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Purpose: Postmenopausal women often suffer from chronic pain, memory decline and
mood depression. The mechanisms underlying the neuronal disorders are not fully under-
stood, and effective treatment is still lacking.

Methods: Oral administration of magnesium-L-threonate was tested to treat the neuronal
disorders in ovariectomized and aged female mice. The pain hypersensitivity, memory
function and depression-like behaviors were measured with a set of behavioral tests.
Western blots, immunochemistry and in situ hybridization were used to assess molecular
changes.

Results: Chronic oral administration of magnesium-L-threonate substantially prevented or
reversed the chronic pain and memory/emotional deficits in both ovariectomized and aged female
mice. We found that phospho-p65, an active form of nuclear factor-kappaB, tumor necrosis factor-
alpha and interleukin-1 beta were significantly upregulated in the neurons of dorsal root ganglion,
spinal dorsal horn and hippocampus in ovariectomized and aged mice. The microglia and astro-
cytes were activated in spinal dorsal horn and hippocampus. Calcitonin gene—related peptide, a
marker for peptidergic C-fibers, was upregulated in dorsal horn, which is associated with potentia-
tion of C-fiber-mediated synaptic transmission in the model mice. In parallel with neuroinflamma-
tion and synaptic potentiation, free Mg>" levels in plasma, cerebrospinal fluid and in dorsal root
ganglion neurons were significantly reduced. Oral magnesium-L-threonate normalized the neu-
roinflammation, synaptic potentiation and Mg?* deficiency, but did not affect the estrogen decline
in ovariectomized and aged mice. Furthermore, in cultured dorsal root ganglion neurons, estrogen
at physiological concentration elevated intracellular Mg>", and downregulated phospho-p65, tumor
necrosis factor-alpha and interleukin-1 beta exclusively in the presence of extracellular Mg,
Conclusion: Estrogen decline in menopause may cause neuroinflammation by reducing
intracellular Mg®" in neurons, leading to chronic pain, memory/emotional deficits.
Supplement Mg®" by oral magnesium-L-threonate may be a novel approach for treating
menopause-related neuronal disorders.

Keywords: magnesium-L-threonate, postmenopause, neuroinflammation, chronic pain,

memory, depression

Introduction

Many postmenopausal women suffer from chronic pain,' memory decline® and
mood depression.* The mechanisms underlying the comorbidity of the somatosen-
sory and cognitive/emotional deficits are largely unknown.
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Previous works have shown that neuroinflammation,
characterized by the upregulation of proinflammatory
cytokines, such as TNF-q, IL-1B, and glial activation,
contributes to chronic neuropathic pain and memory/
emotional impairments induced by peripheral nerve
injury®® and anti-cancer agents.'®'? Similarly, the
inflammation resulting from estrogen decline in postme-
nopausal women has been proposed to cause cognitive
disorders.'*'* The data suggested that neuroinflammation
might be also a common cause for chronic pain and
cognitive/emotional deficits in menopause conditions.
However, how the estrogen decline leads to neuroinflam-
mation remains elusive.

It has been shown that serum Mg®" is decreased in

1516 and in ovariectomized rats.'”

postmenopausal women
Interestingly, experimental Mg”>" deficiency in the rat
induces an inflammatory syndrome characterized by leu-
kocyte and macrophage activation, and release of inflam-
matory cytokines.'® Mg®" deficiency also results in anxiety
and depression in animals and humans." Likewise, our
recent works show that Mg?" deficiency may contribute to
the chronic pain'® and memory/emotional deficits'"'? by
activation of TNF-o/NF-kB pathway in the rats treated
with antineoplastic agents, including vincristine and cyclo-
phosphamide. Previous works including ours show that
chronic oral administration of magnesium-L-threonate
(L-TAMS, also called MgT), which is capable of elevating
brain Mg”*, improves spatial learning in both naive rats*’
and mice with Alzheimer’s disease.”’ Oral L-TAMS also
prevents and restores the memory deficits induced by

peripheral nerve injury,”* and attenuates the chronic pain'®

and memory/emotional deficits''"'?

induced by the anti-
neoplastic agents. A clinical trial indicates that the global
cognitive ability of older adults can be improved by oral
L-TAMS.? Together, these clinical and experimental data
suggest that Mg?" deficiency might play a key role in the
neuroinflammation that induces the neuronal disorders. As
31% of Mg>" in the body is distributed inside cells, where
it functions as a coactivator for 600 enzymes,”* intracel-
lular Mg>* deficiency may trigger neuroinflammation.
However, the causal link between intracellular Mg*"
level and neuroinflammation in estrogen decline is still
not determined.

In the present work, we hypothesized that estrogen
decline may cause neuroinflammation by reducing intra-
cellular Mg*" in neurons, leading to chronic pain, mem-
ory/emotional deficits. To test this, we asked the following
questions: Could estrogen decline cause intracellular Mg>"

deficiency? Could intracellular Mg®" deficiency directly
induce neuroinflammation? Is chronic oral administration
of L-TAMS capable of preventing and reversing the estro-
gen decline-induced neuroinflammation and chronic pain
and memory/emotional deficits?

Materials and Methods

Animals

Adult (8-12-week-old) female C57BL/6 mice and aged
(19-month-old in average) female C57BL/6 mice were
purchased from the Institute for Experimental Animals
of Sun Yat-sen University (Guangzhou, China). The
mice were housed in a 12 h light/dark cycle (06:00-
18:00 h) and temperature (24 + 1°C) controlled cage
with 50-60% humidity. The mice had access to sterile
water and standard laboratory chow ad libitum. All
experimental protocols and animal handling procedures
were approved by the Animal Care Committee of Sun
Yat-sen University and in accordance with the guide-
lines of the National Institutes of Health on animal care
and ethical guidelines. Animals were randomly assigned
to each group.

Ovariectomy (OVX)

Ovariectomy is a model of menopause.””> OVX was per-
formed by double dorsolateral incisions according to pre-
vious work.”® The mice were anesthetized with 2%
isoflurane (RWD Life Science, China) with oxygen flow
of 0.3-0.5 L/min. Dorsal incisions were made in the area
between the last rib and hips, each ovary together with its
capsule and part of the oviduct was removed. In sham-
operated mice, the ovaries were identically exposed but
not removed. To avoid infection, penicillin (100,000 units/
kg, i.m.) was given after operation, and the mice were
allowed to recover for 7 days.

Treatment with Magnesium-L-Threonate
(L-TAMS)

According to previous studies,”’*’ mice received L-TAMS
(Neurocentria Inc., Walnut Creek, CA, USA) at a dose of
910 mg/kg/d (75 mg/kg/d elemental magnesium) daily in
the drinking water (6 mL/d/mouse). Oral application of
L-TAMS was initiated 1 week after OVX in adult female
mice and continued until the end of experiments. Aged
mice received L-TAMS throughout the experiments
(Figure 1).
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Figure | Experimental procedure. The yellow line represents adult female mice, and the green line represents aged female mice. The treatments are indicated with different

symbols.

Experimental Design

The adult mice (8—12-week-old) were randomly divided
into following four groups: sham mice treated with
vehicle (Sham), sham mice treated with L-TAMS
(Sham + L-TAMS), ovariectomized mice treated with
vehicle (OVX), and ovariectomized mice treated with
L-TAMS (OVX + L-TAMS). The aged female mice (19-
month-old in average) were divided into two groups:
aged + vehicle and aged + L-TAMS, and adult mice (8
weeks) served as control. The experimental procedures
are shown in Figure 1. Mechanical pain behaviors were
assessed before and weekly after OVX. As a previous
work showed that 12 weeks after OVX mice began to
develop significant cognitive dysfunction,?® and our data
showed that 10 weeks after OVX the mechanical allo-
dynia reached maximal (Figure 2A, red squire). Thus,
the memory function and depression-like behaviors were
assessed 12 weeks after sham or OVX operation, that is,
oral L-TAMS or vehicle for 11 weeks. The mice were
euthanized after the behavioral tests and DRG, spinal
cord and hippocampus were harvested for further analy-
sis. The mice, with which spontaneous pain was mea-
with
electrophysiological recording were performed, were

sured conditioned place preference or
not used for other behavioral tests and samples were

not harvested.

Behavioral Tests

All behavioral tests were conducted from 9:00 a.m. to
5:00 p.m. The experimenter who conducted the behavioral
tests was blinded to the treatments.

Mechanical Withdrawal Threshold

The mice were acclimated to the test environment for 3
days before experiments. Before each test, the mice were
allowed to acclimate again for 30 minutes. Fifty percent
paw withdrawal threshold (PWT) was assessed with the
up-down method described previously.”’ The procedure
was the same as previous studies.® Briefly, mice were
placed on a wire grid and the plantar surface of the hind
paw was stimulated with a set of Von Frey filaments
(0.04-2 g for mice; North Coast medical), each stimulus
lasted for 68 seconds. Quick withdrawal or licking of the
paw in response to the mechanical stimulus was consid-
ered a positive response. Basal nociceptive sensitivity was
tested before OVX and L-TAMS administration. The mice
with basal PWT <0.16 g were excluded. Mechanical with-
drawal threshold was measured weekly in each group until
the PWT stabilized.

Conditioned Place Preference (CPP)

CPP was used to determine the presence of spontaneous
(ongoing) pain in animals. Relief of pain is a form of
rewarding, and clonidine as an analgesic agent was not
rewarding in the absence of pain but became rewarding
when there is ongoing pain.>® To put it simply, mice were
given intraperitoneal injections of 0.1 mg/kg clonidine or
equivalent saline in paired boxes with different patterns
and colors. After training three times in each box, the two
boxes were connected and the mice were allowed free
access for 15 min to either box. An infrared camera was
used to record the trace of mice. The ratio of time that
each mouse spent in clonidine paired box and saline paired
box were recorded for statistical analysis. The mice were
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Figure 2 Oral application of L-TAMS attenuates the pain hypersensitivity and potentiation at C-fiber synapses in both ovariectomized and aged female mice. (A) The time
courses of paw withdrawal thresholds elicited by von Frey filaments in Sham (n = 6), Sham + L-TAMS (n = 6), OVX (n = 9), and OVX + L-TAMS (n = 9) are shown. (B) In the
conditioned place preference (CPP) experiment, the ratio of time that mice spent in clonidine paired box and saline paired box were recorded. Treatment with L-TAMS
significantly suppressed clonidine induced chamber preference in OVX group (n =5 in Sham and Sham + L-TAMS groups, n = 6 in OVX and in OVX + L-TAMS groups). (C)
The time courses of paw withdrawal thresholds in control (8 weeks, n = 6), aged (18 months, n = 10) and aged + L-TAMS (n = 10) mice are shown. (D) The stimulus—
response curves of C-fiber evoked potentials in the spinal dorsal horn in different groups as indicated are shown (n = 6-8 per group). Raw traces show the field potentials
evoked by I5 V in Sham (a), Sham + L-TAMS (b), OVX (c), and OVX + L-TAMS (d) groups. The red vertical line represents the amplitude of the C-fiber evoked field
potentials. (E) The stimulus—response curves of C-fiber evoked potentials in different groups as indicated are shown (n = 6-8 per group). Raw traces show the field
potentials evoked by 15 V in Control (a), Aged (b) and Aged + L-TAMS (c) groups. The data in A, C, D, E were analyzed by two-way ANOVA with Tukey’s test. The data in B
were analyzed by one-way ANOVA with Tukey's test. *P<0.05, *P<0.01, *¥P<0.001, vs Sham (Sh); #P<0.05, *P<0.01, ##P<0.001, vs OVX; %P<0.05, #5P<0.01, 54P<0.001,
vs Contr; *P<0.05, *¥P<0.01, *¥*P<0.001, vs Aged.

euthanized at the end of the CPP test and not used for
subsequent sampling because they were intraperitoneally
injected with analgesics.

Novel Object Recognition Test (NORT)

NORT was applied to assess short-term memory function
as previously described.®' Briefly, mice were tested on a
round field with a diameter of 50 cm. In the first stage,
each mouse was placed in the arena for 5 minutes, and two
identical “old objects” were placed. Ten minutes later, a
new different object replaced the less preferred old one,
and each mouse was allowed to explore the two objects for
5 minutes. The recognition index was calculated as the
ratio of time that the mice spent exploring the novel object
over total exploration time.

Y-Maze

Spontaneous alternation that measures spatial working mem-
ory was assessed with a Y-maze apparatus, which is consisting
of a, b and c three Plexiglas wall-protected arms (60 cm long X
10 cm wide x 20 cm high at 120°). Briefly, mice were allowed
to explore all three arms of the maze freely, this behavior was
driven by the innate curiosity of rodents to explore new areas.>>
Eight-minute trials per animal were recorded by Ethovision 3.1
software (Noldus, Netherlands). Percentage of alternations (ie,
abc, bca, and cba) normalized to total triplet arm entries were

used as an index of spatial working memory.

Forced Swimming Test (FST)
The FST was applied to assess the depression state of

animals.”> Mice were forced to swim in a cylindrical
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barrel (25 cm in diameter and 45 cm high) containing 30
cm of water at 25+ 1°C for 6 min. The immobility time in
the last 4 min was recorded as an indicator of depression-
like behavior.

Tail Suspension Test (TST)

The TST shares a common behavioral measurement with
the FST.** The tails of mice were suspended using adhe-
sive tape for 6 min, and the time of immobility in the last 4
min is recorded.

Electrophysiologic Recording

Protocols of recording the C-fiber evoked field potential in
the spinal dorsal horn have been described in our previous
studies.”> Briefly, mice were anesthetized with urethane
(Sigma, USA, 1.5 g/kg, i.p.). L4-L5 laminectomy was
performed and the left sciatic nerve trunk was explored.
The sciatic nerve was stimulated by test stimulus (0.5 ms
duration, at increasing voltages 1-25 V) with a bipolar
platinum hook electrode. C-fiber evoked field potentials
were recorded in the superficial spinal dorsal horn (L4 and
L5 segments) with a glass microelectrode (filled with 0.5
M sodium acetate, impedance 1-3MQ). The amplitudes of
C-fiber evoked field potentials were recorded and analyzed
with WinLTP program (http://www.winltp.com/), and the

stimulus—response curve was drawn. The animals were
euthanized at the end of the experiments.

Culture of DRG Neurons

Dorsal root ganglion (DRG) neurons were dissociated and
cultured following our previous work.*® Briefly, mice were
euthanized by CO, and then decapitated immediately.
DRG neurons were excised with sharp tweezers and
freed from their capsule and connective tissue, this process
was performed on ice. DRG neurons were cut up with
sharp scissors and digested with 2 mg trypsin (Sigma,
USA) and 3 mg collagenase (Sigma, USA) in 5 mL
DMEM/F12 medium (GIBCO, USA) for about 25 minutes
in 37°C water bath. To stop the digestion, 5 mL of com-
plete medium (10% fetal bovine serum, 1% penicillin—
streptomycin solution, 1% glutamine in DMEM/F12 med-
ium, all from Gibco, Grand Island, NY) was added. After
mechanical and enzymatic dissociation, DRG neurons
were collected and seeded on a 24-well plate coated with
poly-L-lysine (Sigma, USA) and then transferred to the
humidified atmosphere (5% CO2, 37°C) for 4 hours. Then,
the complete medium was changed to remove the non-
adherent cells. In addition, a custom magnesium-free

medium was used to test Mg>" deficits in neuroinflamma-
tion. In this experiment, 17B-estradiol was added to the
medium on the second day and third day. The cultured
DRG neurons were fixed by 4% paraformaldehyde for
immunofluorescence on the fourth day.

Western Blot

After 12 weeks of oral administration of L-TAMS or
vehicle, cardiac perfusion with 4°C PBS buffer was per-
formed under anesthesia with urethane (Sigma, USA, 1.5g/
kg, i.p.) of mice. Then, the hippocampus and spinal dorsal
horn in each group were harvested and homogenized with
protease inhibitor cocktail (Roche, USA) and phosphatase
inhibitor (Roche, USA). Proteins in samples were sepa-
rated on 12.5% PAGE gel (EpiZyme, China) and then
USA).
Membranes were blocked in 5% bovine serum albumin

transferred to PVDF membranes (Millipore,

(BSA) solution for 60 min at room temperature and then
incubated with primary antibodies: TNF-a (1:1000, rabbit;
Bioworld Technology, Item No. BS1857, Inc., Louis Park,
MN, USA), IL-1B (1:1000, rabbit; Abcam, Item No.
ab9722, Cambridge, UK), phosphorylated NF-kB p65
(Ser311) (1:1000, rabbit; Affinity Biosciences, Item No.
AF3389, OH, USA), NF-«xB p65 (1:1000, rabbit; Cell
Signaling Technology, Item No. D14E12, MA, USA),
phosphorylated IxBa (1:1000, rabbit; Cell Signaling
Technology, Item No. 2859, MA, USA), IkBa (1:1000,
mouse; Cell Signaling Technology, Item No. L35AS5,
MA, USA), CGRP (1:5000, Rabbit; Abcam, Item No.
ab37657, Cambridge, UK), B-actin (1:1000, mouse; Cell
Signaling Technology, Item No. 3700, MA, USA) over-
night at 4°C. Horseradish peroxidase-conjugated IgG was
applied for 1 h. Chemiluminescent liquid (Millipore, USA)
was used to detect the immune complex. Bands were
quantified using a computer-assisted imaged analysis sys-
tem (Imagel; National Institutes of Health, Bethesda,
MD, USA).

Immunofluorescence

Mice treated with L-TAMS or vehicle for 12 weeks
were anesthetized with urethane (Sigma, 1.5g/kg, i.p.),
and then perfused intracardially with 4°C PBS followed
by 4% paraformaldehyde (PFA). L4-5 DRG, L3-L5
segments of spinal cord and hippocampus were har-
vested and post-fixed in the 4% PFA solution for 4-6
hours, then transferred to 30% sucrose in PBS for 3
days at 4°C. The tissues were sliced into 20 um sections
using a cryotome (CM3050S, Leica, Wetzlar, Germany)
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and processed for immunohistochemical staining. The
cultured DRG neurons were fixed with 4% PFA for 20
min and then washed in PBS. The tissue sections and
cultured DRG neurons were blocked for 60 and 30 min
at room temperature, and then incubated overnight at 4°
C with TNF-a (1:200, Rabbit, Bioworld Technology,
Item No. BS1857, Inc., MN, USA), IL-1B (1:200, goat,
R&D Systems, Item No. AF-401-NA, USA), phosphory-
lated NF-kB p65 (Ser311) (1:100; Affinity Biosciences,
Item No. AF3389, OH, USA), CGRP (1:500, goat,
Abcam, Item No. ab36001, Cambridge, UK), CGRP
(1:500, mouse, Abcam, Item No. ab81887, Cambridge,
UK), plant lectin B4 (1:200; Sigma, Item No. L2895,
USA), NeuN (1:400, mouse; Millipore, Item No.
MAB377, USA), GFAP (1:800, mouse, Cell Signaling
Technology, Item No. 3670, MA, USA), and Ibal
(1:500, goat, Abcam, Item No. ab5076, Cambridge,
UK) overnight at 4°C. Then, the samples were incubated
with secondary antibodies (Alexa Fluor® 488, 555, 647,
Life Technologies, CA, USA) for 1 h at room tempera-
ture and mounted on coverslips with Fluoromount-G
with DAPI (Southern Biotech, Birmingham, AL, USA).
Fluorescent images were obtained with EVOS FL
USA),
Nikon C2 confocal microscopes. All parameters such

microscope (Thermo Fisher Scientific, and
as exposure time and gain were fixed to ensure standar-
dization between each sample. Imagel] software
(National Institutes of Health, USA) was used to ana-
lyze the count of cells and fluorescence intensity.
Fluorescent signal intensity was quantified using relative
integrated density (IntDen), an appropriate threshold
was set and kept constant in all groups. IntDen of
sham or control group was set as the baseline, the data
from other groups were normalized with the baseline.

RNA Fluorescence in situ Hybridization
(FISH)

Fluorescently labeled acid—modified

oligonucleotide probes complementary to mice Tnf and

locked nucleic

II-1B were purchased from GenePharma (Suzhou, China).
The probe sequences were as follows: Tnf 5'aag+ttcag
+tagacagaagagcg ctggtattgagatagcaaattcgggaggag-ttaga-
caattaaaggggttaggaat+ggcctgagattcttate3’. II-1f S'ttcaga-
cactttgcacaatggaaggtccg+tcaacttcat+aagaacagttgtctaa

+tgggaacgttcacacctaggt+tetgtic+tagagagtg3’. NC S'tgett
After
deproteinization, the slides were prehybridized with 1x

+tgcacggtaacgecttgtttt3’. deparaffinization and

hybridization buffer without probes. The hybridization
was carried out overnight in a 1x hybridization buffer
(100 pL) with pre-denatured 2uM miRNA probes at 37°
C. After washing, the slides were mounted on coverslips
with Fluoromount-G with DAPI (Southern Biotech,
Birmingham, AL, USA). images
obtained with EVOS FL microscope (Thermo Fisher
Scientific, USA) and Nikon C2 confocal microscopes.

Fluorescent were

Measurement of Extracellular and

Intracellular Free Magnesium

The plasma and cerebrospinal fluid (CSF) of mice treated
with L-TAMS or vehicle for 12 weeks were collected from
the left ventricle and foramen magnum, respectively. For
collection of CSF, the mice were anesthetized with
urethane (Sigma, USA, 1.5 g/kg, i.p.), the posterior neck
skin was cut, and the muscles were bluntly separated to
expose the foramen magnum. A plastic hose was used to
connect a glass tube with fine tip and a 2.5-mL syringe.
The cerebrospinal fluid was collected by inserting the tip
of tube into the foramen magnum at depth of 1-2 mm, and
stored at —80°C. The concentrations of free Mg”" in the
plasma and CSF were measured with the calmagite chro-
mometry method.>”

The preparation method of DRG neuron suspension is
the same as the above method of DRG neuron culture. The
intracellular free Mg®" in DRG neurons was determined
by flow cytometry (FCM).'® In brief, DRG neurons were
incubated  with  Magnesium  Green  (Invitrogen,
Massachusetts, USA) in PBS for 30 min at 37°C. Then,
the DRG neurons were washed in PBS and fixed by 1%
PFA. The data were collected by flow cytometry
(CytoFLEX S, Beckman Coulter, USA). The mean fluor-
escence intensity of 30,000 neurons in each mouse was
used to measure the intracellular free Mg”" in the neurons.
In cultured DRG neurons, the intracellular free Mg”* was
determined by a multifunctional microplate reader
(Synergy HTX) using Magnesium Green (Invitrogen,
Massachusetts, USA). The protocol of antibody incubation
and fixation are the same as above.

Plasma |7 B-Estradiol Measurement

Mice treated with L-TAMS for 12 weeks were anesthe-
tized with urethane, the blood was harvested from hearts,
and the plasma was stored at —80°C until use. Estrogen in

mouse plasma was measured using commercially available
Estradiol ELISA kits (Cayman, Item No. 501890)
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according to the manufacturer’s instructions. This kit is a
competitive assay that has a range of 0.61-10,000 ng/L.
Extraction of the sample with methanol before the mea-
surement was made to increase the accuracy of the test. 50
pL of each plasma sample was used according to the
manufacturer’s specification.

Statistical Analysis

All data are presented as the mean £ SD. GraphPad Prism
7.0 software (GraphPad Software, CA, USA) was used to
calculate statistical significance. The results of mechanical
pain behavior and electrophysiological data were analyzed
with two-way ANOVA followed by Tukey’s post hoc test.
Other results were analyzed with one-way ANOVA fol-
lowed by Tukey’s post hoc test. P < 0.05 was considered
as significant difference.

Results

Chronic Oral Magnesium-L-Threonate
Attenuates the Pain Hypersensitivity and
Potentiation at C-Fiber Synapses in Both

Ovariectomized and Aged Female Mice

We first tested if supplement Mg®" by oral administration
of L-TAMS was able to prevent the chronic pain induced
by ovariectomy (OVX). As shown in Figure 2A, compared
to sham mice (open circle), the paw withdrawal thresholds
(PWT) elicited by mechanical stimuli decreased in OVX
mice treated with either normal water and L-TAMS with
time, while the change was significantly smaller in
L-TAMS-treated mice (Figure 2A, triangle) than that in
vehicle-treated mice (Figure 2A, square). L-TAMS did not
affect PWT in sham mice (Figure 2A, filled circle). The
results indicate that oral L-TAMS prevents the mechanical
allodynia induced by OVX but has no effect on pain
sensitivity in sham mice. We also tested if oral L-TAMS
might also attenuate the spontaneous pain induced by
OVX with CPP test, and found that OVX mice treated
with L-TAMS spend less time in the chamber receiving
clonidine than those treated with vehicle (Figure 2B).
While no difference was detected between the two treat-
ments in sham mice. The results are consistent with the
clinical observation that estrogen decline leads to chronic
pain in menopause women.'*® To further investigate the
treatment effect of L-TAMS on the chronic pain sensitivity
induced by estrogen decline, we measured PWT in control
(8-week-old) and aged (19-month-old in average) female
mice. We found that PWTs were significantly lower in

aged mice compared to control mice in vehicle-treated
groups, indicating that aged mice also exhibit mechanical
allodynia. In the aged mice, PWTs declined slightly with
time in the vehicle group, but increased significantly in the
L-TAMS-treated group, indicating that oral L-TAMS may
reverse the mechanical allodynia in the aged mice
(Figure 2C).

To confirm the results and investigate the underlying
mechanisms, we recorded the C-fiber evoked field poten-
tials in spinal dorsal horn following the behavioral tests
and calculated the stimulus—response curves. As shown in
Figure 2D and E, the curves were shifted rightwards in
both OVX and aged mice treated with vehicle, and
changes were significantly smaller in the OVX and aged
mice treated with L-TAMS. L-TAMS had no effect on
sham and control mice. The data suggest that synaptic
transmission in C-fiber synapses is potentiated in OVX
and aged mice, and the potentiation is depressed by oral
L-TAMS.

Oral Magnesium-L-Threonate Attenuates
the Memory/Emotional Deficits in Both
Ovariectomized Mice and Aged Female
Mice

In consistence with the clinical data showing memory
deficits in menopause women,*® we found that the mem-
ory function was impaired in OVX and aged mice, as in
vehicle-treated groups, recognition index assessed by
NORT and alternation index assessed by Y-maze in both
OVX mice and aged mice were significantly lower than
those in sham mice and control mice, respectively
(Figure 3A and B). Interestingly, we found that both
indexes were significantly higher in OVX and aged
mice treated with L-TAMS than those treated with vehi-
cle (Figure 3A and B), while no difference was detected
in sham mice between vehicle- and L-TAMS-treated
groups. Thus, the memory function in OVX and aged
mice but not in sham and control mice was substantially
improved by oral L-TAMS. We found that in OVX and
aged female mice treated with vehicle, the immobility
time assessed by both FST and TST was significantly
higher compared to sham and control mice, and the
change was substantially reduced in L-TAMS-treated
groups (Figure 3C and D). The results indicate that oral
L-TAMS also attenuates the depression-like behaviors in
OVX and aged mice.

Journal of Inflammation Research 2021:14

6639

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove
A NORT B 1004 Y-maze
x 084 O ° - g
g % Yok $ % 801 2 # $$
£ l- % v g & % %
5 k=
= 0.6+ i— A *k
g o &3& § 604 85&
8 i
o =
0.4N < 40\ .

Sh  Sh OVX OVX Contr Aged Aged

L-TAMS - + -+ - +
FST &
A150- * *
w
° 2 $
£ 100 o
z ] % ¢
g Al W
50 (@)
= A
A

0 ] ] ] ] ] L] ]

Sh  Sh OVX OVX Contr Aged Aged
L-TAMS - + = + - - +

o

Sh  Sh OVX OVX Contr Aged Aged

L-TAMS - + - + B - +
D 250
TST
— &&&
—~ 200+
[0
£ L]
. & 2
=
o 100+
S A
£ [J
50N
0 % 1 I L] 1 L] 1 1
Sh  Sh OVX OVX Contr Aged Aged
L-TAMS - + = + - - +

Figure 3 Oral application of L-TAMS attenuates the memory/emotional deficits in both ovariectomized and aged female mice. (A) The recognition indexes assessed with
the novel object recognition test (NORT) in indicated groups are shown (n = 6-8 per group). (B) The scatter diagram shows the alternation index (% of total triplet arm
entries) measured with the Y-maze test (n = 6 per group). (C and D) Immobility time in each group was measured in the forced swimming test (C) and tail suspension test
(D) (n = 6-8 per group). The data were analyzed by one-way ANOVA with Tukey's test. *P<0.05, ¥P<0.01, ¥*P<0.001, vs Sham (Sh); #P<0.05, ##P<0.001, vs OVX; &P<0.05,

88&p<0.001, vs Contr; *P<0.05, ¥*P<0.01, vs Aged.

As no difference in the pain hypersensitivity
(Figure 2), memory function and emotional behaviors
(Figure 3) between control and sham mice were detected,
in the following experiments, the data from the two groups

were pooled together.

Oral L-TAMS Depresses the
Neuroinflammation in Dorsal Root
Ganglion and Spinal Dorsal Horn in
Ovariectomized and Aged Mice

Previous works show that neuroinflammation in pain path-
ways, characterized by activation of TNF-o/NF-«B path-
way and glial activation, plays a key role in the
development of persistent pain induced by peripheral

40,41 11,12

nerve injury, chemotherapy

We,

and high frequency

noxious stimulation.’ therefore, tested if oral

L-TAMS is capable of depressing the neuroinflammation
in dorsal root ganglion (DRG) and spinal dorsal horn in
OVX and aged mice. We found that levels of phospho-p65
(p-p65, an active form of NF-kB, Figure 4A), TNF-a
(Figure 4B) and IL-1B (Figure 4C) in DRG neurons were
significantly higher in OVX and aged mice compared to
sham mice, and the changes were substantially prevented
by oral L-TAMS (Figure 4D).

The Western blots with spinal dorsal horn tissue
showed that TNF-a, IL-1B, p-p65 and p-IxBa, were sig-
nificantly upregulated in both OVX (Figure 5A and C) and
aged female mice (Figure 5B and D) compared to sham
mice treated with vehicle. The molecular changes were,
L-TAMS
(Figure 5A-D). Double immunostaining revealed that

again, substantially attenuated by oral

p-p65 and TNF-a were heavily co-localized with NeuN
(a marker for neuron), sparsely with Ibal (a marker for
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Figure 4 Oral application of L-TAMS attenuates the activation of NF-«B and upregulation of TNF-a and IL-1p in dorsal root ganglion (DRG) neurons of ovariectomized and
aged mice. (A—C) Representative immunofluorescent staining images show the expressions of p-p65 (A), TNF-a (B) and IL-1B (C) in DRG neurons in indicated groups.

Notes: p-p65 is mainly located in nuclei, while TNF-o and IL- I in cytoplasm and nerve fibers. Scale bar: 100 um. (D) Statistical analysis revealed p-p65, TNF-o and IL-If in
DRG neurons were upregulated in OVX and aged mice, and the changes were attenuated by oral L-TAMS (n = 3 mice/group, 2 sections/mouse). The data were analyzed by
one-way ANOVA with Tukey's test. *P<0.01, *¥4P<0.001, vs Sham (Sh); #P<0.05, ##P<0.001, vs OVX; *¥P<0.01, *¥*P<0.001, vs Aged.

microglial cell) and GFAP (a marker for astrocyte)
(Figure 5E and F). Interestingly, IL-1p was co-localized
with IB4 (a marker for non-peptidergic C-fibers) and

CGRP (a marker for peptidergic C-fibers) in superficial
spinal dorsal horn (Figure 5H), sparsely with GFAP and
Ibal, but not with NeuN (Figure 5G).
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Figure 5 Oral L-TAMS inhibits the activation of NF-kB and upregulation of TNF-a and IL-1p in spinal dorsal horn of ovariectomized and aged mice. (A and C) Representative Western
blots (A) and statistical analysis (C) show the protein levels of TNF-a, IL- |, p-p65, total p65, p-IKBa and IKBa in spinal dorsal horn in Sham, Sham + L-TAMS, OVX, and OVX + L-TAMS
groups (n =4 per group). (B and D) Representative Western blots (B) and statistical analysis (D) show the levels of TNF-a, IL- I B, p-p65, total p65, p-IKBa and IKBa in spinal dorsal horn
in control (8 weeks), Aged and Aged + L-TAMS groups (n = 4-5 per group). The data were analyzed by one-way ANOVA with Tukey’s test. *P<0.05, *P<0.01, **P<0.001, vs Sham (Sh);
#P<0.05, #P<0.01 vs OVX; *P<0.05, **P<0.01 vs Aged. (E-H) Representative confocal images of the double immunofluorescence staining show that p-p65 (E) and TNF-a. (F) is mainly
located in the nuclei and cytoplasm of dorsal horn neurons respectively, they are also expressed in small amounts in microglia (Ibal) and astrocytes (GFAP); The IL- I B (G and H) is mainly

located in CGRP" terminals but not in spinal dorsal horn neurons. Scale bar: 100 um.
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To investigate if the proinflammatory cytokines
TNF-a and IL-1PB are synthesized in the neurons of
DRG and spinal dorsal horn, we detected their mRNAs
with in situ hybridization. We found that Tnf and I1-18
were located in the cytoplasm of DRG (Figure 6A and
B) and dorsal horn (Figure 6C and D) neurons in OVX
and aged mice.

We found that both microglia and astrocytes were
activated in OVX and aged female mice treated with
vehicle, as both intensities of Ibal and GFAP
(Figure 7A-D), and the numbers of Ibal- and GFAP-
positive cells (Figure 7E and F) were significantly
increased in these mice, compared to sham ones. The
glial activation in OVX and aged mice was remarkedly
prevented or reversed by L-TAMS (Figure 7A-F).

Our previous works show that chemotherapy'® and
higher frequency noxious stimuli’ that induce persistent
pain upregulates CGRP (a marker for peptidergic C-fiber)
in spinal dorsal horn. In the present work, we found that in
OVX and aged female mice CGRP but not isolectin B4
(IB4, a marker for nonpeptidergic C-fiber) were also upre-
gulated in the spinal dorsal horn, and oral application of
L-TAMS prevented and reversed the CGRP upregulation
in OVX mice and aged mice, respectively (Figure 8A-D).
Western blots confirmed that oral L-TAMS depressed the
upregulation of CGRP in the spinal dorsal horn
(Figure 8E-H). We found that CGRP was co-localized
with p-p65, TNF-a and IL-1B in DRG neurons of OVX
mice (Figure 8I), indicating that the upregulation of CGRP
is associated with neuroinflammation.

Oral L-TAMS Depresses the
Neuroinflammation in Hippocampi of

Ovariectomized and Aged Mice

As neuroinflammation plays a key role in memory and
emotional deficits in a variety of disease models, such as
peripheral nerve injury,” chemotherapy,'''? Alzheimer

disease,** and mood depression,“’44

we next investigated
if the neuroinflammation also exists in hippocampi of
OVX and aged mice. We found that TNF-a, IL-1j,
p-p65, and p-IkBa in the hippocampi were significantly
higher in both OVX and aged female mice than those in
sham mice in vehicle-treated groups, and the changes were
significantly attenuated by oral L-TAMS (Figure 9A-D).
Double immunostainings (Figure 9E-G) showed that

p-p65, TNF-a or IL-1f was mainly co-localized with

NeuN, sparsely with Ibal and GFAP. We found that both
intensities of Ibal and GFAP (Figure 10A-D), and the
numbers of Ibal- and GFAP-positive cells in hippocampi
(Figure 10E and F) were significantly increased in both
OVX and aged female mice, compared to sham mice in
vehicle-treated groups. Interestingly, we found that the
glial activation induced by OVX or aged was remarkedly
prevented and reversed by oral L-TAMS (Figure 10A-F).
The data suggest that oral L-TAMS may attenuate the
memory and emotional deficits in OVX and aged female
mice by inhibition of neuroinflammation.

The Estrogen Decline Causes
Neuroinflammation Through Producing
Magnesium Deficiency in Ovariectomized
and Aged Female Mice

Clinical data show that serum Mg*" is decreased in post-
menopausal women.'>'® Our data demonstrated that sup-
plement Mg”" by chronic oral application of L-TAMS
substantially attenuated the chronic pain sensitivity, mem-
ory/emotional deficits as well as neuroinflammation in
either OVX or aged mice. We, therefore, hypothesized
that estrogen decline may cause neuroinflammation by
producing Mg”" deficiency. To test this, we first determine
if Mg®" is really reduced in OVX and old mice. We found
that free Mg>" in serum and CSF was significantly lower
in both OVX and aged mice in vehicle-treated groups
(Figure 11A and B). As 31% of Mg®" in the body is
distributed inside cells, where it functions as a coactivator
for 600 enzymes,”* the change in intracellular Mg”* is
more important for cell function. To determine if the
intracellular Mg®" is also reduced in the neuronal cells,
we measured intracellular free Mg®" in DRG neurons by
flow cytometry (FCM) (Figure 11C and D), and found that
the ion was also significantly lower in OVX and aged
mice, compared to sham mice. The extracellular and intra-
cellular Mg*" deficiency induced by OVX and aged was
attenuated by oral L-TAMS (Figure 11A-D). We found
that the concentration of plasma estrogen was 18.8+ 3.3
ng/L in sham mice and is decreased significantly in OVX
and aged mice. Oral L-TAMS did not affect plasma estro-
gen levels in sham, OVX and aged mice (Figure 11E).
To exam if the Mg”" deficiency is caused by estrogen
decline, we cultured DRG neurons with different concentra-
tions of estrogen, and found that 17f3-estrogen at a physiologi-
cal concentration (20ng/L measured in adult sham mice,
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Figure 6 Tnf and lI-Ip mRNAs are expressed in DRG and spinal dorsal horn neurons of OVX and aged mice. (A-D) In situ hybridization results show that both Tnf and II-
1B were located in cytoplasm of DRG neurons (A and B) and spinal dorsal horn neurons (C and D) of OVX and aged mice. The red dots are signals and blue ones Dapi.

Scale bar: 100 um.
Abbreviation: NC, negative control.

Figure 11E) but not at Sng/L significantly enhanced the intra-
cellular free Mg”" (Figure 12A). That is, intracellular Mg*" is
regulated by extracellular estrogen. Finally, we investigated if
the Mg®" deficiency resulting from estrogen decline may

activate TNF-o/NF-xB pathway in cultured DRG neurons.
As shown in Figure 12B and D, in normal culture medium
that containing Mg>", 17B-estrogen at 20 ng/L but not 5 ng/L
downregulated p-p65, TNF-o and IL-1p. While in magnesium-
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Figure 7 Oral application of L-TAMS inhibits the activation of microglia and astrocytes in spinal dorsal horn in OVX and aged mice. (A and B) Representative confocal
images of the immunofluorescence staining of Ibal (A) and GFAP (B) in spinal dorsal horn of different groups. Scale bar: 100 um. (C and D) Statistical analysis of
immunofluorescence intensity of Ibal (C) and GFAP (D) in different groups (n = 3—4 mice/group, 2-3 sections/mouse). (E and F) The count of Ibal ™ cell (E) and GFAP" cell
(F) in each 20x field were statistically analyzed (n = 3—4 mice/group, 2-3 sections/mouse). The data were analyzed by one-way ANOVA with Tukey's test. *P<0.05, **P<0.01,
#4p<0.001, vs Sham (Sh); #P<0.05, #P<0.01, ##P<0.001, vs OVX; *P<0.05, **P<0.01, $*%P<0.001, vs Aged.
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Figure 8 Oral application of L-TAMS prevents the CGRP increase in ovariectomized mice and reverses the CGRP increase in aged female mice in spinal dorsal horn. (A and B)
Representative immunofluorescent staining images of CGRP (A) and IB4 (B) in spinal dorsal horn of different groups. Scale bar: 100 um. (C and D) Oral application of L-TAMS
significantly attenuates the CGRP sprouting in OVX and aged mice. There was no significant difference in the expression of IB4 among the groups (n = 3—4 mice/group, 2-3 sections/
mouse). (E and F) Representative Western blots (E) and statistical analysis (F) show the CGRP levels in spinal dorsal horn in Sham, Sham + L-TAMS, OVX, and OVX+ L-TAMS groups (n
=4 per group). (G and H) Representative Western blots (G) and statistical analysis (H) show the CGRP levels in spinal dorsal horn in control (8 weeks), Aged and Aged + L-TAMS groups
(n = 4-5 per group). The data were analyzed by one-way ANOVA with Tukey's test. #P<0.05, **P<0.001, vs Sham (Sh); "P<0.05, *#P<0.001, vs OVX; *¥*P<0.001, vs Aged. (I) Double
stainings show that CGRP is colocalized with p-p65, TNF-a and IL-1f in DRG neurons. Scale bar: 100 pum.
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Figure 9 Oral application of L-TAMS attenuates the activation of NF-kB and upregulation of TNF-a and IL-1p in hippocampal CAl region of ovariectomized and aged mice.
(A and C) Representative Western blots (A) and statistical analysis (C) show the protein levels TNF-o, IL-1B, p-p65, total p65, p-IKBa and IKBa in hippocampi in indicated
groups (n = 4 per group). (B and D) Representative Western blots (B) and statistical analysis (D) show the protein levels of TNF-o, IL-1f, p-p65, total p65, p-IKBa and IKBo
in hippocampi of control (8 weeks), Aged and Aged + L-TAMS groups (n = 4-5 per group). The data were analyzed by one-way ANOVA with Tukey’s test. *P<0.05, **P<0.01,
#4p<0.001, vs Sham (Sh); #P<0.05, *P<0.01, vs OVX; *P<0.05, **P<0.01, vs Aged. (E-G) Representative confocal images of the double immunofluorescence staining show
that p-p65 (E) is mainly located in the nuclei of hippocampal CAl neurons. TNF-a (F), and IL-1B (G) are mainly located in the cytoplasm of hippocampal CAl neurons. Scale

bar: 100 pum.
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Figure 10 Oral application of L-TAMS attenuates the activation of microglia and astrocytes in hippocampi induced by ovariectomy and aged. (A and B) Representative
confocal images of the immunofluorescence staining of Ibal (A) and GFAP (B) in the different groups as indicated, Scale bar: 100 um. (C and D) Statistical analysis of
immunofluorescence intensity of Ibal (C) and GFAP (D) in hippocampal of different groups (n = 3—4 mice/group, 2-3 sections/mouse). (E and F) The count of Ibal™ cell (E)
and GFAP" cell (F) in each 20x field were statistically analyzed (n = 3—4 mice/group, 2-3 sections/mouse). The data were analyzed by one-way ANOVA with Tukey’s test.
#P<0.05, *#*4P<0.001, vs Sham (Sh); *P<0.01, "#P<0.001, vs OVX; 3*P<0.01, *¥P<0.001, vs Aged.
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Figure 11 Oral L-TAMS attenuates magnesium deficits but not estrogen decline in ovariectomized and aged female mice. (A and B) Free Mg2+ concentrations in the plasma
((A), n = 6-8 per group) and CSF ((B), n = 5-6 per group) in indicated groups are shown. (C and D) Representative flow physical diagram (C) and scatter diagram (D) show
the level of intracellular free magnesium of DRG neurons (assessed as mean fluorescence intensity of 30,000 cells per mice) (n = 5-6 per group). (E) The plasma
concentration of |7 B-Estradiol in each group was measured by ELISA (n = 5-6 per group). The data were analyzed by one-way ANOVA with Tukey's test. *P<0.05, **P<0.01,

##4p<0.001, vs Sham (Sh); #P<0.05, #P<0.01, vs OVX; $P<0.05, $*P<0.01, vs Aged.
Abbreviation: ns, not significant.

free medium 17f-estrogen had no such effect at either of doses
(Figure 12C and E). The data indicate that the anti-inflamma-
tion effect of 17B-estrogen is dependent on extracellular Mg*".

Therefore, Mg®" deficiency resulting from estrogen decline
may, at least partially, contribute to neuroinflammation in
OVX and aged mice.
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Figure 12 Estrogen at physiological concentration elevates intracellular Mg?* and downregulates p-p65, TNF-a and IL-1p in cultured DRG neurons. (A) Intracellular free
Mg2+ in cultured DRG neurons, determined by multifunctional microplate reader, was elevated by |7p-Estrogen at 10 ng/L but not by at 5 ng/L (n=22-24 plate/group). (B
and C) Representative immunofluorescent staining images show the expressions of p-p65, TNF-a and IL-1f in DRG neurons cultured in normal medium containing 0.7 mM
Mg?* (B) and in Mg?* free medium (C) in the presence of different concentrations of 17 p-Estradiol; Scale bar: 20 um. (D and E) Statistical analysis of immunofluorescence
intensities of p-p65, TNF-¢ and IL-IB in DRG neurons cultured in normal medium (D) and Mg®* free medium (E) with different concentrations of 17 B-Estradiol (n = 4-5
fields per group; All the neurons in 20 fields were counted). The data were analyzed by one-way ANOVA with Tukey’s test. *P<0.05, ***P<0.001, vs 5 ng/L 17 B-Estradiol.

Abbreviation: ns, not significant.

Discussion

In the present work, we showed for the first time that the
chronic pain hypersensitivity, memory decline, depression-
like behaviors were substantially prevented in OVX mice
and were attenuated in aged female mice by chronic oral
administration of L-TAMS (Figures 2,3). Then, we
showed that the neuroinflammation, manifested as upregu-
lation of p-p65, TNF-a, IL-1B, p-IkBa, and glial activation

in OVX and aged female mice was associated with extra-
cellular and intracellular Mg®* deficiency. Both of them
were significantly attenuated by oral L-TAMS (Figures 4—
7,9-10). Finally, we revealed that estrogen decline induced
neuroinflammation by reducing intracellular Mg®" in cul-
tured DRG neurons (Figures 11 and 12). Together, estro-
neuroinflammation by

gen decline causes reducing

intracellular Mg*", leading to neuronal disorders. Chronic
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oral application of L-TAMS may be a novel approach for
treating menopause-related neuronal disorders.

Previous works from different groups have shown that
OVX induces neuroinflammation (overproduction of inflam-
matory cytokines and glial activation in CNS) and/or mem-

45753 and in

ory decline, depression-like behaviors in mice,
rats.>*>% Consistently, in the present work we found that
chronic pain and memory/emotional deficits were associated
with neuroinflammation in OVX and aged female mice. This
is in line with clinical data showing that chronic pain is
present in 35.0% of the surveyed population of 1207 sub-
jects, the incidence of chronic pain is much higher in old
women.>” The incidence of depressive symptom is 32.3% in
perimenopausal and early postmenopausal women.®

A recent work shows that OVX does not induce work-
ing memory deficits and depression-like behavior in

® While in that work, the behavioral changes

mice.
were assessed around 5 weeks after OVX. In the present
work, memory function, depression-like behaviors and
neuroinflammation were evaluated 12 and 13 weeks
after ovariectomy, respectively (see Figure 1 for experi-
mental procedure). The time, at which the experiments
were performed after OVX, may contribute to different
results. Consistently, it has been shown that long-term
ovariectomy (20 weeks after OVX) but not short-term
OVX (6 weeks after OVX) results in a significant
decrease on the time spent in the open arms in the
elevated plus-maze test compared to control animals®®
and that 12 weeks after OVX mice began to develop
significant cognitive dysfunction.”® Thus, the effect of
OVX on memory/emotion may be time-dependent.

The Treatment for Menopause-Related
Chronic Pain and Memory/Emotional

Deficits
Hormone replace therapy (HRT) with estrogen is used to treat

3964 and  mood

muscular pain,® cognitive impairment
depression®® in menopause women. The HRT has been
vigorously debated, since its first use in 1940s. Earlier data
show that HRT reduces coronary heart disease and mortality,
while the later randomized trials in older women (aged >60
years) show it has no such effect (see® for a review). A recent
systematic review indicates that long-term HRT increases the
risks of thromboembolic disease, breast cancer and endome-
trial cancer, and is not indicated for prevention of cardiovas-

cular disease, dementia or deterioration of cognitive function

in postmenopausal women.®” Therefore, the benefit of HRT
for menopause symptom might be limited.

Clinical data show that IL-1 and TNF-o. in plasma elevate
in women with both OVX®® and menopause.®® Accumulative
experimental evidence has demonstrated that the overpro-
duction of these inflammatory cytokines is necessary and
even sufficient to induce chronic pain, memory decline and
mood depression in rodents.”*’*! It has been proposed that
the estrogen decline-induced neuronal disorders are mediated
by inflammation.'"* While how estrogen decline causes
inflammation in nervous system remains unclear.

In the present work, we found that both 17B-estrogen in
serum and free Mg?" in extracellular fluids (serum and CSF)
and inside DRG neurons were reduced in OVX and aged
mice. Oral L-TAMS improved Mg?" deficiency but did not
affect 17B-estrogen (Figure 11). Our previous work shows
that reducing Mg>" from 8 mM to 6 mM activates TNF-a-
NF-KB pathway in cultured rat DRG neurons.'® Importantly,
we showed that in cultured DRG neurons, 173-estrogen at a
physiological concentration (20/ng/L as measured in adult
mice, Figure 11E) but not at 5 ng/L increased intracellular
Mg®" and downregulated p-p65, TNF-a and IL-1p. 17p-
Estrogen had no anti-inflammation effect in Mg?" free cul-
ture medium (Figure 12). Together, Mg”" deficiency is cri-
tical for estrogen decline-induced upregulation of p-p65,
TNF-o and IL-1B in DRG neurons. Accordingly, normal-
ization of intracellular Mg>" may contribute to the anti-
inflammation effect by 17-estrogen. Of course, we cannot
rule out that 17B-estrogen may inhibit the neuroinflammation
and neuronal disorders with other mechanisms. Further stu-
dies are needed to clarify how estrogen decline leads to
intracellular Mg®" deficiency. Previous works show that
31% of Mg”" in the body is distributed inside cells, where
it functions as a coactivator for 600 enzymes (see** for a
review). Dysfunction of which enzyme(s) leads to neuroin-
flammation remains elusive.

As supplement Mg>" by oral L-TAMS substantially pre-
vented or reversed the chronic pain, memory decline, depres-
sion-like behaviors and the neuroinflammation in OVX and
aged mice. Therefore, supplement Mg”" may be an alterna-
tive or even better treatment for menopause symptom.

The Role of Increased Calcitonin Gene—
Related Peptide in Spinal Dorsal Horn in

Chronic Pain
The upregulation of CGRP (a marker for peptidergic
C-fiber) in spinal dorsal horn has been demonstrated in
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many animal models of chronic pain, including

% spinal cord injury,”* higher frequency

chemotherapy,’
noxious stimulation of peripheral nerve.” In the present
work, we found that CGRP also increased in spinal dorsal
horn in OVX and in aged mice. Importantly, the change is
paralleled with synaptic potentiation mediated by C-fibers
and chronic pain hypersensitivity. Interestingly, we
showed that CGRP was colocalized with p-p65, TNF-a
and IL-1B in DRG neurons, and oral L-TAMS, which
inhibits neuroinflammation, substantially prevented the
increase in CGRP. The data indicate that neuroinflamma-
tion may play a role for the change. Further studies are
needed to clarify the pathological meaning of the change
and underlying mechanisms.

The Neuron—Glia Interaction Mediated
by Proinflammatory Cytokines May
Contribute to Persistent

Neuroinflammation
It has been well established that in DRG, activation of
satellite glial cells, which closely envelop cell bodies of
sensory neurons, contributes to chronic pain by augment-
ing neuronal activity via releasing bioactive substances,
including ATP, glutamate and cytokines, such as TNF-a
and IL-1pB, and fractalkine.”® In spinal cord, TNF-a and IL-
1B released by the activated microglia and astrocytes
enhance the synaptic transmission, leading to chronic
pain.”* That is, the proinflammatory cytokines released
from activated glial cells lead to chronic pain.”
Accumulating evidence shows that TNF-o-NF-KB
pathway is activated in the neurons of DRG and dorsal
horn in many chronic pain models. TNF-a is upregulated
in DRG and spinal dorsal horn neurons in models of L5-
ventral root transection and partial sciatic nerve
transection.’”’® With the use of NF-KB reporter mice, it
has been shown that activity of NF-KB is increased in
neurons of spinal dorsal horn in response to peripheral
nerve transection.”’ The upregulation of NF-KB in DRG
neurons is important for both inflammatory pain’® and
neuropathic pain.”® With the use of in situ hybridization,
Niu et al show that Tnf-o mRNA is upregulated in the
neurons of DRG and spinal dorsal horn after coronary
artery occlusion in rats.*® Our recent works show that
TNF-a and p-p65 was upregulated in the neurons of
DRG and spinal dorsal horn in vincristine-induced periph-
eral neuropathy,'® and p-p65 was also upregulated in DRG

neurons in L5 spinal nerve ligation models of neuropathic

pain.®' In the present work, we showed that p-p65, TNF-a
and IL-p were upregulated in the neurons of DRG, spinal
dorsal horn and hippocampus, which is associated with
chronic pain and memory/emotional deficits in OVX and
aged mice. With in situ hybridization, we showed that Tnf
and I1-1 mRNAs were expressed in the neurons of DRGs
and spinal dorsal horn of OVX and aged mice. Together,
the data indicate that apart from glial cells, the neurons in
peripheral and central nervous system are also capable of
producing the proinflammatory cytokines, which may

initiate or maintain glial activation’®%

in pathological
conditions. The neuron—glia interaction mediated by proin-
flammatory cytokines may contribute to neuronal disorders
by producing persistent neuroinflammation. The inhibition
of TNF-0-NF-KB pathway in neurons may impede glial
activation by interrupting the neuron—glia interaction. This
may explain our finding that oral L-TAMS attenuated glial
activation in spinal dorsal horn and in hippocampus, while
p-p65, TNF-a and IL-1P were mainly expressed in neurons
and sparsely in glial cells in OVX and aged mice. Further
studies are needed to elucidate the mechanisms underlying

the proinflammatory cytokines activating glial cells.

The Approaches for Treating the

Inflammation-Related Chronic Diseases

Compelling evidence demonstrates that inflammation
plays a key role in many, if not all, chronic diseases.®®
However, the treatment of the inflammation remains a big
challenge in clinical practice. Inflammation has many phy-
siological functions, such as protecting the host from
infections by bacteria and viruses, and promoting tissue
repair and recovery.®”*® In nervous system TNF-o/NF-kB
signaling is important for memory storage.** Microglia
and astrocytes are crucial for regulating neuronal struc-
tures and activities’ and neurogenesis.”’ Thus, normal
inflammation response is essential. However, excessive
inflammation, such as neuroinflammation, ie, persistent
overproduction of inflammatory cytokines and glial activa-
tion play key roles in neuropathic pain,*' Alzheimer’s
disease*® and depression.*>** Therefore, the correct stra-
tagem for treating inflammation-related diseases is to bring
it back to normal level. This is difficult to achieve using
the agents that inhibit inflammatory cytokine and glial
activation. It has been shown that Mg®" deficiency con-
tributes to many inflammation-related chronic diseases,
such as hypertension, ischemic heart disease, stroke, meta-
bolic syndrome, diabetes and colorectal cancer.”? Our
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previous works show that antineoplastic agents (vincristine
oxaliplatin and cyclophosphamide) induce neuroinflamma-
tion, and chronic pain, memory decline and depression-
like behaviors via producing Mg”* deficiency.'®'? In this
present work we further showed that Mg** deficiency did
the same in animal models of menopause. Together, Mg**
deficiency plays a key role in persistent inflammation and
chronic diseases. Accordingly, supplementary Mg®" can
bring the inflammation back to but never below normal
level. We used L-TAMS to supplement Mg*", because a
previous work?® show that only L-TAMS but not other
magnesium compounds (MgCl,, Mg citrate, Mg gluco-
nate) is able to elevate Mg”" in the CSF of rats.
Increasing the plasma Mg®" by three-fold via intravenous
infusion of MgSO, does not elevate Mg*" in the CSF in
human patients.”?

Conclusion

The neuroinflammation resulting from Mg*" deficiency
contributes to the chronic pain hypersensitivity, memory
deficits
Supplementary Mg”* by chronic oral L-TAMS is effective

and emotional in OVX and aged mice.

for the attenuation of the neuroinflammation and neuronal
disorders induced by estrogen decline.
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