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Abstract

SomeNewMechanistshaveproposed that claims of compositional relations are justifiedby com-
bining the results of top-down and bottom-up interlevel interventions. But what do scientists do
whentheycanperform, say,a cellular intervention,butnota subcellulardetection? Insuchcases,
paired interlevel interventions are unavailable.We propose that scientists use abduction andwe
illustrate its use through a case study of the ionic theory of resting and action potentials.

Recent work by some New Mechanists has proposed that scientists test hypotheses
about what composes what by pairing the results of “top-down” and “bottom-up” “inter-
level experiments” (e.g., Craver 2007; Craver and Darden 2013)1 In a “top-down interlevel
experiment,” one manipulates a whole, then detects some feature of one or more of its
constituent parts. As an example, one might have a subject view an image, then try
to detect changes in blood oxygenation levels in particular regions of the brain. In a
“bottom-up interlevel experiment,” one manipulates a part, then detects some feature
of the whole. As an example, one might perform a brain lesion on an animal, then detect
what changes there might be in the animal’s performance on some task.

Notice that such interlevel experiments require two technical capabilities. There
must be an ability to manipulate some experimental preparation and an ability to detect
something at a distinct level, either higher or lower, in that preparation.What, however, do
scientists do when they lack one of these capabilities? Consider a particularly salient kind
of case. Biologists might develop a technique for manipulating cells, but then lack the abil-
ity to detect subcellular responses. What do they do when they lack top-down interlevel
experimental results to pair with bottom-up interlevel experimental results?2

© The Author(s), 2022. Published by Cambridge University Press on behalf of the Philosophy of Science Association. This
is an Open Access article, distributed under the terms of the Creative Commons Attribution licence (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted re- use, distribution and reproduction, provided
the original article is properly cited.

1 This account obviously presumes that there is a legitimate notion of levels in the special sciences, so
this presumption will be honored, if only for the sake of argument, in this paper.

2 Glennan (2005, 450) recognizes this methodological challenge but does not articulate the solution to
it that we present. One reviewer proposed that Gebharter (2017) and Harbecke (2010, 2015) provide con-
firmation methods that differ from interlevel experiments. Whether or not that is true, their methods
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An apt instance of this type of situation is found in the history of accounts of the
action potential. In broad outline, over the course of the first half of the 20th century,
physiologists developed techniques that enabled them to make precise measurements
of neuronal action potentials, but they did not have techniques to detect the contem-
poraneous lower-level features of the ions or their movements in those neurons.
Thus, top-down interlevel experiments were not available to them. How did the phys-
iologists of that day grapple with this methodological challenge?3

Looking closely at the relevant primary literature, one finds that scientists made
ample use of abductive reasoning. By abductive reasoning, we mean inferring that the
world is arranged thus and so because its being so arranged has some explanatory
value. So, as an illustration, consider some marks in the snow. One postulates that
a deer walked through the area, since that would explain the marks in the snow.
Implicit in this explanation is the presupposition that the deer walking through
the snow caused the marks. Similarly, Alan Hodgkin and Andrew Huxley (1952),
for example, postulated lower-level fluxes of sodium and potassium ions because such
fluxes would explain the higher-level neuronal action potentials. In this case, the
implicit assumption of the explanation is that the ion fluxes compose (or, as the
New Mechanists often put it, “mechanistically constitute”) the action potential.4

What the case suggests is that New Mechanists should accept that there is a broader
range of methods by which scientists justify compositional hypotheses.5

To make the foregoing case, section 1 will provide some theoretical background
regarding what we mean by “abduction” and how it contributes to the justification
of hypotheses about what is compositionally related to what in ways that interlevel
experiments cannot. Sections 2 and 3 will provide the historical case study. Section 2
will briefly review the scientific understanding of the compositional basis of the rest-
ing and action potentials prior to 1952, whereas section 3 will detail the experiments
and reasoning from the first experimental paper in Hodgkin and Huxley’s seminal
series of reports from 1952. In brief outline, we find that pre-1952 work had estab-
lished qualitatively the particular roles of sodium and potassium ions in the

apparently share the limitations of interlevel experiments in requiring data on both the upper and the
lower level in a single preparation, hence will suffer the same limitation just described for interlevel
experiments. In personal correspondence from May 2020, both Gebharter and Harbecke read the fore-
going portion of the footnote and confirmed the analysis.

3 An important secondary feature of the example is that some New Mechanists have written about it
in detail (e.g., Craver 2007, 2008; Levy 2014). So, the example falls neatly within what at least some New
Mechanists take to be the purview of the New Mechanist approach.

4 For a theoryof composition, as opposed to causation, seeGillett (2016, chapter 2). Forpresentpurposes,
we need not suppose that all abductive inferences involve postulating causes or “composers”; it is merely
that the relevant species of abductive inference are apparently like this. Perhaps a noncausal,
non-“composer” case is the following. Suppose one has a law that whatever contains sugar is sweet and
a law that all pineapples are sweet. One might explain why all pineapples are sweet by the hypothesis that
all pineapples contain sugar. The law that all pineapples are sweet might be taken not to be a cause or a
“composer.” See Schurz (2008, 212), from which the example, though perhaps not the moral, is drawn.

5 Baumgartner and Casini (2017) propose that scientists use a kind of abductive reasoning to explain
an unbreakable connection between certain higher-level processes and their lower-level bases. In the
version of abduction we describe, what is abductively explained is simply the higher-level process, such
as the firing of an action potential. Helpfully for us, Baumgartner and Casini close their paper by drawing
attention to the need for case studies of how scientists confirm compositional hypotheses.
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compositional basis of the resting and action potentials, whereas Hodgkin and
Huxley’s papers of 1952 provided measurements of membrane currents that were
consistent with those ions fluxing during the action potential, both confirming
and refining the qualitative pre-1952 account.

1. Philosophical preliminaries on abduction and interlevel experiments
We have proposed that early 20th century physiologists used abductive inferences to
justify hypotheses about what composes what.6 Given such an observation, one phil-
osophical project would be to develop a theory of what abductive inferences are.
Thagard (1978), for example, reviews a number of episodes in the history of science
that prima facie illustrate abduction as a prelude to the development of a theory of
abduction.7 Our project here is not meant to rival Thagard’s. Nor will our project
weigh in on any number of issues concerning how to understand abduction, such
as the extent to which abduction is a matter of inference to the best explanation,
what features of explanations might make one explanation better than another,
and which possible explanations are up for comparison. Instead, our project is meant
to provide a (detailed) example of abductive inferences used to justify claims about
compositional bases, thereby establishing that there is a scientific practice for which
one should provide a theory.8 Having set out this caveat—that we will not attempt a
full-blown theory of abduction—we can nevertheless offer some clarificatory
remarks on what we mean by “abduction” and one context in which it is likely to
have a prominent role to play in scientific reasoning.

It is common to distinguish deductive, inductive, and abductive inferences.
Deductive inferences are those in which, if the premises are true, then the conclusion
must be true, whereas with inductive and abductive inferences, the premises may be
true, while the conclusion is nevertheless false. Inductive and abductive inferences
are often said to be ampliative in the sense that they go beyond what is asserted
in the premises, whereas deductive inferences are nonampliative. While “inductive
inference” is sometimes used as a blanket term that includes abductive inference,
it is also sometimes used more narrowly to cover instances in which, say, a property
or regularity of some observed individuals is applied to some unobserved individuals.
Abductive inferences are also intended to warrant claims about the unobserved; how-
ever, they do this in a more general way by providing an explanation. In an abductive

6 In observing that scientists sometimes use abductive methods to justify hypotheses, we do not mean
to endorse this use as genuinely justificatory. As far as our present concerns go, it could turn out that
scientists take abductive inferences to be justificatory, but that they are not.

7 Both Thagard (1978) and Lipton (1991, 2004) early on provide putative scientific examples of infer-
ence to the best explanation as showing the need for a theory of this sort of reasoning. This is relevant to
“abduction” insofar as this term is often used interchangeably with “inference to the best explanation.”
See Schurz (2008) and Douven (2017) for endorsement of this usage; see Campos (2011) for reasons
against this usage.

8 We take it that it is perfectly sensible to document the existence of a practice before developing a
theory of that practice. Indeed, this seems to be exactly what Craver did with interlevel experiments and
the formalism of mutual manipulability. Craver (2002) provides a taxonomy of interlevel experimental
strategies, namely activation strategies, interference strategies, and additive strategies. This was largely
a description of scientific practices without a theory of them. It did not include the mutual manipulability
theory of those practices that appeared in Craver (2007).
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inference, some entities are postulated because the existence of those entities would
provide an explanation of something. In other words, the fact that some entities
explain something provides some justification for postulating, accepting, or believing
in those entities (e.g., Schurz 2008, 202; Douven 2017, 5).9

There are two features of abductive inference that are noteworthy with respect to
theories of what composes what. Abductive inference can involve the postulation of
entities that are 1) qualitatively distinct from what is cited in the observations that
form the premises of the abductive inference and 2) not directly empirically detected.
Consider these points in turn. In an inductive inference, one might have as evidence
that copper sample 1 has a melting point of 1085°C, copper sample 2 has a melting
point of 1085°C, and copper sample 3 has a melting point of 1085°C, from which one
might infer that all copper has a melting point of 1085°C. In this case, the copper and
the melting point of the conclusion are not qualitatively distinct from the copper and
the melting point of the observational premises. By contrast, with abduction, when
one observes certain marks in the snow then infers that a deer must have walked
through that snow, the inference postulates an entity, a deer, that is qualitatively
distinct from the marks in the snow. When one measures the peak voltage of an action
potential, then infers that certain ion fluxes must have given rise to it, the inference
postulates individuals and activities that are qualitatively distinct from the action
potential. In the abductive cases, the inferences are ampliative as they invoke quali-
tatively distinct entities.10

While there is certainly room to question what is meant by “qualitative distinct-
ness,” the idea seems to be implicit throughout much of the New Mechanism.11 In this
literature, one often reads that an individual S’s engaging in a process of ψ-ing is to be
explained in terms of a collection of individual xi’s engaging in processes of ϕi-ing.
The supposition, suggested by the notation, is that S (e.g., a neuron) is qualitatively
distinct from the xi’s (e.g., ions) and that the process ψ (e.g., firing an action potential)
is qualitatively distinct from the processes ϕi (e.g., crossing the membrane).
Moreover, such descriptions appear to be implicitly motivated by the idea that mech-
anistic explanations are supposed to be better than, and distinct from, “homuncular”
explanations.12 In a “homuncular” explanation, one might explain S’s ψ-ing by appeal
to some component xi ψ-ing, as in explaining that a normal human being S sees
because there is an inner homunculus xi that sees. That such an explanation is, in
some sense, wanting motivates the idea that ψ-ing should be distinct from ϕ-ing.

9 It has been maintained the abductive inferences serve only as guides for future research. One reason
to doubt this view is that the scientific community appears to have originally accepted the relationship
between action potentials and ion fluxes based only upon abductive inferences. This provides at least
prima facie reason to believe that the scientific community at least treats abductive inference as
justificatory.

10 Schurz (2008, 216) refers to “micro-part abductions,” in which “one abduces a hypothesis about the
microscopic composition of observable objects in terms of micro-parts which obey the same laws as the
observable macroscopic objects, in order to explain various observed empirical phenomena.” Our pre-
supposition here, apparently shared by many New Mechanists, is that there is an abundance of what
might be aptly described as “micro-part” abductions that do not fit the model Schurz describes.

11 For some non-New Mechanist discussion of “qualitative distinctness,” see Gillett (2010).
12 See Craver and Darden (2013, 88–9) for comments on this score.
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A second important feature of abduction is that one postulates entities, not on the
basis of any direct measurement or detection of them, but because they are explana-
tory. In other words, through abduction, a compositional hypothesis regarding some
entity is supposed to be warranted, even though one has not observed or detected
that entity. In the case of the marks in the snow, the deer is unobserved, since it
was present in the past. In the case of the action potential, the total ionic current
could be measured, but the fluxes of individual ions were not observed, since early
20th century physiologists did not have the technology to isolate them.

This second feature of abduction serves to distinguish it from so-called “interlevel
experiments” in the way mentioned in the introduction. A “top-down” interlevel
experiment requires the ability to manipulate entities, then detect, simultaneously
and directly, something at a lower level in that very preparation.13 But in some cases,
scientific technology may be limited so that one cannot directly detect at the lower
level. In such cases, top-down interlevel experiments will be technologically impos-
sible, but one might be able to justify hypotheses through abductive inferences.
Looking ahead to subsequent sections of the paper, mid-20th century physiologists
had technology, such as the voltage clamp, that enabled them to make precise meas-
urements of current flowing across the neuronal membrane when it was held at a
particular voltage, but did not have technology to enable them to directly and simul-
taneously measure the action potential and its contemporaneous ion fluxes. Instead,
the voltage and time dependence of the membrane conductance were measured in
different ionic solutions, and from that separate ion fluxes were postulated that could
explain the measurement of the action potentials.

The foregoing observations provide what seem to us to be basic features of at least
some important cases of abduction that will help the reader begin to appreciate what
we mean by “abduction” and why scientists would sometimes use abduction to justify
compositional claims. There are, of course, many philosophical issues we have not
touched on, but we shall return to some of them in the concluding remarks.

2. The pre-1952 understanding of the resting and action potentials
At the time Hodgkin and Huxley published their series of papers in 1952, it was
already established that the resting and action potentials associated with nerves were
related to the concentration of specific ions inside and outside the membrane. In 1902,
Julius Bernstein put forward the theory that neuronal membranes exhibited a resting
potential due to a selective permeability to potassium. This “membrane theory” was

13 In principle, one might claim that there are “interlevel experiments” wherein scientists in one lab-
oratory perform an experiment on one level, whereas scientists in another laboratory perform an exper-
iment on the lower level. Thereafter, the results are somehow combined. This, in fact, happens in many
cases, but it is implicitly not what is involved with interlevel experiments as they are commonly under-
stood in the NewMechanist literature. Notice that, as the NewMechanists typically understand them, the
manipulations and the detections are supposed to occur in one subject or preparation. The method does
not propose having a subject view an image, then measure changes in the brain of another subject. The
method does not propose giving one animal a brain lesion, then measuring the behavior of another ani-
mal. Moreover, the idea that the higher- and lower-level interventions are supposed to be in one experi-
mental preparation is implicit in much of the discussion of mutual manipulability, insofar as this is the
source of the inability to perform ideal interlevel interventions. See Baumgartner and Gebharter (2016)
for discussion of this problem.
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predicated on earlier work by Walther Nernst (1889) showing that electrical poten-
tials could be established by the concentration gradients of ions, and the theory of
Wilhelm Ostwald (1890) that the voltage across a membrane arises from its selective
permeability to particular ions. The Nernst equation describes how the potential
across a membrane is related to the relative concentration of a particular ion, denoted
ion, inside and outside the membrane.

Eion �
RT
zF

ln
ion� �i
ion� �o

(1)

In the equation, E is the potential across the membrane for a particular ionic species
(e.g., K� or Na�), R is the gas constant, T is temperature in Kelvin, z is the charge of
the ion, F is Faraday’s constant, and the square brackets signify the ionic concentra-
tion with an o subscript for the outside (extracellular) concentration and an i sub-
script for the inside (intracellular) concentration.14 If a membrane is at the
equilibrium potential, then the concentration- and voltage-dependent ionic fluxes
are balanced across the membrane; that is, they cancel each other out and so there
is no net ionic current.

Bernstein’s experimental preparation consisted of a frog nerve suspended in an
oil-filled jar. One end of the nerve was cut, saline-soaked clay electrodes were posi-
tioned at the cut and uncut ends of the nerve, and the voltage difference between
them was measured (known as an injury potential). By recording from the cut end
of the nerve, Bernstein gained crude electrical access to the intracellular solution
of the axons that were bundled into the nerve. The difference in electrical potential
between this cut portion and the intact segment of nerve allowed him to measure the
average voltage difference across the axonal membranes that comprised the nerve.
Bernstein noted that this potential was around 50 mV, which is approximately what
one would expect from the Nernst equation if the membrane was permeable to potas-
sium ions, and given the already known concentrations of potassium inside and out-
side nervous tissue (Bernstein 1971, 1912). Crucially, this experiment does not
constitute an interlevel experiment. Only the potential of the nerve was measured,
and the manipulation of cutting the nerve was performed merely to give access to the
intracellular milieu. Later in the experiment, Bernstein had suspended his oil-filled jar
in a water bath and was able to change its temperature from 36° to -2° Celsius. He
found that the potential changed its value linearly with temperature, in accordance
with the Nernst equation. This too does not constitute an interlevel experiment since
both the manipulation, a change in temperature, and the measurement, the injury
potential, were performed at the level of the whole nerve. Since the Nernst potential
for potassium best fit his results, he abductively concluded that the resting potential
of the neuron arose from the charges on the potassium ions, their relative concen-
trations across the membrane, and the membrane’s partial permeability to them.

Curtis and Cole (1942) further confirmed the fact that the resting potential
matched that predicted by the Nernst equation for potassium by varying its concen-
tration outside the nerve. Using the giant axon of the squid, they were able to record

14 It is worth noting that modern forms of the Nernst equation have the outside concentration as the
numerator and inside concentration as the denominator; however, to maintain fidelity with the reviewed
literature, we will adopt the older form.
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the resting potential from inside the axon by inserting a fine glass micropipette down
its length. Since the recording electrode was placed inside the axon, they were able to
bathe the nerve in sea water, which would have shorted out the externally placed
electrodes used by Bernstein (hence why he immersed his nerves in oil). This allowed
them to vary the concentration of potassium outside the axon and observe its effect
on the resting potential. As with Bernstein’s experiments, Curtis and Cole performed a
manipulation at the level of the entire preparation by varying the concentration of
potassium outside the axon. They found that increasing the external concentration of
potassium, bringing it closer to the concentration found inside the axon, drove the
resting potential toward zero, agreeing with the Nernst equation.15 Again, Curtis and
Cole used an abductive inference, rather than an interlevel experiment to reach their
conclusion; the Nernst equation for potassium provided the best agreement with
the data.

Altogether this body of work suggested that the resting potential arose from the
membrane’s slight permeability to potassium ions, the charge on the potassium ions,
and the relative intracellular and extracellular concentrations of potassium ions.
Subsequently, the Nernst equation was modified to incorporate the small permeabil-
ity of the membrane to sodium and chloride ions (PNa, PCl), to allow for a more accu-
rate estimate of the resting membrane potential (Hodgkin and Katz 1949). Known as
the Goldman, Hodgkin, and Katz equation,

Er �
RT
F

ln
PNa Na� �i � PK K� �i � PCl Cl� �o� �
PNa Na� �o � PK K� �o � PCl Cl� �i� � : (2)

it gives the resting membrane potential as a function of the external and internal
concentrations of sodium, potassium, and chloride ions, along with the membrane’s
permeability to each of these ionic species (PNa, PK, PCl). In their proposal for this
explanation of the resting potential, Hodgkin and Katz (1949) are agnostic as to
the exact basis for the membrane permeability, but they do adopt a formalism from
diffusion that is grounded in the mobility of each ionic species in the membrane.

In the same 1949 paper, Hodgkin and Katz implicate sodium as the principal ion
responsible for the action potential using an approach similar to Curtis and Cole
(1942). Originally, as part of his membrane theory, Bernstein had suggested that
the action potential arose from a “breakdown” in the membrane to potassium, which
would reduce toward zero the potential difference between the inside and outside of
the axon. This was based on measurements he had made using extracellular electro-
des, in which he found that the potential was near 0 mV during action potential
generation.

With the advent of improved recording techniques, in particular the ability to
insert electrodes inside the cell (Hodgkin and Huxley 1939), it was found that the
membrane potential did not go to 0 mV. Instead, it overshot, typically reaching
around -50 mV. This contradicted the theory of the action potential put forward
by Bernstein. Instead, Hodgkin and Katz (in collaboration with Huxley) put forward
the theory that the action potential reflected an increase in membrane permeability
to sodium (Hodgkin and Katz 1949). This was based in part on early experiments by

15 While Curtis and Cole make no mention of Nernst in their 1942 publication, Cole reproduces the
figures from that paper in his 1968 book and ties them directly to the Nernst equation (Cole 1968, 148).
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Overton (1902) showing that reducing the sodium concentration in the solution bath-
ing a nerve decreased its excitability. However, an argument based on the properties
of the ionic solutions is the reason stated by Hodgkin and Katz (1949):

The hypothesis is based upon a comparison of the ionic composition of the axo-
plasm of a squid nerve with that of the sea water in which experimental prep-
arations are normally immersed. : : : the sodium and chloride ions may be
present in [intracellular] concentrations which are less than one tenth of those
in sea water. : : : The reversed potential difference which could be obtained by a
mechanism of this kind might be as great as 60 mV. (Hodgkin and Katz 1949,
37–38)

Thus, measurements of the sodium ion concentration inside the axon found that
sodium was less than 10% that found outside. Following the Nernst equation, this
would give a potential of ∼56 mV at 10° Celsius, which was close to the potential
reached during the peak of the action potential. This would produce a robust positive
current flowing into the axon because the sodium ions are positively charged and
would move down their concentration gradient, from the high extracellular concen-
tration to the low intracellular concentration. Since the Nernst equation indicates
that the potential for sodium depends in part upon its concentration outside the axon,
and that was a relatively simple factor to manipulate, Hodgkin and Katz systemati-
cally varied it while recording the action potential’s peak voltage. They replaced
sodium in the solution bathing the nerve with isotonic dextrose, which prevents
the nerve from being damaged by an osmotic imbalance. Reducing sodium toward
the concentration found inside the axon brought the action potential amplitude
toward 0 mV, which would be predicted by the Nernst equation since the log of 1
([Na]i = [Na]o) is 0. They found that for a range of concentrations the peak of the
action potential matched the sodium potential predicted by the Nernst equation.

3. Abduction in Hodgkin and Huxley’s treatment of sodium and potassium
currents in nerve membrane
Our review of Hodgkin and Huxley’s (1952) treatment of sodium and potassium cur-
rents is meant to draw further attention to the role of abduction in the development
of the compositional accounts of the resting and action potentials. Stated succinctly,
we make the case that Hodgkin and Huxley used abduction as a means of guiding their
experiments and framing the quantitative measures they used in their compositional
explanation of the action potential. For these purposes, we need not review the entire
series of Hodgkin and Huxley’s papers from 1952. Instead, it will suffice to draw atten-
tion to the arguments in the first part of their first paper of 1952.16

Their first experiment depolarized an axon by 65 mV and measured the change in
current across the membrane, first, in sodium-containing sea water, then in a sodium-
free “choline” sea water solution, then again in a sodium-containing sea water

16 This is the first paper in their series that is solely authored by Hodgkin and Huxley and is focused on
collecting experimental data to later ground their model of the action potential. The actual first paper in
the series was coauthored with Bernard Katz and is a description of their experimental apparatus, the
voltage clamp.
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solution (see Figure 1). The most obvious feature of these panels is that the initial
inward current (represented by the initial rise at the left of the curve) disappears
when the axon is placed in the sodium-free solution. From earlier research,
Hodgkin and Huxley (1952) had concluded that the initial inward current was due
to sodium.17 So, while they do not write as much at this point in their paper, we take
them to believe that what would explain this feature is sodium ions being responsible
for the transient inward current seen in the top and bottom panels.

Their second experiment is a more complex variation on the first, wherein the
same sodium-containing, sodium-free, sodium-containing protocol is used, but with
variations in the strength of the depolarization (see Figure 2). The sodium component
of the membrane current will be proportional to the driving force for sodium ions
across the membrane, which is the difference between the membrane potential (con-
trolled by Hodgkin and Huxley [1952]) and the sodium equilibrium potential. By
bringing the membrane potential closer to the sodium equilibrium potential they
should offset the inward driving force of the sodium ion concentration gradient,
thereby reducing the transient inward flux of sodium ions even to the point of
completely eliminating the influx in favor of an efflux. This prediction is borne
out in the first and third columns of Figure 2 at all depolarizations greater than -
15 mV. Again, the implicit assumption is that the pattern in the data might be
explained by the hypothesis that the currents are due to the influx of sodium ions
driven by the sodium ion concentration gradient. In addition, of the second column
of Figure 2, Hodgkin and Huxley write:

When the axon is placed in a sodium-free medium, such as the “choline sea
water”, there can be no inward flux of sodium, and the sodium current must
always be outward. This will account for the early hump on the outward current

Figure 1. Hodgkin and
Huxley's measured total
current and inferred cur-
rents in sodium and
sodium-free solutions.
(Based on Hodgkin et al.
1952, p. 451, Fig. 1).

17 For example, “there are experiments which show that the rate of rise and amplitude of the action
potential are determined by the concentration of sodium in the external medium (e.g., Hodgkin and Katz,
1949; Huxley and Stämpfli, 1951).” (Hodgkin, Huxley, and Katz 1952, 424).
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which is seen at all but the lowest strength of depolarization in the center
column of Fig. 2. (Hodgkin and Huxley 1952, 454)

If we take “account for” to be synonymous with “explain,” then there is reason to
think that Hodgkin and Huxley understand themselves to be doing something like
abductively inferring that sodium ion fluxes are responsible for the observed tran-
sient inward currents. Note that they did not experimentally inject sodium into
the axon, nor did they verify that the ions mediating the current were in fact sodium.
Instead, sodium ion fluxes explained the constellation of facts already known about
the molecular constitution of axoplasm, the Nernst equation, and their experimental
circumstances.

Finally, their third experiment varies both a) the concentration of the sodium in
the sea water to 30% and 10% of normal and b) the strength of the depolarization.
Figure 3 shows the results of the protocol placing the axon in 30% sodium sea water,
then sea water, then 30% sodium sea water. Using the Nernst equation applied to the
sodium ion, Hodgkin and Huxley were able to predict the depolarization at which
there would be neither influx nor efflux of current and found that the predicted val-
ues were close to those measured.

To this point, we have tried to emphasize Hodgkin and Huxley’s use of abduction,
but properties come to the fore in what Hodgkin and Huxley themselves describe as a
“quantitative test” of their hypothesis regarding the role of sodium ions in the rising
phase of the action potential (the initial hump in their current traces, such as the
middle panel of Figure 3). So, they let ENa denote the sodium potential in sea water
and E‘Na denote the sodium potential in a reduced sodium solution. Using the Nernst

Figure 2. Hodgkin and
Huxley's measured current
at multiple voltage clamp
levels along with inferred
sodium reversal potential
(Based on Hodgkin and
Huxley 1952, p. 451, Fig. 2).
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equation, one can predict the difference between these potentials,

E0
Na � ENa �

RT
F

ln
Na� �i
Na� �0o

� RT
F

ln
Na� �i
Na� �o

(3)

� RT
F

ln
Na� �i
Na� �0o

� ln
Na� �i
Na� �o

� �

� RT
F

ln
Na� �o
Na� �0o

Since they did not have experimental access to ENa (they could only estimate it from
the Nernst equation), it had to be calculated from the axon’s resting potential plus the
amount of additional depolarization required to reverse the direction of the initial
hump of (putative) sodium current. This sum reflects the absolute membrane poten-
tial at which the sodium current would reverse, ENa. The difference between it in the
normal and reduced sodium sea water could then be compared with that predicted by
the modified form of the Nernst equation immediately above. As shown in the repro-
duced table, the Observed and Theoretical values for this difference in potential were
remarkably consistent. We cannot assume that all numerical values are values for
properties; they might instead be rates of processes, for example. Caution noted,
the values of R, T, G, [Na]o, [Na] 0o, are properties and they play an essential role
in Hodgkin and Huxley’s argument. Indeed, a general moral would seem to be that,
when scientists rely on quantitative arguments, one should consider whether or not
they are trafficking in properties.

Axon Temp. [Na] 0o VNa V 0
Na (Er - Er) Observed Theoretical

no. (0 °C) [Na]0 (mV) (mV) (mV) (mV) (mV)
20 6.3 0.3 −105 −78 �3 �30 �28.9
20 6.3 0.1 −96 −45 �4 �55 �55.3
21 8.5 0.1 −100 −48 �4 �56 �55.6
21 8.5 0.1 −95 −45 �4 �54 �55.6

Figure 3. Hodgkin and
Huxley's measured currents
over multiple voltage clamp
levels and sodium sea water
concentrations.
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Having made their abductive case for the sodium ions being responsible for the earli-
est phase of the current—the transient inward current—Hodgkin and Huxley turn
their attention to the falling inward current (represented by the portion of the curve
following the peak on the left of Figure 1) and the persistent outward current (rep-
resented by the rightmost portion of the curve). To begin to support their theory of
this outward current they write, “An outward current which arises with a delay after
a fall in the membrane potential is clearly what is required in order to explain the
falling phase of the action potential” (Hodgkin and Huxley 1952, 456). Again, this passage
gives us reason to believe that Hodgkin and Huxley take themselves to be doing what we
claim they are doing, namely, using abduction to determine what underlying processes
are responsible for the falling phase of the current. Unlike the sodium case, they do not
perform experiments to determine whether potassium is the mediator of the late out-
ward current. Instead, they use a piecemeal collation of results to abductively make that
conclusion. In a previous review (Hodgkin 1951), Hodgkin had made this case by drawing
upon radiotracer studies, changes in membrane conductance, the effects of nerve stimu-
lation on potassium transport across the membrane, and the sensitivity of the late phase
of the action potential to extracellular potassium concentration.

Having postulated that the late falling phase of the current is mediated by potas-
sium, Hodgkin and Huxley next consider two facts about the potassium current, IK, as
found in sea water versus as found in the sodium-free “choline” sea water. The first
fact is that the maximum outward current in the sodium-free solution is 10–20%
smaller than in sea water and the second is that this maximum is achieved in a
shorter period of time. They offer three factors that they assume explain these facts,
beginning with this:

Part of the difference in amplitude is explained by the difference of resting
potential. Since the resting potential is greater in the low-sodium medium, a
higher strength of depolarization is needed to reach a given membrane potential
during the voltage clamp. This difference can be allowed for by interpolation
between the actual strengths employed in one of the solutions. In most cases,
this procedure did not entirely remove the difference between the amplitudes.
(Hodgkin and Huxley 1952, 456)

So, in the first three sentences here, they explicitly appeal to an hypothesis about the
concentrations of intracellular and extracellular sodium to explain the two facts. This
provides further confirmation for the role of sodium in the resting potential.
Moreover, they note that the whole of the 10–20% difference in the maximum out-
ward current cannot be explained by the difference in resting potential, at which
point they move to two additional hypotheses. There is an effect of not using “com-
pensated feed-back” and a “polarization.” For present purposes, we need not go into
the details of what these effects are. Instead, we want to draw attention to their com-
ment that, “We do not know enough about either of these effects to estimate the
amount by which they may have reduced the potassium current. It does seem at least
possible that they account for the whole of the discrepancy, and we therefore assume
provisionally that substituting choline sea water for sea water has no direct effect on the
potassium current” (Hodgkin and Huxley 1952, 456–57). Hodgkin and Huxley’s handling of
these facts is by no means among their most important scientific accomplishments, but
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they serve our purpose of highlighting the role of abduction. They do not perform inter-
level experiments; instead, they attempt to understand what is going on in the nerve by
what they think would explain the measured features of the neurons.

4. Conclusion
We have proposed that scientists sometimes use abduction to justify claims about
what things are compositionally related. In addition, we provided a type of scenario
in which we think the scientific use of abduction makes sense. Scientists use abduc-
tion to determine what things are compositionally related when they lack the tech-
nical means to directly detect features at lower levels. We tried to illustrate this
practice in action through a case study, namely, the experimental work that led to
the establishment of ion fluxes as the compositional bases of the action potential.

What, one might ask, is the larger significance of this? After all, the theoretical
analysis is modest. It focuses on just two features of abduction that make it apt
for reasoning about compositional hypotheses. Moreover, the conclusion that scien-
tists sometimes use abduction to justify claims about what things are compositional
related is again modest. The rationale for this modesty is that even these modest anal-
yses should suffice to suggest further philosophical inquiry. It should suffice to raise
new questions or provoke further reflection on existing answers. To put the matter in
another way, while our theoretical analysis and philosophical conclusion are modest,
our expectation is that they will be fruitful. Consider this in a bit more detail.

Obviously, neither abduction nor compositional explanation is an entirely new topic in
the philosophy of science. They have, however, largely been explored independently.
“Compositional abduction,” onemight say, is a largely unexamined topic. A commonmet-
aphor for this is that we have “siloed” research programs. Research on abduction and
research on compositional explanation are conducted in relative isolation. In the abstract,
compositional abduction may not seem like a compelling direction for philosophical
research, so we should consider some new questions that should immediately come
to mind in light of the modest analyses that have been presented.

Consider, first, what additional attention to abduction might mean for the justifi-
cation of compositional hypotheses. One feature of abduction is that it does not
require an intervention at one level, then a detection at a lower level. Abduction
is, thus, applicable where interlevel experiments are unavailable. Craver says that
interlevel experiments are “indispensable” (Craver 2007, 147), whereas Craver and
Darden claim that “interlevel experiments play a crucial role in integrating findings
at multiple levels into a single mechanism schema in which more and more gray
boxes can be turned to glass boxes.” (Craver and Darden 2013, 125). But what do they
mean by “indispensable” and “crucial”? And are these claims true? Were Hodgkin and
Huxley awarded the Nobel Prize for their theory of the action potential, even though
they were unable to perform interlevel experiments? If so, what impact does this have
on our understanding of the importance of interlevel experiments? How does the rec-
ognition of a role for abduction influence our assessment?

Consider a second related line of inquiry. The Hodgkin–Huxley (1952) paper shows
that sometimes scientists rely on abduction, rather than interlevel experiments, to
confirm compositional hypotheses. How often, then, do scientists rely on abduction,
rather than interlevel experiments? The question might be made more pressing by
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noting another limitation on interlevel experiments as usually understood. It is com-
monly assumed that there must be a) an intervention on the activity of an individual
(an S Ψ-ing) and the detection of something regarding the activity of a part
(xi Φi-ing) and b) an intervention on the activity of that kind of part (i.e., on xi
Φi-ing) and a detection of something regarding the activity of the first individual
(S Ψ-ing). In other words, the S Ψ-ing and the xi Φi-ing must be the same in two
experiments. Are there scientific episodes in which scientists cannot carry out such
“perfectly paired” interlevel experiments? If so, what do scientists do? Do they some-
how use abduction? Do they do something else? Or, maybe the limitation on interlevel
experiments as usually understood needs to be revised.

Consider a third line of inquiry. There is a scientific practice of using interlevel
experiments as outlined by Craver (2002). Beginning with Craver (2007), however,
it has been common to attempt to provide a theoretical account of this practice
in terms of one or another set of conditions of “mutual manipulability.” It has been
argued, however, that this sort of analysis invokes conditions that cannot be satisfied.
(e.g., Romero 2015; Baumgartner and Gebharter 2016; Baumgartner and Casini 2017;
Baumgartner, Casini, and Krickel 2018). Once we recognize a role for abductive infer-
ences, however, we have a new option. Perhaps the “logic” of interlevel experiments
is not based on conditions of mutual manipulability, but on a “logic” of abduction.

Consider, now, what additional attention to compositional explanation might
mean for the study of abduction. Section 1 proposed that abductive inference can
involve the postulation of entities that are qualitatively distinct from what is cited
in the observations that form the premises of the abductive inference. It further noted
that the qualitative distinctness of the compositional relata indicates that this type of
abductive inference does not fit Schurz’s pattern of “micro-part abduction.” But
Schurz (2008, 201) proposed “a classification of different patterns of abduction : : :
which intends to be as complete as possible.” If it does not fit this pattern, does it
fit some other pattern? If so, which? Or perhaps it does not fit in any of Schurz’s pat-
terns, in which case we would need to recognize (at least?) one new pattern. More
broadly, is Schurz’s omission symptomatic of the research on abduction not incorpo-
rating the research on compositional explanation?
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