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a b s t r a c t
High-grade gliomas (HGGs; grades III and IV) are the most common and aggressive adult primary brain
tumors, and their invasive nature ranks them the fourth in the incidence of cancer death. In our previous
study, we found that AG-1031 and AG-1503 showed inhibitory effects on several cancer cell lines. In this
study, C6 glioma-bearing rats were treated with AG-1031 or AG-1503. Western blot results of autophagyassociated protein (LC3 II/I, Beclin-1) and apoptosis-associated proteins (caspase-3, Bcl-2, Bax) revealed
that AG-1031 could activate apoptotic signal pathway via inhibiting autophagy process in cancer cells. HE
staining indicated that the tumor volumes were significantly decreased in AG-1031 and AG-1503 treated
rats compared to non-treated C6 glioma-bearing rats. Meanwhile, AG-1031 and AG-1503 significantly
decreased the expression of VEGF, a marker of invasion ability of tumor, in tumor tissue. The novel object
recognition test showed that cognitive functions in C6 glioma-bearing rats were considerably damaged,
whereas AG-1031 and AG-1503 significantly impeded the cognitive impairment. AG-1031 and AG-1503
efficiently alleviated the glioma-induced impairments of long-term potentiation (LTP), which was
damaged in C6 glioma-bearing rats. Furthermore, AG-1031 and AG-1503 augmented the expression of
synaptophysin (SYP), which were decreased in glioma rats. In conclusion, our results suggest that
AG-1031 and AG-1503 can inhibit the expansion of glioma, and improve the cognitive impairment caused
by glioma in glioma-bearing rats.
Ó 2018 Elsevier B.V. All rights reserved.

1. Introduction
According to the classification of World Health Organization
(WHO), anaplastic astrocytomas and glioblastoma multiformes
are classified as high-grade gliomas (HGGs), while low-grade gliomas (LGGs) includes grades I and II tumors of astrocytic and grade
II tumors of oligodendroglial lineage (Fang et al., 2014, Zhang et al.,
2015, Kindy et al., 2016). Approximately 140,000 people were
killed by malignant brain tumors worldwide per year (Towner
et al., 2015). Malignant glial tumors, especially glioblastomas, can
easily invade into periphery normal tissues and may not be
resected entirely through medical procedures (Song et al., 2014).
The vascular endothelial growth factor (VEGF) plays a crucial role
in tumor angiogenesis (Folkman and Klagsbrun, 1987, Hobson
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et al., 2000). In addition, the continuous formation of new vessels
is considered related to tumor expansion (Benjamin and Keshet,
1997). Jin Kim et al. verified that the inhibition of expression of
an angiogenic factor spontaneously produced by tumor cells might
suppress tumor expansion in vivo by treating glioma-carrying nude
mice with an antibody specific for VEGF (Kim et al., 1993).
Therefore, the inhibition of VEGF production or function could be
an effective therapy for the inhibition of tumor expansion
(Borgström et al., 1996).
Neurocognitive deficits are common in patients with brain
tumors. It is said that 80% of cases were detected problems using
detailed neurocognitive tests (Day et al., 2016). The majority of
patients with brain tumors, especially metastases, meningiomas
and malignant gliomas, are proved obvious defects in a variety of
neurocognitive domains. In addition, there is no significant association between neurocognitive deficits and brain tumor location
(Hoffermann et al., 2017). The presence and degree of neurocognitive deficits become increasingly important markers for the progression of brain tumors. Radiotherapy, an effective therapeutic
method for various brain tumors at present, has side effects on
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quality of life and neurocognitive function in survivors (Saad and
Wang, 2015). It is necessary to create new drugs and therapeutic
strategies to treat neurocognitive deficits in patients with brain
tumors.
The hippocampus plays a critical role in the association of information from short-term memory to long-term memory (Liu et al.,
2016). It is wildly accepted that long-term potentiation (LTP),
which could describe synaptic plasticity, is associated to acquisition and learning behaviors (Szu and Binder, 2016). LTP is an
activity-dependent escalation in synaptic transmission between
two neurons (Shapiro, 2001), which is based on cell structure as
well. Synaptophysin (SYP), one of the first synaptic proteins, is
demonstrated to be related to the synaptic vesicle cycle (Adams
et al., 2015). Leila Tarsa et al. found that proposed irregular expression level of SYP among neurons in SYP-mutant mice might induce
neurologic abnormalities (Tarsa and Goda, 2002), which indicated
that SYP played a surprise role in regulating activity-dependent
synapse formation. Meanwhile, postsynaptic density 95 (PSD 95),
a central protein of postsynaptic signalling complexes comprising
glutamate receptors, ion channels, signalling enzymes and adhesion proteins (Fernández et al., 2014), plays a significant role in
synaptic transmission and synaptic plasticity (Husi et al., 2000,
Grant, 2012).
Autophagy (self-eating) is defined as process, in which cells
degrade their own protein and organelle with lysosomes in
response to normal growth requirements and adverse stress
(Klionsky and Emr, 2000, Mizushima and Komatsu, 2011). An
increasing number of studies in different cancers demonstrated
that high level of autophagy contributed to the progression of
established cancers (Rosenfeldt et al., 2013, Rao et al., 2014).
Highly proliferate property of cancer cells made autophagy critical
to provide energy source to meet the metabolic requirement
(Greene et al., 2016). However, it has been generally accepted that
apoptotic response would be aroused when stress exceeds a critical threshold (Delou et al., 2016), which leads to a regulated form
of cell death (Galluzzi et al., 2015).
AG-1031 and AG-1503 are small molecule drugs that showed
inhibitory activity of PC4. The two small molecules have been identified that they can be applied for oncology indication by inhibiting
human transcriptional positive cofactor 4 (PC4), which is a novel
factor caused cancer. It has been proved that AG-1031 and
AG-1503 can inhibit the viability of several cancer cell lines. And
in our previous study, AG-1031 could induce autophagic cell death
and apoptosis in C6 glioma cells in vitro (Yan Wang et al., 2018).
Here, we aim to investigate the effects of AG-1031 and AG-1503
on C6 glioma growth in rat glioma model and their effects on the
cognitive dysfunction induced by glioma. Our results suggest that
AG-1031 and AG-1503 can suppress the expansion of glioma
in vivo, and improve the cognitive impairment caused by glioma.

blood vessels within the tumors (Fig. 1). The tumor volumes
(mm3) were defined as ab2/2 (a: long diameter; b: short diameter)
as previously described and the statistical analysis were shown in
Fig. 1M. It showed that tumor volumes were significantly smaller
in AG-1031-treated rats compared to those of untreated glioma
rats (Fig. 1C and M, P < 0.001). The tumor volumes in AG-1503treated rats were also decreased observably compared to C6 group
rats (Fig. 1D and M; P < 0.001). In addition, the amount of irregular
lamellar necrosis was clearly increased. In the center of the tumor
necrosis, no cell structures were found; instead, large amounts of
debris and shrunken glioma cells were discovered at the boundary
of the necrosis and normal tumor tissues, especially in C6 group
(Fig. 1F).
2.3. Effects of AG-1031 and AG-1503 on VEGF expression in glioma rats
To clarify whether AG-1031 and AG-1503 affect the expression
of VEGF in glioma model rats, immunofluorescence assay was conducted. VEGF was expressed in tumor area in C6 group, AG-1031
group and AG-1503 group (Fig. 2A). The intensity of VEGF of each

2. Results
2.1. AG-1031 and AG-1503 inhibited proliferation of rat glioma cell
line
To test if both molecules have specific inhibitory activities on
glioma cells, rat C6 cells were treated with different concentrations
of AG-1031 or AG-1503. As shown in Fig. S1, either AG-1031 or
AG-1503 were markedly influenced the growth of C6 cells.
2.2. Effects of AG-1031 and AG-1503 on tumor size
HE-stained sections of untreated gliomas showed heteromorphism characteristics of glioma cells, infiltration of tumor cells into
normal tissues, blurred boundaries, and the formation of new

Fig. 1. Effects of AG-1031 and AG-1503 on tumor size. The brain tissue sections
were prepared from Sham group, C6 group, AG-1031 group and AG-1503 group at
14–15 DPI. (A-L) HE staining histological staining of putamen session in each group
at different magnifications. Bar = 1 mm. (B-D) The images with 12.5  magnification showed the maximum cross sections of tumor in C6 group, AG-1031 group and
AG-1503 group. The red circle indicated the tumor session in each group. (E-H) The
images with 40  magnification were derived from areas in B-D. (F) Black arrows
indicate the necrosis and hemorrhage areas in C6 glioma rat. (I-L) The images with
100  magnification were derived from areas in E-H. HE, hematoxylin and eosin;
DPI, days post-implantation. (M) Determination of the tumor volume in each group.
***
P < 0.001, significant difference between C6 group and AG-1031 group/AG-1503
group.
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2.5. Effects of AG-1031 and AG-1503 on the LTP in glioma rats
In the LTP test, the stimulation of Schaffer collaterals evoked
basal field excitatory postsynaptic potentials (fEPSPs) in the hippocampal CA1 region, while TBS stimulation induced LTP of the
stimulated synapses for 1 h. Fig. 3C represents the time course of
fEPSPs slopes, which has been normalized to the 20 min baseline
period. It could be seen that the fEPSPs slopes were increased
immediately after stimulation, and then gradually stabilized to a
level above the baseline period. The last 15 min data were analyzed
by two-way factorial AVONA. The results showed that the normalized slope of the fEPSP was significantly decreased in the glioma
group compared to that of Sham group (Fig. 3D, P < 0.001). Meanwhile, they were augmented by AG-1031 and AG-1503 in the two
groups respectively (Fig. 3D, P < 0.001).
2.6. Effects of AG-1031 and AG-1503 on SYP and PSD 95 expressions in
glioma rats
To uncover the mechanism behind the impairment of LTP
caused by AG-1031 and AG-1503, the expression levels of SYP
(synaptophysin) and PSD 95 (postsynaptic density protein 95)
were examined (Fig. 4A), which were associated with synaptic
transmission. One-way ANOVA and LSD post-hoc analysis showed
that there were significant differences in the effect of glioma and
the effect of the two drugs treated on glioma rats on the SYP
expression. SYP expression was decreased in glioma group compared with that of Sham group (Fig. 4B, P < 0.05), while that was
enhanced in AG-1031 and AG-1503 group compared with that of
glioma group (Fig. 4B, P < 0.05). However, there was no significant
difference in PSD 95 expression between four groups, which indicated that effects of AG-1031 and AG-1503 on synaptic transmission had no involvement with postsynaptic density (Fig. 4C).
2.7. Effects of AG-1031 and AG-1503 on apoptosis-associated protein
and autophagy-associated protein expressions in glioma rats

Fig. 2. Effects of AG-1031 and AG-1503 on VEGF expression in glioma rats. (A) The
brain tissue sections were prepared from Sham group, C6 group, AG-1031 group
and AG-1503 group at 14–15 DPI. Immunofluorescence image of C6 glioma tissue
session detected by VEGF antibodies (red) indicated the expression of VEGF in each
group. Nucleus was stained with DAPI (blue) (Bar = 50 lm) DPI, days postimplantation. (B) Mean fluorescence intensity of VEGF in each group. ***P < 0.001,
significant difference between C6 group and AG-1031 group/AG-1503 group.
###
P < 0.001, significant difference between Sham group and C6 group.

group was quantified and was shown in Fig. 2B. Notably, VEGF was
abundantly expressed in C6 group compared with Sham group
(P < 0.001), while the expressions were decreased in AG-1031
group and AG-1503 group (P < 0.001).
2.4. Effects of AG-1031 and AG-1503 on cognitive ability of glioma rats
The novel object recognition test was carried out to examine
whether AG-1031 and AG-1503 can improve the cognitive damage
caused by glioma. In the test session, which was carried out two
hours after the familiarization session (Fig. 3A), the level of recognition index (RI) to the novel object was decreased in glioma rats,
calculated through the formula: RI = T2/(T1 + T2)100% (Mumby
et al., 2002), compared to that in Sham rats (Fig. 3B, P < 0.05). However, the level of recognition index to the novel object was
increased in AG-1031-treated and AG-1503-treated rats compared
to that in glioma rats (Fig. 3B, P < 0.05).

To uncover the mechanism that the treatment of AG-1031 and
AG-1503 inhibited the glioma expansion, we assessed the protein
expression level associated with autophagy and apoptosis. The
reduced transformation from LC3I to LC3II is considered as the
inhibition of autophagy. Western blot assay was performed to
analyze the LC3 II/I and Beclin-1 expression of tumor tissue and
hippocampus separately (Fig. 5A). One-way ANOVA and LSD
post-hoc analysis showed a significant decrease of Beclin1 protein
expression and LC3 II/I ratio in tumor tissues of AG-1031 and
AG-1503 groups compared with those of glioma group (Fig. 5B,
P < 0.05, Fig. 5C, P < 0.01). Meanwhile, there was no significant
difference in hippocampus between each group (Fig. S2). Furthermore, we attempted to study the effects of AG-1031 and
AG-1503 on cell apoptotic levels in tumor tissue. Bax, Bcl-2,
caspase-3, and cleaved caspase-3 were considered to change during apoptosis (Fig. 5D). One-way ANOVA and LSD post-hoc analysis
showed AG-1031 treatment contributed to an obvious increase of
cleaved caspase-3 and Bax expression and a decrease of Bcl-2
expression compared to C6 group (Fig. 5E–G, P < 0.01). These
results suggest that AG-1031 could activate the apoptotic pathway
via inhibiting autophagy process in tumor cells.
3. Discussion
Malignant glioma, one of the most lethal and common types of
intracranial cancer (Wang et al., 2015, Hu et al., 2016), has been
receiving worldwide attention. Because of its invasive nature and
specific position, the prognosis is extremely poor. Patients with
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Fig. 3. Effects of AG-1031 and AG-1503 on cognitive behavior and the LTP in glioma rats. (A) Schematic diagram of novel object recognition. The test session (10 min) was
carried out two hours after the familiarization session (5 min). (B) Mean recognition index (RI) to the novel object of rats in each group, calculated through the formula: RI =
T2/(T1 + T2)100% in test session. (C) Time course changes of LTP in the CA3 region. Each point represents the average of four consecutive evoked responses. TBS was used to
induce LTP. (D) Mean fEPSP slope of LTP was determined as responses between 45 and 60 min after TBS. Data represent mean ± SEM. Error bars indicate SEM. (n = 7 in each
group). *P < 0.05, ***P < 0.001, significant difference between C6 group and AG-1031 group/AG-1503 group. #P < 0.05, ###P < 0.001, significant difference between Sham group
and C6 group.

Fig. 4. Effects of AG-1031 and AG-1503 on SYP and PSD 95 expression in glioma rats. (A) SYP (38KD) and PSD 95 (80KD) protein expression level in each group, as determined
by the western blot analysis of whole hippocampal lysates. (B and C) Corresponding histogram of SYP protein and PSD 95 protein expression. The expression value of SYP (B)
and PSD 95(C) were normalized with b-actin. Data represent mean ± SEM. Error bars indicate SEM. (n = 4 in each group). *P < 0.05, significant difference between C6 group and
AG-1031 group/AG-1503 group. #P < 0.05, significant difference between Sham group and C6 group.

malignant glioma have an average survival time of 1–2 years even
with the available therapies that include surgery, radiation and
chemotherapy (Stupp et al., 2005).
The C6 glioma model is a classic malignant brain tumor model,
which possesses a number of histopathological characters with
human GBM (glioblastoma) (Wang et al., 2015). In our study, C6
gliomas were efficaciously cultivated in putamen region of SD rats.
After the injection of 1.0  106 C6 glioma cells, the C6 glioma
model was established successfully.
VEGF is generally overexpressed and augmented in gliomas
(Plate et al., 1992, Plate et al., 1993), which contributes to the
angiogenesis of glioma cells and unrestrained proliferation of
tumor (Ferrara et al., 2003, Hicklin and Ellis, 2005). It is widely
accepted that angiogenesis inhibitors could decrease vascular permeability in conjunction between tumor and normal tissues,
finally augmenting the perfusion of cytotoxic agents to intratumoral sites (Teicher et al., 2010). Therefore, the levels of VEGF

changed by AG-1031 and AG-1503 in gliomas rats were investigated. The results of our study indicated that AG-1031 and AG1503 could effectively inhibit the expression of VEGF in gliomas
resulting in an increasing apoptosis of the glioma cells. Meanwhile,
we found that the volumes of tumor were significantly reduced in
AG-1031 and AG-1503 group than those in C6 group from the
results of HE staining. Therefore, AG-1031 and AG-1503 could inhibit the expansion of intracranial gliomas, and one possible mechanism may be that AG-1031 and AG-1503 could shrink the
expression of VEGF.
Apoptosis, programmed cell death (PCD), which regulates the
homeostasis between cell proliferation and cell death, can be activated in response to physiologic stresses or as a result of anticancer
agents (Fesik, 2005, Hanahan and Weinberg, 2011). Our observation of elevated Bax expression and cleaved caspase-3 expression
in AG-1031 group may suggest the treatment triggered apoptotic
pathway as well. Furthermore, a deeper study of the primary
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Fig. 5. Effects of AG-1031 and AG-1503 on apoptosis-associated and autophagy-associated protein expressions in glioma rats. (A) Beclin-1 (60KD) and LC3 II/I (18/16KD)
protein expression level in each group, as determined by the western blot analysis of tumor tissue lysates. (B and C) Corresponding histogram of Beclin-1 protein and LC3 II/I
protein expression. The expression value of Beclin-1 (B) was normalized with b-actin. Data represent mean ± SEM. Error bars indicate SEM. (n = 4 in each group). (D) Bcl-2
(27KD), Bax (21KD) and caspase-3/cleaved caspase-3 (35/19/17KD) protein expression level in each group, as determined by the western blot analysis of tumor tissue lysates.
(E-G) Corresponding histogram of Bcl-2, Bax and cleaved caspase-3 protein expression. The expression value of Bcl-2 (E), Bax (F) and cleaved caspase-3 (G) was normalized
with b-actin. Data represent mean ± SEM. Error bars indicate SEM. (n = 4 in each group). **P < 0.01, significant difference between C6 group and AG-1031 group.

mechanisms of AG-1031-induced apoptosis is critical for its clinical
application in glioma treatment and prevention. Bi et al. indicated
that suppression of autophagy at a late stage by chloroquine (CQ)
could reduce the proliferation in C6 glioma cells and enhance the
anti-glioma efficiency of quercetin in vivo (Bi et al., 2016). The
glioma initiation and growth in glioblastoma mouse model were
specifically suppressed by inhibition autophagy via RNAi against
autophagy-associated genes (Atg7, Atg13 or Ulk1) (Gammoh
et al., 2016). In addition, blocking autophagy by inhibiting the
Akt/mTOR pathway and activating ERK1/2 pathway could improve
the efficacy of temozolomide/curcumin on the treatment for
glioblastoma (Shingu et al., 2009). These results proved that autophagy is crucial for the formation and growth of glioma. LC3, a
homologue of yeast Atg8, is essential for autophagy. In the
dynamic process of autophagosome formation, LC3-I, localized in
the cytoplasm, was translated into LC3-II localized to preautophagosomes and autophagosomes. Thus, LC3 II/I ratio is widely
used to monitor autophagy flux (Tanida et al., 2004). In addition,
Beclin-1 is another essential mediator for autophagy. Beclin-1
recruits many important molecules to form a multimeric complex
to participate in the formation of autophagosome (Zhu et al., 2009).
The results of LC3 II/I ratio and Beclin-1 in our studies suggested
that AG-1031 and AG-1503 inhibited autophagy process. The deficiency of autophagy in cancer cells would results in multiple metabolic problems. The inhibition of autophagy means deprivation of
energy resources to cancer cells when they encounter stress,
resulting in the activation of apoptosis and cell death.

In addition to threatening the physical health of patients, malignant glioma can cause neurocognitive deficits (Amanda et al.,
2015), which negatively affect patients’ health-related quality of
life (HRQOL) (Klein, 2012, Martin et al., 2012). Even minor cognitive dysfunction may deprive an individual’s chance to return to
his work or other activities (Gehring et al., 2008). Therefore, the
target of new treatment in these patients should thus not only
aim at survival rates, but also pay attention to functional outcome
such as the improvement of cognitive deficits. The neurocognitive
performance was evaluated by novel object recognition test.
Results showed the significant deficits of neurocognition in glioma
rats. And the impairments were improved by the treatment with
AG-1031 and AG-1503. As the basic functional indicator of synaptic
plasticity, LTP is considered the cellular basis of learning and memory (Mcnaughton et al., 1978). Our results of electrophysiological
recording indicated that LTP was damaged in glioma rats, and
the impairment was improved by AG-1031 and AG-1503.
Furthermore, synapse-associated proteins expression levels
were detected by Western blot assay. The expression level of reference protein (b-actin) was relatively constant in each group
(Fig. 4). Moreover, the amount of protein (40 lg) in each group
was equal, and the results of Western blot assay were calibrated
with b-actin. So, the Western blot data in our study could accurately reflect the protein expression levels. As we all known, SYP,
a presynaptic protein located on synaptic vesicle membrane, is a
maker of synaptic plasticity. Previous studies have demonstrated
that neurotransmitter can be inhibited when the SYP function
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was interfered by anti-SYP (Alder et al., 1992). Therefore, the
absence of the protein may cause changes in structure and finally
lead to dysfunctions of synaptic plasticity and cognition. Results
showed the up-regulation of SYP after the treatment with AG1031 and AG-1503. However, the postsynaptic protein, PSD 95
was not notably altered comparable in the four groups. It indicated
that the presynaptic mechanism rather than postsynaptic mechanism might participate in the changes of synaptic plasticity.
4. Conclusion
In this study, we demonstrate that AG-1031 and AG-1503 can
significantly inhibit C6 tumor expansion, a possible mechanism
could be that the treatment triggers apoptosis via the suppression
of autophagy process and results in a down-regulating expression
of other factors involved in angiogenesis, such as the VEGF in
tumor tissues. Meanwhile, AG-1031 and AG-1503 may improve
the deficits of synaptic plasticity and cognitive function by enhancing the expression of SYP.
5. Methods and materials
5.1. Test drugs
AG-1031 and AG-1503 are small molecules identified by
AscentGene, Inc.(USA) that show inhibitory effects on the growth
of different tumor cells. The compounds were dissolved in DMSO
at 5 mg/ml and stored at 4 °C. Before using, they were diluted to
the concentration of 1 mg/mL with PBS.
5.2. Cell culture and proliferation assay
C6 rat glioma cells that originated from rat brain glioma were
obtained from the American Type Culture Collection (ATCC, USA).
The system of cell culture and the proliferation assay detected
the cytotoxicity of AG-1031 and AG-1503 were specified described
in the Supplementary material and methods.
5.3. Animals
Adult, male Sprague-Dawley (SD) rats (180–220 g) were purchased from the Laboratory Animal Center of Academy of Military
Medical Science of People’s Liberation Army, P.R. China. Animals
were kept in controlled temperature and humidity conditions with
a light/dark cycle of 12hrs, under veterinary surveillance for animal
health and comfort. The animal care and experimental protocol were
approved by the Ethical Commission at Nankai University, China.
5.4. C6 glioma model and treatment
Rats were randomly divided into four groups, Sham group, C6
group, AG-1031 group, and AG-1503 group (n = 7 for each group).
The establishment of C6 glioma rat model was described in the
Supplementary material and methods as described previously in
the literature with minor modifications (Plate et al., 1993).
Glioma rats were randomly assigned into three groups after the
surgery: C6 group, AG-1031 group and AG-1503 group. AG-1031
and AG-1503 were intended for intravenous injection only with
the dose of 6 mg/m2 body surface area in clinical treatment. Then,
they were switched into the equivalent dosage in rats according to
HED (human equivalent dose) guidance suggested by the Food and
Drug Administration (FDA). Rats in AG-1031 group and AG-1503
group were treated with AG-1031 and AG-1503 with a dose of
1 mg/kg respectively for 5 days by tail vein injection. Animals of

Sham and C6 groups were intravenously injected with the equal
volume of PBS during the five days.
5.5. Novel object recognition (NOR)
The NOR test was performed according to the guidelines of
Leger et al (Leger et al., 2013) with minor modifications. The experimental details of NOR test were given in Supplementary material
and methods.
5.6. Electrophysiological test
After behavioral test, LTP (long-term potentiation) between the
hippocampal Schaffer collaterals and CA1 pyramidal neurons was
evaluated by in vivo electrophysiological techniques. The protocol
was adopted and modified on the basis of our previous study (Fu
et al., 2016). The methods were shown particularly in the Supplementary material and methods.
5.7. Western blot assay
After electrophysiological test, rats were sacrificed and brains
were removed for biochemical analysis. Tissues that including hippocampus, the C6 gliomas and the normal brain tissues were
detached and the protein expressions were analyzed by Western
blot assay. Three repeated measurements were performed in each
animal (n = 4 for each group). More details were provided in the
Supplementary material and methods.
5.8. Hematoxylin and eosin (HE) staining
The rat brains were harvested and fixed in 4% paraformaldehyde, and preserved in optimal cutting temperature compound
and stored at -80 °C. The brain tissues were sliced in 10 lm sections and stained with HE for the histological studies.
5.9. Immunochemical staining
The expression of vascular endothelial growth factor (VEGF)
was analyzed by immunohistochemical staining. The details were
introduced in Supplementary material and methods. The reproducibility of the staining was confirmed by re-immunostaining
through the same method in multiple, randomly selected specimens. Sections were analyzed using an Olympus FV1000 laserscanning confocal microscope (Olympus, Japan).
5.10. Statistical analysis
To determine the appropriate sample size in each group, the
standard deviation of the LTP level in C6 glioma rats was 9.1% in
previous study. For our power calculation, we assumed standard
deviation was equal in each group. We wanted to show a difference
of 15% in the LTP level between groups. With a = 0.05, one-sided
and a power of 99%, we needed at least six rats per group. So, we
employed 28 rats in this study. For all animal experiments, rats
were randomly divided into four groups. And double blinding
method was used for group assignment and outcome assessment.
All experiments were repeated at least three times. All of the statistical analyses were performed using IBM SPSS Statistics 22 software (Chicago, IL, United States). All data were presented as mean
± SEM. In this study, we want to show the difference between
groups caused by single variable so we choose one-way ANOVA
to analyze the data obtained from the behavior test, electrophysiological experiments and Western blot assay. All data were analyzed by homogeneity test of variance to ensure the variance of
difference was equal. To detect significant differences between
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groups, ANOVAs were supported by post hoc LSD test. P-values less
than or equal to 0.05 were considered statistically significance.
6. Authors’ contributions
Zhuo Yang and Hui Ge directed the experiments and revised the
manuscript. Shuang Hao performed the experiments, analyzed the
data and wrote the manuscript. Jing Gao contributed to the experiments, and was a major contributor in writing the manuscript. Hui
Wang contributed to the C6 rat glioma cells culture experiments.
Yan Zhang and Andrey Pavlov performed the identification of
AG-1031 and AG-1503. All authors read and approved the final
manuscript. The authors declare that they have no competing
interests.
Acknowledgment
This work was supported by the National Natural Science Foundation of China (81571804, 81771979).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.brainres.2018.06.
026.
References
Adams, D.J., Arthur, C.P., Stowell, M.H., 2015. Architecture of the synaptophysin/
synaptobrevin complex: structural evidence for an entropic clustering function
at the synapse. Sci. Rep. 5, 13659.
Alder, J., Xie, Z.P., Valtorta, F., Greengard, P., Poo, M.M., 1992. Antibodies to
synaptophysin interfere with transmitter secretion at neuromuscular synapses.
Neuron 9, 759–768.
Amanda SZ, Devika D, Taylor L (2015) Cognitive Remediation Therapy for Brain
Tumor Survivors with Cognitive Deficits. Cureus 7.
Benjamin, L.E., Keshet, E., 1997. Conditional switching of vascular endothelial
growth factor (VEGF) expression in tumors: induction of endothelial cell
shedding and regression of hemangioblastoma-like vessels by VEGF
withdrawal. PNAS 94, 8761–8766.
Bi, Y., Shen, C., Li, C., Liu, Y., Gao, D., Shi, C., Peng, F., Liu, Z., Zhao, B., Zheng, Z., 2016.
Inhibition of autophagy induced by quercetin at a late stage enhances cytotoxic
effects on glioma cells. Tumor Biol. 37, 3549–3560.
Borgström, P., Hillan, K.J., Sriramarao, P., Ferrara, N., 1996. Complete inhibition of
angiogenesis and growth of microtumors by anti-vascular endothelial growth
factor neutralizing antibody: novel concepts of angiostatic therapy from
intravital videomicroscopy. Cancer Res. 56, 4032–4039.
Day, J., Gillespie, D.C., Rooney, A.G., Bulbeck, H.J., Zienius, K., Boele, F., Grant, R.,
2016. Neurocognitive deficits and neurocognitive rehabilitation in adult brain
tumors. Curr. Treat. Options Neurol. 18, 22.
Delou, J.M., Biasoli, D., Borges, H.L., 2016. The complex link between apoptosis and
autophagy: a promising new role for RB. Anais da Acad. Bras. de Ciencias 88,
2257–2275.
Fang, K.M., Yang, C.S., Lin, T.C., Chan, T.C., Tzeng, S.F., 2014. Induced interleukin-33
expression enhances the tumorigenic activity of rat glioma cells. Neurooncology 16, 552–566.
Fernández, E., Collins, M.O., Uren, R.T., Kopanitsa, M.V., Komiyama, N.H., Croning, M.
D.R., Zografos, L., Armstrong, J.D., Choudhary, J.S., Grant, S.G.N., 2014. targeted
tandem affinity purification of PSD-95 recovers core postsynaptic complexes
and schizophrenia susceptibility proteins. Mol. Syst. Biol. 5.
Ferrara, N., Gerber, H.P., Lecouter, J., 2003. The biology of VEGF and its receptors.
Nat. Med. 9, 669–676.
Fesik, S.W., 2005. Promoting apoptosis as a strategy for cancer drug discovery. Nat.
Rev. Cancer 5, 876–885.
Folkman, J., Klagsbrun, M., 1987. Angiogenic factors. Science 235, 442–447.
Fu, J., Wang, H., Gao, J., Yu, M., Wang, R., Yang, Z., Zhang, T., 2016. Rapamycin
effectively impedes melamine-induced impairments of cognition and synaptic
plasticity in wistar rats. Mol. Neurobiol.
Galluzzi, L., Bravo-San Pedro, J.M., Vitale, I., Aaronson, S.A., Abrams, J.M., Adam, D.,
Alnemri, E.S., Altucci, L., Andrews, D., Annicchiarico-Petruzzelli, M., 2015.
Essential versus accessory aspects of cell death: recommendations of the NCCD
2015. Cell Death Differ. 22, 58–73.
Gammoh, N., Fraser, J., Puente, C., Syred, H.M., Kang, H., Ozawa, T., Lam, D., Acosta, J.
C., Finch, A.J., Holland, E., 2016. Suppression of autophagy impedes glioblastoma
development and induces senescence. Autophagy 12, 1431–1439.

7

Gehring, K., Sitskoorn, M.M., Aaronson, N.K., Taphoorn, M.J., 2008. Interventions for
cognitive deficits in adults with brain tumours. Lancet Neurol. 7, 548–560.
Grant, S.G., 2012. Synaptopathies: diseases of the synaptome. Curr. Opin. Neurobiol.
22, 522–529.
Greene, L.M., Butini, S., Campiani, G., Williams, D.C., Zisterer, D.M., 2016. Pre-clinical
evaluation of a novel class of anti-cancer agents, the Pyrrolo-1, 5benzoxazepines. J. Cancer 7, 2367–2377.
Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell
144, 646–674.
Hicklin, D.J., Ellis, L.M., 2005. Role of the vascular endothelial growth factor pathway
in tumor growth and angiogenesis. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 23,
1011–1027.
Hobson, M.I., Green, C.J., Terenghi, G., 2000. VEGF enhances intraneural
angiogenesis and improves nerve regeneration after axotomy. J. Anat. 197,
591–605.
Hoffermann, M., Bruckmann, L., Ali, K.M., Zaar, K., Avian, A., Campe, G.V., 2017. Preand postoperative neurocognitive deficits in brain tumor patients assessed by a
computer based screening test. J. Clin. Neurosci. 36, 31.
Hu, Y., Chen, F., Liu, F., Liu, X., Huang, N., Cai, X., Sun, Y., Li, A., Luo, R., 2016.
Overexpression of TIP30 inhibits the growth and invasion of glioma cells. Mol.
Med. Rep. 13, 605–612.
Husi, H., Ward, M.A., Choudhary, J.S., Blackstock, W.P., Grant, S.G., 2000. Proteomic
analysis of NMDA receptor-adhesion protein signaling complexes. Nat.
Neurosci. 3, 661.
Kim, K.J., Li, B., Winer, J., Armanini, M., Gillett, N., Phillips, H.S., Ferrara, N., 1993.
Inhibition of vascular endothelial growth factor-induced angiogenesis
suppresses tumour growth in vivo. Nature 362, 841.
Kindy, M.S., Yu, J., Zhu, H., Smith, M.T., Gattoni-Celli, S., 2016. A therapeutic cancer
vaccine against GL261 murine glioma. J. Transl. Med. 14, 1.
Klein, M., 2012. Neurocognitive functioning in adult WHO grade II gliomas: impact
of old and new treatment modalities. Neuro-oncology 14 (Suppl 4). iv17.
Klionsky, D.J., Emr, S.D., 2000. Autophagy as a regulated pathway of cellular
degradation. Science 290, 1717–1721.
Leger, M., Quiedeville, A., Bouet, V., Haelewyn, B., Boulouard, M., Schumann-Bard, P.,
Freret, T., 2013. Object recognition test in mice. Nat. Protoc. 8, 2531–2537.
Liu, L., Zhu, J., Zhou, L., Wan, L., 2016. RACK1 promotes maintenance of morphineassociated memory via activation of an ERK-CREB dependent pathway in
hippocampus. Sci. Rep. 6, 20183.
Martin, K., Hugues, D., De, W.H.P.C., 2012. Cognition and resective surgery for
diffuse infiltrative glioma: an overview. J. Neuro-Oncology 108, 309–318.
Mcnaughton, B.L., Douglas, R.M., Goddard, G.V., 1978. Synaptic enhancement in
fascia dentata: Cooperativity among coactive afferents. Brain Res. 157, 277–
293.
Mizushima, N., Komatsu, M., 2011. Autophagy: renovation of cells and tissues. Cell
147, 728–741.
Mumby, D.G., Glenn, M.J., Nesbitt, C., Kyriazis, D.A., 2002. Dissociation in retrograde
memory for object discriminations and object recognition in rats with
perirhinal cortex damage. Behav. Brain Res. 132, 215–226.
Plate, K.H., Breier, G., Millauer, B., Ullrich, A., Risau, W., 1993. Up-regulation of
vascular endothelial growth factor and its cognate receptors in a rat glioma
model of tumor angiogenesis. Cancer Res. 53, 5822–5827.
Plate, K.H., Breier, G., Weich, H.A., Risau, W., 1992. Vascular endothelial growth
factor is a potential tumour angiogenesis factor in human gliomas in vivo.
Nature 359, 845–848.
Rao, S., Tortola, L., Perlot, T., Wirnsberger, G., Novatchkova, M., Nitsch, R., Sykacek,
P., Frank, L., Schramek, D., Komnenovic, V., Sigl, V., Aumayr, K., Schmauss, G.,
Fellner, N., Handschuh, S., Glosmann, M., Pasierbek, P., Schlederer, M., Resch, G.
P., Ma, Y., Yang, H., Popper, H., Kenner, L., Kroemer, G., Penninger, J.M., 2014. A
dual role for autophagy in a murine model of lung cancer. Nat. Commun. 5,
3056.
Rosenfeldt, M.T., O’Prey, J., Morton, J.P., Nixon, C., MacKay, G., Mrowinska, A., Au, A.,
Rai, T.S., Zheng, L., Ridgway, R., Adams, P.D., Anderson, K.I., Gottlieb, E., Sansom,
O.J., Ryan, K.M., 2013. p53 status determines the role of autophagy in pancreatic
tumour development. Nature 504, 296–300.
Saad, S., Wang, T.J., 2015. Neurocognitive deficits after radiation therapy for brain
malignancies. Am. J. Clin. Oncol. 38, 634–640.
Shapiro, M., 2001. Plasticity, hippocampal place cells, and cognitive maps. Jama
Neurol. 58, 874–881.
Shingu, T., Fujiwara, K., Bögler, O., Akiyama, Y., Moritake, K., Shinojima, N., Tamada,
Y., Yokoyama, T., Kondo, S., 2009. Inhibition of autophagy at a late stage
enhances imatinib-induced cytotoxicity in human malignant glioma cells. Int. J.
Cancer 124, 1060–1071.
Song, D., Wu, Y., Li, Z., Li, J., Zhao, J., Ning, Z., 2014. Study of the mechanism of
sonodynamic therapy in a rat glioma model. Oncotarget. Ther. 7, 1801.
Stupp, R., Mason, W.P., Van, dBMJ, Weller, M., Fisher, B., Taphoorn, M.J.B.,
Belanger, K., Brandes, A.A., Marosi, C., Bogdahn, U., 2005. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med.
352, 987–996.
Szu, J.I., Binder, D.K., 2016. The role of astrocytic aquaporin-4 in synaptic plasticity
and learning and memory. Front. Integr. Neurosci. 10, 8.
Tanida, I., Ueno, T., Kominami, E., 2004. LC3 conjugation system in mammalian
autophagy. Int. J. Biochem. Cell Biol. 36, 2503–2518.
Tarsa, L., Goda, Y., 2002. Synaptophysin regulates activity-dependent synapse
formation in cultured hippocampal neurons. PNAS 99, 1012–1016.

8

S. Hao et al. / Brain Research 1699 (2018) 1–8

Teicher, B.A., Holden, S.A., Ara, G., Sotomayor, E.A., Huang, Z.D., Chen, Y.N., Brem, H.,
2010. Potentiation of cytotoxic cancer therapies by TNP-470 alone and with
other anti-angiogenic agents. Int. J. Cancer 57, 920–925.
Towner, R.A., Ihnat, M., Saunders, D., Bastian, A., Smith, N., Pavana, R.K., Gangjee, A.,
2015. A new anti-glioma therapy, AG119: pre-clinical assessment in a mouse
GL261 glioma model. BMC Cancer 15, 522.
Wang, T.C., Cheng, C.Y., Yang, W.H., Chen, W.C., Chang, P.J., 2015. Characterization of
highly proliferative secondary tumor clusters along host blood vessels in
malignant glioma. Mol. Med. Rep. 12, 6435–6444.

Yan Wang, H.W., Ge, Hui, Yang, Zhuo, 2018. AG-1031 induced autophagic cell death
and apoptosis in C6 glioma cells associated with Notch-1 signaling pathway. J.
Cell. Biochem.
Zhang, C., Zhu, Q., He, H., Jiang, L., Qiang, Q., Hu, L., Hu, G., Jiang, Y., Ding, X.,
Lu, Y., 2015. RIZ1: a potential tumor suppressor in glioma. BMC Cancer 15,
990.
Zhu, H., Wu, H., Liu, X., Li, B., Chen, Y., Ren, X., Liu, C.-G., Yang, J.-M., 2009. Regulation
of autophagy by a beclin 1-targeted microRNA, miR-30a, in cancer cells.
Autophagy 5, 816–823.

