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Abstract

Sections

A fundamental goal of research in neuroscience is to uncover the causal
structure of the brain. This focus on causation makes sense, because
causal information can provide explanations of brain function and
identify reliable targets with which to understand cognitive function and
prevent or change neurological conditions and psychiatric disorders.
Inthisresearch, one of the most frequently used causal concepts is
‘mechanism’ — thisis seenin the literature and language of the field,
ingrant and funding inquiries that specify what research is supported,
andinjournal guidelines on which contributions are considered for
publication. Inthese contexts, mechanisms are commonly tied to
expressions of the main aims of the field and cited as the ‘fundamental’,
‘foundational’ and/or ‘basic’ unit for understanding the brain. Despite
itscommon usage and perceived importance, mechanismisusedin
different ways that are rarely distinguished. Given that this conceptis
defined in different ways throughout the field — and that there is often
no clarification of which definition is intended — there remains a marked
ambiguity about the fundamental goals, orientation and principles

of the field. Here we provide an overview of causation and mechanism
from the perspectives of neuroscience and philosophy of science, in
order to address these challenges.
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Introduction

A central aim of neuroscientific researchis to clarify the causal struc-
ture of the brain, be that at the lower scales of molecular and cellular
interactions or the higher scales of neural circuitry, brain regions and
macro-scale networks. This interest in causation is understandable
because of the invaluable role of causes in supporting explanations of
brain dynamics and associated behavioural outcomes. As causes pro-
vide control over their effects, they identify reliable targets to explain,
understand, change and prevent brain-related outcomes of interest' .
Identifying different types of causal systems, information and patterns
inthe brain—and havingarobust theoretical framework for capturing
their features and implications — is vital for progress in neuroscience
and its sibling disciplines of neurology and psychiatry.

One of the most frequently used causal concepts in neuroscience
is ‘mechanism’. This concept is found in the literature and language of
the field, in grant and funding inquiries that specify what research is
supported, andinjournal guidelines detailing which contributions are
considered for publication (Tables1and 2). Inthese contexts, it is often
suggested that a deep explanation and understanding of the brain is
provided by identifying its basic and fundamental mechanisms®”. In
current neuroscientific research, examples of the mechanism concept
include “cellular mechanisms”, “circuit mechanisms”, “systems-level
mechanisms”, “cognitive mechanisms” and “network mechanisms”,
to name a few>*", More concrete illustrations are the “ionic mecha-
nisms of the action potential”, “mechanisms of signal propagation”,
“transcriptional mechanisms”, “mechanisms of neuromodulation”,
“barrier mechanisms”, “mechanisms of cognitive processing” and ref-
erence tovarious “circuit mechanisms” and “network mechanisms” of
the brain**™*?°3 The term ‘mechanism’ not only has scientific appeal
but also receives enormous attention in the theory and philosophy
of neuroscience . In these areas, it is common to find claims that
genuine explanations in neuroscience always require the elucidation of
mechanisticinformationabout the brain, where mechanisticinforma-
tionisunderstood as lower-scale causal detail that produces the brain
outcome of interest**?,

However, although the mechanism concept is exceedingly com-
mon in neuroscience, it is used in completely different ways that are
rarely specified or distinguished. This myriad usage results in miscom-
munication, unintended meanings and a lack of conceptual clarity in
the field. Such confusions can have dire implications when this term
isusedin publicationregulations, dissemination of research findings,
exploratory studies of complex causal systemsin the brain, and fund-
ing solicitations that inspire and motivate new research. Given that
the field lacks a clear, shared meaning of such a fundamental term,
these current issues are inevitable and have numerous, field-wide
implications.

In this Review, we provide an overview of causation and mecha-
nism from the perspectives of neuroscience and philosophy of science.
We begin by reviewing the philosophy of science literature on causa-
tion, explanation and the concept of mechanism. We then describe
standard uses of this conceptin neuroscience, including their distinct
assumptions about the type, amount and scale of causal detail required
to provide understanding. After presenting different meanings of
mechanism, we examine key challenges that this variable usage pro-
duces, whether they occur in basic research, funding priorities or
communication to expert and public audiences. Next, we draw on
the scientific, theoretical and philosophical points made to provide
suggestions for moving forward. We close by discussing the need for
clarity about causation to capture the main principlesin the field and

to promote advances in our understanding of the causal structure of
thebrain.

Why do causation and mechanism matter for
neuroscience?

Causation has been a long-standing topic of interest in science, phi-
losophy and many other domains. A major reason for this focusis that
causalrelationships provide explanations and understanding of ‘how’
asystem — such as the brain, a neural ensemble or a cellular circuit —
works, functions and behaves. This provision arises because causes
explaintheir effects by clarifying the inner workings and steps that lead
tothese outcomes. Instead of merely describing, predicting or classi-
fying neural and brain outcomes, causal models identify factors that
control, explainand ‘make a difference’ to them"”. These causal factors
support deep understanding and explanation, and guide our efforts
to change and control outcomes, which are central in our interests to
preventand treat brain disorders and diseases. The classification of dis-
tinct entitiesin neuroscience iscommon and serves various goals, but
such classifications do not require causal information. Furthermore,
consider descriptive models, which include a physical instantiation of
the system, and phenomenological models, which capture conceptual
components of a system (without requiring physical instantiation).
Mere descriptive and phenomenological models can represent and
re-describe the outcome of interest, but without causal information
they fall short of explaining such outcomes or of offering the knowledge
necessary to change or prevent outcomes®’. In other words, models
that are merely descriptive or phenomenological are often “rather
limited” as they can do “a good job of characterizing what the system
does, but they have no idea how and why””,

The importance of causation raises many questions that remain
vigorously debated in the philosophy of neuroscience. These include
questions about how to define causation, what methods successfully
identify or establish it, and what scale and type of causal information
is needed to understand how neural systems work®~*, A philosophy
of science approach to these questions aims to specify the princi-
pled methods, concepts and assumptions that scientists use to gain
understanding of the world. This effort involves a descriptive aim of
capturing concepts and methodsin science, but also anormative aim
that provides guidance for how these concepts and methods should
(and should not) be understood and used.

Discussions of causal explanationin the philosophy of neuroscience
place considerable attention on the mechanism concept. The modern
use of mechanism originates in the seventeenth-century mechanist phi-
losophy views of Descartes, Newton, Boyle and others®. These mecha-
nist programmes provided an alternative to vitalist conceptions of living
systems, whichcited vital forces, occult powers and magical properties
in accounting for natural phenomena®. By contrast, the mechanist
framework explained living systems with “the mathematical discipline of
mechanics” in which systems consist of small entities that mechanically
interact through “contactaction” to produceall system-level outcomes™.
Thisframework was reductiveiin citing causes at lower scalesandin con-
fining conceptions of causation toaction, physical forces and matterin
motion. Living systems were analogized to machines — viewed as béte
machines (beast machines) — comprising lower-scale corpuscles that
mechanically produce behaviours, similar to levers, pulleys and pipes
insimple machines®?. This seventeenth-century mechanist framework
has substantially influenced the modern life sciences. This influence is
evidenced by common appeal to mechanisms, frequent analogies to
machines and mechanical systems, and the prevalence of reductive
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Table 1| Examples of publication guidelines from neuroscience and related journals that mention the ‘mechanism’ concept

Journal Publication guidelines

Ref.

Annals of Neurology

“The Annals of Neurology publishes articles of broad interest in neurology, particularly those with high impact 133

in understanding the mechanisms and treatment of diseases of the human nervous system.”
“Annals rarely publishes case reports, unless they definitively identify a new mechanism of disease or treatment.”

Biological Psychiatry
when applicable.”

“Reviews should be novel and have sufficient supporting literature, which should be integrated into a mechanistic model

134

Experimental Neurology

“Experimental Neurology, a Journal of Neuroscience Research, publishes original research in neuroscience with a particular 135

emphasis on novel findings in neural development, regeneration, plasticity and transplantation. The journal has focused on
research concerning basic mechanisms underlying neurological disorders.”

“Research Articles — the Journal publishes Research Articles focusing on experimental models of neurological and psychiatric
diseases. These should describe significant, new and carefully confirmed findings with attention to mechanisms of diseases

and/or treatments.”

The Lancet Neurology

“We invite submission of all clinical trials, whether phase 1, 2, 3, or 4 (see Lancet 2006; 368: 827-28). For phase 1 trials, we

136

especially encourage those of a novel substance for a novel indication, if there is a strong or unexpected beneficial or adverse

response, or a novel mechanism of action.”

Passages of text quoted with permission from ref. 133, Wiley;'**"*°, Elsevier.

explanation, in which explanation requires the citation of causes at
lower scales.

The mechanism concept continues to flourishin modern neurosci-
ence, and philosophers have taken note*****2, About two decades ago,
growing philosophical viewsintroduced a‘new’ mechanistic account,
which claims that genuine causal explanations in neuroscience must
cite mechanisms?*%. This account is considered ‘new’ to distinguish
it from the seventeenth-century mechanists, but it builds on their
work in articulating a modern notion of mechanism*. Early work in
this area claimed that mechanisms are causal systems with specific
features. Similar to the original seventeenth-century notion of mecha-
nism, many suggested that mechanisms are hierarchical systems with
lower-scale causal parts, that they contain substantial causal detail and
that they involve mechanical causal relationships, in terms of force,
action and motion**. This notion also captured common analogies
of neurological systems to machines, as many machines in everyday
life have these three main features. Other notions of mechanism are
more aetiological, highlighting causal intermediates that lie between
acause and its effect*>**. Both hierarchical and aetiological notions of
mechanism resist counting abstract, macro-scale causal systems as
genuine mechanisms. The reason is that genuine causal mechanisms
are expected to contain considerable amounts of causal information
and often from lower scales. Of course, these projects imply (often
explicitly) that causal explanations in neuroscience require these types
of lower-scale, fine-grained causal detail.

Asworkinthis areahas continued, many have suggested that there
are limits to the mechanism concept and that there are other distinct
types of causal system in neuroscience that areimportant®****=3 In the
philosophicalliterature, criticisms of the mechanism framework have
argued against views that all explanations are mechanistic and against
the view that “living systems can be fully explained by describing the
causal mechanisms that are said to be operating within them”?***, Some
of this critical work has emphasized “process” and “processual” views of
living systems, which capture causal systems that change, are more
dynamic than fixed and lack the “rigid connections” assumed in the
mechanistic perspective®*. Process accounts identify issues with
the assumption that living systems are well understood with amachine-
like conception of mechanism*. Other philosophical criticisms of the
mechanistic account suggest that this work should appreciate and
be open to other causal systems in neuroscience, such as pathways,

circuits and causal topologies®***. Inresponding to these criticisms,
mechanists have argued that the notion of mechanism should simply be
broadened to encompass arange of other types of causal systems*>**,
Instead of mechanism capturing a subset or class of causal systems,
some scholars useitasacatch-all for any type of causal structure. This
loosening of the mechanism concept is seen in current philosophical
attempts to define mechanism, which equate mechanisms with nearly
any type of causal system*. These philosophical attempts to broadly
define mechanism have been criticized as in “serious danger of vacu-
ity” and as guided by “imperialistic tendencies”, as the term is used
to encompass all causal systems in neuroscience, even when these
causal systems appear to differ in important ways and have little in
common*”*¥, The mechanism concept is found in many other scien-
tificfields, including chemistry, biology, ecology, the social sciences,
economics and the physical sciences?*****~%2 In these domains it is
oftenapplied to complex, multi-component systems and is viewed as
providing understanding about how these systems work and produce
outcomes. Although similarities to other fields exist, gaining traction
on mechanism in neuroscience often presents as more challenging,
owing to the complex nature of the brain (amount of detail, distinct
phenomena to capture, temporal and spatial scales, and so on), the
extreme field-wide diversity of methods, tools, goals and topics of
interest, and theimportance of causal understanding to address brain
health and disease.

A central topic to return to in this discussion is causation. Our
explanations, understanding and notions of mechanismall depend on
causality. Causation is the “raw material” out of which we get various
causal structures and upon which our explanations and understand-
ing depend®. The point is not to settle which definition of causation
we should adoptbut to keep this definition distinct from mechanism,
which is reliant on causation. Although mechanistic explanation still
receives attention in the literature, growing areas of work examine
other non-mechanistic, causal systems in neuroscience and various
forms of non-causal, mathematical explanation?¢4+476465,

How is ‘mechanism’ used in neuroscience?

Arich variety of terms and concepts are used to refer to causal sys-
temsinneuroscience. These include mechanisms, pathways, cascades,
circuits, networks, topologies and constraints, in addition to many
others®**°, Among these, ‘mechanism’ is frequently used and often
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Table 2 | Examples of grant and funding information that mentions the ‘mechanism’ concept and ‘mechanistic research’

Grant or funding inquiries Research funded Ref.
National Institutes of Mental “NIMH requires an experimental therapeutics approach (see Clinical Trials - Applicant FAQs, Q3) for the development 93
Health (NIMH), NIH and testing of therapeutic, preventive, and services interventions, in which the studies evaluate not only the clinical
effect of the intervention, but also generate information about the mechanisms underlying a disorder or an intervention
response.”
“NIMH utilizes the NIH Parent RO1 Clinical Trial Required, the NIH Parent R21 Clinical Trial Required, the NIH Parent RO1
Basic Experimental Studies with Humans, and the NIH Parent R21 Basic Experimental Studies with Humans to accept
only ‘mechanistic’ clinical trial applications (see below for descriptors of ‘mechanistic’ clinical trials).”
“NIMH Support of Mechanistic Clinical Trials: NIH defines a mechanistic clinical trial as a study ‘designed to understand
a biological or behavioral process, the pathophysiology of a disease, or the mechanism of action of an intervention.”
National Institute of Neurological ~ “The mission of the NINDS Division of Neuroscience (DON) is to support extramural research aimed at understanding 137
Disorders and Stroke (NINDS), NIH  fundamental mechanisms of development, structure and function of the nervous system in health and disease.”
NSF Cognitive Neuroscience “Supports research aimed at increasing understanding of the neural mechanisms of human cognition, including 138
attention, learning, memory, decision making, language, social cognition and emotions.”
“The Cognitive Neuroscience Program seeks highly innovative proposals aimed at advancing a rigorous understanding
of the neural mechanisms of human cognition.”
NSF Collaborative Research in “Supports collaborative research and data sharing that will advance the understanding of nervous system structure 139
Computational Neuroscience and function, mechanisms underlying nervous system disorders, and computational strategies used by the nervous
(CRCNS) system.”
NSF Neural Systems Division of “The Neural Systems Cluster supports mechanistic studies in neuroscience that span multiple levels of analysis ranging 140

Integrative Organismal Systems
Core Programs

from the molecular and cellular to the complex behavioral aspects of organisms.”

NIH, National Institutes of Health; NSF, National Science Foundation. Passages of text quoted with permission from ref. 93, NIMH;'¥’, NINDS,*®%°, NSF.

considered fundamental, basic and essential to our understanding of
the brain’. Despite its common usage and perceived importance, the
mechanism concept is used in different ways that are rarely distin-
guished. Weidentify three main uses of this term: anarrow (reductive)
use, abroad (non-reductive) use and a non-causal use.

Afirstuse of mechanismis narrowin thatit refers to causal systems
with particular features that are often reductive. These mechanisms
“underlie”, “underpin” or “implement” higher-scale systems and are
characterized by microscale processes, physical-causal interac-
tions, spatial-geometric features and an emphasis on fine-grained
detail®”*°"%* Concrete examples include ion channel mechanisms,
receptor mechanisms, diffusion mechanisms and synaptic mecha-
nisms of neural function, and more abstract references to mechanisms
that are biophysical, biological and physiological (Fig. 1). Reference
to this type of mechanism is most obvious in appeals to the ‘under-
lying’ mechanisms of some system — topology, network, model or
physiological process — as the focus is on lower-scale causal factors
that produce the behaviour ofinterest. These mechanisms emphasize
the “biophysical” and “physical” causes that realize neural and brain
systems —sometimes called the hardware or wetware — to distinguish
these causal happenings from higher-scale structures, computations
and so on®*%,

Inaddition to the emphasis onlower-scale factors, the causal rela-
tionshipsin these mechanisms are described physically and mechani-
cally,interms of forces, action and motion. This is seen with rich causal
verb descriptions of parts thatbind, splice, activate, block, bend and so
on, in contrast to simple causal language which states that one factor
“causes” another outcome®. These neural mechanisms are sometimes
analogized to machinesin ways that highlight their physically interact-
ing causal parts. As can be seen in these features and the analogy to
machines, this notion of mechanismbears similarity to the original use
developed by seventeenth-century mechanical philosophers.

A final main feature of this narrow notion of mechanism is that
it requires scientists to provide substantial causal detail about the

system. Gaining mechanistic understanding requires large amounts
of detail, whichleads scientists to claim that mechanisms are only ever
partly identified as there is always more to uncover. This expansive
characterisdistinct from that of abstract causal representations, such
as network, dynamical and topological models, which are sparse and
omit large amounts of information. In this usage, network models can
capture causal relationships, but they do not reflect narrow mecha-
nisms, which involve causal details that underpin, instantiate and
capture inner workings of the system. This mechanism notion is not
justreductive in character — it is often paired with reductive assump-
tions about neuroscientific explanation. These reductive assumptions
include views that all phenomena in neuroscience are best explained
with information from lower scales and that including increasing
amounts of detail improves explanatory power.

The second use of mechanism is broad as it refers to a wide class
of causal systems with different features. In some cases, this use of
mechanism is so broad that it is simply synonymous with ‘causation’
and applies to nearly any type of causal system. In this usage, any sys-
tem with causal relationships counts as a mechanism, even if these
relationships do not include lower-scale factors or physical-impact,
mechanical connections. Examples of this usage include “network
mechanisms,” “large-scale mechanisms”, “systems-level mechanisms”,
“circuit mechanisms”, “global mechanisms”, “top-down mechanisms”
and all lower-scale mechanisms referenced in the first usage>* 2055,
This meaning of mechanism is non-reductive in the sense that it does
not require that causal relationships or causal systems contain infor-
mation about lower-scale parts and physical-impactinteractions. For
example, this usage is found inreference to large-scale causal relation-
ships that span distant brain areas as, for example, instantiated by the
notion of effective connectivity, lesion experiments, optogenetics,
brain mapping techniques, various dynamic causal models and many
others, as they reveal causal connections without lower-scale or physi-
cal detail®®” (Fig. 1). Consider the distinction between knowing that
brain area A causes outcome B and knowing the causal details of how
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this outcomeis produced. This broad mechanism notion encompasses
boththe detailed, mechanical how and the higher-scale, abstract causal
relationships.

Asan example of this broad notion of mechanism, consider claims
that in neuroscience, whatever outcome one is interested in, “the
essential goal is to understand the mechanisms involved ... [but] ...
we must be extremely careful to distinguish different specific kinds
of mechanistic goals”®. In some cases, these goals include providing a
detailed description of the “actual physical and chemical processes that
underlie” the outcomein question. However, in other cases, these goals
include “looking for something more general ... [inwhich]itis not the
details themselves that matter but the principles that are embodiedin
these details”. This second claim suggests that mechanistic informa-
tionis consistent with searching for more general, abstract principles
“without incorporating all of the underlying biophysical details”** In
this manner, mechanistic enquiry is associated with causal information
that can be detailed or abstract, lower scale or higher scale, and less
constrained than the first conception suggests.

Furtherillustrations of this second usage are flexible mechanism
definitions and interchanging mechanism language with causal lan-
guage. As a first example, consider how “mechanistic” research is
defined by the National Institutes of Health (NIH), which commonly
uses thislanguage in their grant calls. In these calls, the “NIH defines a
mechanistic clinical trial as astudy ‘designed to understand a biological
orbehavioral process, the pathophysiology of adisease, or the mecha-
nismofaction of anintervention”>, This definition is clearly broad and
underspecified, able to encompass many types of causal information.
Another example is present in neuroscientific studies that analyse
“causal inferences”, “causation” and “causal interactions” but, in the
same discussion, switch usage to “mechanistic inferences”, “mecha-
nism” and “mechanistic understanding” without explanation®*, The
assumption is that ‘causation’ and ‘mechanism’ are synonymous —
‘mechanism’ is simply a filler word for ‘causal system’ and has little
meaning beyond this. These papers sometimes define mechanism
broadly as a “causal chain of events”, suggesting that systems with
multiple (two or more) causes qualify as mechanisms, no matter what

their other features®. In other work it is suggested that the dominant
notion of causality in neuroscience is mechanistic, in which the brain
is understood as a “mechanistic system”*>,

A third use of ‘mechanism’ applies to models, systems and
concepts that are not causal. Two examples of a non-causal use of
‘mechanism’ include using this term in reference, first, to various
topological mechanisms and, second, to entities that are correlates,
constitutive or realizers of amacro-scale system. With respect to the
former, consider that models can contain helpful descriptions, war-
rant predictions and explain mathematically, all without containing
causalinformation. Asanexample, consider reference to “topological
mechanisms” — in some of these cases the explanations are powered
by mathematical dependencies, as opposed to causal dependency
relations”. Although well-known mathematical, non-causal expla-
nations exist (such as in the Konigsberg bridge case), their explana-
tory power is supplied by mathematical facts, proofs and theorems,
whereas causal explanations require empirical information about
interventionist difference-making relations®®*’. Second, with respect
to the latter non-causal use, consider that ‘mechanism’is sometimes
used synonymously with the ‘correlates’and ‘realizers’ of a higher-scale
system. However, what is not always appreciated is that notions of cor-
relates, realizers and instantiation refer to relationships of constitution
and not causation. To say that higher-scale outcome Y is constituted
by X does notimply that Y is caused by X. In both of these non-causal
cases, the ‘mechanism’ concept is used to refer toimportant types of
relationship, but there are good reasons to resist claims that these
relationships are causal.

Inthe order presented, these three uses of ‘mechanism’ increase
intheir breadth and flexibility. The first use applies to particular causal
systems, the second extends to nearly all causal systems and the third
broadens to include models and structures that are non-causal. In
evaluating reasons for the more expansive notions of mechanism, it
is worth considering the high status of the term in the field. It may be
that the status of the term encourages use when a model is causal, or
explanatory or important — yet these sorts of model are distinct, and
they should be untangled.

Broad (non-reductive) mechanism concept
|

Narrow (reductive) mechanism concept
|

b Signal propagation mechanism

@ lon channel mechanism

Fig.1| The narrow and broad notions of mechanism. a,b, The narrow notion
of mechanism is found in examples such asion channel mechanisms (panel a),
cellular mechanisms and the mechanisms of signal propagation (panel b)"***>4.,
c,d, The broader notion of mechanismis found in appeals to circuit mechanisms

€ Circuit mechanism d Network mechanism

D S
I

(panel ¢)>**¥ topological mechanisms, network mechanisms (panel d)'>°*%
and cognitive mechanisms, but itincludes systems with lower scale detail as well
(panelsaandb). The broad notionincludes both abstract and fine-grain detailed
causal systems as it is much more flexible about what counts as mechanistic.
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Glossary

Causation

The relationship between cause and
effect, which provides information
about explanation and control
(unlike relationships that are merely
correlational).

Classification
Any organization or ordering of entities

Explanation

An answer to scientific ‘why’ questions,

which often cites causes or causal
structure.

Philosophy of science

An area of philosophy that concerns
the methods, reasoning, concepts and
foundations of science.

into categories.

Prediction

An estimate of future outcomes or
forecasting, which need not require
causal information.

Description

Any specification of a system or its
features, which need not convey causal
information.

What are the challenges and implications of this
variable usage?

Inthe field of neuroscience, the mechanism conceptis associated with
providing deep understanding and explanation of the brain. This asso-
ciationis seenin current publications, influential textbooks in various
subfields of neuroscience and journals’ descriptions of what they will
(and will not) publish (Table 1). Further evidence is found in grant calls
and funding solicitations for new research, which often specify their
support for “mechanistic research” that uncovers the “mechanisms” of
brain health and disease (Table 2). In these contexts, mechanisms are
commonly tied to expressions of the main goals of the field and cited
asthe “fundamental”, “foundational” and “basic” unit for understanding
the brain”'°71%,

It is obvious that the mechanism concept is viewed as central to
neuroscience and in understanding the brain. However, the fact that
this concept is defined in different ways throughout the field — and
that there s often no clarification of which definitionisintended — can
engender considerable ambiguity about the fundamental goals, orien-
tation and principles of the field. Whereas it is common for scientific
fields to vigorously debate the exact meaning of important concepts
(forexample, species or laws of nature), a main difference here is that
the variable usage of ‘mechanism’ remains largely unrecognized and
unacknowledged in the field. This inattention to a fundamental term
that is multiply defined leads to several challenges in the field; we
outline and discuss five of these challenges below.

Lack of clarity

Afirst challenge of the variable meanings of mechanism is that this
variability contributes to a substantial lack of clarity in the field, as
mechanism is open to many interpretations. For example, when the
field’s overarching goals are detailed, funding inquiries are distrib-
uted, research is designed and implemented, and research findings
are presented, the use of ‘mechanism’ can be understood in different
ways and does not precisely communicate what is meant.Ineach case,
use of this termrequires further specification of its meaning — without
such specification, the range of potential interpretationsis great, from
causal to non-causal systems. One example of this lack of clarity is found
inthe peer review process for neuroscience journals, in which thereis
considerable debate amongreviewers and authors about whether the

submitted paper has provided “mechanistic insights”'**"'7, where this
standard is often included in the journal’s submission guidelines as a
requirement for acceptance (Table 1). As is well documented in pub-
lic reviews, these debates propose different understandings of what
it takes to have mechanistic information — this can involve showing
‘how’ a causal process unfolds, providing evidence of manipulation
or intervention, identifying factors that are necessary and sufficient
for an outcome or providing a “mechanism of action” for the target
of interest'**'°®, In neuroscience and other life science fields, it is
often acknowledged that although providing mechanistic insight
is astandard of the field, this standard “has also been cause for much
uncertainty, mostly pertaining to what actually constitutes mechanis-
tic insight”*°™", Although there is confusion about what mechanism
means, the lack of mechanism information is acommon reason for
rejection of papers and grants, and many forms of advice for publica-
tion and grant submission explicitly suggest justifying why or how
mechanism information is present’®’. The three mechanism categories
we provide can help to orient discussions of what type of mechanism
informationis expected, required or missing from the work. Of course,
this issue concerning lack of clarity is especially problematic owing
to the fundamental status and common usage of ‘mechanism’ in the
field. If mechanismisimportantto the field and our understanding of
the brain, then a coherent, clear, and well-justified definition should
be supplied.

Miscommunication

Another challenge is that the various meanings of mechanismencour-
age miscommunication. This can happen whenone meaningisintended
but another is assumed or when it is simply unclear which meaning
is meant. One example of miscommunication is when mechanism
language is used to refer to neural correlates of interest, such as the
neural correlates of consciousness, and itis not clear whether mecha-
nismisintended inacausal sense orinanon-causal, ‘mere’ correlation
sense (which is suggested by the term ‘correlate’)"> '™, This usage has
engendered confusion about whether a mere correlate or cause of
consciousness is being referred to, which is supported by slippage
between a causal and anon-causal use of mechanism"*". In other cases,
funding calls for mechanistic research may be intended to support
enquiry into higher-scale causal structures in the brain, but researchers
may incorrectly interpret them as requiring the study of lower-scale,
biophysical causes. Additionally, scientists may communicate their
higher-scale mechanistic findings to experts and the public, with these
audiences incorrectly assuming that biophysical mechanisms have
beenidentified. Further misleading claims will result when mechanism
is used in a non-causal sense but audiences incorrectly interpret the
word mechanismin a causal manner. Making sure that experts do not
talk past each other, that they accurately convey findings, ideas and
strategiesinmoving forward, and that they properly inform the public
requires more careful use than standard discussions have involved.
Given that clear communication about causation is essential for the
field — and that this is already challenging — the myriad meanings of

mechanism further muddy the water"s.

Reductive assumptions

A third challenge of the many uses of mechanism is that the term
can unintentionally support reductive assumptions. Consider that
the first narrow, reductive meaning of mechanism is often assumed
by default and that mechanism language often suggests an ease of
manipulation, machine-like qualities and lower-scale detail that may
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not be present®”"**', When the broader notion is used to describe
the foundations of the field, many audiences may interpret the word
mechanism narrowly as relating to the claim that genuine causal under-
standing in neuroscience is reductive, always requiring molecular,
cellular and other lower-scale factors. In much neuroscience literature
there are suggestions that full, complete or deep explanations require
“mechanistic” or causal insights from lower scales"’. In other words,
“it is often assumed that processes operating at the micro level are
most mechanistically relevant”*'?%, Alternatively, higher-scale causal
structures are viewed as more superficial, as lacking full or complete
causalunderstanding'®. This view raises similar questions for science
communication and the “responsible use of language”, owing to the
metaphors and meanings invoked'”°. The mechanism concept may mis-
leadingly suggest that a causal model contains lower-scale detail or that
such details give superior understanding in all contexts. It also makes
it harder to acknowledge, account for and include higher-scale social
and environmental causes into explanations of brain outcomes*'»,
A central debate in neuroscience concerns how reductive our expla-
nations should be — are lower-scale details always more explanatory
or do higher-scale, abstract causal models sometimes provide bet-
ter understanding? Switching between mechanism definitions can
appear to support the narrow reductive view, even when this view is
notintended or supported by the field.

Confusion about causation

A fourth challenge is that the many meanings of mechanism confuse
discussions and understandings of causality. An example here is the
use of Granger causality in elucidating the ‘mechanisms’ of brain
outcomes'**"*, Insofar as an interest in the mechanisms of brain health
and disease is motivated by an interest in “changing” and “control-
ling” these outcomes, non-causal meanings of mechanism mislead
because although they supply information about prediction, they do
notsupply information about control’*'*?%, This distinction has led to
many debates about how causality should be understood and whether
itis well captured by Granger causality. The centrality of causation
in neuroscience is undenied, as is the need for clarity regarding the
notion(s) of causality that matter for the field, the methods that can
identify itand proper ways to communicate about these topics"®. The
existence of many mechanism concepts threatens clarity here because
they can conflate causation and mechanism and discourage discussions
about causation by dropping causal language in favour of ‘mecha-
nism’. Mechanismis aconcept that depends on causation — conflating
these two concepts confuses attempts to clarify the causal standards
of the field and how ‘causation’ should be understood, defined and
communicated to various audiences. We are not suggesting that clear
discussions about causality will resultinimmediate consensus on chal-
lenging topics (such topics have been debated in philosophy and sci-
ence for centuries, at least). However, progressis hindered by the use
oflanguage that clouds the complex connection between mechanism
and causation.

Undesirable incentives

Afifth challenge includes undesirable incentives and potential for
misuse of the term. Like it or not, ‘mechanism’ has become a status
terminthefield — it oftensignals that aresearcher is working on some-
thing important, something with causal information or something
thatdeservesattention for funding, publication and citation. The high
status of this concept can encourage scientists to use it liberally and
withless care'®. In particular, the considerable emphasis on mechanism

can produce other undesirable incentives. On the one hand, if a sci-
entist is operating with the narrow, reductive notion of mechanism,
this makesit easy to dismiss theorizing that does not have this feature
(such as dynamical systems, computational and other approaches that
focus on ‘upper-level’ generalities) as not elucidating mechanisms
and, hence, as unworthy. On the other hand, if a scientist is doing this
type of non-reductive work, it can be very tempting to argue that it is
mechanistic after all, in some extended sense of mechanism’*'>, This
canbeanundesirable dialectic as the focus should be more directly on
the strengths and weaknesses of the work itself, and not on whether itis
correctto callit mechanistic. This dialecticis seenin reviewer-author
discussions in peer review'**"°” and various papers in the field"*'*, In
many cases this dialecticcanbe improved by focusing on what type of
causalinformationis sought and whether the scientific methodsin use
supply such information, and by having a clear sense of what type(s)
of causal structure mechanism refers to.

This list of challenges is not exhaustive, and includes topics that
areinterrelated. In the next section, we explore how to address these
challenges and provide suggestions on what should be done about the
myriad definitions of mechanism.

How can we address these challenges?

Given the variable meanings of mechanism and the challenges that
these variable meanings produce, how should the field proceed? A first
major suggestionis that when mechanismis used, its meaning should
be specified. Efforts to clarify usage will support communication in
day-to-dayresearch, grantinquiries and submissions, interdisciplinary
exchanges and advancing theoretical discussionsin the field. Aslong as
mechanismis afundamental term — perhaps the most commonly used
causal conceptinneuroscience —its variable meanings can encourage
confusion unless the intended use is specified.

Isthere more to say about how mechanismshould be usedinneuro-
science? One way to make progress here is to consider the function of
the concept —whatisitintended to convey and communicate? Insofar
as this term is causal, the third usage is clearly disadvantageous. This
third notion does not support the aim of conveying causal information,
althoughitcan misleadingly suggest thatit does. One worry isthat the
high status of the mechanism concept canencourageits use for models
that are genuinely explanatory or important for other reasons, but
nevertheless non-causal. This issue reflects an opportunity to clarify
different types of explanation in the field and different models that
provide understanding of the brain®***°%1?° \If mechanism is to have a
clear causal meaning, thenstretching it toinclude non-causal systems
severely reduces the function and meaning of the term.

The second meaning of mechanism — applied to nearly any causal
system — canserve the function of differentiating causal systems from
non-causal ones. However, it cannot do much more. This usage cannot
distinguish types of causal system, and makes the concept less mean-
ingful by reducing it to any generic ‘causal system’. This reduction is
problematic insofar as we often view mechanism as communicating
more than just causality —whether the content communicated is bio-
physicalinformation, fine-grained detail or intermediates that specify
‘how’ an outcomeis produced. If this concept just means ‘causality’ or
‘causal system’, why do neuroscientists continue to use the termor any
oftherich, varied causal conceptsthat are commoninthe field? Exam-
ining different causal concepts in neuroscience — pathways, cascades,
circuits, networks and so on — suggests that different terms are often
used to refer to different types of causal systems. If this suggestion is
correct, then collapsing all causal concepts and causal systems into
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‘mechanism’ can make these distinctions harder to capture and glosses
over varieties of causal explanation in the field.

Thefirst notion of mechanism, which refers to causal systems with
particular features, has many advantages. This meaning is often the
defaultexpected one; it has historical precedence, anditservesthe func-
tion of communicating specific information about causal systems.
This use makes sense of analogies to mechanical and machine-like
systems, assumptions of reductive causal information and stand-
ard uses of the concept in other domains (including other sciences
andeverydaylife). Theseadvantages follow fromaclear, constrained and
unambiguous notion of mechanism. The ability to clearly capture
diverse types of causal system and higher-scale causal structures is
important —thisis supportedby aclear, distinct meaning of mechanism
and exploring other important causal concepts in the field. Adopting
this usage would notimply that all causal explanations in neuroscience
should cite lower-scale details —instead, it would create room for other
macro-scale, abstract and distinct causal systems that also explain.
Thisapproach supportsaviewinwhich “the braincanbe interrogated,
understood, and modeled at different levels ... the explanatory or
descriptive framework most appropriate for one level may not be the
bestapproximation foranother”®. In other words, gaining understand-
ing and explanation of the brain does not privilege or prioritize any one
particular scale of detail over another.

Now, why not adopt pluralism here and retain all three meanings
of mechanism? Although pluralistic and umbrella concepts can be
useful in neuroscience, there are reasons not to adopt the pluralist
stance with respect to mechanism. Many pluralistic concepts pick
out distinct classes of entity that all “cohere” in some way"”°"!, One
challenge for this pluralistic path is that the distinct meanings of
mechanism conflict with one another and lack basic coherence — each
meaning contains assumptions that are incompatible with the others.
If mechanism is a causal concept, then the third usage is inappropri-
ate.If mechanism means something beyond mere ‘causality’ or ‘causal
system’, then the second usage is overly flexible. Additionally, although
pluralism has advantages in keeping frameworks open when “much
remains to be learned about the variety and complexity” of systems
in the world, this advantage is far less applicable to the mechanism
case'. This is because mechanism is primarily used to convey and
communicate pre-existing information about causality in the world
and in research. Although it is important to remain open about dif*-
ferent types of causality in the brain and methods that can be used to
uncover them, clearly communicatingin current work requires having
terminology that supports clear, unambiguous statements. Although
pluralism can be acceptable when supported by principled reasons,
in other cases it may be a pseudo-solution when what is needed is
clarity, careful deliberation and clear thinking about the theoretical
underpinnings of the field.

Causation in neuroscience: mechanism and its
alternatives

Although the term ‘mechanism’ is common in neuroscience, it
should be placed in the context of the many other causal concepts
used in the field****2. Neuroscience uses a rich causal language, prob-
ably motivated by the study and discovery of diverse types of cause,
causal relationship and causal structure in the brain and nervous
system. Examples of this rich language include reference to the fol-
lowing: pathways, cascades and circuits; causes that control, trigger,
constrain and predispose; and various causal topologies and net-
works with unique causal connections. Notions such as mechanism,

pathway, cascade and circuit evoke different causal analogies that
appear to convey information characteristic of distinct types of causal
system. To say that a causal structure is most similar to a machine,
or aroadway, or an amplifying cascade or an electrical circuit is to
say different things about the system and to highlight the fact that
causal systems differ with respect to their features. In fact, one way to
appreciate causal complexity inthe braininvolves attending to distinct
causal structures that are needed to explain different explanatory
targets.

Aside from diverse causal systems, the mechanism concept should
be examinedinrelationto questions about causality in neuroscience.
Causal understanding is often associated with fundamental goals of
the field — we should be sensitive to the possibility that mechanism
may obscure and hinder these discussions. Key questions in this area
are as follows:

« What definition (or definitions) of causality best capture usage
inthe field?

» Howshould causation be understood in neuroscience?

« Within a definition, what types of cause and causal structure are
common?

« Does including lower-scale causal information always improve
explanation and understanding?

« Whatstandards dolegitimate causal (and non-causal) explanations
need to meet?

« Do answers to these questions distinguish causal models from
modelsthat are merely predictive, descriptive and classificatory?

These questions are theoretical, philosophical and practical.
Answering them matters because they specify the types of causal
information that scientists should study, they guide the types of work
thatgrantagencies should fund and they aim to capture the field’s view
on what provides deep understanding and explanation of the brain.
Answers to these questions matter for supporting communication
about causality among experts and in how these experts communicate
their work to the public. Finally, these questions matter for local inquir-
iesabout the features, payoffs and use of models, and for field-general
inquiries about the principles, methods and strategies that support
successful understanding in the field. By raising these questions, we
do not assume that there are clear, single answers that will generate
field-wide consensus. The pointis to support clear discussion of these
questions, and one helpful starting place is examining the various
meanings of mechanism.
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