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ABSTRACT

Encephalopathy of prematurity (EOP) is a complex form of cerebral injury that occurs in the
setting of hypoxia-ischemia (HI) in premature infants. Using a rat model of EOP, we
investigated whether neonatal HI of the brain may alter the expression of cystathionine
b-synthase (CBS) and the components of the mammalian target of rapamycin (mTOR)
signaling. We performed unilateral carotid ligation and induced HI (UCL/HI) in Long-Evans
rats at P6 and found increased CBS expression in white matter (i.e. corpus callosum, cingulum
bundle and external capsule) as early as 24 h (P7) postprocedure. CBS remained elevated
through P21, and, to a lesser extent, at P40. The mTOR downstream target 70 kDa ribosomal
protein S6 kinase (p70S6K and phospho-p70S6K) and 40S ribosomal protein S6 (S6 and
phospho-S6) were also overexpressed at the same time points in the UCL/HI rats compared to
healthy controls. Overexpression of mTOR components was not observed in rats treated with
the mTOR inhibitor everolimus. Behavioral assays performed on young rats (postnatal day
35–37) following UCL/HI at P6 indicated impaired preference for social novelty, a behavior
relevant to autism spectrum disorder, and hyperactivity. Everolimus restored behavioral
patterns to those observed in healthy controls. A gait analysis has shown that motor deficits in
the hind paws of UCL/HI rats were also significantly reduced by everolimus. Our results
suggest that neonatal HI brain injury may inflict long-term damage by upregulation of CBS
and mTOR signaling. We propose this cascade as a possible new molecular target for EOP—a
still untreatable cause of autism, hyperactivity and cerebral palsy.

INTRODUCTION

Encephalopathy of prematurity (EOP) is a form of brain injury
caused by either primary or secondary hypoxia-ischemia (HI) that
occurs during the premature or complicated delivery (30). EOP has
enormous healthcare implications as annually 1.5% of all newborns
in the USA are born with a very low birth-weight (�1500 g) and
25–50% of them subsequently exhibit elements of autism spectrum
disorder (ASD) (8, 30). Cognitive, behavioral, attention, or socializa-
tion deficits and hyperactivity are combined in 5–10% of affected
infants with various degrees of motor deficits and cerebral palsy (7).
Thus, surviving children typically require medical care well into
their adolescence and sometimes for the rest of their lives (30).

While the mechanisms of neonatal HI brain injury are multifac-
torial, several studies have strongly suggested that endogenous
hydrogen sulfide (H2S) acts as a mediator of cerebral ischemic
damage following oxygen deprivation (22, 33). H2S is regarded,
along with nitric oxide and carbon monoxide, as a gaseous neuro-
transmitter and endogenous neuromodulator that plays multiple
roles in the central nervous system under physiological and patho-
logical conditions, especially in secondary neuronal injury (5, 31).
The precursor of H2S, cysteine (Cys), is innocuous under normal
conditions, but causes toxicity in neurons that are deprived of glu-
cose, oxygen, or both (33). Elevated extracellular levels of Cys
have been found in vivo in animals with ischemic brain injury
caused by carotid artery ligation (26). High plasma Cys levels are
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associated with poor clinical outcome in patients with the acute
stroke (33). The increased conversion of Cys to H2S by cystathio-
nine b-synthase (CBS) appears to be an important contributor
(mechanism) to the pathophysiology of HI-induced brain injury.

Animal models of cerebral reperfusion injury have demonstrated
that H2S antagonists ameliorate its associated injury, inflammation
and circulatory shock (19, 27). In addition, a recent report has iden-
tified inhibition of synthesis of H2S as a likely mechanism by
which electro-acupuncture exerts neuroprotective effects in a rat
model of HI brain injury (18). H2S has been shown to act via
cAMP-mediated phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR
signal transduction pathways (25). The mammalian target of the
rapamycin pathway (mTOR), may contribute to the establishment
of synaptic connections in developing neurons, as excessive mTOR
signaling is implicated in abnormal neuronal and glial development
and gross brain malformations (28). Our group has recently demon-
strated that two components of the mTOR signaling cascade, 70
kDa ribosomal protein S6 kinase (p70S6K) and 40S ribosomal pro-
tein S6, are overexpressed in neonatal brain tissue of infants with
EOP during gestational weeks 36–39 (16). The S6 kinase p70S6K
is positioned downstream of PI3K/Akt/mTOR pathway, and is acti-
vated by 3-phosphoinositide-dependant protein kinase 1 and
mTOR (25, 28). In turn, p70S6K activates 40S ribosomal protein
S6, which causes an increased rate of translation of the class of 50

terminal oligopyrimidine mRNA transcripts, thus regulating protein
synthesis (25, 28).

In this study, in order to provide molecular validation of results
seen in premature infants with neonatal HI brain injury (16), we
investigated whether hypoxia-ischemia alters the expression of
CBS and the components of the mTOR signaling pathway in the
rat model of EOP. In particular, we examined manipulation of com-
ponents of the mTOR pathway as a therapeutic strategy in EOP by
blocking the mTOR pathway directly with the small-molecule
inhibitor everolimus (6).

MATERIALS AND METHODS

Animal model of EOP

White matter injury was produced in P6 Long-Evans rat pups by
unilateral carotid artery ligation (UCL) followed by severe hypoxia
(6% O2 for 1 h), as previously described (15). In brief, rats were
anesthetized (isoflurane; 2.5–5% for induction and 1–4% for main-
tenance) and unilaterally the proximal internal carotid artery was
isolated from the sympathetic chain and clamped. Animals were
placed on a thermal blanket for the remainder of the HI procedures
to maintain body temperature between 33 and 348C. After a 1 h
recovery, the rats were placed in a sealed chamber infused with
nitrogen to achieve an O2 level of 6% for 1 h. To examine the cell
specificity of injury and time the course of changes in the expres-
sion of mTOR signaling molecules, rats were sacrificed at 24 h
(P7), 4 days (P10), 8 days (P14), 15 days (P21) or 34 days (P40)
after UCL/HI and compared to healthy normoxic controls or ani-
mals treated with everolimus. Briefly, animals were deeply anesthe-
tized with sodium pentobarbital and transcardially perfused. Brains
were extracted, postfixed overnight in 4% paraformaldehyde and
then cryoprotected in 30% sucrose. For Western blot analyses, rats
were decapitated and brains rapidly removed. Brains were placed

on a precooled dissecting block and white matter consisting of cor-
pus callosum, cingulum bundle and external capsule was rapidly
dissected via micropunch. Histological, immunofluorescence and
Western blot analyses were carried out for CBS, S6 and phospho-
S6, p70S6K and phospho-p70S6K. All procedures were performed
in accordance with the guidelines of the UC Davis Animal Use and
Care Committee.

Treatment regimens and design

Experimental animals were treated with everolimus (also known as
RAD001) solely after severe HI brain injury, thus closely mimick-
ing clinical events in EOP. Everolimus was given by oral gavage at
a dose of 10 mg/kg or vehicle twice per day for 3 or 5 days starting
12 h after UCL/HI.

Histological brain tissue analysis and
immunofluorescent methods

For all experimental rats, stereotaxic coordinates were used as fol-
lows: for P7, P10 and P14, 2.8–3.1 mm from bregma, 2.6–3.0 mm
lateral to midline; for P21 and P40, 3.0–3.4 mm from bregma,
2.4–3.4 mm lateral to midline. Serial 20 lm coronal sections were
cut by cryostat from the anterior extent of the lateral ventricles
through the posterior extent of the dorsal hippocampus. Coronal
sections at the level of the middorsal hippocampus were examined.
Representative sections of parietal cortex and white matter were
stained by hematoxylin and eosin (H&E) and/or immunofluores-
cent labeling, as previously published (12, 15, 16). To avoid experi-
menter bias, two neuropathologists (ML and DZ) performed all
histological and immunofluorescent evaluations in a blinded fash-
ion and agreed on the final scoring.

Antibodies

The following antibodies have been used for immunofluorescence
procedures: (1) an anti-CBS rabbit polyclonal Ab (Cat. No.,
ab96252, 1:200, Abcam, Cambridge, MA); (2) an anti-phospho-S6
ribosomal protein (Ser240/244) rabbit polyclonal antibody (Cat. No.
2215, 1:200, Cell Signaling, Boston, MA); (3) an anti-GFAP
mouse monoclonal antibody (Cat No. 3670S, 1:250, Cell Signal-
ing, Boston, MA); (4) an anti-OLIG2 mouse monoclonal antibody
(MABN50, 1:100, EMD Millipore, Billerica, MA); (5) an anti-
CD68 mouse monoclonal antibody (MCA341GA, 1:400 AbD
Serotec, Raleigh, NC); (6) an anti-NeuN mouse monoclonal anti-
body (MAB377, 1:200, EMD Millipore, Billerica, MA) and anti
CD31 mouse monoclonal antibody (M0823, prediluted, Dako, An
Agilent Technologies, Carpinteria, CA).

Western blot analyses

Microdissected brain tissue (corpus callosum, frontoparietal lobe)
was homogenized (total n 5 6–15/group), sonicated, centrifuged
and proteins quantified using a Bradford protein assay (BioRad,
Berkeley, CA). Thirty micrograms of protein were then equalized
and loaded on a 4–20% Tris-glycine gel. After electrophoresis, pro-
teins were transferred to polyvinylidene difluoride membranes,
blocked, and incubated with the following antibodies: anti-CBS
rabbit polyclonal Ab (Cat. No., ab96252, 1:500, Abcam, Cam-
bridge, MA); mTOR downstream targets anti-p70S6K (Cat. No.
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2708, 1:1000, Cell Signaling, Boston, MA), anti-phospho-
p70S6K(Thr389) (Cat. No. 9234, 1:1000, Cell Signaling, Boston,
MA); anti-S6 (Cat. No. 2217, 1:1000, Cell Signaling, Boston, MA)
and anti-phospho-S6 (Ser240/244) (Cat. No. 2215, 1:1000, Cell Sig-
naling, Boston, MA), as well as an anti-b-actin mouse monoclonal
antibody (A5411, 1:2000, Sigma-Aldrich, St Louis, MO). Blots
were imaged on a GE LAS 4000 Image reader and relative optical
density for each band was quantified using GE ImageQuant Soft-
ware and standardized to actin to correct for equal protein loading
(Piscataway, NJ). Given that the expression of mTOR components
is constitutively higher in a developing brain than in adults, both
control and experimental quantifications were defined as a fold
increase against baseline mTOR expression in healthy adult rat
brains (P65–70, N 5 6) (9, 16).

Rat behavioral and locomotor assays

Behavioral and locomotor assays were performed in a blinded fash-
ion regarding previous treatments in young rats (P35–37) following
weaning from dams at P21. All naive, sham and UCL/HI animals
used for behavioral and locomotor assessments were sacrificed 34
days (P40) post-UCL/HI (P6) and their brains were preserved for
protein expression analyses as described above.

Open field locomotion test

This test evaluates exploratory behavior and anxiety in a noninva-
sive manner. At the beginning of testing, each animal is placed in
the center of the open field and monitored during a 30 min test ses-
sion using the ANY-maze Video Tracking System. Data on dis-
tance traveled and time spent in the center and perimeter are
automatically calculated by the tracking software (5, 23).

Three-chambered social choice test

Social interactions in rats were assessed using the three-chamber
“Social Approach” and “Recognition of Social Novelty” tests
adapted from procedures described for mice by Moy et al (20).
Testing was carried out in a rectangular apparatus made of clear
Plexiglas 34.5 3 100 3 100 cm overall (H 3 W 3 L), divided
into three equal-sized chambers (34.5 3 100 3 33 cm). Circular
Plexiglas cages 13.3 cm diameter and 21 cm high, with clear Plexi-
glas rods spaced 0.5 cm apart, were placed in the two end chambers
and used to restrain stimulus rats. A digital camera and a computer-
ized tracking system were used to track the movement of the rat
through the apparatus, and to calculate percent of time spent in
each of the three chambers (ANY-maze, Stoelting, Wood Dale,
IL). For the social approach test, a same sex unfamiliar stimulus rat
(i.e. stranger rat) was placed under one of the cages while the other
cage remained empty. The test rat was placed into the center cham-
ber and allowed to freely explore the apparatus for 10 min.
Untreated rats typically spend more time in the chamber with the
caged stimulus rat than in the chamber with the empty cage, and
difference is used as an index of sociability. In the preference for
social novelty task, the test rat is removed from the apparatus, and
an unfamiliar stimulus rat is put under the formerly empty cage,
while the now familiar rat is left under its cage. The test rat is
returned to the center chamber and allowed to spend time in the
chamber with the unfamiliar rat or spend time in the chamber with
the earlier, now familiar rat. Untreated rats typically spend more

time in the chamber with the new unfamiliar rat compared to the
familiar rat, and this difference is used as a measure of preference
for social novelty (5, 20).

Automated gait analysis test (CatWalk)

To test the locomotor abilities of rats, we used the Noldus CatWalk
XT system to record rat movements within an enclosed walkway
(29). The floor of the walkway is a glass plate through which green
light is reflected. The pressure of the paw causes scatter of green
light, which is recorded by a digital camera. Rats were allowed to
traverse the walkway in either direction for the minimum of 10
“compliant” runs. Runs were labeled “compliant” if the run com-
plied with duration interval and speed variation (i.e. animal did not
stop along the way or turn around). All runs were captured, how-
ever only “compliant” runs were used for analysis. Rats were tested
four times following the initial six training runs over 3 days (2, 29).

Statistical analysis

One-way ANOVA and two-tailed t-tests were used for multiple
comparisons between different experimental (UCL/HI) and control
groups. Western blot quantifications were analyzed by Mann-
Whitney U test. Statistical significance was defined as P < 0.05.

RESULTS

CBS expression is increased in rat white matter
following neonatal HI brain injury

We have found by Western blot analysis an increased expression of
CBS across white matter regions (i.e. corpus callosum, cingulum
bundle and external capsule) of rats as early as 24 h (P7) following
UCL/HI at P6 (Figure 1) compared to normoxic controls. This
overexpression of CBS further increased in UCL/HI rats relative to
controls through 8 days (P14) and reached its peak by 15 days
(P21) after the HI brain injury. Interestingly, CBS expression
remained elevated at P40 (Figure 1), i.e. 31 days after UCL/HI.
Following this pattern, we have also detected by immunofluores-
cent analysis an increased expression of CBS in astrocytes
(GFAP1) in white matter (corpus callosum, cingulum bundle
and external capsule) of rats at P10 following UCL/HI at P6
(Figure 2A). H&E staining did not reveal focal lesions or other
abnormalities. At the same time, anti-CBS antibodies did not stain
neurons (NEUN1) or resting and activated microglia (CD681),
consistent with expression pattern of CBS restricted to astrocytes in
brain tissue (Figure 2A) (3).

In order to provide some molecular target validation of the
reported proangiogenic effect of H2S under hypoxic stress (17), we
have performed fluorescent double labeling of CBS with endothe-
lial cells (CD311) in intraparenchymal brain blood vessels in white
matter of UCL/HI rats at P10 compared to normoxic controls. The
analysis has confirmed both an elevated expression of CBS in intra-
parenchymal brain blood vessels of UCL/HI rats at P10 relative to
normoxic controls, as well as its colocalization with endothelial
cells (CD311) (Figure 2B).
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Expression of mTOR downstream targets is
increased in rat cortex and white matter
following neonatal HI brain injury

Immunofluorescent analysis for phospho-S6 expression yielded
markedly elevated staining in neurons of rats at P10 following UCL/
HI at P6 compared to normoxic controls (Figure 3). Anti-phospho-S6
antibodies did not stain astrocytes (GFAP1) or oligodendrocytes
(OLIG21) in UCL/HI rats nor normoxic controls (Figure 3). Interest-
ingly, while phospho-S6 did not coexpress on resting and activated
microglia (CD681) in the brain of normoxic rats at P10, such coex-
pression was detected in UCL/HI rats (Figure 3).

These findings were corroborated by Western blot analyses. Spe-
cifically, an increased expression was detected in cortex and white
matter of the mTOR downstream targets—p70S6K and phospho-
p70S6K (Figure 4A) & S6 and phospho-S6 (Figure 4B,C) as early
as 24 h (P7) following UCL/HI at P6 compared to normoxic con-
trols. Overexpression of mTOR components further increased rela-
tive to normoxic controls through P14 and continued to be
overexpressed in HI rats at P21 and P40 (Figure 4) in a pattern sim-
ilar to that seen for CBS expression.

Everolimus inhibits expression of mTOR
components in the rat model of EOP

Separate cohorts of animals (n 5 8) were treated with everolimus
(RAD001) for 3 (P10) and 7 days (P14) after UCL/HI at P6 as
described in Materials and Methods. At both durations of treatment, a
significant inhibition of phospho-S6 expression was observed com-
pared to UCL/HI animals without the treatment (Figure 5), in keeping
with the expected pharmacological effect of everolimus in the brain
(5). At the applied doses and durations of treatment, everolimus was
well tolerated. Individual weight variations between the animals did
not exceed the allowable threshold of 620% (21) in any experimental
group. Likewise, the postsurgery mortality did not differ between
UCL/HI animals regardless of everolimus or vehicle administration.

mTOR blockade by everolimus reverses/
prevents hyperactivity and autism-like behavior
in the rat model of EOP

Locomotor behaviors were examined in young rats (P35–37) exposed
to UCL/HI at P6 and compared to normoxic control rats. Rats

exposed to UCL/HI (n 5 13) exhibited significantly less time spent in
the perimeter of the open field (Figure 6A; P 5 0.03) and significantly
more entrances into the center zone (Figure 6B; P 5 0.03) compared
with normoxic controls treated with vehicle or everolimus (n5 10/
group). Such results indicate hyperactive exploratory behavior and
low anxiety levels in UCL/HI rats. As shown in Figure 6, treatment of
UCL/HI rats with everolimus (n 5 15) has increased time in the field
perimeter (Figure 6A) and decreased time spent in the center zone
(Figure 6B), thus appearing to normalize locomotor behavior.

When the same UCL/HI and normoxic rats, with and without
treatment with everolimus, were tested for sociability in the three-
chamber social approach test, both groups showed a significant
preference for sociability (P< 0.0001), as indicated by greater time
spent with a social stimulus (stranger rat) than a nonsocial object
(empty wire cage) (Figure 6C). In contrast, in the preference for
social novelty test, the preference for interacting with a novel rat
over a familiar rat was significantly reduced (P< 0.0001) in UCL/
HI rats (n 5 13) compared with the normoxic controls (n 5 10;
Figure 6D). Importantly, UCL/HI rats that had been treated with
everolimus (n 5 15) showed a preference for social novelty that did
not differ from normoxic controls (Figure 6D).

mTOR blockade by everolimus (RAD001)
reduces motor deficits in the rat model of EOP

Gait analysis, performed by the CatWalk system (P19–20), showed a
significant left side-right side asymmetry in the hind limbs pawprint
mean contact intensity (Figure 7A; P 5 0.0009) and maximum con-
tact area (Figure 7B; P< 0.0001) in UCL/HI animals (n 5 13) com-
pared to normoxic controls treated with everolimus (n 5 10).
Treatment of UCL/HI rats with everolimus (n 5 15) has normalized
the hind limbs pawprint mean contact intensity and left side – right
side asymmetry observed in untreated animals was lost (P 5 0.115).
Although the similar trend was also observed for the pawprint maxi-
mum contact area, a subtle left side-right side difference was still
observed in everolimus treated animals (Figure 7B; P< 0.05).

DISCUSSION

Results presented here demonstrate an increased expression of CBS
in the white matter of rats as early as 24 h (P7) following HI brain

Figure 1. Western blot analysis of CBS expression in the rat brain

following UCL/HI at P6 and during normal development. A. Representative

western blot analyses for CBS at five different developmental time points

in UCL/HI animals and age and sex matched normoxic controls.

B. Western blots quantification of total CBS expression during the same

gestational period (n5 8). Histograms represent averaged optical density

normalized to actin, and expressed relative to the mean controls values

(n5 8). *P< 0.05 vs. normoxic controls.
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Figure 2. Immunohistochemical analysis of CBS expression in the rat

brain at P10 following UCL/HI at P6 compared to normoxic controls.

A. Representative immunohistochemical stains showing increased

expression of CBS in astrocytes (GFAP1) in white matter (interface of

corpus callosum and cingulum bundle) of rats at P10 following UCL/HI

at P6 compared to normoxic controls (Norm). No CBS coexpression

was detected with double labeling for resting and activated microglia

(CD681) or neurons (NEUN1) (size bar 50 mm). B. Representative

immunohistochemical stains showing slightly elevated expression of

CBS in intraparenchymal brain blood vessels in brains of UCL/HI rats

at P10 compared to normoxic controls (Norm) with colocalization of

CBS on double staining for endothelial cells (CD311) (size bar 50 mm).
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injury (UCL/HI) at P6. Expression of CBS remained elevated 15
days (P21) after the HI insult, and to a lesser extent in young rats
(P40), 31 days after UCL/HI. CBS has been implicated as the pre-
dominant enzyme in the brain responsible for synthesis of endoge-
nous H2S, an important mediator of cerebral ischemic damage
following oxygen deprivation (22, 33). Our results thus also sug-
gest, albeit circumstantially, presumptively higher H2S

concentrations in the rat brain following HI insult. Physiological
concentrations of H2S enhance the N-methyl-D-aspartate (NMDA)
glutamate receptor function through activation of adenylyl cyclase
(13). Increased production of cAMP, observed in primary cultures
of both neuronal and glial cells, results in phosphorylation of
NMDA receptor subunits at specific sites by protein kinase A. This
in turn activates NMDA receptor-mediated excitatory responses

Figure 3. Immunohistochemical analysis of phospho-S6 expression in

the rat brain at P10 following UCL/HI at P6 compared to normoxic

controls. Representative immunohistochemical stains of deep cortical

layers of parietal lobe showing increased phospho-S6 (pS6) expression

in neurons of rats 4 days after UCL/HI compared to age and sex

matched normoxic controls. There is no pS6 coexpression on astro-

cytes (GFAP1) or oligodendrocytes (OLIG21) in neither UCL/HI rats

nor normoxic controls. pS6 coexpression is visible on double staining

for resting and activated microglia (CD681) in UCL/HI rats, but not

normoxic controls (bar size 50 mm).

Figure 4. Expression of components of the mTOR signaling cascade

in the rat brain following UCL/HI at P6 and during normal development.

Representative Western blot analysis of (A) mTOR downstream

targets phospho-p70S6K & p70S6K and (B) phospho-S6 and S6 at five

different developmental time points in UCL/HI animals (HI) and age

and sex matched normoxic controls (N). (C) Western blots quantifica-

tion of phospho-S6 (pS6) expression during the same gestational period

(n5 8). Histograms represent averaged optical density normalized to actin,

and expressed relative to the mean controls values (n 5 8). *P< 0.05 vs.

normoxic controls.

CBS and p70S6K/S6 in neonatal HI brain injury Lechpammer et al
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including induction of long-term potentiation (LTP) (13). Thus, in
cerebral ischemia, H2S may effectively enhance the NMDA recep-
tor mediated glutamate excitotoxicity, leading to delayed neuronal
death due to inflammation, oxidative stress and apoptosis. H2S has
been previously reported to exert its activity in brain through the
PI3K/Akt/mTOR signaling pathway (25). mTOR function is

influenced by the activities of neuronal surface receptors and chan-
nels including NMDA receptors, and dopaminergic and metabo-
tropic glutamate receptors (mGluRs), which are vital for the
induction and maintenance of the long-term potentiation and
depression (LTP and LTD) of excitatory synaptic transmission (9,
11). mTOR couples these receptors to the transduction mechanisms

Figure 5. Everolimus reduces expression of phospho-S6 after 3 and 7

days of treatment following UCL/HI at P6. A. Representative Western

blot analyses of phospho-S6 in UCL/HI rats treated for 3 (P10) and 7

(P14) days with everolimus (RAD) compared to untreated animals (HI)

and normoxic controls (Ctl). B. Western blots quantification of

phospho-S6 (pS6) expression for both treatment periods (n 5 8). Histo-

grams represent averaged optical density normalized to actin, and

expressed relative to the mean controls values (n 5 8). *P< 0.05 UCL/

HI rats treated with everolimus vs. untreated UCL/HI animals.

Figure 6. Behavioral assessment for hyperactivity and autism like

behavior of young rats exposed to UCL/HI at P6. Experimental groups

were prepared and submitted to behavioral assessments as described

in Materials and Methods. Depicted are behavioral patterns as

assessed by (A) open field perimeter; (B) open field zone entrance;

(C) sociability and (D) social novelty in P35–37 rats exposed to UCL/

HI at P6 and treated with vehicle (UCL/VEH; n 5 13) or everolimus

(UCL/RAD; n 5 15) compared to normoxic controls treated with

vehicle (CTL/VEH; n 5 10) or everolimus (CTL/RAD; n 5 10). #P< 0.05

vs. nonsocial object (novel object); *P< 0.05 vs. normoxic controls.
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responsible for establishing long-lasting synaptic changes that are
thought to be the basis for higher order brain functions, including
long-term memory (9).

In our study, expression of all tested mTOR downstream targets
(p70S6K and phospho-p70S6K & S6 and phospho-S6) was
increased at the same time points as observed for the increased
expression of CBS in the UCL/HI rats compared to normoxic con-
trols. Such enhanced activation of the mTOR signaling pathway in
UCL/HI rats closely resembles the patterns of expression of mTOR
signaling molecules recently reported by our group in premature
infants with EOP (16). In the same study we also showed coexpres-
sion of mGluR5 with phospho-S6 on neurons of EOP patients dur-
ing gestational weeks 36–39 (16). Therefore, based on our novel
results presented here and on previously published data, perturba-
tion of the mTOR signaling cascade appears to be a common path-
ophysiological feature of several human neurological disorders,

including inherited syndromes of cognitive disability and ASD, as
well as EOP (9, 16).

Under hypoxic conditions, activation of mTOR potently enhances
the activity of hypoxia-inducible factor-1a (HIF-1a) and vascular
endothelial growth factor (VEGF) secretion thus increasing angiogene-
sis, which is reversed with rapamycin (14). Intriguingly, Azmitia at al.
recently reported evidence of persistent angiogenesis in postmortem
brains from ASD patients but not control brains (1). Our results indi-
cate an overexpression and colocalization of CBS on the endothelial
cells (CD311) in the intraparenchymal brain blood vessels of UCL/HI
rats at P10 relative to normoxic controls. This localization is consistent
with the previously reported role of H2S in the upregulation of HIF-1a

and VEGF protein levels and an increased HIF-1 binding activity in
the rat brain under hypoxic condition (17). The same authors have sug-
gested involvement of HIF-1a/VEGF signaling in the H2S promoted
proliferation and migration of endothelial cells (17). In addition, our

Figure 7. Catwalk automated gait analysis of young rats exposed to

UCL/HI at P6. Experimental groups were prepared and submitted to

catwalk gait analysis as described in Materials and Methods. Depicted

are mean ratios (6SEM) of pawprints mean contact intensity (A) and

maximum contact area (B) for right (R) and left (L) forelimbs (FL) and

hindlimbs (HL) of P35–37 rats exposed to UCL/HI at P6, normalized

against age and sex matched normoxic controls (treated with

everolimus, CTL/RAD; n 5 10). Right side/left side gait analysis is

shown for UCL/HI rats treated with vehicle (UCL/VEH; n 5 13) or

everolimus (UCL/RAD; n 5 15). *P< 0.05 right vs. left side.
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group recently reported VEGF expression in the brain of an asphyxi-
ated newborn treated with hypothermia in the first days of life and of
rat pups 24–48 h after the HI injury, including an increased endothelial
cell count in the cortex of rat pups 7 and 11 days after HI (24). Thus,
while the link between neonatal HI brain injury, mTOR and angiogen-
esis is emerging (17, 24, 34), the full role of H2S in this process is yet
to be elucidated and warrants further studies.

Given that there are no clinically applicable inhibitors of H2S syn-
thesis (or CBS, for that matter), in this study we have explored a novel
therapeutic strategy in EOP by blocking mTOR with everolimus, an
FDA approved drug for treatment of tuberous sclerosis associated sub-
ependymal giant cell astrocytoma (6, 10). At the molecular level,
administration of everolimus after UCL/HI blocked expression of
phospho-S6 with approximately comparable efficacy after both 3 days
(P10) and 7 days (P14) of treatment, mimicking clinical events in
EOP that favor postinsult initiation of treatment. Open field locomo-
tion test performed in young animals (P35–37) exposed to UCL/HI at
P6 indicated hyperactive exploratory behavior and low anxiety levels
compared to normoxic controls. At the same time, social behavior
assessed by the three-chambered social choice test showed abnormal
social behaviors in UCL/HI rats compared to healthy normoxic con-
trols, indicating that early life hypoxic-ischemic injury can impair later
social behavior to an extent similar to other models of autism (5, 20).
Preserved sociability with lack of normal preference for social novelty
in UCL/HI rats could be relevant to the preference of autistic individu-
als to remain with familiar individuals (5). In the context of our behav-
ioral results it is worthwhile to point out that, although anxiety is not
considered a phenomenological characteristic of ASD, problems with
anxiety appear more frequently in youth with ASD than in other clini-
cal populations (32). The presentation of anxiety is likely affected by
age, level of cognitive functioning and degree of social impairment
(32). Furthermore, UCL/HI rats treated with everolimus did not show
significant hyperactive behaviors and social deficits in later life, sug-
gesting an important role of activation of mTOR signaling pathway in
inducing autism-like behavior following early life HI insult.

Everolimus readily crosses the blood-brain-barrier (BBB), and
was reported to yield higher brain concentrations in young com-
pared to adult rats (7). These concentration variances are attributed
in part to lower expression in young rats of P-glycoprotein (P-gp),
an active efflux transporter and critical component of BBB (7).
Although young age of rats and low P-gp expression may subse-
quently lead to greater negative effects of everolimus on brain
metabolism than in adult rats, we have found everolimus to be well
tolerated at doses applied in our experiments. The results presented
here also suggest that everolimus may be protective after neonatal
hypoxic-ischemic brain injury and in EOP.

Our gait analysis has shown significant left side-right side
motoric differences in the hind paws of UCL/HI animals when
compared to normoxic controls, a finding consistent with HI-
induced brain injury. Importantly, in the everolimus treated UCL/
HI animals gait defects were markedly reduced compared to
untreated rats, although subtle left side-right side differences were
still observed for some of the tested parameters.

CONCLUSIONS

The results of our experiments on an animal model of EOP pre-
sented here show overexpression of CBS and mTOR signaling

components in the rat brain as early as 24 h after UCL/HI that last
well into rat young age. Likewise, these animals have exhibited
altered socialization, a behavioral hallmark of ASD, and hyperac-
tivity in addition to motor deficits in later life. Our results also dem-
onstrate feasibility of prevention/reversal of neurocognitive and
motor consequences of neonatal hypoxic-ischemic brain injury by
pharmacological blockade of mTOR, administered solely after the
insult. These findings thus offer a potential new target for treatment
of EOP, presently still an untreatable cause of autism, hyperactivity
and cerebral palsy.
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