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Autophagy activation aggravates neuronal injury in 
the hippocampus of vascular dementia rats 
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Introduction
Autophagy is a basic catabolic mechanism by which unnec-
essary or dysfunctional cellular components are degraded by 
lysosomes; it is a specific, vital phenomenon of eukaryotic 
cells (Yorimitsu and Klionsky, 2005; Voigt and Pöggeler, 
2013). Damaged organelles such as mitochondria are scav-
enged by autophagic processes to maintain the stability of 
nerve cells (Inoue et al., 2006; Bharadwaj et al., 2012). Ex-
cessive activation of autophagy leads to cell death (Kiffin et 
al., 2006; Chen et al., 2012). Previous studies have shown 
that autophagy is associated with senescence, malignant 
tumor growth, infection with pathogenic microorganisms, 
neurodegenerative disease, and diseases of the muscles and 
cerebrovascular system (Rubinsztein et al., 2005; Koike et 
al., 2008; Levine and Kroemer, 2008; Mizushima et al., 2008; 
Wen et al., 2008; Henriques-Pons and Nagaraju, 2009; Ba-
nerjee et al., 2010; Alger et al., 2011; Chang et al., 2012; Jia et 
al., 2012; Lynch-Day et al., 2012; Tung et al., 2012). However, 
few studies have explored the role of autophagy in the onset 
of vascular dementia. The autophagy inhibitor wortmannin 
is highly lipophilic, passing readily through the blood-brain 
barrier and cell membrane (Wipf and Halter, 2005). Cell cul-
ture experiments showed that wortmannin dose-dependent-
ly inhibits autophagy by blocking lysosomal transport 
substrates (Powis et al., 1994) with high selectivity (Fruman 
et al., 1998). In the present study, we sought to observe the 
changes in autophagy in the hippocampal CA1 region of a 
rat model of vascular dementia, and to investigate the effects 

of autophagy blockade on the onset of vascular dementia 
symptoms.

Materials and Methods
Animals
225 healthy male Sprague-Dawley rats, weighing 250–280 g 
(6–8 weeks old), were provided by Beijing HFK Bioscience 
Co., Ltd., Beijing, China (certificate No. SCXK (Jing) 2012-
0013). All rats were housed in the Environmental Barrier 
Animal Laboratory, Hebei United University, China, at 23 ± 
2°C, with natural illumination and free access to food and 
water. Animals were habituated to the housing conditions 
for 2 weeks prior to experimental procedures. This study was 
approved by the Ethics Committee of Hebei United Univer-
sity, China. 

The 225 rats were randomly and equally divided into a 
sham surgery group, a vascular dementia model group and 
a wortmannin group. Each group was randomly subdivided 
according to time points after model induction, i.e. 1, 2, 4, 8 
and 12 weeks (n = 15 per subgroup). Within each subgroup, 
six rats were used for immunohistochemistry, six for western 
blot assay, and three for electron microscopy.

Wortmannin treatment
Rats in the wortmannin group received an intraperitoneal in-
jection of an autophagy inhibitor wortmanninian (0.5 mg/kg; 
Beijing Biosynthesis Biotechnology Co., Ltd.). One hour after 
drug injection, surgery was performed to establish the vascu-
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lar dementia model.

Vascular dementia model preparation
A rat model of vascular dementia was established using a 
modification of the Pulsinelli four-vessel occlusion method 
(Sibolt et al., 2013). The rats were fasted for 12 hours before 
surgery, then anesthetized intraperitoneally with 10% chlo-
ral hydrate (350 mg/kg; Beijing Biosynthesis Biotechnology 
Co., Ltd., Beijing, China). A median incision was made in 
the dorsal neck region to expose both transverse foramina 
of the first cervical vertebra. An electrocoagulation needle 
(0.5 mm in diameter) was inserted into each foramen for 
bilateral cauterization of the vertebral artery, resulting in 
permanent occlusion. The rats were fixed in the supine 
position, and a median ventral neck incision was made to 
isolate the common carotid artery bilaterally. The wound 
was sutured and the rats remained under anesthesia for 24 
hours, before the artery was occluded three times, by clamp-
ing for 5 minutes at hourly intervals. The surgical site was 
sprayed with gentamicin to prevent infection and the skin 
was sutured. The sham-operated group underwent the same 
procedures as the model groups, but ischemia was not car-
ried out. After surgery, all rats were treated with gentamicin 
for 3 consecutive days to prevent infection.

Behavioral assessment of learning and memory 
A Morris water maze (Huaibei Zhenghua Biologic Appa-
ratus Facilities Co., Ltd., Huaibei, Anhui Province, China), 
120 cm in diameter, was used. A circular platform (23 cm 
high and 10 cm in diameter) was placed in the center of a 
quadrant, 2 cm below the surface of the water. The water 
temperature was 24 ± 2°C and the room temperature was 
24°C. Behavioral assessment was carried out at 1, 2, 4, 8 
and 12 weeks after modeling. Five days of navigation tests 
were performed before a probe test on the sixth day. Navi-
gation tests consisted of two sessions per day (morning and 
afternoon), each with four trials. Each trial began when the 
rat was released into the water at one of four release points 
with its face toward the pool wall. The time taken for the 
rat to find and climb the platform was recorded as the es-
cape latency. When the rat found the platform within 120 
seconds, it was allowed to remain on the platform for 30 
seconds, before a 60 second break in the home cage. If the 
rat failed to climb onto the platform within 120 seconds, 
it was manually guided onto the platform and allowed 
to stay there for 30 seconds before the break. The escape 
latency was recorded as 120 seconds in such cases. In the 
spatial probe test on day 6, the platform was removed from 
the pool. The rat was released into the water with its face 
toward the pool wall and the number of times it crossed 
the area in which the platform was previously located was 
recorded over a period of 120 seconds. 

Transmission electron microscopy of the hippocampus
Three rats per group were deeply anesthetized with 10% 
chloral hydrate (0.3 mL/100 g), and the tissue was fixed 
with 4% paraformaldehyde and 2.5% glutaral. The rats were 

decapitated, the brains removed, and the hippocampi cut 
coronally into blocks (1 mm3). Specimens were post-fixed in 
2.5% glutaral, and sliced into ultrathin sections (50–70 nm). 
Ultrastructure changes were observed under a transmission 
electron microscope (H-7650; Hitachi, Tokyo, Japan). 

Immunohistochemistry of beclin-1 and cathepsin B in the 
hippocampal CA1 region
Rats were deeply anesthetized with 10% chloral hydrate (0.3 
mL/100 g) and decapitated. Brains were removed on ice and 
placed in 4% paraformaldehyde in phosphate buffer for at 
least 24 hours after fixation. The portion of the brain con-
taining the hippocampus was cut coronally into slices approx-
imately 2 mm thick. The slices were embedded in paraffin 
and sectioned using a microtome (Jung Histocut, model 820-
II, Leica, Wetzlar, Germany), dewaxed in xylene, dehydrated 
through an alcohol gradient, and immersed in pH 6.0 sodium 
citrate buffer and boiled for antigen retrieval. After cooling 
to room temperature, the sections were washed three times 
with PBS (5 minutes each wash), and incubated with rabbit 
anti-beclin-1 (1:500; Beijing Biosynthesis Biotechnology 
Co., Ltd.) and anti-cathepsin B (1:500; Beijing Biosynthesis 
Biotechnology Co., Ltd.) antibodies at 4°C overnight. The 
sections were then washed three times with PBS as before, in-
cubated with goat anti-rabbit IgG (1:2,000; Beijing Biosynthe-
sis Biotechnology Co., Ltd.) at 37°C for 30 minutes, washed 
again three times with PBS, and visualized with freshly pre-
pared 3,3′-diaminobenzidine. They were then counterstained 
with hematoxylin, permeabilized, and mounted. The number 
of immunopositive cells in the hippocampal CA1 region was 
counted in six non-overlapping visual fields observed under a 
high-power lens (200 × magnification; Hitachi, Japan). A cell 
was counted as positive if its nucleus was stained royal blue 
and its cytoplasm was stained yellow or brown. 

Western blot assay of light chain 3 protein expression in 
the hippocampus
Light chain 3 is a protein marker of autophagy (Kanno et al., 
2011). Rats were deeply anesthetized with 10% chloral hy-
drate (0.3 mL/100 g), and decapitated. Brains were removed 
on ice and washed with cold PBS. Hippocampi were isolated 
immediately, placed in a 15 mL centrifuge tube and homog-
enized at 12,000 r/min (r = 3 cm) for 15 seconds using a ro-
tary homogenizer. Each subsequent stage was performed at 
4°C unless stated otherwise. The samples were treated with 
lysis buffer, shaken, and incubated for 30 minutes. The cell 
suspension was centrifuged at 12,000 r/min for 10 minutes 
and the supernatant was kept. After quantitation, protein 
concentration was adjusted to 750 μg/mL with PBS and an 
equal volume of loading buffer was added. The specimens 
were boiled in water for at least 5 minutes. A bicinchoninic 
acid kit (Beijing Biosynthesis Biotechnology Co., Ltd.) was 
used to determine protein concentrations against a standard 
curve, according to the manufacturer’s instructions. Samples 
(50 μg total protein in each lane) were electrophoresed in 
sodium dodecyl sulfate-polyacrylamide gel, and electrically 
transferred to polyvinylidene fluoride membranes using 
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Table 1 Effect of autophagy blockade on the escape latency (second) of vascular dementia model rats in the Morris water navigation task

Days in navigation test

Group 1 2 3 4 5

1 week

Sham surgery 59.4±2.2 44.1±1.2 31.3±3.3 24.0±1.8 13.7±2.6

Vascular dementia 59.5±3.9 51.0±1.4 45.1±1.7* 35.3±3.4* 26.3±2.7*
Wortmannin 57.7±2.4 50.8±2.6 39.5±1.9*# 31.3±2.8*# 23.0±2.4*#

2 weeks

Sham surgery 58.8±2.6 45.8±3.0 32.8±2.5 24.3±2.2 14.2±3.1

Vascular dementia 59.3±2.6 56.7±2.6 47.2±2.0* 38.2±3.2* 32.5±1.9*
Wortmannin 58.0±2.9 50.8±1.2 44.2±2.0*# 35.7±2.6*# 27.8±3.2*#

4 weeks

Sham surgery 58.2±2.9 46.0±2.3 33.2±2.4 26.5±2.6 15.8±1.5

Vascular dementia 59.0±4.0 53.3±2.9 52.7±2.2** 46.2±2.8** 35.8±3.2**
Wortmannin 58.2±3.6 51.8±3.3 47.0±1.7*# 38.2±2.4*# 29.2±1.5*#

8 weeks

Sham surgery 59.3±3.6 47.1±2.3 33.3±2.0 25.3±2.4 15.7±3.2

Vascular dementia 58.8±2.3 49.8±2.5 46.7±1.9* 40.0±1.8* 32.0±2.1*
Wortmannin 57.8±3.4 52.5±2.9 42.2±2.3*# 35.8±2.2*# 26.2±1.2*# 

12 weeks

Sham surgery 57.5±2.3 46.7±1.9 30.3±2.4 25.0±1.2 14.7±2.1

Vascular dementia 57.5±3.7 50.8±3.3 46.5±2.4* 37.7±1.2* 30.5±1.9*
Wortmannin 58.5±2.1 52.0±4.3 40.8±3.2*# 31.7±1.8*# 25.5±5.8*#

Data are expressed as mean ± SD (n = 6 rats per group). *P < 0.05, **P < 0.01, vs. sham surgery group; #P < 0.05, vs. vascular dementia group 
(one-way analysis of variance and two-sample t-test). 

Table 2 Effect of autophagy blockade on the number of platform area crossings (/120 seconds) made by vascular dementia model rats in the 
probe test of the Morris water navigation task

Weeks after modeling

Group 1 2 4 8 12

Sham surgery 8.33±0.51 8.18±1.41 8.50±1.21 7.83±0.82 8.20±0.72

Vascular dementia 5.66±1.21* 4.83±1.47* 3.82±0.56** 5.52±0.75* 6.12±0.67*
Wortmannin 7.50±0.75# 6.63±0.34# 6.33±0.80## 7.36±0.62# 7.67±0.83#

F 11.67 14.02 77.50 11.98 8.02

P 0.01 0.00 0.00 0.00 0.00

Data are expressed as mean ± SD (n = 6 rats per group). *P < 0.05, **P < 0.01, vs. sham surgery group; #P < 0.05, ##P < 0.01, vs. vascular dementia 
group (one-way analysis of variance and two-sample t-test).

Table 3 Effect of autophagy blockade on beclin-1 expression (number of immunopositive cells) in the hippocampal CA1 region of vascular 
dementia model rats

Weeks after modeling

Group 1 2 4 8 12

Sham surgery 9.02±1.87 9.16±1.46 10.50±1.63 9.33±1.96 9.83±1.65

Vascular dementia 21.50±1.42* 26.66±2.58* 44.00±2.36** 22.50±1.82* 18.50±1.78*
Wortmannin 15.16±1.57# 19.17±1.27# 32.50±2.74## 18.33±1.46# 15.00±1.41#

F 70.90 123.22 379.37 63.52 44.63

P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Data are expressed as mean ± SD (n = 6 rats per group). *P < 0.05, **P < 0.01, vs. sham surgery group; #P < 0.05, ##P < 0.01, vs. vascular dementia 
group (one-way analysis of variance and two-sample t-test).
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the wet method (Hahn et al., 2011). The transfer buffer         
contained glycine 5.8 g, Tris 2.9 g and sodium dodecyl sul-
fate 0.37 g dissolved in 800 mL redistilled water and 200 mL 
methanol. Subsequently, the membranes were blocked in 5% 
non-fat dry milk, incubated with rabbit anti-rat light chain 
3 monoclonal antibody (1:1,000; Beyotime Institute of Bio-
technology, Beijing, China) at 4°C overnight, washed with 
PBS, incubated with goat anti-rabbit IgG (1:2,000; Beijing 
Biosynthesis Biotechnology Co., Ltd.) at 37°C for 1 hour, and 
washed again with PBS. Protein bands were visualized using 
enhanced chemiluminescence and film exposure (Pierce, 
Rockford, IL, USA). Results were analyzed using Image J 
software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Data were collected with Excel 2007 software (Microsoft 
Corporation, Redmond, WA, USA), analyzed using SPSS 
17.0 software (SPSS, Chicago, IL, USA), and expressed as 
mean ± SD. One-way analysis of variance was used to iden-

tify differences between multiple groups, and two-sample 
t-tests were used to compare means between two groups. A 
value of P < 0.05 was considered statistically significant. 

Results
Effect of autophagy blockade on learning and memory in 
vascular dementia model rats
In the Morris water navigation test (Table 1), no significant 
differences in the time to reach the platform (average escape 
latency) were observed between the groups at 1 or 2 days 
(P > 0.05). However, from day 3, the average escape latency 
was longer in the vascular dementia group than in the sham 
surgery group (P < 0.05 or P < 0.01). Furthermore, escape 
latency in the wortmannin group was significantly shorter 
than that in the vascular dementia model group (P < 0.05). 

In the spatial probe test (Table 2), rats in the vascular 
dementia model group made significantly fewer crossings 
of the platform area than rats in the sham surgery group 
(P < 0.05 or P < 0.01), whereas rats in the wortmannin 

A B C D

E F G H
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Figure 1 Effect of autophagy blockade on the ultrastructure of hippocampal CA1 neurons in vascular dementia model rats (transmission 
electron microscopy, × 25,000).
(A) Sham surgery group, no observable autophagosomes. (B–F) Vascular dementia group, autophagosomes (arrows) appeared at 1, 2, 4, 8 and 12 
weeks after modeling. (G–K) Wortmannin group, fewer autophagosomes (arrows) were visible than in the vascular dementia group at 1, 2, 4, 8 and 
12 weeks after model induction.
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Figure 2 Effect of autophagy blockade on beclin-1 (A) and cathepsin B (B) expression in the hippocampal CA1 region of vascular dementia 
model rats (immunohistochemistry, × 200).
Sham surgery group (Sham), few beclin-1- and cathepsin B-positive cells; vascular dementia group (VD), more beclin-1- and cathepsin B-positive 
cells, peaking at 4 weeks after model induction; wortmannin group (WM), fewer beclin-1- and cathepsin B-positive cells than in the vascular de-
mentia group. Arrows show immunopositive cells.  
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group crossed the platform area significantly more times
than those in the vascular dementia group (P < 0.05 or P < 
0.01).

Effect of autophagy blockade on the ultrastructure of the 
hippocampal CA1 region in vascular dementia model rats
Under the transmission electron microscope, neurons in the 
hippocampal CA1 region of rats in the sham surgery group 
(Figure 1A) showed evident nuclei with uniformly distrib-
uted chromatin. Cytoplasmic organelles were abundant and 
their structures were intact. Mitochondria were not swollen. 
No autophagosomes were visible. In rats in the vascular 
dementia model group, at 1 and 2 weeks (Figure 1B, C), 
electron density of the neuronal cytoplasm was greater than 
that in sham-operated rats. Nuclear membrane collapse and 
nuclear condensation were visible. There were few normal 
mitochondria, with most exhibiting vacuolar degeneration. 
The rough endoplasmic reticulum was expanded, vacuoliza-
tion appeared around nuclei, and polysome depolymer-
ization and a high degree of swelling were visible. Cellular 
organelles were sparse. Round autophagosomes were located 
next to nuclei and there were a large number of primary ly-
sosomes. At 4 and 8 weeks (Figure 1D, E), autophagosomes 
and lysosomes were abundant. Some residual mitochondria 
coated by autophagosomes were detectable, and autophagy 
was evident. Autophagosomes could also be seen at 12 weeks 
(Figure 1F). In the hippocampal CA1 region of rats in the 

Figure 3 Effect of autophagy blockade on the expression of 
microtubule-associated protein 1 light chain 3 (LC3) in the 
hippocampal CA1 region of vascular dementia model rats (western 
blot assay).
(A) Sham surgery group; (B) vascular dementia group; (C) wortman-
nin group. 1–5: 1, 2, 4, 8 and 12 weeks after modeling.

A
1 2 3 4 5

LC3-I   (18 kDa)
LC3-II  (16 kDa)

β-Actin (43 kDa)

B

C

LC3-I   (18 kDa)
LC3-II  (16 kDa)

β-Actin (43 kDa)

LC3-I   (18 kDa)
LC3-II  (16 kDa)

β-Actin (43 kDa)

1 2 3 4 5

1 2 3 4 5

Table 4 Effect of autophagy blockade on cathepsin B expression (number of immunopositive cells) in the hippocampal CA1 region of vascular 
dementia model rats

Weeks after modeling

Group 1 2 4 8 12

Sham surgery 10.50±1.37 10.83±1.04 11.52±1.47 11.00±1.41 10.66±1.63

Vascular dementia 22.33±2.42* 25.63±1.96* 47.08±1.41** 37.00±1.49* 30.50±1.46*
Wortmannin 18.50±1.08# 17.50±1.32# 37.14±2.89## 27.33±0.81# 22.50±1.87#

F 110.12 65.71 772.74 499.59 185.40

P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Data are expressed as mean ± SD (n = 6 rats per group). *P < 0.05, **P < 0.01, vs. sham surgery group; #P < 0.05, ##P < 0.01, vs. vascular dementia 
group (one-way analysis of variance and two-sample t-test).

Table  5 Effect of autophagy on the expression of microtubule-associated protein 1 light chain 3 (LC3) (LC3-II/LC3-I ratio) in the hippocampal 
CA1 region of vascular dementia model rats

Weeks after modeling

Group 1 2 4 8 12

Sham surgery 0.31±0.02 0.32±0.06 0.31±0.05 0.32±0.02 0.32±0.07

Vascular dementia 0.36±0.04* 0.42±0.03* 0.68±0.06** 0.51±0.05* 0.42±0.04*
Wortmannin 0.33±0.03# 0.37±0.01# 0.55±0.04## 0.45±0.07# 0.38±0.06#

F 21.26 50.89 221.26 84.41 64.64

P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Data are expressed as mean ± SD (n = 6 rats per group). *P < 0.05, **P < 0.01, vs. sham surgery group; #P < 0.05, ##P < 0.01, vs. vascular dementia 
group (one-way analysis of variance and two-sample t-test).
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wortmannin group (Figure 1G–K), degeneration occurred 
in some nerve cells but there was less neuronal injury than in 
the model group at all time points. Staining was weak. Nu-
clear shrinkage, edema and mitochondrial swelling were not 
apparent. Rough endoplasmic reticulum was normal. Auto-
phagy occurred, but the number of autophagosomes was less 
than that in the model group. 

Effect of autophagy blockade on beclin-1 and cathepsin 
B expression in the hippocampal CA1 region of vascular 
dementia model rats
Immunohistochemistry showed that beclin-1 and cathep-
sin B expression was low at the various time points in the 
hippocampal CA1 region of rats in the sham surgery group. 
However, in the vascular dementia group,  expression of 
both proteins was greater than that in sham-operated an-
imals at 1 week. Expression levels peaked at 4 weeks and 
began to decrease at 8 weeks but were still elevated at 12 
weeks compared with the levels observed in sham-operated 
rats (P < 0.05 or P < 0.01). Beclin-1 protein and cathepsin 
B protein expression was lower in the wortmannin group 
than in the vascular dementia group at all time points (P < 
0.05 or P < 0.01; Figure 2, Tables 3, 4).

Effect of autophagy blockade on microtubule-associated 
protein 1 light chain 3 (light chain 3-II/light chain 3-I 
ratio) in the hippocampal CA1 region of vascular 
dementia model rats
Western blot assay revealed that a small quantity of light 
chain 3 protein was present in the hippocampal CA1 region 
of rats in the sham surgery group, and the light chain 3-II/
light chain 3-I ratio was low. In the vascular dementia group, 
the light chain 3-II/light chain 3-I ratio was greater than that 
in the sham-operated group at 1 week, peaked at 4 weeks, 
began to diminish at 8 weeks, and was still elevated at 12 
weeks compared with the sham-operated group (P < 0.05 
or P < 0.01). In the wortmannin group, the light chain 3-II/
light chain 3-I ratio was lower than that in the vascular de-
mentia group at all time points (P < 0.05 or P < 0.01; Figure 
3, Table 5). 

Discussion
Vascular dementia is primarily caused by cerebrovascular 
disease, specifically recurrent cerebral ischemia (Pulsinelli 
et al., 1982). In the present study, we established a rat model 
of vascular dementia using a modification of the Pulsinelli 
four-vessel occlusion method, which severely reduced the 
blood supply to the brain, simulating the pathogenic process 
of human vascular dementia and resulting in a decrease in 
nerve cell functions and impaired learning and memory. The 
Pulsinelli method is an established technique for producing 
vascular dementia models. A previous study  demonstrated 
that neurons in different cerebral regions had different sen-
sitivities to ischemia, with the hippocampus being the most 
sensitive (Hölscher, 2003). The CA1 region of the hippocam-
pus is strongly associated with spatial discrimination, learn-
ing and memory (Hölscher, 2003; Lin et al., 2014). Neuronal 

injury in the CA1 region affects individual learning and 
memory functions (Vorhees and Williams, 2006; Foster, 
2012). In the present study, we tested learning and memory 
in rats and showed that performance in the Morris water 
maze was significantly impaired in vascular dementia model 
rats. Thus, the model rats used in this study met the criteria 
for vascular dementia models, confirming the success of the 
model. After injection of wortmannin, an inhibitor of auto-
phagy, escape latency was shorter in the navigation tests, and 
rats crossed the platform area more times in the probe test, 
than rats in the vascular dementia model group, indicating 
that inhibition of autophagy prevented the impairment of 
learning and memory seen in the vascular dementia model 
rats. 

Autophagy is a self-degradative process that is important 
for balancing sources of energy. It involves lysosomal-de-
pendent recycling, synthesis and degradation of intracellular 
components (Reggiori and Klionsky, 2002; Jung and Lee, 
2010), thus maintaining the stability of the internal envi-
ronment (Kanki and Klionsky, 2010; Novak and Dikic, 2011; 
Lee et al., 2012). During this process, targeted cytoplasmic 
constituents are isolated from the rest of the cell within the 
autophagosomes, which are then fused with lysosomes and 
degraded or recycled (Reggiori and Klionsky, 2002). The 
formation of the autophagosome is essential in the detection 
of autophagy, and electron microscopy is the  gold standard 
method by which to observe autophagosomes (Mizushima, 
2004). In the present study, electron microscope images 
revealed ultrastructural changes in the hippocampal CA1 
neurons of rats in the sham surgery group, with the presence 
of autophagy. However, in the wortmannin group, there was 
less neuronal injury, and although autophagy occurred, there 
were fewer autophagosomes than in the model group. These 
results demonstrate that autophagy and significant changes 
in neuronal ultrastructure occur in the hippocampal CA1 
region of vascular dementia model rats.

Beclin-1, highly homologous with yeast autophagy-related 
gene 6 (Apg6/Vps30), is essential to the induction and reg-
ulation of autophagy (Aita et al., 1999; Liang et al., 2001). It 
is the earliest autophagic gene found in mammals, and can 
regulate autophagic activity by binding to phosphatidyli-
nositol 3-kinase type 3 (Edinger and Thompson, 2003; Scar-
latti et al., 2008). Previous studies have demonstrated that 
upregulation of beclin-1 promotes autophagic activity (Liang 
et al., 1999; Qu et al., 2003; Yue et al., 2003). Autophagic ac-
tivity is reduced in cells with low beclin-1 expression (Yue 
et al., 2002; Yue et al., 2003). In the adult mammal brain, 
beclin-1 is expressed in neurons and astrocytes (Liang et al., 
1998) in the cerebral cortex, hippocampus and cerebellum 
(Yue et al., 2002). Another study showed that beclin-1 was 
strongly associated with the anti-apoptotic factor Bcl-2 (Kim 
et al., 2006). The binding of beclin-1 to Bcl-2 functions as 
a defense system, suppressing cell autophagy and reducing 
apoptosis in the central nervous system. Moreover, enzymes 
in the lysosomes of eukaryotic cells are involved in cell me-
tabolism (Qin et al., 2008). For example, cellular organelles 
surrounded by autophagosomes are degraded by lysosomal 
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enzymes. Cathepsin is a major lysosomal enzyme (Diskin et 
al., 2005), comprising three forms of protease: cysteine pro-
tease (including cathepsin B, F, H and K), aspartate protease 
(cathepsin D and E), and serine protease (cathepsin A and 
G). Cathepsin is associated with the occurrence and devel-
opment of various nervous system diseases (Kikuchi et al., 
2003; Pišlar and Kos, 2014). A previous study reported that 
cathepsin B and cathepsin L are important for maintaining 
the normal function of the central nervous system (Turk et 
al., 2002). Results from the present study showed that pro-
tein expression of beclin-1 and cathepsin B was significantly 
greater in the vascular dementia group than in the sham sur-
gery group, whereas expression of both proteins was lower in 
the wortmannin group than in the vascular dementia group. 
These results indicate that hippocampal expression of auto-
phagy-related beclin-1 and cathepsin B proteins is increased 
following ischemic injury, and may play a role in the onset 
and development of vascular dementia.

Autophagy is an adaptation reaction of cells to stress 
produced by alterations in the internal and external envi-
ronments. Stimulating factors trigger autophagic genes and 
induce an increase in the expression of related protein prod-
ucts. This results in the formation of autophagosomes and 
lysosomes and an increase in the expression of proteins relat-
ed to autophagic-lysosomal pathways (Levine and Klionsky, 
2004; Meijer and Codogno, 2004; Todde et al., 2009). Light 
chain 3 is the first autophagosome membrane protein found 
in eukaryotic cells and is a characteristic marker of autoph-
agy (Kanno et al., 2011). It exists as light chain 3-I and light 
chain 3-II. Light chain 3-I is soluble, with a molecular weight 
of 18 kDa. It is the form of light chain 3 found before auto-
phagy, and is mainly distributed in the cytoplasm (Tanida et 
al., 2004). The molecular weight of light chain 3-II is 16 kDa. 
Light chain 3-II is produced by binding light chain 3-I after 
ubiquitin-like modification to phosphatidylethanolamine 
on the surface of autophagic membranes. Light chain 3-II is 
located in the pre-autophagosome and autophagosome, and 
serves as an autophagosomal marker. The light chain 3-II/
light chain 3-I ratio is associated with the number of auto-
phagic vacuoles (Alonso et al., 2007). Western blot assay of 
light chain 3-II or light chain 3-II/light chain 3-I ratio is a 
simple and relatively quantitative method for evaluating au-
tophagic activity (Cherra et al., 2010). Results from the pres-
ent study demonstrated that the light chain 3-II/light chain 
3-I ratio was greater in the hippocampal CA1 region of rats 
in the vascular dementia group than in the sham-operated 
group, but that this difference was reduced in rats that had 
received wortmannin. These results indicate that autophagic 
processes were activated in the hippocampus of vascular 
dementia model rats after ischemic injury, and suggest that 
autophagy is involved in the onset of vascular dementia. 

The autophagy inhibitor wortmannin is a specific inhibi-
tor of phosphatidylinositol 3-kinase, blocking the phospha-
tidylinositol 3-kinase/Akt signaling pathway inside the cell 
and reducing the occurrence of autophagy (Carloni et al., 
2008). Our results confirmed that autophagy is activated in 

the hippocampus of vascular dementia model rats, suggest-
ing its involvement in the onset of vascular dementia. Wort-
mannin reduced vascular dementia-induced hippocampal 
injury by suppressing autophagic activity, and showed neu-
roprotective effects. Our results suggest a novel pathway and 
target for drug treatment of vascular dementia.
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