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Mechanisms are entities and activities organized such that they are 
productive of regular changes from start or set-up to finish or termi- 
nation conditions. 

For example, in the mechanism of chemical neurotransmission, a presyn- 
aptic neuron transmits a signal to a post-synaptic neuron by releasing 
neurotransmitter molecules that diffuse across the synaptic cleft, bind to 
receptors, and so depolarize the post-synaptic cell. In the mechanism of 
DNA replication, the DNA double helix unwinds, exposing slightly 
charged bases to which complementary bases bond, producing, after sev- 
eral more stages, two duplicate helices. Descriptions of mechanisms show 
how the termination conditions are produced by the set-up conditions and 
intermediate stages. To give a description of a mechanism for a phenom- 
enon is to explain that phenomenon, i.e., to explain how it was produced. 

Mechanisms are composed of both entities (with their properties) and 
activities. Activities are the producers of change. Entities are the things 
that engage in activities. Activities usually require that entities have spe- 
cific types of properties. The neurotransmitter and receptor, two entities, 
bind, an activity, by virtue of their structural properties and charge dis- 
tributions. A DNA base and a complementary base hydrogen bond be- 
cause of their geometric structures and weak charges. The organization of 
these entities and activities determines the ways in which they produce the 
phenomenon. Entities often must be appropriately located, structured, 
and oriented, and the activities in which they engage must have a temporal 
order, rate, and duration. For example, two neurons must be spatially 
proximate for diffusion of the neurotransmitter. Mechanisms are regular 
in that they work always or for the most part in the same way under the 
same conditions. The regularity is exhibited in the typical way that the 
mechanism runs from beginning to end; what makes it regular is the pro- 
ductive continuity between stages. Complete descriptions of mechanisms 
exhibit productive continuity without gaps from the set up to termination 
conditions. Productive continuities are what make the connections be- 
tween stages intelligible. If a mechanism is represented schematically by 
A-+B-+C, then the continuity lies in the arrows and their explication is in 
terms of the activities that the arrows represent. A missing arrow, namely, 
the inability to specify an activity, leaves an explanatory gap in the pro- 
ductive continuity of the mechanism. 

We are not alone in thinking that the concept of “mechanism” is central 
to an adequate philosophical understanding of the biological sciences. 
Others have argued for the importance of mechanisms in biology (Bechtel 
and Richardson 1993, Brandon 1985, Kauffman 1971, Wimsatt 1972) and 
molecular biology in particular (Burian 1996, Crick 1988). Wimsatt, for 
example, says that, “At least in biology, most scientists see their work as 
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explaining types of phenomena by discovering mechanisms . . . ” (Wimsatt 
1972, 67). Schaffner often gestures to the importance of mechanisms in 
biology and medicine, but argues, following Mackie (1974), that talk of 
causal mechanisms is dependent upon prior and more fundamental talk 
of “laws of working” (Schaffner 1993, 287, 306-307). Elsewhere Schaffner 
claims that “mechanism,” as used by Wimsatt and others, is an “unana- 
lyzed term” that he wishes to avoid (Schaffner 1993, 287). 

When the notion of a “mechanism” has been analyzed, it has typically 
been analyzed in terms of the decomposition of “systems” into their 
“parts” and “interactions” (Wimsatt 1976; Bechtel and Richardson 1993). 
Following in this “interactionist” tradition, Glennan (1992; 1996) defines 
a mechanism as follows: 

A mechanism underlying a behavior is a complex system which pro- 
duces that behavior by . . . the interaction of a number of parts ac- 
cording to direct causal laws. (Glennan 1996, 52) 

He claims that all causal laws are explicated by providing a lower level 
mechanism until one bottoms out in the fundamental, non-causal laws of 
physics. We find Glennan’s reliance on the concept of a “law” problematic 
because, in our examples, there are rarely “direct causal laws” to char- 
acterize how activities operate. More importantly, as we argue in Section 
3, the interactionist’s reliance on laws and interactions seems to us to leave 
out the productive nature of activities. 

Our way of thinking emphasizes the activities in mechanisms. The term 
“activity” brings with it appropriate connotations from its standard usage; 
however, it is intended as a technical term. An activity is usually desig- 
nated by a verb or verb form (participles, gerundives, etc.). Activities are 
the producers of change. They are constitutive of the transformations that 
yield new states of affairs or new products. Reference to activities is mo- 
tivated by ontic, descriptive, and epistemological concerns. We justify this 
break from parsimony, this dualism of entities and activities, by reference 
to these philosophical needs. 

3. Ontic Status of Mechanisms (Ontic Adequacy). Both activities and en- 
tities must be included in an adequate ontic account of mechanisms. Our 
analysis of the concept of mechanism is explicitly dualist. We are attempt- 
ing to capture the healthy philosophical intuitions underlying both sub- 
stantivalist and process ontologies. Substantivalists confine their attention 
to entities and properties, believing that it is possible to reduce talk of 
activities to talk of properties and their transitions. Substantivalists thus 
speak of entities with capacities (Cartwright 1989) or dispositions to act. 
However, in order to identify a capacity of an entity, one must first identify 
the activities in which that entity engages. One does not know that aspirin 
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has the capacity to relieve a headache unless one knows that aspirin pro- 
duces headache relief. Substantivalists also talk about interactions of en- 
tities (Glennan 1996) or their state transitions. We think state transitions 
have to be more completely described in terms of the activities of the 
entities and how those activities produce changes that constitute the next 
stage. The same is true of talk of interactions, which emphasizes spatio- 
temporal intersections and changes in properties without characterizing 
the productivity by which those changes are effected at those intersections. 

Substantivalists appropriately focus attention upon the entities and 
properties in mechanisms, e.g., the neurotransmitter, the receptor, and 
their charge configurations or DNA bases and their weak polarities. It is 
the entities that engage in activities, and they do so by virtue of certain of 
their properties. This is why statistical relevance relations (cf. Salmon 
1984) between the properties of entities at one time and the properties of 
entities at another (or generalizations stating “input-output” relations and 
state changes) are useful for describing mechanisms. Yet it is artificial and 
impoverished to describe mechanisms solely in terms of entities, proper- 
ties, interactions, inputs-outputs, and state changes over time. Mecha- 
nisms do things. They are active and so ought to be described in terms of 
the activities of their entities, not merely in terms of changes in their prop- 
erties. 

In contrast to substantivalists, process ontologists reify activities and 
attempt to reduce entities to processes (cf. Rescher 1996). While process 
ontology does acknowledge the importance of active processes by taking 
them as fundamental ontological units, its program for entity reduction is 
problematic at best. As far as we know, there are no activities in neuro- 
biology and molecular biology that are not activities ofentities. Nonethe- 
less, the process ontologists appropriately highlight the importance of ac- 
tive kinds of changing. There are kinds of changing just as there are kinds 
of entities. These different kinds are recognized by science and are basic 
to the ways that things work. 

Activities are identified and individuated in much the same way as are 
entities. Traditionally one identifies and individuates entities in terms of 
their properties and spatiotemporal location. Activities, likewise, may be 
identified and individuated by their spatiotemporal location. They also 
may be individuated by their rate, duration, types of entities and types of 
properties that engage in them. More specific individuation conditions 
may include their mode of operation (e.g., contact action versus attraction 
at a distance), directionality (e.g., linear versus at right angles), polarity 
(attraction versus attraction and repulsion), energy requirements (e.g., 
how much energy is required to form or break a chemical bond), and the 
range of activity (e.g., electro-magnetic forces have a wider influence than 
do the strong and weak forces in the nucleus). Often, generalizations or 
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laws are statements whose predicates refer to the entities and properties 
that are important for the individuation of activities. Mechanisms are 
identified and individuated by the activities and entities that constitute 
them, by their start and finish conditions, and by their functional roles. 

Functions are the roles played by entities and activities in a mechanism. 
To see an activity as a function is to see it as a component in some mech- 
anism, that is, to see it in a context that is taken to be important, vital, or 
otherwise significant. It is common to speak of functions as properties 
“had by” entities, as when one says that the heart “has” the function of 
pumping blood or the channel “has” the function of gating the flow of 
sodium. This way of speaking reinforces the substantivalist tendency 
against which we have been arguing. Functions, rather, should be under- 
stood in terms of the activities by virtue of which entities contribute to the 
workings of a mechanism. It is more appropriate to say that the function 
of the heart is to pump blood and thereby deliver (with the aid of the rest 
of the circulatory system) oxygen and nutrients to the rest of the body. 
Likewise, a function of sodium channels is to gate sodium current in the 
production of action potentials. To the extent that the activity of a mech- 
anism as a whole contributes to something in a context that is taken to be 
antecedently important, vital, or otherwise significant, that activity too 
can be thought of as the (or a) function of the mechanism as a whole 
(Craver 1998, Craver under review). 

Entities and a specific subset of their properties determine the activities 
in which they are able to engage. Conversely, activities determine what 
types of entities (and what properties of those entities) are capable of being 
the basis for such acts. Put another way, entities having certain kinds of 
properties are necessary for the possibility of acting in certain specific 
ways, and certain kinds of activities are only possible when there are en- 
tities having certain kinds of properties. Entities and activities are correl- 
atives. They are interdependent. An ontically adequate description of a 
mechanism includes both. 

3.1. Activities and Causing. Activities are types of causes. Terms like 
“cause” and “interact” are abstract terms that need to be specified with a 
type of activity and are often so specified in typical scientific discourse. 
Anscombe (1971, 137) noted that the word “cause” itself is highly general 
and only becomes meaningful when filled out by other, more specific, 
causal verbs, e.g., scrape, push, dry, carry, eat, burn, knock over. An entity 
acts as a cause when it engages in a productive activity. This means that 
objects simpliciter, or even natural kinds, may be said to be causes only 
in a derivative sense. It is not the penicillin that causes the pneumonia to 
disappear, but what the penicillin does. 

Mackie’s (1974) attempt to analyze the necessity of causality in terms 
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as stages in the operation of the mechanism, they are more accurately 
viewed as continuous processes. As the axonal depolarization spreads, the 
repulsive forces acting on the positive charges in the corkscrew are in- 
creasingly pushed outward, rotating the helix and opening the Na+ selec- 
tive channel pore. 

The activities of the voltage-sensitive Na+ channel are thus crucial com- 
ponents in the depolarization mechanism. It is through these activities of 
these entities that we understand how depolarization occurs. 

5. Hierarchies, Bottoming Out, Mechanism Schemata, and Sketches. Mech- 
anisms occur in nested hierarchies and the descriptions of mechanisms in 
neurobiology and molecular biology are frequently multi-level. The levels 
in these hierarchies should be thought of as part-whole hierarchies with 
the additional restriction that lower level entities, properties, and activities 
are components in mechanisms that produce higher level phenomena 
(Craver 1998, Craver and Darden forthcoming). For example, the acti- 
vation of the sodium channel is a component of the mechanism of depo- 
larization, which is a component of the mechanism of chemical neuro- 
transmission, which is a component of most higher-level mechanisms in 
the central nervous system. Similar hierarchies can be found in molecular 
biology. James Watson (1 965) discusses mechanisms for forming strong 
and weak chemical bonds, which are components of the mechanisms of 
replication, transcription, and translation of DNA and RNA, respectively, 
which are components of the mechanisms of numerous cell activities. 

5.1. Bottoming Out. Nested hierarchical descriptions of mechanisms 
typically bottom out in lowest level mechanisms. These are the components 
that are accepted as relatively fundamental or taken to be unproblematic 
for the purposes of a given scientist, research group, or field. Bottoming 
out is relative: Different types of entities and activities are where a given 
field stops when constructing mechanisms. The explanation comes to an 
end, and description of lower-level mechanisms would be irrelevant to 
their interests. Also, scientific training is often concentrated at or around 
certain levels of mechanisms. Neurobiologists with different theoretical or 
experimental interests bottom out in different types of entities and activ- 
ities. Some neurobiologists are primarily interested in behaviors of organ- 
isms, some are primarily interested in the activities of molecules composing 
nerves cells, and others devote their attention to phenomena in between. 
The fields of molecular biology and neurobiology, in 1999, do not typically 
regress to the quantum level to talk about the activities of, e.g., chemical 
bonding. Rarely are biologists driven by anomalies or any other reason 
to go to such lower levels, although some problem might require it. Levels 
below molecules and chemical bonding are not fundamental for the fields 
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of molecular biology and molecular neurobiology. But remember, what is 
considered the bottom out level may change. 

In molecular biology and molecular neurobiology, hierarchies of mech- 
anisms bottom out in descriptions of the activities of macromolecules, 
smaller molecules, and ions. These are commonly recognized as bottom 
out entities; we believe that we have identified the most important types 
of bottom out activities. These bottom out activities in molecular biology 
and molecular neurobiology can be categorized into four types: 

(i) geometrico-mechanical; 
(ii) electro-chemical; 
(iii) energetic; 
(iv) electro-magnetic. 

(i) Geometrico-mechanical activities are those familiar from seven- 
teenth-century mechanical philosophy. They include fitting, turning, open- 
ing, colliding, bending, and pushing. The rotation of the alpha helix in the 
sodium channel and the geometrical fitting of a neurotransmitter and a 
post-synaptic receptor are examples of geometrico-mechanical activities. 

(ii) Attracting, repelling, bonding, and breaking are electro-chemical 
kinds of activity. Chemical bonding, such as the formation of strong co- 
valent bonds between amino acids in proteins, is a more specific example. 
The lock and key docking of an enzyme and its substrate involves geo- 
metrical shape and mechanical stresses and chemical attractions. As we 
will see, the historical development of the mechanism of protein synthesis 
required finding an activity to order linearly the constituents of the pro- 
tein, its amino acids; an early idea using primarily geometrico-mechanical 
activities was replaced by one involving, primarily, the weak electro- 
chemical activities of hydrogen bonding. 

(iii) Energetic activities have thermodynamics as their source. A kind 
of energetic activity involves simple diffusion of a substance, as, for ex- 
ample, when concentrations on different sides of a membrane lead to 
movement of substances across the membrane. 

(iv) Electro-magnetic activities are occasionally used to bottom out 
mechanisms in these sciences. The conduction of electrical impulses by 
nerve cells and the navigational mechanisms of certain marine species are 
examples. 

5.2. An Historical Aside. These categories of relatively fundamental ac- 
tivities suggest an historical strategy for examining the history of mecha- 
nisms. The discovery and individuation of different entities and activities 
are important parts of scientific practice. In fact, much of the history of 
science has been well written, albeit unwittingly, by tracing the discoveries 
of new entities and activities that mark the changes in a discipline. 
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The modern idea of explaining with mechanisms became current in the 
seventeenth century when Galileo articulated a geometrico-mechanical 
form of explanation based on Archimedes’s simple machines (Machamer 
1998). Soon an expanded version of this geometrico-mechanical way of 
describing and thinking about the world became widespread across Eu- 
rope (and the New World) and was called the “mechanical philosophy.” 

In the eighteenth and nineteenth centuries, chemists and electricians 
began to discover and describe other entities and activities that they took 
as fundamental to the structure of the world, and so expanded the concept 
of what could occur in mechanisms. The nineteenth century also saw an 
emerging emphasis on the concept of energy and electromagnetism. These 
different kinds of forces acting were new and different kinds of activities. 

In every case, scientists were compelled to add new entities and new 
forms of activity in order to better explain how the world works. To do 
this they would postulate an entity or activity, present criteria for its iden- 
tification and recognition, and display the patterns by which these formed 
a unity that constituted a mechanism. These became the new laws or ways 
of working of the various sciences. Documenting such new entities and 
activities allows us to map out the changes that become the substance of 
the history of science. 

This pastiche of history is a quick and simplistic way to show that the 
discovery of different kinds of mechanisms with their kinds of entities and 
different activities is an important part of scientific development. Contem- 
porary sciences such as neurobiology and molecular biology are in this 
tradition and draw on the entities and activities made available through 
some of these historical discoveries. 

The history of these changes implies that what count as acceptable types 
of entities, activities, and mechanisms change with time. At different his- 
torical moments, in different fields, different mechanisms, entities, and 
activities have been discovered and accepted. The set of types of entities 
and activities so far discovered likely is not complete. Further develop- 
ments in science will lead to the discovery of additional ones. 

5.3. Mechanism Schemata and Sketches. Scientists do not always pro- 
vide complete descriptions of mechanisms at all levels in a nested hierar- 
chy. Also, they are typically interested in types of mechanisms, not all the 
details needed to describe a specific instance of a mechanism. We introduce 
the term “mechanism schema” for an abstract description of a type of 
mechanism. A mechanism schema is a truncated abstract description of a 
mechanism that can be filled with descriptions of known component parts 
and activities. An example is represented in Watson’s (1965) diagram of 
the central dogma of molecular biology (see Figure 3). 

Schemata exhibit varying degrees of abstraction, depending on how 
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and amino acids in proteins. This algorithm represents the mechanism 
schema of the central dogma. Yet the algorithm itself becomes an actual 
mechanism of a very different kind when written in a programming lan- 
guage and instantiated in hardware that can run it as a simulation. 

For epistemic purposes, a mechanism sketch may be contrasted with a 
schema. A sketch is an abstraction for which bottom out entities and 
activities cannot (yet) be supplied or which contains gaps in its stages. The 
productive continuity from one stage to the next has missing pieces, black 
boxes, which we do not yet know how to fill in. A sketch thus serves to 
indicate what further work needs to be done in order to have a mechanism 
schema. Sometimes a sketch has to be abandoned in the light of new 
findings. In other cases it may become a schema, serving as an abstraction 
that can be instantiated as needed for the tasks mentioned above, e.g., 
explanation, prediction, and experimental design. 

6. Case Study: Discovering the Mechanism of Protein Synthesis. The dis- 
covery of the mechanism of protein synthesis illustrates piecemeal discov- 
ery of a mechanism schema, with different components discovered by dif- 
ferent fields. It also emphasizes the importance of finding the activities, as 
well as the entities, during mechanism discovery. 

Prior to the discovery of messenger RNA (mRNA), biochemists and mo- 
lecular biologists proposed mechanisms for protein synthesis focusing on 
different entities and activities. The contrasting mechanism schemata are 
vividly illustrated in two diagrams (see Figure 4): one by Zamecnik, a bio- 
chemist, and the other by Watson, a molecular biologist. 

Zamecnik’s 1953 diagram focuses upon energy production (formation 
of ATP) and the activation of amino acids prior to their incorporation 
into the protein’s polypeptide chain. It depicts the microsomes (labeled 3 
in the diagram) as the site of protein synthesis. (Microsomes were later 
shown to be ribosomes associated with other cellular components; see 
Zamecnik 1969, discussed in Rheinberger 1997.) This diagram clearly 
lacks any step for ordering the amino acids as they are incorporated into 
the protein. Although the nucleic acid RNA was known to be part of the 
microsomes, Zamecnik does not explicitly represent any nucleic acids as 
component entities of the mechanism. The biochemist’s diagram is there- 
fore an incomplete sketch; it lacks crucial entities and, more importantly, 
any reference to activities capable of ordering the amino acids.’ 

1. In a letter of December 8, 1999, Zamecnik recalls that they were aware of the need 
to include a role for DNA, beginning in 1944, because of Avery’s work. Sanger’s pre- 
sentation in 1949 at the Cold Spring Harbor Symposium at which Zamecnik spoke 
showed that protein sequences did not have simple repeats. Watson and Zamecnik were 
discussing connections between their work, beginning with a visit in 1954 and subse- 
quent contacts. The role of RNA was also being considered as an intermediary because 
















