Wormy Logic: Model Organisms

as Case-Based Reasoning

RACHEL A. ANKENY

It’s a motley collection of creatures: They fly, swim, wiggle, scurry, or just blow in the
wind. But to the scientific community, this compilation has been elevated above all
other species. They are the model organisms.

— Christine Bahls, Jonathan Weitzman, and Richard Gallagher, “Biology’s Models™

——

=== Although various strains of numerous laboratory organisms have
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= proven biologically and historically significant, model organisms have
become a cornerstone of research in the biomedical sciences, especially in the
past few decades. In addition to the mapping and sequencing of the human
genome, among key components of the Human Genome Project (HGP), which
officially began in 1990, was the mapping and sequencing of the genomes of
nonhuman model organisms, including mice, nematode worms, flies, E. coli,
and yeast." James Watson has described the idea to include nonhuman model
organisms in the HGP as his most important contribution to the project’ De-
spite this sort of support from early enthusiasts, some of the more contentious
issues raised during the preliminary planning stages of the nGp related to
the model organism projects, concerning perhaps most importantly whether
genetic sequencing was likely to result in knowledge relevant for the under-
standing and treatment of human disease processes, especially given the large
amount of DNA without known function often derogatorily termed “junk pNa.”
Research on model organisms was rarely explicitly defended in the context of
the project in its earliest days, perhaps in part because of assumptions about
public and political perceptions and the lack of ability (or desire) to understand
this research, despite the organisms’ specific inclusion.’ These organisms were
used in the HGP as a means for developing the various mapping and sequencing
technologies needed to study the more complex human genome, thus allowing
the technologies to be tested and refined in a simpler, more efficient, and (pur-
portedly) less expensive manner.*

But the genomes of these model organisms were also mapped and sequenced
because they were expected to provide a basis for understanding normal gene
regulation and human genetic disease, and more generally fundamental de-
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velopmental, physiological, and other biological processes. Such expectations
were based on the idea that many genetic and biological similarities exist be-
tween those organisms selected to serve as model organisms and humans;
therefore model organisms would provide information that could aid in the
interpretation of human genomic sequences and their products. This concept
is rooted in the idea of the conservation of many mechanisms and processes:
“Because all organisms are related through a common evolutionary tree, the
study of one organism can provide valuable information about others. Much
of the power of molecular genetics arises from the ability to isolate and under-
stand genes from one species based on knowledge about related genes in an-
other species. Comparisons between genomes that are distantly related provide
insight into the universality of biologic mechanisms and identify experimental
models for studying complex processes.”

Both the prevalence and centrality of model organisms in contemporary
biomedical research, and claims about their use as the basis for deriving in-
sight into certain common or even universal biological mechanisms, gener-
ate an ideal laboratory for the examination of epistemic issues related to the
use of such organisms. In addition, the growing literature within the history
and philosophy of science on conceptual issues associated with modeling and
representation in science,® and on various model organisms,” creates a space
within which close attention to the principles and practices associated with
such models may prove fruitful.

This essay examines the conceptualization of model organisms as models,
and presents a formal account of how they are used to generate knowledge
through what can be viewed as a form of case-based reasoning. Following a
brief historical account of the development and use of one model organism,
the nematode worm Caenorhabditis elegans, 1 address questions about the
methodologies underlying the work on genetic sequencing and developmental
processes in this organism. In particular, I ask: What types of reasoning ground
the use of experimental organisms when they are being developed and used as
model organisms, and how are these models refined over time?

Some clarifications on terminology to begin: the term model organism is
used throughout this essay rather than model system since the former expres-
sion is explicitly employed in the literature on the HGP, and more generally
in contemporary organism-based biology.* Model organisms can be seen as a
specialized subset of the more general class of model systems, where the latter
usually encompasses not only the organism but also the techniques and ex-
perimental methodologies surrounding the organism itself.” This essay explores
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some of the techniques and methods used to establish and refine model organ-
isms, yet primarily from the point of view, as it were, of the model organisms

themselves.

BACKGROUND: THE WORM

C. elegans is a free-living nematode, around a millimeter in length, with ex-
tremely simple behaviors and structures and a relatively recent history as a
model organism.*® As noted in the Nobel Prize for Physiology or Medicine pre-
sentation speech for 2002, which celebrated three worm workers and the “joy
of worms,” part of what makes it a good candidate for a model organism is that
C. elegans is “loaded with features.”" There are two sexual forms, a self-fertilizing
hermaphrodite and a rarer male that can fertilize hermaphrodites, which differ
slightly in appearance and structure; this feature makes it an excellent genetic
system as organisms can either be purebred by isolating hermaphrodites, or
new genetic material can be introduced via breeding with males. The adult is
composed of a tube made of an exterior cuticle, which contains two smaller
tubes (the pharynx and the gut) and the reproductive system. The organism is
transparent throughout its life cycle, making observation of many biological
processes possible by various forms of microscopy. The genome of C. elegans
is approximately 100 million base pairs, one-thirtieth the size of the human
and twenty times that of E. coli, and it was virtually completely sequenced as of
December 1998."

The choice of C. elegans by Sydney Brenner in the mid-1960s and the origi-
nal pursuit of research focused on this organism primarily at a single institution
(the Laboratory of Molecular Biology in Cambridge, England) to which most
current-day researchers can trace their own lineages has resulted in a relatively
cohesive community often celebrated as a model of scientific cooperation and
shared understanding of fundamental concepts.” Hence an analysis of how
“the worm” (as it is called by researchers in this area and many in the broader
scientific community) functions as a model organism can be used as the basis
for understanding the epistemic structure underlying most ongoing research in
this area.

A general examination of the history of organism choice reveals that prospec-
tive model organisms are typically selected and constructed based not mainly
on principles of or knowledge about the universality or even typicality of their
biological characteristics and processes (though it is hoped that many features
will prove to be shared by or common to other organisms), but primarily due
to perceived experimental manipulability and tractability. For example, C. ele-
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gans was chosen specifically for its developmental invariance and simplicity,
despite the atypicality of these biological characteristics (among many others)
of C. elegans, even in comparison to other closely related organisms. In short,
the general aim of the original research project was to achieve an understand-
ing of developmental processes in metazoans (animals with bodies composed
of differentiated cells, as opposed to protozoa or unicellular animals), and in
particular, the development of the nervous system, since it was thought to be
the most complex and interconnected system in these organisms."

Brenner wanted to do research with an organism that proved experimentally
straightforward to manipulate and had relatively basic behaviors and structures,
but was not so simple as to be “unrepresentative.” The goal was to optimize an
organism, in large part through making a careful organismal choice to start,
rather than focusing on achieving standardization once in the laboratory via
inbreeding and other typical techniques. Brenner and most subsequent worm
workers in the early years of the research implicitly assumed that although
C. elegans is simple, it is similar to all (or most) of the more complex members
of the metazoa in terms of the genetic control of cellular differentiation. In par-
ticular, the genetic control of the development of the structure of the nervous
system was thought to be likely to have shared fundamental mechanisms, in
large part because of an implicit assumption of genetic conservation, particu-
larly of essential processes.”

One of the primary ways in which C. elegans can be seen as a model organ-
ism relies on the idea that a model has been established to which particular
empirical instantiations (i.e., actual material worms) can be compared in order
to articulate variations and differences in various features. The use of this form
of reasoning is perhaps most familiar from basic genetics: the first step in the
underlying strategy is to select and establish a so-called wild type for the organ-
ism (taken as a standard from among other possible wild types available in na-
ture) against which other genetic variants or abnormal types can be compared.
Despite its name, the wild type may not be the most common, frequent, or even
a “normal” version of the organism: sometimes it is simply the first strain dis-
covered on which subsequent research has been based, but oftentimes it is the
easiest to manipulate experimentally. These experimental organisms of course
are natural inasmuch as they are still actual, living, concrete organisms that
have been “selected from nature’s very own workshop.”'® However, the care-
fully selected wild type is, in this sense, an idealized model of actual organ-
isms in nature since the latter oftentimes end up differing considerably from
those highly rarified beasts that remain isolated in the laboratory, particularly
as a model organism comes to be more widely used.”” Thus modeling occurs
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most obviously in the establishment of the wild type, an essential first step to
establishing and using something on an ongoing basis as a model organism.
Without this process, it is impossible to have a norm against which “abnormal”
(or more precisely, that which is variant) can be compared in terms of genetics,
developmental lineages, and so on. So a worm abnormal in movement might be
detected by comparison of the paths it traces in response to a stimulus to those
traced by a worm held to be normal.

A second way in which modeling occurs is in the establishment and use of
what I have called elsewhere a “descriptive model.”” The term descriptive is uti-
lized to capture the idea that these sorts of models are descriptions that serve as
prerequisites to explanatory questions; their articulation often is not motivated
(at least immediately) by their future potential explanatory value. Thus in model
organism work, an extensive research phase is usually dedicated to developing
a descriptive model of the organism. Consider, for example, the articulation of
the so-called wiring diagram of the neural connections within C. elegans. This
model was a paper (and later computerized) series of drawings that resembled
electric circuitry diagrams.”® The overall diagram was constructed by combin-
ing wiring diagrams from several individual wild-type worms, not only because
of practical or experimental limitations but because it was deemed necessary
to eliminate what seemed to be individual neural differences (even between
genetically identical organisms) in favor of a canonical nervous system. The
wiring diagram is based on an abstract model of the worm in terms of the typi-
cal or usual neural connections exhibited not by any one specimen alone, or by
numerous individual organisms, but by a more abstract construct hybridized
from a few individual specimens. The wiring diagram thus is a model of the
worm in terms of the typical or usual neural connections exhibited not by any
one specimen taken by itself but by a very precisely derived type of construct.””
This descriptive model is compared to the wiring diagrams for worms that are
variant or abnormal in neural patterns in order to assess possible connections
between variations in genetic sequence and in neural structure, and eventually
to test the range of the applicability of the descriptive model. Thus in this sense,
some aspects of model organisms are in fact more like mechanical or physical
models, constructed from natural organisms but constructed nonetheless, and
hence highly idealized since individual differences among wild-type worms
have been eliminated in lieu of (what are thought to be) the most commonly
occurring structures.

Laboratory and community practices thus allowed the articulation and
refinement of C. elegans as a model organism through at least two forms of
idealization: the choice of a wild type (which provides concrete laboratory in-
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stantiations of the organism, permitting comparison, for instance, to particular
mutant strains) and data-summarizing descriptive devices (such as wiring or
cell lineage diagrams). Diverse model organisms undoubtedly have different
histories that involve various kinds of modeling, depending on the natural fea-
tures of the organism targeted to be exploited, the goals of the research com-
munity, and the degree of development of the model organism, among other
factors.

THE PRINCIPLES OF CASE-BASED REASONING

The biomedical and human sciences have a long history of the use of the case
study as an object through which knowledge is generated and phenomena are
made intelligible. The case is used to capture or summarize clinical and empiri-
cal data, to investigate underlying theories of disease, and communicate find-
ings to other practitioners and researchers, among other purposes. To begin, it
is helpful to provide a brief overview of the general form of case-based reason-
ing as used in medicine and elsewhere.”* The basic method proceeds by con-
struction of what might be termed (borrowing from the language of artificial
intelligence) an “index case,” in more or less detail depending on the goals of
the situation in which it is to be used. In medicine, for instance, the index case
often begins as a syndrome letter or published report on an individual patient,
which then is abstracted into a model for more general use.

The case’s use occurs through retrieval when a practitioner is presented with
anew case that seems to have some overlap with the original index case, at least
in terms of the details believed most relevant. This process involves a form of
separating signal from noise, to put it in different terms. The result is a feedback
loop between processes of justification of the fit between the original index case
and the new case under examination, particularly via the assessment of simi-
larity and identity relations. The outcome might not only be pragmatic (i.e., it
may provide the basis for making a diagnosis or prognosis) but in addition, new
cases can lead to the modification of the index case as appropriate over time,
or even to the adoption of a new index case for a particular condition, which in
turn is disseminated through publication and teaching.

Underlying the index case and the feedback loop between it and any new in-
stances is an even more basic index case: that of the human being who is “nor-
mal” with respect to the abnormal features noted in the index case. What is con-
sidered to be the index case for the normal (i.e., the undiseased condition) may
also be altered over time as the range of variants or errors in what were assumed
to be the shared or common attributes (genetic, physiological, and otherwise)
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among healthy individuals are discovered. Thus the index case of the normal
and of the disease condition often are constructed (and reconstructed) in terms
of each other as more knowledge is gathered. What is essential in this form of
reasoning is the feedback loop that exists between the descriptive model of the
normal and the descriptive model of the abnormal condition. Newly acquired
evidence can change what is considered to be the index case or whether some-
thing should be considered a unique case at all.

Thus these cases are models inasmuch as that although they originate from
some actual observed instance in the first place, once they begin to be dissemi-
nated and used, they become idealized away from particular details of the ob-
served phenomena. They serve as intermediaries between the base of available
knowledge (which is oftentimes overwhelmingly descriptive and relatively lack-
ing in formal theoretical structure) and new natural phenomena that present
‘themselves and require understanding or explanation. Thus the following types
of cases can be viewed as models, in the sense advocated by Mary Morgan and
Margaret Morrison (among others): they cannot be derived from either theory
or data, and hence are partially independent; they clearly mediate between
theory and the world and are used in a tool-like manner to perform a range of
tasks.

What is most important to note here is that as the index case is refined over
time, a tension arises: in some sense, the base index case comes closer to what
is really out there in nature, while at the same time it becomes more distant
from any one concrete individual instantiation (any actual, material organ-
ism). Nonetheless, it remains a model, tulfilling many of the attributes that
we expect from models: it is idealized, in that no patient typically fulfills afl of
the conditions captured in the model, and vet patients can still be identified as
having a condition or being an instance of that particular disease category or

case.

MODEL ORGANISMS AS CASES

The practices of contemporary biological science have (potentially conflicting)
goals similar to those found in the practice of the medical sciences. There is a
desire to get to the fundamental biological characteristics shared by all living
things, be they biochemical, genetic, developmental, or neurobiological pro-
cesses. At the same time, biologists are aware that any model system or organism
selected for research may be problematic and atypical, particularly inasmuch as
such systems are proving to be complex in ways previously not anticipated. The
previous section on C. elegans as a model organism has shown several ways in
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which the organism as studied by biologists constitutes an idealized entity or
a model. The epistemic strategy of using the models as cases allows them to
serve as a means of control of complexity, as a way to create an appropriately
simplistic yet descriptively rich basis for future studies and for more traditional
hypothesis testing, experimentation, and explanation.

Different aspects of a model organism can thus be viewed as index cases on
which comparison to variant and abnormal instances of the same organism can
take place. So, for instance, the wild type of the natural organism serves as an
index case in that it establishes a genotype that comes to be understood as nor-
mal and serves as the basis for comparison to subsequent cases of abnormal or
variant genotypes. Similarly, the wiring diagram captures another sort of basic
index case to which variations in neural structure can be compared. Among the
key foundational assumptions used to determine what counts as the relevant
or most useful base index case for an organism are the anticipated degree of
genetic homology and genetic conservation. Eventually the index case may be
altered to better reflect an increased understanding of what is generalizable (or
perhaps universal, at least within the species) in the model organism.

There are at least two important points implicit in this account support-
ing the claim that the types of models discussed serve as the basis for case-
based reasoning processes using model organisms. First, the idea that model
organisms are in fact idealized entities as outlined has resonance with the con-
struction of epistemologic entities elsewhere in the sciences, for instance, of
the “average man” in medical and human sciences, going back to the work of
Adolphe Quetelet: “The consideration of the average man is so important in the
medical sciences that it is almost impossible to judge the state of an individual
without comparing him to a fictive being that one regards as being the normal
state and who is nothing but the [average man].”** Rich, descriptive idealiza-
tions thus constitute the starting point for case-based reasoning as some base-
line case must be provided to initiate the reasoning process. Yet these idealized
cases necessarily remain fictitious, as does the nervous system of the so-called
canonical worm, at the same time as they constitute essential tools for develop-
ing an understanding of the actual organism.

Second, note that as with medical case reports, usually there is no explicit
(or implicit) testing of a hypothesis or theory, or what might be considered
other typical scientific behaviors. Instead, the process proceeds by the proffer-
ing of observations and detailed descriptions, which may well point to testable
hypotheses and explanations, particularly if they are to have an impact on the
development of theory or on practice.”* Thus there is a creation of an epistemo-
logical space or framework within which to ask questions. However, as bluntly
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stated by a commentator on medical reasoning, “with higher organisms, and
especially with patients, it becomes hopeless to attempt to create complete de-
scriptions. . . . This is a kind of epistemologic surrender and consists in simply
ignoring many of the things that could be truthfully said in order to say what
must be said.”** Both in medicine and in biological reasoning from model
organisms, complexity, completeness, and perhaps “naturalness” are sacrificed
in favor of the selective construction of manageable material and a framework
within which scientists can work and ask questions.

Case-based reasoning using descriptive models in biology thus relies on a
double feedback loop between an index case and a case of interest that is abnor-
mal or variant in some way. As in medicine, various cases are developed, for in-
stance, composed of descriptions of genetic or neural sequences in organisms.
The base index case begins with a descriptive model of the organism established
as being normal in phenotype, for which, say, the genomic sequence is identi-
fied and established as normal (or at least a norm against which other cases
can be measured). This sequence can then be compared to that of organisms
abnormal in phenotype (and thus assumed to be abnormal in genetic sequence)
in order to draw out the functional properties of the genomic sequence within
the particular model organism. Furthermore, an additional level of case-based
reasoning occurs which then holds that determining the sequences in a variety
of model organisms will reveal conserved (normal) genetic regions, which in
turn will allow an investigation of the same part of the sequence in the normal
human genome (or other “higher” organisms) and prove fruitful for under-
standing the functional properties of these sequences. Finally, the eventual goal
is to understand the higher-level, phenotypic results of abnormal, human ge-
nomic sequences found to be similar to the base case, namely, the “abnormal”
(or variant) sequences in the model organism, based on a correlation between
these sequences and higher-level properties such as disease conditions or other

abnormalities.

CONCLUSIONS

What is most important to notice when analyzing the use of model organisms,
and particularly the way in which they function as a form of case-based rea-
soning, is that answering the question of whether a model organism will in
fact prove a usetul model (i.e., for human genome sequencing) requires that
researchers not only work on sequencing in the model organism but that this
sequencing occur in tandem with sequencing in the object of interest, the
human genome, and other comparative genomic work. This conclusion points
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to an important, but easily overlooked, aspect of modeling; in order for models
to actually function well as models, an ongoing refinement of the original de-
scriptive models (the base index cases) must occur. So must a constant inter-
play between the original descriptive model and the subject modeled (or the
cases of interest or targets), and the continuous development of the positive
analogies between them (along with an identification of the relevant disanalo-
gies and their import).”* Much rhetoric surrounding model-organism research
unconstructively obscures this interplay and hence misrepresents the potential
limitations of even good models. In other words, providing a model requires an
interaction between the model and the object of interest being modeled, or be-
tween the base index case and the case of interest, including the construction of
similarity relations, which are impossible to devise without a detailed descrip-
tion of the process to be modeled (which in this case includes the functional
properties of the sequence).

Case-based reasoning is an epistemic process that is far from straightfor-
ward, and it may seem to fail to allow us to obtain the usual results we expect
in science inasmuch as it fails (at least initially) to produce unified theories or
mechanistic explanations, instead resulting in a form of scientific understand-
ing (perhaps of a weaker sort than our traditional theories and explanations)
that is constantly evolving, incomplete, and uncertain, but nonetheless has the
status of knowledge for its practitioners. Model organisms and their features
that serve as cases mediate between theory and the world (and cannot be de-
rived directly from either data or theories) and come to be used in a tool-like
manner to perform a range of tasks, perhaps the most important of which is
establishing a framework within which to ask questions.

NOTES
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Model Organisms as Powerful Tools

for Biomedical Research

E. JANE ALBERT HUBBARD

== In the past several decades, the marriage of genetics and molecular bi-
= ology has produced an approach to basic biological research that exem-
plifies science in iis purest form: a response to the call of curiosity aronsed
the perception of reality. Model organisms constitute the tools and subjects of
this approach.' These studies are often begun without certainty as to the future
use or merit of the work, yet their results are poised to revolutionize medicine.
Initially, the public agencies in the United States that fund biomedical research
appeared reluctant to support such supposedly risky undertakings. Now, in the
face of the potential gains from model organism studies, the understanding
has emerged that it constitutes perhaps a greater risk not to fund this type of
research. Permitting fertile and inquisitive minds to follow their fascination
offers a path full of potential benefit beyond the apparent short-term goals of
the research. Indeed, model organisms were used in work recognized by the
1995 Nobel Prize in Physiology or Medicine to Edward B. Lewis, Christiane
Niisslein-Volhard, and Eric F. Wieschaus “for their discoveries concerning the
genetic control of early embryonic development,” and again by the 2002 prize
to Sydney Brenner, H. Robert Horvitz, and John E. Sulston “for their discover-
ies concerning ‘genetic regulation of organ development and programmed cell
death.’” Moreover, the fact that many major pharmaceutical companies now
employ model-organism research strategies stands as a testament to the appli-
cability of this research to medicine.’

In this article, I hope to provide a glimpse of the astonishing utility of model
organisms as tools in biomedical research.” First, I will introduce the concept
of a model organism (what it is and what it is not). Second, I will introduce my
favorite model organism, the worm Caenorhabditis elegans. Finally, I will relate
several stories to illustrate more clearly the impact of this type of research on

medicine.



