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Abstract

Background: Cycloheximide (CXM), an antifungal antibiotic, causes impaired memory consolidation as a side effect partially by dis-
turbing the activities of the central catecholaminergic and cholinergic system. Some reports indicated that puerarin prevented memory
impairment in various models in rodents. However, the protective effects of puerarin on the side effects of cycloheximide for memory
consolidation impairment have not yet been investigated. Methods: The protective effects of puerarin on CXM-induced memory-
consolidation impairment, and memory impairment produced by central administration of AF64A neurotoxin, were investigated using
a passive avoidance task in rats. A combination of transmitter receptor agonists and antagonists was used to explore the effects of
puerarin on nervous system function. The activity of antioxidant defense systems and neurotransmitter systems in the prefrontal cortex
and hippocampus were assayed. Results: Systemic (25 and 50 mg/kg, i.p.) or central (5 and 10 pg/brain, i.c.v.) administration of
puerarin attenuated CXM-induced memory-consolidation impairment produced by 1.5 mg/kg CXM (s.c.) in rats. The improvements
produced by 50 mg/kg puerarin were blocked by cholinergic antagonists, a 5-HT2 receptor agonist, and an adrenergic receptor antago-
nist. Puerarin (only at 50 mg/kg, i.p.) reversed the CXM-induced alterations of the levels of norepinephrine in the prefrontal cortex and
the levels of monoamines in the hippocampus. Puerarin also increased antioxidant-defense-system activities in the prefrontal cortex and
hippocampus, which had been decreased by CXM. Conclusions: We suggested that the attenuating effects of puerarin on CXM-induced
memory-consolidation impairment may be due to decrease oxidative damage and the normalition of the neurotransmitter function in the

prefrontal cortex and hippocampus.
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1. Introduction

Memory loss, including anterograde and retrograde
amnesia, is the first and major symptom in Alzheimer’s dis-
ease (AD). Anterograde amnesia is characterized by an in-
ability to learn new things and happens in the early stages of
memory loss. Retrograde amnesia is characterized by loss
of memory for information acquired before the onset of am-
nesia and almost always occurs in association with antero-
grade amnesia. Retrograde amnesia is closely connected to
the loss of memory consolidation. It is currently well estab-
lished that memory consolidation and long-lasting synaptic
plasticity require the synthesis of new proteins [1]. Some
studies [2,3] have pointed out that antibiotics such as ani-
somycin, puromycin and cycloheximide (CXM) have the
side effect of causing memory loss by blockading protein
synthesis. CXM has been shown to produce impairment of
memory consolidation and to produce retrograde amnesia
in various behavioral paradigms in rodents. Furthermore,
memory consolidation is also associated with the activa-
tion of receptor-linked enzymes through neurotransmitters
such as acetylcholine, dopamine and serotonin, which are
responsible for the synthesis of intracellular and intercel-

lular proteins [4,5]. Nabeshima et al. [6—8] indicated that
CXM treatment caused impairment of memory consolida-
tion partially by reducing cholinergic and catecholaminer-
gic activities, and by increasing the serotonergic activity, in
experimental animals. Hence, CXM-induced impairment
of memory consolidation serves as a useful model for eval-
uating the development and mechanism of anti-amnestic
drugs [9-11].

Puerarin (PUR), one of the major isoflavonoid bioac-
tive ingredients of Pueraria lobata (Willd.) Ohwi, is avail-
able in common nutritional supplements to treat cerebrovas-
cular diseases, diabetes, and neurodegenerative disorders
such as AD (in animal disease models) [12]. Earlier re-
ports suggested that total isoflavonoids of Pueraria lo-
bata improved memory deficits caused by muscarinic re-
ceptor blocker scopolamine (SCOP), D-galactose or cere-
bral artery obstruction in rodents [13,14]. In a purified
form, puerarin also attenuated memory deficits caused
by D-galactose or cerebral artery obstruction in rodents
[15,16]. Furthermore, puerarin improved memory im-
pairment caused by central injection with amyloid 3 pep-
tide (ApB) or streptozotocin (STZ) in rodents by restoring
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acetylcholinesterase (AChE) and antioxidant-enzyme ac-
tivity [17-20]. On the other hand, our previous report
showed that puerarin attenuated the learning-acquisition
deficits and anterograde amnesia induced by the nicotinic
receptor blocker mecamylamine (MECA), by the sero-
tonin releaser p-chloroamphetamine (PCA), and by the N-
methyl-D-aspartate (NMDA) receptor blocker dizocilpine
(MK-801), on passive avoidance performance in rats via
increasing cholinergic and glutaminergic activity, and de-
creasing serotonergic neuronal activity [21]. Liu ef al.
[22] showed that puerarin improved lead-induced memory
deficits in mice by suppressing oxidative stress and revers-
ing the alterations in transmitter enzymes. So far, the pro-
tective effects of puerarin against the side effects of antibi-
otics on deficits of memory consolidation have not been in-
vestigated. This present study investigated the protective
effect and mechanism of puerarin on CXM-induced impair-
ment of memory consolidation. Several researchers have
indicated that puerarin has the potential to cross the blood-
brain barrier (BBB) and become distributed in various areas
of the brain [20,23], therefore we first investigated the ame-
liorating effects of systemically or centrally administered
puerarin on CXM-induced impairment of memory consol-
idation, and on centrally cholinergic neurotoxin AF64A-
induced memory deficits, on a passive avoidance task in
rats. To explore the role of neuronal system on the effects
of puerarin on CXM-induced impairment of memory con-
solidation, we further investigated whether cholinergic re-
ceptor blockers, serotonergic receptor agonists, and adren-
ergic receptor blockers prevented the ameliorating effects
of puerarin. The prefrontal-hippocampal circuit plays a
critical role in memory consolidation [24], so we finally
clarified the antioxidant and neurochemical mechanism of
puerarin on CXM-induced impairment of memory consoli-
dation in the prefrontal cortex and hippocampus by assess-
ing antioxidant defense enzymes and neurotransmitter en-
zyme activity with microtiter spectrophotometry, and mea-
suring the levels of monoamines using high-performance
liquid chromatography with an electrochemical detector
(HPLC/ECD).

2. Materials and Methods
2.1 Chemicals

Puerarin (purity >98%), purchased from Wako
Pure Chemical Industries. Ltd. (Osaka, Japan),
was dissolved in 0.01% ethanol. The following sub-
stances were purchased from Sigma-Aldrich (St. Louis,
MO, USA): 1-(2,5-dimethoxy-4-iodophenyl)-2 amino-
propane (DOI), 3-methoxy-4-hydroxyphenyl glycol
(MHPQG), 3,4-dihydroxyphenyl acetic acid (DOPAC), 5-
hydroxyindoleacetic acid (5-HIAA), 5-hydroxytryptamine
(5-HT), 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB),
5,7-dihydroxytryptamine (5,7-DHT), 6-hydroxydopamine
(6-OHDA), 8-hydroxy-2-(di-n-propylamino) tetralin hy-
drobromide (DPAT), acetylcholine mustard hydrochloride,

acetylcholinesterase (AchE), acetylthiocholine iodide
(ActCh), cycloheximide (CXM), dopamine (DA), ho-
movanillic acid (HVA), MECA, norepinephrine (NE),
phenoxybenzamine hydrochloride (PHEN), propranolol
hydrochloride (PROP) and scopolamine hydrobromide
(SCOP). The 5,7-DHT and 6-OHDA were dissolved in
normal saline containing 0.5% ascorbic acid [25,26]. The
AF64A was freshly prepared according to our previous
report [27]. DOI, DPAT, MECA, PHEN, PROP, and SCOP
were dissolved in normal saline.

2.2 Animals

Male Sprague-Dawley rats (200-250 g), obtained
from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan), were
housed in a temperature- (23 £ 1 °C) and humidity-(60%)
regulated environment with a 12 h—12 h light/dark cycle
(light phase: 08:00 to 20:00). After a one-week acclima-
tization period, the rats were divided into groups (n = 8/gp)
for use in the following experiments and the behavioral ex-
periments were executed in a double-blind fashion.

2.3 Step-Through Passive Avoidance Test

The procedure was as described in our previous re-
ports [21]. The test was conducted in two days, with the first
day being the training trial and the second day being the re-
tention trial. During the training trial, each rat was placed in
the light compartment with its back to the guillotine door.
The step-through latency (STL) before the rat entered the
dark compartment was recorded. When the rat entered the
dark compartment, the door was closed and an inescapable
footshock (0.8 mA for 2 s) was delivered through an MCU-
101 Controller (Muromachi Kikai Co., Tokyo, Japan). Af-
ter the footshock, the rat was put back into the home cage.
The next day (24 h later), the rat was again placed in the
light compartment and the STL of the retention trial was
recorded. The cut-off time was 300 sec. The experiments
were performed between 09:00 and 17:00 hours.

2.4 Experimental Design

The schematic diagram of experimental designs and
stages is shown in Fig. 1. For evaluating the mechanism of
the attenuating action of puerarin on memory-consolidation
impairment, we designed two series of experiments. The
first, to evaluate the memory-improving effects of systemic
treatment with puerarin, was performed using an injection
of puerarin (10, 25, 50 mg/kg, i.p.) on CXM-induced im-
pairment of memory-consolidation [21]. The second se-
ries, to evaluate the memory-improving effects of central
treatment with puerarin, was performed using an intrac-
erebroventricular (i.c.v.) injection of puerarin (1, 5, or 10
pg/brain) on rats with CXM-induced or AF64A-induced
memory impairment. The detailed experimental perfor-
mance was described as follows.
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Fig. 1. Schematic diagram of experimental timeline and experimental designs. VEH, Vehicle; CXM, cycloheximide; PUR, Puerarin;
MDA, malondialdehyde; 6-OHDA, 6-hydroxydopamine; 5,7-DHT, 5,7-dihydroxytryptamine.

2.5 Intraperitoneal Injection of Puerarin on CXM-Induced
Impairment of Memory Consolidation

The first series of experiments was designed to docu-
ment the ameliorating effects of systemic treatment of puer-
arin on the impairment of memory consolidation that is pro-
duced by CXM treatment. CXM (1.5 mg/kg, s.c.) was ad-
ministered immediately after the training trial of the pas-
sive avoidance task in order to impair memory consolida-
tion [28]. Puerarin (10, 25, or 50 mg/kg, i.p.) was ad-
ministered to CXM-treated rats 30 min before the train-
ing trial, in accordance with our previous report [21] and
as per the pharmacokinetic report of Kong et al. [23]
showing that Ty, of puerarin in brain, after i.p. admin-
istration, is about 30 min. Thereafter, we explored the
memory-improving mechanism of puerarin (50 mg/kg, i.p.)
on CXM-injected rats by combination it with cholinergic
receptor antagonists (SCOP, MECA), serotonergic recep-
tor agonists (DPAT, DOI), or adrenergic receptor antago-
nists (PHE, PROP). SCOP (0.3 mg/kg), MECA (3 mg/kg),
DPAT (0.025 mg/kg), DOI (0.02 mg/kg), PHE (0.01 mg/kg)
or PROP (3 mg/kg) were administered by i.p. injection si-
multaneously with CXM s.c. injection [28].

2.6 Effects of i.c.v. Injection of Puerarin on CXM-Induced
or AF64A-Induced Memory Impairment

We investigated whether central treatment with puer-
arin improved memory impairment in the second series of
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experiments. For central injection of puerarin, rats were
anesthetized with sodium pentobarbital (45 mg/kg, i.p.) and
mounted in a stereotaxic frame (Stoelting, Wood Dale, IL,
USA). A hole was drilled in a rat’s skull (anteroposterior
(AP): —0.8 mm, mediolateral (ML): —1.5 mm from bregma)
and a cannula (12 mm, 23 ga) was inserted to a depth
of 3.6 mm below dura (Paxinos and Watson [29]). Post-
operative care was provided for the first 2 h after surgery,
including a single sterile saline injection, a single cefaman-
dole injection and a heating pad under the cage. After 14
days of recovery, vehicle or puerarin (20 uL, 1, 5, or 10
ug/brain) was injected into the lateral ventricle with a 30-
gauge injection needle attached to a 25-uL. Hamilton sy-
ringe (Model 702RN, Reno, NV, USA), with a microin-
fusion pump (KDS310 syringe pump, KD Scientific Inc.,
Holliston, MA, USA), at a rate of 1 uL/min. After injec-
tion, the needle was left in place in the cannula for 2 min to
allow puerarin to diffuse into the surrounding tissues of the
injection area.

These cannula-implanted rats were divided into nine
groups: vehicle (Sham), CXM injection (CXM/VEH), pre-
treatment with puerarin in CXM injection (CXM/PUR),
pretreatment with 6-OHDA in CXM injection (6-OHDA),
pretreatment with puerarin and 6-OHDA in CXM injec-
tion (CXM/PUR/6-OHDA), pretreatment with 5,7-DHT in
CXM injection (5,7-DHT), pretreatment with puerarin and
5,7-DHT in CXM injection (CXM/PUR/S,7-DHT), AF64A
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entral injection (AF64A), and pretreatment with puerarin
in AF64A central injection (AF64A/PUR). The AF64A (3
nmol/brain) was administrated 14 days before the passive
avoidance test [27]. The 5,7-DHT (10 pg/2 pL) was deliv-
ered to the dorsal raphe nuceli, bilaterally (AP: —7.8 mm,
ML: £0.3 mm, dorsal-ventral (DV): —6.4 mm from bregma)
14 days before the passive avoidance test [25]. The 6-
OHDA (4 pg/2 pL) was delivered to the locus coeruleus,
bilaterally (AP: —=9.8 mm, ML: +1.3 mm, DV: —7.2 mm
from bregma) 14 days before the passive avoidance test
[26]. Rats received the i.c.v. injection of vehicle or puerarin
(1, 5, 10 pg/brain) 15 min before the training trial [23].

2.7 Preparation of Prefrontal Cortical and Hippocampal
Tissues

The day after the retention trial, each rat was eutha-
nized and the brain was separated into the prefrontal cortex
and hippocampus on ice, 30 min after injection with ve-
hicle or puerarin (25, 50 mg/kg, i.p.). These tissues were
homogenized with ice-cold phosphate-buffered saline. Ho-
mogenates were centrifuged at 12,000 rpm for 15 min at
4 °C and the supernatants were collected. The supernatants
were stored at —80 °C for subsequent neurotransmitter func-
tion and oxidative stress analysis.

2.8 Assessment of Neurotransmitter Function

Neurotransmitter function in the prefrontal cortex and
hippocampus was assessed by measuring monoamines (NE,
DA, 5-HT) and their metabolite (MHPG, DOPAC, HVA,
5-HIAA) concentrations, and AChE and monoamine oxi-
dases (MAO-A and MAO-B) activity. Biogenic amines and
their metabolite concentrations in the prefrontal cortex and
hippocampus were measured using HPLC/ECD. Briefly,
the above supernatants were again centrifuged with 0.22
puM Ultrafree MC centrifugal filter units (Millipore, Merck
KGaA, Darmstadt, Germany) at 14,000 rpm for 10 min at
4 °C. The collected samples were assayed with an HPLC
Model PM80 (Bioanalytic system Inc., West Lafayette, IN,
USA), a Data Model M746 (Waters Co., Taipei, Taiwan), a
Model LC-4C electrochemical detector (Bioanalytic system
Inc.) and a Bioanalytic system MF-6026 column. AChE,
MAO-A and MAO-B activity in the prefrontal cortex and
hippocampus were measured using our previous method
[30]. The supernatant or the AChE standard solution was
reacted with DTNB for 10 min at 25 °C, and then ACtCh
was added as a substrate for color development. The pro-
duction of 5-thio-2-nitrobenzoic acid was measured at 412
nm with a microplate reader (BioTek Inc., Winooski, VT,
USA). AChE activity was expressed as U AChE /mg pro-
tein. MAO-A and MAO-B activity was determined by the
color produced by the reaction products of rat brain ho-
mogenate, horseradish peroxidase, and amplex red, and the
substrate (5 mM serotonin for MAO-A or 5 mM benzy-
lamine for MAO-B) for 60 min at 25 °C. The enzyme ac-

tivity was expressed as a percentage of Sham-group values.
The protein content was measured with a Bio-Rad protein
assay kit (Bio-Rad Laboratories Inc., Taipei, Taiwan).

2.9 Assessment of Oxidative Stress

Antioxidant enzyme activity (including superoxi-
dase dismutase [SOD], glutathione peroxidase [GPx], glu-
tathione reductase [GR] and catalase) and glutathione
(GSH) and malondialdehyde (MDA) levels in the prefrontal
cortex and hippocampus were measured. Antioxidant en-
zyme activity was analyzed with a spectrophotometric mi-
croplate reader as specified in our previous report [31].
SOD activity was assayed by the trend of absorbance at 560
nm for the production of nitroblue tetrazolium. Catalase ac-
tivity was assayed by the decrease in the absorbance at 560
nm for amplex red. GPx and GR activity was measured us-
ing a Cayman assay kit (Cayman Chemical Co., Ann Arbor,
MI, USA). GPx, SOD and catalase activity was expressed
as U/mg of protein. GR activity was expressed as mU/mg
of protein. GSH and MDA levels were also determined
as described previously [30]. Briefly, the supernatant or
GSH standard solution was reacted with the reaction solu-
tion including DTNB, NADPH (nicotinamide adenine din-
ucleotide phosphate), and GR. Then the absorbance was
recorded at 405 nm for 5 min with a microplate reader. GSH
levels were expressed as nmol/g of protein. The TBARS
(thiobarbituric acid reactive substances) assay was used to
measure MDA levels in the prefrontal cortex and hippocam-
pus. Briefly, a thiobarbituric acid (TBA) test was per-
formed with the supernatant or MDA standard solution and
the absorbance was determined at 532 nm. MDA levels
were expressed as nmol/mg of protein.

2.10 Statistical Analysis

All results were expressed as the mean =+ standard er-
rors (SEM). The data of the passive avoidance response
were analyzed with non-parametric Kruskal Wallis analysis
followed by two-tailed Mann Whitney U-tests because the
data distribution was truncated at 300 s. The data included
monoamines and their metabolite concentrations, AChE,
MAO-A and MAO-B activities, antioxidant enzyme activ-
ity, and GSH and MDA levels, which were analyzed using
1-way analysis of variance (ANOVA), followed by Dun-
nett’s test. When p < 0.05, the difference was considered
significant.

3. Results
3.1 Effects of Systemic Administration of Puerarin

Our previous report pointed out that systemic admin-
istration of puerarin improved learning disabilities induced
by MECA, PCA, and MK-801 in a passive avoidance task
[21], therefore this study was conducted to evaluate the im-
proving effect of systemic administration of puerarin on
CXM-induced impairment of memory consolidation on a
passive avoidance task. CXM, a protein inhibitor, impaired
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Fig. 2. Effects of puerarin (PUR, 10, 25, 50 mg/kg, i.p.) on cycloheximide (CXM, 1.5 mg/kg, s.c.)-induced passive avoidance re-

sponse impairment in rats. (A) Absence of transmitter receptor agonists and antagonists. (B) Presence of transmitter receptor agonists
and antagonists. Data are expressed as mean == SEM (n = 8). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with CXM/VEH group.

a p < 0.05 compared with CXM/PUR group. SCOP, scopolamine; MECA, mecamylamine; DPAT, 8-hydroxy-2-(di-n-propylamino)

tetralin hydrobromide; DOI, 1-(2,5-dimethoxy-4-iodophenyl)-2 aminopropane; PHE, phenoxybenzamine hydrochloride; PROP, propra-

nolol hydrochloride; SEM, standard error of the mean.

memory consolidation in rodents when subcutaneously in-
jected immediately after behavioral performance [7]. Our
present study confirmed that CXM administration immedi-
ately after the training trial impaired memory consolidation
in rats, and showed that systemic administration of puerarin
(25 or 50 mg/kg, i.p.) before the training trial significantly
attenuated the impairment of memory consolidation caused
by CXM (Fig. 2A).

Furthermore, the underlying neurochemical mecha-
nisms of the improving effect of systemic administration
with puerarin against CXM-induced memory consolidation
impairment were clarified by combining the puerarin treat-
ment with cholinergic receptor antagonists such as SCOP
and MECA, serotonergic receptor agonists such as DPAT
and DOI, and adrenergic receptor blockers such as PHEN
and PROP, which, by themselves did not cause memory
impairment [8,28]. The present data showed that SCOP,
MECA, DOI, and PROP blocked the improving effects of
puerarin (50 mg/kg) on the impairment of memory consol-
idation produced by CXM treatment in rats (Fig. 2B).

3.2 Effects of Intracisternal Administration of Puerarin

Several researchers have shown that puerarin could
cross the BBB and become distributed in various areas of
the brain [20,23]. We further evaluated the effects of i.c.v.
injection of puerarin on the CXM-induced impairment of
memory consolidation in rats. Administration of puerarin
(5 or 10 pg/brain; i.c.v.) before the training trial signifi-
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cantly attenuated the CXM-induced impairment of mem-
ory consolidation (Fig. 3A). Furthermore, we investigated
the role of monoaminergic systems in the ameliorating ef-
fects of puerarin by destroying central monoaminergic sys-
tems with central parenchymal injection of monoaminergic
neurotoxins 5,-7-DHT or 6-OHDA. The results (Fig. 3A)
showed that bilateral injection with 6-OHDA into the lo-
cus coeruleus did not affect CXM-induced impairment of a
passive avoidance response, but blocked the puerarin from
ameliorating the deficit caused by CXM treatment. How-
ever, bilaterally injected 5,7-DHT into the dorsal raphe nu-
clei did not affect CXM-induced impairment of passive
avoidance response or the ameliorating effect of puerarin
on the CXM-induced impairment (Fig. 3A).

The basal forebrain cholinergic system (especially the
prefrontal cortex and hippocampus) plays an important role
in memory. Therefore, we further evaluated the ameliorat-
ing effect of puerarin on AF64A-induced memory impair-
ment in rats. Administration of puerarin (10 pg/brain, i.c.v.)
before the training trial significantly attenuated AF64A-
induced memory impairment (Fig. 3B).

3.3 Effects of Systemic Administration of Puerarin on
Neurotransmitter Functions

The results indicated that the ameliorating effect of
puerarin on CXM-induced impairment of memory consol-
idation are related to the catecholaminergic system of the
brain, we further measured the monoamine levels (includ-
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Fig. 3. Effects of puerarin (PUR, 5, 10 pg/brain, i.c.v.) on cycloheximide (CXM, 1.5 mg/kg, s.c.)-induced or AF64A-
induced (B) passive avoidance response impairment in rats. (A) Absence or presence of 6-hydroxydopamine (6-OHDA) or 5,7-
dihydroxytryptamine (5,7-DHT). (B) AF64A. Data are expressed as mean == SEM (n = 8). ** p < 0.01, *** p < 0.001 compared with
Sham group (A) or AF64A/VEH group (B). aap < 0.01, aaa p < 0.001 compared with CXM/VEH group. bbb p < 0.001 compared with
CXM/PUR group. SEM, standard error of the mean.

Table 1. Effects of puerarin (25, 50 mg/kg, i.p.) on monoamines and metabolites levels in prefrontal cortex and hippocampus of
vehicle (VEH)- and cycloheximide (CXM)-treated rats.

MHPG NE DOPAC HVA DA 5-HIAA 5-HT
Monoamines and metabolites in prefrontal cortex (ng/mg)
VEH 7503.6 +443.9 844.7 +46.1 548.6 +36.6 236.6+20.2 130844994 6159 +251 603.5+33.8
Puerarin 25 mg/kg 7159.5 +£238.3 830.5+76.0 465.7+27.6* 250.5+17.6 11553 +62.8 598.5+23.4 488.4+46.2
Puerarin 50 mg/kg 7464.9 + 609.8 918.0 & 74.5 390.9 +£38.3* 2199+ 11.0 12659+ 68.0 613.4+233 624.5+39.3
CXM 1.5 mg/kg 7261.2 +282.1 650.5 & 44.4** 5735 +48.2 348.7 +23.3%* 1094.7 £+ 48.8* 750.6 + 54.1 598.48 &+ 34.9
CXM + puerarin 25 mg/kg 6974.5 +£298.2  658.1 £30.9 422.7 +44.9* 243.1 +£17.6* 1079.3 £35.5 655.7+44.5 577.6 +£23.1
CXM + puerarin 50 mg/kg 6395.2 +404.0 804.5 +45.4* 403.8 +27.2* 239.6 £ 16.0* 1200.2 & 72.2 645.8 +£46.2 646.8 +44.8
Monoamines and metabolites in hippocampus (ng/mg)
VEH 996.1 £659 3547+ 175 61.7 +6.7 111.24+9.8 30.7 £ 6.0 294.0 £26.2 189.5+16.3
Puerarin 25 mg/kg 11049 +£89.2 33334143 573 +5.8 89.3 + 2.5* 30.5 + 2.1 296.6 £ 189 180.9 + 13.7
Puerarin 50 mg/kg 1005.6 +26.1 426.4 +34.4 504+ 5.1 101.4+7.8 572 +123*% 35644245 23724175
CXM 1.5 mg/kg 674.9 £ 36.8%* 158.1 4 14.2%%* 32.0 4 4.5%* 62.1 £ 3.4%* 159 4 1.1*** 200.8 & 11.0** 134.2 £+ 15.2*
CXM + puerarin 25 mg/kg 723.6 £41.4  211.7+204 335+29 70.0 £ 4.0 179+ 1.0 2334 +142 1257 +11.0
CXM + puerarin 50 mg/kg 874.3 4+ 35.0°* 334.6 +£27.8% 339+ 3.5 799 £ 6.1 30.7 + 232 260.9 + 11.1* 198.3 + 17.2°

Data were expressed as mean + SEM for eight rats. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with VEH group. a p < 0.05, aap < 0.01,
aaa p < 0.001 compared with CXM group. MHPG, 3-methoxy-4-hydroxyphenyl glycol; NE, norepinephrine; DOPAC, 3,4-dihydroxyphenyl
acetic acid; HVA, homovanillic acid; DA, dopamine; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine.

ing their metabolites) and transmitter enzyme activity (in- Monoamine turnover rates, which were calculated from the

cluding AChE, MAO-A and MAO-B) in the prefrontal cor-
tex and hippocampus to clarify the role of neurotransmitter
function in the ameliorating effects of puerarin. CXM treat-
ment decreased DA and NE levels in the prefrontal cortex,
and also decreased monoamine levels (including DA, NE
and 5-HT) and their metabolite levels (including MHPG,
DOPAC, HVA and 5-HIAA) in the hippocampus (Table 1).

above data (monoamine levels vs their metabolite levels),
showed that CXM treatment produced increased both NE
and DA turnover rates in the prefrontal cortex; but only in-
creased the NE turnover rate in the hippocampus (Fig. 4).
Puerarin treatment restored the decreased NE levels in the
prefrontal cortex and the decreased monoamine levels in the
hippocampus that had been produced by CXM treatment,
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but only at the 50 mg/kg puerarin dose (Table 1). Puer-
arin administration at 25 and 50 mg/kg decreased DOPAC
and HVA levels in the prefrontal cortex that had been in-
creased by CXM, but only at the 50-mg/kg dose did puer-
arin increase the lowered levels of MHPG and 5-HIAA in
the hippocampus (Table 1). Puerarin increased the DA lev-
els in the hippocampus of vehicle-treated rats only at the
50-mg/kg dose (Table 1). Puerarin decreased the higher
NE and DA turnover rates in the prefrontal cortex and hip-
pocampus only at 50 mg/kg (Fig. 4). When puerarin was
administered to vehicle-treated rats, it decreased the DA
turnover rates in the prefrontal cortex and hippocampus, but
only at the 50 mg/kg dose (Fig. 4).

CXM increased MAO-A activity in the prefrontal cor-
tex and AChE, MAO-A and MAO-B activity in the hip-
pocampus (Fig. 5). At 25 and 50 mg/kg, puerarin inhib-
ited MAO-A and MAO-B activity in the prefrontal cor-
tex of CXM-treated rats, but it inhibited the CXM-elevated
levels of AChE and MAO-B activity in the hippocampus
only at 50 mg/kg (Fig. 5). When puerarin was adminis-
tered to vehicle-treated rats, it decreased AChE and MAO-
B activity in the prefrontal cortex and hippocampus only at
50 mg/kg. However, puerarin decreased only hippocampal
MAO-A activity in vehicle-treated rats at 50 mg/kg (Fig. 5).

3.4 Effects of Systemic Administration with Puerarin on
Oxidative Stress Parameters

Due to fact that puerarin has radical scavenging and
antioxidant properties [32,33], we also measured the antiox-
idant enzyme activity and GSH levels in the prefrontal cor-
tex and hippocampus to clarify the role of oxidative stress
on the attenuating effects of puerarin on CXM-induced im-
pairment of memory consolidation. CXM treatment de-
creased GSH-recycle system activity including GSH, GPx,
and GR in the prefrontal cortex and hippocampus (Fig. 6).
We further found that CXM decreased SOD and catalase
activity, and increased MDA levels, in the prefrontal cortex
and hippocampus (Fig. 7). Puerarin, at 50 mg/kg, restored
GSH-recycle system activity and antioxidant enzyme ac-
tivity in the prefrontal cortex and hippocampus that were
decreased by CXM treaatment, and it also decreased the
higher MDA levels that had been produced by CXM treat-
ment (Figs. 6,7). In Sham rats, puerarin did not affect GSH-
recycle system activity or antioxidant enzyme activity in the
prefrontal cortex or hippocampus at any dose (Figs. 6,7).

4. Discussion

CXM, an antifungal antibiotic, interferes with the
translocation step in protein synthesis of eukaryotic cells to
block the synthesis of new proteins needed in memory for-
mation, and thereby causes retrograde amnesia. Based on
the neural basis of memory consolidation, the cholinergic,
serotonergic, and catecholaminergic systems in the brain
play an important role [34-36]. Nabeshima et al. [7,8]
demonstrated that CXM treatment produced a memory-
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consolidation deficits partially by decreasing cholinergic
and catecholaminergic activity and by increasing seroton-
ergic activity in experimental animals. Our previous report
indicated that puerarin can attenuate drug-induced learn-
ing acquisition by increasing cholinergic activity and by
decreasing serotonergic activity [21]. Other researchers
have also suggested that puerarin ameliorate the behav-
ioral deficits in chronic stress and ischemia/reperfusion
by normalizing serotonergic activity and activating nico-
tinic acetylcholinergic activity [22,37]. This present study
found that puerarin, after systemic administration, atten-
uated CXM-induced impairment of memory consolida-
tion, and that cholinergic antagonists, 5-HT5 receptor ag-
onist, and a [-adrenergic blocker prevented the amelio-
rationt. Furthermore, the integrity of inputs from basal
forebrain acetylcholinergic, mesocorticolimbic dopaminer-
gic and raphe serotonergic neurons to the hippocampus are
critical for memory function [34-36]. The basal forebrain
cholinergic system mainly projects to the prefrontal cor-
tex and hippocampus, and plays an important role in mem-
ory consolidation. AF64A, a central cholinergic neuro-
toxin, induces deficits of cognitive performance such as
in the passive avoidance task [38,39]. The present study
showed that puerarin, after i.c.v. administration, attenu-
ated AF64A-induced memory impairment. Other reports
indicated that puerarin ameliorated cognitive dysfunction in
cerebral artery occlusion (vascular dementia) in rats, STZ-
induced sporadic AD mice, A-induced familial AD mice,
and APP/PSI1 transgenic mice (familial AD) [16,17,20,40].
Hence, we suggested that puerarin has potential as a ther-
apeutic compound for the anterograde and retrograde am-
nesia of various dementias. We further found that puer-
arin, after intracerebroventricular administration, attenu-
ated CXM-induced impairment of memory consolidation,
and bilateral injection of catecholaminergic toxin 6-OHDA
into the locus coeruleus, but not serotonergic toxin 5,7-
DHT into the dorsal raphe nucleus, blocked the attenuat-
ing effect. Hence, we confirmed that the improving ef-
fects of puerarin after systemic administration, on CXM-
induced impairment are consistent with those of puerarin
after central administration, which is in line with the find-
ing of some researchers that puerarin can cross the BBB and
become distributed in various areas of the brain [20,23].
Therefore, we further suggested that puerarin, after sys-
temic/intracisternal administration, attenuated chemically-
induced impairment of learning acquisition and memory
consolidation in rats, and the beneficial effect of puerarin
may be mainly related to the modulation of the activities
of central cholinergic and monoaminergic systems, which
were dependent on the integrity of central catecholaminer-
gic and acetylcholinergic functions. We further found that
central administration of puerarin has a better effect than
systemic administration. The effect of intracerebroventric-
ular injection of 5 pg/brain is approximately equivalent to
the effect of intraperitoneal injection of 50 mg/kg. We think
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0.01, aaa p < 0.001 compared with CXM/VEH group.
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passive avoidance test. GSH, glutathione; SOD, superoxidase dismutase; MDA, malondialdehyde.

there are two possible reasons: (1) as Kong ef al. [23]
found, ppuerarin after intraperitoneal injection was more
distributed in the cortical area, but after cerebroventricu-
lar injection puerarin was distributed in areas adjacent to
the injection site, such as the hippocampus; (2) puerarin is
a glycoside that is easily hydrolyzed into the more active
aglycone daidzein in the brain. According to previous re-
ports [41,42], daidzein administered at 1.5—4.5 mg/kg pro-
duces memory-improving effects.

Hippocampal-prefrontal cortex circuity plays an im-
portant role in cognitive function and memory consolida-
tion [24]. This present investigation showed that CXM
treatment mainly decreased all monoamines and their
metabolite levels in the hippocampus, but only decreased
NE and DA levels in the prefrontal cortex. CXM treat-
ment mainly increased AChE, MAO-A and MAO-B activ-
ity in hippocampus, but only increased MAO-A activity in
prefrontal cortex. Early reports indicated that CXM treat-
ment inhibited monoamine synthesis and decreased choline
acetyltransferase (ChAT) in mouse whole brains [43,44].
The MAO inhibitors pargyline and pheniprazine produced
recovery from CXM-induced impairment of memory con-
solidation [45]. We therefore suggest that CXM treat-
ment impairs memory consolidation partially by decreas-
ing the activity of cholinergic and monoaminergic sys-
tems by disrupting the synthesis and metabolism of acetyl-
choline and monoamines (especially NE and DA) in the
hippocampal-prefrontal cortex circuity, especially in the
hippocampus. However, some researchers have pointed out
that protein-synthesis inhibitors impair long-term potenti-
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ation through the nitric oxide-dependent signaling path-
way to inhibit neurotransmitter release and cause impair-
ment of memory consolidation [46,47]. The inhibition
of neurotransmitter release by protein-synthesis inhibitors
may be related to S-nitrosylation enhancement and abnor-
mal farnesylation, which were blocked by GSH [46]. On
the other hand, CXM is considered to be a neurotoxin be-
cause an early report indicated that CXM (at >1 uM con-
centration) caused significant oxidative stress and neuronal
death in rat primary hippocampal cells [48]. The present
results showed that CXM treatment, at the used dosage
(1.5 mg/kg, s.c.), caused oxidative damage (lipid peroxida-
tion) and decreased antioxidative-defense-system activities
in the prefrontal cortex and hippocampus, thereby causing
neuronal damage in the hippocampus and prefrontal cor-
tex via oxidative stress, yielding a decrease in cholinergic
and monoaminergic function and consequent impairment of
memory consolidation. Some reports indicated that puer-
arin restored ChAT activity in ovariectomized guinea pigs,
inhibited AChE activities in STZ-induced diabetic rats and
Ap-induced AD rats, and normalized serotonergic activity
in chronic stress mice [18,20,49,50]. The present results
showed that puerarin (50 mg/kg, i.p.) restored hippocampal
monoamines levels that had decreased due to CXM treat-
ment, and decreased elevated hippocampal AChE, MAO-
A and MAO-B activity caused by CXM. Therefore, the
present results further confirmed that puerarin normalized
the monoaminergic (such as increased NE and DA levels
and MAO-B activity) and acetylcholinergic systems (such
as the decreased AChE activity, especial in the hippocam-
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pus), to ameliorate CXM-induced impairment of memory
consolidation. Although Liu et al. [22] indicated that puer-
arin prevented lead-induced neurotoxicity partially via re-
versing altered neurotransmitter-enzyme activity (such as
increasing AChE and MAO activity), we posit that this dif-
ference was due to the different pathologic mechanisms be-
tween the two neurotoxic models. We also found that puer-
arin alone (50 mg/kg, i.p.) increased DA levels in the hip-
pocampus of the Sham rats, and that it inhibited AChE and
MAO-B activity in the hippocampus and prefrontal cortex
of the Sham rats. So, puerarin (50 mg/kg, i.p.) decreased
the DA turnover rate in the prefrontal cortex and hippocam-
pus of Sham rats. Hence, we further confirmed that puerarin
(50 mg/kg, i.p.) elevated central cholinergic and dopamin-
ergic activities via the inhibition of AChE and MAO-B ac-
tivity in the brain, especially the hippocampus. In addition,
puerarin belongs to a common isoflavonoid and is a known
antioxidant [51]. Many reports have indicated that puerarin
can protect against oxidative stress or neurotoxins such as
H,0,, MPP* and AJ via its antioxidant and free radical
scavenging activities [52—55]. The present results showed
that puerarin (50 mg/kg, i.p.) restored GSH-recycle-system
activity, SOD activity and catalase activity, and decreased
elevated MDA levels in the hippocampus and prefrontal
cortex that were caused by CXM treatment. These re-
sults also confirmed that puerarin exerts antioxidant prop-
erties and has protective effects against CXM-induced cen-
tral neurotransmitter dysfunction and against impairment of
memory consolidation. We suggest that the attenuating ef-
fects of puerarin on CXM-induced impairment of memory
consolidation may be related to decreased oxidative dam-
age and normalized central neural function (especially the
cholinergic and dopaminergic systems) via its radical scav-
enging potency and restoriation of the activities of antioxi-
dant defense systems in the hippocampal-prefrontal cortex
circuit.

5. Conclusions

The findings from this study confirm that treatment
with the antifungal antibiotic CXM impairs memory con-
solidation and causes retrograde amnesia, as indicated by a
passive avoidance test. The impairment of memory consol-
idation caused by CXM treatment may be related to the in-
hibition of protein synthesis and the decrease in antioxidant-
defense-system activation, and it may cause neurotransmit-
ter dysfunction. Puerarin attenuates the toxicity of the anti-
fungal antibiotic CXM, protecting the process for memory
consolidation. Puerarin restored CXM-induced impairment
of memory consolidation and the consequent retrograde
amnesia. The protective mechanism of puerarin against
CXM-induced impairment of memory consolidation may
be related to decreased oxidative damage and normaliza-
tion of neurotransmitter function in the prefrontal cortex-
hippocampal circuit (Fig. 8).
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5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-
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acid); ECD, electrochemical detector; GPx, glutathione
peroxidase; GR, glutathione reductase; GSH, glutathione;
HPLC, high performance liquid chromatography; HVA,
homovanillic acid; MAO, monoamine oxidase; MDA,
malondialdehyde; MECA, mecamylamine; MHPG, 3-
methoxy-4-hydroxyphenyl glycol; MK-801, dizocilpine;
NE, norepinephrine; PCA, p-chloroamphetamine; PHEN,
phenoxybenzamine; PROP, propranolol; PUR, puerarin;
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