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ABSTRACT

In neuroscience, the search for the causes of behaviour is often just taken to be the search for neural mechanisms. This view typi-
cally involves three forms of causal reduction: first, from the ontological level of cognitive processes to that of neural mechanisms;
second, from the activity of the whole brain to that of isolated parts; and third, from a consideration of temporally extended, histor-
ical processes to a focus on synchronic states. While modern neuroscience has made impressive progress in identifying synchronic
neural mechanisms, providing unprecedented real-time control of behaviour, we contend that this does not amount to a full causal
explanation. In particular, there is an attendant danger of eliminating the cognitive from our explanatory framework, and even
eliminating the organism itself. To fully understand the causes of behaviour, we need to understand not just what happens when
different neurons are activated, but why those things happen. In this paper, we introduce a range of well-developed, non-reductive,
and temporally extended notions of causality from philosophy, which neuroscientists may be able to draw on in order to build more
complete causal explanations of behaviour. These include concepts of criterial causation, triggering versus structuring causes,
constraints, macroscopic causation, historicity, and semantic causation—all of which, we argue, can be used to undergird a nat-
uralistic understanding of mental causation and agent causation. These concepts can, collectively, help bring cognition and the
organism itself back into the picture, as a causal agent unto itself, while still grounding causation in respectable scientific terms.

1 | Introduction

What causes a behaviour to occur? This is a central question
at the heart of several major topics in philosophy, including
the problems of free will and agency. It also represents one of
the main explanatory objectives of the field of neuroscience:
Modern neuroscience seeks to explain behavioural phenomena
by developing an understanding of how the brain generates be-
haviour. This objective typically relies on three basic assump-
tions. First, that behaviour (and cognition) are underpinned in
some way by neural activity. Second, that this ‘underpinning’

relationship is to be understood in causal terms. And, third, that
to explain a phenomenon, such as the occurrence of a particu-
lar behaviour, is to identify and cite its causes—a view known
in the philosophy of science as a causal theory of explanation
(Woodward 2005).

Identifying reliable causal relationships both within the brain,
and between brain and behaviour, is therefore often taken to be
a central project of the field of neuroscience. In a recent article
on the topic, Ross and Bassett state: ‘A central aim of neurosci-
entific research is to clarify the causal structure of the brain, be
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that at the lower scales of molecular and cellular interactions or
the higher scales of neural circuitry, brain regions and macro-
scale networks’ (Ross and Bassett 2024, p. 82). Similarly, Barack
and colleagues state: ‘In neuroscience, we are often interested
in things like the events in the brain that “cause” behavior or
the events in the brain that “cause” other brain events’ (Barack
et al. 2022, p. 654), with the motivation being that identifying
the relevant neural causes will enable us to then explain the oc-
currence of the neural or behavioural event in question.

The standard approach to understanding how the brain gen-
erates behaviour is therefore one of searching for the neural
mechanisms of behaviour. As Ross and Bassett describe: ‘it is
common to find claims that genuine explanations in neurosci-
ence always require the elucidation of mechanistic information
about the brain, where mechanistic information is understood
as lower-scale causal detail that produces the brain outcome of
interest’ (2024, p. 82; see also Gomez-Marin 2017). Under this
view, understanding the causes of a behaviour just is elucidat-
ing the underlying mechanism(s) whereby the activity of single
neurons, neural circuits, or neural populations causes or brings
about the behavioural outcome of interest.

This approach is implicit in neuroimaging research, for exam-
ple, where the aim is often to identify the neural correlates of
specific behaviours or mental states in humans or other organ-
isms. These are then commonly (if often tacitly) taken to be the
candidate causes of the behaviour (or mental state) in question.
Likewise, in lesion studies, the aim is often to provide comple-
mentary evidence to support this program of mechanistic lo-
calisation and decomposition (Silberstein and Chemero 2013;
Silberstein 2021) by showing not only that some area is active
during a behaviour (such as episodic memory or face detection or
speech), but that the area is required for that behaviour to occur.

The search for the neural causes of behaviour received a major
boost with the invention of optogenetic technologies in 2005
(Boyden et al. 2005). These technologies, alongside other ex-
perimental manipulation techniques (such as pharmacology
and transcranial magnetic stimulation, for example), allow re-
searchers to directly intervene on the activity of specific neural
elements (be that individual neurons, neural pathways, circuits,
or whole populations), in order to test whether changes in that
neural element lead reliably to changes in a given behaviour or
mental state (Kim et al. 2017).

This interventionist approach is seen as the gold standard
for detecting genuine causality in the world (Pearl 2009;
Woodward 2005), and it has led to some striking results in the
study of organismal behaviour. Using these techniques, re-
searchers have been able to identify neural states that appear
both ‘necessary’ and ‘sufficient’ for a specific behaviour, such
as an avoidance behaviour, to occur (e.g. Castaneda et al. 2024;
Filipowicz et al. 2022; Siemian et al. 2021; cf. Yoshihara and
Yoshihara 2018; Gomez-Marin 2017). Sufficient in the sense
that, when the neural state is optogenetically induced, it reliably
results in the specific behaviour or change to cognitive opera-
tions, even in incongruent contexts. And necessary in the sense
that, when the neural element is inhibited from firing, through
inactivations or lesions, the behaviour seems to be impeded,
thereby indicating that the neuron, circuit, or brain region is

also required for the behaviour to occur (Kim et al. 2017). With
this information, researchers have effectively been able to exert
control over an animal’s behaviour, simply by activating or inac-
tivating the identified neural mechanism.

An additional inference is that when an animal is going about its
normal business in the natural world, its behaviour is similarly
being caused by the firing patterns of these neurons, in a way
that allows us to not only successfully explain the occurrence
of this type of behaviour under laboratory conditions, but also
to explain its occurrence in more naturalistic settings. As artic-
ulated by Deisseroth and colleagues: ‘This integrated approach
now supports optogenetic identification of the native, necessary
and sufficient causal underpinnings of physiology and behavior
on acute or chronic timescales and across cellular, circuit-level
or brain-wide spatial scales’ (Kim et al. 2017, p. 222, our empha-
sis in bold).

The question for our purposes is: how should we interpret these
findings? What do they tell us with regard to our original ques-
tion of ‘what causes a behavior to occur?” Faced with the evi-
dence of optogenetic control over animal behaviour, it is hard to
resist the rather stark impression that the manipulated neural
variables are the explanatorily relevant causal elements of the
behaviour in question—They are what is ‘responsible for’ or ‘in
control of” that effect. In particular, the capacity to exogenously
control behaviour in real-time, by activating some neurons or
other, strongly creates the impression that one has successfully
identified the primary causes of that behaviour. After all, if we
understood how the brain generates a behaviour well enough
to be able to control the behaviour through neural manipula-
tions, one might wonder what else is there left to understand?
(cf. Krakauer et al. 2017).

We call this view of causation within the brain, and between
brain and behaviour, the ‘driving’ view of causation, as it is what
is implied by the driving metaphor that is commonly used to de-
scribe the results of these optogenetic studies. Consider, for ex-
ample, the recent discovery ‘that a subpopulation of LH [lateral
hypothalamus] GABAergic neurons ... specifically drives appe-
titive behaviors in mice’ (Siemian et al. 2021, p. 1). Or several
recent studies that have impressively applied systematic optoge-
netic activation of individual neurons or sets of neurons across
the nematode and fruitfly nervous systems to derive the map of
responses that follow from each such activation. In the case of
the nematode C. elegans, for example, this work is presented as a
‘neural signal propagation atlas’ (Randi et al. 2023). The authors
describe how ‘direct measures of signal propagation allow us to
define mathematical relations that describe how the activity of
an upstream neuron drives activity in a downstream neuron’ (p.
406), or, more broadly, ‘how a stimulus in one part of the net-
work drives activity in another’ (p. 413).

Similarly, in the case of the fruit fly brain (Pospisil et al. 2024),
the authors state that: ‘A long-standing goal of neuroscience is
to obtain a causal model of the nervous system. This would
allow neuroscientists to explain animal behavior in terms of
the dynamic interactions between neurons’. (p. 2). By sys-
tematically optogenetically stimulating different regions and
recording the consequences, the authors claim to be able to
move beyond the static connectome and model what they call
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the ‘effectome’, or ‘causal model of the fly brain™ a model of
the activity that each node of the network drives into effect,
when activated.

Using a driving metaphor to conceptualise neural activity in this
way reflects a legacy of foundational work on simple reflex sys-
tems, which are both the origin of our initial insights into neu-
ral signalling (Sherrington 1910) and the entry point for many
introductory neuroscience texts (as discussed by Brembs 2021;
Buzsdki 2019; Cisek 1999; Cobb 2020; Dewey 1896). In these
systems, a sensory signal is detected and a series of neural re-
lays is initiated, with each element driving the activity of the
succeeding one, like dominos in a chain, until a pre-determined
behaviour results.! In seeking to apply this conceptual frame-
work to other systems in the brain, there is perhaps a sense that
the logic of these simple reflex circuits can simply be scaled up
and complexified, to explain what goes on at the level of larger
neural systems, or even the whole brain.

This entirely feedforward, driving view of causation was artic-
ulated as early as 1890, by William James, who wrote that “The
whole neural organism, it will be remembered, is, physiologi-
cally considered, but a machine for converting stimuli into re-
actions’ (James 1890, pp. 372; as quoted by Brembs 2021). The
suggestion is that, in almost every case, the appropriate way to
understand a neuron's firing activity is as following inevitably or
passively from the firing of a neuron upstream of it: The activity
in upstream neurons drives or necessitates the activity we see in
downstream neurons. And thus, ultimately, it drives and neces-
sitates the eventual behaviour.

For our purposes, the crucial upshot of this ‘driving’ view of
causation in the brain, within the context of neuroscience's
search of neural mechanisms, is that it paints a picture of the

causes of behaviour that is inherently reductive in three key
ways (Figure 1). First, it suggests a vertically reductive perspec-
tive in which, while one might conveniently and even effectively
describe the processes of behavioural control in terms of men-
tal states, like beliefs or desires, or cognitive operations or de-
cisions, these are not seen as the right level for a truly causal
explanation. Instead, it is the so-called neural ‘vehicles’ of these
states (i.e. the activity of neural mechanisms) that are taken to
be doing the ‘real’ causal work in driving the downstream be-
havioural effect. From this perspective, mental and cognitive
states are explained away as mere epiphenomena; there is simply
no room left in the causal schema for anything like the agent's
conscious deliberations, or even just its cognitive processes per
se, to make any sort of difference to how it behaves.

Second, this approach entails a horizontally reductive perspec-
tive in that it assumes that we can decompose the nervous
system into various neural parts and isolate the explanatorily
relevant causes of any specific behaviour to the activity of just
some of those parts, allowing us to effectively ignore its wider
neural context. From this perspective, the organism itself—as
a causal agent—recedes from view or even disappears entirely
from causal explanations of its own behaviour (Franklin 2014;
Potter and Mitchell 2022). Even when these explanations are
couched at the level of extended circuits and larger systems, the
sense remains that the behaviour of the organism at any mo-
ment is simply being controlled by a subset of its neural parts.

Lastly, and less obviously, such approaches also imply a view of
behaviour that is temporally reductive. Viewing an organism's
behaviour as being driven into action primarily by the activa-
tion of a specific neural mechanism strongly implies that all one
needs to know about the causes of a given behaviour is the cur-
rently active patterns of neural activity. From this perspective,

Vertical Horizontal Temporal
reduction reduction reduction
Cognitive Holistic Historical
processes relations contingencies

Neural Isolated Synchronic
mechanisms parts states

FIGURE 1 | Varieties of causal reduction. Taking neural mechanisms to be the explanatorily relevant causes of a behaviour entails a vertical

reduction in ontological levels, from the cognitive to the neural, a horizontal reductionism, involving isolation and decomposition, and a temporal

reduction, with an exclusive focus on synchronic states.
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behaviour is depicted as the outcome of an entirely Markovian
neural process. Neither the historical context that shaped these
neural processes, nor the organism as a diachronic entity with
extension and continuity in time, are considered relevant to the
causal explanation of its behaviour.

In this paper, we argue that the reductive focus on synchronic
neural mechanisms provides an incomplete and misleading
way to think about the causes of behaviour because it relies on a
needlessly narrow conception of causality. When we only have
reductive, synchronic frameworks for thinking about causation,
such as the driving metaphor, then it is inevitable that we will
only see reductive, synchronic answers to our question of ‘what
causes a behavior?”. These will necessarily be ones that tend to
eliminate the organism itself from the causal picture. Crucially,
such a view ignores the fact that the patterns of neural activity
mean something to the organism and that the causality in the
system depends on that meaning.

Here, we introduce a range of well developed, non-reductive
and temporally extended notions of causality from philosophy,
which neuroscientists may be able to draw on in order to bring
the organism back into the picture, as a causal agent unto itself,
while still grounding causation in respectable scientific terms.
In particular, we argue that a full understanding of causation in
living organisms requires a diachronic view, extended through
time, which centres the meaning of neural states. Such a view
offers ways to understand the relationship between cognitive
and neural processes without eliminating the former or reduc-
ing them to the latter.

2 | Production and Dependence Causes

A common folk conception of causation simply equates causes
with physical forces. On this view, a cause is an event that
produces an outcome through a transfer of energy—what List
and Menzies call some causal ‘oomph’, as in one billiard ball
hitting another (List and Menzies 2017). This is known in the
philosophical literature as a ‘producing’ notion of causation
(Hall 2004) and we can see echoes of this view in the ‘driving’
language employed in the examples above (even though synap-
tic transmission does not in fact involve a transfer of energy, per
se, or of any physical force).

An alternative conception of causation, popular in the
philosophical literature, is a broader notion known as
‘difference-making’ or ‘dependence’ causation (Hall 2004;
Woodward 2005; Pearl 2009; List and Menzies 2017; Barack
et al. 2022). Under this view, causes are thought of as counter-
factual difference-makers—that is, a cause is taken to be any
variable that could have changed how some event unfolded,
had it been different to how it actually was. This captures the
intuition that when we think of A as a cause of B happening,
we usually mean that if A had not been the case, B would not
have occurred.

The difference-making notion of causation clearly includes
within its remit the producing (or ‘driving’) causes that supply
some ‘oomph’ in bringing about an outcome, but it also makes
room for a much wider range of conditions and factors to count

as causal—those that also had to obtain in order for the pro-
ducing cause to have the effect it did. Consider, for example,
the event of a ball smashing a window. The movement of the
ball is of course the producing cause of this event: The transfer
of kinetic energy from the ball to the window imparts a phys-
ical force (an ‘oomph’) onto the bonds between the molecules
of the glass, causing them to break and the window to shatter.
However, there are many other dependence causes of the event
which were also necessary for the producing cause to have the
effect it does (e.g. the tensile strength of the window or the ma-
terial of the ball). If these conditions were different in some spe-
cific way, then the smashing event would not have occurred.

Most physical events are like this, they are brought about by a
combination of producing and dependence causes. However,
when seeking to (causally) explain an event, we tend to ignore
most of its dependence causes and focus primarily on the pro-
ducing cause(s). That is because, for pragmatic reasons, we are
usually interested in identifying only those difference-makers
that are most local to and most specific for the event in ques-
tion. Most of the occurrent dependence conditions, such as the
tensile strength of a window, are generic, inherent, and familiar
properties of the system—and hence they lack sufficient ‘causal
prominence’ (Tseng and Cheng 2024) to be of explanatory value
or interest.

The ‘driving’, mechanistic view of causation in neuroscience as-
sumes, similarly, that only the producing causes in the brain (i.e.
the firings of neurons) are going to be explanatorily relevant or
causally prominent in the generation of a behaviour. Yet, as we
discuss in the next section, this assumption does not fit well with
the neurobiology. In the case of the neural causes of behaviour,
the dependence conditions in question are not ones that just hap-
pen to hold, as generic, fixed properties of the neurons involved.
They are dynamical, contingent conditions that hold precisely
because of the causal influence they exert over whether neurons
fire or not; that is their function. Dependence causes in neuro-
science are therefore not explanatorily eliminable in the way
they often are in the non-biological world. We consider below
the many different kinds of dependence conditions that obtain
in neural systems, how they come to be established, and how
they ultimately support a kind of causal sensitivity in the brain
that depends on meaning.

3 | Criterial Causation

Conceptualising the workings of the brain through a driving
metaphor that exclusively prioritises ‘producing’ causes cre-
ates the impression that causation between neurons and within
neural circuits is fundamentally feedforward, sequential, and
deterministic: Neurons get passively driven into action by their
presynaptic inputs. But, as most neuroscientists are aware, and
as explicitly articulated by Peter Ulric Tse, this is not a com-
plete picture of how neuronal communication works (Tse 2013).
Rather, how a neuron responds to incoming activity depends, in
large part, on the configuration of its synaptic connections and
on other biophysical parameters of the cell (like its current mem-
brane potential). That is, the weights and nature of the synapses
between neuron A and neuron B, taken within the context of all
of B's other presynaptic inputs, and of the electrophysiological
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properties of B as a whole, collectively embody what Tse has
termed the neuron’s ‘criteria’ for firing—the conditions that must
be met for a neuron to ‘release its effect’.

These criteria specify the types of presynaptic input the neuron
would need to receive in order to produce an action potential
(and, by extension, the types of input for which the neuron will
remain inactive). These can include, for example, a threshold
for firing based on number of action potentials arriving over a
certain time window. More commonly, however, they specify
complex spatiotemporal patterns of input to which the neuron
is causally sensitive. For example, a neuron, due to its configu-
ration of excitatory and inhibitory synapses, may require a par-
ticular spatial pattern of inputs for it to ‘release its effect’, such
as those instantiating a logical AND/OR gate. Another neuron
might be sensitive to a particular temporal pattern, such as a cer-
tain rate or timing of inputs.

A neuron's criteria for firing are therefore a type of dependence
cause: By changing the criteria (e.g. by changing the weights of
its incoming synapses), one can exert control over whether the
neuron will fire or not, given the same set of presynaptic inputs.
Tse labels this type of causation ‘criterial causation’.?

Crucially, for our purposes, these criterial dependence causes
are not explanatorily eliminable—in the way that dependence
conditions in the non-biological world often are—when it
comes to understanding neuronal communication and, by ex-
tension, how the brain generates behaviour. That is because,
first, these criteria are not generic, generalisable properties of
neurons. They are contingent, and largely idiosyncratic, fea-
tures of individual neurons given their specific synaptic con-
figuration and intracellular state. One therefore cannot know
whether a postsynaptic neuron will fire based solely on knowl-
edge of its presynaptic action potentials. Second, the conditions
placed on a neuron’s inputs are dynamic. They are not fixed or
static properties of the neuron; they are frequently changing
as a result of regular synaptic reconfigurations and the cell's
recent firing history. One therefore also cannot know whether
a postsynaptic neuron will fire based solely on information
about its presynaptic action potentials plus knowledge of its
prior criterial configuration. Given this, some have suggested
that ‘the state of a neural network might better be described
by specifying the state of its synapses than the firing pattern
of its neurons. We might even extend this viewpoint by stating
that the role of synapses is to control neuronal firing within a
neural circuit’ (Abbott and Regehr 2004, p.802)—which, we
would suggest, is done by specifying the criteria to which neu-
ronal firing is causally sensitive.

Indeed, as Tse has comprehensively argued (2013), and as we
will show throughout the remainder of this paper, the ability
to change a neuron’s criteria through synaptic reconfiguration,
sometimes in real time, is ultimately at the heart of how the
brain generates behaviour. The configuration and weights of
incoming synaptic connections onto any neuron are shaped by
the long history of evolution, by learning from individual experi-
ence, and by the current state of the organism, including its cur-
rent cognitive activities. It is these criteria that endow neurons
with the functionalities and selective sensitivities that make
them useful to the organism.

One might worry, however, that this concept of criterial
causation really just refers to situations in which multiple dif-
ferent upstream causes are required to produce a single down-
stream effect—and, hence, that the situation is actually entirely
compatible with a driving view of causation after all.> There is,
of course, some sense in which this is true. However, the value of
the criterial causation concept is precisely in bringing into focus
the role of the dependence relations that are implicitly underly-
ing and, in fact, creating such ‘many-cause’ situations. It draws
our attention to the fact that how and why the system came to be
configured in such a way that those particular upstream causes
bring about that specific downstream effect is fundamental to
explaining and understanding even basic neuron-to-neuron
communication, let alone how the brain generates behaviour
in toto.

The neurophysiology of neuronal communication therefore
invites us to invert the driving view of causation, in which
the activities of some neurons simply drive their downstream
partners, given strong enough activation. And to, instead,
incorporate the notion of criterial causation into our concep-
tual toolkit, wherein, due to their sensitivity to types of input,
downstream neurons ought to be viewed as, in an important
sense, interpreting the signals they receive (Figure 2). That
is, it forces us to consider how and why a neuron came to be
configured such that it responds to its inputs in the way that
it does.

Note that the presence of this sort of criterial causation within
the brain immediately undercuts the intuition that an optoge-
netically identified neural variable—even when it gives us ex-
ogenous control over a given behaviour and is both necessary
and sufficient for its occurrence—is the explanatorily relevant
cause of that behaviour. On the contrary, embracing the concept
of criterial causation allows us to see that the identified neural
activity can only ever ‘drive’ a behavioural effect within the con-
text of the rest of the nervous system.

A comprehensive answer to the question ‘what is causing this
behavior to occur? must therefore also take into consider-
ation the configuration of the rest of the system. Indeed, as we
will discuss below, this concept of criterial causation lays the
groundwork for us to see how the configuration of the system
grounds the meaning of neural patterns, which is ultimately
what underpins their causal efficacy. Manipulating these criteria
also provides a means of top-down causation by which organ-
isms can alter neural sensitivities, in order to actively guide their
own behaviour in real time. This requires a more expansive rep-
ertoire of causal concepts, harkening back to the sort of causal
pluralism proposed by Aristotle.

4 | Causal Pluralism

Embracing a plurality of causal concepts in neuroscience is
therefore essential to developing a full understanding of the
causes of behaviour. This is not a novel idea. Aristotle famously
developed a scheme incorporating multiple kinds of causation of
observed events or phenomena (Falcon 2023). These have been
translated as the material, efficient, formal, and final causes.
These concepts do not map comfortably into modern terms,
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but, very loosely, we can understand the material and efficient
causes as referring to what a thing is made of and what kind
of physical forces are acting on it. These concepts therefore
roughly capture what might nowadays be called ‘mechanism’ in
neuroscience, and could be seen as referring to the type of syn-
chronic, producing causes that underlie the ‘driving’ metaphor
(Gomez-Marin 2017).

Aristotle's formal cause is a somewhat fuzzier concept but is
generally taken as referring to the essence or set of properties
that makes an object or system that kind of thing and no other;
that is, the characteristic way in which the material is organ-
ised (its form). For our purposes, the important parallel would
be with the configuration of the nervous system (including
synaptic configurations) and the causal efficacy of the infor-
mation (literally) that configuration represents or embodies
(Farnsworth 2022).

Lastly, Aristotle's notion of a final cause asks the question: Why
did something happen? For what purpose? It thus allows that
having a purpose can, in its own right, be a cause of something
happening. The concepts of formal and final causes are thus es-
sentially diachronic—they reflect the way the system has come
to be configured by past events, and the future-directed func-
tionalities that the system enables.

Aristotle therefore took a pluralistic approach to causation,
seeing these various causes as complementary ways of ex-
plaining natural phenomena, based on different, equally
valid perspectives or types of causation. Echoes of this way of
thinking can also be found in Niko Tinbergen's principles of
ethology (Tinbergen 1963), which encompassed four comple-
mentary questions, all of which need answering to fully explain
a behaviour:

1. Function (or adaption): Why is the animal performing the
behaviour?

2. Evolution (or phylogeny): How did the behaviour evolve?

3. Causation (or mechanism): What causes the behaviour to
be performed?

4. Development (or ontogeny): How has the behaviour devel-
oped during the lifetime of the individual?

Regrettably, in the history of science, Aristotle's formal and final
causes were explicitly rejected and talk of organisation or pur-
pose being causally efficacious was largely omitted from polite
scientific discourse. Francis Bacon, who was so influential in
the 1600’s in codifying the scientific method and the scientific
mindset, argued that science should be solely concerned with
material and efficient causes—that is, with mechanism, or mat-
ter in motion—i.e. causation as production (Klein 2020). He con-
signed formal and final causes to metaphysics, or what he called
‘magic’.

Yet, as should be clear from the preceding discussion,
formal causes—when conceptualised in more mod-
ern terms as configuration-based dependence conditions
(Farnsworth 2022)—are very much alive and well in systems
where criterial causation is at play. One of the key insights
from recognising that neurons are not just being passively
driven by their presynaptic inputs, but are, in an important
sense, actively sensing and interpreting these inputs, is that
it becomes easy to see how efficient—or what we might now
call producing—causes within the brain (i.e. neuronal firings)
necessarily depend on the distribution, organisation, and thus
configuration of a given neuron and the system surrounding it
(Farnsworth 2018). As we have seen, the organisation of sys-
tems, on both a local and global scale, demonstrably helps to
set the criteria by which individual neurons will ‘release their
effect’, and is thus undoubtedly a causal factor in the gener-
ation of behaviour. Similarly, at a higher level, the criteria
for whether a population of neurons will adopt one attractor
state or another, given some pattern of inputs, are embodied
in the synaptic connections from population A to population
B, as well as the connections within population B (Deco and
Rolls 2006; Semedo et al. 2019).
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It is clear, therefore, that identifying a necessary and sufficient
neural mechanism of a behaviour Y, using experimental manip-
ulations, need not imply that one must adopt a horizontally or
temporally reductive view with respect to the question of ‘what
caused Y?. Instead, our capacity to exogenously control the be-
haviour shows only that we have learned how to coax the system
into behaving in a particular way, by giving it the sort of prompt,
stimulus, or information that it tends to react to in that particular
way. As Alex Gomez-Marin puts it:

‘We say “circuit X is sufficient” for the cat to behave
but what we really mean —and tragically omit — is
that “it is sufficient for us to activate circuit X” in
order to observe the cat’s natural behavior’ (2017,

p.6).

In other words, successful optogenetic control requires us to
understand only a small amount about how behaviour Y is ac-
tually being generated, causally speaking—specifically, it relies
on knowing only the producing or efficient causes of that effect.
For a more comprehensive understanding, we would (at least)
need to understand the organisation or configuration of the rest
of system, which enables the identified neural activity to have
the effect it does.

One might wonder, however, how exactly it is that the system's
organisation plays its pivotal causal role? We have argued that it
does so by instantiating criterial dependence conditions at the
neuronal level, but what exactly does this mean? How should
we think of the nature of the causality at play here? This kind of
contextual thinking, we suggest, can be understood in terms of
the notion of causal constraints.

5 | Constraints as Causes

‘Constraints are entities, processes, events, relations, or
conditions that raise or lower barriers to energy flow with-
out directly transferring kinetic energy’. (Juarrero 2023, p.
49). Consider, for example, a riverbank structuring the flow
of water. Or, more relevantly, the configuration of synapses
structuring the flow of neurotransmitters and ions between
neurons.

The idea that such constraints can act as causes may seem
controversial if one takes physical forces (i.e. efficient or
production causes) to be the only real type of causation.
However, as we already seen—and as forcefully argued by
Alicia Juarrero (1999, 2023), Lauren Ross (2023), Terrance
Deacon (2011) and others—causation by constraint is ubiqui-
tous and need not be considered metaphysically problematic:
Any structure or process that ‘change[s] the dynamics of the
underlying processes without being altered themselves (at least
not at the same time scale)’ (Roli et al. 2022, p.4) can rightfully
be thought of as a cause of downstream effects, even without
itself imparting any ‘causal oomph’, in virtue of the fact that if
one were to intervene on the constraining structure or process
in a controlled way, it would lead reliably to changes in the
downstream effect. This really is nothing more than saying
that the way a system is configured—what physicists call the

‘initial conditions’ or ‘boundary conditions’—will constrain
the distribution of physical forces and affect how they play
out. And it is in this way, we suggest, that a neuron's ‘criteria’
for firing gets set: The configuration of the system embodies
a set of constraints that structure the flow of energy into a
postsynaptic neuron in such a way that sets conditions on the
types or patterns of presynaptic actions potentials to which the
postsynaptic neuron will be causally sensitive.

It might be assumed that constraints can only ever be ‘limiting’
factors: structural features of the system that merely restrict
the way that energy (or information or causal influence) flows
through it (Ross 2023), and therefore do not help to generate
or bring about any interesting effects themselves. However,
as Juarrero and others have argued, constraints at one level
often act as ‘enabling’ factors, allowing the emergence of
functionalities at higher levels (Hooker 2013; Juarrero 1999;
Juarrero 2023; Raja and Anderson 2021; Ross et al. 2024;
Garcia-Valdecasas and Deacon 2024). To see this, we have to
go beyond a simple snapshot perspective on the system, and
recognise that the way in which the organisation of a system
constrains the possibility space of what happens within it ac-
tually enables certain phenomena to occur, certain tasks to
be performed, and certain (emergent) global or macroscopic
properties to obtain, that would otherwise be impossible. As
described by Winning and Bechtel: ‘By restricting some de-
grees of freedom of its components and thereby enabling the
whole mechanism to do things that would otherwise not be
possible, constraints determine the causal powers of a machine
or mechanism’ (Winning and Bechtel 2018, p. 307, our empha-
sis in bold).

This idea is commonplace in the design of our artefacts. A com-
puter, for example, is designed in such a way as to constrain the
flow of electrons within its circuits, to support some functional-
ity. These design constraints do not violate any of the low-level
laws of physics—They simply add another level of causation,
one that is every bit as important in determining how the sys-
tem actually behaves. The same is true in living systems—The
functionalities that interest biologists, from molecular and cel-
lular to physiological levels, are embodied by sets of constraints
(Mitchell 2023a).

These kinds of enabling constraints are ubiquitous in neural
systems, where they affect the flow of information and causal-
ity, more than energy, per se (though they do have real physical
effects on the flow of ions in and out of neurons, rather than
directly between them). For example, in the Hodgkin-Huxley
model of neuronal conductances, global parameters such as
voltage across the membrane affect local variables such as ion
channel opening, in turn changing the global electrical field,
which feeds back onto the channels, and so on (Hodgkin and
Huxley 1952). And as we have seen above, variation in these
parameters of cellular excitability, along with those of synaptic
transmission, can set the criteria that determine whether or not
a downstream neuron will ‘release its effect’ in response to any
given pattern of incoming synaptic activity.

In populations of neurons, we also see global constraint re-
gimes, which can generate self-organising dynamics and emer-
gent behaviour, often referred to as ‘whole-part causation’.
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The central idea here is that local interactions among parts
collectively generate global dynamical structures or fields,
and the order parameters of these global structures can then
influence and constrain how the parts behave (Ismael 2011;
Juarrero 2023; Prigogine and Stengers 1984). In neural sys-
tems, there is good evidence, for example, that collective elec-
trical fields (of the kinds we can detect as local field potentials
or by EEG or MEG) can affect individual neuronal excitability.
This kind of ephaptic coupling has been proposed as a global
control mechanism that can help coordinate neuronal activ-
ity (Pinotsis et al. 2023; van Bree et al. 2024). Oscillations of
electrical potential are thought to play a similar role, enabling
selective communication across brain areas, allowing multi-
plexed signal transmission, and entraining the timing of neu-
ral firings with perceptual or behavioural variables of interest
(Buzséaki 2006; Lee et al. 2024; van Bree et al. 2024).

Another kind of self-organising dynamic is evident in the global
states and trajectories of activity observed in neuronal popula-
tions. The network of excitatory and inhibitory interactions in any
interconnected population will lead to the emergence of attractor
states—i.e. patterns of activity that are more stable and in which
the system spends more time (Durstewitz et al. 2023; Ebitz and
Hayden 2021; Miller 2016). These states thus reflect the way in
which the global constraint regime, embodied in the organisation
of the network, can be said to be an enabling cause of phenomena
such as low-dimensional manifolds, in virtue of the way in which
it constrains the possibility space of activity within the network
(Silberstein and Chemero 2013; Ross et al. 2024).

In these systems, it should hopefully be clear that the arrow of
causation is not exclusively bottom-up: It is not just neuronal
cause-and-effect ‘driving’ behavioural outcomes. The constraint
regimes responsible for setting a neuron's criteria for firing, and
for enacting different forms of whole-part causation and at-
tractor states, are also essential causal contributors to how the
brain is generating behaviour. And thus are necessary to under-
stand in order to explain behavioural phenomena (Durstewitz
et al. 2023; Gallego et al. 2017; Robson and Li 2022).

We therefore argue that the organisation of the system and the dy-
namical constraint regime it embodies are a key part of the causal
story of any given behaviour, and are therefore in need of explana-
tion if we are to fully understand how behaviour is being generated.
This means we have to look beyond mechanistic and synchronic
‘how’ questions and also ask diachronic ‘why’ questions to fully
explain behaviour (Marr and Poggio 1976; Tinbergen 1963). First,
‘why’ in the sense of ‘how come?’—How did the system come to be
organised in such a way that it embodies the particular constraint
regime it does? And, second, ‘why’ in the sense of ‘what for?’—
What is the reason for the system to be organised in this way
rather than another way? Taking the ‘how come’ question first,
philosopher Fred Dretske has argued that this speaks to another
type of cause relevant to the question of ‘what causes a behavior to
occur?’ He refers to this as a structuring cause.

6 | Structuring Causes and Final Causes

In his account of mental causation, Dretske introduces a helpful
distinction between triggering causes and structuring causes of

behaviour (Dretske 1988). A triggering cause is an event, stimu-
lus or condition that initiates the process that ultimately leads to
the performance of, for example, a mouse's feeding behaviour. A
triggering cause could therefore be the onset of a food stimulus.
Similarly, the triggering cause of a car engine starting could be
the turning of a key in the ignition.

A structuring cause, on the other hand, is an event that helps
to create or shape the process itself; that is, the process that gets
initiated by the triggering cause and that leads to the execution
of the behaviour in question. A structuring cause could there-
fore be the wiring of a car or the event(s) that help to shape the
neurophysiology of the mouse. As Dretske put it:

‘Inlooking for the cause of a process, we are sometimes
looking for the triggering event: what caused the event
C which caused the M [the behavioral phenomenon)].
At other times we are looking for the events that
shaped or structured the process: what caused C to
cause M rather than something else. The first type
of cause, the triggering cause, causes the process to
occur now. The second type of cause, the structuring
cause, is responsible for its being this process, one
having M as its product, that occurs now’. (1988, pp.

42-45; our emphasis).

Structuring causes are what enable the triggering cause to have
the observable behavioural effect it does. In other words, structur-
ing causes cause the constraint regime embodied in the system'’s
organisation. These are distal (i.e. historical) events or conditions,
over both evolutionary and individual timescales, that are thus
every bit as much a part of the causation of a behaviour as the
currently active neural states. This view aligns well with the per-
spectives of process philosophy, wherein living organisms are to be
seen as temporally extended processes, rather than objects or sub-
stances whose existence can be captured in instantaneous states
(Meincke 2019; Nicholson and Dupré 2018: Seibt 2016).

In addition to the ‘how come?’ question, we can also ask the
‘what for?” question. The current organisational structure of any
living system reflects the evolutionary history of the organism
and is, thus, necessarily oriented towards a function or purpose
to persist (Ellis 2012, 2016; Mitchell 2023a)—in the sense that,
in most cases, a system's macroscale organisation has been se-
lected for because it helps to constrain microscale activity in
a way that both enables and promotes survival-enhancing be-
haviour. Indeed, this was Aristotle's insight with his fourth type
of cause, the final cause. He thought that a defining characteris-
tic of animal behaviour was its purposive and goal-directed na-
ture, and that this needed to be recognised in the causal schema
one uses to understand and explain behaviour.

Talk of final causes and organismal purposiveness can ap-
pear somewhat vague a3nd perhaps even magical. However,
we contend that Dretske's work on structuring causes helps
to operationalise it in concrete terms. In particular, Dretske
emphasises the role of learning and experience in shaping
the neurophysiology of an organism. In the language of con-
straints, this means that the personal history of the organism
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causes changes to the global constraint regime, thereby act-
ing as a structuring cause of its subsequent behaviours (for
the reasons given above) in a way that is entirely natural and
non-mysterious. Likewise, the idea of a final cause, within
this framework, does not need to entail some kind of retrocau-
sality, with a future state reaching back in time to influence
current behaviour; it is simply the current possession of a goal
state (towards a desired future end) that has causal power in
the system.

What this means is that one of the main causes of an organism's
behaviour is quite literally its own historical interactions with
the world and its past experiences. As we will argue in the com-
ing sections, these interactions essentially build meaning and
subjectivity into the causal architecture of the system, which is
what ultimately guides its behaviour. If one buys this argument,
then it becomes clear that if we want a full understanding of
the causes of behaviour, we need to understand both the histor-
ical processes that allow organisms to acquire reasons and the
current processes that enable them to act on the basis of those
reasons.

As Michael Silberstein puts it: ‘For any particular synchronic-
frame or still-shot of a biological system at a time t with some du-
ration d, the determining features include diachronic multiscale
interactions (context sensitivity) and global constraints outside
the time-slice in question’. He goes on to argue that: ‘when it
comes to such complex biological systems one should take the
word process very seriously and understand that such systems
are spatially, temporally, functionally and in a thin sense teleo-
logically extended’. (Silberstein 2021, pp. 370-371).

7 | Macroscopic Causation and Informational
Causation

Moving beyond a ‘driving’ conception of causation within the
brain, and embracing criterial causation, creates the conceptual
space necessary to see how macroscopic causes can exist within
the brain. We have already seen how it enables global variables,
dynamics, and constraints to be causally efficacious within
living systems by virtue of setting (or structuring) the causal
sensitivities of neurons and neural populations. However, it is
also crucial to reiterate that, in most cases, this means that indi-
vidual neurons or populations of neurons are tuned to respond
to macroscopic patterns (i.e. spatiotemporally extended types)
of incoming activity, rather than the specific details. This is
true, for example, for neurons that respond to the rate of inputs
over some time window, but which do not distinguish tempo-
ral patterns within such windows. And it is true for populations
of neurons that are selectively responsive to low-dimensional
(macroscopic) patterns in their inputs, rather than the high-
dimensional (microscopic) details of each individual presynap-
tic neuron's firing (Ebitz and Hayden 2021; Gallego et al. 2017;
Semedo et al. 2019). In the population-coding paradigm, it is
these higher-order patterns that are thought to carry causal
weight within the system (Barack and Krakauer 2021; Ebitz and
Hayden 2021; Mitchell 2023a, 2023b; Semedo et al. 2020). This
also aligns with the important observation that the lack of firing
of given neurons can be just as causally effective in the system as
the firing of neurons (e.g. Pérez-Ortega et al. 2024).

This kind of sensitivity to macroscopic patterns is observed em-
pirically and is consistent with theoretical work demonstrating
the efficacy of macroscopic causation (Comolatti and Hoel 2022;
Ellis 2012; Flack 2017; Hoel et al. 2013; Rosas et al. 2024). In this
view, what happens in the system is sensitive to the macrostates
that subsystems within it occupy (and how they are interpreted
by other subsystems), rather than the details of the microstates
by which they are transiently realised. This is broadly akin to
the way in which, in language, we are generally sensitive to the
word that is being uttered, rather than to the specific acous-
tic and prosodic features of how it was uttered on that specific
occasion.

Of course, any given macrostate must always be instantiated
by some specific microstate at a given moment and one could
argue that is where the real causation lies—at the lowest level of
physical detail. However, two considerations argue against this
interpretation.

First, due to the inherent noisiness of neuronal signalling and
molecular and cellular processes in general (Faisal et al. 2005;
Glimcher 2005; Rusakov et al. 2020; Sanborn et al. 2024), the
microscale details of the system at any moment will not fully
determine (in the sense of causally necessitating) what happens
next (Tse 2013). This does not mean that the outcome will nec-
essarily be settled by some particular random jigglings or jitter-
ings at the molecular scale, however. What it does, in the words
of physicist George Ellis, is introduce some causal slack into
the system (Ellis 2008, 2012; Mitchell 2023a). This means—as
we have seen in Sections 5 and 6—that the organisation of the
system can come to embody some higher-order constraints that
really do have causal efficacy over how the system evolves (be-
cause the causation is not already exhausted by the lower-level
details (Kim 1993)).

Second, and as a result of this causal slack, these systems also
come to be sensitive to higher-order patterns, or macrostates that
are multiply realisable—that is, where any given macrostate may
be realised by many different microstates that are causally equiv-
alent within the system (Figure 3). If one understands causation
in a counterfactual sense (List and Menzies 2017; Menzies and
List 2010; Sinnott-Armstrong 2019; Woodward 2005), then what
this means is that the causal sensitivity of the system, in these
cases, lies at the level of these coarse-grained patterns, rather
than the details of their neuronal instantiations (Albantakis
et al. 2019; Semedo et al. 2019). That is, many changes to the mi-
crostate will not affect the outcome, unless they also change the
coarse-grained macrostate in a way that the downstream neu-
rons are sensitive to. Crucially, because they average, spatially
and temporally, over microscopic noise, the coarse-grained
macrostate patterns contain more effective information about
the future (and past) states of the system than any given detailed
and momentary microstate (Hoel et al. 2013; Rosas et al. 2024).
Indeed, this must be the case for robust signalling in a network
with noisy components (Deco et al. 2009; Tsimring 2014).

In this sense, then, the system is causally sensitive to patterns or
types of activity, constituted by equivalence classes of microscale
details, which are established by the criterial configuration of
downstream neuron(s) (Buzséaki 2010; Tse 2013). In other words,
it is the configuration of the neurons interpreting the signals

90f 16



Population 1

monitors

-

Population 2

state X state Y

pattern|“A” pattern|“B”

O
O

&

®
®
O

%

O
®O
OO
OO
o0
O®

O

possible microstates

FIGURE3 | Multiple realisability and macroscopic causation. A given population of neurons (Population 1) will monitor its inputs, depending on

the criteria embodied in its afferent and internal connectivity. These criteria will determine the causal sensitivity and response to incoming macro-

scopic patterns (A versus B), which are each realisable in multiple possible microstates (reprinted, with permission, from Mitchell 2023a).

which generates the equivalence classes, by virtue of their sensi-
tivity to patterns and insensitivity to details — effectively, a filter-
ing or categorisation of their inputs. This is a form of, what we
would call informational causation: The system becomes caus-
ally sensitive to information that is, to a large extent, created by
the downstream neuron(s), not simply received or transmitted
to them. The meaningful information in the system (i.e. what
counts as ‘signal’/pattern) is not inherent in the presynaptic in-
puts themselves; it inheres in the active and selective interpreta-
tion of those inputs.

As we have seen, the way that these downstream neuron(s)
come to interpret their inputs reflects, at least in part, the
prior influences that have configured the system with the sen-
sitivities it has. This raises the question: why do these prior
influences affect the system in the way that they do? That is,
why do the experiences of the system lead it to exhibit the sort
of informational economy it does, and not a different sort of
informational economy? The answer, we suggest, is that such
historicity builds meaning and subjectivity into the causal ar-
chitecture of the system by tuning neurons and neural pop-
ulations to be sensitive to semantic information, making the
macroscopic causation within the brain a form of meaningful
causation.

8 | Pragmatic and Semantic Meaning

We have already seen how the informational economy (em-
bodied in the physical, dynamical configurations of the sys-
tem, the constraint regime it enacts, and the neuronal ‘criteria’
this creates) is shaped by the system's historicity, such that it

comes to reflect or instantiate the subjective perspective of the
organism itself. In this section, we argue that this causally
efficacious ‘subjective perspective of the organism’ should be
viewed as a realisation of what is meaningful to the organism
(Jaeger et al. 2024).

There are two senses in which patterns of neural activity can
be meaningful for an organism: First, they may be about some-
thing. And second, they may be for something. The aboutness
is most obvious for perceptual states, which typically reflect
the presence of some stimulus in the environment at a cur-
rent moment. More precisely, they represent an inference or
belief about the existence of some objects out in the world that
are the causes or sources of the incoming sensory data. An in-
ternal pattern can usefully represent such an object by virtue
of ‘standing in exploitable relation to it” (Shea 2018). That is,
having such an internal representation allows the organism to
take some action in relation to the object, which it could not
do otherwise. This relates to the second criterion—that such
internal representations be useful for something, where the
usefulness depends on their ‘content’ (Millikan 1984, 1995).
This links to the second sense of meaning, which is not just of
aboutness, but salience or value to the organism. Such internal
representations are not just referential, they are also, poten-
tially at least, consequential.

In the simplest cases, the organism may have preconfigured
control policies, which directly induce behavioural responses
to particular stimuli. For example, lamprey will move away
from a large, looming shadow (a potential predator), but to-
wards a small, moving object (potential prey) in their visual
field (Cisek 2019). Many species have similar prewired escape

10 of 16

European Journal of Neuroscience, 2025



circuits and other innate approach/avoid preferences. We may
say in these cases that the meaning is pragmatic—1It is baked
into the adaptiveness of the responses to the various stimuli
(Mitchell 2023b). A purely synchronic explanation would
locate the causation in the neural mechanisms of stimulus
detection and linked action, but there is clearly also a kind
of diachronic causation at play in the (evolutionary and de-
velopmental) structuring causes that led the system to be so
configured.

In more complex cases, perceptual systems generate internal,
genuinely semantic representations, which are decoupled from
obligate action, and which are simply reported or made available
to other parts of the nervous system (Mitchell 2023b). We call
these semantic because they are indicative, rather than imper-
ative. The meaning of these internal patterns of neural activity
is grounded through the organism's individual history of senso-
rimotor exploration (Bahrick and Lickliter 2002; Barsalou 2008;
Gopnik and Wellman 2012; Pezzulo and Castelfranchi 2007).
This builds up a stored context of useful knowledge—about ob-
jects, their properties, their causal relations to other things, and
their affordances for the organism.

The meaning of such states is thus not in the isolated, active
states themselves, but is relational and distributed through the
web of synaptic connections that embodies these kinds of knowl-
edge (Barsalou 2008; Blouw et al. 2016). This kind of view can
thus reconcile computational theories of mind (which involve
operations over currently active states comprising ‘symbolic rep-
resentations’) with connectionist theories (which supply the sta-
ble background context that grounds the meaning of the active
states) (Mitchell 2023b; Piccinini 2022).

If we want to understand the causes of an organism's behaviour
at any moment, we thus need to consider what its internal rep-
resentations are and what those representations mean to the
organism, based on its history, stored (distributed) knowledge,
and prewired or learned control policies (embodying pragmatic
or semantic meaning). Because of coarse graining and multiple
realisability, the causation in this kind of system cannot be ex-
plicated entirely in terms of the active, synchronic neural mech-
anisms, the details of which are often arbitrary and incidental
(Menzies and List 2010; Rosas et al. 2024) and which can even
drift over time (Rule et al. 2019; Driscoll et al. 2022). Instead, it
derives primarily from the meaning of these internal states—
what the organism believes about the world and the threats and
opportunities it presents—which results from its experiences
through time.

This view was well articulated by Walter Freeman, who, several
decades ago, anticipated the now-popular ‘population doctrine’
of neural coding and the action-oriented and affordance-laden
nature of neural representations: [These patterns of neural ac-
tivity] ‘do not represent external objects; they embody and im-
plement the meanings of objects for each individual, in terms
of what they portend for the future of that individual, and what
that individual should do with and about them’ (Freeman 2000,
p.93). Modern systems neuroscience is now reinforcing this
meaning-laden view of the global patterns of neural dynamics
(e.g. Thura et al. 2022; Gonzalez-Rueda et al. 2024; Khilkevich
et al. 2024; Zutshi et al. 2024).

Of course, what an organism chooses to actually do in any given
situation will also reflect its current internal states and motiva-
tional needs, as well as any ongoing goals or plans. The criteria
for action are thus changing all the time and the system can be
reconfigured on the fly to reflect this. A neuron or neural popu-
lation's ‘criteria’ are therefore changeable, over slow timescales
by learning, but also over very rapid timescales, in response to
the very recent history of firing and incoming signals, including
neuromodulators (Tse 2013). Synaptic weights between neurons
are constantly being reconfigured on millisecond timescales, by
contextual signals, which alter the gain and change the sensitiv-
ities to various incoming patterns. These can include effects of
attention, arousal, oscillatory entrainment of the type described
above, top-down expectations, the selection of goals, and so on
(Dayan 2012; Shine et al. 2021; Shine 2023; Taylor et al. 2024;
Thiele and Bellgrove 2018).

These kinds of control mechanisms can be taken as examples of
top-down causation (Ellis 2009), in two senses. First, in a func-
tional sense of information flowing from brain regions compris-
ing higher levels of the functional hierarchy (concerned with the
adoption and prioritisation of goals, for example) and constrain-
ing the dynamics of regions comprising lower levels (e.g. those
concerned with shorter term action selection). And second, in a
more controversial ontological sense of causation flowing from
an emergent ‘mental’ (or even just cognitive) level to the neural
levels ‘below’—i.e. in a way that depends on the meaning or con-
tent of mental states (discussed more below).

9 | Summary

So where does this leave us with respect to our original problem
of how to conceptualise the causes of a behaviour, especially in
light of our newfound ability to exogenously control certain be-
haviours through direct manipulation of neuronal activity?

We suggest that, equipped with the full suite of more expansive
causal concepts argued for above, it is clear that even ‘necessary
and sufficient’ synchronic neural variables, which give us the
capacity to exogenously control a particular behaviour, are only
ever a very small part of the story of what causes a behaviour
to occur. In particular, they are the ‘triggering cause’ of the be-
haviour. To fully understand, and thus explain, the occurrence
of any given behaviour we also need to consider (i) the con-
straint regime that the neural mechanism is situated within, (ii)
the nature of the informational economy that constraint regime
enacts (i.e. the macroscopic pattern that downstream neurons
are causally sensitive to, and that the identified neural variable
forms a part of), and (iii) the structuring causes of all of this (i.e.
the historicity of the system). Collectively, this would give us an
insight into the organism's meaningful, subjective perspective,
embodied within this informational economy.

Each of these types of non-reductive, diachronic forms of
causation is important to consider if one is to properly under-
stand why manipulation of that neural mechanism enables
control over the behaviour. Overall, this paints a very different
picture to the horizontally, vertically, and temporally reductive
view of causation implied by the dominant (if often implicit)
‘driving’ metaphor.
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10 | Discussion

The foregoing discussion brings us to two categories of causation
that have been deemed for centuries by many philosophers and
scientists to be metaphysically problematic: mental causation
and agent causation.

10.1 | Mental Causation

René Descartes famously proposed a distinction between phys-
ical stuff and mental stuff. This ‘substance dualism’ allowed
him to privilege goings-on in the mental realm and protect them
from reduction to the merely physical (Robinson 2023). The
problem with this scheme, as pointed out by his correspondent
Elisabeth, Princess of Bohemia, is it left no way for mental go-
ings-on to influence things in the physical realm. How could the
abstract content of an immaterial thought push physical things
around in the brain in the way that it must in order to have any
causal efficacy?

The discussion above, which extends views of causation beyond the
synchronic and mechanistic, offers a way to reconceptualise this
problem. Thoughts are not immaterial. They are patterns of mean-
ingful neural activity. They can thus—unproblematically—have
physical causal efficacy in the neural system in the normal way
that patterns of activity do, but this will crucially be conditioned on
what they mean. This meaning is grounded by experience and in-
terpreted through the distributed network of synaptic connections
embodying stored knowledge and control policies—i.e. the criteria
described above (Mitchell 2023a) (Figure 4).
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Thoughts are immaterial.
How can they affect the
brain?

Reductive Materialism

Thoughts are just
byproducts of neural
activity with no causal
efficacy themselves.

The notion thatabstract things, like concepts or ideas, could affect
physical things, like neurons, or the flow of ions, has an obvious
parallel in computing, where the concepts encoded in software
constrain the physical workings of the computer (Ellis 2016;
Rosas et al. 2024). Computer scientist Subrata Dasgupta has
called this ‘liminal causation’—that is, causation that acts at
the border of the abstract and the concrete (Dasgupta 2016). The
steps of an algorithm—itself an abstract object that could be
realised in many different physical systems—become realised
in hardware through the actions of compilers, assemblers, and
other elements of an operating system that ultimately constrain
the flow of electrons through the transistors of the computer.

Similarly, the abstract content of our thoughts—percepts, beliefs,
desires, intentions, and so on, that are about specific things—will
have causal efficacy in the system depending on that content
(Ellis 2016; Mitchell 2023a). Organisms can figure out what to do,
in a way that is genuinely causally based on the semantic content
of their beliefs and desires, and not just on their neural vehicles.

10.2 | Agent Causation

As neuroscience elucidates more and more details of the neu-
ral mechanisms underlying behaviour, we have at least two
ways of interpreting these discoveries. We could see them as
showing us the means by which organisms regulate their be-
haviour. Or we could see them as identifying the neural causes
of behaviour (or, as Barack et al., say: ‘the events in the brain
that “cause” behavior’ (Barack et al. 2022)). Under the lat-
ter framing, the organism, as an agent, disappears from our
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FIGURE4 | Mental causation. Under a dualistic viewpoint, thoughts are somehow non-physical, making it a mystery how they could affect neu-

ral processes. Under reductive materialism, thoughts are epiphenomenal; all the causal work is done by their neural vehicles. Under what can be

called ‘cognitive realism’ (Mitchell 2023a), thoughts are meaningful patterns of neural activity that have causal efficacy in the system based on their

meaning (reprinted, with permission, from Mitchell 2023a).
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explanations of its own behaviour (Franklin 2014). It is not re-
ally doing anything or deciding anything—TIt is not the cause
of anything. It is just being pushed around by events that are
happening within it.

This view—of event causation—has been popular in philosophy
for some time (Davidson 1963; Franklin 2018), yet it relies on
a reductive and synchronic perspective which, we argue, is not
congruent with the true nature of living organisms. The impor-
tance of a temporally extended, diachronic view of causation has
been emphasised above, as well as the dangers of ‘vertically’ re-
ducing cognitive states and operations to their neural realisers,
both of which serve to strip meaning out of the system. But there
is also a danger of what we have called ‘horizontal reductionism’
or causal isolationism, which identifies the causes of behaviour
with just some discrete and localisable subset of neural states
within the whole nervous system (Potter and Mitchell 2022).

This horizontally reductive view comes naturally from the types
of experiments that we perform. To generate robust paradigms
of behaviour, we typically restrict the choices of the organism
to binary options, control as many variables as we can, remove
all possible contextual factors, exhaustively train the animal on
the task, where it has nothing else it needs to care about, and
then focus on some particular neural region where activity pat-
terns or levels correlate with one outcome or the other. We then
take activity in that region to be ‘the cause of the behavior’. This
conclusion can be reinforced by experiments that strongly drive
activity in that area using optogenetic techniques in a way that
directly brings about the behaviour.

The problem, of course, is that no brain region or circuit does
anything in isolation (Gomez-Marin 2017; Pessoa 2022). Nor
does nature present itself so obligingly to animals in the real
world—one stimulus at a time, one task at a time. Living organ-
isms—as agents—have to actively manage their own behaviour
over nested timescales, balancing and prioritising multiple
needs and goals, sustaining ongoing plans and activities, while
adapting to changing circumstances and accommodating to
new information, in order to navigate complex and dynamically
varying environments, typically while coping with interference
from other agents with their own varying goals. Making an all-
things-considered judgement about what best to do in any given
scenario requires input from subsystems across the whole brain
(Ismael 2016; Mitchell 2023a).

There will thus be a multiplicity of causal factors feeding into
any behaviour, in a non-decomposable way, through a web of
contextual conditionalities. These are processed by distributed
circuits and brain regions, but integrated for the purpose of ho-
listic decision-making. One way to think of this is as a collective,
massively parallel optimisation problem, with each area trying
to satisfy (or ‘satisfice’) its own constraints, based on the ‘cri-
teria’ instantiated in its connections, and the current incoming
data and modulatory influences from other areas (Pessoa 2022;
Robson and Li 2022; Suzuki et al. 2023), until a global consensus
(or lowest energy state) emerges.

We contend that this just is the agent deciding what to do, for
its own, agent-level reasons, as best it can with the information
and neural resources and time that it has. There will of course

be some particular neural mechanisms that an organism is using
to carry out these operations, but, rather than identifying those
mechanisms as the causes of the behaviour, it seems valid and
appropriate, given the ineliminable contextual and historical
dependencies at play, to say that a behaviour occurred because
an organism decided to do it. From this perspective, we can see
that the organism itself is the appropriate locus of causation of
its behaviour, as a holistic entity with continuity through time
(Potter and Mitchell 2022; Mitchell 2023a)—TIt is a causal agent
unto itself. And our explanations ought to reflect that.

11 | Conclusion

The amazing progress of neuroscience in recent years is some-
thing of a double-edged sword. On one hand, it offers unprec-
edented power to causally intervene in the system, activating
neural mechanisms that appear to ‘drive’ all kinds of interesting
and important behaviours. On the other hand, it threatens to
reduce our understanding of behaviour and agency to nothing
more than synchronic neural mechanisms.

We have argued that a full explanation of the nature of the causes
of behaviour requires the dimension of time. A purely synchronic
view of neural mechanisms misses out on the very property that
defines living beings: historicity. Living beings are historical pro-
cesses, with extension in time. They accumulate causal power by
accumulating causal knowledge of the world, using it to guide and
manage their behaviour in an integrative and holistic fashion. We
have outlined here some of the philosophical resources that neu-
roscientists can draw on to enrich our notions of causation to re-
flect these diachronic and non-reductive features of life.
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Endnotes

! According to the Cambridge dictionary (n.d.), to ‘drive’ is ‘to force
someone or something into a particular state’ or ‘to force someone or
something to go somewhere or do something’.

21t should be noted that Tse (2013) uses this term to refer, both, to the
causal effects of a neuron's criteria (i.e. the criterial dependence cause)
and to the causing of the criteria itself (i.e. the events that create the
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dependence conditions themselves). For parsimony reasons, we will
use the term to refer to the former definition only.

3We thank an anonymous reviewer for pressing us to clarify this point.
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