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Abstract

Autism spectrum disorder (ASD) is a multifactorial neurodevelopmental
disorder (NDD) characterized by impaired social communication and
repetitive behavior, among other symptoms. ASD is highly heritable,
with SHANK3 being one of the high-risk genes for ASD. In recent years,
knowledge has been growing regarding the neuroplasticity effect
induced by hyperbaric oxygen therapy (HBOT) and its potential use for
ASD. Here, we characterized the effect of HBOT on a mouse model for
ASD with the human genetic condition of InsG3680 mutation in

the Shank3 gene. As compared to placebo, HBOT improved social
behavior and reduced neuroinflammation in the cortex of the
InsG3680¢/+ mice. Specifically, HBOT induced upregulation of Insulin-
like growth factor 1 (Igf1) expression levels and reduced the number of
Ibal-positive cells in the mouse model for ASD compared to placebo
control. Together, our research suggests that HBOT has the potential to
improve the clinical outcome of ASD by ameliorating some of the core
pathophysiological processes responsible for the development of the
disorder.
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1. Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental disorders
(NDDs) characterized by impaired social behavior and communication,
restricted interests, and repetitive patterns of behavior, among other
symptoms [1]. According to the Centers for Disease Control and
Prevention, 1 out of 44 children is diagnosed with ASD in the United
States of America, making it one of the most common NDDs [2].
Regarding genes known today, up to 25% of ASD cases have a genetic
cause [3]. The focus of this study is on the SHANK3 gene, which is one of
the high-risk genes for monogenic ASD [1,4]. Micro-deletion and variants
of SHANK3 are known to cause Phelan McDermid syndrome (PMS),
characterized by autistic-like phenotype, developmental delays,
hypotonia, and other symptoms [5].

SHANKS3 is a protein that takes part in the postsynaptic density (PSD) of
glutamatergic synapses [4]. It is a scaffold protein whose main role is to
bind glutamate receptors to the cytoskeleton and therefore is essential
for synaptic transmission and integrity [1,4,6]. One of the human
mutations found in SHANK3 is an insertion of guanine in position 3680 of
the SHANK3 gene [6], which causes a frameshift and the appearance of
an early stop codon, resulting in a dramatic downregulation of the
SHANKS3 expression level compared to controls [6,7]. Based on this
human genetic condition, the InsG3680 mouse model for ASD was
previously characterized [8,9,10], demonstrating major deficits in
cortico-striatal synaptic transmission, together with autistic-like
behaviors [7].
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Although the mutation’s effect on synaptic dysfunction is well-
established in the InsG3680 mouse model [7], its effect on glial cells is
not well understood. In previous studies, it was shown that synaptic
dysfunction could lead to microglia activation, which in turn may alter
neuronal communication [11,12,13]. Hyperactivation of microglia could
result in chronic neuroinflammation that may affect other properties,
such as angiogenesis [14]. In addition, indications of neuroinflammation
and impaired angiogenesis were found in various ASD cases in previous
studies [15,16]. Therefore, those pathological impairments could play an
essential role in the pathophysiology of ASD [17].

Since there is a wide clinical spectrum of symptoms and
pathophysiological heterogeneity among patients with ASD [18,19,20],
no effective biological intervention was found to target the core
pathology, and most treatments used today rely on behavioral
intervention and training. Current pharmacological drugs given to
patients with ASD include selective serotonin reuptake inhibitors, opioid
antagonists, and psychostimulants [21]. Although some treatments are
effective, they treat only certain aspects and symptoms of autism but do
not address the pathology cure.

One of the well-defined deficits in brain physiology related to ASD is
hypoperfusion [15,22] and the consequence of cerebral hypoxia. Based
on this physiological deficit, hyperbaric oxygen therapy (HBOT) has the
potential to be a beneficial and appropriate treatment to alleviate
hypoperfusion [23] and thus improve brain functionality and behavioral
outcomes. Moreover, evidence has been accumulated about the
neuroplasticity effects of HBOT [24,25,26,27]. HBOT involves the
application of hyperbaric pressure in conjunction with increased oxygen
content enabling better oxygen diffusion to mal-perfused tissue. It is now
understood that the combined action of both hyperoxia and hyperbaric
pressure, with oxygen fluctuations generated by the newly used
protocol, may target both oxygen and pressure-sensitive genes by the so-
called “Hyperoxic-hypoxic paradox” [28]. The fluctuation in oxygen
delivery can improve mitochondrial metabolism and induce genes
related to stem cell proliferation and angiogenesis [28,29].
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The beneficial effects of HBOT were studied mostly in regenerating
previously healthy brain tissue exposed to acute insult, while the data on
the beneficial effects in brain function abnormalities related to specific
born-related DNA mutations are still lacking. Regarding the use of HBOT
for ASD, the data are still conflicting, using different protocols and
variable cohorts that are not focused on a specific pathophysiological-
related subtype of ASD [15,30,31,32,33,34,35,36,37]. One of the patients
treated at the Sagol center for hyperbaric medicine, Shamir medical
center in Israel, who had ASD, presented a significant clinical
improvement in ASD-related behavioral symptoms. This female patient
was found to have the InsG3680 mutation in the SHANK3 gene
(unpublished data). Single photon emission computed tomography
(SPECT) results before HBOT showed impaired brain perfusion in the
orbital-frontal region, dorsa-lateral cortex, medial area of temporal
lobes, and in the cerebellum. SPECT analysis after HBOT showed
improved brain perfusion and function in the right orbital-frontal cortex,
right motor cortex, left frontal temporal lobe, Broca’s area, left dorsal-
lateral and dorsal-medial frontal cortex, left occipital lobe, right thalamus
nucleus, and the cerebellum compared to the pre-HBOT state.
Additionally, the patient’s parents self-reported an improvement in the
patient’s social behavior and cognitive performance (these aspects were
not measured quantitatively and are not presented).

Motivated by the beneficial outcomes HBOT had on ASD pathology, this
study aimed to evaluate the molecular and behavioral effects of HBOT on
the InsG3680 mouse model, to better understand the mode of operation
HBOT has on the autistic brain.

Go to:

2. Results

2.1. HBOT Improves Social Novelty Preference but Not Anxiety-like
Behavior and Motor Coordination in InsG3680 Mouse Model for ASD
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The physiological and behavioral improvements demonstrated in the
human HBOT study prompted us to study the neurobiological properties
of HBOT on a mouse model for ASD that harbors the same insertion
mutation in Shank3 as in the human patient. Our motivation was to test
whether the improved behavior in the autistic human patient could also
be found when proper statistical power is tested, and to study
neurobiological properties that can explain the improved behavior
reported.

To achieve this, we studied the effects of HBOT (100% oxygen gas, 2
atmospheres absolute [ATA] pressure levels) on InsG3680¢/ mice as
compared to InsG3680¢/4 mice in the placebo control group exposed to
air (air containing 21% oxygen gas, 1 ATA pressure levels) (Figure 1). All
mice survived the procedures with no indications of irregular behavior
or discomfort. At the end of the procedure (HBOT or placebo), 90 days-
old (P90) mice were tested in behavioral tests that examined social
behavior (three-chamber sociability and social novelty test), anxiety-like
behavior (open field exploration test and elevated zero maze), and motor
coordination (rotarod). Upon completion of the behavioral tests, mice
were sacrificed and used for molecular and cellular studies (Figure 1).

40 sessions, 1 h each qPCR
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Figure 1
Graphical description of experimental procedures. InsG3680“/* and littermates control

mice were divided into two groups, HBOT and placebo. After two months of treatment,
mice were tested in various behavioral tests, and afterward, InsG3680%“¥ mice were used
for qPCR and immunofluorescence analysis.
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Because social behavior deficits are hallmark features of ASD, we studied
whether HBOT has the potential to alleviate social behavior dysfunction.
In the three-chambers sociability test, both the InsG3680¢/ HBOT group
and the InsG3680¢/» placebo group spent significantly more time with
the stranger mouse than with the object, as opposed to previous findings
from this mouse model [7] (Figure 2A). Nonetheless, in the social novelty
test, the InsG3680¢/ HBOT group showed significantly increased
exploration time close to the novel mouse than the familiar mouse,
whereas the InsG3680¢/9 placebo group did not show any preference
between them, similar to previously reported social novelty deficits [7]

(Figure 2B).
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Figure 2

HBOT improves social novelty preference but not anxiety-like behavior or motor
coordination in P90 InsG3680“* mice compared to placebo control mice. (A) No significant
behavioral differences in the three-chambers social interaction test, as measured by a
similar ratio between time spent in close interaction with a stranger mouse and an object
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in all experimental groups. (B) In the three-chambers social novelty test, mice from the
InsG3680“Y HBOT group showed a significantly higher preference for interacting with the
novel mouse compared to the familiar mouse compared to mice from the

InsG3680“/" placebo group. No significant difference in the social novelty index was found
between the WT HBOT group and the WT placebo group. (C) Time spent in the margins in
the open field test, presented in time bins of 5 min. A significant main effect was found
between the InsG3680“/” and WT groups. Moreover, in the third time bin, the

InsG3680“Y HBOT group spent significantly less time in the margins than the
InsG3680“/* placebo group. A similar effect was found in the last time bin between the WT
HBOT group and the WT placebo group. (D) Time spent in the open arms of the elevated
zero maze test. HBOT did not affect the behavior in both genotypes. (E) In the rotarod test,
no change was found in latency to fall throughout all three trials between HBOT and
placebo in both genotypes. However, the WT groups have endured longer on the rotarod
compared to InsG3680“¥ groups. ns—non significant, * p < 0.05, ** p < 0.01, *** p < 0.0005.
Two-tailed t-test (A,B,D). 3-way ANOVA with repeated measures (C,E). Data are shown as
mean * s.e.m.

Because elevated anxiety levels are known in ASD compared to typically-
developed (TD) individuals, we next sought to characterize the effect of
HBOT in ASD on anxiety-like behavior. In the open field test, no
significant difference in overall exploration properties was found, except
in the one-time bin (25 min), in which the InsG3680¢/ placebo group
spent a significantly longer time in the margins compared to the
InsG3680¢/+ HBOT group (Figure 2C). In the elevated zero maze (Figure
2D) and the rotarod test (Figure 2E), no significant difference was found
between the InsG3680¢/% HBOT group compared to the

InsG3680¢/4 placebo group.

2.2. HBOT Increases the Expression Level of Insulin-like Growth
Factor 1 (Igf1) and Hifla and Decreases Neuroinflammation in the
Brain of InsG3680 Mouse Model for ASD

To seek neurobiological properties that could support the improved
brain perfusion in the human patient and the improved behavior in our
mouse model, we examined whether HBOT affects hypoxia and
neuroinflammation properties. The indications of a hypoxic state and
neuroinflammation in ASD [15,17,22] support the potential beneficial
outcomes of HBOT as a potential treatment for the InsG3680 mouse
model.
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To examine whether HBOT impacted hypoxia, we examined protein
levels of Hifla. This protein is known to be upregulated during either
hypoxia or hyperoxia and to function as a transcription factor to induce
brain recovery. We found an increased intensity of Hif1a in the motor
cortex of the InsG3680¢/ HBOT group compared to InsG3680¢/ placebo
group (Figure 3A). This may indicate a recovery process of the tissue
since Hifla regulates angiogenesis processes and may alleviate
neuroinflammation.
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Figure 3
HBOT ameliorates neuroinflammation in P120 mice examined by molecular and cellular

properties. (A) Cumulative distribution of the intensity of Hif1a divided by the area of the
cell. Hif1a is significantly increased in the InsG3680"* HBOT group relative to the
InsG3680“/* placebo group (average intensity is divided by the averaged cell area). (B) The
number of Ibal-positive cells is lower in the motor cortex of the InsG3680“/” HBOT group
compared to the InsG3680“/* placebo. (C) Representative image of marked Ibal-positive
cells marked by immunofluorescence staining. White arrows point to Ibal-positive cells.
(D) The mRNA expression level of IgfI in the whole cortex of a 4-month-old is upregulated
in the InsG3680“” HBOT group compared to InsG3680“/* placebo. (E) A significant
negative correlation between the number of Ibal-positive cells and IgfI expression levels
in both InsG3680%* HBOT and InsG3680“/” placebo. No significant difference was found in
the mRNA expression level of (F) CD11b and (G) CD68 in the whole cortex of 3 month-old
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InsG3680“Y HBOT group compared to InsG3680"/* placebo. ns—non significant, * p < 0.05,
**p<0.01, *** p <0.0001. Two-tailed t-test (A,B,D,F,G). Kolmogorov-Smirnov (A).
Pearson’s correlation coefficient (E). Data are shown as mean * s.e.m.

To characterize neuroinflammation properties, we examined the number
of Ibal-positive cells and the expression level of key neuroinflammation-
related transcripts in the whole cortex of InsG3680¢+ HBOT compared
to InsG3680¢/4 placebo. We found a reduced number of Ibal-positive
cells in the motor cortex of the InsG3680¢/% HBOT group compared to
InsG3680¢/4 placebo group (Figure 3B,C). This result may imply a
reduction in neuroinflammation following HBOT.

Since previous studies showed that IGF1 administration is effective in
ameliorating ASD deficits [38,39] and could lead to a reduction in
chronic neuroinflammation, we wanted to determine whether HBOT
affects Igf1 transcript expression level. We found upregulation in the
expression level of Igf1 in the whole cortex of the P120

InsG3680¢/4 HBOT group compared to the InsG3680¢/» placebo (Figure
3D). Interestingly, we found a significant negative correlation between
the number of Ibal-positive cells and Igf1 expression levels in both
InsG3680¢/4 HBOT and InsG3680¢/ placebo (Figure 3E). No significant
difference was found in the expression level of CD11b (Figure 3F)

and CD68 (Figure 3G), which are key neuroinflammation-related genes,
as measured in the whole cortex of the P120 InsG3680¢+ HBOT group
compared to InsG3680¢/ placebo group.

Go to:

3. Discussion

In this study, we demonstrate for the first time that the core social
behavioral deficit in ASD can be partially reversed by HBOT in a mouse
model for ASD with Shank3 gene mutation as in the human condition. As
such, this study has the potential for translational and medical
implications. It enables us to gain molecular and cellular mechanistic
explanations that link behavioral improvement and brain changes
induced by HBOT.
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We found that HBOT improves the social behavior of adult

InsG3680¢/4 mice compared to InsG3680¢/2 placebo control group mice,
indicating that HBOT is effective in adults and not necessarily in the early
postnatal developmental stage only. Specifically, HBOT improved social
novelty preference, a subtype of social behavior tested in the three
chambers social interaction test. The improved preference of a novel
mouse compared to a familiar mouse in the social novelty test could also
indicate improved cognition and memory. It may demonstrate that
InsG3680¢/4 treated mice remember the familiar mouse better than the
InsG3680¢/+ placebo group [40]. Nevertheless, it is important to note
that the results in the three chambers social interaction test do not
replicate the social preference deficit previously characterized in
InsG3680¢/ mice compared to controls [7]. The lack of social deficit in
our study might result from the repeated exposure of test mice to other
test mice, coming from different cages and litters, daily, throughout the 2
months of the experiment. Also, the lack of improvement in anxiety-like
behavior following HBOT might be related to a critical age at which the
treatment should be given to reduce anxiety-like behavior to normal
levels.

In search of molecular and cellular evidence that will explain how HBOT
affected neurobiological properties, we characterized parameters related
to the hyperoxic-hypoxic paradox [28]. Along the course of HBOT, the
oxygen levels fluctuated, altering from normal (normoxia) to high
(hyperoxia) oxygen levels. Those repeated fluctuations generate a new
setting point where hyperoxia is interpreted as the new baseline and
normoxia is interpreted as hypoxia with increased expression of HIF-1a.
HIF-1a is upregulated and enters the nucleus to join an active complex
with HIF-1 during hypoxia, while in normoxia, most HIF-1a is degraded
in the cytoplasm [28,41]. A higher expression level of HIF-1a induces the
expression of genes responsible for tissue regeneration, angiogenesis
mediators such as VEGF, mitochondria metabolism, and anti-
inflammatory processes [28]. In this study, we found increased
expression of Hif-1a in the brain of the ASD mouse model following
HBOT as compared to the InsG3680¢/ placebo group. To determine
whether HBOT ameliorated the brain’s neuroinflammation, we studied
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the properties of microglia, resident macrophages of the brain. We found
a reduced number of microglia (Ibal-positive cells) in the

InsG3680¢+ HBOT group compared to the InsG3680¢/% placebo group.
Previous studies indicated elevated immune response in the brain of
autistic patients [42,43]; therefore, the reduced number of microglia due
to HBOT may improve neural circuit activity [12] and reduce
neuroinflammation in the brain of the mouse model for ASD.
Nevertheless, microglia number does not necessarily represent the
functionality of these cells. Hence, to gain more insight into the
microglial properties on the molecular level, we studied the IgfI mRNA
expression level following HBOT. IGF1 is a neurotrophic factor essential
for central nervous system development [44,45,46,47], and microglia are
an important source of IGF1. We measured an upregulation in the
expression level of Igf1 transcript in the whole cortex of the P120
InsG3680¢+ HBOT group compared to the InsG3680¢/+ placebo group.

Previous studies found significantly reduced levels of IGF1 in the
cerebrospinal fluid (CSF) of autistic children and infants compared to TD
controls [48,49]. Of clinical relevancy, two studies in human patients
with PMS showed improved social behavior, motor skills, and other
behavioral symptoms following IGF1 administration [38,39]. In neurons
derived from induced pluripotent stem cells (iPSCs) from ASD patients
with SHANK3 micro-deletion, IGF1 rescued synaptic transmission
deficits in excitatory neurons [50]. Similarly, injection of IGF1

to Shank3 deficient mice rescued abnormal motor skills and reversed
major deficits related to excitatory synapse signaling [51]. Based on the
above, IGF1 is a potential treatment for both syndromic and non-
syndromic types of ASD [46,52,53,54]. Therefore, the upregulation of
the Igf1 expression level we measured following HBOT may lead to a
cascading effect [55,56,57] that may improve brain functionality and
behavioral outcomes.

Interestingly, when testing for a correlation between the number of
Ibal-positive cells and the expression level of Igf1, we found a significant
negative correlation between the two parameters. This correlation
suggests that higher levels of Igf1 are correlated with a potential
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reduction in neuroinflammation following HBOT and that Igf1 may
induce tissue repair, as was also found in previous studies [58,59,60].
Nonetheless, the results of our research show only a correlative and not
a causative relationship.

Overall, our data suggest that HBOT is an effective treatment in the ASD
genetic condition tested, reduces neuroinflammation,
increases Igf1 expression, and improves social behavior in adult mice.

The molecular and cellular effects we characterized following HBOT
were examined 1 month after the HBOT session, suggesting a long-term
effect of HBOT. Moreover, while HBOT was mainly studied in acute
neurological conditions or chronic conditions in adulthood, our study
shows the efficacy of HBOT in treating a genetic condition associated
with chronic NDD starting from embryogenesis.

This research gives hope for the potential new biological intervention for
a subtype of ASD, and future research should better dissect its long-term
clinical effect. Looking forward, the use of treatments for ASD that are
specifically proven to be effective on a specific genetic condition rather
than on the phenotype of behavior hopefully marks the future of
effective treatments for ASD. Since other subtypes on the ASD spectrum
have overlapping pathophysiology, such as hypoperfusion, this study
may be relevant to these other conditions as well.

Go to:
4. Materials and Methods
4.1. Animal Work Statement
Terminology:
InsG3680¢/-—mice that are heterozygous to the mutation.

InsG3680¢/9—mice that are homozygous to the mutation.
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WT—mice without the mutation on both chromosomes.

Breeding: To test the efficacy of HBOT on the InsG3680 mutation,
InsG3680¢/-) mice were crossed with InsG3680¢/ (Het-Het mating).
InsG3680 and WT mice are with a C57 B6/S129 Sv mixed background.
The resulting mice are either homozygous to the mutation (referred here
as InsG3680¢/), heterozygous to the mutation (referred here as
InsG3680¢/2), or do not have the mutation (referred here as WT). The
mutation occurs in all the cells of the body.

Housing: Mice of the same gender were contained in cages with 2-4
littermates with random genotypes. The environmental conditions were
stable with 20-24 °C under a 12 h light/dark cycle (lights at 07:00 until
19:00), with food and water available at all times. All experimental
procedures conformed to the guidelines of the Institutional Animal Care
and Use Committee of Tel Aviv University, Tel Aviv, Israel. All efforts
were made to minimize animal pain and suffering and the number of
animals used.

4.2. HBOT

Treatment was performed on 1-month-old mice for 40 sessions for 2
months, 5 days a week, 1 h a day. A total of 30 mice were divided into 4
groups: InsG3680¢/ HBOT, InsG3680¢/ placebo, WT HBOT, and WT
placebo. The HBOT group received 100% oxygen gas in 2 ATA pressure
levels, while the placebo group received air (containing 21% oxygen)
with 1 ATA pressure levels. The HBOT chamber was filled with 100%
oxygen prior to compression for 5 min to enrich the oxygen in the
chamber. Compression and decompression were carried out gradually to
reduce the risks of changing pressures.

4.3. Behavioral Studies

Behavioral tests were performed and analyzed with the experimenter
blinded to the type of treatment and genotype. Mice in the experiment
went through habituation in the test room for 1 h before all tests. Each



group of test mice was used for 4 behavioral tests and had at least 3 days
between tests. The mice were tested at the age of 3 months (2 months
after the start of the treatment).

4.3.1. Social Preference Test

To perform the test, C57-black mice were ordered from the Jackson
Laboratory with similar ages and body weights. Habituation for the
stranger mice in the social preference test was performed by placing the
mice inside an inverted wire cup for 30 min, 2 sessions per day for 3
consecutive days prior to the test. The test apparatus (65 cm long x 44
cm wide x 30 cm high) was divided into three sections (left, right—21 x
44 cm each, and center—21 x 22 cm), which were connected via a lever-
operated door that was opened 5 cm from the floor. The object, stranger,
and familiar mice were placed inside an inverted wire cup (10 cm high,
diameter of bottom 10 cm, bars with 0.8 cm spacing), and on top of it, a
weighted cup was placed to block the test mice from climbing over it.
Following each trial, the wire cup was cleaned with ethanol and water.
The test was comprised of three phases (15 min each): habituation,
sociability, and social novelty. In the habituation phase, the test mouse
was placed in the center and explored the environment of all three
sections with the inverted wire cups empty. Next, in the sociability test,
the tested mouse was placed in the center section with the doors closed
while placing a stranger mouse and an object inside the wire cups of the
left and right sections; Afterwards, the doors were lifted to allow the
mouse to explore. Finally, in the social novelty test, the mouse was
placed again in the center section with the doors closed while placing a
novel mouse instead of the object, and afterward, the doors were lifted to
allow the mouse to explore. The place of the object and stranger mouse
were switched between trials to exclude place preference. Each of the
stimulation mice were used only twice a day. Following the test, the
experimenter analyzed the time spent with the object compared to a
stranger mouse and the time spent with a familiar mouse compared to a
novel mouse, blinded to treatment type, using the EthoVision XT
14.0.1326 software (Noldus Information Technology BV, Wageningen,
The Netherlands).



4.3.2. Open Field Exploration Test

Mice were placed in the center of a Plexiglas box (40 cm long x 40 cm
wide x 30 cm high) for 1 h (one mouse in each box). Motor activity and
exploration were videotaped and were measured by the time spent in
the margins of the box while the experimenter was blind to the
treatment type.

4.3.3. Elevated Zero Maze

The maze contains 2 sections—open and closed arms (Height 60 cm).
Mice were placed in the closed arms of the zero maze and explored for 5
min. Movement between the sections was videotaped and was measured
by the time spent in the open arms, while the experimenter was blind to
the type of treatment.

4.3.4. Rotarod

Mice were placed on the apparatus of an accelerating rotarod, and motor
coordination was measured by latency to fall. Each subject was tested
three times with a time interval of 30 min between each test.

4. 4. Brain Tissue Extraction

After treatment and behavioral experiments, male mice were deeply
anesthetized with isoflurane. Consciousness was tested via a response to
a pinch on the foot, and tissue samples from one ear were taken for
genetic verification. Then, mice were perfused with 15 mL of ice-cold
PBS solution, followed by brain dissection. The brain was separated into
two hemispheres. One was kept in 4% paraformaldehyde (PFA) diluted
in PBS for 4 consecutive days, and one was taken to a petri dish with PBS
for dissection. The Cortex was separated from other brain tissue using
cleaned surgical tools and a stereomicroscope (OLYMPUS, Kyoto, Japan).
Cortices were placed in 200 pL of RNA-later solution (Invitrogen by
Rhenium, Modi’in, Israel) and preserved at 4 °C for 24 h. RNA-later was
taken out of the tubes, and samples were frozen at —80 °C. All tools and



equipment were sterilized with ethanol and sprayed with RNAse
inhibitor (RNase-ExitusPlus, Biological Industries, Israel).

4.5. RNA Isolation and Quantitative PCR (qPCR)

4.5.1. RNA Extraction

Cortices were placed in safe-lock tubes with stainless steel beads and
200 pL of cold TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA) and were homogenized in TissueLyser 2 (QIAGEN) for 40 s in
24,000 Hertz. After the tissue was fully homogenized, an additional 800
uL of TRIzol was added, and the samples were incubated at room
temperature (RT) for 5 min. 200 pL of chloroform (Bio-Lab Ltd.,
Jerusalem, Israel) was added to each of the tubes, and they were shaken
by hand for 15 min and incubated once more for 3 min at RT.

Then, samples were centrifuged for 20 min at 4 °C, 800x g (13,800 rpm)
(Eppendorf Centrifuge 5430R, Eppendorf by Lumitron, Petah Tikva,
Israel). The homogenate was separated into 3 layers-protein, DNA, and
RNA, which was the top layer. The clear RNA layer was transferred to a
new tube and was diluted with a proportion of 1:1 with isopropanol
(Bio-Lab Ltd., Jerusalem, Israel). The tubes were manually shaken,
incubated for 5 min at RT and centrifuged for 15 min at 4 °C,

800x g (13,800 rpm). After the centrifuge, the RNA was precipitated in
the bottom of the tubs, isopropanol was taken out, and the remaining
pellet was washed with 1 mL of 80% ethanol (Sigma-Aldrich, Rehovot,
Israel) diluted in DEPC-treated water (Biological Industries, Kibbutz
Beit-Haemek, Israel), followed by centrifugation for 15 min at 4 °C at
13,800 rpm.

This was repeated twice, while the ethanol was replaced the second time.
All the ethanol was removed, and the tubes were placed upside down
and opened on Kim wipes to let the remaining ethanol aspartate for
approximately 30 min. 35 pL of DEPC-treated water was added to each
sample, and then the sample was heated for 5 min at 60 °C. Finally,
samples were pipetted to create homogenous concentration, measured



using the Thermo Scientific NanoDrop One device (Thermo Fisher
Scientific, USA), and kept frozen at -80 °C.

4.5.2. Complementary Deoxyribonucleic Acid (cDNA) Preparation

RNA was diluted to a concentration of 20 ng/uL according to the
sample’s original concentrations after RNA extraction. Reverse
transcription was performed with random primers and the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The protocol used with the C1000 Touch thermal
cycler (Bio-Rad Laboratories, Hercules, CA, USA) was the following: 10
min at 25 °C, 120 min at 37 °C, 5 min at 85 °C, and a final step of 4 °C.
cDNA was frozen at -20 °C.

4.5.3. Real-Time PCR

mRNA levels were measured by Real-time PCR using the Fast SYBR
Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and
the Bio-Rad CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). The protocol proceeded as follows: 20 s
at 95 °C, 40 amplification cycles (3 s at 95 °C to denature, and 30 s at 60
°C to anneal and extend), and a melt curve: 60 °C for 5 s, and an increase
of 0.5 °C every 5 s (including a plate read) until reaching 95 °C. mRNA
levels were calculated based on the comparative cycle threshold (Ct)
method [61]. To normalize each of the samples, the mRNA of
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was also measured.
Results are shown as fold change (FC) relative to the control group
(InsG3680¢/» placebo). Primers were programmed in the lab and
ordered from Hy Laboratories Ltd. (Rehovot, Israel). The final dilution of
the primers was done with 10 mM in DEPC-treated water (see detailed
sequence in Table 1).

Table 1

SYBR Green RT-PCR primers for mRNA quantification: Mus musculus.
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Origin Forward Sequence Reverse Sequence

Gapdh GCCTTCCGTGTTCCTACC CCTCAGTGTAGCCCAAGATG

Cdllb CTCTTGGCTCTCATCACTGCTG GCAGCTTCATTCATCATGTCCT
lgfl CAGCAGCCTTCCAACTCAATTAT CGCCAGGTAGAAGAGGTGTGAA

Cd68 GGACAGCTTACCTTTGGATTCA AAGGACACATTGTATTCCACCG
Open in a separate window

4.6. Immunofluorescence Staining

Brains were extracted as described above and then sectioned ata 100
um thickness using a vibratome (Leica Biosystems, Deer Park, IL, USA).
Sections were stained using the free-floating method as follows: from
each mouse, a section from the motor cortex was chosen (approximately
bregma 0.5 mm, according to the mouse atlas) and was washed 3 times
in 1 mL PBS for 5 min each. Then, sections were permeabilized with
1.2% Triton X-100 in PBS for 15 min. Following permeabilization,
sections were washed in 1 mL PBS for 5 minutes each and blocked with
5% normal goat serum (NGS), 2% bovine serum albumin (BSA), and
0.2% Triton X-100 in PBS for 1 h. Afterward, sections were placed in a
96-well plate with 250 puL of primary antibodies diluted in blocking
buffer (described above) overnight at 4 °C. The next morning, sections
were washed in 1 mL PBS, once for 5 min and twice for 15 min each.
Slices were then incubated with secondary antibodies conjugated with
Alexa Fluor 488, 555, and 647 (1:1000; catalog nos. A11001, A21424;
Invitrogen, Waltham, MA, USA) diluted in blocking buffer for 1 h. sections
were washed in 1 mL PBS, once for 5 min and twice for 15 min each.
Finally, for the mounting process on glass slides, VECTASHIELD Hardset
Antifade Mounting Medium with DAPI (catalog nos. H-1500-10, Vector
Laboratories, Newark, CA, USA) was used. Images were captured using a
light microscope (IX-83, Olympus, Tokyo, Japan) with the experimenter
blind to the treatment type. For quantification of cellular properties in
the motor cortex, images were taken with x10 or x20 magnification
according to the type of staining and analysis. Cell number and intensity
were quantified manually using the Image] program.
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Commercial antibodies used: anti Ibal (1:500, catalog no. 234006, SYSY),
anti Hifla (1:400, catalog no. PA1-16601)

4.7. Statistical Analysis

Data are presented as the mean * standard error of the mean (s.e.m.), as
calculated by GraphPad Prism 9.4.1 for Windows (GraphPad Software,
San Diego, CA, USA) p-values were calculated using Student’s t-test, 3-
way repeated measures ANOVA, Kolmogorov-Smirnov and Pearson’s
correlation coefficient, with p < 0.05 considered significant (* p < 0.05,
*p<0.01,**p<0.0005, **** p <0.0001). The normality of
distributions and equality of variances were checked and addressed
accordingly using the appropriate statistical analysis. Outliers were
determined via the extreme studentized deviate (ESD) method (p <

0.05).

Funding Statement

This research received no external funding.

Go to:

Author Contributions

Conceptualization, I.F,, S.E. and B.B.; Data curation, L.F., S.S., G.L. and E.B.;
Formal analysis, I.F., G.L. and E.B.; Funding acquisition, I.F. and B.B.;
Investigation, I.F,, S.S., G.L., E.B. and B.B.; Methodology, L.F., G.L., E.B,, S.E.
and B.B.; Project administration, S.S.T., S.E. and B.B.; Resources, S.E. and
B.B.; Software, B.B.; Supervision, S.S.T. and B.B.; Validation, I.F., S.S., G.L.,
E.B. and B.B.; Visualization, I.F. and B.B.; Writing—original draft, I.F., S.E.
and B.B.; Writing—review & editing, I.F., S.E. and B.B. All authors have
read and agreed to the published version of the manuscript.

Go to:


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570008/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570008/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570008/

Institutional Review Board Statement

The animal study protocol was approved by the Institutional animal care
and use committee of Tel Aviv University and the Israel Ministry of
Health (10-20-008).

Go to:

Conflicts of Interest

S.E. is head of the advisory board and shareholder in AVIV scientific Ltd.

Go to:

Footnotes

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Go to:

References

1. Barak B, Feng G. Neurobiology of social behavior abnormalities in autism and
Williams syndrome. Nat. Neurosci. 2016;19:647-655. doi: 10.1038/nn.4276. [PMC
free article] [PubMed] [CrossRef] [Google Scholar]

2. Maenner M.],, Shaw K.A., Bakian A.V,, Bilder D.A., Durkin M.S., Esler A., Furnier
S.M., Hallas L., Hall-Lande J., Hudson A,, et al. Prevalence and Characteristics of
Autism Spectrum Disorder among Children Aged 8 Years—Autism and
Developmental Disabilities Monitoring Network, 11 Sites, United States,

2018. MMWR Surveill Summ. 2021;70:1-16. doi: 10.15585/mmwr.ss7011al. [PMC
free article] [PubMed] [CrossRef] [Google Scholar]

3. Huguet G., Ey E., Bourgeron T. The Genetic Landscapes of Autism Spectrum
Disorders. Annu. Rev. Genom. Hum. Genet. 2013;14:191-213. doi: 10.1146/annurev-
genom-091212-153431. [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570008/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570008/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570008/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4896837/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4896837/
https://pubmed.ncbi.nlm.nih.gov/29323671
https://doi.org/10.1038%2Fnn.4276
https://scholar.google.com/scholar_lookup?journal=Nat.+Neurosci.&title=Neurobiology+of+social+behavior+abnormalities+in+autism+and+Williams+syndrome&author=B.+Barak&author=G.+Feng&volume=19&publication_year=2016&pages=647-655&pmid=29323671&doi=10.1038/nn.4276&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8639024/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8639024/
https://pubmed.ncbi.nlm.nih.gov/34855725
https://doi.org/10.15585%2Fmmwr.ss7011a1
https://scholar.google.com/scholar_lookup?journal=MMWR+Surveill+Summ.&title=Prevalence+and+Characteristics+of+Autism+Spectrum+Disorder+among+Children+Aged+8+Years%E2%80%94Autism+and+Developmental+Disabilities+Monitoring+Network,+11+Sites,+United+States,+2018&author=M.J.+Maenner&author=K.A.+Shaw&author=A.V.+Bakian&author=D.A.+Bilder&author=M.S.+Durkin&volume=70&publication_year=2021&pages=1-16&pmid=34855725&doi=10.15585/mmwr.ss7011a1&
https://pubmed.ncbi.nlm.nih.gov/23875794
https://doi.org/10.1146%2Fannurev-genom-091212-153431
https://scholar.google.com/scholar_lookup?journal=Annu.+Rev.+Genom.+Hum.+Genet.&title=The+Genetic+Landscapes+of+Autism+Spectrum+Disorders&author=G.+Huguet&author=E.+Ey&author=T.+Bourgeron&volume=14&publication_year=2013&pages=191-213&pmid=23875794&doi=10.1146/annurev-genom-091212-153431&

4. Monteiro P., Feng G. SHANK proteins: Roles at the synapse and in autism
spectrum disorder. Nat. Rev. Neurosci. 2017;18:147-157.
doi: 10.1038/nrn.2016.183. [PubMed] [CrossRef] [Google Scholar]

5. Mitz A.R,, Philyaw T.J., Boccuto L., Shcheglovitov A., Sarasua S.M., Kaufmann W.E.,
Thurm A. Identification of 22q13 genes most likely to contribute to Phelan
McDermid syndrome. Eur. J. Hum. Genet. 2018;26:293-302. doi: 10.1038/s41431-
017-0042-x. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

6. Durand C.M., Betancur C., Boeckers T.M., Bockmann J., Chaste P., Fauchereau F.,
Nygren G., Rastam M., Gillberg I.C., Anckarsater H., et al. Mutations in the gene
encoding the synaptic scaffolding protein SHANK3 are associated with autism
spectrum disorders. Nat. Genet. 2006;39:25-27. doi: 10.1038/ng1933. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

7.Zhou Y., Kaiser T., Monteiro P., Zhang X., Van de Goes A.S., Wang D., Barak B., Zenf
M., Li C, Lu C., et al. Mice with Shank3 Mutations Associated with ASD and
Schizophrenia Display Both Shared and Distinct Defects. Neuron. 2016;89:147-162.
doi: 10.1016/j.neuron.2015.11.023. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

8. Amal H., Barak B., Bhat V., Gong G., Joughin B.A., Wang X., Wishnok ].S., Feng G.,
Tannenbaum S.R. Shank3 mutation in a mouse model of autism leads to changes in
the S-nitroso-proteome and affects key proteins involved in vesicle release and
synaptic function. Mol Psychiatry. 2020;25:1835-1848. doi: 10.1038/s41380-018-
0113-6. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

9. Ivashko-Pachima Y., Ganaiem M., Ben-Horin-Hazak I., Lobyntseva A., Bellaiche N.,
Fischer L., Levy G., Sragovich S., Karmon G., Giladi E., et al. SH3- and actin-binding
domains connect ADNP and SHANKS3, revealing a fundamental shared mechanism
underlying autism. Mol Psychiatry. 2022 doi: 10.1038/s41380-022-01603-

w. [PubMed] [CrossRef] [Google Scholar]

10. Poleg S., Kourieh E., Ruban A., Shapira G., Shomron N., Barak B., Offen D.
Behavioral aspects and neurobiological properties underlying medical cannabis
treatment in Shank3 mouse model of autism spectrum disorder. Transl.
Psychiatry. 2021;11:524. doi: 10.1038/s41398-021-01612-3. [PMC free

article] [PubMed] [CrossRef] [Google Scholar]

11.Voineagu I, Eapen V. Converging Pathways in Autism Spectrum Disorders:
Interplay between Synaptic Dysfunction and Immune Responses. Front. Hum.
Neurosci. 2013;7:738. doi: 10.3389/fnhum.2013.00738. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

12. Schafer D.P., Lehrman E.K., Kautzman A.G., Koyama R., Mardinly A.R., Yamasaki
R., Ransohoff R.M., Greenberg M.E., Barres B.A., Stevens B. Microglia Sculpt Postnatal



https://pubmed.ncbi.nlm.nih.gov/28179641
https://doi.org/10.1038%2Fnrn.2016.183
https://scholar.google.com/scholar_lookup?journal=Nat.+Rev.+Neurosci.&title=SHANK+proteins:+Roles+at+the+synapse+and+in+autism+spectrum+disorder&author=P.+Monteiro&author=G.+Feng&volume=18&publication_year=2017&pages=147-157&pmid=28179641&doi=10.1038/nrn.2016.183&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5838980/
https://pubmed.ncbi.nlm.nih.gov/29358616
https://doi.org/10.1038%2Fs41431-017-0042-x
https://scholar.google.com/scholar_lookup?journal=Eur.+J.+Hum.+Genet.&title=Identification+of+22q13+genes+most+likely+to+contribute+to+Phelan+McDermid+syndrome&author=A.R.+Mitz&author=T.J.+Philyaw&author=L.+Boccuto&author=A.+Shcheglovitov&author=S.M.+Sarasua&volume=26&publication_year=2018&pages=293-302&pmid=29358616&doi=10.1038/s41431-017-0042-x&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2082049/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2082049/
https://pubmed.ncbi.nlm.nih.gov/17173049
https://doi.org/10.1038%2Fng1933
https://scholar.google.com/scholar_lookup?journal=Nat.+Genet.&title=Mutations+in+the+gene+encoding+the+synaptic+scaffolding+protein+SHANK3+are+associated+with+autism+spectrum+disorders&author=C.M.+Durand&author=C.+Betancur&author=T.M.+Boeckers&author=J.+Bockmann&author=P.+Chaste&volume=39&publication_year=2006&pages=25-27&pmid=17173049&doi=10.1038/ng1933&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4754122/
https://pubmed.ncbi.nlm.nih.gov/26687841
https://doi.org/10.1016%2Fj.neuron.2015.11.023
https://scholar.google.com/scholar_lookup?journal=Neuron&title=Mice+with+Shank3+Mutations+Associated+with+ASD+and+Schizophrenia+Display+Both+Shared+and+Distinct+Defects&author=Y.+Zhou&author=T.+Kaiser&author=P.+Monteiro&author=X.+Zhang&author=A.S.+Van+de+Goes&volume=89&publication_year=2016&pages=147-162&pmid=26687841&doi=10.1016/j.neuron.2015.11.023&
https://scholar.google.com/scholar_lookup?journal=Neuron&title=Mice+with+Shank3+Mutations+Associated+with+ASD+and+Schizophrenia+Display+Both+Shared+and+Distinct+Defects&author=Y.+Zhou&author=T.+Kaiser&author=P.+Monteiro&author=X.+Zhang&author=A.S.+Van+de+Goes&volume=89&publication_year=2016&pages=147-162&pmid=26687841&doi=10.1016/j.neuron.2015.11.023&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6614015/
https://pubmed.ncbi.nlm.nih.gov/29988084
https://doi.org/10.1038%2Fs41380-018-0113-6
https://scholar.google.com/scholar_lookup?journal=Mol.+Psychiatry&title=Shank3+mutation+in+a+mouse+model+of+autism+leads+to+changes+in+the+S-nitroso-proteome+and+affects+key+proteins+involved+in+vesicle+release+and+synaptic+function&author=H.+Amal&author=B.+Barak&author=V.+Bhat&author=G.+Gong&author=B.A.+Joughin&volume=25&publication_year=2020&pages=1835-1848&pmid=29988084&doi=10.1038/s41380-018-0113-6&
https://pubmed.ncbi.nlm.nih.gov/35538192
https://doi.org/10.1038%2Fs41380-022-01603-w
https://scholar.google.com/scholar_lookup?journal=Mol.+Psychiatry&title=SH3-+and+actin-binding+domains+connect+ADNP+and+SHANK3,+revealing+a+fundamental+shared+mechanism+underlying+autism&author=Y.+Ivashko-Pachima&author=M.+Ganaiem&author=I.+Ben-Horin-Hazak&author=A.+Lobyntseva&author=N.+Bellaiche&publication_year=2022&doi=10.1038/s41380-022-01603-w&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8514476/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8514476/
https://pubmed.ncbi.nlm.nih.gov/34645786
https://doi.org/10.1038%2Fs41398-021-01612-3
https://scholar.google.com/scholar_lookup?journal=Transl.+Psychiatry&title=Behavioral+aspects+and+neurobiological+properties+underlying+medical+cannabis+treatment+in+Shank3+mouse+model+of+autism+spectrum+disorder&author=S.+Poleg&author=E.+Kourieh&author=A.+Ruban&author=G.+Shapira&author=N.+Shomron&volume=11&publication_year=2021&pages=524&pmid=34645786&doi=10.1038/s41398-021-01612-3&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3819618/
https://pubmed.ncbi.nlm.nih.gov/24223544
https://doi.org/10.3389%2Ffnhum.2013.00738
https://scholar.google.com/scholar_lookup?journal=Front.+Hum.+Neurosci.&title=Converging+Pathways+in+Autism+Spectrum+Disorders:+Interplay+between+Synaptic+Dysfunction+and+Immune+Responses&author=I.+Voineagu&author=V.+Eapen&volume=7&publication_year=2013&pages=738&pmid=24223544&doi=10.3389/fnhum.2013.00738&

Neural Circuits in an Activity and Complement-Dependent
Manner. Neuron. 2012;74:691-705. doi: 10.1016/j.neuron.2012.03.026. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

13. Caldeira G.L., Peca J., Carvalho A.L. New insights on synaptic dysfunction in
neuropsychiatric disorders. Curr. Opin. Neurobiol. 2019;57:62-70.
doi: 10.1016/j.conb.2019.01.004. [PubMed] [CrossRef] [Google Scholar]

14. Kirk S., Karlik S. VEGF and vascular changes in chronic neuroinflammation. J.
Autoimmun. 2003;21:353-363. doi: 10.1016/S0896-8411(03)00139-2. [PubMed]
[CrossRef] [Google Scholar]

15. Rossignol D.A., Rossignol L.W. Hyperbaric oxygen therapy may improve
symptoms in autistic children. Med. Hypotheses. 2006;67:216-228.
doi: 10.1016/j.mehy.2006.02.009. [PubMed] [CrossRef] [Google Scholar]

16. Matta S.M., Hill-Yardin E.L., Crack P.]. The influence of neuroinflammation in
Autism Spectrum Disorder. Brain Behav. Immun. 2019;79:75-90.
doi: 10.1016/j.bbi.2019.04.037. [PubMed] [CrossRef] [Google Scholar]

17. Bar E., Barak B. Microglia roles in synaptic plasticity and myelination in
homeostatic conditions and neurodevelopmental disorders. Glia. 2019;67:2125-
2141. doi: 10.1002 /glia.23637. [PubMed] [CrossRef] [Google Scholar]

18. Lecavalier L. Phenotypic Variability in Autism Spectrum Disorder: Clinical
Considerations. In: White S.W.,, Ollendick T.H., editors. Handbook of Autism and
Anxiety Davis, T.E., 1. Springer; Berlin/Heidelberg, Germany: 2014. pp. 15-
29. [Google Scholar]

19. Grzadzinski R., Huerta M., Lord C. DSM-5 and autism spectrum disorders (ASDs):
An opportunity for identifying ASD subtypes. Mol. Autism. 2013;4:12.

doi: 10.1186/2040-2392-4-12. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

20. Boccuto L., Lauri M., Sarasua S.M., Skinner C.D., Buccella D., Dwivedi A., Orteschi
D., Collins |.S., Zollino M., Visconti P., et al. Prevalence of SHANK3 variants in patients
with different subtypes of autism spectrum disorders. Eur. J. Hum.

Genet. 2012;21:310-316. doi: 10.1038/ejhg.2012.175. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

21. Eissa N., Al-Hougani M., Sadeq A., Ojha S.K,, Sasse A., Sadek B. Current
Enlightenment About Etiology and Pharmacological Treatment of Autism Spectrum
Disorder. Front. Neurosci. 2018;12:304. doi: 10.3389/fnins.2018.00304. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://pubmed.ncbi.nlm.nih.gov/22632727
https://doi.org/10.1016%2Fj.neuron.2012.03.026
https://scholar.google.com/scholar_lookup?journal=Neuron&title=Microglia+Sculpt+Postnatal+Neural+Circuits+in+an+Activity+and+Complement-Dependent+Manner&author=D.P.+Schafer&author=E.K.+Lehrman&author=A.G.+Kautzman&author=R.+Koyama&author=A.R.+Mardinly&volume=74&publication_year=2012&pages=691-705&pmid=22632727&doi=10.1016/j.neuron.2012.03.026&
https://pubmed.ncbi.nlm.nih.gov/30743178
https://doi.org/10.1016%2Fj.conb.2019.01.004
https://scholar.google.com/scholar_lookup?journal=Curr.+Opin.+Neurobiol.&title=New+insights+on+synaptic+dysfunction+in+neuropsychiatric+disorders&author=G.L.+Caldeira&author=J.+Pe%C3%A7a&author=A.L.+Carvalho&volume=57&publication_year=2019&pages=62-70&pmid=30743178&doi=10.1016/j.conb.2019.01.004&
https://pubmed.ncbi.nlm.nih.gov/14624758
https://doi.org/10.1016%2FS0896-8411(03)00139-2
https://scholar.google.com/scholar_lookup?journal=J.+Autoimmun.&title=VEGF+and+vascular+changes+in+chronic+neuroinflammation&author=S.+Kirk&author=S.+Karlik&volume=21&publication_year=2003&pages=353-363&pmid=14624758&doi=10.1016/S0896-8411(03)00139-2&
https://pubmed.ncbi.nlm.nih.gov/16554123
https://doi.org/10.1016%2Fj.mehy.2006.02.009
https://scholar.google.com/scholar_lookup?journal=Med.+Hypotheses&title=Hyperbaric+oxygen+therapy+may+improve+symptoms+in+autistic+children&author=D.A.+Rossignol&author=L.W.+Rossignol&volume=67&publication_year=2006&pages=216-228&pmid=16554123&doi=10.1016/j.mehy.2006.02.009&
https://pubmed.ncbi.nlm.nih.gov/31029798
https://doi.org/10.1016%2Fj.bbi.2019.04.037
https://scholar.google.com/scholar_lookup?journal=Brain+Behav.+Immun.&title=The+influence+of+neuroinflammation+in+Autism+Spectrum+Disorder&author=S.M.+Matta&author=E.L.+Hill-Yardin&author=P.J.+Crack&volume=79&publication_year=2019&pages=75-90&pmid=31029798&doi=10.1016/j.bbi.2019.04.037&
https://pubmed.ncbi.nlm.nih.gov/31058364
https://doi.org/10.1002%2Fglia.23637
https://scholar.google.com/scholar_lookup?journal=Glia&title=Microglia+roles+in+synaptic+plasticity+and+myelination+in+homeostatic+conditions+and+neurodevelopmental+disorders&author=E.+Bar&author=B.+Barak&volume=67&publication_year=2019&pages=2125-2141&pmid=31058364&doi=10.1002/glia.23637&
https://scholar.google.com/scholar_lookup?title=Handbook+of+Autism+and+Anxiety+Davis,+T.E.,+III&author=L.+Lecavalier&publication_year=2014&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3671160/
https://pubmed.ncbi.nlm.nih.gov/23675638
https://doi.org/10.1186%2F2040-2392-4-12
https://scholar.google.com/scholar_lookup?journal=Mol.+Autism&title=DSM-5+and+autism+spectrum+disorders+(ASDs):+An+opportunity+for+identifying+ASD+subtypes&author=R.+Grzadzinski&author=M.+Huerta&author=C.+Lord&volume=4&publication_year=2013&pages=12&pmid=23675638&doi=10.1186/2040-2392-4-12&
https://scholar.google.com/scholar_lookup?journal=Mol.+Autism&title=DSM-5+and+autism+spectrum+disorders+(ASDs):+An+opportunity+for+identifying+ASD+subtypes&author=R.+Grzadzinski&author=M.+Huerta&author=C.+Lord&volume=4&publication_year=2013&pages=12&pmid=23675638&doi=10.1186/2040-2392-4-12&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3573207/
https://pubmed.ncbi.nlm.nih.gov/22892527
https://doi.org/10.1038%2Fejhg.2012.175
https://scholar.google.com/scholar_lookup?journal=Eur.+J.+Hum.+Genet.&title=Prevalence+of+SHANK3+variants+in+patients+with+different+subtypes+of+autism+spectrum+disorders&author=L.+Boccuto&author=M.+Lauri&author=S.M.+Sarasua&author=C.D.+Skinner&author=D.+Buccella&volume=21&publication_year=2012&pages=310-316&pmid=22892527&doi=10.1038/ejhg.2012.175&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5964170/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5964170/
https://pubmed.ncbi.nlm.nih.gov/29867317
https://doi.org/10.3389%2Ffnins.2018.00304
https://scholar.google.com/scholar_lookup?journal=Front.+Neurosci.&title=Current+Enlightenment+About+Etiology+and+Pharmacological+Treatment+of+Autism+Spectrum+Disorder&author=N.+Eissa&author=M.+Al-Houqani&author=A.+Sadeq&author=S.K.+Ojha&author=A.+Sasse&volume=12&publication_year=2018&pages=304&pmid=29867317&doi=10.3389/fnins.2018.00304&

22. Boddaert N., Zilbovicius M. Functional neuroimaging and childhood
autism. Pediatr. Radiol. 2001;32:1-7.doi: 10.1007/s00247-001-0570-x. [PubMed]
[CrossRef] [Google Scholar]

23. Rossignol D.A. Hyperbaric oxygen therapy might improve certain
pathophysiological findings in autism. Med. Hypotheses. 2007;68:1208-1227.
doi: 10.1016/j.mehy.2006.09.064. [PubMed] [CrossRef] [Google Scholar]

24. Efrati S., Ben-Jacob E. Reflections on the neurotherapeutic effects of hyperbaric
oxygen. Expert Rev. Neurother. 2014;14:233-236.
doi: 10.1586/14737175.2014.884928. [PubMed] [CrossRef] [Google Scholar]

25. Hadanny A., Golan H., Fishlev G., Bechor Y., Volkov O., Suzin G., Ben-Jacob E,,
Efrati S. Hyperbaric oxygen can induce neuroplasticity and improve cognitive
functions of patients suffering from anoxic brain damage. Restor. Neurol.
Neurosci. 2015;33:471-486. doi: 10.3233/RNN-150517. [PMC free

article] [PubMed] [CrossRef] [Google Scholar]

26.Tal S., Hadanny A., Sasson E., Suzin G., Efrati S. Hyperbaric Oxygen Therapy Can
Induce Angiogenesis and Regeneration of Nerve Fibers in Traumatic Brain Injury
Patients. Front. Hum. Neurosci. 2017;11:508. doi: 10.3389 /fnhum.2017.00508. [PMC
free article] [PubMed] [CrossRef] [Google Scholar]

27. Fischer 1., Barak B. Molecular and Therapeutic Aspects of Hyperbaric Oxygen
Therapy in Neurological Conditions. Biomolecules. 2020;10:1247.

doi: 10.3390/biom10091247. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

28. Hadanny A, Efrati S. The Hyperoxic-Hypoxic
Paradox. Biomolecules. 2020;10:958. doi: 10.3390/biom10060958. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

29. Glnther A., Kiippers-Tiedt L., Schneider P.-M., Kunert I., BerrouschotJ.,
Schneider D., Rossner S. Reduced infarct volume and differential effects on glial cell
activation after hyperbaric oxygen treatment in rat permanent focal cerebral
ischaemia. Eur. J. Neurosci. 2005;21:3189-3194. doi: 10.1111/j.1460-
9568.2005.04151.x. [PubMed] [CrossRef] [Google Scholar]

30. Rossignol D., Rossignol L.W., Smith S., Schneider C., Logerquist S., Usman A.,
Neubrander J., Madren E.M,, Hintz G., Grushkin B,, et al. Hyperbaric treatment for
children with autism: A multicenter, randomized, double-blind, controlled trial. BMC
Pediatr. 2009;9:21. doi: 10.1186/1471-2431-9-21. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

31. Rossignol D.A., Rossignol L.W., James S.]., Melnyk S., Mumper E. The effects of
hyperbaric oxygen therapy on oxidative stress, inflammation, and symptoms in


https://pubmed.ncbi.nlm.nih.gov/11819054
https://doi.org/10.1007%2Fs00247-001-0570-x
https://scholar.google.com/scholar_lookup?journal=Pediatr.+Radiol.&title=Functional+neuroimaging+and+childhood+autism&author=N.+Boddaert&author=M.+Zilbovicius&volume=32&publication_year=2001&pages=1-7&pmid=11819054&doi=10.1007/s00247-001-0570-x&
https://pubmed.ncbi.nlm.nih.gov/17141962
https://doi.org/10.1016%2Fj.mehy.2006.09.064
https://scholar.google.com/scholar_lookup?journal=Med.+Hypotheses&title=Hyperbaric+oxygen+therapy+might+improve+certain+pathophysiological+findings+in+autism&author=D.A.+Rossignol&volume=68&publication_year=2007&pages=1208-1227&pmid=17141962&doi=10.1016/j.mehy.2006.09.064&
https://pubmed.ncbi.nlm.nih.gov/24471697
https://doi.org/10.1586%2F14737175.2014.884928
https://scholar.google.com/scholar_lookup?journal=Expert+Rev.+Neurother.&title=Reflections+on+the+neurotherapeutic+effects+of+hyperbaric+oxygen&author=S.+Efrati&author=E.+Ben-Jacob&volume=14&publication_year=2014&pages=233-236&pmid=24471697&doi=10.1586/14737175.2014.884928&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4923708/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4923708/
https://pubmed.ncbi.nlm.nih.gov/26409406
https://doi.org/10.3233%2FRNN-150517
https://scholar.google.com/scholar_lookup?journal=Restor.+Neurol.+Neurosci.&title=Hyperbaric+oxygen+can+induce+neuroplasticity+and+improve+cognitive+functions+of+patients+suffering+from+anoxic+brain+damage&author=A.+Hadanny&author=H.+Golan&author=G.+Fishlev&author=Y.+Bechor&author=O.+Volkov&volume=33&publication_year=2015&pages=471-486&pmid=26409406&doi=10.3233/RNN-150517&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5654341/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5654341/
https://pubmed.ncbi.nlm.nih.gov/29097988
https://doi.org/10.3389%2Ffnhum.2017.00508
https://scholar.google.com/scholar_lookup?journal=Front.+Hum.+Neurosci.&title=Hyperbaric+Oxygen+Therapy+Can+Induce+Angiogenesis+and+Regeneration+of+Nerve+Fibers+in+Traumatic+Brain+Injury+Patients&author=S.+Tal&author=A.+Hadanny&author=E.+Sasson&author=G.+Suzin&author=S.+Efrati&volume=11&publication_year=2017&pages=508&pmid=29097988&doi=10.3389/fnhum.2017.00508&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7564723/
https://pubmed.ncbi.nlm.nih.gov/32867291
https://doi.org/10.3390%2Fbiom10091247
https://scholar.google.com/scholar_lookup?journal=Biomolecules&title=Molecular+and+Therapeutic+Aspects+of+Hyperbaric+Oxygen+Therapy+in+Neurological+Conditions&author=I.+Fischer&author=B.+Barak&volume=10&publication_year=2020&pages=1247&doi=10.3390/biom10091247&
https://scholar.google.com/scholar_lookup?journal=Biomolecules&title=Molecular+and+Therapeutic+Aspects+of+Hyperbaric+Oxygen+Therapy+in+Neurological+Conditions&author=I.+Fischer&author=B.+Barak&volume=10&publication_year=2020&pages=1247&doi=10.3390/biom10091247&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7355982/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7355982/
https://pubmed.ncbi.nlm.nih.gov/32630465
https://doi.org/10.3390%2Fbiom10060958
https://scholar.google.com/scholar_lookup?journal=Biomolecules&title=The+Hyperoxic-Hypoxic+Paradox&author=A.+Hadanny&author=S.+Efrati&volume=10&publication_year=2020&pages=958&doi=10.3390/biom10060958&
https://pubmed.ncbi.nlm.nih.gov/15978027
https://doi.org/10.1111%2Fj.1460-9568.2005.04151.x
https://scholar.google.com/scholar_lookup?journal=Eur.+J.+Neurosci.&title=Reduced+infarct+volume+and+differential+effects+on+glial+cell+activation+after+hyperbaric+oxygen+treatment+in+rat+permanent+focal+cerebral+ischaemia&author=A.+G%C3%BCnther&author=L.+K%C3%BCppers-Tiedt&author=P.-M.+Schneider&author=I.+Kunert&author=J.+Berrouschot&volume=21&publication_year=2005&pages=3189-3194&pmid=15978027&doi=10.1111/j.1460-9568.2005.04151.x&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2662857/
https://pubmed.ncbi.nlm.nih.gov/19284641
https://doi.org/10.1186%2F1471-2431-9-21
https://scholar.google.com/scholar_lookup?journal=BMC+Pediatr.&title=Hyperbaric+treatment+for+children+with+autism:+A+multicenter,+randomized,+double-blind,+controlled+trial&author=D.+Rossignol&author=L.W.+Rossignol&author=S.+Smith&author=C.+Schneider&author=S.+Logerquist&volume=9&publication_year=2009&pages=21&pmid=19284641&doi=10.1186/1471-2431-9-21&

children with autism: An open-label pilot study. BMC Pediatr. 2007;7:36.
doi: 10.1186/1471-2431-7-36. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

32. Granpeesheh D., Tarbox ]., Dixon D.R., Wilke A.E., Allen M.S., Bradstreet J.J.
Randomized trial of hyperbaric oxygen therapy for children with autism. Res. Autism
Spectr. Disord. 2010;4:268-275. doi: 10.1016/j.rasd.2009.09.014. [CrossRef] [Google
Scholar]

33. Jepson B., Granpeesheh D., Tarbox J., Olive M.L., Stott C., Braud S., Yoo J.H.,
Wakefield A., Allen M.S. Controlled Evaluation of the Effects of Hyperbaric Oxygen
Therapy on the Behavior of 16 Children with Autism Spectrum Disorders. J. Autism
Dev. Disord. 2011;41:575-588. doi: 10.1007/s10803-010-1075-y. [PubMed]
[CrossRef] [Google Scholar]

34. Sampanthavivat M., Singkhwa W., Chaiyakul T., Karoonyawanich S., Ajpru H.
Hyperbaric oxygen in the treatment of childhood autism: A randomised controlled
trial. Diving Hyperb. Med. J. 2012;42:128-133. [PubMed] [Google Scholar]

35. El-Baz F., Elhossiny R.M., Azeem Y.A., Girgis M. Study the effect of hyperbaric
oxygen therapy in Egyptian autistic children: A clinical trial. Egypt. J. Med. Hum.
Genet. 2014;15:155-162. doi: 10.1016/j.ejmhg.2014.01.004. [CrossRef] [Google
Scholar]

36. Chungpaibulpatana J., Sumpatanarax T., Thadakul N., Chantharatreerat C,,
Konkaew M., Aroonlimsawas M. Hyperbaric oxygen therapy in Thai autistic
children. Med. J. Med. Assoc. Thail 2008;91:1232. [PubMed] [Google Scholar]

37.Bent S., Bertoglio K., Ashwood P., Nemeth E., Hendren R.L. Brief Report:
Hyperbaric Oxygen Therapy (HBOT) in Children with Autism Spectrum Disorder: A
Clinical Trial. J. Autism Dev. Disord. 2012;42:1127-1132. doi: 10.1007/s10803-011-
1337-3. [PubMed] [CrossRef] [Google Scholar]

38.Kolevzon A, Bush L., Wang A.T., Halpern D., Frank Y., Grodberg D., Rapaport R,
Tavassoli T., Chaplin W., Soorya L., et al. A pilot controlled trial of insulin-like growth
factor-1 in children with Phelan-McDermid syndrome. Mol. Autism. 2014;5:54.

doi: 10.1186/2040-2392-5-54. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

39.Xie RJ., Li T.X, Sun C., Cheng C., Zhao J., Xu H,, Liu Y. A case report of Phelan-
McDermid syndrome: Preliminary results of the treatment with growth hormone
therapy. Ital. J. Pediatrics. 2021;47:49. doi: 10.1186/s13052-021-01003-w. [PMC
free article] [PubMed] [CrossRef] [Google Scholar]

40. Manning E.E., van den Buuse M. Altered social cognition in male BDNF
heterozygous mice and following chronic methamphetamine exposure. Behav. Brain


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2244616/
https://pubmed.ncbi.nlm.nih.gov/18005455
https://doi.org/10.1186%2F1471-2431-7-36
https://scholar.google.com/scholar_lookup?journal=BMC+Pediatr.&title=The+effects+of+hyperbaric+oxygen+therapy+on+oxidative+stress,+inflammation,+and+symptoms+in+children+with+autism:+An+open-label+pilot+study&author=D.A.+Rossignol&author=L.W.+Rossignol&author=S.J.+James&author=S.+Melnyk&author=E.+Mumper&volume=7&publication_year=2007&pages=36&pmid=18005455&doi=10.1186/1471-2431-7-36&
https://scholar.google.com/scholar_lookup?journal=BMC+Pediatr.&title=The+effects+of+hyperbaric+oxygen+therapy+on+oxidative+stress,+inflammation,+and+symptoms+in+children+with+autism:+An+open-label+pilot+study&author=D.A.+Rossignol&author=L.W.+Rossignol&author=S.J.+James&author=S.+Melnyk&author=E.+Mumper&volume=7&publication_year=2007&pages=36&pmid=18005455&doi=10.1186/1471-2431-7-36&
https://doi.org/10.1016%2Fj.rasd.2009.09.014
https://scholar.google.com/scholar_lookup?journal=Res.+Autism+Spectr.+Disord.&title=Randomized+trial+of+hyperbaric+oxygen+therapy+for+children+with+autism&author=D.+Granpeesheh&author=J.+Tarbox&author=D.R.+Dixon&author=A.E.+Wilke&author=M.S.+Allen&volume=4&publication_year=2010&pages=268-275&doi=10.1016/j.rasd.2009.09.014&
https://scholar.google.com/scholar_lookup?journal=Res.+Autism+Spectr.+Disord.&title=Randomized+trial+of+hyperbaric+oxygen+therapy+for+children+with+autism&author=D.+Granpeesheh&author=J.+Tarbox&author=D.R.+Dixon&author=A.E.+Wilke&author=M.S.+Allen&volume=4&publication_year=2010&pages=268-275&doi=10.1016/j.rasd.2009.09.014&
https://pubmed.ncbi.nlm.nih.gov/20680427
https://doi.org/10.1007%2Fs10803-010-1075-y
https://scholar.google.com/scholar_lookup?journal=J.+Autism+Dev.+Disord.&title=Controlled+Evaluation+of+the+Effects+of+Hyperbaric+Oxygen+Therapy+on+the+Behavior+of+16+Children+with+Autism+Spectrum+Disorders&author=B.+Jepson&author=D.+Granpeesheh&author=J.+Tarbox&author=M.L.+Olive&author=C.+Stott&volume=41&publication_year=2011&pages=575-588&pmid=20680427&doi=10.1007/s10803-010-1075-y&
https://pubmed.ncbi.nlm.nih.gov/22987458
https://scholar.google.com/scholar_lookup?journal=Diving+Hyperb.+Med.+J.&title=Hyperbaric+oxygen+in+the+treatment+of+childhood+autism:+A+randomised+controlled+trial&author=M.+Sampanthavivat&author=W.+Singkhwa&author=T.+Chaiyakul&author=S.+Karoonyawanich&author=H.+Ajpru&volume=42&publication_year=2012&pages=128-133&
https://doi.org/10.1016%2Fj.ejmhg.2014.01.004
https://scholar.google.com/scholar_lookup?journal=Egypt.+J.+Med.+Hum.+Genet.&title=Study+the+effect+of+hyperbaric+oxygen+therapy+in+Egyptian+autistic+children:+A+clinical+trial&author=F.+El-Baz&author=R.M.+Elhossiny&author=Y.A.+Azeem&author=M.+Girgis&volume=15&publication_year=2014&pages=155-162&doi=10.1016/j.ejmhg.2014.01.004&
https://scholar.google.com/scholar_lookup?journal=Egypt.+J.+Med.+Hum.+Genet.&title=Study+the+effect+of+hyperbaric+oxygen+therapy+in+Egyptian+autistic+children:+A+clinical+trial&author=F.+El-Baz&author=R.M.+Elhossiny&author=Y.A.+Azeem&author=M.+Girgis&volume=15&publication_year=2014&pages=155-162&doi=10.1016/j.ejmhg.2014.01.004&
https://pubmed.ncbi.nlm.nih.gov/18788696
https://scholar.google.com/scholar_lookup?journal=Med.+J.+Med.+Assoc.+Thail.&title=Hyperbaric+oxygen+therapy+in+Thai+autistic+children&author=J.+Chungpaibulpatana&author=T.+Sumpatanarax&author=N.+Thadakul&author=C.+Chantharatreerat&author=M.+Konkaew&volume=91&publication_year=2008&pages=1232&
https://pubmed.ncbi.nlm.nih.gov/21818676
https://doi.org/10.1007%2Fs10803-011-1337-3
https://scholar.google.com/scholar_lookup?journal=J.+Autism+Dev.+Disord.&title=Brief+Report:+Hyperbaric+Oxygen+Therapy+(HBOT)+in+Children+with+Autism+Spectrum+Disorder:+A+Clinical+Trial&author=S.+Bent&author=K.+Bertoglio&author=P.+Ashwood&author=E.+Nemeth&author=R.L.+Hendren&volume=42&publication_year=2012&pages=1127-1132&pmid=21818676&doi=10.1007/s10803-011-1337-3&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4326443/
https://pubmed.ncbi.nlm.nih.gov/25685306
https://doi.org/10.1186%2F2040-2392-5-54
https://scholar.google.com/scholar_lookup?journal=Mol.+Autism&title=A+pilot+controlled+trial+of+insulin-like+growth+factor-1+in+children+with+Phelan-McDermid+syndrome&author=A.+Kolevzon&author=L.+Bush&author=A.T.+Wang&author=D.+Halpern&author=Y.+Frank&volume=5&publication_year=2014&pages=54&pmid=25685306&doi=10.1186/2040-2392-5-54&
https://scholar.google.com/scholar_lookup?journal=Mol.+Autism&title=A+pilot+controlled+trial+of+insulin-like+growth+factor-1+in+children+with+Phelan-McDermid+syndrome&author=A.+Kolevzon&author=L.+Bush&author=A.T.+Wang&author=D.+Halpern&author=Y.+Frank&volume=5&publication_year=2014&pages=54&pmid=25685306&doi=10.1186/2040-2392-5-54&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7934562/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7934562/
https://pubmed.ncbi.nlm.nih.gov/33663540
https://doi.org/10.1186%2Fs13052-021-01003-w
https://scholar.google.com/scholar_lookup?journal=Ital.+J.+Pediatrics&title=A+case+report+of+Phelan-McDermid+syndrome:+Preliminary+results+of+the+treatment+with+growth+hormone+therapy&author=R.J.+Xie&author=T.X.+Li&author=C.+Sun&author=C.+Cheng&author=J.+Zhao&volume=47&publication_year=2021&pages=49&doi=10.1186/s13052-021-01003-w&

Res. 2016;305:181-185.doi: 10.1016/j.bbr.2016.03.014. [PubMed]
[CrossRef] [Google Scholar]

41. Schottlender N., Gottfried 1., Ashery U. Hyperbaric Oxygen Treatment: Effects on
Mitochondrial Function and Oxidative Stress. Biomolecules. 2021;11:1827.

doi: 10.3390/biom11121827. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

42. Li X, Chauhan A, Sheikh A.M,, Patil S., Chauhan V., Li X.-M,, Ji L., Brown T., Malik
M. Elevated immune response in the brain of autistic patients. J.

Neuroimmunol. 2009;207:111-116. doi: 10.1016/j.jneuroim.2008.12.002. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

43.Vargas D.L., Nascimbene C., Krishnan C., Zimmerman A.W., Pardo C.A. Neuroglial
activation and neuroinflammation in the brain of patients with autism. Ann.

Neurol. 2004;57:67-81. doi: 10.1002 /ana.20315. [PubMed] [CrossRef] [Google
Scholar]

44. Carson M.]., Behringer R.R., Brinster R.L., McMorris F. Insulin-like growth factor I
increases brain growth and central nervous system myelination in transgenic

mice. Neuron. 1993;10:729-740. doi: 10.1016/0896-6273(93)90173-0. [PubMed]
[CrossRef] [Google Scholar]

45. Fernandez A.M., Torres-Aleman I. The many faces of insulin-like peptide
signalling in the brain. Nat. Rev. Neurosci. 2012;13:225-239.
doi: 10.1038/nrn3209. [PubMed] [CrossRef] [Google Scholar]

46. Costales |., Kolevzon A. The therapeutic potential of insulin-like growth factor-1
in central nervous system disorders. Neurosci. Biobehav. Rev. 2016;63:207-222.
doi: 10.1016/j.neubiorev.2016.01.001. [PMC free article] [PubMed]

[CrossRef] [Google Scholar]

47. Corvin A.P., Molinos L., Little G., Donohoe G., Gill M., Morris D.W., Tropea D.
Insulin-like growth factor 1 (IGF1) and its active peptide (1-3)IGF1 enhance the
expression of synaptic markers in neuronal circuits through different cellular
mechanisms. Neurosci. Lett. 2012;520:51-56.

doi: 10.1016/j.neulet.2012.05.029. [PubMed] [CrossRef] [Google Scholar]

48. Riikonen R., Makkonen I., Vanhala R., Turpeinen U., Kuikka J., Kokki H.
Cerebrospinal fluid insulin-like growth factors IGF-1 and IGF-2 in infantile
autism. Dev. Med. Child Neurol. 2006;48:751-755.

doi: 10.1017/S0012162206001605. [PubMed] [CrossRef] [Google Scholar]

49.Vanhala R,, Turpeinen U., Riikonen R. Low levels of insulin-like growth factor-I in
cerebrospinal fluid in children with autism. Dev. Med. Child Neurol. 2001;43:614-
616.doi: 10.1017/S0012162201001116. [PubMed] [CrossRef] [Google Scholar]



https://pubmed.ncbi.nlm.nih.gov/26965573
https://doi.org/10.1016%2Fj.bbr.2016.03.014
https://scholar.google.com/scholar_lookup?journal=Behav.+Brain+Res.&title=Altered+social+cognition+in+male+BDNF+heterozygous+mice+and+following+chronic+methamphetamine+exposure&author=E.E.+Manning&author=M.+van+den+Buuse&volume=305&publication_year=2016&pages=181-185&pmid=26965573&doi=10.1016/j.bbr.2016.03.014&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8699286/
https://pubmed.ncbi.nlm.nih.gov/34944468
https://doi.org/10.3390%2Fbiom11121827
https://scholar.google.com/scholar_lookup?journal=Biomolecules&title=Hyperbaric+Oxygen+Treatment:+Effects+on+Mitochondrial+Function+and+Oxidative+Stress&author=N.+Schottlender&author=I.+Gottfried&author=U.+Ashery&volume=11&publication_year=2021&pages=1827&pmid=34944468&doi=10.3390/biom11121827&
https://scholar.google.com/scholar_lookup?journal=Biomolecules&title=Hyperbaric+Oxygen+Treatment:+Effects+on+Mitochondrial+Function+and+Oxidative+Stress&author=N.+Schottlender&author=I.+Gottfried&author=U.+Ashery&volume=11&publication_year=2021&pages=1827&pmid=34944468&doi=10.3390/biom11121827&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2770268/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2770268/
https://pubmed.ncbi.nlm.nih.gov/19157572
https://doi.org/10.1016%2Fj.jneuroim.2008.12.002
https://scholar.google.com/scholar_lookup?journal=J.+Neuroimmunol.&title=Elevated+immune+response+in+the+brain+of+autistic+patients&author=X.+Li&author=A.+Chauhan&author=A.M.+Sheikh&author=S.+Patil&author=V.+Chauhan&volume=207&publication_year=2009&pages=111-116&pmid=19157572&doi=10.1016/j.jneuroim.2008.12.002&
https://pubmed.ncbi.nlm.nih.gov/15546155
https://doi.org/10.1002%2Fana.20315
https://scholar.google.com/scholar_lookup?journal=Ann.+Neurol.&title=Neuroglial+activation+and+neuroinflammation+in+the+brain+of+patients+with+autism&author=D.L.+Vargas&author=C.+Nascimbene&author=C.+Krishnan&author=A.W.+Zimmerman&author=C.A.+Pardo&volume=57&publication_year=2004&pages=67-81&pmid=15546155&doi=10.1002/ana.20315&
https://scholar.google.com/scholar_lookup?journal=Ann.+Neurol.&title=Neuroglial+activation+and+neuroinflammation+in+the+brain+of+patients+with+autism&author=D.L.+Vargas&author=C.+Nascimbene&author=C.+Krishnan&author=A.W.+Zimmerman&author=C.A.+Pardo&volume=57&publication_year=2004&pages=67-81&pmid=15546155&doi=10.1002/ana.20315&
https://pubmed.ncbi.nlm.nih.gov/8386530
https://doi.org/10.1016%2F0896-6273(93)90173-O
https://scholar.google.com/scholar_lookup?journal=Neuron&title=Insulin-like+growth+factor+I+increases+brain+growth+and+central+nervous+system+myelination+in+transgenic+mice&author=M.J.+Carson&author=R.R.+Behringer&author=R.L.+Brinster&author=F.+McMorris&volume=10&publication_year=1993&pages=729-740&pmid=8386530&doi=10.1016/0896-6273(93)90173-O&
https://pubmed.ncbi.nlm.nih.gov/22430016
https://doi.org/10.1038%2Fnrn3209
https://scholar.google.com/scholar_lookup?journal=Nat.+Rev.+Neurosci.&title=The+many+faces+of+insulin-like+peptide+signalling+in+the+brain&author=A.M.+Fernandez&author=I.+Torres-Alem%C3%A1n&volume=13&publication_year=2012&pages=225-239&pmid=22430016&doi=10.1038/nrn3209&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4790729/
https://pubmed.ncbi.nlm.nih.gov/26780584
https://doi.org/10.1016%2Fj.neubiorev.2016.01.001
https://scholar.google.com/scholar_lookup?journal=Neurosci.+Biobehav.+Rev.&title=The+therapeutic+potential+of+insulin-like+growth+factor-1+in+central+nervous+system+disorders&author=J.+Costales&author=A.+Kolevzon&volume=63&publication_year=2016&pages=207-222&pmid=26780584&doi=10.1016/j.neubiorev.2016.01.001&
https://pubmed.ncbi.nlm.nih.gov/22609570
https://doi.org/10.1016%2Fj.neulet.2012.05.029
https://scholar.google.com/scholar_lookup?journal=Neurosci.+Lett.&title=Insulin-like+growth+factor+1+(IGF1)+and+its+active+peptide+(1%E2%80%933)IGF1+enhance+the+expression+of+synaptic+markers+in+neuronal+circuits+through+different+cellular+mechanisms&author=A.P.+Corvin&author=I.+Molinos&author=G.+Little&author=G.+Donohoe&author=M.+Gill&volume=520&publication_year=2012&pages=51-56&pmid=22609570&doi=10.1016/j.neulet.2012.05.029&
https://pubmed.ncbi.nlm.nih.gov/16904022
https://doi.org/10.1017%2FS0012162206001605
https://scholar.google.com/scholar_lookup?journal=Dev.+Med.+Child+Neurol.&title=Cerebrospinal+fluid+insulin-like+growth+factors+IGF-1+and+IGF-2+in+infantile+autism&author=R.+Riikonen&author=I.+Makkonen&author=R.+Vanhala&author=U.+Turpeinen&author=J.+Kuikka&volume=48&publication_year=2006&pages=751-755&pmid=16904022&doi=10.1017/S0012162206001605&
https://pubmed.ncbi.nlm.nih.gov/11570630
https://doi.org/10.1017%2FS0012162201001116
https://scholar.google.com/scholar_lookup?journal=Dev.+Med.+Child+Neurol.&title=Low+levels+of+insulin-like+growth+factor-I+in+cerebrospinal+fluid+in+children+with+autism&author=R.+Vanhala&author=U.+Turpeinen&author=R.+Riikonen&volume=43&publication_year=2001&pages=614-616&pmid=11570630&doi=10.1017/S0012162201001116&

50. Shcheglovitov A., Shcheglovitova O., Yazawa M., Portmann T., Shu R., Sebastiano
V., Krawisz A., Froehlich W,, Bernstein J.A., Hallmayer J.F., et al. SHANK3 and IGF1
restore synaptic deficits in neurons from 22q13 deletion syndrome

patients. Nature. 2013;503:267-271. doi: 10.1038/nature12618. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

51. Bozdagi O., Tavassoli T., Buxbaum ].D. Insulin-like growth factor-1 rescues
synaptic and motor deficits in a mouse model of autism and developmental
delay. Mol. Autism. 2013;4:9. doi: 10.1186/2040-2392-4-9. [PMC free

article] [PubMed] [CrossRef] [Google Scholar]

52. Sztainberg Y., Zoghbi H. Lessons learned from studying syndromic autism
spectrum disorders. Nat. Neurosci. 2016;19:1408-1417.
doi: 10.1038/nn.4420. [PubMed] [CrossRef] [Google Scholar]

53.Vahdatpour C., Dyer A.H., Tropea D. Insulin-Like Growth Factor 1 and Related
Compounds in the Treatment of Childhood-Onset Neurodevelopmental

Disorders. Front. Neurosci. 2016;10:450. doi: 10.3389 /fnins.2016.00450. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

54. Riikonen R. Treatment of autistic spectrum disorder with insulin-like growth
factors. Eur. J. Paediatr. Neurol. 2016;20:816-823.
doi: 10.1016/j.ejpn.2016.08.005. [PubMed] [CrossRef] [Google Scholar]

55. Bake S., Selvamani A., Cherry J., Sohrabiji F. Blood Brain Barrier and
Neuroinflammation Are Critical Targets of IGF-1-Mediated Neuroprotection in
Stroke for Middle-Aged Female Rats. PLoS ONE. 2014;9:e91427.

doi: 10.1371/journal.pone.0091427. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

56. WanY., Gao W,, Zhou K, Liu X,, Jiang W., Xue R.,, Wu W. Role of IGF-1 in
neuroinflammation and cognition deficits induced by sleep deprivation. Neurosci.
Lett. 2022;776:136575. doi: 10.1016/j.neulet.2022.136575. [PubMed]
[CrossRef] [Google Scholar]

57. Shandilya A., Mehan S. Dysregulation of IGF-1/GLP-1 signaling in the
progression of ALS: Potential target activators and influences on neurological
dysfunctions. Neurol. Sci. 2021;42:3145-3166. doi: 10.1007/s10072-021-05328-

6. [PubMed] [CrossRef] [Google Scholar]

58. Herrera M.L., Bandin S., Champarini L.G., Herefia C.B., Bellini M.]. Intramuscular
insulin-like growth factor-1 gene therapy modulates reactive microglia after
traumatic brain injury. Brain Res. Bull. 2021;175:196-204.

doi: 10.1016/j.brainresbull.2021.07.023. [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5559273/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5559273/
https://pubmed.ncbi.nlm.nih.gov/24132240
https://doi.org/10.1038%2Fnature12618
https://scholar.google.com/scholar_lookup?journal=Nature&title=SHANK3+and+IGF1+restore+synaptic+deficits+in+neurons+from+22q13+deletion+syndrome+patients&author=A.+Shcheglovitov&author=O.+Shcheglovitova&author=M.+Yazawa&author=T.+Portmann&author=R.+Shu&volume=503&publication_year=2013&pages=267-271&pmid=24132240&doi=10.1038/nature12618&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3649942/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3649942/
https://pubmed.ncbi.nlm.nih.gov/23621888
https://doi.org/10.1186%2F2040-2392-4-9
https://scholar.google.com/scholar_lookup?journal=Mol.+Autism&title=Insulin-like+growth+factor-1+rescues+synaptic+and+motor+deficits+in+a+mouse+model+of+autism+and+developmental+delay&author=O.+Bozdagi&author=T.+Tavassoli&author=J.D.+Buxbaum&volume=4&publication_year=2013&pages=9&pmid=23621888&doi=10.1186/2040-2392-4-9&
https://pubmed.ncbi.nlm.nih.gov/27786181
https://doi.org/10.1038%2Fnn.4420
https://scholar.google.com/scholar_lookup?journal=Nat.+Neurosci.&title=Lessons+learned+from+studying+syndromic+autism+spectrum+disorders&author=Y.+Sztainberg&author=H.+Zoghbi&volume=19&publication_year=2016&pages=1408-1417&pmid=27786181&doi=10.1038/nn.4420&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5043261/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5043261/
https://pubmed.ncbi.nlm.nih.gov/27746717
https://doi.org/10.3389%2Ffnins.2016.00450
https://scholar.google.com/scholar_lookup?journal=Front.+Neurosci.&title=Insulin-Like+Growth+Factor+1+and+Related+Compounds+in+the+Treatment+of+Childhood-Onset+Neurodevelopmental+Disorders&author=C.+Vahdatpour&author=A.H.+Dyer&author=D.+Tropea&volume=10&publication_year=2016&pages=450&pmid=27746717&doi=10.3389/fnins.2016.00450&
https://pubmed.ncbi.nlm.nih.gov/27562096
https://doi.org/10.1016%2Fj.ejpn.2016.08.005
https://scholar.google.com/scholar_lookup?journal=Eur.+J.+Paediatr.+Neurol.&title=Treatment+of+autistic+spectrum+disorder+with+insulin-like+growth+factors&author=R.+Riikonen&volume=20&publication_year=2016&pages=816-823&pmid=27562096&doi=10.1016/j.ejpn.2016.08.005&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3949985/
https://pubmed.ncbi.nlm.nih.gov/24618563
https://doi.org/10.1371%2Fjournal.pone.0091427
https://scholar.google.com/scholar_lookup?journal=PLoS+ONE&title=Blood+Brain+Barrier+and+Neuroinflammation+Are+Critical+Targets+of+IGF-1-Mediated+Neuroprotection+in+Stroke+for+Middle-Aged+Female+Rats&author=S.+Bake&author=A.+Selvamani&author=J.+Cherry&author=F.+Sohrabji&volume=9&publication_year=2014&pages=e91427&pmid=24618563&doi=10.1371/journal.pone.0091427&
https://scholar.google.com/scholar_lookup?journal=PLoS+ONE&title=Blood+Brain+Barrier+and+Neuroinflammation+Are+Critical+Targets+of+IGF-1-Mediated+Neuroprotection+in+Stroke+for+Middle-Aged+Female+Rats&author=S.+Bake&author=A.+Selvamani&author=J.+Cherry&author=F.+Sohrabji&volume=9&publication_year=2014&pages=e91427&pmid=24618563&doi=10.1371/journal.pone.0091427&
https://pubmed.ncbi.nlm.nih.gov/35276231
https://doi.org/10.1016%2Fj.neulet.2022.136575
https://scholar.google.com/scholar_lookup?journal=Neurosci.+Lett.&title=Role+of+IGF-1+in+neuroinflammation+and+cognition+deficits+induced+by+sleep+deprivation&author=Y.+Wan&author=W.+Gao&author=K.+Zhou&author=X.+Liu&author=W.+Jiang&volume=776&publication_year=2022&pages=136575&pmid=35276231&doi=10.1016/j.neulet.2022.136575&
https://pubmed.ncbi.nlm.nih.gov/34018075
https://doi.org/10.1007%2Fs10072-021-05328-6
https://scholar.google.com/scholar_lookup?journal=Neurol.+Sci.&title=Dysregulation+of+IGF-1/GLP-1+signaling+in+the+progression+of+ALS:+Potential+target+activators+and+influences+on+neurological+dysfunctions&author=A.+Shandilya&author=S.+Mehan&volume=42&publication_year=2021&pages=3145-3166&pmid=34018075&doi=10.1007/s10072-021-05328-6&
https://pubmed.ncbi.nlm.nih.gov/34339780
https://doi.org/10.1016%2Fj.brainresbull.2021.07.023
https://scholar.google.com/scholar_lookup?journal=Brain+Res.+Bull.&title=Intramuscular+insulin-like+growth+factor-1+gene+therapy+modulates+reactive+microglia+after+traumatic+brain+injury&author=M.L.+Herrera&author=S.+Band%C3%ADn&author=L.G.+Champarini&author=C.B.+Here%C3%B1%C3%BA&author=M.J.+Bellini&volume=175&publication_year=2021&pages=196-204&pmid=34339780&doi=10.1016/j.brainresbull.2021.07.023&

59. Tien L.-T., Lee Y.-]., Pang Y., Lu S., Lee ].W.,, Tseng C.-H., Bhatt A.]., Savich R.D., Fan
L.-W. Neuroprotective Effects of Intranasal IGF-1 against Neonatal
Lipopolysaccharide-Induced Neurobehavioral Deficits and Neuronal Inflammation
in the Substantia Nigra and Locus Coeruleus of Juvenile Rats. Dev.

Neurosci. 2017;39:443-459. doi: 10.1159/000477898. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

60. Serhan A., Aerts ].L., Boddeke E.W., Kooijman R. Neuroprotection by Insulin-like
Growth Factor-1 in Rats with Ischemic Stroke is Associated with Microglial Changes
and a Reduction in Neuroinflammation. Neuroscience. 2020;426:101-114.

doi: 10.1016/j.neuroscience.2019.11.035. [PubMed] [CrossRef] [Google Scholar]

61. Schmittgen T.D., Livak K.J. Analyzing real-time PCR data by the
comparative Cr method. Nat. Protoc. 2008;3:1101-1108.
doi: 10.1038/nprot.2008.73. [PubMed] [CrossRef] [Google Scholar]

Articles from International Journal of Molecular Sciences are provided here courtesy
of Multidisciplinary Digital Publishing Institute (MDPI)


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5799046/
https://pubmed.ncbi.nlm.nih.gov/28787734
https://doi.org/10.1159%2F000477898
https://scholar.google.com/scholar_lookup?journal=Dev.+Neurosci.&title=Neuroprotective+Effects+of+Intranasal+IGF-1+against+Neonatal+Lipopolysaccharide-Induced+Neurobehavioral+Deficits+and+Neuronal+Inflammation+in+the+Substantia+Nigra+and+Locus+Coeruleus+of+Juvenile+Rats&author=L.-T.+Tien&author=Y.-J.+Lee&author=Y.+Pang&author=S.+Lu&author=J.W.+Lee&volume=39&publication_year=2017&pages=443-459&pmid=28787734&doi=10.1159/000477898&
https://pubmed.ncbi.nlm.nih.gov/31846748
https://doi.org/10.1016%2Fj.neuroscience.2019.11.035
https://scholar.google.com/scholar_lookup?journal=Neuroscience&title=Neuroprotection+by+Insulin-like+Growth+Factor-1+in+Rats+with+Ischemic+Stroke+is+Associated+with+Microglial+Changes+and+a+Reduction+in+Neuroinflammation&author=A.+Serhan&author=J.L.+Aerts&author=E.W.+Boddeke&author=R.+Kooijman&volume=426&publication_year=2020&pages=101-114&pmid=31846748&doi=10.1016/j.neuroscience.2019.11.035&
https://pubmed.ncbi.nlm.nih.gov/18546601
https://doi.org/10.1038%2Fnprot.2008.73
https://scholar.google.com/scholar_lookup?journal=Nat.+Protoc.&title=Analyzing+real-time+PCR+data+by+the+comparative+CT+method&author=T.D.+Schmittgen&author=K.J.+Livak&volume=3&publication_year=2008&pages=1101-1108&pmid=18546601&doi=10.1038/nprot.2008.73&

