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and Improves Neural Functions
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Abstract. Reduced cerebral blood flow in Alzheimer’s disease (AD) may occur in early AD, which contributes to the
pathogenesis and/or pathological progression of AD. Reversing this deficit may have therapeutic potential. Certain traditional
Chinese herbal medicines (e.g., Saponin and its major component Xueshuantong [XST]) increase blood flow in humans, but
whether they could be effective in treating AD patients has not been tested. We found that systemic XST injection elevated
cerebral blood flow in APP/PS1 transgenic mice using two-photon time-lapse imaging in the same microvessels before
and after injection. Subchronic XST treatment led to improved spatial learning and memory and motor performance in the
APP/PS1 mice, suggesting improved neural plasticity and functions. Two-photon time lapse imaging of the same plaques
revealed a reduction in plaque size after XST treatment. In addition, western blots experiments showed that XST treatment
led to reduced processing of amyloid-f3 protein precursor (ABPP) and enhanced clearance of amyloid- (AB) without altering
the total level of ABPP. We also found increased synapse density in the immediate vicinity of amyloid plaques, suggesting
enhanced synaptic function. We conclude that targeting cerebral blood flow can be an effective strategy in treating AD.
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INTRODUCTION drugs and treatments. Current AD drugs (such as

cholinergic esterase inhibitors and NMDA recep-

Alzheimer’s disease (AD) is one of the most dev-
astating diseases that affect the life and health of
the aging population. Decades of effort have been
devoted to investigate the pathological mechanisms
underlying AD in search of more effective therapeutic

Present address: Tsinghua-Berkeley Shenzhen Institute,
Tsinghua University, Shenzhen, China.

ZPresent address: Center for Medical Genetics, School of Life
Sciences, Central South University, Changsha, Hunan, China.

3These authors contributed equally to this work.

*Correspondence to: Qiang Zhou, School of Chemical Biol-

ogy and Biotechnology, Peking University Shenzhen Graduate
School, Shenzhen, China. Tel.: +86 18503098108; E-mail:
zhouqiang @pkusz.edu.cn.

tor antagonists) provide symptomatic relief without
altering AD progression [1]. Past efforts have been
mostly focused on amyloids, driven by the amyloid
hypothesis [2, 3], with a goal to reduce amyloid
plaques in the brain by reducing A production or
enhancing AP clearance. It is widely believed that
elevated AP level leads to synapse loss and neu-
ronal death, and thus AP drives AD progression [3].
However, clinical trials on drugs that target amyloid
plaques have not demonstrated significant functional
improvement, although these drugs are effective in
reducing plaque load in AD patients [4, 5]. As an
alternative to amyloid hypothesis, tau-related pathol-
ogy has been proposed to play a driver role in AD
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pathology [6-9]. It has also been recognized that early
treatment in AD might be necessary to halt or slow
down its progression.

In addition to AP and tau, other pathological alter-
ations associated with AD have been revealed in the
past years, including reduced cerebral blood flow
(CBF) and increased neuroinflammation [10-16].
It has become increasingly clear that AD is a
multi-factor and multi-system disease, although the
chronological sequence of and contributions from
the involved systems/processes are not fully under-
stood. What is unclear is whether the involved
systems/factors act separately with their own unique
contributions or if they interact to induce system-
wide alterations. The latter appears to be more likely.
Reduced CBF has been observed in a large percentage
of AD patients and has been proposed to contribute
to the pathogenesis and progression of AD [17-22].
Age-related cerebral microvascular pathologies have
also been extensively observed in AD human sam-
ples, including tortuous blood vessels and capillaries,
low vascular density, and microembolic brain injury.
All of these alterations lead to insufficient blood sup-
ply. Cerebral hypoperfusion has been shown to occur
several years before AD onset [11, 23] and may
be considered an early pathological event in AD.
Changes in CBF mirror the accumulation of brain
amyloid, especially during the preclinical phases of
AD. In addition to providing the necessary nutrition
and oxygen for the brain, the cerebral vascular sys-
tem also serves as a drainage system to remove waste
(such as AB) from the brain. It has been shown that
AP leaves the brain via this system, and thus an
impaired drainage system contributes to decreased
AP removal from the brain [11, 24]. However, there
is only limited evidence that enhancing CBF is effec-
tive in ameliorating AD pathology, either in AD
patients or animal models. Reduced CBF has also
been reported in the APP/PS1 mice [25].

Traditional Chinese herbal medicines have been
used in China for thousands of years to treat many
ailments, especially chronic diseases. In traditional
Chinese medical practice, brain diseases are thought
to start as malfunctions or alterations in systems other
than the brain itself, and malfunctions in the brain
are only evident at more advanced disease stages.
Thus brain diseases are usually treated as diseases
of other systems, including the cardiovascular sys-
tem. This school of thinking can be quite useful for
AD treatment since the most effective practice in Chi-
nese herbal medicine is to treat diseases before they
become serious and to target multiple systems in an

interactive manner. Numerous Chinese herbal drugs
show efficacy in elevating CBF. One such example
is saponin which has been widely used in improv-
ing blood circulation in humans [26]. Xueshuantong
(XST) is extracted from the roots of a 3-year grown
plant saponin and has been used to facilitate recover-
ies from strokes in the clinical settings for decades in
China. XST used in the current study has five known
major components and the percentage of each com-
ponent is within a range. One mechanism underlying
XST’s effect is the dilation of blood vessels by acting
on endothelial cells [27].

In this study, we tested whether systemic injec-
tion of XST can improve neural functions and reduce
AD pathology in transgenic AD mice (APP/PS1).
We have utilized a combination of behavior tests, in
vivo two-photon time-lapse imaging, laser Doppler
blood flow measurements, immunohistochemistry
and western blots. Our results revealed elevated CBF,
improved cognitive and neural functions and reduced
AD pathology in the XST-treated APP/PS1 mice.
Therefore, improving CBF may be a viable option
in treating AD.

METHODS

Animals and drug injection

APPswe/PSEN1dE9 mice with a C57BL/6 back-
ground were obtained from the Jackson Laboratory.
APP/PS1 mice and wild-type littermate mice were
genotyped by PCR analysis of genomic DNA from
tail biopsies. Animals were maintained at 22 +2 °C
with a 12-h light:dark cycle (lights on at 8 AM, lights
off at 8 PM) with free access to food and water. All
mouse care and experimental procedures were con-
ducted in accordance with the institutional guidelines
of Peking University Shenzhen Graduate School.

XST is consisted of the total saponins from
Panax notoginseng, and was provided by Guangxi
Wuzhou Zhongheng Group Co., Ltd. Its major com-
ponents are Notoginsenoside R1 (9.4%, PubChem
CID: 441934), Ginsenoside Rgl (38.0%, PubChem
CID: 441923), Ginsenoside Re (4.8%, PubChem
CID: 441921), Ginsenoside Rb1 (20.0%, PubChem
CID: 9898279), and Ginsenoside Rd (1.1%, Pub-
Chem CID: 11679800). Freeze-dried powder of XST
was dissolved in saline and administrated intraperi-
toneally (100 mg/kg), and saline injection was used
as control. For experiments involving 30-day injec-
tion, XST were injected daily for 15 days in two
sessions with a break of 2 days in-between; for 15-day
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injection, XST was injected for 15 days without any
break; for measuring changes in the short-term (h)
effect of XST, XST was injected only once.

Two photon time lapse imaging of blood flow and
plaques

Seven-month-old male APP/PS1 mice and wild-
type littermate controls were randomly assigned into
four groups: WT-saline, WT-XST, APP/PS1-saline,
and APP/PS1-XST. Since the effects of treatment
were compared to the level prior to injection, differ-
ences in the absolute level (plaque load or CBF) do
not affect the results. The age of mice was selected
to maximize the opportunity of seeing drug effect,
since amyloid plaques show rapid growth at this age
of APP/PS1 mice [28]. Mice were injected XST or
saline daily for 15 days, and the same microves-
sels or plaques were imaged on day O and day 15
on two-photon microscope. To identify the same
plaques or microvessels over 15 days, images with
different zooms were taken to facilitate the identifi-
cation of major landmarks (such as blood vessels)
in the vicinity of the plaques or microvessels. By
finding these landmarks and using the relative posi-
tion of the plaques/microvessels to these landmarks
and to each other, we were able to find the same
plaques/microvessels over 15 days.

Two-photon imaging was performed on an Olym-
pus BX 51 microscope, using published methods
[29, 30]. To measure blood flow in the brain
microvessels (diameter 3—6 wm), FITC-dextran (20
kD, 0.05mL 5% (w/v)) was injected through the
mouse tail vein, 1h prior to imaging. Since FITC-
dextran does not enter red blood cells (RBCs) and
only labels the plasma, RBCs appear as dark objects
moving inside the microvessels. A line was scanned
repetitively inside a selected microvessel in a direc-
tion parallel to the vessel. Excitation was set to
800 nm. Several frame images with different zooms
were collected to facilitate the identification of the
same set of vessels by using landmarks in these
images. The speed of the movement of the RBCs can
be calculated from the stripes in the line scan images.
The instantaneous velocity of RBCs is calculated as
V = Ay/At; Flux = 1/At; Linear density = 1/Ay (see
Fig. 1B for illustration).

Imaging of amyloid plaques was done using sys-
temic injection of methoxy-X04 (10 mg/mL in 10%
DMSO, 45% propylene glycol and 45% saline), a
fluorescent compound that crosses the blood-brain
barrier and binds to amyloid plaques [31]. A set

of plaques were identified using a 25 x objective
(Olympus, NA =1.05). XO4 was injected again the
day before the second imaging session. Plaque size
was quantified using ImageJ (Version 1.421, Wayne
Rasband, National Institutes of Health, USA). Vol-
umes of the amyloid plaques are calculated as
follows: 1) a step of 2 wm was used when collect-
ing z-stack images 2) In ImageJ, the areas of each
plaque at a given focus level were measured; 3) In
order to estimate the volume of plaques with irregu-
lar shapes, the area at each focus level was multiplied
by the interval between the sections (2 wm) to yield
the total volume of the entire plaque.

Laser Doppler flow measurements

Eight-month-old female APP/PS1 mice were
randomly assigned into XST-treated group or saline-
treated group. We measured short-time relative
changes in cerebral microvascular perfusion by laser
Doppler blood flow assessment (Moor VMS-LDF1,
Moor Instruments, Axminster, UK) [32]. A low red
laser (785 nm) is sued to penetrate the skull and cover
an area of approximately 1 mm?. During measure-
ment, APP/PS1 mice were placed on the stereotaxic
instruments (RWD Life Science Co., Ltd., China),
anaesthetized with isoflurane with body tempera-
ture maintained using ThermoStar homeothermic
monitoring system (RWD Life Science Co., Ltd.,
China). After 60 min baseline measurement, mice
were treated with XST or saline. Scanning was con-
tinued for 16 h after injection every 4h. The mean
blood flow from randomly selected area was mea-
sured with the moorVMS-PC V3.1 software and
expressed as normalized change (% of basal CBF).

Behavioral tests

Eight-month-old female APP/PS1 mice and lit-
termate control mice were used in the behavioral
assessments. Before drug injection, baseline locomo-
tor ability of each mouse was assayed at a constant
rotating speed of 10 rpm for 180s. Mice were sepa-
rated into different groups balanced for body weights
and ability to stay on the rod (measured by latency to
fall off the rod). All groups were given XST or saline
injection for 30 days (Fig. 2A).

Rotarod

Rotarod testing started 10 days after either XST
or saline injection, and daily injection continued
throughout the period of training and testing
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Fig. 1. XST enhanced CBF in microvessels in APP/PS1 mice. A) Sample image of blood vessels (right side) and line scan image used for
measuring blood flow (left side). Compared to the saline-treated APP/PS1 mice (left), 15 days of XST treatment significantly increased CBF
(right) in the same microvessels. In this example, saline treatment led to reduced blood flow. Scale bar, 50 wm. B) Line-scan data in (A) was
used to quantify the velocity of RBCs moving through microvessels by calculating the inverse of the slope of these streaks. C) Image of RBCs
(dark objects in the image) moving through microvessels. Scale bar, 10 wm. D) Elevated CBF was seen in XST-treated mice, regardless of
their genotypes. WT-Saline, 63 blood vessels/5 mice, 75.31 & 8.39% of baseline; WT-XST, 106 vessels/6 mice, 141.61 £ 17.96%; APP/PS1-
Saline, 94 vessels/7 mice, 74.24 +7.38%; APP/PS1-XST, 92 vessels/6 mice, 144.99 & 10.86%. ***p < 0.001. E) Mean CBF measured using
laser Doppler was significantly higher in XST-injected APP/PS1 mice, compared to the control group at 8 to 16 h following XST injection.

n=>5 (APP/PS1-Saline), n=5 (APP/PS1-XST). *p=0.025; **p =

(Fig. 2A). A rotarod system with six individual lanes
(Chengdu TME Technology Co., Ltd, China) was
used. Each rod was 30 mm in diameter and 63 mm
in length, and was suspended at a height of 220 mm
above the foam-covered base. An electronically con-
trolled motor was used to maintain the rod speed, and
forced animals to run forward. Sensors detected the
falling of a mouse in each lane automatically, with the
latency registered on the computer (with a resolution
of 0.1s). Mice were trained for 7 consecutive days,
and the acceleration speed was from 0 to 100 rpm in
100 s. After training was concluded, mice were tested
every other two days four times. During testing, speed
of the rod increased progressively from 0 to 60 rpm in

0.002; ***p <0.001. Data represented were means & S.E.M.

180 s. Each training or testing session consisted of 3
trials with one-minute break in between. The latency
to fall off the rod was used to measure their locomotor
performance and learning.

Morris water maze

Water maze training and testing were performed
after 30-day XST or saline injection in the APP/PS1
mice (Fig. 2A). Morris water maze was performedin a
circular pool (120 cmin diameter and 50 cm in height)
with a featureless inner surface. The pool was filled to
adepth of 26 cm with opaque nontoxic white dye. The
tank was placed in a dimly lit, soundproof test room
surrounded by distinct extra maze cues. The pool was
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Fig. 2. XST improved Morris water maze performance in the APP/PS1 mice. A) Time line of the behavioral assessments. B) Latency (time
to reach the target platform) during training days. C) Latency (time to reach the original platform position) during probe trials. **p =0.002.
D) Number of crossings over the original platform position during probe trials. *p =0.026. E) Percentage of quadrant occupancy during
probe trials, 24 h (left) or 7 days (right) after training. XST-injected APP/PS1 mice showed a focus on the target zone equally well as the
WT mice (*p <0.05; ***p <0.001 versus target zone), while there was no significant focus in the saline-injected APP/PS1 group (p > 0.05,
versus target zone). F) Swimming speed during probe trials. No significant difference was found among four groups (p >0.05). n=12 mice
(WT-Saline), n=14 (WT-XST), n=21 (APP/PS1-Saline), n=27 (APP/PS1-XST).

equally divided into four quadrants. A white platform
(12 cm in diameter and 25 cm high) was placed ran-
domly in one of the quadrants and submerged 1 cm
below the water surface to ensure that the platform
was invisible. A pre-training day was dedicated for
swim training (60 s) without the platform, and con-
ducted in the subsequent 5 consecutive days. During
training days, mice received 2 training sessions per
day, with each session containing 3 trials (10 min
between trials) for a total of 10 hidden sessions. The
drop location was changed semi-randomly between
trials with the platform location fixed throughout the
training process. After a mouse located the platform,
it was permitted to stay on it for 10s. A mouse was
guided to the platform and placed on it for 10s if

it cannot locate the platform within 60 s. The mouse
was taken to its home cage and allowed to dry up
under a dimly lamp after each trial. The time interval
between each session was 30 min. Probe trials were
conducted after the last training session (24 h and 7
days after). During the probe trial, the platform was
removed and mice were allowed to swim for 60 s. All
mice were placed at the same starting point, which
was the farthest dropping location of the platform.
The cued test was conducted 24 h after the second
probe trial and each mouse underwent three trials.
A red flag was put on the platform to make it vis-
ible. The procedure was similar to training, except
that the platform was moved to a different quad-
rant. Mice with visual impairment were excluded.
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During all trials, escape latencies, swim paths, swim
speeds, and percentage of time spent in each quadrant
was recorded using a video camera-based Any-maze
System (Stoelting, Wood Dale, USA).

Immunohistochemistry

After 15/30-day injection with either XST or
saline, mice were perfused with PBS, followed by
4% paraformaldehyde, through the heart. The whole
brain was removed and fixed in 4% paraformalde-
hyde overnight, then transferred to 15%, 20%, and
30% sucrose solution, each for 24 h to allow sufficient
dehydration. After embedding in Optical Cutting
Temperature (OCT, Tissue-Cut), 20 um frozen sec-
tions were cut. Excessive embedding solution was
removed with PBS. Sections were then treated
with 0.3% Triton X-100 and 10% goal serum for
1h at room temperature. The following primary
antibodies were used: rat anti-amyloid fibril OC (Mil-
lipore, 1:500), rabbit anti-synaptophysin (Abcam).
Secondary antibodies goat anti-rabbit IgGs, goat anti-
mouse IgGs and goat anti-rat IgGs, conjugated to
Alexa Fluor 488 or 546 (all 1:400, Life Technolo-
gies) were used for incubation at room temperature
for 1h, washed in PBS and cover-slipped for imag-
ing. Thioflavine S staining was done on brain sections
by treating with 0.5% thioflavine S (in 50% ethanol)
for 10 min, washed in 70% ethanol twice, and fol-
lowed by PBS wash once. To quantitatively measure
changes in synapse density around plaques, the flu-
orescence intensity within a zone 10 pwm wider in
diameter than the edge of the plaque was measured,
divided by the fluorescence intensity of regions with
strong and uniform synaptophysin staining.

Western blots

After laser Doppler flow measurements or 15-
day injection, mice were perfused with PBS through
the heart. Freshly dissected mouse brains were
treated with RIPA lysis and homogenized by S10-
High Speed Homogenizer (Xinzhi Biotechnology
Co., Ltd., China), then centrifuged at 12,000 rpm
for 10 min at 4 °C. Protein concentration was mea-
sured with a BCA Protein Assay Kit (Pierce).
Clarified cell extracts were mixed with 6 x SDS
sample buffer. Protein samples were run on 8% or
12% SDS-PAGE using a Bio-Rad gel system and
transferred onto nitrocellulose membranes. Load-
ing controls (GAPDH) were run on the same gel.
Membranes were then probed with antibodies with

the appropriate dilutions, including anti-ABPP (cat-
alog no. ab32136; Abcam; 1:20000), anti-CTFs
(catalog no. A8717; Sigma-Aldrich; 1:2000), anti-
BACEI!l (catalog no. ab183612; Abcam; 1:1000),
anti-neprilysin (catalog no. ABS5458; Millipore;
1:2000), anti-insulin-degrading enzyme (catalog no.
ab133561; Abcam; 1:5000), anti-presenilin 1 (cata-
log no. ab76083; Abcam; 1:20000). ImageJ was used
for densitometric analysis.

Statistical analysis

Statistical analyses were performed using Graph-
Pad Prism version 5.01 (GraphPad) and SPSS
Statistics version 22 (IBM). For two group compar-
isons we used Student’s unpaired ¢-test. For multiple
groups we used one-way or two-way ANOVA, with
repeated measures. For post hoc testing we used
Bonferroni multiple comparison test. A p value
of less than 0.05 was considered statistically sig-
nificant. In all of graphs, data were presented as
mean = standard error of the mean (S.E.M.). Tissue
processing and outcome measurements were con-
ducted under treatment-blind conditions.

RESULTS

XST improves cerebral blood flow in APP/PS1

mice

Among traditional Chinese herbal drugs, XST is
known to increase blood flow both in the body and
brain; this may at least partially underlie its medi-
cal effect [26, 33]. To ascertain that XST elevated
CBF in the APP/PS1 transgenic AD model mice,
we measured CBF before and after XST injection.
For these experiments, we have focused on small
blood vessels (diameter 3—6 pwm) since these smaller
vessels are shown to be altered in AD [26, 33].
Due to the heterogeneity of blood vessels (espe-
cially capillaries), comparisons between different
brain regions in different mice makes it difficult to
detect reliable changes. To overcome this difficulty,
we utilized in vivo two photon time-lapse imaging
on the same microvessels over a period of 15 days
during which either XST or saline was injected. Flu-
orescent dyes were injected through the tail vein and
labeled the plasma, while the non-labeled red blood
cells appeared as dark objects moving inside the ves-
sels (Fig. 1C). By using line scans parallel to the
direction of blood flow (parallel to the blood ves-
sels), we obtained images shown in Fig. 1A, which
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allowed us to calculate the rate of blood flow (see
Methods; Fig. 1B). There was a significant increase
in CBF velocity in the XST-injected APP/PS1 mice
compared to saline-injected mice, and a signifi-
cant increase in XST-injected WT mice compared
to saline-injected WT mice (Fig. 1D), suggesting
that XST is effective in elevating CBF velocity in
both APP/PS1 and WT mice. Using laser Doppler
flow measurements, we found significant increase in
CBF in the APP/PS1 mice starting at 8 h after XST
injection and last for at least 16 h (the end of these
experiments) (Fig. 1E). The CBF velocity of saline-
treated APP/PS1 mice remained unchanged for up to
16h (Fig. 1E). These results suggest that it takes a
few hours for elevation in CBF to take effect after
XST injection and this elevation is persistent for at
least a few hours after a single injection.

XST improves spatial learning and memory in
APP/PS1 mice

The most pronounced deficit in AD patients and
AD mice are their impaired ability to learn and
to remember. In APP/PS1 mice, this is manifested
as reduced performance in the Morris water maze
which measures spatial learning and memory. Dur-
ing the training period, saline-treated APP/PS1 group
showed longer latency in reaching the target plat-
form, and training effects were modest before a
plateau was reached where no further improvement
was observed (Fig. 2B). In contrast, the other three
groups of mice showed similar rates of latency reduc-
tion with training (Fig. 2B). This result suggests that
XST improved spatial learning in the APP/PS1 mice.
After training, we tested spatial memory of these mice
1 day (24h) and 7 days. For escape latency (time
takes to reach the original platform position), there
was a significant difference between saline-treated
APP/PS1 group and the other 3 groups, while the
XST-treated APP/PS1 group was indistinguishable
from the saline-treated WT mice at 7 days (Fig. 2C).
For the number of crossings over the original plat-
form position, we observed similar differences as in
latency (Fig. 2D). These results suggest that XST
improved the APP/PS1 mice’s memory function to
a level comparable to the WT mice. We further ana-
lyzed quadrant occupancy by plotting the percentage
of time mice spent in specific quadrants. Twenty-four
hours after water maze training was terminated, WT
mice and XST-injected APP/PS1 mice spent signif-
icantly more time in the target quadrant than other
quadrants (Fig. 2E), indicating good retention of

spatial memory. However, this retention was reduced
after 7 days in XST-treated APP/PS1 mice since they
only showed preference over one quadrant rather than
three (Fig. 2E). Unfortunately, placing home cages in
the Adj R area outside the water maze during testing
may have affected the animals’ preferences (i.e., per-
centage time spent in Adj R was higher than in Opp
or Adj L). The observed reduction in latency could
be caused by improvement in swimming speed in the
APP/PS1 mice by XST. However, we found no signif-
icant difference in swimming speed across all groups,
as shown in Fig. 2F.

XST improves motor learning and performance
in APP/PS1 mice

In addition to cognitive functions (such as mem-
ory), the general life quality of AD patients is severely
reduced, including the ability to take care of one-self
and cope with daily life. In AD transgenic mice in
general, and in APP/PS1 mice specifically, reduction
in motor function has been reported [26, 33]. Certain
manipulations have also been shown to ameliorate
this deficit or prevent further deterioration [26, 33].
Hence, we examined whether motor performance
deficits might be ameliorated by XST treatment,
using rotarod test. With training (speed from 0 to
100 rpm in 100 sec), WT mice (both saline- and XST-
injected) showed substantial increase in latency to fall
(time takes for a mouse to fall off the rotating rod)
(Fig. 3A). While there was no significant improve-
ment in the saline-injected APP/PS1 mice during the
7-day training period, XST-injected APP/PS1 mice
showed improvement similar to that of WT mice
(Fig. 3A). After termination of training, we tested
mice in accelerating probe trials (speed from 0 to
60 rpm in 180 s). XST injection led to a large increase
in the latency to fall in the APP/PS1 mice (26.0%
compared to saline-injected; Fig. 3B). Interestingly,
XST-injected WT mice showed a small but significant
improvement (10.1% compared to saline-injected;
Fig. 3B).

In the above experiments, the acceleration speed
of rotating rod was fairly high which was evident
by the low latency values, hence the benefit of XST
may not be fully revealed. Thus, in a separate set
of experiments, we reduced the acceleration speed
during training trials (from 0 to 60 rpm in 180s) and
repeated the above experiments in APP/PS1 mice.
We found larger improvement that took places sooner
than at higher rotarod speed (Fig. 3C), and the benefit
was also sustained throughout the probe test period
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(Fig. 3D). Taken together, these results indicate that
XST injection significantly improves motor learning
and performance in both APP/PS1 and WT mice.

The improvement in motor learning and perfor-
mance can reflect improved motor function given
that mice normally do not exercise regularly and vig-
orously. In addition, it may also reflect improved
learning ability since saline-injected APP/PS1 mice
did not show any consistent improvement during
training. To further understand the underlying mecha-
nism of this XST-induced improvement, we analyzed
the latency values of individual trials of APP/PS1
mice during training (data from Fig. 3C). The latency
values started low on the first trial of the day, progres-
sively improved and reached the maximal level on
the third (last) trial of the day (Fig. 3E), consistent
with previous finding [26, 33]. For saline-injected
APP/PS1 mice, the latency fluctuated between two
values (level 1 and 2 in Fig. 3E) on each day and
there was no steady or persistent change during the
training period. For the XST-injected APP/PS1 mice,
their performance was similar to the saline-injected
group for the first three days (between level 1 and 2);
but on the fourth day, the latency values jumped to
the next level and fluctuated between level 2 and 3
(Fig. 3E). There was no further improvement for the
rest of the training period, suggesting that a plateau
have been reached. These results suggest that both
short-term (within-day improvement) and long-term
(cross-day improvement) plasticity processes occur
during training, and only the long-term plasticity pro-
cess is impaired in APP/PS1 mice. Furthermore, only
the long-term plasticity process was improved by
XST injection. To determine whether XST-induced
improvement in rotarod performance was caused by
a better motor function, we tested how long each
mouse could stay on arotating rod with a low constant
speed (10 rpm with a maximum duration of 180 sec).
No difference was found in this measurement (data
not shown), and thus suggests that improved motor
function is unlikely to contribute significantly to the
increase in latency.

Higher synapse density near plaques in
XST-treated APP/PS1 mice

One likely mechanism underlying the improved
learning and memory function in XST-treated
APP/PS1 mice is an improved synaptic function
or synaptic plasticity, such as higher synapse den-
sity. In APP/PS1 mice, it was widely observed that
synapse/spine density is reduced near the vicinity of

amyloid plaques, likely caused by an elevated A3
level in this region [34-36]. To estimate synapse
density, we stained fixed brain sections with anti-
bodies against synaptophysin. In saline-injected
APP/PS1 mice, there was a clear “dead” zone around
many large plaques that were devoid of synapto-
physin staining, indicating reduced synapse density
or absence of synapses (Fig. 4A). However, in the
brain sections from XST-injected mouse, such “dead”
zones were observed far less frequently (Fig. 4A). To
quantify changes in synapse density, we measured the
fluorescence intensity within a zone surrounding the
plaque with a diameter 10 pum wider than the edge of
the plaque (for only plaque with a diameter greater
than 15 wm) and divided this value by the fluores-
cence intensity within a region away from and devoid
of plaques (with strong and uniform synaptophysin
staining) (Fig. 4B). The fluorescence intensity was
higher around the vicinity of plaques in the XST-
injected than that in the saline-injected APP/PS1
mice, reflected as a rightward shift in cumulative
distribution (Fig. 4C). XST treatment either led to
regaining of the lost synapses, or prevented synapse
loss. We cannot distinguish between these two possi-
bilities based on data in Fig. 4.

XST reduces amyloid plaque density and size in
the APP/PS1 mouse brain

Amyloid plaques first appear around 6 month in the
APP/PS1 mice and they become progressively larger
and more numerous with disease progression [28].
Plaques were stained with thioflavin S in fixed brain
sections. XST treatment in APP/PS1 mice for either
15 days (Fig. 5A, C) or 1 month (Fig. 5B, D) led to a
significant reduction in plaque density in the cerebral
cortex.

A few possible mechanisms may underlie the
observed reduction in plaque density: 1) XST reduces
the growth of pre-existing plaques; 2) XST causes
shrinkage of the pre-existing plaques; or 3) XST
reduces the rate of formation of new plaques. We can-
not distinguish among the above possibilities based
on the results in Fig. 5 since comparison was made
among sections from different mouse groups. To
overcome this problem, we monitored the size of
the same set of plaques within a 15-day period using
in vivo two photon time-lapse imaging. We selected
an age (7-month) when plaque growth was rapid
in APP/PS1 mice. In general, plaques from saline-
injected APP/PS1 mice showed an increase in size
during this 15-day period, while plaques became
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Fig. 4. Higher synapse density around amyloid plaques in the XST-treated APP/PS1 mouse brain. A) Sample images of fixed brain sections
from saline-treated APP/PS1 mouse (left) and XST-treated APP/PS1 mouse brain (right). Sections were stained with thioflavin S (green)
for amyloid plaques and synaptophysin (red) for presynaptic terminals. A clear zone low in the synaptophysin fluorescence intensity was
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smaller in XST-injected APP/PS1 mice (Fig. 6A).
There was an average of 23.7+£9.7% reduction in
plaque volume in the XST-treated APP/PS1 mice,
compared to an average of 51.6+11.8% increase
in saline-treated (Fig. 6B). As a group, the majority
of plaques became smaller in the XST-treated mice
while the majority of plaques became larger in the
saline-treated mice (Fig. 6C). This result suggests that
XST reduces the size of existing plaques within 15
days. Since the newly emerged plaques were small
and often difficult to distinguish from the random
non-specific background staining, we did not study

newly emerged plaques. Hence, we will not address
whether XST has any impact on the emergence of
new plaques.

In addition to plaques with a clear dense core
that is thioflavin S positive (which reflects the fib-
rillar form of A@), the soluble form of AR (such as
the oligomer forms) are also present in AD human
brain and in AD transgenic mice. These soluble
forms are generally viewed as the more toxic forms
of AR [37-39]. Kayed et al. showed that OC anti-
body specifically recognizes fibrils, but not random
coil monomer or prefibrillar AR oligomers. OC also
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Fig. 5. XST treatment reduced plaque density in the APP/PS1 mouse brain. A, B) Sample images of plaques in the cerebral cortex in brain
sections from APP/PS1 mice treated with XST or saline for 15 days (A) or 1 month (B). Scale bar, 100 wm. C) Plaque density in APP/PS1
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recognizes soluble fibrillar oligomers ranging from
dimer to greater than 250 kDa oligomers [40]. OC
antibody stained all types of amyloid deposits in
human AD brain sections, and the diffuse amyloid
deposits are thioflavin S negative. To understand
whether this oligomer form of AP could be affected
by XST, we stained brain sections with OC antibody
[41, 42]. In comparison to thioflavin S (Fig. 7A), OC
antibody stained a much larger area, some surround
a thioflavin S-positive plaque core while others were
only positive for OC. In general, there was a large
reduction in the OC-positive area in XST-treated AD
mice (Fig. 7A, B; XST-treated was 56.71 & 11.43%
of saline-treated). Distribution of plaque size showed
a decrease in larger OC-positive plaques with an
increase in smaller plaques after treatment with XST
(Fig. 7C). Since we have seen a significant reduction
in the thioflavin S-positive plaques in the XST-treated
APP/PS1 mice, the reduction observed with OC stain-
ing could be mostly reflecting reduced oligomers
associated with the plaque cores. We addressed this
question by double staining using OC and thioflavin
S (Fig. 7D). We quantified the areas that were OC-
positive but thioflavin S-negative. There was a small
but significant reduction in the area (Fig. 7E; XST was
81.68 & 6.15% of saline). Furthermore, distribution

of plaque size showed an increase in smaller OC+/TS-
plaques and decrease in larger ones in the XST-treated
APP/PS1 mice (Fig. 7F). Taken together, these results
indicate that XST leads to a reduction in the remain-
ing soluble, oligomer form (OC-positive) of Af3.

XST alters AB processing and clearance in
APP/PS1 mouse

A levels are determined by a balance between
anabolic and catabolic activity. In the amyloidogenic
pathway, processing of ABPP by [-secretase and
v-secretase leads to the production of AP peptides
[43]. B-secretase 1 (BACE1) is considered to be a
rate-limiting enzyme in AP pathogenic accumula-
tion. Upregulation of CTF-f, a cleaved C-terminal
fragment of ABPP by BACEI, has been shown to
induce AP accumulation. Presenilin 1 is one of the
four essential components of y-secretase complexes.
Several AR degrading enzymes, such as neprilysin
and insulin-degrading enzyme (IDE), are also shown
to affect A accumulation/clearance [44]. Previ-
ous studies showed that certain ginsenosides (such
as Rgl), the major components of XST, modu-
late AB-related pathology in AD model [45-50].
To investigate whether XST alters A3 generation or
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enzymatic degradation, we performed western blots
on ABPP, presenilin 1, BACE1, CTF-a/B, IDE and
neprilysin (Fig. 8A, B). XST treatment for 15 days
did not alter ABPP level in APP/PS1 mice. Although
there was a trend for reduction in BACE]1 level, this
reduction was not statistically significant. We found
a significant reduction in the levels of presenilin 1

and CTF-f3; however, CTF-a level was not affected,
indicating a reduced A production. In addition, we
found a significant increase in the levels of IDE and
neprilysin, indicating an enhanced Af clearance. Put
together, XST reduced the amyloidogenic cleavage
and enhanced A3 clearance without affecting the
ARPP level.
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Fig. 8. Effect of XST treatment on the expression of key regulator of AR production and clearance in the APP/PS1 mouse brain. A)
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Since we have found significant elevation in CBF XST treatment for 15 days. We did not find any sig-
starting at 8 h after XST injection (Fig. 1E), we were nificant change in any of the above molecules (Sup-
wondering whether the above changes in molecules plementary Figure 1A, B), suggesting that A3 pro-
involved in AP processing/clearance might occur cessing and/or clearance may take longer than 8 h to
at this time point. To do so, we repeated western occur. Consistent with this conclusion, we did not find
blots analysis on presenilin 1, CTF-a/f3, IDE and any significant change in the density of plagues 8 h

neprilysin, which showed significant alterations after after XST injection (Supplementary Figure 1C, D).
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DISCUSSION

Our study demonstrated that systemic injection of
XST (Chinese herbal medicine known to elevate CBF
in humans) in transgenic AD model mice (APP/PS1)
led to significant enhancement in CBF, significant
improvements in brain functions (spatial learning and
memory, motor learning and memory) and signifi-
cant reduction in AD-associated pathology (amyloid
plaque size/density), likely mediated by reduced A3
production and enhanced Af3 clearance. We have also
observed significantly higher synapse density around
plaques, which may underlie these observed func-
tional improvements. Effective AD treatment should
lead to improved cognitive functions and reduced
pathology. Here we showed that XST treatment can
satisfy these requirements.

Improved functions after XST treatment

After XST injection, improvement in spatial
learning and memory, and motor learning and
performance was observed in the APP/PS1 mice,
suggesting improved functions. We observed two
types of plasticity processes during rotarod testing,
one short-term (within-session improvement) and
one long-term (cross-day improvement). Interest-
ingly, only the long-term plasticity process was
impaired in APP/PS1 mice and improved by XST
treatment. We hypothesized that long-term plasticity
process reflects memory formation, while short-term
plasticity process is related to improvement in motor
performance. This proposal is consistent with the
recent findings of Hayashi-Takagi et al. [51], who
showed that motor learning on rotarod resulted in
enhanced Arc signaling and spine expansion in a
subset of spines in the motor cortex. By expressing
a photoactivatable GTPase Racl in spines, they
showed that prolonged photo-activation led to spine
shrinkage (reversed spine expansion) and loss of
recently acquired motor memory. This finding
of improved motor learning and performance is
important giving that deficits in motor performance
occur in a significant portion of AD patients and
have been suggested to occur years prior to the onset
of cognitive symptoms [52, 53].

Reduced AD pathology after XST treatment
Reduced synapse density and/or impaired synapse

plasticity are very likely to underlie impaired neu-
ral functions in AD. Studies in human AD patients

showed that reduced synapse density is more closely
correlated to the severity of cognitive deficits than
plaque burden [52, 53]. Impaired synaptic plasticity
was shown in AD transgenic mice [54-56]. Individ-
uals with amnestic mild cognitive impairment (MCI)
and AD have significantly fewer synapses and sig-
nificantly lower levels of synaptic proteins [57]. In
transgenic AD mice, synapse loss and morphological
changes can take place prior to amyloid deposition
[54, 58]. Importantly, this loss of synapse/spine is
more prominent in the vicinity of plaques, suggesting
that these peri-plaque synapses are more vulnera-
ble to degeneration [34, 35, 59]. Thus, preventing
the loss of these “vulnerable synapses” should be
of high priority in the treatment of AD to preserve
cognitive function or to slow down its decay. Func-
tional recovery or amelioration of AD pathology has
been shown to be associated with increased synapse
density or elevated expression of synaptic proteins
(e.g., [60, 61]). We have observed higher density of
synaptophysin staining in the vicinity of plaques. At
this time, we cannot distinguish between the pos-
sibilities of whether XST prevents synapse loss or
gains back the lost synapses. Nonetheless, we favor
the former since it is mechanistically simpler, espe-
cially when taken into consideration that synapse
loss may be accompanied by the loss of presynaptic
terminals.

How can XST modulate synapse loss in AD mice?
A dominant hypothesis in the field is that synapse
removal is triggered by toxic AB. This model is sup-
ported by the observed toxicity of A on neurons
when they are added acutely to or over-expressed in
neurons [62]. Targeting soluble AP oligomers has
been proposed as a viable therapeutic strategy to
ameliorate or prevent AD [38, 63]. OC-positive A3
are significantly elevated in multiple brain regions
of AD patients, and its level is significantly corre-
lated to the level of cognitive decline (MMSE scores)
in AD patients [37-39]. We showed a rapid reduc-
tion in the size and density of both fibrillar (plaques
with cores) and soluble form of A in the APP/PS1
mouse brains after XST treatment. A gradient of A3
oligomer from the amyloid plaques were demon-
strated which could explain the more severe loss of
synapses in the vicinity of plagues [64]. In reduc-
ing the size of both plaques and surrounding soluble
AP, XST can lead to higher synapse densities. The
observed reduction in plaque/soluble AP can be at
least partially medicated by enhanced CBF and this
will be discussed in the next section. We have fur-
ther provided evidence of reduced AP production
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based on reduced levels of presenilin 1 and CTF-f3.
In addition, we showed an enhanced A3 degrada-
tion based on an elevated level of IDE and neprilysin.
The total ABPP level was not altered by XST treat-
ment. Prior studies using the major components of
XST have focused on the production of Af3, and have
revealed a reduction in level of BACEI by Ginseno-
side Rgl [45, 46] and by Ginsenoside Re [49]. In
addition, Quan et al. [50] also found Ginsenoside
Rgl increased IDE level in a rat AD model. We have
tested a wider range of key molecules involved in
A production and clearance and have demonstrated
that XST treatment directly alters the metabolism of
A, including both production and degradation. Note
that the majority of prior studies on Ginsenosides
were performed on cultured cells, while our results
were obtained from AD transgenic mice, and have
thus extended the previous findings to animal models
of AD.

Enhanced cerebral blood flow by XST and its
importance in treating AD

Patients with MCI show decreased resting CBF
[17, 65], suggesting that reduced CBF may occur
early in AD. Activity-induced CBF response is
impaired in AD patients [66] and APP/PS1 mice
[67, 68], and this alteration may occur prior to
neurodegenerative changes [19, 69-71]. Vascular
dysfunction may also influence the amyloid path-
way to reduce AP clearance and to increase AP
production, which result in an elevated brain A3
level [11]. In addition to enzymatic degradation, A3
is cleared from the brain by transcytosis across the
blood-brain barrier, uptake via microglia, and through
perivascu-lar drainage with interstitial fluid (ISF)
[72]. The efficacy of the ISF drainage system in A3
clearance may depend on the functional status of cere-
bral vasculature and CBF [24]. Reduced perivascular
clearance of A3 was reported in AB—overexpressing
mice, and ISF drainage requires a functioning vascu-
lar system since impaired cerebral perfusion leads to
reduced solute clearance [73]. Reduced CBF (such
as during a stroke) leads to reduced ISF clearance
[73, 74]. Thus, restoring CBF may be beneficial in
treating AD by elevating A3 clearance via the ISF
drainage system. Future study can examine whether
XST improves ISF clearance of Ap.

One interesting question to consider is the causal
relationship among the above reported changes as
whether one process could serve as a trigger for the
others. A clear demonstration of this relationship is

rather difficult. Hence, we have thus asked a simple
question: does change in one parameter occur at an
earlier time point than the others? The assumption
is that events occur earlier after XST injection are
likely upstream of, or might even be a cause to, the
events occur at later time points. For the parameters
that we have examined in this study, we have decided
to focus on changes in CBF, expression of a few
key proteins related to AB-processing and plaque
density. Since behavioral performance takes a long
time to test, it cannot be completed in a short time
frame (within a day) and hence cannot be used for
this comparison. Starting at 8 h after XST injection,
we have found significant elevation in CBF, but
no changes in A-related processing or amyloid
plaques. Hence, this simple analysis suggests that
elevated CBF is an early event and might drive the
occurrence of the other changes associated with
XST injection. Alternatively, these processes are
independent of each other and may also have distinct
time courses. More experiments will be required to
distinguish between these two possibilities.

XST is extracted from the widely used tradi-
tional Chinese medicinal herb Panax notoginseng,
and is reported to correct endothelium dysfunction
in both cellular and in vivo studies [75, 76]. In clin-
ical settings, XST has been reported to be beneficial
in treating acute ischemic stroke [77]. Numerous
beneficial effects of XST on the cerebrovascu-
lar system have been demonstrated, including the
prevention of neuroexcitotoxicity [78], inhibiting
vascular smooth muscle cell proliferation [33],
inhibiting inflammation-induced monocyte adhesion
and expression of endothelial adhesion molecules
[79]. In addition to its strong effect in modulat-
ing/enhancing CBF, other effects (such as modulating
inflammatory responses) have been reported to occur
during XST treatment; these processes may con-
tribute to the benefits we have observed. The XST
used in our study has been used widely in clin-
ical settings in China for decades, with 5 known
major components. Studies using some of the major
components have been conducted, and they have
demonstrated efficacy on improving blood flow,
reducing inflammation and oxidative stress [80—841].
Future investigation of whether the beneficial effects
that we have observed here is mediated by one or a
few of the major components will be interesting and
informative.

An easy and effective way to elevate blood flow
is exercise. It is interesting to note that exercise has
been shown effective in reducing cognitive decline in
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AD and MCI patients, and non-demented persons. A
few studies revealed that regular physical activity was
associated with a significantly reduced risk of AD and
dementia, and better performance in neuropsycholog-
ical testing [85—88]. Six randomized controlled trials
showed a decreased rate of cognitive decline and pos-
itive effects on global cognitive function in patients
with AD who participated in an exercise program
[89]. In addition, in the APP/PS1 mice, treadmill
running improved hippocampus-based memory (con-
textual fear memory) and the soluble A level
[90], or reduce AR deposition and tau phosphory-
lation [91]. Therefore, XST may be viewed as an
exercise pill.

In summary, although it is being increasingly rec-
ognized that altered cerebral vascular functions may
have critical contributions to the genesis and patho-
logical progression of AD, this topic has not caught
much attention compared to amyloid pathology and
neuroinflammation. It is also important to note that
the altered vascular processes appear to occur in the
early stages of AD. In this context, enhancing CBF
may have significant therapeutic potential. This, how-
ever, has not been tested directly or systematically
in AD patients or AD animal models. Our study is
one step in this direction. The bigger question being
raised by our study is whether enhancing certain basic
body functions (such as CBF) rather than targeting
an AD-specific pathology (such as AP) can serve
as an effective AD treatment. In a broader sense, is
enhancing the body/brain’s innate ability to cope with
pathological conditions, be it AD, stroke or epilepsy,
sufficient or potentially more effective than target-
based therapy? A similar debate is on-going in cancer
therapy in that whether enhancing the body’s own
immune capacity is ultimately a better and safer treat-
ment option. For AD, and neurodegenerative diseases
in general, the answer awaits us.
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