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Water Diffusion in the Brain of Chronic Hypoperfusion Model Mice:
A Study Considering the Effect of Blood Flow
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Purpose: Chronic cerebral hypoperfusion model mice were created by unilateral common carotid
artery occlusion (UCCAO) surgery, which does not cause cerebral infarction, but which does cause
long-term reduction in cerebral blood flow (CBF) to the occluded side. Cognitive dysfunction in this
mouse model has been demonstrated in behavioral experiments, but neuron density change was not
found in a previous positron emission tomography (PET) study. As a next step, in this study we inves-
tigated the injury of neuronal fibers in chronic cerebral hypoperfusion model mice using diffusion
tensor imaging (DTI).

Methods: In diffusion-weighted imaging (DWI), not only the diffusion of water but also the capillary flow
in the voxel, i.e., intravoxel incoherent motion (IVIM), contributes to the signal. Thus, we used DTI to eval-
uate DWTI signal changes in the brains of chronic hypoperfusion model mice at 4 weeks after UCCAO while
monitoring the possible influence of CBF change using arterial spin-labeling (ASL) MRI.

Results: Simple ¢-tests indicated that there were significant differences in CBF between the control and
occluded sides of the brain, but there was no significant difference for the mean diffusivity (MD) or frac-
tional anisotropy (FA). However, as Pearson correlation analysis showed that MD was strongly correlated
with CBE analysis-of-covariance (ANCOVA) was then performed using CBF as a covariate and a significant
difference in MD between the contra- and ipsilateral sides was found. Performing a similar procedure for the
FA found no significant differences.

Conclusion: The results suggest the injury of neuronal fibers due to chronic hypoperfusion. It is also sug-
gested that CBF-related signal changes should be considered when DWI-based information is used for
pathological diagnosis.

Keywords: arterial spin labeling, chronic cerebral hypoperfusion, diffusion tensor imaging, intravoxel incoherent

motion, mean diffusivity

Introduction

Vascular dementia (VaD) is the second most common type
of dementia after Alzheimer’s disease. Although it is known
that VaD is usually caused by both wide-range and local cere-
bral infarction, it can also be induced by hypoperfusion.
However, the mechanism behind cognitive dysfunction due
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to hypoperfusion is not well understood. Model animals
are often used to study VaD resulting from hypoperfusion.
A rat model of bilateral occlusion of the common carotid
arteries (BCCAO) showed white matter lesions, such as
demyelination and increased astroglia, and declined working
memory performance when negotiating a water maze.!™®
Even in a mouse model of right unilateral common carotid
artery occlusion (UCCAO), white matter lesions and defi-
cits of memory ability in object-recognition have been
reported.” We previously demonstrated a mouse model of
misery perfusion due to permanent UCCAO,? and subse-
quent studies using positron emission tomography (PET)
and immunostaining showed that neuron density did not
significantly change at 28 days after surgery.’” These
results suggest that injury of neuronal fibers, rather than
cell death, may be the cause of cognitive dysfunction in
this mouse model.
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Diffusion tensor imaging (DTI) has been used as an
important tool for evaluating injury of neuronal fibers.!%!! So
far, research on chronic hypoperfusion with DTI has been
conducted in rat models of BCCAO.!2!3 Although the results
for the optic nerve and optic tract were similar for those two
studies, the DTI measurements in the cortex, hippocampus,
and white matter relative to cognitive function were not con-
sistent. One of the studies found no change to the mean diffu-
sivity (MD) in the cortex,'? while the other showed an increase
in MD.!2 This difference may be caused by changes to cerebral
blood flow (CBF) during DTI measurements. In diffusion-
weighted imaging (DWI), not only the diffusion of water but
also the capillary flow in the voxel, i.e. intravoxel incoherent
motion (IVIM), contributes to the signal attenuation.'*'” It has
been shown that IVIM parameter estimates and arterial spin-
labeling (ASL)-based estimates of blood flow behave in a
similar way.!®22 Tt has been reported that the TVIM pseudo
diffusion coefficient (D*) and CBF measured with ASL show
a positive correlation,'®!? and that a decrease in blood flow due
to cirrhosis causes a decrease in D*.?? Therefore, in animal
models of conditions where changes in blood flow can occur,
such as chronic hypoperfusion, it is possible that both neuronal
injury and blood flow changes may affect the results of DTI.

In this study, we used DTI to evaluate water diffusion
changes in the brains of chronic hypoperfusion model mice
while monitoring the possible influence of CBF change using
ASL MRI. In addition, immunostaining of ex vivo brain sec-
tions was conducted to validate the results of DTI.

Materials and Methods

Animal preparation

A total of 10 male C57BL/6J mice (20-30 g, 8-10 weeks;
Japan SLC Inc., Hamamatsu, Japan) were used in the diffu-
sion MRI experiments. All mice were housed individually in
separate cages with water and food ad libitum. Mouse cages
were kept at a temperature of 25°C in a 12-h light/dark cycle.

For the UCCAO surgical procedure, a mixture of air,
oxygen, and isoflurane (3—5% for induction and 1.5-2% for
surgery) anesthesia was given by face mask. A midline cer-
vical incision was made and the right common carotid artery
was isolated from the adjacent vagus nerve and double-
ligated using 60 silk sutures.

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the National Insti-
tute of Radiological Sciences (Chiba, Japan) and were
performed in accordance with the institutional guidelines on
human care and use of laboratory animals approved by the
Institutional Committee for Animal Experimentation.

Magnetic resonance imaging measurements

The MRI measurements were performed at 4 weeks after
UCCAO on a 7T animal MRI system (Kobelco and Bruker,
Tokyo, Japan). The mice were initially anesthetized with
3.0% isoflurane (Escain; Mylan Japan, Tokyo, Japan) and
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then with 1.5-2.0% isoflurane and a 1:5 oxygen/room-air
mixture during the MRI experiments. Rectal temperature
was continuously monitored by optical fiber thermometer
(FOP-M; FISO, Quebec, QC, Canada) and maintained at
37.0 + 0.5°C using a heating pad (Temperature control unit;
RAPID Biomedical GmbH, Rimpar, Germany). Warm air
was provided with a homemade automatic heating system
regulated by an electric temperature controller (ESCN;
OMRON Corporation, Kyoto, Japan) throughout all experi-
ments. During MRI scanning, the mice lay in a prone posi-
tion on an MRI-compatible cradle and were held in place
with handmade ear bars.

The DTI was performed with a 4-shot spin-echo echo-
planar imaging (EPI) sequence (TR =3.5 s, TE=23 ms, FOV
=2.56 cm x 2.56 cm, matrix size = 128 x 128, slice thickness
= 1 mm, gradient directions = 30, A = 10 ms, 8 = 5 ms).
Imaging was performed at b value = 0 and 670 s/mm?, where
the lager value is the default of the used MR system.

The CBF measurements were carried out using the
flow-sensitive alternating inversion recovery (FAIR) ASL
technique with rapid acquisition with relaxation enhance-
ment (RARE) image acquisition (TR = 12 s, TR = 46.8 ms,
FOV = 2.56 cm x 2.56 cm, matrix size = 128 x 128, slice
thickness = 1 mm, and RARE factor = 72). For both non-
selective and slice-selective acquisitions, images at 22 dif-
ferent inversion times (TIs) were acquired: 30, 100, 200, 300,
400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400,
1500, 1600, 1700, 1800, 1950, 2100, and 2300 ms. Quantita-
tive traveling-time-independent CBF values were calculated
from the signal differences between the non-selective and
slice-selective images at all TTs.?3

DTI and CBF data processing

An ordinary least-squares method was used to estimate the
diffusion tensor on a voxel-by-voxel basis with software
written in MatLab (The MathWorks, Inc., Natick, MA,
USA). The eigenvalues (41, A2, and A3) of the diffusion
tensor were used to calculate the MD and fractional anisot-
ropy (FA) as defined by the following equations:

MD = (11 + 12 + 43)/3 0
_ 2 _ 2 _ 2
A - \ﬁ (A1-MD)" + (2-MD)' + (13-MD)" )
2 AP +42° + A3

Regions-of-interest in the dorsal cortex, corpus callosum
with external capsule (CC + EC), and hippocampus were
manually drawn on the FA maps from each animal (Fig. 1B),
and the average values of the CBF, MD, and FA were cal-
culated for each ROI.

Statistical analysis

Statistical analyses were performed with the Statistics and
Machine Learning Toolbox of MatLab. All values are pre-
sented as mean + standard deviation in the “Results” section.
At first, the difference in MD and FA between the contralateral
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and ipsilateral sides was tested with a paired #-test. Since a
positive correlation between CBF and D* has been reported, 822
Pearson correlation analysis was performed between CBF and
DTI estimates. Differences in MD and FA between the ipsilat-
eral (common-carotid-artery occluded [CCAO]) and con-
tralateral sides were then analyzed with analysis of covariance
(ANCOVA) using the CBF as a covariate. A P-value < 0.05
was interpreted as being statistically significant.

Corrected MD or FA map

Corrected MD and FA maps were created when ANCOVA
was found to have a significant effect. The correction method
is explained here for the MD map (it can also apply to FA).
First, the MD map from one animal was selected as a tem-
plate, and the maps from the remaining animals were regis-
tered to it using the Image Processing Toolbox of MatLab.
Second, using the data from all animals, for each pixel the
slope (Slope (Xi, Yj)) of the regression line of MD to CBF
was estimated by ordinary least-squares. The mean MD
(MD,,(Xi, Yj)) and corrected MD (MD, (X7, Yj)) for each
pixel were then obtained using the following equations:

1 n
MD, (Xi, ¥j) = ;Zk:IMDk(Xi, Yj)

ave

(3)

(3b)

corr

MD,__(Xi, Yj) = 12:_1 (MD, (Xi, Yj) + CBE,_ —
i

CBE, (Xi, ¥j)) x Slope (Xi, ¥j))

Contra

(8001 /urwyu) 390

(=]

where CBF, is the approximate average value of CBF in the
dorsal cortex and CC + EC.

Histology and immunohistochemistry examinations
The mice were deeply anesthetized with an intraperitoneal
injection of pentobarbital (10 mg/kg) and perfused transcar-
dially with saline. The brains were then sampled and
immersed in 4% paraformaldehyde mixed with phosphate
buffer saline (PBS) and kept at 4°C overnight. Thereafter,
brains were immersed in a mixture of 30% sucrose and 70%
PBS and kept at 4°C for 3 days. The brains were frozen and
sliced into 20-um thick coronal sections and mounted on
glass slides (Matsunami Glass Ind., Ltd., Osaka, Japan). The
sections were then immunolabeled against MAP2 (rabbit
polyclonal, 1:1,000; Cell Signaling Technology Japan, K.K.,
Tokyo, Japan) and kept at 4°C overnight. The sections were
washed three times in PBS for 5 min and then incubated with
anti-rabbit IgG biotin (1:1,000) for 1 h at room temperature.
Finally, immunoreactivity was visualized using fluorescein-
labeled tyramide signal amplification (PerkinElmer Japan
Co., Ltd, Kanagawa, Japan).

Results

Comparison of ipsilateral and contralateral
measurements with a paired t-test

Brain injury after UCCAO was not observed on the
T,-weighted images (Fig. 1A). Clear CBF, MD, and FA

1.0

0.7 0

Fig. 1 (A) T,-weighted image of a chronic hypoperfusion model mouse (UCCAO). (B) T,-weighted image with dorsal cortex (red), corpus
callosum with external capsule (CC + EC, yellow) and hippocampus (green) ROIs drawn on both the ipsilateral side (right) and contralat-
eral side (left) of the brain. (C) Mean diffusivity (MD) map showing the selected brain region outlined in red. (D-F) Typical cerebral blood
flow (CBF) (D), MD (E), and fractional anisotropy (FA) (F) maps from a chronic hypoperfusion model mouse (UCCAQO).The CBF map has

left-right asymmetry, but the MD and FA maps look more symmetric.
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maps of all mouse brains at 4 weeks after UCCAO were
obtained (Fig. 1C-1F). Significant changes between the
ipsilateral and contralateral regions were analyzed with a
paired ¢-test. For CBF (Fig. 2A), the ipsilateral side showed
a significant reduction compared to the contralateral side
in the dorsal cortex, CC + EC and hippocampus ROIs
(paired #-test: P < 0.001). On the other hand, neither MD
(Fig. 2B) nor FA (Fig. 2C) showed a significant difference
for any of the ROls.

Pearson correlation analysis between the CBF and
DTI estimates

Pearson correlation analysis showed that CBF and MD in the
dorsal cortex were positively correlated on both the ipsilat-
eral (r = 0.866, P < 0.001) and contralateral (» = 0.644, P <
0.001) sides of the brain (Fig. 3A). Positive correlations were
also confirmed for both sides in the CC + EC (Fig. 3B, r =
0.812 and 0.667, P < 0.001) and hippocampus (Fig. 3C, r =
0.455 and 0.714, P < 0.01). Similar analysis showed no
correlation between CBF and FA in the dorsal cortex for
either the ipsilateral (» = 0.0115) or the contralateral sides
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(r = —0.104). Similarly, there was no correlation on either
side for CC + EC (r = 0.0954 and 0.301) and hippocampus
(r=0.239 and 0.194).

Comparison of ipsilateral and contralateral
measurements using ANCOVA

Prompted by these results, MD and FA were then analyzed
with ANCOVA using the CBF as a covariate. Analysis-of-
covariance revealed significant differences in MD between
the ipsilateral and contralateral sides of both the dorsal
cortex (interaction CBF x CCAO, P = 0.408; CBF effect,
F=22.5,P=0.0002; CCAO effect, F=9.45, P=0.0073),
and CC + EC ROIs (interaction CBF x CCAO, P = 0.728;
CBF effect, F/=20.9, P =0.0003; CCAO effect, F =16.9,
P = 0.0008). In the hippocampus, even though MD and
CBF were positively correlated for both sides (Fig. 3C),
ANCOVA found no significant CCAO effect (interaction
CBF x CCAO, P=0.728; CBF effect, F'=10.3, P=0.0056;
CCAO effect, F=1.23, P=0.284). ANCOVA found neither
a significant CBF nor CCAO effect in FA for all regions
(dorsal cortex: interaction CBF x CCAO, P = 0.969;
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by H gy s

o
"l 4 ++

0.14

Dorsal cortex | CC+EC " Hippocampus Dorsal cortex CC+EC " Hippocampus Dorsal cortex | CC+EC " Hippocampus

Fig. 2 Average values with standard deviations of cerebral blood flow (CBF) (A), mean diffusivity (MD) (B), and fractional anisotropy (FA) (C) in
the dorsal cortex, corpus callosum with external capsule (CC + EC) and hippocampus ROIs. The open and closed circles indicate the average

values on the occluded and contralateral sides, respectively, of each mouse. Significant reduction of CBF on the occluded side was found for
all three ROIs (P < 0.001), while neither MD nor FA showed a significant difference for any of the ROls. *P < 0.05.
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Fig. 3 Mean diffusivity (MD) plotted against cerebral blood flow (CBF) for dorsal cortex (A), corpus callosum with external capsule (CC + EC) (B)
and hippocampus (C) ROIs. The straight lines are fits to MD with respect to CBF for the ipsilateral side (closed circles with standard error [SE]
bars). The broken lines are similar fits for the contralateral side (open circles with SE bars). CBF and MD showed a positive correlation for all ROls.
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CBF effect, FF = 0.0898, P = 0.768; CCAO effect, FF =
5.89¢e-5, P = 0.994; CC + EC: interaction CBF x CCAO,
P = 0.0853; CBF effect, F = 0.116, P = 0.116; CCAO
effect, /' = 0.291, P = 0.597; hippocampus: interaction
CBF x CCAO, P = 0.0837; CBF effect, F = 0.990, P =
0.335; CCAO effect, F=0.804, P=0.383). The ANCOVA
results are summarized in Table 1.

Corrected MD Map

Based on the results of ANCOVA, we created an MD map
that was corrected in consideration of the influence of blood
flow (Fig. 4). In this study, the approximate value of CBF
was 130 (ml/min/100 g). The corrected map, MD__, appeared
to have a higher MD on the ipsilateral side (Fig. 4B; arrow-
head). Also, in the hippocampus, the MD_ . map appeared
higher on the ipsilateral side than on the contralateral side
(Fig. 4B; arrows), although ANCOVA did not show a signifi-
cant difference.

MAP2 immunohistochemical staining

Staining of brain sections with MAP2, which binds to the cell
body and dendrites, showed a decrease in luminance on the ipsi-
lateral side of the brain (Fig. 5). This can be best seen on the
profile drawn through the brain (Fig. SA, white dotted line) and
displayed in Fig. 5B. It is clear that there is an intensity decrease
on the ipsilateral side, especially in the dorsal cortex (Fig. 5B).

Discussion

Effect of blood flow on DTI in mouse brain

In this study, neuronal fiber injury in chronic hypoperfusion
model mice was evaluated with DTI, and the possible influ-
ence of CBF change on DTI was investigated using ASL.
Although Hu et al. have reported that a correlation between
DTI and ASL was observed in the human brain of acute
ischemic stroke (AIS) patients,'® this combination of imaging
techniques is rarely used for disease studies with animal
models. As changes in CBF and changes in water diffusion
due to neuronal injury may affect DTI parameter estimates, it
is necessary to separate these two effects to accurately eval-
uate DTI results in a disease model.

In this study, CBF and MD showed a positive correlation
in every ROI (Fig. 3), which suggests that MD was influenced
by changes in CBF. Since there was significant correlation
between CBF and MD, we performed a statistical analysis
with ANCOVA using the CBF as a covariate (Table 1).
As ANCOVA is an analytical method that can reduce the
influence of selected effects by using them as covariates on
the values to be compared, it is very useful for the analysis of
pure MD change without a CBF effect. MD showed no
change with a t-test, but ANCOVA found a significant
increase in MD for the dorsal cortex and CC + EC of UCCAO
mice. Similar analysis was performed for FA, but no signifi-
cant change could be demonstrated (graph not shown).

Table 1. Analysis-of-covariance (ANCOVA) results (F-values and P-values) for MD and FA

MD FA
Dorsal cortex CC + EC Hippocampus Dorsal cortex CC+EC Hippocampus
CBF x CCAO 0.720 (0.408) 0.130(0.728) 0.130(0.728) 0.00150 (0.969) 0.0354 (0.853) 0.0437 (0.837)
CBF effect 22.5(0.0002)* 20.9 (0.0003)* 10.3 (0.0056)* 0.0898 (0.768) 0.116 (0.738) 0.990 (0.335)
CCAO effect 9.45 (0.0073)* 16.9 (0.0008)* 1.23 (0.284) 5.89e-5 (0.994) 0.291 (0.597) 0.804 (0.383)

The numbers within parenthesis are P-values, and those less than 0.05 were interpreted as being statistically significant (*). CBF, cerebral
blood flow; CCAO, common carotid artery occluded; CC + EC, corpus callosum and external capsule; FA, fractional anisotropy; MD, mean
diffusivity.
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Micro-perfusion, which produces the IVIM effect, does not
have a specific flow direction (the so-called “incoherence”).
On the other hand, FA is a quantity indicating the degree of
diffusion anisotropy. With respect to Eq. (2) in the “Materials
and Methods” section, if a change in CBF produces an
increase in all three As by about the same factor, it is not
expected that FA will be significantly altered. In such a case,
it would be reasonable that the CBF-related FA changes were
only small compared to those for MD.

Nerve fiber degeneration due to chronic hypoperfusion

Our DTI study found an increase in MD after UCCAO in
dorsal cortex and CC + EC, and no change in hippocampus.
This result is consistent with past pathology studies.’ In a
previous study with ''C-flumazenil (!C-FMZ) PET and immu-
nostaining with Kliiver—Barrera and anti-NeuN, no neuronal
death was observed after UCCAO.° Therefore, it is suggested
that one of the causes of cognitive dysfunction in the chronic
hypoperfusion model reported by behavioral experiments
may be neuronal fiber injury. MAP2 immunostaining dyes
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cell bodies and dendrites. Since there is no change in cell
body density after UCCAO,® the changes obtained in the
present study are thought to be due to injury of dendrites
(Fig. 5). The results of MAP2 immunostaining together with
the other evidence presented here suggest that the increase in
MD is caused by neuronal fiber injury.

In previous DTI studies of chronic hypoperfusion model
rats, MD decreased!? or did not change in white matter and
cortex.!3 As the b-values they used (Soria et al.'>: b = 1,000
and Wang et al.!*>: b = 800) are larger than that used in this
study (b = 670), the effect of CBF on MD for their data may
be smaller than that seen here. However, considering the fact
that the CBF effect cannot be neglected at such b-values,"’
our results indicate a possibility that the reduction of MD due
to CBF change masks the increase of MD caused by neuronal
fiber injury. A possible means to reduce the effect of CBF on
DTI parameter estimates may be to image at b = nonzero (e.g.,
200 s/mm?) and 1,000 s/mm?, or to perform multi-b-value
DWI measurements.

If the cause of MD elevation is neuronal injury, a
decrease in FA might also be expected. However, FA reduc-
tion due to chronic hypoperfusion was not observed in our
study. A possible reason for this can be raised. Neuronal
injury due to chronic hypoperfusion is thought to accompany
axonal disorders such as demyelination.> Also, astrogliosis
and microgliosis have been reported in a chronic hypoperfu-
sion model.!? Such a condition may induce the formation of
glial scarring after axonal damage, which has been reported
to increase the FA value.?* Therefore, reduction of FA caused
by neuronal injury or demyelination may mask the FA
increase caused by glial scar formation. Further studies are
needed to explore the details of why FA did not show any
change in this study.

Effect of ASL slice orientation on quantitative

CBF values

It is possible that the choice of ASL slice orientation may
change the signal intensity because of differences in selected
tagging arteries and in-place feeding arteries. However, the
inhomogeneity of traveling time of the labeled blood in the
mouse brain is smaller than that for humans, and the multi-TI
ASL sequence used can reduce the dependence on travel-
time.?? Therefore, the ASL slice orientation may have little
effect on the quantitative CBF value.

Conclusion

The increase in MD after UCCAO found by ANCOVA may
be due to neuronal fiber injury. This view is supported by the
immunohistochemical staining results. The result that no sig-
nificant difference between ipsilateral and contralateral MD
was obtained with a paired #-test suggests that the increase in
MD is masked by CBF-related signal changes. This indicates
that CBF-related signal changes should be considered when
using DTI for pathological diagnosis.
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