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Treatments that could extend the therapeutic window of opportunity for stroke patients are urgently needed.

Early administration of hyperbaric oxygen therapy (HBOT) has been proven neuroprotective in the middle

cerebral artery occlusion (MCAo) in rodents. Our aim was to determine: 1) whether delayed HBOT after per-

manent MCAo (pMCAo) can still convey neuroprotection and restorative cell proliferation, and 2) whether

these beneficial effects rely on HBO-induced activation of protein phosphatase-1γ (PP1-γ) leading to a de-

creased phosphorylation and ubiquitination of CREB and hence its stabilization.

The experiments were performed in one hundred thirty-two male Sprague–Dawley rats with the body

weight ranging from 240 to 270 g. Permanent MCAo was induced with the intraluminal filament occluding

the rightmiddle cerebral artery (MCA). In thefirst experiment, HBOT (2.5 ATA, 1 h daily for 10 days)was started

48 h after pMCAo. Neurobehavioral deficits and infarct size aswell as cyclic AMP response element-binding pro-

tein (CREB) expression and BrdU-DAB staining in the hippocampus and the peri-infarct region were evaluated

on day 14 and day 28 post-MCAo. In the second experiment, HBOT (2.5 ATA, 1 h) was started 3 h after

pMCAo. The effects of CREB siRNA or PP1-γ siRNA on HBO-induced infarct size alterations and target protein ex-

pression were studied. HBOT started with 48 h delay reduced infarct size, ameliorated neurobehavioral deficits

and increased protein expression of CREB, resulting in increased cell proliferations in the hippocampus and

peri-infarct region, on day 14 and day 28 post-MCAo. In the acute experiment pMCAo resulted in cerebral infarc-

tion and functional deterioration and reduced brain expression of PP1-γ, which led to increased phosphorylation

and ubiquitination of CREB 24 h afterMCAo. HoweverHBOT administered 3 h after ischemia reversed thesemo-

lecular events and resulted in CREB stabilization, infarct size reduction and neurobehavioral improvement. Gene

silencing with CREB siRNA or PP1-γ siRNA reduced acute beneficial effects of HBO. In conclusion, delayed daily

HBOT presented as potent neuroprotectant in pMCAo rats, increased CREB expression and signaling activity, and

bolstered regenerative type cell proliferation in the injured brain. As shown in the acute experiment these effects

of HBO were likely to be mediated by reducing ubiquitin-dependent CREB degradation owing to HBO-induced

activation of PP1γ.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Hyperbaric oxygen therapy (HBOT) refers to the medical use

of oxygen for which the pressurization are 1.4 ATA or higher, as

defined by the Undersea and Hyperbaric Medical Society (UHMS)

report (Camporesi, 1996). It has been also recommended by the

UHMS Committee that a treatment pressure from 2.4 ATA to 3.0

ATA should be used as the lowest effective pressure to avoid O2 con-

vulsions (Zhang et al., 2005). Consequently 2.5 ATA was selected in

the present study, also due to a concern that higher doses upon re-

peated treatment might increase oxidative stress and trigger inflam-

matory response, detrimental towards neurogenesis.

The applicability of HBOT in ischemic stroke has been previously

investigated in various animal stroke models (Bennett et al., 2005;

Carson et al., 2005; Sun et al., 2010; Yin and Zhang, 2005; Yin et al.,

2003). Early administration of single HBO treatment decreased infarct
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size (Yin and Zhang, 2005; Yin et al., 2003), reduced the incidence

of hemorrhagic transformation (Sun et al., 2010), and improved

neurological function (Yin and Zhang, 2005) in rodents subjected

to middle cerebral artery occlusion (MCAo). The oxygen therapy

was started either during ischemia (Hou et al., 2007; Yang et al.,

2010), or as early as 10 min after MCAo (Acka et al., 2007), as well

as at 25 min (Sun et al., 2011), 40 min (Veltkamp et al., 2005a,

2005b), 60 min (Lou et al., 2007), 90 min (Beynon et al., 2007), or

180 min after MCAo (Eschenfelder et al., 2008; Liu et al., 2010; Lou

et al., 2008; Wang et al., 2012; Xue et al., 2008). However, in clinical

practice, conducting HBOT in acute stages of ischemic stroke can be

logistically difficult due to a priority of recombinant tissue plasmin-

ogen activator (rt-PA) administration, intensive care monitoring

and general unavailability of spacious HBO chambers. Previously,

we explored the effect of HBOT delayed until 24 h after transient

MCAo (tMCAo) and found that HBOT efficiently reduced infarction

size and ameliorated neurological deficits in the treated rats (Yin

and Zhang, 2005). To date, no studies have investigated whether fur-

ther delay of HBOT provides neuroprotection in pMCAo models.

It has been suggested that neuroprotective effects of HBOT can be

induced through a variety of mechanisms, including reduction of ox-

idative and metabolic stress, amelioration of brain edema, suppres-

sion of inflammation and apoptosis, stabilization of the blood brain

barrier, and activation of cellular transcription factors (Matchett et

al., 2009). Cyclic AMP response element-binding protein (CREB), a

cellular transcription factor, plays a well-documented role in neuro-

nal plasticity of the brain and neuronal survival (Dragunow, 2004;

Mantamadiotis et al., 2002), mainly through up-regulation of CREB

downstream genes including brain derived neurophic factor (BDNF),

Bcl-2 and c-fos (Montminy and Bilezikjian, 1987). In one study 100%

oxygen increased CREB expression in striatum and hippocampus of

neonatal piglets subjected to intermittent apnea (Mendoza-Paredes et

al., 2008). In addition, earlier authors have shown that activation of

CREB protected against hypoxic injury and evoked neurogenesis in the

rat's dentate gyrus (Zhu et al., 2004). Furthermore, hyperbaric oxygen

(HBO) preconditioning increased the ratio of Bcl-2 and Bax expression

in the middle cerebral artery occlusion (MCAo)/reperfusion model

(Li et al., 2009). However, to date it is not known whether HBOT exerts

neuroprotection through activation of the CREB pathway.

It has been known that phosphorylation of the serine residue at

position 133 (Ser133) is a critical step in CREB activation. CREB acti-

vates its downstream gene transcript when phosphorylated, while pro-

tein phosphatase-1 (PP1) catalyzes the dephosphorylation of CREB

at Ser133, thus preventing excessive phosphorylation. PP1γ, the core

subunit of PP1, modulates the localization and/or activity of PP1. Sup-

pression of PP1 in hypoxic conditions, leads to over-phosphorylation

of CREB, followed by CREB ubiquitination and degradation by 26S

proteasome (Mu et al., 2011; Taylor et al., 2000). In the present study,

we hypothesized that HBOT delayed until 48 h after pMCAo still exerts

neuroprotection and this effect is mediated by restoring action of PP1γ

and by blocking degradation of CREB. To this end, in the experiment 1

we treated pMCAo rats with delayed HBOT and followed up for a long

term to examine its impact on neurobehavior, infarction size, CREB

expression and regenerative cell response. Then we pursued the acute

HBOT in the experiment 2 in order to verify the postulated CREB-

dependent mechanism of treatment.

Materials and methods

Animals

All experiments were approved by the Institutional Animal Care

and Use Committee (IACUC) at the Loma Linda University. In total,

one hundred thirty-two male Sprague–Dawley rats (240–270 g

body weight) were used in this study. In the experiment 1 (aim 1),

rats were randomly assigned to 3 groups including (1) sham (n=20),

(2) pMCAo+air (n=28) and (3) pMCAo+HBOT (n=24). For the ex-

periment 2 (aim 2), rats were randomly allocated to 6 groups including

(1) sham (n=10), (2) pMCAo+air (n=10), (3) pMCAo+HBOT

(n=10), (4) pMCAo+scrambled siRNA+HBOT (n=10),

(5) pMCAo+CREB siRNA+HBOT (n=10), and (6) pMCAo+PP1-γ

siRNA+HBOT (n=10). Animals were fedwith a standard laboratory

diet, and were housed in a temperature-controlled room (24 °C), il-

luminated for 12 h daily (lights on from 5 AM to 5 PM).

Surgery

Rats were anesthetized via intraperitoneal injection of ketamine

(100 mg/kg) and xylazine (8 mg/kg). The rectal temperature was

monitored and kept at 37.0±0.5 °C, by using a feedback-regulated

heating system during surgery. Permanent focal ischemia was induced

by occluding the right middle cerebral artery (MCA) via intraluminal

technique (Tu et al., 2010). Briefly, a 4–0 nylon monofilament suture

with a slightly enlarged round tip was inserted into the stump of the

external carotid artery (ECA) and advanced into the lumen of the inter-

nal carotid artery (ICA), until it reached and occluded theMCA. The dis-

tance from bifurcation of the common carotid artery (CCA) to the tip

of the suture inserted to occludeMCA, averaged 18–20 mm. Shamoper-

ated animals were subjected to the above described procedures, except

for suture insertion.

HBOT paradigm

For the experiment 1, HBOT (100%O2, 2.5 ATA)was started 48 h after

pMCAo, 1 h daily over 10 consecutive days. For the experiment 2, HBOT

(100% O2, 2.5 ATA, 1 h), was started 3 h after pMCAo (Fig. 1). Rats were

pressurized in a research hyperbaric chamber (1300B, Sechrist) with an

oxygen flow of 22 L/min. Compression and decompression were main-

tained at a rate of 5 psi (pounds per square inch)/min. Normal air was

used for sham and control animals.

Neurobehavioral testing

A 18-point Modified Garcia Score (3–18 points, 3 worst and 18

best performance) (Garcia et al., 1995) was used to evaluate neuro-

logical deficits in a blinded fashion at 24 h, and once each week for

4 weeks after pMCAo. The assessment consisted of 6 tests covering

spontaneous activity, symmetry in limb movement, symmetry of

forelimb outstretching, climbing, body proprioception, and response

to vibrissae touch. A beam balance test was also performed with a 0–3

points scale (3 points: walking distance≥20 cm; 2 points: walking

distanceb20 cm; 1 point: walking distanceb10 cm; and 0 points: fall-

ing within a walking distance of 10 cm). At 4 weeks after pMCAo,

water maze (Hartman et al., 2009) test was performed to assess spatial

learning and spatial memory.

Formalin perfusion and Nissl staining

On day 1, day 14 and day 28 after surgery, rats were transcardially

perfused with 200 mL of ice cold phosphate-buffered saline (PBS),

followed by 300 mL of phosphate-buffered 10% formalin. Brains were

post fixed and cryoprotected as described (Cheng et al., 2010). Detec-

tion of infarcted tissue was performed on 10 consecutive brain slices

cut into 10 μm-thick coronal sections at 1 mm interval (from Bregma

+3 to Bregma −7). For Nissl staining, the sections were dried,

rehydrated and immersed in 0.5% cresyl violet for 2 min (Ostrowski et

al., 2008). After washing in water, sections were dehydrated in graded

alcohols, cleared in xylene and cover-slipped with Permount resin.

Infarct size was calculated as a percentage of infarction according
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to the formula: (contralateral hemisphere− ipsilateral nonischemic

hemisphere)/contralateral hemisphere×100% (Aoki et al., 2000).

BrdU administration, immunohistochemistry and cell counting

Bromodeoxyuridine (BrdU; Sigma-Aldrich; 858811) was dissolved

in 0.9% saline for all experiments and administered by intraperitoneal

injection at a dose of 50 mg/kg per injection. For proliferation studies,

BrdU was given twice within an 8-hr interval between injections. 24 h

after the last injection, the animals were sacrificed (Zhu et al., 2004).

For the survival and migration study, animals received BrdU twice

daily for 3 consecutive days after last session of HBOT and were then

allowed to survive for 14 days after the last injection of BrdU.

Following transcardial perfusion, postfixation and cryoprotection as

described above, BrdU staining was performed on 10 consecutive brain

slices cut into 10 μm-thick coronal sections at 1 mm interval (from

Bregma+3 to Bregma−7) through the peri-infarct area, 5 consecutive

slices every 400 μm through the dentate gyrus (DG, from Bregma−2 to

Bregma −4), and 5 consecutive slices every 400 μm through the

subventricular zone (SVZ, from Bregma +1.2 to Bregma−0.26).

According to previously described methods (Wojtowicz and Kee,

2006), brain sections were rinsed with PBS, incubated in 2 M HCl

for 1 h at 37 °C to denature DNA, then transferred to 10 mM sodium

citrate buffer (at pH 6), preheated to 80 °C for antigen retrieval,

followed by 1% H2O2 for 10 min at room temperature to quench

endogenous peroxidase activity, and incubated in blocking solution

(0.3% TritonX-100 diluted in 5% goat serum) for 1 h. After incubation at

4 °C overnightwith primarymouse anti-BrdUantibody (1:100;Millipore,

Chemicon; MAB3424), sections were incubated with biotinylated

goat anti-mouse IgG (1:200) for 2 h at 37 °C. Sections were devel-

oped using anABC Staining Systemand visualizedwithDAB chromogen

(Santa Cruz; sc-2017) in the presence of 0.03% H2O2. Photomicrographs

were taken at ×40 magnification under the Olympus X51B fluorescent

microscope. BrdU-labeled cell counts were performed by experi-

menters blinded to the study, with the aid of ImageJ software (ImageJ

1.42q; National Institutes of Health, Bethesda, MD).

Intracerebroventricular infusion

Under anesthesia, siRNA was infused by intracerebroventricular

injection as described previously (Suzuki et al., 2010). In brief, Creb1

siRNA (sense, GGCUAACAAUGGUACCGAUtt; and antisense, AUCGG

UACCAUUGUUAGCCag; Ambion), Ppp1cc siRNA (sense, GCAUGAU

UUGGAUCUUAUAtt; and antisense, UAUAAGAUCCAAAUCAUGCtt;

Ambion), or an irrelevant control siRNA (Ambion) at 500 pmol/L in

sterile PBS was injected at a rate of 0.5 μl/min at 48 h before pMCAo in-

duction or sham operation.

Immunoprecipitation and Western blot analysis

Immunoprecipitation and Western blot analysis were performed

as described (Chen et al., 2010; Ma et al., 2011). The animals were eu-

thanized under general anesthesia on days 1, 14 and 28 after surgery.

Hippocampi and the right ischemic hemispheres were collected. Pro-

tein A/G PLUS-Agarose (Santa Cruz; sc-2003) was used to enrich total

CREB. Individual protein samples (50 μg each) were subjected to 10%

SDS-PAGE and then transferred onto nitrocellulosemembranes. The pri-

mary antibodies included rabbit anti-phospho-CREB (Ser133)monoclo-

nal antibody (1:500; Cell Signaling; 9198S), rabbit anti-CREB (1:2000;

Cell Signaling; 9197S), PP1γ (1:200; Santa Cruz; sc-6108), and mouse

anti-Ubiquitin (1:1000; Cell Signaling; 3936). Immunoblots were

processed with respective horseradish peroxidase-conjugated sec-

ondary antibodies (1:2000; Santa Cruz). Bands were visualized by

the ECL kit (GE Healthcare, Piscataway, NJ), recorded on X-ray film

(Kodak) and quantified by optical density method (ImageJ). β-Actin

(1:2000; Santa Cruz) was blotted on the same membrane as a loading

control.

Statistical analysis

Results were expressed as mean±SEM. Intergroup differences

for neurobehavior data were tested with ANOVA on ranks, while

Western blot and cell counting data were verified with parametric

ANOVA in SigmaStat (Systat Software, CA, USA). A chi-squared (χ2)

Fig. 1. Experimental design of the study. In experiment/aim 1, HBOT was applied 48 h after pMCAo for 10 consecutive days. Neurobehavioral testing was performed on day 1, day 7,

day 14, day 21, and day 28 after pMCAo. BrdU(+) cells were counted on day 14 and day 28 for proliferation, survival and migration. Infarct size was quantified by Nissl staining

while CREB expression was determined by Western blot on day 14 and day 28. In experiment/aim 2, HBOT was given 3 h after pMCAo induction. siRNA injection was administered

48 h before pMCAo. All evaluations were done 24 h after surgery.
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test was used for analyzing mortality. Statistical significance was

set at Pb0.05.

Results

Experiment 1 (48 h delay to HBOT, long term follow-up)

Mortality rate, neurobehavioral score and infarct size after delayed HBO

treatment

The mortality at day 28 was 0% (0/20) in the sham group, 28.6%

(8/28) in the control group (pMCAo+air) and 8.3% (2/24) in the

HBOT group. Although the mortality in the HBOT group tended to

be lower than that of the control group, this group difference was

not statistically significant (P>0.05).

Rats in the HBOT group showed significantly improved Garcia

neuroscores compared with the control group at days 7, 21 and 28

after surgery (Pb0.05) (Fig. 2A). HBOT animals also showed signifi-

cantly better performances on beam walking test at day 21 and day

28 after surgery (Pb0.05) (Fig. 2B).

Spatial learning was assessed in the experiment 1, based on the

swim distance needed to find the visible (cued) versus hidden (spa-

tial) platforms in the water maze (Figs. 3A,B). HBOT animals swam

a shorter distance before finding the hidden platform compared

with the control group (Pb0.05). Spatial memory was determined

by the percent duration (Fig. 3C) and frequency of target crossing

(Fig. 3D) in the probe quadrant after the platform was removed. HBOT

group spent longer time in the target quadrant and had higher frequen-

cy of target crossings compared with the control group (Pb0.05).

Infarct volume as determined with cresyl violet stain was signifi-

cantly reduced in the HBOT group compared with the time-matched

control group on day 14 and day 28 after surgery (Pb0.05) (Figs. 4A,B).

Cell proliferation is bolstered with delayed HBOT

HBOT increased the abundance of BrdU(+) cells of SVZ (Fig. 5) and

DG (Fig. 6) bilaterally on day 14 (Pb0.05) and also in the peri-infarct

area on day 28 (Pb0.05) (Fig. 7).

Delayed HBOT increases CREB expression

Western blot analysis demonstrated an increase in CREB expres-

sion at day 14 (Pb0.05) and elevated expression of phosphorylated

CREB (p-CREB) at day 28 (Pb0.05) in the ischemic hemisphere com-

pared with air group (Fig. 8). Both CREB and phosphorylated CREB

expression increasedwithHBOT at day 14 post-MCAo in the hippocam-

pus (Fig. 9A) compared with air group (Pb0.05). At day 28, CREB

was increased by HBOT and air compared with sham group (Fig. 9B).

Experiment 2 (3 h delay to HBOT, 24 h follow-up)

Effects of acute HBO on mortality, neurobehavior and cerebral infarction

The mortality at day 1 was 0% (0/10) in the sham group, pMCAo+

HBOT group and pMCAo+scrambled siRNA+HBOT group, 10%

(1/10) in the pMCAo+air group, pMCAo+CREB siRNA+HBOT

group and pMCAo+PP1-γ siRNA+HBOT group.

Rats in the HBOT group showed significantly improved Garcia

neuroscores compared with the control group on day 1 after surgery

(Pb0.05) (Fig. 10A). HBOT animals also showed significantly better

performances on beam walking test on day 1 after surgery (Pb0.05)

(Fig. 10B). Infarct volume determined with TTC stain was significantly

reduced in the HBOT group compared with the acute untreated con-

trols 24 h after induction of pMCAo (Pb0.05) (Fig. 11).

Acute HBOT modulates PP1-γ and CREB-UB expression

On day 1, CREB was increased by HBOT and air compared with

sham group. However, CREB siRNA inhibited the expression of CREB

(Fig. 12A). Compared with sham, each group had an increased ex-

pression of phosphorylated CREB (Fig. 12B). At 24 h post-MCAo in

ischemic hemisphere, pMCAo inhibited the expression of PP1-γ

(Fig. 12C), leading to the ubiquitination of CREB (Fig. 12D), which

was abolished with HBOT. However, administration of PP1-γ siRNA

reversed the lowering effect of HBOT on CREB ubiquitination (Fig. 12D).

Discussion

In this present study, we applied delayed HBOT in rats with

pMCAo in order to explore whether HBOT delayed till 48 h after is-

chemia provides neuroprotection and whether the protection is

exerted through the CREB pathway. Our study for the first time, dem-

onstrated that in pMCAo model, delayed (starting 48 h after ischemia)

and repetitive HBOT (daily for 10 days) effectively reduced infarct

size, improved neurobehavioral scores, promoted cell proliferations

Fig. 2. Delayed HBOT (48 h delay; experiment 1) significantly improved sensorimotor function of Garcia's score (A) at days 7, 21 and 28 after surgery compared with the control

group (Pb0.05). It also induced better performance on beam walking test (B) at day 21 and day 28 after surgery (Pb0.05). †Pb0.05 vs. air.
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and increased activation and expression of CREB. HBOT not only

enhanced the motor function in pMCAo rats, but also improved the

spatial memory in the long term. The results of our study, if followed

by successful translation, may help to expand the time window

for HBOT application in clinical practice, which carries the potential

to reduce the long term disability of stroke survivors.

Most ischemic stroke research utilizes transient MCAo models

(tMCAo), that usually employ only 90 min of ischemia (Eschenfelder

et al., 2008; Liu et al., 2010; Lou et al., 2008). However, recent studies

implemented permanent MCAo (pMCAo), without reperfusion

(Acka et al., 2007; Gao-Yu et al., 2011; Gunther et al., 2005; Lou et

al., 2007; Veltkamp et al., 2006; Xue et al., 2008). Compared to the

tMCAo, pMCAo reflects the majority of clinical strokes (Veltkamp et

al., 2006). While both models are highly reproducible, pMCAo model

appears less variable in regard of lesion size (Liu et al., 2007). Interest-

ingly, at 28 days we were unable to observe cystic type of infarction,

reported often in transient ischemia stroke models (Macrae, 2011).

The microscopic changes included cell loss, ghost cells and prominent

Fig. 3. Spatial learning was assessed by means of spatial distance (A) and total spatial distance tests (B). HBOT group covered shorter distance to find the hidden platform compared

with the air group (Pb0.05). Spatial memory was determined by the percent duration (C) and frequency of target crossing (D) in the probe quadrant when the platform was removed.

Delayed HBOT group (experiment 1) spent more time in the target quadrant and had higher frequency of target crossings compared with the air group (Pb0.05). †Pb0.05 vs. air.

Fig. 4. Delayed HBOT (experiment 1) significantly decreased infarct volume at day 14 and day 28 post-MCAo (Pb0.05). The infarct ratio was calculated as the percent of infarcted

tissue per ipsilateral hemisphere. †Pb0.05 vs. air.
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gliosis that could in part explain why cystic transformation of infarcted

brain did not occur.

Consistent with our results, there were several studies demon-

strating that certain delayed treatments can still be effective against

ischemic injury. Those therapies include insulin-like growth factor 1

(IGF-1) (Zhong et al., 2009), matrix metalloproteinase (MMP) inhibitor

(Leonardo et al., 2008), sigma receptor agonist (Ajmo et al., 2006),

human umbilical cord blood cells (HUCBC) (Newcomb et al., 2006),

and deferoxamine (Freret et al., 2006), owing to neuroprotective (Ajmo

et al., 2006; Newcomb et al., 2006), anti-inflammatory (Ajmo et al.,

2006; Leonardo et al., 2008; Newcomb et al., 2006), and anti-apoptotic

effects (Zhong et al., 2009), as well as through stabilizing HIF-1alpha

protein expression (Freret et al., 2006).

In our study, after daily HBOT sessions for a total of 10 days, CREB

and p-CREB levels showed significant increase in the right hemisphere

(ischemic region) and in the hippocampus. To explore the role of

PP1-γ in themechanismofHBOT-induced CREB elevation,we thorough-

ly investigated brain PP1-γ expression and then used PP1-γ siRNA prior

Fig. 5. BrdU(+) cell count in SVZ at day 14 (experiment 1). Delayed HBOT increased the cell proliferation both in the ipsilateral and contralateral hemispheres (Pb0.05). †Pb0.05 vs.

air. ‡Pb0.05 vs sham.

Fig. 6. BrdU(+) cell (arrows) count in DG at day 14 (experiment 1). Delayed HBOT enhanced cell proliferation bilaterally (Pb0.05), with significant increase in the number of

BrdU(+) cell in the contralateral hemisphere (Pb0.05). †Pb0.05 vs. air. &Pb0.05 vs. ipsilateral hemisphere.
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to HBOT. While pMCAo alone inhibited the expression of PP1-γ, and

led to the ubiquitination of CREB, HBOT reversed both of these events,

and increased CREB levels. However, this increase in CREB was much

attenuated with HBOT and PP1-γ siRNA combined, pointing towards

the role of PP1-γ in CREB preservation upon HBOT.

Control infusions with scrambled RNA had no effect on their own

and neither modulates HBO effect, while silencers of crucial HBOT

mediators, PP1γ and CREB largely reduced HBO neurological benefit

and prevented infarct volume reduction as determined histologically.

However, siRNA experiments were not conducted with delayed

HBOT in this present study. Distant evaluations adopted in the delayed

HBOT experiment (on 14 and 28 days; experiment 1) couldmake it dif-

ficult to use siRNA effectively. Long term gene silencing would require

modified approach, possibly involving shRNA and DNA-mediated deliv-

ery or repeated silencer administration which we plan on pursuing in

upcoming studies (Sliva and Schnierle, 2010).

Although the mechanism of protection in experiment 1 theoreti-

cally might be different from that of experiment 2, there is an indica-

tion that the acute HBOT findings provide a mechanistic insight on

both paradigms. The delayed and acute HBOT protocols had similar

effects regarding behavioral and morphological outcomes. We have

demonstrated that the mechanism of protection in both delayed

and acute HBOT may involve the activation of CREB as reflected by

its phosphorylation and upregulation. However in the experiment 2

the entire timeline stretched only for 24 h and we delayed HBOT by

3 h to fit in with the whole regimenwhile providing still clinically rel-

evant delay-to-treatment. In this second experiment we were able to

prove that blocking CREB or PP1γ abolishes the benefit of HBOT.

Therefore, it seems reasonable to imply that CREB upregulation may

be also required for neuroprotection and cell proliferation with de-

layed HBOT although at this late stage HBOT might additionally inter-

fere with other injurious events such as leukocyte infiltration.

The CREB signaling pathway has been implicated in the regulation

of cell proliferation, cell survival and synaptic plasticity that is associ-

ated with spatial and social memory formation in the learning process

(Mayr and Montminy, 2001). The activation of CREB by phosphoryla-

tion at Ser133 is crucial to promote the transcription of a large num-

ber of genes. Ser133 phosphorylation of CREB can be caused by

electrical activity, growth factors, neurotransmitters, action of hor-

mones on G-protein-coupled receptors, or by neurotrophin effects

Fig. 7. BrdU(+) cell (arrows) count in the peri-infarct region at day 28 (experiment 1). Delayed HBOT increased cell proliferation (Pb0.05). †Pb0.05 vs. air.

Ischemic hemisphere

Fig. 8. Delayed HBOT (experiment 1) increased the expression of CREB and phosphorylated CREB at day 14 (A) and day 28 (B) post-MCAo in the ischemic hemisphere (Pb0.05).

†Pb0.05 vs. air.
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imparted through receptor tyrosine kinases. Also, CREB phosphoryla-

tion appears closely associated with survival of oligodendrocytes and

maintenance of myelination in the corpus callosum after tMCAo

(Tanaka et al., 2001). So far the role of CREB against ischemic injury

after experimentalMCAo has been exploredwith diverse pharmacolog-

ic interventions. Similar to our results, it was found that magnesium

sulfate (Huang et al., 2010) and cilostazol (Lee et al., 2004) ameliorated

focal ischemia-induced neuronal death by increasing the level of

p-CREB and its downstream protein Bcl-2 in the ischemic cortex of

tMCAo rats. Evidence also showed that propofol and ketamine provided

neuroprotection through the inhibition of neuron-specific p-CREB de-

phosphorylation in the peri-infarct region of pMCAo mice (Shu et al.,

2012). Furthermore, rolipram, a specific phosphodiesterase 4 inhibitor

(PDE4), facilitated functional recovery following brain injury by activa-

tion of cAMP/CREB signaling pathway in tMCAO rats (Hatinen et al.,

2008). Another study showed that the neuroprotective agent NS-7 re-

versed the drop of CREB mRNA level at 24 h after pMCAo (Hirouchi et

al., 2001).

CREB is a central pathway in adult neurogenesis, regulating the de-

velopment, survival, maturation and integration of new neurons (Merz

et al., 2011), in the areas of the hippocampus (Jagasia et al., 2009),

SVZ and olfactory bulb (Giachino et al., 2005; Herold et al., 2011). The

neurogenetic effect of CREB has been confirmed with diverse inter-

ventions, including chronic nicotine administration (Wei et al., 2012),

Hippocampus

Fig. 9. Both CREB and phosphorylated CREB expression were increased with delayed HBOT (experiment 1) at day 14 post-MCAo in the hippocampus (A) compared with air group

(Pb0.05). At day 28, CREB was increased by HBOT and air compared with sham group (B). †Pb0.05 vs. air. ‡Pb0.05 vs. sham.

Fig. 10. HBOT applied 3 h after pMCAo, significantly improved sensorimotor function of Garcia's score (A) and beam walking test (B) 24 h after pMCAo (experiment 2). Compared

with the HBOT group, the groups receiving air, CREB siRNA and PP1-γ siRNA showed impaired sensorimotor function (Pb0.05). *Pb0.05 vs. HBOT.
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chronic stress (Datson et al., 2012), cilostazol (Lee et al., 2009; Tanaka

et al., 2010), Src kinase (Tian et al., 2009), standardized Ginkgo biloba

extract EGb 761 (bilobalide and quercetin) (Tchantchou et al., 2007,

2009), and rolipram (Nakagawa et al., 2002), via CREB deletion

(Dworkin et al., 2009) or inhibition (Zhu et al., 2004). It was found

that multiple HBOT (2.0 ATA, 60 min×7 days) delayed to 96 h

after hypoxic–ischemic brain damage effectively inhibited neuron

apoptosis and protect neurons in neonatal rats. We found that de-

layed and multiple HBOT increased cell proliferations in the hippo-

campus and peri-infarct region. The fate of these cells in penumbra

region requires further analysis as it is known that BrdU may incorpo-

rate into apoptotic cells as well. However we observed diffuse BrdU

labeling in the nuclei of these cells, which is different than nuclear

speckling labeling usually seen in dying cells (Magavi and Macklis,

2008). Similar, diffuse pattern of BrdU labeling was detected in the

SGZ of DG that did not exhibit damage after MCAo, which further sug-

gests that BrdU-stained periinfarct could have neurogenetic derivation.

Selection of different regions for neurogenesis evaluation has been

conducted in order to capture a natural course of this phenomenon that

involves proliferation of cells in the subgranular and subventricular

zones, here evaluated on day 14, and relies on survival and migration

of newly generated cells at target destination, including periinfarct

region, here evaluated on day 28. Studies have shown that injected

BrdU can be retained in dividing cells in brains for several weeks

(Li et al., 2012). Analyzing BrdU labeled cells in tissue after prolonged

period of time is a standard procedure to assess their survival and mi-

gration while the assessment done acutely after BrdU injection is com-

monly used for proliferation studies (Magavi and Macklis, 2008).

Even though oftentimes the hippocampus is not affected after

MCAo neurogenesis can be induced in the dentate gyrus in this stroke

Fig. 11. The early HBOT (experiment 2) reduced the infarct volume at 24 h post-MCAo

(Pb0.05). The protective effect of HBOT was abolished by CREB siRNA and by PP1-γ

siRNA. The infarct ratio was calculated as the percent of infarcted tissue per ipsilateral

hemisphere. *Pb0.05 vs HBOT.

Fig. 12. CREB and PP1-γ siRNAs inhibited the expression of their targets after MCAo (A). Compared with sham, each group had an increased expression of phosphorylated CREB

(B). At 24 h post-MCAo in the ischemic hemisphere, pMCAo inhibited the expression of PP1-γ (C), leading to the ubiquitination of CREB (D), which was reversed by early HBOT

(experiment 2). However PP1-γ siRNA abolished HBO-induced PP1-γ restoration and resulted in reappearance of ubiquitinated CREB. ‡Pb0.05, compared with sham. †Pb0.05,

compared with air. #Pb0.05, compared with PP1γ siRNA group. %Pb0.05, compared with CREB siRNA.
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model (Jin et al., 2001). As pointed out by earlier authors regenera-

tion of neurons in the SGZ of dentate gyrus greatly contributes to

amelioration of behavioral performance after focal stroke (Geibig

et al., 2012). Studies have shown that neurogenesis in the brain can

be activated remotely, also contralaterally to the brain injury site

(Emsley et al., 2005). Interestingly, some authors have postulated

that proliferated progenitor cells tend to survive longer in the DG

than in SVZ after focal ischemia (Wiltrout et al., 2007). For these rea-

sons we have studied neurogenesis in the dentate gyrus besides SVZ

after focal ischemia and found the benefits of HBOT in this regard.

Such results may suggest that ameliorated cognitive performance

observed with HBOT occurs not only because of histological protec-

tion but also due to integration of newly generated neurons into the

brain's connectome.

Studies have demonstrated that the adult mammalian brain has the

potential to regenerate neurons. However, endogenous neurogenesis

after ischemic stroke occurs early and is short-lived (Lichtenwalner

and Parent, 2006; Shin et al., 2008). Our results, showing that HBOT

increased cell proliferation, survival and migration to the peri-infarct

region, through the activation of CREB pathway, add to the treatment

strategies of promoting the recovery of brain function after stroke.

It has been postulated that the activation of neuronal transcription

factors is indicative of neurogenesis and of the integration of newly

born neurons into neuronal circuitry (Geibig et al., 2012). Further stud-

ies, in particular cell types, will investigate how HBOT induces the

differentiation of newly born cells and how it affects other relevant

transcription factors, such as NF-kappaB, STAT3, and HIF1, participating

in the ischemia-induced neurogenesis (Zhang et al., 2011).

Conclusions

Delayed and repetitive HBOT produced neuroprotective effects and

increased cell proliferation in pMCAo rats. HBOT stabilized CREB path-

way via activation of PP1γ that reduced CREB degradation.
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