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huperzine A; donepezil; rivastigmine; acetyl-  Aim: To assess the effects of cholinesterase inhibitors huperzine A, donepezil
choline; dopamine; norepinephrine; 5- g4 iyadigmine on cerebral neurotransmittersin the cortex and hippocampusin
hydroxy tryptamine; Alzheimer’s diseasg; : . . . .
rats freely-movingrats. Methods: Doubl e-probe cerebral microdialysisand HPLC with
electrochemical detection were used to detect neurotransmitters. Results: Our
results showed that huperzine A (0.25, 0.5, and 0.75 umol/kg, po) dose-depen-
dently elevated extracellular acetylcholine (ACh) levelsin the medial prefrontal
cortex (mPFC) and hippocampus. Oral administration of donepezil (5.4 umol/kg) or
rivastigmine (1 pmol/kg) also dlicited significant increasesin ACh inthemPFC and
hippocampus. Thetime course of cortical acetylcholinesterase (AChE) inhibition
with the 3inhibitorsmirrored theincreases of ACh at the ssmedose. The marked
elevation of ACh after oral administration of huperzine A (0.5 pmol/kg) and
donepezil (5.4 pmol/kg) was associated with a significantly increased rel ease of
dopamine (DA) in the mPFC or hippocampus. None of the 3 inhibitors affected
norepinephrine (NE) and 5-hydroxytryptamine (5-HT) levelsin the mPFC and
hippocampus. Theeffects of huperzine A and rivastigmine did not depend on the
route of administration, but donepezil was | ess efficacious by the oral routethan
by ip injection. The ability of huperzine A to increase ACh levels was unchanged
when tests were performed after multiple oral administration of the drug at 0.5
umol/kg, once per day for 30 d. Conclusion: The present findings showed that, in
molar terms, huperzine A had similar potency on increasing mPFC ACh and DA
level s as compared to the 11- and 2-fold dosages of donepezil and rivastigmine,
respectively, and had longer lasting effects after oral dosing.
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Introduction

Alzheimer’sdisease (AD) isa dowly progressive neuro-
degenerativeillness, principally characterized by cognitive
and behavioral abnormalities. Progressive neurodegen-
eration of cholinergic system underliesin part the cognitive
deterioration of AD!. It has become increasingly evident
that the dysfunction of the central monoaminergic system,
that is, the dopaminergic, noradrenergic and serotonergic
systems, accountsfor the cognitive deficits associated with
aging and AD**%%1 - Alterationsin cholinergic function
might well interact with those in monoaminergic system to
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produce additive or even synergistic effects on AD-related
cognitive decling™. Thus, the restoration of cholinergic
and monoaminergic neurotransmission may help to amdio-
rate impaired memory in AD patients. Accordingly, drug
therapieswith multiple molecul ar targets may be requiredin
the treatment of memory dysfunction characteristic of AD™.
With thisrationale, many treatment strategies have focused
on replacement therapy for deficits of central neurotrans-
mission. Encouraging results have been obtained with cho-
linesteraseinhibitors(ChEI) aiming to amplifythe physiologi-
cal action of ACh by preventing its hydrolysisin surviving
nerveterminals of AD patients™. Theseinclude donepezil
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and rivastigmine, which have received US FDA approval.
HuperzineA, anove Lycopodiumakaloid isolated from the
Chinese herb Huperzia serrata (H serrata), is areversible,
potent and selective ChEl which has widdly been used in the
treatment of AD in China®". All of these ChEI significantly
reduce performance deficitsin a variety of learning and
memory tasksin AD patients®**. On the basis of predini-
cal and clinical studies, onewould predict that the clinical
efficacy of ChEl would corre atebest with increasesin steady-
state levels of ACh in the brain™. Moreover, previously
published sudieshaveindicated that ChEl affect extracellular
DA and NE contents and/or turnoversin thebrain of ratg™%%,
suggesting that an increase of monoaminergic activity may
be acommon feature of these drugs when extracellular ACh
metabolism is sufficiently inhibited. The positive clinical
effect of ChEI has been related to stimulation of both the
central cholinergicand monoaminergic sysems?. Therefore,
the nootropi ¢ effects of ChEl may involve monoaminergic as
well ascholinergic mechanisms. Thus, measurements of ex-
tracellular ACh and monoamine concentrationsin the central
nervous system may be a reliable way to compare the poten-
tial efficacy of various ChEl.

The cognitive deficitin AD ismost severein the memory
of recent events, that is, the working memory, whereaslong-
term declarative memory remainsrelatively intact. The cog-
nitive decline of AD has been attributed to abnormalitiesin
the cerebral cortex and the hippocampal formation™”. Be-
havioral and neurochemical studies show that in both rats
and humans, the prefrontal cortex (PFC) and hippocampus
arecritical for the working memory®#!, Drug-induced im-
provementsin theworking memory have been shown to paral-
lel an increasein ACh efflux in the hippocampus® or PFC#,
Dopaminergic transmission in the PFC and hippocampusis
asoimportant for working memory performance® and aloss
of this transmission contributes to age-related cognitive
declind®. Noradrenergic-cholinergic and serotonergic-cho-
linergic interactions at the cortical and hippocampal levels
could also be of importancein the mediation of learning and
memory processes®*, Such findings raise the question of
how about the therapeutic agents used in AD compared in
ther effects on neurotransmitter levels. We used dual-probe
intracerebral microdiays stoexamineextracd lular ACh, DA,
NE, and 5-HT in the mPFC and hippocampus of conscious
rats treated with huperzineA, donepezil and rivasigmine.

Materials and methods

Drugs Natural (-)huperzine A (colorless powder with
>98% purity) isolated from H serrata, was prepared by the
Department of Phytochemistry in our institute. Donepezil
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hydrochloride and rivastigminetartrate (both col orl ess pow-
derswith >98% purity) were prepared by the Department of
Synthetic Chemistry in our institute. Huperzine A wasdis-
solved in 0.1 mol/L HCI (final pH >4), while the other drugs
were dissolved in H,O; all werethen diluted with saline be-
foreadministration, in avolumeof 0.5 mL/kg.

Animals Male Sprague-Dawley rats (250-300 g) were
supplied by the Shanghai Experimental Animal Center, Chi-
nese Academy of Science (SPF, Certificate No 005). All pro-
cedures were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals published by the
Chinese Academy of Sciences.

Surgery and microdialysis The rats were anesthetized
with chlora hydrate (350 mg/kg, ip) andimmobilized into a
stereotaxic frame (SAS-4100, ASl). The scalp was opened to
uncover theskull. Two guidecannulas (MD-2251, Bicanaly-
tical Systemsinc, West Lafayette, IN, USA) were implanted
in theleft mPFC (coordinatesrdativeto bregma, midlineand
skull surface: A 3.2mm; L 0.3mm; V 1.7 mm) and | ft ventral
hi ppocampus(coordinates; A -5.8 mm; L 5.0 mm; V -3.6 mm)
according to a standard atlas®. The guides were then se-
cured to the skull by screws and dental cement. Following
surgery, each animal was housed individually and all owed
to recover for approximately 2 d before microdialysis.

All microdialysis experiments were carried out on
conscious, fredy-moving rats. On the day of the experiment,
the dummy stylet in the guide cannulawas replaced with a
microdialysis probe (4 mm membrane-length, 320 um outer
diameter; MD-2200, BAS). Theprobewas perfused at 1 uL/
minwith artificial cerebrospina fluid (146 mmol/L NaCl, 1.2
mmol/L CaCl,, 3mmol/L KCl, 1.0 mmal/L MgCl,, 1.9mmol/L
Na,HPO,, 0.1 mmol/L NaH,PO,, pH 7.4) without any ChEl.
After at least 90 min equilibration, dialysate samples were
automatically collected (HoneyComb fraction collector, BAS)
every 15 minintovialscontaining 1 pL aceticacid (0.1 mol/L)
to prevent oxidation of monoamines. For monoamine
determinations, the sampleswere split into equal volumesin
order to analyze catecholamines and 5-HT separately. All
sampleswere analyzed immediately or kept frozen at -80 °C
until analysis. Asa salf-control for adminigtration, animals
werepretreated with salineafter 3 basdinesamplecollections.
Test drugs were administered (oral administration or ip
injection) 45 min after the saline-trestment. The position of
the probe was verified by visual inspection at the end of
each experiment.

Drugadministration In acutetrestments, different ChEls
wereadministered (po or ip) during thein vivo microdialysis.
In chronic treatments, oral huperzine A (0.5 pmol/kg) was
administered once daily for 30 consecutive days, and surgi-
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cal procedures were carried out on d 28. During the micro-
diaysis, afinal doseof huperzineA wasgiven after 3 baseline
samplecollections.

ACh assay Themicroborehigh performanceliquid chro-
matography with eectrochemical detection (HPLC-ECD)
system consisted of a Waters 515 pump, BAS LC-26C de-
gassing system, a Rheodyne 9125 injector (Rohnert Park,
CA, USA) with 10 uL. sampleloop, andaBASLC-4C ampero-
metric detector equipped with aBAS UniJet radial-flow cell.
A microboreACh/cholineenzymereactor (50 mmx1 mmiid;
MF-8903, BAS) preloaded with AChE and choline oxidase
enzymes was placed between the microbore analytical col-
umn (530 mmx1 mmid; MF-8904, BAS) and the detector, a
UniJet glassy carbon e ectrode (3 mm, MF-1003, BAS), was
prepared with peroxidase-redox polymer solution (CF-1070,
BAS) and operated at 0 mV vsAg/AgCI reference eectrode.
Themobile phase contained 50 mmol/L Na,HPO,, 10 mmal/L
NaCl and 0.005% ProClin (CF2150, BAS) at pH 8.50. The
flow ratewas set at 130 uL/min. Thedetection limit for ACh
was 15 fmol/10 pL injection.

Monoamineassay Monoamineconcentrationsweremea:
sured on another microbore HPLC-ECD system: PM-92e
pump (BAS), BASLC-26C degassing system, Rheodyne 9125
injector with 5 nL sampleloop, BAS LC-22C temperature
controllers, and BAS L C-4C amperometric detector equipped
with aBAS UniJet radial-flow cell. Catecholamineor 5-HT
was separated on a microbore ODS column (200 mmx1 mm
id; MF-8949, BAS) at 35 °C. A UniJet glassy carbon elec-
trode (3 mm, MF-1003, BAS) was used for the detection of
catecholaminesor 5-HT at 550 mV vsAg/AgCl. Themobile
phase for DA and NE separations consisted of 0.1 mol/L
NaH,PO,, 0.5 mmol/L EDTA, 1 mmoal/L sodium octyl sulfate,
pH 3.1 and 6% acetonitrile, and was pumped at 70 pL/min.
For the determination of 5-HT, the mobile phase, at a flow
rateof 100 uL/min, was 25 mmol/L NaH,PO,, 50 mmal/L so-
diumcitrate, 27 mmol/L EDTA-Na,, 10 mmol/L diethylamine-
HCl, 10 mmoal/L NaCl, 2 mmol/L sodium decane-sulfonicacid,
pH 3.2 and acetonitrile 17.5%. Therespective detection lim-
itsfor DA, NE and 5-HT were 0.65 fmal, 0.59 fmol and 1.13
fmol per 5L injection.

Deter mination of acetylcholinester aseactivity For AChE
assay, ratswere sacrificed by decapitation after receiving ip
saline, huperzine A (0.5 pmol/kg), donepezil (4 umol/kg) or
rivagigmine (1 umol/kg) at Omin, 30min, 1h,2h,3h,and4h
time points. Asarule, these animals had not been subjected
tomicrodialysis. Cerebral PFC from theleft hemispherewas
dissected on ice and homogenized in 50 (w/v) volumes of
ice-cold sodium phosphate buffer (75 mmol/L, pH 7.0). AChE
activity in the homogenates was assayed by a modification

of the standard spectrophotometric method™ after 5 min
preincubation with 4 mmol/L tetraisopropyl pyrophos-
phoramide, a sdlective inhibitor of butyrylcholinesterase.
Reactions were then carried out in duplicate for 8 min at
37°Cinafina volumeof 4 mL containing 0.1 mL homogenate,
0.3 mmol/L acetylthiocholineiodide, and 25 mmol/L sodium
phosphate buffer, pH 7.4. Reactions were terminated by
adding 1 mL each of 3% sodium dodecyl sulfateand 0.2% 5,
5'-dithio-bis(2-nitrobenzoic) acid to produce yellow 5-thio-
2-nitro-benzoic anion, which was measured spectrophoto-
metrically at 440 nm. Protein concentration was measured
by the Coomassie brilliant blue protein-binding method us-
ing bovine serum albumin as sandard®. AChE activity was
converted to percentage of inhibition by comparison with
mean val ues obtained from the saline-treated rats.

Statistical analyss For the analysis of neurotransmitter
concentration, all results (mean+SEM) were expressed as
percentage increases over the basdline. Paired-sample t-
tests were used to assess the difference between baseline
and posti njection val ues of neurotransmitterswithin thesame
treatment group. Independent-sampl e t-tests were used to
compare the levels of AChE inhibition in the drug-treated
groups. Comparison of the area under the curve (AUC
fmol-h), integrated by neurotransmitter concentration be-
tween the different treatment groups, was performed by in-
dependent-sampl e t-tests or one-way analysis of variance
followed by Tukey’s multiple test. In addition, two-way
analysis of variance with repeated measures was used to
compare means at various times between the different treat-
ment groups. Post hoc comparisons were performed with
independent-sample t-tests. A P value of 0.05 or lesswas
considered significant.

Results

Effect of salineon levelsof neurotransmitter s Adminis-
tration of saline during microdialysis produced no signifi-
cant changeinthelevelsof ACh, DA, NE, or 5-HT collected
from the mPFC and ventral hippocampusin any tested rat.

Effectsof huperzineA, donepezil and rivastigmine on
extracellular ACh level Oral adminidration of huperzineA
caused a dose-dependent increasein ACh levelsin the mPFC
and ventral hippocampusin therats. HuperzineA produced
maximal increasesof 115%, 182%, and 307%in themPFC and
125%, 158%, and 294% in the ventral hippocampus at doses
of 0.25, 0.50, and 0.75 nmol/kg, respectively (Figure 1A,1B).
Theincreases reached their highest level within 45-75 min
and lasted about 6 h after the 0.75 umol/kg dose. The magni-
tude and duration of ACh increase in the mPFC were similar
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Figure 1. Effects of oral huperzine A on mPFC (A) and ventral
hippocampal (B) acetylcholine levels in freely-moving rats. Results
were expressed as percentage increases above baseline (average of 3
untreated points=100%). Average baseline values were 3.13+0.45
nmol/L (mPFC) and 2.57+0.86 nmol/L (hippocampus) for 0.25 pumol/
kg, 3.20+0.48 nmol/L (mPFC) and 2.33+0.23 nmol/L (hippocampus)
for 0.50 nmol/kg, 3.21+0.33 nmol/L (mPFC) and 2.00+0.42 nmol/L
(hippocampus) for 0.75 pmol/kg. Mean+SEM. n=4-5 rats. "P<0.05,
°P<0.01 vs baseline.

to those in the ventral hippocampus after equimolar doses
of huperzineA. Themaximal increasesof ACh after injecting
0.50 umol/kg, ip (159% in themPFC and 103% in theventral
hippocampus, respectively) were similar to those observed
after oral administration of the same huperzineA dose (Figure
2A,2B).

Theeffect of ora huperzineA at 0.50 umol/kgwasmatched
by oral donepezil at 45 min (211% in themPFC and 215%in
the ventral hippocampus), but thisrequired a dose that was
11-fold higher (5.4 umol/kg), and the effects lasted only 4 h
(Figure3A, 3B). LikehuperzineA, donepezil was also effec-
tiveafter ipinjection with maximal AChincreases of 200% in
the mPFC and 165% in the ventral hippocampus, 30-60 min
after the 4 nmol/kg dose (Figure 3A, 3B).

The potency of oral rivastigmine at a dose of 1 pmol/kg
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Figure 2. Comparative effects of huperzine A after oral administra-
tion or ip injection on mPFC (A) and ventral hippocampal (B) acetyl-
choline levels in freely-moving rats. Results were expressed as per-
centage increases above baseline (average of 3 untreated points=
100%). Average baseline values were 3.20+0.48 nmol/L (mPFC po),
2.97+0.47 nmol/L (mPFC ip), 2.33+0.23 nmol/L (hippocampus po),
1.94+0.41 nmol/L (hippocampus ip). Mean+SEM. n=4-5 rats.
5P<0.05, °P<0.01 vs baseline.

was similar to huperzineA (0.5 pmol/kg, po), with maximal
ACh increasesat 30-60 min of 148% in the mPFC and 166%
in the ventral hippocampus, respectively (Figure 4A, 4B).
The effects of rivastigmine, however, lasted only about 2 h.
Aswith huperzineA, ip and oral administration were equi-
effective at the same dose (Figure 4A, 4B).

Thetime courses of huperzine A, donepezil, and rivastig-
minein equi-effectiveoral doses areshown in Figure5. The
difference between each of the drug-treated groups was sig-
nificant [F(2,357)=10.73, P<0.01]. Comparison of theeffects
between oral huperzine A and donepezil or rivastigmine
showed significant differences after 4.5 h. TheAUC inte-
grated by ACh concentrations after huperzine A was greater
than that after donepezil (P>0.05) and rivastig-mine (P<
0.05); oral huperzine A showed alonger lagting effect.

The peak increase of ACh levelsin the mPFC coincided
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Figure 3. Comparative effects of donepezil after oral administra-
tion or ip injection on mPFC (A) and ventral hippocampal (B) ace-
tylcholine levels in freely-moving rats. Results were expressed as
percentage increases above baseline (average of 3 untreated points=
100%). Average baseline values were 2.99+0.88 nmol/L (mPFC po),
2.94+0.72 nmol/L (mPFC ip), 2.15+0.03 nmol/L (hippocampus po)
and 1.94+0.26 nmol/L (hippocampus ip). Mean+SEM. n=4-5 rats.
5P<0.05, °P<0.01 vs baseline.
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Figure 4. Comparative effects of rivastigmine after oral adminis-
tration or ip injection on mPFC (A) and ventral hippocampal (B)
acetylcholine levelsin freely-moving rats. Results were expressed as
percentage increases above baseline (average of 3 untreated points=
100%). Average baseline values were 2.79+0.36 nmol/L (mPFC po),
2.99+0.73 nmol/L (mPFC ip), 2.16+0.43 nmol/L (hippocampus po),
2.08+0.53 nmol/L (hippocampus ip). Mean+SEM. n=4-5 rats.
5P<0.05, °P<0.01 vs baseline.

Figure 5. Comparative effects of oral huperzine A (0.50 nmol/kg),
donepezil (5.4 nmol/kg) and rivastigmine (1 nmol/kg) on mPFC acetyl-
choline levels in freely-moving rats.
under the curve (AUC) integrated by acetylcholine concentrations after
oral administration of huperzine A (0.50 nmol/kg), donepezil (5.4 nmol/
kg) and rivastigmine (1 nmol/kg). Mean+SEM. n=4-5 rats. °P<0.05, ‘P
<0.01 vs huperzine A group.

Inset: Comparison of the area
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withthe peak inhibition of AChE after ipinjection of huperzine
A (0.5 pmol/kg), donepezil (4 pmol/kg) and rivastigmine (1
umol/kg). Doses of huperzine A and donepezil that caused
similar increases of ACh level s also caused similar degrees
of AChE inhibition (Figure6). Rivastigmine, however, caused
at least 3 timesmore AChE inhibition than the other 2 drugs,
at comparable levels of ACh increase.

300 c
b —+— Huperzine A 0.5 pmol/kg

—5— Donepezil 4 pmol/kg
—&— Rivastigmine 1 pmol/kg

250 ¢
200
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Acetylcholine/
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50 Time after medication/h

Figure 6. Comparative effects of huperzine A (0.50 pmol/kg),
donepezil (4 umol/kg) and rivastigmine (1 pmol/kg) on mPFC acetyl-
choline levels and PFC acetylcholinesterase activity in rats after ip
injection. Basal saline control acetylcholinesterase value was 36+2
nmol'min*-mg™ protein. Mean+SEM. n=4-5 rats. "P<0.05, °P<0.01
vs baseline by paired-sample t-tests; "P<0.05, 'P<0.01 vs saline con-
trol by independent-sample t-tests.

No cholinergic side effect was observed for any tested
dosage of huperzineA or rivastigmine. However, the effects
of donepezil (5.4 umoal/kg, po or 4 umoal/kg, ip) were accom-
panied by appreciable cholinergic signs, mainly muscle
fasciculation.

Effectsof huperzineA, donepezil and rivastigmine on
extracd lular monoaminelevels HuperzineA (0.50 umol/kg,
po) significantly increased DA levelsby 112% in the mPFC
and 89% in the ventral hippocampus at 30-45 min after
administration, respectively, with the effect on the mPFC
lasting 60 min (Figure 7A, 7B). Similar maximal increasesof
DA leve sin themPFC occurred at 45 min after oral adminis-
tration of donepezil (5.4 pmol/kg, 92%) and rivastigmine (1
umol/kg, 106%) (Figure 7A). However, neither donepezil (5.4
pumol/kg, po) nor rivastigmine (1 pmol/kg, po) induced con-
sistent changesin DA levelsin the ventral hippocampus
(Figure 7B). Despitethis, therewasno significant difference
between the different drug-treated groups [F(2,228)=0.79,
P>0.05, in themPFC and F(2,228)=0.26, P>0.05, intheventral
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Figure 7. Comparative effects of oral huperzine A (0.50 umol/kg),
donepezil (5.4 pmol/kg) and rivastigmine (1 pmol/kg) on DA levelsin
mPFC (A) and ventral hippocampus (B) in freely-moving rats. Re-
sults were expressed as percentage increases above baseline (average
of 3 untreated points=100%). The average baseline values for
huperzine A were 0.29+0.13 nmol/L (mPFC), 0.26+0.02 nmol/L
(hippocampus); for donepezil, 0.37+0.07 nmol/L (mPFC), 0.23+
0.03 nmol/L (hippocampus); for rivastigmine, 0.31+0.06 nmol/L
(mPFC), 0.29+0.10 nmol/L (hippocampus). Mean+SEM. n=4-5
rats. "P<0.05 vs baseline by paired-sample t-tests.

hippocampus).

Huperzine A (0.50 umol/kg, po) caused minor eevation
of extracdlular NEinthemPFC (42%) and ventral hippocam-
pus (48%) in rats (Figure 8A, 8B), but with no statistical
significance. A comparably weak and transient increase of
NE leve sin the mPFC (39%) was observed 30 min after oral
donepezil administration (5.4 umol/kg) (Figure 8A), while
rivastigmine (1 umol/kg, po) caused no effectsat all (Figure
8A, 8B). Basdinelevelsof 5-HT werereadily measurablein
themPFC (1.8+0.2 nmol/L) and ventral hippocampus(1.3+0.1
nmol/L). Thistransmitter, however, was even moreresisant
tochangeand did not respond to oral administration of huper-
zineA (0.50 umoal/kg), donepezil (5.4 umol/kg) or rivastigmine
(1 umol/kg) (datanot shown).

Effect of huperzine A on extracellular ACh levelsin
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Figure 8. Comparative effects of oral huperzine A (0.50 umol/kg),
donepezil (5.4 pmol/kg) and rivastigmine (1 umol/kg) on NE levelsin
mPFC (A) and ventral hippocampus (B) in freely-moving rats. Re-
sults were expressed as percentage increases above baseline (average
of 3 untreated points=100%). The average baseline values for huper-
zine A were 3.01+0.98 nmol/L (mPFC), 1.80+0.09 nmol/L (hippo-
campus); for donepezil, 2.69+0.87 nmol/L (mPFC), 2.98+0.48 nmol/L
(hippocampus); for rivastigmine, 2.21+0.29 nmol/L (mPFC), 2.09+0.53
nmol/L (hippocampus). Mean+SEM. n=4-5 rats.

chronic experiment Inorder todetermineif tolerance devel-
oped after repeat administration, 1 group of rats was sub-
jected to daily oral doses of huperzine A for 30 consecutive
days (0.5 umal/kg). A final dose during microdialyssraised
ACh levels over aperiod of 6 h, with maximal increases of
159% in the mPFC and 124% in the ventral hippocampus,
respectively (Figure 9A, 9B). The AUC integrated by ACh
concentrations in the mPFC or ventral hippocampus after
administration showed no significant differences between
singleand multiple oral huperzineA. In fact, the responses
to huperzineA in naive and chronically-treated ratswere not
significantly different.

Discussion

The present study utilized a sensitive microdialysis sys-

-1 0 1 2 3 4 5 6
Time after medication/h

Figure 9. Comparative effects of single and multiple oral adminis-
tration of huperzine A on mPFC (A) and ventral hippocampal (B)
acetylcholine levelsin freely-moving rats. Results were expressed as
percentage increases above baseline (average of 3 untreated points=
100%). The average baseline values were 2.79+0.67 nmol/L (mPFC)
and 1.74+0.31 nmol/L (hippocampus) for multiple administration,
3.20+0.48 nmol/L (mPFC) and 2.33+0.23 nmol/L (hippocampus)
for single administration of huperzine A. Inset: Comparison of the
area under the curve (AUC) integrated by acetylcholine concentra-
tions after single and multiple oral administration of huperzine A.
MeantSEM. n=4-5 rats.

tem that detects femtomolar amounts of extracellular ACh
with no need for ChEl in the probe itself to prevent ACh
degradation. Our results provide the direct evidence that
huperzineA enhancestheleved s of ACh and DA in the cortex
and hippocampus. We also found that these enhancing
effectswere superior to those of donepezil and rivastigmine
in equimolar doses. Theseresultsare consistent with previ-
ous studies, in which oral huperzine A was more effective
than donepezil in alleviating working memory deficitsinduced
by cholinergic lesions®?. Thus, neurobehavioral efficacy
appears to correlate with efficacy in eevating brain neu-
rotransmitter leves.

In this study, huperzine A increased ACh levels in the
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mPFC and ventral hippocampustoasimilar degree, whilea
previous study reported considerable regional variation'>.
Improved methodol ogy may explain the discrepancy, since
intracerebral microdialysisin freely-moving rats represents
physiological conditions more closaly than techniques based
on post-mortem sampling.

The present results show that the increase of extracellu-
lar ACh following ChEIl administration was mirrored by a
decrease in brain AChE activity. However, in doses that
caused the same enhancement of ACh levds, rivastigmine
appeared to cause 3 times more AChE inhibition than the
other 2 inhibitors. Kosasaet al® reported asimilar differ-
ence. In fact, the divergent outcomes are likdy to reflect
different modes of action at the active site of AChE. Tissue
dilution during homogenization and assay will reduce the
inhibition by apurdy reversible ChEl such ashuperzineA or
donepezil. In contrast, dilution effects develop more dowly
with rivastigmine, where enzyme recovery invol ves regen-
eration of a carbamylated active site®. Measurements of
cholinesterase inhibition therefore underestimate the effects
of reversibleinhibitors™®. In reality, the AChE inhibition by
huperzine A or donepezil in vivo was probably greater than
wemeasured ex vivo. Overall, extracelular ACh concentra-
tion measured by microdialysisis morereliable than AChE
assays as an index of the functional activity of cholinergic
systems in the brain and the response of these systems to
theinhibitor.

Neuropharmacological findingsin cognitive tasks docu-
ment dopaminergic effects on cognitive performancg™. The
activity of cortical projections from the nucleus basalis is
regulated in an excitatory manner by central dopaminergic
neurons’®. Thereis evidence that DA in the PFC contrib-
utes to information storage, particularly for the working
memory™. Dopaminergic transmission in the hippocampus
may likewise modulate spatial memory processing™. Inlight
of these findings, it is not surprising that enhancement of
dopaminergic function improves rodent performancein cog-
nitivetestd®¥. Therefore, theindirect effects of huperzine A
on dopaminergic systems may congtitute a significant ad-
vantagefor patientswith AD, adisorder in which the dopam-
inergic system isimpaired along with cholinergic pathways.

In contrast with the effects on DA, huperzineA, donepezil
and rivastigmine did not affect cortical or hippocampal NE
and 5-HT levels. A previoudly published study showed that
huperzineA induced an increased NE release at a high dosg™),
whereas we failed to observe s gnificant changes of NE level
after alow dose of huperzine A. No effect on 5-HT by the 3
inhibitors matched the findings with the other tested ChEI™.
Evidently, cholinergic systems exert much weaker effectson
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serotonergic activity than catecholaminergic activity in the
cortex and hippocampus.

Thekey principleof indirect cholinomimetic therapy with
ChEl isto reduce ACh breakdown in the central nervous
system by inhibiting AChE. ChEl-induced increasein DA
level may reflect increased subcortical actionsof extracellu-
lar AChi®, The different effects of the 3 inhibitors on neu-
rotransmitters may relate to differences in a number of
features, including actions on AChE, rates of dissociation
from the inhibited enzyme, rates of metabolism and rates of
release of active compounds. Computer-assisted docking
studies and X-ray crystallography have shown that binding
todifferent sitesand utilization of different inhibitory mecha-
nisms appear to explain thegreater sdectivity of huperzineA
for AChE compared with donepezil %,

Rivastigmine is a pseudo-irreversible, carbamate-based
ChEI"™, which behaves kinetically and structurally as a poor
substrate for AChE®™. Our findings are consistent with a
previous report™® that found that rivastigmine affected brain
ACh concentration with greater potency than donepezil or
tacrine, but more briefly. Such findings may reflect the dif-
ferent modes of action. However, the short time course of
rivastigmine is contrary to expectations since regeneration
of carbamylated enzyme is inherently slower than desorp-
tion of a reversible agent-like huperzine A and donepezil.
Further research is needed to clarify the relative importance
of enzyme regeneration and ChEI metabolism in determining
the duration of ACh elevation.

It iswell established that some ChEI dicit tolerance®.
Previous results have shown that the response to certain
agents, especially tacrine, diminishes considerably after a
second injection. Selective down-regulation of muscarinic
receptors reduces the efficacy of long-term treatment with
tacrinein AD™. In contrast, the present results show no
significant decay in the magnitude of ACh elevations after
chronic treatment with huperzine A. These data arein ac-
cord with earlier results with regard to AChE inhibition'®
and the attenuation of scopolamine-induced amnesia™. The
lack of tolerance to the therapeutic effect may be important.
Combined with the effects on multiple neurotransmitter
systems, the ability of huperzine A to continue evoking in-
creasesin cerebral ACh during chronic administration should
be clinically advantageous for improving cognitive function
inAD.
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