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Diffuse Tract Damage in the Hemispheric Deep
White Matter May Correlate with Global
Cognitive Impairment and Callosal Atrophy in
Patients with Extensive Leukoaraiosis

BACKGROUND AND PURPOSE: Patients with extensive leukoaraiosis are at high risk for vascular
dementia. However, these patients exhibit variable severity of global cognitive impairment correlating
with callosal atrophy. We hypothesized that callosal atrophy may reflect the severity of HDWM tract
damage, which may explain global cognitive impairment. The purpose of this study was to evaluate
HDWM tract damage by DTl and to investigate whether HDWM tract damage is associated with
callosal atrophy and global cognitive impairment, in patients with extensive leukoaraiosis.

MATERIALS AND METHODS: Twenty-four consecutive outpatients with extensive leukoaraiosis were
enrolled prospectively. The patients underwent cognitive evaluation and 3T MR imaging. The inter-
correlation between cognitive score, DA of the HDWM, callosal DA, and callosal volume was analyzed
statistically. The correlation of the cognitive score with DA of the HDWM and the corpus callosum was
also evaluated by voxel-based analyses by using TBSS.

RESULTS: The patients” MMSE scores varied from 10 to 30 (mean, 25.1 * 6.0). Reduced DA of the
HDWM, reduced callosal DA, and callosal atrophy intercorrelated significantly. All of these parameters
showed a significant correlation with global cognitive impairment. TBSS analyses showed a significant
correlation between MMSE score decline and reduced DA in the diffuse HDWM and the corpus
callosum.

CONCLUSIONS: In patients with extensive leukoaraiosis, atrophy and reduced DA of the corpus
callosum may indicate diffuse HDWM tract damage, which may explain global cognitive impairment

and development of vascular dementia.

C erebral WMLs, termed “leukoaraiosis,”" are observed fre-
quently on T2-weighted MR imaging of elderly patients
with lacunar infarcts. WMLs may progress with age, and re-
cent population-based studies have confirmed the relation-
ship between the extent of WMLs and cognitive impairment,
especially in executive dysfunction.>> Moreover, extensive
WMLs are a radiologic hallmark of Binswanger disease, a com-
mon cause of vascular dementia in the elderly.*” Patients with
extensive WMLs may be at risk of global cognitive impairment
and vascular dementia.®

However, patients with extensive WMLs show a variable
severity of global cognitive impairment, with some patients
showing vascular dementia, whereas others have almost nor-
mal cognitive function despite extensive WMLs.” A longitu-
dinal study demonstrated that further global cognitive deteri-
oration occurs with time in patients with extensive WMLs
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whose cognitive impairment was mild initially.® Therefore,
understanding the pathophysiology that may cause a variable
severity of cognitive impairment in patients with similar ex-
tensive WMLs may lead to the development of optimal thera-
peutic interventions preventing vascular dementia.

Previous studies have shown that atrophy of the corpus callo-
sum is associated significantly with global cognitive impairment
in patients with extensive WMLs.*® The corpus callosum consists
of interhemispheric corticocortical connecting fibers, and most
of the fibers traverse the HDWM while approaching the con-
tralateral hemisphere.’ In extensive leukoaraiosis, ischemic insult
to the HDWM may affect all of the component fiber tracts, irre-
spective of their fiber directions.'® Thus, such ischemic insult may
affect callosal fiber tracts in the HDWM where they are passing.
Therefore, we hypothesized that diffuse small-vessel ischemia
may involve the callosal fiber tracts at the HDWM,, in parallel with
other HDWM fiber tracts. This ischemic fiber tract damage may
cause callosal fiber damage and atrophy and may result in global
disconnections among cortical and subcortical networks, leading
to global cognitive impairment and vascular dementia. In other
words, callosal atrophy may indicate HDWM tract damage and
global cognitive impairment in patients with extensive WMLs.

DTI measures the diffusion of water molecules within the
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brain.'' FA and MD maps are calculated from DTI. Histogram
and voxel-based analyses of these maps are useful in evaluat-
ing white matter tract damage in patients with extensive
WMLs."*™ The purpose of this study was to investigate
whether HDWM tract damage is associated with global cogni-
tive impairment and callosal atrophy in patients with exten-
sive WMLs and lacunar infarcts, by using histogram and
voxel-based analyses of DTI maps.

Materials and Methods

Patient Selection

Twenty-four consecutive patients with lacunar infarcts and extensive
WMLs were enrolled prospectively between 2005 and 2007. These
patients visited our neurology clinic because of various neurologic
symptoms. Inclusion criteria were the following: 1) 60—85 years of
age; 2) =1 vascular risk factor; 3) irregular and confluent periven-
tricular hyperintensity extending into the deep white matter (Fazekas
grade 3) on routine T2-weighted MR imaging that diffusely involved
the bilateral hemispheres'®; and 4) =1 lacunar infarct on routine MR
imaging. Moreover, 5) patients with dementia (MMSE score, =23)
were included only if they showed Biswanger dementia-like clinical
symptoms, such as dysexecutive syndrome or gait disturbance char-
acterized by start hesitation, short steps and wide stride, slow walking
speed, and freezing gait.

The exclusion criteria were the following: 1) 10 history of stroke in
the last 4 weeks; 2) history of intracranial hemorrhage; 3) a cortical or
callosal infarct or an infarct of >15 mm in diameter in any location on
routine MR imaging; 4) strategically located lacunar infarcts possibly
causing cognitive impairment such as those in the genu of the internal
capsule, thalamus, or caudate nucleus on routine MR imaging'®; 5)
severe dementia with an MMSE score of <10; 6) leukoencephalopa-
thy of nonvascular origin (demyelinating or other); 7) presence of
severe systemic or psychiatric illness; or 8) lack of written informed
consent from the patients or their closest relatives.

The patients underwent neuropsychological evaluations and 3T
MR imaging. Our institutional review board approved the protocol of
this study (protocol number E207).

Neuropsychological Evaluations

In addition to screening with MMSE, the patients underwent neuro-
psychological evaluations including the FAB,'” VFT,” and the Verbal
Memory quotient of the WMSR.

MR Imaging Acquisition and DTI Calculations
On the same day as the neuropsychological evaluation, the patient
group underwent MR imaging by using a 3T scanner (Trio; Siemens,
Erlangen, Germany) equipped with an 8-channel phased array head
coil. DTI data were obtained by using a diffusion-weighted single-
shot echo-planar imaging sequence (TR = 5200 ms, TE = 77 ms,
FOV = 220 mm, matrix size = 128 X 128, voxel size = 1.7 X 1.7 X 3
mm, and 40 axial sections with no intersection gap) with a motion-
probing gradient in 12 noncollinear directions (b = 700 s/mm?). B0
images (b = 0 s/mm?) were also acquired. These images were pro-
cessed, and the FA and MD maps were calculated, by using the BET*®
and the Diffusion Toolbox in FMRIB,® part of the FMRIB Software
Library package, Version 4.0 (FMRIB, Oxford, UK).*

3D T1-weighted images were acquired by a magnetization-pre-
pared rapid acquisition gradient echo sequence by using the following
parameters: TR = 2000 ms, TE = 4.38 ms, TI = 990 ms, FOV = 240

mm, matrix size = 256 X 224, voxel size = 0.9 X 0.9 X 1 mm, and 208
axial sections. T2-weighted images were acquired by a turbo spin-
echo sequence by using the following parameters: TR = 8400 ms,
TE = 108 ms, FOV = 220 mm, matrix size = 512 X 416, voxel size =
0.4 X 0.4 X 3 mm, and 40 axial sections with no intersection gap.

Evaluation of DA of the HDWM by Histogram Analyses
Because HDWM DA parameters were needed for statistical analyses,
each patient’s FA and MD maps were preprocessed to contain only
HDWM, subcortical white matter, and cortex, whereas the corpus
callosum, ventricle, and other structures were excluded. The calcu-
lated histogram parameters from these preprocessed DTI maps were
assumed to represent mainly HDWM DA. In detail, we carefully drew
ROIs fitting the CSF space, brain stem and cerebellum, and deep
structures, such as basal ganglia and diencephalon, on each axial sec-
tion of individual BO images. During processing, some of the capsular
structures adjacent to the basal ganglia and diencephalon were in-
cluded in the RO, despite careful ROI drawing. We applied these
ROIs to the corresponding FA and MD maps to exclude these struc-
tures. We also carefully drew ROIs fitting the corpus callosum on each
axial section of the individual FA map and applied these ROIs to
the FA and MD maps to exclude the corpus callosum. Next, the upper
25th percentile value of each patient’s FA and MD histograms (FA25
and MD25) and the mean and median values of the FA and MD
histograms were calculated.'? The FA value was assumed to be be-
tween 0 and 1, and the MD value was assumed to be between 0 and
500 X 1072 mm?/s.

Evaluation of Callosal Volume and Callosal DA

We applied the BET application to each patient’s 3D T1-weighted
image so that extradural voxels were excluded. This image was nor-
malized into 1 X 1 X 1 mm? MNI 152 space by linear registration by
using the Linear Image Registration Tool of FMRIB.?! The normal-
ized T1 volume image was segmented into white and gray matter or
CSF space; thus, only the white matter was extracted by using the
Automated Segmentation Tool in FMRIB.*? Next, we extracted a
midsagittal volume of 10-mm thickness in the standard space and
calculated the number of voxels corresponding to the corpus callo-
sum. Because voxel size was normalized to 1 mm?, the number of
voxels multiplied by the voxel size (1 mm?®) gave the normalized cal-
losal volume of the individual patient.

Callosal DA was evaluated on a sagittal plane to exclude possible
partial averaging with CSF space. We carefully drew ROIs fitting the
corpus callosum on each sagittal section of individual FA maps. Mean
callosal FA and MD were calculated in each patient by applying the
ROIs to the corresponding FA and MD map.

Evaluation of WML Volume, Lacunar Infarcts, and White
or Gray Matter Volume
We also evaluated WML volume, the number and location of lacunar
infarcts, and white and gray matter volume to investigate the correla-
tion between these values and cognitive impairment. For evaluating
WML volume, the ROIs fitting the WMLs were carefully drawn on
each axial section of individual T2-weighted images. The area covered
by the ROIs in every section was calculated, and the calculated area of
all the sections was summed. Because the section thickness was 3 mm,
individual WML volumes were approximated to the summed area
multiplied by the section thickness.

A lacunar infarct was defined as follows: 1) a distinct area 3-15
mm in diameter, 2) located in the upper two-thirds of the lentiform
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nuclei, cerebral white matter, or pons (patients with lacunae in the
caudate nucleus or thalamus were excluded according to the exclu-
sion criterion 4; 3) T1 low intensity; and 4) marked T2 high intensity
accompanied by an ill-defined hyperintensity rim. The number of the
lacunar infarcts was counted for each location.

The SIENAX application, part of the FMRIB Software Library
Package,>” was applied to each patient’s 3D T1 volume, to estimate
the individual white and gray matter volumes normalized for each
patient’s skull size. A board-certified stroke neurologist (Y.O.) with
18 years” experience in neuroradiology blinded to patients’ clinical
information performed the image processing described above, in-
cluding ROI processing of DTT and evaluation of WML volume and
lacunae.

Statistical Analyses

The intercorrelation between HDWM DA (FA25, MD25, and mean
and median values of FA and MD), callosal DA (mean callosal FA and
MD), normalized callosal volumes, and cognitive scores (MMSE,
FAB, VFT, and WMSR) was analyzed by using the Spearman rank
correlation (|p| = 0.40 and P < .05 were considered to be significant).
Correlation between HDWM DA, callosal DA, or callosal volume and
each cognitive score was also examined by stepwise regression analy-
ses and multiple regression analyses. In the stepwise regression anal-
yses, age, sex, number of lacunar infarcts, WML volume, and gray and
white matter volume were used as covariables. The multiple regres-
sion analyses were adjusted for age, sex, WML volume, and white
matter volume. The absolute value of a standardized regression coef-
ficient of >0.40 and P < .05 was considered to be significant. Corre-
lation between cognitive scores and age, number of lacunar infarcts,
WML volume, gray matter volume, or white matter volume, as well as
correlation between HDWM DA and WML volume, was also exam-
ined by using the Spearman rank correlation (|p| = 0.40 and P < .05
were significant).

Image processing of the FA and MD images for voxel-based anal-
ysis was performed by using TBSS (Version 1.1, FMRIB).>* TBSS
enables investigations of white matter tracts without the limitations
caused by alignment inaccuracies and by uncertainty concerning
smoothing extent that are typical of other voxel-based methods in
DTI map analyses.** The usefulness of TBSS for voxel-based analyses
of DTT maps has been reported in patients with leukoaraiosis and
other disease processes involving white matter.'** First, any patient’s
FA image was aligned to every other patient’s FA image, and the
most representative image among all patients’ FA images was iden-
tified and selected as the target image. Next, this target image was
affine-aligned into a 1 X 1 X 1 mm® MNI 152 space. Every image
was then transformed to match the MNI 152 space by combining
the nonlinear registration to the target image and the affine registra-
tion from that target to the MNI 152 space. A mean FA image was
created and thinned to create a mean FA skeleton image, which
represents the centers of all tracts in common among the group. Every
patient’s aligned FA data were then projected onto this skeleton, and
the projected FA data of all patients were used for voxel-based cross-
subject statistical analysis. Finally, we carried out voxel-based analysis
to investigate where FA and MD values had a significant correlation
with the cognitive score, adjusted for WML volume and white matter
volume, by using permutation-based inference on cluster size (t > 2,
FWE-corrected P < .05; permutation number, 5000) with the Ran-
domise application.”
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Results
The age of the patients ranged from 61 to 85 (mean, 74 * 6)
years, and 14 of the 24 patients were men. All patients had a
history of hypertension. There were 4 patients with hyperlip-
idemia and with diabetes mellitus, respectively. The MMSE
score ranged from 10 to 30 (mean, 25.1 % 6.0), and the MMSE
score showed a strong correlation with the other 3 test batter-
ies (Spearman p values: versus FAB: p = 0.83, P < .0001;
versus VFT: p = 0.70, P = .001; versus WMSR: p = 0.78, P =
.0007). The number of lacunar infarcts varied from 3 to 16
(mean, 8.5 * 3.7), and most were located in the lentiform
nuclei or cerebral white matter. The number of lacunar in-
farcts was not significantly correlated with cognitive impair-
ment, regardless of location. Patient age, sex, or gray matter
volume did not show a significant correlation with cognitive
scores.

The WML volume ranged from 52 to 139 cm® (mean, 87 =
2 cm”). No patient showed high-intensity lesions in the corpus
callosum. The increased WML volume showed a significant
correlation with WMSR score decline (p = —0.52, P = .024),
whereas there was no significant relationship between the
WML volume and the MMSE, FAB, or VET score. White mat-
ter volume showed a significant correlation with the VFT score
(p = 0.55, P = .01), whereas there was no significant relation-
ship between white matter volume and other cognitive scores.

The DTT histogram of the HDWM showed that the patients
with dementia had decreased voxel counts of high FA value
and low MD value, while they had increased voxel counts of
low FA value and high MD value compared with the data from
the patients without dementia (Fig 1). The FA value had a
strong negative correlation with the MD value in the HDWM
(FA25 versus MD25, p = —0.83, P < .0001; median FA versus
median MD, p = —0.77, P = .0002; and mean FA versus mean
MD, p = —0.83, P <.0001) and in the corpus callosum (mean
callosal FA versus MD, p = —0.90, P < .0001). Reduced
HDWM DA, represented by FA reduction and MD increase,
reduced callosal DA, and callosal atrophy, all had a strong
correlation with global cognitive impairment (Table 1 and Fig
2). Stepwise regression analyses, including age, sex, number of
lacunar infarcts, WML volume, and gray and white matter
volume as covariables, produced a model in which only each
of HDWM DA, callosal DA, or callosal volume was included.
The other covariables did not contribute significantly to the
magnitude of the correlations, except for a small contribution
of the WML volume or white matter volume to some of the
correlations. Multiple regression analyses, including age, sex,
WML volume, and white matter volume as covariables, con-
firmed that reduced HDWM DA, reduced callosal DA, and
callosal atrophy were independent predictors of cognitive im-
pairment. The WML volume, white matter volume, or other
covariables were not an independent predictor in these mod-
els, except for a weak contribution of white matter volume to
the correlation between callosal MD and VFT score (Table 2).

Reduced HDWM DA was strongly correlated with reduced
callosal DA and callosal atrophy (Table 3). Callosal atrophy
showed a strong correlation with reduced callosal DA (callosal
volume versus mean callosal FA: p = 0.80, P < .005; versus
mean callosal MD: p = —0.73, P < .005). Thus, reduced
HDWM DA, reduced callosal DA, and callosal atrophy were
strongly intercorrelated, and all had a strong correlation with
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Fig 1. Representative FA (4) and MD (B) histograms of the HOWM. In both histograms,
averaging the histograms of 4 patients with almost normal cognitive function (MMSE
29-30) is represented in blue, whereas averaging the histograms of 4 patients with
dementia (MMSE 10-16) is represented in red.

Table 1: Correlation between HDWM DA or callosal parameters and
cognitive scores®

MMSE FAB VFT WMSR

HDWM DA
FA25 0.77° 0.76° 0.69° 0.77°
Median FA 067° 073 061° 0.62¢
Mean FA 0.74° 0.74° 0.66° 0.73f
MD25 —0.75° —073° —0.72v —0.84°
Median MD —0.72° —0.71° —0.70° —0.84°
Mean MD —0.74° —067° —0.68" —0.85°
Callosal mean FA 0.95° 0.89° 0.80° 0.75°
Callosal mean MD —0.90° —0.72b —0.71° —0.85°
Callosal volume 0.75° 0.83° 0.86° 0.63¢

@ Figures are Spearman p values.
b Significant after Bonferroni correction for multiple comparisons (P < .05/36 = .00139).
°P = 0042.

dp=007.
ep=0021.
fP= 0014.

global cognitive impairment (Fig 3). Only a nonsignificant
trend for a weak correlation between WML volume increase
and reduced HDWM DA was observed (WML volume versus
FA25: p = —0.34, P = .10; versus MD25: p = 0.38, P = .07;
versus median FA: p = —0.15, P = .48; versus median MD:
p =0.38, P = .07; versus mean FA: p = —0.31, P = .14; versus
mean MD: p = 0.36, P = .09).

Voxel-based analyses with TBSS testing, when adjusted for
WML volume and white matter volume, showed that both FA
reduction and MD increase had a significant correlation with
MMSE score deterioration in both the diffuse HDWM and the
corpus callosum (Fig 4).
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Fig 2. Scatterplot of callosal mean FA values against MMSE scores in each patient.

Table 2: Correlation between HDWM DA or callosal parameters and
cognitive scores evaluated with multiple regression analyses®

MMSE FAB VFT WMSR

HDWM DA
FA25 0.76° 0.79° 0.64° 0.72°
Mean FA 0.71° 0.73° 0.56¢ 0.66°
MD25 —0.99° —-089° —05% —083°
Mean MD —091° —0.78° —0.52f —0.86°
Callosal mean FA 0.80° 0.85° 0.70° 0.739
Callosal mean MD —0.74° —0.66° —0.59%" —0.82°
Callosal volume 0.74° 0.8° 0.72" 0.63

@ Figures are standardized regression coefficients between each of the HDWM DA or
callosal parameters and each of the cognitive scores, adjusted for age, sex, WML volume,
and white matter volume.

b Significant after Bonferroni correction (P < .05/28 = .0018).

¢P =002
4P = 006.
¢P =02
fP=03.
9P = 003.

" White matter volume showed a weak contribution to the correlation between callosal MD
and VFT (standard regression coefficient, 0.43; P =.046).

Table 3: Correlation between HDWM DA and callosal parameters®

Callosal Callosal Callosal
HDWM DA Mean FA Mean MD Volume
FA25 073" —069° 0.71°
Median FA 0.63° ~—0.56° 0.72°
Mean FA 0.70° —0.66° 0.70°
MD25 —0.71° 0.69° —083°
Median MD —0.70° 0.69° —0.76°
Mean MD —0.68° 0.71° —0.74°

2 Figures are Spearman p values.
b Significant after Bonferroni carrection for multiple comparison (P < .05/18 = .00278).
°P = .008.

Discussion

The present study supports our hypothesis that diffuse
HDWM tract damage is associated with global cognitive im-
pairment and callosal atrophy in patients with extensive leu-
koaraiosis. In our patients with extensive WMLs, reduced
HDWM DA showed a strong correlation with global cognitive
impairment. The correlation was stronger than that of WML
volume with cognitive impairment, and multivariate analyses
showed that the correlation was not confounded by WML
volume or other factors. Therefore, the patients may have vari-
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Fig 3. Schematic diagram of the intercorrelation between reduced HDWM DA, reduced
callosal DA, callosal atrophy, and cognitive impairment.

able severity of HDWM tract damage that may be detected
sensitively by DTI, despite a similar grade of extensive WMLs.
Such tract damage may cause global disconnection between
cortical and subcortical networks, resulting in global cognitive
impairment and vascular dementia.

Moreover, reduced callosal DA and callosal atrophy
showed a strong intercorrelation, and both had a strong cor-
relation with reduced HDWM DA. In addition, these callosal
parameters also showed a strong correlation with global cog-
nitive impairment that was independent of WML volume,
white matter volume, or other covariables. These results sup-
port our hypothesis that diffuse ischemic tract damage of the
HDWM may cause damage to the passing callosal fiber tracts,
resulting in reduced callosal DA and callosal atrophy. These
callosal parameters may be sensitive markers of diffuse
HDWM tract damage and may be useful for monitoring dis-
ease progression and evaluation of treatment efficacy.

Degradation of the microstructural organization in white
matter is accompanied by FA reduction and MD increase.*®
There is pathologic evidence that FA and MD correlate with
axonal count and the amount of myelin in the white matter.*”

Animal studies have suggested that axonal membranes, rather
than the presence of myelin, may contribute primarily to
DA."" In addition, results from animal studies have indicated
that axonal damage is related to reduced diffusibility changes
parallel to the primary fiber orientation, while myelin break-
down is related to increased diffusibility perpendicular to the
white matter tract.”® A clinical study in patients with cerebral
edema caused by hepatic encephalopathy exhibited no de-
crease in FA but a significant increase in MD, which was re-
versible after treatment.”® Therefore, the combination of FA
reduction and MD increase that was observed in the patients
may reflect the severity of the white matter tract damage
caused by several pathologic processes, including axonal dam-
age, demyelination, and interstitial or extracellular fluid in-
crease in response to chronic small vessel ischemia.

A main limitation of the histogram analyses is the loss of
the topographic information. In the present study, the histo-
gram analyses were preceded by segmentation to extract
HDWM, subcortical white matter, and cortex data. Graphic
representation of the FA histogram in the patients with de-
mentia exhibited the reduction of high DA components cor-
responding to the deep white matter structure (Fig 1). There-
fore, the result of histogram analyses may reflect mainly the
severity of HDWM tract damage.

Several recent DTI studies have suggested that NAWM as
well as WMLs show reduced DA, which contributed to global
cognitive impairment in the patients with WMLs.>”?¢ Al-
though the histogram approach focusing on NAWM was not
performed in the present study because of difficulties in the
precise extraction of NAWM in our patients with extensive
WMLs, voxel-based analyses showed that the corpus callosum
without WMLs and diffuse HDWM had reduced DA, showing
significant correlation with global cognitive impairment.
Thus, the results of the present study are consistent with those
of previous studies in which the white matter tract damage was

Fig 4. Result of voxel-based analysis of FA and MD maps by using TBSS. Orange shows where both FA reduction and MD increase had significant correlation with the MMSE score decline.
Red or yellow shows where FA reduction or MD increase had significant correlation with the MMSE score decline, respectively. All results are adjusted for WML volume and white matter
volume. Permutation-based inference on cluster size: ¢ > 2, FWE-corrected P < .05; permutation number, 5000. Green is the mean FA skeleton, underneath the orange, red, and yellow.

In the background is the mean FA image of the 24 patients in the study.
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extensive beyond the WMLs. Diffuse HDWM damage may be
asummation of damage in the WMLs and NAWM. A method
that enables the precise extraction of NAWM from DTI maps
of patients with extensive WMLs would clarify the contribu-
tion of WMLs versus NAWM to HDWM damage.

Patients with extensive WMLs are associated with a risk of
Alzheimer disease, as well as vascular dementia.’® In the pres-
ent study, patients with dementia were included only if they
had Binswanger dementia-like clinical symptoms. These pa-
tients had a vascular risk factor and a history of lacunar infarcts
along with extensive WMLs. Moreover, patients with severe
dementia of an MMSE <10 were excluded. Thus, in our co-
hort, the patients with dementia fulfilled the diagnostic crite-
ria of Binswanger disease of Bennett et al.” In their series, most
of the patients diagnosed pathologically as having Binswanger
disease met the criteria compared with only 1.6% of the pa-
tients with clinically typical Alzheimer disease.” Therefore
patients with Alzheimer disease would likely be excluded
from our series, though this exclusion was not confirmed
pathologically.

In our patients, lacunar infarcts of the lentiform nuclei did
not show significant association with cognitive impairment,
inconsistent with a previous study that included subjects with
various degree of WMLs.?' We evaluated lacunar infarcts with
T1 and T2 high-resolution images. Using high-resolution
FLAIR images may allow more precise evaluation of lacunae.
However, we excluded lesions <3 mm in diameter or lesions
located in the lower one-third of the basal ganglia. A patho-
logic study has shown that this exclusion may enable differen-
tiation between lacunar infarcts and the perivascular space.”
Thus, our criteria likely differentiated lacunar infarcts from
the perivascular space, though this was not confirmed patho-
logically. Therefore the inconsistency may possibly result from
the small sample size of our study rather than from confusing
lacunar infarct with the perivascular space.

We used the MMSE score as a representative cognitive
parameter for the voxel-based analyses because of the strong
correlation between MMSE and other cognitive batteries.
To investigate the pathophysiology causing variable severity
of cognitive impairment in patients with similar extensive
WMLs, we had to exclude the potential confounding effect of
WML extension, as much as possible. Therefore, we recruited
only patients with Fazekas grade 3. This criterion may have
contributed to our sample characteristics of high cognitive
contrast and the strong intercorrelation among cognitive bat-
teries. In the patients with a variable extent of WMLs, execu-
tive function may be sensitive to detecting cognitive impair-
ment, as reported in previous population-based studies.*”"

Our study has several methodologic limitations. First, we
used several DTI parameters (eg, FA25 or MD25 and so forth)
for the histogram analyses according to a previous study.'
The peak height of the FA or MD histogram may be more
appropriate as a parameter because it is reported to be sensi-
tive to cognitive impairment.'” Second, we evaluated WMLs
with T2 high-resolution images. Using high-resolution FLAIR
images may allow more precise evaluation of WMLs. Third,
we used several ROIs in the preprocessing of DTIT maps. Al-
though these ROIs were carefully drawn, automation of this
image processing may improve the reproducibility of our data.
Finally, because our study is a single hospital-based cross-sec-

tional study of a small sample size, it is likely that the contrast
of WML extension was not sufficient to generate a significant
correlation. Population-based multicentered longitudinal and
cross-sectional studies recruiting more patients with extensive
WMLs and evaluating them with histogram and voxel-based
approaches similar to those in our study are warranted to con-
firm our hypothesis.

Conclusions

In patients with extensive WMLs, reduced HDWM DA, re-
duced callosal DA, and callosal atrophy were strongly inter-
correlated. These parameters showed a strong correlation with
global cognitive impairment that was independent from WML
extension. Reduced callosal DA and callosal atrophy may rep-
resent a surrogate marker of HDWM tract damage, and these
callosal parameters as well as DTI parameters of the HDWM
may be useful for monitoring disease progression and treat-
ment efficacies.
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ABSTRACT

BACKGROUND AND PURPOSE

Cortical microinfarcts (CMIs) are detected as smalt foci restricted to the cerebral cortex
in autopsy brains. CMIs are thought to be caused by cerebral amyloid angiopathy (CAA)
in the elderly and may be a risk for dementia. We aimed to visualize CMIs, which remain
invisible on conventional MRI, using double inversion recovery (DIR) and 3-dimensional
fluid attenuated inversion recovery (3D-FLAIR) on 3-Tesla MRI.

METHODS

We prospectively performed DIR and 3D-FLAIR images in 70 subjects with Alzheimer

disease (AD; n = 47), mild cognitive impairment (n = 14), AD with cerebrovascular disease

(CVD; n=3), vascular dementia (VaD; n=2), CAA-associated intracerebral hemorrhage

(ICH; n= 2) and one each of normal pressure hydrocephalus and dementia with Lewy

bodies (DLB). Susceptibility-weighted imaging (SWI) was performed to detect cerebral

microbleeds (CMBs).

RESULTS

. Nine subjects (five of AD and one each of AD with CVD, ICH, VaD, and DLB) had small
intracortical high signal lesions on both DIR and 3D-FLAIR images. All the nine sub-

jects accompanied multiple lobar CMBs. These intracortical lesions were located in close
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proximity to CMBs, and were suggested to be CMIs.

CONCLUSIONS
DIR and 3D-FLAIR images may open a way to visualize CMIs.

Introduction

Cortical microinfarcts (CMlIs) are reported to be an important
risk factor for dementia.!™ These lesions are frequently detected
as small foci restricted to the cerebral cortex in autopsy brains
of elderly subjects, and distributed predominantly in the area
of predilection for cerebral amyloid angiopathy (CAA) with
or without Alzheimer disease (AD) pathology." Moreover,
CMIs are usually found very close to AB-laden small vessels
with severe morphological changes,® thereby indicating that
compromised blood flow or blood-brain barrier (BBB) because
of CAA may cause CMIs.

CAA occasionally manifest as cerebral hemorrhage, is-
chemic stroke, and cognitive decline. Indeed, 78-100% of AD
brains exhibit CAA,’” and in a population-based autopsy study
severe CAA was found more frequently (43%) in demented pa-
tients compared with nondemented patients (24%).> CAA most
commonly affects the leptomeningeal arteries, and frequently
the intracortical arteries, but rarely involves the medullary ar-
teries in the white matter. Along with the deposition of AB, the
smooth muscle cells in the media gradually degenerate and may
eventually result in lobar cerebral hemorrhages. Small vessels

damaged by AB deposits become leaky and easy to rupture with
migration of hemosiderin-laden macrophages in and around the
vessel walls, and these lesions may manifest as cerebral microb-
leeds (CMBs) on magnetic resonance imaging (MRI). In the
past, CAA has been diagnosed postmortem, but recently, gra-
dient echo T2*-weighted imaging and susceptibility-weighted
imaging (SWI) on MRI are increasingly recognized as a tool
for detecting CMBs in a lobar distribution, being indicative of
CAA in elderly subjects.!0-11

Radiological diagnosis for CAA may be reinforced by de-
tecting CMIs in combination with lobar CMBs, however, CMIs
remained invisible on conventional MRI.!?> Recently, double
inversion recovery (DIR) has been widely used and commer-
cially installed in 3-Tesla (3T) Phillips MR machine, but not
yet in other vendors’ 3T machines. However, this sequence
will spread in other manufactures in near future. DIR and
3-dimensional fluid attenuated inversion recovery (3D-FLAIR)
sequences have become available to detect intracortical small
lesions in multiple sclerosis.'®"1® Furthermore, ultrahigh-field
MR imaging such as that at 3T might contribute to a bet-
ter visualization of those tiny lesions because of a higher

28 Copyright © 2012 by the American Society of Neuroimaging
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Table 1. Clinical Characteristics of Subjects with CMIs

Patient No 1 2 3 4 5 6 7 8 9
Clinical diagnosis AD Familial AD  ICH (CAA) VaD AD AD AD AD + CVD DLB
Age/gender 77/F 41/F 86/F 78/M 81/F 71/F 73/M 68/M 85/M
MMSE 25 17 29 21 21 20 15 15 ND
HTN (+H) (+) (+) (+) (+) (+) (+) (+) )
DM =) =) =) (=) =) - (+) (=) =)
Dyslipidemia (=) =) =) (+) (+) (=) (+) (+) =)
Smoking =) (+) (=) =) =) =) +) =) (=)
MRI findings

CMBs distribution F,T,0 F,T,P,O P,O F,T,P,O F,P,O F,O FP,O F,T,P,O F,T,0
S8 ) =) (+) (+) ) ) (+) ) =)
CMIs distribution LT LF,O LO O, P LF P O, P F LFT
CMIs number 5 5 2 3 3 1 5 1 4
CMIs diameter (mm) 1.76-3.36 2.41-4.03 2.91-3.57 3.47-3.85 1.67-2.42 1.87 1.67-3.17 2.79 2.19-3.38

AD = Alzheimer disease; ICH = intracerebral hemorrhage; CAA = cerebral amyloid angiopathy; CVD = cerebrovascular disease;
DLB = dementia with Lewy bodies; MMSE = mini mental state examination; ND = not done; HTN = hypertension; DM = diabetes mellitus; CMBs = cerebral
microbleeds; SS = superficial siderosis; CMIs = cortical microinfarcts; F = frontal lobe; T = temporal lobe; P = parietal lobe; O = occipital lobe; I = insular cortex.

signal-to-noise ratio.'3"!6 Therefore, in this study, we aimed to
detect CMIs in vivo using these sequences on an ultrahigh-field
MR scanner.

Patients and Methods
We performed a prospective analysis of 70 cognitively compro-
mised subjects (43 female, mean age 75.3 £ 7.9 years) including
AD (n = 47), mild cognitive impairment (MCI; n = 14), AD
with cerebrovascular disease (CVD; n = 3), vascular dementia
(VaD; n = 2), CAA-associated intracerebral hemorrhage (ICH;
n = 2) and one each of normal pressure hydrocephalus and
dementia with Lewy bodies (DLB). Their mini mental state ex-
amination (MMSE) score was 20.6 & 4.2 (mean % SD). All pa-
tients were recruited from the Department of Neurology, Mie
University Hospital between August 2009 and August 2011.
Clinical diagnosis of AD, MCI, or VaD was made by the diag-
nostic criteria of the DSM-IV,!7 Petersen clinical criteria,!® or
NINDS-AIREN,! respectively. Probable CAA was diagnosed
by multiple hemorrhages restricted to the intracortical, or cor-
ticosubcortical regions on MRI using the Boston criteria.’
The MRI studies were performed with a 3T MR unit
(Achieva, Philips Medical System, Best, the Netherlands) using
an 8- or 32-channel phased-array head coil. We applied these
new techniques, DIR and 3D-FLAIR images, to detect CMI in
vivo. Axial DIR imaging was performed using two different in-
version pulses. The long inversion time and the short inversion
time were defined as the intervals between the 180° inversion
pulse and the 90° excitation pulse, respectively, which had been
optimized for human brain imaging and were provided by the
vendor. Details of the 2D and 3D DIR protocol were as fol-
lows: field of view, 230 mm; matrix, 320 x 256 (512 x 512
after reconstruction; in-plane resolution, .45 mm x .45 mm);
section thickness, 3 mm with no intersection gap; no parallel
imaging; repetition time (ms)/echo time (ms), 15,000/28; long
inversion time (ms)/short inversion time (ms), 3,400/325; num-
ber of signals acquired, two; and acquisition time, 4 min 30 s
for 2D, field of view, 250 mm; matrix, 208 x 163 (256 x 256
after reconstruction; in-plane resolution, .98 mm x .98 mm);
section thickness, .65 mm with overcontiguous slice; TSE fac-

tor 173; repetition time (ms)/echo time (ms), 5,500/247; long
inversion time (ms)/short inversion time (ms), 2,550/450; num-
ber of signals acquired, two; and acquisition time, 5 min 13 s
for 3D.

3D FLAIR imaging was obtained in a sagittal direction, and
then the axial and coronal images were reconstructed. The de-
tails of 3D FLAIR were as follows: field of view, 260 mm;
matrix, 288 x 288 (364 x 364 after reconstruction; in-plane
resolution, .68 x .67 mm); section thickness, 1 mm with .5 mm
overlap; no parallel imaging; repetition time (ms)/echo time
(ms), 6,000/400; inversion time, 2,000 ms; number of signals
acquired, two; and acquisition time, 5 min 12 s.

It is sometimes difficult to judge whether lesions are juxta-
cortical, mixed white and gray matters, or intracortical, because
the exact anatomic border between the cerebral cortex and
white matter is unclear on 3D FLAIR imaging. On the other
hand, DIR shows superior delineation of gray matter, yielding
an advantage over FLAIR sequence in view of greater contrast
between gray and white matters, but vessels or cerebrospinal
fluid pulsation artifacts are more pronounced on DIR than on
FLAIR.?! Particularly, 3D FLAIR is free from artifacts. There-
fore, intracortical lesions were determined as positive if they
were exclusively detected as high signal foci both on DIR and
3D FLAIR images.

Other sequences included SWI to detect CMB. The details
of SWI were follows: field of view, 230 mm; matrix, 320 x 251
(512 x 512 after reconstruction; in-plane resolution, .45 mm x
.45 mm); section thickness, .5 mm with overcontiguous slice;
repetition time (ms)/echo time (ms), 22/11.5 (in-phase), 33
(shifted); number of signals acquired, one; flip angle 20° and
acquisition time, 5 min 45 s.

The study was approved by the ethical review board of
the Mie University Hospital and the subjects gave informed
consent.

Results

Demographic and MRI findings of the 9 patients were sum-
marized in Table 1. Representative MR images were presented
from an AD patient with presenilinl mutation (Fig 1 and its
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Fig 1. Head MR images in a 41-year-old woman with familial AD
(Patient 2). SWI shows multiple lobar CMBs (A). DIR (B, D) and 3D-
FLAIR (C) images show small intracortical hyperintense foci in the
insular cortex and the left frontal lobe. Arrows indicate intracortical
hyperintense foci (B, C, D).

higher magnification in Fig 2) and a patient with VaD (Fig 3).
Of 70 patients, 9 (12.8%) showed intracortical hyperintense le-
sions, which were 2-3 mm in diameter, both on DIR and 3D
FLAIR images, more obviously on the former images. The 9
patients with intracortical hyperintense lesions included 5 with
AD and each 1 with AD with CVD, ICH, VaD, and DLB.

On the other hand, 38 patients (54.3%) exhibited CMBs on
SWI, of which 19 (27.1%) showed multiple (>8) lobar CMBs.??
All the 9 patients with intracortical hyperintense lesions invari-
ably had multiple lobar CMBs. That is, 47.4% of the patients
with multiple lobar CMBs showed CMIs. These lesions were
located in close proximity to CMBs (Figs 2 and 3). In a patient
with AD, CMIs apparently increased in number without any
significant changes of cognitive function during 1-year follow-
up (Fig 4). Furthermore, 3 of the 9 patients showed local su-
perficial siderosis adjacent to CMBs on SWI. On the contrary,
those without multiple lobar CMBs showed no focal superficial
siderosis or intracortical hyperintense lesions. The overlapping
relationship between the subjects with CMBs, CMIs and local
superficial siderosis was illustrated in Figure 5.

Discussion

In this study, we revealed multiple small intracortical hyper-
intense lesions in 9 patients with cognitive impairment on
ultrahigh-field MRI using DIR and 3D-FLAIR images, which
had been recently used to detect intracortical lesions.'* 1% These
intracortical hyperintense lesions frequently adjoined lobar
CMBs, and were found exclusively in subjects with multiple
lobar CMBs. Lobar CMBs have been thought to indicate CAA
in vivo,232* and therefore, there is a strong indication that these

30 Journal of Neuroimaging Vol 23 No 1 January 2013

Fig 2. Higher magnification of head MR images in a 41-year-old
woman with familial AD (Patient 2). Spatial close association is shown
between intracortical high signal lesions on DIR (D, E, F) and lobar
CMBs (A, B, C).

intracortical hyperintense lesions represent CMlIs, which have
a similar distribution in autopsy specimens.'™

CMIs are defined as small foci confined to the cerebral
cortex on histological examination.!® The size of CMIs is
variable. Although Haglund and colleagues® defined CMIs
<5 mm in their paper, other studies revealed size of CMIs
ranging several hundreds micrometer'® and <2 mm.* There-
fore, in this study, relatively large CMIs seemed to be detected
on ultrahigh-field MRI.

The pathogenesis and disease specificity of CMIs remain un-
clear, however, they are a strong risk for cognitive impairment
and dementia. In later life, CAA is thought to be an under-
lying cause for CMI. Suter and colleagues reported that CMIs
were much more frequent in pathologically proven AD (32.4%)
than in controls (2.5%), and that the rate increases up to 60%
in the brains with AD and CAA.* In our pathological study,
CMIs were far more numerous in AD as compared with sub-
cortical vascular dementia, and spatially distributed very close

Fig 3. Head MR images in a 78-year-old man with VaD (Patient 4).
SWI demonstrates multiple lobar CMBs predominantly in the pari-
etooccipital lobes as well as focal superficial siderosis (arrowheads)
adjacent to the CMBs in the bilateral parietal lobes (A). DIR image
shows small intracortical high signal lesions (arrows in C, E) close to
lobar CMBs (arrows in B, D).
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Fig 4. Head MR images in a 77-year-old woman with sporadic AD
(Patient 1). DIR image shows small high signal foci in the right insula
and left temporal cortices (arrows in A, D). One year later, these
lesions still remained (arrows in B, E) and additional lesions appeared
in the bilateral temporal lobes (arrows in C, F).

CMBs (4
Mg oo :
{steictly tobar 27, lobar with deep 10, deep 1}

Fig 5. The relationship between the subjects with lobar CMBs, CMIs
and local SS. CMBs = cerebral microbleeds; CMls = cortical microin-
farcts; SS = superficial siderosis.

to AB-laden small vessels with severe morphological changes.’
Amyloid deposition affects the arterial walls, particularly of the
media, of the small leptomeningeal and intracortical arteries.
These vascular changes may cause chronic cerebral hypoper-
fusion and BBB dysfunction, and thereby result in CMIs.
According to the Boston criteria, probable CAA could be
clinically diagnosed by multiple hemorrhages restricted to lo-
bar, cortical, or cortico-subcortical regions on CT or MRI even
without pathological examination.?” In clinical practice, gradi-
ent echo T2#-weighted imaging and SWI on MRI are suitable
for detecting CMBs, with apparently better sensitivity with SWI
than gradient echo T2x-weighted imaging.?>2® Lobar CMBs
with a posterior predilection are frequently observed in AD pa-
tients with CAA.192730 Indeed, more than 80% of AD cases
have CAA,” and in concert with these findings, AD patients
have lobar CMBs more frequently (20-30%) than control sub-
jects (10%).122 Local superficial siderosis in the elderly, which
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is defined as linear low signal on T2#-weighted imaging or SWI,
has been described as a late consequence of CAA-associated
cortical subarachnoid hemorrhage.?"%5 Therefore, diagnostic
sensitivity for CAA in the Boston criteria might be enhanced
by local superficial siderosis.?%-%*

In our study, all the 9 patients with intracortical hyperintense
lesions had multiple lobar CMBs with a posterior predilection,
and 3 of them presented with local superficial siderosis. Particu-
larly, one patient with DLB had multiple lobar CMBs and intra-
cortical hyperintense lesion without risk factors of cerebrovas-
cular disease. Recent studies suggest an association of CAA
with cognitive decline in DLB in cases with concomitant AD
pathology.3%:37 Therefore, all of these patients were suggested
to have severe CAA, and possibly concomitant AD pathology.
However, it remains elusive whether there is a straightforward
correlation between the severity of CAA and AD pathology,
because CAA seems to be an independent risk for dementia,’
and unique forms of CAA (capillary CAA and pericapillary
ApB-deposits) may be readily linked to AD pathology.?$40

Limitations of this study include a relatively small number
of subjects and lack of a clinicopathological correlation. How-
ever, a recent study had shown that intracortical infarcts have
been detected in ex vivo examination of a brain with cere-
bral autosomal-dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL) by 7-T MRI, and had
discussed that these results further support the importance of
cortical lesions that are not visualized on conventional MRI
in small vessel disease.*! In a clinical setting, it is important
to evaluate CMIs during life, because CMIs are strong pre-
dictor for progression and severity of cognitive decline.?34243
Apparently, further studies are required to directly compare
MRI findings with pathological specimens in the near future,
and prospective studies may determine the predictive value of
CMIs in cognitive impairment.

In conclusion, the MRI application presented here made
feasible in vivo detection of CMIs. This could be a powerful
biomarker for CAA in combination with multiple lobar CMBs
and focal superficial siderosis, and may further indicate vulner-
ability of the cerebral blood flow and the perturbed vascular
network in the cerebral cortex.*?

We thank Prof. Hidenao Fukuyama (Human Brain Research Center,
Kyoto University) for his useful comment and discussion for this project.
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A single intracerebroventricular injection of $-amyloid 25—35 peptide (AB,5-35) (9 nmol/mouse) induces
the spatial cognitive deterioration and approximately 50% loss of pyramidal cells in hippocampal CA1
region within 1 week. The present study focused on exploring the effects of neurosteroid pregnenolone
sulfate (PREGS), in comparison with the selective agonists of sigma-1 receptor (c4R) and o7 nicotinic
acetylcholine receptor (¢7nAChR), on the cognitive deficits and the death of pyramidal cells in ABzs-35-
mice. Herein, we reported that the administration of PREGS (1—-100 mg/kg) for 7 days after ABys—35-
injection could dose-dependently ameliorate the cognitive deficits and attenuate the apoptosis of
pyramidal cells. Either the ojR antagonist NE100 or the o7nAChR antagonist MLA could block the
neuroprotection of PREGS in ABy5_3s-mice. Both the o¢R agonist PRE084 and the «7nAChR agonist DMXB
could mimic the PREGS-neuroprotection against the Afys_ss-neurotoxicity. The neuroprotection of
PRE084 was attenuated by MLA, but the DMXB-action was insensitive to NE100. The neuroprotection of
PREGS, PRE084 or DMXB was blocked by the phosphatidylinositol-3-kinase (PI3K) inhibitor LY294002,
whereas only the effect of PREGS or PRE0O84 was sensitive to the MAPK/ERK kinase (MEK) inhibitor
U0126. PREGS prevented AB,s_ss-inhibited Akt (Serine/threonine kinase) phosphorylation leading to
increase in caspase-3 activity, which was o1R- and a7nAChR-dependent. By contrast, PREGS-rescued
reduction of extracellular signal-related kinase-2 (ERK2) phosphorylation in Ap;s5_s3s-mice only
required the activation of o1R. Blockage of PREGS-neuroprotection by LY294002 significantly attenuated
its anti-amnesic effect in Afzs-35-mice. The findings indicate that the anti-amnesic effects of PREGS in
AB35-35-mice depend on the o1R- and «7nAChR-mediated neuroprotection.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is characterized by a progressive
neurodegeneration leading to dementia and death. The accumu-
lation and deposition of B-amyloid (Ap) within the brain is thought

Abbreviations: AD, Alzheimer's disease; Af, B-amyloid; DMXB, 3-(24-
dimethoxybenzylidene)-anabaseine dihydrochloride; LY294002, 2-(4-morpho-
linyl)-8-phenyl-1(4H)-benzopyran-4-one hydrochloride; MLA, methyllycaconitine;
MAPK, mitogenic activated protein kinase; NMDAr, N-methyl-p-aspartate receptor;
NE100, N,N-dipropyl-2-[4-methoxy-3-(2-phenylethoxy)phenyl] ethylamine hydro-
chloride; ERK, extracellular signal-related kinase; PI3K, phosphatidylinositol-3-
kinase; PREG, pregnenolone; PREGS, pregnenolone sulfate; PRE084, 2-(4-
morpholinethyl)-1-phenylcyclohexanecarboxylate  hydrochloride; U0126, 4-
diamino-2,3-dicyano-1-4-bis [2-aminophynylthio] butadiene; «7nAChR, a7
nicotinic acetylcholine receptor; GABAR, y-aminobutyric acid type A receptor.
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to be the primary force driving the pathogenesis of AD. A has been
reported to disrupt neuronal cells by calcium dyshomeostasis
(Nelson et al., 2007) and enhancement of excitotoxicity (Rothman
and Olney, 1995) and apoptosis (Forloni et al., 1993). At sites of
AP-aggregation, hippocampal neuronal cells die leading to the
rapid loss of learning and memory (Yan et al., 1996).

Cholinergic system is very sensitive to the Ap-neurotoxicity. The
AB-induced dysfunction of o7 nicotinic acetylcholine receptor
(27nAChR) results in the impairment of spatial memory (Chen
et al,, 2006, 2010). The «7nAChR agonists are able to attenuate
the AB-neurotoxicity and glutamate toxicity in cultured neurons
(Kihara et al., 1997; Zamani et al., 1997). The treatment with DMXB,
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a selective a7nAChR agonist, ameliorates the Ap,5-3s-induced
deficits in spatial memory (Chen et al., 2010). Furthermore, nico-
tine not only inhibits beta-amyloidosis (Hellstrém-Lindahl et al.,
2004) but also prevents the accumulation of A in APP transgenic
mice (Liu et al.,, 2007), On the other hand, the activation of sigma-1
receptor (61R) may induce important neuroprotection against the
ABys-35-neurotoxicity (Li et al,, 2010). The selective o1R agonists are
potent neuroprotective drugs as observed in excitotoxicity models
(Maurice and Lockhart, 1997; Nakazawa et al, 1998) and AB-
induced toxicity in cortical neurons in vitro (Marrazzo et al., 2005).
Meunier et al. (2006) have reported the potent anti-amnesic and
neuroprotective effects of donepezil against AB,s_3s-neurotoxicity
through its cholinergic and o¢R agonistic properties.

Steroids which are synthesized within the central or peripheral
nervous system have been named “neurosteroids” (Baulieu, 1997).
Recently, the correlation between decreased levels of neurosteroids
and neuronal degeneration in AD patients has been paid close
attention (Naylor et al., 2010). Pregnenolone sulfate (PREGS),
a steroid synthesized de novo in the brain, is thought to relate with
cognitive performance in senescent animals (Schumacher et al,,
2008). Deficient cognitive performance in aged rats can be cor-
rected by intrahippocampal injection of PREGS (Vallée et al., 1997).
In addition to as a negative modulator of GABA, receptors (Akk
et al, 2001) and positive allosteric modulator of N-methyl-p-
aspartate receptor (NMDAr, Maurice et al,, 2006), PREGS has been
demonstrated to enhance the function of «7nAChR (Chen and
Sokabe, 2005) and oiR (Monnet et al.,, 1995). Collectively, it is
speculated that PREGS can antagonize the AP-neurotoxicity
through its «7nAChR and o¢R agonistic actions.

AP1-42, @ major constituent of senile plaques, is well known to
be one of the candidates causing memory loss, because numerous
studies have demonstrated a significant correlation between the
number of senile plaques and the degree of cognitive deficits in AD
brains. Among the A fragments studied so far, peptide bearing the
11 amino acids (25—35) (ABzs-35) is the shortest fragment of AP
processed in vivo by brain proteases (Kubo et al., 2002). This peptide
retains the ability to self-aggregate and mediates the toxicity of the
full-length peptide, though it lacks a hydrophobic C terminal
sequence of five amino acids as compared to ABq40 (Burdick et al.,
1992). It has been proposed that AB,s-35 represents the biologically
active region of APi_4p (Pike et al, 1995). Experiments using
transgenic and gene targeting mouse models have shown a close
association between excess amounts of AP and the deficits in
learning and memory. Thus, two nontransgenic rodent models of
AD created by intracerebroventricular (i.c.v.) infusion of AB;—4042
(Chen et al., 2006) or ABs-35 (Maurice et al., 1996) have been
widely used to analyze the morphological and behavioral conse-
quences of AB-neurotoxicity in vivo. Consistent with the ABi_40/42
infusion (i.c.v.) in rats, the injection (i.c.v.) of Afys_35 in mice
induces, within 1 or 2 weeks after administration, histological and
biochemical changes in cholinergic system (Kowall et al., 1991,
1992). A single injection (i.c.v.) of either AB;_40/42 (Wu et al,, 2008)
or ABzs-35 (Chen et al, 2010) in rats and mice can impair the
induction of long-term potentiation (LTP) in hippocampal CA1l
region. A single injection (i.c.v.) of aggregated AB;s-35 (3 nmol/
mouse) in mice induces amnesia in many kinds of behavior
experiments such as in Y-maze, step-down type passive avoidance
and Morris Water maze, although the low-dose of ABy5-35 does not
produce neuronal cell loss (Maurice et al,, 1996; Wang et al., 2007).
By contrast, one single injection (i.c.v.) of AB;5-35 at high dose of
9 nmol/mouse can cause the death of hippocampal neuronal cells.
Therefore, the present study focused on exploring the anti-amnesic
and neuroprotective effects of PREGS, in comparison with
the selective agonists of o{R and ¢7nAChR, after a single injection
of APzs-35 (9 nmol/mouse) in mice by examining the spatial
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memory behavioral, hippocampal morphological and biochemical
changes. Our results showed that the administration of PREGS
in APgs-35-mice exerts a potent anti-amnesic effect through
o1R- and o7nAChR-mediated PI3K—Akt and ERK neuroprotective
mechanisms.

2. Materials and methods
2.1. Subjects

The present studies were approved by Animal Care and Ethical Committee of
Nanjing Medical University. All procedures were in accordance with the guidelines
of Institute for Laboratory Animal Research of the Nanjing Medical University. Male
mice (ICR, Oriental Bio Service Inc., Nanjing), weighing 20—25 g (8 weeks old) at the
beginning of the experiment, were used throughout the study. All animals were
housed in a light controlled room under a 12-h light—dark cycle starting at AM 7:00
and kept at a temperature of 23 °C in the Animal Research Center of Nanjing
University. They received food and water ad libitum. All efforts were made to
minimize animal suffering and to reduce the number of animals used.

2.2. Preparation of an animal model of Alzheimer’s disease

ABas.-35 (Sigma, St. Louis, MO, USA) was dissolved in distilled water at the
concentration of 3 mM. “Aggregated” Afys_3s was obtained by incubating at 37 °C
for 4 days according to previous report (Maurice et al., 1996) and then diluted to the
final concentration with saline just before the experiment. Mice were anaesthetized
with intraperitoneal (i.p.) injection of chioral hydrate (400 mg/kg) and placed in
a sterotactic device (Kopf Instruments, Tujunga, CA). For a single injection (i.c.v.) of
AB25-35, a 28-G stainless-steel needle (Plastics One, Roanoke, VA) was inserted into
lateral ventricular (0.3 mm posterior, 1.0 mm lateral, and 2.5 mm ventral to bregma),
and then the “aggregated” ABys—35 (9 nmol/3 pl/mouse) was injected with a stepper-
motorized micro-syringe (Stoelting, Wood Dale, IL, USA) at a rate of 0.5 yl/min. The
injection site was confirmed in preliminary experiments by injecting Indian ink.
Control mice were given an equal volume of vehicle.

2.3. Drug administration

PREGS, when intraperitoneally (i.p.) injected, may cross blood—brain barrier and
can be taken up by the brain (Higashi et al., 2003). PREGS and PREG were dissolved
in dimethyl sulfoxide (DMSO), and then diluted in sesame oil to a final concentration
of 1.0% DMSO, because the high dose of PREGS (100 mg/kg) could not be dissolved in
1.0% DMSO diluted by saline. PREGS (1-100 mg/kg) or PREG (20 mg/kg) was
subcutaneously (s.c.) injected at 100 pl once daily. o1R agonist PRE084 (1.0 mg/kg)
and o7nAChR agonist DMXB (5 mg/kg, Taisho Pharmaceuticals, Tokushima, Japan)
were dissolved by 0.9% saline and all of these drugs were intraperitoneally injected
once daily on 1-7 days after AB,s-3s-injection. NMDAr antagonist MK801 (2 mg/kg,
i.p.) and o4R antagonist NE100 (3 mg/kg, i.p. Taisho Pharmaceutical Co. Ltd. Tokyo,
Japan) were dissolved by distilled water, and a7nAChR antagonist methyl-
lycaconitine (MLA) (0.1 nmol/mouse, i.c.v.), MAPK/ERK kinase (MEK) inhibitor
U0126 (0.3 nmol/mouse, i.c.v.) and PI3K inhibitor LY294002 (0.3 nmol/mouse, i.c.v.)
were dissolved in DMSO, and then in 0.9% saline to a final concentration of 1% DMSO.
These antagonists were injected 30 min before treatment with PREGS or agonists.
Chemicals, unless stated, all came from Sigma Chemical Company (St Louis, MO,
USA). For repeated injection (i.c.v.) of drugs, a 26-G stainless-steel guide cannula
(Plastics One, Roanoke, VA) was implanted into the right lateral ventricle (0.3 mm
posterior to bregma, 1.0 mm lateral, and 2.3 mm ventral) and anchored to the skull
with four stainless steel screws and dental cement. The drugs were prepared freshly
on the day of experiment and were injected using a 28-G stainless-steel needle
combining with stepper-motorized micro-syringe (Stoelting, Wood Dale, IL, USA) at
a rate of 0.5 w/min (final volume 3 pl/mouse). Control mice were given an equal
volume of vehicle.

2.4. Behavioral analysis

For the Morris water maze task, a pool (diameter 90 cm) made of black-colored
plastic was prepared, with water temperature maintained at 20 £ 1 °C. Swimming
paths were analyzed using a computer system with a video camera (AXIS-90 Target/
2, Neuroscience). In the hidden platform test, the platform (7 cm in diameter) was
submerged 1 cm below the water surface. On the first and the last day of water maze
training, the swimming speed was assessed in the absence of the platform. Mice
were given 90 s to reach the hidden platform. Four starting positions were used and
each mouse was trained with four trials per day. After reaching the platform, the
mouse was allowed to remain on it for 10 s. If the mouse did not find the platform
within 90 s, the trial was terminated and the animal was put on the platform for 10 s.
The water maze task was consecutively performed on day 3-7 after APys_as-
injection. Average swimming speed (cm/sec) and latency (sec) to reach the plat-
form were scored on all trials and analyzed where appropriate.
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2.5. Histological examination

Histological examination of hippocampal CA1 region was assessed on day 7 after
AB3s.--3s-injection. Mice were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
perfused with ice-cold phosphate-buffered saline (PBS) followed by 4% para-
formaldehyde. Brains were removed and immersed in fixative (4 °C overnight), and
then processed for paraffin embedding. Coronal sections (5 um) were cut from the
level of hippocampus for toluidine blue and TUNEL staining.

In toluidine blue staining, the pyramidal cells in hippocampal CA1 region were
identified using a conventional light microscope (Olympus DP70) with a 60x
objective, healthy CA1 pyramidal neurons showed a round cell body with a plainly
stained nucleus. Density of surviving neurons was counted in 6 sections per mouse
and expressed as the number of cells per mm length along the hippocampal CA1
pyramidal layer (Cai et al., 2008).

For terminal deoxynucleotide transferase-mediated dUTP nick end labeling
(TUNEL) staining, sections were deparaffinized in xylene, rehydrated through
a series of graded alcohols. Subsequently, the sections were permeabilized using
proteinase K (20 pg/ml) and then incubated in 3% H0; in 0.1 M PBS for 30 min in
order to quench endogenous peroxidase activity. TUNEL reaction performed using In
Situ Cell Death Detection Kit (Roche, Mannheim, Germany). Briefly, sections were
incubated with TUNEL reaction mixture for 60 min at 37 °C. The sections were
treated with Converter-POD solution and visualized by 3,3’-diaminobenzine (DAB,
Chromagen Kit, Vector Laboratories) for 10 min. For positive controls, sections were
incubated with DNase I for 10 min at 15—25 °C to induce DNA strand breaks, prior to
labeling procedure. For negative controls, sections were incubated with label solu-
tion only (without terminal transferase) instead of TUNEL reaction mixture. The
sections were observed using an Olympus (DP70) microscope with a 60x objective.

2.6. Western blot analysis

All mice were decapitated under deep anesthesia with ethyl ether on day 7 after
Afas-3s-injection. The hippocampus was taken quickly and homogenized in a lysis
buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 1 mM
sodium orthovanadate, 1% Triton X-100, 0.5% sodium deoxycholate, 1 mM phenyl-
methylsulfonyl fluoride and protease inhibitor cocktail Complete; Roche, Man-
nheim, Germany). Total proteins (20 ug) were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyphorylated difluoride (PVDF)
membrane. The membranes were incubated with 5% nonfat dried milk for 60 min,
and then were incubated with a rabbit monoclonal anti-phosphor ERK1/2 antibody
(1:1000, Cell Signaling, Beverly, MA), a rabbit monoclonal anti-phosphor Akt anti-
body (1:1000), or a rabbit monoclonal anti-caspase-3 antibody (1:1000) at 4 °C
overnight. After being washed with TBST, the membranes were incubated with an
HRP-labeled secondary antibody and developed using the ECL detection Kit
(Amersham Biosciences, Piscataway, NJ). Following visualization, the blots were
stripped by stripping buffer (Restore, Pierce Chemical Co, Rockford IL) for 15 min, re-
blocked with 5% nonfat dried milk for 60 min, then incubated with anti-ERK1/2
antibody (1:1000), anti-Akt (1:1000) or anti-action (1:1000, Chemicon Interna-
tional). Western blot bands were scanned and analyzed with the image analysis
software package, National Institutes of Health Image. Samples were collected from
the APas_3s-infused hemisphere of 3 mice as a set of western blot analysis. The
summarized data represent the average of 3 experimental sets (n = 9 mice).

2.7. Data analysis

Data were retrieved and processed using the software Micro Origin 6.1 (Origin
Lab, Northampton, MA, USA). All of data were presented as means =+ standard error
(SE). The significance was tested by ANOVA followed by Bonferroni's post-hoc test
for multiple comparisons. Statistical analyses were performed using the Stata 7.0
software program (STATA Corporation, USA). P values less than 0.05 were accepted
as statistically significant.

3. Results
3.1. PREGS improves Af2s-3s5-impaired spatial memory

The results of Morris water maze test (Fig. 1A) showed that
a single injection of “aggregated” ABzs-35 (9 nmol/mouse) signifi-
cantly increased the escape-latency to reach the hidden platform
compared to control mice (P < 0.01 on day 5 after training, n = 16),
whereas it did not affect the swimming speed (control:
14.71 £ 1.44 cm/s; ABys-35-mice: 13.07 + 1.63 cm/s; P > 0.05). The
treatment with PREGS in Aps-3s-mice could attenuate the
prolongation of escape-latency in a U-shaped dose-dependent
manner (P < 0.01, n = 16; Fig. 1B). Notably, PREGS at 20 mg/kg
showed the most profound effect against the Ap,s_3s-impaired
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Fig. 1. Beneficial effect of PREGS on behavioral performance in Afs—35-mice. (A) The
Morris water test revealed that the latency to reach the hidden-platform was pro-
longed in AB2s—3s-mice as compared with that in control mice. Treatment with PREGS
(20 mgfkg) decreased the prolongation of latency in AB;s-3s-mice. The latency was
recorded from day 3 to day 7 after AB,s_ss-injection. The histogram shows the latency
on day 5 after training. (B) The dose-dependent curve shows the effect of PREGS
(1-100 mg/kg, s.c.) on the latency in AB;s_ss-mice. PREGS exerted the maximal effect
at dose of 20 mg/kg. (C) Treatment with PREG (20 mg/kg) had no effect on the
prolongation of latency in ABys_3s-mice. **P < 0.01 vs. control mice, **P < 0.01 vs.
vehicle-treated Afl;s_3s-mice.

spatial cognition, so this dose was used in the following experi-
ments. By contrast, the administration of PREG (20 mg/kg), a non-
sulfated form of PREGS, had no effect on the impairment of spatial
memory in ABzs_3s-mice (P > 0.05, n = 16; Fig. 1C).

3.2. PREGS reduces apoptosis of pyramidal cells in AB25—35-mice

To explore mechanisms concerning the anti-amnesic effect of
PREGS, we examined pyramidal cells in hippocampal CA1 region.
The results showed that the number of pyramidal cells was reduced
approximately 50% of control mice on day 7 after AP,s-3s-injection
(P < 0.01,n = 8; Fig. 2A). The treatment with PREGS in AB;5._35-mice
markedly attenuated the loss of pyramidal cells (P < 0.01, n = 8),
but PREG had no such effect (P > 0.05, n = 8). Compared with the
control mice (left panel), the number of apoptotic cells (TUNEL
positive cells) was significantly increased in AB;s-3s-mice (central
panel), which could be attenuated by the administration of PREGS
(right panel; Fig. 2B). The results indicate that PREGS can protect
neuronal cells against AB-neurotoxicity.

3.3. o1R and a7nAChR are involved in PREGS-neuroprotection

To determine the targets of PREGS-neuroprotection, we inves-
tigated the involvement of o1R, NMDAr and «7nAChR using the
selective antagonists of the receptors. The results showed that the
pre-treatment with the o;R antagonist NE100 almost completely
blocked the neuroprotection of PREGS in Af,s-35-mice (P < 0.01,
n = 8; Fig. 3A), while the a7nAChR antagonist MLA partially antag-
onized the PREGS effects (P < 0.05, n = 8). The NMDAr antagonist
MK801 did not affect the neuroprotection of PREGS in AB;5_3s-mice
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Fig. 2. Neuroprotection of PREGS on AB;s5-3s-induced neuronal death on day 7 after ABs_3s-injection. (A) Toluidine blue staining was used to evaluate the death of pyramidal cells
in hippocampal CA1 region. Bar graph represents the number of surviving pyramidal cells. (B) TUNEL staining in hippocampal CA1 region detected the pyramidal cell apoptosis.
Note that the administration of PREGS significantly reduced the apoptosis of AB;s-3s-induced pyramidal cells. Black arrows indicate apoptosis pyramidal cells. Scale bars = 50 uM.

**P < 0.01 vs. control mice; *#P < 0.01 vs. vehicle-treated AB,s_3s-mice.

(P > 0.05, n = 8), although it could reduce the death of pyramidal
cells in ABs-35-mice treated with vehicle (P < 0.05, n = 8).

To confirm whether 1R or 7nAChR is involved in the PREGS-
neuroprotection, the iR agonist PRE084 or the «7nAChR agonist
DMXB was administered as the same protocol as the treatment
with PREGS. We observed that the treatment with either PRE084 or
DMXB in AB;5_35-mice could protect the pyramidal cells (P < 0.01,
n = 8; Fig. 3B and C). Interestingly, the PRE084-neuroprotection
could be blocked by MLA (P < 0.01, n = 8; Fig. 3B), whereas the
DMXB-neuroprotection was insensitive to NE100 (P > 0.05, n = 8;
Fig. 3C). The results indicate that PREGS targets o1R and «7nAChR to
prevent the AB-neurotoxicity.

3.4. Involvement of PI3—Akt or ERK on ¢1R- and a7nAChR-mediated
neuroprotection in Af25—35-mice

Earlier in vitro study (Kihara et al., 2004) found that «7nAChR-
mediated neuroprotection was related to PI3K—Akt signaling
pathway rather than ERK1/2. Our results showed that in ABzs-35-
mice, the PI3K inhibitor LY294002 could block the neuro-
protection produced by PREGS, DMXB or PRE084 (P < 0.01, n = 8;
Fig. 4A). By contrast, the MEK inhibitor U0126 could attenuate the
neuroprotective effects of PREGS and PRE084 (P < 0.05, n = 8;
Fig. 4B), but not the effect of DMXB (P > 0.05, n = 8). The admin-
istration of LY294002 or U0126 failed to affect the number of
pyramidal cells in hippocampal CA1 region in control mice
(P > 0.05, n = 8; Fig. 4A and B).

The phosphorylation level of Akt (p-Akt) in hippocampus of
APs_35-mice was lower than that in control mice (P < 0.05;
Fig. 5A). Treatment with PREGS could rescue the reduction of p-Akt
in AP2s-3s5-mice (P < 0.01), which was sensitive to NE100 and MLA

(P < 0.01). The proapoptotic protein caspase-3 activity was
measured by cleavage of the caspase-3 substrate. Elevation of the
hippocampal caspase-3 activity was found in Apys5_3s-mice
(P < 0.01; Fig. 5B). PREGS significantly attenuated the increase in
caspase-3 activity in APys_zs-mice (P < 0.01), which was also
dependent on ¢1R (P < 0.05) and a7nAChR (P < 0.01). In addition,
the phosphorylation level of hippocampal ERK2 (p-ERK2) was
lower in AB>s-3s-mice than that in control mice (P < 0.05; Fig. 5C).
The treatment with PREGS in AP,s_3s-mice could rescue the
decreased level of p-ERK2 (P < 0.01), which was blocked by NE100
(P < 0.01), but not by MLA (P > 0.05).

3.5. Anti-amnesic effect of PREGS neuroprotection in Af2s-35-mice

To further explore whether the anti-amnesic effect of PREGS
results from its neuroprotection, the PI3K inhibitor LY294002 was
used to block the neuroprotection of PREGS in A;5-35-mice
(Fig. 4A). The results showed that the application of LY294002
alone did not affect the spatial cognitive performance in control
mice (P > 0.05, n = 16; Fig. 6), but the treatment with LY294002
significantly attenuated the anti-amnesic effect of PREGS on the
prolongation of escape-latency in ABys-35-mice (P < 0.01, n = 16).

4. Discussion

One earlier study (Maurice et al., 1996) reported that the
treatment with PREGS could attenuate cognitive deficits induced by
a low-dose of AB,5-35 (3 nmol/mouse) without the loss of neuronal
cells. The high dose of AB,s-35 (9 nmol/mouse) caused the cognitive
impairment associated with the apoptosis of neuronal cells
(Meunier et al., 2006). The results in the present study showed that
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Fig. 3. «7nAChR and o;R are involved in the neuroprotection of PREGS in AB,s_3s-mice. (A) The o7nAChR antagonist MLA, the o, receptor antagonist NE100 and the NMDAr
antagonist MK801 were administrated at 30 min before the treatment of PREGS. Bar graph shows the number of surviving pyramidal cells of hippocampal CA1 region in ABzs_3s-
mice. (B & C) Neuroprotective effects of the o1R agonist PRE084 and the a7nAChR agonist DMXB on hippocampal CA1 pyramidal cells. MLA could biock the neuroprotection of
PRE084, but NE100 has no effect on DMXB-neuroprotection. *P < 0.05 and **P < 0.01 vs. vehicle-treated AB,s-as-injected mice; #P < 0.05 and *#P < 0.01 vs. PREGS-treated ABys._35-

mice; TP < 0.01 vs. PREO84-treated APs_ss-mice.

the administration of PREGS could improve the cognitive deficits
and attenuate the apoptosis of neuronal cells. The neuroprotection
of PREGS against AB-neurotoxicity depended on the activation of
g1R- and o7nAChR to cascade the PI3K—Akt and ERK signaling
pathways. Because the anti-amnesic effect of PREGS was sensitive
to the PI3K inhibitor, the findings give an indication that PREGS
improves the cognitive deficits in APys5-3s-mice through not only
rescuing dysfunction of neuronal system but also protecting the
neuronal cells.

4.1. Targets of PREGS-neuroprotection against Afz5—35 toxicity

The findings in the present study give a clear indication that the
PREGS-neuroprotection  against Apys-3s-induced apoptosis
depends on the functions of o1R and «7nAChR. This conclusion is
deduced mainly from the following observations: (1) the neuro-
protection of PREGS in Afs-35-mice was blocked by the antago-
nists of 1R and «7nAChR, but not the NMDAr antagonist; (2) the
agonists of either 1R or 27nAChR could mimic the neuroprotection
of PREGS to reduce the death of pyramidal cells in Af;5_35-mice; (3)
the PREGS-effect on rescuing PI3K—Akt and ERK signals in AB,5_35-
mice was also sensitive to the antagonist of 6;R or a7nAChR.
Because PREGS has been known to activate o1R (Meyer et al., 2002)
and «7nAChR (Chen and Sokabe, 2005), it is indicated that PREGS
directly targets o1R and ¢7nAChR, respectively. Consistent with the
neuroprotective action of PRE0O84 in AB;5-35-mice, the o1R agonist
attenuates cell death in cultured cortical neurons coincubated with
ABs-35, and this effect was reversed by the selective o{R

antagonist NE100 (Marrazzo et al., 2005). Moreover, in the model of
AD-type amnesia induced by low-dose of ABs_3s, which involves
both cholinergic and glutamatergic neurotransmission through
NMDATr, the o1R agonists and PREGS attenuate amnesia in a bell-
shaped manner. Interestingly, our results showed that the o{R-
mediated neuroprotection in AP,s_3s-mice was blocked by the
o7nAChR antagonist, while the a7nAChR-action was insensitive to
the blockade of o¢R. Thus, another possibility is that the PREGS-
induced activation of oyR further modulates the function of
o7nAChR. Detailed analysis concerning the correlation between
1R and «7nAChR remains to be done in the future works. One the
other hand, the reduction of BDNF may be one of the major path-
ological conditions in AD. In hippocampus of APP/PS1 mice, the
reduced BDNF could be rescued by the application of PREGS (Xu
et al, 2012). BDNF activates a variety of signal molecules,
including Ras/ERK and PI3K/Akt, all of which are required for
survival of neuronal cells. The activation of o4R has been reported
to selectively enhance the BDNF signaling and up-regulate the
BDNF mRNA in the rat brain (Yagasaki et al.,, 2006). In addition,
activation of o1 receptors facilitates neuroprotection or neuronal
recovery through regulating the localization of growth factor
receptors in lipid rafts (Takebayashi et al., 2004).

4.2. Possible mechanisms of PREGS neuroprotection against
AB25-35-toxicity

A large body of evidence emerges that APys_35 causes the
necrosis of pyramidal cells in hippocampal CA1 region (Mamiya
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Fig. 4. PREGS-neuroprotection in Af,s_ss-mice is via 0;R- and ¢7nAChR-mediated ERK
or PI3k—Akt signaling pathways. (A) PI3K inhibitor LY294002 antagonized PREGS-,
PRE084- and DMXB-neuroprotection on pyramidal cells of hippocampal CA1 region in
APys_3s-mice. (B) MEK inhibitor U0126 blocked the neuroprotection of PREGS and
PRE084. Neither LY294002 nor U0126 had influence on the number of pyramidal cells
in control mice. *P < 0.05 and **P < 0.01 vs. corresponding PREGS- or agonist-treated
Aﬁ25_35~mice,

et al, 2004; Stepanichev et al, 2005, 2006). The ABs5-35-
neurotoxicity in hippocampal CA1 pyramidal cells is known
through down-regulating ERK and Akt phosphorylation (Daniels
et al,, 2001; Jin et al.,, 2005). Nicotinic receptor-mediated neuro-
protection in the neurodegenerative disease models is related to
the activation of PI3K—AKkt signaling pathway (Shimohama, 2009).
Several acetylcholine esterase inhibitors, including donepezil and
galantamine, have been reported to attenuate the Ap;s_3s5-toxicity
(Arias et al., 2004; Svensson and Nordberg, 1998) through up-
regulating a7nAChR-mediated PI3K—Akt signaling (Kihara et al,,
2004). Our results in this study indicate that the «7nAChR agonist
prevents the APys-—3s5-downregulated PI3K—Akt signaling to reduce
the caspase-3 activity. Furthermore, the activation of «7nAChR can
prevent the APys_zs-impaired o@7nAChR (Chen et al, 2010).
Consistent with the report by Kihara et al. (2004), we observed that
the o7nAChR-mediated neuroprotection in Afj5-3s5-mice was
independent of ERK signaling, whereas the o{R-mediated neuro-
protection depended on the activation of ERK. Translocation of
activated ERK into the nucleus (Cai et al., 2008) is necessary for the
phosphorylation of cAMP response element binding protein (CREB)
that elevates the expression of the pro-survival protein Bcl-2
(Meller et al.,, 2005). In addition, the AB-neurotoxicity has been
shown to induce disturbance of the endocytoplasmic reticulum
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homeostasis and activation of stress-responsive genes, such as grp
78 or grp 94 (Yu et al., 1999; Ghribi et al., 2004). The activation of
o1R inhibits NMDA-induced nitric oxide synthase activity to reduce
nitric oxide production (Kurata et al., 2004). Hayashi and Su (2005)
reported that the activation of 4R can inhibit the recomposition of
intracellular compartments and membrane composition to prevent
the AB,s-35-triggered mitochondrial and ER stress.

We observed that the NMDAr blocker MK801 could prevent the
ABys-35-neurotoxicity, suggesting that the activation of NMDAr is
involved in ABy5-35-induced neurodegeneration. Notably, the o1R-
dependent PREGS-neuroprotection in AB,s-3s-mice was insensitive
to the administration of MK801. Monnet et al. (1995), using the
NMDA-induced [3H]norepinephrine release from rat hippocampal
slices, reported that PREGS could inhibit the NMDA-response. The
activation of ojR exerts neuroprotective effects against the
ischemic injury through reducing ischemia-induced rise in [Ca®*};
(Katnik et al., 2006). Kume et al. (2002) have provided supporting
evidence that the o¢R agonist reduces Ca®* influx through NMDAT.
On the other hand, PREGS at micromolar concentration has also
been reported to directly enhance NMDA-evoked current in rat
hippocampal neurons (Irwin et al, 1992; Wu et al,, 1991). Thus, -
PREGS exerts two different effects on regulating NMDAr function:
(i) a direct facilitation of NMDATr activation; (ii) an indirect o1R-
mediated reduction of NMDA response. Although PREGS has been
reported to enhance NMDA-induced excitotoxicity in cultured
hippocampal neurons (Weaver et al., 2000), our results indicate
that the activation of 61R by PREGS can inhibit NMDAr response to
reduce the death of neuronal cells in AB,5-35-mice. Further studies
are needed to evaluate whether the administration of PREGS in
AB25-35-mice can lead to a o{R-dependent decrease in the NMDA-
induced Ca®* influx in hippocampal CA1 pyramidal cells.

4.3. Anti-amnesic action of PREGS neuroprotection

The injection (i.c.v.) of “aggregated” APzs—35 at dose of 3 or
9 nmol/mouse impairs the short-term memory in spontaneous
alternation behavior, the long-term memory in step-down type
passive avoidance and water-maze, although only injection of
9 nmol/mouse AB;5-35 causes the death of hippocampal neuronal
cells (Mamiya et al., 2004; Maurice et al., 1996; Stepanichev et al.,
2006). Our results in the present study showed that the admin-
istration of PREGS could exert a potent anti-amnesic effect in
AB25-35 (9 nmol/mouse)-mice. Blockage of PREGS-neuroprotection
by the PI3K inhibitor LY294002 significantly attenuated its anti-
amnesic effect in APs—3s-mice, while the administration of
LY294002 did not affect the spatial cognitive performance in
control mice. Meunier et al. (2006) have reported the anti-amnesic
and neuroprotective effects of o1R agonist in ABys-35 (9 nmol/
mouse)-mice. The results give a clear indication that the neuro-
protection of PREGS against Af,s_3s-toxicity exerts a potent anti-
amnesic effect. Maurice et al. (1998) reported that the Afzs_35
(3 nmol/mouse)-induced deficits in alternation behavior and
passive avoidance could be improved by the administration of
PREGS. Wang et al. (2006) reported that the sequence 12—28 of Aj
was critical for its selective and high-affinity binding to o7nAChR.
We observed that the injection of AB;s-35 (3 nmol/mouse) leads to
the dysfunction of «7nAChR and the impairment of LTP induction
(Chen et al., 2010). The treatment with the o7nAChR agonist
DMXB can protect «7nAChR from AP;s-3s-induced damage to
improve the spatial cognition and the induction of LTP. Similarly,
the cholinesterase inhibitor tacrine and the nicotinic receptor
agonist (—)-nicotine could attenuate the APs-35 (3 nmol/mouse)-
induced deficits in alternation behavior, passive avoidance and
place water-maze (Maurice et al, 1996). In addition, PREGS
ameliorates the APys-35 (3 nmol/mouse)-induced deficits in
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Fig. 5. PREGS prevents the AB,s_3s-impaired Akt—caspase-3 and ERK signaling pathway in hippocampal CA1 region. (A & B) PREGS inhibited the decrease of p-Akt and the
activation of caspase-3 induced by AP,s_ss-injection, which was sensitive to NE100 and MLA. (C) PREGS prevented Af,s_3s-decreased p-ERK2, which could be blocked by NE100.
The densitometric values for p-Akt, caspase-3 and p-ERK2 were first normalized by the protein amounts of Akt, pro-caspase-3 and ERK2, respectively, and then were normalized
again by the basal values (in control mice) of p-Akt, caspase-3 and p-ERK2, respectively. The data are expressed as the means + SE. *P < 0.05, **P < 0.01 vs. control mice; **P < 0.01

vs. vehicle-treated Af;s-ss-injected mice; *P < 0.05, **P < 0.01 vs. PREGS-treated AP;s-3s-mice.

learning and memory, which is sensitive to the oyR antagonist
haloperidol or BMY-14802 (Maurice et al., 1998). The o4R agonists
are known to be potent modulators of acetylcholine release, both
in vitro and in vivo (Junien et al,, 1991; Kato et al., 1999). Recently,

----- control mice
control mice/1.Y294002

Aﬁs_ssmice/PREGS
- Aﬁzs_ﬁmice/PREGS/LY294002

O

(=

Latency (sec)

1 2 3 4 5
Time post-training (day)

the o¢R agonist is reported to attenuate cognitive deficits in the
AD model of ABys_ss-injection with cholinergic loss (Antonini
et al,, 2011). Therefore, PREGS targets «7nAChR and o(R to exert
the anti-amnesic effect in Afys5-35 (9 nmol/mouse)-mice through
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Fig. 6. Effect of PI3K inhibitor LY294002 on anti-amnesic effect of PREGS in AB,s_3s-mice. LY294002 had no effect on the latency in control mice, but it significantly prolonged the
latency ABs-3s-mice treated with PRGES. The latency of Morris Water maze test was recorded from day 3 to day 7 after AB,s-3s-injection. The histogram shows the latency on day 5
after training. **P < 0.01 vs. control mice, **P < 0.01 vs. vehicle-treated AB;s.3s-injected mice, **P < 0.01 vs. PREGS-treated AB,s_3s-mice.
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