
Available online at www.sciencedirect.com

ehavior 88 (2008) 213–221
www.elsevier.com/locate/pharmbiochembeh
Pharmacology, Biochemistry and B
Postischemic administration of Z-Ligustilide ameliorates cognitive
dysfunction and brain damage induced by permanent

forebrain ischemia in rats

Xi Kuang, Jun-Rong Du ⁎, Yan-Xin Liu, Guang-Yi Zhang, Hai-Yan Peng

Department of Pharmacology, Key Laboratory of Drug Targeting, Ministry of Education, Sichuan University West China School of Pharmacy,
Chengdu, PR China 610041

Received 28 September 2006; received in revised form 4 August 2007; accepted 13 August 2007
Available online 24 August 2007
Abstract

Previous studies have demonstrated that Z-Ligustilide (LIG), a characterized phthalide constituent present in numerous medical Umbelliferae
plants, has significant neuroprotective effects in transient forebrain ischemia and permanent cerebral focal ischemia. The present study further
investigated the effect of LIG on chronic cerebral hypoperfusion. Male Wistar rats were subjected to permanent ligation of both common carotid
arteries (2VO). OnDays 8–12 postsurgery, rat cognition was assessed in theMorris water maze. Rats with significantly impaired acquisition of spatial
information were randomly allocated to three groups and orally administered LIG (10 or 40 mg/kg/day) or volume-matched vehicle on Days 13–40
post-2VO surgery. The sham-operated group served as controls. After long-term treatment with LIG, the impaired animals’ behavioral, biochemical,
and histopathological features were examined. Compared to the sham-operated group, significant cognitive impairment was observed in the vehicle-
treated group 40 days after 2VO. Shortened mean escape latency was detected in the Morris water maze in rats treated with LIG (pb0.01 vs. vehicle-
treated group) during the same trial days. Chronic 2VO-induced pathological changes included neuronal loss and an increase of glial fibrillary acidic
protein (GFAP)-immunoreactive astrocytes in the hippocampus. These effects were preventedwith LIG treatment (pb0.01 vs. vehicle-treated group).
LIG also significantly reduced malondialdehyde levels and increased superoxide dismutase activity in ischemic brain tissue (pb0.05 and pb0.01 vs.
vehicle-treated group). In addition, LIG significantly increased choline acetyltransferase activity and inhibited acetylcholinesterase activity in
ischemic brain tissues (pb0.05 and pb0.01 vs. vehicle-treated group). The present data demonstrate that LIG significantly prevented chronically
hypoperfused cognitive deficits and brain damage at least partly through an antioxidant effect and improved cholinergic activity. The present findings
suggest that LIG may have therapeutic potential in treating vascular dementia and cerebrovascular insufficiency.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Vascular dementia is the second most common cause of
dementia associated with Alzheimer's disease and accounts for
10–50% of all dementias (Rockwood et al., 2000). Vascular
dementia is not a singular disease, but rather a group of conditions
with different pathological and pathophysiological mechanisms
(Desmond, 2004; Wallin and Blennow, 1993). Cerebral circula-
tion disturbances have been associated with a decline in cognitive
function in elderly subjects and development of vascular dementia
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(Kalaria, 1996; Sekhon et al., 1997). Cerebral ischemia produces
abnormal levels of glucose, cholinergic substances, reactive
oxygen species, and other metabolic substrates, which may
initiate and sustain the cascade of neuropathological events
underlying vascular dementia (Beal et al., 1993; Chan, 2001;
Love, 1999; Ni et al., 1995; Tsuchiya et al., 1993). Permanent
bilateral ligation of the common carotid arteries (2VO) in rats is a
chronic cerebral hypoperfusion model that results in significant
reduction of cerebral blood flow (Ni et al., 1994; Tsuchiya et al.,
1991) and can cause learning and memory impairment and
neuronal damage resembling the effects observed in vascular
dementia (Ni et al., 1995; Sarti et al., 2002). 2VO rats provide a
useful model to understand the pathophysiology of chronic
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cerebrovascular disorders and to screen drugs with potential
therapeutic value in vascular dementia.

Z-Ligustilide (3-butylidene-4,5-dihydrophthalide, LIG)
(Fig. 1) is a volatile oil and characteristic phthalide component
of numerous Umbelliferae plants. LIG has been considered to
be the main active ingredient of many medicinal plants, such as
Radix Angelicae sinensis (Lin et al., 1979) and Ligusticum
chuangxiong (Naito et al., 1996). Numerous studies from
our group and others indicate that LIG has diverse biological
activities, including smooth muscle relaxation (Du et al., 2006;
Ko, 1980), improved microcirculation (Shi et al., 1995), anti-
asthmatic and analgesic effects (Du et al., 2007; Tao et al.,
1984), and antiproliferative effects on smooth muscle cells
(Kobayashi et al., 1992, 1993). Previous studies have shown
that LIG has significant neuroprotective effects on transient
forebrain ischemia in mice (Kuang et al., 2006) and focal
cerebral ischemia in rats (Peng et al., 2007) through antioxidant
and antiapoptotic mechanisms. However, the effect of LIG on
chronic cerebral hypoperfusion has not been reported. The
present study investigated the cognition-enhancing and brain
damage ameliorative effects of LIG in 2VO rats using the
Morris water maze, histopathological examination, and analysis
of antioxidant defense and the cholinergic system.

2. Materials and methods

2.1. Animals and surgery

A total of 60 male SPF Wistar rats weighing 300–350 g
(certificate: SCXK2004-16) were purchased from the Center of
Experimental Animals, Sichuan, P.R. China. Rats were housed
in groups of four per cage at 22±1 °C with a 12-h light–dark
cycle and were allowed free access to food and water. Food was
withdrawn 12 h prior to surgery. All rats were used in accor-
dance with the Regulations of Experimental Animal Adminis-
tration issued by the State Committee of Science and
Technology of the People's Republic of China (November 14,
1988). Fifty rats were subjected to 2VO surgery as described
previously (Ni et al., 1994). Briefly, under choral hydrate
(350 mg/kg, i.p.) anesthesia, the bilateral common carotid
arteries of rats were exposed and carefully separated from the
carotid sheath and cervical sympathetic and vagus nerves
through a ventral cervical incision, and ligated with silk thread.
Body temperature was maintained at about 37 °C during re-
covery from anesthesia with a feedback-regulated heating pad.
The other 10 animals that received the same surgical operation
without ligation of the carotid arteries served as sham-operated
controls.
Fig. 1. Chemical structure of Z-Ligustilide (LIG).
2.2. Z-Ligustilide preparation

Radix Angelicae sinensis was purchased from its cultivating
base at the Good Agricultural Practice in Min Xian County,
Gansu Province, P.R. China. Its identity was confirmed by
comparison with descriptions of characteristics and the ap-
propriate monograph in the Chinese Pharmacopoeia 2000. LIG
was prepared by a well-established procedure in our laboratory.
Briefly, Angelica sinensis essential oil was extracted using
supercritical-CO2 fluid. LIG was isolated from the oil by silica–
gel column chromatography and identified by electron impact
ionization mass spectrometry, [1H]nuclear magnetic resonance,
and [13C]nuclear magnetic resonance spectrometry. Purity was
determined to be N98% based on the percentage of total peak
area by high-performance liquid chromatography. LIG was
prepared with 3% Tween-80 before use.

2.3. Pharmacological treatment

On the eighth day following 2VO (Day 8), all rats were
subjected to a hidden platform screening trial twice daily for 5
consecutive days (Yu et al., 2005). The mean of the two escape
latency values for each 2VO-operated rat (value 1) and the total
mean escape latency for the sham-operated rats (value 2) on
Day 12 were calculated. Screen ratio was selected as the index
for evaluating cognitive deficits for each 2VO-operated rat,
where Screen Ratio=(value 1−value 2) / value 2. The rat was
considered to have cognitive impairment if its Screen Ratio was
greater than 0.2. The 2VO-operated rats with cognitive deficit
then were randomly allocated to three groups based on escape
latency and treated with LIG (10 or 40 mg/kg, i.g.) or volume-
matched vehicle. Meanwhile, vehicle was administered to the
sham-operated group. Daily oral administration of LIG or its
vehicle was started on Day 13 and terminated on Day 40
following 2VO. At the end of the experiment, behavioral tests
were performed 1 h after LIG or vehicle treatment.

2.4. Morris water maze

Cognitive function was tested in the Morris water maze
(Morris, 1984; Yu et al., 2005). The maze consisted of a black
circular pool (1.2 m diameter, 40 cm height) filled to a depth of
20 cm with water (22±1 °C). At the beginning of each day, the
water was made opaque by adding 2 kg of milk to prevent the
animals from seeing the submerged platform. A circular plat-
form (14 cm diameter) was submerged 2 cm below the surface
of the water and hidden from the rat's view. Four points, equally
spaced along the circumference of the pool, were arbitrarily
assigned as North, South, East, and West. The pool, therefore,
was divided into four quadrants (Northeast, Southeast, South-
west, and Northwest). These points served as the starting
positions for the rat being gently lowered into the water, with its
head facing the wall of the water maze. The water maze test
consisted of five stages: Days 8–12 for hidden platform training
before treatment, Days 34–35 for a “post-treatment” latency
test, Day 36 for a probe test, Days 37–39 for a reversal trial, and
Day 40 for a visible platform trial.



215X. Kuang et al. / Pharmacology, Biochemistry and Behavior 88 (2008) 213–221
2.4.1. Hidden platform trial
Rats were given two trials per day with a submerged

platform that they could climb onto to escape from the water.
The location of the escape platform was fixed throughout
training in the middle of the NE quadrant, 30 cm from the wall.
Two starting points, equidistant from the platform location,
were used. The starting points were different for consecutive
trials, but were counterbalanced to prevent order effects. At the
beginning of each trial, the rat was gently placed into the water
at the start location, always facing the side of the tank. A trial
ended when the rat escaped onto the platform, and the escape
latency for each trial was recorded. If a rat failed to escape
within 60 s, an escape latency of 60 s was recorded. Each rat
was allowed to spend 10 s on the escape platform and then was
placed for an additional 20 s in a holding cage before the next
trial, resulting in an intertrial interval of 35 s. The mean escape
latency of each daily trial then was calculated.

2.4.2. Probe trial
In this 1-day test, each rat was subjected to a probe trial (60 s)

in which there was no platform present on which to escape. One
of two starting positions in the hidden platform trial was used;
this position was consistent for all rats. For the probe trial, two
measurements were made: (1) the time spent in the quadrant
of the former platform position; (2) the number of crossings
of the exact location where the platform had been located
previously.

2.4.3. Reversal trial
Rats were given a reversal trial similar to that described

above for the hidden platform trial, except the platform was
located in a novel position opposite to the location used in the
hidden platform trial.

2.4.4. Visible platform trial
To exclude the effects of motivational or sensorimotor fac-

tors on learning performance, the visible platform trial for all
experimental animals was performed on Day 40. Rats were
given two trials per day similar to those described above for the
hidden platform trial, but the escape platform was elevated 2 cm
above the water surface.

2.5. Histopathological examination

At the end of behavioral testing performed on Day 40, four
rats in each group were deeply anaesthetized with chloral
hydrate and transcardially perfused with 4% paraformaldehyde,
and brains were removed and embedded in paraffin. Coronal
sections were cut into approximately 5 μm sections and stained
with hematoxylin and eosin. In each CA1 subregion of the
hippocampus, the number of intact-appearing pyramidal cells
showing a distinct nucleus and nucleolus was counted along a
1.35 mm transection (×40 magnification). The number of pyra-
midal cells per mm in each rat was expressed as the mean of the
three coronal sections.

GFAP antibody was immunostained with streptoavidin–
biotin complex kit (Zhongshan Golden Bridge Biotechnology
Corporation, Beijing, P.R. China). Brain sections were incu-
bated with primary GFAP antibody (1:200, Zhongshan Golden
Bridge Biotechnology Corporation, Beijing, P.R. China) at 4 °C
overnight. Following washing and incubation with biotinylated
secondary antibody, staining was visualized by diaminobenzi-
dine. Blank staining was performed similarly as above, with the
exception of eliminating the primary antibody. The numerical
density of GFAP-immunoreactive cells in a unit area (×40
magnification) was counted in the dentate gyrus of the hippo-
campus. The number of astrocytes per mm2 in each rat was
expressed as the mean of the three coronal sections.

2.6. Biochemical analysis

At the end of behavioral testing performed on Day 40, six
rats in each group were deeply anaesthetized with chloral
hydrate and perfused transcardially with 100 ml saline. Brains
were removed quickly and stored at −80 °C until assayed. For
biochemical analysis, whole brain tissues were homogenized in
0.1 M sodium phosphate buffer (pH 7.4).

2.6.1. Antioxidant activity measurement
Estimation of lipid peroxidation was done by measuring the

lipid peroxidation product malondialdehyde (MDA) (Ohkawa
et al., 1979) using commercially available kits (Jianchen
Bioengineering, Nanjing, Jiangshu Province, P.R. China). The
concentration of lipid peroxides was expressed in nanomoles of
MDA per mg of protein using 1,1,3,3-tetraethoxypropane as the
external standard. Superoxide dismutase activity in ischemic
brains was assessed by adopting the procedure of Kakkar et al.
(1984) using commercially available kits (Jianchen Bioengi-
neering, Nanjing, Jiangshu Province, P.R. China). One unit of
superoxide dismutase activity was defined as the ability to
reduce absorbance by 50% at 550 nm.

2.6.2. Cholinergic enzyme analysis
Choline acetyltransferase (ChAT) and acetylcholine esterase

(AChE) activities were determined spectrophotometrically
(Chao and Wolfgram, 1972; Ellman et al., 1961) using com-
mercially available kits (Jianchen Bioengineering, Nanjing,
Jiangshu Province, P.R. China). One unit of ChAT or AChE
activity was defined as the number of hydrolyzed nanomoles of
acetylcholine, or micromoles of acetylthiocholine iodide, per
min per mg of protein. Brain tissue protein content was esti-
mated by the method of Bradford (1976).

2.7. Statistics analysis

All experimentation was performed by observers blind to
treatment and histological assessment. Data analyses were
performed with SPSS v.10.0. Data obtained over training days
from the hidden platform trial and reversal trial were analyzed by
two-way analysis of variance (ANOVA). Mean escape latency
was the dependent variable, day was the within-subjects vari-
able, and the five groups were the between-subjects variables.
When appropriate, post hoc comparisons were assessed using
the Least Significant Difference (LSD) test (equal variances



Fig. 2. Comparison of average escape latency times for each group in the hidden
platform trial before treatment. (A) 2VO group (n=36) and sham-operated
group (n=10). (B) Sham-operated group, vehicle-treated group, LIG 10 or
40 mg/kg-treated group (n=10 each group).
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assumed) or Dunnett's T3 test (equal variances not assumed).
Remaining data were analyzed by one-way ANOVA. All results
are shown as mean±S.E.M. In all statistical comparisons,
pb0.05 was used as the criterion for significance.

3. Results

3.1. Cognition function

3.1.1. Hidden platform trial
On Day 8 postsurgery, the survival rate of the 2VO group

was 72% (36 of 50). In the hidden platform trial, the escape
latency for the sham-operated group (n=10) decreased in a day-
Fig. 3. Performance in the Morris water maze test for each group after LIG
treatment. Data points represent the average latency to find the platform (n=10
each group). Days 34–35: hidden platform trial; Days 37–39: reversal trial; Day
40: visible platform trial. ⁎⁎pb0.01 vs. vehicle-treated group.
dependent manner. Although the surgery group (n=36) fol-
lowed a similar pattern (Fig. 2A), group comparisons revealed
that it had a longer latency to find the platform than the sham-
operated group across time (F1,44=39.691, pb0.001; Fig. 2A).
There were 30 operated rats exhibiting a longer latency (screen
ratio N0.2), which were then randomly assigned to three groups
(n=10) and used for the subsequent study. There was no
significant difference among the 2VO groups in escape latency
before treatment (Fig. 2B).

After long-term treatment, there was a significant difference
among groups in escape latency (F3,36=46.685, pb0.001). LIG
(10, 40 mg/kg)-treated groups showed a significant decrease in
escape latency compared to the vehicle group (pb0.01). No
statistically significant differences were observed between the
LIG-treated and sham-operated groups (pN0.05; Fig. 3, Days
34–35).

3.1.2. Probe trial
Finding a hidden platform can be accomplished with some

proficiency without animals employing a “spatial” strategy.
Thus, the probe trial was employed to determine how well the
rats located the platform in the maze. On Day 36 after 2VO, data
were obtained from two measures of probe trial performance
(Fig. 4A and B). As shown in Fig. 4A, the LIG (40 mg/kg)-
treated group spent more time than the vehicle group in the
training quadrant where the platform was previously located
(pb0.01); the vehicle group visited all quadrants equally during
60 s of free swimming. Similar results were obtained from
former platform crossings. The LIG (40 mg/kg)-treated group
Fig. 4. Probe trial performance for each group after LIG treatment. Data
represent the mean±S.E.M. (n=10 each group). (A) Time spent in the quadrant
of the former platform position. (B) Crosses over the former platform location.
⁎pb0.05, ⁎⁎pb0.01 vs. vehicle-treated group.
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crossed over the platform location more frequently than the
vehicle group (pb0.05, Fig. 4B).

3.1.3. Reversal trial
Fig. 3 shows the average latency to find the platform that

was located in a different quadrant (SW) from the one used for
the hidden platform (NE). In the successive three training
days, there was a significant difference among groups (F3,36=
134.837, pb0.001). LIG (10 or 40 mg/kg)-treated groups spent
significantly less time finding the platform than the vehicle-
treated group (pb0.01).
Fig. 5. Photomicrographs of histopathological changes in the rat hippocampus 40 day
hippocampal dentate gyrus (immunohistochemistry of GFAP protein, ×40 magnificat
2VO rat treated with LIG 40 mg/kg; D and H, 2VO rat treated with LIG 10 mg/kg.
3.1.4. Visible platform trial
Training in the visible platform trial took place after spatial

training was completed. There was no significant difference in
escape latency among the groups in the visible platform trial
(F3,36=2.236, pN0.05; Fig. 3, Day 40), indicating that moti-
vation and sensory motor skills were intact.

3.2. Histopathological examination

Typical neuropathological changes occurred in rat hippo-
campus 40 days after 2VO. As shown in Fig. 5, neuronal
s post-2VO. A–D, hippocampal CA1 subregion (HE, ×40 magnification); E–H,
ion). A and E, sham-operated rat; B and F, 2VO rat treated with vehicle; C and G,



Fig. 6. Quantitatively histopathological changes of the hippocampus in 2VO rats
40 days post-2VO. (A) The pyramidal cells in CA1 regions were counted in the
high power fields. (B) The GFAP-positive astrocytes in the hippocampal dentate
gyrus were counted in the high power fields. Values are the mean±S.E.M.
(n=4). ⁎⁎pb0.01 vs. vehicle-treated group.

Fig. 8. Effects of LIG on superoxide dismutase activity in the brains of 2VO rats.
Data represent the mean±S.E.M. (n=6 each group). Superoxide dismutase
activity significantly decreased in the vehicle-treated group compared to the
sham-operated group. Long-term treatment with LIG dose-depedently in-
creased superoxide dismutase activity in brain tissue. ⁎pb0.05 vs. vehicle-
treated group.
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loss, shrinkage, and dark staining of neurons were observed
in the CA1 subregion of the hippocampus in the vehicle
group. These changes were accompanied by a significant
increase in the number of GFAP-immunoreactive astrocytes
in the dentate gyrus of the hippocampus. LIG treatment
greatly attenuated chronic hypoperfusion-induced morpho-
logic changes. The effect of LIG was reflected by quan-
titative analysis of the number of CA1 neurons and the
intensity of GFAP labeling in the dentate gyrus (Fig. 6).
LIG dose-dependently inhibited hippocampal neuronal loss
and astrocyte proliferation compared to the vehicle group
(pb0.01).
Fig. 7. Effects of LIG on MDA content in the brains of 2VO rats. Data represent
the mean±S.E.M. (n=6 each group). MDA content significantly increased in
the vehicle-treated group compared to the sham-operated group. Long-term
treatment with LIG significantly decreased MDA content in brain tissue.
⁎⁎pb0.01 vs. vehicle-treated group.
3.3. Antioxidant activity

To study the mechanisms involved in the neuroprotective
potential of LIG, its antioxidant effect was assessed by
measuring MDA and superoxide dismutase activity in ischemic
brain tissue. As shown in Fig. 7, MDA content significantly
increased in the vehicle group (4.39±1.41 nmol/mg protein)
compared to the sham-operated group (1.81±0.45 nmol/mg
protein), whereas LIG treatment attenuated the increase in
MDA content in 2VO rats. MDA content was significantly
lower in the 10 mg/kg LIG group (1.94±0.74 nmol/mg protein)
and 40 mg/kg LIG group (1.62±0.81 nmol/mg protein)
compared to the vehicle group (pb0.01). In addition, the
sham-operated group showed superoxide dismutase activity of
214±45 U/mg protein in brain tissues, which was decreased to
132±19 U/mg protein in the vehicle group (pb0.05). Con-
sistent with this antioxidant effect, LIG treatment restored
superoxide dismutase activity in ischemic brain tissue (Fig. 8).
LIG dose-dependently increased superoxide dismutase activity
at doses of 10 mg/kg (154±61 U/mg protein) and 40 mg/kg
(182±17 U/mg protein, pb0.05 vs. vehicle group).
Fig. 9. Effects of LIG on ChAT activity in the brains of 2VO rats. Data represent
the mean±S.E.M. (n=6 each group). ChAT activity significantly decreased in
the vehicle-treated group compared to the sham-operated group. Long-term
treatment with LIG dose-dependently increased ChAT activity in brain tissue.
⁎⁎pb0.01 vs. vehicle-treated group.



Fig. 10. Effects of LIG on AChE activity in the brains of 2VO rats. Data
represent the mean±S.E.M. (n=6 each group). AChE activity significantly
decreased in the vehicle-treated group compared to the sham-operated group.
Long-term treatment with LIG dose-dependently decreased AChE activity in
brain tissue. ⁎pb0.05 vs. vehicle-treated group.
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3.4. Cholinergic activity

To further study the mechanisms involved in the neuropro-
tective potential of LIG, the activities of the cholinergic
enzymes ChAT and AChE were assessed. The basal activities
of ChAT and AChE were 5.97±1.94 and 2.47±1.02 U/mg
protein, respectively, in the brains of sham-operated animals. As
shown in Figs. 9 and 10, 2VO caused a significant decrease in
cerebral ChAT activity (2.71±0.98 U/mg protein) and AChE
activity (1.73±0.21 U/mg protein) compared to the sham-
operated group (pb0.01 and pb0.05, respectively). LIG
induced a dose-dependent increase in ChAT activity together
with a decrease in AChE activity in the ischemic brain tissues of
2VO rats. LIG (40 mg/kg) administration significantly re-
covered ChAT activity to 5.58±2.11 U/mg protein and reduced
AChE activity to 1.00±0.20 U/mg protein (pb0.01 and pb0.05
vs. vehicle-treated group).

4. Discussion

Z-Ligustilide is the primary active component of many
plants used in traditional Chinese medicines and has been found
to facilitate blood circulation and remove blood stasis.
Phytochemical studies indicate that LIG is a highly lipophilic
compound with an oil/water partition coefficient (logP) of 2.87
and molecular weight of 190, and has been shown to penetrate
the blood brain barrier (preliminary data, not shown). Previous
studies have demonstrated that LIG ameliorated brain damage
and neurobehavioral deficits caused by transient forebrain
ischemia (Kuang et al., 2006) and permanent focal cerebral
ischemia (Peng et al., 2007). The present study demonstrates
that postischemic treatment with LIG also prevented both
functional and structural abnormalities in rats subjected to
chronic cerebral hypoperfusion.

Clinical observations indicate that vascular dementia man-
ifests with severe, progressive cognitive impairment and neuro-
pathological changes (Barclay et al., 1985; Wang et al., 2000).
Therefore, the importance of functional and/or morphological
measures of neuronal damage has been emphasized in preclin-
ical studies on the efficacy of potential neuroprotective drugs
(Stroke Therapy Academic Industry Roundtable, 1999). In
general, cognition includes at least three primary processes:
acquisition, consolidation, and retention. The Morris water
maze is a hippocampus-dependent memory task (Moser et al.,
1995) that has been used to assess cognitive deficits in the
ischemic brain. In the present study, the hidden platform trial
measured acquisition, the reversal trial measured relearning
ability, and the probe trial measured retention (Kucukatay et al.,
2002). Postischemic LIG administration (10 or 40 mg/kg/day, i.
g.) significantly decreased the latency of 2VO rats to reach the
platform in both the hidden platform and reversal trials com-
pared to vehicle controls. LIG treatment also increased the time
2VO rats spent swimming in the former quadrant and across the
former position of the platform. These observations suggest that
postischemic LIG administration significantly improves cogni-
tive dysfunction caused by chronic cerebral hypoperfusion. In
addition, 2VO is hypothesized to induce visual dysfunction,
which affects behavioral performance. However, studies have
reported that retinal/optic nerve dysfunction in 2VO rats varies
substantially in rats of different strains, of different ages, or
from different suppliers (Davidson et al., 2000; De Butte et al.,
2002), possibly due to differing propensities to establish re-
trograde flow to the internal carotid artery from the primary
vertebral artery and subsequent branches. In the present visible
platform trial conducted on Day 40 post-2VO, there was no
significant difference in the time spent finding the visible plat-
form in the water maze between sham-operated and 2VO rats
(300–350 g), suggesting chronic 2-VO-induced visual dys-
function did not play a role in the present results. In addition, we
observed neuropathological alterations in the hippocampus of
rats 40 days after permanent 2VO, and found that LIG treatment
attenuated the hippocampal damage. Counting of pyramidal
cells in the CA1 regions confirmed that there were significantly
increased numbers of intact CA1 cells in LIG-treated 2VO rats.

It is well known that cerebral ischemia can induce abnormal
proliferation of astrocytes that divide and/or migrate to the
lesioned area, go through hypertrophy, and subsequently form
the bulk of the mature glial scar. Most adult mammalian brain
areas, such as the CA1, cannot regenerate after lesion. This
failure to regenerate is attributed to limited intrinsic neurogenic
ability and the presence of dense glial scarring and other
associated inhibitory molecules (Fawcett and Asher, 1999). The
hippocampal dentate gyrus subgranular zone is one of two
neurogenic regions in the adult mammalian brain (Alvarez-
Buylla and Lim, 2004; Drapeau et al., 2003), and the production
of new neurons in the dentate gyrus in mammals occurs
continuously throughout life (van Praag et al., 1999). Therefore,
the effect of LIG on the number GFAP-positive astrocytes in the
dentate gyrus of 2VO rats was measured. The results demon-
strated that LIG dose-dependently decreased dentate gyrus
GFAP protein immunoreactivity, which may be beneficial for
neuronal regeneration in the ischemic hippocampal dentate
gyrus and contribute to improving, or maintaining, learning and
memory function in 2VO rats.

Many studies have suggested that multiple mechanisms are
involved in the development of vascular dementia (Farkas et al.,
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2002). There is evidence showing that lipid peroxidation signif-
icantly damages membranes and generates neurotoxic second-
ary products (Bassett and Montine, 2003). Clinical research
findings also indicate reduced antioxidant defense involved
in the pathophysiology of vascular dementia (Floyd, 1999;
Ryglewicz et al., 2002). A marked increase in lipid peroxidation
in brain tissues, resulting from free-radical generation induced
by chronic cerebral hypoperfusion, was observed in the present
study. Activity of the antioxidant enzyme superoxide dismutase
also was decreased in brain. Chronic LIG treatment reversed
free radical system dysfunction induced by permanent 2VO.
The present findings suggest that the palliative effect of LIG on
cognitive deficits is associated with its antioxidant activity.

The central cholinergic system is well known to play an
important role in cognitive function, such as memory and at-
tention, and is modulated by acetylcholine (ACh) (Muir et al.,
1993; Whishaw and Tomie, 1987). ChAT and AChE are con-
sidered to be definitive markers of cholinergic function. It has
been reported that oxidative stress enhances AChE activity, and
exogenous antioxidants can prevent increased AChE activity
via maintaining mitochondrial membrane integrity and control-
ling reactive oxygen species efflux (Jiang et al., 2007). In the
present study, chronic cerebral hypoperfusion induced a
significant decrease in ChAT and AChE activity in ischemic
brain tissues, possibly due to loss of cholinergic neurons, which
is consistent with 2VO-induced cholinergic dysfunction
(Tanaka et al., 1996). Long-term treatment with LIG, however,
possibly restored decreased ChAT activity to levels seen in
sham-operated rats through cholinergic neuroprotection, and
further inhibited decreased ischemic cerebral AChE activity via
antioxidation. Thus, the current observations indicate that the
beneficial effect of LIG on 2VO-induced cognitive dysfunction
may be associated with its ameliorative effect on central
cholinergic tone. Impaired ACh synthesis with 2VO may be
supplemented by increased cholinergic tone through LIG-
induced AChE inhibition as well as ChAT improvement.

Furthermore, central cholinergic systems play important
roles in regulating cerebral circulation (Scremin et al., 1973).
LIG has been reported to have potent vasodilatory effect and
improve microcirculation (Shi et al., 1995). Therefore, it is
likely that LIG helps to establish collaterals, improve cerebral
perfusion, and improve microcirculation in permanent 2VO.
However, further studies are needed to elucidate the effects of
LIG on cerebral microcirculation in the ischemic brain.

The brain is easily damaged, compared to other tissues, by
global ischemia as a result of high brain oxygen and energy
consumption rates. Global ischemia causes serious brain injury
through rapid energy depletion. Slow (or weak) excitotoxicity
has been proposed as a mechanism of cerebral neuronal damage
due to impaired cellular energetics (Doble, 1999). In addition,
the importance of reactive oxygen species in mediating
excitotoxicity is highlighted by the ability of antioxidants and
nitric oxide inhibitors to attenuate excitotoxic damage (Nakao
et al., 1996; Schulz et al., 1995). Thus, investigating the effects
of LIG on cerebral ischemia-induced energy shortage and
excitotoxicity may be crucial for fully understanding the mech-
anisms of its neuroprotective effects.
Taken together, the present results indicate that LIG signif-
icantly ameliorates cognitive deficits and histopathological dis-
turbances, and improves abnormal changes in endogenous
antioxidant defense and cholinergic activity due to chronic
cerebral hypoperfusion in rats. The data suggest that LIG may
be of therapeutic potential in treating vascular dementia and
cerebrovascular insufficiency.
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