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%signal change

New: 93 %
Lure: 44 %
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Abstract The cerebellum is a crucial structure for cognitive
function as well as motor control. Benign brain tumors such as
schwannomas, meningiomas, and epidermoids tend to occur
in the cerebellopontine angle cisterns and may cause compres-
sion of the posterior lateral cerebellum near the superior pos-
terior fissure, where the eloquent area for cognitive function
was recently identified. The present study examined cognitive
impairment in patients with benign cerebellar tumors before
and after surgical intervention in order to clarify the functional
implications of this region in humans. Patients with cerebellar
tumors showed deficits in psychomotor speed and working
memory compared with healthy controls. Moreover, these im-
pairments were more pronounced in patients with right cere-
bellar tumors. Functional magnetic resonance imaging during
performance of a lure task also demonstrated that cerebellar
tumors affected pattern separation or the ability to distinguish
similar experiences of episodic memory or events with
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discrete, non-overlapping representations, which is one of
the important cognitive functions related to the hippocampus.
The present findings indicate that compression of the human
posterior lateral cerebellum affects hippocampal memory
function.

Keywords Posterior lateral cerebellum - Cognitive function -
Brain tumor - Memory - Hippocampus - fMRI

Introduction

Recent research has shown that the cerebellum plays an im-
portant role in cognitive and emotional functions as well as
motor control [1-4]. Studies using functional magnetic reso-
nance imaging (fMRI) have shown that the actual use of a tool
(e.g., scissors) primarily activates the anterior cerebellum,
whereas imaginary use of a tool activates the lateral posterior
lobe of the cerebellum [5]. Skilled use of the tool after learning
activates a specific area near the superior posterior fissure,
indicating that the posterior cerebellum is essential for infor-
mation processing, space representation, and some procedural
memory [6, 7] and is dependent upon the sequential relation-
ship between discrete elements, just as in the serial reaction
task. However, the acquisition of other skills does not require
the learning of sequences like prism adaptation, which can be
acquired during short-term motor learning. Human studies
have identified the important contribution of the cerebellum
to intrinsic functional connectivities [8, 9] and higher cogni-
tive functions, especially to episodic memory, working mem-
ory, and procedural memory [10-13]. Nonetheless, the rela-
tionship between the cerebellum and hippocampal circuits in
memory systems has not been fully evaluated.

Benign cerebellar tumors are isolated focal lesions that are
frequently localized in the cerebellopontine angle or around
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the superior posterior fissure and do not invade or destroy
neural networks, unlike gliomas or vascular strokes. These
tumors are essentially regional, thereby allowing a more dis-
crete estimation of the functionality of a specific region
through examination of whether the function lost before oper-
ation recovers after surgical treatment. However, although
preservation of VIIth and VIIIth cranial nerve function is pri-
oritized during neurosurgical treatment, the cognitive function
of these patients has not been evaluated. We therefore ana-
lyzed the cognitive impairment of patients before and after
surgical intervention in order to evaluate the functional in-
volvement of the posterior lateral cerebellum near the superior
posterior fissure. We found that patients with right cerebellar
tumors exhibited disturbances in psychomotor speed as exam-
ined by the digit symbol test (DST) and working memory as
examined by the digit span test (DS) when compared with
healthy controls. Nonetheless, the classical neuropsychologi-
cal domain does not really have a distinct functional anatomy.

In the current study, we analyzed the distinct human cere-
bellar contribution to memory systems under whole brain net-
work organization using the method of Global Brain
Connectivity (GBC). Several past studies have indicated that
cognition involves large-scale human brain systems with mul-
tiple interacting regions. We therefore tried to identify a prom-
inent feature of this hub of human cognition using lure task-
related and resting-state functional MRI (rs-fMRI) data. We
focused on the pattern separation ability that discriminates be-
tween similar experiences of episodic memory, a crucial com-
ponent of the hippocampal memory circuit, and used functional
MRI (fMRI) to investigate subjects performing an established
lure task [14]. Interestingly, patients with cerebellar tumors se-
lectively showed a decreased ability for pattern separation in
the lure task. We first identified nine regions related to pattern
separation ability by imposing stringency criteria based on an
activation map of lure task fMRI findings from normal volun-
teers. Blood oxygen level-dependent (BOLD) signals, which
are one of the indices of hemodynamic responses to neural
activity, were correlated to correct response rates in the lure task
associated with the activity of the following four distinct re-
gions: right and left cerebellar hemisphere (lobule VI/Crus 1),
left anterior mid-cingulate cortex (aMMC), and right hippo-
campal dentate gyrus (DG). We then tested whether these re-
gions showed high GBC in the rest of the brain using rs-fMRI
data. We found that GBC correlated to a correct response rate in
the lure task was limited to three of these regions, excluding the
left cerebellar lobule VI/Crus 1. Finally, we ascertained that this
correlation was altered in patients with right and left cerebellar
tumors as compared with normal healthy volunteers. We there-
fore hypothesized that the cerebellar contribution to pattern
separation ability is dependent upon integration of the right
cerebellar hemisphere (lobule VI/Crus 1) associated with the
left aMMC and right hippocampal DG. The pattern changes
in the functional connectivity of patients with cerebellar tumors
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may indicate an important contribution of the human cerebel-
lum to higher cognitive functions associated with hippocampal
memory systems.

Materials and Methods
Subjects

Neuropsychological assessments were carried out on 28 pa-
tients with benign cerebellar tumors (mean age 50.9+
12.1 years; 11 males, 17 females), 17 with right cerebellar
lesions (mean age 49.4+13.6 years; 8 schwannomas, 8§ me-
ningiomas, and 1 epidermoid) and 11 with left cerebellar le-
sions (mean age 53.5+8.3 years; 6 schwannomas, 2 meningi-
omas, 2 epidermoid, and 1 lipoma) (Table 1), as well as on a
control group consisting of 23 healthy controls matched for
age, sex, and years of education (mean age 53.4+14.1, range
21-72 years; 9 males, 14 females). Regarding clinical histo-
ries, one patient (R19) had previously undergone gamma
knife radiosurgery, and two patients (L10 and L17) had recur-
rent tumors. Patients were excluded for the following reasons:
age under 20 or over 78 years; lesions involving non-
cerebellar cortical or subcortical regions; history of alcohol
or drug abuse; or pre-existing psychiatric disease.
Neurological examinations of gait, kinetic function-arm, ki-
netic function-leg, speech, and eye movements were conduct-
ed based on the Brief Ataxia Rating Scale [15]. All patients
showed normal performance except for two cases (R2 and R7)
who walked almost naturally, but were unable to walk with
their feet in the tandem position. The locations of the cerebel-
lar tumors are shown in Fig. 1 and Table 2. Notably, the tumor
compressed the posterior lateral cerebellum in all patients,
especially lobule VI and Crus I (Fig. 1 and Table 2). Lesion
size was measured in milliliters on preoperative MRI, accord-
ing to the formula; axbxc/2, where a and b indicate the
longest crossed dimension of the horizontal plane, and ¢ indi-
cates the greatest length of the tumor in the coronal plane.

Informed Consent and Approval

All patients and control subjects provided written informed
consent for this investigation. The study was approved by
the ethical committee of the University of the Ryukyus.

Experimental Design

In the preoperative stage, 28 patients with cerebellar lesions
underwent neuropsychological assessments and 19 patients
participated in the fMRI examination. The fMRI study was
conducted once before surgical treatment. In the postoperative
stage, 12 patients with right cerebellar tumors (mean age 45.0
+11.5 years, range 21-64 years; 3 males, 9 females)
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Table 1  Summary of 28 patients examined by neuropsychological assessment

Patient number Sex/age/handedness Diagnosis Lesion side Size of lesion (mL) Follow-up assessment fMRI study (preop)
R1 F/38/right Meningioma Right 341

R2 M/21/right Schwannoma  Right 50.56 +

R6 M/61/right Schwannoma Right 0.27 +

R7 F/42/right Schwannoma Right 18.31 + +
R10 F/51/right Meningioma Right 6.55 + +
RI11 M/64/right Epidermoid Right 2.66 + +
R12 F/34/right Meningioma Right 3.46 + +
R13 F/52/right Meningioma Right 5.85 +

R14 M/63/right Schwannoma  Right 7.95 +
R15 M/76/right Schwannoma  Right 5.79

R16 F/50/right Meningioma Right 5.79 +
R17 M/49/right Schwannoma Right 3.68 +
R18 F/40/right Schwannoma Right 11.7 +
R19 M/60/right Schwannoma  Right 5.22 +
R20 F/40/right Meningioma Right 0.42 +
R21 F/36/right Meningioma Right 7.71 +
R22 F/63/right Meningioma Right 13.51 +
L2 M/49/right Meningioma Left 3.82

L4 F/48/right Schwannoma Left 27.34 +
L9 F/55/right Schwannoma Left 3.18

L10 F/47/right Schwannoma Left 4.69

L11 F/69/right Meningioma Left 5.68

L12 F/59/right Epidermoid Left 3.97

L13 M/53/right Lipoma Left 0.79 +
L14 M/38/left Schwannoma Left 25.94

L15 F/62/right Schwannoma  Left 0.25

L16 M/55/right Epidermoid Left 13.55

L17 F/38/right Schwannoma Left 16.89

“+” indicates participation in the follow-up assessment or fMRI study

M male, F female

underwent follow-up neuropsychological assessments in or-
der to examine whether surgical intervention had an effect on

Fig. 1 Tumor topography of
right (middle image, n=17) and
left cerebellar tumors (right
image, n=11). Light blue line
indicates the superior posterior
fissure; yellow line indicates the
horizontal fissure in the left image

functional recovery. Detailed individual profiles are shown in
Table 1.
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Table 2 Lesion characteristics in patients with cerebellar tumors

Hemisphere
Case code I II III IV V VI Crusl CrusIl VIIB VIII IX X
Right side
R1 X X
R2 X X X X X X X X X X
R6 X
R7 X X X X X X X X X
R10 X X X X X
R11 X X X X X X X
R12 X X X X X X
R13 X X X X
R14 X X X X X X X
R15 X X X x
R16 X X X X X X X X X
R17 X X X X X X
R18 X X X X X
R19 X X X X X X X X X
R20 X X X
R21 X X X X X X X
R22 X X X X X X X x
Left side
L2 X X X X X
L4 X X X X X X X X X X
L9 X X X
L10 X X X X X X X
L11 X X X X X X X X
L12 X X X X X X X X
L13 X
L14 X X X X X X X X X
L15 X
L16 X X X X X
L17 X X X X X

“x” denotes the existence of a tumor at preoperative stage. “x ” indicates the residue at postoperative stage

Neuropsychological Assessment

The battery consisted of the following tests: (I) mini-mental
state examination (MMSE) [16] and modified MMSE (3MYS)
[17] for global cognitive screening, (I) Trail Making Test
(TMT) [18] and Stroop test (ST) [18] for executive function,
(IIT) Wechsler Adult Intelligence Scale-Revised (WAIS-R)
digit span subtest (DS) [19] for working memory, (IV)
WAIS-R DST [19] for psychomotor speed, (V) partial
WAIS-R block design subtest (fifth and ninth items) [19]
and the cube-copying test for visuospatial ability. For quanti-
tative assessment of constructional ability in the cube-copying
test, the points of connection and plane-orientation errors were
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evaluated. A point of connection was defined as a point at
which three lines met to form a vertex, hence subjects could
score up to eight points, since eight points of connection are
present in a cube. Each plane with two pairs of parallel lines
was evaluated in terms of the number of lines and the extent to
which they were parallel. No plane-error points were scored if
the cube was copied accurately [20]. We selected brief neuro-
psychological tests that could be performed within 1 h in order
to reduce the burden on patients in the preoperative or post-
operative therapeutic stage. As for the duration of patients’
follow-up, we carried out of the assessment within 6 months
after resection of the tumor. Patient R2 with a huge
schwannoma showed transient neurological symptoms related
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to the IVth nerve. The double vision by such nerve injury
influenced cognitive performance, so we followed up the pa-
tient until recovery of its symptom.

Event-Related fMRI Study
Subjects

Twelve patients with right cerebellar tumors (mean age 46.9+
13.3 years, range 17—66 years; 3 males, 9 females), 7 patients
with left cerebellar tumors (mean age 53.3+10.1 years, range
38-69 years; 2 males, 5 females), and 30 normal healthy vol-
unteers (mean age 24.0+5.2 years, range 22-35 years; 21
males, 9 females) were enrolled in this study (Table 1). The
normal healthy volunteers that participated in the fMRI study
were different from those included in the neuropsychological
analysis. Standard values in each generation of the correct
response rate in fMRI behavioral task were not established.
Therefore, to estimate a normal value of the correct response
rate, we recruited healthy young subject. None of these pa-
tients had any signs or history of neurological or psychologi-
cal diseases. This study was approved by the ethical commit-
tee of the University of the Ryukyus with written informed
consent obtained from all participants. Subjects were all right-
handed according to the Edinburgh Handedness Laterality
Index, with a median score of 100 (range 80—100).

Experimental Paradigm

The fMRI behavioral paradigm used was a rapid event-related
fMRI design [14, 21, 22] based on an explicit three-alternative
forced choice task including novel (new), repeated (same),
and lure (similar) stimuli consisting of color photographs of
common objects. A fully randomized functional run consisted
of 108 total trials, 16 lure sets, 16 repeat sets, and 44 unrelated
novel items (foils) (Fig. 2). Forty-four foil trials, 16 trials first
presented from repeat sets, and 16 trials first presented from
lure sets were presented as the new stimuli. The same stimuli
were 16 trials, which are second presented from repeat sets.
The lure stimuli were 16 trials which are second presented
from similar sets. Each stimulus was presented for 2,500 ms
with a 01,000 ms interstimulus interval to prevent adaptive
stimulus responses. The number of trials separating similar
and identical pairs was randomly varied from 10 to 40 trials.
Several photographs were displayed to participants on a gog-
gles display during the session. If the photograph was first
presented in the session, participants were required to press
the red button indicating a new object. If the photograph had
been displayed before in the session, examinees were
instructed to press the blue button indicating a repeated object.
Finally, if they thought that the photograph was similar to, but
not the same as previous stimuli, they were required to press
the green button, indicating a similar but not identical object.

Responses and reaction times were recorded in a button box
(Current Designs, Inc., Philadelphia, Pennsylvania). Visual
stimuli were presented to the subjects using 800 x 600 resolu-
tion magnet-compatible goggles under computer control
(Resonance Technologies, Inc., Salem, Massachusetts) using
Presentation® software (Neurobehavioral Systems, Inc.,
Austin, Texas).

MRI Data Acquisitions

Anatomical and functional images were obtained using a 3-T
MRI scanner (Discovery MR750; GE Medical System,
Waukesha, Wisconsin, USA) with a 32-channel head coil
and high-order manual shimming to the temporal lobes. The
array spatial sensitivity encoding technique (a parallel imag-
ing technique) was used to acquire imaging data by reducing
geometric distortion for echo planar imaging (EPI). The ana-
tomical three-dimensional (3D) spoiled gradient recalled echo
(SPGR) sequence was obtained with a high-resolution 1-mm
slice thickness (matrix size 256%256, field of view 256 %
256 mm, repetition time 6.9 ms, echo time 3 ms, flip angle
15°). T2*-weighted EPI sequence was used to measure BOLD
contrast (repetition time 1,500 ms, echo time 25 ms, flip angle
70°, matrix size 128% 128, field of view 192x192, in-plane
resolution 1.5%x1.5 mmz, 23 slices, 3-mm thickness, 0-mm
space). A total of 303 volumes were collected over one session
during the experiment in a sequential ascending order. A high-
resolution T2 fast spin echo (T2 FSE) sequence (repetition
time 4,300 ms, echo time 92 ms, matrix size 512x512, field
of view 192%192, in-plane resolution 0.375%0.375 mm?, 23
slices, 3-mm thickness, 0-mm space) was obtained for the co-
registration of 3D SPGR and EPI functional images. EPI func-
tional images and T2 FSE structural images were acquired in
an oblique coronal plane perpendicular to the long axis of the
hippocampus. Almost the entire hippocampus (head, body,
and tail) was included in the 23 slices. Functional images were
localized in the sagittal plane of the SPGR image to identify
the long axis of the hippocampus. Oblique coronal slices were
fitted to the principal longitudinal axis of the hippocampus
covering the entire bilateral medial temporal lobes. Firstly,
distortions of fMRI signals were corrected by array spatial
sensitivity encoding techniques, which were used to improve
temporal and spatial resolution and reduce artifacts. Secondly,
higher order shims were employed to directly compensate for
local field distortions. These methods guaranteed homogene-
ity of the magnetic field.

Preprocessing and Estimations
Functional and structural MR images of the brain were
preprocessed using the methods of realignment, temporal cor-

relation, spatial normalization, and spatial smoothing. The da-
ta were analyzed using SPMS software (Wellcome Trust
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2500 ms

Start

Fig. 2 fMRI behavioral task. Images of single items were presented for
2,500 ms followed by a 0-1,000 ms interstimulus interval. Novel,
repeated, and similar lure items were randomly shuffled in the task.

Centre for Neuroimaging, University College London,
London, UK). The first five volumes in each data set were
removed to ensure that the signal reached a steady state. EPI
functional images were corrected to account for the differ-
ences in slice acquisition times by interpolating the voxel time
series using sinc interpolation and resampling the time series
using the center slice as the reference point. The EPI function-
al images were then corrected for motion artifacts by realign-
ment to the first volume. A mean EPI functional image was
constructed during realignment. Co-registration was per-
formed through two processes. Both the mean EPI functional
image and the motion-corrected EPI functional images were
co-registered to the T2 FSE structural image. The co-
registered T2 FSE structural image was then co-registered to
the structural SPGR image. Next, the registration points of the
anterior and posterior horns of the lateral ventricle, top surface
of the paracentral lobule, and bottom surface of the inferior
temporal gyrus were checked in the T2 FSE structural, struc-
tural SPGR, and EPI functional images. Before spatial nor-
malization, a parameter was produced by the segmentation
process from the structural SPGR image. The structural
SPGR image and EPI functional images were spatially nor-
malized (1x1x1 mm) using the Montreal Neurological
Institute space. Finally, the images were spatially smoothed
using a Gaussian kernel with a full width at a half maximum of
3 mm. To detect the brain activation associated with a specific
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Samples of lure

Okinawan bitter melon

Hibiscus

Upper left insets show three task buttons for new (red), lure (green),
and repeated (blue) stimuli. Lower right insets show examples of lure
pairs; Okinawa guardian lions and hibiscuses

task while simultaneously reducing noise, the size of the
smoothing kernel was kept at a recommended 2 to 3 times
the voxel size [23]. A high-pass filter regressor (200 s) was
included in the design matrix to exclude low-frequency
noise and artifacts. To identify the correct activation spots
of the brain, movement effects were discounted in a number
of rows (298) and columns (3 translations and 3 rotations).
For each subject, the three (new, lure, and repeated) regres-
sors were estimated by a general linear model calculated by
applying a canonical hemodynamic response function com-
bined with time and dispersion derivatives. To assess the
main effect of the lure images, as characterized by both
the hemodynamic response function and these derivatives,
an F-contrast obtained by the F test was required. Intra-
individual activation maps were calculated by F tests. We
calculated second-level group contrasts using a one-sample #
test for each regressor (new, lure, and same) from the re-
sponse of the canonical hemodynamic function. Differences
in the intensities of the activation between task conditions
were confirmed by a voxel-level threshold of p<0.001 un-
corrected, and a cluster-level threshold of FWE (family-wise
error)-corrected p<0.05. We extracted the average percent
signal change values of the regions of interest (ROIs) from
the anatomically defined AAL ROI atlas [24] and
established 3D MRI atlases [25-27] for each subject and
type of task stimuli using the MarsBar toolbox [28].
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Global Brain Connectivity Analysis
Subjects

Twelve patients with right cerebellar tumors (mean age 46.9+
13.3 years, range 17—66 years; 3 males, 9 females), 7 patients
with left cerebellar tumors (mean age 53.3+10.1 years, range
38-69 years; 2 males, 5 females), and 15 right-handed healthy
volunteers (mean age 27.6+6.5 years, range 2044 years; 5
males, 10 females) were enrolled in this study. The normal
healthy volunteers participating in the resting-state fMRI
study were different from those included in the neuropsycho-
logical analysis and the event-related fMRI experiment. No
participants had any signs or history of neurological or psy-
chological diseases. This research was approved by the ethical
committee of the University of the Ryukyus, and written in-
formed consent was obtained from all participants.

Acquisition of Resting-State fMRI Data

Functional and anatomical images were obtained using a GE
Discovery MR750 3.0 Tesla MRI scanner (GE Medical
System) with a 32-channel head coil. In order to minimize head
movement, the heads of each of the participants were fixed using
foam pads. In order to reduce geometric distortion in EPI, a
parallel imaging technique known as the array spatial sensitivity
encoding technique was used during imaging data acquisition.
T2*-weighted EPI images were used to measure BOLD contrast
(repetition time 2,000 ms, echo time 30 ms, flip angle 70°, matrix
size 64x64, field of view 256x256, in-plane resolution 4 x
4 mm, 42 slices, 4-mm thickness, 0-mm space). During EPI
image scanning, participants were instructed to remain motion-
less, remain awake, relax with their eyes closed, and to try not to
think about anything in particular. A total of 150 volumes were
collected over one session in a sequential ascending manner (plus
5 initial discarded volumes). An anatomical three-dimensional
spoiled gradient recalled echo (3D SPGR) sequence was obtain-
ed with high-resolution 1-mm slice thickness (matrix size 256 x
256, field of view 256 %256 mm, repetition time 6.9 ms, echo
time 3 ms, flip angle 15°). A high-resolution T2 fast spin echo
(T2 FSE) sequence (repetition time 4,300 ms, echo time 92 ms,
matrix size 256 %256, field of view 192 %192, in-plane resolution
1.33x1.33 mm, 42 slices, 4-mm thickness, 0-mm space) was
obtained for the co-registration of 3D SPGR images and EPI
functional images. EPI functional and T2 FSE structural images
were acquired in an oblique axial transverse plane (tilted 30°
anterior relative to the intercommissural plane).

Preprocessing and Analysis of Resting-State fMRI Data
Following this step, fMRI preprocessing, analysis, and visual-

ization methods were conducted as implemented in SPM (8
package, http://www.fil.ion.ucl.ac.uk/spm8/) and the “conn”

toolbox (www.nitrc.org/projects/conn). Images were corrected
for slice acquisition time within each volume, motion corrected
with realignment to the first volume, spatially normalized to the
standard MNI EPI template, and spatially smoothed using a
Gaussian kernel with a full width at half maximum of § mm.
3D SPGR images were co-registered with each mean EPI and
T2 FSE image, and averaged together to permit anatomical
localization of the functional connectivity at the group level.
The transformed structural images were segmented into gray
matter (GM), white matter (WM), and cerebrospinal fluid
(CSF) using a unified segmentation algorithm.

In addition to removing noise correlations present in WM
and CSF, the addition of six motion regressors (six realignment
parameters and first derivatives) controlled for correlations due
to movement. Data were filtered between 0.009 and 0.08 Hz.

Correlation Analysis with Global Brain Connectivity
and the Lure Task

A map of GBC was computed from resting-state fMRI data
using the “conn” toolbox (wWww.nitrc.org/projects/conn) [29,
30]. In the “conn” toolbox, correlation maps were calculated
on the basis of seed-based correlation analysis using the AAL
ROI atlas [24]. When the population correlation coefficient is
zero, the distribution of correlation coefficient is consistent
with the normal distribution. However, normal distribution
of the correlation coefficient is lost when the correlation coef-
ficient approximates to 1 [31]. Each ROI’s correlation coeffi-
cient map was transformed by Fisher’s Z transformation to Z
value maps in order to normalize the correlation coefficient.

These Z value maps were averaged together across each
subject in order to calculate GBC values. For correlation anal-
ysis of the GBC and score of the lure task, GBC values were
extracted from the ROIs that were activated by the lure stim-
ulus in the event-related fMRI experiment. The Pearson prod-
uct-moment correlation coefficient was used to calculate cor-
relations between GBC values and the correct response rates
in the lure task. When the correlation coefficient was close to
+1, the 7 value indicated a proportional connection between
GBC values and the scores in the lure task (positive correla-
tion). Conversely, when the correlation coefficient was close
to —1, the » value showed an inverse proportion (negative
correlation). We estimated the strength of the correlation in
five categories: negligible correlation (0.00 to 0.30 or 0.00
to —0.30), low correlation (0.30 to 0.50 or —0.30 to —0.50),
moderate correlation (0.50 to 0.70 or —0.50 to —0.70), high
correlation (0.70 to 0.90 or —0.70 to —0.90), and very high
correlation (0.90 to 1.00 or —0.90 to —1.00) [32].

Statistical Analysis

The Kruskal-Wallis test for three independent samples or the
Mann—Whitney U test for two independent samples was used
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to evaluate statistical significance in the neuropsychological
assessments and fMRI behavioral tasks, since a normally dis-
tributed population could not be assumed. Preoperative and
postoperative neuropsychological data were compared using
the Wilcoxon signed rank test. Statistical significance was
accepted at p<0.05. The chi-square test was used to evaluate
the performance in the block design subtest, since only two
items of the block design subtest were evaluated as pass/fail.

Results

Preoperative Neuropsychological Profile of Patients
with Benign Cerebellar Tumors

The results of the neuropsychological test of DST (p<0.05),
forward span of DS (p<0.05), backward span of DS (p<0.01),
and total score of DS (p<0.05) among patients with cerebellar
tumors (n=27) indicated a significant impairment as com-
pared with the control group, which was further confirmed
using the Mann—Whitney U test. To examine whether the
profile of the impairments depended on the side of the lesion,
patients with right and left tumors were compared to the con-
trol group. Performance on neuropsychological tests including
MMSE, DST, forward span of DS, backward span of DS, total
score of DS, and cube-copying test significantly differed
across groups. Patients with right cerebellar tumors performed
significantly worse than the control group on DST (p<0.001),
forward span of DS (p<0.010), backward of DS (p<0.001),
and total score of DS (p<0.05), as indicated by a post hoc
Mann—Whitney U test with Bonferroni correction (Table 3).
In contrast, there were no significant impairments in left-sided
tumors as compared to the control group (Table 3). A Mann—
Whitney U test was used to confirm that patients with right-
side tumors showed significantly lower scores on the MMSE
when compared with patients with left-side tumors (p<0.05)
(Table 3). No direct relationship was found between tumor
size and scores on neuropsychological assessments, with the
exception of the DST (r=—0.48, p<0.05). None of subjects
failed the fifth item of block design test. Chi-square analysis of
the performance of the ninth item on the block design subtest
revealed no significant difference between patients with right
or left cerebellar tumors and the control group.

Postoperative Neuropsychological Profile of Patients
with Benign Cerebellar Tumors

Since most neuropsychological tests showed a significant de-
cline in patients with right-sided tumors as compared with the
control group at the preoperative stage, 12 patients with right
cerebellar tumors were further tested 2 weeks to 18 months
after resection of the tumor in order to investigate whether
cognitive function became normalized after surgical
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decompression of the posterior lateral cerebellum. T1-
weighted MRI confirmed that the decompressed cerebellum,
especially lobule VI and Crus I had completely recovered after
treatment (Table 2 and Fig. 3). Comparison of preoperative
and postoperative neuropsychological tests revealed improve-
ments in the raw scores of DST from 8.33+3.20 to 8.92+3.23,
DS forward span from 6.08+1.16 to 6.25+1.60, DS backward
span from 4.08+0.90 to 4.58+1.73, and DS total score from
9.92+3.06 to 10.83+4.59. However, no significant difference
was found between neuropsychological assessments because
of the small sample size (Table 4).

Hippocampal Function

Analysis of the reaction times for new, lure, and repeated task
revealed no significant difference across groups (Fig. 4a—c).
However, a significant decline was observed in the correct
response rates during lure tasks in patients with right cerebel-
lar tumors (1318 %; n=12, age 53.4+13.4 years) (P=
0.0003) compared with those of normal healthy volunteers
(46.3£3.3 %; n=30, age 24.0+£5.2 years). Furthermore, no
difference was found between patients with right and left cer-
ebellar tumors (3018 %; n=7, age 53.3£10.1 years) (P=
0.25) (Fig. 4d-f).

BOLD Responses

We confirmed the BOLD signal activity in the right DG but
not left ones correlated to correct response rate of the lure task
rather than error one, nor other new and similar ones in normal
healthy volunteers. These results indicate a crucial contribu-
tion of right DG for the performance of pattern separation
ability (Fig. 5a, b). We therefore analyzed BOLD response
patterns in the right DG during lure tasks. In normal healthy
volunteers, the initial dip in the BOLD response occurred at
1.74£1.3 s (mean+£S.D.) in time course, followed by a fraction-
al increase in blood flow within 3.9+4.2 s. The subsequent
signal decrease was delayed by 8.3+5.1 s, and the % BOLD
change from that of the resting state was —0.19+0.27, follow-
ed by a slope to a plateau or peak value for long pulses (>20 s)
(Table 5 and Fig. 5c¢). Signal fluctuation or alteration of the
BOLD pattern was found in patients with cerebellar tumors. A
delayed latency of the initial positive peak (5.3£1.9 s) with a
large amplitude of % BOLD change (0.190+0.060) subse-
quently followed by an initial dip (2.1+0.9 s) was found in
patients with right cerebellar tumors (Table 5 and Fig. 5d). For
patients with left cerebellar tumors, we found a rapid initial
peak (3.3+1.4 s) without an initial dip, followed by a slope to
a plateau value with a large S.D. value ranging from —0.18 to
0.28, indicating signal fluctuations among examinees of this
group (Table 5 and Fig. 5e).
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Table 3  Results of neuropsychological assessment of patients with damage to the right or left cerebellar hemispheres
Test Cerebellar lesion Controls, n=23 P
Right, n=17 Left, n=11
Age, years 49.41 (13.99) 52.09 (9.48) 53.39 (14.05) n.s
Education, years 13.29 (1.90) 12.82 (2.04) 12.91 (2.39) n.s
Cerebellar lesion size, mL 8.99 (11.66) 9.65 (9.86) - n.s.
3MS 96.18 (4.37) 97.59 (2.52) 97.50 (2.14) ns.
MMSE 28.53 (2.00) T 29.73 (0.90) 29.13 (1.26) 0.034
WAIS-R Digit symbol test * 8.65 (3.57)* 11.64 (3.38) 12.04 (2.44) 0.015
WAIS-R Digit span test
Forward span 5.88 (1.05)* 6.45 (1.13) 6.86 (1.39) 0.025
Backward span 4.12 (0.86)* 4.64 (1.29) 543 (1.31) 0.006
Total score * 10.06 (2.70)* 11.55 (2.30) 12.08 (2.82) 0.048
TMT, s
Part A 36.94 (11.94) 34.82 (11.16) 30.74 (8.59) n.s
Part B 64.82 (22.74) 64.00 (26.20) 52.52 (19.61) n.s
Part B-A 27.88 (13.61) 29.18 (19.41) 21.78 (14.20) n.s
Stroop test, s
Reading (I) 24.94 (4.70) 22.00 (4.38) 22.78 (4.19) n.s
Naming (II) 33.24 (6.89) 30.64 (5.28) 30.35 (6.59) n.s
Interference (I1I) 58.41 (22.61) 48.09 (15.27) 48.04 (13.62) ns.
HI-IT 25.18 (18.46) 17.45 (12.19) 17.70 (8.19) ns.
Cube-copying test
Point of connection 7.00 (1.97) 7.45 (1.04) 8.00 0.011
Plane-drawing errors 0.41 (1.00) 0.45 (0.82) 0 n.s

Values are mean (standard deviation). * denotes scaled score (mean = 10, standard deviation = 3). P indicates a significant difference after Kruskal-Wallis
test or Mann—Whitney U test; * indicates a significant decline compared to controls (post hoc Mann—Whitney U test with Bonferroni correction,
p<0.05); T denotes a significant decline compared to patients with left lesions (post hoc Mann—Whitney U test with Bonferroni correction, p<0.05)

n.s. not significant, 3MS modified mini-mental state examination, MMSE mini-mental state examination, 7MT Trail Making Test

Correlation Analysis with Brain Activation and Lure Task

We began by detecting important regions for memory systems
on the basis of the activation maps gathered from 30 healthy
participants during the performance of a lure task involving
pattern separation, which is an important human memory
function of hippocampal circuits (Table 6). Next, we evaluated
whether neural activity measured by local BOLD signal
changes correlated to accurate response rates in the lure task
across examinees, indicating a functional role of the regions
instead of individual differences between examinees (Fig. 6a—
1). The source ROIs were defined as the right DG, left anterior
middle cingulate cortex (aMCC), and bilateral cerebellar lob-
ule VI including Crus I, based on the correlation analysis of
BOLD responses and percentage of correct responses in the
lure task (Fig. 7a, c, e). Correct identification of source ROIs
was confirmed by established 3D MRI atlases (Fig. 7b, d, f)
[24-27]. Subdivisions of the rostral cingulate cortex, hippo-
campus, and cerebellum were painted on an individual struc-
tural SPGR image using FSLview in the FMRIB Software

Library v5.0 (FMRIB Analysis Group, University of
Oxford, Oxford, UK). The parameters of the GBC were ex-
tracted from the source ROIs above.

Correlation with GBC and Pattern Separation

For the GBC measure, we assessed standard resting-state
fMRI data, and tested whether the right DG, left aMCC, and
bilateral cerebellar lobule VI including Crus I had high GBC
with the rest of the brain. The range of GBC values was from
—2.1 to 1.9 in the normal control group, while patients with
left and right cerebellar tumors showed more narrow ranges,
from —0.09 to 0.07, and —0.07 to 0.11, respectively. The
Pearson product-moment correlation coefficient was used to
assess correlations between the GBC parameters of the four
source ROIs and the percentage of correct responses in the
lure task. The control subjects (n=15) showed moderate pos-
itive correlations with the GBC of the right cerebellar lobule
VI, including Crus I (#=0.65, p<0.01), right hippocampal DG
(r=0.62, p<0.01), and left aMCC (r=0.56, p<0.05) (Fig. 8a),
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Fig. 3 Panels of pre- and postoperative gadolinium-enhanced T1-
weighted MRI of cases R2, R6, R7, R10, R11, R12, R13, R16, R17,
R18, R20, and R21 (from fop to bottom). Rows show axial and coronal
images before the operation, and axial and coronal images after the
operation (from left to right). Since Case R16 is subject to asthma, T1-
weighted MRI was performed without contrast medium

though no significant correlation was found in the left cere-
bellar lobule VI including Crus I (»=0.0001, p>0.05). We
found that GBC connectivity correlated to correct response
rates during lure tasks was limited to three regions including
the right cerebellar hemisphere (lobule VI/Crus I), left aMMC,
and right hippocampal DG. Herein, we raised the hypothesis
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that these three regions might play a crucial role in the human
memory system, since rs-fMRI connectivity not only correlat-
ed to established structural connectivity, but also reflected
well-known functional networks [33, 34]. Thus, GBCs in
the right cerebellar hemisphere (lobule VI/Crus I), left
aMMC, and right hippocampal DG were considered as the
essential intrinsic connectivity of human cognition, statistical-
ly. In patients with left cerebellar tumors (n=7), high positive
correlations were found in the right cerebellar lobule VI in-
cluding Crus I (r=0.76, p<0.05), right DG (»=0.72, p<0.05),
and left aMCC (r=0.81, p<0.01) (Fig. 8b), while the left
cerebellar lobule VI including Crus I showed an extremely
negative correlation (r=—0.96, p<0.001). In patients with
right cerebellar tumors (n=12), significant alteration of corre-
lations were found in the right cerebellar lobule VI including
Crus I (moderate negative correlation; »=—0.64, p<0.05) and
left cerebellar lobule VI including Crus I (high negative cor-
relation; »=—0.74, p<0.01), but no correlation was found in
the right DG (r=—0.04, p>0.05) or aMCC (r=—0.11, p>0.05)
(Fig. 8c). These results might collectively indicate an impor-
tant cerebellar contribution to pattern separation.

Discussion

We examined functional involvement of the posterior lateral
cerebellum and its functional relationships with the hippocam-
pus and the prefrontal cortex including anterior mid-cingulate
cortex. Previous studies have investigated patients with cere-
bellar lesions such as tumors, strokes, and degenerative dis-
eases, which frequently damage normal brain tissues. Our
study evaluated patients with benign cerebellar tumors, be-
cause these lesions do not extensively destroy the surrounding
normal brain tissues, so that neuropsychological assessment
before and after treatment could clarify the functional involve-
ment of the decompressed area. Human cerebellar cognitive
function has been extensively studied in relation to the pre-
frontal cerebral cortex, but few studies have evaluated the
correlation between hippocampal function and the cerebellar
neocortex. Therefore, the present study also analyzed the
functional activity of the posterior lateral cerebellum in rela-
tion to the hippocampus and anterior mid-cingulate cortex.

Functional Involvement of the Posterior Lateral
Cerebellum

To the best of our knowledge, the present study presents the
first examination of the cognitive profiles of patients with
benign cerebellar tumors that compress the posterior lateral
cerebellum. Neuropsychological assessments indicated that
patients with right cerebellar tumors showed impairments in
working memory and psychomotor speed when compared
with age-matched healthy controls. Patients with right
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Table 4  Neuropsychological assessment of 12 patients with right cerebellar tumors at the preoperative stage and postoperative stage
Test Preoperative assessment Postoperative assessment P
3MS 96.28 (4.99) 97.88 (2.59) ns.
MMSE 29.17 (1.11) 29.25 (1.76) ns.
WAIS-R Digit symbol test * 8.33 (3.20) 8.92 (3.23) ns.
WAIS-R Digit span test
Forward span 6.08 (1.16) 6.25 (1.60) n.s.
Backward span 4.08 (0.90) 4.58 (1.73) n.s.
Total score * 9.92 (3.06) 10.83 (4.59) n.s.
TMT, s
Part A 33.58 (10.74) 36.50 (17.20) n.s.
Part B 59.50 (23.33) 59.92 (23.91) ns.
Part B-A 25.92 (13.85) 23.42 (11.75) ns.
Stroop test, s
Reading (I) 24.75 (2.30) 25.17 (3.79) ns.
Naming (II) 32.42 (4.64) 33.83 (7.76) ns.
Interference (I1I) 52.58 (18.92) 49.25 (14.64) n.s.
HI-IT 20.17 (16.08) 15.42 (9.24) ns.
Cube-copying test
Point of connection 7.33 (1.79) 7.92 (0.29) n.s.
Plane-drawing errors 0.33 (0.89) 0 n.s.
Values are mean (standard deviation). * denotes a scaled score (mean=10, standard deviation=3). n.s. denotes not significant after a Wilcoxon singed
rank test
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Fig. 4 Pattern separation task examined by fMRI. a—c. Reaction times
(RT) for new (a), lure (b), and repeated (c) tasks. Control indicates normal
healthy volunteers (n=30); RC, patients with right cerebellar tumors (n=
12); LC, patients with left cerebellar tumors (n=7). Bars indicate mean;
Dots, scores of individual cases. d—f. Percentage of correct response to

new, lure, and repeated tasks in normal healthy volunteers (d), patients
with right cerebellar tumors (e), and patients with left cerebellar tumors
(f). *** in e indicates significant decrease compared to control (»<0.001,
Mann—Whitney U test)
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Fig. 5 BOLD response by pattern separation task. a—b. Bar graph
showing BOLD responses in the right and left DG for correct and error
responses of the new, lure, and same tasks in normal healthy volunteers.
Correct responses in the lure task were increased during activation of the
right DG more so than correct and error responses in other tasks (n=30)
(two-way ANOVA, F=4.52, p<0.001, multiple comparisons two-sided
test with Bonferroni-corrected critical p<0.05) (a). There was no
significant difference in % BOLD change in the left DG caused by
responses and/or tasks (two-way ANOVA, F=1.79, p=0.13) (b). y-axis

cerebellar tumors also showed lower scores in MMSE than
patients with left-sided tumors. We tried to interpret these
cognitive declines with the view that the cerebellum contrib-
utes to intrinsic functional connectivity. The laterality and dis-
ease dominancy of cerebellar tumors may therefore be impor-
tant. With regard to crossed cerebello-cerebral connections,
patients with right-sided cerebellar lesion showed impair-
ments in verbal tasks, whereas patients with left-sided tumors
showed deficits in spatial tasks [35, 36]. Several studies have
suggested a similar laterality in cognitive symptoms [37-39],
and imaging studies have elucidated cerebellar topography

Time (seconds)

Time (seconds)

indicates the magnitude of the % BOLD change. * denotes a significant
increase compared to other conditions (p<0.05). Graphs showing the
average BOLD curve for the lure task in normal healthy volunteers (c,
n=30), that of patients with right cerebellar tumors (d, n=12), and that of
patients with left cerebellar tumors (e, n=7). The black line shows the
average BOLD curve and the gray line shows standard deviation. The x-
axis represents time course (s) of the percentage of BOLD change. The y-
axis represents the magnitude of % BOLD change, or the percentage
BOLD signal change from the resting to stimulus condition

and lateralization effects [40, 41]. Imaging studies [40, 41]
have shown that activation peaks in language tasks were
lateralized to the right lobule VI and lobule VII. In contrast,
spatial processing showed greater left hemisphere activation,
predominantly in lobule VI [40] and lobule VII [41].
Consistent with these imaging and clinical findings, Wang
et al. [42, 43] reported cerebellar symmetry in relation to ce-
rebral intrinsic functional connectivity. They indicated a right-
lateralized cerebellar network including crus I/II and a portion
of lobule VI, which couples to a left-lateralized cerebral net-
work involving the inferior frontal gyrus, superior temporal

Table 5 Latency and amplitude of BOLD in the lure task in normal healthy subjects and patients with cerebellar tumors

Peak Mean (SD) latency (second) Mean (SD) amplitude (% BOLD change)
Normal (2=30) RC (n=12) LC (n=7) Normal (7=30) RC (n=12) LC (n=7)
NI 1.7 (1.3) 2.1(0.9) 0.2 (1.1) —0.039 (0.165) —0.074 (0.070) 0.000 (0.000)
N2 8.3 (5.1) None None —0.191 (0.272) None None
P1 3942 53(1.9) 33(14) 0.074 (0.292) 0.190 (0.060) 0.140 (0.140)

RC indicates patients with right cerebellar tumors; LC, patients with left cerebellar tumors. The first negative peak is defined as N1, second negative peak

as N2, and first positive peak as P1. None indicates the absence of a peak
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Table 6  Significant whole-brain activations for the lure task
Region Cluster size Peak of T value Peak coordinates

X y b4
Rt. cerebellar lobule VI/Crus I 10,064 13.18 -32 —47 —33
Lt. cerebellar lobule VI/Crus I 8,572 12.96 35 —54 22
Lt. lateral prefrontal cortex 12,393 12.25 57 10 29
Lt. caudate nucleus 4,885 11.45 13 6 11
Lt. middle cingulate gyrus 19,034 11.07 3 11 42
Rt. lateral prefrontal cortex 8,725 10.74 —49 9 25
Rt. caudate nucleus 5,150 8.73 -13 11 2
Rt. hippocampus including DG 1,859 8.51 —20 -36 -6
Rt. middle frontal gyrus 1,927 7.32 -33 2 55

Voxel-level threshold at p<0.001 uncorrected, corrected for multiple comparisons (family-wise error) to p<0.05 using a cluster threshold

Rt right, Lt left, DG dentate gyrus

gyrus, and temporal pole in the cerebral cortex. These regions
include traditional language areas in the cerebral cortex, such
that the cerebellar regions are commonly activated by
language-related tasks. In our study, patients with right cere-
bellar tumors showed lower scores on the MMSE than pa-
tients with left-side tumors. Language processing is the main
cognitive demand of the MMSE. Compression of the portions
of the right lobule VI and Crus I connected with language
areas alters the right-lateralized cerebellar network that sup-
ports language processing, which may lead to MMSE scores
in patients with right cerebellar tumors. In the working mem-
ory test, lesion studies revealed that the inferior cerebellum
was associated with performance on digit span test [13, 44].
There are laterality differences within the inferior lobe of cer-
ebellum. The left inferior lobe of cerebellum is associated with
the processing of aural information, whereas the right inferior
lobe is involved in visual information [12]. Damage to left
inferior cerebellar lobule VIII has been shown to reduce audi-
tory digit span [44]. However, Ravizza et al. [13] revealed that
performance on the auditory digit span test was unaffected by
laterality of the damaged cerebellar hemisphere. Inconsistent
with previous studies, the present study shows that patients
with right-sided tumors exhibited impairment in the perfor-
mance of the digit span test when compared with normal
healthy volunteers. Chen and Desmond [11] hypothesized
two cerebro-cerebellar networks for verbal working memory:
the frontal/superior cerebellar network involving the right cer-
ebellar lobule VI, Crus I, and Broca’s area, which is associated
with articulatory rehearsal; and the parietal/inferior cerebellar
network involving the right cerebellar lobule VIIB and inferi-
or parietal lobe, which is related to maintenance/storage of
information. In the present study, impairment on working
memory in patients with right-sided tumors might be related
to some change in the neural bases for processing verbal
working memory caused by tumor compression in the right

superior and inferior cerebellum. We also found that psycho-
motor speed was disturbed in patients with right cerebellar
tumors compared with control subjects. DST is a psychomotor
performance test thought to be affected by various cognitive
demands, such as motor skill, attention, and visuomotor coor-
dination [18]. Fronto-parietal cortical networks are related to
performance on the DST, and these activations reflect the pro-
cesses of visual searching and updating of working memory
[45]. Since patients with right cerebellar tumors also exhibited
impairment of working memory, the intrinsic functional con-
nectivity between the left fronto-parietal network coupled
with the right cerebellar hemisphere might be altered by com-
pression. We suspected that the cognitive impairments of pa-
tients with right cerebellar tumors were related to alteration of
cerebellar contributions to intrinsic functional connectivity. A
huge tumor may secondary compress the dentate nucleus of
the human cerebellar nuclei as well as direct compression of
posterior lateral cerebellum. The nucleus conjuncted with neo-
cortex and reported an important role for human learning and
cognition [46].

We found an improvement in the raw scores of some of the
neuropsychological tests after surgical intervention associated
with anatomical normalization of the lateral posterior cerebel-
lum. At the postoperative stage of neuropsychological estima-
tion, some patients with no improvements in psychomotor
speed showed transient neurological symptoms related to the
IVth or VIth cranial nerve function. Double vision might be a
factor in preventing optimal performance. However, follow-
up neuropsychological assessments in patients with cerebellar
lesions have been limited [39, 47]. These previous findings
[39, 47, 48] might suggest that the cerebellum can recover
from pathological insult by changing the relationships of ce-
rebral connectivity. Further studies are required to identify the
detailed mechanisms behind the restoration of cognitive func-
tion following treatment of cerebellar lesions.
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Fig. 6 Regions related to pattern separation ability. Graph (a to i)
showing correlation of percentage of correct responses of the lure task
and that of BOLD signals in control subjects (#=30). Hippocampus
including dentate gyrus (DG) (a), right cerebellar lobule VI including
Crus I (lobule VI/Crus I) (b), left lobule VI/Crus I (¢), right lateral
prefrontal cortex (d), left lateral prefrontal cortex (e), right middle
frontal cortex (f), left middle cingulate gyrus (g), right basal ganglia (h),
and left caudate nucleus (i). The percentage of correct responses in the
lure task was significantly correlated with BOLD signals in right DG (a),
right lobule VI/Crus I (b), left lobule VI/Crus I (c), and left middle

Hippocampal Memory Function in Patients
with Cerebellar Tumors

The involvement of the cerebellum in non-declarative memo-
ry has been previously investigated. Patients with focal cere-
bellar lesions showed impaired motor sequencing [10]. Such
investigations provide evidence for a cerebellar contribution
to procedural learning and support the idea that the cerebellum
is an important anatomical component for competent skill
acquisition. However, it is still unclear whether cerebellar

GRO @ Springer

cingulate cortex (g). No significant relationships were observed in the
percentage of BOLD signals in the right and left lateral prefrontal
cortex, right middle frontal cortex, right basal ganglia, and left caudate
nucleus. The  value indicates the correlation coefficient of the Pearson
product-moment (a—i). The p value indicates the significance level of the
correlation coefficient. When the p value is lower than 0.05, the
significance of correlation coefficient is accepted. x-axis represents the
magnitude of % BOLD change that represents the rate of BOLD signal
from stimulus to resting condition. y-axis represents the correct response
rate in the lure task

lesions influence hippocampal episodic memory. On the other
hand, the role of the hippocampus in episodic memory has
been extensively studied, and the DG subregion of the hippo-
campus is well known as a substrate for cognition [49].
Pattern separation is a function of the DG that transforms
similar experiences or events into discrete, non-overlapping
representations. The DG and its projections into the CA3 sub-
region have been shown to be involved in pattern separation
[14]. fMRI was used to observe the process of pattern separa-
tion by scanning normal subjects during an incidental
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Fig. 7 Identification of source ROIs in the activation maps and
topographical schemas in healthy subjects. a—f. Identification of source
ROIs in the activation maps during a lure task from healthy subjects (n=
30, voxel-level threshold at p<0.001 uncorrected, corrected for multiple
comparisons (family-wise error) to p<0.05 using a cluster threshold) (a,
¢, and e). Each transparent color indicates the subdivisions of the rostral
cingulate cortex (b), right hippocampus (d), and cerebellum (f). The color
maps were painted according to references [24-27], and are explained in
details in the text. b, transparent red, yellow, green, and blue, indicate the
pMCC, posterior mid-cingulate cortex; aMCC, anterior mid-cingulate
cortex; pgACC, pregenual anterior cingulate cortex; sgACC, subgenual

encoding task using pictures of common objects. The present
fMRI study used a similar experimental paradigm to examine
hippocampal memory function involvement in pattern separa-
tion in patients with cerebellar tumors. The BOLD response
showed that the latency of the positive peak was significantly
increased in patients with right cerebellar tumors, and these
patients showed increases in the positive peak without any
second negative peak. Logothetis et al. [50] reported a linear
relationship between BOLD signals and neural activity. In ad-
dition, the BOLD signal was shown to represent the proportion
of the cerebral blood flow (CBF) and the cerebral metabolic
rate of oxygen (CMRO,) [51]. The factor of gain in the positive
response was interpreted as either a reduction in CBF or an
increase in CMRO, [52]. Increases in BOLD responses are
influenced by hemodynamics and metabolism based on the
magnitude of neural response. However, the factor that exerts
influence on the increase in positive BOLD responses has not
yet been elucidated. Moreover, the physiological significance
of the post-stimulus undershoot was interpreted as a normal
decline to the resting state of neural activity [50, 53], and re-
ductions in the second negative peak may reflect alteration of
the neural responses in patients with right cerebellar tumors.

Cf\ A l)tl
G/CA4 SUB
CA1/CA2 Ec“

Color bar of
T- value

anterior cingulate cortex, respectively. d, transparent red, yellow, green,
blue, light blue, and orange indicate the hippocampal dentate gyrus and
Cornu Ammonis 4 (DG/CA4); Cornu Ammonis 2 and 3 (CA2/CA3);
Cornu Ammonis 1 and 2 (CA1/CA2); subiculum (SUB); entorhinal
cortex (EC); and perirhinal cortex (PRC), respectively. f, Transparent
pink, orange, yellow, and green indicate the cerebellar vermis, and
bilateral lobule VI, Crus I, and Crus II, respectively. Anatomical
identification is specified in the text. Note that the aMCC in a, and DG/
CA4 in ¢, and lobule VI and/or Crus I in e were selectively activated. The
color bar indicates ¢ values (maximum ¢=13.18, white represents the
highest value). R, the right hemisphere. L, the left hemisphere

The pattern of averaged BOLD responses did not illustrate
the initial dip and post-stimulus undershoot in patients with left
cerebellar tumors, which may have been masked by the initial
dip and post-stimulus undershoot such that it could not be rec-
ognized by means of the extended standard derivation of
BOLD responses. These results indicate fluctuations in the
large BOLD signals in patients with left cerebellar tumors,
though there was not much of a difference between patients
with left and right tumors in the size of the lesion and the
compressed portion of cerebellum. Further studies are required
to examine the causal mechanism of fluctuation in the BOLD
signals of patients with left cerebellar tumors.

These findings suggest that the cells surrounding a meta-
bolic disturbance area may have provided appropriate assis-
tance to the hippocampal circuitry. The assessment of hippo-
campal memory function indicated that patients with cerebel-
lar tumors showed selective inability in a lure task, which
reflects pattern separation inability and disturbance of the gen-
erating activity of young granule cells in the DG of the hippo-
campus. This inability was found in patients with both right
and left cerebellar tumors, although performances in the other
two tasks (new and same) were equal to those of normal

&
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Fig. 8 Correlation of GBC value and pattern separation ability. a—c.
Graphs showing correlation between the correct response rate in the
lure task and the GBC value in the right cerebellar lobule VI including
Crus I (lobule VI/Crus 1), left lobule VI/Crus 1, right dentate gyrus (DG),
and left anterior middle cingulate cortex (aMCC). a healthy subjects (n=

healthy volunteers. Taken together, these findings indicate that
the selective inability in the lure task was caused by cognitive
dysfunction and not by motor impairment in patients with
cerebellar tumors. Instead, cerebellar damage seems to affect
hippocampal DG functions.

Influence on Pattern Separation Function by Global Brain
Connectivity of Posterior Lateral Cerebellum

The fMRI examination of cognitive processing observed cere-
bellar activity in the convergent area of the posterior lateral
lobe, which also regulates smooth motor control. Activations
of posterior lateral cerebellum were previously proposed as the
internal model for new tools [7]. Our present GBC study dem-
onstrated that the value was altered in patients with cerebellar

GRO @ Springer

15). b patients with left cerebellar tumors (n=7). ¢ patients with right
cerebellar tumors (n=12). The r value, the correlation coefficient of the
Pearson product—-moment. The p value, the significance level of
correlation coefficient. x-axis, the value of GBC. y-axis, the percentage
of correct responses of lure task. Details are described in the text

tumors compared with the normal control group. Interestingly,
the left and right values of patients with cerebellar tumors con-
verged on a narrow window. It was reported that cerebellum,
cingulate cortex, and hippocampus have high GBC values that
are included in the top 10 % of GBC [29]. High GBC areas
have more connectivity with cortical and subcortical regions
[29]. The GBC values that were restricted within the narrow
window may represent a reduction in connectivity induced by
lesions to the posterior lateral cerebellum.

Our present study also showed that the right cerebellar
lobule VI/Curs 1, right DG, and left aMCC are important re-
gions for pattern separation. In particular, patients with right
cerebellar tumors showed a disruption in the correlation of
GBC to these areas associated with pattern separation func-
tion. High GBC areas are believed to integrate cortical and
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subcortical activity and act as global hubs influencing cogni-
tive control [29, 30]. According to resting-state fMRI analysis,
it was reported that the posterior cerebellum has a functional
connection with the prefrontal cortex, involving the anterior
cingulate cortex for cognitive functions [8, 9]. Reduction in
the GBC of patients with right cerebellar tumors not only
elicited functional dissociation of the right and left lobule
VI/Curs 1 from pattern separation ability but also affected
the anterior mid-cingulate cortex and hippocampus. In light
ofthese observations, global connectivity of the right posterior
lateral cerebellum may play an important role in pattern sep-
aration as well as cognitive functions.

Interaction between the hippocampus and cerebellum oc-
curs in the spatial domain [54]. Cerebellar impairment leads to
dysfunction of the spatial cord as recorded by place cells in the
CAL1 hippocampus using L7-PKCI mice in which protein ki-
nase C-dependent long-term depression at the parallel fiber-
Purkinje cell synapses is blocked. Consequently, the cerebel-
lum assists navigation by participating in the building of the
hippocampal spatial map. Hippocampal-cerebellar interac-
tions occur during spatio-temporal prediction [55]. Patients
with right cerebellar tumors showed a high rate of error in
the lure task, as was indicated by fMRI. Just as the cerebellum
contributes to the fine tuning of coordination in skilled motor
sequences in motor control, it also contributes to cognition by
facilitating the precise discrimination of overlapping or similar
experiences among episodic memories. Newly generated
young neurons have been shown to facilitate pattern separa-
tion in the hippocampus [49]. Whether cognitive decline and
disability in pattern separation in patients with cerebellar dis-
ease only reflect functional changes in new neurons or are
instead associated with a decrease in hippocampal
neurogenesis is an interesting question that requires further
investigation.

Conclusions

The present findings show that compression of the posterior
lateral cerebellum causes impairment of cognitive function.
Surgical decompression of the cerebellum facilitated cognitive
recovery. The fMRI study demonstrated global connectivity
between the Crus I, aMCC, and hippocampus during analysis
of hippocampal memory function. The posterior lateral cere-
bellum acts as a global hub, cooperating with the hippocam-
pus and anterior mid-cingulate cortex to facilitate pattern sep-
aration ability.
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K L7,

1. #RERFEICKH T 5 MERAE

T TR AR BT 2 B o A A AR TE 1213 MRI
R L LT AR ES 4% (gross tumor
volume: GTV) 1= MRI T2 i 8 [ 1% T 0 15 WX
H+2cm F /-3 MRI FLAIR E[{§ T O & R
+2cm DT A F A=V PET R ERBH I
i BRI RO {545% (clinical target volume: CTV) % &%
SEL S 5D CEFE R 53K (planning
target volume: PTV) % it $ 5. 1pl9q DE(E
TR FeH e v IDHL/2 B A2 8 o0 R P T AR B
N CIE CTV 12 IMRT (intensity—modulated ra-
diation therapy) 12T 40Gy %, 2WTGTVIZ20
Gy ®»7— A b+ % temozolomide (TMZ) PIIRF (75
mg/m*) 24T 9 OPEEERTH L (®1). A
B % MR BT R -V A %5 &S
TR0y REOBRBFISNEL &
NaA, BEOHEREREOERD S IXEHER
SHRCII T SUESE LT TH ) BE D QOL
AHERFCE WY, FRETET AV ERlR
T 328 60 Gy OFRHEIRHE & Y L TRIn$ 5%
S EEAEIC DV T MGMT JE A F VALIER] T
TMZ 2 FUE % 78 & B WIEBNIZ 13 5 IR R ik
RWIEF = v 7 RA ¥ MHEHOREATID A
NENDBTHAD., b OHERICITEERT
FRTIFAHFEWTILE LICHHIEREL 7
Tay b LEWTI-WI0, 25/ —<DERK
HEETREEE LI Tv B3 PD-1(programmed
cell death—1) PuiksiE % & THIBORBEISE IS
PFORAT L —F2RETAZ ETTHRD
T LIREE 7 HERe L ASAMIIL 2 RSB 1o 8w R
BRERARTHAE R THROEFEERIZEH TS
i1 K+ CTLA—-4 (cytotoxic T-lymphocyte—
associated antigen—4) {253 A kD bt & 1
FEhTna,

2. Lower-grade glioma M &#

1p19q R %% 526 IDH1 B E R KD Lower—
grade glioma Ti%, &MU TH o 7EHT

R EERE IO T LIS {FEZRT

b EWiEA S, BEHEMARERTFHYH HEEMNTIE
46-54 Gy BB E DR G iEH = IMRT THFH 5.
MEE, SR LCOER - MERICIHALT
% overall survival IZITEZEEIX 2 WA%(0S8: 7.2
F vs TASE) AR A S0/ L7213 5 25Hl =Rt
.13 % (PPF: 5.34F vs 3.4 )% $EE diffuse
astrocytoma & % \» {3 anaplastic astrocytoma &

TS NIERAOBETREICEHEH L5 EH
BoEfiE s h? gradell, IO F )+ —<%

BRI LD Type I, 11, Ila, IIb i243tF
550 THDH. Type [IZIDHEED H Y [FIEFFIZ
1p19q K E4H ) TERTZEE Z & (F 1 2

L—AEEAE L F o 2 7 HEREEATLE) T
AHEH @ grade I1/111 oligodendroglioma =24

4 5. Type ILiZ IDHZERDH 55 1p19q K
Jefp { ATRXZ R (7 u~F V5 BE) % 6t
BT D AT CHEROEMBNE SN 5 IR
HETHY, Type ML IDH DEEIT R L, Hk
HEAY: 0% grade TTAH 4 @ Type 1lla &, HRKEME
J¥ grade 111 #H24 @ Type IlIb THEk D anaplastic
astrocytoma {ZHY ¥ 5. SBIEIhoLH5T~
— A= bBEI LU LR RO £ L dt
fThhAZ Eil’b 9.

3. ERMEMREE, tXRE, HFiiaE,
BEIFIE

1) E#EHMEE (pilocytic astrocytoma:
PA)

NIRRT A B (grade DO EfalE T
W, AR T 2 RITHT R AR R O LR 3 %
v, R T ERR A ATIEA L2 b O Tl
T 5 ERBMEEMICERET S, EBHETHRER
CINEEFIER L TwWAEM TR HIE
¢ IMRT B4+ 45-56 Gy 2 JifT§ 5. A VKT
FF v, U2 ) RAF reHui{bEEiisy
FETHMTHAH. /MM PA Tid tandem dupli-
cation |2 & 5 BRAF #faF L DEED, T b
1@ PATIXV60OE ® HERDIERNFED LN
A7, EHBRERE CRBOEINL S 7 BRAF
EROF IS HORETRETH 57
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1 IMRT %A /ef

a. A BTG RRE N S AN 2 o0 CT iM%,

B R R ORR EETIE

b. FLAIR Wi{& @it &5 2em D= — 3 ¥ % & 5 /2 planning target volume (PTV) (2 40

Gy (2 Gy X 20 fractions), & @A ]
c. A AARIRAINNIE DA i o> CT IJK.

d. PTV IZNi=s % & Eefihilc 27 Gy (1.8 Gy X 15 fractions),

10 fractions) 7 — A b Ha5 % htidT.

12 20 Gy (2 Gy X 10 fractions) 0> 7' — A I FEg % filif 7.

T OHMEBLIZ 18 Gy (1.8 Gy X

P A A BT LA S A 5 W % 2 DT B,

2y Lk el

JEUFE P i I 955 42 o5 9D B (2001-2004 4F 42 ] ik
I A RT 55 13 W) LA, Eﬁéﬁi‘fﬁtiiﬁf]ﬁc’)*ﬁﬁ
EBIUSELEFRIFNEN0S5%, 04%B
L Ur88.5%, 581% THh 5. /J\;E'Cﬁi{ﬁ SH
WS4 <, AP, A 349 5. Radial
glial cells #34RIFEE TLHBBH 5. TDIE
BRI = AT 2 0B IBHEIZ & C
37, MR EZATLAETFTELEILTLEL
Va ALz THMIIA~ G AERE L, SRR SE Y
ST D T LOERTY—Y gL

DR ERTEEADOTHRIIRTFTH 5.
grade III, & % W I3pEpEE L & T TS
VWA IIASEATHLINKETSSF R
ATZF L bEY PR L7z b8k
IMRT |2 & % 46-54 Gy FLEE O U A b ieid: &
P 5. SEEIRHEIDSEED S -G ld ek
PRERIRG & JG 173 5. ATl LANE OB
PR Z-D IR T ZINIME LI TE ST,

FTHRERET AN A= —HELE
T\, grade I THEAEEDILARER &
BRI EACHE 2R LT ld 50 Gy L E o> Ji gt
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IMRT

2 IMRT & IMPT
F U 2515 ependymoma FEW @ axial, sagittal dosimetry & B & B2, 7~ b I ependymoma
DREAEE 2 B axial view (27597, IMPT 12 IMRT (2 PR L o2, e, P aEfdds & o8
FHEOPMEEP T EATE 2.
[Reprinted from International Journal of Radiation Oncology, Biology. Physics, 71, MacDonald
SM., et al, Proton radiotherapy for childhood ependymoma: initial clinical outcomes and dose com-
parisons, p979-986, Copyright(2008), with permission from Elsevier. ]

BHE BT 5. /AEO ependymoma 2B WT  HERKGEEAMfTHONLTW5 (K2). IMPTDIGH
RSB ETH L7270 by E— 2K Dk, B AR, N, MIEEEE R &
5% w72 IMPT (intensity modulated proton  @IEERHEED AT ) ¥ 723 L ) s S ik
beam radiation therapy) & fE#8 e IMRT & @ BEfa i (2B IE AR O REEDY & 0 Al 12
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3 ZHE2FEHEHRICE T XBELEEBETFEOERD
X#E(EE T - M- I - BH3L 7 oo Bk 7 B ASHRE LT & L W AS R -
HFECTEY) TlRRDEIRA AR E 3 L7 B AT 5B T 2 IAEFEDT A R DI B B I

REDN AT TR LWHEND D 5.

[Adapted from Translational Cancer Research, 1, Dinh JQ, etal, Particle ther-
apy for central nervous system tumors in pediatric and adult patients, p137-149,
2012, with permission from AME Publishing Company. ]

% 5. A IMPT 25060 O X ARG B L T
EDOFEEE hearing loss X2 B #1556 1955 o S 1
DT E L7 THHHT L7259,

3) RimkafE

F IS A NE Tl IMRT % H W TS P %
GUMHIZ24-27Gy, & B IIZHEEIRIC 12-18
Gy D7 — A MNEEAZ4T5. AEFEIRFIC teratoma
DR HHERET Z LT e 47) (B 1). 2
WRTFF &L MRY FICX B0
Y RRIAIEE & 13 S T TR BIGHRTT & BRI
179. & HITHATHURHERE T #4123 7 — W iifr
LIE D %5 4. DS B b6 D A A IE 5}
O A, ARSI (2L # e
HIE L 9 BB TH D AN ORI Z5- s b
BEREE R 2 IRMEFEDSA DY) A 7 & TIF B
AL FHED TRV E 7 5 (K] 2).

4) B8 ¥ §E

Molecular subgroup & L T F#%® E\v WNT
medulloblastoma, #¢ % T DMy Group 3, in-

termediate—prognosis ¢ Sonic hedgehog (SHH),

Group 4 D 4B D53 HEMNH Y. BB LT
RGP T e AR R IR ST 36 Gy, 23.6 Gy,
% UHFE T 36 Gy, 36Gy, NEf#iE: 55.8Gy, 55.8
Gy itif73 2", fbfaid aais = ol &3
HEFBEHB R TR T A, SEEFERIE
Fbi i BT 93 %, MIERAAHIT 56 %, I
i T38% THAH. Ak, FEEHN T W TH
OB O, FRAIRE O R T, 2
WHENERE D) A 7 OB TH 5. XHZ
G ) B a2 IS 3 5 2 & TalNe i
O & B0, B, B, IHHEZ & ophig %
FEREDILR EET FASTFEI bt 715
%9 (= 3).

4. WERAEEDRMEEICH T 228
HOHR AR IS0 L C 42 id IR GHa e iR 1 4E % 1%
723 D 50-90 % \ZFEMIREREAGED 5N DY,
018 ¥ & (spacial memory, and verbal mem-
ory), EFEE X OHIHEIC B A ik



Nippon Rinshe Vol 74, Suppl 7, 2016 575

NIORT AL L &b HEBEELHAEOMND
HERMRRICRE TS5 2 5, HETHIC X 2 s
[ {3 A P R B AR B vasculopathy &
P INBR
astrocytosis & SRERE, AZEEMiaomE D,
Lt Z B HEEE L MR EERE, MRS
%t L Tld maturation deficiency & ¥ F 7 A 885k
®%HE, microglia 12 & % neuroinflammation %
EPMHEICHE L DS E AR ENLHET
HbH. &Y DITHEEERIREOMEREEET
REEORBEFEHRAZREAETSL W
1A 45 55 > 40 % D FHIEIZ 7.3Gy BLE DRI D
725 ERARENTERI NG L OWREND
B SREBEREHREZ ORAEES % b
4 58 —4 L LCIMRI % Bl S A
HfE % ML§ 5 pattern separation task % G H
Lt iEaRh o Mg O R O AE & IR Y
ICE=F ) I TAHLENRHEH Y.

B b
Mg, WRERES X SRS IR T

i JF ﬁk”,“”” ‘

EIZBITARERAE, BEHRICHE¥(TS

BLUERDOFRHBW A S, WEEDGTEWFIF
WORREEZRY) ANZHLWHO T TET
BB OBENIE T o -o8EMER I N &
HIZRH OB D S ITEEROBRETE{LDS
PRIER EBEROFHO—EIH S s ho
Db FO—HTIMRTIC X S IREBAERIC
temozolomide % bevacizumab % B\ 7-BiTD
BEETIEHTFRORELEEIFED O WE
YA, R EREIOE S 52 m R EET
WamEOBEL L WS PER & ITE L ZHRREIRD
LA LI TEL W HERrEEL
L7287 ) F — < oM A IRABREEIE L
THEQOLEZEDL:-0IC5BTbARITH
WAL BVIFEIIDTO3IDIENTE LS.
OERENENE O T FEM O, OB
st oRE oY, @ B3 neurocognition DFF
EBRNDIETHL hoEHEET 2
THEDBNCERIRWIZE & BRI e v T A &
PFETH 5.

\\\\\ TSR e
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ZZFiE (GBM: glioblastoma multiforme)

23888 : 2017/03/21

Rl 7o |

15TV IIAR—INED

CHOIATIVTIE. EVERICEUTOERISSR - 287 - 8%

REEBHBUTVEET, ﬁl)\%
SEEMEE, Bl - ERLTVWEEITOT. TOTERLES

% 54735V

ABREETT

BABE (W35 LL5T ) K

RRAZEZE BEAENNZE 2R

gl ZEEHE g2 28 g3 AT pd SEOEE g5 FE3ZER
@6 ZE(CR3YA+ (LNEIRER. SE2ERRE)

1 EEBE

m i3 - ER

FEZFEE (glioblastoma multiforme: GBM) (3, ERESEORTEEHEENE L. H
DEMFNCE D EERMERTFEAROEEIEN (brain cancer) TH%. SE@aD
AR, CECHBEECAEECHFEL. SHEEEEEHETS.

RIRFR (CREFMREREEN B <. Robilla. JMOAME. HEHERE. 28R
BFLUZREMRL DB TN, BRZEMDBEDBMIRET Z1H58ETS

(pseudopalisading necrosis) .

WHO grade IVICHEBSNSEELEFTEF10%, FEIRGBF15H8. DFEMENIFE
WE2B(CHfEENS. (VYOI VEER/KZFESR (IDHL1: isocitrate dehydrogenase
1) BEFOIF13207ILF=> (R) 'ERXFZ (H) CRERZBIBITLEICEK
D. SFMEEDSVIWHO grade 11, [IIOEAREN S EMERE (malignant
transformation) UZStRM4ESTFRE (secondary GBM) &EIDHIDOZERZHEDRRVER
HRZZFRE (primary GBM) &(CXBIEN3. MEEEGBMELTOFRICEREGFRL,
FENBIFEETHS (R .

gIETI(&. TP53 mutation (>65%) . ATRX mutation (>65%) (CHL\TLOH
19q (50%) . LOH 10q (>60%) . TERT mutation (30%) H'8i=FE=N3. —
B, BEOELTES S TOHEEETERT mutation (70%) . EGFR
amplification (35%) . TP53 mutation (30%) . PTEN mutation (25%) . LOH
10p (50%) . LOH 10q (70%) T#&» 3.



R JUA—THEBE L FERESVELRFRAR

WHO grade amp T BEFEE
Grade I FARMAT 2R R 1T BRARHEGTOMS (KIAA1549)
F3REE (V600E) =:2HD
IDH1(FFF4 8
Grade II U AT SRR th &l IDH1/IDH2:3%& % ATRXDZEER,
TPS53REEHD

g, HFE. Sl REI Do
Diffuse midline glioma& F&R &,
H3 K27IMOZER & fEOBIE L

WHO grade IV
HA A 1 i 1p19q co-deletionh\DIDHIMZE R
[FFEERTF
Grade 111 BIERL M 2 RAaAE EM IDHEZEZTEZ (FATRX. TP53
LEMEHND

IR T 2D AR E IDHETE#IT1pl9q co-deletion®
V&< (FG-CIMP+ TMGMT
TOFE=F—@FAFIULENTLND
FEBIOD T4 BT

Grade IV THEREITHE EDHT  IDHFHRTG-CIMP FFEFR
Bt

O EFZILAT S

eGrade IiF. /NBICZLWHLRBETTFERNRL (10FE£F(FB80%LE) .

eGrade II. IIIiF. 1ENSHMETGrade IVICEEERIRT 3.
CNEFRIC. MRIMSHEBFELUVUTRIET ST TI0H3.
WINOWEEFESTREZTDOHTEL (SEEFE10%) .

® BRAF: B-Raf proto-oncogene. serine/threonine kinase TRAS/RAF/MEK/MAPK =+
IMEEDEFEREEZES.

e TP53: p53% 11— FI3EEGTF

e G-CIMP: CpG island methylation phenotype DNAIEEEEZEMGMTO T OE—4 —48ED
AFIULERTRIRE,
COFRETEIMGMTOEBRR T ENZZH. FRRFOY-H—&123.
GBMEBE TCIMPHIEESE, BEDELTFFRE N proneural typelCZ < & FREDIE
ElIFS5T 3.

® ATRX: alpha-thalassemia/mental retardation syndrome x-linked geneT. CMiE&IG
FOZERIZ. TOATOHERENSTOXATOMEE (alternative lengthening of
telomeres: ATL) &% 7J.

RS, BEFRREETVA-—IFREOBERR. ROXEESEE(CUE.
Siegal T. J Clin Neurosci. 2015;22:437-444.

N THITESNZERARICBVTTEVOSF (TMZ[BR&: TEY-IL]) #E8
(2FEEFE26.5%. FEH=£FHB14.608) N HEHEAE (RT) EWaEs: 2F
E£7F7E10.4%, FE2EFFRE12.108) (CIELUT. BEEZE > TEFHROERN
RSN, TMZ + RTH'GBMOEEAE S SN TS,

GBM(Z. TOLISICFEART HAOPRDONA" EVNWESRZs., EIEORER
D, TESTERBREABLIFREEZENHREINTLS. GBMOIREEBEDEILN'SE
DORZTRFETHD.



m B2

EACST3REEREEEE (FR2BA. AOI0BAICDE14N) M>S5. GBM
(32,220 AT, BEHMEBEEOPTREEZL, 11.1%%F 583,

ABFEROE(CIFRL (FIEEE35%. BIEEE25%. FEIEE18%. %EEE6%) . BI(C
B2 T U CTHEIFRAZSET 3. FIIRESEHIZ60RE. 45~75mDPEEICE<,
ERMEEFENEZSD. TOFEIREEDI62F. FRIEEFEITIISHREE
V. BEDTEDLAEZL<. NETRERENTHD., A ELERDRERED. REK. BEEX
BCHFFET 3.

FRAERBHIROBEDS JUBBIAOS FHRIBIZABEBEINTLARL,

Bailey&Cushing (1926%F) (. #HEFREZSB(CRREMARICEDVWZEEDEZIR
IBL., iEE%16EC93E L., glioblastomamiZiEfBi2 % bipolar spongioblast (Fi&E
HZER A IF DMERME) SUr.

WHORREBHFBICEE LIS AFOeHE— (3. BFEZEMRES CBICERY
U7oEBEEERELZY. AHOIEERERI V7 EJUA-OEBEETOFHELRHRE
C£BE. MBRFTHRUEREZECSH <KVHERZERICE. 8~9nmOFREET«S
X FEDED20~25nmOENE LT IS B EB I 2ER I U7 ELTOR
BN, SMEEDEMREBTEISFEINTSD. BEFETEFRIEFSINTVLSCENS, JU
A-—ZEEEIT V7 EERLUEZ. =5ICEFHEE (astroblastoma) (F. [EFEMEREN
nEZMOBA THHFRCEI SN TWRZ NS, NERMBHASNZESEEL
Iz. TOEDCEBLORBEEN, EHREZ A FOYA FORMELTZEBSEEEL
TWw3,

REFNCE, FOEROBENS, BEMICBVWTEHERBORMETE (SVZ) t°
BEEIRE (DG) (CHUWT. neural stem cell/glial progenitordiEF i I8Ek o FEH#H
BB dmigrationh"FEER=NTL V=, James E Goldman5 (3, JUA—iBREOEE
THDELBEEREZ. neural stem cell/glial progenitordiF = RBRL TS EHEEL
TW32), Fred H Gage5id, JOETAFZOUSOEZEMNIRETZTET. Sima
[CHVWTESVZEDGTIIDNASA T ZNeuNZ I EEZREE L. neural stem
cell/neural progenitorddFEZ A LIZEFRE UZ3), Sanai N5(&. & RSVZ&EEHN
B BAOEIBEROWFAENS, MEEependymalE T dastrocyteh', neural
progenitorta 3 SHELIZ4), WRIESC(F. RS TEIEERERESNTLRL
H'neural stem cell/glial progenitorht, U A —<HilDEMBROBNMERE TS S
ERONDZ. THICERMGBMEGRMGBMTIE. I LIZESITELTFEED/ (5P —
UH'RIRBz6h, RIEMRENEAZ S REEINSS 6,

N EoEh. BENCTUA-—TOFRARELTIE. U7 (PAOYA ) ofitsavt
EIBEZE, BISEMEOmaturation arrest& 38N B 3.

T, EFSEFEOBERICHEV., AREEFNEIN'GE. STAREEFTOENAMED
BeEMRESN TV, WOICKZ L7, EEEECHEBECHIZIEERETE. 7
IR—IOFIAEIdR— FRAENERENEZN, 105U LORBZNETEYR V0L
SERDHIIN DIz, RADIT—T UICHBFZEGMNBARTE. 10FEEEBX TIREEER
FaEAUCETIE. EEREEHE L T2.680U AN EEEINZ. BAESNMUE
EPEHRFEAFT [INTERPHONERAF] Tld, REFEAEEN'1,6408HMU tTAw X114
&L BERLEEZERUE

BLENS, EFEBGACHAZECSEZUEEN I EHESNTLS.



m fEiR

EEREECRFEZ VRN SRRITEMECIBET 326, BinEBEEaT.
R EERABUTERNETT 3. PIRERELUTIZIER (31%) 8%, RVWT
EE (18%) . HEZ(L (16%) TEHME (13%) RBREDEFERNEL.

TER (. BEORE UZIBPIORKREDEEZRRT Z2ONEARATHZ. £z, BEN
ETL, LECESET3OEREBEELLRS. L EMAREECEET IEMNTE.
HEZE, BRET. REZE TROMENTIRTZ. —@ITE. PEICEBREELZ
T, BLCESREEMAL. MEBHNBEECR3EBRLT 3. AIEEEETIE. Bu¥
wmﬁgtmkzﬁ@&wk?rwwmﬁan¥5@£ﬁmmub?m,it\ﬁﬁﬁﬁ

. BEEENSMAVTLRVTENSL,

Mubt$9u EEBECICUI-HEFNBEEROERN\ERTH M., &z
BISEE(CBTET BB CHMZMEEE (frontal-parietal networks) ZJTL T, FEIEE
DIEENRDHENDZ T ENS IO TERELURTNER SRR,

BEfle LT, BARBEERZE TRV DEED ICEBEANEH TR LI R EDEMR
HMEEDETY°, CRFBEEFS CRES - KB EAARL EBUFHREEEFRELT
DT ILA B AERNBHENBREDFINEIFSND. COLIBEFTE. BEBIRIEE
TAKBBEZN T 3EENBRE CHIEEN B,

INBPEFE TR OERUBERPHSAEDBEENETEERNIHRT S, 2EIC
BANIL=TACETL, BHRERICAZDT. BRZREIREBICHILTIENE
BLird. BEUTRHESESE. AR - /NER. BERICSVWTRE. 1>l
Y. TH - BIE. RRHE. BRESLULTEZSNTVREEEHD. TEEFTH -
IBIEN', AT 3BHIC—HT 3L, TEROFDEHTERIESTNZIERNT D
™I,

ZTDIzéh, J|ENEENE EFEHOUVWVERICRREL TEFBE (MR ZM{TI30T
(F2 <, FERNBRET, ET - BELTWVWBEICIE. BEHNLRRLER Tz,
Fz, BENRMEEZAOU-—— 033 0IC6. MEFREZZEORRICRDAN
BRENAUTHZD. CNICEDHFIAFOT v IRBHRUGEETSE, BEDED
BEIUBRETFROUE(ICDORFRCENTEZINETH . BLEDUWVEFITRLE
. ERIZHETIHIC. HMEENAREBNTUTH LT EEETHS.

m T

BEEAE. TROSHARINRIIBREICTMZZ ARGFA LRSI EEEETEED
247FHE (0S) (3, 151 BEBETHS. IDHIFEETO.95 8. IDHIZREIT24.0
HBTH»3. £ MEE/2O0F—ILREORINSZART (BRG: 7/ (AF) P25
—JIOVOHEBIE. OSICEFFS LRV, EEF8(Cglioblastoma with
oligodendroglioma component, giant cell GBM, cystic GBMIZEMZA', HENQ
GBME D PFENBIMERICHS. DFERICE DV TMGMTIEXF)ULEFIN®IDH
HEROFEABRHITIZ. TMZICRIGZERESRVEENEZL, SEEEEEPREFT
W ORA > FREFIOICAEFRD ANSNZ THES. CNSOEEICIE. BEATFE

M /0 S BN \AT4 Mo - IS =T A4 N oM
ST IRV | LT CDlLCIl:]“%I_I'P‘I’*a} /-J-/ \/I UTTWT1-W10, I)bl'U ik

(Programmed cell deah-1) AAEER ETHRRORBIGE (CHTENET L —F =52
TR ETTHROBHEREZ#IZL. NAMRZHEREECEVV 3RS THS.

B U < THliEOFREICFKIR T 21F14EEFCTLA (Cytotoxic T-lymphocyte-associated
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Recent epidemiological studies have demonstrated that coffee drinking is associated with reduced
mortality of cardiovascular disease. However, its precise mechanisms remain to be clarified. In this study,
we examined whether single ingestion of caffeine contained in a cup of coffee improves microvascular
function in healthy subjects.

A double-blind, placebo-controlled, crossover study was performed in 27 healthy volunteers. A cup of
either caffeinated or decaffeinated coffee was drunk by the subjects, and reactive hyperemia of finger
blood flow was assessed by laser Doppler flowmetry. In an interval of more than 2 days, the same
experimental protocol was repeated with another coffee in a crossover manner. Caffeinated coffee intake
slightly but significantly elevated blood pressure and decreased finger blood flow as compared with
decaffeinated coffee intake. There was no significant difference in heart rate between caffeinated and
decaffeinated coffee intake. Importantly, caffeinated coffee intake significantly enhanced post-occlusive
reactive hyperemia of finger blood flow, an index of microvascular endothelial function, compared with
decaffeinated coffee intake.

These results provide the first evidence that caffeine contained in a cup of coffee enhances micro-
vascular function in healthy individuals.

© 2015 Japanese Pharmacological Society. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

consumption is associated with reduced mortality of cardiovascular
disease (5). Moreover, a meta-analysis of 23 prospective studies has

Coffee is the most widely consumed beverage in the world (1).
Coffee contains a variety of pharmacologically active ingredients,
and it has long been argued whether coffee drinking is beneficial or
harmful for cardiovascular disease (2—4). Recently, a large cohort
study, in which more than 400,000 participants were prospectively
followed up for 13 years, has demonstrated that coffee
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provided quantitative evidence that coffee intake is inversely
related to cardiovascular disease mortality (6). These findings
suggest the beneficial cardiovascular actions of coffee. However, its
precise mechanisms remain to be elucidated.

The vascular endothelium synthesizes and releases several
vasodilating substances, such as prostacyclin, nitric oxide, and
endothelium-derived hyperpolarizing factors (EDHF). Evaluation of
endothelial function has been shown to provide important prog-
nostic information in patients with cardiovascular disease, as evi-
denced by the facts that the severity of endothelial dysfunction can
predict future cardiovascular events (7, 8) and that improvement of
endothelial function by pharmacological interventions reduces the
risk of cardiovascular disease. Acute effects of caffeine, a major

1347-8613/© 2015 Japanese Pharmacological Society. Production and hosting by Elsevier B.V. All rights reserved.
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pharmacologically active ingredient of coffee, on human endothe-
lial function of large conduit arteries have been examined in several
previous studies by using ultrasound-based measurement of
brachial artery diameter during post-occlusive reactive hyperemia.
However, the results of those studies are quite inconsistent (9—13).
It is generally accepted that flow-dependent dilation of conduit
arteries is mediated primarily by nitric oxide (14), while in the
microcirculation EDHF rather than nitric oxide have been suggested
to play a major role in the reactive hyperemic response (15).
Microvessels, but not large arteries, regulate tissue blood blow and
systemic blood pressure, and thereby play a key role in the circu-
latory system. However, no study has ever addressed the effect of
caffeine on microvascular function.

Based on the above background, we examined in this study the
effect of single ingestion of a cup of caffeinated and decaffeinated
coffee on finger microvascular function in healthy subjects by laser
Doppler flowmetry.

2. Methods
2.1. Subjects

We recruited twenty-seven healthy subjects (13 men and 14
women; 22—-30 years old [mean age, 23.7 + 2.2]; mean body
weight, 58.4 + 15.1 kg; mean height, 162.9 + 9.6 cm) in our uni-
versity, and the subjects who wanted to take part in the study
voluntarily were investigated. Subjects taking any medication or
smokers were excluded from the study, and the experiments were
performed when the subjects were well conditioned. All volunteers
were asked to abstain from caffeine-contained beverages at least
12 h before the study. All subjects gave written informed consent,
and invasive experiments including blood sampling were approved
by the Clinical Trial Ethics Committee of the University of the
Ryukyus, according to the declaration of Helsinki and the ethical
standard.

2.2. Study design

A double-blind, placebo-controlled, crossover study was per-
formed. All participants were examined on two separate days in a
quiet temperature-controlled room. Instant coffee of 2 g with or
without caffeine (Taster's Choice™, Nestlé, Vevey, Switzerland)
was prepared with 150 ml hot water. Neither sugar nor milk was
added. A cup of the caffeinated or decaffeinated coffee was
ingested in each subject. Hemodynamic variables and reactive
hyperemic response were measured before and every 15 min
after coffee intake. In a pilot study, we were not able to continue
this experiment more than 75 min because some subjects com-
plained of strong pain due to repeated cuff-compression or a
fixed position of the test arm. Thus, we set the experiment time
for 75 min. In an interval of more than 2 days, the same exper-
imental protocol was repeated with another coffee in a crossover
manner. Blood pressures were measured at the brachial artery
using a sphygmomanometer (BP-103i, Nihon Colin, Komaki,
Japan). A manchette was placed around the right upper arm, and
a mean value of three measurements was used for the statistical
analyses. Heart rate was obtained from the sphygmomanometer.
The subjects were in a sitting position throughout the
experiments.

2.3. Assessment of microvascular function
Finger blood flow was measured by a laser Doppler flowmeter

(ALF21, Advance, Tokyo, Japan). A flow-probe (type C) was placed at
the tip of the left index finger or thumb. Blood flow was calculated

by measuring Doppler shifts derived from moving erythrocytes per
photon and the mean photon frequency. As the number of Doppler
shifts is proportional to the erythrocyte volume and velocity, blood
flow is the product of linearized volume and velocity (16). Post-
occlusive reactive hyperemia of finger blood flow was assessed as
an index of microvascular endothelial function. A cuff was placed
on the left upper arm, and reactive hyperemia of finger blood flow
was induced by inflating a cuff for 1 min in order to interrupt
arterial blood flow and then deflating it. Peak hyperemic flow was
defined as the highest blood flow immediately after cuff deflation.
Reactive hyperemia was calculated according to the following
equation:

Reactive hyperemia (%) = [(peak hyperemic flow — resting
flow)/resting flow] x 100

2.4. Measurement of caffeine and catecholamine levels

Venous blood samples were collected before and 30 min after
coffee ingestion in five volunteers. The plasma caffeine levels and
caffeine contents in decaffeinated and caffeinated coffee were
analyzed by high performance liquid chromatography (HPLC; LC-
10AD, Shimadzu, Kyoto, Japan) (17). Plasma catecholamine levels
were measured by SRL Inc. (Tokyo, Japan) using the HPLC method.

2.5. Statistical analysis

Statistical analyses were performed by a two-way ANOVA fol-
lowed by a Bonferoni/Dunn post hoc test. When paired or unpaired
data were compared, a paired or unpaired Student's t-test,
respectively, was applied. The computer software StatView-] 5.0
(SAS Institute Japan Ltd, Tokyo, Japan) was used for the statistical
analyses. A value of P < 0.05 was considered to be statistically
significant. Results are expressed as mean + SD.

Reproducibility of laser Doppler flowmetry was expressed as
within-subject coefficients of variability. In our laboratory, the
intra-day variability for finger blood flow was 6.3% (range: 0—27.1%)
and that for reactive hyperemia assessed by laser Doppler flow-
metry was 21.6% (0—54.2%), and the day-to-day variability for
finger blood flow was 26.2% (0—76.1%) and that for reactive hy-
peremia was 33.7% (0—102%). According to the previous studies, the
coefficient of variance < 35% can be deemed acceptable (18).

3. Results

3.1. Caffeine content in decaffeinated and caffeinated coffee and
plasma caffeine levels before and after coffee intake

Caffeine content in decaffeinated vs. caffeinated coffee was
markedly different (1.37 + 0.09 vs. 54.5 + 3.4 mg, respectively)
(Fig. 1A). Before coffee intake, plasma caffeine levels were identical
between subjects with decaffeinated and caffeinated coffee intake.
However, 30 min after coffee intake, plasma caffeine levels were
markedly increased in the subjects with caffeinated coffee intake
(from 0.75 + 0.85 to 1.57 + 1.30 ug/ml, P < 0.05), but not in those
with decaffeinated coffee intake (from 0.76 + 0.57 to 0.77 + 0.60 pg/
ml) (Fig. 1B).

3.2. Effects of caffeinated coffee intake on blood pressure and finger
blood flow

Before coffee intake, there were no significant differences in
baseline hemodynamic variables (i.e., systolic, diastolic, and mean
blood pressures, finger blood flow, vascular resistance, or heart
rate) in the subjects with decaffeinated and caffeinated coffee
intake (Table 1). However, caffeinated coffee intake, but not



K. Noguchi et al. / Journal of Pharmacological Sciences 127 (2015) 217—222 219

60

40

20

Caffeine content (mg/cup)

O decaffeinated
3 4 caffeinated

Plasma caffeine (ug/ml)

Decaffeinated Caffeinated

Coffee

Before After
Coffee intake

Fig. 1. Caffeine contents in a cup of decaffeinated and caffeinated coffee (A) and plasma caffeine levels before and 30 min after single intake of caffeinated and decaffeinated coffee
(B). Data are expressed as mean + SD. *P < 0.05 between before and after coffee intake by a paired t-test.

decaffeinated coffee intake, caused slight but significant elevations
of systolic, diastolic and mean blood pressures by maximally 2.7, 3.2
and 2.8 mmHg, respectively (each P < 0.01, Fig. 2). Furthermore,
caffeinated coffee intake significantly reduced finger blood flow (as
assessed by laser-Doppler flowmetry, P < 0.01, Fig. 3A) and signif-
icantly increased vascular resistance of the finger vascular bed
when compared with decaffeinated coffee intake (P < 0.01, Fig. 3B).
On the other hand, there was no significant difference in heart rate
in the subjects with decaffeinated and caffeinate coffee intake
(Fig. 3Q).

3.3. Effects of caffeinated coffee intake on reactive hyperemia of
finger blood flow

Before coffee intake, post-occlusive reactive hyperemia of finger
blood flow, an index of microvascular endothelial function, were
comparable between the subjects with decaffeinated and caffein-
ated coffee (8.7 + 4.3 and 10.0 + 3.4 ml/min/100 g, respectively).
However, caffeinated coffee intake significantly enhanced post-
occlusive reactive hyperemia of finger blood as compared with
decaffeinated coffee intake (P < 0.01, Fig. 4).

3.4. Plasma catecholamine levels

Plasma norepinephrine levels did not significantly differ be-
tween the subjects with decaffeinated and caffeinated coffee intake
at baseline (336 + 132 vs. 317 + 165 pg/ml) and at 30 min after the
intake (271 + 95 vs. 272 + 125 pg/ml). Plasma epinephrine levels
also did not significantly alter between the subjects with decaf-
feinated and caffeinated coffee intake at baseline (35.8 + 12.5 vs.
33.3 + 18.5 pg/ml) and at 30 min after the intake (32.0 + 11.2 vs.
25.8 + 13.5 pg/ml). The respective plasma catecholamine levels did
not significantly change before and after coffee intake.

Table 1

Baseline characteristics in subjects with decaffeinated and caffeinated coffee intake.
Variables Decaffeinated  Caffeinated P value
Systolic BP (mmHg) 1049 + 124 106.2 +11.2 0.346
Diastolic BP (mmHg) 58.0 + 8.3 59.1 + 6.6 0.297
Mean BP (mmHg) 73.6 + 8.8 748 + 7.6 0.264
Finger blood flow (ml/min/100 g) 236 +77 233+79 0.916
Vascular resistance (unit) 343 +1.15 367+163 0.543
Reactive hyperemia (%) 40.8 + 254 50.3 +27.1 0.125
Heart rate (bpm) 746 + 9.4 743 + 8.6 0.815

BP = blood pressure, Vascular resistance = vascular resistance of the finger vascular
bed (finger blood flow/mean BP), Reactive hyperemia (%) = 100 x (post-occlusive
increase in finger blood flow)/(baseline finger blood flow).

4. Discussion

To the best of our knowledge, this is the first study examining
the acute effect of caffeine on endothelial function in the human
finger cutaneous microcirculation. The present study demonstrates
that an intake of caffeine contained in a cup of coffee may cause a
favorable effect on microvascular endothelial function assessed by a
noninvasive laser Doppler flowmetry method in Japanese young
healthy subjects.

4.1. Pressor effect of caffeine

In the present study, the plasma caffeine concentration after
caffeinated coffee intake attained 1.6 ug/ml. This concentration of
caffeine has been shown to act as an antagonist of adenosine A1/Aza
receptors (19, 20). As adenosine causes vasodilation in most
vascular beds (21), caffeine would induce an increase in vascular
resistance. Thus, slight but significant rises in blood pressure
observed after caffeinated coffee intake in the present study may, in
part, be caused by an increase in basal vascular tone derived from
the adenosine antagonism of caffeine, as found by an early study
(22). In addition, a direct stimulatory effect of caffeine on myocar-
dial contractility (23) might be involved in a significant increase in
blood pressure seen after caffeinated coffee intake.

4.2. Effect of caffeine on microvascular function

The present finding that caffeine ingestion, even at a small dose
(54.5 mg = less than 1 mg/kg), improves microvascular endothelial
function is consistent with a previous study (24) using venous oc-
clusion plethysmography demonstrating that the acute adminis-
tration of caffeine at an extremely large dose (300 mg) augments
vasodilator responses of forearm vessels to intra-arterial infusion of
the endothelium-dependent agonist acetylcholine.

In contrast to our study, however, two previous reports using
ultrasound-based measurement of brachial artery diameter during
post-occlusive reactive hyperemia demonstrated that caffeinated
coffee ingestion impaired endothelial function in healthy volun-
teers (9, 12). In addition, two other studies showed that acutely
administered caffeine had no effect on endothelial function
assessed by the brachial artery vasoreactivity measurement (10,
11). Although the reason for conflicting with our data cannot be
fully explained at present, it seems plausible that the difference in
the type of vessels used for assessing vascular function was mainly
involved. Laser Doppler flowmetry employed in the present study
measures microvascular function in cutaneous arterioles and cap-
illaries, whereas the ultrasound-based measurement of brachial
artery diameter reflects ‘macrovascular’ function in large conduit
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Fig. 2. Effects of caffeinated and decaffeinated coffee intake on systolic (A), diastolic
(B) and mean (C) blood pressures (BP). Data are expressed as mean + SD. **P < 0.01
between caffeine (—) and caffeine (+) by ANOVA.

arteries. Indeed, some previous studies have described that brachial
artery responses to reactive hyperemia do not correlate with
microvascular function as measured by agonist infusion studies or
laser Doppler flowmetry (25, 26). It is generally considered that
flow-dependent dilation of conduit arteries is mediated primarily
by nitric oxide (14). By contrast, contribution of nitric oxide to post-
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Fig. 3. Effects of caffeinated and decaffeinated coffee intake on finger blood flow (A),
vascular resistance of the finger vascular bed (B), and heart rate (C). Data are expressed
as mean + SD. **P < 0.01 between caffeine (—) and caffeine (+) by ANOVA.

occlusive reactive hyperemia in microvessels appears minimal (27,
28). Instead, EDHF may have a major role in the reactive hyperemic
response in the microcirculation (15). Although the nature and
mechanisms of EDHF remain uncertain, EDHF response has been
proposed to be divided into two broad categories as follows: the
first (classical) EDHF pathway is associated with endothelial cell
hyperpolarization due to the opening of endothelial calcium-
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Fig. 4. Effect of caffeinated and decaffeinated coffee intake on post-occlusive reactive
hyperemia of finger blood flow. Reactive hyperemia was calculated according to the
following equation: reactive hyperemia (%) = [(peak hyperemic flow — resting flow)/
resting flow] x 100. Data are expressed as mean + SD. **P < 0.01 between caffeine (—)
and caffeine (+) by ANOVA.

activated K"-channels, and the second EDHF pathway does not
require endothelial hyperpolarization but involves the endothelial
release of factors that hyperpolarize vascular smooth muscle cells
by opening various myocyte K*-channels such as calcium-activated
K*-channels (29). Experimental studies with animal and human
vessels have demonstrated that the activation of vascular smooth
muscle Ca®*-activated K™ channels probably contributes to the
EDHF component of reactive hyperemia in microvessels (30, 31).
Thus, microvascular endothelial function assessed by laser Doppler
flowmetry may reflect the bioavailability of endothelium-
dependent hyperpolarization via the activation of Ca?*-activated
K* channels in the endothelium and/or vascular smooth muscles.

4.3. Possible mechanisms involved in the beneficial effect of caffeine
on microvascular function

In addition to the action on adenosine receptors, caffeine has
been known to have a variety of pharmacological properties,
including inhibition of phosphodiesterase (32), and calcium release
from intracellular calcium stores via ryanodine-sensitive calcium
channels (33). Interestingly, several electrophysiological experi-
ments have displayed that caffeine at concentrations ranging from
107% to 1073 M evokes calcium-dependent hyperpolarization in
endothelial cells and vascular smooth muscle cells as a result of
increased outward K* current (34—36). These data suggest that
caffeine-induced release of calcium from intracellular calcium
stores elicits the activation of calcium-activated K*-channels in
these cells. Considering that EDHF, unlike nitric oxide, has a major
role in microvascular reactive hyperemia, it is possible that caffeine
has the potential to augment the reactive hyperemic response of
microvessels through amplifying hyperpolarization caused by
EDHF. This may explain a favorable effect of caffeine on microvas-
cular endothelial function in the present study, because the plasma
concentration of caffeine was estimated to be nearly 107> M
(Fig. 1B). It is intriguing that previous experiments in rats have
shown that treatment with blockers of calcium-activated K*-
channels dose not affect baseline blood pressure or vascular
conductance but attenuates vasodilator responses of resistance
vessels produced by endothelium-dependent vasodilators such as
acetylcholine (37, 38). These findings indicate that calcium-
activated K*-channels contribute little to the regulation of basal
blood pressure but participate in responses to endothelial

stimulation, and may be related to the present results that caffeine
intake produced enhancement of microvascular endothelial func-
tion in spite of the occurrence of a slight increase in baseline blood
pressure.

Several clinical studies (13, 39—41) have shown that caffeine
exerts acute beneficial metabolic effects such as increased con-
centrations of adiponectin, a marker of anti-inflammatory and
insulin-sensitizing effects (42). In addition, a cross-sectional study
has reported that coffee consumption is inversely associated with a
plasma marker of inflammation (C-reactive protein) and that of
endothelial dysfunction (E-selectin) (43). Thus, these preferable
properties of caffeine, besides the effect on endothelial function,
may partly account for the beneficial cardiovascular effect of long-
term coffee consumption.

4.4. Study limitations

Our study has some potential limitations to be considered. First,
the number of subjects examined in this study may have been so
small as to provide conclusive proof, although statistically signifi-
cant effects were found. Second, the long-term effects of caffeine
ingestion on endothelial function remain unknown. Third, we did
not ask female subjects about the menstrual cycle, and it is thus
unknown to what extent its phases affected the finger blood flow
response. Finally, assessment of microvascular function was per-
formed solely in Japanese healthy young volunteers. We have not
yet elucidated whether or not caffeinated coffee intake ameliorates
microvascular endothelial function not only in healthy subjects but
also in patients with cardiovascular disease. These issues remain to
be examined in future studies.

5. Conclusion

Our double-blind, placebo-controlled, crossover study has
demonstrated, for the first time, that caffeine at the amount con-
tained in a cup of coffee may cause improvement of microvascular
endothelial function in healthy subjects.
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Abstract

Background: The etiology and appropriate management strategy of chronic
encapsulated expanding hematoma during pregnancy after gamma knife
radiosurgery for arteriovenous malformation (AVM) remain unclear.

Case Description: A 34-year-old female developed chronic encapsulated
expanding hematoma during late pregnancy, after angiographic disappearance of Website:

cerebellar AVM following two courses of gamma knife radiosurgery. The present www.surgicalneurologyint.com

case implicates pregnancy as a potential promoter of growth and enlargement of DOI:

chronic encapsulated expanding hematoma, which may become life-threatening 10.4103/2152-7806.148054
and require surgical intervention. Quick Response Code:

Conclusion: Immediate surgical management after delivery may be associated
with a favorable outcome, so close follow-up management and patient education
are very important in women planning pregnancy.

Access this article
online
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INTRODUCTION

pregnancy. We present a case of cerebellar chronic
encapsulated expanding hematoma encountered during

Gamma knife radiosurgery is an effective treatment for  late pregnancy, 4 years after angiographic disappearance

cerebral arteriovenous malformation (AVM) resulting in
angiographic disappearance in more than 80-90% of cases.
Actual rates of obliteration of cerebellar AVMs, with
median target volume of 3.85 cm’ and median marginal
dose of 21 Gy, were 53% at 3 years and 76% at 5 and
10 years.!"" However, relatively rare complications such
as cyst formation and chronic encapsulated expanding
hematoma may develop more than 5 years after gamma
knife radiosurgery even if angiographic disappearance
has been achieved.*1%1>1619 Furthermore, little is known
about the mechanisms and appropriate management
of chronic encapsulated expanding hematoma during

of AVM nidus following two courses of gamma knife
radiosurgery, with a cumulative dose of 44 Gy to the
margin at the 50-60% isodose line, carried out at an
interval of 4 years.

CASE REPORT

A 20-year-old female presented with sudden onset
of severe headache associated with nausea followed
by disturbance of consciousness, and was admitted
to another hospital. The diagnosis of cerebellar and
subarachnoid hemorrhage from AVM supplied by the
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posterior inferior cerebellar artery (PICA) was based on
the findings of computed tomography (CT) [Figure la]
and cerebral angiography. Emergency evacuation of the
hematoma was performed via a midline suboccipital
approach. Four months after surgery, vertebral
angiography demonstrated left cerebellar hemispheric
AVM supplied by the PICA [Figure 1b]. Fourteen
months after the initial hemorrhage, gamma knife
radiosurgery was performed to treat the AVM nidus
with a volume of 0.487 cm® at another institution using
a Leksell Gamma Knife model B unit (Elekta AB). The
procedure was planned using GammaPlan software
based on stercotactic digital subtraction angiography
and magnetic resonance (MR) imaging. A prescribed
dose of 20 Gy was delivered to the lesion margin at the
50% isodose line. Three years after the first radiosurgery,
vertebral angiography showed a small residual nidus in
the left cerebellar hemisphere [Figure lc|. The patient
underwent repeat radiosurgery at the previous institution
using a Leksell Gamma Knife model C unit (Elekta AB)
4 years after initial radiosurgery. The target volume of
the nidus was 1.5 cm?, a larger volume than that at the
initial radiosurgery, and was intended to improve the
treatment efficacy. The procedure was planned using
GammaPlan software and a prescribed dose of 24 Gy
was delivered to the lesion margin at the 60% isodose
line. Vertebral angiography obtained at 5 years after the
second radiosurgery revealed complete disappearance
of the AVM [Figure 1d]. However, T2-weighted MR
imaging and postcontrast Tl-weighted MR imaging
obtained at 7 years after the second radiosurgery revealed
an enhanced lesion adjacent to the cyst formation in the

Figure 1:(a) CT scan at initial onset demonstrating left cerebellar
hemorrhage with subarachnoid hemorrhage. (b) Left vertebral
angiogram before first gamma knife radiosurgery showing a
left cerebellar hemispheric AVM supplied by posterior inferior
cerebellar artery (arrow). (c) Left vertebral angiogram at 3
years after first radiosurgery revealing residual nidus in the left
cerebellar hemisphere (arrowhead). (d) Left vertebral angiogram
obtained at 5 years after the second radiosurgery revealing no
residual AVM nidus
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left cerebellar hemisphere [Figure 2Za, b]. The patient
was lost to follow up during the 18 months after the last
examination. The patient subsequently presented with
headache and nausea, which had persisted over 3 weeks,
at age 34 years in the 32" week of pregnancy, and was
referred to our institution 9 years after the second
radiosurgery.

The patient had headache and nausea, but no other
neurological deficits were identified except for House—
Brackmann grade 3 facial palsy persisting since her
childhood. Other medical history was unremarkable.
On admission, CT demonstrated an irregularly shaped,
heterogencous high density hematoma with perifocal
edema in the vermis extending to the left cerebellar
hemisphere [Figure 2c]. Ier infant was delivered by
cesarean section immediately after admission and osmotic
therapy was started. Despite conservative management,
disturbance of consciousness developed and deteriorated
due to the extensive perifocal edema and hydrocephalus.
Three-dimensional CT angiography revealed no vascular
abnormality around the lesion.

Midline suboccipital craniotomy was performed and
cerebrospinal fluid was released from the ventricular
drainage. A very firm, reddish angiomatous nodular
granuloma with adjacent cyst was visualized in
the  cerebellar  hemisphere.  Indocyanine  green
videoangiography confirmed the absence of abnormal
vasculature around the lesion. The lesion contained
angiomatous capsule and firm organized hematoma.
Gross total resection was achieved without injury to the
surrounding structures. No AVM nidus was observed
during surgery. IHer symptom was completely resolved

Figure 2: Axial T2-weighted MR image (a) and postcontrast
Tl-weighted MR image (b) demonstrating appearance of the
enhanced lesion adjacent to the cyst formation in the left cerebellar
hemisphere at 7 years after second radiosurgery. (c) CT scan
showing an irregularly shaped, mixed density lesion with extensive
edema in the left cerebellar hemisphere. (d) Postoperative
gadolinium-enhanced T I-weighted MR image demonstrating total
removal of the lesion
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immediately after surgery and the postoperative course
was uneventful. Postoperative MR imaging revealed
total resection of the hematoma with the adjacent
cyst [Iigure 2d]. Postoperative angiography confirmed
disappearance of the AVM. Her baby’s growth and

development was also normal.

Histological examination of the lesion obtained
during surgery demonstrated encapsulated hematoma
consisting of a dense collagenous outer layer and a

granulated, newly vascularized, angiomatous inner
layer  with  extensive  multinodular  hemorrhage
at various stages of organization [Figure 3al.

Hemosiderin deposits and coagulation necrosis were
also observed [Figure 3b]. The microvasculature in the
inner layer demonstrated inflammatory infiltration in
the vascular walls and thickening of the vessel walls
with hyaline degeneration, which are characteristic
findings of vasculitis [Figure 3¢]|. Immunohistochemical
examination demonstrated strong staining for CD34 in
the microvasculature [Figure 3d].

DISCUSSION

Chronic encapsulated expanding hematoma after
gamma knife radiosurgery

Chronic encapsulated expanding hematoma is a rare
but very important late onset complication after
gamma knife radiosurgery for AVMs, and may develop
even if angiographic disappearance has been achieved.
Surgical treatment may be required due to progression
in some cases.!"""*! Chronic encapsulated expanding

A g Aty

Figure 3: (a) Photomicrographs of the chronic encapsulated
expanding hematoma demonstrating angiomatous abnormal
vessels, multifocal hemorrhage, and coagulation necrosis. HE,
original magnification x100. (b) Areas of coagulation necrosis
and extensive hemorrhage. HE, original magnification x200.
(c) Angiomatous region showing thickening of the vessel walls
with hyaline degeneration and inflammatory infiltration. HE,
original magnification x200. (d) Immunohistochemical examination
demonstrating strong staining for CD34 in the microvasculature.
Original magnification x200

hematoma is often accompanied by cyst formation,
which tends to occur in patients followed up for longer
than 5 years after gamma knife radiosurgery.!") Larger
nidus volume and higher radiation dose may be risk
factors for delayed cyst formation, but cyst formation
may still occur despite a relatively small nidus and low
prescribed margin dose."” Total obliteration can be
achieved after repeat stereotactic radiosurgery (SRS) for
incomplete obliteration after initial SRS.*"1*#) Delayed
cyst formation occurred in 4.6% of cases at a median
of 108 months after repeat SRS. In the present case,
chronic encapsulated expanding hematoma occurred
9 years after the second radiosurgery for the relatively
small residual nidus. The cumulative radiation dose was
44 Gy to the lesion margin, which was presumably high
enough to induce the hematoma.

Chronic encapsulated expanding hematoma
during pregnancy

The present case of cerebellar chronic encapsulated
expanding hematoma occurred during pregnancy,
9 years after the second radiosurgery. Such occurrence
of chronic encapsulated expanding hematoma during
pregnancy has not been reported previously, and
the etiology and appropriate management strategies
remain unclear. Several studies have demonstrated
rapid enlargement of intracranial meningiomas during
pregnancy.!'"'*22 The rate of presentation increased in
the second and third trimesters. Several mechanisms,
such as increased blood volume, vascular engorgement,
increase in tumor-associated vascularity, increase
in intracellular fluid, and increased edema, may
explain both the rapid increase in tumor size during
pregnancy as well as the frequent partial regression
postpartum.l'1214221 Recent  studies  showed  that
pregnancy and the puerperium are associated with
increased risks of hemorrhage and aggressive behavior in
cavernous malformations and other vascular lesions.!]
In the present case, the chronic encapsulated expanding
hematoma became symptomatic in the third trimester,
suggesting relatively rapid progression during pregnancy
because this period was only 18 months after the last
follow-up examination.

Recent experimental  studies have revealed that
representative histological changes in smaller arterioles
or the microvasculature after irradiation are likely
to be caused by microvasculitis, which consists of
hyaline degeneration, fibrinoid necrosis, lymphocytic
infiltration, and adventitial fibrosis.[>¢715211 Histological
examination of the present case revealed extensive
multifocal hemorrhage with multi-stage organization
from abnormal angiomatous vessels with hyaline
degeneration adjacent to coagulation necrosis. These
findings are compatible with those of the experimental
studies. On the basis of these findings, we suggest
that repeated hemorrhage from the abnormal fragile
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vasculature with subsequent multi-stage organization in
the lesion occurred during pregnancy due to increased
blood volume and vascular engorgement, and this may
have caused the rapid enlargement of the hematoma and
increased perifocal edema resulting in the progressive
deterioration of neurological symptoms during late
pregnancy.

The optimum timing for neurosurgical intervention
In pregnant patients remains to be clucidated. The
indications for surgery and delivery must be determined
in relation to the severity of the neurological symptoms
in the mother, the aggressiveness of the lesion, and the
gestational period."” The general recommendation is
that neurosurgical intervention should be avoided in
the late second and third trimester, because of the high
risk of intracranial hemorrhage associated with increased
maternal intravascular volume. However, cesarean delivery
under general anesthesia with subsequent neurological
decompression should be considered for patients with
risk of cerebellar herniation.”*! Chronic encapsulated
expanding hematoma in the cerebellum may cause
severe clinical problems and is potentially life-threatening
because of the proximity to the brainstem and fourth
ventricle. The urgency of such condition increases the
likelihood of surgical intervention during pregnancy. Most
obstetricians and pediatricians would consider that the
delivery should be delayed to 32 weeks of gestation to
ensure fetal maturity and survival. In the present case, the
patient only complained of headache and was relatively
stable on admission, so that cesarean section could be
performed under general anesthesia immediately after
admission, because the gestational age was 32 weeks and
the condition of her infant was stable. After delivery, her
neurological status rapidly deteriorated due to increased
perifocal edema and development of hydrocephalus, so
that midline suboccipital craniotomy was performed.
Her neurological deficits were immediately resolved after
surgery.

The present case implicates pregnancy as a
potential promoter of growth and enlargement of
chronic encapsulated expanding hematoma, which
may become life-threatening and require surgical
intervention. Accurate diagnosis and immediate
surgical management after delivery are likely to result
in favorable outcome. We suggest that cesarean section
followed by craniotomy is indicated for patients with
chronic encapsulated expanding hematoma who are
neurologically unstable with conservative therapy in
late pregnancy.

CONCLUSION

The present case shows that chronic encapsulated
expanding hematoma after gamma knife radiosurgery

S578

may develop and increase the risk of hemorrhage,
with more aggressive behavior during late pregnancy.
Craniotomy and total removal of the lesion after delivery
by cesarean section under general anesthesia resulted
in good outcome. IHowever, the patient should be
warned of the risk of this life-threatening complication
prior to attempts at becoming pregnant. Therefore,
follow-up examinations should be regularly scheduled
for young women of child bearing age after gamma
knife radiosurgery for AVMs, despite the confirmation
of angiographic disappearance of AVM nidus, because
of the difficulty in predicting rapid progression of the
chronic encapsulated expanding hematoma during
pregnancy.
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Cell-penetrating peptides (CPPs) as a novel biomedical delivery system have been highly anticipated,
since they can translocate across biological membranes and are capable of transporting their cargo inside
live cells with minimal invasiveness. However, non-selective internalization in various cell types remains
a challenge in the clinical application of CPPs, especially in cancer treatment. In this study, we attempted
Keywords: to identify novel cancer-homing CPPs to target glioblastoma multiforme (GBM), which is often refractory
cpp and resistant to treatment. We screened for CPPs showing affinity for the human GBM cell line, U37MG,

l[’)fstide from an mRNA display random peptide library. One of the candidate peptides which amino-acid
GliI:) blastoma sequence was obtained from the screening showed selective cell-penetrating activity in U87MG cells.
Cancer Conjugation of the p16™¥4? functional peptide to the GBM-selective CPP induced cellular apoptosis

and reduced phosphorylated retinoblastoma protein levels. This indicates that the CPP was capable of
delivering a therapeutic molecule into U87MG cells inducing apoptosis. These results suggest that the
novel CPP identified in this study permeates with high affinity into GBM cells, revealing it to be a
promising imaging and therapeutic tool in the treatment of glioblastoma.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM, WHO grade IV astrocytoma) is
the most common malignant brain tumor originating in the central
nervous system in adults. Despite advances in surgical resection,
chemotherapy, and radiotherapy combined with adjuvant therapy,
the median survival in patients with GBM is generally less than
12 months after the time of diagnosis because of its rapid progres-
sion and invasive nature [1]. Thus, there is an urgent need for more
effective therapeutic strategies for refractory GBM.

Recently, cell-penetrating peptides (CPPs), also referred to as
protein transduction domains (PTDs), which have the ability to
permeate across the plasma membrane and can facilitate the effi-
cient cellular internalization of biomolecules, have attracted atten-
tion as peptide-based delivery systems [2,3]. To date, CPPs such as
the human immunodeficiency virus typel (HIV-1) transcriptional
activator TAT protein [4], the Antennapedia (Antp) homeodomain

* Corresponding author. Fax: +81 98 895 1402.
E-mail address: masayuki@med.u-ryukyu.ac.jp (M. Matsushita).

http://dx.doi.org/10.1016/j.bbrc.2014.12.089
0006-291X/© 2014 Elsevier Inc. All rights reserved.

of Drosophila [5], and poly-arginine ((Arg)n, n=4-16) [6,7] have
been the most widely studied with respect to enhancing the intra-
cellular delivery of CPP-conjugated molecules. Since these peptides
could efficiently deliver a variety of biological macromolecules,
including proteins, peptides, DNAs, RNAs and nanoparticles into
various living cells with minimal cytotoxicity, the use of CPPs as
a delivery system to directly introduce biologically active mole-
cules into cells has been expected [2,8,9]. However, from a clinical
point of view, non-selective internalization of CPPs into various
cells is the limiting factor for cell-type or tissue specific targeting
applications such as cancer treatments [4,10]. Development of
target-selective CPPs may contribute to improving therapeutic effi-
cacy and reducing side effects on normal tissues [11,12]. Accord-
ingly, the purpose of the present study was to identify novel
CPPs targeting GBM as selective transporters.

mRNA displayed peptides comprise a genotype (mRNA/cDNA)
template and phenotype (nascent protein) that is encoded by its
mRNA, and are linked by a covalent bond through the puromycin
linker [13]. The in vitro cell-free protein synthesis system boasts
a diversity of approximately 10'2-10"3 individual sequences, each
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containing 10 contiguous random amino acids that are encoded by
a synthetic cDNA library (templates), which is greater than that of
phage display technology (<10°) [14]. The amino acid sequence of
an mRNA displayed polypeptide can be identified easily by nucleic
acid sequencing [15,16]. Thus, mRNA display technology provides
a means of screening for useful physiologically active peptides
and novel functional proteins. Here, we aimed to investigate novel
CPPs with an affinity for the U87MG human GBM cell line using an
mRNA display random peptide library in vitro. In this article, we
present a novel CPP as a potential tool for GBM selective intracel-
lular delivery.

2. Materials & methods
2.1. Peptide synthesis

All peptides in the present study were synthesized chemically
by SIGMA-ALDRICH (Tokyo, Japan). Peptide purity was 90% or
greater, which was confirmed by high-performance liquid chroma-
tography analysis and mass spectroscopy. Peptides were dissolved
in distilled water to generate 1 mM stock solutions.

2.2. Cell culture

The human glioblastoma (GBM) cell line U87MG used in the
present study was purchased from the American Type Culture Col-
lection (USA). The other cell lines used for in vitro assays are shown
in Table 1. All human cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS) (Invitrogen),
100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen) at
37 °C with 5% CO,. Primary cultured neurons were obtained from
the hippocampus of 18-embryonic-day fetal C57BL6/] mice and
maintained in neurobasal medium supplemented with 2% B-27
(Invitrogen), 1% penicillin/streptomycin, and 0.5 mM L-glutamine.

2.3. Fluorescence cellular imaging and quantitative analysis

Cells were seeded at a density of 3 x 10° cells per 35 mm glass
bottom dish and incubated with 10 puM of FITC-labeled peptides in
complete medium for 2 h at 37 °C. For fluorescence microscopy
imaging, cells were washed twice with fresh medium, and cell fluo-
rescence was immediately analyzed using confocal laser scanning
microscopy (CLSM) (Olympus Tokyo Japan, FLUOVIEW FV-1000)
without fixation. Fluorescence intensities at the region of interest
(ROI) of 3 cells per microscopic image were measured by Meta
Morph software Version 6 (Olympus), and experiments were
conducted in triplicate. Background fluorescence intensity was
subtracted from all experiments. For fluorescence-activated cells

Table 1

Cell lines of histologically different origins, including human GBM, were used in the
cell-penetration assay. Primary cultured mouse neurons were used as a non-
neoplastic counterpart.

Cell line Origin (histological type)
U87MG Brain (glioblastoma)
U118MG Brain (glioblastoma)

HelLa Uterus (squamous cell carcinoma)
MSTO-211H Lung (adenocarcinoma)
NCI-H226 Lung (adenocarcinoma)
A549 Lung (adenocarcinoma)

PANC-1 Pancreas (epithelioid carcinoma)
HepG2 Liver (hepatoblastoma)

Caco-2 Colon (adenocarcinoma)

HEK293 Non-neoplastic, embryonic kidney
Neuron Brain (mouse hippocampal neuron)

sorting (FACS) analysis, the cells were washed twice with phos-
phate-buffered saline (PBS) and collected by trypsinization.
Detached cells were resuspended in FACS buffer (PBS, 2% FBS), then
samples (1 x 10* cells) were immediately subjected to flow cyto-
metric analysis (MILLIPORE Guava Easy Cyte Plus) using guava soft
version2 (MILLIPORE) without fixation.

2.4. RT-PCR

Total RNA was extracted with TRIzol (Invitrogen) from the
human glioblastoma cell lines U87MG and U118MG, and Hela
cells. cDNA was synthesized from the RNA product using an oligo
(dT) primer and cDNA synthesis kit (TAKARA) according to the
manufacturer’s instructions. Reverse transcription-PCR was per-
formed with Ex-Taq polymerase (TAKARA) under the following
amplification conditions: denaturation at 94 °C for 2 min, followed
by 40 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for
30 s, extension at 72 °C for 2 min, and a final extension at 72 °C for
10 min. The sense/antisense primer sequences for human p16™K43
were 5'-TTCCTGGACACGCTGGTGGTG-3' and5’-GGCATCTATGCGGG
CATGGTTA-3/, respectively. Actin was used as internal standard
gene.

2.5. Detection of apoptotic cells

US7MG cells were seeded at a density of 5 x 10° cells per
60 mm dish and incubated with 20 uM of peptide1NSA-p16 MIS
or peptide1NSA-p16 V95E in complete medium for 4 h at 37 °C,
respectively. After treatment, the cells were washed twice with
PBS and collected by trypsinization. Then, the cells were resus-
pended in 100 pl of binding buffer (0.5 M HEPES pH 7.4, 1 M NacCl,
1M KCl, 1M MgCl,, 0.2 M CaCl,) containing 5 pl FITC-Annexin V
(BD Pharmingen) and 5 pl Propidium iodide (PI) (SIGMA-
ALDRICH), and incubated under darkness for 15 min according to
the manufacturer’s instructions. The cells were immediately sub-
jected to flow cytometric analysis at 1 x 10% cells per sample.

2.6. Western blotting

US7MG cells were seeded at a density of 3 x 10° cells to 35 mm
well plate and incubated with 20 uM of peptide1NSA-p16 MIS or
peptideINSA-p16 VI95E in DMEM under a serum free condition
for 24 h at 37 °C, respectively. After treatment, the cells were
washed with complete medium and further incubated at 37 °C
for 4 h. Then, the cells were lysed with 2x SDS sample buffer,
and extracts were separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) using an 8% SDS-PAGE gel
and transferred onto a nitrocellulose membrane (BIO-RAD). After
blocking with Blocking One (NACALAI TESQUE), the membrane
was sequentially probed with the following antibodies: primary
antibodies were rabbit polyclonal anti-Ser 807/811 phosphory-
lated pRB antibody 1:1000 (CST, Cell Signaling Technology), and
anti-actin monoclonal antibody 1:3000 (Chemicon); secondary
antibodies were anti-rabbit antibody 1:3000 (CST), and anti-mouse
antibody 1:3000 (Millipore). After washing with Tris-buffered sal-
ine Tween solution (TBS-T), signals were detected using ECL Prime
Western Blotting Detection Reagent (GE Healthcare) and Versa Doc
(BIO-RAD). Quantifications were carried out by densitometric anal-
ysis using Quantity One software (BIO-RAD).

2.7. Statistical analysis

Statistical significance was calculated using Statcel 3 software
(OMS publishing Inc.). A student’s t-test was used for data analysis
and p value <0.05 was considered statistically significant. All values
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are shown as means + standard deviation (SD) from at least 3 inde-
pendent experiments.

3. Results
3.1. Screening for candidate CPPs targeting U87MG GBM cells

First, to identify peptides capable of permeating into glioblas-
toma multiforme (GBM), we screened for cell-penetrating peptides
(CPPs) targeting the human GBM cell line U87MG from an mRNA
displayed random peptide library (Fig. 1A). The mRNA display
library was constructed as previously described [13]. From about
60 sequences derived from concentration libraries, we randomly
selected ten candidates and synthesized chemically fluorescein
isothiocyanate (FITC)-labeled peptides (Fig. 1B). Nona-arginine
(RRRRRRRRR: R9) was used as a nonselective permeation CPP. To
evaluate the cell-penetrating activity of these peptides, U37MG
cells were incubated with 10 uM of each numbered FITC-labeled
peptide. We examined intracellular fluorescence signals in cells
using confocal laser scanning microscopy (CLSM) (Fig. 1C). More-
over, we confirmed their mean fluorescence intensity using Meta
Morph software (Fig. 1D). Consequently, we identified a novel
CPP, peptidel (NTCTWLKYHS), whose cell-penetrating activity
was stronger than the other candidates.

3.2. Peptidel is incorporated selectively into GBM cells

Because peptidel showed the best cell-penetrating activity into
U87MG cells, we further investigated its GBM cell selectivity using
cells derived from various tissues (Table 1). Fluorescent images and
quantitative analysis showed high selective permeability of the
peptidel into U87MG cells compared with other cell lines
(Fig. 2A and B). As shown in Fig. 2C, FITC-labeled peptide1 also per-
meated into the U118MG GBM cell line. These results indicate that
peptide1 might have selective permeability into GBM cells.

3.3. Peptide1-NSA exhibits increased cell-penetrating activity in
U87MG cells

To improve penetration efficiency, we modified the amino acid
sequence of peptidel. In one sequence, Cys (C) was substituted
with Gly (G), because Cys might allow disulfide bonding to other
proteins; in the other sequences, N- and/or C-terminus amino acid
residues were deleted in each mutant peptide (Table 2). We syn-
thesized seven FITC-labeled peptide1 variants, and examined intra-
cellular fluorescence signals in U87MG cells using CLSM and flow
cytometry. Images showed that the fluorescence signals of pep-
tide1-NSA (TCTWLKYH) and peptide1-NTSA (CTWLKYH) increased
compared with peptidel, although they were inferior to R9 as a

: Peptide Amino acid sequence Length(a.a.)
cDNA library (source) P! q g
Candidate CPPs Peptide 1 NTCTWLKYHS 10
. Peptide 2 CASGQQGLLKLC 12
(1) Cell-free protein synthesis (5) Reconstruction of (6) Cloning and P 1 ¢ QQ
"’a mRNA display library sequencing Peptide 3 YNNFAYSVFL 10
Peptide 4 ECYPKKGQDP 10
/')000000(,\? === (_ Screened cDNA library Peptide 5 RHVYHVLLSQ 10
Peptide-mRNA/cDNA peptide 6 HATKSQNINF 10
Chimeric molecules (>10'3)
5 (4) Amplification of Peptide 7 YRDRFAFQPH 10
mplitication o
(2) Cell-penetration assay Concentration ’ <DNA by PCR Peptide 8 IWRYSLASQQ 10
Process Peptide 9 YQKQAKIMCS 10
peptide 10 VQLRRRWC 8
R9 RRRRRRRRR 9
i
(3) Removing of
extracellular molecules)
U8TMG cells
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St s 120
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Fig. 1. Screening of candidate CPPs with an affinity for U87MG cells. (A) Scheme of screening for CPPs using mRNA display technology. (1) Construction of mRNA display
random peptide libraries in a cell-free translation system. (2) Peptide libraries in the solution were added to the U87MG cell medium. (3) Extracellular peptides were removed
by trypsinization and washing. (4) The genomes of chimeric molecules incorporated into the cells were recovered and amplified by their anchored template cDNA using PCR.
(5) Reconstruction of mRNA display random peptide libraries for the next selection cycles. (6) After the selection cycles, the peptide sequences of candidate CPPs were
predicted by cloning and sequencing. (B) List of peptide sequences selected randomly from the peptides obtained by screening. Poly-arginine (R9) was used as a
representative nonselective permeable CPP. (C) U87MG cells were treated with 10 uM of each numbered FITC-labeled peptide for 2 h at 37 °C. Fluorescence images were
observed using CLSM. Scale bar, 200 pm. (D) Meta Morph quantitative analysis of fluorescence intensity of ten candidate CPPs in U87MG cells. The mean fluorescence
intensity of the peptides against background was calculated in each image obtained by fluorescence microscopy a.u.; arbitrary unit. Data are presented as the means + SD of 3

independent experiments.
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positive control (Fig. 3A). Fluorescence-activated cell sorting
(FACS) analysis revealed that intracellular localization of the
FITC-labeled peptide1-NSA was 2.0-fold higher than that of pep-
tidel (Fig. 3B). On the other hand, C3G (NTGTWLKYHS), NTCSA
(TWLKYH), and NTHSA (CTWLKY) were decreased. Further,
fluorescence images and quantitative analysis showed that pep-
tide1-NSA preserves the permeability into U87MG and U118MG
cell lines (Fig. 3C and D). These results suggest that peptidel-
NSA has potential as a GBM homing intracellular transporter.

3.4. Antitumor effect of p16 MIS fusion peptide1-NSA against US7MG
cells

Deficiency of the p16™4? tumor suppressor gene is frequently
found in the majority of human cancers including GBM [17].
Expression loss of the p16™4d gene in both U87MG and
U118MG cell lines was confirmed by reverse transcription-PCR
(Fig. 4A). Therefore, to assess whether peptide1-NSA can deliver
cargo into U87MG cells, we focused on a small peptide that com-
prises the minimal inhibitory sequence of p16 (FLDTLVVLHR: p16
MIS), the function of which was described in previous studies
[18,19]. The antitumor peptide was designed by fusing peptidel-
NSA and p16 MIS (peptideINSA-p16 MIS) via the Gly-Pro-Gly

Table 2
Peptide1-C3G was substituted Cys (C) with Gly (G), and peptidel deletion series were
made by deleting residues from N- and/or C-terminus.

Peptide Amino acid sequence Length (a.a.)
Peptide 1 NTCTWLKYHS 10
Peptide 1-C3G NTGTWLKYHS 10
Peptide 1-NA TCTWLKYHS 9
Peptide 1-SA NTCTWLKYH 9
Peptide 1-NSA TCTWLKYH 8
Peptide 1-NTSA CTWLKYH 7
Peptide 1-NTCSA TWLKYH 6
Peptide 1-NTHSA CTWLKY 6

spacer, and R4 (RRRR) was tagged at its C-terminus to enhance sol-
ubility. Peptide1NSA-p16 VI95E, which substitutes valine 95 (V95)
in the MIS sequence with glutamate (E), was used as a control
(Fig. 4B). UB7MG cells were treated with 20 uM of peptide1NSA-
p16 MIS or peptide1NSA-p16 VI5E for 4 h. After treatment, FACS
analysis using Annexin V-FITC and PI (propidium iodide) showed
that the early apoptosis rate increased significantly in the p16
MIS conjugate-treated cells (70 +6.25%) compared with p16
VI5E conjugate-treated cells (10+3.26%) and untreated cells
(12+£1.70%) (Fig. 4C, right graph). Furthermore, to confirm
whether cellular apoptosis was caused by the p16 MIS, we exam-
ined the phosphorylation status of retinoblastoma protein (pRB),
which is regulated by Cdk4/6, the target for p16™%42, Twenty-four
hours after treatment, western blot analysis revealed that phos-
phorylated pRB (p-pRB) (Ser8%’/81! phosphorylation) was signifi-
cantly decreased only in the p16 MiIS-treated cells compared
with the p16 V95E-treated cells. The p-pRB levels of untreated cells
and p16 V95E-treated cells were the same in U87MG cells (Fig. 4D
and E). The levels of phosphorylated pRB correlate with the
induction of early apoptosis shown in Fig. 4C. These results demon-
strated that peptide1-NSA can deliver the p16 functional peptide
into U87MG cells as a transporter.

4. Discussion

Targeted cancer therapy holds promise by reducing adverse
effects on normal cells and enhancing therapeutic effects [20].
Because CPPs have high biocompatibility and can deliver efficiently
a variety of biologically active cargos into cells, studies of cancer-
specific drug delivery systems using CPPs have been widely carried
out.

In the present study, we report on the GBM selective CPP, pep-
tide1-NSA (TCTWLKYH), which was obtained using mRNA display
technology. A protein database search revealed that this peptide
appears to encode an artificial sequence, as it has no significant
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Fig. 3. Analysis of the cell-penetration efficiency of peptidel variants. (A) U87MG cells were treated with 10 pM of FITC-labeled peptidel variants for 2 h at 37 °C.
Fluorescence images were observed using CLSM. Scale bar, 200 pum. (B) FACS quantitative analysis of mean fluorescence intensity of the peptide1 variants in U87MG cells. The
relative fluorescence intensity of each peptide compared with peptide1 (1.0) was measured using flow cytometry. Data are presented as means + SD of 3 independent
experiments. (C) Histologically different cell types were treated with 10 uM of FITC-labeled peptide1-NSA for 2 h at 37 °C. Fluorescence images were observed using CLSM.
Scale bar, 50 pm. (D) Meta Morph quantitative analysis of fluorescence intensity of peptide1-NSA in cells. The mean fluorescence intensity of peptide1-NSA against
background was calculated in each image obtained by fluorescence microscopy a.u.; arbitrary unit. Data are presented as means + SD of 3 independent experiments.

identity to any recorded mammalian proteins, including previously
reported CPP sequences. The fluorescence-labeled peptide1-NSA
was incorporated selectively into U87MG GBM cells in vitro
(Fig. 3C and D). In most human malignancies, genetic abnormality
of tumor suppressor genes has been well characterized [21]. In par-
ticular, expressional loss of p16™¢4? occurs in US7MG cells
(Fig. 4A) [22,23]. The p16™*42 tumor-suppressor gene has been
found to be homozygously deleted, mutated or transcriptionally
inhibited by methylation in GBMs [24]. p16™¥4? binds directly to
and inhibits the activity of CDK4 and CDK6, the D-type cyclin-
dependent kinases that initiate the phosphorylation of pRB [25],
leading to cellular apoptosis and senescence as a result of G1/S
phase cell cycle arrest [26]. Analysis of a variety of human cancers
has revealed a pattern in the pathway, in which only one of the
four members such as cyclin D1, CDK4/CDK6, p16, and pRB of
the p16™X43/CDK/pRB pathway is inactivated [27]. Therefore, res-
toration of the p16INK4a/CDK/pRB pathway is proposed to be an
attractive target for therapeutic intervention because of its impor-
tant role in cancer development as a cell cycle-regulatory pathway.
The peptide1-NSA conjugated p16 MIS functional peptide induced
a decrease in the level of phosphorylated pRB and an increase in
early cellular apoptosis (Fig. 4C and D). These results suggest that
peptide1-NSA can deliver imaging and antitumor agents into
U87MG cells as a transporter.

In previous studies, CPPs such as HIV1-TAT and poly-arginine
were used as intracellular delivery vehicles in a variety of cell types
including peripheral blood lymphocytes, diploid human fibro-
blasts, keratinocytes, bone marrow stem cells, osteoclasts, fibrosar-
coma cells, osteosarcoma, glioma, hepatocellular carcinoma, renal
carcinoma, and NIH 3T3 cells (mouse fibroblast-like cell line) [4].
The most important observation in this study is that peptidel-
NSA was incorporated selectively into GBM cell lines as compared
with other cell lines (Fig. 3C). Although the mechanism responsible
for the selective penetration of peptide1-NSA into GBM remains
unclear, this unique ability differs notably from the existing CPPs
mentioned previously, which enables the targeting function as a
GBM-homing peptide.

This study has several limitations. Fluorescence signals of
peptide1-NSA were detected at low levels in several cell lines,
especially HepG2 and Hela cells (Fig. 3D). Therefore, these findings
may indicate that the level of selectivity requires further improve-
ment in order to warrant designation as a GBM-specific delivery
system. Moreover, when we added p16 MIS conjugates to the cell
culture medium, aggregates in the medium were observed (data
not shown), probably due to the interaction of proteins contained
in the medium with the conjugates. This observation indicates that
the functionality of this system is likely to be limited by solubility
issues. Also, it seems likely that various environmental factors,
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Fig. 4. Therapeutic effect of peptideINSA-p16 MIS conjugates against US7MG cells. (A) RT-PCR analysis of the endogenous mRNA expression of the p16™4 tumor
suppressor gene in two human GBM cells, U87MG and U118MG. HelLa cells were used as a positive control. (B) Design of CPP-p16 antitumor peptide conjugate, which is
composed of peptide1-NSA and the functional amino acid sequence of p16'™%4? (p16 MIS: minimal inhibitory sequence). p16 V95E was used as a control that substitutes
valine 95 (V95) in the MIS sequence with glutamate (E). (C) FACS analysis for cellular apoptosis in U87MG cells treated with 20 uM of peptide1-NSA fused with p16 MIS or
p16 VI5E for 4 h, respectively. Cells in the lower right quadrant (Annexin V positive/Pl negative) represent early apoptotic cells. Percentage of early apoptotic cells (right).
Data are presented as the means + SD of 3 independent experiments per treatment group. (D) Phospho-Ser°7/81" pRB (p-pRB) status in U87MG cells was assessed by western
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means + SD of 3 independent experiments per treatment group. Significant differences of p <0.01 (*) are indicated.

including concentration, treatment time, medium components,
and cell sensitivity, are involved in an optimum effect. Thus,
further improvement of both the solubility and stability of the
p16 MIS conjugate in the medium is needed.

In conclusion, we identified a novel CPP, peptide1-NSA, which
exhibits selectivity to the U87MG GBM cell line and is capable of
delivering its payload into cells in vitro. Our findings may provide
new avenues for both effective therapeutics and diagnostics in
clinical applications as a peptide based delivery system. However,
the critical mechanism of tumor selectivity remains to be
elucidated. Consequently, further research is required to clarify
the GBM-selective recognition mechanisms.
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