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Fig. 6. Brain weight of four groups of mice. Brain was removed and weighted
at the next day of the passive avoidance test (13 weeks old) (mean + S.E.M.).

Fig. 8 shows numbers of neurons stained for BrdU in hip-
pocampus (A) and cerebral cortex (B). Neurons were counted in
10 sections for each animal, and were averaged. ANOVA includ-
ing data for the hippocampus indicated the effect of group to be
significant [F(3, 24)=8.516, p=.0005]. Post hoc tests showed
that group differences between EE and EP, EE and PP, EP and
PE, and PE and PP were significant. Thus, environmental enrich-
ment benefited generation of hippocampal neurons, with the
most recent environment being critical. PE mice produced more
new neurons in the hippocampus than EP mice. Next, ANOVA
including data of the cerebral cortex also indicated that the effect
of group was significant [¥(3, 25)=3.169, p=.0418]. Post hoc
tests suggested that group differences between EE and EP, EP
and PE, and EP and PP groups were significant.

Neurons thus began to increase significantly within 2 weeks
after beginning of exposure to the enriched condition. Even a
short period of enrichment augmented neuronal proliferation.

4. Discussion

Results of the present experiments reconfirmed that envi-
ronmental enrichment between weaning and adult had affected
development and function of the mouse brain. The brain was

Fig. 7. Newly generated neurons in the hippocampus (arrows). Sections were visualized by confocal microscopy with antibody labeling for BrdU and PSA-NCAM.

One example is presented for each group. Original magnification: 200x.
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Fig. 8. Newly generated neurons in hippocampus (A) and cerebral cortex (B)
per section (mean +S.E.M.). The two groups experienced enrichment during
last 2 weeks (EE, PE) showed significantly more neurons labeled by BrdU than
the two groups experienced impoverishment during last 2 weeks (EP, PP) in
hippocampus. Group EP generated new neurons significantly less than the other
three groups in cortex.

heavier in the EE group than the PP group, as in early studies
[38,40]. Greater locomotive activities of the PP animals in the
open-field test [10,33,41] and smaller prepulse inhibition in the
PP mice than EE animals [6] were same as results reported in
previous studies. Superior learning in EE mice compared with
PP animals also agreed with results of earlier studies [11,29,50].

Moreover, results in the two environment exchange groups
indicated that the effect of environment was determined by the
most recent condition, suggesting that the plasticity or reorgan-
isation of the brain could take place within a few weeks, even
in adult mice. Behavioural results for PE mice resembled to the
EE in open-field activity, startle amplitude, water-maze perfor-
mance, and the probe test; brain weight also was greatest. Some
researchers have reported that early impoverishment induced
severe and irreversible deficiency in the rats’ brain [9,13.51].
Or, development of the brain was not altered by impoverish-
ment, once rats had experienced enrichment [19]. Our results of
mice disagreed, the PE group, exposed to an impoverished envi-
ronment in early life showed superior behavioural performance
and heavier brains than the EP group exposed to an enriched
environment during early life.

Indirect evidence has accumulated suggesting nervous tis-
sue generation during enrichment [22,23,29,30], an effect also

reported after running exercise [47.48]. We therefore expected
that neurons would be generated during enriched experience in
adult animals even over a short period. Indeed, long-term enrich-
ment was found to increase hippocampal neurons in adult mice
[20.21]. Our results in the PE and EP groups were critical in
addressing this issue. The PE group generated many neurons
in the hippocampus and cerebral cortex after a 2-week expe-

" rience of enrichment, while results in the EP group suggested

the beneficial effects of enrichment early in life could be nul-
lified by impoverishment of conditions for 2 weeks, even in
adult mice. Behavioural measures agreed with the anatomic data.
PE mice performed better than EP animals, resembling the EE
group. The present results that even a short period of enrichment
promoted nerve cell generation with behavioural improve-
ment, while a short period of impoverishment induced poor
anatomic and behavioural outcomes, suggested that housing
conditions are very important for reliable behavioural evalua-
tion of experimental animals. Even “knockedout” mice missing
a neurologically important gene reportedly recovered learning
and memory after enrichment [8,35]. The results in this area of
researches are almost always put in the context of enrichment
[20,21,29,38-40]. However, the present results of the EP and PE
groups suggest that it is important to study the effects of impov-
erishment as equally as enrichment. Standardization of housing
conditions thus may be unexpectedly important in behavioural
neuroscience.

We developed a speculative hypothesis concerning neuronal
generation during enriched housing. After observing animals’
behaviour in their home cages, enriched and impoverished ani-
mals lived completely differently. Enriched animals showed
many types of movement, including running, chasing, crouching
and fighting, hiding, climbing and wheel-running, and estab-
lished social order among cage mates. These activities might
activate neurons in specific areas of the brain such as hip-
pocampus, cerebral cortex, hypothalamus, visual and motor
areas and cerebellum. On the other hand, impoverished mice sel-
dom moved, with less brain activation as a likely consequence.
Activation of neurons could induce neurochemical excitation
with an increase in regional cerebral blood flow as shown by
functional magnetic resonance imaging (fMRI). Recent findings
have shown neuronal regeneration after cerebral ischemia [ 3,28],
regeneration was promoted if blood flow in ischemic brain was
restored by angiogenesis [45]. Mechanisms underlying such
effects are unclear, but recovery of blood flow might acceler-
ate removal of debris or toxic products from the injured brain,
and/or enhance production of chemokines and trophic agents
[23,30]. If this hypothesis is true, neuron genesis and func-
tional enhancement by enrichment in young adult mice might
arise from brain stimulation and remodeling of blood flow. Our
findings showed that an enriched environment enhanced neuron
genesis in the mouse hippocampus and cingulated cortex, both of
which participate in memory function. On the other hand, impov-
erished environment impaired neuron genesis. Based on these
data, enriched experience appears to be essential for enhancing
endogenous neuron genesis and improving functional recovery.

Recent animal welfare movement has advocated important of
housing and care for laboratory rodents, giving animals greater
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opportunity to carry out species-specific behavioural repertoires
[4,18]. To answer the demand for standardized of environmental
enrichment for laboratory animals, increasing numbers of rodent
care products are coming available, even accommodating differ-
ences in preference for nest boxes in mice [46]. Improvements
in housing conditions are expected to cause some discrepan-
cies between early and present data, not only in behavioural
observations but also for other biologic characteristics.

Finally, environmental enrichment has been used to promote
the mental health of persons at risk [36,37]. Forexample, Rane et
al. [36] assessed the effect of environmental enrichment includ-
ing nutrition, education, and physical exercise at ages from 3
to 5 years in children with risk factors for later emergence of
schizophrenia. Schizotypical personality features and antisocial
behaviour were assessed at the ages of 17 and 23 years. Results
suggested that the early enrichment program was effective; sub-
jects who participated had more normal scores upon assessment
in adolescence than untreated at-risk controls. These results are
consistent with animal studies in which an enriched environ-
ment benefited behavioural and biologic outcomes. Moreover,
our finding that even a short period of environmental enrich-
ment positively affected behaviour and generation of neurons in
the adult mouse suggested that even adults and elderly persons
could benefit from enrichment, improving cognitive and mem-
ory functions. On the other hand, hospitalization or isolation
might cause deterioration even in adults. Although the present
experiment could not differentiate physical and social environ-
ments as the factor to influence the present results, we would
like to testify whether social or physical, or the combination of
both factors, cause the present effects in the future study.
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Visualization of Intracerebral Arteries by
ORIGINAL ~ L. i R
researcH | Synchrotron Radiation Microangiography
K. Myojin BACKGROUND AND PURPOSE: Small cerebral vessels are a major site for vascular pathology leading to
A. Taguchi cerebral infarction and hemorrhage. However, such small cerebral vessels are difficuit to visualize by
. using conventional methods. The goal of our study was the development of methodology allowing
K. Umetani s o . .
X visualization of small cerebral arteries in rodents, suitable for experimental models.
K. Fukushima
N. Nishiura MATERIALS AND METHODS: Using barium sulfate as a contrast material, we obtained microangio-
) graphic images of physiologic and pathologic changes consequent to cerebral infarction in mouse brain
T. Matsuyama by monochromatic synchrotron radiation (SRI. To achieve high-resolution and high-contrast images, we
H. Kimura used a new x-ray camera with a pixel size of 4.5 um, and we set the energy level at 37.5 keV, just
D.M. Stern above the K absorption of barium.
Y. Imai RESULTS: Small intracerebral arteries (--30 um in diameter) were clearly visualized, as well as the
H. Mori cortical branches (50-70 um in diameter) at the brain surface. The limit of detection appeared to be
vessels ~10 wm in diameter. Compared with the noninfarcted side, the number of intracerebral
arteries was dramatically decreased in the middle cerebral artery area affected by stroke.
CONCLUSIONS: These results indicate the potential of SR for evaluating pathologic changes in small
cerebral arteries and for monitoring the impact of pro- and antiangiogenic therapeutic strategies.

Ccrebrovascu]ar disease is one of the major causes of death
and disability in developed countries. To evaluate cerebral
vasculature, conventional angiography and MR angiography
are commonly used in clinical practice. The development of
-these imaging methods has allowed analysis of the pathologic
teatures of cerebrovascular lesions and has guided therapeutic
strategies. However, small cerebral vessels, including those
known to harbor causative lesions in cerebral infarction and
hemorrhage (due to lipohyalinotic changes and/or microan-
eurysm formation),' such as intracerebral arteries and perfo-
rators, are below the detection limit of conventional imaging
techniques. An important step in developing therapeutic strat-
egies effective against disease in small cerebral vessels is en-
hanced visualization of this vasculature, especially in experi-
mental models.

Recently, ex vivo and in vivo microangiography using
monochromatic synchrotron radiation (SR) has been sug-
gested as a tool capable of visualizing pathophysiologic
changes in small arteries. Using this system has made possible
the detection of microcirculation in the dermis.” tumors,” and
collateral microvessels in ischemic hind limbs.* Although flu-
orescence microscopy has also been used to image small arter-
ies,>” SR imaging has the advantage of visualizing microves-
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sels, even atter they enter the parenchyma of an organ. In
contrast, fluorescence techniques do not allow adequate visu-
alization of small arteries once a vessel is deep within brain or
other parenchymal tissue. On the basis of these observations,
we have developed a microangiographic system using SR and
have investigated physiologic and pathologic features of ro-
dent cerebral microvasculature.

Materials and Methods
All procedures were performed in accordance with the National Car-
diovascular Center Animal Care and Use Committee.

Preparation of Contrast Medium

For high-contrast images of the microcirculation, contrast agents in-
cluded microspheres (Techpolymer I-2, Sekisui Plastics, Shiga, Japan)
and barium sulfate (BarytgenSol, Fushimi, Tokushima, Japan). How-
ever, because the diameter of microspheres was 15 um, whereas that
of barium sulfate partides varied from 1-100 m, the microcircula-
tion of cerebral arteries could not be visualized by using these contrast
media (not shown). To pertuse such microvessels (diameter <10
um), we filtered barium sulfate (pore size 5 um; Millex-SV, Millipore,
Bedford, Mass) and obtained particles <5 pm in diameter. Filtered
barium sulfate particles were then centrifuged (3000 G, 60 minutes)
and concentrated to 50% by weight following removal of the
supernatant.

Injection of Contrast Medium

Male severe combined immunodeficient (SCID) mice (6 weeks old:
weight, 25~30 g; Oriental Yeast, Tokyo, Japan) were anesthetized by
using inhaled diethyl ether and were perfused systemically with phos-
phate-buffered saline (PBS) containing heparin (40 U/mL) viathe left
ventricle of the heart with a peristaltic pump (Twaki, Asahi Techno
Glass, Chiba, Japan). Filtered barium sulfate particles (<5 pm in
diameter, prepared as described previously; 30% by weight) were in-
fused (0.7 mL), followed by isolation of the brain and fixauon in

formalin,

AJNR Ain J Neurgradial 28:953-57 | May 2007 | www.ajnr.org 953

—384 -

o
=
@
=
>
—
=
m
w
m
>
=
i)
po



8GeV ELECTRON BEAM

SINGLE-CRYSTAL
- MONOCHROMATOR

MAGNET
SYNCHROTRON
RADIATION
A X-RAY SATICON
CAMERA

e BY (NGO Of clinical use

K-absorption (37.45 keV)

Mass attenuation coefficient (u/0 <cmi/g)

N
WATER, LIQUIG
109
102 4
100 10 102 102
B Photon energy (keV)
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experimental arrangement for SH microangiography at BL28B2. B, Photon mass atlenuation
coefficient of barium (blve ling) and liquid water [red linel. Monochramatic x-ray energy is
adjusted to 37.5 keV, just above the barium K-edge energy to produce the highest contrast
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Microangiography and Image Analysis

Microangiographic images of mouse brain were obtained by using
monochromatic SR in the Japan Synchrotron Radiation Research In-
stitute ($Pring-8, Hyogo, Japan).*® There are 3 large 3rd-generation
synchrotron radiation facilities in the world: the Advanced Photon
Source in Argonne (United States), the European Synchrotron Radi-
ation Facility in Grenaoble (France), and SPring-8 (the latter was used
for the studies described herein). These facilities are open to scientists
in many fields, including material, chemical, and life sciences inves-
tigators. The experimental setup for x-ray imaging by using mono-
chromatic SR at the SPring-8 B1.28B2 beamline is shown in Fig 1A.
The storage ring was operated at 8-GeV electron beam energy, and
beam current was $0—-100 mA. The distance between the point source
in the bending magnet and the detector was ~-45 m. A nearly parallel
x-ray beam was used for imaging without blurring because of the
small size of the x-ray source and the very long source-to-object dis-
tance. The single crystal monochromator selects a single energy of
synchrotron radiation. The shutter system is located between the
monochromator and the object. X-rays transmitted through the ob-
ject are detected by an x-ray direct-conversion-type detector incorpo-
raling the x-ray saticon pickup tube. Monochromatic x-ray energy
was adjusted to 37.5 keV, just above the barium K-edge energy, to
produce the highest contrastimage of the barium (Fig 1B). X-ray flux
at the object position was around 1 X 10'* photons/mm? per second
in imaging experiments. The images were acquired as 1024 X 1024
pixels with 10-bit resolution after analog-to-digital conversion. The
FOV was 4.5 X 4.5 mm?, and pixel size was ~4.5 pum.>'°
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Mammographic Images

To compare spatial and contrast resolution, we obtained mammo-
graphic images, which are known for having the highest resolution in
dlinical applications,'" af murine brains. Digital images were captured
at an energy level of 24 kV by using a molybdenum target and a
molybdenum filter with 90° cranial projection. Source-to-image dis-
tance was 65 cm.

Induction of Focal Cerebral Ischemia

Permanent focal cerebral infarction was induced by ligation and dis-
connection of the left MCA of male SCID mice {(n = 5), as de-
scribed.'> ' Briefly, under inhaled halothane (3%) anesthesia, ani-
mals were placed on their right sides and a skin incision was made at
the midpoint between the left orbit and the external auditory canal.
The temporalis muscle was incised, and the zygomatic arch was re-
moved to expose the squamous portion of the temporal bone. Using a
dental drill, we made a small hole above the distal portion, M1, of the
MCA, which could be seen through the exposure in the skull. The

‘dura mater was opened, and the left MCA was electrocauterized and

disconnected just distal to its crossing of the olfactory tract. Body
temperature was maintained at 36.5°-37°C by using a heat lamp dur-
ing the operation and for 2 hours after MCA occlusion. Cerebral
blood flow (CBF) in the left MCA area was measured by laser-Doppler
flowmetry (Advance, Tokyo, Japan). The holding device of the laser
probe (ALF probe; Neuroscience, Qsaka, Japan) (1.5 mmin diameter,
7.0 mm in length) was secured on the cranium at a site located above
the ischemic core of the left MCA area (approximately 1 mm anterior
and 5 mm distal to the bregma), and CBF was monitored during the
procedure and 24 hours after ligation of the MCA. Mice displaying a
decrease in CBF by ~75% immediately after the procedure and there-
after for an additional 24 hours were used for experiments.'® Nine
days after induction of cerebral ischemia, the cerebral microcircula-
tion was examined by SR imaging.

MR Iinaging System

To confirm cerebral infarction consequent to ligation of the MCA, we
performed MR imaging on day 2 poststroke. MR imaging used a 2T
compact MR imaging system with a permanent magnet (MRmini
$A206, Dainippon Sumitomo Pharma, Osaka, Japan) by using a ra-
dio-frequency solenoid coil for signal-intensity detection. For each
imaging sequence, 15 coronal images were acquired with a section
thickness of | mm, gapped at 0.5 mm. T1-weighted spin-echo MR
images were acquired with 2 TR/TE of 500/9 ms, a FOV of 36.6 X 18.3
mun, an image acquisition matrix of 256 X 128, and NEX, 4. T2-
weighted spin-echo MR images were obtained with TR/TE, 3000/69,
256 % 128, and NEX, 2. Because the sequences to obtain diftusion-
weighted images by using this machine are still in development, we
evaluated the cerebral ischemia by T2-weighted images on day 2
paststroke.

Data Analysis
In all experiments, the mean * SEis reported.

Results

Visualization of Cerebral Arteries by SR Imaging

After cuthanasia and systemic perfusion with PBS, barium sul-
fate particles were infused via the left ventricle of the heart. As
shown in Fig 24, cerebral arteries on the brain surface were
filled with contrast medium. First, we investigated vascular
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images by mammography (Fig 2B). However, sufficient spatial
and contrast resolution was not obtained by mammographic
imaging to evaluate the angioarchitecture of small cerebral
vasculature. Peripheral branches of the MCA (75-100 um in
diameter) and small vessels emerging from peripheral
branches were barely visualized.

Next, we investigated the vascular profile by using SR (Fig
2C, normal view; -D, enlarged view). At the brain surface,
cortical arteries branching from the MCA and pial arteries,
--30 um in diameter, were clearly visualized. Within the brain
parenchyma, penetrating intracerebral arteries, branching or-
thogonally from cortical or pial arteries, were also observed.
The interval between intracerebral arteries was 126.1 * 35.5
um (n = 20), the diameter of the proximal side of the intra-
cerebral arteries was 29.5 * 3.1 pm (»# = 20), and each intra-
cerebral artery was observed to progressively narrow to a di-
ameter below the limit of resolution (10 pum). Vascular
diameters determined by SR imaging of intracerebral arteries
and small arterial branches were identical to those observed in
previous pathologic studies of murine brain.'® Using SR im-
aging, we could discern 2 types of intracerebral arteries: super-
ficial penetrating arteries perfusing only the cortical area and
penctrating arteries reaching the subcortical area and perfus-
ing the deep white matter. These vascular structures observed
in murine brain by SR imaging are similar to previous obser-
vations in human anatomic studies.'”*" Compared with
mammographic images, SR imaging enabled visualization of
penetrating intracerebral arteries (diameter range of 10-30
wm), as well as small peripheral branches of MCA at the brain

Fig 2 Angiographic image of mouse ceredral artery. A, Macroimage of the right brain hemisphere. The ceretwal arteries
{armows), but not cesetiral veins, are filled with the barium suttate. 8, Cerebral microangiogram (30° caudal projection) with
a mammographic soft x-ray machine. Mammography enables visualization of small ceretral arteries and penewating
intracerebral arteries, but the image is not sufficient to evaluate pathslogic changes. € and O, Ceselral angiograms
obtained by SR. Note that small cerebral vessels, including penetrating intracerebral arteties, are clearly visualized.
Microvascutar structures, such as orthagonal branching of penewating intracerehral arteries from the cortical artery, are
clearly observed by the enlarged SR imaging (D). £, Caronal section of 3 cerebrat microangiogram. Two distinct penetrating
intracerenral arteries, superticial penetrating arteries and deep penetrating arteries (arrow, are clearly cbserved by the SR
image. Scale bars: 1 mm {A and 8, 05 mm (€ and 8, and 250 wn (D

surface, with remarkable clarity. Using a coronal view for ce-
rebral microangiograms, we also discerned 2 distinct penetrat-
ing arteries, superficial and deep (Fig 2E).

SR Images after Cerebral Infarction

To evaluate cerebral vasculature in the context of pathologic
changes, cerebral infarction was induced by ligation of the
MCA. The area of cerebral infarction was visualized by MR
imaging on day 2 after induction of stroke. As we have shown
previously by 2,3,5-triphenyltetrazolium staining,'* limited
cortical infarction was observed in the MCA area on T2-
weighted images (Fig 3A). In contrast, no hyper- or hypoin-
tense region was observed on T1-weighted images (Fig 3B),
indicating the absence of bleeding or parenchymal injury. Al-
though no morphologic (Fig 3C) or vascular structural (Fig
3D) changes were observed in the right hemisphere (non-
stroke side), by day 9 after MCA occlusion, tissue degradative
changes were observed in the cortical and shallow white mat-
ter of the left MCA area (stroke side, Fig 3E). To evaluate the
integrity of the microvasculature after stroke, we obtained SR
images. The number of penetrating intracerebral arteries dra-
matically decreased, though cortical branches at the brain sur-
face could still be visualized (Fig 3F). On the coronal view, the
disappearance of the intracerebral arteries on the ischemic side
was also clearly observed (Fig 3G).

Discussion

Cerebral artery disease in small vessels is a2 major cause of
cerebral infarction and hemorrhage. Although pathologic
changes in small arteries have been reported on the basis of
microscopic analysis, it has been difficuit to assess the mor-

AJNR Am J Neuraradiol 28:353-57 [ May 2007 * www.ajnr.org 955
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phology of small cerebral vessels in situ through imaging stud-

ies. Herein, we demonstrate that small cerebral vessels can be

clearly visualized by microangiography by using SR.
Conventional angiography is commonly used to evaluate

956 Myoijin | AJNR 28 | May 2007 | www.ajnr.org

Fig 3. A and B, Brain images after cerebral infarction. Induction of cortical cerebral infarction
without hemarrhage is confirmed by MR T2-weighted images (A) and T1-weighted images (5) on day
2 alter induction of siroke. £-G, Vascular structure 9 days after cerebrat infarction. Compated with
the contralateral nonischemic hemisphere (0, remarkahle atrophic changes are ohserved in the
ischemic hemisphere (£). With SH images, in contrast to the nonischemic side (D), degradative
changes in penevating intiacerebral arteries ate ohserved on the ischemic side, though surface
branches of the MCA are still visualized (A. In coronal sections of cerebral SR microangiograms (61,
compared with the contralateral nonischemic hemisphere, penewrating intracerebra! arteries are
scarcely visualized in the ipsilateral ischemic hemisphere lie, the latter appeared as an apparently
“avascular area”). Scale bars: 1 mm {£ and £, 500 wn (D and A, and 2 mm (G).

the vasculature. However, current angiographic methods, us-
ing conventional x-ray imaging, did not provide images of
arteries <200 wm in diameter.®*' Mammography, which has
the highest spatial resolution in clinical practice, also does not
have sufficient resolution to visualize small vessels with a di-
ameter of <50 um.'' Microangiographic techniques have
been developed by using fine-focus x-rays and sensitive films
to evaluate the microcirculation in the brain.* These methods
enable visualization ot human cortical perforating arteries and
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medullarylong branches (100 pum in diameter) by using 1-cm-
thick sections of brain.”® However, the limit of detection by
using these methods applied to thick sections has been re-
ported to be vessels of 50 um in diameter.”* Furthermore,
visualization of smaller arteries required thin sections cut with
a microtome.*” The latter method is not well-suited to the
evaluation of 3D cerebral vascular trees.

Compared with these conventional methods, the princi-
pal advantage of SR is the small size of the electron beam,
thereby providing a high-intensity x-ray point source. Us-
ing a nearly parallel beam of SR, along with a precise detec-
tion system (pixel size of 4.5 pm), allowed us to obtain
high-quality angiographic images with excellent spatial res-
olution. Furthermore, setting SR at an energy level just
above the K absorption of barium produced the highest
contrast images. SR imaging provides a powerful tool to
reveal the morphology of small cerebral arteries such as
superficial and deep penctrating arteries, allowing analysis
of their physiologic and pathologic properties under a va-
riety of conditions (ie, borderzone in infarction®** and
microaneurysm formation).

Fluorescence microscopy is another tool potentially useful for
analysis of the microcirculation.”® Although fluorescence micros-
copy provides visualization of microcirculation at the brain sur-
face, the advantage of SR imaging is visualization of small vessels
that have penetrated into the brain parenchyma, such as the sub-
cortex. In addition, SR imaging allows performance of microan-
giography with an optimal projection. When the latter is com-
bined with a microinjector, sequential real-time images can be
obtained, providing the substrate for hemodynamic analysis.

In this article, we investigated SR imaging after stroke and
showed that the SR image reflects pathologic changes previ-
ously observed by using anatomic/microscopic analysis. On
day 9 after MCA occlusion, arteries on the surface of the cere-
brum were visualized by SR, though penetrating intracerebral
arteries were not detected. Previous studies have shown that
the integrity of the distal cortical artery is usually maintained
after occlusion of the proximal artery and that collateral flow is
established through expansion of previously existing and/or
formation of new vascular channels.”?® Analysis with en-
hanced MR imaging has shown cerebral parenchymal en-
hancement in the stroke area by 1 wecek after cerebral infarc-
tion,?” indicative of blood flow in the peri-ischemic area. In
contrast, penetrating intracercbral arteries were dramatically
decreased in number in the ischemic hemisphere, though cor-
tical branches on the brain surface were maintained after MCA
occlusion. It has previously been shown that microvasculature
in the ischemic territory displays adhesion of polymorphonu-
clear leukocytes in postcapillary venules, followed by the dis-
ruption of the microvascular network.”® These previous find-
ings are consistent with the results of our vascular images
obtained by SR after ligation of the MCA.

Conclusion

Qur study demonstrates, for the first time, the morphologic
features of small vascular networks in murine brain by mi-
croangiography by using SR imaging. Our approach provides
a powerful tool for evaluating potential angiogenic/antiangio-
genic therapeutic strategies, as well as pathologic examination
of the cerebral microarterial tree.
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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 et 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 et 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 et al., 2004). Similarly, erythropoietin (EPO), also
known to have angiogenic properties, has been shown to have
beneficial effects in experimental cerebral ischemia (Ehrenreich et al.,
2002; Wang et al., 2004). In addition, G-CSF displays neuroprotective
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propetties in vitro (Schabitz et al., 2003) and in vivo (Schabitz et 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 after stroke is also deter-
mined by inflammation and reparative processes consequent to
extensive brain necrosis, the latter 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 er 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). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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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 olfactory tract (distal M1 portion). Cerebral blood flow in the MCA -

area was monitored as described previously (Matsushita et al.,, 1998).
Briefly, an acrylate column was attached to the intact skull using
stereotactic coordinates (1 mm anterior and 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 um) 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
effect 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, S, 50 or 250 pg/kg) and
continuous administration (100 pug/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 CD11b-
positive inflammatory cells at the anterior cerebral artery (ACA)/M-
CA border of the infarcted area and numbers of F4/80-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. 1]) were scored by two
investigators blinded to the experimental protocol.

Analysis of the pen-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 territories 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 territory. 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. 1J 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 search 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
tumned 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
floor, 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 er 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 t-test. In all experiments, mean £ SEM is
reported.

Resuits
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 neuronal regeneration leading to cortical expansion and
functional recovery (Taguchi ef al, 2004). As G-CSF is known to
mobilize CD34-positive cells from bone marrow (Kuethe ez 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 pg/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. IF and K), 50 pg/kg (Fig. 1G and K) or
250 pug/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. 11 and K). In each condition depicted in
Fig. 1, a representative image is shown and quantitative analysis of the
brain atrophy index (n = 6/experimental condition; defined in
Fig. 1J) 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. IM). 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

Increased 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 ez 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

G-CSF and stroke 129

TABLE 1. Raw data of open field test (G-CSF rearing)

Rearing (counts)

Treatment

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 +£372 536.3+47.1 .0.99x0.04
G-CSF (0.5pg/kg)
1 600 562 0.94
2 601 650 " 1.08
3 494 425 0.86
4 731 731 1.00
5 767 784 1.02
6 498 501 1.01
Mean + SEM 615.2 + 46.7 608.8 + 56.2 0.98 + 0.03
G-CSF (5pg/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
6 572 480 0.84
Mean + SEM 531.5+493 461.7 £ 50.8 0.87 + 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 + 39.6 380.2 + 39.6 0.84 + 0.02
G-CSF (250pg/kg)
578 424 0.73
501 401 0.80
507 380 0.75
465 412 0.89
380 ) 341 0.90
401 347 0.87
Mean + SEM 472 £299 384.2 + 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 et 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 area 3 days after
stroke was evaluated in animals treated with PBS (Fig. 2D) or G-CSF
(50 ngskg, 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 enhancement of neovascularization 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 CDllb-positive inflammatory cells, including
monocytes and granulocytes (Campanella et 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 et 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 termritory.
The total number of F4/80" cells in a section at the exact center of
the forebrain was quantified (n = 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 each). 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. 4

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 each 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.

-t
o

(2]

, Il
PBS

FiG. 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 starting at 1 h post-stroke for 7 days was also
tested. (C) Mouse recombinant G-CSF was administrated at the indicated dose and was found to increase the atrophy index. In each case, n = 6 per group. *P < 0.05

vs. PBS.
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Discussion

Our results demonstrate that, in a murine permanent focal cerebral
infarction model, administration of G-CSF, either human or murine
recombinant, 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 et al., 2003) and accelerate angiogenesis
(Bussolino et al, 1991). Clinical studies have demonstrated that
administration of G-CSF has beneficial effects in patients with acute
myocardial infarction, including promotion of neovascularization and
improvement of perfusion (Kuethe et 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 et 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 ef 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 et 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 et al., 2004), our results indicate an overall negative

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 et al, 1999; Bahlmann et al., 2004; Bartesaghi
et 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 et 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
more general context, it is possible that agents with pro-inflammatory
properties will prove less useful as therapeutic agents in cerebral
ischemia in view of the above observations.
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Circulating CD34-positive cells provide a marker of
vascular risk associated with cognitive impairment
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Maintenance of uninterrupted cerebral circulation is critical for neural homeostasis. The level of
circulating CD34-positive (CD34*) cells has been suggested as an index of cerebrovascular health,
although its relationship with cognitive function has not yet been defined. In a group of individuals
with cognitive impairment, the level of circulating CD34* cells was quantified and correlated with
clinical diagnoses. Compared with normal subjects, a significant decrease in circulating CD34* cells
was observed in patients with vascular-type cognitive impairment, although no significant change
was observed in patients with Alzheimer’'s-type cognitive impairment who had no evidence of
cerebral ischemia. The level of cognitive impairment was inversely correlated with numbers of
circulating CD34* cells in patients with vascular-type cognitive impairment, but not Alzheimer’s
type. We propose that the level of circulating CD34* cells provides a marker of vascular risk
associated with cognitive impairment, and that differences in the pathobiology of Alzheimer's- and
vascular-type cognitive impairment may be mirrored in levels of circulating CD34* cells in these
patient populations.
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Introduction

Maintaining integrity of the cerebral circulation has
a critical role in neural homeostasis. Although
analysis of risk factors for cerebrovascular disease
has certainly provided insights into mechanisms of
vascular disease, it is still difficult to predict
accurately the contribution of vascular dysfunction
in the long-term outcome of acute vascular insuffi-
ciency or in chronic neurodegenerative disorders.
For example, in Alzheimer’s disease (Casserly and
Topol, 2004; Vagnucci and Li, 2003), assessment of a
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possible vascular component in the pathogenesis of
neuronal degeneration is often ambiguous during a
patient’s lifetime.

Repair of the cerebral microcirculation has tradi-
tionally been assigned to ongoing replacement of
damaged cerebral endothelium from outgrowth of
preexisting vasculature. However, recent studies
have identified circulating bone marrow-derived
immature cells, including CD34-positive (CD34*)
cells, as contributors in maintenance of the vascu-
lature; they have the potential to serve as a pool of
endothelial progenitor cells (Asahara et al, 1997)
and as a source of growth/angiogenesis factors
(Majka et al, 2001). In a previous study, we have
shown that circulating CD34* cells provide an index
of cerebrovascular function (Taguchi et al, 2004a).
We have also found that in a model of experimental
cerebral ischemia, intravenous administration of
CD34* cells improved neurologic function, at least
in part, by restoring cerebral microcirculation in the -
ischemic area (Taguchi et al, 2004b).
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These results lead us to propose that circulating
immature vascular progenitor cells contribute to
neural homeostasis, at least in part, through their
role in maintaining cerebral microvascular function.
Using a recently developed method that allows
precise measurement of the CD34"* cell population
in peripheral blood (Kikuchi-Taura et al, 2006), we
have evaluated the level of circulating CD34* cells
in patients with impaired neurologic function of
diverse etiologies. Our goal has been to determine if
there is relationship between levels of CD34* cells,
impaired neural function, and vascular integrity.

Materials and methods

This study was approved by Institutional Review Boards
of the respective institutions (National Cardiovascular
Center, Hyogo College of Medicine, Hoshigaoka Kosei-
nenkin Hospital, and Osaka Minami National Medical
Center). All subjects provided informed consent. Indivi-
duals with Mini Mental State Examination Score (MMSE)
<24 and Clinical Dementia Rating (CDR) >0.5 were
enrolled in this study and defined as having impaired
cognitive function. In the view of history, evaluation of
symptoms, and results of brain imaging studies (magnetic
resonance imaging and single photon-computed tomogra-

"~ phy), patients with cognitive impairment were divided

into two groups by neurologists blinded to the experi-
mental protocol: vascular-type cognitive impairment or
Alzheimer’s-type cognitive impairment, according to the
criteria of Diagnostic and Statistical Manual of Mental
Disorders (4th ed, DSM-4) (American Psychiatric Associa-
tion, 1994). To exclude the contribution of vascular
element in patients with Alzheimers-type cognitive
impairment, patients’ coexistent Alzheimer’s-type cogni-
tive impairment and cerebral infarction, observed by
magnetic resonance imaging, were excluded from this
study. In addition, patients with cognitive impairment
diagnosed as neither of the Alzheimer’s type nor vascular
type were excluded. A total of 95 individuals, including
32 age-matched control subjects with no history of
vascular disease, no neuronal deficiency, and no cognitive
impairment, were enrolled. In addition, individuals
excluded from the study included: premenopausal women,
patients who experienced a vascular event within 30
days of measurements, history of cerebral hemorrhage,
and evidence of infection or malignant disease. Using a
modification of the International Society of Hemato-
therapy and Graft Engineering (ISHAGE) Guidelines
(Sutherland et al, 1996), the number of circulating CD34
*+ cells was quantified as described (Kikuchi-Taura et al,
2006). In brief, blood samples were incubated with
phycoerythrin-labeled anti-CD34 antibody, fluorescein
isothiocyanate-labeled anti-CD45 antibody, 7-aminoacti-
nomycin-D, and internal control {all of these reagents are
from the Stem-Kit, Beckman Coulter, Marseille, France). 7-
Aminoactinomycin-D-positive dead cells and CD45-nega-
tive cells were excluded, and the number of cells forming
a cluster with characteristic CD34* cells (i.e., low side
scatter and low-to-intermediate CD45 staining) was
counted. The absolute number of CD34* cells was
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calculated using the internal control. In this study, we used
a single measurement at the time of entry into the study, on
the basis of our previous observation that the level of
circulating CD34* cells is relatively stable (Taguchi et al,
2004a). For statistical analysis, JMP version 5.1] (SAS
Institute Inc, Co, NC, USA) was used. Individual compar-
isons were performed using a two-tailed, unpaired Stu-
dents’ t-test. Statistical comparisons among groups were
determined using analysis of variance. Mean +s.e. is shown.

Results

Baseline characteristics of the groups are shown in
Table 1. In univariate analysis of control subjects,
each cerebrovascular risk factor and other treatment
showed no significant difference with the number of
circulating CD34* cells (data not shown).

To investigate a possible relationship between
circulating CD34* cells and cognition, the level of
circulating CD34* cells was compared among these
groups. Representative fluorescence-activated cell
sorting images are shown in Figure 1A (vascular-
type) and 1B (Alzheimer's-type). Analysis of variance
revealed a significant decrease of CD34* cells in
patients with vascular-type cognitive impairment
compared with Alzheimer’s-type cognitive impair-
ment (P<0.001) and normal subjects (P<0.001,
Figure 1C).

To investigate further a possible association of
circulating CD34* cells with cognitive impairment,
patients with vascular-type impaired cognition were
divided into two groups according to their CDR (mild:
CDR=0.5, n=22, mean age=75.2+1.6 years; moder-
ate-severe: CDR>1, n=18, mean age=75.3+1.5
years) or MMSE (mild: MMSE>20, n=25, mean
age=74.2+1.4 years; moderate-severe: MMSE <20,
n=15, mean age=77.1+1.5 years). The results
showed a significant decrease in the level of
circulating CD34* cells in moderate-severe group,
based on stratification by either CDR (Figure 1D,
P=0.01) or MMSE (Figure 1E, P=0.03) in patients
with vascular-type cognitive impairment. Similar
analysis was applied to patients with Alzheimer’s-
type impaired cognition. They were divided into two
groups according to CDR (mild: n=8, mean age=73.0
+4.7 years; moderate-severe: n=15, mean age=77.5
+1.9 years) or MMSE (mild: n=12, mean age=74.1+
3.0 years; moderate-severe: n=11, mean age=77.8+
2.9 years). However, in contrast to patients with
vascular-type impaired cognition, there was no
significant difference observed in patients with
Alzheimer’s-type cognitive impaired, based on CDR
(Figure 1F, P=0.86) or MMSE (Figure 1G, P=0.60).

Discussion

Our results are consistent with a contribution of
circulating CD34* cells in support of cognitive
function, presumably through their positive homeo-
static influence on the cerebral circulation in
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Table 1 Baseline characteristics

Cognitive impairment

Total Vascular-type Alzheimer’s-type Control P-value for trend
n 95 40 23 32
Age, years 74.91£0.6 75.3+1.1 75.9+2.1 74.2+0.7 0.53
Male gender, n (%) 57 (60) 27 (68) 12 (52) 18 (56) 0.46
Risk factor, n (%)
Hypertension 41 (43) 21 (53) 9 (39) 11 (34) 0.28
Hyperlipidemia 29 (31) 14 (35) 5 (22) 10 (31) 0.53
Diabetes mellitus 9 (9) 5(13) 1(4) 3(9) . 057
Smoking 20 (21) 10 (25) 6(26) 4(13) 0.34
Treatment, n (%)
Ca-channel blocker 30 (32) 15 (38) 6 (26) 9 (28) 0.56
B-Blocker 2 (2) 1(3) 0 (0) 1(3) 0.71
ACE inhibitor 4 (4) 3(8) 1(4) 0(0) 0.29
ARB 8 (8) 3(8) 3(13) 2 (8) 0.65
Diuretics 6 (6) 2(5) 1(4) 3(9) 0.68
Statin 29 (31) 14 (35) 5 (22) 10 (31) 0.54
Aspirin 28 (29) 23 (58) 1(4) 4 (13) <0.01
Ticlopidine 11(12) 9 (23) 0(0) 2(86) 0.01

ACE, angiotensin-converting enzyme; ARB, angiotensin || receptor blocker.
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Figure 1 Levels of circulating CD34* cells and cognitive impairment. (A and B) After exclusion of 7-AAD-positive dead cells and
CD45-negative cells (non-leukocyte), CD34+* cells cluster at low side scatter were clearly observed (A, vascular-type; B,
Alzheimer's-type). (C) Analysis of variance revealed a significant decrease in circulating CD34 * cells in patients with vascular-type
cognitive impairment compared with normal subjects and individuals with Alzheimer's-type cognitive impairment. In contrast, no
significant change in circulating CD34 * cells was observed in patients with Alzheimer's-type cognitive impairment compared with
control subjects. (D and E) In the group of patients with vascular-type cognitive impairment, the level of circulating CD34 + cells was
significantly reduced in patients with more severe cognitive impairment compared with the more mildly affected group (D, CDR; E,
MMSE). (F and G) In contrast, no significant difference was observed in patients with Alzheimer's-type cognitive impairment based
on assessment of cognition (F, CDR; G, MMSE). SS Lin, side-scatter linear scale. *P < 0.05.

settings of ischemic stress. Further, these observa-  associated cerebral ischemia) and declining cogni-
tions suggest a basic difference between the patho-  tive function in patients with ischemic cerebro-
biology of dementia in Alzheimer’s disease (without  vascular disorders.
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