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Huperzine A improves cognitive deficits caused by chronic cerebral
hypoperfusion in rats
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Abstract

The effects of (—)-huperzine A, a promising therapeutic agent for Alzheimer’s disease, on learning behavior and on alterations of the
cholinergic system, the oxygen free radicals and energy metabolites induced by permanent bilateral ligation of the common carotid
arteries were investigated in rats. Daily oral administration of huperzine A produced a significant improvement of the deficit in the
learning of the water maze task, beginning 28 days after ischemia, correlating to about 33—40% inhibition of acetyl-cholinesterase activity
in cortex and hippocampus. Huperzine A significantly restored the decrease in choline acetyltransferase activity in hippocampus and
significantly reduced the increases in superoxide dismutase, lipid peroxide, lactate and glucose to their normal levels. The present findings
demonstrate that the improvement by huperzine A of the cognitive dysfunction in the late phase in chronically hypoperfused rats is due to
its effects, not only on the cholinergic system, but also on the oxygen free radical system and energy metabolism. Our results strongly
suggest that huperzine A has therapeutic potential for the treatment of dementia caused by cholinergic dysfunction and/or decrease of
cerebral blood flow. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction mentia scale scores (Tohgi et al., 1996). These findings
introduced the possibility of using cholinergic substances
as therapeutic intervention in patients with vascular de-
mentia. It is conceivable that inhibition of brain acetyl-
cholinesterase to increase the synaptic concentration of
acetylcholine may improve the cognitive dysfunction and
neuropathology in patients suffering from cerebral is
chemia dementia.

Dementia has become a major public health issue as the
proportion of elderly increases in the population. Apart
from Alzheimer's disease, the most common dementia in
the elderly, vascular dementia is also a common clinica
syndrome of intellectual decline produced by ischemia,
hypoxia, or haemorrhagic brain lesions. Previous studies
focusing on the pathogenetic mechanism have revealed Recent studies have demonstrated that the decreases in
that, like the pathosis of Alzheimer's disease, cholinergic cerebral blood flow precede the onset of vascular dementia
abnormalities are associated with the disturbance of cogni- (Roman et al., 1993). Reduced cerebral blood flow also
tive function in patlents with vascular dementla(GOttfrl% lessens the avallablllty of g|UCOSE and other metabolic
et al., 1994). Tohgi et al. reported that in patients with substrates, and this chronically impaired neuronal energy
vascular dementia of the Binswanger type or multiple production may initiate and sustain the cascade of neu-
small infarct type, acetylcholine concentration in the cere- ropathological events that underlie this dementia (Beal et
brospinal fluid was significantly lower than in the controls, al., 1993). Permanent bilateral ligation of the common
and showed a significantly positive correlation with de- carotid arteries in rats is a chronic cerebral hypoperfusion

model, which results in significant reduction of cerebral
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(Ni et al., 1995). The hypoperfused rat provided us with a
useful model to understand the pathophysiology of chronic
cerebrovascular disorders.

There are severa acetylcholinesterase inhibitors used in
Alzheimer's disease therapy. Among these agents, hu-
perzine A, a novel akaloid isolated from the Chinese herb
Huperzia serrata (Thunb) Trev, has been proven to be one
of the most promising agents for palliative treatment of
Alzheimer's disease, based on its centrally active and
long-lasting inhibition of acetylcholinesterase, high
bioavailability and minimal side-effects (Tang and Han,
1999). Previous studies showed that, in addition to its
potent acetylcholinesterase inhibitory effect, huperzine A
also exhibited neuroprotective effects on glutamate-in-
duced cytotoxicity (Ved et al., 1997) and corrected the
pathological changesin oxygen freeradicalsin Alzheimer's
disease patients (Xiao et al., 1999). Taken together, these
findings have prompted us to explore whether huperzine A
has beneficia effects in the cerebral ischemia model.
Improving effects of long-term treatment with huperzine A
on learning deficits and brain neuronal damage induced in
rats by permanent bilateral ligation of the common carotid
arteries are reported.

2. Materials and methods
2.1. Chemicals

(—)-Huperzine A (colorless crystals, purity > 98%) iso-
lated from Huperzia serrata was prepared by the Depart-
ment of Phytochemistry in the Shanghai Institute of Mate-
ria Medica.

2.2. Animals

The male rats used in the present study were from the
Sprague—Dawley strain, weighing 195—205 g at the begin-
ning of the experiments. They were housed in groups of
three or four in aroom maintained at 23 4 1°C with a 12-h
light—dark cycle and were allowed free access to water and
food.

2.3. Surgery

The rats were anesthetized with pentobarbital—Na (40
mg/kg, i.p.). The bilateral common carotid arteries were
exposed and gently separated from the carotid sheath and
vagus nerve. In rats assigned to the ischemic groups each
artery was ligated with a 5-0 silk suture. As sham-oper-
ated controls, another group of rats received the same
operation without ligation.

2.4. Water maze task

The water maze was adapted from the Morris water
task. The test apparatus comprised a circular pool placed in

a room with symbols such as triangles, circles, waves, and
rectangles on the pool wall. The pool was 150 c¢cm in
diameter, 60 cm deep, and was filled to a height of 35 cm
with water at room temperature 23 + 1°C to cover a black
platform (diameter 10 cm). The water was darkened with
50 ml of prepared Chinese ink. Four points at the edge of
the pool, each equidistant from its neighbors, that divided
the pool into four quadrants (North, South, East and West)
were designated as start positions. The platform was sub-
merged approximately 15 mm below the surface of the
water and remained in the middle of the West quadrant
(Q4) for the entire training period. Swimming activity of
each rat was monitored by a video camera linked to a
computer through an image analyzer. Behavior was tested
on 5 consecutive days, with each rat receiving four trials a
day. Within each block of four trials, arat started at each
of the starting locations randomly. The time taken to find
the platform (escape latency) was measured and was aver-
aged over four trials. If a rat failed to find the platform
within 60 s, it was placed on the platform. Regardless of
whether the rat found the platform or not, it was kept there
for 20 s. There was a 30-s recovery period between trials.
The probe trial (one trial without platform) was assessed
immediately after the fifth block of four trials, and the time
spent in the quadrant (Q4) where the platform had been set
during training was recorded.

2.5. Experimental design

For the behavioral study, the hypoperfused rats were
divided randomly into two groups, each with 8—11 animals
of much the same mean body weights 2 weeks after
surgery. Daily oral administration of huperzine A 0.1
mg/kg, twice per day or its vehicle (saline) was started on
day 15 and terminated on the day of killing (day 33).
During the behaviora test, the drug was administered 40
min before the trials. The water maze task was begun on
day 29 after surgery.

2.6. Biochemical examinations

To evaluate cholinergic activity, oxygen free radical
system and metabolites in the rat brain, the rats were
decapitated 40 min after the last administration. The brain
was separated on ice into three regions (cortex, hippocam-
pus, and striatum). Each region was weighed and homoge-
nized in 9 vol ice-cold saline and the homogenate was
diluted with an appropriate buffer solution for determina-
tion of the relative biochemical index. Enzyme activity or
their product levels were described as below. Choline
acetyltransferase activity was determined by measuring the
rate of formation of acetylcholine from acetyl-CoA, using
the radiochemica method (Fonnum, 1975). Acetyl-
cholinesterase activity was assayed using a spectrometric
method (Ellman et a., 1961). The assay for superoxide
dismutase activity was based on its ability to inhibit the
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Fig. 1. Effects of huperzine A on water maze performance deficits caused
by permanent bilateral ligation of the common carotid arteriesin rats. The
upper panel (A) shows the changes in escape latencies in the training
phase. The lower panel (B) shows the time spent in the target quadrant
(Q4) (in which the platform had been placed during the training phase) in
the probe trial (swimming 60 s without platform). *P < 0.05, * * P < 0.01
vs. saline-treated group. All values are means+ S.E.M. (n=8-11).

oxidation of oxymine by O, produced from the
xanthine—xanthine-oxidase system (McCord and Fridovich,
1969). Lipid peroxides concentration in the homogenate
was assayed by the thiobarbituric acid reaction according
to the method of Ohkawa et a. (1979). The levels of
lactate and glucose were measured according to the meth-
ods of Marbach and Weil (1967) and Morin and Prox
(1973), respectively. Protein content was determined by
the Coomassie blue protein binding method (Bradford,
1976), using bovine serum albumin as standard.

2.7. Morphology
Three or four rats of each group, chosen randomly from

the sham-operated group, the saline-treated group and the
huperzine A (0.1 mg/kg)-treated group were decapitated

for histopathological observation after the behavior experi-
ment. One hemisphere of each rat was routinely processed
and embedded in paraffin. Coronal sections were stained
with hematoxylin and eosin.

2.8. Satistics

Group differences in the escape latency in the Morris
water maze training task were analyzed using two-way
analysis of variance (ANOVA) with repeated measures.
One-way ANOVA followed by the Duncan multiple group
comparison was used to analyze group differences of the
data collected during probe tridls. The data from the
biochemical studies were compared by Student’s t-test.

3. Reaults

3.1. Effects of huperzine A on water maze learning

As shown in Fig. 1A, 4 weeks after surgery, the ligated
rats treated with saline exhibited longer escape latencies
throughout the training days than did the sham-operated
rats [ F(1,9) = 58.366, P < 0.001] in the water maze task.
Huperzine A 0.1 mg/kg significantly shortened the escape
latencies prolonged by permanent bilateral ligation of the
common carotid arteries [F(1,10) = 11.77, P < 0.01],
compared with saline-treated group.

In the probe trials, the time spent in the quadrant (Q4)
that had held the hidden platform was used to estimate
performance by one-way ANOVA. Fig. 1B indicates that
the sham-operated rats and huperzine A 0.1 mg/kg group
swam longer(49% and 38% of the time, respectively) in
Q4 than did the saline-treated rats (23%).

In order to determine whether the group difference in
escape latencies was due to differences in swimming abil-
ity, swim speed was calculated for each group, ANOVA
showed no difference in swim speed between any two
groups.

Table 1

Effects of huperzine A on protein contents in rats chronically hypoper-
fused after ligation of the bilateral carotid arteries

Rats were killed 40 min after the last administration of huperzine A on
day 33 following bilateral ligation of the common carotid arteries. From
day 15 to day 33, huperzine A was administered orally twice per day. All
values are means+ SEM. (n=7-11).

Group Protein content (mg,/g wet wt.)

Cortex Hippocampus Striatum
Sham-operated 1029426" " 89.7+21"" 89.0+31""
Saline-treated 83.1+30 70.8+21 63.3+3.2

Huperzine A (0.1 mg/kg) 965+16°* 847+25°* 917+20""

“"P < 0.01 vs. saline-treated group.
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Table 2

Effects of huperzine A (HupA) on choline acetyltransferase and acetylcholinesterase activities in rats chronically hypoperfused after bilateral ligation of the

common carotid arteries

Rats were killed 40 min after the last administration of huperzine A on day 33 following bilateral ligation of the common carotid arteries. From day 15 to
day 33, huperzine A was administered orally twice per day. All values are means + SE.M. (n=7-11).

Group Choline acetyltransferase (nmol /h /mg protein) Acetylcholinesterase (nmol /min,/mg protein)

Cortex Hippocampus Striatum Cortex Hippocampus Striatum
Sham-operated 446+ 16 56.4+36"" 110.3+98 714427 87.3+29 404.6 + 21.4
Sdline-treated 459+ 29 223+ 38 1024 + 10.6 7094+ 4.4 939+ 3.0 409.5 + 18.2
HupA-treated (0.1 mg,/kg) 46.0 + 4.0 615+50"" 107.3+6.2 329426 396+16"" 301.2+95""

“*P < 0.01 vs. sdline-treated group.

3.2. Effects of huperzine A on protein content

As shown in Table 1, the protein content per gram wet
weight of brain tissues from the saline-treated rats with
ligation was significantly decreased in the cortex, hip-
pocampus and striatum (19%, 21%, and 29% lower than
sham-operated group, P < 0.01) compared with sham-op-
erated rats. Huperzine A elevated the protein content to the
non-ischemic levels in the three brain regions (P < 0.01
vs. saline-treated group).

3.3. Effects of huperzine A on choline acetyltransferase
and acetylcholinesterase activity

Table 2 shows the activity of choline acetyltransferase

and acetylcholinesterase in the cortex, hippocampus and
striatum. Permanent occlusion of the bilateral common

Table 3

carotid arteries produced a 60% decrease (P < 0.01) of
choline acetyltransferase activity in the hippocampus area.
However, no changes were observed in acetylcholineste-
rase activity in the cortex, hippocampus and striatum in
saline-treated rats with ligation. Huperzine A significantly
improved the decrease in choline acetyltransferase activity
in the hippocampus (P < 0.01), and inhibited acetylcholin-
esterase activity in the three brain regions.

3.4. Effects of huperzine A on superoxide dismutase activ-
ity and lipid peroxides levels

Table 3 shows the improving effects of huperzine A on
superoxide dismutase activity and tissue lipid peroxides
levels in the cortex, hippocampus and striatum. Superoxide
dismutase activity and lipid peroxides levels in the saline-
treated rats with ligation were increased significantly (P <
0.01) in these brain regions compared with those in the

Effects of huperzine A (HupA) on superoxide dismutase activities and lipid peroxides concentration in rats chronically hypoperfused after bilateral ligation

of the common carotid arteries

Rats were killed 40 min after the last administration of huperzine A on day 33 following bilateral ligation of the common carotid arteries. From day 15 to
day 33, huperzine A was administered orally twice per day. All values are means+ SE.M. (n=7-11).

Group Superoxide dismutase (nU /mg protein) Lipid peroxides (nmol /mg protein)

Cortex Hippocampus Striatum Cortex Hippocampus Striatum
Sham-operated 40.1+15"" 46.3+19"" 462+ 26" 269+ 0.07" " 2.88+0.10* " 355+017"*
Saline-treated 69.0 + 2.9 74.8 + 6.0 97.3+57 3.70+0.14 411+ 0.17 5.38 + 0.27
Hup A-treated (0.1 mg/kg) 363+ 17" 430+20"" 421+18"" 2804+ 0.07" " 308+ 013" " 336+007" "

“"P < 0.01 vs. sdline-treated group.

Table 4

Effects of huperzine A (HupA) on lactate and glucose content in rats chronically hypoperfused after bilateral ligation of the common carotid arteries
Rats were killed 40 min after the last administration of huperzine A on day 33 following bilateral ligation of the common carotid arteries. From day 15 to
day 33, huperzine A was administered orally twice per day. All values are means + SE.M. (n=7-11).

Group Lactate (nmol /mg protein) Glucose (nmol /mg protein)

Cortex Hippocampus Striatum Cortex Hippocampus Striatum
Sham-operated 4102+92"" 546.0 + 18.8" * 49204+ 210"  4155+202*"  4833+3L7°"  4507+381" "
Saline-treated 541.1 + 20.8 729.7 +32.2 786.8 + 41.6 7288 + 23.4 820.7 + 33.4 841.7 + 38.4
HupA-treated (0.1 mg/kg) ~ 442.6 +£ 100" * 606.2+20.7" " 4981+ 140" 650.7 £ 11.0" * 720.2 +21.8" 616.4+11.9"

“P < 0.05 vs. sdline-treated group.
“"P < 0.01 vs. saline-treated group.
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peroxides levels induced by chronic hypoperfusion in all

three brain regions.
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Fig. 2. Photomicrographs of changes in the rat cerebral cortex (A, B and C) and hippocampus CA1 subfield (D, E and F) at 5 weeks after permanent
bilateral ligation of the common carotid arteries. (A and D) Sham-operated group; (B and E) sdine-treated group; (C and F) huperzine A (0.1

mg,/ kg)-treated group. Magnification X 40.
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3.5. Effects of huperzine A on lactate and glucose content

Table 4 shows the contents of lactate and glucose in the
cortex, hippocampus and striatum. In saline-treated rats
with ligation, marked increases in lactate and glucose
content were observed in the three brain regions (P < 0.01).
Huperzine A significantly suppressed the chronic hypoper-
fusion-induced increase in lactate and glucose content in
the cortex, hippocampus and striatum.

3.6. Effects of huperzine A on neuronal damage

Fig. 2 shows the typica neuropathological changes
observed in the cerebral cortex and hippocampus at 5
weeks after bilateral ligation of the common carotid arter-
ies. Neuronal loss, shrinkage and dark staining of neurons
and infarction were observed in the CAl areas of the
hippocampus as well as some infarctions in the cortex in
saline-treated rats with ligation. Long-term administration
of huperzine A (0.1 mg/kg) attenuated the chronic hypop-
erfusion-induced neurona damage.

4. Discussion

Among the animal models that have been developed to
study human dementia, the permanently ligated rats are
distinct from other kinds of anima models such as drug-,
brain lesion-, or transient ischemia-induced amnesia in
rodents, because of their progressive and long-lasting cog-
nitive deficits accompanied by progressive neuronal dam-
age. Decreased cerebral blood flow has been observed in
15 brain regions at 1 week after permanent bilateral liga-
tion of the common carotid arteries (Tsuchiya et al., 1993).
Of these regions, cortex, hippocampus, and some other
regions have been considered to play important roles in
learning and memory. In the present behavioral experi-
ment, learning performance in the water maze task was
severely impaired in the permanently ligated rats, the
impairment having developed for 4 weeks. This result
agrees well with previous data showing that ischemia
resulted in an increase in the time required to find the
hidden platform (Ohta et al., 1997). We found that chronic
ischemia induced a decrease in choline acetyltransferase
activity in hippocampus and cell death in the CA1 area,
both of which had been demonstrated to be correlated to
the deficit in spatial learning and memory (Tanaka et al.,
1996). These results are also consistent with the notion that
the hippocampus and central cholinergic function are criti-
cal for intellectual functions such as learning, memory and
cognition. In our studies, long-term administration of hu-
perzine A, a potent acetylcholinesterase inhibitor, signifi-
cantly attenuated the bilateral ligation-induced histological
lesions in the brain and improved water maze performance.
The dose selected for huperzine A, 0.1 mg/kg, which was
proven to produce the maximal improvement (Tang and

Han, 1999), with an approximately 33—40% inhibition of
acetylcholinesterase activity in the cortex and hippocam-
pus, restored the decreased choline acetyltransferase activ-
ity to the sham-operated level. It seems likely that the
beneficial effects of huperzine A on the ischemia-induced
cognitive deficits were due primarily to its enhancing
effects on central cholinergic tone to supplement the im-
paired ability for acetylcholine synthesis.

The present results, however, do not exclude the possi-
bility that different mechanisms participate in the action of
huperzine A on permanent bilateral ligation-induced dis-
ruption of water maze performance. It has been well
documented that brain ischemia can result in dysfunction
of oxidative metabolism, and reduced energy metabolism
in the brain is linked to memory impairment (De la Torre
et a., 1997), since ATP is a critical energy source for the
synthesis, release and inactivation of neurotransmitters as
well as for gene expression (transcription and translation)
and protein synthesis (Erecinska and Silver, 1989). We
observed a marked decrease in protein content and a
significant increase in lactate and glucose content in the
cortex, hippocampus and striatum in bilaterally ligated
rats, similar to the results obtained in previous studies
(Takeo et al., 1996). The elevations of tissue lactate and
glucose content are considered to be markers of sustained
damage to energy production after cerebral ischemia, be-
cause the glucose uptake rate decreases and the lactoacido-
sis increases during the energy-producing process in is-
chemic rats (Takeo et al., 1996). Treatment with huperzine
A preserved the protein content and partly reversed the
increase in lactate and glucose content of the brain tissues.
Thus, our present findings suggest that the palliative effect
of huperzine A on the cognitive deficit is partially due to
retardation of the development of sustained ischemia de-
rangement of energy metabolism. As the central choliner-
gic system is implicated in the regulation of cerebral blood
flow (Scremin and Scremin, 1986), an increase in cerebral
blood flow may be a factor in the improvement of energy
metabolism in ischemic regions, because it enhances
washout of lactate accumulated in tissue and the delivery
of oxygen to brain regions. However, since there is no
evidence that huperzine A is effective to ameliorate the
cerebral circulation of the ischemic brain in experimental
animals, it would be premature to conclude that there is an
enhancement of cerebral blood flow in the ischemic brain
by huperzine A.

There is evidence showing that free radicals are capable
of mediating neuron degeneration and death, and are possi-
bly involved in the pathogenesis of neuron death in neu-
rodegenerative diseases such as Alzheimer’'s disease and
vascular disease (Markesbery, 1997). In addition to the
energy failure caused by chronic hypoperfusion, we found
that lipid peroxidation was significantly increased in the
three brain regions as a result of free radical generation
induced by cerebral ischemia. Meanwhile, the activity of
superoxide dismutase, an antioxidant enzyme, was aso
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elevated in the three brain regions. It is possible that a
compensatory rise in antioxidant activity occurs in re-
sponse to increased free radical generation (Markesbery,
1997). Chronic treatment with huperzine A reversed the
abnormality of the free radical system in bilaterally ligated
rats. Similar results had been reported for aged rats (Shang
et al., 1999) and Alzheimer's disease patients (Xu et a.,
1999). Since glutamate is considered to be capable of
generating reactive oxygen species (Novelli et al., 1988),
and huperzine A has been demonstrated to antagonize the
NMDA receptor and to reduce glutamate-induced cytotoxi-
city (Ved et a., 1997; Wang et al., 1999), it is supposed
that huperzine A may exert its effects on the basis of its
NMDA receptor antagonism.

Currently, numerous medications such as antioxidants,
radical scavengers and calcium antagonists have been ap-
proved for the treatment of vascular dementia around the
world (Itil et al., 1998). As a closer link between vascular
dementia and Alzheimer’s disease is gradualy being dis-
covered (Pasguier et al., 1998), favorable results have also
been achieved with these agents in the treatment of
Alzheimer's disease (Kanowski, 1998). From a theoretical
point of view, optima management of risk factors for
Alzheimer’s disease should include the ability to decrease
the incidence rate of vascular dementia (Pasquier et al.,
1998). Our findings have substantiated this hypothesis, and
demonstrated that multiple mechanisms underlie the thera-
peutic potential of huperzine A, involving its effects on the
cholinergic system, the oxygen free radical system and
energy metabolism. Since the pathological changes that
occurred after permanent bilateral ligation of the common
carotid arteries were quite similar to those observed in
patients suffering from multi-infarct dementia, Bin-
swanger's and Alzheimer's disease (Ni et al., 1995), the
present findings suggest that huperzine A may be a
promising therapeutic agent, not only for Alzheimer's
disease, but also for vascular dementia.
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