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 SEQ CHAPTER \h \r 1The Biochemistry of Memory Consolidation and Multiple Realization


The last 30 years has seen the emergence of a set of biological model systems for the study of memory consolidation.
  Mice, Apylsia (sea slugs), and Drosophila (fruit flies) have proven to be capable of forming long-term memories through classical conditioning and for such tasks as navigating T-mazes.  More strikingly, it appears that the biochemical pathways underlying the capacity for memory consolidation have been evolutionarily conserved.  Part of what this means is that the biochemical pathways in mice, Aplysia, and Drosophila each have a form of cAMP-dependent protein kinase A (PKA), a form of DNA transcription activators (CREB enhancers), and a form of DNA transcription repressors (CREB repressors).  One conclusion one might draw from these scientific findings is that there exists a unique physico-chemical realization of a single cognitive process of memory consolidation.  Thus, the biochemistry of memory consolidation supports some form of reductionism regarding memory consolidation.  John Bickle, (2003), draws this conclusion.  Another conclusion, however, is motivated by the observation that each species has distinct amino acid sequences for each these proteins.  This observation suggests that there are really multiple physico-chemical realizations of the process of memory consolidation.  Thus, the biochemistry of memory consolidation supports some form of non-reductive physicalism regarding memory consolidation.


A thorough evaluation of the philosophical significance of the biochemistry of memory consolidation is a large and multi-faceted project, beyond the scope of a single conference presentation.  Here, therefore, I want to consider just two components of this evaluation.  Larry Shapiro (2004) suggests that the distinct amino acid sequences in mice, Aplysia, and Drosophila do not constitute distinct realizations of memory consolidation.
  There is a clear sense in which this is correct.  Still, I maintain that this sense is tangential to the traditional concern with multiple realization.  That is, Shapiro provides no reason to think that the distinct amino acid sequences constitute a single physico-chemical realization of memory consolidation.   Shapiro (2004) also suggests that physical constraints might narrow the range of possible physical realizations of cognitive functions.  Just as Aristotle thought that the function of a saw might only be realized by a single material, iron, so Shapiro suggests that cognitive functions might only be realized by a single underlying structure.  This is a proposal worth considering vis a vis the biochemistry of memory consolidation.  What I think we find in this case is that the constraints on amino acid sequences actually permit thousands of distinct chemical realizations of memory consolidation.


So, here is what I am up to.  I contend that the biochemistry of memory consolidation has a lot to offer philosophers of mind interested in multiple realization and reductionism.  Today, I will offer some defense of this claim by considering its bearing on two of Larry Shapiro’s ideas.


The Biochemistry of Memory Consolidation.  Very roughly speaking, memory consolidation is a process by which memories become more durable, lasting hours, days, weeks, and months, rather than merely second or minutes.  Surely one can raise objections to this definition and question whether or not it captures a single psychological function that is to be found in mammals, Aplysia, and Drosophila.  Perhaps there is mammalian memory consolidation, Aplysia memory consolidation, and Drosophila memory consolidation; that is, perhaps there are species-specific forms of memory consolidation.  Alternatively, forms of memory consolidation may be specific to individual organisms.  At issue here is what principles, if any, are to guide the individuation of psychological functions.
  For present purposes, it appears that this issue can be skirted.  The overall course of the argument will be that, however one wishes to individuate psychological function, there is essentially the same case to be made for the multiple realization of memory consolidation in distinct chemical pathways.


Turning to the biochemical pathway that is supposed to underlie memory consolidation in all these species, I want to simplify in ways that I don’t think affect the overall course of the argument.  Let me begin at the point where nerve cell activity leads to the conversion of adenosine triphosphate (ATP) molecules into cyclic adenosine monophosphate (cAMP) molecules.  (See Figure 1.)  Among other things, this additional cAMP binds to the regulatory subunits of protein kinase A (PKA) molecules thereby releasing two catalytic subunits of PKA.  When concentrations of the free catalytic subunits of PKA are sufficiently high, they migrate into the cell nucleus.  Inside the nucleus, the catalytic subunits regulate DNA transcription.  The catalytic subunits activate CREB enhancers (CREB I) which initiate DNA transcription and they inactivate CREB repressors (CREB II) which halt DNA transcription.


As was mentioned, the foregoing is account is a simplification.  What matters for the multiple realization of memory consolidation is that the principal proteins, PKA, CREB enhancers, and CREB repressors are multiply realized.  If they are multiple realized across distinct species, then the entire pathways across distinct species are also multiply realized.  What makes for the prima facie multiple realization of memory consolidation is the fact that proteins are chains of amino acids.  These chains can differ to a greater or lesser degree in their constituent amino acids.  Amino acid sequences can differ among themselves in terms of insertions, deletions, and substitutions.  All of this is basic undergraduate-level biochemistry, but if one reviews the experimental literature on this topic, it is clear that the PKA and CREB proteins differ in their amino acid sequences across species.
  So, the philosophical issue becomes what follows from the scientific discovery that distinct amino acid sequences underlie memory consolidation in diverse biological taxa.  As was mentioned, this is a complex issue, so that for today I will restrict my attention to its bearing on two of Larry Shapiro’s ideas concerning multiple realization.


Shapiro’s theory of multiple realization.  The core of Shapiro’s account is that a function F is realized by distinct bases B1 and B2 if, and only if, B1 and B2 differ in ways that are causally relevant to their execution of function F.
  This proposal delivers plausible results in Shapiro’s favorite parade case where he suggests that a waiter’s corkscrew and a double-lever corkscrew constitute distinct realizations of the function of being a corkscrew, since the two types of corkscrew bring about cork removal by distinct mechanisms.  (See Figure 2.)  Further, the proposal seems plausible when Shapiro contends that a red waiter’s corkscrew and a green waiter’s corkscrew do not constitute distinct realizations of a corkscrew, since the color of the corkscrew is causally irrelevant to the way in which a cork is removed.  The proposal does, however, run contrary to tradition and common intuitions insofar as it is committed to asserting that an aluminum waiter’s corkscrew and a steel waiter’s corkscrew do not count as distinct kinds of realizations of corkscrew or waiter’s corkscrew.
  According to Shapiro, aluminum and steel do not count as distinct realizations of a corkscrew, since they contribute the same causal power, rigidity he supposes, to the corkscrews they constitute.  Instead, aluminum and steel constitute distinct realizations of rigidity.  Thus, it is not that distinct materials never constitute distinct kinds of realizations; rather, it is that distinct materials do not necessarily constitute distinct kind of realizations.


Shapiro’s treatment of this last case of corkscrews made of aluminum or steel indicates that there are two ways one might apply the theory to our case of memory consolidation.  Either memory consolidation is realized directly in amino acid sequences or indirectly via some intermediate functional decomposition of memory consolidation.  (See Figures 3 and 4.)  I will now argue that neither of these applications yields the conclusion that there is a unique physico-chemical realization of memory consolidation.


Suppose that memory consolidation is directly realized in amino acid sequences, as illustrated in Figure 3.  This is apparently analogous to the realization of rigidity in aluminum and steel.  Clearly, in this case, memory consolidation is multiply realized in the distinct amino acid sequences found in mammals, Aplysia, and Drosophila.  That is, on this way of applying Shapiro’s theory of multiple realizations, there are multiple physico-chemical realizations of memory consolidation.


Consider, then, the idea that memory consolidation admits of a functional decomposition whose components are multiply realized.  This is illustrated in Figure 4.  One way this might go is to suppose the each protein in the biochemical pathway has a functional specification.  Thus, we can simplify the proposal by supposing that the function of the PKA protein is to bind cAMP and phosphorylate CREB enhancers.  The function of CREB enhancers is to be phosphorylated by PKA catalytic subunits and to initiate gene transcription.  Finally, the function of CREB repressors is to be phosphorylated and to inhibit gene transcription.
  In this case, memory consolidation will, initially, be uniquely realized in a single functionally specified biochemical pathway, the cAMP-PKA-CREB pathway.  Each component in this pathway will then be realized by a different amino acid sequence in each species.  Now suppose that the distinct amino acid sequences underlying  PKA are causally equivalent ways of bringing about the functions of PKA, that the distinct amino acid sequences underlying CREB enhancers are causally equivalent ways of bringing about the functions of CREB enhancers, and that the distinct amino acid sequences underlying CREB repressors are causally equivalent ways of bringing about the functions of CREB repressors.  On these last assumptions, Shapiro’s theory tells us that the various amino acid sequences do not constitute distinct kinds of realizations of memory consolidation, even though they do constitute multiple realizations of the several functionally-specified proteins.  On this application of Shapiro’s theory, the distinct amino acid sequences may constitute a single kind of realization of memory consolidation.  Nevertheless, the distinct sequences would not constitute a single physico-chemical kind of realization.  There may be only one kind of realization of memory consolidation, but the members of this kind of realization are not physically or chemically unique.  The reason is that Shapiro’s theory differentiates among realizations only by reference to their causal powers, not by reference to the underlying physical properties.  Shapiro’s theory treats physically distinct, but causally equivalent properties as a single realization.  So, Shapiro’s theory still permits the conclusion that there is more than one physico-chemical realization of memory consolidation, i.e., that memory consolidation is, in some sense, multiply realized in distinct chemical structures.


This analysis of the application of Shapiro’s theory to the biochemistry of memory consolidation draws attention to an important respect in which the theory is orthogonal to the principal interest in multiple realization.  While Shapiro may have a perfectly coherent theory of multiple realization, it is a conception that does not capture the idea that physical properties in some sense outrun psychological properties.  Recall that when the multiply realizability argument was first brought out, it was used to attack the type-type identity theory.  According to the type-type identity theory, each mental type is supposed to be identical to a single underlying physical type.  Each mental type is really only some physical or chemical or neurological type.  The idea of multiple realizability was originally used to challenge this theory and it continues to play this role.  So, any theory of multiple realization that effectively divorces multiple realization from its use in opposition to a type-type identity theory has made a serious departure from the philosophical tradition.


Earlier I claimed that the core of Shapiro’s account is that a function F is realized by distinct bases B1 and B2 if, and only if, B1 and B2 differ in ways that are causally relevant to their execution of function F.  Shapiro does, however, have an additional wrinkle in his theory that I want to address now.  Shapiro’s might contend that the amino acid sequences of the various PKAs and CREBs are only trivially different.
  Maybe the physical and chemical differences among these molecules don’t make a difference.  After all, there are amino acid substitutions that do not substantially change the physical or chemical properties of the proteins of which they are a part.  Such substitutions are variations that must, in fact, make relatively small changes to the overall chemical and physical properties of the molecules, else the organism that contains them would die.


Here is a reason to think that the small chemical and physical variations in the amino acids are non-trivial.  The existence of numerous chemically and physically similar molecules allows for a pool of genotypic and phenotypic variation upon which evolution by natural selection can act.  Variations that confer essentially the same physical and chemical properties to a molecule can be preserved in a population and recombined each generation through sexual reproduction.  It is surely no accident that the two most important types of molecules in the living world, proteins and DNA, are both chain structures in which there can be multiple variations with very similar overall chemical and physical properties.  What we appear to have here is a case where having small physical and chemical differences is theoretically important.  So, at the very least, we need to develop a more elaborate theory of what makes a difference theoretically important, a theory other than that the differences must be large.


Constraints.  One of the central ideas in Shapiro, (2004), is that philosophers may have overestimated the plausibility of multiple realization and multiple realizability because they have not taken proper account of the way in which physical constraints can impose limitations on what nomologically possible realizations there can be to psychological processes.  One illustration of the potentially surprising role of constraints comes with a review of the biology of eyes.  Where a philosopher might suppose that there are any number of nomologically possible ways in which to construct an eye, it turns out that the physics of light narrows the possible designs of eyes to something on the order of eight.


What makes the molecular biology of memory consolidation interesting to this issue is, first, the fact that molecular biologists have a reasonably good working knowledge of the constraints that are involved in the construction of proteins, and, second, that we can now determine in a general way that these constraints are loose enough to allow for the multiple realization of memory consolidation.  The principal constraints that determine the overall conformation of proteins come from a) hydrogen bonding among elements of the polypeptide backbone, b) hydrogen bonding among the amino acid side chains, c) the opportunities for formation of disulfide bonds among certain amino acids, d) the size of the amino acid side groups, e) the polarity of the amino acid side groups, and f) the charge of the amino acid side groups.  It is working knowledge of these sorts of properties of amino acids and the principles governing them that enables structural biochemists to generate computer programs that can make at least rough predictions of the functional groups and overall conformation of individual amino acid sequences.  Further, from what we know about the multiple realization and multiple realizability of memory consolidation in distinct amino acid sequences, we can see that the physico-chemical constraints on amino acid sequences are not so severe as to preclude multiple realization.


Conclusion.  Here is one way to pitch this talk.  Neuroscientists have developed three model systems for the study of memory consolidation.  There is one in Aplysia, one in Drosophila, and one in mammalia.  I believe these model systems have tremendous potential to enrich philosophical discussion of reductionism in the philosophy of mind.  Today’s talk, I believe, can be viewed as a case in point.
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Figure 1. Simplified Biochemical Pathway Underlying Memory Consolidation.
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Figure 2. Waiter's and double wing corkscrews. (From Shapiro, (2004), p. 2.)
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Figure 3.  Direct realization of memory consolidation in distinct amino acid sequences.
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Figure 4.  Indirect realization of memory consolidation in distinct amino acid sequences.
� Bickle, (2003), provides a nice overview of the methods and results of this field.


� In response to a draft of another paper on this topic, Shapiro concluded that his theory commits him to the view that distinct amino acid sequences do not constitute distinct realizations of memory consolidation.


� Shapiro, (2004), raises this issue.


� Cf., e.g., Bartsch, et al., (1998), Bergold, et al., (1992), Beushausen, et al., (1988), Kalderon & Rubin, (1988), Yin, et al., 1994.


� Shapiro tweaks the theory by inserting a notion of trivially different realizations.   Cf., Shapiro, (2004), p. 48, p. 53.  I shall return to this point.


� Cf., Shapiro, (2000), pp. 644-645.


� This is an incorrect specification of the functions of these proteins, but this error does not matter for present purposes.


� The inspiration for this way of handling this case came from Fred Adams who immediately observed Shapiro’s omission of any reference to physical kinds.


� Cf., Shapiro, (2004), p. 48, p. 53. 






