
Title Resilience priming: translational models for understanding
resiliency and adaptation to early life adversity

Authors Kentner, Amanda C.;Cryan, John F.;Brummelte, Susanne

Publication date 2018-10-11

Original Citation Kentner, A. C., Cryan, J. F. and Brummelte, S. (2018) 'Resilience
priming: Translational models for understanding resiliency and
adaptation to early life adversity', Developmental Psychobiology,
In Press, doi: 10.1002/dev.21775

Type of publication Article (peer-reviewed)

Link to publisher's
version

https://onlinelibrary.wiley.com/doi/abs/10.1002/dev.21775 -
10.1002/dev.21775

Rights © 2018 Wiley Periodicals, Inc. This is the peer reviewed version
of the following article: Kentner AC, Cryan JF, Brummelte S.
Resilience priming: Translational models for understanding
resiliency and adaptation to early life adversity. Developmental
Psychobiology. 2018; 00:1–26., which has been published in final
form at https://doi.org/10.1002/dev.21775. This article may be
used for non-commercial purposes in accordance with Wiley
Terms and Conditions for Self-Archiving.

Download date 2024-03-29 14:26:52

Item downloaded
from

https://hdl.handle.net/10468/7150

https://hdl.handle.net/10468/7150


1 
 

 

Resilience Priming: Translational models for understanding resiliency  

and adaptation to early-life adversity 

 

Amanda C. Kentner1, John F. Cryan2 and Susanne Brummelte3 

 

1School of Arts & Sciences, Massachusetts College of Pharmacy and Health Sciences,             

179 Longwood Ave, Boston, MA 02115, amanda.kentner@mcphs.edu 

 

2 Dept. Anatomy & Neuroscience & APC Microbiome Institute, University College Cork, 

College Rd., Cork, Ireland, j.cryan@ucc.ie 

 

3 Department of Psychology, Wayne State University, 5057 Woodward Ave, Detroit, MI 48202, 

sbrummelte@wayne.edu 

 

Please address all correspondence to Amanda Kentner at the above address or at any of the 

following coordinates: Office #617-274-3360, or via electronic mail – 

amanda.kentner@mcphs.edu. 

Pages: 87 

Figures: 2 

Tables: 0 

Number of words: Abstract (153), Body (9070) 

 

mailto:amanda.kentner@mcphs.edu
mailto:sbrummelte@wayne.edu
mailto:amanda.kentner@mcphs.edu
mailto:amanda.kentner@mcphs.edu


2 
 

Abstract 

Despite the increasing attention to early-life adversity and its long-term consequences on health, 

behavior, and the etiology of neurodevelopmental disorders, our understanding of the adaptations 

and interventions that promote resiliency and rescue against such insults are underexplored. 

Specifically, investigations of the perinatal period often focus on negative events/outcomes. In 

contrast, positive experiences (i.e. enrichment/parental care//healthy nutrition) favorably influence 

development of the nervous and endocrine systems. Moreover, some stressors result in adaptations 

and demonstrations of later-life resiliency. This review explores the underlying mechanisms of 

neuroplasticity that follow some of these early-life experiences and translates them into ideas for 

interventions in pediatric settings. The emerging role of the gut microbiome in mediating stress 

susceptibility is also discussed. Since many negative outcomes of early experiences are known, it 

is time to identify mechanisms and mediators that promote resiliency against them. These range 

from enrichment, quality parental care, dietary interventions and those that target the gut 

microbiota.  

 

Keywords: resiliency; early life adversity; parental care; enrichment; microbiome; translational 

research 
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Introduction 

     Adverse experiences in early life can severely and profoundly reorganize the brain, leading to 

changes in function that can be related to mental health outcomes. The far-reaching impact of early 

life adversity on health indicators, as for instance highlighted in the foundational research of the 

Adverse Childhood Experiences Study (ACES; Felitti et al., 1998; Anda et al., 2002; Edwards et 

al., 2003), has underscored the importance of research focusing on early developmental periods. 

The focus on these early time periods is important, not only for understanding the mechanisms by 

which stress affects the brain, but for developing protective interventions that may be feasibly 

implemented into either prenatal and/or pediatric settings.  

     The maternal-placental-fetal interface is an important route whereby environmental stressors 

can impact the developmental trajectory of the fetus (Entringer et al., 2015). The prenatal period 

is particularly critical to brain development as it is a stage where fundamental processes such as 

neurogenesis, migration, apoptosis, synaptogenesis, gliogenesis and myelination take place (Estes 

& McAlister, 2016; Workman et al., 2013; Salmaso et al., 2014). Important indicators of immune 

system development, such as hematopoiesis and proliferation/migration of immune stem cells, are 

also observed (Simon et al., 2015; Weiskopf et al., 2016). The early postnatal stage is another 

sensitive period, marked by major events such as the continuation of neurodevelopmental 

processes (e.g. synaptogenesis, gliogenesis) and growth, experience-dependent synaptic pruning, 

bacterial colonization of the gut, and functional maturation of innate and adaptive immunity 

(Belkaid & Hand, 2014; Estes & McAlister, 2016; Salmaso et al., 2014; Simon et al., 2015; 

Workman et al., 2013).   

     The rapid formation and dynamic shaping of the brain is particularly vulnerable during these 

early periods. This is primarily evidenced by experimental animal data demonstrating that adverse 
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experiences such as 

deprivation (e.g. nutritional, 

caregiver neglect), threat (e.g. 

social, physical stressors), and 

injury or illness have long term 

influences on brain 

development and functioning 

(see Morgane et al., 1993; 

Alamy & Bengelloun, 2012; 

Meaney et al., 1996; Plotsky & 

Meaney, 1993; Kaiser & 

Sachser, 2005; Schmitz et al., 

2002; Figure 1). One of the 

first laboratory demonstrations 

showing that early experience 

can impact later life outcomes 

used a daily brief maternal 

separation procedure (Levine 

et al., 1956). Moreover, several of the first papers published in the original issue of Developmental 

Psychobiology focused on the effects of early life experience, such as handling (Levine 1968; 

Denenberg et al. 1968; Altman et al., 1968; Thoman  et al., 1968) on later outcomes. In fact, the 

very first article in the original issue, by Victor Denenberg and colleagues (1968), addressed how 

early life stress (ELS) can “program life histories”. Since that time, several models of ELS have 

Figure 1 – Adverse Early Life Experiences. Early life adverse experiences such as 
deprivation (e.g. nutritional, caregiver neglect), threat (e.g. social, physical 
stressors), and injury or illness have long term influences on development and 
functioning. 
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evolved including protocols of social isolation, chronic mild stress, restraint stress, and 

administration of drugs or viral/bacterial mimetics (Blaze et al., 2017; Lorenz, 1972; Kehoe et al., 

1995; Rangon et al., 2007; Abdul Aziz, et al., 2012; Baker et al., 2008; Weinberg, 1992; Schmitz 

et al., 2002; Maccari et al., 2003; Meyer et al., 2008; Fatemi et al., 2002; Borrell et al., 2002; Yan 

& Kentner, 2017; Connors et al., 2014), as well as models using more prolonged maternal 

separation periods (reviewed in Maccari et al., 2017; Tractenberg et al., 2016; Lomanowska et al., 

2017; Lomanowska & Melo, 2016), or limited bedding as a model of ELS (Gilles et al., 1996; 

Heun-Johnson & Levitt, 2016; Walker et al., 2017; Doherty et al., 2016; Blaze & Roth, 2017). 

Each of these models can affect maternal care, which may mediate the alterations in 

neurodevelopment, thus highlighting the challenge of understanding the impact of early life 

experiences. Importantly, mammals are believed to be somewhat protected from stress and 

increased levels of glucocorticoids during a critical period in early life, termed the stress 

hyporesponsive period, during which the hypothalamic pituitary adrenal (HPA) axis is relatively 

unresponsive to certain stressors (Shapiro et al., 1962, Sapolsky and Meaney 1986). However, this 

dampening of the stress response may depend on the presence of the mother (Stanton et al., 1987; 

van Oers et al., 1998; Lomanowska et al., 2011) and the amount of ELS studies showing negative 

long-term effects suggest that this downregulation during the stress hyporesponsive period does 

not protect neonates from all stressors.    

     The culmination of data from studies using these animal models have informed recent clinical 

research questions, which have in turn identified translational corollaries between basic and human 

neuroscience research. For example, some of the affective and cognitive disruptions that occur in 

offspring, following exposure to psychosocial stressors in utero, are expressed in humans (Van 

Den Berg et al., 2004; Tarabulsy et al., 2014; Kashan et al., 2008; Markham et al., 2011) and other 
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animals (Vallée et al., 

1997; Lordi et al., 2000; 

Estanislau & Morato, 

2005) in a similar manner. 

Moreover, several brain 

correlates can be found 

between humans and 

animals following ELS 

exposure including smaller 

hippocampal (Ahmed-

Leitao et al., 2016; Woon 

& Hedges, 2008; Coe et al., 

2003; Mandyam et al., 

2008; Mychasiuk et al., 

2011) and prefrontal cortex 

(Anderson et al., 2 008; 

Harmelen et al., 2010; 

Mychasiuk et al., 

2011) volumes in later 

life. An additional neural marker affected by ELS is the observation of greater amygdala activation 

in both humans and mice in response to a perceived threat (Malter Cohen et al., 2013).  

     Importantly, the biobehavioral changes that take place following ELS exposure may not always 

lead down a path of psychopathology but may instead be indicative of an adaptation of the 

Figure 2 - Factors Promoting Resilience. Positive early life experiences such as enrichment, 
quality parental care, and a healthy diet can promote healthy development and adaptive 
responses to stressors, leading to resilience. 
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organism to its predicted future environment (Bateson et al., 2014). This is particularly evident 

given the fact that not everyone who experiences stressful events in childhood develops mental 

illness. Moreover, since many negative outcomes of early experiences are known, it is time to 

begin identifying mechanisms that promote resiliency against them. In this review, we provide a 

summary of research in humans as well as in animals suggesting a role for the brain, gut, genes, 

and environment in promoting resiliency against early life adversity (Figure 2). We will explore 

the underlying mechanisms of neuroplasticity that follow these early life experiences and translate 

them into feasible ideas for interventions in pediatric settings. Further, we will discuss how sex 

may play a role in vulnerability or protection against certain stressors. We propose that by using 

translational animal models that more closely resemble the human situation, we can better explore 

ways to improve behavioral and neuroendocrine outcomes after ELS and determine the underlying 

mechanisms of these adaptations.  

 

Harnessing the Environment to Promote Resiliency to Early Life Adversity 

     One of the first observations of experience-dependent neural plasticity took place in the 1950’s 

when Rosenzweig and colleagues noticed differences in cortical acetylcholinesterase (AChE) 

activity as a function of the type of spatial maze rats had been tested in. Further experiments 

demonstrated that animals that had undergone behavioral testing had significantly different cortical 

AChE activity than those that remained untested (Rosenzweig et al., 1960; Rosenzweig, 2007). 

These initial observations of environmental remodeling were the impetus for the now famous 

environmental enrichment (EE) studies, which are classically recognized as providing direct 

support of plasticity in not only adult brain chemistry, but brain anatomy too (Rosenzweig et al., 

1962; Bennett et al., 1964; Diamond et al., 1964). 
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     Although there is no standardized form of EE, increased complexity in either physical or social 

stimulation comprise its primary requisites; maintaining the novelty factor of such stimulation may 

be viewed as an added benefit and on its own, novelty has been shown to be fundamental to the 

enrichment experience for at least some sensory modalities (Veyrac et al., 2009). In the animal 

laboratory, enhanced opportunities for activity and group engagement help to facilitate naturalistic 

species typical behaviors. That said, an important caveat is that enrichment preferences and 

associated benefits are both species and sex dependent (Lin et al., 2011; Simpson et al., 2012; 

Kentner et al., 2018a; Wurbel and Garner, 2007; Welberg et al., 2006; Bessinis et al., 2013). 

Unfortunately, there is a paucity of research that evaluates the effects of EE on both sexes 

(Simpson & Kelley, 2011), and very few comparative studies have been done on other species 

compared to rodents. Of the work that has been completed, it is clear that male and female rodents 

are differentially effected by EE housing. Specifically, while both sexes demonstrated increased 

levels of prosocial engagement following adolescent exposure to EE,  only male rats showed 

elevated gene expression of hippocampal corticotropin-releasing hormone receptor 2 (Kentner et 

al., 2018a). In contrast, life-long EE increased social engagement in female, but not male, rats 

(Connors et al., 2015) and was associated with a sex-dependent neuroendocrine responsivity to 

acute and chronic stressors (Welberg et al., 2006). Moreover, female mice reared in EE have been 

reported to show higher anxiety-like behaviors compared to males (Lin et al., 2011). Importantly, 

adding shelters and other types of physical enrichment devices to group-caged male mice leads to 

territorial aggression and elevated stress responses in subordinate animals (Würbel and Garner, 

2007; McQuaid et al., 2012; Howerton et al., 2008). Still, the success of EE protocols to promote 

synaptic structural changes (e.g. increased spine density, dendritic branch length/complexity; see 

Mychasiuk et al., 2014; Restivo et al., 2005; Greenough et al., 1985), to augment the expression 
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of plasticity-related markers (e.g. postsynaptic density protein 95, synaptophysin, insulin like 

growth factor (IGF), brain derived neurotrophic factor (BDNF); Rampon et al., 2000; Ickes et al., 

2000; Frick et al., 2003;Nithianantharajah et al., 2004; Baldini et al., 2013; Chatterjee et al., 2007), 

and to induce long-term potentiation, long-term depression, and metaplasticity (Bushler & 

Manahan-Vaughan, 2012; Artola et al., 2006) have reinforced the view of environmental 

stimulation as a potential therapeutic intervention in a number of clinical settings. This is 

particularly underscored by evidence that these central changes are accompanied by functional 

improvements such as enhanced learning and memory in animals of both sexes (Frick et al., 2003; 

Novkovic et al., 2015; Kempernann et al., 1997) and the amelioration of symptoms associated with 

several animal models of disease (Nithianantharajah et al., 2008; van Dellen et al., 2000; Lazarov 

et al., 2005; Levi et al., 2003; Faherty et al., 2005; Maegele et al., 2005; Young et al., 1999; Ohlsson 

& Johansson, 1995; Biernaskie and Corbett, 2001). For example, rats housed in EE either prior to 

or following a focal stroke had better neurological functioning (e.g. motor and cognitive) compared 

to those housed in standard laboratory conditions (Ohlsson & Johansson, 1995; Johansson, 2004; 

Gobbo & O’Mara, 2004).  

     Thoughts on the translational relevance of animal models of therapy, including environmental 

enrichment, have been considered for decades; following the eighth Annual Winter Conference on 

Brain Research in 1976, an edited volume called Environments as Therapy for Brain Dysfunction  

was published in a series hosted by Advances in Behavioral Biology (Walsh et al., 1976). The 

chapters explored the potential for environmental manipulations to treat brain injury, 

hyperthyroidism, and sensory deprivation. Since this time, EE has demonstrated some success in 

clinical populations, such as those undergoing stroke recovery. For instance, a prospective 

nonrandomized block design intervention study has shown that patients exposed to enrichment 
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have increased physical activity levels and a reduced amount of time spent alone (Janssen et al., 

2014). The typical experience of an inpatient stroke survivor is that of inactivity and reduced social 

contact; in one study, patients were reported to be alone more than 60% of the time while spending 

more than 50% of their day in bed (Bernhardt et al., 2004). In contrast, during the first series of 

feasibility studies evaluating EE (Janssen et al., 2012; Janssen et al., 2014; White et al., 2015), 

patients were given access to a computer with internet connection, various reading materials, audio 

books, music, jigsaw puzzles and board games. Moreover, they were provided with opportunities 

for additional social interactions including group recreational activities (Nintendo Wii gaming) 

and a dining area for meals. Behavior was evaluated for 48 hours, sampled across 16 days using a 

behavioral mapping tool (e.g. checklists comprised of predetermined categories to track patient 

activity, location, and social engagement). In addition to the positive investigator reports (Janssen 

et al., 2014), patients also described increased motor, cognitive, and sensory stimulation, reduced 

boredom, increased feelings of personal control and a higher number of social interactions (White 

et al., 2015), all variables integral to stress reduction which is important given that stress can 

exacerbate the adverse consequences of brain injury (Bohnen et al., 2009; Gouvier et al., 1992; Jin 

et al., 2010). More recently, the implementation of EE into acute stroke units has been associated 

with reductions in time to hospital discharge and adverse events (as defined by established 

definitions, see Goldfarb, 2012); Rosenbergen et al., 2017). Additionally, inpatients in a tertiary 

neurorehabilitation unit who were exposed to EE reported reduced stress and depression and 

improved mobility in a randomized controlled trial (Khan et al., 2016). Taken together, these data 

suggest that enhanced enrichment opportunities significantly increase the quality of life and 

function of brain injury survivors, supporting its use and feasibility in clinical settings. Still, 

research evaluating the optimization of clinical EE is in its infancy and additional studies are 
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required to evaluate the potential of EE to promote functional recovery, and reduce morbidity, 

mortality and stress. Moreover, the research community will need to develop a more coherent 

consensus of what constitutes clinical EE in humans. 

    Animal studies can help illuminate the underlying mechanisms involved in EE’s capacity to 

improve symptoms following stress, including those experienced in early life (see Figure 2). 

Indeed, environmental complexity is rehabilitative in animal models of ELS such that it reverses 

the synaptic and behavioral consequences of parental neglect that are observed in adulthood when 

animals are placed into enrichment either at, or following, weaning (Bredy et al., 2004; Bredy et 

al., 2003; Vivinetto et al., 2013). This remediating benefit of environmental stimulation also 

extends to animal models of neonatal brain injury (Schwartz, 1964; Komitova et al., 2013; Schuch 

et al., 2016; Gibb et al., 2014), fetal alcohol syndrome (Rema & Ebner, 1999) and exposure to 

antiadrenergic hypertensive drugs (Ryan & Pappas, 1990), inflammatory mimetics (Kentner et al., 

2016), and maternal physical stress (Laviola et al., 2004; Morley-Fletcher et al., 2003). However, 

its success in reversing the effects of ELS are not universal (when animals are placed into EE in 

later life), nor are its benefits robust for all measures (Brummelte et al., 2008; Mychasiuk et al., 

2014; Kentner et al., 2016; Buschert et al., 2016). This suggests that earlier exposure to EE may 

be more effective due to a time-dependent factor (e.g. the existence of critical periods). 

    Enhanced environmental stimulation, in the form of EE, has been shown to affect the structure 

and underlying plasticity of the neonatal rodent brain (Malkasian & Diamond, 1971; He et al., 

2010), suggesting that EE has potential translational utility in early development. As might be 

predicted, EE exposure during the early prenatal and/or neonatal periods is neuroprotective 

(Connors et al., 2014; MacRae et al., 2015; Welberg et al., 2006; Cymerblit-Sabba et al., 2013; 

Brummelte et al., 2007; Pedrini Schuch et al., 2016). This is important because animal studies that 
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investigate prevention have largely focused on pharmacotherapies rather than environmental 

interventions. While pharmacotherapies can be advantageous in the treatment of some 

neuropsychiatric disorders, they often have several limitations including the cost of development, 

accessibility, specificity and tolerability (Berk, 2012; Hyman, 2012; Munos, 2013). Moreover, 

pharmacological treatments during childhood or later adolescence may have unknown long-term 

consequences, as the brain has not fully matured, and may be more vulnerable to non-specific 

effects of the drug treatment (Rodriguez-Porcel et al., 2011). There has been a decline in new drug 

development based on a variety of factors including, most importantly, a lack of understanding of 

the underlying mechanisms of many neuropsychiatric diseases (Berk, 2012; Hyman, 2012; Munos, 

2013). Research examining the benefits of environmental interventions  and the mechanisms 

underlying the success of early EE will not only help to uncover the etiology of disease but may 

also lead to the discovery of effective novel therapeutics. Specifically, investigating the 

mechanisms of EE may reveal molecular targets for other agents that mimic or enhance 

environmental stimulation (termed “environmentalmimetics”; Nithianantharajah, & Hannan, 

2006). Finally, recent randomized controlled clinical trials have demonstrated the efficacy of EE 

as a therapy for autism spectrum disorder (Arnoff et al., 2016; Woo et al., 2015; Woo & Leon, 

2013), highlighting its translational feasibility and acceptability in clinical practice for young 

populations. 

     The initial use of EE in pediatric settings was inspired by basic science (Reynolds et al., 2010; 

Woo et al., 2015; Schneider et al., 2006). Observations that autism-like symptoms induced by 

prenatal valproic acid exposure in rats (Schneider & Przewlocki, 2005; Schneider et al., 2006) 

were attenuated following placement into EE led to the development of a sensory enrichment 

therapy protocol for children with autism spectrum disorder (Woo & Leon, 2013; Woo et al., 2015; 
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Arnoff et al., 2016). In humans, this clinical intervention is comprised of sensorimotor exercises 

that simultaneously stimulate multiple systems (e.g. olfaction, tactile, visual, balance, motor). In 

one randomized clinical trial, parents were provided with kits and written instructions for 

implementing the EE sensorimotor exercises, which increased in difficulty across the 6-month 

intervention period. Each session was approximately 15-30 minutes in duration (made up of 4-7 

exercises) and were scheduled to take place twice a day. Overall, autism severity, as evaluated 

with the Childhood Autism Rating Scale, improved significantly in the enriched group compared 

to the standard care group (e.g. general behavioral therapies). Moreover, sensorimotor enrichment 

was associated with improved Leiter International Performance Scale–Revised scores (a measure 

of objective nonverbal cognitive abilities), significant increases in IQ, Reynell receptive language 

scores, and improvements in sensory reactivity (Woo & Leon, 2013; Woo et al., 2015). Using 

similar forms of sensorimotor stimulation, there is now an emerging body of clinical work 

supporting the use of EE in young patients with Down syndrome, cerebral palsy, and Rett 

syndrome (Purpura et al., 2014; Morgan et al., 2013; Morgan et al., 2015; Downs et al., 2018). 

While there is some initial evidence that EE exposure changes the expression of IGF and BDNF 

in both humans and animals (Downs et al., 2018; Field et al., 2008; Landi et al., 2009; Baldini et 

al., 2013), the underlying mechanisms and necessary/sufficient components of the EE protocols 

that promote clinical benefit are not fully understood. 

     The benefits of enrichment interventions may be mediated by changes in parent-child 

dynamics.  In alignment with others using rodent models (Welberg et al., 2006; Korgan et al., 

2016), we have shown that early life EE changes the quality of maternal care (Connors et al., 

2015), which is well recognized to affect the physiology and behavior of offspring (Francis et al., 

1999). The passive observation and evaluation of rodent nursing postures are one common way to 



14 
 

appraise the quality of maternal care. For example, investigators can score the frequency of  

‘active’ high-arched back nursing postures which allows for pups to easily access the teats to feed, 

compared to the more restrictive low-arched back/prone (or blanket) nursing in which the dam 

lays over her pups. In our hands, EE dams engaged in fewer nursing episodes and spent less time 

in contact with the nest. In contrast, standard housed dams spent more time on the nest in close 

proximity with their pups; they were also more often observed displaying low arched-back nursing. 

Additionally, standard housed dams could often be seen eating and drinking without ever leaving 

the nest while EE mothers frequently left to eat, sleep, and play in the extra space allotted to them 

in the larger cages. Intuitively, this may seem as though the EE dams were neglectful, however, 

when EE dams were nursing, they were more likely to demonstrate a high-arched back posture; 

Moreover, their pup licking frequency was comparable to standard housed dams even with less 

time spent on the nest, which suggested they were more efficient mothers. Importantly, EE 

offspring demonstrated better behavioral adaptability in response to their test environment (e.g. 

novel vs familiar contexts) and had central features suggestive of better stress regulation (e.g. 

elevated GLUR1 and GABA concentrations in the prefrontal cortex) compared to standard housed 

offspring (Connors et al., 2015). In the wild, rat dams must leave their nests in order to forage and 

defend. This limits their duration of direct contact with offspring similarly to what we observe 

with EE dams, a naturalistic separation model that appears to shape offspring stress resiliency and 

adaptability. Traditional standard laboratory housing instead may promote ‘helicopter parenting’, 

in which a dam is continually in contact with her offspring, as she has nowhere else to go. The 

translational value of this classic housing condition, associated with more time on the nest and 

increased nursing episodes, must be considered as it may result in pup overfeeding and/or changes 
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in species typical thermoregulation, both understood to affect development (Jans & Woodside, 

1990; Stern & Lonstein, 1996; Smith & Spencer, 2012).   

     Paternal enrichment experience also affects offspring (Yeshurun et al., 2017; Mashoodh et al., 

2012). Prenatally housing rodent fathers in EE is associated with increased offspring body weight 

(Korgan et al., 2018; Yeshurun et al., 2017; Mashoodh et al., 2012), a modest reduction in latency 

to demonstrate immobility in the forced swim test, and sex specific elevations in serum 

corticosterone (Yeshurun et al., 2017). Specific transgenerational benefits of EE exposed fathers 

have been reported for offspring in rodent models of epilepsy via reduced seizure frequency (Dezsi 

et al., 2016) and maternal separation, as indicated by a mitigation of anxiety-like behavior (Gapp 

et al., 2016). Overall, these basic research findings underscore the importance of environmental 

factors in mediating parental contributions to offspring outcomes through behavioral and 

potentially epigenetic mechanisms (Yeshurun & Hannan, 2017; described in the next section). This 

is important to note given that the clinical application of EE in pediatric settings is typically 

administered by parents (Purpura et al., 2014; Morgan et al., 2013; Morgan et al., 2015; Downs et 

al., 2018; Woo & Leon, 2013; Woo et al., 2015) and not surprisingly, at least for children with 

autism, therapy is more likely to be beneficial if parents are adherent to the intervention procedures 

(Aronoff et al., 2016). At this point it is unclear how the parental driven EE interventions affect 

the parent-child relationship, or even functioning of the caregiver (e.g. changes in anxiety, stress 

or depression scores, attachment), highlighting an underexplored area for future research. 

     Typically, the clinical use of EE is comprised of several different combinations of sensorimotor 

stimulation tasks which may overburden caregivers, reducing adherence, and consequently clinical 

benefit. Therefore, the development of targeted task/deficit specific interventions should be the 

goal, in terms of reducing cost (e.g. time, money, personnel) and increasing 
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feasibility/acceptability. Of the limited work that has been done, evaluating the enhancement of 

individual sensory modalities in isolation, much has focused on tactile stimulation (e.g. Kangaroo 

care, described below), with less of a focus on auditory and olfactory interventions. In the neonatal 

intensive care unit (NICU), some studies have used auditory stimulation in the form of music, 

maternal voice, or heart beat sounds (Pineda et al., 2017), with evidence suggesting that the former 

is associated with improved infant feeding, and that it may alleviate parental stress (Loewy et al., 

2015). Maternal odor stimulation has also been correlated with improvements in oral feeding 

(reduced transition time from gavage to breast feeding), in addition to a shorter time to hospital 

discharge (Yildiz et al., 2011).  Recently, we have conducted some work where neonatal rat pups 

received either tactile brushing (using a paintbrush to mimic maternal licking of the pup; adapted 

from Lovic et al., 2006; 2013), or exposure to either auditory (a simulated lactating rat dam heart 

beat), or olfactory (a series of aroma therapy scents) stimulation during the maternal separation 

period of a rodent nosocomial infection model of the NICU. This work suggests that olfactory (not 

just specific to maternal odors) and auditory, rather than tactile, stimulation applied in isolation 

are effective in mitigating disturbances in plasma corticosterone levels following ELS, while all 

three sensory enhancements individually elevated hippocampal glucocorticoid receptor 

expression. Moreover, sensory enrichment was effective in counteracting the accelerated loss of 

the rooting reflex, precocious puberty, and disruptions in ultrasonic vocalizations as precipitated 

by ELS exposure (Kentner et al., 2018b). Combined with data showing that early life tactile 

stimulation can itself be neuroprotective against ELS (Gonzalez et al., 2001; Lovic et al., 2006; 

Barrett et al., 2015), this work suggests that multimodal sensory interventions are not always 

necessary, as singular sensory interventions can be sufficient (Figure 2).  
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     Relatedly, many EE animal housing conditions are confounded by access to running wheels; in 

these rearing conditions, the neuroprotective benefits of physical activity cannot be dissociated 

from the social or novel factors of the enriched experience. Research shows that physical exercise 

and EE can result in different physiological and behavioral outcomes (Rogers et al., 2016; Lambert 

et al., 2005). Notably, when both types of interventions lead to similar endpoints, the underlying 

mechanisms by which they function may differ. For example, both exercise and EE promote 

neurogenesis, but the former intervention increases cell proliferation while the latter increases cell 

survival (Olson et al., 2006), suggesting that for some intervention plans, multimodal stimulation 

may offer additional benefit or may even be essential (Figure 2). When comparing between the 

potency of EE, physical activity, and even formal training, enriched environments have been 

identified as the most efficacious in promoting recovery in animal models of brain injury, although 

combining EE with other treatments may result in additive effects (Will et al., 2004). These 

findings have major implications for our understanding of experience-dependent neuroplasticity 

and underscore the necessity of developing targeted task/deficit interventions. 

     Finally, with respect to the efficacy of EE following ELS, scientists may wish to consider 

whether observed improvements are due to a ‘true’ recovery of the circuits that underlie a specific 

function, or if they are instead the result of compensatory processes (Rosenzweig, 2007). Whether 

this is important or not may depend on one’s personal scientific outlook, but either way, the 

pathways by which the environment can help promote recovery cannot be disregarded.  

      

A Mother’s Touch: The Science behind the Magic  

     It has long been known to midwives and neonatal care providers that a ‘mother’s touch’ can 

have beneficial (“magic”) effects for an infant. We know from Harlow’s early attachment studies 
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in rhesus monkeys how important maternal care and touch are for healthy development. In fact, 

Bowlby once compared the importance of the mother to essential neurotrophic factors during 

critical periods of tissue development (Bowlby, 1951). Bowlby’s evolutionary theory of 

attachment (Ainsworth, 1973; Bowlby, 1958) replaced the behavioral theory that was centered 

around food as the reason for the infant to form an attachment (Dollard and Miller 1950). It was 

based on his own and others’ clinical observations of emotional and physical stunting of orphaned 

and hospitalized infants (Spitz, 1945), Harlow’s seminal experiments confirming that infant 

monkeys required social contact to develop properly (Harlow, 1965), and on studies of imprinting 

in birds (Bolhuis and Honey, 1998; Lorenz, 1970). Harlow’s studies showed that a ‘cloth mother’ 

was preferred for comfort even if she was not the source of milk, highlighting the importance of 

the social factor rather than food for forming an attachment (Meyer et al., 1975). His studies also 

confirmed that there are critical periods for attachments to form and that even brief periods of 

social contact with siblings, not just a mother, can produce relatively normal behavior in adulthood, 

already hinting at the amazing resilience of brain against early-life deprivation. We know that there 

are critical windows and certain stages for human infants to form secure social attachments 

(NICHD Early Care Research Network, 2006; Schaffer and Emerson, 1964; Waters et al., 2000).  

However, it is exceptionally difficult to really study the effects of parental deprivation in a human 

population, as it is challenging to define or quantify what an “appropriate amount of quality 

parental care” is. One way to approach this issue is by investigating children that grew up in an 

orphanage and experienced institutional deprivation as a form of reduced parental care (Figure 1). 

Studies on this form of ELS revealed that impoverished care was associated with emotional and 

cognitive deficits (Korosi and Baram, 2009). Intriguingly, institutionalized children display altered 

neuroanatomical features such as decreased total grey and white matter volumes but increased 
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amygdala volumes (Mehta et al., 2009; Tottenham et al., 2010). In line with this, Gee et al., (Gee 

et al., 2013) also found changes in amygdala-medial prefrontal cortex (mPFC) connections that 

were associated with an increased maturation pattern of this network in institutionalized children. 

Further, children in foster care who had experienced maltreatment had lower full-scale IQ scores 

compared to a matched control group (Viezel et al., 2015). These results suggest that parental care 

deprivation leads to changes in neuronal volumes and connectivity that may reflect the adaptation 

to this early challenging environment for these children. Importantly, some of the negative effects 

were partially reversible by fostering the children (Hodel et al., 2015; McLaughlin et al., 2012; 

Nelson et al., 2007; Zeanah et al., 2009). However, for non-institutionalized children, there are 

many contributing factors besides caregiver interaction and attachment security in their early 

environment that make it challenging to study the effects of parental care in humans. For instance, 

socioeconomic and family environment over time, as well as maternal distress and degree of social 

support can predict behavioral and linguistic development in children (Miceli et al., 2000; Resnick 

et al., 1990). And though attachment security is relatively stable over decades, it can be influenced 

by dramatic experiences during childhood (Waters et al., 2000). Surprisingly, despite half a century 

of research on attachment and maternal care, including care provided by fathers (Kentner et al., 

2010), we are still far from fully understanding the underlying mechanisms of how responsive and 

sensitive parenting affect offspring, providing them with the best possible development and 

adaptation to their environment (Figure 2). However, animal research has identified several neural 

circuits and mechanisms that help explain the effect of parental care and attachment on the healthy 

biobehavioral development of offspring.  

     Early work by Denenberg, Levine, Rosenberg and others, some of it published in the first issue 

of Developmental Psychobiology about 50 years ago, confirmed the importance of maternal care 
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and early-life experiences in mice and rats (Altman, 1968; Denenberg, 1968; Thoman, 1968). 

These and other early studies investigated the effects of early handling or maternal separation on 

stress response and/or behavioral and emotional outcome later in life and found that maternal care 

had a tremendous impact on the adult phenotype (Bayart et al., 1990; Denenberg and Bell, 1960; 

Denenberg et al., 1962; Denenberg, 1999; Hennessy et al., 1980; Joffe et al., 1972; Levine, 1967; 

Levine et al., 1988; Rosenberg et al., 1970). Notably, these early studies already established that 

increases in maternal licking and grooming can have a beneficial effect on the adult phenotype and 

promote resilience to early-life stress. In Levine’s seminal studies, neonatal rats were separated 

from the mothers for brief, intermittent periods and exposed to foot-shocks that he believed would 

result in increased emotionality later in life, based on Freud’s theory. To their surprise, rats instead 

showed diminished emotional instability and improved stress responsivity as adults.(Levine et al., 

1956; Levine, 1962). This effect was later attributed to the increase in maternal care and mother 

pup interaction upon reunion (Brown et al., 1977; Denenberg, 1999; Pryce et al., 2001; 

Smotherman et al., 1977a; Sullivan and Holman, 2010). For instance, in 1977, William 

Smotherman and colleagues (Smotherman et al., 1977a; Smotherman et al., 1977b) showed that 

the dam’s HPA responsiveness to the separation mediated the dam’s behavior in response to the 

pup’s stress experience, which in turn could help explain the differential outcome after early 

manipulations of the pups.  However, adaptations to ELS in other species (i.e. monkeys) seem to 

be less dependent on subsequent maternal care (Lyons et al., 2010), which suggests that the 

associations between ELS, maternal care and later vulnerability or resilience to stress is complex. 

We will discuss this relationship in more detail in the following section and talk about how we can 

use high quality maternal care to improve health outcomes after early adversity in humans.  
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     As mentioned earlier, in humans it may be difficult to disentangle the effect of parental care 

from other socioeconomic and developmental factors (Figure 1). Further, it is difficult to define 

or characterize high or low quality paternal care in humans and thus there is a lack of data on the 

consequences of the varying degrees of quality of parental care, but studies on orphaned, neglected 

or mistreated children may provide a proxy for the consequences that ELS can have in human 

children, though these situations may be on the extreme end of possible variations in parental care. 

Though many studies have suggested an association between maternal care and brain development 

in humans, only few studies provide actual evidence for such a relationship. Luby et al., (Luby et 

al., 2012; Luby et al., 2016) showed that higher levels of early maternal support predicted increased 

hippocampal volume and growth in healthy children at school-age. Further, Lupien et al. (Lupien 

et al., 2011) found an association between maternal depressive symptoms and amygdala volume 

in a small study of 10-year old children. Maternal depression is frequently associated with reduced 

mother-infant interaction, bonding and attachment (Brummelte and Galea, 2016) and it is assumed 

that some of the negative outcomes of exposed offspring is due to the alteration in maternal care 

in depressed mothers (Field, 2010). For instance, it is believed that externalizing problems and 

poor cognitive skills in children of depressed mothers are partly due to the effects of depression 

on maternal behaviors (Brummelte and Galea, 2016), as depressed mothers tend to breastfeed less 

(Dennis and McQueen, 2009), have a reduced likelihood of having secure attachments with their 

infants (Benoit, 2004) and generally exhibit more negative and less affectionate behaviors towards 

their infants (Ferber, 2004; Field, 2010; Lovejoy et al., 2000). However, infants of depressed 

mothers may already have different developmental trajectories due to the exposure to maternal 

depression and altered hormonal milieus during pregnancy and through breast milk (Brummelte 

and Galea, 2016). An emerging literature on paternal depression is further suggesting that the 
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mental health of fathers may also be associated with poorer outcomes in their children, including 

anxiety and negative affect (Sweeny et al., 2016).  

     Another example of a reduced parental care situation in humans that is less dramatic than 

neglected or orphanage children, is that of infants being hospitalized for a prolonged period of 

time. And though there are several studies linking early hospitalization experiences to reduced 

bonding and even altered brain development (Brummelte et al., 2012; Fernandez Medina et al., 

2017; Smith et al., 2011), less is known about the role of parental care on this negative outcome. 

In support of the idea that some of the negative consequences may be mediated through reduced 

parental care in these situations, studies aiming to increase parental touch through skin-to-skin 

(kangaroo) care have consistently shown positive and protective effects in neonates (for review 

see Bailey, 2012; Hall and Kirsten, 2008). This underlines the importance of parental involvement 

for building resilience in the offspring. 

     Considering the limitations of investigating the effect of parental care in humans, rodent models 

are a great tool to shed some light on the underlying mechanisms and the contribution of maternal 

care on developmental outcomes. There have been many animal models that investigated the 

effects of maternal separation or maternal stress on the outcome of the offspring since Levine’s 

early studies (reviewed in Maccari et al., 2017; Tractenberg et al., 2016; Gilles et al., 1996; Heun-

Johnson & Levitt, 2016; Walker et al., 2017; Doherty et al., 2016; Blaze & Roth, 2017).  There 

are also several mammalian models of biparental care (e.g. Prairie vole, California mouse, 

Mongolian gerbil) in which the effects of paternal behavior can be evaluated. In general, the animal 

literature indicates that the neural correlates related to paternal care are similar to those involved 

in maternal nurturing and that the presence of the father is associated with increased offspring 

body weight and survival rates (see Kentner et al., 2010). Importantly, the length of the maternal 
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separation and type of maternal stressor matters significantly as short periods of separation can 

increase maternal corticosterone levels and stimulate care, thus resulting in resilience of the 

offspring to early-life or later-life stressors. In contrast, prolonged periods of separation typically 

result in negative consequences. In line with this, rat dams housed in EE spend less time in contact 

with the nest compared to standard housed animals (Connors et al., 2015). While EE dams engaged 

in fewer nursing episodes overall, they displayed higher frequencies of active or ‘better quality’ 

nursing behaviors (e.g. high-arched back nursing). Overall, this reduced time with the nest was 

associated with positive outcomes in the offspring in that they demonstrated more adaptive-like 

responses to their environment. 

     Investigating the changes in the brain of the offspring exposed to various parental care 

manipulations may help to determine why certain stressors result in resilience and others in 

vulnerability to later-life challenges. Prolonged maternal separation such as 3-24 h during the 

neonatal period can result in deficits in cognitive and behavioral tasks and in a decrease in 

hippocampal volume, a decrease in prefrontal cortex and motor cortex thickness, a decrease in 

fiber densities and an increase in apoptotic cells in various cortices, hippocampus, and cerebellar 

cortex in adult animals  (Aksic et al., 2013; Zhang et al., 2002;Huot et al., 2002;Aisa et al., 2007; 

Daniels et al., 2004; Lee et al., 2007). These neuroanatomical and behavioral impairments are 

likely due to increased glucocorticoid levels in response to the maternal separation (Avishai-Eliner 

et al., 1995; Veenema and Neumann, 2009). Interestingly, the specific molecular changes in the 

brain are dependent on the duration of the separation as well as whether it was recurrent or not, 

though variable results have been reported even for the same stressor. For instance, after a single 

24h maternal separation, some studies found reduced CRH expression in the PVN, while others 

found no change in expression levels (for review see: (Korosi and Baram, 2009)). The question 
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remains why the same or similar stressors result in apparently negative outcomes in some studies, 

but resilience (no change) in others. Identifying the key methodological differences between these 

studies may help us shed some light on why some animals are more resistant to early-life stressors 

than others. Besides species, strain, sex, and age of the animal during separation, one crucial 

difference between studies could be the time of measurement of the outcome variable. For instance, 

for CRH expression levels, Schmidt et al., (2004) showed that maternal separation induced a 

cascade of sequential changes at various levels of the HPA axis, with the main activation occurring 

4-8h after maternal separation. Thus, timing could be very essential and single measurements may 

not reflect dynamic alterations in the stress response. Further, litter size, early housing conditions 

and the circumstances during the separation (such as temperature, olfactory cues, or nutrition status 

of the pups) that may vary between studies could also contribute to differential outcomes.  

Importantly, recurrent separation influences maternal care upon reunion, thus adding another layer 

of complexity to studying the effect of quality vs. quantity of maternal care in separation studies 

(Korosi and Baram, 2009). 

     Tallie Baram and her laboratory developed a more translational model of maternal stress and 

reduced maternal care that is based on reduced bedding. Not having sufficient nesting material 

available before and after birth is a considerable stressor for the dam and can result in fragmented 

and frequently shifting maternal behaviors and thus chronic ELS for the offspring (Ivy et al., 2008; 

Rice et al., 2008; Walker et al., 2017). This approach has been adopted in many other labs since 

then and we now have a pretty good understanding of how some of the consequences are mediated 

through maternal and infant HPA axis activation. Most notably, we see changes in CRH-

expressing neurons and CRH mRNA levels in hippocampal regions that persist into adulthood of 

exposed offspring that could help explain the cognitive deficits in several behavioral tests that 
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these animals display (for review see: (Walker et al., 2017). Interestingly, female offspring seem 

more resilient to this type of early-life stressor than males and several research groups are currently 

trying to unravel the mechanisms behind this phenomenon. For instance, Tania Roth’s laboratory 

found sex-dependent methylation patterns of the BDNF gene in various brain regions, suggesting 

that this important neurotrophic factor, that plays a role in closing of sensitive periods, may be 

important in mediating resilience or vulnerability to the scarcity model in males and females (Blaze 

et al., 2013; Roth et al., 2014). However, other molecular and behavioral deficits following the 

reduced bedding model are found in both sexes, emphasizing the fact that more research is needed 

to understand potentially different susceptibility to this type of ELS in males and females.  

 These results from the limited bedding model are in line with work of Regina Sullivan and 

colleagues who studied early-life stress exposure and the importance of sensitive periods and the 

presence of the dam (Moriceau et al., 2010; Sullivan and Holman, 2010). Their seminal work 

showed how pups learn fear and/or attachment during a sensitive period of early life. Specifically, 

while pups are still in the sensitive period of attachment formation they do not learn or exhibit a 

“normal” fear reaction in response to pain (foot shock). This inability of pups to exhibit avoidance 

learning with pain-odor pairings (i.e. pups approach an odor even if it is paired with a painful 

stimulus during sensitive period) is believed to promote attachment formation (Ades et al., 2006; 

Roth and Sullivan, 2005; Roth et al., 2013; Sullivan and Holman, 2010). In other words, pups will 

learn to attach to a dam even if they are (sometimes) mistreated by her.  This makes sense from an 

evolutionary perspective as some pain cannot be avoided (e.g. if the dam is moving around in her 

nest and stepping on pups) and it would explain why pups may be resilient to certain types of 

stressors early in life as long as the dam is present. In fact, it has been shown that pups have an 

active stress system when the dam is away but a buffered stress response when the dam is present 
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(Moriceau et al., 2004; Raineki et al., 2010). Further, it was revealed that this buffering was 

mediated through blocking norepinephrine release in the PVN when the dam is present (Sullivan 

and Holman, 2010). These findings further help to shed light on the stress hyporesponsive period 

and why certain stressors can still elicit a corticosterone increase in pups while most stressors 

cannot during the sensitive period. Indeed, if the sensory and olfactory clues provided by the 

mothers are dampening the pups corticosterone levels (Stanton et al., 1987; van Oers et al., 1998), 

it is not surprising that prolonged maternal separation is one of the stressors that can still elicit a 

rise in corticosterone during the stress hyporesponsive period (Sullivan and Holman, 2010).  

 Models of ELS suggest that the dam may have a huge impact on determining whether a 

neonatal experience may result in resilient or vulnerable offspring later in life. In line with this, 

Michael Meaney and colleagues work has beautifully demonstrated that increased maternal care 

(i.e. licking and grooming) can rescue the effects of early adversity and produces a different adult 

phenotype compared to low maternal care (Champagne and Meaney, 2001; Liu et al., 1997; 

Meaney and Szyf, 2005; Weaver et al., 2004). Dams were selected based on their natural variation 

in the amount of time they spent licking and grooming their pups to establish a line of “high licking 

and grooming (LG)” and “low LG” dams. Not surprisingly, the amount of maternal licking and 

grooming that the pups received was associated with the pups’ stress response as adults. In 

particular, offspring of high LG dams had a damped corticosterone response to stress that was in 

line with reduced CRH expression in the hypothalamus, and reduced methylation of the 

glucocorticoid receptor gene which in turn correlated with increased expression of the receptor in 

the hippocampus (Champagne et al., 2008; Champagne and Meaney, 2001; Francis et al., 1999). 

Further, adult offspring of high LG dams displayed an increased spine density, dendritic branching 

and enhanced LTP in hippocampal neurons that was in line with enhanced cognitive performance 
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compared to offspring from low LG dams (Champagne et al., 2008; Liu et al., 2000). This suggests 

that improved maternal care can have a beneficial impact on offspring’s long-term behavioral and 

cognitive outcomes.  

 In line with the results from low LG vs. high LG dams is data obtained from artificial 

rearing studies that use ‘licking-like’ stimulation using stroking with brushes or other devices 

(Lomanowska and Melo, 2016). The “pup-in-a-cup” model that was originally based on early 

nutrition studies has since been used by several labs to study the effects of continuous isolation 

and social deprivation on brain and behavioral development of the pup (e.g. Hall et al., 1999; 

Chatterjee et al., 2007; Lovic and Fleming, 2015; Lomanowska et al, 2017; de Medeiros et al., 

2009). Artificial upbringing results in several modifications in behavior of male and female 

animals in adulthood as well as changes to neuroanatomical markers, electrophysiological 

properties and HPA axis functioning (for an excellent review on the artificial rearing model see 

Lomanowska and Melo 2016). However, the fact that these artificially-reared pups are still able to 

engage in relatively normal sexual, parental and social behaviors as adults, highlights the amazing 

capacity of the brain to adapt to ELS. An advantage of this model is that it allows to manipulate 

social stimuli by adding maternal or littermate contact or stroking to mimic maternal licking and 

grooming. This licking-like stimulation is able to rescue some of the negative consequences of 

artificial rearing (Chatterjee 2007; Gonzalez et al., 2001; Lovic and Fleming 2004) and this further 

strengthens the idea that (maternal-like) touch and stimulation early in life are important 

contributors to a healthy brain development.  

            Interestingly, Weaver et al (2005) also found that some effects of low LG maternal care 

were partly reversible in adulthood, though they achieved this improvement through epigenetic 

manipulations such as methyl supplementation or a histone deacetylase inhibitor given in 

https://www-sciencedirect-com.proxy.lib.wayne.edu/science/article/pii/S0018506X15001063?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb#bb0165
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adulthood. In line with this, epigenetic factors are increasingly recognized to play a crucial role in 

the relationship between early life experiences and later psychopathological outcome (Roth and 

Sweatt, 2011, Brummelte et al., 2017). Animal studies established a link between increased 

methylation and decreased expression of the glucocorticoid receptor after early adversity such as 

reduced maternal care (for review see: Szyf et al., 2005, 2007) which is in line with human data 

from McGowan and colleagues (2009) that revealed a link between childhood abuse and increased 

methylation and decreased transcription of the glucocorticoid receptor gene in human brain tissue 

obtained from suicide victims. Further, maternal mood, maternal stress and other childhood 

adversities have been associated with alterations in methylation levels of the glucocorticoid 

receptor and other relevant genes in human blood or saliva (Oberlander et al., 2008 Essex et al., 

2013; Caldji et al., 2011; Beach et al., 2010; Kang et al., 2013), but less is known about epigenetic 

changes in the brain in response to variations in maternal care in humans.  

              In rhesus monkeys, being reared in a nursery resulted in increased methylation of the 

serotonin transporter gene (SLC6A4) compared to monkey being reared with their mothers 

(Kinnally et al., 2010). Interestingly, Murgatroyd and colleagues found that maternal stroking of 

the infant (self-reported) during the first week of life could rescue the increased methylation of the 

glucocorticoid receptor gene that was observed in saliva of infants exposed to postnatal depression 

(low prenatal but high postnatal depression scores). This again underlines the importance of  touch 

for improving resilience in infants exposed to early-adversity. Importantly, methylation levels may 

differ by genotype, and genetic variations in itself can predict the risk for vulnerability to later-life 

stressors, thus adding another level of complexity when trying to understand the pathways to 

resilience or sensitivity after early-life adverse experiences (Brummelte et al. 2017). For excellent 

reviews on the role of genetic predispositions and gene-environment interactions in mediating 
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resilience or vulnerability to ELS see: Lomanowska & Melo, 2016; Bowes and Jaffe 2013, Feder 

et al., 2009, Daskalakis et al., 2013.  

As mentioned earlier, and similar to the effects of exposure to high LG, early handling or 

brief maternal separation have also been shown to result in a blunted stress response in adulthood 

(Sanchez et al., 2001; Schmidt et al., 2002). This reduced stress response was again associated 

with reduced CRH expression in the hypothalamus and increased GR in the hippocampus (Meaney 

et al., 1996; Avishai-Eliner et al., 2001), suggesting a similar pattern of alteration in the brain due 

to different manipulations that all seem to result in resilience. Further, early handling also led to 

improved cognitive function and reduced risk for depressive-like behavior (Dinces et al., 2014; 

Meaney et al., 1991; Reeb-Sutherland and Tang, 2012; Spivey et al., 2011; Tang, 2001), suggesting 

that the extra stimulation early in life leads to a more resilient phenotype that is based on alterations 

in HPA axis functioning.   

     Interestingly, though offspring of low LG dams have usually poor behavioral outcomes 

compared to high LG dams (Weaver et al., 2004), the offspring of low LG dams seemed to 

‘outperform’ offspring from high LG under stressful conditions in adulthood (Champagne et al., 

2008). This suggests that the quality of maternal care may transmit information about the quality 

of the environment to the offspring, possibly through epigenetic modifications. Under low resource 

conditions, a dam may spend less time licking and grooming and more time finding food, which 

could lead to HPA axis programming in the offspring that will make them better prepared/adapted 

for survival under challenging conditions (Mooney-Leber and Brummelte, 2017). These results 

further support the idea that maternal care can “program” the HPA axis of the offspring to be best 

prepared for the existing environment. In other words, a more reactive HPA axis may actually be 

advantageous in a stressful (low resource) environment, thus low LG dams are providing their 
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offspring with the necessary resilience to a challenging adult life. Further, a high fat diet given to 

dams with limited bedding has been shown to prevent some of the negative consequences in the 

offspring (Walker et al., 2017). This also strengthens the idea that the offspring are programmed 

by the mother’s nutrition and behavior to be best prepared for a given environment. If there is not 

one clear ‘signal’ (i.e. reduced bedding and high fat diet are a ‘mismatch’ and suggest opposite 

qualities of the environment), the consequences for the offspring are more complex and may reflect 

adaptations in various directions. In line with this, Schmidt and colleagues (Santarelli et al., 2017) 

tested this mismatch theory by placing mice in either a supportive or aversive early environment 

followed by either a supportive (social housing) or aversive (chronic social defeat stress) adult 

environment and found that an early stressful environment did indeed result in better coping skills 

for a challenging adult environment. These kind of studies can help us understand why certain 

forms of ELS may provide resilience and protection against a stressful adult environment. As 

mentioned earlier, early manipulations to the dam, pups (handling) or the environment also usually 

lead to changes in the maternal care which in turn can contribute to observed alterations in 

biobehavioral development, adding another layer of complexity to trying to understand the impact 

of early life stress and maternal care alterations.  

 Investigations assessing the ability of ways to directly increase or decrease maternal care 

to better understand the mediating impact of maternal licking and grooming on resilience to early-

life adversity are currently ongoing (Mooney-Leber and Brummelte, 2017). In particular, 

approaches to directly increase maternal licking and grooming without the need to select dams for 

this behavior or handling the pups are being assessed. Better understanding of the influence of 

maternal care on long-term phenotype development may help to translate findings about what 
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promotes resilience into interventions for human mothers and their children at risk (Lomanowska 

& Melo, 2016; Lomanowska et al., 2017).    

     The underlying mechanisms of inducing and maintaining maternal care behaviors have been 

described in detail elsewhere (Bridges, 2015; Brunton and Russell, 2008; Fleming et al., 1987). 

Obviously, many steroid hormones are involved in the complex communication between body and 

brain to prepare the female body for motherhood. Not surprisingly therefore, glucocorticoids, 

estrogens, progesterone and oxytocin have all been found to play a role in maternal care in 

mammals (Fleming et al., 1987; Fleming et al., 1997b; Glynn et al., 2016; Rosenblatt, 1980). For 

instance, the estradiol to progesterone ratio during gestation has been linked to attachment and 

sensitivity of a mother in the postpartum period (Fleming et al., 1997a). Further, healthy 

postpartum mothers with higher plasma cortisol levels engaged in more affectionate mother-infant 

interaction with their infants compared to women with lower cortisol levels (Fleming et al., 1987) 

(Fleming et al., 1997b). In line with this, higher cortisol levels in first-time mothers were associated 

with better recognition and higher attraction to their own baby’s body odor compared to foreign 

infant odors and showed more affectionate contact with their baby in a mother-infant interaction 

session (Fleming et al., 1997b). In animals, manipulating steroid hormone levels can alter parental 

behavior in various ways (for recent review see: Bridges, 2015; Siegel and Rosenblatt, 1975; 

Terkel and Rosenblatt, 1972), which suggests that altering hormone levels in humans may be a 

potential pathway for improving maternal behaviors in at-risk cases, such as severely depressed 

mothers, in the future.  

     Importantly, if altered hormonal milieus are responsible for changes in maternal care, then they 

may also contribute directly or indirectly to alterations in the development of the offspring. This 

underlines the complexity of studying the impact of early-life experiences as it is impossible to 
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disentangle these interactions in humans. One simple approach to elevate levels of maternal care 

in humans for hospitalized infants, and premature babies in particular, is through Kangaroo care. 

This increased skin-to-skin contact between the neonate and mother has been linked to positive 

outcomes which range from typical brain development to improved cognitive functioning (for 

review see Bailey, 2012; Hall and Kirsten, 2008; Johnston et al., 2003; Feldman et al., 2014; Scher 

et al., 2009; Welch et al., 2017). However, not much is known about how skin-to-skin care 

produces resilience and improvements in at-risk infants, such as premature babies.  Importantly, 

more positive outcomes are often associated with more days of Kangaroo care (Bera et al., 2014). 

Initial physiological changes seen after Kangaroo care include improvements in body temperature, 

respiration rate, heart rate, and oxygen saturation as well as reduced cortisol levels (Mooncey et 

al., 1997) (Bera et al., 2014) that may contribute to the long-term developmental outcomes. 

Interestingly, Kangaroo care also functions as an acute analgesic for painful procedures (Johnson 

et al., 2003),  and the effects are in line with Regina Sullivan’s and others work in rodents showing 

that pain-and stress responses are diminished by the presence or contact with the mother (Blass et 

al., 1995; Stanton et al., 1987). The calming effect of parental care in rodents and humans is 

believed to be mediated through the HPA axis and CRF signaling though many other downstream 

effects such a downregulation of glutamatergic signaling may also be involved (Mooney-Leber 

and Brummelte 2017). Further, studies revealing sex differences in the outcome of the offspring 

after reduced maternal care suggest that hormones such as estrogens and oxytocin may also play a 

role in mediating the effect (He, 2018).  Unfortunately, improving the quality of parental care or 

increasing the time caregivers can spend with their at-risk children is not always easy as it means 

tackling the reason behind the altered parental behaviors. For instance, if maternal/paternal 

depression is the underlying reason for reduced caregiver-infant interactions, interventions should 
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also address the caregiver’s mental illness, but depressive symptoms are not always easily 

improved. Further, parents of preterm infants may be limited in regards to the amount of time they 

can spend in the NICU depending on infant’s length of stay, distance from the hospital and whether 

there are siblings to take care of at home (Reynolds et al., 2013;Latva et al., 2007). But overall, 

creating ways to improve parental care and involvement seem to be promising avenues to build 

resilience and protection against early-life stress and translational animal models may help to 

further elucidate the underlying mechanisms behind the magic of a ‘mother’s touch’.  

 

The best way to a child’s heart is through their gut 

     Within the past decade, what is perhaps at first thought an unlikely factor, the gut microbiota, 

has emerged as a key regulator of the stress response especially in early life (Foster et al. 2017; 

Moloney et al 2014; Gur et al., 2015; O’Mahony et al., 2017; De Weerth 2018). Although it has 

been known since the 1800s that the gut and brain communicate to maintain homeostasis, advances 

in sequencing technologies have facilitated the realization that this gut-brain axis is modulated by 

the trillions of microbes, mainly bacteria, but also archaea, yeasts, helminth parasites, viruses, and 

protozoa together within the gut which outnumber human cells in the body (Sender et al., 2016). 

For the most part, in humans and other mammals, colonization of the infant gut begins at birth, 

when delivery through the birth canal exposes the infant to its mother's vaginal microbiota, thus 

initiating a critical maternal influence over the offspring's lifelong microbial signature (Mueller et 

al., 2015). Microbiota composition influences almost every aspect of the organism's physiology 

throughout its life including brain health and stress responses. Moreover, factors that influence this 

composition have thus the potential to impact neurodevelopment and stress sensitivity (Borre et 

al., 2015; Sampson and Mazmanian, 2015; Kundu et al., 2017). 
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     In a seminal study, Sudo and colleagues (2004) demonstrated that mice which lack microbes 

(germ-free) have an exaggerated HPA axis response to an acute stressor which could be reversed 

by colonization with a specific Bifidobacteria species. This was followed by a number of key germ 

free studies showing that bacteria are required for normal brain development (Neufeld et al., 2011; 

Diaz Heijtz et al., 2011; Clarke et al., 2013;) as well as brain function in adulthood (Stilling et al., 

2015; Lucyinski et al). Indeed, key processes such as neurogenesis (Ogbonnaya et al., 2015), 

myelination (Hoban et al. 2016), blood brain barrier integrity (Brainiste et al., 2015) and microglia 

activation (Erny et al., 2015; Thion et al., 2018) are perturbed in germ free mice. Changes in 

hippocampal, amydgala and prefrontal cortex microRNAs are also observed in these animals 

(Hoban et al., 2016; 2017). This may be of interest to stress resilience neurobiology given the 

increasing attention that microRNAs have received in mediating stress resilience (Gururajan et al., 

2017). Functionally, in addition to increased activation of HPA axis these changes translate to 

alterations in anxiety-related behavior, social behavior, fear learning and increased visceral pain 

(see (Luczynski et al., 2016a) for review). Antibiotic exposure is another strategy to assess the 

impact of the microbiota on brain and behavior. Early-life antibiotic administration in rat pups 

leads to altered central nervous system pathways, particularly those associated with pain signaling 

from the gut via the spinal cord (O’Mahony et al., 2014). Moreover, early life penicillin treatment 

in mice has lasting effects on gut microbiota, increases cytokine expression in frontal cortex, 

modifies blood-brain barrier integrity and alters behaviour (Leclerque et al., 2017). 

     Although the relationship between stress and microbiota composition dates back many decades, 

to when Tannock and Savage (1974) noted that ‘stressed mice showed dramatic reductions in these 

populations of lactobacilli’, it was a further two decades until Bailey and Coe published in 

Developmental Psychobiology that maternal separation decreased fecal Lactobacillus in rhesus 
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monkeys three days post-separation (Bailey and Coe, 1999). In rodents, early life maternal 

separation disrupts the offspring's microbiota (O'Mahony et al., 2009). More recently mouse 

studies have shown that the presence of gut microbiota may not be essential for the ability of 

maternal separation to alter stress-related HPA axis activity, but it is necessary to alter the 

development of anxiety- and depressive-like behaviors (De Palma et al., 2015 Specifically, germ 

free mice were sensitive to the enhanced corticosterone response to early life stress but not the 

behavioral changes. Additionally, prenatal stress (Figure 1) affects the composition of the 

maternal microbiome at genus level and thus affects the microbial signature that is subsequently 

transferred to the offspring in rats (Golubeva et al., 2015) and mice (Gur, 2017) and even humans 

(Zijlmans et al., 2015). Together these data show that the microbiome may be a key link between 

the intrauterine environment and adult behavioral changes.  In addition, chronic stress in either 

adolescence (Dunphy-Doherty, 2018) or adulthood has been shown to modify the microbiome 

composition coupled with changes in gut barrier function, immunity and behaviour (Bailey, 2011; 

Galley et al 2014; Bharwani et al 2016; Burokas et al., 2017; Partrick et al., 2018). 

     Recently, fecal microbiota transplantation approaches have been utilized to demonstrate that 

stress-related microbiota composition plays a causal role in behavioral changes. The transfer of 

stress-prone Balb/C microbiota to control germ free Swiss Webster mice has been shown to 

increase anxiety-related behavior, whereas transfer in the opposite direction reduced anxiety-

related behavior (Bercik et al., 2011). This clearly shows that the microbiota of Swiss Webster 

mice harbors the ability to produce factors important for resilience whereas that of the Balb/C is 

able to confer susceptibility to anxiety-provoking situations. A link between disease-related 

microbiota and behavior was also recently demonstrated, where fecal microbiota transplantation 

from depressed patients to microbiota-depleted rats increased anhedonia and anxiety-like 
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behaviors (Kelly et al., 2016). Efforts are also being made to correlate early life microbiota with 

infant brain and behavior. In toddlers (18-27 months old), a higher level of extraversion was 

associated with greater phylogenetic diversity in the microbiome (Christian et al, 2015). Moreover, 

the microbiome at one year old has been shown to correlate with cognitive function at two years 

of age with higher alpha diversity associated with lower scores on the overall composite score, 

visual reception scale, and expressive language scale (Carlson et al., 2018). Interestingly, at an 

imaging level, no correlation was shown between microbiota composition and fMRI measures in 

this study. On the other hand a recent porcine magnetic resonance spectroscopy study 

demonstrated that fecal Ruminococcus levels predicted brain N-acetylaspartate concentrations in 

30 day old pigs, an effect that co-varied with serum cortisol levels (Mudd et al., 2017).  

     To date, a clear relationship between microbiota composition and stress resilience has received 

less attention. Ongoing studies are investigating if basal microbiome composition could predict 

stress susceptibility in adult mice (Gururajan and Cryan unpublished).  Similar approaches have 

been undertaken in Syrian hamsters, a useful model to study social stress due to the fact that they 

rapidly form dominance hierarchies. A single exposure to social stress induces changes in the gut 

microbiota that increases following repeated exposures (Partick et al., 2018).  Interestingly, this 

study found no association between the effects of social stress-induced changes in the microbiota 

and HPA axis measures although the composition of the microbiome was different between 

hamsters that were dominant or submissive. Future studies must focus on whether the microbiome 

in early life provides a mechanism for stress susceptibility or resilience both in rodents and 

humans. 

     There is growing evidence that targeted manipulations of the microbiota might confer 

protection to the brain to ameliorate the negative effects of stress during vulnerable developmental 
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periods. To this end, several studies have shown that diets that modify the microbiota (Figure 2), 

prebiotics, and probiotics can reduce stress-related behavior and HPA activation (Sarkar et al., 

2016). Prebiotics are non-digestible food ingredients that promote growth of commensal bacteria. 

Prebiotics including the oligosaccharides 3'sialyllactose, 6'sialyllactose, polydextrose, 

fructooligosaccharides & galactooligosaccharides reverse the behavioral, neurochemincal and 

immune-related effects of chronic stress in rodents (Tarr et al., 2015; Burokas et al.2017; 

Thompson et al., 2017). Interestingly, prebiotic administration of bimuno-galactooligosaccharides 

reduced salivary cortisol awakening response in healthy individuals (Schmidt et al., 2015). The 

reversal of stress effects by probiotics has also been demonstrated. For example, administration of 

Lactobacillus helveticus NS8 to Sprague Dawley rats improved stress-induced behavior deficits 

and attenuated the stress-induced levels of corticosterone (Liang et al., 2015) whereas L. 

rhamnosus JB-1 attenuated anxiety and stress in Balb/C mice (Bravo et al., 2011). Similarly, 

administration of L. heleveticus R0052 and Bifidobacterium longum R0175 prevented stress-

induced changes in neurogenesis, gut barrier integrity, and stress-reactivity (Ait-Belgnaoui et al., 

2012). L. rhamnosus GG in combination with polydextrose reverses early-life stress-induced 

effects on anxiety behavior in the open field, learning in the Morris Water Maze & hippocampal 

GABA receptor mRNA (McVey Neufeld et al., 2017). Interestingly, the microbiome can be 

targeted to improve maternal mental health which will have knock-on effects on infant 

development. A recent double-blind placebo-controlled study with L. rhamnosus during pregnancy 

and lactation significantly reduced post-partum anxiety and depression (Slykerman et al., 2017).  

     Taken together these data highlight the importance of the microbiome in early brain 

development and in regulating the stress response. Future studies must investigate the exact 

mechanistic relationship that the microbiome has in mediating stress resilience. Moreover, there is 
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a need to assess the impact of environmental enrichment on the microbiome in early life. 

Interestingly there is a growing interest on the effects of enrichment and exercise on the 

microbiome in adulthood (Fuller et al., 2018; Mika et al., 2016; Cronin et al., 2018). Moreover, In 

addition, targeting the microbiome in early life or even prenatally may offer a novel approach to 

chart the appropriate trajectory for children at risk for early childhood adversity. 

Conclusions 

     Establishing relevant translational animal models is crucial for advancing our understanding of 

developmental psychobiology in general, and identifying successful interventions in particular. 

Moreover, a better understanding of how these early interventions prevent negative outcomes will 

help to improve the well-being of both caretakers and children. 
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Figure 1. Adverse Early Life Experiences. Early life adverse experiences such as deprivation 

(e.g. nutritional, caregiver neglect), threat (e.g. social, physical stressors), and injury or 

illness have long term influences on development and functioning.  

 

Figure 2.  Factors Promoting Resilience. Positive early life experiences such as enrichment, 

quality parental care, and a healthy diet can promote healthy development and adaptive 

responses to stressors, leading to resilience.  
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