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DI-3n-butylphthalide improves spatial learning and memory
in rats with vascular dementia by reducing autophagy
via regulation of the mTOR signaling pathway
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Abstract. DI-3n-butylphthalide (NBP) has been reported to be
a beneficial and promising drug for the treatment and preven-
tion of vascular dementia (VD). NBP has been demonstrated
to improve learning and memory in rats with vascular cogni-
tive impairment by activating the silent information regulator
1/brain-derived neurotrophic factor pathway. However, NBP
is a multi-target drug. Therefore, the present study aimed to
determine whether the protective effects of NBP on learning
deficits in a rat model of VD were due to the inhibition of
autophagy via the phosphorylated mammalian target of
rapamycin (p-mTOR) pathway. NBP treatment attenuated
memory damage in rats with VD, as demonstrated by T-maze
and Morris water maze tests. NBP administration also signifi-
cantly reduced the levels of the characteristic autophagic
proteins Beclin 1 and LC3II and upregulated phosphorylation
levels of mTOR at Ser-2448 compared with the VD group.
However, treatment of rats with VD with NBP plus the mTOR
inhibitor rapamycin failed to significantly suppress Beclin 1
and LC3II expression. These results suggested that the benefi-
cial effects of NBP on learning deficits in a rat model of VD
were due to the suppression of ischemia-induced autophagy
via the p-mTOR signaling pathway.

Introduction

Vascular dementia (VD) is one of the most common types of
dementia after Alzheimer's disease, accounting for around
15% of cases (1) and characterized by a progressive decline
in memory and learning (2). Accumulating evidence suggests
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that vascular risk factors may contribute to the onset of VD (3).
However, there are currently no licensed treatments for VD and
the mechanisms underlying its pathogenesis remain unclear.

Autophagy is a cell self-degradation process that is
important for maintaining the stability of the internal
environment of the body (4) by clearing damaged cellular
components, such as mitochondria (5). However, overactiva-
tion of autophagy triggers cell death as a result of excessive
self-digestion through the degradation of essential proteins
and organelles (6). Previous studies have reported that activa-
tion of autophagy as a result of transient ischemia promotes
neuronal damage in brain tissues (7,8), suggesting that
autophagy is a common pathway leading to cell death in the
central nervous system.

3-n-butylphthalide (NBP), initially extracted from the
seeds of Chinese celery (Apium gravelens), has been approved
for the treatment of ischemic cerebrovascular disease (9).
Based on its multi-target therapeutic properties, NBP has
demonstrated an important role in a number of nervous
system diseases, including amyotrophic lateral sclerosis (10),
Parkinson's disease (11) and VD (12), as well as models of
Alzheimer's disease (13). Studies have also demonstrated
that multiple mechanisms are involved in the neuroprotective
effects of NBP, including anti-inflammatory effects, suppres-
sion of oxidative stress, inhibition of platelet aggregation
and anti-apoptosis (14-17). However, little is known about
the protective role of NBP against chronic ischemia-induced
excessive autophagy in VD. The present study aimed to inves-
tigate the effect of NBP on autophagy in the hippocampus of
a rat model of VD and to determine the signaling pathways
involved in the observed effects.

Materials and methods

Animals and groups. A total of 60 male Sprague-Dawley
rats (age, 2 months; weight, 250-280 g) were purchased
from the Experimental Animal Center of China Medical
University (Shenyang, China). All rats were housed in a
specific pathogen-free animal experiment room at 24+2°C
with 60% humidity under a 12-h light/dark cycle and were
allowed free access to water and food. The experiments
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were approved by the China Medical University Animal
Care and Use Committee and adhered to the Chinese
Academy of Science guidelines for the care and use of
laboratory animals. All rats were randomly divided into five
groups (n=12 rats/group): i) Sham (S) group; ii) VD group;
iii) NBP (N) group; iv) rapamycin (R) group; and v) NBP and
rapamycin (N+R) group. One day prior to the surgery, rats in
the R and N+R groups underwent lateral ventricle catheteriza-
tion and 50 pl rapamycin (1 mmol/ml) was injected slowly
into the lateral ventricle (2 ul/min), leaving the needle in for
5 min. With the exception of the S group, all rats underwent
vessel ligation. VD was induced by two-vessel occlusion as
previously described (18). Sham rats were subjected to the
same procedure without ligation of the arteries. Rats in the
S and VD groups received vegetable oil, and the other groups
received 60 mg/kg NBP per day. All rats were weighed daily.
Four weeks after the surgery, there were 12 rats in the S group,
10 in the VD group, 11 in the N group, 10 in the R group and
11 in the N+R group. A total of six rats were excluded from
the study due to epilepsy in two rats and death of unexplained
causes in four rats. NBP soft capsules were purchased from
Shijiazhuang Pharmaceutical Co. Ltd. The study timeline is
presented in Fig. 1.

Behavioral tests T-maze. T-maze tests can be used to assess
an animal's spatial working memory (19). T-maze tests were
performed after 4 weeks of NBP treatment (S, n=12; VD, n=10;
N, n=11; R, n=11; N+R, n=11). Each T-maze trial consisted of
a sample run and a choice run. On the sample run, rats were
forced to enter either the left or the right arm of the maze to
get sugar, while the other arm was blocked by a sliding door.
On the choice run, the blocked door was removed and the
rats were allowed to choose either arm freely. There was an
interval of 10 sec between the sample and choice runs. If the
rats entered the previously unvisited arm, they were rewarded.
The delay was then prolonged to 90 and 180 sec. Each daily
session consisted of five trials, and rats performed one trial at
a time with an interval of 10 min. The number of corrections
made when the rats entered the unvisited arm of the T-maze
was measured.

Morris water maze (MWM). The MWM test was performed
in a circular pool (diameter, 180 cm; height, 60 cm; depth,
35 cm) filled with opaque water by stirring in milk (tempera-
ture, 26x1°C). The pool was divided into four quadrants, and a
white platform was located in the center of one quadrant. The
rat was gently placed in the water, facing the side-wall of the
maze not housing the platform. The time to find the hidden
platform (escape latency) and path length (distance traveled)
were recorded for each training trial. The rat was given a
maximum of 90 sec to find the hidden platform, any rat who
failed the mission within 90 sec would be guided to the hidden
platform and allowed to stay on the platform for 15 sec, before
the training was terminated. The rats started each trial from a
different quadrant and were trained twice a day for 5 consecu-
tive days with an interval of 3 h. The escape latency and
swimming distances were recorded using a video camera, and
the digital images were analyzed using water maze software
(HVS Image 2020; HVS Image Software Ltd.) Additional
probe trials were conducted with the hidden platform removed
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on the 6th day of the test. Swimming speed, times of crossing
the platform, time spent and swimming distance in the target
quadrant were also recorded.

Nissl staining. Rats were euthanized with an intraperito-
neal injection of sodium pentobarbital (200 mg/kg); when
continuous spontaneous breathing arrest for 2-3 min and
muscle relaxation occurred, rats were transcardially perfused
with normal saline (0.9%) followed by 4% paraformaldehyde
in 0.1 M sodium phosphate buffer (pH 7.3). The brain was
then dissected, postfixed with 4% paraformaldehyde at 4°C
for three days, embedded in paraffin, cut into 5-ym sections
and stained with 1% Toluidine Blue at 60°C for 40 min.
Nissl-positive cells in the hippocampus were examined to
assess neuronal survival. The population of normal neurons
in the CA1 subfield was counted using a light microscope at
x400 magnification (model, BX53; Olympus Corporation) by
two independent investigators who were blinded to the experi-
mental conditions. The mean number of neurons was obtained
by counting 3 sections per brain and 5 representative fields
were randomly selected to count per section.

Transmission electron microscopy. Brain tissues were
prepared for electron microscopy by fixing in 2.5% glutaralde-
hyde in PBS (pH 7.4) for 1 hat 4°C and in 1% OsO, in 0.1 mol/l
cacodylate buffer (pH 7.4) for 2 h at 4°C The tissues were
subsequently stained with 1% aqueous uranyl acetate at 4°C
overnight and embedded in Durcopan (Sigma-Aldrich, Merck
KGaA). The sections (50-70 nm) of the hippocampus were cut
using a Leica ultracut microtome (Leica Microsystems, Inc.)
and collected on formvar-coated copper grids. The sections
were stained with 1% aqueous uranyl acetate and lead citrate
and then imaged on a H-600/7650 transmission electron
microscope (Hitachi High-Technologies Corporation).

Western blotting. Rats were euthanized with an intraperitoneal
injection of sodium pentobarbital (200 mg/kg) and sacrificed
by transcardiac perfusion with normal saline (0.9%) followed
by 4% paraformaldehyde in 0.1 M sodium phosphate buffer
(pH 7.3). The rat (n=5/group) hippocampus was homogenized
in RIPA lysis buffer (cat. no. PO013B; Beyotime Institute of
Biotechnology) containing PMSF, and centrifuged at 12,000 x g
for 10 min at 4°C. Protein concentrations were determined
using a bicinchoninic acid protein assay kit (Beyotime Institute
of Biotechnology). A total of 30 ug of protein per lane was
separated by 12% SDS-PAGE and transferred onto PVDF
membranes. The membranes were blocked with 3% bovine
serum albumin (Sigma-Aldrich; Merck KGaA) in Tris-buffered
saline at room temperature for 30 min and incubated overnight
at 4°C with primary antibodies against mammalian target
of rapamycin (mTOR; 1:400; cat. no. 2972; Cell Signaling
Technology, Inc.), phosphorylated (p)-mTOR (Ser2448; 1:250;
cat. no. 2971; Cell Signaling Technology, Inc.), LC3B (1:1,000;
cat. no. 2775; Cell Signaling Technology, Inc.), Beclin 1
(1:1,000; cat. no. sc-48341; Santa Cruz Biotechnology, Inc.) or
[-actin (1:1,000, cat. no. 4967, Cell Signaling Technology, Inc.).
Following incubation with horseradish-peroxidase conjugated
anti-rabbit IgG (1:2,000; Cell Signaling Technology, Inc.) for
1 h at room temperature. Protein signals were detected using
an enhanced chemiluminescence system (EMD Millipore) and
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Figure 1. Experimental timeline.
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Figure 2. Effects of NBP on ischemia-induced cognitive decline in the T-maze and MWM tests. (A) Correction alternation of various intervals with a 10,90 and
180 sec delay in the T-maze. (B) Escape latency in the MWM test. (C) Distance travelled in the MWM test. (D) Time spent in the target quadrant in MWM test.
(E) Platform crossing counts in the MWM test. (F) Swimming speed in the MWM test. Data are expressed as the means + SEM. 'P<0.05 vs. S group; "P<0.05
vs. VD group. S, sham; VD, vascular dementia; N, NBP; N+R, NBP + rapamycin; NBP, DI-3n-butylphthalide; MWM, Morris water maze.

quantified using Quantity-One software version 4.6.3 (Bio-Rad
Laboratories, Inc.). 3-actin was used as a protein-loading control.

Statistical analysis. Data are presented as the mean + standard
deviation and were analyzed using SPSS 16.0 statistical soft-
ware (SPSS, Inc.). Statistical significance was determined by
one-way ANOVA followed by the least significant difference
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

NBP ameliorates autophagy-induced learning and memory
injury in rats with VD. The cognitive function of rats with VD
was first assessed using the T-maze test. Rats in the VD group

exhibited impaired spontaneous alternation behavior
compared with those in the S group (P<0.05); however, NBP
attenuated this impairment in rats with VD (P<0.05; Fig. 2A).
NBP also improved the performance of VD rats when the
interval between the sample and choice runs was delayed by
90 and 180 sec (both P<0.05). In addition, compared with the
R group, rats in the N+R group exhibited no improvement in
performance in terms of spontaneous alternation behavior,
including when the interval was delayed by 90 and 180 sec
(P>0.05; Fig. 2A).

Cognitive function was determined using the MWM test.
During training, significant differences in the performance
of the five rat groups were observed from day 2; rats in the
VD group exhibited a higher escape latency compared with
the S group (P<0.05), and the escape latency was shortened
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Figure 3. Effects of NBP on neuronal survival in the CA1 region of the hippocampus. (A) Hippocampal neuron survival was detected using Nissl staining
(magnification, x400), and (B) the relative number of neurons with Nissl bodies was obtained. Data are expressed as the means = SEM. "‘P<0.05 vs. S group;
#P<0.05 vs. VD group. S, sham; VD, vascular dementia; N, NBP; N+R, NBP + rapamycin; NBP, DI-3n-butylphthalide.
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Figure 4. Effects of NBP on autophagosome formation in the CA1 area of the hippocampus. (A) Electron microscopic examination (magnification, x10,000)
of autophagosomes in the CAl area. Normal ultrastructure was observed in the S group, and scattered autophagosomes were observed in the VD, R and
N+R groups. A low number of autophagosomes was observed in the N group. Arrow marked the autophagosomes. (B) Quantitative analysis of the number of
autophagosomes of per field. Data are expressed as means + SEM. "P<0.05 vs. S group, “P<0.05 vs. VD group. S, sham; VD, vascular dementia; N, NBP; N+R,

NBP + rapamycin; NBP, DI-3n-butylphthalide.

by treatment with NBP (P<0.05; Fig. 2B). In the probe test, the
time spent swimming and the distance in the target quadrant,
as well as the number of platform crossings were significantly
lower in the VD group compared with the S group (all P<0.05).
NBP increased the time spent swimming, the distance in the
target quadrant and the number of platforms crossed compared
with the VD group (all P<0.05). However, the N+R group
exhibited no change in time spent swimming, distance in the
target quadrant or the number of platform crossings compared
with the R group (all P>0.05; Fig. 2C-E). No difference was
observed in swimming speed among the groups (P>0.05;
Fig. 2F). These results indicated that NBP ameliorated the
impairment of learning and memory induced by ischemia, but
did not improve rapamycin-aggravated learning and memory
deficits in rats with VD (Fig. 2).

NBP promotes neuronal survival in rats with VD. No
histopathological abnormalities were observed in the hippo-
campus in rats in the S group, but VD rats exhibited marked
neuronal loss and degeneration of neuronal structure in the CA1
region (Fig. 3). By contrast, NBP attenuated this loss and reversed
the structural injury, reflected by the density and morphology

of neurons with Nissl bodies (P<0.05). Histopathological
abnormalities detected by Nissl staining were similar in the
N+R and R groups (P>0.05). These results suggested that NBP
may inhibit hippocampal neuron death in rats with VD, but
could not reverse the injury in rapamycin-treated rats.

NBP decreases autophagosome formation in the CAl area of
the hippocampus in rats with VD. No autophagosomes were
visible in the hippocampal CA1 region of rats in the S group
under transmission electron microscopy (Fig. 4). By contrast,
round autophagosomes were located next to the nuclei in the
VD group, and there were abundant primary lysosomes, which
indicated autophagy. Fewer autophagosomes were observed in
the NBP group. Similarly to the VD group, autophagosomes
and lysosomes were abundant in the R and N+R groups. These
results suggested that NBP may inhibit autophagosome forma-
tion in rats with VD (Fig. 4).

NBP inhibits the expression of characteristic autophagy
proteins and increases mTOR phosphorylation in rats with VD.
The changes in Beclin 1, LC3II and p-mTOR protein expres-
sion levels were determined by western blot analysis (Fig. 5).



1944

EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 1940-1946, 2020

A B %%  MBeclinl mLC3I
® 1.2 1
] *
s VD N o 11
S o8 4 .
Beclin 1 —_— 50kDa @
o 06
= #
3 04 4
LC31 “- 18kDa ¢
Lc3I 16kDa £ 02 _
2 0
24
p-mTOR W s s 289 kDa
12 4
o
+mTOR A . . =
% o3 |
B-actin I W W 102 O AR .
£ 06 - ;
2
% 0.4 1
-
£02 - dok
z A
0 | |
S VD N

Figure 5. Effects of NBP on autophagy-related protein expression in the CAl area of the hippocampus. (A) The protein expression levels of Beclin 1, LC3II
and p-mTOR in the CAl area were examined by western blot analysis. (B) Relative densitometric analysis of Beclin 1, LC3II and p-mTOR protein bands.
Data are expressed as the means = SEM. "P<0.05 and “"P<0.01 vs. S; “P<0.05 vs. VD. S, sham group; VD, vascular dementia group; N, NBP group; NBP,
DI-3n-butylphthalide; p, phosphorylated; t, total; LC3, microtubule-associated protein 1A/1B-light chain 3.
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Figure 6. Effects of NBP on the mTOR signaling pathway in the CA1 area of the hippocampus. (A) The protein expression levels of Beclin 1, LC3II and
p-mTOR in CA1 following the inhibition of the mTOR signaling pathway were measured by western blot analysis. (B) Relative densitometric analysis of
Beclin 1, LC3II and p-mTOR protein bands. Data are expressed as the means + SEM. "P<0.05 and “'P<0.01 vs. S. S, sham group; R, rapamycin group; N+R,
NBP + rapamycin group; NBP, DI-3n-butylphthalide; p, phosphorylated; t, total; LC3, microtubule-associated protein 1A/1B-light chain 3.

Low levels of Beclin 1 and LC3II were present in the hippo-
campal CAl region in rats in the S group. However, expression
levels of Beclin 1 and LC3II were significantly increased in
the VD group (P<0.05 and P<0.01, respectively) but reduced
in the NBP group (both P<0.05). By contrast, the levels of
p-mTOR Ser-2448 in the S group were higher compared with
those in the VD group (P<0.01), and this reduced phosphoryla-
tion of mTOR was partially reversed by NBP administration in
rats with VD (P<0.05). These results demonstrated that NBP
partially inhibited excessive ischemia-induced autophagy and
promoted mTOR phosphorylation in rats with VD.

NBP inhibits autophagy via an mTOR-dependent pathway
in rats with VD. The role of mTOR in ischemia-induced
autophagy was assessed by measuring mTOR phosphorylation
levels in the five groups. The administration of the mTOR
inhibitor rapamycin reduced mTOR phosphorylation (P<0.01)
and simultaneously increased the expression levels of Beclin 1
and LC3II in VD rats compared with the S group (both
P<0.05), whereas NBP + rapamycin failed to reverse these
effects compared with rapamycin alone (P>0.05; Fig. 6). These
results indicated that NBP may suppress autophagy through an
mTOR-dependent pathway in rats with VD.
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Discussion

VD is a common cause of dementia, primarily induced by
cerebrovascular disease or risk factors including age, hyper-
tension, diabetes, and smoking (20). An increasing number
of studies recently focused on the pathological mechanisms
and possible therapies for VD; however, VD remains difficult
to treat, and further studies are therefore urgently needed.

Autophagy, which is an adaptive reaction of cells to stress
produced by alterations in the internal and external environ-
ments, is a dynamic catabolic process involved in multiple
cellular processes (21). However, excessive autophagy
may trigger cell death and contribute to ischemia-induced
neuronal damage (22,23). Inhibition of autophagy has thus
demonstrated beneficial effects in modulating neurological
deficits following cerebral ischemia (24,25).

The kinase mTOR is a common regulator of autophagy
induction; mTOR activation suppresses, whereas inhibiting
mTOR promotes autophagy (26). Rapamycin is a direct
inhibitor of mTOR and is the most commonly used and
specific inducer of autophagy (27). The mTOR pathway
activation has been demonstrated to protect hippocampal
neurons against hypoxia-induced injury and promote
neuronal recovery (28).

In the present study, a rat model of VD was estab-
lished (29), and learning and memory in the rats were
evaluated by conducting MWM and T-maze tests. The results
demonstrated that NBP significantly improved the cognitive
performance of rats with VD, but could not attenuate cogni-
tive decline in rats with VD following treatment with the
autophagy agonist rapamycin. These results, along with the
changes in the relative numbers of Nissl-positive cells in the
CA1 region of the hippocampus in the NBP-treated or the
NBP combined with rapamycin treated group , indicated that
NBP could ameliorate cognitive impairment and neuronal
loss in rats with VD, and that these effects of NBP could be
prevented by the autophagy agonist rapamycin.

Numerous studies have reported that autophagy is
activated in neurons subjected to ischemia or hypoxia,
and excessive autophagy may lead to autophagic neuronal
cell death (30-33). The results of the transmission electron
microscopy analysis in the present study revealed that brain
ischemia induced autophagosome formation in VD rats,
which was inhibited by NBP. This NBP-induced suppression
of autophagy was confirmed by western blot analysis, which
revealed that the expression levels of the autophagy markers
LC3II and Beclin 1 were downregulated in NBP-treated rats
with VD, indicating that inhibition of autophagy by NBP
may prevent the learning and memory impairments observed
in rats with VD.

The upstream signaling pathway of ischemia-mediated
autophagy activation and the role of this pathway in the
inhibitory effect of NBP on autophagy were further eluci-
dated by detecting mTOR phosphorylation levels in rats
with VD. mTOR a negative regulator of autophagy, and
mTOR phosphorylation levels in rats with VD were notably
enhanced by NBP treatment, accompanied by a significant
downregulation of autophagy protein expression. In addition,
mTOR phosphorylation decreased, whereas the expression
levels of autophagy-related proteins increased in rats with
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VD following injection of the mTOR inhibitor rapamycin;
however, NBP co-treatment with rapamycin did not enhance
mTOR phosphorylation or inhibit autophagy-related protein
expression in rats with VD. These results indicated that
excessive autophagy may occur in rats with VD and may
trigger neuronal damage, which was consistent with previous
studies (21,22). This process may be reversed by NBP
through upregulating mTOR phosphorylation; blocking
mTOR signaling using the specific inhibitor rapamycin
prevented the reversal of autophagy by NBP in rats with VD,
suggesting that the neuroprotective effect of NBP may be
mTOR-dependent.

In conclusion, the results of the present study demon-
strated that NBP attenuated cognitive decline and neuronal
loss in the CA1 region of the hippocampus in rats exposed to
cerebral ischemia. In addition, the beneficial effects of NBP
were associated with the activation of the mTOR signaling
pathway and suppression of autophagy-related protein expres-
sion. However, this study had certain limitations. In vivo, the
influence of other factors could not be completely ruled out;
it is not clear whether the accumulated autophagic vacuoles
in rats with VD were the result of autophagy induction or
autophagic flux impairment, and whether NBP exerted its
effects on autophagy induction or autophagic flux. In our
future research, rat hippocampal neuron cells will be cultured
to measure the influence of NBP on autophagy induction and
the state of autophagic flux in vitro, which may elucidate the
detailed mechanisms by which NBP exerts a neuroprotective
effect in rats with VD.
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