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Abstract. The present study was designed to evaluate the 
effects of steady and fluctuant inhibition of acetylcholinesterase 
(AChE) activity on neurotrophic factors in the hippocampus 
of juvenile mice. Steady inhibition of AChE activity was 
induced by an intramuscular injection of huperizine A (HupA) 
sustained-release microspheres. Fluctuant inhibition of AChE 
activity was induced by an intragastric administration of HupA 
tablets. Six days after cessation of steady AChE inhibition, 
there was a significant increase in the levels of brain-derived 
neurotrophic factor (BDNF) and nerve growth factor (NGF). 
In contrast, fluctuant AChE inhibition had no effect on BDNF 
and NGF levels. Additionally, neither steady nor fluctuant inhi-
bition of AChE activity altered the choline acetyltransferase 
activity or spatial learning in juvenile mice. These findings 
indicate that steady and fluctuant methods of inhibition of 
AChE have different effects on the levels of BDNF and NGF 
in the hippocampus. In addition, the effects of AChE inhibi-
tors may not improve learning in normal juvenile animals.

Introduction

Previous studies have demonstrated that the major components 
of the cholinergic system, such as acetylcholinesterase (AChE), 
acetylcholine (ACh) and choline acetyltransferase (ChAT), are 
closely associated with important biological events, including 
neuronal maturation and plasticity, axon guidance, regulation 
of gene expression, and cell survival (1). Brain-derived neuro-
trophic factor (BDNF) and nerve growth factor (NGF) are 
neurotrophic agents that support the growth, differentiation 
and survival of neurons (2). The reciprocal regulation of NGF 

and BDNF in hippocampal neurons by cholinergic activity and 
the release of ACh from presynaptic nerve terminals by neuro-
trophins represent a novel positive mechanism for controlling 
synaptic efficiency in the cholinergic system (3).

AChE plays a key role in terminating the synaptic action 
of ACh at cholinergic synapses (1). Inhibition of AChE can 
result in the potentiation of central cholinergic activity by 
increasing the amount of ACh available for neurotransmission. 
Huperzine A (HupA), a Lycopodium alkaloid isolated from the 
Chinese medicinal herb Huperzia serrata, is a potent, specific 
and reversible AChE inhibitor. It is an important regulator of 
cholinergic signaling in the hippocampus (4). Previous studies 
have reported that HupA inhibition of AChE activity in the 
brain lasts for approximately 6 h and that there is a wide fluc-
tuation between peaks and troughs after oral administration 
of a HupA tablet (HT) (5,6). A recent study from our labora-
tory indicated that after an intramuscular injection of HupA 
sustained-release microspheres (HSMs) in mice, the plasma 
concentration of HupA reached a maximum on the 4th day and 
then slowly decreased until the drug was undetectable in plasma 
on the 12th day. The AChE activity continued to be significantly 
inhibited on the 14th day after treatment with HSM (7,8).

The changes induced by treatment of AChE inhibitors 
in the central cholinergic system have been widely studied 
in aged brain tissue. However, little research has evaluated 
neurobiological changes, particularly changes in the levels 
of neurotrophic factors associated with AChE activity, in 
the cholinergic system of the hippocampus in normal juve-
nile mice. As the brain of juvenile animals is vulnerable to 
neuroactive chemicals during multiple developmental roles of 
neurotransmitters, the immature nervous system may be more 
susceptible to AChE inhibitors (9). A few studies have reported 
that AChE inhibitors, such as donepezil or organophosphates, 
can activate the central cholinergic transmission and enhance 
the expression of neurotrophic factors (10). However, previous 
studies investigated the effects of AChE inhibitors that provide 
fluctuant inhibition, but not steady inhibition, of AChE activity.

The hippocampus receives an abundance of projections 
from cholinergic neurons of the medial septum. The central 
cholinergic pathway in the hippocampus plays a critical role 
in regulating numerous vital functions, including memory, 
learning and movement (11). The present study investigated 
whether steady versus fluctuant methods of AChE inhibition 
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has different effects on the cholinergic system and neuro-
trophic factor levels in the hippocampus of juvenile mice. In 
addition, the effect of AChE inhibitors on learning in juvenile 
mice was evaluated.

Materials and methods

Animals. Juvenile (2-week-old) male Swiss mice were 
purchased from the Experimental Animal Center of the 
Shandong Engineering Research Center for Natural Drugs 
(Yantai, Shandong, China). Animals were housed in a climate-
controlled room, maintained on a 12-h light cycle, and given 
food and water ad libitum. The Institutional Animal Care and 
Use Committee approved the study protocols. The animals 
were maintained according to the Guidelines for the Care and 
Use of Laboratory Animals of Yantai University. All efforts 
were made to minimize the number of animals used and to 
minimize their suffering.

Drug dosing schedule. Sixty-three mice were randomly divided 
into the following three groups (n=21 in each group): vehicle 
group (VEH), HT group (0.2 mg/kg/day), and HSM group 
(3 mg/ kg/ 15 days). The mice in the VEH group were given sodium 
carboxymethyl cellulose. HTs (Henan Tailong Pharmaceutical 
Co., Ltd., Zhengzhou, Henan, China) were dissolved in 2.5% 
(w/v) sodium carboxymethyl cellulose and were given intragas-
trically in a volume of 0.2 ml/10 g body weight daily. HSMs 
(Luye Pharmaceutical Co., Yantai, Shandong, China) were 
dissolved in 2.5% (w/v) sodium carboxymethyl cellulose and 
injected intramuscularly in a volume of 0.1 ml/10 g body weight 
(HSM group). To induce steady inhibition of AChE, the HSM 
group was dosed on the 1st, 16th and 31st day. To induce fluc-
tuant inhibition of AChE, the HT group was dosed daily for 
45 days. The dosages of HupA were determined by previous 
studies of Tang et al (5). In addition, the dosages of HSM were 
designed according to the pharmacokinetics and pharmacody-
namics of HSM reported by Chu et al (7).

Morris water maze task. After a 45-day course of drug treat-
ment, the spatial learning ability of the mice was measured 
using the Morris water maze for 6 days (Institute of Materia 
Medica, Academy of Medical Science, China). Before initi-
ating the Morris water maze test, the mice were allowed to 
swim freely in a pool of water (diameter, 90 cm; depth, 19 cm; 
temperature, 26±1˚C) for 60 sec without an escape platform. 
Afterward, a platform (diameter, 5 cm) was placed 1 cm below 
the surface of the water. Learning consisted of 4 trials/day 
for 5 consecutive days. In each trial, the starting location was 
randomized to 1 of 4 starting positions (north, east, south or 
west), and the latency to escape onto the platform was recorded. 
Mice that were unable to find the platform within 60 sec were 
placed on the platform for 20 sec, and their escape latency was 
recorded as 60 sec. An automated tracking system analyzed 
the swim path of each subject, and the mean escape latency 
was calculated (the time between being placed in the water and 
finding the hidden platform).

Biochemical analyses. The mice were sacrificed by decapita-
tion 6 days (the duration of the Morris water maze test) after the 
45-day course of treatment. The hippocampus was separated on 

ice and homogenized with ice-cold saline to yield a 10% (w/v) 
homogenate. The homogenate was centrifuged at 3,500 x g for 
10 min at 4˚C, after which the supernatant was stored at -80˚C 
until subsequent analyses. The total protein concentration was 
estimated by a previously described method (12).

AChE activity was determined according to the methods 
of Ellman et al (13). ChAT activity was determined using the 
spectrometric method of Chao and Wolfgram (14) with assay 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). The absorption of the final solution was measured via 
an automated ELISA reader (Synergy HT, USA). The levels 
of BDNF and NGF in the hippocampus were measured using 
ELISA assay kits (R&D Systems, Inc., Minneapolis, MN, 
USA) according to the manufacturer's protocol. The minimum 
detection limits of the kits are 3 ng/ml for BDNF and 15 pg/ ml 
for NGF. Each sample was analyzed in duplicate.

Statistical analyses. Data were analyzed using statistical 
product and service solutions (SPSS 13.0) computer software 
(SPSS, Inc., Chicago, IL, USA). The main treatment effect on 
the escape latency was analyzed using analysis of variance 
(ANOVA) with repeated measures. Fisher's least significant 
difference Post-hoc test was used to test the differences between 
groups. One-way ANOVA was used to analyze the biochemical 
data. A P-value <0.05 was considered to represent a statisti-
cally significant difference. All values are presented as the 
mean ± SEM.

Results

Effects of HTs and HSMs on AChE activity in the hippo-
campus. Compared with vehicle treatment, AChE activity in 
HT-treated mice did not change significantly (P>0.05), while 
HSM-treated mice had a significant decrease in AChE activity 
(P<0.01) (Fig. 1).

Effects of HTs and HSMs on BDNF and NGF levels in the 
hippocampus. Compared with vehicle-treated mice, there 
were no differences found in BDNF and NGF levels in the 
HT-treated mice. However, treatment with HSMs resulted in a 
significant increase in BDNF and NGF levels (P<0.05) (Fig. 2).

Figure 1. Effects of HT and HSM on AChE activity in the mouse hippo-
campus. HT treatment had no effect on AChE activity when compared with 
vehicle treatment. However, AChE activity in the mice treated with HSM 
significantly decreased when compared with mice treated with vehicle. Data 
are presented as the mean ± SEM, n=7 mice/group. **P<0.01 compared to the 
vehicle-treated group.
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Effects of HTs and HSMs on ChAT activity in the hippo-
campus. The effects of HTs and HSMs on ChAT activity in 
the hippocampus of juvenile mice are shown in Fig. 3. The 
data revealed that neither HT nor HSM had a significant effect 
on ChAT activity (P>0.05).

Effects of HTs and HSMs on escape latency in juvenile mice. 
ANOVA revealed a significant effect of the testing day on escape 
latency within the groups (F=548.86; P<0.01), suggesting that 
all mice effectively improved their spatial learning across the 
5-day training period. However, no significant main treatment 
effect on escape latency was found (F (2,40) =0.315; P>0.05), 
demonstrating that neither fluctuant nor steady inhibition of 
AChE had any effect on spatial learning in juvenile mice 
(P>0.05) (Fig. 4).

Discussion

AChE is found in presynaptic (cholinergic) and postsynaptic 
(cholinoceptive) components of the central cholinergic path-
ways, where it terminates the synaptic action of ACh (1). 
The AChE inhibition provided by AChE inhibitors should 
strengthen the ACh effect by allowing more ACh molecules to 
bind to the nicotinic and muscarinic ACh receptors, leading to 
the activation of downstream signaling pathways.

As an AChE inhibitor, HupA was rapidly absorbed and 
eliminated in vivo after an oral administration of HT; thus, 

the plasma concentration of HupA was fluctuant. However, 
previous experiments in vivo demonstrated that HSM in mice 
can maintain a steady-state HupA concentration for 14 days 
after a single intramuscular administration of HSM (7). Thus, 
HT and HSM treatments can provide steady and fluctuant 
cholinergic stimulation, respectively.

The present study revealed that AChE activity was 
still significantly inhibited 6 days after HSM treatment. 
Furthermore, no marked changes were found in the HT group 
compared with the VEH group. The results indicate that the 
steady versus fluctuant AChE inhibition exerted different 
effects on AChE activity in the hippocampus.

BDNF and NGF provide trophic support to cholinergic 
neurons that project mainly to the hippocampus and the 
cortex. It has been demonstrated that NGF levels critically 
regulate cholinergic neuron size, cholinergic hippocampal 
innervation, and neurochemical differentiation during devel-
opment (15,16). In addition, BDNF can increase the size of 
cholinergic neurons and the maturation of cholinergic projec-
tions to the hippocampal formation (17). Most importantly, it 
has been reported that in the hippocampus, there is positive 
feedback between cholinergic activity and neurotrophins, such 

Figure 2. Effects of HTs and HSMs on BDNF and NGF levels in the hippocampus. (A) There was no difference in BDNF levels in the HT-treated mice 
compared with vehicle-treated mice. However, treatment with HSMs resulted in a significant increase in BDNF levels. Data are presented as the mean ± SEM,  
n=7 mice/ group. *P<0.05 compared with the vehicle-treated group. (B) No difference was found in NGF levels in the HT-treated mice compared with 
vehicle-treated mice, but treatment with HSM resulted in a significant increase in NGF levels. Data are presented as the mean ± SEM; n=7 mice/group. *P<0.05 
compared with vehicle-treated group.

Figure 3. Effects of HTs and HSMs on ChAT activity in the mouse hippo-
campus. Neither HT nor HSM had a significant effect on ChAT activity when 
compared with vehicle treatment. Data are presented as the mean ± SEM;  
n=7 mice/group.

Figure 4. Effects of HTs and HSMs on escape latency in the Morris water 
maze test. The HSM group had the steepest learning curve, followed by the 
HT group, while the VEH group took the longest to learn how to escape. 
However, both the HT group and the HSM group exhibited no significant 
difference in finding the hidden platform when compared with the vehicle 
group. Data are presented as the mean ± SEM; n=21 mice/group.
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as NGF and BDNF (17,18). In the central cholinergic system, 
studies of conventional AChE inhibitors have demonstrated 
that fluctuant inhibition of AChE can upregulate the expres-
sion of BDNF and NGF in the hippocampus (19,20). In the 
present study, 6 days after withdrawal of steady and fluc-
tuant AChE inhibition, the levels of BDNF and NGF in the 
hippocampus were investigated. Both BDNF and NGF levels 
increased after the steady inhibition of AChE in HSM-treated 
mice. In contrast, BDNF and NGF levels did not show any 
significant changes after the fluctuant inhibition of AChE in 
HT-treated mice. These results differ from previous studies, 
which concluded that AChE inhibitors increase neurotrophic 
factors levels (18,20-22). Regarding the contradictory results, 
it must be noted that the neurotrophic factor levels in the 
previous studies were measured immediately (4 to 24 h) after 
administration of AChE inhibitors. Our findings demonstrated 
that steady AChE inhibition caused a long-term increase in the 
levels neurotrophic factors in the hippocampus. The present 
study also indicated a consistent correlation between low 
AChE activity and the levels of BDNF and NGF.

ChAT, an enzyme that catalyzes the biosynthesis of ACh, 
has been used as a specific marker for cholinergic neurons (23). 
The chronic administration of AChE inhibitors may modify 
the ACh recycling pathway. However, neither the HSM group 
nor the HT group showed any alterations in ChAT activity in 
the hippocampus. The absence of changes in ChAT activity 
may be attributed to other components of the cholinergic 
system, which need to be investigated further.

AChE inhibitors can improve cognitive function in 
dementia animals with cholinergic dysfunction. However, 
it is unknown whether AChE inhibitors affect learning and 
memory in normal juvenile animals. Using the Morris water 
maze test, the present study demonstrated that compared with 
the VEH group, mice in the HT and HSM groups did not show 
any improvement in learning. These results suggest that the 
actions of AChE inhibitors on learning differ between normal 
and dementia model mice.

In conclusion, the present study indicated that steady AChE 
inhibition leads to a decrease in AChE activity and an increase 
in BDNF and NGF levels in the hippocampus. However, 
fluctuant AChE inhibition did not increase the BDNF or NGF 
levels. The present findings also suggest that AChE inhibitors 
do not improve learning in normal juvenile mice.

Acknowledgements

This study was supported by the 11th Five-Year Key 
Program for Science and Technology Development of China 
(no. 2009ZX09102-125). The authors also thank Professor 
Lon Clark for the English language revision.

References

  1. Abreu-Villaca Y, Filgueiras CC and Manhaes AC: Developmental 
aspects of the cholinergic system. Behav Brain Res 221: 367-378, 
2010.

  2. Bothwell M: Functional interactions of neurotrophins and neuro-
trophin receptors. Annu Rev Neurosci 18: 223-253, 1995.

  3. Knipper M, da Penha Berzaghi M, Blochl A, Breer H, Thoenen H 
and Lindholm D: Positive feedback between acetylcholine and 
the neurotrophin nerve growth factor and brain-derived neuro-
trophic factor in the rat hippocampus. Eur J Neurosci 6: 668-671, 
1994.

  4. Wang R, Yan H and Tang XC: Progress in studies of huperzine A, 
a natural cholinesterase inhibitor from Chinese herbal medicine. 
Acta Pharmacol Sin 27: 1-26, 2006.

  5. Tang XC, De Sarno P, Sugaya K and Giacobini E: Effect of 
huperzine A, a new cholinesterase inhibitor, on the central 
cholinergic system of the rat. J Neurosci Res 24: 276-285, 1989.

  6. Ye JC, Zeng S, Zheng GL and Chen GS: Pharmacokinetics of 
huperzine A after transdermal and oral administration in beagle 
dogs. Int J Pharm 356: 187-192, 2008.

  7. Chu D, Tian J, Liu W, Li Z and Li Y: Poly(lactic-co-glycolic 
acid) microspheres for the controlled release of huperzine A: 
in vitro and in vivo studies and the application in the treatment 
of the impaired memory of mice. Chem Pharm Bull (Tokyo) 55: 
625-628, 2007.

  8. Wang C, Zhang T, Ma H, Liu J, Fu F and Liu K: Prolonged 
effects of poly(lactic-co-glycolic acid) microsphere-containing 
huperzine A on mouse memory dysfunction induced by scopol-
amine. Basic Clin Pharmacol Toxicol 100: 190-195, 2007.

  9. Slotkin TA: Cholinergic systems in brain development and 
disruption by neurotoxicants: nicotine, environmental tobacco 
smoke, organophosphates. Toxicol Appl Pharmacol 198: 132-151, 
2004.

10. Kotani S, Yamauchi T, Teramoto T and Ogura H: Donepezil, 
an acetylcholinesterase inhibitor, enhances adult hippocampal 
neurogenesis. Chem Biol Interact 175: 227-230, 2008.

11. Coyle JT, Price DL and DeLong MR: Alzheimer's disease: 
a disorder of cortical cholinergic innervation. Science 219: 
1184-1190, 1983.

12. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ: Protein 
measurement with the Folin phenol reagent. J Biol Chem 193: 
265-275, 1951.

13. Ellman GL, Courtney KD, Andres V Jr and Feather-Stone RM: 
A new and rapid colorimetric determination of acetylcholines-
terase activity. Biochem Pharmacol 7: 88-95, 1961.

14. Chao LP and Wolfgram F: Spectrophotometric assay for choline 
acetyltransferase. Anal Biochem 46: 114-118, 1972.

15. Yuen EC, Howe CL, Li Y, Holtzman DM and Mobley WC: Nerve 
growth factor and the neurotrophic factor hypothesis. Brain Dev 
18: 362-368, 1996.

16. Crowley C, Spencer SD, Nishimura MC, et al: Mice lacking nerve 
growth factor display perinatal loss of sensory and sympathetic 
neurons yet develop basal forebrain cholinergic neurons. Cell 76: 
1001-1011, 1994.

17. Ward NL and Hagg T: BDNF is needed for postnatal maturation 
of basal forebrain and neostriatum cholinergic neurons in vivo. 
Exp Neurol 162: 297-310, 2000.

18. Da Penha Berzaghi M, Cooper J, Castren E, et al: Cholinergic 
regulation of brain-derived neurotrophic factor (BDNF) and 
nerve growth factor (NGF) but not neurotrophin-3 (NT-3) 
mRNA levels in the developing rat hippocampus. J Neurosci 13: 
3818-3826, 1993.

19. Lindefors N, Ernfors P, Falkenberg T and Persson H: Septal 
cholinergic afferents regulate expression of brain-derived 
neurotrophic factor and beta-nerve growth factor mRNA in rat 
hippocampus. Exp Brain Res 88: 78-90, 1992.

20. Betancourt AM, Filipov NM and Carr RL: Alteration of neuro-
trophins in the hippocampus and cerebral cortex of young rats 
exposed to chlorpyrifos and methyl parathion. Toxicol Sci 100: 
445-455, 2007.

21. French SJ, Humby T, Horner CH, Sofroniew MV and Rattray M: 
Hippocampal neurotrophin and trk receptor mRNA levels are 
altered by local administration of nicotine, carbachol and pilo-
carpine. Brain Res Mol Brain Res 67: 124-136, 1999.

22. Tang LL, Wang R and Tang XC: Effects of huperzine A on 
secretion of nerve growth factor in cultured rat cortical astrocytes 
and neurite outgrowth in rat PC12 cells. Acta Pharmacol Sin 26: 
673-678, 2005.

23. Oda Y: Choline acetyltransferase: the structure, distribution and 
pathologic changes in the central nervous system. Pathol Int 49: 
921-937, 1999.


