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Abstract
The mechanism of cognitive dysfunction in diabetes is still unclear. Recently, studies have shown that the cerebellum is 
involved in cognition. Furthermore, diabetes-induced cerebellar alterations is related to vascular changes. Therefore, we 
aimed to explore the roles of vascular function in diabetes-induced cerebellar damage and motor learning deficits. Type 1 
diabetes was induced by a single injection of streptozotocin in Sprague–Dawley rats. Motor learning was assessed by beam 
walk test and beam balance test. The pathological changes of the cerebellum were assessed by Hematoxylin and eosin stain-
ing and Nissl staining. Apoptosis was evaluated by anti-caspase-3 immunostaining. Protein expression was evaluated by 
western blotting and double immunofluorescence. Our results have shown that motor learning was impaired in diabetic rats, 
coupled with damaged Purkinje cells and decreased capillary density in the cerebellum. In addition, the protein expression 
of neuronal NOS, inducible NOS, endothelial NOS, total nitric oxide, vascular endothelial growth factor and its cognate 
receptor Flk-1 was decreased in the cerebellum. Gastrodin treatment ameliorated neuronal damage and restored protein 
expression of relevant factors. Arising from the above, it is suggested that vascular dysfunction and NO signaling deficits in 
the cerebellum may be the underlying mechanism of early manifestations of cognitive impairment in diabetes, which could 
be ameliorated by gastrodin intervention.
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Introduction

Diabetes mellitus (DM), a systemic disease characterized 
by hyperglycemia, is often complicated by dysfunction of 
multiple organs in the body [1]. It has been reported as a risk 
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factor for cognitive dysfunctions, such as vascular dementia 
and Alzheimer’s disease (AD) [2], but the underlying mech-
anism of cognitive dysfunction in diabetes is still unclear.

The cerebellum is an important part of the central nerv-
ous system (CNS). Studies have shown that the cerebellum 
is involved in motor learning through adjusting the cognitive 
processes [2]. Inside the cerebellum, cerebellar cortex was 
regarded as an important region closely related to motor 
learning [3, 4]. This study aims to investigate potential 
mechanisms in DM-induced motor learning impairment.

VEGF (Vascular endothelial growth factor) is a key 
regulator of vasculogenesis and angiogenesis [5, 6]. In the 
CNS, VEGF could promote neuronal growth, survival and 
regeneration [7, 8]. It is also involved in neuroprotection, 
showing neurotrophic effects [9, 10]. Studies have indicated 
that diabetes could lead to abnormal VEGF signaling and 
pathogenic vessel remodeling [11, 12]. Flk-1(VEGF-R2) is 
one of the VEGF receptors, which acts as a major mediator 
of angiogenesis and vascular permeability [12].

Nitric oxide (NO) is an important signaling molecule 
widely distributed in the nervous system. Under physiologi-
cal conditions, NO contributes to the proliferation, survival, 
and differentiation of neurons. Moreover, NO is involved 
in the synaptic activity, angiogenesis, neural plasticity, and 
memory function [13–15]. Cerebellar NO in particular par-
ticipates in the induction of the long-term depression of 
parallel fiber inputs [16]. Nitric oxide synthase (NOS) is 
a family of enzymes catalyzing the production of NO from 
l-arginine [17]. The family contains three distinct genes 
encoding NOS isozymes: neuronal NOS (nNOS), induc-
ible NOS (iNOS) and endothelial NOS (eNOS). nNOS is 
expressed in the central and peripheral nervous systems; its 
role in the CNS includes regulating synaptic plasticity, blood 
pressure [18], endocrine system, neural signal transduction 
and the differentiation of neural progenitor cells [19]. iNOS 
is expressed in many cell types in response to lipopolysac-
charide and generate a large amount of NO indispensable for 
immune system [17]. It can react with superoxide, leading to 
peroxynitrite formation and cell toxicity [20]. eNOS, mainly 
expressed in endothelial cells, is vasoprotective and critical 
for maintaining of blood pressure and dilated blood vessels 
[18]. In the cerebellum, NOS is expressed by local stellate, 
basket, and granule cells.

Gastrodin, a phenolic glycoside, is a widely used Chi-
nese herb that has been traditionally used for the treatment 
of headache, dizziness, spasm, epilepsy, stroke, amnesia 
and other disorders for centuries. The chemical structural 
formula of gastrodin is shown as Supplementary Fig. 1. 
There is ample evidenc showing that gastrodin can exert 
various therapeutic effects, including sedation, improve-
ment of blood supply to the inner ear, protection of neurons, 
enhancement of immunity, anti-inflammation and anti-oxi-
dation [21, 22]. In the CNS, many studies have shown that 

gastrodia elata has the effect of improving CNS disorders 
including epilepsy, Alzheimer’s disease, cerebral ischemia/
reperfusion, Parkinson’s disease and cognitive impairment 
[22]. However, it remains uncertain whether gastrodin would 
protect motor learning through NO signaling.

In this study, we attempted to elucidate the possible 
mechanism of gastrodin on motor learning in diabetic rats. 
To investigate the role of NO signaling, the expression of 
nNOS, iNOS, eNOS, VEGF and its cognate receptor Flk-1 
was examined. We report here the protective effect of gas-
trodin on motor learning through NO signaling.

Materials and Methods

Animal Use and Care

The Sprague–Dawley rats were purchased from Liaoning 
Changsheng Biotechonology Co., Ltd. A total of 100 male 
animals were used in this study (10 weeks old, weighing 
250–300 g). Animal procedures were reviewed and approved 
by the Medical Ethics Committee of Kunming Medical Uni-
versity, Kunming, China. Rats were housed in our animal 
facilities in a temperature controlled, pathogen-free room, 
on a 12:12 light: dark cycle and allowed food and water 
intake ad libitum.

Diabetes Induction and Drug Administration

The rats were housed in plastic cages with standard bedding 
and the temperature was maintained at 22 °C.

The procedure of diabetes induction has been previously 
described [23]. Briefly, type 1 diabetes was induced by a 
single intraperitoneal injection of streptozotocin (65 mg/
kg) after 2 weeks of adaptation. Blood glucose levels were 
assessed by a glucometer and animals were considered 
as diabetic if the blood glucose levels were higher than 
16.7 mmol/l for three consecutive tests.

The rats were randomized into three groups: (i) NC6W 
group: normal control rats gavaged with normal saline daily 
(0.4 ml/100 g); (ii) DM6W + S group: diabetic rats gavaged 
with normal saline for 6 weeks at 3 weeks after diabetes 
induction; (iii) DM6W + G group, diabetic rats gavaged 
with gastrodin for 6 weeks (60 mg/k/day; dissolved in 0.9% 
saline) [23].

Beam Walk Test

Beam walk test was used for detecting motor learning 
deficit [24]. Rats were placed on a balance beam, which 
was 2 m long, 1.5 cm wide and elevated 50 cm above the 
ground. In the training phase, the rats were kept in a dark 
environment for 60 min and then put at the start of beam. 
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Animals were trained 4 times daily for 3 days. In the test 
phase, the latency of crossing the beam was recorded for 3 
times (up to 60 s) and the values obtained were averaged.

Beam Balance Test

Motor coordination was evaluated by beam balance test [25]. 
The rats were placed at the center of the same balance beam. 
Animals were trained 4 times a day for 3 days. In the test 
phase, the time staying on the balance beam without slipping 
(up to 60 s) was recorded for 3 times and the values obtained 
were averaged.

Western Blotting Analysis

Rats were anesthetized with 10% chloral hydrate adminis-
tered intraperitoneally. The cerebellar tissues were rapidly 
dissected. The cerebellar cortex pivotal to motor learning, 
was rapidly isolated, frozen with liquid nitrogen and stored 
in − 80 °C. Proteins were extracted with RIPA buffer (9806; 
Cell Signaling Technology) containing phosphatase inhibi-
tor cocktail (1:100; 5870; Cell Signaling Technology) and 
protease inhibitor cocktails (1:100; 5871; Cell Signaling 
Technology). All procedures were carried out at 4 °C. After 
complete lysis of the tissue, homogenates were centrifuged 
at 12,000×g for 10 min and the supernatant were collected. 
The protein concentration was determined by BCA protein 
assay kit. 30 μg of protein was loaded unto 8% SDS-PAGE 
gels and transferred to PVDF membranes. After that, the 
membranes were blocked for 2 h at room temperature using 
5% skim milk and incubated at 4 °C overnight with primary 
antibodies. The following primary antibodies were used: 
mouse anti-nNOS antibody (1:1500; cat. no. sc-55521; Santa 
Cruz Biotechnology); mouse anti-iNOS antibody (1:1000; 
cat. no. sc-7271; Santa Cruz Biotechnology); mouse anti-
eNOS antibody (1:1500; cat. no. sc-136977; Santa Cruz 
Biotechnology); mouse anti-VEGF antibody (1:1000; cat. 
no. sc-7269; Santa Cruz Biotechnology); mouse anti-Flk-1 
antibody (1:1000; cat. no. sc-6251; Santa Cruz Biotechnol-
ogy) and β-tubulin ((1:1000; cat. no. 15115; Cell Signal-
ing Technology). After washing with TBS-0.1% Tween, 
the membranes were incubated for 2 h at room temperature 
with horseradish peroxidase-conjugated secondary antibody: 
goat-anti-rabbit (1:1,000; cat. no. 31460; Thermo Fisher Sci-
entific) and goat-anti-mouse (1:1,000; cat. no. 31430). The 
blots were developed by enhanced chemiluminescence and 
developed on film with Image J software (version 1.4.3.67; 
National Institutes of Health, Bethesda, MD, USA).

Double Immunofluorescence

The cerebellum was removed, fixed in 4% formaldehyde, 
dehydrated, cleared with xylene and embedded in paraffin 
blocks. Paraffin sections of 4 μm thickness were incubated 
in citrate buffer for antigen retrieval and were incubated 
with 5% goat serum (Beijing Biosynthesis Biotechnology 
Co., Ltd, Beijing, China) for 2 h at room temperature. Sub-
sequently, sections were incubated in PBS containing 0.2% 
TX-100 at 4 °C overnight with primary antibodies: mouse 
anti-nNOS antibody (1:100; cat. no. sc-55521; Santa Cruz 
Biotechnology); mouse anti-iNOS antibody (1:100; cat. 
no. sc-7271; Santa Cruz Biotechnology); mouse anti-
eNOS antibody (1:100; cat. no. sc-136977; Santa Cruz 
Biotechnology); mouse anti-VEGF antibody (1:100; cat. 
no. sc-7269; Santa Cruz Biotechnology); rabbit anti-Cal-
bindin D-28k antibody (1:400; Swant); Caspase-3 (1:100, 
Wanleibio, Shenyang, China). After this, goat anti-rabbit 
Alexa Fluor 488 (1:200; Thermo Fisher Scientific) and 
goat anti-mouse Alexa Fluor 546 (1:200; Thermo Fisher 
Scientific) secondary antibodies were added and incu-
bated for 2 h. The images were captured under a confocal 
microscope.

Hematoxylin and Eosin (H&E) Staining and Nissl 
Staining

The preparation of paraffin sections has been described 
above in the procedure under double immunofluores-
cence. After dewaxing and hydration, the aforementioned 
tissue sections were processed for routine H&E staining 
and Nissl staining (Beyotime Institute of Biotechnology, 
Shanghai, China). The photoimages were captured under 
a light microscope (magnification, × 400) in a blinded 
manner.

Measurement of Microvessel Number 
and VASCULAR DEnsity

The microvessel number was measured by H&E staining. 
Three samples from each group were selected for counting 
of microvessels. In each sample, five areas of the cerebel-
lar cortex ar the corresponding areas of each section were 
selected at × 200 magnification. ImageJ statistical software 
was then used to count the number of vessels.

The vascular density was measured by lectin immu-
nostaining. Three samples from each group were selected 
for counting. One section was chosen from each sample and 
two areas were selected in the corresponding site of each 
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section (Magnification: × 400). ImageJ statistical software 
was used to count the vascular density.

Measurement of Nitric Oxide Production

The supernatant derived from the fresh cerebellar tissues 
was used for nitric oxide (NO) content measurement. Total 
NO production was assessed by spectrophotometric meas-
urement of nitrite concentrations using a Total Nitric Oxide 
Assay Kit (Beyotime Institute of Biotechnology, Jiangsu, 
China). Optical density at 540 nm was measured using a 
microplate reader. Concentrations were calculated by com-
paring absorption with a standard curve.

Statistical Analysis

Data were expressed as mean ± SD and analyzed with one-
way analysis of variance and pairwise comparison (SPSS 
17.0 statistical software, USA) to determine the statistical 
significance of differences. p < 0.05 was considered statisti-
cally significant.

Results

Early Intervention of Gastrodin Improved Cerebellar 
Motor Learning in Diabetic Rats

The beam walk test showed that the latency to traverse the 
beam was significantly increased in diabetic rats (NC6W: 
6.81 ± 4.13 s; DM6W + S: 20.42 ± 7.74 s). Gastrodin treat-
ment significantly reduced the duration of time in diabetic 
rats (DM6W + G: 15.57 ± 4.83 s) (Fig. 1A). The beam bal-
ance test showed that the time of remaining on the beam 
without slipping was significantly decreased in diabetic 
rats compared with that of the NC6W group (NC6W: 

56.37 ± 6.75 s; DM6W + S: 18.57 ± 11.94 s), which was 
significantly increased in DM6W + G group (DM6W + G: 
36.97 ± 21.94 s) (Fig. 1B).

Early Intervention of Gastrodin Ameliorated 
Neuronal Injury Through Reducing Apoptosis 
in the Cerebellar Cortex

H&E staining showed that the Purkinje cells in the NC6W 
group were arranged in regular order and well-defined. In 
the DM6W + S group, Purkinje cells were loosely arranged 
with irregular morphology. Neuronal swelling and glial reac-
tion were evident. Furthermore, the number of Purkinje cells 
and granular cells was decreased in the DM9W + S group. 
Neuronal damage was less evident in the DM6W + G group 
(Fig. 2A–C). Nissl staining showed that the number of Nissl 
bodies was decreased in the DM6W + S group, along with 
reduced Nissl substance. The DM6W + G group exhibited 
more Nissl bodies than the DM6W + S group (Fig. 2D–F).

Diabetes-induced apoptosis was observed in the Purkinje 
cell layer and granule cell layer with caspase-3 immunofluo-
rescence labeling. The number of cells undergoing apoptosis 
was markedly increased in the DM6W + S group compared 
with that of the NC6W group. In the DM6W + G group, the 
number of caspase-3-positive cells was decreased compared 
with that of the DM6W + S group (Fig. 3).

Early Intervention of Gastrodin Increased 
the Vascular Area Through Upregulating 
the Expression of VEGF and Flk‑1

Immunofluorescence staining of lectin showed that the 
capillary density in the DM6W + S group was signifi-
cantly decreased in comparison with the NC6W group 
and DM6W + G group. However, the number of arterioles 
showed no obvious change among three groups (Fig. 4).

Western blot analysis showed that the expression of 
VEGF protein was significantly decreased in the diabetic rats 

Fig. 1   Effects of gastrodin on 
DM-induced cerebellar motor 
learning deficits. Beam walk 
test (A) and beam balance 
test (B) of rats in NC6W, 
DM6W + S and DM6W + G 
groups. **p < 0.05; **p < 0.01



1773Neurochemical Research (2020) 45:1769–1780	

1 3

(p < 0.01), which was significantly enhanced after gastro-
din intervention (p < 0.01). Furthermore, DM6W + S group 
exhibited lower protein level of Flk-1 than NC6W (p < 0.01) 
and DM6W + G group (p < 0.05) (Fig. 5A, B).

Double immunofluorescence of Calbindin D-28k 
and VEGF in cerebellar Purkinje cell layer has shown 

that VEGF was localized primarily in the cytoplasm of 
Purkinje cells. The immunoexpression of VEGF was 
decreased in the DM6W + S group compared with that of 
the NC6W and DM6W + G group (Fig. 5C).

Fig. 2   Effects of gastrodin on 
histopathological alterations 
in the cerebellar cortex of 
diabetic rats. H&E staining(A–
C) and Nissl staining (D–F) 
of the NC6W, DM6W + S and 
DM6W + G groups. Neuronal 
swelling (a), neuroglial aggre-
gation (b) and neuron loss (c) 
can be observed in H&E stain-
ing. n = 6. Magnification: × 400. 
Bar = 50 µm

Fig. 3   Effects of gastrodin on 
the apoptosis of Purkinje cells 
in diabetic rats. Representa-
tive immunofluroscent images 
of caspase-3 (red) and DAPI 
(blue) double staining of the 
cerebellar cortex in the NC6W 
group, DM6W + S group, and 
DM6W + G group. Note the 
increase in incidence of cas-
pase-3 positive cells in DM6W 
+ S (single arrow) compared 
with the NC6W and DM6W + 
G group. Magnification: × 400. 
Bar = 50 µm  (Color figure 
online)
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Early Intervention of Gastrodin Restored the Protein 
Expression of NOS in the Cerebellar Cortex 
of Diabetic Rats

Western blot analysis showed that the expression of nNOS 
was significantly decreased in the DM6W + S group, in com-
parison with that of the NC6W group (p < 0.01). Gastrodin 
intervention could restore the expression of nNOS (p < 0.01). 
Similarly, the expression of eNOS and iNOS was lower in 
the cerebellar cortex of diabetic rats (p < 0.01), which was 
significantly increased in the DM6W + G group (Fig. 6A–C). 
Compared with the NC6W group, NO level was significantly 
decreased in the cerebellar cortex of diabetic rats (p < 0.05). 
In diabetic rats given gastrodin treatment, the level of NO 
exhibited the trend of elevation.

The NO levels as determined by nitrite level, were sig-
nificantly decreased (P < 0.05) in the DM6W + S group, as 
compared with the NC6W group. In the DM6W + G group, 
NO levels were increased compared with DM6W + S group, 
but the decrease was not statistically significant (Fig. 6D).

Double immunofluorescence of Calbindin D-28k and 
nNOS showed that nNOS was localized primarily in the 
cytoplasm and neurites of Purkinje cells. The immunoex-
pression of nNOS was notably reduced in the DM6W + S 
group compared with that of the NC6W group, which was 
significantly increased compared with the DM6W + G group 
(Fig. 7).

Discussion

The present results have shown that diabetes could result 
in impairments in motor learning and cerebellar lesion. Of 
note, gastrodin could ameliorate the pathological changes 
of cerebellar cortex through decreasing the apoptosis of 
Purkinje cells in diabetic rats. To further clarify the under-
lying mechanism of gastrodin, we investigated the relation 
of neuronal and vascular changes. It was found that capillary 
density assessed by lectin staining was decreased in the cer-
ebellar cortex, coupled with decreased expression of VEGF 
and nitric oxide synthase in diabetes. It is therefore sug-
gested that decreased VEGF expression, which was affected 
by nitric oxide, may result in reduced cerebellar blood flow 
and pathological changes.

It is widely acknowledged that diabetes could lead to 
pathogenic vascular remodeling, coupled with abnormal 
VEGF signaling. Restoring VEGF expression in an animal 
model of diabetes ameliorated blood brain barrier dysfunc-
tion, dendritic spine loss and spatial memory impairment 
[26]. In animals with brain injury, cognitive function could 
be improved by enhancing VEGF signaling [27–29]. VEGF 
deficiency may affect motor learning through the follow-
ing mechanisms. On the one hand, VEGF deficiency may 
change the synaptic plasticity of neurons [30], which was 
supported by expression of VEGF in the cytoplasm of cer-
ebellar Purkinje cells and granule cells. On the other hand, 

Fig. 4   Effects of gastrodin on 
capillary density in diabetic 
rats. (A) Representative photo-
graphs showing lectin expres-
sion in the cerebellar cortex of 
the NC6W group, DM6W + S 
group and DM6W + G group. 
Bar graphs represent capillary 
density (B) and the number of 
arterioles counted in sections 
of H&E staining (C). Magni-
fication: × 400. Bar = 50 µm. 
*p < 0.05, **p < 0.01
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it may cause progressive and insidious damage to vessels, 
which could be an important cause of diabetes-related cog-
nitive impairments [31, 32]. Therefore, VEGF deficiency is 
critical for the pathogenesis of cerebellar alterations.

The decreased expression of VEGF may be caused by 
reduced NO expression in the cerebellar cortex. The pre-
sent results have shown that NO levels were significantly 
decreased at 6 weeks after diabetes induction, which is con-
sistent with our previous study as well as studies by others 

[33–35]. NO can exacerbate nervous injury in multiple path-
ological processes, including ischemia, inflammatory disor-
ders, axonal injury, glutamate neurotoxicity [36–38]. High 
glucose can trigger endothelial cell apoptosis by de-activa-
tion of eNOS [39]. Since vasogenic NO is the major media-
tor of the vasodilatation and vascular permeability [17, 18, 
40], the deficiency of eNOS could be the cause of vasodila-
tory disorder, causing insufficiency of blood supply. In addi-
tion, poor control of blood glucose can cause vasculopathy 

Fig. 5   Gastrodin upregulated 
the expression of VEGF and 
Flk-1. Western blot analy-
sis of VEGF (A) and Flk-1 
(B) expression levels in the 
cerebellar cortex, including the 
immunoreactive bands of VEGF 
(21 kDa), Flk-1 (230 kDa) and 
β-Tubulin (55 kDa). Bar graphs 
representing optical density 
(mean ± SD) of VEGF and Flk-1 
normalized with β-Tubulin. (C) 
Immunoexpression of VEGF in 
the cerebellar cortex of NC6W 
group, DM6W + S group, and 
DM6W + G group. Calbindin 
D-28k was shown in green 
(Alexa 488) and nNOS in red 
(Alexa Fluor 546). Note the 
diminution of VEGF immuno-
fluorescence in Purkinje cells in 
the DM6W + S group (single 
arrow) as compared with the 
normal control (NC6W). Mag-
nification: × 400. Bar = 50 µm. 
*p < 0.05, ** p < 0.01 (Color 
figure online)
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and abnormal blood flow [41–43]. Therefore, it is reasonable 
to suggest that chronic hyperglycemia may impair normal 
blood flow through suppressing NOS function.

Other than affecting vascular function, NOS function 
could directly lead to neuronal damage. A separate research 
found that STZ-induced diabetic rats had significantly 
decreased nNOS activity and mRNA level in the cerebellum 
[34]. nNOS deficiency was reported to promote apoptotic 
cell death [44]. Furthermore, cerebellar defects could be 
detected in nNOS knock-out mice [45]. nNOS could protect 
cultured cerebellar granule neurons against alcohol-induced 
cell death by stimulating the cAMP pathway [46]. Very 
strikingly, the expression of nNOS was elevated following 
gastrodin intervention, suggesting that gastrodin may help 

restore the normal function of NO by increasing the expres-
sion of nNOS. This would be consistent with the finding that 
gastrodin can either pass through the BBB or be metabolized 
into p-Hydroxybenzyl alcohol, which has similar pharmaco-
logical effects on central nervous system disease [22]. It is 
noteworthy that gastrodin and p-Hydroxybenzyl alcohol can 
be detected in the cerebellar tissue and other areas including 
the frontal cortex, hippocampus and thalamus [47].

Notwithstanding of the above, it is clear that there are 
some limitations to our present study. Firstly, all our experi-
ments were conducted in vivo, which makes it hard to dem-
onstrate the pathways involved. It would be desirable to 
directly investigate the interaction between endothelial cells 
and Purkinje cells using an in vitro cell model. In addition, 

Fig. 6   Gastrodin upregulated 
the expression of nitric oxide 
in diabetic rats. Western blot 
analysis of nNOS (A), eNOS 
(B) and iNOS (C) expression 
levels and NO content assay (D) 
in the cerebellar cortex, includ-
ing the immunoreactive bands 
of nNOS (155 kDa), iNOS 
(130 kDa), eNOS (140 kDa), 
and β-Tubulin (55 kDa). Bar 
graphs represented optical den-
sity (mean ± SD) of these fac-
tors normalized with β-Tubulin. 
*p < 0.05; **p < 0.01
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iNOS expression was also upregulated by gastrodin treat-
ment, which is different from previous studies [48, 49]. Very 
interestingly, it has been reproted that caffeic acid para-nitro 
phenethyl ester ameliorated diabetic changes by increasing 
NO content via upregulating iNOS expression [50], which 
is consistent with our present finding. Nonetheless, the exact 
mechanism of iNOS is still unclear and requires further 
investigation.

Conclusion

In summary, we have found that the expression of nNOS, 
iNOS, eNOS, NO, VEGF and Flk-1 was decreased after 
diabetes induction; concomitant to this was neuronal dam-
age and motor learning impairment [51]. The underlying 
mechanism of diabetes-induced motor learning defi-
cits may be through downregulation of VEGF and NOS 
expression (Fig. 8). Of note, the results have revealed that 
the effects of gastrodin may be exerted through restoring 
VEGF and NO signaling pathway in the cerebellar cortex 
of diabetic rats.

Fig. 7   Immunostaining of 
nNOS in the cerebellar cortex 
of the NC6W group, DM6W + S 
group, and DM6W + G group. 
Calbindin D-28k was shown in 
green (Alexa 488) and nNOS 
in red (Alexa Fluor 546). Note 
the drastic reduction of nNOS/
CD28k + Purkinje cells in 
the DM6W + S group com-
pared with that of the NC6W 
group (single arrow). Magni-
fication: × 600. Bar = 25 µm 
(Color figure online)



1778	 Neurochemical Research (2020) 45:1769–1780

1 3

Author Contributions  YYZ, ZHM and JLS designed the project and 
finalized the manuscript. FZ, CKD and YJH performed the majority 
of the experiments, participated in discussion, analyzed the data, and 
prepared the first draft of the manuscript. YHM, YYW and YZ con-
ducted the part of experiments, participated in discussion, and analyzed 
the data. ZYQ, WQZ and RDZ performed the paraffin embedding, 
sectioning, and H&E staining. BL, XS, XYW and GC conducted part 
of the experiments and helped with removal of tissue samples and took 
care of the experimental rats.

Funding  The present study was supported in part by the National Natu-
ral Science Foundation of China (Grant Nos. 81760149, 81360176 
and 81200840), the Department of Science and Technology of Yun-
nan Province (Grant No. 2013HB078), the Joint Special Funds for the 
Department of Science and Technology of Yunnan Province-Kunming 

Medical University [Grant Nos. 2017FE468 (-171) and 2017FE468 
(-012)], and the Yunnan Provincial Education Commission (Grant No. 
2018JS156).

Data Availability  The raw data supporting the conclusions of this 
manuscript will be made available by the authors, without undue res-
ervation, to any qualified researcher.

Compliance with Ethical Standards 

Conflict of interest  The authors declare that they have no competing 
interest.

Fig. 8   Diagram illustrating the 
effects of diabetes on Purkinje 
cells and vascular endothelial 
cells, which has been indicated 
by red arrows. Diabetes could 
reduce the neuronal secre-
tion of VEGF, which affects 
the expression of eNOS and 
NO in endothelial cells. As a 
result, the capillary density was 
decreased, causing downregula-
tion of nNOS in Purkinje cells 
and neuronal apoptosis (Color 
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