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Abstract 33 

It has long been assumed that social animals, such as humans, are born with a brain system that has 34 

evolved to support social affiliation. However, the evidence does not necessarily support this 35 

assumption. Alternatively, social animals can be defined as those who cannot survive alone and rely 36 

on members from their group to regulate their on-going physiology (or allostasis). The rather simple 37 

evolutionary constraint of social-dependency for survival can be sufficient to make the social 38 

environment vitally-salient, and to provide the ultimate driving force for socially-crafted brain 39 

development and learning. In this Perspective article, we will propose a framework for sociality and 40 

specify a set of hypotheses on the mechanisms of social development and underlying neural systems. 41 

The theoretical shift proposed here implies that profound human characteristics, including but not 42 

limited to sociality, are acquired at early age, while social interactions provide key wiring 43 

instructions that determine brain development. 44 

 45 

 46 

Introduction 47 

Humans are a social species. We cooperate with each other 1. We form long-term pair bonds 48 

with selected individuals 2. We bear and care for children over an extended period of time 3. 49 

Sociality is a survival strategy, which optimizes securing the resources that are necessary for growth, 50 

protection and reproduction 4. Consequently, many human psychological features can be best 51 

understood in a social context. Here, we propose an evolutionary theory of social affiliation. We 52 

begin by defining a social species as one where animals regulate one another’s fundamental 53 

physiological processes (or allostasis), and therefore their survival depends on social bonds. 54 

Allostasis is the ongoing adjustment of an individual’s internal milieu that is necessary for survival, 55 

growth, and reproduction 5, and social animals gradually learn to regulate their own and others’ 56 

allostasis using social communication 6.   Therefore, we hypothesize that social affiliation is rooted 57 

in allostasis 6. Social dependency for allostasis regulation is a co-evolutionary plan that inherently 58 

relies not only on the individual’s physiology for survival, but also on their social environment. This 59 

evolutionary plan is adaptive because as a result of a relatively simple evolutionary feature (e.g. 60 

inability to control your own allostasis), it maximizes social motivation and developmental 61 

flexibility in learning culturally relevant knowledge and behaviours needed to survive in a specific 62 

community or social niche. 63 
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All mammals, and most birds are social to some extent, as newborns cannot survive without 64 

at least one dedicated caregiver. In newborns, the presence of the caretaker is to actually keep 65 

newborns alive, which could have robust implications for social development. Mothers establish and 66 

control allostasis in their offspring during embryonic development 7, in eggs or in the womb. This 67 

physiological dependency continues once the offspring are born or hatched. Our definition of a 68 

social species using the idea of allostasis-dependence, is not meant to restrict or simplify the 69 

definition of a social species but to add an important dimension to social neurobiology. The idea that 70 

sociality is evolutionarily related to allostasis is supported by comparative evidence linking a central 71 

feature of allostasis, energy metabolism, to social strategies. This literature points that across 72 

different species, higher allostatic demands are associated with more complex sociality (See Table 73 

1). Given mammalian ontogeny, newborns depend on their mothers, and the initial social dyad is 74 

designed to physically regulate allostasis in the infant, including energy expenditure, temperature 75 

and immune function 8, and mothers implicitly provide bio-behavioural regulation to their offspring, 76 

a phenomenon previously referred to by Myron Hofer as maternal Hidden Regulators 9. For 77 

example, human mothers feed their infants to regulate their diet, sing and touch their infants to 78 

regulate their temperature, heart rate 10 sleep, and arousal 11 (e.g., control many aspects of infants’ 79 

autonomous nervous system). Importantly, while a mother regulates her infant’s allostasis she 80 

provides nutrition, soothing and comfort. In effect, a caregiver’s allostatic support is rewarding 12, 81 

which makes social interactions a strong reinforcement. With repeated care, the infant gradually 82 

builds an internal model of the caregiver 9. Since the experience with the caregiver is repeatedly 83 

associated with a vigorous reward (i.e., allostasis regulation), we hypothesize that the internal model 84 

of the caregiver is acquired as rewarding, which promotes infant attachment and motivation towards 85 

social interactions. Altogether, we propose here that parental care is directed towards infant 86 

allostasis, and thus provides an optimal incentive for brain development and learning, as via 87 

allostasis the social dyad encourages the acquisition of new behaviours and concepts that are 88 

necessary for social affiliation. 89 

In support of the theory suggested here, we review three lines of evidence. First, the social 90 

neuroimaging literature and how the brain processes social information. We propose that neural 91 

systems supporting social behaviours overlap with those supporting allostasis 13-15. According to our 92 

framework, social affiliation is acquired and develops as a result of an inborn dependency in 93 

allostasis. Allostasis is thus considered a domain general process, which is an important ingredient of 94 
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sociality. Correspondingly, neural systems that support allostasis represent a crucial neural 95 

ingredient that wires social behaviours 16. Then, a review of brain development literature 96 

demonstrates that the neural circuitry needed for social affiliation is not evident in newborns, and 97 

develops throughout childhood 17. We propose that this potentiates its susceptibility to environmental 98 

input. The third line of evidence is developmental neurobiology literature, which provides 99 

compelling evidence that early social experience (particularly maternal care) determines the 100 

offspring social biology and behaviour in adulthood. Altogether, these lines of literature points that 101 

current theories of social bonding are not supported by empirical evidence, and there is a need to 102 

consider an alternative theory.  103 

Synthesizing new and longstanding ideas, we propose a developmental trajectory, which is 104 

socially-crafted and powered by allostasis. In particular, with early-life experience the brain 105 

assembles predictive models, which enables the development of a conceptual system as a 106 

prerequisite for social development. We argue that in a next step development of concepts promotes 107 

human social development by acquiring social concepts (such as the “mommy”), and social skills 108 

(such as synchrony). Integrating empirical findings about the developmental trajectories of (a) neural 109 

networks and (b) social competency, we introduce the hypothesis that brain development and social 110 

development are two manifestations of the same phenomenon: becoming social experts. Thinking of 111 

social affiliation as an acquired skill has scientific, clinical and societal implications.   112 

 113 

Table 1: Comparative association between allostasis and social strategies across species 114 

Level of Observation  Evidence  References 

Comparative relationship 
between social strategy 

and metabolism 

 There is a relationship between social status and standard 
metabolic rate in juvenile Atlantic Salmon, such that socially 
dominant fish have higher metabolic rates.  

18 

 Large brains in primates were associated to both increased 
metabolism and increased social demands. 

19, 20 

 Sloths have extremely low standard metabolic rate compared to 
other mammals. Accordingly, social interactions among sloths 
are rare, and sloths are known for their solitary habits.  

21 

 high energy requirements imposed on reproductively active 
females are an important determinant of the phenomenon of 
female social dominance in the Sifaka (Propithecus uerreauxi, 
a Madagascar primate). 

22 
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Similar genetic basis for 
social development and 
energy metabolism 

 Changes in gene expression in primates, which were suggested 
to accompany social evolutionary development include genes 
controlling energy metabolism (e.g. ASPM, GLUD2 and 
MCPH1)  

23 

Social deficits in bees 
and humans share a 
neural gene expression 
signature 

Social deficits in non-social bees and Autistic Spectrum Disorder 
humans are associated with GABA receptor and voltage-gated 
ion channel genes, which is involved in allostasis 24.  

25 

 115 

 116 

Social Brain Development: Unexplained Findings 117 

According to our framework, social animals are not born with a predetermined “social brain”, 118 

but rather biologically adapt to become social as a result of allostasis dependency. In this section, we 119 

will describe neural circuits involved in social processing, review evidence demonstrating that they 120 

are not innate, and that early social experience effectively determines their functional outcome (as 121 

well as behaviour) in adulthood. 122 

What is the “social brain” and what is it for? 123 

The fully developed adult human brain is organized as anatomically connected and 124 

functionally coupled intrinsic networks 13.  These networks are held together by thick, long range 125 

axonal tracks 26. Of specific importance to both allostasis and social processing are the salience 126 

network 13, and the default mode network 27 (also called the mentalizing network 13). The salience 127 

and default mode networks together make up an integrated network for implementing allostasis and 128 

representing its sensory consequences, called interoception 15. These two networks are considered 129 

domain-general core networks in the sense that they are consistently involved in a variety of 130 

psychological phenomena, including social functioning 13. These domain-general networks are 131 

connected to each other and to other parts of the brain, via cortical nodes called “rich club hubs” 28, 132 

which integrate information from across each network, and between the different networks 28. The 133 

rich club hubs are also heavily connected to each other and to the sensory and motor networks of the 134 

brain 28, and are thought to function as a high-capacity backbone for synchronizing neural activity to 135 

integrate information across the entire brain 29.  136 

The core intrinsic networks and hubs, specifically in the default mode and salience networks, 137 

were repeatedly demonstrated to participate in social brain processing, including maternal bonding 138 
30-32, social cognition 13, social network size 33, and to be impaired in patients with social deficits 139 

such as in Autistic Spectrum Disorder (ASD) 34, 35. A recent meta-analysis of social neuroimaging 140 
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studies searched across the literature for distinct “neural fingerprint” for social processing. The 141 

results from this meta-analysis demonstrated that neural circuits associated with social processing 142 

across the neuroimaging literature are similar to domain-general circuits, namely the default mode 143 

and the salience networks, which are also involved in allostasis 15, and other mental capacities (Atzil, 144 

S. Satpute, A. B., Parrish, M. H., Goel, S., Shablack, H., Brooks, J. A., Kang, J., and Lindquist, K. 145 

Manuscript In Preparation).  Thus, evidence from human neuroimaging studies suggest an overlap 146 

between the neural system that supports social behaviours, and the one that supports allostasis.  147 

 148 

The brain is malleable in early life, and sensitive to social input 149 

It was demonstrated in the past that the infant brain is not a miniature version of an adult 150 

brain 36. Key aspects of adult brain functional architecture, including long-distance functional 151 

synchronization and “rich club hubs” within the core networks (i.e., salience, default), are missing in 152 

newborns 37-39 (see Figure 1). Consistently, from structural development perspective, the myelination 153 

of the long-distance axon tracts that allow for the fast, efficient information transfer throughout the 154 

networks develops for the most part after birth 36, 37, 39-41. Generally, sensory and motor-control 155 

networks become synchronized early in life, even during prenatal period and show adult-like spatial 156 

topology shortly after birth 41, 42. However, the core networks, mostly residing in association cortices, 157 

develop more slowly over time 43. For example, it is reported that major nodes of the default mode 158 

network do not become synchronized until 6 months of life 43 and that the network continues to 159 

develop well into childhood and young adulthood 44. This is also consistent with the developmental 160 

course of dendritic arborization and synaptogenesis which similarly show earlier peaking in primary 161 

sensory cortices but prolonged growth in prefrontal and other association cortices 45. Overall, 162 

empirical data suggests that humans are born without the neural infrastructure that supports adult 163 

sociality.  164 
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 165 

Figure 1. Growing a Social Brain. This figure shows the development of the (a) default mode 166 
network and (b) salience network during the first two years of life derived from a data-driven 167 
independent component analysis technique. (a) and (b) demonstrate that key aspects of adult brain 168 
functional architecture that support social processing, including long-distance functional 169 
synchronization and rich club hubs are missing in newborns. Despite the numerous studies showing 170 
that neural development depends on social experience (see supplementary Table 1), the mechanistic 171 
role of social care on the developmental trajectory of the default and salience networks was never 172 
directly assessed. Given the pliability of neonates’ brains, we hypothesize that the intensive social 173 
care during critical years of development have a dominant role in sculpting these networks (c). (a) 174 
and (b) were reproduced with permission from 46. 175 

 176 

Human brain development is a protracted process that starts in utero and lasts for up to 25 177 

years postnatal 47. During the first perinatal weeks, the brain is characterized by maximized 178 

plasticity. There is a massive acceleration of brain growth, myelination, enrichment of neural 179 

synapses, cortical volume expansion and cortical folding 36, 48, 49, all are critical to normal cognitive 180 

development 48, 50, 51.  The extended developmental course in humans, along with massive neural 181 

Allostasis deviation Allostasis regulation

C



 8

plasticity makes brain development susceptible to environmental input 47, 52, 53, suggesting that the 182 

social environment could have a dominant role in determining the outcome- the fully formed adult 183 

brain.  184 

 185 

Early-life social care determines social behaviour in adulthood  186 

 It is well-established that in social animals, social interactions are critical to development 54. 187 

Compelling empirical evidence shows that provision of early-life care shapes brain anatomy 55-58, 188 

function and development 59-63 (for review see 64, and see supplementary Table 1 for a list of 189 

evidence). In addition to brain development, early social care also determines the behavioural 190 

phenotype of the offspring. The development of social-behavioural repertoire in adulthood depends 191 

on early life social experience 65. Even “typical” social behaviours, like maternal behaviours, sexual 192 

behaviour and peer interaction 66, would not develop without maternal care 67. However, not only 193 

the complete deprivation of social care shifts the trajectory of social development. Individual 194 

differences in maternal care have the power to shape social development in mammal offspring 68. 195 

For example, rats demonstrate individual differences in maternal behaviour, as some dams are 196 

spontaneously more maternal than others 68. Female rats that provide high levels of maternal 197 

behaviours towards their pups received high levels of maternal care 69. This intuitive trajectory of 198 

cross-generation transmission of maternal behaviours could rely on a genetic mechanism, i.e., the 199 

dam could have genetically inherited a “high social genetic profile” from her parents. Alternatively 200 

(or additionally), the mechanism could be acquired, as the dam could have been “programed” to 201 

interact with her pups during her own rearing. Cross-fostering studies confirm the role of postnatal 202 

experience in mediating this transmission. Females born to dams that provide low levels of maternal 203 

behaviour and are fostered by dams that provide high levels of maternal behaviour, will perform 204 

high levels of maternal behaviour toward their own pups 70, 71.   205 

  Human studies have also demonstrated that variation in maternal behaviour impacts children 206 

social development 72. Children of mothers with postpartum depression, a condition that impairs 207 

maternal behaviour 73, have altered social development (including long-term susceptibility to social 208 

problems such as separation anxiety, and social withdrawal 74). On the contrary, children who 209 

receive optimal maternal care showed improved social development along with optimal 210 

physiological organization across childhood and adolescence 54, 72. A recent longitudinal study in 211 

humans show that individuals who experienced sensitive, responsive, and supportive caregiving 212 
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exhibited improved bio-behavioural regulation with their adult romantic partners, 37 years later 75. 213 

This study makes two important points: First, even small fluctuations in early care are powerful 214 

enough to cause variation in social behaviour in adulthood. Second, the parent-infant dyad is not 215 

only responsible for the cross-generation transmission of parental behaviours, but also plays a 216 

general role in moulding social behaviours at large.  217 

  To summarize the first section, allostasis regulation is a rewarding process 12, and as such can 218 

potentially motivate learning and development. In social animals, social regulation of allostasis is 219 

proposed here to motivate social learning and the maturation of associative neural networks, which 220 

are reportedly involved in social functioning in adulthood. We hypothesize that infants will show 221 

facilitated network development when their allostatic needs are sensitively regulated. This 222 

hypothesis is supported by literature demonstrating that child development is optimized and even 223 

accelerated where provision of parental care is sensitively attuned to the infant needs 76. In the next 224 

section, we will outline how social care in early life can potentially support social development, via 225 

the acquisition of concepts. 226 

 227 

An Alternative Framework for Social Development 228 

According to our framework, infants are not born with “core social knowledge” 77, 78, but 229 

rather need to learn about social agents and social behaviours. As a result, a prerequisite of social 230 

development is the acquisition of rudimentary concepts, which start as multi-modal representations 231 

(such as a face) and become more abstract with development. We will describe our proposed course 232 

of development from birth onward, starting with the development of a conceptual system, then 233 

describing how such conceptual system promotes social development. 234 

 235 

Neural prediction- a potential mechanism for how experience sculpts the developing brain 236 

An increasingly popular hypothesis in neuroscience is that the brain runs internal models that 237 

function as Bayesian filters for incoming sensory input, driving action and constructing perception 238 

and other psychological phenomena 16, 79, 80. This hypothesis is often called predictive coding 80-85. 239 

Prediction signals (also known as ‘top-down’) are embodied, whole brain representations that 240 

continuously anticipate (i) populations of upcoming sensory events from inside and outside the body 241 

(ii) populations of best action to deal with those events. Unanticipated information is prediction 242 

error signal that tracks the difference between the prediction and the actual incoming input from the 243 
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world and the body (also known as ‘bottom-up’ signal). Predictions are generated in agranular 244 

association cortices and propagate to primary sensory cortices, always preparing for the next moment 245 
86. 246 

A key feature of the predictive coding model is the interaction between the forward and 247 

backward flow of information: the backward flow delivers predictions while the forward flow 248 

computes the residual errors between prediction and sensory inputs 84. In early life as infants’ 249 

sensory pathways become intact (infants’ sensation starts in utero and continues after birth), without 250 

sufficient sensory experience to form valid predictive models, most sensory input is considered 251 

“prediction error”, simply because the brain cannot predict it. This idea was conceptualized by 252 

Alison Gopnik as “lantern consciousness”, or how babies take in everything around them 87. With 253 

experience, infants start to detect and predict sensory patterns based on co-occurrence probability. 254 

This is called ‘statistical learning’ 88-90. Detecting structure within the environment is a critical step 255 

in development 91 as from a meaningless stream of unpredicted sensory information, populations of 256 

instances are grouped together and mentally represented as concepts 92. The infant’s experience 257 

shifts from “lantern consciousness” to “spotlight consciousness”, or intentional selection of 258 

perceptual input 87. 259 

Of special importance for the development of sociality is neural prediction within the 260 

interoceptive system, which is the sensory consequence of allostasis. Importantly, the term allostasis 261 

was originally defined in terms of prediction 5.  Allostasis, as defined by Sterling & Laughlin 93, is 262 

“the core task of all brains to regulate the organism’s internal milieu by anticipating needs and 263 

preparing to satisfy them before they arise” 93.  The predictive nature of allostasis is one way in 264 

which allostasis differs from the concept of homeostasis. Others have marked the importance of 265 

predictions in allostasis 94-97, and interoceptive predictions about allostasis were suggested to 266 

underlie decision making and motivational behaviour 95. We propose that in newborns, interoceptive 267 

information about allostasis is regularly associated with exteroceptive information about caregivers. 268 

This conditioning prompts the infant’s brain to regulate the internal milieu by attending to social 269 

information. Deviations from physiological balance (for example low glucose levels) elicit distress 270 

behaviour (for example cry), which (ideally) elicits social care and dramatically raises the chances of 271 

survival 98, 99. Thus, according to our theory, for infants raised in social dyads- interoceptive 272 

perception of allostasis is temporally-associated with exteroceptive perception of the caregiver (see 273 

Box 1 and Figure 2). With experience, infants learn to predict about allostasis given social 274 
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information. A recent comparative study supports the importance of maternal care predictability by 275 

demonstrating that when infants (humans and rats) can predict maternal sensory input, they develop 276 

optimally 100. This suggests that efficient Bayesian models about maternal sensory input (computed 277 

by infant's brain) promote optimal bonding and development. Accordingly, developmental settings 278 

that obstruct the conditioning between the caretaker and allostasis, such as prematurity, post-partum 279 

or developmental psychopathology, or orphanhood, are predicted to interfere with social 280 

development. We hypothesize that with development, as top-down predictive models gradually 281 

govern infants’ experience, infants’ allostasis and allostatic-independence will exponentially 282 

increase. Computationally, this process might involve a gradual decrease in the salience of 283 

interoceptive prediction errors. Empirical evaluation of the relationship between the predictive 284 

coding approach and allostasis during development is warranted. 285 

Forming Bayesian models about the social (and non-social) environment depends on temporal 286 

and multi-modal contingencies in the infant brain. Multi-modal sensory inputs (exteroceptive and 287 

interoceptive) are integrated in agranular association cortices, which rely on those learned 288 

contingencies to generate Bayesian models and issue predictions 84. The agranular association 289 

cortices, which integrate information from across the brain, become predictive “hubs” 28 (see Figure 290 

2). Multi-modal integration is not evident in newborns 101. Moreover, rsfMRI reveals that core 291 

networks and predictive hubs are also not traceable in newborns (see Figure 1). This supports our 292 

hypothesis that the development of prediction infrastructure relies on postpartum experience that 293 

potentially determines the actual multi-modal associations. 294 

In the absence of multi-modal association or predictive models, we hypothesize that infants’ 295 

experience mostly includes “bottom-up” information, or- prediction errors. Sensory information is 296 

mostly processed in primary sensory cortices 101. This idea is supported by empirical data on brain 297 

development. Thalamo-cortical connections, which deliver “bottom-up” sensory information to the 298 

primary sensory cortex (e.g., prediction error), are the first to develop in the embryo 40, while the 299 

cortico-cortical connections that deliver “top-down” predictions, form after birth 40, 102, and in social 300 

animals are subjected to social impacts. Intriguingly, thalamo-cortical functional connections in 1-301 

year olds, particularly those between the thalamus and salience network regions, show unique 302 

predictive values for cognitive development outcomes at 2 years of age 103, 104. Cortico-cortical 303 

connections are shaped by experience 105, and organize throughout childhood with significant 304 

dendritic growth and synaptogenesis around critical periods of cognitive development 102. Multi-305 
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modal integration is not genetically predetermined, and its emergence and maturation critically 306 

depend on cross-modal experiences that shape the neural circuits in such a way that is optimized for 307 

the immediate environment in which the animal will function 101. 308 

  309 
Figure 2. The anterior insula is a hub that integrates exteroceptive to interoceptive inputs.  The 310 
anterior insula is a part of a multi-modal integration network, which overlaps with the salience 311 
network 106 (also including the dorsal anterior cingulate cortex and dorsal operculum 107). (a) 312 
Interoception: ascending sensory signals from the internal milieu of the body are carried to primary 313 
interoceptive cortex in the posterior insula 15, 84. The association cortex in the ventral anterior insula 314 
have bidirectional connections to primary interoceptive cortex in the posterior insula, which enable a 315 
bidirectional flow of information between the two regions: the ventral anterior insula sends “top-316 
down” anticipated interoceptive prediction signals to primary interoceptive cortex in the posterior 317 
insula, while “bottom-up” ascending sensory inputs from the body goes from the posterior insula to 318 
the ventral anterior insula 84. (b) Exteroception: the anterior insula is also involved in integration of 319 
sensory processing of the outside world 108, and in perception of all sensory modalities 109. The 320 
involvement of this associative cortical region in both interoception and exteroception 95, 108, 109 can 321 
mark its role in integration of allostatic and social information. We hypothesize that with repeated 322 
care, infants learn to associate interoceptive input about allostasis and exteroceptive input about the 323 
caretaker into one multi-modal experience. One example of social regulation of allostasis is feeding. 324 
The feeding of a human-newborn (like all mammals) inherently involves a caretaker. With every 325 
feeding, the caretaker regulates the infant’s glucose levels. The newborn’s experience of feeding 326 
conditionally comprises interoceptive digestive information (e.g., glucose levels), and exteroceptive 327 
information about the caretaker (e.g., caretaker’s face, smell). There is a temporal conditioning 328 

(a) Interoception of 
allostasis- via primary 
interoceptive cortex in 
Posterior Insula (PI).
(b) Exteroception of 
mommy- via tactile, 
visual, auditory, 
olfactory sensory 
Cortices.

Anterior Insula (AI)-
this neural hub 
integrates sensory 
projections from 
primary exteroceptive 
and interoceptive
cortices into a multi-
modal representation 
of mommy: a neural 
model that associates 
social information with 
allostasis. With 
experience, the 
anterior insula is 
potentiated to predict 
allostatic changes 84

based on social 
stimuli. 

Prediction signals
Prediction error signals

PI

AI
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between a caretaker and allostasis, which will be processed by the infant as one multi-modal 329 
experience. We hypothesize that based on the temporal conditioning between social and allostatic 330 
information, infants imbue social information into allostatic processes, and the association cortex 331 
that integrates the multi-modal input learns to predict about allostasis, based on social input. To 332 
prepare for the next feeding, the presence of the caretaker will already trigger the infant’s anterior 333 
insula to issue predictions about upcoming changes in glucose levels. The predictions will propagate 334 
to the posterior insula, and other brain regions that assist to prepare for the upcoming allostatic 335 
changes, and achieve stability through physiological (e.g., insulin release) or behavioural (e.g., 336 
crying, sucking, salivating) changes.   337 

 338 

Notably, agranular association cortices, which issue most neural predictions 84, such as the 339 

anterior insula (AI), anterior cingulate cortex (ACC), and ventro-medial prefrontal cortex (vmPFC), 340 
84 are commonly considered major nodes of the “social brain”, and were linked to social 341 

competencies like mental inference, empathy and person perception 13, 110-112. The same brain 342 

regions, which are cortical “rich club hubs” of the salience and default mode networks, are also 343 

suggested to regulate the autonomic nervous system, the immune system and the neuroendocrine 344 

system, as part of a predictive allostasis regulation neural system 15, 16, 84, 85, 95, 113.  Moreover, the 345 

amygdala, nucleus accumbens and hypothalamus, which are also considered key regions in social 346 

processing 114, have a key role in allostasis regulation 113 and are thought to compute prediction error 347 

and motivate behaviour 115. We hypothesize that these regions’ involvement in social processing 348 

reflects an underlying process that occurs simultaneously: preparing the organism for upcoming 349 

changes in allostasis.  350 

In support of our hypothesis, the association hubs that are involved in social processing, are 351 

not exclusive to social processing. While social information is very useful for allostasis prediction, 352 

other types of “non-social” information (for example, food) can also be useful to predict allostasis. 353 

This would explain the consistent involvement of these association cortices and limbic regions in 354 

general affective experiences not necessarily related to social experience (for meta-analysis see 116). 355 

According to our framework, consistent provision of social care can impact neural plasticity and 356 

promote neural associations between these regions into “core” large-scale networks that implement 357 

an acquired system for the purposes of allostasis. Thus, the “social brain” is really the predictive 358 

brain, which develops as a function of social experience aimed at allostasis regulation.  359 

 360 

Neural prediction supports the development of a conceptual system 361 
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When a brain is “processing information” to construct perceptions and plan action, it is asking 362 

‘what is this new sensory input most similar to?’ relative to situated, past experiences (see 117, 118). 363 

The dis/similarity of the current sensory array is computed with reference to the past to estimate the 364 

potential energy costs and rewards for the body. That is, a prediction is considered a partially 365 

completed category that is used to classify incoming sensory signals to construct sensory perceptions. 366 

Similarly, in cognitive science, a category is a population of events or objects in the world that are 367 

treated as similar because they all serve a particular function or goal in some context. The mental 368 

representations of categories are concepts 119. In effect, then, it has been proposed that when the 369 

brain assembles populations of predictions, it is constructing concepts 16, or what L. Barsalou refers 370 

to as ‘ad-hoc’ concepts 120, 121 (See Figure 3). It was previously established that prediction errors 371 

prompt learning because they modify the future predictions to incorporate the new information 86, 122. 372 

A concept, then, represents a group of sensory predictions (See Figure 3), and Concept learning is 373 

the encoding of sensory prediction errors 106. In this view, every event of new learning (e.g. the 374 

processing of prediction error) is categorized into a concept.  375 

  376 

 377 

Figure 3. Concepts as predictions. Similar ideas about information processing are described using 378 
different terminology in the predictive coding and cognitive science frameworks. At the level of 379 
perception, actual incoming sensory input from the world and the body (also known as ‘bottom-up’ 380 
signal in cognitive science) is considered in the predictive coding framework as prediction error. At 381 
the next level of processing, information is organized into ‘categories’ (cognitive science), or 382 
“probabilistic models” (predictive coding). At the higher level of processing, the mental 383 
representations of categories are ‘concepts’ 119. Just like concepts, predictions are also whole brain 384 
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representations that organize new incoming sensory input 85. Importantly, in the predictive coding 385 
framework, the organization of sensory input is a predominately top-down process that starts with a 386 
probabilistic model. The model incorporates new sensory data only when it is not predicted (i.e., 387 
prediction error), which in turn updates the model 84.  388 

 389 

Allostasis-driven learning of social concepts  390 

  According to our framework, the first step in social development is acquisition of 391 

rudimentary social concepts. At early infancy, the infant gains experience interacting with the 392 

caretaker, and most interactions will be implicitly or explicitly aimed towards allostasis regulation. 393 

With consistent on-going care, infants detect the statistical regularities of their social environment 90. 394 

For example, by repeated gazing at the mother, infants will gradually recognize the spatial 395 

organization of her facial features and form a rudimentary concept of a face. The brain categorizes 396 

sensory information to predict about allostasis, and thus we propose that sensory regularities (such as 397 

a face) will become concepts more rapidly if they impact allostasis. The association between 398 

allostasis and a human agent will result in learning an important social concept: mommy (similarly, 399 

this concept can be daddy, or any other caretaker and will be referred to as the mommy concept 400 

regardless of the primary caretaker gender/s or familial relation) (See Figure 4 and Box 1). 401 

 402 

Box 1. A predictive coding approach to social development: Infants learn social concepts as 403 

generative models for allostatic regulation. 404 

According to models of predictive brain function 80-85, the brain constantly constructs multi-modal123 405 

hypotheses about the world (i.e. predictions) and then samples evidence from the environment that 406 

are measured against these hypotheses (i.e. prediction errors) 16, 79, 80.  407 

 A common mathematical formulation of these dynamics involves Bayesian inference, where 408 

the brain’s hypotheses regarding the environment can be generally described by: 409 = + ( − ) ∙  (1) 

 410 

 denotes the brain’s prior prediction,  denotes the sensory signal, such that the brackets represent 411 

the prediction error, and  denotes the brain’s updated hypothesis. 	denotes the weight of the 412 

prediction errors, often called precision, which is a function of the ratio of the uncertainty of the 413 

prediction, and the uncertainty and saliency of the prediction error 84, 123. Thus, prediction errors are 414 

given a lesser weight when the predictions are relatively certain. 415 
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  416 

In the allostasis framework, the ultimate goal of the brain’s predictive models is to optimize 417 

physiological demands and gain 84. When a caregiver impacts the infant’s allostasis, she/he 418 

effectively minimizes interoceptive prediction errors. With experience, the infant learns that 419 

exteroceptive cues regarding the caretaker (e.g. smell, voice) predict allostatic regulation. Consistent 420 

care thus creates relatively certain predictions regarding allostatic regulation that reduce the 421 

precision of interoceptive prediction errors. Then, exteroceptive cues regarding the caretaker are 422 

given a higher importance than cues not impacting allostasis. At higher levels, this multimodal 423 

information is integrated in the infant’s mind in the form of a concept (See figure 3 and section 2.c), 424 

which can be formalized by: 425 

(′ ′| , )∝ (′ ) ∙ ( | ) ∙ ( | ′) 
(2) 

 426 

Corresponding with Bayesian models of the brain, Equation 2 shows that the infant’s concept of 427 

mommy is conditional on interoceptive and exteroceptive information. This concept will get more 428 

robust and reliable (i.e. with lower uncertainty) as the caretaker’s behaviour affecting the infant’s 429 

interoceptive and exteroceptive sensations involves statistical regularity and consistency. Learning 430 

occurs as the concept of a mommy given these inputs: 431 	[ (′ | , )], becomes the exteroceptive and interoceptive 432 

multi-modal prediction regarding the caregiver: [ (′ )]	. When caretakers are not successful 433 

in social regulation of allostasis (e.g. due to potential parent-related illness such as post-partum 434 

depression), statistical regularity between the exteroceptive input about the caregiver and the 435 

interoceptive input about allostasis is impaired. According to the framework suggested here, we 436 

predict that this will cause a developmental impairment in acquiring social concepts. 437 

 438 
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 439 

A schematic Bayesian model of organizing social information in infants. Infants associate 440 
exteroceptive and interoceptive information to form social concepts, like mommy. The social concept 441 
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of mommy represents a computational predictive model: Based on previous experience, an 442 
association between exteroceptive information about the caregiver and interoceptive information 443 
about allostasis is made, and the brain can issue predictions (downward blue arrows) regarding 444 
upcoming allostasis changes using social information and vice versa (to make social predictions 445 
based on interceptive information). For example, by the age of a few days old, infants already gained 446 
repeated experience in feeding, and learned that exteroceptive information about mommy is useful to 447 
predict about upcoming changes in their plasma glucose levels (for more detail, please see Figure 2).  448 
Upward red arrows represent prediction errors used to update the brain’s model and predictions. For 449 
simplicity, we present here only two examples of exteroceptive modalities, and one example of 450 
interoceptive input, whereas a full model incorporates a range of interoceptive and exteroceptive 451 
modalities. We propose that the brain acquires and uses such concepts (social and others) to optimize 452 
information processing, with the on-going ultimate goal of allostasis regulation.  453 
 454 

 455 

Figure 4. The relationship between allostasis, concepts, and social development. 1. Allostasis 456 
is an elementary process needed for survival and is thus the first order of the diagram. 2. 457 
Concepts- to prepare for allostatic demands, the brain uses past experience as a model, and 458 
organizes incoming sensory input into mentally represented concepts. Organization of sensory 459 
input is governed by allostasis, and underlies social development, and is thus the second order of 460 
this diagram. 3. Social development- in social species, allostasis is (by definition) regulated in a 461 
social environment. Consequently, social animals first and foremost learn social concepts. 462 
Allostasis-driven learning is rewarding, and that promotes social bonding. Social development 463 
relies on allostasis-driven concepts and is thus the higher order of this diagram. 464 

 465 

 466 

Social Development: In humans, newborns’ allostasis is always regulated by a
caretaker. Therefore, the sensory patterns that are relevant for newborns’ allostasis
are social, and infants construct rudimentary social concepts such as ‘face’ and
‘mommy’. Social concepts are conditioned with positive outcome of allostasis
regulation. Through allostasis, social care becomes rewarding, and the infant
attaches to the caretaker, and becomes increasingly driven towards social
interactions. Gradually, more complex social and non-social information, skill and
behaviours are learned.

Concepts: To prepare for allostatic demands, the brain organizes environmental
sensory input into concepts. During development, infants detect statistical
regularities in the environment and from a meaningless stream of information,
populations of instances are grouped into mentally represented concepts. Sensory
patterns relevant for allostatic will efficiently becomes concepts.

Allostasis: is the elementary ongoing process of optimizing the body’s internal
milieu. The brain is constantly regulating allostasis, while predicting allostatic
needs, and adjusting behaviour and metabolism towards survival, growth, and
reproduction.
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Allostasis-driven learning of social competencies  467 

Through social regulation of allostasis, a child experientially acquires not only social 468 

concepts (like a face or mommy), but also social competencies. One of the basic social competencies 469 

infants gain is synchrony. Bio-behavioural synchrony is an important aspect of mother-infant 470 

attachment 54, and was shown to be important for shaping optimal developmental outcomes of 471 

physiological regulation, executive functions, and social aptitude 124. 472 

Here, we consider synchrony as one efficient strategy for social regulation of allostasis. 473 

Starting from gestation, a mother controls her foetus’s allostasis via mother-foetus physiological 474 

synchronization 7. After birth, mammalian mothers continue to regulate the infants’ allostasis 125, 126 475 

using the same strategy. Mothers regulate their infants’ temperature by holding them close so that 476 

their temperatures synchronize 125. Mothers regulate their infants’ immune function by breastfeeding, 477 

synchronizing their gut-microbiota and antigen-specific antibodies 127. Mothers regulate infants’ 478 

arousal with voice (by singing, or speaking loudly or softly) 128, synchronizing their heart rates 10. 479 

Within a healthy dyad, the infant quickly gains a lot of experience in synchrony, and will 480 

progressively learn to willingly synchronize. Learning synchrony is one of the first social 481 

competencies that infants acquire, as within several months the infant not only learns to intentionally 482 

synchronize with others in order to regulate their own allostasis, infants will also start using 483 

synchrony to intentionally impact others’ allostasis. 484 

Amongst synchrony, another fundamental social competency infants acquire is joint attention 485 
129. Infants learn conceptual knowledge by synchronizing their attention with others. Attention is 486 

defined as a neural computation that biases certain features out of competing environmental 487 

information 130. Attention is a learned cognitive skill that is plastic and shaped by experience 130. 488 

Once attention develops, and the infant learns to synchronize, they learn the mental ability of sharing 489 

their attention with a caretaker at around six months 130. Using joint attention, caretakers direct the 490 

infant’s statistical learning towards cultural and social relevant information. Joint attention is a 491 

precursor for additional social competencies, like ‘theory of mind’ 131. However, joint attention is a 492 

social competency that is fundamental not only for the development of social cognition, but to many 493 

aspects of cognitive development 132, as within the medium of joint attention with caregivers and 494 

peers, infants are introduced to all knowledge and proficiency needed to survive in their 495 

environment. Mothers explicitly and implicitly teach infants new concepts as they influence the 496 
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spontaneous statistical learning by providing regulatory social input, such as vocalizations 133, gaze 497 
134 and touch 135. 498 

  Learning is an inherent aspect of allostasis, as the term ‘allostasis’ explicitly incorporated 499 

learning and predictive responding 5, 84, 136. It was previously demonstrated that attaining 500 

physiological stability reinforces learning 12, and that physiological manipulation (e.g., deviation 501 

from allostasis, for example hunger) motivates learning 137, 138 and prosocial behaviours in social 502 

animals 139, 140. Sensory input with allostatic implications (that is, likely to impact survival, offering 503 

reward or threat) will be learned, so as to support allostasis better in the future 15, 141. Accordingly, 504 

we hypothesize that stimuli with higher predictive value for allostasis will be learned quicker than 505 

stimuli with lower impact on allostasis. During development, infants learn social concepts and skills 506 

to prepare for allostatic needs, as caretakers introduce all the culturally relevant concepts, using 507 

language (see Figure 4).  508 

 509 

Allostasis-driven development of abstraction 510 

  Allostasis driven learning marks a special case for humans, comparing to non-human 511 

animals. All animals depend on allostasis, and engage in allostasis-driven learning (including social 512 

learning). However, humans, on average, have a brain that is three times larger than a chimpanzee 513 

brain 142, 143. While humans and chimpanzees have somewhat comparable sensory and motor 514 

networks, in humans these networks are connected to an expanded core brain system of association 515 

cortices 144, which could imply an advanced capacity for multi-modal integration. These were 516 

suggested to evolve in order to sustain the relatively complex demands of human social niche 145. 517 

The advanced capacity for integration, could underlie human ability for abstraction. Among non-518 

human mammals, allostasis driven learning is limited to sensory concepts with immediate physical 519 

impact on allostasis (such as food or pain). Humans can construct high level abstract concepts (for 520 

example money, love, pride, god and other cultural concepts) and link them to allostasis (e.g., have 521 

bodily representations of abstract ideas). Among “socially entrained” humans, a word or an idea 522 

could be sufficient to regulate or disturb allostatic balance. The link between abstract entities such as 523 

words for physical regulation of allostasis could underlie language acquisition in humans 146. It has 524 

been previously suggested that only as children develop social competencies, they can learn to 525 

understand the meaning of abstract concepts 147. We hypothesize that social bonding promotes 526 

abstraction because social dyads provide the medium in which abstract concepts become meaningful 527 
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by physically linking them to allostasis. Ad-hoc investigations about allostasis regulation and social 528 

learning and abstraction in human infants are warranted. 529 

According to our framework, during a critical developmental window, not only spoken 530 

language is acquired, but also culture. It was demonstrated in comparative studies that longer 531 

developmental courses favour extended social learning 148-151. As a result of human ontogeny, a 532 

human-newborn’s brain is highly immature, and thus fellow-humans contribute to infant allostasis 533 

and brain development for an extended period during development 145. This allows social input and 534 

culture to wire the brain in a more extensive way in humans than in any other animal. Individuals 535 

tend to conform to certain cultural schemes and synchronize according to a collective set of 536 

concepts, including norms, beliefs and manners 152. The caretakers, and other members of the group, 537 

are responsible for cross-generation transmission of such relevant cultural knowledge. As part of the 538 

cultural scheme, and reinforced by allostasis, mentally rich human cognition is acquired. In addition 539 

to social learning, allostasis-driven learning can also shape other human features such as cognition, 540 

emotion and culture 16, 153. Empirical evidence suggests that mental and cognitive capacities (like 541 

emotion, sociality and cognition) are not universal 154, 155 and deep cultural differences exist between 542 

groups. According to our proposed framework, emotion and social concepts are environmentally 543 

constructed in each culture, and transferred between generations in social dyads during early life 544 

social “training”. A smooth roll out of such a mechanism can ensure efficient cross-generation 545 

transmission of the deepest aspects of human emotion, cognition and sociality, while staying flexible 546 

and robust in face of change. 547 

 548 

Summary: Social, Cognitive and Neural Developmental Trajectories are Temporally linked 549 

  Despite evidence that social experience affects both neural and cognitive development, the 550 

structure-function developmental mechanism remains poorly understood. Characterizing the neural 551 

mechanisms of cognitive development is a pending empirical task. However, several neural 552 

developmental milestones temporally match the development of new cognitive skills. Of specific 553 

interest to social cognition is the temporal contingency between the developmental trajectories of the 554 

default mode network and of cognitive abilities like conceptualization 13. The default mode network 555 

is believed to construct mental representations of concepts 156, including complex representations 556 

about other people’s minds (e.g. Theory of Mind) 157. The adult default mode network cannot be 557 

functionally traced in newborns 38, 42. The default mode network starts from an isolated posterior 558 
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cingulate region that can be traced in neonates, and evolves to becoming a synchronized network 559 

later in life 38. More precisely, most of the core nodes of default mode network become synchronized 560 

by 6 months of age, making default mode network among the first domain general networks to 561 

achieve qualitatively adult-like spatial topology 158. It has been demonstrated that the connectivity 562 

and volume of the major default mode network nodes (the posterior cingulate cortex and medial 563 

prefrontal cortex) are immature at birth 159. The grey matter volumes as well as functional and 564 

structural connectivity in the default mode network continue to develop during childhood, reaching 565 

full maturity in late adolescence 42, 160, right when social cognition abilities and mentalizing mature 566 
160, 161. Intuitively, it has been postulated before that changes in brain connectivity might be linked to 567 

cognitive development 103, 162, 163, and that the absence of a default mode network in early infancy 568 

indicates the absence of cognitive skills like conceptualization and Theory of Mind 42. Accordingly, 569 

default mode network maturation is potentially a crucial developmental step, which serves as the 570 

precursor for social and cognitive development. Importantly, network plasticity seen during 571 

development is not sufficient to conclude the lack of an inborn social system. A circuit or network 572 

can be innate and emerge only with experience.  Alternatively, it is possible that a capacity, such as 573 

sociality, can be a by-product of something else that is innate, like allostasis. The degree of plasticity 574 

in brain network connectivity during the early years of life, combined with the importance of 575 

allostasis for reinforcement learning, together suggest that researchers should reconsider the common 576 

assumption that a network or system for sociality is inborn. Empirical investigation of mechanisms 577 

facilitating the impact of dyadic care on brain and social development is warranted.  578 

  The literature on social development in rodents provides robust support for a mechanistic role 579 

social care has on brain development, and specify hard mechanistic evidence for how parental care 580 

physically controls brain development in the offspring (including receptor expression, plasticity and 581 

cortical folding, see supplementary Table 1). By integrating cognitive and neural developmental 582 

literatures, we hypothesize that social care controls social and cognitive development via maturation 583 

of whole-brain neural networks. Specifically, we propose that parental care, which is consistently 584 

reinforced by allostasis, is necessary for the infant to build and refine a multi-sensory mental 585 

representation of concepts 92, 147. Starting from first simple multi-sensory concepts, such as a face, 586 

and then mommy, infants will gradually learn to represent more abstract concepts, including words 587 

and ideas by linking them to allostasis via dyadic interaction. The developmental neural shift from 588 

primary motor-sensory circuitry seen in newborns, to association networks in adults, suggests a 589 
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potential dramatic shift in the development of human experience: from undefined raw sensory 590 

experience in early infancy, to constructed cognition in adulthood.  591 

 592 

Discussion: Growing a social brain is highly adaptive and promotes affiliation 593 

In this perspective paper, we present a theoretical framework for social affiliation. 594 

Specifically, social affiliation is learned and allostasis is the incentive. Social attachment could be 595 

the result of one evolutionary feature: helplessness in achieving and maintaining physiological 596 

stability. Such social co-dependency creates an ultimate driving force for attachment and learning. 597 

The mother-infant dyad is a social “boot camp” for learning social affiliation, which is extremely 598 

efficient since infants’ lives depend on their caregiver. While caretakers teach newborns the 599 

behavioural repertoire of sociality (including bonding, but also more complex social behaviours as 600 

cooperation, competition, aggression, etc.), they also program their biology, helping them to “grow a 601 

social brain”. Infants will learn to identify humans as important, and to synchronize with them. They 602 

continue to learn through synchronizing conceptual knowledge and mental abilities with their 603 

caregivers. The caregiver explicitly and implicitly teaches the newborn a saliency road map of the 604 

world. Gradually, infants are trained not only to regulate their own allostasis, but will become 605 

experts in decoding and attending to other people’s allostasis, as they become socially functioning 606 

adults. However, not only social development relies on social regulation of allostasis, but also other 607 

cognitive and emotional developmental trajectories. During childhood and within social dyads and 608 

other members of their social group, such as family members and friends, infants are trained to 609 

acquire all skill and knowledge needed as adults.  Social care is therefore not merely responsible for 610 

shaping a “social brain”. We propose that social care is needed to grow A brain. Consequently, the 611 

entire brain, which is potentially sculpted by ongoing social transactions, can be thought of as a 612 

social brain. Human brains are transactive and cannot be considered outside the context of other 613 

human brains. Transactive brains form a collective and flexible system that sustains many of our 614 

human features, including knowledge 164, skill and biology.  615 

Early life is a critical window for social learning due to the acute nature of the social 616 

dependency. As long as children lives depend on social communication, their brains attend to learn 617 

the complex social information in order to survive 165, 166. As such the social dyad catalyses social-618 

related statistical learning. With maturation, the “life-or-death” motivation for social learning 619 

gradually subsides, and the window of immense learning narrows. With that, social regulation of 620 
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allostasis is not limited to early life and there is evidence from rodents and apes (including humans) 621 

for a Social Buffering effect (a regulatory social impact on an individual’s physiology and behaviour) 622 

on different types of allostatic processes, including HPA activity, oxytocin levels, affect and immune 623 

function (for review see 167). In highly social species such as humans, adults regulate each other’s 624 

allostasis as well 168, 169. As such, socially-mediated learning is a life-long process 170, 171.  625 

The potentially crucial role of social experience during infancy, in shaping brain and social 626 

development, suggests that social animals do not necessarily rely on a predetermined specialized 627 

brain system to support affiliation 172, 173. Instead, according to our framework, domain general 628 

neural systems implement a conceptual system to regulate allostasis, and that underlies social 629 

behaviour. Moreover, since cultural changes evolve much faster than natural selection does, 630 

evolution is more likely to select for flexible biological systems that are robust to unexpected 631 

environmental change 174. A transactive human brain growing in the context of other human brains 632 

and genetically predisposed to wire itself to the environment 175, is just such a system. Thinking 633 

about bonding and social development as temporal conditioning between social information and 634 

allostasis is a hypothesis. This hypothesis is based on the integration of literature on allostasis and 635 

bonding, but also on learning. For example, a recent review about social learning in non-human 636 

animal models examined experimental work in animal models of learning, and concluded that 637 

domain-general associative mechanisms that track the predictive relationships and contingency 638 

between two salient events, mediate learning about both social and asocial cues. Moreover, the 639 

authors conclude that while associative learning mechanisms are genetically inherited, at least in 640 

non-human animals there are no mechanisms dedicated to social v. asocial learning 176. This supports 641 

our idea that any stimulus that conditionally impacts allostasis (e.g., salient) will be learned, and that 642 

in social species, these stimuli are prominently social.  643 

This perspective paper introduces a theoretical framework about how the developing brain 644 

respects the physical and social surroundings as wiring instructions, along with a series of 645 

hypotheses about the early allostatic experiences with caregivers as one source of these wiring 646 

instructions. Our framework sets the ground for new research and ad-hoc empirical evaluation 647 

targeted at allostasis, and its mechanistic role in the development of social affiliation. It also provides 648 

a different interpretation to existing findings and not everyone will agree. Particularly, disentangling 649 

environmental from genetic effects is challenging, and further empirical investigations on the role of 650 

social care on child brain and behaviour development are warranted. While we predict that social 651 
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experience is a major determinant in social development, genetic predisposition is not over-looked. 652 

We distinguish between genetic predisposition of a socially pre-wired brain (limited to domain-653 

general processes, like allostasis dependency), vs. genetic determinism of a hard-wired brain (coding 654 

for detailed social behaviours or neural circuits). For example, the cross-fostering studies from the 655 

Meaney group 59, 70, 71, 177, 178 as well as the Lorenz imprinting studies 179, 180 suggest that social 656 

behaviour does not depend on hard wired social “programs”, and that particular phenotypes are 657 

flexible. Unlike some studies, which suggested that social knowledge is hardwired in our genes and 658 

that newborns have innate social preference and behaviour 181, 182, others have resisted this idea and 659 

provided evidence that there is no social preference in newborns 183-189. It is possible that newborns’ 660 

behaviours that are typically interpreted as ‘social’ are in fact ‘allostatic’ at first and only become 661 

social once infants learn to associate social information with allostasis. Accordingly, innate 662 

individual differences that are seen in infants relate to allostasis 190, 191, and the developmental 663 

literature applies the term temperament 192 to describe traits like ‘irritability’, ‘positive affect’ and 664 

‘activity level’ 193. This supports the idea that infant’s genetic predisposition is limited to domain 665 

general processes of allostasis, which interact with social experience to determine social 666 

development. Synthesizing human and non-human evidence about allostasis, bonding, learning and 667 

brain function, establishes considerable doubt in the common view (attributing a dominant genetic 668 

account to social phenotype) and encourages research to test the alternative hypothesis suggested 669 

here (by which the social phenotype is shaped by social experience, driven by the genetic 670 

predisposition of allostasis dependency). 671 

The framework suggested here could have implications for research in the field of 672 

neuroscience because it assumes that neural circuits that support sociality are not inborn. For 673 

example, across evolution, social affiliation depends on cortico-striatal (or anatomically 674 

homologous) pathways 165. Accordingly, recent human fMRI studies have demonstrated that social 675 

affiliation depends on the neural association between domain-general circuits of the mesolimbic 676 

system and the default mode network 32. The dopaminergic mesolimbic system has been shown to 677 

underlie allostatic processes 194-196, while the default mode network is important for 678 

conceptualization 197. Thus, social affiliation relies on the connectivity within a multi-function neural 679 

system supporting allostasis and conceptualization.  680 

Considering that the “social brain” is not an isolated module, and that the entire brain is 681 

wired with respect to the social environment, could have implications for psychopathology. For 682 
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example, current studies of ASD focus on boosting the “social brain” with “social drugs” 198, yet to 683 

date there are no successful pharmacological interventions aimed at the core social deficits of ASD 684 
199. Instead, it was previously suggested that social impairments seen in ASD are attributed to 685 

domain general processes, such as deficits in organization of sensory input into efficient predictive 686 

models 200. Patients with ASD show deficits in categorizing information into concepts, manifested as 687 

atypical language acquisition or naming, which are accompanied by weaker connectivity of 688 

association networks 201. Similarly, learning disorders, such as dyslexia, were suggested to be 689 

computationally understood as a deficit in integrating prior information (e.g., forming efficient 690 

prediction models) with noisy observations (e.g., prediction errors) 202. In dyslexia patients, an 691 

atypical ratio between the a-prior model and the noisy input, may accounts for patients’ perceptual 692 

deficits 203. A brain with limited ability to use past knowledge for prediction, is also limited in 693 

conceptualization, and thus social bonding. Empirical assessments for this potential mechanism are 694 

called for.  Moreover, in cases of postpartum depression, where mothers are avoidant, or cases of 695 

postpartum anxiety, where mothers are intrusive 30, infants’ allostasis is constantly dis-regulated. 696 

Distorted allostasis regulation can shift infants’ developmental trajectories, including neural, social 697 

and cognitive development 204. A clinical evaluation of infants’ allostasis regulation within mother-698 

infant dyads could support diagnosis and treatment for both mothers and infants, and help determine 699 

the developmental prognosis in maladaptive dyads.  700 

Finally, acknowledging the environmental impact on social development has implications for 701 

societal issues such as race, family structure, and religion. For example, treating mommy as a learned 702 

concept, and not a biological imperative, makes a baby born to a family of two fathers not deprived 703 

of any natural necessity 205. As a society, we construct many abstract concepts, which are powerful 704 

because they impact allostasis.  Completely abstract ideas like god, race, money or love, materialize 705 

to become concrete (i.e. have immediate allostatic implications), powerfully motivating human 706 

behaviour. This is because via social interactions humans learn to link those abstract concepts to 707 

their allostasis to survive and prosper in their culture. This can potentially explain how beyond the 708 

immediate dyadic bond with the caregiver, extended social effects, including social class or 709 

economic status may carry powerful effects on child development 16, 206, even brain development 207. 710 

Future research on the role of allostasis as part of a very complex control system of social behaviour, 711 

and on familial and extra-familial impacts on biology and behaviour of child development is 712 
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warranted. Moreover, realizing the powerful potency of programing our children’s brains and 713 

concepts can impact education, and raise the issue of social and cultural responsibility.  714 

 “Growing a social brain” is at the basis of every human’s well-being. Early infancy is a 715 

critical time for establishing the biology of a healthy mind. However, the brain is plastic throughout 716 

life and so are many aspects of behaviour and cognition 208. The human “social brain” is not a pre-717 

determined organ, but rather a plastic product of ongoing acculturation. As humans, taking 718 

responsibility on shaping our (social) brains can potentially impact science, societies, our children’s 719 

education. 720 
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Supplementary Table 1: Evidence showing that post-partum social experience shapes brain 728 

development. 729 

Level of 
Observation  

Evidence  References 

Receptors 
Expression 

 The adult female offspring of increased licking/grooming rat mothers 
show increased Oestrogen Receptor alpha (ERα) expression in the 
medial preoptic area (MPOA) and are themselves high 
licking/grooming mothers. Moreover, the biological offspring of low 
licking/grooming mothers fostered at birth by high licking/grooming 
dams show increased ERα expression in the MPOA. 

59 

 The adult offspring of increased licking/grooming rat mothers have 
increased glutamate receptor expression in the hippocampus 

209 

 Offspring of high licking grooming rat mothers have reduced plasma 
adrenocorticotropic hormone (ACTH) and reduced corticosterone 
responses to acute stress. In the brain, they have increased 
glucocorticoid receptor expression in the hippocampus, and decreased 
corticotrophin releasing hormone expression in the hypothalamus. 

210 

 Maternal care permanently alters pups' expression of gamma-
Aminobutyric acid (GABA) benzodiazepine receptor in the medial and 
lateral amygdala, medial prefrontal cortex and hippocampus. Offspring 
of high licking/grooming rat mothers have increased expression of 
GABA benzodiazepine receptor and reduced stress reactivity.  

211 

 The adult male offspring of increased licking/grooming rat mothers 
show increased amygdala vasopressin 1a receptor binding. 

212 



 28

 The adult female offspring of increased licking/grooming rat mothers 
show increased oxytocin receptor binding in the central nucleus of the 
amygdala and bed nucleus of the stria terminalis. 

212 

Epigenetics 

 Maternal behaviour increases glucocorticoid receptor expression in the 
offspring by epigenetic modulations of increased histone acetylase 
transferase activity, histone acetylation and DNA demethylation. 

213 

 Maternal behaviour in early life controls pup’s long-lasting gene 
expression and by that “programs” her offspring function of certain 
receptors, hormones and neurotransmitters. 

69, 178, 214-217 

 Post mortem analysis of human suicide victims who had been abused as 
children show they had more methyl groups on the glucocorticoid 
receptor gene, and decreased levels of glucocorticoid receptor mRNA in 
the hippocampus than did suicide victims who were not abused.  

60 

 Offspring of high licking grooming rat mothers have elevated dopamine 
receptor mRNA levels within the nucleus accumbens and increased 
conditioned place preference for a high-fat diet.  

61 

 The adult female offspring of increased licking/grooming rat mothers 
show increased oestrogen receptor alpha and beta mRNA levels within 
the MPOA of the hypothalamus.  

62 

 The adult offspring of increased licking/grooming rat mothers show 
increased oxytocin receptor mRNA levels within the MPOA 

62 

Neural 
Plasticity 

 Brain-derived neurotrophic factor (BDNF) and Nerve growth factor 
(NGF) are neurotrophines and key players in brain development and 
plasticity. Rodents and non-human primates’ studies show that 
neurotrophines are sensitive to stress of maternal separation. 

218 

 Maladaptive mothering alters neurotrophine levels, which impacts 
stress reactivity in adulthood. 

219 

 In rodents, rich social experience in infancy, with both maternal and 
peer interactions, increases neural plasticity, levels of BDNF and NGF 
in the hippocampus and hypothalamus, and the amount of social 
behaviours through adulthood.  

220 

 Postnatal sensory experience controls cortical development through 
activity-driven BDNF expression  

 Typical, expected, postnatal experience is necessary for the emergence 
of normal patterns of neocortical organization. Animals reared in 
complex environments show enhancement in density of cortical 
synapses, increases in the number of brain support cells, and even 
augmentation of the complexity of the brain vascular system. 

221 

Cortical 
Growth and 
Folding in 
Newborns 

 Accelerated cortical folding in the perinatal weeks depends on social 
auditory stimuli, and human language.  

222 

 Development of the auditory cortex in preterm infants will resemble 
their full-term infant counterparts if their incubators are equipped with 
recordings of their mothers’ voices. 

63 

 Early experience with maternal voice has enduring effects on the 
developing auditory system and autonomic nervous system, with later 
social and emotional developmental implications. 

223 
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Human 
Neuroanatomy 

 Adults who experienced maltreatment as children showed significant 
gray matter volume reductions in the medial frontal gyrus, dorsolateral 
prefrontal cortex and anterior cingulate gyrus compared to their healthy 
counterparts, superior frontal gyrus and orbitofrontal cortex. 

55 

 Childhood maltreatment and abuse impact hippocampus volume and 
development in adulthood. 

57 

 Maternal support in early childhood predicts larger hippocampal 
volumes at school age.  

58 

 Positive parenting predicts structural development of adolescent 
amygdala (reduced growth) and accelerated thinning of the orbitofrontal 
cortex and anterior cingulate cortex. 

56 

Large-Scale 

Brain 

Networks 

Function 

 Intrinsic networks like the default mode network, salience or control 
networks are not traceable at birth. They develop over years, while 
children grow within a social environment. 

38, 41, 42, 44, 

159 

 Children with social-developmental deficits, such as in Autistic 
Spectrum Disorder, have aberrant default mode network connectivity is 
linked with severity of social impairments. 

224 

 Network analysis of resting-state fMRI and DTI tractography in ASD 
show reduced local and long-range functional connectivity. Moreover, 
the developmental trajectory of structural networks in children with 
ASD is altered. 
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Social Development: In humans, newborns’ allostasis is always regulated by a
caretaker. Therefore, the sensory patterns that are relevant for newborns’ allostasis
are social, and infants construct rudimentary social concepts such as ‘face’ and
‘mommy’. Social concepts are conditioned with positive outcome of allostasis
regulation. Through allostasis, social care becomes rewarding, and the infant
attaches to the caretaker, and becomes increasingly driven towards social
interactions. Gradually, more complex social and non-social information, skill and
behaviours are learned.

Concepts: To prepare for allostatic demands, the brain organizes environmental
sensory input into concepts. During development, infants detect statistical
regularities in the environment and from a meaningless stream of information,
populations of instances are grouped into mentally represented concepts. Sensory
patterns relevant for allostatic will efficiently becomes concepts.

Allostasis: is the elementary ongoing process of optimizing the body’s internal
milieu. The brain is constantly regulating allostasis, while predicting allostatic
needs, and adjusting behaviour and metabolism towards survival, growth, and
reproduction.
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