Built to adapt: mechanisms of cognitive flexibility in human brain.

Miriam Hauptman (mhauptml@jhu.edu)
Yun-Fei Liu (yliu291@jhu.edu)
Marina Bedny (marina.bedny@jhu.edu)

Johns Hopkins University
Department of Psychological and Brain Sciences
3400 N. Charles Street
Baltimore, MD 21218

Keywords: plasticity, blindness, reuse, cultural recycling, language, expertise



Abstract

Adaptability is a distinguishing feature of the human species: we thrive as hunter-gatherers,
farmers, and urbanites. What properties of our brains make us highly adaptable? We review
neuroscience studies of sensory loss, language acquisition, and cultural skills (reading,
mathematics, programming). The evidence supports a ‘flexible specialization’ account. On the
one hand, adaptation is enabled by evolutionarily prepared flexible learning systems, both
domain-specific social learning systems (e.g., language) and domain-general systems (fronto-
parietal reasoning). On the other hand, the functional flexibility of our neural wetware enables
us to acquire cognitive capacities not selected for by evolution. Heightened plasticity during a
protracted period of development enhances cognitive flexibility. Early in life, local cortical circuits
are capable of acquiring a wide range of cognitive capacities. Exuberant cross-network
connectivity makes it possible to combine ‘old neural parts’ in ‘new ways,” enabling cognitive
flexibility such as language acquisition across modalities (spoken, signed, braille) and cultural
skills (math, programming). Together, these features of the human brain make it uniquely
adaptable.



1. Introduction

Anthropologists have long pointed out that humans occupy a wide range of habitats and exhibit
diverse knowledge and behavior (e.g., Mead, 1928; Benedict, 1935; Boas, 1896; Tooby & DeVore,
1987; Henrich & McElreath, 2003). We thrive as hunter gatherers in the Kalahari Desert and the
Arctic, as computer programmers in Taipei, and as potato farmers in Idaho. Most humans today
live in environments far different from those for which our brains were evolutionarily ‘optimized.’
Human cognitive diversity is also evident within a given location and time period. Many societies
are characterized by a division of labor: some of us grow food, become experts in medicine, or
teach children, while others design housing, fly airplanes, or program computers (Durkheim,
1947; Lutz & Keil, 2002). Humans likewise thrive across different sensory experiences, such as
deafness and blindness (e.g., Landau & Gleitman, 1985; Padden & Humpbhries, 2006). Our ability
to adapt to varied experiences, both across and within societies, is distinctive in the animal
kingdom and paramount to our survival (Boyd et al., 2011; Tooby & DeVore, 1987; Tomasello,
1999; Tooby & Cosmides, 1992; Legare, 2017). Here we discuss the neural mechanisms that
enable this unparalleled adaptability.

Drawing upon psychological and cognitive neuroscience studies of variation in human
experience, we propose a ‘flexible specialization” account. Our unusual adaptability is supported
by a combination of i) evolutionarily prepared neural systems that enable distinctively human
flexible learning and ii) the functional plasticity of the human brain and its consequent ability to
support cognitive capacities not selected for by evolution.

Human brains have a distinctive evolutionarily prepared capacity for flexible learning. Specific
neural mechanisms are predisposed to develop into domain-specific and domain-general flexible
learning systems. Language is an example of a distinctively human ‘domain-specific’ system that
enables flexible learning through social communication. Domain-general reasoning systems in
fronto-parietal cortices are likewise elaborated in humans and evolutionarily prepared to support
novel problem solving and learning (Duncan, 2010; Woolgar et al., 2016; Badre & Nee, 2018).
These are examples of specific adaptation for flexible learning.

On the other hand, human adaptability is made possible by the functional flexibility of neural
wetware. Our brains are built to go beyond built-in cognitive capacities through functional
plasticity. As David Marr observed, mental ‘software’ is partly independent from the hardware in
which it is implemented (Marr, 1982). Neural structures have a range of ‘cognitive affordances,’
including affordances for cognitive functions that bear no resemblance to the ‘software’ for
which they originally evolved. Several properties of the human brain contribute to its flexibility.
Local cortical circuits are cognitively pluripotent, capable of supporting a range of cognitive
operations. Exuberant cross-system connectivity makes it possible to combine ‘old neural parts’
in ‘new ways’ not selected for by evolution. Finally, increased plasticity during protracted human
development enhances the functional range of local cortical circuits and their connectivity with
each other. Together, these properties of the human brain enable us to go beyond what
evolution ‘intended.’



Studies of variation in experience are key to understanding adaptation. Most humans share a
highly similar genetic code as well as many common experiences that shape brain development,
such as seeing faces, experiencing gravity, participating in social interactions, and acquiring a
natural language. Where people share both genetics and experience, we cannot tease apart their
respective contributions to neural function and behavior. Comparing brain function across
subsets of the population for whom experience differs in systematic ways (e.g., blindness,
literacy, programming expertise) offers insight into the causal mechanisms of neural
specialization and flexibility.

The current article integrates evidence from neuroscience studies of sensory loss (i.e., blindness)
as well as linguistic and cultural variation. These examples of variation in human experience are
often separated in the literature. Blindness is the absence of a ‘species-typical’ sensory
experience, whereas cultural learning is the ‘addition’ of socially constructed skills (Greenough
et al., 1987). At the same time, all of these forms of adaptation are subject to common biological
constraints. Some of the same uniquely human cognitive mechanisms that enable the acquisition
of socially constructed cultural skills also enable adaptation to sensory loss.

People who are born blind use social learning and linguistic communication to construct causal
models of visual phenomena (e.g., color, seeing) (Landau & Gleitman, 1985; Kim et al., 2019;
Campbell & Bergelson, 2022). Blind people invent and use adaptive tools such as canes for
navigation, tactile braille symbols for reading, and screen readers for searching the internet. Deaf
infants learn the sign language of their community, and if not exposed to an accessible visual-
manual language, begin to create one (Goldin-Meadow, 2005; Carrigan & Coppola, 2017; Kocab
et al., 2016). Deafness has given rise to a rich culture, replete with stories, social customs, and
traditions (Padden & Humphries, 2006). Blindness and d/Deafness are therefore not merely a
loss in sensory access, but also a gain of identity, community, skills, and culture (Barnes, 2016).
This remarkable capacity to adapt and thrive in sensory loss is quintessentially human. Bringing
together evidence from studies of sensory loss and cultural variation provides a more complete
understanding of the mechanisms that make human adaptation possible.

1.2 The relationship of the current account to previous proposals

One proposal from which we draw inspiration is Dehaene & Cohen’s (2007) cultural recycling of
cortical maps. The current account shares with that proposal the idea that modification of innate
domain-specific circuitry is an important mechanism of cultural adaptation. We do not discuss
this mechanism in detail in the current article mainly because it is laid out clearly in Dehaene &
Cohen (2007). However, in our view, the subtle modification of innate domain-specific maps is
insufficient to explain the breadth of human behavioral adaptation as well as evidence for
functional plasticity in human cortex. Moreover, many of the domain-specific systems that have
been identified in humans are shared across species (Carey, 2009; Spelke, 2022), yet humans
stand out in their adaptability. In the current account, we highlight uniquely human learning
mechanisms (e.g., language) that enable the distinctively wide range of human behavior. We also
propose a more extensive capacity for instantiating new cognitive content in anatomical circuits
during development. Finally, we emphasize the role of exuberant connectivity between neural



systems and the contribution of domain-general reasoning circuits to human adaptability. In
short, we suggest that human cortex is more open-endedly flexible than the original cultural
recycling account suggests.

In highlighting the role of flexible learning, our account shares some features with proposals that
emphasize domain-general learning mechanisms (e.g., Quartz & Sejnowski, 1997; Heyes, 2018).
For example, the ‘cognitive gadgets’ account proposes that associative learning processes give
rise to neural gadgets that support varied human cognitive abilities, from reading to social
cognition to language (Heyes, 2018). We agree that experience, including cultural experience,
enables the human brain to acquire software that has not been ‘hard-coded’ into neural circuits.
However, a variety of evidence, some of which we discuss below, suggests that human brains are
evolutionarily prepared for language and social cognition in ways that are different from cultural
inventions such as reading. Unlike proposals that rely on domain-general learning alone, the
flexible specialization account emphasizes the contribution of evolutionarily prepared, domain-
specific neurocognitive systems to human cognition and adaptability.

In arguing that the same neural wetware can implement different cognitive software, our
account is related to the neural reuse proposal (Anderson, 2010). We agree with Anderson (2010)
that the loose relationship between structure and function makes human brains adaptable and
computationally powerful. However, in our account this adaptability comes in the form of
functional potential at birth and variation across the population rather than a lack of
specialization within individual brains. The reuse account proposes that the same neural tissue
supports varied cognitive tasks within an individual from moment to moment, such that there is
no specialization of neural systems for specific cognitive content. In particular, ‘high-level’ and
evolutionarily recent ‘tasks’ such as language and social cognition are not associated with specific
neural substrates. Cortical circuits instead have built-in abstract computations or ‘workings’
which apply across cognitive domains (Anderson, 2010). Contrary to this idea, there is evidence
that within individuals, neural systems show high specialization for linguistic communication
(Fedorenko et al., 2011) and social cognition (Saxe & Kanwisher, 2003) as well as for perceptual
functions, such as face, body, and action perception (Kanwisher et al., 1997; Isik et al., 2017). At
the same time, the recruitment of visual cortices for low-level perception in sighted people and
for language, executive control, and mathematics in people born blind suggests that neural
wetware can acquire different software as a function of experience, i.e., there are no immutable
cognitive ‘workings.” Cognitive flexibility and specialization of cortical circuits coexist.

The remainder of the paper is organized as follows. First, we describe five proposed mechanisms
of adaptation (Figure 1, Section 2). The first two mechanisms are evolutionarily prepared
neurocognitive systems that enable uniquely human flexible learning: language is an example of
a domain-specific social learning mechanism (2.1) and fronto-parietal reasoning circuits are an
example of a domain-general mechanism (2.2). The last three mechanisms are properties of the
human brain that enable functional plasticity: heightened plasticity during development (2.3),
cognitive pluripotency of cortical circuits (2.4), and exuberant cross-system connectivity (2.5).
Next, we review empirical examples of adaptation that provide evidence for these mechanisms
(Section 3): blindness (3.1), language acquisition (3.2), and acquisition of cultural symbol systems



(reading, math, and programming) (3.3). All of these examples of adaptation make use of all the
proposed mechanisms, but to different degrees. We end by summarizing our proposal and
discussing open questions and future directions.

2. Mechanisms of adaptation in the human brain: An overview
2.1 Evolutionarily prepared social learning systems: the case of language

Human brains are prepared for social learning (e.g., Saxe, 2006; Tomasello, 1999; Wellman et al.,
1990; Gopnik & Wellman, 1992; Spelke, 2022; Carey, 2009; Gweon, 2021). Our ability and desire
to learn from others allows us to adapt to varying physical and cultural environments as well as
to sensory loss. Social learning also enables ‘cultural ratcheting,’ or the improvement of
technology, skills, and knowledge over generations (Tomasello, 1999; Tennie et al., 2009). The
highly complex phenomenon of social learning depends on multiple distinct neurocognitive
systems, each with a different neurobiological substrate, including the so-called ‘mentalizing’
system, which supports our understanding of the minds and actions of others (Woodward, 1998;
Saxe & Kanwisher, 2003; Gopnik & Wellman, 1992). Human social learning also critically depends
on language, which enables efficient communication (Pinker, 2010; Tooby & DeVore, 1987;
Lupyan et al., 2007; Gelman, 2009). In this paper, we treat language as a case study of a domain-
specific neurocognitive system that evolved to enable adaptability through social learning.

As discussed in more detail below, language processing is likely supported by an evolutionarily
prepared neurobiological system that, in its mature state, is domain-specific and relatively
modular (i.e., operates over a restricted class of representations) (e.g., Chomsky, 1965; Broca,
1861; Bellugi, et al.,, 1989; Fedorenko & Varley, 2016). However, the neural and
communicative/informational flexibility of the language system is key to its adaptive utility.

The cognitive pluripotency of the neural network that supports language and its heightened
flexibility during development enables the acquisition of varied languages. Exuberant
connectivity between the language network and other neural systems enables language
processing in any modality: auditory, visual-manual, and tactile. Efficient communication with
other neural networks also enables the recruitment of the language system for cultural
technologies, including reading, math, and programming (Dehaene et al., 2002; Price et al., 1996;
Friedrich & Friederici, 2013; Maruyama et al., 2012; Liu et al., 2024).

Language is also flexible in the information that it delivers. As recent large language models
(LLMs) aptly demonstrate, almost anything can be learned through linguistic communication
(e.g., Petroni et al., 2019). This feature of language makes it a powerful tool for learning and
cultural transmission (Pinker, 2010; Tooby & DeVore, 1987; Gelman, 2009). For example, children
use language to learn about mental states, the causes of illnesses, religious beliefs, the life cycle,
and moral norms (i.e., Harris & Koenig, 2006; Legare & Gelman, 2008; Spelke, 2022; Gelman,
2009). People born blind construct causal mental models of visual phenomena based in part on
information acquired via linguistic communication (Landau & Gleitman, 1985). It is hard to
imagine an aspect of human culture where linguistic communication does not play a role.



2.2 Domain-general fronto-parietal reasoning systems

In addition to specialized domain-specific systems, human adaptation depends on evolutionarily
prepared domain-general reasoning abilities that are supported by fronto-parietal circuits and
prefrontal cortex. Multiple properties of these networks make them well suited to support
cultural learning. Unlike domain-specific systems, domain-general networks operate over a wide
range of stimuli, from words and faces to colors and cultural symbols like the algebraic variables
XandY (e.g., Duncan, 2010). Exuberant connectivity between these networks and the rest of the
brain allows them to integrate information across domains (Sporns, 2022). Domain-general
reasoning networks also participate in novel, cognitively demanding executive and working
memory tasks (e.g., n-back) (Vendrell et al., 1995; Yaple et al., 2019; Thompson-Schill, 1997).

In human brains, fronto-parietal domain-general circuits support the learning and maintenance
of abstract rules and deductive reasoning, which are important for cultural symbol systems like
mathematics and programming (Badre et al., 2010; Woolgar et al., 2016; Coetzee & Monti, 2018;
Danker & Anderson, 2007). Moreover, in non-human primates, prefrontal neurons encode
conditionals such as, if cue A, then respond to a matching stimulus; if cue B then respond to a
non-match (Wallis et al., 2001; Hoshi et al., 2000) as well as numerical rules such as ‘greater than’
vs ‘smaller than’ (Bongard & Nieder, 2010; Eiselt & Nieder, 2013). Such representations could
play a role in logical reasoning tasks.

The large-scale expansion of prefrontal and fronto-parietal networks in humans is thought to
enable unique abstract reasoning, planning, and goal-driven behavior in our species (e.g., Badre
& Nee, 2018). These domain-general networks also mature later than other parts of the brain,
with synaptic pruning and myelination continuing into adolescence (e.g., Gogtay et al., 2004;
Huttenlocher & Dabholkar, 1997). The protracted development of human domain-general
networks positions them to support later-acquired cultural skills.

2.3 Enhanced plasticity of developing cortical circuits

Enhanced plasticity early in development is found across cortical systems, from vision to
language, although the timing of different developmental trajectories differs widely (Hensch,
2018). Protracted neural development in humans likely bolsters our adaptability. Decades of
evidence from studies of behavior and brain function suggests that human brains are more
flexible early in life (e.g., Lenneberg, 1967; Lewis & Maurer, 2005; Maurer & Werker, 2014;
Werker & Hensch, 2015). For example, as discussed in more detail below, congenital sensory loss
has much larger effects on the function of sensory cortices compared to acquired sensory loss
(e.g., Cohen et al., 1999; Burton, 2003; Sadato et al., 2002; Musz et al., 2022). Studies with animal
models have identified a variety of cellular and molecular mechanisms that render neural circuits
more functionally flexible during ‘critical periods’ of development (Hensch, 2004, 2005; Hubel &
Wiesel, 1970; Crair et al., 1998). For example, distinctive properties of the excitatory-inhibitory
balance in primary visual cortex early in life enhance synaptic malleability and sensitivity to
experience (Morishita & Hensch, 2008). The conclusion of critical periods is marked by stabilizing



structural changes, such as the formation of perineuronal nets, which also curb synaptic plasticity
(Pizzorusso et al., 2002).

Humans undergo protracted neural development compared to other primates, providing a longer
opportunity for experience to influence brain function (Sherwood & Gomez-Robles, 2017;
Hartley, 2022). Neurodevelopmental processes such as synaptogenesis, synaptic pruning, and
myelination unfold throughout childhood, with many higher-cognitive regions reaching full
maturity only after adolescence (Huttenlocher, 2009; Gogtay et al., 2004; Larsen & Luna, 2018;
Huttenlocher & Dabholkar, 1997; Yeung et al., 2014). The extended neural development of
higher-cognitive systems and their expansiveness in the human brain enhances adaptability.

2.4 Cognitive pluripotency of local cortical circuits

Distinct cortical areas are characterized by layers of different thickness, different distributions of
cell types, and different inter-neuronal connectivity patterns (Passingham et al., 2002; Jorstad et
al., 2023). There is also covariation between these cytoarchitectural features and cortical
functions (e.g., some visual areas have a characteristic cytoarchitecture e.g., Amunts & Zilles,
2015; Weiner et al., 2017). These observations could suggest that anatomy dictates function (e.g.,
Makin & Krakauer, 2023). Contrary to this idea, studies of sensory loss suggest that the same
cortical tissue can represent different cognitive content across individuals as a function of
different early life experience (e.g., Kahn & Krubitzer, 2002; Collignon et al., 2009; Bedny, 2017).
Local circuits have capacity to encode information for which they were not specifically prepared
by evolution (Musz et al., 2023; Von Melchner et al, 2000).

Adaptation in sensory loss provides a particularly striking illustration of this phenomenon (for
recent review see Saccone et al., 2024). Cortical circuits thought to have evolved for low-level
vision (e.g., V1/BA17) participate in non-visual functions in blindness (e.g., language) (Sadato et
al., 1996; Roder et al., 2002; Bedny et al., 2011). This finding suggests that while anatomical
properties of local circuits make some computations more efficient than others, these circuits
nevertheless have broad computational potential. Cortical circuits are both evolutionarily
prepared to develop adaptive functions and functionally flexible. The loose relationship between
software and wetware in the human brain is key to adaptation.

Cognitive pluripotency of cortical tissue contributes to all forms of learning, but the degree of
functional plasticity varies widely across examples (see Section 2.3). Repurposing of ‘visual’
cortex for language in blindness is a particularly dramatic example of pluripotency that results in
vastly different cortical function in occipital cortex of blind and sighted people. Plasticity within
fronto-temporal language networks of children acquiring different languages is an example of
more subtle functional plasticity (MacSweeney et al., 2008a; Emmorey, 2021; Malik-Moraleda et
al.,, 2022; Werker & Hensch, 2015). Later acquired cultural skills, such as reading, math, and
programming, also depend on the modification of informational content in local cortical circuits,
but likely to a lesser degree (Dehaene & Cohen, 2007). In the current review, we operationalize
the neuroplasticity that accompanies cultural learning in late childhood and adulthood as the
lower end of the cognitive pluripotency ‘continuum’ (Figure 2).



2.5 Repurposing of exuberant cross-network connectivity

Human cortical systems are densely interconnected, and the reuse of this exuberant cross-
network connectivity plays a central role in human adaptability. The brain is comprised of
hierarchically organized neural ‘networks,” some of which have relatively coherent cognitive
functions (e.g., facial perception network, language network; Kanwisher et al., 1997; Fedorenko
et al., 2011). While regions within a network are more strongly connected to each other than to
other networks, robust cross-network connectivity is a defining feature of human brains
(Schaefer et al., 2018; Friederici, 2009; Petersen & Sporns, 2015; Park & Friston, 2013). Cross-
network connectivity is particularly pronounced among higher-cognitive circuits (e.g., ‘rich club’
hubs) and between higher-cognitive and sensory systems (van den Heuvel & Sporns, 2011;
Bullmore & Sporns, 2012). There are comparatively fewer direct connections between early
sensory areas in the human brain (Qin & Yu, 2013). These features of the human connectome
enable adaptability and also shape the particular ways in which we adapt.

Every case of behavioral adaptation discussed in the current article makes use of cross-network
connectivity. For example, visual areas take on non-visual functions via connectivity between the
visual system and non-visual networks in blindness. Our capacity to acquire and process spoken,
visual-manual (sign), and tactile language (braille) depends on connectivity between the language
system and sensory cortices. Math and programming likewise depend on connectivity between
higher-cognitive and sensory networks, as well as between language and other higher-cognitive
neural networks.

The exuberant between-network connectivity of the human brain makes many behaviors
possible that were not directly selected for by evolution. The cognitive function supported by a
cross-system connection in a given case of adaptation may be related to the function for which
the connection originally evolved or may be entirely different. For example, the same anatomical
connection that supports top-down attention and prediction during visual perception in sighted
people enables ‘visual’ circuits to participate in executive processes and language in blindness
(Striem-Amit et al., 2015; Burton et al., 2014; Deen et al., 2015; Tian et al., 2024). Visual reading
depends on connectivity between visual object recognition and language networks, but the
evolutionary origins of this connection are unknown (Saygin et al., 2016; Bouhali et al., 2014).
How a connection is reused is determined by what we refer to as its ‘cognitive affordance,’ i.e.,
the information transfer that it can support given its anatomical location, as well as the
behavioral needs of the individual.

3. Examples of neural adaptation: Sensory loss, language acquisition and cultural symbol
systems

3.1 Blindness: Adaptation to sensory loss

Blindness offers a key example of how specialization and flexibility coexist in the human brain.
The human brain is adapted for visual perception. Sighted people rely on vision for behaviors



such as recognition of conspecifics, social communication, and navigation (Kanwisher & Yovel,
2006; Senju & Csibra, 2006; Epstein et al., 2007). Many visual functions are associated with
specialized modality-specific neural circuitry (e.g., fusiform face area, parahippocampal place
area). A larger portion of the human brain is devoted to vision than any other sensory system
(Grill-Spector & Malach, 2004). Many ‘visual’ neural structures are evolutionarily ancient, i.e.,
shared across most mammals (Krubitzer, 1995; Espinosa & Stryker, 2012). The human brain is
therefore ‘built to see.’

Nevertheless, humans who are born blind carry out seemingly visual tasks using non-visual
information. Blind and sighted children develop spatial representations, language, social
cognition in a remarkably similar manner (e.g., Landau & Gleitman, 1985; Campbell et al., 2024).
Blind individuals adapt to sensory loss in uniquely human ways. People who are blind invent,
teach, and use non-visual cultural tools, such as braille, canes, guide animals, and text-to-speech
software. Blind individuals rely on linguistic communication to acquire rich visual semantic
knowledge, including understanding of color, light, and visual perception (e.g., Shepard &
Cooper, 1992; Bedny et al., 2019). Neural structures that enable vision in sighted people are
repurposed for non-visual functions in blindness, including uniquely human functions like
language and cultural inventions like braille reading and mathematics (e.g., Sadato et al, 1996;
Roder et al., 2002; Bedny et al., 2011; Kanjlia et al., 2016). Below we review some examples of
blindness-related adaptation and discuss what they reveal about the adaptive potential of the
human brain.

3.1.1 ‘Visual knowledge’ in blindness

Visual semantics in blindness provides an impressive illustration of flexible social learning via
linguistic communication. Concepts such as ‘blue,” ‘glance,” and ‘sparkle’ are directly accessible
only through the visual modality. British empiricists like Locke and Hume, who emphasized the
importance of sensory experience in learning, argued that visual phenomena are inaccessible to
blind people (e.g., Locke, 1690; Hume, 1740). Such intuitions persist in modern-day psychology,
education, and neuroscience (e.g., Barsalou, 1999; Gallese & Lakoff, 2005; Dunlea, 1989; Bigelow,
1987). The empirical evidence suggests, however, that ‘visual’ semantic knowledge is
gualitatively similar across blind and sighted people. A series of groundbreaking experiments
conducted by Landau & Gleitman (1985) showed that congenitally blind children acquire ‘visual’
words, such as color adjectives and the verbs ‘look’ and ‘see,” around the same time as sighted
children (see also Campbell et al., 2024). For example, children born blind understand that
physical objects but not ideas have colors. Blind and sighted adults have similar knowledge of
color similarity (e.g., blue is more similar to green than to red) and make fine-grained distinctions
among acts of visual perception (e.g., stare vs. glance) and light emission events (e.g., sparkle vs.
flash) (Shepard & Cooper, 1992; Marmor, 1978; Saysani et al., 2018; Bedny et al., 2019).

Neuroscientific studies suggest that thinking about visual categories engages similar neural
systems across blind and sighted people (Koster-Hale et al., 2014; Noppeney et al., 2003; Bedny
et al., 2012; Striem-Amit et al., 2018; Hauptman, Elli, et al., 2023). For example, blind and sighted
adults activate overlapping neural circuits when thinking about colors and visual weather events
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such as ‘rainbow’ (Striem-Amit et al., 2018; Wang et al., 2020). Blind individuals make generative
inferences about the beliefs of sighted people given their visual experiences and use typical
neural circuits in the theory of mind network to make these inferences (Bedny et al., 2009;
Koster-Hale et al., 2014). Blind individuals also have rich causal models of color and appearance,
for instance distinguishing among artifacts for which color has an intentional purpose (e.g.,
paper, stop sign) and those for which it varies as a function of personal preference (e.g., mugs,
hats) (Kim et al., 2021).

How do people who are born blind develop understanding of visual phenomena? Social learning
via language is likely an important mechanism. The efficacy of language as a source of information
about perception has recently been demonstrated by large language models. Like blind humans,
these models successfully acquire information about the sensory world, including color similarity,
object size, and the spatial layout of cities (e.g., Abdou et al., 2021; Marjieh et al., 2023; Gurnee
& Tegmark, 2024). However, humans and large language models (LLMs) arrive at this knowledge
in different ways. Insight into these differences emerges from one of the few examples of visual
knowledge that is not shared across blind and sighted adults: the specific and often idiosyncratic
colors of objects (e.g., polar bears are white, carrots are orange). Such knowledge is readily
verbalizable, much more so than some other perceptual properties, like shape (Kim et al., 2019).
LLMs generate canonical colors of objects that match the judgments of sighted adults (Abdou et
al., 2021). By contrast, people who are blind show lower agreement with sighted adults about
specific object colors and sometimes produce non-canonical responses (e.g., polar bears are
black to retain warmth, carrots are green because of chlorophyll; Kim et al., 2019). Rather than
memorize idiosyncratic color labels from language, as LLMs readily do, humans appear to use
information encoded in linguistic input to build structured causal models that license inferences
about object color. Unlike rote memorization, these inferences do not always result in ‘canonical’
responses. Together, this evidence suggests that the acquisition of visual knowledge in blindness
depends on uniquely human forms of learning: social learning from linguistic evidence and causal
reasoning.

3.1.2 Pluripotency of visual cortex in blindness

Plasticity in the visual system of people who are born blind is perhaps the most dramatic example
of the cognitive pluripotency of cortical tissue. As discussed above, there is good reason to
believe that visual cortices of humans are evolutionarily predisposed for vision (Krubitzer, 1995).
Primary visual cortex located along the calcarine sulcus performs the first stage of cortical visual
processing. V1 has an expanded ‘input’ layer IV and high neuronal density, possibly to enable
fine-grained spatial resolution of visual perception (Collins et al., 2010). If specialization
precluded flexibility, we would expect this part of the brain to resist functional change. Contrary
to this prediction, visual cortices of people born blind take on non-visual functions, including
braille reading, auditory localization, and decision making in auditory and tactile tasks (e.g.,
Sadato et al, 1996; Wanet-Defalque et al., 1988; Roder et al., 1996). Responses to non-visual tasks
are observed throughout the visual hierarchy, from high level visual areas in the dorsal and
ventral streams to primary visual cortex (e.g., Roder et al., 2002; Burton et al., 2003; Burton,
2003). Analogous functional changes are also observed in the auditory cortices of people who
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are born deaf (e.g., Finney et al., 2001; Hickok et al., 1997). For example, auditory cortices of
people born deaf are sensitive to the meaning of visual animations (Zimmerman et al., in press).

The precise function of ‘visual’ areas in people who are born blind remains debated. Responses
to non-visual stimuli in the visual cortices of blind people has been coined ‘cross-modal’ plasticity,
reflecting the idea that cortical areas that evolved for one modality (i.e., vision) are ‘repurposed’
for processing information from other modalities (Bavelier & Neville, 2002; Pascual-Leone et al.,
2005). For example, ‘area MT+’ responds preferentially to visual motion information in sighted
people and to auditory motion information in people born blind (Poirier et al., 2006; Bedny et al.,
2010; Wolbers et al., 2011).

However, much of the ‘repurposing’ of visual networks in people born blind does not appear to
reflect ‘modality switching.” In congenital blindness, different subnetworks of visual areas
become specialized for different higher-order cognitive functions, including language,
mathematical reasoning, braille reading, memory, and executive control (Roder et al., 2002;
Sadato et al., 1996, 1998; Bedny et al., 2011; Crollen et al., 2019; Kanjlia et al., 2016; 2021;
Abboud & Cohen, 2019). Activity in visual cortices of blind people is sensitive to abstract cognitive
information, including the grammatical complexity of sentences and their meanings (Réder et al.,
2002; Bedny et al., 2011; Lane et al., 2015). There is evidence that responses to higher-order
cognitive processes in ‘visual’ cortices of blind people are behaviorally relevant. Transcranial
magnetic stimulation applied to the visual cortex of blind individuals causes errors on non-visual
tasks, including braille reading and verb generation (Cohen et al., 1997; Amedi et al., 2004; Kupers
et al.,, 2007). Across individuals, activity in this region also correlates with sentence
comprehension and verbal memory performance (Amedi et al., 2003, Lane et al., 2015). That
visual networks of people born blind participate in higher-cognitive functions demonstrates the
brain’s capacity for substantial functional change—from low-level vision to higher-order
cognition.

Importantly, such drastic changes in cortical function are only possible during development.
Although some sensitivity to non-visual information is observed in the visual cortices of people
who become blind as adults and even blindfolded sighted people, the most robust and systematic
responses to non-visual information in visual cortices are found in people who are born blind
(Cohen et al., 1999; Burton, 2003; Sadato et al., 2002; Bedny et al., 2012; Musz et al., 2022). This
observation suggests that functional change in visual cortex is dependent on mechanisms of
heightened plasticity in the developing brain (Hensch, 2004, 2005; Crair, et al., 1998).

Why and how do visual networks take on higher-cognitive functions? Exuberant connectivity
appears to be a key part of the answer (Lewis et al.,, 2010; Bedny, 2017). Visual areas are
connected with language networks in sighted and blind people (Saygin et al., 2016; Bedny et al.,
2011). The visual system of sighted humans also receives rich ‘top-down’ connectivity from
fronto-parietal networks involved in executive function (Bressler et al., 2008; Forkel et al., 2014).
These connections support visual working memory and predictive perception (Baluch & Itti, 2011;
Gilbert & Li, 2013). In people born blind, the same connections carry higher-cognitive information
into visual cortex, enabling its incorporation into higher-cognitive systems.
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Support for the role of top-down connectivity in visual cortex plasticity comes from studies of
functional (resting-state) connectivity. In people born blind, visual networks show increased
functional connectivity with higher-order cognitive systems in fronto-parietal cortices and
decreased connectivity with sensory-motor auditory and tactile regions (e.g., Burton et al., 2014).
This pattern suggests that the same anatomical structures function as sensory cortex for sighted
people and as higher-cognitive cortex for people born blind. Patterns of functional specialization
within visual cortex of congenitally blind individuals are predicted by resting-state connectivity
with higher-cognitive networks. For example, areas of visual cortex that are most responsive to
language show stronger connectivity with language networks (Bedny et al., 2011; Abboud &
Cohen, 2019; Kanjlia et al., 2016, 2021). Elements of this ‘blind’ functional connectivity profile is
present in sighted infants (Tian et al., 2023), suggesting that early visual experience shapes the
later function of innate anatomical pathways.

It is interesting that the functions that primarily take over the visual cortices in blindness are
higher-cognitive ones. Higher-cognitive functions, including language, appear to have the
capacity to expand beyond their neural niche. This is likely due in part to the exuberant
connectivity of higher-cognitive networks with the rest of the brain. The recruitment of visual
networks for cultural skills in blindness is also notable. Some of the first illustrations of non-visual
functions in the visual cortex of blind people came from studies of braille (e.g., Sadato et al.,
1996, 1998). Other parts of visual cortex are engaged during mathematical tasks, exhibiting
responses that scale with mathematical difficulty (Kanjlia et al., 2016). The visual system of
people born blind responds more strongly to mathematics than to non-verbal numerical tasks
(i.e., estimating numerosity of tone sequences) (Kanjlia et al., 2021). Together, this evidence
suggests that behaviorally relevant cultural tools such as braille and math ‘soak up’ available
cortical territory.

3.1.3 Summary of Blindness: Adaptation to sensory loss

Blindness illustrates several mechanisms of human adaptation. First, cortical areas exhibit peak
sensitivity to experience early in life. Local cortical circuits that are evolutionarily predisposed for
a particular cognitive function are nevertheless cognitively pluripotent (i.e., V1 repurposes for
higher-order cognition). Exuberant connectivity is key to adaptation: connectivity between the
visual system and higher-cognitive circuits enables ‘higher-cognitive takeover’ in blindness.
Finally, humans adapt to sensory loss in uniquely human ways. The human ability to learn flexibly,
including via social learning through language, and to build causal mental models using linguistic
evidence, makes adaptation possible.

3.2 Language: An evolved, yet flexible social learning system
As noted above, the language system is an essential tool for social learning in humans (Pinker,
2010; Tooby & DeVore, 1987; Gelman, 2009). It is also a key example of how evolutionary

preparedness coexists with flexibility. The language system exhibits multiple signatures of innate
specification. These include i) commonalities in language use across humans, ii) resilient
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acquisition in childhood without explicit instruction, and iii) dedicated neurobiological
machinery. Languages that are not historically linked share numerous commonalities, such as use
of word order (e.g., SVO; English, Hmong Njua), grammatical gender (e.g., Dyirbal, German), and
lexical tones (e.g., Mandarin, Cherokee) (Dryer, 2007; Comrie, 1999). Language acquisition
unfolds effortlessly and follows a similar trajectory across children growing up in different
linguistic communities (Gleitman & Newport, 1995; Clark & Casillas, 2015). Deaf children who do
not have access to a sign language invent communication systems called ‘homesign’ that exhibit
key features of natural languages (Goldin-Meadow, 2005). By contrast, attempts to teach our
closest living ancestors (chimpanzees) language have proven unsuccessful (Terrace et al., 1979;
Yang, 2013). A network of left-lateralized fronto-temporal brain regions exhibits high selectivity
for language compared to other cognitive functions (Fedorenko et al., 2011; Malik-Moraleda et
al.,, 2022; Bates et al., 1991; Hickok et al., 1996; Figure 3A). Several genes related to human
language abilities have also been identified, including FOXP2, which is thought to have been the
target of recent selection (Lai et al.,, 2001; Enard et al., 2002). Together, these observations
suggest that linguistic representations are supported by an evolutionarily prepared
neurobiological substrate.

At the same time, the language system itself shows evidence of adaptability. Although languages
of the world share essential features, they are nonetheless more variable than the
communication systems of other animals (e.g., Fischer & Price, 2017). It has been argued that no
one set of linguistic features applies to all of the world’s 5,000-8,000 languages, which vary widely
at every level of linguistic representation (Evans & Levinson, 2009; Majid et al., 2018). Distinctive
neural responses to linguistic stimuli across languages reflect this variation and offer evidence
for flexibility in the neural basis of language (e.g., Xu et al., 2017; Chandrasekaran et al., 2007).

Critically, optimal language learning depends on early language experience (Lenneberg, 1967;
Hartshorne et al., 2018; Gleitman & Newport, 1995). Learning a second language as an adult
results in incomplete mastery (Hartshorne et al., 2018, Johnson & Newport, 1989). Delayed
access to a first language has still more significant behavioral consequences (Mayberry &
Kluender, 2018). The majority of deaf children (more than 90%) are born to hearing parents and
have limited access to a fully accessible, visual-manual sign language early in life (Hall, 2017).
Even subtle delays in access to a first language affect ultimate proficiency (e.g., Emmorey &
Corina, 1990; Newport, 1990; MacSweeney et al., 2008b). Case studies with deaf adults who
learned their first language in adolescence or early adulthood suggest that severely delayed
access to language results in difficulties with grammar as well as altered neural responses to
language (Woll, 2018; Ferjan-Ramirez et al., 2014; Cheng et al., 2019). The ability to fully harness
the flexibility of the language system likely depends on heightened developmental plasticity and
language access early in life.

A particularly compelling demonstration of neural adaptability and repurposing of connectivity is
evidenced by variation in the modality of linguistic input. The vast majority of humans rely on
audition to access language, yet hundreds of visual-manual sign languages are used by millions
of people worldwide (Woll et al., 2001). Children exposed to a sign language from birth acquire
language according to a similar developmental trajectory as children learning a spoken language,
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with manual babbling emerging in the second half of the first year and two-word phrases around
age 2 (Lillo-Martin & Henner, 2021). Different sign languages such as American Sign Language
(ASL), Libras, and Japanese Sign Language (JSL) each have a distinct phonology, morphology, and
syntax (Perniss et al., 2007; Klima & Bellugi, 1979). While many grammatical structures are shared
across different signed and spoken languages, such as topicalization and compounding,
utilization of the visual modality enables sign language-specific grammatical devices, such as
body anchoring, spatial referencing, and facial grammar (Emmorey, 2001; Reilly, 2006; Oomen &
Kimmelman, 2019).

Sign language comprehension and production activate canonical left-lateralized fronto-temporal
language regions, including the left inferior frontal and middle temporal gyri (Neville et al., 1997;
Campbell et al., 2007; MacSweeney et al., 2008a; Emmorey, 2021; Richardson et al., 2020; Figure
3A). Sign language processing also elicits unique neural signatures. For example, visual cortex
exhibits sensitivity to linguistic information when signers but not non-signers view ASL (Almeida
et al., 2016; Brookshire et al., 2017), and the superior parietal lobule, which encodes spatial
information, has been implicated in sign planning during production (Emmorey et al., 2016; Shum
et al., 2020). Characterizing the neural responses specific to sign languages is an emerging line of
inquiry in language neuroscience (Emmorey, 2021).

Visual reading provides another example of informational ‘cross-talk’ between the language and
visual systems. We discuss this example of cultural adaptation in detail in the cultural symbol
systems (Section 3.3) and therefore only briefly mention it here as it relates to the multi-modality
of the language system. Why is the language system capable of interfacing with vision? According
to one proposal, we can acquire visual-manual languages because language evolved from
gestural communication (Corballis, 1999; Tomasello, 2010; McNeill, 2012; Pollick et al, 2007,
Arbib et al., 2008). On this view, humans evolved to access language through vision.

While there may be a special link between language and vision, language also interfaces with
touch. People who are DeafBlind use Protactile (PT) sign language, whereby locations on the body
and continuous tactile feedback or ‘backchanneling’ are used to encode linguistic information
(Clark, 2014; Granda & Nuccio, 2018). One case study suggests that DeafBlind individuals rely on
fronto-temporal regions plus visual cortex during PT comprehension (Obretenova et al., 2010,
Figure 3A). Braille, a reading system used by blind individuals, is another example of how
language is accessed via touch. The blind French educator Louis Braille created the basic design
of braille that is now used all over the world, which involves a two-column-by-three-row matrix
of possible dot positions (Mellor, 2006). Braille is read by passing the finger rapidly across the
raised dots, and blind adults can read upwards of 300 words per minute (Millar, 1984; 2003).
Braille reading depends on a network of brain regions, including early somatosensory cortex and
posterior parietal circuits, as well as ‘visual’ cortices, including but not limited to parts of the
ventral occipito-temporal cortex that participate in visual reading (e.g., Sadato et al., 1996; Reich
et al.,, 2011). Recent evidence suggests that people born blind may develop an anterior to
posterior orthographic gradient that extends from early somatosensory to dorsal occipital and
finally early visual occipital regions (Tian et al., 2023; Figure 3B).
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Language is a key example of an evolutionarily prepared, domain-specific neurocognitive system
that enables flexible social learning. The language network itself is also flexible: cortical
pluripotency and enhanced developmental plasticity enable the acquisition of any natural
language(s) during childhood. The exuberant connectivity of the language system to other
networks makes it possible to acquire language in any modality. As discussed in the next section,
this rich connectivity also allows language to contribute to many cultural technologies, such as
reading, mathematics, and computer programming.

3.3 Cultural symbol systems: reading, math, and programming

Cultural symbol systems (reading, math, and programming) are a prime example of how human
brains go beyond evolutionary predispositions. These systems have transformed human life,
enabling the transmission of information across time and space, the design of modern
technology, and most recently, the creation of artificial intelligence (Al) ‘agents.” Yet, these tools
were invented too recently for the brain to have evolved specific adaptations for their
acquisition. For example, the earliest evidence of writing dates back to 3200 BCE (Schmandt-
Besserat & Erard, 2008; de Voogt, 2021). Symbolic math and programming are even more recent
inventions. Studies of how the human brain supports cultural symbol systems provide an
important complementary perspective on human adaptation.

Unlike vision or language, reading, math, and programming require explicit instruction and are
not acquired from birth. Literacy and symbolic number acquisition begins during the preschool
years and continues throughout childhood into young adulthood. Learning to program often does
not begin until late adolescence or adulthood, when many neural networks have reached
maturity (Gogtay et al., 2004; Huttenlocher & Dabholkar, 1997). As a result, the degree of
functional change in local cortical circuits during the acquisition of cultural symbol systems is
likely subtler than in the case of sensory loss. Whether enhanced developmental plasticity plays
any role in the neural basis of cultural symbol systems is not known. Like other examples of
adaptation discussed previously, acquiring cultural symbol systems depends heavily on social
learning via linguistic communication. Neurally, however, the fronto-temporal language network
does not constitute the primary neural substrate of reading, math, or programming. Rather, all
three cultural systems interface with language via the reuse of cross-network connectivity. As we
discuss in detail below, both mathematics and programming additionally rely on domain-general
reasoning systems.

We begin by discussing visual reading. The neural basis of visual reading is the best characterized
of any cultural symbol system. Visual reading is also a distinctive form of adaptation, in that it
involves the development of a novel perceptual ‘entry-point’ into the language system. Despite
its evolutionarily recent invention, visual reading recruits common neuroanatomical mechanisms
across people and languages in the left lateral ventral occipito-temporal cortex (vOTC) (Dehaene
et al., 2002; Price et al., 1996; Purcell et al., 2011). The so-called visual word form area (VWFA)
becomes specialized for written language relative to both spoken language and non-linguistic
visual stimuli matched in visual complexity (e.g., false fonts) (Dehaene & Cohen, 2011; Szwed et
al.,, 2011). Damage or electrical stimulation to this area interferes with the ability to read
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(Hirshorn et al., 2016; Tsapkini & Rapp, 2010). The vOTC exhibits a spatial selectivity gradient,
with the highest responses to letters, letter combinations, and words extending progressively
from posterior to anterior regions (Vinckier et al., 2007) (Figure 3B). Critically, specialization for
written symbols in vOTC emerges as a result of literacy and correlates with reading fluency in
children and adults (Ben-Shachar et al., 2011; Dehaene-Lambertz et al., 2018).

Why does the VWFA develop in this canonical location? As discussed in the language section, one
reason is connectivity. The VWFA is a part of the visual system that exhibits particularly strong
connectivity with the language network, even prior to literacy (Saygin et al., 2016; Bouhali et al.,
2014). It has also been suggested that reading ‘recycles’ domain-specific cortical maps
predisposed by evolution to represent letter-like visual shapes (e.g., line-junctions), and
orthographic systems have been modified over time to fit the processing capacities of the region
(Dehaene & Cohen, 2007, 2011). Prior to literacy (i.e., in pre-literate children and illiterate adults),
the anatomical location of the VWFA is involved in visual object recognition (Saygin et al., 2016;
Dehaene-Lambertz et al., 2018). Reading therefore provides the best evidence of how neural
resources that evolved for one ‘domain-specific’ function (visual object recognition) are subtly
modified for a related, culturally constructed function (visual letter recognition). In the case of
mathematics and programming, exactly how ‘domain-specific’ resources are modified to enable
cultural recycling is less well understood, and domain-general resources also play a role.

Like reading, mathematics is a relatively recent human invention and is not culturally universal.
Several languages lack words for large numbers. For example, Pirah3, a language spoken by the
Pirahd people in the Amazonian rainforest, uses only three words to refer to approximate
quantities: ‘roughly one,” ‘roughly two,” and ‘many,” respectively (Frank et al., 2008; Gordon,
2004). Speakers of languages with few or no exact number words, like the Pirahd, perform
differently on some exact number tasks compared to speakers of languages with exact number
words (Boni et al., 2022; Spaepen et al., 2011; Frank et al., 2008; Gordon, 2004). This evidence
suggests that linguistic and cultural experience influence numerical cognition.

Although language contributes to the development of exact numerical cognition, the fronto-
temporal language system does not constitute the neural substrate of numerical or mathematical
thinking (e.g., Cantlon et al., 2006; Piazza et al., 2007). Rather, a key neural system thought to
provide the evolutionary and ontogenetic foundation is the so-called ‘approximate number
system,” which is implemented in fronto-parietal circuits (Brannon & Merritt, 2011; Cantlon &
Brannon, 2007; Feigenson et al., 2004; Nieder, 2021a; Tudusciuc & Nieder, 2009). The
approximate number system is evolutionarily ancient: species across the animal kingdom
estimate numerical quantities (Brannon & Merritt, 2011; Cantlon & Brannon, 2007; Cantlon et
al., 2009; Nieder, 2021a), and infants estimate quantities from birth (Xu et al., 2005; Feigenson
et al., 2004). This system supports approximate arithmetic, including approximate addition and
subtraction (Cantlon & Brannon, 2010). Unlike symbolic numerical thinking, such estimation is
approximate and ratio-dependent. For example, it is just as easy to distinguish 5 from 10 and 50
from 100 dots, but harder to distinguish 90 from 100 dots (Brannon & Merritt, 2011; Nieder,
2021b).
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In children, individual differences in approximate number estimation predict future math abilities
(Libertus et al., 2011; Wang et al., 2017). Approximate number estimation and mathematics also
recruit similar regions in fronto-parietal cortices (Amalric & Dehaene, 2018, 2019; Friedrich &
Friederici, 2009; Kanjlia et al., 2016; Nakai & Sakai, 2014). For example, estimating numerosities
of dots and tones (e.g., 4 vs. 8) can be decoded from patterns of neural activity in the human
intra-parietal sulcus (IPS) (Damarla & Just, 2013; Eger et al., 2009; Kanjlia et al., 2021; Piazza &
Eger, 2016). In non-human primates, neurons in the IPS are tuned to specific numerosities, with
responses falling off as the number of dots or tones becomes more distant from their preferred
numerosity (Nieder & Dehaene, 2009). Fronto-parietal networks are also active when adults and
children solve math equations or make decisions about symbolic numbers (Amalric & Dehaene,
2019; Holloway et al., 2013; Kadosh et al., 2007; Maruyama et al., 2012). Similar networks are
engaged when mathematicians consider the validity of highly abstract mathematical statements
(Amalric & Dehaene, 2018; Amalric et al., 2018). Together, the evidence suggests that an evolved
capacity for approximate numerical estimation contributes to the development of exact
numerical thinking and mathematics.

However, the subtle modification and reuse of domain-specific neural representations of
approximate number are unlikely to provide a full account of how the human brain enables exact
numerical thinking or symbolic mathematics (Ansari, 2008). Although approximate number
estimation is present from birth, children undergo a protracted process of learning the meanings
of exact number words that takes years, suggesting substantial representational change (Carey
& Barner, 2019; Spelke, 2017; Leslie et al., 2008). On the neural level, it is unclear how
approximate neural tuning for numerosities gives rise to representations of exact symbolic
numbers. There is evidence that neural representations of approximate and exact numbers in
fronto-parietal cortex neighbor each other but are not the same: classifiers trained to distinguish
neural (fMRI) patterns elicited during approximate number tasks (i.e., dot arrays) fail to
distinguish neural patterns during digit-based tasks (Cavdaroglu et al., 2015; Eger et al., 2009).
This evidence suggests that although approximate number representations contribute to the
development of exact numerical thinking, the relationship between the two is complex and likely
involves the recruitment of additional neurocognitive mechanisms.

Apart from their role in numerical approximation, fronto-parietal networks contribute to exact
numerical and mathematical thinking because of their role in domain-general reasoning and
symbol manipulation, which are central to numerical cognition (Anderson et al., 2014; Ansari,
2008). Domain-general fronto-parietal networks encode abstract hierarchical rule sets (Bunge et
al., 2003; Bengtsson et al., 2009; Woolgar et al., 2016) and are engaged when reasoning about
abstract variables devoid of concrete meaning (e.g., ‘If X then Y’) (Goel, 2007; Monti et al., 2009)
as well as during non-verbal reasoning tasks such as Raven’s Advanced Progressive Matrices
(Raven, 1965; Prabhakaran et al., 1997; Xu et al., 2021; Fedorenko et al., 2013). Individual
differences in core functions of domain-general fronto-parietal circuits, including executive
control, working memory, and non-verbal reasoning, predict mathematical ability in children and
adults (Clark et al., 2010; Cragg & Gilmore, 2014; Kyttdla & Lehto, 2008). There is also some
evidence that neural responses to symbolic fractions in the IPS reflect domain-general cognitive
processes rather than domain-specific responses to magnitude (Mock et al., 2019). Indeed,
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approximate number representations themselves may depend on domain-general rather than
number-specific neural resources. For example, the IPS does not respond more to number
approximation than to other non-quantification related tasks (Mock et al., 2019; Shuman &
Kanwisher, 2004). Fronto-parietal domain-general reasoning networks contribute to symbolic
math and exact numerical thinking.

The study of programming provides further evidence for the role of domain-general fronto-
parietal reasoning networks in cultural symbol systems. Like mathematics, programming involves
the manipulation of abstract symbols and the use of logical rules (e.g., IF conditional and FOR
loops, as in chars = [x for x in "abcde" if x in "abracadabra"]). However, unlike mathematics,
programming does not inherently involve quantity-related operations, although programs can
refer to numerical data. Programming languages also make use of English words and recursive
structures, akin to natural languages. Programming might therefore depend on the neural
network that evolved for language (Fedorenko et al., 2019; Fitch et al., 2005; Prat et al., 2020;
Siegmund et al., 2014). Contrary to this idea, programming, like mathematics, depends heavily
on domain-general fronto-parietal reasoning networks.

Comprehension of programming code (including C, Python, Java, and Scratch) engages a domain-
general fronto-parietal reasoning network (Liu et al., 2020; Ivanova et al., 2020; Floyd et al., 2017
Ikutani et al., 2021). Programming skills are predicted by deductive reasoning abilities and
working memory capacity, but not linguistic skills (for review see Farghaly & El-Kafrawy, 2021).
Neural responses to code comprehension in individual brains overlap with fronto-parietal
responses to formal logical reasoning (e.g., identifying logical equivalence between statements
such as, ‘If both X and Y then not Z’ and ‘If Z then either not X or not Y’) but not language
comprehension (Liu et al., 2020; Monti et al., 2009). The fronto-parietal reasoning network is also
involved in code generation (e.g., when participants type code or engage in covert code
generation in the scanner) (Krueger et al., 2020; Xu et al., 2021). Patterns of activity in fronto-
parietal reasoning networks encode the algorithms of code, such as FOR loops and IF conditionals
(Ikutani et al., 2021; Liu et al., 2020; Srikant et al., 2022). This evidence suggests that the fronto-
parietal reasoning network’s propensity for representing rules and contingencies is recycled by
the cultural phenomenon of programming (e.g., Bunge et al., 2003; Bengtsson et al., 2009;
Woolgar et al., 2016).

The developmental origins of reasoning capacities remain an active area of investigation.
Although human brains are prepared for reasoning, the degree to which cultural skills, such as
programming and mathematics, recycle intrinsic capacities of fronto-parietal circuits or
capacities that themselves are acquired earlier in childhood through learning remains to be fully
understood. Fronto-parietal networks are engaged in logical reasoning in children as young as 6
years of age (Crone et al., 2009; Wright, Matlen, Baym, Ferrer, & Bunge, 2008). As mentioned
above, fronto-parietal networks continue to mature anatomically and functionally for an
extended period of time (Hartley et al., 2021; Werchan et al., 2016; Thompson-Schill et al., 2009).
Little is known about the function of these systems in early infancy. There is some evidence that
fronto-parietal systems are engaged in simple rule-learning in 8-month-old infants (Werchan et
al, 2016; Raz & Saxe, 2020). Recent behavioral evidence suggests that preverbal infants engage
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in basic forms of logical reasoning, such as disjunctive syllogism deduction (Cesana-Arlotti,
Kovécs, & Téglas, 2020; Cesana-Arlotti et al., 2018; Feiman, Mody, & Carey, 2022). Emerging
imaging studies with infants further suggest that despite their slow maturation, fronto-parietal
circuits play a role in learning and inference from very early in life (Raz & Saxe, 2020).

In sum, cultural symbol systems, including reading, exact number and mathematics, and
programming, depend on a combination of domain-specific and domain-general neural systems
as well as their connectivity to each other and to perceptual systems (e.g., vision in the case of
reading). Although the language network is not the primary neural substrate for any of the
cultural symbol systems studied thus far, it nevertheless makes important contributions to them
all. Reading is itself an alternative entry point to the language system, and visual reading depends
on connectivity between language and visual object recognition circuitry. Exact numerical
thinking and mathematics depends on language during learning. The language system also plays
a supportive function in retrieving math facts from memory (Friedrich & Friederici, 2013;
Maruyama et al., 2012). Likewise, most programming languages reuse linguistic symbols (e.g.,
words like “for,” ‘if,” and ‘return’) and some evidence suggests that the language network extracts
‘gist’ information during Python comprehension (Liu et al., 2024; Srikant et al., 2022). The human
capacity to acquire cultural symbol systems is thus enabled in part by language and its interaction
with other neural systems.

Summary and Discussion

Evidence from congenital sensory loss, language acquisition, and cultural skills offers a broad
perspective on what makes humans so adaptable. Human brains embody a unique combination
of specialization and flexibility. On the specialization side, we are equipped with evolutionarily
prepared flexible learning systems that allow us to adapt efficiently to novel environments and
situations. These systems are predisposed to support specific cognitive functions that enable
powerful learning. One such evolutionarily prepared neurobiological system is language, which
contributes to our capacity to learn from others. Domain-general reasoning networks likewise
make us especially adept at flexible problem solving and contribute to our aptitude for culture.

At the same time, human adaptability is enabled not only by specific neurally prepared systems,
but also by the functional flexibility of our neuroanatomy. Our brains are inherently malleable
and can implement a variety of ‘software’ depending on the cognitive demands of the
environment. How we use our neural wetware is heavily influenced by culture, our behavioral
needs, the tools we use, what we choose to learn, and who we learn from.

Although humans are unusually flexible, we are not infinitely adaptable. The ease with which
humans adapt to experience is partly explained by how that experience interacts with our
mechanisms of adaptation. For example, we adapt more easily and more profoundly to early life
experiences due to heightened plasticity during development (Hensch, 2004; 2005). Later
experiences (e.g., literacy acquisition) build upon earlier ones (e.g., visual object recognition),
leading to more subtle change. Although cognitive pluripotency of cortical circuits likely plays a
role in all forms of behavioral adaptation, larger-scale differences in experience, such as total
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blindness from birth, make greater use of it. Finally, because social learning via language is a key
adaptation mechanism, experiences that interfere with this ‘adaptation machinery’ are
particularly hard to adapt to. For example, language deprivation among deaf children interferes
with the ability to engage in social learning and is therefore more difficult to adapt to than
deafness per se. Likewise, although people born blind adapt to a lack of vision, access to braille
and accessible technology is paramount for full participation in literate and technology-driven
societies.

We are just beginning to understand the neurobiological underpinnings of human adaptability.
Many varieties of human experience remain unexamined or understudied (e.g., Mackey et al.,
2013; Cetron et al., 2020). The phenomena that have received the most attention, such as
reading and sensory loss, are unlikely to be representative. What neural mechanisms support
culturally specific causal inferences, e.g., diseases are caused by viruses? Does medical expertise
recycle domain-specific neurocognitive systems (e.g., intuitive biology) or instead rely on
domain-general reasoning mechanisms? An exciting area of research not discussed in the current
paper examines how the brain changes as a function of sociocultural norms (e.g., Kitayama &
Park, 2010). We hypothesize that the adaptation mechanisms outlined in the current paper apply
broadly, i.e., beyond the examples reviewed in this article, but this claim remains to be tested.

A further open question for future research is whether the adaptation mechanisms proposed in
the current paper, such as cognitive pluripotency and exuberant connectivity, were specifically
selected for in the human lineage because they enable flexible adaptation. Some prior work
suggests that human brains are more plastic than those of other primates (Sherwood & Gomez-
Robles, 2017). Future studies comparing adaptability across species could provide insight into
such questions.
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Figure 1. Mechanisms of adaptation according to the flexible specialization account. The
mechanisms shown in pink (1, 2) are evolutionarily prepared neurocognitive systems that enable
uniquely human flexible learning. The mechanisms shown in blue (3, 4, 5) are general
mechanisms of functional plasticity.
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Figure 2. Experiential variation and neural adaptability. The developmental trajectory of the
examples of experiential variation reviewed in the current article (congenital blindness, language
acquisition, literacy, numeracy, programming) as well as how this trajectory lines up with the

adaptability of the brain are shown.
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Figure 3. Examples of neural stability and adaptability across cognitive systems. Panel A:
commonalities and differences in language network. Blindness leads to the additional
recruitment of visual circuits for language processing (bottom row). Top-left: Japanese sentences
> nonwords in one participant (Malik-Moraleda et al., 2022); top right: ASL > matched action
videos in a deaf participant (unpublished data); bottom left: spoken English sentences > non-
words in a congenitally blind participant (Lane et al., 2015); bottom right: Protactile words > non-
words in a DeafBlind participant (Obretenova et al., 2010). Panel B: distinct reading streams in
visual and braille reading (Tian et al., 2023). Panel C: similar neural responses to logical reasoning,
programming, and math (blind and sighted) (Liu et al., 2020; Kanjlia et al., 2016). Blindness leads
to the additional recruitment of visual circuits for math processing. Contrasts from left to right:
logical reasoning > language, programming > working memory control, math equations >
sentences.
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