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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized

by impaired social interaction, poor communication skills, and repetitive/restrictive

behaviors. Recent studies have indicated that early rehabilitative intervention can

alleviate the symptoms of individuals with ASD. However, it remains unknown

whether rehabilitative intervention can restore brain structures such as myelin,

which generally shows abnormalities in individuals with ASD. Therefore, in the

present study, we used a mouse model of ASD (BTBR mice) that demonstrated

asocial behaviors and hypomyelination in the medial prefrontal cortex (mPFC) to

investigate whether interaction with social peers (C57BL/6J mice) has an effect on

myelination. We found that housing with C57BL/6J mice after weaning through

adulthood increased the myelin thickness in mPFC, but not in the motor cortex, of

BTBR mice. There was no effect of cross-rearing with C57BL/6J mice on axon
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diameter in mPFC of BTBR mice. This finding suggests that early rehabilitative

intervention may alleviate myelin abnormalities in mPFC as well as clinical

symptoms in individuals with ASD.
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1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized

by two core symptoms, namely impaired social interaction and communication,

and repetitive behaviors. Despite a number of studies conducted to elucidate the

remedy, there are few established treatments for symptom improvement. However,

recent studies have indicated the effectiveness of rehabilitative interventions to

alleviate the social problems of individuals with ASD, and substantial efforts have

been devoted to the development of such rehabilitative interventions. The most

common rehabilitative intervention is applied behavioral analysis (ABA), which is

an intense behavioral intervention that improves intellectual and educational

functioning (Lovaas, 1987). Several brain imaging studies using functional

magnetic resonance imaging (fMRI) revealed that rehabilitative interventions,

including computer-based facial affect recognition training, pivotal response

treatment, and reading intervention, can improve ASD symptoms by affecting

brain functions and connectivity (Calderoni et al., 2016). However, to the best of

our knowledge, no studies have confirmed the effects of rehabilitative interven-

tions on brain structures such as myelin, which is reportedly altered in individuals

with ASD (Zikopoulos and Barbas, 2010).

Numerous mouse models of ASD have been developed and investigated to

extrapolate the pathobiology of ASD. Among these, the BTBR mouse is a widely

used model of ASD with substantial face validity that demonstrates impaired social

interaction, aberrant ultrasonic vocalization as communication problems, increased

grooming as a repetitive behavior, and abnormalities of immune cells and

oligodendrocyte lineage cells (Yang et al., 2007, 2011; Heo et al., 2011;

Stephenson et al., 2011). In order to examine the effects of rehabilitative

intervention, BTBR mice were cross-fostered and cross-reared with C57BL/6J

mice, which have high sociability and low repetitive behaviors. Interestingly,

cross-fostering with C57BL/6J mice from birth through weaning did not alter the

behaviors of BTBR mice (Yang et al., 2007); however, cross-rearing with C57BL/

6J for 20 or 40 days after weaning significantly resolved sociability deficits (Yang

et al., 2011). These findings indicated that social intervention after weaning can

change ASD-like behaviors and, most probably, other associated brain functions.

Myelin is a laminated membrane structure surrounding axons produced by

oligodendrocytes, and it accelerates the axonal conduction velocity (McKenzie

et al., 2014). Multiple studies have revealed that oligodendrocytes and myelin are

Article No~e00468

2 http://dx.doi.org/10.1016/j.heliyon.2017.e00468

2405-8440/© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.heliyon.2017.e00468


necessary in order to acquire proper brain functions (McKenzie et al., 2014);

therefore, aberrant myelin formation in early life may be associated with the

development of ASD-like symptoms. Given that oligodendrocytes and myelination

are apparently sensitive to external stimuli during the developing stage (Makinodan

et al., 2012), early interventions before the completion of myelination are most

likely to alleviate myelin impairment as opposed to interventions later in life.

Interestingly, it has been shown that medial prefrontal cortex (mPFC) myelination

plays a key role in social interaction in mice (Liu et al., 2012, 2016; Makinodan

et al., 2012), and the extent of myelination in mPFC of BTBR mice could be

related to the impairment of social interaction.

From the above perspectives, we measured myelin thickness in the mPFC of

C57BL/6J mice and BTBR mice, and aimed to validate whether cross-rearing with

social peers after weaning can change myelination in mPFC, considering that

myelination is subject to social experience in mPFC (Makinodan et al., 2012; Liu

et al., 2012).

2. Methods

2.1. Mice and housing conditions

C57BL/6J (C57) mice and BTBR T+tf/J (BTBR) mice (Charles River Lab Japan,

Inc., Yokohama, Japan) were housed in a temperature- and humidity-controlled

animal facility under a reversed light–dark cycle (lights on from 8:00–20:00). Only
male mice were used in this study because male and female mice differently

respond to social experience (Pinna et al., 2004). All animals were provided with

food and water ad libitum throughout the experiments. All experimental protocols

were approved by the Animal Care Committee of Nara Medical University and

were in accordance with the policies established in the NIH Guide for the Care and

Use of Laboratory Animals. All efforts were made to minimize animal suffering, to

reduce the number of animals used, and to utilize alternatives to in vivo techniques,

if available. Male C57BL/6J and BTBR mice were randomly assigned to three

different housing conditions at the time of weaning (postnatal day 21; P21): four

C57BL/6J mice in a cage (B6-only), four BTBR mice in a cage (BTBR-only), and

two C57BL/6J mice and two BTBR mice in a cage (B6-mixed and BTBR-mixed)

until P65. Since a previous study showed that cross-rearing with C57BL/6J for 20

or 40 days after weaning significantly resolved sociability deficits of BTBR mice

(Yang et al., 2011), we chose longer cross-rearing (44 days) to evaluate

myelination in the mPFC of mice.

2.2. Electron microscopy

At P65, four mice per group were intracardially perfused with a fixative (2%

paraformaldehyde, 2.5% glutaraldehyde, and 0.1% picric acid in 100 mM
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cacodylate buffer). The brains were removed from the skulls and fixed in the same

solution overnight. Coronal sections (500-μm thick) were then obtained to isolate

mPFC (prelimbic and infralimbic) and the motor cortex (between Bregma 1.70 mm

and 1.98 mm) in epoxy resin, and the layer V of each brain region was examined

under transmission electron microscopy in 50-nm sections. Using this approach,

multiple, nonoverlapping regions of the brain from each mouse were imaged. A g-

ratio was calculated as the axon perimeter/(axon + myelin sheath) perimeter using

ImageJ (NIH). Axons with a circularity (4 × π × area/perimeter2) of ≪ 6.0 were

excluded from analysis, because the perimeter would not precisely reflect myelin

thickness in cases where the axons were cut at a slant. The g-ratio and axon

diameter of more than 200 myelinated axons from four mice were measured. The

images were acquired and analyzed by a person who was blind to the sample

information.

2.3. Statistics

Log-rank test was used for statistical analyses with GraphPad Prism 5 (GraphPad

Software Inc, La Jolla, California, USA). A P-value of ≪0.05 was considered

statistically significant.

3. Results

3.1. Effects of cross-rearing with C57BL/6J mice on hypomye-
lination in mPFC of BTBR mice

The g-ratio of each axon in mPFC was measured to evaluate myelination (Fig. 1a).

We found that the g-ratios of myelinated axons in mPFC were significantly

different in the four groups; B6-only, BTBR-only, B6-mixed, and BTBR-mixed

(log-rank test, P ≪ 0.0001, N = 4) (Fig. 1b, c, d), followed by Tukey’s test

indicating that myelin was thinner in mPFC of BTBR mice than in mPFC of B6

mice (P≪ 0.05). After cross-rearing with C57BL/6J mice from P21 to P65, BTBR

mice presented g-ratio scores comparable with those for the B6-only and B6-mixed

groups (P > 0.05, P > 0.05 respectively). The axon diameters were not

significantly different among the B6-only, BTBR-only, B6-mixed, and BTBR-

mixed groups (log-rank test, P = 0.4821, N = 4) (Fig. 1e).

3.2. Effects of cross-rearing with C57BL/6J mice on myelination
in the motor cortex of BTBR mice

A previous report showed that social experience does not change myelination in

the motor cortex, as opposed to that in mPFC (Makinodan et al., 2012). Therefore,

we measured the g-ratio in the motor cortex for each of the four groups and found

that the g-ratio of axons in the motor cortex was comparable between the B6-only

and BTBR-only groups. Furthermore, cross-rearing with C57BL/6J mice did not
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change the myelin thickness in the motor cortex of BTBR mice. In other words, g-

ratio scores were comparable among the four groups (Log-rank test, P = 0.2719, N

= 4) (Fig. 2a, b, c). There were no significant differences in the axon diameter

among the four groups (log-rank test, P = 0.1179, N = 4) (Fig. 2d).

4. Discussion

In the present study, we found that interaction with social peers, which has been

shown to improve sociability (Yang et al., 2011), considerably influences

[(Fig._1)TD$FIG]

Fig. 1. An increase in the myelin thickness in the medial prefrontal cortex (mPFC) of BTBR mice after

cross-rearing with C57BL/6J (B6) mice. (a) The image of g-ratio (b) The representative images of

myelinated axons in the mPFC (c) The dot graph of g-ratio and axon diameter (d) The cumulative

probability curve of g-ratio; At P65, the mPFC myelin is thinner in the BTBR-only group than in the

B6-only group (P ≪ 0.05). After housing with C57BL/6J mice from P21 through P65, the mPFC

myelin thickness has increased in the BTBR-mixed group compared with that in the BTBR-only group

(P ≪ 0.05). After housing with BTBR mice from P21 through P65, there is no change in mPFC

myelination in the B6-only group (P > 0.05). (f) The cumulative probability curve of g-ratio; There are

no significant differences in the axon diameter among the B6-only, BTBR-only, B6-mixed, and BTBR-

mixed groups (P > 0.05). More than 200 axons from four mice per group were analyzed. * P ≪ 0.05.

Scale bar: 1 μm. B6-only: C57BL/6J mice housed with B6 peers, BTBR-only: BTBR mice housed with

BTBR peers, B6-mixed: C57BL/6J mice housed with BTBR mice, BTBR-mixed: BTBR mice housed

with C57BL/6J mice.
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myelination in the BTBR mouse model of ASD. This finding supports the theory

that rehabilitative interventions can affect brain structures as well as brain

functions in individuals with ASD.

Individuals with ASD who have received intensive early intervention demonstrate

improved long-term outcomes, and the effectiveness depends on the age at

intervention. Earlier interventions such as ABA lead to more substantial resolution

of ASD symptoms (Harris and Handleman, 2000). Although the biological

mechanisms underlying the effects of early intervention remain unclear, recent

findings propose that myelination in the relevant brain regions is a potential factor.

[(Fig._2)TD$FIG]

Fig. 2. No effects of cross-rearing with C57BL/6J (B6) mice on myelination in the motor cortex of

BTBR mice. (a) The representative images of myelinated axons in the motor cortex (b) The dot graph of

g-ratio and axon diameter (c) The probability curve of g-ratio; Myelin thickness is comparable among

the B6-only, BTBR-only, B6-mixed, and BTBR-mixed groups (P > 0.05). (d) There are no differences

in the axon diameter among the B6-only, BTBR-only, B6-mixed, and BTBR-mixed groups (P > 0.05).

More than 200 axons from four mice per group were analyzed. Scale bar: 2 μm. B6-only: C57BL/6J

mice housed with B6 peers, BTBR-only: BTBR mice housed with BTBR peers, B6-mixed: C57BL/6J

mice housed with BTBR mice, BTBR-mixed: BTBR mice housed with C57BL/6J mice.
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First, we found that BTBR mice exhibit thinner myelin in mPFC, but not in the

motor cortex, compared with C57BL/6J mice (Fig. 1a). This finding was similar to

those in postmortem brain studies of individuals with ASD (Zikopoulos and

Barbas, 2010). Because BTBR mice are generally considered genetic models of

ASD (McFarlane et al., 2008), hypomyelination in mPFC could occur due to

genetic mechanisms. The elevated expression of proinflammatory cytokines such

as interleukin-6 in the brains of BTBR mice (Wei et al., 2016) may cause

hypomyelination, as shown in our previous study (Makinodan et al., 2016). If so,

myelin in the motor cortex of BTBR mice should also be thinner than that in the

motor cortex of C57BL/6J mice. However, our study demonstrated comparable

myelin thickness in the motor cortex between the two groups. Therefore, the extent

of mPFC myelination may be dependent on social experience, considering that the

sociability of BTBR mice is lower than that of C57BL/6J mice (Yang et al., 2011)

and that mPFC is more sensitive to social experience than the motor cortex with

regard to myelination and neuronal activities (Makinodan et al., 2012, 2017).

Further studies are warranted to elucidate whether the myelinated axons are

derived from projection neurons in the mPFC or afferents to mPFC. Since social

isolation affects the activities of projection neurons in the mPFC (Yamamuro et al.,

2017), the myelination of those axons is possibly susceptible to social experience.

Second, we found that social interaction with C57BL6/J mice increased the myelin

thickness in mPFC of BTBR mice. Given an increase in the social interaction of

BTBR mice after cross-rearing with C57BL6/J mice (Yang et al., 2011), the

restoration of myelination could be attributed to mPFC neuronal activities in

relation to social interaction (Yamamuro et al., 2017), on the basis of findings that

myelination is axonal activity-dependent (Wake et al., 2011). On the other hand,

the alteration of social experience in the present study did not change myelination

in the motor cortex, indicating that myelination in the motor cortex is independent

of social experience. Interestingly, cross-fostering of BTBR mice with C57BL/6J

mice during the neonatal period produced no significant effects on ASD-like

behaviors such as altered ultrasonic vocalization and repetitive behaviors (Yang

et al., 2007), implying that social interaction with peers influences the symptoms of

ASD more than the mother’s care. These findings are consistent with the denial of

the “refrigerator mother” theory and higher contribution of nonshared environ-

mental factors compared with that of shared environmental factors with regard to

the development of ASD (Sandin et al., 2014). Further studies should elucidate

whether cross-fostering with C57BL/6J mice changes mPFC myelination in BTBR

mice. It should be noted that after weaning, there is a limited time window for

satisfactory effects of social peers on myelination in mPFC and ASD-like

behaviors in BTBR mice.

In conclusion, the findings of the present animal study suggest that early

rehabilitative interventions, particularly interaction with social peers, can modify
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the extent of myelination in mPFC although it remains unknown what changes

myelination; the social behavior or context novelty, which could be related to

alleviation of symptoms in individuals with ASD.
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