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Mesenchymal Stem Cell Transplantation Promotes Neurogenesis
and Ameliorates Autism Related Behaviors in BTBR Mice

Hadar Segal-Gavish, Golan Karvat, Noy Barak, Ran Barzilay, Javier Ganz, Liat Edry, Israel Aharony,
Daniel Offen, and Tali Kimchi

Autism spectrum disorders (ASD) are characterized by social communication deficits, cognitive rigidity, and repetitive
stereotyped behaviors. Mesenchymal stem cells (MSC) have a paracrine regenerative effect, and were speculated to be
a potential therapy for ASD. The BTBR inbred mouse strain is a commonly used model of ASD as it demonstrates
robust behavioral deficits consistent with the diagnostic criteria for ASD. BTBR mice also exhibit decreased brain-
derived neurotrophic factor (BDNF) signaling and reduced hippocampal neurogenesis. In the current study, we eval-
uated the behavioral and molecular effects of intracerebroventricular MSC transplantation in BTBR mice. Transplanta-
tion of MSC resulted in a reduction of stereotypical behaviors, a decrease in cognitive rigidity and an improvement
in social behavior. Tissue analysis revealed elevated BDNF protein levels in the hippocampus accompanied by
increased hippocampal neurogenesis in the MSC-transplanted mice compared with sham treated mice. This might
indicate a possible mechanism underpinning the behavioral improvement. Our study suggests a novel therapeutic
approach which may be translatable to ASD patients in the future. Autism Res 2016, 9: 17–32. VC 2015 International
Society for Autism Research, Wiley Periodicals, Inc.
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Introduction

Autism spectrum disorders (ASD) are neurodevelopmen-

tal disabilities characterized by severe impairment in

social communication skills and cognitive flexibility

(Blenner, Reddy, & Augustyn, 2011). Although the

pathophysiology underlying ASD is still unclear, recent

evidences suggest that various molecular dysfunctions

are involved. Those include neuroimmune processes

(Ashwood et al., 2011; Li et al., 2009), neurogenesis

(Wegiel et al., 2010), neurotrophic factor availability

(Nickl-Jockschat & Michel, 2011), and glutamate bal-

ance (Choudhury, Lahiri, & Rajamma, 2012).

Stem cell transplantation holds therapeutic potential

for patients affected with incurable brain disorders

(Lindvall & Kokaia, 2006). Stem cell based regenerative

therapy was proposed for the treatment of ASD (Ichim

et al., 2007) as studies have shown that cell transplanta-

tion may affect molecular mechanisms associated with

ASD pathophysiology. In light of the above mentioned

processes, mesenchymal stem cells (MSC) represent an

attractive cell source for regenerative therapy for ASD

(Siniscalco, Bradstreet, Sych, & Antonucci, 2014), as

studies have shown MSC capacity to improve behav-

ioral endophenotypes of animal models of brain dis-

eases through inducing immunomodulation (Barhum

et al., 2010; Chao, He, & Tay, 2009; Kassis et al., 2008;

Rafei et al., 2009; Sheikh et al., 2011; Stemberger et al.,

2011), enhancing neurogenesis (Bao et al., 2011; Kan,

Barhum, Melamed, & Offen, 2011; Snyder, Chiu,

Prockop, & Chan, 2010; Tfilin et al., 2010), increasing

neurotrophic factor levels (Barzilay et al., 2011; Sadan

et al., 2012; Sasaki et al., 2009; Wakabayashi et al.,

2010; Wang et al., 2010; Zhang et al., 2011), and

improving glutamatergic balance (Bae et al., 2007; Bar-

zilay et al., 2012). We have recently shown that MSC

transplantation to the cortex (Barzilay et al., 2011) and

to the hippocampus (Barzilay et al., 2012) protects from

deficits in social behavior following repeated treatment

with the NMDA antagonist phencyclidine.

In a translational perspective, there are significant

advantages to utilize MSC, as they enable autologous

transplantation thus reducing risks of immune rejec-

tion. Moreover, MSC engraft well into the brain, do not
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form tumors and fulfill safety criteria upon transplanta-

tion to the brain of non-human primates (Isakova,

Baker, Dufour, Gaupp, & Phinney, 2006). Importantly,

clinical studies evaluating MSC efficacy are currently

underway for a variety of brain disorders (Tanna &

Sachan, 2014). In the context of ASD, several studies

have provided encouraging data on the potential of

fetal stem cells as well as umbilical cord- and bone mar-

row- derived mononuclear cells, which include MSC, in

children suffering from ASD (Bradstreet et al., 2014; Lv

et al., 2013; Sharma et al., 2013).

Over the last few years, efforts were made to establish

a valid animal model for the behavioral deficits

observed in ASD (Silverman, Yang, Lord, & Crawley,

2010). Among these models, the BTBR T1tf/J inbred

mouse strain is considered a reliable model due to its

distinct behavioral patterns resembling ASD phenotypes

including impaired social behavior (McFarlane et al.,

2008; Moy et al., 2007; Pobbe et al., 2010; Weissbrod

et al., 2013), aberrant communication (Scattoni, Ricceri,

& Crawley, 2011; W€ohr, Roullet, & Crawley, 2011),

increased repetitive behavior (Amodeo, Jones, Sweeney,

& Ragozzino, 2012; Karvat & Kimchi, 2012; Pearson

et al., 2011), and increased cognitive rigidity (Karvat &

Kimchi, 2012; Moy et al., 2007; Rutz & Rothblat, 2012).

Importantly, recent studies identified specific aberra-

tions in biochemical phenotypes in BTBR mice, includ-

ing immune state (Heo, Zhang, Gao, Miller, &

Lawrence, 2011), neurogenesis (Stephenson et al.,

2011), brain-derived neurotrophic factor (BDNF) signal-

ing (Scattoni, Martire, Cartocci, Ferrante, & Ricceri,

2012), and glutamatergic signaling (Silverman et al.,

2012) highlighting the relevance of this model in ASD

research. In the current study, we examined the effect

of intracerebroventricular MSC transplantation on

behavioral and biochemical endophenotypes in the

BTBR mouse model of ASD.

Materials and Methods
Animals

BTBR T1tf/J mice were bred from adult pairs originally

purchased from The Jackson Laboratory (Bar Harbor,

ME). At 6–8 weeks of age, first cohort of littermate male

mice were randomly assigned to sham operated (Sham,

n 5 13) and MSC transplanted (MSC, n 5 14) groups.

Mice were housed in a group of 3–5 littermates per

cage. The mice were allowed to recover for 3 weeks

prior to behavioral examination. An additional cohort

of littermate male mice was randomly assigned to sham

treated (n 5 11) and MSC treated (n 5 11) groups to

employ an additional test for social behavior for further

validation of our results.

Stranger mice in the three-chamber sociability assay

and in the running/ jammed wheel assay were 5 weeks

old Hsd:ICR[CD-1] males (Harlan Laboratories, Rehovot,

Israel). Social stimulus mice in the dyadic reciprocal

social interaction test were 5 weeks old C57BL mice

(Harlan Laboratories, Rehovot, Israel). All experimental

procedures were approved by and conducted in strict

compliance with the Institutional Animal Care and Use

Committees of the Weizmann Institute of Science and

Tel-Aviv University.

Preparation of Cells and Surgical Procedures

Human MSC were purchased from Lonza (Basel, Swit-

zerland) and cultured and expanded as previously

described (Sadan et al., 2012). On treatment day, the

cells were harvested, washed, and prepared for trans-

plantation at a concentration of 50,000 cells/mL sus-

pended in 0.9% saline. Under ketamine/xylazine

anesthesia the mice were placed in a stereotactic frame

(Kopf, Tujunga, CA), and cells or saline for the sham

operated group (1 lL/injection site) were injected bilat-

erally at 0.5 lL/min (Hamilton 701N syringe) to the fol-

lowing coordinates (relative to the bregma and dura):

anterior-posterior, 20.35 mm; medial-lateral,

60.85 mm; dorsal-ventral, 22.3 mm. The needle was

withdrawn after 5 min. The lateral ventricles were cho-

sen as the site of transplantation as we sought to enrich

the CSF filling the ventricles with neurotrophic factors

secreted by hMSC. In addition, this site was chosen due

to its proximity to the dentate gyrus of the hippocam-

pus, in which newly born neurons are incorporated as

part of neurogenesis.We chose this approach as we

hypothesized that the MSC transplantation will exert

its therapeutic effect through enhancement of neuro-

genesis (Kan et al., 2011). Furthermore, intraventricular

transplantation was chosen as it translates into intra-

thecal transplantation in humans, which is a clinically

applicable strategy.

To prevent immune response, animals received

15 mg/kg cyclosporine (Novartis, Basel, Switzerland)

subcutaneously for 3 days around transplantation.

Thereafter, cyclosporine was added to drinking water

(15 mg/kg according to expected daily drinking volume

per mouse) throughout the experiment up until the

animals were sacrificed.

Behavioral Tests

Open field test. In the open field test, mice were

placed in a 40 3 40 3 20 cm cage for 10 min. Total dis-

tance moved was measured using the Ethovision

software.

Running/jammed wheel assay. This test was previ-

ously developed and validated in our lab (Karvat &
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Kimchi, 2012; Karvat & Kimchi, 2013). Briefly, mice

were put in a transparent Plexiglas cage, sized 30 3 30

3 25 cm and covered with �0.5 cm soil bedding. A

14 cm diameter plastic running wheel was connected to

one of the walls and could either turn or be jammed by

a metal pin. In the first 3 days of the experiment, mice

were put in the cage with a turning wheel for 25 min.

Cumulative duration of digging at the bedding was

quantified by an observer blind to treatment in the first

10 min of the first day. Due to high levels of digging

preventing the running behavior, the bedding was

taken out, and mice had two additional days with a

turning wheel, 15 min per day. During the last (5th)

running day, cumulative duration of running and self-

grooming were quantified during the first 10 min. Next,

the wheel was jammed for two consecutive days (Jam1

and Jam2), in which the mice spent 15 min in the

chamber. In each day, an observer quantified the time

mice spent in any interaction with the wheel that

would have made it move was it not blocked. Previous

studies of wild-type mice showed that analysis of the

initial 10 min of each trial were sufficient to detect the

main effects (Karvat & Kimchi, 2012; Karvat & Kimchi,

2013), thus this was the analysis duration. In the last

day of the test, a 5 weeks old male Hsd:ICR[CD-1]

stranger mouse was put in the apparatus, and both

mice were recorded in the chamber for 10 min. Any

kind of social contact initiated by the test mouse, as

well as interaction with the wheel, were quantified by

an observer blinded to the treatment group.

Water T-maze assay. The water T-maze (Guariglia

& Chadman, 2013; Karvat & Kimchi, 2013) was a T-

shaped Plexiglas chamber, with three arms sized 22 3

11 cm and a center zone sized 11 3 11 cm. The maze

was filled with water 15 cm in depth, kept on 25 6 18C.

An escape platform (diameter 5 8 cm) was submerged

0.5 cm below water level. Animals had 10 trials during

each of the four experiment days. The animals were put

in the starting arm facing the wall, and were allowed to

swim until finding the platform, or until 90 sec have

passed. When the animal mounted the platform, it was

allowed to stay on it for 15 sec. If a mouse did not find

the platform within 90 sec, it was gently guided to the

platform and allowed to stay on it for 15 sec. Inter-trial

interval was >5 min. On the first and second days, the

platform was located in one arm, while on the third

and fourth days it was located in the opposite arm.

Starting arm was identical in all days. Latency to climb

on the platform, swimming distance and velocity as

well as number of entrances to each arm were measured

from the second of releasing the mouse in water until it

stood on the platform.

Reciprocal dyadic social interaction test. The

reciprocal dyadic social interaction test (Silverman

et al., 2012) was conducted using a 5 week old male

C57BL/6 stranger mouse as the social stimulus. The

stranger mouse was placed in a 40 3 40 3 20 cm cage

together with the test mouse, and both mice were

recorded for 20 min. The last 10 min were quantified

by an observer blind to treatment. Both mice were iso-

lated for 1 hr prior to the test. Social contact initiated

by the test mouse was scored using the Observer 8.0XT

software (Noldus, ageningen, the Netherlands), and

defined by the duration of mice engaging the stranger

mouse in social behaviors. Mice nose to nose sniffing

(i.e. approach to the front of the stranger), nose to geni-

tal sniffing (i.e. approach to the back of the stranger),

push-crawl (i.e. physical contact, including pushing the

snout or head underneath the stranger’s body, and

crawling over or under its body), and alo-grooming (i.e.

mutual lick or rub with paws) were observed and

quantified.

Three-chamber social assay. The three-chamber

social approach and social novelty preference test was

designed according to previous reports (Karvat & Kim-

chi, 2012; Moy et al., 2007). The test consisted of three

consecutive stages, 10 min each: (a) Habituation, in

which side-chambers were empty; (b) Social approach,

in which a wire-cage with an unfamiliar mouse

(stranger1) was situated in one side-chamber and an

empty, similar cage (object) in the other, and; (c) Pref-

erence for social novelty, when an additional unfamiliar

mouse (stranger 2; littermate of stranger 1) was placed

in the wire cage that had been empty during the previ-

ous session. Time sniffing the two cages was scored

using the Observer 8.0XT software Noldus, Wagenin-

gen, the Netherlands. Locations of different stimuli

were counterbalanced between animals.

Computation of autism composite score. Based

on a previous study (El-Kordi et al., 2012), scores of

each mouse in 6 parameters (a pair of parameters per

behavioral symptom) were Z-standardized such that

higher values represent more severe autism-related

behaviors. Relevant measures were selected based on

reported abnormal phenotypes of the BTBR strain

(Chadman & Guariglia, 2012), and included: (A) Soci-

ability: social preference index in the 3-chamber test

calculated as (time with stranger1)/(time with strang-

er11time with object) and social preference index in

the jammed-wheel test calculated as (time with

stranger)/(time with stranger1time with jammed

wheel). (B) Cognitive rigidity: ratio between day Jam1

and Run (adjustment to change) in the running/

jammed wheel test and duration to reach the platform

INSAR Segal et al./Mesenchymal stem cell transplantation 19



in day 3 (reversal learning) of the water T-maze. (C)

Stereotypical behavior: digging duration and self-

grooming duration. Data from all mice were used with

no exclusions. The data from the reciprocal dyadic

social interaction test was not included as this test was

conducted on a different cohort of mice. Each parame-

ter was intercorrelated to all other readouts (pairwise

Pearson correlations), and internal consistency was

tested using Cronbach’s a on the scores of all mice in

the six parameters. Cronbach’s a>0.6 (which support

high internal consistency of the data) substantiated

integration of all measures of each mouse into one

score, designated as autism composite score.

Tissue Analysis

Dissection and tissue collection. At the end of the

experiment, 8 mice from the sham treated group and

10 mice from the MSC treated group were sacrificed.

Immediately thereafter, the prefrontal cortex and hip-

pocampus tissues were dissected, divided into left and

right hemispheres and cryopreserved at 2808C. Prefron-

tal cortex and hippocampus were chosen for examina-

tion as these brain areas are implicated in the

pathophysiology of autism (Buxhoeveden et al., 2006;

Courchesne & Pierce, 2005; Hasan, Walimuni, & Frye,

2013; Wegiel et al., 2010). Dissection of the mice brains

was conducted using the Stainless Steel Zivic Adult

Mouse Brain Slicer Matrix with 1.0 mm coronal section

slice intervals (Zivic Instruments, PA). The frontal corti-

ces were dissected from 2-mm thick slices. Tissues were

randomly assigned for further analysis. A single mouse

from the sham treated group suffered from severe hem-

atomas in the brain, thus excluded from the analysis,

leaving this group with n 5 12.

BDNF protein level. For protein extraction, dissected

brain tissues were thawed, and total protein was pro-

duced as previously described (Barzilay et al., 2011).

Protein concentration was determined using the bicin-

choninic acid kit (Thermo Scientific, Rockford, IL).

Quantification of BDNF levels was conducted using a

BDNF specific ELISA kit (R&D Systems) according to the

manufacturer’s instructions. The absorbance at 450 and

570 nm was recorded on a Microplate Reader (Labsys-

tems Multiscan, MS). The results were normalized to

total amount of protein. For statistical purposes, sam-

ples that were found below the threshold of detection

were considered as the lowest detectable sample.

Immunohistochemistry and cell quantificatio-

n. At the end of the experiment, four animals from

each group were transcardially perfused, under keta-

mine/xylazine anesthesia, with cold phosphate-buffered

saline (PBS), followed by paraformaldehyde 4% in phos-

phate buffer. The brains were immersed in 4% parafor-

maldehyde for 24 hr at 48C followed by cryoprotection

in 30% sucrose for an additional 48 hr. The brains were

frozen in chilled 2-methylbutane (Sigma-Aldrich),

stored at 2808C, and subsequently sectioned into slices

measuring 10 lm.

For immunohistochemistry, slides underwent citrate

buffer (pH 5 6) antigen retrieval and were then incu-

bated with blocking solution (5% goat/donkey serum,

1% BSA, 0.5% Triton X-100 in PBS) for 1 hr. Thereafter,

slides were incubated overnight at 48C with the follow-

ing primary antibodies: mouse anti-human nuclear

antigen (1:50 in blocking solution; MAB 1281; Milli-

pore), rabbit anti-Ki67 (1:500 in PBS containing 0.25%

TX-100; ab15580; Abcam), goat anti-doublecortin

(1:100 in blocking solution; sc-8066; Santa Cruz).

Accordingly, sections were incubated with secondary

antibodies: goat anti-mouse Alexa 488 (1:500, Molecu-

lar Probes, Invitrogen), biotinylated goat anti rabbit fol-

lowed by streptavidin Alexa 488 (1:300, Molecular

Probes, Invitrogen) and donkey anti-goat Alexa 568

(1:300, Molecular Probes, Invitrogen). Secondary anti-

bodies were applied for 1–2 hr at room temperature.

Cells were counterstained with DAPI (1:500; Sigma-

Aldrich). Finally, sections were mounted with fluores-

cent mounting solution (Fluoromount-G, SouthernBio-

tech), covered with a cover slide, and sealed with nail

polish.

For microscopic analysis, fluorescence Olympus

BX52TF microscope (Olympus, Lake Success, NY) was

used. Ki67-positive and doublecortin-positive cells were

quantified in six serial coronal sections 360 lm apart

per mouse brain, covering the rostro-caudal extension

of the dentate gyrus. To obtain an estimate of the total

number of labeled cells per dentate gyrus, the total

number of cells counted in the selected coronal sections

from each brain was multiplied by the volume index

(the ratio between the volume of the dentate gyrus and

the total combined volume of the selected sections) as

previously described (Cardon, Ron-Harel, Cohen, Lewi-

tus, & Schwartz, 2010).

Statistical Analysis

All data sets were screened for normal distribution

using Lilliefors test and for homogeneity of variance

using the Levene test. Comparisons between treatment

groups were conducted using two-tailed Student’s t-tests

or 2-way ANOVA, as appropriate for each assay. Tukey’s

multiple comparison post-hoc tests and Welch’s correc-

tions were applied, where appropriate. Between groups

comparisons of non-normal data were conducted by

Mann–Whitney tests. Statistical significance was set at

a<0.05, when P<0.05 was considered significant, using

the Statistica software (Statsoft, Tulsa, OK).
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Results
No Differences in Anxiety-Related Behaviors and
Locomotion

No differences were found between the MSC- and

sham-treated groups in anxiety-related behavior (Fig.

1A, percentage of time in the center of the testing

chamber: t24 5 0.19, P 5 0.85) and basal locomotion

(Fig. 1B, total distance moved, t24 5 0.56, P 5 0.58).

Thus, MSC transplantation did not affect gross motor

activity and anxiety-like behavior.

Amelioration of Stereotyped Repetitive Behaviors

BTBR mice transplanted with MSC into the cerebral

ventricles exhibited significantly lower levels of stereo-

typical behaviors compared to their sham-treated litter-

mates, in both measures tested; 46% reduction in

digging duration (Fig. 2A, t24 5 2.99, P < 0.01) and 60%

reduction in self-grooming duration (Fig. 2C, Z24 5 2.23

in Mann-Whitney test, P < 0.05). Additionally, the

latency to onset of repetitive behaviors was significantly

longer in the MSC-treated group (digging: t24 5 4.04,

P < 0.001, Fig. 2B; grooming: t24 5 2.71, P < 0.05, Fig.

2D).

Decrease in Cognitive Rigidity

MSC-transplanted mice showed improvement in their

flexibility to adjust to changes in the environment as

evaluated by two independent behavioral measures; the

water T-maze assay which tested adjustment to reversal

spatial learning (Fig. 3A), and the running/jammed

wheel assay which tested, after 5 days of rewarding

wheel-running activity, the ability to adjust to jamming

of the wheel (Fig. 3D).

In the water T-maze assay, both groups showed simi-

lar degrees of spatial learning and memory, as mani-

fested by similar durations to reach the escape platform

in each trial of the first and second days of the task

(Day 1: Sham: 7.91 6 0.59 sec, MSC: 7.26 6 0.41 sec,

F9,216 5 0.56, P 5 0.832, Day 2: Sham: 4.08 6 0.34 sec,

MSC: 4.49 6 0.25 sec F9,216 5 0.64, P 5 0.765). In the

first trial of day 3, when the platform’s location was

changed to the opposite arm, all sham-treated (12/12)

and most MSC-treated mice (12/13) took the first turn

into the arm which contained the platform in day 2.

However, MSC-treated mice re-entered the wrong arm

significantly less times than sham-treated (MSC:

1.2 6 0.1 re-entries, Sham: 2.3 6 0.9, F9,216 5 5.05,

P<0.01, ANOVA for repeated measures with Tukey’s

correction) and swam for significantly shorter distance

(MSC: 141.6 6 33.9 cm, Sham: 251.5 6 104.4,

F9,216 5 4.44, P<0.05). The swim velocity of both

groups was comparable (MSC: 13.7 6 1.0 cm/sec, Sham:

Figure 1. No differences in exploration and anxiety related
behaviors following MSC transplantation in BTBR mice. (A) Per-
centage of time spent in the center of the arena. (B) Total dis-
tance traveled. n.s: not significant. Sham: saline-treated mice,
n 5 12. MSC: human mesenchymal stem-cells implanted mice,
n 5 14. Data presented as mean 1 SEM.

Figure 2. MSC transplantation ameliorated repetitive behaviors in BTBR mice. (A) Total duration and (B) latency to onset of dig-
ging at the bedding were quantified in a 10-min period. (C) Total duration and (D) latency to onset of self-grooming were quantified
in a 10-min period. *P< 0.05, **P< 0.01, ***P< 0.001, in Student’s t-test (A, B, and D) or Mann-Whitney test (C). Sham: saline-
treated mice, n 5 12. MSC: human mesenchymal stem cells transplanted mice, n 5 14. Data presented as mean 1 SEM.
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12.2 6 0.6, F9,216 5 1.49, P 5 0.15), yet in the first, sec-

ond and third trials MSC-treated mice arrived signifi-

cantly faster to the escape platform as compared to

sham-treated mice (Fig. 3B, F9,216 5 4.92, P < 0.001).

Taken together, these results indicate improved adjust-

ment to change of the MSC-treated group.

On the 4th day of the task, when the platform’s loca-

tion was in the same location as on day 3, both groups

showed a similar ability to remember the change with a

minor advantage to the MSC-treated mice in the first

two trials (Fig. 3C, F9,216 5 2.20, P < 0.05).

Improvement in adjustment to change was evident in

MSC-treated mice also in the running/jammed wheel

assay (Fig. 3D). In this test, cognitive rigidity is assessed

by habituating mice to the innately rewarding wheel

running behavior, and then blocking the wheel for two

consecutive days. As previously reported (Karvat &

Kimchi, 2012; Karvat & Kimchi, 2013), neurotypical

mice are expected to reduce engagement time with the

wheel when it is jammed. In the current study, sham-

treated BTBR mice exhibited cognitive rigidity, as they

spent similar periods of time engaging with the wheel

in the last running day and the first jammed day (Fig.

3E). In contrast, MSC-treated mice exhibited a signifi-

cant reduction in engagement time with the jammed

wheel (Fig. 3E, significant effects for day: F2,48 5 48.3,

Figure 3. MSC transplantation decreased cognitive rigidity in BTBR mice. (A) Scheme of the water T-maze test. (B–C) Latency to
reach the escape platform in each trial on the reversal-learning days. (D) Scheme of the running/ jammed wheel assay. Running
duration during a 10-min period was quantified in the last running day (Run, E). Then, the wheel was jammed, and engagement
time with the jammed-wheel within a 10-min period was quantified in two consecutive days (Jam1 and Jam2, E). (F) The ratio
between engagement times in days Jam1 and Run represents adjustment to the change. (G) The ratio between engagement times in
days Jam2 and Jam1 represents memory of the change. *P< 0.05, **P< 0.01, ***P< 0.001, n.s: not significant, in 2-way repeated
measures ANOVA with Tukey’s post-hoc analysis (B–C, E) or Student’s t-test with Welch correction (F–G). Sham: saline-treated mice,
n 5 12. MSC: human mesenchymal stem-cells transplanted mice, n 5 14. Data presented as mean 6 SEM (B–C) or mean 1 SEM (E–G).
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P<0.001 and interaction between day and treatment:

F2,48 5 9.0, P<0.001). Indeed, sham-treated mice

tended to be less engaged with the wheel in the Run

day, most likely due to their increased grooming dura-

tion, as time mice from both groups engaged in behav-

iors other than running or grooming was similar (MSC:

357.0 6 15.9 sec, Sham: 384.3 6 15.8, t24 5 1.16, P 5

0.25). Nonetheless, the ratio between engagement times

in the last running day and the first jammed day of

each mouse is smaller than 1 for neurotypical mice

(Karvat & Kimchi, 2012; Karvat & Kimchi, 2013; Gor-

don & Corbitt, 2015), thus serves as an indicator of cog-

nitive rigidity. This analysis revealed a significantly

improved flexibility in MSC-treated mice (Fig. 3F,

t24 5 2.07, P < 0.05 after Welch correction). Both groups

showed a reduction in engagement times between the

first and second jammed days, with no difference in the

ratio between days (Fig. 3G, t24 5 0.91, P 5 0.366 after

Welch correction), indicating similar memory of the

change.

Improvement in Social Behavior

MSC-transplanted mice showed improvement in soci-

ability as evaluated by three independent behavioral

measures.

In the dyadic reciprocal social interaction test (Fig.

4A), MSC-treated mice spent significantly more time

initiating social interaction as compared with sham-

treated mice (Fig. 4B, t20 5 2.197, P<0.05).

In the three-chamber test, both groups spent similar

amounts of time in each side-chamber during a 10 min

habituation trial to the apparatus (P>0.45 for each

group). In the social approach trial (Fig .4C), sham-

treated BTBR mice spent significantly more time in

proximity to the empty cage compared with the strang-

er’s cage (Fig. 4D, effect of interaction between treat-

ment and stimulus: F1,24 5 6.52, P<0.05), as previously

reported (Blanchard et al., 2012). Post-hoc analysis

revealed that MSC-treated mice spent significantly more

time investigating the stranger’s cage compared to

sham-treated mice (P<0.01, Fig. 4D), indicating

enhanced social approach of the MSC-treated mice, but

not enhanced social preference as they spent a similar

amount of time in proximity to the stranger’s cage and

the empty cage.

Both treatment groups exhibited a preference toward

social novelty (Fig. 4F, effect of stimulus (stranger 1 vs.

stranger 2): F1,23 5 17.26, P<0.001), with no significant

effect of interaction between treatment and stimulus:

F1,23 5 0.58, P 5 0.45). However, total sniffing time of

both mice (stranger 1 1 stranger 2) was significantly

higher for the MSC-treated group (F1,23 5 5.20, P <

0.05). Of note, one stranger mouse escaped from the

wire-cage leading to omission of this trial from statisti-

cal analysis.

Social preference was also evaluated in the running/

jammed wheel assay (Fig. 4G). Once a stranger mouse

was introduced into the cage, social interaction dura-

tion with the stranger mouse was quantified and com-

pared to the interaction duration with the jammed-

wheel. Analysis of variation (ANOVA) revealed that

interaction with the stimulus (the jammed wheel vs.

the stranger) had a significant main effect

(F1,48 5 18.79, P<0.001), with Fisher LSD post-hoc anal-

ysis indicating a significant (P<0.001) preference of the

MSC-treated mice to interact with the stranger mouse

over the object (Fig. 4H). In contrast, sham-treated

BTBR mice did not prefer the social stimulus over the

wheel (P>0.05).

Improvement in Autism Severity Composite Score

In order to define the overall change in autism-related

behavioral measures following the MSC treatment, we

have first calculated a standardized score (Z-score) for

all measured parameters. Following Z-score standardiza-

tion for each measure all readouts could be integrated

into a single value referred to as “autism composite

score” (El-Kordi et al., 2012; W€ohr & Scattoni, 2013). In

all Z-standardized behavioral readouts the MSC-treated

mice were significantly lower than that of the sham-

treated mice (i.e. lower severity in autistic symptoms in

the MSC-treated group) (Fig. 5A). Furthermore, the

overall autism composite score was significantly differ-

ent between the treated and sham groups—indicating

lower autism-related behavioral abnormality in the

MSC-treated group as compared to the sham-treated

group (Fig. 5B, Mann-Whitney U 5 5, P < 0.001).

Elevation of BDNF Levels in the Hippocampus

BDNF levels in the hippocampus and frontal cortex

were measured using ELISA. Analysis of hippocampal

tissue revealed a significant increase of 36% in BDNF

levels in the MSC-treated group compared to sham-

treated mice (t8 5 2.311, P < 0.05, Fig. 5C). The levels

of hippocampal BDNF significantly correlated with the

autism composite score of each mouse (R 5 0.799, P <

0.01, Fig. 5D). In addition, there was a trend of

increased cortical BDNF levels (102% increase) com-

pared to the sham-treated group (t11 5 2.16, P 5 0.053,

Fig. 5E). The levels of cortical BDNF significantly corre-

lated with the autism composite score (R 5 0.544, P <

0.05, Fig. 5F).

Enhanced Hippocampal Neurogenesis

Immunofluorescence analysis revealed increased neural

stem cell proliferation in the dentate gyri of the MSC-

treated group compared to the sham-treated group as
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observed by a 34% increase in Ki67-positive cells (Fig.

6A–C, t6 5 11.93, P < 0.001). There was also an 19%

increase in cells expressing the early neuronal differen-

tiation marker doublecortin in the dentate gyri of the

MSC-treated mice (Fig. 6E–G, t6 5 7.23, P < 0.001).

Importantly, Ki67-positive cells and doublecortin-

Figure 4. MSC transplantation improved social behavior in BTBR mice. (A) Scheme of the dyadic reciprocal social interaction test,
(B) Quantification of the duration of social contact initiated by the test mouse. (C,E) Scheme of the 3-chamber assay. (D) Quantifi-
cation of sniffing durations of each wire cage during the social approach trial, (F) Quantification of sniffing durations of each wire
cage during the social novelty preference trial. In the running/jammed wheel assay (G) the preference of interaction with a stranger
mouse over an object was measured by comparing interaction time with a stranger mouse to interaction time with the jammed-
wheel (H). *P< 0.05, **P< 0.01, n.s: not significant in 2-way ANOVA with Tukey’s post-hoc (D,F,H) or Student’s t-test (B). Sham:
saline-treated mice, n 5 12 (D,F,H) or n 5 11 (B). MSC: human mesenchymal stem-cells transplanted mice, n 5 13 (F) or n 5 14
(D,H), or n 5 11 (B). Data is presented as mean 1 SEM.
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positive cell count also correlated with the behavioral

autism composite score of each mouse (Fig. 6D,

R 5 0.822, P < 0.05 and Fig. 6H, R 5 0.855, P < 0.01,

respectively).

Detection of MSC Six Weeks After Transplantation

At 6 weeks post transplantation of human MSC, human

nuclei (HuNu) -positive cells were identified adjacent to

the wall of the dorsal third ventricle of transplanted

BTBR mice (Fig. 7).

Discussion

In this study, we describe behavioral and molecular

beneficial effects of MSC transplantation in an ASD ani-

mal model. We report that a single MSC transplanta-

tion in young adult mice induced significant

Figure 5. Effect of MSC transplantation on the autism severity auism score and correlation with hippocampal and cortical BDNF lev-
els. (A) Two different measures of each autism symptoms were z-standardized, such that higher values represent more severe
autism-related behavioral phenotype. All of the measures are described in detail in the ’materials and methods’ section. (B) All
measures of each mouse were integrated into a single value, the autism composite score. The higher the value the autism composite
score the more severe the autistic-related behavioral phenotype. (C,E) Mean 1 SEM protein levels of BDNF in the hippocampus (C)
and frontal cortex (E). (D,F) Scatter presentation of the correlation between hippocampal (D) and cortical (F) BDNF levels to the
autism composite score of each mouse. #P 5 0.053, *P< 0.05, **P< 0.01, ***P< 0.001. Sham: saline-treated mice, n 5 12 (A–B) or
n 5 5 (C–D) or n 5 6 (E–F) . MSC: human mesenchymal stem-cells transplanted mice, n 5 14 (A–B) or n 5 5 (C–D) or n 5 7 (E–F).
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improvement in three autism-related behavioral

domains manifested as a reduction in repetitive behav-

iors, increased cognitive flexibility and improved soci-

ability. Importantly, each ASD-like domain was tested

in at least two distinct and complementary measures,

contributing to the validity of our findings.

In autistic patients, lower-order repetitive behaviors

include stereotyped motor movements and repetitive

self-injurious behaviors (Lewis, Tanimura, Lee, & Bod-

fish, 2007). Here, we tested two complementary meas-

ures of this symptom- stereotypical digging in the

bedding and repetitive self-grooming, both found ele-

vated in BTBR mice (Amodeo et al., 2012; Karvat &

Kimchi, 2013; McFarlane et al., 2008; Moy et al., 2008;

Pearson et al., 2011). A significant reduction was found

in both measures in mice treated with MSC. This reduc-

tion was not due to change in general activity, as no

differences were found in the open-field test.

Autism is characterized also by the occurrence of

higher-order cognitive rigidity, including insistence on

sameness and circumscribed interests (Lewis et al.,

2007). We have recently developed a test to measure

Figure 6. Effects of MSC transplantation on hippocampal neurogenesis and correlation with autism composite score. (A–B) Repre-
sentative photos of Ki67-positive cells (green) and (C) mean1SEM number of Ki67-positive cells in the dentate gyrus of the hippo-
campus of sham and MSC treated mice. (E–F) Representative photos of doublecortin (DCX)-positive cells (red) and (G) mean 1 SEM
number of doublecortin-positive cells in the dentate gyrus of the hippocampus of sham and MSC treated mice. (D, H) Scatter presen-
tation of the correlation between Ki67-positive or doublecortin-positive cell count and the autism composite score of each mouse,
respectively. ***P< 0.001. Sham: saline-treated mice, n 5 4 (C–D,G–H). MSC: human mesenchymal stem-cells transplanted mice,
n 5 4 (C–D,G–H).
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these behaviors, the running/jammed wheel assay, in

which BTBR mice were found cognitively rigid (Karvat

& Kimchi, 2012; Karvat & Kimchi, 2013). Treatment

with MSC led to improvement in adjustment to change

manifested in decreased interaction time with the no-

longer-rewarding jammed wheel. Taking into considera-

tion that this is a novel test, we also utilized a more

validated approach to measure change in routine by

reversal learning of a spatial task, the water T-maze

assay, in which BTBR mice were found deficient (Craw-

ley, 2007; Dong et al., 2005; Guariglia, Jenkins, Chad-

man, & Wen, 2011; Guariglia & Chadman, 2013). BTBR

mice treated with MSC exhibited improved adjustment

to change in this test as well, manifested in faster rever-

sal learning. Importantly, these results cannot be attrib-

uted to learning and memory deficiencies, as shown

previously (Amodeo et al., 2012; Guariglia & Chadman,

2013; Karvat & Kimchi, 2013; Moy et al., 2007), as both

treatment groups exhibited normal capabilities in the

initial learning stages of the test.

Evaluation of social behavior was assessed in three

different tests. In the reciprocal dyadic social interac-

tion test, possibly the most straightforward test of social

behavior, MSC-treated mice demonstrated a significant

increase in social contact duration. In the three-

chamber social assay we found a decrease in aversive

social behavior, while social preference per se was not

observed in both treatment groups. Of note, in agree-

ment with previous studies (Chadman, 2011; Karvat &

Kimchi, 2012; McFarlane et al., 2008; Moy et al., 2007),

both treatment groups showed no deficiency in social

novelty preference. In the third test measuring prefer-

ence for social interaction with a freely behaving

stranger mouse over an object (the wheel)- MSC treat-

ment resulted in increased social preference. It should

be noted, that although the 3-chamber assay is consid-

ered today to be the “gold-standard” for testing soci-

ability, as the stimulus stranger is confined in a cage,

no reciprocal interaction between the mice is possible.

As social reciprocity is severely impaired in ASD, we

found it imperative to complement the behavioral

assessment with tests allowing social interaction. Taken

together, these results point to increased sociability fol-

lowing MSC transplantation.

To date, few studies have reported beneficial pharma-

cological interventions in BTBR mice. One study

reported the beneficial effect of fluoxetine, a selective

serotonin re-uptake inhibitor, on social behavior in

BTBR (Chadman, 2011), without referring to the effect

on repetitive behaviors and aspects of cognition. Silver-

mann et al. (Silverman, Tolu, Barkan, & Crawley, 2010)

described an ameliorating effect of the mGluR5 antago-

nist MPEP on repetitive behavior but no improvement

in sociability. In another study (Silverman et al., 2012),

treatment with a negative allosteric modulator of

mGluR5 resulted in a reduced self grooming and

increased sociability in BTBR mice, with no reported

effect on cognitive deficits. A more recent study (Silver-

man, Oliver, Karras, Gastrell, & Crawley, 2013) reported

that administration of a positive modulator of the

AMPA receptor, AMPAKINE, improves some aspects of

social behavior as observed in the three-chamber assay

and induces an improvement in novel object recogni-

tion – but had no effect on repetitive behavior. Other

studies investigated the effect of risperidone, an atypical

antipsychotic with multiple receptor actions that

include blockade of serotonin [5-HT] 2A, 2C and 7, and

dopamine 2 receptors. Risperidone improved reversal

learning in BTBR mice (Amodeo, Jones, Sweeney, &

Ragozzino, 2014), but failed to increase sociability and

led to a decrease in repetitive self-grooming only in sed-

ative concentrations (Silverman et al., 2010). A different

approach showed that administration of low-doses of

Figure 7. Identification of human MSC in the brain of mice 6
weeks after intracerebroventricular transplantation. (A) Illustra-
tion of the anatomic location of the coronal section of the
mouse brain, modified from Franklin and Paxinos mouse brain
stereotaxic atlas (1997). (B) Anti-human nuclei (HuNu) positive
cells (green) counterstained for DAPI nucleic acid staining
(blue) identified adjacent to the wall of the dorsal third ventri-
cle of a transplanted BTBR mouse. (C) Higher magnification of
human MSC found in the area marked with yellow rectangle in
B. Scale bar in B 5 200 mm and in C 5 50 mm. DAPI: 4’,6-diami-
dino-2-phenylindole.
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benzodiazepines in order to increase inhibitory neuro-

transmission through positive allosteric modulation of

postsynaptic GABAA receptors, improved social behav-

ior, repetitive behavior and spatial learning without

referring to the core symptom of cognitive rigidity

(Han, Tai, Jones, Scheuer, & Catterall, 2014). Finally,

we have recently shown that alleviation of available

acetylcholine in the synaptic cleft results in improved

cognitive flexibility and sociability, but does not affect

repetitive behaviors (Karvat & Kimchi, 2013). This diffi-

culty to find therapeutic agents capable of facilitating

the three core symptoms (repetitive behavior, cognitive

rigidity and social behavior) emphasizes the beneficial

potential of MSC transplantation, since treated mice

showed improvement in all criteria tested.

In the current work, we have utilized human MSC

rather than murine MSC since bone-marrow derived

MSC from the BTBR strain have not yet been character-

ized. This is a major limitation in working with mouse

derived MSC as it was previously shown that the MSC

properties largely differ across different strains (Peister

et al., 2004). Moreover, in contrast to murine MSC,

human MSC isolated from bone marrow are not conta-

minated by hematopoietic progenitors that overgrow

the cultures (Meirelles Lda & Nardi, 2003), which makes

them much more favorable to work with. Furthermore,

our group has demonstrated in several studies that

human MSC are beneficial in treating mouse models of

various brain disorders (Barhum et al., 2010; Barzilay

et al., 2011).

Importantly, in addition to the behavioral effect of

MSC transplantation, tissue analysis of the MSC-treated

mice revealed increased hippocampal BDNF levels com-

pared to sham-treated mice. Notably, BDNF was linked

to the pathophysiology of ASD in human patients (Raz-

nahan et al., 2009). In animal models, studies have

shown that BDNF plays a cardinal role in the formation

of intact social recognition (Broad, Mimmack, Keverne,

& Kendrick, 2002), and that decreased BDNF levels may

explain in part the social deficit displayed by a mouse

model of Rett syndrome (Schaevitz, Moriuchi, Nag,

Mellot, & Berger-Sweeney, 2010), and by the valproic

acid rodent model of autism (Roullet, Wollaston, deCa-

tanzaro, & Foster, 2010). A recent study described mice

with a mutant Ca12-dependent activator protein for

secretion 2 (Caps2), which results in reduced BDNF

secretion from axons, as a model for autism-like behav-

ior (Sadakata et al., 2012). Importantly, reduced levels

of BDNF mRNA (Stephenson et al., 2011), BDNF protein

and BDNF receptor (Scattoni et al., 2012) were found in

the hippocampus of BTBR mice. Although several

autism rodent models exhibit reduced BDNF expression

in adulthood, it is of interest to note that an increase of

BDNF mRNA and protein levels was reported in the

fetal brain of the valproic acid mouse model of autism

(Almeida, Roby, & Krueger, 2014), suggesting that

either a decrease or an increase in BDNF signaling could

disrupt normal function of the developing and adult

nervous system.

In the current study, we have utilized MSC capacity

to enhance neurogenesis (Tfilin et al., 2010), as

observed with increased Ki67-positive cells and

doublecortin-positive neurons in the dentate gyrus of

the hippocampus. Aberrant neurodevelopment stands

at the base of ASD pathophysiology (Pescosolido, Yang,

Sabbagh, & Morrow, 2012; Veenstra-VanderWeele &

Warren, 2014). Post mortem studies have indicated that

ASD patients display pathologic neuroanatomical

changes pointing to defects in neurogenesis (Wegiel

et al., 2010). Moreover, genetic studies conducted on

human tissue have highlighted the role of neurogenesis

as a key biological process involved in ASD pathophysi-

ology (Hussman et al., 2011; Kumar et al., 2011; Tsi-

gelny, Kouznetsova, Baitaluk, & Changeux, 2013). In

that context, BTBR mice provide a useful model as

recent studies describe extensive neuroanatomical dif-

ferences from C57BL/6 mice (a commonly used control

strain) (Ellegood, Babineau, Henkelman, Lerch, & Craw-

ley, 2013) and alterations in connective tissue/vascula-

ture and associated extracellular matrix in a neurogenic

niche of these mice (Mercier, Cho Kwon, & Kodama,

2011), alongside with histopathological findings indi-

cating reduced hippocampal neurogenesis (Stephenson

et al., 2011). As BDNF signaling orchestrates neurogene-

sis (Bath, Akins, & Lee, 2012; Lee & Son, 2009), we pos-

tulate that MSC induced increase in BDNF levels may

underpin the increase in neurogenesis of MSC-treated

mice, thus leading to the behavioral improvement.

In light of recent clinical studies providing promising

evidences for safety and efficacy of MSC transplantation

in children suffering from autism, there is a necessity

for preclinical models of MSC therapy for ASD to eluci-

date the restorative mechanisms involved in the benefi-

cial outcome (Siniscalco et al., 2014). In this work, we

demonstrated the potential of MSC treatment in an ani-

mal model for ASD and provided novel data relevant to

the possible mechanisms in which MSC transplantation

may act to trigger brain changes that could restore nor-

mal behavioral phenotype. Specifically, we showed that

MSC-dependent BDNF increase is associated with

enhanced neurogenesis. Future studies to investigate

this mechanism and other possible mechanisms in ASD

models are warranted in order to pave the way for the

translation of MSC treatment to ASD patients.
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