Treatment of stroke in rat with
intracarotid administration of marrow
stromal cells

Y. Li, MD; J. Chen, MD; L. Wang, MD; M. Lu, PhD; and M. Chopp, PhD

Article abstract—Objective: To measure the therapeutic efficacy for the treatment of stroke with intra-arterial adminis-
tration of bone marrow stromal cells (MSC). Background: MSC have characteristics of stem and progenitor cells. The
hypothesis that MSC injected into the internal carotid artery after stroke enter into ischemic brain and improve neuro-
logic recovery was tested. Methods: Twenty-five adult Wistar rats were subjected to transient (2-hour) middle cerebral
artery occlusion alone (n = 9), or treated with intracarotid arterial injection of 200 wL phosphate-buffered saline (n = 8) or
2 X 10° MSC in 200 wL phosphate-buffered saline (n = 8) 1 day after ischemia. MSC were harvested and isolated from
additional adult rats and then cultured and labeled with bromodeoxyuridine. Rats were subjected to neurologic functional
tests (adhesive-removal, modified neurologic severity scores) before and at 1, 7, and 14 days after middle cerebral artery
occlusion. Immunohistochemistry was used to identify cell-specific proteins of bromodeoxyuridine-reactive MSC. Results:
Bromodeoxyuridine-reactive cells (~21% of 2 X 10° injected MSC) distributed throughout the territory of the middle
cerebral artery by 14 days after ischemia. Some bromodeoxyuridine-reactive cells expressed proteins characteristic of
astrocytes and neurons. Rats with intra-arterial transplantation of MSC exhibited improvement on the adhesive-removal
test (p < 0.05) and the modified neurologic severity scores (p < 0.05) at 14 days compared with controls. Conclusions: MSC
injected intra-arterially are localized and directed to the territory of the middle cerebral artery, and these cells foster

functional improvement after cerebral ischemia.
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Stem cells are capable of extended self-renewal and
can generate multilineage cell types.! The fate of
stem cells in vivo is greatly influenced by contextual
cues, and stem cells respond to the microenviron-
ment into which they are seeded.?* Neural stem cells
have been transplanted into adult brain for treat-
ment of neurodegenerative disorders such as PD.5
However, fetal tissue transplants are plagued by eth-
ical and logistical problems. Intracranial transplan-
tation of stem cells other than from fetal brain may
be a suitable graft in the CNS. Bone marrow is a
composite of cells and soluble stroma. One cellular
component of bone marrow is hematopoietic stem
and progenitor cells, which replenish the blood sys-
tem. A second cellular component of bone marrow is
marrow stromal cells (MSC; also referred to as mes-
enchymal stem and progenitor cells), which give rise
to cells of mesenchymal lineage, such as osteoblasts
and cartilage.® MSC secrete growth factors and cyto-
kines into the soluble stroma,®® which promote the
growth and differentiation of the hematopoietic stem
cells.®?

MSC transplantation has been employed as a
source of progenitor cells for both cell therapy and

gene therapy in animals and in patients with severe
osteogenesis imperfecta and with cancer, opening the
door to MSC therapy for a number of diseases.'0-14
MSC secrete neurochemicals”® and become glia
when transplanted intracerebrally into normal rat
brain.'® Bone marrow cells from male mice (y chro-
mosome cells) injected intravenously into irradiated
female adult mice contribute to both microglia and
macroglia in the brain of adult mice.'” In addition,
bone marrow cells injected intravenously into rats
subjected to middle cerebral artery occlusion (MCAo)
migrate across the blood—brain barrier into damaged
ischemic tissue and provide a small number of astro-
cytes to the brain.'® Whole bone marrow cells and
cultured MSC intracerebrally transplanted into the
ischemic boundary zone of adult rats and mice 1 day
after MCAo express neural phenotype and promote
functional recovery.'®%°

In an effort to identify a more effective mode of
MSC transplantation and stroke treatment, we in-
jected MSC into the carotid artery of rats subjected
to MCAo. Our data indicate that intra-arterial MSC
transplantation provides an efficient route for the
treatment of stroke.
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Materials and methods. Experimental procedures were
approved by the Care of Experimental Animals Committee
of Henry Ford Hospital.

Donor cells. Cultured bone marrow cells were obtained
from adult Wistar rats (8 to 12 weeks old, weighing 270 to
290 g) given 5-fluorouracil, 150 mg/kg intraperitoneally 2
days before harvesting?' to ablate mature blood cells and
thereby induce stem and progenitor cells into cycle. Using
a syringe (1 mL) with phosphate-buffered saline (PBS; in
all cases 0.1 M phosphate/140 mM NaCl; pH 7.6), fresh
complete bone marrow was harvested aseptically from tib-
ias and femurs. Bone marrow was then mechanically dis-
sociated until a milky, homogenous single-cell suspension
was obtained. Erythrocytes were removed from bone mar-
row using 0.84% NH,Cl. Numbers of nucleated marrow
cells were measured by a cytometer and 2 X 10° nucleated
cells were seeded into each 25 ecm? tissue culture flask in
medium (e, 5 mL Iscove modified Dulbecco medium
[IMDM] supplemented with 10% fetal bovine serum). After
72 hours of incubation, MSC tightly adhered to plastic and
were resuspended to fresh IMDM in new flasks. MSC were
grown at 37 °C in a 5% CO, water-jacketed incubator for
three passages. To identify cells derived from MSC, 3
pg/mL bromodeoxyuridine (BrdU)(Sigma Chemical Corp.,
St. Louis, MO), a thymidine analog and marker of newly
synthesized DNA,?? was added to the medium at 72 hours
before transplantation. Upon harvest, cells were isolated
by treatment with 0.25% trypsin and 0.5 mM ethylenedia-
minetetraacetic acid (EDTA) at 37 °C for 10 minutes at
room temperature. The digestion was stopped by adding 8
mL IMDM. Cells were then washed five times with PBS.
Nucleated MSC were counted using a cytometer to ensure
adequate cell number for transplantation. For immuno-
staining, MSC were subcultured in chambered slides and
more than 90% of MSC were BrdU reactive.

Host rats with intra-arterial transplantation. Experi-
ments were performed in which MSC from donor adult
Wistar rats were administered to an immunologically iden-
tical strain of male Wistar rats (n = 25, 8 to 12 weeks old,
weighing 270 to 290 g). In all surgical procedures, anesthe-
sia was induced in rats with 3.5% halothane, and main-
tained with 1.0% halothane in 70% N,O and 30% O, using
a face mask. The rectal temperature was controlled at 37
°C with a feedback-regulated water heating system. Tran-
sient MCAo was induced using a method of intraluminal
vascular occlusion.?® Rats subjected to transient MCAo for
2 hours produce a consistent and reproducible ischemic
lesion in the unilateral striatum and cortex.?* Briefly, a
2-cm incision was made at the center of the neck, and the
right common carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA) were exposed un-
der an operating microscope (Carl Zeiss, Thornwood, NY).
The CCA and ICA were temporarily clamped using micro-
surgical clips (Codman & Shurtleff, Randolf, MA). A 5-0
silk suture was tied loosely at the origin of the ECA and
ligated at the distal end of the ECA. A length (18.5 to 19.0
mm) of 4-0 surgical nylon suture, determined according to
the animal’s weight, with its tip rounded by heating near a
flame was introduced into the ECA lumen through a small
puncture. The silk suture around the ECA origin was
tightened around the intraluminal nylon suture to prevent
bleeding, and the microsurgical clips were removed. The
nylon suture was gently advanced from the ECA into the

lumen of the ICA until it blocked the origin of the MCA.
After 2 hours of MCAo, reperfusion was achieved by with-
drawal of the suture until the tip cleared the ICA lumen
and reached the origin of ECA. Intracarotid injection of
MSC was carried out 24 hours after MCAo. Anesthesia
was reinstituted and a modified polyethylene (PE-50, Bec-
ton Dickinson, Sparks, MD) catheter was advanced
through the same small puncture (identical to the proce-
dure used for the nylon suture above) in the ECA into the
lumen of the ICA for a distance of ~15.0 mm, lodging ~2
mm proximal to the origin of the MCA. Approximately 2 X
10° MSC in 200 wL PBS (n = 8) or control fluid (200 pL
PBS; n = 8) was slowly injected over a 5-minute period
into each rat. Immunosuppressants were not used in any
animal in this study.?> All MCAo rats with (n = 16) or
without (n = 9) donor transplantation were killed 14 days
after MCAo.

Behavioral tests. Each rat was subjected to a series of
behavioral tests to evaluate neurologic function before
MCAo and 1, 7 and 14 days after MCAo.

Adhesive-removal somatosensory test. Somatosensory
deficit was measured?® both before and after MCAo. Two
small pieces of adhesive-backed paper dots (113.1 mm?)
were used as bilateral tactile stimuli occupying the distal-
radial region on the wrist of each forelimb. The rat was
then returned to its cage. The time to remove each stimu-
lus from the limb was recorded during five trials per day
for 3 days. Individual trials were separated by at least 5
minutes. Once the rats were able to remove the dots within
10 seconds, they were subjected to MCAo.

Modified neurologic severity scores. The table shows a
set of modified neurologic severity scores used to grade
neurologic function.?¢32 The neurologic severity score is
composite of motor (muscle status, abnormal move-
ment),?3253° gensory (visual, tactile, and proprioceptive),?®
and reflex tests.?%2632 These tests are similar to contralat-
eral neglect testing in humans.?® In the severity scores of
injury, one point is awarded for the inability to correctly
perform the tasks or for the lack of a tested reflex. The
higher the score, the more severe the injury.

Histologic and immunohistochemical assessment. The
rat brains were fixed by transcardial perfusion with saline,
followed by perfusion and immersion in 4% paraformalde-
hyde, and brain blocks were embedded in paraffin. The
brain was sectioned into seven equally spaced (2-mm) coro-
nal blocks using a rodent brain matrix. A series of adjacent
6-pm-thick sections were cut from each block and stained
with hematoxylin and eosin. The sections were traced us-
ing the Global Lab Image analysis system (Data Transla-
tion, Marlboro, MA). The indirect lesion area, in which the
intact area of the ipsilateral hemisphere was subtracted
from the area of the contralateral hemisphere, was calcu-
lated.?* The lesion volume is presented as a volume per-
centage of the lesion compared with the contralateral
hemisphere.

A standard paraffin embedded block (within the center
of the lesion of MCAo), corresponding to coronal coordi-
nates bregma —1.0~1.0 mm?> was obtained from which a
series of adjacent 6-pm-thick sections were analyzed using
light and fluorescent microscopy (Olympus BH-2, Tokyo,
Japan). After deparaffinizing, brain sections were placed
in a boiled citrate buffer (pH 6) in a microwave oven (650
to 720 W). Following blocking in normal serum, sections
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Table Modified neurological severity score

Motor tests?326:30 Points
Muscle status: hemiplegia
Raising the rat by the tail
Flexion of forelimb 1
Flexion of hindlimb 1
Head moving more than 10° (vertical axis) 1
Placing the rat on the floor
Inability to walk straight 1
Circling toward the paretic side 1
Falling down to the paretic side 1
Abnormal movements
Immobility and staring 1
Tremor (wet-dog shakes) 1
Myodystony, irritability, seizures 1
Sensory tests?’?
Visual and tactile placing 1
Proprioceptive test (deep sensory) 1
Reflexes (blunt or sharp stimulation)?$?32 absent of:
Pinna reflex (a head shake when touching the 1
auditory meatus)
Corneal reflex (an eye blink when lightly touching the 1
cornea with cotton)
Startle reflex (a motor response to a brief loud 1
paper noise)
Maximum points 14

One point is awarded for the inability to perform the tasks or for
the lack of a tested reflex. Score: 10—-14 severe; 5-9 moderate;
1-4 mild injury.

were incubated with a monoclonal antibody against BrdU
(diluted at 1:100 in PBS; Calbiochem (CN Biosciences),
San Diego, CA), and then incubated with biotinylated sec-
ondary antibody (dilution 1:100, Dakopatts, Carpinteria,
CA). Subsequently, sections were washed in PBS and incu-
bated with avidin-biotin-horseradish peroxidase complex.
Diaminobenzidine was then used as a chromogen for light
microscopy. Counterstaining of some sections by hematox-
ylin was also performed. Double immunohistochemistry
was employed to determine the potential of MSC to differ-
entiate along multiple lineages after MCAo. Cell type—
specific antibodies were used to identify the phenotypic
fate of these cells.?®?” Briefly, each coronal section was
treated by the first primary BrdU monoclonal antibody, as
described above. Subsequently, the second primary anti-
bodies against cell type—specific markers of microtubule-
associated protein 2 (MAP-2) for neurons, dilution 1:200
(CHEMICON International, Temecula, CA), and glial
fibrillary acidic protein (GFAP) for astrocytes, dilution
1:1000 (Dakopatts), were applied on the same sections.
Fluorescein isothiocyanate—conjugated secondary anti-
body, dilution 1:20 (Calbiochem), was then added for
double-label immunoreactivity identification. Negative
control sections from each animal received identical prepa-
rations for immunohistochemical staining, except those
primary antibodies were omitted. Cells derived from bone
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marrow cells were identified using morphologic criteria3®4°
and by immunohistochemical staining with antibody
against BrdU. We measured the total number of BrdU-
reactive cells derived from bone marrow based on the eval-
uation of an average of 10 histology slides (50-pum interval)
per experimental animal. Only the cells with clearly la-
beled nuclei by BrdU immunoreactivity were counted
(X132 magnification). A total of 500 BrdU-reactive cells
per animal were counted to obtain the percentage of BrdU-
reactive cells colocalized with cell type—specific markers
(MAP-2, GFAP) by double staining.

Statistical analysis. The lesion volume was subjected
to Student’s ¢-tests to evaluate differences between control
rats (MCAo alone or MCAo with injection of PBS) and
treated rats (MCAo with MSC transplantation). The be-
havioral scores (time to adhesive removal and neurologic
severity score) were evaluated for normality. Repeated-
measure analysis of variance was conducted to test the
treatment effect on each of the behavior scores including
the test for treatment and time interaction. A subgroup
analysis of treatment effect at each time point was per-
formed, if there was a treatment by time interaction or
treatment effect at the 0.05 level. If no interaction was
detected at the 0.05 level or there was no overall treatment
effect, the subgroup analysis was considered as explor-
atory. Mean values (standard division of the mean, STD)
and p value for testing the difference between treated and
control groups are presented.

Results. By hematoxylin-eosin staining, reproducible
neuronal damage was observed in the ischemic core of the
striatum and cortex in all rats subjected to MCAo. No
significant difference of lesion volume was observed in is-
chemic rats with and without MSC transplantation. Isch-
emic lesion volume 14 days after the onset of ischemia was
36.6% *+ 10.1% in rats subjected to MCAo alone, 35.3% =+
11.9% in ischemic rats injected with PBS, and 31.2% =
7.3% in ischemic rats treated with MSC transplantation. A
nearly complete loss of MAP-2 and GFAP immunoreactiv-
ity in parenchymal cells in the ischemic core was observed
after MCAo.

No BrdU reactivity was observed in rats without MSC
treatment. Cells derived from MSC were distributed
throughout the ischemic regions in the MCA territory (fig-
ure 1, A). These cells were identified and counted as de-
rived from MSC only if BrdU reactivity was localized in
the intact nuclei (see figure 1, B). BrdU-reactive MSC were
observed in multiple areas of the ipsilateral hemisphere,
including all six layers of the cortices, and the rostral-
caudal axis of the striatum of the ipsilateral hemisphere.
Many more (~90%) BrdU-reactive MSC localized in the
ischemic core and boundary zone than in the relatively
intact regions of the ipsilateral hemisphere. Numbers of
BrdU-reactive MSC measured from an average of 10 his-
tology slides (50-pm interval) per animal, were 433,700 +
55,100 (~21% of 2 X 10° transplanted cells) 14 days after
MCAo. Double immunostaining (see figure 1, D through G)
demonstrated that, from a total of 500 BrdU-reactive cells
per animal, approximately 10% of BrdU-reactive cells ex-
pressed GFAP (astrocytes) and 1% expressed MAP-2 (neu-
rons). Scattered BrdU-reactive cells (~1% of 2 x 10°
transplanted cells) were also observed in the contralateral
hemisphere: approximately 3% of BrdU-positive cells ex-



pressed GFAP, but no MAP-2 immunoreactivity was
detected.

In order to avoid counting BrdU-positive cells other
than those derived from exogenous MSC, which might
have skewed the results, we employed morphologic criteria
to identify endogenous macrophages (large, amoeboid,
phagocytic cells; see figure 1, C) and neutrophils (cells with
highly lobulated nucleus) by hematoxylin-eosin and BrdU
staining. These inflammatory cells are morphologically
distinct from MSC (small cells with a single nucleus; see
figure 1, B). Very few neutrophils were found 14 days after
treatment in all experimental rats, which is consistent
with our previous study.*® Some macrophage uptake of
BrdU was observed. However in macrophages, BrdU was
present in the cytoplasm but not the nucleus (see figure 1,
C), In contrast, cells derived from exogenous MSC (see

Figure 1. (A) Fourteen days after mid-
dle cerebral artery occlusion (MCAo)
(13 days after marrow stromal cell
[MSC] intra-arterial transplantation),
cells derived from MSC identified by
bromodeoxyuridine (BrdU) immunoper-
oxidase with 3,3-diaminobenzidine
(DAB; brown) distribute in the territory
of the MCA. (B) BrdU reactivity is lo-
calized in the nuclei of cells derived
from MSC. (C) Some endogenous mac-
rophage uptake of BrdU from BrdU-
reactive MSC is observed. However, in
macrophages BrdU is present in cyto-
plasm but not nucleus. In contrast, in
cells derived from exogenous MSC (B),
BrdU reactivity is localized within the
nucleus. Double staining of
immunoperoxidase-DAB (brown) and
fluorescein isothiocyanate (green) shows
that BrdU-reactive cells (D and F) are
colocalized (arrows) with glial fibril-
lary acidic protein (GFAP; E) and
microtubule-associated protein 2
(MAP-2; G) in the same cells. (Original
magnifications: A, X90; B through E,
X360; F through G, X260.)

figure 1, B) show BrdU reactivity localized within the nu-
cleus. No apparent difference of numbers of macrophages
and neutrophils was detected in MSC-treated compared
with nontreated rats.?” There was no evidence of increased
inflammatory response in the ischemic brain after MSC
transplantation compared with MCAo alone.

No significant differences in results of the behavioral
tests were detected among groups before MCAo. Severe
behavioral deficits were evident in all animals 1 day after
the ischemic insult. All rats subjected to MCAo alone or
treated with PBS or MSC showed a progressive decrease in
behavioral deficit over time to 14 days after MCAo, with
the neurologic severity score treatment effect depending on
time (p = 0.008) but not on time for the adhesive-removal
test (p = 0.47 for the interaction). There was no overall
treatment effect on time for the adhesive-removal test (p =
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Figure 2. Changes of the adhesive-
removal test (A) and modified neuro-
logic severity scores (NSS; B) 1, 7, and
14 days after middle cerebral artery
occlusion (MCAo) with or without
intra-arterial transplantation of mar-
row stromal cells (MSC). Partial recov-
ery of neurologic function is present
after MCAo followed by phosphate-
buffered saline (PBS) injection, but re-
sidual deficits persist at 14 days (the
endpoint). At 14 days, there is im-
proved recovery in both the adhesive-
removal test (A; p < 0.05) and NSS (B;
p < 0.05) in rats treated with MSC
intra-arterial transplantation com-
pared with PBS injection. Data are
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0.38). Subgroup analysis showed a significant treatment
effect on both neurologic severity scores (p = 0.04) and
time of adhesive-removal test (p = 0.045) at day 14 after
treatment (figure 2).

Discussion. Our data indicate that MSC delivered
to the carotid artery enter the ischemic adult rat
brain. These cells survive and a small number of
MSC express proteins phenotypic of parenchymal-
like cells and improve neurologic functional recovery
after stroke.

Double immunostaining showed that BrdU-
reactive cells expressed GFAP (~10%) and MAP-2
(~1%) in the ischemic ipsilateral hemisphere, but
only expressed GFAP (~3%) in the contralateral
hemisphere. Thus, within the ischemic tissue, MSC
are induced to differentiate into a mixed population
of cellular phenotypes, suggesting that the fate of the
MSC is dictated by the microenvironment.

Intra-arterial administration of MSC appears su-
perior to intracerebral transplantation. After intra-
cerebral transplantation of BrdU-labeled bone
marrow cells, most BrdU-reactive cells localize in the
injected regions.?® In contrast, MSC injected into the
carotid artery appear to distribute over a wide area
of the ischemic core and penumbra. Intra-arterial
injection of MSC is less invasive than intracerebral
transplantation, and poses a lower risk to the pa-
tient. Larger volumes of MSC in vehicle (200 wL) are
permitted by intra-arterial injection than by intrace-
rebral transplantation (10 pwL).*® A larger proportion
of BrdU-reactive cells (~21%) derived from intra-
arterially administered MSC survive in the ischemic
areas than after intracerebral transplantation
(~8.6%) 14 days after MCAo in the adult rats (un-
published data). We employed the mechanical “su-
ture” occlusion model of transient stroke, and the
MCA is thus patent at the time of MSC injection.
However, after embolic stroke, it may be important
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to ensure that the MCA and its branches are patent
prior to MSC injection in order for the intra-arterial
treatment to be effective.

The mechanisms responsible for the passage of
intra-arterially injected MSC into the brain and
their intraparenchymal distribution are unknown.
We found little or no evidence of petechial hemor-
rhage associated with MSC parenchymal localiza-
tion. At 24 hours after stroke, although the blood—
brain barrier permeability may be enhanced, the
opening may not allow diffusion of cells into tissue.
From the broad distribution of MSC, it appears as if
brain were “infected” with inflammatory cells. Thus,
we may speculate that similar transport mechanisms
responsible for inflammatory cell migration may act
on the MSC. After stroke, the local microvasculature
expresses adhesion molecules (eg, vascular-cell adhe-
sion molecules) to attract inflammatory cells*? and,
possibly, MSC from the carotid artery. Bone marrow
cells migrate into the ipsilateral and contralateral
hemispheres after IV administration of bone marrow
cells after MCAo in irradiated mice.!” MSC also have
the capacity to pass through the intact blood—brain
barrier and migrate throughout neonatal forebrain
and cerebellum.

Unilateral MCAo in the rodent induces contralat-
eral hemiplegia and relevant asymmetric neurologic
dysfunction. The reasons underlying the mecha-
nisms responsible for neurologic functional recovery
are not known. It is unlikely that the generation of
few (~1%) BrdU-reactive cells expressing MAP-2 of
neuronal phenotype in the ischemic structures was
responsible for the behavioral functional recovery ob-
served at 14 days after MCAo. Even if administered
MSC reach the right target and survive and express
neural proteins, there is little reason to believe that
they will readily make proper connections among the
denervated targets. Molecules secreted by cells de-



rived from MSC may stimulate activation of paren-
chymal cell “self-repair,” rather than replace missing
cells. The salient feature of the CNS is its complex-
ity. There is a fair degree of redundancy within the
CNS and it is possible the MSC activate these redun-
dant neurons for functional recovery. However, we
have not tested this hypothesis. In addition, in the
normal adult brain, the absence of forebrain neuro-
nal production may reflect not a lack of appropriate
neuronal stem and precursor cells, but rather a tonic
inhibition or a lack of postmitotic trophic and migra-
tory support.*+*> MSC may provide a source of micro-
environmental differentiating factors for the
ischemia damaged brain, thereby enhancing the pro-
liferation and migration of cells derived from neural
stem and progenitor cells in the adult CNS.781546
The interaction of MSC with the host brain may lead
MSC and parenchymal cells to produce trophic fac-
tors, which may contribute to recovery of function
lost as a result of a lesion.*"

Acknowledgment

The authors thank Cecylia Powers and Cynthia Roberts for tech-
nical assistance and Deborah Jewell for secretarial support.

References

1. van der Kooy D, Weiss S. Why stem cells? Science 2000;287:
1439-1441.

2. Geiger H, Sick S, Bonifer C, et al. Globin gene expression is
reprogrammed in chimeras generated by injecting adult he-
matopoietic stem cells into mouse blastocysts. Cell 1998;93:
1055-1065.

3. Snyder EY, Yoon C, Flax JD, et al. Multipotent neural precur-
sors can differentiate toward replacement of neurons undergo-
ing targeted apoptotic degeneration in adult mouse neocortex.
Proc Natl Acad Sci U S A 1997;94:11663—-11668.

4. Watt FM, Hogan BL. Out of Eden: stem cells and their niches.
Science 2000;287:1427-1430.

5. Barinaga M. Fetal neuron grafts pave the way for stem cell
therapies. Science 2000;287:1421-1422.

6. Prockop DJ. Marrow stromal cells as stem cells for nonhema-
topoietic tissues. Science 1997;276:71-74.

7. Maestroni GJ, Cosentino M, Marino F, et al. Neural and en-
dogenous catecholamines in the bone marrow. Circadian asso-
ciation of norepinephrine with hematopoiesis? Exp Hematol
1998;26:1172-1177.

8. Eaves CJ, Cashman JD, Kay RJ, et al. Mechanisms that reg-
ulate the cell cycle status of very primitive hematopoietic cells
in long-term human marrow cultures: II. Analysis of positive
and negative regulators produced by stromal cells within the
adherent layer. Blood 1991;78:110-117.

9. Lemieux ME, Eaves CJ. Identification of properties that can
distinguish primitive populations of stromal-cell-responsive
lympho-myeloid cells from cells that are stromal-cell-
responsive but lymphoid-restricted and cells that have
lympho-myeloid potential but are also capable of competitively
repopulating myeloablated recipients. Blood 1996;88:1639—
1648.

10. Mason JM, Grande DA, Barcia M, et al. Expression of human
bone morphogenic protein 7 in primary rabbit periosteal cells:
potential utility in gene therapy for osteochondral repair.
Gene Ther 1998;5:1098-1104.

11. Pereira RF, Halford KW, O’Hara MD, et al. Cultured adher-
ent cells from marrow can serve as long-lasting precursor cells
for bone, cartilage, and lung in irradiated mice. Proc Natl
Acad Sci U S A 1995;92:4857-4861.

12. Riew KD, Wright NM, Cheng S, et al. Induction of bone for-
mation using a recombinant adenoviral vector carrying the
human BMP-2 gene in a rabbit spinal fusion model. Calcif
Tissue Int 1998;63:357-360.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Horwitz EM, Prockop DJ, Fitzpatrick LA, et al. Transplant-
ability and therapeutic effects of bone marrow-derived mesen-
chymal cells in children with osteogenesis imperfecta. Nat
Med 1999;5:309-313.

Lazarus HM, Haynesworth SE, Gerson SL, et al. Ex vivo
expansion and subsequent infusion of human bone marrow-
derived stromal progenitor cells (mesenchymal progenitor
cells): implications for therapeutic use. Bone Marrow Trans-
plant 1995;16:557-564.

Majumdar MK, Thiede MA, Mosca JD, et al. Phenotypic and
functional comparison of cultures of marrow-derived mesen-
chymal stem cells (MSCs) and stromal cells. J Cell Physiol
1998;176:57-66.

Azizi SA, Stokes D, Augelli BJ, et al. Engraftment and migra-
tion of human bone marrow stromal cells implanted in the
brains of albino rats—similarities to astrocyte grafts. Proc
Natl Acad Sci U S A 1998;95:3908-3913.

Eglitis MA, Mezey E. Hematopoietic cells differentiate into
both microglia and macroglia in the brains of adult mice. Proc
Natl Acad Sci U S A 1997;94:4080-4085

Eglitis MA, Dawson D, Park KW, et al. Targeting of marrow-
derived astrocytes to the ischemic brain. Neuroreport 1999;10:
1289-1292.

Chen J, Li Y, Chopp M. Intracerebral transplantation of bone
marrow with BDNF after MCAo in rat. Neuropharmacology
2000;39:711-716.

LiY, Chopp M, Chen J, Wang L, et al. Intrastriatal transplan-
tation of bone marrow nonhematopoietic cells improves func-
tional recovery after stroke in adult mice. J Cereb Blood Flow
Metab 2000;20:1311-1319.

Randall TD, Weissman IL. Phenotypic and functional changes
induced at the clonal level in hematopoietic stem cells after
5-fluorouracil treatment. Blood 1997;89:3596-3606.

Gratzner HG. Monoclonal antibody to 5-bromo- and 5-iodode-
oxyuridine: a new reagent for detection of DNA replication.
Science 1982;218:474—-475.

Longa EZ, Weinstein PR, Carlson S, et al. Reversible middle
cerebral artery occlusion without craniectomy in rats. Stroke
1989;20:84-91.

Chen H, Chopp M, Zhang ZG, et al. The effect of hypothermia
on transient middle cerebral artery occlusion in the rat.
J Cereb Blood Flow Metab 1992;12:621-628.

Widner H, Brundin P. Immunological aspects of grafting in
the mammalian central nervous system. A review and specu-
lative synthesis. Brain Res 1988;472:287-324.

Schallert T, Kozlowski DA, Humm JL, et al. Use-dependent struc-
tural events in recovery of function. Adv Neurol 1997;73:229-238.
De Ryck M, Van Reempts J, Borgers M, et al. Photochemical
stroke model: flunarizine prevents sensorimotor deficits after
neocortical infarcts in rats. Stroke 1989;20:1383-1390.
Markgraf CG, Green EJ, Hurwitz BE, et al. Sensorimotor and
cognitive consequences of middle cerebral artery occlusion in
rats. Brain Res 1992;575:238-246.

Germano AF, Dixon CE, d’Avella D, et al. Behavioral deficits
following experimental subarachnoid hemorrhage in the rat.
J Neurotrauma 1994;11:345-353.

Borlongan CV, Randall TS, Cahill DW, et al. Asymmetrical
motor behavior in rats with unilateral striatal excitotoxic le-
sions as revealed by the elevated body swing test. Brain Res
1995,676:231-234.

Shohami E, Novikov M, Bass R. Long-term effect of HU-211, a
novel non-competitive NMDA antagonist, on motor and mem-
ory functions after closed head injury in the rat. Brain Res
1995;674:55-62.

Chen Y, Lomnitski L, Michaelson DM, et al. Motor and cogni-
tive deficits in apolipoprotein E-deficient mice after closed
head injury. Neuroscience 1997;80:1255-1262.

Healton EB, Navarro C, Bressman S, et al. Subcortical ne-
glect. Neurology 1982;32:776-778.

Swanson RA, Morton MT, Tsao-Wu G, et al. A semiauto-
mated method for measuring brain infarct volume. J Cereb
Blood Flow Metab 1990;10:290-293.

Paxinos G, Watson C. The rat brain in stereotaxic coordinates.
New York: Academic Press, 1986.

Li Y, Chopp M, Powers C, Jiang N. Immunoreactivity of cy-
clinD1/cdk4 in neurons and oligodendrocytes after focal cere-
bral ischemia in rat. J Cereb Blood Flow Metab 1997;17:846—
856.

June (2 of 2) 2001 NEUROLOGY 56 1671



37. Li Y, Powers C, Jiang N, et al. Intact, injured, necrotic and
apoptotic cells after focal cerebral ischemia in the rat. J Neu-
rol Sci 1998;156:119-132.

38. Bonner H, Bagg A, Cossman J. The blood and the lymphoid
organs. In: Rubin JF, ed. Pathology. New York: Lippincott—
Raven Publishers, 1999.

39. Kelemen E, Calvo W, Fliedner TM. Atlas of human hemopoi-
etic development. New York: Springer—Verlag, 1979.

40. Pollak A, Friede RL. Fine structure of medulloepithelioma.
J Neuropathol Exp Neurol 1977;36:712-725.

41. Garcia JH, Yoshida Y, Chen H, et al. Progression from ische-
mic injury to infarct following middle cerebral artery occlusion
in the rat. Am J Pathol 1993;142:623—-635.

42. Stanimirovic DB, Wong J, Shapiro A, et al. Increase in surface
expression of ICAM-1, VCAM-1 and E-selectin in human cere-
bromicrovascular endothelial cells subjected to ischemia-like
insults. Acta Neurochir 1997;70(suppl):12-16.

43. Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells
migrate throughout forebrain and cerebellum, and they differ-
entiate into astrocytes after injection into neonatal mouse
brains. Proc Natl Acad Sci U S A 1999;96:10711-10716.

44. Gage FH, Bjorklund A. Enhanced graft survival in the hippocam-
pus following selective denervation. Neuroscience 1986;17:89-98.

45. Gage FH. Mammalian neural stem cells. Science 2000;287:
1433-1438.

46. Suzumura A. The cytokines and their functions on neural cells
[in Japanese]. Tanpakushitsu Kakusan Koso 1995;40:691—-699.

47. Hefti F. Nerve growth factor promotes survival of septal cho-
linergic neurons after fimbrial transections. J Neurosci 1986;
6:2155-2162.

48. Woodbury D, Schwarz EdJ, Prockop DJ, et al. Adult rat and
human bone marrow stromal cells differentiate into neurons.
J Neurosci Res 2000;61:364-370.

Aneurysmal SAH

Cognitive outcome and structural damage after
clipping or coiling
M. Hadjivassiliou, MD; C.L. Tooth, BSc; C.A.J. Romanowski, FRCP; J. Byrne, MD;

R.D.E. Battersby, FRCS; S. Oxbury, MA; C.S. Crewswell, BSc; E. Burkitt, BSc; N.A. Stokes, BSc;
C. Paul, BSc; A.R. Mayes, Dphil; and H.J. Sagar, DM

Article abstract—Background: Aneurysmal subarachnoid hemorrhage (SAH) and surgical clipping of intracranial aneu-
rysms are associated with substantial morbidity and mortality. Objective: To compare cognitive outcome and structural
damage in patients with aneurysmal SAH treated with surgical clipping or endovascular coiling. Methods: Forty case-
matched pairs of patients with aneurysmal SAH treated by surgical clipping or endovascular coiling were prospectively
assessed by use of a battery of cognitive tests. Twenty-three case-matched pairs underwent MRI 1 year after the
procedure. Matching was based on grade of SAH on admission, location of aneurysm, age, and premorbid 1Q. Results: Both
groups were impaired in all cognitive domains when compared with age-matched healthy control subjects. Comparison of
cognitive outcome between the two groups indicated an overall trend toward a poorer cognitive outcome in the surgical
group, which achieved significance in four tests. MRI showed focal encephalomalacia exclusively in the surgical group.
This group also had a significantly higher incidence of single or multiple small infarcts within the vascular territory of the
aneurysm, but both groups had similar incidence of large infarcts and global ischemic damage. Conclusion: Endovascular
treatment may cause less structural brain damage than surgery and have a more favorable cognitive outcome. However,
cognitive outcome appears to be dictated primarily by the complications of SAH.
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For subarachnoid hemorrhage (SAH) patients that
reach a neurosurgical unit, the mortality can be as
high as 26%.' Neurosurgical clipping of the aneu-
rysm has, until recently, been the preferred treat-
ment option to prevent further bleeding. Most
patients undergoing craniotomy and surgical clip-
ping of the aneurysm are left with significant cogni-
tive deficits.? Neuropsychological assessment has
shown that up to 62% of patients with Glasgow Out-

come Scale scores of 1 are left with cognitive impair-
ment.? The most important factors implicated
include grade on admission* (according to the World
Federation of Neurosurgical Surgeons grading
scale®), aneurysm location,® age,” and operative and
perioperative factors. Previous attempts to assess
the contribution of surgery toward cognitive outcome
were hindered by the lack of an appropriate control
group. Endovascular embolization® using detachable
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