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(A) Diffusion-weighted magnetic resonance imaging shows acute infarction in the right

basal ganglia and insula. (B) Magnetic resonance angiography discloses the occlusion of the right
internal carotid artery and middle cerebral artery (arrows). (C) Perfusion lung scintigraphy re-

veals multiple perfusion defects in both lungs.

Figure 2. Contrast transesophageal echocardiographic ex-
amination. Microbubbles fill the right atrium and appear in
the left atrium through a patent foramen ovale without Val-
salva maneuver (arrow). LA, left atrium; RA, right atrium;
RV, right ventricle; Ao, aorta.

Discussion

PCE is a unique ischemic stroke in which emboli origi-
nating from the venous system reach the cerebral arterial
circulation via the R-L shunt, such as PFO (1). Recently,
Yasaka et al advocated the diagnostic criteria for PCE (2).
According to their criteria, the diagnosis of PCE is defini-
tive, if the following five conditions are satisfied: 1) neuro-
radiological demonstration of brain infarction, 2) the pres-
ence of PFO, 3) the presence of venous thrombosis, 4) tem-
poral profile or neuroradiological findings indicating em-
bolic mechanism, and 5) the absence of other embolic
sources, In the present case, all these conditions are satis-
fied, and hence it can be said that the left ICA occlusion
causing relatively large cerebral infarction was produced by
PCE mechanisms.

According to autopsy studies (3), the mean diameter of
PFO is 4.9 mm. The diameter of PFO is, thus, considerably
large as compared with cerebral arterial diameter. The mean
internal diameter of ICA and MCA was reported to be 3.6
mm and 2.5 mm, respectively (4). Provided large emboli
with 3-4 mm in diameter can pass through PFO easily, then
the major cerebral arteries, such as ICA or MCA, may be
readily occluded resulting in the formation of large cerebral
infarction. Nevertheless, the previous studies suggest that
cerebral infarction caused by PCE mechanisms is generally
small in size (5. 6). To our best knowledge, only five cases
with PFO were reported to have large cerebral infarction
previously (7-11), The present communication is the first to



DOI: 10.2169/internalmedicine.46.6046

report a definitive PCE case in which ICA occlusion was
clearly demonstrated by MR angiogram.

It should be emphasized that four of the above-mentioned
five PFO cases were associated with pulmonary thromboem-
bolism (7, 8, 10, 11) as found in the present case. Pulmo-
nary thromboembolism increases the pulmonary vascular re-
sistance and inevitably elevates the right atrial pressure. In
the present case, the pulmonary arterial pressure was in-
creased to approximately 80 mmHg in the acute phase of
stroke due to pulmonary thromboembolism. In this acute
phase, the R-L shunting was constantly observed without
Valsalva maneuver on TEE or TCCS. On the other hand, in
the chronic phase at which the pulmonary arterial pressure
decreased to 46 mmHg, the R-L shunting was no longer de-
tected even during Valsalva mancuver. The fact strongly sug-
gests that the passage of embolus through PFO is largely in-

fluenced by the right heart pressure. Under normal right
heart pressure, the R-L shunting may not be provoked even
with Valsalva mancuver. However, under high right heart
pressure caused by pathological condition such as pulmo-
nary thromboembolism, the shunt flow may pass through
PFO easily allowing the passage of large embolus.

In conclusion, the present case suggests that the major
cerebral artery can be occluded by PCE mechanisms if the
right heart pressure is increased to enormously high level
due to pulmonary thromboembolism, In patients with PCE
presenting a large-sized infarction, pulmonary thromboem-
bolism should be aggressively screened. The evaluation of
right heart pressure and R-L shunting state in patients with
PCE during the acute stage may further clarify clinical char-
acteristics of PCE.
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Isolated Hemifacial Sensory Impairment with
Onion Skin Distribution Caused by Small Pontine

Hemorrhage
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Dear Sir,

Isolated trigeminal sensory neuropa-
thy due to pontine hemorrhage has only
been found in a few previous cases [1-4].
In these, the hemorrhage affected either
the principal sensory nucleus [1, 2] or the
trigeminal nerve roots [3, 4] and produced
facial sensory impairments along the oph-
thalmic (V1), maxillary (V2) and/or man-
dibular (V3) nerve dermatome. We report
a patient with a small pontine hemorrhage
that affected the upper part of the spinal
trigeminal nuclei, mainly the nucleus ora-
lis and interpolaris. She developed isolated
facial tactile sensory impairment with ‘on-
ion skin' distribution in the absence of
other neurological deficits. Onion skin
type facial sensory impairment caused by
these upper spinal trigeminal nuclei due
to stroke has never been previously re-
ported.

Case Report

A 6l-year-old woman suddenly felt
numbness around the right side of her lips
while talking on the telephone. She expe-
rienced neither headache nor vomiting.
She had a history of hypertension and hy-
perlipidemia but received no medical
treatment. She was admitted to our hospi-
tal 1 h after onset. At the time of admis-
sion, her blood pressure was 200/114 mm
Hg, while the heart beats were 108 per

minute and regular. Neurological exami-
nations revealed an alert and well-oriented
woman with isolated tactile sensory im-
pairment over the right trigeminal distri-
bution including the oral cavity. Pain and
temperature sensations were not impaired.
The hypesthesia showed so-called onion
skin distribution and was least intense in
the perioral and perinasal areas and most
prominent in the most peripheral parts of
the face, such as the forehead and chin.
Corneal sensation and corneal reflex were
well preserved. No weakness of the mas-
seteric muscle or jaw deviation was ob-
served. Taste sensation was normal. There
was no abnormality in cranial nerves, co-
ordination or body sensation, except for
the face.

Brain CT performed on admission and
1.5 h after onset demonstrated a small,
high-density area at the right pontine teg-
mentum (fig. 1). The diameter of the he-
matoma was less than 1 cm and did not
enlarge on a second CT performed 6 h af-
ter onset. T)-weighted MRI on the seventh
day showed a column-shaped hematoma
in areas extending from the middle partto
the lower portion of the pons and accom-
panied by a smaller sublesion (fig. 2A-C).
The hematoma did not reach the medulla
oblongata, as confirmed by coronal MRIL
MR angiography on the seventh day dis-
closed no abnormality suggestive of arte-
riovenous malformation, aneurysm or

cavernous angioma. The diagnosis of hy-
pertensive pontine hemorrhage was estab-
lished on the basis of such imaging studies.
She was discharged on day 11, at which
time her facial hypesthesia was mild in de-
gree. Three months thereafter, her facial
hypesthesia was confined to the areas
around the right side of the lips.

Discussion

Pontine hemorrhage presenting a tri-
geminal neuropathy is usually associated
with other cranial nerve deficiencies. Even
in cases of small hematoma localized in
the tegmentum, neurological examination
usually reveals a variety of symptoms de-
pending on the magnitude of basilar in-
volvement, such as oculomotor abnormal-
ities, ataxia, action tremor, ipsilateral mio-
sis, hemiparesis or facial numbness [5].
Isolated trigeminal sensory neuropathy is
seldom observed in cases of pontine hem-
orrhage. To the best of our knowledge,
only 4 such cases have been reported pre-
viously [1-4] (table 1). In these 4 cases, the
lesions affected the principal sensory nu-
cleus or the trigeminal nerve roots, and all
of the facial sensory impairments were ob-
served along the V1, V2 or V3 derma-
tomes.

The trigeminal nerve contains both
sensory and motor components. The ma-

KARGER © 2008 5. Karger AG, Basel
0014-3022/08/0594-0192524.50/0

Fax +41 61 306 12 34

E-Mail karger@hkarger.ch Accessible online at:

www karger com www.karger.com/ene

Naomi Toratani

Department of Cerchrovascular Medicine

National Cardiovascular Center
5-7-1 Fujishirodal, Suita, Osaka 565-8565 (Japan)
Tel. +B1 6 6833 5012, Fax +81 6 6872 7486, E-Mail tora@hsp.ncve.go.jp

-259-



Fig. 1. Brain CT, obtained 1.5 h after onset
of symptoms, discloses a small, high-den-
sity area (arrow) in the medial portion of
the right pontine tegmentum.

Fig. 2. T,-weighted MR images obtained

on the seventh day. A Transaxial image

discloses hematoma at the pontine teg-

mentum, the diameter of which is smaller *
than 1 em. B, € The sagittal and coronal

images demonstrate that the hematoma is

column-shaped, extending from the mid-

dle pons to the lower pons and accompa-

nied by a smaller sublesion. C

Table 1. Reported cases of pontine hemorrhage with isolated trigeminal sensory neuropathy

Authors and year Age Sex Distribution Location of the lesion
years
Holtzman et al. [1], 1987 45 M V2, V3 trigeminal principal sensory nucleus
Kim et al, (2], 1994 31 M V1<V2,V3 trigeminal nerve root and trigeminal principal sensory nucleus
Komiyama et al. [3], 1993 49 M Vi trigeminal nerve root
Almeida et al, [4], 1999 62 M V1 trigeminal nerve root
The present case 61 F V1~V3 nucleus oralis or interpolaris of trigeminal spinal nucleus
‘onion skin’ pattern
Isolated Hemifacial Sensory Impairment Eur Neurol 2008;59:192-194 193

with Onion Skin Distribution
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jority of trigeminal sensory fibers convey-
ing tactile sensation does not descend but
enters the principal sensory nucleus. Oth-
er trigeminal sensory fibers carrying pain
and temperature sensations descend in the
trigeminal tract and enter the spinal tri-
geminal nucleus. The spinal trigeminal
nucleus consists of 3 components — the nu-
cleus oralis, nucleus interpolaris and nu-
cleus caudalis - which are located along
the longitudinal axis of the brain stem [6-
8). Among these nuclei, the fibers carrying
pain and temperature sensations enter the
nucleus caudalis, which is located at the
most caudal part of the spinal trigeminal
nucleus. The somatotopic representation
of the face within the nucleus caudalis is in
a segmental distribution similar to onion
skin: the perioral areas of the face are rep-
resented by the rostral portion of the nu-
cleus, and more outer areas of the face are
represented by the caudal portion of the
nucleus. Therefore, lesions affecting the
nucleus caudalis at the medulla oblongata
may cause onion skin type sensory im-
pairment, as occasionally observed in cas-
es of syringobulbia. On the other hand, the
functions of the other 2 nuclei - the nucle-
us oralis and interpolaris - still remain un-
clear. Fibers carrying tactile sensation
mainly enter the principal sensory nucleus
and partly so the upper part of the spinal

trigeminal nucleus - the nucleus oralis
and interpolaris [9]. The tactile represen-
tation of the face within the nucleus oralis
and interpolaris remains unclear.

In the present case, isolated tactile sen-
sory impairment with onion skin distribu-
tion was observed in the hemifacial area
ipisilateral to the side of the small pontine
hemorrhage. According to the CT and
MRI studies, the hematoma was located
more medially to the principal sensory nu-
cleus and affected the upper part of the
spinal trigeminal nucleus, such as the nu-
cleus oralis and interporalis. The onion
skin type hypesthesia is unlikely to be
caused by lesions of the principal sensory
nucleus. The present case suggests that the
onion skin type hypesthesia may be caused
by lesions in the nucleus oralis or interpo-
laris. The somatotopic representation of
the face in the nucleus oralis and interpo-
laris may be in a segmental, onion-skin-
like distribution pattern similar to that in
the nucleus caudalis.
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Abstract

Background: The clinical relevance of the microembolic sig-
nals (MES) detected by transcranial Doppler sonography
(TCD) in acute stroke remains unclear. In a prospective study
the authors analyzed the relationship between MES and the
findings on diffusion-weighted magnetic resonance imag-
ing (DWI) in acute stroke patients. Methods: We performed
TCD for a period of 30 min to detect MES in patients within
24 h of stroke onset, and DWI was done within the initial
7 days. MES were assessed from Doppler waves obtained
from the middle cerebral artery contralateral to the side of
the neurological deficits. The acute ischemic lesions ob-
served on DWI were classified by their diameter (small, me-
dium or large) and by their site (cortical, superficial perfora-
tor territory, internal borderzone or deep perforator terri-
tory). Results: We obtained Doppler waves from 39 vessels
in 37 patients; 2 patients had bilateral deficits. MES were de-
tected in 12 vessels (MES-positive group) and not detected
in 27 vessels (MES-negative group). No significant differenc-

es in clinical features were observed between the 2 groups.
The number of small lesions was significantly higher in the
MES-positive group than in the MES-negative group (p =
0.02). The numbers of cortical and superficial perforator in-
farcts were significantly higher in the MES-positive group
than in the MES-negative group (p = 0.002 and 0.02, respec-
tively). Conclusion: In acute ischemic stroke, MES detected
by TCD in the acute phase may produce small cortical and
subcortical lesions found on DWI,

Copyright © 2007 S. Karger AG, Basel

Introduction

Microembolic signals (MES) have been detected by
transcranial Doppler (TCD) in patients with carotid dis-
eases, atrial fibrillation, prosthetic cardiac valves and ca-
rotid angiography, as well as intraoperatively in patients
undergoing cardiac or carotid surgery [1-10]. MES is de-
tected in 4-56% of acute stroke patients [11-17]. How-
ever, the clinical relevance of MES in acute stroke re-
mains unclear. Although they are usually asymptomatic,
small emboli may cause small ischemic brain lesions [18,
19].
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Diffusion-weighted magnetic resonance imaging
(DWT) detects hyperacute ischemic lesions more sensi-
tively than conventional CT and conventional magnetic
resonance (MR) imaging [20, 21]. DWT has a high sensi-
tivity and specificity in the acute setting of stroke [22]. It
is also useful for the diagnosis of stroke within 6 h of
symptom onset [23]. Although we and other authors have
reported that there is a relationship between MES and
DWI, in most of the studies, TCD was performed within
=2 days of stroke onset, and the subjects were only those
who had large artery disease or other emboligenic dis-
eases [24, 25]. In these reports MES were obtained from
both middle cerebral arteries (MCAs), which included
the artery ipsilateral to the side of the deficits.

To evaluate the relationship between MES and the
ischemic lesions more precisely, we did a prospective
study to detect MES in patients with ischemic stroke or
transient ischemic attack (TIA) by doing a TCD within
24 h of onset, and then by analyzing the relationship be-
tween the MES from only the MCA contralateral to the
side of the deficits and the lesions found on DWTL.

Patients and Methods

We conducted a prospective study of 56 consecutive patients
with carotid ischemic stroke who were admitted to our hospital
within 24 h of stroke or TIA onset between September 2002 and
April 2003,

The following clinical data were collected from all patients:
(1) patient age and gender; (2) the number of MES detected by
TCD from the MCA contralateral to the side of the neurological
deficits; (3) National Institutes of Health Stroke Scale (NIHSS)
score [26] on admission; (4) the presence of vascular risk factors,
including hypertension, diabetes mellitus, hypercholesterolemia
and current cigarette smoking; (5) history of stroke; (6) emboli-
genic cardiac and aortic diseases; (7) significant arterial diseases
corresponding to the neurological deficits; (8) laboratory param-
eters on admission (white blood cell count, hematocrit, platelet
count, fibrinogen, C-reactive protein); (9) blood coagulation fac-
tors (thrombin-antithrombin 111 complex ), D-dimer, antithrom-
bin 111 on admission; (10) the interval of time between stroke on-
set and the TCD study or MR imaging; (11) the administration of
anticoagulant agents, including heparin and warfarin, and anti-
platelet agents, including aspirin and ticlopidine, at the time of
the TCD study.

The TCD study was performed using a DWL Multidop X with
a 2.5-MHz probe within 24 h of stroke or TIA onset. With the
patients supine, bilateral MCA recordings for 30 min at a depth
of 45-55 mm were done. The MES were based on the Doppler
waves obtained from the MCA contralateral to the side of the neu-
rological deficits. The TCD probe was held in place with an elastic
headband to reduce the possibility of a movement artifact. MES
were defined according to the standard consensus criteria [27] as
being 6 dB above the background threshold. Blinded ‘offline’ val-

MES and DWT in Acute Stroke

idation of suspected MES was done by 2 of the authors (M.N. and
A.S.), who reviewed the digital audiotape recordings, instead of
relying solely on automatic counting by DWL software.

To detect potential cardiac sources of emboli, all patients were
examined using a 12-lead electrocardiograph (ECG), 24-hour
ECG monitoring and transthoracic echocardiography. The fol-
lowing potential emboligenic cardiac diseases were considered:
nonvalvular atrial fibrillation, acute myocardial infarction, pre-
vious myocardial infarction with intraventricular thrombus, mi-
tral valve diseases, prosthetic cardiac valve, dilated cardiomyopa-
thy, patent foramen ovale and cardiac tumor. Potential aortogen-
ic sources of emboli or patent foramen ovale were evaluated in 27
patients by transesophageal echocardiography. Localized raised
lesions in the aorta with a maximal intima-medial thickness
>4.0 mm and an obviously irregular surface, a broad acoustic
shadow, or mobile plaque were defined as potential aortic sources
of emboli.,

All patients underwent color-flow duplex carotid ultrasonog-
raphy on the day of admission. Conventional cerebral angiogra-
phy and/or MR angiography was performed in all patients. The
stenosis was graded according to the method used by the North
American Symptomatic Carotid Endarterectomy Trial [28]. Sig-
nificant arterial disease was identified if a stenosis >50% or an
ulcerated plaque was found in theaffected artery that correspond-
ed to the neurological deficits.

MR imaging was performed within 7 days of stroke onset, us-
ing a 1.5-tesla system equipped with single-shot echo planar im-
aging to obtain rapid diffusion images. MR studies included axi-
al T)-weighted, axial T,-weighted and DW1 sequences. The imag-
ing parameters were 4000/103 (TR/TE), 128 X 128 matrix,
230-mm field of view, and 4 mm slice thickness witha 2-mm gap
between the slices. Two b-values were used: 0 and 1,000 s/mm*.
Diffusion gradients were applied in successive scans in each of the
x, yand z directions, and DW1 images were formed from the aver-
age of these values, The criterion for the diagnosis of acute infarcts
on DW1 was focal hyperintensity, judged not to be due to normal
anisotropic diffusion or magnetic susceptibility artifacts. Each
MRI was assessed by 2 authors (M.N. and K.K.); only those lesions
that both assessors identified were judged to be new ischemic le-
sions, We classified the acute ischemic lesions found on DWT by
size (small, <10 mm in diameter; medium, 10-30 mm in diameter,
orlarge >30 mm in diameter) and by their locations (cortical, su-
perficial perforator territory, internal borderzone or deep perfo-
rating artery territory). Cortical lesions were defined as the le-
sions including cortical ribbon (fig. 1A). Subcortical lesions were
further split into superficial perforator lesions according to the
templates of Bogousslavsky and Regli [29] (fig. 1B), and internal
borderzone lesions according to the schematic templates by Del
Sette et al. [30) and Lee et al. [31] (fig. 1C). The outermost limit of
superficial perforator lesions was taken to be the cortical ribbon;
the innermost limit was the corona radiata at the level of the deep
perforator. Internal borderzone lesions were defined as hyperin-
tense areas in the vascular internal borderzone, where the border
between the deep and superficial perforating arteries divides the
lesion into 2 approximately equal sections. We excluded lesions
located within the borderzone area between the MCA and the an-
terior cerebral artery or the MCA and the posterior cerebral ar-
tery. The deep perforating artery territory was defined as the re-
gions including deep corona radiata, putamen, globus pallidus,
internal capsule and caudate head (fig. 1D).
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Fig. 1. Examples of location of infarct. A Cortical infarcts. B Superficial perforator infarcts. C Internal boder-
zone infarcts. D Deep perforating artery territory infarcts.

The Mann-Whitney U test was used to detect statistically sig-
nificant differences in age, NTHSS score, and interval between
stroke onset and TCD or MR assessment between the groups. All
other findings were assessed by Fisher’s exact test. In addition, we
analyzed the relationship between the number of MES on TCD
and the presence of lesions on DW1 by Spearman’s correlation test.
Statistical analysis was performed using a commercially available
software package (Stat-View, version 5, SAS Institute Inc., USA). p
values <0.05 were considered statistically significant.

Results

We analyzed 39 MCAs in 37 patients (34 men, 3 wom-
en, age 69 * 10 years); 19 patients were excluded from
the initial 56 patients, as they lacked temporal windows
on the side of interest (n = 16) or had no available MR im-
ages due to prior pacemaker implantation (n = 3). Both
MCAs were evaluated in 2 of the 37 patients because they
showed bilateral neurological deficits. The mean time in-
terval between stroke onset and TCD assessment was 11.0
*+ 6.4 h, (median 8.2, range 2.3-24.0); the mean time in-
terval between stroke onset and MR assessment was 33.9
* 29.7 h (median 27.9, range 12.3-183.5).

The MES-positive group consisted of 11 patients in
whom MES were detected in 12 MCAs (30.8%), while the
MES-negative group consisted of 26 patients in whom no
MES were detected in 27 vessels (69.2%). No significant
differences were observed between the 2 groups with re-
spect to clinical features, including NTHSS score on ad-
mission, emboligenic diseases, arterial diseases and use
of either oral or transvenous antithrombotic agents. Lab-
oratory parameters and blood coagulation factors on ad-
mission did not differ between the 2 groups either (ta-
ble 1). Transesophageal echocardiographywas performed

Cerebrovasc Dis 2007;23:282-288

in 7 of 10 patients in the positive group and 20 of 26 pa-
tients in the negative group. Although certain emboli-
genic diseases (arterial diseases, heart diseases or compli-
cated lesions in the aortic arch) were seen more frequent-
ly in patients in the MES-positive group, the differences
between the MES-positive and -negative groups were not
statistically significant.

The number of small lesions was significantly higher
in the MES-positive group (3.5 £ 4.5) than in the MES-
negative group (0.7 * 1.0, p=0.02), whereas the numbers
of medium lesions (0.9 * 1.5 MES-positive vs. 0.2 * 0.4
MES-negative, p = 0.07) and large lesions (0.3 * 0.5
MES-positive vs. 0.4 = 0.5 MES-negative, p = 0.83) did
not differ between the 2 groups (fig. 2). The number of
cortical infarcts was significantly higher in the MES-pos-
itive group (3.8 £ 4.3) than in the MES-negative group
(0.7 £ 0.8, p=0.002). The number of superficial perfora-
tor lesions was significantly higher in the MES group (0.8
+ 0.9vs.0.3 £ 0.3, p = 0.02), while the number of inter-
nal borderzone lesions did not differ between the 2 groups
(0.2 £ 04 vs. 03 £ 0.7, p> 0.99). No differences were
seen in the number of deep perforator territory infarcts
(0.2 £ 0.4 MES-positive vs. 0.3 £ 0.5 MES-negative, p =
0.66, fig. 3) between the 2 groups. The number of MES
had a weak association with the number of DW1 lesions
(p = 0.003, p = 0.605, fig. 4).

MES was detected in 1 patient with a single deep per-
forating artery infarct. He is a 72-year-old man with hy-
pertension and diabetes mellitus, who showed pure mo-
tor stroke on the right side. The coagulation and fibrino-
lytic markers showed no abnormality. His symptoms did
not progress during his hospital stay.
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Fig. 2. On DWI, small ischemic lesions were more frequent in the MES-positive group than in the MES-nega-
tive group. However, the frequencies of medium lesions and large lesions did not differ between the 2 groups.
Table 1., Patient characteristics in MES-positive group and MES-negative group
Detection of MES P
positive (n= 11) negative (n = 26)
Age" 68 (50-79) 68 (50-88) 0.48
Male sex 10 (91%) 24 (92%) >0.99
Hypertension 10 (91%) 16 (62%) 0.12
Diabetes 3(27%) 10 (38%) 0.71
Hyperlipidemia 3(27%) 10 (38%) 0.71
Smoking, 7 (64%) 18 (69%) >0.99
Previous stroke 2(18%) 12 (46%) 0.15
Arterial stenosis (= NASCET 50%) 3(27%) 4(15%) 0.40
Atrial fibrillation 4 (36%) 6(23%) 0.44
Potential embolic source 417 (57%) 10/20 (50%) >0.99
Intravenous antithrombotic agent 4 (36%) 12 (46%) 0.72
Oral antithrombotic agent 4 (37%) 13 (50%) 0.50
Time interval from onset to TCD study* 11.8 (2.5-24.0) 7.2(2.3-24.0) 0.19
White blood cell, x 10°/pl* 9.1(3.7-14.6) 7.4(3.0-13.2) 0.61
Hematocrit, %* 41.2 (37.5-47.7) 39.7 (18.9-47.4) 034
Platelet, x 10%/ul* 182 (103-258) 210 (93-420) 0.27
Fibrinogen, mg/dl* 353 (251-455) 332 (179-582) 0.67
C-reactive protein, mg/I* 0.36 (0.11-10.40) 0.24 (0.06-5.39) 0.21
Thrombin-antithrombin I11 complex, pg/1* 1.6 (0.5-19.5) 1.7 (0.2-15.1) 0.59
D-dimer, ng/ml* 1.0 (0.5-14.5) 0.9(0.1-11.0) 0.31
Antithrombin III, %* 84.7 (75.8-104.6) 86.0 (71.6-136.9) 0.87
* Median (range). NASCET = North American Symptomatic Carotid Endarterectomy Trial.
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Fig. 3. Cortical lesions and superficial perforator lesions were more frequently seen on DWT in the MES-posi-
tive group than in the MES-negative group, while the frequencies of subcortical lesions and lesions in the per-
forating arterial territory did not differ between the 2 groups.

Number of ischemic lesions

0® T T T T
0 10 20 30
Number of MES/30 min

Fig. 4. Relationship between the number of MES and the number
of ischemic lesions seen on DWI. A mild association is seen be-
tween them (p = 0.003, p = 0.605).

Discussion

The presence of MES indicates that a stroke may be
embolic in origin. Multiple lesions on DWI would also
relate to multiple emboli or the breakup of an embolus.
Some authors have discussed the relationship between
multiple lesions and stroke etiology [32, 33]. In this study,

286 Cerebrovasc Dis 2007;23:282-288

we confirmed the relationship between the detection of
MES in the MCA contralateral to the side of the deficits
and abnormal lesions found on DWT in the ipsilateral ce-
rebrum. Our results are similar to the results of past stud-
ies suggesting that MES have a relationship with the small
cortical lesions seen on DW1 [24, 25, and our results ex-
tend this relationship to include patients with acute isch-
emic stroke within 24 h of stroke onset.

While the relationship between ischemic lesions in the
cerebral cortex and an embolic mechanism is broadly
recognized, subcortical infarcts may have a combined
mechanism, including a hemodynamic mechanism. Our
study showed a suggestive result: subcortical lesions in
the superficial perforator associated with the detection of
MES, while internal borderzone lesions did not. In previ-
ous reports, some subcortical infarcts including the cen-
trum ovale are thought to be associated with cardiac or
arterial diseases [33, 34]. Others have described that deep
subcortical infarcts including the internal borderzone
may be caused by a hemodynamic mechanism or a com-
bination of hypoperfusion and microemboli in intracra-
nial arteries with severe stenosis [35, 36]. Our result may
emphasize the difference between superficial perforator
infarcts and internal borderzone infarcts, although not
confirmative because of small sample size.

We found that the association between the number of
MES and the number of DWI lesions was weak (p =
0.605), while Wong et al. [35] reported a stronger asso-
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ciation. This difference can be explained by differences
between the 2 study populations; we assessed consecutive
stroke patients with various etiologies, while Wong et al.
evaluated only patients with stenotic lesions in the prox-
imal segment of the MCA. Therefore, our result suggest-
ed an association not only between MES and embolism,
but also between MES and other stroke mechanisms, that
is, platelet hyperactivation or hypercoagulability.

One patient showed MES in the MCAs bilaterally,
though he had no potential emboligenic diseases. On
DWI this patient was found to have a single deep perfo-
rating artery infarct, indicating that embolism is the like-
ly cause of a lacunar infarct. The mechanism of lacunar
infarcts has been a matter of controversies, and at least in
some patients, embolism causes lacunes [37].

Our study had some limitations. Firstly, the sample
size was small. Some patients could not be studied be-
cause of an inadequate insonation window for TCD. It is
known that the detection rate of the intracranial artery
flow signal using TCD is lower in the Japanese population
than in the Caucasian population [38]. The reason why
the ratio of men was as high as >90% in this study is

thought to be the lack of a temporal window in most old
Japanese women, which may be attributed to osteoporo-
sis and the characteristics of the race. Secondly, about
40% of all patients were treated with an anticoagulant
and an antiplatelet agent at the time of the TCD study.
Although there was no significant difference in antico-
agulant and antiplatelet agent use between the MES-pos-
itive group and the MES-negative group, such treatment
might have influenced the frequency of MES detection.

In conclusion, MES were detected more frequently in
the acute phase of stroke in patients with a small cortical
and subcortical infarction. The presence of MES may
help determine the mechanism of stroke.
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Abstract

The administration of CD34-positive cells after stroke has been shown to have a beneficial effect on functional recovery by
accelerating angiogenesis and neurogenesis in rodent models. Granulocyte colony-stimulating factor (G-CSF) is known to mobilize
CD34-positive cells from bone marrow and has displayed neuroprotective properties after transient ischemic stress. This led us to
investigate the effects of G-CSF administration after stroke in mouse. We utilized permanent ligation of the M1 distal portion of the left
middle cerebral artery to develop a reproducible focal cerebral ischemia model in CB-17 mice. Animals treated with G-CSF displayed
cortical atrophy and impaired behavioral function compared with controls. The negative effect of G-CSF on outcome was associated
with G-CSF induction of an exaggerated inflammatory response, based on infiltration of the peri-infarction area with CD11b-positive
and F4/80-positive cells. Although clinical trials with G-CSF have been started for the treatment of myocardial and limb ischemia, our

results indicate that caution should be exercised in applying these results to cerebral ischemia.

Introduction

Granulocyte colony-stimulating factor (G-CSF) was identified in 1975
and has been broadly used for mobilizing granulocytes from bone
marrow (Weaver et al, 1993). G-CSF is also known to mobilize
immature hematopoietic cells that include endothelial progenitor cells
(EPCs) (Willing et al., 2003). In view of the capacity of circulating
EPCs to enhance neovascularization of ischemic tissues (Asahara
et al., 1997), the results of recent studies demonstrating that infusion
of EPCs accelerates angiogenesis at ischemic sites, thereby limiting
tissue injury, is not unexpected (Dzau er al, 2005), As a potential
extension of this concept, administration of G-CSF has been shown to
accelerate angiogenesis in animal models of limb and myocardial
ischemia (Minatoguchi et al, 2004). These observations have
provided a foundation for clinical trials testing the effects of G-CSF
in limb and myocardial ischemia (Kuethe ef al., 2004).

Stroke, a critical ischemic disorder in which there are important
opportunities for neuroprotective therapies, is another situation in
which enhanced angiogenesis might be expected to improve outcome.
For example, we have shown that the administration of CD34-positive
cells after stroke accelerates angiogenesis and, subsequently, neuro-
genesis (Taguchi er al,, 2004). Similarly, erythropoietin (EPO), also
known to have angiogenic properties, has been shown to have
beneficial effects in experimental cerebral ischemia (Ehrenreich ef al.,
2002; Wang et al., 2004). In addition, G-CSF displays neuroprotective

Caorrespondence: Dr Akihiko Taguchi, as above,
E-mail: ataguchi(@res.ncve.go.jp

Received 19 October 2006, revised 25 April 2007, accepted 21 May 2007

properties in vitro (Schabitz et al., 2003) and in vive (Schabitz er al.,
2003; Shyu et al., 2004; Gibson et al., 2005), the latter in a rodent
model of transient cerebral ischemic damage. Models of transient
cerebral ischemia allow subtle assessment of neuroprotective proper-
ties, such as the survival of vulnerable neuronal populations in the
penumbra. However, functional outcome afier stroke is also deter-
mined by inflammation and reparative processes consequent to
extensive brain necrosis, the latier better modelled by permanent
cerebral ischemia. We have evaluated the effect of G-CSF on stroke
outcome in a model of permanent cerebral ischemia with massive cell
necrosis, Our model employs permanent ligation of the left middle
cerebral artery (MCA) and results in extensive neuronal death in the
ischemic zone, as well as more selective apoptotic cell death in the
penumbral area (Walther ef al, 2002). Using this model, we have
tested the effect of G-CSF on functional recovery after stroke.

Materials and methods

All procedures were performed under the auspices of an approved
protocol of the Japanese National Cardiovascular Center Animal Care
and Use Committees (protocol no. 06026, approval date, May 22,
2006).

Induction of focal cerebral ischemia

To assess the effect of G-CSF on stroke, we developed a highly
reproducible murine stroke model applying our previous method

© The Authors (2007). Jounal Compilation @ Federation of Furopean N
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(Taguchi et al, 2004) to CB-17 mice (Clea, Tokyo, Japan). Under
halothane anesthesia (inhalation of 3%), the left zygoma was dissected
to visualize the MCA through the cranial bone. A hole was made using a
dental drill in the bone (diameter 1.5 mm) and the MCA was carefully
isolated, electro-cauterized and disconnected just distal to its crossing of
the olfsctory tract (distal M1 portion). Cerebral blood flow in the MCA
area was monitored as described previously (Matsushita ef al., 1998).
Briefly, an acrylate column was attached to the intact skull using
stereotactic coordinates (1 mm anteriorand 3 mm lateral to the bregma)
and cerebral blood flow was assessed using a linear probe (1 mm in
diameter) by laser Doppler flowmetry (Neuroscience Co. Ltd, Osaka,
Japan). Mice that showed decreased cerebral blood flow by ~75%
immediately after the procedure were used for experiments (success rate
of >95%). Body temperature was maintained at 36.5-37 °C using a
heat lamp (Nipponkoden, Tokyo, Japan) during the operation and for
2 h after MCA occlusion. At later timepoints, mice were first subjected
to behavioral tests and then to histological examination of their brains.
For histological examination, mice were perfusion-fixed with 100 mL
of periodate-lysine-paraformaldehyde fixative under deep (pentobar-
bital) anesthesia (100 mg/kg, intraperitonealy) and their brains were
removed. Coronal brain sections (20 pm) were cut on a vibratome
(Leica, Solms, Germany) and subjected to immunocytochemistry.

Administration of granulocyte colony-stimulating factor
and erythropoietin following stroke

To examine the effect of G-CSF on ischemic cerebral injury, human
recombinant G-CSF (Kirin, Tokyo, Japan) was administered subcu-
taneously at four doses (0.5, 5, 50 or 250 pg/kg) at 24, 48 and 72 h
after induction of stroke. As controls, the same volume of phosphate-
buffered saline (PBS) or recombinant human EPO (1000 pg/kg;
Kirin), the latter known to have angiogenic properties and a positive
cffect on stroke outcome (Jaquet et al, 2002), was administered
subcutaneously. Other time courses of G-CSF administration, inclu-
ding 1 h after stroke (at doses of 0.5, 5, 50 or 250 pg/kg) and
continuous administration (100 pg/kg/day) by micro-osmotic pump
(Durect, Cupertino, CA, USA) started 1 h after stroke over 7 days,
were also studied. To exclude possible effects of an immune response
to human recombinant G-CSF in the mouse, murine recombinant
G-CSF (R & D Systems, Minneapolis, MN, USA; doses of 0.5, 5 or
50 pg/kg) was administered subcutaneously at 24, 48 and 72 h after
induction of stroke, as indicated.

Immunohistochemistry

To evaluate the inflammatory response following administration of
G-CSF post-stroke, brain sections were studied immunohistochemi-
cally using antibody to CD11b (BD Biosciences, San Jose, CA, USA)
and F4/80 (Serotec, Raleigh, NC, USA). The numbers of CDI11b-
positive inflammatory cells at the anterior cerebral artery (ACA)/M-
CA border of the infarcted area and numbers of F4/B0-positive
(F4/80") activated microglia/macrophages in the ACA area at the
exact center of the forebrain section (at the midpoint of the left
forebrain, as shown with an orange line in Fig. 1J) were scored by two
investigators blinded to the experimental protocol.

Analysis of the peri-infarction and infarcted area after middle
cerebral artery occlusion

To investigate mechanisms of brain damage/atrophy consequent to
administration of G-CSF, neovessel formation and the extent of

G-CSF and stroke 127

infarction were analysed. Formation of new vessels was assessed at
the border of the MCA and ACA territaries by perfusing carbon black
(0.5 mL; Fuekinori, Osaka, Japan) via the left ventricle of the heart.
Staining with 2,3,5-triphenyltetrazolium (TTC) (Sigma-Aldrich, St
Louis, MO, USA) was employed to demarcate the border of viable/non-
viable tissue. Semiquantitative analysis of angiogenesis employed an
angiographic score. Briefly, microscopic digital images were scanned
into a computer (Keyence, Osaka, Japan) and the number of carbon
black-positive microvessels crossing the border zone of the TTC-
negative MCA area to the TTC-positive ACA area was determined. To
evaluate the infarcted area 3 days after stroke, coronal brain sections at
the exact center of the forebrain were stained with TTC. The infarcted
area was measured using a microscopic digital camera system
(Olympus, Tokyo, Japan). Infarction in this stroke model was highly
reproducible and limited to the left cortex. NIH IMAGE software was
used to quantify the TTC-positive area in the ACA temitory. A brain
atrophy index was established using whole brain images captured by a
digital camera system (Olympus). The length of the forebrain was
measured along the x and y dimensions shown in Fig. 1] and the ratio of
x : y was defined as the brain atrophy index.

Behavioral analysis

To assess cortical function, mice were subjected to behavioral testing
using the open field task (Kimble, 1968) at 35 days after stroke. In this
behavioral paradigm, animals were allowed to scarch freely in a square
acrylic box (30 x 30 cm) for 60 min. A light source on the ceiling of
the enclosure was on during the first 30 min (light period) and was
turned off during a subsequent 30-min period. On the X- and Y-banks
of the open field, two infrared beams were mounted 2 cm above the
floar, spaced at 10 cm intervals, forming a flip-flop circuit between
them. The total number of beam crossings by the animal was counted
and scored as traveling behavior (locomotion). Twelve infrared beams
were set 5§ cm above the floor, spaced at 3 cm intervals, on the X-bank
and the total number of beam crossings was counted and scored as
rearing behavior (rearing). To exclude the contribution of physical
deficits directly related to the operative procedure and induction of
stroke, motor deficiencies were examined on day 35 after stroke.
Neurological deficits were scored on a three-point modified scale as
described previously (Tamatani et al, 2001): 0, no neurological
deficit; 1, failure to extend the left forepaw fully; 2, circling to left and
3, loss of walking or righting reflex. Body weight, monitored in each
experimental group, displayed no significant differences (data not
shown).

Data analysis

Statistical comparisons among groups were determined using one-way
ANOVA and the Dunnett test was used for post-hoc analysis to compare
with PBS controls. Where indicated, individual comparisons were
performed using Student’s f-test. In all experiments, mean + SEM is
reported.

Results

Induction of stroke in CB-17 mice

In a previous report, we demonstrated reproducible strokes in severe
combined immunodeficient (SCID) mice by permanent ligation of the
left MCA (Taguchi et al., 2004). As SCID mice originated from the
CB-17 strain, we expected anatomical similarity of cerebral arteries in
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these two strains. Strokes were induced in CB-17 mice by permanent
ligation of the M1 distal portion of the left MCA. To evaluate the
infarcted area, brain sections were stained with TTC at 3 h after
stroke. Reproducible strokes were induced in CB-17 mice (Fig. 1A)
that were similar to those in SCID mice (Fig. 1B). The surviving
cortical area post-stroke, represented by the TTC-positive ACA area at
the exact center of forebrain, was also similar in CB-17 and SCID
mice (Fig. 1C, n = 6/species).

Granulocyte colony-stimulating factor accelerates brain

injury after stroke

In a previous study, we demonstrated that enhanced neovasculariza-
tion post-stroke, due to administration of CD34-positive cells,
promoted neurcnal regeneration leading to cortical expansion and
functional recovery (Taguchi et al., 2004). As G-CSF is known to
mobilize CD34-positive cells from bone marrow (Kuethe et al., 2004),
we investigated the effects of G-CSF treatment, starting 24 h after
stroke and continuing for 3 days, using the above permanent focal
cerebral ischemia model. Compared with control animals receiving
PBS alone (Fig. 1D), no significant difference was observed in mice
that received 0.5 ug/kg of G-CSF (Fig. 1E and K) at 35 days after
stroke, However, remarkable brain atrophy was observed with G-CSF
treatment at 5 pg/kg (Fig. |F and K), 50 pg/kg (Fig. 1G and K) or
250 pg/kg (Fig. 1H and K). In contrast, a mild protective effect, with
respect to brain atrophy, was observed in the group treated with EPO
post-stroke (1000 pg/kg: Fig. 1T and K). In each condition depicted in
Fig. 1, a representative image is shown and quantitative analysis of the
brain atrophy index (m = 6/experimental condition; defined in
Fig. 17) is demonstrated in Fig. 1K.

Granulocyte colony-stimulating factor has a negative effect
on functional recovery after stroke

To investigate functional recovery in animals treated with G-CSF, we
performed behavioral testing on day 35 after stroke (n = 6, for each
group). Compared with post-stroke CB-17 mice that received PBS,
mice treated with 50 or 250 pg/kg G-CSF displayed impaired
behavioral function as assessed by the ‘dark’ response, with respect to
rearing (Fig. 1L and Table 1) analysed by ANovA followed by post-
hoc Dunnett test, although there was no significant change in
locomotion (Fig. 1M). In contrast, treatment with EPO accelerated
functional recovery with respect to both rearing (1.18 £ 0.07 and
0.99 = 0.04 in EPO and PBS groups, respectively, n = 6 per group,
P < 0.05) and locomotion (1.04 = 0.04 and 0.85 + 0.04 in EPO and
PBS groups, respectively, n = 6 per group, P < 0.05). Mice showed
rapid recovery from focal motor deficits and, by day 16 post-stroke,
no motor deficits were detected based on a modified three-point scale
(not shown).

Granulocyte colony-stimulating factor accelerates
angiogenesis after stroke

d brain atrophy and impaired functional recovery in animals
treated with G-CSF post-stroke were quite unexpected because of the
known ability of G-CSF to mobilize CD34-positive cells from bone
marrow (Willing er al.,, 2003). In addition, a previous study showed
neuroprotective properties of G-CSF in models of transient cerebral
ischemia (Schabitz et al, 2003). These considerations led us to
analyse mechanisms contributing to increased brain atrophy after
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TABLE 1. Raw data of open field test (G-CSF rearing)

Rearing (counts)
Ti Reaction to darkness
and individual Right ON Right OFF (Right OFF/Right ON)
PBS
1 662 640 097
2 611 708 1.16
3 487 450 0.92
4 587 540 0.92
5 482 430 0.89
6 425 450 1.06
Mean + SEM 5423 £ 1372 5363 £ 47.1 0.99 + 0.04
G-CSF (0.5pg/kg)
1 562 0.94
X 601 650 1.08
3 494 425 0.86
4 731 731 1.00
5 767 784 1.02
[ 498 501 1.01
Mean = SEM 6152 + 46.7 60B8 £ 562 098 +0.03
G-CSF (Sug/kg)
1 577 497 0.86
2 537 368 0.69
3 310 288 0.93
4 520 485 0.93
5 673 652 0.97
[ 572 480 0.84
Mean = SEM 531.5 493 461.7 £ 508 0.7 £ 0.04
G-CSF (50pg/kg)
1 592 520 0.88
2 463 376 0.81
3 478 430 0.90
4 307 250 0.81
5 484 410 0.85
6 385 295 0.77
Mean + SEM 451.5£39.6 3802 £39.6  0.84 +0.02
G-CSF (250pg/kg)
578 424 073
501 401 0.80
507 180 0.75
465 412 0.89
380 341 0.90
401 347 0.87
Mean + SEM 472 £ 29.9 3842 & 14.0 0.82 £ 0,03

Right ON, under light condition; Right OFF, under dark condition.

administration of G-CSF. As G-CSF has been reported to accelerate
angiogenesis in limb and cardiac models of ischemic injury (Mina-
toguchi ef al, 2004), we sought to determine its impact on
neovascularization in our permanent focal cerebral infarction model.
Compared with PBS-treated controls (Fig. 2A), increased neovascu-
lature at the border of the MCA and ACA cortex (staining with TTC
demarcates viable/non-viable tissue and carbon black was used to
visualize vessels) was observed in animals treated with G-CSF
(50 pg/kg, Fig. 2B). Assessment of the angiographic score con-
firmed the impression of increased neovasculature in animals treated
with G-CSF, compared with the group receiving PBS (Fig. 2C;
P < 0.05).

Next, we investigated possible neuroprotective properties of G-CSF
after stroke. Analysis of the infarcted/surviving arca 3 days after
stroke was evaluated in animals treated with PBS (Fig. 2D) or G-CSF
(50 pg/kg, Fig. 2E) based on TTC staining; there was no effect of
G-CSF treatment compared with controls receiving PBS (Fig. 2F).
Thus, G-CSF did not impact on the viability of ‘at-risk tissue in the
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immediate post-stroke period (up to 3 days), although there was a
long-term effect on brain atrophy (evaluated at 35 days)

Granulocyte colony-stimulating factor enhances

the inflammatory response after stroke

Further studies were performed to analyse the apparent dichotomy
between G-CSF-mediated enh of neovasculanization of the
ischemic territory post-stroke vs. increased cerebral atrophy and lack
of improvement in behavioral testing. We focused our studies on the
inflammatory response. Compared with PBS-treated mice (Fig. 2G,
lower magnification; Fig. 2H, higher magnification), increased
accumulation of CDIlb-positive inflammatory cells, including
monocytes and granulocytes (Campanella er al., 2002), was observed
in G-CSF-treated mice (50 pg/kg) at the border of the infarcted area
(Fig. 21, lower magnification; Fig. 2J, higher magnification).
Quantitative analysis (n = 6 each) revealed a significant difference
in the number of infiltrating CD-11b-positive cells (Fig. 2K;
P < 0.05). These results led us to evaluate the presence of activated
macrophages/microglia in ischemic lesions, as the latter are known
to enhance brain damage after stroke (Mabuchi er al, 2000).
Although F4/80" activated macrophages/microglia were observed in
the viable (i.e. non-ischemic) ACA area following treatment with
PBS (Fig. 2L, lower magnification; Fig. 2M, higher magnification),
increased numbers of F4/80" macrophages/microglia were observed
in post-stroke animals treated with G-CSF (Fig. 2N, lower magni-
fication; Fig. 20, higher magnification), F4/80" activated macroph-
ages/microglia in post-stroke mice treated with PBS were principally
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limited to the area close to the border of the infarcted tissue. In
contrast, F4/80" cells in post-stroke mice treated with G-CSF were
observed in a broad area and at higher density in the ACA territory.
The total number of F4/80" cells in a section st the exact center of
the forebrain was quantified (» = 6 each); a significant increase in
F4/80° activated macrophages/microglia was observed in G-CSF-
treated mice, compared with controls receiving PBS post-stroke
(Fig. 2P; P < 0.05)

Administration of granulocyte colony-stimulating factor 1 h
after stroke also induces brain atrophy

As the experimental protocol for the above studies involved G-CSF
treatment starting 24 h after stroke, it was important to vary our
protocol. For this purpose, we also administered G-CSF within 1 h
of stroke (Fig. 3A, n = 6 each) or performed continuous treatment
for up to 7 days (Fig. 3B, n = 6 cach). Our results demonstrate
induction of brain atrophy in post-stroke animals treated with G-CSF
subjected to either of these protocols compared with PBS-treated
controls.

To exclude the immune response stimulated by human recombin-
ant G-CSF in mice, various doses of mouse recombinant G-CSF
were administered and the effect was determined (n = 6 cach dose).
We found significant brain atrophy with administration of lower
doses (0.5 and 5 pg/kg) of recombinant murine G-CSF. As the
survival rate was only 50% (three mice dead out of six) with
administration of a higher dose (50 pg/kg), the group was excluded
from this analysis.

-
[
*

Atrophy Index (%) O
o

Fic. 3. Effect of granulocyte colony-stimulating factor (G-CSF) on brain atrophy. (A) G-CSF or phosphate-buffered saline (PBS) was administered 1 h after
stroke and brains were evaluated grossly on day 35 post-stroke. (B) Continuous administration of G-CSF or PBS starung at | h post-stroke for 7 days was also

tested. (C) Mouse recombinant G-CSF was admini d at the indi
vs, PBS
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d dose and was found to increase the atrophy index. In each case, n = 6 per group. *P < 0,05
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Discussion

QOur results demonstrate that, in a murine permanent focal cerchral
infarction model, administration of G-CSF, either human or murine
binant, post-stroke is associated with enhanced brain atrophy.

In order to evaluate experimental treatments for stroke, reproducible
induction of cerebral ischemia/infarction is a prerequisite, Previously,
we developed a stroke model using SCID mice (Taguchi et al., 2004)
that proved suitable for quantification of the effect of cell therapy on
neurogenesis, neovessel formation and neural function. In the current
study, we have applied this stroke model to CB-17 mice and found it
to provide highly reproducible data.

Granulocyte colony-stimulating factor is known to mobilize EPCs
from bone marrow (Willing ef al., 2003) and accelerate angiogenesis
(Bussolino er al, 1991). Clinical studies have demonstrated that
administration of G-CSF has beneficial effects in patients with acute
myocardial infarction, including promotion of neovasculanzation and
improvement of perfusion (Kuethe er al., 2004). In addition, G-CSF
has been shown to display neuroprotective properties in a rodent
model (Schabitz et al., 2003). Based on these observations, G-CSF has
been tested in animal models of transient cerebral ischemia and
beneficial effects have been reported (i.e. reduced infarct volume and
enhanced functional recovery) (Schabitz et al, 2003; Shyu et al,
2004; Gibson er al, 2005). In the current study, we employed a
permanent cerebral infarction (i.e. stroke) model, rather than a model
of transient ischemia, to investigate the effects of G-CSF.

In addition to its effects on EPCs, G-CSF is known to mobilize
granuloctyes from the bone marrow, and these granulocytes have
been shown to become associated with endothelia and accumulate in
the ischemic brain (Justicia et al., 2003). These observations sugges-
ted the possibility that G-CSF might augment the inflammatory
response consequent to ischemic tissue damage by promoting recruit-
ment and activation of neutrophils and mononuclear-derived cells
(blood monocytes, monocyte-derived macrophages and microglia)
(Zawadzka & Kaminska, 2005). Consistent with this concept, accu-
mulation of CD11b-positive inflammatory cells at the border of the
infarcted area was observed after treatment with G-CSF. Furthermore, a
striking increase in the number of F4/80° activated macrophag-
es/microglia was observed in non-ischemic surviving tissue (adjacent
to the infarct) subsequent to administration of G-CSF. The inflamma-
tory response after stroke has been shown to have both positive and
negative effects on tissue repair (Fontaine et al,, 2002). Our results
indicated that the balance of these inflammatory mechanisms on stroke
outcome in the mouse using a permanent ischemia model and
following administration of G-CSF is negative.

It would appear that the current work contradicts previous studies
showing a positive effect of G-CSF after myocardial ischemia
(Minatoguchi er al, 2004). This apparent discrepancy may be
explained, at least in part, by differences in brain and cardiac
vasculature. Non-ischemic brain is protected from the systemic
inflammatory response by an intact blood-brain barrier composed of
endothelia joined by tight junctions. Thus, invasion of the central
nervous system by activated inflammatory cells is largely prevented
and the neural system functions within a relatively protected
microenvironment, with respect to the inflammatory response (Neu-
mann, 2000). However, stroke disturbs the integrity of the blood—brain
barrier. We propose that a combination of impaired function of the
blood-brain barrier in the context of G-CSF-induced augmentation of
the inflammatory response in ischemic tissue contributes to the
observed brain atrophy. Although activated inflammatory cells are
known to participate in both the injurious and healing processes
(Minatoguchi er al., 2004), our results indicate an overall negative

@ The Authors (2007). J

effect on neural function and neurogenesis following treatment with
G-CSF in the post-stroke period.

In contrast to G-CSF, EPO had beneficial effects after stroke in the
current model. Such positive effects are consistent with previous
reports (Bemaudin ef al., 1999; Bahlmann et al, 2004; Bartesaghi
ef al., 2005; Kretz et al, 2005) demonstrating that EPO promotes
mobilization of EPCs (Bahlmann et al, 2004), has angiogenic (Jaquet
et al., 2002) and neuroprotective properties (Bartesaghi et al., 2005),
and accelerates regeneration (Kretz ef al., 2005).

Taken together, our results indicate that administration of G-CSF
after stroke results in an exaggerated inflammatory response, both at
the border of the ischemic region and also in non-ischemic brain
tissue, and that this is associated with brain atrophy and poor neural
function. Thus, we suggest that a cautious approach should be taken in
applying results of studies with G-CSF in the peripheral circulation
(i.e. limb and cardiac ischemia) to the setting of cerebral ischemia. In a
maore g | context, it is possible that agents with pro-inflammatory
pmpefrtu:s will prove lcss useful as therapeutic agents in cerebral
ischemia in view of the above observations.
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