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Research efforts over the past decades have unraveled both genetic and environmental

factors, which contribute to the development of autism spectrum disorders (ASD). It is, to

date, largely unknown how different underlying causes result in a common phenotype.

However, the individual course of development and the different comorbidities might

reflect the heterogeneous genetic and non-genetic contributions. Therefore, it is

reasonable to identify commonalities and differences in models of these disorders

at the different hierarchical levels of brain function, including genetics/environment,

cellular/synaptic functions, brain regions, connectivity, and behavior. To that end, we

investigated Shank3 transgenic mouse lines and compared them with a prenatal

zinc-deficient (PZD) mouse model of ASD at the level of brain structural alterations in an

11,7 T small animal magnetic resonance imaging (MRI). Animals were measured at 4 and

9 weeks of age. We identified a decreased total brain volume (TBV) and hippocampal

size of Shank3−/− mice but a convergent increase of basal ganglia (striatum and globus

pallidus) in most mouse lines. Moreover, Shank3 transgenic mice had smaller thalami,

whereas PZD mice had this region enlarged. Intriguingly, Shank3 heterozygous knockout

mice mostly showed minor abnormalities to full knockouts, which might reflect the

importance of proper Shank3 dosage in neuronal cells. Most reported volume changes

seemed to be more pronounced at younger age. Our results indicate both convergent

and divergent brain region abnormalities in genetic and non-genetic models of ASD.

These alterations of brain structures might be mirrored in the reported behavior of both

models, which have not been assessed in this study.

Keywords: ASD, autism mouse models, zinc deficiency, SHANK3, brain structures, animal MRI

Abbreviations: ASD, autism spectrum disorder(s); MRI, magnetic resonance imaging; ppm, parts per million; PZD,

prenatal zinc-deficient; SHANK, SH3 and multiple ankyrin repeat domains; TBV, total brain volume; TCS, Tissue

Classification Software.
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INTRODUCTION

Autism spectrum disorders (ASD) belong to the most

common neurodevelopmental disorders with a prevalence

of approximately 1% in the population. Affected individuals

demonstrate as consensus criteria abnormal social behavior

and communication as well as repetitive behavior.

However, a majority also presents a wide variety of

comorbidities such as intellectual disability, language

impairment, anxiety, hyperactivity, and sensory deficits

(Levy et al., 2009).

The underlying pathomechanisms are not yet fully

understood, while the causative factors have been unraveled

within the last decades. Genetic alterations account for

approximately two thirds of all cases (Huguet et al., 2016),

and studies on identical twins show high concordance rates

with strong penetrance of mutations. We know some of the

genetic factors, however, the number of possible mutations is

daunting with hundreds of genes potentially contributing to

the phenotype (Ellegood, 2012). Nevertheless, there is a large

cluster of genes coding for synaptic proteins. In fact, ASD are

currently also perceived as synaptopathies (Brose et al., 2010).

Mutations in the gene coding for the postsynaptic scaffolding

protein SH3 and multiple ankyrin repeat domains 3 (SHANK3)

are one of the rather common monogenetic causes of syndromic

ASD. The most prominent example of a SHANK3 deficiency

is the 22q13.3 deletion syndrome, also known as Phelan-

McDermid syndrome, however, intragenic mutations have also

been found in autistic cohorts (Grabrucker et al., 2011b). Apart

from the strong genetic component in autism, environmental

factors and gene-environment interactions are contributing

factors. For unknown reasons, every second autistic individual

demonstrates zinc deficiency very early in life (Grabrucker,

2012; Grabrucker et al., 2014). Intriguingly, zinc is strongly

concentrated in brain tissue and there it effects, among others,

the homomerization of SHANK molecules, including SHANK3

(Grabrucker et al., 2011a; Grabrucker, 2014). Maternal zinc

deficiency in mice results in ASD-like behavior in the offspring

(Grabrucker et al., 2016, 2014).

Neuroanatomical alterations are a frequent finding in many

neurological and psychiatric disorders. Kanner (1943) already

reported an increased head circumference in 5 of 11 case

reports in the initial description of autism. However, head size

correlates with brain size only in early childhood but Kanner’s

case reports were mostly beyond that period (Kanner, 1943).

Approximately 20% of all autistic patients show macrocephaly,

at least in a certain period throughout development. Beginning in

the 1980ies with computer tomography and further followedwith

magnetic resonance imaging (MRI), researchers and physicians

found a common pattern seen in a large number of affected

individuals: the brain size at birth is usually normal, while

an accelerated growth can be observed in early childhood (up

to 4 years), which affects up to 90%. Then, a deceleration

follows with a plateau phase until normal volume values are

reached again by entry into adolescence or early adulthood

(Chen et al., 2011; Stigler et al., 2011; Zielinski et al., 2014).

The detailed volumetric deviation of specific parts of the

brain is highly heterogeneous, which is attributable to age,

intelligence quotient, but predominantly to the underlying

genetic alterations. To reduce this factor, it has been reasoned

to analyze neuroanatomy of syndromal ASD in humans and

to model the different disease entities in mouse models,

which allow for a specific genotype-phenotype correlation

(Ellegood, 2012).

Nieman et al. (2007) analyzed mouse models mimicking a

variety of different neurological diseases and, thereby, observed

detectable changes in 90% of them. A proper model for a

neuropsychiatric disease such as autism harbors the same

mutations as in humans, demonstrates comparable phenotypes,

and, finally, also the same underlying molecular, cellular,

or neuroanatomical changes, which are ideally reproducible

(Ellegood and Crawley, 2015). To date, several autism mouse

models have been analyzed on the level of neuroanatomical

changes with MRI. These studies included mutations in

synaptic genes (Ellegood et al., 2010, 2011, 2012, 2015a;

Peça et al., 2011; Kumar et al., 2014; Steadman et al., 2014),

CNVs (copy number variations; Horev et al., 2011; Ellegood

et al., 2015a,b), and inbred mouse strains including the BTBR

mouse with autistic-like behavior (Ellegood et al., 2013,

2015a). An important conclusion is that the commonness of

neuroanatomical alterations is even higher as compared to

humans and that the heterogeneity is as high as observed

in autistic individuals. However, the reproducibility of

findings in the same model seems to be remarkably high

(Ellegood and Crawley, 2015).

Along this line, we aimed at adding a longitudinal study

with measurement points in: (1) the juvenile age; and

(2) early adulthood by comparing a genetic model with an

environmental model of autism, which have already been

extensively characterized by our workgroups. The transgenic

Shank3 isoform-specific knockout mice have not been assessed

on behavioral level by us (Schmeisser et al., 2012), but similar

models show social abnormalities, reduced vocalization, and

repetitive behavior (Bozdagi et al., 2010; Peça et al., 2011;

Wang et al., 2011; Bozdagi et al., 2013). Non-genetic autism

models have hardly been described but Grabrucker et al.

(2014) introduced a model of prenatal zinc deficiency (PZD).

Female mice undergo a temporary nutritional deprivation

from zinc before and during pregnancy. The PZD offspring

demonstrates autistic-like behavior. Intriguingly, one feature of

these mice is a synaptic downregulation of SHANK3 levels

that recovers only after birth with adequate zinc supply,

and a loss of excitatory synapses in several brain regions

(Grabrucker et al., 2014). Therefore, PZD and transgenic

Shank3 mice have a shared feature on a molecular level with

a functional relationship at synapses. Our hypothesis is that

it is possible to gain further insights in the neurobiology

underlying the ASD phenotypes by further analyzing the

neuroanatomy with MRI of two different models of ASD, one

produced by a genetic and one by a non-genetic factor. It is

plausible to assume: (1) convergent neuroanatomical changes

associated with common autistic phenotypes; and (2) divergent

findings may relate to specific comorbidities present in only

one model.
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MATERIALS AND METHODS

Animal Ethics Statement
All animal experiments were performed in compliance with the

guidelines for the welfare of experimental animals issued by

the Federal Government of Germany, the National Institutes of

Health and the Max Planck Society. The experiments in this

study were approved by the review board of the Land Baden-

Württemberg (Regierungspräsidium Tübingen) and the local

ethics committee at Ulm University, permit number 1239.

Animal Breeding
All animals were bred and mated in the animal facility of

Ulm University.

Shank3 Transgenic Mice
Prosap2/Shank3 mutants were generated by Genoway (Lyon,

France) on a C57BL/6 strain background. The targeting strategy

of the isoform-specific knockout has been described from

our laboratory by Schmeisser et al. (2012). In synopsis, exon

11 in the SH3 domain was deleted, thereby, resulting in

a translational stop sequence. The western blot phenotype

with missing α- and β-isoforms was referred to the genotype

Prosap2/Shank3αβ−/− (Schmeisser et al., 2012). The strains

are, further on, named as Shank3+/− for heterozygous and

Shank3−/− for homozygous animals.

Prenatal Zinc-Deficient Mice
PZD mice were generated as described previously (Grabrucker

et al., 2014, 2016) using C57BL/6 mice purchased from Janvier

Labs. In brief, 8-week-oldmice were purchased from Janvier Labs

and housed in plastic cages under standard laboratory conditions

[22◦C, 12 h rhythm (lights on at 7 am)], and provided with food

and water available ad libitum. After 1 week of acclimation, mice

were divided into two groups; one group was fed a zinc-deficient

diet [4 parts per million (ppm; zinc, SSNIFF diets, Germany)]

with demineralized drinking water, whereas the control group

was fed with standard laboratory food (35 ppm zinc). After

5 weeks, females of the control and zinc-deficient group were

mated and maintained on their respective diet during pregnancy.

To prevent zinc contamination, feeding jars, water bottles, and

plastic cages were rinsed with HCl and deionized water. After

birth, offspring from both control and PZD mice received milk

from mice on standard laboratory diet and were fed standard

laboratory food after weaning.

Small Animal MRI
TheMRImeasurements were performed in the small animalMRI

of Ulm University.

Animal Narcosis
High-resolutionMRI experiments on age-matched control, PZD,

and Shank3 transgenic mice were carried out under isoflurane

anesthesia (5% for induction, 1.5% for maintenance, mixed

with air).

Structural MRI Scans
All data were acquired on a dedicated small bore animal scanner

(Biospec 117/16, Bruker, Ettlingen, Germany) equipped with a

cryogenically cooled two-element surface (MRI CryoProbeTM,

Bruker BioSpec, Ettlingen, Germany) transmit/receive coil.

Anatomical brain images were acquired in axial, sagittal, and

coronal slice orientation applying a gradient-echo (FLASH)

sequence with acquisition parameters as: TE/TR 2.2/193 ms

(TE, echo time; TR, repetition time), matrix 260 × 260,

∆r = 65 × 65 × 500 µm3.

In order to not overburden the mice, all measurements

together were at an upper limit of narcosis time, thus, the

resolution of the scans had to be restricted, e.g., to 500 µm

slice thickness for the FLASH sequence [similar resolution as

already was used in (Braunstein et al., 2010; Wiesner et al.,

2015)]. Thus, we focussed especially on those brain regions,

which: (1) are clearly distinguishable; (2) have a certain extension

mediolaterally (for sagittal plane analyses) or rostrocaudally (for

coronal plane analyses); and (3) have a supposedly high relevance

in autism development.

Data Analysis
Volumetric tissue analysis followed previously established

semi-automatic procedures in (Wiesner et al., 2015; Braunstein

et al., 2010): data processing was performed by the in-house

developed software package Tissue Classification Software

(TCS). For optimized visualization, the acquisition matrix

of 260 × 260 voxels was transformed into a 768 × 768 grid

by nearest neighbor interpolation. Slicewise filtering was

applied to equalize intensity gradients caused by recording.

TCS includes mouse-based drawing tools for tissue/voxel

selection. In order to define clearly visible regions, drawing

was supported by a two-level thresholded conventional

region-grow algorithm. Following the operator-defined

intensity threshold, all connected voxels with respect to

their intensity within the predefined intensity range were

selected (process described in Supplementary Figure S1).

The analysis was blinded and evaluated by the same

experienced investigator. All regions were checked again by

several investigators.

Brain regions and bregma coordinates were identified

manually according to Allen Brain Atlas (Allen Institute for

Brain Science, 2011) and Franklin and Paxinos (2007). In the

following, brain region delineation is described in more detail.

Total brain volume (TBV) and cerebellum were analyzed in

sagittal planes. In order to separate left and right hemispheres,

the midsagittal section volume was assigned half to both volumes

each. Brain-spinal cord transition was determined as a tangential

line at the posterior end of the cerebellum. All other brain areas

were analyzed in coronal planes. In the following, we refer to

the analyzed areas as they are named in the Allen Brain Atlas.

Hippocampus was analyzed as denominated hippocampal region

and subiculum under the hippocampal formation structures.

Striatum was analyzed as denominated caudoputamen. Globus

pallidus was analyzed as denominated globus pallidus, external

and internal segment in the atlas. Thalamus was analyzed as

denominated thalamus.

TBV and striatum in PZD mice were already analyzed by

Grabrucker et al. (2018) however, with a different anaylsis tool,

which resulted in slightly different anatomical boundaries.
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Cortical thickness was measured at the bregma coordinates

−0.82 mm, −1.28 mm, and −2.75 mm (adult mouse brain

atlas of the Allen Brain Atlas) for both hemispheres. Thereby,

a perpendicular line was drawn at the most dorsal extension of

the corpus callosum. Brains at 4 and 9 weeks were not obviously

different at the mentioned bregma coordinates, which is reflected

in the almost identical TBV.

Statistical analysis was performed with GraphPad Prism 5

for Supplementary Figures and 7 for main figures (GraphPad

Software, La Jolla, USA).

Significances were calculated with a two-way analysis of

variance (ANOVA) with a Bonferroni post hoc test. Significance

levels are as follows according to the p-value threshold: ∗p< 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001.

RESULTS

Study Concept
The study was conceptualized longitudinally with horizontal

measurements at two different ages: postnatal day (PD) 28–30

(4 weeks) and PD 63–65 (9 weeks; Figure 1A). This interval

spans the time corresponding to human adolescence and early

adulthood, respectively. Per group, two different cohorts were

measured and the measurement regimen for both ages was

kept unchanged during the entire study. Three different autism

mouse models were analyzed, namely a heterozygous and a

full knockout of Shank3 isoforms (Shank3+/− and Shank3−/−),

and a model of PZD (Figure 1B). All shown data points

including mean values, standard error of the mean, standard

deviation, and p-values of the main figures are provided in

Supplementary Table S1.

Analysis of Total Brain Volume and Cortical
Brain Regions
The analysis encompassed the TBV, the cerebellar volume,

and the following cortical areas: cortical thickness at three

corresponding points at the bregma coordinates −0.82 mm,

−1.28 mm, and −2.75 mm (no volume measured), and

hippocampus. All measurements were conducted on right and

left parts of the brain (Figure 2).

Initially, the TBV was investigated (Figure 2A). The

comparison also included right vs. left hemispheres of the brain.

The only significant finding was in Shank3−/− mice at 4 weeks of

age, a trend is seen in both hemispheres at this age, however, not

significant. A trend can still be observed for this strain at 9 weeks.

The cerebellar volume was not majorly different between the

cohorts (Figure 2B). However, there was an increase of the

left hemisphere in Shank3+/−. This alteration seemed to vanish

over time.

Next, the cortical thickness was determined at three different

bregma coordinates (Figure 2C). No significant alterations were

detected. In some of the autismmouse models at 9 weeks, a slight

tendency of increased thickness could be observed.

Finally, we were interested in the volume of the archicortex,

namely the hippocampus (Figure 2D). Here, the Shank3−/− mice

showed a marked decrease in volume at the early age, which

seemed to largely disappear later. These results are attributable

to changes in both hemispheres, however, not significant. A

non-significant trend can also be seen in the heterozygous

Shank3+/− animals.

Analysis of Subcortical Brain Regions
In Figure 3, the analysis for size differences for the subcortical

regions striatum, globus pallidus, and thalamus are displayed.

The striatum was tendentially bigger in all autism mouse models

at both ages, however, only significant in the PZD mice at

9 weeks (Figure 3A).

The globus pallidus volumetry revealed significant differences

in the Shank3mouse models (Figure 3B). The added hemisphere

volumes of this structure were increased in volume at both ages,

however, significant only for Shank3+/− at 4 weeks.

Lastly, the thalamus measurements revealed a reduction of

volume in both Shank3 models, which was only significant for

the late measurement (Figure 3C). Interestingly, the PZD mice

showed, in turn, an increase of the thalamic volume on both

sides and throughout development. These differences seemed to

be attributable to both hemispheres.

Region Volumetry Relative to TBV and Sex
Differences
Finally, we aimed at investigating, in how the brain region

volumes depend on the respective TBV. Results were not majorly

different, however, some signficicancies hold, others disapper

(see Supplementary Figure S2).

Although most significant results disappear because of low

individual male and female numbers, we found it interesting to

split the groups according to sex (Supplementary Figure S3).

FIGURE 1 | Study design with autism mouse models measured at adolescent and adult ages. (A) The timeline of this longitudinal study shows the two

measurement points at 4 weeks and 9 weeks. (B) In total, 17 controls (7 females, 10 males), nine PZD (5 females, 4 males), 12 Shank3+/− (6 females, 6 males), and

nine Shank3−/− (4 females, 5 males) mice were measured.
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FIGURE 2 | Brain region volumetry of the total brain and cortical structures. Volumetric and thickness analyses are provided for the total brain (A), the cerebellum

(B), cortical thickness (C), and hippocampus (D). Exemplary images are displayed of a 4-weeks-old control line mouse as a mid-sagittal section with the cerebellum

in green (B), at the three bregma coordinates of a control mouse in coronal sections (C), and as 2D images in coronal sections at 4 weeks for the hippocampus

measurements (D). The hippocampus is highlighted in green. CTRL, controls; L, left; PZD, prenatal zinc-deficient mice; R, right; Shank3, SH3 and multiple ankyrin

repeat domains 3; TBV, total brain volume. The mean values in the diagrams are presented with standard errors of the mean. Significance levels are as follows

according to the p-value threshold: < 0.05 = ∗, < 0.01 = ∗∗. Scale bars represent 2 mm.

Interestingly, when significances remained, they usually could be

attributed to the male mice.

DISCUSSION

Main Findings
In a longitudinal study, we compared brain anatomical

alterations with small animal MRI in two different mouse models

of ASD, a non-genetic, and a Shank3 transgenic model with two

different gene dosages. We have, to our knowledge, performed

the first study analyzing a non-genetic autism mouse model in

comparison to a genetic model in order to investigate the shared

neurobiological substrate of their common ASD behavioral

phenotype. The study revealed the following main findings:

1. All ASDmodels in this study show largely unaltered cerebellar

volumes, cortical thickness, however, TBV and hippocampus

are diminished in Shank3 full knockout mice.

2. A convergent finding is an increased size of basal ganglia

structures; striatum is significantly enlarged in PZD mice as

was Shank3mice globus pallidus in all models.

3. Shank3 models additionally show a decrease in the thalamus

volume, on the contrary, PZD mice had this area enlarged.
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FIGURE 3 | Brain region volumetry of subcortical areas. The volumetric results of the subcortical nuclei are shown for the striatum (A), globus pallidus (B), and

thalamus (C). Exemplary images of coronal sections of 4-weeks-old mice are depicted for globus pallidus (violet, B) and of 9-week-old mice for thalamus (yellow, C).

CTRL, controls; L, left; PZD, prenatal zinc-deficient mice; R, right; Shank3, SH3 and multiple ankyrin repeat domains 3. The mean values in the diagrams are

presented with standard errors of the mean. Significance levels are as follows according to the p-value threshold: < 0.01 = ∗∗, < 0.001 = ∗∗∗. Scale bars represent

2 mm.

4. Both heterozygous and full Shank3 isoform-specific knockout

mice display gene-dosage dependent alterations with more

pronounced changes in full knockout animals.

5. Male mice show more significant alterations.

6. Some of the alterations are transient, with early brain

development being more divergent from control mice.

Shank3 and PZD Mice Demonstrate
Convergent Basal Ganglia but Divergent
Total Brain Volume, Thalamic and
Hippocampal Alterations
In the following, the results of this study will be discussed with

regard to previous investigations for neuroanatomical alterations

in mouse models and comparable observations in humans.

The focus will, further on, be set on both similarities and

discrepant results.

Brain Structures in Mouse Models for ASD
To date, most analyzed autism mouse models have not been

studied longitudinally as in our study. In the majority of cases,

MRI scans represented endpoints of the studies with post mortem

MRI. Only in one previous work the developmental stages are

comparable to our early measurements at about 4 weeks of

age, resembling the human juvenile age, (Ellegood et al., 2010),

whereas most measurements were conducted at an age around

our second time-point, which corresponds to early adulthood

(Ellegood et al., 2012, 2013, 2015a,b). Only Kumar et al. (2014)
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conducted a longitudinal study with three consecutive

measurements starting at PD 30 followed by two more runs with

two 20 days intervals. They report that the neuroanatomical

changes are developmentally stable (Kumar et al., 2014). Along

these lines, our results with regard to dynamic over time are

important information, as not all anatomical alterations were

maintained during development. For example, the changes

in the TBV, the subtle changes in hemispheric cerebellar,

hippocampal, and globus pallidus volumes of Shank3 models

were more pronounced at younger age. The alterations of brain

structures in the non-genetic PZD model seemed to be more

stable over time, e.g., in the thalamus. We want to emphasize

that demarcation of the respective brain regions might be

subtly different in the conducted studies. We strictly followed

anatomical descriptions of the Allen Brain Atlas (Allen Institute

for Brain Science, 2011).

Changes in the volume of basal ganglia (especially striatum) of

autism mouse models have repeatedly been reported. But most

models show a decrease, such as models with a Nlgn3 knock-in

(Ellegood et al., 2011; Kumar et al., 2014), 15q11–13 duplication

(Ellegood et al., 2015a), an Fmr1 knockout (Ellegood et al.,

2010), an Itgβ3 model (Ellegood et al., 2012), and the BTBR

inbred strain (Ellegood et al., 2013). Ellegood and colleagues

showed in a cross-sectional study with 26 autism mouse models

in 8-week-old mice that only six had an increased striatal size,

including a Shank3 isoform-specific knockout at approx. the

same age as our later measurement point (Ellegood et al., 2015a).

Interestingly, we could only detect a non-significant enlargement

of the striatum and globus pallidus in both Shank3 models

at this age. The slight differences to our study might be due

to the different knockout strategy used for the generation of

the Shank3 model; their model had exons 4–9 deleted. Peça

et al. (2011) reported an enlarged striatum earlier in the same

model. An increased striatal volume in the PZD model was

already reported by us earlier with a different analysis method

(Grabrucker et al., 2018). It can be concluded that basal ganglia

enlargement is a common phenomenon in PZD mice and

SHANK3 deficiency, however, it might be dosage-dependent of

the remaining isoforms.

Our Shank3 heterozygous and full knockoutmice additionally

demonstrated a smaller thalamus as is also observed in

a Nlgn3 knock-in model (Ellegood et al., 2011) and a

15q11–13 duplication model. A comparable situation reported

for the striatum is also seen for the thalamus in another study

from Ellegood et al. (2015a), showing no alterations in the

heterozygous Shank3 animals but a slight decrease, as seen in

our model, in the full knockout. A thalamic enlargement, as

seen in the PZD model, is rather rare (Ellegood et al., 2015a).

Finally, a change in hippocampus volume is not uncommon in

autism mouse models. In line with our study, this archicortical

structure is mostly decreased in size including Shank3 KOs with

a different targeting strategy (Ellegood et al., 2011, 2012, 2015a).

Also in agreement with Ellegood et al. (2015a), the TBV was

reduced in our Shank3 full KO animals (Ellegood et al., 2015a). In

conclusion, although other groups analyzed Shank3models with

different isoform-specific knockdown strategies, most alterations

are in line with previous studies.

Interestingly, when relating the volumes of each brain region

to the TBV of the same animals, results were majorly in

accordance with the total volume comparison. However, some

regions became significantly different or became trends only,

e.g., the striatum and the thalamus in Shank3 transgenic mice,

respectively. We recommend to show both total and relative

volumes in future studies to unravel or relativize the data.

Moreover, after splitting the data according to sex, we

observed more alterations in the male cohorts, which is in

line with the male dominance in ASD (Levy et al., 2009). To

our knowledge, this is the first study to explicetly report on

male-female differences in autism mouse models.

Brain Structures in Human Individuals With ASD
Human MRI has a long tradition for diagnosing and monitoring

anatomical changes and brain functions in neurological disorders

(Anderson and Frank, 2007). Intriguingly, the partly recovery of

neuroanatomical changes from adolescence to early adulthood

in our study is much in line with what has been observed as a

common phenomenon in ASD: an accelerated growth of brain

structures during postnatal development with a normalization

of most parts until adulthood (Chen et al., 2011; Stigler et al.,

2011; Zielinski et al., 2014). Common findings in structural

MRI in autistic individuals are an increased TBV, white matter

anomalies (including corpus callosum thinning as most frequent

neuroanatomical alteration), but also common are alterations

of the cerebellum, the hippocampus, the striatum, and the

thalamus (Stigler et al., 2011). This is very much in line with

our results.

Some models such as a Rett syndrome mouse model have

shown quite comparable neuroanatomical alterations as are

observed in human patients (Ellegood, 2012). Phelan-McDermid

syndrome, which oftentimes goes along with a syndromal variant

of ASD, is a SHANK3 deficiency disorder and patients frequently

have low zinc levels, which can be a modifying factor of their

phenotype (Pfaender et al., 2017). We reasoned that some of

the neuroanatomical peculiarities in this syndrome might be

replicable in our models. Although several studies have analyzed

the brains of affected individuals, the number of included

patients was quite low; also the measurements were not always

standardized and did not always include thorough volumetric

analyses of various brain structures. However, neuroanatomical

alterations are abundant in the syndrome including corpus

callosum thinning, ventriculomegaly, cortical atrophy, cerebellar

malformations, and arachnoid cysts (Aldinger et al., 2013; Soorya

et al., 2013; Figura et al., 2014; Philippe et al., 2015). In line

with these data, we detected subtle cerebellar changes in one

of the Shank3 mouse models. Future studies ought to focus

on precise volumetry of cortical and subcortical structures and

would ideally include more cases with isolated SHANK3 gene

disruptions or intragenic mutations to exclude the possibility

that other genes than SHANK3 cause the anatomical alterations.

In addition, with reference to the PZD model, it would now be

interesting to study a correlation of specific volumetric changes

in the subgroup of ASD and Phelan-McDermid syndrome

patients with a zinc deficiency as we have seen them in our

model organism.
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Abnormal Brain Structure Associated With

Neurobiological and Behavioral Changes in ASD
The following paragraph deals with the question how our

observed alterations fit to previous studies on these models.

Our Shank3 model has previously been compared to a Shank2

full knockout from our lab (Schmeisser et al., 2012). Although

behavior was not assessed, similar Shank3 knockout models

display autism-related behavior (Bozdagi et al., 2010; Peça

et al., 2011; Wang et al., 2011). Repetitive behavior is the

predominant phenotype of these models, which is related to

striatal changes (Stigler et al., 2011). This structure is the best

analyzed structure in these models and shows most significant

alterations with disrupted synaptic assembly and diminished

glutamatergic signaling (Peça et al., 2011; Schmeisser et al.,

2012). Fitting to our results of volumetric changes in the

basal ganglia (striatum and globus pallidus) and thalamus,

SHANK3 expression was shown to be predominantly high

in these brain regions in comparison to SHANK1 and 2

(Peça et al., 2011).

Also in line with alterations in the striatum, zinc is specifically

highly concentrated in this brain region. The PZD model has

been shown to display a reduction of excitatory synapses in

this area (Grabrucker et al., 2014), where zinc was also shown

to interact with SHANK3 at the postsynaptic density. Further,

an altered brain lateralization, which among others, affects the

dopaminergic transmission in the striatum of these mice was

reported (Grabrucker et al., 2018). On behavioral level, this

correlates with stereotyped repetitive behaviors such as abnormal

circling and altered marble burying that has been reported

in PZD mice (Grabrucker et al., 2016), but also other ASD

mouse models.

In line with the hippocampus affection that was specific

for Shank3 full KO mice, previous studies report learning and

memory deficits (Wang et al., 2011; Yang et al., 2012).

Conclusions and Outlook
In this study on autism mouse models, SHANK3-deficient mice

were compared to PZD mice in terms of neuroanatomical

peculiarities measured by structural MRI. While both models

display enlarged basal ganglia strucutres, thalami in Shank3

models were smaller, while they were enlarged in the PZD mice.

Especially the latter observation remained significant until early

adulthood. Only Shank3 full knockout mice showed decreased

total brain and hippocampal volumes.

Our study harbors several limitations. Because of inter-

individual differences, several observed alterations did not

turn out be significant or were significant in the early

measurement but not in the later analysis. Also, when

splitting the group according to sex, we lost some of

the significant results. This is most likely attributable to a

combination of a low number of individuals and a concomitant

low effect size. Future studies might include either more

animals or might employ higher resolution. Furthermore,

we can only speculate on functional consequences of the

observed alterations by reviewing literature on these or

comparable models, or the situation in humans. Further,

in this study, we cannot answer the question what is

happening on the cellular or even molecular levels of the

affected areas.

Nevertheless, the results reported here might pave the way

for future investigations in order to further scrutinize these

observations. This way might lead upstream to unravel the

molecular and neurocellular alterations, which could have led

to the alterations observed. Moreover, this might give rise

to a better understanding of underlying pathomechanisms

and to identify therapeutic targets that are shared between

the plethora of different causes of ASD. However, based

on these data, it is also important to seek downstream to

more specifically analyze the models for specific behavioral

alterations, which might refer to the brain region alterations

in the analyzed models and might be related to specific

comorbidities observed in addition to the core features

of ASD.

So far, two studies had a glimpse on what is happening on

the level of neuronal function and morphology. In an Fmr1

KO model of autism, two cerebellar nuclei were found to be

decreased in size; immunohistochemistry unraveled a loss of

neurons accounting for the shrinkage (Ellegood et al., 2010).

Peça et al. (2011) nicely showed in Shank3 transgenic mice,

how medium spiny neurons of the striatum are significantly

more branched, which goes along with diminished cortico-

striatal transmission. In line with our results, the striatum is

larger in this model, and the authors suggest these striatal

changes to underlie the strong repetitive behavior in this

model (Peça et al., 2011). This represents an exemplary study

to scrutinize a behavioral alteration on the level of cellular

morphology up to the resulting function. Thus, they found a

neuroanatomical phenotype on the mesoscopic scale resulting

in a distinguishable phenotype. Future investigations might

verify these hypotheses of a brain-region—phenotype association

by specifical knockdowns of autism-related genes in certain

brain regions or key pathways. It could prove the suggested

associations between brain regions and a certain phenotype:

striatum/globus pallidus—repetitive behavior, hippocampus and

thalamus—learning, processing of highly associated sensory

input. In line with this, the striatal size in human individuals

is negatively correlated with stereotypies but positively with

difficulties in problem solving (Stigler et al., 2011). Our data also

shows that despite different etiologies of ASDs such as genetic or

non-genetic ones, the search of commonalities between different

models may identify the neurobiological correlate of the shared

behavioral impairments.

Another interesting lesson we learn from our results and

by reviewing different mouse models is that it is rather the

affection of a certain brain area than the dynamic of increase

or decrease in volume, which correlates with a phenotype.

This holds true both for human individuals as well as

for autism mouse models. An intriguing path would be to

correlate the volumetric changes to altered connectivity between

brain regions, which has been used to study ASD in both

humans as well as mouse models by applying diffusion tensor

imaging (DTI).

For our models, it is most intriguing that SHANK3 and zinc

have repeatedly been shown to preferentially localize in the same
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brain areas, to even interact molecularly, and a reduction of both

players seems to result in an overlapping phenotype (Bozdagi

et al., 2010; Peça et al., 2011; Schmeisser et al., 2012; Grabrucker

et al., 2014). However, on the level of neuroanatomical alterations

they show similarities but also differ in some respect. This

might indicate that the zinc-SHANK3 interaction may be a

major driver for the ASD-associated behavioral impairments

seen in PZD mice, but also hints toward other SHANK3-

independent functions of zinc signaling in the brain. The shared

but also unique functions of zinc and possibly a variety of

genetic and non-genetic factors may account for the phenotypic

heterogeneity of ASD despite the occurrence of common core

features. However, it is possible that the molecular and cellular

changes might be very similar despite differences in volume

changes of certain brain regions. For instance, both Shank3 and

PZD models demonstrate decreased glutamatergic transmission

in both the striatum and hippocampus (Bozdagi et al., 2010;

Peça et al., 2011; Schmeisser et al., 2012; Grabrucker et al.,

2014), but effects on hippocampal volume were only seen in

Shank3mice.

Intriguingly, our analyzed heterozygous Shank3 KO was

generally less affected than the full KO. This should be

further scrutinized on other levels, cellular and behavioral

ones, since heterozygous Shank3 KO more closely resembles

the human pathology on the genetic level. Furthermore, it

would be worth to study the affection of the thalamus

in Shank3 models in more detail. A common observation

in patients with SHANK3 deficiency (Soorya et al., 2013)

and mouse models is an altered perception of inconvenient

sensations such as heat or pain. If this is only attributable

to peripheral neurons as suggested by Han et al. (2016) or

also includes higher brain function with sensory processing

in the thalamus remains elusive. Moreover, future studies

on human individuals with either SHANK3 loss or early

life exposure to zinc deficiency might now seek for similar

alterations as we have seen them in the corresponding

animal models.

Taken together, efforts in describing the brain anatomy

in ASD and respective models might be important to:

(1) find diagnostic criteria based on MRI-detectable

changes (Stevenson and Kellett, 2010); and to (2) pinpoint

clusters of ASD variants with same anatomical alterations,

maybe associated with similar symptoms constellations,

which might then be grouped and subjected to a more

specific symptom-based therapy. Intriguingly, such a

therapeutic intervention and the putative positive effect

might even be measurable as was shown for a Rett

model, in which alterations in brain structures was used

as marker. After exposure to an enriched environment,

some of the neuroanatomical alterations could be rescued

(Nag et al., 2009).
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FIGURE S1 | Volumetric analysis cascade. Original data were optionally gradient

filtered and an intensity thresholding supported the user-defined selection of the

respective brain region. Volumetric marked regions were then analyzed for the

respective slices.

FIGURE S2 | Volumes relative to TBV. Each measured brain region (not the

cortical thickness) was calculated as the percentage of the total brain volume of

the same animal. CTRL, controls; L, left; PZD, prenatal zinc-deficient mice; R,

right; Shank3, SH3 and multiple ankyrin repeat domains 3; TBV, total brain

volume. The mean values in the diagrams are presented with standard errors of

the mean. Significance levels are as follows according to the p-value threshold:

< 0.05 = ∗, < 0.01 = ∗∗, < 0.001 = ∗∗∗.

FIGURE S3 | Sex differences. Animals were split according to sex. CTRL,

controls; f, female; L, left; m, male; PZD, prenatal zinc-deficient mice; R, right;

Shank3, SH3 and multiple ankyrin repeat domains 3; TBV, total brain volume. The

mean values in the diagrams are presented with standard errors of the mean.

Significance levels are as follows according to the p-value threshold: < 0.05 = ∗,

< 0.01 = ∗∗, < 0.001 = ∗∗∗.

TABLE S1 | Raw volume data and statistics for Figures 1,2.
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