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Abstract

According to a shared functionalist view in philosophy of mind, a cognitive system,
and cognitive function thereof, is based on the components of the organism it is real-
ized by which, indeed, play a causal role in regulating our cognitive processes. This
led philosophers to suggest also that, thus, cognition could be seen as an extended
process, whose vehicle can extend not only outside the brain but also beyond bod-
ily boundaries, on different kinds of devices. This is what we call the ‘Externally
Extended Cognition Thesis.” This notion has generated a lively debate. Here, we
offer a novel notion of extended cognition, according to which cognition can be seen
as being realized (and expanded) outside the brain, but still inside the body. This is
what we call the ‘Internally Extended Cognition Thesis’. Not only our thesis but also
our approach while defending it is innovative. The argument we offer is supported
by recent empirical findings in the life sciences and biomedicine, which suggest that
the gut microbiota’s activity has a functional role in regulating our cognitive pro-
cesses and behaviors. In doing so, we embrace the holobiont-perspective, accord-
ing to which it is possible to claim that what we call biological individuals are not
autonomous entities with clear boundaries, but should rather be seen as networks of
multiple interactions among species. Thus, by analyzing different sets of evidence in
light of the holobiont-perspective, we argue that the gut microbiota could be seen as
a component of our organism. On the basis of the philosophical interpretation of this
evidence, however, we also suggest that there are no impediments standing the way
of considering the gut microbiota also as a functional extension of our cognitive sys-
tem. If so, this amounts to extending cognition out of ‘our skull’, though still confin-
ing it within ‘our body’: to ‘our gut’. This is an instance of the ‘Internally Extended
Cognition Thesis, whose benefits for an original (biologically informed) theory of
extended cognition are discussed.
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Introduction

Are our cognitive processes entirely realized by the activity of our brain, or do
they also extend beyond the ‘boundaries of our skull’? Over the last decades, fol-
lowing the seminal paper by Andy Clark and David Chalmers (1998), the idea that
cognition is not always and necessarily confined to individual brains has gained an
increasing consensus, triggering a heated debate about the very individuation and
location of cognitive processing (Adams and Aizawa 2007; Carter et al. 2018; Clark
2010b; Menary 2010; Rupert 2004; Wilson 2014; Gallagher 2018). According to
this view, also known as the ‘Extended Cognition Thesis’ (ECT), the physical states
subserving human cognitive processing can extend beyond the boundaries of the
individual brain, as to include, as proper parts, different aspects of the individual’s
body, along with the environment. The ECT mainly relies on what Clark and Chal-
mers named the ‘parity principle’ argument, according to which:

“(...) if, as we confront some task, a part of the world functions as a process
which, were it to go on in the head, we would have no hesitation in accepting
as part of the cognitive process, then that part of the world is (for that time)
part of the cognitive process.”
(Clark and Chalmers 1998, 8).

On the basis of this assumption, proponents of the ECT hold that the physical
vehicles'of the human cognitive function can coincide, at least in part, with struc-
tures and processes located outside the human nervous system.

The rationale of the ECT is a particular variety of the functionalist conception
of the mind, also known as ‘machine state functionalism’ (Putnam 1960; Piccinini
2004). According to this view, what makes something a cognitive state does not
depend on its internal constitution, but rather on the causal role it plays within the
physical system of which it is a part. This view led scholars to maintain that the
same cognitive state may be realized across a variety of different physical structures
(Putnam 1967)—this serving as a premise for any argument concerning the pos-
sibility of Artificial Intelligence. Interestingly, this thesis is equally important as a
ground for the ‘parity principle’ argument, which is at the basis of ECT. Such an
argument states, following Clark and Chalmers, that:

All the components in the system play an active causal role, and they jointly
govern behavior in the same sort of way that cognition usually does. [...] The
external features here are just as causally relevant as typical internal features of
the brain.

(Clark and Chalmers 1998, 8)

This paper starts from this idea but proposes an original claim, regarding
extended cognition, which is innovative in the literature. We argue that it is possible

! Just a clarificatory remark on terminology. When talking about cognition, one can distinguish between
cognitive functions, e.g. reasoning, perceiving, remembering, and the vehicles subserving these func-
tions—most of the time conceived as specific ‘brain realizers’ of such functions.
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to distinguish between two different versions of ECT, depending on how much we
are willing to extend the vehicles of our cognitive function outside of ‘our heads’,
but, still, within ‘our bodies’. Let us explain more carefully.

On the one hand, cognitive processes can be conceived as extending outside ‘our
heads’ and bodies, involving objects and events in the physical environment. Let us
call this notion the ‘external extension’ of cognition (EEC). On the other hand, we
can consider the possibility for the vehicles of our cognitive functions to extend out
of ‘our heads’, while, however, not exceeding the boundaries of ‘our body’. Let us
call this notion the ‘internal extension’ of cognition (IEC). Despite their differences,
both EEC and IEC share the assumption that human cognitive processes are not
realized by structures of the (central) brain-nervous system exclusively, but also by
physical states that can reside outside ‘our skulls’, but, still, inside ‘our body’. In this
respect, as the reader can realize, both EEC and IEC are instances of ECT.

Now, EEC has attracted the attention of prominent scholars in the fields of episte-
mology, philosophy of mind, and cognitive sciences (e.g., Carter et al. 2018; Marsh
2010; Menary 2010). However, it has also been the target of several strong critical
arguments (e.g., Frederick Adams and Aizawa 2007; Rupert 2004; Wilson 2014).
Notably, the idea that our cognitive processes may extend beyond the boundaries
of our nervous system leads to a series of issues that are nowadays classical in the
literature, and which stand in the way of a coherent story about the possibility of an
extended mind. Among such issues, there is that of understanding how the cognitive
process of a certain agent can extend to parts of the environment that are not always
and permanently linked (also considering the numerous problematic ways in which
such a link might occur) to her own natural body. Indeed, among the remarkable
consequences of EEC, one is that our own cognitive processes can be instantiated
also in physical objects located far from our own bodies, such as the books in a
library or even a distinct and different person’s body part.

The big issue here is that the external states are not persistently coupled with
the agent’s body, unlike those that are internally based. An intuitive solution could
be that some external extension is fortuitously broken so that the integrity of the
cognitive system is lost and can be eventually re-instantiated only once the coupling
with this state is recovered. Now, since it is mostly unobvious to think of a cognitive
system as something scattered in the environment, someone may be inclined to con-
sider EEC an implausible version of ECT. Though defenders of ECT replied to this
and similar challenges many times (e.g., Clark 2010a; Menary 2010; Wilson 2014),
EEC is still considered a controversial conclusion.

Interestingly, over the past decades, little attention has been addressed to the fact
that ECT can, in principle, also entail IEC, namely the claim that cognition extends
to physical realizers that are located outside of the nervous system (anatomically
intended), but within the agent’s body.

Our goal is precisely that of providing the first example of this ‘internal exten-
sion’. In order to do so, we will discuss empirical evidence that will serve as a basis
for a philosophical argument in favor of IEC: we will focus on the functioning of the
microbiota-gut-brain (MGB) axis, that is, on the activity of the human gut micro-
biota (GM), which constantly is in interaction with the human nervous system, car-
rying out genuine cognitive functions.
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The reader should note that the term ‘microbiota’ refers to the complex commu-
nity of microorganisms (spanning from bacteria to viruses) which live in and on
humans and other organisms (commonly labeled as ‘hosts’).? The most famous one
is GM, which populates the intestines. However, various crucial areas of the body
(such as lungs, oral cavities, the skin, etc.) are inhabited by associated microorgan-
isms as well (Belkaid and Hand 2014). Several studies have suggested that the rela-
tionship between the microbiota and humans is not merely that of a non-harmful
either commensal or parasitic coexistence, but rather that of a valuable functional
relationship (Gilbert et al. 2012; Bordenstein and Theis 2015). In other words,
microorganisms in the agent’s gut perform particular causal roles that deserve fur-
ther investigation.

Notably, recent evidence about the activity of the MGB functional axis has sug-
gested that specific cognitive functions, which have been always ascribed only to the
functioning of the nervous system, are shaped also by direct and indirect activities
(from biochemical to ecological ones) of the microorganisms that inhabit what we
macroscopically call “our body” (Archie and Theis 2011; Fetissov 2017; Johnson
and Foster 2018a, b; Valles-Colomer et al. 2019).

For example, there is growing evidence suggesting that alteration of the compo-
sition of gut microbiota can impact on a wide range of neurotransmitters, includ-
ing dopamine, norepinephrine, serotonin, and gamma-aminobutyric acid (Buffing-
ton et al. 2016; Strandwitz 2018). This evidence allows one to hypothesize that the
manipulation of these neurotransmitters by bacteria may have an impact on different
aspects of the host’s behavior by affecting the related cognitive functions (Johnson
and Foster 2018a, b). Notably, though the mere production of neurotransmitters by
GM is not conclusive proof that GM has an influence on the host’s cognitive activ-
ity, it should be also considered that there is preliminary evidence that the neuro-
transmitters produced by GM actually reach the central nervous system, exerting a
causal role on it (Kiraly et al. 2016; O’Donnell et al. 2020; Strandwitz 2018). Our
argument that cognition extends to the activity of GM relies on such encouraging
results and on the optimistic, although quite reasonable, assumption that further evi-
dence will confirm the available data. At present, a growing amount of experimental
research supports this hypothesis, suggesting that the activity of the gut microbiota
has a causal effect on central cognitive functions, such as those underlying emotions,
decisions, and memory (for a detailed review, see "Discovering the impact on cogni-
tive function by the Gut Microbiota" section).

The focus on the functional aspect is crucial. In this respect, it is important to
recall how the MGB axis should be intended as profound and plural bidirectional
crosstalk among different organs’ activities through the mediation of microbiota
rather than a precise, well-defined anatomic structure. As already mentioned, it has
also been argued that the functioning of GM, due to its ecological relationship with
the host, is dependent on events occurring in the nervous system, which reinforces
a two-way functional role along the MGB axis. Indeed, while the activity of GM

2 However, we will show that this division can be somehow problematic in light of the most recent
advancements of biological research.
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shapes the activity of the agent’s nervous system, the activity of the nervous system
affects that of GM (on the causal nature of this interaction see further "On causality"
and ""Microbiota-host relationship: beyond symbiosis and the holobiontic perspec-
tive" sections).

The aim of the paper, whose argument draws on these experimental discover-
ies, is twofold. First, we show that, if this evidence is confirmed, there are enough
empirical arguments to claim that GM has a genuine cognitive role in shaping sev-
eral aspects of the agent’s behavior.?> Second, if so, as we shall argue, the MGB sys-
tem should be considered as a physical realizer of our ‘internally extended’ cogni-
tive system.

From an evolutionary perspective, more and more recent evidence supports the
idea that both sides of the MGB axis have evolved and been developed in connec-
tion* (Rook et al. 2017; Foster et al. 2017a, b), so that their functional interaction
is required for the accomplishment of specific cognitive functions. Indeed, recent
studies suggest also that many kinds of symbiotic interactions might be seen and
modeled as results of coevolution and thus should be functionally investigated under
a common perspective (Huitzil et al. 2018). To this extent, the series of processes
that are usually ascribed to the exclusive work of the brain can be considered as
extending outside the ‘boundaries of our skull’, involving also the causal events that
characterize the interaction between the human gut, its community of microbiota
and the nervous apparatus.

Not only does our account of IEC suggest a new way of considering cognitive
processes extended outside the brain, but extending the vehicle of our cognitive
functions to the MGB system also proves very philosophically fruitful. The crucial
benefit of the present account, indeed, is that it can propose an extension of cognitive
functions that, however, does not suffer from the same issues that are traditionally
addressed to EEC. Indeed, since, as we will show, the microbiota can legitimately

3 At this point someone may argue that our claim can be falsified by the fact that also germ-free agents
show cognitive abilities, and therefore GM does not exert any cognitive function. However, it should be
noted that, the fact that the microbiome performs a particular cognitive function does not mean that "only
the microbiome" can perform that function. Functional studies show that microbiome activity plays a
causal role in cognitive processing (see "Discovering the impact on cognitive function by the Gut Micro-
biota" section), but this does not imply that other ways of performing those cognitive functions are not
possible or that germ-free agents are not cognitive agents. The scientific literature is full of examples in
which cognitive functions "normally" carried out in a particular area of the cerebral cortex, given specific
circumstances, are carried out in a different area. Such phenomena of plasticity and neural remapping are
nowadays well known, and allow one to maintain that a certain function can change its vehicle depend-
ing on the circumstances. For example, in cases of stroke, recovery mechanisms are based on structural
and functional changes in brain circuits that have a close functional relationship to those circuits affected
by stroke, so that the function previously performed by a damaged area is subsequently performed by
another different area (Murphy and Corbett 2009). Moreover, the literature is nowadays consistent in
assuming that blind agents can perform explorative functions, usually performed by means of vision, by
exploiting different cognitive resources (Bach-y-Rita 1967; No¢ 2004). Thing being so, cases in which
agents are deprived of their GM are not a problem for our thesis: though GM normally exerts a func-
tional role in cognition, the same function can be exerted by other parts of the organism in particular
circumstances. We thank an anonymous reviewer for having raised this issue.

4 This is true also for other cases, such as microbiota and the immune system (see for instance Belkaid
and Hand 2014).
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be considered a proper extension of our digestive apparatus, and since the diges-
tive apparatus is part of our physical body, IEC does not present the counterintuitive
consequence of scattering the cognitive agent outside the boundaries of the agent’s
skin, through the environment.

Our argument proceeds as follows. We first introduce experimental evidence sug-
gesting that the functional activity of the MGB axis plays a crucial role in allowing
the agent to accomplish specific cognitive tasks ("Discovering the impact on cogni-
tive function by the Gut Microbiota" section). Then, we argue that there are reasons
to consider GM as a functional part of our organism, rather than a mere symbiotic
system ("Microbiota-host relationship: beyond symbiosis and the holobiontic per-
spective" section). At this point, on the basis of further empirical evidence and con-
ceptual analysis, we argue that the functioning of the MGB axis represents a good
candidate in order to empirically support IEC ("The gut microbiome as an internally
extended cognitive vehicle" section). Finally, we show that our argument in favor
of IEC is also capable of facing the main issues that are usually raised against ECT
("Possible worries and replies" section). We also offer some concluding remarks on
the fact that our cognitive processes are not entirely realized by the activity of ‘our
brain’, but rather extend beyond the boundaries of ‘our skull’, though within ‘our
skin’.

Discovering the impact on cognitive function by the Gut Microbiota

GM is an association made of a huge number of bacteria (approx. 10'%), and for
this reason, it is considered one of the most densely-packed ecosystems we know
(Gilbert et al. 2018). The composition of GM is mainly dominated by the phyla
of Bacteroidetes and Firmicutes, although more than a thousand different species
have been reported in human adults (Qin et al. 2010). Each individual is character-
ized by a specific proportion of various species and strains that constitutes her own
‘microbial fingerprint’ (Calvani et al. 2018). Despite this internal diversity, GM is
quite stable in individual adults, and displays a consistent functional capacity among
healthy persons, unless disturbance factors occur. Nevertheless, a significant vari-
ance has been observed among different individuals, so that configurations of GM
influencing a ‘healthy state’, may be different from one subject to another (Lozupone
et al. 2012; The Human Microbiome Project Consortium et al. 2012).

This section highlights the cognitive role of GM, which figures among the most
striking discoveries of this decade. While interactions between the central nervous
system and the gastrointestinal tract having been qualitatively recognized for many
centuries, it was only in the nineteenth and early twentieth centuries that this rela-
tion was seriously assessed by physiologists and psychologists. The availability of
new tools suitable to reveal the bi-directional interactions between gut physiology
and nervous functions had an important role, opening new frontiers of research
about the impact of GM on individual cognitive processes and behavior. Nowadays,
links between the central nervous system and GM are well-known and remain one
of the hottest topics of scientific research of medical interest, challenging some of
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the standard views in medicine and cognitive sciences (see for instance Editorial,
Nature 2019, Feb; 566-7742).

Of crucial relevance for this paper, evidence suggests that the multifaceted com-
munication between the gut and the central nervous system not only is apt to ensure
the maintenance of gastrointestinal and digestive functions but also allows the gut
to exert effects on emotional behavior and higher cognitive processes by means of
variations in the composition and activities of GM. The relations between GM on
the one hand, and emotional and cognitive functions, on the other hand, are made
possible through multiple interactions, such as the existence of bi-directional neural
pathways, neuroendocrine signaling, as well as the role of the immune system (Car-
abotti et al. 2015; Grenham et al. 2011; Mayer et al. 2014).

But how can GM exert its extra-intestinal influence? And, in this respect, how
can GM be relevant for cognitive processing? The ways in which GM shapes aspects
of cognitive functioning are addressed in the following subsections. We proceed by
introducing basic physiological and functional evidence about the MGB axis, then
we focus on its role in regulating the agent’s behavior by means of influencing emo-
tional cognition and performance in memory tasks.

The Microbiota-Gut-Brain axis

In recent years, advancements have been made in describing the bidirectional inter-
actions between the central nervous system, the enteric nervous system, and the gas-
trointestinal tract. Indeed, a number of studies have suggested a central role for GM
in these interactions, leading prominent scholars to coin the notion of the Micro-
biota-Gut-Brain axis (Lyte and Cryan 2014). The MGB axis refers to the system
of biochemical signals that takes place between the gastrointestinal tract and the
nervous system and is frequently used to highlight the extra-intestinal functions of
GM. As previously mentioned, it is important to recall how this axis should not be
intended as a well-defined anatomical trait or structure but rather as a functional
descriptor. Thus, it is not literally an ‘axis’, but rather a way to stress the presence of
a great variety of modes of interactions between the gut, the brain, and microbiota.

Thus, broadly defined, the MGB axis includes the central nervous system, the
neuro-immune systems, the sympathetic and parasympathetic systems, and GM.
Notably, the nervous system signals to the gastrointestinal tract through a large net-
work of neural, hormonal, and immunological routes (e.g., the sympathoadrenal axis
and hypothalamic—pituitary—adrenal axis, the monoaminergic pathways). Inside the
brain, signals from the gastrointestinal tract reach the hypothalamus and the amyg-
dala which, in turn, receive inputs from a number of higher associative areas, includ-
ing prefrontal cortex and cingulate cortex (Al Omran and Aziz 2014; Ongiir and
Price 2000).

Furthermore, the vagus nerve has been shown to serve as a prominent route for
the interactions between the gut and the brain (Forsythe et al. 2014; Forsythe and
Kunze 2013). This stream may represent a bidirectional functional pathway, span-
ning from the gastrointestinal tract to the central nervous system and back to the
sympathetic part of the autonomic nervous system, which is implicated in the
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immune regulation and homeostasis of the gut (Foster et al. 2017a, b; Perez-Burgos
et al. 2014).

Recently, a great interest has been addressed toward the peculiar role of GM in
regulating the gut-brain interactions (e.g., Kelly et al. 2017; Sharon et al. 2016). For
example, it has been suggested that GM may modulate the synthesis of a number of
neurotransmitters, including serotonin, dopamine, noradrenaline, and gamma-amin-
obutyric acid, which function as mediators between the activities of GM and the
nervous system (e.g., Sarkar et al. 2016; Yano et al. 2015). Notably, through multi-
ple pathways, GM may exert an extensive influence on key neurological and behav-
ioral processes also in critical phases of early neurodevelopment and senile neurode-
generation (Dinan and Cryan 2017; Sharon et al. 2016). During early-life, GM plays
a role in shaping the organization of neuronal networks influencing social and emo-
tional domains of cognition (Kelly et al. 2017; Sharon et al. 2016). For example, ani-
mal studies have reported that antibiotic administration during the first year of life is
correlated with depression and behavioral difficulties later in life (Slykerman et al.
2017). The administration of antibiotics postnatally changes the physiological status
of the offspring in animal models and subsequently modulates its affective behavior.
Moreover, though aging reductions in GM are usually associated with a reduction
in microbial complexity, specific alterations and increased diversity in GM compo-
sition, structure, and function have been retrieved in individuals with neurodegen-
erative pathologies (often associated with aging) such as Alzheimer’s disease and
Parkinson’s disease (e.g., Jiang et al. 2017; Scheperjans et al. 2015). Alzheimer’s
disease (AD) is the most frequent cause of dementia characterized by a progressive
decline in cognitive function associated with the formation of amyloid-beta plaques.
A growing body of experimental and clinical data in mice and humans supports the
hypothesis that so-called GM dysbiosis® exerts a key role in neurodegeneration and
formation of amyloid-beta plaques, together with aging and other environmental fac-
tors (Kowalski and Mulak 2019).

The above-mentioned studies indicate a close connection between microbiota and
behavior and suggest the presence of functional pathways through which they inter-
act. By taking a look at this assembly of morphological and functional evidence, it is
nowadays possible to appreciate the general principles regulating the extra-intestinal
influence of GM. A way to address this issue is to conceive the functions exerted by
microbial communities, either directly via metabolites or indirectly via the immune
and endocrine systems, as providing the nervous system with information concern-
ing the environment.

Interestingly, studies have shown how the nervous system (alone or together with
the immune system) can influence microbial activities and composition. Indeed, as
already mentioned, the MGB axis constitutes a bidirectional scenario. Several stud-
ies (e.g., Lyte and Cryan 2014; Zhao et al. 2018, Li et al. 2020) have highlighted the
reciprocity of the MGB axis, by considering how much the brain acts on the gut,

5 On this notion and its problems, see ("Microbiota-host relationship: beyond symbiosis and the holobi-
ontic perspective" section).
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through multiple neural, hormonal, and immunological pathways.® First of all, the
brain can affect the activities and composition of the microbiota indirectly, acting on
gut motility, modulating secretions, and regulating visceral permeability. Further-
more, the brain can also act directly, through chemical-molecular signals, conveyed
by certain types of cells (such as, among others, neurons), in the intestinal lumen
(Rhee et al. 2009). Moreover, recent findings, due to a more profound understanding
of the relations between the central nervous system (CNS) and the enteric nervous
system (ENS), have revealed how the nervous system (as such) is deeply involved in
shaping the gut ecosystem and thus microbial activities (Yoo and Mazmanian 2017).
These aspects become particularly crucial when specific pathologies (presenting
both neurological and metabolic aspects), such as obesity, are addressed since they
might offer a basis for new therapeutic approaches (see Agusti et al. 2018; Niccolai
et al. 2019). In addition, it has been recently reported that brain injuries can affect
microbiota both in functionality and composition (Houlden et al. 2016). Further-
more, all these aspects, underlining the bidirectionality of the relationships between
the microbiota and the brain, can very well serve to support the ‘holobiontic per-
spective’ (see "Microbiota-host relationship: beyond symbiosis and the holobiontic
perspective" section).

Therefore, determining how GM changes with respect to environmental factors,
and how this shows, in turn, an impact on the processing that underlies behavior
(and vice versa), represents a fascinating challenge at the intersection between bio-
medical research, microbial ecology, and the cognitive sciences.

In this section, we mentioned only some preliminary physiological and functional
experimental results about the MGB axis. In doing so, we paved the way for the
experimental framework we use in order to defend our philosophical claim. In the
next two sections, we put forward a cognitive approach to the MGB axis, focus-
ing on some functions of GM. To this aim, we first focus on two different sets of
evidence that may help to explain the role of GM in shaping specific cognitive pro-
cesses. Then, we discuss a way to interpret such a role in terms of cognitive process-
ing. This will constitute the crucial evidence at the basis of our philosophical claim.

The MGB axis and emotional processing

One of the most intriguing areas of investigation concerning the cognitive functions
of the MGB axis is represented by the role of GM in shaping emotional behavior,
particularly in anxiety and depression (Foster and McVey Neufeld 2013). Interest-
ingly, it was precisely the discovery of a correlation between stress, anxiety, and the
alternation of GM that alerted scholars to the possibility of bacterial involvement in
psychological processes (Sarkar et al. 2018).

Before introducing the evidence suggesting the functional role of GM in the pro-
cessing of emotions, it should be noted that emotions are nowadays considered as
cognitive states that are essential to rational thinking and normal social behavior.

6 Among these ones, it is worth mentioning both the sympathetic-adrenal system and the so-called hypo-
thalamic—pituitary—adrenal axis (or HPA).
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Importantly, though for a long time emotions have been disregarded as mere reac-
tions to environmental stimuli, several theoretical and empirical works have contrib-
uted to changing this paradigm, fostering the idea that processing emotional states
is crucial for a plethora of cognitive activities. Emotions, indeed, determine how an
individual perceives the world, organizes memories, and makes pertinent decisions
(e.g., Damasio 2005; Oatley and Johnson-Laird 2014; Okon-Singer et al. 2015; Pes-
soa 2008; Prinz 2006; Storbeck and Clore 2007).

Over the years, most of the research on the psychological effects of GM has
focused on rodents’ behavior, representing a first step toward the understanding of
this phenomenon. Notably, researchers have clustered largely around negative emo-
tional states and their behavioral manifestations. For example, emotional states
related to stress and anxiety, such as fear and depression, are inferred from the time
spent by the rodent to explore new and unfamiliar environments. This measure is
considered a key behavioral feature of approach and orientation and is usually rel-
evant as the agent adapts to novel situations, such as being at the center of a maze.
Thus, alterations in time spent in exploration can be considered as revealing the
occurrence of negative emotional states (Sarkar et al. 2018; Walf and Frye 2007).

Now, a growing body of evidence suggests an important influence of GM on
emotional behavior and underlying brain mechanisms. Recent experiments revealed
an anxiolytic-like behavior in germ-free rodents, compared to control rodents (Neu-
feld et al. 2011). Importantly, such a difference is not found in vagotimized agents,
suggesting a functional role for the MGB axis in emotional processing (Bravo et al.
2011).

Interestingly, Bercik et al. (2011) have shown that transferring fecal content from
an innately stress-sensitive mouse to non-anxious mice is sufficient to elicit anxi-
ety-like reactions (i.e., reduced exploratory behavior) in the receiver animal. Cor-
respondingly, the reverse pattern, that is, transferring portions of GM from non-anx-
ious mice to innately anxious mice induces the latter to manifest reduced anxiety
(for an analogous result, see also the more recent Chevalier et al. 2020).

For the sake of our argument, it is interesting to note that recent investigations
have suggested that germ-free rodents display specific impairments in maintain-
ing the associations involved in manifesting normal fear behavior, showing reduced
reactions in response to contextual cues related to noxious stimuli (Hoban et al.
2018). Scholars found that, after training, germ-free animals displayed reduced
freezing to conditioned stimuli associated with possible pain. Crucially, this evi-
dence suggests that GM is a functional component involved in the normal develop-
ment of fear-learning processes (Sarkar et al. 2018). Indeed, this altered behavioral
profile can be mitigated by the successive recolonization of the rodent’s gut with a
conventional GM.

Remarkably, this concept has also been expanded to humans. Healthy volun-
teers that consumed milk containing different probiotic bacteria, which affected the
equilibrium of their GM, showed altered cortical activations during the execution
of an emotional faces attention task, as measured with fMRI studies (Tillisch et al.
2013). The authors administered a probiotic mixture to female participants over sev-
eral weeks, and then participants viewed emotional stimuli (faces) while undergo-
ing functional magnetic resonance imaging. As a result, with respect to controls,
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participants showed reduced activation in brain regions that are known to be func-
tionally implicated in the processing of emotional information, including the insula
and the somatosensory cortex. This suggests that an alteration of the MGB axis may
have an impact on human emotional experience as well.

In another study, Tillisch et al. (2017) using fecal samples, magnetic resonance
imaging (MRI), and an emotion induction task, assessed the relationship between
GM composition in healthy women and the characteristics of brain structure and
brain function as measured by affective response to emotionally related images.,
The authors found a correlation between the genetic profile of microbial clusters
and the hippocampal activity related to the emotional experience of the subjects.
This evidence suggests that the composition of the bacteria community inhabiting
the agent’s gut has a functional impact on the processing of emotional stimuli in
humans.

Furthermore, Bagga et al. (2018) performed a placebo-controlled randomized
study aiming at investigating the effects of the administration of probiotics on emo-
tionally driven behavior and brain activation. In this experiment, forty-five healthy
participants divided into three groups (probiotic, placebo, and no intervention) were
asked to perform emotional decision-making and emotional recognition memory
tasks while scanned with functional MRI. Interestingly, human subjects admin-
istered with probiotics showed changes in brain activation patterns in response to
emotional memory and emotional decision-making tasks.

To summarize, although most of our understanding of the emotional interaction
between the microbiota and the brain has come from rodent models, in which the gut
microbiota is linked to brain signaling mechanisms and affective behavioral pheno-
types, there is encouraging evidence concerning the causal relationship between gut
microbial community structure, brain structure and emotional processing in humans.
Although this is not conclusive, the reported evidence allows us to hypothesize that
GM plays a key role in the processing of emotions both in non-human and human
agents, interacting closely with other brain structures involved in this function.

The MGB axis, memory, and behavioral control

Over recent years, an increasing amount of empirical research has suggested that the
rate of success in executing tasks involving higher cognitive abilities may be related
to the conditions of the agent’s GM (Novotny et al. 2019, Sanguinetti et al. 2019).
Interestingly, studies on rodents have found significant effects of GM alteration on
cognitive processes guiding behavior, such as learning and memory. For example,
the experimental research has shown the effects of either gut infection or absence of
GM in rodents, particularly on non-spatial memory behavior, showing that memory
dysfunctions occur in infected mice exposed to acute stress, while the germ-free
agents’” memory abilities are altered at baseline. Early evidence of the functional
relationship between GM and higher cognitive abilities is related to the impairment
of hippocampal activity and memory functions in germ-free mice as compared to
normally colonized rodents (Gareau et al. 2011). Successive studies have found that
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exposure to antibiotics temporarily impairs learning and memory performance in
mice (Wang et al. 2015).

Interestingly, further research has suggested associations between GM and cog-
nition in human adults as well. Studies on obese individuals, for example, provide
evidence of a correlation between GM composition and the agent’s performance
in executing tasks involving attention and cognitive flexibility (Sarkar et al. 2018).
Notably, GM influences host dietary behavior, regulating satiety, and energy intake
(Fetissov 2017; Frost et al. 2014). Again, evidence of this function is illustrated by
obesity, which in both mice and humans is associated with an alteration of GM com-
position, inducing a bacterial-dependent capacity of extracting energy from food,
which in turn affect the agent’s disposition to select and ingest specific aliments
(Agusti et al. 2018; Ley et al. 2006). Importantly, evidence such as this suggests that
GM has a role in orienting the behavior of the agent, contributing to select specific
types of interactions with the environment, like the goal of ingesting particular cat-
egories of food rather than others. In this respect, it can be said that GM performs
a function similar to that of other cognitive mechanisms regulating food intake,
which are classically located within the boundaries of the nervous system (e.g., the
hypothalamus, see Cazettes et al. 2011). Consequently, even if the causal web of
these phenomena is far from being fully understood, growing evidence allows one to
consider the fruitful hypothesis according to which GM has a cognitive function in
shaping the agent’s alimentary behavior.

Moreover, there is evidence that greater diversity in GM (composition and pop-
ulation interactions) is related to variation in the microstructures of brain areas,
including those functionally connected to learning and memory tasks (Fernandez-
Real et al. 2015). Studies in infants found that a greater GM diversity impacts
exploratory and communicative behaviors and cognitive performances (Carlson
et al. 2018). Interestingly, results suggest that higher levels of diversity are not
always correlated with cognitive improvements, but also with lower performances.
Nonetheless, findings of this sort highlight the function of the MGB axis in human
cognition, stimulating new research on the regulating role of GM (see Sanguinetti
et al. 2019).

Importantly, also several indirect results point toward the cognitive role of
GM. For example, patients suffering from Irritable Bowel Syndrome (IBS), i.e. a
functional gastrointestinal disorder associated with an altered GM (and possibly
alterations of the MGB axis), display an increased recognition memory concern-
ing words with a negative emotional connotation in contrast to either healthy con-
trols or patients with different gastrointestinal diseases (Gareau 2014; Ringel and
Maharshak 2013). Related to this effect, Gibbs-Gallagher et al. (2001) have shown
that patients with IBS have difficulties in recalling words and phrases concerning
gastrointestinal symptoms, while they do not show the same difficulty in recalling
phrases and words associated with respiratory symptoms. Evidence such as this sup-
ports the hypothesis that IBS impacts on the agent’s cognitive functions subserving
attention and behavioral responses.

Furthermore, an important role in this research area is played by the correla-
tions between cognitive pathologies, the composition, and the activity of the agent’s
GM. In a recent review published in Science, Sherwin et al. (2019) have collected
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evidence suggesting an important role of the microbiota in disorders of social behav-
ior in both non-humans and humans. For example, the authors have reported that the
analysis of the fecal microbiota of children with autism spectrum disorder (ASD),
which involves an impairment of normal social behavior, shows a strong alteration
in the composition of GM, with peculiar losses in key bacterial taxa along with the
presence of harmful strains, frequently associated with gastrointestinal pathologies
(Finegold, 2011; Goéra et al. 2018; Son et al. 2015). Though such evidence needs
further discussion and confirmation, it nevertheless suggests the hypothesis accord-
ing to which GM has a functional role in regulating the cognitive activity involved
in high-level processes such as those underlying social behavior.

Before concluding this section, if the reader were not convinced about the deep
impact of GM on cognitive functions, it is noteworthy that variation in GM compo-
sition has been associated also with the manifestation of mental disorders consisting
of highly distorted contact with reality. More precisely, several common classes of
antibiotics used for the treatment of various infections, whose lethal effect on GM
is known, have been recognized also to induce non-permanent psychosis in certain
patients. Among the most common antibiotics known to have psychotic inducing
effects are, for example, penicillin, quinolones, macrolides, and anti-tuberculosis
agents (Cummings et al. 1986; Kass and Shandera 2010; McCue and Zandt 1991).
Symptoms develop within the first days of treatment and include visual and auditory
hallucinations, loss of orientation, space and time delusions, and agitation. For the
sake of the present argument, it is interesting to note that antibiotic-induced changes
in GM also induce changes in brain chemistry and behavior. Bercik and Collins
(2014) have shown that an intraperitoneal administration of antibiotics failed to
show an impact on the behavior of rodents, while the oral administration of the same
antibiotic mixture has relevant behavioral consequences. The authors interpreted
this finding to mean that the altered GM profile was responsible for the changes in
behavior by means of effects on the hippocampus and the amygdala mediated by the
MGB axis.

Recently, an increasing number of scholars have started to investigate how micro-
biota can improve drug discovery for psychiatric and behavioral disorders, launch-
ing the idea that in the future the term ‘psychobiome’ could represent a solid area of
scientific inquiry and not just a fancy speculative term (Pennisi 2020). For instance,
some researchers (Valles-Colomer et al. 2019) have shown that the number of bacte-
ria belonging to genera Coprococcus and Dialister, was diminished in patients with
depression. Moreover, they also confirmed a positive correlation between quality
of life and the capacity of some bacterial strains “to synthesize a breakdown prod-
uct of the neurotransmitter dopamine, called 3,4-dihydroxyphenylacetic acid. The
results are some of the strongest yet to show that a person’s microbiota can influence
their mental health” (Editorial, Nature 2019, Feb; 566—7742). Other groups revealed
that diverse bacterial strains can modulate, produce, and consume neurotransmitter
inhibitors, such as GABA (Strandwitz et al. 2019). In addition to that, another venue
of studies has started to accumulate evidence supporting the view that microbiota
can be implicated in the evolution of social behavior in complex social eukaryotes
(including humans) and in the functional development of the structures allowing it
(Sherwin et al. 2019).

@ Springer



14 Page 14 of 32 F.Boemetal.

As already mentioned, one crucial issue of many studies concerning the impact
of microbiota on cognitive functions depends on the fact that most of them show
interesting correlations but a mechanistic understanding is yet to come. Therefore,
before going on with our proposal, it is necessary to spend some words on the causal
aspects concerning this area of scientific investigation.

On causality

A fil rouge of this work is the notion that the microbiota, being a crucial component
of a network of symbiotic relationships, is at the center of causal connections that,
first, involve different populations of microorganisms and, second, the other compo-
nent, the ‘host’. This has prompted much host-microbiota research to postulate the
presence of a causal dependence for a variety of phenomena, in both physiology
and behavior, concerning the human being. According to recent work (Lynch et al.
2019), many studies that support a causal role of the microbiota in phenomena con-
cerning the physiology of the host organism seem not to respect crucial epistemic
conditions for ‘causality’. This possibility could, at first glance, constitute an objec-
tion to the thesis presented here. However, we believe this is not the case. Although
we do not have space here to go into the details of the general debate about causal-
ity, to clarify our line of thought, we believe that some points need to be addressed.

First of all, given the systemic nature of the object of our analysis (the micro-
biota-host relationship), we believe that the accounts of causality examined in the
criticism (e.g. interventionist causal framework) may not be the most suitable for the
situation. In particular, as recently argued (Lean 2019; Klassen 2019), microbiota,
in its ecological dimension, can have a causal influence on higher, systemic proper-
ties. The recent attempts to influence, and experimentally intervene on microbiota
according to new manipulation criteria derived from disciplines other than molecu-
lar sciences, such as ecology (Boem et al. 2020), also go in this direction. Moreover,
the adoption of the so-called ‘holobiontic perspective’ (see on this "Microbiota-host
relationship: beyond symbiosis and the holobiontic perspective" section), makes this
possibility even more established and concrete.

Secondly, from the point of view of cognitive sciences, there is currently no single
causal account shared by the scientific community, but rather a plethora of hypoth-
eses on causality that compete on empirical ground. For our purposes, in relation to
cognitive sciences literature, it is evident that the microbiota can be seen as a ‘differ-
ence maker’, concerning the determination of some crucial cognitive functions, even
if the mechanistic description of these interactions is still partially incomplete.

Finally, our argument, in fact, explores a theoretical possibility: if the empirical
evidence examined is to be considered solid, then there are good reasons to argue
that the activity of the microbiota constitutes a legitimate extension of cognitive
functions.

In what follows, we offer an innovative account of extended cognition, according
to which it can be seen as being realized outside the brain, but still inside the body.
This is what we call the ‘Internally Extended Cognition Thesis’. We believe that not
only our thesis but also our approach for defending it is innovative, as the argument
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we offer is supported by recent empirical findings in the life sciences and biomedi-
cine, which suggest that the gut microbiota’s activity might have a functional role in
regulating our cognitive processes and behaviors.

Our opinion is that these sets of evidence would be better framed in light of the
so-called holobiontic-perspective. According to this view, what we call biological
individuals are not autonomous entities with clear boundaries, but should rather be
seen as networks of multiple species interactions (see "Microbiota-host relationship:
beyond symbiosis and the holobiontic perspective" section). Consequently, we argue
that gut microbiota could be seen as a component of our organism (Bordenstein and
Theis 2015). On this basis, we claim that gut microbiota can be plausibly seen as a
functional part of our cognitive system. However, if that is the case, this requires us
to extend cognition out of the agent’s skull, though still restricting it within other
internal parts of the organismic agent: its own gut.

Microbiota-host relationship: beyond symbiosis and the holobiontic
perspective

Traditionally, a relationship of association (either being commensal, mutual, or para-
sitic) between diverse biological species (such as animals and plants with bacteria or
fungi) has been labeled as symbiosis. Members of these associations are thus called
symbionts. Virtually, anything we perceive and define as an organism is the result of
symbiotic activities. This is quite evident for macroscopic living beings (such as the
vast majority of animals and plants) (Sudrez 2018a, b) but also for other forms of
life (e.g. the origin of mitochondria) (Roger et al. 2017). Symbiosis is a widespread
phenomenon, intertwined with both empirical issues (e.g. speciation and evolution)
and theoretical ones (e.g. biological individuality). Famously, Lynn Margulis argued
that symbiosis should be regarded as a key factor in evolution (maybe even the key
factor), challenging our vertically-based conception of phylogeny and suggesting the
centrality of this phenomenon for the origin of eukaryotic cells (Corliss and Margu-
lis 1972). Moreover, there is mounting evidence suggesting the crucial role of sym-
biosis also for physiology (Rook et al. 2017), for speciation (S. F. Gilbert 2019; S. F.
Gilbert et al. 2012), and phylogeny (Brooks et al. 2017).”

A typical symbiotic relationship is the one constituted by humans and their asso-
ciated microorganism, what is better known (as already mentioned) as the micro-
biota. Data concerning this symbiotic relationship are fascinating. Different micro-
bial cells extensively inhabit the so-called ‘human body’, spanning from the gut to
the mucosa, including genitals, lungs, and skin (each of these generating specific
niches and possibly sub-niches). Associated microorganisms are thought to be as
abundant as human cells (or even more) and, as matter of fact, the global bacte-
rial genomic activity greatly surpasses its human counterpart (Gilbert et al. 2018).

7 Interestingly, the authors propose the fascinating term of ‘phylosymbiosis’ to describe the “eco-evolu-
tionary pattern, whereby the ecological relatedness of host-associated microbial communities parallels
the phylogeny of related host species” (Brooks et al. 2017, p.1).
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Moreover, bacteria are divided into a huge variety of species and strains® enhancing
the chance of genetic diversity and plasticity more than traditional single-organism-
based genetics (Gilbert et al., 2018), not to mention that these data do not include
viruses and fungi.

This situation also presents strong implications for the current understanding of
both physiological and pathological conditions of humans. Indeed, growing evidence
suggests that several kinds of imbalance in the composition and/or functionality of
the microbiota (usually addressed by the umbrella term ‘dysbiosis’), might show a
deep impact on the host’s health, suggesting how crucial the presence and the activ-
ity of the microbiota is in order to understand phenomena previously ascribed ‘just
to the host’ (Belkaid and Hand 2014; Amedei and Boem 2018). Nonetheless, the
complexity of these phenomena is far from being unraveled and the term ‘dysbiosis’
as such still leaves unsolved many aspects of the matter. Thus, in order to establish
‘healthy forms’ in the microbiota’s composition (in terms of types and magnitudes
of both populations and species) more work is required, also to better frame these
findings into a more robust ecological and evolutionary perspective (see Hooks and
O’Malley 2017; Briissow 2020).

Nevertheless, despite this empirical progress, symbiosis still tended to be tradi-
tionally conceived as a relationship, although complex, among discrete and auton-
omous biological entities. In recent years, this view has been progressively chal-
lenged at its core. Indeed, Bordenstein and Theis (2015) have recently argued in
favor of a conceptual shift, claiming that macroscopic organisms (such as the ones
we usually call ‘animals’ or ‘plants’) should no longer be considered as independ-
ent, autonomous entities. Alternatively, they should be seen as “biomolecular net-
works composed of the host plus its associated microbes, i.e., ‘holobionts’” (Ibid.
p.1). Accordingly, what we normally call ‘organisms’ may rather be seen as collec-
tions of interconnected biomes which form, in various ways, still not entirely under-
stood, integrated functional wholes or holobionts. Indeed, following standard scien-
tific categorizations, holobionts can be described as aggregations of several species,
usually composed of a macroscopic ‘host’ and its associated ‘microbiota’ (which
can include not just bacteria but also fungi and viruses) in a symbiotic relationship.
However, this does not prevent us from adopting a new perspective on holobionts,
privileging their status as ‘units’ and thus challenging the traditional categories
defining this kind of relationship.

In light of all we have been saying, the notion of holobiont has the potential to
change both concepts of symbiosis and organism and to extend them. In other words,
while previous accounts were based on the idea that symbiotic associations occurred
among distinct biological individuals, this new perspective aims to reconstruct the
notion of symbiosis on more ecological grounds, also suggesting a reframing of the
notion of biological individual itself, and organism, beyond traditional genetic and
immunological criteria (Rees et al. 2018).

Such a change should not be seen just in theory. In many research fields, such as,
for example, immunology, the impact of microbiota in the training, maintenance,

8 Displaying different, sometimes opposite, ways of interactions (see Almeida et al. 2019).
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and efficacy of the immune response has led some scholars to argue that the very
notion of the immune system should be revised in light of these findings (from a
mainly defensive account to a broader systemic regulatory one), and microbiota
itself should be considered a part of the immune functional system (Amedei and
Boem 2018; Belkaid and Hand 2014; Eberl 2010). This could be seen as the immune
system no longer being ‘just human’, at least from a genetic point of view. Instead, it
could be better conceived as pertaining to the entire organismic ‘functional whole’,
including GM as its proper part. Now, since the immune system is part of one’s
own bodily identity, and since GM can be considered part of it, GM should also be
deemed as part of one’s own bodily identity (on this point, see "Possible worries and
replies” section). In order to appreciate this point, it is crucial to better specify what
we mean by integrated functional wholes. First, we should briefly discuss the current
debate concerning the notion of both organism and biological individual (see, for
instance, Nicholson 2014). There is an ongoing heated discussion, in both biology
and philosophy of biology, regarding what constitutes a biological individual (Hull
1978, 1980, 1992; Sober 1991; Wilson 1999, 2005; Gould and Lloyd 1999; Oka-
sha 2006; Godfrey-Smith 2013; Clarke 2010; Pradeu 2012; Bouchard and Huneman
2013; Wilson and Barker 2016, Pradeu 2016). Moreover, there is also no complete
agreement on whether or not individuals and organisms coincide, also leading to
the discussion on whether these two notions can be considered as synonyms or not
(Pradeu 2012, 2016). The literature on the topic is vast and deeply articulated. Nev-
ertheless, we will set aside the debate about organisms, and better specify what we
mean when we propose that holobionts might be seen as individuals.’ It is certainly
true that seeing holobionts as biological individuals is not mandatory. Indeed, many
scholars in the literature adopt this perspective while others claim that they are eco-
logical communities composed of individuals (Suarez and Stencel 2020).

Nevertheless, it is crucial to recall that, in this respect, our perspective is mainly
epistemic. Naturally, we are aware that the ways we define, delimit, and distinguish
one individual from another, like any classificatory activity, have also ontological
(even metaphysical) implications. However, here we are not interested in “carving
nature at its joints”, but rather in understanding how and why scientists and philoso-
phers categorize their domains of inquiry the way they do (and how these activities
produce what we call “knowledge”). In other words, we do not take a position on
whether ‘biological individuals’ exist. Instead, we are concerned with their role in
the construction of scientific explanations of crucial biological phenomena. Indeed,
from the perspective of life sciences, it seems fundamental to have criteria to detect
and discriminate certain units of organization of the living world, stable enough and
cohesive to be considered the target of many events or processes, spanning from
natural selection to therapeutic interventions.

° This is also because, from a cognitive perspective, although we are sympathetic to the fact that cogni-
tion can be more rightfully conceived as “extended” within the individual (rather than segregated into
just a single anatomic part such as the brain), we nevertheless grant that it should be the cognition of an
individual, a somehow discrete part of the living world, anyway separable from the others and from the
abiotic environment.
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Thus, epistemically speaking, following Pradeu’s suggestions (2016), there
might be several approaches to providing criteria to detect biological individu-
als. This means that, as just mentioned, leaving aside specific ontological com-
mitments, scientists take specific perspectives to establish and delineate their
object of inquiry, following either methodological constraints or heuristic pro-
tocols. Indeed, depending on the biological discipline, biological individuals can
be seen, for instance, either as units of evolution or units of development. Just
to provide some examples: genetics aims to grasp individuality by associating a
‘unique signature’ to the living, individual observable phenotype. On the other
hand, both immunology and the neurosciences try to establish, although in dif-
ferent ways, the boundaries of the ‘individual self’. Ecology, despite its focus on
relations, does not necessarily avoid ‘relata’ (i.e. the more or less discrete units
of these interactions). From this scenario, it is quite clear that many of these
approaches are very different, as they literally point to different things (reflecting
the explanatory interest of this or that discipline). Because of that, it should not
surprise us that all these criteria can be conflicting, or at least they can produce/
point to several kinds of individuals.

Recently, Pradeu has advanced a more refined (grounded both philosophically
and scientifically) approach to biological individuality based on certain features of a
broadened view concerning the immune system (Pradeu 2012, 2016). Pradeu’s idea
(2016) is that immunology provides a good way to address a kind of biological indi-
viduality we are interested in since it grants uniqueness (the individual can be seen
as a unitary whole), delineation (the individual has boundaries discriminating it
from other individuals and from the abiotic context) and persistence (the individual
is the ‘same’ individual through the flow of time).

Of course, all these features should not be understood as fixed or typological, but
rather in a dynamic sense, as biological entities go through changes and modifica-
tions over their life cycle (think, for instance, of the phenomenon of metamorphosis
occurring in insect development). Nevertheless, if we want to talk about individuals
rather than simple ‘biotic associations’, we may want to have these properties.

On the other hand, it recently became evident that holobionts can be scientifi-
cally studied as such, i.e. multi-species collections constituted by the association of
a macro-organism (traditionally called ‘the host’) and its symbiotic micro-organ-
isms (Suéarez and Stencel 2020). This means that, from a theoretical point of view,
holobionts are now a genuine object of scientific inquiry. In other words, there are
increasing studies approaching both experimentation and intervention, especially in
the treatment of certain pathologies such as autoimmune diseases and cancer (Boem
et al. 2020; Ronai et al. 2020) which address the holobiont in its capacity as a func-
tional whole.

This entire perspective has important consequences for our tenets.

First, it shows that the holobiontic perspective challenges the idea that biologi-
cal individuality necessarily implies autonomy and endogeny (thus, for instance
presenting a homogeneous and isolated, even ‘impermeable’, cognitive makeup).
On the contrary, living things are more ‘porous’, and both ‘endogenous’ and ‘exog-
enous’ elements can contribute to the creation of a quite stable individual whole.
Indeed, this does not mean that certain kinds of living associations, i.e. biological
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individuals, cannot show a degree of unity that distinguishes them from other, more
transient and contingent, forms of biological interactions.

Second, because of that, this perspective grants also the fact that our idea of
extended cognition takes place within the boundaries of the entire individual body,
although pertaining to the new conception of the individual, the holobiont. We
believe that our proposal has the potential to challenge the entire lexicon of this
research field since both extended cognition and embodied cognition are affected by
this radical change of perspective.

Now, coming back to the main point of the paper, we would like to explain how
these discoveries can be crucial for our speculations on the possibility of extended
cognition. Indeed, we will show that, on the basis of the biological evidence con-
cerning these discoveries, it is possible to claim that also the cognitive system can
no longer be seen as ‘just human’. Indeed, it should be understood as an internally
extended system, which includes GM as its functional part. But if GM is part of
the agent’s cognitive system, and assuming that the cognitive system is part of the
agent’s bodily identity, we might speculate that even GM should be deemed part of
the agent’s bodily identity. Claiming this, of course, involves discovering the func-
tional role of GM in cognition.

Things being so, on the assumption that future research will confirm the above-
reported results, we are now able to introduce our philosophical claim concerning
the internal extension of cognition: cognitive processes involve the functional inter-
action of the brain and GM through the MGB axis.

The gut microbiome as an internally extended cognitive vehicle

We can now use the evidence reported above ("Discovering the impact on cogni-
tive function by the Gut Microbiota" section) and the conceptual notion of holobi-
ont introduced ("Microbiota-host relationship: beyond symbiosis and the holobion-
tic perspective" section) to defend our philosophical claim. However, we have to go
slowly on this.

First of all, we discussed the functions of GM in the agent’s cognitive activity
("Discovering the impact on cognitive function by the Gut Microbiota" section),
and then we considered the growing consensus in both experimental and theoretical
biology about the need to reframe the biological notion of bodily identity beyond its
traditional boundaries, and to consider an organism as constituted by a collection of
interconnected biomes which form an integrated functional whole ("Microbiota-host
relationship: beyond symbiosis and the holobiontic perspective" section).

On the basis of these empirical results and their conceptual interpretation, we
maintained that, because of the functional role that GM exerts in cognition, it can
be considered as part of the agent’s cognitive system and, therefore, as part of the
agent’s individual identity.

In recent years, indeed, a growing body of extra-gastric implications of GM, in sev-
eral non-digestive functions, has emerged. Despite cognitive functions being usually
allocated within the activities of the central nervous system, as we have seen, today
an increasing number of findings point toward the existence of massive gut-brain
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bidirectional functional interactions. Such interaction is made possible by the presence
of what has been called the MGB axis, which includes a plethora of neural, hormonal,
and immunological routes ("The Microbiota-Gut-Brain axis" section).

Among the several functions that are ascribed to GM, we focused on two cogni-
tive factors guiding the agent’s behavior, namely, emotion and memory. Concerning
emotions, evidence strongly suggests that alteration of GM may have effects on non-
humans and humans, impacting on the agent’s stress and fear-related behavior ("The
MGB axis and emotional processing” section). Concerning memory, evidence suggests
that changes in the composition of GM affect the execution of memory tasks and may
lead to manifest psychosis-related behavior ("The MGB axis, memory, and behavioral
control" section). Evidence such as this provides strong support to the hypothesis that
GM exerts a functional role in cognition. This, in turn, seems to challenge the classical
brain-centered mainstream in the cognitive sciences (Baluska and Levin 2016).

Now, we can resume the two premises which constitute the main argument for the
claim defended in this paper:

(1) GM exerts extra-cranial cognitive functions (as shown in "Discovering the
impact on cognitive function by the Gut Microbiota" section);

(2) An agent’s bodily identity is constituted by an integrated system of functional
parts (as shown in "Microbiota-host relationship: beyond symbiosis and the
holobiontic perspective" section);

In light of (1) and (2), we also maintain that:

(3) GM can be considered as a functional part of the integrated system that consti-
tutes an agent’s bodily identity;

Therefore, if we accept (2) and (3), we can conclude:

(4) Cognitive functions extend outside the skull through a functional part of the
integrated system that constitutes an agent’s bodily identity.

Remarkably, accepting (4) is tantamount to accept that our cognitive processes may
extend out of our heads without exceeding the boundaries of our body and that the
functional role of GM in shaping our cognitive activity is a case of IEC ("Introduction”
section).

In other words, as we have already stated, we believe that if the empirical evidence
examined is to be considered solid (and we think there are good chances it could be),
then there are good reasons to argue that the activity of the microbiota constitutes a
legitimate extension of cognitive functions.

In the next sections, we will provide further theoretical support for our idea that,
since there is a clear functional role for GM in shaping our cognitive activity, this
counts as a case of IEC.
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Possible worries and replies

There might be objections to the proposal that genuine cognitive functions extend
outside the brain boundaries. In what follows, we offer a reply to those we consider
the most relevant among them. Doing so provides the opportunity to further eluci-
date and clarify our proposal.

Notably, there are two main issues that are usually addressed toward any attempt
to extend cognition outside the conventional borders of the brain and that apply
to our proposal, at least prima facie. The first issue concerns how to distinguish
between genuine cognitive functions and mere causal interactions. Let us call it the
‘distinction problem’ ("The distinction problem" section). The second issue con-
cerns the informational nature of cognition and how to find informational content
in something that is not part of the nervous system. Let us call it the ‘information
problem’ ("The information problem" section). Now, we can analyze them in detail.

The distinction problem

The distinction problem concerns the specific conditions under which cognitive
processes are implemented outside the boundaries of the agent’s nervous system: if
cognition extends beyond the agent’s skull, a criterion is needed in order to distin-
guish genuine cognitive vehicles from non-cognitive ones so as to avoid undesirable
cases of cognitive bloat (Adams and Aizawa 2007; Allen-Hermanson 2013; Clark
2010a, b, c; Ludwig 2015; Rupert 2004).

Such cases are those in which an “unwelcome explosion of potential dispositional
beliefs” (Clark 2010b, p. 80) occurs as a consequence of considering cognition an
unbounded functional process. For example, it is generally considered a detrimental
consequence of EEC that cognitive vehicles extend through the volumes in a library
only because one has access to that library. Similarly, in the case of IEC, it could
be detrimental to consider some part of the agent’s body, say the heart, as a vehicle
of cognition only because it has a biological function in allowing cognitive activi-
ties. But then, why should we include the MGB axis among the vehicles of human
cognition?

An answer to this question requires additional specifications concerning the type
of coupling which leads to genuine cases of cognitive extension (Piredda 2017).
Notably, Clark and Chalmers (1998, p. 17) have initially proposed three criteria to
restrict the functional relations to those with cognitive importance. According to
Clark and Chalmers, to be a genuine vehicle of cognition, a portion of a causal sys-
tem must always be: (i) reliably invoked; (i7) directly available; (iii) available with-
out difficulty.

These criteria, also known as ‘glue and trust’ (Clark 2010a), concern the indi-
viduation of any alleged cognitive vehicle and aim to avoid extending cognition to
implausible external resources like a library. The volumes of a library, indeed, are
not usually invoked as wholly reliable and are not directly or easily accessible at any
time in any place. However, such criteria are not sufficient to prevent an extension to
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equally implausible internal resources, such as the agent’s heart whose function is
usually reliable, and directly and easily available. Therefore, in order to avoid these
cases, a further specification concerning the type of function exerted by the extended
cognitive vehicles is required.

Some functional interactions are characterized by what can be considered a sort
of self-generated ‘looping mechanism’ (Clark 2010b; Hurley 2001), that is, a struc-
ture where the output of a portion of the process is used as an input by another
portion of the same process, which, in turn, generates new output. Here the specific
point is that the output that a portion of the process recycles as input is generated by
the system itself in a continuous and fluent looping mechanism.

Consider, for example, the well-known cognitive cycle linking action execu-
tion, stimulus perception, and working memory: here the execution of one action
has the consequence of modifying the sensory input, which, in turn, gives rise to
the working memory processing that contributes to generating a subsequent action
as an output (Baars and Franklin 2003; Madl et al. 2011). In this case, none of the
single parts of the causal chain has an autonomous cognitive function. Rather, their
cognitive importance depends on the instantiation of ongoing mutual interactions.
Accordingly, the postulation of a single coupled system constituted by action exe-
cution, stimulus perception, and working memory, is necessary with respect to the
explanation of their individual cognitive relevance, which we would otherwise be at
a loss how to account for.

The above considerations are crucial for our argument, as they provide us with
support for including the instantiation of a looping mechanism as a further criterion
by means of which we can judge whether distinct components of a causal chain con-
stitute an overall cognitive process. Importantly, this criterion helps to avoid worries
about cognitive bloat, allowing us to distinguish genuine cognitive extensions from
ordinary functional interactions (Palermos 2014).

Remarkably, the function of the MGB axis can be deemed as a paradigmatic case
of a self-generated looping mechanism. Consider the execution of specific actions
like the ingestion of food. According to the available evidence, the agent’s dietary
behavior may be functionally linked with the condition of the agent’s GM, which,
in turn, may be altered precisely by the agent’s dietary habits (see, "The MGB axis,
memory, and behavioral control” section). Accordingly, since the MGB axis can be
considered as part of a self-generated looping mechanism linking GM, the nervous
system, and the agent’s dietary behavior, it can be considered as part of a genuine
cognitive process. Moreover, we have also seen that the composition of GM can
be altered by the agent’s emotional conditions, such as those related to anxiety and
depression, and that intervening on GM may, in turn, impact on the emotional pro-
cessing (see "The MGB axis and emotional processing" section). In this case, we
have evidence that the activity and composition of GM also has a causal impact on
the cognitive processing of emotions (Tillisch et al. 2017), and that an alteration of
normal emotive conditions, such as in cases of stress, may impact on the activity and
composition of GM (Karl et al. 2018). Sets of evidence such as these support the
hypothesis that a looping mechanism is in play between the processing of emotions
and the activity of gut microbiota so that a variation on the former induces a varia-
tion on the latter and the other way around.
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Since the functional role of the agent’s heart in cognition does not figure as part
of a looping mechanism involving other cognitive functions, it cannot be considered
as a genuine vehicle of cognition. Indeed, though the pumping-blood function of
the heart has a causal role in allowing the cognitive activity of the organism, cogni-
tive functions do not have the same causal impact on the function of the heart. In
other words, while there is a mutual, bi-directional interaction between the cogni-
tive function of the nervous system and the biochemical activity of GM, so that the
former may alter the latter, there is not a mutual, bi-directional interaction between
the pumping-blood function of the heart and the cognitive activity of the organism.

To resume, if we assume self-generated looping mechanisms, together with ‘glue
and trust’, as criteria for distinguishing implausible candidates from genuine cogni-
tive vehicles, there is no risk of cognitive bloat, and the distinction between cogni-
tive and non-cognitive causal functions is not a problem any further. Accordingly,
we can now address the other common worry that might affect our proposal that
cognition internally extends to the MGB axis, namely, the information problem.

The information problem

The information problem concerns the distinctive assumption according to which
cognition is the computational processing of the information conveyed by an agent’s
mental vehicles. This problem arises because, according to the representational the-
ory of mind, which has inspired cognitive sciences for decades, for something to be
part of a cognitive process it must be possible to consider it as the vehicle of infor-
mation involved in a computational process. According to what has been named the
orthodoxy of cognitive science (Adams and Aizawa 2001,2007), genuine cognitive
processes involve non-derived representations, that is, content delivering vehicles
whose informational content is assigned in virtue of naturalistic conditions, inde-
pendently of other representational capacities (Dretske 1995; Fodor 1990; Millikan
2009; Nanay 2014; Neander 2017). Now, because all the most common theories of
non-derived representations find informational vehicles within the boundaries of the
brain, it may seem prima facie reasonable to exclude the hypothesis that a genu-
ine cognitive process can be constituted by something different from the brain itself
(Adamas and Aizawa 2007; but see also Allen 2017; Adams and Garrison 2013).

In order to face this issue, two considerations concerning representational func-
tions are needed. First, there is not any effective reason to state that external, non-
brain-based structures cannot deliver informational content (Baluska and Levin
2016). It should be noted, indeed, that environmental and social factors, either
through direct physical contact or through the sharing of spaces, can shape the com-
position of the bacterial communities associated with individual agents. Particularly,
both environmental conditions (e.g., presence of harmful substances) and social
practices (e.g., dietary conducts) can have a causal role in altering the taxonomic
and genetic configuration of GM, with implications for the services that it provides
to the hosting agent (Archie and Tung 2015). Now, since bacterial communities
within the gut can vary with the variation of external traits because of dietary habits,
GM has the potential to deliver information about relevant features of the natural
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and social environment, shaping the agent’s behavior accordingly (Archie and Theis
2011). On this basis, GM can be conceived as a sort of ‘additional sense’, allowing
for informational access to the external environment through the alterations of the
bacterial communities that constitute it. Thus, severe changes of GM composition,
which in nature may be causally associated with dangerous traits and dysfunctional
practices, may lead either to suitable behavioral responses by means of emotive
reactions or to the adjustment of selected cognitive abilities such as memory and
recognition. If so, this condition allows us to safely consider GM as a vehicle for
informational content and leads us to include the function of the MGB axis among
those endowed with cognitive significance.

Secondly, although informational content might be ascribed to GM, we do not
need to take sides about the existence of non-derivative representations. Rather, it
should be noted that our proposal is fully compatible with various forms of rep-
resentational skepticism, from eliminativism (Churchland 1981) to instrumentalism
(Dennett 1994; Egan 2013). It is possible to interpret the cognitive role of the MGB
axis at the purely functional level, that is, within a framework that does not involve
appealing to any informational property (Piccinini 2015). Notably, the above-men-
tioned evidence (see "Discovering the impact on cognitive function by the Gut
Microbiota" section) suggests that the MGB axis is part of a larger causal network
linking GM with the brain, thus permitting one to highlight the functional role of
the MGB axis in action planning and execution. Accordingly, once the ‘distinction
problem’ has been solved (see "The distinction problem" section), there are no fur-
ther reasons to resist the proposal that cognition internally extends to GM through
the MGB axis. This can be claimed even without involving any commitment to the
informational nature of such a constituent.

Conclusions

In this paper, we maintain that our cognitive processes can extend through specific
portions of the agent’s body outside the boundaries of the nervous system and the
brain. Notably, we argue that GM is a genuine vehicle of cognition and that its func-
tions represent a peculiar case of IEC.

In order to do so, we took advantage of a variety of recent empirical data. We
believe that the theoretical framework we provide here helps make sense of these
empirical scientific discoveries.

However, it is important to recall that, in scientific research, new discoveries and
innovations are often associated with expectations linked to a sort of explanatory
hype. In this respect, new trends of research concerning the extra-intestinal functions
of GM definitely show both great potential and the chance of being revolutionary,
modifying our understanding not only of cognition but also of immunity, physiol-
ogy, and pathology, with crucial implications for the notion of human health (Ame-
dei and Boem 2018). However, we should not interpret microbiota’s activities (and
their impact) as the focus of a privileged level of explanation (over others). The risk
of this type of approach is to present the study of the microbiota as a sort of ‘squar-
ing the circle’, fully capable of explaining and unravelling, per se, the complexities
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of these phenomena. On the contrary, we should see this growing research field as a
new, indispensable layer of complexity in our understanding of biological processes
and mental phenomena.

Although today it seems that a hyperbolic enthusiasm welcomes any discovery
concerning the extra-intestinal functions of GM, some scholars have started to warn
the scientific community about the existence of methodological concerns regard-
ing these findings (Hanage 2014; Hooks et al. 2018). Thus, it is important to con-
sider these novelties without losing a critical approach. Indeed, although there is
definitely significant evidence that microbiota shapes many unexpected, biological
functions, including cognitive ones, a clear and detailed account of mechanisms of
action is still far from being settled. That is why it appears crucial to foster this kind
of research in order to provide a more comprehensive understanding (Amedei and
Boem 2018).

In this respect, this theoretical condition does not exempt us from taking seriously
the available results and trying to clarify their overall significance. Accordingly, our
proposal should be intended as a cautious and constructive one, whose purpose is
not to promote risky inferences or careless generalizations but, rather, to explore the
multifaceted interactions between our cognitive apparatus and GM according to the
existing evidence.

Therefore, in order to support this perspective, we have initially drawn on recent
findings in the life sciences, which clearly suggest that the identity of a biological
individual can be conceived as constituted by a network of functional parts, rather
than defined only by species genetic fingerprints. This has allowed us to consider
GM as one of the functional parts that constitute our bodily identity, although rede-
fined. Moreover, since an increasing number of experimental results are nowadays
suggesting that GM is bounded with the central nervous system through the MGB
axis and that thus it exerts a plethora of functions modulating memory, emotions,
and behavioral control, we have stated that GM might be legitimately considered as
a functional part of our cognitive system.

Finally, we defended our proposal from possible objections, showing that there
are no cogent reasons to rebut the idea that cognition is not merely a brain-based
phenomenon, but that our cognitive processes internally extend to parts of the
agent’s body which instantiate the suitable functions, that is, GM and the MGB
axis. !0
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