of the tail to the level of the anus. By two hours,
fluorescently labeled cells could be seen throughout the
embryo, In contrast, no such pattern of labeled cells was
observed in the control embryos. This pattern of fluores-
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cently labeled cells was identical to the pattern observed for
the opacity changes in the embryo.

[0300] 3. Rescue of Induced Cell Death Activity

[0301] To determine if the teleost model could be used to
screen for compounds which blocked or reduced cell death
activity, embryos were microinjected with a Caspase 3
inhibitor (Calbiochem # 264155) prior to exposure to Ibu-
profen.

[0302] Specifically, embryos at 24 hours of development
were dechorionated and microinjected with either 25 uM
Caspase 3 inhibitor or PBS into the yolk. At 26 hours of
development, embryos were exposed to 100 uM Ibuprofen
by addition to the media. At one hour, opaque cells were
observed in embryos injected with PBS, but not in embryos
injected with the Caspase inhibitor. At two hours after the
addition of Ibuprofen, embryos injected with PBS were
completely opaque. In contrast, embryos injected with the
Caspase inhibitor were still transparent, however, opaque
cells had begun to appear in the most posterior region of the
tail in these embryos. By 24 hours after the introduction of
Ibuprofen, all of the experimental embryos were dead.

[0303] 4. Screening Compounds for an Effect on Cell
Death Activity

[0304] A wide variety of compounds can be analyzed for
their potential effect on cell death activity (e.g., apoptotic or
necrotic activity) by using methods of the present invention.
Therapeutic or prophylactic drugs, chemicals, toxins, and
pharmaceuticals are among those that can be tested for their
effects on cell death activity, including their ability to inhibit
or trigger apoptosis.

[0305] Compounds to be screened can be obtained from
various sources, including the National Cancer Institute’s
Natural Product Repository, Bethesda, Md.

[0306] A compound to be tested can be administered to a
teleost (e.g., zebrafish) in vivo by dissolving the compound
in the solution or medium containing the teleost. The com-
pound is absorbed by the teleost. Alternatively, the com-
pound can be injected directly into the teleost.

[0307] When screening compounds for their effects on
apoptotic activity, it is useful to compare an assay utilizing
teleost embryos to which the test compound has been
administered with embryos to which retinoic acid has been
administered. For such comparative assays, teleost embryos
are divided into four groups:

[0308]
control)

1) No retinoic acid, no test compound (normal

[0309] 2) Retinoic acid, no test compound (induced cell
death control)

[0310] 3) No retinoic acid, test compound
[0311] 4) Retinoic acid, test compound

[0312] Screening methods are performed as described
above. Specifically, zebrafish embryos belonging to groups
2 and 4 are treated with retinoic acid under identical con-
ditions, as described above, to induce the same degree of
apoptosis. Zebrafish embryos belonging to groups 3 and 4
are then exposed to the test compound. All embryos are then
stained with the dye and images are collected using an
epifluorescence microscope (NIKON E600) equipped with a
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CCD camera for low light level detection. Zebrafish
embryos from each group are then compared using image
and analysis software. Group 1 embryos serve as (normal)
control embryos. Group 2 embryos provide a control for the
level of apoptosis induced by retinoic acid. Group 3 embryos
demonstrate the ability of the test compound to induce
apoptosis. Group 4 embryos represent the ability of the test
compound to induce or suppress apoptosis relative to ret-
inoic acid. Absolute changes in the signal area of apoptosis
and the number of apoptotic cells are used to determine if the
test compound has had an effect on apoptotic activity.

[0313] Notably, methods of the present invention are per-
formed in live, transparent teleost embryos. The effect of a
test compound on cell death activity (e.g., apoptotic or
necrotic activity) in vivo can be determined over time by
examining the above-identified zebrafish embryo groups at
24-hour intervals, for a period of up to 4 days. The effect of
a compound on the death of cells of a particular organ (e.g.,
brain) or tissue of a teleost can be examined over time.
Organ-specific and tissue-specific patterns of cell death can
be identified. Furthermore, the persistence and duration of
the effect of the compound can be determined by methods of
the invention. In addition, the effect of a compound on either
or both the entire whole embryo or specific organs and tissue
systems (e.g., the cardiovascular system, the enteric system
and the musculature system) can be determined in vivo
simultaneously or independently. Because teleosts, such as
zebrafish, are easy to generate and the assay is readily
reproducible, a large number of test compounds can be
easily and quickly screened for their respective effects on
and regulation of cell death activity, including apoptosis
and/or necrosis.

[0314] With methods utilizing benzothiazolium-4-quino-
lium dye, one cannot distinguish between a potential effect
a particular compound may have on apoptotic processes and
necrotic processes. In a developing embryo, necrotic cell
death rarely occurs unless the embryo is damaged by non-
physiological injury caused by, for example, physical
manipulation. To eliminate nonphysiological injury to an
embryo (and thus to eliminate any cell death resulting from
necrosis), dechorionated embryos are maintained in agar
coated wells. The agar coating prevents abrasions to the
ectoderm of the embryos. Such abrasions can occur when
the embryos contact plastic surfaces. To prevent further
nonphysiological injury to embryos, each embryo is not
handled once it is placed into a well of the multi-well culture
plate. Staining, compound exposure, and observations on the
embryos can all be performed in the multi-well culture plate
without manipulating the embryos, thereby reducing the
possibility of necrotic damage to the embryos. Specific
fluorogenic substrates which report enzymatic activity (e.g.,
caspase enzymatic activity) can be used in transparent
teleost embryo and can aid in distinguishing between apo-
ptotic and necrotic activity.

[0315] Because teleost embryos, such as zebrafish, can be
maintained in small fluid volumes (e.g., 100 ul) for the first
four to five days of development, single embryos can be kept
in individual wells of a multi-well (e.g., 96-well) culture
plate. Alternatively, multiple embryos (e.g., 10 embryos) can
be kept in each well of a 24- or 48-well culture plate, or the
like. This makes it possible to detect signals, including, e.g.,
fluorescent, calorimetric, radioactive and chemiluminescent
signals using standard microtiter plate readers and to auto-

Jun. &, 2006

mate methods of AP staining and detecting a variety of
compounds for their effects on cell death activity.

[0316] In addition to automating detection, sample han-
dling can be automated for rapid reproducible application of
dyes and compounds to the teleosts using methods described
herein. To increase the throughput of a compound applica-
tion, currently available robotic systems (such as the BioRo-
bot 9600 from Qiagen, the Zymate from Zymark or the
Biomek from Beckman Instruments)—most of which use
the multi-well culture plate format—can be used with meth-
ods of the invention. Well-known and commercially avail-
able instrumentation system can be employed to automate in
situ hybridization and data recording and retrieval systems
and other aspects of the screening methods of the invention.

[0317] The present invention also provides methods of
screening a compound for an effect on cell death activity in
vivo which comprise administering the compound to a
teleost in vivo and detecting a response in the teleost
indicating an effect on cell death activity, wherein a library
of compounds is screened for an effect on cell death activity,
including apoptotic and necrotic activity. In some such
methods, the library of compounds comprises natural com-
pounds. In other such methods of the invention, the library
of compounds comprises synthetic compounds. In yet other
methods of the invention, the library is a combinatorial
library. Methods of the invention are useful to screen com-
pound and chemical libraries for molecules which repress or
trigger cell death, including repressing or triggering apop-
tosis or necrosis.

[0318]
Activity

[0319] A. Whole Animal Toxicity Testing

IV. Methods of Screening an Agent for Toxic

[0320] The predominant methods for toxicity testing use
cell-based assays to evaluate the potential impact of different
compounds on human and animal health. The cytotoxic
effect of chemicals on mammalian cells is primarily mea-
sured by cell viability and unscheduled DNA synthesis.
Because these toxicity screens are designed to evaluate the
in vitro effect of a compound against cellular targets, they
are limited in their ability to predict effects at the organism
level, including lethality. In contrast, use of whole animals
for toxicity testing addresses the limitations of cell-based
assays and permits simultaneous evaluation at the molecular
and cellular levels.

[0321] Whole embryo testing has previously been per-
formed on invertebrates, including fruitfly and nematode
(Eisses, Teratog. Carcinog. Mutagen 9:315-325 (1989);
Hitchcock et al., Arch. Environ. Contam. oxicol. 33:252-
260 (1997)). However, because invertebrates are not closely
related to humans and lack many of the same organs and
enzymes, the use of such results as predictors of toxic effects
in humans are limited. Embryo toxicity testing in mammals
falls into two categories: 1) culture assays using either rat or
mouse embryos, and 2) in utero assays in which compounds
are injected into the peritoneum of a pregnant mouse or rat.
Although the whole-embryo mouse and rat culture technique
is a validated method for toxicity testing in vertebrates
(Chatot et al., Science 207:1471-1473 (1980); Circurel and
Schmid, Xenobiotica 18:617-624 (1988)), toxicity testing
using this method is complicated and only a limited number
of expensive assays can be performed. Embryos must be
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carefully explanted with the visceral yolk sac and ectopla-
cental cone intact at 8.5 days of development. Embryo
culture time is also limited to 48 hours (Bechter et al.,
Teratol 44:29A (1991)). In addition, due to the complexity
of culture conditions, the incidence of both false positives
and false negatives is high (Guest et al., Can. J. Physiol.
Pharmacol. 72(1):57-62 (1994)). The in utero approach
avoids these issues; however, this approach is complicated
by the fact that the compounds being tested can be metabo-
lized in the liver of the mother. Further, although the in utero
approach is useful for examining prenatal effects, it is not
helpful in evaluating toxic effects of a compound on post-
natal development. The frog embryo system is another
commonly used model for in vitro toxicity testing; however,
because frog embryos are not transparent it is very difficult
to examine toxic activities against particular tissues and
organs over time or simultaneously. A method which permits
the screening an agent for toxic activity in multiple different
organs and tissues of an animal simultaneously and/or in the
whole animal in vivo is needed.

[0322] B. Toxic Activity Screening Methods

[0323] The present invention provides methods of screen-
ing an agent for a toxic activity in an intact, whole animal
and in tissues and organs of whole animals in vivo or cells
in in vitro using cells of the animal. Such activity can be
assessed relative to contemporaneous and/or historical con-
trol teleosts (or teleost tissues, organs, or cells) to which the
agent has not been administered. Such methods comprise
administering the agent to a teleost and detecting a response
in the teleost indicating the activity. Such methods are useful
for rapidly, comprehensively, and reproducibly screening for
and predicting toxic responses, including harmful and lethal
effects on developing organs and tissues in whole teleosts,
due to particular agents.

[0324] The zebrafish is among the preferred teleosts for
these methods. As outlined in detail above, zebrafish offer a
number of advantages for toxicity testing, including that
zebrafish are transparent (thus facilitating observation and
analysis of multiple tissues and organs simultaneously),
develop rapidly, are easy and inexpensive to generate and
maintain, and amenable to high throughput toxicity screens.
In addition, the morphological and molecular bases of tissue
and organ development are generally either identical or
similar to other vertebrates, including man, and thus toxicity
screens of compounds in zebrafish provide relevant infor-
mation about the effect of compounds in humans. Moreover,
we have determined that teleosts exhibit dose-responsive-
ness to toxicity and thus zebrafish and the toxicity screening
methods described herein are useful in determining the
effects of particular doses of agents on particular organ and
tissue systems and the sensitivity of particular organs and
tissues to such doses.

[0325] As described above, the compound to be screened
can be administered to the teleost by diffusion simply adding
it to the media containing the teleost or by microinjection or
similar techniques which would be known to one of ordinary
skill in the art.

[0326] The present invention includes in vivo methods for
screening agents for a toxic effect or activity on one or more
organs (e.g., the kidney, pancreas, cardiovascular system,
central nervous system, liver, etc.) or tissues simultaneously
or independently. Also included are in vitro methods in
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which an agent is administered to a culture of cells of the
animal and the response indicating activity is detected in the
cells. All such methods can be used to screen a wide range
of agents and compounds, including, among other things,
chemical compounds, pharmaceuticals, therapeutics, envi-
ronmental and agricultural agents, industrial agents, pollut-
ants, cosmeceuticals, synthetic or natural compounds, drugs,
organic compounds, lipids, glucocorticoids, peptides, anti-
biotics, chimeric molecules, sugars, carbohydrates, etc.
These agents and compounds can be screened singly or as
mixtures, including complex mixtures.

[0327] The methods of the present invention allow for
investigation of molecular methods for assessing key liver
and kidney enzymes as biomarkers for organ toxicity. Sub-
tractive library techniques and multiple enzymatic assays, in
combination with drugs of known toxicity, can be used to
identify new genes involved in drug response and metabolic
activation phenomena and thus contribute to establishing
and validating new biomarkers.

[0328] Toxic effects and activity resulting from adminis-
tration of a compound to an animal (e.g., teleost) can be
indicated by a variety of responses in the animal, including,
but not limited to, e.g., molecular changes, genetic muta-
tions, developmental defects, developmental delay, genotox-
icity, reproductive toxicity, organ toxicity or dysgenesis,
behavioral toxicity, teratogenicity, death of the animal etc.)
Responses indicating toxic activity can be detected in the
whole teleost or in at least one tissue or organ of the teleost.
The response can be detected in multiple tissues and organs
simultaneously or separately over time at predetermined
time intervals. For example, the response can be detected in
at least two different tissues, at least two different organs, or
in at least one organ and at least one tissue. In in vitro
methods, the response is detected in one or more cells of the
teleost.

[0329] Additionally, a response indicating toxic activity
can be detected as a change in a gene expression (mRNA)
profile for one or more cells, tissues, organs of the animal,
or the whole entire animal, by extracting and measuring the
level(s) of one or more mRNAs expressed in such cell(s),
tissue(s), organ(s) or the entire teleost at a certain time
following agent administration and/or under a specific set of
conditions. To do this, subtractive library experiments can be
performed. mRNA from the control (untreated) and experi-
mental (treated) embryos are extracted at an early and late
response period. The subtractive libraries are constructed
with the polymerase chain reaction (PCR)-Select cDNA
Subtraction System (CLONTECH Laboratories, Inc.).
Those genes from the embryo that are differentially
expressed as a consequence of the exposure to the com-
pound are selectively isolated, cloned and characterized
using standard procedures. The cDNAs are used to construct
a cDNA microarray.

[0330] A response indicating toxic activity can also be
detected as a change in a protein expression profile for one
or more cells, tissues, organs of the animal, or the whole
entire animal, by extracting and measuring the level(s) of
one or more different proteins expressed in such cell(s),
tissue(s), organ(s), or the entire animal at a certain time
following compound administration and/or under a particu-
lar set of conditions. In this protein-based approach, differ-
ences in post-translational modification or processing such
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as cleavage can be examined using two-dimensional poly-
acrylamide gel electrophoresis. Extracts from control
embryos and those exposed to compounds can be directly
compared in the same gel by tagging each extract with a
different fluorophore prior to electrophoretic separation. The
tags have no effect on the relative migration of labeled
proteins during electrophoresis. Proteins that appear
unmodified in both samples appear as spots composed of
both fluorescent dyes. Proteins that differ between the two
samples, as a result of cleavage, phosphorylation, etc.,
fluoresce as tagged in the original extracted sample.

[0331] One of ordinary skill in the art would recognize
that a variety of techniques can be used together or sepa-
rately to generate a signal (e.g., in situ hybridization, anti-
body staining of specific proteins, etc.) and to detect and
assess responses (e.g., colorimetry, fluorescence micros-
copy, light microscopy, digital image analyzing, standard
microplate reader techniques, fluorometry, including time-
resolved fluorometry, and chemiluminescence, visual
inspection, CCD cameras, video cameras, photographic
film, or the use of current instrumentation such as laser
scanning devices, fluorometers, photodiodes, quantum
counters, plate readers, epifluorescence microscopes, scan-
ning microscopes, confocal microscopes, flow cytometers,
capillary electrophoresis detectors, or by means for ampli-
fying the signal such as a photomultiplier tube.

[0332] C. Screening Agents for Toxic Activity And/or
Angiogenesis Activity and/or Cell Death Activity Simulta-
neously

[0333] The methods for screening agents for toxic activity
described herein can be combined with other methods of the
present invention, including methods of screening agents for
angiogenesis activity (Section II) and cell death activity
(Section III). As noted previously, with transparent teleosts,
it is possible to assess such multiple activities and the
responses resulting from such activities in the whole teleost
or in one or more tissues or organs simultaneously and at
predetermined time intervals. Assays combining toXicity
screening with screening for cell death activity are useful as
discussed previously for identifying deleterious and lethal
responses resulting from agent administration, proper dos-
age amounts, and in developing effective therapeutics and
treatment programs.

[0334] A variety of techniques can be used together or
separately to analyze multiple activities and responses,
including fluorescence microscopy, light microscopy, digital
image analyzing, standard microplate reader techniques
(colorimetry, fluorometry, including time-resolved fluorom-
etry, and chemiluminescence), in situ hybridization, anti-
body staining of specific proteins, enzymatic changes,
changes in protein distribution temporally and spatially in
the teleost, etc.

[0335] In one aspect, the present invention provides a
method of screening an agent for a toxic activity as
described above which further comprises screening the
agent for an effect on cell death activity by detecting a
response in the teleost indicating an effect on cell death
activity (as discussed above). Tissue and organ specific
patterns of cell death can be evaluated in addition to exam-
ining various markers to analyze organ toxicity. Cells under-
going cell death can be identified by a variety of means,
including those discussed above (e.g., using a membrane-
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impermeant, nuclear-staining dye from the benzothiazo-
lium-4-quinolium dye family, the TUNEL assay, or colori-
metric or fluorometric enzymatic assay of caspase activity).

[0336] In another aspect, the invention provides a method
of screening an agent for a toxic activity as described above
which further comprises screening the agent for an increase
or decrease in angiogenesis by detecting a response in the
teleost indicating an increase or decrease in angiogenesis
activity.

EXAMPLES

[0337] 1. Screening Compounds for Toxic Activity on
Liver and Kidney in Zebrafish

[0338] A. Methods
[0339]

[0340] Wildtype zebrafish embryos were generated by
natural pair-wise mating, sorted for viability, and collected
as described in Section II for screening methods for angio-
genesis activity. Embryos before being sorted for viability.
Because the fish embryo receives nourishment from an
attached yolk sac, no additional maintenance was required.

[0341] 2) Compound Screening

1) Embryo Collection

[0342] As discussed above, a variety of compounds can be
screened using the methods described for toxic activity on
whole animals (e.g., teleosts) and specific organs and tis-
sues. The developmental toxicity effects of therapeutic/
pharmacologic compounds can also be studied; results with
such compounds using teleosts can be compared with the
results obtained by NCI using mammalian models. By such
comparison, the use of the methods and animal models of
the invention for predictive assays for developmental tox-
icity effects of potential therapeutic compounds can be
assessed.

[0343] 3) Maintenance of Embryos and Administration of
Compounds

[0344] Fertilized zebrafish embryos were obtained by
natural spawning in our aquaculture facility. To reduce
variations between batches, randomized samples of embryos
from 3 or 4 independent matings were used. The test
medium was prepared by combining 5 g of Instant Ocean
Salt with 3 g of CaSO, in 25 liters of distilled water,
according to Westerfield, supra. The embryos were main-
tained in the test medium throughout the experiments.
Embryos at 24 hours of development (with chorion) were
exposed continuously for five days to chemical compounds
at different concentrations of the chemical compounds and
controls. In general, the concentrations ranged from 100
nanomolar (nM) to 100 micromolar (uM). Tests were
repeated four times for each series of dilutions, and a
standard deviation was calculated for each treatment (see
“Statistical Methods” section). Ten embryos per concentra-
tion were exposed in a total volume of 1 ml (constant ratio
of 100 Ill/embryo) using a 24 multi-well plate. (Other sizes
of multi-well plates, such as 96-well plates can also be used
to facilitate screening.) The compounds were renewed daily.
In all cases, 0.1% of dimethyl sulfoxide (DMSO) was used
as a carrier solvent during the treatment. Controls with and
without 0.1% DMSO were performed in all experiments.
This approach has long been used to introduce anesthetics
and other chemicals into fish embryos (Westerfield, supra).



US 2006/0123487 Al

[0345] Experiments were carried out at a constant tem-
perature (28-28.5° C.) in the dark to protect the compounds
from decomposition due to light exposure. Dead embryos
were removed daily, counted, and used to calculate the
Median Lethal Concentration (LC50, see “Statistical Meth-
ods” section herein). Each day, surviving embryos were
analyzed visually under a dissecting binocular microscope
(Zeiss, amplification 30-50x). Macroscopic malformations
(such as axial defects, embryolethality, growth inhibition,
general malformations, including microcephaly, macroceph-
aly, tail truncation, tail malformation, loss of axial struc-
tures, such as somites, etc.) were observed, classified, and
counted to assess whole animal toxicity. Compounds that
were lethal or induced these or any noted malformations or
disruptions during development (e.g., during the first 5 days
of development) were further examined for toxic effects on
organs. The embryonic developmental stage that is affected
by the toxic compound can be determined. Organ toxicity
can be assessed in surviving embryos using in situ hybrid-
ization, enzymatic assays, and immunochemistry proce-
dures.

[0346] For therapeutic drugs screened for toxic effects, the
Median Effective Concentration (EC50)(the median concen-
tration needed to caused a desirable effect on a target) can be
determined. The Therapeutic Window (TW)(e.g., LC50/
EC50) can also be determined; compounds exhibiting a high
Therapeutic Window, such as 100 or 1,000, are good poten-
tial drug candidates because toxicity at the therapeutic
concentration is low.

[0347] 4) Tissue and Organ Toxicity Testing

[0348] a) In Situ Hybridization

[0349] To assay specific tissue and organ degeneration,
whole mount in situ hybridization with RNA probes labeled
with digoxigenin (Boehringer Mannheim) can be used.
Probes which stain early embryonic tissues include MyoD,
for the paraxial mesoderm during somitogenesis; brachyury,
for the notochord. Probes which specifically stain organs
include krx20 and pax2 for detection of abnormal develop-
ment of the caudal midbrain and anterior hindbrain; c-ret for
the presumptive brain, spinal cord and excretory system
(developing kidney; nephric duet, and pronephros); and pes
for optic tectum, liver primordium, and gut. In situ hybrid-
ization is carried out as follows: embryos are fixed with 4%
paraformaldehyde in PBS and hybridized at 65° C. For
visual inspection under a microscope, alkaline phosphate-
conjugated anti-digoxigenin antibody is used to detect sig-
nals following staining with NBT/X-phosphatase (Boe-
hringer Mannheim). Toxicity effects on tissue and organ
development and function (e.g., liver and kidney), the
expression and inducibility of a constitutive isozyme LMC2
and dioxin-inducible isozyme LM4B of cytochrome (Cyt.)
P-450 in different organs and tissues by immunohistochemi-
cal localization can be analyzed by using methods described
in Buchmann et al., Toxicol. Appl. Pharmacol. 123:160-169
(1993).

[0350] Automated in situ hybridization image analysis is
readily performed using alkaline phosphatase-conjugated
anti-digoxigenin antibody to detect signals after staining
with NBT/X-phosphatase.
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[0351] b) Assessing Toxic Activity in the Liver by Stain-
ing

[0352] Toxic activity in the liver of the treated whole
animal can be assessed visually by using a rapid colorimetric
staining procedure. This procedure is based on the use of a
streptavidin (avidin) conjugated reporter enzyme, such as
peroxidase, to detect naturally biotinylated carboxylase
enzymes in the liver, gut, and digestive tube of whole
animals, such as zebrafish embryos. These biotinyl-lysine
containing enzymes, such as acetyl-CoA carboxylase and
other carboxylases, are predominantly located in the liver
and digestive tube. As a result, staining is organ specific
(FIG. 11). Quantitative biotinylated assessment of the liver
can be made. By visual detection of biotinylation, size and
location of the liver can be determined.

[0353] Zebrafish embryos (4, 5 or 6 days old) were fixed
with 4% paraformaldehyde for 1 hour at room temperature
and treated with methanol 100% overnight at -20° C. The
embryos were rehydrated and washed with PBST. After
washing with PBST, the embryos were incubated in block-
ing solution (3% BSA, 100 mM NaCl in PBST) for 1 hour
and treated with a bleaching solution (5% Formamide,
0.5xSSC, H,0, 10%) for 20 minutes under natural light
illumination. After bleaching, the embryos were incubated
for a second time with the same blocking solution for 1 hour
and incubated with streptavidin conjugated peroxidase
(Pierce) (dilution 1:100 in the same blocking solution) with
shaking at room temperature for 2 hours. The embryos were
then washed twenty minutes three times with PBST and
stained for peroxidase with two different dyes: Diaminoben-
zidine (DAB) (Pierce) (insoluble) to assess liver staining and
2,2'-Azino-bis(3-Ethylbenz-thiazoline-6-sulfonic acid-
)J(ABTS)(Sigma) (soluble) to measure a quantitative visual
signal using a colorimetric method. The DAB staining
solution used comprised: 1 ml of DAB stock solution (5 mg
of Diaminobenzidine/ml in PBS, pH 7.4), 9 ml of PBS, 10
ul of H,O, (30%). Normally, specific liver staining was
visualized in 1-5 minutes. Staining for the DAB solution was
stopped by several washes with water. The ABTS colori-
metric method used 10 ml of ABTS solution (10 mg in 33
ml of 0.1 M Citric Acid/OH, pH 4.35) plus 10 ul of hydrogen
peroxide (30% stock) and was performed for 30 minutes at
room temperature with at least 5 embryos per condition (1
ml of ABTS solution/5 embryos). The ABTS staining was
stopped with 20% SDS/50% N'N-Dimethyl Formamide. The
ABTS signal was detected by measuring the absorbance of
the solution at 405 nanometer (nm) using a spectrophotom-
eter. For each condition, four repetitions were performed and
the standard deviation “S” calculated as indicated in “Sta-
tistical Methods” section below.

[0354] c) Assessing Toxic Activity in the Kidney by Stain-
ing

[0355] Toxic activity in the kidney (Pronephros) can be
assessed visually by calorimetric staining of the kidney of
the treated whole animal (e.g., zebrafish). Zebrafish pro-
nephros express high levels of the enzyme alkaline phos-
phatase that can be easily assayed using a chromogenic dye.
To stain kidneys in zebrafish embryos, embryos were fixed
with 2% paraformaldehyde overnight at 4° C. and then
treated with methanol 100% for 30 minutes at room tem-
perature. The embryos were rehydrated and equilibrated in
NTMT buffer (50 mM MgCl,, 100 mM NaCl, 100 mM
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Tris/HCI, pH 9.5, 0.1% Tween 20) at room temperature and
then stained with stain solution (75 mg/ml NBT and 50
mg/ml X-phosphate, equilibrated in the same buffer). Nor-
mally, specific kidney staining was visualized in 10-20
minutes (FIG. 14). This staining method was used to assess
the toxic activity of aspirin and dexamethasone on kidney
(see below).

[0356] d) Assessing Enzymatic Activity

[0357] The methodology for assessing enzymatic activity
involves in the exposure of the teleost embryos to different
compounds at different times (hour to days) with the sub-
sequent in vitro analysis of their different enzyme activities.
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12A-12B). The quantitative colorimetric endpoint method
discussed above was used to measure the effect of drug
treatment on the liver (FIG. 13). Treatment with 100 uM
dexamethasone reduced the colorimetric signal by about
70%, compared with the untreated embryos (control, 0%
dexamethasone, FIG. 13). The change in color correlated
well with the reduction in size previously observed in the
liver using a chromogenic dye (FIG. 12B, bottom), suggest-
ing the reproducibility and accuracy of the assay. The
method was quantitative (with good confidence limits),
rapid, and easy to perform.

[0361] The method can be automated using known instru-
mentation and techniques automated toxic screening.

TABLE 4

Compound tested

Five-Day Zebrafish Toxicity Testing Compared
with Mammalian Models!

Zebrafish Mammalian models

(mg/liter) observed

LDss?  Specific toxicity Specific toxicity (from

LDso (mg/kg) the literature®)

1. Aspirin
(Clycooxigenase
inhibitor)

2. Dexamethasone
(immunosuppressor)

250 (mice, or.)*
200 (rats, or.)
167 (mice, ip.)°

101 teratogen, kidney, kidney, ureter,

muscle contraction, cardiovascular,
erratic movements craniofacial,

musculoskeletal
324 liver, gastro- 410 (mice, i.p.)

54 (rats, i.p.)

liver, gastro-intestinal
intestinal

Including mice and rats.
2The LDs, was calculated as indicated in “Statistical Methods.”
3Data was obtained from TOXNET Web Search and other sources.

Yor. = orally

3L.p. = intraperitoneal

The embryos are incubated in a multi-well plate in the
presence or not (i.e., controls) of different compounds. After
exposure, they are used to obtained cell lysate preparations.
The enzymes are assayed by the use of colorimetric or
fluorometric dyes in end-point or kinetic experiments. The
plates are read in an appropriate microplate reader. Multi-
enzymatic microarrays can be constructed.

[0358] 5) Assessing Organ Toxic Activity of Aspirin and
Dexamethasone

[0359] In feasibility studies, aspirin and dexamethasone
were screened for toxic activity on zebrafish embryos using
the methods of the invention described herein. Aspirin, a
general inhibitor of cyclooxygenases (Bosman, Skin Phar-
macol. 7:324-334 (1994)), was previously shown to produce
toxicity in a variety of organs in mammal embryos, includ-
ing the kidney (Ungvary et al., Terarology 27(2):261-69
(1983)). Dexamethasone, an immunosuppressor (lida et al.,
Carcinogenesis  19:1191-1202 (1998)), was previously
shown to produce liver and gastrointestinal toxicity and to
be hepatotoxic in children undergoing cancer treatment
(Wolff et al., Anticancer Res. 18(4B):2895-99 (1998)).

[0360] Results are presented in Table 4. As with aspirin,
for dexamethasone the LC50 obtained with zebrafish
embryos was similar to the values previously described for
mice and rats (Table 4). Liver and gastrointestinal toXicity
and a dose-response effect were also observed (FIGS.

[0362] 6) Statistical Methods

[0363] a) Estimation of LC50

[0364] For the concentrations tested with aspirin and dex-
amethasone in these studies, there was no partial lethality
and the geometric mean of the parameters “no mortality”
(0%) and “mortality” (100%) of the effect concentration was
taken as the LC50 and binomial confidence limits were
calculated according to Stephan, “Methods for Calculating
LD50” in Aquatic Toxicology and Hazard Evaluation (F. L.
Mayce and J. L. Hamelink eds.) ASTM STP 634, pp. 65-84.
Amer. Soc. Testing Materials, Philadelphia, Pa. (1977).

[0365] b) Standard Deviation

[0366] The calorimetric liver stain method described
above was used to obtain qualitative data (i.e., changes in the
size, presence, or location of the organ) and to study the
significance of the variations found in each treatment. For
each condition, four repetitions were performed and the
statistical value, with its standard deviation, was used to
prepare graphics using Microsoft Excel 97 or similar known,
standard software/graphics programs.

[0367] 7) Teratogenic Effects

[0368] Information about additional toxic responses/ef-
fects indicating toxic activity of a compound, such as, e.g.,
growth inhibition and teratogenesis, including microcepha-
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lity, macrocephality, tail truncation, tail malformation, can
be evaluated by visual inspection using a dissecting micro-
scope (Zeiss, amplification 30-50x). Multiple toxic
responses and effects can be assessed rapidly and simulta-
neously in transparent teleost embryos.

[0369] 8) Assessment of Additional Biomarkers

[0370] Commercially available antibodies can be used to
detect expression and inducibility of different kidney and
liver enzymes by immunohistochemistry. With these biom-
arkers, the toxicity of drugs and compounds, including those
having known toxicity, can be investigated. The toxic effects
of new drugs to be used in the subtractive library screen can
also be readily assessed by the methods described herein.
Examples of such antibodies include, e.g., anti-Proton Pump
H+/K+ ATPase (kidney, Panvera Corporation); anti-LMC2
and anti-dioxin-inducible isozyme [LM4B of cytochrome
P-450 (kidney and liver), as previously described (Buchman
et al., Toxicol. Appl. Pharmacol. 123:160-69 (1993)); anti-
Glutathione S-Transferase (kidney, liver, Panvera Corpora-
tion).

[0371] 2. Identifying Organ Specific Genes Involved in
Compound Toxicity Responses Using Subtractive Library
Techniques

[0372] As a predictive method for drug toxicity, a multi-
parametric toxicity test would be very valuable and useful.
Subtractive library experiments are useful in developing
such an approach. Such methodology allows the identifica-
tion of genes that are differentially expressed in a target
organ as a result of chemical/drug exposure. Currently, the
genes/pathways involved in drug/chemical toxicity response
and drug/chemical metabolic activation are difficult to assay
primarily due to the lack of available probes and substrates.
Additional information regarding organ drug toxicity can be
obtained by isolating new genes in the animal (e.g., teleost)
using the subtractive library method. The genes are cloned,
the expression profiles of the genes are evaluated, and their
significance as markers for toxicity is compared with data
previously obtained in mammals.

[0373] A. Subtractive Library Techniques

[0374] Genes which are differentially expressed in a target
organ as a result of drug/chemical exposure can be identified
by using subtractive library techniques as follows. Using
selected compounds from our LC50 and organ toxicity
methods and analyses described above, zebrafish embryos
are treated to induce organ toxicity. At different time points
during drug treatment, the liver and/or kidney (treated and
controls) are dissected. This material is used to prepare
subtractive libraries to isolate new genes differentially
expressed in treated and control embryos. Subtractive
library techniques (e.g., Clontech, Palo Alto, Calif.) are used
to selectively isolate genes. The Clontech PCR-Select sys-
tem uses suppression PCR and requires only one round of
subtractive hybridization to subtract and equalize cDNAs. In
addition, the technique requires very low amounts of poly
A+ RNA prepared from two types of tissue under compari-
son; normally 0.5-2.0 pg. Recently, this technique was used
to isolate several caffeine up-regulated genes from the pre-B
cell line 1-8, including IGF-1B, and a predicted homologue
of the natural killer cell antigen, NKR-P1 (Hubank and
Schatz, Nucleic Acids Res. 22: 5640-5648 (1994)).

[0375] The genes identified by the subtractive library
technique are selected, and the expression pattern of these
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genes in the embryos during compound/drug exposure can
be evaluated. The expression pattern can be compared with
the pattern found in mammalian homologues under similar
conditions. Genes that serve as “good” indicators or marker
of toxicity (e.g., organ toxicity) can be identified and
selected.

[0376] B. Transgenic Teleosts

[0377] Adequate regulatory regions upstream from the
target genes with predictive toxicity value response can be
used to construct transgenic teleosts (e.g., zebrafish) carry-
ing reporter genes. The 5' upstream region of these genes is
analyzed in order to use the regulatory region to control the
expression of reporter genes in transgenic zebrafish. In this
approach, genes isolated using subtractive library techniques
are used to analyze the 5' regulatory region. To construct
plasmids carrying a reporter gene, such as the Green Fluo-
rescence Protein (GFP) under the control of those regulatory
regions, those upstream regulatory regions that are adequate
in size (1 or 2 kilobases) and expression profile are
employed. These plasmids are used to produce transgenic
fish as described in Long et al., Development 124:4105-4111
(1997). For example, because zebrafish are transparent, cells
in transgenic zebrafish that express GFP (a reporter gene in
specific organs and tissues) can be detected in vivo using
standard fluorescence-based detection techniques; specifi-
cally, when cells expressing GFP are illuminated with blue
or ultraviolet (UV) light, a bright green fluorescence is
observed. Light-stimulated GFP fluorescence technique
does not require co-factors, substrates or additional gene
products and therefore screenings can be performed in vivo,
and using the same embryos, toxicity effects can be moni-
tored over time using, e.g., a fluorescence plate reader. Using
this screening method, many genes involved in a drug
response which would otherwise be difficult to assay can be
easily assessed.

[0378] C. Zebrafish cDNA Microarrays

[0379] cDNA microarray technology can be used to profile
complex combinations of gene expression in drug toxicity
response and metabolic activation phenomena. Gene expres-
sion of specific organ toxicity can be monitored using a
microarray of selected zebrafish genes isolated by the sub-
tractive library techniques discussed above and other
sources of genes. The cDNA arrays are simple and permit
direct readout of hybridization results; thus, they constitute
an ideal technique for studying gene expression patterns in
tissues undergoing drug treatment at different timepoints
(Heller et al., Proc. Natl. Acad. Sci. USA 94:2150-2155
(1997)).

[0380] V. Screening Automation

[0381] The multi-parametric methodology described
above can be automated using standard instrumentation and
computer software programs, permitting the screening of
hundreds of agents per week. These methods combine the
physiological advantages of the teleost and simplicity of
agent addition with the ease of sample handling and detec-
tion provided by microtiter plates and associated dispensing
and detection apparatus. The methods are premised, in part,
on the observation that teleosts can be cultured and develop
normally within the confined space of microtiter wells
notwithstanding the accumulations of waste products and
low availability of oxygen due to the confined space.
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Accordingly, large numbers of agents can be screened in
parallel in the wells of a microtiter plate containing fertilized
embryos. As for other screening methods discussed above,
because teleost embryos develop normally in 100 pl of
water, agents and dyes can easily be added to the medium.
Furthermore, because transparent teleost embryos become
opaque when they die, embryo lethality is comparatively
straightforward to identify using a standard microtiter plate
reader to calculate the LC50. In addition, a GFP transgenic
fish can be monitored over time in a microplate reader.

[0382] An exemplary scheme for performing high
throughput screening is shown in. FIG. 15. Zebrafish
embryos are contacted with agents to be screened for
sufficient time for the agent to elicit a response indicative of
a pharmacological activity in the zebrafish. The amount of
time depends on the assay and can range from 1 hour to 7
days. Different wells can be used to test different agents,
and/or to test the same agent at different concentrations. In
some methods, each well contains a single zebrafish and in
some methods, each well contains multiple zebrafish. After
treatment, wells are analyzed to determine continued viabil-
ity of zebrafish (e.g., by determining absorbance at 550 nm).
Death of zebrafish results in high absorbance. Wells con-
taining agents resulting in high lethality are not further
pursued, but the identity of such agents can be stored in a
computer file.

[0383] Wells containing viable zebrafish are then assayed
for pharmacological activity of the agents being tested. This
activity is often a change in concentration of a cellular
marker or in the number of cells expressing a cellular
marker. This activity can be detected using a substrate
processed by the enzyme to generate an optically detectable
product. After performing the assay, the plates are read for
an optical signal indicating pharmacological activity. Agents
showing good activity in the assay are then subjected to a
confirmatory assay. This assay can be performed in a micro-
titer format as before, or can be performed by a different
format on a teleost (e.g., a microscopic assay), or can be
performed on a higher organism. In some methods, the
confirmatory assay detects the same response as the primary
assay but by a different means. For example, the primary
assay can detect an increase in enzyme activity colorimetri-
cally using a microplate reader, and the confirmatory assay
can detect the same enzyme activity on a micrograph.
Agents showing good activity are also tested for toxicity and
lethality. These assays can be performed in a microtiter
format or using other methods described above. Suitable
enzymes whose activities are indicative of a toxicity
response in the heart or liver, and substrate for detecting
them are described in the Examples that follow.

[0384] The equipment used in the above assays typically
includes a multiwell plate, apparatus for dispensing
embryos, apparatus for dispensing small volumes to the
wells, apparatus for mixing fluids in the wells, apparatus for
washing the wells, a coding to label wells and the plate, a
plate reader for detecting an optical signal from the wells
and for reading the code and a computer for controlling the
other apparatus and for storing data. For dispensing teleosts,
an automated particle handling device equipped with a light
scattering detection system which can contribute about 1
mm particles and distinguish dead embryos (white) from
live embryos (transparent) is suitable (BD Biosciences,
Bedford, Mass.). To add and remove liquid (e.g., media,
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washing solutions, labeling reagent solutions), an automatic
microplate pippetting and washing workstation (Biomek,
Beckman-Coulter, Zymark, Hopkinton, Mass.; Packard Bio-
science, Groningen, The Netherlands) is suitable. The type
of plate reader depends on the nature of the measurement to
be made (i.e., fluorescence, chemiluminescence, colorimet-
ric or radioactive via scintillation counting). Some commer-
cially available plate readers can detect multiple types of
signal. Multi-well plates typically have 96 wells, but larger
or smaller number of wells can be used. In a standard plate,
each well has a volume of about 300 pl but larger or smaller
volume wells can be used. Typically, zebrafish are cultured
in a volume less than 1 ml, sometimes less than 500 ul,
sometimes 50-200 pl, and preferably about 100 ul. Several
laboratory and robotic systems have been developed for the
purpose of processing microtiter plates. These devices are
designed to increase laboratory throughput and many of
these devices also provide positive sample identification
through the use of analytical software and barcode labels.
The correlation between identity of agents and wells can be
referred to as a correspondence regime. Examples of suitable
equipment are described below.

[0385] The assays are typically performed on whole teleo-
sts. The teleosts can be natural or transgenic. The teleosts are
living when contacted with agents. In some methods, teleo-
sts are killed before detecting signal. In such methods, the
agent being tested is typically removed. Teleosts can then be
fixed or lysed to facilitate detection of signal. In some
methods, the teleosts remain living throughout the assay
including detection of optical activity (such as GFP). In such
methods, a series of measurements of signal can be made
over time on the same teleosts. In such methods, the agent
being tested and the labeling reagent used to test response
can be left in contact with the teleost throughout the assay.
In some methods, in which an optical signal is generated
within a teleost, the teleost should be sufficiently transparent
that the optical signal can be detected in the whole teleosts.
In other methods, the signal diffuses out of the teleost, or can
be induced to do so by treatment with lysing agents. In such
methods, transparency of the teleost is not necessary.

[0386] The extent or rate of appearance of a signal
depends on the response of a teleost to an agent, and the
response is in turn an indicator of a pharmacological activity
of the agent. For example, modulation of angiogenesis is a
pharmacological activity, an increase or decrease in alkaline
phosphatase activity is a cellular response indicative of
angiogenesis, and an OD405 reading due to processing of
the alkaline phosphatase substrate pNPP is an optical signal
that depends on the cellular response. Similarly, modulation
of apoptosis is a pharmacological activity, an increase or
decrease in caspases activity is a response indicative of
modulation of apoptosis and various substrates of caspases
are suitable labeling reagents for generating an optical signal
dependent on the response.

[0387] In general, a pharmacological activity is a property
of'an agent that indicates that the agent is, or may be, useful
for treatment and/or prevention of a disease. Thus, pharma-
cological activity includes prophylactic and therapeutic
activities as defined herein. In general, responses indicative
of pharmacological activity can include: 1) a increase or
decrease in the number of cells or the concentration a
cellular marker, such as an enzyme or secondary metabolite
in a cell, 2) the modulation of a cellular pathway, for
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example, by binding of an agent to a cellular receptor, or 3)
the promotion or inhibition of a physiological event such as
cell growth or differentiation. Examples of cellular markers
that can be detected include nucleic acids and proteins and
enzymes. Nucleic acids can be detected by a hybridization
assay using a probe nucleic acid. Usually, the probe nucleic
acid is labeled although secondary labeling schemes are also
possible. Proteins can be detected using antibodies that
specifically bind to the proteins. In some methods, the
antibody is directly labeled and in other methods a second-
ary labeling scheme is used. Enzymes can be detected using
a substrate processed by the enzyme to generate an optically
detectable product. Modulation of cellular proliferation can
be determined from corresponding modulation of compo-
nent molecules, particularly constitutive expressed proteins,
or nucleic acids.

[0388] Optical signals useful for monitoring cellular
response include color, fluorescence, chemiluminescence,
opacity, and radioactivity, the latter can be detected via
scintillant induced light scattering. Responses can be
detected by light scattering or photon counting or other
methods. In some methods, a product having an optical
signal is generated by a reaction within cells of the teleosts,
and is an indication of the level of a particular enzyme
catalyzing the reaction. In other methods, the labeling
reagent is attached directly to an agent, such as antibody, that
binds to a cellular molecule. In some methods, the labeling
reagent is attached to a secondary-labeling reagent that binds
to a primary reagent, which in turn binds to a cellular
molecule.

[0389] Usually some wells of the multiwell plate are
occupied by positive and negative controls. Positive controls
can be agents (s) known to have the pharmacological
activity being tested for and negative controls, agent(s)
known to lack the pharmacological activity. In some meth-
ods, multiple positive and/or negative controls are distrib-
uted at different locations on the plate.

[0390] Microplate assays can also be used to monitor
absorbance, excretion, metabolism or intracellular distribu-
tion of a agent in teleosts. In such methods, the wells provide
a means to contain teleosts while a agent redistributes
between media and the teleosts, and/or is metabolized within
the teleost. Initially, the agent can be in the medium only, in
the teleost only, or in both the teleost and the medium. After
culturing the teleost for a period, the amount of the agent in
the medium, or the teleost or both is determined. A decrease
in the amount of agent in the medium over the incubation
period is a measure of absorption of the agent and allows
calculation of an absorption rate. An increase in the amount
of agent in the medium over the incubation period is a
measure of excretion of the agent and allows calculation of
an excretion rate. An increase in amount of agent in the
teleosts over the incubation period reflects a net absorption.
A decrease in amount of agent in the teleost over the
incubation period reflects a net excretion. By performing the
assay with different initial concentrations of agent in the
media and the teleosts, it is possible to calculate the rates of
both of these processes. In methods in which the detection
assay distinguishes between the agent and metabolic prod-
ucts of the agent, it is also possible to calculate a metabolism
rate.

[0391] In some methods, the agent itself generates an
optically detectable signal or can be labeled with a second-
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ary labeling reagent that gives rise to such a signal. The
combined amount of agent in medium and teleost is detected
with microplate reader. After detection, the medium is
discarded and the amount of agent within the teleosts is
detected.

[0392] Insome methods, when the agent is not labeled, the
amount of agent in media can be determined by extracting
the medium with chloroform (most small molecule agents
are soluble in chloroform) or other organic solvent to isolate
the agent, and quantifying the agent by HPLC/MS designed
for automation. The agent within teleosts can be extracted
with an organic solvent such as chloroform. The extracted
agent and its metabolite can be analyzed by HPLC/MS
designed for an automation system. In some methods, the
teleost is fixed after culturing with the agent, and the
location of agent within the teleost is determined by micro-
scopic examination.

EXAMPLES
[0393] A. Procedure for High Throughput Screening

[0394] 1. Synchronized embryos are distributed into
96-well assay plate. Embryos developmental stage (age) can
be synchronized by treating the adult fish with propidium
iodide, and stimulating them to lay egg in a predicted time
frame. Embryos can be distributed using an automated
particle handling devices equipped with a light scattering
detection system (BD Biosciences, Bedford, Mass.). The
particle handling device should preferably be capable of
dispensing up to 600 um particles. Alternatively a liquid
dispenser fitted with large bore pipette tip can be used to
dispense embryos into microtiter wells automatically.

[0395] 2. 100 pl of diluted compounds are added to each
well (in fish water). An automatic microplate pippetting and
washing workstation (Zymark, Hopkinton, Mass.; Packard
Bioscience, Groningen, The Netherlands) can be used. A
simple bar code system to identify each plate (Decitek,
Westborough, Mass.).

[0396] 3. Plates are incubated at 28° C. for designated time
period in an incubator.

[0397] 4. Plates are assessed for dead embryos. Such
assessment can be performed by visual inspection or by
quantitative determination of absorbance at 550 nm. Dead
embryos become opaque and disintegrate, and cause the
clear culture solution to become turbid. This turbid solution
usually absorbs light at 550 nm. Absorbances at 550 nm
exceeding a threshold are scored as dead embryos, and this
information is recorded in a lethal compound data base using
the bar code system to read the identity of compounds
causing lethality. Wells containing lethal compounds are
eliminated from subsequent analysis steps.

[0398] 5. The plate is washed to remove residual com-
pound and fish water. In this and other wash steps, a vacuum
manifold with adjustable vacuum pressure to remove the
washing solution, and prevent the embryo tissue loss.

[0399] 6. 100 ul ice cold 70% EtOH is added to each well.
[0400] 7. The 70% EtOH is removed.

[0401] 8. 100 pl of 100% EtOH is added.

[0402] 9. The wells are incubated at -20° C. for 30

minutes in a -20° C. freezer
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[0403] 10. The 100% EtOH is removed.

[0404] 11. 100 pl of appropriate buffer is added. The
mixture is incubated for 10 min at room temperature. The
procedure is then repeated 2 more times.

[0405]

[0406] 13. 100 pul substrate solution for an enzyme assay
is added. The mixture is incubated at room temperature for
designated time period

[0407]

[0408] 15. A colored metabolic product resulting from an
enzymic activity being measured is read at the appropriate
wavelength in an automatic microplate reader (Biotek, Inc.
Winooski, V T)

[0409] B. Assays for Pharmacological Activity
[0410]

[0411] Angiogenesis was monitored by quantitative analy-
sis of endogenous alkaline phosphatase (EAP) levels using
the following procedure.

[0412] a. Embryos were dehydrated through 70% EtOH,
then 100% EtOH

[0413] b. Embryos were incubated in 100% EtOH

[0414] c. Embryos were re-hydrated and equilibrated by
1M diethanolamine buffer pH 9.8

[0415] d. 100 pl of 0.5 mg/ml p-nitrophenyl phosphate
(PNPP kit #37620, Pierce) was added as substrate

[0416] e. incubation time was determined by testing (see
following results)

[0417] f£. 50 ul of 2N NaOH was added to stop the enzyme
reaction

[0418] g. OD at 405 nm was recorded by a ELISA plate
reader

[0419] We used normal zebrafish embryos at 24, 48 and 72
hours post fertilization with known patterns of vessel devel-
opment as controls to established the optimal conditions for
distinguishing different stages of vessel development quan-
titatively. Since the enzyme substrate (pNPP) comes in a
fixed concentration, we defined the optimal incubation time
for assessing different quantities of the enzyme. FIG. 16A
shows a typical enzymatic kinetic curve between the OD
reading and the substrate incubation time. A linear relation-
ship can be established between the 20 and 40 minute time
points. Based on this same data, the OD reading vs. embryo
age for each incubation time were replotted to determine the
optimal incubation time (FIG. 16B). 30 minutes is the
optimal incubation time for distinguishing the difference in
EAP level for embryos at 24, 48 and 72 hpf.

12. The above buffer is removed.

14. 100 Wl of stopping solution is added.

1. Detecting Angiogenesis

[0420] To demonstrate a correlation between results using
the quantitative enzyme assay and microscopic observation
of vessel development, a separate set of experiments was
performed. Embryos, processed as described above, were
measured directly for OD (405 nm) after incubating with
pNPP for 30 minutes without adding the stopping reagent
(2N NaOH). The OD results were similar to those with
stopping agent added. The soluble substrate pNPP was
washed off afterwards and the embryos were re-equilibrated
into NTMT buffer and re-stained, as described in vessel
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staining for microscopic examination. The image is shown
in FIG. 17. This result shows that the enzyme assay detects
differences in vessel development, similar to results using
microscopy.

[0421] The enzyme assay was then used to assess the
effect of different concentrations of SU5416 on the embryos.
Embryos with intact chorion at 24 hpf were collected and
distributed into a 96-well plate. SU5416 at 0, 0.25, 0.5, 0.75,
1.0 and 1.5 uM (0.1% DMSO as carrier) was added directly
into fish water and embryos were incubated continuously for
2 days at 28° C. At the end of the incubation, SU5416 was
washed off using fish water, and embryos were dehydrated
into EtOH and processed, as previously described. 24 hpf
(day 1), embryos without chorion were used as the baseline
(0%), and 72 hpf (day 3) normal embryos were used as
100% control.

[0422] The plot shown in FIG. 18 demonstrates a clear
dose response curve; 50% of vessel development is inhibited
with a 1.6 uM concentration of SU5416. It also indicates that
the agent carrier (0.1% DMSO) does not cause a significant
effect on vessel development. The OD measurement of the
vessel development in these SU5416 treated embryos was
also correlated by microscopy. Although there was a direct
correlation, as expected, the quantitative enzyme assay was
more sensitive.

[0423] 2. Detecting Liver/Gut Toxicity

[0424] Several carboxylase enzymes containing biotin
covalently bound as the coenzyme are present in the liver
and gut of zebrafish embryos (Gregolin, et al, 1968). JThe
specific expression of these enzymes in the liver and gut in
both control and agent treated embryos was observed by
binding to avidin detected by microscopy. These parameters
were then used to develop an ELISA-type assay to measure
the level of carboxylase, which reflects liver and gut for-
mation/function. The process involves the following steps.

[0425] (1) embryos are dehydrated through 70% EtOH,
then 100% EtOH

0426 2) embryos are incubated in 100% EtOH
[ ry

[0427] (3) endogenous peroxidase activity is suppressed
by adding 25 ul of peroxidase suppressor (Prod. # 35000,
Pierce) for 30 minutes

[0428] (4) Embryos are washed with PBS, pH 7.4 three
times, 10 minutes each

[0429] (5) Embryos are incubated with 100 pl of Avidin-
Biotin-horseradish peroxidase (A-B-HRP) (Kit # 32050,
Pierce) for 1 hour

[0430] (6) Excess A-B-HRP is washed off with PBS

[0431] (7) Equilibrate embryos into 1M citrate buffer pH
5.0

[0432] (8) The embryos are incubated with 100 ul HRP
substrate 3,3',5,5'-tetramethylbenzidine (TMB, kit # 34021,
Pierce) at various time interval to determine the optimal
incubation time

[0433] (9) 1001 of 1M H2S04 is added to stop the reaction

[0434] (10) OD at 450 nm is recorded to determine the
carboxylase level
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[0435] The linear relationship between the OD (450 nm)
reading and incubation time is established, and the optimal
substrate incubation time determined (at the mid-point in the
linear range). OD (450 nm) is plotted against embryo stage.
The slope between two points defines the difference in OD
reading (AOD) between embryos at different stages. The
sharpest slope gives the greatest difference in OD measure-
ment, which is most useful in distinguishing the difference
in carboxylase level, and reflects the difference in organ
development. This parameter is used to determine the opti-
mal embryonic stage for agent testing.

[0436] Correlation of quantitative measurement and quali-
tative observation of liver/gut is also performed based on the
principle described above. Embryos 24 hours post fertiliza-
tion (hpf) to 144 hpf are assayed at the determined optimal
substrate incubation time as above, except, instead of adding
1M H2S04 to stop the enzymatic reaction, the supernatant
is removed from each well and transferred to a new plate to
be measured for OD at either 370 nm or 652 nm. The
embryos are washed in PBST (PBS plus 0.1% Tween 20) to
remove residual TMB substrate and re-equilibrated for DBA
staining. The DBA staining solution is prepared following
the manufacturer’s recommended protocol (1 ml of 0.5%
DBA stock solution, 9 ml of PBS, 10 ul of 30% H,0,).
Specific liver & gut staining is visualized in 1-5 minutes.
Staining is stopped by several washes with water. Embryos
are visualized on a dissecting microscope (Zeiss Stemi
2000-C). The size of the visualized image of liver/gut is
compared to OD measurements.

[0437] Additional enzymes and their substrates that can be
used to assess liver function in this format include:

TABLE 5
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activity plays a pivotal role in the initiation and execution
phases of apoptosis. The presence of caspase activity can be
monitored in the embryonic zebrafish using commercially
available fluorogenic and colorimeteric caspase substrates
specifically engineered to penetrate the cell.

[0442] All reagents (fluorescent stains, chemical agents,
and ‘pretreatment’ apoptosis inducers for anti-apoptotic
screen) are added directly to the fish water in 96 well plates.
DMSO (0.2% unless otherwise indicated) was used as a
vehicle or carrier. Controls 1) with tested agent alone, 2)
without tested agent, but equivalent amount of carrier plus
dye, and 3) no treatment, are usually carried out in parallel.

[0443] After brief period of recuperation, the embryos are
analyzed with a microplate reader.

TABLE 6
Enzyme Substrate Source
Caspase 1 AC-YVAD-AMC Calbiochem
AC-YVAD-pNA Calbiochem
Caspase 3 AC-DEVD-AMC Calbiochem
AC-DEVD-pNA Calbiochem
Caspase 2 Z-VDVAD-AFC Calbiochem
Caspase 4 AC-LEVD-AFC Calbiochem
Caspase 5 AC-WHED-AFC Calbiochem
Caspase 6 AC-VEID-AMC Calbiochem
AC-VEID-pNA Calbiochem
Caspase 8 Z-IETD-AFC Calbiochem
AC-IEID-pNA Calbiochem
Caspase 9 Ac-LEHD-AFC Calbiochem

Enzyme Substrate Source

Cytochrome P450 1A1
Superoxide Dismutase
trihydoxybenzo[¢]fluorene
Glutathione-S-transferase P1-1

methoxyresorufin
5,6,6a,11b-tetrahydro-3,9,10

Sigma

5-((4'-(S-Glutathionyl))-2',3’

Calbiochem Kit

Molecular Probes,

5',6'-tetrafluorobenzoylamino)

fluoresein
Glutathione peroxidase

Glutathione Proxidase Assay kit Calbiochem Kit

[0438] 3. Detecting Heart Toxicity

[0439] Heart toxicity can be determined using specific
heart proteins, tropomyosin and cardiac myosin heavy chain,
as markers. Antibodies against these proteins are used as
ligands for these markers. The antibodies are conjugated
with horse radish perodixase (HRP), which is quantified by
incubating with the substrate TMB. The steps are similar to
those described in liver/gut toxicity assay, embryos are
blocked by 0.2% bovine serum albumin (BSA) in PBS, then
incubated with primary antibody against the specific protein
for 2 hours at room temperature, washed in PBST to remove
unbound primary antibody, secondary antibody conjugated
with HRP is added instead of A-B-HRP.

[0440] 4. Detecting Apoptosis

[0441] In response to a variety of apoptotic signaling
cascades, caspases, which are normally present in the cell as
pro-enzymes (zymogens), are either cleaved or auto-cata-
Iytically activated by intracellular sequestration. Caspase

[0444] 5. Detecting Change in Cellular Receptor Expres-
sion

[0445] The processes described above can be modified by
adding a embryo lysing step after the agent incubation to
improve the accessibility of receptors to ligands. Ligands for
the specific cellular receptors can be either labeled by
fluorescent dye or conjugated with horse radish peroxidase
and assessed by the enzymatic reaction.

[0446] While the foregoing invention has been described
in some detail for purposes of clarity and understanding, it
will be clear to one skilled in the art from a reading of this
disclosure that various changes in form and detail can be
made without departing from the true scope of the invention.
The above examples are provided to illustrate the invention,
but not to limit its scope; other variants of the invention will
be readily apparent to those of ordinary skill in the and are
encompassed by the claims of the invention. The scope of
the invention should, therefore, be determined not with
reference to the above description, but instead should be
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determined with reference to the appended claims along
with their full scope of equivalents. All publications, refer-
ences, and patent documents cited in this application are
incorporated herein by reference in their entirety for all
purposes to the same extent as if each individual publication
or patent document were so individually denoted.

1-29. (canceled)
30. A method of screening an agent for a property
comprising:

a) providing a multi-well plate, the wells containing
teleosts and agents in a volume of medium of 500
microliters or smaller per well;

b) incubating the agents with the teleosts for sufficient
time to induce a response; and

¢) detecting responses in the wells, wherein the response
of'a well into which an agent was introduced relative to
the response from a control well lacking the agent is an
indication of the property of the agent introduced in the
well.

31. The method of claim 30, wherein the teleosts are
introduced into the wells before the agents.

32. The method of claim 30, wherein the agents are
introduced into the wells before the teleosts.

33. The method of claim 30, wherein the agents are
administered to the teleost in conjunction with at least one
other compound.

34. The method of claim 30, further comprising introduc-
ing a labeling reagent into the wells, which labeling reagent,
through processing by or binding to a component of the
teleost, generates detectable signals dependent on the extent
of the responses of the teleosts, and wherein the detecting
step detects the signals.

35. A method of screening an agent for a property
comprising:
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a) dispensing teleosts into wells of a multi-well plate
using an automated particle dispenser;

b) introducing agents into different wells of the multi-well
plate, and incubating the agents with the teleosts for
sufficient time to induce a response; and

¢) detecting responses in the wells, wherein the response
in a well into which an agent was introduced relative to
the response from a control well lacking the agent is an
indication of the property of the agent introduced in the
well.

36. The method of claim 35, wherein the introducing step
is performed using an automated liquid handling apparatus.

37. The method of claim 35, wherein the teleosts and
agents are incubated in a volume of medium of 500 micro-
liters or less.

38. The method of claim 35, wherein the agents are
administered to the teleost in conjunction with at least one
other compound.

39. The method of claim 35, further comprising introduc-
ing a labeling reagent into the wells, which labeling reagent,
through processing by or binding to a component of the
teleost, generates detectable signals dependent on the extent
of the responses of the teleosts, and wherein the detecting
step detects the signals.

40. In a method of culturing a teleost, the improvement
wherein the teleost is cultured in a well of a multi-well plate
in a volume of medium of 500 microliters or less.

41. In a method of culturing a teleost, the improvement
wherein the teleost is cultured in a well of a multi-well plate
having 48 or 96 or more wells.

42. In a method of culturing a teleost, the improvement
wherein the teleost is cultured in a well of a multi-well plate
having 48 or 96 or more wells and in a volume of medium
of 500 microliters or less.
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