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Objective: Previously, we showed that neuromodulators are important factors
involved in depression, here we aim to further investigate the interactions between
neuromodulators and sex hormone involved in menopause related depression in rats.

Methods: Menopausal depression was made with bilateral ovariectomies in female SD
rats followed by chronic mild unpredictable stress treatment for 21 days. Thirty six rats
were randomly divided into four groups: sham surgery group, sham/stress group, surgery
group, surgery/stress group. Then open-field locomotor scores and sucrose intake were
employed to observe behavior changes. The levels of norepinephrine (NE), dopamine
(DA), serotonin (5-HT) in the cerebral spinal fluid and serum adrenocorticotropic hormone
(ACTH), cortisone were determined with High-performance liquid chromatography
(HPLC). Serum estradiol (E2), follicle-stimulating hormone (FSH), and luteinizing hormone
(LH) were measured with radioimmunoassay.

Results: The open-field locomotor scores and sucrose intake were significantly
decreased after the surgery and stress treatment (o < 0.01). The Serum E» level
decreased significantly after the surgery (o < 0.01), but serum LH, FSH levels increased
significantly in the surgery group than the sham surgery group (o < 0.01). The cortisone
levels increased significantly in sham/stress group than that in the sham surgery group
during the first 2 weeks at stressful treatment, but decrease afterwards. The monoamine
levels in the surgery/stress group were much lower than those in the sham surgery group
(o < 0.01). The correlation analysis found that LH and FSH are related more to the
neurotransmitter release than Eo.

Conclusion: Ovary removal rats showed depression-like behaviors, with LH and FSH
increase and monoamine decrease, and the levels of these monoamines in the stress
treated groups changed only after the stressful treatment. The LH, FSH hormone
increasing might be the reason for the lower monoamine release, which in turn might
be the reason for depressed syndromes in the menopause. The cortisone and ACTH in
the serum in the surgery/stress group were much higher than that in the sham surgery
group.
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INTRODUCTION

Major depressive disorder is a leading cause of disability
worldwide, and affects more than 17% of the populations,
making it one of the most prevalent health-related causes of
human suffering (1, 2). However, the mechanisms of depression
are far from clear (3), the most widely accepted theory
about the mechanism of depression points to the monoamine
neurotransmitters, including norepinephrine (NE), serotonin
(5-HT), and dopamine (DA) (4-6). The 5-HT and NE reuptake
inhibitors and selective 5-HT reuptake inhibitors are considered
to be the first choice of treatment for depression (2, 7-
9). Even though compelling evidence from genetic studies
and pharmacological studies points to dysfunction of the
central monoamine network in depression (10), many other
hormones or neuromodulators might be involved too, such
as hypothalamus-pituitary-axis (HPA) hormones (1) and sex
hormones (11).

Depression occurrence in female patients are twice as many
as male patients (12), which suggested that depression is related
to sex hormone (13, 14). In addition, menopause depression is
a well-known symptom for menopausal period (15, 16), which
is due to the ovarian dysfunction 1 year after menopause (17).
The major symptom of menopause depression is similar to that of
major depression (18, 19). However, after decades of accumulated
research, the existence of a menopause-associated depression
is still controversial. The confusion is attributed to insufficient
knowledge on the women’s “vulnerability” to depression in the
midlife years (19). Here we screened the chronic changes of
hormones and neurotransmitters after artificial removal ovaries
in adult rats, trying to see how the hormone changes and
their interaction with monoamine neurotransmitters. This study
would help us clarify the relationship between sex hormones and
neurotransmitters.

MATERIALS AND METHODS

Animals

Thirty six female Sprague-Dawley (SD) rats with body weight
averaged (470 £ 20) g, at the age about 1 years old, were
purchased from Academy of Military Medical Sciences (Beijing,
China). They were randomly divided into 4 groups: sham
surgery group (faked surgery with no stress), sham/stress group
(faked surgery with stress), surgery group (surgery with no
stress treatment), surgery/stress group (surgery with stress
treatment), with 9 rats in each group. The animals were
treated as shown before: 9 rats in the sham surgery group
were treated with sham surgery (only open the abdomen), 9
rats in the sham/stress group were treated with sham surgery
and stress, 9 rats in the surgery group were only treated
with surgery to remove the ovaries but no stress, 9 rats in
the surgery/stress group were treated with surgery and stress.
After 1 weeKs recovery from the surgery, the animals were
treated with chronic unpredictable mild stress for 3 weeks. All
the procedures were approved by the Institution of Animal
Care and Use Committee of Nanjing University of Chinese
Medicine.

Instrument

US thermo microplate reader, which was used to read the
radioimmunoassay; KH30R desktop high-speed refrigerated
centrifuge, low temperature ultracentrifuge, which are used
for taking up serum, are provided by the central laboratory.
3200 ATRAP high-performance ligquid chromatography
(HPLC) tandem mass spectrometer (ABI, USA), equipped
with atomospheric pressure chemical ionization sources
(LC-APCI-MS/MS).

Animal Surgery/Control

Ovary Removal

Rat in the two surgery groups were given “ovariectomy,” and
the rats in the sham surgery groups were just given surgery to
open the belly. Surgical procedure: the surgery was performed
in a super-clean bench, and the rats were given 100 mgkg™!
ketamine to induce anesthesia and fixed on a hard plate with
supine position. Seventy-five percentage alcohol was used to
clean the skin of surgery place. A marker was made in the rat 1 cm
below the ribs, and 2 cm outside the spine and the soft tissue was
sectioned separately. The peripheral blood vessels were ligated,
and both sides of ovaries were removed, and finally the uterus
was removed, and the skin was sutured, and the rats were put
in one cage to be fed separately. It usually took 15min for the
surgery, and all the rats survived after the surgery. The method
of determining successful ovariectomy is the vaginal epithelium
keratosis test: 5 days continuous monitoring the rat vagina did
not find the estrous cycle.

Chronic Unpredictable Mild Stress

All rats were housed in a single cage after the surgery, and after
7 days’ recovery from surgery, they were treated with random
chronic unavoidable stresses for 21 days. Stress treatment lasted
for the 2 h, which includes 36 V AC electric shock foot (every 1
min stimulated 1 times; each time lasted 10s, a total of 30 times),
4°C cold water swimming 5 min, 45°C heat stress 5 min, 15 min
shaking (1 times/s), rat cage tilted 45° for 12h, clip tail (1 min),
wet bedding 10 h, empty bottle for 1h, each stimulus applied for
2 times. Rats in stress group were treated with stress continuously
for 21 days after the surgery.

Behavioral Observation Indicators
Open-Field Test

Every 7th day after the surgery, the animals were tested with
“open-field test,” which was done in an open box as reported
before (20), with the height to be 40 cm, and both the length and
width to be 80 cm. The bottom surface was marked with white
lines which divided into 25 large areas. The horizontal activity
of rats was measured by the number of bottom blocks, 1 grid
is 1 point, and the vertical activity points were measured as the
number of upright, from the rat’s front feet left the bottom to
lay down their feet. Testing was performed for 5min in a well-
illuminated transparent acrylic cage, and the rats were gently
placed in the center and left to explore the area for 5min. The
digitized image of the path taken by each animal was tracked by
a camera, and the total locomotor activity was analyzed using
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ANY-maze software. The testing apparatus was cleaned with 70%
ethanol and then dried between each test.

Sucrose Intake Test

Sucrose intake test was carried out on the 7th day after surgery.
Each rat was given 133mL of 1% sucrose solution after 24 h
fasting and the amount of sucrose solution consumed by rats was
calculated.

Hormones and Neurotransmitters

Measurement

Estradiol (E2), luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) were measured every 7th day from the blood
serum from the caudal vein. At about 10 O’clock every morning
on the 7th day, 500 pl blood was driven from the caudal
vein from each animal with a 1 ml syringe, which was washed
with 100 pl 0.9% NaCl and 12500 U heparin inside. The
supernatant was ready to be used for the radioimmunoassay after
the blood was centrifuged. The content of E2 (estradiol), LH
(luteinizing hormone) and FSH (follicle-stimulating hormone)
were determined by radioimmunoassay. RIA kit used was bought
from the United States Depp Company. Specific operation
was carried out according to the instructions. The ACTH and
cortisone in the serum were measured with a 3200 ATRAP
high-performance liquid chromatography (HPLC) tandem
mass spectrometer (ABI, USA), equipped with atmospheric
pressure chemical ionization sources (LC-APCI-MS/MS). The
neurotransmitter measurement in the cerebral spinal fluid was
also done with HPLC. The cerebral spinal fluid (CSF) was
dilated with a pump to inject artificial CSF to the brain and
the CSF pumped out was used in a HPLC to measure NE, DA
and serotonin (21). The monoamine levels were assessed by
comparing the reference standard with respective peak area and
elution time of the samples using a calibration curve for each
monoamine neurotransmitter. After the chronic stress and the
behavior test, the animals were decapitated under anesthesia with
isoflurane (2%).

Statistical Processing Method

SPSS20.0 software was used for statistical analysis, and the data
were used in the form of X & s. Analysis of variance (ANOVA)
and repeated measured ANVOA were used to compare the
difference between groups.

RESULTS
Body Weight

The body weight was measured before the surgery and also on
the 7th day after surgery. Table 1 shows that the body weights
of the animals in each group decreased than those in the sham
surgery group, and the body weights of the rats in the sham/stress
and surgery/stress groups were significantly lower than those in
the sham surgery group (p < 0.01, One-Way ANOVA, Table 1),
but there was no significant difference between the sham surgery
group and surgery group (p > 0.05, One-Way ANOVA,).

TABLE 1 | Stress on body weight of rats with menopausal depression (x + s, g).

Group Sham surgery Sham/stress Surgery Surgery/stress
Before 47453 + 11.49 47529 +£ 815 479.156 £9.94 473.49 + 8.75
castration

After 471.32 £ 9.34 456.31 + 9.43* 462.69 + 8.28 447.73 £ 7.15*
castration

*p < 0.01, One-way ANOVA.

Behavioral Assessment

The results showed that there was no significant difference before
the surgery or stressful treatment in the behavior tests among
the surgery groups (One-way ANOVA, p > 0.05, Figure 1). But
the scores of vertical movement and horizontal movement in
the surgery groups decreased gradually than those in the sham
surgery group (repeated measures one-way ANOVA, Normality
test passed p = 0.031; and the differences among the four different
treated groups were significantly higher, and they were dependent
on the time). We next compared the four different treated groups,
and found that the movements in surgery and stress treated
groups were different from that of the sham group, (*p < 0.01,
**p < 0.001, One-way ANOVA comparisons between the four
groups on the same 7th days), but there was no significant
difference between the sham + stress group and surgery only

group.

Sucrose Intake

The rats in the castration group consumed less sucrose than those
in the sham surgery only group (p < 0.001, One-way ANOVA
comparisons between the four groups on the 7th days; Figure 2).
The sucrose consumption in the stress 4 surgery group was even
lower than that in the stress and sham surgery group (p < 0.001,
One-way ANOVA). Repeated measure one-way ANOVA was
done to find that Normality test passed p = 0.086; and there is
significant difference among the four different treated groups,
especially the surgery + stress group compared with the sham
surgery with no stress treatment group.

Monoamine Neurotransmitters and

Hormones

The levels of neurotransmitters norepinephrine (NE), dopamine
(DA) and serotonin (5-HT) in the CSF and cortisone in the
serum were tested with high performance liquid chromatography
(HPLC). Repeated measure one-way ANOVA was done in NE,
DA, 5-HT and cortisone group respectively; and there were
significant differences among the four different treated groups,
especially the surgery + stress group compared with the sham
surgery with no stress treatment group). We next compared the
four different treated groups, and found that the concentrations
of NE, DA, 5-HT and cortisone in surgery and stress treated
groups were different from the sham group, starting from the
first week stress treatment (*p < 0.01, **p < 0.001, One-way
ANOVA comparisons between the four groups on the same
7th days). The levels of NE and cortisone in the CSF increased
significantly lower in the surgery groups compared with the
sham surgery group, and the concentration of DA and 5-HT
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FIGURE 1 | Open box movement changes after surgery and stress treatment. (A) Both the stress and surgery decreased the horizontal movement. (B) Both the stress
and surgery decreased the vertical movement (*p < 0.01, **p < 0.001, repeat measure one-way ANOVA comparisons between the four groups on the 7th days).
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FIGURE 2 | Sucrose intake in rats with menopausal depression (*p < 0.01,
**p < 0.001, repeated measure one-way ANOVA comparisons between the
four groups on the 7th days).

increased significantly in the surgery groups starting from the
first week stress treatment. The cortisone levels in the serum
in the sham/stress group were much higher than that in the
sham surgery group. And the levels of these monoamines in the
stress treated groups changed only after the stressful treatment
(*p < 0.01, **p < 0.001, repeated measure one-way ANOVA
comparisons between the four groups; Figure 3).

Sex Hormones

The levels of estradiol in the serum of the surgery group
were significantly lower than those in the sham surgery group
(repeated measure one-way ANOVA, p < 0.01; Figure 4), but
they were not different between the sham surgery and sham
surgery/stress group or surgery group with surgery/stress group.
The levels of serum luteinizing hormone and follicle-stimulating
hormone in the two stressful groups were significantly higher
than those in the sham surgery group (repeated measure one-way

ANOVA, p < 0.01). The level of serum ACTH was significantly
higher in the stressful treatment group than that in sham surgery
group (repeated measure one-way ANOVA, p < 0.01).

Correlation Between Sex Hormones and

Neurotransmitters

The correlation between the levels of sex hormones and
neurotransmitters was analyzed, and we found that there was
little correlation between estradiol in the serum with the
neurotransmitter, but the correlations were significantly high in
the two stress treated groups (Table 2).

DISCUSSION

The pathological mechanism of depression is far from clear
(3, 22), and is a hot topic for neuroscience research (23, 24). We
have reported before that patients with depression in the brain
showed monoamine neurotransmitter changes and neurological
dysfunction in the cortex and the hippocampus (1, 2). However,
there are many other hormones that also involved (22), such as
hormones released from hypothalamus-pituitary-axis (HPA) (25,
26). In this study, we probed into the role of sex hormones in the
depression, because clinical data showed that the occurrence of
depression in female patients are twice as many as male patients
(25), which suggested that estradiol might induce depression
(27). However, it seems contradictory that depression is a well-
known symptom for perimenopausal period, which suggested
that lack of estradiol will induce depression (28). Here, we used
ovariectomized female SD rats to stop the estradiol release, and
found that these rats were much easier to get depressed at chronic
mild stress. On the contrary to decreases in estradiol release, LH
and FSH levels are greatly increased, possibly due the removal of
feedback inhibition of estradiol (29). In addition, the correlation
analysis found that LH and FSH are positively correlated with
the changes of stress hormones such as cortisone and ACTH.
Therefore the LH and FSH increase might be the reason for
depression. As far as we know, this study might be the first
to directly measure the chronic changes of the sex hormones
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FIGURE 3 | Neuromodulator changes in rats with menopausal depression. (A) Norepinephrine (NE) changes did not change much among the groups (P > 0.05,
One-way ANOVA). (B) Dopamine (DA) decreased significantly after the stress and surgery treatment. (C) 5-HT decreased significantly after the stress and surgery
treatment. (D) Cortisone increased significantly in the stress treatment groups ("o < 0.01, **p < 0.001, repeat measure one-way ANOVA comparisons between the

and also neurotransmitters after ovary removal and also chronic
stress.

The Stress Related Hormones Increased
Together With LH and FSH

In addition to LH and FSH, the cortisone level also increased
after the ovary removal, especially in the face of stressful
situations. Consistent with our reports, abnormal cortisone
release following stress has been reported (30). ACTH and
cortisone, which are part of HPA axis (Hypothalamus-pituitary-
adrenal axis) are stressful hormones (30). The positive correlation
between LH and FSH together with cortisone and ACTH suggests
that LH and FSH are related to stress. LH, FSH and ACTH are
all released from anterior pituitary gland, which are regulated
by neurons in the hypothalamus, which in turn are negatively
controlled by estradiol. There is also the possibility for LH
and ACTH to coordinate with each other to enhance the
stressful reactions, which might be reason for the menopause
depression. If so, it is easy to understand women’s prone to
depression. Consistent with the increase of LH and FSH after
ovariectomization, who are also increased in the menopause
patients (31, 32). LH release surges up during ovulation in the
menstrual cycle, and LH detection is used to detect ovulation,
which occurs about 24-48h after the LH surge. LH surge up

during ovulation in the menstrual cycle and also after menopause
might be the reason for depression.

The Stress Related Norepinephrine Also
Increased Together With LH and FSH

In addition to ACTH and cortisone, NE also increased
after stressful treatment and ovariectomization. It is easy to
understand the increase of cortisone, which is the downward
pathway for ACTH. But how does NE release was affected is not
clear. There is also the possibility that HPA axis affects NE release.
Maybe, LH can also directly affect the brain functions (32), many
papers have focused on the effects of estradiol on the monoamine
release or up-take (33). Estradiol has profound effects on brain
chemistry, structure, and function and is trophic for regions such
as the pre-frontal cortex and hippocampus that are critical to
affect emotional regulation (34). LH was recently reported as a
candidate for its role in the mental disorders (12, 35).

The Reward Related DA and 5-HT
Neurotransmitter Release Are Negatively
Correlated With LH and FSH

Contrary to increases of NE and ACTH release, DA and 5-HT
releases decreased significantly. DA and 5-HT are important

neurotransmitters in the brain, and low level of either DA or 5-
HT has proved to be related to depression (7, 36-38). DA is the
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FIGURE 4 | The sex hormone changes after bilateral ovariectomies. (A) Estradiol changes among the groups. (B) Luteinizing hormone (LH) changes among the
groups. (C) Follicle-stimulating hormone (FSH) changes among the groups. (D) ACTH changes among the groups. (o < 0.01, **p < 0.001, repeated measure

A
Stress
Surgery —_
=T 7
§ 61 E Sham
2 7 F 3 -
E’ 51 Sham
S 4 \ Surgery
5 4
€ 31
3 2]
§ *% *% s Sueery
o~ 11 T +—  Surgery
w o) ° & F—8—9 stress
0o 1 2 3 4 5 6 7
Time (weeks)
(o]
3.2 Stress
E 3.01 o
)
52'8 1 Surgery ., *% o R
5 2.6 . L
£244 d
é 2] I Surgery
8201 i
(:F) 1.8 Sham
s S
16 urgery
1.4 T T T T T T J
0 1 2 3 4 5 6 7
Time (weeks)
one-way ANOVA comparisons between the four groups on the 7th days).

26+ Stress
—_—

g 22 Surgery o *% -
T:’ 20 s

Surgery
+stress
Surgery

Sham
+stress

LH concentrat

Sham
Surgery

o 1 2 3 4 5 6 7
Time (weeks)

O
N
o

Stress

e
[oc]

Surgery
+stress

-
o

Surgery
Sham
+stress

Sham
Surgery

-
N

ACTH concentration (pg/ml)
= =

oo

o 1 2 3 4 5 6 7
Time (weeks)

TABLE 2 | Correlations between sex hormones with neuromodulators.

Group Estradiol LH FSH

NE 0.12 0.54 0.50
DA 0.07 -0.34 -0.36
5-HT 0.14 -0.28 -0.27
Cortisone 0.16 0.65 0.68
ACTH 0.04 0.72 0.76

neurotransmitter for reward (39), and low level of DA function
can lead to depression (40, 41). The serotonin transporter ensures
the recapture of serotonin and is the pharmacological target
of selective serotonin reuptake inhibitor (SSRI) antidepressants
(42). Our data found that both DA and 5-HT releases are
negatively correlated with LH release after ovariectomization,
which further support the role of LH in depression. The reason
might be that the projections from neurons in hypothalamus
inhibits the DA release (43-45), or 5-HT release. Another
possible way is that estradiol and LH might directly affect the
DA neurons (38). Sure there might be interactions between
monoamine neurons and hypothalamus (46). However, our data
showed that the LH increase seems to start at the first 7th days,
while the DA and 5-HT release decrease tops at the 3rd 7th days,

which suggested that LH increase might be the cause for the DA
and 5-HT decrease.

In all, perimenopause and postmenopause provide a natural
laboratory for the study of sex hormone on depression (16). With
the aging of our society, women living at least a third of their lives
in the postmenopausal state, determining the long-term health
effects of hormonal fluctuations has become a major women’s
health concern.
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