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Abstract

The aim of the current study was to observe the effect of thyroxine combined with donepezil on the
expression of synaptotagmin-1 (syt-1) and mammalian uncoordinated-18 (munc-18) in the frontal lobe
of adult rats with hypothyroidism and to explore the possible mechanisms of hypothyroidism-induced
brain injuries. A total of 45 adult SD rats were randomly divided into a control group (CON), a
hypothyroidism group (hypothyroidism), a thyroxine-treatment group (T4), a donepezil-treatment group
(DON), and a T4+DON group. The rats were anesthetized with chloral hydrate and blood samples were
collected from the abdominal aorta; then, levels of thyroid hormones T3 and T4, and of thyroid-
stimulating hormone (TSH) were measured in the centrifugal serum. The brain of each rat was sampled
on ice and the prefrontal lobe was isolated and stored at -80°C to detect the expression of SYT-1 and
munc-18. The expression of syt-1 and munc-18 in the rats’ frontal lobe was analyzed by a western blot
analysis and reverse transcriptionpolymerase chain reaction (RT-PCR). Compared with the CON group,
the expression of syt-1 and munc-18 in the hypothyroidism group was significantly decreased (P<0.01),
even after T4 or DON treatment (P<0.05). However, after T4+DON treatment, expression levels
returned to normal values. Hypothyroidism in adults can down-regulate syt-1 and munc-18 in the
frontal lobe, and a single treatment of either T4 or DON will not be effective. Protein expression can
return to normal after a combined treatment with T4 and DON, suggesting that a combined therapy is
more conducive to the recovery of damaged proteins in the region of hypothyroidism-induced brain

injury.
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Introduction

Thyroxine plays an important role in the development,
maturation, and function maintenance of the central nervous
system. Previous studies have shown that a change in thyroid
hormone levels increases the expression of certain genes in the
brain [1]. The basis of neurofunctions is the release of synaptic
neurotransmitters, among which synaptotagmin is a key protein
involved in the release process, playing important roles in
synaptic transmission as well as in short-term and long-term
synaptic plasticity [2,3]. Thyroxine (T4) is involved in the
regulation of many synaptic proteins [4]. Synaptic proteins are
involved in expression regulation and phosphorylation under
the control of thyroid hormones, and thyroid hormones may
impair the release of neurotransmitters and synaptic plasticity
by altering the expression of these proteins. The frontal lobe is
the most advanced part in the mammalian brain and an
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essential central nervous area related to learning and memory
[5,6]. Adulthood hypothyroidism can cause frontal lobe
damage, and possible underlying mechanisms involve changes
in expression of synaptic proteins in the frontal lobe [7,8].
Syt-1 is one brain-specific subtype of synaptotagmin, which
regulates the regulation and recycling of synaptic vesicles,
promotes the release of neurotransmitters, and is related to
learning and memory [9]. Munc-18 is a presynaptic
intracellular protein that can promote the anchor of
neurotransmitter-containing vesicles on the target membrane
and their fusion with the target membrane [10]; it thus plays an
important role in the process of neurotransmitter secretion by
synaptic vesicles. Studies have shown that hypothyroidism
leads to expression damage of syt-1 or munc-18, and while
replacement therapy using conventional T4 doses can make
serum thyroxine return to normal levels, the expression of
synaptic brain proteins fails to fully recover. High-dose
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thyroxine shock therapy in rats with hypothyroidism can return
the expression of a number of intra-hippocampal synaptic
proteins to normal levels [8,11,12]. However, the application of
a high-dose thyroxine treatment increases the risk of
hyperthyroidism; therefore, it is necessary to find new methods
to treat hypothyroidism-caused brain damage. The
neurotransmitter cholinesterase inhibitor donepezil (DON) has
protective effects on cognitive and neurological function [13].
This study investigated the effects of T4+DON on the
expression of syt-1 and munc-18 in the frontal lobe of adult
rats with hypothyroidism as well as their intervention effects.

Materials and Methods

Animals and model preparation

A total of 45 healthy adult male SD rats, weighing 260-300 g,
provided by the Nanjing Experimental Animal Center, which
were fed a standard rodent diet and had free access to water
under normal conditions (21-23°C, humidity 50 £+ 5%, normal
circadian rhythm) were randomly divided into the following
five groups after one week of adaptive feeding: CON,
hypothyroidism, T4, DON, T4+DON. All groups except the
CON group were given water containing 0.05%
propylthiouracil (PTU, w/v) for 6 weeks to establish an adult
hypothyroidism rat model. The hypothyroidism rat model was
defined as successful if TSH levels increased and T4 levels
decreased. Four weeks later and while continuing the model
preparation, the T4 group was intraperitoneally injected with
L-thyroxine (L-T4) at a dose of 6 pg/100 g body weight per
day, while the T4+DON group was administered 0.005%
DON-containing water (w/v) as a single treatment. The CON
group was given normal water, and was intraperitoneally
injected with normal saline 4 weeks later. The rats in each
group were weighed once a week and the dosage was adjusted
according to their body weight. The treatment lasted 2 weeks.
This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
animal use protocol has been reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of
Anhui Medical University.

Specimen preparation

At the end of the animal modeling, each rat was weighed and
injected with 0.3 mL of chloral hydrate per 100 g body weight.
The abdominal cavity was opened for sampling blood from the
abdominal aorta. The serum was centrifuged at 14000 rpm for
15 min, and then stored at -80°C for measuring levels of T3,
T4, and thyroid stimulating hormone (TSH). After blood
sampling, each rat was sacrificed. The brain of the rat was then
sampled on ice and the prefrontal lobe was isolated and stored
in -80°C to measure the expression of SYT-1 and munc-18.
The frontal lobe was then dissociated on ice, and stored at
-80°C for the determination of syt-1 and munc-18.
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Determination of T3, T4, and TSH

Serum levels of T3, T4, and TSH were measured using
radioimmunoassays, while strictly referring to the kit
instructions (North Institute of Biological Technology, Beijing,
China).

Western blot

The frontal lobe tissue was homogenized on ice together with
the protein lysate (10 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 mmol/L LEDTA,
10% sucrose, pH 7.4, and 2 pL/mL protease inhibitor cocktail)
to extract total proteins. The mixture was centrifuged at 2000
r/min for 8 min at 4°C, and the obtained supernatant was then
centrifuged at 12000 r/min for 15 min. Proteins were quantified
using the bicinchoninic acid (BCA) method. After
quantification, all samples were mixed with 4 X protein
electrophoresis buffer (3:1) and boiled for 5 min to denature
the proteins. After cooling to room temperature, 25 pg of total
proteins from each sample were electrophoresed in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto one membrane, closed using 5%
nonfat dry milk at room temperature for 60 min. Then, the
primary syt-1 antibody (1:2500, rabbit polyclonal antibody,
Abcam, USA) or the primary munc-18 antibody (1:1000, rabbit
polyclonal antibody, Abcam, USA) were added, together with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:4000, rabbit polyclonal antibody, Abcam, USA), for
overnight incubation at 4°C. After washing three times for 10
min using 0.05% PBS-T, horseradish peroxidase-labeled rabbit
anti-goat IgG (1:100,000, Abcam, USA) was added for a 90-
min incubation at room temperature, followed once more by
washing three times for 10 min using 0.05% PBS-T; then, ECL
coloration was performed and each sample was developed. The
optical density ratio of syt-1 and munc-18 to GAPDH was used
to indirectly reflect the expression of syt-1 and munc-18 in the
sample.

Total RNA extraction and real-time reverse
transcriptionpolymerase chain reaction (RT-PCR)

Total RNA was extracted strictly referring to the kit
instructions (Molecular Research Center, Cincinnati, USA) and
purity was measured (expressed by the ratio of the absorbance
values at 260 nm and 280 nm). Of the total RNA, 1 pg was
then reverse transcribed to the corresponding cDNA (AMYV;
Promega Corporation, USA). PCR amplification was
performed as follows: predenaturation at 95°C for 5 min,
denaturation at 95°C for 30 s, annealing at 60°C for 30 s,
extension at 72°C for 30 s, for 30 cycles. All reactions were
performed in a Light Cycler® 480 FQ-PCR instrument (Roche
Diagnostics GmbH, Mannheim, Germany). Gene expression
levels were represented by the relative computed tomography
(CT) value and normalized by comparing to the internal
reference GAPDH. The RT-PCR primers are shown in Table 1.

Table 1. RT-PCR primers.
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Fragment

Primer size (bp)

Sequence

Forward: 5-~AGACATCATGACCGAGGGGA-3’
Munc18 128
Reverse: 5-AGACGGGGTGATGAGGTACA-3’

Forward: 5-CTTGTCCCACACAATGCCACT-3’
SYN 150
Reverse: 5-AAGGACCGCAACTATGGCT-3’

Forward: 5-AGTGCCAGCCTCGTCTCATA-3’
GAPDH 91
Reverse: 5-GAGAAGGCAGCCCTGGTAAC-3’

Statistical analysis

All data were analyzed using SPSS 16.0. The experimental
data were expressed as mean + standard deviation (X * s). For
intergroup comparison, we used one-way ANOVA, and the
LSD method was implemented for multiple comparisons
among groups. P<0.05 was considered statistically significant.

Results

Analysis of T3, T4, and TSH

Compared with the CON group, serum levels of T3 and T4 in
the hypothyroidism and the DON group were decreased, while
TSH was significantly increased (P<0.01). Levels of T3, T4,
and TSH in the T4 and the T4+DON group showed no
significant differences compared to the CON group (Table 2).

Table 2. T3, T4 and TSH levels in each group (n=9, x + s).

Group T3 (nmol/L) T4 (nmol/L) TSH (umol/L)
CON 0.82 +0.06 49.98 + 3.96 1.13+0.21
Hypo 0.59+0.16™ 19.23 +4.02" 20.65 + 10.38™
T4 0.80 £ 0.21 50.10 + 4.98 1.09 + 0.49
DON 0.61+0.19” 18.36 £ 5.13" 21.36 + 11.04™
T4+DON 0.82 £ 0.08 51.29+6.17 1.21+0.39

Note: compared with Group CON: “P<0.01.

Western blot

The western blot results showed that compared with the CON
group, syt-1 was down-regulated in the frontal lobe of the
hypothyroidism group, accounting for only 83.9% of syt-1
levels in the CON group (P<0.05). The recovery of the down-
regulated syt-1 protein in the T4 and the DON group was not
significant, accounting for 84.1% and 84.8% (P<0.05) of levels
in the CON group, respectively. The expression of syt-1
protein in the frontal lobe of the T4+DON group accounted for
96.5% of protein levels in the CON group, but the difference
was not statistically significant (Figures 1A-1C). Levels of
munc-18 were down-regulated in the frontal lobe of the
hypothyroidism group, accounting for 82.4% of levels in the
CON group (P<0.05). In the DON group, the down-regulated
levels of munc-18 protein were recovered compared to the
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hypothyroidism group (P<0.05), but there was still a marginal
difference in the levels of munc-18 protein between the CON
and DON groups, accounting for 80.8% of CON group levels
(P<0.05). The levels of munc-18 in the T4 and the T4+DON
group was 98.3% and 96.5% of the levels of those proteins in
the CON group, respectively, and there was no significant
intergroup difference (Figures 1B and 1D).

GAPDH — e c— ——

SYRAPIOAZIMIN-T  —————

B GAPDH

munc-18 R — —— —

Relative synaptotagmin-1 protein level
Relative munc-18 protein level

X 0
CON  Hypo T4 DON T4+DON CON Hypo T4 DON T4+DON

Figure 1. Thyroxine and donepezil regulated the expression of
synaptotagmin-1 and munc-18 protein in frontal lobe of adult
hypothyroid rats. A, B: Western blot analysis towards the expressions
of synaptotagmin-1 and munc-18protein in frontal lobe of CON,
hypothyroidism, T4, DON, and T4+DON groups (n=9); C, D:
Quantification analysis towards the relative protein levels in each
group. The data were shown as mean + SEM. *P<0.05 vs. the
Control group.

RT-PCR

The RT-PCR results showed that, compared with the CON
group, syt-1 was down-regulated in the frontal lobe of the
hypothyroidism group, accounting for 67.2% of levels in the
CON group (P<0.01). However, the down-regulated syt-1
protein levels in the T4 and the DON group were recovered
compared to the hypothyroidism group, accounting for 86.9%
and 79.3% of those in the CON group, respectively (P<0.05).
The expression of syt-1 protein in the frontal lobe of the
T4+DON group represented 99.0% of that in the CON group,
and the difference was not statistically significant (Figure 2A).
Levels of munc-18 were significantly down-regulated in the
frontal lobe of the hypothyroidism group, accounting for
72.8% of the CON group levels (P<0.01). In the T4 group, the
down-regulated munc-18 protein was recovered compared to
the hypothyroidism group (P<0.05), accounting for 83.0% of
munc-18 levels in the CON group (P<0.05). In the DON group,
the down-regulated munc-18 protein was not obviously
recovered, accounting for 68.6% of the levels in the CON
group (P<0.01). Expression of munc-18 in the T4+DON group
represented 96.2% of that in the CON group, and there was no
significant intergroup difference (Figure 2B).
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Figure 2. Thyroxine and donepezil regulated the mRNA expressions
of synaptotagmin-1 andmunc-18 in frontal lobe of adult hypothyroid
rats. Real-time RT-PCR analyzed the expressions of synaptotagmin-1
(4) and munc-18 (B) mRNA in frontal lobe of CON, hypothyroidism,
T4, DON, and T4+DON groups (n=9). All data were presented as
mean + SEM. *P<(0.05, **P<0.01 vs. Control group.

Discussion

The brain is an important target organ of thyroid hormones,
and thyroid hormone deficiency in fetuses and infants has
obvious effects on the brain. Many studies have confirmed that
adult hypothyroidism also leads to structural and functional
damage of the brain [14-16]. The frontal lobe is the advanced
part of the brain, is closely related to cognitive functions, and
is the important anatomical basis and nerve center related to
learning and memory [5]. Hypothyroidism can cause cognitive
impairment in the frontal lobe, especially learning and memory
disorders. The mechanisms of hypothyroidism, among which
synaptic plasticity may be an important aspect, are complex.
Thyroid hormones may alter the expression of some
neurotransmitters, receptors, proteins, and genes in neurons
and synapses, thereby impairing the release of
neurotransmitters and synaptic plasticity. The regulation of
synaptic transmission and synaptic plasticity requires the
participation of a series of synaptic proteins, and syt-1 and
munc-18 are two important synaptic proteins involved in the
whole process of anchoring, initiation, and fusion of synaptic
vesicles.

The SNARE core complex is the smallest functional unit of
membrane fusion [17], and a large influx of Ca?* can promote
the complete polymerization of the spiral beam of the SNARE
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core complex. This induces the fusion of synaptic vesicle
membranes and presynaptic membranes to release
intravesicular neurotransmitters [18]; during this process, syt-1
is a critical factor in mediating the anchoring of synaptic
vesicles onto the presynaptic membrane [19]. Syt-1 is one of
the most important Ca®* receptors in the process of membrane
fusion and exocytosis, accounting for 7% of the total amount
of vesicular proteins [20]. It may be the most important CaZ"
receptor in regulating the rapid synaptic transmission [21,22].
Mice with syt-1 gene knockout showed severe Ca?*-induced
synaptic vesicle efflux dysfunction, which further confirms the
roles of syt-1 in the process of membrane fusion and
exocytosis [23].

Munc-18 is a synaptic protein located in the presynaptic
cytosol and mainly expressed in the brain. As munc-18 is a
hydrophilic protein related to secretion, it can combine with
SNARE in a variety of ways. It is a main component of the
synaptic vesicle fusion protein complex, can promote the
anchoring of neurotransmitter-containing vesicles onto the
target membrane and the fusion of the vesicles to the target
membrane [9], and plays an important role in the process of
neurotransmitter secretion from synaptic vesicles via
"excretion" [24], thereby promoting the release of
neurotransmitters. Mutations of munc-18 will result in the
complete blockade of neurotransmitter secretion [25], and
apoptosis of embryonic neural cells can be observed in mice
with munc-18 mutation-caused neurotransmitter secretion
deficiency [26]. In this study, the expression of syt-1 and
munc-18 in the frontal lobe of the hypothyroidism group was
reduced compared to the CON group. Studies [11,27,28] found
that syt-1 and munc-18 levels in the hippocampus or
cerebellum of rats with hypothyroidism were decreased, which
are consistent with our findings, and the quantitative PCR
analysis in the current study also showed similar changes for
mRNA levels. These results suggest that thyroid hormones can
regulate protein synthesis in the central nervous system.

L-thyroxine replacement therapy is a standard clinical
treatment against hypothyroidism. The reduction in expression
of syt-1 and munc-18 in the frontal lobe of the hypothyroidism
rats treated with physiological doses of thyroxine or donepezil
was partially restored, which was consistent with the results of
earlier studies [11,29]. The incomplete expression recovery of
syt-1 and munc-18 in the prefrontal cortex may be associated
with short treatment times and insufficient doses. Alzoubi et al.
[30] found that a 6-week physiological-dose thyroxine
treatment can reverse synaptic protein expression abnormalities
in the hippocampus. Van-Doorn et al. [31] found that the
concentration of thyroid hormones in the central nervous
system was much lower than their serum concentrations; when
the physiological-dose hormone replacement recovers serum
thyroid hormone expression, the thyroid hormone level in the
central nervous system may therefore not return to normal
value.

T4+DON treatment can return hypothyroidism-caused changes
to normal values, which was found to be more effective than
the application of T4 or DON alone, and was consistent with
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the findings of previous studies [27,32]. As a neurotransmitter
cholinesterase inhibitor, DON combines with cholinesterase,
thus preventing the hydrolysis of neurotransmitter
acetylcholine in the brain and increasing the acetylcholine
concentration in the synaptic cleft; in clinical settings, because
of its independent neuroprotective effects, DON is mainly used
for the treatment of mild to moderate cognitive dysfunction.
Previous studies [33,34] have suggested that DON may play a
neuroprotective role by improving the structures of neuronal
organelles and synapses in the hippocampus. Certain studies
[13] also showed that DON can improve the expression of
synaptic proteins in the hippocampus of rats with Tau by
inducing the anti-inflammatory effects of acetylcholine. Kotani
et al. [35] found that DON increased the connections between
neurons and synapses. In the present study, syt-1 and munc-18
levels returned to normal in the frontal lobe of the T4+DON
group, and the recovery of such abnormally expressed synaptic
proteins may reflect the neuroprotective effects of DON.

Collectively, our findings show that hypothyroidism can cause
the aberrant expression of syt-1 and munc-18 in the frontal
lobe, and that T4 or DON alone cannot fully restore such
damages. The combination of T4+DON brought down the
protein expression levels to normal values, suggesting that a
combined therapy is more conducive to the recovery of
proteins in brain injury caused by hypothyroidism. These
findings can therefore provide a theoretical basis as well as
research directions for the clinical treatment of hypothyroid-
induced brain injury.
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