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ABSTRACT

Hydroxysafflor yellow A (HSYA) has angiogenesis-
regulating and neuro-protective effects, but its effects
on vascular dementia (VaD) are unknown. In this
study, 30 adult Sprague-Dawley rats were randomly
allocated to five groups: normal, sham-operation, VaD
alone (bilateral carotid artery occlusion), VaD plus
saline (control), and VaD plus HSYA. One week after
operation, the HSYA group received one daily tail-vein
injection of 0.6 mg/100 g HSYA for two weeks. Five
weeks after operation, the spatial memory of all five
groups was evaluated by the water maze task, and
synaptic plasticity in the hippocampus was assessed
by the long-term potentiation (LTP) method. Vascular
endothelial growth factor (VEGF) and N-methyl-D-
aspartic acid receptor 1 (NR1) expression in the
hippocampus was detected via Western blot. We
found that, compared with the group with VaD alone,
the group with HSYA had a reduced escape latency
in the water maze (P <0.05), and the LTP at CA3-
CA1 synapses in the hippocampus was enhanced
(P <0.05). Western blot in the late-phase VaD group
showed slight up-regulation of VEGF and down-
regulation of NR1 in the hippocampus, while HSYA
significantly up-regulated both VEGF and NR1. These

results suggested that HSYA promotes angiogenesis
and increases synaptic plasticity, thus improving
spatial learning and memory in the rat model of VaD.

Keywords: vascular dementia; hydroxysafflor yellow
A; long-term potentiation; NMDA receptor; vascular
endothelial growth factor

INTRODUCTION

Vascular dementia (VaD) is a syndrome characterized by
acquired mental dysfunctions resulting from brain damage
of cerebrovascular origin. It is the second most common
cause of dementia in the elderly after Alzheimer’s disease,
causing 20-30% of all elderly dementia cases!", while
an increasing number of studies suggest an even higher
percentage of elderly dementia caused by VaD®. However,
so far, no drug has been approved by the FDA for VaD
treatment.

Cognitive functions such as learning and memory are
correlated with synapse number and function in the central
nervous system, so cerebral ischemia-induced neuronal
apoptosis and synapse reduction are considered to be
the major causes of the symptoms of VaD. Since learning
and memory are based on the long-lasting enhancement
of synaptic efficacy, long-term potentiation (LTP) in the
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hippocampus is considered to be essential for cognition,
and it is also an indicator of synaptic plasticity at the cellular
level®. The N-methyl-D-aspartic acid receptor (NMDAR) is
the main regulator of synaptic plasticity and LTP, and it is
closely associated with learning and memory™ ®. NMDARs
are composed of at least seven subunits: one NR1 subunit,
four NR2 subunits (NR2A, NR2B, NR2C and NR2D) and
two NR3 subunits (NR3A and NR3B). The NR1, NR2A
and NR2B subunits are essential for the regulation of
synaptic plasticity, however, the interactions between these
subunits in LTP as well as their influence on learning and
memory are yet unclear®®. Vascular endothelial growth
factor (VEGF) stimulates endothelial cell proliferation and
promotes neovascularization'"”. Studies have reported that
VEGF induces neurogenesis not only in the subependymal
zone but also in the hippocampus, thus enhancing learning
and memory, separately from increasing angiogenesis in
the hippocampus!™" 2.

Safflower yellow is a natural pigment of the safflower,
Carthamus tinctorius L, and it contains a mixture of
water-soluble chalcones. Hydroxysafflor yellow A (HSYA,
C,,H;,0,6, molecular weight 612) is the major component,
and was first isolated by Meselhy et al. in 19931, Its
effects on angiogenesis and neuroprotective action in
cerebrovascular and neurodegenerative diseases have
become hot topics in recent years" . In addition to anti-
inflammatory and antioxidant effects, its protection against
apoptosis and effects on NMDARs have been found
important for neuroprotection*'%.

In this study, we evaluated the effects of HSYA on
spatial memory, synaptic plasticity and VEGF, and explored
the molecular mechanism for the improvement of spatial
memory in a rat model of VaD.

METHODS

Animals
Thirty healthy adult male Sprague-Dawley rats weighing
280-300 g were provided by the Laboratory Animal Center
of the Chinese Academy of Military Medical Science. The
animals were group-housed at a stable temperature of
~20°C, with food and water ad libitum under a 12-h light/
dark cycle (lights on at 07:00). This study was approved by
Tianjin Medical University Animal Care and Use Committee.
Rats were randomly allocated to five groups (n = 6

rats/group): normal control (X), sham operation (Y), VaD
alone (C), VaD + HSYA (H) and VaD + saline control (S).

Rat Model of VaD

Permanent bilateral common carotid occlusion (2-VO) was
used to establish the VaD model, and the experimenters
were blind to the grouping (C, H or S) before conducting
operations. Prior to 2-VO, the animals were fasted for 12
h and water-deprived for 4 h. After weighing, the rats were
anesthetized by intrapertoneal injection of 3.5 mg/kg chloral
hydrate and then fixed supine on a heated pad; then both
carotid arteries were gently exposed and permanent artery
occlusion was implemented by double ligation.

Groups and Treatments

One week after model establishment, the VaD rats in group
H received HSYA (Zhejiang Yongning Pharmaceutical Co.,
Ltd, Taizhou, China) via tail vein at 0.6 mg/100 g body
weight dissolved in 1 mL saline. The same procedure was
followed in group S but with 1 mL saline only. The treatment
was continued for two weeks with one injection per day.

Morris Water Maze

The place navigation task in the water maze was used
to assess learning and memory, and lasted for five days.
From day 1, the rat was released into the water facing the
pool wall at each landmark (the four quadrants each had
a landmark on the wall) in a specific sequence. If the rat
found the hidden platform in quadrant Il and stayed on the
platform for >2 s, it was deemed successful, and the time to
find the platform was recorded as the escape latency. If the
rat did not find the platform within 120 s, it was manually
guided there, allowed to remain for 15 s, and its escape
latency was recorded as 120 s. The swimming path and
speed were also recorded. The rat was placed in the water
from all 4 landmarks each day, with an interval of 30 min for
resting; this procedure was continued for five days.

On day 6, a spatial probe task was conducted to evaluate
spatial memory. The hidden platform was removed and rats
were released into quadrant |, then within 30 s, the time
spent in quadrant Il (platform quadrant) was recorded. By
multiplying the swimming speed by the time spent in quadrant
I, the swimming distance in that quadrant was calculated.
Then the distance covered in the platform quadrant was
divided by the total swimming distance during the 30 s to
provide an index of the spatial memory of that animal.
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Evaluating LTP

Six weeks after model establishment, five rats were
randomly selected from each group for LTP evaluation at
CA3-CA1 synapses by applying the following procedures:
(1) Intra-abdominal injection of 30% urethane (4 mL/
kg) for anesthesia; (2) after anesthesia, rats were fixed
onto the head stereotaxic apparatus; (3) at the top of
the rat’'s head, a skin incision of 1.5 cm was made at the
midline to expose the skull, then a round skull window (5
mm in diameter) was drilled at the projection positions of
stimulation and recording electrodes, and the underneath
dural was removed using surgical tweezers; (4) using the
anterior fontanelle as the reference point, the stimulation
electrode was inserted 4.2 mm behind the reference point
and 3.5 mm left to the anterior fontanelle, and the recording
electrode was 3.5 mm behind and 2.5 mm left to the
anterior fontanelle; (5) the electrodes were gently inserted
into the left hippocampus, with a depth at approxiately 2.5
mm beneath the pia mater for the stimulation electrode
and 2 mm for the recording electrode; (6) after placing the
stimulating and recording electrodes, the LTP signal was
acquired with Neurolog NL 104, NL 125 and PowerlLab;
(7) field excitatory postsynaptic potentials (fEPSPs) were
recorded, and by adjusting the electrodes, maximal fEPSPs
were induced; (8) then, with single stimuli ranging from
0.1 mA to 1.0 mA, the fEPSPs were recorded, and the
intensity that induced 1/3 of the maximum negative signal
was selected as the recording current intensity. Then 3
stimuli/min were applied for 20 min and baseline fEPSPs
were recorded; (9) high-frequency stimulation was applied
(200-Hz trains, 10 pulses/train every 2 s, repeated 10
times) and then 3 stimuli/min were applied for 60 min while
fEPSPs were recorded; and (10) by normalization to the
baseline, the slope of the fEPSP at each time point after
high-frequency stimulation was standardized for statistical
analysis.

Analysis of VEGF and NR1 by Western Blot

The hippocampus was taken from the brain after
decapitation of rat. After 30-min incubation on ice, 500
mg tissue was homogenized on ice with an ultrasonic
homogenizer in 1 mL radioimmunoprecipitation assay
(RIPA) and phenylmethylsulphonyl fluoride (PMSF) lysis
buffer (Millipore, Billerica, MA) with RIPA:PMSF at 100:1.
Then the homogenate was centrifuged at 13 000 rpm for 15

min at 4°C, 20 pL supernatant was used to determine the
protein concentration, and the remaining lysate was boiled
for 10 min after mixing with 2x SDS gel loading buffer at 1:1
(viv).

The total amount of protein in the loaded sample was
adjusted to 80-150 pg to ensure even loading across
samples in the same electrophoresis. Bromophenol blue
(Sigma-Aldrich, St. Louis, MO) was used as a tracking
dye to monitor the vertical electrophoresis. The proteins
were separated with a Mini-Protean 3 electrophoresis
system (Bio-Rad, Hercules, CA) at 150 V until the dye
front reached the lower gel. Separated proteins were
then transferred onto polyvinylidene-fluoride membrane
(Millipore) at 80 V for 80 min. Non-specific binding was
blocked with 4 mL PBS containing 5% nonfat dry milk for 1
h at room temperature. Proteins were immunodetected with
specific primary antibodies (Millipore; 1:500 and 1:1 000 in the
above blocking solution). After 12-h incubation at 4°C, the
membranes were washed and incubated with secondary
antibodies (Millipore; 1:1 000 with TBST) for 1 h at room
temperature. Immunoreactive proteins were visualized
using a chemiluminescent assay kit (CGQ/D2, Syngene,
Cambridge, UK), and images were captured.

Statistical Analyses

Statistical analyses were conducted with SPSS (ver. 13.0).
Data are presented as mean + standard deviation (SD).
The one-way ANOVA was used to assess differences
among groups, and the LSD method was used for multiple
comparisons. P <0.05 was considered to be significantly
different.

RESULTS

Neurobehavioral Assessment with Water Maze Tasks
Dementia was successfully developed in all three groups
undergoing the 2-VO procedure, and there was no
significant difference in the escape latency among groups C,
Hand S.

During the 5-day place navigation task, there was a
trend for shorter escape latencies in all the groups, groups
X and Y being the most evident, and groups C and S the
least. From day 1, group C had longer escape latencies
than groups X (P = 0.009 on day 1, P = 0.000 on days 2-5
respectively) and Y (P = 0.013 on day 1, P = 0.000 on days
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Table 1. Escape latencies (s) during place navigation tasks (mean * SD)

Group n Day 1 Day 2 Day 3 Day 4 Day 5
Sham 6 78.65 + 20.91 4552 + 10.36 26.19 + 8.39 24.21 + 9.56 17.79 +7.02
VaD model 6 107.38 + 8.40° 99.12 +10.97 98.73+20.12° 90.41+17.86 87.69 + 11.91
VaD+saline 6 111.86 + 8.85 97.71+8.37 9418 +7.21 87.03+4.38 80.51 + 8.62°
VaD+HSYA 6 95.12 + 23.29 79.38 + 28.68 61.81 +29.73" 49.35 + 33.24" 40.14 +29.99*
F 4.698 13.338 19.252 15.737 22.768
P 0.012 0.000 0.000 0.000 0.000

*P <0.05 compared with sham operation group; *P <0.05 compared with VaD model group.
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Fig. 1. fEPSPs after high-frequency stimulation. LTP at Schaffer
collateral-CA1 synapses elicited by high-frequency
stimulation in groups Y, C, H and S. Slopes of fEPSPs are
normalized to baseline (20 min) before high-frequency
stimulation and plotted against time. Each point represents
the mean * SEM of three consecutive evoked responses.
Group Y had the greatest fEPSP slope, and in group H it
was increased compared with groups C and S. (ANOVA, F
= 396.027, P = 0.000, 5 mice each group; LSD comparison,
P = 0.000, group H versus groups C and S). C, VaD model
group; H, VaD plus HSYA group; S, VaD plus saline group; Y,
SHAM operation group.

2-5), but group H showed a shorter escape latency than
group C after day 3 (P = 0.220, 0.055, 0.003, 0.002, and
0.000 on days 1-5 respectively) (Table 1).

The results of the spatial probe task on day 6 showed
that in group C, the time spent in the platform quadrant

and the swimming distance within that quadrant were both
significantly shorter than those in group Y (both P = 0.000).
However, group H spent more time (P = 0.014) and had
longer swimming distances (P = 0.045) in the platform
quadrant than group C (Table 2).

LTP at CA3-CA1 Synapses in Hippocampus

After high-frequency stimulation, the slopes of fEPSP were
standardized to the baselines, and the results showed that
groups X and Y had the highest values while groups C
and S had the lowest. Besides, the values in group H were
higher than in groups C and S (P <0.05) (Fig. 1).

Assessment of Protein Expression by Western Blot
VEGF was found in the hippocampus in all groups at 44 kD
(its molecular weight) (Fig. 2). Groups C and S had slightly
higher VEGF expression than group Y, while group H had
significantly higher VEGF expression than groups C and S
(Fig. 2).

NR1 expression was found in the hippocampus of
each group at 120 kD (Fig. 3). Group C showed decreased
NR1 expression while in group H it was increased (Fig. 3).

DISCUSSION

The pathogenesis of VaD involves a series of molecular
and structural changes that include inflammatory reactions,
oxidative stress, apoptosis, excitotoxicity and impaired
synaptic transmission. Due to the complex etiological and
pathological processes of VaD, its clinical treatment is
challenging. As in most cases VaD progresses gradually,
the continuous development of the vascular lesions
and persistent cerebral ischemia further complicate
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Table 2. Results of spatial probe tasks (mean * SD)

Group n Time spent in platform quadrant (s) Swimming distance in platform quadrant (%)
Sham 6 13.50 + 3.54 46.85 + 12.54
VaD model 6 5.50 + 0.83 19.78 £ 3.54'
VaD+saline 6 5.57 +0.87 19.98 +3.35'
VaD+HSYA 6 9.20 +1.23% 30.49 + 2.40™*
F 22.254 20.855
P 0.000 0.000
*P <0.05 compared with sham operation group; *P <0.05 compared with VaD model group.
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Fig. 2. VEGF expression in the hippocampus. A: Western blots
of VEGF expression in groups Y, C, S and H. B: VEGF
expression in group H was higher than in groups C and
S (ANOVA, F = 39.271, P = 0.000, n = 6; LSD comparison,
P = 0.000, group H versus groups C and S). C, VaD model
group; H, VaD plus HSYA group; S, VaD plus saline group; Y,
sham operation group.

the treatment. Therefore, our study explored a feasible
treatment for VaD that could repair the damaged neural
tissue and improve synaptic plasticity, as well as improving
angiogenesis and blood perfusion.

Originally developed by Morris in the 1980s, the water
maze is used to assess spatial learning in rodents®”. In
this study, we used the reliable and efficient experimental
procedure introduced by Vorhees™", which detects
changes in spatial learning and memory due to lesions or
medications. The results showed that the VaD plus HSYA

Fig. 3. NR1 expression in the hippocampus. A: Western blots of
NR1 expression in groups Y, C, S and H. B: NR1 expression
in group H was higher than in groups C and S (ANOVA,
F = 32.465, P = 0.000, n = 6; LSD comparison, P = 0.000,
group H versus groups C and S). C, VaD model group; H,
VaD plus HSYA group; S, VaD plus saline group; Y, sham
operation group.

group had improved spatial learning and memory compared
with the VaD model group and saline control group.

In 1973, Bliss et al. reported a significant response of
granule cells to high-frequency stimulation of the perforant
path in domestic rabbits®?: after the initial stimulation there
was a long-lasting potentiation or an increase in current
flow, which was thus named LTP. Our study revealed that
HSYA enhanced LTP at CA3-CA1 synapses in VaD rats;
LTP in the hippocampus has been reported to induce long-
lasting enhancement of synaptic efficacy and plasticity, and
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consequently strengthens learning and memory®?*?°.

The activation of NMDARSs requires the combination
of glutamate and a co-agonist, either glycine or D-serine,
and this co-agonist combines with two NR1 subunits of the
NMDAR tetramer?”. With NR1 activated, LTP is established
and the negative effects of NMDARs on spatial learning
and memory are thus inhibited and reduced®®". Yang
studied cortical neurons from rats pre-treated with NMDA
in vitro, and revealed that HSYA reduces Bax expression,
restores the balance between pro- and anti-apoptotic
proteins, and reverses the up-regulation of NR2B mediated
by NMDA, while NR2A is not affected in this process'®. In
our study, Western blot showed that HSYA increased the
expression of NR1 in the hippocampus of VaD rats, which
facilitated the enhancement of LTP.

VEGF was initially found to be a vascular permeability
factor, and was considered as an endothelium-specific
mitogen for a long time®". The VEGF family contains six
members: from VEGF-A to VEGF-E and placental growth
factor. These factors are important for angiogenesis and the
regulation of endothelial cell functions. VEGF-A is essential
for angiogenesis during both development and adulthood,
and its signal transduction is mediated by the activation
of two tyrosine kinase receptors: VEGFR-1 (FIt21) and
VEGFR-2 (KDR)™. Specifically inactivating VEFG-A in the
developing brain impairs angiogenesis and retards brain
and skull development with significant neuronal apoptosis®™ **.
Other studies of anti-angiogenic treatment showed that
VEGF-A not only influences vascular endothelial cells but
also affects neurons. Early in brain development, VEGF-A
is expressed in the neuroectoderm of the ventricular zone,
while VEGFR-1 and VEGFR-2 exist mainly in migrating
endothelial cells®® **. In vitro studies revealed that VEGF-A
and VEGFR-2 are expressed in neural stem cells of the
subventricular zone of the lateral ventricles in rodents!* ¥ %,
VEGF-A stimulates neural stem cell proliferation in a
dose-dependent manner and inhibits apoptosis, and
intraventricular injection of reconstituted VEGF-A promotes
neurogenesis in the subventricular zone and the dentate
gyrus, and reduces neuronal apoptosis''?. In this study,
VEGF-A was detected in all groups, and the HSYA group
had the highest expression.

The regulatory effects of HSYA on VEGF are not
yet clear. In vitro studies of a human endothelial cell line
confirmed that under hypoxic conditions, HSYA raises the

protein concentration and mRNA expression of VEGF, and
increases the accumulation and transcriptional activity of
HIF-1a, which improves the hypoxic tolerance of vascular
endothelial cells, and increases the cell proliferation rate®.
However, when the effects of HSYA on human umbilical
vein endothelial cells under normal and tumor conditions
were studied using the MTT method, EVC304 growth
was promoted by a high concentration of HSYA, while
a low concentration inhibited growth, and this inhibitory
effect gradually increased as the concentration of HSYA
decreased™’. Therefore, the effects of HSYA on VEGF and
vascular endothelial cell growth are dose-dependent: low
concentrations inhibit cell growth while high concentrations
show significant stimulatory effects. In this study, a
standard dose of HSYA (6 mg/kg/day) was administered
to VaD rats for 2 weeks. Western blots showed that this
dose significantly increased the VEGF-A expression in the
hippocampus of VaD rats, and this effect was still evident
3 weeks after the last administration of HSYA in groups
H and Y compared with groups X, C and S. Therefore,
this dose induced a long-lasting increase in VEGF-A
expression, suggesting it might promote angiogenesis in rat
hippocampus.

We evaluated LTP in the hippocampus along with
performance in the water maze tasks and VEGF-A and
NR1 levels in the hippocampus, and found that the HSYA-
induced improvement in the spatial memory of VaD rats
may occur in three ways: first, HSYA increases VEGF-A
expression which may promote angiogenesis and facilitate
the recovery of cerebral circulation and the rebuilding of
neuronal networks; second, via VEGF-related mechanisms,
HSYA protects neurons against hypoxia and may prevent
the cascade of reactions such as oxidative stress which are
essential in the pathological process of vascular dementia,
and inhibits disease progression; last, HSYA increases NR1
expression in post-ischemic neurons, which promotes LTP
and increases synaptic plasticity.
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