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ABSTRACT
Synapse loss is one of the common factors contributing to cognitive disorders, 

such as Alzheimer’s disease (AD), which is manifested by the impairment of basic 
cognitive functions including memory processing, perception, problem solving, and 
language. The current therapies for patients with cognitive disorders are mainly 
palliative; thus, regimens preventing and/or delaying dementia progression are 
urgently needed. In this study, we evaluated the effects of catalpol, isolated from 
traditional Chinese medicine Rehmannia glutinosa, on synaptic plasticity in aged rat 
models. We found that catalpol markedly improved the cognitive function of aged male 
Sprague-Dawley rats and simultaneously increased the expression of synaptic proteins 
(dynamin 1, PSD-95, and synaptophysin) in the cerebral cortex and hippocampus, 
respectively. In beta-amyloid (Aβ) injured primary rat’s cortical neuron,  catalpol 
did not increase the viability of neuron but extended the length of microtubule-
associated protein 2 (MAP-2) positive neurites and reversed the suppressive effects 
on expression of synaptic proteins induced by Aβ. Additionally, the effects of catalpol 
on stimulating the growth of MAP-2 positive neurites and the expression of synaptic 
proteins were diminished by a PKC inhibitor, bisindolylmaleimide I, suggesting that 
PKC may be implicated in catalpol’s function of preventing the neurodegeneration 
induced by Aβ. Altogether, our study indicates that catalpol could be a potential 
disease-modifying drug for cognitive disorders such as AD.

INTRODUCTION

Synaptic loss is strongly correlated with 
cognition impairment [1] and is considered as a 
major neurobiological abnormality causing cognitive 

dysfunctions [2]. Importantly, synaptic failure is an early 
event in the pathogenesis of Alzheimer’s disease (AD) 
and is clearly detectable in patients with mild cognitive 
impairment (MCI), a prodromal state of AD [3, 4]. 
Individuals with mild AD display a 55% decrease of total 
synapse number in hippocampal CA1 subfield, whereas 
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individuals with MCI have an 18% decline in synaptic 
contacts in the same region [5]. The loss of synapses is not 
only resulted from the death of neurons but also caused 
by the dysfunction of synaptic connections between 
certain groups of neurons. Callahan et al. [6] reported a 
50% reduction of synaptophysin mRNA level over CA1 
pyramidal neurons containing neurofibrillary tangles 
(NFT) relative to near neighbor NFT-free neurons in AD 
hippocampus. Moreover, there is a graded and progressive 
decrease of synaptophysin mRNA level as AD progresses 
in each individual neuron [7]. 

Synapse function depends on the coordination of 
a molecular complex involved in transmitter systems, 
second messenger systems, mitochondria, local protein 
synthesis, vesicle trafficking and other functions. Although 
the loss of synapses leads to disruption of the neuronal 
circuitry in AD, an increasing body of evidence suggests 
that synapses can be damaged in their functions even 
before structural deterioration [8-14]. Yao et al. [9] found 
that a group of genes involved in synaptic vesicle (SV) 
trafficking was down-regulated in the frontal cortex of AD 
patients, whereas several synaptic genes in other aspects of 
the synaptic structure and function remained unchanged. 
Sze et al. [10] observed that the expression of presynaptic 
vesicle proteins, instead of synaptic plasma membrane 
proteins, were selectively decreased in AD brain, 
indicating that there are certain defects in synthesizing 
these proteins or abnormal metabolism of these proteins 
in AD. Shimohama et al. [11] reported that contents of 
vesicle proteins were decreased more dramatically than 
those of presynaptic plasma membrane proteins in AD. 
These results suggest that dysregulated synaptic function 
and ineffective neurotransmission may be a mechanism of 
cognitive decline.

Catalpol, an iridoid glycoside isolated from the 
fresh Radix rehmanniae, is an effective compound against 
neurodegenerative diseases including AD and Parkinson’s 
diseases [15-20]. It can regulate cholinergic nerve system 
function through the effect on choline acetyl-transferase 
[21] and it is capable to penetrate the blood-brain barrier 
[22]. Our previous studies have demonstrated that the 
neuroprotective effects of catalpol are mainly through up-
regulation of the expression of brain-derived neurotrophic 
factor (BDNF) [23], which is a major mediator for 
synaptic transmission, synapse development and plasticity 
in the nervous system [24, 25]. Recently, Liu et al. [26] 
reported that catalpol could increase the expression of 
synaptophysin, a presynaptic protein, and up-regulate the 
expression of PKC and BDNF in the hippocampi of aged 
rats. The results indicate that catalpol can modulate the 
synaptic plasticity of aged rats. However, it remains to be 
determined if catalpol regulates the expression and the 
function of other important synaptic proteins involved in 
synaptic plasticity.

Similar to humans, aged rodents exhibit age-related 
decline in cognitive function [27]. Among the numerous 

behavioral tests for assessing learning and memory, the 
novel object recognition test is a widely used approach 
for investigating recognition memory in rodents [28]. In 
the present study, we first tested the efficacy of catalpol 
on rats’ cognitive function. We then used a previously 
well characterized Aβ induced brain injury as a model to 
examine the effects of catalpol on synaptic plasticity and 
the effects of catalpol on the expressions of some critical 
molecules for cognitive function located in presynaptic 
and postsynaptic terminals, e.g., dynamin 1, PSD-95, 
synaptotagmin, and synaptophysin, which exert distinct 
actions on synaptic structure and function. This study 
elucidates the potential mechanism of catalpol in the 
amelioration of neurodegenerative changes and provides 
evidence that catalpol can be a potential therapeutic or 
preventive drug for cognitive disorders such as AD. 

RESULTS

Catalpol ameliorates the performance of aged 
rats without affecting Aβ25-35 injured neuron on 
survival 

Our previous study demonstrated that catalpol 
protected primary cortical neurons against Aβ injury [23]; 
however, it remains unclear whether catalpol can improve 
the performance of aged rats. In this study, to determine 
the effects of catalpol on rats’ cognitive function, rats 
were administrated with either capitol or vehicle. After 
two months of administration of catalpol or vehicle, 
the locomotor activity of the rats was estimated using 
an open field test. As shown in Figure 1A and 1B, there 
was no significant difference in the distance travelled 
among the three groups (Young+Vehicle: 1467±80 cm; 
Aged+Vehicle: 1153±87 cm; Aged+Catalpol: 1211±108 
cm; p>0.05). A novel object recognition test was also 
performed to examine the effect of catalpol on the memory 
of aged rats. During the retention test, no significant 
difference in the total exploration time of the two objects 
was observed (total exploration time of both objects: 
Young+Vehicle: 18.6±5.1 s; Aged+Vehicle: 15.5±1.9 s; 
Aged+Catalpol: 14.5±2.8 s; p>0.05; n=8/group). However, 
when analyzing the travel pattern of the rats using the 
discrimination index, we observed significantly more 
time for the catalpol-treated aged rats with the novel object 
than the aged rats treated with vehicle (Figure 1, p<0.05). 
This indicates that the catalpol improved the working 
memory performance of the aged rats after 2 months of 
administration. As aged rats treated with catalpol were 
indistinguishable from the young rats in this test, we 
conclude that chronic catalpol treatment ameliorated the 
impaired performance of aged rats.

We then examined whether catalpol is able to rescue 
damaged neurons. We thus analyzed the effects of catalpol 
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on Aβ25-35 ( the active region of full-length peptides [29]) 
induced neuron toxicity on neuron survival. Based on the 
results of neuron survival assay using MTT, Aβ25-35 has 
significant neuron toxicity at concentration of 10 μM 
(Supplementary Figure 1). We thus determined the effects 
of different concentrations of catalpol on 10 μM of Aβ25-

35 to induce neuron injury for various time periods and 
found that there is no ameliorating effect of catalpol on 
cell survival of the primary cortical neurons injured by 
Aβ25-35 (Supplementary Figure 1B-C). 

Effects of catalpol on synaptic protein expressions 
in the cerebral cortex and hippocampus of aged 
rats

Synaptic proteins play important roles in neuronal 
development and synaptic plasticity. Dynamin 1 is a 
neuron-specific GTPase that is responsible for endocytic 
vesicle fission from the synaptic terminal membrane [30]. 
PSD-95, a synaptic scaffolding protein, plays a critical role 
in synaptogenesis, receptor clustering, and the modulation 
of synaptic plasticity [31]. The expression levels of 

Figure 1: Effects of catalpol (10 µM) on the locomotor activity and cognitive function of aged SD rats. A. Representative 
traces of different groups in an open field test. B. Statistical analysis of the total distance travelled by different groups in the open field test. 
C. Statistical comparison of the discrimination index in novel object recognition test. n = 8 animals in each group. All values are presented 
as the mean ± SEM. ** indicates p < 0.01, compared with the aged group  (Aged + Vehicle).
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PSD-95 in the brain of mice is positively correlated 
with learning and memory [14] and it is regarded as a 
synaptic marker [32]. Synaptotagmin harbors two Ca2+-
binding domains (C2A and C2B), which serve as the 
major Ca2+ sensor for triggering membrane fusion [33]. 
Synaptophysin, one of the most abundant integral proteins 
of the SV membrane, interacts with other synaptic proteins 
and participates in several steps of synaptic function [34]. 
To elucidate the mechanism of catalpol’s effects, we 
further examined the effects of catalpol on the expressions 
of those synaptic proteins important for synaptic structure 
and function. Our data show that the synaptic proteins 
dynamin 1, PSD-95, and synaptophysin were significantly 
decreased in the cerebral cortex and hippocampus of aged 
rats, whereas synaptotagmin was decreased in cerebral 
cortex but not in hippocampus of aged rats compared 

with young rats (Figure 2). After 2 months of treatment, 
catalpol significantly increased the expression of dynamin 
1, PSD-95, and synaptophysin in the cerebral cortex and 
hippocampus of aged rats, respectively. However, the 
expression of synaptotagmin did not change visibly after 
administration of catalpol (Figure 2).

Catalpol promotes neuron recovery and enhances 
the expression of synaptic proteins of MAP-2 
positive neurites of Aβ25-35 injured neurons

To further access the efficacy of catalpol on neuron 
recovery, we treated neuron with Aβ25-35 in the presence 
or absence of catalpol, and then analyzed neuron growth. 
As shown in Figure 3, Aβ25-35 significantly decreased 

Figure 2: Effects of catalpol (10 µM) on the expression of synaptic proteins in cerebral cortex and hippocampus. A. 
and C. The representative images of Western blots for synaptic proteins in cerebral cortex and hippocampus. β-actin is used as the internal 
control. B. and D. Statistical comparisons of integrated optical density (IOD) in each group. All values are normalized to the young group 
and presented as the mean ± SEM, n = 5. * and ** indicate p<0.05 and p<0.01, respectively, compared with the group (Aged + Vehicle).
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the length of MAP-2-positive neurites, compared with 
that of neurons treated with vehicle alone. When Aβ25-

35 injured neurons were treated with catalpol over 48 h, 
the inhibitory effects of Aβ25-35 on the growth of MAP-2 
positive neurites were partially recovered (Figure 3). The 
results suggest that catalpol partially reversed the neurite 
injury induced by Aβ25-35.

A body of evidence suggests that Aβ can induce 
abnormal expressions of some synaptic proteins [35-38]. 
We thus also determined the expression levels of dynamin 
1, PSD-95, synaptotagmin, and synaptophysin in the 
neuron treated with Aβ25-35 in the presence or absence of 
catalpol. Our results show that the expression levels of 
dynamin 1, PSD-95, synaptotagmin, and synaptophysin 
in the cultured neurons were significantly decreased by 
Aβ25-35 (Figure 4). After 48 h of catalpol treatment, the 
expression levels of dynamin 1, PSD-95, synaptotagmin, 
and synaptophysin in the cells were enhanced by 25%, 
69%, 59% and 45%, respectively (Figure 4). Similarly, 

BDNF also increased the expressions of those synaptic 
proteins, which was consistent with a previous report [39].

Although Aβ25-35 displays neurotoxic and 
aggregation properties similar to full-length Aβ (i.e., 
Aβ1-40 and Aβ1-42) and is recognized as the active region 
of full-length peptides, Aβ1-42 is the predominant peptide 
found in extracellular plaque deposition [29]. We thus 
performed a simple comparison of neurotoxicity between 
Aβ1-42 and Aβ25-35 on cultured rat’s neurons using MTT 
assay and the reversed peptide Aβ42-1 served as a control. 
As shown in the Supplementary Figure 2, the cell viability 
of neuron culture after treated with 5 μM Aβ1-42 for 12 h 
was similar to that of the neuron culture treated with 10 
μM Aβ25-35 while the reverse peptide Aβ42-1 did not affect 
neuron survival. Therefore, Aβ1-42 was selected for further 
studies and 5 μM Aβ1-42 was chosen to further evaluate 
the neuroprotective effects of catalpol on primary cultured 
neurons. 

Figure 3: Catalpol (10 µM) restores MAP-2-positive neurite length of Aβ25-35-treated primary cortical neurons. A. 
Representative images of immunocytochemistry staining at ×200 magnification, scale bar represents 100 μm. B. Statistical analysis of 
neurite length in various groups. Data are presented as the mean ± SEM of three independent experiments. ** indicates p < 0.01, when 
compared with the Aβ25-35 treated group. 
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Bisindolylmaleimide I (Bis) abolishes catalpol’s 
protective effects on synaptic proteins and MAP-
2-positive neurite growth in Aβ1-42 injured neuron

To further determine the possible underlying 
mechanism of catalpol’s protective role on neurons, we 
treated cultured neurons with Aβ1-42 or Aβ1-42 or vehicle 
control in the presence of catalpol and/or BDNF and/or 
Bis. As shown in Figure 5, Aβ1-42 shortened the length 
of MAP-2-positive neurites, whereas the reverse peptide 
Aβ42-1 had no effect on the neurite outgrowth of neurons. 
Catalpol and BDNF also significantly extended the 
MAP-2-positive neurite length of Aβ1-42 injured neurons. 
Considering the important role of PKC signaling in neurite 
outgrowth, we examined whether PKC pathway was 
involved in the effects of catalpol and BDNF on neurite 

outgrowth. After inhibition of PKC activity by Bis, the 
effect of catalpol on neurite outgrowth was completely 
abolished, i.e., the length of the neurons treated with 
catalpol + Bis + Aβ1-42 displayed no difference compared 
with that of the neurons treated with Aβ1-42 + Bis and 
decreased significantly in comparison with that of the 
neurons treated with catalpol + Aβ1-42. However, the effect 
of BDNF on neurite outgrowth was not significantly 
influenced by the Bis treatment (Figure 5).

To further determine the mechanism of catalpol in 
protecting effects on neurons, we examined the effects 
of catalpol on the expression levels of dynamin 1, PSD-
95, synaptotagmin, and synaptophysin in Aβ1-42 injured 
neurons with or without the Bis treatment. As shown in 
Figure 6, Aβ1-42 induced the decreases of dynamin 1, PSD-
95, synaptotagmin, and synaptophysin, while reverse 
peptide Aβ42-1 did not affect the expression of those 

Figure 4: Catalpol (10 µM) and BDNF (1.85 nM) enhance synaptic protein expressions of Aβ25-35-treated primary 
cortical neurons. Cortical neurons were cultured for 21 days, and then Aβ25-35 was added. After 12 h of Aβ25-35 injury, catalpol and 
BDNF were added to culture for 48 h following synaptic protein detection. A. Representative images of Western blot for synaptic protein 
expressions in primary cortical neurons with different treatments. β-actin is used as the internal control. B. Statistical comparisons of IOD 
in each group. All values are normalized to the control group value and expressed as the mean ± SEM of four independent experiments. * 
and ** indicate p < 0.05 and p < 0.01, respectively, compared with the Aβ25-35 treated alone group.
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synaptic proteins. Catalpol and BDNF also significantly 
increased the expression of those proteins to varying 
degrees. Interestingly, catalpol did not enhance the 
expression of those synaptic proteins after Bis treatment. 
Similar to the effect on neurite outgrowth, BDNF did 
not attenuate the effect on synaptic proteins after Bis 
treatment.

DISCUSSION

In this study, by using aged male SD rat and Aβ 
injured primary rat cortical neuron models, we observed 
that aged rats display a significant impairment in object-
recognition memory, as reflected by discrimination index. 
We then examined the protective effects of catalpol on 
neurons. We found that catalpol markedly improved 
the cognitive function of aged rats and enhanced the 
expression of synaptic proteins in both the cerebral cortex 
and hippocampus. Although it did not improve the cell 
viability of Aβ injured neuron cells, we observed that 
catalpol restored the length of MAP-2 positive neurites 
and the expression of synaptic proteins in Aβ injured 
primary rat cortical neurons. Our study reveals the 
protective effects of catalpol against synaptic impairment 
and suggests that catalpol could be used as a disease-
modifying drug for cognitive disorders such as AD.

Aβ has been considered as a leading causative agent 
inducing AD; however, the precise toxic mechanisms of 
Aβ remain blurry. Recent studies specifically emphasize 
the pathogenic role of Aβ at the synapse [40, 41]. In our 

in vitro study, we observed the effects of catalpol on the 
synaptic plasticity in Aβ damaged neural culture. As 
shown in Figures 3-5, catalpol does not prevent the death 
of Aβ25-35-injured neurons but extends the MAP-2-positive 
neurite length and reverses the decrease of synaptic 
proteins of surviving neurons. The reversing effect of 
catalpol on synaptic proteins could rival that of BDNF, 
which is essential for the development of the central 
nervous system and for neuronal plasticity [42]. 

Although many studies were performed to locate 
the specific region for the object recognition [43-46], 
the specific brain areas involved in object recognition 
remain unclear. For instance, two groups attempted to 
disrupt the hippocampus of rodents to reproduce the 
recognition memory deficits in humans and primates 
have yielded mixed results in the object recognition test 
[47, 48]. The perirhinal cortex, located dorsally to the 
hippocampal formation, is considered to be involved in 
object recognition tests [47]. In this study, we dissected 
the cerebral cortex and hippocampus of rats after the 
behavioral test to determine the contents of some synaptic 
proteins. 

Recent morphological studies have revealed that 
the neuron number is preserved in normal aging, even 
in aged rats with learning deficits [49]. This implies that 
cognitive declines with aging are due to synapse loss 
and/or synaptic dysfunction rather than neuronal losses. 
In the present study, we found that the synaptic proteins 
dynamin 1, PSD-95, and synaptophysin were decreased, 
respectively, in the cerebral cortex and hippocampus of 
aged rats, whereas synaptotagmin was decreased in the 

Figure 5: The effects of catalpol (10 µM) and BDNF (1.85 nM) on the growth of MAP-2-positive neurite treated with 
Aβ1-42 in the presence or absence of Bis. A. Representative images of staining at ×200 magnification; the scale bar represents 100 
μm. B. Statistical analysis of neurite length in various groups. Data are presented as the mean ± SEM of three independent experiments. ** 
indicates p < 0.01, when compared with the Aβ1-42 treated alone group. ## indicates p < 0.01, when compared with the corresponding group 
without Bis treatment. NS indicates no significant difference.



Oncotarget69310www.impactjournals.com/oncotarget

cerebral cortex but not in the hippocampus of aged rats 
(Figure 2). The results are in accordance with the majority 
of previous reports [50, 51]. However, Nicolle et al. [52] 
reported no loss of synaptic proteins in the hippocampus 
of aged Long Evans rats, including aged rats with severe 
cognitive impairment. The contradiction may originate 

from the differences in species and aging degree of aged 
rats, the selected brain regions and the tissue preparation. 
In our study, after 2 months of administration, catalpol 
significantly attenuated the decreased expressions of 
dynamin 1, PSD-95, and synaptophysin in the cerebral 
cortex and hippocampus of aged rats, respectively (Figure 

Figure 6: The effects of catalpol (10 µM) and BDNF (1.85 nM) on synaptic protein expression of Aβ1-42-treated cortical 
neurons with and without Bis treatment. A. Representative images of Western blots for synaptic protein expressions in primary 
cortical neuron with different treatments. β-actin is used as the internal control. B. Statistical comparisons of IOD in each group from 
(A). All values are normalized to the control group and presented as the mean ± SEM of four independent experiments. ** indicates p < 
0.01, when compared with the Aβ1-42-treated alone group. ## indicates p < 0.01, when compared with the corresponding group without Bis 
treatment. NS indicates no significant difference.
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2). These findings provided the molecular basis for 
catalpol’s improvement of cognition function.

Synaptic plasticity is a dynamic process necessary 
for both synaptogenesis and modification of existing 
synapses [53]. MAP-2 is essential for the development 
and maintenance of neuronal morphology. The disruption 
of MAP-2 decreases microtubule bundling and impairs 
dendritic elongation, leading to learning and memory 
deficits [54]. Catalpol, extending the MAP-2-positive 
neurite length of Aβ-damaged neurons, may improve 
the reorganization of dendritic architecture and facilitate 
synaptogenesis. Although we did not evaluate the effect 
of catalpol on the dendrite spine or synapse density 
with electron microscopes, the incremental expressions 
of synaptophysin and PSD-95, pre- and post-synaptic 
markers, respectively, may indirectly represent the 
increase of synapse density. The increases in dynamin 
1 and synaptotagmin levels, two important proteins in 
synaptic transmission, may also indicate the effect of 
catalpol on the regulation of synaptic transmission. As 
shown in this study, we conclude that catalpol could 
increase synaptic plasticity and thus alleviate neural injury.

PKC signaling plays an essential role in both 
memory acquisition and maintenance, whereas deficits 
in PKC signal cascades in neurons represent one of the 
earliest changes in the brains of AD patients [55]. It 
has been demonstrated that activation of PKC increases 
the expression of BDNF, synaptic remodeling, and 
synaptogenesis in the hippocampus and related cortical 
areas of AD transgenic mice [55, 56]. Catalpol can increase 
the expression of PKC in the hippocampus of aged SD 
rats [26], but whether PKC signaling is involved in the 
effects of catalpol on neural repair should be clarified. 
Surprisingly, the effects of catalpol on neurite length and 
expression of synaptic proteins are fully eliminated after 
the treatment of the PKC inhibitor Bis, while the effects 
of BDNF did not change (Figures 4-5). Bis is a commonly 
used highly selective inhibitor of all PKC isoforms (Ki 
= 10 nM), [57] which is also with inhibitory effects of 
Glycogen Synthase Kinase 3 (GSK-3) (IC50=360 nM) [58]. 
Whether the effect of catalpol on neural repair depends 
on PKC signaling solely or by simultaneously regulating 
GSK-3 or other molecules requires further investigation. 

It is worth emphasizing that synapse and dendritic 
spine pathology are the primary features of AD, prior to 
subsequent neuron loss. Interventions that protect synapses 
would be more effective for preventing or delaying the 
progression of AD, as the synaptic and spine pathology 
are closely related to recognition decline [40]. Catalpol 
should be an appropriate intervention for rescuing synaptic 
pathology by increasing the expressions of synaptic 
proteins. Thus, the results from this study provides 
evidence that catalpol could be regarded as a potential 
new disease-modifying drug for treatments of cognitive 
disorders such as AD. 

MATERIALS AND METHODS

Reagents

Aβ25–35 (Sigma, Saint Louis, MO, USA), Aβ1–42 
(Sigma, Saint Louis, MO, USA) and Aβ42-1 (AnaSpec, 
San Jose, CA, USA) were dissolved in sterile distilled 
water and incubated at 37°C for 4 days for aggregation. 
DMEM/F12, B-27 supplement and recombinant human 
BDNF were obtained from Gibco BRL (Rockville, 
MD, USA) Trypsin, dimethylsulfoxide (DMSO), and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) were purchased from Sigma. Primary 
antibody mouse anti-microtubule-associated protein 2 
(MAP-2), mouse anti-dynamin 1, rabbit anti-PSD-95, 
mouse anti-synaptotagmin and mouse anti-synaptophysin 
were purchased from Chemicon (Temecula, CA, USA). 
Mouse anti-β-actin antibody was purchased from Santa 
Cruz Biotechnology. Secondary antibodies were purchased 
from Boster (Wuhan, China). Bisindolylmaleimide I 
(Bis) was obtained from Merck Calbiochem (Darmstadt, 
Germany). Catalpol was extracted from the root of 
Rehmannia glutinosa and identified by MS and NMR in 
our laboratory [23]. Its purity was >97% as determined 
by HPLC. Catalpol was dissolved in sterile distilled water 
with different concentrations in the present study.

Animal models and treatments

Male Sprague Dawley (SD) rats were obtained from 
the Shanghai SIPPR-BK Laboratory Animal Company. 
Animal experiments were performed according to the 
National Institute of Health Guide for the Care and Use 
of Laboratory Animals, and the animal protocol was 
approved by the Animal Ethics Committee of School of 
Medicine, Shanghai JiaoTong University. Aged rats (23-
24 months old) were randomly divided into two groups 
according to body weight: a group treated with vehicle 
(sterile distilled water) and the other group was treated 
with 15 mg/kg/d catalpol. Young rats (3 months old) were 
treated with the vehicle as the young control. Catalpol 
or vehicle was administered by gavage once a day for 2 
months.

Behavioral tests

Open field test

Spontaneous activity of rats was examined in an 
open-field box (60 cm × 75 cm × 75 cm). The rats were 
placed into the box and allowed to freely explore for 5 
min. The locomotor activity was recorded by a video 
camera directly above the box and analyzed offline by a 
video track system (Noldus Ethovision).
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Object recognition test

The novel object recognition test, including a 
training and retention session, was conducted in an open-
field arena. Two days before test, rats received a duration 
of 3-min per day habituation in the arena and room 
environment. During the training session, two identical 
novel objects were placed into the arena 15 cm away from 
each other, and the animals were allowed to explore for 3 
min. The rats were then placed back to their home cage. 
One hour later, the rats were returned to the arena and 
exposed to one familiar object and a novel object for 3 
min in the retention session. The training and retention 
sessions were video recorded, and the time used by each 
animal to explore each object was scored manually by 
an investigator without knowledge of the experimental 
groups. Object exploration was defined as sniffing or 
touching the object with the nose and/or forepaws. 
When the animal used the object as a prop to explore the 
environment, this was not considered an exploration. A 
discrimination index (total time spent with new object/
total time of object exploration) was used to measure 
recognition memory [59]. After the object recognition 
test, the animals were sacrificed, and the brain tissues were 
collected and stored at -70°C until use.

Brain tissue sample preparation and Western 
blotting

The right brain hemisphere was weighed and 
suspended in lysis buffer (25 mM Tris-HCl pH 6.8, 1% 
SDS, 5% glycerol, and 200 mM DTT), at a ratio of 1 ml 
of lysis buffer per 100 mg of tissue. The suspension was 
sonicated for approximately 30 s and centrifuged at 12000 
×g for 5 min, and the supernatant was then transferred 
to a fresh tube. Total protein was determined with the 
Bradford Protein Assay Kit (Pierce), and samples (50 μg) 
were analyzed by immunoblot as described previously 
[60]. Briefly, the samples were separated on a 8% SDS 
polyacrylamide gels and transferred to a PVDF membrane, 
blocked in 5% skim milk, and incubated overnight at 
4°C with primary antibody (mouse anti-dynamin 1 
antibody, 1:1000; rabbit anti-PSD-95 antibody, 1:1000; 
mouse anti-synaptotagmin antibody, 1:1000; mouse anti-
synaptophysin antibody, 1:1000; anti-β-actin antibody, 
1:1000) followed by incubation with secondary antibody. 
The results were visualized using ECL reagents (Pierce) 
and quantified using an image analyzer (Gel Doc 2000, 
Bio-Rad). The values were finally normalized to β-actin. 
For cultured cells, after treatments, the cells were washed 
with cold PBS and harvested with a cell scraper and 
sonicated for approximately 30 s in the cell lysis buffer, 
and the supernatant was collected by centrifugation 
at 12000 ×g for 5 min at 4°C. The total protein of each 
sample was determined using the Bradford assay, and 
samples (30 μg) were analyzed by immunoblotting as 

mentioned above.

Primary culture of cortical neurons and treatment

The primary cortical neurons were prepared 
and cultured with a previously described method [23]. 
Briefly, the cortexes of newborn SD rats (within 24 
h after newborn) were dissected, and the meninges 
were removed. The cells dispersed by trypsin digestion 
and trituration were then re-suspended in DMEM/F12 
containing 10% fetal bovine serum supplemented with 
1% penicillin-streptomycin, plated on poly-L-lysine-
coated multi-well plates, and incubated at 37°C in 5% 
CO2. The medium was replaced by DMEM/F12 plus B27 
on the second day and then refreshed twice a week. After 
12 h of 10 µM Aβ incubation, catalpol (10 µM) or BDNF 
(1.85 nM) was added to the cortical neuron culture. In the 
cases of PKC inhibitor treatment, the PKC inhibitor Bis 
was applied 2 h ahead of catalpol or BDNF. On day 7 of 
treatment, the neurons were subjected to neuronal viability 
assay and the assessment of protein expression using 
immunocytochemistry. For detection of protein levels 
using the Western blot, the cells were cultured for 21 days 
before harvesting.

Detection for neuronal viability

Neuronal viability was assessed using MTT assay, 
based on the conversion of MTT into formazan crystals 
by living cells. After different treatments, 10 μl of MTT 
stock solution (5 mg of MTT in 1 ml of PBS) was added 
to the wells of 96-well culture plates. Following 4 h of 
incubation at 37°C in 5% CO2, the medium was fully 
removed, and 150 μl of DMSO was added to each well 
with shaking for 10 min. The absorbance of the sample 
was determined at 492 nm using a microplate reader (Bio-
Tek ELX808), with serum-free medium as the blank. 
The relative cell viability (%) related to the control was 
calculated by [Absorbance]test/[Absorbance]control × 
100%.

Immunocytochemistry

The immunocytochemistry was performed using a 
previously described method [23]. Briefly, the cultured 
neurons were fixed with 4% paraformaldehyde and 
exposed to PBS (NaCl 8.5 g, Na2HPO4·12H2O 7.05 g, and 
NaH2PO4·2H2O 0.52 g dissolved in 1000 ml of distilled 
water, pH 7.4) containing 0.3% Triton X-100, followed by 
incubation in 5% BSA to block non-specific binding. The 
neurons were then incubated with a rabbit anti-MAP-2 
antibody (1:1000) diluted in PBS at 4°C for overnight. 
After washing with PBS, the neurons were incubated 
with secondary antibody for 1 h at room temperature. 
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Subsequently, the results were visualized using the ABC 
kit (Thermo Scientific, Grand Island, NY, USA) and 
analyzed using an inverted Nikon TE300 microscope at 
×200 magnification. Ten areas were randomly captured 
from each well. The length of MAP-2 positive neurites of 
each neuron was measured by the NIH Image J software 
with the Simple Neurite Tracer plugin according to the 
manufacture’s instruction (http://imagej.net/Simple_
Neurite_Tracer:_Step-By-Step_Instructions), whereas the 
neurons connecting with other neurons or with neurite 
endings outside the optic field were excluded. The total 
neurite length of all neurons counted in a group was 
divided by the total number of neurons, and then, the 
average of each group was normalized to that of the 
vehicle control.

Statistical analysis

The data were analyzed using one-way ANOVA 
followed by a Student-Newman-Keuls post hoc test. All 
calculations were performed using the Statistical Analysis 
System (SAS 9.13 software). The results were shown as 
the mean ± SEM. The significance level was set at p<0.05. 
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