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Three-dimensional time-of-flight high-resolution magnetic res-
nance angiography was applied to visualize the cerebral vascu-
ature of the mouse brain. In normal mice, angiograms of good
uality, showing the essential details of the arterial cerebrovascu-
ar anatomy, could be obtained in only 2.5 min without the use of
ontrast agents. Signals from slowly flowing blood, e.g., in veins,
ould also be detected after administration of a blood pool contrast
gent. The technique was applied to mouse models of permanent
nd transient brain ischemia, involving the occlusion of the middle
erebral artery. High-resolution magnetic resonance angiography
roved to be a very useful tool for verifying the success of the
cclusion in these models. © 1999 Academic Press

Key Words: angiography; brain; ischemia; magnetic resonance
ngiography; microscopy; mouse; stroke.

INTRODUCTION

Magnetic resonance angiography (MRA) has becom
stablished technique in clinical radiology (for a review,
1)). In principle, MRA does not require the application
xogenous contrast agents, since the phase or intensity
agnetic resonance imaging signal depends on the m

copic motion of water protons, yielding an intrinsic cont
etween the stationary tissue and flowing blood. Howe
hen using contrast agents, MRA may provide also infor

ion on blood flow dynamics and on the venous vasc
natomy (2).
Despite the increasing importance of MRA in clinics,
ethod has hardly been used in animal experimentation
ajority of MRA studies involving animals were related to
evelopment of new contrast agents (3–6). Some examples o
RA-related vascular imaging in animals are the study

arotid restenosis after balloon angioplasty in rats (7), the study
f immunological and nonimmunological factors in allo- a
utotransplantation of the carotid artery in rats, a new mod
hronic graft vessel disease (8), the analysis of atherosclero

esions in hyperlipidemic rabbits (9), and the imaging of th
orta in pigs using intravascular receiver coils (10). High-
esolution images of vascular wall thickening after remova
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he vascular endothelium were obtained in rats using impla
adiofrequency coils (11). Further, high-resolution angiogram
f the rat cerebral vasculature were recorded using Gd-D
s an intravascular contrast agent (12). Despite the high qualit
f the images, this approach is hardly suitable for pharm

ogical studies due to the long acquisition time of over 7
herefore, recently we have developed techniques for g
ting high-resolution angiograms of the rat brain without
se of contrast agents (13), with acquisition times rangin
etween 1.25 and 49 min. These techniques were us
btain angiograms in rat models of focal cerebral ischem
Transient middle cerebral artery (MCA) occlusion with

ntraluminal thread method for induction of focal ischemia
rst used in rats (14), and later on refined for application
ice (15, 16). The main advantage as compared with o
CA occlusion models is the avoidance of craniotomy and
ossibility of reperfusion. Since many factors can lead

nconsistent vascular occlusion, e.g., variable thread diam
nd vessel size and biological variability (interindivid
nd/or strain-related differences), reproducible ischemia
uires precise standardization of the experimental condit
herefore, it would be highly desirable to be able to ve
oninvasively the success of MCA occlusion. In this work
escribe the application of high-resolution 3D time-of-fli
TOF) MRA to visualize the cerebral vasculature of the mo
rain, with acquisition times ranging between 2.5 and 24
igh-resolution angiograms were obtained from normal m
s well as in mouse models of permanent and temporal o
ion of the MCA by a thread.

MATERIALS AND METHODS

nimals

Male C57 black/6J mice weighing between 22 and 28 g w
sed throughout the study.

RA

For the MR investigations, animals were anesthetized
.3% forene (Abbott, Cham, Switzerland) in a mixture
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xygen/N2O (1:2) administered via a face mask. The b
emperature of the mice was kept at 37°C. No stereot
olding was used. Measurements were carried out w
iospec 47/40 spectrometer (Bruker, Karlsruhe, Germany
rating at 4.7 T, equipped with an actively shielded grad
ystem. The operational software of the scanner was Para
Bruker, Karlsruhe, Germany). A 3D gradient-echo sequ
ith the following imaging parameters was employed: rep

ion time (TR)5 from 12 to 125 ms; echo time (TE)5 1.6 ms;
atrix 5 96 3 192 3 64; field-of-view (FOV) 5 1.44 3
.92 3 0.64 cm3. The radiofrequency (RF) pulse was f
uency-selective, thereby exciting a coronal slice 0.64

hick. Magnetization transfer contrast (MTC) was attained
requency-selective Gaussian pulse of 3500ms duration, with

1 5 2 mT and a frequency offset of 2500 Hz with respec
he water resonance, preceding the 3D gradient-echo seq
y 2.4 ms. An Alderman–Grant-type resonator of 2 cm di
ter was used for excitation and detection. The pixel size o
aw data was of 1503 1003 100mm3; however, all data wer
ero-filled to (256)3. Angiograms were obtained by generat
aximum intensity projections (MIPs) using standard softw

rom the MR system, after zero-filling the raw data.
For contrast agent administration, the tail vein of the mo
as cannulated. A bolus comprising 100mL of a suspensio
ontaining nanoparticles of superparamagnetic iron oxyde
orem, Guerbet, Aulnay-sous-Bois, France) at a concentr
f 2 mg Fe/mL was injected during 3 s.

pin-Echo MRI

Spin-echo MRI was carried out 24 h after MCA occlusi
sing the following parameters: TR5 2 s; TE 5 50 ms;
atrix5 2563 192; FOV5 2.23 2.2 cm2; slice thickness5
.8 mm; 16 slices.

CA Occlusion

During surgery, spontaneously breathing mice were ane
ized with 1.5–2% forene (Abbott, Cham, Switzerland) i
ixture of oxygen/N2O (1:2) administered via a face ma
ody temperature was maintained at 37°C.

Permanent. A vertical 0.5- to 1-cm skin incision was ma
etween the left eye and the ear. The temporalis muscle
xposed and an incision made around its superior marg
rder to scrape it from the lateral aspect of the skull.
uscle was then divided by a vertical incision and refle
ackward and forward. The exposed MCA was electroca

zed with a small bipolator. The soft tissues were put back
lace and the skin was sutured. Immediately after the sur

ntervention, mice were placed into the magnet for the ac
ition of angiograms.

Transient. After midline neck incision, the right commo
nd external carotid arteries were isolated and ligated. A
olyester monofilament (diameter of the order of 0.085 m
oated with silicon resin (RTV coating 3140, Dow Corni
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iesbaden, Germany) was introduced through a small inc
nto the internal carotid artery and advanced to a pos
pproximately 9 mm distal from the external carotid ar
ifurcation. The silicon resin coated the distal 3 mm of
utures to a diameter of approximately 0.15 mm. Immedia
fter the surgical intervention, mice were placed into the m
et for the acquisition of a first series of angiograms.

schemic period was an hour. Recirculation was achieve
ulling the thread back until its tip had reached the com
arotid artery (CCA). By this procedure, blood flow to
psilateral MCA was restored from the contralateral car
rtery via the circle of Willis. The incision wound was sutu
nd the animals were brought back to the magnet for a se
xamination.

RESULTS

Figure 1 shows maximum intensity projections along
oronal, sagittal and axial directions of an angiogram of
rain of a normal mouse acquired in 16.4 min. The excita
ulse was approximately 45°. The high-resolution angiog
eveals mainly the arterial cerebrovascular anatomy. Ve
tructures are almost completely suppressed because of t
ow velocity.
Figure 2 shows the effect of the repetition time TR

ngiograms acquired from a normal mouse. Also here
xcitation pulse was approximately 45°. The main arte

ncluding the middle cerebral arteries, could be clearly defi
lready at a TR of 12 ms (acquisition time of 2.5 min).

ncreasing the TR, flow in more distal parts as well as
xtracranial vessels can also be detected.
The effect of the magnetization transfer contrast is illustr

n Fig. 3. An angiogram resulting from a data set acquired
ow flip angle of approximately 20° is presented in Fig.
left). The arterial architecture is barely seen on this an
ram, because the signal from stationary tissue was not
iently suppressed. Additional suppression of signals
tationary tissues was achieved by MTC. The angiogram
layed in Fig. 3a (right) was obtained from data acquired
ip angle of approximately 20°, but with an additional f
uency-selective prepulse, irradiated 2500 Hz off resona
he resulting MTC improved significantly the quality of t
ngiogram corresponding to the data acquired at a lowe
ngle, due to saturation of protons in restricted motion s
ote that even the branching of the MCA could be detec
y increasing the flip angle of the excitation pulse to app

mately 45°, the angiograms without (Fig. 3b, left) and w
TC (Fig. 3b, right) were of equivalent quality. Because of

ncreased flip angle, the branching of the MCA was not see
hese angiograms.

The angiograms corresponding to Fig. 4 were acquired
ip angle of approximately 20°, before (Fig. 4a) and 20
fter (Fig. 4b) the injection of contrast agent. The branchin

he MCA can be seen on both angiograms; however, follow
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444 BECKMANN, STIRNIMANN, AND BOCHELEN
he administration of contrast agent, also venous struc
ecame visible.
The results displayed in the next figures correspond to p

OF MRA data acquired at a flip angle of approximately 4
igure 5 shows a high-resolution angiogram of the cerebro
ular system of the mouse brain, acquired 15 min after pe
ent occlusion of the MCA. Note the absence of flow in
ccluded MCA and also in the posterior cerebral artery.

nfarct was confirmed byT2-weighted spin-echo images, a
uired 24 h postoperative (data not shown).
An angiogram of the cerebrovascular system of the m

rain acquired 15 min after occlusion of the MCA by a thr
s shown in Fig. 6a. Note the absence of flow on the occlu

CA and in the internal carotid artery; i.e., flow on t
psilateral part of the circle of Willis was interrupted by
hread. Due to the surgical procedure, the ipsilateral extr
ial vessels remained permanently occluded. After pulling

hread following an ischemic period of 1 h, flow on the MC
as restablished (Fig. 6b). However, signal intensity was lo

han on the contralateral MCA, indicating a slight reduction
lood flow after reperfusion. The infarcted region was ver
y T2-weighted spin-echo imaging 24 h after occlusion (
c). Infarcts encompassed typically the territory supplied

he MCA, i.e., striatum and frontoparietal cortex.

FIG. 1. Coronal, sagittal and axial MIPs of a 3D TOF angiogram of a
xcitation pulse of approximately 45°). (1) Anterior cerebral artery; (2) op
terygo portion of pterygopalatine; (6) posterior cerebral artery; (7) supe
11) common carotid artery; (12) external carotid artery; and (13) circle
es

ly
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Figure 7 shows an angiogram acquired 15 min after in
uction of a thread. In this case, the surgical intervention
ot successful, since the ipsilateral MCA was not occlude

his animal, no infarct was detected 24 h after the surg
ntervention (data not shown). In all mice that presente
emaining flow in the MCA because of misplacement of
hread, no infarcted region was detected 24 h later.

DISCUSSION AND CONCLUSIONS

High-resolution 3D angiograms of the mouse cerebrova
ar system were obtained in measurement times betwee
nd 25 min, without the use of contrast agent. In normal m
ngiograms generated within 2.5 min (TR of 12 ms) sho

he principal arteries, including the MCAs. By increasing
ow in more distal parts could also be detected. Despite
act that suppression of stationary signals should be less
ive with increasing TR, for an excitation pulse of appro
ately 45° signal from stationary tissue was efficiently s
ressed at all repetition delays used in this study, allow
etection of the vascular (arterial) structures with high cont

n principle, no additional suppression scheme, e.g., app
agnetization transfer saturation prior to the excitation p

17, 18) or additional fat suppression (19), was required. How

rmal mouse brain, acquired in 16.4 min (TR5 40 ms, TE5 1.6 ms, two average
almic artery; (3) middle cerebral artery; (4) palatine portion of pterygopalatine; (5
cerebellar artery; (8) basilar artery; (9) vertebral artery; (10)internal carotid artery

Willis.
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hth
rior
of
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ver, introduction of MTC and administration of a blood p
ontrast agent allowed further refinement of the structure o
ngiograms (see discussion below).
When using TOF techniques with short TR values, sig

rom both stationary tissues and slowly flowing venous b
re saturated or suppressed. TOF MRA without the us
ontrast agents is sensitive to fast flowing blood, as
nsaturated blood entering the imaging volume between
equent RF pulses produces high signal. By varying TR, s
ualitative information on flow velocities can be obtain
specially in the case of ischemic animals (4, 13). The disad
antage is that slowly flowing blood is more difficult to det
y just applying TOF techniques. When blood in the reg
f-interest is not completely exchanged during TR, low
ngle RF pulses have to be used in order to provide op
ignal intensity. In this case, the quality of the angiograms
ecome compromised due to insufficient saturation of sig

rom stationary tissues. Indeed, when the flip angle of
xcitation pulse was reduced to about 20°, the overall qu
f the angiograms decreased because of the insufficien
ression of signals from stationary tissues in the TOF ex
ent (see Fig. 3a). However, introduction of MTC allowed
dequate suppression of stationary signals even at a lo
ngle excitation pulse (see Fig. 3b). For larger flip angles,

FIG. 2. Coronal MIPs of 3D TOF angiograms of a normal mouse bra
ne average was taken, and the excitation flip angle was of the order o
arentheses.
l
e

ls
d
of
ly
b-
e
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t
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al
n
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e
ty
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ri-
n
ip
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5°, angiograms acquired with and without MTC were
imilar quality. Therefore, the combination of MTC with a l
ip angle excitation pulse was optimal, allowing even
etection of the branching of the MCA.
Detection of slowly flowing blood was further improved

he administration of superparamagnetic iron oxide nano
icles, a blood pool contrast agent originally developed asT2

ontrast agent for imaging the reticuloendothelial system20–
2). This class of agents has also been found to decreasT1,
nd has therefore been used for MR angiography (23–25). By
emaining in the vascular bed and reducingT1, also slowly
owing blood, e.g., in veins could be detected (see Fig
owever, the concentration of the contrast agent had t
arefully chosen, in order that no predominant reduction inT2*
as obtained.
Although focal cerebral ischemia models in rats h

een well documented, descriptions of murine model
CA occlusion and the experimental difficulties associa
ith them are scant. Recently, Connollyet al. (26) provided
detailed description of the surgical technique for ei

ermanent or transient intraluminal MCA occlusion, rev
ng important differences among strains commonly use
he production of transgenic mice. Kitagawaet al. (27)
howed that strain-related differences in the vascular a

acquired with different repetition times (TR). For each acquisition, TE wa
5°. The total acquisition time for each high-resolution 3D angiogram ised in
in,
f 4
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446 BECKMANN, STIRNIMANN, AND BOCHELEN
ecture result in important variability in the outcome
CA occlusion with the intraluminal thread (see next pa
raph). In addition to strain-related differences, infarct
me, neurological outcome, and cerebral blood flow ap

o be importantly affected by temperature during the is
mic and postischemic periods, mouse size, and size o
uture that obstructs the vascular lumen. Hataet al. (28)

FIG. 3. Coronal MIPs of 3D angiograms of a normal mouse brain, ac
E was 1.6 ms, TR was 40 ms, and one average was taken, resu

requency-selective prepulse, irradiated 2500 Hz off resonance. The flip
-
-
ar
-
he

howed that, by matching the diameter of the thread to
eight of the mouse, the reproducibility of cerebral infa

ion could be improved. These reports point to the diffic
ies in achieving a consistent vascular occlusion in m
nd that reproducible ischemia requires precise standar

ion of the experimental conditions. The data presented
how that high-resolution MRA can be applied to verify

ired without (left-hand side) and with (right-hand side) MTC. For each a
g in a total acquisition time of 8.2 min. MTC was achieved by int
gles of the excitation pulse were approximately 20° (a) and 45° (b).
qu
ltin
an
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447MAGNETIC RESONANCE ANGIOGRAPHY OF THE MOUSE BRAIN
uccess of MCA occlusion; therefore, it can contribute
tandardizing the experimental procedures for murine b
schemia models.

Transgenic mice are playing an increasing role in stroke
earch since the discovery that numerous genes are induc
erebral ischemia, such as genes encoding the heat shock

FIG. 4. MIPs of 3D angiograms of a normal mouse brain, acquired p
E was 1.6 ms, TR was 40 ms, two averages were taken (resulting in a
TC was achieved by introducing a frequency-selective prepulse, irrad
ith respect to the coronal projections on the left-hand side.
o
in

e-
by

tein

sp72 (29), the cytokines interleukin 1, interleukin 6, and tum
ecrosis factora (30, 31), and the immediate-early genesc-fos,
-jun, and junB (32). The availability of knockout/transgen
echnology in the mouse, allowing easy manipulations of
xpressions and their particular translational products in this
ies, has opened the door to the study of the effects of sp

ious to (a) and 20 min after (b) contrast agent administration. For each
l acquisition time of 16.4 min), and the excitation flip angle was approx°.
d 2500 Hz off resonance. The projections on the right-hand side are shd by 72°
rev
tota
iate
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448 BECKMANN, STIRNIMANN, AND BOCHELEN
ene products on the pathophysiology of stroke. Transgenic
re being used to investigate ischemia-induced genomic resp

n the brain, in order to clarify the mechanisms of inhe

FIG. 5. Coronal MIP of a 3D TOF angiogram of the mouse brain, acqu
5 min after permanent occlusion of the left MCA (TR5 40 ms, TE5 1.6 ms,
ne average, excitation pulse of approximately 45°, 8.2 min acquisition

FIG. 6. (a) Coronal MIPs of 3D TOF angiograms of the mouse brain,
0 min postocclusion (TR5 40 ms, TE5 1.6 ms, one average, excitation
4 h postocclusion, to confirm the infarcted region (TR5 2 s, TE5 50 ms)
ice
ses
t

egenerative or protective processes and to define targe
pecific modulations of these cellular responses. The effe
erebral ischemia in such mutants has been described in a n
f reports, e.g., to assess the effect of the protein p53, a
eterminant of the cellular mechanisms that lead to program
ell death, after an ischemic event (33), and to study the role th
uperoxide radicals (34, 35), tumor necrosis factora (36) and
eutrophil adhesion play in the pathogenesis of cerebral infa
37). As transgenic mice are costly and relatively difficult
enerate, the use of high-resolution MRA to verify the succe
CA occlusion in ischemic models involving these animal
ven more advantageous, because repeated measureme
ossible, and in principle there is no requirement for con
gent administration.
However, Kitagawaet al. (27) called attention to the fa

hat differences in vascular anatomy have to be taken
ccount when cerebral ischemia is produced in a transge
nockout mouse. In particular, they showed that the paten
he posterior communicating artery, which connects the s
ior cerebellar and the posterior cerebral arteries, is cruc
etermining the ischemic area after intraluminal suture oc
ion. The degree of anastomosis between carotid and ver
asilar circulation at the circle of Willis can affect the outco
f an intraluminal occlusion. This anastomosis, although b
lways present in rats, is highly variable and strain-depen

d

).

quired (a) 15 min after transient occlusion of the right MCA and (b) at re
se of approximately 45°, 8.2 min acquisition time). (c) Spin-echo image
ac
pul
.
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n mice (38). In the case of intraluminal occlusion, when
hread enters into the anterior cerebral artery and shuts o
lood flow from the ipsilateral carotid circulation, the ipsil
ral posterior cerebral artery could be supplied mainly by
asilar artery through the posterior communicating arter

he communicating artery is absent or poorly developed
erritory supplied by the posterior cerebral artery (i.e.,
ocampus and thalamus) would experience ischemia by

ion of the thread into the anterior cerebral artery. Kitagawet
l. (27) have shown using India ink perfusion that the poste
ommunicating artery is poorly developed in the C57B
train, i.e., it is present only on one side of the circle of W
nd with a diameter of less than one third of that of the ba
rtery. At the spatial resolution achieved in this study,
osterior communicating artery was not seen on the a
rams even at longer TR and after injection of contrast a
he posterior communicating artery could be possibly dete
y sacrificing temporal resolution in favor of spatial resolut
ere, we tried to keep the acquisition time for an angiogra
hort as possible, since we were mainly interested in verif
he success of the surgical intervention and of reperfusio
he level of the MCA only. However, the specific question
he posterior communicating deserves careful further stu
specially when comparing the vascular architecture of d
nt mouse strains. Indeed, determining whether the pos
ommunicating arteries are present could be of help in se
ng the animals and/or the side for performing the surger

FIG. 7. Coronal MIP of a 3D TOF angiogram of the mouse brain, acqu
5 min after introduction of a thread into the internal carotid artery (TR5 40
s, TE5 1.6 ms, one average, excitation pulse of approximately 45°, 8.2
cquisition time). Note that the thread was not advanced enough to occlu
CA.
he

e
If
e
-
er-

r

r
e
o-
t.
d

.
s
g
at
f
s,
r-
ior
ct-
if

lso the territory supplied by the posterior cerebral arte
imed at becoming ischemic. Upon such identification,
ould perform the occlusion on the side with the poo
eveloped posterior communicating artery. Presurgery M
valuation would limit the need ofpostmortemanalysis of the

issue. Such preservation of the tissue could be importa
ther histological analysis is called for.
In conclusion, we have demonstrated that with 3D T
RA high-resolution angiograms of the mouse brain can
btained without the use of contrast agents, yielding essen
rterial structures. Depending on TR, acquisition times r
etween 2.5 and 24 min. The main arteries of the mouse
asculature, including the MCA, can be clearly defined wi
measurement time of 2.5 min. High-resolution MRA pro

o be a very useful tool for verifying the success of surg
ntervention in murine models of brain ischemia.
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