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Abstract

Patterns of onset in Autism Spectrum Disorder, including a pattern that includes loss of previously 

acquired skills, have been identified since the first reports of the disorder. However, attempts to 

study such “regression” have been limited to clinical studies, that until recently mostly involved 

retrospective reports. The current report reflects discussion that occurred at an NIMH convened 

meeting in 2016 with the purpose of bridging clinical autism research with basic and translational 

work in this area. This summary describes the state of the field with respect to clinical studies, 

describing gaps in knowledge based on limited methods and prospective data collected. Biological 

mechanisms that have been shown to account for regression early in development in specific 

conditions are discussed, as well as potential mechanisms that have not yet been explored. 

Suggestions include use of model systems during the developmental period and cutting-edge 

methods, including non-invasive imaging, that may afford opportunities for a better understanding 

of the neurobiological pathways that result in loss of previously-attained skills.

Introduction

On February 19, 2016, the National Institutes of Health (NIH) hosted a workshop on “Loss 

of Skills and Onset Patterns in Neurodevelopmental Disorders: Understanding the 

Neurobiological Mechanisms”. Participants discussed the state of the science concerning 

understanding the variability in onset patterns, particularly the phenomenon of 

developmental regression, in Autism Spectrum Disorder (ASD) and related disorders. 

Consideration was given to model systems and cutting-edge methods that may afford 
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opportunities for a better understanding of the neurobiological pathways that deviate from 

typical developmental trajectories. Here, we summarize what is known about onset patterns 

in ASD, based on the discussion during the meeting, and consider the concept of critical 

periods for specific skills as a potential clue to underlying biology explaining different onset 

patterns. Research on Rett Syndrome, a rare genetic disorder that includes regression, is 

presented as a model for translational research. We then discuss tool development and 

methods that may ultimately be used for a better understanding of the mechanisms 

underlying onset patterns in neurodevelopmental disorders, leading to identification of 

biologically distinct subtypes and treatment targets.

Loss of Skills and Patterns of Onset in ASD

ASD is a neurodevelopmental condition with highly diverse clinical expression, reflecting 

etiological heterogeneity (Geschwind & Levitt, 2007). Onset in ASD has been a major focus 

of clinical characterization since the original description by Kanner (1943). Indeed, after 

initially emphasizing “extreme aloneness from the very beginning of life”, Kanner and 

Eisenberg (1953) reported “a number of children who reportedly developed normally 

through the first 18 to 20 months of life… undergo at this point a severe withdrawal of affect 

manifested by loss of language function, failure to progress socially and the gradual giving 

up of interest in normal activities”. Similarly, in the first population-based study of autism, 

Lotter (1966) described 10 of 32 children (31.3%) as having had a “setback” in 

development, characterized as ‘loss of some ability (mainly in speech) or failure to progress 

after satisfactory beginning’. Thus, ‘developmental regression’, broadly defined as the loss 

of previously established skills, was identified as a phenomenon of interest in ASD since the 

earliest characterizations of the disorder.

Several published reviews have examined rates and correlates of regression in children with 

ASD, mainly based on parent report (Barger, Campbell, & McDonough, 2013; Rogers, 

2004; Stefanatos, 2008; Williams, Brignell, Prior, Bartak, & Roberts, 2015). Three patterns 

of onset in autism are described: 1) “early onset” (before 12 months); 2) developmental 

arrest or plateau (e.g., in early language skills), and 3) ‘regressive’ or overt skills loss in one 

or more domains, occurring in 15–47% (Stefanatos, 2008). A meta-analysis of 85 studies 

published 1980–2010 by Barger et al (2013) estimated the prevalence of regression at 32.1% 

(95% CI = 29.5–34.8%). Based on varying case definitions, four regression types were 

proposed: language alone (24 of 85 studies; 28.2%), language/social, mixed (i.e., including 

other domains such as adaptive function), and ‘unspecified’. Thus, case definitions often 

extended beyond loss of verbal language to other aspects of social communication (see also 

Bernabei, Cerquiglini, Cortesi, & D’Ardia, 2007; Davidovitch, Glick, Holtzman, Tirosh, & 

Safir, 2000; Goldberg et al., 2003; Luyster et al., 2005). Prevalence varied by type (lowest 

for language alone) as well as by ascertainment (higher for parent survey or clinic-based 

estimates and lower for population samples). Mean age of regression was 1.78 years (95% 

CI = 1.67–1.89 years), regardless of regression type. Regression has also been documented 

in home video analyses (Goldberg, Thorsen, Osann, & Spence, 2008; Werner & Dawson, 

2005) although Ozonoff et al. (2011) reported very low agreement between onset 

classification based on parent-report vs. independent analysis of videos (kappa = .11; p=.29). 

In fact, in this study less than half of the participants that evidenced regression on home 
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videotapes were reported by their parents as having experienced a significant loss of skills, 

replicating findings from a similar prospective study (Ozonoff et al. 2010) indicating that 

regression may actually be underreported in retrospective data.

Some studies have found that a history of regressive onset in children with ASD is 

associated with greater impairments in general, particularly in communication and general 

adaptive function (Bernabei et al., 2007; Brown & Prelock, 1995; Hansen et al., 2008; 

Zachor & Ben-Itzchak, 2016). However, findings are inconsistent, with other studies finding 

no differences (Kobayashi & Murata, 1998; Richler et al., 2006; Siperstein & Volkmar, 

2004; Werner, Dawson, Munson, & Osterling, 2005). A history of regressive onset is 

generally not associated with differences in core ASD symptom severity (Baird, Charman, et 

al., 2008; L. A. Jones & Campbell, 2010; Lord, Shulman, & DiLavore, 2004; Werner et al., 

2005), with the possible exception of social symptoms (Richler et al., 2006; Werner et al., 

2005). Again, findings are inconsistent, with Zachor & Ben-Itzchak (2016) and Parr et al. 

(2011) reporting a general increase in ASD symptom severity in children with a regressive 

onset, as did Meilleur & Fombonne (2009), although only for regression in domains other 

than language development, such as motor and self-help skills. Regression is not associated 

with differences in the initial signs of ASD, as reported by parents (Werner et al., 2005), 

with the possible exception of early language milestones, although a certain level of 

expressive language prior to skill loss was needed for coding ‘regression’ (Jones & 

Campbell, 2010). Such discrepancies in outcomes reported subsequent to reported 

regression may in fact be accounted for by the low reliability of retrospective report, in 

contrast to observed loss confirmed by review of home videos taken over time or prospective 

observational data (Ozonoff et al. 2011), and warrant caution in conclusions drawn from 

studies that classified regression solely based on retrospective reporting.

With respect to medical comorbidities, children with ASD who had a documented rare 

metabolic or mitochondrial disorder have been reported to have higher rates of regression 

than those without such diagnoses (Shoffner et al., 2010). Regression has not been 

associated with medical factors such as vaccinations (Baird, Pickles, et al., 2008), 

gastrointestinal problems (Baird, Charman, et al., 2008; Hansen et al., 2008) or epilepsy 

(Baird, Charman, et al., 2008; Hansen et al., 2008). While Tuchman & Rapin (1997) 

reported that a history of regression was associated with higher rates of epileptiform activity 

on EEG, other studies find no differences (Baird, Charman, et al., 2008; Baird, Robinson, 

Boyd, & Charman, 2006; Hansen et al., 2008). Again, difference may be explained by 

variable methodology, with one study (Hansen et al. 2008) including more than just 

language regression as criteria and other studies also differing on methods and definitions.

Onset of autism revisited: findings from prospective research

Longitudinal studies of high-risk infants, often siblings of children with ASD, delineate 

early developmental trajectories by standardizing data collection methods and drawing on 

experimental methods from developmental science that tap basic processes (e.g., assessment 

of visual attention using eye tracking). These studies clarify timing and heterogeneity in 

symptom onset, and the relationship of regression with later functioning. Reports of atypical 

trajectories of visual orienting (Sacrey, Armstrong, Bryson, & Zwaigenbaum, 2014) indicate 
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that disengagement latency in high risk infants later diagnosed with ASD appears typical at 

age 6–7 months, but actually increases by age 12–14 months (Elsabbagh et al., 2013; 

Zwaigenbaum et al., 2005). There is also evidence of atypical trajectories of visual attention 

in the context of face processing in the first 6 months of life, with a decline in fixation to 

others’ eyes characteristic of high risk infants later diagnosed with ASD (W. Jones & Klin, 

2013).

While prospective studies provide evidence of subtle social differences by 6 months of age, 

such as reduced attention to faces (Bhat, Galloway, & Landa, 2010; Chawarska, Macari, & 

Shic, 2013), overt reductions in social communicative behaviors emerge later in the first 

year. For example, Ozonoff et al. (2010) found that infants subsequently diagnosed with 

ASD were indistinguishable from typically developing (TD) infants at 6 months but showed 

declining trajectories through 36 months in frequency of gazes to faces, directed social 

smiles and vocalizations, and quality of social engagement. In contrast, TD infants showed 

stable or increasing trajectories over the same period. Others have reported reduced social 

engagement and non-verbal communication between 6 and 12 months (Bryson et al., 2007) 

and atypical language trajectories with declining expressive and/or receptive skills in the 

second year of life (Landa, Gross, Stuart, & Faherty, 2013). Such trajectories that include 

loss of these and other skills are sometimes reported in some children with genetic disorders 

(see Table 1 for details and see Goin-Kochel, Trinh, Barber, & Bernier, 2017), specific 

language impairment, and even occasionally in typical development (Brignell et al., 2016; 

Thurm, Manwaring, Luckenbaugh, Lord, & Swedo, 2014). However, results of other studies 

lead to the conclusion that regression is largely specific to ASD (Baird, Charman, et al., 

2008; Pickles et al., 2009).

Prospective ASD studies have measured brain structure and function, providing a window 

into neural substrates underlying variation in early development and the potential to 

elucidate mechanisms of regression. Longitudinal neuroimaging studies of high-risk infants 

subsequently diagnosed with ASD report increased cortical surface area growth from 6 to 12 

months, and total brain volume growth rate from 12 to 24 months (Hazlett et al., 2017). 

There is also evidence that children with ASD from these high-risk cohorts exhibit atypical 

development of functional cortical connectivity between 6 and 18 months (Eggebrecht et al., 

2017; Lewis et al., 2017), which may specifically affect functional networks underlying joint 

attention skills. While altered experience-dependent neural development may account for 

reciprocal, cascading effects between emerging behavioral features and altered neuronal 

circuitry (Estes et al., 2015), few studies have assessed differences in brain developmental 

patterns by accounting for onset patterns including regression. Nordahl et al., (2011) had 

previously reported that accelerated head growth between ages 6 and 18 months was 

associated with parent-reported regression in 180 preschool children with ASD. Ultimately, 

brain imaging studies, particularly when conducted prospectively with concurrent 

observations of behavioral development (including any declining skills), provide a macro-

level understanding of potential structural brain differences, activity and functional 

connectivity related to regression. Such knowledge at the cellular and molecular level may 

provide a path for treatment or prevention.
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Neurobiological mechanisms of regression

A close look at mammalian brain development provides insight into potential mechanisms of 

onset of symptoms and regression of skills. The human brain forms during gestation and 

continues to mature into adulthood, with vibrant growth in the early postnatal periods. The 

diverse cell populations are specified and generated in overlapping cohorts. The bulk of the 

neurons are born in the first and second trimesters, followed by the astrocytes and then 

oligodendrocytes during the third trimester and the first year of life (Semple, Blomgren, 

Gimlin, Ferriero, & Noble-Haeusslein, 2013). The positions and types of neurons provide 

the basic framework for the brain regions and circuits. Pathology of postmortem samples 

have found altered neuronal numbers in Down’s syndrome (Guidi et al., 2008), tuberous 

sclerosis (Marcotte, Aronica, Baybis, & Crino, 2012), and ASD (Blatt & Fatemi, 2011; 

Courchesne et al., 2011; Hutsler & Casanova, 2016; Packer, 2016). In ASD, the majority of 

the studies indicate little or no change in cell number, but disrupted architecture has been 

noted. It should be noted that many samples are from adults, and the timeframe for the 

apparent changes in cell numbers is unknown. Misplaced neurons have been observed in 

postmortem tissue and animal models of ASD (Morgan, Barger, Amaral, & Schumann, 

2014; Packer, 2016; Stoner et al., 2014), and changes in cellular organization or location 

have the potential to dramatically disrupt circuit formation and function (Bailey et al., 1998; 

Hutsler & Casanova, 2016). Thus, the initial steps in neuronogenesis and migration establish 

the initial framework and direct subsequent brain growth and function.

The expansion of the glia cells, astrocytes and oligodendrocytes is dependent upon the pool 

of remaining neuronal progenitors and neuronal activity (Benediktsson et al., 2012; Gallo et 

al., 1996; Ge, Miyawaki, Gage, Jan, & Jan, 2012; Spitzer, Volbracht, Lundgaard, & 

Karadottir, 2016). The early expanding brain volume observed in a subgroup of children 

with ASD may result from aberrant glial ontogeny (van Dyck & Morrow, 2017). Increased 

levels of astrocyte markers were found in postmortem studies of ASD (Crawford et al., 

2015; Fatemi, Folsom, Reutiman, & Lee, 2008); however, the onset of the increased 

expression is unknown. In animal models of ASD, cerebral cortical astrocytes directly 

contribute to aberrant synaptogenesis and plasticity in the first postnatal month, a timeframe 

that corresponds to when regression observed in children (Carson, Van Nielen, 

Winzenburger, & Ess, 2012; Maezawa, Swanberg, Harvey, LaSalle, & Jin, 2009; Magri et 

al., 2013). White matter abnormalities are frequently reported from imaging studies of ASD 

(Hazlett et al., 2005; Wolff et al., 2015); yet the underlying cause(s) whether due to less 

compact myelin, excessive axon growth, or persistent connections (lack of pruning) are not 

known (Lainhart, 2015). The underlying neurobiology of tract formation and synaptic 

pruning has not been examined in animal models of ASD during early postnatal ages 

corresponding with regression. The cellular bases for the increased brain volume observed in 

children with ASD are hypothesized to include glial origin but definitive studies are needed.

There is now evidence of postnatal altered trajectories of brain volume in children with 

ASD, occurring during the period of heightened neuronal circuit formation involving 

synaptogenesis, which peaks at 2 years (Lenroot & Giedd, 2006; Semple et al., 2013). The 

first neuronal circuits are established in the embryo shortly after neurons are born (Chun & 

Shatz, 1988; Kostovic & Rakic, 1990). The cerebral cortical areas are established during the 
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fetal period and remodeled during the first two years of life (Kostovic et al., 2014). Recent 

studies coupling imaging techniques with histological data suggest that cerebral cortical 

regionality may be correlated with developmental and behavioral milestones (Kostovic et al., 

2014; Vasung et al., 2016).

Throughout childhood, circuits are initiated, remodeled and stabilized as skills are learned 

and mastered (Levitt, 2003). As the brain reaches the age and configuration of the adult, 

rates of synaptogenesis and synaptic pruning slow dramatically. Many initial synapses are 

temporary, since these initial connections guide later neuronal migration or provide inputs to 

transient embryonic structures. In some cases, early circuits with multiple connections are 

refined to a single or few pathways dependent upon sensory inputs (Martini, Moreno-Juan, 

Filipchuk, Valdeolmillos, & Lopez-Bendito, 2017; Wiesel & Hubel, 1963). If the target 

neurons (or a subpopulation thereof) are absent or misplaced, then the initial circuit may be 

altered or show limited remodeling, thus impeding skill acquisition or maintenance (Borrell 

et al., 1999; Hong et al., 2000; Weeber et al., 2002). In severe cases, neuronal migration 

disorders are the cause of epilepsy and intellectual disability (Crino, 2011; Hong et al., 2000; 

Lukose, Beebe, & Kulesza, 2015). Little is known about milder phenotypes with a small 

fraction of misplaced neurons or missing neurons. However, postmortem samples obtained 

from adults with ASD reported reduced numbers of inhibitory neurons expressing the 

neurotransmitter GABA (gamma-amino butyric acid) (Blatt & Fatemi, 2011; Lawrence, 

Kemper, Bauman, & Blatt, 2010). It is unknown whether the deficiency was present in early 

life or whether the potential loss of inhibition affected skill acquisition or loss.

During typical neurodevelopment, the neural circuitry of the sensory systems matures first, 

followed by motor, association, and integrative regions. Classical experiments in the visual 

and auditory systems have demonstrated that critical periods define establishment of adult 

(mature) circuitry and function (Hensch & Bilimoria, 2012). In children, critical periods 

have been recognized for vision, audition, language learning, and possibly musical ability 

and memory (Meredith, 2015). In animal studies, early closure of a critical period(s) delays 

or halts progress to the final circuit configuration or skill acquisition (Erzurumlu & Gaspar, 

2012; Gavornik & Bear, 2014). Similarly, failure to open or close the critical period prevents 

expected maturation. Loss of skills may represent the integration of incorrectly timed or 

incomplete critical periods and aberrant circuit formation (LeBlanc & Fagiolini, 2011). 

Experimental work that tests phenotypic outcomes based on timing, location, and 

mechanisms of such circuit formation is required to test abnormal processes during critical 

periods. The over-pruning hypothesis of autism describes how the timing of aggressive 

synaptic pruning provides a computational basis for the diverse developmental trajectories 

observed in ASD, including regression (Thomas, Davis, Karmiloff-Smith, Knowland, & 

Charman, 2016). While the concept of critical periods has been applied to relevant 

developmental areas such as sensory systems and language, less work has addressed social-

communication development specifically.

Rett Syndrome as an example of translation

Another method for gaining insight into potential mechanisms of regression in ASD is 

translational research that characterizes specific neurodevelopmental disorders with clear 
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regressive features. Rett syndrome (RTT), a neurodevelopmental disorder that primarily 

affects girls and is usually caused by mutations in Methyl-CpG-binding Protein 2 (MECP2; 

Neul et al., 2008), is characterized by distinct regression with loss of acquired spoken 

language and volitional hand use (Neul et al., 2010). Although the distinct motoric 

abnormalities in RTT such as loss of hand skills, dyspraxic gait, and a variety of movement 

abnormalities are very distinct from clinical problems commonly observed in autism, aspects 

of regression in RTT may point to common mechanisms. For example, the loss of spoken 

language observed in RTT may be similar to language loss and dysfunction observed in 

autism. Additionally, the typical time for regression in RTT is 18–30 months of life (Neul et 

al., 2014), similar to timing of language loss in ASD (Barger et al., 2013), although 

prospective study in ASD reveals an earlier loss in more subtle social communication 

(Ozonoff et al., 2010).

There are features of Rett syndrome that make it attractive to understanding pathogenic 

mechanisms of regression. First, clinical diagnoses of Rett syndrome typically include 

mutations in MECP2, ensuring that clinical studies in this disorder are evaluating a 

consistent etiology. Second, there are excellent models of the disorder, including multiple 

genetically engineered rodents (Katz et al., 2012; Veeraragavan et al., 2016) showing high 

levels of face validity by reproducing many clinically relevant phenotypes, and cellular 

models based on human iPSC (Induced pluripotent stem cells) (Marchetto et al., 2010). 

Progressive loss of proper breathing regulation is shown in a RTT mouse model (Huang et 

al., 2016) and regression of forepaw skills is shown in rats (Veeraragavan et al., 2016). 

Recent work demonstrates similarities in altered visual evoked potentials (VEP) in both the 

RTT mouse model and affected people (LeBlanc et al., 2015). In RTT mice there is a decline 

in VEP with age and phenotypic severity, and in humans there are VEP abnormalities after 

regression. This raises questions about the role of the maturation of the excitatory/inhibitory 

(E/I) neural circuitry.

Interestingly, research using RTT animal models has identified commonalities with other 

animal models of neurodevelopmental disorders. Gogolla et al. (2014) identified 

abnormalities in multisensory integration of auditory and tactile stimulus in the insular 

cortex of RTT mice like adult Shank3 null mice, Gad65 null mice, and BTBR mice (a model 

of autism). These abnormalities all point to disrupted postnatal GABA circuit maturation, 

and MeCP2 function has been shown to be critical within GABAergic neurons (Chao et al., 

2010), reiterating the importance of E/I balance development and maturation in 

neurodevelopmental disorders. Additionally, animal models have revealed commonalities in 

the role of primary tactile sensory circuitry in the development of various behavioral 

features. Multiple neurodevelopmental models show abnormalities of primary tactile 

sensation, and MeCP2 dysfunction within primary sensory neurons leads to anxiety, social 

interaction abnormalities, and locomotor problems (Orefice et al., 2016).

This developing framework for understanding the pathogenic mechanisms that underlie 

regression in RTT may be exemplar for understanding regression more generally. However, 

there are challenges to overcome before effectively translating information from RTT animal 

models into human studies in RTT and ASD. First, both RTT and other neurodevelopmental 

disorder/ASD models need to be characterized in greater depth, including at important 
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neonatal and juvenile stages, and at both behavioral and neural circuit levels, to identify 

features of regression. Second, because RTT is defined by regression of specific skills, most 

individuals are not identified until after regression, making human studies before and during 

regression challenging. Third, the bulk of animal work in RTT has focused on hemizygous 

mutant male animals, which represent a distinct clinical condition from the heterozygous 

mutations observed in girls and women with RTT, although recent research has identified 

clear phenotypic abnormalities in heterozygous mutant female mice (Samaco et al., 2013). 

Finally, there is a great need for methodologies to connect information between animal 

models and affected humans (Hammock, Law, & Levitt, 2013; Ku, Weir, Silverman, 

Berman, & Bauman, 2016; Sukoff Rizzo & Silverman, 2016). Non-invasive methods such as 

evoked potentials provide a suitable approach, and it will be worthwhile to expand the use of 

imaging modalities across species to assist in our understanding of common mechanisms.

Recommendations and Next Steps

Prospective longitudinal studies of infants at risk for ASD, and innovative methods and tools 

for characterizing behavior early in life have revealed variability of onset patterns in ASD. 

Patterns include loss of specific skills, and are usually characterized by variability among 

domains of functioning and across development, with emphasis on changes in the first few 

years. However, such variability is not unique to ASD. A cross-syndrome approach may help 

identify aspects of onset patterns (type, timing, sex differences) that are specific to ASD or 

subtypes of ASD. It is clear that regression is not a discrete event but a process, and it is 

dimensional rather than categorical. More precise, prospective, frequently administered and 

comprehensive measures of features undergoing decline, and the corresponding brain 

changes, are needed. It may be informative to compare children who appear to lose skills 

early on but do not develop ASD with those who do.

Some potentially powerful imaging techniques (e.g., radioactive PET tracers) are limited for 

use in neurodevelopmental disorders. Alternative noninvasive and non-sedating methods are 

needed to define typical development of the neural pathways and their activation in children, 

and assess how these develop in children who experience loss of skills.

There is a need to further investigate early sensory and motor development in ASD, as these 

may be detectable prior to social orienting and social attention differences, and may be 

conducive to systems modeling and even reversal. Although neural connectivity has not been 

well studied in this developmental period in rodents or primates, and might be difficult to 

accomplish, the effort is one worth considering. There is a need to understand the various 

neurobiological processes of synaptogenesis and pruning in ASD and other 

neurodevelopmental disorders, using disease models, limited post-mortem samples, and 

novel non-invasive methods to assess synapse formation and pruning in people.

Finally, there is a need to better understand typical development, as well as atypical 

development, in animals and model systems. There are known sex differences in both the 

development and expression of ASD, and there is a need for more animal research that 

considers both sexes. Animal models of syndromic conditions that involve regression, such 

as RTT, are important tools for understanding the neurobiology underlying onset patterns. It 
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is challenging to assay behavior in early development in most animals, but paradigms for 

assessing adult behaviors might be re-tooled to evaluate developmental trajectories and 

regression.

Acknowledgments

We would like to thank all of the participants of the NIMH workshop “Loss of Skills and Onset Patterns in 
Neurodevelopmental Disorders: Understanding the Neurobiological Mechanisms” including Frank Avenilla, 
National Institute of Mental Health (NIMH); Katarzyna Chawarska, Yale University; Susan Daniels, NIMH; Lisa 
Gilotty, NIMH; Sharon Juliano, Uniformed Services University of the Health Sciences; Annette Karmiloff-Smith, 
University of London; Alice Kau, Eunice Kennedy Shriver National Institute of Child Health and Human 
Development; Keerthi Krishnan, Cold Spring Harbor Laboratory; Cindy Lawler, National Institute of 
Environmental Health Sciences; Jason Lerch, University of Toronto; Laura Mamounas, National Institute of 
Neurological Diseases and Stroke; Eric Morrow, Brown University; Alysson Muotri, University of California, San 
Diego; Charles Nelson, Boston Children’s Hospital; Karen Parker, Stanford University; Elliott Sherr, University of 
California, San Francisco; Jill Silverman, MIND Institute/University of California, Davis; Jason Wolff, University 
of Minnesota. This work was supported by the Intramural Research Program (Thurm, 1ZIAMH002868) and the 
Office of Autism Research Coordination of the NIMH. Other support includes is funding from NIH (Neul, Powell, 
Zwaigenbaum), Rettsyndrome.org (Neul), Rett Syndrome Research Trust (Neul), Eloxx Pharmaceuticals (Neul), 
Canadian Institutes of Health Research (Zwaigenbaum), Kids Brain Health Network (Zwaigenbaum), Brain Canada 
– Azrieli Foundation (Zwaigenbaum),Autism Speaks/Autism Speaks Canada (Zwaigenbaum), Glenrose 
Rehabilitation Hospital Foundation (Zwaigenbaum), Stollery Children’s Hospital Foundation (Zwaigenbaum), 
Womens and Children’s Health Research Institute (Zwaigenbaum).

Disclosures: This work is based on a workshop sponsored by the National Institute of Mental Health, National 
Institutes of Health, and held on February 19, 2016. The opinions and assertions contained in this article are the 
private views of the authors and are not to be considered as official or as reflecting the views of the Department of 
Health and Human Services, the National Institutes of Health, or the NIMH or NIAAA.

References

Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, Lantos P. A clinicopathological 
study of autism. Brain. 1998; 121(Pt 5):889–905. [PubMed: 9619192] 

Baird G, Charman T, Pickles A, Chandler S, Loucas T, Meldrum D, Simonoff E. Regression, 
developmental trajectory and associated problems in disorders in the autism spectrum: the SNAP 
study. Journal of Autism and Developmental Disorders. 2008; 38(10):1827–1836. DOI: 10.1007/
s10803-008-0571-9 [PubMed: 18449635] 

Baird G, Pickles A, Simonoff E, Charman T, Sullivan P, Chandler S, Brown D. Measles vaccination 
and antibody response in autism spectrum disorders. Arch Dis Child. 2008; 93(10):832–837. doi: 
adc.2007.122937 [pii] 10.1136/adc.2007.122937. [PubMed: 18252754] 

Baird G, Robinson RO, Boyd S, Charman T. Sleep electroencephalograms in young children with 
autism with and without regression. Dev Med Child Neurol. 2006; 48(7):604–608. doi: 
S0012162206001265 [pii] 10.1017/S0012162206001265. [PubMed: 16780632] 

Barger BD, Campbell JM, McDonough JD. Prevalence and onset of regression within autism spectrum 
disorders: a meta-analytic review. J Autism Dev Disord. 2013; 43(4):817–828. DOI: 10.1007/
s10803-012-1621-x [PubMed: 22855372] 

Benediktsson AM, Marrs GS, Tu JC, Worley PF, Rothstein JD, Bergles DE, Dailey ME. Neuronal 
activity regulates glutamate transporter dynamics in developing astrocytes. Glia. 2012; 60(2):175–
188. DOI: 10.1002/glia.21249 [PubMed: 22052455] 

Bernabei P, Cerquiglini A, Cortesi F, D’Ardia C. Regression versus no regression in the autistic 
disorder: developmental trajectories. J Autism Dev Disord. 2007; 37(3):580–588. DOI: 10.1007/
s10803-006-0201-3 [PubMed: 16909312] 

Bhat AN, Galloway JC, Landa RJ. Social and non-social visual attention patterns and associative 
learning in infants at risk for autism. Journal of Child Psychology And Psychiatry. 2010; 51(9):989–
997. Retrieved from http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=20456532 doi:JCPP2262 [pii] 10.1111/j.
1469-7610.2010.02262.x. [PubMed: 20456532] 

Thurm et al. Page 9

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Rettsyndrome.org
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=20456532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=20456532


Blatt GJ, Fatemi SH. Alterations in GABAergic biomarkers in the autism brain: research findings and 
clinical implications. Anat Rec (Hoboken). 2011; 294(10):1646–1652. DOI: 10.1002/ar.21252 
[PubMed: 21901839] 

Borrell V, Del Rio JA, Alcantara S, Derer M, Martinez A, D’Arcangelo G, Soriano E. Reelin regulates 
the development and synaptogenesis of the layer-specific entorhino-hippocampal connections. J 
Neurosci. 1999; 19(4):1345–1358. [PubMed: 9952412] 

Brignell A, Williams K, Prior M, Donath S, Reilly S, Bavin EL, Morgan AT. Parent-reported patterns 
of loss and gain in communication in 1- to 2-year-old children are not unique to autism spectrum 
disorder. Autism. 2016; doi: 10.1177/1362361316644729

Brown J, Prelock PA. Brief report: the impact of regression on language development in autism. J 
Autism Dev Disord. 1995; 25(3):305–309. [PubMed: 7559295] 

Carson RP, Van Nielen DL, Winzenburger PA, Ess KC. Neuronal and glia abnormalities in Tsc1-
deficient forebrain and partial rescue by rapamycin. Neurobiol Dis. 2012; 45(1):369–380. DOI: 
10.1016/j.nbd.2011.08.024 [PubMed: 21907282] 

Castillo H, Patterson B, Hickey F, Kinsman A, Howard JM, Mitchell T, Molloy CA. Difference in age 
at regression in children with autism with and without Down syndrome. J Dev Behav Pediatr. 
2008; 29(2):89–93. DOI: 10.1097/DBP.0b013e318165c78d [PubMed: 18367994] 

Chao HT, Chen H, Samaco RC, Xue M, Chahrour M, Yoo J, Zoghbi HY. Dysfunction in GABA 
signalling mediates autism-like stereotypies and Rett syndrome phenotypes. Nature. 2010; 
468(7321):263–269. doi: nature09582 [pii] 10.1038/nature09582. [PubMed: 21068835] 

Chawarska K, Macari S, Shic F. Decreased spontaneous attention to social scenes in 6-month-old 
infants later diagnosed with autism spectrum disorders. Biol Psychiatry. 2013; 74(3):195–203. 
DOI: 10.1016/j.biopsych.2012.11.022 [PubMed: 23313640] 

Chun JJ, Shatz CJ. Redistribution of synaptic vesicle antigens is correlated with the disappearance of a 
transient synaptic zone in the developing cerebral cortex. Neuron. 1988; 1(4):297–310. [PubMed: 
3152420] 

Conant KD, Finucane B, Cleary N, Martin A, Muss C, Delany M, Thibert RL. A survey of seizures 
and current treatments in 15q duplication syndrome. Epilepsia. 2014; 55(3):396–402. DOI: 
10.1111/epi.12530 [PubMed: 24502430] 

Courchesne E, Mouton PR, Calhoun ME, Semendeferi K, Ahrens-Barbeau C, Hallet MJ, Pierce K. 
Neuron number and size in prefrontal cortex of children with autism. JAMA. 2011; 306(18):2001–
2010. DOI: 10.1001/jama.2011.1638 [PubMed: 22068992] 

Crawford JD, Chandley MJ, Szebeni K, Szebeni A, Waters B, Ordway GA. Elevated GFAP Protein in 
Anterior Cingulate Cortical White Matter in Males With Autism Spectrum Disorder. Autism Res. 
2015; 8(6):649–657. DOI: 10.1002/aur.1480 [PubMed: 25846779] 

Crino PB. mTOR: A pathogenic signaling pathway in developmental brain malformations. Trends Mol 
Med. 2011; 17(12):734–742. DOI: 10.1016/j.molmed.2011.07.008 [PubMed: 21890410] 

Davidovitch M, Glick L, Holtzman G, Tirosh E, Safir M. Developmental regression in autism: 
maternal perception. Journal of Autism and Developmental Disorders. 2000; 30(2):113–119. 
[PubMed: 10832775] 

Denayer A, Van Esch H, de Ravel T, Frijns JP, Van Buggenhout G, Vogels A, Swillen A. 
Neuropsychopathology in 7 Patients with the 22q13 Deletion Syndrome: Presence of Bipolar 
Disorder and Progressive Loss of Skills. Mol Syndromol. 2012; 3(1):14–20. doi:000339119. 
[PubMed: 22855650] 

Eggebrecht AT, Elison JT, Feczko E, Todorov A, Wolff JJ, Kandala S, Pruett JR Jr. Joint Attention and 
Brain Functional Connectivity in Infants and Toddlers. Cereb Cortex. 2017; doi: 10.1093/cercor/
bhw403

Elsabbagh M, Fernandes J, Jane Webb S, Dawson G, Charman T, Johnson MH. Disengagement of 
visual attention in infancy is associated with emerging autism in toddlerhood. Biol Psychiatry. 
2013; 74(3):189–194. DOI: 10.1016/j.biopsych.2012.11.030 [PubMed: 23374640] 

Erzurumlu RS, Gaspar P. Development and critical period plasticity of the barrel cortex. Eur J 
Neurosci. 2012; 35(10):1540–1553. DOI: 10.1111/j.1460-9568.2012.08075.x [PubMed: 
22607000] 

Thurm et al. Page 10

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Estes A, Zwaigenbaum L, Gu H, St John T, Paterson S, Elison JT, Piven J. Behavioral, cognitive, and 
adaptive development in infants with autism spectrum disorder in the first 2 years of life. J 
Neurodev Disord. 2015; 7(1):24.doi: 10.1186/s11689-015-9117-6 [PubMed: 26203305] 

Fatemi SH, Folsom TD, Reutiman TJ, Lee S. Expression of astrocytic markers aquaporin 4 and 
connexin 43 is altered in brains of subjects with autism. Synapse. 2008; 62(7):501–507. DOI: 
10.1002/syn.20519 [PubMed: 18435417] 

Gallo V, Zhou JM, McBain CJ, Wright P, Knutson PL, Armstrong RC. Oligodendrocyte progenitor cell 
proliferation and lineage progression are regulated by glutamate receptor-mediated K+ channel 
block. J Neurosci. 1996; 16(8):2659–2670. [PubMed: 8786442] 

Gavornik JP, Bear MF. Higher brain functions served by the lowly rodent primary visual cortex. Learn 
Mem. 2014; 21(10):527–533. DOI: 10.1101/lm.034355.114 [PubMed: 25225298] 

Ge WP, Miyawaki A, Gage FH, Jan YN, Jan LY. Local generation of glia is a major astrocyte source in 
postnatal cortex. Nature. 2012; 484(7394):376–380. DOI: 10.1038/nature10959 [PubMed: 
22456708] 

Geschwind DH, Levitt P. Autism spectrum disorders: developmental disconnection syndromes. 
Current Opinion in Neurobiology. 2007; 17(1):103–111. doi: S0959-4388(07)00011-6 [pii] 
10.1016/j.conb.2007.01.009. [PubMed: 17275283] 

Gogolla N, Takesian AE, Feng G, Fagiolini M, Hensch TK. Sensory integration in mouse insular 
cortex reflects GABA circuit maturation. Neuron. 2014; 83(4):894–905. DOI: 10.1016/j.neuron.
2014.06.033 [PubMed: 25088363] 

Goin-Kochel RP, Trinh S, Barber S, Bernier R. Gene Disrupting Mutations Associated with Regression 
in Autism Spectrum Disorder. J Autism Dev Disord. 2017; 47(11):3600–3607. DOI: 10.1007/
s10803-017-3256-4 [PubMed: 28856484] 

Goldberg WA, Osann K, Filipek PA, Laulhere T, Jarvis K, Modahl C, Spence MA. Language and other 
regression: assessment and timing. Journal of Autism and Developmental Disorders. 2003; 33(6):
607–616. [PubMed: 14714930] 

Goldberg WA, Thorsen KL, Osann K, Spence MA. Use of home videotapes to confirm parental reports 
of regression in autism. J Autism Dev Disord. 2008; 38(6):1136–1146. DOI: 10.1007/
s10803-007-0498-6 [PubMed: 18058010] 

Guidi S, Bonasoni P, Ceccarelli C, Santini D, Gualtieri F, Ciani E, Bartesaghi R. Neurogenesis 
impairment and increased cell death reduce total neuron number in the hippocampal region of 
fetuses with Down syndrome. Brain Pathol. 2008; 18(2):180–197. DOI: 10.1111/j.
1750-3639.2007.00113.x [PubMed: 18093248] 

Hammock EA, Law CS, Levitt P. Vasopressin eliminates the expression of familiar odor bias in 
neonatal female mice through V1aR. Horm Behav. 2013; 63(2):352–360. DOI: 10.1016/j.yhbeh.
2012.12.006 [PubMed: 23261858] 

Hansen RL, Ozonoff S, Krakowiak P, Angkustsiri K, Jones C, Deprey LJ, Hertz-Picciotto I. Regression 
in autism: prevalence and associated factors in the CHARGE Study. Ambul Pediatr. 2008; 8(1):25–
31. doi: S1530-1567(07)00205-5 [pii] 10.1016/j.ambp.2007.08.006. [PubMed: 18191778] 

Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ, Piven J. Early brain development in 
infants at high risk for autism spectrum disorder. Nature. 2017; 542(7641):348–351. DOI: 
10.1038/nature21369 [PubMed: 28202961] 

Hazlett HC, Poe M, Gerig G, Smith RG, Provenzale J, Ross A, Piven J. Magnetic resonance imaging 
and head circumference study of brain size in autism: birth through age 2 years. Arch Gen 
Psychiatry. 2005; 62(12):1366–1376. DOI: 10.1001/archpsyc.62.12.1366 [PubMed: 16330725] 

Hensch TK, Bilimoria PM. Re-opening Windows: Manipulating Critical Periods for Brain 
Development. Cerebrum. 2012; 2012:11. [PubMed: 23447797] 

Hong SE, Shugart YY, Huang DT, Shahwan SA, Grant PE, Hourihane JO, Walsh CA. Autosomal 
recessive lissencephaly with cerebellar hypoplasia is associated with human RELN mutations. Nat 
Genet. 2000; 26(1):93–96. DOI: 10.1038/79246 [PubMed: 10973257] 

Huang TW, Kochukov MY, Ward CS, Merritt J, Thomas K, Nguyen T, Neul JL. Progressive Changes 
in a Distributed Neural Circuit Underlie Breathing Abnormalities in Mice Lacking MeCP2. J 
Neurosci. 2016; 36(20):5572–5586. DOI: 10.1523/JNEUROSCI.2330-15.2016 [PubMed: 
27194336] 

Thurm et al. Page 11

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hutsler JJ, Casanova MF. Review: Cortical construction in autism spectrum disorder: columns, 
connectivity and the subplate. Neuropathol Appl Neurobiol. 2016; 42(2):115–134. DOI: 10.1111/
nan.12227 [PubMed: 25630827] 

Jones LA, Campbell JM. Clinical characteristics associated with language regression for children with 
autism spectrum disorders. Journal of Autism and Developmental Disorders. 2010; 40(1):54–62. 
DOI: 10.1007/s10803-009-0823-3 [PubMed: 19633940] 

Jones W, Klin A. Attention to eyes is present but in decline in 2-6-month-old infants later diagnosed 
with autism. Nature. 2013; 504(7480):427–431. DOI: 10.1038/nature12715 [PubMed: 24196715] 

Kanner L. Autistic disturbances of affecitve contact. Nervous Child. 1943; 2:217–250.

Kanner L, Eisenberg L. Notes on the follow-up studies of autistic children. Paper presented at the 
Proceedings of the annual meeting of the American Psychopathological Association. 1953

Katz DM, Berger-Sweeney JE, Eubanks JH, Justice MJ, Neul JL, Pozzo-Miller L, Mamounas LA. 
Preclinical research in Rett syndrome: setting the foundation for translational success. Dis Model 
Mech. 2012; 5(6):733–745. DOI: 10.1242/dmm.011007 [PubMed: 23115203] 

Kleefstra T, van Zelst-Stams WA, Nillesen WM, Cormier-Daire V, Houge G, Foulds N, Brunner HG. 
Further clinical and molecular delineation of the 9q subtelomeric deletion syndrome supports a 
major contribution of EHMT1 haploinsufficiency to the core phenotype. J Med Genet. 2009; 
46(9):598–606. DOI: 10.1136/jmg.2008.062950 [PubMed: 19264732] 

Kobayashi R, Murata T. Setback phenomenon in autism and long-term prognosis. Acta Psychiatr 
Scand. 1998; 98(4):296–303. [PubMed: 9821451] 

Kostovic I, Jovanov-Milosevic N, Rados M, Sedmak G, Benjak V, Kostovic-Srzentic M, Judas M. 
Perinatal and early postnatal reorganization of the subplate and related cellular compartments in 
the human cerebral wall as revealed by histological and MRI approaches. Brain Struct Funct. 
2014; 219(1):231–253. DOI: 10.1007/s00429-012-0496-0 [PubMed: 23250390] 

Kostovic I, Rakic P. Developmental history of the transient subplate zone in the visual and 
somatosensory cortex of the macaque monkey and human brain. J Comp Neurol. 1990; 297(3):
441–470. DOI: 10.1002/cne.902970309 [PubMed: 2398142] 

Ku KM, Weir RK, Silverman JL, Berman RF, Bauman MD. Behavioral Phenotyping of Juvenile Long-
Evans and Sprague-Dawley Rats: Implications for Preclinical Models of Autism Spectrum 
Disorders. PLoS One. 2016; 11(6):e0158150.doi: 10.1371/journal.pone.0158150 [PubMed: 
27351457] 

Lainhart JE. Brain imaging research in autism spectrum disorders: in search of neuropathology and 
health across the lifespan. Curr Opin Psychiatry. 2015; 28(2):76–82. DOI: 10.1097/YCO.
0000000000000130 [PubMed: 25602243] 

Landa RJ, Gross AL, Stuart EA, Faherty A. Developmental trajectories in children with and without 
autism spectrum disorders: the first 3 years. Child Dev. 2013; 84(2):429–442. DOI: 10.1111/j.
1467-8624.2012.01870.x [PubMed: 23110514] 

Lawrence YA, Kemper TL, Bauman ML, Blatt GJ. Parvalbumin-, calbindin-, and calretinin-
immunoreactive hippocampal interneuron density in autism. Acta Neurol Scand. 2010; 121(2):99–
108. DOI: 10.1111/j.1600-0404.2009.01234.x [PubMed: 19719810] 

LeBlanc JJ, DeGregorio G, Centofante E, Vogel-Farley VK, Barnes K, Kaufmann WE, Nelson CA. 
Visual evoked potentials detect cortical processing deficits in Rett syndrome. Ann Neurol. 2015; 
78(5):775–786. DOI: 10.1002/ana.24513 [PubMed: 26332183] 

LeBlanc JJ, Fagiolini M. Autism: a “critical period” disorder? Neural Plast. 2011; 2011:921680.doi: 
10.1155/2011/921680 [PubMed: 21826280] 

Lenroot RK, Giedd JN. Brain development in children and adolescents: insights from anatomical 
magnetic resonance imaging. Neurosci Biobehav Rev. 2006; 30(6):718–729. DOI: 10.1016/
j.neubiorev.2006.06.001 [PubMed: 16887188] 

Levitt P. Structural and functional maturation of the developing primate brain. J Pediatr. 2003; 143(4 
Suppl):S35–45. [PubMed: 14597912] 

Lewis JD, Evans AC, Pruett JR, Botteron KN, McKinstry RC, Zwaigenbaum L, Gerig G. The 
Emergence of Network Inefficiencies in Infants with Autism Spectrum Disorder. Biological 
Psychiatry. 2017

Thurm et al. Page 12

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lord C, Shulman C, DiLavore P. Regression and word loss in autistic spectrum disorders. Journal of 
Child Psychology And Psychiatry. 2004; 45(5):936–955. doi:10.1111/j.
1469-7610.2004.t01-1-00287.x JCPP287 [pii]. [PubMed: 15225337] 

Lotter V. Epidemiology of autistic conditions in young children. Social psychiatry. 1966; 1(3):124–
135. DOI: 10.1007/bf00584048

Lukose R, Beebe K, Kulesza RJ Jr. Organization of the human superior olivary complex in 15q 
duplication syndromes and autism spectrum disorders. Neuroscience. 2015; 286:216–230. DOI: 
10.1016/j.neuroscience.2014.11.033 [PubMed: 25484361] 

Luyster R, Richler J, Risi S, Hsu W, Dawson G, Bernier R, McMahon W. Early regression in social 
communication in autism spectrum disorders: a CPEA Study. Developmental Neuropsychology. 
2005; 27(3):311–336. [PubMed: 15843100] 

Maezawa I, Swanberg S, Harvey D, LaSalle JM, Jin LW. Rett syndrome astrocytes are abnormal and 
spread MeCP2 deficiency through gap junctions. J Neurosci. 2009; 29(16):5051–5061. DOI: 
10.1523/JNEUROSCI.0324-09.2009 [PubMed: 19386901] 

Magri L, Cominelli M, Cambiaghi M, Cursi M, Leocani L, Minicucci F, Galli R. Timing of mTOR 
activation affects tuberous sclerosis complex neuropathology in mouse models. Dis Model Mech. 
2013; 6(5):1185–1197. DOI: 10.1242/dmm.012096 [PubMed: 23744272] 

Marchetto MC, Carromeu C, Acab A, Yu D, Yeo GW, Mu Y, Muotri AR. A model for neural 
development and treatment of Rett syndrome using human induced pluripotent stem cells. Cell. 
2010; 143(4):527–539. doi: S0092-8674(10)01186-4 [pii] 10.1016/j.cell.2010.10.016. [PubMed: 
21074045] 

Marcotte L, Aronica E, Baybis M, Crino PB. Cytoarchitectural alterations are widespread in cerebral 
cortex in tuberous sclerosis complex. Acta Neuropathol. 2012; 123(5):685–693. DOI: 10.1007/
s00401-012-0950-3 [PubMed: 22327361] 

Martini FJ, Moreno-Juan V, Filipchuk A, Valdeolmillos M, Lopez-Bendito G. Impact of 
thalamocortical input on barrel cortex development. Neuroscience. 2017; doi: 10.1016/
j.neuroscience.2017.04.005

Meredith RM. Sensitive and critical periods during neurotypical and aberrant neurodevelopment: a 
framework for neurodevelopmental disorders. Neurosci Biobehav Rev. 2015; 50:180–188. DOI: 
10.1016/j.neubiorev.2014.12.001 [PubMed: 25496903] 

Morgan JT, Barger N, Amaral DG, Schumann CM. Stereological study of amygdala glial populations 
in adolescents and adults with autism spectrum disorder. PLoS One. 2014; 9(10):e110356.doi: 
10.1371/journal.pone.0110356 [PubMed: 25330013] 

Neul JL, Fang P, Barrish J, Lane J, Caeg EB, Smith EO, Glaze DG. Specific mutations in methyl-CpG-
binding protein 2 confer different severity in Rett syndrome. Neurology. 2008; 70(16):1313–1321. 
doi: 01.wnl.0000291011.54508.aa [pii] 10.1212/01.wnl.0000291011.54508.aa. [PubMed: 
18337588] 

Neul JL, Kaufmann WE, Glaze DG, Christodoulou J, Clarke AJ, Bahi-Buisson N, Percy AK. Rett 
syndrome: revised diagnostic criteria and nomenclature. Ann Neurol. 2010; 68(6):944–950. DOI: 
10.1002/ana.22124 [PubMed: 21154482] 

Neul JL, Lane JB, Lee HS, Geerts S, Barrish JO, Annese F, Percy AK. Developmental delay in Rett 
syndrome: data from the natural history study. J Neurodev Disord. 2014; 6(1):20.doi: 
10.1186/1866-1955-6-20 [PubMed: 25071871] 

Orefice LL, Zimmerman AL, Chirila AM, Sleboda SJ, Head JP, Ginty DD. Peripheral 
Mechanosensory Neuron Dysfunction Underlies Tactile and Behavioral Deficits in Mouse Models 
of ASDs. Cell. 2016; 166(2):299–313. DOI: 10.1016/j.cell.2016.05.033 [PubMed: 27293187] 

Ozonoff S, Iosif AM, Baguio F, Cook IC, Hill MM, Hutman T, Young GS. A prospective study of the 
emergence of early behavioral signs of autism. Journal of the American Academy of Child and 
Adolescent Psychiatry. 2010; 49(3):256–266. e251–252. doi: 00004583-201003000-00009 [pii]. 
[PubMed: 20410715] 

Ozonoff S, Iosif AM, Young GS, Hepburn S, Thompson M, Colombi C, Rogers SJ. Onset patterns in 
autism: correspondence between home video and parent report. Journal of the American Academy 
of Child and Adolescent Psychiatry. 2011; 50(8):796–806 e791. doi:S0890-8567(11)00258-9 [pii] 
10.1016/j.jaac.2011.03.012. [PubMed: 21784299] 

Thurm et al. Page 13

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Packer A. Neocortical neurogenesis and the etiology of autism spectrum disorder. Neurosci Biobehav 
Rev. 2016; 64:185–195. DOI: 10.1016/j.neubiorev.2016.03.002 [PubMed: 26949225] 

Parr JR, Le Couteur A, Baird G, Rutter M, Pickles A, Fombonne E, International Molecular Genetic 
Study of Autism Consortium, M. Early developmental regression in autism spectrum disorder: 
evidence from an international multiplex sample. J Autism Dev Disord. 2011; 41(3):332–340. 
DOI: 10.1007/s10803-010-1055-2 [PubMed: 20711649] 

Pescosolido MF, Stein DM, Schmidt M, El Achkar CM, Sabbagh M, Rogg JM, Morrow EM. Genetic 
and phenotypic diversity of NHE6 mutations in Christianson syndrome. Ann Neurol. 2014; 76(4):
581–593. DOI: 10.1002/ana.24225 [PubMed: 25044251] 

Pickles A, Simonoff E, Conti-Ramsden G, Falcaro M, Simkin Z, Charman T, Baird G. Loss of 
language in early development of autism and specific language impairment. Journal of Child 
Psychology and Psychiatry and Allied Disciplines. 2009; 50(7):843–852. doi: JCPP2032 [pii] 
10.1111/j.1469-7610.2008.02032.x. 

Reierson G, Bernstein J, Froehlich-Santino W, Urban A, Purmann C, Berquist S, Hallmayer J. 
Characterizing regression in Phelan McDermid Syndrome (22q13 deletion syndrome). J Psychiatr 
Res. 2017; 91:139–144. DOI: 10.1016/j.jpsychires.2017.03.010 [PubMed: 28346892] 

Richler J, Luyster R, Risi S, Hsu WL, Dawson G, Bernier R, Lord C. Is there a ‘regressive phenotype’ 
of Autism Spectrum Disorder associated with the measles-mumps-rubella vaccine? A CPEA 
Study. Journal of Autism and Developmental Disorders. 2006; 36(3):299–316. DOI: 10.1007/
s10803-005-0070-1 [PubMed: 16729252] 

Rogers SJ. Developmental regression in autism spectrum disorders. Ment Retard Dev Disabil Res Rev. 
2004; 10(2):139–143. DOI: 10.1002/mrdd.20027 [PubMed: 15362172] 

Sacrey LA, Armstrong VL, Bryson SE, Zwaigenbaum L. Impairments to visual disengagement in 
autism spectrum disorder: a review of experimental studies from infancy to adulthood. Neurosci 
Biobehav Rev. 2014; 47:559–577. DOI: 10.1016/j.neubiorev.2014.10.011 [PubMed: 25454358] 

Samaco RC, McGraw CM, Ward CS, Sun Y, Neul JL, Zoghbi HY. Female Mecp2(+/−) mice display 
robust behavioral deficits on two different genetic backgrounds providing a framework for pre-
clinical studies. Hum Mol Genet. 2013; 22(1):96–109. DOI: 10.1093/hmg/dds406 [PubMed: 
23026749] 

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain development in rodents 
and humans: Identifying benchmarks of maturation and vulnerability to injury across species. Prog 
Neurobiol. 2013; 106–107:1–16. DOI: 10.1016/j.pneurobio.2013.04.001

Serret S, Thummler S, Dor E, Vesperini S, Santos A, Askenazy F. Lithium as a rescue therapy for 
regression and catatonia features in two SHANK3 patients with autism spectrum disorder: case 
reports. BMC Psychiatry. 2015; 15:107.doi: 10.1186/s12888-015-0490-1 [PubMed: 25947967] 

Shoffner J, Hyams L, Langley GN, Cossette S, Mylacraine L, Dale J, Hyland K. Fever plus 
mitochondrial disease could be risk factors for autistic regression. Journal of Child Neurology. 
2010; 25(4):429–434. doi: 0883073809342128 [pii] 10.1177/0883073809342128. [PubMed: 
19773461] 

Siperstein R, Volkmar F. Brief report: parental reporting of regression in children with pervasive 
developmental disorders. Journal of Autism and Developmental Disorders. 2004; 34(6):731–734. 
[PubMed: 15679193] 

Spitzer S, Volbracht K, Lundgaard I, Karadottir RT. Glutamate signalling: A multifaceted modulator of 
oligodendrocyte lineage cells in health and disease. Neuropharmacology. 2016; 110(Pt B):574–
585. DOI: 10.1016/j.neuropharm.2016.06.014 [PubMed: 27346208] 

Stefanatos GA. Regression in autistic spectrum disorders. Neuropsychol Rev. 2008; 18(4):305–319. 
DOI: 10.1007/s11065-008-9073-y [PubMed: 18956241] 

Stoner R, Chow ML, Boyle MP, Sunkin SM, Mouton PR, Roy S, Courchesne E. Patches of 
disorganization in the neocortex of children with autism. N Engl J Med. 2014; 370(13):1209–
1219. DOI: 10.1056/NEJMoa1307491 [PubMed: 24670167] 

Sukoff Rizzo SJ, Silverman JL. Methodological Considerations for Optimizing and Validating 
Behavioral Assays. Curr Protoc Mouse Biol. 2016; 6(4):364–379. DOI: 10.1002/cpmo.17 
[PubMed: 27906464] 

Thurm et al. Page 14

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thomas MS, Davis R, Karmiloff-Smith A, Knowland VC, Charman T. The over-pruning hypothesis of 
autism. Dev Sci. 2016; 19(2):284–305. DOI: 10.1111/desc.12303 [PubMed: 25845529] 

Thurm A, Manwaring SS, Luckenbaugh DA, Lord C, Swedo SE. Patterns of skill attainment and loss 
in young children with autism. Dev Psychopathol. 2014; 26(1):203–214. DOI: 10.1017/
s0954579413000874 [PubMed: 24274034] 

Tuchman RF, Rapin I. Regression in pervasive developmental disorders: seizures and epileptiform 
electroencephalogram correlates. Pediatrics. 1997; 99(4):560–566. [PubMed: 9093299] 

van Dyck LI, Morrow EM. Genetic control of postnatal human brain growth. Curr Opin Neurol. 2017; 
30(1):114–124. DOI: 10.1097/WCO.0000000000000405 [PubMed: 27898583] 

Vasung L, Lepage C, Rados M, Pletikos M, Goldman JS, Richiardi J, Kostovic I. Quantitative and 
Qualitative Analysis of Transient Fetal Compartments during Prenatal Human Brain 
Development. Front Neuroanat. 2016; 10:11.doi: 10.3389/fnana.2016.00011 [PubMed: 
26941612] 

Veeraragavan S, Wan YW, Connolly DR, Hamilton SM, Ward CS, Soriano S, Samaco RC. Loss of 
MeCP2 in the rat models regression, impaired sociability and transcriptional deficits of Rett 
syndrome. Hum Mol Genet. 2016; 25(15):3284–3302. DOI: 10.1093/hmg/ddw178 [PubMed: 
27365498] 

Weeber EJ, Beffert U, Jones C, Christian JM, Forster E, Sweatt JD, Herz J. Reelin and ApoE receptors 
cooperate to enhance hippocampal synaptic plasticity and learning. J Biol Chem. 2002; 277(42):
39944–39952. DOI: 10.1074/jbc.M205147200 [PubMed: 12167620] 

Werner E, Dawson G. Validation of the phenomenon of autistic regression using home videotapes. 
Archives of General Psychiatry. 2005; 62(8):889–895. doi: 62/8/889 [pii] 10.1001/archpsyc.
62.8.889. [PubMed: 16061766] 

Werner E, Dawson G, Munson J, Osterling J. Variation in early developmental course in autism and its 
relation with behavioral outcome at 3–4 years of age. Journal of Autism and Developmental 
Disorders. 2005; 35(3):337–350. [PubMed: 16119475] 

Wiesel TN, Hubel DH. Effects of Visual Deprivation on Morphology and Physiology of Cells in the 
Cats Lateral Geniculate Body. J Neurophysiol. 1963; 26:978–993. [PubMed: 14084170] 

Williams K, Brignell A, Prior M, Bartak L, Roberts J. Regression in autism spectrum disorders. J 
Paediatr Child Health. 2015; 51(1):61–64. DOI: 10.1111/jpc.12805 [PubMed: 25586846] 

Wolff JJ, Gerig G, Lewis JD, Soda T, Styner MA, Vachet C, Network, I. Altered corpus callosum 
morphology associated with autism over the first 2 years of life. Brain. 2015; 138(Pt 7):2046–
2058. DOI: 10.1093/brain/awv118 [PubMed: 25937563] 

Zachor DA, Ben-Itzchak E. Specific Medical Conditions Are Associated with Unique Behavioral 
Profiles in Autism Spectrum Disorders. Front Neurosci. 2016; 10:410.doi: 10.3389/fnins.
2016.00410 [PubMed: 27713683] 

Zwaigenbaum L, Bryson S, Rogers T, Roberts W, Brian J, Szatmari P. Behavioral manifestations of 
autism in the first year of life. International Journal of Developmental Neuroscience. 2005; 
23(2-3):143–152. [PubMed: 15749241] 

Thurm et al. Page 15

Autism Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LAY ABSTRACT

Loss of previously acquired skills, or regression, has been reported in Autism Spectrum 

Disorder since Kanner’s reports in the 1950’s. The current report reflects discussion from 

an NIMH convened meeting in 2016 with the purpose of bridging clinical autism 

research with basic and translational work in this area. This summary describes the state 

of the field regarding clinical studies and suggests use of model systems during the 

developmental period and cutting-edge methods, for a better understanding of the 

neurobiological pathways that result in loss of previously-attained skills.
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Table 1

Example Reports of Regression in Syndromes Associated with Autism Spectrum Disorder

Condition Report Ages/Stages Specific Skills Lost Associations?

Kleefsta Syndrome Kleefstra et al. (2009) Various ages toileting, eating, loss of interest, 
undefined

Phelan-McDermid Syndrome Denayer et al. (2012)
Serret et al. (2015)

Not reported
12–13 years

language, fine motor, gross motor, 
daily living skills, social 
engagement

Reierson et al. (2017) Range from 18 months 
to 18 years

Christianson Syndrome Pescosolido et al. (2014) Range from 15 months 
to 16 years

Language (words or sounds) 
(57%); walking (57%), eating 
(14%) fine motor (14%) eye 
contact/facial expression (14%)

15q Duplication Conant et al. (2014) Not reported 20/33 cases 
associated with 
epilepsy

Rett Syndrome/CDKL5 see Neul et al (2010; 
2014) for reviews

Most often between 6 & 
30 months

fine motor; language; gross motor

Down Syndrome Castillo et al. (2008)
Language Loss 
months Other skill loss 

 months

language loss; other skills (not 
specified)
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