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Current understanding of the neuroanatomical abnormalities in autism includes gross anatomi-
cal changes in several brain areas and microstructural alterations in neuronal cells as well. There 
are many controversies in the interpretation of the imaging data, evaluation of volume and size 
of particular brain areas, and their functional translation into a broad autism phenotype. Critical 
questions of neuronal pathology in autism include the concept of the reversible plasticity of mor-
phological changes, volume alterations of brain areas, and both short- and long-term consequenc-
es of adverse events present during the brain development. At the cellular level, remodeling of the 
actin cytoskeleton is considered as one of the critical factors associated with the autism spectrum 
disorders. Alterations in the composition of the neuronal cytoskeleton, in particular abnormalities 
in the polymerization of actin filaments and their associated proteins underlie the functional con-
sequences in behavior resulting in symptoms and clinical correlates of autism spectrum disorder. 
In the present review, a special attention is devoted to the role of oxytocin in experimental models 
of neurodevelopmental disorders manifesting alterations in neuronal morphology. 
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Morphological and structural changes in neuro-
nal cells are often associated with pathological con-
ditions in the brain. Overall, it is becoming clear that 
disruptions in the neuronal cells development result 
in more or less visible neuroanatomical abnormali-
ties present in the neurodevelopmental disorders in-
cluding autism. Autism is a disorder characterized by 
impairments in the social interaction, language, be-
havior, and cognitive functions (Rapin and Katzman 
1998; Brambilla et al. 2003). The autism phenotype 
is not identical across the affected persons. The het-
erogeneity of the disease progression, the severity of 
its symptoms, and the various co-morbid associated 
disorders leads to a belief of the variable neuropatho-
logical substrates of the disease.

Moreover, there is an ongoing debate that how 
much permanent are the neuromorphological al-
terations in the brain and whether there exists a 
reversible plasticity of such changes. Many research 

activities have been devoted to the critical periods in 
the development when the brain is the most sensi-
tive to various environmental factors. The core fea-
tures and signs of autism provide evidence about the 
affected brain areas and the involved neural systems 
(Amaral et al. 2008; Nickl-Jockschat et al. 2012). In 
this review, we focus on two major morphological 
features related to autism spectrum disorders. First, 
the gross anatomy differences in the various brain 
structures are described in relation to the distinct 
autistic behavioral phenotypes and second, avail-
able data at the level of cellular and molecular ab-
normalities in neuronal cells are gathered in as-
sociation with symptoms and clinical correlates of 
autism spectrum disorder. Special attention is de-
voted to the role of oxytocin in experimental mouse 
and rat models of neurodevelopmental disorders 
manifesting alterations in neuronal morphology 
and humans.
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The brain pathology in autism: overgrowth or 
degeneration?

Magnetic resonance imaging (MRI) and postmor-
tem tissue studies have been used in searching for 
the neuroanatomical substrate of autism (Piven et 
al. 1990). These two approaches have helped in un-
derstanding of the macroscopical and microscopical 
abnormalities in the autistic brain at different age 
(Schumann and Nordahl 2011; Donovan and Basson 
2017). Anatomical abnormalities have already been 
found during the first three postnatal years, although 
brain volume changes were not observed in all chil-
dren suffering of autism (Zielinski et al. 2014). MRI 
scans performed on a large sample of individuals 
has provided evidence that the brain of the autistic 
children is larger than in the normal children. In the 
adulthood, the brain size was normal or even small-
er (Courchesne et al. 2011a). Recently, an extensive 
meta-analysis has been performed in the autism and 
different measures of the cerebral anatomy have been 
done (Traut et al. 2018).

Nevertheless, no conclusive result regarding the 
volume and size of the brain structure has been 
drawn. However, the factors like age and sex, as es-
sential sources of the variability, have been stressed. 
There exists a considerable variation within human 
studies in the neuroanatomical abnormalities present 
in autism. Therefore, conclusions have to be drawn 
very carefully as many conflicting results have been 
published. Recently, using MRI scans, presence of 
cortical neuroanatomical abnormalities in autistic 
patients has been revealed (Yang et al. 2016). These 
authors have evaluated multiple morphological mea-
sures, such as cortical thickness, surface area, and 
cortical volume (Yang et al. 2016). From this perspec-
tive, microstructural or cellular changes could not 
be detected. Imaging studies, however, have brought 
other numerous data related to the autism as it will be 
discussed below.

Increasing number of studies have described an 
abnormal cellular growth and organization of autis-
tic individuals brains (Pearson et al. 2013). Pearson 
et al. (2013) have focused on the extracellular matrix 
and they have found reduced levels of glycosami-
noglycan and higher cell proliferation in particular 
subventricular zone. Thus, cellular defects in autism 
could be represented by brain enlargement. One 
study has also shown abnormal excess in a number 
of neurons in postmortem prefrontal cortex of autis-
tic patients using stereological methods (Courchesne 
et al. 2011b). There is an ongoing discussion how the 
neuronal overgrowth may be translated into the clin-

ical features of the disorder. On the other hand, an-
other recent study has suggested that there could be a 
degenerative component present in the autism spec-
trum disorder (Avino et al. 2018). On the basis of the 
stereological analysis, a reduction in the number of 
amygdala neurons has been demonstrated (Avino et 
al. 2018). Another study of Wegiel et al. (2014) has also 
shown significant volume reductions in various sub-
cortical brain structures in the autistic subjects. The 
above mentioned authors have interpreted their find-
ing by the presence of early childhood and delayed 
neuronal growth during adolescence in autism. Head 
circumference and weight have also been studied in a 
sample of autistic patients in Norwegian population, 
and the results have confirmed that throughout the 
first year, the head circumference of girls with autism 
spectrum disorder was reduced in comparison with 
the non-autistic ones (Suren et al. 2014). It could be 
essential to pay more attention to the size of the in-
dividual brain areas. Indeed, numerous studies are 
analyzing the neuroanatomical alterations in autism 
using imaging techniques.

Imaging of brain areas involved in the 
development of autism

The components of the nervous system that under-
lie autism spectrum disorder most likely include the 
frontoparietal and frontotemporal areas, amygdala-
hippocampal complex, cerebellum, basal nuclei, and 
anterior and posterior cingulate areas (DeRamus and 
Kana 2014; Ecker et al. 2015). One of the prominent 
theories of the neuropathology of autism indicates 
that the brain undergoes a period of increased growth 
during early postnatal life succeeded by a deceleration 
in age-related growth (Amaral et al. 2008). Results of 
numerous MRI studies have indicated larger brain 
volume in children with autism spectrum disorders 
(ASD) of age 2–4 years than typically developing chil-
dren (Carper and Courchesne 2005; Courchesne et al. 
2011a; Ecker et al. 2015). The increased brain volume 
disappears around the age of 6–8 years, afterward no 
considerable increase in the total brain volume com-
monly occurs (Carper and Courchesne 2005). Altered 
brain neurodevelopment in the autistic patients ap-
pears to differ across the diverse brain areas, with 
the frontal and temporal lobes being affected more 
than the parietal and occipital ones (Courchesne et 
al. 2011a; Ecker et al. 2015). Several studies have re-
ported an enlargement in the cerebral gray and white 
matter in the frontal, parietal, and temporal lobes in 
the autism individuals. The most consistent increase 
has been shown in the frontal lobe. Abnormalities in 
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cortical shape have been recognized in the Sylvian fis-
sure, the superior temporal sulcus, the intraparietal 
sulcus, and the inferior frontal gyrus. Atypical corti-
cal gyrification in individuals with autism has been 
described in many MRI studies (Piven et al. 1990; 
Auzias et al. 2014; DeRamus and Kana 2014; Ecker 
et al. 2015) including defects such as polymicrogyria, 
schizencephaly, and macrogyria (Ecker et al. 2015). 
Lack of empathy, difficulty in relating to others, and 
recognizing their emotion are characteristic signs for 
the autism individuals (Gillberg 1992; Hadjikhani 
et al. 2006). A possible neural substrate of empathy 
is the mirror neuron system, which has been found 
to be composed of a network of areas in the human 
brain. This network includes the pars opercularis of 
the inferior frontal gyrus, the inferior frontal cortex, 
the superior temporal sulcus, and the inferior parietal 
lobule. A local decrease in the gray matter in autism 
individuals has been reported in regions belonging 
to the mirror neuronal system (Gallese 2003; Leslie 
et al. 2004). The gray matter thinning has also been 
detected in areas involved in the emotion recogni-
tion and the social cognition. The cortical thinning 
of the mirror neuronal system has been associated 
with a severity of the autistic signs (Hadjikhani et 
al. 2006). The corpus callosum is the major commis-
sural white matter in the brain. It is connecting the 
homologous and heterotopic areas of the cerebral 
hemispheres, therefore integrates the sensory, motor, 
and higher cognitive functions of the brain (Paul et 
al. 2007). Three-dimensional volumetric measure-
ments of the corpus callosum in several studies have 
shown a reduction in the overall structure or one or 
more components of this commissural pathway. The 
alteration of the corpus callosum is considered to be 
the anatomical substrate of the processing and inte-
gration deficit in autism (Bellani et al. 2013a; Kuchar-
sky Hiess et al. 2015). Inconstant abnormalities of the 
caudate and lenticular nuclei have been reported in a 
few MRI studies. The volume of the caudate nucleus 
is believed to be correlated with the ritualistic-repet-
itive behaviors in adolescents and adults individu-
als with autism (Brambilla et al. 2003; Amaral et al. 
2008). Neuroanatomical abnormalities have been re-
ported in the limbic system in the autistic subjects. 
The limbic structures are essential in sensorimotor 
gating and altering. It may partly explain the failure 
of subjects with autistic disorder to inhibit repetitive 
thoughts and actions (McAlonan et al. 2002). An in-
creased cell packing density and decreased cell size 
has been observed in the amygdala, the entorhinal 
cortex, the mammillary body, the anterior cingulate 
gyrus, the medial septal nucleus, and the hippocam-

pal formation (Raymond et al. 1996). Decreased hip-
pocampal measures have been found in children and 
adult subjects with autism in MRI studies when com-
pared to age-matched controls (Brambilla et al. 2003). 
Amygdala is a relatively small subcortical structure 
located in the temporal lobe and included into the 
limbic system. Its functions include the monitoring of 
the environment for possible danger and modulating 
levels of vigilance and controlling social behavior. Ac-
cordingly, the researchers have hypothesized the in-
volvement of the amygdala into the socio-emotional 
impairment in the autistic individuals (Baron-Cohen 
et al. 2000). However, the investigations performed 
on amygdala produced conflicting results. Enlarged, 
reduced, and preserved volume has been reported 
in the studies on the amygdala morphology (Stan-
field et al. 2008; Schumann et al. 2009; Bellani et al. 
2013b). This difference of the results was explained on 
the base of age-related effects on the amygdala vol-
ume. Autistic toddlers and children frequently show 
a bilateral increase of the amygdala volume relative to 
age-matched controls. Volume reduction or preserved 
size of the amygdala has been reported in older ado-
lescents and adults (Stanfield et al. 2008; Bellani et al. 
2013b). The cerebellum is traditionally involved in the 
performance of the precise motor behavior, besides 
the growing evidence of its involvement in cognitive 
and affective functions. Pathological changes in the 
cerebellum in individuals with ASD may be the back-
ground of the varying degree of dyspraxia and altera-
tion of the cognitive and affective functions (Traut et 
al. 2018). Several MRI studies have reported increased 
total, gray, and white matter volumes in the cerebel-
lum of children and young adults with autism (Abell 
et al. 1999; Courchesne et al. 2001; Traut et al. 2018). 
In contrast to the total volume of the cerebellum, the 
size of the vermis seems to be slightly smaller in some 
subjects with autism (Kaufmann et al. 2003).

Long-lasting changes or short-term effects?

As described above, neuroanatomical abnormali-
ties reported in various brain areas are often complex 
and lifelong. Although it is known that the shape and 
geometry of neuronal cells are dynamically changing 
in response to different internal and environmental 
stimuli, their alterations could become permanent 
and thus affecting the functionality of neuronal 
circuits for a long time. The concept of specific ana-
tomical abnormalities present in autism is still under 
debate (Haar et al. 2016), although doubts have been 
raised on distinct brain regions. The lack of consis-
tent anatomical data could be due to heterogeneous 
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diagnosis criteria, inclusion and exclusion criteria, 
variability in age of participants and differences in 
imaging techniques in various studies. No apparent 
alterations in gross brain structure or hippocampal 
cytoarchitecture have been found in the mouse mod-
el of autism based on a deficiency of the SHANK3 
gene (Bozdagi et al. 2010).

On the other hand, these authors rather point to 
the alterations in structural plasticity of synapses. 
Nevertheless, short-term changes of neuronal mor-
phology play a role, in particular in the formation 
of the synaptic connections and functionality of 
neural networks (Nagel et al. 2012; Pani et al. 2013). 
Well-defined neuronal networks dynamically de-
velop, especially in the relation to the regulation of 
the growth of neuronal projections and branching of 
the dendritic trees. Time-lapse imaging of dendritic 
spines allows evaluating motility of dendritic spines 
in hours (Verkuyl and Matus 2006). In this context, it 
is important to emphasize that recent studies even go 
to the level of the nanomolecular architecture of syn-
aptic proteins (Hruska et al. 2018). Dynamics of the 
actin cytoskeleton is very high. One study has shown 
that a large amount of actin is exchanged over a pe-
riod of minutes in dendritic spines (Star et al. 2002). 
Regulation of this turnover could be particularly af-
fected in the neurodevelopmental disorders. It impli-
cates that short-term multistep mechanisms underly-
ing neuritogenesis, axon pathfinding, and dendritic 
spine motility, could be associated with autism spec-
trum disorders (Bakos et al. 2015).

The diversity of neuronal cells

Neuronal morphology largely depends on the type 
of neuronal cell and its locality in the specific brain 
region. Therefore, in the view of better understand-
ing the diversity of cell types across multiple nervous 
systems, free accessible databases containing elec-
trophysiological, morphological, and transcriptomic 
data have been established (http://celltypes.brain-
map.org/, http://www.neuromorpho.org/). Improve-
ments in high definition visualization bring new 
and tridimensional data on the dendritic and axo-
nal morphology of single neurons (Peng et al. 2015). 
Morphological properties of neurons and glial cells 
are very complex between them the size, volume, di-
ameter, and branching pattern as well (Comin and da 
Fontoura Costa 2013). Accumulated evidence suggest 
astrocytes abnormalities in white matter in autism. 
The increased levels of glial fibrillary acidic protein 
(GFAP) in the anterior cingulate cortex has been ob-
served in males with ASD (Crawford et al. 2015).

On the other hand, the pathophysiological study 
of astrocyte density and morphology in the white 
matter of the dorsolateral prefrontal cortex has con-
firmed no significant differences (Lee et al. 2017). 
Also, the volume of white matter in ASD can be ab-
normally enlarged. The elevated volume of periven-
tricular white matter hypointensity (WMH) has been 
found in children with ASD. However, this abnor-
mality was not associated with age. WMH volume 
of young adults was not changed in comparison with 
children (Blackmon et al. 2015). The growth of neu-
ronal cells is accompanied with the expansion of cell 
membranes and rearrangement of the neuronal cy-
toskeleton. As a consequence, neurons elongate their 
extensions and form synaptic connections. It is well 
known that reorganization of the neuronal cytoskel-
eton plays a role in the deficits in various cognitive 
and motor functions (Gordon-Weeks and Fournier 
2014). It is likely that dysregulation of the signaling 
pathways responsible for rearrangement of the neu-
ronal cytoskeleton contributes to the development of 
autistic-like behavior.

Actin cytoskeleton

Remodeling of the actin cytoskeleton is consid-
ered as one of the critical factors associated with the 
autism spectrum disorders (Joensuu et al. 2018). Al-
terations in the composition of neuronal cytoskeletal 
in particular abnormalities in the polymerization of 
actin filaments and their associated proteins have 
been observed in the mouse strain C58/J model of 
autism (Baron-Mendoza et al. 2018). In the model 
of autism, it has been demonstrated that SHANK 
3 deficient mice suffer from a loss of cortical actin 
filaments, in association with reduced Rho-GTPase 
activity together with increased activity of cofilin 
(Duffney et al. 2015). Indeed, accumulating a num-
ber of recent studies brought evidence that disrup-
tion of the actin cytoskeleton through dysregulated 
Rho GTPases contributes to autistic phenotype 
(Zeidan-Chulia et al. 2013; Sadybekov et al. 2017). 
It has been demonstrated that abnormal control 
of actin polymerization could be implicated in the 
regulation of glutamatergic synapses in autism spec-
trum disorder (Sadybekov et al. 2017). Rho-family 
of GTPases can affect dendritic spine development 
through regulation of the filamentous actin. We have 
already suggested that abnormalities in interactions 
of Rho GTPases with scaffolding proteins and actin 
cytoskeleton contribute to neurodevelopmental dis-
orders (Reichova et al. 2018). In addition, various 
studies have found that the autistic symptoms can be 
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rescued by manipulating actin regulators in SHANK 
3 or FMR1-deficient mice (Duffney et al. 2015; Joen-
suu et al. 2018).

Oxytocin role in neuronal morphology

Anatomical and morphological changes of neuro-
nal cells in the adult central nervous system under 
the influence of oxytocin are not representing a new 
idea. The brain plasticity either during early develop-
ment or in adult age is well known, and many fac-
tors come into the play. In general, reorganization of 
the nervous tissue depends on various neuropeptides 
including oxytocin (Bakos et al. 2016). Oxytocin can 
affect multiple molecular and cellular aspects of neu-
ronal cells ranging from excitatory and inhibitory 
properties of synapses to rearrangement of the actin 
cytoskeleton (Leonzino et al. 2016; Lestanova et al. 
2016; Zatkova et al. 2018). We have demonstrated that 
oxytocin increases the expression of cytoskeletal pro-
teins associated with neuronal growth (Lestanova et 
al. 2016). Effect of oxytocin on the cytoskeleton is not 
surprising as other studies have also shown that oxy-
tocin promotes the formation of filamentous actin 
in the hypothalamic cells (Wang and Hatton 2006). 
Wang and Hatton (2006) have described spatiotem-
poral changes in the distribution of actin fibers in 
neuronal cells. It is important to state that mentioned 
effects are short-term. It is also known that actin dy-
namics represents fast, transient, and reversible cy-
cles of polymerization and depolymerization of actin 
(van Goor et al. 2012). Therefore, it could be tricky to 
interpret some results related to oxytocin action on 
the cytoskeleton. Another study by Wang and Hatton 
(2007) has found that oxytocin has two phases of ac-
tion. Initially increases the polymerization of F-actin 
and then decreases it after 30 min. These authors ex-
plain their findings by potential interference with co-
filin, which could severe actin fibers after a prolonged 
time. Nevertheless, the effects of oxytocin on neuron 
morphology are likely associated with the actin and 
the actin-binding proteins.

Mechanisms of oxytocin action on  
neuronal morphology

Structural effects of oxytocin on neurons and glial 
cells were described in the 1980s by Theodosis and 
Poulain (1984). At the very beginning, changes in the 
ultrastructural reorganization of the hypothalamic 
cells were associated with adaptations to lactation. 
However later, they were extended to other physiolog-
ical processes including adaptations in response to os-

motic stimulation (Chapman et al. 1986). Since then, 
several observations have proposed that oxytocin is 
involved at a certain degree to the rearranging of ner-
vous tissue. Short-term effects of oxytocin in the rat 
hypothalamic H32 cells has suggested that mitogen-
activated protein kinases play a role in morphological 
changes of neuronal cells (Meyer et al. 2018).

Moreover, recent studies have suggested that peri-
natal exposure to oxytocin has neurodevelopmental 
consequences (Palanisamy et al. 2018). It has been 
discovered that oxytocin promotes the survival 
and maturation of newborn pyramidal neurons in 
the hippocampus via its receptor (Lin et al. 2017). 
Stimulation of neurogenesis in the hippocampus by 
oxytocin has also been observed in other previous 
studies (Leuner et al. 2012). One study has suggested 
that neonatal application of oxytocin can affect se-
rotonin axon length densities in the brain of male 
prairie voles (Eaton et al. 2012). Even so, neonatal 
manipulations of oxytocin can induce sexually di-
morphic, age-dependent and site-specific alterations 
in the cells producing oxytocin itself (Yamamoto et 
al. 2004). Therefore, these authors especially stressed 
the development of the oxytocinergic system in the 
context of social behavior and the formation of pair 
bonds. Indeed, it has been proved repeatedly that 
oxytocin belongs to the crucial factors responsible for 
the establishment of the social bonds and the regula-
tion of the social behavior.

Recent studies have associated oxytocin with the 
perception of the social clues (Liu et al. 2018) and rec-
ognition of the adult faces in parent-child interaction 
(Peltola et al. 2018). The basis of these oxytocin effects 
could lie in the short-term effects of oxytocin on neu-
ronal activity and neurotransmission, rather than the 
permanent structural consequences. Moreover, the 
short-term effects of oxytocin on GABA-ergic syn-
apses have also been observed (Theodosis et al. 2006). 
Oxytocin receptors are associated with timing of the 
switch of the GABAergic neurotransmission from ex-
citatory to inhibitory during the development of the 
nervous system (Leonzino et al. 2016). This concept 
remains to be further investigated to find out the ex-
tent of the oxytocin effect on the neuronal activity 
and/or neuronal morphology.
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