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Bone marrow-derived mononuclear cells (MNCs) enhance recovery in rodent stroke models. Since stroke ac-
tivates the bone marrow, there may be biological differences of autologous MNCs derived poststroke compared
with the prestroke setting. We analyzed MNCs harvested from the same Long Evans rats 1 day before and 1 day
after ischemic stroke or sham stroke. Stroke was induced by suture occlusion of the middle cerebral artery for
90 min. MNCs were characterized by flow cytometry to identify differences in the percentages of different cell
subpopulations. MNCs were also placed in culture and cytokines were measured in the media. In separate
experiments, Long Evans rats received 24 h after stroke an intracarotid injection of saline or autologous MNCs,
prepared from the same animal, either 1 day before or 1 day after stroke. The rats were then followed on the
cylinder and corner tests for 28 days. In poststroke MNCs compared with prestroke MNCs, there was a sig-
nificant reduction in T and mesenchymal stem cells and a significant increase in CD34 + and natural killer cells.
Postsham MNCs showed an elevation in CD11b and CD45R cells compared with presham MNCs. The con-
centrations of IL-10, IL-6, MCP-1, vascular endothelial growth factor (VEGF), and tumor necrosis factor-a were
significantly increased in poststroke MNCs compared with prestroke MNCs. Postsham MNCs showed a de-
crease in VEGF. Poststroke MNCs in comparison with prestroke MNCs led to a greater recovery on neurological
testing and reduced lesion size. Autologous MNCs exert different biological responses when derived from the
poststroke setting compared with normal animals.

Introduction

Cell-based therapy has emerged as a new approach to
reduce neurological deficits and enhance recovery after

stroke [1]. Bone marrow mononuclear cells (MNCs) are
composed of diverse cell populations and are particularly
attractive as a cell therapy because they permit rapid bone
marrow harvest and separation for autologous transplanta-
tion. Several studies have reported bone marrow-derived
MNCs enhance recovery in rodent models of stroke. In these
studies, MNCs were prepared from the same animal (autol-
ogous) before stroke [2,3] or after stroke [4]. Other rodent
stroke studies used MNCs that were derived from donor
animals [5]. Since the brain regulates the bone marrow
through defined neural pathways [6] and stroke activates the
bone marrow [7], there may be biological differences of MNCs
derived from the poststroke setting compared with MNCs
derived from healthy donors or from autologous sources be-
fore stroke. Indeed, priming of cells prior to transplantation
may enhance their therapeutic effects when transplanted in
a brain injury/neurodegenerative model [8,9]. As such, we
hypothesized that autologous MNCs derived from the post-
stroke setting compared with MNCs derived from the pre-

stroke setting exert different biological behaviors with respect
to their ability to exert cytoprotective effects and promote
recovery after stroke. It is also important to stress that this
question pertaining to bone marrow preconditioning may
have broader clinical relevance as autologous MNCs derived
from patients are being tested in clinical trials not only after
stroke but also after traumatic brain injury and myocardial
infarction.

Methods

Animals and groups

One hundred ten adult male Long Evans rats at 300–320 g
were used: Six rats were either excluded because of failure
to occlude the middle cerebral artery (MCA) or because of
mortality within 20 h of occlusion. There was no mortality
attributed to intra-arterial delivery of cells. All animals were
double housed with free access to food and water. Subjects
were maintained on a standard 12:12 h light/dark cycle. All
outcome assessments and data analysis were completed
blinded to treatment groups. All procedures were approved
by the UT-Houston Health Science Center Animal Welfare
Committee.
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MCA occlusion

Focal ischemia of 90 min duration in male Long Evans rats
was induced by suture occlusion of the middle cerebral artery
(MCAo) as described everywhere [10]. In brief, animals were
anesthetized with 2% isoflurane in a mixture of N2O/O2

(70%/30%). A 3-0 nylon monofilament with a heated blunt tip
was introduced through the external carotid artery (ECA) and
advanced to the beginning of the left MCA. Blood pressure
and blood gas were recorded. The temperature of the tem-
poralis muscle was monitored/controlled at 36.5 – 0.5�C using
a feed-forward temperature controller. Cerebral perfusion
was monitored with a laser Doppler flow-meter placed over
the ischemic area. For the sham procedure, Long Evans rats
underwent all procedures for suture MCAo except the suture
was not advanced into the carotid artery.

Bone marrow harvest

We perform bone marrow harvest in rats without causing
limb impairment [4]. The rats were anesthetized with isoflurane.
An incision was made through the skin to the medial aspect of
the tibia. The periosteum was removed and the surgeon drilled a
1.25 · 1.25 mm burr hole extending into the medullary cavity. A
20 gauge hypodermic needle was inserted into the medullary
cavity and connected to a heparinized syringe. Bone marrow (1–
1.5 mL) was aspirated while rotating and moving the needle
back and forth. The medullary cavity was flushed with saline
and the content aspirated. The burr hole was sealed with bone
wax and the skin closed with a nylon suture.

Delivery route

For intra-arterial delivery, under a surgical microscope,
the left common carotid artery (CCA), left ECA, and the left
internal carotid artery (ICA) were isolated via a midline in-
cision. An aneurysm clip ligation of the CCA and ICA was
performed. The ECA was ligated with a nylon suture and
nicked at a 45� angle. A modified PE10 catheter was inserted
into the ECA and advanced so that the tip sat into the ICA.
The ligature was tightened around the stump of the ECA
until hemostasis was achieved. The ICA was unclipped and
marrow cells or saline infused slowly over 5 min. The cath-
eter was then flushed with saline. The catheter was with-
drawn and the ligature was tightened around the stump of
the ECA. The skin incision was closed with a nylon suture.

Bone marrow cell processing

The cells from the bone marrow aspirate were triturated,
centrifuged, and washed in phosphate-buffered saline (PBS) +
0.5% bovine serum albumin (BSA). Cells were then suspended
in Media 199 and counted using a hemocytometer and coulter
counter. The cell suspension was added on top of 20 mL Ficoll-
Paque PLUS in a 50 mL conical vial and then centrifuged. The
MNCs were collected, washed with PBS + 0.5% (BSA), and then
counted. Cells were then suspended in sterile, cold PBS at the
desired concentration before intra-arterial (IA) injection. For
animals that underwent bone marrow harvest 24 h before
stroke, MNCs were isolated as described and placed in 90%
fetal bovine serum (FBS) + 10% dimethyl sulfoxide (DMSO)
and then stored at - 80�C. Viability > 95% was confirmed be-
fore re-suspension in cold PBS followed by IA injection. MNCs

that were first stored and thawed were also confirmed to have
greater than 95% viability prior to IA infusion.

Stroke experiments and autologous MNC injection

Twenty-four hours after MCAo, rats received an in-
tracarotid injection of saline or 10 million MNCs, prepared
from the same animal, either 1 day before (prestroke MNCs) or
1 day after stroke (poststroke MNCs). Animals were randomly
assigned to 1 of 3 groups. The first group of animals under-
went MCAo and then 22 h later underwent a bone marrow
harvest and then 2 h later received back purified MNCs via
carotid injection. The second group of animals underwent
MCAo and 22 h later underwent bone marrow needle injection
and marrow flushing but marrow was not harvested; they
then received saline via a carotid injection at 24 h after MCA
occlusion. This control group was designed based on the idea
that if cells were removed from the bone marrow, they would
not be returned; therefore, instead, we elected to insert the
needle into the bone marrow without harvest. The third group
of animals underwent bone marrow harvest 24 h before stroke.
The MNCs were extracted and then frozen in 90% FBS + 10%
DMSO and stored at - 80�C. Twenty-four hours later, these
animals underwent MCAo and then, another 24 h later after
stroke, received an IA injection of their own thawed MNCs.

Asymmetry in the use of forelimbs for postural
support (cylinder test)

Animals were placed into a plexiglas cylinder and their
behavior observed for forelimb-use asymmetry during ver-
tical movements along the wall of the cylinder. The final
score = (nonimpaired forelimb movement - impaired fore-
limb movement)/(nonimpaired forelimb movement + im-
paired forelimb movement + both movement) as previously
described in the rat [11]. A total of 20 movements were re-
corded up to a maximum of 10-min.

Asymmetry-corner test

In the home cage, an animal was placed between 2 angled
boards. When entering deep into the corner, both sides of the
vibrissae are stimulated together. The animal rears forward
and upward, then turns back to face the open end. Twenty
trials were performed for each rat and the percentage of left
turns versus right turns was calculated. Only turns involving
full rearing along either board were recorded.

Infarct volume

Animals (n = 6 per group) underwent MCA occlusion and
either received pre- or poststroke autologous MNCs or saline
as described above. At 7 days after stroke, animals were
sacrificed and decapitated. The brains were quickly re-
moved, cut into 2 mm sections, and stained with 2,3,5 tri-
phenyltetrazolium chloride (TTC). The infarct volume was
calculated from the difference between the volume of con-
tralateral cortex and the volume of the TTC-stained portion
(nonischemic) of ipsilateral cortex of each rat. This indirect
measure corrects the total infarct volume for edema.

Assessment of transplanted MNCs

To track the transplanted cells in the brain, Q dot nano-
crystals, a green fluorescent maker (525 nm), was used prior
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to infusion as described previously [12]. MNCs were harvested
and labeled with Q-dot according to a published protocol [13].
Ischemic stroke and cell administration were performed as
described above such that animals either received prestroke or
poststroke MNCs (n = 3 per group). At 24 h after IA infusion,
rats were deeply anesthetized with chloral hydrate, perfused
with saline, and perfusion-fixed with 4% paraformaldehyde in
PBS. The brains were removed and cut into 10-mm-thick
coronal sections at the level of the infarct in the frontal
and parietal cortex. Sections were counterstained with 4¢,6-
diamidino-2-phenylindole (DAPI) and then Q-dot labeled cells
were visualized by fluorescence microscopy. Total number of
labeled cells was then counted according to our previously
published study [12].

Serum inflammatory cytokines

Cytokine levels for IL-1b, IL-6, interferon-g (IFN-g), and
MCP-1 were measured on a multiplex device (Magpix) 3 days
after stroke in animals treated with an IA infusion of prestroke
MNCs, poststroke MNCs, or saline (N = 6 per group). A sep-
arate group of animals underwent needle insertion of the bone
marrow 1 day before sham surgery and then 1 day after
needle insertion of the contralateral limb (N = 6).

Flow cytometry of MNCs

To reduce variability in cell components between indi-
vidual animals (eg, caused by possible differences in previ-
ous exposure to pathogen-associated molecular patterns), we
analyzed MNCs harvested from the same animals prior to
and after the stroke. Specifically, rats underwent bone mar-
row aspiration from the right hind limb and MNCs were
isolated. Twenty-four hours later, the same rats underwent
MCA suture occlusion or sham procedure (N = 6 per group).
At 24 h after stroke, bone marrow was aspirated but this time

from the left hind limb, and MNCs were isolated (Fig. 1).
One milliliter bone marrow was aspirated and 1.7 – 0.23 · 107

MNCs were isolated each time from the animals (n = 12
samples total). We performed flow cytometry to characterize
the MNC population using a previously published protocol
[14]. Briefly, 1 · 106 MNCs were suspended in 100 mL staining
buffer (Hank’s Balanced Salt Solution + 2% FBS), then were
incubated with anti-rat antibodies specific for CD3-FITC,
CD8-PE, CD4-PE, CD45-FITC, CD90-PE, CD29-APC (1:100;
Biolegend); CD11b-FITC, CD11b/c-FITC, CD45R-PE, CD71-
PE, CD161a-PE (1:100; BD Bioscience); CD34-PE (1:5; Santa
Cruz Biotechnology). The mice immunoglobulin G isotypes
for phycoerythrobilin (PE), fluorescein isothiocyanate (FIYC),
and allophycocyanin (APC) per antibody were tested as
controls, respectively. Stained cell were collected using Gal-
lios Flow Cytometer (Beckman Coulter) and analyzed with
Kaluza software (Beckman Coulter).

Cytokine analysis of MNCs

We followed the same experimental design as the exper-
iments above on flow cytometry. Rats underwent bone
marrow aspiration from the right hind limb and MNCs were
isolated and harvested for cytokine production. Animals
recovered from anesthesia and 24 h later underwent MCA
suture occlusion or sham surgery. Twenty-four hours later,
bone marrow was aspirated from the left hind limb, MNCs
were isolated, placed in culture for 24 h, and cytokines were
measured from the culture media (N = 5 per group and
samples were measured in triplicate from the same animal;
Fig. 1). Cytokines were measured on a multiplex device
(Millipore) using commercially available kits for IL-10, IL-4,
IL-12, IL-17, vascular endothelial growth factor (VEGF),
granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-1b, tumor necrosis factor (TNF-a), IL-6, IFN-g, IP-10,
and MCP-1. The estimation of cytokines was performed as
per manufacturer’s recommendations.

Effects of bone marrow harvest

To determine if a bone marrow needle insertion might
change the cellular composition of the bone marrow or the
cytokines produced by MNCs in the contralateral limb, bone
marrow was aspirated from the right hind limb and then 48 h
later drawn from the left hind limb. MNCs were isolated
from both preparations and analyzed as described above for
flow cytometry and cytokine analysis (N = 6).

Fresh versus frozen

Because our experiments compare cells that are frozen and
stored versus fresh cells, we investigated potential differ-
ences in stored versus fresh MNCs. MNCs were harvested
from bone marrow and isolated with Ficoll gradient. In the
frozen cell group, MNCs were placed in 90% FBS + 10%
DMSO and stored at - 80�C for 48 h, then thawed for further
study. This group was compared against MNCs freshly
prepared from the same animals. We then followed the same
procedures described above for flow cytometry and cytokine
assays. To confirm that freezing MNCs had no effect on
functional activity of the transplanted MNCs in vivo, we
completed additional experiments in which animals at 24 h
after stroke were treated either with prestroke MNCs as

FIG. 1. Schematic showing the extraction of MNCs from
the same rat 1 day before and 1 day after stroke or sham
procedure. MNCs either underwent immunophenotyping or
were measured for the secretion of various cytokines as
shown in Figs. 2 and 3. MNC, mononuclear cells.
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described above or poststroke MNCs by intracarotid infu-
sion. Identical to prestroke MNCs, poststroke MNCs were
placed in 90% FBS + 10% DMSO and stored at - 80�C. Post-
stroke MNCs were stored for 3 h and then were thawed and
administered IA at 27 h after stroke. Serum inflammatory
cytokines were then assessed at 3 days and infarct volume
was assessed at 7 days after stroke (N = 6 per group).

Statistical analysis

Data are presented as mean – standard deviation. Cytokine
and MNC subpopulation analysis was performed using the
Student’s t-test and corrected for multiple comparisons. Re-
peated measures 2-way analysis of variances (ANOVA) and
the Bonferroni post-test were used for comparison among
groups at different days after stroke in the cylinder test. Re-
peated measures 2-way ANOVA on ranks with pair-wise
comparison (Student-Newman-Keuls) tests were used for the
corner test. Statistical significance was set at P < 0.05 level.

Results

Flow cytometry of post versus preischemic MNCs

We investigated whether there are differences in cell
subpopulations within MNCs harvested from animals 1 day
before stroke versus 1 day after stroke (Fig. 2A). First, there
was no significant difference in the number of viable cells
for MNCs derived from prestroke versus poststroke animals
(98.76% – 1.02% vs. 98.21% – 1.17%, respectively, P = 0.99).
Second, there was a significant reduction in CD3 + /CD4 +
cells (3.45% – 1.06% vs. 2.09% – 0.48%, P = 0.038) and CD45 - /
CD90 + /CD29 + cells (0.70% – 0.20% vs. 0.29% – 0.06%,
P = 0.015). Third, there was a significant increase in CD34 +
cells (0.73% – 0.17% vs. 1.43% – 0.27%, P = 0.012) and
CD161a + /CD3 - cells (0.44% – 0.7% vs. 0.61% – 0.08%,
P = 0.032) in post MCAo rats. In parallel experiments, we
studied the differences in immunophenotypes of cell sub-
populations within MNCs in animals 1 day before and 1 day
after sham procedure. There was no significant difference in the
number of viable MNCs derived from presham versus post-
sham animals (97.82% – 1.53% vs. 98.03% – 1.19%, respectively,

P = 0.99). Postsham MNCs showed an elevation in CD11b and
CD45R cells compared with presham MNCs (10.62% – 1.75%
vs. 23.29% – 3.24%, P = 0.003, respectively). However, in con-
trast to pre versus poststroke MNCs, there were no differences
in the CD34 + and the CD161a + /CD3 - cell populations (Fig.
2B). To determine if the changes observed in different cell
populations might be due to the previous harvesting of the cells
in the contralateral limb, we compared the immunophenotypes
of MNCs from the right hind limb and 48 h later from the left
hind limb and found that the MNCs from the second harvest
showed a reduction in CD11b and an elevation in CD45R
compared to the first harvest (Fig. 2C).

Cytokine differences of post versus
preischemic MNCs

Since we found differences in MNC subpopulations before
and after stroke, we hypothesized that various bioactive
factors synthesized by MNCs may change depending on the
pre versus poststroke setting. We therefore measured the
amount of cytokines released from MNCs derived from the
pre- and poststroke setting in the same animal. The con-
centrations of IL-10, IL-6, MCP-1, VEGF, and TNF-a were
significantly increased in the media of MNCs derived from
poststroke rats as compared with prestroke rats (Table 1). We
then addressed the question to what extent does surgery
with anesthesia (not stroke itself) contribute to the increased
production of cytokines. We studied a group of animals that
first underwent bone marrow aspiration and sham stroke.
MNCs were analyzed for cytokine production 1 day before
and 1 day after the sham procedure. Interestingly, only the
secretion of VEGF was found to significantly change and had
decreased in animals after sham (Table 1).

Postischemic MNCs lead to better outcomes
compared with preischemic MNC

Since poststroke MNCs release modified amounts of bio-
active factors, some of which may be beneficial while others
detrimental to stroke outcome, we then examined differences
in the effects of poststroke MNCs versus prestroke MNCs on

FIG. 2. Characterization by flow cytometry of the different cell populations within MNCs derived from the same animals
before and then after a stroke (A) or sham surgery (B). MNCs were harvested from animals 1 day before stroke or sham and
then again 1 day after stroke or sham. N = 6 per group. *P < 0.05 compared with prestroke group. (C) MNCs were harvested
from 1 hind limb (right) and then again 2 days later from the other hind limb (left). N = 6 per group. *P < 0.05 compared with
the right hind limb.

AUTOLOGOUS MNCS BEFORE AND AFTER STROKE 3335



functional behavior after stroke. Animals treated with MNCs
compared with saline showed significantly greater reduction
in deficits on the cylinder test by 28 days after stroke (Fig. 3A).
Animals that received MNCs derived after stroke improved
to a greater extent regarding fore limb asymmetry on the
cylinder test (P < 0.05) compared with animals that received
MNCs prepared before stroke (Fig. 3A). On the corner test,
rats treated with MNCs derived from animals after stroke
displayed better recovery compared with saline or prestroke
MNC-treated rats (P < 0.05; Fig. 3B).

Infarct volume

Since poststroke MNCs enhance recovery to a greater
extent than prestroke MNCs and cytoprotection of peri-
infarct tissue may be one of the possible mechanisms [4], we
also examined differences in the effects of poststroke MNCs
on tissue protection. Rats treated with poststroke MNCs
showed a significant reduction in infarction size when
compared with saline control animals at 7 days after stroke
(P < 0.05). Lesion size was not significantly reduced in ani-
mals treated with prestroke autologous MNCs compared
with saline (Fig. 4A).

MNC biodistribution in the brain

The difference in lesion size between pre- and poststroke
MNCs might be due to differences in their delivery to the
brain. However, at 24 h after IA infusion, we found no dif-
ferences in the amount of labeled cells in the peri-infarct area
in animals treated either with prestroke or poststroke MNCs
(Fig. 4B, C).

Serum inflammatory cytokines

Another possible mechanism to account for the differ-
ences in pre versus poststroke MNCs may be their effects on
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s. FIG. 3. Line diagrams illustrating improvement in rats

treated with an intra-arterial administration of MNCs 24 h
after stroke. Animals were assigned to 3 treatment groups:
saline, prestroke MNCs, or poststroke MNCs. All animals
were evaluated on the cylinder (A) and corner (B) tests up to
28 days after stroke. Data are mean – SD; N = 8 per group for
the cylinder test and median – SD for the corner test. *P < 0.05
compared with saline controls; {compared with prestroke
MNCs. SD, standard deviation.
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poststroke inflammation. To address this question, serum
inflammatory cytokines were measured at 3 days after
stroke in animals treated with pre- or poststroke MNCs or
saline. Overall, poststroke MNCs reduced serum levels of
IL-1b and IFN-g but prestroke MNCs only reduced IL-1b.
MCP-1 levels were significantly higher in animals treated
with poststroke MNCs, whereas MCP-1 levels were lower
in animals treated with prestroke MNCs compared with
saline controls (Fig. 4D).

Fresh versus frozen

There were no significant differences in the proportions of
different cell types within MNCs or the secretion of cytokines
between fresh versus frozen cells (data not shown). The data
suggest that freezing and then thawing does not affect MNCs

with respect to these specific measurements. Similarly,
freezing poststroke MNCs in cryopreservation media did not
change the effects of MNCs modulating serum inflammatory
cytokines or reducing infarct volume at 7 days after stroke
(data not shown).

Discussion

The application of MNCs from the bone marrow as a
potential new therapy for acute neurological disorders car-
ries unique advantages for the autologous approach because
of rapid isolation and re-infusion without the need for cell
culture. Most studies showing efficacy have used either al-
logenic or syngeneic MNCs in animal stroke models or au-
tologous MNCs extracted from animals before stroke [3].
However, clinical trials are using autologous MNCs derived

FIG. 4. (A) A bar graph exhibiting significantly (P < 0.05) reduced infarct volume in rats treated with an IA infusion of
poststroke MNCs as compared with saline-treated control animals. Prestroke MNCs did not lead to a reduction in infarct
volume. Data are mean – SD. N = 6 per group.*P < 0.05 compared with saline controls. (B) Twenty-four hours after ischemic
stroke, Long Evans rats received an intracarotid injection of pre- or poststroke MNCs that were labeled with Q tracker
nanocrystals prior to infusion. Labeled cells were quantified in the peri-infarct area at 24 h after IA infusion of MNCs. N = 3
per group. Data are mean – SD. (C) Representative fluorescence microscopic images: the upper panel shows Q-dot labeled
MNCs (green) in the peri-infarct region at 1 day after IA infusion (under low magnification); the lower panel under high
magnification represents the outlined area in the upper panel and shows MNCs containing Q-dot nanocrystals (green). These
cells are stained with the nuclear dye, 4¢,6-diamidino-2-phenylindole (DAPI, blue). (D) A bar graph exhibiting serum cytokine
measurements from animals treated with pre- or poststroke MNCs administered at 24 h after stroke. Cytokines were mea-
sured at 3 days after stroke. *P < 0.05, compared with sham group; #P < 0.05, compared with saline treatment; &P < 0.05,
compared with poststroke MNCs. Data are mean – SD. N = 6 per group. Color images available online at www.liebertpub
.com/scd
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from patients after stroke; thus, poststroke MNCs are more
clinically relevant. We have found that autologous MNCs
derived from animals 24 h after stroke also improve out-
come [4,12]. Bone marrow MNCs are a heterogenous group
of cells composed of lymphoid, myeloid, and stem cell
populations [including both hematopoietic and mesenchy-
mal stem cells (MSC)]. We hypothesized that cells within
the bone marrow mononuclear fraction after a brain injury
such as stroke may change quantitatively and qualitatively
compared with bone marrow MNCs from healthy animals.
We addressed this question by comparing MNCs derived
from the same animals before and after stroke. This is an
important issue as a recent study has found that stroke in-
fluences leukocyte responses within the bone marrow [7]
and it is known that the central nervous system (CNS)
controls the autonomic regulation of the bone marrow [6].

We first found that stroke may change the profile of dif-
ferent subpopulations of cells within MNCs. Poststroke
MNCs showed downregulation of CD4 + T cells, an upre-
gulation of CD161 + /CD3 - natural killer (NK) cells, and
also an upregulation of CD34 + cells representing immature
hematopoietic cells. The increase in hematopoietic stem cells
might be due to the postischemic activation of nerve fibers
innervating the bone marrow, which release hematopoiesis-
stimulating neuropeptides; at 24 h, the first cells after stroke to
show increased numbers would be the long- and short-term
repopulating hematopoietic stem cells (CD34 + ). Interestingly,
we also found a significant reduction in the number of
CD45 - /CD29 + /CD90 + MSCs in poststroke MNCs. Since
MSCs are well known to home to sites of injury mediated by
SDF-1a signaling, their decrease in poststroke MNCs likely
alludes to their exit from the bone marrow to aid the ischemic
region. The quantitative changes observed in these cell types
are likely caused by the stroke because the surgical procedure
associated with the stroke did not cause the same phenotypic
changes in the MNCs. However, we did find that the sham
group induced other changes such as an elevation in CD11b
myeloid cells which, according to the data, were not likely
due to the invasive procedure of a needle insertion in the bone
marrow

The changes within certain subpopulations of cells may
change the profile of bioactive factors released by MNCs. We
explored a range of bioactive factors released by MNCs be-
cause they may influence processes mediating neurological
recovery after stroke by secreting factors that directly affect
neurons (and other cells) or reduce inflammation [15]. We
found that the secretion of various cytokines (IL-10, IL-6,
MCP-1, VEGF, and TNF-a, and IL-1b) is increased in post-
stroke MNCs compared with prestroke MNCs. These
cytokines reflect a range of different functions including anti-
apoptotic, pro-angiogenic, pro-neurogenic, and modifiers of
inflammatory responses. In addition, the increase in MCP-1
is further evidence suggesting that MSCs are migrating out
of the bone marrow after stroke. However, to what extent
does surgery and anesthesia and not the stroke itself con-
tribute to the increased production of cytokines is unclear.
These questions were addressed in the present study by
comparing cytokines levels between MNCs harvested from
animals 1 day before and 1 day after sham stroke surgery.
We did find that needle aspiration of the bone marrow along
with a sham stroke procedure under anesthesia led to a de-
crease in VEGF secretion but we found no changes in a broad

range of other cytokines, suggesting that the majority of
cytokines we studied are not affected by the combination of a
bone marrow aspiration and sham stroke surgery.

The differential responses of MNCs in their secretion of
different cytokines raise the question whether they affect
recovery from stroke differently depending on whether they
are derived from animals before or after the stroke. We
found that poststroke MNCs improve neurological outcome
to a greater extent than prestroke MNCs. In prior studies, we
and others [4,5] have identified that cytoprotection of the
peri-infarct area may be an important process underlying
the therapeutic effects of MNCs in the rodent stroke model.
In this study, we found that poststroke MNCs reduce infarct
volume in contrast with prestroke MNCs, which further
supports the hypothesis that MNCs exert cytoprotective ef-
fects on infarct maturation after stroke. We further found
that MNCs compared with saline can reduce certain pro-
inflammatory cytokines such as IL-1b while poststroke
MNCs, but not prestroke MNCs, can also reduce IFN-g; in
addition, poststroke MNCs upregulate MCP-1, whereas
prestroke MNCs decrease MCP-1. These findings raise the
possibility that poststroke MNCs may modulate the inflam-
matory response differently compared with prestroke MNCs.
It is known that intra-arterially administered MNCs migrate
to the peri-infarct area [4] where they may be able to exert
direct effects within the injured brain but in this study we
found equal numbers in the peri-infarct area of labeled MNCs
whether they were derived from the pre- or poststroke setting;
it is therefore unlikely that the differential effects of poststroke
versus prestroke MNCs are due to differences in MNC bio-
distribution in the brain.

Poststroke MNCs compared with prestroke MNCs may
enhance recovery by producing various beneficial cytokines
involved in a broad range of processes associated with the
pathogenesis and recovery mechanisms of stroke. However,
the increased secretion of TNFa and IL-1b in MNCs harvested
from poststroke rats would indicate that these cells may also
augment pro-inflammatory responses as well. Whether IL-1b
and TNFa-mediated pro-inflammatory responses after stroke
are beneficial or harmful remain controversial. In addition,
the pro-inflammatory pathways might be counterbalanced by
increased production of anti-inflammatory cytokines such as
IL-10. It has also been shown that mesenchymal stromal cells,
derived from rats 2 days after stroke, reduce neurological
deficits to a greater extent compared with MSCs derived from
normal rats [16]. This study along with the present report
support the hypothesis that ischemic stroke modulates the
cytokine profile of cells within the bone marrow.

It remains unclear which cell populations within MNCs
are critical to enhance stroke recovery. Of note, CD34 + he-
matopoetic progenitors cells generate multiple cytokines in-
volved in neurogenesis and neuroprotection such as IGF-1
[17] and they enhance neurogenesis and angiogenesis [18,19],
which recently have been shown to be upregulated by MNCs
in the rodent stroke model [20]. Our results suggest that the
increase in CD34 + cells might have contributed to the ele-
vation of certain cytokines in the poststroke MNCs. NK cells
were also increased in poststroke MNCs; their role in the
inflammatory stage of ischemic stroke is not well known.
While NK cells show detrimental effects in a range of med-
ical disorders, reduced activity of NK cells is associated with
an increased risk for infections after stroke [21]. NK cells
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produce IL-10, which is known to be secreted by MNCs in
culture [15], is increased in the postischemic brain of animals
treated with MNCs [4], and our data show that IL-10 is
upregulated in poststroke MNCs. These results raise the
possibility that NK cells may be one of the main cell popu-
lations that secrete IL-10 within the MNC fraction and may
contribute to enhanced stroke recovery resulting from MNC
administration.

One of the major limitations of this study is that we have
used young rats, whereas stroke occurs predominantly in aged
individuals who may have compromised bone marrow quality
and quantity. Hence, further studies using older animals may
provide better insight in understanding the clinical effective-
ness of autologous MNCs as a potential stroke treatment. In
addition, it is possible that cytokine secretion and changes
in the immunophenotypes of MNCs may not be important
mechanisms relevant to the recovery effects of MNCs.

In conclusion, the present study provides evidence that
autologous MNCs exert different biological responses when
derived from the poststroke setting compared with normal
animals. Autologous treatment with poststroke MNCs could
represent a better approach than using prestroke MNCs to
enhance recovery following ischemic injury to the brain.
Further, we provide new data that ischemic stroke modu-
lates the cytokine profile of MNCs within the bone marrow,
which may result from changes in specific cell subpopula-
tions within MNCs. CD34 + cells and NK cells may have
contributed to the better recovery observed with poststroke
MNCs. However, identifying which cell populations within
MNCs mediate the beneficial effects of the mononuclear
fraction of bone marrow requires further study.
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