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and then slightly increased 3-24 hours after infarction. Apparent diffusion coefficient values at

mote regions (cerebellum) varied along with the change of supratentorial infarction core, suggesting

that the phenomenon of diaschisis existed at the remote regions. Thus, apparent diffusion coeffi-

cient values and diffusion weighted imaging can be used to detect early diaschisis.
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INTRODUCTION

Most previous studies have detected the
phenomenon of diaschisis using positron
emission tomography™®, single photon
emission CT™*® or perfusion weighted imag-
ing®®. However, positron emission tomo-
graphy/single photon emission CT often re-
quire a radioactive tracer material to be in-
jected into the body, and a y-photon detector
then indirectly observes the distribution of the
compound and specifically reflects the
changes of blood flow, as well as function
and metabolism, in organs or lesions. In ad-
dition, these tracer materials have characte-
ristic short half-lives and radioactivity, and the
examination often requires equipment prep-
aration in a short time windows. Therefore,
compared with CT and MRI, positron emis-
sion tomography/single photon emission CT
is more expensive and more radioactive (as
the radioactive material is directly injected
into body). At present, diffusion weighted
imaging (DWI) is the only functional
non-invasive MRI method available to quan-
tify the diffusion status of water molecule in
living tissue®*!. Furthermore, apparent diffu-
sion coefficient (ADC), which eliminates T2
from DWI, can more objectively quantize
dispersion movement of tissue water
molecules!**¥,

We suggested that if DWI findings associated
with hematoxylin-eosin staining under light
microscope and immunohistochemical me-
thods show no changes in remote brain re-
gions (such as the cerebellum) after middle
cerebral artery occlusion (MCAOQO), which
illustrate that remote brain regions are not
affected (i.e., without diaschisis). However, it
has also been suggested that DWI and ADC
values cannot determine diaschisis. Never-
theless, if changes in ADC values are found
in the cerebellum after MCAO, while light
microscope and immunohistochemical re-
sults show apoptotic cells, which illustrate
that cerebral infarction after left MCAO in-
jures the cerebellum. If changes in ADC val-
ues are found in the cerebellum after MCAO
while light microscope and immunohisto-
chemical results show no apoptotic cells,

which illustrate that the cerebellum has no
substantial injury. This is because cerebral
infarction after left MCAO indirectly leads to
secondary lesion of the cerebellum via nerve
conduction pathways, which is termed dia-
schisis.

Therefore, in our study, we applied the ADC
of DWI in combination with the light micro-
scopy examination of hematoxylin-eosin
staining and immunohistochemistry for de-
tecting apoptotic cells and secondary
changes in the cerebellum following MCAO.

RESULTS

Quantitative analysis of experimental
animals

Thirty-five rats were randomly assigned into
the model group (n = 28) and the normal
control group (n = 7). The rats in the model
group, which involved ligation of the external
carotid artery to establish the MCAO models,
were divided into 1-, 3-, 9-, and 24-hour
subgroups according to the time of sampling.
During the MCAO modeling process, three
rats died because of anesthesia accidents,
and two rats died because of the sensitivity
of traction vagus. Fourteen rats in the 1-hour
and 3-hour subgroups all survived after
MCAOQ; one rat in the 9-hour group and two
in the 24-hour group died. The remaining rats
successfully completed the MRI examination,
and data of the dead animals were supple-
mented during further experiments and add-
ed into final experimental data.

MRI manifestation of brain tissue of
MCAO rats

T2-weighted imaging and DWI showed no
differences in ADC values of the left basal
ganglia and bilateral cerebella at different
time points in the control group (P > 0.05).
As the infarction time extended, DWI
showed that the infarction area of the left
basal ganglia (infarction core) increased
gradually to involve the cerebral cortex
(Figure 1), and the DWI signals were also
increased. However, T2-weighted imaging
and the DWI signal in the bilateral cerebel-
lum remained unchanged (Figure 2).
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Figure 1 Sequential MRI manifestation of infarction core

of middle cerebral artery occlusion rats (diffusion weighted
imaging).

(A-D) In the 1-, 3-, 9-, and 24-hour subgroups after middle
cerebral artery occlusion, the infarction area of the left
basal ganglia (left high signal) increased gradually as the
infarction progressed, and involved the cerebral cortex.
Numbers 1 and 2 in figures represent the region of interest
of symmetrical parts in the bilateral cerebrum.

Figure 2 Sequential MRI manifestation of the bilateral
cerebella of middle cerebral artery occlusion rats (diffusion
weighted imaging).

(A-D) In the 1-, 3-, 9-, and 24-hour subgroups after middle
cerebral artery occlusion, there were no obvious signal
abnormalities in the bilateral cerebella.

The ADC value at the infarction core and cerebellum was
decreased (P < 0.01) at 1 hour after infarction. Com-
pared with the normal control group, the ADC value at
the infarction core was decreased by approximately 58%
(P < 0.05), and the decrease in the right cerebellum
(24%, P < 0.05) was higher than that of the left cerebel-
lum (20%, P < 0.05). With increasing infarction time, the
ADC value of the infarction core showed no apparent
changes (Figure 3, Table 1).
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Figure 3 Apparent diffusion coefficient maps of the
cerebellum of middle cerebral artery occlusion rats.

(A-D) In the 1-, 3-, 9-, and 24-hour subgroups after middle
cerebral artery occlusion, the cerebellar signal was the
lowest (blue) at 1 hour. With increasing infarction time,
cerebellar signal gradually increased (yellow-green).

Histopathological changes in brain tissue of MCAO rats
In the normal control and model groups, hematoxylin-eosin
staining showed evidence of large and round neuronal
nuclei, located in the center of the cells in the bilateral ce-
rebella. The cytoplasm of cells was abundant, with no ob-
vious abnormalities. At 1 hour after MCAO, neurons in the
infarct area showed no abnormalities by light microscope,
but individual neurons showed nuclear hyperchromatism
and cytoplasm acidophily alterations. At 3 hours after
MCAO, a small number of neurons showed nuclear hyper-
chromatism and cytoplasm eosinophilic alterations in the
infarction area. At 9 hours after MCAO, the number of neu-
rons exhibiting nuclear karyopyknosis with pyknosis further
increased in the left hemisphere. At 24 hours after MCAO,
more ischemic neurons with nuclear karyopyknosis were
seen in the cerebral infarction region, and in some regions
the nucleus of the neurons had disappeared and the num-
ber of neurons was reduced. By contrast, the size and
quantity of neurons in the bilateral cerebellum showed no
abnormality by light microscope over 1-24 hours (Figure 4).

Apoptotic cell death in brain tissue of MCAO rats
TUNEL staining showed that control rats exhibited normal
brain cell numbers and morphology. With increasing MCAO
time, the number of apoptotic cells in the infarction core
gradually increased (2.40 + 0.55/200 x field of view at 1
hour after MCAO, 6.40 + 1.67/200 x field of view at
3 hours after MCAO, 37.40 + 5.73/200 x field of view at
9 hours after MCAO, and 61.00 + 7.48/200 x field of view at
24 hours after MCAO), while no apoptotic cells were ob-
served in the cerebellum at any time point (Figure 5).
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middle cerebral artery occlusion (x 10™/mm?)

Table 1 Changes in apparent diffusion coefficient (ADC) values in the infarction core and the cerebella at 1-24 hours after

Time after middle cerebral artery occlusion group (hour)

Location Normal control group
3 9 24
Left basal ganglia (infarction core) 8.226+0.277 3.418+1.197° 3.242+0.065% 3.175+0.481° 3.732+1.348%
Right cerebellum 7.480+0.253 5.668+0.339% 6.802+0.047% 6.430+0.240% 6.578+0.286%
Left cerebellum 7.317+0.163 5.850+0.101% 6.410+0.585 6.198+0.136% 6.632+0.292%

analysis of variance. ?P < 0.01, vs. normal control group.

Data are expressed as mean + SD. There were seven rats in each group. The comparisons of ADC values in the normal control group were
performed by paired t-test. The comparisons of ADC values in the two groups or various locations were performed by repeated-measures

Time after middle cerebral artery occlusion (hour)

Left basal ganglia
(infarction core)

Right cerebellum

x 200).

Figure 4 Histopathological changes in brain tissue of middle cerebral artery occlusion rats (hematoxylin-eosin staining,

With increasing occlusion time, there was progressive worsening of secondary neuronal damage in the cerebral infarction
area. By contrast, the morphology of cerebellar nerve cells was normal.

9

DISCUSSION

In our study, DWI showed a high signal area at the infarc-
tion core area at 1 hour after MCAO model establishment.
With increasing time of MCAO time, the signal became
larger and higher, and the boundary was clearer. The
statistical analysis for the changes in ADC value with time
at the infarction core area showed that ADC values rapidly
decreased at 1 hour after MCAO, slowly decrease at 3—
9 hours, and then constantly increased during 9-24 hours,
although still remained below normal levels. The changes
in ADC values at the infarction core were associated with
cytotoxic edema™ and vasogenic edema’™. The cells at
the infarction core area remain hypertonic so that extra-
cellular water enters into the cells and the extracellular
space becomes smaller, while the total tissue water con-

tent remains constant™®. With the influence of the barrier
of cell membrane and organelles, as well as the absorp-
tion of macromolecular proteins, the diffusion movements
of a large proportion of intracellular water is restricted,
which leads to decreasing ADC values and high signal on
DWI. With the presence of progressive infarction, the col-
lateral circulation does not compensate fully. Further, the
prolonged swelling of cells induces ischemia, necrosis and
gradual cellular disintegration, injury to vascular endo-
thelial cells, damage to the blood-brain barrier, and a large
amount of water and protein release from the capillary bed
to the extracellular space, resulting in enlargement of the
extracellular space and an increase of free water™®. Ac-
cordingly, the ADC values began to rise and the DWI
signals decreased. When edema is aggravated, the over-
all diffusion of water molecules accelerates, resulting in a
gradual increase in ADC values close to the normal level.
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Time after middle cerebral artery occlusion (hour)

Left basal ganglia
(infarction core)

Right cerebellum

Figure 5 Histopathological changes in brain tissue of middle cerebral artery occlusion rats (TUNEL staining, x 200).

With increasing occlusion time, there was a progressive increase in the number of apoptotic cells in the cerebral infarction site.
By contrast, there was no evidence of apoptosis of cerebellar nerve cells.

When DW!I is applied to evaluate hyperacute and acute
supratentorial cerebral infarction, most studies have
examined the lesion itself and changes of the surround-
ing ischemic penumbral™?¥, rather than examining the
signal changes at remote locations such as the cerebel-
lum. Importantly, the results of the present study indi-
cated that the ADC values of the cerebellum changed
with the development of the infarct core. Nevertheless,
unlike the finding that the number of apoptotic cells at the
supratentorial infarction core increased with time, no
cerebellar cells were apoptotic during the 24 hours. The
reason for this phenomenon may be that the nerve signal
transmission originating from the fronto-parietal cortex is
affected after pathological changes in neurons in the
supratentorial infarction core. With the crossing nerve
fibers connecting between the bilateral cerebellums, the
nerve signals lead to functional inhibition of the remote
cerebellum, but without pathological changes. In the
present study, the ADC values were statistically different
between the bilateral cerebellums after supratentorial
cerebral infarction compared with those in the normal
control group, indicating that supratentorial infarction
brain tissue in MCAO models can affect normal signal
transduction of the cortico-ponto-cerebellar neural fiber
pathway®?"!. These changes in neural activity can result
in altered coupling of local blood flow®. The ADC value
within tissues can reflect water molecular diffusion and
capillary perfusion®. As such, cerebellar ADC values
exhibited differences after supratentorial cerebral infarc-
tion, including contralateral (right) cerebellar diaschisis
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and ipsilateral (left) cerebellar diaschisis. At the same
time the ADC values of the cerebellum exhibited fluc-
tuating changes, with a mild decrease at 9 hours after
infarction. The ADC values at the right cerebellum
changed more than the left hemisphere, then they both
decreased. The reason for these phenomena may be
related to the following factors. After ischemia and hy-
poxia in the early phase of left MCAO, the brain tissue is
compensated by the increasing blood flow and the cyto-
toxic edema is mitigated, and ADC values of remote
controlled regions are recovered. With increasing degree
of infarction, the brain tissue cannot compensate for re-
ductions in local blood supply, resulting in neuronal ne-
crosis. Thus, the ADC values had a slight fluctuation at
9 hours, but the variation was mild. The ADC values of
the right cerebellum decreased more apparently than the
left at 1 hour after infarction. This may be because the
corticospinal tract nerve fibers from the frontal and pa-
rietal cortex mostly cross to the contralateral cerebellum,
but only a small part of these pathways entered the ipsi-
lateral cerebellum. Thus, left cerebral hemisphere infarc-
tion caused more severe effects on the right cerebellar
hemisphere.

The changes in ADC values of distant brain structures after
MCAO are consistent with the diaschisis theory! * & .
Diaschisis is a clinical symptom that commonly appears
after ischemic infarction, but which does not match the
imaging examination of the infarction. Diaschisis involves
the process whereby local brain damage leads to tran-
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sient functional inhibition of normal structures at remote
regions that exhibit fiber connections to the primary le-
sion area. Diaschisis can be roughly divided into the
following types®!: ipsilateral hemisphere diaschisis; ce-
rebellar diaschisis; thalamic diaschisis; and brainstem
diaschisis. Diaschisis has the following features®: (1) it
is the result of local brain damage; (2) it occurs at regions
remote from the area of injury; (3) it involves functional
inhibition of distant brain locations; (4) it involves cor-
responding neuronal fiber pathways; and (5) it is a re-
versible process and can be recovered over a certain
period of time. In our study, we discovered cerebellar
diaschisis following ischemic infarction in the rat brain.
The contralateral cerebellar diaschisis (crossed cerebel-
lar diaschisis) was more obvious than ipsilateral cere-
bellar diaschisis after supratentorial cerebral infarction,
suggesting that crossed cerebellar diaschisis is poten-
tially important. In 1980, Baron et al ! first reported evi-
dence of a decrease in contralateral cerebellar hemis-
pheric blood flow and oxygen metabolism in patients with
cerebral infarction by noninvasive 150 continuous inha-
lation method combined with positron emission tomo-
graphy. In 1993, Sakashita et al ™ found 11 cases
(nearly 78.6%) of hypoperfusion on the contralateral
cerebellar hemisphere in 14 cases of supratentorial un-
ilateral infarction using single photon emission CT. In
2009, Lin et al ® analyzed magnetic resonance perfusion
weighted images of 301 patients with cerebral infarction
and found 47 patients with diaschisis. Similar experi-
mental studies by Chu et al ¥ also found diaschisis in
the contralateral cerebellar hemisphere using hydrogen
clearance in an MCAO model with cerebral infarction.
Based on these findings, the results of our study were
consistent with cerebellar diaschisis.

The study of diaschisis is often limited to positron emis-
sion tomography, single photon emission CT and other
traditional methods. The '**Xe inhalation method for
measuring cerebral blood flow at remote sites has also
been applied to explore clinical diaschisis phenomena®?.
Subsequently, positron emission tomography was used
to report diaschisis by detecting the cerebral metabolic
rate of oxygen®! and cerebral metabolic rate of glu-
coseP®. Nagasawa and Kogure®® also reported changes
of distant sites after ischemia with “>Ca autoradiography
technology in a model of transient focal ischemia induced
by embolization of the right middle cerebral artery. Fur-
ther, Izumi et al ®” explored the changes in T2-weighted
imaging in different brain regions after MCAO, which
indirectly reflected the changes in remote brain regions.
The role and connection between injury and remote re-
gions was also examined in terms of hemodynamics

using perfusion weighted imaging®®3%. However, it is

important to note that different imaging methods can
produce differing results. For example, Madai et al ©?
reported that positron emission tomography was more
sensitive to detect cerebellar diaschisis than perfusion
weighted imaging using 1.5T MRI. Jeon et al Y analyzed
81 cases of acute cerebral infarction patients using mul-
ti-slice computed tomography, and evaluated the
changes of cerebral blood flow, cerebral blood flow vo-
lume, mean transit time, and time to peak. Their results
indicated that computed tomography perfusion imaging
was a valid tool for the diagnosis of crossed cerebellar
diaschisis in patients. Our study also suggested evi-
dence of cerebellar diaschisis using changes in ADC
values after MCAO.

In summary, we observed changes in ADC values in the
cerebellum following an infarct core area in rodent
MCAO models. These data demonstrate that diaschisis
exists on both sides of the remote cerebellum, which was
closely related to the nerve pathway from the site of in-
farction. Previous imaging evaluation of distant parts
after supratentorial cerebral infarction are primarily li-
mited to single photon emission CT, positron emission
tomography, and perfusion weighted imaging. DWI is a
routine sequence of clinical diagnosis of cerebral infrac-
tion that uses a high scanning speed without intravenous
administration of contrast agents. Thus, DWI provides a
convenient and efficient new method to evaluate dia-
schisis.

MATERIALS AND METHODS

Design
A randomized controlled animal experiment of neuroi-
maging.

Time and setting

The experiment was performed at the Clinical Centre of
the First Affiliated Hospital of Wenzhou Medical College
between December 2010 and March 2011.

Materials

Thirty-five adult male Sprague-Dawley rats, weighing
260-300 g, were provided by the Experimental Animal
Center of Wenzhou Medical College, China (license No.
SYXK (Zhe) 2010-0150). The rats were fed with standard
feed and had free access to water in a quiet room at
20-25°C and 70% humidity. Animal experiments were
performed in accordance with the Guidance Suggestions
for the Care and Use of Laboratory Animals, issued by

2947



Yang YJ, et al. / Neural Regeneration Research. 2013;8(31):2942-2950.

the Ministry of Science and Technology of China!*?.

Methods

Establishing MCAO model

The left MCAO model was prepared according to Lon-
ga’s method*®. We separated and exposed the common
carotid artery, internal carotid artery, and external carotid
artery, and then ligated the external carotid artery and its
branches. A thread was inserted into the proximal part of
common carotid artery. A small incision was then made
close to the common carotid artery crotch, and a nylon
suture inserted 18.5 + 0.5 mm into the internal carotid
artery and past the middle cerebral artery origin, to reach
the proximal segment of the anterior cerebral artery. At
this point, the intraluminal suture blocked the origin of the
middle cerebral artery. The room temperature was
maintained at 22°C, and each successful MCAO model
was kept in a single cage.

MRI detection

Before MRI examination, the animals were anaesthe-
tized with two intraperitoneal injections of 10% chloral
hydrate. Two groups of experimental animals were ex-
amined by MRI at 1, 3, 9, and 24 hours after modeling.
MRI was performed using a 3.0-T GE (GE, Medical
System, Milwaukee, WI, USA) scanner with single-
channel birdcage coil, including conventional T1-
weighted imaging, T2-weighted imaging, and DWI. The
sequence parameters were as follows: sequence scan-
ning 10 layers, thickness 2.4 mm, and zero-gap scanning.
For T1-weighted imaging: fast spin echo sequence, time
of repetition/time of echo = 2 000/13.1 ms, field of view
6.0, number of excitations = 8.00, matrix 64 x 64. For
T2-weighted imaging: fast spin echo sequence, time of
repetition/time of echo = 2 000/24.2 ms, field of view 6.0,
number of excitations = 8.00, matrix 64 x 64. For DWI:
spin echo, single-shot echo-planar imaging sequences,
time of repetition/time of echo = 2 000/80.4 ms, field of
view 6.0, matrix 64 x 64, diffusion gradient in mutually
perpendicular X, Y, Z axis, two diffusion sensitivity coef-
ficients b = 0 s/mm?and b = 1 000 s/mm?, ramp sampling,
and imaging acquisition time 64 seconds. Quantitative
ADC maps were generated using dedicated commer-
cially available software (Functool 2; GE Healthcare).
Two senior magnetic resonance physicians compared
and analyzed the ADC maps and then measured ADC
value of the 2-mm? region of interest.

Harvesting specimens

After MRI scan was completed, rats were euthanized by
overdose of anesthesia. We cut a 1-mm-thick area of
each of the infarction and cerebellum according to MRI
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scanning levels. After paraffin embedding, we cut con-
secutive coronal sections (5 mm thick). The sections
were placed in 60°C oven for 30 minutes after mounting,
and then stored in a slice box at room temperature.

Hematoxylin-eosin staining for detecting
pathological change of brain tissue and cerebellum
Seven rats in each group (control group, MCAO 1-hour,
3-hour, 9-hour, and 24-hour groups) were collected, and
two sections of the infarction core and contralateral ce-
rebellum were selected for hematoxylin-eosin staining.
Briefly, sections were dewaxed and rehydrated, rinsed in
distilled water for 5 minutes, and then immersed in May-
er’s hematoxylin for 5-10 minutes followed by rinsing for
additional 5 minutes. The slices were then differentiated
in 1% hydrochloric acid ethanol for 30 seconds, rinsed
for 3 minutes to blue, and then immersed in eosin for 5
minutes, rinsed for 5 minutes, cleared, and mounted. We
observed the pathological change using light microscopy
(Olympus, Tokyo, Japan).

TUNEL staining for detecting the apoptosis of nerve
cells

Brain tissue sections of rats in each group were dewaxed
and incubated with hydrogen peroxide, rinsed, incubated
in Proteinase K, rinsed with PBS, incubated in TUNEL
reaction mixture (Boehringer Mannheim, Beijing, China),
rinsed with PBS, blocked with hydrogen peroxide me-
thanol and sheep serum, incubated in transforming
agent-peroxidase, rinsed with PBS, developed with DAB,
rinsed with water, counter-stained in Mayer’'s hematox-
ylin, rinsed with water, differentiated in hydrochloric acid
alcohol, rinsed, cleared, and mounted. Every section was
counted manually in five high-power fields (200 x magni-
fication). Finally, we calculated the average number of
the TUNEL-positive cells.

Statistical analysis

Data were statistically analyzed using SPSS 16.0 soft-
ware (SPSS, Chicago, IL, USA) and the results were
expressed as mean * SD. The comparisons of ADC
values in the normal control group were performed by
paired t-test. ADC values in various locations and apop-
totic cells (TUNEL-positive cells) at different time points
were compared using repeated measures analysis of
variance. A P value < 0.05 was considered statistically
significant.

Research background: Ischemic cerebrovascular disease can
cause functional inhibition of remote regions (e.g., the cerebel-
lum), which may be relevant to diaschisis.

Research frontiers: Previous studies have focused on changes
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in magnetic resonance diffusion-weighted imaging and apparent
diffusion coefficient values in ischemic cerebrovascular disease
lesions and the surrounding ischemic penumbra. However, the
secondary changes in the cerebellum after supratentorial unila-
teral cerebral ischemic infarction are largely unknown.

Clinical significance: Apparent diffusion coefficient values can
effectively detect and quantify changes in remote regions after
supratentorial unilateral cerebral infarction, thus providing a
new method for clinical evaluation of diaschisis after cerebral
infarction.

Academic terminology: Diaschisis is the phenomenon where
local brain damage can lead to transient functional inhibition of
normal structures at remote regions that have neural fiber
connections to the primary lesion.

Peer review: Apparent diffusion coefficient values were ex-
amined to explain the apoptosis of cerebellar nerve cells after
unilateral middle cerebral artery occlusion. The analysis of
pathological findings increased the strength of the paper.
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