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Comparative studies of huperzine A, E2020, and tacrine on behavior and cholinest-
erase activities. 
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60

 

(2) 377–386, 1998.—Comparative effects of cholinesterase inhibitors
(ChEI) huperzine A with E2020 and tacrine on the radial maze performance in ethylcholine mustard aziridinium ion
(AF64A)-treated rat and inhibition of cholinesterase activity were studied. The intracerebroventricular (ICV) injection of
AF64A (3 nmol/side) caused significant impairment in the rat’s ability to fulfill the partially baited maze paradigm. Oral hu-
perzine A (0.5–0.8 mg/kg), E2020 (1.0–2.0 mg/kg), and tacrine (8.0 mg/kg) effectively reversed AF64A-induced working
memory deficit. The doses that improved AF64A-induced memory deficit were correlated to about 25–30% (huperzine A)
and less than 10% (E2020, tacrine) inhibition of acetylcholinesterase (AChE) activity in the cortex and hippocampus. Hu-
perzine A, E2020 and tacrine all produced dose-dependent inhibition of brain AChE following ICV and oral administration.
Oral huperzine A exhibited higher efficacy on the inhibition of AChE in the cortex and hippocampus than those of E2020
and tacrine. Tacrine was more effective in inhibiting plasma butyrylcholinesterase (BuChE) than it was brain AChE. Con-
versely, the BuChE activity was less affected by huperzine A and E2020. The results showed that huperzine A had high bio-
availability and more selective inhibition on AChE activity in cortex and hippocampus. Huperzine A fits more closely with
the established criteria for an ideal AChE inhibitor to be used in clinical studies. © 1998 Elsevier Science Inc.
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Learning and memory Cholinesterase

 

ALZHEIMER’S disease (AD) is a slowly progressive neu-
ropsychiatric illness, principally characterized by memory def-
icits, and is of unknown etiology. It has become the fourth
leading cause of death in developed nations. Increasing phar-
macological and neurochemical evidence has linked AD to
the cholinergic hypothesis of memory dysfunction (1,5,7,8).
Moreover, the degree of cholinergic deficit in senile dementia
of Alzheimer’s type (SDAT) has been correlated with the se-
verity of cognitive impairment (29,36). Therefore, treatment
strategies were focused on replacement therapy for deficits of
central cholinergic neurotransmission (6). Recently, clinical
trials have shown that cholinesterase inhibitors (ChEI) are
the most promising drugs demonstrating efficacy in the treat-
ment for AD (15). There are only two ChEIs, physostigmine
and tacrine, that have been evaluated on a large scale in pa-
tients with AD. However, the short half-life and peripheral

cholinergic side effects of physostigmine and the dose-depen-
dent hepatotoxicity of tacrine limit their clinical value (35,37).
An ideal ChEI suitable for the prevention or palliation of
memory deficit in AD should produce a long-term acetylcho-
linesterase inhibition with minimal side effects at therapeutic
doses. Such a requirement has not been satisfied by any ChEI
so far. Therefore, the search for a potent, long-acting acetyl-
cholinesterase (AChE) inhibitor that exerts minimal side ef-
fects for the treatment of AD is still ongoing. Huperzine A
and E2020 are such promising compounds. Huperzine A, a
new 

 

lycopodium 

 

alkaloid that was isolated from the Chinese
herb

 

 Huperzia serrata (

 

Thunb) Trev (22), is a potent and se-
lective AChE inhibitor (4,24,34) with a better therapeutic in-
dex than that of physostigmine (32,33). E2020 is a novel cen-
tral-acting AChE inhibitor under development by the Eisai
company. The improved properties of both huperzine A and
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E2020 overcome the problem of tacrine and physostigmine
occurring in clinical treatment of AD (31,33). Huperzine A
and E2020 deserve further study as promising candidates for
therapy of cognitive impairment with AD. Ethylcholine mus-
tard aziridinium ion (AF64A) is a neurotoxic derivative of
choline that produces a long-lasting presynaptic central cho-
linergic deficit in rats similar to some characteristics observed
in AD. Therefore, it should prove to be an important tool for
elucidating the underlying mechanisms of this disease and
also for evaluating potentially useful therapeutic drugs for its
treatment (11,13). The aim of this study was to provide com-
parative data of huperzine A, E2020, and tacrine on the inhi-
bition of cholinesterase 

 

in vivo

 

 and on amnesia produced by
AF64A on a partially baited radial maze paradigm. The
chemical structures of the three drugs are shown in Fig. 1.

METHOD

 

Animals

 

Male Sprague–Dawley rats weighing 280–350 g, were
housed individually in a climatically controlled room in a 12 L:
12 D cycle. Five days prior to behavioral training, daily food
was limited to reduce the rats to 85% of their free-feeding
weight. Food deprivation was maintained throughout the
whole experiment, except for 7 days prior to and following
surgical procedure. Male and female rats of Sprague–Dawley
strain were used for the biochemical experiments.

 

Behavioral Experiments

Apparatus. 

 

The plastic radial maze was elevated 70.5 cm
above the floor and had an octagonal center platform with
eight arms separated from it. The platform was 51.5 cm in di-
ameter and each arm was 61 cm long and 12 cm wide. Plexi-
glas walls were 10 cm high extending along the length of each
arm. Food wells were 1-cm deep and 2 cm in diameter located
3 cm from the distal end of each arm. Several obvious extra-
maze cues (e.g., wall, picture, light, curtain) were present in
the room and remained in the same position with respect to
the maze.

 

Preparation and intraventricular injection of AF64A 

 

. AF64A
was prepared as described previously by Fisher et al. (12).
Briefly, an aqueous solution of 10 mM acetylethylcholine
mustard HCl was adjusted to pH 11.3–11.5 with NaOH. After
stirring for 20 min at room temperature, the pH was lowered
to 7.3–7.5 using HCl. For intracerebroventricular (ICV) ad-
ministration, the final concentration of AF64A was 1.0 mM.
Solutions of AF64A were always prepared immediately prior
to use and kept on ice at all times. Rats were anaesthetized
with sodium pentobarbital (40 mg/kg, IP) and positioned in a
Narishige stereotaxic instrument and AF64A (3 nmol/3 ml/
side) or saline (sham-operated control) was infused at the
flow rate 1 

 

m

 

l/min into the lateral ventricle. The stereotaxic
coordinates were from bregma: anterior 

 

2

 

0.8 mm; lateral 

 

6

 

1.4
mm; and vertical 

 

2

 

3.8 mm from the skull (27).

 

Radial maze training and testing. 

 

The experimental proce-
dure reported here has been described in detail elsewhere
(38). In brief, rats were placed individually on the center plat-
form of the maze and allowed to explore the maze and to con-
sume food pellets that were scattered on the floor of the maze
for 10 min daily on 3 consecutive days to initially habituate
them. Beginning with the fourth day, rats were given one
training session daily, 6 days a week. At the start of each ses-
sion, only four predetermined arms were used as the baited
arms. The baiting pattern remained the same throughout the
experiment but varied from rat to rat to limit the development
of odor cues within the maze as well as controlling for direc-
tional preference with respect to the extramaze cues. Each rat
was placed on the platform and left until all four baited arms
were exhausted, 14 choices were made, or 10 min had elapsed,
whichever occurred first. Rats were trained to a criterion of at
most one error over four consecutive trials. Once a rat
reached the criterion, training for this rat was reduced to two
trials a week until all rats reached the criterion (range 35–50
days). The first entry into a baited arm was defined as a cor-
rect response. Three types of error were recorded as follows:
first entry into the unbaited arm was regarded as an error in
reference memory (RM); re-entry into the baited arm was
considered as working memory (WM) error; re-entry into the
unbaited arm was consider as working-reference memory
(WRM) error.

 

Drug Testing

 

After all rats achieved the criterion, they received bilateral
injections of AF64A or saline as described. One week follow-
ing surgery, behavioral testing was resumed. Three weeks af-
ter surgery the rats were used to examine the effects of hu-
perzine A (provided by the Department of Phytochemistry,
this Institute), E2020 (provided by the Department of Syn-
thetic Chemistry, this Institute), and tacrine (Sigma Chemical
Co.) on ameliorating AF64A-induced memory deficits. Hu-
perzine A, E2020, and tacrine were dissolved in saline and ad-
ministered orally in a volume of 10 ml/kg body weight (b.wt.)
30 min prior to testing.

 

Activity of Choline Acetyltransferase

 

The choline acetyltransferase (ChAT) activity was mea-
sured as described by Leventer et al. (20). Samples were ho-
mogenized in 19 vol of ice-cold sodium phosphate buffer (75
mM, pH 7.4, 4

 

8

 

C). Ten microliters of aliquot of this homoge-
nate was added to 10 

 

m

 

l of buffer substrate solution (sodium
phosphate, 75 mM, pH 7.4; NaCl, 600 mM; MgCl

 

2

 

, 40 mM;
physostigmine, 2.0 mM; bovine serum albumin 0.05%; choline
iodide, 10 mM; and [

 

3

 

H]acetyl-coenzyme A, 0.87 mM). AfterFIG. 1  Chemical structures of huperzine A, E2020, and tacrine.
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30-min incubation at 37

 

8

 

C, 150 

 

m

 

l of 3-heptanone containing
75 mg/ml sodium tetraphenylboron was added to extract radio-
labelled ACh. The organic and aqueous phases were sepa-
rated by centrifugation, and a 100 

 

m

 

l aliquot of the top (or-
ganic) layer was measured by liquid scintillation spectrometry
(Beckman LS6000LL). ChAT activity was expressed as ACh
formed/mg protein/h.

 

Biochemical Experiments

Administration of drugs.  

 

The huperzine A, E2020, and
tacrine that the rats received in biochemical experiments were
obtained from the same sources as they were in the behavioral
experiments described above. For the studies using ICV injec-
tion, each rat was stereotaxically implanted with a permanent
polyethylene cannula into the right lateral ventricle under an-
esthesia with pentobarbital (40 mg/kg, IP). The coordinates
were 0.8 posterior to the bregma, 1.5 mm lateral to the mid-
dle, and 

 

2

 

3.6 mm vertical to the surface of the animal’s skull
according to the atlas of Paxinos and Watson (27). The place-
ment was tested by slowly draining cerebrospinal fluid. All
drugs for the ICV injection were dissolved in a sterile physio-
logical saline, and the appropriate dose was intracerebroven-
tricularly administered in a volume of 8 

 

m

 

l over 1 min. For
studying the effects of oral administration of each drug on
cholinesterase, all drugs were dissolved in saline and adminis-
tered orally in a volume of 10 ml/kg b.wt.

 

Preparation of tissue.  

 

For the analysis of AChE activity,
rats were killed by decapitation 30 min after adminstration of
the ChEI. Brains were extirpated rapidly and frontal cortex,
hippocampus, striatum, and hypothalamus were dissected out
on ice according to Glowinski and Iversen (16). The various
brain regions of ICV-injected rats were dissected from the in-

jected side of the brain. For the study of butyrylcholinesterase
(BuChE) activity, blood was collected from the trunk of the
rat immediately after decapitation. Serum was separated for
determining the activity of BuChE.

 

Activity of cholinesterase (ChE).  

 

The ChE assay was per-
formed using a colorimetric method by Ellman et al. (10) with
slight modifications. Frontal cortex, hippocampus, hypothala-
mus, and striatum were homogenized in 49, 49, 49, and 249 vol
of sodium phosphate buffer (75 mM, pH 7.4, 4

 

°

 

C), respec-
tively. The homogenate was preincubated for 5 min at 37

 

°

 

C
with 0.1 mM of tetraisopropyl pyrophosphoramide (iso-
OMPA), a selective inhibitor of BuChE activity. For the assay
of AChE or BuChE activity, a 4 ml reaction mixture that con-
tained acetylthiocholine iodide (0.3 mM) or butyrylthiocho-
line iodide (0.4 mM), sodium phosphate buffer (0.1 mM, pH
7.4) 1 ml, and homogenate 0.1–0.2 ml was incubated at 37

 

°

 

C
for 8 min. The reaction was terminated by adding 1 ml of 3%
sodium lauryl sulphate, then 1 ml of 0.2% 5,5

 

9

 

-dithio-bis (2-
nitrobenzoic) acid to produce the yellow anion of 5-thio-2-
nitrobenzoic acid. The color production was measured spec-
trophotometrically at 440 nm. All samples were assayed in du-
plicate. ChE activity was calculated as optical density (OD)
value per mg protein for AChE and OD value per g protein
for serum BuChE. Protein concentrations were determined
with the coomassie blue protein-binding method (3) using bo-
vine serum albumin as standard.

 

Statistics

 

Analysis of variance (ANOVA) followed by Duncan’s
multiple-range test was used for data obtained in the behav-
ioral tests. The data from the biochemical studies were ana-
lyzed by Student’s 

 

t

 

-test.

FIG. 2. Effect of ICV injection AF64A on partially baited radial maze performance in rat.
Data represent mean 6 SEM of eight animals in a group. *p , 0.05, **p , 0.01 vs. preoper-
ated rats.
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RESULTS

 

Behavioral Experiments

Stability of AF64A-induced memory deficits in the per-
formance on partially baited radial maze paradigm.  

 

Post-oper-
ative performances on a partially baited radial maze are
shown in Fig. 2. The mean numbers for the three types of er-
ror (WM, RM, and WRM) of AF64A-treated rats increased
significantly compared with preoperated rats, 

 

F

 

(3, 28)

 

 

 

5

 

15.27, for WM errors (

 

p 

 

,

 

 0.001), 

 

F

 

(3,28)

 

 

 

5

 

 17.11, for RM er-
rors (

 

p 

 

,

 

 0.001), and 

 

F

 

(3, 28)

 

 

 

5

 

 2.95, for WRM errors (

 

p 

 

,

 

0.05). ANOVA revealed that there were no significant differ-
ences in each type of error at 3, 5, and 7 weeks after treatment
with AF64A, 

 

F

 

(2, 21)

 

 

 

5

 

 0.01, for WM errors, 

 

F

 

(2, 21)

 

 

 

5

 

 0.23,
for RM errors, and 

 

F

 

(2, 21)

 

 

 

5

 

 0.07, for WRM errors, all 

 

p 

 

.

 

0.05. This result demonstrated that the performance levels of
AF64A-treated rats on the radial maze were stable.

 

Effects of huperzine A, E2020, and tacrine on working and
reference memory impairments induced by AF64A. 

 

Analysis of
postoperative performance using a one-way ANOVA re-
vealed significant increases for three types of error, 

 

F

 

(1, 76)

 

 

 

5

 

188.74, for WM errors, 

 

F

 

(1, 76)

 

 

 

5

 

 187.69, for RM errors, and

 

F

 

(1, 76)

 

 

 

5

 

 59.78, for WRM errors, all 

 

p 

 

,

 

 0.001, compared
with saline, non-lesioned alone. The effects of saline, hu-
perzine A, E2020, and tacrine on WM deficits of AF64A-
treated rats are presented in Fig. 3

One-way ANOVA on WM error indicated that there is a
significant effect with huperzine A, 

 

F

 

(4, 74)

 

 

 

5

 

 5.46, 

 

p 

 

,

 

 0.001.
The AF64A-induced WM deficit was also significantly re-
versed by E2020 and tacrine, 

 

F

 

(4, 76)

 

 

 

5

 

 4.66 for E2020, 

 

p 

 

,

 

0.01, and 

 

F

 

(4, 72)

 

 

 

5

 

 2.52 for tacrine, 

 

p 

 

,

 

 0.05. Post hoc com-
parison utilizing Duncan’s multiple test revealed that hu-
perzine A at 0.5–0.8 mg/kg (

 

p 

 

,

 

 0.05–0.01), E2020 at 1.0–2.0
mg/kg (

 

p 

 

,

 

 0.05–0.01), and tacrine at 8 mg/kg (

 

p 

 

,

 

 0.05) sig-
nificantly improved the AF64A-treated working memory def-

icit. However, huperzine A, E2020, and tacrine all can not im-
prove RM deficit induced by AF64A, 

 

F

 

(4, 74) 

 

5

 

 1.67, for
huperzine A, 

 

F

 

(4, 76)

 

 

 

5

 

 1.78, for E2020, and 

 

F

 

(4, 72)

 

 

 

5

 

 1.80,
for tacrine, all 

 

p 

 

.

 

 0.05 compared with saline, drug control
alone (Fig. 4)

The effects of huperzine A, E2020, and tacrine on the defi-
cit of WRM performance induced by AF64A are shown in
Fig. 5. Huperzine A, at a dose of 0.8 mg/kg, significantly im-
proved the WRM errors, 

 

F

 

(1, 51)

 

 

 

5

 

 4.13, 

 

P 

 

,

 

 0.05. Similarly,
significant decreases in the number of WRM errors at a dose
of 2.0 mg/kg for E2020 were observed, 

 

F

 

(1, 54)

 

 

 

5

 

 4.78, 

 

p 

 

,

 

0.05. Tacrine was ineffective in decreasing the number of
WRM errors induced by AF64A compared with saline, drug
control alone.

Neurochemical analysis demonstrated that ChAT activity
was significantly decreased (about 50%) in the hippocampus
of AF64A-treated animals. In contrast, there were no significant
reductions in ChAT activity in other brain regions (Table 1).

 

Biochemical Experiments

Comparison of the activity of AChE and BuChE in female
and male rats.  

 

The activities of AChE and BuChE in both fe-
male and male rats are presented in Table 2. There were no
significant differences in AChE activities of various brain re-
gions between the female and male. However, there was a sig-
nificant difference in BuChE activity in serum between the fe-
male and male (

 

p 

 

,

 

 0.01).

 

Inhibitory effects of oral administered huperzine A, E2020,
and tacrine on brain AChE in vivo.  

 

Results of inhibition of hu-
perzine A, E2020, and tacrine on AChE activity in the frontal
cortex, hippocampus, striatum, and hypothalamus of rats ex-
pressed as percent change from saline-treated controls are
shown in Fig. 6.

FIG. 3. Effects of oral huperzine A, E2020 and tacrine on AF64A-induced working memory deficit in a
partially baited radial maze paradigm. Data expressed as mean 6 SEM indicated by vertical bars (n 5 35
for saline, non-lesioned group, n 5 43 for AF64A-lesioned, drug control, n 5 8–12 for each drug). **p ,
0.01 vs. the saline, non-lesioned group. 1p , 0.05, 11p , 0.01 vs. AF64A-lesioned, saline drug control
group.
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Cortex.  

 

Significant inhibition of the AChE activity was ob-
served in the cortex of rats that were sacrificed 30 min after
oral administration of huperzine A at 4 

 

m

 

mol/kg (71.72% of
control, 

 

p 

 

,

 

 0.01) as well as 2 

 

m

 

mol/kg (82.99% of control,

 

p 

 

,

 

 0.01) compared with saline alone. AChE activity in the

cortex was also significantly inhibited by E2020 at 16 

 

m

 

mol/kg
(83.06% of control, p , 0.01), 8 mmol/kg (86.69% of control,
p , 0.05), and tacrine at 128 mmol/kg (83.33% of control, p ,
0.05). Their anti-acetylcholinesterase potencies in the cortex
of rats were huperzine A . E2020 . tacrine.

FIG. 4. Effects of oral huperzine A, E2020, and tacrine on AF64A-induced reference memory deficit in
a partially baited radial maze paradigm. Data expressed as mean 6 SEM indicated by vertical bars (n 5
35 for saline, non-lesioned group, n 5 43 for AF64A-lesioned, drug control, n 5 8–12 for each drug).
**p , 0.01 vs. the saline, non-lesioned group.

FIG. 5. Effects of oral huperzine A, E2020, and tacrine on AF64A-induced working reference memory
deficit in a partially baited radial maze paradigm. Data expressed as mean 6 SEM indicated by vertical
bars (saline n 5 35, AF64A-lesioned n 5 43, n 5 8–12 for each drug). **p , 0.01 vs. the saline, non-
lesioned group.1p , 0.05 vs. AF64A-lesioned, saline drug control group.
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Hippocampus.  Administration of huperzine A signifi-
cantly decreased AChE activity to 80.49 and 87.86% of con-
trol in the 4 mmol/kg (p , 0.01) and 2 mmol/kg group (p ,
0.01) 30 min after oral administration. AChE activity also de-
creased significantly to 89.60 and 78.32% of control in the
E2020 16 mmol/kg group (p , 0.01) and tacrine 128 mmol/kg
group (p , 0.05). The anti-acetylcholinesterase potencies in
hippocampus were huperzine A . E2020 . tacrine.

Hypothalamus.  Huperzine A, E2020 and tacrine at the
doses of 4, 16, and 128 mmol/kg significantly inhibited AChE
activity in the hypothalamus, respectively (80.19% of control
for huperzine A, 90.34% for E2020, and 84.97% for tacrine,
all p , 0.05).

Striatum.  At the dose of 4 mmol/kg, huperzine A had sig-
nificant inhibitory effects on AChE in the striatum, and
AChE activity remained at 81.6% of control (p , 0.01). Lower
doses were ineffective (reference Fig. 6). All other groups had
no significant effects on AChE activity in the striatum.

Inhibitory effects of ICV injection of huperzine A, E2020,
and tacrine on brain AChE in vivo. The inhibitory effects of
huperzine A, E2020, and tacrine on AChE expressed as per-
cent change from saline sham controls in the frontal cortex,
hippocampus, hypothalamus, and striatum of rats are shown
in Fig. 7. There clearly is a dose-dependent inhibition of
AChE in brain regions by huperzine A, E2020, and tacrine.

Cortex. At the doses of 16 and 8 mg, huperzine A (78.92
and 82.98% of control, p , 0.01) and E2020 (65.46 and
76.35% of control, p , 0.01) significantly decreased AChE ac-
tivity in the cortex 30 min after the ICV injection, respec-
tively. Tacrine at the doses of 64 mg and 32 mg significantly in-

hibited AChE activity to 89.6 and 90.8% of control (p , 0.01
and p , 0.05). The anti-acetylcholinesterase potencies were
E2020 . huperzine A . tacrine.

Hippocampus.  All groups of E2020 significantly inhibited
AChE activity in the hippocampus 30 min after the ICV injec-
tion. AChE activity was decreased to 72.31, 76.58, and 84.63%
of control in 16 mg (p , 0.01), 8 mg (p , 0.01), and 2 mg group
(p , 0.05), respectively. Huperzine A at 16 and 8 mg, and
tacrine at 64 mg also significantly decreased the AChE activity
to 75.70% (p , 0.01), 80.78% (p , 0.05) and 79.78% (p ,
0.01) of control, respectively. The anti-acetylcholinesterase
potencies were E2020 . huperzine A . tacrine.

Hypothalamus.  At the dose of 16 mg, E2020 and huperzine
A significantly decreased AChE activity to 86.45% (p , 0.05)
and 88.64% (p , 0.05) of control at 30 min following the ICV
injection, respectively. At a dose of 64 mg, tacrine also de-
creased AChE activity to 81.12% of control (p , 0.05).

Striatum.  E2020 and huperzine A at 16 and 8 mg signifi-
cantly inhibited the AChE activity in the striatum 30 min after
the ICV injection. AChE activity decreased to 70.07 and
76.94% of control (all p , 0.01) for E2020, 58.68% (p , 0.01),
and 72.79% (p , 0.05) of control for huperzine A. At the dose
of 64 mg, tacrine also significantly decreased AChE activity to
69.53% of control (p , 0.01).

Inhibitory effects of orally administered huperzine A,
E2020, and tacrine on serum BuChE. To determine the oral
effects of three ChEIs on BuChE activity in serum in vivo,
rats were administered an oral dose that can significantly in-
hibit activity of brain AChE. The results indicated that tacrine
at 100 mmol/kg significantly inhibited the BuChE activity
compared with the saline controls in both female and male
rats (all p , 0.01). No significant differences were observed in
all other testing groups (Fig. 8).

DISCUSSION

A major problem in the drug development for AD is the
lack of adequate animal models that can mimic this disease.
Currently, the cholinergic deficiency hypothesis as a cause of
dementia and cognitive deficits in AD is accepted. Therefore,
using an animal model in which a long-term cholinergic hypo-
function has been pharmacologically induced would be useful
as a tool for evaluating new cholinergic therapies. Drugs that
can reverse or improve an animal with a cholinergic hypo-
function displaying memory and learning disorders might be
applicable in the treatment of AD. At present, pharmacologi-
cal long-term cholinergic hypofunction can be induced by
such excitotoxins as cholinotoxin AF64A and immunotoxin

TABLE 1
EFFECTS OF AF64A (3 nmol/sides ICV) ON CHOLINE

ACETYLTRANSFERASE ACTIVITY IN
DIFFERENT BRAIN REGIONS

Region Lesion Sham-Operated
Percentage

of Sham

Hippocampus 19.6 6 6.2** 39.7 6 5.4 49.4
Striatum 107.4 6 17.7 116.1 6 14.3 92.5
Parietal cortex 35.5 6 7.0 36.6 6 7.7 97.0
Hypothalamus 27.0 6 6.6 28.3 6 8.3 95.4

Values represent means 6 SD expressed as nmol ACh formed·mg 
protein 21·h21.

**p , 0.01 vs. sham-operated group, independent t-tests.

TABLE 2
DIFFERENCE OF AChE AND BuChE ACTIVITIES IN FEMALE AND MALE RATS

Activity of BuChE
in Serum

Activity of AChE in Various Brain Regions

RAT Cortex Hippocampus Hypothalamus Striatum

Female 155.98 6 9.55 1.47 6 0.06 1.66 6 0.05 1.84 6 0.06 8.99 6 0.39
Male 28.16 6 2.83** 1.51 6 0.04 1.78 6 0.05 1.72 6 0.06 9.03 6 0.35

Data represent means 6 SEM (n 5 6–8 animals each group) expressed as OD val-
ues·mg protein21 for activity of AChE and OD values·g protein21 for activity of
BuChE.

**p , 0.01 vs female.
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192 IgG-saporin (12,23,25,30). The ICV injection of AF64A
selectively causes a central cholinergic hypofunction in the
hippocampus, and results in cognitive deficits in rodents
(18,20,30). It has been reported that various pharmacological
approaches have been successfully employed in the reverse of
AF64A-induced cognitive deficits (17). The present experi-
ments demonstrate that ICV AF64A (3 nmol/side) can pro-
duce significant impairment of the rat’s performance in the
partially baited radial maze paradigm. The impairment of spa-
tial memory was paralleled by a significant decease in ChAT
activity in the hippocampus. The results are consistent with
the hypothesis that the cholinergic innervation of the hippo-
campus is necessary for performance of a radial arm maze
task (2,26). Oral huperzine A exhibited a higher efficacy than
did E2020 and tacrine on the improvement of AF64A-in-
duced WM deficits. The relative potency of huperzine A on
the improvement of WM deficit was found to be 2.5 and 10

times as potent as E2020 and tacrine, respectively. Addition-
ally, huperzine A can improve the WRM deficit, which also
reflects the impairment of WM. These effects may constitute a
benefit for huperzine A in AD treatment, because the cogni-
tive deficit in AD is severe for memory of recent events,
whereas memory for the past remains relatively intact.

The effects of huperzine A, E2020, and tacrine on AChE
activity in different brain regions in the rats were measured in
vivo following administration of these drugs at several dose
levels. They all produced a dose-dependent inhibition of
AChE activity. The inhibitory potency of huperzine A dif-
fered from that of E2020 following different routes of admin-
istration. It was found that AChE inhibition induced by ICV
injection of E2020 (8 mg 5 0.019 mmol) was 3.5 times stronger
than that of huperzine A (16 mg 5 0.066 mmol). However, the
converse efficacy was found following oral adminstration. The
relative potency of oral huperzine A on the inhibition of brain

FIG. 6. Comparison of huperzine A, E2020, and tacrine on AChE inhibition in the frontal cortex, hippocampus,
hypothalamus, and striatum of rats. Rats were killed 30 min after PO adminstration of huperzine A, E2020, and
tacrine, respectively. Data are expressed as a percent of inhibition vs. control values 6 SEM. n 5 4–12 animals.
AChE activity was expressed as o.d. values/mg protein. Basal saline control AChE values were: 1.46 6 0.13 (cor-
tex); 1.73 6 0.14 (hippocampus); 1.78 6 0.15 (hypothalamus); and 9.01 6 0.87 (striatum) o.d. values/mg protein.
*p , 0.05; **p , 0.01 vs. control. Huperzine A: 4 mmol 5 968 mg, 2 mmol 5 484 mg, 1 mmol 5 242 mg. E2020: 16
mmol 5 6656 mg, 8 mmol 5 3328 mg, 4 mmol 5 1664 mg. Tacrine: 128 mmol 5 30,080 mg, 64 mmol 5 15,040 mg, 32
mmol 5 7520 mg.
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AChE activity was found to be 8 and 64 times as potent as
E2020 and tacrine, respectively. The results indicated that hu-
perzine A had higher bioavailability and/or more ability to
penetrate the blood–brain barrier than did E2020 and tacrine,
and can explain how huperzine A improved AF64A-induced
WM deficit at a lower oral dose than did E2020 and tacrine.
Furthermore, huperzine A inhibited AChE in cortex and hip-
pocampus more strongly than did E2020 and tacrine. Because
neurochemical studies have found that presynaptic cholin-
ergic markers are significantly reduced in the cortex and hip-
pocampus in AD (5,14), preferential inhibition of the cortex
and hippocampus AChE activity could be beneficial in situa-
tions of cholinergic hypofunction and may constitute a thera-
peutic advantage for huperzine A. BuChE activity was mea-

sured in parallel with the brain, but was less affected by
huperzine A or E2020 than by tacrine.

The present experiments showed that a dose of huperzine
A (0.8 mg/kg), which improved AF64A-induced WM deficit,
was correlated with about a 25–30% inhibition of AChE ac-
tivity in the cortex and hippocampus. Previous studies have
shown that huperzine A has no significant affinity for muscar-
inic and nicotinic receptors (32), was devoid of pre- and post-
synaptic actions (21), as well as devoid of influence on either
rate of ACh synthesis or release of ACh (19). The findings
suggest that the improving effect of huperzine A on the AF64A-
induced WM deficit was due primarily to its AChE inhibition
in the brain.

Tacrine was much less potent in inhibiting brain AChE,

FIG. 7. Comparison of huperzine A, E2020, and tacrine on AChE inhibition in rat frontal cortex, hippocampus,
hypothalamus, and striatum. Rats were killed 30 min after ICV injection of huperzine A, E2020, and tacrine,
respectively. Data are expressed as percent inhibition vs. control values 6 SEM. n 5 4–12 animals. AChE activity
was expressed as o.d. values/mg protein. Basal saline control AChE values were: 1.66 6 0.16 (cortex); 1.99 6 0.34
(hippocampus); 1.79 6 0.22 (hypothalamus); and 10.68 6 1.14 (striatum) o.d. values/mg protein. *p , 0.05; **p ,
0.01 vs. control. Huperzine A: 16 mg 5 0.066 mmol, 8 mg 5 0.033 mmol, 4 mg 5 0.017 mmol. E2020: 16 mg 5 0.038
mmol, 8 mg 5 0.019 mmol, 2 mg 5 0.005 mmol. Tacrine: 64 mg 5 0.272 mmol, 32 mg 5 0.136 mmol, 16 mg 5 0.068
mmol.
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and was more effective in inhibiting plasma BuChE than in-
hibiting brain AChE. The apparent inhibition constant (Ki
value) for AChE is in the nM range in vitro, indicating tacrine
has a high affinity for the enzyme (4). However, the dose of
tacrine used orally is much higher than that needed to provide
such an inhibitor concentration. The need for such a high dose
might be explained by low bioavailability and/or by rapid me-
tabolism. The peripheral adverse effects induced by tacrine
may be related to its significant inhibition on peripheral
BuChE activity. The behavior improvements induced by
E2020 and tacrine were correlated to less than 10% inhibition
of AChE activity in the cortex and hippocampus. These re-
sults indicate that, in addition to their ability to counteract
AF64A-induced deficit, E2020 and tacrine beneficially influ-
ence WM, though it may be dependent on the other mecha-
nisms (9,21,28).

The main disadvantages of the cholinesterase inhibitors in-
vestigated in clinical trials thus far are short duration of action
in the case of physostigmine and potential liver toxicity in the
case of the aminoacridine derivatives. The results obtained
with huperzine A suggest that the disadvantages of AChE in-
hibitors might be overcome by improving CNS selectivity and
thereby decreasing the peripheral cholinergic effects and tox-
icity. Huperzine A fits closely with the established criteria for
an ideal cholinesterase inhibitor to be used in clinical studies.
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FIG. 8. Comparison of huperzine A, E2020, and tacrine on BuChE
inhibition in rat serum in vivo. Rat blood was collected 30 min after
oral huperzine A, E2020, and tacrine, respectively. Data are
expressed as the mean 6 SEM of 4–8 animals in each group. BuChE
activity was expressed as o.d. values/g protein. Basal saline control
values of serum were 155.98 6 27.01 o.d. values/g protein for female
and 28.16 6 3.05 o.d. values/g protein for male. **p , 0.01 vs. control.
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