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Three-dimensional time-of-flight high-resolution magnetic res-
onance angiography was applied to visualize the cerebral vascu-
lature of the mouse brain. In normal mice, angiograms of good
quality, showing the essential details of the arterial cerebrovascu-
lar anatomy, could be obtained in only 2.5 min without the use of
contrast agents. Signals from slowly flowing blood, e.g., in veins,
could also be detected after administration of a blood pool contrast
agent. The technique was applied to mouse models of permanent
and transient brain ischemia, involving the occlusion of the middle
cerebral artery. High-resolution magnetic resonance angiography
proved to be a very useful tool for verifying the success of the

the vascular endothelium were obtained in rats using implante
radiofrequency coilsl(). Further, high-resolution angiograms
of the rat cerebral vasculature were recorded using Gd-DTP
as an intravascular contrast aget)( Despite the high quality

of the images, this approach is hardly suitable for pharmac
logical studies due to the long acquisition time of over 7 h
Therefore, recently we have developed techniques for gene
ating high-resolution angiograms of the rat brain without the
use of contrast agentd3), with acquisition times ranging

between 1.25 and 49 min. These techniques were used

occlusion in these models. © 1999 Academic Press
Key Words: angiography; brain; ischemia; magnetic resonance
angiography; microscopy; mouse; stroke.

obtain angiograms in rat models of focal cerebral ischemia.
Transient middle cerebral artery (MCA) occlusion with the
intraluminal thread method for induction of focal ischemia wa:
first used in rats14), and later on refined for application in
mice (5, 1§. The main advantage as compared with othe
MCA occlusion models is the avoidance of craniotomy and th
possibility of reperfusion. Since many factors can lead t
Magnetic resonance angiography (MRA) has become Hi¢onsistent vascular occlusion, e.g., variable thread diamet
established technique in clinical radiology (for a review, se¥d vessel size and biological variability (interindividual
(1)). In principle, MRA does not require the application ofnd/or strain-related differences), reproducible ischemia r
exogenous contrast agents, since the phase or intensity of §H&es precise standardization of the experimental condition
magnetic resonance imaging signal depends on the mactberefore, it would be highly desirable to be able to verify
scopic motion of water protons, yielding an intrinsic contragtoninvasively the success of MCA occlusion. In this work we
between the stationary tissue and flowing blood. Howevélescribe the application of high-resolution 3D time-of-flight
When using contrast agentsl MRA may provide a|So |nf0rméTOF) MRA to Visualize the Cerebral VaSCU|ature Of the mous
tion on blood flow dynamics and on the venous vascul&fain, with acquisition times ranging between 2.5 and 24 mir
anatomy B). High-resolution angiograms were obtained from normal mice
Despite the increasing importance of MRA in clinics, th@s Well as in mouse models of permanent and temporal occl
method has hardly been used in animal experimentation. T$en of the MCA by a thread.
majority of MRA studies involving animals were related to the
development of new contrast agen®s-6). Some examples of
MRA-related vascular imaging in animals are the study %nimals
carotid restenosis after balloon angioplasty in r@jsthe study
of immunological and nonimmunological factors in allo- and Male C57 black/6J mice weighing between 22 and 28 g we
autotransplantation of the carotid artery in rats, a new modelusged throughout the study.
chronic graft vessel diseas8)(the analysis of atherosclerotic
lesions in hyperlipidemic rabbit®), and the imaging of the
aorta in pigs using intravascular receiver coil))( High- For the MR investigations, animals were anesthetized wit
resolution images of vascular wall thickening after removal df.3% forene (Abbott, Cham, Switzerland) in a mixture of
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oxygen/NO (1:2) administered via a face mask. The bodWiesbaden, Germany) was introduced through a small incisic
temperature of the mice was kept at 37°C. No stereotaciito the internal carotid artery and advanced to a positio
holding was used. Measurements were carried out withapproximately 9 mm distal from the external carotid arter
Biospec 47/40 spectrometer (Bruker, Karlsruhe, Germany) dmfurcation. The silicon resin coated the distal 3 mm of the
erating at 4.7 T, equipped with an actively shielded gradiestitures to a diameter of approximately 0.15 mm. Immediatel
system. The operational software of the scanner was Paravisadter the surgical intervention, mice were placed into the mag
(Bruker, Karlsruhe, Germany). A 3D gradient-echo sequennoet for the acquisition of a first series of angiograms. Th
with the following imaging parameters was employed: repetischemic period was an hour. Recirculation was achieved
tion time (TR)= from 12 to 125 ms; echo time (TE) 1.6 ms; pulling the thread back until its tip had reached the commo
matrix = 96 X 192 X 64; field-of-view (FOV) = 1.44 X carotid artery (CCA). By this procedure, blood flow to the
1.92 X 0.64 cni. The radiofrequency (RF) pulse was freipsilateral MCA was restored from the contralateral carotic
quency-selective, thereby exciting a coronal slice 0.64 camtery via the circle of Willis. The incision wound was sutured
thick. Magnetization transfer contrast (MTC) was attained byand the animals were brought back to the magnet for a seco
frequency-selective Gaussian pulse of 3280duration, with examination.
B, = 2 uT and a frequency offset of 2500 Hz with respect to
the water resonance, preceding the 3D gradient-echo sequence RESULTS
by 2.4 ms. An Alderman—Grant-type resonator of 2 cm diam-
eter was used for excitation and detection. The pixel size of theFigure 1 shows maximum intensity projections along the
raw data was of 15& 100X 100 um? however, all data were coronal, sagittal and axial directions of an angiogram of th
zero-filled to (256). Angiograms were obtained by generatindrain of a normal mouse acquired in 16.4 min. The excitatio
maximum intensity projections (MIPs) using standard softwaprilse was approximately 45°. The high-resolution angiograi
from the MR system, after zero-filling the raw data. reveals mainly the arterial cerebrovascular anatomy. Venol
For contrast agent administration, the tail vein of the mouséructures are almost completely suppressed because of the |
was cannulated. A bolus comprising 100 of a suspension flow velocity.
containing nanoparticles of superparamagnetic iron oxyde (En+igure 2 shows the effect of the repetition time TR or
dorem, Guerbet, Aulnay-sous-Bois, France) at a concentrat@mmgiograms acquired from a normal mouse. Also here tr

of 2 mg Fe/mL was injected during 3 s. excitation pulse was approximately 45°. The main arterie:
. including the middle cerebral arteries, could be clearly define
Spin-Echo MRI already at a TR of 12 ms (acquisition time of 2.5 min). By

Spin-echo MRI was carried out 24 h after MCA occlusioHPCfeaSing the TR, flow in more distal parts as well as i

using the following parameters: TR 2 s; TE = 50 ms: extracranial vessels can a_lso _be detected. o
matrix = 256 X 192: FOV = 2.2 X 2.2 cnf: slice thickness= The effect of the magnetization transfer contrast is illustrate

in Fig. 3. An angiogram resulting from a data set acquired at
low flip angle of approximately 20° is presented in Fig. 3e
MCA Occlusion (left). The arterial architecture is barely seen on this angic

) ) ) ram, because the signal from stationary tissue was not suf
_ During surgery, spontaneously breathing mice were an?StgFéntly suppressed. Additional suppression of signals fror
tized with 1.5-2% forene (Abbott, Cham, Switzerland) in @iationary tissues was achieved by MTC. The angiogram di
mixture of oxygen/NO (1:2) administered via a face maskp|aved in Fig. 3a (right) was obtained from data acquired at
Body temperature was maintained at 37°C. flip angle of approximately 20°, but with an additional fre-

Permanent. A vertical 0.5-to 1-cm skin incision was madequency-se|ective prepulse, irradiated 2500 Hz off resonanc
between the left eye and the ear. The temporalis muscle Wage resulting MTC improved significantly the quality of the
exposed and an incision made around its superior margingfgiogram corresponding to the data acquired at a lower fl
order to scrape it from the lateral aspect of the skull. Thehgle, due to saturation of protons in restricted motion site
muscle was then divided by a vertical incision and reflecteqote that even the branching of the MCA could be detecte:
backward and forward. The exposed MCA was electrocaut@y increasing the flip angle of the excitation pulse to approx
ized with a small bipolator. The soft tissues were put back infgately 45°, the angiograms without (Fig. 3b, left) and with
place and the skin was sutured. Immediately after the surgiggirC (Fig. 3b, right) were of equivalent quality. Because of the
intervention, mice were placed into the magnet for the acquicreased flip angle, the branching of the MCA was not seen ¢
sition of angiograms. these angiograms.

Transient. After midline neck incision, the right common The angiograms corresponding to Fig. 4 were acquired at
and external carotid arteries were isolated and ligated. A &) angle of approximately 20°, before (Fig. 4a) and 20 mir
polyester monofilament (diameter of the order of 0.085 mmajfter (Fig. 4b) the injection of contrast agent. The branching c
coated with silicon resin (RTV coating 3140, Dow Corningthe MCA can be seen on both angiograms; however, followin

0.8 mm; 16 slices.
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axial projection

coronal projection sagittal projection

FIG. 1. Coronal, sagittal and axial MIPs of a 3D TOF angiogram of a normal mouse brain, acquired in 16.4 mind0Rs, TE= 1.6 ms, two averages,
excitation pulse of approximately 45°). (1) Anterior cerebral artery; (2) ophthalmic artery; (3) middle cerebral artery; (4) palatine poriygapatatine; (5)
pterygo portion of pterygopalatine; (6) posterior cerebral artery; (7) superior cerebellar artery; (8) basilar artery; (9) vertebral aitggm@®arotid artery;
(11) common carotid artery; (12) external carotid artery; and (13) circle of Willis.

the administration of contrast agent, also venous structures-igure 7 shows an angiogram acquired 15 min after intrc
became visible. duction of a thread. In this case, the surgical intervention we

The results displayed in the next figures correspond to purelgt successful, since the ipsilateral MCA was not occluded. |
TOF MRA data acquired at a flip angle of approximately 45this animal, no infarct was detected 24 h after the surgic:
Figure 5 shows a high-resolution angiogram of the cerebrovastervention (data not shown). In all mice that presented
cular system of the mouse brain, acquired 15 min after pernramaining flow in the MCA because of misplacement of the
nent occlusion of the MCA. Note the absence of flow in théread, no infarcted region was detected 24 h later.
occluded MCA and also in the posterior cerebral artery. The
infarct was confirmed byl ,-weighted spin-echo images, ac- DISCUSSION AND CONCLUSIONS
quired 24 h postoperative (data not shown).

An angiogram of the cerebrovascular system of the mouseHigh-resolution 3D angiograms of the mouse cerebrovasc
brain acquired 15 min after occlusion of the MCA by a threaldr system were obtained in measurement times between
is shown in Fig. 6a. Note the absence of flow on the occludadd 25 min, without the use of contrast agent. In normal mict
MCA and in the internal carotid artery; i.e., flow on theangiograms generated within 2.5 min (TR of 12 ms) showe
ipsilateral part of the circle of Willis was interrupted by thehe principal arteries, including the MCAs. By increasing TR
thread. Due to the surgical procedure, the ipsilateral extracfeow in more distal parts could also be detected. Despite tf
nial vessels remained permanently occluded. After pulling tii&ct that suppression of stationary signals should be less effe
thread following an ischemic period of 1 h, flow on the MCAive with increasing TR, for an excitation pulse of approxi-
was restablished (Fig. 6b). However, signal intensity was lowerately 45° signal from stationary tissue was efficiently sup
than on the contralateral MCA, indicating a slight reduction goressed at all repetition delays used in this study, allowin
blood flow after reperfusion. The infarcted region was verifiedetection of the vascular (arterial) structures with high contras
by T,-weighted spin-echo imaging 24 h after occlusion (Fign principle, no additional suppression scheme, e.g., applyir
6¢). Infarcts encompassed typically the territory supplied byagnetization transfer saturation prior to the excitation puls
the MCA, i.e., striatum and frontoparietal cortex. (17, 18 or additional fat suppressiod9), was required. How-
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TR = 12 ms (2.5 min) TR = 40 ms (8.2 min)

TR =75 ms (15.4 min) TR = 90 ms (18.4 min) TR = 120 ms (24.6 min)

FIG. 2. Coronal MIPs of 3D TOF angiograms of a normal mouse brain, acquired with different repetition times (TR). For each acquisition, TE was 1
one average was taken, and the excitation flip angle was of the order of 45°. The total acquisition time for each high-resolution 3D angiograed igindit
parentheses.

ever, introduction of MTC and administration of a blood pood5°, angiograms acquired with and without MTC were of
contrast agent allowed further refinement of the structure of thnilar quality. Therefore, the combination of MTC with a low
angiograms (see discussion below). flip angle excitation pulse was optimal, allowing even the
When using TOF techniques with short TR values, signatietection of the branching of the MCA.
from both stationary tissues and slowly flowing venous blood Detection of slowly flowing blood was further improved by
are saturated or suppressed. TOF MRA without the use tbe administration of superparamagnetic iron oxide nanopa
contrast agents is sensitive to fast flowing blood, as onfigles, a blood pool contrast agent originally developed &s a
unsaturated blood entering the imaging volume between swontrast agent for imaging the reticuloendothelial syst2én<
sequent RF pulses produces high signal. By varying TR, so2®. This class of agents has also been found to decrégse
qualitative information on flow velocities can be obtainedand has therefore been used for MR angiogra[@3+25. By
especially in the case of ischemic animads 13. The disad- remaining in the vascular bed and reducifig also slowly
vantage is that slowly flowing blood is more difficult to detectiowing blood, e.g., in veins could be detected (see Fig. 4
by just applying TOF techniques. When blood in the regiondowever, the concentration of the contrast agent had to |
of-interest is not completely exchanged during TR, low fligarefully chosen, in order that no predominant reductioh,in
angle RF pulses have to be used in order to provide optinveds obtained.
signal intensity. In this case, the quality of the angiograms canAlthough focal cerebral ischemia models in rats have
become compromised due to insufficient saturation of signd&een well documented, descriptions of murine models ¢
from stationary tissues. Indeed, when the flip angle of tidCA occlusion and the experimental difficulties associatel
excitation pulse was reduced to about 20°, the overall qualityith them are scant. Recently, Connoé#lyal. (26) provided
of the angiograms decreased because of the insufficient sapdetailed description of the surgical technique for eithe
pression of signals from stationary tissues in the TOF expepermanent or transient intraluminal MCA occlusion, reveal
ment (see Fig. 3a). However, introduction of MTC allowed amg important differences among strains commonly used i
adequate suppression of stationary signals even at a low flig production of transgenic mice. Kitagaved al. (27)
angle excitation pulse (see Fig. 3b). For larger flip angles, e.ghowed that strain-related differences in the vascular arct
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(b)

1 mm

FIG. 3. Coronal MIPs of 3D angiograms of a normal mouse brain, acquired without (left-hand side) and with (right-hand side) MTC. For each acqui
TE was 1.6 ms, TR was 40 ms, and one average was taken, resulting in a total acquisition time of 8.2 min. MTC was achieved by introdu
frequency-selective prepulse, irradiated 2500 Hz off resonance. The flip angles of the excitation pulse were approximately 20° (a) and 45° (b).

tecture result in important variability in the outcome ofhowed that, by matching the diameter of the thread to tf
MCA occlusion with the intraluminal thread (see next paraweight of the mouse, the reproducibility of cerebral infarc-
graph). In addition to strain-related differences, infarct votion could be improved. These reports point to the difficul-
ume, neurological outcome, and cerebral blood flow appe##s in achieving a consistent vascular occlusion in mice
to be importantly affected by temperature during the iscland that reproducible ischemia requires precise standardiz
emic and postischemic periods, mouse size, and size of tian of the experimental conditions. The data presented he
suture that obstructs the vascular lumen. Hetaal. (28) show that high-resolution MRA can be applied to verify the
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FIG. 4. MIPs of 3D angiograms of a normal mouse brain, acquired previous to (a) and 20 min after (b) contrast agent administration. For each acq
TE was 1.6 ms, TR was 40 ms, two averages were taken (resulting in a total acquisition time of 16.4 min), and the excitation flip angle was apprdximat
MTC was achieved by introducing a frequency-selective prepulse, irradiated 2500 Hz off resonance. The projections on the right-hand sidiebgré Zhifte
with respect to the coronal projections on the left-hand side.

success of MCA occlusion; therefore, it can contribute tiasp72 R9), the cytokines interleukin 1, interleukin 6, and tumor
standardizing the experimental procedures for murine braiacrosis factor: (30, 31, and the immediate-early genesos,
ischemia models. c-jun, and junB (32). The availability of knockout/transgenic
Transgenic mice are playing an increasing role in stroke rechnology in the mouse, allowing easy manipulations of ger
search since the discovery that numerous genes are induceayyressions and their particular translational products in this sp
cerebral ischemia, such as genes encoding the heat shock prates, has opened the door to the study of the effects of speci
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1 mm

FIG.5. Coronal MIP of a 3D TOF angiogram of the mouse brain, acquireH

15 min after permanent occlusion of the left MCA (FR40 ms, TE= 1.6 ms,

degenerative or protective processes and to define targets
specific modulations of these cellular responses. The effect
cerebral ischemia in such mutants has been described in a num
of reports, e.g., to assess the effect of the protein p53, a ma
determinant of the cellular mechanisms that lead to programm
cell death, after an ischemic eveB8), and to study the role that
superoxide radicals34, 35, tumor necrosis factor (36) and
neutrophil adhesion play in the pathogenesis of cerebral infarctic
(37). As transgenic mice are costly and relatively difficult to
generate, the use of high-resolution MRA to verify the success
MCA occlusion in ischemic models involving these animals i
even more advantageous, because repeated measurements
possible, and in principle there is no requirement for contra:
agent administration.

However, Kitagaweet al. (27) called attention to the fact
that differences in vascular anatomy have to be taken in
account when cerebral ischemia is produced in a transgenic
knockout mouse. In particular, they showed that the patency |
the posterior communicating artery, which connects the sup
or cerebellar and the posterior cerebral arteries, is crucial |

one average, excitation pulse of approximately 45°, 8.2 min acquisition timQ‘?term'”'”g the ischemic area after intraluminal suture occlt

sion. The degree of anastomosis between carotid and verteb

gene products on the pathophysiology of stroke. Transgenic migsilar circulation at the circle of Willis can affect the outcome
are being used to investigate ischemia-induced genomic respordezn intraluminal occlusion. This anastomosis, although bein
in the brain, in order to clarify the mechanisms of inheremtlways present in rats, is highly variable and strain-depende

1 mm

(b) (c)

FIG. 6. (a) Coronal MIPs of 3D TOF angiograms of the mouse brain, acquired (a) 15 min after transient occlusion of the right MCA and (b) at reperf
60 min postocclusion (TR= 40 ms, TE= 1.6 ms, one average, excitation pulse of approximately 45°, 8.2 min acquisition time). (c) Spin-echo image acq

24 h postocclusion, to confirm the infarcted region (¥R2 s, TE= 50 ms).
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also the territory supplied by the posterior cerebral artery i
aimed at becoming ischemic. Upon such identification, on
would perform the occlusion on the side with the poorly
developed posterior communicating artery. Presurgery MR
evaluation would limit the need gfostmortemanalysis of the
tissue. Such preservation of the tissue could be important
other histological analysis is called for.

In conclusion, we have demonstrated that with 3D TOF
MRA high-resolution angiograms of the mouse brain can b
obtained without the use of contrast agents, yielding essentia
arterial structures. Depending on TR, acquisition times ranc
between 2.5 and 24 min. The main arteries of the mouse brs
vasculature, including the MCA, can be clearly defined withir
a measurement time of 2.5 min. High-resolution MRA provec
to be a very useful tool for verifying the success of surgica

intervention in murine models of brain ischemia.
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