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Hypoxia Induces an Increase in Intracellular Magnesium via
Transient Receptor Potential Melastatin 7 (TRPM7) Channels
in Rat Hippocampal Neurons in Vitro™
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TRPM?7, a divalent cation channel, plays an important role in
neurons damaged from cerebral ischemia due to permitting
intracellular calcium overload. This study aimed to explore
whether magnesium was transported viaa TRPM7 channel into
the intracellular space of rat hippocampal neurons after 1 h of
oxygen-glucose deprivation (OGD) and acute chemical ische-
mia (CI) by using methods of the Mg>" fluorescent probe
Mag-Fura-2 to detect intracellular magnesium concentration
([Mg>*],) and flame atomic absorption spectrometry to measure
extracellular magnesium concentration ([Mg>*],). The results
showed that the neuronal [Mg>*], was 1.51-fold higher after 1 h
of OGD at a basal level, and the increase of neuronal [Mg>*],
reached a peak after 1 h of OGD and was kept for 60 min with
re-oxygenation. Meanwhile, the [Mg>*], decreased after 1 h of
OGD and recovered to the pre-ischemic level within 15 min
after re-oxygenation. In the case of CI, the [Mg>*]; peak imme-
diately appeared in hippocampal neurons. This increase of
[Mg>*]; declined by removing extracellular magnesium in OGD
or CI. Furthermore, by using Gd** or 2-aminoethoxydiphenyl
borate to inhibit TRPM?7 channels, the [Mg>*]; increase, which
was induced by OGD or CI, was attenuated without altering the
basal level of [Mg>*],. By silencing TRPM7 with shRNA in hip-
pocampal neurons, it was found that not only was the increase of
[Mg?*]; induced by OGD or CI but also the basal levels of
[Mg?*], were attenuated. In contrast, overexpression of TRPM7
in HEK293 cells exaggerated both the basal levels and increased
[Mg?*]; after 1 h of OGD/CI. These results suggest that anoxia
induced the increase of [Mg?*], via TRPM7 channels in rat hip-
pocampal neurons.

Transient cerebral ischemia results in selective death of
neurons in specific brain regions. The hippocampus is a
brain region particularly sensitive to cerebral ischemia (1).
Neuronal death in the brain results from a variety of patho-
physiological changes related to ischemia, and the mecha-
nism underlying it is mainly focused on Ca®>" overload (2).
Ca®" can gain access into cells through ion channels (3, 4)
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and Na*/Ca>" exchangers (5) and from internal stores
(endoplasmic reticulum and mitochondria) (6, 7). The best
investigated ion channels in ischemic stroke are N-methyl-
D-aspartateand amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionate receptor channels opened by glutamate, which
played key roles in excitotoxic cell death (8). Nevertheless,
clinical trials with drugs targeting these receptors have not
been effective (9-11).

Increasing evidence suggests that there may be mecha-
nisms of neurotoxicity that operate independently of or in
parallel with excitotoxicity. Much attention has been paid to
such mechanisms involving the transient receptor potential
melastatin 7 (TRPM7) channel, which is a nonselective cat-
ion channel permeable to Ca®>" and Mg>*. Suppressing
TRPM7 expression prevented ischemic neuronal death in
vitro (12) and in vivo (13). Previous results from our labora-
tory are consistent with others that have also shown the
TRPM7 channel contributes to neuronal death after ische-
mia (14). This indicates that TRPM7 is an essential mediator
of ischemic death. Although TRPM7 channels may be one of
the pathways that mediate the intracellular Ca>* overload in
anoxia conditions (15), we cannot ignore the dynamic
change and effect of Mg>™" that can also permeate through
TRPM?7 channels (16 -18).

Until recently, very little was known about the mecha-
nisms regulating cellular magnesium homeostasis, and pro-
cesses involving transmembrane transport of magnesium
had been investigated only at the functional level (19) but not
at the pathological level. Although there are a lot of possible
reasons to explain the variability in the reported efficacy of
magnesium-treated rats subjected to cerebral ischemia
(“effective” in Refs. 20, 21; “not effective” in Refs. 22, 23), the
profile of intracellular magnesium changes during ischemia
reperfusion and the possible involved mechanisms, which
may be not only related to the application of magnesium but
also may be explained by the pathology of cerebral ischemia,
remain to be defined.

TRPM7, a unique protein, termed chanzyme because it
possess a channel and a-kinase domain, has now been iden-
tified as a magnesium transporter (18). TRPM7 distributes
ubiquitously. Functional TRPM7 channels are expressed in
neuronal cells where they play important roles in brain
ischemia conditions described above. Also, magnesium ions
have been reported to permeate through TRPM7 channels in
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neurons (24). However, whether neuronal [Mg>"],% changes
during the anoxia conditions and whether TRPM7 channels
play a role in neuronal magnesium dynamic movement in
physiological or ischemic levels have never been checked.
Therefore, using the classic models of cerebral ischemia
injury in vitro, we investigated the effects of oxygen-glucose
deprivation and acute chemical ischemia on the magnesium
dynamic movement in rat hippocampal neurons and
HEK293 cells and explored the possible pathway-TRPM7
channel.

EXPERIMENTAL PROCEDURES

Cell Culture—Rat hippocampal neurons were cultured as
described previously (25). The protocol for the use of rats for
neuronal cultures was performed according to the principles of
the Animal Care Committee of Chinese Academy of Medical
Sciences.

Briefly, neonatal rats (within 1 day) were decapitated, and the
hippocampus was isolated under a dissection microscope, cut
into about 1-m® volume pieces, and incubated with 0.25% tryp-
sin/EDTA for 15 min at 37 °C. Freshly prepared DMEM/F-12
medium containing 10% fetal bovine serum (Invitrogen) was
used to end the digestion procedure. Fire-polished glass
pipettes were taken to gently triturate the tissue mass into the
cell suspension. Finally, cells were counted and plated in poly-
L-lysine-coated culture dishes or coverslips in 24-well plates ata
density of 1 X 10° cells per dish or 2 X 10° cells per well, respec-
tively. Neurons were maintained at 37 °C in a humidified 5%
CO,, atmospheric incubator. After 24 h, the culture medium
was changed totally with Neurobasal medium supplemented
with 2% B-27 (Invitrogen), and cultures were fed twice a week.
Neurons were used for the experiments between days 11 and 14
in vitro.

Human embryonic kidney (HEK293) cells, with inducible
expression of TRPM7 channels (HEK and TRPM?7 cells), were
cultured in DMEM supplemented with 10% fetal bovine serum
and antibiotics (26). For the induction of TRPM?7, the cells were
treated with 1 ug/ml tetracycline, as described previously (26).

Drugs and Solutions—The control solution ECF contained
(in mm) the following: 140 NaCl, 5.4 KCl, 2 CaCl,, 1 MgCl,, 33
glucose, 20 HEPES (pH 7.4) (adjusted with NaOH, and 320 -
335 mosm with sucrose). OGD was performed with glucose-
free ECF containing (in mm) the following: 140 NaCl, 5.4 KCl, 2
CacCl,, 1 MgCl,, 33 N-methyl-p-glucamine and 20 HEPES (pH
7.4) (320-335 mosm). Mg>"-free ECF had no added MgCl,.
Mg> " -free internal solution contained (in mm) the following:
CsCl 140, CsOH 35, HEPES 10, tetraethylammonium 2, EGTA
5, CaCl, 1 (pH 7.3) (300 mosMm). External solution contained (in
mm) the following: NaCl 140, KCl 5.4, CaCl, 1.3, HEPES 25,
glucose 33 (pH 7.4) (330 mosm). Stocks of Mag-Fura-2 ace-

3 The abbreviations used are: [Mg? "], intracellular magnesium concentra-
tion; [Mg?"1,, extracellular magnesium concentration; [Ca® "], intracellular
calcium concentration; 2-APB, 2-aminoethoxydiphenyl borate; Cl, chemi-
cal ischemia; ECF, extracellular fluid; EGFP, enhanced GFP; HEK, human
embryonic kidney; KCN, potassium thiocyanate; OGD, oxygen glucose
deprivation; Re, reperfusion; Tet(—) cells, HEK293 cells in the absence of
induced expression of TRPM7 channels; Tet(+) cells, HEK293 cells induced
expression of TRPM7 channels.
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toxymethyl ester (Mag-Fura-2/AM; Invitrogen), GdCl;, 2-APB,
nimodipin, and digitonin (Sigma) were prepared in DMSO.
Tetrodotoxin (Sigma) KCN stocks were prepared in distilled
water. All were stored at —20 °C until used. All compounds
were diluted to their final concentrations directly in the exper-
imental solution. 10 um GdCl; or 100 um 2-APB was used to
inhibit TRPM7 channels.

Oxygen-Glucose Deprivation—The cultures were transferred
to an anaerobic incubator containing 5% CO, and 95% N,
atmosphere (27). They were washed three times with 500 ul of
glucose-free ECF solution and maintained anoxic (5% CO,, 95%
N,) for 1 h at 37 °C. OGD was terminated by washing the cul-
tures with oxygenated glucose-containing ECF solution. The
cultures were maintained for a further appropriate duration at
37 °C in a humidified 5% CO, atmosphere.

Acute Chemical Ischemia—3 mM KCN was added to the glu-
cose-free extracellular solutions to mimic the state of ischemia.

Measurement of Magnesium Concentration—After 11 days
in culture, neurons were loaded with 5 um Mag-Fura-2/AM,
which is membrane-permeant, by incubation of glass coverslips
with adhered neurons for 25 min at 37 °C. After incubation, the
cells were washed three times in the recording medium at room
temperature and incubated for another 20 min for complete
hydrolysation of acetoxymethyl ester. Cells were washed and
stored in the dark at room temperature until required. Vaseline
was used to adhere the coverslip to the recording chamber. The
chamber consisted of a stainless steel carrier with a well of 0.5
ml and a center opening to hold the round coverslip. The same
protocol was applied in HEK293 cells, which were cultured to
60-70% confluence.

Single cells, loaded with Mag-Fura-2, were imaged using an
inverted fluorescence microscope equipped with a fluor X40 oil
objective (NA = 0.90) (OLYMPUS IX71, Germany). Determi-
nation of [Mg>" ], was performed using a dual-wavelength tech-
nique by using a poly-wavelength launcher (PolychromeV,
TILL Photonics, Germany). The cells were alternately illumi-
nated with light of 350 and 385 nm at a rate of 0.2 Hz with a
chopper wheel, and fluorescence emission was measured at 510
nm. Excitation scans were routinely done over an area contain-
ing 3-5 cells. Time-dependent changes in emission fluores-
cence were measured in response to excitation and recorded by
the TTVISION software.

The ratio of Mag-Fura-2 fluorescence intensities measured
with excitation at 350 and 385 nm (R 350,,3¢5) Was used as a
[Mg?*],-related signal. Basal [Mg® "], was calculated from the
basal R of Mag-Fura-2 measured at the first 60 s of each exper-
iment. Taking Mg>* -free ECF solution as a standard, all values
of the measured R were normalized to the standard R value
taken with identical optics and were converted to [Mg>"], with
the standard Equation 1,

[Mgz+]i =Kp X (R - Rmin)/(Rmax - R) (Eq. 1)
where R, and R___are the R values at zero [Mg>"], and sat-
urating [Mg>"], respectively, and K, is the dissociation
constant.

Cells were permeabilized with 10 uMm digitonin in the pres-
ence of 50 mM magnesium to obtain maximal fluorescence
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(R,,..) of the Mag-Fura-2:Mg>* complex. This was washed
once, followed by the addition of 50 mm EDTA and 20 mm Tris
buffer (pH 8.5) to determine R, values. Free Mg>" was deter-
mined as described previously (28, 29) using a K, of 1.45 mum for
the Mag-Fura-2-Mg>" complex. R ., = 0.86and R, = 0.268.

Flame Atomic Absorption Spectrometry—We used a Varian
AA240FS fast sequential atomic absorption spectrometer. 50 ul
of extracellular liquid according to groupings were collected
and diluted with 0.25% strontium chloride into 5 ml for further
analysis by a fast sequential atomic absorption spectrometer.
All reagents used were of analytical grade and were purchased
from Merck. All containers were soaked with 20% nitric acid,
rinsed with water, and then dried in a clean room for later use.

RNA Interference—Lentiviruses carrying short hairpin RNA
(shRNA)-EGFP for silencing rat TRPM7 were synthesized and
packaged by GeneChem Inc. Sequences identical to rat TRPM7
(GenelD 679906) but that do not match other sequences in
GenBank™ were used. The DNA target sequences of the
annealed double strand shRNA that we used were as follows:
5'-AACCGGAGGTCAGGTCGAAAT-3". shRNA, with a non-
silencing oligonucleotide sequence (nonsilencing shRNA)/
EGFP that does not recognize any known homology to mam-
malian genes, was also generated as a negative control. Cells
were seeded at a density of 2 X 10°,5 X 10% or 1 X 10* cells/well
in 6-well plates, coverslips in 24-well plates, or 96-well plates
and grown in 2, 0.5, or 0.1 ml of Neurobasal medium supple-
mented with 2% B-27 medium, respectively. We got the multi-
plicity of infection (the appropriate ratio of the number of len-
tivirus to cells) value of lentivirus carrying shRNA from the
preliminary experiment. Briefly, 5 or 6 days after culture, cells
seeded equivalently in the 96-well plates were infected with differ-
ent concentrations of lentivirus carrying shRNA. 12 h later, the cell
medium was changed to freshly prepared medium. After 3 or 4
days, the fluorescence of the EGFP was detected by an inverted
fluorescence microscope (Olympus IX71, Germany) to choose the
best lentivirus concentration for infection. The multiplicity of
infection value of sShARNA/TRPM?7 and shRNA/control lentivirus
was 10. Then 2 X 10° or 5 X 10° transducing units of lentivirus
were added to cells seeded in 6-well plates (containing 1 ml of
culture medium) or coverslips in 24-well plates (containing 0.5 ml
of culture medium). After mixing gently, the cell medium was
changed to freshly prepared medium in 8 -12 h. 3 or 4 days later,
an inverted fluorescence microscope was used to detect the infec-
tion efficiency of the lentivirus. Gene silencing of TRPM7 was
monitored at the mRNA and protein levels by RT-PCR and West-
ern blot, respectively.

RT-PCR—Expression of the TRPM?7 gene was studied by RT-
PCR. Primers for rat TRPM7 are detailed in the Table 1. Total
RNA was extracted from cells (TRIzol reagent). RT-PCRs were
performed by the RT-PCR kit (ReverTraAce Dash™, Toyobo,
Japan) according to the manufacturer’s instructions. Two
microliters of the resulting cDNA mixture was amplified using
specific primers (Table 1). TRPM7 amplification by PCR was
done as follows: 95 °C for 3 min, 30 cycles of 95 °C for 60's, 55 °C
for 40's, 72 °C for 60 s, and extension for 10 min at 72 °C. Glyc-
eraldehyde-3-phosphate dehydrogenase amplification by PCR
was done as follows: 95 °C for 3 min, 30 cycles of 94 °C for 30 s,
57 °C for 30 s, 72 °C for 45 s, and extension for 10 min at 72 °C.

min
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TABLE 1
Primer sequence for TRPM7, G3PDH amplification by RT-PCR in rat

S indicates sense; AS indicates antisense. G3PDH is glyceraldehyde-3-phosphate
dehydrogenase.

Rat Primer sequence Predicted size
bp
TRPM7 (S) 5'-CTGAAGAGGAATGACTACAC-3’ 660
(AS) 5'-ACAGGGAAAAAGAGAGGGAG-3' 660
G3PDH  (S) 5'-TTGTTGCCATCAACGACCCC-3’ 435

(AS) 5'-ATGAGCCCTTCCACAATGCC-3' 435

Amplification products were electrophoresed on 1.5% agarose
gel containing Glodview (0.5 pg/ml). Bands corresponding to
RT-PCR products were visualized by UV light and digitized
using YLN2000 gel imaging scanning system (Beijing YLN
Inc.). Band intensity was quantified using the Quantity One
(Bio-Rad) software.

Immunoblotting—Total protein was extracted from neurons
as we described previously (14). Briefly, cells were washed with
cold PBS and then harvested in lysis buffer containing 0.1%
SDS, 50 mMm Tris (pH 7.4), 150 mm NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 1% Triton X-100, 1% deoxycholate, 1
mmol/liter phenylmethylsulfonyl fluoride (PMSF). Cells were
disrupted by brief sonication. After centrifugation at 12,000 X g
at 4 °C for 30 min, the lysates were collected. The aliquots were
then mixed with Laemmli sample buffer, boiled at 100 °C for 5
min, and then placed into the ice immediately to make the pro-
tein degenerate. The samples were resolved by 7.5% SDS-
PAGE, followed by electrotransfer to polyvinylidene difluoride
membranes. Nonspecific binding sites were blocked with 5%
skim milk in Tris-buffered saline solution with Tween (TBS-T)
(1 h at room temperature). For visualization, membranes were
incubated with anti-TRPM?7 antibody (1:200; Alomone Inc.,
Israel) and B-actin (1:4000; Santa Cruz Biotechnology) in TBS-
T/milk at 4 °C overnight with agitation. Washed membranes
were incubated with horseradish peroxidase-conjugated sec-
ond antibody (1:8000; Cell Signaling) in TBS-T/milk (1 h at
room temperature) and an ECL kit (GE Healthcare). The inten-
sity of the protein band was densitometrically quantified using
Quantity One (Bio-Rad) software.

Immunocytofluorescence—Cells seeded on the coverslips
were gently washed twice with PBS pre-heated to 37 °C and
fixed with cold 4% paraformaldehyde for 20 min. After cells were
washed three times with PBS for 15 min, 10% Triton X-100 was
added to rupture the cell membrane for 10 min. Again, cells were
washed by PBS for 15 min; 5% bovine serum albumin was used to
block the nonspecific binding sites for another 40 min. The cells
were then incubated with goat polyclonal TRPM7 antibody (1:100;
Santa Cruz Biotechnology) or normal goat IgG as negative control
in 5% bovine serum albumin at 4 °C overnight. Washed cells were
incubated with rhodamine-conjugated second antibody (1:100;
Cell Signaling) in 5% bovine serum albumin (37°C, 1 h) and
Hoechst 33258 (10 pg/ml, Invitrogen) at room temperature for 10
min. Zeiss double-photon fluorescence microscope (Zeiss 510
Meta, Germany) was used to detect the fluorescence. EGFP, rho-
damine, and Hoechst 33258 were excited by light of 488,543,405
nm and fluorescence emission was measured at 514,640,477 nm,
respectively.

Whole Cell Patch Clamp—The whole cell patch clamp record-
ing was performed as described previously (25). 3—4 days after
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A Intracellular magnesium concentration after OGD 1hour
re-oxygen different time course in hippocampal neurons

B Extracellular magnesium concentration after OGD 1hour
re-oxygen different time course in hippocampal neurons
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FIGURE 1. Extracellular magnesium moving inside induced [Mg?*]; increased in rat hippocampal neurons in oxygen-glucose deprivation/reperfu-
sion. A, summary bar graph showing the [Mg?*]; of 1 h OGD following a different reperfusion time course. Neurons seeded in coverslips in 24-well plates were
loaded by Mag-Fura-2 in the normal condition (n = 72, randomly detected cell number from four separate experiments) and after 1 h OGD (65), 1 h OGD and
Re 15 min (49), 30 min (62), and 60 min (61) and 6 h (74), 12 h (68), and 24 h (84) to test [Mg* "], Data on the ordinate were the average [Mg?*]; of each group
expressed as means = S.E. * represents having a significant difference (p < 0.05) compared with the normal group; # represents having a significant difference
(p < 0.05) compared with 1 h OGD. B, summary bar graph showing the [Mg?*1, of 1 h OGD following a different reperfusion time course. The extracellular liquid
(500 wl/24-well plates) was acquired before OGD and immediately after 1 h OGD, 1 h OGD and Re 15,30, and 60 min and 6, 12, and 24 h to test [Mg® "1, (four samples
per group, repeated three times). Data on the ordinate are the average [Mg?*], of each group expressed as means =+ S.E. * represents having a significant difference
(p < 0.05) compared with the normal group. C, summary bar graph showing the [Mg?*1; change when removing extracellular magnesium before 1 h OGD. Randomly
detected neuron numbers from each group are about 40 from three separate experiments. * represents having significant difference (p < 0.05) compared with the

normal ECF group; # represents having significant difference (p < 0.05) compared with the glucose-free ECF group in OGD.

transfection, hippocampal neurons were set on the stage of the
microscope at room temperature using an Axopatch 700B ampli-
fier (Axon Instruments, Union City, CA). Patch electrodes were
fabricated from borosilicate capillary tubing using a PUL-2 (WPI)
micropipette puller. The resistance was around 3—-5 megohms
when filled with Mg>" -free internal solution. Cells were bathed in
external solution. Currents were filtered at 2 kHz digitized at 10
kHz by using a Digidata 1440 data acquisition system (Molecular
Devices). According to the previous work, 1 mm tetrodotoxin and
5 mm nimodipine were used to block voltage-gated Na™ and Ca®*
channels. TRPM7-like current was generated with a 2-s voltage
ramp from —100 to +100 mV, and the holding potential was set at
—60 mV, unless otherwise indicated.

Statistical Analysis—Data were expressed as means = S.E.
Groups were compared using one-way analysis of variance fol-
lowed by Dunnett’s test or unpaired Student’s ¢ test as appro-
priate. p < 0.05 was regarded as statistically significant.

RESULTS

OGD or CI Induces the Increase of Mag-Fura-2 Fluorescence
Intensity That May Reflect [Mg”"], in Rat Hippocampal
Neurons—We first examined whether OGD/reperfusion or CI,
which mimics the condition of brain ischemia (12, 27), affects
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the intracellular magnesium in cultured rat hippocampal neu-
rons using a magnesium indicator Mag-Fura-2. For finding the
time window when [Mg®*]; was altered in OGD/reperfusion,
groups were divided into normal, 1 h OGD, 1 h OGD/reperfu-
sion 15 min (1 h OGD and Re 15 min), 1 h OGD and Re 30 min,
1h OGD and Re 60 min, 1 h OGD and Re 6 h, 1 h OGD and Re
12 h,and 1 h OGD and Re 24 h. As shown in Fig. 14, [Mg>*],
in hippocampal neurons changed from basal level 0.49 *
0.005 mM (calculated from 72 cells) to 0.74 = 0.01 mm after
1h OGD (p < 0.05). The increase lasted for a further 60 min
within reperfusion. When neurons were reperfused for 30
min following 1 h OGD, the [Mg>"], increase was on the
decline but still above the basal level. Neuronal [Mg>*],
recovered to normal after cells were reperfused for 6 or 12 h
following 1 h OGD. Conversely, [Mg>"], in neurons was
0.46 = 0.005 mwm, slightly below the basal level after cells
were reperfused for 24 h (p < 0.05).

Involving CI, 3 mm KCN was added when Mag-Fura-2 fluo-
rescence was stable for a time (about 120 s) to reflect the basal
level of [Mg®"],. The 120-s Mag-Fura-2 fluorescence images
were the images taken prior to the addition of KCN in Fig. 2A.
Drugs were added at 120 s, which was signaled by computer, but
the operation usually took less than 10 s. A sharp peak was
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detected as soon as KCN was added and then disappeared
immediately in ~20 s, as shown in Fig. 2B. The rate of increase
(Ripcrease) Was calculated by Equation 2, and the R, c.ce Of
[Mg®*],in the chemical ischemia was 101.39 = 5.74% (Fig. 2C).
The results suggest that oxygen-glucose deprivation/reperfu-
sion or acute chemical ischemia induces the increase of
[Mg**],, which reflected by Mag-Fura-2 fluorescence intensity

in naive rat hippocampal neurons.
Rincrease = (peak[Mg?*1; — basal[Mg?*1,)/basal[Mg?*]; X 100%
(Eq.2)

Increased [Mg”" ], Partially Originated from the Extracellular
Magnesium in Neurons—We next examined whether the
increased [Mg”*],in 1 h OGD and CI originated from extracel-
lular magnesium in rat hippocampal neurons. As direct proof,
we detected magnesium concentration contained in the extra-
cellular liquid during the different time course after 1 h OGD
corresponding to the previous grouping using flame atomic
absorption spectrometry. The results (Fig. 1B) showed that
[Mg>"], decreased from 15.29 = 0.25 to 13.72 = 0.21 pg/ml
(p < 0.05) after 1 h OGD. When cells were reperfused for 15
min following 1 h OGD, [Mg®"], returned to the basal level,
which did not correspond to the outcome of [Mg>*],. [Mg>*],
was maintained in the basal level for 12 h within reperfusion.
Matching the changing [Mg>*], [Mg®"], was increased to
18.25 * 0.38 ug/ml (p < 0.05) after cells were reperfused for
24 h. 1 h OGD group was chosen to conduct the following
experiments because both [Mg>"], and [Mg>"], changed the
most and correspondingly. To confirm whether and how
extracellular magnesium contributes to the increase of
[Mg?*],in 1 h OGD, we removed the magnesium from extra-
cellular liquid before OGD. As shown in Fig. 1C, removing
extracellular magnesium did not affect the base-line inten-
sity of Mag-Fura-2 but attenuated the increase of [Mg® "], by
40.88% from 0.71 = 0.007 to 0.62 = 0.02 mm (p < 0.05),
which was also above the basal [Mg>"], level. Similarly, by
taking magnesium away from the extracellular liquid before
3 mm KCN was added, the basal level of [Mg®"], was not
altered, but the R, ... of [Mg®>*], was reduced by 39.52%
from 101.39 * 5.74 to 61.32 = 3.50% (Fig. 2C, p < 0.05).
These results suggest 1 h OGD or CI caused extracellular
magnesium to move across the plasma membrane into the
intracellular space in hippocampal neurons.

Down-regulation or Inhibition of TRPM7 Attenuates the
Increase of [Mg>™ |, in OGD or CI in Neurons—To further verify
our hypothesis that TRPM7 channels contribute to magnesium
accumulation induced by OGD/Cl in neurons, lentivirus carry-
ing TRPM7 shRNA/EGFP was used to determine whether
knocking down the expression of TRPM7 channels reduces the

increased [Mg”*],in 1 h OGD and CI. As shown in Fig. 3, D and
E, cells infected with lentivirus carrying TRPM7-shRNA/EGFP
(ShRNA-TRPM7 neurons as brief) for 3-4 days reduced
TRPM?7 in mRNA and protein levels by ~60% (p < 0.05) as
compared with cells infected with control/EGFP lentivirus
(shRNA-control neurons as brief). We also examined the
effect of ShARNA on TRPM7 expression in neurons with
immunocytofluorescence. With specific TRPM7 antibody
(Fig. 3B), the overall staining of TRPM?7 is weaker in the
shRNA-TRPM7 neurons (Fig. 3C) versus shRNA-control
neurons. The expression of TRPM7 mRNA or protein was
reduced by 53.61 * 2.53% (p < 0.05) or 42.67 £ 5.03% (p <
0.05) using shRNA aimed at TRPM?7, respectively (Fig. 3, D
and E). Silencing TRPM?7 reduced not only the basal [Mg>"],
but also the increased [Mg>*], caused by 1 h OGD, but add-
ing control/EGEFP lentivirus had no effect on both basal and
increased [Mg®*],. As shown in Fig. 44, basal [Mg®"], was
decreased by 14.77% from 0.51 = 0.05 t0 0.43 = 0.01 mm (p <
0.05), and increased [Mg> "], caused by 1 h OGD was reduced
by 24.64% from 0.72 = 0.02 to 0.57 = 0.02 mm (p < 0.05) in
shRNA-TRPM7 neurons. In the other ischemic model CI,
when 3 mm KCN was added, the R, ... of [Mg>"], in
shRNA-TRPM7 neurons was lowered by 25.85% from
100.89 = 1.69 to 76.70 £ 1.44% (Fig. 4D, p < 0.05). There was
no obvious change in R, .. Of ShRNA-control neurons.
These results implied that TRPM?7 is involved in intracellu-
lar magnesium accumulation induced by 1 h OGD or CI in
neurons.

Consistent with an involvement of TRPM7 channels, addi-
tion of Gd*" and 2-APB, nonspecific inhibitors of TRPM7
channels (12, 30, 31), compared with addition of DMSO,
attenuated Cl-induced [Mg?"]; increase by 20.68 and 19.9%,
respectively (Fig. 5E). These two drugs did not influence the
base line of [Mg®*],. The effect of TRPM7 inhibitors was also
detected in the OGD model. As shown in Fig. 54, by adding
2-APB, the basal [Mg®*], was not altered but the increased
[Mg>"], caused by 1 h OGD was reduced by 18.67% from
0.72 £ 0.01 to 0.68 = 0.01 mMm (p < 0.05). Corresponding to
the change of [Mg®*], [Mg®>"], tested by flame atomic
absorption spectrometry was increased from 13.53 = 0.20 to
14.46 + 0.17 pg/ml (p < 0.05) after the addition of 2-APB
after 1 h OGD (Fig. 5B). The results suggest that TRPM7
channels playanimportantroleinthe magnesiumionhomeo-
stasis and [Mg?"], increase induced by 1 h OGD/CI in rat
hippocampal neurons.

TRPM7 shRNA Reduced TRPM7-like Current—We used
whole cell patch clamp to examine the effect of sShARNA on
TRPM?7-like current in neurons. We first tested TRPM?7-like
currents (I1gpy) in control hippocampal neurons. As in Fig.

FIGURE 2. Extracellular magnesium moving inside induced [Mg>*];increased in rat hippocampal neurons in acute chemical ischemia. A, representative
images showing changes of Mag-Fura-2 fluorescence induced by Cl at the conditions indicated. KCN was added at 120 s. The 120-s Mag-Fura-2 fluorescence
images were the images taken prior to the addition of KCN in A. Drugs were added at 120 s, which was signaled by computer, but the operation usually took
less than 10 s. The bar in the right corner represents 50 um. B, representative traces showing time-dependent changes of Mag-Fura-2 fluorescence that
were converted to [Mg?"],. KCN was added at 120 s as the arrow directed when Mag-Fura-2 fluorescence was stable. Each trace represents an average
fluorescent intensity from randomly selected 10-11 cells in an experiment. C, summary bar graph showing the [Mg?"]; at the 130-s time point in the
different conditions indicated. n = 30-42 cells from three independent experiments. * represents having a significant difference (p < 0.05) compared

with glucose-free ECF group.
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FIGURE 3. Silencing TRPM7 with shRNA down-regulates the expression of TRPM7. A shows the infection efficiency of lentivirus carrying shRNA-EGFP/
TRPM7 and shRNA-EGFP/Control. Hoechst 33258 was used to dye the cell nucleus. shRNA/TRPM7 lentivirus could infect ~60% neurons, whereas shRNA/
control infected ~80%. The bar in the right corner represents 100 um. B shows the specificity of TRPM7 antibody. The upper and lower images represent cells
stained with goat polyclonal TRPM7 antibody and normal goat IgG, respectively. The bar in the right corner represents 25 um. C shows the effect of shRNA on
TRPM?7 expression in neurons with immunocytofluorescence. The bar in the right corner represents 50 um. D shows the effect of ShRNA on TRPM7 in mRNA
levels using RT-PCR (averaged from five independent experiments). The mRNA of TRPM7 was reduced by 53.61 *+ 2.53% using shRNA aimed at TRPM?7.
* represents having significant difference (p < 0.05) compared with the normal group. E shows the effect of shRNA on TRPM7 in protein level using Western
blotting (averaged from three independent experiments). TRPM7 expression was reduced by 42.67 * 5.03% shRNA aimed at TRPM7. * represents having

significant difference (p < 0.05) compared with the normal group.

6A, I rxpno exhibited outward rectifying characteristics with
low Ca®>* and no added Mg>" solution when divalent cation-
free solution was applied, and the inward component was pref-
erentially enhanced over the outward component, so rectifica-
tion of I1rpy- Was almost abolished. Substitution of NaCl by
equimolar choline chloride in bath solution drastically reduced
the enhanced inward current, which suggests the existence of
Na" influx in the absence of external Mg?" and Ca®". We next
examined the role of Gd*>", which was found to inhibit the
TRPM7-mediated current. Fig. 6B shows relative currents
recorded in the presence or absence of external divalent cat-
ions. Both inward and outward components of Irppny Were
markedly enhanced in the absence of divalent cations com-
pared with the current in the presence of external divalent ions
(26.42% at +100 mV and 839.47% at —100mV, n = 5, p < 0.05),
and perfusion with Gd®>* (10 wmol/liter) in the absence of diva-
lent cations obviously suppressed the inward current by 26.42%
and outward current by 73.57% (n = 5, p < 0.05). We then
compared current density between neurons treated with
ShRNA(, ;o1 20d SARNA [z pr With low Ca®™, no added Mg ™"
bath solution. RNA interference of TRPM7 suppressed I1zppio
without altering its outward rectification characteristic as in
Fig. 6C; the inward and outward components of I py - in cells

20200 JOURNAL OF BIOLOGICAL CHEMISTRY

interfered with shRNA [zpry (7 = 9) and decreased 57.3%
(—5.84 *= 043 for shRNA_ ., versus —249 £ 0.74
for SARNA 1 pparr, p < 0.05) and 73.17% (67.44 + 9.60 for
ShRNA 1,01 versus 18.09 * 4.29 for shRNA.[zpre7, p < 0.05),
respectively, compared with those infected with shRNA
(Fig. 6D, n = 4).

Overexpression of TRPM?7 Channels Enhances the Increase of
[Mg®" ], in OGD/CI in HEK293 Cells—To provide further evi-
dence supporting the contribution of TRPM7 channels to mag-
nesium accumulation in 1 h OGD/CI, we investigated if chang-
ing the expression level of TRPM7 channels influences the
[Mg?*],increase induced by OGD/CI. Magnesium imaging was
performed in HEK293 cells. We used HEK293 cells with induc-
ible expression of TRPM7 channels (26, 31). The expression of
TRPM7 protein in HEK293 Tet(+) cells was 1.58-fold more
than Tet(—) cells (p < 0.05) (Fig. 7A). As shown in (Fig. 7C), in
the absence of induced expression of TRPM7 channels (Tet(—)
cells), [Mg>*], increased from the basal level 0.41 * 0.01 to
0.49 = 0.01 mm (p < 0.05) after 1 h OGD. However, when
overexpression of TRPM?7 channel was induced by adding tet-
racycline (Tet(+) cells), the basal level of [Mg>*], of HEK293
cells increased to 0.51 £ 0.01 mM (p < 0.05) and was further
raised to 0.56 = 0.01 mm (p < 0.05) after 1 h OGD. Following

control
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FIGURE 4. Silencing TRPM7 with shRNA attenuates the increase of [Mg>*];in 1 h OGD or Cl in neurons. A, summary bar graph showing the [Mg?*];in
TRPM7-shRNA neurons or control shRNA neurons in normal or 1 h OGD conditions. Randomly detected neuron number of each group is about 32-50 from
three separate experiments. * represents having significant difference (p < 0.05) compared with the normal group; # represents having significant difference
(p < 0.05) compared with the normal + shRNA TRPM7 group; A represents having significant difference (p < 0.05) compared with the 1 h OGD group.
B, representative images showing changes of Mag-Fura-2 fluorescence induced by Cl in shRNA-TRPM7 neurons or shRNA-control neurons. KCN was added at
120 s. The 120-s Mag-Fura-2 fluorescence images were the images taken prior to the addition of KCN. The bar in the right corner represents 50 um. C, repre-
sentative traces showing time-dependent changes of Mag-Fura-2 fluorescence, which was converted to [Mg?*1,, KCN was added at 120 s as the arrow directed
when Mag-Fura-2 fluorescence was stable. Each trace represents an average fluorescent intensity from randomly selected 9-14 cells in an experiment.
D, summary bar graph showing the [Mg?*]; at the 130-s time point in the different shRNA neurons indicated. n = 38-52 cells from three to four independent
experiments. * represents having significant difference (p < 0.05) compared with Cl group.

addition of KCN to mimic the acute ischemia, the R, ase Of
Tet(—) cells was 36.73 * 1.69% and the R, ... of Tet(+) cells
was lowered by adding Gd** or 2-APB (Fig. 7F). Addition of
Gd*®" or 2-APB did not affect the base-line fluorescence of
Mag-Fura-2 (data not shown). The [Mg>" ], peak disappeared in
~100 s, which was five times longer than that of hippocampal
neurons. These outcomes suggest that the level of [Mg®"], is
largely determined by the level of TRPM7 channel expression
in the physical condition or OGD/CI, further supporting a role
of TRPM7 channels in an OGD/Cl-induced [Mg”*]; increase in
HEK293 cells. We also observed extracellular Zn>* concentra-
tion in hippocampal neuron cultures reduced after 1 h OGD
and increased after 24 h of reperfusion (data not shown), which
was consistent with others that overexpression of TRPM7

“BSEMEN
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channels in HEK293 cells increased intracellular Zn?" accumu-
lation (31).

DISCUSSION

Magnesium, the second most common intracellular cation
and the most abundant intracellular divalent cation (32-34),
has been shown to be neuroprotective in several experimental
models of ischemic and excitotoxic brain injury (20, 21). How-
ever, other studies have failed to detect a neuroprotective effect
of magnesium (22, 23). The explanation about this controver-
sial outcome includes the different doses, forms of magnesium
administration, various models of cerebral ischemia, individual
diversity of animals, etc. (22). However, magnesium was applied
to brain ischemia, and it will certainly affect the intracellular
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FIGURE 5. Inhibiting TRPM7 attenuates the increase of [Mg>"]; in OGD/reperfusion or Cl in neurons. A, summary bar graph showing [Mg?*]; change in
addition to 2-APB before 1 h OGD. 2-APB was added before 1 h OGD and thus affected the whole OGD process. n = 39-49 randomly selected neurons from
three separate experiments. * represents having significant difference (p < 0.05) compared with normal group; # represents having significant difference (p <
0.05) compared with 1 h OGD group. B shows [Mg?*], change in addition to 2-APB before 1 h OGD (four samples per group and repeated three times).
* represents having a significant difference (p < 0.05) compared with the normal group; # represents having significant difference (p < 0.05) compared with
the 1 h OGD group. C shows the typical images of neurons loaded by Mag-Fura-2 in three time phases of Cl in addition of 2-APB or Gd**. 100 um 2-APB or 10
M Gd®* was added at 50 s when fluorescence of Mag-Fura-2 was stable following KCN at 100 s. The 100-s Mag-Fura-2 fluorescence images were the images
taken prior to the addition of KCN. The bar in the right corner represents 50 um. D, representative traces showing time-dependent changes of Mag-Fura-2
fluorescence that were converted to [Mg?"]; in addition of 2-APB or Gd** during ClI. 100 um 2-APB or 10 um Gd*>" was added at 50 s when fluorescence of
Mag-Fura-2 was stable following KCN at 100 s as the arrow directed. Each trace represents an average fluorescent intensity from randomly selected 10-12 cells
in an experiment. £, summary bar graph showing the [Mg?*]; at the 110-s time point in the different conditions indicated. n = 34-46 cells from an independent
experiment that was repeated four times. * represents having significant difference (p < 0.05) compared with the Cl group.
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density of SARNATRPM?7 treated neurons versus control (n = 9 for ShRNA o1 N = 4 for sShRNAgpm7; ¥, p < 0.05).

magnesium. So, it is very necessary to research the intracellular
magnesium dynamic pattern in cerebral ischemia. Because of
the complicated impact that exists in vivo, we chose cultured
primary hippocampal neurons, which were reported highly
sensitive to anoxia (1), to carry out the experiments. We
detected the [Mg*"], in neurons by loading cells with Mag-
Fura-2/AM fluorescent dye. It showed that the basal level of
[Mg?*], was 0.49 *+ 0.005 mm (n = 72), which is similar to other
reports (29, 35, 36). [Mg®"],is 1.51-fold as high as the basal level
after 1 h of OGD. The increase achieved the peakjustafter 1 h of
OGD and was kept on for 60 min within reperfusion. Con-
versely, [Mg>"], in neurons decreased slightly below the basal
level after cells were reperfused for 24 h. Following addition of
KCN, the [Mg>*], peak (increasing rate is 101.39 = 5.74%)
immediately appeared. Both results told us that there may be a
Mg>™" overload inside the neurons induced by hypoxia. It had
been reported that depolarization triggers an intracellular mag-
nesium surge in cultured dorsal root ganglion neurons (37),
which supported our research because hypoxia may induce cel-
lular potential depolarization (2). There are still a lot of studies
about the [Mg>*], change in traumatic brain injury (38) show-

JUNE 10,2011 +VOLUME 286+NUMBER 23

ing the sustained decline in intracellular free magnesium con-
centration, which may be due to the different pathological pro-
cesses between these two kinds of brain injury, which await
clarification.

Intracellular magnesium is tightly regulated by precise con-
trol mechanisms at the level of magnesium entry, magnesium
efflux (28, 29, 39), intracellular buffering (40, 41), and compart-
mentalization (42, 43). Therefore, we further tested [Mg**], of
different reperfusion phases after 1 h OGD. What we found was
that [Mg®"], decreased only after 1 h OGD and recovered to the
pre-ischemic level within 15 min after reperfusion. Similar
research carried out in vivo (44) showed that [Mg> "], signifi-
cantly decreased to 41% of base line during cerebral ischemia
and gradually returned to 67% of base line after 60 min of rep-
erfusion. These results corresponded to our [Mg>"], changing
rule but were not consistent with the [Mg>"], changing rule in
the reperfusion part. This may be affected by some other ele-
ments in vivo, such as glia cells, humoral factors, etc., which
need to be clarified. The outcome here implied the [Mg>*],
accumulation after 1 h OGD partially originated from [Mg>*],,
and accumulation within 60 min after reperfusion may mainly
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resulted from the mechanisms inside the neurons as follows:
depletion of intracellular ATP/GTP (40) and release from mito-
chondrion (43) induced by anoxic insults, etc. To further con-
firm, we removed extracellular magnesium and found the
[Mg>"], increase after 1 h OGD declined by 40.88% and the
[Mg>"], peak in CI by 39.52%. The results suggest that
the increase by about 40% of the [Mg>"], after 1 h OGD/CI was
contributed from the extracellular Mg

Subsequently, we focused on 1 h after OGD injury in ways in
which the magnesium ions cross the neuronal cell membrane
from the extracellular into the intracellular space. Transporters
and exchangers that have been implicated in Mg>" transport
through the membrane include the following: Na™-Mg>* and
Ca?"-Mg?* exchangers mainly for efflux of Mg?" (45, 46); the
human solute carrier family 41, members 1 and 2 (SLC41A1
and SLC41A2) (47, 48); ancient conserved domain protein 2
(ACDP2) (49); and magnesium transporter 1 (MagT1) (50),
TRPM6, and TRPM?7. With respect to the impressive involve-
ment of TRPM?7, the latest cerebral ischemia research, and the
importance of TRPM7 in regulating intracellular Mg>* homeo-
stasis and [Mg®" ], in a cell-specific manner (51, 52), we decided
to see whether TRPM7 attends the magnesium dynamic
change in 1 h OGD/CL. Silencing TRPM7 with shRNA in neu-
rons decreased the basal [Mg>*], by 14.77%, the increase of
[Mg?*], (OGD) by 24.64%, and the peak of [Mg>"], (CI) by
25.85%, respectively. Addition of Gd*" or 2-APB, inhibitors of
TRPM?7 channels, attenuated the Cl-induced [Mg> "], increase
by 20.68 and 19.9%, respectively, which did not affect basal
[Mg>"],. [Mg>"], caused by 1 h OGD was reduced by 18.67%
adding 2-APB before OGD. These outcomes suggest that about
one-fourth of [Mg**], accumulation is attributed to TRPM?7
channels that provide access to extracellular magnesium mov-
ing inside. We found the different effects to basal [Mg>*],
between using silencing TRPM?7 protein and the TRPM7 chan-
nels inhibitors. The possible reasons may be from two major
possibilities. One is the inhibiting efficiency of these two non-
specific inhibitors of TRPM7 channels. Their decreasing effi-
ciency for increased [Mg® "], induced by OGD/CI is also lower
than that of silencing the TRPM7 protein. The other is that the
inhibition of Gd*" or 2-APB is mainly on the TRPM7 channels,
whereas silencing the TRPM7 protein is silencing the entire
protein, channels, and «-kinase. It had been reported that the
kinase domain of TRPM7 may mediate the regulation of the
channel functions of TRPM?7 (51, 53).

As further support, overexpression of TRPM7 in HEK293
cells exaggerated both the basal and increased [Mg> "], after 1 h

OGD/CL It is believed that TRPM?7 contributes to the magne-
sium transmembrane movement in physical homeostasis
maintenance and anoxia conditions to a certain extent in hip-
pocampal neurons and HEK293 cells. Not only in these two
cells, there are also data supporting TRPM7-mediated Mg>™"
influx in cardiovascular and epithelial cells (55).

Mag-Fura-2 is widely used in [Mg>"], measurements (29, 35,
37), although Mag-Fura-2 responds to high levels of intracellu-
lar Ca®>* (56, 57). So we must carefully distinguish the effects of
these two ions. The dissociation constant of Mag-Fura-2 for
Ca®* is ~30 uM (58), and the maximum value of [Ca®>*], during
cerebral ischemia is lower than 0.2 uMm in neurons that had been
reported (12, 29, 59). The correction of [Mg>"], for binding of
Ca®* to Mag-Fura-2 represents <50 um [Mg®*]; (60). In our
studies, the [Mg®*], changed from 0.4 to 1.2 mmM. As a result, it
seems unlikely that the present [Mg**], signals were due to the
[Ca*"], increase in the OGD/CI.

[Ca®"], had also been detected to increase extensively during
ischemic insults. The profile of [Ca®>"], dynamic changes com-
monly observed was that [Ca®*]; increased at the very begin-
ning of OGD, and the increase lasted during the whole anoxia
process and recovered to pre-ischemic levels within a short
time (about 10 min) after reperfusion (12, 59). The different
time phase of these two important cations implied there may be
some kind of interaction. It has been reported that glutamate
caused a large increase in [Mg®"]; through a Ca®" influx in
cerebral neurons (29), and an intracellular Mg>" surge followed
Ca®" increase during depolarization in cultured neurons (37).
According to the time window differences and the reports
above, itis accepted that [Ca® "], overload may contribute to the
[Mg**], overload to a certain degree in OGD/CI and that needs
our further investigation. Moreover, magnesium is an impor-
tant modulator of [Ca®"]; through its negative modulatory
effects on numerous Ca>* channels (L-type, T-type, store-op-
erated, and calcium release-activated Ca®>" channels) by influ-
encing Ca”>"-ATPase activity, ryanodine receptors, and mobi-
lization of intracellular Ca*>* reticular stores (61, 62). It may
explain why that [Ca®"], overload declined just after [Mg**],
mostly increased.

TRPM?7 protein consists of an ion channel, containing a mag-
nesium-permeable pore, fused to a kinase domain at the COOH
terminus, and it is thus termed a “chanzyme” (16, 17). The char-
acter of these channels, which are Mg®" -permeable and Mg**
is sensitively inhibited at the same time (63), provides impor-
tant feedback regulating the mechanism of magnesium homeo-
stasis. This may be part of the reason why [Mg>" ], recovered so

FIGURE 7. Overexpression of TRPM7 channels enhances the increase of [Mg>*]; that is regulated by Gd** in 1 h OGD/Clin HEK293 cells. A shows TRPM7
overexpression by Western blotting using anti-HA or anti-TRPM7 as the primary antibody in HEK293 Tet(—) cells or Tet(+) cells. Adding 1 ng/ml tetracycline
24 h before 1 h OGD/Clinduced overexpression of TRPM7 expression. The expression of TRPM7 protein in HEK293 Tet(+) cells was 1.58-fold more than Tet(—)
cells. * represents having a significant difference (p < 0.05) compared with the Tet(—) group. B shows the typical images of HEK293 Tet(—) cells or Tet(+) cells
loaded by Mag-Fura-2 pre- and post-OGD as indicated. The bar in the right corner represents 50 um. C, summary bar graph shows [Mg?*1; change after 1 h OGD
in HEK293 Tet(—) cells or Tet(+) cells. n = 140-153 randomly selected cells from three independent experiments. * represents having significant difference
(p < 0.05) compared with normal Tet(—) group; # represents having significant difference (p < 0.05) compared with 1 h OGD Tet(—) group. D shows the typical
images of HEK293 Tet(—) cells or Tet(+) cells loaded by Mag-Fura-2 in Cl and in addition of Gd** before CI. Gd** was added at 60 s following KCN at 120's. The
120-s Mag-Fura-2 fluorescence images were the images taken prior to the addition of KCN. The bar in the right corner represents 50 um. E, representative traces
showing time-dependent changes of Mag-Fura-2 fluorescence that was converted to [Mg? "], in HEK293 Tet(—) cells or Tet(+) cells during Cl or Tet(+) cells in
addition to Gd** before CI. Gd** or 2-APB was added at 60 s following KCN at 120 s as the arrow directed. Each trace represents an average fluorescent intensity
from randomly selected 10-14 cells in an experiment. F, summary bar graph shows the [Mg?*]; at the 220-s time point in the different conditions indicated.n =
39-42 cells from three independent experiment, which was repeated four times. * represents having significant difference (p < 0.05) compared with Tet(—)
group; # represents having significant difference (p < 0.05) compared with the Tet(+) group.
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quickly just after reperfusion, and the [Mg® "], increase in 1 h
OGD/ClI s not entirely attributed to TRPM7. TRPM?7 channels
can also permeate Ca’>*. The [Ca®"]; overload in neurons
induced by OGD/CI was mediated by TRPM7 channels as
reported previously (15). So when TRPM7 channels were acti-
vated in OGD/CI, calcium may enter the neurons followed by
magnesium. These two ions affected each other and finally
affected the neuronal destination. The concrete relationship
between these two and the results of neurons await further
clarification.

Because TRPM7 kinase activity requires magnesium (64), the
obvious increase of [Mg”*], induced by OGD/CI may affect
neuronal destination through altering TRPM7 kinase activity to
phosphate-specific substrates and then affect their signaling
pathways in anoxia conditions. It had been reported that an
excess amount of intracellular Mg®" induced by hyperactivity
of N-methyl-p-aspartate channels occasionally causes neuronal
cell death as a result of inhibitory effects of Mg>" to mitochon-
drial activities (24). The change of [Mg>"],in OGD/CI may also
affect the cellular function in which magnesium is required as
follows: maintenance of the active conformation of macromol-
ecules, regulation of lipid- and phosphoinositide-derived sec-
ond messengers, regulation of transporters and ion channels
(33, 54), etc.
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