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Exosomes derived from mesenchymal stem
cells improved core symptoms of
genetically modified mouse model of
autism Shank3B
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Abstract

Background: Partial or an entire deletion of SHANK3 are considered as major drivers in the Phelan–McDermid

syndrome, in which 75% of patients are diagnosed with autism spectrum disorder (ASD). During the recent years,

there was an increasing interest in stem cell therapy in ASD, and specifically, mesenchymal stem cells (MSC).

Moreover, it has been suggested that the therapeutic effect of the MSC is mediated mainly via the secretion of

small extracellular vesicle that contains important molecular information of the cell and are used for cell-to-cell

communication. Within the fraction of the extracellular vesicles, exosomes were highlighted as the most effective

ones to convey the therapeutic effect.

Methods: Exosomes derived from MSC (MSC-exo) were purified, characterized, and given via intranasal

administration to Shank3B KO mice (in the concentration of 107 particles/ml). Three weeks post treatment, the mice

were tested for behavioral scoring, and their results were compared with saline-treated control and their wild-type

littermates.

Results: Intranasal treatment with MSC-exo improves the social behavior deficit in multiple paradigms, increases

vocalization, and reduces repetitive behaviors. We also observed an increase of GABARB1 in the prefrontal cortex.

Conclusions: Herein, we hypothesized that MSC-exo would have a direct beneficial effect on the behavioral

autistic-like phenotype of the genetically modified Shank3B KO mouse model of autism. Taken together, our data

indicate that intranasal treatment with MSC-exo improves the core ASD-like deficits of this mouse model of autism

and therefore has the potential to treat ASD patients carrying the Shank3 mutation.

Introduction
Autism spectrum disorder (ASD) is a neurodevelopmen-

tal disorder defined by social–communicational deficits,

repetitive behaviors, and restricted interests. In the last

two decades, ASD's etiology has been shown to be ex-

tremely complex, composed of both genetic and epigen-

etic variations [1–3]. Further studies have shown that

this complexity translates to multiple perturbed molecu-

lar pathways [4–6]. This complexity may explain the

great difficulty in finding pharmacological therapies that

can reverse or ameliorate the core symptoms of ASD ef-

ficiently and across the spectrum [7]. The current ap-

proved pharmacological treatments target the comorbid

behaviors frequently observed in ASD such as anxiety,

hyperactivity, and impulsive-related behaviors [7, 8].

However, it seems that the greater challenge is finding a

treatment that will address a combination of the core
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autistic behaviors, including social–communicational

and repetitive/restricted interests.

In our previous study, we have shown that intraven-

tricular administration of mesenchymal stem cells

(MSC) resulted in the amelioration of the core ASD-like

symptoms in the BTBR T+tf/J (BTBR) autism mouse

model, including significant improvement in social inter-

actions, maternal behavior, reduction in repetitive be-

haviors, and reduction in cognitive rigidity [9, 10].

Surprisingly, the ameliorating effect of transplantation of

MSC in BTBR mice lasted for at least 6 months after the

treatment [11]. Since it is likely that the MSCs did not

survive in the transplanted tissue longer than a few

weeks, we assumed that the MSCs left a long-lasting

“fingerprint” via their paracrine secretion. This hypoth-

esis was supported by several studies demonstrating that

MSCs can leave long-lasting effects after transplantation

by secretion of exosomes [11]. Exosomes, which are lipid

nano-vesicles, which carry proteins, RNA, and miRNA,

are found to be responsible for some of the intercellular

communication [12, 13].

Indeed, using the same BTBR model determined that

intranasal administration of human MSC-derived exo-

somes (MSC-exo) resulted in significant improvement in

the core symptoms including social interaction, ultra-

sonic communication, and repetitive behaviors [14]. Fur-

thermore, we demonstrated that MSC-derived exosomes

migrate to specific neuropathological locations in rodent

models for stroke, Parkinson's disease, Alzheimer’s dis-

ease (AD), spinal cord injury, and ASD. Interestingly, in

the BTBR ASD model, the MSC-exo migrated to the

frontal cortex and cerebellum and were taken up by neu-

rons [15–18].

The BTBR model is an idiopathic model of ASD with-

out a known genetic mutation that might lead to the

ASD-like symptoms [19–23]. To investigate whether

exosome administration will be effective also in a trans-

genic ASD model with a specific mutation associated

with the disorder, we chose to study the Shank3B KO

model [24, 25]. SHANK3 is an essential scaffolding pro-

tein found specifically in the postsynaptic density (PSD)

of excitatory neurons. Genetic variations in SHANK3

have been shown to affect dendritic spine development

[26] and reduce ionotropic and metabotropic receptor

signaling [27, 28]. In addition, numerous studies have

demonstrated that transgenic mice harboring mutations

in shank3 exhibit robust ASD-like behavioral phenotypes

[29, 30].

We assume that the use of MSC-exo can lead to sig-

nificant amelioration of the core symptoms of the genet-

ically modified Shank3B mice model of autism. It has

been demonstrated that MSC-exo can improve both

pathological and cognitive functions of genetically im-

paired mouse models such as the 5xFAD and 3xFAD

Alzheimer’s models [31–33]. Therefore, there may be an

interesting interaction between the capacity of the MSC-

exo which includes proteins and RNAs such as growth

factors and immune-regulation proteins and RNA [34–

36] and the functions of the brain cells. Meaning, al-

though the mice have a genetic mutation, the treatment

of MSC-exo may lead to alterations in gene expression

and protein function, leading to cognitive and behavioral

benefits.

In this line of thinking, we examined both the social

and cognitive abilities of Shank3B KO mice as well as

the expression of selected genes. Therefore, we per-

formed behavioral experiments on this transgenic mouse

model which included testing for social interaction,

grooming, and ultrasonic vocalization (UV). Addition-

ally, we previously showed that MSC-exo rescues ASD-

like behavior in the BTBR model, and so were interested

in comparing its effect on the Shank3B model as well.

We also chose several inflammatory RNA markers (TNF

, IL-1, and IBA-1) to monitor after the MSC-exo treat-

ment, as their expression changes in BTBR due to MSC-

exo treatment; however, we did not see the same effect

with Shank3B.

One of the most common neurological theories for

ASD symptoms is focused on the alterations in excita-

tory–inhibitory balance in the brain [37–39]. This theory

was based on the postmortem analysis of ASD patients

presenting downregulation in GABAA receptors [40].

Therefore, we aimed to figure if the MSC-exo treatment

may lead to changes in the inhibitory receptors of the

Shank3B KO mice that may lead to the amelioration of

the behavioral phenotype. We found, delicate, yet signifi-

cant increase in the GABA Ra1 RNA expression in the

PFC of treated Shank3B KO mice. Moreover, as we pre-

viously described, there was a difference in the evacu-

ation timeline and pattern of the MSC-exo from the

brains of pathological Shank3B KO mice in comparison

to their wild-type (WT) littermates. While the MSC-exo

remained in the brain 96 h post the intranasal adminis-

tration in the pathological mice, they were gone from

the healthy brains. Most importantly, we observed sig-

nificant amelioration in the behavioral core symptoms of

the treated Shank3B KO mice, compared to their saline-

treated littermates, making their behavior closer to their

WT littermates.

Altogether, our data suggest that exosomes can be

used as a clinical candidate to ameliorate the ASD-like

symptoms of the Phelan–McDermid syndrome.

Methods
Animal care

Mice were housed according to the Federation of La-

boratory Animal Science Associations (FELASA) guide-

lines. All mice were bred and maintained in a vivarium
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at 22 °C in a 12-hr light/dark cycle, with food and water

available ad libitum. The Shank3B KO line was pur-

chased from Jackson Laboratories. Shank3B KO, and

wild-type littermate mice were produced through crosses

of heterozygote males and females. The genetic back-

ground for the Shank3B mouse lines is C57BL/6J. Exper-

iments were performed with 8- to 10-week-old male

mice. All experimental protocols were approved by the

Animal Care and Use Committee of Bar Ilan University.

Genotyping

To determine the Shank3B genotypes, DNA was ex-

tracted from ear samples notched at the time of weaning

using the KAPA mouse genotyping kit. The following

primers were used to determine Shank3B mice genotype:

common Fw 5'-GAGCTCTACTCCCTTAGGACTT-3';

Rv mutant 5'-TCAGGGTTATTGTCTCATGAGC-3'

(~330 bp) and for wild type: Rv 5'- TCCCCCTTTC

ACTGGACACCC-3' (~250 bp).

Behavioral tests

Reciprocal dyadic social interaction test

The reciprocal dyadic social interaction test was done as

previously described [9, 14]. Prior to the test, each

mouse was separated for social isolation of 1-2 h. A five-

week-old male RCF white stranger mouse was used as

the social stimulus. Both the stranger and the tested

mouse were placed in a 40 × 40 × 20-cm cage. During

the interaction, the mice were recorded for 20 min, with

the last 10 min quantified by an observer blind to treat-

ment. Cowlog V3 software was used to score the social

contact initiated by the test mouse (Helsinki University,

Helsinki, Finland).

Three-chambered social interaction test

The test took place in a non-glare perspex box (60 × 40

cm) with two partitions that divide the box to three

chambers: left, center, and right (20 × 40 cm). The mouse

is placed in the middle chamber for habituation (5 min)

when the entry for both side chambers is barred. Test

mouse was then allowed to explore the whole arena (10

min), where they freely choose between interacting with

a novel mouse in one chamber, or stay in an empty

chamber (social test). After 10 min ended, a second

stranger mouse is introduced to the empty chamber, and

the test mouse is allowed 10min to freely choose be-

tween interacting with the novel or familiar mouse.

Ultrasonic vocalizations

The ultrasonic vocalization test was done as previously

described [10, 14]. Both Shank3B KO and WT males

met WT females, all sexually naive. Prior to the test,

each mouse was placed in separate cages for social isola-

tion for 12 h, the female was placed in the cage of the

male. UVs were recorded for the first 5 min of encounter

to prevent extremely high sexual arousal and mating be-

haviors. The females were in the same cage in order to

synchronize their estrus cycle and had met the males on

the same day. UVs were recorded with the Avisoft-

RECORDER v. 4.2.21 recording program. The settings

included a sampling rate of 250 kHz and a format of 16

bit. For spectrogram generation, recordings were trans-

ferred to Avisoft-SASLab Pro Version 5.2.07, and a fast

Fourier transformation (FFT) was conducted. Spectro-

grams were generated with an FFT length of 256 points

and a time window overlap of 50% (100% Frame, Flat-

Top window).

Mesenchymal stem cell preparation

Human MSCs were purchased from Lonza (cat: PT-

2501, Basel, Switzerland) and were cultured as previously

described [35]. Before the exosome collection, the cells

were cultured in exosome-free platelets medium for 3

days, and this medium was then collected.

Exosome purification protocol

Purification of exosomes was done using differential cen-

trifugation protocol. First, the conditioned medium was

centrifuged for 10 min at 300 g. The supernatant was re-

covered and centrifuged for 10 min at 2000 g. Once

again, the supernatant was centrifuged for 30 min at 10,

000 g. The supernatant was filtrated through a 0.22-μm

filter and centrifuged for 70 min at 100,000 g. The pellet

containing the exosomes and proteins was washed in

phosphate-buffered saline (PBS) and then centrifuged

for 70 min at 100,000 × g. The pellet containing the puri-

fied exosomes was resuspended in 200 μm of sterilized

PBS. MSC-exo were characterized using Nanosight tech-

nology, TEM, and western blotting as previously de-

scribed [14–16, 41].

In vivo treatment protocol

At the age of 4 weeks, 10 Shank3B KO male mice were

treated with a total of 20 μl MSC-exo at a concentration

of 107 particles/μl. The treatment was performed as pre-

viously described [14]. In general, each Shank3B KO-

treated mouse received 5 μl of exosomes via intranasal

administration for 4 days, every other day (altogether, 8

days of treatment). The behavioral experiment was done

3 weeks after the last treatment.

FACS analysis of exosomes

For FACS analysis, exosomes were coated onto 4-μm-

diameter aldehyde/sulfate latex beads. Fifty microliters

of exosomes were incubated with 12.5 μl of 4-μm-

diameter aldehyde/sulfate latex beads (cat# A37304,

Invitrogen) for 15 min at room temperature. Seven hun-

dred mircoliters of sterile PBS was added, and the
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mixture was then transferred to 4 °C and gentle shaking

overnight. After centrifugation, the pellet was blocked by

incubation with 200 μl of 100-mM glycine for 30 min at

room temperature. Exosome-coated beads were washed

in PBS and resuspended in 100-μl sterile PBS. After-

wards, beads were incubated with CD63-APC (cat# 130-

118-078, Miltenyi biotec), CD81-APC (cat# 130-119-787

Miltenyi biotec), or IgG1 Isotype control (cat# 130-113-

434, Miltenyi biotec) fluorescent Abs for 15 min on ice

in the dark. Beads were analyzed by flow cytometry

using Gallios flow analyzer FACS (Beckman Coulter).

Data were analyzed using the Kaluza Analysis Software

(Beckman Coulter).

Exosome labeling

Exosomes were labeled with PKH26 (Sigma-Aldrich).

PKH26 (2 μl) in 500-μl diluent was then added to 50 μl

exosomes in PBS for 5 min of incubation. Exosomes

were suspended in 70-ml PBS and were centrifuged for

90 min at 100,000 × g at 4 °C. The pellet was suspended

in 200 μl of PBS [15, 16].

Proteomic analysis of MSC-exo

The samples were subjected to lysis and in solution

tryptic digestion using the S-Trap method (by Protifi).

The resulting peptides were analyzed using nanoflow li-

quid chromatography (nanoAcquity) coupled to high

resolution, high mass accuracy mass spectrometry (Q

Exactive HF). Each sample was analyzed in the instru-

ment separately in a random order in discovery mode,

and the DATA processing was done by MaxQuant

v1.6.0.16. The data was searched with the Andromeda

search engine against the human proteome database

appended with common lab protein contaminants and

the following modifications: fixed modification (cysteine

carbamidomethylation) and variable modifications (me-

thionine oxidation, asparagine and glutamine deamida-

tion, and protein N-terminal acetylation). The

quantitative comparisons were calculated using Perseus

v1.6.0.7. Decoy hits were filtered out. The resulting pep-

tides were analyzed using nanoflow liquid chromatog-

raphy (nanoAcquity) coupled to high-resolution, high

mass spectrometry accuracy (Q Exactive HF). Each sam-

ple was analyzed on the instrument separately in a ran-

dom order in discovery mode. Raw data was processed

with MaxQuant v1.6.0.16. The data was searched with

the Andromeda search engine against the human prote-

ome database appended with common lab protein con-

taminants and the following modifications: fixed

modification (cysteine carbamidomethylation) and vari-

able modifications (methionine oxidation, asparagine

and glutamine deamidation, and protein N-terminal

acetylation). The quantitative comparisons were calcu-

lated using Perseus v1.6.0.7. Decoy hits were filtered out.

Gene onthology was performed by using the ToppGene

Suite [42]. Presented GO terms met a p value of < 0.05

at Benjamini–Yekutieli false detection rate (FDR).

Ex vivo imaging

For immunostaining, Shank3B KO male mice (n = 2) re-

ceived intranasal treatment of 5 μl of PKH26-labeled

MSC-exo and were sacrificed 24 h post administration.

Mice were perfused and fixated with PBS and 4% para-

formaldehyde (PFA). The brains were incubated in PFA

for 24 h followed by 30% sucrose for 48 h and stored at

4 °C. The brains were frozen in chilled 2-methylbutane

(Sigma-Aldrich), stored at 4 °C and subsequently sec-

tioned into slices at 10 lm. Slides were incubated with

blocking solution (5% goat/ donkey serum, 1% BSA,

0.5% Triton X-100 in PBS) for 1 h. Thereafter, slides

were incubated overnight at 4 °C with primary antibody

in blocking solution (mouse anti-CD11b, 1:500, Abcam)

and secondary antibody in blocking solution (goat anti-

mouse Alexa 488, 1:500, Molecular Probes, Invitrogen)

for 1–2 h at room temperature. Next, nuclei were coun-

terstained with DAPI (1:500; Sigma-Aldrich). Sections

were ultimately mounted with fluorescent mounting so-

lution (Fluoromount-G, Southern Biotech), covered with

a cover slide, and sealed with nail polish.

Brain sample dissection

MSC-exo and saline-treated Shank3B KO (n = 5) and

WT (n = 5) brain samples were removed from mice that

had not been subjected to any behavioral testing and

were kept at normal light cycle facilities (not reverse

light cycle). The entire mouse brain was removed at ap-

proximately 12:00 pm (light cycle is 7:00 am to 7:00 pm)

and placed in an adult mouse brain matrix (Zivic Indus-

tries, Pittsburgh, USA). Brain slices (bregma 2.8–1.42)

were removed, and prefrontal cortex regions were ob-

tained by using a 13-gauge biopsy punch needle (VGC,

New Delhi, India). The cerebellum was removed using a

scalpel. Brain samples were frozen with dry ice and kept

in − 80 °C until mRNA extraction.

RNA analysis

Real-time polymerase chain reaction (PCR) was per-

formed on an ABI ViiA™ 7 RealTime PCR detection sys-

tem in 10-μl volume-containing FastStart Universal

SYBR Green Master (Roche, Basel, Switzerland) and

primers (Supplementary Table 1) at a concentration of

0.5 μM each. Ten nanograms of cDNA was dispersed in

each well, and all samples were tested in triplicates. The

PCR program consists of a 15-min activation phase at

95 °C, followed by 40 cycles at the following tempera-

tures: 10 s of 94°, 30 s of 60°. Real-time PCR data were

normalized to the housekeeping gene HPRT.
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Statistical analysis

All behavioral and molecular experiments were analyzed

with GraphPad (Prism). UV was analyzed by SASLab

Pro (Avisoft). One-way ANOVA followed by Bonferroni

correction was used for social behavioral tests and UV.

Power calculation for the real-time PCR was calculated

with an online calculator, (http://onlinestatbook.com/2/

calculators/power_calc.html). The two-tailed power

value was 0.985 which met out requirement for the five

samples. One-way ANOVA followed by Tukey’s post

hoc was used for real-time PCR analysis.

Results
Characterization of MSC-exo

The characterization of MSC-exo was done by nano-

particle tracing analysis technology (NTA) using

Nanosight. We found that the mean exosome size is

140.5 ± 2.5 nm, and the concentration is 4.05 × 107 ±

3.26 × 106 particles/μl (Fig. 1 a, b). In addition, we ob-

served positive expression of essential surface mol-

ecule markers of exosomes by flow cytometry analysis

for CD81 and CD63 using aldehyde/sulfate latex

beads (Fig. 1d). To further characterize the protein

capacity of the MSC-exo, we performed proteomics

analysis, followed by gene ontology (GO) analysis.

Enriched terms include enzyme binding, extracellular

matrix, organization, extracellular space, and the cel-

lular response to stress pathway (Fig. 1c).

MSC-exo treatment leads to significant behavioral

improvement of Shank3B KO autistic-like phenotypes

To test if MSC-exo affects ASD-like behavior in

Shank3B KO mice, we administered MSC-exo intrana-

sally at 4 weeks of age, and 3 weeks post treatment-

performed behavioral assays. Shank3B mice behavior

was compared to WT littermates to ascertain they dis-

play expected behavioral phenotypes, as well as to evalu-

ate treatment robustness and efficiency of MSC-exo

treatment.

Shank3B KO mice were tested for social interaction,

vocal communication, and repetitive behaviors. In the

social interaction domain, we used two independent

tests: the three chambers (Fig. 2) and the reciprocal

dyadic social interaction test (Fig. 3a). In the three

Fig. 1 Characterization of MSC-exo by nanosight and bead-coated flow cytometry. a Concentration and size distribution of MSC-exo. b

Visualization of MSC-exo by nanosight. c Gene ontology of the exosomal proteomics content. d FACS analysis of exosome expression of surface

molecules; 50 μl of exosomes were incubated with 12.5 μl of 4-μm-diameter aldehyde/sulfate latex beads and stained with CD63-APC or CD81-

APC Abs (red lines) or negative control IgG1 Isotype Ab (blue line)
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Fig. 2 Intranasal treatment of MSC-derived exosomes rescue social behavior in Shank3B KO mice in the three-chamber test. a In the social

interaction test, MSC-exo-treated Shank3B KO mice spent more time in the chamber containing the stranger compared with the empty chamber

when treated with exosomes, while Shank3B KO mice treated with PBS showed no preference. WT mice spent more time in the chamber

containing the mouse compared with the empty one. b In the social novelty test, MSC-exo-treated Shank3B KO mice spent more time in the

chamber containing the novel mouse, while Shank3B KO mice treated with PBS showed no preference. WT mice spent more time in the

chamber containing the novel mouse. *p < 0.05, **p < 0.01, ***p < 0.001. c Representative heat map for each group (top panel—phase 1, bottom

panel—phase 2). One-way ANOVA followed with Bonferroni correction was used for behavioral tests analysis. Data are presented as means ± SEM
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chambers test, a stranger WT mouse was placed in one

of the chambers, and the tested mouse could freely move

between middle and side empty chambers (phase 1).

MSC-exo-treated mice spent significantly more time in

the chamber with the stranger mouse (251.1 ± 50.3 s)

compared to the both empty chamber (185 ± 55.2 s) and

the middle one (163.1 ± 26.1 s) (one-way ANOVA,

F2,27 = 7.17, p < 0.01, Bonferroni). In the saline-treated

Shank3B KO mice, the time they spent with the stranger

(192.2 ± 52.7 s), empty (218.6 ± 78.2 s) or in the middle

(187.9 ± 48.5) chamber was comparable without signifi-

cant differences. In the WT littermate group, the time

they spent with the stranger was significantly longer

(243.5 ± 35.7 s) than in the empty (177.4 ± 26.3 s) or the

middle (206.1 ± 31.9 s) chambers (one-way ANOVA,

F2,21 = 13.217, p < 0.001, Bonferroni, Fig. 2a).

In the next social test, a novel stranger mouse was

placed in the empty chamber and the familiar stranger

mouse was left in the other chamber. The tested mouse

could freely move between the chambers (phase 2).

Here, MSC-exo-treated Shank3B KO mice spent signifi-

cantly more time with the new stimulation mouse

(241.7 ± 56.9 s) compared to the known mouse (200.4 ±

61.6 s) or the empty chambers (157.4±55.2sec). The

saline treated mice presented no preference in their time

spent in each chamber (194 ± 47.4 s with new stimula-

tion 214.1 ± 52.7 s in the empty chamber and 160.8 ±

42.2 s with old stimulation). WT littermates spent sig-

nificantly more time in the chamber with the new stran-

ger (243.6 ± 39.3 s) compared to the familiar mouse

(206.8 ± 32.9 s) and the empty chamber (157.3 ± 29.8 s)

(one-way ANOVA, F2,21 = 23.9, p < 0.001, Bonferroni,

Fig. 2b). Representative heat maps for each group in

each phase are shown in Fig. 2c.

In the male-to-male reciprocal dyadic social inter-

action test, MSC-exo-treated Shank3B KO mice spent

significantly more time engaging in social interaction

with a stranger male (293.2 ± 26.2) compared with

their saline littermates (96.9 ± 10.1), their results were

similar to their WT littermates (330.4 ± 42.2, Kruskal–

Wallis test F3,27 = 19.20, p < 0.001, Fig. 3a). Repetitive

behaviors during social interaction was significantly

rescued in MSC-exo-treated Shank3B KO mice

(112.4 ± 19.9) as compared to their saline-treated lit-

termates (234.2 ± 26.2) and was comparable to the

WT littermates (54.9 ± 11.5, Kruskal–Wallis test

F3,27 = 15.5, p < 0.001, Fig. 3b).

Fig. 3 MSC-exo ameliorates the social interaction and communication autistic domains of Shank3B KO mice. a Male-to-male social interaction

was significantly improved in the MSC-exo-treated Shank3B KO mice, compared with their saline-treated littermates. b Repetitive behaviors of

grooming and digging were significantly reduced in the MSC-exo-treated Shank3B KO mice compared with their saline-treated littermates. c

Though not statistically significant, MSC-exo-treated Shank3B KO mice presented more UVs compared to their saline-treated littermates.

Interestingly, while all WT mice were vocalizing, only 10% of the saline-treated mice and 40% of the MSC-exo-treated mice were vocalizing. d

Representation of the spectrogram of the vocalizations of each group. One-way ANOVA followed with Bonferroni correction was done for

behavioral and vocal tests analysis. Pie charts represent the percentages of vocalizing vs non-vocalizing mice in each group. Data are presented

as mean ± SEM and scatterplot. **p < 0.01, ***p < 0.001, ****p < 0.0001
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In the behavioral male-to-female ultrasonic vocaliza-

tions test, we found no significant differences between

MSC-exo-treated mice and saline-treated Shank3B KO

mice in the number of syllables. Yet, since most of the

saline-treated Shank3B KO mice did not produce any

syllables and some of the MSC-exo mice did, we quanti-

fied the difference in percentages. Interestingly, while all

WT mice were vocalizing, only 10% of the saline-treated

mice and 40% of the MSC-exo-treated mice show

vocalization (Fig. 3c, d).

MSC-exo cross the blood–brain barrier after intranasal

administration and accumulate in the cortex and

cerebellum

We have previously shown that MSC-exo migrate to

damaged tissues in the brain after intranasal administra-

tion [15–17]. In the BTBR mouse model of autism, we

saw MSC-exo accumulating in the areas of the frontal

cortex and the cerebellum, while in WT C57BL/6J mice,

we could not detect any accumulation, and the MSC-

exo evacuated out of the brain within 24 h. Furthermore,

our previous data suggest that this migration and accu-

mulation pattern is associated with inflammation. MSC-

exo accumulated in the cortex and cerebellum areas of

Shank3B KO mice, and a small accumulation in the

hippocampus was also observed. In the brains of WT lit-

termates, MSC-exo were completely evacuated without

any traces, as expected (Fig. 4).

Increased inhibitory GABA-Rb1 receptors in the frontal

cortex

Previous observations in patients diagnosed with autism

and studies in mouse models raised the theory that exci-

tation/inhibition imbalance takes part in ASD’s neuro-

pathology [37]. Other studies revealed that oxytocin

signaling is disrupted in ASD, and oxytocin treatment in

Shank3B KO rats demonstrated improved behavioral

and neurophysiological phenotypes [43]. Additionally, a

previous study from our lab revealed that treating the

Shank3B KO mouse with the bacteria Lactobacillus reu-

teri increases GABA receptor expression and increases

oxytocin levels, which results in rescued behavioral phe-

notypes [44]. To test whether MSC-exo treatment will

have a similar effect, we looked for possible changes in

gene expression in several key GABAergic receptors and

oxytocin.

Although no noteworthy difference was found in RNA

levels of GABA Ra1, GABA Ra2 and oxytocin in the

Fig. 4 MSC-exo can cross the BBB and integrate into the cells in the tissue. a Complete sagittal section of Shank3B KO shows MSC-exo are found

in the parenchyma and accumulate mainly in the area of the cortex, cerebellum, and some accumulation in the hippocampus (96 h post

intranasal administration). b Complete sagittal section of WT shows complete evacuation of MSC-exo from the brain (96 h post intranasal

administration). c, d Magnification of the cerebellum and hippocampus tissues of Shank3B KO shows MSC-exo are found in the tissue. e

Magnification of the CA1 area with DAPI (blue), PKH26 exosomes (red), and astrocytes (GFAP green)
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frontal cortex and cerebellum, we observed a significant

increase in GABA Rb1 RNA in the prefrontal cortex

(PFC) after MSC-exo treatment in Shank3B KO mice

(one-way ANOVA, F2,15 = 6.5, p < 0,05, Fig. 5a–d). This

result, though minor, may indicate inhibitory upregula-

tion in the PFC after MSC-exo treatment. Importantly,

RNA levels of inflammatory markers such as - TNFα,

IBA1, and IL1 were also tested and were not found sig-

nificantly altered between the groups (figure S1).

Discussion
In this study, we show that intranasally administered

MSC-exo can ameliorate several ASD-like behaviors in

the Shank3B KO model including the social and com-

municational phenotypes. Additionally, we show that

exosomes migrate to several areas of the mouse brain in-

cluding the PFC and cerebellum which have previously

been implicated in ASD pathology. Finally, we observed

an increase of GABA-Rb1 in the PFC in Shank3B KO

mice treated with MSC-exo.

The Shank3B KO mice have previously shown mul-

tiple deficits in social interaction, UVs, and repetitive be-

haviors [29, 30]. Furthermore, Mei et al. (2016) have

shown that replacing the Shank3B variant with the intact

gene leads to a recuse of the behavioral autistic-like defi-

cits [45]. In this study, we attempted to reverse ASD-like

behaviors in an approach we formerly demonstrated to

be successful in the BTBR model, and so has potential

to be used therapeutically as it does not involve any in-

vasive actions.

Shank3B KO mice were treated with MSC-exo accord-

ing to the administration protocol used in our previous

BTBR study, and their behaviors were compared with

their WT littermates and Shank3B KO littermates that

were treated with saline. We found significant improve-

ment in social interaction in Shank3B KO mice treated

with MSC-exo in independent tests: the dyadic recipro-

cal social interaction and three-chamber social test for

social preference. In the dyadic reciprocal social inter-

action, the MSC-exo Shank3B KO-treated group spent

significantly more time engaging in social interaction

with a stranger mouse, compared to their saline treated

littermates. We further confirmed this result using the

three-chamber test. Shank3B KO mice treated with

MSC-exo presented a clear preference to the chamber

with the stranger mouse and the novel mouse compared

to the empty chamber and familiar mouse, respectively.

Thus, our data indicate that MSC-exo treatment can

benefit the social interaction domain of the ASD-like be-

haviors of the Shank3B KO model.

In the UV test, we characterize the vocal communica-

tion domain and found no significant improvement in

the number of syllables made by the Shank3B KO mice

treated with MSC-exo and saline groups. However, in

the current study, we noticed that while all the WT mice

performed UVs, only 10% of the saline-treated Shank3B

KO group performed UVs at all, which suggests that this

genetic variation has a severe influence on UVs. To bet-

ter understand if exosome treatment has any effect on

UVs in this model, we questioned if there was any UV

Fig. 5 Higher expression of GABA Ra1 were observed in the PFC of MSC-exo-treated mice, yet GABA Ra2, GABA Rb1 and oxytocin remained

unchanged in the PFC and the cerebellum. a–d GABA Rb1 expression was significantly increased in the PFC but not in the cerebellum (a). There

was no significant difference in GABA-Ra2 (b) and GABA-Rb1 (c). Also, there was no difference in oxytocin receptors (d). One-way ANOVA

followed with Tukey’s post hoc was done for the rtPCR analysis. *p < 0.05. Data are presented as means. Error bars represent the ±SEM
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post MSC-exo treatment and found that 40% of the mice

performed at least one UV. This result implies that exo-

some treatment may improve unique aspects of vocal

communication in Shank3B KO mice and should be fur-

ther investigated.

In the repetitive behaviors domain, grooming and

digging during social interaction were measured. A

significant difference was found between saline and

the MSC-exo-treated group. MSC-exo-treated mice

spent significantly less time in self-grooming and dig-

ging and more in social interaction.

Altogether, herein, we report that MSC-exo intranasal

treatment can lead to significant behavioral amelioration

in the social interaction and vocal communication do-

mains of Shank3B KO mice. We find that these results

are interesting as we have shown significant improve-

ments in social interaction and grooming in the BTBR

model upon MSC-exo administration [9, 46]. In the UV

test, MSC-exo treatment was not as beneficial for the

Shank3B KO as it was for the BTBR and so suggests a

different mechanism of effect.

We have also demonstrated that MSC-exo tend to mi-

grate to the frontal cortex and cerebellum. This tendency

was pathology-specific and was tested in other mouse

models. In a stroke model induced by injection of

endothelin-1, the MSC-exo selectively targets the dam-

aged area, while in other pathologies such as AD models

of transgenic mice (5xFAD), they were found mainly in re-

gions of the hippocampus. Interestingly, in WT mice, the

MSC-exo could not be detected in the brain 24 h post the

intranasal administration [15, 16]. Using the same ration-

ale, we examined the migration and neuro-distribution

pattern of the MSC-exo in the Shank3B KO mice. We

found that 96 h post intranasal administration, a complete

evacuation of MSC-exo was observed in the WT brains

compared to significant accumulation in the frontal cortex

and cerebellum in the Shank3B KO brains. It is of note

that some accumulation was also found in the area of the

hippocampus and medial entorhinal cortex. These find-

ings comply with our previous results spotlighting the spe-

cificity of exosome migration to neuropathological tissues

in different pathologies. This ability to target and accumu-

late in particular pathological regions of the brain may

overcome the lack of specificity current treatments offer,

which result in multiple adverse effects, and may even

offer a novel method for diagnostics.

In order to better understand the molecular influence

of MSC-exo on Shank3B KO mice, we first measured

gene expression of inflammatory markers including

TNFα, IBA1, and IL1. This was under the assumption

that MSC-exo may lead to the reduction of inflamma-

tion in the damaged tissues, thus contributing to behav-

ioral amelioration [42–44]. Yet, we found no evidence of

inflammatory suppression led by the MSC-exo. Previous

studies in an AD model suggested that cognitive deficits

rose due to inflamed blood–brain barrier (BBB), which

was rescued post exosome treatment [47]. Based on our

knowledge, the pathological and phenotypical abnormal-

ities of the Shank3B KO mice are not caused by damages

to the BBB but by the genetic mutation in the protein

leading to synaptic dysfunction. Since it is known that

exosomes can cross the BBB also in healthy mice, we do

not assume that the behavioral amelioration of the

treated Shank3B KO mice is caused by improvement of

the BBB but rather by molecular and protein changes in

the neurons caused by the natural capacity that the

MSC-exo introduced to the damaged cells.

We also expected a reduction in oxytocin expression

in accordance with the ASD hypothesis [48, 49]. Never-

theless, we could not find supporting evidence that links

MSC-exo treatment to alternations in the expression

levels of oxytocin in both the PFC and the cerebellum.

Another approach regarding the neurological changes in

autistic brains followed by genetic mutation refers to the

excitation–inhibition imbalance found in postmortem

analysis of autistic brains and was supported by animal

models [37, 50]. In addition, we observed a decrease in

GABA receptor subunits in the Shank3B hippocampus in

a previous study published by our group [44]. In that

study, treatment of Shank3B KO mice with L. reutri in-

creased GABA receptor subunit expression and resulted

in the improvement of behavioral deficits. Therefore, we

measured the expression of GABA subunits GABA Ra1,

GABA Ra2, and GABA Rb1 in the prefrontal cortex and

cerebellum. We found a significant increase in expression

in GABA Ra1 in PFC of the treated mice compared to the

saline group. The levels of GABA Ra1 in the cerebellum

as well as other GABA subunits remained unchanged.

This result suggests the involvement of GABA-mediated

pathways in the prefrontal cortex may be attenuated by

MSC-exo treatment which may contribute to improve-

ment in behavioral deficits observed in ASD. SHANK3 is a

scaffolding protein that plays a crucial role in anchoring

NMDA and AMPA receptors to the postsynaptic mem-

brane. Therefore, future studies should include evaluating

if MSC-exo treatment affects these receptors as well as

part of the excitation–inhibition imbalance theory of ASD.

In recent years, there has been a growing interest in

research aiming to find common molecular and physio-

logical deficits in multiple ASD mouse models that could

be targeted pharmaceutically [51–53]. We have demon-

strated that MSC-exo treatment had a significant effect

on all the core ASD-like behaviors of the autistic-like be-

haviors of two different mouse models.

Social interaction and ultrasonic communication re-

quire high-level synchronization of sensory input and

behavioral output. Sensory integration and coordination

deficits have been suggested to be one of the underlying
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mechanisms of the ASD patients [54–56]. Stem cell

therapy has been previously used on ASD children with

long-term beneficial effects [57]. Bone marrow MSC

transplantation has been proven to be safe to use in sev-

eral clinical trials [58–60]. Although it is clear that

MSCs have beneficial properties that can be used safely

for clinical purposes, recent evidence shows that the

therapeutic effect of MSCs is largely mediated via the se-

cretion of exosomes that contain important molecular

information [35, 61]. This study supports this claim;

however, further investigation into the molecular pro-

cesses by which exosomes communicate with brain cell

populations is required to elucidate its efficacy.

Limitations

Although the behavioral scoring of the MSC-exo-treated

group was significantly improved compared to their

saline-treated littermates, there is much more to learn

regarding the mechanism of action of the MSC-exo.

Conclusions
Altogether, our data suggest that that MSC-exo may be

efficient to treat ASD symptoms caused by a specific

genetic mutation. This finding is extremely relevant for

clinical indications since 1–2% of ASD patients carries

specific mutation in the SHANK3 gene.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.

1186/s13229-020-00366-x.

Additional file 1: Table S1

Additional file 2: Figure S1. rtPCR for inflammatory markers shows no

significant difference between the groups. A. TNFα B. IBA1 C. IL1. One-

way ANOVA followed with Tukey’s post hoc was done for the rtPCR ana-

lysis. Data is presented as means Error bars represent the ±S.E.M.

Abbreviations

ASD: Autism spectrum disorders; Shank3B KO: Knock out of the B domain in

the SHANK3 gene by deletion of the 22q13.3 location; BTBR: BTBR T+tf/J;

MSC: Mesenchymal stem cells; MSC-exo: Mesenchymal stem cell-derived exo-

somes; miRNA: micro RNA; PSD: Postsynaptic density protein; GABA Ra1/

GABA Ra2/ GABA Rb1: GABA receptor's subtypes a1, a2, and b1

Acknowledgements

The authors would like to thank for his contributions in the research, Shai

Israel, for his kind help in the MATLAB code.

Authors’ contributions

NP and OO equally contributed to this study; both took park in writing the

manuscript and the molecular analysis. The behavioral experiments were

divided by NP (social interaction and analysis of ultrasonic vocalizations) and

OO (3-chamber social interaction and ultrasonic vocalizations). SH

contributed in the exosomes’ characterization and writing the manuscript.

DO is the PI of NP and SH. EE is the PI of OO. The authors read and

approved the final manuscript.

Funding

N.P. received funding scholarship from Sagol School of Neuroscience, Tel

Aviv University.

Availability of data and materials

The datasets used and/or analyzed during the current study are available

from the corresponding author on reasonable request.

Ethics approval and consent to participate

Mice were housed according to the Federation of Laboratory Animal Science

Associations (FELASA) guidelines.

Consent for publication

Not applicable

Competing interests

DO and NP have submitted several patent applications related to exosomes.

All were assigned to “Ramot at Tel Aviv University”, and some were licensed

by Stem Cell Medicine LTD. DO is an informal scientific advisor for Stem Cell

Medicine LTD. The other authors have nothing to disclose.

Author details
1Sagol School of Neuroscience, Tel Aviv University, Tel Aviv, Israel. 2Sacklar

School of Medicine, Tel Aviv University, Tel Aviv, Israel. 3Faculty of Medicine,

Bar Ilan University, Tzfat, Israel.

Received: 8 March 2020 Accepted: 22 July 2020

References

1. Geschwind DH. Genetics of autism spectrum disorders. Trends Cogn Sci.

2011;15(9):409–16. https://doi.org/10.1016/j.tics.2011.07.003.

2. Eshraghi AA, Liu G, Kay S-IS, et al. Epigenetics and autism spectrum disorder:

is there a correlation? Front Cell Neurosci. 2018;12(March):1–5. https://doi.

org/10.3389/fncel.2018.00078.

3. Muhle R, Trentacoste SV, Rapin I. The genetics of autism. Pediatrics. 2004;

113(5):e472–86. https://doi.org/10.1542/peds.113.5.e472.

4. Voineagu I, Wang X, Johnston P, et al. Transcriptomic analysis of autistic

brain reveals convergent molecular pathology. Nature. 2011;474(7351):380–

4. https://doi.org/10.1038/nature10110.

5. Nardone S, Sams DS, Reuveni E, et al. DNA methylation analysis of the

autistic brain reveals multiple dysregulated biological pathways. Transl

Psychiatry. 2014;4:e433. https://doi.org/10.1038/tp.2014.70.

6. Oron O, Elliott E. Delineating the common biological pathways perturbed

by ASD’s genetic etiology: lessons from network-based studies. Int J Mol Sci.

2017;18(4). https://doi.org/10.3390/ijms18040828.

7. Eissa N, Al-houqani M, Sadeq A, Ojha SK, Sasse A. Current enlightenment

about etiology and pharmacological treatment of autism spectrum disorder.

2018;12(May). doi:https://doi.org/10.3389/fnins.2018.00304.

8. Sharma SR, Gonda X, Tarazi FI. Autism spectrum disorder: classification,

diagnosis and therapy. Pharmacol Ther. 2018. https://doi.org/10.1016/j.

pharmthera.2018.05.007.

9. Segal-Gavish H, Karvat G, Barak N, et al. Mesenchymal stem cell

transplantation promotes neurogenesis and ameliorates autism related

behaviors in BTBR mice. Autism Res. 2016;9(1):17–32. https://doi.org/10.

1002/aur.1530.

10. Perets N, Segal-Gavish H, Gothelf Y, Barzilay R, Barhum Y, Natalie Abramov

SH, et al. Long term beneficial effect of neurotrophic factors secreting

mesenchymal stem cells transplantation in the BTBR mouse model of

autism. Behav Brain Res. 2017. https://doi.org/10.1016/j.bbr.2017.03.047.

11. Ng KS, Kuncewicz TM, Karp JM. Beyond hit-and-run: stem cells leave a

lasting memory. Cell Metab. 2015;22(4):541–3. https://doi.org/10.1016/j.cmet.

2015.09.019.

12. Livshts MA, Khomyakova E, Evtushenko EG, et al. Isolation of exosomes by

differential centrifugation: theoretical analysis of a commonly used protocol.

Sci Rep. 2015;5(October):1–14. https://doi.org/10.1038/srep17319.

13. Vader P, Mol EA, Pasterkamp G, Schiffelers RM. Extracellular vesicles for drug

delivery. Adv Drug Deliv Rev. 2016;106:148–56. https://doi.org/10.1016/j.

addr.2016.02.006.

14. Perets AN, Hertz S, London M, Offen D. Intranasal administration of

exosomes derived from mesenchymal stem cells ameliorates autistic-like

behaviors of BTBR mice. Mol Autism. 2018;9:59.

15. Perets N, Betzer O, Shapira R, et al. Golden exosomes selectively target brain

pathologies in neurodegenerative and neurodevelopmental disorders. Nano

Lett. 2019. https://doi.org/10.1021/acs.nanolett.8b04148.

Perets et al. Molecular Autism           (2020) 11:65 Page 11 of 13

https://doi.org/10.1186/s13229-020-00366-x
https://doi.org/10.1186/s13229-020-00366-x
https://doi.org/10.1016/j.tics.2011.07.003
https://doi.org/10.3389/fncel.2018.00078
https://doi.org/10.3389/fncel.2018.00078
https://doi.org/10.1542/peds.113.5.e472
https://doi.org/10.1038/nature10110
https://doi.org/10.1038/tp.2014.70
https://doi.org/10.3390/ijms18040828
https://doi.org/10.3389/fnins.2018.00304
https://doi.org/10.1016/j.pharmthera.2018.05.007
https://doi.org/10.1016/j.pharmthera.2018.05.007
https://doi.org/10.1002/aur.1530
https://doi.org/10.1002/aur.1530
https://doi.org/10.1016/j.bbr.2017.03.047
https://doi.org/10.1016/j.cmet.2015.09.019
https://doi.org/10.1016/j.cmet.2015.09.019
https://doi.org/10.1038/srep17319
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1021/acs.nanolett.8b04148


16. Betzer O, Perets N, Angel A, et al. In vivo neuroimaging of exosomes using

gold. 2017. https://doi.org/10.1021/acsnano.7b04495.

17. Popovtzer R, Betzer O, Perets N, Barnoy E, Offen D. Labeling and tracking

exosomes within the brain using gold nanoparticles. In: SPIE-Intl Soc Optical

Eng; 2018:44. doi:https://doi.org/10.1117/12.2287351.

18. Guo S, Perets N, Betzer O, et al. Intranasal delivery of mesenchymal stem

cell derived exosomes loaded with phosphatase and tensin homolog siRNA

repairs complete spinal cord injury. ACS Nano. 2019. https://doi.org/10.1021/

acsnano.9b01892.

19. Han S, Tai C, Jones CJ, Scheuer T, Catterall WA. Enhancement of inhibitory

neurotransmission by GABAA receptors having α 2,3-subunits ameliorates

behavioral deficits in a mouse model of autism. Neuron. 2014;81(6):1282–9.

https://doi.org/10.1016/j.neuron.2014.01.016.

20. Wu J, de Theije CGM, da Silva SL, et al. Dietary interventions that reduce

mTOR activity rescue autistic-like behavioral deficits in mice. Brain Behav

Immun. 2017;59:273–87. https://doi.org/10.1016/j.bbi.2016.09.016.

21. Ellegood J, Crawley JN. Behavioral and neuroanatomical phenotypes in

mouse models of autism. Neurotherapeutics. 2015;12(3):521–33. https://doi.

org/10.1007/s13311-015-0360-z.

22. Yang K, Cao F, Sheikh AM, et al. Up-regulation of Ras/Raf/ERK1/2 signaling

impairs cultured neuronal cell migration, neurogenesis, synapse formation,

and dendritic spine development. Brain Struct Funct. 2013;218(3):669–82.

https://doi.org/10.1007/s00429-012-0420-7.

23. Scattoni ML, Gandhy SU, Ricceri L, Crawley JN. Unusual repertoire of

vocalizations in the BTBR T+tf/J mouse model of autism. PLoS One. 2008;

3(8):48–52. https://doi.org/10.1371/journal.pone.0003067.

24. Uchino S, Waga C. SHANK3 as an autism spectrum disorder-associated

gene. Brain Dev. 2013;35(2):106–10. https://doi.org/10.1016/j.braindev.2012.

05.013.

25. Durand CM, Betancur C, Boeckers TM, et al. Mutations in the gene encoding

the synaptic scaffolding protein SHANK3 are associated with autism

spectrum disorders. Nat Genet. 2007;39(1):25–7. https://doi.org/10.1038/

ng1933.

26. Durand C, Perroy J, Loll F, et al. SHANK3 mutations identified in autism lead to

modification of dendritic spine morphology via an actin-dependent

mechanism. Mol Psychiatry. 2011;17:71–84. https://doi.org/10.1038/mp.2011.57.

27. Duffney LJ, Wei J, Cheng J, et al. Shank3 deficiency induces NMDA receptor

hypofunction via an actin-dependent mechanism. J Neurosci. 2013;33(40):

15767–78. https://doi.org/10.1523/JNEUROSCI.1175-13.2013.

28. Verpelli C, Dvoretskova E, Vicidomini C. Importance of Shank3 protein in

regulating metabotropic glutamate receptor 5 (mGluR5) expression and

signaling at synapses. J Biol …. 2011.

29. Dhamne SC, Silverman JL, Super CE, et al. Replicable in vivo physiological

and behavioral phenotypes of the Shank3B null mutant mouse model of

autism. Mol Autism. 2017;8(1):26. https://doi.org/10.1186/s13229-017-0142-z.

30. Peça J, Feliciano C, Ting JT, et al. Shank3 mutant mice display autistic-like

behaviours and striatal dysfunction. Nature. 2011;472(7344):437–42. https://

doi.org/10.1038/nature09965.Shank3.

31. Dinkins MB, Dasgupta S, Wang G, Zhu G, Bieberich E. Exosome reduction

in vivo is associated with lower amyloid plaque load in the 5XFAD mouse

model of Alzheimer’s disease. Neurobiol Aging. 2014;35(8):1792–800. https://

doi.org/10.1016/j.neurobiolaging.2014.02.012.

32. Losurdo M, Pedrazzoli M, D’Agostino C, et al. Intranasal delivery of

mesenchymal stem cell-derived extracellular vesicles exerts

immunomodulatory and neuroprotective effects in a 3xTg model of

Alzheimer’s disease. Stem Cells Transl Med. 2020;(April):1–17. https://doi.org/

10.1002/sctm.19-0327.

33. Cui GH, Guo HD, Li H, et al. RVG-modified exosomes derived from

mesenchymal stem cells rescue memory deficits by regulating inflammatory

responses in a mouse model of Alzheimer’s disease. Immun Ageing. 2019;

16(1):1–12. https://doi.org/10.1186/s12979-019-0150-2.

34. Billing AM, Ben Hamidane H, Dib SS, et al. Comprehensive transcriptomic

and proteomic characterization of human mesenchymal stem cells reveals

source specific cellular markers. Sci Rep. 2016;6(1):21507. https://doi.org/10.

1038/srep21507.

35. Baglio SR, Pegtel DM, Baldini N. Mesenchymal stem cell secreted vesicles

provide novel opportunities in (stem) cell-free therapy. Front Physiol. 2012;3

SEP(September):1-11. doi:https://doi.org/10.3389/fphys.2012.00359.

36. Banigan MG, Kao PF, Kozubek JA, et al. Differential expression of exosomal

microRNAs in prefrontal cortices of schizophrenia and bipolar disorder

patients. PLoS One. 2013;8(1). https://doi.org/10.1371/journal.pone.0048814.

37. Nelson SB, Valakh V. Excitatory/inhibitory balance and circuit homeostasis in

autism spectrum disorders. Neuron. 2015;87(4):684–98. https://doi.org/10.

1016/j.neuron.2015.07.033.

38. Rubenstein JLR, Merzenich MM. Model of autism: increased ratio of

excitation/inhibition in key neural systems. Genes Brain Behav. 2003;2(5):

255–67. https://doi.org/10.1034/j.1601-183X.2003.00037.x.

39. Bozzi Y, Provenzano G, Casarosa S. Neurobiological bases of autism–epilepsy

comorbidity: a focus on excitation/inhibition imbalance. Eur J Neurosci.

2018;47(6):534–48. https://doi.org/10.1111/ejn.13595.

40. Fatemi SH, Reutiman TJ, Folsom TD, Thuras PD. GABAA receptor

downregulation in brains of subjects with autism. J Autism Dev Disord.

2009;39(2):223–30. https://doi.org/10.1007/s10803-008-0646-7.

41. Zhou H, Yuen PST, Pisitkun T, et al. Collection, storage, preservation, and

normalization of human urinary exosomes for biomarker discovery. Kidney Int.

2006;69(8):1471–6. https://doi.org/10.1016/j.polymdegradstab.2005.10.005.

42. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene suite for gene list

enrichment analysis and candidate gene prioritization. Nucleic Acids Res.

2009;37(SUPPL. 2):305–11. https://doi.org/10.1093/nar/gkp427.

43. Guastella AJ, Hickie IB. Oxytocin treatment, circuitry, and autism: a critical

review of the literature placing oxytocin into the autism context. Biol

Psychiatry. 2016;79(3):234–42. https://doi.org/10.1016/j.biopsych.2015.06.028.

44. Tabouy L, Getselter D, Ziv O, et al. Dysbiosis of microbiome and probiotic

treatment in a genetic model of autism spectrum disorders. Brain Behav

Immun. 2018;73(May):310–9. https://doi.org/10.1016/j.bbi.2018.05.015.

45. Mei Y, Monteiro P, Zhou Y, et al. Adult restoration of Shank3 expression

rescues selective autistic-like phenotypes. Nature. 2016;530(7591):481–4.

https://doi.org/10.1038/nature16971.

46. Perets N, Hertz S, London M, Offen D. Intranasal administration of exosomes

derived from mesenchymal stem cells ameliorates autistic-like behaviors of

BTBR mice. Mol Autism. 2018;9(1):2018. https://doi.org/10.1186/s13229-018-

0240-6.

47. Liu Y, Huber CC, Wang H. Disrupted blood-brain barrier in 5xFAD mouse

model of Alzheimer’s disease can be mimicked and repaired in vitro with

neural stem cell-derived exosomes. Biochem Biophys Res Commun. 2020;

525(1):192–6. https://doi.org/10.1016/j.bbrc.2020.02.074.

48. Green LA, Fein D, Modahl C, Feinstein C, Waterhouse L, Morris M. Oxytocin

and autistic disorder: alterations in peptide forms. Biol Psychiatry. 2001;50(8):

609–13. https://doi.org/10.1016/S0006-3223(01)01139-8.

49. Guastella AJ, Einfeld SL, Gray KM, et al. Intranasal oxytocin improves

emotion recognition for youth with autism spectrum disorders. Biol

Psychiatry. 2010;67(7):692–4. https://doi.org/10.1016/j.biopsych.2009.09.020.

50. Rubenstein JLR, Merzenich MM. Model of autism: increased ratio of

excitation/inhibition in key neural systems. 2003:255-267. doi:https://doi.org/

10.1046/j.1601-183X.2003.00037.x.

51. Kloth AD, Badura A, Li A, et al. Cerebellar associative sensory learning

defects in five mouse autism models. Elife. 2015;4(JULY 2015):1–26. https://

doi.org/10.7554/eLife.06085.

52. Ellegood J, Anagnostou E, Babineau BA, et al. Clustering autism: using

neuroanatomical differences in 26 mouse models to gain insight into the

heterogeneity. Mol Psychiatry. 2015;20(1):118–25. https://doi.org/10.1038/

mp.2014.98.

53. Di Pellegrino G, Fadiga L, Fogassi L, Gallese V, Rizzolatti G. Understanding

motor events: a neurophysiology study. Exp Brain Res. 1992;91:176–80..

54. Ayres AJ, Tickle LS. Hyper-responsivity to touch and vestibular stimuli as a

predictor of positive response to sensory integration procedures by autistic

children. Am J Occup Ther Off Publ Am Occup Ther Assoc. 1980;34(6):375–

81. https://doi.org/10.5014/ajot.34.6.375.

55. Iarocci G, McDonald J. Sensory integration and the perceptual experience of

persons with autism. J Autism Dev Disord. 2006;36(1):77–90. https://doi.org/

10.1007/s10803-005-0044-3.

56. Tomchek SD, Dunn W. Sensory processing in children with and

without autism: a comparative study using the short sensory profile.

2007;61(2).

57. Dawson G, Sun JM, Davlantis KS, et al. Autologous cord blood infusions are

safe and feasible in young children with autism spectrum disorder: results

of a single-center phase I open-label trial. Stem Cells Transl Med. 2017:

1332–9. https://doi.org/10.1002/sctm.16-0474.

58. Petrou P, Gothelf Y, Argov Z, et al. Safety and clinical effects of

mesenchymal stem cells secreting neurotrophic factor transplantation in

patients with amyotrophic lateral sclerosis. JAMA Neurol. 2016;73(3):1.

https://doi.org/10.1001/jamaneurol.2015.4321.

Perets et al. Molecular Autism           (2020) 11:65 Page 12 of 13

https://doi.org/10.1021/acsnano.7b04495
https://doi.org/10.1117/12.2287351
https://doi.org/10.1021/acsnano.9b01892
https://doi.org/10.1021/acsnano.9b01892
https://doi.org/10.1016/j.neuron.2014.01.016
https://doi.org/10.1016/j.bbi.2016.09.016
https://doi.org/10.1007/s13311-015-0360-z
https://doi.org/10.1007/s13311-015-0360-z
https://doi.org/10.1007/s00429-012-0420-7
https://doi.org/10.1371/journal.pone.0003067
https://doi.org/10.1016/j.braindev.2012.05.013
https://doi.org/10.1016/j.braindev.2012.05.013
https://doi.org/10.1038/ng1933
https://doi.org/10.1038/ng1933
https://doi.org/10.1038/mp.2011.57
https://doi.org/10.1523/JNEUROSCI.1175-13.2013
https://doi.org/10.1186/s13229-017-0142-z
https://doi.org/10.1038/nature09965.Shank3
https://doi.org/10.1038/nature09965.Shank3
https://doi.org/10.1016/j.neurobiolaging.2014.02.012
https://doi.org/10.1016/j.neurobiolaging.2014.02.012
https://doi.org/10.1002/sctm.19-0327
https://doi.org/10.1002/sctm.19-0327
https://doi.org/10.1186/s12979-019-0150-2
https://doi.org/10.1038/srep21507
https://doi.org/10.1038/srep21507
https://doi.org/10.3389/fphys.2012.00359
https://doi.org/10.1371/journal.pone.0048814
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1034/j.1601-183X.2003.00037.x
https://doi.org/10.1111/ejn.13595
https://doi.org/10.1007/s10803-008-0646-7
https://doi.org/10.1016/j.polymdegradstab.2005.10.005
https://doi.org/10.1093/nar/gkp427
https://doi.org/10.1016/j.biopsych.2015.06.028
https://doi.org/10.1016/j.bbi.2018.05.015
https://doi.org/10.1038/nature16971
https://doi.org/10.1186/s13229-018-0240-6
https://doi.org/10.1186/s13229-018-0240-6
https://doi.org/10.1016/j.bbrc.2020.02.074
https://doi.org/10.1016/S0006-3223(01)01139-8
https://doi.org/10.1016/j.biopsych.2009.09.020
https://doi.org/10.1046/j.1601-183X.2003.00037.x
https://doi.org/10.1046/j.1601-183X.2003.00037.x
https://doi.org/10.7554/eLife.06085
https://doi.org/10.7554/eLife.06085
https://doi.org/10.1038/mp.2014.98
https://doi.org/10.1038/mp.2014.98
https://doi.org/10.5014/ajot.34.6.375
https://doi.org/10.1007/s10803-005-0044-3
https://doi.org/10.1007/s10803-005-0044-3
https://doi.org/10.1002/sctm.16-0474
https://doi.org/10.1001/jamaneurol.2015.4321


59. Duijvestein M, Vos ACW, Roelofs H, et al. Autologous bone marrow-derived

mesenchymal stromal cell treatment for refractory luminal Crohn’s disease:

results of a phase I study. Gut. 2010;59:1662–9. https://doi.org/10.1136/gut.

2010.215152.

60. Gothelf Y, Abramov N, Harel A, Offen D. Safety of repeated transplantations

of neurotrophic factors-secreting human mesenchymal stromal stem cells.

Clin Transl Med. 2014;3:21. https://doi.org/10.1186/2001-1326-3-21.

61. Lener T, Gioma M, Aigner L, et al. Applying extracellular vesicles based

therapeutics in clinical trials - an ISEV position paper. J Extracell Vesicles.

2015;4:1–31. https://doi.org/10.3402/jev.v4.30087.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Perets et al. Molecular Autism           (2020) 11:65 Page 13 of 13

https://doi.org/10.1136/gut.2010.215152
https://doi.org/10.1136/gut.2010.215152
https://doi.org/10.1186/2001-1326-3-21
https://doi.org/10.3402/jev.v4.30087

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Animal care
	Genotyping
	Behavioral tests
	Reciprocal dyadic social interaction test
	Three-chambered social interaction test
	Ultrasonic vocalizations
	Mesenchymal stem cell preparation
	Exosome purification protocol

	In vivo treatment protocol
	FACS analysis of exosomes
	Exosome labeling
	Proteomic analysis of MSC-exo
	Ex vivo imaging
	Brain sample dissection

	RNA analysis
	Statistical analysis

	Results
	Characterization of MSC-exo
	MSC-exo treatment leads to significant behavioral improvement of Shank3B KO autistic-like phenotypes
	MSC-exo cross the blood–brain barrier after intranasal administration and accumulate in the cortex and cerebellum

	Increased inhibitory GABA-Rb1 receptors in the frontal cortex

	Discussion
	Limitations

	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

