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The cognitive impairment caused by cerebral ischemia/reperfusion is an unsolved
problem in the field of international neural rehabilitation. Not only ameliorates the
consciousness level of certain patients who suffered from ischemia-reperfusion injury
and were comatose for a long time period after cerebral resuscitation treatment,
but levodopa also improves the symptoms of neurological deficits in rats with global
cerebral ischemia-reperfusion injury. However, Levodopa has not been widely used
as a brain protection drug after cardiopulmonary resuscitation, because of its unclear
repair mechanism. Levodopa was used to study the neuroplasticity in the hippocampus
of global cerebral ischemia/reperfusion injury rat model, established by Pulsinelli's
four-vessel occlusion method. Levodopa was injected intraperitoneally at 50 mg/kg/d
for 7 consecutive days after 1st day of surgery. The modified neurological function
score, Morris water maze, magnetic resonance imaging, Nissl and TH staining, electron
microscopy and western blot were used in the present study. The results showed that
levodopa improved the neurological function and learning and memory of rats after global
cerebral ischemia/reperfusion injury, improved the integrity of white matter, and density of

gray matter in the hippocampus, increased the number of synapses, reduced the delayed
neuronal death, and increased the expression of synaptic plasticity-related proteins
(BDNF, TrkB, PSD95, and Drebrin) in the hippocampus. In conclusion, levodopa can
improve cognitive function after global cerebral ischemia/reperfusion injury by enhancing
the synaptic plasticity in the hippocampus.
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0.05 vs. the GCI/R model group.

FIGURE 4 | Niss! staining of hippocampal CA2 subfield. (A-J) Representative section for Nissl staining at 3, 7, and 14 days after GCI/R injury. Scale bar 500 wm for
Magnification 4 x, Scale bar 20 um for Magnification 20x. (K) The mean number of survival neurons in the hippocampal CA2 at 3, 7, and 14 days after GCI/R injury.
Data are shown as means + SD. ##p < 0.01 vs. the sham-operated group, **p < 0.01 vs. the GCI/R model group. #p < 0.05 vs. the sham-operated group, *p <

three groups [F (s, 39y = 14.123, p < 0.001], and the LSD test was
used as a post-hoc test (Figure 7G). The post-hoc analysis showed
that the number of synapses in the hippocampal CA1 subregion
of the model group was significantly reduced compare with the

sham-operated group (p < 0.01). The number of synapses in the
drug administration group was significantly increased compared
with the global cerebral ischemia/reperfusion in the model group
(p < 0.01).
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FIGURE 5 | Western blot analysis of the expression of Caspase 3, Bcl 2, BAX proteins in hippocampal tissues. (A) The expression of Caspase 3, Bcl 2, BAX proteins
in hippocampus. (B) The expression of Caspase 3 in the hippocampus at 3, 7, and 14 days after GCI/R injury. (C) The ratio of Bcl 2/Bax in the hippocampus at 3, 7,
and 14 days after GCI/R injury. Data are shown as means £SD. ##p < 0.01 vs. the sham operated group. #p < 0.05 vs. the sham operated group, *p < 0.05 vs. the

The numbers of synapses at the same time in the rat
hippocampal CA1 subregion of the sham-operated group, the
model group and levodopa administration group were analyzed
by one-way ANOVA, all of which showed homogeneity of
variance (p > 0.05), and the LSD test was used as a post-hoc
test. The results showed that the numbers of synapses in the
rat hippocampal CA1 subregion were significantly different at
7 and 14 days between the sham-operated group, the model
group and the drug administration group [F(,, »7) = 21.874, p <
0.001; F(3, 12) = 16.062, p < 0.001]. Compared with the sham-
operated group, the average optical density values of TH in the
hippocampus of the model group and the drug administration
group decreased significantly (p < 0.001). The expression of TH
in the hippocampus of the levodopa administration group was
significantly higher than that of the model group (p < 0.001).
The results showed that levodopa can improve the structure and
number of synapses in the rat hippocampal CA1 subregion after
GCI/R injury.

Analysis of the Expression of Synaptic
Plasticity-Related Proteins in Hippocampus

The data of PSD95 protein expression in the hippocampus
of rats in the sham-operated group, model group, and drug
administration group at 3, 7, and 14 days after reperfusion
all showed homogeneity of variance (p > 0.05), which were
analyzed using one-way analysis of variance, and the LSD test
was used as a post-hoc test. The results showed there were
significant differences in the PSD95 protein expression in the
rat hippocampus between the three groups at 3, 7, and 14 days

after reperfusion [F, ) = 5.121, p = 0.05; F(3 ¢) = 6.568, p <
0.05; F5, 6) = 8.598, p < 0.05]. The PSD95 protein expression
in the hippocampus of the model group was significantly lower
than that of the sham-operated group (p < 0.05). At 7 days after
reperfusion, the PSD95 protein expression in the hippocampus of
the drug administration group was significantly higher than that
of the model group (p < 0.05) (Figure 8B).

The data of BDNF protein expression in the hippocampus
of rats in the sham-operated group, model group and drug
administration group at 3, 7, and 14 days after reperfusion
all showed homogeneity of variance (p > 0.05), which were
analyzed using one-way analysis of variance, and the LSD test
was used as a post-hoc test. The results showed there were
significant differences in the BDNF protein expression in the
rat hippocampus between the three groups at 3 and 7 days
after reperfusion [F, ) = 11.504, p < 0.01; Fp ¢) = 11.151,
p < 0.05]. At 3 days after reperfusion, the BDNF protein
expression in the hippocampus of the model group was higher
than that of the sham-operated group (p < 0.01). At 7 days after
reperfusion, the BDNF protein expression in the hippocampus of
the model group was significantly lower than that of the sham-
operated group (p < 0.01). At 7 and 14 days after reperfusion,
the BDNF protein expression in the hippocampus of the drug
administration group was significantly higher than that of the
model group (p < 0.05) (Figure 8C).

The data of TrkB protein expression at different time points in
the rat hippocampus of the sham-operated group, model group
and drug administration group showed homogeneity of variance
(p > 0.05), which were analyzed using one-way analysis of
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FIGURE 6 | TH immunohistochemical staining of hippocampus. (A-U) Representative section for TH immunohistochemical staining at 3, 7, and 14 days after GCI/R
injury. Scale bar 500 um for Magnification 4 x, Scale bar 20 um for Magnification 20x. (D) The mean density of TH in hippocampus at 3 day after GCI/R injury. (K) The
mean density of TH in hippocampus at day 7 after GCI/R injury. (R) The mean density of TH in hippocampus at day 14 after GCI/R injury. Data are shown as means +
SD. ##p < 0.01 vs. the sham-operated group, **p < 0.01 vs. the GCI/R model group.

variance, and the LSD test was used as a post-hoc test. The results
showed there were significant differences in the TrkB protein
expression in the rat hippocampus between the three groups at
different time points [F(3 ¢) = 46.664, p < 0.01; F, ¢) = 8.902, p

< 0.05; F(, 6) = 11.665, p < 0.01]. The TrkB protein expression in
the hippocampus of the model group was significantly lower than
that of the sham-operated group (p < 0.05). The TrkB protein
expression in the hippocampus of the drug administration group
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FIGURE 7 | Ultrastructure of synapses in hippocampus. (A-F) Representative section for synaptic ultrastructure at 7 and 14 days after GCI/R injury. Scale bar 500 pm
for Magnification 20,000x. (G) The number of synapses in hippocampal CA1. Magnification 6,000x. (H) The number of vesicles per synapse in hippocampal CA1.
Data are shown as means + SD. ##p < 0.01 vs. the sham-operated group, *p < 0.01 vs. the GCI/R model group. #p < 0.05 vs. the sham-operated group, *p <
0.05 vs. the GCI/R model group.

was significantly higher than that of the model group (p < 0.05)  sham-operated group (p < 0.05), and the Drebrin protein

(Figure 8D). expression in the hippocampus of the drug administration group
The data of Drebrin protein expression in the hippocampus  was significantly higher than that of the model group (p < 0.05)

of rats in the sham-operated group, the model group, and drug  (Figure 8E).

administration group at 3, 7, and 14 days after reperfusion

all showed homogeneity of variance (p > 0.05), which were

analyzed using one-way analysis of variance, and the LSD test DISCUSSION

was used as a post-hoc test. The results showed there were

significant differences in the Drebrin protein expression in the = Global cerebral ischemia/reperfusion causes delayed death of

rat hippocampus between the three groups at 3 and 7 days  neurons in the hippocampus, unbalanced dopamine content, and

after reperfusion [F ¢) = 17.105, p < 0.01; F(5 ) = 8.526, p  decreased synaptic density, which eventually leads to learning

< 0.05]. At 14 days after reperfusion, there was no statistically =~ and memory disorders. The results of this study show that

significant difference in the Drebrin protein expression between  after levodopa administration, the neurological function and

the three groups [F(, ¢) = 1.882, p > 0.05]. At 3 and 7 days after  the learning and memory functions of rats with GCI/R injury

reperfusion, the Drebrin protein expression in the hippocampus ~ were improved, the white matter integrity and gray matter

of the model group was significantly lower than that of the  density in the hippocampus were improved, the delayed death
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FIGURE 8 | Western blot analysis of the expression of synaptic plasticity related proteins in hippocampal tissues. (A) The expression of PSD95, BD NF, TrkB, Drebrin
proteins in hippocampus. (B) The expression of PSD95 (B), BDNF (C), TrkB (D), and Drebrin (E) in the hippocampus at 3, 7, and 14 days after GCI/R injury. Data are
shown as means + SD. ##p < 0.01 vs. the sham operated group. #p < 0.05 vs. the sham operated group, *p < 0.0 5 vs. the GCI/R model group.
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of neurons in the hippocampus was decreased, and the number
of synapses and the expression of neuronal plasticity-related
proteins were increased. Levodopa can repair the impaired
learning and memory functions after GCI/R injury by improving
synaptic plasticity in the rat hippocampus.

After cerebral ischemia/reperfusion occurs, there is secondary
failure of cellular energy metabolism. The ATP in the brain
is reduced and the function of the glutamate transporter is
inhibited, which results in the accumulation of glutamate in
the synaptic gap, cause excitotoxicity and excessive activation
of the post-synaptic glutamate receptor, N-methyl-D-aspartate
receptor (NMDAR), induce calcium influx and abnormal
mitochondrial function, release more free radicals, and initiate
apoptosis, which leads to delayed cell death (Jakaria et al., 2018).

At the same time, the expression levels of post-synaptic density
protein of 95 kDa (PSD-95) and BDNF-TrkB decrease, and
the loss of hippocampal synapses and dendritic spines causes
significant changes in the morphology of neurons and their
synapses (Jakaria et al., 2018).

GCI/R injury causes not only delayed death of neurons but
also delayed destruction of the dopamine system and imbalance
of the dopamine content in the hippocampus. The change of
dopamine content after cerebral ischemia/reperfusion injury
was observed by using microdialysis technology. It was found
that the dopamine content in the brain decreased rapidly after
reperfusion for 80-120min (Li et al, 2010). Li Bing et al
found that the content of dopamine neurotransmitters in the
hippocampus increased significantly 6h after GCI/R injury,
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which was 336.1% of the control group’s dopamine content, but
the dopamine content in the hippocampus started to decline 1
day after GCI/R injury, and, 3 days later, the dopamine content in
the hippocampus was significantly lower than that of the control
group (Li Bing et al., 2006).

Tyrosine hydroxylase is a catalytic enzyme and rate-limiting
enzyme for dopamine synthesis. The content of tyrosine
hydroxylase in neurons can indirectly reflect the level of
dopamine in neurons. The result of tyrosine hydroxylase in
this study is consistent with those of other studies, that is,
the dopamine level in the hippocampus decreased and was
lower than the normal level after cerebral ischemia/reperfusion
injury. After intervention with levodopa, the level of dopamine
in neurons increased, which indicated that levodopa could
reduce the decrease of dopamine in the hippocampus after
cerebral ischemia/reperfusion to a certain extent. Enhancing the
activity of tyrosine hydroxylase and increasing the synthesis of
endogenous dopamine can effectively improve the nerve function
of rats after cerebral ischemia/reperfusion injury (Zhong et al,,
2019). Obi et al. found that activation of the dopaminergic
nervous system contributes to functional recovery in the chronic
phase of stroke (Obi et al., 2018). Scheidtmann et al. also
pointed out that levodopa combined with physical therapy is
beneficial to the recovery of neurological function in patients
with stroke (Scheidtmann et al., 2001). Earlier studies of our
research group also showed that patients with persistent coma
after resuscitation could have significant improvement in their
disorders of consciousness after using levodopa or piribedil (Lixu
Liu and Shi, 2006).

After cerebral ischemia, there will be structural changes in the
relevant brain area, such as the increase or decrease of gray matter
density and volume. It was reported that the VBM assessment of
stroke patients showed a significant decrease in the gray matter
volume of ipsilateral pre-central gyrus, paracentral gyrus, and
contralateral cerebellum lobule VII and a significant increase in
the gray matter volume of contralateral orbital frontal cortex and
inferior frontal gyrus at the chronic stage of stroke (Cai et al,
2016). Drobyshevsky et al. found, in animal models of pre-natal
ischemia and hypoxia, that microstructural changes occurred in
multiple brain regions, FA decreased, and white matter volume
decreased (Drobyshevsky, 2017).

BDNF is involved in the structural regulation of synapse
production, maintenance, enlargement, and modification, as well
as in the functional regulation of neurotransmission and receptor
activity, and promotes the growth of dendrites and axons (Chen
et al., 2018). Dopamine can increase the expression of BDNF
in the hippocampus by activating dopamine receptors (Berton
et al., 2006; Hasbi et al., 2011), thereby improving learning and
memory functions (Kowianski et al., 2018). TrkB is a receptor
with a high affinity for BDNF, which is expressed in both the pre-
synapse and post-synapse. BDNF-TrkB can increase the plasticity
of hippocampal neurons by regulating the expression of PSD95
and Drebrin as well as regulating the learning and memory at
the cellular level (Li et al., 2018). Studies on DTI showed that the

content of BDNF is related to the FA value in the hippocampus;
the lower the BDNF content, the lower the FA value and the worse
the integrity of white matter in the hippocampus (Chen et al,,
2016). The results of this study showed that the administration of
levodopa after GCI/R injury increased the number of synapses,
and the density of vesicles in the hippocampus, while also
increasing the expression of PSD95 and Drebrin, promoted the
repair of white matter and gray matter of the hippocampus
and enhanced the synaptic plasticity. This may be related to
the increase of BDNF and TrkB protein expression in the rat
hippocampus after levodopa administration.

This study has certain limitations, and only detected the effect
of levodopa on synaptic plasticity in the hippocampus after
GCI/R injury. The ventral tegmental area can project dopamine
not only to the hippocampus but also to the pre-frontal lobe
(Tuesta and Zhang, 2014), and the pre-frontal-hippocampal
circuit participates in the learning and memory process (Shin
et al, 2019). Injury of the pre-frontal-hippocampal circuit
results in impaired functional integrity of nerve conduction
pathways, which leads to working memory impairment in
patients consequently (Lundeberg et al., 2007). In future studies,
we will continue to explore the effect of levodopa on the pre-
frontal-hippocampal circuit after GCI/R injury.

To conclude, our study shows levodopa can improve the
learning and memory functions after GCI/R injury occurs, by
enhancing the synaptic plasticity in the hippocampus. Levodopa
is the most commonly used medicine in the therapy of
Parkinson’s disease, and its safety has been proven. A new
approach was proposed in this study for brain functional
rehabilitation therapy after cardiopulmonary resuscitation.
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