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(57) ABSTRACT 

Cell based assays are used to assess the hepatotoxicity of a 
Stimulus. Imaging technologies are used to analyze the 
effects of a Stimulus on hepatocytes. Image analysis may 
characterize the stimulus on the basis of whether it is 
hepatotoxic, and if So what type of pathology is exhibited; 
e.g., apoptosis, necrosis, cholestasis, and/or Steatosis. 
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PREDICTING HEPATOTOXCITY USING CELL 
BASED ASSAYS 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

0001. This application is a continuation-in-part, claiming 
priority under 35 U.S.C. S. 120, from U.S. co-pending patent 
application Ser. No. 10/623,486 by Mattheakis et al., filed 
Jul. 18, 2003 and titled “PREDICTING HEPATOTOXIC 
ITY USING CELL BASED ASSAYS.” That application is 
incorporated herein by reference for all purposes. 

BACKGROUND 

0002 I. Field of the Invention 
0003. The present invention relates to methods and appa 
ratus for assessing the hepatotoxicity of a Stimulus. More 
particularly, the present invention relates to image analysis 
methods and apparatus that characterize a Stimulus based 
upon phenotypic characteristics of hepatocytes and Some 
other cell types exposed to the Stimulus. 
0004) 
0005 Hepatotoxicity is a major safety concern for drug 
development. Approximately 90 percent of lead candidates 
fail to become drugs, and hepatotoxicity accounts for about 
22 percent of these failures. Traditionally, a variety of 
Strategies have been used to predict hepatotoxicity during 
preclinical development. These include incubating com 
pounds with cultured hepatocytes to measure cytotoxicity or 
induction of the various isoforms comprising the drug 
metabolizing CYP enzymes. Biochemical enzyme assays, 
using purified CYP enzymes or crude liver microsome 
extracts, are used to determine the Substrate activities of 
drug candidates and to profile their metabolic products using 
chromatographic methods. 

II. Background 

0006 Animal studies have also been widely used to 
predict human hepatotoxicity. In these Studies, rats or mice 
are dosed with various concentrations of the test compound, 
and the animals are monitored for important Serum markers 
such as serum albumin, prothrombin, bilirubin, AST, ALT, 
and alkaline phosphate at different time points. The animals 
are then Sacrificed, and a full histopathological analysis of 
the liver, kidney, and other important organs and/or tissues 
is carried out. 

0007 More recently, gene expression studies have been 
used to predict hepatotoxicity. The RNA is isolated from 
cultured hepatocytes or liver Sections from animals and 
analyzed using microarray technology. The advantages of 
this approach include faster turnaround times and leSS labor 
compared to animal pathology Studies, and the method (as 
applied to cultured hepatocytes) requires a smaller amount 
of the experimental compound. Many industrial and aca 
demic groups are attempting to identify key genes that are 
expressed during a hepatotoxic response. The goal is to 
create a database that contains the gene expression patterns 
of known hepatotoxins and associated liver pathologies. The 
database is then used to predict the mechanism of hepato 
toxicity by comparing the gene expression patterns of a new 
compound to those of reference compounds. This approach 
is still under development, and the number of marker genes 
reported to be relevant for the rat model varies from 400 to 
over 3000 genes. See “Serious liver injury: leading reasons 
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for drug removals, restrictions' www.fda.gov/fdac/features/ 
2001/301 liver.html; and ToxExpressTM Application Note, 
GeneExpress ToxExpress Predictive SystemTM, Gene Logic, 
Gaithersburg, Md. (2002). 
0008 Unfortunately, none of the traditional approaches 
adequately predicts the hepatotoxic potential of drugs that 
reach the marketplace. At least three drugs within the last 
five years, Duract (bromfenac), Trovan (trovafloxacin) and 
ReZulin (troglitaZone), have significant use limitations or 
were pulled from the market due to human hepatotoxicity. 
Thus, there is a great need for new methods to predict 
hepatotoxicity, and to use these methods early in the lead 
optimization process to Save time and cost. 

SUMMARY 

0009. The techniques of the present invention address the 
above need by providing methods, program instructions and 
apparatus that assess the toxicity of a Stimulus. The inven 
tion accomplishes this by using imaging technologies to 
analyze the effects of a Stimulus on hepatocytes or other cell 
types. 

0010. One aspect of the invention provides methods of 
assessing the hepatotoxicity of a Stimulus, by performing the 
following operations: (a) exposing a hepatocyte culture to 
the Stimulus; (b) imaging the hepatocytes; (c) analyzing an 
image of the hepatocytes to extract features characterizing 
the hepatocytes; and (d) classifying the stimulus by quanti 
tatively evaluating the extracted features to identify one or 
more hepatotoxic pathologies resulting from the Stimulus. 
Examples of hepatotoxic pathology classifications include 
necrosis, cholestasis, Steatosis, fibrosis, apoptosis, and cir 
rhosis. 

0011) Another aspect of the invention provides methods 
of identifying a necrotic hepatotoxic pathology resulting 
from a stimulus. Such methods may be characterized by the 
following operations: (a) exposing a hepatocyte culture to 
the Stimulus; (b) contacting the hepatocyte culture with 
markers relevant to necrosis (e.g., esterase activity and cell 
membrane permeability); (c) imaging the hepatocyte cul 
ture; (d) analyzing images of the hepactocyte culture to 
extract features relevant to necrosis, and (e) characterizing 
the necrotic response of the hepatocyte culture to the Stimu 
lus based on the extracted features. In one embodiment, the 
method identifies average levels of esterase activity and cell 
membrane permeability for the hepatocyte culture based on 
the extracted features. This information is then used to 
characterizing the necrotic response. 
0012 Still another aspect of the invention pertains to 
methods of identifying an apoptotic hepatotoxic pathology 
resulting from a Stimulus. Such methods may be character 
ized by the following operations: (a) exposing a hepatocyte 
culture to the Stimulus; (b) treating the hepatocyte culture 
under conditions that distinguish apoptotic and non-apop 
totic hepatocytes (e.g., washing, exposing to markers for 
enzyme activity, exposure to markers for DNA); (c) imaging 
the hepatocyte culture; (d) analyzing images of the hepac 
tocyte culture to extract features relevant to apoptosis, and 
(e) characterizing the apoptotic response of the hepatocyte 
culture to the Stimulus based on the extracted features. 

0013 In a specific embodiment, the method includes (a) 
exposing a first and Second hepatocyte culture to the Stimu 
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lus; (b) performing a single Step preparatory treatment of the 
first hepatocyte culture, wherein the Single Step preparatory 
treatment does not include washing; (c) performing a multi 
Step preparatory treatment of the Second hepatocyte culture, 
wherein the multi-step preparatory treatment includes wash 
ing; (d) imaging the first and Second hepatocyte cultures; (e) 
analyzing images of the first and Second hepactocyte cul 
tures to extract features relevant to apoptosis, and (f) char 
acterizing the apoptotic response of the hepatocytes to the 
Stimulus based on the extracted features. The method may 
use to the extracted features to, for example, identify con 
densation of the nuclei, cell adhesion, and average caspase-3 
activity for the first and Second hepatocyte cultures. This 
allows the method to characterize the apoptotic response of 
the first and Second hepatocyte cultures to the Stimulus based 
on the characteristics of the nuclei, cell adhesion, and 
average caspase-3 activity. 

0.014. Yet another aspect of the invention pertains to 
computer program products including machine-readable 
media on which are Stored program instructions for imple 
menting a portion of or an entire method as described above. 
Any of the methods of this invention may be represented, in 
whole or in part, as program instructions that can be pro 
Vided on Such computer readable media. In addition, the 
invention pertains to various combinations of data generated 
and/or used as described herein. Examples include data 
bases, data Structures, and linked lists. 

0.015 These and other features and advantages of the 
present invention will be described in more detail below 
with reference to the associated figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1A is a cartoon representation of normal 
hepatocytes, showing various features as they might appear 
in the absence of a toxic response. 

0017 FIG. 1B is a flow chart depicting various opera 
tions commonly performed together in one implementation 
of a hepatotoxicity analysis of this invention. 

0.018 FIG. 2 is a diagrammatic representation of hepa 
tocytes exhibiting drug-induced apoptosis. 

0.019 FIG. 3 is a flow chart depicting various operations 
commonly performed together in one implementation of a 
hepatotoxicity analysis configured to classify cells as apo 
ptotic or necrotic. 
0020 FIG. 4A is a diagrammatic representation of hepa 
tocytes exhibiting microVesicular Steatosis. 

0021 FIG. 4B is a diagrammatic representation of hepa 
tocytes exhibiting macrovesicular Steatosis. 

0022 FIG. 5 is a diagrammatic representation of a com 
puter System that can be used with the methods and appa 
ratus of the present invention. 
0023 FIG. 6 is a diagrammatic representation of sample 
compound and control well assignments for an assay block 
used in an example. 

0024 FIGS. 7A and 7B are tables showing experimental 
results for a hepatotoxicity assay conducted in accordance 
with this invention. 
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DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

0025) 
0026. Hepatotoxicity is a major safety concern for drug 
development. AS explained above, a variety of Strategies 
traditionally have been used to predict hepatotoxicity during 
preclinical development. AS indicated, the existing tech 
niques have Serious limitations and in fact Some drugs have 
recently been banned or significantly limited in use due to 
late discovery of human hepatotoxicity. Accordingly, there is 
a need for better methods to predict human hepatotoxicity 
earlier in the drug development process. 

I. Introduction and Overview 

0027. This invention employs image and data analysis 
technology to provide an indication of whether a particular 
compound or other Stimulus is hepatotoxic. Additionally, it 
may classify hepatotoxicity by the Specific pathologies. This 
detailed classification can be beneficial for drug develop 
ment in a number of ways. 
0028 First, knowing the exact pathology caused by a 
given compound can help to determine whether the com 
pound should be abandoned as a drug candidate or whether 
it might be redesigned (e.g., Subjected to a slight molecular 
change) to reduce its liabilities. If modification is likely to be 
Successful, identification of the particular pathology elicited 
can also provide insight about which specific modifications 
are likely to reduce toxicity. 
0029. In addition, knowing the pathology associated with 
a given Stimulus can help to determine the nature of the risk 
asSociated with the Stimulus. In general, a Stimulus that 
exhibits Some level of cytotoxicity may or may not represent 
a low overall risk to a person's health. But knowing the 
particular pathology caused by a given Stimulus can provide 
more Specific information about the level of risk presented 
by the Stimulus. For instance, Some pathologies are only 
problematic or otherwise relevant when the condition to be 
treated is a chronic condition, e.g., fribrosis or cirrhosis of 
the liver. Other pathologies are only problematic for acute 
conditions, where the compound under investigation is 
administered over a relatively short period of time, possibly 
in high doses. 
0030 AS explained further below, the invention extends 
to toxicity and pathologies in a wide range of Systems (e.g., 
cell types, cell lines, tissues, etc.) other then hepatocyte 
Systems. Examples include toxicity in dermal cells, kidney 
cells, neurons, etc. For convenience, the invention will be 
described primarily in terms of hepatotoxicity. 
0031. In accordance with this invention, toxicity may be 
detected by image and data analysis in various ways. Most 
conservatively, any effect to a cell that is not considered the 
principal action of the Stimulus of interest is viewed as an, 
off-target effect, or effect is viewed as an indicator of 
potential toxicity. More specific assays consider particular 
indicia of toxicity or a particular pathology. One Such assay 
considers increased level of cell necrosis in Wells exposed to 
the Stimulus in question. Other assays consider indicia of 
Specific pathologies Such as cholestasis or Steatosis. 
0032) Regarding off-target effects, most stimuli, particu 
larly those involving exposure to drug or drug candidates, 
are evaluated for their effect on a target (i.e., a protein or 
other component of the cell that is implicated in a disease 
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pathway). “On-target” effects are those effects of the stimu 
lus that arise from action on the target itself. In the context 
of this invention, these effects are manifest as phenotypic 
changes. Of course, other effects, unrelated to the effect of 
the Stimulus on the target may also elicit phenotypic 
changes. The phenotypic differences between control and 
test cells are deemed to be “on-target' effects when these 
differences pertain to the presence or function of the target. 
For example, if a compound is being investigated for its 
ability to arrest mitosis, on-target effects include phenotypic 
manifestations of arrested mitosis. If an image analysis 
shows that an unnaturally high percentage of cells exposed 
to the particular drug have their nuclear DNA in the mitotic 
State, as opposed to an interphase State, then the drug may be 
deemed to have “on target' effects. 
0033. On the other hand, observed phenotypic differences 
between test and control cells are deemed “off-target' effects 
when they do not pertain to the presence or function of the 
target. For example, in the arrested mitosis target example, 
an observed deviation from control in the compactness of 
the cells Golgi apparatus may be deemed an off-target 
effect. 

0034. Because off-target effects are not apparently tied to 
the desired effect on a target, they may be Suspect. In a Sense, 
they represent “side-effects.” In a conservative view of drug 
discovery or other biochemical research endeavor, off-target 
effects may be viewed as indicia of toxicity. Of course, not 
all “side-effects' represent a toxic response. But in Some 
cases, ideal drugs have only on-target effects. The use and 
relevance of off-target effects in biological investigations is 
described more fully in U.S. patent application Ser. No. 
10/621,821, filed Jul. 16, 2003, naming Kutsyy as inventors, 
and titled “Methods and Apparatus for Investigating Side 
Effects,” which is incorporated herein by reference for all 
purposes. 

0.035 AS explained elsewhere herein, indicia of hepato 
toxicity or Specific hepatic pathologies are provided by 
analyzing images of markers for the Specific pathologies. 
Accordingly, the image analysis methods and apparatus of 
the present invention may classify Stimuli according to a 
degree of hepatotoxicity and/or a particular pathology. AS 
explained, drug-induced hepatotoxicity in humans or ani 
mals can be classified according to specific cellular mor 
phologies of hepatic injury. 

0.036 Most agents that are acutely toxic to the liver lead 
to cytotoxic or cholestatic injury. Necrosis and apoptosis are 
forms of Such cytotoxicity. These conditions are manifest by 
Specific and consistent phenotypic changes that can be 
detected by image analysis. Steatosis is another form of 
cytotoxicity. It is characterized by an accumulation of lipid 
containing vacuoles within hepatocytes, which can be 
detected by image analysis. Cholestasis is characterized by 
arrested bile flow and accumulation of bile pigment within 
the hepatic parenchyma. Aspects of cholestasis, Such as 
modification of tight junctions between adjacent cells, can 
be detected by image analysis. Chronic injury caused by 
drug-induced hepatotoxicity can lead to hepatitis, fibrosis, 
and cirrhosis. Image-based methods of this invention can 
identify some or all of these liver conditions. 
0037. With reference to FIG. 1A, shown is a cartoon 
representation of a group of normal hepatocytes with various 
features as they might appear in the absence of a toxic 
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response. The group of hepatocytes 10 includes individual 
hepatocytes 12 adjacent to each other, Such that the indi 
vidual hepatocytes contact each other to form roughly block 
shaped bodies (as opposed to Smooth roughly circular 
shaped bodies). At the interfaces of individual hepatocytes 
12, various tight junctions 20 can be present. These tight 
junctions provide pathways for inter-cellular transport 
between adjacent hepatocytes. It is believed that modifica 
tion of tight junctions may implicated in cholestasis and 
possibly other toxic responses of hepatocytes. 
0038 A single hepatocyte cell 12 includes a nucleus 14, 
tubulin filaments 16, vacuoles 18, and various other 
organelles and features not shown in the present cartoon 
representation. The tubulin 16 is generally arranged as fibers 
that radiate from the nucleus 14 toward the periphery of the 
cell 12. The vacuoles 18 are Small lipid-containing regions 
dispersed throughout the cytoplasm of cell 12. In addition, 
the cell includes actin filaments 22 concentrated at the edge 
of the cell appearing as dense actin cables that form a 
connected mesh works in the interior of cell. Note that one 
of the hepatocytes is shown with two nuclei. It has been 
found that as many as 30% or more of the healthy hepato 
cytes in a given culture may have two nuclei (also desig 
nated as binuleate cells). 
0039. In a process 100 depicted in FIG. 1B, hepatocytes 
exposed to a particular Stimulus are imaged and then char 
acterized by image analysis to provide information about 
hepatotoxicity. Understand that the process flow depicted in 
FIG. 1B is but one of many possible ways to implement the 
present invention. Other approaches will classify hepato 
cytes using different pathologies and/or different orders of 
operations to accomplish the same general result. 
0040. As depicted, the process 100 begins at block 101 
where a culture of primary hepatocytes is obtained. These 
hepatocytes can be derived from rats, humans, or other 
Species, and should give consistent responses when exposed 
to a given Stimulus. The hepatocytes may be cultured in 
many different ways. Importantly, they should be cultured 
and presented in manner that illuminates their Susceptibility 
to the particular Stimulus under investigation and allows the 
Salient features of their response to the captured in one or 
more images. Further discussion of the Selection and cul 
turing of primary hepatocytes for a hepatotoxicity assay and 
the Support Structures used to culture the primary hepato 
cytes is presented below in Section II: Culturing Hepato 
cytes for ASSay. 

0041) Next, the process continues at a block 103 where 
the cultured hepatocytes are exposed to the Stimulus under 
investigation. AS explained above, many different Stimuli 
can be tested in accordance with this invention. In a typical 
example, hepatocytes in multiple wells are contacted with a 
test compound. The compound may be provided at different 
concentrations in different wells. In at least one well, a 
control well, no compound is used. In another case, the 
multiple wells may be contacted with the compound for 
different lengths of time prior to fixing. These approaches 
allow a generation of a Stimulus response path. Each con 
centration or time point provides a different phenotypic 
point on the response path. 

0042. The next block in the depicted process (block 105) 
involves obtaining an image of the hepatocytes exposed to 
the Stimulus under investigation. Single or multiple images 
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are acquired from the same well. Frequently, multiple 
images will be taken at different “channels.” Each such 
channel may be associated with a different marker, which 
highlights a specific feature of the cell Such as a particular 
macromolecule or organelle. Each Separate image provides 
a different piece of information that can be used to charac 
terize the hepatocytes in culture. 

0043. In many embodiments, the individual cells of the 
image are separately analyzed, apart from the background in 
the image, to obtain Statistical results that characterize the 
impact of the Stimulus on various features of the cells. To 
this end, the image must be “segmented” to Separate regions 
of the image associated with individual cells. Each “Seg 
ment' of the image is a group of contiguous pixels associ 
ated with an individual cell. Block 107 in flow chart 101 
indicates Segmentation. 
0044) With the image segmented, image analysis logic 
can evaluate those pixels associated with various individual 
hepatocytes in order to extract particular features associated 
with an individual cell. In addition, the logic classifies 
individual hepatocytes by toxic effect, including individual 
pathologies. 

0.045. In flow chart 100, the separate consideration of 
individual cells is depicted as a loop bracketed by blocks 109 
through 113. In block 109, the process considers the “next' 
hepatocyte in the image. Note that, depending upon the 
processing capabilities of the image analysis System, mul 
tiple hepatocytes from the Segmented image may be ana 
lyzed in parallel. Nevertheless, the analysis of each hepato 
cyte is a logically discrete operation; hence the loop in 
process 100. 

0046) Once a hepatocyte is chosen at block 109, then the 
chosen hepatocyte is analyzed and features are extracted 
from the image of the hepatocyte at block 111. For instance, 
Specific cell features, which Signal particular morphological, 
compositional, etc. aspects of the cell, can be extracted. 
These features may be associated with various cell compo 
nents for which markers are provided. Examples of Such 
components include Golgi, tubulin, actin, nuclear DNA, 
lipids, tight junctions, histones, activated caspase-3, and the 
like. Once features are extracted from the hepatocyte under 
consideration, then at 113, it is determined whether addi 
tional hepatocyte images remain to be analyzed. If So, then 
the process continues at 109. If not, then the process 
continues at block 115. 

0047 Once the relevant features are extracted from the 
individual hepatocyte images, then, at a block 115, the 
process derives a Statistical result from among the cells in 
the image for each relevant feature in the hepatotoxicity 
Study. The Statistical result is used to characterize the impact 
of the stimulus on the relevant feature. The statistical result 
can be a mean value of a feature in question, an average 
value, a Standard deviation, a variance, etc. 

0048. With the statistical results obtained for the set of 
hepatocytes, the depicted process next determines whether 
the hepatocytes exhibit necrosis (i.e., the stimulus induced 
necrosis). See decision 117. Next, the process may further 
classify the Stimulus based upon whether apoptosis 
occurred. See block 119. In each case, the cells have died, 
possibly as a result of exposure to the Stimulus under 
consideration. 
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0049 Next, the statistical result is used to determine if the 
Stimulus should be classified as inducing Steatosis. See block 
121. AS explained elsewhere herein, Steatosis is a pathology 
manifest by the accumulation of lipid-containing vacuoles 
within the hepatocyte cytoplasm. 
0050. Next, the algorithm classifies the stimulus under 
consideration for cholestasis induction. AS explained, 
cholestasis is characterized by arrested bile flow and accu 
mulation of bile pigment within the hepatocyte. See block 
123. 

0051. In alternative embodiments, alternative and/or 
additional classifications and analysis may be performed on 
the cell image under consideration. Some of these will be 
described elsewhere herein. Others will be apparent to those 
of skill in the art. Note that the order of the pathology 
analysis presented above is not important to the invention. 
The four pathologies can be considered in any order. Other 
pathologies can be considered before or after those depicted 
in the figure, or they may be interleaved with the pathologies 
in question. 
0052. When the cells have been classified according to 
pathology, the process may be considered complete. How 
ever, it is frequently desirable to provide image analysis 
information to a database that identifies the Stimulus under 
consideration together with the image analysis information 
for individual hepatocytes and/or population Statistics asso 
ciated with all hepatocytes appearing in the image. See block 
125. 

0053 Some of the terms used herein are not commonly 
used in the art. Other terms may have multiple meanings in 
the art. Therefore, the following definitions are provided as 
an aid to understanding the description herein. The invention 
as set forth in the claims should not necessarily be limited by 
these definitions. 

0054) The term “component” or “component of a cell” 
refers to a part of a cell having Some interesting property that 
can be characterized by image analysis to derive biologically 
relevant information. General examples of cell components 
include biomolecules and Subcellular organelles. Specific 
examples of biomolecules that could Serve as cell compo 
nents include proteins and peptides, lipids, polysaccharides, 
nucleic acids, etc. Sometimes, the relevant component will 
include a group of Structurally or functionally related bio 
molecules. Alternatively, the component may represent a 
portion of a biomolecule Such as a polysaccharide group on 
a protein, or a particular Subsequence of a nucleic acid or 
protein. Collections of molecules Such as micells can also 
Serve as cellular components for use with this invention. And 
Subcellular structures Such as vesicles and organelles may 
also serve the purpose. 
0055. The term “marker” or “labeling agent” refers to 
materials that Specifically bind to and label cell components. 
These markers or labeling agents should be detectable in an 
image of the relevant cells. Typically, a labeling agent emits 
a signal whose intensity is related to the concentration of the 
cell component to which the agent binds. Preferably, the 
Signal intensity is directly proportional to the concentration 
of the underlying cell component. The location of the Signal 
Source (i.e., the position of the marker) should be detectable 
in an image of the relevant cells. 
0056 Preferably, the chosen marker binds specifically 
with its corresponding cellular component, regardless of 
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location within the cell. Although in other embodiments, the 
chosen marker may bind to specific Subsets of the compo 
nent of interest (e.g., it binds only to Sequences of DNA or 
regions of a chromosome). The marker should provide a 
Strong contrast to other features in a given image. To this 
end, the marker Should be luminescent, radioactive, fluo 
rescent, etc. Various Stains and compounds may serve this 
purpose. Examples of Such compounds include fluorescently 
labeled antibodies to the cellular component of interest, 
fluorescent intercalators, and fluorescent lectins. The anti 
bodies may be fluorescently labeled either directly or indi 
rectly. 
0057 The term “stimulus' refers to something that may 
influence the biological condition of a cell. Often the term 
will be synonymous with “agent” or “manipulation.” Stimuli 
may be materials, radiation (including all manner of elec 
tromagnetic and particle radiation), forces (including 
mechanical (e.g., gravitational), electrical, magnetic, and 
nuclear), fields, thermal energy, and the like. General 
examples of materials that may be used as Stimuli include 
organic and inorganic chemical compounds, biological 
materials. Such as nucleic acids, carbohydrates, proteins and 
peptides, lipids, various infectious agents, mixtures of the 
foregoing, and the like. Other general examples of Stimuli 
include non-ambient temperature, non-ambient preSSure, 
acoustic energy, electromagnetic radiation of all frequencies, 
the lack of a particular material (e.g., the lack of oxygen as 
in ischemia), temporal factors, etc. 
0.058 A particularly important class of stimuli is chemi 
cal compounds, including compounds that are drugs or drug 
candidates and compounds that are present in the environ 
ment. The biological impact, including toxicity, of chemical 
compounds is frequently manifest as clear phenotypic 
changes. 
0059 Specific examples of biological stimuli include 
exposure to drug candidate compounds, hormones, growth 
factors, antibodies, or extracellular matrix components. Or 
exposure to biologicS Such as infective materials. Such as 
Viruses that may be naturally occurring viruses or viruses 
engineered to express exogenous genes at various levels. 
Biological Stimuli could also include delivery of antisense 
polynucleotides by means Such as gene transfection. 
0060. Other specific stimuli include exposure of cells to 
conditions that promote cell fusion. Specific physical Stimuli 
could include exposing cells to shear StreSS under different 
rates of fluid flow, exposure of cells to different tempera 
tures, exposure of cells to vacuum or positive pressure, or 
exposure of cells to Sonication. Another Stimulus includes 
applying centrifugal force. Other Specific Stimuli include 
changes in gravitational force, including Sub-gravitation, 
application of a constant or pulsed electrical current. Still 
other Stimuli include photobleaching, which in Some 
embodiments may include prior addition of a Substance that 
would specifically mark areas to be photobleached by Sub 
Sequent light exposure. In addition, these types of Stimuli 
may be varied as to time of exposure, or cells could be 
Subjected to multiple Stimuli in various combinations and 
orders of addition. Of course, the type of manipulation used 
depends upon the research endeavor at hand. 
0061 The term “phenotype” generally refers to the total 
appearance of an organism or cell from an organism. In the 
context of this invention, cellular phenotypes and their 
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representations in processing Systems (e.g., computers) are 
particularly interesting. The phenotypic characteristics of a 
cell are functions of the cells genetic constitution and 
environment. Often a particular phenotype can be correlated 
or associated with a particular biological condition or 
mechanism of action resulting from exposure to a Stimulus. 
Generally, cells undergoing a change in biological condi 
tions will undergo a corresponding change in phenotype. 
Thus, cellular phenotypic data and characterizations may be 
exploited to deduce mechanisms of action and other aspects 
of cellular responses to various Stimuli. 
0062) A selected collection of data and characterizations 
that represent a phenotype of a given cell or group of cells 
is Sometimes referred to as a "quantitative cellular pheno 
type.” This combination is also Sometimes referred to as a 
phenotypic fingerprint or just "fingerprint.” The multiple 
cellular attributes or features of the quantitative phenotype 
can be collectively Stored and/or indexed, numerically or 
otherwise. The attributes are typically quantified in the 
context of Specific cellular components or markers. Mea 
Sured attributes useful for characterizing an associated phe 
notype include morphological descriptors (e.g., size, shape, 
and/or location of the organelle) and composition (e.g., 
concentration distribution of particular biomolecules within 
the organelle). Other attributes include changes in a migra 
tion pattern, a growth rate, cord formation, an extracellular 
matrix deposition, and even cell count. Often, the attributes 
represent the collective value of a feature over Some or all 
cells in an image (e.g., Some or all cells in a Specific well of 
a plate). The collective value may be an average over all 
cells, a mean value, a maximum value, a minimum value or 
Some other Statistical representation of the values. 
0063. The quantitative phenotypes may themselves serve 
as individual points on “response curves.” A phenotypic 
response to Stimulus may be determined by exposing various 
cell lines to a stimulus of interest at various levels (e.g., 
doses of radiation or concentrations of a compound). In each 
level within this range, the phenotypic descriptors of interest 
are measured to generate quantitative phenotypes associated 
with levels of stimulus. 

0064. The term “path” or “response curve” refers to the 
characterization of a Stimulus at various levels. For example, 
the path may characterize the effect of a chemical applied at 
various concentrations or the effect of electromagnetic radia 
tion provided to cells at various levels of intensity or the 
effect of depriving a cell of various levels of a nutrient. 
Mathematically, the path is made up of multiple points, each 
at a different level of the stimulus. In accordance with this 
invention, each of these points (sometimes called signatures) 
is preferably a collection of parameters or characterizations 
describing Some aspect of a cell or collection of cells. 
Typically, at least Some of these parameters and/or charac 
terizations are derived from images of the cells. In this 
regard, they represent quantitative phenotypes of the cells. 
In the Sense that each point or Signature in the path may 
contain more than one piece of information about a cell, the 
points may be viewed as arrays, vectors, matrices, etc. To the 
extent that the path connects points containing phenotypic 
information (Separate quantitative phenotypes), the path 
itself may be viewed as a “concentration-independent phe 
notype.” The generation and use of Stimulus response paths 
are described in more detail in U.S. patent application Ser. 
No. 09/789,595, filed Feb. 20, 2001 naming Vaisberg et al., 
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and titled, “CHARACTERIZING BIOLOGICAL STIMULI 
BY RESPONSECURVES,” and U.S. patent application Ser. 
No. 10/623,485, filed on Jul.18, 2003, naming V. Kutsyy, D. 
Coleman, and E. Vaisberg as inventors, and titled, “Char 
acterizing Biological Stimuli by Response Curves,” both of 
which are incorporated herein by reference for all purposes. 
0065. As used herein, the term “feature” refers to a 
phenotypic property of a cell or population of cells. Typi 
cally, the points in a response curve of this invention are 
each comprised of multiple features. The terms “descriptor” 
and “attribute” may be used synonymously with “feature.” 
Features derived from cell images include both the basic 
"features' extracted from a cell image and the “biological 
characterizations” (including biological classifications Such 
as cell cycle States). The latter example of a feature is 
typically obtained from an algorithm that acts on a more 
basic feature. The basic features are typically morphologi 
cal, concentration, and/or Statistical values obtained by 
analyzing a cell image showing the positions and concen 
trations of one or more markers bound within the cells. 

0066) 
0067 Hepatocyte cultures are used in assays designed to 
assess hepatotoxicity. Some are used as controls and others 
are exposed to one or more Stimuli that may produce toxic 
responses in hepatocytes. AS explained, the cultures are 
imaged and analyzed to identify features that may be 
affected by the stimuli tested. The features are analyzed in 
order to categorize the Stimulus according to pathology (or 
simply toxicity), as will be described in more detail below. 

II. Culturing Hepatocytes for ASSay 

0068 Hepatocyte cultures may be derived from rats, 
humans or other Species appropriate to the Stimulus under 
investigation. Generally, hepatocytes used in different 
experiments should give consistent responses when exposed 
to the same assay conditions. Preferably, therefore, they 
come from a relatively homogeneous pool So that cells taken 
from one Source respond Similarly to cells taken from a 
different Source. Laboratory rats, being relatively homoge 
neous genetically in comparison to most human groups, may 
provide a Suitably consistent Source of hepatocytes for 
assays of this invention. However, the effects of a stimulus 
on rathepatocytes Sometimes fail to adequately represent the 
effects Seen on human hepatocytes. Hence, human hepato 
cytes may be necessary for Some investigations. 
0069 Transformed or immortalized human hepatocyte 
cell lines can provide a genetically homogeneous Source for 
many assays. One widely used transformed hepatocyte cell 
line is HepG2 available from the American Type Culture 
Center as HB 8065. Hep G2 is also available from 
Amphioxus Cell Technologies of Houston, Tex. 
0070. Unfortunately, immortalized cells do not always 
provide a completely realistic model of normal hepatocytes. 
In particular, although the hepatoma derived cell lines are 
easy to culture and maintain, they may not express the full 
complement of Cytochrome P450 metabolizing enzymes. 
One approach to this problem is to genetically modify the 
immortalized cells to mimic the expression pattern of a 
non-immortalized cell. 

0071 For non-immortalized or primary cells, one may 
use either freshly-isolated cells, which have been recently 
harvested, or cryopreserved cells. Several commercial ven 
dors provide fresh or cryopreserved primary hepatocytes 
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from human, rat, dog, and primate Species. These vendors 
include Xenotech LLC of Lenexa, Tex.; Tissue Transforma 
tion Technologies of Edison, N.J.; In Vitro Technologies of 
Baltimore, Md., Gentest (a BD Biosciences company) of 
Woburn, Mass.; and BDBiosciences. Transplant ready/fresh 
human hepatocytes are available from In Vitro Technologies 
and Tissue Transformation Technologies. Freshly isolated 
cells are normally used within 24 hrs after harvesting. For 
Some experiments, it is possible to use them at 72 hrs after 
harvest. 

0072 Although non-immortalized cells generally present 
a better model for hepatoxicity in assays than their immor 
talized counterparts, immortalized cells are usually easier to 
use. AS indicated, primary human hepatocytes have a finite 
Shelf-life and exhibit significant genetic variation acroSS 
Samples. Accordingly, another approach to culturing hepa 
tocytes for an assay can include isolating a highly differen 
tiated hepatocyte cell line that retains the metabolic activity 
of primary hepatocytes but has been immortalized to allow 
easy cultivation in vitro. For a more detailed description of 
established techniques for preparing Such cell lines, See 
Kobayashi, et al., “Prevention of acute liver failure in rats 
with reversibly immortalized human hepatocytes, Science, 
287: 1258-1262 (2000). 
0073 Hepatocyte cultures can be grown in or on various 
Support Structures. For instance, a bare plastic Support that 
includes nutrients can be used to Support a culture. Similarly, 
a glass Surface can be used to Support a culture. Other kinds 
of supports can include extra-cellular matrices such as 
collagen or Matrigel (available from BD Biosciences, San 
Jose, Calif.). Such structures can be provided in multiwell 
plates, Such as 384-well assay plates. Cultures of primary 
hepatocytes generally grow well in three-dimensional lattice 
StructureS. 

0074. In some embodiments, hepatocytes can be cultured 
with associated cells to encourage the hepatocytes to behave 
naturally in an assay. For instance, hepatocytes can be 
co-cultured with Stromal cells such as fibroblasts. Co-cul 
turing hepatocytes and Support cells in this manner may 
improve the predictive qualities of the assays in Some 
COnteXtS. 

0075. A discussion of co-culturing is provided in U.S. 
Pat. No. 6,599,694 of Elias (issued Jul. 29, 2003), which is 
incorporated herein by reference for all purposes. AS 
explained there, two separate cell types are exposed to a 
Stimulus Suspected of producing a biological condition (e.g., 
a specific toxic pathology). The two different cell types are 
co-cultured or otherwise allowed to interact with one 
another before and during exposure to the agent. The images 
of the cells show how the stimulus separately affects each of 
the cell types. Specifically, the images show how the phe 
notype of each cell type changes (or does not change) upon 
exposure to the Stimulus. In this regard, the concept of a 
phenotype encompasses Visual indicators showing migration 
patterns, growth rates, extracellular matrix depositions, etc. 
0076. In the context of this invention, the cultures and 
Supports described above are intended to provide in Vitro 
models of in Vivo hepatocyte functioning. For example, a 
three-dimensional co-culture of primary human liver Stroma 
and parenchymal cells can be provided in Vitro in a manner 
that mimics in Vivo liver tissue function. 

0077. For some assays, such as the cholestasis assay, it 
may be appropriate to culture “polarized hepatocytes.” Such 
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culture can mimic features of the biliary tree, Such as bile 
ducts, and thereby cause the hepatocytes to Secrete bile into 
a “duct” (the exposed portion of the culture) and otherwise 
behave as if they were part the biliary tree. Because 
cholestasis is characterized by inhibition of bile flow, such 
culturing facilitates characterization of cholestasis. 

0078. An exemplary procedure for preparing hepatocyte 
cultures for use with assays of this invention will now be 
described. Specifically, the procedure involves the use of 
primary rat hepatocytes as follows: 

0079 
0080) 1. Adult Sprague-Dawley male rats (250-350 g) 
are anesthetized with Isoflurane to induce an anesthetic 
plane by inhalation. 

Isolation and Culture of Primary Rat Hepatocytes 

0081 2. An initial incision is made with surgical 
Scissors to the ribcage, proximal to the pubis through 
the Skin and muscle wall, with care taken to avoid 
cutting the diaphragm. 

0082) 3. The intestines are then moved from the 
abdominal cavity to the animal's side. The portal vein 
and inferior vena cava (IVC) are exposed and two 
Surgical Sutures are loosely placed around the portal 
WC. 

0.083 4. The IVC is injected with 0.3 cc heparin (1000 
U/mL). The peristaltic pump is turned on and the flow 
rate is set to 1 mL/min using Liver Perfusion Medium 
warmed to 37° C. (available from Gibco BRL, Div. of 
Life Technologies Inc., Gaithersburg, Md., Catalog 
#17701). 

0084 5. The portal vein is cannulated and the portal 
vein Sutures are tightened. With care taken to avoid 
introducing any air bubbles, the perfusion line is con 
nected to the catheter. 

0085 6. The animal is euthanized by cutting the heart 
and diaphragm. The rate of the peristaltic pump is 
slowly brought to 16 mL/min and perfused for 15 
minutes. 

0086 7. After 15 minutes, the perfusion media is 
Switched to Liver Digest Medium (Gibco BRL, Div. of 
Life Technologies Inc., Gaithersburg, Md., Catalog 
#17703) at 37° C. and perfused for 15 minutes. 

0087 8. The liver is removed and placed in a 10 cm 
dish. Next, the liver is minced with Small Scissors and 
the contents are poured into a sterile flask with 50 mL 
of DMEM supplemented with 100 U Dnase I. 

0088 9. The flask is incubated at 37° C. for 20 min 
utes. The cells are strained through sterile 100 micron 
mesh nylon. 

0089 10. The contents are centrifuged for 5 minutes at 
50 g. The Supernatant is then removed and the pellet is 
resuspended in 10 mL DMEM. 

0090) 11. The hepatocytes are purified in 30% Percoll 
and centrifuged at 50x g for 5 minutes. The Supernatant 
is discarded and the pellet is resuspended in 5 mL 
DMEM medium. 
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0091 12. The cells are counted by Trypan blue exclu 
Sion. 

0092) 13. Twenty five to fifty thousand cells/well are 
plated in a 96 flat well plate pre-coated with collagen I 
(BD Biosciences, San Jose, Calif. or Cellzdirect, Tuc 
Son, Ariz.) or custom coated with 300 micrograms/ml 
collagen I in PBS (phosphate buffered saline). The 
plates are incubated at 37° C./5% CO in HCM (Cam 
brex Bioscience, Baltimore, Md.), Hepatozyme (Invit 
rogen, Carlsbad, Calif.) or Cell Plating Medium (Cellz 
Direct, Tucson, Ariz.) for two hours. Cells are washed, 
and the medium is replaced with Hepatozyme contain 
ing 1-30 micrograms/ml of Matrigel (BD Biosciences) 
or collagen I, and the plates are incubated overnight. 

0093. As appreciated by those of skill in the art, other 
procedures for preparing hepatocyte cultures can also be 
used within the Scope of the present invention. 
0094) 
0095 AS indicated, the phenotypic data characterizing 
Stimuli is derived, at least in part, from images of hepato 
cytes exposed to particular combinations of Stimulus type 
and stimulus level. See block 105 in FIG. 1B, for example. 
Various techniques for preparing and imaging appropriately 
treated cells are described in the following U.S. patent 
application Ser. No. 09/310,879 by Crompton et al., entitled 
A DATABASE METHOD FOR PREDICITIVE CELLU 
LAR BIONINFORMATICS, filed on May 14, 1999; U.S. 
Pat. No. 6,651,008 by Crompton et al., issued Nov. 18, 2003; 
and U.S. Pat. No. 6,631,331 by Crompton et al., issued Oct. 
7, 2003, each of which are incorporated by reference herein 
for all purposes. 

III. Imaging and Segmentation 

0096 Generally the images used as the starting point for 
the methods of this invention are obtained from cells that 
have been specially treated and/or imaged under conditions 
that contrast the cell's marked components with other cel 
lular components and the background of the image. Typi 
cally, the cells are fixed, optionally washed, and then treated 
with a material that binds to the components of interest and 
shows up in an image (i.e., the marker). Preferably, the 
chosen agent Specifically binds to the cellular component of 
interest, but not to most other cellular biomolecules. In Some 
cases, the cells are treated with the marker prior to fixation. 
This may be appropriate when, for example, the marker is 
used to distinguish live and dead cells. 
0097. In the case of cells treated with a fluorescent 
marker, a collection of Such cells is illuminated with light at 
an excitation frequency. A detector is tuned to collect light 
at an emission frequency. The collected light is used to 
generate an image, which highlights regions of high marker 
concentration. 

0098. Additional operations may be performed prior to, 
during, or after the imaging operation (105) of FIG. 1B. For 
example, "quality control algorithms' may be employed to 
discard image data based on, for example, poor exposure, 
focus failures, foreign objects, and other imaging failures. 
Generally, problem images can be identified by abnormal 
intensities and/or spatial Statistics. 
0099. In a specific embodiment, a correction algorithm 
may be applied prior to Segmentation to correct for changing 
light conditions, positions of Wells, etc. In one example, a 
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noise reduction technique Such as median filtering is 
employed. Then a correction for Spatial differences in inten 
sity may be employed. In one example, the Spatial correction 
comprises a separate model for each image (or group of 
images). These models may be generated by Separately 
Summing or averaging all pixel values in the X-direction for 
each value of y and then Separately Summing or averaging 
all pixel values in they direction for each value of X. In this 
manner, a parabolic Set of correction values is generated for 
the image or images under consideration. Applying the 
correction values to the image adjusts for optical System 
non-linearities, mis-positioning of Wells during imaging, etc. 

0100 Note that the quality of the images is dependent on 
cell plating, compound dilution, compound addition and 
imaging focusing. Failures in any these Systems can be 
detected by a variety of methods. For example, cell plating 
could fail because of a clogged tip in a delivery pipette. Such 
failure can be identified by adding a fluorescent dye or bead 
to the cell Suspension. The fluorescence of this dye or bead 
is chosen to be at a different channel (wavelength) than the 
markers used to image cellular components. Another poten 
tial failure could occur during compound delivery. To detect 
Such failures, one can add a fluorescent dye or bead in the 
compound plate before compound dilution. The amount of 
fluorescent dye or bead is proportional to the amount of 
compound. Yet another potential problem occurs when the 
focus of the image acquisition System changes during imag 
ing. To account for Such spatial biases, one can employ 
control wells containing, for example, cells with no or 
neutral compounds interspersed throughout the plate. Still 
another problem results from foreign objects (e.g., Small 
dust particles) in the well. This can be addressed with image 
Segmentation and Statistical outlier identification techniques. 
Both manual and automated methods can be used to elimi 
nate bad images from analysis. 

0101. In order for the images to provide useful informa 
tion about individual hepatocytes, the hepatocytes should be 
well Spaced and distinguishable from one another. Other 
wise, Segmentation may be difficult or impossible. If cell 
clumping makes identification of individual hepatocytes 
difficult, the cells can be seeded at a lower density or 
different culturing conditions can be used. 

0102 Growing cells on a three-dimensional matrix Such 
as collagen or Matrigel may also present Some challenges 
for imaging. In particular, autofocusing can be difficult when 
cells are located in a three-dimensional Structure. However, 
culturing conditions and automated microscopy capabilities 
can be adjusted to keep a Sufficient number of cells within 
an accessible focal plane. Furthermore, the Spatial resolution 
can be adjusted according to the degree of magnification 
necessary for a particular assay. Other conditions that can be 
modified according to the Segmentation needs of a particular 
assay include the use of markers (e.g., DAPI for DNA) and 
the cell fixation procedures implemented. An example of an 
automated microScopy System Suitable for use with this 
invention is the Image Express available from AXon Instru 
ments or the Discovery 1 available from Universal Imaging 
and Molecular Devices. 

0103) The goal of segmentation is to allow feature extrac 
tion on a cell-by-cell basis. Segmentation identifies discrete 
regions of an image that include only those pixels where the 
components of a single cell are deemed to be present. Thus, 
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each representation is a bounded collection of pixels, each 
providing associated features characterizing a Single cell. 

0104 Segmentation can be accomplished in numerous 
ways. These include use of techniques that identify regions 
of high DNA concentration (presumed to be nuclear regions) 
and watershed algorithms. Typically nuclear DNA markers 
provide a strong Signal and there is a high contrast in the 
image and an edge detection based Segmentation proceSS can 
be used. The Segmentation process typically identifies edges 
where there is a Sudden change in intensity of the cells in the 
image and then looks for closed connected edges in order to 
identify an object. In Some cases, Segmentation can be 
conducted on confluent or Semi-confluent cultures 

0105. In one approach to Segmentation, the image analy 
sis tool initially identifies the nucleus of each cell captured 
in the image under consideration. If images from different 
channels are well registered, the nuclei can be first identified 
in the DNA channel and then overlaid to the image under 
consideration. The Segmentation algorithm defines a "ring 
region' around each nucleus. Generally, this step Serves to 
define the perinuclear region. This region encompasses 
Some or all of the cytoplasmic cell components in a normal 
interphase cell. The general method is described in U.S. 
Published Patent Application No. US-2002-0141631-A1, 
published Oct. 3, 2002, naming Vaisberg, Cong, and Wu as 
inventors, and titled “IMAGE ANALYSIS OF THE GOLGI 
COMPLEX,” which is incorporated herein by reference for 
all purposes. 

0106 To identify bi-nuclear cells (and not treat each 
nuclei as the locus of different cell), one may employ nearest 
neighbor algorithms and other algorithms of the type 
described in U.S. patent application Ser. No. 10/615,116, 
filed Jul. 7, 2003, naming Coleman et al., and titled “METH 
ODS AND APPARATUS FOR CHARACTERISING 
CELLS AND TREATMENTS," which is incorporated 
herein by reference for all purposes. 

0107 A watershed algorithm has been found to provide 
very good Segmentation even in cultures containing many 
abutting hepatocytes or cells of other types. A Suitable 
algorithm for this purpose is described in U.S. Published 
Patent Application No. US-2002-0154798-A1, published 
Oct. 24, 2002, naming Cong and Vaisberg as inventors and, 
titled “EXTRACTING SHAPE INFORMATION CON 
TAINED IN CELLIMAGES.” which is incorporated herein 
by reference for all purposes. The watershed approach does 
a particularly good job of correctly illustrating the shape of 
cells identified during Segmentation. In Some embodiments, 
employs image data for a cell shape-indicative marker (for 
example, cytoskeletal components, (e.g., tubulin), one or 
more cytoplasmic proteins (for example lactate dehydroge 
nase or total cell protein), or membrane components (e.g., 
lipids or plasma membrane receptors)) in a watershed tech 
nique. Markers that detect proteins localized on the cell 
Surface may work well in this technique. Examples include 
the tight junction proteins Zonula occludens-1 (ZO-1), ZO-2, 
and ZO-3, which are found at the interface of fused hepa 
tocytes and other cells. Other reagents for Segmenting cells 
include Succinimidyl esters conjugated to fluorescent dyes 
such as TAMRA or Alexa (Molecular Probes, Eugene, 
Oreg.). This reagent labels the primary amine groups of 
proteins and can be used to label any cell, including hepa 
tocytes. 
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0108. The following example is a procedure for fixing 
and Staining primary rat hepatocytes to visualize nuclei, 
golgi, and actin. The Alexa 647 nm Succinimidyl ester 
reagent (A647SE) is used to Segment individual hepatocytes 
within an image. 

0109) 1) To each well containing 100 ul of medium, 
add 250 ul of fix solution (5.3% paraformaldehyde, in 
1x PBS) and incubate at room temperature for two 
hours. 

0110 2) Remove the fix solution (by inverting the plate 
upside down), and add 350 ul of wash buffer (1x PBS, 
0.2% Triton X-100) to each well. Incubate for 5 min 
utes at room temperature. 

0111 3) Remove the wash buffer, and add 100 ul of 
block buffer (10% heat inactivated normal goat serum 
(Vector Labs, Burlingame, Calif. diluted in 1x PBS, 
0.2% TritonX-100). Incubate for 30 min at room tem 
perature. 

0112 4) Remove the block buffer and add 100 ul of 
Staining mix per well. Staining mix is comprised of 
Alexfluo.488 conjugated phalloidin (1:200 dilution of a 
20 uM Stock Solution), and rhodamine conjugated 
DM1a (1:300 dilution of 1 mg/ml stock solution) 
diluted in block buffer. Incubate overnight in the dark 
at 4 C. 

0113 5) Aspirate off the staining mix, and add 100 ul 
per well of A647SE mix: 0.5ug/ml A647SE (stock 10 
mg/ml) and 1:1000 dilution of Hoechst 33342 (stock 5 
mg/ml) in wash buffer. Incubate at room temperature 
for one hour in the dark. 

0114 6) Aspirate off the staining mix, and add 350 ul 
wash buffer per well. Incubate 5 min at room tempera 
ture. 

0115 7) Repeat the wash step two times. 
0116 8) Seal the plate and store at room temperature in 
the dark prior to imaging. 

0117) 
0118 Acute liver failure can be associated with Such 
necrosis and apoptosis. Both of these pathologies are a 
manifestation of cell death. Yet, they have distinct features 
that can be utilized in image analysis to characterize a cell 
as necrotic, apoptotic, or neither apoptotic nor necrotic. 

IV. Detecting Necrosis and Apoptosis 

0119) To determine whether hepatocytes are necrotic, 
various features can be assayed. General indicators of necro 
sis include increased membrane permeability, decreased 
enzyme activity, diffuse Golgi distribution in interphase 
cells, dilated mitochondria morphology, and compromised 
metabolic activity of mitochondria. 
0120 In one embodiment, an assay tests the membrane 
permeability of the treated hepatocytes. Generally, cells with 
highly permeable membranes are deemed to be necrotic. 
Accordingly, a Stain that is not permeable to the cell mem 
brane of live cells can be introduced to a culture of treated 
hepatocytes before the hepatocytes are fixed for imaging. 
One example of a stain that can be used is ethidium bromide 
homodimer (available from Molecular Probes, Inc., Eugene, 
Oreg.). The material strongly binds to nucleic acids, yet is 
substantially impermeable to the cell membranes of live 
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cells. It has been found ethidium bromide homodimer binds 
to the DNA of dead cells with an approximately 40-fold 
increase in fluorescence intensity. Other impermeable DNA 
Stains (e.g., acridine orange, propidium ionide) or other 
impermeable cellular stains (e.g., trypan blue or rhodmine 
labeled phalloidin, which labels actin filaments) can also be 
used. 

0121 Examples of cell enzymes that can be used to 
generally identify necrotic cells include esterases. Bio 
chemical assays include measuring ATP levels, or the reduc 
tion of a tetrazolium Salt into a colored formazon product 
(MTS or MTT assay). In one embodiment, a live cell stain 
such as calcein AM (available from Molecular Probes, Inc., 
Eugene, Oreg.) can be introduced to a treated hepatocyte 
culture prior to fixing. Calcein AM is a non-fluorescent dye 
that is cell permeable. The dye becomes fluorescent after 
cleavage of its ester groups by cellular esterases. This 
requires cellular energy, and is therefore a good indicator of 
live cells having intact membranes and functional mitro 
chondria with intact ATP production machinery. The dye can 
also be used to observe live cell morphologies Such as 
membrane blebbing, which is an early indicator of apopto 
Sis. Although calcein AM is bright in live cells, its fluores 
cence intensity decreases with time after the cells are fixed. 
Hence, in Some embodiments, the hepatocytes may be 
imaged prior to fixing. In other embodiments, the cells are 
imaged relatively Soon after fixing. In either case, Strongly 
fluorescing cells are likely to be live and non-fluorescing 
cells are likely to be necrotic. Another example of a stain that 
can be used either before or after fixing is CMFDA (i.e., 
5-chloromethylfluorescein diacetate), which provides a 
good indicator of live cells. Like calceiin AM, it penetrates 
the cell membrane. In living cells with esterase activity, its 
acetate group is cleaved to produce a green fluorescent 
protein (excitation 485 nm, emission 520 nm), which is 
trapped inside the live cell. 
0122) Diffuse Golgi can be identified by imaging cells 
Stained with a Golgi binding marker Such as labeled Lens 
culinaris lectin (LC lectin) or antibodies to proteins enriched 
in the Golgi complex, such as gp130, betaCOP. From 
imaged cells, the Golgi can be characterized by locating the 
region in a cell where the Golgi resides, and mathematically 
analyzing the region for peakedness, texture, amount of 
Golgi complex in the region, etc. AS Specific examples, the 
mathematical characterization of the Golgi complex include 
the kurtosis of intensity values obtained from the image, 
eigenvalues of a Singular value decomposition of intensity 
values obtained from the image, and at least one of a mean 
and a Standard deviation of intensity values obtained from 
the image. A Suitable procedure for characterizing Golgi is 
described in U.S. Published Patent Application No. 
US-2002-0141631-A1, published Oct. 3, 2002, which was 
previously incorporated herein by reference. 
0123. In addition to determining whether cells are 
necrotic, a determination can be made about whether the 
cells are apoptotic. Apoptosis is a form of cell death and 
follows a Specific biochemical cascade of events. Generally, 
apoptosis may be activated in cells by an intrinsic program 
of gene activations or by exposure to harmful Stimuli. 
Apoptosis is characterized by a pathway that includes 
changes in certain membrane proteins, depolarization of the 
mitochondrial membrane, release of cytochrome C from 
mitochondria, activation of various caspase enzymes 
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(caspase 3 is a major isoform involved in apoptosis), con 
densation, fragmentation and granularization of the nuclei, 
and breakdown of various nuclear and cellular proteins 
including actin, and microtubules. In addition, apoptotic 
cells tend to become loosely attached to their Substrate and 
can removed easily. Various of these specific manifestations 
of apoptosis that can be identified by image analysis include 
exposure of phosphatidyl Serines on membrane proteins, the 
migration of cytochrome c from the mitrochondria into other 
regions of the cell, changes of mitochondrial membrane 
potential, activation of caspase 3, cleavage of caspase Sub 
Strates (PARP, microtubule and actin), and condensation, 
fragmentation and granularization of the nuclei. 
0.124 FIG.2 presents a cartoon depiction of a hepatocyte 
undergoing apoptosis in a hepatocyte 212. In comparison to 
a normal hepatocyte 12, the apoptotic cell has become 
Smaller and more rounded. Furthermore, its nucleus 216 has 
condensed and become fragmented. Thus, markers for its 
nuclear components may exhibit brighter than normal Sig 
nals. Furthermore, the tubulin fibers 218 appear less discrete 
as fiber bundles and more diffusely distributed throughout 
the cytoplasm. In contrast, the tubulin fibers 18 in a normal 
hepatocyte are disposed as thick tubulin bundles radially 
with respect to the nucleus 16 as shown. 
0.125. Any one or more of the apoptosis features depicted 
in FIG. 2 or described elsewhere here may be employed to 
identify apoptotic cells in an image analysis procedure of 
this invention. A specific image-analysis algorithm for iden 
tifying necrotic and apoptotic hepatocytes is described 
below in the context of FIG. 3. 

0126. In one embodiment, annexin V is used to detect 
whether a cell is apoptotic. Annexin V is a commercially 
available marker from R&D Systems of Minneapolis, Minn. 
Annexin V is a member of a calcium and phospholipid 
binding family of proteins with vascular anticoagulant activ 
ity. Various Synomyms for annexin V exist: placental protein 
4 (PP4), placental anticoagulant protein I (PAP I), 
calphobindin I (CPB-I), calcium dependent phospholipid 
binding protein 33 (CaBP33), vascular anticoagulant protein 
alpha (VACa), anchorin CII, lipocortin-V, endonexin II, and 
thromboplastin inhibitor. Largely found on the cytosolic 
face of plasma membranes, this molecule has high affinity 
for phospholipids in the presence of physiological concen 
trations of calcium. See, Cookson, B. T. et al. (1994) 
Genomics 20:463; Grundmann, U. et al. (1988) Proc. Natl. 
Acad. Sci. USA85:3708; and Huber, R. et al. (1992) J. Mol. 
Biol. 223:683, each of which is incorporated herein by 
reference. 

0127. During apoptosis, the proteins reverse orientation 
within the membrane to expose the phosphatidyl Serine 
residues. Annexin V binds to the protein in this State. 
However, Annexin V does not bind to the protein when it is 
in its normal orientation. Accordingly, when annexin V 
binding is detected, the cell's death might be attributed to 
apoptosis. For purposes of an image analysis assay, a fluo 
rescently labeled annexin V may be used. 
0128. In another approach, late-stage apoptosis can be 
detected by using dyes that are Sensitive to changes in 
mitochondrial membrane potential, Such as MitoTracker 
(available from Molecular Probes, Inc., Eugene, Oreg.). 
Normally, the mitochondrial membranes have a Strong elec 
trochemical gradient that drives ATP synthesis. During apo 
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ptosis, the mitochondria within a cell depolarize. LOSS of 
mitochondrial membrane potential has been recognized as 
an early marker of apoptosis and is quantifiable by 
MitoTracker(R) Red 

0129. In other embodiments, detection of cytochrome C 
outside of the mitochondria can be an indicator of apoptosis. 
Cytochrome C is required for respiration in the mitochon 
dria, and detection of cytochrome C outside of the mito 
chondria indicates that the mitochondria have been compro 
mised. More particularly, when the mitochondria Stops 
functioning, the mitochondria releases cytochrome C. Green 
Fluorescent Protein (GFP) and/or antibodies also can be 
used to identify the presence of cytochrome C outside the 
mitochondria. See, e.g., Goldstein et al. (2000) Nature Cell 
Biol. 2:156; and Ogawa et al. (2002) Intl. J. Molecular 
Medicine 10:263. 

0.130. In another embodiment, early-stage apoptosis can 
be detected by the presence of activated caspase 3, which is 
central to the apoptotic cascade. Different caspases may be 
activated, depending on the nature of the Stimuli. Caspase 3, 
however, appears to be a key convergence point of most 
apoptotic pathways and its activation is an important hall 
mark of the apoptotic response. One method to detect 
caspase 3 activation is to use an antibody Specific for 
activated caspase3 (Signaling Technology, Inc., Beverly, 
Mass.) in an immunoprecipitation experiment. In addition, 
there are modified Substrates for caspase 3 that can be used 
in biochemical assayS. Such as Asp-Glu-Val-Asp-AMC avail 
able from Molecular Probes, Inc., Eugene, Oreg.). Cleavage 
of the peptide by caspase 3 yields the blue fluorescent AMC 
product (7-amino-4-methyl coumarin). The same peptide 
Substrate can be conjugated to rhodamine 110 (Molecular 
Probes) to yield a fluorescent product after cleavage by 
caspase 3. Another example is a FITC conjugated caspase3 
inhibitor (caspTag, Serologicals, Norcross, Calif.), which 
recognizes and covalently link itself to the activated 
caspase3. 

0131. In yet another embodiment, specific labeling of 
fragmented DNA is used to determine whether the cell died 
by apoptosis. During apoptosis, enzymatic cleavage of the 
nuclear DNA occurs. This can be observed by a “TUNEL' 
assay that measures terminal transferase activity, which 
indicates the number of free ends of DNA generated by the 
degradation. An alternative to TUNEL is to use an antibody 
that recognizes Histone H2AX phosphorylation (Upstate 
Cell Signaling, Waltham, Mass.) in response to DNA dam 
age and Strand breakage that occurs during apoptosis. 

0.132. In addition, the effect on the nucleus can be 
observed by imaging the nucleus of a cell. In particular, the 
cell can be treated with a DNA stain (e.g., fluorescently 
labeled antibodies to DNA and fluorescent DNA intercala 
tors such DAPI and Hoechst 33341 available from Molecu 
lar Probes, Inc. of Eugene, Oreg.) and then imaged to assess 
the cell based on the morphology of its nucleus. Apoptosis 
is often accompanied by condensation and fragmentation of 
the nucleus. Therefore indicia of apoptosis include relatively 
Small nuclear regions of high Signal intensity and “punctate' 
nuclear regions in which the nuclei Separate into Small 
points. 

0133) Note that condensed punctate nuclear regions are 
also found in mitotic cells. Thus, methods for characterizing 
mitosis may be used-in conjunction with other methods 
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Specific for apoptosis-to characterize the ability of a Stimu 
lus to induce apoptosis. "Mitotic index is one measure of 
the mitotic State of cells. Generally, the mitotic indeX refers 
to the proportion of mitotic cells in the cell population. The 
cell cycle State (including the mitotic State) can be deter 
mined by various techniqueS Such as those described in U.S. 
patent application Ser. No. 09/729,754, filed Dec. 4, 2000, 
naming Vaisberg et al., and titled “CLASSIFYING CELLS 
BASED ON INFORMATION CONTAINED IN CELL 
IMAGES,” which is incorporated herein by reference for all 
purposes. In one approach, the mitotic indeX is determined 
from the intensity of the DNA signal in cells (mitotic cells 
have twice as much DNA as G1 cells) and the variance in the 
DNA signal intensity (greater variance Suggests mitosis). 
0134) Another property of cells undergoing apoptosis is 
that they tend to become loosely attached to the Substrate. 
Both cytoplasm shrinkage and loss of attachment is probably 
a result of cytoskeleton damage by caspases. This property 
can be detected by exposing the culture to a treatment that 
will tend to dislodge and remove loosely attached cells. One 
way to accomplish this is by carefully washing a cell culture 
under consideration. The level of apoptosis has been found 
to correlate well to a “washout coefficient' based on cell 
counts in washed and unwashed cultures exposed to a 
Stimulus Suspected of inducing apoptosis; e.g., (cc 
(unwashed)—cc(washed))/cc(unwashed). 
0135) It has been found that hepatocytes, cultured on a 
collagen Substratum Surface, Stained using Standard immu 
nocytochemistry procedures, and washed using phosphate 
buffered saline or Tris-buffered saline give washout coeffi 
cients that correlate Strongly with apoptosis. For example, it 
has been found that approximately 40% or higher percentage 
of the cells exposed to a strong apoptosis inducing Stimulus 
become dislodged during washing. Generally, large values 
of the coefficient indicate that the associated Stimulus is a 
Strong inducer of apoptosis. 
0.136 Aside from washing the culture, centrifugation, 
Shear force, mixing, and the like also can be used to dislodge 
apoptotic cells and provide classifying information corre 
sponding to washouts. 
0.137 In some embodiments, apoptosis can be analyzed 
using time-lapse imaging technology. AS described above, 
an apoptotic event is characterized by condensation of the 
nuclei. A Specific example of a time-lapse apoptosis experi 
ment will now be described. Using multi-site time-lapse 
imaging of live cells expressing a GFP-histone2B (or any 
other GFP-tagged protein that functionally co-localizes with 
DNA) at low (5x-10x) magnification, the apoptotic event 
can be observed. Cells can be kept alive in their preferred 
environment using an environmental chamber with heat and 
carbon dioxide. Many wells can be sequentially visited and 
images can be taken. This proceSS can be repeated every 
10-15 minutes over a course of days in the presence of a 
compound or control, until hundreds of images are collected 
that can be collated into movies and analyzed qualitatively 
or quantitatively. Three Structural pathways that the cells can 
take to an apoptotic death include the following. 
0138 First, some of the more traditional apoptotic induc 
ers (e.g., Staurosporine, Tpen) cause cells to apoptose from 
interphase (G1, S, or G2). This can be visualized as con 
densation of the nuclei into a Single Small and bright 
condensed fragment. 
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0139 Second, compounds that cause mitotic arrest (e.g., 
Taxol) cause cells to apoptose from mitotic (or arrested 
mitosis as the case may be). Cells that apoptose from this 
State result in a large array of multiple Small DNA fragments. 
This may be a form of mitotic catastrophe. 
0140. Third, cells that are arrested in mitosis for a long 
period of time (e.g., with Taxol) may also decondense their 
DNA and become live, albeit, multinuclear cells. These cells 
will proceed to apoptose with a large array of multiple Small 
DNA fragments. 
0.141. The apoptotic states induced by second and third 
pathways above are Sensitive to perturbations in the liquid 
layer, Such that the cells are disturbed even in a “homog 
enous assay by the addition of Stain, without washing. The 
apoptotic State induced by first pathway is also easily 
washed away, but leSS easily than with the Second and third 
pathways. 
0142. Using multi-site time-lapse techniques as 
described, apoptotic events can be quantified on a cell-by 
cell basis over time to extract kinetic information. 

0.143 FIG. 3 presents a flow chart highlighting some 
operations that may be used in an assay for apoptosis and 
necrosis in accordance with an embodiment of this inven 
tion. A depicted process 301 begins after the hepatocytes in 
two or more samples (e.g., hepatocyte cultures in Separate 
wells of a plate) have been exposed to a stimulus as 
indicated at block 103 of FIG. 1B. Generally, the exact same 
Stimulus is provided to the two or more hepatocyte Samples. 
Then each of them is Subject to a different Set of preparatory 
treatmentS. 

0144) Importantly, one sample is washed and the other is 
not. Optionally, the Samples are treated with different mark 
ers. As illustrated in a block 303, one hepatocyte sample is 
treated in a single Step that does not include a wash Step. In 
one specific embodiment, this step involves contacting the 
hepatocytes with a fixing agent, an esterase activity marker 
Such as calceiin AM, a cell membrane impermeable marker 
Such as ethidium bromide homodimer, and a DNA interca 
lating Stain Such as Hoechst. 
0.145) A second sample is subjected to a multi-step pre 
paratory treatment 305 that includes one or more washes. 
One example of a multi-step preparatory treatment is a 
quadstain. This allows comparison of washed and unwashed 
Samples to assess the Stimulus impact on cell adhesion. In 
one embodiment, the treatment includes contact with a 
tubulin marker (e.g., DM1-C), an actin marker (e.g., fluo 
rescently labeled phalloidin), a DNA marker, a caspase-3 
activity marker. In a Specific example, the treatment includes 
the following Sequence: 
0146 Cell plates are split into two groups: a one-step 
group and a quad-stain group. For the one step group, 
calceinAM and ethidium homodimer are added to the wells 
and the plates incubated for 30 min at 37 degrees. A fixative 
(4% paraformaldehyde, 5 ug/ml Hoechst 33342 in phos 
phate buffered Saline) is added to each well and the plates are 
imaged. The following Steps are used to treat Wells in the 
quad-stain group (1) fixative, (2) wash buffer (e.g. phosphate 
buffered saline) (3) blocking buffer (Technova, catalog 
#T1682) (4) antibody cocktail with markers (Hoechst 3341, 
caspase3 antibody, rhodamine labeled DM1-C, and fluores 
cently labeled phalloidin), (5) wash, (6) incubation with a 
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fluorescent Secondary antibody to the caspase primary anti 
body, (7) wash, and (8) image. Hoechst 3341 is a DNA 
marker, caspase 3 is an apoptosis marker, DM1-C, is a 
microtubule marker, and phalloidin is an actin marker. 

0.147. After the hepatocyte samples have been separately 
treated as described (operations 303 and 305), they are 
imaged and segmented as indicated at block 307. This 
corresponds to operations 105 and 107 of FIG. 1B. Next, the 
images are separately analyzed to extract pertinent features 
on a cell-by-cell basis. See block 309. This corresponds 
generally to operations 109, 111, and 113 of FIG. 1B. From 
this point, the flow chart branches to analyze the imageS for 
apoptosis (one branch) and necrosis (a second branch). The 
analysis employs features extracted from both Samples (the 
one receiving treatment 303 and the other receiving treat 
ment 305). 
0.148. On the necrosis branch, the method identifies aver 
age levels of esterase activity (e.g., calcein AM activity) and 
cell permeability (e.g., ethidium bromide homodimer bind 
ing) in cells of the image. See block 311. This operation 
represents a specific version of the "derive Statistical result 
for each relevant feature” operation of FIG. 1B (block 115). 
From this information, the method characterizes the necrotic 
response of the hepatocytes. See block 313. In a specific 
embodiment, necrotic cells have low esterase activity and 
high cell permeability, while live cells have high esterase 
activity and low cell permeability. These features are 
obtained as statistical parameters across all cells in the 
image. 

0149 On the apoptosis branch, the method considers the 
condensation and/or fragmentation of the nuclei (using 
mitotic index for example), cell adhesion (using a washout 
coefficient for example), and average caspase-3 activity (or 
the activity of some other apoptosis marker). See block 315. 
As with operation 311 on the necrosis branch, operation 315 
represents a specific embodiment of operation 115 from 
FIG. 1B. After the information relevant to apoptosis has 
been identified and considered, the method characterizes the 
apoptotic effect of the stimulus. See block 317. As discussed 
above, apoptosis is characterized by a lowering of cell 
adhesion, condensation of the nuclei, and increased caspase 
3 activity-among other effects. 

0150. Note that the above assay method is but one of 
many apoptosis and/or necrosis assays within the Scope of 
this invention. Various combinations of markers and features 
can be employed in image analysis techniques to assess the 
effects of Stimuli on hepatocytes. 

0151. Another assay for apoptosis has been applied to 
cancer cells. And it should be generally applicable to other 
cell types as well. In the assay, cells exposed to a Stimulus 
are divided into two Samples. The first group is treated very 
simply; it is fixed and contacted with a DNA marker in a 
Single Step. In other words, it is treated with a cocktail 
containing only a fixative agent and a DNA marker (e.g., the 
Hoechst 33341 marker). Thereafter it is imaged without first 
Washing. The Second Sample is Subjected to a more elaborate 
procedure. The following sequence is employed: (1) fixed, 
(2) washed, (3) blocked, (4) cocktail with markers (e.g., 
Hoechst 3341, LC-lectin, DM1-C, and a primary antibody to 
the phosphorylated histone (pH3)), (5) wash, (6) contact 
with a fluorescent secondary antibody to the pH3 primary 
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antibody, (7) wash, and (8) image. Hoechst 3341 is a DNA 
marker, LC-lectin is a Golgi marker, and DM1-C, is a tubulin 
marker. 

0152. As indicated, one can use the washout coefficient in 
determining a level of apoptosis. Another indicator of apo 
ptosis is a combination of (1) and a high mitotic percentage 
of cells with condensed DNA (using a DNA marker) and (2) 
a low mitotic index using a phospho-histone marker (e.g., a 
pH3 marker). AS indicated, during apoptosis, the nuclear 
DNA becomes condensed and fragmented. Thus, proportion 
of cells with condensed DNA will increase. Of course, a 
Stimulus that produces mitotic arrest will also give a high 
mitotic indeX using a DNA marker. So, a mere quantification 
of cells with condensed DNA using a DNA marker will not 
provide Strong evidence of apoptosis. To more clearly dis 
tinguish Stimuli that induce mitotic arrest from Stimuli that 
induce apoptosis, the procedure uses a marker (e.g., an 
antibody) for a phosphorylated histone, e.g., phospho-his 
tone 3 (pH3). During mitosis, the histones in the nucleus 
become phosphorylated. Therefore, mitotic indeX is mea 
Sured using a pH3 marker will also give a high reading for 
the Stimuli that induce mitotic arrest. However, during 
apoptosis, histones are not phosphorylated to Such a degree. 
Therefore, a histone-based mitotic index will not be so high 
for apoptotic cells. One view of this distinction may be 
understood with reference to the following table. 

Cells with Condensed 
DNA Mitotic Index (Histone) 

Mitotic Arrest High + High + 
Apoptosis High + Low - 

0153. V. Detecting Steatosis 

0154 FIGS. 4A and 4B present cartoon representations 
of hepatocytes associated with Steatosis. Steatosis is a form 
of cytotoxicity characterized by a build up of triglycerides 
within hepatocytes. It is also manifest by an accumulation of 
lipid containing vacuoles 14 within the hepatocyte cells 200. 
It is caused by inhibition of lipid transport away from the 
liver or by inhibition of mitochondrial oxidation of fatty 
acids that normally participates in lipid breakdown. Accord 
ingly, one way to determine that a cell exhibits Steatosis 
includes detecting the buildup of lipids in the cell. 

O155 Steatosis can be microvesicular or macrovesicular. 
FIG. 4A shows a cartoon representation of microvesicular 
steatosis. As shown, the microvesicles 14 of hepatocyte 200 
become more numerous than in the normal hepatocyte 12. In 
microVesicular Steatosis, the numerous tiny lipid droplets do 
not displace the nucleus 16. FIG. 4B shows a cartoon 
representation of macrovesicular Steatosis. Macrovesicular 
Steatosis occurs when larger lipid droplets 14" are formed 
within hepatocyte 200' and displace the nucleus 16 to the 
periphery. 

0156. In one embodiment, lipid-binding markers are 
employed to detect Steatosis. In a Specific example, the 
lipid-binding fluorescent probe, Nile Red (available from 
Molecular Probes, Inc., Eugene, Oreg.) is introduced to in 
Vitro cultures of hepatocytes exposed to a stimulus. Once the 
Nile Red has been introduced to the hepatocytes, the hepa 
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tocytes can be imaged. If a relatively large fluorescence 
Signal is detected from the images, then it can be inferred 
that the hepatocytes may exhibit Steatosis. In previous 
Studies using the human hepatoma cell line HepG2, 
increased Nile Red binding was observed after the HepG2 
cells were incubated with compounds known to cause 
hepatic fat accumulation in Vivo, including estrogen, ethion 
ine, cycloSporin A, and valproic acid. Image analysis can 
provide an indication of the locations, sizes, and shapes of 
lipid vesicles within hepatocytes to provide an additional 
indication of Steatosis and whether it is microVesicular or 
macroVesicular. 

O157 An exemplary procedure for performing a Nile Red 
assay will now be described. Nile Red (Molecular Probes, 
Inc., Eugene, Oreg.) is diluted to 1:1000 in DMSO from a 1 
mM Stock Solution and added to hepatocytes. The hepato 
cytes are then incubated for 2 hours in the dark. The 
hepatocyte cells are then washed two times in PBS, fixed in 
3.7% formaldehyde containing 1 uM Hoechst 33342 and a 
Succinimidyl ester conjugated to a fluorescent dye. The plate 
is incubated for 1 hour in the dark at room temperature. 
Plates are washed 3 times with PBS and images are col 
lected. AS appreciated by those of skill in the art, modifi 
cations can be made to the assay within the Scope of the 
present invention. Furthermore, alternative or additional 
assays can be used. 

0158 Alcohol, a common cause of steatosis, is a hepa 
totoxin that interferes with mitochondrial and microSomal 
function in hepatocytes, which leads to an accumulation of 
lipid. Also, the major toxic metabolite of alcohol, acetalde 
hyde, has been shown to impair microtubule polymerization 
and hepatic protein Secretion. Thus, Visualization of micro 
tubule morphology using, for example, DM1-C, as a marker 
may provide a useful assay for predicting hepatotoxicity 
caused by alcohol. 
0159) VI. Detecting Cholestasis 
0160 Generally, cholestasis is characterized as inhibition 
of bile flow caused by a wide variety of mechanisms that 
involve elements of the biliary tree, including bile ducts, 
ductules, the basolateral or canalicular membrane, the tight 
junctions or pericanalicular network of the hepatocytes, the 
ATPase, and transporters of the hepatocytes basolateral and 
canalicular plasma membranes. It may involve defects of the 
transport of bile acids from the sinusoidal blood into hepa 
tocytes or from hepatocytes into bile. Thus, assays for 
cholestasis include imaging of bile using light microscopy to 
directly measure the impairment of bile flow. 
0.161 Some drugs may cause cholestasis by damaging 
pericanalicular microfilaments. For example, cytochalasin B 
has been shown to produce a prompt arrest of bile flow in 
rats, thereby resulting in cholestatic injury. In addition, 
phalloidin causes an increase in filamentous F actin around 
canaliculi and tight junctions. Thus, changes in actin mor 
phology may be indicative of cholestatic injury. 
0162 Further, cholestasis has been implicated in the 
disruption of tight junction proteins. Hence, a method that 
images tight junctions can provide insight into the cholesta 
Sis-inducing effects of a given Stimulus. One class of tight 
junction proteins that have been considered for this purpose 
is the Zonula occludens-1 (ZO-1), ZO-2, and ZO-3. Other 
tight junction protein classes include claudin 1, 2, 3, and 
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occludin. Fluorescent antibodies to ZO-1 can be used in 
cholestasis assays of this invention. Another marker for 
detecting cholestasis is the intermediate filament protein 
cytokeratin, which is located in the pericanalicular region of 
normal hepatocytes. During cholestasis, the pericanalicular 
sheeth is disrupted and the distribution of cytokeratin is 
altered. Thus, cytokeratin may be a useful marker for 
detecting cholestasis in hepatocytes. 
0163 VII. Creating Models for Hepatotoxicity 
0164. Models for hepatotoxicity can be generated using a 
variety of methodologies known to those of skill in the art. 
U.S. patent application Ser. No. 10/623,485 (“Characteriz 
ing Biological Stimuli by Response Curves,” filed on Jul.18, 
2003), previously incorporated by reference, describes one 
Such technique. It identifies relevant features and other 
parameters for image analysis classification models by ana 
lyzing Stimulus response paths for various known toxins or 
other Stimuli. The response paths and known mechanisms of 
action (or pathologies) comprise a training set for the model. 
Various potential models are compared based on their ability 
to correctly classify members of the training Set. The clas 
sification is accomplished using distance measurements 
between the various stimulus response paths in a multidi 
mensional feature Space. Similar methods may be employed 
to generate hepatotoxicity models in accordance with this 
invention. 

0.165 Generally, the training set includes signatures or 
response paths or signatures for diverse stimuli that have 
been previously classified by a trustworthy method. For 
example, the response paths may be obtained for Stimuli 
having known toxicity (e.g., cholestasis, Steatosis, necrosis, 
apoptosis, control, etc.). AS explained above, the response 
paths are comprised of (or derived from) signatures of the 
Stimuli at various levels or various times. 

0166 In one example of a training set, toxins A-F are 
known to induce cholestasis, toxins G-K are known to 
induce Steatosis, toxins L-P are known to induce apoptosis 
in hepatocytes, compounds Q-T are known to be benign to 
hepatocytes, etc. Hepatocyte cultures are exposed to each of 
these toxins/compounds and imaged using a defined marker 
Set and treatment regimen. Features extracted from the 
images comprise the training Set for developing a hepato 
toxicity model. The training Set preferably includes Some 
negative controls. These may be derived from stimuli that do 
not affect hepatocytes. They may also be derived from cell 
lines that are relatively insensitive to particular toxins, in 
comparison to hepatocytes. Further, the training Set may 
include images of cells undergoing toxic responses other 
than hepatotoxicity. Examples include cardiotoxicity and 
neural toxicity. 
0.167 The process of creating a model may identify 
Specific features that are particularly useful in classifying 
hepatocyte pathologies. The raw training Set will include a 
large number of features extracted from many images col 
lected from different experimental conditions: i.e. cell types, 
compound concentrations, marker Sets, etc. Multiple fea 
tures from each image will be combined to produce a 
“signature,” a large multidimensional vector comprised of 
values for each biological feature that might potentially be 
employed in the model. So, in other words, the initial data 
Set (from the training set members) occupies a highly 
multidimensional Space defined by all available biological 
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features. At the end of the process, only Some of these 
features (a subset) will be selected for the hepatotoxicity 
model. Obviously, there will be a vast number of possible 
Subset combinations. The model generating process chooses 
a combination (feature Subset) that does a good job of 
distinguishing between the various pathologies. 

0168 The various members of the training set (as repre 
Sented by the respective signatures or response curves) can 
be grouped or classified based on distances in feature Space. 
Various classification algorithms may be employed. Some 
are presented in “The Elements of Statistical Learning, Data 
Mining, Inference and Prediction,” T. Hastie, R. Tibishirani, 
J. Freidman Springer 2001, which is incorporated herein by 
reference for all purposes. Examples include Nearest Neigh 
bor methods, Linear Discriminant Analysis, and the like. If 
the training Set is known to contain Stimuli that produce 
eight different hepatocyte pathologies, for example, the 
classification algorithm may be asked to Segregate the 
response curves into eight different groups (for the current 
model under consideration). The accuracy of this grouping 
is then assessed by comparing the grouping to the known 
pathologies (or other classifications) for the training set 
members. Good models will have relatively few misclassi 
fications. 

0169. Note that models can be validated. Various valida 
tion techniques are known to those of skill in the art. Some 
of these employ test Sets that do not overlap with the training 
Set but have known classifications according to criteria Such 
as mechanism of action, and the like. Others employ a "leave 
one out” technique in which the model is generated from all 
members of the training Set, except one. The resulting model 
is then evaluated on the basis of its ability to properly 
classify the “left out” member. This process can be repeated 
numerous times by choosing different training Set members 
to “leave out' during the model generating operation 

0170 With relevant feature set identified, the model may 
be essentially complete. To use the model one extracts the 
relevant features from an image of hepatocytes treated with 
a Stimulus having unknown toxicity. Then one measures 
distances between these features and features obtained from 
other Stimuli having known toxic responses. Classification is 
based on distance (in feature space) between the features of 
the test Stimuli and features of the various pre-classified 
Stimuli. Alternatively, one can use a regression technique, a 
neural network, a Support vector machine, etc. To develop an 
expression or analytical tool that takes feature values as 
input values and calculates a classification (pathology). 
0171 VIII. Database 
0172 According to various embodiments, a database is 
employed to assist in characterizing the toxic response of 
various stimuli or classes of stimuli. Preferably, the database 
is continuously monitored for quality by testing its ability to 
predict the hepatotoxicity of new compounds in animals and 
humans. In Some embodiments, the database includes 
pathology data from other tissues, Such as kidney tissue. 
0173. In other embodiments, it is appropriate to diversify 
the data Sets by incorporating other assay technologies. For 
example, gene expression data using RNA isolated from in 
Vitro hepatocyte cultures or animal liver biopsies can be 
useful for predicting Specific mechanisms of toxicity that are 
difficult to detect using cell-based imaging approaches. In 
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addition, new biomarkers can be identified from the gene 
expression data. These biomarkers may be useful in the cell 
imaging assays described above. For example, the gene 
products identified from genes Specific to a Steatosis 
response could be used to generate antibody reagents for the 
cell imaging assays. These antibody reagents can be used as 
novel diagnostic regions to monitor the Serum levels of 
patients during clinical trials for early Signs of hepatotox 
icity. 

0174 VIII. Software/Hardware 
0.175 Generally, embodiments of the present invention 
employ various processes involving data Stored in or trans 
ferred through one or more computer Systems. Embodiments 
of the present invention also relate to an apparatus for 
performing these operations. This apparatus may be spe 
cially constructed for the required purposes, or it may be a 
general-purpose computer Selectively activated or reconfig 
ured by a computer program and/or data Structure Stored in 
the computer. The processes presented herein are not inher 
ently related to any particular computer or other apparatus. 
In particular, various general-purpose machines may be used 
with programs written in accordance with the teachings 
herein, or it may be more convenient to construct a more 
Specialized apparatus to perform the required method StepS. 
A particular Structure for a variety of these machines will 
appear from the description given below. 

0176). In addition, embodiments of the present invention 
relate to computer readable media or computer program 
products that include program instructions and/or data 
(including data structures) for performing various computer 
implemented operations. Examples of computer-readable 
media include, but are not limited to, magnetic media Such 
as hard disks, floppy disks, and magnetic tape, optical media 
Such as CD-ROM disks, magneto-optical media, Semicon 
ductor memory devices, and hardware devices that are 
Specially configured to Store and perform program instruc 
tions, Such as read-only memory devices (ROM) and ran 
dom access memory (RAM). The data and program instruc 
tions of this invention may also be embodied on a carrier 
wave or other transport medium. Examples of program 
instructions include both machine code, Such as produced by 
a compiler, and files containing higher level code that may 
be executed by the computer using an interpreter. 

0177 FIG. 5 illustrates a typical computer system that, 
when appropriately configured or designed, can Serve as an 
image analysis apparatus of this invention. The computer 
system 500 includes any number of processors 502 (also 
referred to as central processing units, or CPUs) that are 
coupled to Storage devices including primary Storage 506 
(typically a random access memory, or RAM), primary 
storage 504 (typically a read only memory, or ROM). CPU 
502 may be of various types including microcontrollers and 
microprocessors Such as programmable devices (e.g., 
CPLDs and FPGAs) and unprogrammable devices such as 
gate array ASICS or general purpose microprocessors. AS is 
well known in the art, primary storage 504 acts to transfer 
data and instructions uni-directionally to the CPU and 
primary Storage 506 is used typically to transfer data and 
instructions in a bi-directional manner. Both of these pri 
mary Storage devices may include any Suitable computer 
readable media Such as those described above. A mass 
storage device 508 is also coupled bi-directionally to CPU 
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502 and provides additional data Storage capacity and may 
include any of the computer-readable media described 
above. Mass storage device 508 may be used to store 
programs, data and the like and is typically a Secondary 
Storage medium Such as a hard disk. It will be appreciated 
that the information retained within the mass Storage device 
508, may, in appropriate cases, be incorporated in Standard 
fashion as part of primary Storage 506 as virtual memory. A 
specific mass storage device such as a CD-ROM 514 may 
also pass data uni-directionally to the CPU. 
0178 CPU 502 is also coupled to an interface 510 that 
connects to one or more input/output devices Such as Such as 
Video monitors, track balls, mice, keyboards, microphones, 
touch-Sensitive displays, transducer card readers, magnetic 
or paper tape readers, tablets, Styluses, voice or handwriting 
recognizers, or other well-known input devices Such as, of 
course, other computers. Finally, CPU 502 optionally may 
be coupled to an external device Such as a database or a 
computer or telecommunications network using an external 
connection as shown generally at 512. With Such a connec 
tion, it is contemplated that the CPU might receive infor 
mation from the network, or might output information to the 
network in the course of performing the method steps 
described herein. 

0179. In one embodiment, the computer system 500 is 
directly coupled to an image acquisition System Such as an 
optical imaging System that captures images of cells. Digital 
images from the image generating System are provided via 
interface 512 for image analysis by system 500. Alterna 
tively, the images processed by system 500 are provided 
from an image Storage Source Such as a database or other 
repository of cell images. Again, the images are provided via 
interface 512. Once in the image analysis apparatus 500, a 
memory device Such as primary Storage 506 or mass Storage 
508 buffers or stores, at least temporarily, digital images of 
the cell. With this data, the image analysis apparatus 500 can 
perform various image analysis operations Such as classify 
ing a cell according to a particular hepatotoxic pathology. To 
this end, the processor may perform various operations on 
the Stored digital image. For example, it may analyze said 
image in manner that extracts values of one or more descrip 
tors and classifies the cell as alive or dead or as exhibiting 
apoptosis, necrosis, Steatosis, cholestasis, or Some other 
pathology. 

0180 
0181 To measure the viability of hepatocytes after plat 
ing, an aqueous CellTiter Non-radioactive Cell Proliferation 
Assay may be used (Promega, Madison, Wis.). This assay 
can also be used to measure the hepatoxicity of a test 
compound. 
0182. In one example of the assay, hepatoxicity is deter 
mined by assaying rat hepatocytes for viability following a 
24-hour exposure to a 9-point dilution Series of compound 
(to allow assessment of dose). Cell viability is determined by 
measuring the absorbance of formazon, a product formed by 
the bioreduction of MTS/PMS, commercially available 
reagents. MTS is (3-(4,5-dimethylthiazol-2-yl)-5-(3-car 
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 
inner salt (Promega Corp. Madison, Wis.). PMS is phana 
zine methosulfate (TCI America, Portland, Oreg.). Each 
point on a dose-response curve is calculated as a percent of 
untreated control cells at 24 hours minus background 

IX. Example ASSayS 
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absorption (complete cell kill). Coumarin is specifically 
toxic to rathepatocytes under these conditions with an IC50 
of approximately 53 micromolar. 
0183) Materials and Solutions: 

0.184 Cells: Primary rat hepatocytes 
0185 Media: Hepatozyme (Invitrogen) 
0186 Colorimetric Agent for Determining Cell Viabil 

ity: Promega MTS tetrazolium compound. 
0187 Control Compound for maximum cell kill: 0.1% 
Triton X-100 

0188 Procedure: 
0189 Day 1-Cell Plating 

0.190 A. Prepare rat hepatocytes and seed into the 
wells of a 96-well TC plate (Biocoat Collagen 1) at a 
density of 50,000 cells per well. 

0191 B. Incubate with HBM or Hepatozyme media for 
24 hours at 37° C., 100% humidity, and 5% CO, 
allowing the cells to adhere to the plates. 

0.192 Day 2-Compound Addition 
0193 With reference to FIG. 6, in a sterile 2 mL v-bot 
tom assay block, dispense 2.5 ul of compound at 400x 
highest desired concentration to Wells in column 3, rows B 
through G. (six different compounds per block, one for each 
row, edge wells are not used due to evaporation). The 
compound is used at 400x to ensure a final concentration of 
vehicle (DMSO) on cells is 0.25%. Next, add 250 uL of 
media containing 0.2% Triton X-100 to column 2, rows E, 
F, and G. ODs (optical density or absorbance) from this well 
will be used to subtract out for background absorbance of 
dead cells and vehicle. Add 500 ul of media without DMSO 
to each well in column three, and 250 it to wells E, F, and 
G in column 2. Add 250 uL media+0.5% DMSO to all 
remaining wells. Serially dilute compound 2-fold from 
column three to column eleven by transferring 250 ul from 
one column to the next taking care to mix thoroughly each 
time. 

0194 A. By row, replica plate 100 till 2x compound 
containing media in duplicate from the assay block to 
the corresponding cell plates. Incubate plates for 24 
hours at 37° C., 100% humidity, and 5% CO. 

0195 Day 3-MTS Addition and OD Reading 
0.196 A. After 24 hours of incubation with drug, 
remove plates from incubator and add 40 ul MTS/PMS 
to each well. Incubate plates for 120 minutes at 37 C., 
100% humidity, 5% CO. Read ODs at 490 nm after a 
5 Second shaking cycle in a ninety-six well spectro 
photometer. 

0.197 For Data analysis, one may calculate normalized % 
of control (absorbance-background), and use XLfit (ID 
Business Solutions Limited, Guildford, Surrey, UK). to 
generate a dose-response curve. 
0198 This assay was used to measure the toxicity of a 
training Set of 28 known hepatotoxins for primary rat 
hepatocytes, SKOV3 cells (an ovarian cancer cell line) and 
CHO-K1 (Chinese hamster ovary cells). The results are 
shown in FIGS. 7A and 7B. 
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0199 Cytochrome P450 enzymes are an important class 
of hepatocyte enzymes responsible for drug metabolism. 
Their enzyme activity or gene expression can be used to 
access the quality of plated hepatocytes. Various techniques 
can be employed to measure induction of specific P450 
genes in hepatocytes. For example, TaqMan, or branched 
DNA (bDNA) methods can be used. To measure the enzyme 
activity of rat cytochrome enzymes 1A1 and 1A2, the 
following fluorescence-based assay can be used (modified 
from Donato et al., Analytical Biochemistry, 213, 29-33 
(1993), which is incorporated herein by reference.) 

0200) 1. Incubate cells with 100 ul Hepatozyme in the 
presence or absence of 5 uM 3-methylcholanthrene 
(Sigma 213942) for at least 24 hours. Control wells 
contain equivalent amount of vehicle (DMSO). 

0201 2. Wash cells 1x with 100 ul PBS. 
0202) 3. To each well, add 100 lul PBS containing 10 
uMethoxyresorufin (Molecular Probes R-352) and 10 
uM dicoumarol (VWRIC10155525). Store these com 
pounds in DMSO and dilute just prior to use. Incubate 
cells at 37 degrees for 30 min. 

0203 4. Transfer 75 till from each well of the assa Al y 
plate to a 96-well black plate (Costar 3915). 

0204 5. Prepare a resourfin standard curve for the 
96-well black plate. Add 75 ul of a 2.6 uM resorufin 
(Molecular Probes R-363) is equivalent to 200 pmoles 
of resorufin. Prepare a Seven point dilution Series 
(2-fold). 

0205 5. Add 25 ul containing 15 Fishman units of 
B-glucuronidase and 120 Roy units of arylsulfatase in 
0.1M sodium phosphate buffer pH 4.5. Dilute enzyme 
stock solution (Roche 127 698) 1:166 in phosphate 
buffer. Shake plate. 

0206 6. Incubate 1-2 hrs at 37 degrees to hydrolyze 
resorufin glucoronic and Sulfate conjugates. 

0207 7. Add 200ul of absolute ethanol to each well. 
0208) 8. Read fluorescence (530 nm ex. and 590 nm 
em.) using a Tecan Safire plate reader (Tecan, 
Maennedorf, Switzerland). Optimize gain using 200 
pmole standard well. Number of flashes is 3 and 
integration time is 40 microSeconds. The plate format is 
GRE96fb. 

0209) 9. Calculate fluorescence and express activity as 
pmoles of resorufin formed per well in 30 min. 

0210 X. Other Embodiments 
0211 The above discussion has focused on hepatocytes 
and hepatotoxic responses. Aspects of the invention extend 
beyond hepatotoxicity to toxicity in a variety of other cell 
lines, cell types, and tissues. Further, it may be employed to 
classify various non-hepatocyte cell types based on Specific 
pathologies. Examples include myeloSuppression using 
bone marrow cells, and nephrotoxicity using kidney cells. 
0212 Although the above generally describes the present 
invention according to Specific exemplary processes and 
apparatus, various modifications can be made without 
departing from the Spirit and/or Scope of the present inven 
tion. Therefore, the present invention should not be con 
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Strued as being limited to the Specific forms shown in the 
appended figures and described above. 

What is claimed is: 
1. A method of assessing the hepatotoxicity of a Stimulus, 

the method comprising: 
(a) analyzing an image of hepatocytes that have been 

exposed to a Stimulus, wherein the analysis extracts 
features characterizing the hepatocytes, and 

(b) classifying the Stimulus by quantitatively evaluating 
the extracted features to identify one or more hepato 
toxic pathologies resulting from the Stimulus, wherein 
hepatotoxic pathology classifications include two or 
more of the following: necrosis, cholestasis, Steatosis, 
fibrosis, apoptosis, and cirrhosis. 

2. The method of claim 1, further comprising, prior to 
analyzing the image: 

exposing a hepatocyte culture to the Stimulus, and 
imaging the hepatocytes to produce the image. 
3. The method of claim 2 wherein multiple hepatocyte 

cultures are located on a single Support Structure, and 
wherein each in vitro culture is exposed to a distinct Stimu 
lus. 

4. The method of claim 3, wherein at least two of the 
cultures are exposed to different quantities of the same 
Stimulus. 

5. The method of claim 3, wherein the Support structure 
is a glass or plastic Support. 

6. The method of claim 3, wherein hepatocytes are 
co-cultured with Support cells. 

7. The method of claim 1, wherein the stimulus is expo 
Sure to a chemical compound. 

8. The method of claim 1, wherein the hepatocytes are 
transformed or immortalized cells. 

9. The method of claim 8, wherein the transformed or 
immortalized cells have been modified to express one or 
more cytochrome P450 metabolizing enzymes. 

10. The method of claim 1, wherein analyzing the image 
comprises Segmenting the image to identify individual hepa 
tocytes on the image. 

11. The method of claim 1, wherein the features extracted 
in (a) comprise two or more of membrane permeability, 
enzyme activity, Golgi distribution, migration of cyto 
chrome c from the mitrochondria, mitochondrial membrane 
potential, condensation, fragmentation and granularization 
of nuclei, accumulation of lipid containing vacuoles, bile 
production, actin morphology, and tight junction condition. 

12. A method of identifying a necrotic hepatotoxic pathol 
ogy resulting from a Stimulus, the method comprising: 

(a) exposing a hepatocyte culture to the stimulus, 
(b) contacting the hepatocyte culture with markers for 

esterase activity and cell membrane permeability; 
(c) imaging the hepatocyte culture; 
(d) analyzing images of the hepactocyte culture to extract 

features relevant to necrosis, 

(e) identifying the average levels of esterase activity and 
cell membrane permeability for the hepatocyte culture 
based on the extracted features, and 
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(f) characterizing the necrotic response of the hepatocyte 
culture to the Stimulus based on the average levels of 
esterase activity and cell membrane permeability. 

13. The method of claim 12, wherein the hepatocyte 
culture is characterized as necrotic if at least one of low 
esterase activity and high cell permeability is identified. 

14. The method of claim 12, wherein the marker for 
esterase activity is calcein AM. 

15. The method of claim 12, wherein the marker for cell 
membrane permeability is ethidium bromide homodimer. 

16. A method of identifying an apoptotic hepatotoxic 
pathology resulting from a stimulus, the method comprising: 

(a) exposing a first and Second hepatocyte culture to the 
Stimulus, 

(b) performing a single step preparatory treatment of the 
first hepatocyte culture, wherein the Single Step prepa 
ratory treatment does not include Washing the first 
hepatocyte culture; 

(c) performing a multi-step preparatory treatment of the 
Second hepatocyte culture, wherein the multi-step pre 
paratory treatment includes washing the first hepato 
cyte culture; 
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(d) imaging the first and Second hepatocyte cultures; 
(e) analyzing images of the first and Second hepactocyte 

cultures to extract features relevant to apoptosis, 

(f) identifying condensation of the nuclei, cell adhesion, 
and average caspase-3 activity for the first and Second 
hepatocyte cultures based on the extracted features, and 

(g) characterizing the apoptotic response of the first and 
Second hepatocyte cultures to the Stimulus based on the 
characteristics of the nuclei, cell adhesion, and average 
caspase-3 activity. 

17. The method of claim 16, wherein the first and second 
hepatocyte cultures are characterized as apoptotic if at least 
one of condensation of the nuclei, lowering of cell adhesion, 
and increased caspase-3 activity are identified. 

18. The method of claim 16, further comprising exposing 
at least one of the first and Second hepatocyte cultures to a 
marker for DNA. 

19. The method of claim 16, wherein cell adhesion is 
characterized by a washout coefficient. 

k k k k k 


