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Abstract Consequences of age on the effects of

hyperbaric oxygen (HBO) on bone marrow (BM)

derived stem cells and progenitors (SCPs) are largely

unknown. We treated 2- and 18-month old C57BL/6

female mice by HBO. Hematopoietic stem cells and

progenitors, enumerated as colony-forming units in

culture, were doubled only in peripheral leukocytes

and BM cells of young mice receiving HBO. In old

mice colony-forming unit fibroblast numbers, a mea-

sure of mesenchymal stromal cells (MSCs) from BM,

were high but unaffected by HBO. To further explore

this finding, in BM-MSCs we quantified the transcripts

of adipocyte early-differentiation genes peroxisome

proliferator-activated receptor-c, CCAAT/enhancer

binding protein-b and fatty-acid binding protein 4;

these transcripts were not affected by age or HBO.

However, osteoblast gene transcripts runt-related

transcription factor 2, osterix (OSX) and alkaline

phosphatase (AP) were twofold to 20-fold more

abundant in MSCs from old control mice relative to

those of young control mice. HBO affected expression

of osteoblast markers only in old MSCs (OSX gene

expression was reduced by twofold and AP expression

was increased threefold). Our data demonstrate the

impact of aging on the response of BM SCPs to

HBO and indicate the potentially different age-

related benefit of HBO in wound healing and tissue

remodeling.
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Abbreviations

AP Alkaline phosphatase

aP2 Fatty-acid binding protein 4

BM Bone marrow

BMT Bone marrow transplant

C/EBP-b CCAAT/enhancer binding protein-b
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CFU-C Colony-forming units in culture

CFU-F Colony-forming unit fibroblast

HSCP Hematopoietic stem cells and progenitors

HBO Hyperbaric oxygen

IL-6 Interleukin-6

LPS Lipopolysaccharide

MSC Mesenchymal stromal cell

OSX Osterix

PPAR-c Peroxisome proliferator-activated

receptor-c
RUNX2 Runt-related transcription factor 2

SCP Stem cells and progenitor

TNF-a Tumor necrosis factor a

Background

Allogeneic bone marrow (BM) transplantation (BMT)

results in more deaths, more tissue injury and higher

pro-inflammatory response in old mice and humans

than in the young (Ordemann et al. 2002). Advanced

age is accompanied by a marked decrease in the

number of CD34? hematopoietic stem cells and

progenitors (HSCPs) and attenuated lymphoid differ-

entiation (Lansdorp et al. 1993; de Haan and Van Zant

1999; Lee et al. 2005). These phenomena suggest that

self-renewal and proliferative potential of hematopoi-

etic cells are diminished with age.

Among modalities studied for the potential to

mitigate the problems associated with BMT is treat-

ment by hyperbaric oxygen (HBO), a method effective

in therapy that requires tissue regeneration (Neuman

and Thom 2008). HBO influences tissues by different

mechanisms, including modulation of the inflamma-

tory response after BMT (Xiao-Yu et al. 2008) and

mobilization of vasculogenic and HSCPs into circu-

lation (Thom et al. 2006; Milovanova et al. 2009).

Although older subjects are more likely to require

the benefit of HBO, the role of age on the effectiveness

of HBO has not been explored. The need for under-

standing the role of aging is buttressed by the adverse

events caused by the standard methods of HSCPs

mobilization by chemotherapeutics and/or growth

factors that increase the risk of acute arterial throm-

bosis, angina, sepsis, and death (Takahashi et al. 1999)

in the elderly much more than in the young (Nomellini

et al. 2009). The effects of age on the putative HBO-

effects on mesenchymal stromal cells (MSCs) and

their differentiation potential are unknown. Conse-

quently, we studied the effects of HBO on HSCPs and

MSCs in a murine model.

Methods

Animals

Pathogen-free young (2 months) and old (18 months)

female C57BL/6 mice from the National Institute of

Aging colony at Harlan Laboratories (Indianapolis,

IN) were maintained in an environmentally controlled

facility at Mayo Clinic for at least one week prior to

experiments. Immediately after death, mice were

dissected and organs screened for visible tumors

and/or gross abnormalities, but none was found. All

experimental protocols followed the guidelines in

‘‘Principles of Laboratory Animal Care’’ (NIH publi-

cation No. 86-23, revised 1996) and were approved by

the Mayo Clinic Institutional Animal Care and Use

Committee.

Normobaric and HBO treatment

Mice (three to four animals per cage) were placed in an

animal hyperbaric chamber (Mechidyne Systems, Inc.

Houston, TX). Pressure of pure medical grade oxygen

was increased to 2.8 atm absolute (ATA; 283.7 kPa)

in the course of 6.5 min. After 90 min of HBO,

pressure was reduced to 1.0 ATA (101.3 kPa) in

5.0 min (Quirinia and Viidik 1996; Thom et al. 2006).

Control mice were exposed to air or normobaric

oxygen to test the evidence that neither pure normo-

baric oxygen nor hyperbaric air had any effect on

HSCPs numbers in circulation (Thom et al. 2006). The

animals were exposed to five consecutive daily HBO

treatments. Eighteen hours after the last treatment the

mice were killed by CO2 inhalation. The results shown

are representative of three independent experiments.

Blood cell count

EDTA-anticoagulated blood was drawn from the right

ventricle. Complete blood cell counts were quantified

using a Hemavet 850FS cell counter (Drew Scientific,

Oxford, CT).
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Colony-forming cell assays

Individual hematopoietic colony-forming units in

culture (CFU-C) were enumerated in peripheral blood

and BM cells. A leukocyte suspension was prepared

from EDTA-anticoagulated peripheral blood by lysing

erythrocytes with ammonium chloride. BM was

obtained by flushing femora with a-minimum essential

medium containing 2% fetal bovine serum (FBS). One

million leukocytes or 2 9 105 BM cells were plated in

35-mm dishes containing methylcellulose and growth

factors (MethoCult GF M3434 assay; StemCell

Technologies, Vancouver, Canada) according to man-

ufacturer’s protocol and placed at 37�C in humidified

air containing 5% CO2. At day 12, colonies were

counted and evaluated using an inverted microscope.

MSC frequency was evaluated by colony-forming

unit fibroblast (CFU-F) assay using the complete

MesenCult mouse medium 05501 (StemCell Tech-

nologies) according to manufacturer’s protocol. One

million leukocytes or BM cells were plated in

duplicate for each mouse and incubated in six-well

plates (2.0 mL/well). Cells were cultured in a humid-

ified atmosphere containing 5% CO2 at 37�C. After 10

to 13 days in culture, the medium was decanted,

adherent colonies washed with PBS twice, air-dried

for 5 min, covered with methanol and incubated at

room temperature for 5 more minutes. Then methanol

was decanted, colonies were air dried for 5 min and

the well covered with Giemsa Staining Solution. After

5 min, the wells were washed with water and air-dried.

Colonies were counted using an inverted microscope.

Isolation and culture of splenic macrophages

Splenic macrophages were isolated by plastic adher-

ence (Boehmer et al. 2005; Gomez et al. 2010).

Spleens were aseptically removed and the cells

disassociated by passing through a nylon mesh in

RPMI 1640 medium, supplemented with 5% FBS,

penicillin (100 U/mL), streptomycin (100 lg/mL),

and 2 mM glutamine (culture medium; GIBCO-

BRL, Grand Island, NY). Following red blood cell

lysis with ACK Lysis Buffer (Invitrogen, Carlsbad,

CA), white blood cells were counted in a hemocy-

tometer; their viability was determined by trypan blue

exclusion. Two million cells/well were seeded in

96-well plates in 200 lL of culture medium. After

incubation for two hours at standard tissue culture

conditions, non-adherent cells were aspirated and

discarded; adherent cells were washed twice with

warm phosphate buffer saline. This method resulted in

adherent cells that were 98% positive for Mac-3 and

Di-I-acetylated low-density lipoprotein uptake (Faun-

ce et al. 1998). Adherent cells were treated in 200 lL

of culture medium containing 100 ng/mL LPS from

Escherichia coli 0111:B4 (Sigma, St. Louis, MO).

Supernatants were collected after 18 h and stored at

-80�C.

Measurement of pro-inflammatory cytokines

Concentrations of tumor necrosis factor a (TNF-a) and

interleukin-6 (IL-6) in macrophage supernatants were

measured by commercial ELISA kits (OptEIA; BD

Pharmingen, San Diego, CA) according to manufac-

turer’s instructions. The lower detection limit of the

kits was 15.6 pg/mL.

Real-time PCR for early differentiation markers

BM cells were cultured in complete MesenCult mouse

medium 05501 for 10 days; the medium was replaced

twice a week. Total RNA was isolated using TRIzol

Reagent (Invitrogen) and quantified with a Nanodrop

spectrophotometer (Thermo Fisher Scientific, Wil-

mington, DE). One microgram of RNA was reverse

transcribed with Superscript III Reverse Transcriptase

(Invitrogen). Following reverse transcription, real-time

PCR was performed using LightCycler 480 SYBR

Green I Master Mix (Roche Diagnostics, Indianapolis,

IN). The forward and reverse primers were designed

using the PrimerTime qPCR Assay (Integrated DNA

Technologies, Skokie, IL). Primer sequences are shown

in Table 1. Each primer master mix consisted of one

forward and one reverse primer (10 lM each), SYBR

Green I Master Mix (29 concentration), and sterile

water. Five lL of the cDNA was aliquoted to each well

of the LightCycler 480 Multiwell Plate (Roche Diag-

nostics); 15 lL of the primer master mix was added to

cDNA. Each reaction was run in duplicate in a final

volume of 20 lL. In the LightCycler 480 real-time PCR

apparatus, the pre-incubation at 95�C took five min and

was followed by 45 amplification cycles at 95�C for

30 s and then 60�C for 30 s. The results for individual

genes were normalized based on the expression of the

housekeeping gene TATA-binding protein (Syed et al.

2010) run in the same plate. Data are expressed as the
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factor (‘‘fold’’) of change relative to the expression in

young control animals.

Statistical analysis

Groups consisted of no more than four mice. The total

number of animals studied was 13, 3 and 7 young mice

in normobaric air, normobaric oxygen, and HBO,

respectively and 9, 3 and 10 old mice in normobaric

air, normobaric oxygen, and HBO, respectively. As

the number of animals in study groups differed, we

analyzed the data using a two-way ANOVA of

logarithmically transformed data. p values were

obtained as pair-wise comparisons between group

means using the Fisher’s Least Significant Difference

method. Because the overall global p value was 0.009,

the Fisher’s Protected Least Significant Difference

method provided correct control over type I error

(false positives); hence, the pair-wise p values less

than 0.05 could be considered statistically significant.

Results

HBO affects circulating blood cells in young,

but not old mice

To determine the effects of age and HBO on circulat-

ing cells, we exposed mice to pure oxygen at 2.8 ATA

for 90 min on each of five consecutive days and

compared the effects to control mice breathing

normobaric air (Table 2). HBO-treated young mice

exhibited an increase in lymphocyte and mono-

cyte counts relative to control air-breathing mice

(p \ 0.05), but blood counts of total white blood cells,

basophils, eosinophils, red blood cells and platelets

did not differ. Peripheral blood counts in old air-

breathing mice were similar to young air-breathing

mice, except for elevated monocyte and platelet levels

(p \ 0.05). However, HBO did not affect the cell

densities in old mice.

Effects of age on hematopoietic progenitors

Because HBO, but not normobaric oxygen, mobi-

lizes SCPs in young mice (Thom et al. 2006;

Milovanova et al. 2009), we explored the effects of

HBO on SCP mobilization in old mice by deter-

mining the number of hematopoietic colony forming

units in culture (CFU-C). For additional control, we

exposed the animals to normobaric oxygen under

conditions otherwise identical to those exposed to

HBO. We found no effect of normobaric oxygen

compared to normobaric air in the young and old

(p [ 0.05), but the blood of old control mice yielded

twice as many CFU-Cs as the blood of young mice

(p \ 0.05; Fig. 1). HBO treatment doubled this

number in young mice (p \ 0.05); the increase in

old mice did not reach statistical significance. The

number of CFU-Cs from BM cells was higher in old

control mice than in young control mice (p \ 0.05;

Fig. 1). HBO effect on BM cells was similar to the

effect on circulating cells: it affected young mice

(p \ 0.05), but not old mice. Again, normobaric

oxygen had no effect in either group (p [ 0.05).

These results suggest that aging increases the

number of CFU-C-generating cells on its own and

that HBO has no effect on these cells in old mice.

Table 1 Primer sequences employed in analysis of transcript levels for early markers of adipocytic and osteoblastic differentiation

of mesenchymal stromal cells

Gene Forward primer (50–30) Reverse primer (50–30)

PPAR-c GAGGAGTCCCTTCCCTCATC TCCTCGAAGGTTAAGGCTGA

C/EBP-b GTTTCGGGACTTGATGCAAT GCCCGGCTAGACAGTTACAC

aP2 GAATGTGTTATGAAAGGCGTGAC AAATTTCCATCCATCCAGGCCTCT

RUNX2 CCAGGAAGACTGCAAGAAGG TCCTGCATGGACTGTGGTTA

OSX GGAGGTTTCACTCCATTCCA TAGAAGGAGCAGGGGACAGA

AP CACAGATTCCCAAAGCACCT GGGATGGAGGAGAGAAGGTC

TBP CTCAGTTACAGGTGGCAGCA CAGCACAGAGCAAGCAACTC

Markers of adipocytic differentiation: PPAR-c Peroxisome proliferator-activated receptor-c, C/EBP-b CCAAT/enhancer binding

protein-b, aP2 fatty-acid binding protein 4. Markers of osteoblastic differentiation: RUNX2 runt-related transcription factor 2, OSX
osterix, AP alkaline phosphatase. Housekeeping gene: TBP TATA-binding protein
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As normobaric oxygen did not affect proliferation as

the ultimate measure of cell function, we focused

further studies on the effects of HBO.

HBO suppresses expression of proinflammatory

cytokines by activated macrophages

Most CFU-Cs developed from blood and BM cells

were CFU-granulocyte/macrophage (data not shown);

this indicated that most cells were committed to

differentiation into myeloid cells. This observation

compelled us to determine the effects of HBO on

myeloid cell function. We isolated splenic macro-

phages, activated them by lipopolysaccharide (LPS)

and measured expression of IL-6 and TNF-a, cyto-

kines previously tested in studies of HBO effects

(Lahat et al. 1995; van den Blink et al. 2002; Benson

et al. 2003; Fildissis et al. 2004; Buras et al. 2006;

Thom 2009). We found no detectable cytokines in the

media conditioned by LPS-free macrophages (data not

shown), but in the presence of LPS macrophages

expressed high levels of IL-6 and TNF-a (Fig. 2). In

Table 2 Effects of age on circulating blood cells in young and old mice

Young Old

Air HBO Air HBO

White blood cells 5.5 ± 0.6 8.5 ± 0.6 6.2 ± 1.1 6.1 ± 0.8

Lymphocytes 4.2 ± 0.5 6.5 ± 0.4* 3.8 ± 0.7 4.0 ± 0.4

Monocytes 0.2 ± 0.0 0.3 ± 0.0* 0.3 ± 0.0** 0.3 ± 0.0

Neutrophils 1.2 ± 0.1 1.7 ± 0.2 1.9 ± 0.4 1.3 ± 0.1

Basophils 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0

Eosinophils 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0

Red blood cells 7.8 ± 0.1 8.0 ± 0.4 7.9 ± 0.1 7.3 ± 0.3

Platelets 648 ± 26.8 722 ± 40.9 954 ± 24.1** 900 ± 74.5

Young and old mice were treated by 100% oxygen at 2.8 ATA for 90 min on five consecutive days. Controls breathed normobaric air.

Complete blood counts were determined using a Hemavet 850FS cytometer (DREW Scientific, Oxford, CT). All cell numbers are

expressed as thousands per lL and shown as mean ± SEM. * Significant compared to animals breathing normobaric air.

** Significant compared to young animals breathing normobaric air. For lymphocytes, p \ 0.05 for the difference between young

controls and young hyperbaric oxygen (HBO)-treated animals; for monocytes, probabilities for comparisons of control and HBO-

treated young mice and young control mice versus old control were \ 0.05 as was the probability for the difference of platelet

numbers between young controls and old controls

Fig. 1 Hyperbaric oxygen and age affect hematopoietic

propensity of circulating and bone marrow cells. Mice breathed

normobaric air (controls; white bars) or normobaric oxygen

(lightly shaded bars) or hyperbaric oxygen (HBO; heavily
shaded bars) for five consecutive days. Eighteen hours after

final HBO treatment, animals were killed and hematopoietic

stem cells and progenitors (HSCPs) were quantified as colony-

forming units in culture (CFU-C) by peripheral blood leuko-

cytes (left panel) and bone marrow (BM) cells (right panel).

Mice were treated in groups of no more than four. The total

number of animals studied was 13, 3 and 7 young mice in

normobaric air, normobaric oxygen, and HBO, respectively and

9, 3 and 10 old mice in normobaric air, normobaric oxygen, and

HBO, respectively. Pooled data for all mice that underwent the

same treatment are shown as mean values ± SEM. Horizontal
lines indicate the differences among groups that are statistically

significant (p \ 0.05)
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agreement with others, macrophages from old mice

secreted less of these cytokines (Renshaw et al. 2002;

Boehmer et al. 2005; Chelvarajan et al. 2005; Gomez

et al. 2010). HBO reduced the mean concentration of

IL-6 by 72% in the media conditioned by macrophages

from young mice (p \ 0.05) and by 67% by macro-

phages from old mice (p \ 0.05). TNF-a secretion

was similarly reduced by 44% (p \ 0.05) and 56%

(p \ 0.05), respectively. These results show that

systemic HBO exposure reduces in vitro pro-inflam-

matory cytokine expression in macrophages from

young and old mice alike.

Effect of age on HBO on MSCs

Based on the recent interest in the potential role of

MSCs in regenerative medicine, we set to determine if

HBO affects this major group of cells as well.

Consequently, we quantified the MSC frequency in

peripheral leukocytes and BM by the CFU-F assay.

We found no CFU-F-generating cells in the blood of

young air-breathing and HBO-treated mice. However,

leukocytes of old air-breathing mice yielded low, but

detectable numbers of CFU-Fs (1.0 ± 0.8 CFU-F/

1 9 106 leukocytes); the number of CFU-Fs did not

change by HBO (p [ 0.05).

In distinction to leukocytes, BM cells gave rise to

typical CFU-Fs (Fig. 3). One million BM cells of

young mice yielded 4.5 ± 0.8 CFU-Fs (Fig. 4). Sur-

prisingly, HBO doubled the number of CFU-Fs in

young mice (p \ 0.05). Less unexpected was the

finding that the number of CFU-F-generating cells in

the BM of old mice was fourfold higher relative to

young animals (p \ 0.051), while HBO did not affect

that number (p [ 0.05). These findings suggest that

HBO affects BM MSC and that the number of CFU-F-

generating cells increases with age.

Fig. 2 Hyperbaric oxygen suppresses secretion of inflamma-

tory cytokines. Splenic macrophages obtained from young and

old mice shown in Fig. 1 were cultured for 18 h with

lipopolysaccharide (LPS; 100 ng/mL). Supernatants were

assayed for interleukin-6 (IL-6) (left panel) and TNF-a (right

panel). Data are shown as mean values ± SEM for all mice that

underwent the same treatment. Horizontal lines indicate the

differences among groups that are statistically significant

(p \ 0.05)

Fig. 3 Age and HBO affect bone marrow-derived MSCs. MSC

frequency in leukocytes and BM was evaluated by colony

formation. One million leukocytes or BM cells from animals

breathing normobaric air or treated by HBO were cultured for up

to 13 days and stained by Giemsa when CFU-fibroblast (CFU-

F) colonies were counted under the microscope. Shown are

representative Giemsa-stained plates of BM-derived CFU-Fs;

the arrow in the upper left plate points to the randomly selected

colony that is magnified in the square panel to demonstrate the

morphology typical for CFU-Fs
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HBO modifies expression of early differentiation

genes in MSCs

To gain insight whether age-related and HBO-related

changes in CFU-F-generating cells in Figs. 3 and 4 are

reflected in the differentiation potential of these cells,

we analyzed transcript levels of genes associated with

early differentiation into adipocytes and osteoblasts.

Genes of adipocytic differentiation (Gregoire et al.

1998) included the peroxisome proliferator-activated

receptor-c (PPAR-c); CCAAT/enhancer binding pro-

tein-b (C/EBP-b); and fatty-acid binding protein 4

(aP2); while those of osteogenic differentiation (van

Straalen et al. 1991; Karsenty 2008) were the runt-

related transcription factor 2 (RUNX2); osterix

(OSX); and alkaline phosphatase (AP). We measured

transcript levels by quantitative PCR and for each

transcript normalized the data of all groups to its

expression level in young air-breathing mice. Inter-

estingly, expression of PPAR-c and C/EBP-b was

affected neither by age nor by HBO, while the level of

aP2 transcripts in old mice was elevated relative to

young mice (p \ 0.05); the reduction by HBO did not

reach statistical significance (Fig. 5). In contrast,

osteoblastic differentiation markers were affected

both by age and HBO. The levels of gene transcripts

in old mice were threefold, 19-fold and fourfold higher

for RUNX2, OSX and AP, respectively (p \ 0.05 for

all three transcripts).

Fig. 4 Hyperbaric oxygen and age affect the frequency of

mesenchymal stromal cells in bone marrow. Mesenchymal

stromal cells (MSCs) from mice in Fig. 1 were quantified as

CFU-fibroblast (CFU-F) colonies. Horizontal lines indicate the

difference between groups that is statistically significant

(p \ 0.05)

Fig. 5 Hyperbaric oxygen modulates transcription of osteo-

genic, but not adipogenic differentiation genes in bone marrow

mesenchymal stromal cells of old mice. Transcripts associated

with early adipogenic differentiation [peroxisome proliferator-

activated receptor-c (PPAR-c); CCAAT/enhancer binding

protein (C/EBP)-b; and, fatty acid binding protein 4 (aP2)];

and early osteogenic differentiation [runt-related transcription

factor 2 (RUNX2); osterix (OSX); and, alkaline phosphatase

(AP)] were quantified by real-time PCR in bone marrow

mesenchymal stromal cells obtained from mice in Fig. 1.

Horizontal lines indicate the differences among groups that are

statistically significant (p \ 0.05)
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While the effects of HBO on transcript levels were

marginal in young mice, they were prominent in the

old. There was no change in RUNX2 levels, levels of

transcripts for OSX were reduced by one half

(p \ 0.05) in contrast to doubling of AP transcripts

(not statistically significant). Overall, these results

indicate age and HBO affect the expression of

osteoblastic early differentiation genes in MSCs.

Discussion

The purpose of this work is to probe the effects of

senescence on the ability of HSCPs and MSCs to

respond to HBO. The impetus for the study is the need

to understand if efficacy of the standard HBO therapy

protocols depends on age and, hence, the protocols

might have to be tailored to patient age. Based on the

general understanding of differences in HSCPs and

MSCs between the young and the old (Lansdorp et al.

1993; de Haan and Van Zant 1999; Lee et al. 2005;

Sethe et al. 2006; Gazit et al. 2008; Roobrouck et al.

2008), the underlying hypothesis has been that HBO

may affect HSCPs and MSCs in an age-dependent

manner.

For this study we selected 2-month old and

18-month old mice. Based on the allometric relation-

ships between body size and expected longevity, the

younger group would be roughly equivalent to human

adolescents, while the older to an octogenarian

(Lindstedt and Calder 1981). In this study we focused

on a single gender of mice (females); additional

experiments in males should define the effect of age

and gender on HBO-mediated mobilization of SCPs.

Some gender-specific differences might be anticipated

based on gender-related response of old mice to

stressors (Gomez et al. 2009).

Using the selected model of senescence, we con-

firmed that the levels of CFU-C-forming cells in the

blood and marrow of old mice were higher than in the

young mice. A pertinent finding is that HBO affected

the proliferative capacity of HSCPs and MSCs in the

young, but not in old mice, in line with the observation

that systemic hyperoxia enhances proliferation of

human (Thom et al. 2006) and murine BM-derived

HSCPs (Thom et al. 2006; Milovanova et al. 2009).

After a single HBO treatment Thom et al. detected a

twofold increase in CFU-Cs in murine peripheral

blood leukocytes and BM cells. They found HSCP

mobilization by measuring expression of CD34 and

Sca-1 in peripheral blood cells (Thom et al. 2006;

Milovanova et al. 2009); our results confirm the latter

finding by colony forming and demonstrate that the

cells are functional and add considerable weight to

evidence that HBO mobilizes HSCPs.

Mobilizing agents induce rapid emigration of stem

cells from the BM. However, under most circum-

stances mobilization requires cell proliferation in the

BM (Nakamura et al. 2004). The higher basal level of

HSCPs in old mice could be associated with the age-

related expansion of the SCP pool that originates in the

increased autonomous cell renewal capacity (Gazit

et al. 2008). In contrast, old age is linked to a decline in

SCP function (Sudo et al. 2000; Geiger and Van Zant

2002), including less efficient hematopoiesis (Chen

et al. 2000), reduced differentiation potential (Rossi

et al. 2005) and impaired homing (Xing et al. 2006).

Altogether, these studies suggest that age-related

reduction of HSCP activity could be offset by the

increase in HSCP numbers (Gazit et al. 2008). Our

results are in line with other phenomena in aging, e.g.,

the pro-inflammatory phenotype, even in the absence

of insult (‘‘inflamm-aging’’) that results in an inherent

activation rendering the system less able to respond to

perturbation (de Haan and Van Zant 1999; Franceschi

et al. 2000; Gomez et al. 2005).

Our finding that HBO does not mobilize HSCPs in

the old is at variance with mobilization by granulo-

cyte-colony stimulating factor (Xing et al. 2006) that

reduces HSCP adhesion to BM stroma even in the old

(Geiger and Van Zant 2009). This difference suggests

qualitatively and/or quantitatively distinct mecha-

nisms in HBO-mediated and G-CSF-mediated HSCP

mobilization in old mice. In response to HBO, nitric

oxide levels increase and trigger a cascade mechanism

that mobilizes SPCs from BM by the release into

circulation of cytokines such as cKit ligand (stem cell

factor, SCF; Thom et al. 2006). The effects of aging on

this mechanism are unknown, but HSPC mobilization

by chemotherapeutics and/or growth factors increases

the risk of acute arterial thrombosis, angina, sepsis,

and death (Takahashi et al. 1999) in the old much more

than in the young (Nomellini et al. 2009). Conse-

quently, it will be important to clarify the effects of

aging on the components of the proposed HBO-

mediated cascade involved in SCP mobilization.

Additional insight might be gained from studies of

the effects of aging and HBO on the expression of
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SDF-1 and CXCR4, the critical regulators of SPC

function and homing, and of nitric oxide-mediated

mechanism of HSCP mobilization by HBO.

Aging increases the differentiation potential of

myeloid cells [reviewed in (Linton and Dorshkind

2004)], but results also in their functional defects

[reviewed in (Gomez et al. 2008)]. Our studies

confirmed that LPS-activated macrophages from old

mice express less proinflammatory cytokines IL-6 and

TNF-a relative to young cells (Renshaw et al. 2002;

Boehmer et al. 2005; Chelvarajan et al. 2005; Gomez

et al. 2010). Interestingly, HBO reduced IL-6 and

TNF-a expression to a similar extent in the young and

the old, in line with some (Benson et al. 2003; Buras

et al. 2006; Thom 2009), but not all observations

(Lahat et al. 1995; van den Blink et al. 2002; Fildissis

et al. 2004). Apparently, HBO can control acute

inflammation following injury and sepsis (Huang et al.

2005; Oter et al. 2005; Neuman and Thom 2008), but

its effects on increased morbidity and mortality

associated with aberrant inflammatory responses in

the old are largely unknown and, therefore, very much

worthy of additional research. While HBO-mediated

mobilization of HSCPs into circulation has been

known for some time (Thom et al. 2006), HBO effects

on MSCs have not been studied. We found no CFU-F-

forming cells among peripheral blood leukocytes

under any condition, except in old mice where we

did detect low levels of these cells. The significance of

this observation will require further study. However,

interestingly in BM, HBO increased the CFU-F

number in young mice.

MSCs and the effects of aging on them (Sethe et al.

2006; Roobrouck et al. 2008) are gaining interest

because of the putative applicability of MSCs in regen-

erative therapy and tissue engineering (Parekkadan

and Milwid 2010). We found detectable levels of

circulating MSCs (measured by the ability to generate

CFU-F colonies) only in old air-breathing mice. In the

BM, these cells were detectable in young mice and at a

fourfold higher level in old mice. This result differs

from the reports of age-related decrease in the total

number of CFUs or the absence of age effects

[reviewed in (Sethe et al. 2006)]. Further MSC

evaluation by techniques like flow cytometry may be

needed to detect fractions of MSCs especially sensi-

tive to the culture conditions used in CFU-F assays and

to settle the discord among the results.

The effects of oxygen tension on MSCs have not

been clearly established either. On one side, hypoxia

decreased proliferation and differentiation of BM-

derived MSCs (Mohyeldin et al. 2010). On the other

side, HBO-stimulated bone formation and healing

(processes involving MSCs) did not enhance the

osteogenic ability of MSCs in spinal fusion in a rabbit

model (Fu et al. 2010). We found that HBO increased

the number of CFU-Fs in the young BM. We

demonstrated that young MSCs retained their differ-

entiation potential (measuring adipogenic differentia-

tion; data not shown), but that HBO had no effect on

this process. This observation adds to those who

suggest that in young mice HBO can change the

numbers of BM-derived MSCs without affecting their

differentiation potential (Fu et al. 2010).

Lineage commitment of MSCs is controlled by an

array of intracellular and extracellular signals in the

BM milieu, including the activation of phenotype-

specific transcription factors (Karsenty 2008). Our

results show that transcript levels of genes involved in

adipogenic differentiation were unaffected by age, but

that transcript levels of early osteoblastic differentia-

tion genes were higher in old MSCs. These results

differ from description of higher levels of aP2

transcripts (an adipocyte differentiation gene) in

MSCs from old mice (no gender specified) and lower

levels of transcripts of osteoclast-specific transcription

factors including RUNX2 (Moerman et al. 2004).

However, our findings are in line with the expression

of significantly higher transcript levels for all osteo-

blast differentiation marker genes in hematopoietic

lineage-negative (lin-) cells from old female C57/BL6

mice (Syed et al. 2010). Since lin- cells are highly

enriched in osteoblastic progenitors that can mineral-

ize in vitro, form bone in vivo, and express bone-

related genes, our results are comparable with the

demonstration of aging effects on osteoblast progen-

itors (Syed et al. 2010). Quantifying the baseline

expression of osteogenic and adipogenic differentia-

tion markers provided a snapshot of the effects of

aging and HBO on the MSC differentiation potential.

Expression of these genes during MSC differentiation

coupled with other differentiation assays (e.g., in vitro

mineralization and in vivo bone formation for osteo-

blasts and in vitro lipid formation for adipocytes) will

provide more definite evidence for the effects of age

and HBO on lineage commitment by MSCs.
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Observation of MSC-restricted expression of early

differentiation genes affected by HBO in old mice only

warrants in-depth studies of the involved intracellular

signaling networks. Study of signaling involving

extracellular mediators, in particular the transforming

growth factor-b, bone morphogenetic proteins 2 and 4

with a known role in controlling adipocyte versus

osteoblast formation (Gregoire et al. 1998; Karsenty

2008) will help define the mechanisms involved in the

effects of HBO in MSCs, particularly in the old.

In a murine model of aging we studied the effects of

HBO on HSCPs and MSCs. We demonstrated that

aging affected the ability of mice to mobilize HSCPs

from the BM and suggest an age-related defect in

mobilization by HBO; mechanistic aspects of this

phenomenon require further elucidation. Our results

suggest that HBO therapy protocols may have to be

adjusted by age or eventually individualized. In

addition, these results indicate the potentially different

benefit of HBO in wound healing and tissue remod-

eling in the old and the young.
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