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<C-AB>Abstract: The evidence that Anderson (2014) marshals in support of his theory of
neural reuse is persuasive. However, his theoretical framework currently lacks a developmental
dimension. We argue that an account of the fundamental aspects of developmental change, as
well as the temporal context within which change occurs, would greatly enhance Anderson’s

theory.
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A number of theories have been put forward with the aim of unifying and providing a framework
for the neural and psychological sciences. Do we need another one? According to Anderson
(2014), yes, we do. Anderson argues that many current theories are based on suppositions that
are demonstrably false, such as the assumption that the mind is modular (Barkow et al. 1992;
Sternberg 2011) or that neurons and neuronal populations reach a state in which they can
respond only to a specific and restricted set of stimuli (Johnson 2001; 2011). On the contrary,
according to Anderson, the brain is a continuously self-organising system; neurons are
adaptively recruited in real time into partnerships to form hierarchies at multiple levels and

timescales, but these partnerships are never truly fixed (“neural reuse”).

We agree with Anderson’s view that neural circuits can be put to multiple uses. His
theory of neural reuse can indeed explain a range of phenomena, from synaesthesia to cross-
modal plasticity (where a cortical area for one function [e.g., vision] is used for a different one
[e.g., hearing in blind persons]). However, although Anderson’s framework was motivated “first
and foremost by functional, developmental, and evolutionary considerations” (p. 95, italics
added), he actually focuses on activity at multiple physical — but not temporal — scales. Yet,
understanding developmental processes — at multiple timescales — is crucial to understanding
brain function. Therefore, we believe that an account of the fundamental aspects of
developmental change, as well as the temporal context within which change occurs, would

greatly enhance Anderson’s theory.

The reason an emphasis on development is critical for understanding brain function is that

(embodied, social) brains are adaptive “complex” systems, and complex systems are history
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dependent (Buzsaki 2006; Kelso 1995). In other words, the brain does not comprise neural and
cognitive modules that passively process sensory information in order to prepare a behavioural
response. Rather, much of the brain’s activity is self-generated; sensory inputs help the brain to
adjust its “internal connectivity and computations to the spatial and temporal metrics of the
external world” (Buzsaki 2006, p. 11). That is, sensory information “gets embedded into a
context, an important part of which is time” (Buzsaki 2006, p. 11). For example, auditory
perception depends both on the perceiver’s brain state and past experience with physical inputs,
as well as on the pattern of sound vibrations reaching the cochlea. Hence, as Buzsaki (2006)
argues, “‘each time the same stimulus is presented, it generates a somewhat different and unique

trajectory in the neuronal space” (p. 13).

Anderson alludes to the importance of the temporal dimension throughout his book, but
rarely does he actually take time into account. For example, how might neural reuse explain the
finding that, after brain insult, recovery of function is massively dependent on time-related
variables such as age at insult (e.g., Anderson et al. 2010)? Yet, such a discussion might actually
strengthen Anderson’s theory. For instance, it is widely assumed that early insults are distinct
from those occurring in adulthood, and consequently that the infant brain is more plastic than the
adult one. For example, whereas children with perinatal left-hemisphere (LH) damage acquire
age-appropriate language skills, adults with similar LH lesions typically present with aphasia
(Bates et al. 2001; Ricci et al. 2008). According to Johnson’s (2001; 2011) Interactive
Specialization framework (and the broader neuroconstructivist approach; Elman et al. 1996;
Mareschal et al. 2007), this reduction in plasticity is a consequence of neural commitment,

because functional brain development is characterised by a process of increased tuning or
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selectivity of functions (see discussion in Thomas 2003). However, recent evidence has yielded a
more complex, nonlinear relationship between (for example) age of insult and recovery
(Anderson et al. 2010; see Anderson et al. 2011, for review). For example, Vicki Anderson and
colleagues (2010) found that children who had sustained brain injury prior to 2 years of age
performed worse on a range of standardised neurobehavioural measures than those who had
acquired brain insults after 7 years of age, indicating “greater early vulnerability” rather than
“greater early plasticity”. How can our current theories explain such findings? Could the early
brain insults have had cascading effects on the developing system? Could the fact that plasticity
occurs on different timescales — from spine plasticity (minutes) to the reorganization of large
functional networks (days, months) — help explain differences in recovery outcome? Indeed, a
review by Vicki Anderson et al. (2011) suggests that neither plasticity nor vulnerability theories
explain the wide range of functional outcomes after brain insult (see also Giza & Prins 2006;
Mosch et al. 2005). On the contrary, many different (time-related) developmental and
environmental factors are involved (Anderson et al. 2011). A theory that takes development
seriously (e.g., dynamic systems theory, neuroconstructivism) may have greater success in

explaining these time-related phenomena.

Timing is also important in understanding the #ypically developing (TD) brain. Take
learning, for example. The acquisition of new skills over the lifespan is constrained by age of
acquisition; early learning constrains the development of later cognitive and neural structures
(Hernandez & Li 2007). For example, in the language domain, young children gain much deeper
grammatical sensitivity when learning new languages than (cognitively superior, even fluent-

speaking) adults (Johnson & Newport 1989). Why do we not learn equally well over the
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lifespan? How does neural reuse help explain, for example, why adult Japanese speakers who
learn English as a second language often have great difficulty in discriminating /r/ from /1/
accurately? Takagi and Mann (1995) examined the perception of /t/ and /I/ in adult Japanese
learners of English as a function of their exposure to the English language. They found that
although persistent exposure (12 or more years in an English-speaking environment) improved
/t/-/1/ identification accuracy, the learners never attained perfect perceptual mastery (see also
Flege et al 1999; Takagi 2002; for reviews, see Birdsong 2006; Hernandez & Li 2007). Yet,
infants worldwide can initially perceive all the phonetic and phonemic differences across
languages (e.g., whatever their mother tongue, early on all can discriminate between English /r/
and /1/) and have the potential to master multiple languages (Eimas 1975). Nevertheless, infants’
perception of nonnative distinctions declines during the second half of the first year of life
(Werker & Tees 1984), and their ability to discriminate native speech sounds increases (Kuhl et
al. 2006). This developmental process (known as perceptual narrowing) is clearly important,
because it correlates with greater language and reading skills later in life (Kuhl et al. 2008). But

it also suggests that the neural commitment arising from learning a language early in

development decreases the ability to learn other languages later on in development (Kuhl 2004).

Neuroconstructivism can explain perceptual narrowing, because accounts of perceptual
narrowing involve “neural commitment” (Kuhl 2004) or “restriction-of-fate” (Mareschal et al.
2007), whereby the neurocognitive functions involved in human perception gradually
“specialize” over developmental time for socially relevant information — in faces, voices, music,
language, and action (e.g., Lewkowicz & Ghazanfar 2009; Scott et al. 2007; Werker & Tees

2005; see Pascalis et al. 2014, for discussion). Anderson’s framework can also account for these
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developmental data, by arguing that the early formation of functional networks constrains the
emergence of future ones. Moreover, there is evidence that perceptual narrowing can be reversed
in 9-month-old infants under certain conditions (Kuhl et al. 2003), which fits well with the
concept of neural reuse. But a focus on developmental change of this nature is missing from
Anderson’s book. Precisely what is the difference between infants and adults in these kinds of
studies? Why are neurons or neuronal populations not being reused to help Japanese adult
learners of English (i.e., perceptual narrowing has not been reversed in children older than 9
months)? How are later emerging networks constrained by the existence of earlier developing

ones?

Developmental change is also crucial for understanding individual differences. As
Anderson acknowledges, the emergent behaviour of a system (e.g., social anxiety in an
individual) is not reducible to the microstates of the system’s parts (e.g., genes, neurons). Rather,
emergent properties arise as a result of additional laws that apply at higher levels. These
additional laws, which include developmental principles, as well as principles of functional brain
organisation and social context, constrain the arrangement and behaviour of the components at
levels below, and help to explain why particular properties (e.g., social anxiety) are present in
some individuals but not in others. Moreover, because complex systems tend to gravitate towards
certain stable patterns of activity (Kitano 2004; Thelen & Smith 2006), understanding
developmental processes can also help to explain why qualitatively new and unexpected
functional states emerge (e.g., psychosis). Furthermore, it can help explain why some states (e.g.,
psychosis) are relatively common. Some states can induce changes in the system that make it

more likely for them to re-emerge in the future. For example, there is evidence that normal
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homeostatic processes in dopaminergic signalling pathways can, under certain circumstances,
compound the effects of perinatal deficits in the brain — and subsequently drive the system into
psychosis and (thereafter) schizophrenia (e.g., Lisman et al. 2008). Hence, brain structure and
function are deeply yoked to developmental processes, and therefore we must consider
developmental trajectories when striving to account for individual differences and especially
when trying to understand how various neurodevelopmental disorders arise (Karmiloff-Smith
1998). This is especially important if, as Anderson contends, relations between neurons (or

populations of neurons) are never fixed but vary over time.

Therefore, thinking developmentally can help the scientist to understand a range of
phenomena that are related to brain structure and function. Important developmental questions
include: Is there more neural search early on in life? How and when ontogenetically does neural
reuse actually occur? Some groups of neurons (e.g., those in anterior insula) are more
functionally diverse than others (e.g., those in primary visual cortex) (Anderson 2014): Do all
groups of neurons start off functionally diverse, with some becoming more specialised than
others over developmental time? Do the (low-level) functional biases of local networks also
change over time? As coalitions of neurons emerge and grow in strength, does the brain become
progressively less plastic? If neurons used for processing objects become co-opted into learning
a language, does that affect their role in object processing? Or can neurons be “reused” without
any cost (see Liu et al. 2015, for evidence of neural trade-offs)? Does the brain develop from a
relatively labile state to one that falls in between labile and stable, or is it always labile? The
neural reuse theory accounts for rapid online adaptivity to changing environments. But is this

plasticity unconstrained — i.e., might it produce a brain that is oo malleable (Bavelier et al. 2010;
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Hensch 2005; Karmiloff-Smith 2015)? If neurons can be co-opted into different coalitions
without any cost, then how would neural reuse explain phenomena such as the developmental
“rise and fall” of synaptic density (Goddings & Giedd 2014; Huttenlocher 1990; 1994), “U-
shaped” curves in development (e.g., Casey et al. 2010; Giedd & Rapoport 2010; see Rogers et
al. 2004, for discussion), or perceptual narrowing in infants (Werker & Tees 1984)? The
preceding are all fundamentally developmental questions. A developmental perspective is, in
fact, crucial because the timing of developmental events is likely to be an important constraining

factor.

In conclusion, Anderson’s idea that neurons are recruited into partnerships that are never
fixed is a compelling one. However, we argue that at every level of an adaptive, complex system,
one cannot ignore its developmental history and environmental context. Hence, an understanding
of the human mind/brain requires a truly developmental perspective that, in our view, would
greatly enhance Anderson’s theoretical framework.

<C-Text ends>

[COMP: DO NOT SET REFERENCES FROM HERE; USE CONSOLIDATED

REFERENCES FILE]

<RFT>References [Dean D’Souza and Annette Karmiloff-Smith] [DD’S]

<refs>

Anderson, M. L. (2014) After phrenology: Neural reuse and the interactive brain. MIT Press.
[DD’S]

Anderson, V., Jacobs, R., Spencer-Smith, M., Coleman, L., Anderson, P., Williams, J.,



16006 9.

Greenham, M. & Leventer, R. (2010) Does early age at brain insult predict worse
outcome? Neuropsychological implications. Journal of Pediatric Psychology 35(7):716—
27.DD’S]

Anderson, V., Spencer-Smith, M. & Wood, A. (2011) Do children really recover better?
Neurobehavioural plasticity after early brain insult. Brain 134(8):2197-221. [DD’S]

Barkow, J., Cosmides, L. & Tooby J., eds. (1992) The adapted mind. Oxford University Press.
[DD’S]

Bates, E., Reilly, J., Wilfeck, B., Donkers, N., Opie, M., Fenson, J., Kriz, S., Jeffries, R, Miller,
L. & Herbst, K. (2001) Differential effects of unilateral lesions on language production in
children and adults. Brain & Language 79:223—65. [DD’S]

Bavelier, D., Levi, D. M., Li, R. W, Yang, D. & Hensch, T. K. (2010) Removing brakes on adult
brain plasticity: From molecular to behavioral interventions. The Journal of Neuroscience
30(45):14964-71. [DD’S]

Birdsong, D. (2006) Age and second language acquisition and processing: A selective overview.
Language Learning 56:9. [DD’S]

Buzsaki, G. (2006) Rhythms of the brain. Oxford University Press. [DD’S]

Casey, B. J., Duhoux, S. & Cohen, M. M. (2010) Adolescence: What do transmission, transition,
and translation have to do with it? Neuron 67:749—60. [DD’S]

Eimas, P. D. (1975) Auditory and phonetic coding of the cues for speech: Discrimination of the
/r-1/ distinction by young infants. Perception & Psychophysics 18(5):341-47. [DD’S]

Elman, J., Bates, E., Johnson, M., Karmiloff-Smith, A., Parisi, D. & Plunkett, K. (1996)
Rethinking innateness: A connectionist perspective on development. MIT/Bradford

Books. [DD’S]



16006 - 10 -

Flege, J. E., Yeni-Komshian, G. H. & Liu, S. (1999) Age constraints on second-language
acquisition. Journal of Memory and Language 41(1):78-104. [DD’S]

Giedd, J. N. & Rapoport, J. L. (2010) Structural MRI of pediatric brain development: What have
we learned and where are we going? Neuron 67:728-34. [DD’S]

Giza, C. C. & Prins, M. L. (2006) Is being plastic fantastic? Mechanisms of altered plasticity
after developmental Traumatic Brain Injury. Developmental Neuroscience 28:364—79.
[DD’S]

Goddings, A.-L. & Giedd, J. N. (2014) Structural brain development during childhood and
adolescence. In: The cognitive neurosciences, 5th edition, ed. M. S. Gazzaniga & G. R.
Mangun, pp. 15-22. MIT Press. [DD’S]

Hensch, T. K. (2005) Critical period plasticity in local cortical circuits. Nature Reviews
Neuroscience 6:877-88. [DD’S]

Hernandez, A. E. & Li, P. (2007) Age of acquisition: Its neural and computational mechanisms.
Psychological Bulletin 133(4):638. [DD’S]

Huttenlocher, P. R. (1990) Morphometric study of human cerebral cortex development.
Neuropsychologia 28(6):517-27. [DD’S]

Huttenlocher, P. R. (1994) Synaptogenesis, synapse elimination, and neural plasticity in human
cerebral cortex. In: Threats to optimal development: Integrating biological,
psychological, and social risk factors. The Minnesota symposium on child development,
Vol. 27, ed. C. A. Nelson, pp. 35-54. Erlbaum. [DD’S]

Johnson, J. S. & Newport, E. L. (1989) Critical period effects in second language learning: The
influence of maturational state on the acquisition of English as a second language.

Cognitive Psychology 21(1):60-99. [DD’S]



16006 -11-

Johnson, M. H. (2001). Functional brain development in humans. Nature Reviews Neuroscience
2:475-83. [DD’S]

Johnson, M. H. (2011). Interactive specialization: A domain-general framework for human
functional brain development? Developmental Cognitive Neuroscience 1(1):7-21. [DD’S]

Karmiloff-Smith, A. (1998) Development itself is the key to understanding developmental disorders.
Trends in Cognitive Sciences 2(10):389-98. [DD’S]

Karmiloff-Smith, A. (2015) An alternative approach to domain-general or domain-specific
frameworks for theorizing about evolution and ontogenesis. AIMS Neuroscience 2(2):91—
104. [DD’S]

Kelso, J. A. S. (1995) Dynamic patterns: The self-organization of brain and behaviour. MIT
Press. [DD’S]

Kitano, H. (2004) Biological robustness. Nature Reviews Genetics 5:826-37. [DD’S]

Kuhl, P. K. (2004) Early language acquisition: Cracking the speech code. Nature Reviews
Neuroscience 5:831-43. [DD’S]

Kuhl, P. K., Conboy, B. T., Coffey-Corina, S., Padden, D., Rivera-Gaxiola, M. & Nelson, T.
(2008) Phonetic learning as a pathway to language: New data and native language
magnet theory expanded (NLM-e). Philosophical Transactions of the Royal Society B:
Biological Sciences 363(1493):979-1000. [DD’S]

Kuhl, P. K., Stevens, E., Hayashi, A., Deguchi, T., Kiritani, S. & Iverson, P. (2006) Infants show
a facilitation effect for native language phonetic perception between 6 and 12 months.

Developmental science 9(2):F13—-F21. [DD’S]



16006 -12 -

Kuhl, P. K., Tsao, F.-M. & Liu, H.-M. (2003) Foreign-language experience in infancy: Effects of
short-term exposure and social interaction on phonetic learning. Proceedings of the
National Academy of Sciences of the USA 100(15):9096—191. [DD’S]

Lewkowicz, D. J. & Ghazanfar, A. A. (2009) The emergence of multisensory systems through
perceptual narrowing. Trends in Cognitive Sciences 13(11):470-78. [DD’S]

Lisman, J. E., Coyle, J. T., Green, R. W., Javitt, D. C., Benes, F. M., Heckers, S. & Grace, A. A.
(2008) Circuit-based framework for understanding neurotransmitter and risk gene
interactions in schizophrenia. Trends in Neuroscience 31(5):234-42. [DD’S]

Liu, J., Wang, Z., Feng, L., Li, J., Tian, J. & Lee, K. (2015) Neural trade-offs between
recognizing and categorizing own-and other-race faces. Cerebral Cortex 25(8):2191-203.
[DD’S]

Mareschal, D., Johnson, M. H., Sirois, S., Spratling, M. W., Thomas, M. S. C. & Westermann,
G. (2007) Neuroconstructivism vol I: How the brain constructs cognition. Oxford
University Press. [DD’S]

Mosch, S. C., Max, J. E. & Tranel, D. (2005) A matched lesion analysis of childhood versus
adult-onset brain injury due to unilateral stroke: Another perspective on neural plasticity
and recovery of social functioning. Cognitive Behavioral Neurology 18(1):5-17. [DD’S]

Pascalis, O., Loevenbruck, H., Quinn, P. C., Kandel, S., Tanaka, J. W. & Lee, K. (2014) On the
links among face processing, language processing, and narrowing during development.
Child Development Perspectives 8(2):65-70. [DD’S]

Ricci, D., Mercuri, E., Barnett, A., Rathbone, R., Cota, F., Haataja, L., Rutherford, M.,
Dubowitz, L. & Cowan, F. (2008) Cognitive outcome at early school age in term born

children with perinatally acquired middle cerebral artery territory infarction. Stroke



16006 -13-

39:403-10. [DD’S]

Rogers, T. T., Rakison, D. H. & McClelland, J. L. (2004) U-shaped curves in development: A
PDP approach. Journal of Cognition and Development 5(1):137-45. [DD’S]

Scott, L. S., Pascalis, O. & Nelson, C. A. (2007) A domain-general theory of the development of
perceptual discrimination. Current Directions in Psychological Science 16(4):197-201.
[DD’S]

Sternberg, S. (2011) Modular process in mind and brain. Cognitive Neuropsychology 28(3—
4):156-208. [DD’S]

Takagi, N. (2002) The limits of training Japanese listeners to identify English /r/ and /1/: Eight
case studies. The Journal of the Acoustical Society of America 111(6):2887-96. [DD’S]

Takagi, N. & Mann, V. (1995) The limits of extended naturalistic exposure on the perceptual
mastery of English » and / by adult Japanese learners of English. Applied
Psycholinguistics 16(4):379-405. [DD’S]

Thelen, E. & Smith, L. B. (2006) Dynamic systems theories. In: Handbook of child psychology,
volume 1, theoretical models of human development, 6th Edition, ed. William Damon,
vol. ed. Richard M. Lerner, pp. 258-312. John Wiley & Sons. [DD’S]

Thomas, M. S. C. (2003) Limits on plasticity. Journal of Cognition and Development 4(1):95—
121. [DD’S]

Werker, J. F. & Tees, R. C. (1984) Cross-language speech perception: Evidence for perceptual
reorganization during the first year of life. Infant Behavior and Development7(1):49—63.

[DD’S]



16006 -14 -

Werker, J. F. & Tees, R. C. (2005) Speech perception as a window for understanding plasticity
and commitment in language systems of the brain. Developmental Psychobiology
46(3):233-51. [DD’S]

<refs end>



