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Background: Mesenchymal stem cell (MSC) therapy may 
prevent neonatal hyperoxia-induced lung injury (HILI). There 
are, however, no clear data on the therapeutic efficacy of MSC 
therapy in established HILI, the duration of the reparative effects, 
and the exact mechanisms of repair. The main objective of this 
study was to evaluate whether the long-term reparative effects 
of a single intratracheal (IT) dose of MSCs or MSC-conditioned 
medium (CM) are comparable in established HILI.
Methods: Newborn rats exposed to normoxia or hyperoxia 
from postnatal day (P)2)–P16 were randomized to receive 
IT MSCs, IT CM, or IT placebo (PL) on P9. Alveolarization and 
angiogenesis were evaluated at P16, P30, and P100.
Results: At all time periods, there were marked improvements 
in alveolar and vascular development in hyperoxic pups treated 
with MSCs or CM as compared with PL. This was associated with 
decreased expression of inflammatory mediators and an upregu-
lation of angiogenic factors. Of note, at P100, the improvements 
were more substantial with MSCs as compared with CM.
Conclusion: These data suggest that acute effects of 
MSC therapy in HILI are mainly paracrine mediated; however, 
optimum long-term improvement following HILI requires 
treatment with the MSCs themselves or potentially repetitive 
administration of CM.

Hyperoxic exposure of the developing lung is one of the main 
contributing factors to the development of bronchopulmo-

nary dysplasia (BPD) (1). This disease affects ~40% of extremely 
low birth weight infants (2) and is characterized by disordered 
microvasculature development and decreased alveolarization 
(3). In its most severe form, BPD is complicated by severe pulmo-
nary hypertension (PH), and long-term survivors have deranged 
lung function and neurodevelopmental impairment (1). Indeed, 
although severe BPD affects <10% of extremely low birth weight 
preterm infants, effective therapies must be generated given that 
this disease is a significant cause of mortality in these patients.

One of the new potential strategies for the treatment of BPD 
is cell-based therapy. Cell-based therapies have now proven to 
be efficacious in the repair of several organs, including heart, 
lung, and brain (4). Since the seminal report by Krause and 
colleagues in 2001, demonstrating that a single bone mar-
row–derived stem cell could engraft in the lung and adopt the 

phenotype of airway epithelial cells (5), several reports have 
demonstrated that stem cells can improve lung injury induced 
by bacterial pneumonia (6), endotoxin (7), and hyperoxia (8).

One of the most utilized stem cell populations in preclinical 
and clinical regenerative medicine is the mesenchymal stem cell 
(MSC). These stem cells are easily expanded, readily accessible, 
and immunoprivileged (9). Furthermore, their anti-inflamma-
tory and proangiogenic properties (9) make them attractive 
therapeutic entities for neonatal hyperoxia-induced lung injury 
(HILI). In fact, two recent reports have demonstrated the effi-
cacy of MSCs in preventing neonatal HILI. A single intratra-
cheal (IT) or intravenous dose of MSCs was shown to prevent 
the parenchymal and vascular damage observed in neonatal 
HILI (8,10), albeit the effects appeared to be mainly paracrine 
mediated (10). It is, however, not known if MSC therapy could 
abrogate the lung damage evidenced in established neonatal 
HILI and whether the reparative effects, if any, would be sus-
tained in the long term. In addition, because recent data suggest 
that the mechanism of MSC repair is mainly paracrine medi-
ated, we sought to test the hypothesis that the administration of 
a single dose of IT MSCs or a single dose of IT MSC-conditioned 
medium (CM) to neonatal rats with established HILI would 
yield comparable lung repair both acutely and in the long term.

To address these questions, the current study evaluated the use 
of IT MSCs and IT CM to treat established HILI in newborn rats, 
an animal model of severe BPD (11). We show that the adminis-
tration of a single IT dose of MSCs or CM to newborn rats with 
established HILI similarly improves lung injury in the short term. 
However, in refute of our hypothesis, we show that more sig-
nificant long-term repair following HILI is obtained following a 
single IT dose of MSCs as compared with a single IT dose of CM. 
The current findings therefore suggest that the administration of 
actual MSCs themselves and not just a CM cocktail is necessary 
to optimize long-term lung repair following neonatal HILI.

Results
Acute Improvement in HILI Following Intratracheal 
Administration of MSCs or CM
Following IT administration of placebo (PL), MSCs, or CM, 
newborn pups were evaluated at postnatal day (P)16 (n = 18 
litters) and P30 (n = 16 litters). Hyperoxia-exposed newborn 
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rats treated with IT PL had alveolar “simplification” at P16 
similar to that seen in BPD (12). This was evidenced by fewer 
alveoli with large diameters and decreased alveolar septation 
(Figure 1a). These histological changes persisted and worsened 
even after a 2-wk recovery in room air (RA) (P30). Remarkably, 
administration of a single dose of IT MSCs or CM at P9 dra-
matically improved the alveolar structure in the hyperoxic pups 
at both P16 and P30. This was evidenced by an attenuation of 
the increase in mean linear intercept and average alveolar area 
in the treated pups (Figure 1b–e). There was no difference in 
alveolarization between the MSC and CM treatment groups.

Hyperoxic PL-treated rats also exhibited capillary rarefac-
tion, as evidenced by decreased Von Willebrand Factor stain-
ing (Figure 2a) and a 60% decrease in the vascular density as 
compared with normoxia. In contrast, treatment with MSCs 
or CM improved vascular density at both P16 (Figure  2b) 
and P30 (Figure 2c), and the MSC- or CM-treated hyperoxic 
animals had twice as many vessels as those treated with PL. 
There was no significant difference between the MSC and 
CM groups. Of note, this improvement in vascularization was 

associated with increased expression of the angiogenic factors 
vascular endothelial growth factor (VEGF) and angiopoeitin-1 
in hyperoxic animals treated with MSCs or CM (Figure 2d,e).

Chronic hyperoxia also produced significant PH and right-
ventricular hypertrophy in PL-treated animals, as evidenced by 
increased right-ventricular systolic pressure (RVSP) and right 
ventricle/left ventricle + septum (S) ratio. However, treatment 
of hyperoxic animals with MSCs markedly attenuated these 
changes at P16 (Figure 3a,b) and P30 (Figure 3c,d). In contrast 
to the MSC-treated group, administration of CM improved 
these measures of PH at P16 but not at P30 (Figure 3a–d).

Finally, in accordance with the known immunomodulatory 
properties of MSCs (9), the acute reparative effects of MSCs 
and CM in neonatal rats with HILI were associated with a 
decreased gene expression of the proinflammatory cytokines 
interleukin-6 (IL-6) and IL-1β (Figure 4a,b). Moreover, MSCs 
and CM significantly limited the hyperoxia-induced downreg-
ulation of thyroid transcription factor (TTF-1) (Figure 4c), a 
transcription factor shown to be important in lung morpho-
genesis and the control of surfactant protein production (13).

Figure 1.  Improvement in alveolarization following intratracheal mesenchymal stem cells/MSC-conditioned medium (IT MSC/CM) at P16 and P30. 
(a) Hematoxylin and eosin–stained lung sections demonstrating improved alveolar structure in hyperoxia-exposed pups treated with (IT MSC/CM) at P16 
and P30. Original magnification ×200. Bars = 100 µm. IT MSC/CM attenuated the increase in (b) mean linear intercept (Lm) and (c) average alveolar area 
(AAA) observed in hyperoxic placebo-treated (Hyp PL) pups at P16.  (d) Similar changes in Lm and (e) AAA were seen at P30 (*P < 0.001 room air (RA) vs. 
Hyp PL, **P < 0.001 Hyp PL vs. Hyp MSC or Hyp CM; n = 5/group). White bars are RA and black bars are hyperoxia.
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Long-Term Improvement in HILI Following Intratracheal MSC 
Therapy
To elucidate whether a single dose of IT MSCs or CM would pro-
vide sustained recovery following HILI, animals were also eval-
uated after a 12-wk recovery period in RA (P100; n = 4 litters). 
Even after this long recovery period, the lungs from PL-treated 
hyperoxia animals had strikingly significant alveolar simplifica-
tion (Figure 5a), evidenced by increased mean linear intercept 
and average alveolar area (Figure 5b,c). In contrast, these mor-
phometric findings were significantly decreased in the hyper-
oxic rats that were treated with MSCs or CM (Figure  5b,c). 
The magnitude of this improvement was greater in the groups 
treated with MSCs as compared with those treated with CM.

Consistent with the above changes, PL-treated hyper-
oxic animals, recovering in RA for 12 wk, continued to have 
a diminished vascular density (Figure  6a). In contrast, the 
administration of MSCs or CM attenuated the impairment 
in vascular development(Figure 6b). However, the degree of 
improvement was significantly greater in those animals treated 
with MSCs as compared with those treated with CM.

Similarly, after 12 wk of recovery in RA, PL-treated hyperoxic 
rats continued to have a significant increase in PH evidenced 
by an elevation in RVSP (Figure 6c). The administration of IT 
MSCs significantly limited the elevation of RVSP, but treat-
ment with CM did not produce any improvement in RVSP as 
compared with PL. Neither IT MSCs nor CM improved the 
degree of right-ventricular hypertrophy (Figure 6d).

Engraftment
Lung sections from all groups (n = 3 animals/group) were 
immunostained with surfactant protein SP-C and antigreen 
fluorescent protein (GFP) antibody (Figure  7). Engrafted 
GFPpos cells that express SP-C were manually counted in five 
random fields per section and expressed as a percentage of all 
nuclei present in that field. The percentage of GFPpos cells in 
the lungs at P16, P30, and P100 in the hyperoxia-exposed pups 
were 0.3 ± 0.11%, 0.3 ± 0.08%, and 0.4 ± 0.15%, respectively. 
Of these GFPpos cells, the percentages that expressed SP-C at 
P16, P30, and P100 were 13 ± 11%, 75 ± 22%, and 77 ± 10% 
respectively.

Figure 2.  Improvement in lung vascular density following intratracheal mesenchymal stem cells/MSC-conditioned medium (IT MSC/CM) at P16 and 
P30. (a) Lung sections stained with Von Willebrand Factor (red) and 4′ 6-diamidino-2-phenylindole (blue) demonstrating improved vascular density in 
hyperoxia-exposed pups treated with (IT MSC/CM) at P16 and P30. Original magnification ×200. Bars = 100 µm. IT MSC/CM increased the number of vessels 
(20–50 µm)/high power field at (b) P16 and (c) P30 (*P < 0.001 room air (RA) vs. Hyperoxic placebo (Hyp PL), **P < 0.04 Hyp PL vs. Hyp MSC or Hyp CM; n = 
5/group). These findings were associated with a relative increase in the gene expression of (d) VEGF and (e) Ang-1 in the hyperoxic IT MSC/CM groups at 
P16, (*P < 0.001 RA vs. Hyp PL, **P < 0.002 Hyp PL vs. Hyp MSC, †P<0.001 Hyp PL vs. Hyp CM; n = 7/group). White bars are RA and black bars are hyperoxia. 
Ang-1, angiopoietin-1; VEGF, vascular endothelial growth factor.
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Discussion
This study demonstrates that the administration of a single IT 
dose of MSCs or CM to neonatal rats with established HILI 
comparably improves alveolarization, angiogenesis, and PH in 
the short term, but the administration of IT MSCs provides 
more substantial long-term repair in neonatal rats recover-
ing from HILI. These results suggest that although the acute 

improvement in HILI following MSC therapy may be mainly 
paracrine mediated, optimum long-term recovery requires the 
presence of the MSCs themselves. This is an important find-
ing given that it provides further insight into the potential of 
IT MSC therapy to provide sustained improvement in severe 
BPD, and opens the door for further evaluation of the para-
crine factors released from MSCs that may mediate the acute 
improvement in HILI.

Cell therapy has now emerged as one of the new strategies 
for the treatment of severe BPD (8,10). In fact, several recent 
preclinical studies have demonstrated improvement in neona-
tal HILI following the administration of bone marrow–derived 
stem cells (8,10). In a seminal study by van Haaften and col-
leagues, intratracheal prophylactic delivery of MSCs to neo-
natal rats prevented hyperoxia-induced arrest of alveolar and 
vascular development, and improved survival and exercise 
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Figure 4.  Acute downregulation of lung inflammatory genes following 
intratracheal mesenchymal stem cells (IT MSC). (a) IT MSC/MSC-conditioned 
medium (MSC/CM) downregulated the gene expression of interleukin (IL)-6 
(*P < 0.001 room air (RA) vs. hyperoxic placebo (Hyp PL), **P < 0.001 Hyp PL 
vs. Hyp MSC or Hyp CM, †P < 0.001 Hyp MSC vs. Hyp CM, n = 7/group).  
(b) IT MSC decreased the expression of Il-1β (*P < 0.001 RA vs. Hyp PL,  
**P < 0.001 Hyp PL vs. Hyp MSC; n = 7/group) whereas IT CM increased Il-1β 
expression (†P < 0.001 Hyp PL vs. Hyp CM; n = 7/group). (c) IT MSC/CM  
limited the downregulation of thyroid transcription factor-1 (TTF-1) in Hyp 
PL pups (*P < 0.001 RA vs. Hyp PL, **P < 0.001 Hyp PL vs. Hyp MSC or Hyp 
CM, n = 7 group). White bars are RA and black bars are hyperoxia.

Figure 3.  Improvement in pulmonary hypertension following intratracheal 
mesenchymal stem cells/MSC-conditioned medium (IT MSC/CM) at P16 
and P30. (a) Administration of (IT MSC/CM) to hyperoxic pups attenuated 
the increase in right-ventricular systolic pressure (RVSP) (*P < 0.001 room 
air (RA) vs. hyperoxic placebo (Hyp PL), **P < 0.001 Hyp PL vs. Hyp MSC or 
Hyp CM; n = 20–28/group) and (b) right ventricle/left ventricle (RV/LV) + 
septum (S) (*P < 0.001 RA vs. Hyp PL, **P < 0.03 Hyp PL vs. Hyp MSC or  
Hyp CM; n = 8–19/group), in Hyp PL pups at P16. (c) At P30, only IT MSC 
attenuated the increase in RVSP (*P < 0.001 RA vs. Hyp PL, **P < 0.001 Hyp 
PL vs. Hyp MSC;  n = 10–14/group). (d) IT MSC/CM did not affect RV/LV + S 
at P30. White bars are RA and black bars are hyperoxia.
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Figure 5.  Long-term improvement in alveolarization following intratracheal mesenchymal stem cells/MSC-conditioned medium (IT MSC/CM). (a) Hematoxylin 
and eosin–stained lung sections demonstrating improved alveolar structure in hyperoxic pups treated with (IT MSC) and CM at P100. Shown in magnification 
of ×25 and ×100. Bars = 500 µm. (b) IT MSC/CM attenuated the increase in mean linear intercept (*P < 0.001 room air (RA) vs. hyperoxic placebo (Hyp PL), **P 
< 0.001 Hyp PL vs. Hyp MSC or Hyp CM, †P < 0.04 Hyp MSC vs. Hyp CM; n = 5/group), and (c) average alveolar area (*P < 0.001 RA vs. Hyp PL, **P < 0.03 Hyp PL 
vs. Hyp MSC or Hyp CM, †P < 0.03 Hyp MSC vs. Hyp CM; n = 5/group), observed in Hyp PL pups at P100, but these improvements were more in the MSC group. 
White bars are RA and black bars are hyperoxia.
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Figure 6.  Long-term improvement in lung vascular density and pulmonary hypertension following intratracheal mesenchymal stem cells/MSC-conditioned medium 
(IT MSC/CM). (a) Lung sections stained with Von Willebrand Factor (red) and 4′ 6-diamidino-2-phenylindole (blue) demonstrating improved vascular density in 
hyperoxia-exposed pups treated with (IT MSC/CM) at P100. Original magnification ×200. Bars = 100 µm. (b) IT MSC/CM increased the vascular density at P100  
(*P < 0.001 room air (RA) vs. hyperoxic placebo (Hyp PL), **P < 0.005 Hyp PL vs. Hyp MSC or Hyp CM; n = 5/group), but the effect of MSCs was more substantial  
(†P < 0.04 Hyp MSC vs. Hyp CM). (c) IT MSC attenuated the increase in right-ventricular systolic pressure observed in Hyp PL pups at P100 (*P < 0.001 RA vs. Hyp PL,  
**P < 0.002 Hyp PL vs. Hyp MSC; n = 8/group). (d) Right-ventricular hypertrophy was unaffected by IT MSC/CM at P100. White bars are RA and black bars are hyperoxia.
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tolerance (8). Of note, MSC-derived conditioned media pre-
vented hyperoxia-induced alveolar epithelial cell apoptosis 
and enhanced endothelial cord formation, suggesting that the 
mechanism of action of MSCs to prevent HILI is mainly para-
crine mediated (8). This concept has since been supported by 
Aslam et al., who showed that intravenous administration of 
MSCs also prevented HILI in neonatal mice but the adminis-
tration of intravenous CM had a more pronounced reparative 
effect acutely (10).

In contrast to these aforementioned reports that explored 
the protective effects of MSCs in HILI, our study provides new 
data showing that a single dose of IT MSCs or CM comparably 
improves alveolarization, angiogenesis, and PH in neonatal rats 
with established HILI but only in the short term. Indeed, in our 
current study, we chose to administer the MSC therapy 7 d after 
hyperoxia exposure, an interval at which there is a marked arrest 
of alveolar and vascular development as well as PH (11). Thus, 
our current study adds to the literature by showing that IT MSC 
therapy can be used as a therapeutic strategy for established 
neonatal HILI. Moreover, it shows that the effects of IT MSCs 
in HILI are mainly paracrine mediated, at least acutely, given 
that IT CM had comparable short-term reparative effects.

This is a plausible mechanism of action given that striking 
benefits of MSC therapy have been documented despite low 
engraftment rates, and furthermore, MSCs are known to secrete 
several potent growth and immunomodulatory factors (14). 
Among these secreted factors, VEGF and angiopoietin-1 have 
been shown to be important in lung development and repair 
(15). In our current study, we show that the acute improve-
ment in alveolarization and lung vascular development fol-
lowing IT MSC or CM administration to neonatal rats with 
HILI was associated with a marked increase in the expression 
of VEGF and angiopoietin-1, suggesting that the improvement 
in HILI may be secondary to improved angiogenesis stemming 
from the replenishment of these vasculogenic growth factors.

In addition to the MSC- and CM-associated increase in the 
expression of the aforementioned angiogenic factors in the 
hyperoxic-injured lung, our study also provides further evi-
dence of the anti-inflammatory effects of MSCs. We show that 
IT MSCs or CM significantly suppress the hyperoxia-induced 
increase in the expression of IL-6 and IL-8. These findings are 
supportive of the findings by Aslam et al. showing decreased 
bronchoalveolar lavage fluid neutrophil and macrophage count 
following intravenous MSC administration in neonatal mice 
with HILI (10). This anti-inflammatory property is attractive to 
harness in HILI given that proinflammatory cytokines such as 
Il-1β and IL-6 are known to be increased in the bronchoalveolar 
lavage fluid of infants with BPD (16), and furthermore, the over-
expression of cytokines during alveolarization has been shown 
to result in the development of “emphysema” in mice (3,17).

Another interesting finding in the current study is the 
MSC- or CM-associated increase in the expression of 
TTF-1 in hyperoxic-injured lungs. We show that neonatal 
PL-treated rats with HILI had decreased expression of this 
transcription factor, but a single dose of IT MSCs or CM 
almost completely restored its expression to baseline lev-
els. TTF-1 is known to be involved in the regulation of lung 
morphogenesis and influences the genes responsible for vas-
culogenesis and inflammation (18). TTF-1 knockout mice 
are known to have significant disruption of lung morpho-
genesis (19), and increased localized TTF-1 expression has 
been demonstrated in regions of regeneration in postmor-
tem human lungs with BPD, suggesting that it is critical in 
alveolar restoration during recovery from neonatal lung dis-
eases (13). Our current findings therefore suggest that the 
MSC/CM-associated modulation of TTF-1 expression may 
be important acutely in lung regeneration following HILI.

In accordance with these findings that suggest a paracrine-
mediated mechanism of MSC repair, (at least in the short 
term), absence of any significant lung engraftment of GFP-
labeled MSCs at 1, 3, or 13 wk after IT administration was not 
surprising, a finding consistent with previously published data 
describing engraftment rates of 0–5% (8,10). However, it should 
be noted that the insignificant engraftment in our current study 
and the published literature should be interpreted with caution, 
given that GFP is unstable, engrafted cells may lose their fluo-
rescence, and there can be variability of expression even among 
similar cell types. Thus, it is plausible that despite the inability 
to document significant retention of the IT administered MSCs, 
the cells could still be present within the lung structure.

This latter theory could potentially explain the disparity in 
the long-term reparative effects of IT CM and IT MSCs seen 
in our current study. Indeed, in contrast to the similar acute 
effects, our long-term study shows that the administration of 
a single IT dose of MSCs at P9 improved alveolarization and 
angiogenesis to a more marked degree as compared with IT 
CM, when pups with established HILI were evaluated at P100. 
This suggests that the MSCs themselves are more efficacious 
as compared with CM for long-term repair of the hyperoxic-
injured lung and suggests a possible direct cell–cell mediated 
effect. This is a distinct possibility, given that direct cell–cell 

Figure 7.  Lung engraftment of intratracheal mesenchymal stem cells (IT 
MSC). Lung sections stained with 4′ 6-diamidino-2-phenylindole (blue), 
green fluorescent protein (GFP) (green), SP-C (red), and GFP+SP-C (yellow) 
demonstrating engraftment of GFPpos MSC in hyperoxic pups treated with 
intratracheal MSC at P16. Original magnification ×400. Bar = 10 µm.
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interactions of the MSCs may partially restore the endogenous 
stem cell pool, leading to increased genesis of alveolar cells, 
thereby augmenting the repair process. This generation of lung 
stem cells may explain how low levels of MSC engraftment in 
the lung can still produce a beneficial effect.

Nonetheless, the possibility that the long-term reparative effects 
of MSCs following HILI may actually be also paracrine mediated 
should not be overlooked. Theoretically, the disparity in the long-
term therapeutic effects of the IT MSCs and IT CM may be due 
to the fact that once the factors within the CM are consumed by 
the damaged lung tissue, then the rate of lung recovery lessens 
because the CM contains only a finite amount of factors. If in fact 
this theory is accurate, then it is possible that the mechanism of 
MSC repair may be paracrine and the presence of the cells pro-
vides a source for the long-term secretion of reparative factors. 
Thus, theoretically serial repetitive dosing of IT CM may actually 
produce equivalent long-term repair as a single dose of IT MSC.

Finally, it is important to mention the limitations of this study. 
The histopathological changes evidenced in this model are more 
in accordance with severe BPD, an entity that is less frequently 
observed currently. It would be crucial to evaluate the effects of 
MSCs in rodent models with less oxygen exposure. In addition, 
in our evaluation of the long-term effects of MSCs in HILI, dur-
ing the recovery period in which the pups were in normoxia it is 
quite possible that they may have been hypoxemic and thus the 
lung morphological changes seen at P100 could be secondary 
to mixed hypoxic and hyperoxic insults on the alveolar and vas-
culature structures. However, it is also notable that in our study 
a large percentage of the GFPpos cells retained in the lung also 
expressed SP-C at 3 and 13 wk after IT administration of MSCs. 
The potential of MSCs to differentiate into alveolar epithelial 
cells has been previously demonstrated in vitro (8). Moreover, 
a similar degree of SP-C/GFP colocalization was demonstrated 
by van Haaften et al. following IT administration of GFPpos 
MSCs to neonatal rats with HILI, but admittedly, the approach 
of using dual labeling to document the degree of in vivo engraft-
ment and differentiation has limitations (8). The close juxtapo-
sition of GFPpos cells with alveolar epithelial cells or cell fusion 
may give the false impression of cell differentiation. We also did 
not evaluate all the possible harmful effects of the MSC therapy. 
Of note, we did not demonstrate any worsening in pulmonary 
vascular remodeling following the MSC therapy. Further stud-
ies will need to be performed to evaluate the possible formation 
of lung sarcomas and other adverse effects.

In conclusion, the present study provides new information 
on the potential of a single dose of IT MSCs to provide long-
term repair of the neonatal hyperoxic-injured lung. We show 
that although IT MSCs and CM acutely improve established 
neonatal HILI, the IT administration of MSCs conveys more 
significant long-term repair. The implications of the pres-
ent findings are tremendous given that they suggest that the 
acute effects of MSC are mainly paracrine mediated, and thus 
administration of a cocktail of factors secreted by the MSCs 
could improve HILI (at least acutely). Admittedly, although 
the long-term effects of MSCs in HILI may also be partially 
paracrine mediated, in order to achieve long-term sustained 

repair, a single IT administration of MSCs is superior to a sin-
gle IT dose of CM. Further studies will need to be performed 
to ascertain if the long-term effects are secondary to important 
cell–cell mediated interactions or if repetitive dosing of CM 
will produce equivalent long-term repair.

Methods
Animals
Adult male GFP transgenic and pregnant female Sprague Dawley rats 
were purchased from The Rat Resource and Research Center (Columbia, 
MO). Animals were treated according to National Institutes of Health 
guidelines, and the protocol was approved by the Animal Care and Use 
Committee of the University of Miami Miller School of Medicine.

MSC Retrieval
MSCs obtained from male GFPpos Sprague Dawley rats were iso-
lated and cultured as previously described (20) (see Supplementary 
Methods online). For injection the cells were thawed, washed with 
phosphate buffered saline, and resuspended in phosphate buffered 
saline at 2 × 106 cells/50 μl. CM was prepared as previously described 
(10) and a single IT dose of 50 μl was utilized for administration.

Experimental Procedure
Randomly chosen pups from 38 litters of Sprague Dawley rats were 
assigned at birth to RA or hyperoxia (90% O2) from P2 to P16. Pups 
were housed in a plexiglass chamber with O2 monitoring. Litters for 
each experimental group were limited to 10 pups to control for the effect 
of litter size on nutrition and growth. Due to a mortality rate of <10% in 
the hyperoxia-exposed pups, studies were repeated with several litters 
in order to obtain equivalent numbers of pups per experimental condi-
tion. Mothers were rotated every 48 h to standardize the nutrition pro-
vided to each litter. Oxygen exposure was continuous, with brief inter-
ruptions for animal care (<10 min/day). After 2 wk in the designated 
exposure, the litters were removed and placed in RA. One subset of the 
animals was studied for hemodynamic measurements and morphom-
etry at this time, whereas other groups were allowed to recover in RA 
for an additional 2 or 12 wk before being studied.

MSC Administration
On P9, the pups were anesthetized with ketamine (30 mg/kg) and xyla-
zine (4 mg/kg) via i.p. injection. The trachea was exposed through a 
small incision on the midline of the neck, and MSCs (2 × 106 in 50 μl), 
CM (50 μl), or phosphate buffered saline/PL (50 μl) was delivered by 
tracheal puncture with a 30-gauge needle. Pups were exposed to con-
tinuous bypass flow of RA or oxygen via rodent nose cone throughout 
the procedure, and for recovery, they were placed into a warmed plas-
tic chamber under normoxia or hyperoxia conditions. Once pups were 
fully awake, they were placed back with their dams.

Hemodynamic Measurements
RVSP was evaluated as previously described (21). Briefly, a thoraco-
tomy was performed and a 22-gauge needle connected to a pressure 
transducer was inserted into the right ventricle. RVSP was measured 
and recorded on a Gould polygraph (model TA-400; Gould instru-
ments, Cleveland, OH).

Right-Ventricular Hypertrophy
Right-ventricular hypertrophy was assessed as previously described 
(22). Briefly, the right ventricle was dissected from the left ventricle and 
S, and all were weighed. The ratio between the weights of right ventricle 
and left ventricle + S was calculated.

Lung Alveolarization
Pulmonary vascular morphometry was performed as previously 
described (23) (Supplementary Methods online). Serial 5-µm-thick 
paraffin-embedded sections obtained from the lungs were stained with 
hematoxylin and eosin. Images from six randomly selected, nonoverlap-
ping parenchymal fields were acquired from one lung section of each 
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animal (5–6/group) at 20× magnification. Care was taken to exclude 
bronchioles, vessels, and ambiguous objects, ensuring that only alveoli 
were included in the study. Images were captured by a blinded observer, 
and the mean linear intercept, a measure of interalveolar wall distance, 
and the average alveolar area, a measure of air space enlargement, 
were analyzed using Metamorph Imaging System software (Molecular 
Devices, Sunnyvale, CA) as previously described (24).

Lung Vascular Density
Vascular density was evaluated as previously described (14). Briefly, lung 
sections were stained with polyclonal rabbit antihuman Von Willebrand 
Factor (Dako, Carpinteria, CA), a marker of endothelial cells, and 4′ 6-di-
amidino-2-phenylindole, a marker of cell nuclei. Six randomly selected, 
nonoverlapping parenchymal fields were evaluated from lung sections 
of each animal (5–6/group). The number of blood vessels (20–50 µm in 
diameter) in each high-power field was counted by a blinded observer.

Quantitative Real-Time PCR
The gene expression of IL-1β, IL-6, angiopoietin-1, VEGF, and 
TTF-1 was quantified by real-time reverse transcriptase PCR using 
SuperArray (Frederick, MD). The relative quantity of IL-1β, IL-6, 
angiopoietin-1, VEGF, and TTF-1 was normalized to 18S expression.

Assessment of Engraftment and Differentiation
Serial 5-µm paraffin-embedded sections obtained from the upper and 
lower lobes of the lungs were dewaxed and rehydrated in descending 
grades of alcohol. Following antigen retrieval and blocking of non-
specific binding sites with a protein blocker, the lung sections were 
stained with the type II alveolar specific marker, antisurfactant pro-
tein C (1:50; AB3786; Millipore, Billerica, MA); anti-Alexa Fluor IgG 
(1:200; AF 594, A21207, Life Technologies, Carlsbad, CA); and anti-
GFP (1:50; sc-5385 AF488, Santa Cruz Biotechnology, Santa Cruz, 
CA) antibodies. Engrafted GFPpos cells expressing SP-C were imaged 
with a confocal microscope (Leica DMI 6000, Mannheim, Germany) 
and five random fields per section were counted by a blinded observer 
and expressed as a percentage of all nuclei present in that field (details 
in Supplementary Methods online).

Statistical Analysis
Data are expressed as mean ± SEM and were analyzed by two-way 
ANOVA with post hoc analysis (Holm-Sidak). P values <0.05 were 
considered statistically significant. Statistical analysis was performed 
using SigmaStat software (SyStat Software, San Jose, CA).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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