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Introduction
Thyroid hormone insufficiency causes a
variety of neurocognitive dysfunctions in
adulthood brain.1-4 Previous studies revealed
that adult-onset hypothyroidism induced
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Adult-onset hypothyroidism induces a variety of impairments on hippocampus- dependent neurocognitive functioningin which many
synaptic proteins in hippocampus neurons are
involved. Here, we observed the effect of adultonset hypothyroidism on the expression of
syntaxin-1 and munc-18 in the dorsal hippocampus and whether the altered proteins
could be restored by levothyroxine (T4) treatment. All rats were separated into 4 groups
randomly: hypothyroid group, 5 μg T4 /100 g
body weight (BW) treated group, 20 μg T4 /100 g
BW treated group and control group. The
radioimmunoassay kits were applied to assay
the levels of serum T3 and T4, and the levels of
syntaxin-1 and munc-18 in hippocampus were
assessed by immunohistochemistry and
Western blot. Both analysis corroborated that
syntaxin-1 in the hypothyroid group was significantly higher. Munc-18 was lower in four
layers of CA3 and dentate gyrus by immunohistochemistry. After two weeks of treatment with
5 μg T4 /100 g BW for hypothyroidism, syntaxin-1 levels were completely restored, whereas
the recovery of munc-18 only located in two of
the four impaired layers. Twenty μg T4 /100 g
BW treatment normalized munc-18 levels.
These data suggested that adult-onset
hypothyroidism induced increment of syntaxin-1 and decrement of munc-18 in the dorsal
hippocampus, which could be restored by T4
treatment. Larger dosage of T4 caused more
effective restorations.
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behavioral and electrophysiological impairments of hippocampus-dependent learning
and memory, in which many synaptic proteins
that mediate the neuroexocytosis of hippocampus neurons were involved.5,6 Munc-18 as a key
regulator of neurosecretion interacts with an
N-terminal peptide sequence in syntaxin-1 to
control the formation of SNARE complex.7
Syntaxin-1, together with SNAP-25 (synaptosome-associated protein of 25kDa) and VAMP2 (vesicle- associated membrane protein-2)
forms the soluble N-ethylmaleimide- sensitive
factor attachment protein receptors (SNARE)
complex as essential components of exocytosis.8 Docking, as the initial association of
secretory vesicles with the plasma membrane,
is the central element in exocytosis process
and precedes formation of the SNARE complex.8 Syntaxin-1 directly promotes docking in
secretory cells and docking of secretory vesicles might be syntaxin dependent.9 Munc18-1
promotes docking by promoting the formation,
stability, or function of the SNARE complex.8 As
it was critical for neuroexocytosis, the expressions of both proteins were not adequately
studied in the brain of adult-onset hypothyroid
rats.
The brain impairments induced by adultonset hypothyroidism could be reversible
through T4 replacement therapy.1,10 However, it
is controversial that whether the molecular
impairments in hypothyroid brain were fully
restored when T4 replacement therapy
returned serum T4 and T3 concentrations to the
normal level.11-13 Previous studies showed that
the hypothyroidism-induced changes of
Ca2+/calmodulin- independent protein kinase
(CaMKII; both phosphorylated and total levels), neurogranin, SNAP-25 and calmodulin
were normalized to basal levels,5,14,15 whereas
the reduced protein kinase C-γ levels in the
CA1 region and synaptotagmin-1 in the CA1 or
CA3 region of hippocampus were not fully
restored in adult hypothyroid rats.15,16
In this study, we observed the expression
levels of munc-18 and syntaxin-1, and evaluated the efficiency of different dosages of T4
replacement therapy on the altered proteins
expression in dorsal hippocampus of adultonset hypothyroidism rats.

m

Effect of thyroxine on munc-18
and syntaxin-1 expression in
dorsal hippocampus
of adult-onset hypothyroid rats

Forty-five adult male Sprague-Dawley rats
weighing 280-300 g, purchased from Nanjing
Experimental Animal Center, were used in
present experiments and maintained under
standard laboratory conditions with a natural
light-dark cycle, free access to food or water. All
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rats were separated into 4 groups randomly: i)
H (hypothyroid) group. Eleven hypothyroid
rats were obtained by daily intraperitoneal
injection of 6-n-propyl-2-thiouracil (PTU), dissolved in saline solution, 1 mg/100 g body
weight (BW) for six weeks; ii) T4-5 group.
Twelve rats were treated with PTU for four
weeks followed by daily intraperitoneal injection of low dosage of T4 (dissolved in saline
solution, 5 μg/100 g BW) for two weeks;17,18 iii)
T4-20 group. Twelve rats were treated according to the same protocols as the T4-5 group
except increasing the dosage of T4 to 20 μg/100
g BW);19-21 iv) control (C) group. Ten control
rats were treated with saline solution for six
weeks. Procedures involving animals and their
care were performed in accordance with the
Animal Care and Use Committee of Anhui
Medical University.

Thyroid hormones
After the last dose delivered, all rats were
anesthetized by chloral hydrate (350 mg/kg
BW). The blood (1.5 mL) was collected from
abdominal aorta, and immediately centrifuged
at 14,000 rpm × g for 15 min.22 The serum was
quickly frozen at -20°C for subsequent analysis. Serum concentrations of T3 and T4 were
determined with a radioimmunoassay kit
(North Institute of Biological Technology,
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Beijing, China). The detection ranges of the
assay were 0.9-2.2 ng/mL for T3 and 45-135
ng/mL for T4.

Tissue preparation
After blood collection, the brains were dissected on ice. The right brains were fixed in
4% paraformaldehyde at 4°C for 7 days. The
hippocampus from left brain was quickly isolated, evenly dissected into three parts along
the longitudinal axis, and stored at -80°C for
Western blot. The third part from the top of
hippocampus is considered to be the dorsal
hippocampus.

pus were acquired according to the size of
each subfield: three pictures in CA1 for SO, SR;
one picture in CA3 and DG-PL; two pictures in
DG-ML and CA1-SLM. Digital data were exported into MetaMorph software for analysis and
processing. The average optical density (OD)
represented the intensity of immunohistochemical staining.

Western blot analysis
Crude synaptosomes from the dorsal hippocampus were prepared as previously

described.24 In brief, the dorsal hippocampi
were homogenized in Dounce homogenizers
containing ice-cold HEPES buffer (10 mM
HEPES, 1 mM EDTA, 10% sucrose, pH 7.4) and
a protease inhibitor cocktail (2 μL/mL buffer;
Sigma, St. Louis, MO, USA). The homogenate
was centrifuged for the first time at 1000 × g
for 8 min. The pellet was discarded, and the
supernatant was centrifuged again at 9500 × g
for 15 min. The supernatant was discarded and
the pellet (crude synaptosomal fraction) was
reconstituted in ice-cold HEPES buffer plus

Table 1. Serum triiodothyronine (T3) and thyroxine (T4) levels in 4 groups.
Group

Number

0.65±0.05
0.34±0.04**
0.63±0.05
1.11±0.10**

55.20±3.56
43.01±2.95*
55.04±3.77
96.68±6.42**
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C, Control group; H, hypothyroid group; T4-5, hypothyroid rats treated with 5 g T4 /100 g body weight; T4-20, hypothyroid rats treated
with 20 g T4/100 g body weight. *P<0.05, **P<0.01 vs Control group. Data are expressed as mean ± SEM.

Table 2. Munc-18 in different layers of each subfield in the dorsal hippocampus.

CA3

SO
SR
SLM
SO
SL
SR
ML
PL

er

CA1

Stratum

ci

Subfield

DG

H

1.46±0.55
1.86±1.02
2.62±0.96
0.93±0.54*
1.95±1.24
0.97±0.50*
1.04±0.42**
1.36±0.53*

T4-5
1.64±0.79
2.22±1.01
2.31±0.97
1.36±0.75
2.21±0.87
1.17±0.66*
1.33±0.54*
1.88±0.47

T4-20

C

1.69±0.66
1.99±0.65
2.51±1.11
1.65±0.55
2.43±1.27
1.66±0.89
1.90±0.54
2.11±0.68

1.58±0.52
1.80±1.02
2.17±0.54
1.56±0.71
2.44±1.05
1.69±0.75
1.85±0.62
1.90±0.51

H, hypothyroid group; T4-5, hypothyroid rats treated with 5 g T4 /100 g body weight; T4-20, hypothyroid rats treated with 20 g T4 /100 g
body weight; C, Control group; DG, dentate gyrus; SO, stratum oriens; SR, stratum radiatum; SLM, stratum lacunosum-moleculare; SL,
stratum lucidum; ML, molecular layer; PL, polymorphic layer. *P<0.05, **P<0.01 vs Control group. Data (mean ± SEM) are expressed
as the average Optical Density (OD) of munc-18 immunoreactivity (n=10-12).
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The fixed right hemispheres were embedded in paraffin and sectioned coronally with a
microtome into 6 μm thick sections. From
each rat, five sections (1 out of every 20 serial
sections) of the dorsal hippocampus were
selected to be mounted on polylysine-coated
slides. After deparaffinization the sections
were subjected to an antigen retrieval protocol
by heating them in 10 mM citrate buffer
(pH6.0) at 100°C for 10 min. Potential nonspecific binding sites were blocked with 5%
normal goat serum in PBS. The sections were
then incubated with the primary polyclonal
antibody, mouse anti-munc-18 (1:200; BD,
Franklin Lakes, NJ, USA) or rabbit anti-syntaxin-1 (1:400; Chemicon Int., Temecula, CA,
USA) at 37°C for 1 h and overnight at 4°C, followed by washes in PBS, incubation with the
biotinylated secondary antibody (rabbit antimouse or goat anti-rabbit IgG (Maixin-Bio Ltd.,
Fujian, China) for 15 min at 37°C and washes
in PBS. Sections were further incubated with
the HRP for 10 min at 37°C, washed in PBS
and colored with Diaminobenzidine (DAB;
Maixin-Bio Ltd.) at room temperature for 7
min. Finally, sections were counterstained
with hematoxylin for 3 min, dehydrated,
rinsed, and coverslipped with glycerin.
Sections that were not incubated with primary
antibody served as negative controls.
An image analysis system was used for
quantitative analysis.23 The system includes
MetaMorph image acquisition and processing
software (JADA 801D, China), a Nikon 80i
microscope (Nikon, Tokio, Japan) equipped
with a HP computer. The analyzed layers from
different subfields of the dorsal hippocampus
include the stratum oriens (SO), stratum radiatum (SR) and stratum lacunosum-moleculare
(SLM) in the CA1; SO, stratum lucidum (SL)
and SR in the CA3; polymorphic layer (PL) and
molecular layer (ML) in the dentate gyrus
(DG). First, a picture of complete hippocampal
formation was obtained at low magnification
of × 40. Then pictures of higher magnification
of × 200 in various subfields of the hippocam-
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Immunohistochemistry
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Table 3. Syntaxin-1 in different layers of each subfield in the dorsal hippocampus.
Subfield
CA1

CA3

DG

Stratum
SO
SR
SLM
SO
SL
SR
ML
PL

H
5.89±1.62*
6.43±1.40*
6.78±1.55*
6.94±1.68**
7.21±1.60*
7.02±1.12*
5.14±1.22*
7.23±1.68**

T4-5

T4-20

C

4.09±1.08
4.60±1.70
4.43±1.36
3.66±0.81
5.08±1.04
4.30±0.96
3.33±1.08
4.86±1.39

4.02±0.98
4.48±1.05
4.31±1.03
3.34±0.92
5.01±1.04
4.10±0.89
3.22±0.90
4.56±0.85

3.73±0.81
4.51±0.98
4.23±0.86
3.99±1.04
5.28±0.87
4.24±0.91
3.22±0.66
4.73±1.03

H, hypothyroid group; T4-5, hypothyroid rats treated with 5 g T4 /100 g body weight; T4-20, hypothyroid rats treated with 20 g T4 /100 g
body weight; C, Control group; DG, dentate gyrus; SO, stratum oriens; SR, stratum radiatum; SLM, stratum lacunosum-moleculare; SL,
stratum lucidum; ML, molecular layer; PL, polymorphic layer. *P<0.05, **P<0.01 vs Control group. Data (mean ± SEM) are expressed
as the average optical density (OD) of syntaxin-1 immunoreactivity (n=10-12).
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protease inhibitors as described above and
stored at -80°C untill use. Protein concentration was tested by the Bio-Rad DC Protein
Assay kit (Bio-Rad Laboratories). Samples
(each containing 20 μg protein) were loaded
on a 12% sodium dodecyl sulfate-polyacrylamide gel. Gels were run in triplicate and
transferred onto a BioTrace polyvinylidene fluoride (PVDF) membrane (Amersham
Biosciences, Piscataway, NJ, USA). The membrane was blocked in freshly prepared Trisbuffered saline (TBS), pH7.2, with 5% nonfat
dry milk for 1 h at room temperature, then
incubated with primary antibodies for munc18 (1:1000; mouse polyclonal; BD) or syntaxin1 (1:2500, mouse polyclonal, Sigma), overnight
at 4°C, followed by wash with TBS-0.05%
Tween 20 (TBS-T). The membrane was then
incubated with secondary antibody [1:15,000
or 1:16,000 anti-mouse IgG-horseradish peroxidase (HRP), respectively] and HRP-conjuncted antibody for GAPDH (KangCheng, China) at
room temperature for 90 min, followed by
immunodetection of proteins with chemiluminescence (ECL kit; Amersham Biosciences).
The protein levels of munc-18 and sytanxin-1
were determined as the relative ratio of the
band intensity of protein to that of the loading
control (GAPDH).
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All analyses were conducted by statistical
software, SPSS 17.0 for Windows. The results
were expressed as mean ± means of standard
error (SEM). The total serum T3, T4 levels, syntaxin-1 and munc-18 immunoreactivity of different treatment groups were determined by
one-way analysis of variance (ANOVA) using
least-significant difference for post hoc analysis. P<0.05 was considered significant.

ci

Statistical analysis

Thyroid hormone levels
The serum T3 and T4 levels were significantly lower (P<0.05) in hypothyroid rats than
those of control rats. Five μg/100 g BW T4 treatment restored T3 and T4 similar to the levels of
control rats, but both of them were significantly higher (vs the C group, P<0.001) after 20
μg/100 g BW T4 treatment (Table 1).

Immunohistochemistry
Representative photomicrographs of the
immuno-labeled munc-18 and syntaxin-1 in
different groups were shown in Figure 1 (A, B)
and Figure 2 (A, B), respectively. The distributions of the two proteins within the dorsal hippocampus were similar among the four groups.

Figure 1. The immuno-labeled munc-18 in CA1, CA3 and DG subregions of hippocampus from H, T4-5, T4-20 and C groups (n=10-12). A, Low power field photomicrographs;
note that punctate spots of reaction product represented munc-18 immunoreactivity, and
distributed in every layer of three subregions; large spots of munc-18 were found in the
CA3-SL; magnification: ×200, scale bar: 100 µm. B, High power field photomicrographs;
more distincted punctate spots were observed; note that slight gradual (from C group to
H group) decrease in overall staining intensity of CA3-SO, CA3-SR, DG-PL and DG-ML;
the overall staining intensity was equal in CA3-SO and CA1 of four groups; magnification:
× 400, scale bar = 50 µm. H, hypothyroid group; T4-5, hypothyroid rats treated with 5 µg
T4/100 g body weight; T4-20, hypothyroid rats treated with 20 µg T4/100 g body weight;
C, Control group; SO, stratum oriens; SR, stratum radiatum; SLM, stratum lacunosummoleculare; SL, stratum lucidum; ML, molecular layer; PL, polymorphic layer.

[European Journal of Histochemistry 2012; 56:e22]
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Punctate spots of reaction product distributed
in every layer of CA1, CA3 and DG subfields.
Large spots of munc-18 were found in the CA3SL where large terminals of mossy fiber were
located (Figures 1 and 2).
The OD values of munc-18 and syntaxin-1
immunoreactivity in each stratum of hippocampal subfields are analyzed and shown in
Table 2 and Table 3, respectively. In the H
group, the OD values of munc-18 in four layers
of CA3 and DG subfields were significantly
lower compared to the corresponding layers in
the C group (P<0.05), i.e. CA3-SO and CA3-SR,
DG-PL and DG-ML. In the T4-5 group, the OD
values were significantly lower compared to
the C group in DG-ML (P=0.028) and CA3-SR
(P=0.091). In the T4-20 group, the OD values in
all layers were similar to those in the C group.
The OD values corresponding to syntaxin-1
immunoreactivity in every layer of hippocampal subfields were significantly higher in the H
group (vs the C group, P<0.001). In contrast,
the OD values of T4-5 or T4-20 group were not
significantly different compared to the control
group in all hippocampal layers (vs the C
group, P<0.05).
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The relative levels of syntaxin-1 and munc18 in the dorsal hippocampus are shown in
Figure 3. Our data showed that the amount of
syntaxin-1 was increased by 36% in the
hypothyroid rats (P=0.019). In the T4-5 and T4-20
groups, the amount was decreased by 25% and
38% compared to the H group and not significantly different compared to controls. As for
munc-18, there were no significant differences
between differently treated hypothyroid rats
and control rats (P>0.05).

al

Western blot analysis

In the present study, a decreased expression
level of munc-18 was initially corroborated in
the dorsal hippocampus of rats with adultonset hypothyroidism by immunohistochemical analyses. Thyroid hormones (TH) regulated protein synthesis in brain,25-27 and it has
been reasoned that modifications in thyroid
hormone receptors (TRs) expression by thyroid status may directly impact the expression
of thyroid hormone target proteins.5,28,29 The
reduced expression of munc-18 could be related to the lower TH neuronal levels and the
decreased expression of TRs in hippocampus
associated with hypothyroidism.30,31 Hypothyroidism may not have the same effect on
syntaxin-1 expression in different regions of
nervous tissue. Previous reports showed that
the expression level of syntaxin-1 was down[page 138]

Figure 2. The immuno-labeled syntaxin-1 in CA1, CA3 and DG subregions of hippocampus from H, T4-5, T4-20 and C groups (n=10-12). A, Low power field photomicrographs;
note that punctate spots of reaction product represented syntaxin-1 immunoreactivity,
and distributed in every layer of three subregions; magnification: ×200, scale bar: 100 µm.
B, High power field photomicrographs; more distincted punctate spots were observed;
note that the staining for syntaxin-1 was more intense in all layers of H group, and the
overall staining intensity was equal in the other groups; magnification: × 400, scale bar:
50 µm. H, hypothyroid group; T4-5, hypothyroid rats treated with 5 µg T4/100 g body
weight; T4-20, hypothyroid rats treated with 20 µg T4/100 g body weight; C, Control
group; SO, stratum oriens; SR, stratum radiatum; SLM, stratum lacunosum-moleculare;
SL, stratum lucidum; ML, molecular layer; PL, polymorphic layer.
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Figure 3. Levothyroxine regulates the expression of syntaxin-1 and munc-18 in the dorsal hippocampus of adult-onset hypothyroid rats.
A-B, Western blot analysis the expressions of syntaxin-1 and munc-18 in the dorsal hippocampus of H, T4-5, T4-20 and C groups (n=1012), crude synaptosomes were extracted from the dorsal hippocampus of each rat. C-D, Quantification analysis of relative optical density (OD) units in each group; data shown are mean ± SEM of three independent experiments. H, hypothyroid group; T4-5, hypothyroid rats treated with 5 µg T4/100 g body weight; T4-20, hypothyroid rats treated with 20 µg T4/100 g body weight; C, Control group;
*P<0.05, vs Control group.
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regulated in the adenohypophysis and prefrontal cortex of hypothyroid rats,14,32 however,
we found that the expression of syntaxin-1 was
upregulated in dorsal hippocampus of hypothyroid rats, and the mechanism underlying this
is unknown. According to previous studies,
hypothyroidism induced different quantitative
distributions of thyroid hormones.33
These results indicated that thyroid hormones deficiency may not have the same
effect on syntaxin-1 expression in different
regions of nervous tissue, and the mechanism
underlying this is unknown. According to previous studies, hypothyroidism induced different quantitative distributions of thyroid hormones,30 and unidentical changes of TR isoforms in different brain regions; e.g. The relative expression of TRα1 was increased and in
contrast the TRα2 were decreased in hippocampus and cerebral cortex.31 It might be
that syntaxin-1 was primally regulated by different TR isoforms in different nervous tissues. In this work, our results suggested that
the effects of adult-onset hypothyroidism on
munc-18 and syntaxin-1 are different though
both proteins are required for neuroexocyto-

sis.7,8 The binary interaction between munc18-1
and syntaxin-1 is crucial for the formation of
SNARE complex required for neuroexocytosis.34 The decrement of munc-18 might not
effectively buffers the levels of closed syntaxin
in hippocampal neurons,35 and syntaxin-1 was
overexpressed compensatory to ensure the formation of SNARE complex under insufficient
munc-18.36 In the rescue experiment, the Npeptide of syntaxin-1 recruits munc-18 protein
to the SNARE bundle, facilitating their assembly into a fusion-competent complex.37
T4 replacement therapy for adult-onset
hypothyroidism, by which the plasma thyroid
hormones reached euthyroidism, could ameliorate impaired expressions of synaptic proteins related with brain functions.1,14 In our
study, syntaxin-1 levels were completely
restored by T4 replacement therapy, whereas
the recovery of munc-18 only located in two of
the four impaired layers. By looking into previous reports, T4 replacement therapy which normalized serum T4 and T3 concentrations to the
normal range fully recovered the changes of
CaMKII, SNAP-25, neurogranin, and calmod-

ulin rather than protein kinase C-γ levels in
hypothyroid brain,5,14,16 suggesting that the
molecular impairments in adult-onset hypothyroidism brain presented asynchronous recovery through T4 replacement therapy. It might
be correlated with insufficient administrated
dosage of T4. In current work, we found that
the expression of munc-18 in other impaired
layers was normalized and sytaxin-1 levels
were more close to that of control rats through
larger administrated dosage of T4. Similar
effect was observed in morphological studies,38
in which the recovery of down-regulated number and distribution of dendritic spines among
the apical shafts of pyramidal neurons
increased with the T4 dose. As we know, thyroid hormone exerts its effects primarily
through binding to thyroid hormone receptors
(TRs). It might be that larger dose of T4
replacement therapy could bring a better occupancy of TRs. Recent study reported that the
fractional occupancy of TRs was 49% after the
multiple low doses of T3 injections and 86%
after the single large dose of T3 injection,
which resulted in the changed expressions of
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